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Recent Virus Outbreaks

2012: MERS CoV in Saudi Arabia

2014/2015: Ebola virus (EBOV) in West Africa

2015/2016: Zika virus (ZIKV) in Brazil

2017 Yellow fever virus (YFV) in Brazil

2018: EBOV in DRC

2018/2019: Polio virus in Pakistan

2019: EEEV in USA

2019/2020: SARS-CoV-2 in China




The Chemical Structure of RNA
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Part I

RNA structure prediction



I'ne RNA Folaing Problem

GCGCUCUGAUGAGGCCGCAAGGCCGAAACUGCCGCAAGGCAGUCAGCGC

}

e Hierarchical folding: Secondary structure forms first then helices arrange to form tertiary structure
® Secondary structures cover most most of the folding energy

® Convenient and biologically useful description

e Computationally easy to handle

® [ertiary structure prediction needs knowledge of secondary structure

5



Secondary Structures

A secondary structure iIs a list of base pairs (i,]) on a sequence X, with

® Any nucleotide (sequence position) can form at most one pair

® [f (i) is a pair then xx; € {GC,CG,AU,UA,GU,UG} :

® If (i,j) is a base pair, then j —i >3 Gk € oo

S S S g g g g N U M g S S g g g

e No pseudo-knots: No pairs (i,j) and (k,}) with i < k < j <] '
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Secondary Structures

A secondary structure iIs a list of base pairs (i,]) on a sequence X, with

® Any nucleotide (sequence position) can form at most one pair
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e If (i,j) is a pair then xix; € {GC,CG,AU,UA,GU,UG} G
,‘p‘:.?-\, v
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Conformation Space

The number of secondary structures for a sequence X = Xi...Xn can be computed recursively
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®
+1 J
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My = 11f xxk € {GC,CG,AU,UA,GU,UG}, otherwise M, =0



Conformation Space

The number of secondary structures for a sequence X = Xi...Xn can be computed recursively

J 1k k

i i+ j i i+1 k—1 k

®
+1 J

J
Sij = Siy1j + E  Sig1k—1Sk41,j My
k=i14+m

My = 11f xxk € {GC,CG,AU,UA,GU,UG}, otherwise M, =0

For sequences with equal {A,U,G,C} content, the number of conformations grows asymptotically
with sequence length

5(n) ~ n21.85"



Conformation Space

Many sequences fold into the same structure
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Conformation Space

Many sequences fold into the same structure

Nature ‘exploits’ this property

For sequences with equal {A,U,G,C} content, the number of conformations grows asymptotically
with sequence length

5(n) ~ n21.85"



Solving the RNA Folding Problem

Toy model for RNA folding: assign energies to base pairs <(x, y)

—asily solved by Dynamic Programming: recursive computation with tabulation of intermediate results

° ® — oo 0/00/\0‘0
1k k

l J [ 1+ J [ i+ k—1 k

®
+1 J

Ej = min {Ei+1J ; (Ei+1,k—1 + Ex41,j + €(X:',Xk))}
I<k<J

® 1, IS the best possible energy for our sequence

® Backtracing through the E table yields the corresponding structure

e The algorithms requires O(n?) memory and O(n°) CPU time



Solving the RNA Folding Problem

Toy model for RNA folding: assign energies to base pairs <(x, y)

—asily solved by Dynamic Programming: recursive computation with tabulation of intermediate results

° ® — oo 0/00/\0‘0
1k k

l J [ 1+ J [ i+ k—1 k

®
+1 J

Ej = min {Ei+1J ; (Ei+1,k—1 + Ex41,j + €(X:',Xk))}
I<k<J

® 1, IS the best possible energy for our sequence

® Backtracing through the E table yields the corresponding structure

e The algorithms requires O(n?) memory and O(n°) CPU time

In practice this toy model is not good enough !
We need loop-dependent energies for serious predictions
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Nearest Neighbour Model

The standard energy model expresses the free energy of a structure as the sum over its loop energies

E(S) = Z E()

[eS
+3.9
® (Good approximation for most oligonucleotides 54
® | 00p energies depend on loop type/size and some sequence dependence -3.3
® Most relevant parameters are experimentally measured; some still guesswork +1.2
® Secondary structures are macro-states, hence energies are temperature- -3.4

dependent free energies Total —4.4 kcal/mol

® [raining parameters is becoming a viable alternative to experiment



~olding with Loop Based Energles

[ 1+1 u u+]j—]j

w .

i j-1j

F;; free energy of the optimal substructure on the subsequence x][i..7]].

Ci; optimal free energy on x[i..7], where (i, j) pair.
Mi]- x[i..j] Is part of a multiloop and contains at least one pair.

M}]. same as M;; but contains exactly one component closed by (i, /).



Partition Function

The partition function is t

statistica

Recall:  S(n) ~ n=21.85"

RNA Is a biopolymer and ruled by thermodynamics

ne fundamental quantity of

mechanics anc

all thermodynamic

poroperties can be derived from it

E(W
Z:Zexp( I(QT))

WV

AG =

—.g. the free energy of formation is given by

—RTIn Z

250000 -

200000 -

150000 -

Count

100000 -

50000 -

Energy

20

40



Partition Function

The partition function is t

statistica

Recall:  S(n) ~ n=21.85"

RNA Is a biopolymer and ruled by thermodynamics

ne fundamental quantity of

mechanics anc

all thermodynamic

poroperties can be derived from it

E(W
Z:Zexp( I(QT))

WV

AG =

—.g. the free energy of formation is given by

—RTIn Z

250000 -

200000 -

150000 -

Count

100000 -

50000 -

Energy

20

40



Computing the Partition Function

The recursion has the same structure as for energy minimisation, with two differences
® replace minimum operation by sums
® addition of energies by products of partition functions

Eij = min {Ei+1,j ? (Ei+1,k—1 + Epy1,) + E(Xian))}
I<k<j

Zi=Ziwj+ Y Ziytk-1Zks1jexp(—e(xi, xc)/RT)
k,(i,k) pairs

The probabillity of structure features can be computed from Z, e.g. the probabillity that a pair is formed
Pij = Z\U,(i,j)ew p(S)

For efficient computation define the partition function Z;; for structures outside the subsequence x]i..]]

Pij = /Z\,'J'Z,' 1,j—1 eXp(—E,'j/RT)/Z




Representing Ensembles of RNA Structures

—nsembles of structures (thermodynamic
equilibrium) are best represented by base pair
porobabillities.

A pair (1, ]) with probabillity p is represented by a
square in row | and column j with area p.




I'he Vienna RNA Package

e Minimum free energy and partition function folding
o Complete suboptimal folding

® |nverse folding / RNA design

| For the programmer:
® Comparison of secondary structures

e Specific heat curves ® A C library to link against your programs

e |nclusion of structure probing data ® Python/Perl scripting language interface

® Analysis of folding kinetics / co-transcriptional folding
e Utilities for plotting and annotation structures
e 2.5D prediction: G-quadruplexes and pseudo-knots

® Prediction of consensus structures



I'he Vienna RNA Package

Free software, C source code and fold server available at

http://www.tbi.univie.ac.at/RNA/



http://www.tbi.univie.ac.at/RNA/

Functional Structures: Point Mutations

@oint mutatlon |
(totally different structure)

original structure

compensatory and @nsistent mutations
(no structural change)



Functional Structures: Point Mutations

How can we distinguish functional from identical structures?



Consensus Structures: Alignment Folding

Combine covariance analysis and folding into one DP algorithm

® Apply conventional folding algorithm to alignment

® Use a modified energy function that includes covariance score

= > E(AcV)+cv- » B
k

(i,))eV



Consensus Structures: Alignment Folding

Combine covariance analysis and folding into one DP algorithm

® Apply conventional folding algorithm to alignment

ﬂflﬂa[iia "

® Use a modified energy function that includes covariance score

(A, \U)_ZE A, V) +cv- > By

(i,/)ewv

e Can be used for all variants: MFE, partition function, ...

e [Efficient: O(N - n* + n*) CPU and O(n?) memory for alignment length n and N sequences

® Same results as RNAfold for smgle seqguences

(CCCCCCee(C((eeeeeannn )))) - (((((eeeennn
mfe: -29 kcal/mol = (-21.3 + -7.7) kcal/mol



RNA Covariation as Evolutionary Trait

® High mutation rate in RNA viruses due to error-prone RdRP

® [or base parr (i,)): GC/CG/AU/UA/GU/UG
® (Consistent mutation: different standard combinations

e Compensatory mutation: both positions are mutated

® Presence of both strongly supports predicted base pair (i,))

29



RNA Covariation as Evolutionary Trait

® High mutation rate in RNA viruses due to error-prone RdRP

® [-or base parr (i,)): GC/CG/AU/UA/GU/UG
® Consistent mutation: different standard combinations

e Compensatory mutation: both positions are mutated

® Presence of both strongly supports predicted base pair (i,j) T

(CCCCCCCee e CCCCOC((eeeeeeeeaannnn ))))))))eeee))eeennn ((((eeeenn ))))))))))
USuv.10 C CGGUGAUGCGA- GGAAGEBACUAG GAGG G 72
Usuv.11  DEMEEENC MCGGUGAUGCGA-_GGAAG CUACA BN oA ARG 7 ypos of e
......................................................... s 3 4 5
0 I IIII
patible
pairs in column 1 . . .
2

A-U G-C G-U
U-A C-G U-G

allowed pairs:

30



RNA Covariation as Evolutionary Trait

.............. )))))))) Ceeenn e
USUV.10 CGGUGAUGCGA- CUAG GAGG
USUV. 11 CGGUGAUGCGA- CUAG GAGG types of pairs:
SLEV.12 G—-——UGCGUGA——— CGU CUAG GAGG o T

6
J 111
incompatible
pairs in column 1 | [ 1 [ 1 [N [

2

A-U G-C G-U
U-A C-G U-G

allowed pairs:

31



RNA Covariation as Evolutionary Trait

USuv.10
USuVv.11
SLEV.12
SLEV.13

(CCCCCCCe e« CCCCCCCA
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m
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CUAG GAGG 66 types of pairs:
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1 2 3 4 5 6
J 111
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pairs in column 1 | [ 1 [ 1 [N [

2

A-U G-C G-U
U-A C-G U-G

allowed pairs:
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RNA Covariation as Evolutionary Trait

ALFV.
USUV.
USUV.
SLEV.
SLEV.

(CCCCCCCe e« CCCCCCCA
CGGG
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))))))))eeee))ecennn (((Ceeeee. ))))))))))
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types of pairs:

1 2 3 4 5 6
J 111
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2

A-U G-C G-U
U-A C-G U-G

allowed pairs:
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RNA Covariation as Evolutionary Trait

(COCCCCCe e e COCCOCCCeeeeeeeeeennnn ))))))))ecee))eeeen. (CCCeeeen. ))))))))))

MVEV.08 CGGG GGAGGUGAUGCGA-AC- C-G

ALFV.09 CGGG GU-GAUGAUGUUA-ACU C-G types of pairs:
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allowed pairs:
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RNA Covariation as Evolutionary Trait

WNV.07

MVEV.
ALFV.
USUV.
USUV.
SLEV.
SLEV.

08
09
10
11
12
13

S O O O O S O S N W L N R )))
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0
incompatible

pairs in column 1

2

allowed pairs:
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RNA Covariation as Evolutionary Trait

JEV.06
WNV.07

MVEV.
ALFV.
USUV.
USUV.
SLEV.
SLEV.

08
09
10
11
12
13

S O O O O O S W O N R R )))))))) o))
CUA-G-GAUGCAAUAG
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GACGGUGAUGCGA-AC

36

0
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pairs in column 1
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types of pairs:
1 2 3 4 5 6
ETEEEN
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RNA Covariation as Evolutionary Trait

JEV.05
JEV.06
WNV.07

MVEV.
ALFV.
USUV.
USUV.
SLEV.
SLEV.

08
09
10
11
12
13

(CCCCCCCe e e CCCCCCCCeeeeeeeeeeannn ))))))))eeee))
CCA-G-GAUGCAAUGG
CUA-G-GAUGCAAUAG
UGA-U-GGUGUUA-UG
GGAGGUGAUGCGA-AC-
GU-GAUGAUGUUA-AC
GACGGUGAUGCGA-AC
GACGGUGAUGCGA-AC

37

0
incompatible

pairs in column 1

2

allowed pairs:

types of pairs:

1 2 3 4 5 6

A-U G-C G-U
U-A C-G U-G



RNA Covariation as Evolutionary Trait
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RNA Covariation as Evolutionary Trait

APCV.

03

JEV.04
JEV.05
JEV.06
WNV.07
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RNA Covariation as Evolutionary Trait

KUNV.
APCV.

02
03

JEV.04
JEV.05
JEV.06
WNV.07

MVEV.
ALFV.
USUV.
USuUV.
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SLEV.
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0
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pairs in column 1

2

allowed pairs:

types of pairs:

1 2 3 4 5 6

A-U G-C G-U
U-A C-G U-G



RNA Covariation as Evolutionary Trait

(COCCCCCee e CCCCCCCCeeeeeeeeeennns ) )

WNV.O01 GUGA--AGGUGUUA--GC 69

KUNV.02 GCAA--UGGUGUUA--AC 69 voes of pairs:
APCV.03 CAGACU-GAUGCUA--UG 70 ypes ot pairs.
JEV.84 UCUA-G-GAUGCAAUAG 7% 1 2 3 4 5 6
JEV.05 UCCA-G-GAUGCAAUGG 7 0

WNV.07 GUGA-U-GGUGUUA-UGC 70 pairs in column 1 | - Be
MVEV.08 GGAGGUGAUGCGA-AC- 70

ALFV.09 GU-GAUGAUGUUA-ACU 70 2

USuUV.10 GACGGUGAUGCGA-ACU 72

UsSuv.11 GACGGUGAUGCGA-ACU 72

SLEV.12 GAG----UGCGUGA---C 66 AU G- G-U
SLEV.13 GAG----UGCGUGA---C 66 allowed pairs:

U-A C-G U-G



RNA Covariation as Evolutionary Trait

We use structural RNA alignments

and Covariance Models
to find conserved elements

WNV.01
KUNV.02
APCV.03
JEV.04
JEV.05
JEV.06
WNV.07
MVEV.
ALFV.
USUV.
USUV.
SLEV.
SLEV.

RRRPRROO
WN ROV

(CCCCCCCee e COCCOEL(eeeeeeeeeeeenn ))
GUGA--AGGUGUUA--GC
GCAA--UGGUGUUA--AC
CAGACU-GAUGCUA--UG
UCUA-G-GAUGCAAUAG
UCCA-G-GAUGCAAUGG
UCUA-G-GAUGCAAUAG
GUGA-U-GGUGUUA-UGC
GGAGGUGAUGCGA-AC-
GU-GAUGAUGUUA-ACU
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RNA Covariation as Evolutionary Trait

We use structural RNA alignments

and Covariance Models
to find conserved elements
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Coronaviruses



Coronaviruses (CoV

» Order Nidovirales / family Coronaviridae / genus
Alpha|Beta|GammalDeltacoronavirus

p Cause respiratory infections in humans

p Some CoVs cause outbreaks and are a global health
concern (SARS, MERS)

p Others circulate continuously, causing influenza-like
llness or common cold

p CoVs infect animals; outbreaks result from spillover
events

» Human-to-human transmission

» Only experimental vaccines
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Betacoronavirus phylogeny

........................................ NC_006577.2_1-29926 _ :
—mlbecovirus (group 2a)
e NC_012936.1_1-31250
e NC _001846.1_1-31357
n -—f‘4!!!! @
L AC_000192.1_1-31526
..................................................... NC_006213.1_1-30741 ﬂ
l: ----------------------------------------------------- NC_003045.1_1-31028
e NC_017083.1_1-31100 /M
.................................. NC_026011.1_1-31249

A NC_038294.1_1-30111

. NC_019843.3_1-30119

o

................................................ NC 039207.1_1-30148

rrrrr NC_009021.1_1-29114

Nobecovirus (group 2d)

NC_030886.1_1-30161

..................... NC_025217.1_1-31491

Hibecovirus

Sarbecovirus (group 2b)

----------- NC_009019.1_1-30286
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CoV Genome Organization

Wuhan nCoV 2020
5 c ORF1a S | N o 3
ORF1b \ E Genomic RNA
‘ . (MRNA1)
YV W 1
R1a [nsl| ns2 nsd|3CUnsS 789 ™ v Yy oy oy
R1ab [ns]| ns2 nsd 3CL{ ns5 )6 7/89| RdRp | Hel [ns1djns1s|is O Spike glycoproteln
‘.._.}4 hosomal S RNAD } / k I an trimer (S)
framesnilt € : AansaaAAAL Nucleoprotein (N)
a 3a AnassAAMAMA MRNA3 and RNA genome
‘PL proteinase vV 3CL protease . H anaasartARy MRNA4 Membrane protein
. _l anaaaaAAAA, MRNAS (M)
© 6 l anasaMAMA MRNAG
. /a RNA7
Subgenomic RNAS | eaky scann g c 1 7b m ~———Envelope small membrane protein

e Non-segmented, linear ss

= different from SARS 2003

e Capped and polyadenylated

e (Genomic

e Subgenomic

RNA encodes O

RF1a & O

RF1Db, yielding

RNAs encode structural proteins

47

114

aaasapAAAE MRNAS

pentamer (E)

https://viralzone.expasy.org/

mRNA?

ORF107

BNA(+) genomes of 27-32kb length (largest RNA viruses)

2d

Rp & non-structural proteins



CoV RNA species
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CoV Subgenomic mRNAS

Subgenomic mMRNAs share common 5’'leader sequence
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CoV Subgenomic mRNAS

3alEfm]6l7 8N

Subgenomic mMRNAs share common 5’'leader sequence

How are they built?
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CoV Discontinuous Transcription

S IEIEIEIENIE
N L 44 444 4

5

TRS-leader UCUAAACGAAC

+ TRS-body
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CoV Discontinuous Transcription

S IEIEIEIENIE
o RARP N L 44 444 4

TRS-leader UCUAAACGAAC

+ TRS-body
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CoV Discontinuous Transcription

B IEIEIEIENIE
N L 44 444 4

5
B

antigenome / (-) strand copy

TRS-leader UCUAAACGAAC

+ TRS-body
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CoV Discontinuous Transcription

[|AAAAAAAAAA 3’

aalefulol7 s [n]io
ey : VSV
B
> - RdRP

~
~
.~ -
~ -
~ -
~ -
~y -‘
.. -
~ -
-~ -
-~ -
-~ -
-~ -
-~ -
-~ —'
.. ——
-~ —-
--
L -
- m -
- m -
-y .
- - -
- - - .
--.--------------

template switch

TRS-leader s UCUAAACGAAC =

EEEREEEEEN
+ TRS-body
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CoV Discontinuous Transcription
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CoV Discontinuous Transcription
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CoV 5’UTR & Leader Region

B) Group IIb

U-A
SARS-CoV-Tor2 o % i A
a:BtSCoV-Rp3 G A U 1A
b:BtSCoV-Rm1 o ¢ 18
c:BtSCoV-273/2005 g » g 8 =
d:BtSCoV-HKUS3-1 °°°U<—ﬁ 2 %_¢
e:SARS-CoV-TJF C-G u-A
f:BtCoV-279/205 g ' - QG c
U C -y
G bGe—A-U
T
¢ ¢ -
Y-8 o gV Wy o
5 U-A "
C-G _ G-C
C-G SQg—PAbch‘_A_l{, G
T a-6 & G A
U-A TRS-L CS g:e U< A-U2> A® U-A
42 Wl e, ey -8
- e -
Ue@ € Usjec AY en G2 PUUSTY  y—>al U CoG—>Abe
G-C U-A U C A A U-A G-C A G
A U-A—>G® (J_A U-A G-C— Ud C-G G-C
U-A A-U U-A T C-G C-G G -C—U
U-A G-C G-C - =8 U-A bCA«— G o U GeU
¥ —  } . { | { | { | { | { | 3
4 3 42 56 58 72 73 130 149 293 318 332 359 380
SL1 SL2 SL3 SL4 SL5

Chen, S. C., & Olsthoorn, R. C. (2010)

Virology, 401(1), 29-41.
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(A) MHV-A59 (B) BCoV
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SL5A SL
7 SL5C
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2
22%331 SL6 &
SL147_1167 b SL129168
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SL1 o ‘ SL1 n C
= SL7 -
> sLa( ) ¢
SL2 S5 g%\F gL2 RS
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(C) MERS-CoV
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SL2 ( >

,—ﬂ :

1

1

SL1

5 3739 654 5778 80132 143 364

377 474

(D) SARS-CoV

SL5B

D
=
<C

sL2s3 (

SH1

SL8

s51) ¢ )

TRS —3 5.
6313852 79 174 195350 357404, .o 460 i

178190 731 4256 5872 81 124

3'
411471474

149 293 301342 348 393

Yang, D., & Leibowitz, J. L. (2015)

Virus research, 206, 120-133.




SARS-CoV-1/2 Leader Region
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100 BtKY72 1 R.sp

BtCoV/BM48-31/BGR/2008 | R.blasii

ﬂ[ bat-SL-CoVZXC21 | R.sinicus
bat-SL-CoVZC45 | R.sinicus

2019-nCoV : GD/P1L | Manis javanica
i -@ GD/P2S | Manis javanica
related lineage " — BetaCoV/bat/Yunnan/RaTG13/2013 | R.affinis
100 - BetaCoV/Wuhan/IVDC-HB-05/2019 | Human
7 100 BetaCoV/Wuhan/IVDC-HB-04/2020 | Human

100} BetaCoV/Wuhan/WIV04/2019 | Human
BetaCoV/Wuhan/IVDC-HB-04/2020 | Human
100 BetaCoV/Wuhan/IPBCAMS-WH-01/2019 | Human
BetaCoV/Wuhan-Hu-1/2019 | Human
® GX/P2V | Manis javanica
® GX/P3B | Manis javanica
100 | @ GX/P4L | Manis javanica
@ GX/P5E | Manis javanica
® GX/P1E | Manis javanica
® GX/P5L | Manis javanica
—— Longquan-140 | R.monoceros :

HKU3-8 | R.sinicus

HKU3-12 | R.sinicus

HKU3-6 | R.sinicus

2019-nCoV

100 —— BtRs-HuB2013 | R.sinicus
——— Rm1 | R.macrotis
SARS-CoV —— Rp/Shaanxi2011 | R.pusillus

. — JTMC15 | R.ferrumequinum

related lineage | 1po L1001 ~"gin¢ 11285013 | R ferrumequinum
Rf1 | R.ferrumequinum
BtCoV/273/2005 | R.ferrumequinum

BtRI-BetaCoV/SC2018 | R.sp

100 — Cp/Yunnan2011 | C.plicata

LYRa11 | R.affinis " Bat SARS-Like CoV

"% | — BtRs-GX2013 | R.sinicus
— Rp3 | R.pearsoni
|— YNLF_31C | R.ferrumequinum
BtRs-BetaCoV/YN2018C | R.affinis
Rs4237 | R.sinicus
Rs4081 | R.sinicus
Rs672 | R.sinicus
— BtRs-YN2013 | R.sinicus
BtRs-BetaCoV/YN2018B | R.affinis
Rs3367 | R.sinicus
Rs7327 | R.sinicus
100 Rs4231 | R.sinicus
SZ16 | civet |
GZ0402 | Human i === Guangdong Pangolin CoV
100 civet007 | civet : === (Guangxi Pangolin CoV
PC4_13 | civet ' SARS-CoV = 2019-nCoV
Sin847 | Human : — Bat CoV (RaTG13) L | 2020
Tor2 | Human ; —— Bat CoV (ZXC21, ZC45) am et al. ( )
GD69 | Human ; -Bat-SL-CoV (273, Rs3367) bioRxiv 2020.02.13.945485.
0.1 TW11 | Human : = Bat-SL-CoV (HKU3, Rf1, 273) e —
SARS-CoV
Bat CoV from Kenya & Bulgaria
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Sarbecovirus Leader Region

G > & Y A A A\ o
7 [ G : S [
i oL ;TP G S i
nr o AN e | | Fe_ " - S
N G—6G a |/ \ -4
o G Y / /
o S / G G—_d
| G
— G—y
\ / / . / U A 1
Q A é / / / ' G G ~ N
S p UG & ! G— g
e &G a
s S A / h ¢ SL5b T
Y QL G — 4
y——A G G
A G
4 ~ SL5 "
SL4 .
c " y——& A
C——&
C——& L ——
G
G——@ c—G SL5
G——u Y ——
( c——G
SL1 A Y
/
{ ¢
C—G6 A S
/ & N
e - Ny WM &
e o C— @G o S Q S
, G D Q A
“' G ——d &, X Y
& i & %
- Y —— 6y, A
- SL2 SL3/TRS-L ¢ % g p
““ G ——U Y A : q i
// A 6 Y A~ G ¢ (A
A q a q A g —— ——U G——€ A
b——A | . G——C J——A SL4a b —— Y
g ——A C——=G C—G J——GG g—— gJ——
Y —— Yy —— Y —— G——@ ——l G——d J
1 G—— —— h— h—— ——\ ¢——&
A A A A o — A A A A o o @ A A A A o C — A p—— ol A A
U—u G U—u—u G U—G C—U—U—u J G—U U J G U c A A ot
J o
g Y G y—C—
G—9 C c A y
I oL b N G S
\ G—G—= il C— 4 / ¢ A
Y Gy /|
v—Y Y/ G
A / O A A
/ U
SL5a : Lo [ e o
—& I G
“ e TSedy SL5b
e G S
o R G
o — < 7 <
1 . 7 S >—G
[ | g — A G
c——=G A A :
G " y——G
c—=G
c—@G Y ——A
G ——( c—G
- - SL7
' -4 SL5 €%
U — ¥ ’ § \ / 2 2
© B,/ S
c—G A QO SN/ P~
A U—G 3 / Y ©
. A G/ ‘
c——G R A
5 Y Y G
G ——( © s . & —
A &
o Ve " S p S ‘-
SL2 SL3/TRS-L ¢ ) Sy g ,
A A S/
— 4 % A q ‘. Y N gy —
/ ' S A G ——(Q 1 A ——U C / (o G — G
Y A & T
a G \ Y — —— G——( s G A G G
C —a / / ¢
- ——A \ 0 G —— g — —A SL4 Y —— g —— o G / G — @
C—=G c——@Q y——@G a I — 4 G ( A ¥ g —
Y ——A Y —— G —— - G——( C G G——(
1 A-— Y —— Y — - C—G C—G
U—u—u A—G—G—U—A—A A—A—A A—A G—A—~A U J &—-——C—4b8V—G——C—4U—U—b-—-AAAAUEC—GUY g —— U G U ——A—G c-—G—6—4Y—€6—6—4Y—A— c J U—u

: G
& /
SL8 ’ ) I )
' G © S
< \ \
A N\ Py
G A N ©
A N\ Y
0
N\ G
N OAmy
©

G

¢

G

(
0
€
U—6
A C
G
G
J
N ¢
Q C—G
G C G——C U G

G



Sarbecovirus Leader Region

SARS-CoV-
NC 045512.2

angolin CoV
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Sarbecovirus Leader Region

Structural multiple sequence alignment (MSA) of four Sarbecovirus leader regions

........................ (((...... Y eeennnoeeea((((Covee))I)))el(((enoeeaa))))eoooeeaalCCCCCCCaCCalCCal(Conaa))YINN)dII)))))eeennnnnnn

NC 045512.2-2b SARS-CoV-2 A--UUAAAGGUUUAUACCUUCCC - CCAACUUUC CUUGU U UCUAAAC UUUAAAAU CES&U C UGCAU| U C UAUAAUUAAU 13

MN996532.1-2b RaTG13 CGAACUCUC CUUGU U UCUAAAC UUUAAAAU CESU C UGCAU U C UAUAAUUAAU 12

EPI ISL 410541-2b Pangolin-BetaCoV GCUUUAACUUUUUACAAA-UCCC G CCAACUCUC CUUGU U UCUAAAC UUUAAAAU CES&U U UGCAU| U C UAUAA-UAAU 13

NC 004718. -—-AA CUUGU U UCUAAAC UUUAAAAU CEsU C UGCAU| U C UAUAAACAAU 13
0

3-2b_ SARS-CoV AUAUUA——GGUUUUUACCUACCC CCAAC CuC
....... 130.......1

......... 10........20........30.0¢.....40........50.0¢¢c...600000ee..70000008000eeee..90.000....1000000...110.00.....12

------------ (- CCCCCCCCeCC. ((((( < (CCCOCCCCCCCCs- (s (((((......))))) ))))))------)))((((((( ((eeeeee)))))))))(((eeee)))))))))))))) )

NC 045512.2-2b SARS-CoV-2 AACUAA--UUACHG G C U UUUCGU GAUCAU UUUCGU G U
G C U UUUCGU GAUCAU UUUCGU G U

G G C U UUUCGU GAUCAU UuuuGyU G U

G C U UUUCGU GAUCAU G U

9 6 0

MN996532.1-2b RaTG13 AACUAA--UUAC
))))))))eee)))))))e)eeeen (CCCCCeeeeeen ( (((((( )))))) )))))))) < (COCCCC COCCCCOCeC00Ceeenn )))))))eeec)))))e)))))ee)) e (CCCCCCC-

EPI ISL 410541-2b Pangolin-BetaCoV AAUUAA--UUAC
NC 004718.3-2b SARS-CoV AAUAAAUUUUAC

NNNDN
Ndovd

NC 045512.2-2b SARS-CoV-2 CAACUC UUUU CUC G GUGG GUC UAU G C AUCUU U 41
MN996532.1-2b RaTG13 CAACUC UCuu C C G GUGG GCUUUAU G C AUCUU U 40
EPI ISL 410541-2b Pangolin-BetaCoV CAACUC UuCuUy G GUGG GCUCUAU| G C AUCUUCUU U 41
NC 004718.3-2b SARS-CoV CAACUCAG UU UCCUU G GUGG GCCCUAU| G G ACCUC U 41
80.eevenn 290....... 300.......310.......320....... 330.......340.......350.......360.......370....... 380.......390....... 400.......410....... 4

(Ce COCCee (Cee CCCCCCCeeeee(((oennn ))) )))))) ))))))))))eee e ((((eeeeennnn )))) -

NC 045512.2-2b SARS-CoV-2 - CGUUUUG U GA CHEBU U C GGAUG-CUC
MN996532.1-2b RaTG1l3 - UGUUUUGEEU UG‘ CERU U C UGAUG-CUC
EPI ISL 410541-2b Pangolin-BetaCoV AU GUACUCEEC CG‘ CEBU U C UGAUG-CCC
NC 004718.3-2b SARS-CoV G CGUACUGEEC CEE{U U C CUGAUGCCUU

UG 500
UG 485
U- 500
C 500

types of pairs:
1 2 3 4 5 6
1111
HETENEN

0

incompatible
pairs in column 1

2

A-U G-C G-U
U-A C-G U-G

allowed pairs:
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Sarbecovirus Leader Region

—k

How to characterise a (structural) MSA qualitatively/quantitatively?

Can we use this information to classify novel conserved RNAs?



Using structure prediction for gene finding

Two traits: Thermodynamic stability and structure conservation

Naturally occurring structured RNAs have a lower folding energy compared to random sequences
of the same size and seguence composition.

1. Calculate native MFE m

2. Calculate mean u and standard deviation o of MFEs of a large
number of shuffled random sequences

3. EXpress significance in standard deviations from the means as I =

Negative z-scores indicate that the native RNA is more stable than random RNASs

64



Structure Conservation Index (SCI)

CGCACGGCTCTTAACCGTGTGGTCGTGGGTTCGAGCCCCACGE |

CAATCGGCT—-TAACCGATTGGTCGCAGGTTCGAATCCTGCCT | Multiple sequence alignment

CAGAGGACTGCAAATCCTTTA—TCCCCAGTTCAAATCTGGGTG‘

(CCCCCC. ... ))))))) (... )))))) .| —-20.2
\((((((( ....... MDY e (e 1)) ..|-16.3| HRNAfold: single sequence MFEs
\.(((((( ....... 330 N d T S Y)))) . .| =11.7

(e I e (e )))))..[-18.9| RNAalifold: Consensus MFE

Consensus MFE

| = ————
SC Mean single MFEs

The SCI is an efficient and convenient measure for secondary structure conservation
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RNAz: Classification of Conserved RNASs

® RNAZ detects conserved RNAs by screening MSA for secondary structures that are

1. Thermodynamically stable rnaziindow. pl
1.
— : : Processed alignments <€ Raw alignments
2. Evolutionarily conserved, by SCI e ;
® Uses a Support Vector Machine (SVM) to classify
npased on these (and a few other) measures ANAZ output ! ilustrated HTML files
B I '
* . 2N |

~ P
-
------

rnazCluster.pl 3

=2 “RNA class probability” |

Tab delimited results file m ‘\\
w BED GFF l HTML index E
Washietl, S. Hofacker |.L., Stadler, P.F. (2005)

rnazFilter.pl rnazBEDstats.pl

Proc Natlc Acad Sci USA, 102:2454-2459. rnazSort .pl

rnazAnnotate.pl
rnazBlast.pl
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Conserved RNAs in CoV Coding Regions

,  oairs: «(CCCCC-CCCCCCCCannnnn ))))))))-)))))) -
ypes of pairs. NC 003045.1-2a/487-525  CUBCABGAU UGCAGUCCCGCE UUBGUU 39
1 2 3 4 5 6 NC_006213.1-2a/486-524  CUBCAAGAU UGCAGUCCCGUG UUBGUU 39
NC_001846.1-2a/486-524  ACHAUBAUG UGCAGUUCGGU UUBGUU 39
. . 0 . . . . . NC_012936.1-2a/459-497  ACHAUBAUG UGCAGUUCGGU UUBAUU 39
incompatible NC 017083.1-2a/485-523 AU UUCAGUCCCGU UUBAGUU 39
pairs in column 1 . . . AC000192.1-2a/491-529 AC UGCAGUUCGGU UUBGUC 39
NC_006577.2-2a/482-520 AC UAAAGUCCGGU Uu 39
2 NC 026011.1-2a/492-530 UGUUGUCCCGCG GUG 39

A-U G-C G-U
U-A C-G U-G

allowed pairs:

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr NC_006577.2_1-29926

S — NC_012936.1_1-31250 Z —_— 5 O
[ J

{ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, NC_001846.1_1-31357
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, AC_000192.1_1-31526

Found In Emlbecovirus species:
Bovine coronavirus

Human coronavirus OC43
Mouse hepatitis virus

Rat coronavirus Parker
Rabbit coronavirus HKU 14
Human coronavirus HKU1

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, NC_006213.1_1-30741
[ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, NC_003045.1_1-31028

e — NC_017083.1_1-31100

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, NC_026011.1_1-31249

rrrrrrrrrrr NC_009019.1_1-30286

,,,,,,,,,,,,,,, NC_009020.1_1-30482

R NC_038294.1_1-30111

I — NC_019843.3_1-30119

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, NC_039207.1_1-30148

- NC_009021.1_1-29114

Betacoronavirus HKU24

NC_030886.1_1-30161

,,,,,,,,,,,,,,,,,,,,, NC_025217.1_1-31491

0.2



Conserved RNAs in CoV Coding Regions

types of pairs:

rconpave = 1 == —ound in Embecovirus species as well as
pairs in column 1 ) .

2 ® Betacoronavirus England 1 (Merbecovirus)
ovegore AU GC G e VMiddle East respiratory syndrome

U-A C-G U-G

coronavirus (MERS)
o SARS- CO \v-o NC_006577.2_1-29926

e — NC_012936.1_1-31250

® Bat coronavirus Ral(iG13 [

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr AC_000192.1_1-31526
rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr NC_006213.1_1-30741
[: rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr NC_003045.1_1-31028

e — NC_017083.1_1-31100

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, NC_026011.1_1-31249

rrrrrrrrrrr NC_009019.1_1-30286

,,,,,,,,,,,,,,, NC_009020.1_1-30482

R NC_038294.1_1-30111

(((Ceoeens (CCCC COCCCCCaeeens ))))))))))))eee)))) I NC 019843.3 1-30119
NC 006213.1-2a/6356-6398 GRUUGAA-GAUAGUG-UBAUUGU----UAAUG C 43
NC_012936.1-2a/6584-6626  GRUGGAA-GAUAGUG-UBEUUGU----UAAUG C 43 NG 0392071 1-30148
NC 001846.1-2a/6617-6659 GRUGGAA-GGUAGUG-UBGUUGU----UAAUG c 43 | | - -
NC 003045.1-2a/6357-6399 GRUUGAA-GAUAGUG-UBAUAGU----UAAUG C 43
NC 017083.1-2a/6535-6577 GEUUGAA-AAUAGUG-UNEGUUGU----UAAUG C 43 - NC_009021.1_1-29114
AC 000192.1-2a/6630-6673 GGAACUGUAGUG-UBGUUGU----UAAUG C 44
NC 006577.2-2a/6616-6658 UUGU----UAAUG U 43 NC_030886.1_1-30161
NC 038294.1-2c/6228-6270  UBGUCA----- GGUUuaaaUAAACC 43
NC 019843.3-2c/6229-6271  UBGUCA----—- GGUUuaaaUAAACC 4 NC 025217.1 1-31491
NC 045512.2-2b/6500-6537 38 N N
MN996532.1-2b/6482-6519 38

z=—17.3

0.2



Conserved RNAs in CoV Coding Regions

types of pairs:

1 2 3 4 5 6
\_

d 111
H B

incompatible
pairs in column 1 .

2

A-U G-C G-U
U-A C-G U-G

S
1
|
g
¥

allowed pairs:

< (CCCCCCC COCCCCeeee))))))e)))))))) e

® ound In
® Bat coronavirus HKU9-1 (Nobecovirus)

69

AC 000192.1-2a/29255-29294 40
NC 012936.1-2a/29015-29054 40
NC 001846.1-2a/29081-29120 40
NC 026011.1-2a/29021-29060 40
NC 038294.1-2c/27944-27983 40
NC 019843.3-2c/27945-27984 40
NC 006577.2-2a/27731-27770 40
NC 006213.1-2a/28487-28526 40
NC 017083.1-2a/28870-28909 40
NC 003045.1-2a/28801-28840 40
NC 009019.1-2c/28092-28131 40
NC 039207.1-2c/27931-27970 40
NC 009020.1-2c/28261-28300 40
NC 009021.1-2d/25787-25826 40
NC 030886.1-2d/26009-260438 40
NC 025217.1-2x/28708-28747 40
- — —a NC 010800.1-3/24729-24768 40
G-

® Rousettus bat coronavirus
® Bat Hp-betacoronavirus (-

® [urkey coronavirus (Gamm

—mbecovirus & Merbecovirus species plus

(Nobecovirus)
lbecovirus)
acoronavirus)



Conserved RNAs in CoV Coding Reglons

S (CCCCC-CCCCCCCComennn ))))))))-)))))) .-
'WW*C*Pwm NC_003045.1-2a/487-525 CU GUBUUBGUU 39
NC 006213.1-2a/486-524 CU GUHUU

1

VD —-€ NC 001846.1-2a/486-524  AC CGUEUUBGUU 39
. | 0 . . . . . . NC 012936.1-2a/459-497  AC UGUEUUBAUU 39
incompatible G C NC_017083.1-2a/485-523 AU UGUUUU

pairs in column 1 | B BB AC_000192.1-2a/491-529  AC

, G- NC 006577.2-2a/482-520

UGUEUUGGUC 39
NC 026011.1-2a/492-530
Ly |
AU GC G D 7= —9073

AC Uu
U-A C-G U-G - ——{

7=\

allowed pairs:

< (CCCCCCC COCCC(eeee))))))e)))))))) e

AC_000192.1-2a/29255-29294  UAUCAUACU uuc 40
NC_012936.1-2a/29015-29054  UAUCAUACUABAGUUC A 40
NC001846.1-2a/29081-29120  UAUCAUACU Uuc A 40
NC026011.1-2a/29021-29060 AAUCAUACU uucC A 40
NC 038294.1-2c/27944-27983  UAUCGUACU UAU A 40 7= — 5 O
NC_019843.3-2c/27945-27984  UAUCGUACUBBAGUAU A 40 .
NC_006577.2-2a/27731-27770  UAUCAUAUU uuC A 40
NC006213.1-2a/28487-28526  AAUCAUAUU 91010) A 40
NC017083.1-2a/28870-28909  AAUCAUACU Uuu A 40

- ——A NC—003045.1-2a/28801-28840 AGUCAUAUU UuuU A 40
NC~009019.1-2¢/28092-28131  UAUCGUACU UAU A 40

©--G NC~039207.1-2¢/27931-27970 UGCUGUACU UAU A 40
NC~009020.1-2¢/28261-28300 AAUCGUGCU UAU A 40
NC~009021.1-2d/25787-25826  CGUGCUAUU UGG 40

(B—=%€D  NCT030886.1-2d/26009-26048 AGCUUUGCUCBAGUGG 40
NC 025217.1-2x/28708-28747  CACACUUCU UAU : 40
NC010800.1-3/24729-24768 CAUACUACU A 40

NC_006213.1-2a/6356-6398 AII have RNAZ
NC 012936.1-22/6584-6626

NC 001846.1-2a/6617-6659
NC 003045.1-2a/6357-6399

NC 017083.1-2a/6535-6577 =1 T
G DL7063:1-2asehsp-en] class probabilities
NC_006577.2-2a/6616-6658

NC 038294.1-2c/6228-6270
NC 019843.3-2c/6229-6271

NC 045512.2-2b/6500-6537
MN996532.1-2b/6482-6519 :2’ .

B — —




SARS-CoV-2 Molecular Epidemiology

é“, Built with github.com/nextstrain/ncov using data from @ED

Showing 264 of 264 genomes sampled between Dec 2019 and Mar 2020.
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https://nextstrain.org/ncov

summary

® RNA secondary structure prediction via dynamic programming algorithms

e Functional RNA structures are evolutionarily conserved in coding and non-coding regions

e Structural alignments and covariance models are used to find conserved RNAS

o SARS-CoV-2 shares ancestral roots with bat and pangolin CoVs

® \/iennaBNA Web Services are available at

http://rna.tbi.univie.ac.at/
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