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Abstract: A super-secondary structure (SSS) is a spatially unique ensemble of secondary structural
elements that determine the three-dimensional shape of a protein and its function, rendering SSSs
attractive as folding cores. Understanding known types of SSSs is important for developing a deeper
understanding of the mechanisms of protein folding. Here, we propose a universal PSSNet machine-
learning method for SSS recognition and segmentation. For various types of SSS segmentation,
this method uses key characteristics of SSS geometry, including the lengths of secondary structural
elements and the distances between them, torsion angles, spatial positions of Cx atoms, and primary
sequences. Using four types of SSSs (f a3-unit, x-hairpin, 3-hairpin, xx-corner), we showed that
extensive SSS sets could be reliably selected from the Protein Data Bank and AlphaFold 2.0 database
of protein structures.

Keywords: super-secondary structure; data bank; AlphaFold 2.0; graph neural network; machine
learning; protein features

1. Introduction

Protein folding mechanisms have fascinated scientists for a half of a century [1-3].
According to the “nucleation—condensation” model of protein folding, self-folding proteins,
such as molecular chaperones [4], that do not participate in the protein machinery, become
unstructured tangles immediately after translation. Folding nuclei (a time-limiting stage)
are formed and condensed in coils, and the process is completed by spontaneous packing
into a native three-dimensional structure [5-7]. In relation to this concept, attention has
been focused toward simple motifs such as super-secondary structures (5SSs) that comprise
several secondary structure elements with unique and compact folding of a polypeptide
chain. Super-secondary structures serve as a bridge between the secondary and tertiary
structure of a protein and probably are autonomously stable (i.e., stable outside the protein
globule) [8,9].

The use of SSSs to solve biomedical problems is rather desirable, as the alpha-helical
and beta-hairpin types of SSSs can serve as initial unique structures for the construction
of protein epitope mimetics (PEMs) [10,11]. These PEMs mimic the structural and con-
formational properties of their target epitopes (SSS), as well as their biological activity
(protein—protein and protein—nucleic acid interactions). It is possible to optimize biological
activity to maintain antimicrobial activity, for example, by transferring an epitope from a
recombinant to a synthetic scaffold [11].

In previous studies, we reported the possibility of studying SSSs in aberrant protein
forms caused by post-translational modifications (PTMs). We observed that PTMs that
have been detected in patients with various types of cancer are frequently localized in the
SSS (alpha-structural motifs, beta-hairpins) [12]. So far, it is obvious that a comprehensive
study of the known SSS types is essential for deeper insights of protein folding mechanisms
and to solve some challenges in biomedical research [9].

Int. . Mol. Sci. 2022, 23, 14813. https:/ /doi.org/10.3390/ijms232314813

https:/ /www.mdpi.com/journal/ijms


https://doi.org/10.3390/ijms232314813
https://doi.org/10.3390/ijms232314813
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-9404-1660
https://orcid.org/0000-0002-7199-372X
https://orcid.org/0000-0003-4472-2016
https://doi.org/10.3390/ijms232314813
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms232314813?type=check_update&version=2

Int. . Mol. Sci. 2022, 23, 14813

20f12

Predicting the secondary and supersecondary structures of proteins by their 3D-
structures (PDB, AlfaFold) is becoming a top priority in structural biology research. Nu-
merous approaches for prediction are currently known but the most commonly used are
based on (1) probabilistic models, such as kernel density estimation (KDE) [13,14] and
naive Bayes [15]; (2) linear classifiers, such as support vector machines (SVM) [16-18]; and
(3) machine learning methods [9,19]. The performance of the first two approaches is limited
by the huge amounts of data with relatively low classification and semantic segmentation
accuracy (60-75%) [16,20].

Neural networks (NN) have recently been applied to the problem of structures clas-
sification and segmentation. Neural networks are typically designed to classify and/or
predict one or two types of SSSs, though several NN-utilizing methods are now capable of
predicting 3-hairpin and  «f3-units (StackSSSPred) [21-23]. The following main groups of
machine learning models are most widely used:

1.  Models based on the sequence-to-sequence architecture, where the protein structure
is considered as a sequence of amino acids with the main characteristics of their
localization, i.e., contact map. Featured sequences are processed using a group of
recurrent layers [24].

2. Models based on 3D-CloudSegmentation, in which each atom of a molecule is rep-
resented as a point in a 3D space. PointNet, PointNet++, and dynamic graph CNN
(DGCNN) architectures [25] are used to segment and classify structures.

3. Models based on the representation of a protein molecule as a 3D volumetric ob-
ject (protein voxelization) with subsequent processing by 3D-Convolution family
networks [26].

4. Models based on the representation of a protein molecule as a graph with subsequent
processing by graph neural networks (CGNs) [27].

Here, we present a new approach to classify different types of SSSs, specifically
BoB-unit, a-hairpin, 3-hairpin, and cx-corner, and the approach was tested on standard
format files extracted from the public Protein Data Bank (PDB) [9]. The neural network
PSSNet (Protein Secondary Structure Segmentation) was realized on a new deep learning
architecture that uses the integrative synergy of CGN, convolutional neural networks
(CNN), and (bidirectional) recurrent neural network (RNN) predictions. The proposed
architecture achieves an accuracy of 84% and endorses a wide range of valuable annotations
for over 1.9 million SSSs available in the open-access knowledge base at https:/ /psskb.org/
(accessed on 28 October 2022). In addition to the secondary structure prediction, PSSNet
can also be applied for the prediction of free energy, solvent availability, contact maps, and
searching for stable protein structures.

2. Results and Discussion
2.1. SSS Segmentation Using the PSSNet Model

This model was the basis for the filling of gaps in the open knowledge base of SSSs
(available at https:/ /psskb.org/, accessed on 28 October 2022). After training the model,
we applied it to complete dataset maintained in the PDB and AlphaFold. The results were
selectively assessed by expert researchers, entered into a database, and finalized as publicly
available. The number of SSSs defined by the model are listed in Table 1.

Table 1. Number of SSSs recognized in open knowledge databases (PDB and AlphaFold).

SSS PDB (185,469 Structures) AlphaFold (2021) (360,000 Structures)
B aPB-unit 461,336 233,882
o-hairpin 390,965 563,946
-hairpin 360,845 280,181

xx-corner 5977 8153
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The model was built according to the proposed architecture and combined high accu-
racy and performance. We assessed the performance of the model engine by comparing its
quality with that of networks with distinct architectures, i.e., CurveNet [28] and DGCNN36
networks (Table 2). Such networks are among the top 10 utilized in “3D point cloud”
classification and segmentation [29]. Training and evaluation of the results were carried
out on the same datasets. Plots of the loss function and IOU versus iterations are provided
in Supplementary Materials (model evaluation metrics section).

Table 2. Comparison between our proposed and other models (mean IOU).

SSS PSSNet CurveNet DGCNN
Train Val Train Val Train Val
B op-unit 0.928 0.894 0.742 0.697 0.691 0.656
a-hairpin 0.964 0.957 0.814 0.795 0.731 0.688
-hairpin 0.998 0.983 0.845 0.833 0.749 0.711
o-corner 0.933 0.991 0.781 0.732 0.621 0.571

The predictive power of a machine learning model is mainly determined by its feature
representation and feature extraction algorithms. The models considered in our compar-
ative experiment operate only with the 3D coordinates of protein atoms, however these
features were barely enough to provide acceptable recognition accuracy (Table 2). In con-
trast, our model operates with an extended set of specific structural features, encompassing
torsion angles, the spatial positions of atoms in the amino acid sequence, and the primary
protein sequence. The convolutional filters of our neural network blocks capture and
generalize the local geometric features of the protein sequence well, and the subsequent
blocks of Bi-GRUs capture the features of the global feature context.

2.2. Practical Evaluation of the Model: Key Issues

The proposed model was empirically tested to assess its accuracy and discover key
objections that might arise from structure segmentation and classification. A random
sample of 5000 SSS structures from PDB and AlphaFold was consolidated, and topology
compliance with the studied motifs was examined.

The main issues that arose from the classification and segmentation of structural motifs
were as follows (Figure 1):

(a) Capture of excess structure sections;
(b) Breakages in structure element links;
(¢) Incorrect definition of corners (typical for the xx-corner motif (70°-90°)).

Despite the results of the model validation being quite satisfying (IoU = 0.92), the
estimated accuracy ranged between 0.83-0.85. Thus, we established several problems
specific to the topology of a specific type of SSS.

a.  Capturing extra sections is a prerequisite for SSS with «-helix elements, and it
usually manifests if the distance between the last and first Cx atoms of the first and
the second structures, respectively, is 9.7 A. However, the network at the output
from the GRU layer generates a feature map that captures both structures (Figure 1e).
This issue was fixed by reducing the number of neighbors in the knn-graph, when
generating features, or by producing a sufficiently larger sample of such structures
and subsequently retraining the model. The identification and extraction of such
elements from the PSSKB database are currently ongoing.

b.  Breakages in structures generally occurred in low-resolution (>4.0 A) PDB files, but
the proportion was insignificant and relatively narrow compared to the total size of
the consolidated databank.

C. The network identified curved helices with a large angle of inflection as two elements
with incorrectly defined angles for cx-corner structures. Rigorous analysis revealed
that the issue can be effectively resolved only if we performed retraining of the model
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on a meaningfully larger representative sample that covers all such elements; the
retraining and sample collecting are currently in progress.
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Figure 1. Evaluation of the model on empirical consolidated datasets (random sampling of 5000 ele-
ments for each type of SSS) of (a) B «f-unit, (b) B-hairpin, (c) e-hairpin and (d) xx-corner, (e) heat
map for the problem of extra a-helix.

Despite the difference in accuracy between the actual and validation datasets, the
model managed SSS segmentation and classification tasks well. The difference in accuracy
suggests relatively high folding variability among the structures downloaded from PDB
and AlphaFold. Hence, the training dataset must be sufficiently extended, especially in
terms of negative examples, to improve the accuracy of segmentation and classification.
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The composition of super-secondary structures is simple combinations of «-helices,
-hairpins, and short loops with a well-defined hydrophobic core involved in SSS stabi-
lization. The loop-helix, 3-hairpin, and Greek key motifs are prominent representatives
of SSSs [30-32]. Characterization of such structures allows us to collect a catalog of au-
tonomously stable protein motifs and archetypes [30,31]. These structures also serve as
promising objects of study in protein physics (the study of folding), bioengineering (the
development of peptide mimetics), and biomedicine (the study of conformational changes
in aberrant forms of proteins compared with intact forms).

Medical proteomic research is mainly focused on the extensive study of the molecular
basis of a disease associated with the arrival of aberrant forms of proteins that are regularly
not found under normal (healthy) conditions. Aberrant proteins are frequently caused by
genetic polymorphisms, alternative splicing, and PTMs [33,34]. Such structural changes
associated with the disease can be localized in different types of SSSs. Numerous aberrant
forms of proteins are fraught with dire structural changes, including isomers of beta-
amyloid in Alzheimer’s disease [35], splice isoforms of osteopontins b and c in prostate
cancer [36], amino acid substitutions in protein C7 in type II diabetes [37], and PTMs of
proteins in oncological diseases [12].

Here, we present a new approach to frame the problem of SSS recognition and seg-
mentation based on the geometric characteristics of structures and spatial relationships
within a protein sequence. The main advantage of our method is a low requirement for
computing sources. We used a standard personal desktop computer with a typical GeForce
GTX 1650—4Gb video card for training and data processing in the PDB and AlphaFold2.0
databases. We also operated the PSSNet model with high recognition accuracy (mean
IoU > 0.84; F1 > 0.08) and annotation capability of >1.9 million SSSs of 3 «f3-unit hairpin,
-hairpin, and aa-corner. This opens up wide margins for investigation on the PSSKB
resource. The model does not require a large training set, since sets of 2000 specimens were
used to train the model. Plots of GPU memory usage as a function of protein sequence
length can be found in Supplementary Materials (GPU memory usage section).

A distinctive feature of our model is its ability to recognize and segment the SSSs
within a protein sequence of arbitrary length, i.e., regardless of the sequence length. The
model can operate directly with any file in PDB format, including those with low data
quality, poor resolution, and sparse protein sequences. The only limitation of the model
is the amount of graphics processing unit (GPU) memory. Likewise, most current models
focus on recognition of only one certain type of structure and work only with a few prepared
datasets, resulting in relatively low numbers of recognized structures within the range of
thousands to tens of thousands.

The architecture of the proposed method is powered by a comprehensive combination
of CGNs, CNNss, Bi-GRUs, self-attention, and multi-head attention mechanisms, which
encourage network flexibility and easy adaptation to solve problems in structural biol-
ogy and bioinformatics. Primary examinations have shown that a model with minimal
modifications can predict the structural alphabet based on geometric characteristics for
differentiable molecular modeling problems. A subsequent investigation will target this
and other issues.

3. Materials and Methods
3.1. Data Preparation

Training, test, and validation datasets downloaded from the Protein Data Bank were
represented by the following types of SSSs: a 3« 3-motif (beta-alpha-beta motif), a 3-hairpin,
an o-hairpin, and an aa-corner (70°-90°).

The datasets were generated using STRIDE, which takes a PDB file as input and
returns secondary structure assignments. Thereafter, data were manually curated by a
team of experts to ensure compliance with the declared types of SSS. Eventually, the sets of
positive and negative examples included almost 2000 and 4000 elements of SSS of each type.
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Training and test model datasets are available at https://doi.org/10.6084/m9.figshare.2152
9812.v1 (open access, accessed on 28 October 2022) [38].

The balance between positive and negative examples in packets supplied to the
network input was regulated by the software implementation. Before entering the network,
the coordinates of atoms x, y, and z were augmented (rotation around the x, y, and z axes
at a random angle and the y-axis with random jitter for each point using Gaussian noise
with zero-mean value and standard deviation of 0.08). Data augmentation was executed
dynamically during the training time for 40% of input structures.

Before entering the network, elements of amino acid sequence (AA codes and 3D
coordinates of the corresponding group of atoms (N, C«, C, and O)) were extracted from
PDB files.

Ultimately, an array of 3D coordinates was generated to describe the 3D structure of
the protein. The final array of coordinates was applied to generate a graph, with each vertex
representing a C x-atom in the main protein chain, connected by edges to the 32 nearest C-
atoms (KNN-graph, k = 32). Each edge and vertex of the graph contained scalar and vector
features describing the 3D geometry of the protein structure. The method for determining
the optimal value of k is described in the Supplementary Materials (determining the optimal
value of k (nearest C,, atoms)).

3.2. Feature Extraction and Input Encoding
3.2.1. Node-Level Features

The signs of a graph node are described by the following elements (Figure 2):

Positional

-
encoding (i, ]) \\u;_/\/

Distance encoding

{Gaussian H!i‘]

Encoding

of amino-acid sequence

porfousierd-Jnd = [0 [o [2]i2[ s [ 4]
[TYRIASDGI.?ASPECYS{..AR 0(3 7|12 _a I..,-i

e

Gaussian RBF

A
3 o s »
Distance (angstroms)

Output of the Gaussian radial basis function for one edge

Figure 2. Feature extractions from protein sequences. The graph shows the protein structure.

e {sin, cos} o {@, P, w}, where ¢, P, and w are the torsion angles calculated for C;_1, N;
Caj, and C; and Nj1;

N

e Unit vectors of the directions to the Ca-atoms in the main chain (Vy1= (Ca; 1 — Ca;)
and Vi1 = (Caj—1 — Ca;));
e  Unit direction vectors to the C-atom in the main chain (Vy = (Ci11 — C) and

[N

Vi2=(Ci-1 — G));

N
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e  Cosines of the angles between vectors Vp,, Vio;
The distance between the C-atom in the chain ||C; 11 — C;_1]|;
A unit vector that determines the conditional direction of the side chain (direction of

—)
the Cf3 atom), Vo=CpB;—Cu;. This vector is calculated from the tetrahedral representa-
tion of the geometry of the N, Cx, and C atoms as follows:

V= 1(axb) [2(a+D)
~ V3laxb| 3 |la+b|

where vectors a and b are defined as a = N; — Ca;b = C; — Cu;. This vector, together

[N

with the forward and reverse vectors (Vyy, V,1) determines the orientation of the amino
acid residue in 3D Euclidean space.
e  The amino acid sequence is encoded as a sequence of numbers (0-21).

3.2.2. Edge-Level Features
Graph edge features are described by the following elements:

e aunit vector defining the direction between neighboring vertices, CtX]' — Cua;;
e the distance between the vertices of the graph is encoded using Gaussian radial
basis functions:

2
g(r) = e " (r = |x —x)

For each edge, the distance was encoded with 32 Gaussian functions, with centers
uniformly spaced in the range of 0-24 A. The edge position code (i, j) was obtained using
a sinusoidal encoder, which is widely used in transformer models. This approach to the
positional encoding of sequences has been previously described in detail [39].

3.3. Network Architecture

The architecture of our model is based on a combination of the geometric vector
perceptron (GVP), graph neural network (GNN), and multi-layer gated recurrent unit
(GRU) methods (Figure 3). The network architecture is based on the encoder—decoder
principle, which is widely used in classification and segmentation problems. The encoder
generates a feature map based on the input data (node position in the graph, local topology,
vector, and scalar attributes of the node itself and its neighbors). The decoder extracts
information from the feature map and generates classification labels for the graph nodes.
The model was implemented using a binary classifier, and a separate model was trained
for each SSS in the training set. As data are being accumulated, a multiclass model that
works with a variety of structures has to be used in the future.

The GVP elements of the model architecture extract invariant and equivariant features
from a combination of scalar and vector representations of geometric features. In addition,
the GVP can approximate any continuous rotation and reflection invariant scalar function.
The architecture (GVP-GNN) uses GVP modules for feature extraction and the graph
convolutional network (GCN) mechanism for message, which passes between graph nodes
(messaging), feature aggregation of neighboring nodes and edges, and updates node
attachments during a propagation operation [40]. The GVP architecture has been previously
described in detail [41].
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Figure 3. The architecture of the proposed PSSNet.

A GVP-based neural network was used to predict amino acid sequences based on
the geometric characteristics of a protein and PPI (protein—protein interaction). Because
proteins are connected in sequential structures, we supplemented the model with bidirec-
tionally controlled recurrent units (Bi-GRUs) to highlight relationships between geometric
characteristics [41]. Adding GRU layers to the model significantly increased the predictive
accuracy and reduced the amount of time required to train the model. Table 3 shows the
architecture of the model and a brief description of the functions of the blocks.

Table 3. Model architecture and implementation details.
Block Layer Description
Embedding Words in AA-sequence using a dense vector form.
GVP Module for learning vector- and scalar-valued functions over geometric
vectors and scalars.
Norm Layer normalization for vector features (L2-normalization).
Implements GVP transforms and uses message-passing mechanisms
GVPConv (5-layers) from neighboring nodes and edges to aggregate a function of hidden
Encoder states and update node embedding at each graph propagation step.
Recurrent unit with input and forget gates. The Bi-GRU considers two
Bi-GRU (2-layer module) separate sequences: from right to left and vice-versa. We considered
the sequence of the hidden states of the node features of the graph.
This mechanism allows the discovery of connections between elements
Self-attention of the input sequence and the selection of those required for future
generations [42]. We considered the sequence of the hidden states of
the node features of the graph.
GVPConv + Bi-GRU (5-layers) Decoder,blo.Ck to reconstruct and obtain the graph structure from the
encoder’s hidden state.
Decoder Gvp Last GVP module.

Multi-head graph attention

This module has a one-way scalar sigmoid output to predict node
labels [43].
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The Adam optimizer was applied with a reduced learning rate when the accuracy
metric stopped the improvement process (start with a 1 x 1072 and reduce factor of 0.5).
The Dice BCE loss was selected as the loss function, as it combines the Dice loss with the
standard binary cross-entropy (BCE) loss, which is generally the default for segmentation
models. Combining the two methods allowed for moderate diversity in the loss while
improving the stability of the BCE.

3.4. Training and Performance Evaluation

The model training process lasted 24 epochs for each SSS and models were assessed
on the validation datasets. During the learning process, the learning rate was changed
from 1 x 1073 to less than 1 x 10~* in order to reduce the learning rate on the plateau.
We used the intersection over union (IoU; also known as the Jaccard index) as the main
metric for assessing the quality of model predictions. Values from 0-1 show the extent to
which positions of two objects (reference [ground-truth]) predicted by the model coincide
according to the following equation:

Area of Overlap

ToU = Area of Union

We considered the position of SSS in the reference and predicted structures and
evaluated the coincidence of their positions. The harmonic mean of the recall and precision

metrics (F1) were also evaluated (Table 4).

Table 4. Performance metrics: IoU and F1.

SSS Mean IoU (Training) Mean IoU (Validation) F1
BafB-unit 0.928 0.894 0.978
a-hairpin 0.964 0.957 0.984
[-hairpin 0.998 0.983 0.991
xXx-corner 0.933 0.991 0.994

4. Conclusions

Super-secondary structures are blocks of protein molecules with unique and compact
spatial arrangements. Such structures are stable outside the protein globule due to pro-
nounced hydrophobic cores. Structural biology considers SSSs as the nuclei of protein
folding and as starting structures when looking for the possible folding pattern of polypep-
tide chains while modeling protein structures. Our model combines GNN, CNN, and RNN
methods and suggests the following advantages:

small datasets for rapid, efficient learning, and retaining;

ability to generalize features on a relatively small training set;

good recognition accuracy (mean IoU > 0.83);

huge amounts of information (such as that in the PDB and AlphaFold) can be assessed
within a reasonable timeframe.

Our model can classify more than 2.3 million SSSs for all protein structures available
in the PDB and AlphaFold databases. The reliability and accuracy of the model were
demonstrated on four types of SSSs taken from the public Structural Elements Database
(PSSKB, https:/ /psskb.org/, accessed on 28 October 2022); however, the model is generic
and can be applied to a wider set of SSS types. The assembled set of SSS structures opens up
new options for studying the uniqueness and compactness of protein spatial packing and
folding nuclei, and can also act as starting structures for searching for possible polypeptide
chain folding while modeling protein structures.

Future efforts will target the diversity of SSS types (Greek key, Rossmann fold, etc.) in
the segmentation model and replenishing the database. We will also focus on improving
annotations and ensuring the quality of SSS presentations. Furthermore, we will generate
sufficient information for users with extensive experience in structural biology and new
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entrants into that. We will also tailor the database to meet the needs of the research
community and provide accurate SSS information for future updates.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms232314813/s1. Reference [44] is cited in the supplementary materials.

Author Contributions: D.V.P,, VR.R,, A LK. and L.IK., conceived the project; D.V.P,, conducted
experiments; L.LK., K.S.N. and V.R.R,, generated sets of positive and negative examples; D.V.P,,
KMM.,, ALLK. and A.TK,, wrote the manuscript. All authors have read and agreed to the published
version of the manuscript.

Funding: This study proceeded within the framework of the Russian Federation Fundamental
Research Program for the long-term period of 2021-2030 (Ne 122092200056-9).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The code source designed for super-secondary structures classification
(PSSNet) has been deposed to the open-access GitHub resource and is available at the following link:
https:/ / github.com/Denis21800/PSSNet.

Acknowledgments: The authors are grateful to A.V. Efimov for the helpful discussions. Equipment
at the shared research facilities of HPC computing resources at Lomonosov Moscow State University
and the Joint Supercomputer Center of the Russian Academy of Sciences was used for simulations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wetlaufer, D.B. Nucleation, Rapid Folding, and Globular Intrachain Regions in Proteins. Proc. Natl. Acad. Sci. USA 1973, 70,
697-701. [CrossRef]

2. Karplus, M.; Weaver, D.L. Protein-Folding Dynamics. Nature 1976, 260, 404—406. [CrossRef]

3. Anfinsen, C.B. Principles That Govern the Folding of Protein Chains. Science 1973, 181, 223-230. [CrossRef]

4. Hartl, EU. Molecular Chaperones in Cellular Protein Folding. Nature 1996, 381, 571-580. [CrossRef]

5. Dobson, C.M. Protein Folding and Misfolding. Nature 2003, 426, 884-890. [CrossRef]

6.  Abkevich, V.I; Gutin, A.M.; Shakhnovich, E.I. Specific Nucleus as the Transition State for Protein Folding: Evidence from the
Lattice Model. Biochemistry 1994, 33, 10026—10036. [CrossRef]

7. Fersht, A.R. Nucleation Mechanisms in Protein Folding. Curr. Opin. Struct. Biol. 1997, 7, 3-9. [CrossRef]

8. MacCarthy, E.; Perry, D.; KC, D.B. Advances in Protein Super-Secondary Structure Prediction and Application to Protein Structure
Prediction. In Protein Supersecondary Structures: Methods and Protocols; Kister, A.E., Ed.; Methods in Molecular Biology; Springer:
New York, NY, USA, 2019; pp. 15-45. [CrossRef]

9. Rudnev, V.R,; Kulikova, L.I.; Nikolsky, K.S.; Malsagova, K.A.; Kopylov, A.T.; Kaysheva, A.L. Current Approaches in Supersec-
ondary Structures Investigation. Int. . Mol. Sci. 2021, 22, 11879. [CrossRef]

10. Robinson, J.A. The Design, Synthesis and Conformation of Some New {3-Hairpin Mimetics: Novel Reagents for Drug and Vaccine
Discovery. Synlett 2000, 2000, 429-441. [CrossRef]

11.  Robinson, J.A. B-Hairpin Peptidomimetics: Design, Structures and Biological Activities. Acc. Chem. Res. 2008, 41, 1278-1288.
[CrossRef]

12.  Tikhonov, D.; Kulikova, L.; Kopylov, A.T.; Rudnev, V.; Stepanov, A.; Malsagova, K.; Izotov, A.; Kulikov, D.; Zulkarnaev, A.;
Enikeev, D.; et al. Proteomic and Molecular Dynamic Investigations of PTM-Induced Structural Fluctuations in Breast and
Ovarian Cancer. Sci. Rep. 2021, 11, 19318. [CrossRef]

13. Brownlee, J. A Gentle Introduction to Probability Density Estimation. Machine Learning Mastery. Available online:
https:/ /machinelearningmastery.com/probability-density-estimation/ (accessed on 14 February 2022).

14. Niranjan Pramanik, N.P. Kernel Density Estimation— Kernel Construction and Bandwidth Optimization using Maximum
Likelihood Cross Validation. Analytics Vidhya. Available online: https://medium.com/analytics-vidhya/kernel-density-
estimation-kernel-construction-and-bandwidth-optimization-using-maximum-b1dfce127073 (accessed on 14 February 2022).

15.  Schmidler, S.C.; Liu, ].S.; Brutlag, D.L. Bayesian Segmentation of Protein Secondary Structure. J. Comput. Biol. 2000, 7, 233-248.
[CrossRef] [PubMed]

16. Sun, L.; Hu, X; Li, S;; Jiang, Z.; Li, K. Prediction of Complex Super-Secondary Structure B3 Motifs Based on Combined Features.
Saudi ]. Biol. Sci. 2016, 23, 66-71. [CrossRef]

17.  Kumar, M.; Bhasin, M.; Natt, N.K,; Raghava, G.P.S. BhairPred: Prediction of Beta-Hairpins in a Protein from Multiple Alignment

Information Using ANN and SVM Techniques. Nucleic Acids Res. 2005, 33, W154-W159. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ijms232314813/s1
https://www.mdpi.com/article/10.3390/ijms232314813/s1
https://github.com/Denis21800/PSSNet
http://doi.org/10.1073/pnas.70.3.697
http://doi.org/10.1038/260404a0
http://doi.org/10.1126/science.181.4096.223
http://doi.org/10.1038/381571a0
http://doi.org/10.1038/nature02261
http://doi.org/10.1021/bi00199a029
http://doi.org/10.1016/S0959-440X(97)80002-4
http://doi.org/10.1007/978-1-4939-9161-7_2
http://doi.org/10.3390/ijms222111879
http://doi.org/10.1002/chin.200025280
http://doi.org/10.1021/ar700259k
http://doi.org/10.1038/s41598-021-98201-7
https://machinelearningmastery.com/probability-density-estimation/
https://medium.com/analytics-vidhya/kernel-density-estimation-kernel-construction-and-bandwidth-optimization-using-maximum-b1dfce127073
https://medium.com/analytics-vidhya/kernel-density-estimation-kernel-construction-and-bandwidth-optimization-using-maximum-b1dfce127073
http://doi.org/10.1089/10665270050081496
http://www.ncbi.nlm.nih.gov/pubmed/10890399
http://doi.org/10.1016/j.sjbs.2015.10.005
http://doi.org/10.1093/nar/gki588
http://www.ncbi.nlm.nih.gov/pubmed/15988830

Int. . Mol. Sci. 2022, 23, 14813 11 0f12

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

Xia, X.; Longo, L.M.; Sutherland, M.A.; Blaber, M. Evolution of a Protein Folding Nucleus. Protein Sci. 2016, 25, 1227-1240.
[CrossRef]

AlQuraishi, M. Machine Learning in Protein Structure Prediction. Curr. Opin. Chem. Biol. 2021, 65, 1-8. [CrossRef]

Melvin, I; Ie, E.; Kuang, R.; Weston, J.; Noble, W.S.; Leslie, C. SVM-Fold: A Tool for Discriminative Multi-Class Protein Fold and
Superfamily Recognition. BMC Bioinform. 2007, 8, S2. [CrossRef]

Flot, M.; Mishra, A.; Kuchi, A.S.; Hoque, M.T. StackSSSPred: A Stacking-Based Prediction of Supersecondary Structure from
Sequence. In Protein Supersecondary Structures: Methods and Protocols; Kister, A.E., Ed.; Methods in Molecular Biology; Springer:
New York, NY, USA, 2019; pp. 101-122. [CrossRef]

Kuhn, M.; Meiler, J.; Baker, D. Strand-Loop-Strand Motifs: Prediction of Hairpins and Diverging Turns in Proteins. Proteins 2004,
54,282-288. [CrossRef]

Cruz, L.; Rao, ].S.; Teplow, D.B.; Urbanc, B. Dynamics of Metastable 3-Hairpin Structures in the Folding Nucleus of Amyloid
-Protein. J. Phys. Chem. B 2012, 116, 6311-6325. [CrossRef]

Li, Z.; Yu, Y. Protein Secondary Structure Prediction Using Cascaded Convolutional and Recurrent Neural Networks. arXiv 2016,
arXiv:1604.07176][cs, g-bio].

Kalimeris, A.G.; Emiris, I. Deep Learning on Point Clouds for 3D Protein Classification Based on Secondary Structure. Available
online: https://pergamos.lib.uoa.gr/uoa/dl/object/2880834 /file.pdf (accessed on 14 February 2022).
Stepniewska-Dziubinska, M.; Zielenkiewicz, P.; Siedlecki, P. Detection of Protein-Ligand Binding Sites with 3D Segmentation.
2019. Available online: https:/ /www.researchgate.net/publication/332438981_Detection_of_protein-ligand_binding_sites_with_
3D_segmentation (accessed on 14 February 2022).

Gligorijevi¢, V.; Renfrew, P.D.; Kosciolek, T.; Leman, ].K.; Berenberg, D.; Vatanen, T.; Chandler, C.; Taylor, B.C.; Fisk, LM.; Vlamakis,
H.; et al. Structure-Based Protein Function Prediction Using Graph Convolutional Networks. Nat. Commun. 2021, 12, 3168.
[CrossRef]

Xiang, T.; Zhang, C.; Song, Y.; Yu, J.; Cai, W. Walk in the Cloud: Learning Curves for Point Clouds Shape Analysis. arXiv 2021,
arXiv:2105.01288[cs].

Papers with Code—ModelNet40 Benchmark (3D Point Cloud Classification). Available online: https://paperswithcode.com/
sota/3d-point-cloud-classification-on-modelnet40 (accessed on 14 February 2022).

Sborgi, L.; Verma, A.; Sadqi, M.; de Alba, E.; Mufioz, V. Protein Folding at Atomic Resolution: Analysis of Autonomously Folding
Supersecondary Structure Motifs by Nuclear Magnetic Resonance. In Protein Supersecondary Structures; Kister, A.E., Ed.; Methods
in Molecular Biology; Humana Press: Totowa, NJ, USA, 2013; pp. 205-218. [CrossRef]

Kubelka, J.; Hofrichter, J.; Eaton, W.A. The Protein Folding “Speed Limit”. Curr. Opin. Struct. Biol. 2004, 14, 76-88. [CrossRef]
Mufioz, V. Conformational Dynamics and Ensembles in Protein Folding. Annu. Rev. Biophys. Biomol. Struct. 2007, 36, 395-412.
[CrossRef]

Shafi, S.; Singh, A.; Gupta, P; Chawla, P.A.; Fayaz, F; Sharma, A.; Pottoo, FH. Deciphering the Role of Aberrant Protein
Post-Translational Modification in the Pathology of Neurodegeneration. CNS Neurol. Disord. Drug Targets 2021, 20, 54—67.
[CrossRef]

Venables, ].P. Aberrant and Alternative Splicing in Cancer. Cancer Res. 2004, 64, 7647-7654. [CrossRef]

Indeykina, M.L; Popov, L. A.; Kozin, S.A.; Kononikhin, A.S.; Kharybin, O.N.; Tsvetkov, P.O.; Makarov, A.A.; Nikolaev, E.N.
Capabilities of MS for Analytical Quantitative Determination of the Ratio of «- and BAsp7 Isoforms of the Amyloid-f3 Peptide in
Binary Mixtures. Anal. Chem. 2011, 83, 3205-3210. [CrossRef]

Tilli, TM.; Mello, K.D.; Ferreira, L.B.; Matos, A.R.; Accioly, M.T.S; Faria, P.A.S.; Bellahcéne, A.; Castronovo, V.; Gimba, E.R.
Both Osteopontin-c and Osteopontin-b Splicing Isoforms Exert pro-tumorigenic Roles in Prostate Cancer Cells. Prostate 2012, 72,
1688-1699. [CrossRef]

Su, Z.-D,; Sun, L,; Yu, D.-X,; Li, R-X; Li, H.-X,; Yu, Z.-].; Sheng, Q.-H.; Lin, X.; Zeng, R.; Wu, J.-R. Quantitative Detection of Single
Amino Acid Polymorphisms by Targeted Proteomics. J. Mol. Cell Biol. 2011, 3, 309-315. [CrossRef]

Petrovskiy, D. Supersecondary_Structures_Dataset.zip. figshare. Dataset. 2022. Available online: https://figshare.com/articles/
dataset/supersecondary_structures_dataset_zip /21529812 /1 (accessed on 18 November 2022). [CrossRef]

Dufter, P,; Schmitt, M.; Schiitze, H. Position Information in Transformers: An Overview. arXiv 2021, arXiv:2102.11090][cs].
[CrossRef]

Mayachita, I. Understanding Graph Convolutional Networks for Node Classification. Towards Data Science. Available online:
https:/ /towardsdatascience.com/understanding-graph-convolutional-networks-for-node-classification-a2bfdb7aba7b (accessed
on 14 February 2022).

Jing, B.; Eismann, S.; Suriana, P.; Townshend, R.J.L.; Dror, R. Learning from Protein Structure with Geometric Vector Perceptrons.
2020. Available online: https://arxiv.org/abs/2009.01411 (accessed on 18 November 2022).

Vaswani, A.; Shazeer, N.; Parmar, N.; Uszkoreit, J.; Jones, L.; Gomez, A.N.; Kaiser, L.; Polosukhin, I. Attention Is All You Need.
arXiv 2017, arXiv:1706.03762[cs].


http://doi.org/10.1002/pro.2848
http://doi.org/10.1016/j.cbpa.2021.04.005
http://doi.org/10.1186/1471-2105-8-S4-S2
http://doi.org/10.1007/978-1-4939-9161-7_5
http://doi.org/10.1002/prot.10589
http://doi.org/10.1021/jp301619v
https://pergamos.lib.uoa.gr/uoa/dl/object/2880834/file.pdf
https://www.researchgate.net/publication/332438981_Detection_of_protein-ligand_binding_sites_with_3D_segmentation
https://www.researchgate.net/publication/332438981_Detection_of_protein-ligand_binding_sites_with_3D_segmentation
http://doi.org/10.1038/s41467-021-23303-9
https://paperswithcode.com/sota/3d-point-cloud-classification-on-modelnet40
https://paperswithcode.com/sota/3d-point-cloud-classification-on-modelnet40
http://doi.org/10.1007/978-1-62703-065-6_13
http://doi.org/10.1016/j.sbi.2004.01.013
http://doi.org/10.1146/annurev.biophys.36.040306.132608
http://doi.org/10.2174/1871527319666200903162200
http://doi.org/10.1158/0008-5472.CAN-04-1910
http://doi.org/10.1021/ac103213j
http://doi.org/10.1002/pros.22523
http://doi.org/10.1093/jmcb/mjr024
https://figshare.com/articles/dataset/supersecondary_structures_dataset_zip/21529812/1
https://figshare.com/articles/dataset/supersecondary_structures_dataset_zip/21529812/1
http://doi.org/10.6084/m9.figshare.21529812.v1
http://doi.org/10.1162/coli_a_00445
https://towardsdatascience.com/understanding-graph-convolutional-networks-for-node-classification-a2bfdb7aba7b
https://arxiv.org/abs/2009.01411

Int. . Mol. Sci. 2022, 23, 14813 12 0of 12

43. Zhang, H.; Li, M.; Wang, M.; Zhang, Z. Understand Graph Attention Network—DGL 0.6.1 Documentation. Available online:
https://docs.dgl.ai/en/0.6.x/tutorials /models/1_gnn/9_gat.html (accessed on 14 February 2022).

44. Dauparas, J.; Anishchenko, I.; Bennett, N.; Bai, H.; Ragotte, R.J.; Milles, L.F.; Wicky, B.I.M.; Courbet, A.; de Haas, RJ;
Bethel, N.; et al. Robust deep learning-based protein sequence design using ProteinMPNN. Science 2022, 378, 49-56. [CrossRef]
[PubMed]


https://docs.dgl.ai/en/0.6.x/tutorials/models/1_gnn/9_gat.html
http://doi.org/10.1126/science.add2187
http://www.ncbi.nlm.nih.gov/pubmed/36108050

	Introduction 
	Results and Discussion 
	SSS Segmentation Using the PSSNet Model 
	Practical Evaluation of the Model: Key Issues 

	Materials and Methods 
	Data Preparation 
	Feature Extraction and Input Encoding 
	Node-Level Features 
	Edge-Level Features 

	Network Architecture 
	Training and Performance Evaluation 

	Conclusions 
	References

