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ABSTRACT 

Laajala, Mira 
Cellular and viral factors promoting efficient enterovirus uncoating and 
replication 
Jyväskylä: University of Jyväskylä, 2019, 85 p. 
(JYU Dissertations 
ISSN 2489-9003; 146) 
ISBN 978-951-39-7896-9 (PDF) 
Yhteenveto: Enterovirusten tehokasta avautumista ja replikaatiota edistävät 
solu- ja virustekijät  
Diss. 

Enteroviruses are small non-enveloped RNA viruses, which belong to the family 
of picornaviruses. Although most of the diseases that enteroviruses cause are 
symptomless or mild, enteroviruses are the most common viruses infecting 
humans. In addition, enteroviruses can cause more severe diseases such as 
encephalitis or myocarditis. Despite their prevalence, there are no antivirals on 
the market against these viruses, and vaccines have been developed only against 
couple of serotypes. For antiviral development, it is crucial to obtain detailed 
information about factors that contribute to efficient infection. Thus, this thesis 
focuses on viral and host cell factors that promote the infection of enterovirus B 
species after cell entry. In the first study, we characterized a new echovirus 1 
particle during infection, likely a novel form of an uncoating intermediate. This 
particle was more open compared to the native virus, but still contained VP4 
protein, and was able to bind to a receptor and cause infection. The second part 
of the thesis focused on steps after RNA release, namely translation and 
replication. First, we showed that in addition to viral proteases, cellular calpain 
proteases can cleave structural proteins from the enteroviral polyprotein, 
suggesting that calpains might contribute to proteolytic processing during 
infection. This was shown in an in-vitro study, where calpains released capsid 
proteins from the P1 precursor. Second, we showed that translation of enteroviral 
proteins induced the rearrangement of cellular intermediate filament, vimentin. 
Vimentin cages associated with components of endoplasmic reticulum and 
Golgi, as well as with replicating viral RNA and non-structural, but not structural 
proteins. Furthermore, inhibition of vimentin dynamics resulted in lower 
production of the non-structural compared to structural proteins, indicating that 
enteroviral proteins can be produced differently, depending on their association 
with vimentin cages.        

Keywords: Calpain; enterovirus; polyprotein processing; replication; translation; 
uncoating; vimentin.  
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TIIVISTELMÄ 

Laajala, Mira 
Enterovirusten tehokasta avautumista ja replikaatiota edistävät solu- ja 
virustekijät  
Jyväskylä: Jyväskylän yliopisto, 2019, 85 p. 
(JYU Dissertations 
ISSN 2489-9003; 146) 
ISBN 978-951-39-7896-9 (PDF) 
Yhteenveto: Cellular and viral factors promoting efficient enterovirus uncoating 
and replication 
Diss. 

Enterovirukset ovat pieniä vaipattomia RNA viruksia, jotka kuuluvat pikorna-
viruksiin. Vaikka enterovirukset useimmiten aiheuttavat oireettomia tai lieviä 
tauteja, ne ovat myös yleisin ihmisiä infektoiva virusryhmä. Lisäksi joissakin 
tapauksissa enterovirukset voivat aiheuttaa myös vakavampia tauteja kuten 
enkefaliittia tai myokardiittia. Vaikka enterovirusinfektiot ovat yleisiä, näitä 
viruksia vastaan ei ole lääkitystä ja rokote on kehitetty ainoastaan muutamalle 
serotyypille. Viruslääkkeiden kehittelyn tärkein lähtökohta on ymmärtää tehok-
kaaseen infektioon vaikuttavat tekijät yksityiskohtaisesti. Niinpä tässä väitös-
kirjassa keskityttiin tutkimaan virus- ja solutekijöitä, jotka edistävät tehokasta 
enterovirus B -lajin infektiota sisäänmenovaiheen jälkeen. Ensimmäisessä osa-
työssä kuvailimme uuden echovirus 1 partikkelin, joka todennäköisesti on 
välimuotopartikkeli, joka syntyy infektion aikana viruksen avautuessa. Tämä 
partikkeli oli rakenteeltaan avonaisempi verrattuna natiiviin virukseen, mutta 
sisälsi kuitenkin VP4 proteiinin, pystyi sitoutumaan reseptoriin ja aiheutti 
infektion soluissa. Seuraavissa osatöissä keskityimme infektiovaiheisiin RNA:n 
vapautumisen jälkeen, translaatioon ja replikaatioon. Ensiksi osoitimme in-vitro 
kokeilla, että viruksen omien proteaasien lisäksi myös solun kalpaiinit pystyivät 
prosessoimaan enteroviruksen polyproteiinia alueelta, joka sisälsi viruksen 
rakenneproteiinit. Seuraavaksi osoitimme, että virusproteiinien translaatio sai 
aikaan muutoksia solun välimuotoisia säikeitä muodostavassa vimentiinipro-
teiinissa. Syntyneeseen vimentiinihäkkiin kertyi solun endoplasmakalvoston ja 
Golgin laitteen rakenteita, sekä viruksen RNA ja ei-rakenteelliset proteiinit, 
mutta ei rakenneproteiineja. Lisäksi vimentiinihäkin muodostumisen estäminen 
johti ei-rakenteellisten proteiinien heikompaan tuottoon verrattuna rakenne-
proteiineihin, mikä osoitti, että vimentiinirakenne on tärkeä tiettyjen entero-
viruksen proteiinien tuotossa.   

Avainsanat: Enterovirus; kalpaiini; polyproteiinin prosessointi; replikaatio; 
translaatio, vimentiini, viruksen avautuminen. 
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Enteroviruses are important pathogens that have been associated with several 
diseases among humans and other mammals with a wide range of severity. 
Despite the prevalence of enterovirus infections, the treatment of these infections 
is mostly supportive as no approved antivirals exist on the market. In addition, 
vaccines have only been developed against a couple of enteroviruses. After its 
identification in 1908, the best known enterovirus, poliovirus, has been 
extensively investigated in order to understand the life cycle of the virus. Over 
the years, many aspects of poliovirus infection have been covered, many of which 
are also common to all enteroviruses. The infection cycle begins when the virus 
first binds to a receptor on host cell surface, after which the virus is internalized 
via endocytosis. Next, viral RNA is released out from the virus particle during 
uncoating and is also released into the cell cytoplasm through the endosomal 
membrane. In the cytoplasm, viral RNA is translated, processed and replicated 
in order to produce new virions, which finally are released from the cell. Despite 
years of poliovirus and other enterovirus research, some of the infection steps are 
still poorly understood and it has also become evident that differences between 
enterovirus species occur. Thus, the research on fundamental details of 
enterovirus infection is still of great importance in order to find potential and 
common targets for antiviral therapy.   

This thesis concentrates on the infection steps of enterovirus B species after 
the viral entry into the host cell, more specifically on factors that promote 
uncoating and replication. A new uncoating intermediate of EV1 was 
characterized and in addition, cellular factors that affect efficient replication of 
enteroviruses were investigated. It was found that, in addition to the proteases 
of enteroviruses themselves, cellular calpains can cleave the viral polyprotein in-
vitro, and may contribute to polyprotein processing during infection. In addition, 
it was shown that during infection, host cell intermediate filament, vimentin, 
affects infection by promoting the efficient production of viral non-structural 
proteins, such as proteases, by helping to organize the replication compartment 
in the perinuclear region. 

1 INTRODUCTION



  

2.1 Enteroviruses 

The genus enterovirus is part of the picornaviridae family. Inside enterovirus 
genus, the species which infect humans are divided into four enterovirus species 
A-D and three rhinovirus species A-C that contain over 100 different virus
serotypes. The enterovirus B species contains 63 serotypes of coxsackieviruses
and echoviruses including coxsackie virus B (CVB) serotypes 1-6, coxsackie virus
A 9 (CVA9) and echovirus 1 (EV1). Enteroviruses are one of the most common
human viruses and can cause variety of different diseases whose severity can
vary from mild flu like symptoms or rashes to encephalitis or myocarditis
(Tapparel et al. 2013, Pons-Salort et al. 2015). Severe enterovirus diseases occur
especially in neonates and immuno-compromised individuals (Muehlenbachs et
al. 2015). Enterovirus species infect via fecal-oral route and rhinovirus species via
respiratory track where the primary infection takes place. From primary infection
sites, enteroviruses can spread into secondary tissues and cause infection in other
organs such as heart, liver and brain. In addition to acute infection, enterovirus
and rhinovirus species have also been associated with chronic diseases such as
chronic obstructive pulmonary disease, atherosclerosis and type 1 diabetes
(Roivainen et al. 1998, Hober and Sauter 2010, Thibaut et al. 2016), which increases
their clinical importance.

Despite the great clinical and economic impact of enteroviruses, vaccines 
have only been developed against poliovirus and enterovirus 71 (EV71) from the 
enterovirus C and A species, respectively. Moreover, the development of 
vaccines against all enterovirus serotypes is not feasible. In addition, although 
several enterovirus inhibitors have been identified and entered clinical trials, 
none of them have passed through for use in general population. Thus, a broad-
range enterovirus antiviral is needed, which requires identification and high-
level understanding of the function of viral and cellular components in 
enterovirus infection.  

2 REVIEW OF THE LITERATURE
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2.1.1 Overview of enterovirus structure and infection cycle 

Enteroviruses are small non-enveloped viruses, which have positive sense RNA 
as their genome. The genome is encapsidated by an icosahedral capsid, which is 
composed of four different proteins VP1-VP4. The capsid is composed of 60 
copies of each protein of which VP1-VP3 are located on the capsid surface, 
whereas VP4 is an internal protein (Fig. 1).  

 

 

FIGURE 1 Schematic representation of an enterovirus particle. The capsid is an 
icosahedron structure with 2- 3- and 5-fold symmetry axes (marked on the left) 
and is formed from 60 protomers of VP1-VP4 proteins (ribbon structure on the 
right).  Proteins VP1-VP3 are situated on the surface, while VP4 is an internal 
protein (inside view, in the middle). In the left figure, also a depression around 
the 5-fold symmetry axis, the canyon, is marked in orange. The figures were 
obtained from ViperDB (http://viperdb.scripps.edu), using the PDB ID for 
echovirus 1 (1ev1) (Carrillo-Tripp et al. 2009). 

Although there are many different enteroviruses, they all share several common 
properties related to their infection, and in general the life cycle is well known 
(Fig. 2, reviewed in Baggen, Thibaut et al. 2018). Enteroviruses enter the cell by 
binding to a specific receptor on the cell surface. Several of these attachment 
receptors have been identified: PVR for poliovirus, integrins for EV1 and CVA9, 
decay-accelerating factor (DAF) and coxsackievirus-adenovirus receptor (CAR) 
for CVBs, DAF for several echoviruses and, the most recent finding, a neonatal 
Fc receptor for several echoviruses, to mention a few (listed in Baggen, Thibaut 
et al. 2018, Laajala and Marjomaki 2019), and Table 1). Receptor binding results 
in receptor mediated endocytosis, which can vary depending on the virus 
serotype and, also, the cell type. In the endosomes, uncoating of the viral genome 
occurs and the RNA is released into the cytoplasm. Next, the single large open 
reading frame is translated resulting in a single polyprotein. Subsequently, the 
polyprotein is proteolytically processed by viral proteases in order to release 
individual proteins needed for viral replication and capsid assembly. Synthesis 
of the RNA is carried out by viral RNA dependent RNA polymerase (3D 
polymerase), which first produces a negative strand copy of the incoming 
positive strand. The negative strand then serves as a template for the synthesis of 
positive strand RNA, which can either be translated to produce more viral 
proteins or packed into new virions. The assembly of viral particles takes place 
in the cytoplasm when capsid proteins VP0, VP1 and VP3 assemble into 
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protomers and further pentamers. Pentamers condense around the replicated 
RNA to produce a provirion, which finally maturates into infectious virion when 
VP0 is cleaved into VP2 and VP4 (Basavappa et al. 1994). In addition, it has been 
shown with other picornavirus, namely parechovirus, that RNA folding has an 
important role in the assembly (Shakeel et al. 2017). In the last step of the infection 
cycle, the mature virions are released out from the cell by lysis (reviewed in 
Harris, K. G. and Coyne 2014) or as more recent and increasing evidence shows, 
non-lytically via extracellular vesicles (reviewed in Lai et al. 2016). 
 

 

FIGURE 2 Overview of the enterovirus lifecycle. The image was modified from a review 
by Baggen, Thibaut et al. 2018. The lifecycle of enteroviruses starts when the 
virus binds to a specific receptor on the cell surface. This triggers a receptor 
mediated endocytosis and the virus is internalized into the host cell. In the 
endosome, uncoating occurs and viral RNA is subsequently released into the 
cytoplasm of the host cell. The viral positive sense RNA is next translated in 
the cytoplasm as one unit, following processing of the formed polyprotein. The 
proteins needed for capsid assembly and replication are released from the 
polyprotein during processing. In addition to translation, the viral RNA is also 
replicated. The RNA contains a viral VPg (3B) protein, which is needed for 
replication carried out by viral RNA-dependent RNA polymerase, 3D 
polymerase. The replication takes place on host cell-derived membranous 
replication organelles, when the polymerase synthesizes first negative sense 
RNA and, through a dsRNA intermediate, also new copies of positive sense 
RNA. Next, the positive sense RNA can go through another round of 
translation or replication or be packed into new virions. The assembly occurs 
in the cytoplasm when the capsid proteins first assemble into protomers and 
subsequently pentamers, which finally condense around the viral RNA, 
forming a provirion. After maturation of the provirion, new infectious virions 
are released out from the cell via lysis or non-lytically in extracellular vesicles. 
Abbreviations: VPg, viral protein genome linked; dsRNA, double-stranded 
RNA.  
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2.1.2 Uncoating 

Once the virus has entered the host cell by endocytosis, it is still in a different 
compartment from the cellular translation and replication machinery, and thus, 
the virus still needs to translocate the RNA into the cytoplasm. This phase 
includes two steps. First, during uncoating, the RNA comes out of the viral 
capsid, which needs to be metastable in order to protect the RNA outside the cell, 
but on the other hand, to be able to open and release the genome inside the host 
cell. Second, during RNA release, the RNA is translocated through the 
endosomal membrane into the cytoplasm, where translation and replication take 
place (reviewed in Baggen, Thibaut et al. 2018). 

TABLE 1 Enterovirus receptors. The table was modified from a review by Baggen, 
Thibaut et al. 2018. Abbreviations: CAR, coxsackievirus–adenovirus receptor; 
CDHR3, cadherin-related family member 3; CV, coxsackievirus; CV-A24v, 
coxsackievirus A24 variant; DAF, complement decay-accelerating factor; DC-
SIGN, dendritic cell-specific ICAM-grabbing non-integrin; E, echovirus; EV, 
enterovirus; EV-A71-PB, EV-A71-PSGL1-binder; FcRn, neonatal Fc receptor; 
ICAM, intercellular adhesion molecule; LDLR, low-density lipoprotein 
receptor; LRP, LDLR-related protein; PSGL, P-selectin glycoprotein ligand 1; 
PVR, poliovirus receptor; SCARB2, scavenger receptor class B member 2; 
VLA2, very-late antigen 2; VLDLR, very-low-density lipoprotein receptor. 

Receptor Virus Reference 

   

PVR Poliovirus (serotypes 1-3) Mendelsohn et al. 1989 

SCARB2 EV-A71 
CV-A (serotypes 7, 14, 16) 

Yamayoshi et al. 2009, 
Yamayoshi et al. 2012 

PSGL1 EV-A71-PB 
CV-A (serotypes 2, 7, 10, 14, 
16) 

Nishimura et al. 2009, 
Nishimura and Shimizu 
2012 

Annexin II, DC-SIGN, 
nucleolin and vimentin 

EV-A71 Reviewed in Yamayoshi 
et al. 2014 

Heparan sulfate EV-A71 
E-5 

Reviewed in Yamayoshi 
et al. 2014,  
Royston and Tapparel 
2016 

Sialic acid EV-A71, CV-A24v 
EV-D70, EV-D68 

Yamayoshi et al. 2014, 
Baggen et al. 2016, 
Baggen, Hurdiss et al. 
2018 

ICAM5 EV-D68 Wei et al. 2016 

LDLR, VLDLR  
and LRP 

Rhinovirus (minor) Hofer et al. 1994 
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ICAM1 Rhinovirus (major) 
CV-A21, CV-A24 

Greve et al. 1989, 
Royston and Tapparel 
2016,  
Baggen, Hurdiss et al. 
2018 

CDHR3 Rhinovirus C Bochkov et al. 2015 

DAF CV-A21 
CV-B (serotypes 1, 3, 5) 
E (10+ serotypes) 

Bergelson et al. 1994, 
Royston and Tapparel 
2016 

CAR CV-B (serotypes 1-6) Martino et al. 2000 

Integrin αvβ3 CV-A9, E-9 Roivainen et al. 1994, 
Nelsen-Salz et al. 1999 

Integrin αvβ6 CV-A9 Williams et al. 2004 

Integrin α2β1 (VLA2) E-1, E-8 Bergelson et al. 1992 

FcRn E (serotypes 1, 3, 5-7, 9, 11, 13, 
14, 25, 26, 30) 
EV-B85, CV-A9 

 

Morosky et al. 2019,  
Zhao et al. 2019 

 
Some enteroviruses are acid labile and the uncoating process is triggered by low 
pH in endosomes (Prchla et al. 1994, Liu et al. 2018). On the other hand, many 
enteroviruses are acid stabile and for many of these viruses, receptor binding 
induces conformational changes that lead to uncoating (Tsang et al. 2001, Coyne 
and Bergelson 2006, Yamayoshi et al. 2013, Wei et al. 2016). Most of these 
uncoating receptors bind to a deep surface suppression called canyon, leading to 
an expulsion of a stabilizing lipid moiety, called a pocket factor, from the canyon 
floor (Rossmann et al. 2002, Butan et al. 2014).  

However, the uncoating cue for some acid stabile enteroviruses, such as 
EV1 and CVA9 is still unknown. EV1 and CVA9 receptors, α2β1 and αvβ3 
integrins respectively, do not seem to trigger uncoating, and in addition, the 
viruses are internalized into pH neutral multivesicular bodies (Marjomaki et al. 
2002, Xing et al. 2004, Karjalainen et al. 2011, Shakeel et al. 2013, Huttunen et al. 
2014). Furthermore, in some cases, the attachment receptor might be different 
from the uncoating receptor like with CVBs, which first bind to DAF but 
subsequently must interact with CAR in order to start the uncoating process 
(Coyne and Bergelson 2006). Interestingly, it was shown recently that like CAR 
for CVBs, neonatal Fc receptor could serve as a common uncoating receptor for 
echoviruses (Zhao et al. 2019). In that study, several echoviruses were shown to 
be dependent on Fc receptor for successful infection, and in addition, the receptor 
was more specifically shown to induce uncoating of echovirus 6.  

Although enteroviruses use many different receptors and entry routes and 
the cues for uncoating vary, the subsequent uncoating steps are conserved in 
many ways. It has been shown that three distinct particles exist during uncoating 
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process (Belnap et al. 2000, Tuthill et al. 2006) (Fig. 3). First is the RNA containing 
intact form of the virion, which is able to bind to the receptor. Second is an 
intermediate particle, also called expanded or A-particle, which still has RNA 
inside but has gone through structural alterations triggered by either pH, 
receptor engagement or some other unknown factor. Finally, is the empty 
particle, which has released the genome and is no longer infective. Usually these 
different particle forms have been separated in sucrose gradients and according 
to their different sedimentation coefficient, intact, intermediate and empty 
particles have also been named as e.g. 160S, 135S and 80S, respectively. 

 

 

FIGURE 3 Uncoating process of enteroviruses. The image was modified from a review by 
Baggen, Thibaut et al. 2018. Three different particle types have been observed 
during enterovirus uncoating. First is the native virion, an intact particle, which 
includes all four capsid proteins VP1-VP4 and RNA. Second, is an intermediate 
particle, which has expanded and externalized pocket factor, VP4 protein and 
N-terminus of VP1 protein, which anchors the particle to the endosomal 
membrane. The uncoating trigger can either be pH, receptor binding or some 
other unknown cue. Third, is the non-infectious empty particle, which has 
externalized RNA through an opening near the twofold symmetry axis 
(indicated by a red circle). The different particle forms have different 
sedimentation coefficients in sucrose gradient, which are indicated in brackets. 

Typically, the uncoating intermediate particle has been studied by either heating 
the intact particle in elevated temperatures or treating the particle in acidic 
environment, with or without receptor engagement (Gomez Yafal et al. 1993, Xing 
et al. 2000, Nurani et al. 2003, Milstone et al. 2005, Garriga et al. 2012, Harutyunyan 
et al. 2013, Ren et al. 2013, Shingler et al. 2013, Butan et al. 2014). These in vitro 
studies have revealed that the intermediate particles are 4% larger compared to 
intact virions (Belnap et al. 2000), have lost the pocket factor (Butan et al. 2014) 
and are able to interact with membranes since the hydrophobic N-terminus of 
VP1 is externalized from the capsid (Fricks and Hogle 1990). In addition, an 
internal protein VP4 is released from the particle (Crowell and Philipson 1971), 
and finally the most recent studies suggest that RNA exits from an opening near 
the two-fold axis (Levy et al. 2010, Bostina et al. 2011). Despite of numerous in-
vitro studies of uncoating intermediates, it still has remained unclear whether 
this kind of uncoating intermediate exists in cells. In contrast to the global 
changes in the virion induced by heat or acid treatments, the infection in cells is 
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asymmetric when the virus binds to a single receptor and is supposed to release 
the RNA from a site towards the membrane. Recently, a local uncoating process 
of CVB3 was studied using a lipid bilayer nanodisc, where a CAR receptor was 
immobilized (Lee, H. et al. 2016). High resolution cryo-electron microscopy (cryo-
EM) structure of the particle revealed the loss of pocket factor and extrusion of 
VP1. However, in contrast to the in vitro studies, which have shown that the RNA 
is released near the two-fold axis (Levy et al. 2010, Bostina et al. 2011), this study 
showed an opening at the three-fold axis (Lee, H. et al. 2016).  

Although the uncoating step, where RNA is released from viral capsid, is 
fairly well characterized, the subsequent step, where RNA is released through 
endosomal membrane into the cytoplasm, is more poorly understood, and the 
trigger for the release has not been identified. So far, studies on Rhinovirus have 
shown that VP4 protein can independently induce permeability on lipid 
membranes of liposomes (Davis et al. 2008) and that VP4 forms a size-selective 
multimeric pore, which could serve as a channel for the release of the viral RNA 
(Panjwani et al. 2014). Furthermore, a cryo-electron tomograph suggested that 
long umbilical connectors mediate the transfer of poliovirus RNA through the 
membrane (Strauss et al. 2013), which was also supported by a more recent study 
where poliovirus RNA was protected from degradation by co-endosytoced 
ribonucleases (Groppelli et al. 2017). In addition, electron tomography of EV1 
induced multivesicular bodies revealed increased permeability of the 
membranes after virus entry (Soonsawad et al. 2014).  

Although the receptor serves as a trigger for uncoating with many 
enteroviruses, studies have shown that the uncoating does not occur 
immediately on the cell surface after receptor binding, but for example poliovirus 
is internalized before uncoating (Brandenburg et al. 2007). In addition, neutral 
red assay, where viral uncoating has been prevented by crosslinking the RNA, 
has shown that the uncoating of EV1 and CVA9 begins after 30-60 min post-
infection (p.i.), suggesting that the viruses have already internalized into the cell 
(Siljamaki et al. 2013, Huttunen et al. 2014, Soonsawad et al. 2014). Thus, it has 
been suggested that an additional cue(s) for uncoating and genome release 
occurs. A recent study identified lipid-modifying enzyme PLA2G16 as an 
additional factor during RNA release of enteroviruses through the endosomal 
membrane (Staring et al. 2017). The exact mechanism how PLA2G16 affects RNA 
release is not known but, it was suggested to work as a cellular sensor during 
membrane damage at the viral entry sites, and subsequently initiate or maintain 
pore formation during RNA release (Staring et al. 2017). 

2.1.3 Translation and polyprotein processing 

Since enteroviruses have a small genome and encode only a limited number of 
viral proteins, they also need to rely on host cell factors during translation and 
replication. Thus, to ensure efficient infection, enteroviruses have evolved to 
utilize and modify host cell proteins to promote the infection. The translation and 
replication processes are highly conserved among enteroviruses, which offer a 
potential target for antiviral development. However, the lack of (broad-
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spectrum) antiviral against enteroviruses indicates that the details of both viral 
and cellular factors during translation and replication, needs further elucidation.  

After being released into the host cell cytoplasm, the RNA genome (7500 nt) 
of enteroviruses is translated as a single viral polyprotein (Fig. 4). In contrast to 
cellular cap dependent translation, the viral polyprotein is translated in a cap-
independent manner via an internal ribosome entry site (IRES) at the 5’ non-
coding region of the viral RNA (reviewed in Lozano and Martinez-Salas 2015). 
The positive strand RNA is translated in a 5’ to 3’ direction and cellular functions 
are also utilized as the translation machinery also involves cellular IRES trans-
acting factors (ITAFs) (reviewed in Lee, K. M. et al. 2017). ITAFs are cellular 
proteins, which do not function in cap-dependent translation but help in the 
process of cap-independent translation by e.g. stabilizing the IRES in order to 
promote the binding of other canonical translation factors as well as ribosomes 
(Pilipenko et al. 2000). Several ITAFs have been associated with IRES-mediated 
translation of enteroviruses (Table 2). As an example, it has been shown that a 
cellular RNA binding protein, poly(rC) binding protein 2 (PCBP2), interacts with 
domain IV of poliovirus IRES (Blyn et al. 1996). Furthermore, the depletion of the 
PCBP2 protein from Hela cell extracts prevented the IRES-mediated translation 
of poliovirus (Blyn et al. 1997). In addition, another RNA binding protein, lupus 
autoantigen, was shown to be cleaved by viral protease 3C during poliovirus 
infection (Shiroki et al. 1999). The cleavage of this mainly nuclear protein resulted 
in the redistribution of the truncated form into the cytoplasm, where it could still 
enhance the initiation of translation.   

 

 

FIGURE 4 Schematic overview of enterovirus genome and the translated polyprotein. The 
image was modified from a review by Lin, Chen et al. 2009. The 5’ non-coding 
region contains six domains (I-VI) of which the first is a cloverleaf structure 
and the rest comprise the viral IRES. The 3’ non-coding region contains a poly 
A tail. In the coding region, three main precursor proteins and 11 mature 
proteins are shown. Arrow and arrow heads indicate cleavages carried out by 
viral proteases 2A and 3C/3CD, respectively. Abbreviations: VPg, viral protein 
genome linked; UTR, untranslated region; IRES, internal ribosome entry site. 
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The synthesized polyprotein consists of three regions P1-P3 of which P1 contains 
structural proteins, while P2 and P3 contain non-structural proteins, which are 
needed to promote the viral replication in different ways. P1 contains capsid 
proteins VP0-VP3, P2 proteins 2A-2C and P3 proteins 3A-3D. In order to release 
the individual proteins or some functional precursors such as 2BC, 3AB and 3CD, 
the polyprotein is next processed by viral proteases 2A, 3C and a precursor 3CD 
(reviewed in Palmenberg 1990). The primary cleavage between P1 and P2 regions 
is carried out by 2A protease cotranslationally, as soon as the required elements 
have been translated by the ribosomes (Toyoda et al. 1986, Palmenberg 1990). The 
release of 2A from the polyprotein is thus not prerequisite for the activity of 2A, 
but instead, the primary cleavage occurs in cis. However, also in-trans cleavage 
between P1-P2 has been reported for 2A in-vitro (Nicklin et al. 1987). Besides 
primary cleavage and maturation cleavage of VP0 into VP2 and VP4, the rest of 
the polyprotein cleavages are carried out either by 3C protease or its precursor 
3CD (Hanecak et al. 1982, Ypma-Wong et al. 1988). It has been suggested that, like 
2A, also 3C protease of poliovirus cleaves the P3 region in cis (Hanecak et al. 
1984). However, also in trans cleavage action by 3C has been shown at several 
sites in the P2-P3 region in-vitro (Ypma-Wong and Semler 1987). It was shown 
that the processing of P2 region required only intact 3C in the P3 region. In 
contrast, the processing of P1 region required the whole P3 region to produce a 
protease capable of cleaving P1 into capsid proteins (Ypma-Wong and Semler 
1987). Accordingly, it was shown later in-vitro that efficient processing of 
poliovirus P1 region is carried out by protein 3CD (Ypma-Wong 1988). The 3CD 
is a precursor of 3C protease and 3D polymerase and has been shown to function 
as a protease but lack polymerase activity (Harris, K. S. et al. 1992). Furthermore, 
the processing of P1 has been shown to be dependent on a cellular heat shock 
protein 90 (HSP90), which helps in the correct folding of P1 prior to processing 
(Geller et al. 2007). In addition to 3C mediated cleavage of 3CD into 3C and 3D, 
2A protease has been shown to be responsible for an alternative cleavage 
pathway resulting in 3C’ and 3D’ proteins (Lee, C. K. and Wimmer 1988). 
However, the biological function of these alternate proteins is unclear, since it 
was shown that they are not essential for virus replication (Lee, C. K. and 
Wimmer 1988). In addition to polyprotein cleavage, enteroviral proteases also 
cleave different host cell proteins in order to enhance viral replication (reviewed 
in Laitinen et al. 2016).  
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TABLE 2 Cellular proteins related to IRES-mediated translation of enteroviruses, and 
their associated viral components. The table was modified from a review by 
Lin, Chen et al. 2009. Abbreviations: PTB, polypyrimidine tract-binding 
protein; nPTB, neural polypyrimidine tract-binding protein; PCBP, poly(rC) 
binding protein; Unr, upstream element binding protein; La, Lupus 
autoantigen; hnRNP, heterogeneous nuclear ribonucleoprotein; 
DRBP76:NF45heterodimer, dsRNA binding protein 76: NF45 heterodimer; 
FBP2, far upstream element binding protein 2; PABP, poly(A)-binding protein; 
PV, poliovirus; HRV, human rhinovirus; CVB3, Coxsackie virus B3; EV71, 
enterovirus 71. 

Host protein 
Viral 
component Virus Reference 

    

PTB IRES, 3C PV Hellen et al. 1993, 
Gutierrez-Escolano and 
del Angel 1996,  
Back et al. 2002 

nPTB IRES PV Guest et al. 2004 

PCBP1 cloverleaf, IRES PV, HRV Gamarnik and Andino 
1997,  
Choi et al. 2004 

PCBP2 cloverleaf, IRES, 
3CD, 3C 

PV, HRV, 
CVB3 

Blyn et al. 1996,  
Blyn et al. 1997,  
Walter, B. L. et al. 1999, 
Choi et al. 2004,  
Perera et al. 2007,  
Chase et al. 2014 

Unr IRES PV, HRV Hunt et al. 1999, 
Boussadia et al. 2003 

La IRES, 3C PV, HRV, 
CVB3 

Shiroki et al. 1999,  
Ray and Das 2002,  
Costa-Mattioli et al. 2004 

hnRNP A1 IRES HRV2, EV71 Cammas et al. 2007, 
Lin, Shih et al. 2009 

Nucleolin/C23 IRES PV, HRV Izumi et al. 2001 

DRBP76:NF45heterodimer IRES HRV2 Merrill et al. 2006,  
Merrill and Gromeier 
2006 

FBP2 IRES EV71 Lin, Li et al. 2009 

PABP IRES PV Svitkin et al. 2001 
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2.1.4 Replication 

Enterovirus replication occurs on rearranged host cell membranes, which are 
thought to originate from endoplasmic reticulum (ER), Golgi and components of 
autophagosomal membranes (Bienz et al. 1987, Schlegel et al. 1996, Jackson et al. 
2005). The formation of these replication organelles may promote efficient 
replication by gathering viral and host proteins, which are important for 
replication. The replication complex has been shown to involve virus induced 
membranes (Bienz et al. 1992), viral proteins such as 2B, 2BC, 3A and 3D (Bienz 
et al. 1994, Schlegel et al. 1996, Suhy et al. 2000) as well as multiple host proteins 
(reviewed in Lin, Chen et al. 2009). Important viral proteins in membrane 
remodelling are 3A, 2B and 2BC, which participate in the process in several ways. 
The protein 3A recruits phosphatidylinositol-4-kinase IIIβ to the replication site 
and, in consequence, the local levels of phosphatidylinositol 4-phosphate (PI4P) 
lipids increase (Hsu et al. 2010). It has been suggested that PI4P lipids are 
important for both the formation of replication organelles and replication (Melia 
et al. 2017). In addition, the PI4P lipids may recruit other viral and host proteins 
which are important for replication. For example, in-vitro studies have shown 
that the viral RNA dependent RNA polymerase, 3D, preferentially binds to PI4P 
lipids (Hsu et al. 2010). In addition, cellular oxysterol binding protein mediates 
the exchange of PI4P with cholesterol, resulting in an increase of cholesterol 
content of replication membranes (Mesmin et al. 2013). As a consequence, the 
higher cholesterol content may induce membrane deformation which is required 
in the formation of replication organelles. Alternatively, the cholesterol may also 
redistribute to the membranes of replication from plasma membrane via 
recycling endosomes (Ilnytska et al. 2013). The viral protein 3A also recruits 
Golgi-specific Brefeldin A resistance factor 1 and indirectly GTPase ADP-
ribosylation factor 1, which leads to the loss of the vesicle coat protein I and 
finally disturbance of the secretory pathway and protein secretion, as well as, to 
disassembly of the Golgi apparatus (Wessels, Duijsings, Lanke et al. 2006, 
Wessels, Duijsings, Niu et al. 2006). As a consequence, e.g. antiviral signalling 
proteins are not secreated on the cell surface, and hence, other cells are not alerted 
about viral infection. 2B protein, on the other hand, acts as a viroporin by 
releasing calcium stores from ER, resulting in the blockage of protein 
translocation from ER to Golgi and increased targeting of vesicles to the Golgi 
complex (Agirre et al. 2002, de Jong et al. 2006). The function of protein 2C is least 
understood, but it has been related to multiple steps during enterovirus infection, 
including replication. It has been shown to function as a helicase and an ATPase, 
and to play a role in membrane rearrangement, RNA binding and replication, as 
well as, uncoating and encapsidation (reviewed in van der Linden et al. 2015) 

The key protein in enterovirus replication is viral polymerase 3D, which 
both catalyses uridylylation of the protein primer 3B (VPg) and RNA chain 
elongation (Flanegan and Baltimore 1977, Paul et al. 1998). Other essential 
elements for viral replication are cis acting RNA elements (CREs) located at the 
5’ and 3’ non-coding regions, as well as, at the coding region of viral protein 2C 
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(CRE(2C)) (Andino et al. 1990, van Ooij et al. 2006). These CREs help in the 
initiation of the RNA synthesis by interacting with viral and cellular proteins to 
form a ribonucleoprotein complex, and playing a role in the uridylylation of the 
VPg. The 3D polymerase synthesizes negative strand copies in 3’ to 5’ direction 
and a replication intermediate, double-stranded RNA (dsRNA), is generated. The 
negative strand RNA serves as a template for new copies of positive strands and 
the uridylylated VPg serves as a primer in the synthesis of both strands 
(Pettersson et al. 1978).  

 Positive-stranded RNA viruses use the same RNA as a template for 
translation and replication. However, these two processes cannot occur at the 
same time since the RNA is translated from 5’ to 3’ direction, whereas 3D 
polymerase binds to the 3’ end of the RNA during replication. Thus, a switch 
mechanism between translation and replication must occur, and some candidates 
have been suggested to regulate such a mechanism. For example, studies on 
poliovirus suggested, that cellular polypyrimidine track binding (PTB) protein 
first functions as a cellular ITAF and enhances viral translation (Back et al. 2002). 
The cleavage of PTB by 3CD protease later during infection, however, decreases 
the levels of viral translation and possibly mediates as a switch to replication 
(Back et al. 2002). In addition, another RNA binding ITAF, PCBP2, has been 
shown to be involved in the switch between translation and replication. PCBP2 
first binds to domain IV in the viral IRES during translation (Blyn et al. 1996, Blyn 
et al. 1997), but when the levels of viral protease 3CD (and 3C) increase, PCBP2 is 
cleaved and can no longer bind to the domain IV in the viral IRES resulting in 
decrease of translation (Perera et al. 2007, Chase et al. 2014). However, the cleaved 
PCPB2 can bind to domain I (cloverleaf) in the 5’ non-coding region and form a 
ternary complex with 3CD (Parsley et al. 1997). The formation of the complex can 
in turn promote viral replication by bridging the 5’ and 3’ termini (Herold and 
Andino 2001). 

2.2 Cellular proteases vs. viral proteases 

2.2.1 Classification and enzymatic function of proteases 

Proteases are enzymes, which hydrolyse peptide bonds between amino acid 
residues in polypeptide chains of proteins. They can be found in all organisms 
from eukaryotes to prokaryotes and viruses and have also largely been utilized 
in biotechnology industry. Proteases are classified by the nature of the reaction 
they catalyse: endopeptidases (such as trypsin, papain, chymotrypsin and 
pepsin) attack internal peptide bonds of the target protein, whereas 
exopeptidases cleave the terminal amino acids from either amino or carboxy end 
of the polypeptide (reviewed in Rao et al. 1998). Endopeptidases are further 
divided into different classes by the nature of their catalytic site. 1) Serine, 
cysteine and threonine proteases carry out the catalysis in two steps. They use 
serine, cysteine or threonine at their catalytic site as a nucleophilic residue to 
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covalently attach into one of the protein fragments, releasing first half of the 
product. The temporary acyl-enzyme intermediate is then hydrolysed by active 
water in order to release the second product. 2) Aspartic proteases have two 
aspartic acid residues close together at their active site. These two aspartic acids 
are used in a one-step catalysis reaction, where activated water molecule 
performs a nucleophilic attack at the peptide bond. 3) Metalloproteases also 
perform a one-step catalysis using metal ions such as Zn2+ in the reaction 
(reviewed in Rao et al. 1998). Moreover, different classes of proteases can also be 
further grouped based on the similarity of their amino acid sequence and three-
dimensional structure. 

2.2.2 Cellular proteases 

Proteases are a diverse group of proteins in cells, and their role can vary from 
non-specific degradative functions to highly specific proteolytic reactions 
resulting in new protein products. These specific reactions then regulate the 
localization, action and further interactions of many proteins, which in turn 
results in biological processes such as cell cycle progression, wound healing, 
haemostasis, neuronal outgrowth, immunity and apoptosis (Lopez-Otin and 
Bond 2008, Turk et al. 2012, Quiros et al. 2015, Reinhard et al. 2015). The 
importance of correct protease function is also manifested in many diseases such 
as cancer, neurodegenerative disorders and cardiovascular diseases (Lopez-Otin 
and Hunter 2010, Gordon et al. 2014, Nalivaeva et al. 2014, Gutierrez-Fernandez 
et al. 2015), which also makes proteases potential targets for drug development 
or candidates as diagnostic biomarkers (Turk 2006). 

Proteases catalyse mainly irreversible reactions and hence their action 
needs to be tightly regulated in cells (reviewed in Lopez-Otin and Bond 2008). 
The regulation of proteases occurs via endogenous inhibitors, limitation of 
proteases into specific regions of the cell (such as mitochondria and lysosomes), 
regulation of gene expression, production of the proteases as non-active 
proenzymes, which subsequently are activated, or modification of proteases 
post-translationally (reviewed in Lopez-Otin and Bond 2008). 

 The majority of endogenous inhibitors of proteases are proteins and they 
can inhibit the action of target protease in different ways: by directly binding to 
the active site, by binding next to the active site and consequently blocking the 
substrate access or by binding regions that block the dimerization of the protease 
and further activity (Bode and Huber 2000). The activation of inactive 
proenzymes can be either autocatalytic or catalysed by other proteases. In 
addition, the activation might require other factors such as apoptosome platform 
for caspases (Riedl and Salvesen 2007), a protein cofactor such as tissue factor 
glycoprotein (Versteeg and Ruf 2006) or like in the case of calpain proteases, 
calcium ions (Hosfield et al. 1999, Suzuki et al. 2004). 

2.2.2.1 Calpains 
Calpains are cytoplasmic calcium dependent proteases, which function in neutral 
pH environment. They exist ubiquitously from higher organisms like humans to 
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micro-organisms. Calpains have been shown to have a role in many cellular 
functions such as cell cycle progression and signal transduction as well as cell 
proliferation, differentiation, apoptosis and membrane fusion (Saido et al. 1994, 
Sorimachi et al. 1997, Carafoli and Molinari 1998, Huang and Wang 2001, 
Sorimachi 2001). In addition, calpains have also been associated in different 
diseases such as muscular dystrophy, non-insulin dependent diabetes, cancer 
and Alzheimer’s disease (Branca 2004, Carragher 2006). Fifteen different calpains 
are expressed in humans, which can be either ubiquitous or tissue specific. The 
proteolytic processing by calpains does not result in degradation of the target 
protein, but instead, formation of a protein product, which is different compared 
to the original substrate (reviewed in Ono and Sorimachi 2012). This feature 
differentiates calpains from other major proteolytic actors in the cell, namely 
proteasomes, autophagy and caspases. In addition, calpains themselves 
recognize their substrates whereas in proteasomal degradation and autophagy, 
the substrates are tagged by other systems before processing, and caspases 
recognize short amino acid sequences of the target protein (reviewed in Ono and 
Sorimachi 2012). 

Calpains belong to the papain like superfamily of cysteine proteases. The 
best characterized calpains 1 and 2 are called conventional calpains, whereas 
other calpains are referred as unconventional calpains. Based on the structure, 
calpains are further classified as classical or non-classical. The 80 kDa catalytic 
subunit of classical calpains is composed of N-terminal anchor helix region, the 
CysPc protease domains PC1 and PC2, the C2 domain-like domain, and the 
penta-EF-hand domains, whereas in non-classical calpains some of these four 
domains are deleted or replaced (Sorimachi et al. 1993, Maki et al. 1997). In order 
to form a functional protease, conventional calpains also contain a 30 kDa 
regulatory subunit, which does not have catalytic activity but is suggested to 
function as a chaperone-like component (Yoshizawa et al. 1995). In addition, the 
function of conventional calpains as well as calpain 8 and 9 is regulated by an 
endogenous inhibitor protein called calpastatin (Lee, H. J. et al. 1999, Hata et al. 
2007, Kiss et al. 2008). Calpastatin inhibits calpains by occupying the active site of 
calpains but escapes itself from cleavage by looping around the active site 
cysteine (Hanna et al. 2008). 

 The activity of calpains is regulated by calcium ions, which have been 
shown to bind to several domains of the protease, including the CysPc protease 
domain (Moldoveanu et al. 2002, Goll et al. 2003). This binding results in 
alignment of the active site and further covertion into an active enzyme. In-vitro 
studies have shown that the calcium concentration requirement differs between 
calpain 1 and 2 and hence they are also called micro- and milli-calpains, 
respectively. However, the activation of calpains in cells is still poorly 
understood, since the micromolar and even millimolar calcium levels, which are 
shown to activate calpains in vitro, are not available in living cells. Nevertheless, 
at least two theories have been suggested for calpain activation in cells. First, it is 
suggested that calpains get activated when increased calcium concentration in 
the cytoplasm triggers autolysis in the catalytic and regulatory subunits of 
calpains, which subsequently increases sensitivity to calpain and substrate 
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accessibility (Imajoh et al. 1986, Inomata et al. 1988). Second, it is proposed that 
due to increased calcium concentration, calpains are translocated to membranes, 
where different protein activators and phospholipids activate calpains. This 
activation does not require autolysis and decreases the calcium requirement to 
physiological levels (Suzuki et al. 1987, Pontremoli et al. 1988, Saido et al. 1991, 
Molinari et al. 1994, Melloni et al. 1998). In addition, it has been suggested that 
calpains could be activated in a cascade, where calpain 1 is first activated in the 
presence of micromolar calcium concentration, which then also leads in the 
activation of calpain 2 (Tompa et al. 1996). 

In addition to the calpain activation in living cells, the other big question is 
related to calpain substrates. The substrate specificity of calpains is still unclear 
even though several approaches have been applied (Stabach et al. 1997, Tompa et 
al. 2004, Cuerrier et al. 2005). Instead of the amino acid sequence, the overall 3D 
structure of the target protein seems to play a more important role in the 
substrate recognition (Sakai et al. 1987, Stabach et al. 1997). In addition, the 
location of calpains may have a role in the selection of target when e.g. 
translocation of calpains to membranes may favor membrane associated proteins 
as substrates. It has been shown that calpains have a narrow and deep active cite 
in the protease domain, and hence, it has been suggested that calpains mainly 
process their target proteins in the inter-domain unstructured regions, which can 
fit in the active site cleft (Moldoveanu et al. 2004). Despite the lack of rules that 
govern calpain substrate specificity, in vitro studies have revealed multiple 
calpain substrates including kinases and phosphatases, cytoskeletal proteins, 
membrane associated proteins and transcriptional factors (reviewed in Goll et al. 
2003, Rintanen et al. 2012). 

2.2.3 Viral proteases 

Viral proteases are encoded by several different types of viruses apart from their 
capsid complexity, existence of an envelope or genome type (Krausslich and 
Wimmer 1988). In general, the proteases encoded by viruses are highly specific 
and perform only limited catalysis on target proteins such as viral polyproteins. 
In addition, the viral proteases may cleave different host cell factors in order to 
promote the infection. Since the precise coordination and function of viral 
proteases is essential for virus replication and infectivity, they are one of the key 
targets for antiviral development. In addition, as enzymes are highly detailed 
structures, which need to carry out specific reactions, viral proteases are not as 
easily mutated as for example capsid proteins, further highlighting their 
potential as antiviral targets. 

2.2.3.1 Enteroviral proteases 
Enteroviruses encode three proteases: 2A, 3C and a precursor protein 3CD. P2 
region encodes for 2A, whereas 3C and 3CD are encoded in the P3 region of the 
polyprotein. The first cleavage between P1 and P2 regions of the viral polyprotein 
occurs co-translationally and is carried out by 2A (Toyoda et al. 1986, Palmenberg 
1990), while the remaining cleavages are carried out by 3C or 3CD (Ypma-Wong 
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et al. 1988, Palmenberg 1990). In addition to the viral polyprotein processing, 
enterovirus proteases have an important role in the manipulation of host cell 
system to favor infection. Namely, 2A and 3C proteases cleave different host 
proteins in order to shut-off host cell translation and transcription machinery, to 
escape from viral recognition pathways of the immune system and to induce cell 
death. Many host cell protein targets for enterovirus proteases have been 
identified (reviewed in Laitinen et al. 2016), and some of them are listed in the 
table below (Table 3). 

Enterovirus proteases belong to the chymotrypsin like superfamily of 
proteases and have cysteine residue at the active site, which works as a 
nucleophile in the proteolysis reaction (Seipelt et al. 1999). The catalytic triad of 
2A is composed of histidine, aspartic acid and cysteine, whereas 3C has glutamic 
acid instead of aspartic acid in the triad (Laitinen et al. 2016). The amino acid 
residues at the catalytic triad are fully conserved and other residues close to the 
catalytic site largely conserved between all species in enterovirus genus, 
indicating similarity in the cleavage action of enteroviral proteases (Laitinen et al. 
2016). On the other hand, the sequences of 2A and 3C are only 20% identical 
although the tertiary structure of the proteases is very similar having two 
separate domains, which both participate in orienting the catalytic region 
(Laitinen et al. 2016).  

The sequence specificity of enterovirus proteases was first studied with 
poliovirus showing that 2A cleaves between phenylalanine-glycine or tyrosine-
glycine residues in the polyprotein (Toyoda et al. 1986), whereas 3C cleaves 
between glutamine-glycine (Krausslich and Wimmer 1988). However, these 
cleavage sites are not conserved between polyproteins of enterovirus species, and 
in addition, not all polyprotein sites with these residue pairs are cleaved, 
indicating that the cleavage activity is also dependent on surrounding amino 
acids. Accordingly, later studies have revealed that the most important residues 
at the cleavage site are P4, P2, P1, P1’ and P2’ (Blom et al. 1996, Seipelt et al. 1999). 
In addition, it was shown with another picornavirus, the foot-and-mouth disease 
virus (FMDV), that there was no strict order in the processing of structural 
proteins by 3C (Kristensen et al. 2018). This was shown using the P1-2A 
precursor, where different cleavage sites (VP0/VP3, VP3/VP1 and VP1/2A) 
were blocked one by one (Kristensen et al. 2018).  
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TABLE 3 Cellular targets of enteroviral proteases 2A and 3C. The table was modified 

from review by Laitinen et al. 2016. Abbreviations: eIF4GI, eukaryotic 
translation initiation factor 4GI; MDA5, melanoma differentiation-associated 
protein 5; IFN, interferon; PABP, poly A binding protein; Cst-64, cleavage 
stimulation factor 64; CREB-1, cyclic AMP responsive element binding protein 
1; IRF7, interferon regulatory factor 7; MAVS, mitochondrial antiviral 
signalling protein; Oct, octamer binding transcription factor; RIG-I, retinoic 
acid-inducible gene I; TAF4B, transcription initiation factor TFIID subunit 4B; 
TBP, TATA-binding protein; TRIF, toll/IL-1 receptor domain-containing 
adaptor inducing interferon-beta; G3BP1, Ras-GTPase-activating protein-
binding protein 1;  CVB, coxsackie virus B; PV, poliovirus; EV, enterovirus; 
HRV, human rhinovirus. 

 
Host protein 

Consequence(s) of 
processing Virus Reference 

     

2A protease Dystropin Disruption of 
sarcolemma 

CVB3 Badorff et al. 2000 

 eIF4GI Decline of host‐cell 
protein synthesis 

CVB4, 
PV,  
EV71 

Lamphear and 
Rhoads 1996, 
Goldstaub et al. 
2000,  
Kuo et al. 2002 

 MDA5 Inhibition of type I 
IFN response 

CVB3, 
EV71,  
PV 

Barral et al. 2007, 
Feng et al. 2014 

 IFN (α, β and ω) 
receptor 1 

Antagonization of 
type I IFN signalling 

EV71 Lu et al. 2012 

 Nucleoporin 62 - PV, 
HRV16 

Castello et al. 2009, 
Walker et al. 2013 

 Nucleoporin 98 Inhibition of nuclear 
import/export 

PV, 
HRV2, 
HRV16 

Castello et al. 2009, 
Walker et al. 2013, 
Park et al. 2015 

 Nucleoporin 153 - PV Castello et al. 2009 

 Serum response  

factor 

Downregulation of 
cardiac-specific 
contractile and 
regulatory genes 

CVB3 Wong et al. 2012 

 PABP Inhibition of host-cell 
protein synthesis 

PV Joachims et al. 1999, 
Rivera and Lloyd 
2008 
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3C protease Cst-64 Impair of cellular 3′-
end pre-mRNA 
processing and 
polyadenylation. 

EV71 Weng et al. 2009 

 CREB-1 Inhibition of CREB-
activated 
transcription  

PV Yalamanchili et al. 
1997 

 IRF7 Inhibition of IFN 
gene expression 

EV71 Lei et al. 2013 

 MAVS Inhibition of types I 
and III IFN response, 
changes of 
mitochondria 

CVB3 Mukherjee et al. 
2011,  
Lind et al. 2016 

 Nucleoporin 62 Relocation of cellular 
proteins and 
inhibition of nuclear 
import 

HRV14 Gustin and Sarnow 
2002,  
Walker et al. 2013 

 Nucleoporin 153 Prevention of mRNA 
trafficking from 
nucleus to cytoplasm 

HRV14, 
HRV16 

Gustin and Sarnow 
2002,  
Ghildyal et al. 2009, 
Walker et al. 2013 

 Oct Lost inhibition of 
transcriptional 
activation by the 
SV40 B enhancer 

PV, 
HRV16 

Amineva et al. 2004, 
Ramajayam et al. 
2011 

 RIG-I Attenuation of virus 
recognition and the 
innate immune 
response 

CVB3, 
EV71, 
PV, 
HRV16, 
Echo1 

Barral et al. 2009, 
Feng et al. 2014 

 TAF4B Suppression of NF-
κB response 

PV Neznanov et al. 2005 

 TBP Possibly inhibition of 
RNA polymerase II 

PV Das and Dasgupta 
1993,  
Clark et al. 1993 

 TRIF Possibly suppression 
of the types I and III 
IFN signalling and 
apoptosis 

CVB3 Mukherjee et al. 
2011, 
Lind et al. 2016 
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 PABP Inhibition of host-cell 

protein synthesis 
PV Joachims et al. 1999, 

Kuyumcu-Martinez 
et al. 2002, 
Kuyumcu-Martinez 
et al. 2004,  
Rivera and Lloyd 
2008 

 G3BP1 Inhibition of stress 
granule formation 

PV White et al. 2007 

 

2.3 Cellular filaments in enterovirus infection 

The cytoskeleton of a cell is composed of different filamentous structures, namely 
actin filaments, microtubules and intermediate filaments (reviewed in Fletcher 
and Mullins 2010). The cytoskeletal filaments are very dynamic and organize into 
networks, in a process, which is controlled by wide range of regulatory proteins. 
The main differences between the three filament types are related to their 
mechanical stiffness, assembly dynamics, polarization and associated molecular 
motors. The main functions of the cytoskeleton are to organize organs and other 
contents of the cell, to connect the cell to the surrounding environment, and to 
maintain the shape and drive the movements of the cell (reviewed in Fletcher 
and Mullins 2010). In addition, viruses, including enteroviruses, utilize cellular 
filaments in several steps of their lifecycle, from the first attachment to the last 
steps of egress and spread from cell to cell. 

2.3.1 Actin filaments 

Actin is a crucial player in many cellular functions and is found from both 
cytoplasm and the nucleus (Grummt 2006). Actin forms filaments (F-actin) but 
can also exist as a free monomer called G-actin. The monomers of G actin can 
polymerase into filamentous F-actin that can, in turn, rapidly depolymerize, a 
characteristic, which makes the actin a very dynamic structure. Actin participates 
in cell movement as well as in the maintenance of cell shape and is also a critical 
player in the membrane trafficking in the cells.  

Actin has been shown to play a role in the most common internalization 
processes. F-actin dynamics is needed in many steps during clathrin-coated pit 
formation and invagination in clathrin mediated endocytosis (Merrifield et al. 
2002, Merrifield et al. 2005, Yarar et al. 2005). In addition, caveolar/raft mediated 
endocytosis and micropinocytosis have been shown to be actin dependent 
(Pelkmans et al. 2002, Mercer and Helenius 2010). Since actin is so crucial player 
in many endocytic processes it is no surprise that also many viruses exploit actin 
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when entering the host cell. Even though studies using inhibitors against actin 
have shown contradictory results, there is an indication that also the infection of 
enterovirus B species is dependent on actin during entry (Pietiainen et al. 2004, 
Coyne and Bergelson 2006, Karjalainen et al. 2008, Heikkila et al. 2010, Delorme-
Axford et al. 2013, Krieger et al. 2013). In addition, a comparative study of EV71 
susceptible and resistant human rhabdomyosarcoma RD cell lines revealed that 
certain variant of beta-actin is needed for the infection of EV71 (Lui et al. 2013). 
Furthermore, enteroviruses have been shown to be dependent on regulators of 
actin dynamics, namely the members of Rho family GTPases Cdc42, RhoA and 
Rac1 (Coyne and Bergelson 2006, Karjalainen et al. 2008, Krieger et al. 2013, 
Huttunen et al. 2014). 

2.3.2 Microtubules 

Microtubules are polymers made of α- and β-tubulin dimers. Like actin, they are 
dynamic structures, constantly assembling and disassembling when tubulin 
dimers are added or removed. Microtubules originate from the microtubule 
organizing centre from where they radiate out towards the cell edges. 
Microtubules participate in many cellular functions such as cell migration, cell 
division as well as organelle and vesicle transport in the cells. The subunits of 
microtubules are structurally asymmetrical, which makes microtubules 
polarized polymers. This feature is important for the biological function of 
microtubules like for the interaction with motor proteins dynein and kinesin, 
which move preferentially in one direction along microtubule tracks during 
transport of different cargos like vesicles, organelles and protein complexes 
(reviewed in Hirokawa et al. 2009). 

The role of microtubules in enterovirus infection has been studied using a 
microtubule destabilizing drug nocodazole. These studies have suggested that 
EV1 and CVA9 are not dependent on microtubules (Pietiainen et al. 2004, 
Heikkila et al. 2010, Huttunen et al. 2014), whereas CVB3 entry was shown to be 
inhibited with nocodazole in placental trophoblast cells (Delorme-Axford et al. 
2013). In addition, the translocation of the poliovirus replication complexes from 
ER to perinuclear area has been shown to be dependent on microtubules, 
although the functionality of the replication complexes was not dependent on 
this translocation (Egger and Bienz 2005). Moreover, the 3C protease of 
poliovirus has been shown to cleave microtubule associated protein 4 (Joachims 
and Etchison 1992, Joachims et al. 1995).  

2.3.3 Intermediate filaments 

The third group of filaments, which comprise the cellular cytoskeleton, are 
intermediate filaments. There are 70 different genes that encode for intermediate 
filament proteins, which can be subcategorised into six types (I-VI). Most of the 
intermediate filament proteins locate in the cytoplasm such as keratin (type I and 
II), desmin (type III), vimentin (type III), synemin (type IV) and nestin (VI). The 
only exception to cytoplasmic intermediate filaments is lamins (type V), which 
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are nuclear proteins. The central building block of intermediate filament is a 
helical coiled-coil dimer, which is formed of two helical intertwined proteins 
(reviewed in Parry et al. 2007). The dimers assemble into tetramers, which further 
associate end to end to form protofilaments and finally filaments. Compared to 
actin and microtubules, intermediate filaments are highly flexible and stretchable 
(Kreplak et al. 2005, Block et al. 2015). The most important function of 
intermediate filaments is to give support to the cell, but they are also involved in 
signal transduction pathways, cytoplasmic organization of cell organelles and 
cell migration (Goldman et al. 2008, Leduc and Etienne-Manneville 2015, Etienne-
Manneville 2018).  

Vimentin is the major intermediate filament found in most of the cell types, 
and it forms a dynamic network system, similar to microtubules and actin (Yoon, 
M. et al. 1998). Vimentin has many tasks in cells such as providing mechanical 
support of the cytoplasm and localization of mitochondria as well as cell 
migration and adhesion of mesenchymal cells (Ivaska et al. 2007, Nekrasova et al. 
2011, Buehler 2013, Guo et al. 2013). Vimentin has also been related to cancer as it 
has been shown that vimentin expression levels increase in invasive cells during 
cancer development and progression (Hendrix et al. 1997, Mendez et al. 2010, 
Zelenko et al. 2017, Richardson et al. 2018). Vimentin is regulated by several post-
translational modifications such as phosphorylation, ubiquitylation, 
sumoylation and glycosylation (reviewed in Snider and Omary 2014). Vimentin 
is phosphorylated at multiple sites (Hyder et al. 2008) and in general, the 
phosphorylation events induce reorganization of the vimentin filaments in 
different biological processes, like cell migration (reviewed in Snider and Omary 
2014).  

Like many other intermediate filaments, also vimentin has a role in the 
infection of several enveloped and non-enveloped DNA and RNA viruses such 
as vaccinia virus (Ferreira et al. 1994), adenovirus (Belin and Boulanger 1987), 
herpes virus (Miller and Hertel 2009) and dengue virus (Kanlaya et al. 2010). In 
addition, vimentin rearrangements have been shown during the infection of a 
close relative of enteroviruses, FMDV, and a bovine enterovirus (Armer et al. 
2008). Vimentin was also shown to rearrange during EV71 infection (Haolong et 
al. 2013), and interestingly, has also been suggested to serve as an attachment 
receptor for EV71 (Du et al. 2014). Moreover, the 2A protease of CVB4 has been 
shown to cleave another intermediate filament, namely cytokeratin 8, later within 
infection, during the onset of cytopathic effect (Seipelt et al. 2000).  



  

I To characterize the dense EV1 particle, isolated from infected cells 
using caesium chloride gradient, and study its role as an uncoating 
intermediate.  

II To study the role of host cell calpain proteases in the polyprotein 
processing of enterovirus B species in-vitro. 

III To study the role of host cell intermediate filament, vimentin, in the 
infection of enterovirus B species, especially during viral translation 
and replication. 

3 AIMS OF THE STUDY



  

The methods used in this thesis are summarized in Table 4. Detailed description 
of the methods can be found in the original papers, which are indicated by 
Roman numerals. 

TABLE 4 The methods used in the publications (indicated by Roman numerals) related 
to this thesis.  

Method Publication

Cell culture I, II, III 

Virus production and purification I 

Virus infection I, II, III 

Drug treatment II, III 

Immunofluorescence and confocal microscopy I, II, III 

Quantification of microscopic data I, III 

Western blotting II, III 

Thermal stability assay I 

Infectivity assay I, III 

Isotopic labeling I, III 

Electron microscopy I 

RT-qPCR III 

Gradient centrifugation I 

Baculo virus-insect cell protein expression II 

Mass spectrometry II 

Statistical testing II, III 

4 SUMMARY OF THE METHODS



  

5.1 Identification of a new EV1 particle form during infection 

Originally, the novel uncoating intermediate particle of EV1 was discovered in 
this study when a new purification protocol for viral particles was used. In order 
to produce highly purified virus preparations for spectroscopic and biochemical 
assays, in addition to typical rate-zonal sucrose gradient centrifugation, we 
isolated viruses from infected cells using equilibrium density gradient 
centrifugation in caesium chloride (CsCl). Surprisingly, apart from the empty 
particle population with very low density, the CsCl gradient revealed two 
additional particle populations with distinct densities (I). The light particles 
banded at the density of 1.29 g cm-3, while the dense particles had a density 
between 1.35 and 1.38 g cm-3 (I, Fig. 1A). Three differently sedimenting particle 
types have typically been separated during infection using sucrose gradient: 
intact particle, altered uncoating intermediate particle and RNA lacking empty 
particle with sedimentation rates of approximately 160S, 135S and 80S, 
respectively (Lonberg-Holm et al. 1975, Fricks and Hogle 1990, Gromeier and 
Wetz 1990, Ofori-Anyinam et al. 1993, Curry et al. 1996, Tuthill et al. 2006). In 
addition, enteroviruses have been separated in CsCl gradients and two distinct 
particle populations (light and dense) have been revealed with poliovirus, CVB5 
and bovine enterovirus (Rowlands et al. 1975, Yamaguchi-Koll et al. 1975, 
Urakawa et al. 1987). However, the link between uncoating intermediate particles 
and dense particles from CsCl gradients has not been discussed earlier.  

We showed that two particle populations with different densities appeared 
in CsCl gradient, regardless whether the viruses were first purified using sucrose 
gradient centrifugation or directly subjected to CsCl gradient (I, Fig. 1A). We also 
showed that an additional CsCl gradient centrifugation did not progressively 
increase the number of dense particles, indicating that the centrifugation itself 
did not cause the production of these particles (I, Fig. 1Aii). Furthermore, we 
showed that the formation of dense particles was not due to temperature 
increase, since the light particles did not transform into dense particles either at 

5 RESULTS AND DISCUSSION



38 
 
RT or + 37 °C in a storage buffer 2 mM MgCl2-PBS determined with CsCl gradient 
centrifugation (I, Fig. 1 B). In addition, a real-time spectroscopy assay showed 
that the fluorescence did not significantly increase during incubation of light 
particles at RT or + 37 °C for 180 min in a storage buffer (2 mM MgCl2-PBS), 
indicating that the light particles were stable in these conditions (I, Fig. 1 C). In 
contrast, the incubation of light particles in water at + 37 °C resulted in clear 
fluorescence increase, indicating that the viral RNA became accessible to the 
RNA intercalating dye, sybr green II (SG II) (I, Fig. 1 C). 

Next, we wanted to reveal the timeframe for dense particle formation 
during infection. We used radioactively labeled EV1 in order to sensitively detect 
different forms of EV1 particles during infection. The radioactive virus was 
purified using CsCl centrifugation and only intact, light particles were used as 
an input to infect the cells (I, Fig. 2D). The infection was stopped at different times 
post infection and the different particles from the infected cells were separated 
using either CsCl (I, Fig. 2A) or sucrose (I, Fig. 2C) gradient centrifugation. The 
results showed that binding the virus on ice for 1 h did not produce altered 
particles since only light virion peak in CsCl gradient or native virion peak in 
sucrose gradient, in fractions 14-18 from the top, were observed (I, Fig. 2A and 
C). In contrast, dense particle population in CsCl gradient or a widened peak in 
fractions 12-18 from the top in sucrose gradient, appeared after 30 min virus 
incubation on cells at 37 °C, and were evident at 120 min and 180 min p.i. as well. 
Interestingly, the sucrose gradient centrifugation did not produce a separate 135S 
peak typical for enteroviruses during uncoating, but instead, only a broadened 
native peak was formed next to 160S intact form, suggesting that this altered 
particle population was distinct from 135S particles described for enteroviruses. 
The correlation of the appearance of the dense particle peak in the CsCl gradient 
and the widened peak in the sucrose gradient suggested that the dense virus 
population was the same as the virus population inside the wide peak in sucrose 
gradient. Indeed, when the fractions of the wide peak from sucrose gradient were 
collected and subjected to CsCl gradient, both light (intact) particles and dense 
particles were detected, indicating that the widened peak in sucrose gradient 
contained two particle populations, which could be separated in CsCl gradient 
(I, Fig. 2E). Next, we wanted to compare the number of dense particles inside and 
outside cells. We infected cells with light (intact) virus and collected the viruses 
from cells after 2 h p.i. Particles derived from cells were then separated using 
CsCl gradient and different particle types (empty, light and dense) were 
quantified. The results showed that, in cells, over 50% of the light particles had 
transformed into dense particles (I, Fig. 2B). In contrast, if the light virus was 
directly subjected into CsCl centrifugation, over 80% of the light particles stayed 
intact, while the rest were either dense or empty particles. This indicated that, 
although some dense particles may form spontaneously, the formation of dense 
particles was clearly enhanced in cells and was not caused by centrifugation itself 
(I, Fig. 2B).   

Altogether, we showed that an altered EV1 particle population was 
detected during early infection as a widened peak next to the 160S virus form in 



39 

the sucrose gradient. These particles could be separated from the intact particles 
in CsCl gradient centrifugation, producing a separate dense particle population 
in addition to intact, light virions. These dense particles were distinct from 135S 
particles and may represent a novel form of EV1 uncoating intermediate particle.  

5.1.1 Characterization of the dense particle 

Next, we wanted to further characterize the dense EV1 particles. Earlier studies 
have suggested that the dense particles have similar RNA to protein ratio 
compared to the light (intact) particles and that the different densities of light and 
dense particles can be explained by increased permeability of dense particles, 
which allows the interaction of Cs+ ions with the RNA (Yamaguchi-Koll et al. 
1975). First, we observed that the dense particles of EV1 indeed are more porous 
since a RNA intercalating dye SG II, could penetrate the capsid of dense particles 
(I, Fig. 3A). In a thermal stability assay, SG II dye was added with the virus at RT 
after which the temperature was gradually increased and the stability of the virus 
evaluated according to the melting temperature, as previously described (Walter, 
T. S. et al. 2012). In contrast to the dense particles, which showed permeability 
already at RT, light (intact) virions were not permeable to the dye in the 
beginning, and the melting temperature of 53 °C could be determined. This result 
supported our earlier observation that intact, light particles had structurally 
changed during infection and allowed small molecules such as SG II and Cs+ ions 
to penetrate the capsid of dense particles, leading to increased density in the CsCl 
gradient (I, Fig. 2A and 3A).  

Since we observed that dense particles have a more open structure 
compared to intact (light) particles, and earlier studies of dense particles showed 
that they were more sensitive to RNase A (Yamaguchi-Koll et al. 1975, Wiegers et 
al. 1977), we also tested the sensitivity of the light and dense particles to RNase 
A. Interestingly, the results showed that the infectivity of neither light nor dense 
particles was compromised due to RNase A treatment before infection (I, Fig. 3B). 
This suggested that the pores on the dense particle capsid were not large enough 
for the RNase A enzyme to reach the RNA, nor was RNA externalized from these 
particles.  

One of the reported feature of the uncoating intermediate, expanded or 135S 
particles of enteroviruses is that they seem to lack the inner capsid protein VP4 
(Crowell and Philipson 1971, Belnap et al. 2000, Bubeck et al. 2005, Seitsonen et al. 
2012). It has been shown that, during uncoating and RNA release, VP4 protein is 
externalized and it is suggested to form a multimeric pore on the endosomal 
membrane through which the RNA can be released (Strauss et al. 2013, Panjwani 
et al. 2014). We studied the protein composition of the light and dense EV1 
particles by labelling the methionins and cysteines of the capsid proteins with 
radioactive sulphur. SDS-PAGE analysis showed that both the light and dense 
virus particles contained their VP4 protein (I, Fig. 3C). Although the protein 
signal in general was lower for dense particles compared to light particles, the 
share of VP4 protein from all capsid proteins was very similar for both of the 
particle types, 4.5% and 4.3% for light and dense particles, respectively. This 
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result also corresponded well with the theoretical calculation of the methionins 
and cysteines in VP4 compared to all methoinins and cysteines present in capsid 
proteins, which was 4.3%. Furthermore, the existence of the VP4 protein in the 
EV1 dense particle also explained why only a minor shift of the peak was 
detected in the sucrose gradient during infection (I, Fig. 2C and E). Thus, in 
contrast to uncoating intermediate particles typically described for other 
enteroviruses, we suggest that this uncoating intermediate of EV1 is different and 
still contains VP4 protein and cannot be termed as a 135S particle. Recently it was 
also shown with an acid labile enterovirus D68, that an intermediate particle is 
formed during the transition from native virion to an altered (135S) particle in-
vitro (Liu et al. 2018). Cryo-EM structure revealed that also this particle still 
contained VP4 protein and was more open compared to native virion, showing 
an opening at the two-fold axis. Altogether these studies thus suggest that, there 
are multiple structural uncoating intermediates during enterovirus infection. 

5.1.2 The dense particle is infectious and can bind to its receptor 

Previous studies on uncoating intermediates of enteroviruses have suggested 
that the infectivity of the virus in cell cultures decreases substantially upon 
conversion from intact to the 135S particle (Curry et al. 1996, Organtini et al. 2014). 
The lack of VP4 capsid protein may explain this because of its important role in 
genome release (Danthi et al. 2003, Panjwani et al. 2014). In addition, it has been 
shown earlier that the uncoating intermediate particles of some enteroviruses 
detach from the receptor, suggesting that the conformational change in these 
particles leads to poorer receptor binding (Lonberg-Holm et al. 1975, Goodfellow 
et al. 2005). In the light of these earlier studies, we also wanted to study the 
infectivity of the dense EV1 particle. We used three different infection methods 
to determine the infectivity of light and dense particles within short, intermediate 
and long timescale (I, Fig. 5). First, the number of infected cells was calculated 
after 6 h p.i. by immunolabeling the capsid protein VP1 (I, Fig. 5A). Next, the 
infectivity was determined based on the appearance of cytopathic effect (CPE) at 
24 h p.i. when the viable cells were stained with crystal violet and the absorbance 
of the stain was measured (I, Fig. 5C). Finally, the 50% tissue culture infective 
dose per millilitre (TCID50/ml) was determined using end-point dilution 
method (I, Fig. 5B). All the infectivity tests described above showed high 
infectivity for both light and dense EV1 particles, although the infectivity of the 
dense particles was slightly lower compared to the light particles.  

While for some enteroviruses it has been shown that the receptor induces a 
conformational change into an uncoating intermediate particle (Tsang et al. 2001, 
Coyne and Bergelson 2006, Yamayoshi et al. 2013, Liu et al. 2015, Wei et al. 2016), 
we and others have already earlier suggested that, for EV1 and CVA9, the trigger 
for uncoating is not the interaction with their receptors α2β1 and αvβ3 integrins, 
respectively (Xing et al. 2004, Shakeel et al. 2013). Here, we also confirmed using 
a thermal stability assay that the binding domain of the α2β1 integrin receptor, I-
domain, stabilized the intact EV1 particle rather than induced uncoating (I, Fig. 
6A). Furthermore, we were able to show that the dense EV1 particle was also able 
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to bind the I-domain (I, Fig. 6B and C). This was shown with an infection assay, 
where the light and dense particles were incubated with varying amounts of I-
domain and subsequently bound on cells on ice. After the unbound virus was 
washed away, the infection proceeded for 24 h, and viable cells were stained with 
crystal violet (I, Fig. 6B). Like with light particles, the infection caused by dense 
particles was compromised when the particles were first incubated with the I-
domain. This suggested that the receptor binding sites were already occupied 
with the I-domain when the particles were added to cells, and thus, the viruses 
were not able to bind to the receptor. Moreover, we showed qualitatively, using 
transmission electron microscopy, that I-domain was bound on light and dense 
particles, and that the infection was not inhibited because of virus particle 
disruption (I, Fig. 6C). Interestingly, two recent studies showed that the infection 
of several echoviruses, including EV1, was dependent on neonatal Fc receptor 
(Morosky et al. 2019, Zhao et al. 2019). Furthermore, while DAF has been shown 
to act as an attachment receptor for many echoviruses, the Fc receptor was shown 
to induce uncoating of echovirus 6 in an acidic environment (Zhao et al. 2019). In 
contrast to echovirus 6, EV1 has been shown to internalize into pH neutral 
multivesicular bodies via attachment to α2β1 integrin receptor (Xing et al. 2004, 
Karjalainen et al. 2011). Whether the Fc receptor also functions as an uncoating 
receptor for EV1 and contributes to the formation of the altered, dense particle 
characterized here, remains to be studied. 

5.1.3 Heat treatment does not mimic the formation of dense particles during 
infection 

Depending on the enterovirus species, the trigger for uncoating has been 
suggested to be either low pH or receptor binding. For structural studies, the 
uncoating intermediate particles have typically been formed by treating the 
intact particles in an acidic environment, or in the case of acid stabile viruses, 
heating them at elevated temperatures with or without receptor engagement 
(Garriga et al. 2012, Harutyunyan et al. 2013, Ren et al. 2013, Shingler et al. 2013, 
Butan et al. 2014). Furthermore, the heat-converted uncoating intermediate of 
poliovirus was suggested to mimic the cell-derived uncoating intermediate 
(Curry et al. 1996). In the case of EV1, we showed that the heat treatment (5 min 
at 50 °C in PBS supplemented with 2 mM MgCl2) did not produce a similar  shift 
of peaks in the sucrose gradient as observed when the native virus was incubated 
on cells (I, Fig. 4Ai and 2C). Furthermore, separation of the heat-treated particles 
in CsCl gradient led to the disappearance of the intact, light virion peak at 1.31 g 
cm-3, while the dense virion peak did not accumulate, indicating that the heat 
treatment did not convert the intact, light virus particles into dense virus particles 
(I, Fig. 4Aii). It is also possible that the heat caused a rupture of the virions so 
quickly that we missed the appearance of a possible dense intermediate in the 
gradient. Indeed, we showed using transmission electron microscopy that heat-
treatment produced morphologically different particles, whereas light and dense 
particles derived from cells, shared similar morphology of an intact virus (I, Fig. 
4B). In contrast to light and dense virus particles, the heat-converted particles 
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often showed an additional protrusion in the vicinity of the capsid, suggesting 
that the heat treatment led to virus opening which was distinct from the opening 
that occurred during infection in cells (I, Fig. 4B). In addition, the existence of 
these protrusions probably enhanced formation of virus aggregations, supported 
also by the fact that CsCl gradient separation of heat-treated particles resulted in 
an appearance of a transparent ‘’smear’’ on the tube walls (I, data not shown). 
Also earlier studies of heat-treated enteroviruses have shown that the profiles in 
sucrose gradient differ, suggesting differences in the response to heating between 
different virus species (Airaksinen et al. 2001).  

Thus, we suggest that the formation of the uncoating intermediate of EV1, 
the dense particle, cannot be mimicked by heating the intact EV1 particle at 
temperatures higher than physiological temperature. However, our recent in 
vitro studies show that a porous EV1 particle can be formed by treating the intact 
particle with bovine serum albumin alone or in combination with high potassium 
and low sodium and calcium concentrations at + 37 °C (Ruokolainen et al. 2019). 
This particle was shown to be permeable to SG II dye, resistant to RNase A 
treatment and still infectious. Furthermore, cryo-EM structure of the particle 
revealed that the pocket factor was lost, particle was expanded by 4 % and 
openings were formed near the two-fold axis (Ruokolainen et al. 2019). In contrast 
to the dense particles derived from cells, these albumin- and ion treated particles 
had at least partially lost VP4 protein, which also resulted in a clear shift of the 
intact virus peak in sucrose gradient (Ruokolainen et al. 2019). The formation of 
uncoating intermediate particles during infection may differ from in vitro 
derived uncoating intermediate particles, since in contrast to the global changes 
induced by physical factors, the changes of the virus particles during infection 
may be more local and linked to receptor binding. This was also demonstrated 
by recent cryo-EM studies with CVB3, where the CAR receptor was immobilized 
on lipid bilayer nanodisc, resulting in asymmetric changes of the virus particle 
(Lee, H. et al. 2016). 

All in all, our results showed that, in addition to the native virus, another 
infectious EV1 particle is found from cells during infection. This particle still 
contains all capsid proteins but has a more open structure in comparison to the 
native virion. This more permeable structure enables its separation from the 
native virion in CsCl gradient, but does not prevent receptor binding or infection. 
Thus, this intermediate particle is distinct from 135S particle and may represent 
a novel uncoating intermediate. 

5.2 Host cell calpains can cleave structural proteins from the 
enterovirus polyprotein 

Earlier results from our research group have shown that host cell calpain 
proteases are important during enterovirus infection (Upla et al. 2008). It was 
shown that inhibitors and small interfering RNAs (siRNAs) against calpains 
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prevented the infection of enteroviruses. In addition, attempts to inhibit binding 
or uptake with calpain inhibitor were not successful, indicating that calpain 
action occurred after entry. This deduction was also supported when calpain 
inhibitor could prevent the infection even after microinjection of viral RNA into 
the cells. Furthermore, the effective time window of calpain inhibitor at 3 h p.i. 
pinpointed the action of calpains at the time when the translation and replication 
start to accelerate (Upla et al. 2008). Calpains also got activated during infection 
at 3 h p.i., further suggesting the role of calpains after entry, during early 
translation/replication. However, the mechanistic understanding of calpain 
action remained unclear, and prompted us to study the role of calpains in more 
detail. 

5.2.1 The infection of enteroviruses can be prevented with calpain inhibitor 
but not with 2A inhibitor 

First, we showed that the infection of three serotypes from the enterovirus B 
species, EV1, CVB3 and CVB1, could be prevented using calpain inhibitor (II, Fig. 
1). The infection was determined after 6 h p.i. in adenocarcinomic human alveolar 
basal epithelial (A549) cells by immunolabeling the VP1 protein and visualizing 
the newly synthetized capsid protein using confocal microscopy (II Fig. 1A). In 
addition, the levels of VP1 from the whole cell population were studied using 
western blotting (II, Fig. 1B). Both studies clearly showed that the infection of all 
three viruses was prevented when calpain inhibitor was used. On the other hand, 
the results also showed that the infection could not be prevented using an 
inhibitor against 2A viral protease. This inhibitor, called elastatinal, did not 
supress the infection, but instead, VP1 levels remained the same as in control 
infection with all three viruses (II, Fig. 1A and B). 

Since both calpains and enteroviral proteases have cysteine as their 
catalytically active amino acid, and since calpain inhibitor has earlier been shown 
to inhibit the action of 2A (Molla et al. 1993), we also wanted to test the cross-
reactivity of calpain inhibitor on viral proteases. We carried out an in-vitro 
reaction, where the actions of 2A and 3C were studied by detecting the levels of 
their known cellular targets, poly A binding protein (PABP) and Ras-GTPase-
activating protein-binding protein 1 (G3BP1), respectively (II, Fig. 2). A549 cell 
homogenate was incubated with purified enteroviral proteases with or without 
the calpain inhibitor, and the cleavage action of 2A and 3C was revealed using 
western blotting. The results showed that both 2A and 3C were inhibited with 
calpain inhibitor: the levels of PABP were the same as in control without 2A 
protease, and the 3C induced cleavage product of G3BP1 did not appear in the 
presence of calpain inhibitor (II, Fig. 2). Additionally, we showed in-vitro that the 
2A protease inhibitor, elastatinal, which did not prevent the infection of the three 
tested enteroviruses (II, Fig. 1), prevented the action of viral protease 2A against 
cellular targets but not that of 3C (II, Fig. 2). It has been shown that 2A makes the 
first cleavage by cleaving itself out from the P1 region in-cis already during 
translation (Toyoda et al. 1986, Sommergruber et al. 1989, Palmenberg 1990, 
Laitinen et al. 2016). Probably elastatinal was unable to prevent infection because 
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it was not able to bind to 2A and prevent its action, while 2A was still attached 
to the polyprotein. In addition, interestingly it was shown with another 
picornavirus, namely FMDV, that the cleavage between P1 and 2A is not 
necessary to produce empty capsids and infectious virions (Gullberg et al. 2013). 
In the study, the cells were transfected with an expression cassette containing 3C 
protease and P1-2A, which was mutated to prevent the cleavage action between 
P1 and 2A. In addition, to study the effect on the virus infectivity, the mutation 
was introduced into the full-length FMDV infectious cDNA clone. 

The results thus showed that the infection of three tested enterovirus B 
serotypes, namely EV1, CVB3 and CVB1, could be prevented using calpain 
inhibitor. Furthermore, this inhibitor was shown to inhibit viral proteases 2A and 
3C in-vitro, thus indicating that the use of the inhibitor in cell experiments might 
be problematic. However, the cross-reactivity of calpain inhibitor with viral 
proteases also brought out the potential of the inhibitor as an efficient antiviral.  

5.2.2 Calpains can release VP1 and VP3 proteins by cleaving the P1 region of 
enteroviral polyprotein in-vitro 

The exact role of calpains in enterovirus infection remained unsolved in our 
earlier studies (Upla et al. 2008). However, the time of action for calpains inferred 
to infection steps taking place after RNA release, when the translation and 
replication start to accelerate. This was also proven by the experiment where the 
infection was halted after microinjection of the viral RNA into the cytoplasm 
during calpain inhibitor treatment. This showed that calpain inhibitors had 
targets in the cytoplasm in the early replication/translation phase. According to 
the dogma, after translation, before replication takes place, the enteroviral 
polyprotein is processed by viral proteases 2A, 3C and precursor 3CD in order to 
release proteins needed for capsid assembly and replication. The first cleavage 
between P1 and P2 is done by 2A protease in cis already co-translationally 
(Toyoda et al. 1986, Sommergruber et al. 1989, Palmenberg 1990, Laitinen et al. 
2016), while the other cleavages are then thought to be carried out by proteases 
3C and 3CD (Ypma-Wong et al. 1988, Palmenberg 1990). Considering the time 
window of calpain action in enterovirus infection, and the nature of calpains as 
processing rather than degradative cysteine proteases, we hypothesized that 
calpains could take part in the polyprotein processing of enteroviruses. However, 
since our preliminary data showed that calpain inhibitor cross-reacted with viral 
proteases, we had to study the action of calpains and viral proteases separately. 
In order to do so, we produced the P1 region of CVB1 polyprotein in sf9 cells 
using baculovirus system (II, Fig. 3A). In addition, since our preliminary studies 
showed that the 2A inhibitor elastatinal could not inhibit the infection in cells, we 
also wanted to study the possible role of calpains in P1 cleavage out from the 
whole polyprotein. Hence, to study the cleavage site between P1 and 2A, a 
construct with P1 followed by a mutated 2A without protease activity (P1-2A*), 
was produced (II, Fig. 3A). The P1 or P1-2A* lysate derived from insect cells was 
incubated with purified calpain proteases 1 and 2 or viral proteases 2A and 3C in 
an in-vitro reaction, and the results were evaluated using western blotting. The 



45 

results showed that the addition of calpains decreased the amount of P1 (II, Fig. 
3 B and C) and, more importantly, that the amounts of VP1 and VP3 proteins 
increased (II, Fig. 3 B, D and E). Although both calpains 1 and 2 could release VP1 
and VP3 proteins from the P1 polyprotein, the results were statistically 
significant only for calpain 2, suggesting that calpain 2 was more potent at 
cleaving the P1, at least in vitro. Additionally, our positive control, 3C protease, 
could release VP1 and VP3 proteins, and the results were statistically significant 
(II, Fig. 3 B, D and E). On the other hand, our results showed that neither of the 
calpains could cleave between P1 and 2A in the P1-2A* construct, since bands 
corresponding to P1 or VP1 did not appear (II, Fig. 3B). However, calpains were 
able to release VP3 protein from the P1-2A* construct, further indicating that the 
cleavage sites between VP0-VP3 and VP3-VP1 could be processed by calpains (II, 
Fig. 3B and E). Additionally, we showed that 2A protease could not process the 
cleavage site between P1 and 2A, when it was introduced in trans (II, Fig. 3 B, D 
and E). Altogether, our results showed that calpains could cleave the P1 region 
of enterovirus polyprotein in-vitro, and release VP1 and VP3 capsid proteins, like 
3C. These results raise up a question, whether the role of calpains in enterovirus 
polyprotein processing has gone unnoticed earlier, because it has been difficult 
to separate the action of viral and calpain proteases in cell assays. As we and 
others have shown, calpain inhibitors also cross-react with viral protases (Molla 
et al. 1993), which creates a challenge in infection assays, carried out in cells. 
However, to verify the role of calpains in polyprotein processing during 
enterovirus infection, additional studies are needed.    

To further demonstrate the cleavage action of calpains 1 and 2, we carried 
out a titration assay for the proteases (II, Fig. 4A). By incubating the P1 construct 
with increasing concentrations of calpains, we showed that the appearance of 
VP1 protein was dependent on calpain concentration, since VP1 only appeared 
when higher calpain concentrations were used. However, lower amounts of 
calpains were able to produce a cleavage product corresponding to an 
intermediate containing both VP1 and VP3. This intermediate was also evident 
in control reaction, where calpains were not added. However, the appearance of 
the VP1+VP3 intermediate in control reaction was calcium dependent, since the 
intermediate only appeared if excess calcium was added into the in-vitro 
reaction, suggesting a presence of calcium dependent protease in the insect cell 
derived lysate. Furthermore, since calpains have been shown to be calcium 
dependent proteases, we also studied the role of calcium in calpain activation 
during P1 processing. We showed that the cleavage action of calpain 2 was 
calcium dependent, since calpain 2 was not able to release VP1 out from P1 if 
excess calcium was not added or if it was chelated with egtazic acid (EGTA) (II, 
Fig. 4A). In contrast, calpain 1 was able to release VP1 out of the P1 even without 
excess calcium, suggesting that the amount of calcium in the P1 lysate was 
enough to activate calpain 1. Interestingly, the addition of EGTA in the presence 
of calpain 1 induced the disappearance of the whole P1 band, because of an 
unknown reason. The difference between calcium sensitivity of calpain 1 and 2 
was not surprising, since it is known from in-vitro studies that the calcium 
requirement for calpain 1 and 2 differs. Based on in vitro assays, calpain 1 is 
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supposed to need micromolar, whereas calpain 2 needs millimolar 
concentrations of calcium to get activated (Goll et al. 2003). The calcium 
requirement in vivo, however, is still under investigation to understand how 
calpains get activated in cells, where such high concentrations of calcium do not 
exist (Goll et al. 2003). Nevertheless, the trigger for increased calcium levels 
during enterovirus infection could be the viruses themselves, since enteroviruses 
have been shown to increase the amount of cytosolic calcium during infection by 
releasing calcium from ER and inducing plasma membrane permeability (Aldabe 
et al. 1997, van Kuppeveld et al. 1997). In addition, Bozym et al. showed that 
calcium levels increased during CVB3 infection at 2-3 h p.i. (Bozym et al. 2011) 
and our earlier studies showed calpain activation at 3-4 h p.i. (Upla et al. 2008).  

Finally, we used calpain inhibitor in an in-vitro reaction to further show that 
the appearance of VP1 and VP3 proteins was due to calpain action. P1 construct 
was incubated with calpain 1 and 2 in the presence or absence of calpain inhibitor 
(II, Fig. 4B and C). Again, both calpains produced cleavage products 
corresponding to VP1 and VP3, if the inhibitor was not added. In contrast, the 
presence of calpain inhibitor prevented the formation of these cleavage products, 
further confirming that the processing was due to calpain action. All in all, our 
results thus showed that the P1 region of enterovirus B species can be processed 
by calpains in vitro, resulting in the release of capsid proteins VP3 and VP1.  

5.2.3 Calpains cleave near the VP3-VP1 cleavage site 

Our results showed that calpains were able to cleave P1 and produce VP1 and 
VP3 as cleavage products similarly as viral protease 3C. Because the cleavage 
sites between VP0-VP3 and VP3-VP1 used by calpains may differ from those 
used by 3C protease, we wanted to study these cleavage sites in more detail. 
Unfortunately, due to low water solubility, we could not produce a suitable 
peptide for the cleavage site of VP0-VP3, but we used a 30 amino acid synthetic 
peptide covering the cleavage site between VP3-VP1 (NH2-
MLKDTPFIRQDNFYQGPVEESVERAMVRVA-COOH). This peptide, which 
also included the putative cleavage site of 3C, was used in an in-vitro assay where 
purified calpain proteases or viral protease 3C was incubated with the peptide. 
To reveal the exact cleavage sites for the proteases, the results were analysed 
using SWATH-MS mass spectrometry analysis (II Fig. 6A). The analysis revealed 
that the highest intensities of cleavage products produced by both calpains 
corresponded to sequences, which resulted from cleavage at (NH2-) 
MLKDTPFIRQDNF/YQGPVEESVERAMVRVA (-COOH). In turn, the cleavage 
site used by 3C protease was the one reported in the literature (NH2-) 
MLKDTPFIRQDNFYQ/GPVEESVERAMVRVA (-COOH), which was only two 
amino acids apart from that used by calpains. Although, the in-vitro cleavage 
assays showed that calpain 2 released more VP1 and VP3 out from the P1 (II, Fig. 
3), here the mass spectrometry analysis clearly showed that also calpain 1 was 
able to cleave P1 from the exact same location as calpain 2. As discussed above, 
the calcium requirement of calpain 1 and 2 differs in-vitro and does not resemble 
in-vivo conditions, and hence, it may be difficult to draw clear conclusions of 
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calpain preference from in-vitro assays. Whether calpains can cleave from other 
3C or 3CD specific cleavage sites at the P2 and P3 regions remain to be studied. 

Moreover, we used this synthetic peptide in a competition assay to reveal 
whether its excess can inhibit calpains from the processing of P1. When purified 
calpains were incubated with P1 construct in the presence of excess peptide, the 
amount of cleavage product corresponding to VP1 was clearly less, compared to 
the control without the peptide (II, Fig. 6B). This indicated that the peptide 
included a sequence motif, which was processed by calpains, and that its excess 
hindered calpains from cleaving the P1 construct. Altogether, these results thus 
showed that calpains can specifically cleave at the cleavage site between VP3 and 
VP1, and that the cleavage site was only two amino acids apart from that used 
by 3C. However, it will be important to study in the future, whether the capsid 
proteins produced by calpains can be used in the production of pentamers and 
subsequently in the assembly of infectious virions. 

5.2.4 Discussion of the role of calpain proteases during enterovirus infection 

As a proof of principle, we showed here that host cell calpain proteases can 
process enterovirus P1 polyprotein and release VP1 and VP3 proteins in-vitro. 
Does this happen in cells as well? Our earlier studies already clearly showed the 
importance of calpains during enterovirus infection (Upla et al. 2008). Although, 
calpain inhibitors might be problematic in cell assays, the inhibition of calpains 
with specific siRNAs clearly decreased the infection of EV1 (Upla et al. 2008). In 
addition, the fact that calpains got activated at the time when translation and 
replication start to accelerate suggested a role for calpains at this stage of infection 
(Upla et al. 2008).  

Also a few other studies have connected calpains to enterovirus infection. 
It has been shown that calpains could work in trafficking of CVB3 containing 
vesicles inside cells during infection, or later in infection in CVB induced necrosis 
or autophagy (Yoon, S. Y. et al. 2008, Bozym et al. 2010, Bozym et al. 2011, Li et al. 
2014). These above-mentioned studies were carried out using calpain inhibitors, 
which might complicate the interpretation of the results because of cross-
reactivity with viral proteases. In addition, we have earlier shown using 
autophagosomal marker LC3 that EV1 does not need or induce autophagy 
during its infection (Rintanen et al. 2012). This suggests that there are differences 
between enterovirus serotypes and that, at least for EV1, the role of calpains is 
not related to autophagy. On the other hand, as calpains are very abundant 
proteases in cells, whose activity is controlled by altering calcium concentrations, 
the participation of calpains in multiple steps of enterovirus infection might be 
possible.  

In addition to enteroviruses, calpains have been suggested to have a role in 
the infection of other viruses as well, such as influenza, herpesvirus, 
chikungunya and some other picornaviruses (Debiasi et al. 1999, DeBiasi et al. 
2001, Zheng et al. 2014, Karpe et al. 2016, Howe et al. 2016, Blanc et al. 2016). 
Interestingly, calpain 2 has also been associated in the cleavage of hepatitis C 
virus non-structural protein (Kalamvoki and Mavromara 2004). Furthermore, the 
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polyprotein processing of other positive-sense RNA viruses has been shown to 
involve cellular proteases in addition to viral proteases. For example, the studies 
of hepatitis C and dengue virus have shown that the cellular signal peptidases or 
furins cleave the viral polyprotein in the ER to release mature structural proteins 
(McLauchlan et al. 2002, Perera and Kuhn 2008). However, to our knowledge, the 
role of calpains, or other cytoplasmic proteases, has not been suggested in the 
viral polyprotein processing earlier.       

It is not far-fetched to speculate that enteroviruses, and also other viruses, 
may have adapted to use readily available host cell proteases to favour their 
infection. In the study by Lawson and Semler it was shown that during 
enterovirus infection, 3C and 3CD were more active in membranous fraction, 
while P1 and its processing still occurred in the soluble fraction (Lawson and 
Semler 1992). In addition, their in-vitro assay showed that P1 was processed 
already before 3CD protease was detected (Lawson and Semler 1992). It may be 
that viral proteases mostly process P1, which is found from the replication 
membranes, while calpains could promote the processing of P1 in the cytosol. On 
the other hand, it may also be that over time the role of viral proteases in cleavage 
of host factors became more important to promote apoptosis and suppress 
immunological responses (Laitinen et al. 2016), while calpains have become a 
back-up system for viral polyprotein cleavage. In addition to lytic infections, 
enteroviruses are also known to cause persistent infections, where the viruses can 
stay silent in tissues without causing cell death (Alidjinou et al. 2014, Flynn et al. 
2017, Bouin et al. 2019). In order not to cause apoptosis, the viral proteases are 
most likely downregulated, but calpains could still promote polyprotein 
processing and subsequently allow low levels of capsid protein production and 
replication. However, whether calpain proteases truly function in infected cells 
and take part in polyprotein processing, remains to be shown. 

Altogether, our results showed that host cell calpain proteases can process 
the P1 region of enterovirus polyprotein, and as a result, release capsid proteins. 
Moreover, we showed a high cross-reactivity of calpain inhibitors with viral 
proteases in this study, which highlights their potential also as future antivirals.     

5.3 Vimentin dynamics are needed for efficient production of 
enteroviral non-structural proteins 

In addition to other cellular filaments, also the dynamics of intermediate filament 
vimentin, have been associated with several viral infections (Chen et al. 1986, 
Risco et al. 2002, Stefanovic et al. 2005, Bhattacharya et al. 2007, Gladue et al. 2013, 
Fay and Pante 2013, Meckes et al. 2013, Teo and Chu 2014). Additionally, our 
earlier studies showed that the cell susceptibility to EV1 infection correlated with 
vimentin organization (Turkki et al. 2013). In some of these earlier studies, 
vimentin has been reported to form cage like structures around replicating 
genome or viral proteins. However, the trigger or mechanism of action for 
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vimentin rearrangements has not been revealed yet. Thus, here we have studied 
the role of vimentin dynamics during the infection of enterovirus B species in 
more detail. 

5.3.1 Vimentin rearranges around dsRNA during replication, triggered by 
viral protein synthesis 

First, the vimentin rearrangements were studied by immunolabeling enterovirus 
capsid protein VP1 and vimentin, and the results were visualized using confocal 
microscopy. The analysis revealed that, at later stages of infection (4-6 h p.i.), 
vimentin formed a ball-like structure in the perinuclear area of CVB3 (III, Fig. 
1A), EV1, CVB1 and CVA9 (III, Fig. 1C) infected cells. In addition, it was observed 
that VP1 did not co-localize with vimentin, but instead, was abundant in other 
parts of the cytoplasm. Further studies then showed that vimentin was associated 
with the replicating RNA, since immunolabeling of the replication intermediate, 
dsRNA, together with vimentin showed dsRNA inside the vimentin cage (III, Fig. 
1D). A time-course study showed that the vimentin cages started to appear and 
contained dsRNA at around 3 h p.i. but were more evident and compact between 
4-6 h p.i. (III, Fig. 1E and 2A). The results also showed that the redistribution of 
vimentin was not due to rounding of the cells, since cells were still attached to 
the coverslips and cell outlines did not match with those of the vimentin cages 
(III, Fig. 1A, C and E). In addition, immunolabeling of tubulin together with 
vimentin showed that not all cellular filaments were rearranged, since tubulin 
showed normal filamentous morphology all over the cytoplasm during CVB3 
infection (III, Fig. 1B). When the intensity of capsid and dsRNA label per cell was 
quantified, the amount of capsid and dsRNA per cell gradually increased from 3 
to 6 h p.i. (III, Fig. 2B). However, quantification of cells positive for CVB3 capsids 
or dsRNA showed that at 3 h p.i. there were more cells positive for dsRNA than 
capsid production, 60% and 20%, respectively. Then the number of capsid and 
dsRNA containing cells increased clearly at 4 h p.i. and did not change that much 
anymore until the last detected time-point, 6 h p.i. (III, Fig. 2B). The schedule for 
vimentin rearrangements in infected cells followed the schedule of capsid 
production, since as the number of cells positive for capsid production increased, 
so did the number of cells that showed vimentin rearrangements (III, Fig. 2B). 
Although the number of replication positive cells was evident already at 3 h p.i. 
the number of cells having dsRNA inside compact vimentin structures was not 
yet evident at 3 h p.i. indicating that replication preceded the formation of 
vimentin rearrangements (III, Fig. 2B). Our results thus suggested that replication 
was not dependent on vimentin rearrangements and the appearance of vimentin 
cages was more related to viral protein production.  

Next, we sought to determine the trigger for vimentin rearrangements in 
more detail. In order to test whether the presence of viral particles and their 
internalization was sufficient to trigger vimentin rearrangements or if translation 
and replication were needed, we used infection incompetent neutral-red (NR) 
and UV-inactivated viruses in our studies. The uncoating and subsequent 
replication of NR-CVB3 was prevented by crosslinking the genome inside the 
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capsid with light, as described earlier (Brandenburg et al. 2007, Siljamaki et al. 
2013, Huttunen et al. 2014, Soonsawad et al. 2014). The light inactivation was 
carried out at different times p.i. and vimentin rearrangements were visualized 
using confocal microscopy (III, Fig. 3A). The quantification of the results showed 
that vimentin rearrangements did not form if the NR-CVB3 was inactivated with 
light at 20 min and 1 h p.i. but at 3 h p.i. when replication had already started, 
the vimentin cages started to appear (III, Fig. 3A). In addition, the infection with 
UV-inactivated EV1 did not induce vimentin rearrangements, in contrast to 
control infection, where EV1 induced the formation of vimentin cages at 5 h p.i. 
This was confirmed by immunolabeling and microscopy (III, Fig. 3B).  

As our results indicated that the presence of the virus particle or its 
internalization did not trigger vimentin rearrangements, we next wanted to 
study the role of replication and translation as a trigger. First, to study the effect 
of replication on vimentin cage formation, we used guanidine hydrochloride 
(GuHCl). GuHCl has been shown to inhibit the action of 2C protein and 
subsequently to prevent the initiation of negative strand RNA synthesis (Barton 
and Flanegan 1997, Pfister and Wimmer 1999, Banerjee et al. 2004). Our results 
showed that addition of 2 mM GuHCl during early infection inhibited CVB3 
infection completely, which was detected by immunolabeling of VP1 protein 
(data not shown). Furthermore, vimentin cages did not form during GuHCl 
treatment. Thus, by inhibiting replication, GuHCl also affected translation, 
although it has not been shown to impair translation per se. To further study 
whether dsRNA has a direct role in vimentin rearrangements, we transfected the 
cells with low and high concentrations of a dsRNA analog, poly-IC. The results 
showed that Poly-IC did not induce vimentin rearrangements (III, data not 
shown), suggesting that dsRNA did not itself trigger vimentin cage formation. 
Next, we inhibited the protein synthesis using cycloheximide and puromycin 
(Barton et al. 1999). We confirmed the functionality of the synthesis inhibitors by 
detecting the virus induced CPE (III, Fig. 3C), levels of VP1 (III, Fig. 3E) and 
replication using qPCR (III, Fig. 3F). Our results also showed that vimentin 
rearrangements did not occur in the presence of these translation inhibitors (III, 
Fig. 3D). Furthermore, we disturbed the protein synthesis by using VER155008 
and geldanamycin inhibitors against cellular chaperones, HSP70 and HSP90, 
respectively. These inhibitors, especially VER155008, increased the cell viability 
compared to control infection and inhibited the formation of vimentin cages (III, 
Fig. 3G and H). In addition, the levels of dsRNA and VP1 decreased in the 
presence of these inhibitors (III, Fig. 3I and J). Altogether, our results thus showed 
that the formation of vimentin cages during enterovirus infection was dependent 
on viral protein synthesis rather than virus internalization or the presence of viral 
particles or dsRNA. 

5.3.2 Inhibition of vimentin rearrangements allows efficient infection but 
postpones cell death 

In order to study vimentin dynamics during enterovirus infection in more detail, 
we used a drug called β,β’-Iminodipropionitrile (IDPN), which has earlier been 
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shown to cause disruption of vimentin (Galigniana et al. 1998). First, we 
confirmed that IDPN did not affect drastically to A549 cell viability (III, Fig. 4A), 
or vimentin morphology by itself (III, Fig. 4B). Next, we showed that IDPN 
rescued the cells from CVB3 infection, since the cell viability of infected, IDPN 
treated cells was clearly higher compared to infected cells without the drug (III, 
Fig. 4C). Surprisingly, the production of progeny viruses was, however, not 
affected by inhibition of vimentin rearrangements, since the number of infectious 
virions, determined with end-point assay, was the same with or without IDPN 
treatment (III, Fig. 4D). In addition, qPCR analysis showed that the amount of 
positive sense RNA gradually increased during CVB3 infection both with and 
without IDPN treatment. Only a slight decrease in replication was observed 
during IDPN treatment (III, Fig. 4E). This was evident also when dsRNA was 
immunolabeled and visualized with confocal microscopy, but more importantly, 
the visualization revealed different localization of dsRNA in IDPN treated versus 
non-treated cells during infection (III, Fig. 4F). In IDPN treated cells, where 
vimentin dynamics was prevented, the dsRNA was not concentrated in the 
perinuclear region, but instead, was more spread around the whole cytoplasm. 

5.3.3 Vimentin cage contains replicating RNA, cellular membranes and viral 
non-structural proteins but not viral structural proteins 

The findings that the replicating viral RNA located in vimentin cages, and that 
the localization changed when vimentin dynamics was inhibited with IDPN, 
prompted us to study also other components that might be associated with 
vimentin cages. First, we inspected the viral 3D polymerase, and showed that it 
associated with the vimentin cage during normal infection. Like dsRNA, also 3D 
polymerase was more spread out in the whole cytoplasm during IDPN treatment 
(III, Fig. 5A). In addition, these confocal microscopy studies showed that the 
expression of 3D polymerase was lower with IDPN treatment compared to 
normal infection. Similarly, another non-structural protein, viral protease 2A, 
was associated with vimentin during normal infection, but was more evenly 
distributed in the cytoplasm upon IDPN treatment (III, Fig. 5B) altogether 
suggesting that several players associated with replication/translation were 
associated with the vimentin cage. In addition, vimentin has previously been 
shown to co-immunoprecipitate another non-structural protein of 
picornaviruses, namely 2C of the FMDV virus (Gladue et al. 2013) further adding 
to the list of vimentin associated non-structural proteins. 

In contrast to non-structural proteins, we showed that the localization of the 
structural protein VP1 did not associate with vimentin (III, Fig. 5C). In addition, 
the localization and expression levels of VP1 did not show a major change when 
the cells were treated with IDPN during infection. However, when we evaluated 
the localization of cellular components during infection with and without IDPN 
treatment, we observed that luminal ER marker, protein disulfide-isomerase, and 
cis-Golgi matrix protein, GM130, were associated with vimentin cages during 
normal infection but were more spread out when vimentin rearrangements were 
inhibited with IDPN (III, Fig. 5D and E). 
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The replication of positive-strand RNA viruses typically takes place on host 
cell membranes which are rearranged during virus infection. For enteroviruses it 
has been shown that the replication starts on single membrane tubular structures 
which are converted into double membrane vesicles later during infection 
(Limpens et al. 2011, Belov et al. 2012). As we observed that the replicating RNA 
as well as viral non-structural proteins and components from ER and Golgi 
associated with vimentin cage, it is likely that vimentin rearrangements have a 
role in the formation or support of replication organelles. Moreover, we showed 
that inhibition of vimentin rearrangements also resulted in more dispersed 
localization of these above mentioned components. Although we showed the 
effect of vimentin cage formation during the replication of enterovirus B species, 
considering the universal nature of replication process among different 
enterovirus species, it is likely that also other species would show similar results. 
In addition, earlier studies with EV71 from the enterovirus A species also 
connected vimentin with formation of replication centers (Haolong et al. 2013). 
Like the vimentin cages, the replication organelles of enteroviruses mostly 
occupy the perinuclear region of the cell (Limpens et al. 2011, Belov et al. 2012). 
In addition, the schedule for the formation of replication organelles coinsides 
with the formation of vimentin cages, further suggesting that vimentin helps in 
the organization of the replication area of enteroviruses. Furthermore, it can be 
speculated that sequestering of the replication area by vimentin cage may also 
protect the virus from innate immune responses of the cell. It would be 
interesting to study in the future, whether vimentin cage e.g. hampers the cellular 
pattern recognition receptors from recoqnizing foreign components, such as 
dsRNA, during enterovirus infection (Mogensen 2009).  

5.3.4 Inhibition of vimentin dynamics affects the levels and activity of viral 
non-structural proteins 

As the confocal microscopy studies suggested a difference in the levels and 
location of non-structural versus structural proteins upon IDPN treatment, we 
next wanted to quantify this observation. First, we observed that the levels of VP1 
were about 40% lower in IDPN treated cells as compared to normal infection 
detected by western blotting (III, Fig. 6A). This observation was in line with the 
earlier observation that replication was slightly decreased during IDPN 
treatment (III, Fig. 4E). In contrast, when the levels of non-structural proteins 3D, 
2A and 3C were compared to VP1, it was evident that they decreased more 
drastically upon IDPN treatment being 1%, 20% or 10% of the VP1 signal (set to 
100%) for 3D, 2A and 3C, respectively (III, Fig. 6A). Since there was a clear 
decrease in the production of non-structural proteins, it was quite unexpected 
that the number of infectious virions did not change during IDPN treatment (III, 
Fig. 4D). However, as we showed that the production of structural proteins and 
RNA is not much affected during IDPN treatment, it may be that in this short 
time-scale (6 h p.i.) the lower number of non-structural proteins does not have an 
effect on viral yields. At later timepoints, however, it is likely that low amount of 
viral non-structural proteins also affects the number of infectious virions. 
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In addition to the cleavage of enterovirus polyprotein, the viral proteases 
2A and 3C cleave several host cell proteins related to host cell shut-off, apoptosis 
and immunological responses (Kuo et al. 2002, Chau et al. 2007, White et al. 2007, 
Rivera and Lloyd 2008, Dougherty et al. 2015, Laitinen et al. 2016). In order to 
study the activity of 2A and 3C proteases, we next detected the levels of some of 
their cellular targets. The levels of host cell PABP and G3BP1 were clearly 
affected during IDPN treatment compared to normal infection, since they were 
not cleaved if IDPN was added during infection, supporting also the observation 
of lower 2A and 3C protease levels (III, Fig. 6B). As the cleavage of these and 
other cellular factors has been shown to promote apoptosis, we also studied cell 
viability and measured the levels of caspase activation upon IDPN treatment. 
Our results showed that cell viability increased (III, Fig. 6C) and caspase 
activation was clearly decreased (III, Fig. 6D) upon IDPN treatment compared to 
normal infection. This result of caspase activation was in line with both the lower 
expression and subsequent cleavage action of viral proteases (III, Fig. 6A and B), 
explaining also the lack of CPE in IDPN treated infected cells. Interestingly, 
although the PABP cleavage was affected by low levels of 2A viral protease, 
another substrate for 2A, eukaryotic translation initiation factor 4 G (eIF4G), was 
not as drastically affected. This protein, which is related to the host cell shut-off 
during enterovirus infection, was cleaved even during IDPN treatment when 2A 
levels were low (III, Fig. 6E), suggesting that a shut off was taking place in IDPN 
treated infected cells. Indeed, when we studied the host cell shut-off using 
metabolic labeling, we confirmed the shut-off even upon IDPN treatment in 
infected cells (III, Fig. 6F). It has been shown earlier that eIF4G is cleaved already 
at an early stage during poliovirus infection, leading to a decreased synthesis of 
host proteins (Etchison et al. 1982). Evidently, in our studies, the low 2A protease 
activity left was able to induce host cell shut-off by rapidly cleaving the eIF4G 
even during IDPN treatment.  

Finally, to confirm that the observed changes in cell viability were not 
related to ER stress response, we studied ER stress markers and reactive oxygen 
species during infection. Our results showed that the levels of ER stress markers 
did not change upon infection or IDPN treatment (III, Fig. 6G). In addition, the 
levels of reactive oxygen species were very similar in control and infected cells 
with or without IDPN treatment (III, Fig. 6H). Altogether, these results thus 
suggested that the postponed cell death during IDPN treatment was related to 
low expression and activity of viral proteases instead of ER stress response. As 
enteroviral proteases are important contributors in the viral pathogenicity 
(Laitinen et al. 2016), understanding of the regulators of their function is 
important. The downregulation of viral protease action may prevent the essential 
events leading to enterovirus induced diseases such as encephalitis, 
cardiomyopathy and meningitis (Verma et al. 2009, Tapparel et al. 2013, Gaaloul 
et al. 2014, Laitinen et al. 2016, Bouin et al. 2019). 
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5.3.5 Inhibition of vimentin dynamics affects the synthesis of non-structural 

proteins rather than their degradation 

All in all, our results suggested that the inhibition of vimentin dynamics with 
IDPN affected more specifically the viral non-structural than structural proteins, 
also leading to prolonged cell survival. These results prompted the question how 
the structural and non-structural proteins could have a different fate. 
Enteroviruses are known to translate their polyprotein as a single unit, but could 
the different parts of the polyprotein be differentially synthesized, processed, or 
even degraded? It was shown by others earlier that the virus core protein of 
hepatitis C virus was protected from proteasomal degradation by vimentin 
(Nitahara-Kasahara et al. 2009). Hence, we first set out to study if viral proteins 
were degraded during IDPN treatment by carrying out an infection time series 
with or without IDPN (III, Fig. 7A). The western blot results showed that 2A and 
3D proteins appeared during normal infection at 5-6 h p.i. but were not visible in 
IDPN treated infected cells. However, VP1 was observed both with and without 
IDPN treatment, although to less extent during IDPN treatment. This suggested 
that rather than being degraded, the non-structural proteins were not produced 
to same extent in IDPN treated compared to non-treated infected cells already 
from the beginning. To further confirm that degradation was not the explanation 
for lower levels of non-structural proteins, we used a specific inhibitor of 
proteasomal degradation, called bortezomib. The western blot results showed 
that, the addition of bortezomib during IDPN treatment in infected cells did not 
restore the non-structural proteins or VP1, further confirming that the lower 
protein levels upon IDPN treatment were not due to proteasomal degradation 
(III, Fig. 7B, lanes 2, 5 and 6). In addition to proteasomal degradation, we wanted 
to test whether cytoplasmic calpain proteases would have a role in the observed 
protein levels. As suggested by us (II), calpains may take part in the enterovirus 
polyprotein processing and might hence contribute to the phenomena observed 
here as well. Indeed, the addition of calpain inhibitor on top of IDPN during 
infection totally prevented viral protein production (III, Fig. 7B, lane 4). This and 
our earlier observations (II) thus suggest that the production of VP1 and RNA 
was possibly enhanced by calpains, even if non-structural proteins were quite 
heavily downregulated during IDPN treatment. The protein production was 
totally abolished when also calpains were inhibited, supporting the hypothesis 
that calpains may have a role in the polyprotein processing. 

Next, we studied the effect of cellular heat shock proteins HSP70 and HSP90 
using western blotting (III, Fig. 7B). HSP70 protein has earlier been suggested to 
have a universal role in the life cycle of different viruses (Mayer 2005), and has 
been associated with for example rabies and dengue virus infections (Lahaye et 
al. 2012, Taguwa et al. 2015). HSP90, on the other hand, has been shown to protect 
the viral components of EV71 and poliovirus from proteasomal degradation 
(Geller et al. 2007, Tsou et al. 2013).  Our results showed that the inhibition of 
HSP70 with VER155008 totally abolished virus protein synthesis and infection 
(III, Fig. 7B lane 10). More importantly, we showed that HSP90 inhibitor, 
geldanamycin, prevented P1 processing into VP1, whereas the processing of non-
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structural proteins was not much affected (III, Fig. 7B lanes 11 and 12). This 
observation was totally the opposite compared to IDPN treatment, which mostly 
affected the non-structural rather than structural proteins. It has been shown in 
earlier studies that HSP90 binds to P1 and affects its processing (Geller et al. 2007, 
Newman et al. 2018). Thus, in the light of earlier and our results here, it could be 
speculated that viral structural and non-structural proteins are processed 
differently during infection. In fact, Lawson and Semler (Lawson and Semler 
1992) showed in their metabolic labeling assay that most of the P1 and structural 
proteins accumulate in cytosolic fraction, while P2-P3 and non-structural 
proteins were found from the membrane bound fraction, supposedly associated 
with replication membranes. In addition, they showed that the processing of P1 
compared to P2 and P3, was different, since active processing of P2 and P3 
occurred during early infection in membranous fraction, but did not much occur 
in the soluble fraction, while P1 was processed in the soluble fraction for longer 
periods. So, perhaps the non-structural proteins are more affected by vimentin 
dynamics, while P1 processing is more affected by HSP90. In addition, as our 
results showed, also calpain proteases might contribute to the processing of P1 
(II).  

Thus, we showed that the inhibition of vimentin dynamics resulted in lower 
production of the non-structural proteins, in contrast to structural proteins. In 
addition, we showed that this difference was not due to selective degradation of 
non-structural proteins, which raises the question how structural and non-
structural proteins can be differently produced? It has been shown earlier that 
the release of P1 from the rest of the polyprotein occurs quickly during 
translation. This cleavage is carried out by 2A protease, which cleaves between 
itself and P1 during translation, as soon as the required components have been 
translated (Toyoda et al. 1986, Palmenberg 1990). So, it may be that after the 
release of P1, the synthesis of P2-P3 region is dependent on a compact replication 
area and vimentin cage. In contrast, the production of P1 is less affected by 
vimentin cage formation. However, future studies are needed to reveal the 
mechanistic basis of these phenomena in more detail. One possibility could be 
the different non-canonical translation mechanisms, which are commonly used 
by RNA viruses (Firth and Brierley 2012). These mechanisms such as ribosomal 
frameshifting have also been reported for some picornaviruses (Donnelly et al. 
2001, Loughran et al. 2011). In general, non-canonical translation can result in 
different ratios of viral proteins, often allowing greater production of structural 
proteins (Dinman 2012, Napthine et al. 2017). Whether such mechanisms are 
contributing to the observed different ratios of non-structural and structural 
protein synthesis and processing observed here, remains to be shown. 

 Altogether, these results thus showed that enteroviral protein synthesis 
induced the formation of vimentin cages, which contained replicating RNA and 
non-structural viral proteins. The inhibition of vimentin dynamics and cage 
formation with IDPN resulted in lower production of non-structural proteins in 
contrast to structural proteins, which was not due to degradation of the non-
structural proteins. Finally, we suggest that the loss of vimentin cage results in 
poorly organized replication area leading to a more diffuse pattern of dsRNA 
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and non-structural proteins. This results in less efficient synthesis of non-
structural proteins, leading also to higher cell viability. In contrast, the structural 
proteins in the soluble pool are produced almost normally and are much less 
affected by perturbed vimentin structure (III, Fig. 8). 



  

The main conclusions of this thesis are: 

I We demonstrated that, in addition to native virus, another infectious 
EV1 particle form, possibly an uncoating intermediate, is found 
during infection. This particle has a higher density in CsCl gradient 
because of a more open structure compared to the native virus. 
Further characterization of this dense particle showed that it still 
contains VP4 protein and is capable of binding to the receptor α2β1 
integrin and cause infection. Finally, the formation of this dense 
particle cannot be mimicked by heating the native particle in elevated 
temperatures. 

II Proteolytic processing of structural proteins from the enteroviral 
polyprotein can be carried out by cellular calpain proteases in-vitro. 
Furthermore, prevention of calpain action by calpain inhibitors also 
prevents the action of viral proteases, which highlights their potential 
as future antivirals.    

III Enterovirus infection induces drastic vimentin rearrangements 
during replication, which is triggered by viral protein synthesis. The 
formed vimentin cages contain replication membranes, originating 
from the ER and Golgi, as well as viral RNA and viral non-structural 
proteins, but less of the structural proteins. Moreover, the inhibition 
of vimentin rearrangements does not drastically affect structural 
proteins, but results in less efficient production of non-structural 
proteins, leading also to prolonged host cell survival. 

Thus, this thesis shed light on both viral and cellular factors, which contribute to 
the infection of enteroviruses after entry, during uncoating and 
translation/replication (Fig. 5). 

6 CONCLUDING REMARKS
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FIGURE 5 A summary of the conclusions of the thesis. The respective original papers are 
indicated by Roman numerals I-III. After attachment and internalization, EV1 
capsid goes through minor structural changes, which allows entry of small 
molecules. In this so called priming (I) step, the virus has a more open structure 
compared to native virion, but still contains all capsid proteins. Furthermore, 
the virus is still in an infectious state and is able to bind to its receptor. After 
priming, the uncoating occurs and the viral RNA is externalized from the 
capsid, and subsequently released into the host cell cytoplasm. The positive-
sense RNA is next translated as a single polyprotein, which is cleaved by viral 
proteases 2A, 3C and 3CD. In addition, studies in-vitro suggest that 
cytoplasmic, cellular calpain proteases may contribute to the polyprotein 
processing (II) by cleaving the structural proteins out of the enteroviral 
polyprotein. In addition to translation, the viral RNA is also replicated and 
during translation/replication the enteroviral protein synthesis triggers 
vimentin rearrangements leading to vimentin cage formation (III). The 
vimentin cage supports the replication organelle and contains replicating viral 
RNA, components of ER and Golgi, and viral non-structural proteins, but less 
of the structural proteins. The non-structural proteins are efficiently produced 
only if vimentin cage is formed, while the production of structural proteins in 
the cytoplasm is less dependent on the vimentin rearrangements and cage 
formation. 
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YHTEENVETO (RÉSUMÉ IN FINNISH) 

Enterovirusten tehokasta avautumista ja replikaatiota edistävät solu- ja virus-
tekijät  

Virukset ovat mikroskooppisia partikkeleita, jotka koostuvat perimäaineksesta ja 
sitä ympäröivästä proteiinikuoresta. Lisäksi joillakin viruksilla on proteiinikuoren 
ympärillä lipidivaippa. Virukset eivät kykene elämään itsenäisesti, vaan niiden 
lisääntyminen on täysin riippuvaista isäntäsolusta, jonka proteiinisynteesiin liit-
tyviä koneistoja ja muita tekijöitä virus käyttää hyväkseen. 

Enterovirukset ovat halkaisijaltaan noin 30 nm kokoisia vaipattomia viruk-
sia, joiden perimäaineksena toimii RNA molekyyli. Ne aiheuttavat useimmiten 
oireettomia tai lieviä sairauksia, mutta voivat aiheuttaa myös vakavampia tauteja. 
Infektion aikana enterovirus tunkeutuu isäntäsoluun, minkä jälkeen sen proteiini-
kuori avautuu ja RNA vapautuu isäntäsolun solulimaan. Solulimassa enterovi-
ruksen RNA toimii mallina proteiinisynteesissä, jossa kaikki viruksen proteiinit 
tuotetaan yhtenä polyproteiinina. Jälkikäteen polyproteiini pilkotaan yksittäisiksi 
proteiineiksi, joita tarvitaan uusien virusten proteiinikuoren kokoamiseen ja mui-
hin infektiota edistäviin prosesseihin. Proteiinisynteesin lisäksi viruksen RNA:ta 
monistetaan ja perimäaines pakataan uusiin valmistuviin viruspartikkeleihin, jot-
ka vapautetaan ulos solusta, mikä useimmiten johtaa isäntäsolun kuolemaan. 

Enterovirusten perimä sisältää koodin vain rajoitettuun määrään proteiineja, 
joten virukset ovat mukautuneet evoluution aikana hyödyntämään isäntäsolun 
proteiineja ja muita tekijöitä. Monet näistä solutekijöistä, kuten myös infektioon 
vaikuttavista virustekijöistä tunnetaan. Silti edelleen yksi virustutkimuksen pääta-
voite on tunnistaa uusia tärkeitä infektiota edistäviä tekijöitä. Tätä tietoa voidaan 
käyttää hyväksi viruslääkkeiden kehittelyssä, sillä esimerkiksi enteroviruksia vas-
taan ei ole vielä toimivaa lääkettä. Nykyään erityisesti solutekijöihin kohdistuvia 
lääkkeitä pidetään potentiaalisina vaihtoehtoina virusinfektioiden estämiseen, sil-
lä ne voisivat mahdollisesti toimia useampia viruksen serotyyppejä vastaan. Lisäk-
si, vaikka virukset tuottavat mutaatioita nopeasti välttääkseen viruksen kuoreen 
kiinnittyviä lääkkeitä, muuntautuminen on hankalampaa kun viruksen täytyy 
tuottaa mutaatioita, jotka auttavat kehittämään vaihtoehtoisia keinoja välttää solu-
tekijöitä, jotka ovat alun perin tärkeitä viruksen infektioreitillä.  

Tämä väitös koostuu kolmesta osatyöstä, joissa tutkittiin sekä virus- että so-
lutekijöitä, jotka vaikuttavat enterovirusten tehokkaaseen infektioon. Ensimmäi-
sessä osatyössä tutkittiin infektiovaihetta, jossa viruksen proteiinikuori avautuu. 
Toisessa ja kolmannessa osatyössä puolestaan tutkittiin solutekijöitä, jotka ovat 
osallisena enterovirusten infektiossa viruksen proteiinien synteesin ja perimä-
aineksen monistumisen aikana. 

 Ensimmäisessä osatyössä löysimme ja kuvailimme uuden echovirus 1 (EV1) 
partikkelin, joka muodostui infektion aikana. Tämän partikkelin muodostuminen 
ajoittui infektiovaiheeseen, jossa viruksen proteiinikuori avautuu ja RNA vapau-
tuu kuoresta ulos. Tällaisia niin kutsuttuja välimuotoisia partikkeleita on kuvailtu 
enteroviruksista ennenkin, mutta me osoitimme, että EV1 partikkeli ei ollut 
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ominaisuuksiltaan tyypillinen enterovirusten välimuotopartikkeli. Verrattuna na-
tiiviin viruspartikkeliin, tämä välimuotopartikkeli oli rakenteeltaan avoimempi, 
mutta proteiinikuori sisälsi silti edelleen kaikki rakenneproteiinit. Lisäksi osoitim-
me, että toisin kuin aiemmin kuvatut välimuotopartikkelit, tämä partikkeli pystyi 
edelleen sitoutumaan reseptoriproteiiniin solun pinnalla ja aikaansaamaan tehok-
kaan infektion. 

 Toisessa osatyössä osoitimme in vitro -kokeilla, että proteiinisynteesissä tuo-
tettu viruksen polyproteiini voidaan pilkkoa yksittäisiksi viruksen proteiineiksi 
viruksen omien entsyymien lisäksi myös solun kalpaiini-entsyymien avulla. Li-
säksi näytimme, että kalpaiini-entsyymejä vastaan kehitetty inhibiittori esti myös 
viruksen entsyymien toiminnan. Tämä tulos osoitti, että kalpaiini-inhibiittoria 
voitaisiin mahdollisesti käyttää viruslääkkeenä enterovirusinfektioita vastaan. 

Kolmannessa osatyössä näytimme, että enterovirusinfektio saa aikaan voi-
makkaita muutoksia solun välimuotoisia säikeitä muodostavassa vimentiinipro-
teiinissa. Normaalisti koko soluliman kattava vimentiiniverkosto tiivistyi ja muo-
dosti häkkimäisen rakenteen tuman läheisyyteen infektion aikana. Tarkempi tar-
kastelu osoitti, että tämän vimentiinihäkin muodostumisen laukaisi viruksen pro-
teiinien synteesi ja että vimentiinihäkki sisälsi monistuvaa viruksen RNA:ta ja ei-
rakenteellisia proteiineja, mutta ei rakenneproteiineja. Lisäksi osoitimme, että vi-
mentiinirakenne on tärkeä nimenomaan ei-rakenteellisten proteiinien tuotossa, 
sillä vimentiinihäkin muodostumisen estäminen johti ei-rakenteellisten prote-
iinien heikompaan tuottoon verrattuna rakenneproteiineihin. Ei-rakenteellisten 
proteiinien heikompi tuotto puolestaan lisäsi isäntäsolujen elävyyttä vähentämällä 
apoptoosia. 

Viruksia vastaan voidaan pääasiassa taistella kahdella tavalla: lääkkeillä tai 
rokotteilla. Rokotteiden kehittäminen yli sataa eri enterovirus-serotyyppiä vastaan 
on työlästä, ja siksi enterovirustutkimuksessa panostetaan yhä enemmän toi-
mivien, erityisesti laajakirjoisten, viruslääkkeiden löytymiseen. Tämä edellyttää 
myös syvällistä ymmärrystä erilaisista enterovirusinfektioon vaikuttavista teki-
jöistä ja korostaa perustavalaatuisen virustutkimuksen tärkeyttä, mitä myös tämä 
väitöstyö edustaa.        
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ABSTRACT

One of the hallmarks of enterovirus genome delivery is the formation of an uncoating intermediate particle. Based on previous
studies of mostly heated picornavirus particles, intermediate particles were shown to have externalized the innermost capsid
protein (VP4) and exposed the N terminus of VP1 and to have reduced infectivity. Here, in addition to the native and intact par-
ticle type, we have identified another type of infectious echovirus 1 (E1) particle population during infection. Our results show
that E1 is slightly altered during entry, which leads to the broadening of the major virion peak in the sucrose gradient. In con-
trast, CsCl gradient separation revealed that in addition to the light intact and empty particles, a dense particle peak appeared
during infection in cells. When the broad peak from the sucrose gradient was subjected to a CsCl gradient, it revealed light and
dense particles, further suggesting that the shoulder represents the dense particle. The dense particle was permeable to SYBR
green II, it still contained most of its VP4, and it was able to bind to its receptor �2�1 integrin and showed high infectivity. A
thermal assay further showed that the �2�1 integrin binding domain (I-domain) stabilized the virus particle. Finally, heating E1
particles to superphysiological temperatures produced more fragile particles with aberrant ultrastructural appearances, suggest-
ing that they are distinct from the dense E1 particles. These results describe a more open and highly infectious E1 particle that is
naturally produced during infection and may represent a novel form of an uncoating intermediate.

IMPORTANCE

In this paper, we have characterized a possible uncoating intermediate particle of E1 that is produced in cells during infection.
Before releasing their genome into the host cytosol, enteroviruses go through structural changes in their capsid, forming an un-
coating intermediate particle. It was shown previously that structural changes can be induced by receptor interactions and, in
addition, by heating the native virion to superphysiological temperatures. Here, we demonstrate that an altered, still infectious
E1 particle is found during infection. This particle has a more open structure, and it cannot be formed by heating. It still contains
the VP4 protein and is able to bind to its receptor and cause infection. Moreover, we show that in contrast to some other entero-
viruses, the receptor-virion interaction has a stabilizing effect on E1. This paper highlights the differences between enterovirus
species and further increases our understanding of various uncoating forms of enteroviruses.

Picornaviruses are a large family of pathogens infecting humans
and animals across the globe. The vast disease range caused by

these viruses spans from simple rashes to paralysis andmeningitis.
It has been estimated that approximately half of the seasonal com-
mon-cold cases reported are caused by rhinoviruses, members of
the family subgroup Enterovirus (1). Increased emphasis on en-
terovirus research is caused by the evidence associating type I di-
abetes, asthma, and myocarditis with members of the enterovirus
genus (2–4).

Echovirus 1 (E1), a member of the enterovirus B group, shares
the structural characteristics of all picornaviruses: a positive-sense
single-stranded RNA genome of �7,500 nucleotides with a non-
enveloped capsid of roughly 30 nm in size that is comprised of
four noncovalently interacting viral proteins (VP1, VP2, VP3, and
VP4). During the course of picornavirus entry and uncoating, a
common sequence of events has been suggested based on poliovi-
rus and rhinovirus studies: the initial receptor-virion interaction
on the cell surface begins the conversion of the native virion to an
A-particle (altered particle; also termed a 135S particle due to its
sediment coefficient in sucrose) (5, 6). Compared to the native
virion, the 135S particle has its VP1N-terminal segment external-
ized and has lost its inner capsid protein VP4. Both of these
changes are thought to be linked with themembrane-virion inter-
action and possible pore formation by myristylated VP4 (7–9).
The altered particles still hold the genome inside the capsid shell,
but recent evidence regarding rhinovirus and coxsackievirus B3

(CVB3) indicates that the RNA-capsid interaction is altered (10,
11). Additionally, an opening forms at the 2-fold axis of the 135S
particle, which facilitates the genome’s egress from the capsid (12–
17). The generation of genome-free, empty (80S) particles occurs
only after internalization to an endosome compartment, where
the final step(s) of picornavirus uncoating is supposed to take
place.

In addition to the native (160S), altered (135S), and empty
(80S) particle types described above, poliovirus, coxsackievirus
B5, swine vesicular disease virus, and bovine enterovirus were
shown to band as two separate particle populations in CsCl. In
general, the reported buoyant density profiles vary between 1.34
and 1.47 g cm�3, where the major, intact component is usually
found to be less dense than theminor component (18, 19, 20). The
reported properties of the dense particles, with respect to the na-
tive 160S virion, indicate a similar RNA-to-protein ratio but in-
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creased permeability, often reduced infectivity, and increased
RNase and protease sensitivity (19, 21, 22). The origin of dense
picornavirus particles has been attributed to increased RNA-ce-
sium interactions due to increased permeability to Cs� ions (19).
While there are clear structural differences between the native
particles and A-particles, the relationship between dense particles
and A-particles is rarely discussed.

We have shown that E1 induces a macropinocytic entry path-
way that has no connections to the conventional acidic clathrin
pathway (23–26). E1 accumulates, together with its receptor �2�1

integrin, in nonacidic multivesicular structures that do not label
for endosomal proteins found in classical endosomes (25, 27).
Interestingly, members of the same enterovirus group B viruses,
such as coxsackievirus A9 (CVA9) (28, 29), CVB3, and coxsacki-
evirus B1 (M. Martikainen, A. S. Khojine, H. Hyöty, and V. Mar-
jomäki, unpublished data), show remarkably similar entry char-
acteristics (30). The present data concerning E1 andCVA9 suggest
that, in contrast to poliovirus and rhinovirus, binding to their cell
surface receptors, �2�1 and �v�3 integrins, respectively, stabilizes
the viruses and that uncoating starts only later, gradually after 30
min postinfection (p.i.) in endosomes (15, 23, 28, 31, 32). It there-
fore seems that the enterovirus group B viruses have similarities in
terms of uncoating and genome release from the endosomes and
that these aspects may differ from those of poliovirus and rhino-
virus.

In this study, we show that E1 does not show a typical transi-
tion into a 135S particle during infection but instead goes through
smaller structural alterations that cause only small changes in the
sedimentation profile in the sucrose gradient. Additionally, we
report the densities of E1 particles in the CsCl gradient and iden-
tify a previously undescribed dense E1 particle. This dense particle
is formed during infection, and it corresponds to the appearance
of a shoulder next to intact E1 particles in the sucrose gradient and
thus may represent an uncoating intermediate. The dense particle
is highly infectious, permeable to small molecules like SYBR green
II (SGII), VP4 positive, and capable of receptor interaction. Fi-
nally, we show that heating E1 to superphysiological temperatures
causes the formation of more fragile, structurally aberrant parti-
cles that are distinct from the naturally formed dense particles that
are produced in cells during infection.

MATERIALS AND METHODS
Cells, antibodies, and reagents. Cell experiments were carried out with
green monkey kidney (GMK) cells, which were obtained from the Amer-
ican Type Culture Collection (ATCC). The following antibodies were
used in the experiments: rabbit polyclonal antibody against E1 (23) and
secondary goat anti-rabbit antibody conjugated with Alexa Fluor 555
(Molecular Probes, Invitrogen USA).

The glutathione S-transferase (GST)–I-domain fusion was a kind gift
from JyrkiHeino (University of Turku). Polyethylene glycol 6000, sodium
deoxycholate, and a Nonidet P-40 substitute were obtained from Sigma-
Aldrich. Eagle’s minimum essential medium (MEM), fetal bovine serum
(FBS), GlutaMAX, and penicillin-streptomycin antibiotics were obtained
from Gibco, Life Technologies.

Virus preparations. Monolayers of GMK cells were infected with E1
(Farouk strain; ATCC) (multiplicity of infection [MOI] of 0.1) for 24 h in
5-layer bottles, after which the cells were collected and lysed via three
freeze-thaw cycles. Cell debris was pelleted by centrifugation with a JA-10
rotor (6,080 rpm for 30 min), after which the protein obtained from the
supernatant was precipitated by adding polyethylene glycol 6000 (final
concentration, 8% [wt/vol]) and NaCl (2.2% [wt/vol]). After overnight
precipitation at �4°C, the precipitated material was centrifuged with a

JA-10 rotor (8,000 rpm for 45 min), and the pellet was dissolved into R
buffer (10 mM Tris-HCl [pH 7.5], 200 mM NaCl, 50 mM MgCl2, 10%
[wt/vol] glycerol). To disrupt membranous structures, 0.3% (wt/vol) so-
dium deoxycholate and 0.6% (vol/vol) Nonidet P-40 substitute were
added to the suspension, and themixture was incubated for 30min on ice.
Membrane debris was pelleted via centrifugation with a TX-200 rotor
(4,000 � g for 15 min), and the supernatant was divided on top of two
10-ml linear 10 to 40% (wt/vol) sucrose gradients made in R buffer. The
gradients were ultracentrifuged with an SW-41 rotor (30,000 rpm for 3 h)
and fractioned into 500-�l aliquots from the top. The optical density at
260 nm was measured with a NanoDrop 1000 spectrophotometer
(Thermo Scientific) to identify virus-containing fractions, and subse-
quently, three fractions from each gradient were collected for isopycnic
centrifugation in 24%CsCl gradients (10ml)made inTNEbuffer (50mM
Tris [pH 7.5], 100mMNaCl, 1 mMEDTA). The gradients were ultracen-
trifuged with an SW-41 rotor (30,000 rpm for 24 h) and fractioned into
500-�l aliquots from the top, and the optical density at 260 nm was mea-
sured with a NanoDrop 1000 spectrophotometer (Thermo Scientific) to
identify virus-containing fractions.

Before further studies, the virus-containing light and dense fractions
were dialyzed separately with a Spectra/Por Micro Float-A-Lyzer instru-
ment with Biotech cellulose ester membranes (Spectrum Laboratories
Inc., USA). A dialysis column with a 300-kDa-molecular-mass cutoff was
prepared according to the instructions provided by the manufacturer,
after which the viruses were dialyzed against 2 mM MgCl2–phosphate-
buffered saline (PBS). The buffer was changed after 2 and 4 h, after which
the sample was dialyzed overnight. Viruses were concentrated via ultra-
centrifugation with a 70Ti rotor (35,000 rpm for 2 h), and the pellets were
dissolved into 2 mM MgCl2–PBS.

In the case of double-CsCl-gradient purification (Fig. 1Aii), the first
purification steps were carried out as described above, and the first round
of CsCl purification was carried out after pelleting the membranous de-
bris. Before the second CsCl gradient centrifugation, the collected virus
fractions were dialyzed with a Spectra/PorMicro Float-A-Lyzer with Bio-
tech cellulose ester membranes (Spectrum Laboratories Inc., USA). The
protein content was estimated from the optical density at 260 nm, as
described above.

The radioactive virus was produced in monolayers of GMK cells,
which were washed with PBS for 15 min at �37°C and infected with E1
(Farouk strain; ATCC) diluted in low-methionine-cysteine medium sup-
plemented with 1% FBS. After 3 h of infection, 50 �Ci ml�1 of [35S]me-
thionine-cysteine diluted in low-methionine-cysteine medium supple-
mented with 1% FBS was added. Infection was allowed to proceed for 24
h at �37°C, after which the cells were collected and lysed via freeze-thaw
cycles. The cell debris was pelleted via centrifugation with a TX-200 rotor
(3,000 � g for 15 min), and the supernatant was collected and incubated
with 0.3% (wt/vol) sodium deoxycholate and 0.6% (vol/vol) Nonidet
P-40 substitute for 30min on ice. Themembrane structures were pelleted
via centrifugation with a TX-200 rotor (4,000� g for 15min), after which
the supernatant was added on top of 40% sucrose cushions (2 ml). The
cushions were ultracentrifuged with an SW-41 rotor at 30,000 rpm for 2.5
h, after which the liquid above the cushion and one 500-�l fraction were
discarded, while the next three 500-�l fractions were collected. The virus-
containing fractions were then ultracentrifuged with an SW-41 rotor
(30,000 rpm for 24 h) in 24%CsCl gradients (10ml)made in TNE buffer.
The gradients were fractioned into 500-�l aliquots from the top, and the
virus-containing fractions were identified via liquid scintillation counting
(PerkinElmer).

Light radioactive E1 was added to cells and bound on ice for 1 h.
Infection was allowed to proceed at �37°C for the indicated amount of
time (0, 30, 120, or 180 min). The cells were lysed by adding 100 mM
octyl-�-D-glucopyranoside (Amresco) on ice, and after 30min of incuba-
tion, the virus-containing cell lysate was collected, added either on top of
a 10-ml linear 5 to 20% sucrose gradient in R buffer (35,000 rpm for 2 h)
or in a 10-ml gradient of 24% CsCl in TNE buffer (30,000 rpm for 24 h),
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and ultracentrifuged with an SW-41 rotor. The gradients were fractioned
into 500-�l aliquots from the top, and the virus-containing fractions were
identified via liquid scintillation counting (PerkinElmer).

For heat treatment of the radioactive virus at �50°C, radioactively
labeled E1 was produced as described above and purified via a 40% su-
crose cushion, followed by concentration with a 70Ti rotor, as described
above. E1 was heated at �50°C for 0 min or 5 min and ultracentrifuged
with an SW-41 rotor in either a 10-ml linear 5 to 20% sucrose gradient
(35,000 rpm for 2 h) or a 24% CsCl gradient (30,000 rpm for 24 h). The
gradients were fractioned into 500 aliquots from the top, and the counts
per minute of each fraction were measured via liquid scintillation count-
ing (PerkinElmer).

Cytopathic effect assay. The cytopathic effect (CPE) assay was carried
out as previously described (33). The CPE assay was carried out in con-
fluent monolayers of GMK cells. Cells were cultivated in MEM supple-
mented with 10% FBS, 1% GlutaMAX, and 1% penicillin-streptomycin
antibiotics on a 96-well microtiter plate for 1 day, after which the cells
were infected with light or dense viruses, which were diluted into MEM
supplemented with 1% FBS and 1% GlutaMAX. Three protein amounts
were used to infect the cells, 10 ng, 1 ng, and 0.1 ng, and additionally, a
control cell, without virus, was included. Each sample included four rep-
licates. After 24 h of infection at �37°C, the infected cells were washed

extensively with PBS, and the noninfected cell monolayers were stained
with a solution containing crystal violet. Excess stain was washed exten-
sively with sterile water, after which the cell monolayers were treated with
100 �l of lysis buffer to elute the crystal violet. Finally, the absorbance of
the crystal violet stain was measured at 570 nm with a Victor X4 2030
multilabel reader (PerkinElmer).

In the I-domain inhibition experiment, 10 ng of virus (light or dense)
was incubated with different amounts of I-domain (10 ng, 100 ng, 500 ng,
or 1,000 ng) for 1 h at �37°C. Confluent monolayers of the GMK cells
were infected with a virus–I-domain mix by binding the virus on ice first
for 1 h. The excess virus was washed extensively with PBS containing 0.5%
bovine serum albumin, after which infection was allowed to proceed in
1%MEM for 24 h at �37°C. Crystal violet staining and absorbance mea-
surements were carried out as described above.

Endpoint dilution assay. The endpoint dilution assay was carried out
inmonolayers of GMK cells cultured in 96-well microtiter plates for 1 day
inMEM supplemented with 10% FBS, 1%GlutaMAX, and 1%penicillin-
streptomycin antibiotics. Infection was carried out in cell monolayers
with 30% confluence. Cell monolayers were infected with light or dense
virus by preparing a dilution series in MEM supplemented with 1% FBS
and 1% GlutaMAX, and infection was monitored daily. After 3 days of
infection at �37°C, the medium was removed, and the cell monolayers

FIG 1 Detection of dense particles in CsCl gradients. (A) Gradient profiles of E1 purified with either a 10 to 40% sucrose-to-CsCl or CsCl-to-CsCl combination.
(i) Fractions 11, 12, and 13 (indicated by a line) were collected from the sucrose gradient, mixed, and subjected to the CsCl gradient. (ii) Fractions 7, 8, and 18
(indicated by lines) were collected from the CsCl gradient, mixed, and subjected to a second CsCl gradient. (B) CsCl gradient profile of the in vitro conversion
of native, light E1 into dense particles after 30 min or 120 min of incubation at �37°C. (C) Real-time measurement of SYBR green II fluorescence at �37°C or
RT over 180 min in the presence of light E1 in water or storage buffer (2 mMMgCl2–PBS). The fluorescence of the dye is enhanced when bound to RNA, which
enables the determination of virus stability upon heating. The results are averages from three replicates (	 standard errors of the means). a.u., arbitrary units.
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were stained with 50 �l of crystal violet stain (8.3 mM crystal violet, 45
mM CaCl2, 10% ethanol, 18.5% formalin, and 35 mM Tris base) for 10
min. The excess crystal violet stain was washed extensively with water,
after which the infectivity was determined by calculating the number of
dyed (noninfected) and nondyed (infected) wells. The 50% tissue culture
infective dose (TCID50) was calculated by comparing the numbers of
infected and uninfected wells for eight replicates of the same virus con-
centration. The concentration at which half of the wells would be infected
was extrapolated (TCID50). Finally, the TCID50 values of the light and
dense viruses were normalized to the respective protein amounts, as de-
termined by measurement of the A260.

Immunolabeling and microscopy. An immunolabeling experiment
was carried out in subconfluent monolayers of GMK cells, which were
plated onto coverslips 1 day previously. Monolayers of cells were infected
with light or dense virus, and a negative control, without any virus, was
also included to remove the antibody-induced background signal during
imaging.

Cells were infected with three protein amounts, 250 ng, 75 ng, and 23
ng, by diluting the viruses intoMEM supplemented with 1% FBS and 1%
GlutaMAX. The viruses were bound on cells for 1 h on ice, after which the
excess virus was washed extensively with PBS containing 0.5% bovine
serum albumin. The cells were incubated in MEM supplemented with
10% FBS, 1% GlutaMAX, and 1% penicillin-streptomycin antibiotics at
�37°C for 6 h, after which the cells were fixed with 4% paraformaldehyde
for 30 min at room temperature (RT). Before labeling, the cells were
permeabilizedwith 0.2%TritonX-100 for 5min. Primary rabbit antibody
against E1 was added to cells, and the mixture was incubated at RT for 45
min, after which the cells were washed extensively with PBS. Secondary
goat anti-rabbit antibody conjugated with Alexa Fluor 555 (Molecular
Probes, Invitrogen USA) was added to cells at RT and incubated for 30
min. Finally, the cells were extensively washed with PBS and mounted
with Prolong gold antifade reagent supplemented with 4=,6-diamidino-2-
phenylindole (DAPI) (Molecular Probes, Life Technologies).

Immunolabeled samples were imaged with an Olympus IX81 micro-
scope with a FluoView-1000 confocal setup. In total, �300 cells per sam-
ple were checked for infection. The nuclei were counted with a segmen-
tation tool embedded in Bioimage XD software, after which infected cells
were counted by hand. The number of infected cells was then compared to
the total number of cells to obtain the infection percentage.

Electron microscopy. Butwar-coated copper grids were made hydro-
philic via glow discharging with an EMS/SC7620 Mini sputter coater ac-
cording to the instructions provided by themanufacturer. The virus sam-
ple was added to the grid and incubated for 15 s, after which the excess
viruswas blottedwithWhatman 3-mmpaper. The viruses were negatively
stained by adding 1%phosphotungstic acid (inwater) (pH 7.4) to the grid
for 1 min, after which the excess stain was blotted with Whatman 3-mm
paper. Heat-treated E1 was incubated at 50°C for 5 min before it was
added to the grid.

For the I-domain experiment, 1 �g of light or dense virus was incu-
bated with or without 1�g of I-domain at 37°C for 1 h before it was added
to the grid. The samples were dried overnight and imaged with a JEM-
1400 (JEOL) transmission electron microscope.

Gel electrophoresis. The protein compositions of the 35S-labeled light
and dense viruses were analyzed by using a 4 to 12%NuPAGE Bis-Tris gel
(Novex, Life Technologies). The proteins were denatured with the gel
sample buffer provided by the manufacturer (NuPAGE; Life Technolo-
gies) at 100°C before they were loaded onto the gel. The gel was fixed with
40% methanol and 10% acetic acid for 15 min. The fixative was washed
with water, after which the gel was treated with an autoradiography en-
hancer (Enlightning; PerkinElmer) for 15 min. Excess enhancer was
washed with water, and the gel was dried at �70°C for 2 h (Gel dryer 583;
Bio-Rad), after which the gel was subjected to autoradiography. The
quantification of the band intensities was performed with the Image J gel
analysis tool.

Thermal stability assays. The thermal stabilities of the light and dense
viruses were assayed by using methods described previously by Walter et
al. (34). The fluorescence signal was recorded by using a Bio-Rad C1000
thermal cycler, and the final sample mixture contained 1 �g of light or
dense E1 and a 10� concentration of SYBR green II (Invitrogen). All
samples were equilibrated at 20°C for 10 min before the thermal stability
measurements were begun. For the full temperature range scan, the fluo-
rescence signal was recorded at 10-s intervals and 0.5°C increments. Fi-
nally, the sample was cooled back to 20°C, at which point the fluorescence
reading was recorded again.

In the I-domain assay, the sample mixture contained 100, 500, or
1,000 ng of I-domain; 1 �g of light E1; and a 10� concentration of SYBR
green II (Invitrogen). The measurement was carried out as described
above.

The real-timemeasurement of E1 stability at�37°Cwas carried out by
using a Victor X4 2030multilabel reader (PerkinElmer) with 485-nm and
535-nm excitation and emission filters, respectively. The sample mixture
contained a 10� concentration of SYBR green II (Invitrogen) and 1 �g of
light E1 in either deionized water or 2 mMMgCl2–PBS. The fluorescence
signal was recorded at 1-min intervals, for 180 min in total.

RNase protection assay. Light or dense E1 was incubated with RNase
A (final concentration, 25 �g ml�1) for 30 min at RT before the addition
of the virus to cells. Infectivity was determined with an endpoint dilution
assay, and the TCID50 per milliliter was calculated based on eight repli-
cates, as described above. Finally, the TCID50 per milliliter was normal-
ized to the A260 values of the viruses.

RESULTS
Detection of a dense particle in a CsCl gradient. In order to pro-
duce highly purified echovirus 1 for detailed spectroscopic and
biochemical studies, we set out to use a combination approach,
using both sucrose and CsCl gradients (Fig. 1A). A 10 to 40%
sucrose gradient produced a concentrated sample of E1, which
was then subjected to a CsCl gradient (Fig. 1Ai). To our surprise,
the CsCl gradient repeatedly showed two bands, a light-density
fraction on the top part of the gradient and a well-separated dense
fraction in the bottom of the gradient. In CsCl, the light E1 pop-
ulation had an apparent buoyant density of 1.29 g cm�3, while the
dense particle banded at 1.35 to 1.38 g cm�3 (Fig. 1Ai and ii). The
purification of the virus in the CsCl gradient, without the previous
sucrose gradient step, also produced the same light and dense
fractions (Fig. 1Aii). If the light and dense fractions were collected
from the gradient, mixed again, and subjected to a second CsCl
gradient separation, this reproduced the same separation of the
light and dense fractions (now without very light impurities).
These results thus suggest that these two density fractions are
found in the CsCl gradient independent of whether the first sep-
aration was performed on a sucrose or CsCl gradient. It also fur-
ther showed that CsCl separation does not progressively produce
more of the dense fraction during separation, because the two
consecutive gradients produced roughly similar ratios of light and
dense fractions. In order to rule out the possibility of a contami-
nating picornavirus in our stock, we also performed similar CsCl
banding experiments using the infectious cDNA clone of E1 and
observed that both the top and the bottom components were sim-
ilar to our stock virus (data not shown).

To rule out the effect of temperature on dense-particle forma-
tion, the light fraction was incubated at �37°C for 30 min or 120
min before CsCl gradient fractionation (Fig. 1B). The results
showed a remarkable stability of the light particles and clearly
showed that the physiological temperature did not alone induce
dense-particle formation. In addition, a real-timemeasurement of
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particle opening at �37°C based on the fluorescence of RNA
binding SYBR green II dye showed that the virus capsid was stable
at �37°C in storage buffer (2 mMMgCl2–PBS), in contrast to the
virus incubated in water, which showed opening of the virus for
SYBR green II binding already after 15 min at �37°C (Fig. 1C).
The virus incubated for 180 min at �37°C in buffer was also
shown to be infectious (data not shown).

Formation of the E1 dense particle during infection. In order
to understand when the dense E1 particle appears during virus
infection in cells, a radioactive virus was produced, and cell ho-
mogenates were fractioned by CsCl ultracentrifugation at various
time points postinfection (Fig. 2A). First, the light top fractions
were collected from the CsCl gradient in order to use only the
intact form of the virus as an input for the cell experiments. This
light fraction was added to cells, and the distribution of the virus
was monitored after fractionation (Fig. 2D). CsCl gradient sepa-
ration showed that the dense particle had already appeared at 30
min p.i., and the population was apparent at later time points as
well (Fig. 2A). After 180 min, the proportional amount of the
dense fraction had already decreased, probably due to some par-
ticle disruption already at this time point. In order to compare
more quantitatively the virus particles found inside and outside
cells, quantification of the different particles (empty, light, and
dense) in a CsCl gradient was performed for the virus gained after
incubating the light fraction on cells for 2 h or adding the light
fraction straight into the gradient (Fig. 2B). This measurement
showed that inside the cells, more than half of the virus particles
were of the dense form, while outside cells, over 80% of the virus
particles stayed intact. Even if some dense particles may develop
spontaneously, these result support the idea that dense-particle
formation is not an artifact caused by centrifugation but, instead,
is induced in cells.

Since different forms of enteroviruses are often separated by
using a sucrose gradient, we also carried out the same infection
time series using a 5 to 20% sucrose gradient for separation (Fig.
2C). The light input fraction from the CsCl purification showed a
typical peak in fractions 14 to 17 from the top of the sucrose
gradient. At 30 min p.i., the peak generated a shoulder or a wid-
ened peak, which still becamemore evident after 120 and 180min
(Fig. 2C). Thus, in the case of E1, a typical transition of the native
peak (160S) to the 135S position was not detected in the sucrose
gradient over time, but instead, the native peak became broader,
as was observed in our previous studies (23). The time course
generation of the denser particle in CsCl correlated with the
broadening of the native peak in the sucrose gradient, suggesting
that the dense virion was inside this broad peak (Fig. 2A and C).
When the broad peak (fractions 12 to 16) was collected from the
sucrose gradient and subjected to a CsCl gradient (Fig. 2E), both
intact (light) particles and dense particles were detected, further
confirming that the shoulder in the sucrose gradient corre-
sponded to the dense particle in the CsCl gradient. In repetitions
of this approach, the amount of the left-hand shoulder in the
sucrose gradient was positively correlated with the amount of the
dense peak of the CsCl gradient produced in relation to the light
peak. Based on all these data, E1 is marginally altered from the
intact virion upon entry, which can be observed by the appearance
of a shoulder in the 5 to 20% sucrose gradient and a distinct high-
density particle in the CsCl gradient. This may represent the for-
mation of an E1 uncoating intermediate, which is different from
many other enteroviruses.

The dense particle is porous and still contains VP4. To fur-
ther investigate the structural properties of the dense E1 particle,
we performed a thermal stability assay using SYBR green II (SGII)
as a reporter (34). The sensitivity of SGII for detecting RNA can be
attributed to several factors, including superior fluorescence
quantum yield, binding affinity, and fluorescence enhancement
when bound to RNA. In a thermal assay, SGII is typically added to
the virus sample at room temperature. By increasing the temper-
ature by 0.5°C at 10-s intervals, this assay produces a curve from
which the melting temperature (Tm) can be deduced (34). The
native light virion showed a Tm of 53°C, while the dense particle
was already permeable to SGII at room temperature, leading to
high starting values. Thus, measurements of the melting temper-
ature of the dense E1 particle were impossible to perform due to
the apparent initial permeability of the capsid to SGII (Fig. 3A).
The initial versus final fluorescence measurements (Fig. 3A) con-
firmed that the genomic material was already fully accessible to
SGII in the case of the dense E1 particle, while the native virion
denied SGII entry initially. This also explained the density of the
dense virion and confirmed previous suggestions regarding the
formation of dense particles (19): if the dense particle penetrates
SGII, it is permeable to Cs ions as well, leading to the density
increase seen in the CsCl gradient.

Because the dense particle of E1 was observed to be porous and
previous studies suggested that the dense particles were sensitive
to RNase A, we also carried out an assay to evaluate the sensitivity
of dense and light particles to RNase A (Fig. 3B). The particles
were incubated with the enzyme for 30 min at RT before the ad-
dition of the virus to the cells. Infectivities were determined with
an endpoint dilution assay, which showed that neither the light
nor the dense particles were prone to RNase A-mediated diges-
tions. The RNase A-treated fractions were as infectious as the un-
treated fractions (Fig. 3B).

We next performed an SDS-PAGE analysis on the protein
compositions of both the native and the dense E1 particles in
order to determine whether VP4 was present in the virus capsids.
Radioactive labeling (35S) indeed showed a significant VP4 signal
for the dense E1 particle (Fig. 3C). The amount of VP4 was also
quantified by measuring the intensities of the bands via Image J.
Quantification revealed that the shares of VP4, based on the in-
tensities of all the capsid proteinsVP1 toVP4,were 4.5%and 4.3%
for the light and dense virions, respectively. The results corre-
sponded well to the theoretical values calculated based on the
sequence of E1. Theoretically, the share of methionines and cys-
teines in VP4 was 4.3% of the total amount of methionines and
cysteines in the sequences of the capsid proteins.

Heat-treated virus particles are distinct from the dense par-
ticles detected in cells. The uncoating intermediates of picorna-
viruses for structural studies are commonly produced by heating
the native virion at elevated temperatures for several minutes (12,
13, 16, 35, 36). In the case of poliovirus, the cell-derived uncoating
intermediates and heat-converted uncoating intermediates were
suggested to be indistinguishable from one another (37). E1 viri-
ons heated to 50°C for 5 min (in PBS supplemented with 2 mM
MgCl2) produced awide peak in the sucrose gradient compared to
the nonheated virions (Fig. 4Ai). However, the shift in the heated
virions was different from what was observed when the native
virion was incubated on cells (Fig. 2C and E). In addition, when
the heat-treated virions were separated by using CsCl, the native
virion band at 1.31 g cm�3 almost totally disappeared (Fig. 4Aii),
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FIG 2 Dense-particle formation in cells during infection. (A) Gradient profiles of the in vivo conversion of native E1 (light particle, 1.28 to 1.29 g cm�3) into
dense particles (1.38 to 1.39 g cm�3) in CsCl after 0, 30, 120, or 180min postinfection. (B)Distribution of empty, light, and dense particles in CsCl gradients after
incubation of light E1 on cells for 2 h or the addition of light E1 straight into the gradient. The results are averages from four replicates (	 standard errors of the
means). (C) Gradient profiles of the in vivo conversion of native E1 into uncoating intermediate particles (UIM) in a 5 to 20% sucrose gradient after 0, 30, 120,
or 180 min postinfection. (D) Schematic image of the in vivo experiment in which the light fraction of CsCl-purified [35S]methionine-cysteine-labeled E1 was
collected and incubated on cells for the indicated amounts of time. Next, the collected cell homogenate was centrifuged in either a sucrose or a CsCl gradient. (E)
After incubation on cells for 120 min, the cell homogenate was collected and centrifuged in a 5 to 20% sucrose gradient. Fractions 12 to 16 (indicated by a line)
were collected from the sucrose gradient and subjected to a CsCl gradient.
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while the dense-particle band at 1.38 to 1.41 g cm�3 did not show
any apparent increase in signal, indicating that heat conversion
did not convert the native virions to the dense E1 particle. Addi-
tionally, a small band appeared at 1.22 g cm�3, probably repre-
senting the empty virus particles. The absence of the main virion
band signal can be explained by the repeated observation of a
transparent “smudge” on the tube walls after the gradients had
been fractioned, probably representing broken and aggregated vi-
rus particles (data not shown). Transmission electronmicroscopy
(TEM) imaging showed that the native virion and the dense par-
ticles that naturally occur during E1 infection (Fig. 4B) share the
morphology of an intact enterovirus. However, the heat-con-
verted virions often showed an additional protrusion in the vicin-
ity of the capsid (Fig. 4B), unlike the native and the dense E1
particles, further indicating structural differences between the
heat-converted and dense E1 particles. It seems probable that the
protrusion-showing particles were more open and more easily
attracted to aggregations in the subsequent CsCl gradient. The
quantification of the presence of protrusions in the heated parti-
cles showed that �50% of the calculated 104 virus particles
showed protrusions. Together, these results suggest that the nat-
urally occurring dense particle cannot be formed by heating the
virus to superphysiological temperatures, which also indicates

that this type of heat treatment cannot be used to reliably
monitor the uncoating of E1.

The dense particle is still highly infectious. The infectivity of
the poliovirus 135S particle, as well as the altered particle of CVB3,
was reported to be greatly reduced in cell cultures compared to the
native virion (11, 37). Here, we investigated the dense particle in
terms of its capacity to infect GMK cells within (i) a short time
scale (Fig. 5A), (ii) an intermediate time scale (Fig. 5B), and (iii) a
long time scale (Fig. 5C). All of the infectivity measurements were
correlated by using comparable amounts of protein. In Fig. 5A, an
antibody-based measurement of E1 infectivity (see Materials and
Methods) was used to calculate the number of virus proteins pro-
duced in cells at 6 h postinfection. The titration of both the light
and dense E1 particles showed a clear response to the decrease in
the virus load used, indicating good sensitivity for thismethod. To
evaluate infectivity over a long period of time (3 to 4 days), we
determined the TCID50 per milliliter for both light and dense E1
particles. Similarly to the antibody method, both light and dense
E1 particles were capable of producing comparable levels of infec-
tion. Finally, we used a crystal violet-based method (see Materials
and Methods) to determine infectivity at 24 h postinfection. We
observed that all of the acquired data show high infection rates for

FIG 3 Capsid permeabilization and protein contents of light and dense E1 particles. (A) Thermal stability assay of dense E1 and light E1. The bar chart represents
the initial and final absolute fluorescence values from thermal assaymeasurements. The final fluorescence value wasmeasured after recooling of the sample back
to 20°C. (B) Infectivity of light and dense E1 particles with or without RNase A treatment was determined with an endpoint dilution assay. The results are based
on data from eight replicates for each sample. (C) 35S-tagged dense and light E1 particles isolated from a CsCl gradient, separated via SDS-PAGE, and detected
via autoradiography.
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the dense E1 particle, although they were always slightly lower
than those of the native virion.

The dense E1 particle is able to bind its receptor. The cell-
induced conversion from the native to the altered 135S picorna-
virus particle is generally triggered by receptor-virion interac-
tions. This type of particle conversion has been shown for at least
poliovirus and rhinovirus (5), with both enteroviruses being con-
sidered model viruses in uncoating studies. Previous competition
studies utilizing the E1 binding domain for its receptor �2�1 in-
tegrin, the I-domain, showed that the I-domain is able to prevent
the receptor-mediated cell attachment of E1 and that the I-do-
main alone is not able to initiate the uncoating process of E1 (32,
38). Here, we observed that the I-domain can push native E1 to
higher melting temperatures in the presence of low I-domain-to-
virion ratios (Fig. 6A), suggesting that the I-domain indeed can
stabilize the E1 virion. The observed apparent Tm for E1 was
�53°C in the absence of any I-domain (Fig. 6A), whereas in the
presence of the I-domain, the Tm increased by 3°C.We titrated the
I-domain against 1 �g of E1 (Fig. 6A), starting from the first ob-
servable effective concentration, which corresponded to an I-do-
main-to-virion ratio of 10 (mole per mole), i.e., 100 ng of the
I-domain. In our hands, the saturation point (maximum thermal
stability induction by the I-domain) occurred at an I-domain-to-
virion ratio of �60 (mole/mole), that is, 500 ng of the I-domain.
Previous studies using a similar I-domain–GST fusion protein

suggested that up to five I-domain copies can occupy a single
pentamer without any steric hindrance, resulting in a maximum
of 60 I-domain copies per virion (32). Similarly to the previous
report, the I-domainwas able to block E1 infectivity (32).Here, we
first incubated E1 with an I-domain–GST fusion protein for 1 h at
37°C prior to the addition of the virus to the cells. The infectivity
of the light E1 particle was substantially blocked at an I-domain-
to-virion ratio of �50 (mole/mole) (Fig. 6B). This result was also
reproducible with the dense E1 particle, although the I-domain
seemed to be amore potent inhibitor at a lower I-domain concen-
tration (Fig. 6B). Interestingly, previous studies on receptor-vi-
rion interactions using poliovirus and CVB3 indicated that the
altered particle is likely to detach from its receptor (39, 40). By
using TEM imaging, we studied whether the I-domain was able to
bind both light and dense E1 fractions. After 1 h of incubation
with the I-domain at 37°C, both the light and dense virions were
clearly bound by several I-domain molecules, qualitatively sup-
porting the observation that the dense E1 particle can bind to its
receptor (Fig. 6C). This result also verified that the observed in-
fection-blocking effect of the I-domain was due to capsid binding
and not to virion disruption (Fig. 6C).

DISCUSSION

One of the hallmarks of the enterovirus genome delivery process is
the generation of metastable uncoating intermediates. Upon ap-

FIG 4 Heat conversion of [35S]methionine-cysteine-labeled E1. (A) The virus was incubated at RT or 50°C for 5min before loading either onto 5 to 20% sucrose
(i) or into aCsCl gradient (ii). (B)Morphological evaluation of virus particles via transmission electronmicroscopy. The native virion (light), the E1 virion heated
at 50°C, and dense E1 were negatively stained with 1% phosphotungstic acid before imaging. Bars, 100 nm and 25 nm for large images and blowups, respectively.
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propriate cues, the native virion is suggested to undergo a series of
structural modifications, resulting in the loss of VP4, the external-
ization of the N-terminal sequence of VP1, and higher porosity,
leading to the formation of an uncoating intermediate particle (6,
7). Depending on the enterovirus species, the native-to-altered-
particle transition may be powered by a low pH (41) or receptor-
virion interactions (42). In some cases, the receptor can serve as a
capsid-stabilizing factor utilized only for cell surface attachment,

as has been suggested by us and others previously regarding E1
and CVA9 (15, 23, 32, 43).

Here, we demonstrate the characteristics of another infectious,
more open form of E1, which we identify as a possible uncoating
intermediate particle of E1. This particle is found in cells during
early infection and can be isolated by using CsCl gradient separa-
tion. In an effort to produce highly purified virus stocks, we found
this dense particle when we ran the concentrated virus from a
sucrose gradient in aCsCl gradient to further separate any possible
impurities. The CsCl gradient separated two particle populations
having markedly different buoyant densities (a light component,
�1.29 g cm�3, and a dense component,�1.37 g cm�3). The com-
monly reported buoyant densities of the dense picornavirus prep-
arations in CsCl were somewhat heavier, being around 1.44 g
cm�3 for poliovirus and 1.44 to 1.47 g cm�3 for CVB5 and swine
enterovirus (18–20). Similar to our findings for E1, the relative
proportions of the dense and lighter intact populations for CVB5,
poliovirus, or bovine enterovirus were not produced by the CsCl
gradient itself, suggesting that the distributions of the two popu-
lations were faithful representations of their presence in virus
preparations (18). In addition, we were able to show quantita-
tively that outside the cells, the native E1 virion is rather stable,
whereas inside the cells, the dense particle is produced in large
amounts after uptake.

Previous studies did not directly correlate the dense-particle
populations in the CsCl gradient with the uncoating intermediate
particles found after receptor-virion interactions. Here, in our
study, we showed that the change in sucrose gradient sedimenta-
tion of the virus was correlated with the appearance of the dense-
particle population in aCsCl gradient. The changewas not evident
on the cell surface but occurred after internalization at around 30
min p.i., which is in agreement with the uncoating time frame for
poliovirus and for E1 (31, 44), suggesting that the observed dense
E1 particle might be an uncoating intermediate. Additionally,
when the broadened peak was collected from the sucrose gradient
and subjected to CsCl gradient separation, both native particles
and dense particles were observed. The minor change in the su-
crose gradient was also explained via SDS-PAGE results, which
showed that the VP4 protein was still mostly present in the dense
particles. In our previous studies, we named the shoulder peak the
135S virion, as it was a dogma in the field that the 135S form is the
intermediate form between the intact and empty forms (23, 45).
However, in the light of the present data, it appears likely that the
uncoating intermediate of E1 differs from those of some other
enteroviruses and cannot be termed a true 135S particle, which
has been shown to lack the VP4 protein (5). Therefore, we
decided not to use this term but to use “uncoating intermediate
particle” instead. Interestingly, previous studies on the dense
poliovirus isolated from HeLa cells during infection showed
the presence of VP4 using radioactive labeling, while silver
staining could not detect VP4 for CVB5 or swine enterovirus
(19, 20). This may reflect real differences in the presence of VP4
in the dense particle or differences in the sensitivities of the
detection methods used (19, 20).

The large difference in the buoyant densities between the top
and bottom components has been explained by a more open cap-
sid structure that permits interactions between RNA and cesium.
Data from our thermal assay experiments also suggest that the
increased density is due to the capsid porosity in the case of the
dense E1 particle. Previous reports using thermal assays with pi-

FIG 5 Infectivity of light and dense E1 particles. (A) The number of infected
cells after 6 h postinfection was determined by immunolabeling the virus cap-
sid and quantifying the number of infected cells based on confocal imaging.
(B) The infectivity of E1 was determined with an endpoint titration assay, in
which a dilution series of light or dense E1 with eight parallel dilutions was
created. Infection was monitored for 3 days, after which infected cells were
washed, and noninfected cells were stained to obtain the TCID50 per milliliter
(for more details, see Materials and Methods). (C) A CPE assay was used to
determine infectivity at 24 h p.i. Three virus loads were used to infect cells: 10,
1, and 0.1 ng. After 24 h of infection, infected cells were washed, and nonin-
fected cells were stainedwith crystal violet. The absorbance of crystal violet was
measured with a microplate reader to evaluate the number of live cells. The
results are averages of data from four replicates for each sample (	 standard
errors of the means).
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cornaviruses and SYBR green as a reporter molecule further
showed that the 135S particles are permeable to small dye mole-
cules (13). Additionally, it has been shown that native rhinovirus
particles can permit dye access when incubated at 37°C, indicating
that at a physiological temperature, the virus capsid may transi-
tion into amore dynamic state (46, 47).Here, we observed that the
native E1 virion does not permit SYBR green II to penetrate the

capsid structure at RT or 37°C, suggesting a tighter capsid struc-
ture than that of rhinovirus.

Heating of the native particles to superphysiological tempera-
tures has been suggested to accurately mimic uncoating (37).
However, the resulting profiles of such heat-converted enterovi-
ruses in sucrose gradients have been shown to differ from one
another, suggesting differences in their responses to heating and

FIG 6 Receptor binding of light and dense E1 particles. (A) The melting temperature of E1 only (control) or with the I-domain was determined with a thermal
assay in which SYBR green II was used as a reporter. (B) A competition assay was carried out to evaluate whether dense E1 could bind to the I-domain. Light or
dense E1was first incubatedwith four amounts of the I-domain for 1 h at 37°C, after which the virus was bound on cells for 1 h on ice. After washing the unbound
virus, infection was allowed to proceed for 24 h at 37°C, after which infected cells were washed and noninfected cells were stained with crystal violet. The
absorbance of crystal violet was measured with a microplate reader to evaluate the number of live cells. The results are averages of data from four replicates for
each sample (	 standard errors of the means). (C) The binding of the I-domain to E1 was also visualized via transmission electron microscopy. Light or dense
E1 was incubated with or without the I-domain for 1 h at 37°C before addition to the grid and negative staining using phosphotungstic acid. The I-domain can
be seen as hairy structures around the particles (arrowheads), and empty particles were also detected (asterisks). Bars, 100 nm and 25 nm for large images and
blowups, respectively.
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difficulties in fully controlling the uncoating process by heating
(48). Structural studies of A-particles have been performed
mainly by heating native particles (12, 13, 16, 49) or by induc-
ing particle alteration with a soluble receptor (11). In contrast
to results for other enteroviruses, the heat conversion of native
E1 virions differed from that of the E1 virions found in cells
during infection. This was demonstrated by the fact that heat-
ing produced morphologically distinct particles with aberrant
breakages, leading to a more extensive disruption in the subse-
quent CsCl gradients. The protrusions attached to the heated
particles certainly suggest that the instability of the heated par-
ticles is linked to a different opening strategy than that of the
particles derived from infected cells.

Previous reports suggest that upon conversion from the native
virion to the altered 135S particles, there is a major loss in infec-
tivity when the altered particles are used to infect cells de novo
(37). This is not surprising given the fact that VP4 has been con-
sistently shown to play a crucial role in the final genome delivery
step, at least for poliovirus (8, 50). However, here, we demonstrate
that dense E1 is not devoid of VP4, as was confirmed by radioac-
tive detection. In addition, the slight shift in the virion peak in the
sucrose gradient also suggests that only small changes in the virion
structure occur during uncoating. Furthermore, we showed that
dense E1 did not lose its ability to infect susceptible cells; rather,
based on three well-established approaches to evaluate the infec-
tivity of the particles, we confirmed the high infectivity of the
dense particle.

In the cases of poliovirus and CVB3, receptor-induced 160S-
to-135S conversion has been accompanied by the detachment of
the virion-receptor complex (39, 40). Here, our biochemical and
morphological experiments with the binding domain of the �2�1

integrin receptor, the I-domain, did not apparently show lower
levels of binding to the dense particle. The interaction between the
receptor and dense E1 was also supported by infection experi-
ments, where infection was determined after the dense virus was
bound on ice and unbound virus was washed away. However,
since the dense particle was shown to be a more open structure
and slightly less infectious than the native virion, currently, it is
possible that the change in the capsid structure might also have a
small effect on receptor binding. Our previous studies on E1 sug-
gested that the binding of the virus to its receptor �2�1 integrin
does not lead to extensive structural alterations in the E1 capsid,
which is very similar to what was suggested previously for its close
relative CVA9 (15, 32). Rather, these viruses are first transported
to the endosomes, where, after some lag time, uncoating com-
mences, leading to successful infection (27, 31). Importantly, we
were able to confirm the previous assumption and directly show,
using thermal assays, that receptor binding indeed stabilizes the
native virus particle.

Conclusion. In conclusion, we have demonstrated that in ad-
dition to the native virus, another infectious E1 particle is found
during infection. This particle has a more open structure and,
hence, a higher buoyant density in CsCl gradients than the native
virus. The dense particle still contains VP4 and is capable of bind-
ing to its receptor, and this binding leads to the stabilization of the
virus particle and, later, to successful infection. Additionally, we
show that this dense particle is distinct from the more fragile par-
ticle produced upon heat conversion.
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