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Abstract: The study is devoted to the creation of a dataset of protein structural motifs of the 33-corner
type. The relevance and importance of creating a dataset of 3(3-corners is determined by the fact that
this structure can be an embryo or a ready-made structural block in the process of protein folding,
and can also act as an independent object of research in the field of structural biology. The dataset also
contains 3[3-corner-like structures that are geometrically similar to 3(3-corners. The dataset consists of
45,896 structures. For each motif, its characteristics are presented: the name of the protein in which
the 33-corner is recognized, the method and resolution of the protein structure, the coordinates of
localization in the protein, the secondary structure of the amino acid sequence, the gyration radius, the
solvent-accessible area, and the composition of the elements of the secondary structure. The dataset
will allow a comprehensive study of structures on a large scale and advance the understanding of the
features and patterns of their structural organization.
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1. Introduction

The relevance of the study of the structural motifs of protein molecules follows from
the great interest of researchers in these structures. Structural motifs have unique stackings
of secondary structure elements sequentially running along the polypeptide chain, forming
compact spatial structures. The uniqueness of the structures and their ability to act as
nuclei in the process of protein folding or be used as starting structures for searching for
possible polypeptide chain folds in protein structure modeling makes structural motifs an
object of study for many scientific teams [1-21]. Such studies are carried out on separate
samples of structures that have a small volume. Therefore, the development and creation
of datasets for structural motifs is extremely important and relevant. The availability of
datasets makes it possible to conduct a wide range of studies on a large variety of structures,
including all the possible motifs of certain types of protein molecules registered in the PDB
protein data bank (https://www.rcsb.org/) [22]. And this, in turn, will help to advance the
understanding of the features of the studied structural motifs. It should also be noted that
the creation of a dataset provides the opportunity to conduct research on a large set of data,
which will increase the reliability of the results obtained.

The purpose of this work is to create a dataset of one of the types of structural
motifs that is often encountered and has a unique arrangement in its space structure, the
3B-corner. The 33-corner structural motif was first described in 1992 [23]. 33-corner can be
represented as a triple-stranded {3-sheet folded on to itself so that the two 3-hairpins are
packed approximately orthogonally in different layers, and the central strand bends by ~90°
in a right-handed direction when passing from one f3-layer to the other. All the 33-corners
observed in proteins, when viewed from their concave surfaces, can be considered as Z-like
folded B-sheets [23].

It has been established that the 33-corner structural motif is often found in both
homologous and non-homologous proteins and domains. There are well known small
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proteins consisting only of 33-corners and short irregular regions adjacent to 33-corners [24].
All this suggests that a given motif can take on its own unique structure as such and can be
a core around which other sections can be built.
At the same time, 3[3-corners are found in various proteins. While the overall folding
of the polypeptide chain remains unchanged, the following characteristics can differ:
lengths of (3-strands;
lengths and conformations of the irregular sections connecting them (turns, loops, bends);
as well as the conformations of amino acid residues that ensure the bending of the
polypeptide chain by approximately ~90° and its transition from one {3-layer to another
with the formation of a right-handed superhelix [23,25,26] (Figure 1).
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Figure 1. Ribbon model representations of 33-corners. Examples of the tape model of the motif are
presented. 33-corners were extracted from elongation factor Tu 1 (2HC]J, E. coli), replicase polyprotein
lab (7LYH, Coronavirus 2), tyrosine-protein kinase c-SRC (1IFMK, Homo sapiens), enoyl-ACP reductase
(INHG, Plasmodium falciparum), EhpF (3L2K, Pantoea agglomerans) and peptidyl-prolyl cis-trans
isomerase A (3KOM, Homo sapiens) proteins. The coordinates of the 3f3-corner in each protein (1), the
experimental method for obtaining the structure (2) and the analysis resolution (less than 2 A) are
indicated (3). Secondary structure elements are highlighted by color: 3-stands (yellow), helix (red)
and coil (white).

Figure 1 shows examples of different structural variants of 33-corners. The most
common variants in nature are represented by four 3-stands and three short stretches of
2-5 amino acid residue connectors (coils and turns), as shown for structure 7LYH:64-93
(Chain A). Structures containing various “loops” in connectors also meet the requirements
for attributing the motif to the 33-corner: relatively long unstructured sequences, as in
structures 2HC]J:327-370 (Chain B) and 1FMK: 83-134 (Chain A).

The dataset also includes protein motifs we called 3(3-corner-like structures. These
motifs are similar in geometry to 33-corners because they can be represented as two (3-
hairpins packed approximately orthogonally in different layers. Yet, these motifs contain
irregular regions of various lengths and conformations between (3-strands. The lengths of
the connections between the (3-strands can significantly exceed the allowed length limits
of the 33-corners folding. Further, these irregular regions may contain helices of various
lengths and different types («- and 3;¢-helices), and additional (3-strands can occur between
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two B-hairpins. Yet, these motifs captured our attention because they have the main
component of a 33-corner (two (3-hairpins packed approximately orthogonally in different
layers, forming a hydrophobic core). This type of motifs seems to be very interesting,
as it is similar to 33-corners, while demonstrating a large variety of polypeptide chain
folding. Figure 2 illustrates examples of the described motifs; the structures INHG:97-160
(Chain B) and 3KOM:3-66 (Chain A) have long unstructured sequences containing «-helices
between f3-strands.
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Figure 2. Ribbon model representations of 33-corner-like motifs. Examples of the tape model of the
motif are presented. They were extracted from enoyl-ACP reductase (INHG, Plasmodium falciparum)
and peptidyl-prolyl cis-trans isomerase A (3KOM, Homo sapiens) proteins. The coordinates of the
motif in each protein (1), the experimental method for obtaining the structure (2), and the analysis
resolution are indicated (3). Secondary structure elements are highlighted by color: 3-stands (yellow),
a-helix (red) and coil (white).

Previously, in [27], devoted to the study of the stability of 3[3-corners, using a molecular
dynamics experiment, we showed the autonomous stability of this structural motif in
an aqueous medium, that is, outside the protein globule. In this study, the molecular
dynamics experiments were performed under a whole protein molecule holding the motif
under consideration and 3(3-corners exhibited outside of the protein environment. During
the experiments, changes of the geometric characteristics of 33-corners were analyzed.
The experiment involved 330 structural motifs of the 33-corner type, recognized and
segmented in protein structures annotated in the PDB protein structure bank (https://www.
rcsb.org/, accessed on 20 September 2022). During the molecular dynamics experiment,
the 33-corner structures showed the preservation of the main geometric characteristics:
standard deviation (RMSD), gyration radius (Rg), solvent accessible area (SASA), number
of hydrogen bonds and others. The work showed the stability of conformational patterns
as a result of comparative analysis of the change in values of angles ¢ and 1 plotted
on the Ramachandran map. The stability of contacts (hydrogen bonds and hydrophobic
interactions) between (-strands of the studied structural motif of the 33-corner type was
also shown. Analysis of the results of the molecular dynamics experiment showed that all
the studied 33-corners, which have unique and compact packing of the polypeptide chain,
retain their spatial topology. This result displays in advance that this structure can be an
embryo or a ready-made structural block in the process of protein folding. Further, the
results obtained indicate that the 33-corner can act as an independent object for study in
the field of theoretical and experimental structural biology.

2. Materials and Methods

Recognition and segmentation of 33-corners was performed using the 3D-Blast public
search service (http://3d-blast.life.nctu.edu.tw/dbsas.php, accessed on 20 September 2022).
This service allows finding molecular structures similar in their geometric properties and
topology. Using a set of 330 structures collected and verified by experts [27] as a sample
set with the 3D-Blast service, we obtained 45,896 structures with topology similar to the
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samples. The 3D-Blast service also provides a structural similarity metric called E-value
for each of the found structures. We have defined the E-value threshold as 10~ in order
to form the target dataset. Table 1 below shows the distribution of the found structures
amounts by the ranges of E-value.

Table 1. Distribution of recognized protein motifs by E-value metrics buckets.

E-Value Number of Structures
10735 - 1020 1332
10-20 — 10~ 15 18,276
1015 - 10~ 26,288

Using the model, 45,896 structures were selected: 14,995 3(3-corners and 30,901 3f3-
corner-like structures.
Structures with the following characteristics were selected for the set of 33-corners:

length of structures from 20 to 64 amino acid residues;
length of connections between -strands in -hairpins vary to 10 amino acid residues;
the length of the irregular section that forms the bend of the polypeptide chain by
approximately ~90° and its transition from one (3-layer to another varies from 0 to
4 amino acid residues;

e  constrictions may contain “loops”, taking the form of turns, loops, bends, no more
than one helix turn (- and 31¢-).
Motifs selected as 3(3-corner-like structures are characterized by:
lengths of structures from 20 to 64 amino acid residues;
unlimited (within the framework of the structure) lengths of irregular sections be-
tween (3-strands in 3-hairpins, as well as an unlimited length of the irregular section
bending the polypeptide chain by approximately ~90° and transiting from one (3-layer
to another;

e  connections can take any shape, contain all possible elements of the secondary structure—3-
strand, helices (- and 31p-).

Supplementary Materials File S1 contain all 45,896 structures in MS Excel 2007+ file
format (*.xlsx). For each motif, the following are indicated: the name of the protein in which
the structure is recognized; method and quality of protein structure determination; coordi-
nates of localization in the protein (chain, amino acid residues number of the beginning and
end of the structure); lengths of 3-strands; length and structure of amino acid sequences
between (3-strands; gyration radius; solvent-accessible surface area; torsion angles; and
the number of hydrogen bonds. The presented characteristics make it possible to study in
detail the features of each structure, and also, by obtaining samples of structures according
to the given parameters, to study the patterns of the structural organization of motifs.

3. Results

A dataset of 3p3-corner and 3f-corner-like structures has been created, which con-
tains 45,896 protein motives. These structures were recognized and selected from protein
structures annotated in the PDB protein structure bank. Protein structures are resolved by
known experimental methods, including cryoelectron microscopy (EM), X-rays, nuclear
magnetic resonance (NMR) and a combination thereof (Table 2).

As expected, the predominant part of the structures was experimentally obtained by
X-ray diffraction and cryoelectron microscopy. The distribution of the proportions of the
methods presented in Table 2 reflects that, in general, for the protein structures contained
in the data bank.
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Table 2. Methods of protein 3D-structure determination experiments used to recognize and segment
3[3- corners and 3f3-corner-like structures.

Method Number of 33-Corners Number of 33-Corner-Like
X-ray 13,376 26,791
EM 1338 3555
NMR 256 543
Neutron 3 1
Multiple methods 22 11

The dataset structures are characterized by different qualities of resolution (Figure 3).
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Figure 3. Histogram of the distribution of the number of protein structures containing motifs of the
dataset, depending on the resolution quality (logarithmic scale).

Figure 3 shows a histogram of the distribution of protein structures containing selected
structural motifs, depending on the resolution of the determination. We see that the main
part of protein structures is characterized by the quality of determination from 2 A to
5 A; only a small part of the proteins are solved with a resolution of more than 5.5 A.
The maximum is localized at resolutions around 3 A. Thus, the dataset as a whole is
characterized by a good quality of determination of protein structures, from which the
structural motifs of 33-corners were selected.

The created dataset contains a huge number of structures meeting the criteria of 33-
corner and about a twice as large amount of 33-corner-like structures. These structures
have common topology (contain two 3-hairpins placed orthogonally in different layers),
while 33-corner-like structures do not meet short connection criteria (see criteria list in
Methods above).

Structural analysis shows significant differences in the secondary structure between
3B-corners and 3f3-corner-like structures.

33-corners contain strictly three 3-strands or four 3-strands, with a short (up to 4 a.a.)
connection between the 2nd and 3rd f3-strands. The connections between strands in {3-
hairpins can contain short loops of various forms that can be recognized as a single turn of
a-helix or 319-helix, with no more than one such turn per connection.

Figure 4 shows the distribution of the motifs by the amount of helix turns in them.
There are only about 12% of the 33-corner set that contain at least a single helix turn in
their connections. 3f3-corner-like structures can contain longer helices, loops and turns.
More than 50% of the 33-corner-like structures contain at least a single turn of the helix
(o-helix or 319-helix), while the total amount of helix turns (two types combined) in the
3B-corner-like structure can reach 8.
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Figure 4. Distribution histograms of the number of found motifs depending on the amount of helix
coils in them. (a,b) Histograms show distribution based on separate x-helix turns and 310-helix turns
respectively. (c) Histogram shows distribution of motifs depending on total amounts of helix turns

in motif.

It is also noticeable that the rate of occurrence of the 31p-helix turns is significantly
higher in 33-corners, while both types of helix turns have almost the same occurrence in
3B3-corner-like structures. Further, longer helices in 3[3-corner-like structures are c-helices:
most of the 319-helices in these motifs have one or two turns, while a significant amount of
3f-corner-like structures (about 25%) contain from two to five a-helix turns.

While 3(3-corners contain strictly 3—4 (3-strands by definition, 33-corner-like structures
may contain more than four 3-strands in their structures. While three or four (3-strands
form a structure’s basic geometry, longer connections can also contain additional short
[-strands. Table 3 contains the distribution of the motifs’ percentage based on the number
of 3-strands they contain. It is clear that the absolute majority of 33-corners and 3[3-corner-
like structures contain four -strands, while about 6% of the 33-corner-like structures
contain at least (and commonly) one additional 3-strand in their structure. The occurrence
of structures with only three (3-strands in both sets does not exceed 1%.

Table 3. Distribution of 33-corners and 33-corner-like structures depending on number of 3-strands
in their secondary structure.

% of Structures Depending on (3-Strands Amount

Motif
3 4 5 6
3p3-corner 0.5% 99.5% - -
3B-corner-like 0.1% 93.7% 6% <0.1%

Figure 5 shows a histogram of the distribution motifs in the created dataset depending
on the length. For the segmentation of motifs, selection criteria were determined; the
main characteristics of the motif’s geometry are the length of the motif, the lengths of
secondary structural elements and the distance between them, torsion angles, etc. It should
be noted that the range of structure lengths were limited from 20 to 64 amino acid residues.
Therefore, structures containing less than 20 amino acid residues and more than 64 amino
acid residues were not included in the dataset by definition.

Most of the structures contain 30-50 amino acid residues. The histogram distinctly
shows that 33-corner-like structures are significantly longer than 3[3-corner (30-62 residues).
This result is obvious because 33-corner-like structures have no limitations for connections.
The local maximums for 3(3-corner-like structures’ length distributions are in intervals of
46-48 and about 56 residues (Figure 5).

The membership of studied motifs in taxonomic groups is shown in Figure 6.
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Figure 5. Histogram of the distribution of the number of found motifs depending on the lengths
(number of amino acid residues) of the structures.
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Figure 6. Origin of proteins in which 33-corners have been identified. The taxonomic community
is revealed by a heat tree map, showing the taxonomic context from higher ranks in the center
to lower ranks in peripheries (kingdom to class). The abundance of species (occurrence) can be
quantified and visualized by color and size of the nodes and edges. Graph components, such as the
size and color of text, nodes and edges, allow for the quantitative representation of multiple statistics
simultaneously. Each node represents a taxon, and the edges determine where the taxon fits within
the overall taxonomic hierarchy.

As shown in Figure 6, proteins containing the studied structural motifs are most
represented in the kingdom of bacteria and eukaryotes, including mammals and viruses.

Figure 6 shows the distributions of the values of two parameters that characterize the
geometry of the motif under study: the gyration radius (Rg, nm) and the solvent-accessible
area (SASA, A2).

As Figure 7a shows, the radius of gyrations for 33-corners and 33-corner-like struc-
tures is up to 25 nm. The 33-corners distribution is two-modal: the first maximum is about
16 nm, while the second is 18 nm. The 33-corner-like structures’ maximum is on 17 nm.
The solvent accessible surface area for 3(3-corners is in the range of 1000-8000 Az, while
the 33-corner-like structures have bigger SASA values (1000-9000 A2) with a maximum of
about 6000 A2. 3B-corners have two maximums at 4200 A2 and 6000 A2 (Figure 6b).



Processes 2023, 11, 368

8of 11

N
[=]
[=]
o

1500

1000

Number of structures
[9;]
o
o

__..|||;...||\IMIHIHIMII

. 3B-corner
B 3B-corner like

[Hlm‘..i

6000 8000 10 ,000

SASA, A2

Figure 7. Distribution of gyration radius (Rg, nm) (a) and solvent accessible area (SASA, A?) values

(b) for the dataset under study. Blue—3pB-corner, orange—3p-corner-like structures.

Proteins whose three-dimensional structure contains the studied 33-corner motif are

diverse both in terms of localization in the cell and in terms of their molecular function and
belonging to biological processes (Figure 8).
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In the set of structures, the share of cytosolic proteins is about 37%, nuclear proteins—20%,
membrane proteins—23%, extracellular proteins—10%.

In terms of molecular function, the largest in number are proteins belonging to the
group of proteolytic enzymes (7%), participants in the regulation of translation (3%) and
transcription (5%), signal transduction (3%), and participants in the regulation of carbohy-
drate metabolism (3%), regulation of the innate immune response (2%), viral proteins (4%)
and participants in the post-translational modification of proteins (2%).

By biological processes, the proteins of our dataset are involved in the binding of
metals (22%), ATP (11.5%), proteins (14%), RNA and DNA (7% and 6%, respectively) and
ribosome structural proteins (7%).

4. Discussion

In this study, we draw the reader’s attention to the 33-corner structural motif, which is
widely found in nature and can be found in proteins of almost all known taxonomic groups.
The analysis of the dataset for the motif reflects its structural heterogeneity, which is due to
the “loops” of unstructured regions (coil). In such areas, the presence of helical elements
(- and 31¢-) is acceptable. At the same time, the general topology of the motif remains
unchanged and contains, as a rule, three or four 3-strands. If the structure contains three
[-strands, one of the strands is bent and transits to another layer. In the case of structure
formation by four 3-strands, an orthogonal orientation of two 3-hairpins is observed. The
basic geometry and compactness of 3[3-corners is unchanged, despite the differences in
conformation and the length of constrictions between (-strands, the length (number of
amino acid residues) of the irregular region that forms the bend of the polypeptide chain
by approximately 90° and its transition from one 3-layer to another, as well as the lengths
of the 3-strands themselves. The general topology of the 33-corner structural motif is
provided by contacts between p-strands. The structures of 33-corners are characterized
by a high proportion of hydrophobic amino acid residues and contacts between {3-strands.
3B3-corner-like structures commonly contain a greater number of 3-strands conditioned by
turns or short coils separating long (3-strands. The unlimited length of the irregular regions
between 3-strands in -hairpins, as well as the irregular region that ensures the bending
of the polypeptide chain and its transition from one 3-layer to another, in 33-corner-like
structures leads to an increase in the total length of such structures. The length of 3[3-corner-
like structures on average exceeds the length of 33-corners due to the presence of different
conformations of short sections of the polypeptide chain that break the main (3-strands and
determine the topology of 3(3-corner-like structures.

Among parameters characterizing the geometry of the structural motif, two more
parameters can also be distinguished: the gyration radius and the area accessible to the
solvent. We showed the most typical values of Gyration radius and SASA characterized
by its maximums of distribution. Earlier in our work, we discussed the biological role of
the 3p3-corner structural motif in proteins of various origins [28]. Proteins that embed the
studied structural motif of the 33-corner are diverse in terms of localization in the cell, as
well as their molecular function and association with biological processes. We also note in
this study that the motif is found in proteins that regulate almost all vital processes in cell
ontogeny, including translation, transcription, signaling, metabolism and modification of
proteins after synthesis.

The created dataset also contains 3(-corner-like structures. These protein motifs
contain similar geometries: two (3-hairpins in different plains are positioned almost orthog-
onally. These motifs differ from 33-corners, as they can contain more that 3—4 (3-strands;
coils between B-strands can have a variety of lengths and conformations (e.g., helices).
These characteristics are out of the 33-corner definition, but we found these structures may
be of interest to researches by their similarity to 33-corners and their difference in structural
organization. We also described and characterized these structures.

Thus, the dataset provides valuable information about the 33-corner motif and 3f3-
corner-like structure; the list and abstract are available in the Supplementary Materials
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and allow you to conduct research on a large variety of structures and gain the necessary
knowledge for research teams.

5. Conclusions

The 3(3-corner is one of the known and actively studied types of structural motifs
in protein molecules. This structure is often found in homologous and non-homologous
proteins and has a unique and compact spatial fold. It is stable outside the protein globule.
All this speaks in favor of the fact that the 3(3-corner structural motif can be an embryo
or a ready-made structural block in the process of protein folding, and can also act as an
independent object of research in the field of structural biology. 3[3-corners, as well as other
structural motifs known to the scientific world, are considered as the nuclei of protein
folding and starting structures for searching for possible folding of the polypeptide chain
when modeling the structure of proteins.

We hope that the dataset of 3(3-corner structures we prepared will be useful to research
teams in the study of these structures and will help to obtain the necessary knowledge to
understand the features and regularities of the structural organization of 33-corners.

The dataset also contains 3[3-corner-like structures that are similar in geometry and
topology to the 33-corner, while having some specific features in their structural organiza-
tion. These motifs are not currently considered as structural motifs of protein molecules,
but as candidates for being germinal structures in the process of protein folding. Yet, it
is possible that the created dataset including a large number of 33-corner-like structures
recognized and selected will allow researchers to conduct a deep and comprehensive study
of these structures.
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