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Abstract

The virions of enteroviruses such as poliovirus undergo a global conformational change

after binding to the cellular receptor, characterized by a 4% expansion, and by the opening

of holes at the two and quasi-three-fold symmetry axes of the capsid. The resultant particle

is called a 135S particle or A-particle and is thought to be on the pathway to a productive

infection. Previously published studies have concluded that the membrane-interactive pep-

tides, namely VP4 and the N-terminus of VP1, are irreversibly externalized in the 135S parti-

cle. However, using established protocols to produce the 135S particle, and single particle

cryo-electron microscopy methods, we have identified at least two unique states that we call

the early and late 135S particle. Surprisingly, only in the “late” 135S particles have detect-

able levels of the VP1 N-terminus been trapped outside the capsid. Moreover, we observe a

distinct density inside the capsid that can be accounted for by VP4 that remains associated

with the genome. Taken together our results conclusively demonstrate that the 135S particle

is not a unique conformation, but rather a family of conformations that could exist

simultaneously.

Author summary

Nonenveloped viruses need to provide mechanisms that allow their genomes to be deliv-

ered across membranes. This process remains poorly understood. For enteroviruses such

as poliovirus, genome delivery involves a program of conformational changes that include

expansion of the particle and externalization of two normally internal peptides, VP4 and

the VP1 N-terminus, which then insert into the cell membrane, triggering endocytosis

and the creation of pores that facilitate the transfer of the viral RNA genome across the
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endosomal membrane. This manuscript describes five high-resolution cryo-EM structures

of altered poliovirus particles that represent a number of intermediates along this path-

way. The structures reveal several surprising findings, including the discovery of a new

intermediate that is expanded, but has not yet externalized the membrane interactive pep-

tides; the clear identification of a unique exit site for the VP1 N-terminus; the demonstra-

tion that the externalized VP1 N-terminus partitions between two different sites in a

temperature-dependent fashion; direct visualization of an amphipathic helix at the N-ter-

minus of VP1 in an ideal position for interaction with cellular membranes; and the obser-

vation that a significant portion of VP4 remains inside the particle and accounts for a

density feature that had previously been ascribed to part of the viral RNA. These findings

represent significant additions to our understanding of the cell entry process of an impor-

tant class of human pathogens.

Introduction

Poliovirus is a small (~30nm) non-enveloped, positive sense, single-stranded RNA virus. It

belongs to the genus Enterovirus of the Picornaviridae, and is the causative agent of poliomy-

elitis [1]. The icosahedral capsid of the virus, which is made of four proteins, namely VP1,

VP2, VP3, and VP4, encloses the viral genome [2]. The capsid is structurally similar to other

members of the family such as Rhinovirus, Coxsackievirus A16, Enterovirus 71 and Enterovi-

rus D68, the latter three having caused recent epidemics of hand-foot-and-mouth disease, and

even flaccid paralysis in China and the United States [1,3,4]. Therefore, studies on poliovirus

are not only crucial to support the global effort to eradicate poliovirus, but also to tackle

important emerging pathogens.

Poliovirus entry into cells is initiated when the virus interacts with its receptor, CD155, also

known as poliovirus receptor (PVR) [5], an immunoglobulin-like molecule that is expressed at

the intercellular junctions of epithelial cells [6]. Receptor engagement is concomitant with the

loss of the “pocket factor” [7], a stabilizing ligand [8] that binds in the hydrophobic core of

VP1 [9]. Structurally, receptor binding results in an icosahedral expansion of the capsid by 4%

[10], yielding a 135S, or A- particle [11–16]. These particles are metastable, infectious [17,18]

and RNA-containing. Therefore, it is thought that the 135S particle represents a critical step

along the pathway to infection [18]. Unlike mature native virions (160S particles), whose cap-

sids form a closed surface, the expanded 135S particles have holes in the capsid at the icosahe-

dral 2-fold and quasi-3-fold axes. These openings permit the externalization of the membrane-

interactive N-terminal extension of capsid protein VP1 [11,14] in poliovirus and in the 135S

particles of other enteroviruses [19–26] and presumably VP4, which is myristoylated [27]. In
vitro studies with model membranes have shown that these polypeptide chains are responsible

for anchoring the virus to the host cell membrane [11,28]. Earlier tomographic studies from

our group demonstrated umbilical connections between the virus and receptor-decorated lipo-

somal membranes [29] that were wide enough to accommodate single-stranded genomic

RNA. This could be the manner in which the genome is protected from the degradative effects

of RNases during RNA transfer [30]. However, the molecular and structural underpinnings of

this process still remain elusive.

In the present study we report five high-resolution reconstructions of the 135S uncoating

intermediate particles, with refined atomic models for four of them.

Taken together, our results describe a multi-step model for picornavirus capsid uncoating

and subsequent steps in genome translocation.
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Results

Three structures produced by incubation with mAb

Initially we set out to investigate the structure of the “breathing” poliovirus particle. Previous

studies showed that native poliovirions, when incubated at 37˚C (but not at 25˚C), transiently

expose membrane-interactive polypeptides VP4 and the N-terminus of VP1 [31]. These two

exposed polypeptides could be trapped outside the capsid by specific antibodies, some of

which neutralized infectivity [31]. The release of the antibodies by freeze-thaw restored infec-

tivity, demonstrating that the process was reversible [31]. An early attempt to characterize the

breathing particle, trapped using a Fab that recognized residues 39–55 of VP1 [32], produced a

low-resolution structure [33]. This structure revealed an RNA-containing virus particle whose

capsid was trapped in an icosahedrally symmetric expanded state that was purported to be dif-

ferent from previously reported expanded forms of poliovirus. Weak and poorly ordered den-

sity located above the icosahedral 2-fold hole was attributed to peptide-bound Fab molecules

getting "stuck" in random orientations when the VP1 N-terminus was partially withdrawn into

the particle interior [33].

In the current study we have leveraged improvements in EM and computer hardware, data

collection software, and image processing pipelines to re-examine with higher detail the anti-

body-trapped states relevant to the uncoating process, starting with the poliovirus "breathing"

particle. This particle was produced by incubating native poliovirus with a commercially avail-

able monoclonal antibody (kind gift from Quidel Corp.) that was raised against a peptide cor-

responding to VP1 residues 42–55 (PALTAVETGATNPL). Although the antibodies used in

this and previous studies recognize the same region of the N-terminus of VP1, this antibody

differs from the one previously used, which is no longer available. Thus, in contrast to the ear-

lier antibody which showed significant binding when incubating virus with the Fab, we could

only obtain significant decoration of particles using the intact monoclonal antibody (mAb)

provided by Quidel. Initial screening of conditions to trap the N-terminus outside the virus

using the mAb at 37˚C yielded very few decorated particles. Therefore, we performed addi-

tional cryo-EM screenings of the virus-mAb complexes for durations of up to 120 mins. at

temperatures of 38˚C and 39˚C. An optimal number of complexes was observed after a

90-minute incubation of the virus with the mAb at 39˚C.

Under those conditions, three main structural classes were obtained (Fig 1A), each contain-

ing roughly one-third of the usable particle images. Class 1 was not labeled by antibodies and

was indistinguishable from previously solved 160S native virus [2], having an RNA core; VP4

and the N-terminus of VP1 bound on the inner surface of the capsid; and a closed protein

shell that lacked large holes (left column, Fig 1A). Classes 2 and 3 both consisted of capsids

that were expanded by about 4%, with large holes at the 2-fold axes. The class 2 particles

appeared to contain a full complement of RNA (middle column, Fig 1A), whereas class 3

appeared similar to previously-studied 80S empty capsids [10,34,35] (rightmost column, Fig

1A), which lack RNA, VP4, order in residues 1–68 of VP1, and which have either unobstructed

or partially obstructed holes at the quasi-3-fold axes.

The 80S-like class. In the icosahedral reconstructions of the class 3 particles, the density

for the Fab portion of the bound antibody (for simplicity we will refer to this here and in sub-

sequent sections as the Fab) was a flat roundish feature whose connection with the capsid was

not directly apparent (rightmost column, Fig 1A). This density enclosed only the lower half of

the Fab and was only visible at a much lower contour level than the capsid protein, suggesting

both low occupancy, and variability in the position and angle of the Fab with respect to the

virus. The position of the Fab, over the 2-fold hole, was similar to one of two sites for Fab bind-

ing in the low-resolution structure of an 80S-Fab complex described previously [36].
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Focused classification methods, recently introduced into cryoEM, often succeed in avoiding

the averaging of symmetry-related areas that have significantly different density patterns [37–

39]. To further assess the interaction of the Fab with the capsid, we performed an asymmetric

focused classification on 542,460 asymmetric units of the virus, using a cylindrical mask that

enclosed the 2-fold axis of the capsid as well as the Fab. While the capsid was resolved to 4.2 Å
in the icosahedrally averaged maps, the focused class in (Fig 1B) resolved to 6.5 Å. This class

had a distinct tube-like density extending from above the VP2 helix (residues 90–100) at the

2-fold axis to the underside of the Fab (Fig 1B). We interpret this density to be the N-terminus

of VP1.

135S-like particles (m135). Class 2 (which we will call m135) was the most interesting of

the 3 classes (Fig 2 and middle column of Fig 1A), as it shared several of the physical character-

istics of the canonical 135S particles. The m135 reconstruction was resolved to 2.8 Å resolution

in the capsid region, after masking and "sharpening" (see Methods) (S1 Table, S1 Fig), and a

detailed atomic model was constructed and refined for ordered amino acids in capsid proteins

VP1, VP2, and VP3. Like a canonical 135S particle, the m135 reconstruction includes a signifi-

cant central density for the RNA (but whose apparent icosahedral symmetry is an artefact of

the calculation), lacks VP4 on the inner surface of the capsid, and has an expanded capsid with

holes at the 2-fold and quasi-3-fold axes (middle column Fig 1A). In this structure and in all of

the remaining 135S structures described below, the pocket factor is missing from the hydro-

phobic pocket of VP1 [9]. Similar to 135S-like particles for other enteroviruses [19–26], this

structure has an additional portion of the N-terminal extension of VP1 (residues 64–69) that is

ordered, and extends outward along the quasi-3-fold axis (Fig 2B–2D).

The density for the Fab is diffuse and rod-shaped, stretching between two 2-fold-related

copies of the quasi-3-fold hole (Fig 2A and middle column of Fig 1A). The rod-like density fea-

ture is only evident above the noise level for the lower half of the Fab, which suggests variability

in the position and orientation of the Fab. The weakness of the Fab density is not unexpected,

given that the VP1 N-terminus is flexible, and entirely disordered in most non-native poliovi-

rus structures. The weakness of the ordered Fab density (in the icosahedrally averaged maps)

is consistent with a model in which specific Fab binding (to residues 42–55 of the VP1 N-ter-

minus) at some of the quasi-3-fold sites near the virus surface is precluded by steric conflicts

with previously bound Fabs.

In the high-resolution m135 structure, we see two general categories of structural change

relative to native virus. One category corresponds to movement of the beta barrels of the

major capsid proteins, VP1-3, away from one another when the capsid expands. As a conse-

quence, several polypeptide segments (which, in native 160S virus, stabilize the "closed" capsid

arrangement) detach from their neighbors and become disordered. On the inner surface of the

capsid, these segments include VP4 and portions of the N-terminal extensions of VP1 and

VP2. On the outer surface of the capsid, these segments include all C-termini of VP1, VP2,

and VP3, as well as loops extending from the beta-barrel cores of VP1 and VP2 (see below).

The general pattern of beta barrel shifts and polypeptide chain disordering that occurs upon

the expansion of poliovirus has previously been analyzed [10,14,34,35], and is strikingly similar

Fig 1. Anti-VP1 antibody trapped expanded particle. (A) Top row: The 3D classes from the dataset, with undecorated 160S particles

(left, blue border), the anti-VP1 mAb decorated 135S-like particle (middle, orange border) and the mAb decorated empty particle

(right, yellow border). Second row: Radially colored isosurface representations of the refined particles are shown at a high contour,

where the holes at the 2-fold are clearly observed. Third row, isosurface representations of the mAb-decorated 135S (center) and 80S

particles (right) contoured at a lower level showing the diffuse density attributable to the bottom half of the Fab part of the mAb. Bar

indicates the radial range that each color corresponds to. (B) Density for an asymmetric focus class calculated from the mAb decorated

80S particle is depicted in the context of the 2-fold related VP2 subunits (yellow) and a model of a Fab (pink). The tube-like density for

the N-terminus of VP1 (arrow) is seen above one of the two 2-fold related VP2 helices.

https://doi.org/10.1371/journal.ppat.1008920.g001
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to the shifts seen in the structures of 135S particles of other enteroviruses [19–26]. A specific

listing of ordered and disordered residues is tabulated (see S2 Table) for the m135 atomic

model, and for the three other atomic models described below.

The second, particularly interesting, set of structural changes involves the polypeptide seg-

ments that contact the VP1 N-terminus as it exits through the quasi-3-fold hole. Notably, the

GH loop of VP3 (residues 176–185) uncoils, changing from a compact structure that plugs the

quasi-3-fold in virions into a more extended structure that leaves room for residues 62–68 of

VP1 (residues 1–61 were not modellable in this density) to thread through the quasi-3-fold

(Fig 2C and 2D). Additionally, the "bottom" loop of VP2 (residues 26–58), which encircles the

bottom of the VP2 beta barrel, rearranges at its tip (residues 43–55) to move out of the way of

the externalizing VP1 N-terminus (Fig 2D and 2E). Finally, a portion of the GH loop of VP1

(residues 216–236) rearranges to facilitate the externalization of the VP1 N-terminus; and the

C-terminal extension of VP2 (residues 262–272) retracts from its position on the outside of

the virion to bind to the inner surface of the capsid (Fig 2F). The movement of the VP1-3 beta

barrels is strikingly consistent with all of the 135S structures reported here and in those previ-

ously published for poliovirus and other enteroviruses [14,18–20,23–26,40] (see ordered resi-

due lists, S2 Table). In particular, the four key contact areas (for the VP1 N-terminus) (Fig 2C–

2F) either change their conformations or become disordered as a result of the 160S-to-135S

conversion.

Finally, we considered the possibility that our antibody-trapped “breathing” particles would

regain infectivity if the antibody were released by freeze-thawing, as was reported in the origi-

nal report of “breathing” of poliovirus [31]. To test this possibility, virus samples were incu-

bated with VP1 antibodies either at 39˚C (where breathing is expected) or 25˚C (where

breathing is not expected) for 1.5 h (the same as for the EM experiment) and immunoprecipi-

tated with Protein A/G coated magnetic beads at room temperature. Unbound virus was

washed away, and the bound virus was released from the beads by freeze-thawing the solution.

Next, the released virus was serially diluted and used to infect naïve Vero cells. Greater cyto-

pathic effect was observed in virus particles retrieved from incubating the virus with the anti-

body at higher temperature than the virus particles retrieved from the room temperature

incubation (S2A and S2B Fig). This suggests that some of the antibody-bound particles must

have retained a full or nearly full complement of proteins (presumably including VP4) and

remained infectious, even when accounting for non-specific binding of native virus to the

antibody.

Comparison of m135 particles with “canonical” 135S particles

Historically, three methods were used to convert 160S virus to 135S particles, and the resulting

particles were not distinguishable by any of the tests then available. One method involved the

binding of virus by the poliovirus receptor at the cell surface at 37˚C in a natural infection

[11–13]; the second involved incubation of virus with the soluble ectodomain of the receptor

Fig 2. Anti-VP1 antibody trapped genome containing particle (m135) is similar to the canonical 135S particle. (A) Cage density depiction

(σ = 0.25) of the mAb-decorated m135 structure in the vicinity of the 2-fold axes showing the rod shaped density for the lower half of the Fab

portion of the mAb and the better ordered density for the capsid proteins of the virus (B) The canonical poliovirus protomer consisting of VP1

(blue), VP2 (yellow) and VP3 (red) is shown juxtaposed with 5-fold related copies of VP1(cyan) and VP2 (gold). The cyan, gold, and red copies

together form the “5-3-3 triangle” having one 5-fold and two 3-fold symmetry axes at its corners. The quasi 3-fold lies at the center of this

triangle. Panels (B) and (C) are viewed from outside the virus. (C) The N-terminus of VP1 (dark blue) is seen exiting the virus capsid through

the quasi 3-fold hole. To accommodate this, the GH loop of VP3 (labeled) becomes rearranged and partially disordered. Panels (D-F) are

viewed from inside the virus. (D) The exiting N-terminus (dark blue) contacts the tip of the VP2 bottom loop (labeled) (E) The bottom loop of

VP2, in m135 (yellow), is rearranged relative to native VP2 (magenta) (F) In m135, the C-terminus of VP2 (dark yellow) becomes ordered on

the capsid inner surface, rather than exiting at the 2-fold, as in native virus (magenta).

https://doi.org/10.1371/journal.ppat.1008920.g002
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at 37˚C [41,42]; and the third involved heating 160S particles at 50˚C in the presence of diva-

lent cations that stabilize the meta-stable 135S intermediate [17,43]. To assess whether or not

the m135 particle was indeed 135S-like, we decided to solve cryo-EM structures for both the

soluble-receptor-triggered and heat-triggered 135S particles. Consistent with our "standard

recipes" for producing 135S particles [8,17], we incubated native virus for 3 min, either with

solubilized PVR at 37˚C, or alone at 50˚C. Note that PVR falls off the virus once expansion has

been triggered. Receptor-triggered and heat-triggered 135S structures (designated "r135" and

"h135", respectively) were solved at 3.2 Å resolution (after density-based masking and sharpen-

ing) (S1 Table, S1B and S2C Fig).

As expected, the capsids of both r135 and h135 were expanded by 4%, with holes at the 2-fold

axes, were full of RNA, and failed to show well-ordered native-like VP4 pentamers lying flat on

the inner surface of the capsid (Fig 3A). The r135 and h135 structures were qualitatively similar.

There are no instances where several residues in succession are ordered in one model and disor-

dered or differently ordered in the other. Minor differences between the two models include the

occasional shift, by one or two residues along the polypeptide chain, where an order-to-disorder

transition occurred, and scattered (rather than systematic) differences in the sets of "buildable"

residues in native-like or non-native-like conformations (which are listed in S2 Table).

Surprisingly, both r135 and h135 maps lacked a visible extension of the VP1 N-terminus

through the quasi-3-fold hole, which was supposed to be the structural hallmark of these parti-

cles [11,14,40]. In both cases, residue 69 was the first ordered residue of VP1; residues 43–53 of

the bottom loop of VP2 (which supports the VP1 N-terminus) were disordered; and the quasi-

3-fold hole was partially blocked by the GH loop of VP3 (Fig 3B). The lower portion of the

loop was similar to that seen in native 160S virus (Fig 3C), but the upper portion was different

from either the 160S structure or previously described 135S structures in which the VP1 N-ter-

mini were exposed. In short, while the literature [20,22,24,26] (and our own experience [14])

had led us to expect a 3 min incubation to produce an expanded particle with the VP1 N-ter-

mini extended, the 3 min incubation in this study produced an expanded and fenestrated cap-

sid in which most or all of the VP1 N-termini remained inside the capsid. Therefore, we

propose that the category of poliovirus particles that was previously called “135S” most likely

consists of distinct states, namely, an “early state”, wherein the capsid has undergone an expan-

sion but most copies of the VP1 N-terminus are on the inside of the capsid and the quasi-

3-fold hole still remains blocked, and a subsequent “late state”, characterized by the opening of

the quasi 3-fold hole and the emergence of many copies of the VP1 N-terminus through them.

In support of this possibility, a careful re-reading of the literature [17,31,40] showed that 135S

particles with extended N-termini were typically detected only after extensive purification

and/or prolonged incubations. Interestingly, an expanded particle in which the VP1 N-termi-

nus remained inside the capsid has also been observed as a minority subpopulation (~5% of

the particles) in preparations of 135S particles of enterovirus D68 [19]. However, in this sub-

population of the D68 135S particles the entire VP1 N-terminal extension is well ordered sug-

gesting that the “early” state of the 135S-like particles may itself be comprised of two steps.

Thus, in a first step the particle undergoes expansion with the VP1 N-terminus remaining in a

well-ordered native-like arrangement on the inner surface of the expanded capsid; this is fol-

lowed by a second step in which the VP1 N-terminal extension dissociates from the inner sur-

face, prior to being externalized.

Receptor-induced 135S particles incubated with mAb at 25˚C

To test our hypothesis, that VP1 N-termini (from expanded particles) become externalized

after an extended time, we followed the method described in Tsang et al [44], first incubating
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the virus with receptor for 3 mins at 37˚C, followed by a 1hr incubation with antibody at 25˚C.

This protocol was carried out twice, once with a smaller "screening" data set, and once with a

larger one. Data collection parameters are summarized in S1 Table.

As predicted, incubation of the pre-formed "early 135S particle" with antibody for 1hr at

25˚C did decorate the virus particles with Fab-shaped density features. (Fig 4A). Surprisingly,

the Fab portions of the antibody molecules did not bind at quasi-3-fold positions, to produce a

low-level rod-shaped density, such as that seen in the m135 map (Fig 2A and Fig 1A middle

column). Instead, the Fab density in the icosahedrally-averaged map was poised above the

2-fold hole. Its position was similar to that of the much weaker hemispherical density in the

decorated 80S particles (rightmost column, Fig 1A). However, in the new "r135+m25" recon-

struction, density for the Fab was much better ordered, with the upper half of the Fab domain

visible, and separated from the lower half by an appropriately placed gap in the density

between subdomains (Fig 4B). Unlike the decorated 80S map, where the Fab may have been

freely spinning around the viral 2-fold axis, here the Fab appears to have a preferred orienta-

tion, with each of its two hinges sitting on a (partly disordered) EF loop of VP2. (Note that the

Fab envelope is a sufficiently low-resolution feature that imposing an icosahedral twofold

operation on the Fab density envelope had only a minimal effect on the density shape). The

density for the Fab being weaker than that of the capsid can be attributed, at least in part, to

the fact that at most 30 copies of the Fab can bind to the virion over the 2-fold axis. Both the

contour level needed to visualize the Fab and the quality of fit of this density to the Fab model

indicated higher occupancy and more structural consistency in this complex than we saw in

our other complexes with mAb.

In the r135+m25 icosahedrally averaged map, and in all of the focused classes that were cal-

culated from the r135+m25 image stack, we looked under the bottom surface of the Fab, trying

to find density for a peptide connection (perhaps similar to the density connections that we

saw in the focus classes of antibody-decorated 80S particles (Fig 1B). Instead, the bottom sur-

face of the Fab (above the 2-fold axis) consistently lacked an obvious connection; and the

2-fold hole was occupied by a density that we tentatively identify as the partially retracted C-

terminus of VP2 (Fig 4B). In contrast, in focused classifications centered on the 2-fold axis,

including the quasi-3-fold holes, we observed 61% of the asymmetric particles exhibiting a

clear density for the N-terminus of VP1 emerging from the quasi 3-fold hole (Fig 4C), with the

GH loop of VP3 in an extended conformation as described in the m135 model (Fig 2C).

Visualizing the exposed N-terminal helix of VP1. Interestingly, we observed a focused

class for the screening data comprising of 21% of the 966,840 asymmetric units of the virus

where the lower half of the Fab contacts both VP2 shoulders, but asymmetrically tilts towards

one of the shoulders (Fig 4D). This causes the top half of the Fab to become less well ordered

compared to the lower half of the molecule. In this class, the tilted Fab leans against a long,

straight, upward-projecting density feature. The projecting density is unusual in its appearance

with one wide dimension and a flat dimension (Fig 4D).

Fig 3. Receptor-catalyzed, and heat-triggered 135S particles (r/h135). (A) Radially colored isosurface rendering of

the “early” 135S particle at a high contour (σ = 5) (left panel) reveals an opening at the 2-fold axis. The panel on the

right is shown at a lower contour level (σ = 2) with a clipping plane inserted to highlight the re-organised density inside

the capsid. These two panels are based on the r135 map, because the two structures are virtually identical. Bar indicates

the radial range that each color corresponds to. (B) Close up of the quasi-3-fold region. Density for the GH loop of

VP3, overlaid on the model, is very similar in the r135 (blue) and h135 (purple) maps. In this conformation, the GH

loop of VP3 plugs the quasi-3-fold hole. (C) Stereo views compare the GH loops of VP3 from the r135 (red), m135

(salmon), and native (orange) structures. The r135 conformation is more similar to the native conformation, as

opposed to the m135 model where the GH loop becomes more extended and forms new beta-sheet interactions with a

radially-oriented segment of the VP3 D strand.

https://doi.org/10.1371/journal.ppat.1008920.g003
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The observed shape of the density closely matches the shape of an idealized alpha helix built

with the sequence of the first 20 residues of VP1 (the amphipathic character of this helix is

known to be evolutionarily conserved [11]). The helical density observed in our map (Fig 4D)

appears on the top surface of the VP2 EF loop, in the same location that a difference density

peak was previously observed between low-resolution structures of V8 protease-treated and

untreated 135S particles [40] (S3B Fig). Similar column-like density features were seen in

some of our other focus classes, but the density was never quite as convincing as it was in this

example.

Taken together these data suggest that the Fab in r135+m25 particles is bound to a copy of

the VP1 N-terminus that has exited at a nearby quasi-3-fold axis, and that its location above

the 2-fold hole is determined by interactions of the framework region of the Fab with the

extreme N-terminal residues of VP1 and the VP2 GH loops.

Receptor-induced 135S particles incubated with mAb at 37˚C

To account for the difference in the binding pattern of the Fab between the m135 and r135

+m25 reconstructions, we postulated that lowering the temperature had an effect on the pat-

tern of Fab binding. To that end the experiment was performed in the same manner as the

r135+m25 conditions, except that the temperature for incubating with antibody was main-

tained at 37˚C. The Fab density that was observed (Fig 5A and 5B) appeared to be a superposi-

tion of the m135 and r135+m25 binding patterns, Thus, the density for the Fab is rod-like (as

it was in the m135 reconstruction), but there is also significant density above the 2-fold axis

which includes density corresponding to the upper half of the Fab (as was observed in the r135

+m25 reconstruction). The reduced occupancy of well-ordered Fab molecules at the 2-fold site

(in r135+m37, relative to r135+m25) suggests that the higher temperature of incubation with

antibody destabilizes the interaction of Fab with the VP2 GH loop. As was the case in the

m135 structure, the r135+m37 reconstruction has readily interpretable density for the VP1 N-

terminus exiting at the quasi-3-fold hole. Given that the r135+m37 map appears to be a lower-

resolution (see S1 Table) superposition of two better-determined structures, and not relevant

to biological infection, we elect not to report an atomic model for it.

Possible pentamers of capsid protein VP4

The small myristoylated capsid protein VP4 [27], is believed to play an important role in the

protection of viral RNA (as RNA crosses the gap between virus and membrane) and in the

penetration of host cell membranes [45–47]. In 160S virions, prior to capsid expansion, penta-

mers of poliovirus VP4 lie flat on the inner surface of the capsid, cupping the VP3 beta tube in

a ring of five myristates [2,9,27] (Fig 6, leftmost panel). The N-terminal residues (1–45) of VP4

intertwine in a pinwheel arrangement to form a 60Å diameter disk, while the C-terminal resi-

dues (46–70) extend away from the disk, towards the 3-fold axes, in a 5-pointed star

Fig 4. Receptor catalyzed 135S particle incubated with the anti-VP1 antibody at 25˚C (r135+m25). (A) Radially colored isosurface

rendering of the “late” 135S particle shown at high contour (σ = 5) (left) to highlight the hole at the 2-fold axis and at a lower contour (σ
= 0.5) (right) to highlight binding of the Fab (pink) relative to the capsid. Bar indicates the radial range that each color corresponds to.

(B) The interaction between the Fab density and the capsid is better resolved following a focused classification centered around the

2-fold symmetry axis of the capsid. (C) A focus map from (B) contoured at a σ = 3 compared with the m135 model, helps to visualize the

N-terminus of VP1 (blue) exiting the capsid from the quasi-3-fold hole. The density in this region is poorly resolved in the icosahedral

averaged reconstruction (D) A focused class obtained from the screening data contoured at σ = 3, using a cylindrical mask centered on

the 2-fold axis. This map clearly shows a column of density that accommodates the first 20 amino acids of the N-terminus of VP1 (blue).

The helix bound to the top surface of VP2 (yellow) is stabilized in a unique orientation by contacts with the Fab (pink). Clearly, the

portions of VP2 that bind the base of the helix must be rearranged, in some unknown way that differs from the native conformation of

VP2 that is shown (yellow).

https://doi.org/10.1371/journal.ppat.1008920.g004
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Fig 5. Receptor catalyzed 135S particle incubated with the anti-VP1 antibody at 37˚C (r135+m37). (A) Radially colored isosurface rendering of the “late” 135S

particle that is produced after receptor-catalyzed expanded virus is incubated with anti-VP1 antibody at 37˚C for 1h. Bar indicates the radial range that each color

corresponds to (A). The panel on the left is contoured at a higher level (σ = 5) to show surface details such as holes at the 2-fold and density in the quasi-3-fold. At a

lower contour (σ = 0.1) (right), smeared density due to Fab binding (beige) is apparent. (A and B) The Fab density in r135+m37 appears to be a super-position of the

rod-shaped Fab density that extends over the quasi-3-fold (as seen in m135) and the 2-fold-centered density (as seen in the r135+m25 reconstruction). (C) a close-up

view of the showing the VP1 N-terminus emerging at quasi-3-fold (compare Figs 2C and 4C).

https://doi.org/10.1371/journal.ppat.1008920.g005
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arrangement [2]. In contrast, in 80S empty capsids, most if not all of the RNA is gone and

there is no density for VP4 [34,35] (Fig 6, rightmost panel). But what happens to VP4 in

between those initial and final states?

Our five high-resolution structures of 135S-like particles offer some intriguing indications

that many of the VP4 pentamers may, indeed, remain intact within the virus capsid, with their

distances from the protein shell increasing as the rest of the capsid shifts outward. Like many

other 135S-like expanded picornavirus structures, our maps show a distinct 10 Å thick layer

on the outer surface of the unstructured RNA density (top row center of Fig 1A, and Fig 3A

right). Although this layer has commonly been attributed to RNA [20,24], we believe that its

shape and dimensions are more consistent with VP4.

In "early 135S particles" (i.e. expanded but with the VP1 N-terminus mostly inside), as seen

in the "r135" and "h135" structures, the putative VP4 density is consistently cup-shaped in pro-

file (Fig 6 second panel from left). Seen face-on, the density feature has a radial position and a

diameter similar to that of a native VP4 pentamer. Like VP4 pentamers, the density feature is

around 10 Å thick (which is much too thin to be duplex RNA). As in native virus, the center of

the cup (near the 5-fold axis) contacts the VP3 beta tube; but further from the 5-fold axis,

unlike native virus, the density is seen to curve away from the capsid (as if it were peeling off of

the inner surface of the capsid). Notably, the shape of the density is pentagonal, with a large

central hole, which differs from the star-shaped density of the native pentamer. This would

require some concerted conformational change to occur as the pentamer detached.

Fig 6. Location of VP4 before and after capsid expansion. Profile (top panel) and face-on (lower panel) view of VP4 (green) in native (σ = 2), r135 (σ = 1.2), m135 (σ =

0.7) and empty states (σ = 2). The native orientation and location of VP4 has been preserved to highlight the changes in the density, as the capsid expands. Prior to RNA

release, VP4 pentamers, somewhat rearranged, appear to remain at their original radius, on the outer surface of the RNA ball, as the rest of the capsid expands outward.

https://doi.org/10.1371/journal.ppat.1008920.g006
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In the "late 135S particles" (expanded, with the VP1 N-terminus mostly externalized), as

seen in the m135, r135+m25 and r135+m37 data sets, the cup-shaped density feature is slightly

flatter, and is positioned slightly further away from the inner capsid surface (~14 Å) (Fig 6,

third panels from left).

The proposed identification is supported by the findings of Curry et al. [17], which clearly

showed low levels of VP4 (up to 25% of the levels observed in virions) in highly purified prepa-

rations of poliovirus 135S particles. That study disproved the widely held claim that VP4

(which stains and radiolabels poorly and is difficult to detect in SDS gels optimized for the

larger capsid proteins VP1-3) was totally lacking in 135S particles. Moreover, because VP4

plays a key role in viral infection [47], at least some VP4 must remain present in 135S particles

to explain the observation that these particles remain infectious [17,18]. Together with the bio-

chemical evidence, the position and shape of the density feature suggests that the thin layer

immediately adjacent to the capsid that has previously been attributed to RNA is more likely

to be residual VP4 pentamers that are not externalized until the RNA genome is released.

Discussion

Picornavirus cell-entry is still an area of active research. In the present study we have gained

further insight into the dynamics of the expanded genome-containing infectious intermediate

of poliovirus, which is known as the 135S particle. Importantly, we show that the 135S particle,

which was thought to be a unique structure, is instead an ensemble of structures, that expan-

sion is not completely coupled to externalization the N-terminal extension of VP1, as previ-

ously thought, and that a significant fraction of VP4 remains in partially occupied but well-

ordered structures on the inside of the particle approximately 14 Å from the inner surface of

the remainder of the capsid.

Decoupling expansion and externalization of the VP1 N-terminus

One of the unexpected findings of the current study was the observation of 135S particles that

were expanded but had not externalized the VP1 N-terminus. Thus in the r135 and h135 struc-

tures, where the 135S particles had been prepared by protocols that were believed to result in

both expansion and externalization of the VP1 N-terminus, icosahedrally averaged maps

showed that the VP3 GH loop was in a conformation that blocked the hole at the quasi-3-fold

axes and there was no detectable density for the VP1 N-terminus. Expanded particles with

internal (but ordered) VP1 N-termini have also been observed as a minority population in

preparations of 135S particles of enterovirus D68 [19].

This structural observation appears to contrast with previous structural and biochemical

studies that showed exposed VP1 N-termini in 135S-like particles that were prepared using

protocols similar to the ones that we used to prepare h135 and r135 particles. Specifically, the

exposed N-termini were accessible to proteases and antibodies in the biochemical studies, and

at least partially ordered in the structural studies of 135S particles of poliovirus and other

enteroviruses. Indeed, we observed weak but significant density for the externalized VP1 N-

terminus in a recent intermediate resolution (5.5Å) structure of 135S particles that were pre-

pared using the same heating protocol [14]. To address this apparent discrepancy, we tried

applying our current cryoEM software protocols for classification and data processing to the

older lower-resolution data set and produced a fenestrated reconstruction that lacked signifi-

cant density for the VP1 N-terminus. We conclude that the population of particles included a

mixture of structures, and that the methods used to select particles to be included in the earlier

lower-resolution reconstruction resulted in enrichment in a minority population of particles

with the VP1 N-terminus exposed.
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Where does the VP1 N-terminus exit the virion?

Previous structural and biochemical characterization of the 135S particle of poliovirus (and

other related picornaviruses) using cryoEM, crystallography, and antibody studies, led to a

model wherein, upon expansion, the N-terminus of VP1 initially exits via the 2-fold hole, and

later gets locked into the quasi-3-fold channel through a “gear-shift” motion[14,22,33,36].

However, in none of our recent panel of structures did we observe evidence for such a motion.

Instead, the density for the N-terminus of VP1 in 135S particles, whenever it was externalized

and trapped by an antibody, was consistently observed to occupy the quasi-3-fold channel.

Although we cannot rule out a model in which VP1 transiently exits via a hole at the 2-fold

axis during the dynamic process of externalization, our recent maps suggest that any such

externalized polypeptide is either quickly re-internalized, or quickly migrates to the quasi-

3-fold axis. It is also worth noting that even after a long incubation with the monoclonal anti-

body (m135, r135+m25, and r135+m37), in all cases densities for the VP1 N-terminal exten-

sion and for the antibody were consistently weaker than capsid, which suggests that some VP1

N-termini may remain inside the capsid.

A revised model for the virus-to-135S transition

Taken together our current results suggest a process with three major steps. First, upon bind-

ing to the receptor at 37˚C or exposure to high temperature (50˚C) the virus expands and a sig-

nificant fraction of VP4 is externalized. This step is concomitant with the loss of “pocket

factor” and of internal and external stabilizing interactions among neighboring protomers

through their N- and C-termini and loops on the outer surface. In a second step, the residues

in the VP1 N-terminus are then reorganized such that residues 69–64 run up through the

quasi-3-fold. It is clear that this second step must happen during infection because biochemical

studies show that the VP1 N-terminus is inserted into membranes in in vitro models [11,28]

and during infection [48], and plays a key role in the late stages of viral entry [48]. We would

argue, however, that the externalization of the VP1 N-terminus is transient and reversible on

the time scales relevant to infection (minutes) and that exposure of a significant fraction of the

VP1 N-termini on this time scale requires the presence of a trap. Trapping agents could

include cellular membranes during infection [47], liposomes in in vitro model systems

[11,28,29], or antibodies that bind the VP1 N-terminus once exposed [31,33,36]. In order to

explain the observation of stable structures in which the VP1 N-terminus is clearly external-

ized, we postulate a third step in which the VP1 N-terminus slowly becomes locked on the out-

side of the capsid even in the absence of trapping agents, perhaps by forming stable

interactions with the GH loops of VP3 and VP1, as seen in the m135 structure, in our previous

intermediate-resolution reconstruction of the poliovirus 135S particle [14], and in the struc-

tures of the 135S particles of other enteroviruses [19,20,22–26]. What proportion of the N-ter-

mini are exposed in 135S particles, during natural infections, in the presence of cellular

membranes, is now an open question.

Whither the VP1 N-terminus after leaving the capsid?

Although it is clear that residues 69–64 of the VP1 N-terminus exit the capsid at the quasi-

3-fold, the course of the externalized residues 1–61 that are distal to the exit point is less clear.

In all of our structures, residues 61–56 are disordered. Based on where Fab density is seen, resi-

dues 55–42 (which constitute the antibody binding site) can be located either above a 2-fold

axis (r135+m25), or above a quasi-3-fold axis (m135), or both (r135+m37). Finally, the results

from an earlier low-resolution structure of the 135S particles [40] and the clear density amphi-

pathic helix of VP1 in the r135+m25 structure reported here demonstrates that a significant
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fraction of the first 20 amino acids of VP1 can bind at the top of the EF loop of VP2. These

results are summarized in Fig 7.

Significance of the amphipathic helix of VP1

Earlier studies from our group [11,28] demonstrated the externalization of the VP1 N-termi-

nus and described its role in the binding of 135S particles to membranes. Using floatation

assays and V8-protease-based cleavage of the 135S particles, the membrane-interacting part of

the peptide was localized to the first 30 amino acids in the sequence [11,28]. Further analysis

predicted that the first 20 amino acids would adopt a helical conformation [11], with the helix

having a hydrophobic and a hydrophilic side (a common membrane-interactive structural

motif). Subsequently, single particle cryoEM analysis of V8-cleaved and uncleaved 135S parti-

cles [40] suggested that the externalized VP1 N-terminus would sometimes be anchored on

top of the VP2 EF-loop. However, the density for the amphipathic helix had never been

Fig 7. Schematic of VP1 N-terminal stabilization in the r135+m25 state. Four distinct areas in the N-terminal extension of VP1 (dashed blue curve) can be stabilized

by binding to the Fab (pink) and the viral capsid (grey). This overall binding pattern is suggested by (i) the observation of residues 70–62 in the m135 complex; (ii) the

expectation that amino acids from the 55–42 range (the epitope for the anti-VP1 Ab) will bind to the underside of the anti-peptide mAb; (iii) the anchoring of the N-

terminal helix (around residue 21) to the top surface of VP2; and (iv) the nonspecific stabilization of the amphipathic N-terminal helix along the side of the Fab in a

focus map. Although the pathway of the N-terminal extension is unlikely to be unique, the diagram does help us to understand why the increased prevalence of Fab

moieties at the 2-fold hole (in r135+m25) is evidence for the increased anchoring of the amphipathic helix (residues 1–21) on the top surface of VP2, presumably

stabilized by lower temperature and longer incubation before the antibody is introduced.

https://doi.org/10.1371/journal.ppat.1008920.g007
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visualized directly. In the present study, we were fortunate to be able to visualize clear density

for the entire helix, and to confirm that the helix is located in the same location that the

V8-cleavage difference density from an earlier study [40] had predicted it to be (Fig 4D, S3B

Fig). The fact that the helix is only clearly visible in focused reconstructions from the screening

data set suggests that the interactions between the helix and the VP2 may be weak. However,

we speculate that, even if the localization of the helix at the tip of the VP2 EF loop is transient

at physiological temperature, by increasing the number of copies of the N-termini at a higher

elevation on the virus particle, this interaction may drive the association with membrane, may

facilitate engulfment of the virus particle at the cell surface and internalization into endosomes

[49], and may serve as an asymmetric trigger for the translocation of the genome into the cyto-

sol [29].

Difference in antibody density under different conditions

Another puzzling aspect of the structures presented here is the observation that the Fab in the

complexes produced by incubation with PVR at 37˚C then with antibody at 25˚C binds above

the 2-fold hole, whereas the complexes produced during higher-temperature incubations

showed Fab density above the quasi-3-fold axes. A likely explanation for our observations is

that some of the N-termini of VP1 become externalized via the quasi-3-fold hole during the

initial 3-min incubation with receptor at 37˚C, and their N-terminal helices find the binding

site on the VP2 EF loop, where they remain trapped once the temperature is lowered to 25˚C.

Upon subsequent incubation with antibody at room temperature, this configuration is further

stabilized by nonspecific contacts between the antibody, the VP1 N-terminal helix, and the

VP2 EF loops. In the maps (Fig 4A and 4B), this binding mode manifests as a well-ordered

density that recognizably corresponds to both halves of the Fab portion of the antibody.

In contrast, when the particles are maintained at 37˚C or 39˚C during antibody binding,

the higher temperature reduces the stability of the specific interactions of the VP1 N-terminal

helix with the VP2 EF loop, the nonspecific interactions of the hinges of the Fab with the VP2

EF loop “shoulders”; and the nonspecific interactions of the VP1 helix with the sides of the

Fab. Thus, the 2-fold binding of Fab was reduced at 37˚C, and almost eliminated at 39˚C.

Instead, a greater proportion of the Fab moieties were bound closer to the quasi-3-fold hole,

where Fab orientations were less well-constrained, and the Fab density was consequently more

diffuse. Asymmetric focus maps were calculated for cylindrical volumes near the 2-fold axes to

see if any well-ordered Fab binding sites had been smeared out by symmetry-based density

averaging; but no such well-ordered sites were seen.

Presence of VP4 in an expanded particle

VP4 is a myristoylated, pore-forming protein that is implicated in the translocation the RNA

genome across membranes[27,45,47]. This protein was thought to be completely lost after con-

version to the 135S state [11,12,16]. However, biochemical and infectivity assays indicate that

at least 25% of VP4 remains associated with the virus particle [17], and that the 135S particle

remains infectious [17,18] (Fig 6B and S2 Fig). While these data by themselves do not establish

whether VP4 remains on the interior or if it is otherwise bound to the capsid surface, they do

underscore the presence of VP4 in highly purified 135S particles. In several related picornavi-

ruses, reports of expanded virus structures have noted the disappearance of VP4 from the

inner surface of the capsid, and have attributed all of the unstructured density inside of the

capsid to RNA, including a thin 10-Å-thick layer at the periphery of the icosahedrally-averaged

"RNA ball" [20,24]. However, in our panel of expanded genome-containing structures, we can

alternatively account for the density under the 5-fold peak using a native atomic model of the
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VP4 pentamer (Fig 6). Moreover, an unmistakable gradual curving of the VP4 layer away from

the capsid, peeling off of the inner surface, was seen in the r135 and h135 structures (Fig 6)

that is remarkably similar in appearance to the density that has been ascribed to RNA in previ-

ous studies with other enteroviruses [20,24]. VP4 has the capacity to bind to RNA [50] and

perhaps that is the reason it is being held in place at its original radius in native virus while the

rest of the capsid expands radially. Nevertheless, it remains unclear how VP4, thus separated

from the capsid, possibly still associated with RNA, and with pentamers intact or not, manages

to exit the capsid and to embed itself in the membrane. This will be an important avenue to

explore in understanding the crucial genome-translocation step in picornavirus infection.

Materials and methods

Virus and antibody

Poliovirus type 1 Mahoney strain was purified by infecting Hela S3 suspension cells at an

MOI = 10 for 6hrs at 37˚C. Infected cells were spun down, washed with phosphate buffered

saline (PBS:137 mM NaCl, 2.7 mM KCl, 1.1 mM KH2PO4, 6.5 mM Na2HPO4, 0.7 mM CaCl2,

0.5 mM MgCl2) and frozen at -80˚C. Virus was released from the cells by repeated freeze-thaw-

ing of the infected cell pellet in RSB buffer (10mM Tris pH 7.3, 10 mM NaCl, 1.5 mM MgCl2,

1% IGEPAL CA-630) and clarification of the cell debris through centrifugation. The virus was

pelleted through ultracentrifugation and layered on a CsCl density gradient. Subsequently, the

virus band was collected and dialysed against PBS before being flash frozen in liquid nitrogen

and stored at -80˚C.

The anti-VP1 monoclonal antibody (one of two monoclonal antibodies in a pan-Enterovi-

rus ELISA detection kit) was obtained from Quidel (Athens, Ohio).

Plaque assay

Vero cells were grown in 6-well plates until confluency at 37˚C and 5% CO2. The cells were

then infected with serial dilutions of poliovirus. At 36 h post-infection cells were fixed with

10% formaldehyde and stained with 0.1% crystal violet.

In vitro generation of poliovirus 135S and 135S-like particles

Anti-VP1 antibody triggered 135S-like particles were generated by mixing 18μL of virus sus-

pension (0.4mg/ml) with 3μL of anti-VP1 antibody (3.2mg/ml) and incubated for 1.5 h at

39˚C in a thermal cycler. (Over numerous trials, these conditions of temperature and duration

maximized the proportion of mAb-decorated RNA-containing virus particles. Complexes

with Fab fragments were also attempted but did not produce detectable levels of decoration).

To generate 135S particles, PV suspension was first buffer exchanged into a low salt buffer

(20mM Tris-Cl pH 7.5, 2mM MgCl2). The receptor-triggered conversion of PV was induced

by mixing 18.6μL of PV (0.5mg/ml) with 0.4μL of PVR/CD155 (6.1mg/ml) on ice before incu-

bating at 37˚C for 3 min. The reaction was quenched on ice. Heat-triggered 135S particles

were generated by heating native PV (in the low salt buffer) to 50˚C for 3 min, before quench-

ing the reaction on ice. The r135+m25/37 particles were produced by incubating PV with

PVR, as described above, followed by the addition of the anti-VP1 mAb (150x molar excess

over virus) and incubation at 25˚C or 37˚C for 1 h.

Cryo-electron microscopy and data collection

Carbon-backed lacey grids (Ted Pella) were glow discharged in an easiGLO (PELCO, Fresno,

California) glow discharge unit by applying a current of 15mA for 30s. To the freshly glow-
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discharged grids, 3.0–3.5μL of virus or virus-ligand mixture was applied. The samples were

then allowed to adsorb on the grid for 30 s before blotting away the excess buffer using a blot

force of 6 and blot time of 6 s in a FEI Vitrobot Mark IV (ThermoFisher). The grids were

plunge frozen in a liquid ethane slush and stored in liquid nitrogen until imaging. Data collec-

tion parameters are listed in S1 Table.

Image processing

Image processing of micrographs was performed within Relion 3.0 [51]. Individual movie

frames were aligned and dose-weighted with the Relion implementation of motion correction

by applying a negative B-factor of -150 [52]. CTF parameter estimation was performed using

Gctf v1.06 [53] on dose-weighted micrographs. Particle-picking was performed in crYOLO

[54] by training the neural network on an initial subset of ~300 manually picked particles from

several micrographs sampling a range of defocus values. Subsequently, the particle picker was

deployed on the complete dataset to identify and save particle co-ordinates which were then

imported into Relion. The picked particles were extracted, binned by 4 and subjected to a sin-

gle round of 2D classification and obviously junk classes were discarded prior to 3D classifica-

tion. The particle stack was refined against a representative class obtained at the end of the 3D

classification. After the first round of refinement, the dataset was subjected to CTF refinement

[52] by estimating beam tilt, per-particle defocus and astigmatism followed by Bayesian polish-

ing [52] with default parameters. Icosahedral symmetry was imposed in every round of refine-

ment and the reference model was filtered to 60 Å to prevent model bias. The final resolution

(0.143 gold standard FSC) of the structures (S1 Table) was obtained through the Postproces-

sing job type in Relion, where a density-based mask enclosing the capsid was applied to esti-

mate the FSC between two independently processed half datasets. Local resolution estimates

were also obtained by running the Relion’s implementation of local resolution algorithm.

Asymmetric focused classes

After assignment of icosahedral orientations to the particle images, a cylindrical mask was pre-

pared using SPIDER [55] with a diameter of 105Å, centered on the viral 2-fold and enclosing

two copies of the quasi 3-fold axis. The initial height of 475Å was then limited to a spherical

shell by applying minimum cutoff at 154Å. Then, using relion_particle_symmetry_expand a

new STAR file containing 60 icosahedrally related orientations for each particle in the stack

was generated. This symmetry expanded stack was then subjected to a masked 3D classifica-

tion routine in which orientational and translational searches were disabled, the T-value was

set to 40, and 5 density classes were generated.

Model building and refinement

A starting model for m135 was assembled from 1HXS and previously published high-resolu-

tion structures of the expanded poliovirus structures [34,56] were docked into the density

using COOT [57]. Where none of the pre-existing models for the density fit well, the segments

were constructed de novo.

Models were iteratively built and refined in REFMAC5 and/or phenix_refine and/or phe-

nix_real_space_refine, until no further improvement was possible [58–60]. To avoid model

bias, the Fourier transforms of the experimental maps (both amplitudes and phases) were used

as refinement standards. The model included a central protomer (VP1, VP2, and VP3) and

neighboring proteins related by icosahedral symmetry. Strong restraints were included for ste-

reochemistry, symmetry, and temperature factors.
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Figure preparation

Figures and illustrations were prepared using PyMol (Schrödinger, LLC), Chimera [61], Chi-

meraX [62] sourced through the SBGrid Consortium [63] and compiled in Adobe Illustrator

(Adobe, USA)

Supporting information

S1 Fig. Resolution and quality of maps. (A) Representative, raw micrographs of the datasets

used in the analysis, (B) Masked (continuous line) and unmasked (dotted line) Fourier shell

correlation plots of m135 (red), r135 (green), h135 (cyan), r135+m25 (blue) and r135+m37

(purple). At a 0.143 cut-off level, the resolution estimates range from 2.8 to 3.6Å. (C) Local res-

olution estimates in all the maps were calculated using Relion and the distribution of resolu-

tion values within in the masked region is plotted. (D) In the best resolved dataset (m135),

individual amino acid side chains are easily discriminated.

(TIF)

S2 Fig. Binding of anti-VP1 mAb to the VP1 N-terminus and infectivity of mAb released

poliovirions. (A) The anti-VP1 antibody specifically recognizes and binds the N-terminus of

VP1 only after the N-terminus has been externalized at 39˚C. Poliovirus particles were com-

plexed with the antibody at room temperature or at 39˚C for 1.5 h and immunoprecipitated

with magnetic Protein A coated beads. After thorough washing of the beads to remove

unbound material, the samples were examined on SDS-PAGE gels. Lane 1, Ladder; lane 2, PV

particles only; lane 3, antibody; lane 4, soluble fraction of antibody plus 160S PV after binding

at RT; lane 5, pelleted fraction of antibody plus 160S PV after binding at RT; lane 6, soluble

fraction of antibody plus 160S PV after binding at 39˚C; lane 7, pelleted fraction of antibody

plus 160S PV after binding at 39˚C. Bottom panel, silver staining of the gel to enhance the rela-

tively weak VP4 signal (B) Expanded poliovirus particles are infectious. Native (160S) poliovi-

rus particles previously incubated with anti-VP1 antibody at room temperature or at 39˚C for

1.5 h were immunoprecipitated with magnetic Protein A coated beads. After thorough wash-

ing of the beads to remove unbound material, the beads were freeze-thawed to release poliovi-

rus particles. Released poliovirus was serially diluted and plated on naïve Vero cells. After 36 h

of incubation at 37˚C, plaques were visualized by staining with crystal violet.

(TIF)

S3 Fig. Visualising poliovirus VP1 N-terminus. (A) Asymmetric focused classes calculated

for the r135+m25 dataset with percentage population per class. Class3 is depicted in Fig 4B

and 4C. (B) Difference density, shown here in stereo, was calculated from previously published

low-resolution reconstructions of poliovirus 135S particles, either untreated or treated with V8

protease, which cleaves at residue 31 of VP1. As a guide, we have superimposed an alpha car-

bon model of r135+m25. The blue alpha helix (putatively residues 1–21 of VP1) was fitted to a

focused class of r135+m25 (as shown in Fig 4D and 4E). Observe that the putative VP1 helix

model, bound to the top of VP2, is similar in position and orientation to the previously

reported difference map feature.

(TIF)

S1 Table. Data collection parameters and refinement statistics. �The r135+m25 model,

which includes placeholders for the Fab and VP4 densities, was calculated with phenix_refine,

using its automatic choice of weighting schemes. Other final atomic models were refined with

Refmac5, using stronger stereochemical restraints.

(TIF)
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S2 Table. List of residues that differ from the native structure. �Differently ordered residues

are those residues that significantly differ in position from the native model (1HXS) following

a least squares superposition of individual capsid proteins.

(TIF)
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42. Gómez Yafal AG, Kaplan G, Racaniello VR, Hogle JM. Characterization of poliovirus conformational

alteration mediated by soluble cell receptors. Virology. 1993; 197: 501–505. https://doi.org/10.1006/

viro.1993.1621 PMID: 8212594

43. Wetz K, Kucinski T. Influence of different ionic and pH environments on structural alterations of poliovi-

rus and their possible relation to virus uncoating. Journal of General Virology. Microbiology Society;

1991; 72: 2541–2544. https://doi.org/10.1099/0022-1317-72-10-2541 PMID: 1655960

44. Tsang SK, McDermott BM, Racaniello VR, Hogle JM. Kinetic analysis of the effect of poliovirus receptor

on viral uncoating: the receptor as a catalyst. Journal of Virology. American Society for Microbiology

Journals; 2001; 75: 4984–4989. https://doi.org/10.1128/JVI.75.11.4984-4989.2001 PMID: 11333877

45. Panjwani A, Strauss M, Gold S, Wenham H, Jackson T, Chou JJ, et al. Capsid protein VP4 of human

rhinovirus induces membrane permeability by the formation of a size-selective multimeric pore. Rey FA,

editor. PLoS Pathog. Public Library of Science; 2014; 10: e1004294. https://doi.org/10.1371/journal.

ppat.1004294 PMID: 25102288

46. Tosteson MT, Chow M. Characterization of the ion channels formed by poliovirus in planar lipid mem-

branes. Journal of Virology. American Society for Microbiology; 1997; 71: 507–511. https://doi.org/10.

1128/JVI.71.1.507-511.1997 PMID: 8985378

47. Danthi P, Tosteson M, Li Q-H, Chow M. Genome Delivery and Ion Channel Properties Are Altered in

VP4 Mutants of Poliovirus. Journal of Virology. American Society for Microbiology Journals; 2003; 77:

5266–5274. https://doi.org/10.1128/jvi.77.9.5266-5274.2003 PMID: 12692228

48. Kirkegaard K. Mutations in Vp1 of Poliovirus Specifically Affect Both Encapsidation and Release of Viral

RNA. Journal of Virology. American Society for Microbiology (ASM); 1990; 64: 195–206. https://doi.org/

10.1128/JVI.64.1.195-206.1990 PMID: 2152812

49. Brandenburg B, Lee LY, Lakadamyali M, Rust MJ, Zhuang X, Hogle JM. Imaging Poliovirus Entry in

Live Cells. Sugden B, editor. Plos Biol. Public Library of Science; 2007; 5: e183. https://doi.org/10.1371/

journal.pbio.0050183 PMID: 17622193

50. McGregor S, Mayor HD. Biophysical and biochemical studies on rhinovirus and poliovirus. II. Chemical

and hydrodynamic analysis of the rhinovirion. Journal of Virology. American Society for Microbiology

(ASM); 1971; 7: 41–46. https://doi.org/10.1128/JVI.7.1.41-46.1971 PMID: 5543433

51. Zivanov J, Nakane T, Forsberg BO, Kimanius D, Hagen WJ, Lindahl E, et al. New tools for automated

high-resolution cryo-EM structure determination in RELION-3. eLife Sciences. 2018; 7: 163. https://doi.

org/10.7554/eLife.42166 PMID: 30412051

52. Zivanov J, Nakane T, Scheres SHW. A Bayesian approach to beam-induced motion correction in cryo-

EM single-particle analysis. IUCrJ. 2019; 6: 5–17. https://doi.org/10.1107/S205225251801463X PMID:

30713699

53. Zhang K. Gctf: Real-time CTF determination and correction. Journal of Structural Biology. 2016; 193:

1–12. https://doi.org/10.1016/j.jsb.2015.11.003 PMID: 26592709

54. Wagner T, Merino F, Stabrin M, Moriya T, Antoni C, Apelbaum A, et al. SPHIRE-crYOLO is a fast and

accurate fully automated particle picker for cryo-EM. Commun Biol. 2019; 2: 218. https://doi.org/10.

1038/s42003-019-0437-z PMID: 31240256

55. Frank J, Radermacher M, Penczek P, Zhu J, Li Y, Ladjadj M, et al. SPIDER and WEB: processing and

visualization of images in 3D electron microscopy and related fields. Journal of Structural Biology. 1996;

116: 190–199. https://doi.org/10.1006/jsbi.1996.0030 PMID: 8742743

56. Strauss M, Schotte L, Thys B, Filman DJ, Hogle JM. Five of Five VHHs Neutralizing Poliovirus Bind the

Receptor-Binding Site. Dermody TS, editor. Journal of Virology. American Society for Microbiology;

2016; 90: 3496–3505. https://doi.org/10.1128/JVI.03017-15 PMID: 26764003

57. Emsley P, Cowtan K. Coot: model-building tools for molecular graphics. Acta Crystallogr Sect D Biol

Crystallogr. International Union of Crystallography; 2004; 60: 2126–2132. https://doi.org/10.1107/

S0907444904019158 PMID: 15572765

58. Murshudov GN, Vagin AA, Dodson EJ. Refinement of macromolecular structures by the maximum-like-

lihood method. Acta Crystallogr Sect D Biol Crystallogr. International Union of Crystallography; 1997;

53: 240–255. https://doi.org/10.1107/S0907444996012255 PMID: 15299926

59. Afonine PV, Poon BK, Read RJ, Sobolev OV, Terwilliger TC, Urzhumtsev A, et al. Real-space refine-

ment in PHENIX for cryo-EM and crystallography. Acta Crystallogr D Struct Biol. International Union of

Crystallography; 2018; 74: 531–544. https://doi.org/10.1107/S2059798318006551 PMID: 29872004

PLOS PATHOGENS Picornavirus entry-intermediate structure

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008920 September 30, 2020 25 / 26

https://doi.org/10.1128/JVI.79.12.7745-7755.2005
http://www.ncbi.nlm.nih.gov/pubmed/15919927
https://doi.org/10.1128/JVI.64.10.4697-4702.1990
https://doi.org/10.1128/JVI.64.10.4697-4702.1990
http://www.ncbi.nlm.nih.gov/pubmed/2168959
https://doi.org/10.1006/viro.1993.1621
https://doi.org/10.1006/viro.1993.1621
http://www.ncbi.nlm.nih.gov/pubmed/8212594
https://doi.org/10.1099/0022-1317-72-10-2541
http://www.ncbi.nlm.nih.gov/pubmed/1655960
https://doi.org/10.1128/JVI.75.11.4984-4989.2001
http://www.ncbi.nlm.nih.gov/pubmed/11333877
https://doi.org/10.1371/journal.ppat.1004294
https://doi.org/10.1371/journal.ppat.1004294
http://www.ncbi.nlm.nih.gov/pubmed/25102288
https://doi.org/10.1128/JVI.71.1.507-511.1997
https://doi.org/10.1128/JVI.71.1.507-511.1997
http://www.ncbi.nlm.nih.gov/pubmed/8985378
https://doi.org/10.1128/jvi.77.9.5266-5274.2003
http://www.ncbi.nlm.nih.gov/pubmed/12692228
https://doi.org/10.1128/JVI.64.1.195-206.1990
https://doi.org/10.1128/JVI.64.1.195-206.1990
http://www.ncbi.nlm.nih.gov/pubmed/2152812
https://doi.org/10.1371/journal.pbio.0050183
https://doi.org/10.1371/journal.pbio.0050183
http://www.ncbi.nlm.nih.gov/pubmed/17622193
https://doi.org/10.1128/JVI.7.1.41-46.1971
http://www.ncbi.nlm.nih.gov/pubmed/5543433
https://doi.org/10.7554/eLife.42166
https://doi.org/10.7554/eLife.42166
http://www.ncbi.nlm.nih.gov/pubmed/30412051
https://doi.org/10.1107/S205225251801463X
http://www.ncbi.nlm.nih.gov/pubmed/30713699
https://doi.org/10.1016/j.jsb.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26592709
https://doi.org/10.1038/s42003-019-0437-z
https://doi.org/10.1038/s42003-019-0437-z
http://www.ncbi.nlm.nih.gov/pubmed/31240256
https://doi.org/10.1006/jsbi.1996.0030
http://www.ncbi.nlm.nih.gov/pubmed/8742743
https://doi.org/10.1128/JVI.03017-15
http://www.ncbi.nlm.nih.gov/pubmed/26764003
https://doi.org/10.1107/S0907444904019158
https://doi.org/10.1107/S0907444904019158
http://www.ncbi.nlm.nih.gov/pubmed/15572765
https://doi.org/10.1107/S0907444996012255
http://www.ncbi.nlm.nih.gov/pubmed/15299926
https://doi.org/10.1107/S2059798318006551
http://www.ncbi.nlm.nih.gov/pubmed/29872004
https://doi.org/10.1371/journal.ppat.1008920


60. Adams PD, Afonine PV, Bunkóczi G, Chen VB, Davis IW, Echols N, et al. PHENIX: a comprehensive

Python-based system for macromolecular structure solution. Acta Crystallogr Sect D Biol Crystallogr.

International Union of Crystallography; 2010; 66: 213–221. https://doi.org/10.1107/

S0907444909052925 PMID: 20124702

61. Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera?A

visualization system for exploratory research and analysis. J Comput Chem. 2004; 25: 1605–1612.

https://doi.org/10.1002/jcc.20084 PMID: 15264254

62. Goddard TD, Huang CC, Meng EC, Pettersen EF, Couch GS, Morris JH, et al. UCSF ChimeraX: Meet-

ing modern challenges in visualization and analysis. Protein Science. 2018; 27: 14–25. https://doi.org/

10.1002/pro.3235 PMID: 28710774

63. Morin A, Eisenbraun B, Key J, Sanschagrin PC, Timony MA, Ottaviano M, et al. Collaboration gets the

most out of software. eLife Sciences. eLife Sciences Publications Limited; 2013; 2: e01456. https://doi.

org/10.7554/eLife.01456 PMID: 24040512

PLOS PATHOGENS Picornavirus entry-intermediate structure

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008920 September 30, 2020 26 / 26

https://doi.org/10.1107/S0907444909052925
https://doi.org/10.1107/S0907444909052925
http://www.ncbi.nlm.nih.gov/pubmed/20124702
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1002/pro.3235
https://doi.org/10.1002/pro.3235
http://www.ncbi.nlm.nih.gov/pubmed/28710774
https://doi.org/10.7554/eLife.01456
https://doi.org/10.7554/eLife.01456
http://www.ncbi.nlm.nih.gov/pubmed/24040512
https://doi.org/10.1371/journal.ppat.1008920

