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Non-crossing RNA partition functions

MFE prediction

Fluid movement in cells:
Partition Function

~ Cytoplasmic streaming (plant and some animal cells)
- Motile cells.
~Cells preparing for division.

- Circulating cells in blood and lymph.
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* SARS-CoV-2
* A positive sense single stranded RNA
* Length: 30k base
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Q Structure information from experimental data

* Incarnato laboratory [Manfredonia et al. 2020]
* (invivo and in vitro) SHAPE and DMS
* 87 regions (not 3’UTR or FSE)

* Pyle laboratory [Huston et al. 2021]
* (invivo) SHAPE
« 3’UTR and FSE, and dispersed throughout ORF1ab

* Cliff Zhang’s laboratory [Sun et al. 2021]
* (invivo click) SHAPE

e 37 structural elements
* 5°UTR but not pseudoknot 3’ UTR, and no mention of FSE.

C{:}B QA COMPUTATIONAL BIOLOGY
RESEARCH AND ANALYTICS THECOBRALAB.COM



Structure information from computational work

* Moss laboratory [Andrews et al. 2020] * RNA Puzzles [Gumna et al. 2022]
* ScanFold-based computational pipeline « 74 3D models of UTRs, including some
* 8regions predicting pseudoknots in 3’ UTR, and

some extended 5’ UTR structures beyond
the currently accepted 5 stem loops

Pyle laboratory [de Cesaris et al. 2021]
e SuperFold
* 61% of the genome as being base paired

Das laboratory [Rangan et al. 2020] * Little is known about structures in
* combination of CONTRAfold and RNAz coding regions
* 44 regions (components of 5’ UTR, FSE, and 3’ UTR)

Mathews laboratory [Li et al. 2021]
* LinearTurboFold

* 50 elements, 26 of which were not in previous
studies
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sequence collection

. . - 5 o 2
StrUCtural Plpellne | ’ initial alignment MAFFT
4
phylogenetic tree generation MUSCLE
* Started with a known pipeline y
* Conserved structures in vertebrates [Thiel et al. Genes 2018] MR ASTINE NERSECES
* Conserved structures in non-coding RNA [Will et al. Genome Res v
201 3] initial structure prediction RNAz
L4
* Modified it for shorter sequences PR e
* More stringent criteria v .
) ) structure refinement and covariant nucleotide LocARNA
 Added Cacofold [Rivas PLoS Comp Bio. 2020] detection it
* Cross referenced findings with others \ v /
quantitative and qualitative analysis
Andrews comp:rt\ztional Huston
biochemical
predictions
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Structural Pipeline

Root

—— RaTG13 W

—— SARS-CoV-2

SARS-CoV ﬁ
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Structure Comparison
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SARS CoV-2 predicted RNA structures
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Q Frameshifting Pseudoknot

* Key in replication of coronaviruses: ribosomal frameshifting

e SARS-CoV-2 has 2 ORF

* Normally only one translated
* Pseudoknot facilitates frameshifting and translation of both!

-1 PRF site

| :

ORF1a |

| ~
|3
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* SARS-CoV -1 PRF conserved in SARS-CoV-2
* only a single base difference

* Pseudoknot plasticity

Stem 3

-.——P:"O Stem 2

o
:'.' /A TSR
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* Characterization of the structure and its pathways
* asampling of land- scape of previously unidentified—non-native structures

* Following a hierarchical folding view
* Incorporating experimental data (SHAPE)

e Effects of mutations

[ @@@@@@000@@ 0OCCeE GOOQOQOGQ@@@@GQ@Q@OO@@Q@OQO@Q@@@@@@Q0@0@@@@@ 68
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Hierarchical Folding

* Evidence that RNA structure formation is hierarchical [Tinoco & Bustamante
1999, Cho et al. 2009, Bailor et al. 2010]

Sequence GGGAAAUGGACUCA GCGG CGCCGA CCGC CAAACAACCGGCA

l

Pseudoknot-free GGGAAAUGGACUCA GCGG CGCCGA CCGC CAAACAAC CGGCA

l

(possibly) Pseudoknot GGGAAAUGGACUCA GCGG CGCCGA CCGC CAAACAAC CGGCA
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Q Hierarchical folding-based methods
+ HFold [Jabbari et al. 2008 f\\
- [ - aree ] m CAAC CGGCA

GGGAAAUGGACUCA G GCCGA CCG

* Input: RNA Seq + a pk-free structure

« Input structure as a constraint /\
* Output: MFE given input f-\\

GGGAAAUGGACUCA GCGG CG

* |terative HFold [Jabbari et al. 2014]
* Input: RNA Seq + a pk-free structure f\\
(N

CGA CCGC CAAACAACCG

* Input structure as a restraint GGGAAAUGGACUCA G GCCGA CCGC CAAACAAC CGGC A
* Qutput: MFE guided by the input /
GGGAAAUGGACUCA GCGG CGCCGA CEGC CAAACAAC CGGC A
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SARS-CoV-2 PRF Structure Prediction

GCGGUGUAAGUGCAGCCCGUCUUACACCGUGCGGCACAGGCACUAGUACUGAUGUCGUAUACAGGGCU

2. Calculate
energetically favourable
initial stems

1. Obtain input
RNA sequence

\

D
2 lterative HFold (2014)
3
: A 4 . P
5 : 3.Use initial stems as
7 Energetically : :
; restraints to guide
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i 5.8 prediction of secondary
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Incorporating SHAPE

* ShapeKnots data

66.0 65.1 65.4 63.9 63.5 6

79.0 78.7 Bl 71.7 71.2 /733

729 72.1 72.4 72.1 71.8 70.9 71.4

[ ] 5 R NAS > 300 1 825 823 8 5 71.8 70.9 FSiERIGANISEE 72.2 72.2 71. 5 5 54.9 5¢
64.9 [{UFR3:X3 57.2 59.3 59.2 g 5 q i i 57.4 57.4
. . 3 83.1 79.2 -741 PEXY] 56.4 56.2 4 4 2 56.9 56.8
® 5 rIbOSWItCheS 82.0 82.0 82.0 1 72. 7 q % BY574 574 5
79.4 81.6 81.3 80.9 81.2 81.0 ] 4 .1 72.0 71.9
[ 4 h d t p d t 79.9 79.5 79.4 81.5 80.8 80.7 3 73.4 72.6 72.2 72.3 72.2
a r O re IC 78.8 80.0 80.1 80.1 80.2 82.0 81.7 73.9 73.6 73.4
. . . 5 83.4 83.3 84.1 2 .178.7 78.8 78.7 81.1 80.0 79.9 79.7 79.8
® 3 RNAS In |nteraCt|0nS 65.1 65.2 66.6 66.0 82.9 8 80.9 80.9 78.8 78.9 80.8 80.5 80.5 80.0

7i- %1 63.8 64.9 65.2 66.0 k=¥ 2 6 83.0 80.1 C°WA 80.8 80.9 78.8 81.0 80.4 L : b -70

LR PACI:-PY 66.6 66.6 LR} 80.7 80.8

80.8 81.2 82.4 83 /@807 80.8 80.7
74.2 . ; 79.2 79.6 80.8 80.9 81.9 82.2 82.3 79.6

Intercept
-22-21-20-19 -8 -1.7 -16 -15 -1.4 -1.3 -1.2 -1.1 -1.0 -0.9 -0.8 -0.7 -0.6 -0.5 0.4 -0.3 0.2 -0.1

 Extended

- 65

M 72.0 74.0 74.5 73.7 7 79.3 79.2 79.5 80.7 81.6 81.6
¢ 6 fro m R NA M a p pl ng Data ba Se -68.5 70.5 70.6 72.2 74.3 73.2 73.5 73. 79.3 79.3 79.2 81.6
. -67.7 68.2 70.4 70.6 71.1 71.5 70.5 73.2 73.3 73.9 80.2
® 3 r| bo regu lato rS -67.0 67.2 68.3 68.4 70.6 70.9 69.7 70.4 70.5 70.5
-67.0 67.0 67.2 67.9 68.2 70.5 70.9 69.6 70.4 70.4 72.5 73.6 LX) 74.2
PS S A R S C V 2 3 ) d 5 b UT R -66.4 66.7 66.8 66.9 67.6 68.2 68.3 70.8 69.6 70.3 70.8 72.4 72.1 72.2 73.2 73.2
- O a n P¥ 66.5 66.5 66.6 66.8 67.6 67.9 68.0 68.6 69.8 70.3 70.0 70.4 70.4 70.6 70.7 71.5 71.5 v
. . . 52.8 52.8 53 Y 66.8 67.4 67.8 68.3 68.2 67.8 68.0 70.2 70.2 70.4 70.5 70.8 70.7 ] 74, 74.9 74.8 75.0 ,
® rl b O n u C le a S e d O m a | n Of Ba C | llu S 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40

Slope

subtilis

C{:)B IQA COMPUTATIONAL BIOLOGY
RESEARCH AND ANALYTICS THECOBRALAB.COM



Q Shapify [Trinity et al. 2023]

* Huston 2021 (in vivo, genome-wide)

* Manfredonia 2020 (in vivo, genome-wide)
* Yang 2021 (in vivo, genome-wide)
 Zhang 2021 (in vitro, PRF) al

T I T T I
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SARS-CoV-2 PRF Structure Prediction

2. Calculate
energetically favourable
initial stems

1. Obtain input
RNA sequence

A\

Shapify (2023)
= 3.Use initial stems as
Eg ?gﬁgfigy / | restraints to guide
ihitial staiiis / prediction of secondary
structures
SHAPE Data .
Secondary
structure
predictions
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Native-adjacent Structures

S9
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Native Non-adjacent Structures
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e SChl'Ck et al.. |dent|f|ed 3 mOtlfS & HL-type 3_3 \?f H-type 3_6 S Ribosome

[J Am Chem Soc. 2021] Pseudoknot Pseudoknot S
« SHAPE - 3

e ‘3_6’ motif corresponds with
NN1, NN2, and NN4.

* Bhatt et al. [Science 2021]

' Frameshifting
Element

* cryo-EM S10.
» Structure that matched ‘3_6’ k"“';‘_’?” L b
motif

5'”||”|llllllllllll|l\

SARS-CoV-2 RNA
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Q Dual Graphs

.

2_1 2.2 2_3
(((G9)))[(((C2))) B (((GA(((69)))29))) B (((GH[1]29))) = ]]]



Q Tying the Knot [Trinity et al. 2024 ]

 Expanded FSE window size
* 90to 222 nt

Structure free energy

F =
ree energy per n Sequence length

e Considered covariation
* KnotAli [Gray et al. 2020]
e MSA obtained from Schlick et al. JACS 2021

* Considered refolding /\
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Q 144 nt window

3_6 motif — Native structure
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Trinity et al. 2024
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Q Incorporating Covariation — 7 SARS-CoV2 sequences

——

DUUGAY
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Incorporating Covariation — sarbecoviruses
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Multiple Structures — Varying Window Size and SHAPE

-0.02 Motifs | ~11k sequences
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Path convergence for 3_3 motif

ACGGGUUUGCGGUGUAAGUGCAGCCCGUCUUACACCGUGCGGCACAGGCACUAGUACUGAUGUCGUAU

MFE (CCCCCC. D000 eere-))) M II11111 1111 (e eenennnn ))))))))) ..

MFE-1 (CCCCCCOOOOOOO0000---0)))) 11111111111 CCCCCC (e )))))))) ..

MFE-2 (((CCC(*CCCOOOOOO0C-22)))))) 111111110 CC....))-)))-))))))))

MFE-3 (((CCCC-DO0COOO000--)0)))) 1111101111 CCCCCCCC(CC...2))-))).))))))..

MFE-4 ((CCCCCOOOOCCOO0000---)000)00) 11111111111 CCCCCCCCC...)))))-)))))*..
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CQBRA

Simulating refolding— CPa Ity [Trinity et al. 2024, submitted]

1. Obtain input RNA sequence

|

3. Compute ensemble

2. Compute energetically
favourable initial stems

l

Energetically

favourable
initial stems

COMPUTATIONAL BIOLOGY
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A
N

energies with each
initial stem constraint

Y

Ensemble
energies

4. Remove one base

from 5’ end of sequence
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Decreasing sequence length from 77 to 70

Constraint

e= = |pitial Stem 1

CParty

== = |nitial Stem 2

Ensemble Energies
&

”
75 —--~_,:’
-—-~-’
-80
A A C
’B‘ Stem 2
Ribosome |

Ilterative HFold
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* Conserved Similarity

 Structural paths
* SHAPE incorporation
e Covariations and length dependence

 Motif transitions
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Understanding molecular and cellular Develop Al methods for
changes in response to disease/aging early diagnosis

CLBRA
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Design therapeutic molecules Algorithm design for prediction
for effective treatment of molecular interactions
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Thank you!

, , All members of the COBRA Lab
Sebastian Will
- PUES o |
H Canadd
[N\3C-CNIC|
Ulrike. Stege BC Mnacs
CAN

CER INNOVATION

Canada i Fondation i
for i ur Pi i

Yan Ponty

UNIVERSITY
OF ALBERTA

CLBRA b s

THECOBRALAB.COM



