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ABSTRACT Kobuviruses are an unusual and poorly characterized genus within the

picornavirus family and can cause gastrointestinal enteric disease in humans, live-

stock, and pets. The human kobuvirus Aichi virus (AiV) can cause severe gastroenteri-

tis and deaths in children below the age of 5 years; however, this is a very rare

occurrence. During the assembly of most picornaviruses (e.g., poliovirus, rhinovirus,

and foot-and-mouth disease virus), the capsid precursor protein VP0 is cleaved into

VP4 and VP2. However, kobuviruses retain an uncleaved VP0. From studies with

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

formation in membranes, which facilitates transfer of the viral genome across the

endosomal membrane and into the cytoplasm for replication. Here, we employ ge-

nome exposure and membrane interaction assays to demonstrate that pH plays a

critical role in AiV uncoating and membrane interactions. We demonstrate that incu-

bation at low pH alters the exposure of hydrophobic residues within the capsid,

enhances genome exposure, and enhances permeabilization of model membranes.

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

membrane pore formation in model membranes, indicating that this plays an analo-

gous function to VP4.

IMPORTANCE To initiate infection, viruses must enter a host cell and deliver their ge-

nome into the appropriate location. The picornavirus family of small nonenveloped

RNA viruses includes significant human and animal pathogens and is also a model

to understand the process of cell entry. Most picornavirus capsids contain the inter-

nal protein VP4, generated from cleavage of a VP0 precursor. During entry, VP4 is

released from the capsid. In enteroviruses this forms a membrane pore, which facili-

tates genome release into the cytoplasm. Due to high levels of sequence similarity,

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

such as Aichi virus, retain an intact VP0, and it is unknown how these viruses rear-

range their capsids and induce membrane permeability in the absence of VP4. Here,

we have used Aichi virus as a model VP0 virus to test for conservation of function

between VP0 and VP4. This could enhance understanding of pore function and lead

to development of novel therapeutic agents that block entry.

KEYWORDS Aichi virus, kobuvirus, picornavirus, VP4, VP0, uncoating, pore formation,

viroporin, membranes

For many nonenveloped viruses, replication depends on the capsid first binding a re-

ceptor to trigger uptake into a cell via endocytosis. During entry the virus must

deliver its RNA genome into the cytoplasm. Mechanisms of delivery are not well under-

stood, but the proposed mechanism in picornaviruses (such as poliovirus [PV] and

human rhinoviruses [RV]) involves capsid structural rearrangements that enable the vi-

rus to interact with the endosomal membrane and form a pore. The capsid then
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uncoats, releasing its genome through the pore, across the endosomal membrane, and

into the cytoplasm. In many picornaviruses and picorna-like viruses, viral capsid protein

VP4 is a small internal component of the capsid that is released during cell entry to ini-

tiate pore formation (1–7). VP4 is formed from the cleavage of capsid protein VP0 into

VP2 and VP4 (8–10). However, certain picornaviruses do not undergo VP0 cleavage and

therefore do not possess a VP4 protein, and it is unknown what component of the cap-

sid performs the normal function of VP4.

The best-characterized picornavirus genera that possess uncleaved VP0 are kobuvi-

ruses and parechoviruses. Kobuviruses are associated with cases of acute gastroenteri-

tis in people, livestock, and pets (11–14), including the best-studied member, the

human pathogen Aichi virus (AiV). The virus is widespread, with 80% to 95% of adults

reportedly having antibodies against the virus (15–17). AiV is generally asymptomatic;

however, it can cause mild gastrointestinal upset and there have even been fatal cases

reported in children under 5 years, especially in developing countries (14, 18–20).

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

enveloped capsid composed of 60 copies of four structural proteins, VP1, VP2, VP3,

and VP4, arranged in pseudo-T=3 icosahedral symmetry. In the majority of picornavi-

ruses, VP2 and VP4 are derived from a precursor called VP0, which undergoes a matu-

ration cleavage to form VP2 and VP4 (e.g., enteroviruses, aphthoviruses, cardioviruses,

and hepatoviruses); this is thought to be triggered by RNA encapsidation in some

viruses (8–10, 21). However, for the kobuvirus and parechovirus genera, VP0 does not

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

VP4 is usually myristoylated, and by using specific inhibitors or mutagenesis of a myris-

toylation signal sequence to prevent myristoylation, it has been shown to play a critical

role in virus assembly and entry (24–27). The N terminus of kobuvirus VP0, but not par-

echovirus VP0, is myristoylated (22, 28); however, myristoylation seems unlikely to play

an essential role as the specific inhibitors are unable to restrict infection by these

viruses (28). Uncoating has been extensively studied in VP4-containing picornaviruses,

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

in VP0-containing viruses and no studies have been reported on the role of VP0 in

uncoating, although it is assumed that the N terminus of VP0 may be involved in pore

formation as this is in an analogous location to VP4.

In order to uncoat and form a pore within the endosomal membrane, viral capsids

must undergo extensive structural rearrangements. Experimental and structural studies

of different types of picornavirus particles have given great insights into the structural

rearrangements that occur during uncoating of VP4-containing picornaviruses (29–37).

The trigger varies between viruses: for aphthoviruses, these changes can be initiated

solely by exposure to low pH (38, 39), while for major group RV, receptor interactions

in combination with endosomal acidification are required (40–43). AiV capsids are

known to be destabilized by low pH, and therefore, endosomal acidification may play

a role in AiV uncoating (44).

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

and permeabilize membranes, during a process known as capsid breathing (2, 45).

Studies using intact virions, peptides of VP1-N and VP4, and antibodies raised against

VP1-N and VP4, in conjunction with membrane binding and pore formation assays,

revealed that the N terminus of VP1 is involved in attaching the enterovirus capsid to

the membrane and VP4 is involved in pore formation (7, 45–47). We have shown previ-

ously that recombinant VP4 and VP4 peptides of rhinovirus 16 (RV16) form size-selec-

tive pores in model membranes consistent with the size of a single strand of RNA to

allow it to pass through (2, 7). Furthermore, mutation of residue T28 in PV VP4 can

reduce the capsid’s ability to permeabilize model membranes (5). In combination with

these biophysical data, structural studies have helped develop a model for enterovirus

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

ological temperature can trigger mature particles to uncoat into uncoating intermedi-

ate particles (altered particles [A-particles]) or empty particles (30). A-particles still
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contain the viral genome, but the capsid has undergone expansion and structural rear-

rangements, including VP4 release and externalization of the N terminus of VP1,

whereas empty particles have released their genome and undergone further structural

rearrangements (29–37). Biophysical and structural data on PV in the presence of

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

“umbilicus” which tethers the virus to the endosomal membrane (46, 48).

Unlike enteroviruses, the aphthoviruses and cardioviruses do not produce stable

empty capsids during uncoating in vitro. The aphthoviruses foot-and-mouth disease vi-

rus (FMDV) and equine rhinitis A virus (ERAV) disassemble into pentamers almost

instantly after exposure to a pH critical for uncoating. Exposure to heat also induces

disassembly. An uncoating intermediate/empty particle structure has been solved for

ERAV from crystals grown at low pH (38). From this it was observed that VP4 is com-

pletely released from the capsid and the N terminus of VP2 may be externalized from

the capsid, rather than VP1 as in enteroviruses. Due to this, it is hypothesized that the

N terminus of VP2 will be involved in endosomal tethering in aphthoviruses (38).

Similarly, cardioviruses also do not produce stable empty particles; for example, heat-

ing of Saffold virus 3 to 42°C for 5 min induces particle disassembly; however, exposure

for 2 min induces a mixture of empty and A-particles (49). A low-resolution cryo-elec-

tron microscopy (cryo-EM) structure of the A-particles shows that the particles have

expanded and have released VP4 and that there is an unconnected density leaving the

particle that might be the VP1 N-terminal arm (49). To summarize, the capsid rear-

rangements that occur in VP4-containing picornaviruses involve capsid expansion,

release of VP4, and externalization of the N terminus of either VP1 or VP2.

However, less is known about uncoating in VP0-containing picornaviruses. To date,

AiV is the only VP0-containing picornavirus for which an empty capsid structure has

been determined. Cryo-EM structures of mature and empty AiV capsids produced by

heating revealed that in the empty particle the N termini of VP0 and VP1 become dis-

ordered; however, no proteins were observed to be released or externalized (50). This

differs from what is known about VP4-containing picornaviruses, where VP4 is released

and the N terminus of either VP2 or VP1 becomes externalized. It is difficult to envisage

a model for membrane interactions in which capsid proteins are not externalized. For

AiV, it was proposed that during uncoating, capsid proteins become externalized but

slide back inside the capsid after genome release (50). However, whether this observa-

tion is biologically relevant remains to be resolved, as it seems unlikely that capsid pro-

teins could easily be reinternalized if they are inserted within a membrane.

In this study, the mechanism of AiV uncoating is analyzed using purified virus par-

ticles and a VP0 peptide. Using chemical inhibition assays, capsid stability assays, and

liposome assays with purified virus, we show that acidification is essential for AiV entry

and that uncoating and membrane interactions are also dependent on low pH. Using

peptides in liposome assays, we also show that the N terminus of AiV VP0 plays an

equivalent role to that seen in the VP4 proteins of other picornaviruses. Sequence

alignments suggest this function may be conserved between all kobuviruses.

RESULTS

AiV endocytosis is dependent on endosome acidification. AiV capsids, in com-

mon with those of many other picornaviruses, are destabilized by low pH (44), suggest-

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

acidification was required for AiV entry, the virus was grown in the presence of the endo-

some acidification inhibitor NH4Cl at a range of nontoxic concentrations. In untreated

cultures or those treated with low concentrations (2 mM) of NH4Cl, virus infection

resulted in complete cytopathic effect (CPE) at 20 h postinfection (hpi), with viral titers of

2 � 106 to 3 � 106 PFU/mL. In contrast, in cultures treated with NH4Cl at concentrations

of 10 mM and above, the addition of virus did not lead to visible CPE and AiV titers at 20

hpi were reduced by over 99% (Fig. 1A). A time-of-addition study was then carried out

to determine at what point in the virus life cycle NH4Cl was inhibitory. An inhibitory
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concentration of NH4Cl was added every hour to a different well of AiV-infected cells.

This ranged from 1 h prior to infection to 4 h postinfection. This revealed that NH4Cl was

inhibitory only when added to cells prior to or during infection (Fig. 1B). When it was

added 1 h postinfection, little reduction in titer was observed, and no reduction occurred

when it was added 2 or more hours postinfection (Fig. 1B). This shows that NH4Cl inhibits

AiV infection during entry and not at another part of replication. This is consistent with

the requirement for low pH for cell entry.

Decreasing pH enhances capsid alterations. Having shown that endosome acidifi-

cation is important for AiV entry, we wanted to investigate the effect of pH on genome

exposure and capsid protein dynamics. This was assessed using a particle stability ther-

mal release assay (PaSTRy), which has previously been used to study uncoating dynam-

ics and particle stability of enteroviruses, FMDV, and AiV (44, 51–54). To perform this,

purified virus was incubated at a range of pH values with two dyes (SYTO9 and SYPRO

orange). SYTO9 binds and fluoresces in the presence of nucleic acid, indicating ge-

nome accessibility. SYPRO orange binds and fluoresces in the presence of hydrophobic

amino acid residues, indicating exposure of hydrophobic residues within the capsid

proteins. During the assay, temperature was raised by 1°C every 30 s and the level of

fluorescence of each dye was measured.

Previous studies with PaSTRy established that low pH can promote AiV genome ex-

posure to occur at lower temperatures (44). Here, we have repeated this study using a

finer range of pH values, between 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 protein residues. Assays were per-

formed after preincubating purified particles for 10 min at either room temperature,

56°C, or 59°C and then chilling them on ice for 2 min, prior to performing the assay.

With a room temperature preincubation, SYTO9 fluorescence began to be detecta-

ble between 48 and 49°C for pH 7.0, 6.2, and 5.9 with maximal fluorescence occurring

FIG 1 Inhibition of endosomal acidification interferes with an early step in the AiV life cycle. (A)

Growth of AiV is prevented by treatment of cells with NH4Cl. Titer of virus 24 h after infection of cells

treated without, or with, 2 mM, 10 mM, 20 mM, or 40 mM NH4Cl for 2 h before infection with AiV at

an MOI of 1. (B) Time of addition of NH4Cl shows effect early in infection. Titer of virus 24 h after

infection of cells treated with 40 mM NH4Cl 1 h before infection (21) or 0, 1, 2, 3, or 4 h

postinfection. Experiments were performed in triplicate.
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at 55°C. At pH 5.6 these values were reduced to 45 and 54°C, respectively. At pH 5 the

fluorescence started at 42°C and peaked at 51°C, and at pH 4.9 these values were

reduced to 41°C and 50°C, respectively (Fig. 2A). This showed that incubation at lower

pH reduces the temperature for RNA exposure. When experiments were repeated with

samples preincubated at 56°C, a greatly reduced peak signal was observed at pH 7.0

and no peak was observed at pH 5.0 (Fig. 2B). For samples preheated to 59°C, no

SYTO9 peak was observed for samples (pH 7.0, 6.2, 5.6, 5.0, and 4.9) (Fig. 2C).

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

at lower temperatures. Results from the preincubation at 56°C indicate that low pH has

FIG 2 Low pH enhances AiV capsid alterations. AiV analyzed by PaSTRy over a range of pH values (pH 7.0, 6.2, 5.9, 5.6, 5.0, and 4.9)

with incremental increases of temperature of 1°C every 30 s. Experiments were either put in at room temperature (A and D) or

heated at either 56°C (B and E) or 59°C (C and F) for 10 min and then chilled on ice for 2 min prior to being put on the Stratagene

MX3005p quantitative PCR (qPCR) system. (A to C) Relative fluorescence of SYTO9 nucleic acid-binding dye, where exposure is

inferred from increasing signal of viral RNA. (D to F) Relative fluorescence of SYPRO orange hydrophobic protein residue-binding

dye, where increasing signal infers exposure of hydrophobic capsid components. All results are normalized to maximum signal for

each experiment, representing 100% signal. All experiments were performed in triplicate; this is a representative trace.
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enhanced genome 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 some RNA remains within the capsid but that at

pH 5.0 it has been completely released.

The effect that different pH values had on the profile of hydrophobic protein dy-

namics as measured by fluorescence is more complex. For simplicity we have sepa-

rated the profiles into three stages based on events occurring at specific temperatures

(Fig. 2D). Stage 1 (25 to 54°C) for samples preincubated at room temperature is charac-

terized by a trough at pH 7.0, 6.2, 5.9, and 5.6; the trough becomes increasingly shallow

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

resembled a flat line; finally at pH 4.9 a peak was observed. The peak for the hydropho-

bic protein fluorescence at pH 4.9 occurred 2°C before the maximum peak of RNA ex-

posure (Fig. 2B). Stage 2 (54 to 62°C) is characterized by a sloping shoulder at pH 7; at

pH 6.2 and 5.9 the shoulder is flatter, at pH 5.6 and 5 it is almost indistinguishable from

the trough in stage 1, and at pH 4.9 it has become a distinct trough. The beginning of

stage 2 coincides with maximum RNA exposure for pH 7, 6.2, and 5.9. At stage 3 (62 to

95°C) a final large peak is observed under all conditions. The exact temperature at

which the peak occurs and its magnitude vary between different pH values; this likely

represents protein denaturation and is not physiologically relevant. Profiles of AiV at

pH 4.9 resemble PaSTRy results previously observed for enteroviruses at neutral pH;

however, AiV profiles differ when incubated between pH 7.0 and 5.0 (52, 53). When

samples were preincubated at 56 or 59°C, a flat line was observed at stage 1 and stage

2 but the final stage 3 peak was still observed (Fig. 2E and F).

The experiments described here have shown that reductions in pH enhance ge-

nome release, alter capsid dynamics, and increase exposure of hydrophobic capsid res-

idues at lower temperatures. The observation that the signals for exposure of genome

and hydrophobic residues were reduced after preheating at elevated temperatures

indicates that the changes that occur during heating are irreversible.

Membrane interactions and pore formation. Since it was established that pH

plays an important role in AiV uncoating, the effect of pH on the ability of AiV to per-

meabilize model membranes was investigated.

Purified AiV was incubated at a range of pH values with liposomes containing car-

boxyfluorescein (CF) dye at 37°C. Fluorescent dye release was measured every minute

for 1 h. This revealed that AiV induces membrane permeabilization in a pH-dependent

manner, with the rate of dye release increasing at lower pH values (Fig. 3A). Dye

release after 1 h ranged from 12% at pH 7 to 90% at pH 4.9 (Fig. 3B).

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

profile of dye release curves. At pH 7.0, 6.2, and 5.9, AiV dye release curves were seen as

a slope increasing at a steady constant rate, with the slope gradient increasing at the

lower pH values. At pH 5.6, 5.0, and 4.9, there was an initial steady slope of release,

before an exponential phase of release occurring at 20, 15, and 10 min, respectively,

before this leveled off (Fig. 3A). We have also investigated size selectivity using a dextran

release assay. Samples of purified virus were incubated for 1 h at pH 7.0 or pH 5.0 in the

presence of liposomes containing fluorescein isothiocyanate (FITC)-labeled dextran of

different sizes (4 kDa [FD4], 10 kDa [FD10], 70 kDa [FD70], or 250 kDa [FD250]) (Fig. 3C

and D). Release of dextrans was quantified by pelleting the liposomes and measuring

the fluorescence in the supernatant. This revealed that AiV capsids preferentially released

the two smallest dextrans (FD4 and FD10) and therefore appeared to form a size-selec-

tive pore, consistent with previous published results with RV16 (2). The predicted size of

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

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

pH 5.0, giving further evidence that AiV-induced pore formation is enhanced by low pH.

We have previously shown that for another picornavirus in which cell entry is de-

pendent on endosome acidification (RV16), the ability of the virus to permeabilize

membranes was increased at lower pH values (2). In this previous study, the profile of

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

reduced over time; incubation at different pH values affected the rate of release, but

the profile remained the same. This could represent differences in uncoating dynamics

of AiV and RV16.

The role of VP0 in membrane permeability and pore formation in AiV. In other

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

the capsid that permeabilizes membranes (1–7). For RV16, VP4 forms a size-selective

pore consistent with the size required for passage of single-stranded nucleic acid; spe-

cifically, the first 45 amino acids are able to induce pore formation (7). Also, residue 28

of PV has been shown to be involved with VP4 membrane permeability (5). In VP0

viruses such as AiV, which do not undergo VP0 cleavage to form VP4 and VP2, it is

hypothesized the N terminus of VP0 will carry out this role. Given that the pore-form-

ing part of the enterovirus VP4 appears to be present in the first 45 amino acids, we

investigated if there was conservation between VP4 sequences across the picornavirus

family and if this was shared by VP0 viruses. Alignment of VP4 from a variety of differ-

ent genera was performed using MUSCLE (55). Alignments indicated a high degree of

similarity of the amino acid properties of different picornavirus genera in the N termi-

nus of VP4, especially in the region of amino acids 20 and 35 (Fig. 4A). This gives an in-

dication that this region of VP4 may play a role in pore formation of all VP4

FIG 3 AiV-induced membrane permeability is enhanced by low pH. (A) Permeability assay showing CF released

from liposomes after mixing with AiV at pH 7.0, 6.2, 5.9, 5.6, 5.0, and 4.9. CF was detected by fluorescence

measurements (excitation, 492 nm/emission, 512 nm) recorded every 30 s for 1 h. (B) Endpoints of AiV-induced

membrane permeability. Data in panel A were normalized to the maximum signal induced by 0.1% NP-40 at

each pH value. (C and D) FD released after addition of 1 mg of purified AiV capsid liposomes containing FD of

4 kDa (FD4), 10 kDa (FD10), 70 kDa (FD70), or 250 kDa (FD250) at pH 7 (C) and pH 5 (D). Experiments were

performed in triplicate, and error is measured by standard error of the mean (SEM). *, P $ 0.01. Low pH is

known to quench CF dye, so all results are normalized to 100% release as determined by incubation with NP-

40 and 0% release as determined by liposome incubated alone. As low pH quenches CF/FITC fluorescence, the

values were calculated as a percentage of full release by normalizing to untreated liposomes (0% release) and

0.1% NP-40 or Triton (100% release).
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picornaviruses, consistent with this region containing the amino acid at position 28

mentioned earlier. We predict that this conserved motif is important for pore forma-

tion. We went on to look for conservation in VP0 viruses, comparing the first 109 amino

acids of VP0 viruses from multiple genera using a MUSCLE alignment; this produced

two groups of sequences which we refer to as “kobu-like” and “parecho-like.” The

alignment shows that parecho-like viruses lack strong conservation in this area and

any other area of VP0. This is in contrast to kobu-like viruses, which have a high degree

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

Strong conservation can be indicative of an important and essential function.

Therefore, this may suggest that the conserved VP4 motif in VP4 viruses and the con-

served N terminus of VP0 in kobu-like viruses may have specific and essential func-

tions. However, despite this conservation between VP4 sequences and between VP0

sequences, alignments between VP4 and VP0 did not show obvious similarities (data

not shown). This suggests that there may be functional differences in how VP4 and

VP0 interact with membranes.

To test if the N termini of VP0 from other picornaviruses were able to induce pore

formation, CF liposome assays were carried out using peptides from representatives of

both groups, using the first 50 amino acids of AiV VP0 (AiV-VP0-N50) and the parecho-

virus Ljungan virus (LV) VP0 (LV-VP0-N50) at pH 7. This revealed that AiV-VP0-N50 was

FIG 4 Alignments of VP4- and VP0-encoding picornavirus sequences. Alignments of picornavirus VP4 sequences (A) and VP0 sequences (B) were carried

out using the MUSCLE sequence alignment tool (55). The amino acids are colored using the Zappo color scheme as follows: aliphatic/hydrophobic (pale

pink), aromatic (orange), positively charged (purple), negatively charged (red), hydrophilic (green), conformationally special (magenta), and cysteine

residues (yellow). Peptide sequence regions for AiV, LV, and RV are highlighted with a black box.
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able to induce dye release in a dose-dependent manner, while LV-VP0-N50 was not

(Fig. 5A and B). This is consistent with the VP0 sequence alignments where AiV and

other kobu-like viruses show strong conservation in the N terminus of VP0, while LV

and other parecho-like viruses lack strong conservation in this area (Fig. 4B and Fig. 5A

and B). The peptides used here were not myristoylated, as it has previously been dem-

onstrated that myristoylation is not essential for the replication of kobuviruses and par-

echoviruses (28).

Although the AiV peptide was able to induce membrane permeability, this appeared

to be at a lower level than previously observed for RV16 peptides (7). To test if there was

indeed a difference in permeabilization between RV16 and AiV peptides, we performed

the assays with the peptides in parallel. This revealed that AiV-VP0-N50 was less effective

at inducing membrane permeability than an unmyristoylated RV16-VP4-N45 (Fig. 5C).

As it has been established that AiV-VP0-N50 is able to permeabilize membranes, its

ability to form a size-selective pore was compared with RV16 VP4 peptides, previously

shown to form such a pore. To perform this, AiV-VP0-N50 and RV16-VP4-N45 peptides

were incubated for 1 h at pH 7.0 in the presence of liposomes containing FITC-labeled

dextrans of different sizes (4 kDa [FD4], 10 kDa [FD10], 70 kDa [FD70], or 250 kDa

[FD250]) (Fig. 5D and E). Release of dextrans was quantified by pelleting the liposomes

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

and AiV capsids, AiV VP0 preferentially releases the smallest dextran (FD4) and there-

fore forms a size-selective pore (2).

Next, the abilities of AiV-VP0-N50 to permeabilize membranes were compared between

pH 7.0 and pH 5.0. This revealed that pH 5.0 enhanced dye release of the peptide (Fig. 5F).

However, the dye release profiles at pH 5 differ between peptide and virus (Fig. 3A and

Fig. 5F). For the virus, a sharp increase followed by leveling off was observed, but for the

peptide, a constant gradual increase and no leveling were observed (Fig. 3A and Fig. 5C).

DISCUSSION

In this study, we sought to investigate uncoating and membrane interactions in the

VP0-containing picornavirus AiV. This virus is of particular interest given the paucity of

studies which have investigated uncoating in VP0-containing viruses. We have demon-

strated that the N terminus of AiV VP0 is a pore-forming unit of the capsid, indicating

that its function is likely analogous/similar to VP4 in VP4-containing picornaviruses.

Also, using a combination of stability assays, membrane permeability assays, and

chemical inhibition, we have demonstrated that pH plays a critical role in AiV uncoat-

ing and membrane interactions.

Here, we have shown AiV requires endosome acidification for entry, and using

PaSTRy, we demonstrated that incubation of AiV at a pH of 5.6 and below enhances

AiV genome exposure and alters the exposure of hydrophobic capsid proteins; this cor-

responds with the pH of late endosomes. The changes in PaSTRy profile were

enhanced as pH was lowered even further, with a very dramatic shift occurring

between pH 5.0 and 4.9. At present we are unable to explain this dramatic difference

in profile when the pH differs by just 0.1. At pH 4.9, but no other pH, an increase in

hydrophobic protein signal is detected a few degrees before nucleic acid signal is

detected. These events are thought to represent genome release and the externaliza-

tion of internal capsid proteins. After maximum nucleic acid signal is detected, there is

a large drop in hydrophobic signal, causing a trough. This may indicate that during

uncoating, internal capsid proteins are externalized and then reinternalized after ge-

nome release. This would be consistent with structural data on AiV empty particles

produced by heating capsids at neutral pH, which reveal that VP1 and VP0 are inside

the capsid after genome release, indicating they may be externalized during uncoating

and become reinternalized after genome release (50). However, PaSTRys performed on

particles preheated (so that genome release had already occurred) no longer showed

this trough. This indicates the capsid rearrangements that occur during or after ge-

nome release are irreversible, and if proteins are reinternalized after genome release,
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FIG 5 AiV VP0 N-terminal peptide is able to permeabilize membranes and form a size-selective pore. Permeability assays showing CF or fluorescent dextrans

(FD) released from liposomes after mixing with peptides. CF or FD was detected by fluorescence measurements (excitation, 492 nm/emission, 512 nm) and

displayed as percentage of total release by detergent-induced lysis. Assays were carried out at pH 7.0 unless otherwise stated. (A) CF release over time after

addition of peptide AiV-VP0-N50 at concentrations of 0.5 mM, 5 mM, and 14 mM. (B) CF release over time after addition of peptide Ljungan virus (LV) LV-VP0-

N50 at concentrations of 0.5 mM, 5 mM, 14 mM, and 50 mM. (C) CF release over time after addition of peptide AiV-VP0-N50 or RV16-VP4-N45 at concentrations

of 5 mM. (D) FD released after addition of 5 mM peptide AiV-VP0-N50 to liposomes containing FD of 4 kDa (FD4), 10 kDa (FD10), 70 kDa (FD70), or 250 kDa

(FD250). (E) FD released after addition of 5 mM peptide RV16-VP4-N45 to liposomes containing FD of 4 kDa (FD4), 10 kDa (FD10), 70 kDa (FD70), or 250 kDa

(FD250). (F) CF release over time after addition of 0.5 mM peptide AiV-VP0-N50 at pH 5 or pH 7. All experiments were performed in triplicate, and error is

measured by SEM. *, P $ 0.01. As low pH quenches CF/FITC fluorescence, the values were calculated as a percentage of full release by normalizing to

untreated liposomes (0% release) and 0.1% NP-40 or Triton (100% release). In FITC reactions pH of supernatant was neutralized by addition of a 2.5 M Tris (pH

7.5) buffer. Peptide sequences were as follows: AiV-VP0-50N, GNSVTNIYGNGNNVTTDVGANGWAPTVSTGLGDGPVSASADSLPGRSGGA; LV-VP0-50N, MAASKM

NPVGNLLSTVSSTVGSLLQNPSVEEKEMDSDRVAASTTTNAGNL; RV16-VP4-45N, MGAQVSRQNVGTHSTQNMVSNGSSINYFNINYFKDAASSGASRLD.
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their externalization can no longer be initiated by heating. Furthermore, the biological

relevance/implications of this in vitro observation still remain to be addressed. If rear-

ranged capsid proteins were inserted into a membrane first, it would likely be more dif-

ficult for them to be removed from the membrane and reinternalized into the capsid,

as previous structural data (50), along with our biochemical data, suggest they do in

the absence of membranes.

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

highlight a difference in vitro between AiV and enterovirus uncoating. Enterovirus struc-

tures show that VP4 is completely released from the capsid and that the externalized ter-

mini of VP1 remain externalized after genome release (29, 35–37). Previously published

data for enteroviruses with PaSTRy are consistent with this, with no apparent hydropho-

bic protein trough occurring after the nucleic acid peak (52, 53).

In addition to enhancing uncoating, incubation at a more acidic pH also enhances

the ability of AiV to permeabilize model membranes. When AiV is incubated at pH 7.0,

it induces relatively low levels of dye release; reducing the pH to 6.2 and 5.9 caused a

moderate increase in dye release. In PaSTRys these pH values did not affect genome

exposure and had similar hydrophobic protein profiles as pH 7.0. When the pH is low-

ered to 5.6 and below, the rate of AiV-induced dye release increases significantly

before leveling off; this effect becomes more pronounced as the pH decreases further

(Fig. 3). These significant increases in dye release coincide with PaSTRy profiles with

enhanced hydrophobic signal. This suggests that externalization of hydrophobic cap-

sid protein residues enhances AiV-induced membrane permeabilization; this is consist-

ent with models of enterovirus-induced membrane permeabilization (45). The lipo-

some assay profiles observed for AiV differ from what we have seen previously for the

enterovirus RV16. For RV16, particles were able to induce dye release at neutral pH,

and dye release was enhanced at low pH, but there was a gradual increase in the rate

of release, rather than a sudden increase in release and then leveling off, which we

observed for AiV (2). This may indicate that low pH plays a more critical role in AiV par-

ticle alterations and membrane interactions than for RV16.

Given that incubation of AiV at low pH increases the level of hydrophobic protein

residues detected in PaSTRy and enhances membrane interactions, it is likely that low

pH induces externalization of capsid components essential for AiV membrane interac-

tions. It might therefore be expected that free peptide would induce higher levels of

membrane permeability at physiological pH than virus. However, this was not

observed: VP0-N-50 peptide at 0.5 mM induced smaller amounts of dye release than vi-

rus containing the equivalent of 0.1 mM VP0-N-50 at pH 7.0 and pH 5.0. As free peptide

is less efficient at inducing membrane permeability than the virus, this indicates either

that additional components of the capsid are also involved in membrane permeabiliza-

tion or that VP0 N must be physically attached to the capsid to maintain its optimal

pore-forming conformation. Low pH also enhances the ability of the VP0-N-50 peptide

to form a pore; this is not surprising given that this would be the natural environment

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

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

Furthermore, using an N-terminal peptide of AiV VP0, we demonstrated VP0 forms

a size-selective pore in model membranes consistent with a pore size able to release a

molecule of single-stranded RNA. This demonstrates the N terminus of AiV VP0 plays

an analogous function to VP4 of other picornaviruses in terms of membrane perme-

abilization (1–6). However, the N terminus of VP0 does not appear to be the pore-form-

ing component of all VP0-containing picornaviruses, as an N-terminal peptide for LV

did not induce dye release from liposomes.

Sequence comparison of VP0 N termini revealed that the VP0 N termini of AiV and

other kobu-like VP0 viruses are well conserved; this suggests that the N terminus of

VP0 likely plays a pore-forming role for all kobu-like VP0 viruses. Similar levels of

homology are seen between VP4 sequences in other picornavirus genera. However,

comparison of LV and other parecho-like VP0 viruses revealed that VP0 N termini are
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not well conserved; this would be consistent with them not being involved in mem-

brane interactions in these viruses. Taken together, this seems to indicate that the N

terminus of the VP0 of viruses in kobu-like viruses possesses the ability to form a pore,

while the parecho-like group lacks N-terminal membrane permeabilization activity.

The ability of other AiV proteins to interact with membranes is yet to be deter-

mined. For enteroviruses, it has been demonstrated that the N terminus of VP1 is

essential for attachment to model membranes in flotation assays. The N terminus of

VP1 is internal in native particles and is released during conversion to A-particles. It

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

native particles and A-particles where the VP1 N terminus had been cleaved by proteo-

lytic digestion were unable to bind model membranes (30). Furthermore, when A-par-

ticles bound to model membranes were subjected to proteolytic digestion, the N ter-

minus of VP1 remained within the membranes (30), further demonstrating that VP1 is

required for membrane attachment in enteroviruses (30). If consistent with enterovi-

ruses, the AiV N terminus of VP1 will become externalized and be involved in attach-

ment to the endosomal membrane. However, unlike in VP4-containing picornaviruses,

AiV VP0 remains attached to the capsid, so it is possible that it may play an important

role in attachment alongside or instead of VP1.

Conclusion. This study is the first to characterize effects of pH on the uncoating

and membrane interactions of a VP0-containing picornavirus. We have shown that the

N terminus of VP0 can play a role in pore formation but not in all VP0-containing picor-

naviruses. We have also demonstrated that AiV behaves differently in functional

uncoating assays compared to enteroviruses. Together with previous structural studies,

this indicates that AiV capsids likely undergo different structural changes in the capsid

to initiate membrane interactions and uncoating than VP4-containing picornaviruses.

AiV also appears to have a greater dependence on pH to facilitate externalization of

membrane-interacting components than enteroviruses. Further characterization will

be required to determine the exact uncoating mechanism of AiV.

MATERIALS ANDMETHODS

Cell lines and virus. Vero cells were obtained from the Central Services Unit at The Pirbright

Institute and propagated in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine se-

rum (FBS) and 50 mg/mL penicillin and streptomycin at 37°C in a humidified atmosphere containing 5%

CO2. AiV strain A846/88 (GenBank no. BAA31356.1) was obtained from David Stuart and Elizabeth Fry at

the University of Oxford. Virus was propagated by inoculating Vero cells at a multiplicity of infection

(MOI) of 1 and incubating them at 37°C in a humidified atmosphere containing 5% CO2 for 24 h before

the supernatant was harvested.

Peptides. Peptides were synthesized by Peptide Protein Research Ltd. using the Peptide Synthetics

service. The sequences were as follows: AiV-VP0-50N, GNSVTNIYGNGNNVTTDVGANGWAPTVSTGLG

DGPVSASADSLPGRSGGA; LV-VP0-50N, MAASKMNPVGNLLSTVSSTVGSLLQNPSVEEKEMDSDRVAASTTTNAG

NL; RV16-VP4-45N, MGAQVSRQNVGTHSTQNMVSNGSSINYFNINYFKDAASSGASRLD.

Chemical inhibition. Vero cells were seeded into a 6-well plate at 3 � 105 cells in 2 mL of 10% FBS-

DMEM per well and incubated at 37°C overnight. Medium was removed from the wells, and the cells

were pretreated with medium containing NH4Cl (ammonium chloride) (Sigma-Aldrich) (2, 10, 20,

40 mM), for 2 h at 37°C. Cells were then incubated on ice with virus to allow attachment (MOI = 1) for 30

min in the presence of inhibitor. Unbound virus was removed, and cells were washed with phosphate-

buffered saline (PBS), before adding 2 mL of warm serum-free DMEM containing inhibitor to the wells.

For time-of-addition studies, cells were infected with AiV at an MOI of 1 and medium was replaced with

40 mM NH4Cl at 0, 1, 2, 3, or 4 h postinfection. After incubation overnight at 37°C for 20 h, the superna-

tants were harvested and the virus titers were determined by plaque assay.

Plaque assay. Six-well plates were seeded with 3 � 105 Vero cells per well. The following day AiV

samples to be titrated were serially diluted in serum-containing medium. Medium was removed from

wells, and 200 mL of each serial dilution was added to individual wells and incubated for 2 h. After 2 h,

supernatant was removed and 2 mL of serum-containing medium with 1% agarose at 42°C was added

to each well and allowed to solidify. Plates were incubated at 37°C in a humidified atmosphere contain-

ing 5% CO2 for 72 h. Monolayers were fixed and stained with 1 mL of 4% formaldehyde, 1% crystal vio-

let, 20% ethanol in PBS; plaques were counted; and titer was expressed as PFU/mL of starting material.

Purification of virus. Infected cell cultures were lysed by addition of NP-40 to make the solution a

final concentration of 0.5% NP-40 and freeze-thawing three times. Lysates were incubated for 3 h at

37°C in the presence of DNase (10 mM) and clarified by centrifugation. Clarified supernatants were con-

centrated by precipitation with 8% polyethylene glycol (PEG) 8000 overnight and centrifugation at

100,000 relative centrifugal force (RCF) for 1 h. The resulting pellet was resuspended in PBS, pelleted
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through a 2-mL cushion of 30% (wt/vol) sucrose in PBS at 125,755 RCF for 2 h, resuspended in PBS, and

subjected to sedimentation in a sucrose density gradient comprising 15 to 45% (wt/vol) sucrose in PBS

at 237,000 RCF for 50 min. Sucrose gradients were fractionated, and purified virus was quantified by ab-

sorbance at 260 nm. Sucrose was removed using a Zeba column (ThermoFisher Scientific) following the

manufacturer’s instructions.

Particle stability thermal release assay (PaSTRy). Virus particle alterations were characterized by a

thermofluorometric dual dye-binding assay using the nucleic acid dye SYTO9 and the protein-binding

dye SYPRO orange (both from Invitrogen). Reaction mixtures of 50 mL containing 1.0 mg of purified virus

and 0.1 M citric acid-0.2 M sodium phosphate dibasic buffer at either pH 7, 6.2, 5.9, 5.6, 5.0, or 4.9 were

mixed and incubated at either room temperature, 56°C, or 59°C for 10 min and then chilled on ice for 2

min. Reaction mixes were then made to 5 mM SYTO9 and 150� SYPRO orange and ramped from 25 to

95°C, with fluorescence reads taken at 1°C intervals every 30 s within the Stratagene MX3005p quantita-

tive PCR (qPCR) system.

Preparation of liposomes. Liposomes comprising phosphatidic acid, phosphatidylcholine,

cholesterol, and rhodamine-labeled phosphatidylethanolamine (Avanti Polar Lipids) (molar ratios

44.5:44.5:10:1, respectively) were prepared as previously described (6) by rehydration of dried lipid films

in 107 mM NaCl, 10 mM HEPES, pH 7.5, and extrusion through 400-nm-pore-size membranes using a

miniextruder (Avanti Polar Lipids). The lipid concentration of liposome preparations was estimated by

measuring the level of rhodamine fluorescence in the liposome sample relative to samples of rehydrated

lipids of known concentration. The expected diameter (average, 400 nm) and size distribution of lipo-

somes were confirmed by dynamic light scattering (Malvern Zetasizer mV). Liposomes containing car-

boxyfluorescein (CF) (Sigma) were prepared by rehydrating lipids in the presence of 50 mM CF, 10 mM

HEPES, pH 7.5. Liposomes containing FITC-conjugated dextrans (FD; Sigma) were prepared by rehydrat-

ing lipids in the presence of 25 mg/mL FD, 107 mM NaCl, 10 mM HEPES, pH 7.5. Liposomes containing

CF or FD were purified from external fluorescence by multiple cycles of ultracentrifugation (1) and resus-

pended in 107 mM NaCl, 10 mM HEPES, pH 7.0, or 0.1 M citric acid, 0.2 M sodium phosphate, pH 7, 6.2,

5.9, 5.6, 5.0, or 4.9.

Membrane permeability assays.Membrane permeability was measured by detecting the release of

fluorescent material from within liposomes. Purified liposomes containing CF or FD were added to test

substances (peptide, virus, or mock controls in a typical volume of 5 mL) to give typical final concentra-

tions of 50 mM lipid, 107 mM NaCl, 10 mM HEPES, pH 7.4, or 0.1 M citric acid, 0.2 M sodium phosphate,

pH 7.0, 6.2, 5.9, 5.6, 5.0, or 4.9, and total volume of 100 mL. Reagents and plasticware were preequili-

brated to the reaction temperature (25°C or 37°C).

For CF release, reaction mixtures were assembled in 96-well plates and membrane permeability was

detected in real time by the release, dequenching, and increase in fluorescence of CF. Measurements

were recorded every 30 s for 1 h using a fluorescence plate reader with excitation and emission wave-

lengths of 485 nm and 520 nm, respectively (Plate Chameleon V; Hidex). Initial rates were calculated

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

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

release reaction mixtures were assembled with 0.1 M citric acid, 0.2 M sodium phosphate, pH 7.0, 6.2,

5.9, 5.6, or 5.0 (instead of HEPES). As low pH quenches CF fluorescence, the values were calculated as a

percentage of full release by normalizing to untreated liposomes (0% release) and 0.1% NP-40 (100%

release).

FD release reaction mixtures were assembled with 10 mM citric acid and 10 mM sodium phosphate

at pH 5 and pH 7. Reaction mixtures were incubated for 1 h, liposomes were pelleted at 100,000 � g for

30 min, and pH of supernatant was neutralized by addition of a 2.5 M Tris (pH 7.5) buffer. Fluorescent

signal in the supernatant was measured using the plate reader as described above. The pelleted lipo-

some signal was then released by the addition of Triton to calculate a 100% release signal.
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