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Human Enterovirus 71 and phylogeny

Fig. 1: Phylogenetic tree of Picornaviridae family. 
Adapted from Benschop, et al. 2006. 
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Clinical manifestations

HFMD

Hand, foot and 
mouth disease

NEUROLOGICAL 
MANIFESTATIONS

Aseptic meningitis to acute 
flaccid paralysis and 

brainstem encephalitis

CARDIOPULMONARY 
FAILURE

Oedema and shock



Epidemiology

3,367 deaths
reported by 2018



Fig. 2: HEV71 life cycle . Baggen J, et al. 2018

Life cycle



Genome

P2 P3P1

7.4 kb

5’ UTR 3’ UTR

AAA

VP1 VP3VP0

VP1 VP3VP2VP4

Fig. 3: HEV17 genome. Adapted from Cao J, et al. 2019. 



Cleavage of VP0

VP0 K69   S70…D I F T E M A A P L P S A E A C G Y S D R… 

S P S A E A C G Y S D R… …D I F T E M A A P L KVP4 VP2

Fig. 4: VP0 cleavage. Adapted from Cao J, et al. 2019. 



Capsid assembly

VP0

VP1
VP3

VP0 + VP1 + VP3 = protomer

VP1
VP0
VP3



Capsid assembly



Capsid assembly



Capsid assembly



Capsid assembly



Capsid assembly

5 protomers form a capsomer



Capsid assembly and viral phases

Fig. 5: HEV71 viral phases. Shinger KL, et al. 2013. 



Axis of symmetry

Rotational symmetry is based on 2-3-5 Fold Symmetry:

- Two-fold axis: through the centre of each edge

- Three-fold axis: through the centre of each face 

- Five-fold axis: through the centre of each vertex

https://docs.google.com/file/d/1rISn1shaoig3DpYCN3exRKrOsO0PKEco/preview


Triangulation Number

Triangulation number gives us an idea of how big the capsid is and how 
many subunits compose the total capsid

Fig. 6: Triangulation number. Cann, Alan J. et al. 2004.



Fig. 8: Structural Studies of Viruses and 
Toxicological Studies. Seibert M. 2012

Fig. 7: Triangulation. Swiss institute of bioinformatics. 2015



Quasi-equivalence and Pseudo T3

Equivalence: 
- Each triangle is composed by 3 equal portions
- Each protein is the same environment

When T increases…

Quasi-equivalence: 
- The proteins composing each triangle vary
- Positioning of each protein is not equivalent: 

proteins have different neighbours

Fig. 9: Principles of Molecular Virology. Cann, Alan J. et al. 



SCOP 
Class: 

All beta proteins

Fold: 
Nucleoplasmin-like/VP (viral coat and capsid proteins)

Superfamily:
Positive stranded ssRNA viruses-like

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



Polyprotein 1: capsid protein

VP1
VP2
VP3
VP4

PDB entry: 3VBS



Asymmetric unit: VP1

VP1

Jelly Roll

Fig. 10: Topological diagram of the 
secondary structures of VP1



Asymmetric unit: VP2

VP2

Jelly Roll

Fig. 11: Topological diagram of the 
secondary structures of VP2



Asymmetric unit: VP3

VP3

Jelly Roll

Fig. 13: Topological diagram of the 
secondary structures of VP3



Asymmetric unit: VP4

VP4

Fig. 14: Topological diagram of the 
secondary structures of VP4



Loops of VP1 

FG loop

Fig. 15: Topological diagram of the loops. 
Own source.



1. Relevant regions described in the bibliography



Surface features

Southern rim
GH (VP1) + EF/Puff (VP2) + GH/Knob (VP3) 

Fig. 16: Canyons. 
Plevka P, et al. 2012. 

Northern rim
BC + DE + HI (VP1)

VP1
VP2
VP3

Canyon



Hydrophobic pocket

VP1

VP2 + VP3

VP1

VP2 + VP3

Natural pocket factor

(Sphingosine)

Viral uncoating

Fig. 17: Hydrophobic pocket. De Colibus L, et al. 2014.



Hydrophobic pocket

Fig. 18: Hydrophobic pocket with sphingosine. Wang X, 
et al. 2012. 



A: Pyridine ring 

B: Phenoxy ring

C: Imidazole

ALD inhibitor
Imidazolidinone derivative                     ALD inhibitor

CH3 
in the linker 

CONH2 
in the pyridine ring

Imidazolidinone derivative                                 ALD inhibitor

WHY?

● Increases the solubility

● Enhances the affinity for the virion

Fig. 19: ALD inhibitor structure. Adapted from De Colibus L, et al. 2014.



ALD inhibitor: interactions with VP1

2.818Å

2.504Å

2.760Å

D112

Ile113



ALD inhibitor: interactions with VP1

2.672Å

2.906Å

3.360ÅPhe135

Met253

Ala133



2. Details of specific H bonds, salt bridges... relevant for 
the function of the protein and their interactions with 

other macromolecules



Methodology

Hydrogen Bonds

1. Obtention of H bonds with 
Chimera

2. Observation of CLUSTALW 
(sequence conservation) 

3. Observation of STAMP 
(structural conservation)

4. Representation of most conserved 
and relevant interactions

Salt Bridges

1. Obtention of interprotomeric VP 
Salt Bridges with VMD

2. Obtention of intraprotomeric Salt 
bridges with VMD

3. Observation of CLUSTALW and 
STAMP (conservation)

4. Representation of most conserved 
and relevant interactions



INTERACTIONS

Vs

INTRA-PROTOMERIC INTER-PROTOMERIC

VP1-VP2
VP1-VP3
VP1-VP4
VP2-VP3



INTRAPROTOMERIC INTERACTIONS



VP1 VP2 Distance (Å)

Glutamic 
51 O

Acceptor

Asparagine
175 NH
Donor

2.241

Threonine
178 OH
Donor 1.911

VP1 and VP2: Hydrogen Bond Conservation



VP1 and VP2: Hydrogen Bond Conservation

VP1

VP2



VP1 and VP3: Hydrogen Bond Conservation

VP1 VP3 Distance (Å)

Arginine 
259 NH
Donor Glutamic 

39 O
Acceptor

1.964

Arginine 
259 NH2

Donor

2.688

2.090



VP1 and VP3: Hydrogen Bond Conservation

VP1

VP3



VP1 and VP4: Hydrogen Bond Conservation

VP1 VP4 Distance (Å)

Leucine
24 O

Acceptor

Glutamine
37 NH
Donor

1.917

Leucine 
24 NH
Donor

Glutamine
37 O

Acceptor
1.887



VP1 and VP4: Hydrogen Bond Conservation

VP1

VP4



VP2 and VP3: Hydrogen Bond Conservation

VP2 VP3 Distance (Å)

Glutamine 
110 NH
Donor

Threonine 
211 O

Acceptor
1.778



VP2 and VP3: Hydrogen Bond Conservation

VP2

VP3



VP1 and VP2: Salt Bridges 

Aspartic (-) 206 of VP1 + 
Lysine (+) 72 of VP2

2.729 Å



VP1 and VP2: Salt Bridges 

VP1

VP2



VP1 and VP3: Salt Bridges 

Arginine (+) 254 of VP1 + 
Aspartic (-) 18 of VP3

2.380 Å



VP1 and VP3: Salt Bridges 

VP1

VP3



INTERPROTOMERIC INTERACTIONS



Interprotomeric Hydrogen Bonds VP1-VP1

Each VP1 interacts 
with 2 neighbouring 

VP1s

Only VP1s displayed VP1s around 5-fold axis



Interprotomeric Hydrogen Bonds VP1-VP1



Interprotomeric Hydrogen Bonds VP1-VP1

VP1 VP1 Distance (Å)

Glutamine 
172 O

Acceptor

Glutamine 
118 NH
Donor

2.474



Interprotomeric Hydrogen Bonds VP1-VP1

VP1 (Donor)

VP1 (Acceptor)



Interprotomeric Hydrogen Bonds VP1-VP2

VP1 VP2 Distance (Å)

Leucine 
70 NH
Donor 

Aspartate 
44 O

Acceptor
1.796



Interprotomeric Hydrogen Bonds VP1-VP2

VP1 (Donor)

VP2 (Acceptor)



Interprotomeric Hydrogen Bonds VP1-VP3

VP1 VP3 Distance (Å)

Glutamine 
172 NH
Donor

Glutamine 
237 O

Acceptor
2.272



Interprotomeric Hydrogen Bonds VP1-VP3

VP1 (Donor)

VP3 (Acceptor)



Interprotomeric Hydrogen Bonds VP2-VP3

VP2 VP3 Distance (Å)

Aspartate 
195 O

Acceptor

Asparagine 
174 NH
Donor

2.137



Interprotomeric Hydrogen Bonds VP2-VP3

VP2 (Acceptor)

VP3 (Donor)



Interprotomeric Hydrogen Bonds VP2-VP2

VP2 VP2 Distance (Å)

Threonine
 45 OH
Donor

Proline 
47 O

Acceptor
2.058



Interprotomeric Hydrogen Bonds VP2-VP2

VP2 (Donor)

VP2 (Acceptor)



Interprotomeric Hydrogen Bonds VP3-VP3

VP3 VP3 Distance 
(Å)

Proline 
3 O

Acceptor

Phenylalanine 
2 NH
Donor

1.946



Interprotomeric Hydrogen Bonds VP3-VP3

VP3 (Donor)

VP3 (Acceptor)



3. Sequence and structural comparison 
along evolution



Methodology

1. We selected our templates after a 
PSI-BLAST

2. We performed a CLUSTALW 
alignment

3. We performed a STAMP 
alignment (roughfit gave many 
LOW SCORES warnings, so we 
used the alignfit option)

4. We analyzed the clusters formed 
and created a phylogenetic tree

Example of STAMP output

- 5.5 to 9.8 = high degree of structural similarity + 
functional and/or evolutionary relationship

- 2.5 to 5.5 = more distantly related structures + not 
always implies a functional or evolutionary 
relationship

- < 2.0 = little overall structural similarity

Reminder: what does my Sc and RMSD mean?

RMSD increases as similarity decreases



2mev = Mengo encephalomyelitis virus
1nd2 = Human rhinovirus 16

1hxs = Human Poliovirus 1 Mahoney
1z7s = Coxsackievirus A21 

3vbs = Human Enterovirus 71
1bev = Bovine enterovirus strain VG-5-27

VS

2mev = Mengo encephalomyelitis virus
1nd2 = Human rhinovirus 16

1hxs = Human Poliovirus 1 Mahoney
1z7s = Coxsackievirus A21 

3vbs = Human Enterovirus 71
1bev = Bovine enterovirus strain VG-5-27

Enterovirus A, Enterovirus C, Enterovirus E, Rhinovirus A, Cardiovirus

Template Selection

Part of the PSI-BLAST output

- Database used: PDB

- Selected templates from round 5

- We checked that the templates were a hit for all VPs

- We split the chains for every template



Phylogeny of the capsid polyprotein

3vbs_VP1

3vbs_VP4

3vbs_VP3

3vbs_VP2

2mev_VP1

2mev_VP4

2mev_VP3

2mev_VP2

ENTEROVIRUS CARDIOVIRUS

Common 
ancestor with 

4 VP

VP1, VP2 and VP3 form 
monophyletic groups 

with similar inner 
topology

2 paralogous duplication events prior 
to the divergence of Picornavirales



- VP1, VP2 and VP3 share the same topology despite not 
being much conserved between them, as for sequence

- VP4 is the most divergent of all the VP → STAMP gives 
LOW SCORE warnings



Phylogenetic analysis of VP1
1hxs

1z7s

1nd2

3vbs

1bev

2mev

Sc = 8.40

RMS = 0.86

Sc = 8.62

RMS = 0.99

Sc = 7.58

RMS = 0.90

Sc = 7.70

RMS = 1.00

Sc = 5.16

RMS = 1.88

2mev = Mengo Encephalomyelitis Virus
1nd2 = Human Rhinovirus 16
1hxs = Human Poliovirus 1 Mahoney
1z7s = Coxsackievirus A21 
3vbs = Human Enterovirus 71
1bev = Bovine Enterovirus strain VG-5-27



MSA of VP1

Residues conserved among enterovirus (genus)
Residues conserved among picornavirus 

(enterovirus & cardiovirus)

Canyon

GH loop

Canyon

GH loop



Phylogenetic analysis of VP2

2mev = Mengo Encephalomyelitis Virus
1nd2 = Human Rhinovirus 16
1hxs = Human Poliovirus 1 Mahoney
1z7s = Coxsackievirus A21 
3vbs = Human Enterovirus 71
1bev = Bovine Enterovirus strain VG-5-27

1hxs

1z7s

1nd2

3vbs

1bev

2mev

Sc = 9.34

RMS = 0.52

Sc = 8.96

RMS = 0.72

Sc = 8.75

RMS = 0.67

Sc = 8.61

RMS = 0.72

Sc = 7.42

RMS = 1.16



MSA of VP2

Residues conserved among enterovirus (genus)
Residues conserved among picornavirus 

(enterovirus & cardiovirus) EF loop (exposed Aa)

EF loop 
(non-exposed Aa)

Aa exposed of EF loop

Aa not exposed of 
EF loop



Phylogenetic analysis of VP3

1hxs

1z7s

1nd2

3vbs

1bev

2mev

Sc = 9.35

RMS = 0.55
Sc = 9.44

RMS = 0.80

Sc = 9.38

RMS = 0.86
Sc = 9.27

RMS = 0.87

Sc = 8.59

RMS = 1.17

2mev = Mengo Encephalomyelitis Virus
1nd2 = Human Rhinovirus 16
1hxs = Human Poliovirus 1 Mahoney
1z7s = Coxsackievirus A21 
3vbs = Human Enterovirus 71
1bev = Bovine Enterovirus strain VG-5-27



MSA of VP3

Residues conserved among enterovirus (genus)
Residues conserved among picornavirus 

(enterovirus & cardiovirus)

Knob
Other exposed residues

Knob



Phylogenetic analysis of VP4

1hxs

1z7s

1nd2

3vbs

1bev

2mev

Sc = 6.67

RMS = 1.15
Sc = 5.48

RMS = 1.47

Sc = 5.33

RMS = 1.20
Sc = 2.98

RMS = 1.47

Sc = 0.97

RMS = 2.77

LOW 
SCORE 2mev = Mengo Encephalomyelitis Virus

1nd2 = Human Rhinovirus 16
1hxs = Human Poliovirus 1 Mahoney
1z7s = Coxsackievirus A21 
3vbs = Human Enterovirus 71
1bev = Bovine Enterovirus strain VG-5-27



MSA of VP4
Residues conserved among enterovirus (genus)

Residues conserved among picornavirus 
(enterovirus & cardiovirus)



Search of relevant functional motifs: WCPRP example

There is a critical region, highly conserved among picornaviruses, involved in the correct 
processing of the capsid precursor: WCPRP in enteroviruses and FCPRP in cardioviruses.

ClustalW → extreme conservation of the motif



Some key conclusions...

As for structure and interactions:

- There are many intraprotomeric and interprotomeric interactions, in form of H 
bond, contributing to many key processes of the virus: capsid assembly, 
infectivity...

- We were also able to find some salt bridges, but no disulfide bonds

- VP1’s GH loop, VP3’s knob and other relevant parts of the canyon are very 
conserved, very likely due to their relevance for the virus

- The ALD inhibitor has a great therapeutic potential due to its 
sphingosine-specific mechanism of action



Some key conclusions...

As for phylogeny:

- VP1, VP2 and VP3 are paralogous due to duplication events prior to the divergence 
of Picornavirales

- In our virus, VP3 is the most conserved and VP4 the least, according to structural 
and sequence similarity with our templates

- In general, some regions of these VPs are more conserved than others (i.e. the 
middle region is more conserved than the extremes, which is where the loops take 
place)

- Sc and RMSD values show high structural similarity and evolutionary relationship 
→ many of the most conserved residues correspond to residues involved in H 
bonds or salt bridges, also structurally relevant regions such as the canyon



Some key conclusions...

As an extra remark...

More research on the structural characteristics of Human Enterovirus 71 and its 
related species should be pursued to overcome the lack of information available 

on the functions of many regions and bonds



THANK YOU FOR YOUR ATTENTION!



Bibliography

Benschop KSM, et al. Human Parechovirus Infections in Dutch Children and the Association between Serotype and Disease 
Severity. Clinical infectious diseases: an official publication of the Infectious Diseases Society of America. 2006;42:204-10. 

Bergelson JM, et al. Picornavirus entry. Adv Exp Med Biol. 2013;790:24-41.

Cao J, et al. Determination of the cleavage site of enterovirus 71 VP0 and the effect of this cleavage on viral infectivity and 
assembly. Microb Pathog. 2019;134:103568.

Cisneros-Martínez AM, et al. Ancient gene duplications in RNA viruses revealed by protein tertiary structure comparisons. 
Virus Evol. 2021;7(1):veab019. 

De Colibus L, et al. More-powerful virus inhibitors from structure-based analysis of HEV71 capsid-binding molecules. Nat 
Struct Mol Biol. 2014;21(3):282-288.

Jiang P, et al. Picornavirus morphogenesis. Microbiol Mol Biol Rev. 2014;78(3):418-437. 

Kristensen T, et al. Identification of a short, highly conserved, motif required for picornavirus capsid precursor processing at 
distal sites. PLoS Pathog. 2019;15(1):34-42.



Bibliography

Li C, et al. In vitro assembly of an empty picornavirus capsid follows a dodecahedral path. J Virol. 
2012;86(23):13062-13069. 

Morais MC. Breaking the symmetry of a viral capsid. Proc Natl Acad Sci USA. 2016;113(41):11390-11392. 

Parvez MK. Geometric architecture of viruses. World J Virol. 2020;9(2):5-18. 

Plevka P, et al. Crystal structure of human enterovirus 71. Science. 2012;336(6086):1274. 

Prasad BV, et al. Principles of virus structural organization. Adv Exp Med Biol. 2012;726:17-47.

Salomon T, et al. Virology, epidemiology, pathogenesis, and control of enterovirus 7. Lancet Infect Dis. 2010;10:778–90.

Shingler KL, et al. The enterovirus 71 A-particle forms a gateway to allow genome release: a cryoEM study of picornavirus 
uncoating. PLoS Pathog. 2013;9(9).

Smyth MS, et al.. Picornavirus uncoating. Mol Pathol. 2002;55(4):214-219.

Wang X, et al. A sensor-adaptor mechanism for enterovirus uncoating from structures of EV71. Nat Struct Mol Biol. 
2012;19(4):424-429. 



PEM questions
1. The Human Enterovirus 71 (HEV71) belongs to the family of:

a. Picornaviridae
b. Retroviridae
c. Herpesviridae
d. Rhabdoviridae
e. Adenoviridae

2. Choose the correct statement about HEV71:

a. Its capsid protomer is composed by 3 viral proteins (VP1, VP2 and VP3)
b. Almost all of the viral proteins have a jelly roll supersecondary structure
c. Options a) and b) are true
d. It has a canyon
e. All of the above are true

3. The most dissimilar viral protein in structure is:

a. VP1
b. VP2
c. VP3
d. VP4
e. All of them are very dissimilar in structure



PEM questions
4. Which of the following is true:

a. The triangulation number gives information about the size of the capsid
b. The higher the triangulation number, the more protomers compose the capsid
c. Options a) and b) are correct
d. All icosahedral viruses have the same number of capsid proteins
e. All of the above are correct

5. Which of the following is false:

a. Inter-protomeric interactions occur between two different protomers (capsid units)
b. There are several interactions found between different protomers, mainly hydrogen bonds
c. Intra-protomeric interactions occur between proteins within the same protomer (capsid unit)
d. There are no interactions between neighbouring capsomers, interactions only occur among proteins of the same capsomer
e. None of the previous options are false (all of them are true statements)

6. SCOP classifies HEV71 proteins as:

a. All-beta proteins
b. All-alpha proteins
c. Alpha+beta proteins
d. Alpha/beta proteins
e. Small proteins



PEM questions
7. HEV71 capsid protomer:

a. It is composed by 3 viral proteins
b. It rearranges to make a pore for genome release
c. Forms pentamers
d. When in pentamer conformation, 12 of them associate to form the procapsid
e. All of the above are true

8. VP1 has:

a. The knob
b. The puff
c. A GH loop very relevant for receptor binding
d. None of the above
e. All of the above

9. About symmetry and axis:

a. HEV71 has only a 2-fold axis
b. HEV71 has only a 3-fold axis
c. HEV71 has only a 5-fold axis
d. HEV71 has a 2-fold, a 3-fold and a 5-fold axis
e. HEV71 has a 7-fold axis



PEM questions
10. About the ALD inhibitor, for HEV71:

a. It replaces the sphingosine of the hydrophobic pocket
b. It’s main key interaction is established between the amide group and the D112 residue
c. a and b are correct
d. It contains a phenoxy group which helps the binding with the pocket
e. All are correct


