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    Chapter 13   

 Automated RNA 3D Structure Prediction 
with RNAComposer                     

     Marcin     Biesiada    *,     Katarzyna   J.     Purzycka    *,     Marta     Szachniuk    , 
    Jacek     Blazewicz    , and     Ryszard   W.     Adamiak      

  Abstract 

   RNAs adopt specifi c structures to perform their activities and these are critical to virtually all RNA- 
mediated processes. Because of diffi culties in experimentally assessing structures of large RNAs using 
NMR, X-ray crystallography, or cryo-microscopy, there is currently great demand for new high-resolution 
3D structure prediction methods. Recently we reported on RNAComposer, a knowledge-based method 
for the fully automated RNA 3D structure prediction from a user-defi ned secondary structure. 
RNAComposer method is especially suited for structural biology users. Since our initial report in 2012, 
both servers, freely available at   http://rnacomposer.ibch.poznan.pl     and   http://rnacomposer.cs.put.
poznan.pl     have been often visited. Therefore this chapter provides guidance for using RNAComposer and 
discusses points that should be considered when predicting 3D RNA structure. An application example 
presents current scope and limitations of RNAComposer.  

  Key words     RNA tertiary structure  ,   RNA three-dimensional structure  ,   RNA modeling    

1     Introduction 

 RNAs adopt specifi c structures to perform their activities, begin-
ning with transcription and ending with turnover.  RNA      structure 
is critical to virtually all RNA-mediated processes ranging from 
splicing to viral replication in eukaryotes. Studying RNA structure 
helps understanding how it guides RNA function. The ability of 
RNA strands to fold back on themselves and to form stable tertiary 
architectures is fundamental to RNA function. In many cases, the 
RNA  tertiary   structure is crucial for recognition by cellular factors. 
RNA structure is infl uenced by primary sequence, cellular envi-
ronment, trans-acting factors, or ion homeostasis. These factors 

 *These authors contributed equally to this work. 
 Dedication: This work is dedicated to Professor David Shugar, one of the pioneers in the fi eld of molecular 
biophysics, on the occasion of his 100th birthday anniversary. 
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 contribute to the diffi culty of obtaining RNA 3D structures using 
X-ray  crystallography   or NMR. 

 Recent advancements in RNA secondary  structure probing  , 
including new reagents or structure mapping integrated with sys-
tematic mutagenesis, allowed to determine secondary structures of 
large RNAs with reasonable accuracy [ 1 ,  2 ]. The bottleneck is an 
RNA 3D structure determination. One possibility to overcome 
this limitation is RNA 3D structure prediction. Computational 
methods for RNA tertiary structure prediction are based on simu-
lation of RNA folding (DMD [ 3 ], NAST [ 4 ]),  comparative model-
ing   ( ModeRNA   [ 5 ]) or fragment assembly (FARNA [ 6 ],  MC-Fold  /
MC-Sym [ 7 ]). Most of them are time-consuming and require high 
level of expertise to accomplish prediction of 3D model. Few 
methods are automated ( Vfold   [ 8 ],  iFoldRNA   [ 9 ],  3dRNA   [ 10 ]) 
and among them is our method called RNAComposer [ 11 ]. All 
available approaches have substantial limitations, but the fi eld of 
computational methods for RNA tertiary structure prediction is 
currently coming into bloom. 

   The  RCSB PDB   [ 12 ] database contains over 2500 spatial structures 
of RNA, and this number still increases. Every spatial structure has 
corresponding secondary structure. Every RNA secondary struc-
ture contains single and double stranded regions, and these can be 
classifi ed as loops, stems, etc. If we divide RNA secondary struc-
tures into specifi c elements, like stems or loops, many of these ele-
ments will be identical or similar. The idea of RNAComposer [ 11 ] 
is based on the observation that many of these elements repeat. 
Therefore unknown 3D structures can be predicted and built 
based on the known elements derived from the solved 3D struc-
tures. RNAComposer predicts 3D structures of RNA molecules 
based on their sequence and secondary structure topology. It uses 
a dedicated database (a dictionary of structure elements) that con-
tains 3D RNA fragments derived from RNA  FRABASE   [ 13 ,  14 ]. 
The dictionary relates RNA secondary and  tertiary   structure ele-
ments. In the fi rst step, secondary structure provided by the user is 
divided into fragments according to its graph representation [ 15 ]. 
Next, RNAComposer algorithm searches through the dictionary 
of elements to fi nd best matching 3D structure fragments with the 
 RNA      secondary structure of interest. Initial 3D model is built by 
assembling selected 3D structural elements. Next, it is refi ned to 
the fi nal 3D structure by minimization in torsion angle space and 
in Cartesian atom coordinate space using  CHARMM   force fi eld 
(both steps use incorporated X-Plor suite [ 16 ]). 

 RNAComposer is based on the concept of machine transla-
tion. It is a knowledge-based method that employs fully automated 
fragment assembly based on the user-specifi ed secondary RNA 
structure. Structure prediction is very fast and accomplished using 
web-servers:   http://rnacomposer.ibch.poznan.pl     and mirror 
  http://rnacomposer.cs.put.poznan.pl    . 

1.1  RNA 3D 

Structure Prediction 

with RNAComposer
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 Two procedures are implemented in RNAComposer web- 
server to obtain RNA 3D structures. The interactive mode, for fast 
inspection of RNA molecule of interest is dedicated to all visitors, 
while the batch mode allows modeling larger RNA structures in 
large-scale. Batch mode is available after registration.   

2    Materials 

 RNAComposer should be run via an Internet web browser. It has 
been implemented in the client–server model and requires from 
the user (i.e., the client side) to have an Internet access and a web 
browser installed locally. The system works with most of the avail-
able browsers. Windows users can execute it in Microsoft Internet 
Explorer (from version 8.0), Mozilla Firefox (from version 3.6), 
Opera (from version 10.53), or Google Chrome (from version 5.0), 
whereas for those working under Linux or Mac OS, Mozilla Firefox 
(from version 3.6) and Opera (from version 10.53) are suggested. 
In every case, the latest versions of web browsers are strongly rec-
ommended. In the interactive mode, RNAComposer provides a 
possibility to display the output 3D model. The visualization is 
performed by the incorporated Jmol [ 17 ] applet that runs on a 
web browser’s Java Virtual Machine. Therefore, an installation of 
Java (  www.java.com    ), preferably its latest version, is required to 
execute this option.  

3    Methods 

   When opening the RNAComposer  website,      one can see Homepage 
with interactive mode activated, vertical menu panel displayed on 
the left side, and bottom bar with quick links (Fig.  1 ).

   Menu panel contains Main Menu, login area, visitor counter, 
and links to supporting institutions. Main menu allows to navigate 
between the system pages: “Home”, “Tools”, “Help”, “About”, 
“References”, “Links”, and “Contact us”. “Home” is the starting 
page. Its main content, in both modes, is the task entry box, where 
the input sequence and secondary structure topology should be 
typed in. Three examples are available at hand for quick upload and 
processing. Clicking on “Compose” button runs the process of 3D 
structure modeling. “Tools” page provides support for users hav-
ing their secondary structures encoded in  CT   or BPSEQ format. 
Two converters from these notations to  dot–bracket   are available 
there. “Help” gives a detailed description of the system, including 
usage scenarios, input and output data formats with examples, and 
user account. RNAComposer authors, developers, supporting 
team, and funders are acknowledged on the “About” page. 
“References”  enumerate   RNAComposer-related publications for 

3.1  RNAComposer 

Website at a Glance
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citation. On the “Links” page we have collected links to selected 
tools for RNA structure storage, analysis and processing. Finally, 
“Contact us” provides the message form to be used in case of ques-
tions, problems, or suggestions concerning RNAComposer. 
Messages typed here are e-mailed to the RNAComposer team 
members. 

 Login area differs between modes. In the interactive mode it 
allows to register within the system (“Create an account” option), 
reset forgotten password (“Forgot your password?” option), and 
enter the batch mode by logging into the system. In the batch 
mode it provides links to access user workspace and account set-
tings page. 

 Quick links located on the bottom bar direct the user to “Terms 
and conditions”, “System requirements”, and “Report problems” 
pages. The fi rst page collects information about policy of using 
RNAComposer system. Software requirements that should be met to 
make the use of RNAComposer possible are reported on “System 
requirements” page. Finally, the “Report problems” link directs to the 
contact page, similarly as “Contact us” option in the Main Menu.  

    RNAComposer requires sequence and defi ned secondary structure 
topology as an input. RNA length is limited to 500 nucleotides. 
Input consists of three clearly defi ned lines. The fi rst line serves to 
identify the molecule while following two lines are critical for the 
three-dimensional structural model building. The fi rst line begins 
with the right angle bracket “>” and identifi es the RNA strand of 
interest. After “>” only basic letters “A–Z”, “a–z”, numbers 0–9, 
underscore “_” and colon “:” signs are accepted. The next line 

3.2  Getting Started: 

How to Prepare 

the Input Data

  Fig. 1    RNAComposer interactive mode homepage (  http://rnacomposer.cs.put.poznan.pl    ). (1) Main menu. (2) 

Examples. (3) Reset button. (4) Entry box with input example. (5) Compose button. (6) E-mail address box       
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contains RNA sequence annotated in four-letter ribonucleotide 
code: “A, C, G, U”. Modifi ed bases cannot be marked. The third 
line represents RNA secondary structure topology encoded in 
 dot–bracket   notation. This notation represents secondary struc-
ture of  RNA      in a simple way, but few principles must be followed 
to prepare correct input. In this notation, dots are assigned to 
unpaired nucleotides or noncanonical pairing. Parentheses are 
assigned to canonical-paired nucleotides so that left “(” represents 
fi rst nucleotide from the base-pair (closer to the RNA 5′-end) and 
the right “)” is attributed to the nucleotide closing this pair 
(Fig.  2a ). If the secondary structure is more complicated, e.g., con-
tains structural elements of higher order, it is necessary to use other 
brackets for the structure representation. The square brackets “[]”, 
braces “{}”, or angle brackets “<>” are allowed. For example fi rst 
order pseudoknot within RNA structure should be annotated using 
square brackets.

   Lines 2 and 3 must have equal number of characters and each 
dot or bracket sign from the third line should correspond with the 
letter identifying the base and located above this sign. Only canon-
ical A-U, C-G and a wobble G-U base pairs are permitted in the 
input data. Any additional comments can be added in any new line 
starting with hash “#” sign. An example of the correct input data 
(structure of RNA function modulator, PDB id: 4K27 [ 18 ]) is 
shown on Fig.  2a . Its secondary structure is visualized on panel b. 

 Three examples are available in the web-server interactive 
mode to display correct input data. First example is a model hair-
pin, the second shows RNA structure with the pseudoknot and the 
third one exemplifi es the use of the secondary structure prediction 
program (described in detail in Subheading  3.3 ). Button “Reset” 
above the entry box allows to clear the entry box contents. 

 In the batch mode the user can provide a batch of up to ten 
RNA sequences with 1–10 secondary structure topologies for 

  Fig. 2    Example of correct input data. ( a ) Secondary structure of functional modulator hairpin in  dot–bracket   

notation and ( b ) its PseudoViewer visualization       
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every sequence. Secondary structure topology is represented in 
 dot–bracket   notation. Each sequence must be introduced with a 
new line containing sequence identifi er following the angle bracket. 
Every additional  dot–bracket   notation of the secondary structure 
must be written in separated line directly under the sequence line. 

 To present correct input data in the batch mode, three examples 
are provided on the RNAComposer website. The fi rst example is a 
274 nts RNA containing pseudoknot, based on the  crystal struc-
ture   of tetrahymena ribozyme (PDB id 1X8W). The second exam-
ple is a 120 nts RNA, based on 5S rRNA  E. coli  mutant (12C>12A; 
PDB id 2AWB). For this  RNA     , three different secondary struc-
tures are predefi ned. Example 3 is oriented towards  high- 
throughput   approach available in RNAComposer and exemplifi es 
input of multiple sequences of pre- miRNA   with several defi ned 
secondary structures for each sequence. 

 If the above described rules are not obeyed, the computation 
is stopped and the error messages are displayed under the entry 
box. Non-critical errors (displayed in yellow) like presence of non-
canonical base pairs in secondary structure topology or lowercase 
letter in the sequence can be automatically corrected or ignored. 
If ignored, the RNAComposer treats noncanonical base pair as the 
canonical one and the lowercase letter is changed to the capital. 
Critical errors (written in red) obstruct launching of the computa-
tion and this type of error must be repaired.  

    Interactive mode (Fig.  1 ), available without registration is dedi-
cated mostly to the inexperienced users who are interested in the 
fast inspection of simple structures or want to test RNAComposer 
performance. Interactive mode is useful for smaller and not com-
plex RNAs that are readily predicted in silico ( see   Notes 1  and  2 ). 

 Before launching structure modeling, correct input data are 
required ( see  Subheading  3.2 ). Secondary structure topology of RNA 
can be entered by the user in  dot–bracket   notation. However, in this 
mode, the secondary structure can be also predicted making use of 
one of three programs: RNAstructure [ 19 ],  CONTRAfold   [ 20 ], or 
 RNAfold   [ 21 ] that have been incorporated into RNAComposer 
system. For this purpose the name of selected program should be 
provided in the third line instead of  dot–bracket   representation 
(example 3 in the RNAComposer interactive mode). 

 Pushing “Compose” button results in opening the “Task 
progress information” page (Fig.  3 ). In this page, the user obtains 
output information containing: task identifi er and input data, 
information about the task processing phases released in real-time 
with partial and completed computing times, and two links. First link 
allows to download “pdb” fi le with coordinates of the predicted 
3D model (Fig.  4 ). The second link allows for instant 3D visualiza-
tion of the  model      using Jmol [ 17 ] applet. Additionally, upon user 
request, the pdb and log fi les may be sent to the supplied e-mail 

3.3  Structure 

Modeling in the 

Interactive Mode
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  Fig. 3    The task progress information page (  http://rnacomposer.cs.put.poznan.pl    ). (1) Task identifi er and input 

data. (2) Information about task processing phases. (3) Links to output data: pdb fi le and Jmol visualization       

  Fig. 4    3D representation of hairpin model       
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address. This is possible when the appropriate option is set in the 
user workspace.

    One query in RNAComposer’s interactive mode allows to 
build only one 3D RNA model. It is usually accomplished within 
seconds to minutes, depending on the RNA molecule size and 
complexity [ 11 ].  

   For the purpose of using the RNAComposer batch mode, a user 
should register in the system by creating a personal account. Upon 
selecting “Create an account” option, located in the menu panel 
login area (Fig.  1 ), an account creation page is launched. The user 
is required to provide an e-mail address, unique username (user 
ID), and password (all of them are case sensitive). After quick data 
validation, an e-mail with activation link is sent to the user. Clicking 
onto the link ends the registration. Immediately after that, the new 
account is available and ready to use. Logged user can change the 
account settings, like e-mail address, password, and notifi cation 
about completed batches. Three options are defi ned for e-mail 
notifi cations: no notifi cations, notifi cations with or without predic-
tion results attached.  

   Batch mode (Fig.  5 ) is designed for RNA 3D structure prediction 
in large scale and allows to use additional RNAComposer 
functionality:

 –     Single input with multiple sequences defi ned and multiple 
secondary structures for each sequence  

 –   Prediction of multiple models for one secondary structure  

 –   Addition of distance restraints  

 –   User workspace for short term storage of obtained data  

 –   Detailed information about prediction steps and results provided 
in the log fi le ( see   Note 3 )    

 Process of RNA structure prediction in the batch mode is simi-
lar to the interactive mode. However, in this mode the user can 
provide a batch of up to ten sequences with 1–10 secondary struc-
ture topologies for every sequence. No limit has been defi ned for a 
number of batches that can be run by the user. All batches are 
queued in the system and served according to the queuing proto-
col. Similarly to the interactive mode, the secondary structure 
topology is presented in  dot–bracket   notation ( see   Notes 1  and  2 ). 
In the single batch prediction, the user can launch as many as 100 
tasks (one task consists of one sequence and secondary structure) 
that would have to be introduced separately in the interactive 
mode. Additionally, for each of these tasks RNAComposer can 
compute up to ten structural  models,      resulting in 1000 RNA 
3D structural models that can be generated at a time, upon a 
single batch. The user can choose the required number of 

3.4  Creating User 

Account

3.5  Structure 

Modeling 

in the Batch Mode
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structures by selecting option “maximum number of 3D models 
per each secondary structure” (Fig.  5 ). The predicted models are 
ranked based on the following criteria:

 –    Secondary structure topology compliance  

 –   Similarity of the input and output sequences  

 –   Purine–pyrimidine compatibility  

 –   Source structure resolution  

 –   Energy    

 The fi rst output model is the one with best values of all the 
above criteria. In case of other models, the resolution and energy 
criteria are omitted. 

   In addition to the sequence and secondary structure input, atom 
distance restraints can be optionally provided in the batch mode. 
Information about interatomic distances in RNA can be obtained 
experimentally or from analysis of particular databases, e.g., RNA 
 FRABASE   [ 13 ,  14 ]. Long range contacts or information about 
base-pairs can be revealed using UV or chemically induced cross-
linking [ 22 ],  nuclear magnetic resonance (NMR)   [ 23 ],  fl uores-
cence   resonance energy transfer (FRET) [ 24 ], or electron 
paramagnetic resonance (EPR) [ 25 ] studies. Such information can 
greatly improve 3D structure prediction. Atom distance restraints 
can be entered into additional entry box (Fig.  5 ). Format of atom 
distance restraints for RNAComposer is strictly defi ned and divided 
into two parts. The fi rst part is a headline that defi nes the sequence 

3.5.1  Atom Distance 

Restraints

  Fig. 5    RNAComposer batch mode homepage (  http://rnacomposer.ibch.poznan.pl    ). (1) Batch mode’s login area. 

(2) Examples. (3, 5, 6) Action buttons. (4) Entry box with input example of lysine  riboswitch  . (7) Example of 

correct atom distance restraints. (8) Compose button. (9) Drop-down list of maximum number of 3D models       
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number and the number of the secondary structure topology for 
which restraints will be applied. Numbers (from 1 to 10) referring 
to the sequences should be separated from those referring to the 
topologies by semicolons (example 3 in the RNAComposer batch 
mode). If the restraints are applied to more than one sequence (or 
secondary structure topology), then the sequences (topologies) 
should be separated by commas. As shown in Fig.  5 , headline: 1;2 
indicates that restraints will be applied to the fi rst sequence and 
second  dot–bracket   notation. Every new description of interatomic 
distances must be specifi ed under new headline. 

 In the second part, the user provides restraints as rigid atom 
distances. One line corresponds to the single restraint and consists 
of seven fi elds separated by spaces. The following fi elds represent:

 –    Serial number of fi rst residue  

 –   Name of the atom from the fi rst residue  

 –   Serial number of second residue  

 –   Name of the atom from the second residue  

 –   Interatomic distance value [Å]  

 –   Allowable lower deviation from distance value [Å]  

 –   Allowable upper deviation from distance value [Å]    

 Number of  nucleotide      residue and name of the atom can be 
described by at most four characters. Numbers of nucleotide residues 
correspond to nucleotides in chain from 5′ to 3′ end. Names of the 
atoms consist of the atom symbol and its number ascribed in accor-
dance with IUPAC rules. Values defi ning distances must be 
described in %5.2f format, which means that the total number of 
digits is fi ve, and number of decimal points is 2. No limit is set to 
the number of distance restraints that can be defi ned for single 
headline. Input data in specifi ed format can be introduced into the 
entry boxes by pasting, writing or uploading text fi le. Additionally, 
“Save” button allows writing input data on hard disk (Fig.  5 ).  

   When the computation of query fi nishes, the user can download 
the results. Results are provided in pdb and log fi les. Pdb fi le con-
tains atom coordinates of RNA 3D structural model(s). Log is a 
text fi le with data and parameters describing obtained model(s) 
and all steps of the 3D structure  prediction.      It contains:

 –    Input data  

 –   Processing phases with partial and completed computing times  

 –   Secondary structure elements resulting from the fragmenta-
tion of the input secondary structure  

 –   3D structure elements selected for the model building with their 
PDB IDs and similarity (%) to the structure provided by the user 
( see   Notes 4  and  5 )  

3.5.2  RNA 3D Structure 

Prediction Results
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 –   3D structure energy after every 100 steps of minimization in 
the Cartesian coordinates space  

 –   Final energy of the 3D structure    

 Included information allows evaluation of model accuracy. 
The log fi le should be thoroughly analyzed by the user and several 
points should be taken under consideration. A good indicator of 
the 3D structural model quality is the fi nal structure energy. 
Expected energy values were estimated in the original report [ 11 ] 
and are summarized in Table  1 .

   Log fi le contains also information about structural elements 
that due to the absence in the RNAComposer dictionary (although 
containing nearly half million of 3D structure elements) were gen-
erated de  novo   by the system. It should be noted that 3D struc-
tures containing such elements are usually of lower accuracy. 
Additional experimental data should be provided in such cases to 
help refi ne the structure and make the prediction more reliable ( see  
 Note 6 ). RNAComposer does not require homologs of RNA in 
question to predict the 3D structure. However, structure predic-
tion accuracy tends to be better if the homology of the fragments 
used for the structure assembly is higher. Especially more complex 
elements, such as multi-helical junctions, should be inspected for 
the level of similarity. This information is provided as a percentage 
for every fragment in the log fi le.   

   Usage of the RNAComposer batch mode is presented on the 
example of the lysine  riboswitch  . This RNA regulates biosynthesis 
and transport of amino acids, mainly lysine [ 26 ,  27 ]. Active domain 
of  Thermotoga maritima  lysine riboswitch RNA contains 174 nts 
and its secondary and three-dimensional structures have been 
solved [ 28 ] (PDB id 3DIL). The core of this RNA consists of a 
fi ve-way junction  leading   to four hairpins and helix formed by pair-
ing of the 5′ and 3′ ends. This RNA is also stabilized by the 

3.6  Application 

Example

   Table 1  
  Approximate energy values of the fi nal  3D structure   expected for different 
RNA strand lengths   

 RNA length (nt)  Energy (kcal/mol) 

 30–100  −300 to −2000 

 100–200  −2000 to −4000 

 200–300  −4000 to −6000 

 300–400  −6000 to −8000 

 400–500  −8000 to −10,000 
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pseudoknot between two hairpin apical loops. (Fig.  6 ). This RNA 
is an interesting example of complex structure and was therefore 
chosen to present scope and limitations of RNAComposer. To 
simulate a situation in which 3D structure of unknown  RNA      is 
predicted we removed all structural elements derived from 3DIL 
from the RNAComposer dictionary.

   Correct secondary structure information is critical for the 
prediction of 3D structure. To present RNAComposer depen-
dence on the input secondary structure we have undertaken two 
approaches: (1) secondary structure of lysine  riboswitch   RNA was 
predicted in silico or (2) was based on the experimental data from 
probing experiments [ 27 ,  29 ]. 

 Different web-accessible tools were used for the in silico 
experiment. Secondary structure predicted using  KineFold   [ 30 ] 
was most similar to that observed in the  crystal structure   with the 
Matthews correlation coeffi cient (MCC) [ 31 ] of 0.877. This struc-
ture was used for further analyses (Fig.  5  entry box). 

 Secondary  structure probing   experiments provide valuable 
information that help to develop RNA secondary structure models. 
Recent advancement in probing methods, including new reagents 
[ 32 ] and experiments prepared in  high-throughput   fashion, made 
it possible to obtain good quality secondary structure models of 
large RNAs [ 33 – 35 ]. However, these methods still have limita-
tions. In most cases complex elements, like pseudoknots, require 
additional analysis to confi rm their existence [ 36 ]. In the case of 
lysine  riboswitch   RNA loop–loop interaction was postulated [ 27 ] 
and further confi rmed [ 29 ]. To refl ect this situation in our tests, 
experimentally supported structure was used in two options: with-
out and with pseudoknot (Fig.  5  entry box). RNAComposer 
allows to annotate pseudoknots using square brackets (Fig.  5 ) or 

  Fig. 6     3D structure   representation of lysine  riboswitch   models obtained from ( a ) experimental data without 

pseudoknot, ( b ) experimental data with pseudoknot determined as atom distance restraints, ( c ) experimental 

data with pseudoknot determined as brackets. ( d ) Reference  crystal structure   of lysine riboswitch (PDB id. 

3DIL). ( e ) Superposition of obtained models and crystal structure       
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by providing appropriate distance restraints (Fig.  5 ). In summary, 
the following input options for 3D structure prediction of lysine 
riboswitch were used: 

 Case 1. The  in silico  predicted secondary structure. 
 Case 2. Experimentally supported secondary structure without 

pseudoknot. 
 Case 3. Experimentally supported secondary structure with 

the pseudoknot annotated using distance restraints. 
 Case 4. Experimentally supported secondary structure with 

the pseudoknot annotated using square brackets notation. 
 For each RNA secondary structure 10 three-dimensional 

structural models were predicted. Entire prediction took 26 min, 
thus single 3D structure was predicted in about 40 s. For clarity, 
we analyze here in detail only model no. 1 generated for each case. 

 According to the previously reported estimation [ 11 ] total 
energy calculated by RNAComposer for the 174 nts  RNA      should 
not exceed −3474 kcal/mol. Examination of the log fi le showed 
that all of the models meet this criterion suggesting that they can 
be further analyzed. 

  Case 1 . 
 During the modeling of 3D structure using in silico predicted 

RNA secondary structure input, one 3D element ought to be gener-
ated by the RNAComposer engine. The 3D element representing 
required secondary structure topology of the fi ve-way junction pre-
dicted in silico was not present in the RNAComposer dictionary. The 
predicted 3D model showed departure from the RNA  crystal struc-
ture  , as demonstrated by RMSD of 24.82 Å (Table  2 ). This could be 
anticipated since an input secondary structure was inaccurate. In such 
case total energy criterion might not be informative. Moreover, this 
case confi rms that the quality of the predicted 3D models is strongly 
dependent on the RNAComposer dictionary content.

    Case 2 . 
 When the correct secondary structure was used as input but 

the pseudoknot was omitted, calculated RMSD of 6.91 Å (Table  2 ) 

      Table 2  
  Energy and global RMSD of models obtained for lysine  riboswitch   
compared with  crystal structure   of 3DIL   

 RNA secondary structure model  RMSD (Å)  Energy (kcal/mol) 

 In silico predicted  24.82  −3642.483 

 Experimental without pseudoknot  6.91  −4494.975 

 Experimental with atom distance 
restraints 

 5.82  −4245.223 

 Experimental with square brackets  1.72  −4628.297 
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showed that predicted 3D model closely resembled RNA  crystal 
structure   (Fig.  6a, e ). Local departure from the correct structure 
was observed within the region corresponding to the apical loops 
forming pseudoknot in lysine  riboswitch   RNA, underlying the 
importance of the fully correct input secondary structure. It is 
important to note that fi ve-way junction was well predicted and 
therefore correct orientation of all helices was observed. 

  Case 3 . 
 To correct prediction in Case 2 model, distances between resi-

dues involved in pseudoknot formation were fi xed (Fig.  5 ). For 
this purpose  RNA      helix with the sequence identical to the loop–
loop interaction was extracted from RNA  FRABASE   [ 13 ,  14 ] and 
distances between atoms characteristic for this helix were used to 
restrain the prediction. Use of this additional RNAComposer func-
tionality allowed to obtain model with slightly better global RMSD 
(5.82 Å) (Table  2 ). However, kink introduced by the restraints 
within one of the hairpins affected conformation of adjoining 
structural elements (Fig.  6b, e ). Sequence similarity between 
input structure and element used by RNAComposer for loop 1 
(nts 41–54) was 42.86 %, while for the loop 2 (nts 93–101) it was 
66.67 %. Still, predicted and  crystal structure   showed good overall 
agreement. 

  Case 4 . 
 When correct input secondary structure was used and loop–

loop interaction was annotated with square brackets predicted 
structure showed global RMSD of 1.72 Å (Table  2 , Fig.  6c, e ) 
demonstrating predictive power of RNAComposer.  

   Registered users have the opportunity to view their latest batches 
in the personal workspace. It is accessible after login and selecting 
“My workspace” option in the login area of menu panel. Also 
after running a new batch, the user is immediately taken to the 
workspace. There, the list of all uploaded batches that are unfi n-
ished or were fi nished less than 2 weeks ago, is displayed. For 
every batch in the list, the user can see the time of its uploading to 
the system (i.e., the time of pressing “Compose” button), its 
launching (i.e., actual time in which it left the queue and started 
to be processed), and its completion. The details concerning batch 
input data can be recalled after clicking on its identifi er which 
takes the user to batch details page. Batch processing results (pdb 
and log fi les) can be saved to a local disk upon selecting the 
“Download” option. Every completed batch, together with its 
results, can be removed from the system after selecting it from the 
list and pressing the “Delete selected” button. Otherwise, it is 
stored in the system for 2 weeks and next removed after notifying 
the user with a warning e-mail.   

3.7  User Workspace
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4    Notes 

 RNAComposer fi delity was validated on 40 RNA 3D structures of 
different complexity and ranging in length from 33 to 161 nts [ 11 ]. 
The method is fully applicable to the prediction of 3D structures 
of large RNA, up to 500 nucleotides [ 36 ], including folding 
intermediates [ 37 ]. RNAComposer is being instantly developed 
and its dictionary volume increases, thus predictions are more 
accurate. However several points should be considered.

   Note 1. As demonstrated in the application example, correct sec-
ondary structure is critical to obtain accurate 3D structure.  

  Note 2. The in silico RNA structure prediction of larger RNA 
should be reinforced by incorporation of the restraints obtained 
in RNA  structure probing   experiments.  

  Note 3. Log fi le should be thoroughly examined by the user. Total 
 energy      value is an important indicator of prediction quality. 
High total energy value disqualifi es the model.  

  Note 4. Models containing 3D elements generated by 
RNAComposer usually show lower accuracy.  

  Note 5. In general, RNAComposer prediction does not depend on 
fragments homology. However if low homology fragments are 
used by RNAComposer for critical structural elements like 
multihelical junctions, quality of the predicted structure might 
be lower.  

  Note 6. Users might want to test predicted models experimentally. 
Possibilities include  hydroxyl radical   probing or introduction 
of mutations that would compromise predicted long-range 
contacts in RNA 3D models [ 36 ]. In addition, RNAComposer 
can be used to derive models based on NMR experimental 
data [ 38 ].        
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a b s t r a c t

RNAs adopt specific, stable tertiary architectures to perform their activities. Knowledge of RNA tertiary
structure is fundamental to understand RNA functions beginning with transcription and ending with
turnover. Contrary to advanced RNA secondary structure prediction algorithms, which allow good accu-
racy when experimental data are integrated into the prediction, tertiary structure prediction of large
RNAs still remains a significant challenge. However, the field of RNA tertiary structure prediction is
rapidly developing and new computational methods based on different strategies are emerging.
RNAComposer is a user-friendly and freely available server for 3D structure prediction of RNA up to 500

nucleotide residues. RNAComposer employs fully automated fragment assembly based on RNA secondary
structure specified by the user. Importantly, this method allows incorporation of distance restraints
derived from the experimental data to strengthen the 3D predictions. The potential and limitations of
RNAComposer are discussed and an application to RNA design for nanotechnology is presented.

! 2016 Elsevier Inc. All rights reserved.

1. Background

RNA molecules are engaged in almost every aspect of cell life
and new RNA functions are still to be discovered. The function of
an RNA is dictated by its sequence and structure. RNA secondary
structure contains single and double stranded regions. It is esti-
mated that more than 50% of RNA secondary structure consists
of A-form helices [1]. However, the elements joining the helical
regions are important for the relative positioning of helical regions
and therefore RNA 3D structure. Longer RNAs can acquire complex
structures through the coalescence of independently folded subdo-
mains. RNA structures are critical for the function of both mRNAs
and non-coding RNAs, including microRNAs (miRNAs), ribos-
witches, ribozymes and long non-coding RNAs (lncRNAs). The fact
that specific RNA tertiary architectures are fundamental to RNA
function makes RNA molecules promising drug targets as well as
therapeutic agents. Knowledge about RNA 3D structure is not only
instructive to understand RNA function but is also required for
structure-based drug design and useful in the emerging field of
RNA nanotechnology [2].

RNA secondary structure prediction algorithms are advanced
and allow reasonable accuracy especially when experimental data
are integrated into the prediction [3]. In addition to the gold stan-
dards of RNA secondary structure determination, such as DMS
probing or more recent techniques like SHAPE, structure mapping

integrated with systematic mutagenesis makes it possible to
obtain accurate secondary structure models even for large RNAs
[3,4]. RNA atomic structures can be obtained by crystallography,
NMR, and cryo-electron microscopy, however, RNA size, conforma-
tional heterogeneity, and multiple functional states can complicate
structural determinations. In 2015, only 73 new RNA structures
were deposited into the RCSB PDB, with the total number of RNAs
only at 1165. In contrast, over 100 thousand protein structures
have been deposited into the RCSB PDB. The largest RNAs for which
3D structures were solved are components of the ribosome, and
those are stabilized by interactions with proteins. Although RNA
3D structure prediction still remains a significant challenge [5],
new computational strategies are emerging for RNA 3D structure
predictions that are based on alternative strategies [6–8].
Physics-based automated methods use fragment assembly [9,10],
coarse-grained and atomic-level molecular dynamics [11–15] and
internal coordinate space dynamics [16,17]. Knowledge-based
comparative modeling [18] depends on 3D structural templates
and unequivocal sequence alignment. Several methods are auto-
mated such as Vfold [11], iFoldRNA [14], 3dRNA [19], and
RNAComposer [20]. All have limitations but the field of computa-
tional RNA tertiary structure prediction is rapidly developing.
New experimental approaches like MOHCA-seq (Multiplexed !OH
Cleavage Analysis with paired-end sequencing) [21] may substan-
tially strengthen the 3D predictions, since MOHCA-seq provides
tertiary proximities. However, among automated methods, only
iFoldRNA [14] and RNAComposer [20] allow incorporation of data
during 3D structure modeling.

http://dx.doi.org/10.1016/j.ymeth.2016.03.010
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2. The outline of RNA 3D structure prediction using

RNAComposer

RNAComposer [20] employs fully automated fragment assem-
bly based on a secondary RNA structure specified by the user,
and is freely available through web-servers: http://rnacomposer.
ibch.poznan.pl and mirror http://rnacomposer.cs.put.poznan.pl.

The user provides sequence and secondary structure in dot-
bracket notation. Based on the graph representation [22], sec-
ondary structure is divided into fragments containing overlapping
canonical base pairs. Those smaller secondary structure elements
are related to the corresponding 3D structure elements. The appro-
priate 3D element is chosen using a dedicated dictionary tailored
from the RNA FRABASE database [23,24]. This dictionary contains
3D structure elements derived from nearly all RNA structures
deposited into the RCSB PDB. The dictionary is automatically
updated and contains almost 500,000 3D elements. 3D structure
elements are related to the secondary structure elements based
on the secondary structure and sequence homology, and purine/
pyrimidine compatibility. If more than one appropriate 3D element
is found, additional criteria, such as the resolution of the original
structure deposited into the RCSB PDB and its energy, are used to
help define the most suitable element. If the appropriate 3D struc-
ture element is missing, which can happen for complex RNA struc-
tures, RNAComposer will generate the element. Once all the
secondary structure elements have matching 3D elements,
RNAComposer will automatically assemble the 3D elements using
overlapping canonical base pairs. Resultant structures are sub-
jected to the energy minimization in the torsion angle space [25]
and subsequently in the Cartesian atom coordinate space [26].
Final, high-quality RNA 3D models are returned to the user.

RNAComposer was initially evaluated using a representative
benchmark set of 40 RNAs of different complexity, and the sec-
ondary structures derived from the X-ray structures [20]. We
demonstrated that RNAComposer was characterized by high effi-
ciency and superior performance. Importantly, even the most com-
plex structures from this set showed the correct conformation of n-
way junctions, orientation of helices or close proximity of the loops
that in the reference structures were involved in loop-loop interac-
tions. More recently, we have tested RNAComposer using 10 ribos-
witches with complex 3D structures, containing pseudoknots and
extensive tertiary interactions [27]. Even within this set, nine out
of ten examples were characterized by high accuracy and very
good recovery of canonical and noncanonical base pairing and
stacking.

3. RNAComposer input and output data

RNAComposer is available in two modes: interactive mode (for
unregistered users) and batch mode (for registered users). Interac-
tive mode is tailored to the inexperienced user and can operate on
RNA sequence only; secondary structure can be predicted using
one of the methods incorporated within RNAComposer: RNAfold
[28], RNAstructure [29], or CONTRAfold [30]. The interactive mode
is useful for modeling simple RNA structures. RNAComposer allows
for very short computing times. Therefore in batch mode, 1000 3D
structures can be obtained within a single RNAComposer batch.
The user can provide an up to 10 RNA sequences, with 1–10 sec-
ondary structure topologies (in dot-bracket notation) for every
sequence, and 10 RNA 3D structure models can be predicted for
each sequence and secondary structure. RNAComposer prediction
strongly depends on the quality of the input data since secondary
structure topology will not be altered during the prediction
[20,27]. Therefore, it is important to provide the correct secondary
structure. For larger RNAs, we recommend working on experimen-
tally supported secondary structures. Additional information from

RNA secondary structure probing experiments can substantially
improve in silico RNA secondary structure prediction [3].

Batch mode also allows for incorporation of distance restraints
that can considerably limit the diversity of possible 3D structure
models [4], especially for larger RNAs. Distance restraints can be
obtained from chemical probing experiments using hydroxyl radi-
cals [31], UV or chemically induced RNA crosslinking [32], muta-
tional analyses [33,34], MOHCA-seq [21], NMR [35], EPR [36] or
FRET [37]. Those can be introduced into RNAComposer as inter-
atomic distances specified for chosen atoms and can be input as
a range of values.

The user is provided with a PDB file containing coordinates of
the predicted 3D models and a log file. The log file contains infor-
mation about the prediction process and is an important source of
data that can help to evaluate the accuracy of the obtained model.
This file includes lists of the structure elements resulting from sec-
ondary structure fragmentation, and the tertiary elements
(sequence and topology) selected from the dictionary for assembly,
together with their origin (PDB ID code). These lists also provide
information about sequence similarity and the final energy of the
3D model.

RNAComposer does not require high homology between the
secondary structure element and the 3D element chosen from
the dictionary; reasonable models are obtained even with ele-
ments containing less than 5% homology [27]. However if one uses
fragments with low homology for critical structural elements like
multihelical junctions, the quality of the predicted structure may
be lower. In such case, additional data, like distance restraints,
should be considered by the user. If RNAComposer must generate
a specific element due to its absence in the dictionary, the resultant
3D RNA structure is usually less accurate. This information is pro-
vided within the log file.

The user should also inspect the energy of the final structure.
We have shown that the energy values change linearly with RNA
strand length [20], and this value is a good indicator of the quality
of the 3D structure model. However, a predicted model can have
the appropriate energy and still show extensive departure from
the correct 3D structure when the input secondary structure is
extensively inaccurate. This phenomenon is demonstrated by com-
paring the c-di-GMP-II riboswitch generated computationally with
its known 3D structure [27]. For highly accurate prediction, it is
important to ensure incorporation of the correct secondary struc-
ture topology and distance restraints, especially for large RNAs.

4. Applications

We thoroughly tested the accuracy and quality of RNACom-
poser predictions using RNAs of different complexity with known
X-ray structures [20,27]. We have also recently participated in col-
lective and blind experiments in 3D RNA structure prediction as
part of RNA Puzzles [4]. The experimental material contained
sequences from large RNA structures with limited or no homology
with previously solved RNA molecules. RNA 3D structure predicted
by RNAComposer with the aid of experimental data [4] ranked as
one of the best models, suggesting that RNAComposer can already
provide useful structural information for biological problems.
RNAComposer was also used to derived models based on NMR
[38], SAXS [39] and cryo-EM [40]. When data from structure prob-
ing experiments was used, models of RNA larger than 300 nt [33],
or folding intermediates [31] were deciphered, answering func-
tional questions. When supported by additional software, even
models of RNAs larger than 500 nt were predicted [41]. RNACom-
poser constitutes a central element of new approaches for RNA
structure analysis and quality control [42,43]. Its strengths and
speed make it ideal for in silico prediction of RNA secondary struc-
tures containing non-canonical base-pairs [44]. Since 2012, both
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RNAComposer servers have been visited over 150 thousand times.
In our first report describing RNAComposer, we included predic-
tions of RNA structures characteristic of randomized sequence,
demonstrating the potential of our method to build artificial RNA
3D structures and its suitability for the design of artificial struc-
tures for potential therapeutic applications.

4.1. Nanotechnology

RNA is a powerful biomaterial for nanotechnology applications
due to its structural versatility, property of self-assembly, low free
energy of annealing and the possibilities for controlling its struc-
ture [2]. The feasibility of RNA nanotechnology in disease therapy
was recently outlined [40,45] and new roles for RNA in nanomedi-
cine applications are expanding [46]. Here, we present the work-
flow for utilizing RNAComposer in RNA design for potential
applications in nanotechnology (Fig. 1). First, we tested RNACom-
poser accuracy in RNA 3D structure prediction using the known
structure of the bacteriophage phi29 prohead RNA that assembles
into a ring [47]. Subsequently, we applied RNAComposer to
design a novel RNA motif and functionalize a known nanosquare
structure [48].

4.1.1. Predicting the tertiary structure of the bacteriophage phi29

prohead RNA

High accuracy RNA 3D structure prediction is critical if the
model obtained will be used for programmed self-assembly. Aber-
ration from the desired orientation of the helixes may result in an
inability to construct higher order structures. Only a few 3D struc-
tures of RNA nanoparticles are available from RCSB database. The
bacteriophage phi29 prohead RNA (pRNA) has been extensively
applied in the nanotechnology field [46]. The 3D structure of the
pentameric ring assembled from pRNAs has been determined using
electron microscopy [47]. In the first step of our analyses,
RNAstructure [29] was used for the RNA secondary structure pre-
diction. The resultant structure was compared with the available
experimental data [49]. Sequence and secondary structure in dot-
bracket notation were introduced to RNAComposer server. Impor-
tantly, for this test, all the 3D structure elements comprised by the
model of the bacteriophage phi29 prohead RNA PDB structure
(1FOQ) [47] were excluded from the RNAComposer dictionary
before prediction. Moreover, we also excluded elements derived
from homologous structures: Phi29 RNA E-loop hairpin (2KVN
[50]), essential RNA ring component (3R4F [51]); and phi29 RNA
3-way junction (4KZ2 [52]). This allowed our experiment to mimic
the intricate problem of the lack of obvious homologs that users
may face. RNAComposer predicted the 3D structure of pRNAwithin
seconds. The total energy value for this 3D model was
!2552.13 kcal/mol, which is within expected range. The accuracy,
as indicated by network fidelity parameters as well as stereochem-
ical quality of the predicted model, was very high (Table 1). Several

secondary structure elements of pRNA did not have highly similar
corresponding 3D elements in RNAComposer dictionary, including
the 3-way junction. Therefore elements with low sequence similar-
ity and pyrimidine/purine compatibility were used for pRNA 3D
model assembly (Table 2). Despite this, the orientation of the

Fig. 1. The scheme of the workflow for utilizing RNAComposer in RNA design.

Table 1

Accuracy and quality of the RNAComposer predicted pRNA 3D model and 3D structures of bacteriophage phi29 prohead RNA (1FOQ), Phi29 RNA E-loop hairpin (2KVN), essential
RNA ring component (3R4F) and phi29 RNA 3-way junction (4KZ2).

Reference PDB id. Accuracy* Nucleic acid geometry

INFcbp** INFall** RMSD [Å] Clash-score, all atoms Outlier bonds [%] Outlier angles [%] Potentially incorrect

Sugar puckers[%] Backbone[%]

RNAComposer model – – – 0.00 0.00 0.00 5.00 32.50
1FOQ 0.78 0.77 9.4 75.65 3.03 6.42 5.50 0.00
2KVN 0.83 0.65 2.3 42.28 0.00 0.00 0.00 0.00
3R4F 0.85 0.81 11.4 37.81 0.00 0.53 7.58 24.24
4KZ2 0.88 0.85 9.2 6.40 0.00 0.00 0.00 7.41

* Calculated for the predicted model with the structure of indicated PDB id.
** INF – interaction network fidelity, INF score range from 0 (worst) to 1.0 (best).

122 M. Biesiada et al. /Methods 103 (2016) 120–127



Table 2

3D structure prediction details for the pRNA.

Structural
element

Target secondary structure element Source tertiary structure element Sequence homology

Localization Secondary
structure

Localization Secondary
structure

Residues PDB ID Residues Sequence
similarity [%]

Pyrimidines/
purines compatibility [%]

First Last Sequence Topology First Last Sequence Topology

stem 1 1 4 GGAA (((( 3OI2 133 136 GGAA (((( 100 100
114 117 UUCC )))) 218 221 UUCC ))))

loop1 4 6 AUG (.( 4A1D 1207 1209 AUG (.( 100 100
48 52 UUGAG ). . .) 1259 1263 UGGAG ). . .)

stem2 6 9 GGUA (((( 3ZEX 1918 1921 GGUA (((( 100 100
110 113 UACU )))) 2374 2377 UACU ))))

loop2 9 10 AC (( 1NBR 12 13 AC (( 100 100
108 110 GCU ).) 17 19 GCU ).)

stem3 10 11 CG (( 1K01 1930 1931 CG (( 100 100
107 108 CG )) 1941 1942 CG ))

loop3 11 12 GG (( 1YL4 931 932 GG (( 100 100
108 110 CAC ).) 1208 1210 CAC ).)

stem4 12 17 GUACUU (((((( 3KNH 925 930 GCAUGU (((((( 66.7 83.3
100 105 AAGUGC )))))) 1211 1216 ACGUGC ))))))

loop4 17 21 UGCAU (. . .( 3ZEX 2564 2568 GGUUG (. . .( 14.3 28.6
99 100 AA )) 2598 2599 CU ))

stem5 21 28 UUGUCAUG (((((((( 2IHX 1 8 CUGCCCUC (((((((( 56.2 75
92 99 CAUGGCAA )))))))) 68 75 GAGGGCAG ))))))))

loop5 28 30 GUG (.( 3J44 637 639 UGG (.( 20 40
71 75 CUUUG ). . .( 827 831 UAAGA ). . .(
91 92 UC )) 931 932 UA ))

stem6 30 34 GUAUG ((((( 1GAX 48 52 GUAGG ((((( 80 80
67 71 CAUAC ))))) 60 64 CCUAC )))))

loop6 34 36 GUU (.( 1HR2 186 188 GUU (.( 100 100
66 67 AC )) 249 250 AC ))

stem7 36 39 UGGG (((( 3IZV 125 128 UGGG (((( 100 100
63 66 CCCA )))) 233 236 CCCA ))))

loop7 39 48 GGAUUAAACCC (. . .. . .. . .( 3J44 2233 2243 GCGCAGCGUAG (. . .. . .. . .( 15.4 53.8
62 63 GC )) 2301 2301 CC ))

stem8 49 52 CUGA (((( 2QBI 31 34 CUGA (((( 100 100
59 62 UCAG )))) 48 51 UCAG ))))

loop8 52 59 AUUGAGUU (. . .. . .) 3BBN 1082 1089 GUUGAGUU (. . .. . .) 87.5 100
stem9 75 80 GUUGAU (((((( 4A19 479 484 GUCGAU (((((( 83.3 100

86 91 GUCAAU )))))) 494 499 GUCGAU ))))))
loop9 80 86 UUGGUUG (. . ...) 3CC7 2586 2592 UUGUUCG (. . ...) 71.4 85.7
single strand 117 120 CUAA ). . . 3J45 283 286 CUAA ). . . 100 100
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helixes in the predicted pRNA 3D structure was correct and super-
position with the pentameric ring structure (1FOQ) demonstrated
the potential for correct assembly (Fig. 2A). Loop-loop interactions
are not present in the model, however this is expected since we
predicted the 3D structure of monomeric pRNA. The apical loops
of monomers are in close proximity (Fig. 2B). The rmsd calculated
with the structures of pRNA and its fragments were within the
expected range, taking into account the resolution of the source
structures (Table 1).

4.1.2. Functionalizing nanosquare structure

We applied RNAComposer to design novel RNA motif and func-
tionalize a previously tested nanosquare building block (Fig. 3A,E)
for which Dibrov et al. [48] demonstrated the programmed self-
assembly of RNA squares from complex mixtures of corner units
(building blocks). This RNA square can be potentially used as a
combinatorial nanoscale platform. We wanted to introduce a
new hairpin (HP1) into the nanosquare building block. Such a hair-
pin can be designed to produce multifunctional RNA nanoparticles
that contain Dicer substrate RNA or a specific motif such as a ligand

binding site, as presented by Afonin et al. [40]. Moreover, function-
alized corner units can potentially serve for the controlled con-
struction of RNA nano-objects. Using functionalized corner units
with different topologies and orientations of HP1, which contains
a sequence able to form a kissing-loop interaction, it should be pos-
sible to modulate the architecture of RNA higher-order nanostruc-
tures, i.e. two-dimensional arrays. The sequence of HP1 is G-C rich
and was designed to form a stable structure. The stability of this
hairpin was estimated using RNAstructure [29]. The calculated
lowest free-energy secondary structure corresponded to the
desired RNA conformation (Fig. 3C) and no other secondary struc-
ture was predicted within 20% of the lowest energy structure. By
introducing different sequences in the HP1 apical loop one could
choose an angle between the z-axes of the stems of respective hair-
pins interacting through the kissing-loop. Therefore after introduc-
ing HP1 into the nanosquare building block, control of the
architecture of higher-order nanostructures could be achieved by
modulating intermolecular interactions. FRABASE [23,24] was used
to select desirable kissing-loops, but RNAJunction Database [53]
can be also used as an alternative tool. We searched FRABASE for
all available structures of kissing-loop complexes with apical loops
smaller than 10 nt and at least 4 nt involved in loop-loop interac-
tions. We selected 15 examples with the angles between hairpins
z-axes ranging from "130 to 170" (Table 3). To functionalize a
nanosquare building block with the engineered HP1, its internal
loop must be replaced with a 3-way junction. Such a junction is
another element that allows regulation of the architecture of
two-dimensional arrays. This can be achieved by controlling the
positioning of HP1 relative to the corner unit helices. FRABASE
[23,24] was searched for 3-way junctions of different topologies.
RNAJunction Database [53] is another excellent tool that can also
be used. For our search the first strand was left intact to limit the
number of elements while the second and third varied the number
of nucleotides from 1 to 10 (Fig. 3D). Applying ‘‘Strand shift oper-
ation” in FRABASE resulted in 2514 different 3-way junction hits.
Junctions with repeated sequences and similar 3D structures were
removed to obtain 158 diverse 3D elements. Taking into account
the predictive power of RNAComposer, all of the elements were
converted into RNAComposer dot-bracket annotated input, and
16 different batches were run. Each batch consisted of 10 tasks
with different sequences and secondary structures (8 for the last
batch) and three 3D structures were predicted for each task. Since
RNAComposer can only predict 3D structures for one RNA strand,
the nanosquare building block was closed on one side by an api-
cal loop (Fig. 3B,F). The entire procedure took less than three
hours. Total energy values of the resultant functionalized build-
ing blocks were analyzed. Energy values change linearly with
the RNA strand length and for this example they should not be
higher than !1557 to !1278 kcal/mol. All of the predicted 3D
structures were within the expected range. 3D structures for
which desired orientation of the corner unit helices was pre-
served were selected for further analyses (Fig. 3G,H). Secondary
structures of functionalized building blocks can be different than
assumed at the stage of merging dot-bracket representations of
corner unit, 3-way junction and HP1 (Fig. 1). Therefore for the
chosen subset of predicted 3D models, RNAstructure [29] was
used to verify if the introduction of additional sequences consti-
tuting the 3-way junction do not destabilize HP1 or do not base
pair with the corner unit sequence. After validating their stereo-
chemical quality, ten different 3D models were chosen that rep-
resent the desired secondary structure and different topologies of
the 3D structures (Fig. 3H,I). This experiment demonstrates the
possibility to utilize RNAComposer for RNA design in RNA
nanotechnology.

Fig. 2. (A) Superposition of the predicted 3D model of pRNA (gold) and structure of
the pentameric ring assembled from pRNAs (1FOQ; lilac). (B) Kissing-loop inter-
faces are marked in green on the model of dimeric unit of pRNAs.
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5. Concluding remarks

Similar to understanding protein structure, studies of RNA
structure have a history decades long. However, contrary to pro-
teins, methods for RNA 3D structure prediction have just recently

emerged. Although these methods are still in the early phases of
development and are not free from problems and limitations, sev-
eral have been used successfully to test biological hypotheses [4].
RNAComposer has successfully predicted the 3D structures of
diverse RNAs [20,27] based on the secondary structures, was

Fig. 3. Representation of nanosquare secondary (A) and 3D (E) structure with the building block used for RNAComposer prediction shown in blue. Secondary (B) and 3D (F)
structure of the element containing 3-way junction are shown in green, with the additional hairpin (HP1) in orange. (C) RNAstructure prediction of HP1 with the base-paring
probability annotated. (D) RNA FRABASE 3-way junction search input. (G) 3D structure of nanosquare building block superimposed with the predicted structure of the
functionalized element. (H) Ten superimposed representative models are shown and in (I) HP1 is represented by sticks.
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already used in nanotechnology field [40,54,55] and allows incor-
poration of distance restraints derived from experimental data to
guide 3D structure predictions. RNAComposer continues to be
developed as its dictionary volume increases, resulting in more
accurate predictions of 3D structure that can be functionally
validated.
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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, amassive 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 Ångstroms 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. rRNA 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
3Dmodels 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 3Dmodels 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
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Figure 3. A schematic of the work-flow used to model 2D and 3D struc-
tures of eukaryotic rRNAs. RC indicates automated steps performed by
RNAComposer.

the Signature Fold (ES7a–ES7c) and insertion of new he-
lices (ES7d–ES7h, inset of Figure 2). The largest ES7s, in
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.
TheMSAwas 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), themissing segments weremod-
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 elements into
a 3D model (see Supplementary Text and Supplementary
Figure S2). Application of the hybrid methodology for the
prediction of 2D structures limited the number of plausi-
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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.

ble topologies and eliminated many 3D structures of unfa-
vorable steric interactions between the structural domains.
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 othermethods (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 4V6I, 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-
iaryMSAs 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 ES7c
(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 ofGroup 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 1 nts GC% Group 2 nts CG% Group 3 nts GC%

Giardia ardeae 31 82 Caenorhabditis
elegans

232 56 Aedes albopictusa 352 62 Anolis
carolinensis

521 85

Giardia
intestinalis

8 100 Candida
albicansa

209 55 Arabidopsis
thaliana

224 69 Danio rerio 473 77

Giardia murisa 29 62 Cyanidioschyzon
merolae

255 80 Cryptococcus
neoformans

235 52 Gallus gallusa 799 85

Eremothecium
gossypii

212 59 Drosophila
melanogasterb

340 26 Homo sapiensb 876 83

Saccharomyces
cerevisiaeb

210 50 Oryza sativa 214 80 Musmusculusa 690 80

Tetrahymena
thermophiliab

220 46 Pan troglodytes 866 82

Thalassiosira
pseudonana

212 54 Xenopus laevis 510 84

Yarrowia
lipolytica

161 50

Leishmania
donovani

200 55

aSpecies 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, A. albopictus, whose ES7 contains a rep-
resentative GC content for Group 2 (Supplementary Figure
S6, SupplementaryData 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 andHomo 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 theH.
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 forM. 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
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Group 1–3 fromMSAs in SupplementaryData 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.

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 S8–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 theMSAs.We note that the co-variationalmethod
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
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Figure 5. Conservation (GASE) and co-variation (PASE) scores mapped
onto the secondary structures of ES7 fromGroups 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 ES7MSA 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 from0 (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.
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Table 2. Structural analysis of experimental and modeled structures by

RMSD metrics

Modeled/experimental
structures RMSD, Å

Experimental/experimental
structures RMSD, Å

C. albicans (1)a/
T. thermophilia (1)

6.713 T. thermophilia (1)/
D. melanogaster (2)

5.794

A. albopictus (2)/
D. melanogaster (2)

4.934 T. thermophilia (1)/
H. sapiens (3)

5.700

M. musculus (3)/
H. sapiens (3)

4.224 D. melanogaster (2)/
H. sapiens (3)

6.831

aGroup numbers as defined in Table 1 are shown in parentheses.

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
(RMSDs) of atomic positions confirms that the structure
of the ES7 Signature Fold is conserved among all species;
structural differences between predicted and experimental
structures (RMSD = 4–7 Å) are comparable to differences
between experimental structures (RMSD = 5–7 Å), 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 struc-
ture; they may substantially differ within a group (e.g. T.
thermophilia versusC. albicans, Group 1;D.melanogaster
versus A. albopictus; Group 2); 3D junctions of species
within Group 3 tend to be highly conserved (H. sapiens
versusM. musculus).

(c) 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
7c) is characterized by an idiosyncratic set of irregular-
ities, making them quite different from the helical ele-
ments within the common core, where local motifs within
the helices are generally well-defined (within a given tax-
onomic 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 lo-
cal patterns likely reflect convergent evolution. Conser-
vation within the helical elements of the Signature Fold
varies between the groups, with Group 3 being most con-
served.

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 inmorphol-
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 1 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,
(iii) 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.
TheH. sapiens accretion pathway (hs-accretion pathway)

of ES7 describes a process that initiates withH25 of the Last
Universal Common Ancestor (LUCA) (61) and terminates
with ES7 of extantH. sapiens (Figure 6). Our best estimate
of ES7 at LUCA is H25 of bacterial ribosomes (E. coli is
used here as a prototype). Helix 25 is universal to all cytoso-
lic ribosomes. The first step from LUCA in the hs-accretion
pathway is inferred from archaeal ribosomes where H25
contains a micro-ES (m-ES). m-ES’s of 5–30 nucleotides are
commonly observed in archaeal ribosomes at sites of much
larger eukaryotic ESs (Figure 6). An insertion fingerprint in
H25 of archaeal ribosomes at the base of the m-ES marks
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Archaea

Protista

Eukaria

Metazoa

6 nts apical

loop

4V9D 4V6X4V8P4V6U1JJ2

Archaea

E. coli H. marismortui P. furiosus T. thermophilia H. sapiens

µ-ES ES

µ-ES ES

µ-ES ES

Increase in ES7 Complexity

2x2x3 3-way

junction

Figure 6. RNAaccretion in ES7, based on comparison of experimental 3D structures and their evolutionary relationships. The lineage leading toH. 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
ES7a in T. thermophilia; this element undergoes further adjustments inH. 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.

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 extension of this in-
ternal loop leads to a three-way junction (ES7a/ES7b, T.
thermophilia). This three-way junction is further elaborated
by tertiary interactions between the branched stem and the
underlying trunk (H. sapiens; Figure 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.
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1nt bulge 6nts bulge 1 and 6nts 
loop
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loop

3-way 
junc!on
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Increase in Structural Complexity

A B C D E F

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.

This process converts one RNA topology to another in a se-
ries of elementary steps that maintain the underlying struc-
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 ofM. 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 ofM. musculus LSU
rRNA (Figure 8) and H. sapiens (Figure 1B) demonstrates
their similarity. Yet, some helices ofM. 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 accretionmodel and is consistent
with a rapid growth rate of rRNA in mammalian lineages
(2). We anticipate that theM. 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 ofH. sapiens (Movie 1, Supplementary Data Set 3).
A comparison of the tentative 2D structure with the final
2D structure extracted froma 3Dmodel revealsminor pecu-
liar discrepancies discussed in the Supplementary Text and
shown in Supplementary Figure S15. The tips of expansion
segments ES7a,b in bothH. sapiens andM.musculus are en-
riched inG andC 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-
ingM. musculus rRNA model is nearly superimposable on
that of H. sapiens (PDB ID 4V6X), revealing an overall
good agreement (RMSD = 4.020 Å) 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 Å) (Supplementary Figure S16). The
structural analysis of ribosomal complexes available in Ri-
boVision reveals that the ES7/ES39 pseudoknot exists in
eukaryotic species that representmajor 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 ofM. mus-

culus is significantly shorter than that ofH. sapiens (Supple-
mentary Figure S17). However, our prediction locates cor-
responding regions of ES15 and ES7 in proximity to each
other (∼3 Å).
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 elaboration 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 (ES7Petrov) is substantially
different from an early model by Bachellerie (ES7Bachellerie)
(9). ES7Bachellerie contains two four-way junctions, while
ES7Petrov contains several three-way junctions (Supplemen-
tary Figure S14), and resembles a morphology of ES7 ofH.
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),



Nucleic Acids Research, 2022 13

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 eL14 via ES7b (16). The tip of ES7b can be
in proximity to a flexible L7/12-stalk and may transiently
interact with ribosomal protein uL10 (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 Nsa1p, Mak16p and Rpf1p 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 Fe2+, 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 1
and 2 contain ES7e. This stem-loop plays a role in seleno-
protein synthesis by interacting with SECIS-binding pro-
tein SBP2 via a K-rich motif found to be highly conserved
in vertebrates (89). Sequences of the K-rich motif of SBP2
vary betweenGroup 2 andGroup 3 (90). Based on these ob-
servations we suggest a co-evolution of ES7e and SBP2(90).
A recent bioinformatics study suggests that the substan-

tial growth of ESs (including ES7) inmammalsmay 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
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 formodeling 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). Themethodology 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 c (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 fromproteins. The absence of proteins
can result in errors when comparedwith 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 3Dmorphologies 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 andmorphological 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-
mental and reversible process in which many closely related
states were sampled.



14 Nucleic Acids Research, 2022

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 RNA3D 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
themodel of the LSU rRNA fromM.musculus. Themodels
predicted in the current study can now be used as templates
in R2DTwebserver (33) to derive accurate secondary struc-
tures of the other species.
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73. Muñoz-Gómez,S.A., Bilolikar,G., Wideman,J.G. and
Geiler-Samerotte,K. (2021) Constructive neutral evolution 20 years
later. J. Mol. Evol., 89, 172–182.

74. Stoltzfus,A. (1999) On the possibility of constructive neutral
evolution. J. Mol. Evol., 49, 169–181.

75. Lynch,M. and Walsh,B. (2007) The Origins of Genome Architecture.
Sinauer Associates Sunderland, MA.

76. Hariharan,N., Ghosh,S. and Palakodeti,D. (2022) The story of rRNA
expansion segments: finding functionality amidst diversity.Wiley
Interdiscip. Rev. RNA, e1732.

77. Shankar,V., Rauscher,R., Reuther,J., Gharib,W.H., Koch,M. and
Polacek,N. (2020) rRNA expansion segment 27Lb modulates the
factor recruitment capacity of the yeast ribosome and shapes the
proteome. Nucleic Acids Res., 48, 3244–3256.

78. Fujii,K., Susanto,T.T., Saurabh,S. and Barna,M. (2018) Decoding the
function of expansion segments in ribosomes.Mol. Cell, 72,
1013–1020.e1016.

79. Ramesh,M. and Woolford,J.L. Jr. (2016) Eukaryote-specific rRNA
expansion segments function in ribosome biogenesis. RNA, 22,
1153–1162.

80. Diaconu,M., Kothe,U., Schlünzen,F., Fischer,N., Harms,J.M.,
Tonevitsky,A.G., Stark,H., Rodnina,M.V. and Wahl,M.C. (2005)
Structural basis for the function of the ribosomal L7/12 stalk in
factor binding and GTPase activation. Cell, 121, 991–1004.

81. Nilsson,J., Sengupta,J., Gursky,R., Nissen,P. and Frank,J. (2007)
Comparison of fungal 80S ribosomes by cryo-em reveals diversity in
structure and conformation of rRNA expansion segments. J. Mol.
Biol., 369, 429–438.

82. Greber,B.J., Boehringer,D., Montellese,C. and Ban,N. (2012)
Cryo-EM structures of arx1 and maturation factors rei1 and jjj1
bound to the 60S ribosomal subunit. Nat. Struct. Mol. Biol., 19,
1228–1233.

83. Wu,S., Tutuncuoglu,B., Yan,K., Brown,H., Zhang,Y., Tan,D.,
Gamalinda,M., Yuan,Y., Li,Z., Jakovljevic,J. et al. (2016) Diverse
roles of assembly factors revealed by structures of late nuclear
Pre-60S ribosomes. Nature, 534, 133–137.

84. Kater,L., Thoms,M., Barrio-Garcia,C., Cheng,J., Ismail,S.,
Ahmed,Y.L., Bange,G., Kressler,D., Berninghausen,O., Sinning,I.
et al. (2017) Visualizing the assembly pathway of nucleolar Pre-60S
ribosomes. Cell, 171, 1599–1610.e1514.

85. Bradatsch,B., Leidig,C., Granneman,S., Gnädig,M., Tollervey,D.,
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