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 Protein Structure Prediction: How do you predict the 
structure of a protein from its amino acid sequence? 

1. Homology or template-based modeling: given a 
particular protein sequence, search for a homolog 

2. Ab initio structure prediction: when no homologs, 
combine deterministic & stochastic approaches to predict 
structure



Introduction: Rosetta for Protein Structure 
Prediction

This cycle is repeated many times.



Introduction: Rosetta’s Components

• Deterministic: fragment finding and assembly

• Stochastic: energy minimization; structure perturbation & refinement  



Challenges with Rosetta

• Free energy landscape is large

• Suboptimal conformations pursued in effort to minimize energy 



Experimental Hypothesis: 
What if we replaced stochastic components 
with human decision making and retained 

deterministic components?



FoldIt: Game Development for Protein 
Structure Prediction 

Image: (Seth et. al. 
2010)



FoldIt: Game Development for Protein 
Structure Prediction 
• User tools reflect deterministic Rosetta algorithms

• Meant to minimize local energy
• Scoring: computes energy same way Rosetta does, but multiplies by 100; goal 

is to get higher score. 

• Player intentions parallel stochastic processes
• Searches conformational space instead of computer doing so 

• Meant to be approachable for players from all backgrounds



FoldIt: Game Development for Protein 
Structure Prediction 

• https://www.youtube.com/watch?v=lGYJyur4FUA

• 1.40-1.55 important  

https://www.youtube.com/watch?v=lGYJyur4FUA
https://www.youtube.com/watch?v=lGYJyur4FUA


Experimental Methods: Comparing human 
structure prediction accuracy to Rosetta’s

Posed series of 
10 blind structure 

prediction 
puzzles to human 

players

Rosetta predicted 
the 10 structures

Compared how 
similar both 

structures were 
to native (using 

RMSD)



Experimental Methods: RMSD (Root mean 
squared deviation)
• Measure of similarity between two structures for a given protein

• Must align the two structures being compared before measuring 
RMSD



Results: Human intuition is very effective 

Image: (Seth et. al. 
2010)



Results: Scenarios in which humans 
performed better
• Cases with substantial backbone remodeling so exposed hydrophobic 

residues faced inwards 

Image: (Seth et. al. 
2010)



Results: Humans more likely to “take risks” 
sampling than Rosetta
• Rosetta’s stochastic Monte Carlo methods aim to minimize energy 

while humans are more likely to create high energy intermediates, 
knowing they will lead to lower energy structures.

• Humans can distinguish which starting point is most useful.

•  Human players restructure significantly to improve hydrophobic 
burial and hydrogen bond quality. 



Foldit’s social & psychological dimensions

•Complexity, creativity, & collaboration in search process

• Inter-group competition 

•Retaining engagement & “thrill” factor

•Motivation & rewards structure



Foldit’s social & psychological dimensions

https://fold.it/portal/info/fa
q



Limitations of Foldit

• Players are reliant on FoldIt’s user tools (e.g. visual cues, available 
moves)

• Had trouble folding an extended protein chain
• Tools may limit breadth of intuition 

• Maintaining user engagement & sustaining interest



Possible Future Directions 

• Psychological studies of player motives and behavior to improve 
existing PSP algorithms

• Applications to drug discovery-related research areas 



Introduction to
RNA Design and EteRNA
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Importance of RNA Structure (1)

Riboswitch & “miRNA alterations are related to cancer” (Calin et al., 2006)

Wikibooks - Riboswitch
Calin et al., (2006)



Importance of RNA Structure (2)

Sinha et el., (2010) Reprogramming bacteria to seek and destroy an herbicide

- Manipulate E. Coli’s RNA to follow herbicide

Sinha et al., (2010)



RNA Design: Computational Determination

Matthews et al., 1999Nussinov et al., 1978



RNA Design: Pseudoknots

Pseudoknot found in telomerase 
(Wikipedia)



Image Credit:
Sarah C.P. Williams



Image Credit: Ivy Lily Crafts
http://bit.ly/2jpip8m



Design Interface: Tutorial / Badge Collections



Design Interface: Lesson



Design Interface: Challenge Puzzles



Demo!



RNA Design Rules
from a

Massive Open Laboratory

Jesse Min
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Emergence of RNA Folding Models: ViennaRNA

Hofacker et al., (2004) RNA secondary structure analysis using the Vienna RNA 
package

1) Classical minimum free energy algorithm (Zuker and Stiegler., 1981)

2) Partition function algorithm (McCaskill., 1990)

3) Suboptimal folding algorithm (Wuchty et al., 1999)



Hofacker et al., (2004)



Citizen Science: Massive Open Laboratory

Limitations of current approach

- Small group of professional scientists must interpret empirical data
- How about with ML and visualization tools?

Massive Open Laboratory

1) Simulated molecules
2) Remote experimental pipeline
3) Design RNA structures

http://www.eternagame.org/web/



Design Interface: Challenge Puzzles



Lab Interface (1)



Lab Interface (2)



Voting Interface



Remote Lab

Lee et al., (2013)



Result Viewer

Lee et al., (2013)



Results & Rule Collections

Lee et al., (2013)



Result:
Phase(1)



Result:
Phase(1)
to 
Phase(2)



EteRNABot

A Basic Test

Clean Plot, stack caps, and safe GC

Direction of GC-pairs in multiloops + neckarea

Berex Test

Numbers of Yellow Nucleotides per Length of String



Result:
Phase(2)



Significance: User-created Design Rules

User-created design rules

- Player-created Guides
- Multi-loop Guides
- Negative Design Rules

- Penalties on special structures (repetitions, tetraloop similarity, and 
twisted base pairs)

http://eternawiki.org/wiki/index.php5/Player-Created_Guides
http://eternawiki.org/wiki/index.php5/Player-Created_Guides
https://docs.google.com/document/d/13dHMZ6zLweRl-JHN8zviB--lxv9fM0dMc8DKcdxSprY/edit
https://docs.google.com/document/d/13dHMZ6zLweRl-JHN8zviB--lxv9fM0dMc8DKcdxSprY/edit


Significance: Feedback from Real Experiments

Previous Efforts

Lee et al., (2013)

- Collectively generate and test hypotheses through actual experiments

Year Paper Authors

2001 Can distributed volunteers accomplish massive data analysis tasks? Kanefsky et al.

2008 Galaxy Zoo: The large-scale spin statistics of spiral galaxies in the 
Sloan Digital Sky Survey

Land K et al.

2011 Algorithm discovery by protein folding game players Khatib F et al.

2012 Increased Diels-Alderase activity through backbone remodeling guided 
by Foldit players

Eiben CB et al.



Limitations: What is the next step?

Engineering Cost

Theoretical Explanation

More Incentive

Social Prejudice



Limitations: What is the next step?

Treuille et al., (2014) Scientific rigor through videogames

- Budget
- Career risk
- Generalization

- Schindel et al., (2005) DNA barcoding a useful tool for taxonomists
- Helmstaedter et al., (2013) Cellular-resolution connectomics: Challenges of dense neural 

circuit reconstruction



Principles for Predicting RNA 
Secondary Structure Design 

Difficulty
Jeff Anderson-Lee, Eli Fisker, Vineet Kosaraju1, Michelle Wu1, 

Justin Kong1, Jeehyung Lee1, Minjae Lee1, Mathew Zada1, Adrien 

Treuille1, Rhiju Das1, Eterna Players



Presentation Overview
● Paper Focus/Main Idea
● Difficult Structures

○ Short Stems
○ Symmetry
○ Structural Motifs

● Impact
● Weaknesses



Inverse Folding Problem
● Know to be hard

● Unknown which 

structures are tractable

● Paper set forth measures 

for difficulty 

Image Source: Project-Team Amib: INRIA



Research Process
● Although “RNA design rules from a massive open laboratory” was revolutionary 

with 37,000 authors, the lead authors were scientists

● In “Principles for Predicting RNA Secondary Structure Design Difficulty” the lead 

authors are Eterna players: the revolution continues

● Jeffrey Anderson-Lee: computer systems manager 

○ “It's really a bit amusing, I guess it's stretching [the journal’s] boundaries a bit.”

● Eli Fisker: Librarian

○ “When the scientist is away, the lab rat will play”



Overview
● Paper Structure/Main Idea
● Difficult Structures

○ Short Stems
○ Symmetry
○ Structural Motifs

● Impact
● Weaknesses



Difficult Structures
● The paper gathers knowledge from the EteRNA player community

● Compares player input to automated design algorithm performance



Identifying Difficult Problems: Tools



Identifying Difficult Problems
● Player’s use problem solving, problem creation, algorithm integration and 

scripting tools to test hypotheses about difficulty

● Player insight is synthesized online in community wiki: crucial to research



Short Stems
● Structures joined by short 

stems are difficult

● Multiplicity of short stems 

affects free energy

Image Source: Principles for Predicting RNA 

Secondary Structure Design Difficulty



Symmetry
● True symmetry is rare in naturally occurring RNA 

structures

● Authors postulate this is due to difficulty of design

Image Source: Principles for Predicting RNA Secondary Structure Design Difficulty



Structural Motifs
● Player designated “zig-zags” are an example of 

player discovered difficult structural motifs

● “Zig-zags” close to multi-loops cause current 

design algorithms to fail

● Again, rare in nature

Image Source: Principles for Predicting RNA Secondary Structure Design 

Difficulty



Overview
● Paper Structure/Main Idea
● Difficult Structures

○ Short Stems
○ Symmetry
○ Structural Motifs

● Impact
● Weaknesses



Impact
● Paper set forward the Eterna100 benchmark of 

secondary structure design challenges

● Allows for common benchmark of in silico design 

algorithms

Image Source: Principles for Predicting RNA Secondary Structure Design Difficulty



Overview
● Paper Structure/Main Idea
● Difficult Structures

○ Short Stems
○ Symmetry
○ Structural Motifs

● Impact
● Weaknesses



● Focus on in-silico test

● No in vitro or in vivo testing

○ The authors do not include benchmark evaluation on EteRNABot, an 

algorithm designed for in vitro success

Weaknesses



Questions?



Additional Slides

https://docs.google.com/a/stanford.edu/presentation/d/1YJJ_SCzr7liyp4zKky2Iusg9t3SxLL_3e8Fi_THMcYE/edit?usp=sharing
https://docs.google.com/a/stanford.edu/presentation/d/1YJJ_SCzr7liyp4zKky2Iusg9t3SxLL_3e8Fi_THMcYE/edit?usp=sharing

