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The Critical Role Of VP1 In Forming 
The Necessary Cavities For 
Receptor-mediated Entry Of FMDV 
To The Host Cell
Jahanshah Ashkani & D. J. G. Rees

The antigenic inconsistency of the foot-and-mouth disease virus (FMDV) is very broad, such that a 
vaccine made from one isolate will not offer protection against infection with other isolates from the 
same serotype. Viral particles (VPs) or surface exposed capsid proteins, VP1–VP3, of FMDV determine 
both the antigenicity of the virus and its receptor-mediated entry into the host cell. Therefore, 
modifications of these structural proteins may alter the properties of the virus. Here we show putative 
cavities on the FMDV-SAT1 (FMDV Southern African Territories1) capsid as possible binding sites for 
the receptor-mediated viral entry into the host cell. We identified three possible cavities on the FMDV 
capsid surface, from which the largest one (C2) is shaped in the contact regions of VP1–VP3. Our results 
demonstrate the significance of VP1, in the formation of FMDV-SAT1 surface cavities, which is the main 
component in all the identified cavities. Our findings can have profound implications in the protein 
engineering of FMDV in the contact region of VP1–VP3 found to be embedded in several cavities. Such 
information is of great significance in the context of vaccine design, as it provides the ground for future 
improvement of synthetic vaccines to control FMD caused by FMDV-SAT1 serotypes.

FMDV with a single-stranded (ss) positive-sense RNA genome of about 8.4 kb, belongs to the genus Aphthovirus 
in the family Picornaviridae1–3. FMD is an extremely infectious disease of livestock4–6, while hand-foot-and-mouth 
disease (HFMD) virus, another subfamily in the family Picornaviridae, has shown several outbreaks of the disease 
in humans7–11. FMD is mostly spread by direct and indirect animal contacts in specific areas while the movement 
of infected animals across international borders might be a major reason for the spatial epidemiology of FMD12.

Among FMDVs (i.e. O, A, C, SAT1, SAT2, SAT3 and Asia-1), SAT types exhibit large inter- and intra-serotype 
genetic variability13,14. SAT1, SAT2, and SAT3 are most widely represented in the southern Africa. The RNA 
genome of FMDV is enclosed within a protein shell or capsid, consisting of 60 copies each of four proteins 
(VP1–VP4)15. The three surface-exposed proteins, VP1–VP3, assemble into a protein trimeric complex, with the 
smaller VP4 located internally2. Capsids are broadly classified according to their structures, mainly as helical or 
icosahedral16,17.

Capsids should be stable to protect the virus from stresses in the extracellular space during transmission 
from a host cell to another host cell. However, upon entry into a new host cell, particles fall apart to deliver their 
genetic materials to the site of replication with minimal energies18,19. Viruses have evolved such that they use a 
broad range of cell-surface molecules as their receptors, which include proteins, carbohydrates, and glycolipids20. 
Icosahedral viruses have a cavity/cleft on the surface of their capsids that can recognize the receptor. It has further 
been suggested that having the receptor-binding site covered by a cavity would permit the virus to escape host 
immune surveillance because only long and narrow molecules could bind to conserved amino acids within the 
cavities21,22 and the residues that bind to the receptor are protected from immune attack20. As a result, antiviral 
strategies aim to target molecules in these structures and the processes they facilitate, in order to block viral infec-
tion, hence prevent or treat viral diseases23.
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Results and Discussion
Three major cavities (C1–C3) are proposed as consensus sites identified by seven or more prediction tools (Fig. 1). 
Additionally, to complement and confirm the identified cavities we performed a Molecular Dynamic (MD) simu-
lation analysis using GROMACS and the resulting 1000 snapshots taken from a 50 ns MD trajectory were further 
assessed using MDpocket.

The combination of the consensus result of ten different structural-based cavity prediction tools with the 
results of the molecular dynamic simulation shows that the predicted cavities are placed in the contact region of 
VP1, VP2, and VP3. Furthermore, two small cavities, 1 and 3 (C1 and C3) are shaped in the contact regions of 
VP1 and VP2, and VP1 and VP3, respectively. Additionally, a large cavity (C2) is shaped in the contact regions of 
all three surface-exposed proteins (VP1–VP3).

Mapping the results of MDpocket (presented as orange mesh) on the FMDV-SAT1 capsid structure indicates 
that the identified cavities are placed in the contacting loop regions of VP1–VP3 surrounding major antigenic 
sites identified by Reeve and colleagues (2010) for FMDV-SAT124 (Fig. 1a), which is ideally situated to form 
receptor-binding sites. Furthermore, there is a clear overlap between the cavities identified by MDpocket and 
the three identified cavities using ten different structure-based cavity prediction tools (Fig. 1b). In addition, the 
interior of the identified cavities, especially C1 and C2 are extremely charged (Fig. 1c) and conserved (Fig. 1d), 
accentuating their possible implications for receptor binding. It can, therefore, be speculated that VP1 is indispen-
sable for the formation of these cavities due to it being the main component in all the identified pockets (Fig. 2) 
while contributing the maximum number of residues in the identified cavities compared to VP2, VP3, and VP4 
(Table 1S).

Considering that cavity with putative roles in the receptor-mediated entry of FMDV to the host cell should 
maintain a stable structural conformation in the extracellular environment, we further assessed the root mean 
square fluctuations (RMSF) of the amino acids at the identified cavities. Accordingly, after confirming the sys-
tem stability through the simulation, the RMSDs per residue (RMSDres) were calculated along the 50 ns tra-
jectory (Fig. 2). Our results indicate that the contact region of VP1–VP3 subunits is the most stable part of the 

Figure 1. Illustration of the identified protein cavities in FMDV-SAT1 capsid using molecular dynamic 
simulation and structure-based analysis tools. (a) Cartoon representation of VP1–VP4 subunits of FMDV-
SAT1 capsid (coloured in red, light blue, blue and yellow, respectively) and the location of identified cavities 
using molecular dynamic simulation technique (shown in orange mesh). Sticks representation of the predicted 
VP1 G-H loop and beyond (residues 132–174) containing the major antigenic site for FMDV-SAT1 as well as 
residues in the H-I loop by Reeve and colleagues24, coloured in purple. (b) Cartoon representation of VP1–VP4 
subunits of the FMDV-SAT1 capsid (coloured in red, light blue, blue and yellow, respectively), the location 
of identified cavities using molecular dynamic simulation method and the surface presentation of identified 
residues involved in cavities using structure-based analysis tools (residues identified by 7, 8, 9 and more tools 
are coloured in lemon, light green and green). (c) Surface representation of the positively and negatively charged 
(coloured in red and blue respectively), polar and hydrophobic (coloured in grey and light grey respectively) 
residues. (d) Surface representation of evolutionarily conserved residues identified using ConSurf-DB42. C1–C3 
refer to cavity 1-cavity 3 and Pymol package40 was used to represent the molecules.
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FMDV-SAT1 capsid (Fig. 1a), which could act as a probable receptor-binding site whose modifications may alter 
viral entry into the host cell25. However, considering the identified cavities are in the loop region, a greater amino 
acid fluctuation would have been expected, but this can be explained by the possible accumulation of smaller cavi-
ties to give rise to the larger cavity identified here. This is consistent with the dynamic nature of cavity formation26.

Conclusion
FMD is a highly contagious disease, affecting mammals. In the context of viral structural features, it is known 
that the VP4 is internally located within the capsid, whereas VP1, VP2 and VP3 are surface exposed, contrib-
uting towards viral antigenicity27,28. There are at least two immunogenic sites in VP1, the G-H loop and the 
C-terminus29,30. However, it has been suggested that the virus can infect cells through alternative approaches as 
well. Furthermore, viral mechanisms of receptor recognition can evolve over the course of infection leading to the 
emergence of viruses with different receptor binding specificities31.

While considerable knowledge exists about the FMDV, the disease remains a major threat worldwide. As the 
virus evolves, novel and resistant strains are produced resulting in disease epidemic. It is therefore of great impor-
tance to further understand viral mechanisms of infection in search of alternative preventive methods and targets. 
To this end, we present novel findings as putative targets for future research. Here we have identified novel cavi-
ties in the capsid of FMDV located in the loop regions of viral particles, VP1–VP3, consisting of highly charged 
and conserved amino acids. The structural features identified here and the stability of their structures allows for 
speculating a role for the identified cavities in receptor-mediated virulence, the exact system of which is in need 
of further research. We propose the identified cavities hold the binding sites required for receptor-mediated viral 
entry into the host cell while protecting them from immune system recognition. Our results further suggest that 
VP1 contributes the most to the interaction with the host cells through the identified cavities on its surface. This 
information can be widely used in protein engineering of FMDV-SAT1 with emphasize on the possible improve-
ment of synthetic vaccines formulation, hence controlling FMD caused by FMDV-SAT1 serotypes.

Methods
The protein structure of the FMDV-SAT1 capsid was retrieved from the Protein Data Bank (PDB) with the iden-
tification code of 2WZR. The 2WZR PDB file, containing VP1–VP4 chains, was used as input for structure-based 
prediction tools and a template for using the construction of the initial structure for the simulation studies. As 

Figure 2. System stability and root mean square fluctuation (RMSF) analysis of FMDV-SAT1 capsid 
subunits (VP1–VP4). (a) Root mean square division per residue (RMSDres) in FMDV-SAT1 capsid calculated 
from 50 ns simulations. Residue stability increases from blue to red. (b) Energy stability (top plot) and Root 
mean square division, RMSD, (bottom plot) of the system throughout the 50 ns simulation time. (c) Root mean 
square fluctuation of residues (RMSF) of FMDV-SAT1 capsid viral particles (VP1–VP4) throughout the 50 ns 
simulation time. Identified residues that are involved in cavities in FMDV-SAT1 capsid viral particles (VP1–VP4) 
using ten structure-based analysis tools were illustrated using green vertical lines. GROMACS package was used 
for simulations and trajectory analysis while VMD44 and R45 package were used for the representation of the 
molecule and drawing the plots respectively.
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the identification of cavities is the starting point for structure-based vaccine design, the consensus result of 10 dif-
ferent structure-based pocket/cavity prediction tools was used to improve the prediction success rates (Table 1).

GROMACS package32 implementing SPC/E water model33 and the GROMOS96 43A1 force field34 was used 
for molecular dynamic (MD) simulation on a neutralized system containing water molecules and sodium ions 
(Na+ ). The LINCS and the SETTLE algorithms were used to constrain protein covalent bonds involving hydro-
gen atoms and to maintain the rigid structure of the water molecules, respectively35,36. The temperature and 
pressure, regulated by the Berendsen’s algorithms37, was at 300 K and 1.0 Atm, respectively. To control the temper-
ature, a minimal invasive thermostat was applied. A 1.0 nm cutoff in the interactions was utilized, and the particle 
mesh Ewald summation method38,39 was applied to estimate the long-range electrostatic interactions. An energy 
minimization phase, using a steepest descent algorithm, was applied to initiate the simulation while removing 
bad contacts and unfavorable forces. Six simulations of 10 ps were conducted, by increasing the temperature from 
50–300 K for the equilibration of each system. Finally, the simulation of the system was performed at 50 ns using 
GROMACS. For the purpose of protein structure visualization, the PyMol package40 was used. The protein pock-
ets were detected using the MDpocket package41, which is based on the geometric α -sphere theory, with specific 
parameters to detect small molecule binding sites.

Table 1 shows the list of the ten most popular structure-based pocket/cavity prediction tools that were used 
for the prediction of cavities in FMDV-SAT1 capsid surface. The results of these analyses are shown in Fig. 1 
while cavity contributor amino acids that were predicted by 7, 8, 9 and more tools (listed in Table S1) are colored 
by lemon, light green and green, respectively. ConSurf-DB42 was used to map evolutionary conservation scores 
calculated for each residue from multiple sequence alignment of similar proteins using an empirical Bayesian 
inference in Rate4Site43 (Figs S1–S3).
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