
Tangling single-stranded 
(ss)RNA. 
Stephen Hyde. University of Sydney
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What are the simplest designs for knotted RNA ?
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The simplest “tangle” is a double helix (duplex) - Watson-Crick DNA

Wikipedia

complementary nucleotides are H-bonded:

 


(C…G) & (A…T) in DNA
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RNA also builds double helices

Kathryn Janzen,  Canadian LightSource
…often by folding on itself

complementary nucleotides are H-bonded:

 


(C…G) & (A…T) in DNA


(C…G) & (A…U) in RNA
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5’

3’

duplex

hairpin  
loop

single-strand
single-strand

5’ 3’

ssRNA secondary fold topology is governed combinatorics of complementary nucleotide sequences
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5’ 3’single-strand duplex single-strandhairpin loop duplex

5’

3’

duplex

hairpin  
loop

single-strand
single-strand
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5’

3’

duplex

hairpin  
loop

single-strand
single-strand

5’ 3’single-strand duplex single-strandhairpin loop duplex

hydrogen bonding
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5’ 3’single-strand duplex single-strandhairpin loop duplex

This arc diagram encodes the folding -  
1 antiparallel duplex only

capture this antiparallel duplex fold topology with a simplified LINEAR RIBBON diagram 

5’ 3’
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capture single antiparallel duplex fold topology with a simplified diagram 

5’ 3’

form closed single strand (bring 5’ and 3’ ends together)

RIBBON DIAGRAM 
1 antipar duplex
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Dengue fever virus genome: RNA strand from 5’ end
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a ‘fold’

… assume the ssRNA string is closed….
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a

b

c

d

a

c

d

b

circular diagram of the denatured fold

a fold
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a

b

c

d

a

c

d

b

circular diagram of the fold

a fold

 each double-helix has 2 feet on bounding circle
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A-DNA B-DNA Z-DNA
right (+) twist left (-) twistStep
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a

b

c

d

a

c

d

b

circular diagram of the fold

a fold

twist=+2

twist=+3

twist=+2

twist=+3
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a

a

b

c

bc

twist=+5

twist=+1

twist=-3
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d

e

f

a

b

c

a

b

c
d

e

f

twist=+1

twist=+3

twist=+1

twist=+3

twist=+1

twist=+1
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moebius ribbons annular ribbons

PARALLEL duplexes ANTI PARALLEL duplexesStep
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twist=+5

twist=+1

twist=-3

CONTRACT multi antiparallel duplexes along common “plumbline” axis


-> single antiparallel duplex, twist = sum of local twists

twist=+3
contract
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multi parallel duplexes along common “plumbline” axis


-> single parallel duplex

twist=+1

twist=+3

twist=+1

contract
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RULE 1: nested annular ribbons collapse to a single annular ribbon 
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closing up the fan = CONTRACTING multi parallel double-helices 

RULE 2: fans of moebius ribbons fold up to a single moebius ribbon 
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RULE 3. free annular ribbons are deleted

contract

‘twist defects’
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(RULE 3. free annular ribbons are deleted)

contract
- we can intercalate an arbitrary number of these defects into any fold ad nauseam… Step
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contraction is always possible 
provided there are no ribbons in the 

way…..
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contraction is always possible 
provided there are no ribbons in the 

way…..
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…cannot contract if perimeter is 
blocked 
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any circular ribbon diagram with annular and/or moebius ribbons

 describes a duplexed fold

contract all nested annular ribbons and 
fans of moebius ribbons to form 

contracted fold
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every circular diagram has a canonical 
fully-flagged FOLD LABEL

<latexit sha1_base64="sT62DHlV89CUp0fiWwOndMzF0nI=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSBIKxgoWBoUj0ITUhclynterYke0gVVEWfoWFAYRY+Qw2/ganzQAtR7rS0Tn36t57woRRpR3n26osLa+srlXXaxubW9s79u5eR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDccXxd+95FIRQW/15OE+DEachpRjLSRAvvAi5EeYcSy2/zBE5rGRAVeiwZ23Wk4U8BF4pakDkq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0JH1DOTKL/Gz6QA6PjTKAkZCmuIZT9fdEhmKlJnFoOotz1bxXiP95/VRHl35GeZJqwvFsUZQyqAUs0oADKgnWbGIIwpKaWyEeIYmwNpnVTAju/MuLpHPacM8bzt1ZvXlVxlEFh+AInAAXXIAmuAEt0AYY5OAZvII368l6sd6tj1lrxSpn9sEfWJ8/OXKWzg==</latexit>

L⌦
⇧
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<latexit sha1_base64="sT62DHlV89CUp0fiWwOndMzF0nI=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSBIKxgoWBoUj0ITUhclynterYke0gVVEWfoWFAYRY+Qw2/ganzQAtR7rS0Tn36t57woRRpR3n26osLa+srlXXaxubW9s79u5eR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDccXxd+95FIRQW/15OE+DEachpRjLSRAvvAi5EeYcSy2/zBE5rGRAVeiwZ23Wk4U8BF4pakDkq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0JH1DOTKL/Gz6QA6PjTKAkZCmuIZT9fdEhmKlJnFoOotz1bxXiP95/VRHl35GeZJqwvFsUZQyqAUs0oADKgnWbGIIwpKaWyEeIYmwNpnVTAju/MuLpHPacM8bzt1ZvXlVxlEFh+AInAAXXIAmuAEt0AYY5OAZvII368l6sd6tj1lrxSpn9sEfWJ8/OXKWzg==</latexit>

L⌦
⇧

bare fold label

1

1

2

2

3

3
4

4

label each ribbon 1,2,3,…
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every circular diagram has a canonical 
fully-flagged FOLD LABEL

<latexit sha1_base64="sT62DHlV89CUp0fiWwOndMzF0nI=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSBIKxgoWBoUj0ITUhclynterYke0gVVEWfoWFAYRY+Qw2/ganzQAtR7rS0Tn36t57woRRpR3n26osLa+srlXXaxubW9s79u5eR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDccXxd+95FIRQW/15OE+DEachpRjLSRAvvAi5EeYcSy2/zBE5rGRAVeiwZ23Wk4U8BF4pakDkq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0JH1DOTKL/Gz6QA6PjTKAkZCmuIZT9fdEhmKlJnFoOotz1bxXiP95/VRHl35GeZJqwvFsUZQyqAUs0oADKgnWbGIIwpKaWyEeIYmwNpnVTAju/MuLpHPacM8bzt1ZvXlVxlEFh+AInAAXXIAmuAEt0AYY5OAZvII368l6sd6tj1lrxSpn9sEfWJ8/OXKWzg==</latexit>

L⌦
⇧

bare fold label

1

1

2

2

3

3
4

4

canonical label: order all possible clockwise, anticlockwise circuits around perimeter,  
choose smallest label
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every circular diagram has a canonical 
fully-flagged FOLD LABEL

<latexit sha1_base64="sT62DHlV89CUp0fiWwOndMzF0nI=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSBIKxgoWBoUj0ITUhclynterYke0gVVEWfoWFAYRY+Qw2/ganzQAtR7rS0Tn36t57woRRpR3n26osLa+srlXXaxubW9s79u5eR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDccXxd+95FIRQW/15OE+DEachpRjLSRAvvAi5EeYcSy2/zBE5rGRAVeiwZ23Wk4U8BF4pakDkq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0JH1DOTKL/Gz6QA6PjTKAkZCmuIZT9fdEhmKlJnFoOotz1bxXiP95/VRHl35GeZJqwvFsUZQyqAUs0oADKgnWbGIIwpKaWyEeIYmwNpnVTAju/MuLpHPacM8bzt1ZvXlVxlEFh+AInAAXXIAmuAEt0AYY5OAZvII368l6sd6tj1lrxSpn9sEfWJ8/OXKWzg==</latexit>

L⌦
⇧

annular/moebius flag

1

1

2

2

3

3
4

4

(moebius)

(moebius)

(moebius)

(anti/parallel duplex)

Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



every circular diagram has a canonical 
fully-flagged FOLD LABEL

<latexit sha1_base64="sT62DHlV89CUp0fiWwOndMzF0nI=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSBIKxgoWBoUj0ITUhclynterYke0gVVEWfoWFAYRY+Qw2/ganzQAtR7rS0Tn36t57woRRpR3n26osLa+srlXXaxubW9s79u5eR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDccXxd+95FIRQW/15OE+DEachpRjLSRAvvAi5EeYcSy2/zBE5rGRAVeiwZ23Wk4U8BF4pakDkq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0JH1DOTKL/Gz6QA6PjTKAkZCmuIZT9fdEhmKlJnFoOotz1bxXiP95/VRHl35GeZJqwvFsUZQyqAUs0oADKgnWbGIIwpKaWyEeIYmwNpnVTAju/MuLpHPacM8bzt1ZvXlVxlEFh+AInAAXXIAmuAEt0AYY5OAZvII368l6sd6tj1lrxSpn9sEfWJ8/OXKWzg==</latexit>

L⌦
⇧

1

1

2

2

3

3
4

4

(moebius)

(moebius)

(moebius)

(annular)

annular/moebius flag
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every circular diagram has a canonical 
fully-flagged FOLD LABEL

<latexit sha1_base64="sT62DHlV89CUp0fiWwOndMzF0nI=">AAACAHicbVC7TsMwFHXKq5RXgIGBxaJCYqoSBIKxgoWBoUj0ITUhclynterYke0gVVEWfoWFAYRY+Qw2/ganzQAtR7rS0Tn36t57woRRpR3n26osLa+srlXXaxubW9s79u5eR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDccXxd+95FIRQW/15OE+DEachpRjLSRAvvAi5EeYcSy2/zBE5rGRAVeiwZ23Wk4U8BF4pakDkq0AvvLGwicxoRrzJBSfddJtJ8hqSlmJK95qSIJwmM0JH1DOTKL/Gz6QA6PjTKAkZCmuIZT9fdEhmKlJnFoOotz1bxXiP95/VRHl35GeZJqwvFsUZQyqAUs0oADKgnWbGIIwpKaWyEeIYmwNpnVTAju/MuLpHPacM8bzt1ZvXlVxlEFh+AInAAXXIAmuAEt0AYY5OAZvII368l6sd6tj1lrxSpn9sEfWJ8/OXKWzg==</latexit>

L⌦
⇧parity flag

1

1

2

2

3

3
4

5

(even/odd half-twists in duplex)
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Any digit string with each digit listed twice describes an unflagged (likely uncontracted) fold

<latexit sha1_base64="oJYn2Pzv0NRuoazfW9qUYmLbRcc=">AAACG3icbVBLS8NAGNz4rPUV9eglWARPJUkfehGKXjx4qGAf0MSw2WzapZsHuxuhhPwPL/4VLx4U8SR48N+4aQNq68DCMPN9uzvjxpRwoetfytLyyuraemmjvLm1vbOr7u13eZQwhDsoohHru5BjSkLcEURQ3I8ZhoFLcc8dX+Z+7x4zTqLwVkxibAdwGBKfICik5KimFUAxQpCm13cWwqHAzIuE80Ozcys1TKNWb9TMZr3RtDJHrehVfQptkRgFqYACbUf9sLwIJYG8ElHI+cDQY2GnkAmCKM7KVsJxDNEYDvFA0hAGmNvpNFumHUvF0/yIyRMKbar+3khhwPkkcOVknoTPe7n4nzdIhH9mpySME4FDNHvIT6gmIi0vSvMIw0jQiSQQMSL/qqERZBDJXnhZlmDMR14kXbNqNKr6Tb3SuijqKIFDcAROgAFOQQtcgTboAAQewBN4Aa/Ko/KsvCnvs9Elpdg5AH+gfH4DrGegeQ==</latexit>

L⇧
⇧ = {121345326456}

<latexit sha1_base64="LW1TDW+/DqJW/t5Z3h+4dNn88yI=">AAACFXicbVDNS8MwHE39nPOr6tFLcRM8yGgLohdh6MWDhwnuA9Za0jTdwtKmJKkwSv8JL/4rXjwo4lXw5n9juhXUzQeBx3u/X5L3/IQSIU3zS1tYXFpeWa2sVdc3Nre29Z3djmApR7iNGGW850OBKYlxWxJJcS/hGEY+xV1/dFn43XvMBWHxrRwn2I3gICYhQVAqydOP604E5RBBml3ndw7CscQ8YNL7oedOZlm27eR1T6+ZDXMCY55YJamBEi1P/3QChtJIXYUoFKJvmYl0M8glQRTnVScVOIFoBAe4r2gMIyzcbJIqNw6VEhgh4+rE0piovzcyGAkxjnw1WUQQs14h/uf1UxmeuRmJk1TiGE0fClNqSGYUFRkB4RhJOlYEIk7UXw00hBwi1YeoqhKs2cjzpGM3rJOGeWPXmhdlHRWwDw7AEbDAKWiCK9ACbYDAA3gCL+BVe9SetTftfTq6oJU7e+APtI9vUCSe3w==</latexit>

L⇧
⇧ = {1122}

<latexit sha1_base64="xT24NEn5lz8SLBqiKcU3TYsrz1Y=">AAACF3icbVBLS8NAGNzUV62vqEcvwVbwFJIU0YtQ9OLBQwX7gCaGzWbTLt082N0IJeRfePGvePGgiFe9+W/ctAG1dWBhmPm+3Z3xEkq4MIwvpbK0vLK6Vl2vbWxube+ou3tdHqcM4Q6Kacz6HuSYkgh3BBEU9xOGYehR3PPGl4Xfu8eMkzi6FZMEOyEcRiQgCAopuaresEMoRgjS7Dq/sxGOBGZ+LNwfem5nptU0m5adN1y1bujGFNoiMUtSByXarvpp+zFKQ3kZopDzgWkkwskgEwRRnNfslOMEojEc4oGkEQwxd7Jprlw7koqvBTGTJxLaVP29kcGQ80noyckiBJ/3CvE/b5CK4MzJSJSkAkdo9lCQUk3EWlGS5hOGkaATSSBiRP5VQyPIIJKN8JoswZyPvEi6lm6e6MaNVW9dlHVUwQE4BMfABKegBa5AG3QAAg/gCbyAV+VReVbelPfZaEUpd/bBHygf31Xjn1k=</latexit>

L⇧
⇧ = {123132}
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possibly UNCONTRACTED
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Any combination of orientation flags is allowed:
<latexit sha1_base64="Iy/w8XX2x8AGDi2/EUKlnkXzCbY="></latexit>

L⌦
⇧ = {121345326456}

<latexit sha1_base64="OW1UBbcQ2F41UAey6G9fXbsg0Gs="></latexit>

L⌦
⇧ = {121345326456}

<latexit sha1_base64="uRJpHY4oIBkMrKJfaaA/MzwAj2Y="></latexit>

L⌦
⇧ = {121345326456}

<latexit sha1_base64="fkglLPuISZkQnX1acHeeDto9wUo="></latexit>

L⌦
⇧ = {121345326456}

....
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Any combination of parity flags is allowed:
<latexit sha1_base64="INkkW+TiLWj3XAe5b/5Nzph4XtY=">AAACIHicbVDJSgNBFOxxjXGLevQyGARPYSarFyHoxYOHCGaBTGx6et4kTXoWunuEMORTvPgrXjwoojf9GjvLQRMLGoqq93hd5cacSWVZX8bK6tr6xmZmK7u9s7u3nzs4bMkoERSaNOKR6LhEAmchNBVTHDqxABK4HNru8Gritx9ASBaFd2oUQy8g/ZD5jBKlJZyrOQFRA0p4ejO+dyiECoQXKew02IWT2hiKGOwShjKGCoZSsapppeqMcS5vFawpzGViz0kezdHAuU/Hi2gS6AuUEym7thWrXkqEYpTDOOskEmJCh6QPXU1DEoDspdOAY/NUK57pR0K/UJlT9fdGSgIpR4GrJydx5KI3Ef/zuonyz3spC+NEQUhnh/yEmyoyJ22ZHhNAFR9pQqhg+q8mHRBBqK5JZnUJ9mLkZdIqFuxKwbot5+uX8zoy6BidoDNkoxqqo2vUQE1E0SN6Rq/ozXgyXox342M2umLMd47QHxjfPxAxojQ=</latexit>

L⇧
⇧ = {1e2e13e4e5e326e456}

<latexit sha1_base64="/iJN81gMTj5pPUrgL9tkndMy8vQ="></latexit>

L⇧
⇧ = {1o2e13e4o5e326o456}

....

....
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Folds are equivalent if and only if they have identical contracted, fully-flagged canonical fold labels

Any flagged label with each digit listed twice is an allowed flagged (contracted) fold label

....
<latexit sha1_base64="E1bseEEgEwGjTEc8Kelb9YID0HI="></latexit>

L⌦
⇧ = {1o2e13e4o5e326o456}

....
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<latexit sha1_base64="oKGaY8B9hgbwoW0vhQHsQCNCoss=">AAACJXicbVC7TsMwFHV4lvIKMLJEtEhMVdIXDAwVLIxFog+piSLHdVqrThzZDlJl5WdY+BUWBiqExMSv4D4koOVKvj4+517b9wQJJULa9qextr6xubWd28nv7u0fHJpHx23BUo5wCzHKeDeAAlMS45YkkuJuwjGMAoo7weh2qnceMReExQ9ynGAvgoOYhARBqSnfvC66ymW6YnqBcjKf/ZzKmY8dVdFZVbWgajpVyqqut2qt7mZF3yzYJXsW1ipwFqAAFtH0zYnbZyiNcCwRhUL0HDuRnoJcEkRxlndTgROIRnCAexrGMMLCU7MpM+tcM30rZFyvWFoz9neHgpEQ4yjQlRGUQ7GsTcn/tF4qwytPkThJJY7R/KEwpZZk1tQyq084RpKONYCIE/1XCw0hh0hqY/PaBGd55FXQLpecWsm+LxcaNws7cuAUnIEL4IBL0AB3oAlaAIEn8ALewMR4Nl6Nd+NjXrpmLHpOwJ8wvr4B9Gyldw==</latexit>
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the polarised (rigid vertex) strand graph 


the fold


1

2

3

4

5

6

1

3
4

5

2

A fully-flagged canonical fold label uniquely defines a degree-4 ‘polarised strand graph’ 
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the polarised strand graph 
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each vertex hosts a double-helix, whose helical axis is set by the plumbline polarisation
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these are simplest graph embeddings only - any embedding is OK!
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(a) uncrossed, one-colored embed

(b) uncrossed two-colored embed
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(c) all graph embeds contain edge-crossings
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(c) all graph embeds contain edge-crossings
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(b) uncrossed embed is two-colored

all folds are either (a), (b) or (c)
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(a) uncrossed embed is one-colored
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generic contracted folds can be complex
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double-stranded (ds) domains: 
parallel  

anti-parallelStep
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single-stranded (ss) domainsStep
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edge-crossingsStep
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All contracted (a)-type folds up to 6 ribbons

Y-junctions only

Y-, X-,… junctions

Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



2
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3

3
1

1

twists: t1=3, t2=1, t3=3

twists: 3,1,5

twists: 5,3,7

generic folds are KNOTTED
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(c) all graph embeds contain edge-crossings
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(b) uncrossed embed is two-colored
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(a) uncrossed embed is one-colored

unique simplest strand knots set by duplex twists 

multiple simplest strand knots set by duplex twists, ±1 sign of edge-crossings 
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Idea: An uncrossed polarised strand graph is ‘topologically rigid’ 

embedding of a fold with no edge crossings describes a unique (un)knot 

Knot depends on nmbr of twists in each duplex: all (simpler?) cases are algebraic tangles

(b) uncrossed embed is two-colored

(a) uncrossed embed is one-colored
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....

unknot
trefoil

Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



Idea: A crossed polarised strand graph embedding of a fold is ‘topologically nonrigid’

Knot depends on edge-crossing twist (±1)

(c) all graph embeds contain edge-crossings
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edge-crossings+ +1 or -1?

(c) all graph embeds contain edge-crossings
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{102030123}
In absence of other interactions and entropy 50% chance of knotting!

Idea: A crossed polarised strand graph embedding of a fold is ‘topologically nonrigid’

Knot depends on edge-crossing twist (±1)
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

ssRNA duplexes are usually A-form: antiparallel and right-handed, ca 5 nucleotides per half-twist

Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



all-antiparallel folds
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RNA folds can be far more complex than simple linear double-helices…

Pseudoknots

Brierley, Ian, Simon Pennell, and Robert JC Gilbert. "Viral RNA pseudoknots: versatile motifs in gene expression and replication." Nature Reviews Microbiology 5.8 (2007): 598-610.
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

single-stranded (ss)

allowed
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

double-stranded (ds)

allowed
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

stem loops (hairpins)

‘twist defects’: deleted in contracted fold

Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

bulges

removed in contracted fold
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

mesojunctions

2-colored embeds
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

junctions

1-colored embeds
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

kissing loops

allowed
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Börner, R., Kowerko, D., Miserachs, H. G., Schaffer, M. F., & Sigel, R. K. (2016). Metal ion induced heterogeneity in RNA folding studied by smFRET. Coordination Chemistry Reviews, 327, 123-142.

RNA folds can be far more complex than simple linear double-helices…

pseudoknots

allowed: ALL contracted folds are pseudo knotted
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All contracted (a), (b), (c) antiparallel folds - up to 4 ribbons:

Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



…… with 5 ribbons:
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Brierley, Ian, Simon Pennell, and Robert JC Gilbert. "Viral RNA pseudoknots: versatile motifs in gene expression and replication."  
Nature Reviews Microbiology 5.8 (2007): 598-610.

5’
S1

S2

S1

S2

3’

“H-type” pseudoknotted fold

linear diagram for “H-type”  fold
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All possible crossing-free 
linear antiparallel folds 

 (formed by cutting the circular diagram)

H-fold

K-fold

K-fold

L-fold

M-fold

M-fold

detected in ssRNA

?
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H-pseudoknot region in SARS-CoV-2 (nt 13418-13488 within 30000 nt genome) is almost knotted ….

Modeling the structure of the frameshift stimulatory pseudoknot in SARS-CoV-2 reveals multiple possible conformers, 
Woodside et al, BioRXiv  https://doi.org/10.1101/2020.06.08.141150 June 2020

(presumably replication needs the unknot) 
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Woodside et al, BioRXiv  https://doi.org/10.1101/2020.06.08.141150 June 2020

5’

3’

. .

S1 S1S2 S2S3 S3
0 10 20 30 40 50 60 70 80
5’… …3’

L2L1 L3

5’ 3’

approx metric realisation of rectified linear fold

Nucleotide number along ss=RNA (-13 418)Step
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twist~1.8 twist~1.2 Stem loop:

deleted in contracted fold

from metric to topological realisation of fold
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[112112] is a (c)-type fold
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{112112} ⇢ {1o2o12}

In absence of other interactions and entropy 33% chance of knotting!

edge-crossings
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H-pseudoknot region in SARS CoV-2 is a potential target for viral deactivation…  
modify the fold by nt mutations?

Schlick, Tamar, Qiyao Zhu, Swati Jain, and Shuting Yan. "Structure-Altering Mutations of the SARS-CoV-2 Frameshifting RNA Element."  
Biophysical Journal (2020).

…so, secondary interactions alone will induce true knotting in pseudoknot domain of CoV-2 RNA 

 likely suppressed by tertiary interactions, disfavouring +1, +1 edge-crossings in edge graph

OR, modify the fold by altering tertiary interactions?

Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



Step
he

n H
yd

e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u



To appear in bioRxiv  
&  
“The Structure of Tangles” 
(Clarendon Press)Step

he
n H

yd
e 

 

ste
ph

en
.hy

de
@

sy
dn

ey
.ed

u.a
u




