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The World's Deadliest Animals

Number of people killed by animals, 2015
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CDC, WWF, Wilderness & Environmental Medicine, Nature, French Institute of Research for Development. All calculations have wide error margins.
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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
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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

® No pseudo-knots: No pairs (i,) and (K,) withi <k << |

e [f (i) Is a pair then xix; € {GC,CG,AU,UA,GU,UG| Seht 8 e

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

® If (i,j) is a base pair, thenj — i > 3 '
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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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Conformation Space

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

RNAalifold

® Apply conventional folding algorithm to alignment

® Use a modified energy function that includes covariance score

= E(A,V)+cv- Z B;;
k

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 single sequences

-

UCuUU
UGAAG
UGAAG
UUACAC

AUUUAGGC iuc% GACGGUCGCG UUCGAAUC CE
AGUU-GGGA UAAAGGUCCCC UUCAAUCC G

AGUU-GGGA UGGAGGUCCUG UUCGAUCC w C

A---ACAC CCC GGAGAU-UUCAACU- UAACUIGAC G

(CCCCCCee((((ewneeannn )))) - (((((eeeennn ))))) oo (CCC(eeeenn. )))))))))))) -
mfe: -29 kcal/mol = (-21.3 + -7.7) kcal/mol

U
U
U



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,))

28



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:
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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:
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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 )))
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:

34

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

35

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

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

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

38

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

39

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
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
GACGGUGAUGCGA-ACU
GACGGUGAUGCGA-ACU
GAG----UGCGUGA---C
GAG----UGCGUGA---C

NN N NN No) Ne)
OoCOoOoRrRrFrRFFROVWVVO

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

We use structural RNA alignments

and Covariance Models
to find conserved elements
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GGAGGUGAUGCGA-AC-
GU-GAUGAUGUUA-ACU
GACGGUGAUGCGA-ACU
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GAG----UGCGUGA---C
GAG----UGCGUGA---C

NN N NN No) Ne)
OoCOoOoRrRrFrRFFROVWVVO

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:



Part |l
Conserved RNA structures in

flaviviruses



Flaviviruses as Global Health Threat

® Family Flaviviridae / genus Flavivirus; arthropod-borne (mainly mosquitoes & ticks)

® [V include (re-)emerging human pathogens like YFV, DENV, JEV, WNV, TBEV

® Clinical manifestations: headache, rash, (hemorrhagic) fever, meningitis, encephalitis

® \/ neurotropism reported for YFV, WNV, TBEV, DENV, ZIKV
® /IKV outbreak in the Americas 2015-2017

® Congenital neurotropism: high increase in microcephaly cases in newborns

: Wikipedia

Source

44



Flaviviruses as Global Health Threat

® Family Flaviviridae / genus Flavivirus; arthropod-borne (mainly mosquitoes & ticks)

® [V include (re-)emerging human pathogens like YFV, DENV, JEV, WNV, TBEV

® Clinical manifestations: headache, rash, (hemorrhagic) fever, meningitis, encephalitis

® \/ neurotropism reported for YFV, WNV, TBEV, DENV, ZIKV
® /IKV outbreak in the Americas 2015-2017

® Congenital neurotropism: high increase in microcephaly cases in newborns

: Wikipedia

Source

Vaccine only available for YFV

45



~lavivirus Phylogeny

— HANV_NC_030401.1

| L—— OCFVPT_NC_034242.1

L PaRV_NC_027817.1
MFV_KX907452.1

L XFV_NC_034017.1
— AEFV_NC_012932.1

|—| — LTNV_KY320649.1
KRV_NC_005064.1

CFAV_NC_001564.2

CTFV_NC_040682.1

'_|—: MSFV_NC_021069.1
QBV_NC_012671.1

CxFV_NC_008604.2

NAKV_NC_030400.1

PCV_NC_033694.1

NIEV_NC_024299.2
MECDV_NC_027819.1

CFV_NC_030290.1
CLBOV_KX669682.1

HaCV_MF352617.1
I_: McPV_NC_035187.1

LIV_NC_001809.1
NEGV_KT224355.1
SGEV_NC_027709.1
SSEV_DQ235152.1
TBEV_NC_001672.1
— GGEV_DQ235153.1

- TSE_DQ235151.1
OHFV_NC_005062.1
LGTV_NC_003690.1

— ALKV_AF331718.1

L— KFDV_NC_039218.1
— DTV_AF311056.1

t—— POWV_NC_003687.1
GGV_NC_033723.1

KSIV_AY863002.1

RFV_NC_039219.1

KADV_NC_033724.1

KAMV_NC_023439.1
MEAV_NC_033721.1

|

TYUV_NC_023424.1

SREV_NC_033726.1

—— BCV_KJ469370.1

—1

L— PPBV_NC_034007.1
RBV_NC_003675.1

—L_

MMLV_NC_004119.1

JUTV_NC_026620.1

MODV_NC_003635.1

APOIV_NC_003676.1

SOKV_NC_026624.1

[ L——— ENTV_NC_008718.1

YOKV_NC_005039.1

— YFV_AY968064.1
| t———  YFV17D_NC_002031.1

| — WESSV_NC_012735.1
08719.1

L Sohined
F

RV_KM361634.1
EHV_NC_030289.1

— —
L ———— 8

JUGV_NC_033699.1
SABV_NC_033697.1
POTV_NC_029054.2

BOUV_NC_033693.1
V_NC_033698.1

BANV_NC_043110.1

DENV1_NC_001477.1

,_|_|— DENV3_NC_001475.2
DENV2_NGC_001474.2

DENV4_NC_002640.1

— ZIKV_NC_035889.1

b—— ZIKV_NC_012532.1
SPOV_NC_029055.1

KEDV_NC_012533.1

BAIV_KM225264.1
} KOKV_NC_009029.2
STRV_KF917540.1
TORV_KM225265.1

NMV_NC_032088.1

 m—

AROAV_NC_009026.2
BSQV_AY632536.4
NJLV_KF917538.1

IGUV_AY632538.4

KUNV_AY274504.1
'_'_: WNV_NC_009942.1
WNV_NC_001563.2

L KOUV_EU082200.2

g

YAOV_NC_034018.1
ALFV_AY898809.1

MVEV_NC_000943.1
JEV_NC_001437.1
USUV_NC_006551.1

CPCV_NC_026623.1

SLEV_NC_007580.2

ILHV_NC_009028.2

_'_|— ROCV_NC_040776.1
THOV_NC_034151.1

BAGV_NC_012534.1
_| E ITV_KC734549.1
NTAV_NC_018705.3

SV_JX477686.1
DFVTHA_KF573582.1
FVWKD_JX196334.1
LFVCJDO05_JF926699.2
TMUV_NC_015843.2
DFVTAV_JQ289550.1
FVM2011_JN232077.1
DTMUV_KC990540.1
BYDV_JF312912.1
DEDSV_JQ920420.1

L————— KRBV_NC_035118.1

Tick-borne FV

(TBFV)

No-known-vector FV

(NKFV)

(MBFV)

Dual-host affiliated insect-specific FV

(dSFV)

TABV_NC_003996.1

05 46

CLuV_MF776369.1

Classic insect-specific FV

(CISFV)

Mosquito-borne FV / Yellow fever group

Mosquito-borne FV / Yellow fever group
(MBFV)

No-known-vector FV

(NKFV)



Flavivirus Genome Organization

, Genomic polyprotein : ?
o of ‘ L 89 3.0

UNS2B NS4A
C E NST | NS2A NS3 NS5

\ Y\ f\ f
L el £ [

{Signal peptidase *Golgi protease 7 NS3 protease

e Non-segmented, single-stranded, (+)-sense RNA genomes of 10-12kB length
e Capped, non-polyadenylated
e Encode a single ORF, flanked by highly structures 5’UTR and 3’'UTR
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e.expasy.org/

https://viralzon



Conserved RNAs in Viral 3’'UTR: ZIKV

SL1 SL2 WDB DB 3'-SL



Conserved RNAs in Viral 3’'UTR: ZIKV

5| ' | 3|

SL1 SL2 WDB DB 3'-SL

e Accumulation of short flavivirus RNA (sfRNA) upon infection

e Stable decay intermediates produced by partial exoribonuclease degradation

o Xrn1 is efficiently stalled at conserved xrRNA structures
49



Conserved RNAS N Viral 3UTR

SLA SLB DB1

P YV '-r-"r'}

€

>

‘ 5' 3'

e Accumulation of short flavivirus RNA (sfRNA) upon infection

e Stable decay intermediates produced by partial exoribonuclease degradation

o Xrn1 is efficiently stalled at conserved xrRNA structures
50



Conserved RNAS N Viral 3UTR

SLA SLB DB1

P YV '-t-"r'}

sfRNA mediates
c} pathogenicity !

€

>

‘ 5' 3

e Accumulation of short flavivirus RNA (sfRNA) upon infection

e Stable decay intermediates produced by partial exoribonuclease degradation

o Xrn1 is efficiently stalled at conserved xrRNA structures
o1



Conserved RNAs in Viral 3UTR

SLA SLB DB1

%\f YV*-:-‘*r'}

sfRNA mediates
c} pathogenicity !

€

>

‘ 5' 3

e Accumulation of short flavivirus RNA (sfRNA) upon infection

How to find them?

e Stable decay intermediates produced by partial exoribonuclease degradation

o Xrn1 is efficiently stalled at conserved xrRNA structures
52



Consensus Structures & Covariance Models
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T1C

K-Borne Flaviviruses

Flavi CRE

- KFDV T.XrRNA2 T.SL6 xrRNA-like Flavi CRE
L e ALKV T.xrRNA2 T.SL6 xrRNA-like Flavi CRE
NEGY — TR}
{LIV — RN TxRNA2_ T xerNA2 R
—sGEV — GRSt MRETGUR S FlaviCRE
— - TBEV —/~ 300 nt/ REGNSIN—{ T TxrRNA2 T.SL6  xrRNA-like Flavi_CRE
... OHFV T.XrRNA2 T.SL6 § xrRNA-like Flavi_CRE
e LGTV TXrRNA2 TSL6  xrRNA-like Flavi_CRE
—DTV — T.XrRNA2 TSL6 | xrRNA-like Flavi_CRE
L e PpOWWV—IERI T.xrRNA2 T.SL6 | xrRNA-like Flavi_CRE

0t KSIV T.xrRNA1 T.xrRNA2 T.SL6 xrRNA-like
SL6

types of pairs:
e OO e 11)))))) eeene 1)) .- f . 2 3

3'

4 5 6
SGEV|261-306  CCCCCC-BCABCEUGACAAGGCCGAACEBGBUGEACCAAAGGGGAG-G 46
TBEV|532-577  CCCCCU-@CAUCABGAUAAGGCCGAACBUGBUGEAUGAAAGGGGAG-G 46 0 . . . . - .
LIV|268-312 CCCCCC-GBCCCCAUGACAAGGCCGAACAUGGAGCAUUAAAGG-GAG-G 45 . .
0o LGTV|339-381  CCCCUU-BCGUCEBGAGAAGGCCGAACUBGECGH-—-UAUAAGGAG-G 43 incompatible
° 9% A%, OHFV|179-222  CCCCCC-@CACCANG-GAAGGCCAAACAUGEUGEAUG-AAGGGARA-G 44 airs in column 1 . . . . .
ACYY o O UGG A KFDV|164-204  CCAAAA-ECUCCEAGAGAAGGCCGAACUBGGAGECC-—-—- AUGAA-G 41 P
- -® O0~,0 A S=U ALKV|165-205  CCAAAG-ECUCCEAGAGAAGGCCGAACHUBGEAGECC———-- AUGAA-G 41
H-0 Y~R A R G=C DTV |248-294 CCAAAAGECCUCLUG-GAAGGCUCACCAGGAGUUAGGCCAUUCUAGAG 47 2
-G, R@®.R@® C~g v §-RACo POWV |249-293 CCAAAAGBCCUCEUG-GAAGGCUCACCABGAGUUAGGCCGUU-UAG-G 45
Lo A e Y asy ARy =R, G TYUV|341-386  CUUUC--CAUGABAGGAGACGGUCAACHEBUCGAUGGAACAAGAAGACCG 46
C=G 0\ @®C ACsG, a LY o-e NEGV|129-174  CCCCCCCHGGCCAGAAAAAGGGGGGGCAAACAGECC--AGGGGUGAAG 46
R Y G CaaaAR®, AGE O, R=Y, $=a KSIV|233-270  CUGAC---CABCEEU-CAAGGCCGAGUBBGAUGC--—---- GUAUGAAG 38 _ A-U G-C G-U
A ® A Jri A 5 A o R™. & e 100 eeenn.. 20, ... 300 e 40....... allowed pairs:
G._ ® G. A CCcu G ® A ~U o-o : U-A C-G U-G
G=C G=C Cg U Op.R AT_C Rg e Seq. Conservation:
o-o Ry : o-e G’ A Sy
°-- o-A o-R 8 o Ay Yl )))))))) eee e ))-)))
R e V-0 A GG, Ay cC-Gg POWV|291-361 -AAAUUGGCAA GGAUUUUUCCGEEU 71
Y-R °-0 - O N®0-u Y g A DTV |290-354 -CAAUUGGCAAUCUUCCCHMGGGAUU-—————- U 65
R=Y e-0 0-0°2@ oS\ cC R=Y Ue-0°® LGTV|377-449 GGGAAACC GGAUAUUUCC-HEC 73
®-° Y-R o S et B9 SR TBEV|573-645 GCACGCU GGAUUUUUCC-PEC 73
Gmy Ry ®-%50 Mope o= Oy g-8 SGEV|300-372 GCACGCU GGA--UUUUU-GEU 73
°-o °-o 4 oM . 8-V 93 LIV|306-378 GCAUGCU GGG--UUUUU-EGBU 73
., A=Y - - - G=0 - -
5=0"] 5 9-0 s-c'“®hRa 00 = KSIV|264-335 GGAGAUUUC--CHC 72
.................... ) . : Seq. Conservation:
T.xrRNA1 T.xrRNA2 SL6 Y-shaped (Y1) Flavi_CRE



Dual-Host Affiliated Insect-Specitic FVs

——  CHAOV—
[LAMV B
~NHUV
— DONV —
— MMV
ffffffffff BIV
‘NANV
NOUV
fffffffffffffffff EPEV
—\V_hairpin LOOR
@ U
A A L (e (((((onomnnnnnnnns (o (((((oonmnnnnnnnn )IINNNN)))))) ) ee e
Op-p~ EPEV|10-64 U CAGAAAA-———- C CUAAGCUG--UAAGU U —C
-0 EPEV|92-139 U CGAGAA-——————- CEBSAC------- AGCAAAAG U -G
e-0 CHAOV | 36-88 U CU--AAA————— CBECGG-AUGAUA-GUAGAC U G-C
C=G LAMV | 34-86 U CU--AAA-————— CBECGG-AUGAUA-GUAGAC U G-C
cA=U NHUV | 78-139 U CAGGAUGAAACCUBSCEBESCUCUAUGGAAGCUAAGU U -G
R @@C-G DONV | 22-81 U CUCACGAAUGUGABSCHEEECG-GAUGGGA-CUAGAC ) GC-G
A GG MMV |[51-110 U CUCAAGACAUUGABBCHEEEG-GAUGGGA-CUAGAC ) GC-G
O cag BJV|68-128 U C-GGCUUAUGCUUBBCEBECUCUAUGGAAACUAGGG ) GU-G
®ecCr-v NANV|61-116 U CUU-AAG--—-—- CBSCCGUAUGAGA-CUAUCEG ) CGUC
G=C NOUV |61-115 U CCU-AAC-————- CESUCUUAAGAUG-CUAAAG U G-
A=U
UC-G
5-@@RRA" 'RRO
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Dual-Host Affiliated Insect-Specific FVs

——  CHAOV—
LAMV
[NHUV
——  DONV
.« MMV Flavivirus_DB Flavi_CRE
. BIV
] ‘NANV
- NOUV
o EPEV —

Flavivirus_DB

(ceeceeecceecd
CHAOV1131—206 GGG CAU
LAMV|131-206 GAG UGC
NHUV|250-323 AGU GCG
DONV|141-221 GGG GAU

e e (((((oeoeennnnn )))))eeee))))e)))))eeneenn ((((oveons )))IN)))))eeennn
C- ~-UGBGUACUAGC CCCAAAAAU
G-CAUGUACUAGC CUCAAAAAU
G-GCUGGACUAGU CUGCUGAG
GACUAUC CCCAAAAAU
MMV |171-251 GAU GACUAUC CCCAAAAAC
NANV |[200-272 GACUAG CUCAUUAUU
NOUV|293-347 = G----- ~-ACUAGABEEUAGAGGAGEBEIC-—--——-—-——




Dual-Host Affiliated Insect-Specific FVs

Flavi_CR

214-316

CHAOV£227—325

27-326
345-449
244-342

1274-372

294-395

(

(
U
U
U
U
U

CHAOV—

LAMV

NHUV
DONV —

MMV Flavivirus_DB Flavi_ CRE

BIV

‘NANV Flavivirus_DB Flavi CRE

NOUV

EPEV
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Classic Insect-Specific FVs

. CLBOV
s MECDV JEV_hairpin
KRV R}~ 250 nt/- S - o0 /T
—-AEF\/  —/~ 300 nt/——IxiRNA1 [1xrRNA2} xrRNA-like xrRNA-like ISFV.3SL
. crav T
. OCFVPT: m—*
................................ CxFV |.Ra - 1- E- I.Ra
E— QBV T e R e R
I — MSFV T FETS B R T
I CTFV *
I.xrRNA1 (CCCCCCe e ))) e (Ceeeea e )))) 2))) I.xrRNA2 CCCCCCa e ) )) -
CFAV|53-88 G U CAUGACGAA CU 36 AEFV|[520-555 G G U
UGA UG A KRV |199-234 GAAA U CAUGACGCA CU 36 CFAV|139-174 UUA U
0O o) C AEFV|382-417 UA U CCUGACGAC CU 36 KRV |795-830 GAAA U
C o C o 20 30
Ga ® G“C A. ......... 10, .......200 ... 3000000 e, 10. .......
- - < Seq. conservation Seq. conservation
A UCsg A UCsg
o iS¢ "RYG ¢
ARYAC,_U O:YAC,_®
G=C G-@
55 C 597 C
. xrRNA1 . xrRNA2

ooooooooo

CCUGACGAA
CGUGACGCA
CCUGACGCA

20

) )

) )
30

c2)))

CG 36
ol
CU 36




Classic Insect-Specific FVs

al%

------ CLBOV
o MECDV JEV_hairpin
KRV ]~ 250 o/~ SNEREE M- 500 /-
—-AEF\/  —/~ 300 nt/——IxiRNA1 [1xrRNA2} xrRNA-like xrRNA-like ISFV.3SL
- CFAV o ]
--PaRV N.xrRNA N.xrRNA N.xrRNA xrRNA-like xrRNA-like ISFV.3SL
. OCFVPT: m—*
-------------------------------- CXFV Fa [IRBTH—{ ire [TURST—{ re [T iRa [TiReT]
R —- QBV s [T Re RT—{ re [NRSTH R HESRET
e MSFV I.Ra I.Ra - |.Ra EE_
............................. CTFV *
e PaRV xrRNA-like element
- N e o N e A O EES D R D B N (P ))))))))
0~Y‘ PaRV|51-106 - U GG——— CAGCAG ———UUUCACGCUC
:Y PaRV|172-230 AAUA CAGCAG -——AUUCACGCUC
RCA "o 0@ PaRV|270-329 ——G U -AUC CAACAG -——CCUCACGCAC
A GGce ’\ PaRV | 365-427 -—-—UUURGAACGAC U -—-GAGC--GACACUCC
Cy Lecc, PaRV|490-549 —UG GCB————- CAACAA G——AGUAGCGUC
G=C CG
5:8 S Tt E s s r s rrE Y s s s A
0-0 Seq. conservation
O=G
O-@
O-@
o-0
o-o
= 5 3’
529 Elements 1,2,3: NKV-xrRNA like Elements 4,5: xrRNA like



Classic Insect-Specific FVs

- CLBOV
s MECDV JEV_hairpin
KRV ibaRNATH7~ 250 nt/— I ENECE IR~ 300 nt/— NIRRT

Lo AEFV  —/~ 300 nt/——{ixrRNA1 [1xrRNA2} xrRNA-like xrRNA-like ISFV.3SL
. CRAV i} ()
--PaRV N.xrRNA N.xrRNA N.xrRNA xrRNA-like xrRNA-like ISFV.3SL

IR OCEVPT " RNA ke MR

................................ CxEV Re [R]

e QBV Ra IRa_ | IRb ] IRa__| IR — Ra | e H 1ra_ HIERE
[ Ro ]

ISFV.3SL

ﬁ
ﬁ

.Ra
I.Ra

@ - e, MSFV |.Ra |.Ra
e iiiciiiriccereriareneenans CTFV *
GG ..
CY) .A_UO Repeat element a (1.Ra) Repeat element b (I.Rb)
@ @) Y=R O O O O P G e o ))))) e )))))) ) ).
O\ .0 U=R CxEVI6e 111, CxFV|113-159 UBCCAGHEGEC
0, O G=C cﬁFv|298—338 CxFV|[231-276 UBUCAA
o, O G=0 - CxFV|339-384 CHGAUA
Q. O A C CxFv|418-459 CxFV|460-508 C
RO ® C QBV|56-105 ngéoe—zso U
G Y o R V13337523 OBV | 354-398 C
Gy v=G@® OBV|431-175 OBV |476-526 c
R C C=G QBV|535-590 C MSFV[206-250 U
GG RSY Y U MSFV|56-105 AAAGCUGGAC--GCU-~--A| MSFV|356-400 C
A YG g-(\.{; ﬁg%&: %8%:%22 ACGUGUGCAU--CAC--GU MSFV|478-528 C
AC CI ?IG.R Ve A=U MSFV |433-477 Seq. conservation
]
G=C Yc. 1, R C=GR _
C A C A Seq. conservation
C-G : ST ] ———
RC C=GA
-0 C=-@
5 |.Ra |.Rb l.Ra I.Rb l.Ra |.Rb I.Ra I.Rb 3'SL 3

Repeat | Repeat Il Repeat Il Repeat IV

O BSOS DD DD
RO OO0
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Conserved RNA structures in
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Chikungunya Virus (CHIKV)

® Family Togaviridae / genus Alphavirus; mosquito-borne (Aedes spp.)

® Single-stranded (+) sense RNA virus

® Chikungunya fever: febrile iliness, arthralgia, rash, rarely causes hemorrhagic complications

® [irst outbreak described 1952 In Tanzania

® No vaccine available

62

® Enzootic in tropical and subtropical regions of Africa

Control of urban
vectors or
modulation of
urban vectorial
capacity;
Immunization of
urban
populations

3. Spillback into
enzootic cycle

Control of urban
transmission

vectors or

capacity;

urban
populations

Control of urban

modulation of
urban vectoria

Immunization of

A. aegypti
A. albopictus

2. Human urban amplification

< J
S Aedes spp.

Control of
arboreal vectors
or modulation of
their vectorial
capacity;
Immunization of
enzootic NHP
hosts

s

1. Spillover from enzootic cycle

Targeted
vaccination of
people exposed
to enzootic
spillover;
reduction of
exposure to
enzootic vectors

Weaver and Forrester, Antivir. Res. (2015)



Alphavirus Genome Organization

Alphavirus genomic RNA

Non-structural polyprotein Structural polyprotein

+early V |
P123 | RdRp nsP4.

late

Y

=’CPTEB E2 |6k| E1 ;
5@ . naansANAAY 3 %

Subgenomic RNA ¢
V by nsP2 protease V bycapsid 9 by furin ¢ by signal peptidase E_

e Non-segmented, single-stranded, (+)-sense RNA genomes of 11-12kB length

e Capped and polyadenylated

o AV genomes appear to host cells as mRNA for immediate translation upon entry into the cytoplasm

03



CHIKV Epidemic Spre

Ae. aegypti
Ae. albopictus
Both vectors

B wa lineage
| ECSA lineage

aq
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-----

B (0L lineage
~ B Asian lineage

2013

Frickmann et al., Viruses (2019)



i
1
1
i
il
1
1
1
1

=
deddddddTddd oy @O gy
B Do be DURE R 7 B B P2 PUPE B% B B B B R R R
FEEELERE PR R R i
& NN RRRRIBRRRIRNS S Sq
BD R R0 R SooolRooooydoh3INemd
EEREEEEE ERRER I S R
SoRREWQCEEESPES SO RPLOFSRI
131931313 R T T
I m -

HHA w%mo? S

8850/ A%y

H.mmmmEMw.‘, KY680369.1
THT6E0LAY: )\|F001513.1
T'L0BEOL A, KY272966.1
T'TL6E0L AN KY272961.1
T'286E0LAM: Y575565.1

T'986E0L A L e MF001511.1
T'T68E0LA: KY680391.1
T'VL6EOLAN: Y680353.1
T'9Z6E0LAM: K'Y 680408.1
THZ6E0LAMN: Whm—<'Y 680 85.1
T'ZS6E0LAN: J Mmﬂmmwwx
N
"907089AY
T'LLY655uM
T'8616554N
T'E8E089 A
-Lnﬂ “TLEOSIAY
— T'v962.2Ay
!..Nmmomm;x

HM045785.

65

ineage

/
L

ican
iIcan

South Amer

American Lineage

Asian Urban Lineage
Western African Lineage
Indian Ocean Lineage
Middle African /

South American Lineage
Middle African only

Middle Afr

. Eastern African Lineage
. African/Asian Lineages

e
Y
T
O
=
Q
-
O
o
O
>
L
o

Caribbean

Americas

.West
® 500 CHIKV genomes
® g-tree / SH-alLRT



CHIKV 3'UTR

e ECSA-IOL

....................... ECSA-MASA

{AU L-Am
AUL-As

—--AUL-Cbn

110 full length CHIKV 3’'UTRs
Variable length (510Nt — 930nt)

Structural alignments + Covariance models

Thermodynamic modelling based on Vienna

SNA
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Conserved RNA Structures

As

-+ECSA-IOL
--ECSA-MASA
“AUL-Am
ALAUL

GAGAUGUUAUUUUGUUUUUAAUAUUUC

C -+ 4 4 4 4L 4L 44 4 4 4 4 LC
Uﬁ 4 4 4 4 4 4 4 4L 4 4 4 4 A - LU
Uﬁ -+ -+ 4 4 4 4L 4L 44 4 4 4 4 4 -+ LU
Uﬁ -+ - 4 4 4 4L 4L 44 4 4 4 4 -+ 4 4 LU
Aﬁ + 4 4 4 4 4 4L 4L 44 44 4 4 4 4 4 4 LA
Uﬁ 4+ 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 LU
Aﬁ + 4 4 4 4 4 4 4 4 4L 4 4 4 4 4 4 + 4 4 4 4 LA
Aﬁ + 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 LA
Uﬁ 4+ 4 4 4 4L 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4L 4 4 LU
Uﬁ ,L 4 4 4 4 4 4 4 .L 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 LU
Uﬁ 4 4 4 4 4 4 4 4 .L 4 4 4 4 4 4+ 4 4 4 4 4 4 4 4 LU
Uﬁ -+ .L + 4 4 4 4 .L 4 4 4 4 4 4 4 4L 4L 4 4 4 4 4 4 LU
Uﬁ 4 4 .L 4 4 4 4 4L 4L 4 4 4 4 4 4 4L 4 4 4L 4 4 4 L LU
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CHIKV 3'UTR: Conserved RNA Structures
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CHIKV 3'UTR: Conserved RNA Structures
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CHIKV 3’'UTR: Conserved RNA Elements
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