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ABSTRACT

The ribosomal core is universally conserved across
the tree of life. However, eukaryotic ribosomes con-
tain diverse rRNA expansion segments (ESs) on their
surfaces. Sites of ES insertions are predicted from
sites of insertion of micro-ESs in archaea. Expan-
sion segment 7 (ES7) is one of the most diverse re-
gions of the ribosome, emanating from a short stem
loop and ranging to over 750 nucleotides in mam-
mals. We present secondary and full-atom 3D struc-
tures of ES7 from species spanning eukaryotic di-
versity. Our results are based on experimental 3D
structures, the accretion model of ribosomal evolu-
tion, phylogenetic relationships, multiple sequence
alignments, RNA folding algorithms and 3D model-
ing by RNAComposer. ES7 contains a distinct motif,
the ‘ES7 Signature Fold’, which is generally invari-
ant in 2D topology and 3D structure in all eukaryotic
ribosomes. We establish a model in which ES7 devel-
oped over evolution through a series of elementary
and recursive growth events. The data are sufficient
to support an atomic-level accretion path for rRNA
growth. The non-monophyletic distribution of some
ES7 features across the phylogeny suggests acqui-
sition via convergent processes. And finally, illustrat-
ing the power of our approach, we constructed the
2D and 3D structure of the entire LSU rRNA of Mus
musculus.

INTRODUCTION

The ribosome, a massive assembly of rRNAs and ribosomal
proteins (rProteins), lies at the heart of translation, synthe-
sizing all coded protein. The cytosolic ribosome contains
a ‘common core’ with universal structure in all organisms

(1-3). Common core rRNA is approximated by bacterial
rRNA (4); around 90% of Escherichia coli rRNA is univer-
sal in secondary (2D) and three-dimensional (3D) structure
in cytosolic ribosomes of extant organisms (2).

The ribosomal common core grew by accretion during
six phases of evolution, culminating with the prokaryotic
ribosome (5). The expansion of ribosomes then paused for
several billion years, between the last universal common an-
cestor and the rise of eukarya.

Eukaryotic rRNAs are larger than prokaryotic rRNAs,
and contain a diverse array of rRNA expansion segments
[ESs, (6-9)] (Figure 1, http://apollo.chemistry.gatech.edu/
RibosomeGallery/index.html) that emerge from a small
number of sites on the surface of the common core, and
are remote from functional centers, as shown by chemical
probing and confirmed by structure determination (10-14).
The acquisition of the eukaryotic shell, on the surface of
the common core, is a seventh phase of ribosomal evolu-
tion (2,4). Protist and fungal ESs combine with eukaryotic-
specific rProteins to form a secondary shell around the
common core (2). The growth of ‘rRNA tentacles’, which
are long double-helical elements observed in endothermic
eukaryotes, marks an eighth phase of ribosomal evolu-
tion, In birds and mammals, tentacles extend for hundreds
of Angstroms from the ribosomal surface (2,4) (Figure
1B). Variation of ES size and structure over evolution is
evident by comparison of ribosomes of eukarya (15-18)
and prokaryotes (19-22). An accretion mechanism of ESs
growth over evolution was initially proposed by Michot
(23).

Expansion segment 7 (ES7) is a nexus of ribosomal
growth and diversity (1,4,6-9,24-26); it arose in the sev-
enth phase of evolution and continued growth in the eighth
phase. ES7 is the largest eukaryotic ES, with the most com-
plex structure (Figure 2). ES7 tends to increase in size in
concert with species complexity, and with overall size of
the large ribosomal subunit (LSU), accounting for ~20%
of LSU rRNA in mammals (2,5). Obligate parasites show
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Figure 1. Secondary structures of two eukaryotic LSU rRNAs. (A) S. cerevisiae, and (B) H. sapiens. TRNA of ribosomal common core as defined in (2) is

black. ESs are highlighted in teal and labeled according to Gerbi (8).

reduced rRNA expansion segments and genomes (27), and
are not discussed in detail here.

In this report, we determine 2D and 3D structures of ES7
across phylogeny using a hybrid method that combines evo-
lutionary mechanisms with RNA folding methods (Figure
3). We introduce the ES7 Signature Fold, which is conserved
in 3D structure in all eukaryotes and is the foundation for
broad diversity over phylogeny. We also improve previous
ES7 structural and phylogenetic predictions (4,23,28-32).
The structures here have been integrated into R2DT web-
server (33) and can serve as templates for rRNA secondary
structure for a broad variety of species.

MATERIALS AND METHODS
Modeling ES7: the approach

We have established a hybrid method to construct 2D and
3D models of ES7s of species broadly distributed across eu-
karya. The method introduces a novel combination of con-
ventional 2D and 3D RNA folding algorithms with the ac-
cretion model of rRNA growth over evolution.

The accretion model stipulates that rRNA accumulates
new elements onto pre-existing structure in the absence of
remodeling (5), allowing identification of ancestral (struc-
turally invariant) elements of ESs across all species.

We filtered the evolutionary information from a multi-
ple sequence alignment (MSA, Supplementary Data Set 1)
through folding algorithms (35), and predicted an initial set

of secondary structures (Figure 3). Addition of structural
constraints from the accretion model substantially reduced
the number of plausible structures. We used the resulting
secondary structures as input for 3D structure prediction by
RNAComposer (36) and applied the 3D models to discrim-
inate between several secondary structural using the plau-
sibility of the 3D models and lack of the steric clashes as
selection criteria. The results allow us to describe ES7 in
2D and 3D for a variety of eukaryotic species (Supplemen-
tary Figure S1). The resulting secondary and 3D structures
of ES7 are given in Supplementary Data Sets 2 and 3.

ES7 Signature Fold

We have identified the ES7 Signature Fold (Figure 4), a
structurally conserved portion of ES7 seen in essentially
all eukaryotic ribosomes. The ES7 Signature Fold contains
H25 in addition to the archaeal expansion (ES7b, numbered
here and after according to Homo sapiens schema, Figure
2, inset), plus two additional helices (ES7a and ES7c), and
junctions that link them. The ES7 Signature Fold is con-
served in 2D and 3D structure. Exceptions are ES7 from
Yarrowia lipolytica, which lacks ES7c and ES7 of kineto-
plastic parasites, which lack ES7a (Figure 2).

ES7 in protists generally consists of the ES7 Signature
Fold and little else. Variability of ES7 across phylogeny is
focused on animals, and arises from elongation of helices of
the Signature Fold (ES7a—ES7c) and insertion of new he-
lices (ES7d-ES7h, inset of Figure 2). The largest ES7s, in
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Figure 2. Secondary structures of ES7 mapped onto the canonical eukaryotic tree of life. Basal Helix 25 (boxed in the center) is part of the universal core;
it is shown in blue in secondary structures as well as in the inset of H. sapiens ES7. Green indicates the ES7 Signature Fold, which is universal to rRNA of
all eukaryotes. Yellow is universal to metazoans. Red is metazoan specific rRNA extensions, some of which reach extreme lengths in birds and mammals
(tentacles). Colors of branches and internal nodes represent allocation of species (leaves) into Groups 0-3. The GC content (shown as percentage) for each
ES7 is displayed next to each leaf of the tree. The asterisks indicate related species (D. melanogaster and A. albopictus) with a highly divergent GC content.
Inset: the structure of ES7 of H. sapiens with the Signature Fold in bold green and blue. Helices labeled according to H. sapiens schema (4). All secondary
structures in this document were visualized with the web portal RiboVision (34). The 3D structure of a prokaryotic ribosome with H25 highlighted in
the blue box. In this image, colored by distance from the functional centers (peptidyl transferase center in the LSU and decoding center in the SSU) the
ribosomal proteins are in gray.
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birds and mammals, contain the ES7 Signature Fold elabo-
rated by linked arrays of junctions, helices, bulges and loops
(Figure 2). The ES7 Signature Fold is absent only from a
few obligate pathogenic eukaryotes (Figure 2: Giardia) that
are also characterized by reduced genomes and ribosomes
(37,38).

Modeling ES7: methodology

The ES7 Signature Fold is maintained over evolution as
helices accrete and elongate. This critical finding enabled
us to partition sections of ES7s of various species into
sub-fragments and to independently predict sub-fragment
secondary structures. We have integrated evolutionary and
structural constraints into a workflow of RNA 2D and 3D
structure prediction, surmounting limitations of the size,
complexity and heterogeneity of ES7s. Our modeling is en-
abled in part by a) the process of accretion, as opposed to
remodeling, as ES7 increased in size over evolution, and
b) structural conservation of the ES7 Signature Fold. Spe-
cific modeling information is provided in the Supplemen-
tary Text.

The MSA was used to identify the Signature Fold in each
ES7. The starting seed MSA was derived from the struc-
tural superimposition and contained the regions within the
Signature Fold and enriched by additional sequences using
mafft (39). The Signature Fold-annotated MSA (Supple-
mentary DataSet S4) allowed us to pinpoint variable helical
stem loops. By combining the information from the MSA
with known 2D structures, 2D ES7 models of closely re-
lated species were predicted. Finally, secondary structures
of ES7s of more distantly related species were predicted
by bootstrapping the available information from the MSA.
Predicted 2D and 3D structures were constrained by the
conserved Signature Fold and variable helical stems. Sec-
ondary structures of individual helical elements were pre-
dicted by mfold (35) and merged with the ES7 Signature
Fold to form the complete ES7 secondary structure. Vari-
able stem loop regions of the MSA were manually adjusted
when necessary, based on the 2D predictions.

Three-dimensional models were predicted by inputting
sequences and secondary structures into RNAComposer
(36) (Figure 3). Experimental 3D structures of ES7 are
known for several eukaryotic ribosomes (4,16,17,40). We
leveraged these experimental ribosomal structures and
mined a library of RNA structural elements (36,41,42).
In instances, when RNAComposer’s dictionary lacked re-
quired elements (within the Signature Fold or helical stems,
Supplementary Figure S2), the missing segments were mod-
eled using standard protocols of comparative RNA 3D
structure prediction based on 3D RNA templates (43,44),
subsequently introduced into the prediction protocol as
user-defined elements (45), and further refined by RNA-
Composer.

RNAComposer uses secondary structural topology over
the sequence homology to assemble small 3D clements
into a 3D model (see Supplementary Text and Supplemen-
tary Figure S2). Application of the hybrid methodology
for the prediction of 2D structures limited the number of
plausible topologies and eliminated many 3D structures of
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Figure 4. The ES7 Signature Fold. (A) Secondary structure. (B) Three-dimensional structure. The coloring scheme is the same as in Figure 2. In panel (B),

all experimental and modeled structures from Table 1 are superimposed.

unfavorable steric interactions between the structural do-
mains. Multiple models were predicted for each structure
studied.

Final models were selected based on (i) lowest energy, (ii)
preservation of relative orientations of helices at junctions
(46) and (iii) consistency with the evolutionary model (the
underlying core tends to be preserved in all ES7 structures).
The use of RNAComposer for 3D structure prediction al-
lowed to overcome the problem of computational cost for
larger RNA molecules, demanding addition of atomic de-
tails to coarse-grain models or prediction dependent on
structural templates. Furthermore, the application of the
hybrid approach eliminates the problem of homologs for
RNAs that differ vastly in sequence or contain unique ex-
pansions which are not found within the closest homologs.
Therefore, our approach allows us to overcome challenges
to structure prediction seen in other methods (43,44,47-52).

Validation of the approach

To validate the hybrid approach, we performed two tests.
First, using ES7 of Saccharomyces cerevisiae as a template,
we predicted the structure of ES7 of Candida albicans and
experimentally validated it by a chemical probing using
Selective 2’-Hydroxyl Acylation analyzed by Primer Ex-
tension (SHAPE) (53). The structure predicted by the hy-
brid approach is in good agreement with the experimental
SHAPE data (54) and significantly improved the model of
the C. albicans ES7 structure compared to a previous ef-
fort (55) (Supplementary Figure S3). Second, we performed
a reciprocal prediction, by modeling the known structure
of ES7 of S. cerevisiae based on ES7 of another fungus
(Eremothecium gossypii) and comparing the reverse predic-
tion with experimentally determined structures (PDB en-
try 4Vol, 5JUO, 4U4R) (15,56,57) (Supplementary Fig-
ure S4). The accuracy of the S. cerevisiae ES7 model was
high as determined by comparison with ES7 of the exper-
imentally determined structure (PDB entry 4V6I), result-

ing in Matthews correlation coefficient = 83.8%, sensitiv-
ity = 98.5%, specificity = 90.3% (58). Additional details of
this validation of the hybrid approach are reported in the
Supplementary Text.

Allocation of ES7s to Groups based on topology and length
of variable expansions

To systematize ES7 modeling, ES7s from 23 species were
allocated into groups based on size and complexity (Figure
2, Table 1). Group 0 represents ES7s in species with H25
alone. Groups 1-3 (Figure 2) represent ES7s with various
extents of recursive accretion onto the ES7 Signature Fold,
with Group 1 ES7 < Group 2 ES7 < Group 3 ES7. Repre-
sentatives from each group are compiled in Table 1. Auxil-
iary MSAs for ES7s within each group are compiled in Sup-
plementary Data Set 4.

Group 0 ES7s are simple stem loops, seen in obligate
pathogens with reduced genomes and ribosomes similar to
those of bacteria.

Group 1 ES7s are up to 250 nts in length and are com-
posed essentially of the Signature Fold. Y. lipolytica is
an exception that lacks ES7c (Figure 2). Parasitic kineto-
plasts (Leishmania donovani, Tripanosoma brucei and Tri-
panosoma cruzi) lack ES7a and contain elongated ES7¢
(18,59).

Group 2 ES7s, seen in invertebrate metazoans, plants and
some fungi, are larger and more complex than Group 1
ES7s (Figure 2). ES7s of Group 2 contain the ES7 Signature
Fold, with extensions of helices ES7a—c and the addition of
ES7d-e, which branch off of ES7c.

Group 3 ES7s are found in chordates (fish, amphibians,
reptiles, mammals). Each Group 3 ES7 contains a sub-
set of five core helices (ES7a—e, Figure 2, inset). Addi-
tional growth (ES7a-b; d—e) and further branching (ES7f-
h) of ES7 is observed in endothermic vertebrates (birds
and mammals), which contain GC rich tentacles. In these
species, helices of ES7 break through the rRNA-protein
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Table 1. ES7 groups

Group 0 nts GC%  Group | nts GC%  Group 2 nts CG%  Group3 nts GC%
Giardia ardeae 31 82 Caenorhabditis 232 56 Aedes albopictus® 352 62 Anolis carolinensis 521 85
elegans
Giardia 8 100 Candida albicans® 209 55 Arabidopsis 224 69 Danio rerio 473 77
intestinalis thaliana
Giardia muris® 29 62 Cyanidioschyzon 255 80 Cryptococcus 235 52 Gallus gallus® 799 85
merolae neoformans
Eremothecium 212 59 Drosophila 340 26 Homo sapiens® 876 83
gossypii melanogasterb
Saccharomyces 210 50 Oryza sativa 214 80 Musmusculus® 690 80
cerevisiae®
Tetrahymena 220 46 Pan troglodytes 866 82
thermophilia®
Thalassiosira 212 54 Xenopus laevis 510 84
pseudonana
Yarrowia lipolytica 161 50
Leishmania donovani 200 55

4Species whose ES7 3D structures were predicted here by RNAComposer (bold).
bSpecies whose ES7 3D structures were determined experimentally by others (4,16,17).

core and extend out from the characteristic protist shell of
eukaryotic ribosomes (1,4).

RESULTS

ESs are highly diverse across phylogeny and can be dynamic
and disordered in vivo. Modeling of ESs presents challenges
at the levels of both 2D (30) and 3D structure (4). Signifi-
cant portions of ESs are omitted from most experimental
structures. We have predicted 2D structures of ES7s of 23
species in Groups 0-3 from across the phylogenetic tree,
and modelled 3D structures for representative species from
each group (Movie 1, Supplementary Table S1, Supplemen-
tary Data Set 3). Group 0 contains ES7s of obligate par-
asite species with reduced rRNAs. Mapping of ES7 struc-
tures onto the eukaryotic phylogenetic tree (Figure 2) re-
veals non-monophyletic distribution for Groups 1-2, while
ES7 of Group 3 represents a monophyletic group of verte-
brate species.

ES7 predictions

ES7 structures modeled in the current study differ in size,
branching topologies and sequence compositions. These
differences posed a number of modeling challenges that
have been independently addressed in the process of pre-
dicting the ES7 structures of species from each group.

Sequences from Group 1 were very similar to each other
in length and in 2D and 3D structure. ES7 in Group 1 is es-
sentially composed of the Signature Fold. Due to the simi-
larity of size and secondary structure, identification of the
individual helical regions within the MSA and overall 2D
and 3D modelling was straightforward.

The ES7s of Group 2 have accreted beyond the Signa-
ture Fold. Most of the sequences from Group 2 have high
GC content, ranging from 60% to 80% (Figure 2) and are
represented within multiple phylogenetic groups, revealing
a substantial sequence variability. Drosophila melanogaster,
the conventional biological model whose 3D structure has
been determined (4), is anomalous in ES7 GC composi-
tion, and is the only metazoan we have discovered thus far

with low GC content of ES7 (26%, Supplementary Figure
S5). In the current study, we used the Signature Fold of D.
melanogaster as a guide to model the 2D structure of ES7
for another insect, 4. albopictus, whose ES7 contains a rep-
resentative GC content for Group 2 (Supplementary Figure
S6, Supplementary Data Set 5). This modeled ES7 structure
was further used as a template to model 2D ES7s of other
species from Group 2 that are similar in sequence and its
GC content (Supplementary Data Sets 2 and 3).

Group 3 contains ES7s of endothermic vertebrates, which
are characterized by large size and high complexity, with
further diversity in helical branching. The tentacle-like re-
gions are hypervariable in length and branching topology
(Figure 2; compare Xenopus laevis, Gallus gallus, Mus mus-
culus and Homo sapiens) among the members of the group,
representing the main modeling challenge. The conserva-
tion of the ES7 Signature Fold in the 3D structure of the H.
sapiens ribosome and the high sequence similarity among
Chordates in this core region (Supplementary Figure S7) al-
lowed us to model these ES7s using our hybrid approach in
spite of the complexity. Here, we illustrate the general fea-
tures of the modeling approach by presenting the specific
method used to determine the structure ES7 of G gallus
(Supplementary Text). This ES7 contains a unique exten-
sion segment ES7d1 located in between ES7c and ES7d.
We further describe the 2D and 3D models of the entire
LSU rRNA for M. musculus and compare it with the previ-
ous predictions in the context of the experimental structures
available for H. sapiens.

Comparative analysis of ES7s from Groups 1-3

Validation of the 2D models of ES7 (Figure 2) was accom-
plished by computing sequence conservation and covaria-
tion as well as by quantitative comparison of predicted and
experimental 3D structures. Conservation and co-variation
analyses were performed independently for ES7s of each
Group 1-3 from MSAs in Supplementary Data Set 4. Struc-
tural comparisons were performed for species whose ES7
structures were modeled here or were previously deter-
mined, as specified in Table 1.
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Conservation and co-variation scores. To estimate the ac-
curacy of 2D structures we computed conservation and
co-variation scores from the ES7 MSA (see Supplemen-
tary Materials and Methods). The conservation score used
here is a gap adjusted Shannon entropy (GASE), which is
a measure of conservation of nucleotide identity (2). The
co-variation score PASE (pair adjusted Shannon entropy)
characterizes paired nucleotides by their adherence to co-
variation. Thus, a nucleotide position is considered con-
served if it is always canonically paired, even if its nucleotide
identity is not conserved. The computed scores (ranging
from 0 to 2, where 0 represents universally conserved) were
mapped onto ES7 representatives for Group 1 (S. cere-
visiae), Group 2 (D. melanogaster) and Group 3 (H. sapi-
ens), (Figure 5; Supplementary Figures S§-S10).

The structure of the Signature Fold is highly con-
served. Base pairing within the Signature Fold is rea-
sonably predicted in all groups despite variability of se-
quence. Conservation/co-variation metrics of ES7s are
highest within the Signature Fold, and the covariation score
is substantially higher than the conservation score (Figure
5). The base pair Shannon Entropy (BPSE, Figures S8B,
S9B and S10B) and combined PASE score (Figures 5B, D
and F) reveal a moderate to high degree of the base pairing
conservation (regardless of the specific identity of the base
pairs) within the Signature Fold, thus providing the rela-
tionship between the structural data and the sequence in-
formation within the MSAs for this nearly universal region
of the ES7 Helical junctions in Groups 1 and 2 tend to be
less conserved than the base paired regions. ES7s of group 1
exhibit moderate conservation and covariation despite their
non-monophyletic origins.

Helical stems (ES7a-d) from Group 2, outside the Sig-
nature Fold, exhibit little conservation or co-variation, re-
flective of the polyphyletic nature of this group (Figure 5C
and D). An abundance of irregularities of helical stems by
bulges or internal loops pose challenges for predicting these
elements by a conventional co-variational approach for re-
motely related species, as the irregularities vary between the
species and complementary strands cannot be easily identi-
fied from the MSAs. We note that the co-variational method
has been successfully applied to a subset of closely related
species from Group 2 (e.g. within Hymenoptera) (60) due
to high structural similarity of the extended regions.

Conservation/co-variation metrics for the respective he-
lical stems of Group 3 (ES7a-d, Figure 5E and F)
are higher for than those for Group 2 The Group 3
specific stems (ES7e-h) also reveal moderate to high
conservation/covariation (if present). Overall, spatial align-
ment of the 3D elements of Group 3 is outstanding (Sup-
plementary Data Set 3), especially in a subgroup of species
that represents endothermal vertebrates. A majority of ten-
tacles exhibit substantial sequence conservation (especially
in mammalian species). Tentacle ES7b is highly variable is
structure and ES7d is the least conserved in sequence. Due
to high sequence conservation, co-variational analysis has
limited power for species in Group 3, as co-variation signals
cannot be detected.

Structural analysis by RMSD metrics and long-range inter-
actions. Comparison of the root-mean square deviations

Nucleic Acids Research, 2022, Vol. 50, No. 18 10723
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Figure 5. Conservation (GASE) and co-variation (PASE) scores mapped
onto the secondary structures of ES7 from Groups 1-3. (A) GASE and (B)
PASE computed from ES7 MSA of Group 1 and mapped onto ES7 of S.
cerevisiae; (C) GASE and (D) PASE computed from ES7 MSA of Group 2
and mapped onto ES7 of D. melanogaster; (E) GASE and (F) PASE com-
puted from ES7 MSA of Group 3 and mapped onto ES7 of H. sapiens.
Both scores range from 0 (dark blue, absolute conservation or co-variation)
to 2 (yellow, random signal, no conservation or covariation). Intermediate
values are indicated by the color bar. The ES7 MSAs of Groups 1-3 are
given in Supplementary Data Set 4.

€20z Asenuer G| uo 1senb Aq 9yS6Y.29// 1 201/81/0S/I0IE/1eU/W0"dNo"D1WapEDE//:SA]Y WOl PAPEOUMOQ



10724 Nucleic Acids Research, 2022, Vol. 50, No. 18

Table 2. Structural analysis of experimental and modeled structures by

RMSD metrics

Modeled/ Experimental/

experimental . experimental .
structures RMSD, A  structures RMSD, A
C. albicans (1)*/ 6.713 T thermophilia (1)/ 5.794

T thermophilia (1) D.melanogaster (2)

A. albopictus (2)/ 4.934 T. thermophilia (1)/ 5.700
D.melanogaster (2) H.sapiens (3)

M. musculus (3)/ 4.224 D. melanogaster (2)/ 6.831
H.sapiens (3) H.sapiens (3)

2Group numbers as defined in Table 1 are shown in parentheses.

(RMSDs) of atomic positions confirms that the structure
of the ES7 Signature Fold is conserved among all species;
structural differences between predicted and experimen-
tal structures (RMSD = 4-7 A) are comparable to dif-
ferences between experimental structures (RMSD = 5-7
A), Table 2, Supplementary Table 2 and Supplementary
Figure S11.

The RMSDs between experimental and modeled struc-
tures within each group reveal important patterns:

(a) The Signature Fold is structurally conserved (Figure 4).

(b) Junctions within the Signature Fold for Groups 1 and
2 vary in sequence and reveal subtle variations in 2D
structure; they may substantially differ within a group
(e.g. T thermophilia versus C. albicans, Group 1; D.
melanogaster versus A. albopictus; Group 2); 3D junc-
tions of species within Group 3 tend to be highly con-
served (H. sapiens versus M. musculus).

(¢) In Group 2, helical stems of ES7 that link to the Signa-
ture Fold vary substantially in their structures because
of irregular local elements. Each RNA helix (7a, 7b or
7¢) is characterized by an idiosyncratic set of irregu-
larities, making them quite different from the helical
elements within the common core, where local motifs
within the helices are generally well-defined (within a
given taxonomic domain).

(d) Structural deviation between helical stems of Group 2
is greater than between those of Group 3. Species allo-
cated to Group 2 are not monophyletic, and different
local patterns likely reflect convergent evolution. Con-
servation within the helical elements of the Signature
Fold varies between the groups, with Group 3 being
most conserved.

More similar structures tend to preserve long range in-
teractions in 3D. Base-phosphate and base-sugar contacts
have been extracted from the modeled and experimental 3D
structures of ES7 for Groups 1-3 and mapped onto the 2D
structure (Supplementary Figures S12 and S13. These long-
range interactions tend to be somewhat similar for the struc-
tures that belong to the same group and vary between the
groups. Thus, despite the overall high structural conserva-
tion of the ES7 Signature Fold, the specific features (base
pairing pattern, junction architecture, specific long-range
interactions) are not fully preserved.

Patterns and exceptions

We observed informative patterns within the ES7 Groups,
which show group-specific personalities. Comparison of se-
quence and structure revealed that across Groups 1-3 (Fig-
ure 5, Table 2), the size and complexity of ES7 is interdepen-
dent with sequence conservation, co-variation, heterogene-
ity of the local motifs within helical elements, and structural
variability of the junctions and extended regions.

Group 1 ES7s are moderately conserved in sequence and
highly conserved in structure. Group 2 ES7s are diverse in
sequence with modest diversity in structure. Group 3 ES7s
are conserved in both sequence and structure, in common
regions. Group 3 ES7s show extensive variation in morphol-
ogy and length of tentacles, especially in mammals, sug-
gesting that the rate of accretion is high relative to the rate
of change of sequence. It was instructive to model ES7 of
each group independently, accounting for their unique sets
of features.

rRNA growth mechanisms

The acquisition of the eukaryotic shell, on the surface of
the common core, is a seventh phase of ribosomal evolu-
tion (2,4). This phase of rRNA evolution produced ES7
Groups | and 2. The growth of tentacles, which are long
double-helical protrusions seen in endothermic eukaryotes,
marks an eighth phase of ribosomal evolution. This phase
of rRNA evolution produced ES7 Group 3.

The accretion model is consistent with the following con-
straints on ES7: (i) the core of ES7, the Signature Fold, is
conserved in 2D and 3D structure and is universal to eu-
karyotes, (ii)) new rRNA is added onto pre-existing ES7
rRNA by accretion processes such that addition of new
rRNA fragments does not remodel pre-existing ES7 rRNA,
(ii1) 2D and 3D structures of ES7 in common between
daughter species are ancestral and (iv) 3D structure of ES7
is more conserved than sequence (5).

The diversity of ribosomal structures and their known
phylogenetic relationships have allowed construction of
ES7 accretion pathways. We assume that rRNA ances-
tral states can be reasonably modeled by elements that are
shared among all daughter species. This assumption sug-
gests that ES7s of simple extant species reasonably repre-
sent those of extinct ancestors. We have ranked extant ES7s
by size and complexity.

The H. sapiens accretion pathway (hs-accretion pathway)
of ES7 describes a process that initiates with H25 of the
Last Universal Common Ancestor (LUCA) (61) and ter-
minates with ES7 of extant H. sapiens (Figure 6). Our best
estimate of ES7 at LUCA is H25 of bacterial ribosomes (E.
coli 1s used here as a prototype). Helix 25 is universal to
all cytosolic ribosomes. The first step from LUCA in the
hs-accretion pathway is inferred from archaeal ribosomes
where H25 contains a micro-ES (w-ES). w-ES’s of 5-30 nu-
cleotides are commonly observed in archaeal ribosomes at
sites of much larger eukaryotic ESs (Figure 6). An inser-
tion fingerprint in H25 of archaeal ribosomes at the base of
the p-ES marks the site of archaeal expansion of the H25
stem. Additional structures of ES7 over the eukaryotic tree
of life support an hs-accretion pathway in which further
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Bacteria
Archaea I
Archaea l Eukaria
Protistal Metazoa
E. coli H. marismortui P. furiosus T. thermophilia H. sapiens
M-ES ES I
M-ES ES
Il —rrm@
—1L 11 1l
6 nts apical 1and 4 ntsint. 1and 4 ntsint. 2and 4 ntsint. 2x2x3 3-way
loop loop + 2 nts loop+3and6 loop + 3x3x3 junction
bulge nts int. loop 3-way junction
p-ES
4V9D

-

Increase in ES7 Complexity

Figure 6. RNA accretion in ES7, based on comparison of experimental 3D structures and their evolutionary relationships. The lineage leading to H. sapiens
( Metazoan) is highlighted. The rRNA at each ancestral node, highlighted by colored circles, is approximated by rRNA that is common to daughters (2).
rRNA is depicted schematically, in secondary structures, and in three dimensional structures. A stem loop of H25 (E. coli) establishes the base of ES7.
An expansion of the apical loop extends H25 in H. marismortui; a bulge expands into an internal loop in P. furiosus, which extends into a new expansion
ES7ain T. thermophilia; this element undergoes further adjustments in H. sapiens. PDB IDs of the source structures are indicated below the 3D structures.
Chain IDs and nucleotide numbers are given in Supplementary Table S3. The 3D structures are compiled in Movie 2.

extension of this internal loop leads to a three-way junc-
tion (ES7a/ES7b, T. thermophilia). This three-way junction
is further elaborated by tertiary interactions between the
branched stem and the underlying trunk (H. sapiens; Fig-
ure 6; Movie 2).

The hs-accretion pathway can be expanded to a fine-
grained progression (Figure 7), of elementary steps, by in-
terleaving structures of the phylogenetic accretion process
with transitional structures extracted from the RNA struc-
tural database (41,42). Elementary steps of RNA growth in-

clude the accretion of one (or several) nucleotides, yielding a
bulge. The bulge is expanded by insertion of additional nu-
cleotides. Repetition of nucleotide accretion into the same
bulge region results in more complex bulges (if insertion oc-
curs in the same RNA strand) or internal loops (if the in-
sertion appears in the opposing strand). Finally, accretion
of a critical number of nucleotides (7-9) results in extru-
sion of a new helix and formation of a three-way junction.
This process converts one RNA topology to another in a se-
ries of elementary steps that maintain the underlying struc-
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Increase in Structural Complexity

Figure 7. A three-way junction emerges from a helix through a series of elementary steps of rRNA accretion. Existing and emerging elements are depicted
by their secondary and 3D structures and by schematic representations. (A) Double helical region; (B) 1 nt bulge; (C) 6 nt bulge; (D) 1 and 6 nt loop; (E)
3 and 6 nt loop; (F) three-way junction. This trajectory is based on experimental 3D structures that are ordered by size. The evolutionary relationship is
inferred. PDB IDs of the source structures are indicated below the structures. Chain IDs and nucleotide numbers are given in Supplementary Table S4.

ture. The construction of this fine-grained molecular pro-
gression during rRNA evolution is analogous to structure-
based descriptions of evolutionary processes (62,63) and
macromolecular dynamics (64-66) that are inspired by the
concept of reaction coordinates for chemical transforma-
tion (67).

LSU of M. musculus

To illustrate the utility and generality of our approach, we
modeled the 2D and 3D structures of the LSU rRNA of
M. musculus. This rRNA contains large eukaryotic ESs that
contribute to a total LSU rRNA length of 4887 nts. 2D
structures of all ESs were modeled by methods analogous
to those described above for ES7, using the LSU rRNA of
H. sapiens (68), which has been experimentally determined
by Cryo-EM (4), as a guide.

The 2D model of M. musculus LSU rRNA presented
here differs from the previous models (23,28).The differ-
ences are discussed in the SI text and Supplementary Figure
S14. Comparison of the 2D structures of M. musculus LSU

rRNA (Figure 8) and H. sapiens (Figure 1B) demonstrates
their similarity. Yet, some helices of M. musculus rRNA are
shorter than in H. sapiens (e.g. ES7a,b,d,h, ES15, ES27a,
ES27b), while some are absent (ES7g, ES15a, ES30a). The
result lends support to the accretion model and is consistent
with a rapid growth rate of rRNA in mammalian lineages
(2). We anticipate that the M. musculus LSU rRNA 2D and
3D structures will be useful for explaining and predicting a
variety of data.

ES7 of M. musculus. M. musculus LSU rRNA contains
one of the largest known ES7s (691 nts). 3D modeling pro-
duced a M. musculus ES7 structure nearly superimposable
on that of H. sapiens (Movie 1, Supplementary Data Set 3).
A comparison of the tentative 2D structure with the final
2D structure extracted from a 3D model reveals minor pecu-
liar discrepancies discussed in the Supplementary Text and
shown in Supplementary Figure S15. The tips of expansion
segments ES7a,b in both H. sapiens and M. musculus are en-
riched in G and C and polarized in their distribution, so that
one strand is G rich, while the other is C rich. Such polar-
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ization may promote the folding of the long expansions and
may accelerate the formation of G- quadruplexes (25,26).

Complete 3D model of the LSU rRNA of M. musculus.
To further illustrate the utility and universality of our ap-
proach, we modeled the 3D structure of the M. musculus
LSU rRNA, using the 2D structure as a basis. The result-
ing M. musculus TRNA model is nearly superimposable on
that of H. sapiens (PDB ID 4V6X), revealing an overall
good agreement (RMSD = 4.020 A) of the common core
regions and several tentacle-like expansion segments (ES7a,
ES27a,b, ES39a). Yet, some of the tentacles were found to
have different directionalities in the two structures. Exam-
ples of such tentacles include ES7b,e,f. These differences
could arise from the lack of interactions with proteins, vari-
ability in the local base pairing, high mobilities and poly-
morphism of the tentacles themselves, or limitations of our
modelling approach.

ES7 forms pseudoknots with ES15 and ES39. In rRNA
from H. sapiens (PDB ID 4V6X), the first pseudoknot is
formed by C1289 from ES7b and G4941 and C4942 from
ES39 (Supplementary Figure S16). In the modeled struc-
ture of the LSU rRNA from M. musculus, the nucleotides
equivalent to those in the ES7/ES39 pseudoknot are found
to be in proximity (~7 A) (Supplementary Figure S16). The
structural analysis of ribosomal complexes available in Ri-
boVision reveals that the ES7/ES39 pseudoknot exists in
eukaryotic species that represent major phylogenetic groups
(mammalians, insects, fungi, plants, SAR).

The second pseudoknot is formed by base pairing be-
tween G963 from ES7 and C2250 from ES15. This pseu-
doknot has been observed in the ribosomes of mammalian
species (4) and some kinetoplastids (18).

The corresponding nucleotide region in ES15 of M. mus-
culus is significantly shorter than that of H. sapiens (Supple-
mentary Figure S17). However, our prediction locates cor-
responding regions of ES15 and ES7 in proximity to each
other (~3 A).

Both ES7/ES39 and ES7/ES15 pseudoknots are also sta-
bilized by eukaryotic specific protein eL6 (Supplementary
Figure S18), whose globular domain binds to ES39 and the
intrinsically disordered tail wraps around ES7 and ES15 (in
mammalian species) providing the tight structural integra-
tion of the eukaryotic specific motif ES7/ES15/ES39/¢eL6.
Previous analyses have suggested that the components of
this region of eukaryotic LSU have co-evolved (4,59). While
formation of intact pseudoknots in the absence of rPro-
teins is not expected in our models without introduction
of specific constraints (69) (see Discussion below), the rela-
tive proximity of the corresponding fragments illustrates the
power, universality, and robustness of the presented hybrid
approach for ribosomal systems of any size.

DISCUSSION
The ES7 Signature Fold

ES7 is largest and the most complex ES and contains the
most diverse rRNA over phylogeny. Yet, with the exception
of ribosomes from some parasites, the ES7 Signature Fold
(Figure 4) is highly conserved in 2D and 3D structures in all
eukaryotes. The ES7 Signature Fold provides a foundation

for rRNA eclaboration and is a platform for helical elonga-
tion and branching. ES7 of species in Group 1 (Table 1) is
essentially comprised of the Signature Fold.

Despite overall conservation, the ES7 Signature Fold
varies over phylogeny by local differences in secondary
structure (single nucleotide insertions, base pair disrup-
tions) and long range interactions (base-sugar and base-
phosphate). ES7 Signature Fold rRNA is engaged in the
interactions with other components of the LSU, such as
rRNA of ES39 and rProtein eL6. We used invariant Base
Pair Shannon Entropy (2) to validate the ES7 Signature
Fold, which was initially identified at the level of 3D struc-
ture. Our data confirms that covariation can predict 2D
structures of some closely related species that contain diver-
gent sequences. ES7 size correlates with size of other ESs,
especially ES15, ES27 and ES39.

Beyond the ES7 Signature Fold

Elaboration of ES7 over phylogeny is achieved primarily by
elongation of Signature Fold helices and insertion of stem
loops into the elongated helices. Stem loops that insert out-
side the Signature Fold (as in Groups 2 and 3, Table 1) ex-
hibit moderate conservation of position. These stem loops
demonstrate substantial variation in length, and sequence
composition over phylogeny, and are characterized by small
insertions as well as variations in base pairing (even for
closely related species such as D. melanogaster and A. al-
bopictus).

2D models of ES7 were described previously by Gutell
(30,70) for a small subset of phyla. These models are ac-
curate for Hymenoptera (29,60), Acari (71) and some pro-
tists (72) even though sequence divergence, size and branch-
ing complexity presented challenges. However, structures
of ES7s from many mammals and birds remained unre-
solved until now. We note that the 2D structure of ES7
of M. musculus presented here (ES77) is substantially
different from an early model by Bachellerie (ES7Bachelleric)
(9). ES7Bachelleric contains two four-way junctions, while
ES7PetoV contains several three-way junctions (Supplemen-
tary Figure S14), and resembles a morphology of ES7 of H.
sapiens.

Convergent evolution of ES7

Phylogenetic comparison of ES7s reveals evidence of con-
vergence. Polyphyletic distribution of ES7 features from
Groups 2 and 3 across phylogeny suggests that some inser-
tions took place in parallel. Analogous elaborations, that
project from the Signature Fold and result in extension of
ES7abc and branching of ES7d, are broadly dispersed over
phylogeny and are found in insects (D. melanogaster and A.
albopictus ), plants (A. thaliana and O. sativa) and fungi (C.
neoformans). These elaborations are not observed in rRNAs
of the deepest ancestral nodes. Indicators of convergent evo-
lution are also seen for tentacles of Group 3.

Long tentacles are attached at different sites in rRNAs
of different species. ES7 of G. gallus contains one long ten-
tacle (ES7d1) attached at the position of a small stem-loop
(that branches form ES7d) in mammalian rRNAs. ES7 of
H. sapiens contains two long tentacles (ES7a and ES7b),
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which attach at sites of shorter tentacles in the rRNA of
G. gallus (Supplementary Figure S7). The comparison sug-
gests similar function of highly elongated extensions that
transcends specific sites of attachment.

Biological roles of ES7

Ribosomal expansion in eukaryotes might arise from con-
ventional adaptive pressures, but might also be explained
in part by Constructive Neutral Evolution (CNE) (73—
75). CNE is a multi-step process in which neutral, non-
adaptive change opens capacities for complementation and
co-dependency. In a first CNE step, an intrinsic or environ-
mental change would alter ribosomal structure, expanding
the rRNA, with little or no gain in function. This rRNA
expansion might not initially confer advantage. Subsequent
steps would stumble upon functions for the expansion seg-
ment, ratcheting the complexity.

Experimental manipulation of rRNA of eukaryotic ri-
bosomes in vivo is problematic, complicating the determi-
nation of functions (76). Nevertheless, expansion segment
ES7 is associated with multiple functions, many of which
have been recently highlighted for fungal and protist ribo-
somes (Group 1). Thus, removal of ES7 has been found
to be lethal for fungi (77-79). ES7 interacts with riboso-
mal protein eL.14 via ES7b (16). The tip of ES7b can be
in proximity to a flexible L7/12-stalk and may transiently
interact with ribosomal protein uL.10 (80). It has been sug-
gested that conformational changes of fungal ES7 (together
with ES39) affect binding of the Signal Recognition Parti-
cle, facilitating a conformational switch of ES7/ES39 (81).
ES7 has been found to interact with ribosomal assembly
factors Nsalp, Mak16p and Rpflp in fungi, highlighting
its functional importance in early ribosomal assembly (82—
85). Recently, it has been shown that ES7 in fungi interacts
with the assembly factor Noc2p (86) in functionally coor-
dinated modules in the early 66S pre-ribosome, suggesting
that ESs may have coevolved with ribosomal assembly fac-
tors to drive differentiation of the pathways of ribosomal
biogenesis. ES7 is cleaved by Fe?*, causing a rapid hydroly-
sis of ribosomal particles under oxidative stress (87). ES7a
with ES27a help to localize N-terminal acetylases (88) and
influence translation fidelity (78).

ES7 of higher eukaryotes gained additional functions. Ri-
bosomes of Group 3 (Table 1), but not those of Groups
I and 2 contain ES7e. This stem-loop plays a role in se-
lenoprotein synthesis by interacting with SECIS-binding
protein SBP2 via a K-rich motif found to be highly con-
served in vertebrates (89). Sequences of the K-rich motif of
SBP2 vary between Group 2 and Group 3 (90). Based on
these observations we suggest a co-evolution of ES7e and
SBP2 (90).

A recent bioinformatics study suggests that the substan-
tial growth of ESs (including ES7) in mammals may reflect a
gain of function related to interactions with non-ribosomal
RNAs (91). ES7 contains a multitude of antisense matches
(longer than 10nts) to many 5’-UTRs of human mRNAs as
well as G-rich tracts which can facilitate triple helix RNA
formation.

The structural models of ES7 provided here could be use-
ful for designing, testing, confirming, or rejecting biological
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or evolutionary hypotheses as well as for modeling the in-
teractions between the expansion segments and other con-
stituents of the translational machinery at the atomic level
of details (e.g rationalizing the data from the pull down ex-
periments).

Evaluation of the hybrid modeling approach

Our hybrid approach predicts 2D and 3D structure despite
impediments by dynamics and conformational heterogene-
ity, large size, sequence hypervariability, high GC content,
and absence of covariation signal, and thus is a powerful
pipeline for modeling both 2D and 3D structures of rRNAs.
The ES7 models presented here appear to correctly capture
the vast majority of 2D and 3D elements of ES7, and are
useful in interpreting and predicting a variety of data. The
hybrid method can be applied to other eukaryotic rRNA
expansions as exemplified by modeling of the rRNA LSU
from M. musculus. Inaccuracies are most pronounced in
tertiary interactions between helical motifs, helical and un-
paired motifs, or non-paired motifs (such as A-platforms,
ribose zippers or pseudoknots). If such interactions are ex-
perimentally detected, they could be constrained by incor-
poration of additional data into RNAComposer modeling
(69). The methodology proposed in the current work cannot
predict G-quadruplexes. Our 3D modelling may be biased
towards high levels of topological similarity between related
species (H. sapiens vs S. cerevisiae or H. sapiens vs C. albi-
cans); stem ¢ (D. melanogaster and A. albopictus). 2D mod-
els are based on conservation of junctions, and RNACom-
poser predictions rank topology over sequence. Models are
predicted in isolation from proteins. The absence of proteins
can result in errors when compared with experimental struc-
tures, since proteins can stabilize RNA structure or alterna-
tively prohibit formation of canonical base pairs.

CONCLUSIONS

The ES7 is the most diverse expansion segment within eu-
karyotic ribosomes. It is the product of intense restraints
and convergent evolution, and is stringently maintained as
helices accrete and elongate. ES7 structures have been pro-
duced here by efforts that integrated techniques and con-
strains from 1D, 2D, and 3D-based algorithms and datasets.
The data support an evolutionary model in which ES7 of
metazoan lineages emerged through a series of elementary
and recursive growth events. As a general pattern, a given
stem-loop, once introduced into an ancestral rRNA, ap-
pears to freeze, and remain conserved in rRNAs of daughter
species. Similar 2D topologies and 3D morphologies can be
achieved by a variety of sequences. Common ES7 morphol-
ogy is observed among species with significant differences
in sequence.

Expansions that perturb underlying ribosomal structure
or functional regions of the ribosome are not observed. The
number of distinct topological and morphological solutions
exploited by nature appears to be limited. Comparison of
ES7 structures across phylogeny reveals evidence of conver-
gent evolution. The existence of a broad range intermedi-
ate structures in non-related RNAs suggest that nucleotide-
level growth of the rRNA expansion segments was an incre-
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mental and reversible process in which many closely related
states were sampled.

Our work is inspired by pioneering efforts of Gutell
(29,30,72,92). The identification of the ES7 Signature Fold
of eukaryotes and the inference of rRNA accretion dur-
ing evolution (5,93) enabled our prediction of 2D and 3D
structures for diverse eukaryotes. Our hybrid method is fa-
cilitated by the availability of 3D structures of ES7 for di-
verse eukaryotic species and the ability of RNAComposer
to predict RNA 3D structures when structural templates are
missing. Our results provide a framework for further devel-
opment of high-throughput predictions using statistical ap-
proaches (Infernal, R-scape) (94-96).

The structures modelled here reveal principles of rRNA
accretion observed in the experimentally derived structures,
and support the Accretion Model of ribosomal evolution
(5,93,97). A recent experimental Cryo-EM structure of a
plant Solanum lycopersicum (98) confirmed our predictions
for ES7 of Group 3. Since the hybrid approach proposed
here appears to successfully predict the largest eukaryotic
expansion segments, it should be capable of resolving struc-
tures of ES’s of essentially any rRNA, as demonstrated by
the model of the LSU rRNA from M. musculus. The models
predicted in the current study can now be used as templates
in R2DT webserver (33) to derive accurate secondary struc-
tures of the other species.
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The 2D and 3D models produced in the current study are
available as Supplementary Datasets.
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