
Towards Rational RNA Therapeutics: 3D RNA Engineer ing in a Massive Open Laboratory 

ABSTRACT 

 

Rationally designed therapeutics based on ribonucleic acid (RNA) molecules have begun 

to emerge after years of research, with applications to cancer and viral infection. Unfortunately, 

each drug has taken years to develop due to poor understanding of how RNAs fold to specific 

secondary structures and then to 3D structures required for their function. This study aims to 

uncover the missing design rules using a game-based crowdsourcing approach, the ‘massive 

open laboratory’. EteRNA has succeeded in recruiting 100,000 players to generate sequences 

that match a given RNA secondary structure and, through actual experimental feedback, 

discovering empirically validated design rules. Here, we present a new game EteRNA3D that 

expands EteRNA from the secondary structure level to design of atomically precise 3D folds. A 

pilot study tackles two foundational 3D problems: stabilizing binding pockets for small 

molecules to enable external control of RNA therapeutics, and building an RNA ‘arm’ to lock a 

desired conformation into place. To evaluate success, twelve player and three computer designs 

have been experimentally synthesized; all were successful in achieving their design 

targets.  Previously unknown rules for 3D design have already emerged, suggesting that a 

massive open laboratory will be a powerful paradigm for engineering and testing RNA 

therapeutics. 
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A. Introduction 

1. Background 

RNA therapeutics have the potential to transform medicine. Current research paradigms 

in therapeutics largely focus on drugs that target critical disease-state protein enzymes (Bishop 

and Chen 2009). Although these efforts have yielded many new biomedical strategies, only a 

small number of proteins have a clear single active site that can be inactivated by using small 

molecules. Out of these few, several are unable to selectively inactivate their target without also 

inactivating the target’s closely related proteins. Both of these problems make the development 

of novel drugs slow and unable to deal with the vast number of diseases currently plaguing 

billions of people (Peifer, Wagner et al. 2006). Because of the numerous difficulties in targeting 

proteins with small molecules, researchers have begun to investigate RNA as a new avenue for 

therapeutic agents in the next generation of drugs for a wide variety of diseases.  

Much like proteins, RNA molecules form into complex structures in order to perform 

core biological tasks within cells and infectious agents like retroviruses. Exploiting these 

complex structures, scientists have utilized RNA to build protein-binding aptamers to combat 

vision degeneration (Trujillo, Nery et al. 2007), RNA-based enzymes that can destroy viral genes 

inside healthy cells (Smyth 2003), RNAs that can affect the expression of genes to combat 

cancer (Smyth 2003), and RNA-based vaccines customized for viruses (Geall, Verma et al. 

2012). In addition to these emerging uses, RNA is inexpensive to make in vitro and can now be 

delivered efficiently to human cells (Cu, Broderick et al. 2013). Although RNA has already been 

exploited in multiple therapeutic applications, each of these was designed independently through 

expert inspection and trial and error. Even prior to solving challenges in delivering RNA 

therapeutics, the design of RNA structures that will appropriately sense diseased states and form 
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specific functionally relevant structures is not a precise art and has required trial-and-error for 

even proof-of-concept engineering (Bida and Das 2012). To unlock the full potential of RNA 

nanostructures and therapeutics it is critical to learn the fundamental rules of RNA structural 

design.  

Our research seeks to discover fundamental rules of RNA 3D design using a ‘massive 

open laboratory’ approach, recently instantiated in the EteRNA (eternagame.org) project (Lee, 

Kladwang et al. 2014). This unconventional approach crowdsources basic science questions via 

an internet-scale video game to citizen scientists but with point rewards based on actual 

molecular synthesis and experimental structural mapping. We present herein EteRNA3D, a 

powerful extension of EteRNA from its original domain of simple secondary structure (‘2D’) 

design to the design of RNA nanostructures in three dimensions. This research expands our basic 

knowledge of the fundamentals of RNA design and will be a stepping stone for other research 

groups interested in RNA, whether for simple designs, complex nanostructures, or eventually for 

life-saving therapeutic agents. 

2. Importance of 3D Design in RNA Structure and Function 

Although once assumed to be only a simple messenger between DNA and proteins, RNA 

is now appreciated to play critical roles in all parts of life, including the translation of proteins, 

the control of genetic expression, and the evolution of the brain (Qureshi and Mehler 2012). 

RNA molecules are chains of nucleotides, each with a sugar/phosphate backbone attached to one 

of four nitrogenous bases: adenine, guanine, cytosine, and uracil (Clancy 2008). The sequence of 

these bases is referred to as the primary structure of RNA. Under physiological conditions, 

RNAs fold up into intricate structures, with about half the nucleotides forming Watson-Crick 

base pairs; the resulting patterns is called the secondary structure of RNA and can be represented 
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in two dimensions. In between these Watson-Crick-paired helices are hairpins, loops, and bulge 

‘motifs’ (Figure 1). While represented as unpaired loops in secondary structures, these motifs 

can organize into more complex, folded, three dimensional structures which then endow the 

overall RNA sequence with a complex three-dimensional, or tertiary, fold (Butcher and Pyle 

2011). Within this global fold, individual motif structures position atoms in arrangements 

necessary for chemical catalysis (by RNA enzymes such as the ribosome) or for sensing small 

molecules or protein partners. 

 

All of these functions of RNA are directly related to 3D structure, and being able to predict the 

secondary (2D) and tertiary (3D) structures of RNA is key to being able to design new RNAs. 

Unfortunately, the technology to accurately design these RNAs does not exist, as scientists do 

not yet have a deeply predictive understanding of how RNA’s 3D structure is dictated by 

sequence or how to design sequences to form new structures. Nevertheless, these 3D shapes will 

determine whether RNA therapeutics properly bind target RNAs in retroviruses or turn on or off 

gene expression in diseased cells. Therefore, understanding and being able to control the shape 

of RNA is a vital but missing step in creating next-generation medicine. 

3. Crowdsourcing in RNA Design 

Recently, a game named EteRNA has made strides in understanding how to design 

specific RNA folds, through an unconventional approach. EteRNA crowdsources the effort to 

Figure 1: Shown are some of the 
possible secondary structure shapes 
that RNA can fold into using Watson-
Crick base pairs. Based on these 
secondary structure folds, RNA can 
then form tertiary structure 
interactions in three dimensions. 
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make accurate folding strategies and design rules for secondary structure (2D) RNA design 

problems. EteRNA provides citizen science (crowd-sourced science) gamers with a 2D RNA 

structure. The players then input sequences into the secondary structure by “painting” the bases. 

Unique among internet-scale scientific discovery projects, players’ designs are synthesized in 

vitro and evaluated for structural accuracy by high-throughput experiments (see below, 

Methods). EteRNA has almost 200,000 members, resulting in at least 100,000 player designs to 

date (Lee, Kladwang et al. 2014). During the game, players have also been rewarded for devising 

high quality hypotheses, which were “handcrafted” by the players, about how the RNA’s 

secondary structure was suspected to fold. Most of these rules have never been included in 

previous RNA design algorithms, testifying to the creativity of the player community. The 

hypotheses were then further integrated into EteRNABot, an algorithm created through machine 

learning (Figure 2). EteRNABot works to distill hypotheses into automated rules for RNA 

folding. EteRNABot and player-created RNA molecules consistently outperform state-of-the-art 

algorithms NUPACK and RNAInverse in a gauntlet of design challenges. These results from 

EteRNA have proven that a community can generate and test hypotheses through 

experimentation, which is key for advancing empirical science.  

 
Figure 2: Portrayed are several secondary structure RNA design rules derived from players from the EteRNA 
community. EteRNABot, the machine learning algorithm, outperformed algorithms like NUPACK and 
RNAInverse, demonstrating the ability to use crowdsourcing for RNA design challenges. (Lee, Kladwang et 
al. 2014, fig 3) 
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4. Purpose of Research 

 This research has three specific goals: Specific Goal 1 is to create an interface that 

enables humans to tackle canonical RNA 3D design with the prospect of reaching atomic 

accuracy. The interface is tested on two paradigmatic puzzles that arise frequently in RNA 

therapeutics: the stabilization of small-molecule-binding RNAs for exogenous control of RNA 

molecules (Win and Smolke 2008) and the design of RNA ‘connectors’ to stabilize specific 

nanostructures (Jaeger and Chworos 2006, Bida and Das 2012). Specific Goal 2 is to test if this 

interface, deployed via the EteRNA platform, elicits solutions from human players that can 

explore a larger space of realistic 3D RNA designs than a recently developed computational 

algorithm REDESIGN, as assessed by the number of motifs incorporated into the designs. 

Specific Goal 3 seeks to rigorously analyze human designs in comparison to computer designs 

via actual experiments – in vitro synthesis and structure mapping. This Goal tests the hypothesis 

that new rules for RNA 3D design will arise from player efforts in the same way that prior 

EteRNA work uncovered new rules for the simpler problem of secondary structure design.   

Overall, these three goals test if a community of citizen scientists can create three-

dimensional RNA shapes with more stability, enabling research into therapeutic agents while 

simultaneously paving the road for innovative RNA biotechnology.  

B. Methods 

1. Development of 3D EteRNA Inter face 

Towards Specific Goal 1, connecting human designers to a simulated lab and 

encouraging experimentation, a gamified web interface was created. Using the recent web 

application technologies of HTML5, the interface was made to be cross-platform and easy to use. 
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Additionally, the interface was made so that game enthusiasts could help explore the three 

dimensional structure of RNA without any prior scientific knowledge through a simple tutorial. 

The interface was loaded with 460 RNA motifs from the RNA 3D Motif Atlas (Petrov, 

Zirbel et al. 2013), segments whose three-dimensional structures have been characterized in prior 

research by the RNA scientific community. The chosen motifs are expected to be modular in the 

sense that they fold independently without making contact with the rest of the RNA structure 

from which they are drawn: just as independent building blocks form together to make a 

building, we hypothesized that independent RNA motifs and helices would fold together to make 

a stable RNA structure (Jaeger and Chworos 2006). The interface included RNA hairpins, 

helices, junctions, segments, and tertiary contacts. Users were able to navigate this library and 

add structures to a provided starting conformation. Figure 3 gives an example of how the 

interface was built, and how players could design 3-dimensional RNA structures. 

 

Several technical elements developed herein are expected to be useful not only in 

EteRNA3D but in other molecular visualization and modeling projects including the RNA 3D 

Motif Atlas. For example, because motif information was stored in the PDB file format, defined 

by the Protein Data Bank (“Protein Data Bank”), a lightweight parser had to be written to read in 

the relevant info. Apart from parsing relevant atom and bond information about the RNA 

Figure 3: This figure demonstrates the various 
motif previews for each puzzle. In the figure, each 
motif preview is portrayed using a sphere to 
demonstrate the ending position of that motif were 
it to be added to the overall puzzle, and a plane 
demonstrating the orientation of that motif. By 
clicking on the sphere, the interface automatically 
builds up a motif leading to the point. Using these 
motif hints, players were able to solve puzzles with 
less searching through the extensive motif list, 
thereby making the process more efficient. 
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molecules, the efficient parser also creates bonds between molecules in each RNA nucleotide, 

generating proper residue information. Furthermore, the parser dynamically traces a path through 

the molecule generating the sequence of nucleotides. This sequence is used in conjunction with 

the path taken from each phosphate in each nucleotide to generate the RNA backbone, from the 

5’ end to the 3’ end. All code is publicly available for reuse in other projects as a Javascript 

library.   

2. Ter tiary Structure Puzzles 

The first puzzle involved stabilizing an aptamer, a RNA segment used for sensing and 

responding to small target molecules. These modules will be important for allowing activation 

and inactivation of RNA therapeutics through co-delivery of small molecules. The specific 

aptamer, FMN-RNA, has a poor binding affinity and cannot respond to the flavin 

mononucleotide (FMN) molecule at concentrations lower than 1 micromolar (Fan, Suri et al. 

1996). By increasing the stability, the binding affinity is also increased, which will enable the 

RNA to be more efficient at responding to small molecules, and thus more useful in research into 

combating disease. The second puzzle arises in the stabilization of RNA nanostructures 

including enzymes for degradation of disease-state message RNAs or viral RNAs. The puzzle 

consisted of an RNA with a tetraloop and a receptor at different parts of an RNA molecule, with 

the player asked to design a connection that would connect the two elements. In addition, a 

simple tutorial puzzle asking for the player to build a short connection between two endpoints 

was supplied from a highly helical section of the P4-P5 domain of Tetrahymena Ribozyme (Guo, 

Gooding et al. 2004). The initial small 3D modules (FMN aptamer, tetraloop, receptor) that 

needed to be connected by long player-designed pieces were drawn from the crystallographic 

database (“Protein Data Bank”), (Figure 4). 
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3. Alignment of RNA Motifs 

 Motifs were aligned using output from 3DNA (Lu and Olson 2008, Zheng, Lu et al. 

2009), a powerful tool that gives the origin and rotation of each base pair in three-dimensional 

nucleic acid formed molecules. More specifically, the 3DNA output generated reference frames 

that were used to calculate the secondary structures of the overall sequence. The reference frame 

output was used to generate a 4x4 matrix for performing homogeneous transformations: namely 

several subsequent rotations and translations. Additionally, 3DNA’s DSSR (Defining Secondary 

Structures of RNA) output was used to identify on which RNA residue chains Watson-Crick 

base pairs occurred: namely between Guanine and Cytosine, and between Adenine and Uracil. 

4. Optimization of Puzzles’ Secondary Structures 

For each of the designs created with EteRNA3D, the sequence of special 3D 

noncanonical modules in the designed connecting arms was taken from the crystallographic 

database but the sequence of canonical helices was allowed to be optimized. This latter 

optimization is the secondary structure design problem and is the focus of the existing EteRNA 

platform. Therefore, each solution of the 3D puzzles, was released as a secondary structure 

design problem for players of standard EteRNA, with three secondary sequences chosen for 

Figure 4: The two puzzles that the gamified interface was loaded with. On top is the tetraloop receptor puzzle, 
from the starting point at the top left, to a player solution at the top right. The bottom puzzle is the FMN aptamer 
puzzle, with the starting point at the bottom left, and the player solution at the bottom right. Each intermediate 
step in forming the player solutions is labelled. 
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synthesis for each tertiary structure design. Additionally, to compare against the computational 

modeling tools, a tertiary structure generated by a recently developed REDESIGN 3D design 

algorithm was synthesized, with sequences for helices designed with EteRNABot. Figure 5 

demonstrates the full pipeline of one of the solutions: from a tertiary fold, the RNA’s sequence 

and design was used to form a secondary structure, which was then optimized by the EteRNA 

community. 

 

5. In-Vitro Synthesis of RNA Sequences 

RNA sequences were synthesized in-vitro using Polymerase Chain Reaction assembly 

(“PCR”) and then transcribed into RNA in vitro by using RNA polymerase, using previously 

established lab protocols (Kladwang, Mann et al. 2014, Tian, Cordero et al. 2014).  To analyze 

the RNA for stability and reactivity, the molecule was exposed to 1-methyl-7-nitroisatoic 

anhydride (1M7), the SHAPE modifier. If the nucleotide is reactive to SHAPE, it implies that it 

is not paired. SHAPE thus determines the likelihood of pairing for each nucleotide (McGinnis, 

Duncan et al. 2009). That interaction can be read by performing reverse transcription, using 

reverse transcriptase, a molecule that turns the RNA back into DNA. When the reverse 

transcriptase molecule encounters one of the chemically modified RNA nucleotides it falls off, 

ending the reverse transcription process. This locations of these stops can be read out when the 

Figure 5: This figure demonstrates 
the process of generating solutions 
for the tetraloop receptor puzzle. On 
the left, the design starts out in a 3-
dimensional fold submitted by a 
player. This fold forms into a 
sequence and secondary structure in 
2-dimensions. Players then optimize 
the secondary structure fold, and the 
final RNA sequences are then 
synthesized in vitro. 
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resulting DNA is sequenced using capillary electrophoresis (CE): the number of DNA fragments 

with stops at a given nucleotide give the chemical reactivity of that region of the molecule. 

C. Data Analysis and Results 

1. Specific Goal 1: Inter face Development and Sequence Collection 

The main purpose of Specific Goal 1 was to develop a 3D interface to collect tertiary 

structure designs with optimized secondary structures. Sequences were collected using the novel 

EteRNA3D interface for visualizing and designing the tertiary structures of RNA molecules as 

described above in sections B1 and B2 and shown below, in Figure 6. 

 

 Results related to Specific Goal 1 demonstrated that the interface was successfully able to 

use the crowdsourcing approach to generate a variety of unique solutions beyond the limited 

number generated by computer modeling algorithms. A total of 68 solutions were gathered from 

seven of the EteRNA community’s top players in the initial phases of testing, each with different 

motifs used, a different number of helices used, and different structural configurations. These 

results confirmed the achievement of Specific Goal 1. 

Figure 6: This figure portrays a development version of the gamified interface. At the left are the 
various motifs that the user can add, at the bottom are the sequence and secondary structure, at the 
right are the controls, and the puzzle is displayed in the center of the screen. 
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2. Specific Goal 2: Compar ison between Computer  Modeling techniques and EteRNA3D 

Specific Goal 2 focused on comparing the success of designs from computers to those 

generated by players using the interface. The results from the interface revealed that the FMN 

aptamer stabilization puzzle was far more challenging for humans to solve using intuition then 

the tetraloop receptor puzzle: while only 7 solutions were received for the FMN aptamer puzzle, 

the interface yielded 61 for the tetraloop receptor puzzle.  Computer modeling solutions were 

created by enforcing RNA sequences with motifs surrounded by linear helices. Several possible 

solutions conforming a helix of variable length followed by a motif were generated. These 

solutions took up 220 GB of hard disk space in database form. Even though it was possible to 

find some solutions using the database, there was a high probability that several solutions were 

missing due to the limited scope of the precomputations. Additionally, these precomputations 

took over 300 CPU hours to run on a cluster of 16 Intel 2GHz Xeon CPUs, with 94GB RAM. 

Other solutions apart from those formed with helices followed by motifs could be generated, but 

they would increase the already large computational time and disk space, making the process 

more inefficient. Figure 7 shows some of the player designed and computer generated solutions 

that were later chosen for synthesis (see below, Design Synthesis and Shape Analysis). 

Figure 7: 3-dimensional folds for 
synthesized player designed solutions 
and the computer generated solution are 
portrayed to the left. All the structures 
had accurate and stable tertiary folds. 
Some player solutions had more optimal 
tetra loop and receptor constructs than 
did the computer generated solutions, 
based on the low reactivities in the boxed 
areas. Colors indicate reactivity, with red 
representing highly reactive areas, and 
blue showing not reactive areas. 
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We sought to measure the relative ‘creativity’ of player vs. computer solutions in terms 

of the number of motifs used. In the tetraloop receptor puzzle, the average number of motifs used 

by players in designing the 3D structures was 20.1 motifs, whereas the computer solutions used 

an average of 16.5 motifs. Whereas computer solutions for the tetraloop receptor puzzle ranged 

from 8 to 24 motifs, the player solutions for the puzzle were far more varied, with a minimum of 

9 motifs and a maximum of 35 motifs used (Figure 8). Thus, the designs for the puzzle showed 

that human intuition was able to produce a larger number of valid solutions with unique features 

and that the computer models could not match the interface results. These results demonstrate 

that the interface lends itself to a wide variety of creative and lengthy solutions that could not be 

explored with currently available computer design algorithms. 

For the FMN puzzle, the average number of motifs used in player designs was 27.9 

motifs, with an average number of motifs of 19.1 for computer designs. Additionally, whereas 

player designs ranged from 20 to 36 motifs, computer designs only had a range from 16 to 23 

motifs (Figure 9). The large number of motifs indicates that humans were able to experiment 

over a larger data set than did the computer modeling techniques. Because the solution set had a 

large number of motifs, the data showed that the solution set produced from human intuition was 

far more varied than those provided by the computer. Furthermore, the large average number of 

motifs revealed that the range of solutions explored through computer modeling was less than 

Figure 8: This figure demonstrates the 
number of motifs per solution for the 
tetraloop receptor puzzle. Whereas the 
computer solutions were mainly isolated 
to having 16 to 20 motifs, player 
solutions covered a much farther range. 
This puzzle demonstrates how players 
could experiment over a larger data set 
than the one available to computer 
algorithms.  
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that the humans’ ability to recognize and visualize patterns, allowing humans to explore a larger 

set of possible solutions. As such, the interface was successfully used by humans to solve 3D 

design puzzles using intuition, and in doing so, the solutions were far more varied and intricate 

than those submitted by computer modeling. 

3. Specific Goal 3: Design Synthesis and SHAPE Analysis 

 In this final Goal, we synthesized RNA designs from player and computational methods, 

and evaluated their folding through single-nucleotide-resolution SHAPE chemical mapping (see 

Methods). Due to having a limited number of synthesis slots available for this pilot study, 4 3D 

designs were chosen from players, and 1 3D design was created by a computer as the control. 

Each of these 3D designs was optimized into 3 separate 2D designs, creating a total of 15 

synthesized 2D designs. Normalized SHAPE reactivities of synthesized designs were compared 

to baseline SHAPE values of a well-known model system in RNA folding, the P4-P6 domain of 

the Tetrahymena ribozyme, whose three-dimensional structure has been well characterized (Cate 

and Doudna 2000). Data were compared at the receptor and the tetraloop for all designed 

solutions, as the protections of both regions from chemical modification strongly indicate the 

overall success of the design in stabilizing the 3D fold. This phase of the study focused on 

analyzing the solutions for the tetraloop receptor puzzle, with player solutions for the FMN 

puzzle to be analyzed in future research. The table below shows SHAPE values for a subset of 

Figure 9: This figure demonstrates 
the number of motifs per solution 
for the FMN puzzle. Computer 
solutions were limited to 16 to 23 
motifs, and player solutions had a 
larger range of 20 to 36 motifs. 
Again, the number of motifs for the 
solutions for this puzzle reveal that 
players are able to experiment over 
a larger data set than computer 
algorithms. 
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the constructs, for the nucleotides that form the tetra loop (1-4), and the nucleotides that form the 

receptor (1-5), along with the average SHAPE value of these constructs for each design. 

 The SHAPE reactivity for each construct indicates the stability of each design compared 

to the expected output. A nucleotide with a reactivity of less than 0.5 is stable and acceptable for 

the set criteria, because reactivates above 0.5 are unprotected, while those below 0.5 are 

protected (Lee, Kladwang et al. 2014). As shown above, all solutions met the stability criteria 

and were fully protected. The data also demonstrates that the construct with the lowest deviation 

was designed by a human. These designs that were created by players are more stable in the 

tetraloop and receptor constructs than those of the computer designed solutions, as shown in 

Figure 7 (see above, Comparison between Computer Modeling techniques). Additionally, the 

difference between the lowest computer generated and player generated solutions’ are not that 

significant, as all designs were stable, and as players improve their tertiary fold design skills, 

they are expected to further surpass the computer models, as observed in EteRNA. 

4. Initial 3D Design Rules 

In order to test if SHAPE reactivities were impacted by the secondary structure 

optimization, the reactivity was graphed as a function of nucleotide position in Figure 10. The 

Table 1: SHAPE reactivities are shown for each of the player designed and computer designed solutions, with 
the least stable solutions in each category highlighted in red, and the most stable solutions in each category 
highlighted in green. The most stable construct is the one with lowest reactivities, and was designed by a human. 
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data reveals that across both player designs and computer designs, different secondary structures 

for the same tertiary structure design gave similar SHAPE reactivities on the majority of the 

nucleotides. Even though the nucleotide identities in Watson-Crick paired regions were different 

across the secondary structure designs, SHAPE reactivities remained the same.  

 

Thus, changing nucleotides in helices when optimizing secondary structure folds does not 

have a large impact on the overall three dimensional stability. In fact, the specific nucleotides in 

helical sequences are not critical to the overall shape other than to form a proper 2D structure. 

This first design rule will be tested more incisively in future efforts, but if borne out, will be of 

major practical use. It will help researchers save time, because testing of numerous secondary 

structure designs will no longer have to be performed to create accurate 3D designs. 

Additionally, the player submissions and experimental results suggested a second rule for 

successful designs: each motif should be surrounded by linear helical stacks to improve stability 

and reduce reactivity, which will help researchers form stable designs. A third design rule 

discovered that increasing the number of helices so that they greatly outnumber motifs will not 

harm the stability of the structure; in fact, solutions with a large number of helices still form 

optimal tertiary structures. These three design rules are the first of their kind in the field of RNA 

design that relate 2D and 3D structure of nucleotides to RNA’s general tertiary fold, and open up 

Figure 10: Shape reactivity as a function of nucleotide position, across the three different optimized secondary 
structures is displayed. Areas highlighted in purple are the receptor and in red are the tetraloop. The reactivities 
for these regions are similar across designs, indicating that the success of the design did not depend on the 
specific secondary structure. These results hold true for all designed solutions (one example is shown above). 
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a variety of options for researchers to investigate.  

D. Conclusions and Discussion 

1. Conclusions 

This study has demonstrated for the first time that a game-based crowdsourcing approach 

can generate successful RNA designs that fold into target shapes in three dimensions and can 

begin to elicit generalizable 3D design rules. By assembling small modules of known structure to 

create long RNA segments connecting functional RNA elements, the project successfully 

avoided current issues in ab initio RNA structure prediction and created several viable primary, 

secondary, and tertiary RNA fold designs. Furthermore, through the use of crowdsourcing, the 

developed interface outperformed computer modeling techniques by producing highly varied 

solutions more efficiently. In terms of stability of synthesis, both techniques produced accurate 

tertiary structure folding designs, and player solutions were on par with computer generated 

ones. Indeed, analysis of the chemical reactivity of the synthesized designs revealed that player-

designed RNA were generally more protected than those generated by computer modeling. 

Among the player designed RNA, there were far less reactive nucleotides that would cause the 

RNA’s tertiary structure to unravel, suggesting that the player designs were far more stable than 

the computer ones. 

Most notably, the SHAPE reactivity results revealed the first three design rules in the 

field of RNA design that relate secondary structures design to tertiary folds. These rules govern 

2-dimensional optimizations, interactions between motif chains and linear helices, and the 

overall tertiary fold. Therefore, even at a pilot stage, the interface has already succeeded at 

creating RNA tertiary structure designs using motif assembly and crowdsourcing that outperform 

existing computer algorithms.  
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2. Current and Future Study  

Results from the tetraloop receptor and FMN puzzles have already revealed some RNA 

design rules, research using this interface will continue beyond the presented pilot studies in 

three ways. First, the authors will be creating further puzzles in RNA design, including the 

design of therapeutic RNA enzymes and diagnostics based on microRNA binding. Each new 

puzzle will be of high interest for researchers who are investigating RNA therapeutics. Later, the 

authors will modify the interface to attract the entire EteRNA community instead of just the top 

players, thereby increasing the amount of data. The third expansion will be to visualize the 

EteRNA solutions in three dimensions at atomic resolution using crystallography.  

As a specific example, the next round of puzzle testing, players will design an RNA that 

does not require the cell for processing but instead can process itself. This base RNA will consist 

of a ribozyme with a tertiary contact. This tertiary contact is unstable without a ligand; thus, 

without the ligand the RNA structure will not form, and with the ligand present the structure will 

form. If the structure does not form, then it will not be able to process itself through cleavage of 

the RNA’s phosphate bond. This enables researchers to form a RNA that normally remains 

inactive, but can process itself and become active in the presence of a certain ligand. Such an 

RNA would have large applications in the field of therapeutics for activating drugs only when 

certain molecules, such as viruses or other RNA are present. 

In terms of expanding the game to a larger community of players, several features are in 

consideration to make gameplay easier. Additional features suggested by top players include 

having different types of display modes to make visualizing RNA molecules easier, introducing a 

map between 2D RNA structures and 3D RNA folds, and forming different methods of 

distinguishing across motifs, such as by their shape and size. Another feature that will be added 
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to the interface is the implementation of a Monte Carlo simulation near the end of a puzzle that 

randomly iterates over the motifs, testing to see if a player’s solution can be finished.  

Last, apart from improving the interface, a collaboration has also been started with other 

laboratories to obtain higher resolution 3D structures of the player designed RNA using 

crystallography. Whereas SHAPE analysis gives information about each individual nucleotide in 

the RNA, crystallography will allow for further analysis by detailing the overall shape. With this 

research, scientists will be able to form an understanding of the relationship between RNA shape 

and function, allowing them to design RNAs to serve a particular function, which would in turn 

aid research into RNA nanotechnology and therapeutic agents. 

3. Overall Implications 

Ultimately, this study has made several crucial advances to the field of developing RNA 

therapeutics by integrating a novel RNA-motif 3D design game into an already proven massive 

open laboratory called EteRNA. Our results show that human intuition can be leveraged to solve 

tertiary structure RNA design problems, through the use of a new game-like interface. Our 

results further reveal that designs made using motif assembly by players outperform those by 

computer algorithms, in terms of variety of design, experimental stability of design, and the 

conformational space that can be explored. Finally, by eliciting three previously unrecognized or 

unestablished 3D design rules, this work paves the road for discovering not just specific designs 

but also design principles that can be generally applied to many problems in RNA therapeutics. 

With the continued expansion of the presented massive open laboratory and the resulting detailed 

and practical understanding of RNA design, researchers will be able to rapidly create RNA that 

perform specific functions in cells and viruses by designing their shapes, a critical feature of 

future RNA therapeutic agents and nanotechnology. 
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