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Abstract: This study investigated the stability of structural motifs via molecular dynamics, using
α-α-corners as an example. A molecular dynamics experiment was performed on a sample of
α-α-corners selected by the authors from the PDB database. For the first time during a molecular
dynamics experiment, we investigated the characteristics of structural motifs by describing their
geometry, including the interplanar distance, area of polygon of the helices projections intersection,
and torsion angles between axes of helices in helical pairs. The torsion angles for the constriction
amino acids in the equilibrium portion of the molecular dynamics trajectory were analyzed. Using
the molecular dynamics method, α-α-corners were found to be autonomous structures that are stable
in aquatic environments.

Keywords: structural motifs of proteins; helical pairs; stability; molecular dynamics

1. Introduction

Simple structural motifs are a current focus of researchers. These consist of two
elements of the secondary structure, which are characterized by unique folding of the
polypeptide chain in space. This interest in structural motifs is due to the uniqueness of the
structures and their ability to act as focuses in the process of protein folding [1]. Structural
motifs can be used as starting structures to identify possible folds in a polypeptide chain
when modeling protein structures. They can also be used as stable structures in studies to
predict the tertiary structure of a protein.

Previously, Efimov [1] presented a classification of structural motifs, including two
α-helices, with unique folds of the polypeptide chain in space (α-α-corners, α-α-hairpins,
and L-shaped and V-shaped structures). Types of helical pairs are presented in the Figure 1.

The α-α-hairpin motif is a supersecondary structure comprising two adjacent α-helices
in the chain, which are constricted and packed antiparallel. The hairpin can be left or right,
depending on how the second α-helix is located relative to the first. The length of the
constrictions between the helices can also differ, and each standard α-α-hairpin contains
hydrophobic, hydrophilic, and glycine residues at strictly defined locations [2].

Supersecondary L- and V-shaped structures are formed by two helices. Proline plays
a special role in the formation of L-shaped structures and promotes a link between two
α-helices. Similar to studs, L-shaped structures can be right-handed or left-handed [3].
V-shaped structures are also very similar to α-α-hairpins, in which the unconnected ends of
α-helices are very far from each other; they also appear as L-shaped structures. In V-shaped
structures, α-helices have a length that does not exceed three to four turns.
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Figure 1. Types of the helical pairs, including two α-helices, with unique folds of the polypeptide 
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in space. In proteins, α-α-corners occur in the form of a left supercoil. Their sequences 
have a definite arrangement in chains of hydrophobic, hydrophilic, and glycine residues. 
The side chains of residues buried in the hydrophobic core are hydrophobic. Hydrophilic 
side chains or other polar groups can be recessed into a hydrophobic core (or other hy-
drophobic environment) if they participate in the formation of hydrogen or ionic bonds 
[1]. Thus, each α-helix must have at least one hydrophobic residue per turn; in this case, 
hydrophobic residues should be located on one side of the α-helix and form a continuous 
hydrophobic cluster [4]. 

Previously [5–8], we investigated the geometric characteristics of double-helical 
structures. Important characteristics of helical pairs include inter-helical distances, the tor-
sion angles between helical axes in helical pairs, the number of amino acids between he-
lixes, the length of the helixes, and the area and perimeter of the intersection of helical 
projections. In a previous study [9], we formulated rules for the classification of double-
helical motifs based on the geometric and spatial characteristics of their packing. 
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chain in space.

One of the most common structural motifs in homologous and non-homologous
proteins is the α-α-corner [4]. This supersecondary structure is formed by two adjacent
α-helices along the polypeptide chain, connected by a constriction and packed orthogonally
in space. In proteins, α-α-corners occur in the form of a left supercoil. Their sequences have
a definite arrangement in chains of hydrophobic, hydrophilic, and glycine residues. The
side chains of residues buried in the hydrophobic core are hydrophobic. Hydrophilic side
chains or other polar groups can be recessed into a hydrophobic core (or other hydrophobic
environment) if they participate in the formation of hydrogen or ionic bonds [1]. Thus,
each α-helix must have at least one hydrophobic residue per turn; in this case, hydrophobic
residues should be located on one side of the α-helix and form a continuous hydrophobic
cluster [4].

Previously [5–8], we investigated the geometric characteristics of double-helical struc-
tures. Important characteristics of helical pairs include inter-helical distances, the torsion
angles between helical axes in helical pairs, the number of amino acids between helixes, the
length of the helixes, and the area and perimeter of the intersection of helical projections.
In a previous study [9], we formulated rules for the classification of double-helical motifs
based on the geometric and spatial characteristics of their packing.

In proteins, α-helices are tightly packed. Two α-helices are packed most densely
when there is an antiparallel, perpendicular, and canted orientation between the helices;
examples of such packing include the supersecondary structures α-α-corners, α-α-hairpins,
and L-shaped and V-shaped structures (Figure 1). The most studied α-α-corners are those
with short constrictions. The constriction represents the disordered part of the molecule,
and each amino acid residue within the constriction has a certain conformation from
the allowed regions on the Ramachandran map. Since the conformational change in the
molecule chain is significant (close to rotation), the conformations of residues in the short
constriction are clamped within a narrower range. These patterns were noted in [4] and
require a comprehensive study and statistical analysis.

Many small proteins exist that comprise only one or two known structural motifs,
indicating that such structural motifs are stable [4]. The stability of α-α-corners was
demonstrated indirectly in 1993 by Canadian researchers F. Tsai and J. Sherman (Univer-
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sity of British Columbia, Canada) in an experimental study using the circular dichroism
method [10]. In that study, using a synthetic horse methemoglobin peptide (residues
80–108) with α-α-corner folding as an example, the conformation was found to be au-
tonomously stable outside the protein structure. Thus, in water, the peptide forms a
moderately helical shape and acquires a form close to that of the peptide in the solvent
trifluoroethanol, which mimics the hydrophobic environment of the peptide in the intact
protein molecule [10].

In addition, we independently proposed and tested a hypothesis on the autonomous
stability of structural motifs in computational experiments of molecular dynamics
(MD) [11,12]. In this work, the trajectories obtained using MD were studied in detail,
considering stability. For the first time, using supersecondary structures of the α-α-corner
type, α-α-corners with a short constriction as autonomous structures were found to be
stable in a water environment.

This work is a continuation of our earlier studies on the stability of these structural
motives. It is focused on a visual analysis of molecular dynamics trajectories and on a
numerical analysis of geometric characteristics of the structures. For the first time, the
characteristics of structural motifs describing their geometry were obtained and investi-
gated during a molecular dynamics experiment, as follows: the interplanar distance, the
intersection area of helical projections, the angle ϕ between the helical axes, and the torsion
angle θ between the helical axes of a pair, the sign of which is the chirality of the structure.
We analyzed the upvarphi and ψ angles for the constriction amino acids in the equilibrium
section of the MD trajectory.

2. Materials and Methods

The study was performed using 50 structural motifs of the α-α-corner type, which
were obtained from the PDB database [12,13]. The secondary structures of proteins were
determined using the DSSP method, as described by Kabsch and Sander [14]. Secondary
structures are designated as follows: H, α-helix; B, residue in isolated β-bridge; E, extended
strand, participates in the β-ladder; G, helix 310; I, π-helix; T, hydrogen-bonded turn; S,
bend; and C, coil.

MD modeling of the molecular fragment of the α-α-corner and subsequent analyses
were performed using the AMBER 11 software package [15]. Dynamic simulations were
performed with consideration of the water environment. During preparation of the initial
data, a complex surrounded by water molecules was placed in the cell under periodic
boundary conditions (PBCs). The number of water molecules for each molecular fragment
differed; however, the thickness of the water layer from the edge of the molecular fragment
to the cell boundary of the periodic boundary conditions was 9 Å. The force parameters
of the water molecules were selected according to the TIP3P model [16]. The simulation
was performed in a force field ff03 [17,18] at 300 K. Initially, the energy of the system was
minimized at a fixed position of the coordinates of Cα atoms of protein. This aimed to
streamline the atomic interactions and distribute water molecules evenly in the PBC cell.
Then, the system was heated slightly at a constant volume, and the position of the Cα
atoms was fixed. This is necessary to correctly align the water molecules surrounding the
model α-α-corner relative to the boundaries of the PBC cell. This warm-up lasted for 10 ps.
Furthermore, the energy of the model was minimized in two successive stages, with a
partial weakening of the forces fixing the positions of the atoms of the α-α-corner molecule
in space. In the next stage, the entire system was heated without restrictions to 300 K at
a constant volume. After heating for 10 ps, the simulation was performed at a constant
pressure for 15 ps. In this case, the cell with periodic boundary conditions was adjusted in
order to obtain a given density of the medium in the system. Consequently, the system
reached a state with the desired parameters, from which the MD trajectory with a duration
of 11 ns was further calculated at a constant pressure of 1 atm.
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3. Results

This study investigated the hypothesis that structural motifs, such as α-α-corners,
possess autonomous stability. In this case, autonomous stability is understood as the
stability of the spatial structure of the studied structural motif separately from the protein
molecule containing the structure. To conduct an MD experiment on the stability of struc-
tural motifs, a sample of α-α-corners was obtained from globular proteins with resolved
3D structures by X-ray structural analysis and nuclear magnetic resonance, registered in
the PDB database. The sample consisted of 50 α-α-corners and included proteins with the
coordinates of the atoms forming these structures and the serial number of the helical pair
in the protein globule (Table 1).

As shown in Table 1, the selected helical pairs belong to proteins of predominantly
bacterial origin. All proteins were globular, with a rich content of α-helices. The molecular
weights of the selected proteins ranged from 7 to 82 kDa. High values were observed
for the aliphatic index of the studied proteins, most of which exceeded 70. The aliphatic
index reflects the relative content of hydrophobic amino acid residues and the volume
occupied by amino acid side groups. Values above 70 are believed to correspond to proteins
with a high content of hydrophobic amino acids; therefore, such proteins are stable and
thermostable. The selected proteins were found to exert similar functional activity; all
possess natural molecular partners, since they are enzymes or DNA-binding proteins.

To confirm the stability of the corners under study, we performed a computational
experiment in which the following were investigated: change in the conformation of the
corner constriction in each of the 5000 frames of the MD experiment by recording the
values of the torsion angles of each amino acid residue of the irregular region; change in
the values of the geometric characteristics of the studied motifs during the experiment;
and the intersection area of the helical projections, the interplanar distance, and the angles
between helical axes of the pair.

All structural motifs possess their own conformational patterns, based on the distri-
bution of the values of the ϕ and ψ angles on the Ramachandran map. To describe the
conformation of the polypeptide chain, the following nomenclature is used [4]: α, αL,
and β regions on the Ramachandran map correspond to the right α-helix, left helix, and
β-structure, respectively.

Thus, the conformation of each residue of the polypeptide chain is indicated by one
of the nomenclature symbols. The conformation of a supersecondary structure of the
α-α-corner type with a short constriction can be represented as a template:

αmαLββαn

where n and m are the number of α-helix residues and αLββ is a connection pattern.
According to the distribution of the limiting values of the ϕ and ψ angles on the Ramachan-
dran map for all possible regions, a conformational description of the residues of irregular
regions for the studied structures was determined as follows:

α =

{
φ ∈ (−95,−40)
ψ ∈ (−60,−10)

}
,

αL =

{
φ ∈ (60, 110)
ψ ∈ (−20, 90)

}
,

β =

{
φ ∈ (−150,−60)
ψ ∈ (90, 180)

}
,

ε =

{
φ ∈ (60, 110)

ψ ∈ (−180,−150) ∪ (150, 180)

}
.
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Table 1. List of selected globular proteins indicating the coordinates of the atoms of structural motifs of the α-α-corner type
and the serial number of the helical pair in the protein.

No. PDB ID Protein Mw,
kDa Taxon Number

of a.a.
Locus of

α-α-Corner

Number of
Helical
Pairs

Aliphatic
Index

1 1QAY
3-hydroxy-3-methylglutaryl-

coenzyme A
reductase

45, 6 Pseudomonas mevalonii 428 14–38 1 106, 1

2 1P48 Enolase 1 46, 8 Saccharomyces cerevisiae 437 106–137 5 90, 7
3 1ONE Enolase 1 46, 8 Saccharomyces cerevisiae 437 106–137 5 90, 7
4 1ELS Enolase 1 46, 8 Saccharomyces cerevisiae 437 107–136 5 90, 7

5 2ANI Ribonucleoside-diphosphate
reductase subunit beta 40, 5 Chlamydia trachomatis 346 106–143 8 97, 8

6 1LJ9 Transcriptional regulator 17, 4 Enterococcus faecalis 150 47–71 4 98, 8

7 1KCZ Methyl aspartate
ammonia-lyase 45, 5 Clostridium

tetanomorphum 413 127–159 5 87, 4

8 3DTK Radiation response
metalloprotease IrrE 30 Deinococcus deserti 281 115–169 7 83, 3

9 1B9M DNA-binding transcriptional
dual regulator ModE 28, 3 Escherichia coli 262 34–59 2 108, 8

10 3C07 Putative tetR-family
transcriptional regulator 28, 3 Streptomyces coeli color 251 41–60 2 85, 2

11 3C4I DNA-binding protein
HU homolog 22, 2 Mycobacterium

tuberculosis 214 2–38 1 67, 3

12 2H1K Pancreas/duodenum home
box protein 1 30, 8 Mesocricetus auratus 283 27–56 2 59, 1

13 3F6W DNA-binding protein 8, 9 Pseudomonas syringae 80 26–46 2 92, 9

14 1E2X Fatty acid metabolism
regulator protein 27 Escherichia coli 239 33–58 2 93, 1

15 1DU0 Segmentation polarity
homeobox protein engrailed 59, 4 Drosophila melanogaster 552 27–57 2 58, 4

16 2G7U (A) Transcriptional regulator 27 Rhodococcus jostii 256 30–55 2 99, 2
17 2G7U (B) Transcriptional regulator 27 Rhodococcus jostii 256 30–55 2 99, 2
18 1F36 DNA-binding protein Fis 11, 2 Escherichia coli 98 74–94 3 86, 4
19 2AEK Trichodiene synthase 44 Fusarium sporotrichioides 374 242–278 13 75, 6
20 1PFU Methionine-tRNA ligase 76, 3 Escherichia coli 677 55–87 2 80, 3

21 2OER Probable
transcriptional regulator 23, 3 Pseudomonas aeruginosa 210 44–63 2 92, 2

22 2F93 Sensory rhodopsin-2 25, 4 Natronomonas pharaonis 239 70–117 3 126, 5

23 1B9N DNA-binding transcriptional
dual regulator ModE 28, 3 Escherichia coli 262 34–59 2 108, 8

24 2CSF DNA-bindingprotein SATB2 82, 6 Homo sapiens 733 20–44 1 81, 3
25 1C1D Phenyl alanine dehydrogenase 36, 6 Rhodococcus 356 314–345 16 91, 4
26 2PS6 Trichodiene synthase 44 Fusarium sporotrichioides 374 242–278 13 75, 6
27 1J6O Uncharacterized protein 29, 2 Thermotoga maritima 256 219–252 13 94
28 1PFW Methionine-tRNA ligase 76, 3 Escherichia coli 677 55–87 2 80, 3

29 1A76 Flap endonuclease 1 37, 5 Methanocaldococcus
jannaschii 326 200–221 10 90

30 3DBJ Allophycocyanin
alpha subunit 17, 5 Thermosynechococcus

vulcanus 161 114–145 6 93, 3

31 1F4L Methionine-tRNAligase 76, 3 Escherichia coli 677 55–87 2 80, 3

32 1A77 Flapendonuclease 1 37, 5 Methanocaldococcus
jannaschii 326 200–221 9 90

33 1PFY Methionine-tRNA ligase 76, 3 Escherichia coli 766 55–87 2 80, 3

34 2NYX Probable transcriptional
regulatory protein 17, 5 Mycobacterium

tuberculosis 160 62–86 3 106, 8

35 2OPX Lactaldehyde dehydrogenase 52, 3 Escherichia coli 479 82–117 3 92, 7
36 2PIJ Protein Cro 7, 2 Pseudomonassp. GM80 67 15–36 2 96, 4
37 1PFV Methionine-tRNA ligase 76, 3 Escherichia coli 766 55–87 2 80, 3
38 3B97 Alpha-enolase 47, 2 Homo sapiens 434 106–137 5 88, 6
39 1ETO DNA-binding protein Fis 11, 2 Escherichia coli 98 49–82 2 86, 4
40 2DXI Glutamate-tRNA ligase 53, 9 Thermus thermophilus 468 252–272 11 88, 4
41 3BGW DNA helicase 49, 8 Bacillus phage SPP1 442 234–256 13 83, 9
42 2CV1 Glutamate-tRNA ligase 53, 9 Thermus thermophilus 468 252–273 11 88, 4
43 2CV2 Glutamate—tRNA ligase 53, 9 Thermus thermophilus 468 252–272 10 88, 4
44 1B28 Transcriptional repressor arc 6, 2 Salmonella phage P22 53 16–43 1 67, 9
45 2PSN Alpha-enolase 47, 2 Homo sapiens 434 106–138 5 88, 6
46 1PDZ Enolase 47 Homarus gammarus 433 107–136 5 84, 7
47 1Q3Q Thermosome subunit alpha 59, 2 Thermococcus sp 548 96–143 4 104, 5
48 1D1L Regulatory protein cro 7, 4 Escherichi aphage lambda 66 15–36 2 72, 6

49 2OEM 2,3-diketo-5-methylthiopentyl-
1-phosphate enolase 44, 9 Geobacillus kaustophilus 413 360–385 19 103, 5

50 2NX4 Transcriptional regulator 21, 7 Rhodococcus jostii 193 8–40 1 92, 2

The entire sample of structural motifs was subdivided into subsets, depending on the
constriction pattern: αLββ, ααLββ, αLββα, αLβαLαL, and εαLαLαLββ. Distributions of
the ϕ and ψ angle values on the Ramachandran map and histograms of the distributions
of the geometric characteristics of the α-α-corners of each subset are presented in the
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Supplementary Material. Most of the structures comprised the first subset, with the
constricted structures satisfying theαLββ pattern (38α-α-corners). As an example, Figure 2
shows the results of the conformational analysis along the MD trajectory for the α-α-corner
found in PDB ID 1P48 (coordinates of its entry into this protein: 106–137; serial number of
the helical pair in the protein molecule: 2).
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Figure 2. Change in the conformation of the constriction of the α-α-corner found in PDBID 1P48 (Cα:
106–137) during the MD experiment, based on the values of the torsion angles ϕ and ψ of each amino
acid residue of the irregular region. The colored dots represent the torsion angles of the amino acid
constriction for each point of the trajectory. The legend on the right indicates the sequence of amino
acids in the constriction: blue denotes the first amino acid, red denotes the second amino acid, and
orange denotes the third amino acid of the constriction. Black circles represent the values of theϕ and
ψ angles of the experimental structure before the start of the MD experiment. Each point is denoted
by a serial number, which represents the constriction amino acids of the experimental structure.

Figure 2 demonstrates the stability of the structure by preserving the ϕ and ψ angles;
that is, preserving the conformation of the corner constriction in each of 5000 frames of the
MD experiment. The calculated values of the torsion angles of each amino acid residue of
the constriction during the experiment lie within the region recorded before the experiment.

The histograms in Figure 3 show the changes in the quantities that describe the
geometry of the α-α-corner PDB ID 1P48 (Cα: 106–137) during the MD experiment. The
upper-left histogram reflects the change in the interplanar distance between the helixes; the
upper-right histogram reflects the change in the intersection area of the helical projections;
the lower-left histogram shows the change in the ϕ angle value between the helical axes
of the structural motif; and the lower-right histogram shows the change in the θ angle
value between the helical axes of the studied motif PDB ID 1P48 (Cα: 106–137). In each
histogram, the triangles mark the values of the studied quantities before the start of the
MD experiment. For a given corner, the triangles mark the center of each histogram, which
indicates that the structure has high geometric stability. According to the results of the
experiment, most corners with a short constriction (three amino acids) satisfying the αLββ

pattern are stable structures.
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Figure 3. Changes in the geometric characteristics of the α-α-corner PDB ID 1P48 (Cα: 106–137)
during the MD experiment: the interplanar distance between the helixes, the intersection area of the
helical projections, and the ϕ and θ angles between the helical axes of the structural motif. In the
captions for each histogram, the mean value and standard deviation are given. In the figure with
the histogram of the interplanar distance, the structure identifier is duplicated; in the figure with the
histogram, the total charge of the structure is shown. Black triangles mark the values of the studied
quantities before the start of the MD experiment.

However, this is not always the case. The results of the MD experiment show that
the geometric stability of the structure could be observed, despite the disturbed angular
stability of the amino acids in the irregular region. An example of such a structural motif
is the α-α-corner of PDB ID 1B9M (Cα: 34–59) (Figures 4 and 5). As shown in Figure 4,
this corner initially has a short constriction, consisting of three amino acids, and satisfies
the αLββ template. However, during the MD experiment, the constriction conformation
changes as follows: the torsion angles of the first amino acid of the constriction from the
αL region pass into the β region; the angles of the second amino acid change and are
localized at the initial values of the third amino acid but still remain in the β; torsion
angles of the third amino acid from the β region during the experiment pass into the α
region. The stability of the irregular region of this supersecondary structure was disturbed.
However, its geometric characteristics provide information on the autonomous stability of
this structure in an aquatic environment (see Figure 5). Figure 5 illustrates the distribution
of the geometric characteristics of the structure during the MD experiment. The figure
shows that the geometry of this motive is not violated. The interplanar spacing, d, between
the helices before the start of the experiment was approximately 10 Å, and during the
experiment, the distribution of d values was single-mode and around the initial value.
Histograms showing the distribution of values for the ϕ and θ angles between the helical
axes and the area of intersection of the helical projections of the structural motif also
support the stability of the α-α-corner PDB ID 1B9M (Cα: 34–59). Notably, during the
experiment, the intersection area of the helixes had a slightly smaller value than before
the experiment; that is, the initial value was not in the center of the histogram. This may
indicate that the instability of the constriction conformation influenced the stability of this
characteristic. However, overall, all characteristics support the stability of this structure.
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Figure 4. Change in the conformation of the α-α-corner PDB ID 1B9M (Cα: 34–59) during the MD
experiment, obtained by recording the values of the torsion angles ϕ and ψ of each amino acid
residue in the irregular region. The colored dots indicate theϕ andψ angles of the constriction amino
acids for each point of the trajectory. The legend on the right indicates the sequence of amino acids in
the constriction: blue denotes the first amino acid, red denotes the second amino acid, and orange
denotes the third amino acid of the constriction. Black circles represent the values of the ϕ and ψ
angles of the experimental structure before the start of the MD experiment. Each point is denoted
with a serial number, which represents the constriction amino acids of the experimental structure.

Next, we investigated the structures for which the first or last amino acid of the
constriction falls into region α on the Ramachandran map. These are structures with con-
strictions that match the ααLββ and αLββα patterns. Generally, these amino acids should
be referred to as α-helices and not as constrictions. Their appearance in the connection
is a consequence of using the DSSP program, which identifies the secondary structure by
angles as well as hydrogen bonds. For structures with a connection of this type, there is
no fundamental difference in the behavior of the MD experiment from structures with an
αLββL type waist between the helices. The experimental results indicate that these corners
are stable structures. In addition, in some cases, the angular stability of the amino acids of
the irregular region is violated, but the results of the MD experiment confirm the geometric
stability of the structure.

Among the structures selected for the experiment were the two α-α-corners PDB ID
2NX4 (Cα: 8–40) and PDB ID 2OEM (Cα:360–385), with the constriction patterns αLβαLαL
and εαLαLαLββ, respectively. The length of the constriction of the α-α-corner of PDB
ID 2OEM (Cα: 360–385) is four, and the irregular region between the helices of the PDB
ID 2NX4 structure (Cα: 8–40) consists of six amino acids. Figures 6 and 7 illustrate the
conformational changes in the constriction of the α-α-corner of PDB ID 2NX4 (Cα: 8–40)
by recording the values of the torsion angles ϕ and ψ of each amino acid residue of
the irregular region during the MD experiment on the Ramachandran map. During the
experiment, the region of the torsion angles ϕ and ψ for the first, second, third, and fourth
amino acids of the constriction did not change region: the values of the torsion angles ϕ
and ψ of the first amino acid were recorded in the region ε; the second, third, and fourth
were localized in the region α. Values for the torsion angles ϕ and ψ of the fifth and sixth
amino acids of the irregular region before the beginning of the experiment were in the β
region. During the MD experiment, the angles of the fifth amino acid presented a strong
scatter, with scatter in the α region and scatter in the lower region of the β region. The
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angles of the sixth amino acid were localized around the initial value of the torsion angles
of the fifth amino acid but remained in the β region.
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The geometric characteristics of the α-α-corner of PDB ID 2NX4 (Cα: 8–40) during
the MD experiment confirmed the stability of the structure (see Figure 7). The two-mode
distribution of values for the interplanar distance between the helixes and the intersection
area of the helical projections should be noted; however, the initial values of the studied
quantities are within the histograms, which indicates stability.

Generally, the conformation of the α-α-corner constriction was less stable. Residue
conformations of the short constriction are clamped within a narrower range and fit well
within the angle constraints; therefore, α-α-corners with a short constriction are more stable
structures. Conformational analysis made it possible to separate the class of structures
with a short waist from the others. This revealed the appearance of some residues in the
ε-conformation for structures with a longer constriction. Thus, it can be assumed that the
conformation and waist length of such structures contribute to the stability of the structure.
However, it should be noted that long-drawn α-α-corners possess structural motives that
are less studied.

The distribution of values for the geometric characteristics of the structures under
study during the MD experiment are described in Table S1 and Figure S1 (Supplemen-
tary Materials), which summarizes the data obtained during the MD experiment for all
participating structures. The Supplementary Material provides visual illustrations of the
distributions of values for all of the investigated geometric characteristics during the MD
experiment for each structure.



Symmetry 2021, 13, 1193 10 of 12

Symmetry 2021, 13, x FOR PEER REVIEW 11 of 14 
 

 

sixth amino acid were localized around the initial value of the torsion angles of the fifth 
amino acid but remained in the β region. 

 
Figure 6. Conformational changes in the constriction of the α-α-corner of PDB ID 2NX4 (Cα: 8–40) 
during the MD experiment, obtained by recording the values of the torsion angles φ and ψ for each 
amino acid residue of the irregular region. The colored dots indicate the φ and ψangles of the con-
striction amino acids for each point of the trajectory. The legend on the right indicates the sequence 
of amino acids in the constriction: blue denotes the first amino acid, red denotes the second amino 
acid, orange denotes the third amino acid, purple denotes the fourth amino acid, light green denotes 
the fifth amino acid, and blue denotes the sixth amino acid of the constriction. Black circles repre-
sentthe values of the φ and ψ angles of the experimental structure before the start of the MD exper-
iment. Each point is denoted by a serial number, which represents the constriction amino acids of 
the experimental structure. 

The geometric characteristics of the α-α-corner of PDB ID 2NX4 (Cα: 8–40) during the 
MD experiment confirmed the stability of the structure (see Figure 7). The two-mode dis-
tribution of values for the interplanar distance between the helixes and the intersection 
area of the helical projections should be noted; however, the initial values of the studied 
quantities are within the histograms, which indicates stability. 

Figure 6. Conformational changes in the constriction of the α-α-corner of PDB ID 2NX4 (Cα: 8–40)
during the MD experiment, obtained by recording the values of the torsion angles ϕ and ψ for
each amino acid residue of the irregular region. The colored dots indicate the ϕ and ψangles of
the constriction amino acids for each point of the trajectory. The legend on the right indicates the
sequence of amino acids in the constriction: blue denotes the first amino acid, red denotes the second
amino acid, orange denotes the third amino acid, purple denotes the fourth amino acid, light green
denotes the fifth amino acid, and blue denotes the sixth amino acid of the constriction. Black circles
representthe values of the ϕ and ψ angles of the experimental structure before the start of the MD
experiment. Each point is denoted by a serial number, which represents the constriction amino acids
of the experimental structure.
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quantities before the start of the MD experiment.
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4. Conclusions

In this study, we tested the autonomous stability of structural motifs in computational
experiments using MD. For the first time on a sample of supersecondary structures of the
α-α-corner type, we used MD to perform a conformational analysis of the irregular region
between the helices and investigated the geometric characteristics of these structures. The
stability of the spatial structure of the structural motif was tested separately for protein
molecules containing this structure. We found that almost all motifs presented autonomous
stability in an aqueous medium, and the conformation of the structures was maintained
during molecular dynamics, with some features as described above.

The main observation from this study was that compact α-α-corners are stable outside
the protein molecule and can be studied as independent motifs. Dense packing in the space
of α-α-corners and, consequently, high stability are provided by multiple hydrogen bonds,
which help to stabilize α-helices, and van der Waals interactions of side polar and charged
radicals of amino acids with each other and with solvent molecules.

The characterization of geometric parameters and MD studies of α-α-corners outside
the protein structure will benefit a wide range of biomedical challenges. MD study of
the α-α-corner motif, which is small in terms of the number of atoms compared with the
whole protein molecule, is characterized by its high performance, lower requirements for
computing resources, and low costs.

Isolated helical pairs (including α-α-corners) are of interest for the study of structural
changes caused by amino acid substitutions in the protein, or post-translational modifica-
tions. Important research in medical proteomics includes studies on the molecular basis
of diseases associated with modified, aberrant forms of proteins that are not present in
healthy people: so-called proteoinopathies. Proteinopathies are often caused by genetic
polymorphisms, alternative splicing, and post-translational protein modifications [19].
Examples of diagnostically significant aberrant protein forms include amyloid beta isomers
in Alzheimer’s disease [20], osteopontin b and c splice isoforms in prostate cancer [21], an
amino acid substitution in protein C7 in type II diabetes [22], and an amino acid substitution
in the Ras protein in pancreatic and colorectal cancers [23].

Post-translational modifications, specific to serological proteins of patients with col-
orectal cancer, are localized in helical pairs, including the α-α-corners. It is likely that the
identified post-translational modifications modulate the biological function of a protein,
while the protein is associated with oncogenesis [9].

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/sym13071193/s1. Table S1: The results of calculating the geometric characteristics of the
structural blocks of protein molecules using the molecular dynamics experiment.
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