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Abstract

Ribosomal proteins are indispensable components of a living cell, and yet their structures are remarkably diverse in
different species. Here we use manually curated structural alignments to provide a comprehensive catalog of structural
variations in homologous ribosomal proteins from bacteria, archaea, eukaryotes, and eukaryotic organelles. By resolving
numerous ambiguities and errors of automated structural and sequence alignments, we uncover a whole new class of
structural variations that reside within seemingly conserved segments of ribosomal proteins. We then illustrate that these
variations reflect an apparent adaptation of ribosomal proteins to the specific environments and lifestyles of living
species. Finally, we show that most of these structural variations reside within nonglobular extensions of ribosomal
proteins—protein segments that are thought to promote ribosome biogenesis by stabilizing the proper folding of ribo-
somal RNA. We show that although the extensions are thought to be the most ancient peptides on our planet, they are in
fact the most rapidly evolving and most structurally and functionally diverse segments of ribosomal proteins. Overall, our
work illustrates that, despite being long considered as slowly evolving and highly conserved, ribosomal proteins are more
complex and more specialized than is generally recognized.
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Introduction

Ribosomes are present in every living cell, but their structures
are astonishingly distinct in different species. Even relatively
simple ribosomes from bacterial species, whose molecular
weights vary around 2.4 MDa, carry ~0.7 MDa of unique
RNA and protein moieties, which are missing in eukaryotic
ribosomes (Melnikov et al. 2012). Remarkably, these species-
specific moieties decorate every functional center of the ribo-
some, including the peptidyl-transferase, the peptide exit tun-
nel, the messenger RNA (mRNA) channel, the decoding site,
and the binding sites of translation factors and regulatory
proteins (Ban et al. 2000; Wimberly et al. 2000; Yusupov
et al. 2007; Yusupova et al. 2001; Ben-Shem et al. 2017;
Klinge et al. 2011; Rabl et al. 2011; Armache et al. 2013).
And as we rapidly uncover the structural diversities of ribo-
somes from all branches of life, we are just beginning to un-
derstand the physiological roles behind species-specific
variations in ribosome architecture.

This impressive diversity of ribosome composition origi-
nates to a great extent from the high variability in ribosomal
protein content. To date, more than 200 nonhomologous
ribosomal proteins have been found in nature, but only 33
of them are present in all domains of life (Lecompte et al.
2002; Agrawal 2011). Furthermore, these 33 proteins vary in
size and sequence to such an extent that when higher eukar-
yotes are compared to bacteria, or free-living species are com-
pared to obligate intracellular parasites, some of these

proteins differ up to five times in length and may have as
little as ~30% of sequence similarity (Wool et al. 1995;
Katinka et al. 2001; Ben-Shem et al. 2011; Melnikov et al.
2012).

Our understanding of how and why ribosomal proteins
have diverged across species has been greatly advanced by
structural studies. Over the past two decades, ribosome struc-
tures have been determined in species from all domains of
life, including common laboratory models of bacterial, ar-
chaeal, and eukaryotic species and organelles of eukaryotic
cells (Ban et al,, 2000; Wimberly et al, 2000; Yusupov et al,,
2001; Harms et al, 2001; Haldar et al, 2006; Ben-Shem et al,,
2017; Klinge et al, 2011; Rabl et al,, 2011; Greber et al, 2012;
Anger et al, 2013; Armache et al. 2013; Hashem et al, 2013;
Fernandez et al, 2014; Gogala et al, 2014; Kaushal et al. 2014;
Park et al, 2014; Voorhees et al, 2014; Amunts et al. 2015;
Aylett et al, 2015; Eyal et al. 2015; Greber et al, 2015; Noeske
et al, 2015; Sohmen et al, 2015; Voorhees and Hegde, 2015;
Khusainov et al, 2016; Shalev-Benami et al, 2016; Ahmed
et al, 2017; Bieri et al, 2017; Desai et al, 2017; Graf et al,
2017; Hentschel et al, 2017; Li et al, 2017, Wong et al,
2017). These studies gave us a unique opportunity to visualize
variations in the ribosome structure and therefore shed light
on their biological roles.

However, despite the abundance of structural data, com-
parison of ribosomes from different species remains laborious,
and most studies are still relying on multiple sequence align-
ments to identify structurally conserved and structurally
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variable segments of ribosomal proteins (Klein et al. 2004;
Nakao et al. 2004 Hartman et al. 2006; Teeling and
Gloeckner, 2006; Ben-Shem et al. 2011; Klinge et al. 20171;
Rabl et al. 2011). We previously showed that the problem
of this traditional approach is that multiple sequence align-
ments tend to underestimate the structural diversity of ribo-
somal proteins (Ben-Shem et al. 2011; Melnikov et al. 2012,
2015). First, we found that multiple sequence alignments fre-
quently align structurally dissimilar segments of homologous
ribosomal proteins and annotate these segments as structur-
ally conserved (Ben-Shem et al. 2011). We then showed that a
more accurate annotation of structurally conserved and
structurally variable protein segments could be achieved by
automated alignments of secondary structures (Melnikov
et al. 2012). However, even these alignments were not fully
accurate because many segments of ribosomal proteins lack a
well-defined secondary structure (Melnikov et al. 2015).

Here, to address this issue, we perform a manually curated
comparison of tertiary structures of ribosomal proteins. By
doing so, we provide a comprehensive annotation of unique
features of tertiary structure in the conserved ribosomal pro-
teins from eukaryotes, bacteria, archaea, and eukaryotic mi-
tochondria. We uncover a new class of structural variations
that are systematically omitted by commonly used tools of
multiple sequence alignments and automated alignments of
secondary structures. We show that many protein segments
that were previously regarded as structurally conserved, have
dissimilar structures, and differing contacts within the ribo-
some structure in different species. We then illustrate that
these local variations in the ribosome structure appear to
reflect functional specialization of ribosomal proteins across
the three domains of life, ultimately suggesting that these
unique protein features might be used as markers of evolu-
tion and biodiversity and as species-specific therapeutic
targets.

Results

Manually Curated Comparison of Ribosomal Proteins
Across the Three Domains of Life

To compare homologous ribosomal proteins, we used ribo-
some structures from bacteria Escherichia coli, Thermus ther-
mophilus, Deinococcus  radiodurans, Bacillus subtilis, and
Staphylococcus aureus; archaea Methanocaldococcus  janna-
schii, Haloarcula marismortiu, and Pyrococcus  furiosus; and
eukaryotes Homo sapiens, Drosophila melanogaster,
Sacromyces cerevisiae, Plasmodium falciparum,
Trypanosoma brucei, Trypanosoma cruzi, Tetrahymena
thermophila, and Triticum aestivum (supplementary table
S1, Supplementary Material online). In our approach, we
aimed to describe variations in tertiary structure of ribosomal
proteins. Therefore, rather than comparing protein sequen-
ces, we compared position of Co atoms in the three-
dimensional structures of homologous ribosomal proteins
(Materials and Methods section). Because tertiary structures
evolve much slower than protein sequence (lllergard et al.
2009), this approach could reveal those changes in protein

structure which likely reflect an emergence of new biological
activities rather than being functionally neutral variations.

During the analysis, we excluded protein segments that are
poorly resolved in the electron density maps of crystallo-
graphic or electron microscopy data to avoid coordinate mis-
takes and refinement artifacts (see Materials and Methods
section). We also used local structural alignments for proteins
that reside in flexible parts of the ribosome, such as the central
protuberance and the stalks in the large ribosomal subunit,
ribosomal RNA (rRNA) helix h16, the head-to-body junction in
the small ribosomal subunit, the intersubunit bridges, and a
few protein segments at the ribosome periphery.

To illustrate major changes in homologous proteins from
different domains of life, we used one reference ribosome
structure per each domain of life. These ribosome structures
were from bacterium E. coli, archaeon M. jannaschii, and eu-
karyote H. sapiens. In a few cases, we also used ribosome
structures from other species to compensate incompleteness
of the reference models or exemplify variations in protein
structures within single domains of life. To facilitate compar-
ison of ribosomal proteins from different species, we used a
unified nomenclature in which conserved proteins are named
according to their names in bacterial species (supplementary
table S2, Supplementary Material online) (Ban et al. 2014).

By comparing homologous proteins from E. coli, M. janna-
schii, and H. sapiens ribosomes, we first defined which protein
segments have conserved three-dimensional fold of a poly-
peptide chain and which segments have dissimilar folds or
occurrence in bacteria, archaea, and eukaryotes (supplemen-
tary fig. S1, supplementary Data S1, supplementary table S3,
Supplementary Material online). Then, we used this structural
comparison to correct errors and ambiguities of multiple se-
quence alignments of ribosomal proteins from the three
domains of life (fig. 1; supplementary Data S2).

Our analysis shows that the conserved ribosomal proteins
comprise a large number of variable segments that are system-
atically overlooked by multiple sequence alignments. Typically,
these variations represent local remodeling of protein struc-
ture, such as transformations of o-helices into f3-strands or
transformations of protein loops into a-helices or into polypro-
line helices. One striking example of these structural variations
is the structure of protein uL15. This protein has a long non-
globular N-terminal extension that has long been considered
conserved due to its largely invariable length (~80 residues),
poor secondary structure, and similar position in the ribosome
interior in different species (fig. 2). However, we found that only
one short segment of this extension (residues 29-35 in E. coli)
has invariable structure across species, whereas the other parts
have dissimilar folds in bacterial, archaeal, and eukaryotic ribo-
somes (fig. 2). Similar variations are present nearly every ribo-
somal protein, most prominently in uL2, uL10, uL13, uS3, and
uS4 (fig. 2, supplementary fig. S1, Supplementary Material on-
line). In total, we have identified ~60 of protein segments
(~600 residues in total), which have seemingly conserved oc-
currence in the three domains of life but in fact have dissimilar
structures in bacteria, archaea, and eukaryotes.

We also found that for the largest proteins, their sequence
alignments establish a false amino acid correspondence by

1589


Deleted Text: <xref ref-type=
Deleted Text: <xref ref-type=
Deleted Text: ; <xref ref-type=
Deleted Text: ,
Deleted Text: RESULTS
Deleted Text: . 
Deleted Text: <italic>.</italic> 
Deleted Text: <italic>.</italic> 
Deleted Text: <italic>D.</italic>
Deleted Text: <italic>.</italic>
Deleted Text: <italic>.</italic> 
Deleted Text: <italic>M.</italic>
Deleted Text: <italic>H.</italic> 
Deleted Text:  
Deleted Text: <italic>P.</italic>
Deleted Text: <italic>.</italic> 
Deleted Text: <italic>.</italic> 
Deleted Text: <italic>.</italic>
Deleted Text: <italic>.</italic>
Deleted Text: <italic>T.</italic>
Deleted Text: <italic>T.</italic> 
Deleted Text: <italic>T.</italic> 
Deleted Text: <italic>T.</italic> 
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
Deleted Text: of 
Deleted Text: -
Deleted Text: ,
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
Deleted Text:  
Deleted Text: ,
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
Deleted Text: <italic>Fig</italic>
Deleted Text: , 
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
Deleted Text: -
Deleted Text: <bold>Fig. 2</bold>
Deleted Text: Figs. 2
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
https://academic.oup.com/mbe/article-lookup/doi/10.1093/molbev/msy021#supplementary-data
Deleted Text: ,

MBE

Melnikov et al. - doi:10.1093/molbev/msy021

Sctieos e L
ROy par |
Pamy - Only in a single domain

charympes Py

Mus museuts - ; _

Hamu sapiens |

C

Shared by A& E
Shared by B & M

+——— SharedbyB,ARE -
®— Conserved core .

Fic. 1. Homologous ribosomal proteins have highly diversified structure across the three domains of life. The diagram provides an overview of
structural variability in 33 conserved proteins from 45 different species in the three domains of life. Each bar indicates the total number of amino
acids in the 33 proteins in each species. The bars are colored to show the number of residues that form either the structurally invariable core (pink)
or the variable protein segments (red). As the diagram shows, conserved ribosomal proteins carry nearly as many residues in structurally conserved
protein segments as they carry in protein segments with distinct structure in different domains of life, suggesting a high degree of functional

specialization of ribosomal proteins across the three domains of life.

aligning a variable segment in one protein to a conserved
segment in its homolog. For instance, protein ulL3 has two
B-strands  comprising  residues  “°YRAIQVTT*>  and
BGLWEFR® in E coli and 'RVIAHTQ' and
PHLMEIQ'* in H. sapiens. Although these f-strands are
structurally conserved across the three domains of life, in
the sequence alignment, the corresponding sequences are
aligned to eukaryote- and bacteria-specific protein segments,
respectively, instead of being aligned to each other (supple-
mentary figs. S2 and S3, Supplementary Material online).
Furthermore, the multiple sequence alignment of protein
uL3 has 155 aligned pairs of residues between E. coli and H.
sapiens homologs of uL3, but only 95 of these pairs represent
the actual correspondence of the amino acids, whereas the
remaining 60 pairs are false (supplementary fig S2,
Supplementary Material online). Similarly, protein uS4 (S9
in eukaryotes) has a conserved globular domain made of
five a-helices and four ff-strands of which only three o-helices
and three f-strands are aligned to each other between bac-
terial and eukaryotic homologs (supplementary figs. S4 and
S5, Supplementary Material online). In total, the multiple se-
quence alignment of uS4 contains ~100 falsely paired resi-
dues of 146 pairs between E. coli and H. sapiens homologs of
protein uS4 (supplementary fig. S4, Supplementary Material
online).

A closer examination of structurally conserved cores of
ribosomal proteins shows that the errors in multiple se-
quence alignments stem from two factors. First, the
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misaligned protein segments have relatively low sequence
conservation. For instance, misaligned «-helices 1 and 2 of
E. coli and H. sapiens homologs of ribosomal protein uS4 have
only 39% sequence similarity, whereas properly aligned seg-
ments of uS4 have 55% of sequence similarity (supplementary
fig. S6, Supplementary Material online). Second, the structur-
ally conserved core has a discontinuous primary structure: its
sequence is typically split into several short segments that are
intermingled with bacteria- and eukaryote-specific protein
segments (supplementary figs. S2 and S4, Supplementary
Material online). Together, these two factors make sequence
alignments prone to artifacts in which structurally conserved
protein segments of one protein are aligned to bacteria- or
eukaryote-specific segments of its homolog,.

In summary, the examples above illustrate that ribosomal
proteins carry a previously unknown class of structural varia-
tions that evade detection by commonly used methods of
automated structural and sequence alignments. These local
variations in protein structures create a great structural diver-
sity of homologous ribosomal proteins from different
domains of life and possibly reflect emergence of new biolog-
ical functions.

Structural Diversity of Conserved Ribosomal Proteins
Between the Three Domains of Life

Our analysis shows that in total the structurally invariable
core of ribosomal proteins comprises ~3,000 amino acid
residues. In addition to the core, ~2,200 residues form protein
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Fic. 2. Homologous ribosomal proteins have largely conserved globular domains but highly divergent nonglobular extensions. Aligned structures
of homologous ribosomal proteins are shown as they appear in bacterial, mitochondrial, archaeal, and eukaryotic ribosomes (pdb ids 4y4b, 3j9m,
4v4n, and 4v6x, respectively). Proteins are colored according to structural conservation: segments that have identical tertiary structure in all four
protein homologs are shown in gray; protein segments that have unique tertiary structure or occurrence only in one of the four homologs are
shown in blue; protein segments that have unique tertiary structure or occurrence only in bacterial and mitochondrial proteins (labeled as BM) or
only in archaeal and eukaryotic proteins are shown in yellow (labeled as AE). The segments are labeled with “B,” “M,” “A,” and “E” to indicate that a
protein segment have unique structure or occurrence in bacterial, mitochondrial, archaeal, and eukaryotic proteins, respectively; the segments are
numbered as they appear in each protein from its N- to the C-terminus. Apart from common protein names, each protein is named according to
its name in bacterial, archaeal, and eukaryotic species. The panel illustrates that, despite homologous ribosomal proteins having comparable size
across species, many segments in these proteins have dissimilar secondary and tertiary structure in different domains of life.

segments which are found only in bacteria and eukaryotic
mitochondria; ~2,700 of residues form archaea- or archaea/
eukaryote-specific protein segments; and ~1,100 residues
form eukaryote-specific protein segments (fig. 1). These num-
bers illustrate that conserved ribosomal proteins have highly
diversified structures and carry many appended segments in
the three domains of life. Even relatively simple bacterial spe-
cies carry nearly as many residues within unique structural
protein features as they carry in the conserved core, suggest-
ing high degree of functional specialization of ribosomal pro-
teins in each domain of life (fig. 1).

These unique structural elements represent protein seg-
ments, whose lengths vary from a few to a few dozens of
residues and which are typically exposed on a protein’s sur-
face. These segments are so abundant that nearly every of the
33 conserved proteins carries at least one variable segment in
each domain of life (supplementary fig. S1, Supplementary
Material online). The largest ribosomal proteins, such as ulL2,
uL3 or uL4, harbor more than ten segments that have dis-
similar structure or occurrence in bacteria, archaea and eukar-
yotes (supplementary fig. S1, Supplementary Material online).

The only proteins that lack variable features are bacterial
proteins uS13 and uS14, although archaeal and eukaryotic
homologs of these proteins develop appended protein seg-
ments (supplementary fig. S1, Supplementary Material
online).

Structural variations in ribosomal proteins have one sim-
ilarity. Most frequently, they are found in nonglobular protein
extensions, whereas invariable segments typically form pro-
tein globules. For instance, the invariable structure of protein
uS14 is represented by a miniature globular domain—a 30-
amino acid-long zinc finger-whereas the variable parts are
represented by long N- and C-terminal extensions, which
have different folds in bacteria and eukaryotes (supplemen-
tary fig. S1, Supplementary Material online). Similarly, varia-
tions in the protein extensions can be found in two-thirds of
the 33 conserved ribosomal proteins (supplementary fig. S1,
Supplementary Material online). It is worth mentioning, how-
ever, that some of the nonglobular extensions have invariable
structures across three domains of life. These extensions are
typically found in the largest ribosomal proteins, such as ul2,
uL3, ul4, uS12, and uS13, where they stabilize conserved
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Fic. 3. Variations in protein globules in an apparent adaptation to ribosomal RNA (rRNA) expansion. The figure compares structures of Haloarcula
marismortui and Sacromyces cerevisiae ribosomes. It illustrates how transition from prokaryotes to eukaryotes was accompanied with the
formation of a novel secondary structure in cytosol-exposed ribosomal proteins. (A) Views on the large ribosomal subunits illustrate that
upon the transition from prokaryotes to eukaryotes, ribosomes have markedly increased in size, and ribosomal proteins uL2 and uL13 (in red)
that were exposed on the surface of prokaryotic ribosome became buried in the interior of the eukaryotic ribosome. In eukaryotes, uL2 and uL13
are associated with eukaryote-specific rRNA expansion segments, ES31 and ES7 (in blue). (B) Close-up views on uL13 and ulL2 show that the
prokaryote-to-eukaryote transition was accompanied with secondary structure transformation in which surface-exposed protein loops of uL2 and
uL13 were remodeled into rRNA-binding helices. Names in parenthesis show protein names in H. marismortui and S. cerevisiae.

rRNA junctions or mediate critical contacts between ribo-
somes and their ligands. However, even these proteins de-
velop additional nonglobular extensions in archaeal and
eukaryotic species. Thus, ribosomal proteins typically evolve
in such a way that their globular domains remain largely
invariable, but the nonglobular extensions change their size
and tertiary structure across three domains of life.

Some of the local structural variations in ribosomal pro-
teins reflect their apparent functional specialization. For in-
stance, the previously mentioned N-terminal extension of
protein uL15 stabilizes the universally conserved helical junc-
tion H26-H27-H32-H36 within 235/28S rRNA, in all the three
domains of life. In eukaryotes, this extension has an additional
biological activity: it serves as a nuclear localization signal that
directs ribosomal protein delivery to the nucleolus, the site of
eukaryotic ribosome biogenesis (Underwood and Fried,
1990). Our structural alignments show that the emergence
of the nuclear localization signal is accompanied with local
transformations of the secondary structure in which a seg-
ment of this extension transforms from being devoid of sec-
ondary structure in bacteria, to partly folded as o-helices in
archaeal species, and to a fully a-helical protein segment in
eukaryotes (supplementary fig. S1, Supplementary Material
online).

Another notable example of apparent functional innova-
tions through local structural change is present in proteins
uL2 and uL13. As the ribosomes grow in size upon transition
from bacteria to eukaryotes, these ribosome-exposed proteins
in bacterial ribosome are getting buried in the ribosome in-
terior under a layer of additional, eukaryote-specific rRNA
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expansions (fig. 3A). Our analysis shows that both ulL2 and
uL13 transform their surface-exposed loops (in bacteria and
archaea) into short a-helices or polyproline helices (in eukar-
yotes) to evolve additional RNA binding sites. These addi-
tional helices stabilize interactions between the ribosomal
core and eukaryotic rRNA expansions (fig. 3B).

These examples illustrate that at least some of the local
structural changes represent development of new biological
activities that adapt ribosomal proteins to new requirements
of ribosome and cell architecture.

Structural Variations in Ribosomal Proteins Within a
Single Domain of Life

While preparing the catalog of structural variations in homol-
ogous ribosomal proteins, we were aware that our analysis is
not comprehensive, because some ribosomal proteins have
very diverse structures within a single domain of life.
Therefore, to show limitations of our catalog, we sought to
provide examples illustrating the structural variations of ribo-
somal proteins within a single domain of life.

Overall, ribosomal proteins have highly conserved size and
sequence in species from a single domain of life (Lecompte
et al. 2002; Nakao et al. 2004; Wool et al. 1995). For instance,
72 of 81 ribosomal proteins from H. sapiens have nearly iden-
tical size and identical tertiary structures as their homologs
from S. cerevisiae, and only 8 ribosomal proteins have long
extensions in humans compared to yeasts, and one protein
(uS5) has a large deletion in humans compared to yeasts
(Anger et al. 2013). However, in each domain of life there
are distant lineages of species in which ribosomes lose or
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Fic. 4. Variations in protein structures within one domain of life as a possible adaptation to extreme environments. The figure illustrates structural
variations in homologous ribosomal proteins upon transition from mesophilic to thermophilic species. The species used for comparison are
arranged according to their optimal growth temperature. Fragments of Escherichia coli and Thermus thermophilus ribosome structures and
homology models of Symbiobacterium thermophilum and Thermosipho melanesiensis ribosomes illustrate that, in thermophilic species, ribosomal
protein uS17 develops an additional C-terminal helix (in red). This helix creates a new RNA—-protein interface and stabilizes the RNA fold in the
three-way helical junction in the 16S rRNA. Remarkably, as the optimal growth temperature for a given species gets higher, this helix gets
progressively longer, and its apparent contacts with rRNA get more extensive (highlighted in green). This example shows that structure of some
ribosomal proteins appear to evolutionary respond to higher temperatures by increasing the size of nonglobular extensions to establish new
protein—rRNA or protein—protein contacts within the ribosome.

acquire unique protein features in many ribosomal
proteins.

Our preliminary analysis shows that some ribosomal pro-
teins appear to adapt their secondary and tertiary structures
to the specific environments. For instance, in thermophilic
bacteria, protein uS17 has an additional «-helix, which stabil-
izes RNA folding in a highly conserved three-way helical junc-
tion h12-h13-h8 in the 165 rRNA (fig. 4). Most remarkably, the
size of this a-helix correlates with optimal growth tempera-
ture and increases from ~13 residues in bacteria thriving at
55°C, to ~16 residues in bacteria thriving at 60°C, and to 20
residues in bacteria thriving at 72°C (fig. 4).

Some other ribosomal proteins have altered secondary and
tertiary structure in an apparent adaptation to specific life-
styles. For instance, protein eS6 serves as a build-in nutrient
sensor in the eukaryotic ribosome (Ruvinsky and Meyuhas,
2006). In its C-terminal segment, eS6 carries conserved serine
residues (Ser”®, Ser®®, Ser*®, Ser’™, and Ser*” in Mus mus-
culus) that are phosphorylated upon nutrient supplementa-
tion to adjust the overall rates of protein synthesis (Ruvinsky
and Meyuhas, 2006). We found that in free-living species, the
phosphorylation sites are preserved from yeasts to humans,
whereas in parasites they are either mutated to non-Ser res-
idues or the whole C-terminal is fully degenerated, suggesting

that parasites are unable to sense nutrient availability via the
eS6-dependent mechanism (fig. 5).

Although not comprehensive, the examples mentioned
earlier illustrate that even within a single domain of life species
keep diversifying their ribosomes by degrading or evolving
new protein features. Hence, there is possibly a whole uni-
verse of unexplored ribosome features that adapt ribosomes
to unique strategies of protein synthesis, ribosome biogenesis,
and possibly other activities of the ribosomal proteins in a live
cell.

Discussion

Here we have classified structural variations in conserved
ribosomal proteins across the three domains of life. We
showed that current automated tools of comparative
analysis systematically underestimate diversity of ribo-
somal proteins. This underestimation is primarily caused
by an inability to deal with poor sequence conservation
and lack of secondary structure of the nonglobular exten-
sions of ribosomal proteins. By resolving these limitations
through manually curated structural alignments, we un-
covered a new class of local structural variations that
appear to adapt ribosomal proteins to the specific
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Fic. 5. Variations in protein eS6 as a possible adaptation to specific lifestyles. The figure shows a multiple sequence alignment for eukaryotic
ribosomal protein eS6 (C-terminal fragment). The C-terminal eS6 segment endows ribosomes with sensitivity to nutrients: it harbors serine
residues (highlighted by asterisks) that are phosphorylated in response to hormones and nutrient availability to readjust the overall rate of protein
synthesis in a eukaryotic cell. The figure shows that the phosphorylation sites remain conserved in free-living species but are degenerated in
parasites, suggesting the lack of a nutrient sensor within parasitic ribosomes.

requirements of environment, ribosome composition,
and cell separation into the nucleus and the cytoplasm.

Implications to Evolution of Ribosomal Proteins

One question that arises from our work is how the structur-
ally conserved cores of ribosomal proteins are related to the
last common ancestor cores? In other words, do the struc-
turally conserved cores represent the most ancient parts of
ribosomal proteins? Although this question cannot be an-
swered with certainty, our analysis suggests that the last com-
mon ancestors could rather resemble ribosomal proteins
from modern bacteria. We believe that when archaeal and
eukaryotic species emerged, ribosomes got bigger and more
complex. At this time, many segments of the ribosomal pro-
teins were locally remodeled to evolve new biological activi-
ties, such as the ability to bind rRNA expansion segments or
recruit eukaryote-specific factors of ribosome biogenesis, to
name a few. This local remodeling of proteins in archaeal and
eukaryotic species resulted in a “mosaic” pattern of sequence
conservation—a pattern in which universally conserved pro-
tein segments were intermingled with variable protein
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segments. If this understanding is correct, then the conserved
core of the ribosome does not represent the last common
ancestor core but rather a part of it that has survived exten-
sive local remodeling of protein structures upon transition
from bacteria to archaea and eukaryotes or upon diversifica-
tions of environments.

Another question raised by our work is why some struc-
turally conserved segments of ribosomal proteins have highly
diverged sequences between different domains of life—to the
extent that they cannot be properly aligned in multiple se-
quence alignments? A good illustration to this is protein uS4
in which o-helices 1 and 2 have universally conserved tertiary
structure and position in the ribosome, yet their sequence is
only moderately conserved between different domains of life
(supplementary fig. S6, Supplementary Material online).
Comparison of ribosome structures suggests that this se-
quence divergence is to some extent caused by different bi-
ological roles played by the protein segments in bacterial and
eukaryotic ribosomes (supplementary fig. S7, Supplementary
Material online). In bacteria, a-helices 1 and 2 form a hydro-
phobic core of uS4 by interacting with bacteria-specific
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N- and C-terminal extensions of uS4 (supplementary fig. S7,
Supplementary Material online). In eukaryotes, the very same
o-helices serve as a protein—protein interface between pro-
tein uS4 and eukaryote-specific protein eS30 (supplementary
fig. S7, Supplementary Material online). The example of uS4
illustrates that the local repurposing of ribosomal protein
structures does not necessarily require remodeling of the ter-
tiary structure but might cause marked divergence of protein
sequence between the domains of life.

Implications to Biology of Ribosomal Proteins

By highlighting unique structural features of ribosomal pro-
teins in different domains of life, our work will help to build
more accurate homology models for experimental and com-
putational studies of ribosomes from different species. This
work will also contribute to three major directions of ribo-
some biology.

First, ribosomal proteins are essential players of protein
synthesis, and their diversity may reflect unknown species-
specific strategies of protein synthesis and ribosome biogen-
esis. Showing that most of the variable segments represent
nonglobular protein extensions, our work could help uncover
an underexplored and complex biology of these hallmark
features of ribosomal proteins. Nonglobular extensions are
present in 23 of 33 conserved ribosomal proteins in bacteria
and in 27 conserved proteins in eukaryotes (Ban et al. 2000;
Wimberly et al. 2000; Yusupov et al. 2001; Ben-Shem et al.
2011; Klinge et al. 2011; Rabl et al. 2011). They are thought to
govern rRNA folding during ribosome biogenesis (Klein et al.
2004; Timsit et al. 2009). Some of the extensions, like those of
uL3, ul22, uS7, us12, form the inner walls of ribosomal active
sites, and their mutations and natural sequence variants con-
fer resistance to numerous drugs, such as linezolid, tiamulin,
or valnemulin and anisomycin due to mutations in ul3
(Klitgaard et al. 2015); oxazolidinones, macrolides, and chlor-
amphenicol due to deletions in uL4 (Wolter et al. 2005);
erythromycin due to deletions in ul22 (Wilcox et al. 20071;
Zaman et al. 2007); or emetine due to mutations in uS11
(Madjar et al. 1983). Some other extensions control the rate
and accuracy of protein synthesis by directly contacting ribo-
somal ligands, such as tRNAs (uS13, uS19 and uL5), mRNA
(uS2, uS3, bacterial uS4, uS7 and uS11), and nascent peptides
(uL4 and ul22) (Kramer et al. 2009; Rozov et al. 2015). In
eukaryotes, the extensions also accommodate nuclear local-
ization signals and binding sites for eukaryote-specific chap-
erones to ensure safe delivery of highly positively charged
ribosomal proteins to the nucleolus of eukaryotic cells
(Preissler and Deuerling, 2012; Melnikov et al. 2015; Pillet
et al. 2017). Finally, several protein extensions carry extraribo-
somal activities, such as extensions of ulL5 and uL18 that
inhibit oncoprotein Mdm?2 to control programmed cell death
(Deisenroth and Zhang, 2011), or the extension of uL13 that
controls translation of inflammatory mRNAs during immune
response (Mazumder et al. 2003). Given this broad range of
biological activities, exploring structural variations in ribo-
somal proteins will help us to better understand species-
specific strategies of protein synthesis and ribosome

biogenesis, which may eventually enable species-specific tar-
geting of protein synthesis by therapeutics.

Second, ribosomal proteins comprise a rare group of ubig-
uitous cell components that are used as universally abundant
markers of biodiversity and evolution. Together with 17
aminoacyl-tRNA synthetases, 6 translation factors, 2 enzymes
involved in modifying RNA and protein, and 5 core subunits of
RNA and DNA polymerases, ribosomal proteins comprise a
small group of as few as ~60 proteins that are present in
every organism with known genome sequence (Koonin,
2000). It is therefore not surprising that when species face
new challenges—such as new environment, metabolism, or
cell architecture—ribosomal proteins should inevitably adapt
to these changes, since they cannot be functionally replaced or
reinvented. Hence, it is possible, even probable, that variations
in sequence and structure of ribosomal proteins represent
complex records of adaptive changes in these essential proteins.
Our finding that high temperatures or parasitic lifestyles appear
to induce change in protein structures is empowering because
it suggests that—through genome sequencing and homology
modeling—we may eventually predict optimal growth condi-
tions, lifestyles, cellular architecture, and possibly many other
properties of poorly studied, uncultured, or extinct species.

Third, because of their ancient origin, ribosomal proteins
serve as markers of the early evolutionary events that resulted
in the origin of life on our planet (Lecompte et al. 2002; Klein
et al. 2004; Smith et al. 2008). Ribosomes are thought to be
the most ancient enzymes that have survived more than 3.5
billion years of evolution (Wittmann, 1982, Bokov and
Steinberg, 2009; Fox, 2010; Harish and Caetano-Anolles,
2012; Petrov et al. 2014), and the extensions of ribosomal
proteins are thought to represent perhaps the first primitive
proteins to be produced by the ancient protein synthesis
machinery (Hsiao et al. 2009). Because the extensions interact
with the most conserved segments of rRNA, it is tempting to
think that these protein features have very ancient origin.
However, our data show that the extensions are rapidly evolv-
ing: Not only do many of them have totally dissimilar struc-
tures in different domains of life, but their structures may also
vary within a single domain of life in an apparent adaptation
to specific environments and lifestyles. Furthermore, many
innovative activities of the protein extensions—such as those
of the nuclear localization signals or rRNA expansion-binding
sites—have likely coemerged with the first eukaryotic cells
(~1.5 billion years ago), which is at least ~2 billion years later
than the origin of pioneering bacterial species. Therefore,
rather than being rudimentary molecular fossils buried in
the ribosome interior, protein extensions represent highly
innovative protein segments whose structures reflect ribo-
some adaptation to specific environments and lifestyles.

Conclusions

Our work summarizes an unexplored diversity of conserved
ribosomal proteins and provides a resource to help elucidate
its physiological roles in different species. Like Darwin who
observed how animal bodies change their shapes to adapt to
new environments (Darwin, 1859), we may now see how
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similar changes are occurring at a scale ~100,000,000 times
smaller, in the individual molecules that inhabit every living
cell on our planet. Knowledge of structural variations in these
ubiquitous molecules will help better understand species-
specific adaptations of cellular molecules and will bring us
closer to resolving the enigma of the origin and early evolu-
tion of life on Earth.

Note Added in Proof

Shortly after this paper appeared online, we were contacted
by Temple Smith (Boston University), who pointed out that
we did not compare our findings to the previously proposed
model of ribosomal protein sequence block structure
(Vishwanath et al. 2004). That study claimed that, in the large
ribosomal subunit, the majority of bacterial and archaeal ri-
bosomal proteins contained taxon-specific segments inter-
mingled with conserved protein segments. Our findings
fully agree with the block structure model as shown in
(Figs. 2, supplementary table S1, Supplementary Material
online). However, we demonstrate that the taxon-specific
segments in ribosomal proteins are not strictly immutable
within each taxon; some vary slightly in structure from species
to species, especially in organisms with unusual lifestyles or
living in extreme habitats (Figs. 4, 5).

Materials and Methods

Comparison of Ribosome Structures

The ribosome structures along with the corresponding elec-
tron density maps were retrieved from the protein databank
(https://www.rcsb.org last accessed April 6, 2018) (Berman
et al. 2000) or the electron microscopy databank (www.emda-
tabank.org; last accessed April 6, 2018) (Lawson et al. 2016)
and were visualized and manually inspected by using Coot
(Emsley et al. 2010) and USCF Chimera (Pettersen et al. 2004)
(supplementary table S1, Supplementary Material online).
The disordered protein segments were excluded from the
analysis based on elevated B-factor values (typically above
200) and poor electron densities to avoid potential artifacts
of structural refinements. The structural alignments of ho-
mologous proteins were initially done using FatCat (Ye and
Godzik, 2004). Then, the structures were morphed where
necessary to correct structural differences caused by ribosome
conformational changes, such as movements of the central
protuberance in the large ribosomal subunit, intersubunit
bridges, and head-to-body junction in the small ribosomal
subunit. The aligned homologous proteins were then manu-
ally compared in the complete ribosome structure. To define
structurally conserved and variable protein segments, varia-
tions in protein sequence were dismissed. Instead, protein
segments were assigned as structurally conserved if their sec-
ondary structure is conserved between the three domains of
life and variable if their secondary structure is different in
different domains of life. For protein segments that lack sec-
ondary structure in all the three domains of life (e.g, non-
globular protein extensions), each protein residue was
assigned as structurally conserved if its Co-atoms would fall
within 2.0 A of the corresponding atom in the homologous
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protein structure, and there was no other Co atom nearer.
Thus, in our approach, we disregarded protein sequence and
instead described conservation of the three-dimensional folds
of the polypeptide chains of ribosomal proteins. The struc-
tural alignments with annotation of variable and conserved
protein segments were attached as the (supplementary fig. S1,
Supplementary Material online). They can be viewed by using
the PyMOL Molecular Graphics System (Version 2.0
Schrodinger, LLC.). We also provided a text summary of the
variable protein segments in ribosomal proteins (supplemen-
tary table S3, Supplementary Material online).

Comparison of Protein Sequences

The sequences that were used in the study were retrieved
from NCBI Protein databank by using BLAST and custom
scripts  to remove duplicates and sequences of
ribosome-like proteins. The retrieved sequences were manu-
ally inspected for completeness, and partial sequences were
replaced by complete isoforms from the same or closely re-
lated species. For species containing numerous copies of ri-
bosomal proteins’ genes, such as S. cerevisiae and Arabidopsis
thaliana, we used isoforms A and 1, respectively. For bacterial
species in which several ribosomal proteins are encoded by
two genes (corresponding to Zn-coordinating and Zn-free
isoforms of ribosomal proteins), we used the genes coding
for Zn-coordinating isoforms of ribosomal proteins. The re-
trieved sequences were then used to create multiple se-
quence alignments by Muscle (Edgar, 2004). The aligned
sequences were attached to the manuscript as the (supple-
mentary Data S2). Sequence similarities were calculated by
using Sequence Manipulation Suite (http://www.bioinfor-
matics.org/sms2/ident_sim.html; last accessed April 6, 2018)
with default definitions of similar amino acids.

Homology Modeling of Ribosomal Proteins

The homology models of ribosomal protein uS17 from ther-
mophilic bacteria were created by using Robetta (Kim et al.
2004) and then docked in the structure of 23S rRNA from T.
thermophilus (pdb id 4y40) (Polikanov et al. 2015) for illus-
tration purposes. The figures were made by using the PyMOL
Molecular Graphics System (Version 2.0 Schrodinger, LLC.),
JalView (Waterhouse et al. 2009), and Adobe Illustrator.

Supplementary Material

Supplementary data are available at Molecular Biology and
Evolution online.
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