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MILLION CASES WORLDWIDE



Picornavirus characteristics

Small viruses

Naked 30nm icosahedral capsid — 60 identical

packed protomers

Single-stranded RNA-positive viruses

Examples: poliovirus, rhinovirus, and hepatitis A virus



Reproductive cycle

Virus attachment (1)

Cell entry: Endocytosis (2)

Viral genome released into the cytoplasm
(3)

Synthesis of viral proteins (4)

Capsid assembly (5) and maturation (6)

Virus release by cell lysis or budding (7)

Figure 1. Life cycle of the Picornavirus life cycle. Adapted from Cifuente J,

oratorio G (2019).



Phylogeny

Family Picornaviridae

Genus Enterovirus
Cardiovirus
Aphthovirus
Hepatovirus
Parechovirus
Erbovirus
Kobuvirus
Teschovirus
Senecavirus
Tremovirus
Avihepatovirus

A. P1 (capsid)

Enterovirus

Sapelovirus

Teschovirus
PTV

Aphthovirus

Erbovirus

Senecavirus *
Thv
Cardiovirus = EMCV

HCoSV-D
HCoSV-A
HCoSV-E1 HCoSV-B

ramovirus

s DHAV tend SePV
0.2 Avihepatovirus

Figure 2. Phylogenetic trees showing the relationships between the genera,
species and unclassified members of the family Picornaviridae regarding
protein P1. Adapted from King, Lefkowitz, Adams & Carstens, 2011.



Clinical manifestations of Hepatitis A

Liver disease caused by HAV (hepatitis A virus).
Symptoms include: fever, loss of appetite,
diarrhea, jaundice...

Not chronic, rarely fatal

Transmitted by contaminated food and water (by

faeces of an infected individual) or oral-anal sex.




Worldwide distribution of Hepatitis A

HAV worldwide prevalence

[]

o

High Prevalence (>90% have
immunity by age 10)
Intermediate Prevalence
(>50% have immunity by age
15)

Low Prevalence (aprox. 50%
have immunity by age 30)
Very Low Prevalence (<50%
have immunity by age 30)

Figure 3. Hepatitis A (HAV) worldwide prevalence map. Adapted from Jacobsen K (2018) with MapChart.



HAV general characteristics

Different properties than other picornaviruses

It also exists in a quasi-enveloped form
Can perform transcytosis (primitive-like)

Highly stable
- T=80°C
- pH=aslowas?2
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Genomic organization of HAV

Polyprotein
Structural proteins ! Non-structural proteins
P1 P2 P3
VPO VP3 VP1
VP4 VP2 VP3 VP1

Figure 4. Organization of the hepatitis A virus (HAV) RNA genome and processing of the polyprotein. Adapted from McKnight et al, 2018.



VPO cleavage — VP2, VP4

Autocatalytic cleavage

RNA-dependent (?)
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HAV Capsid

Icosahedral capsid formed by 60 asymmetric units.

—

These units assemble forming 12 pentamers \
The asymmetric unit (protomer) is formed by t‘Hr'eqdifferent"ﬁroteins in
the mature capsid.

- Viral protein 1.

- Viral protein 2:

- Viral protein 3: VP3 (246 residues)

Pseudo T = 3 arrangement.




SCOP Classification

Class:
All beta proteins

I

Fold: Interaction
. . : . q f
Nucleoplasmin-like/VP (Viral coat and capsid bet\>(v5e_?gtdolds
proteins) sandwich; 8 strands in 2 sheets: jelly-roll assemblies)

I

Superfamily:
Positive stranded ssRNA viruses

!

Family:
Picornaviridae-like VP (VP1, VP2, VP3 and VP4)



] a-helix

B-strand A/{

4 " B-strand = B-sheet \/

- 4 " B-strand = B-sheet

/ N

=

Viral Protein 1 (VP1)

Jelly Roll r \w

T— Figure 5. Topological diagram of VP1 from HAV.



»17 Viral Protein 0 (VPO = VP4+VP2)

N

- 4 * B-strand = B-sheet Figure 6. Topological diagram of VP0o from HAV.




I  a-helix
B-strand [

= B-sheet

71 \ \ Jelly Roll ,ﬂ

Viral Protein 3 (VP3)

Figure 7. Topological diagram of VP3 from HAV.



Representation
of VP loops




Viral Proteins Superimposition

RMSD: 2,13

HAV VP (4QPG)



Electrostatic potential

HAV surface appears to be
more negatively charge, but the
fringes between pentamers
have positive charge.

B Negative charges

W

Electrostatic potential, Coulombic Surface Coloring

B Positive charges



Capsid assembly: global vision

1) 5S Protomer: ( , VP1, )

2) 14S Pentamer: ( , VP1, )5

3) 75S Empty Capsid: [( 1, VP4, )5]12

4) Preprovirion [( , VP1-pX)5]12RNA

5) Provirion: [( , VP1, )5112RNA

6) Mature Virions: [( : , VP1)5]112RNA



Capsid assembly: 5S Protomer: ( , VP1, VP3)




Capsid assembly: 14S Pentamer: ( , VP1, VP3)5




Capsid assembly: 14S Pentamer: ( , VP1, VP3)5

-



, VP3)5

14S Pentamer: ( , VP1

Capsid assembly:




Capsid assembly: 14S Pentamer: ( . VP1, VP3)5




Capsid assembly: 14S Pentamer: ( , VP1, VP3)5

G




Capsid assembly: 755 Empty Capsid: [( , VP1, VP3)5]12

X12

2 ey
S N o N

12 pentamers form the capsid



Capsid Symmetry

The association of protomers to form the icosahedral particle defines 3 symmetry axes

5-fold axis 3-fold axis 2-fold axis




Capsid Symmetry: 5-fold axis

5 copies of VP1 assemble in the
five-fold axis




5-fold axis




Capsid Symmetry: 3-fold axis

3 alternate copies of VPo (VP2)
and VP3 assemble in the 3 fold
axis

B vrP3



3-fold axis




Capsid Symmetry: 2-fold axis

2 copies of VPo (VP2) lean on
each other in the 2-fold axis
assembly

B VP



2-fold axis
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General features of picornavirus capsid
Main characteristics of picornavirus capsid Does HAV share these characteristics?
VP1-3 adopt an eight-

stranded antiparallel “B-barrel” fold.

Some picornavirus have a depression called
‘canyon’

Some picornavirus have a hydrophobic
pocket in VP1,

CX XL

They present several loops in their structure

The differences in the loops are what distinguishes the several picornaviruses



Characteristic features of HAV

Absence of canyon

Flip in the w torsion angle of residue 53 in VP2

Absence of hydrophobic pocket (pocket factor)




Absence of canyon

The surface of HAV capsid has ho canyon compared with other
picornavirus.

|

Why is that?

North wall lowers — BC loop of VP1 shortens
South wall disappears — EF VP2 loop and GH VP1 loop get reduced



HAV presents no canyon

North wall

~

Lk

South wall

o vp

B vro-

. VP3

Poliovirus (1POV) Hepatitis A virus (4QPG)



VP1 BC and GH
loops

Poliovirus (1POV)

Hepatitis A virus (4QPG)

D BC loop
. GH loop



VP2 EF loop

Poliovirus (1POV) Hepatitis A virus (4QPG)

EF loop




VP2 y angle flip

Flip in the y torsion angle of residue 53 (alanine) in VP2




VP2 switch

EV-A71 and HAV superimposition Ry
RMSD: 1.78
\
VP2 switch
/
HAV

Enterovirus A71 (3VBF)



CrPV and HAV superimposition
>

RMSD: 2,11

A

Both viruses "go”
in the same
direction

HAV
Cricket paralysis virus (3NAP) |}
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Conservation Analysis (VP1, VP2 and VP3)

Hepatitis A Virus
(4QPG)

Insect picorna-like

" Enteroviruses
viruses
Cricket Paralysis Human Rhinovirus
Virus (1B35) B 14 (4RHV)
Triatoma Virus Human Enterovirus
(3NAP) A 71 (3VBF)

1ZBA

Aphthovirus

2WFF

HAV - 1COV
Enterovirus

Insect

3NAP

1B35

Figure 8. Structure-based phylogenetic tree of
representative  picornaviruses and  cripaviruses
(Adapted from Wang et al, 2014).



Conservation study: MSA of VP1

3vbf_VP1
4rhv_VvP1
4qpg_VP1
3nap_VP1
1b35_VP1

3vbf_VP1
4rhv_vP1
4qpg_VP1
3nap_VP1
1b35_vP1

3vbf_vP1
arhv_vp1
4qpg_VP1
3nap_VP1
1b35_vP1

GDRVADVIESSIGDSVSRALTHALPAPTGQNTQVSSHRLDTGKVPALOAAEIGASSNASD

GYAQMRRKVEUWFTYNRRADAEFTFVACTPTGEVVP------ QLLQYMFVPPGAPKPDSRES
SLVQLRKKLEWFYYYRADSEYTILATASQPDSANYSSN- - LVWQAMYVPPGAPNPKEWDD
LPSTLRWFFNYQFQLYRGPLDETJIITGAT -DVDGMAWF - - TPVGLAVDTPWVEK - ESALQ
FPTLLTSIGARYAFYRGIREKIVP----- GVADQPKP- -LVEVALFTMQDQGYIIKAND
Y-TQFDYYYYUYAFWRGSMRIKNVAETQDGTGTPRKKTNFTWFVRMFNSLQDSFNSLIST

B Examples of residues conserved among all picornavirus

B Examples of residues conserved among enteroviruses

I Examples of residues conserved among insect picorna-like virus

3vbf_vpP1
4rhv_vpP1
4qpg_VP1
3nap_VP1
1b35_VP1

3vbf_vP1
4rhv_vP1
4qpg_VP1
3nap_VP1
1b35_vP1

3vbf_vP1
arhv_vpP1
4qpg_VP1
3nap_VP1
1b35_vP1

LAWQTATNPSVFVKLSDPP-AQVSYPAMSPASAYQWFYDGYPTFGEHKQEKDLEYGAMPN

YTWQSASNPSVFFKVGDT - - SRFSYPYVGLASAYNCFYDGYS- - - - - HDDAETQYGITVL

IDYKTALGAVRFNTRRTGN-IQIRUYPHYSYLYAVSGALDGLG-------------- DKTD

YSTDFCSSNIYENFVTKGI-AEVQYPYYSRVNTSVVSAPVLY---------------- NA

SSSAVTTTVLPSGTINMGPSTQVIQPYVEGLIEVEVPYYNIS------------- HITPA
*

NMRGYFSVRTVGTS -KSKYPLVVRIYMRMKHVRAWIPRPMRNQNYLFKANPNYAGNSIKP
NHRG$MAFRIVNEHDEHKTLVKIRVYHRAKHVEAWIPRAPRALPYTSIGRTNYPKNTEPV
STEGUVSIQIANYNHSDEYLSFSCYLSVTEQSEFYFPRAPLNSNAMLST-----------
GNISRLMPNVMYKITSNSSNILLGHSAADDFRFGFLLGAPLAISATALR-DNFTGSSATV
VTIDRGTPSMEDYLKGHSPPCLLTFSPRDSIS---ATNHIITASFMRALGDDFS-FMYLL

TGASRTAITTL
IKKRKGDIKSY

SLPTFSNFYLS
GVPPLVNVARA

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus

1B35: Cricket Paralysis Virus



VP1 Sequence identity

3VBF 4RHV 4QPG (Hepatitis | 3NAP (Triatoma 1B35 (Cricket
(Enterovirus A71) | (Rhinovirus B14) Avirus) Virus) paralysis virus)
(Enter:i)\\llﬁrllzjs A71) 100%
Rhinaviis B14) 34.8% 100%
4Qpi f,'i"ri':‘;"““s 15,11% 15,56% 100%
3NAPv(i1r-lTsa;t°ma 6,44% 0,47% 12,08% 100%
pﬁgfy(s?:vcl':ﬁz) 10.77% 6.92% 9,78% 19,62% 100%



Superimposition: VP1

RMSD: 2.24

B Human Hepatitis A Virus
B Human Enterovirus A71
- Human Rhinovirus B14
B Cricket Paralysis Virus
B Triatoma Virus



Conservation study, MSA: VPo (VP4 + VP2)

4rhv_vPo
3vbf_VPo
4qpg_VPO
3nap_VPO
1b35_vPO

arhv_vpPo
3vbf_vPe
4qpg_VPo
3nap_VP@
1b35_vPO

arhv_vpro
3vbf_vPe
4qpg_VPo
3nap_VP@
1b35_VPO

------------------ INYYKDAASTSSAGQSLSMDPSKFTEPVKDLMLKGAPALNGY
SHENSNSATEGSTINYTTINYYKDSYAATAGKQSLKQDPDKFANPVKDIFTEMAAPLK- -

---------------------------- KQMNVNSSQDTTFEQRSQEKVQAGEINESIEF

------------------------------------- ENSHIENEDKRLTSEQK- - - - - -
SDRVQQITLGNST]TTQEAANAVVCYAEWPEYLP - -DVDASDYNHTSKPDTSVCRFYTLD
SDRVAQLTIGNSTJTJQEAANIIVGYGEWPSYCS - -DSDATAYDHPTRPDVSVNRFYTLD

--------- GASYETSVDQS - - SVHTAEYGSHQI - - EPLKTSYDHPGSKKTQGEKFFLIH
RNQITTFVHDNPIJTEQLIGDSPQPSGDYRSVSD--ARTHSIIDRLERPQFIGS--FLWN

--EIVHFVSEGVTRSTTALPDIVNLSTNYLDKNTREDRIHSIHDHLSRPIIIATNLWSVS
SKTWTTGSKGWCWKLPDALKDMGVFGQN- - - - - - MFFHSLGRSGYTVHVQCNATKFHSGC
TKLWEKSSKGWYWKFPDVLTETGVFGQN------ AQFHYLYRSGFCIHVQCNASKFHQGA!
SARWLT - THALFHEVAKLDVVKLLYNEQFAVQGLLRYHTYARFGIEIQVQINPTPFQQGG
TSDIEN-KEIFSLKLPDALMSPMIREKLS------ GFTSFS-ASTVFHIQVNAHPFQCGR
DP---VEKQLYTANFPEVLISNAMYQDKLK----- GFVGLR-ATLVVKVQVNSQPFQQGR!
. . . s o % % *+ *

Examples of residues conserved among all picornavirus
Examples of residues conserved among enteroviruses
Examples of residues conserved among insect picorna-like virus

Sequence highly conserved among picornavirus

4rhv_VPO
3vbf_vpPo
4qpg_VPo
3nap_VPO
1b35_VPO

4rhv_vPo
3vbf_vPo
4qpg_VPo
3nap_VPO
1b35_VvPO

4rhv_vpPo
3vbf_vPo
4qpg_VPO
3nap_VPO
1b35_vPoO

LLVVVIPEHQLASHEGGN- - - - VSVKYTFTHPGERGIDLSSANEVGGPVKDVLYNMNGTL
LLVAVLPEYVIGTVAGGTGTEDTHPPYKQTQPGADGFELQHP- - - - - YVLD----- AGIP
LICAMVPGDQSYGS- === =====ssssmscmmscmmscmnmnsnsomamaaasaoaanan
LVLAAVPVPDILPLHRLN- - = === == ==cscmmmemmcmomemacacacaaas MLSFD
LMLQYIPYRQYMPNRVTL - - === -=-scmmmcmomcmmcmeceoemeceeeen INET
* . - %

INSVPIDSMTR - -HNNV
INALPFDSALN- -HCNF
IYTRGAYHFKDPQYPVW
VEPFVQYDLVTKFTPWA
[VPPHLYYNLITGQGSFG}

VVPISHLOQYDPG

VSNVITUPHYQUDISKETEVLLK
PRYDUEYSVGTEVEM

LGNLLIAPHQFINURTNNTATIV|

ISQLTVPHQWINYRTNNCATII

IASLTVYPHGLUNGNINNVVRIK
* .

* 0V VOV

ATPSLPITVTIAPMCTEFSGIRSKSIVPQ-----=-=-=-=-=----~
ATPVIPITITLAPMCSEFAGLR--QAVTQ-----=-=-=-=------~
TSAYTSLNVLARFTDLELHGLTPLST - === -=-========---
ASLQVNVFAHFEDIKLGFPTSATVAQ------------=-=------
GSIEYTVWAHLEDVDVQYPTGANIFTGNEAYIKGTSRYDAAQKAHAA

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus

1B35: Cricket Paralysis Virus

=t



VPO Sequence identity

3VBF 4RHV 4QPG (Hepatitis | 3NAP (Triatoma 1B35 (Cricket
(Enterovirus A71) | (Rhinovirus B14) Avirus) Virus) paralysis virus)
3VBF o
(Enterovirus A71) 100%
4RHV o o
(Rhinovirus B14) 52,547% 100%
4QPG (Hepatitis o o o
Avirus) 22,55% 20,59% 100%
SNAP IR 15,38% 15,38% 14,71% 100%
virus)
1B35 (Cricket 13.33% 12,94% 12,25% 25,10% 100%

paralysis virus)



Phylogenetic Analysis: VPO (VP4 + VP2)

RMSD: 1.60

B Human Hepatitis A Virus
B Human Enterovirus A71
- Human Rhinovirus B14
B Cricket Paralysis Virus
B Triatoma Virus



Conservation study, MSA: VP3

3vbf_vP3
4rhv_vp3
4qpg_VP3
1b35_vP3
3nap_VP3

3vbf_vP3
4rhv_vpP3
4qpg_VP3
1b35_VP3
3nap_VP3

3vbf_vP3
4rhv_vp3
4qpg_VP3
1b35_vP3
3nap_VP3

GFPTELKPGTNQFLTTDDGVSAPILP- HPTPCIHIPGEVRNLLELCQVETILEVNNV
GLPTTTLPGSGQFLTTDDRQSPSALP- EPTPRIHIPGKVHNLLEIIQVDTLIPMNNT
----- MMRNETRVSTTENVVNLSNYE- - DARAKMSFALDQEDWKSDPSQGGGIKITHFTT
- -SKPTVQGKIGECKLRGQGRMANFDG SHKMALSSTNEIETNEGLAGTSLDVMDLSR
--SKPLTTIPPTIVVQRPSQYFNNADGYDGLPLSLKYGNEVILKTPFAGTSSDEMALEY

PTNATSLMERLRFPVSAQAGKGELCA------ VFRADPGRNGPWQ$T{LGQLCGYYT(
HTKDEVNSY|IPLNANRQNEQVFGTN------ LFIGD----GVFKJTLLGEIVQYYT
WTSIPTLAAQFPFNASDSVGQQIKVIPVDPY-FFQMTNTNPDQKCITALASICQMFC
VLSIPNYWDRFTWKTSDVINTVLWDNYVSPFKVKPYSATITDRFRETHMGKVANAFT
VLKIPNYFSRFKYSSTSLPKQVLWTSPVHPQIIRNHVTVVDAPGQRT

. *

GYLEVTFMFTGSFMATGKMLIAYTPRPGGPLPKD----- RATAMLGTHVI
GYLRFSLMYTGPALSSAKLILAYTPPGARGPQD----- RREAMLGTHVV!
GOLVFDFQVFPTKYHSGRLLFCFYPEGNELIDVTGIT- - LKQATTAPCAV
G§MVYTFKFVKTQYHSGRLRISFIPYYYNTTISTG- - -TPDVSRTQKI
GGLVYTFRFVKTNYHSGRVQITFRPFVGYDDVMDSDGKIVRDEYVYR

e a's: w o F

t? B :

* O OO OO0

B Examples of residues conserved among all picornavirus

B Examples of residues conserved among enteroviruses

I Examples of residues conserved among insect picorna-like virus

3vbf_VP3
4rhv_vp3
4qpg_VP3
1b35_vP3
3nap_VP3

3vbf_vP3
4rhv_vpP3
4qpg_VP3
1b35_vP3
3nap_VP3

LVEPNISNTHYRAH----------- ARDGVFDYYTTG--------- LVSIWYQTNYVVPI
MTEPNTSGVQFRYT----------- DPD---TYTSAG=~=~=~=~~~ FLSCWYQTSLILPP
FRYPNISDTPYRVNRYTK------- EAHQKGEYTAIG--------- KLIVYCYNRLTSPS
FTYP¥IGSRPWLYCIRPESSWLSKDNTDGALMYNCVSG-------- IVRVEVLNQLVAAQ
LVYPFTSLTPYKVCADVFNSANRPKYNYEPRDFKVYDNTTDQFFTGTLCVSALTPLVSSS
. * . . .

LCKDASDILQTGTIQ------
LMKDTQTISQTVALTE-----
PLYHAMDVTTQ----------

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus

1B35: Cricket Paralysis Virus



VP3 Sequence identity

3VBF 4RHV 4QPG (Hepatitis | 3NAP (Triatoma 1B35 (Cricket
(Enterovirus A71) | (Rhinovirus B14) Avirus) Virus) paralysis virus)
3VBF o
(Enterovirus A71) 100%
4RHV o o
(Rhinovirus B14) 42,37% 100%
4QPG (Hepatitis o o o
Avirus) 15,29% 17,80% 100%
SNAP IR 15,70% 11,86% 23,17% 100%
virus)
1B35 (Cricket 12,81% 11,44% 19,92% 29,71% 100%

paralysis virus)



Phylogenetic Analysis: VP3

B Human Hepatitis A Virus
B Human Enterovirus A71
- Human Rhinovirus B14
B Cricket Paralysis Virus
B Triatoma Virus



Cluster Analysis

VPO

Sc 6.45 RMS 1.60

Sc 6.99 RMS 1.93

Sc 4.06 RMS 1.60

. o VP1
Cricket Paralysis ViruS  s—— Cricket Paralysis Virus
(1B35) Sc 5.28 RMS 1.65 (1B35)
Triatoma Virus (3NAP) Sc 6.00 RMS 2.26 Triatoma Virus (3NAP)
HAV Sc 5.67 RMS 2.24 HAV

Enterovirus A71 Enterovirus A71
(3VBF) (3VBF)

Rhinovirus B14 (4RHV) Sc675RMS 114

Enterovirus A71
(3VBF)

Rhinovirus B14 (4RHV)

Rhinovirus B14

Sc 7.94 RMS 0.89

(4RHV)

Sc 6.61RMS 1.21

Sc 780 RMS 1.58

Sc 712 RMS 2.06

HAV

Criket Paralysis Virus
(1B35)

Triatoma Virus (3NAP)

Sc 8.68 RMS 1.03




CAPSID INTERACTIONS




Types of capsid interactions

INTRAPROTOMERIC

3%

VPO-VP1
VPO-VP3
VP3-VP1

INTERPROTOMERIC

<a
oA

VP1-VP1
VPO-VP3
VP1-VP3

-~




Types of capsid interactions

INTRAPROTOMERIC

VPO-VP1
VPO-VP3
VP3-VP1



Interactions between VP0O-VP1

Hydrogen bonds

Salt bridges

Structure 2

A:ASP 223[ 0D1]

A:ASP 223[ 0D1]
A:ASP 223[ 0D2]

## Structure 1 Dist. [A] Structure 2 B4 Structure 1 Dist. [A]
"1 B:ASN 173[ ND2] 3.42 A:GLU 56[ OEl]l [1 B:ARG 196[ NH2] 3.66

2 B:ARG 190[ NH2] 3.17 A:TYR 207[ OH ] ||2 B:ARG 196[ NH1] 2.57

3 B:ARG 190[ NH1] 2.57 A:ASP 223[ oD1] ||3 B:ARG 196[ NH1] 2.51

4 B:THR 189[ 0G1] 2.61 A:ASP 223[ 0D2]

5 B:ARG 190[ NH1] 2.51 A:ASP 223[ 0D2]

6 B:SER 160 N ] 2.98 A:PRO 263[ 0 ]

7 B:PRO 153[ 0 ] 3.46 A:ARG 261[ NH2]

8 B:ASP 155[ 0 ] 2.89 A:ARG 261[ NH1]

9 B:TYR158[ 0 ] 3.15 A:ASN 265[ N ]

10 B:THR 189[ 0 ] 2.90 A:TYR 209[ N ]

11 B:THR 189[ 0 ] 3.20 A:ALA 210[ N ]

12 B:GLN 199[ 0 ] 3.79 A:GLY 219[ N ]

13 B:GLN 199[ OE1] 3.24 A:THR 222[ 061]

Data from PDBePISA



Interactions between VP0O-VP1

Consensus
Conservation
4rhv_VPO
3vbf_VPO
4qpg_VPO
3nap_VPO0
1b35_VPO

251

tvic PR qigl
LIFPHQF |
TVCPHQW
TVYPHGL
ITLPHVQ
SGCPRTD

[
L
L
L

n

M &2
[E=R )

261
stnnevtiki

271
PYisphpiys

281
|l i--ghpnas

MT--RHNNVS
AL--NHCNF

FKDPQYPVWE
LVTKFT

291
I'lvvvisplLn

LMVIPIAPLT
ISEVAVIPIIES RIS D
LTIRVWSELN
FLAHVYAPLN
lYVVVYSQLH

Asparagine (N) is conserved among Human Hepatitis A Virus, Human

Enterovirus A71 and Human Rhinovirus B14

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus
1B35: Cricket Paralysis Virus



Hydrogen bond: VP0O-VP1




Salt bridge: VP0O-VP1




Interactions between VP3 and VP1
Hydrogen bonds

#  Stuctureq  Dist.[A]  Structure 2 iZ z‘s‘:': 22 261 z;i 233 222 2:2% 52 C:THR 168[ 0G1] 3.49 A:ILE S55[ N ]

1 C:ARGI76[ N ] 2.91  A:ALA 1[0 1 | e as(nN ] 2.69 AmpHE 2570 ]| | 53 C:ARG 170[ O ] 2.78 A:THR 67[ 0G1]

2 C:GLN 120[ NE2] 2.64 A:GLU 56[ OE1] . ‘

3 C:SER 167[ 06 ] 2.69 A:GLU se[ OE2] | o CiSER 38061 3.74 A:TVR 258[ OH 11| 54 (C:GLU 232[ OE2] 3.3 A:ISER 76[ 0G ]

29 C:ASP 39[ N 3.75  A:TYR 258[ OH

4 C:ARG 170[ NHL] 3.11 AALA 61[ 0 ] - 54E NEJ s e muare sz o } 55 C:GLU 232[ OE2] 3.42 A:HIS 78[ NE2]

S i;iE ::2 ol :z%g } 31 Cilys 96[ N ] 3.47 AwsN 267[ op1] | 56 C:PRO 236[ O ] 3.57 A:ARG 91[ NH1]
: . : 32 C:TYR 238[ OH ] 3.66 A:LEU 270[ O ] . 5

7 CGARGIZZLN ] 275 AITHR 670 0611 |i3 coacy ga[o0 ] 2,85 AtASN 187 W2] 57 C:MET 241[ O ] 2.73 A:SER 266[ 0G ]

8 C:ARG 172[ NH1]  3.65 A:GLU 70[ OE2] | 34 (.asn 13[ 0D1] 3.65 A:THR 195[ OG1]

9 C:TYR 181[ OH ] 3.23 A:SER 76[ 0G ] 35 C:LEU 170 0 ] 3.58 A:SER 92[ N ]

10 C:HIS 50[ NE2] 2.55 A:ASP 81[ OD1] 36 CiSER 18[ 0 ] 2.76 A:ARG 91[ NE ] =

11 C:PHE 51[ N ] 3.1 A:MET 83[ 0 ] 37 C:TYR 20[ OH ] 3.50 A:ARG 201[ NH2] Salt b"dges St

12 C:HIS Se[ ND1] 3.67 A:MET 83[ 0 ] 33 c:AsP 22[ 0 ] 2.84 A:GLN 199[ Ne2] . ##____ Structurel _ Di ist.TAl___ Structure 2

13 C:CYS 233[ N ] 3.61 A:MET 83[ SD ] 39 C:ALA 23[ O ] 2.95 A:GLN 199[ NE2] 1 C:ARG 172[ NE ] 3.32 A:GLU 70[ OE1l]

14 C:TYR 20[ OH ] 2.73 A:ASP 142[ 0D2] 490 C:MET 27[ O ] 2.82 A:ARG 201[ N ] 2 C:ARG 172[ NE ] 3.60 A:GLU 70[ OE2]

15 C:ASN 13[ ND2] 2.91 A:THR 195[ 0 ] 41 C:GLU 34[ OE1] 2.77 A:TYR 285[ OH ] i

16 C:LYS 26[ N ] 2.72 A:GLN 199[ 0 ] 42 C:ASP 35[ OD1] 2.91 A:GLN 254[ NE2] 3 C:ARG 172[ NH1] 3.65 A:GLU 76[ OE2]

17 C:MET 27[ N ] 3.42 A:GLN199[ O ] 43 C:LYS 37[ O ] 2.49 A:ARG 138[ NH2] 4 C:HIS 56[ NE2] 2.55 A:ASP 81[ 0D1]

18 C:PHE 29[ N ] 3.20 A:ARG 201[ 0 ] 44 C:ASP 39[ O ] 3.75 A:ARG 138[ NE ] 5 C:LYS 47[ NZ ] 3.18 A:GLU 256[ OE2]

19 C:TRP 36[ NE1] 3.37 A:TRP 204[ O ] 45 C:ASP 39[ O ] 2.47 A:TYR 209[ OH ] 6 C:GLU 232[ OE2] 3.42 A:HIS 78[ NE2]

20 C:LEU 31[ N ] 3.03 A:TYR 205[ OH ] 46 C:ILE 46[ O ] 3.03 A:PHE 259[ N ]

21 C:SER 41[ N ] 3.30 A:TYR 209[ OH ] 47 C:THR 49[ 0 ] 3.18 A:ILE 85[ N ]

22 C:GLY 43[ N ] 3.15 A:TYR 209[ OH ] 48 C:Lys 96[ 0 ] 3.35 A:SER 266[ N ]

23 C:TYR 20[ OH ] 3.23 A:GLU 253[ OF1] 49 C:SER 103[ 0G ] 2.92 A:TRP 129[ NE1]

24 C:TRP 36[ N ] 362 A:GLN 254[ OE1] I 50 C:GLN 166[ OE1] 2.67 A:THR 54[ 0G1] I

Data from PDBePISA



Interactions between VP3-VP1

151 161 171 181 191

Consensus pvd- - - - - ra gamlgthvVvw Dir-IQstvt ItvPwiSstp yryc------
Conservation

3vbf_VP3 KD---- - RA TAMLGTHVIW DFG-LQBSVT LVIPWISNTH YRAH----- -
4rhv_VP3 QD - - - - - RR EAMLGTHVVW DIG-LQBTIV MTIPWTSGVQ FRYT----- -
4gpg_VP3 DVTGIT--LK QATTAPCAVM DIAGVJQBTLR FRVPWISDT YRVNRYTK - -
1b35_VP3 TISTG---T DVSRTQKIVV DLR-TISTAVS FTVPYIGSR WLYCIRPESS
3nap_VP3 DVMDSDGKIV RDEYVYRVVV DLR-DQITEAT LVVPFTSLT YKVCADVFENS

Glutamine (Q) is conserved among Human Hepatitis A Virus, Human Enterovirus A71,
Human Rhinovirus B14 and Cricket Paralysis virus

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus

1B35: Cricket Paralysis Virus



Hydrogen bond: VP3-VP1 e
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Salt bridge: VP3-VP1
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Interactions between VP3 and VPO

Hydrogen bonds Salt bridges
4 Structure1  Dist.[A]  _Structure 2 ##  Stucturel  Dist.JA]  Structure2
1 C:GLN 95[ NE2] 3.58 B:GLY 159[ 0 ] :
2 C:ILE 98[ N ] 3.07 B:SER 160[ 0G ]
3 C:LEU 60[ N ] 2.92 B:ALA 162[ 0 ] |3 C:ARG 221[ NH1] _3.50 _B:GLU 212[ OE2
4 C:ALA100[ N ] 3.16 B:SER 163[ 0G ]
5 C:LYS 125[ NZ ] 3.27 B:ASN 175[ 0 ]
6 C 1 3 _R4 R-PHF 1861 N0 __1
7 [cory_aalw 1 3.49 B:PHE 186[ 0 ]
8 C:ASN 223[ ND2] 3.15 B:TRP 210[ 0 |
9 C:ARG 221[ NH2] 3.52 B:ASN 214[ 0D1]
10 C:SER 41[ 0 ] 2.88 B:ARG 128[ NH1]
11 C:GLN 42[ 0 ] 3.29 B:TYR 188[ N ]
12 C:GLN 42[ OE1] 2.99 B:ARG 128[ NH1]
13 C:GLN 42[ OE1] 3.23 B:ARG 128[ NE ]
14 C:PRO 58[ 0 ] 2.90 B:THR 165[ 06G1]
15 C:ILE 98[ 0 ] 2.55 B:SER 160[ 06 ]
16 C:ILE 98[ 0 ] 3.27 B:SER 163[ 0G ]
17 C:VAL 121[ 0 ] 2.70 B:ASN 173[ ND2]
18 C:PHE 122[ 0 ] 3.51 B:GLN 144[ NE2]
19 C:6LY 164[ 0 ] 3.26 B:ASN 175[ ND2]
20 C:ASN 215[ 0 ] 3.54 B:THR 219 0G1]
21 C:HIS 219[ 0 ] 2.98 B:GLN 144[ NE2]
22 C:TYR 225[ OH ] 2.49 B:TRP 210[ NE1]

Data from PDBePISA



Interactions between VP3 and VPO

Consensus
Conservation
3vbf_VP3
4rhv_VP3
4qpg_VP3
1b35_VP3
3nap_VP3
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Glycine (G) is conserved among Human Hepatitis A Virus, Triatoma

Virus and Cricket Paralysis virus

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14

4QPG: Human Hepatitis A Virus

3NAP: Triatoma Virus
1B35: Cricket Paralysis Virus



Hydrogen bond: VP3-VPO




Salt bridge: VP3-VPO




Types of capsid interactions

INTERPROTOMERIC

2 "

VP1-VP3
VPO-VP3
VP1-VP1




Interactions between VP1 and VP3

Hydrogen bonds | xmL

Data from PDBePISA

=2 Structure 1 Dist. [A] Structure 2

1 C:LEU 17[ N ] 3.18 A:ALA 187[ 0 ]
2 C:SER 18[ 0G ] 3.67 A:ALA 187[ 0 ]
3 C:VAL 15[ N ] 2.96 A:ARG 189[ 0 ]
4 C:THR 11[ N ] 2.86 A:ASN 197[ 0OD1]
5 C:THR 10[ 0Gl] 2.62 A:GLN 199[ OE1]
6 C:TYR 181[ N ] 3.76 A:TYR 207[ 0 ]
7 C:THR 187[ 0G1] 3.24 A:ALA 165[ N ]
8 C:SER 18[ 0G ] 3.49 A:ALA 187[ N ]
9 C:VAL 15[ 0 ] 2.94 A:ARG 189[ N ]



Interactions between VP1 and VP3

201
Consensus aqvsvPyysy
Conservation
3vbf_VP1 AIQVSVPFM
4rhv_VP1 SRIFSVPYVGL
4qpg_VP1 QI RLPWY
3nap_VP1 AIEIV Q Y R
1b35_VP1 V ID V E

211 221 231
asayqvfifydg ys--------

ASAYQWFYD TFGCEHKQE KDLEYCAMEN
ASAYNCFYD Vi o HDD AETQYGITVL
LYAVSGALD G T DKTD
VNTSVNSABRY LYo wwawan oo I N A
N RENVE Y PN S T HITPA

241
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STFGLVSIQI
NISFPFLMPNV
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Glutamine (Q) is conserved among Human Hepatitis A Virus, Human

Enterovirus A71 and Cricket Paralysis virus

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus

1B35: Cricket Paralysis Virus



Hydrogen bond: VP1-VP3 0‘/‘

3.471A

D VP1 (chain #1)

. VP3 (chain #2)



Interactions between VP3 and VPO
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Hydrogen bonds
Dist. [A]

Structure 1

:VAL
:ASP
:ARG
:ARG
:ARG
:ARG
1LYS
:TYR
:CYS
: VAL
:GLN
:PRO
:GLY
:GLY
:ASP
:ASP

159 [
1611
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XML

Structure 2

:THR
: VAL
: VAL
:ASP
:ASP
:TYR
:ASP
:ASP
:THR
: VAL
:GLN
:THR
:TYR
:ARG
:GLY
:ALA

46 [
48[
48[
49 [
49
126 [
197 [
197 [
46 [
48[
50 [
125
126 [
190 [
191[
192

v s wN R

Salt bridges

Structure 1

Dist. [A]

XML

Structure 2

C:ARG 130[ NH1]
C:ARG 130[ NH2]
C:LYS 193[ NZ ]
C:LYS 193[ NZ 1]
C:ASP 178[ 0D2]

Data from PDBePISA

3.20
3.15
3.29
3.43
3.04

B:ASP 49[ 0D2]
B:ASP 49[ 0D2]
B:ASP 197[ 0D1]
B:ASP 197[ 0D2]
B:ARG 190[ NE ]



Interactions between VP3 and VPO

151

Consensus pvd- - - - - ra
Conservation

3vbf_VP3 KD--- - - RA
4rhv_VP3 QD - - - - - RR
4gpg_VP3 DVTGIT- -LK
1b35_VP3 TISTG---T

3nap_VP3 DVMDSDGK IV

161 171 181 191

gamlgthvVw Dir-lQstvt ltvPwiSstp yryc----- -
TAMLGTHV|IW DFG-L v LVIPWISN {RAH- - - - - -
EAMLGTHV|VW DIG-L IV MTIPW va FRY T ------
QATTAPCA|VM DIAGV LR FRVPWISD (RVNRYTK - -
DVSRTQK I}VIV DLR-TSTAV FTVPY | GSR WLYCIRPESS
RDEYVYRV\V|V DLR-D EA LVVPF L ({KVCADVFNS

Valine (V) is conserved among Human Hepatitis A Virus, Human
Rhinovirus B14, Triatoma Virus and Cricket Paralysis virus

3VBF: Human Enterovirus A71
4RHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus

1B35: Cricket Paralysis Virus



Hydrogen bond: VP3-VPO

. VPO (chain #13)

. VP3 (chain #14)



Salt bridge: VP3-VPO

. VPO (chain #13)

. VP3 (chain #14)



Interactions between VP1 and VP1
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Data from PDBePISA

Hydrogen bonds  xwmL
Structure 1 Dist. [A] Structure 2
:TYR 242[ OH ] 3.73 A:ASN 104[ 0D1]
:THR 148[ 0G1] 3.00 A:ASP 154[ 0D2]
:THR 272[ 0G1] 3.27 A:ASP 180[ 0D1]
:THR 272[ N ] 3.19 A:ASP 180[ 0D2]
:ARG 91[ NH1] 2.68 A:ALA 184[ 0 ]
:SER 271[ 0G ] 2.98 A:GLN 178[ NE2]
:TYR 248[ OH ] 3.20 A:ARG 189[ NH1]
:THR 148[ 0G1l] 3.05 A:ARG 189[ NH2]
:SER 246[ 0G ] 2.82 A:ARG 189[ NH2]
:ARG 193[ 0 ] 3.55 A:ARG 194[ NE ]
:THR 192[ 0 ] 2.43 A:ARG 194[ NH2]
:TYR 242[ OH ] 3.60 A:ASN 235[ N ]
:GLU 241[ OE2] 3.41 A:ASN 235[ ND2]
:GLY 149[ 0 ] 3.81 A:ASN 235[ ND2]



Interactions between VP1 and VP1

Consensus
Conservation
3vbf_VP1
4rhv_VP1
4qpg_VP1
3nap_VP1
1b35_VP1

51
eigasanasP

EIGASSNASD
ETGATMPVL
EDPVLAKKYV
SRNHELDEQ
THR I SNNWS

Arginine (R) is conserved among Human Hepatitis A Virus, Human

61
sqmietrkuvl

ESMIETRCVL

SDSIETRTT)
EVIRERE LK E
SQECIGERIL
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71
sihglikr--

NSHSTAETTL
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|l RQL | KR - -

81
ykffgraas|

DSFFS|IRAGLYV
ECFLGRAACYV
YKFMGRISHFL
WRY VSIDEKS L
FGIFGDIANTL

Enterovirus A71 and Human Rhinovirus B14

a1
iyiaiqfkna

EIDLPLK
VTEIQNKDA
CTFTFENSNNK
I AYAFDN
QAD SFVVA

3VBF: Human Enterovirus A71
ARHV: Human Rhinovirus B14
4QPG: Human Hepatitis A Virus
3NAP: Triatoma Virus

1B35: Cricket Paralysis Virus



Hydrogen bond: VP1-VP1

D VP1 (chain #47)

D VP1 (chain #48)



R10

STUDY CASE
ANTIBODY AND HAV




Hepatitis A issue

HAYV infects 1,4 million people
annually

What problems does HAV imply?

It is unusually stable, making
disinfection difficult.

Lack of information

There is a vaccine

But there are no licensed

NEWS

therapeutic drugs

v
X

CDC Issues Health Alert Over Hepatitis A

Outbreaks

Public health issue




R10 NADb - HAV interaction

DN\ i Chain #1 E
Chain #1 D ( \. |

Chain #23 C

B AV VP2 (chain B) 5
B HAV VP3 (chain O Chain#1B  *_J N o8
B R10 heavy chain (chain E) E 2
| R1o0 light chain (chain D)



R10 CDRs

Interaction surface comprises four of the six
complementary determining regions (CDRS):

- Hi (residues 28-32)
- H2 (residues 52-57)
- H3 (residues 100-106)
- L1 (residues 30-31)

B R10 heavy chain (chain E)
| R10 light chain (chain D)




HAV Epitope: Strain Analysis

Conservation analysis of the R10 epitope on HAV capsids of 6 human

strains.
HAV R10 Epitope HAV strains analysed
/ VP2: residues 64-71 IA — Germany (Q67825)
7 VP3: residues 68-78, 143-150, 209,

IB — Australia (P08617)

IIA — France (Q5Y944)

lIB — Sierra Leone (Q8VOND)
lIIA — Norway (QQDWR1)

1B — Japan (A5LGW?7)

and 246




HAV Epitope: Strain Analysis

B -Av VP2 (chain B)
B HAV VP3 ' (chain ©)

B R10 heavy chain (chain E)
| R10 light chain (chain D)



__ B ____LUN Al =

Some hydrogen bonds between R10 and HAV

1 9. Q%

Ve t,.. - P

B HAVVP3 ' (chain O)
- R10 heavy chain (chain E)



HAV Epitope: Strain Analysis (MSA)

64 71 o1
IA HQIEPLKTSVDKPGSKKTQGEKFFLIHSADWLTTHALFHEVAKLDVVKLLYNEQ-AVQGL
1B HQVEPLRTSVDKPGSKKTQGEKFFLIHSADWLTTHALFHEVAKLDVVKLLYNEQFAVQGL
IIA HQIEPLKTSVDKPGSKKTQGEKFFLIHSADWLTTAHALFHEVAKLDVVKLLYNEQ-AVQGL
VP2 IIB HQVEPLKTSVDKPGSKKTQGEKFFLIHSADWLTTHALFHEVAKLDVVKLLYNEQ-AVQGL
IIIA HQPEPLKTSVDKPGSKRTQGEKFFLIHSADWLTTHALFHEVAKLDVVKLLYNEQFAVQGL
IIIB HQSEPLKTSVDKPGSKRTQGEKFFLIHSADWLTTAHALFHEVAKLDVVKLLYNEQ -AVQGL
Fk kkk e kkkkkkhdkk s kkkkkkh kR Ak hh ok kk ek kkhhdkkkh ok kkhdkdkkd ek kkkk

68 78 143 l 150 209 246

IA PFNASDSVGQQIKVIPVD LIDVTGITLKQAT IVYCYNR TSP DVTTQVGDD

1B PFNASDSVGQQIKVIPVD LIDVSGITLKQAT IVYCYNR TSP DVTTQVGDD

IIA PFNASDSVGQQIKVIPVD LIDVSGITLKQAT  IVYCYNRL.TSP  DVTTQVGDD

VP3 I1IB PFNASDSVGQQIKVIPVD LIDVSGITLKQAT IVYCYNRLTSP DVTTQY/GDD

IIIA PFNASDSVGQQIKVIPVD  LIDVSHITLKQAT ~ IVYCYNRLTSP  DVTTQVGDD
IIIB  PFNASDSVGQQIKVIPVD  LIDVSHITLKQAT  IVYCYNRLTSP  DVTTQVGDD

*hA Kk hkkhhhhhkhk kkkk KA Kkk s KhkkAkhk Fkokkokk ok kk ok e g e o ke

IA: Germany (Q67825) IB: Australia (P08617) llA: France (Q5Y944) lIB: Sierra Leone (Q8VONGB) llIA: Norway
(Q9DWR1) HIB: Japan (A5LGW/?7)

Epitope residues location



HAV Epitope: Strain Analysis

The R10 epitope is highly conserved
among the six strains

R10 antibody is likely to strongly bind to most human HAVs strains, so it is
able to destabilize the capsid and neutralize virus infection. Q




Final remarks

HAV shares characteristics from
both “classical” mammalian
picornaviruses and insect
picorna-like viruses.

Further research is needed to to explain more of its unique biology:

e Structural analyses of the capsid
e Capture of assembly states



Thank you for your
attention!

Do you have any
questions?
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Questions (?)

1. HAV belongs to the family of:

a) Coronaviridae
b) Onaviridae

c) Circoviridae
d) Picornaviridae
e) Retroviridae

2. HAV capsid has:

a) 6-fold axis of symmetry
b) 5-fold axis of symmetry
c) 3-fold axis of symmetry
d) 2-fold axis of symmetry
e) B, Cand D are correct

3. Choose the false statement. HAV has...

a) An icosahedral capsid

b) A jelly roll supersecondary structure
C) A canyon

d) An angle switch at VP2

e) No hydrophobic pocket

4. How many pentamers form the HAV
capsid?

a) 160
b) 10
c) 5
d) 12
e) 26




Questions (?)

5. VP2 angle switch makes HAV more 7. VPo cleaves into:

similar to:
a) VP1 and VP3
a) Classical mammalian picornavirus b) VP1 and VP2
b) Insect picornavirus c) VP2 and VP3
c) Enterovirus d) VP3 and VP4
d) All are correct e) VP2 and VP4

e) None are correct

6. SCOP classifies HAV viral proteins as: 8- Which interactions can be found in the HAV

capsid?
a) Alpha and Beta proteins (a/b)
b) Small proteins a) Hydrogen bonds
c) All-alpha proteins b) Salt bridges
d) Alpha and Beta proteins (a+b) ¢)aand b are correct
e) All-beta proteins d) Disulfide bonds

e) No hydrophobic pocket



Questions (?)

9. Choose the true statement about the study case:

a)
b)
C)

d)
e)

R10 Antibody interacts with VP1

R10 Antibody neutralizes the HAV

Six CDRs of R10 Antibody are involved in the interaction
with the epitope

The R10 epitope is not highly conserved

R10 Antibody is not able to destabilize the HAV capsid.

10. Choose the true statement:

a)
o).
C)
d)
e)

HAV is a single-stranded RNA-positive virus
HAV is chronic and highly fatal

HAV infects the gastrointestinal-tract

HAV is transmitted mainly by air

All the above are incorrect




