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Abstract

To counteract hand, foot, and mouth disease-causing viruses such as enterovirus A71 and

coxsackievirus A6, virus-like particles (VLPs) have emerged as a leading contender for the

development of a multivalent vaccine. However, VLPs have shown rapid conversion from a

highly immunogenic state to a less immunogenic state and low particle integrity lifetimes

compared to inactivated virus vaccines, thus raising concerns about their overall stability.

Here, we produce VLPs to investigate capsid stability using cryogenic electron microscopy

(cryo-EM), mass spectrometry (MS), biochemical assays, and atomic force microscopy

(AFM). In contrast to prior studies and prevailing hypotheses, we show that insect-cell pro-

duced enterovirus VLPs include encapsidated RNA fragments with viral protein coding

sequences. Our integrated approach reveals that CVA6 VLPs do not undergo viral matura-

tion, in contrast to virions; that they can encapsidate RNA fragments, similarly to virions; and

that despite the latter, they are more brittle than virions. Interestingly, this indicates that

CVA6 VLP stability is more affected by lack of viral maturation than the presence of RNA.

Our study highlights how the development of VLPs as vaccine candidates should encom-

pass probing for unwanted (viral) RNA content and establishing control of their maturation to

enhance stability.

Author summary

To counteract hand, foot, and mouth disease-causing viruses such as enterovirus A71 and

coxsackievirus A6, virus-like particles (VLPs) have emerged as a leading contender for the

development of a multivalent vaccine. Here, we produce VLPs to investigate capsid stabil-

ity using cryogenic electron microscopy (cryo-EM), mass spectrometry (MS), biochemical

assays, and atomic force microscopy (AFM). In contrast to prior studies and prevailing

hypotheses, we show that insect-cell produced enterovirus VLPs include encapsidated

RNA fragments with viral protein coding sequences. Our integrated approach reveals that
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CVA6 VLPs do not undergo viral maturation, in contrast to virions; that they can encapsi-

date viral RNA fragments, similarly to virions; and that despite the latter, they are more

brittle than virions. Interestingly, this indicates that CVA6 VLP stability is more affected

by lack of viral maturation than the presence of RNA. Our study highlights how the devel-

opment of VLPs as vaccine candidates should encompass probing for unwanted (viral)

RNA content and establishing control of their maturation to enhance stability.

Introduction

Hand, foot, and mouth disease (HFMD) is becoming an increasingly concerning issue in the

South-East Asian region [1]. Although vaccination campaigns against the conventionally most

prevalent strain, enterovirus A71 (EV-A71), were initially successful, the emergence of other

HFMD-causing viruses, most notably coxsackievirus A6 (CVA6), has tempered these suc-

cesses. To combat the resurfacing of new disease-causing strains, the development of a multi-

valent vaccine would be highly beneficial. Virus-like particles (VLPs) have been proposed as a

superior alternative to the conventional inactivated vaccines currently commercially available

[2]. Due to their non-replicating and non-infectious nature, resulting from their proposed lack

of genomic RNA, and their surface structure that is capable of triggering immune responses at

similar or higher levels than their native virion counterparts, VLP vaccines offer substantial

advantages [3].

CVA6 and EV-A71 are both viruses of the Enterovirus genus. All members of this genus

have a positive sense RNA genome of ~7.5 kbp (kilobase pairs), consisting of a 5’ untranslated

region (5’ UTR), a single open reading frame, and a polyadenylated 3’ UTR. The open reading

frame encodes a 260 kDa polyprotein that comprises three regions P1, P2, and P3 [4,5]. P1 har-

bors the structural proteins that form the capsids, while P2 and P3 encompass the non-struc-

tural proteins responsible for the processing and replication of the viral RNA. Following

translation and post-translational modification, the viral polyprotein undergoes a series of

stepwise cleavage events, resulting in the generation of protein precursors, a subset of which

exhibit distinct functionalities, such as proteolytic activity (e.g. the 3CD protein can cut the P1

region in the individual viral proteins VP0-VP1-VP3). Ultimately, this process concludes with

the production of 11 mature viral proteins and the formation of stable pentamers, derived

from the capsid proteins. This is succeeded by the assembly of procapsids (assembly interme-

diate), which, at the culmination of the replication process, can undergo conversion into the

active virus (virion) [6].

Several studies have attempted to increase the thermostability of VLPs by subjecting virions

to random mutagenesis during cultivation at elevated temperatures and then performing

reverse engineering to introduce these mutations into VLPs [7,8]. This methodology has been

successfully applied to poliovirus (PV) and enterovirus A71 (EV71) at laboratory scales, and

could be adapted for other (enterovirus) VLPs [9–11]. The stability of the native configuration

of enteroviruses relies on the presence of a lipid molecule, denoted the pocket factor, in a

region at the base of the canyon within VP1 (hydrophobic pocket) [12]. Moreover, the conver-

sion of their capsids from the highly immunogenic native state (D-antigen for PV; N-Ag for

other enteroviruses) to the less immunogenic state (C-antigen for PV; H-Ag for other entero-

viruses) is linked to dissociation of the pocket factor [13–15]. Although improved stability in

these studies primarily refers to thermostability, which can prevent the conversion from N-Ag

to H-Ag, thermostability does not necessarily imply other forms of stability. To date, no studies

have investigated the differences in mechanical stability between the two candidate particles
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that are being used and developed for enterovirus vaccine purposes: the immunogenic N-Ag

native virions and VLPs.

For enhanced safety, expression systems can replicate the natural morphogenesis of the

virus to generate VLPs without the use of all viral proteins. An example of such a platform is

the baculovirus expression vector system (BEVS), requiring only the expression the P1 poly-

protein and 3CD protein to produce enterovirus VLPs [16–21]. The baculovirus expression

vector system, which exploits Baculoviridae (baculovirus or BacV) to produce viral proteins of

interest (or other proteins), exhibits a narrow host range. Although baculoviruses can enter

mammalian cells, they are not pathogenic to humans, nor can they replicate in these types of

cells [22]. This system offers not only relatively high yields and the potential for higher-order

organism PTMs, but also an additional safety advantage.

Structurally, virions and VLPs differ in three major ways: First, native virions contain the

full-length genomic RNA, whereas VLPs may either be empty or contain host cell proteins or

mRNA–including the transcripts of the baculovirus expression vectors—and impact their sta-

bility [23]. While some VLPs mimicked after viruses other than the Enterovirus genus have

been shown to carry random polynucleotides inside, enteroviruses seem atypical in this respect

[24]. To date, the literature reports of a lack of RNA associated with enterovirus VLPs [25–28].

Second, native virions have the viral capsid protein VP0 cleaved into VP2 and VP4, whereas

VLPs (generally) have VP0 intact. The mechanism responsible for VP0 cleavage remains cur-

rently unidentified, although it has been postulated that RNA may play a role in initiating this

process. Third, native virions contain lipid pocket factors in the hydrophobic pockets of the

canyons in VP1, whereas for VLPs produced in higher-order eukaryotes, initially contain a

lipid pocket factor in a condensed configuration that can undergo transition into an expanded

state with loss of the pocket factor [10,11,26]. The pocket factor stabilizes the capsid when in

transit between cells and unbinding destabilizes it after attachment prior to uncoating [29,30].

VP0 cleavage and pocket factor rebinding represent the final stages of enterovirus morphogen-

esis in vivo, collectively termed viral maturation. Notably, pocket factor rebinding follows the

cleavage of VP0 in enterovirus morphogenesis process (or vice versa), indicating a likely inter-

connection between these two processes [6]. All three differences significantly alter the mecha-

nistic properties of the particles, potentially leading to variations in particle integrity lifetimes.

To investigate these possible differences, we performed a biophysical characterizations of

the CVA6 VLP and their native virion counterpart. We used cryogenic electron microscopy

(cryo-EM) to investigate the structural dissimilarities between VLPs and virions, biochemical

assays to assess the ability of enterovirus-like particles to encapsidate RNA with viral protein

coding sequences (vRNA), AFM nanoindentation experiments to explore the mechanical

properties of VLPs and virions derived from two virus strains, and mass spectrometry to inves-

tigate the cleaving of the VP0. The integration of these four techniques enabled a comprehen-

sive understanding of the biophysical properties and capabilities of enterovirus VLPs. Our

results reveal that VLPs do contain RNA with viral protein coding sequences and that viral

maturation is likely the cause of the increased stability of virions. This knowledge can serve as

a foundation for the development of future stable vaccines.

Results

In this work, we produced EV-A71 and CVA6 VLPs using a previously published baculovirus

construct [31] (Fig 1A) together with optimized production and purification protocols to pro-

duce high yield batches of pure VLPs. Sucrose density gradient (SDG) ultracentrifugation was

employed in the final step of purification to separate VLPs from contaminants. Based on anti-

VP1 western blot analysis, the fraction with the highest concentration of viral proteins was
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determined to be 25–30% sucrose (Fig 1B). Subsequently, the purity of this fraction was evalu-

ated by SDS PAGE analysis. This revealed few protein bands other than the expected ones

encoded in our baculovirus vector, suggesting high purity of the VLPs (Fig 1C). Moreover, the

produced viral proteins were individually identifiable, both for EV-A71 VLPs and CVA6 VLPs

(Fig 1C left and right, respectively), despite the former being detected at significantly lower

intensity. Evaluation of the CVA6 VLP gel revealed overlapping bands for VP0 and VP1, con-

sistent with their highly similar molecular weights (36 kDa and 35 kDa, respectively)[26]. This

difference is more pronounced for the EV-A71 viral proteins, allowing for the distinct observa-

tion of individual bands in this case. Negative stain electron microscopy analysis confirmed

the high purity of both the EV-A71 and CVA6 VLPs, as backgrounds signals were negligible

and protein aggregates were absent (Fig 1D).

We then proceeded to biophysical studies of these VLPs, starting with cryo-EM to examine

their structure. Here, because the yield of CVA6 VLPs was consistently higher than that of

EV-A71 VLPs, we focused on CVA6 VLP to obtain their high-resolution 3D reconstruction.

This allowed us to firstly, compare our CVA6 VLP to previously reported structures of CVA6

VLPs, virions, and procapsids; and secondly, confirm the lack of viral maturation in VLPs as

previously demonstrated [26,27]. Single-particle analysis with 44,582 particles yielded an icosa-

hedral CVA6 VLP capsid structure at 3.15 Å overall resolution (Fig 2A and Fig A in S1 Text).

The structure of the CVA6 VLP revealed typical surface features associated with enteroviruses,

such as the prominent star-shaped plateau (mesa) at the 5-fold-symmetry axes, a narrow can-

yon-like depression surrounding the mesa, and an open channel situated at the 2-fold axes

(Fig 2B and Fig A in S1 Text)[26]. Furthermore, the cryo-EM reconstruction revealed that the

independent precursors of the particles (protomers) consisting of the three viral proteins

(VP0,VP1, and VP3) were highly similar to the previously reported structure[26] (Fig 2B and

Fig 1. Production and evaluation of EV-A71 and CVA6 VLPs. (A) Construct design for EV-A71 and CVA6 VLP production using the baculovirus

expression vector system and a previously described construct[31]. In short, both the P1 region, which encodes for the structural proteins, and the 3CD

protease of the EV-A71 and CVA6 virus origins were inserted behind the polyhedrin and CMV promoters, respectively. (B) Western blot against the VP1

proteins of EV-A71 and CVA6. Samples originated from sucrose density gradient (SDG) fractions harvested and pooled based on sucrose percentage. For VLP

production from both virus origins, the 25–30% SDG fractions were identified as most promising as they revealed the highest band intensities. (C) SDS PAGE

results of the most promising SDG fractions for EV-A71 and CVA6 VLP samples. Both samples displayed protein bands for VP0, VP1, and VP3, albeit with

dimmer bands for EV-A71. For CVA6, the bands for VP0 and VP1 overlap due to their highly similar molecular weights (36 kDa and 35 kDa, respectively), as

can be observed by the increased intensity relative to other bands. (D) Negative stain electron microscopy images of EV-A71 (left) and CVA6 (right) VLPs.

https://doi.org/10.1371/journal.ppat.1012873.g001
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Fig B in S1 Text). However, in our reconstruction we noted differences in the size of the parti-

cles and in the openings along the 2-fold axes (Fig 2B and Fig B in S1 Text). Further analysis

using the root-mean-square deviation of atomic positions (RMSD) indicated that these differ-

ences were minor. The structure of our CVA6 VLP matched well with those of the CVA6 pro-

capsid (RMSD between 189 pruned atom pairs: 0.729 Å; across all 207 pairs: 1.181 Å) [32] and

the previously reported CVA6 VLP (RMSD between 196 pruned atom pairs: 0.917 Å; across all

221 pairs: 1.354 Å) [26] (Fig B in S1 Text). Despite these minor differences between the previ-

ously published CVA6 VLP structure and ours, both structures indicated an absence of the

pocket factor (Fig 2C). This provides a first indication of a lack of viral maturation in these

particles. The second indication hereof, also deduced from the cryo-EM structure (Fig 2B),

was the absence of the characteristic VP0 cleavage into VP2 and VP4. This absence of cleavage

concurred with both the structural features of the CVA6 procapsid and the previously reported

CVA6 VLP structure [26,27].

We separately investigated the issue of viral maturation in the CVA6 VLPs using mass spec-

trometry (MS). With a sequence coverage of>80%, our MS data unequivocally revealed the

presence of this concatenated VP0 protein and indicated extremely low concentrations of VP4

and VP2 (Fig C in S1 Text). Both VP4 and VP2 terminal peptides were ~3 orders of

Fig 2. Cryogenic electron microscopy analysis of CVA6 VLPs: absence of pocket factor and increased electron density at the particle’s center. (A)

Representative cryo-EM micrograph of CVA6 VLPs. (B) Cryo-EM structure of CVA6 VLPS viewed along the five-fold axis. The surface representation is

segmented and colored by VP chain (VP0 = green; VP1 = purple; VP3 = blue). A single asymmetric unit (ASU) is highlighted. A close up of the ASU in

two viewing orientations is also shown. (C) Comparison of the hydrophobic binding pocket on VP1 of our VLP structure (left) and the CVA6 virion[14]

(right) showing the absence or presence of the pocket factor. (D) Radially averaged intensity profile of CVA6 VLP 3D density map, showing that there is

higher intensity of something in the center.

https://doi.org/10.1371/journal.ppat.1012873.g002
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magnitude lower in response compared to the VP0 proteotypic peptide. Thus, on the basis of

both our cryo-EM and MS findings, we conclude that viral maturation did not occur at a sig-

nificant level in our VLPs.

Our 3D reconstruction and associated radial intensity averages reveal weak, but unstruc-

tured, density signal in the particle interior (Fig 2D and Fig A and B in S1 Text). Additional

analysis of the center cross section of these particles confirmed this signal (Fig 2D). Such an

increase in electron density within viral capsids could be associated with the presence of

nucleic acids or large proteins [24,33]. Among individual classes, we observed spatial variation

in such increases of electron density, suggesting that the underlying structure is dynamic in

nature, shifting in position, orientation, or both. Cryo-EM data processing will tend to average

out such dynamic behavior, precluding resolution of the underlying structure. While previous

enterovirus VLP reconstructions did not detect the presence of RNA (center is masked out in

the CVA6 structure) [26], we consider the presence of RNA to be the most plausible explana-

tion for this observed increased density, whereby this RNA could change conformation or ori-

entation within the VLP particle. This hypothesis is supported by the fact that RNA is readily

available as a transcription product from the BacV vector and that some VLPs are able to

attract random polynucleotides to the inside of the particles through electrochemical interac-

tions [24].

To investigate whether CVA6 VLPs contain RNA, we employed a particle stability thermal

release assay (PaSTRy) [34]. First to ensure that the potentially detected RNA signals origi-

nated from inside the particles, we treated the main batch of CVA6 VLP samples with RNase

(Fig 3A), while leaving a separate sample untreated as a control. This treatment ensured the

elimination of any RNA present in the environment surrounding the CVA6 VLPs (Fig 3A).

Next, the PaSTRy assay (Fig 3B) detects genome release through the binding of a fluorescent

dye (SYBR Green) to nucleic acids released from the capsids upon temperature elevation. As

the temperature was elevated to 60˚C and higher, a major fluorescence peak was observed

(Fig 3B), originating from RNA binding to the fluorescent dye and the accumulation of signal.

Notably, the observed temperature threshold was consistent with the previously observed

release temperature of viral genomes for enteroviruses [35]. In this way, we could establish

that the VLPs harbored RNA. As SYBR Green binds RNA indiscriminately, the assay could

not, however, discern whether the RNA present in the capsids was viral or host cell-derived in

origin.

To independently verify the PaSTRy results and investigate the origin of the detected RNA,

we next performed RT-qPCR experiments in which VP1-specific primers that target a part of

the P1 region of the CVA6 genome are employed. Consequently, the presence of RNA with

viral protein coding sequences (vRNA) in this assay should result in the presence of a 176 bp

PCR-product (amplicon). Thus, both RNase-treated and untreated samples were subjected to

chemical capsid disruption, any RNA present was isolated and purified (Fig 3A), and RT-

qPCR carried out. Signals were observed for positive controls (Fig 3C, PC1-PC4, blue), the

RNase-treated CVA6 VLPs (Fig 3C, dark green triplo curves), and untreated CVA6 VLPs

(Fig 3C, light green triplo curves). This observation signified the presence of P1 vRNA in these

samples. Only the positive control experiment with the most substantial dilution of plasmid

containing the P1 region (Fig 3C, PC5, orange curve) did not yield observable signal, which

we presume simply resulted from the signal falling below the detection limit. As expected, neg-

ative controls did not show detectable signal (Fig 3C, red curve). Another noteworthy observa-

tion was the delayed surpassing of the cycle threshold of the RNase-treated sample (Fig 3C,

dark green triplo curves) in comparison to the untreated sample (Fig 3C, light green triplo

curves). This implied the release of a low amount of RNA from the capsids, into the surround-

ing environment, likely as a consequence of VLP disintegration over time.
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To exclude the possibility that some of the signal originated from primer pairs hybridizing

with each other and amplification rather than detection and amplification of the desired region

(amplicon), particularly e.g. in samples showing relatively low fluorescence signal (Fig 3C,

light blue and both green curves), we additionally visualized the RT-qPCR product on a 1.0%

agarose gel (Fig 3D). The gel revealed the presence of the 176 bp amplicon for both the CVA6

VLP samples (with or without RNase treatment) (Fig 3D, CVA6 -RNase and CVA6 +RNase).

Furthermore, the same 176 bp amplicon was present in in all positive controls, expect for the

final one, as previously described (Fig 3D, PC1 –PC5). Conversely, this amplicon was notably

absent in the negative control (Fig 3D, NC). The additional band at the lowermost region of

the gel, situated well below the 0.1 kbp marker (Fig 3D), revealed the presence of the primers.

Fig 3. Detection of RNA presence in CVA6 VLPs. (A) Schematic representation of the PaSTRy and RT-qPCR assay used to probe for the presence of RNA

outside the VLP capsids. The VLPs were divided into two samples: the first was treated with RNAse to eliminate any RNA outside of the particles, while the

second remained untreated. For the PaSTRy assay, particle disruption is accomplished through temperature elevation, aiming to pinpoint the precise moment

of disruption. For the qRT-PCR, both samples were chemically disrupted to extract any RNA present from the capsids, after which this RNA was purified. If

VLP production were to result in a substantial presence of RNA exterior to the capsids, one would expect to observe a substantial difference in the RT-qPCR

signal between the RNase-treated and untreated samples. Figure produced with Biorender. (B) PaSTRy results, depicted as the conventional melting curve

(fluorescence change with respect to temperature), for both RNase-treated (dark green) and untreated (light green) CVA6 VLPs indicated a distinct peak

starting at ~60˚C, which correlates with the temperature for enterovirus genome release. This indicated that purified CVA6 VLP samples contained RNA.

Negative controls that monitored the nucleic acid specific SYBR Green dye (red) indicated no signal, thereby confirming the absence of RNA presence. (C) RT-

qPCR on untreated (light green) and RNase-treated (dark green) CVA6 VLPs with CVA6 specific primers indicated the presence of CVA6 RNA. Positive

control (PC), comprising a plasmid containing the coding sequences for P1 and 3CD, was used in five serial 100-fold dilutions (dark-light blue, and orange).

Negative control, devoid of viral RNA or DNA to validate the correct execution of the assay, is in red. (D) The products of the RT-qPCR reactions were loaded

onto a 1.0% agarose gel. Positive controls PC dil.1 –PC dil. 4 indicated the 176 bp amplicon (indicated with arrow). The positive control with the highest

dilution (PC dil.5) and the negative control did not indicate this amplicon. Both the RNase-treated (CVA6 +RNase) and untreated (CVA6 -RNase) CVA6 VLP

samples also showed this amplicon at the same band intensity, indicating a highly similar concentration of RNA. All samples indicated the primer pairs at the

bottom of the gel (indicated by arrow).

https://doi.org/10.1371/journal.ppat.1012873.g003
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Taken together, the positive fluorescent signal in Fig 3C, as well as the presence of a 176 bp

amplicon in Fig 3D for both the RNase-treated and untreated samples, corroborated the find-

ing obtained through the PaSTRy, thus confirming the presence of RNA within the capsids.

Additionally, the minor differences observed in the cycle threshold values (Fig 3C) and band

intensities on gel (Fig 3D), which are indicative of the RNA quantity, between the two samples

provide further evidence that the majority of the RNA originated from within the capsids. Cru-

cially, these findings underscore the importance of investigating the presence of viral RNA

(fragments) in VLPs, as the primers used are specific to the P1 gene, which is also present in

the wild-type virus.

To further investigate the content of the CVA6 VLPs, mass photometry experiments were

performed (Fig F in S1 Text). The results revealed a broad distribution, indicating heterogene-

ity in the VLP content. Four populations were identified (red Gaussian fits) which approxi-

mately correlated with the molecular weights of the empty particle (~3.8 MDa) and particles

containing RNA fragments coding for proteins 3C (~0.34 MDa), 3D (~0.86 MDa), and the P1

region (~1.59 MDa). Differences observed between the theoretical value (~5.4 MDa) and peak

of the Gaussian fit (~5.1 MDa) for the P1 peak may have arisen from the Gaussian fits applied

to the data and the limited statistical sample size. Alternatively, the differences between the

four found molecular weights could have arisen from the various cleavage products of P1 or

filling with the intact 3CD product (~1.2 MDa).

Having demonstrated that CVA6 VLPs contain RNA, we next wondered whether its pres-

ence could influence capsid stability, as has been postulated previously [36–39]. To probe this,

we compared the mechanical properties of VLPs and virions using AFM nanoindentation,

which has previously been used to study structures at both the micro and nanoscale [40] and

reported on the mechanical properties of lipoproteins, bacteriophages, and protein capsids

[41–44]. First we used the AFM imaging mode to visualize capsids before (Fig 4A) and after

(Fig 4B) nanoindentation in order to determine their status (intact, buckled, broken, col-

lapsed, etc.). Then we used the AFM force spectroscopy mode to directly apply a force to the

capsids using the AFM cantilever (nanoindentation). This allowed us to probe the ability of

capsids to withstand such a force as deduced by monitoring the corresponding extent of capsid

deformation. At capsid failure (corresponding to a loss of structural integrity), we deduced the

corresponding critical force and critical indentation (Fig 4C). These experiments were carried

out for both CVA6 virions and VLPs (Fig 4). In addition, to identify whether the results were

conserved across the Enterovirus genus, they were repeated on virions and VLPs originating

from enterovirus A71 (Fig D in S1 Text).

It has been hypothesized that the viral maturation process, characterized by a reorganiza-

tion of the viral capsid proteins, results in a condensation of the particle [45]. This condensa-

tion is thought to result in an up to 5% decrease in size of mature virions compared to

expanded state VLPs [14,26,27,33,46]. As we did not observe signatures of viral maturation in

our VLPs (Figs 2C and 3), their capsid sizes could be expected to be larger than those of the

corresponding virions. Analysis of AFM images indicated that both VLPs and virions, regard-

less of their origin, had a similar average diameter of approximately 29 nm (Table A in S1

Text; Fig 4D and Fig D in S1 Text). However, given that the error bars are roughly 5% of the

total size, possible differences in size fall within the experimental error.

From the subsequent nanoindentation experiments, we could determine several parameters

that quantify the mechanical properties of VLPs and virions. It is imperative to note that our

virions underwent inactivation through formaldehyde treatment. However, we have estab-

lished that this process did not significantly alter their physical properties (Fig E in S1 Text).

We first determined the viral capsid spring constant, an indicator of the stiffness of the particle

(and defined as the slope of the linear response regime between externally applied force and
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particle deformation). The spring constant was calculated using previously established meth-

odology [47] (see Methods). For CVA6, the average spring constants were determined to be

0.4 ± 0.2 N/m for virions (Fig 4E blue and Table A in S1 Text) and 0.3 ± 0.2 N/m for VLPs

(Fig 4E violet and Table A in S1 Text). Statistical analysis indicated no significant difference

between the virions and VLPs in regard to their mean spring constants.

For any material, the Young modulus (E) is deduced from the slope of the linear regime

between stress and strain and is a size-independent parameter, in contrast to the spring con-

stant. To convert the spring constant to the Young’s modulus, we utilized a published method-

ology [47,48] that assumes that the capsid is a spherical shell undergoing small deformations

(i.e., in this idealized scenario, the particle is assumed to be made of a homogenous material

with a constant radius and shell thickness [49]), resulting in the relationship kcap ¼ aEh2

R , where

h is the shell thickness, R is the outer radius, and α is a proportionality factor dependent on the

geometry of the particle. To employ this formula, we assumed a value of 1 for α (shown to be a

reasonable approximation for various capsids [42,47,48,50]). The outer radius was obtained by

the AFM for each particle independently and shell thickness were obtained from the Virus

Particle Explorer database [51]. This allowed us to deduce values of the Young’s modulus

Fig 4. Comparison of mechanical properties of CVA6 VLPs and virions via AFM. (A) Example AFM image of an CVA6 VLP prior to nanoindentation. (B)

The same CVA6 VLP after nanoindentation. (C) Force-indentation curve on CVA6 VLP obtained by AFM, highlighting the critical force (green in nN) and the

corresponding critical indentation (red in nm). The spring constant was obtained as described previously [47] by first fitting the initial part of the force-

displacement curve (purple) to a linear function to yield the total spring constant of the cantilever-particle system. The spring constant of the cantilever was

separately obtained from calibration prior to each experiment [47]. (D) Heights of VLPs (blue) and virions (violet) as determined by AFM measurements. (E)

Viral spring constant (N/m) for VLPs (blue) and virions (violet). (F) Critical force (nN) for VLPs (blue) and virions (violet). (G) Critical indentation (nm) for

VLPs (blue) and virions (violet). P values are indicated by asterisks: p<0.001 (***), n.s.: not significant.

https://doi.org/10.1371/journal.ppat.1012873.g004
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0.2 ± 0.1 GPa (CVA6 virions) and 0.2 ± 0.1 GPA (CVA6 VLPs). These values are both similar

to each other, as expected from the similarity of the corresponding spring constants, and to

previously reported values for Hepatitis B virions and CCMV empty capsids [48,52].

Lastly, we examined the propensity to structural failure of the CVA6 VLPs and virions by

determining the critical force that could be applied to them (Fig 4C, green) and the extent to

which they could be indented (critical indentation; Fig 4C, red). Here, we found significant

differences between virions and VLPs. Virions (Fig 4F, violet and Table A in S1 Text) exhib-

ited a higher critical force than VLPs (Fig 4F, blue and Table A in S1 Text), indicating their

ability to withstand higher forces before failure. Additionally, we observed a higher critical

indentation for virions (Fig 4G, violet and Table A in S1 Text) compared to VLPs (Fig 4G,

blue and Table A in S1 Text). This suggests that virions can undergo substantially greater

deformation than VLPs before reaching a point of structural failure. From the AFM measured

height, spring constant, critical force and critical indentation, consistency was observed across

the Enterovirus genus, with EV-A71 exhibiting the same trends as CVA6 (Fig D in S1 Text).

Discussion

Enterovirus virions and virus-like particles are thought to differ in three primary ways: the

presence of RNA, the cleavage of VP0 into VP2 and VP4, and the occupation of the hydropho-

bic pocket by a pocket factor [14,26,27,33,46]. These three differences are thought to impact

capsid stability and influence viral maturation[15,53–55]. For example, the presence of RNA is

generally regarded to enhance the stability of the viral capsids, likely through capsid-RNA

interactions, as observed in several Picornaviridae [14,56,57]. To obtain a comprehensive

understanding of these three distinctive differences, including their influence on particle sta-

bility and thus potentially integral lifetimes, we performed structural, biophysical, and bio-

chemical characterization of CVA6 and EV-A71 VLPs.

Surprisingly, PaSTRy and RT-qPCR results (Fig 3A–3D), together establish the presence of

RNA fragments inside CVA6 VLPs, which is consistent with weak additional, albeit non-inter-

pretable, density in the interior of the VLP cryo-EM density indicative of encapsulated/encap-

sidated material. It needs to be noted that the RNA, which may originate from multiple

sources including host-cell and BacV transcripts, did not clearly bind the capsid or form a coat

on its inside, as is observed in virions[14] (Fig B in S1 Text). However, we cannot exclude that

only a fraction of the particles encapsulated RNA in a more stable manner, and this phenome-

non might be averaged out in the cryo-EM analysis. Nonetheless, a more plausible scenario is

that the P1 RNA either does not constitute the RNA-capsid interactions or is too short to sus-

tain stable binding to the capsid. Nonetheless, the presence of vRNA fragments in the capsids

raises uncertainty regarding the first hypothesized difference between enterovirus virions and

VLPs. This finding contrasts with previous reports on other enterovirus VLPs such as poliovi-

rus VLPs, and specifically with the previous structure determinations of CVA6 VLPs [25–28].

Because none of these studies indicated any density at the center of the particles and biochemi-

cal experiments investigating their content were not conducted, they did not produce evidence

either for or against the presence of host cell mRNA or vRNA. Potential explanations for the

observed differences in RNA presence and particle structure between the current study and

previous works include variations in reaction conditions, differences in expression platforms

or production organisms, and the absence of in-depth biochemical analysis. Our discovery of

vRNA fragment presence within an enterovirus VLP is important because it demonstrates

that, depending on the preparation conditions, enterovirus VLPs can indeed contain internal

components. Although no viral RNA fragments are detected in our production process, the

presence of such fragments in any other production platform can raise concerns about
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potential harboring and internalization of infectious RNA. Therefore, this necessitates rigor-

ous evaluation of VLPs before they can be considered viable candidates for vaccine

development.

Moving onto the two signatures of viral maturation, our analysis of our CVA6 VLPs using

cryo-EM (Fig 2B) and MS (Fig C in S1 Text) revealed that both of these signatures were

absent. In our CVA6 VLPs, VP0 remained intact, and the EM density for the pocket factor was

absent. These structural features are fully consistent with previous work [26]. Consequently,

the second and third postulated distinctions between virions and VLPs are confirmed.

It has been hypothesized that the presence of RNA can trigger viral maturation. It is known

that in enteroviruses many of the residues that play a crucial role in viral maturation are

located in the P1 region, which is encapsidated in a subpopulation of our VLPs (Fig F in S1

Text). For example, in poliovirus, conserved residues 195H (VP2) and 194P (VP2), located

near the scissile bond, play a vital role in promoting VP0 cleavage [13,58,59]. Similarly, residue

107H (VP1) is proposed to regulate VP0 maturation in EV-A71 [60]. The present work shows

that RNA coding for the CVA6 P1 region is available and packaged into the CVA6 VLPs (Fig

3C,D) [61]. Taken together with the lack of observable VP0 cleavage and binding of a pocket

factor in VLPs (Fig 2B and Fig C in S1 Text), this leads to the conclusion that the presence of

P1 vRNA alone is insufficient to complete the viral maturation process. This suggests that

CVA6 vRNA may not be the sole factor responsible for triggering viral maturation and that

other processes must be involved. This contrasts with findings obtained for other enterovi-

ruses: for example, for hand, foot, and mouth disease virus it has been demonstrated that viral

maturation is dependent on genomic RNA and occurs only when the capsid proteins are in

contact with it [36,37,62]. These different findings indicate that further research is required to

comprehend the role of vRNA and other factors in the maturation of virus capsids more fully.

Lastly, we looked into the impact of RNA presence or viral maturation on the mechanical

properties of viral capsids using AFM nanoindentation experiments. Our results showed that

the CVA6 VLPs and CVA6 virions have identical Young’s moduli in both their mean and stan-

dard deviation, namely 0.2 ± 0.1 GPa (Table B in S1 Text). This value is comparable to those

reported for other viruses, such as cowpea chlorotic mottle virus (CCMV) [48], hepatitis B

virus (HBV)[52], immature murine leukemia virus (MLV)[63], and Norwalk VLPs [64]. In

contrast, it is significantly lower than the Young’s modulus measured for bacteriophages λ and

Ф29 [42,65]. Substantial differences in mechanical characteristics between dsDNA bacterio-

phages and viruses that self-assemble around their genome have been previously reported and,

are suggested to be attributable to differences in capsid assembly pathways [52]. Bacterio-

phages have an active, ATP-driven packaging machinery for their DNA, whereas CCMV and

MLV self-assemble while simultaneously integrating their RNA into the capsid. In the self-

assembly scenario, the RNA is unlikely to exert high pressures onto the viral capsids, as it is

not forcefully introduced into the particles. The present results on CVA6 fit into this picture.

The observed differences in critical force (Fig 4F) and critical indentation (Fig 4G) indicate

that CVA6 VLPs can withstand less force and deformation prior to structural failure than their

virion counterparts. These findings might a priori be interpreted as implying that the presence

of RNA in virions provides additional stabilization to their capsids. However, as we have

shown that CVA6 VLPs also contain vRNA fragments (Fig 3C, 3D), the mere presence of

vRNA is not sufficient for stabilization. A likely alternative explanation is that the viral matura-

tion (Fig 2A, 2B, and Fig C in S1 Text) induces the enhanced stability of virions over VLPs

(Fig 4F–4G). Viral maturation as a trigger for capsid stabilization is in agreement with the

understanding that the attachment of the pocket factor to virions enhances capsid stability

during intercellular transit and that its detachment results in destabilization after cell attach-

ment but prior to uncoating[29,30,66].
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Overall, the reduced stability of VLPs has significant implications for their use as vaccines.

To achieve comparable stability to that of virions, artificial methods of inducing viral matura-

tion or alternative means of stabilizing the capsids must be explored. Ultimately, this may be a

critical factor in the success of VLP vaccines in the future.

Materials & methods

Construction of recombinant baculoviruses

Previously reported construct optimizations for the production of enterovirus A71 (EV-A71)

indicated that the highest viral protein yields were obtained using the P1 and 3CD coding

sequences behind the polh and CMV promoters, respectively [31]. Two transfer plasmids, con-

taining the aforementioned genes originating from EV-A71_C4 and CVA6 [67], respectively,

were amplified using E. coli JM109 competent cells (Promega) and isolated using NucleoBond

Xtra Midi EF (Macherey-Nagel). The amplified transfer plasmids were verified by double

digestion using multiple restriction enzyme pairs. To construct the recombinant baculovirus,

the transfer plasmid and flashBAC GOLD DNA (Oxford Expression Technologies) were co-

transfected into Sf9 cells (Gibco). The two different baculovirus stocks for the EV-A71 and

CVA6 origin viral proteins were designated BacV-EV-A71 and BacV-CVA6, respectively. The

baculovirus was propagated over the course of three passages and titered by the end-point-

dilution method using Sf9 Easy Titer (Sf9ET) (Kerafast) cells according to the manufacturer’s

protocol.

VLP production & purification

Production of EV-A71 and CVA6 VLPs was accomplished by infection of High Five cells

(Gibco). Erlenmeyer culture flasks (1 l) with 400 ml working volumes of 1.0 * 106 cells/ml Hi5

cells were infected by either BacV-EV-A71 or BacV-CVA6 (MOI 0.001 and 5, respectively) in

Sf-900IISFM (Gibco). Subsequently, the following steps were carried out on each culture. First,

the culture was centrifuged (Heraeus) at 3,000 rpm for 15 min at 4˚C. The pellet was discarded,

and the supernatant was supplemented with Triton X-100 (final concentration 0.1%) to pre-

vent protein aggregation. The supernatant was double filtered using 0.45 μm and 0.22 μm filter

(Millex). The filtered supernatant was subjected to sucrose cushion ultracentrifugation (30%

W/W sucrose in PBS) for 5 h at 141,000 × g. The pellet was resuspended in 1 ml phosphate-

buffered saline (PBS, Gibco) and subjected to another centrifugation (10,000 × g, 10 min),

after which the pellet was discarded and the supernatant was applied onto a discontinuous

sucrose density gradient (SDG) (15–45% W/W sucrose in PBS) and ultracentrifuged for 3 h at

141,000 × g (ThermoFisher Scientific). The SDG was harvested by 1 ml sampling from the top.

Samples were pooled into 8 concentration ranges based on the percentage of sucrose (0%-15%,

15%-20%, 20%-25%, 25%-30%, 30%-35%, 35%-40%, 40%-45%, and 45%-50%), whereby the

sucrose density was measured by refractometer (Hanna instruments).

Virion production and purification

EV-A71 and CVA6 inactivated virions were provided by Intravacc B.V.

SDS PAGE & Western blot

To confirm the viral protein production of EV-A71 and CVA6, VP1 (both origins) western

blot analysis and SDS PAGE were performed. For this, 40 μl of each culture was mixed with

10 μl loading buffer (Intravacc) and heated at 100˚C for 15 min. Then, 15 μl of each mixture

was loaded on NuPAGE 10% Bis-Tris gel (Invitrogen) and electrophoresis was performed at
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200 V for 45 min. The gel was washed three times for 5 min using purified water. Depending

on the purpose of the gel, it was subjected to either staining or overnight blocking (see sections

below).

SDS PAGE

The gel was stained with Imperial protein stain (Thermo Fisher Scientific) for 1 h and

destained in multiple cycles and overnight using purified water.

Western blot

The proteins were blotted onto a nitrocellulose membrane (ThermoFisher Scientific) using a

semi-dry blotting machine (Hoefer) run at 60 mA for 60 min. The membrane was washed two

times in wash buffer (PBS + 0.1% W/W Tween 20 (Sigma-Aldrich)) and blocked overnight at

4˚C (PBS + 0.1% Tween 20 (Sigma-Aldrich), and 0.5% Protifar (Nutricia)). Next, the mem-

brane was incubated with 1:1,000 of either mouse anti-EV-A71-VP1 (Abnova,

MAB1255-M08) or rabbit anti-CVA6-VP1 (ThermoFisher Scientific, PA5-112001) in block

buffer for 90 min on a roller incubator. The membrane was washed five times using wash

buffer and incubated with 1:2,000 of either goat anti-mouse IgG Human ads-AP (Southern

Biotech, 1030–04) or goat anti-rabbit IgG Human ads-AP (Southern Biotech, 4050–04) in

block buffer for 90 min on a roller incubator. The membrane was washed three times using

wash buffer and once using purified water. The membrane was colored using AP conjugate

substrate kit (BIO-RAD, 1706432). The colorization reaction was terminated by the addition

of an excess of purified water.

Atomic force microscopy

AFM sample preparation. Prior to AFM measurements, the stock solutions of the viral

particles were diluted 8 times using phosphate buffered saline (PBS, Sigma-Aldrich). A hydro-

phobic glass cover slip was applied as the substrate to immobilize the viral particles during

AFM measurements. The hydrophobic coating on the glass cover slip was obtained by apply-

ing a hexamethyldisilazane (Sigma-Aldrich) treatment as described previously [42,47]. A drop-

let of 20 μl diluted stock solution was deposited on this hydrophobic glass cover slip. After 15

min incubation at room temperature, another 800 μl PBS was added to a liquid receptacle for

subsequent AFM imaging and nanoindentation.

AFM imaging and nanoindentation

Imaging and nanoindentation experiments of the viral particles were conducted by AFM

(NanoWizard, JPK). All experiments were performed in PBS. Before AFM imaging, the canti-

lever (qp-Bio AC CB2, Nanosensors) with a nominal spring constant of 0.1 N/m was calibrated

using the contact-based method. The parameters for imaging both the virions and the VLPs in

quantitative imaging (QI) mode were kept constant, and the setpoint for imaging was set at

0.07 nN.

After imaging, nanoindentation was performed at the center of a viral particle. The nanoin-

dentation procedure was carried out according to a previously published protocol [47]. The

settings for nanoindentation were kept constant and set as follows: Z length, 200 nm; setpoint,

3 nN; loading rate, 50 nm/s. Before and after indenting the targeted viral particle, indentations

were performed on the glass substrate adjacent to the viral particle to confirm the cleanliness

of the tip. Finally, the indented viral particle was imaged again to visualize the structural state

of the particle following nanoindentation.
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Data processing

The viral spring constant of the particles was calculated using a previously published method

[47], in which the initial part of the Force-Displacement (F-Z) curve obtained from AFM

nanoindentation was fitted to a linear function. Its slope yielded the total spring constant of

the cantilever-particle system, and the spring constant of the cantilever was obtained from the

above described calibration [47]. As this fit yielded the total spring constant of the cantilever-

particle system, the spring constant of the particle could then be extracted in conjunction with

independent calibration of the cantilever [47].

The F-Z curve can be converted to Force-Indentation (F-D) curve using previously pub-

lished methodology [47] in order to extract the critical force and critical indentation of the

viral particle. The critical force was measured from the ordinate of a discontinuous point on

an F-D curve, and the critical indentation was measured from the abscissa of the same discon-

tinuous point.

Due to the convolution of the tip with the sample, the corrected height was used as the size

of the measured viral particle. The corrected height was calculated using previously published

methodology [47] that corrects for the imaging force-induced particle deformation. Unless

specified otherwise, the heights mentioned are corrected heights.

To evaluate the similarity or difference of independently measured quantities in different

experiments, the one-way ANOVA method of statistical analysis was conducted using Origin

software. Unless otherwise noted, stated errors are standard deviation (SD).

Electron microscopy

Negative stain. Negative stain transmission electron microscopy was employed for the

direct visualization of VLPs. Of each DSP fraction, 3 μl sample solution was dispensed on glow

discharged EM grids (Quantifoil, carbon-supported, Cu-400) incubated for 60 s and blotted

away using filter paper. To increase the particle concentration on the carbon support this pro-

cedure was repeated three times. Next, grids were subjected to two wash cycles using 10 μl

PBS. Excess liquid was blotted away using filter papers. Staining was performed using 2% ura-

nyl acetate for 1 min. Excess liquid was blotted away using filter paper. Imaging was performed

using a JEOL JEM-1400plus TEM operated at 120 kV and micrographs were acquired on a

TVIPS F416 CMOS camera at multiple magnifications.

Cryo-EM

Grid preparation. Quantifoil Cu-200 R 2/1 grids with a continuous carbon layer (2 nm)

were glow discharged (Quorum GloQube,18 mA, 90 seconds). Immediately after glow dis-

charging, 3 μl of CVA6 VLPs was applied to the grids, incubated for 3 min on the surface of

the grid in a Leica GP2 vitrification robot at 99% humidity and 20˚C before blotting for 10 s

from the carbon side of the grid and then immediate flash-cooling in liquid ethane.

VLP data collection. VLP-containing grids were imaged on a JEM 3200FSC (JEOL),

operated at 300 kV and with a 20 eV slit (centered at 0 eV) inserted below the omega energy fil-

ter. Images were recorded on a K2 Summit direct electron detector (Gatan) at a magnification

of 40k, corresponding to a pixel size of 0.975 Å at the specimen level. Image acquisition was

performed using SerialEM [68] and micrographs were collected with a defocus range of 0.5–

2.5 μm and a cumulative electron exposure of 57.23 e/ Å2. A total of 643 micrographs were col-

lected from a single grid, with a single shot performed per grid-hole.

VLP data processing. Image processing was performed with Cryosparc V4.2.1 [69]. Ini-

tially, patch motion correction was done to correct for stage drift and beam-induced move-

ment, and then the selected micrographs underwent patch contrast transfer function (CTF)
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estimation and were manually curated to remove poor quality micrographs. Using a manual

blob picker with a box size of 512 pixels, 200 particles were selected and subjected to 2D class

averaging to generate references for the template picker tool. A total of 44,582 usable particles

were finally selected after multiple iterations of 2D classification and particle picking. An initial

model was generated ab initio from the selected particle set imposing icosahedral symmetry.

This model was further refined using homogeneous refinement to result in an initial cryo-EM

map at 3.6 Å resolution. The model was further improved by refining per-particle defocus,

per-group CTF parameters and by using Ewald sphere correction, resulting in a final 3D vol-

ume at 3.15 Å overall resolution.

RNA presence determination

Particle stability thermal release assay. Purified CVA6 VLPs were mixed 1:4 with SYBR

Green II RNA gel stain (500X) in a final volume of 50 μl in a 96 well plate (Lightcycler 480

Multiwell, Roche). PCR was run with 0.03˚C/s increments, 17 measurements/˚C, with a tem-

perature ramp from 37˚C to 95˚C. Measurements were taken using FAM green channel (520

nm). The negative control (NC) in this experiment consisted of a template-free sample. Data

was analyzed using Microsoft Excel.

Reverse transcription and polymerase chain reaction. The purified CVA6 VLPs were

split into two 150 μl samples. One of the samples was treated with 1:100 RNaseI (Thermo

Fisher Scientific) to a final concentration of 0.1 U/ml, and incubated for 30 min at 37˚C. Sub-

sequently, both treated and untreated VLP samples underwent viral RNA isolation using the

NucleoSpin RNA virus kit (Macherey-Nagel), as per the manufacturer’s protocol. The isolated

RNA was subject to RT-qPCR using the LightCycler Multiplex RNA Virus master kit (Roche),

using a custom running protocol (Table 1) and primers (Table 2). Of the PCR product, 15 μl

was mixed with 3 μl 6X loading dye (NEB, Cat#B7024), and the entire 18 μl was loaded onto a

1.0% TAE agarose gel. The gel was run for 1 h at 100 V in TAE buffer, stained for 30 min in

ethidium bromide (final concentration 0.25 μg/ml), and destained for 10 min in purified

water. The positive controls comprised a serially diluted plasmid containing the P1 region and

were employed not only to serve as an experimental procedure control but also to establish the

lower detection limit. The negative control (NC) in this experiment consisted of a template-

free sample. Data was analyzed using Microsoft Excel.

Table 1. RT-PCR running protocol.

Step Temperature (˚C) Time (mm:sec) Cycle Ramp (˚C/sec)

RT step 50 10:00 1 4.4

Denaturation 95 00:30 1 4.4

Denaturation 95 0:05 45 4.4

Annealing 56 0.10 45 -

Extension 60 0:30 45 2.2

Cooling 37 0:10 1 2.2

https://doi.org/10.1371/journal.ppat.1012873.t001

Table 2. Primers used for RT-PCR for the detection of viral CVA6 RNA.

Primer Sequence (5’➔ 3’)

CVA6 Probe [FAM]CGGCGCTGCTGCACGAATCCC[BHQ1]

CVA6 Fw TACTCTAGGGCTGGTCTGGT

CVA6 Rv TCGTTCAGGTTGGAGACGAA

https://doi.org/10.1371/journal.ppat.1012873.t002
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Mass spectrometry

Protein and peptide identification was performed in triplicate, using the bottom-up approach.

Briefly, 10 μl of CVA6 VLP sample was incubated in 0.1% Rapigest SF (Waters Corporation,

Milford MA, USA) and 100 mM phosphate buffer pH = 7.4 (Merck KGaA, Darmstadt, Ger-

many) for 30 min at 80˚C to denaturate the VLPs. Protein reduction and alkylation was

accomplished with TCEP and Iodoacetamide (Thermo Fisher Scientific, Waltham MA, USA)

essentially as described by the supplier’s protocol. Subsequently, proteolytic digestion was per-

formed with 400 ng of sequencing grade trypsin (Promega, Madison WA, USA) and overnight

incubation at 37˚C. Rapigest was removed by the addition of TFA (Merck KGaA, Darmstadt,

Germany) to a final concentration of 1 vol% and incubation at Room Temperature for 1 hr.

After centrifugation, an aliquot of the clear supernatant was subjected to nanoscale reversed-

phase liquid chromatography electrospray mass spectrometry [70]. Peptides were loaded on a

trapping column (Reprosil-Pur C18-AQ 5 μm (Dr. Maish, Ammerbuch-Entringen, Germany);

20 mm long × 100 μm inner diameter, packed in-house) using solvent A (0.1 vol% Formic acid

(Merck KGaA, Darmstadt, Germany) in water for 10 min at a column flow rate of 3 μl/min.

Subsequently, the peptides were separated by reversed-phase chromatography on an analytical

column (Reprosil-Pur C18-AQ 3 μm (Dr. Maish, Ammerbuch-Entringen, Germany); 35 cm

long × 50 μm inner diameter, packed in-house) at a column flow rate of 125 nL/min. The gra-

dient was started with 5 vol% solvent B (0.1 vol% Formic acid in acetonitrile (Biosolve BV,

Valkenswaard, The Netherlands) to 45 vol% in 10 min, followed by a second increase of sol-

vent B to 85 vol% in 5 min.

Mass spectrometric data was acquired on a Tribrid Orbitrap Fusion Lumos (Thermo Fisher

Scientific, Waltham, MA; USA) equipped with a Nanospray Flex Ion Source. Full scan MS1

spectra were acquired with a scan mass range of 350–1,500 Th at 120,000 resolution (FWHM)

with an Orbitrap readout and internal mass calibration performed on each scan. Precursor

ions with charge states between 1–4 and intensities >10,000 counts were selected for Colli-

sion-Induced Dissociation (CID) fragmentation (MS2 scans) with a normalized collision

energy of 35% and an Ion Trap readout. Targeted m/z-values for the tryptic peptides discrimi-

native for VP0-cleavage, i.e. C-terminus of VP4, N-terminus of VP2 and the overlapping

VP4-VP2 peptide (the latter indicative for intact VP0) were included to prioritize the MS2

scan on these proteotypic peptides.

Peptide and protein identifications have been performed with Peaks X (Bioinformatics

Solutions Inc., Waterloo ON, Canada), using a concatenated protein database of VP0, VP1,

VP2, VP3 and VP4 from CVA6. Dynamic modifications were deamidation of Asparagine (N)

and Glutamine (Q) and oxidation of Methionine (M). A fixed modification was acetamidation

of Cysteine (C). Semi-specific cleavage of Trypsin has been selected. Precursor and product

ion mass tolerances were set at 3 ppm and 0.4 Da, respectively.

Mass Photometry experiments

All mass photometry experiments were carried out at room temperature using a OneMP

instrument (Refeyn). Sample wells were analyzed by adhering a 6-well silicone gasket to a

clean cover glass. For each measurement, 18 μL of PBS was added to a new sample well, and

the interface between the buffer and the cover glass surface was focused. Subsequently, 2 μL of

sample was introduced into the same well. The binding of CVA6 VLPs to the cover glass sur-

face was imaged and recorded for 2 minutes at a frame rate of 1 kHz. Each sample well was

used only once. Reproducibility of the mass photometry measurements was validated through

independent experiments using the same sample. All mass photometry images were processed

and analyzed using DiscoverMP (Refeyn). The interference intensities of the CVA6 VLPs were
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converted to masses through calibration with known mass standards (MassFerence P2;

Refeyn).

Supporting information

The supplementary information consists of 6 supplementary figures and 3 supplementary

tables describing:

The EM workflow. Related to Fig 2.

The structural comparison of our VLPs to published structures. Related to Fig 2.

The MS analysis. Related to Fig 2.

The mechanical parameters (spring constant, critical force, critical indentation, and Young

modulus) measured by AFM. Related to Fig 4.

The AFM comparative measurements for EV71 to the CVA6 VLPs and virions. Related to

Fig 4.

The AFM investigation into the influence of the inactivation process on the stability of the

capsids. Related to Fig 4.

The numerical values from the AFM measurements and used for Young moduli calcula-

tions. Related to Fig 4.

The mass photometry data of our VLPs.

S1 Text. Fig A. Cryo-EM processing workflow in Cryosparc. (A) Raw micrograph process-

ing on CryoSPARC and steps required to proceed with 2D classification. (B) 2D classes of

selected particles. (C) Ab initio reconstruction of cryo-EM density using Icosahedral symme-

try. (D) Homogeneous refinement of map that resulted in 3.15 Å resolution. The final density

map obtained can be viewed in cyan through its 5-fold and 2-fold symmetry axes. (E) Quality

assessment metrics. (upper left) GSFSC resolution as computed from the processing software

CryoSPARC, indicates a final map resolution of 3.15 Å resolution. (upper right) Local resolu-

tion of the final map plotted on the surface of the map as a colour gradient that ranges from

2.8–3.8 Å. (lower left) Euler angle distribution plot that shows the angular distribution of the

particles (lower right) Model vs FSC plot evaluates the map-to-model fit match at 0.5 thresh-

old. Related to Fig 2. Fig B. Evaluation of the increased density at the center of the VLPs.

(A) Comparison of the cryo-EM density of the current study VLP (blue), EMD_6829 (yellow),

EMD_6752 (green) and EMD_14186 (purple), shown from the face of the 5-fold axis, (1st col-

umn), the 2-fold axis (2nd column), and the central slice of each particle (3rd column). (B)

Graphical plot of the normalized radial intensity of each particle density plotted against the

radius (Å). (C) Comparison of the pdb models of the ASUs of the VLP originating from this

study (blue), 5yhq (yellow), and 5xs5 (green) rotated along the x axis by 90˚ from left to right.

Related to Fig 2. Fig C. LCMS analysis assessing the cleavage of the viral protein VP0 as

indicator of viral maturation. (A) Full VP0 amino acid sequence, with VP4 and VP2 indi-

cated in red and green, respectively. Bold and underlined indicates the concatenated VP4/VP2

sequence of the proteotypic peptide for VP0 upon digestion. For VLPs that underwent viral

maturation, the C-terminal proteotypic peptide of VP4 (EVAAPLQ) and the N-terminal pro-

teotypic peptide of VP2 (SPSVEACGYSDR) should be identified, while for immature VLPs,

the concatenated sequence of these VP4-VP2 termini (EVAAPLQSPSVEACGYSDR) should

be identified. (B) MS analysis revealed the presence of VP0 (concatenated VP4-VP2) in high

abundance. Additionally, the C-terminal and N-terminal proteotypic peptides of VP4 and

VP2, respectively, were identified, however in extremely low concentrations (~3 orders of

magnitude lower than that of VP0). Related to Fig 2. Fig D. AFM nanoindentation results

for EV71, CVA6 virions and VLPs. (A) Corrected height of the particles (EV71 VLPs (black),

EV71 virions (red), CVA6 VLPs (blue), and CVA6 virions (violet)) as determined by AFM
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measurements. (B) Viral spring constant (N/m). (C) Critical force (nN). (D) Critical indenta-

tion (nm). P values are indicated by asterisks: p<0.001 (***), p<0.01 (**), and p<0.05 (*). N.s.:

not significant. The CVA6 data is presented again for direct comparison with the EV71 data.

Related to Fig 4. Fig E. AFM particle stability parameters not affected by formaldehyde

inactivation. To investigate whether stabilizing effects of formaldehyde treatment accounted

for the observed differences in the mechanical properties between virions and VLPs, a supple-

mentary batch of CVA6 VLPs underwent the same formaldehyde treatment as the CVA6 viri-

ons, after which we again performed nanoindentation force spectroscopy experiments using

the AFM. (A) Viral spring constant (N/m). CVA6 VLP (blue), CVA6 inactivated virions (vio-

let), and CVA6 inactivated VLPs (green). (B) Critical force (nN). (C) Critical indentation

(nm). P values are indicated by asterisks: p<0.001 (***), p<0.01 (**), and p<0.05 (*). N.s.: not

significant. From these experiments, we concluded from this data that there was no significant

difference between treated and untreated CVA6 VLPs. The same is assumed to hold true for

EV71 VLPs. Therefore, it was concluded that the inactivation process did not have any addi-

tional stabilizing effects on the CVA6 virion capsids. Related to Fig 4. Figure F. Mass pho-

tometry data on CVA6 VLPs. To further investigate the content of the CVA6 VLPs, mass

photometry experiments were performed. The results revealed a widespread distribution, indi-

cating heterogeneity in the VLP content. Four populations were identified (red Gaussian fits)

which approximately correlated with the molecular weights of the empty particle (~3.8 MDa)

and particles containing vRNA fragments coding for proteins 3C (~0.34 MDa; Gaussian peak

at 4.2 MDa), 3D (~0.86 MDa; Gaussian peak at 4.6 MDa), and the P1 region (~1.59 MDa;

Gaussian peak at 5.1 MDa). Differences observed for the P1 peak may have arisen from the

Gaussian fits applied to the data and the limited statistical sample size. Table A. Measured size

and determined mechanical parameters for the different capsid structures. Related to Fig 4.

Table B. Deduction of Young’s moduli from measured size parameters for the different capsid

structures. Related to Fig 4. Table C. Processing and structural information of our CVA6 VLP.

(DOCX)

S1 Raw. Data underlying Fig 3.

(XLSX)
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15. Füzik T, Moravcová J, Kalynych S, Plevka P. Structure of Human Enterovirus 70 and Its Inhibition by

Capsid-Binding Compounds. J Virol. 2022;96. https://doi.org/10.1128/jvi.00604-22 PMID: 35939401

PLOS PATHOGENS Enterovirus VLPs encapsidate RNA and exhibit decreased stability due to lack of maturation

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012873 February 4, 2025 19 / 22

https://doi.org/10.1136/jech-2014-203836
http://www.ncbi.nlm.nih.gov/pubmed/24652348
https://doi.org/10.1016/S0140-6736%2822%2900313-0
https://doi.org/10.1016/S0140-6736%2822%2900313-0
http://www.ncbi.nlm.nih.gov/pubmed/35427481
https://doi.org/10.1016/j.vaccine.2017.12.079
http://www.ncbi.nlm.nih.gov/pubmed/29325819
https://doi.org/10.1128/JVI.05107-11
http://www.ncbi.nlm.nih.gov/pubmed/21813612
https://doi.org/10.1038/334320a0
http://www.ncbi.nlm.nih.gov/pubmed/2839775
https://doi.org/10.1128/MMBR.00012-14
http://www.ncbi.nlm.nih.gov/pubmed/25184560
https://doi.org/10.1371/journal.ppat.1006117
https://doi.org/10.1371/journal.ppat.1006117
http://www.ncbi.nlm.nih.gov/pubmed/28103317
https://doi.org/10.1038/s41541-020-00267-3
https://doi.org/10.1038/s41541-020-00267-3
http://www.ncbi.nlm.nih.gov/pubmed/33420068
https://doi.org/10.1016/j.vaccine.2019.03.031
https://doi.org/10.1016/j.vaccine.2019.03.031
http://www.ncbi.nlm.nih.gov/pubmed/30922699
https://doi.org/10.1099/jgv.0.001771
http://www.ncbi.nlm.nih.gov/pubmed/35997623
https://doi.org/10.15389/agrobiology.2022.6.1166rus
https://doi.org/10.1002/j.1460-2075.1989.tb03541.x
https://doi.org/10.1002/j.1460-2075.1989.tb03541.x
http://www.ncbi.nlm.nih.gov/pubmed/2548847
https://doi.org/10.1126/science.1218713
http://www.ncbi.nlm.nih.gov/pubmed/22383808
https://doi.org/10.1038/s42003-022-03863-2
https://doi.org/10.1038/s42003-022-03863-2
http://www.ncbi.nlm.nih.gov/pubmed/36056184
https://doi.org/10.1128/jvi.00604-22
http://www.ncbi.nlm.nih.gov/pubmed/35939401
https://doi.org/10.1371/journal.ppat.1012873


16. Zhou Y, Shen C, Zhang C, Zhang W, Wang L, Lan K, et al. Yeast-produced recombinant virus-like parti-

cles of coxsackievirus A6 elicited protective antibodies in mice. Antiviral Res. 2016. https://doi.org/10.

1016/j.antiviral.2016.06.004 PMID: 27315772

17. Shen C, Ku Z, Zhou Y, Li D, Wang L, Lan K, et al. Virus-like particle-based vaccine against coxsackie-

virus A6 protects mice against lethal infections. Vaccine. 2016. https://doi.org/10.1016/j.vaccine.2016.

06.028 PMID: 27340093

18. Kim HJ Son, HS Lee, SW Yoon, Y Hyeon, JY Gyung, TC Lee JYJ. Efficient expression of enterovirus

71 based on virus-like particles vaccine. PLoS One. 2019;14. https://doi.org/10.1371/journal.pone.

0210477 PMID: 30845175

19. Lin SY, Sung LY, Yeh CT, Yu CP, Yang JY, Hu YC. Production and purification of virus-like particles of

different enterovirus subtypes as vaccines. J Taiwan Inst Chem Eng. 2017; 82: 1–9. https://doi.org/10.

1016/j.jtice.2017.10.020

20. Fuenmayor J, Gòdia F, Cervera L. Production of virus-like particles for vaccines. New Biotechnology.

2017. https://doi.org/10.1016/j.nbt.2017.07.010 PMID: 28778817

21. Dai W, Zhang C, Zhang X, Xiong P, Liu Q, Gong S, et al. A virus-like particle vaccine confers protection

against enterovirus D68 lethal challenge in mice. Vaccine. 2018; 36: 653–659. https://doi.org/10.1016/j.

vaccine.2017.12.057 PMID: 29295756

22. Hofmann C, Sandig V, Jennings G, Rudolph M, Schlag P, Strauss M. Efficient gene transfer into human

hepatocytes by baculovirus vectors. Proc Natl Acad Sci U S A. 1995; 92: 10099–10103. https://doi.org/

10.1073/pnas.92.22.10099 PMID: 7479733

23. Routh A, Domitrovic T, Johnson JE. Host RNAs, including transposons, are encapsidated by a eukary-

otic single-stranded RNA virus. Proc Natl Acad Sci U S A. 2012;109. https://doi.org/10.1073/pnas.

1116168109 PMID: 22308402

24. Zeltins A. Construction and characterization of virus-like particles: A review. Mol Biotechnol. 2013; 53:

92–107. https://doi.org/10.1007/s12033-012-9598-4 PMID: 23001867

25. Sainsbury F, Saunders K, Aljabali AAA, Evans DJ, Lomonossoff GP. Peptide-controlled access to the

interior surface of empty virus nanoparticles. ChemBioChem. 2011;12. https://doi.org/10.1002/cbic.

201100482 PMID: 21953809

26. Chen Zhang, Zhou Zhang, Shen Ye, et al. A 3.0-Angstrom Resolution Cryo-Electron Microscopy Struc-

ture and Antigenic Sites of Coxsackievirus A6-Like Particles. J Virol. 2018;92. https://doi.org/10.1128/

JVI01257–17

27. Wang X, Ku Z, Zhang X, Ye X, Chen J, Liu Q, et al. Structure, Immunogenicity, and Protective Mecha-

nism of an Engineered Enterovirus 71-Like Particle Vaccine Mimicking 80S Empty Capsid. J Virol.

2018;92. https://doi.org/10.1128/JVI.01330-17 PMID: 29070691

28. Marsian J, Fox H, Bahar MW, Kotecha A, Fry EE, Stuart DI, et al. Plant-made polio type 3 stabilized

VLPs-A candidate synthetic polio vaccine. Nat Commun. 2017;8. https://doi.org/10.1038/s41467-017-

00090-w PMID: 28811473

29. Grant RA, Hiremath CN, Filman DJ, Syed R, Andries K, Hogle JM. Structures of poliovirus complexes

with anti-viral drugs: implications for viral stability and drug design. Curr Biol. 1994;4. https://doi.org/10.

1016/s0960-9822(00)00176-7 PMID: 7820548

30. Muckelbauer JK, Kremer M, Minor I, Diana G, Dutko FJ, Groarke J, et al. The structure of coxsackie-

virus B3 at 3.5 å resolution. Structure. 1995; 3: 653–667. https://doi.org/10.1016/S0969-2126(01)

00201-5 PMID: 8591043

31. Lin SY, Yeh CT, Li WH, Yu CP, Lin WC, Yang JY, et al. Enhanced enterovirus 71 virus-like particle yield

from a new baculovirus design. Biotechnol Bioeng. 2015; 112: 2005–2015. https://doi.org/10.1002/bit.

25625 PMID: 25997678

32. Xu L, Zheng Q, Li S, He M, Wu Y, Li Y, et al. Atomic structures of Coxsackievirus A6 and its complex

with a neutralizing antibody. Nat Commun. 2017; 8: 1–12. https://doi.org/10.1038/s41467-017-00477-9

PMID: 28894095

33. Wang X, Peng W, Ren J, Hu Z, Xu J, Lou Z, et al. A sensor-adaptor mechanism for enterovirus uncoat-

ing from structures of EV71. Nat Struct Mol Biol. 2012; 19: 424–429. https://doi.org/10.1038/nsmb.2255

PMID: 22388738

34. Walter TS, Ren J, Tuthill TJ, Rowlands DJ, Stuart DI, Fry EE. A plate-based high-throughput assay for

virus stability and vaccine formulation. J Virol Methods. 2012; 185: 166–170. https://doi.org/10.1016/j.

jviromet.2012.06.014 PMID: 22744000

35. Adeyemi OO, Nicol C, Stonehouse NJ, Rowlands DJ. Increasing Type 1 Poliovirus Capsid Stability by

Thermal Selection. J Virol. 2016. https://doi.org/10.1128/jvi.01586-16 PMID: 27928008

PLOS PATHOGENS Enterovirus VLPs encapsidate RNA and exhibit decreased stability due to lack of maturation

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012873 February 4, 2025 20 / 22

https://doi.org/10.1016/j.antiviral.2016.06.004
https://doi.org/10.1016/j.antiviral.2016.06.004
http://www.ncbi.nlm.nih.gov/pubmed/27315772
https://doi.org/10.1016/j.vaccine.2016.06.028
https://doi.org/10.1016/j.vaccine.2016.06.028
http://www.ncbi.nlm.nih.gov/pubmed/27340093
https://doi.org/10.1371/journal.pone.0210477
https://doi.org/10.1371/journal.pone.0210477
http://www.ncbi.nlm.nih.gov/pubmed/30845175
https://doi.org/10.1016/j.jtice.2017.10.020
https://doi.org/10.1016/j.jtice.2017.10.020
https://doi.org/10.1016/j.nbt.2017.07.010
http://www.ncbi.nlm.nih.gov/pubmed/28778817
https://doi.org/10.1016/j.vaccine.2017.12.057
https://doi.org/10.1016/j.vaccine.2017.12.057
http://www.ncbi.nlm.nih.gov/pubmed/29295756
https://doi.org/10.1073/pnas.92.22.10099
https://doi.org/10.1073/pnas.92.22.10099
http://www.ncbi.nlm.nih.gov/pubmed/7479733
https://doi.org/10.1073/pnas.1116168109
https://doi.org/10.1073/pnas.1116168109
http://www.ncbi.nlm.nih.gov/pubmed/22308402
https://doi.org/10.1007/s12033-012-9598-4
http://www.ncbi.nlm.nih.gov/pubmed/23001867
https://doi.org/10.1002/cbic.201100482
https://doi.org/10.1002/cbic.201100482
http://www.ncbi.nlm.nih.gov/pubmed/21953809
https://doi.org/10.1128/JVI0125717
https://doi.org/10.1128/JVI0125717
https://doi.org/10.1128/JVI.01330-17
http://www.ncbi.nlm.nih.gov/pubmed/29070691
https://doi.org/10.1038/s41467-017-00090-w
https://doi.org/10.1038/s41467-017-00090-w
http://www.ncbi.nlm.nih.gov/pubmed/28811473
https://doi.org/10.1016/s0960-9822%2800%2900176-7
https://doi.org/10.1016/s0960-9822%2800%2900176-7
http://www.ncbi.nlm.nih.gov/pubmed/7820548
https://doi.org/10.1016/S0969-2126%2801%2900201-5
https://doi.org/10.1016/S0969-2126%2801%2900201-5
http://www.ncbi.nlm.nih.gov/pubmed/8591043
https://doi.org/10.1002/bit.25625
https://doi.org/10.1002/bit.25625
http://www.ncbi.nlm.nih.gov/pubmed/25997678
https://doi.org/10.1038/s41467-017-00477-9
http://www.ncbi.nlm.nih.gov/pubmed/28894095
https://doi.org/10.1038/nsmb.2255
http://www.ncbi.nlm.nih.gov/pubmed/22388738
https://doi.org/10.1016/j.jviromet.2012.06.014
https://doi.org/10.1016/j.jviromet.2012.06.014
http://www.ncbi.nlm.nih.gov/pubmed/22744000
https://doi.org/10.1128/jvi.01586-16
http://www.ncbi.nlm.nih.gov/pubmed/27928008
https://doi.org/10.1371/journal.ppat.1012873


36. Twarock R, Stockley PG. RNA-Mediated Virus Assembly: Mechanisms and Consequences for Viral

Evolution and Therapy. Annu Rev Biophys. 2019; 48: 495–514. https://doi.org/10.1146/annurev-

biophys-052118-115611 PMID: 30951648

37. Shakeel S, Dykeman EC, White SJ, Ora A, Cockburn JJB, Butcher SJ, et al. Genomic RNA folding

mediates assembly of human parechovirus. Nat Commun. 2017;8. https://doi.org/10.1038/s41467-016-

0011-z PMID: 28232749

38. Shakeel S, Westerhuis BM, Domanska A, Koning RI, Matadeen R, Koster AJ, et al. Multiple capsid-sta-

bilizing interactions revealed in a high-resolution structure of an emerging picornavirus causing neonatal

sepsis. Nat Commun. 2016;7. https://doi.org/10.1038/ncomms11387 PMID: 27435188

39. Zhu L, Wang X, Ren J, Porta C, Wenham H, Ekström JO, et al. Structure of Ljungan virus provides

insight into genome packaging of this picornavirus. Nat Commun. 2015;6. https://doi.org/10.1038/

ncomms9316 PMID: 26446437

40. Roos WH. How to perform a nanoindentation experiment on a virus. Methods Mol Biol. 2011;783.

https://doi.org/10.1007/978-1-61779-282-3_14 PMID: 21909893

41. Piontek MC, Roos WH. Lipoprotein particles exhibit distinct mechanical properties. J Extracell Biol.

2022;1. https://doi.org/10.1002/jex2.68 PMID: 38938600

42. Ivanovska IL, De Pablo PJ, Ibarra B, Sgalari G, MacKintosh FC, Carrascosa JL, et al. Bacteriophage

capsids: Tough nanoshells with complex elastic properties. Proc Natl Acad Sci U S A. 2004;101. https://

doi.org/10.1073/pnas.0308198101 PMID: 15133147

43. Snijder J, Uetrecht C, Rose RJ, Sanchez-Eugenia R, Marti GA, Agirre J, et al. Probing the biophysical

interplay between a viral genome and its capsid. Nat Chem. 2013; 5: 502–509. https://doi.org/10.1038/

nchem.1627 PMID: 23695632

44. Valbuena A, Rodrı́guez-Huete A, Mateu MG. Mechanical stiffening of human rhinovirus by cavity-filling

antiviral drugs. Nanoscale. 2018; 10: 1440–1452. https://doi.org/10.1039/c7nr08704g PMID: 29302674

45. Tuthill TJ, Groppelli E, Hogle JM, Rowlands DJ. Picornaviruses. Curr Top Microbiol Immunol.

2010;343. https://doi.org/10.1007/82_2010_37 PMID: 20397067

46. Gong M, Zhu H, Zhou J, Yang C, Feng J, Huang X, et al. Cryo-Electron Microscopy Study of Insect

Cell-Expressed Enterovirus 71 and Coxsackievirus A16 Virus-Like Particles Provides a Structural Basis

for Vaccine Development. J Virol. 2014; 88: 6444–6452. https://doi.org/10.1128/JVI.00200-14 PMID:

24672036

47. Guo Y, Roos WH. AFM nanoindentation experiments on protein shells: A protocol. Methods in Molecu-

lar Biology. 2019. https://doi.org/10.1007/978-1-4939-8894-5_14 PMID: 30374872

48. Michel JP, Ivanovska IL, Gibbons MM, Klug WS, Knobler CM, Wuite GJL, et al. Nanoindentation studies

of full and empty viral capsids and the effects of capsid protein mutations on elasticity and strength.

Proc Natl Acad Sci U S A. 2006; 103: 6184–6189. https://doi.org/10.1073/pnas.0601744103 PMID:

16606825

49. Marchetti M, Wuite G, Roos W. Atomic force microscopy observation and characterization of single viri-

ons and virus-like particles by nano-indentation. Curr Opin Virol. 2016; 18: 82–88. https://doi.org/10.

1016/j.coviro.2016.05.002 PMID: 27253691

50. Gibbons MM, Klug WS. Nonlinear finite-element analysis of nanoindentation of viral capsids. Phys Rev

E—Stat Nonlinear, Soft Matter Phys. 2007; 75: 1–11. https://doi.org/10.1103/PhysRevE.75.031901

PMID: 17500720

51. Montiel-Garcia D, Santoyo-Rivera N, Ho P, Carrillo-Tripp M, Brooks CL, Johnson JE, et al. VIPERdb

v3.0: A structure-based data analytics platform for viral capsids. Nucleic Acids Res. 2021;49. https://

doi.org/10.1093/nar/gkaa1096 PMID: 33313778

52. Roos WH, Bruinsma R, Wuite GJL. Physical virology. Nat Phys. 2010; 6: 733–743. https://doi.org/10.

1038/nphys1797
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