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DNA (Nucleotides)
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But what does base-pairing mean when RNA is single strand?
(in a couple of slides we’ll see)
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More information
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DNA Nanotechnology

…
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In case you are interested:
NBE-E4150 (DNA Nanotechnology Course)
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DNA / RNA Nanotechnology
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DNA / RNA
Sequence Structure

Folding

Inverse Folding

(We will focus on RNA …)
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Some Cool Examples

10

Nano-scale box with a lock
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Some Cool Examples (cont’d)
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Benson, Erik; Mohammed, Abdulmelik; Gardell, Johan; Masich, Sergej; 
Czeizler, Eugen; Orponen, Pekka; Högberg, Björn | Nature,  2015]
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Structural Level in RNA
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Primary structure Linear sequence of bases from 5’ to 3’ 

Secondary structure Pairing arrangement of bases in primary structure

Tertiary structure 3D shape of secondary structure

PK-Free Secondary structure PKed Secondary structure
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RNA Structure Presentation
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G  G  G  G  A  A  A  A  U  U  C  C  C  C  U  U  U  U

Arc Diagram

[13, 12, 11, 10, 17, 16, 15, 14, -1, -1, 3, 2, 1, 0, 7, 6, 5, 4] Pairing list Pairing matrix

( ( ( ( [ [ [ [ . . ) ) ) ) ] ] ] ] Dot-bracket

( ( ( ( ( ( ( ( . . ) ) ) ) ) ) ) ) Dot-parenthesis Not working when we 
have crossover
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RNA Secondary Structure Motifs
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[images: Molecular Biology of the cell]
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Pseudoknot-Free Secondary Structure
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[Image: Fallman, 2017]
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Pseudoknotted Secondary Structure
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If we connect 2 hairpins together

[Image: Fallman, 2017]
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Pseudoknotted Secondary Structure (cont’d)
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RNA Folding
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Energy Models
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https://rna.urmc.rochester.edu/NNDB/index.html
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Nearest Neighbor model
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2 Useful Tools
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NUPACK: For the analysis and design of nucleic acid 
structures, devices, and systems.

ViennaRNA: Prediction and comparison of RNA 
secondary structures.

FE calculation, Secondary Structure Prediction, 
Sequence Design (without PK)
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Problems in Computer Science

22

Sequence Structure

Structure Prediction

Sequence Design
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Structure Prediction (Folding)

…
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Structure Prediction (Folding) (cont’d)
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Structure Prediction (Folding) (cont’d)
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If we know the solution up to here
What would be the solution with adding this one

Not working in general in case of PK!
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Sequence Design (Inverse Folding)
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Sequence Design (Inverse Folding) (cont’d)
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Reinforcement 
Learning
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2 Useful Resources
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http://incompleteideas.net/book/bookdraft2018jan1.pdf
http://www0.cs.ucl.ac.uk/staff/d.silver/web/Teaching.html
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Machine Learning Branches

30

Supervised 
Learning

Unsupervised 
Learning

Reinforcement 
Learning

[images from scikit-learn]
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Example of a successful story (Atari)
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http://www.youtube.com/watch?v=V1eYniJ0Rnk
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http://www.youtube.com/watch?v=gn4nRCC9TwQ
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Why RL?
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RL Elements
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Agent Environment

Action

Reward

State

Observation

Can you guess the goal of the agent?
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Reward
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Reward Hypothesis

“All goals can be described by the maximization 
of expected cumulative rewards.”

36

Important note: Expected Cumulative Rewards is not greedy!
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Terminology
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Agent Environment

Action 
at time t

Reward after doing the action at time t

Agent’s state at 
time t

New observation after doing action at time t
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An example

38

G
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An example (cont’d)
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G When the agent is at state (3, 3) 
and wants to do the next action, 
does it matter where was it before?

NO, why? (next slide)
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Markov Decision Process
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Main Components of RL Agent
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Policy Value Function Model

Policy Iteration

Value Iteration

Model-free

Model-based

Agent’s type

Actor-Critic
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Policy (𝜋)
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Bellman Equation

44



Mehdi Saman Booy
CS-E4880

Bellman Equation
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We are in state s

For all possible 
actions a from s

The reward for doing 
action a from state s

Expected value for the 
next state s’

Bellman Optimality
Model
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Simple Example
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3 G

1 2

s a Q

1 L 71

1 R 81

1 U 80

1 D 70

2 L 63

2 R 64

2 U 89

2 D 70

3 L 70

3 R 90

3 U 80

3 D 63

R

U

D

L

Parameters

R(G) = 90
Gamma = 0.9 Environment with 

states

Actions

Q is the value for (s, a) pairs
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Tabular vs. Approximation RL
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Value Function Approximation
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[Given from Silver’s slide directly]
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Policy Network
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Network

However, it can be any estimator (Linear combination of features, 
decision tree, etc.) 



RNA Inverse 
Folding using RL
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Why RL?
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Reinforcement Learning (Folding)

States Any structure

Actions Pairing / Unpairing two basis

Valuation Function Free energy

52
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Reinforcement Learning (Inverse Folding)

States Any sequence

Actions Changing any base

Valuation Function
Free energy of target
Distance measure for MFE structure

53
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An Example for Folding

54

[Images are made using NUPACK]

Can you imagine how big is the search space?!
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Architecture
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...

Probability of changing base number 3 to “U” (second nucleotide)

A

U

C

G
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Training

● 100’000 RNA seq of len 32
○ 46’188 unique structures

● A3C (Asynchronous Advantage Actor-Critic) for RL

● 1.5 million episodes
○ First 0.5m : easier samples
○ Others : all except the 500 most difficult samples
○ Last 500 as evaluation set

● ViennaRNA for the folding part

58
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Results
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Results
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Problem definition (Inverse Folding)
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Action Space
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States
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...
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Reward Function
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Hamming distance

Predicted structure 
for current sequence Target structure
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Network Architecture

●

●

●

●

●

67



Mehdi Saman Booy
CS-E4880

Hyperparameters
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Results
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Conclusion
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Thanks
More Questions?!
Mehdi Saman Booy - March 15th 2019


