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Introduction

The folding of short peptide fragments is seldom discussed as they normally adopt random-coil conformations in water. It is believed that interacting with proteins, peptides take a certain conformation. Different authors underlined that both individual peptides in solution and peptides within proteins can have conformational preferences. They can be detected experimentally by examining peptides in solution, analyzing the structure of proteins, and conducting molecular dynamics in silico. Hatakeyama and co-workers have studied the latent propensity of short peptides to adopt folded conformations, alanine-rich peptides were placed in the cavity of self-assembled host. They found that these peptide fragments adopted specific conformations within the protected cavity [START_REF] Hatakeyama | Conformational preferences of short peptide fragments[END_REF]. Study of PDBfiles demonstrated that of the 160,000 combinatorially possible tetrapeptides 1,500 adopted conformations similar to protein structures [START_REF] Batyanovskii | Short protein segments with prevalent conformation[END_REF]. By analyzing 133 8-residue fragments from six different proteins by molecular dynamics, it was found that 85 peptides do not have a preferred structure, and 48 of them converge to the preferred structure [START_REF] Ho | Folding Very Short Peptides Using Molecular Dynamics[END_REF].

Analyzing the structure of proteins from the Protein DataBank (https://www.rcsb.org/), de Brevern et al. proposed a structural alphabet of small 3D structural prototypes called Protein Blocks (PBs) [START_REF] De Brevern | Bayesian probabilistic approach for predicting backbone structures in terms of protein blocks[END_REF]. This structural alphabet includes [START_REF] Brevern | PredyFlexy: flexibility and local structure prediction from sequence[END_REF] PBs, each one is defined by the (phi, psi) dihedral angles of 5 consecutive residues [START_REF] De Brevern | Local backbone structure prediction of proteins[END_REF].

The size of Protein Blocks corresponds to the maximum length of fragments preserving a minimum of informational entropy [START_REF] Nekrasov | Entropy of Protein Sequences: An Integral Approach[END_REF].

Three-dimensional protein structures can be described with a library of 3D fragments that define a structural alphabet. Etchebest et al. have shown that the geometrical features of the different PBs are preserved (local RMSD value equal to 0.41 Å on average) and sequence-structure specificities reinforced when databanks are enlarged [START_REF] Etchebest | A structural alphabet for local protein structures: Improved prediction methods[END_REF]. PBs are short motifs capable of representing most of the local structural features of a protein backbone. Alignment of these local features as sequence of symbols enables fast detection of structural similarities between two proteins [START_REF] Tyagi | Protein structure mining using a structural alphabet[END_REF]. PB-based pairwise structural alignment method based on dynamic programming with a dedicated PB Substitution Matrix (SM) gave an excellent performance, when compared to other established methods for mining [START_REF] Joseph | Improvement of protein structure comparison using a structural alphabet[END_REF]. Based on PB, multiple structural alignment method realized in a web server called multiple Protein Block Alignment (mulPBA) [START_REF] Léonard | mulPBA: an efficient multiple protein structure alignment method based on a structural alphabet[END_REF]. Using the algorithm based on protein blocks, a database of structural alignments (DoSA) was created. DoSA provides unique information about 159,780 conformationally similar and 56,140 conformationally dissimilar Structurally Variability Regions in 74,705 pairwise structural alignments of homologous proteins [START_REF] Mahajan | DoSA: Database of Structural Alignments[END_REF]. PB description of local structures was used to analyze conformations that are preferred sites for structural variations and insertions, among group of related folds [START_REF] Joseph | Local structural differences in homologous proteins: specificities in different SCOP classes[END_REF]. Local structure prediction tool PB-kPRED based on representation of structure of a protein as a string of Protein Blocks and using the structural information from homologues in preference, if available. The method achieved mean accuracies ranging from 40.8% to 66.3% depending on the availability of homologues [START_REF] Vetrivel | Knowledge-based prediction of protein backbone conformation using a structural alphabet[END_REF].

Also the structural alphabet was used to predict the loops connecting two repetitive structures [START_REF] Tyagi | Protein short loop prediction in terms of a structural alphabet[END_REF]. Furthermore, it has been shown that protein structure can be described by a limited set of recurring local structures. In this context, a library composed of 120 overlapping long structural prototypes (LSPs) representing fragments of 11 residues in length and covering all known local protein structures was established [START_REF] Bornot | Predicting protein flexibility through the prediction of local structures[END_REF].

On the basis of LSPs, a novel prediction method that proposes structural candidates in terms of LSPs along a given sequence was developed. This methodology was used to predict protein flexibility [START_REF] Bornot | Predicting protein flexibility through the prediction of local structures[END_REF]. Then three flexibility classes were defined and proposed a method based on the LSP prediction method for predicting flexibility along the sequence.

The method is implemented in PredyFlexy web server [START_REF] Brevern | PredyFlexy: flexibility and local structure prediction from sequence[END_REF].

In this paper we focus on a minimal set of structurally stable pentapeptides for rational design of polypeptide chain with desirable three-dimensional structure. The pentapeptides were tested using molecular dynamics simulations. Structurally stable pentapeptides are peptides, which were in the same conformation state more than 80% of the simulation time. To search for factors that ensure structural stability of the pentapeptide, we selected peptide sequences with no more than three functional groups, based on the alanine pentapeptide AAAAA.

Methods

Pentapeptide sequence dataset

There are 20 5 =3 200 000 possible pentapeptide sequences of 20 types of amino acid residues. Study of stability for this number of pentapeptides by molecular dynamics method is very time consuming. We assumed that the three functional groups should be sufficient to form a stable conformational state of the pentapeptide. We wanted to study the effect of the amino acid residue positions on its stability. So we proposed the following scheme for the generation of pentapeptide sequences.

The alanine pentapeptide was taken as a matrix, since glycines in the polypeptide chain possess additional conformational space due to the absence of a side radical. Three residues of this alanine pentapeptide -one in the central position (position "0") and two more in other positions (positions -2, -1, + 1, and +2) were sequentially replaced by all possible amino acid residues of 20 canonical amino acids. The number of possible pairs of two replaced amino acids positions in the pentapeptide is 6 (substitutions at -2 and -1, -1 and 1, -2 and 2, -1 and 1, -1 and 2, 1 and 2 positions are possible), therefore the number of possible combinations is 20 3 * 6 = 48000. However, in this approach 20 * (20 * 6 + 6 * 6 + 1) identities are formed, associated with the presence of an alanine matrix. Thus, subtracting the identities, we get 44860 possible unique sequences. It can be seen that there is a strong overrepresentation of alanines at positions -2, -1, +1, +2. All residues except alanine are found at these positions 1160 times each and alanine is found 22820 times. At position 0 all amino acid residues are found 2243 times each.

Due to this scheme for pentapeptide sequence generation one can evaluate the contribution of each position to the pentapeptide stability and the influence of the amino acid type in a particular position on the stability of the pentapeptide.

Molecular modeling of the pentapeptide structure by molecular dynamics method

C-terminus of each pentapeptide was protected by methyl group and N-terminus was protected by acetyl group. These caps have removed the effect of the end charges of the polypeptide chain on the conformational states obtained in MD modeling.

Force field AMBER/OPLS was used [17,[START_REF] Ponder | Force fields for protein simulations[END_REF] was unfolded (extended) (φ=180.0º; ψ=180.0º). Molecular modeling of pentapeptides started from extended conformation within 10,000 picoseconds at 300K with 0.001 picosecond integration step. We saved 5,000 current conformational states for each pentapeptide after 5,000 picoseconds of relaxation process, one state per picosecond. This AMBER/OPLS force field was chosen because the original peptide conformation is unfolded. CHARMM force fields work well near local minima, but in the case of threedimensional hindrances they lead to unpredictable results. We did not use a solvent in the molecular dynamics experiment. Solvent is important for polypeptide chains capable of forming a "hydrophobic core". Pentapeptides are too short to possess this ability. This approach was approved by many years of conformational analysis of short peptides [START_REF] Nikiforovich | Computational molecular modeling in peptide drug design[END_REF][START_REF] Rahmanov | Empirical potentials for ion binding in proteins[END_REF]. The complete molecular dynamics protocol is provided in the Supplement.

Clustering of pentapeptide conformational states

Molecular dynamics trajectory with 5,000 conformational states was subjected to clustering analysis to split it into a few clusters of the structurally similar conformations.

The squared Euclidean distance of torsion angles phi and psi of polypeptide backbone (a total of 8 angles for each pentapeptide) was chosen as distance measure between conformational states of molecular dynamics trajectory. Clustering was carried out by unweighted pair-group method using the centroid average [START_REF] Sneath | Numerical taxonomy. The principles and practice of numerical classification[END_REF] (program "condense", https://fap.sbras.ru). A clustering threshold of 0.15 was used.

Figure 1 shows the size of the two largest clusters of conformational states of molecular-dynamic trajectories for 44,860 pentapeptides. There is a local maximum of the distribution in the lower right corner. It corresponds to the size of the largest cluster of more than 4,000 states, i.e. 80% of the conformational states under consideration. So, the threshold of 80% of the conformational states was chosen for the criterion of structural stability. Pentapeptides where more then 80% of all conformational states were within the same cluster, were called "structurally stable elements" or "structurally stable pentapeptides". The structure closest to the cluster center was selected as the cluster representative. Each structurally stable pentapeptide was characterized by the representative.

Clustering of different structurally stable pentapeptides

To identify common topological types among the obtained structurally stable pentapeptides, representative structures were subjected to the same clustering procedure described above. As a result, 54 clusters of structurally stable structural elements with different topologies were obtained (Supplement, Table 1). Each of 54 cluster of structurally stable pentapeptide was characterized by the structure closest to the cluster center (Supplement, Table 2).

Comparison of idealized secondary structures with spatial structures of model pentapeptides

To identify the functional role that structurally stable pentapeptides can play in the protein structure, a comparison of the Cartesian coordinates of the Cα atoms of three consecutive amino acid residues of the pentapeptide located at the N-and C-termini of the pentapeptides with idealized secondary structures was performed: α-helix (φ=-57.0º; ψ=-47.0º), anti-parallel β-structure (φ=-139.0º;ψ=+135.0º) and parallel β -structure (φ=-119.0º; ψ=+113.0º) [START_REF] Schulz | Prediction of Secondary Structure from the Amino Acid Sequence[END_REF]. To combine spatial structures, the MaxCluster program was used (http://www.sbg.bio.ic.ac.uk/maxcluster/).

Results

We supposed that stability could be provided by the interaction of two or three functional groups within the pentapeptide. So, it is no need to consider all 3,200,000 possible sequences of pentapeptides to study the factors of high structural stability of pentapeptides and to identify all possible types of stable conformations. Later we shall prove the validity of this assumption.

Alanine pentapeptide AAAAA has no stable conformation since its lifetime in the most stable conformation was 2.3% of the molecular dynamics simulation time. It can be explained by a short side chain and weak interactions between them. We did not choose glycine pentapeptide GGGGG because glycine has additional conformational space of backbone [START_REF] Schulz | Prediction of Secondary Structure from the Amino Acid Sequence[END_REF]. In the AAAAA sequence, the residues in the central and in two other positions were consequentially replaced with all possible canonical amino acid residues.

After elimination of identical sequences, we obtained 44,860 unique sequences of pentapeptides and carried out molecular dynamics simulation for them (see Methods).

The size distribution of the two largest clusters of molecular-dynamic trajectories for 44,860 pentapeptides is shown in Figure 1. A large peak is observed in the bottom-left corner. In the bottom-right corner, there is a small peak. The local maximum of the distribution in the lower right corner corresponds to the size of the largest cluster 1 of more than 4,000 states, i.e. 80% of the conformational states under consideration (see Supplementary Table 2 for the list of pentapeptides with lifetime in stable conformation over 80%). So, the threshold of 80% of the conformational states was chosen for the criterion of structural stability. Clustering of molecular-dynamic trajectories for 44,860 pentapeptides revealed that in 1,225 pentapeptides of the largest cluster contained more than 80% of the conformational states. Thus, in the examined set of 44,860 pentapeptides, only 2.73% of them were conformationally stable. The most stable peptide was IATAE with stable conformational state 99.56% of the simulation time.

A structure and sequence of central conformation in the largest cluster was chosen for each structurally stable pentapeptide (see Materials and Methods). Further, the central conformation of stable pentapeptides was clustered using the torsion angles of the polypeptide backbone φ and ψ resulting in 54 groups (Supplementary Table 1). The largest group contains 324 stable pentapeptides. A representative structure closest to the center of the cluster was chosen for each cluster of similar 3D structures (see representative structures and their parameters in Supplementary Table 2).

Conformationally stable pentapeptides (KDKAA, PAHVA, AAWCD, RARAY, KNGAA, PAKKA, WAEAW, KREAA, DAICA, RAMAD, EAREA, KGYAA, WAEYA, EAKAK, EKDAA, APKKA, AAPKE, APKGA, PAGAP, FDGAA, PACAK, KAKDA, EAGKA, APPAP, PDPAA, RAEAD) did not join any clusters and formed their own groups with a unique topology of the polypeptide backbone.

For description of the features of the amino acid sequences of structurally stable peptides the central residue in the pentapeptide was named as "0", and for the others "-2" (N terminus), "-1", "+1" and "+2" (C terminus) numeration was used. The balance of ALA will not be discussed in most cases, since it is known that its amount is significantly increased in all positions.

In particular, all 322 sequences of stable peptides that fall into cluster 1 contain at position "+2" 97.8% LYS and 2.2% ARG (Table 1, also see Supplementary_inf.xls file for details). A similar analysis carried out for cluster 2 containing 218 pentapeptides

shows in 100% of cases localization at position "+2" of a residue with a negatively charged side group (ASР 78.9% and GLU 21.1%). Negatively charged residues ASP and GLU can be found at the position "-2" in the cluster 3 sequences with the probability 72.3% and 26.1% respectively. Analysis of occurrence of amino acid residues in different positions of pentapeptides for other clusters was not possible due to the small number of peptides (total 107 pentapeptides for clusters 14-54). In general, it can be seen that for each cluster of conformationally stable pentapeptides there is a characteristic pattern of the location of charged amino acid residues (Table 1).

We assumed that the possible functions of structurally rigid pentapeptides can be:

the initiation of the formation of elements of the secondary structure, the maintenance of the conformation of the secondary structure, and the termination of the elements of the secondary structure. To identify structurally rigid elements that can play this role, coordinates of three N-or C-terminal C-alpha atoms were compared with idealized elements of the secondary structure. To construct idealized elements of the secondary structure, the following values of the torsion angles of the polypeptide backbone were used for α-helix (φ =-57.0º; ψ=-47.0º), anti-parallel β-structure (φ=-139.0º; ψ =+135.0º) and parallel β-structure (φ =-119.0º; ψ=+113.0º)) [START_REF] Schulz | Prediction of Secondary Structure from the Amino Acid Sequence[END_REF].

Supplement Table 3 shows the results of comparison of the structures of the terminal regions of rigid pentapeptides with C-alpha atoms of idealized secondary structures. In the 40 of 54 clusters the best value of RMSD were less than 0.1. In 13 clusters, the distances to the nearest idealized structures were in the range from 0.1 to 0.2.

For one cluster (namely cluster 43), this distance was 0.207.

The good structural correspondence of stable pentapeptides to elements of the secondary structure of proteins is intriguing and suggests that they can play an important role in the formation of pre-folded conformation of natural polypeptide chains, by initiating and terminating conformations corresponding to the elements of the secondary structure. Pentapeptides, the beginning and end of which correspond well to the same type of secondary structure, should be considered as peptides that maintain this type of secondary structure ( 

•

The transition from the ↑↓β-structure to the ↑↑β-structure can be realized by the pentapeptides from the clusters 30 and 33, the pentapeptides realizing the transition from the ↑↑β structure to the ↑↓β -structure can be found in clusters 6 and 54.

The identified structurally stable pentapeptides probably form an almost complete set of topological types of peptides necessary for the formation of the prefolding state of the polypeptide chain. The replacement of the frequently used alanine residues with residues with other functional groups can substantially replenish a set of structurally stable elements, but it is unlikely to change the set of topological types found.

To understand how often conformationally stable peptides are found in native proteins, we analyzed the sequence of human Na, K-ATPase (Uniprot code P05024). The sequence of Na, K-ATPase contains 1,017 overlapping pentapeptides. Molecular modeling showed that 79 structurally stable pentapeptides were identified among them, which cover 32.4% of its sequence.
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Discussion

In this paper, in the framework of our approach [START_REF] Nekrasov | Entropy of Protein Sequences: An Integral Approach[END_REF][START_REF] Nekrasov | A new paradigm of protein structural organization[END_REF], we proposed a method for searching for conformationally stable pentapeptides for protein folding. For each protein sequence, it is possible to determine conformationally stable sites of the sequence and to predict their spatial structure. Such regions in the protein structure ensure the formation of a prefolding conformational state. A "correct" pre-folding state leads to a decrease in the dimensionality of the multidimensional phase space. A simple gradient descent in such a space can quickly and unambiguously lead to natural polypeptide chains in the native spatial organization. Identification of such sites in proteins allows us to investigate the mechanism of protein folding and to make rational design of native protein sequences.

The performed research revealed topologically complete set of structures that ensures the formation of prefolding conformations for proteins of various topological types. It is important to note that among a limited number of identified types of structurally stable elements there are not only those that initiate formation or maintenance of a certain type of secondary structure, but also terminate them, ensuring the continuation of the way of the polypeptide chain in a definite solid angle.

It is of fundamental importance that 54 topological types of structurally stable pentapeptides were obtained by using in their sequence only three residues with effectively interacting functional groups. The remaining positions in the sequences of structurally stable elements occupied by ALA residues in our study may be occupied by residues that provide interactions in the later stages of folding.

It can be assumed that in real proteins, structurally stable regions can occupy a significant portion of the amino acid sequence of the protein. For example, the sequence of Na, K-ATPase (code Uniprot P05024) has 79 structurally stable pentapeptides, which cover 32.4% of its sequence. It is interesting to note that only 2.73% of the 44 860 pentapeptides studied were structurally stable.

Of further interest is the study of pentapeptides that have two conformational states and that can thus serve as "switches" at the junctions of the moving parts of proteins. Also interesting is the content of conformationally labile pentapeptides capable of adopting the structure dictated by the local environment and the course of the Table 1. Sequence patterns of conformationally stable pentapeptides of clusters 1-13. X is any amino acid residue.

Cluster Number of sequences

Representative amino acid residue Supplementary Table 3. The root-mean-square deviation (RMSD) between the three N-or Cterminal C-alpha atoms of rigid pentapeptides and C-alpha atoms of idealized elements of the secondary structure. The smaller the RMSD value, the higher the similarity of the fragment of the rigid pentapeptide to the idealized secondary structure. 
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 1121 Figure 1. The size distribution of the two largest clusters of conformation states of molecular-dynamic trajectories for 44,860 pentapeptides. Structurally unstable peptides are located on the inside of the red line in the bottom-left corner (bold red isoline 300, thin 100). Structurally stable peptides are located inside of the blue line in the bottomright corner (bold blue isoline 40, thin 20).
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 2 . In particular, pentapeptides from clusters3, 7, 11, 12, 13, 

	15, 25, 27, 28, 34, 35, 37, 38, 43, 45, 48, 51 and 52 should be considered as pentapeptides
	maintaining α-helix. Pentapeptides from clusters 4, 8, 21, 24, 30, 32, 49 and 54 maintain
	the ↑↑β-structure conformation. We did not found structurally stable peptides that
	maintain the ↓↑β-structure conformation.
	Table 2 roughly summarizes the behavior of each cluster as follows:
	•	Peptides from clusters 1, 22, 31, 44, 46 and 50 can link α-helix with ↑↓β-
		structure. Peptides from clusters 10, 16, 20, 23, 39, 42 and 47 forming the link
		from the ↑↓β -structure to the α-helix.

• Pentapeptides from the clusters 1, 2, 5, 9, 14, 18, 29, 31, 36, 41, 44, 46, 50 and 53 can make a link from α-helix to ↑↑β-structure. A link from ↑↑β -structure to αhelix can be realized by the peptides from the clusters 10, 16, 17, 19, 39, 40 and 42.

Table 2 .

 2 Clusters of conformationally stable pentapeptides that maintain the elements of the secondary structure and provide a transition from one type of secondary structure to another.A fragment of the command file of the X-PLOR program, describing the initial minimization of the starting conformation, and the MD protocol for the simulation of pentapeptides are given below.

	14-54	107	A/P/K/R/E/D A/P/D/E R/K/E/D/G/P A/K/R A/D/E/K/R/P

Table 1 .

 1 Sequences of pentapeptides for each of 54 structural clusters formed by pentapeptides with stable spatial conformation.

	Cluster	Conformational stability
	number	by molecular dynamics
	Sequences	simulation trajectories,
		(% of the conformational
		states)
	Cluster 1	
	AAMVK	81.8
	AVVAK	88.8
	ASCAK	86.4
	AAFFK	93.2
	AALFK	90.1
	FAYAK	89.9
	AAYYK	91.9
	ALSAK	83.5
	AAFLK	89.3
	AHQAK	80.4
	YAIAK	86.2
	AQYAK	85.1
	AVNAK	84.8
	TAWAK	87.2
	AWQAK	84.1
	AALWK	89.2
	LAWAK	88.8
	VAVAK	90.5
	AALLK	82.6
	ALHAK	84.1
	AHFAK	87.8
	LAAAK	87.5
	LAFAK	90.8
	AALAK	87.7
	AACSK	83.2
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Supplementary Table 2. 54 structural clusters formed by pentapeptides with stable spatial conformation. Сα-atoms of the first amino acid residue from the N-terminus is highlighted in green, and the Cα atoms of the first three N-terminal amino acid residues of pentapeptide are located in the vertical plane.