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The RNA folding problem

GCGCUCUGAUGAGGCCGCAAGGCCGAAACUGCCGCAAGGCAGUCAGCGC

}

e Hierarchical folding: Secondary structure forms first then helices arrange to form tertiary structure
® Secondary structure captures a majority of stabilising interactions

e Convenient and biologically useful description: Many thermodynamic properties can be predicted
e Starting point for RNA 3D structure prediction

® [ertiary structure prediction needs knowledge of secondary structure
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RNA secondary structures

A IS a list of base pairs (i,)) on a sequence X, with

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

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

22+
°f (I ,J) S & base pal i then J —1>3
e No pseudo-knots: No pairs (i,j) and (k,)) with i < k < j < | '
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RNA secondary structures

A IS a list of base pairs (i,)) on a sequence X, with

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

T . D-Loo
e If (i,)) is a pair then xix; € {GC,CG,AU,UA,GU,UG} G
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® It(i)) is a base pair, then j — 1> 3
® No pseudo-knots: No pairs (i,)) and (k,l) with 1 < k < | < ;'
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Solving the RNA folding problem

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

—asily solved by . 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 + E(X:',Xk)>}
I<k<J

® 1, IS the best possible energy for our sequence

® Backtracing through the k table yields the corresponding structure

® 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 . 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 + E(X:',Xk)>}
I<k<J

® 1, IS the best possible energy for our sequence

® Backtracing through the k table yields the corresponding structure

® 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 neighbor energy modael
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® Secondary structure s is uniquely decomposed into loops L

® (Contributions of a base pair only depends on neighbouring pairs

e Each loop L is assigned a free energy contribution £,

E(S) ~ ZLES L

1 D. Turner et.al. (2009) NAR 38, D280-D282



RNA secondary structure prediction

Nussinov decomposition scheme:

Full decomposition scheme:

i kk+1j
interior 1
6D iy

i k I j ii+l1 uu+1j-1j

Fl-]' free energy of the optimal substructure on the subsequence x[z]]
C;; optimal free energy on x[i..]], where (i, j) pair.
Mij x[i..j] is part of a multiloop and contains at least one pair.

10 M}j same as MM;; but contains exactly one component closed by (1, h).



RNA secondary structure prediction

® Minimum free energy (MFE)

® Suboptimal secondary structures

® Partition function /

ps) = e PP wm B=gh — Z =%, ¢

® Probability of feature F
p(F) = Z7f with L5 = ZSWES e BE(s)

® Base pair probabillities

® Stochastic backtracking (Boltzmann smapling)

® (Global/local reliability measures
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Base pair probabillities
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lonal entropy
Local reliability
Which parts of the prediction can we trust?

POS

Well-definedness
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RNA secondary structure prediction

The Vienna

RNA
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Applications to constraint folding

Candidate space (hard constraints):
® Force | prohibit nucleotides to pair, e.g. within a pore

® [orce | prohibit base pair formation, e.g. cross-linked pairs
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Applications to constraint folding

Candidate space (hard constraints):
® Force | prohibit nucleotides to pair, e.g. within a pore

® [orce | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):

® |nclude chemical probing data to guide structure prediction, e.g. SHAPE reactivity data

Deigan ’

® Reactivity probes backbone flexibility (unpairedness)
® NO nucleobase bias

® (Convert reactivity to pseudo-energy for structure prediction

AG(1) = m * In(reactivity|i| + 1) + b

2Deigem et.al. (2009) PNAS 106, 97-102
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Applications to constraint folding

Candidate space (hard constraints):
® Force | prohibit nucleotides to pair, e.g. within a pore

® [orce | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):

® |nclude chemical probing data to guide structure prediction, e.g. SHAPE reactivity data

Deigan ’ Zarringhalam8 Washiet! *

AG(i) = m * In(reactivity|i]| + 1) + b A G(x,i) =8 x|z — g F(e=>", i_z + 5 (pi(g)z_CIi)Q
x € [0(unpaired), 1(paired)]

2Deigan et.al. (2009) PNAS 106, 97-102
17 3 Zaringhalam et.al. (2012) PLoS One 7, 45160

4 Washietl et.al. (2012) NAR 40, 4261-72



Applications to constraint folding

Candidate space (hard constraints):
® Force | prohibit nucleotides to pair, e.g. within a pore

® [orce | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):

® |nclude chemical probing data to guide structure prediction, e.g. SHAPE reactivity data
® Model (more or less) complex RNA-ligand interactions for interior loops and hairpin loops

0 uCu
G U
C-G
)\ | /> U—A $ RNAfold -p --motif=" -9.22" --
A—U p —-motif="GAUACCAG&CCCUUGGCAGC, (... ((((&)...)))...),-9.22 verbose
l 8_8(: read ligand motif: GAUACCAG&CCCUUGGCAGC, (...((((&)...)))...), =-9.220000
| C GGUGAUACCAGAUUUCGCGAAAAAUCCCUUGGCAGCACCUCGCACAUCUUGUUGUCUGAUUAUUGAUUUUUCGCGAAACCAUUUGAUCAUAUGACAAGAUUGAG
uy CCCC. .. CCCCCCCC et 2))))...)))...)))) ... (. CCCCCCCCCC. CCCCCC. CCCCCC..222))).)).2)))))).)))))))))))) .. (-33.82)
G specified motif detected in MFE structure: (4,36) (11,26)
G (EEETTRACCEC )DDDD DD D IS D DD I CCCCCCCCCC. CCCCCC. € CCCCaeadI)) 20002 990000)))) .. [-35.14]
A 5 C CCCC. .. CCCCCCCC et )DDDD D DD DD DD I CCCCCCCCCC. CCCCCC CC. CCCCav223)2202290090) 0000))))) . ... {-24.20 d=4.35}
U ;ﬁ\)ﬁ.?/‘\ specified motif detected in centroid structure: (4,36) (11,26)
AG—CG frequency of mfe structure in ensemble 0.116952; ensemble diversity 6.71
U-A
G-C
A-U ,
5 wex A=UCAs3
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Applications to constraint folding

Candidate space (hard constraints):
® Force | prohibit nucleotides to pair, e.g. within a pore

® [orce | prohibit base pair formation, e.g. cross-linked pairs
Candidate evaluation (soft constraints):

® |nclude chemical probing data to guide structure prediction, e.g. SHAPE reactivity data
® Model (more or less) complex RNA-ligand interactions for interior loops and hairpin loops

Structured domains:
® (G-Quadruplexes
Unstructured domains:

e (|[UPAC) motif based default ligand binding for MFE/partition function of single RNA sequences
® Model (more or less) complex RNA-ligand interactions for interior loops and hairpin loops

19



RNA-RNA Interaction

® RNAduplex
Simplified duplex interaction (intermolecular bp):

® RNAcofold
Sequence concatenation (inter/intramol. bp):

® RNAUD
Two-step process (inter/intramolecular bp; kissing hairpins):

® RNAplex
Fast heuristic for genome-wide interaction prediction:

® RNAmultifold
Concatenation approach for multiple strands:

20



Mutations affect RNA structure

@oint mutatlon |
(totally different structure)

original structure

compensatory and @nsistent mutations
(no structural change)

21



Mutations affect RNA structure

How can we use covariation information to identify structurally conserved,
potentially functional RNA structures?

22



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

23



Consensus structures: Alignment folding

Combine covariance analysis and folding into one DP algorithm

e Apply conventional folding algorithm to alignment RNAalifold

® Use a modified energy function that includes covariance score

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

(i,j)EV

® 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

G UUUAGGCA UUCGAAU
C GUU-GGGA UUCAAUC
G GUU-GGGA UUCGAUC

: -—-=ACAC CU-UAAC

(CCCCCCea(C((eeeeeennn )))) - (CC((eeeennn )))))eeenn (CCCCeeeeenn ))))))))))))-
mfe: -29 kcal/mol = (-21.3 + -7.7) kcal/mol 24

UCUU CGGUCG
GGUCC
GGAGGUCC

GAU-U

UGAA
UUACAC




RNA covariation as evolutionary trait

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

® For base parr (1,): GC/CG/AU/UA/GU/UG
® (Consistent mutation: different standard combinations

® Compensatory mutation: both positions are mutated

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

25



RNA covariation as evolutionary trait

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

® For base pairr (1,): GC/CG/AU/UA/GU/UG
® (Consistent mutation: different standard combinations

® 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:

20



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:
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RNA covariation as evolutionary trait

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

(CCCCCCCe e« CCCCCCCA

CAAG

m

))))))))eeee))eeennn ((((eeeee. ))))))))))
ACGGUGAUGCGA-AC
GACGGUGAUGCGA-AC
G----UGCGUGA---
G----UGCGUGA---

CUAG GAGG 72
CUAG GAGG 72 .
CUAG GAGG 66 types of pairs:
CUAG GAGG 66

1 2 3 4 5 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:
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RNA covariation as evolutionary trait

ALFV.
USUV.
USUV.
SLEV.
SLEV.

(CCCCCCCe e« CCCCCCCA
CGGG
CAAG
CAAG

))))))))eeee))ecennn (((Ceeeee. ))))))))))
GU-GAUGAUGUUA-AC
GACGGUGAUGCGA-AC
GACGGUGAUGCGA-AC
G----UGCGUGA---
G----UGCGUGA---

C-G
UGG
UGG
CGU
CGU

types of pairs:

1 2 3 4 5 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:
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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:
USUV.10 CAAG GACGGUGAUGCGA-ACU UGG '
USuV.11 CAAG GACGGUGAUGCGA-ACU UGG 1 2 38 4 5 6
SLEV.12 C GAG----UGCGUGA---C CGU

SLEV.13 GAG-——-UGCGUGA-—-C CGU J i1l

incompatible
pairs in column 1 | [ 1 [ 1 [N [

2

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

allowed pairs:

30



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 )))
GUGA-U-GGUGUUA-UGC
GGAGGUGAUGCGA-AC-
GU-GAUGAUGUUA-ACU
GACGGUGAUGCGA-ACU
GACGGUGAUGCGA-ACU
GAG----UGCGUGA---C
GAG----UGCGUGA---C

0
incompatible

pairs in column 1

2

allowed pairs:

31

types of pairs:
1 2 3 4 5 6
ETNEEENE
ETENEE

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



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
UGA-U-GGUGUUA-UG
GGAGGUGAUGCGA-AC-
GU-GAUGAUGUUA-AC
GACGGUGAUGCGA-AC
GACGGUGAUGCGA-AC

32

0
incompatible

pairs in column 1

2

allowed pairs:

types of pairs:
1 2 3 4 5 6
ETEEEN
HETENEE

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



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

33

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

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

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

08
09
10
11
12
13

S O O O O e O S N W R R ))))))))eeee))eennnn (C(Ceeeee. ))))))))))
CUA-G-GAUGCAAUAG UGU
CCA-G-GAUGCAAUGG UGU
CUA-G-GAUGCAAUAG CGU
UGA-U-GGUGUUA-UG UGG
GGAGGUGAUGCGA-AC- C-G
GU-GAUGAUGUUA-AC C-G
GACGGUGAUGCGA-AC UGG
GACGGUGAUGCGA-AC UGG
G----UGCGUGA--- CGU
CGU

types of pairs:

1 2 3 4 5 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:
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RNA covariation as evolutionary trait

APCV.

03

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

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

08
09
10
11
12
13

(COCCCCCe e e CCOCCCCCeeeeeeeeeennns ))))))))eeee))eeennn (C(Ceeeee. ))))))))))
CAGACU-GAUGCUA--UG GGU
UCUA-G-GAUGCAAUAG UGU
UCCA-G-GAUGCAAUGG UGU
UCUA-G-GAUGCAAUAG CGU
GUGA-U-GGUGUUA-UGC UGG
GGAGGUGAUGCGA-AC- C-G
GU-GAUGAUGUUA-ACU C-G
GACGGUGAUGCGA-ACU UGG
GACGGUGAUGCGA-ACU UGG
GAG----UGCGUGA---C CGU
GAG----UGCGUGA---C CGU

35

types of pairs:

1 2 3 4 5 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:



RNA covariation as evolutionary trait

KUNV.
APCV.

02
03

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

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

08
09
10
11
12
13

S O O N W N R R ))))))))
GCAA--UGGUGUUA--AC
CAGACU-GAUGCUA--UG
UCUA-G-GAUGCAAUAG
UCCA-G-GAUGCAAUGG
UCUA-G-GAUGCAAUAG
GUGA-U-GGUGUUA-UGC
GGAGGUGAUGCGA-AC-
GU-GAUGAUGUUA-ACU
GACGGUGAUGCGA-ACU
GACGGUGAUGCGA-ACU
GAG----UGCGUGA---C
GAG----UGCGUGA---C

36

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

(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 UGA--AGGUGUUA--G gg

KUNV. 02 CAA--UGGUGUUA-- -
APCV. 03 GACU-GAUGCUA--U 70 types of pairs:
JEV.04 CUA-G-GAUGCAAUAG 71 1 2 38 4 5 6
JEV.05 CCA-G-GAUGCAAUGG 71 0

WNV. 07 UGA-U-GGUGUUA-UG 7 . 1

MVEV. 08 GGAGGUGAUGCGA-AC- 70 pairs in column | I 111
ALFV.09 GU-GAUGAUGUUA-AC 70 2

USUV.10 GACGGUGAUGCGA-AC 72

USuv.11 GACGGUGAUGCGA-AC 72

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

U-A C-G U-G



I'he Vienna RNA Package

e tfficient implementations for single, multiple sequence and MSA folding

® (Global and local structure prediction

® Prediction of consensus structures
® Hard and soft constraints
® Complete suboptimal folding and energy landscape analysis

® Analysis of folding kinetics / co-transcriptional folding

® |nverse folding / RNA design
® Comparison of secondary structures
® Ultilities for comparison, annotation, and plotting of secondary structures

e Common file formats supported (Fasta, Clustal, Stockholm, MAF, ...)

e 2.5D prediction: G-quadruplexes and pseudo-knots
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I'he Vienna RNA Package

e tfficient implementations for single, multiple sequence and MSA folding

® (Global and local structure prediction
For software developers

® Prediction of consensus structures
® Hard and soft constraints e C library to link against your programs
e Complete suboptimal folding and energy landscape analysis | ® Python/Perl scripting language interface

® Analysis of folding kinetics / co-transcriptional folding

® |nverse folding / RNA design
® Comparison of secondary structures
® Ultilities for comparison, annotation, and plotting of secondary structures

e Common file formats supported (Fasta, Clustal, Stockholm, MAF, ...)

e 2.5D prediction: G-quadruplexes and pseudo-knots
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I'he Vienna RNA Package

e tfficient implementations for single, multiple sequence and MSA folding

® (Global and local structure prediction
For software developers

® Prediction of consensus structures
® Hard and soft constraints e C library to link against your programs
e Complete suboptimal folding and energy landscape analysis | ® Python/Perl scripting language interface

® Analysis of folding kinetics / co-transcriptional folding

® |nverse folding / RNA design
® Comparison of secondary structures
® Ultilities for comparison, annotation, and plotting of secondary structures

e Common file formats supported (Fasta, Clustal, Stockholm, MAF, ...)

e 2.5D prediction: G-quadruplexes and pseudo-knots
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http://www.tbi.univie.ac.at/RNA/
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RNA structure conservation
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lick-borne encephnalitis virus



Tick-borne encepnhalitis virus (I BEV

® /oonotic RNA virus
(family Flaviviridae / genus Flavivirus)

M protein
E dimer 'l
| l lr_-\
P | __.-L"--. - )
| Uy e =\
— ’I'_?'" o J'__ .'I Vo
M~ 7 tl—'."'_ )
(<7~ N 5
. NS Y N0
= ™\ | | N - @
S || ! l l o
s T @)
7 - A o —'1.___(__.- c_[\Uj
<. i "N\ ¥ E
T=3-like organization él)
of surface dimers <
Genomic polyprotein T}
5@l 89 5. 0n
/NS2B NS4A
E NS1 |NS2A NS3
{Signal peptidase *Golgi protease v NS3 protease

¢ Non-segmented, single-stranded, (+)-sense RNA genomes of ~11kB length
e Capped, non-polyadenylated
e Encodes a single ORF, flanked by highly structures 5’UTR and 3’'UTR
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https://viralzone.expasy.org

https://en.wikipedia.org


http://www.apple.com/uk

SN g

Tick-borne encepnhalitis virus (I BEV

M protein
E dimer

® /oonotic RNA virus

(family Flaviviridae / genus Flavivirus) NNt j - g
NI 8

® Endemic in forested parts of Eurasia and Japan > ceomemn GG &
T=3-like organization ét)

of surface dimers <

Eur-TBEV
. Eur-Sib-TBEV

] sib-TBEV

https://www.wikidoc.org
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http://www.apple.com/uk
https://www.wikidoc.org/index.php/File:636px-EurAsia_TBE-belt.svg.png

Tick-borne encepnhalitis virus (I BEV

M protein

E dimer

® /oonotic RNA virus
(family Flaviviridae / genus Flavivirus)

® Endemic in forested parts of Eurasia and Japan

T=3-like organization
of surface dimers

i
https://viralzone.expasy.org

® [ransmitted between haematophagous ticks and
vertebrate hosts (reservoir hosts: small wild-living
animals, rodents)
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Tick-borne encephalitis virus (1BeV

M protein

E dimer

® /oonotic RNA virus
(family Flaviviridae / genus Flavivirus)

® tndemic in forested parts of Eurasia and Japan

T=3-like organization
of surface dimers

https://viralzone.expasy.org

® [ransmitted between haematophagous ticks and
vertebrate hosts (reservoir hosts: small wild-living
animals, rodents)

® Thousands of human infections/year. Majority is
asymptomatic or subclinical, but TBEV has
neurotropic potential and can cause meningitis,
encephalitis or haemorrhagic syndrome

46

https://www.freepik.com

https://en.wikipedia.org
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Tick-borne encephalitis virus (TBEV)

M protein

E dimer

Zoonotic RNA virus M
(family Flaviviridae / genus Flavivirus) |3~ \7'" é i
“ndemic in forested parts of Eurasia and Japan i

T=3-like organization é)

of surface dimers

Transmitted between haematophagous ticks and
vertebrate hosts (reservoir hosts: small wild-living
animals, rodents)

Thousands of human infections/year. Majority IS
asymptomatic or subclinical, but TBEV has
neurotropic potential and can cause meningitis,
encephalitis or haemorrhagic syndrome

Vaccines available

https://www.freepik.com
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Phylogeny of tick-borne flaviviruses

Mpulungu flavivirus

Negishi virus

Louping ill virus

Spanish goat encephalitis virus
Spanish sheep encephalitis virus

N Eck-borne encephalitis virus *I

{ Greek goat encephalitis virus

Turkish sheep encephalitis virus

— Omsk hemorrhagic fever virus

| —— Langat virus

[ Alkhumra hemorrhagic fever virus

Kyasanur Forest disease virus

mammalian

Tick-borne flaviviruses

— Deer tick virus

— Powassan virus

Gadgets Gully virus

Karshi virus

Royal Farm virus

Kadam virus

Kama virus
Meaban virus
Saumarez Reef virus

Tyuleniy virus

seabird
associated

No-known-vector FV

M Mosquito-borne / insect-specific / no-known-vector FV

Insect-specific FV

No-known-vector FV

Southern pygmy squid FV

48



Phylogeny of tick-borne encephalitis virus

Tick-borne encephalitis virus subtyes

Far Eastern (TBEV-FE)

777777

< Siberian (TBEV-Sib)

aaaaaaa

QW- EEEEEEEE Furopean (TBEV-Eur)
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Phylogeny of tick-borne encephalitis virus

Far Eastern (TBEV-FE)

777777 | Baikalean-1 (TBEV-BKI1)
336-84-like I Baikalean-2 (TBEV-BkI2) ® At leastb subtypes
‘ ® Disease severity
; % -E > Sib > EUR
] Siberian (TBEV-Sib)
= | Himalayan (TBEV-Him)
QW- EEEEEEEE Furopean (TBEV-Eur)
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IBEV subtype diversity RNAsimplot

Sequence-level comparison of known TBEV subtypes vs
Neudoerfl strain (300nt windows; 10nt steps)

technology preview

Subtype
—— TBEV-Sib
~—— TBEV-FE
~— TBEV-BkI-1
— TBEV-BkI-2
TBEV-Him
—— Strain NL
—— Strain N5-17
—— TBEV-Eur

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

5‘| M. Riedl, I.L. Hofacker, M. T.Wolfinger (in preparation)




IBEV subtype diversity RNAsimplot

Sequence-level comparison of known TBEV subtypes vs
Neudoerfl strain (300nt windows; 10nt steps)

technology preview

Similarity

Subtype
—— TBEV-Sib
~—— TBEV-FE
~— TBEV-BkI-1
— TBEV-BkI-2
TBEV-Him
—— Strain NL
—— Strain N5-17
—— TBEV-Eur

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000

5 2 M. Riedl, I.L. Hofacker, M. T.Wolfinger (in preparation)




IBEV subtype diversity: SUITR

Tick-borne encephalitis virus subtyes

<l Cluster II
89
<<:Z::::::::::::::} Cluster I

< Cluster III

178-79

886-84-like

98

M Vasilchenko

Obskaya

91

<I Himalaya

0.03

European

Q W-European

N5-17

Bosnia
‘ Baltic
<} Zausaev

5

Primorvyve-949

(466nt)

Sofjin-HO

(518nt)

Oshima 5-10

(724nt)

Tomsk PT14

(404nt)

Senzhang

(408nt)

178-79

(488nt)

886-84

(539nt)

Buzuuchuk

(546nt)

Kuutsalo 2

(546nt)

Zausaev

(455nt)

vasilchenko

(550nt)

TBEV-2871

(725nt)

Himalava-1

(384nt)

Hypr

(458nt)

Neudoerfl

(764nt)

NI

(442nt)

N5-17

(442nt)

FE

| BkI-1
| BkI-2

SIb

Him

Eur



IBEV subtype diversity: SUITR

Tick-borne encephalitis virus subtyes

<l Cluster II

89
<<:Z::::::::::::::} Cluster I

178-79

886-84-like

Bosnia

98

‘ Baltic
—<i:::::::::::} Zausaev

M Vasilchenko

Obskaya

91

Q Himalaya

0.03

European

Q W-European

N5-17

< Cluster III

5

|
4

Primorvyve-949

(466nt)

Sofjin-HO

(518nt)

Oshima 5-10

(724nt)

Tomsk PT14

(404nt)

Senzhang

(408nt)

178-79

(488nt)

886-84

(539nt)

Buzuuchuk

(546nt)

Kuutsalo 2

(546nt)

Zausaev

(455nt)

vasilchenko

(550nt)

TBEV-2871

(725nt)

Himalava-1

(384nt)

Hypr

(458nt)

Neudoerfl

(764nt)

NI

(442nt)

variable region ~440nt

conserved region ~320nt

(442nt)

FE

| BkI-1
| BkI-2

SIb

Him

Eur



IBEV subtype diversity: SUITR

Tick-borne encephalitis virus subtyes

Single-sequence predictions
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IBEV subtype diversity: SUITR

Tick-borne encephalitis virus subtyes

Single-sequence predictions
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IBEV subtype diversity: SUITR

Tick-borne encephalitis virus subtyes

Single-sequence predictions

Prediction quality can be significantly improved by
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TBEV 3'UTR: Conserved region elements

Consensus secondary structures
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IBEV 3UIR: Variable region elements

Consensus secondary structures
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IBEV molecular epidemiology
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https://nextstrain.org/groups/ViennaRNA/TBEVnext

summary

® [he ViennaRNA Package provides efficient implementations for RNA structure prediction

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

® Pervasive conservation of functional RNA structures in TBEV 3’'UTRs

® ViennaRNA Web Services are available at


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