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 17 

 Abstract  18 

Kobuviruses are an unusual and poorly characterised genus within the picornavirus family, and 19 

can cause gastrointestinal enteric disease in humans, livestock and pets. The human Kobuvirus, 20 

Aichi virus (AiV) can cause severe gastroenteritis and deaths in children below the age of five 21 

years, however this is a very rare occurrence. During the assembly of most picornaviruses (e.g. 22 

poliovirus, rhinovirus and foot-and-mouth disease virus), the capsid precursor protein VP0 is 23 

cleaved into VP4 and VP2. However, Kobuviruses retain an uncleaved VP0. From studies with 24 

other picornaviruses, it is known that VP4 performs the essential function of pore formation in 25 

membranes, which facilitates transfer of the viral genome across the endosomal membrane and 26 

into the cytoplasm for replication.  Here, we employ genome exposure and membrane interaction 27 

assays to demonstrate that pH plays a critical role in AiV uncoating and membrane interactions. 28 

We demonstrate that incubation at low pH alters the exposure of hydrophobic residues within 29 

the capsid, enhances genome exposure and enhances permeabilisation of model membranes. 30 

Furthermore, using peptides we demonstrate that the N-terminus of VP0 mediates membrane 31 

pore formation in model membranes, indicating that this plays an analogous function to VP4.  32 

Importance  33 

To initiate infection, viruses must enter a host cell and deliver their genome into the appropriate 34 

location. The picornavirus family of small non-enveloped RNA viruses includes significant human 35 

and animal pathogens and are also models to understand the process of cell entry. Most 36 

picornavirus capsids contain the internal protein VP4, generated from cleavage of a VP0 37 

precursor. During entry, VP4 is released from the capsid. In enteroviruses this forms a membrane 38 

pore, which facilitates genome release into the cytoplasm. Due to high levels of sequence 39 

similarity, it is expected to play the same role for other picornaviruses. Some picornaviruses, such 40 

as Aichi virus, retain an intact VP0, and it is unknown how these viruses re-arrange their capsids 41 

and induce membrane permeability in the absence of VP4. Here we have used Aichi virus as a 42 

model VP0 virus to test for conservation of function between VP0 and VP4. This could enhance 43 

understanding of pore function and lead to development of novel therapeutic agents that block 44 

entry. 45 

  46 
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Introduction 47 

 48 

For many non-enveloped viruses, replication depends on the capsid first binding a receptor to trigger 49 

uptake into a cell via endocytosis. During entry the virus must deliver its RNA genome into the 50 

cytoplasm. Mechanisms of delivery are not well understood, but the proposed mechanism in 51 

picornaviruses (such as poliovirus (PV) and human rhinoviruses (RV), involves capsid structural 52 

rearrangements that enable the virus to interact with the endosomal membrane and form a pore. The 53 

capsid then uncoats, releasing its genome through the pore, across the endosomal membrane and into 54 

the cytoplasm. In many picornaviruses and picorna-like viruses, viral capsid protein VP4 is a small 55 

internal component of the capsid that is released during cell entry to initiate pore formation (1–7). VP4 56 

is formed from the cleavage of capsid protein VP0 into VP2 and VP4 (8–10). However, certain 57 

picornavirus do not undergo VP0 cleavage, therefore do not possess a VP4 protein, and it is unknown 58 

what component of the capsid performs the normal function of VP4.  59 

The best characterised picornavirus genera that possess uncleaved VP0 are Kobuviruses and 60 

parechoviruses. Kobuviruses are associated with cases of acute gastroenteritis in people, livestock and 61 

pets (11–14), including the best studied member, the human pathogen Aichi virus (AiV). The virus is 62 

wide-spread, with 80% to 95% of adults reportedly having antibodies against the virus (15–17). AiV is 63 

generally asymptomatic, however it can cause mild gastrointestinal upset and there have even been fatal 64 

cases reported in children under five, especially in developing countries (14, 18–20).  65 

Picornavirus particles consist of a single positive sense RNA genome, within a non-enveloped capsid 66 

composed of 60 copies of four structural proteins, VP1, VP2, VP3 and VP4 arranged in pseudo T=3 67 

icosahedral symmetry. In the majority of picornaviruses, VP2 and VP4 are derived from a precursor 68 

called VP0, which undergoes a maturation cleavage to form VP2 and VP4 (e.g. enteroviruses, 69 

aphthoviruses, cardioviruses and hepatoviruses), this is thought to be triggered by RNA encapsidation 70 

in some viruses (8–10, 21).  However for the Kobuvirus and parechovirus genera, VP0 does not cleave 71 

and the mature capsid contains an intact VP0 (22, 23). In VP4-containing viruses, VP4 is usually 72 

myristoylated and by using specific inhibitors or mutagenesis of a myristoylation signal sequence to 73 

prevent myristoylation, it has been shown to play a critical role in virus assembly and entry (24–27). 74 

The N-terminus of Kobuvirus VP0, but not parechovirus VP0 is myristoylated (22, 28), however, 75 

myristoylation seems unlikely to play an essential role as the specific inhibitors are unable to restrict 76 

infection by these viruses (28). Uncoating has been extensively studied in VP4-containing 77 

picornaviruses, especially enteroviruses (e.g. PV, RV). However, there are few studies on uncoating in 78 

VP0 containing viruses and no studies have been reported on the role of VP0 in uncoating, although it 79 

is assumed that the N-terminus of VP0 may be involved in pore formation as this is in an analogous 80 

location to VP4.  81 
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In order to uncoat and form a pore within the endosomal membrane, viral capsids must undergo 82 

extensive structural rearrangements. Experimental and structural studies of different types of 83 

picornavirus particles have given great insights into the structural rearrangements that occur during 84 

uncoating of VP4-containing picornaviruses (29–37). The trigger varies between viruses, for 85 

aphthoviruses these changes can be initiated solely by exposure to low pH (38, 39) while for major 86 

group RV receptor interactions in combination with endosomal acidification are required (40–43). AiV 87 

capsids are known to be destabilised by low pH, and therefore endosomal acidification may play a role 88 

in AiV uncoating (44).  89 

Studies with enterovirus particles have shown that these viruses are able to bind to and permeabilise 90 

membranes, during a process known as capsid breathing (2, 45). Studies using intact virions, peptides 91 

of VP1-N and VP4 and antibodies raised against VP1-N and VP4, in conjunction with membrane 92 

binding and pore formation assays revealed the N-terminus of VP1 is involved in attaching the 93 

enterovirus capsid to the membrane and VP4 is involved in pore formation (7, 45–47). We have shown 94 

that recombinant VP4 and VP4-peptides of rhinovirus 16 (RV16) form size selective pores in model 95 

membranes consistent with the size of a single strand of RNA to pass thorough (2, 7). Furthermore, 96 

mutation of residue T28 in PV VP4 can reduce the capsids ability to permeabilise model membranes 97 

(5). In combination with this biophysical data, structural studies have helped develop a model for 98 

enterovirus uncoating. Incubation of enterovirus particles with their receptor or heating past 99 

physiological temperature, can trigger mature particles to uncoat into uncoating intermediate particles 100 

(Altered particles/A-particles) or empty particles (30). A-particles still contain the viral genome, but  101 

the capsid has undergone expansion and structural rearrangements, including VP4 release and 102 

externalisation of N-terminus of VP1, whereas empty particles have released their genome and 103 

undergone further structural rearrangements (29–37). Biophysical and structural data of PV in the 104 

presence of model membranes indicate that VP4 and the N-terminus of VP1 together may form an 105 

‘umbilicus’ which tethers the virus to the endosomal membrane (46, 48).  106 

Unlike enteroviruses, the aphthoviruses and cardioviruses do not produce stable empty capsids during 107 

uncoating in vitro. The aphthoviruses foot-and-mouth disease virus (FMDV) and equine rhinitis A virus 108 

(ERAV), disassemble into pentamers almost instantly after exposure to a pH critical for uncoating. 109 

Exposure to heat also induces disassembly. An uncoating intermediate/empty particle structure has been 110 

solved for ERAV from crystals grown at low pH (38). From this it was observed that VP4 is completely 111 

released from the capsid and the N-terminus of VP2 may be externalised from the capsid, rather than 112 

VP1 as in enteroviruses. Due to this, it is hypothesised that the N-terminus of VP2 will be involved in 113 

endosomal tethering in aphthoviruses (38). Similarly, cardioviruses also do not produce stable empty 114 

particles, for example, heating of Saffold virus 3 to 42 ℃  for 5 minutes induces particle disassembly, 115 

however exposure for 2 minutes induces a mixture of empty and A-particles (49). A low resolution 116 

cryo-EM structure of the A-particles, shows the particles have expanded, released VP4 and that there is 117 
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an unconnected density leaving the particle that might be the VP1 N-terminal arm (49). To summarise, 118 

the capsid rearrangements that occur in VP4-containing picornaviruses, involve capsid expansion, 119 

release of VP4 and externalisation of the N-terminus of either VP1 or VP2. 120 

However, less is known about uncoating in VP0-containing picornaviruses. To date AiV is the only 121 

VP0-containing picornavirus for which an empty capsid structure has been determined. Cryo-EM 122 

structures of mature and empty AiV capsids produced by heating revealed that in the empty particle the 123 

N-terminus of VP0 and VP1 become disordered, however no proteins were observed to be released or 124 

externalised (50). This differs to what is known about VP4-containing picornaviruses, where VP4 is 125 

released and the N-terminus of either VP2 or VP1 becomes externalised. It is difficult to envisage a 126 

model for membrane interactions in which capsid proteins are not externalised. For AiV, it was 127 

proposed that during uncoating, capsid proteins become externalised but slide back inside the capsid 128 

after genome release (50). However, whether this observation is biologically relevant remains to be 129 

resolved, as it seems unlikely that capsid proteins could easily be re-internalised if they are inserted 130 

within a membrane.  131 

In this study the mechanism of AiV uncoating is analysed using purified virus particles and a VP0 132 

peptide. Using chemical inhibition assays, capsid stability assays and liposome assays with purified 133 

virus we show that acidification is essential for AiV entry and that uncoating and membrane interactions 134 

are also dependent on low pH. Using peptides in liposome assays we also show that the N-terminus of 135 

AiV VP0 plays an equivalent role to that seen in the VP4 proteins of other picornaviruses. Sequence 136 

alignments suggest this function may be conserved between all Kobuviruses.  137 

  138 
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Results 139 

 140 

AiV endocytosis is dependent on endosome acidification 141 

  142 

AiV capsids, in common with those of  many other picornaviruses are destabilised by low pH (51), 143 

suggesting that endosomal acidification may be a trigger for AiV uncoating. To test if endosome 144 

acidification was required for AiV entry, the virus was grown in the presence of the endosome 145 

acidification inhibitor NH4Cl at a range of non-toxic concentrations. In untreated cultures or those 146 

treated with low concentrations (2 mM) of NH4Cl, virus infection resulted in complete CPE at 20 hpi, 147 

with viral titres of 2-3 x 106 pfu/ml. In contrast, in cultures treated with NH4Cl at concentrations of 10 148 

mM and above, the addition of virus did not lead to visible CPE and AiV titres at 20 hpi were reduced 149 

by over 99% (Figure 1A)). A time of addition study was then carried out to determine at what point in 150 

the virus life cycle NH4Cl was inhibitory. An inhibitory concentration of NH4Cl was added every hour 151 

to a different well of AiV infected cells. This ranged from one hour prior to infection, to 4 hours post 152 

infection. This revealed that NH4Cl was only inhibitory when added to cells prior to or during infection 153 

(Figure 1B). When added 1 hour post infection, little reduction in titre was observed and no reduction 154 

occurred when added 2 or more hours post infection (Figure 1B). This shows that NH4Cl inhibits AiV 155 

infection during entry and not at another part of replication. This is consistent with the requirement for 156 

low pH for cell entry.  157 
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Decreasing pH enhances capsid alterations 158 

 159 

Having shown that endosome acidification is important for AiV entry, we wanted to investigate the 160 

effect of pH on genome exposure and capsid protein dynamics. This was assessed using a particle 161 

stability thermal release assay (PaSTRy) assay, which has previously been used to study uncoating 162 

dynamics and particle stability of enteroviruses, FMDV and AiV (44, 52–55). To perform this, purified 163 

virus was incubated at a range of pH values with two dyes (SYTO9 and SYPRO orange). SYTO9 binds 164 

and fluoresces in the presence of nucleic acid, indicating genome accessibility. SYPRO orange binds 165 

and fluoresces in the presence of hydrophobic amino acid residues, indicating exposure of hydrophobic 166 

residues within the capsid proteins. During the assay, temperature was raised by 1 ℃ every 30 seconds 167 

and the level of florescence of each dye was measured.  168 

Previous studies with PaSTRy established that low pH can promote AiV genome exposure to occur at 169 

lower temperatures (44). Here we have repeated this study using a finer range of pH values, between 170 

pH 7.0 and pH 4.9 (7.0, 6.2, 5.9, 5.6, 5.0 and 4.9), while also tracking the exposure of hydrophobic 171 

protein residues. Assays were performed after pre-incubating purified particles for 10 minutes at either 172 

room temperature, 56 ℃ or 59 ℃, and were then chilled on ice for 2 minutes, prior to performing the 173 

assay. 174 

With a room temperature pre-incubation, SYTO 9 fluorescence began to be detectable between 48 and 175 

49 ℃ for pH 7.0, 6.2 and 5.9 with maximal fluorescence occurring at 55 ℃. At pH 5.6 these values 176 

were reduced to 45 and 54 ℃ respectively. At pH 5 the fluorescence started at 42 ℃ peaking at 51 ℃ 177 

and at pH 4.9 these values were reduced to 41 ℃ and 50 ℃ respectively (Figure 2A). This showed that 178 

incubation at lower pH reduces the temperature for RNA exposure. When experiments were repeated 179 

with samples pre-incubated at 56 ℃, a greatly reduced peak signal was observed at pH 7.0 and no peak 180 

was observed at pH 5.0 (Figure 2 B). For samples pre-heated to 59 ℃ no SYTO9 peak was observed 181 

for samples (pH 7.0, 6.2, 5.6, 5.0 4.9) (Figure 2C).  182 

Therefore, overall, as pH decreased, the exposure of nucleic acid appeared to occur at lower 183 

temperatures. Results from the pre-incubation at 56 ℃ indicate that low pH has enhanced genome 184 

release and not just exposure, as a peak being present at pH 7.0 but not pH 5.0 indicates that at pH 7.0 185 

some RNA remains within the capsid but at pH 5.0 it has been completely released.  186 

The effect that different pH values had on the profile of hydrophobic protein dynamics as measured by 187 

fluorescence is more complex. For simplicity we have separated the profiles into three stages based on 188 

events occurring at specific temperatures (Figure 2D). Stage 1 (25-54 ℃) for samples pre-incubated at 189 

room temperature is characterised by a trough at pH 7.0, 6.2, 5.9 and 5.6, the trough becomes 190 

increasingly shallow at lower pH values. At pH 5.0 no trough was observed and instead, the profile 191 

resembled a flat line, finally at pH 4.9 a peak was observed. The peak for the hydrophobic protein 192 
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fluorescence at pH 4.9 occurred 2 ℃ before the maximum peak of RNA exposure peak (Figure 2B). 193 

Stage 2 (54 to 62 ℃) is characterised by a sloping shoulder at pH 7, at pH 6.2 and 5.9 the shoulder is 194 

flatter, at pH 5.6 and 5 it is almost indistinguishable from the trough in Stage 1 and at pH 4.9 it has 195 

become a distinct trough. The beginning of the Stage 2 coincides with maximum RNA exposure for pH 196 

7, 6.2 and 5.9. At Stage 3 (62 to 95 ℃) a final large peak is observed in all conditions. The exact 197 

temperature that the peak occurs and its magnitude varies between different pH values, this likely 198 

represents protein denaturation and is not physiologically relevant. Profiles of AiV at pH 4.9 resemble 199 

PaSTRy assay previously observed for enteroviruses at neutral pH, however AiV profiles differ when 200 

incubated between pH 7.0 and 5.0 (53, 54). When samples were pre-incubated to 56 or 59 ℃ a flat line 201 

was observed at Stage 1 and Stage 2 but the final Stage 3 peak was still observed (Figure 2 E,F).   202 

The experiments described here have shown that reductions in pH enhance genome release, alter capsid 203 

dynamics and increase exposure of hydrophobic capsid residues at lower temperatures. The observation 204 

that the signals for exposure of genome and hydrophobic residues was reduced after pre-heating at 205 

elevated temperatures indicates that the changes that occur during heating are irreversible. 206 

  207 

Membrane interactions and pore formation 208 

 209 

Having established that pH plays an important role in AiV uncoating, the effect of pH on the ability of 210 

AiV to permeabilise model membranes was investigated.  211 

Purified AiV was incubated at a range of pH values with liposomes containing carboxyfluorescein (CF) 212 

dye at 37 ℃. Florescent dye release was measured every minute for one hour. This revealed that AiV 213 

induces membrane permeabilisation in a pH dependent manner, with the rate of dye release increasing 214 

at lower pH values (Figure 3A). Dye release after one hour ranged from 12% at pH 7 to 90% at pH 4.9 215 

(Figure 3B). 216 

In addition to increasing the rate of dye release, pH was also observed to change the profile of dye 217 

release curves. At pH 7.0, 6.2 and 5.9, AiV dye release curves were seen as a slope increasing at a 218 

steady constant rate, with the slope gradient increasing at the lower pH values. At pH 5.6, 5.0 and 4.9, 219 

there was an initial steady slope of release, before an exponential phase of release occurring at 20, 15 220 

and 10 minutes receptively, before this levelled off (Figure 3 A). We have also investigated size 221 

selectivity using a dextran release assay. Samples of purified virus were incubated for one hour at pH 222 

7.0 or pH 5.0 in the presence of liposomes containing FITC-labelled dextran of different sizes (4 kD 223 

(FD4), 10 kD (FD10), 70 kD (FD70) or 250 kD (FD250)) (Figure 3C-D). Release of dextrans was 224 

quantified by pelleting the liposomes and measuring the fluorescence in the supernatant. This revealed 225 

that AiV capsids preferentially released the two smallest dextrans (FD4 and FD10) and therefore 226 
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appeared to form a size selective pore, consistent with previous published results with RV16 (2). The 227 

predicted size of the pore is consistent with the size necessary to allow passage of unfolded single 228 

stranded RNA (2). The effect of dye release for FD4 and FD10 was significantly higher at pH 5.0, 229 

giving further evidence that AiV induced pore formation is enhanced by low pH. 230 

 231 

We have previously shown that for another picornavirus in which cell entry is dependent on endosome 232 

acidification, (RV16) the ability of the virus to permeabilise membranes was increased at lower pH 233 

values (2). In this previous study, the profile of RV16 dye release curves differed from AiV dye releases 234 

curves in the current study. For RV16 there was a high rate of dye release initially and the curve gradient 235 

gradually reduced over time, incubation at different pH values affected the rate of release but the profile 236 

remained the same. This could represent differences in uncoating dynamics of AiV and RV16.   237 

 238 

The role of VP0 in membrane permeability and pore formation in AiV 239 

 240 

In other picornaviruses and picorna-like viruses, VP4 has been shown to be the component of the capsid 241 

that permeabilises membranes (1–7). For RV16, VP4 forms a size selective pore consistent with the 242 

size required for passage of single-stranded nucleic acid, specifically the first 45 amino acids are able 243 

to induce pore formation (7). Also residue 28 of PV has been shown to be involved with VP4 membrane 244 

permeability (5). In VP0 viruses such as AiV which do not undergo VP0 cleavage to form VP4 and 245 

VP2, it is hypothesised the N-terminus of VP0 will carry out this role. Given that the pore forming part 246 

of the enterovirus VP4 appears to be present in the first 45 amino acids, we investigated if there was 247 

conservation between VP4 sequences across the picornavirus family and if this was shared by VP0 248 

viruses. Alignments of VP4 from a variety of different genera was performed using Muscle alignment 249 

(56). Alignments indicated a high degree of similarity of the amino acid properties of different 250 

picornavirus genera in the N-terminus of VP4, especially in the region of amino acids 20 and 35 (Figure 251 

4A). This gives an indication that this region of VP4 may play a role in pore formation of all VP4 252 

picornaviruses, consistent with this region containing the amino acid at position 28 mentioned earlier. 253 

We predict that this conserved motif is important for pore formation. We went on to look for 254 

conservation in VP0 viruses, comparing the first 109 amino acids of VP0 viruses from multiple genera 255 

using a Muscle alignment, this produced two groups of sequences which we refer to as ‘Kobu-like’ and 256 

‘parecho-like’. The alignment shows that ‘parecho-like’ viruses lack strong conservation in this area 257 

and any other area of VP0. This is in contrast to ‘Kobu-like’ viruses which have a high degree of 258 

conservation of amino acid properties in the first 20 amino acids of VP0 (figure 4B). Strong 259 

conservation can be indicative of an important and essential function. Therefore this may suggest that 260 

the conserved VP4 motif in VP4 viruses and the conserved N-terminus of VP0 in ‘Kobu-like’ viruses, 261 
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may have specific and essential functions.  However, despite this conservation between VP4 sequences 262 

and between VP0 sequences, alignments between both VP4 and VP0 did not show obvious similarities 263 

(Data not shown). This suggests that there may be functional differences in how VP4 and VP0 interact 264 

with membranes. 265 

To test if the N-terminus of VP0 from other picornaviruses were able to induce pore formation, CF 266 

liposome assays were carried out using peptides from representatives of both groups, using the first 50 267 

amino acids of AiV VP0 (AiV-VP0-N50) and the parechovirus, Ljungan virus (LV) VP0 (LV-VP0-268 

N50) at pH 7. This revealed that AiV-VP0-N50 was able to induce dye release in a dose dependent 269 

manner, while LV-VP0-N50 was not (Figure 5 A-B). This is consistent with the VP0 sequences 270 

alignments where AiV and other ‘Kobu-like’ viruses show strong conservation in the N terminus of 271 

VP0, while LV and other ‘parecho-like’ viruses lack strong conservation in this area (Figure 5 A-B, 272 

Figure 4 B). The peptides used here were not myristoylated as it has previously been demonstrated that 273 

myristoylation is not essential for the replication of Kobuviruses and parechoviruses (28). 274 

Although the AiV peptide was able to induce membrane permeability, this appeared to be at a lower 275 

level than previously observed for RV16 peptides (7). To test if there was indeed a difference in 276 

permeabilisation between RV16 and AiV peptides we performed the assays with the peptides in parallel. 277 

This revealed that AiV-VP0-N50 was less effective at inducing membrane permeability than an un-278 

myristoylated RV16-VP4-N45 (Figure 5 C). 279 

As it has been established that AiV-VP0-N50 is able to permeabilise membranes, its ability to form a 280 

size selective pore was compared with RV16 VP4 peptides, previously shown to form such a pore. To 281 

perform this AiV-VP0-N50 and RV16-VP4-N45 peptides were incubated for one hour at pH 7.0 in the 282 

presence of liposomes containing FITC-labelled dextrans of different sizes (4 kD (FD4), 10 kD (FD10), 283 

70 kD (FD70) or 250 kD (FD250)) (Figure 5D-E). Release of dextrans was quantified by pelleting the 284 

liposomes and measuring the fluorescence in the supernatant. This revealed that, like RV16 VP4 and 285 

AiV capsids, AiV VP0 preferentially releases the smallest dextran FD4 and therefore forms a size 286 

selective pore (2).  287 

Next the ability of AiV-VP0-N50 to permeabilise membranes was compared between pH 7.0 and pH 288 

5.0. This revealed that pH 5.0 enhanced dye release of the peptide (Figure 5F). However, the dye release 289 

profiles at pH 5 differ between peptide and virus (Figure 5 F, Figure 3A). For the virus, a sharp increase 290 

followed by levelling off was observed, but for the peptide a constant gradual increase and no levelling 291 

was observed (Figure 5 C, Figure 3A).  292 

preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for thisthis version posted January 10, 2022. ; https://doi.org/10.1101/2022.01.10.475380doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.10.475380


11 
 

Discussion 293 

 294 

In this study we sought to investigate uncoating and membrane interactions in the VP0-containing 295 

picornavirus AiV. This virus is of particular interest given the paucity of studies which have investigated 296 

uncoating in VP0-containing viruses. We have demonstrated that the N-terminus of AiV VP0 is a pore 297 

forming unit of the capsid, indicating its function is likely analogous/similar to VP4 in VP4-containing 298 

picornaviruses. Also using a combination of stability assays, membrane permeability assays and 299 

chemical inhibition we have demonstrated that pH plays a critical role in AiV uncoating and membrane 300 

interactions.  301 

Here we have shown AiV requires endosome acidification for entry and using PaSTRy we demonstrated 302 

incubation of AiV at a pH of 5.6 and below enhances AiV genome exposure and alters the exposure of 303 

hydrophobic capsid proteins, this corresponds with the pH of late endosomes. The changes in PaSTRy 304 

assay profile were enhanced as pH was lowered even further, with a very dramatic shift occurring 305 

between pH 5.0 and 4.9. At present we are unable to explain this dramatic difference in profile, when 306 

the pH differs by just 0.1. At pH 4.9, but no other pH, an increase in hydrophobic protein signal is 307 

detected a few degrees before nucleic acid signal is detected. These events are thought to represent 308 

genome release and the externalisation of internal capsid proteins. After maximum nucleic acid signal 309 

is detected, there is a large drop in hydrophobic signal causing a trough. This may indicate that during 310 

uncoating, internal capsid proteins are externalised and then re-internalised after genome release. This 311 

would be consistent with structural data of AiV empty particles produced by heating capsids at neutral 312 

pH, which reveal that VP1 and VP0 are inside the capsid after genome release, indicating they may be 313 

externalised during uncoating and become reinternalised after genome release (50). However, PaSTRy 314 

assays performed on particles pre-heated (so that genome release had already occurred) no-longer 315 

showed this trough. This indicates the capsid rearrangements that occur during or after genome release 316 

are irreversible and if proteins are re-internalised after genome release their externalisation can no 317 

longer be initiated by heating. Furthermore, the biological relevance/implications of this in vitro 318 

observation still remains to be addressed. If re-arranged capsid proteins were inserted into a membrane 319 

first, it would likely be more difficult for them to be removed from the membrane and reinternalised 320 

into the capsid, as previous structural data (50), along with our biochemical data suggests they do in the 321 

absence of membranes.  322 

Whatever the biological relevance though, our PaSTRy results and previous structures highlight a 323 

difference in vitro between AiV and enterovirus uncoating. Enterovirus structures show that VP4 is 324 

completely released from the capsid and the externalised termini of VP1 remains externalised after 325 

genome release (29, 35–37). Previously published data for enteroviruses with PaSTRy assay is 326 

consistent with this, with no apparent hydrophobic protein trough occurring after the nucleic acid peak 327 

(53, 54). 328 
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In addition to enhancing uncoating, incubation at a more acidic pH also enhances the ability of AiV to 329 

permeabilise model membranes. When AiV is incubated at pH 7.0 it induces relatively low levels of 330 

dye release, reducing the pH to 6.2 and 5.9 caused a moderate increase in dye release. In PaSTRy assays 331 

these pH values did not affect genome exposure and had similar hydrophobic protein profiles to pH 7.0. 332 

When the pH is lowered to 5.6 and below, the rate of AiV induced dye release increases significantly 333 

before levelling off, this affect becomes more pronounced as the pH decreases further (Figure 3). These 334 

significant increases in dye release coincide with PaSTRy assay profiles with enhanced hydrophobic 335 

signal. This suggests that externalisation of hydrophobic capsid protein residues enhances AiV induced 336 

membrane permeabilisation, this is consistent with models of enterovirus induced membrane 337 

permeabilisation (45). The liposome assay profiles observed for AiV differs from what we have seen 338 

previously for the enterovirus RV16. For RV16, particles were able to induce dye release at neutral pH, 339 

dye release was enhanced at low pH but it increased the rate of release gradually, rather than a sudden 340 

increase in release and then levelling off which we observed for AiV (2). This may indicate that low 341 

pH plays a more critical role in AiV particle alterations and membrane interactions than for RV16.  342 

Given that incubation of AiV at low pH increases the level of hydrophobic protein residues detected in 343 

PaSTRy and enhances membrane interactions, it is likely that low pH induces externalisation of capsid 344 

components essential for AiV membrane interactions. It might therefore be expected that free peptide 345 

would induce higher levels of membrane permeability at physiological pH than virus. However, this 346 

was not observed, VP0-N-50 peptide at 0.5 μM induced lower amounts of dye release than virus 347 

containing the equivalent of 0.1 µM of VP0-N-50 at pH 7.0 and pH 5.0. As free peptide is less efficient 348 

at inducing membrane permeability than the virus, this indicates that either additional components of 349 

the capsid are also involved in membrane permeabilisation or that VP0 N must be physically attached 350 

to the capsid to maintain its optimal pore forming conformation. Low pH also enhances the ability of 351 

the VP0-N-50 peptide to form a pore, this is not surprising given that this would be the natural 352 

environment that it would be required to form a pore in. This is consistent with observations that the 353 

ability of RV16 VP4 protein induce pore formation is enhanced at acidic pH (2).  354 

Furthermore, using an N-terminal peptide of AiV VP0, we demonstrated VP0 forms a size-selective 355 

pore in model membranes consistent with a pore size able to release a molecule of single stranded RNA. 356 

This demonstrates the N-terminus of AiV VP0 plays an analogous function to VP4 of other 357 

picornaviruses in terms of membrane permeabilisation (1–6). However, the N-terminus of VP0 does 358 

not appear to be the pore-forming component of all VP0-containing picornaviruses, as an N-terminal 359 

peptide for LV, did not induce dye release from liposomes. 360 

Sequence comparison of VP0 N-termini reveal that the VP0-N termini of AiV and other ‘Kobu-like’ 361 

VP0 viruses are well conserved, this suggests that the N-terminus of VP0 likely plays a pore forming 362 

role for all ‘Kobu-like’ VP0 viruses. Similar levels of homology are seen between VP4 sequences in 363 
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other picornavirus genera. However, comparison of LV and other ‘parecho-like’ VP0 viruses revealed 364 

that VP0 N-termini are not well conserved, this would be consistent with it not being involved in 365 

membrane interactions in these viruses. Taken together, this seems to indicate that the N-terminus of 366 

the VP0 of viruses in ‘Kobu-like’ viruses possess the ability to form a pore, whilst the ‘parecho-like’ 367 

group lack N-terminal membrane permeabilisation activity. 368 

The ability of other AiV proteins to interact with membranes is yet to be determined. For enteroviruses, 369 

it has been demonstrated that the N-terminus of VP1 is essential for attachment to model membranes in 370 

flotation assays. The N-terminus of VP1 is internal in native particles and is released during conversion 371 

to A-particles. It was shown that in flotation assays, A-particles bound to model membranes, while 372 

native particles and A-Particles where VP1 N-terminus had been cleaved by proteolytic digestion were 373 

unable to bind model membranes (30). Furthermore, when A-particles bound to model membranes were 374 

subjected to proteolytic digestion, the N-terminus of VP1 remained within the membranes (30). Further 375 

demonstrating that VP1 is required for membrane attachment in enteroviruses (30).  If consistent with 376 

enteroviruses, the AiV N-terminus of VP1 will become externalised and be involved in attachment to 377 

the endosomal membrane. However, unlike in VP4-containing-picornaviruses, AiV VP0 remains 378 

attached to the capsid, so it is possible that it may play an important role in attachment alongside or 379 

instead of VP1.  380 

Conclusion 381 

This study is the first to characterise effects of pH on the uncoating and membrane interactions of a 382 

VP0-containing picornavirus. We have shown that the N-terminus of VP0 can play a role in pore 383 

formation but not in all VP0-contianing-picornaviruses. We have also demonstrated that AiV behaves 384 

differently in functional uncoating assays compared to enteroviruses. Together with previous structural 385 

studies this indicates that AiV capsids likely undergo different structural changes in the capsid to initiate 386 

membrane interactions and uncoating than VP4-containing-picornaviruses. AiV also appears to have a 387 

greater dependence on pH to facilitate externalisation of membrane interacting components than 388 

enteroviruses. Further characterisation will be required to determine the exact uncoating mechanism of 389 

AiV.  390 
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Materials and Methods 391 

 392 

Cell lines and virus 393 

Vero cells were obtained from the Central Services Unit at The Pirbright institute and propagated in 394 

DMEM containing 10% fetal bovine serum (FBS) and 50 μg/ml penicillin and streptomycin at 37° C in 395 

a humidified atmosphere containing 5% CO2. AiV strain A846/88 (GenBank no. BAA31356.1) was 396 

obtained from Prof David Stuart and Dr Elizabeth Fry at the University of Oxford. Virus was propagated 397 

by inoculating Vero cells at MOI 1 and incubating at 37 °C in a humidified atmosphere containing 5% 398 

CO2 for 24 hours before the supernatant was harvested.   399 

Peptides 400 

Peptides were synthesised by Peptide Protein Research Ltd using the PeptideSynthetics service. The 401 

sequences were;  402 

AiV-VP0-50N: GNSVTNIYGNGNNVTTDVGANGWAPTVSTGLGDGPVSASADSLPGRSGGA 403 

LV-VP0-50N: MAASKMNPVGNLLSTVSSTVGSLLQNPSVEEKEMDSDRVAASTTTNAGNL 404 

RV16-VP4-45N: MGAQVSRQNVGTHSTQNMVSNGSSINYFNINYFKDAASSGASRLD 405 

Chemical inhibition 406 

Vero cells were seeded into a 6-well plate at 3x105 cells in 2 ml of 10 % FBS-DMEM per well and 407 

incubated at 37 °C overnight.  Medium was removed from the wells and the cells were pre-treated with 408 

media containing NH4Cl (ammonium chloride) (Sigma-Aldrich) (2, 10, 20, 40 mM), for 2 hours at 37 409 

°C. Cells were then incubated on ice with virus to allow attachment (MOI = 1) for 30 minutes in the 410 

presence of inhibitor. Unbound virus were removed, and cells were washed with PBS, before adding 2 411 

ml of warm serum-free DMEM containing inhibitor to the wells. For time of addition studies cells were 412 

infected with AiV at MOI 1 and media was replaced with 40 mM of NH4Cl at with 0, 1, 2, 3 or 4 hours 413 

post infection.  After incubation overnight at 37 °C for 20 hours the supernatants were harvested and 414 

the virus titres determined by plaque assay.  415 

Plaque assay 416 

Six well plates were seeded with 3x105 Vero cells per well. The following day AiV samples to be 417 

titrated was serially diluted in serum-containing medium. Media was removed from wells and 200 μl 418 

of each serial dilution were added to individual wells and incubated for 2 hours. After 2 hours, 419 

supernatant was removed and 2 ml of serum-containing medium with 1% agarose at 42 ℃ was added 420 

to each well and allowed to solidify. Plates were incubated at 37 ℃ in a humidified atmosphere 421 

containing 5% CO2 for 72 hours. Monolayers were fixed and stained with 1 ml of 4% formaldehyde, 422 
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1% crystal violet, 20 % ethanol in PBS, plaques counted and titre expressed as PFU/ml of starting 423 

material.   424 

Purification of virus 425 

Infected cell cultures were lysed by addition of NP40 to make the solution a final concentration of 0.5% 426 

NP40 and freeze-thawing three times. Lysates were incubated for 3 hours at 37 ℃ in the presence of 427 

DNAse (10 μM) and clarified by centrifugation. Clarified supernatants were concentrated by 428 

precipitation with 8% PEG 8000 overnight and centrifugation at 100,000 RCF for 1 hour. The resulting 429 

pellet was resuspended in PBS, pelleted through a 2 ml cushion of 30% (w/v) sucrose in PBS at 125,755 430 

RCF for 2 hours, resuspended in PBS and subjected to sedimentation in a sucrose density gradient 431 

comprising 15–45% (w/v) sucrose in PBS at 237,000 RCF for 50 minutes. Sucrose gradients were 432 

fractionated and purified virus was quantified by absorbance at 260 nm. Sucrose was removed using a 433 

Zeba column (ThermoFisher Scientific) following the manufacturer’s instructions. 434 

Particle Stability Thermal Release Assay (PaSTRy)  435 

Virus particle alterations were characterized by a thermofluorometric dual dye-binding assay using 436 

the nucleic acid dye SYTO9 and the protein-binding dye SYPRO orange (both from Invitrogen). 437 

Reaction mixtures of 50 μl containing 1.0 μg of purified virus, and 0.1M Citric acid 0.2M Sodium 438 

phosphate dibasic buffer at either pH 7, 6.2, 5.9, 5.6, 5.0 or 4.9 were mixed and incubated at either 439 

room temperature, 56 °C, or 59 °C for 10 minutes and then chilled on ice for 2 minutes. Reaction 440 

mixes were then made to 5 μM SYTO9, 150X SYPRO orange, and ramped from 25 to 95°C, with 441 

fluorescence reads taken at 1°C intervals every 30 s within the Stratagene MX3005p quantitative-PCR 442 

(qPCR) system. 443 

 444 

Preparation of liposomes 445 

Liposomes comprising of phosphatidic acid, phospatidylcholine, cholesterol and rhodamine-labelled 446 

phosphatidylethanolamine (Avanti Polar Lipids) (molar ratios 44.5∶44.5∶10∶1 respectively) were 447 

prepared as previously described (6) by rehydration of dried lipid films in 107 mM NaCl, 10 mM Hepes 448 

pH 7.5 and extrusion through 400 nm pore-size membranes using a mini-extruder (Avanti Polar Lipids). 449 

The lipid concentration of liposome preparations was estimated by comparing the level of rhodamine 450 

fluorescence in the liposome sample relative to samples of rehydrated lipids of known concentration. 451 

The expected diameter (average 400 nm) and size distribution of liposomes was confirmed by dynamic 452 

light scattering (Malvern Zetasizer µV). Liposomes containing carboxy-fluorescein (CF) (Sigma) were 453 

prepared by rehydrating lipids in the presence of 50 mM CF, 10 mM Hepes pH 7.5. Liposomes 454 

containing FITC-conjugated dextrans (FD; Sigma) were prepared by rehydrating lipids in the presence 455 

of 25 mg/ml FD, 107 mM NaCl, 10 mM Hepes pH 7.5. Liposomes containing CF or FD were purified 456 
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from external fluorescence by multiple cycles of ultracentrifugation (1) and resuspended in 107 mM 457 

NaCl, 10 mM Hepes pH 7.0 or 0.1M Citric acid 0.2M Sodium phosphate pH 7, 6.2, 5.9, 5.6, 5.0 or 4.9. 458 

Membrane permeability assays 459 

Membrane permeability was measured by detecting the release of fluorescent material from within 460 

liposomes. Purified liposomes containing CF or FD were added to test substances (peptide, virus or 461 

mock controls in typical volume 5 µl) to give typical final concentrations of 50 µM lipid, 107 mM NaCl, 462 

10 mM HEPES pH 7.4 or 0.1M Citric acid 0.2M Sodium phosphate pH 7.0, 6.2, 5.9, 5.6, 5.0 or 4.9 and 463 

total volume of 100 µl. Reagents and plastic-ware were pre-equilibrated to the reaction temperature 464 

(25°C or 37°C). 465 

For CF release, reactions were assembled in 96-well plates and membrane permeability detected in real 466 

time by the release, dequenching and increase in fluorescence of CF. Measurements were recorded 467 

every 30 s for 1 hr using a fluorescence plate reader with excitation and emission wavelengths of 485 468 

nm and 520 nm respectively (Plate CHAMELEON V, Hidex). Initial rates were calculated from the 469 

linear slope of lines generated from the initial four data points. 470 

For experiments investigating the effect of pH on the induction of membrane permeability, CF release 471 

reactions were assembled with 0.1M Citric acid 0.2M Sodium phosphate pH 7.0, 6.2, 5.9, 5.6, 5.0 472 

(instead of HEPES). CF fluorescence is quenched at low pH. As low pH quenches CF fluorescence the 473 

values were calculated as a percentage of full release by normalising to untreated liposomes (0% 474 

release) and 0.1% NP40 (100% release).  475 

FD release reactions were assembled with 10 mM citric acid and 10 mM sodium phosphate at pH 5 and 476 

pH 7. Reactions were incubated for 1 hr, liposomes pelleted at 100,000× g for 30 mins and pH of 477 

supernatant was neutralised by addition of a 2.5 M Tris pH 7.5 buffer. Fluorescent signal in the 478 

supernatant was measured using the plate reader as above. The signal pelleted liposomes signal was 479 

then released by the addition triton to calculate a 100% release signal. 480 

 481 
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Figure Legends 488 

 489 

Figure 1 Inhibition of endosomal acidification interferes with an early step in the AiV life cycle. 490 

a) Growth of AiV is prevented by treatment of cells with NH4Cl: Titre of virus 24 hours post infection 491 

of cells treated without, or with 2 mM, 10 mM, 20 mM or 40 mM NH4Cl for 2 hours before infection 492 

with AiV at MOI 1. b) Time of addition of NH4Cl shows effect early in infection: Titre of virus 24 493 

hours post infection of cells treated with 40 mM NH4Cl 1 hour before infection (-1) or 0, 1, 2, 3, 4 494 

hours post infection. Experiments were performed in triplicate.  495 

 496 

Figure 2 Low pH enhances AiV capsid alterations.  497 

AiV analysed by PaSTRy over a range of pH values (pH 7.0, 6.2, 5.9, 5.6, 5.0 and 4.9) with 498 

incremental increases of temperature of 1°C every 30 seconds. Experiments were either put in at room 499 

temperature (a,d) or heated at either 56 °C (b,e) or 59 °C (c,f) for 10 mins and then chilled on ice for 2 500 

minutes prior to being put on the Stratagene MX3005p quantitative-PCR (qPCR) system. a-c) 501 

Relative fluorescence of SYTO9 nucleic acid-binding dye, where increasing signal infers exposure of 502 

viral RNA; d-e) Relative fluorescence of SYPRO orange hydrophobic protein residue-binding dye, 503 

where increasing signal infers exposure of hydrophobic capsid components. All results are normalised 504 

to maximum signal for each experiment, representing 100% signal. All experiments were performed 505 

in triplicate, this is a representative trace. 506 

 507 

Figure 3 AiV-induced membrane permeability is enhanced by low pH. 508 

a) Permeability assay showing CF released from liposomes after mixing with AiV at pH 7.0, 6.2, 5.9, 509 

5.6, 5.0 and 4.9. CF was detected by fluorescence measurements (excitation 492 nm/emission 512 510 

nm) recorded every 30 seconds for 1 hour. b) End points of AiV induced membrane permeability. 511 

Data in panel a was normalised to the maximum signal induced by 0.1% NP40 at each pH value. c-d 512 

FD released after addition of 1 µg of purified AiV capsid liposomes containing FD of 4 kD (FD4), 10 513 

kD (FD10), 70 kD (FD70) or 250 kD (FD250) at pH 7 (c) and pH 5 (d). Experiments were performed 514 

in triplicate and error is measured by s.e.m, * = p ≥ 0.01. Low pH is known to quench CF dye so all 515 

results are normalised to 100% release as determined by incubation by NP40 and 0% release as 516 

determined by liposome incubated alone. As low pH quenches CF/FITC fluorescence, the values were 517 

calculated as a percentage of full release by normalising to untreated liposomes (0% release) and 518 

0.1% NP40 or triton (100% release). 519 

 520 
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Figure 4 Alignments of VP4 and VP0 encoding picornavirus sequences  521 

Alignments of picornavirus VP4 sequences (a) VP0 sequences (b) was carried out using the MUSCLE 522 

sequence alignment tool (56). The amino acids are coloured using the Zappo colour scheme as 523 

follows: aliphatic/ hydrophobic (pale pink), aromatic (orange), positively charged (purple), negatively 524 

charged (red), hydrophilic (green), conformationally special (magenta) and cysteine residues (yellow). 525 

Mention the new boxes. Peptide sequences regions for AiV, LV and RV are highlighted with a black 526 

box. 527 

 528 

Figure 5 AiV VP0 N-terminal peptide is able to permeabilise membranes and form a size 529 

selective pore.  530 

Permeability assays showing CF or fluorescent dextrans (FD) released from liposomes after mixing 531 

with peptides. CF or FD was detected by fluorescence measurements (excitation 492 nm/emission 512 532 

nm) and displayed as % of total release by detergent induced lysis. Assays were carried out at pH 7.0 533 

unless otherwise stated.  534 

a) CF release over time after addition of peptide AiV-VP0-N50 at concentrations of 0.5 μM, 5 μM, 14 535 

μM. b) CF release over time after addition of peptide ljungan virus (LV) LV-VP0-N50 at concentrations 536 

of 0.5 μM, 5 μM, 14 μM and 50 μM. c) CF release over time after addition of peptides AiV-VP0-N50 537 

or RV16-VP4-N45 at concentrations of 5 μM. d) FD released after addition of 5 µM peptide AiV VP0 538 

N50 to liposomes containing FD of 4 kD (FD4), 10 kD (FD10), 70 kD (FD70) or 250 kD (FD250). e) 539 

FD released after addition of 5 µM peptide RV16 VP4 N45 to liposomes containing FD of 4 kD (FD4), 540 

10 kD (FD10), 70 kD (FD70) or 250 kD (FD250). f) CF release over time after addition of 0.5 μM 541 

peptide AiV-VP0-N50 at pH 5 or pH 7. All experiments were performed in triplicate and error is 542 

measured by s.e.m, * = p ≥ 0.01. As low pH quenches CF/FITC fluorescence the values were calculated 543 

as a percentage of full release by normalising to untreated liposomes (0% release) and 0.1% NP40 or 544 

triton (100% release). In FITC reactions pH of supernatant was neutralised by addition of a 2.5 M Tris 545 

pH 7.5 buffer. 546 

AiV-VP0-50N: GNSVTNIYGNGNNVTTDVGANGWAPTVSTGLGDGPVSASADSLPGRSGGA, 547 

LV-VP0-50N: MAASKMNPVGNLLSTVSSTVGSLLQNPSVEEKEMDSDRVAASTTTNAGNL, 548 

RV16-VP4-45N: MGAQVSRQNVGTHSTQNMVSNGSSINYFNINYFKDAASSGASRLD.  549 
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