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Abstract

The multi-domain bacterial S1 protein is the largest and most functionally important ribosomal protein of the 30S subunit,

which interacts with both mRNA and proteins. The family of ribosomal S1 proteins differs in the classical sense from a

protein with tandem repeats and has a “bead-on-string” organization, where each repeat is folded into a globular domain.

Based on our recent data, the study of evolutionary relationships for the bacterial phyla will provide evidence for one of the

proposed theories of the evolutionary development of proteins with structural repeats: from multiple repeats of assembles to

single repeats, or vice versa. In this comparative analysis of 1333 S1 sequences that were identified in 24 different phyla;

we demonstrate how such phyla can independently/dependently form during evolution. To our knowledge, this work is the

first study of the evolutionary history of bacterial ribosomal S1 proteins. The collected and structured data can be useful to

computer biologists as a resource for determining percent identity, amino acid composition and logo motifs, as well as dN/dS

ratio in bacterial S1 protein. The obtained research data suggested that the evolutionary development of bacterial ribosomal

proteins S1 evolved from multiple assemblies to single repeat. The presented data are integrated into the server, which can be

accessed at http://oka.protres.ru:4200.
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. The multi-domain bacterial S1 protein is the largest and most functionally important riboso-
mal protein of the 30S subunit, which interacts with both mRNA and proteins. The family
of ribosomal S1 proteins differs in the classical sense from a protein with tandem repeats
and has a “bead-on-string” organization, where each repeat is folded into a globular domain.
Based on our recent data, the study of evolutionary relationships for the bacterial phyla will
provide evidence for one of the proposed theories of the evolutionary development of pro-
teins with structural repeats: from multiple repeats of assembles to single repeats, or vice
versa. In this comparative analysis of 1333 S1 sequences that were identified in 24 different
phyla; we demonstrate how such phyla can independently/dependently form during evolution.
To our knowledge, this work is the first study of the evolutionary history of bacterial ribo-
somal S1 proteins. The collected and structured data can be useful to computer biologists
as a resource for determining percent identity, amino acid composition and logo motifs, as
well as dN/dS ratio in bacterial S1 protein. The obtained research data suggested that the
evolutionary development of bacterial ribosomal proteins S1 evolved from multiple assemblies
to single repeat. The presented data are integrated into the server, which can be accessed
athttp://oka.protres.ru:4200.

Keywords: ribosomal S1 proteins, evolutionary analysis, residue conservation, S1 server

Introduction

The discovery of specific signatures of the evolution of bacterial ribosomal proteins is an actual task, which
allows a new insight at the emergence and evolution of not only the protein component of ribosomes, but
also bacterial evolution 1–5. The family of ribosomal S1 proteins is a unique family of proteins characterized
by a different number of S1 structural domains, each of which has a number of specific characteristics 6,7.
The family of ribosomal proteins S1 makes up about 20% of all bacterial proteins containing the S1 domain
8. The number of structural S1 domains in bacteria varies within a strictly limited range from one to six9.
Proteins of this family interact with mRNAs, participate in the initiation and translation of mRNAs in
vivoand interact with the mRNA-like part of the tmRNA molecule10,11. Like some other ribosomal proteins,
ribosomal S1 protein is an autogenic repressor of its own synthesis12. In addition, S1 can function outside
the ribosome.

The role of the separate S1 domains is also being actively studied. Thus, a partial functional specialization
of the S1 protein domains ofEscherichia coli has been identified by many studies. It is known that the first
two domains are responsible for binding to ribosomes13, while the next four are involved in interactions with
mRNA. The sixth domain has been shown to be optional for translation initiation 14. In addition, the first
two domains are responsible for the binding of S1 to RNA replicase of the Qb phage, while the sixth domain
is not required for its activity in phage replication 15. The S1 fragment, formed by the third, fourth and
fifth domains, increases the activity of ribonuclease RegB of the T4 phage as efficiently as the whole protein
16. Accordingly, S1 appears to consist of three main regions: the N-terminal region formed from the first
and second domains and involved in interaction with other S1 partners in the cell (ribosome, Qb replicase),
the intermediate region formed by the third, fourth and fifth domains and involved in the interactions with
RNAs (translation or replication initiation region, RegB substrates) and, finally, the sixth domain, the role
of which remains to be elucidated 9,17.

Several attempts have been made to classify ribosomal S1 proteins taking into account different numbers of
sequences. 13 bacterial phyla were studied by Salah et al. 17. This work was carried out on 26 bacterial
sequences. The authors used the number and pairwise alignment of S1 domains in the family of ribosomal
S1 proteins to investigate the relationship between Gram-positive and Gram-negative bacteria. Of the 273
S1 sequences, 12 phyla were identified18. The authors of another work 19used the rpsA gene encoding the
ribosomal protein S1 as a biomarker for the main 8 types of mycobacteria, the differences between which
were not revealed in the analysis of 16S rDNA.

We have recently shown that the number of domains in S1 is a distinctive characteristic of the phylogenetic
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. grouping of bacteria in the main phyla. The studied data, containing 1453 S1 sequences made it possible to
identify bacterial ribosomal S1 proteins in 25 different phyla according to the List of Prokaryotic Names with
Standing in Nomenclature. In addition, we searched for a conserved domain in the family of 30S ribosomal
S1 protein and hypothesized a possible evolutionary development of the family of 30S ribosomal S1 proteins.
The obtained data made it possible to group some bacterial phyla into superphyla according to the number
of S1 domains 9.

Here we collect and structured data about features of the family of ribosomal S1 protein and expand and
analyze them with data on the percentage identity, amino acid composition and logo motifs, as well as dN/dS
ratios. The presented data are integrated in the server, which can be accessed athttp://oka.protres.ru:4200.

Materials and methods

Construction of ribosomal S1 proteins dataset

A representative dataset of records was selected as described in9. The analyzed dataset consists of 1333
records (File S1).

Realization

Algorithms for searching, collecting, presenting and analyzing data were implemented using the freely avail-
able programming language Python 3 (https://www.python.org/), implemented in PyCharm v.2018. Various
modules from Biopython (a set of biological computing tools written in Python) 20 were used for bioinfor-
matics analysis of bacterial S1 protein sequences.

Taxonomic diversity of bacteria

The bacteria were classified according to the main taxonomic categories (phylum, class, family, genus, type)
according to the NCBI Taxonomic database (http://www.ncbi.nlm.nih.gov/taxonomy). Gram stain informa-
tion for studied bacteria was taken from the GOLD: Genomes Online Database (https://gold.jgi.doe.gov/ )21.

Number and identification of structural domains in protein sequences

For each analyzed record, the values of the number of S1 domains corresponding to the SMART database
(about 1200 domains) were selected22. If there was no data on the number of domains in one of the analyzed
databases (None), this number was taken equal to zero (these records were deleted from the analyzed dataset).
The exact boundaries for each S1 domain for each record were taken from the UniProt database (position,
domain, and field of repeats)23.

Alignment and sequence analysis

Multiple Sequence Alignment was implemented by the MEGA service (https://www.megasoftware.net)
(ClustalW). In our work, we used the standard parameters of this program. The sequence logos were
created by the WebLogo 3 server (http://weblogo.threeplusone.com)24. To calculate the PID (percent se-
quence identity), each pair of amino acid sequences was aligned using the Bio.pairwise2.align.globalds func-
tion with the Bio.SubsMat.MatrixInfo.blosum62 matrix (Biopython).The PID was calculated as described
in 9. The Bio.codonalign.build and Bio.codonalign.codonseq.cal dn ds modules (using the Goldman and
Yang model 25) were used to calculate dN/dS (ratio of non-synonymous to synonymous substitutions).
Bio.SeqUtils.ProtParam.ProteinAnalysis was used to count the number of amino acids in a protein sequence.

Web development

We used the Flask web framework (https://palletsprojects.com/p/flask/ ) to develop the websites. MongoDB
was used as a document-oriented cross-platform database program (https://www.mongodb.com). The Elm
language (https://elm-lang.org) was used for declarative creation of graphical user interfaces based on a web
browser. The S1 server can be accessed athttp://oka.protres.ru:4200.

Results and discussion

3
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. Features of phylogenetic distribution of ribosomal S1 proteins

As mentioned above, automated extended exhaustive analysis of 1453 S1 sequences allowed us to demonstrate
that the number of structural domains in S1 is a hallmark for the phylogenetic grouping of bacteria in main
phyla 9. Considering 1453 S1 sequences, we obtained that about 62% of all records were identified as six-
domain S1 proteins, which belong to the Proteobacteria phylum. Records with four S1 domains were found
in 33% of cases. Almost all analyzed bacteria in this group belong to the Actinobacteria phylum (50% of all
four-domain proteins S1) and Firmicutes (47% of all four-domain S1 proteins). Records belonging to these
phyla make up 33% of all records. The least represented two-domain proteins S1 make up about 0.6% of
all records. S1 proteins, containing one domain, account for only 0.8% of all studied ribosomal S1 proteins.
The most represented in this group is the Tenericutes phylum. Cyanobacteria have three S1 domains9.

For this study, we used a dataset containing 1333 records identified in 24 different bacterial phyla. Phylum
is the highest-level group in bacterial domains 26 and is therefore a useful rank for reviewing prokaryotic
diversity. Features of the phylogenetic distribution of ribosomal S1 proteins (the number of structural
domains, phylum and superphyla) in the studied dataset are shown in Table 1.

The distribution of the number of S1 structural domains in ribosomal S1 proteins and the percentage of
representation of various phyla differ little from previous results 9. 55% of all studied sequences belong to
Proteobacteria, 16% and 17% of sequences belong to Firmicutes and Actinobacteria, respectively, and 6%
to Bacteroidetes.

Here, for further analysis, we have added the existing in the literature classifications of the studied phyla
into supergroups and their division by the Gram staining method (Table 1, File S2). For some phyla,
taxonomic classes have been added to Table 1. So, the Bacteroidetes phylum is combined with the Chlorobi
phyla, and Fibrobacteres into the FCB group27. Our data (Table 1) demonstrate that the ribosomal S1
protein of this group almost always contains six S1 domains (Chlorobi, Fibrobacteres, Gemmatimonadates
and Ignavibacteriae). An exception is the Bacteroidetes phylum, which has one, four, or six structural
S1domains. However, proteins containing six domains cover 98% of the sequences belonging to this phylum.

Analysis of 16S rRNA and characteristic conserved indels in some proteins is used to group the phyla Planc-
tomycetes, Verrucomicrobia, Chlamydiae into the PVC clan 28. As our data show (Table 1), bacteria of the
phyla Chlamydiae and Verrucomicrobia basically contain six S1 domains, while Planctomycetes can have
four, five, and six S1 domains. The proposed superphylum Terrabacteria includes Actinobacteria, Cyanobac-
teria, Deinococcus-Thermus, and Firmicutes 29,30. This supergroup unites the two most representative phyla
Actinobacteria and Firmicutes, which can contain a different number of structural S1 domains ranging from
one to four. In addition, these two phyla are Gram-positive bacteria (G+). Cyanobacteria always have
three S1 domains, the Chloroflexi phylum has four S1 domains, and the Deinococcus-Thermus phylum has
five S1 domains. It has been suggested that some classes of the phylum Proteobacteria may be a phylum
in themselves, which would make Proteobacteria a superphylum 31. For example, the Deltaproteobacteria
group does not always form a monophyletic lineage with other Proteobacteria classes 32. According to our
data, bacterial ribosomal proteins S1 of this phylum can contain a different number of structural S1 domains
(from one to six). However, the predominant number of sequences in this group contains six S1 domains
(98%).

Bacterial ribosomal S1 proteins biodiversity

The obtained data make it possible to estimate the prevalence of groups containing different numbers of
structural S1 domains in the family of the bacterial S1 proteins. Thus, one-, two-, three-, and five-domain
S1 proteins account for 1%, 0.8%, 2% and 1.2% of all studied sequences, respectively. Four- and six domain
proteins are most represented: 33% and 62%, respectively (Fig. 1a.). At the same time, as we showed above,
55% of all studied bacterial S1 sequences belong to the Proteobacteria, 16% and 17% belong to Firmicutes
and Actinobacteria, respectively, and 6% to Bacteroidetes (Fig. 1b.).

Numerous studies showed that >88% of all bacterial isolates belong to four phyla of bacteria (Big Four):
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. Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes 33,34(Fig. 1c.). In fact, obtaining isolates
that do not belong to the Big Four is challenging, and therefore these four phyla dominate our current
understanding of microbiology 34. At the same time, the number of microorganisms belonging to the Pro-
teobacteria phyla was highlighted in most studies determining the diversity of microorganisms, with a range
from 40 to 90%, either for isolation analysis or for analysis of microbiomes 35–37. In general, the dataset
we study reflects the percentage of major bacterial phyla and can be considered representative. The most
representative groups are the six-domain containing proteins S1 from Proteobacteria and Bacteroidetes and
the four-domain containing S1 proteins from Actinobacteria and Firmicutes.

Percent Sequence Identity of bacterial ribosomal S1 proteins

For all available bacterial ribosomal S1 sequences, we collected and calculated the percent identity for each
phyla and group (according to the number of structural domains) and the results of pairwise alignment
within the bacterial phyla. The presented data are integrated into the server, which can be accessed at
http://oka.protres.ru:4200 (Analysis PID). An example of a PID analysis of four-domain containing S1 pro-
teins is given in Figure 2a. An example of a PID analysis for five-domain containing S1 proteins within the
Deinococcus-Thermus phylum is shown in Figure 2b. The S1 server also allows the user to obtain amino
acid sequence information for any records of the dataset by clicking on the appropriate UniProt code (Figure
1c).

As mentioned in 9, a relatively low percent of sequence identity both within individual phyla and between
them was revealed by aligning the sequences of bacterial S1 proteins.

For S1 proteins containing one-domain, the highest percent of sequence identity within individual phyla
belongs to the Actinobacteria phylum (58%), the smallest, to the Tenericutes phylum (25%). Other
phyla in this group (S1 proteins containing one-domain) are mono-representatives. Between taxonomic
phyla in this group, the percent of the sequence identity ranges from 10% (for example, Actinobac-
teria and Bacteroidetes; Tenericutes and Actinobacteria, etc.) to 18% (Bacteroidetes and Firmicutes)
(http://oka.protres.ru:4200/protein/5eb71e488886fe5b65803db9/pid). For this group, Actinobacteria Amy-
colatopsis vancoresmycina andActinoplanes friuliensis (24%) have the highest percent of sequence identity.
Thus, based on our data, it seems possible to classify the one-domain containing S1 proteins as a unique
group of S1 proteins. The uniqueness of such proteins is also mentioned17.

In all studied phyla, only a few bacteria (0.8% of all sequences, Fig.1) were found containing
two S1 domains (some bacteria from the Actinobacteria, Firmicutes, and Proteobacteria phyla).
For S1 proteins containing two domains, the highest percent of sequence identity within individ-
ual phyla belongs to the Actinobacteria phylum (24 %), the smallest, to the Proteobacteria phy-
lum (15%). Between taxonomic phyla in this group, the percent of sequence identity is 13% (Acti-
nobacteria and Firmicutes; Proteobacteria and Firmicutes) and 15% (Actinobacteria and Proteobacteria)
(http://oka.protres.ru:4200/protein/5eb71e4b07439c8b4d90c98a/pid). For this group, Actinobacteria Strep-
tomyces rimosus andAmycolatopsis mediterranei have the highest percent of sequence identity (85%).

In all cases, the phylum Cyanobacteria (Terrabacteria superphylum) has three S1 domains; also some rep-
resentatives of the Actinobacteria phyla (G+ Terrabacteria) and Proteobacteria (mono-representative) have
three-domain S1 proteins. As a rule, three-domain S1 proteins are identified in 2% of cases (Figure 1).
Within the Cyanobacteria phylum the percent of sequence identity is 38%. Between taxonomic phyla in
this group, the percent of the sequence identity is 14% for Actinobacteria and Cyanobacteria and 15% for
the Actinobacteria and Proteobacteria phyla and for the Proteobacteria and Cyanobacteria phyla. For this
group, Cyanobacteria strains Microcystis aeruginosaTAIHU98 and Microcystis aeruginosa DIANCHI905
have the highest percent of sequence identity (99%).

Records with four S1 domains were identified in 33% cases of all ribosomal S1 proteins studied. Almost
all analyzed bacteria in this group belong to the phyla Actinobacteria (52% of all four-domain proteins S1)
and Firmicutes (45% of all four-domain proteins S1) (Figure 2). Phyla Bacteroidetes and Caldiserica are
mono-representatives in this group. For S1 proteins containing four domains, the highest percent of sequence
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. identity within individual phyla belongs to the Actinobacteria phylum (64%), the smallest to the Chloroflexi
phylum (27%). Between taxonomic phyla in this group, the percent of sequence identity varies from 14%
(for example, Proteobacteria and Planctomycetes) to 23% (Actinobacteria and Firmicutes). For this group,
Actinobacteria strains Mycobacterium tuberculosis (strain ATCC 25618 / H37Rv) and Mycobacterium tu-
berculosis (strain CDC 1551 / Oshkosh) have the highest percent of sequence identity (100%).

Bacteria of the monotypic (consisting of one Deinococci class) phylum Deinococcus-Thermus, have always
five S1 domains. Five S1 domains are also found in bacteria of the Synergistetes, Haloplasmatales, Verru-
comicrobia, Proteobacteria, Planctomycetes and Chlamydiae phyla. As a rule, five-domain S1 proteins make
up 1.2% of all studied ribosomal S1 proteins (Fig.1). For S1 proteins containing five domains, the highest
percent of sequence identity within individual phyla belongs to the Deinococcus-Thermus phylum (53%)
and the smallest to the Proteobacteria phylum (26%). Between taxonomic phyla in this group, the percent
of sequence identity ranges from 14% (for example, Planctomycetes and Haloplasmatales) to 31% (Verru-
comicrobia and Chlamydiae) (http://oka.protres.ru:4200/protein/5eb71e57aab9de6c16cb9d0d/pid). For this
group, the phylum Deinococcus-Thermus Thermus parvatiensisand Thermus thermophiles have the highest
percent of sequence identity (97%).

About 62% of the records were identified as proteins containing six S1 domains (Figure 1). As a rule,
these proteins belong to the Proteobacteria phylum (86% of all six-domain S1 proteins). The distribu-
tion of taxonomic classes within the phylum Proteobacteria is 23%, 15%, 55%, 3%, and 4% for the alpha,
beta, gamma, delta, and epsilon classes, respectively. Also ribosomal proteins S1 from bacteria of the phy-
lum Chlorobi (green sulfur bacteria), Acidobacteria, Aquificae, Deferribacteres, Fibrobacteres, Fusobacteria,
Gemmatimonadetes, Ignavibacteriae, Nitrospirae, Oligoflexia, Planctomycetes and Verrucomicrobia have six
S1 domains. Gram-negative bacteria containing six S1 domains include the Spirochaetes, Bacteroidetes,
Chlamidia phyla. For S1 proteins containing six domains, the highest percent of sequence identity within
individual phyla belongs to the Chlamidia phylum (69%), the smallest to the Spirochaetes phylum (37%).
Between taxonomic phyla in this group, the percent of the sequence identity ranges from 15% (Fusobacteria
and Acidobacteria, Fusobacteria and Nitrospirae) to 45% (beta and gamma Proteobacteria). For S1 pro-
teins containing six domains, bacteria from the phylum Chlamydiae Chlamydia trachomatis and Chlamydia
muridarumhave the highest percent of sequence identity (95%).

Logo motifs

The logo motifs in each study group (by the number of structural domains) were analyzed with alignment of
the S1 protein sequences. An example of Logo motif profiles for S1 proteins containing two domains is shown
in Figure 3 (Logo analysis motif, http://oka.protres.ru:4200). Moreover, the user can create logo profiles for
full-size sequences using the S1 server.

Some specific patterns were identified when considering the analysis of the S1 protein profiles. Thus, the
most conserved are the sequence regions corresponding to β-strands, which correlate with our earlier data on
the high conservatism of the secondary structure in such proteins 38. In addition, an increase in the number
of structural S1 domains correlates with an increase in conservatism within each individual domain. Proteins
containing five domains are an exception, possibly due to the small sequence representation.

As shown in 9, single domain S1 proteins have a not very high percentage of identity with
each other (27%). The strict presence of conserved residues F19, F22, H34, N64, and R6839,
which form RNA binding site in other bacterial, archeal, and eukaryotic protein containing the
S1 domain7 was not revealed taking into account analysis of the logo motif of this group
(http://oka.protres.ru:4200/protein/5eb71e488886fe5b65803db9/logo). For this group, residues F19, F22,
and R68 are conserved only for some bacteria. At the same time, as is known, single-domain S1 proteins
of parasitic bacteria of the Mollicutes class (the Tenericutes phylum) effectively perform the main RNA-
binding function 40. It is possible that for these bacteria the RNA binding site is formed by specific amino
acid residues or the RNA binding mechanism differs from other proteins containing the S1 domain.

The first and second domains in S1 proteins, containing two structural domains, also have a low percentage
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. of identity within domains: 27% and 30%, respectively. The first and the second domains from S1 proteins
containing two structural domains have 38% identity, while pairs with the maximum and minimum values
of identity have been identified for the remaining domains 9. For the first domain in this group, F19, F22
and R68 residues of the RNA binding site are conserved. F19 and H34 are conserved residues for the second
domain in this group (Figure 3a).

For S1 proteins containing three structural domains, the maximal value of identity was found between the
first and third domains (53%) and the minimum value between the first and the second domains (42%).
Moreover, the third domain has the maximum percentage of identity (57%) among other domains for this
group 9. For the first domain in this group of bacteria, N64 residue of the RNA-binding site is conserved.
N64, R68, and R34 (at the position of the conserved residue H34) seem to form the RNA-binding site of
the second domain in the three-domain containing bacterial S1 proteins. F19, H34, and R68 residues are
conserved for the third domain. It can be assumed that for this group, the first domain is characterized by
a lower degree of RNA binding efficiency.

For S1 proteins containing four structural domains, the maximum identity value was found between the third
and fourth domains (78%) and the minimum identity value between the second and third domains. The third
domain also has also the maximum percentage of homology (66%) among other domains in this group. F19,
F22, H34 and R68 residues are highly conserved for this domain. These residues are also conserved for the
fourth S1 domain in this group. For the second domain F22, N64, and R68 residues formed an RNA binding
site. For the first domain, only R34 residue (at the position of the conserved H34 residue) is retained.

The third and fourth domains in the group of S1 proteins containing five structural domains have the
maximum percentage of identity (66%), while the second and fifth domains have the lowest percentage of
identity (43%). In this group, the fourth domain has the maximum percentage of identity among other
domains (49%) 9. The first domain has no specific conserved motif residues; for the second domain, only
R68 residue from the RNA-binding site is retained. Despite the small representativeness of the sequence of
bacteria of this group, for the remaining three domains F19, F22, H34 and R68 residues apparently form an
RNA binding site.

For the most abundant S1 proteins containing six structural domains, as well as, for S1 proteins with four
and five domains, the maximum values of identity are determined between the third and fourth domains
(71%) and the minimum values are between the first and the second (39%). The third domain has the highest
percentage of identity among other domains in this group (68%) 9. For this domain, the RNA binding site
is formed by five residues: F19, L22 (conserved for F22), H34, N64, and R68 (Figure 3b). The first and
sixth domains have no specific conserved residues that can form a RNA binding site. For the second domain,
F22, N64, and R68 are retained. Four residues, F19, L22 (in the position of the conserved F22 residue),
H34 and R68 are specific for the fourth domain in this group (Fig 3b). the obtained data are in a good
agreement with the experimental data confirming that cutting off one S1 domain from the C-terminus or
two S1 domains from the N-terminus of the protein reduces only the efficiency of the protein functions, but
not its functional capabilities 14,41.

Ratio of non-synonymous to synonymous substitutions

For all available sequences of bacterial ribosomal S1 proteins, we calculated the ratio of non-synonymous
to synonymous substitutions (using the Goldman and Yang model) for each group (in accordance with
the number of structural domains) (dN/dS analysis, http://oka.protres.ru:4200). As is known, the dN/dS
ratio is used to assess the balance between neutral mutations, purifying selection and beneficial mutations
acting on a set of homologous genes encoding a protein 42. This ratio measures the strength and mode
of natural selection acting on protein genes, with dN/dS > 1 indicating positive (adaptive or diversifying)
selection, dN/dS = 1 indicating neutral evolution, and dN/dS < 1 indicating negative (purifying or cleaning)
selection. The dN/dS ratio summarizes the evolutionary rates of genes and can be an informative feature,
since it can determine which genes are the most (or least) conserved, as well as identify genes that may
have gone through periods of adaptive evolution 43. However, in real data, positive selection does not occur,
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. because such selection is usually observed only in a certain region of the protein (for example: a specific
domain) and/or within one branch of phylogeny (some, but not all species)44–46. For S1 single domain
proteins, negative selection (dN/dS < 1) was most often observed. However, for some representatives of
the phylum Actinobacteria, positive selection was revealed relative to the phylum Proteobacteria (dN/dS =
1.46) and Tenericutes (dN/dS = 1.26). Also, a relatively high dN/dS ratio (0.75) was found for the phylum
Bacteroidetes relative to the phylum Tenericutes. For two-domain S1 proteins, negative selection (dN/dS
< 1) also predominates. Relatively high dN/dS ratios were found for Eubacterium hallii (Actinobacteria)
andActinoplanes friuliensis (Firmicutes) – 0.83 and for the pairBeggiatoa sp. (Firmicutes) and Tyzzerella
nexilis(Proteobacteria). For three-domain and five-domain S1 proteins, negative selection (dN/dS < 1) is
characteristic of all pairs of the nucleic acid sequence in this group. For the four-domain S1 proteins, for
some representatives of the phylum Actinobacteria, a relatively positive selection was revealed (for example,
dN/dS = 1.05:Rhodococcus wratislaviensis and Parascardovia denticolens ). For other representatives of
the four-domain S1 proteins (within and between phyla) negative selection (dN/dS < 1) is observed. For
six-domain S1 proteins (within and between phyla) only negative selection (dN/dS < 1) is observed. For
individual S1 domains (within and between bacteria phyla), analysis of the dN/dS ratio, unfortunately, gives
ambiguous results that are difficult to interpret.

Amino acid composition

For all available sequences of bacterial ribosomal S1 proteins, we collected and calculated the percentage of
amino acid residues for each group (in accordance with the number of structural domains) (Analysis Amino
acid composition,http://oka.protres.ru:4200 ). The data are presented in Table 2.

As mentioned above, the basic structural unit of ribosomal S1 proteins is the S1 domain, which is represented
by a β-barrel with an additional α-helix between the third and fourth β-strands 47. Detailed analysis of the
position-specific tendencies of amino acids in β-strands 48,49 revealed a predominance of large aromatic
residues (Y, F, W) and β-branched amino acids (T, V, I). As can be seen from Table 2, V, I, F and T are
specific for structural β-strands in ribosomal proteins S1. A and L are characteristics of an additional α-helix
in the structure of the S1 domain. The predominance of ‘disorder-promoting’ residues E and K is explained
by flexible linkers and terminus, as well as a flexible region in the S1 structural domain 7. As a rule, for the
most representative phyla of S1 proteins containing four and six domains, the percentage of different amino
acid residues is almost the same, which is associated with the conservatism of the S1 domain. Note that the
alignment of the sequences between the individual domains in each group reveals a rather low percentage
of identity, indicating that the structure scaffold (S1 domain) is obviously more important for the overall
functioning of these proteins 9.

Discussion

Possible evolutionary development of the family of bacterial 30S ribosomal S1 proteins

The problem of understanding the nature of protein repeats, the corresponding functions for each repeat, and
their evolution is still unclear. These repeats evolved from a common ancestor, which necessarily contained
a single repeat 50. Some authors suggested that the common ancestor of the family was indeed a single
repeat that formed homo-oligomers for effective functional activity51. The homo-oligomeric structure of an
ancestor may reflect the intrachain repeating structure of its modern homologue, with the exception of its
multi-chain character. However, there are examples of homologous multiple repeats, which are formed both
from oligomers with single repeats and from one chain of several repeats (Andrade et al., 2001).

For the investigated bacterial proteins, the maximum number of repeats of the S1 domain (six) is sufficient
to perform all the necessary functions. The third domain in this group has the highest identity (68%) among
other domains. In addition, this domain has the highest identity with the S1 domain from PNPase (E. coli
) and the S1 domains from S1 single domain proteins (Tenericutes, Mollicutes)9, and the RNA binding site
is formed by five residues: F19, L22, H34, N64, and R68, which once again confirms the uniqueness of this
repeat and allows us to consider it as the strongest RNA binding site. Thus, the central part of proteins
(third and fourth domains) appears to be vital for the activity and functionality of these proteins. This

8



P
os

te
d

on
A

u
th

or
ea

19
N

ov
20

20
—

T
h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

57
72

85
.5

76
03

70
1/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. suggestion is consistent with experimental data. One of the well-studied proteins with six repeats of the S1
domain is the bacterial 30S ribosomal protein S1 from E. coli . It was shown that cutting off one S1 domain
from the C-terminus or two S1 domains from the N-terminus of the protein reduces only the efficiency of the
protein functions, but not its functionality 14,41.

As mentioned above, the Proteobacteria consists of 55% of all proteins S1 (Figure 1b). Within this, phy-
logenetic classes are represented by a different number of sequences and structural S1 domains (Figure 4).
Thus, Acidithiobacillia and Epsilonproteobacteria have six S1 domains, Alpha – and Deltaproteobacteria
consist of five or six S1 domains. Note that Epsilonproteobacteria is considered to be the oldest class in this
phylum 29,52. The Oligoflexia class is characterized by the presence of four or six S1 domains; for Beta and
Gamma proteobacteria, the number of S1 domains ranges from one to six. Betaproteobacteria are evolu-
tionary most closely related to Gamma-proteobacteria and Acidithiobacillia, and together they make up a
taxon called Chromatibacteria 53. However, the Acidithiobacillales class was previously classified as part of
the Gamma-proteobacteria 54. Our data also confirm the separation of this class into a separate one for a
constant number of structural S1 domains (Figure 4). Phylogenetic analyses of various proteins suggest that
that Beta-proteobacteria and Gamma-proteobacteria branched out later than most other phyla of Bacteria
along with Proteobacteria 55,56.

Alphaproteobacteria branched out at the same time as Deltaproteobacteria55,56. Note that these classes
have five and six domains, with Beta-proteobacteria and Gamma-proteobacteria having different numbers of
S1 domains. According to our data, these classes within Proteobacteria (in addition to the Actinobacteria,
Bacteriodites and Firmicutes phyla) have the greatest diversity in the number of S1 domains in comparison
with other phyla, where this number constantly or insignificantly changes. The specific relationship of the
phylum Aquificae to the Epsilonproteobacteria is supported by the conserved indel signature in inorganic
pyrophosphatase, which is uniquely found in the species of the two phyla 57. In58, the authors also sug-
gested that Aquificae are closely related to Proteobacteria. This closeness is due to frequent horizontal gene
transfer due to common ecological niches. According to our data, bacteria from the phylum Aquificae and
class Epsilonproteobacteria have strictly six S1 domains. The evolutionary development of representatives of
the Acidobacteria phylum is often considered to be associated with Alphaproteobacteria59,60 due to the fact
that both bacteria belonging to these phyla were associated with a copiotrophic lifestyles61. According to
our data, the phyla Acidobacteria and the class Alphaproteobacteria have six S1 domains. The evolutionary
independent development of such phyla as Caldiserica, Deferribacteres, Fusobacteria, Spirochaetes, Nitrospi-
rae, Nitrospinae/Tectomicrobia is apparently reflected in the constant number of structural S1 domains in
these bacteria. Moreover, the phylum Spirochaetes in the literature is considered a phylogenetically ancient
and distinct group of microorganisms 62. This phylum contains six S1 domains (Figure 4).

As mentioned above, the analysis of 16S rRNA and characteristic conserved indels in some proteins is
used to group the phyla Planctomycetes, Verrucomicrobia, Chlamydiae in the PVC clan28. Bacteria of the
Chlamydiae and Verrucomicrobia phyla generally contain six S1 domains, while Planctomycetes can have
four, five, and six S1 domains (Figure 4). According to some published data, the genome of organisms of
the phylum Planctomycetes, in comparison with other phyla of superphylum PVC, is the largest and most
susceptible to evolutionary changes 63. Phyla Clamydiae and Verrucomicrobia are considered evolutionarily
closer to each other 64.

The FCB group is a superphylum of bacteria named after the main member phyla Fibrobacteres, Chlorobi,
and Bacteroidetes. Some authors also include the phyla Gemmatimonadates and Ignavibacteriae in this
group27. It should be noted, that these phyla on phylogenetic trees are often at the same level, while the
phylum Fibrobacteres is considered a phylogenetically more ancient group. Our data show that the ribosomal
S1 protein in this group almost always contains six S1 domains (constant number for the Gemmatimonadates,
Ignavibacteriae, Fibrobacteres, Chlorobi and class Bacteroidia phyla). The class Cytophagia has one, four,
and six domains within the phylum Bacteroidetes (Figure 4).

Phylum Bacteroidetes, along with Proteobacteria, Firmicutes, and Actinobacteria, are also among the most
common bacterial groups in the rhizosphere 65. They have been found in soil samples from various locations,
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. including cultivated fields, greenhouse soils, and unexploited areas 66. Note that for these phyla, the number
of structural S1 domains can vary from one to six (Figure 4).

Terrabacteria are a supergroup containing the Actinobacteria, Tenerecutes, and Firmicutes phyla, as well as
the Cyanobacteria, Chloroflexi, and Deinococcus-Thermus phyla 29,52. It is widely accepted that oxygenic
photosynthesis devoloped in ancient lineages of Cyanobacterial 67, but very little is known about the nature
and evolutionary history of anoxygenic phototrophy, and much of the understanding is based on assumptions
and hypotheses based on few existing bacterial taxa, in which this metabolism occurs. However, a number of
studies have argued that one of the earliest forms of anoxygenic photosynthesis arose in the Chloroflexi phy-
lum before the invention of oxygenic photosynthesis during the Archean Eon 68,69. Our data revealed three S1
domains in the phylum Cyanobacteria and four S1 domains in the phylum Chloroflexi. According to another
version, the phyla Actinobacteria and Chloroflexi are more evolutionarily close 32. Note, that Actinobacteria
predominantly have four S1 domains. Evolutionary close to the phyla Actinobacteria, Cyanobacteria, Chlo-
roflexi, and Deinococcus-Thermus, and the phylum Firmicutes according to our data, it also predominantly
has four S1 domains 70,71. meanwhile, according to 32,70 the phylum Deinococcus-Thermus (five S1 domains)
is more ancient than other phyla in the supergroup Terrabacteria.

Note that the bacterial 30S ribosomal S1 protein from the parasitic bacteria Mollicutes (phylum Tenere-
cutes) effectively performs the basic functions of RNA binding 40. There is an assumption in the literature
that mycoplasmas (Mollicutes) are a regressive branch of the evolution of some Gram-positive bacteria or
Firmicutes72. This hypothesis was confirmed experimentally and is considered in two possible variants: all
mycoplasmas originate either from a common ancestor with Gram-positive bacteria, or from different bacte-
ria 72. Based on a comparison of the 16S rRNA oligonucleotide sequences of several species of mycoplasmas
and Gram-positive bacteria from the genera Clostridium, Bacillus, Lactobacillus, and Streptococcus, a rea-
sonable assumption was made about their evolutionary relationship with the phylum Firmicutes73,74. A more
detailed analysis of 16S RNA sequences showed that mycoplasmas are phylogenetically closest to clostridia75.
In turn, the most likely ancestors of clostridia (Firmicutes) are Gram-positive bacteria with a low G+C con-
tent in their DNA. According to our data, the 30S ribosomal S1 protein from the phylum Tenerecutes has
one S1 domain.

Summarizing all the above, it can be argued that, firstly, the number of structural S1 domains in bacteria
of different phyla may coincide during symbiotic life and secondly, more phylogenetic ancient divisions have
a greater number of structural domains (basically six). Moreover, the earlier in the phylogenetic respect the
microorganism, the greater the likelihood of decreasing and ranking the number of structural S1 domains in
it.

Conclusions

Here we have collected and analyzed the percentage identity, amino acid composition and logo mo-
tifs, and the dN/dS ratio in the largest and functionally important ribosome multidomain bacterial S1
protein. The collected and structured data were integrated into the server, which can be accessed
athttp://oka.protres.ru:4200. In this comparative analysis of 1333 S1 protein sequences that have been
identified in 24 different phyla, we demonstrate how such phyla can be independently/dependently formed
during evolution in accordance with the change in the number of structural RNA-binding S1 domains, the
presence of a conserved RNA binding site in each individual domain, as well as the specificity of the amino
acid composition and the ratio of non-synonymous and synonymous substitutions. Based on the obtained
data, the study of the evolutionary relationships for the bacterial phyla will suggest that for the bacterial
ribosomal S1 proteins, the evolutionary development of proteins evolved from multirepeat assemblies to sin-
gle repeat. At the same time, it is more likely that the terminal S1 domains are “cut off”, while the more
conservative central ones are preserved.
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Figure legends

Figure 1. Pie charts showing the distribution of bacterial S1 proteins, a in the number of structural S1
domains, bS1 protein phylum-level sequences distribution, c phylogenetic distribution of bacterial genome
projects in progress of 2020 (https://gold.jgi.doe.gov/statistics)

Figure 2. (a) PID analysis of four-domain containing S1 proteins for bacterial phyla. (b) PID analysis for
five-domain containing S1 proteins within phylum Deinococcus-Thermus. (c) UniProt ID and amino acid
sequence for the five-domain containing S1 protein from Thermus thermophilus .

Figure 3 . (a, b) Logo motif representation for S1 proteins, containing two domains. The conserved residues
F14, F17, R66 in the first domain and F17 and H29 in the second domain correspond to the RNA binding
site. (c,d) Images of the Logo motif for the third and fourth domains of S1 proteins containing six domains.
The conserved residues F17, L20, H34, N68 and R70 correspond to the RNA binding site. Logo profiles are
generated by the WebLogo 3 server. The positions are given taking into account the shift due to the termini
of the structural domains.

Figure 4. Schematic representative of the bacterial phyla, containing different number of structural S1
domains.

Table 1. Features of phylogenetic distribution of ribosomal S1 proteins

Gram staining
method Supergroups Phylum Class

Number of S1
domains

Ratio of
sequence
number from
dataset, %

1 G- Acidobacteria Acidobacteriia 6 <1
2 G+ Terrabacteria Actinobacteria Actinobacteria 1, 2, 3, 4 18

Coriobacteriia 4 <1
3 G- Cyanobacteria Gloeobacteria 3 <1

- 3 <1
4 G- Deinococcus-

Thermus
Deinococci 5 <1

5 G- Chloroflexi Caldilineae 4 <1
6 Tenericutes Mollicutes 1 <1
7 G+ Firmicutes Bacilli 1, 2, 4 15

Clostridia 2, 4 <1
8 Aquificae Aquificae 6 <1
9 Caldiserica Caldisericia 4 <1
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.

Gram staining
method Supergroups Phylum Class

Number of S1
domains

Ratio of
sequence
number from
dataset, %

10 FCB Chlorobi Chlorobia 6 <1
11 Fibrobacteres Fibrobacteria 6 <1
12 GemmatimonadetesGemmatimonadetes6 <1
13 Ignavibacteriae Ignavibacteria 6 <1
14 G- Bacteroidetes Bacteroidia 6 3

Cytophagia 1, 4, 6 <1
Flavobacteriia 6 2
Sphingobacteriia 6 <1
- 6 <1

15 Deferribacteres Deferribacteres 6 <1
16 Fusobacteria Fusobacteriia 6 <1
17 Nitrospinae/TectomicrobiaNitrospinia 6 <1
18 Nitrospirae Nitrospira 6 <1

PVC Planctomycetes Planctomycetia 4, 6 <1
19 Phycisphaerae 5, 6 <1
20 Verrucomicrobia Methylacidiphilae5, 6 <1
21 G- Chlamydiae Chlamydiia 5, 6 <1
22 G- Proteobacteria Proteobacteria Alpha

proteobacteria
5, 6 12

Betaproteobacteria2, 3, 4, 6 8
Gammaproteobacteria1, 2, 5, 6 30
Delta
proteobacteria

5, 6 2

Epsilonproteobacteria6 2
Acidithiobacillia 6 <1
Oligoflexia 4, 6 <1

23 G- Spirochaetes Spirochaetia 6 <1
24 Synergistetes Synergistia 5 <1
Total
amount of
records:
1333

Total
amount of
records:
1333

Total
amount of
records:
1333

Total
amount of
records:
1333

Total
amount of
records:
1333

Total
amount of
records:
1333

Total
amount of
records:
1333

Table 2. Content of amino acid residues (%) in sequences of S1 ribosomal proteins by the number of
structural domains.

Amino acid letter code Number of structural S1domains Number of structural S1domains Number of structural S1domains Number of structural S1domains Number of structural S1domains Number of structural S1domains

one two three four five six
E 9.6 10.17 10.66 11.16 10.10 10.14
K 9.4 7.517 4.799 6.665 7.811 8.131
V 9.1 11.82 8.232 11.90 10.46 10.88
L 8.7 9.618 9.427 8.171 8.465 7.989
I 7.3 6.135 6.005 5.610 6.063 6.686
N 6.6 3.758 3.306 3.097 3.233 4.124
A 6.3 6.467 7.865 7.390 5.992 6.742
G 6.0 7.407 7.681 7.775 9.237 8.526
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. Amino acid letter code Number of structural S1domains Number of structural S1domains Number of structural S1domains Number of structural S1domains Number of structural S1domains Number of structural S1domains

F 5.9 3.095 3.766 3.009 2.865 3.192
D 5.1 6.135 6.211 7.518 5.992 7.247
S 4.5 6.412 6.188 6.138 5.397 5.680
T 3.9 4.864 4.788 4.274 4.422 4.346
R 3.6 4.367 6.590 5.285 5.873 5.031
P 3.5 3.316 4.282 3.054 4.553 2.380
Q 3.0 2.653 3.995 3.659 3.863 3.020
M 2.3 1.824 2.353 0.987 1.486 1.524
Y 2.0 1.990 1.492 1.532 1.414 1.330
H 1.9 1.271 1.756 1.834 1.462 1.585
W 0.7 0.773 0.367 0.907 1.010 1.124
C 0.5 0.386 0.218 0.020 0.297 0.301

Figure 1.

Figure 2.
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. Figure 3.

Figure 4.
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