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Abstract
Potato virus A (PVA), a positive-strand RNA ([+]RNA) virus, belongs to the genus
Potyvirus, which is the largest RNA virus group in plants. Like all (+)RNA viruses of
eukaryotes, potyviruses replicate in association with cellular endomembranes,
incorporating host proteins to their cellular multiplication processes. These host proteins
could be potential targets for engineering resistant crops, which is why studying the
molecular interactions during virus infection is important.
In this study the molecular processes of PVA translation and replication were
investigated. The focus was on two viral proteins involved in these processes: the viral
coat protein (CP) and helper-component proteinase (HCpro). Furthermore, the protein
composition of PVA replication complexes was studied.
The results obtained here confirm that the viral CP is required for PVA replication
and suggest that it could be involved in the formation of the viral replication complex
(VRC). Moreover, we show that CP turnover is regulated by phosphorylation and
targeted proteasomal degradation, involving the host proteins coat protein interacting
protein (CPIP), heat-shock protein 70 (HSP70) and carboxyl terminus of Hsc70interacting protein (CHIP), an E3 ubiquitin ligase. Altogether, tight control over CP
interaction with viral RNA is required for efficient PVA infection.
This study also reports the discovery of PVA-induced granules (PGs). PGs are
ribonucleoprotein complexes that are induced by HCpro and contain viral RNA and host
proteins involved in RNA translation and processing. PG formation is counteracted by
viral genome-linked protein (VPg)-assisted PVA translation, suggesting that the
components of PGs are involved in the regulation of PVA translation. Moreover, we
demonstrate that HCpro acts synergistically with VPg, enhancing PVA gene expression
and RNA stability. The presence of argonaute 1 (AGO1) in PGs and the inability of
silencing-suppression defective HCpro to induce PGs suggests that PGs may have a
role in local silencing suppression. PGs often associate with VRCs, pointing to a close
relationship between viral replication and HCpro-mediated functions.
An affinity-purification method coupled with liquid chromatography tandem-mass
spectrometry (LC-MS/MS) was used to study the protein composition of PVA replication
complexes. Viral replication-associated proteins were abundantly present in the VRCs,
validating the VRC purification approach. The presence of ribosomal and translationrelated proteins in PVA VRCs is in line with the notion of closely coupled viral replication
and translation. Moreover, the abundance of HSP70 and other chaperones in the VRCs
supports their important role in PVA replication. Lastly, the proteome data has provided
several interesting candidate proteins that can be studied further in relation to PVA
infection.

IX

1
1.1

Introduction
(+)RNA viruses

Positive-strand RNA ([+]RNA) viruses are defined as viruses with a single
stranded messenger sense RNA genome that replicate solely through RNA
intermediates (Baltimore, 1971). (+)RNA viruses generally have small genomes
(between ~2 kb and ~31 kb) and therefore encode for only a small set of proteins.
Viruses cannot produce metabolites like amino acids or nucleotides and thus rely on the
intracellular machineries to complete their replication processes inside the cell. For a
successful infection, viruses hijack cellular metabolic pathways for their own benefit,
sometimes resulting in diversions from their natural route, turning a cell into a virus
“factory”.
From the three domains of life, (+)RNA viruses are found to infect Bacteria and
Eukarya, but not Archaea (Nasir et al., 2014). Among eukaryotic organisms, however,
(+)RNA virus hosts can be found everywhere, except in unicellular Protista.
Interestingly, it seems that plant cells are especially suitable for RNA viruses, as a little
over half of all the plant-infecting virus species have (+)RNA genomes (Nasir et al.,
2014).
In eukaryotic hosts, (+)RNA virus infection takes place in the cytoplasm of the
host cell and is associated with cellular endomembranes (Laliberte and Sanfacon, 2010,
Reid et al., 2015). Replication of (+)RNA viruses induces de novo synthesis and
remodeling of lipid membranes, leading to the formation of distinct virus-specific
membranous replication compartments (Belov and Sztul, 2014, Heaton et al., 2010,
Martin-Acebes et al., 2011). Such membranes are required to create a local supportive
environment for virus genome multiplication and possibly also translation, protecting the
double-stranded replicative form of the viral genomic RNA from host silencing
machinery. In addition to protecting the viral RNA, the membranes are anchoring
matrices for viral replicase and associate viral and host proteins, concentrating these
factors into a functional viral replication complex (VRC) (Miller and Krijnse-Locker,
2008).
A variety of organelles can be used as donors for viral replication machinery,
depending on the virus species. For example, endoplasmic reticulum (ER) membranes
are used by hepatitis C virus (HCV) (Egger et al., 2002, Romero-Brey et al., 2012) and
turnip mosaic virus (TuMV) (Wan et al., 2015a), perinuclear ER membranes by brome
mosaic virus (BMV) (Restrepo-Hartwig and Ahlquist, 1996), peroxisomal membranes
by tomato bushy stunt virus (TBSV) (McCartney et al., 2005), mitochondrial membranes
by flock house virus (FHV) (Kopek et al., 2007), late endosomal and lysosomal
membranes by alphaviruses like semliki forest virus (SFV) (Spuul et al., 2010,
Froshauer et al., 1988), and chloroplast membranes by turnip yellow mosaic virus
1

(TYMV) (Prod'homme et al., 2003). In some virus genera even closely related virus
species can use different endomembranes, as is the case for the tombusviruses
cymbidium ringspot virus (CymRSV) and carnation Italian ringspot virus (CIRV) that use
peroxisomal and mitochondrial membranes, respectively (Burgyan et al., 1996, WeberLotfi et al., 2002). In baker’s yeast (Saccharomyces cerevisiae), TBSV can switch from
using peroxisomal membranes to using ER membranes for replication, if the biogenesis
of peroxisomes is inhibited (Jonczyk et al., 2007). This illustrates how flexible viruses
can be in choosing the membranes on which to form replication complexes.

2
2.1

Potyviruses
The picorna-like supergroup of viruses

Based on the RNA-dependent RNA polymerase (RdRp) sequence homology,
the (+)RNA viruses of eukaryotes can be broadly divided into three virus supergroups:
the picorna-like, the alpha-like and the flavi-like supergroup (Koonin and Dolja, 1993).
Potyviruses belong to the picorna-like supergroup, which includes many viruses that
infect animals or plants (Koonin et al., 2008, Strauss and Strauss, 1991, Strauss and
Strauss, 1988). Viruses in the picorna-like supergroup are defined by a partially
conserved set of picorna-type genes: RdRp, superfamily 3 helicase (S3H),
chymotrypsin-like serine or cysteine protease (3CPro), the genome-linked viral protein
(VPg), and jelly-roll capsid protein (Koonin et al., 2008). However, not all the mentioned
genes are present in all the viruses of the picorna-like virus supergroup. In the plantinfecting virus group potyviruses (Family Potyviridae, Genus Potyvirus) the S3H has
been replaced by a superfamily 2 helicase, and the JRC is substituted by an unrelated
capsid protein that forms filamentous virions. Both of these changes are thought to have
arisen from recombination events with viruses from the alpha-like supergroup, which
are very abundant in plants (Koonin et al., 2008).

2.2

Importance of potyviruses

The Potyvirus genus, named after its type member Potato virus Y, is the largest
and agriculturally most important group of plant RNA viruses. The spread of potyviruses
to the high number of species seen today, is thought to have been triggered by the
introduction of agriculture around 6600 years ago (Gibbs et al., 2008). Being widespread
in cultivated plants in all regions of the world, potyviruses cause substantial economic
damage. Potato virus A (PVA) can cause up to 40% and potato virus Y (PVY) up to 70%
of crop yield loss (Bartels, 1971, Nolte et al., 2004). Another potyvirus, sweet potato
feathery mottle virus (SPFMV), is a prominent pathogen of sweet potato, a crop that is
increasingly used worldwide (Rybicki, 2015). Maize dwarf mosaic virus (MDMV) and
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sugarcane mosaic virus (SCMV) are the most widespread potyviruses of maize with
almost worldwide distribution, and can cause severe disease and yield loss (Rybicki
and Pietersen, 1999). Plum pox virus (PPV) is one of the most devastating viruses of
stone fruits worldwide, severely reducing fruit yield and quality, often rendering the fruit
unmarketable (Garcia et al., 2014b).
Potyviruses are spread by migrating aphids in a non-persistent manner.
Importantly, each potyvirus species can be transmitted by several aphid species and
one aphid species can also transmit several different potyvirus species, which makes
the control of potyvirus spread very difficult (Gibbs et al., 2008, Ivanov et al., 2014).
Economically more feasible solution would be to create virus resistant crop species,
rendering control over vector transmission redundant. To facilitate engineering virus
resistant crop species, the interaction points between a virus and its host need to be
discovered.

2.3

Potato virus A (PVA)

The model virus of the present study, PVA, belongs to the unassigned virus
family Potyviridae and genus Potyvirus. The genome structure, polyprotein map and an
electron micrograph of PVA virions are shown in Figure 1. The virions of potyviruses
measure approximately 680-900 nm in length and 11-15 nm in width (Riechmann et al.,
1992). The single viral genomic (+)RNA molecule of potyviruses is packaged helically
by approximately 2000 units of the viral CP. The PVA genome encodes a single
polyprotein of 3059 aa and is flanked by 5’- and 3’- noncoding regions, and a 3’ poly(A)
tract (Puurand et al., 1994). The VPg is covalently attached to the 5’ terminus of the
genome (Oruetxebarria et al., 2001, Torrance et al., 2006). After translation, the PVA
polyprotein is co- and post-translationally processed by three viral proteases to form 10
mature proteins (Figure 1) (Merits et al., 2002). The serine protease P1 and cysteine
protease HCpro cleave their respective C-termini autoproteolytically (Carrington et al.,
1989, Verchot et al., 1991). Other proteins are cleaved from the polyprotein with the
help of the cysteine endopeptidase NIa-pro, which has a trypsin-like catalytic domain of
consisting of His, Asp and Cys residues, where the usual Ser has been replaced by Cys
(Bazan and Fletterick, 1988, Gorbalenya et al., 1989). Studies of PVA polyprotein
processing in plant and insect cells have shown there to be significant differences in the
efficiency of NIa-mediated cleavage at different polyprotein processing sites (Merits et
al., 2002). This suggests that not only the final products but also the polyprotein
processing intermediates could have functional roles in the virus infection. The
expression of the 11th protein, P3N-PIPO (for “pretty interesting Potyviridae open
reading frame”), is thought result from “slippage” of the viral polymerase on a GA6 motif
in the P3 cistron, which is a novel gene expression strategy previously unconsidered for
potyviruses (Olspert et al., 2015, Rodamilans et al., 2015). With a shift to +2 reading
frame, the end product is a protein which has the N-terminus of P3 fused with PIPO
3

(Figure 1), as the name of the protein implies. Expression of P3N-PIPO has been shown
with another potyvirus - TuMV (Wei et al., 2010b), but experiments on PVA P3N-PIPO
are presently still missing.

Figure 1. Genome organization and polyprotein map of PVA and virion morphology. A)
Genome structure of PVA is shown in green. The polyprotein open reading frame (ORF) is
flanked by 5’- and 3’- untranslated regions (UTR) and has a 3’ poly(A) tail ([A]n). VPg is
attached to the 5’-terminus. The P1, HCpro and NIa-pro proteins and their corresponding
polyprotein cleavage sites are marked by arrows in the polyprotein map (blue). While P1 and
HCpro cleave only themselves autoproteolytically, NIa-pro, in addition to itself, releases also
the remaining proteins trans-proteolytically from the polyprotein. The processing of the
polyprotein is regulated in a way to give rise to several polyprotein processing intermediates,
which may have distinct functions during PVA replication. B) Transmission electron
microscopy (TEM) image of negatively stained PVA virions acquired from systemically
infected Nicotiana benhtamiana plants 9 days after initiation of infection.

2.4
2.4.1

Multiplication of potyviruses
Translation of potyvirus genomes

Mature cellular messenger RNAs (mRNAs) carry features like 5’-terminal 7methylguanulate cap structure and 3’-terminal poly(A) tail that promote efficient
4

translation and protect them from degradation (Lodish et al, 2000). The 5’ cap structure
is recognized by the eukaryotic initiation factor 4E (eIF4E), which in concert with other
translation initiation factors and poly(A)-binding protein (PABP) locks the mRNA into a
closed loop structure that facilitates translation and ribosome recycling (Wells et al.,
1998). Although, like cellular mRNAs, the 3’ ends of potyvirus genomic RNA carry
poly(A) tail, the 5’ ends, instead of a cap-structure, are linked to a protein called VPg or
its precursor NIa (Puustinen et al., 2002, Murphy et al., 1990, Murphy et al., 1991,
Oruetxebarria et al., 2001). The potyviral VPg interacts with the eIF4E or eIF(iso)4E,
depending on the host and virus pair (Robaglia and Caranta, 2006). This interaction is
essential for virus infection and many naturally occurring recessive resistance traits are
based on mutations in eIF4E or eIF(iso)4E (Wang and Krishnaswamy, 2012). Moreover,
interaction between VPg and eIF4E increases the affinity of eIF4E to eIF4G (Michon et
al., 2006) – the initiation factor interacting with PABP. Additionally, it has been shown
that TuMV VPg also interacts with PABP2 (Léonard et al., 2004), which potentially
facilitates genome circularization for more efficient translation. These observations
suggest that VPg acts as a cap-structure of viral RNA. However, the translation of
potyviral RNAs does not seem to require VPg for initiation and instead proceeds from a
5’-terminal internal ribosome entry site (IRES) (Basso et al., 1994, Levis and AstierManifacier, 1993, Niepel and Gallie, 1999). For example, the potyviral 5’ untranslated
region (UTR) supports translation much more efficiently over cellular capped transcripts
in conditions where several translation initiation factors are depleted (Gallie, 2001).
Moreover, the VPgs of PVY, tobacco etch virus (TEV) and TuMV have been shown to
inhibit the translation of capped mRNAs in vitro (Cotton et al., 2006, Grzela et al., 2006,
Khan et al., 2008, Miyoshi et al., 2008). Also, overexpression of PVA VPg leads to higher
PVA gene expression and RNA stability while lowering the expression of an unrelated
reporter gene in planta (Eskelin et al., 2011). This altogether may indicate that
potyviruses do not require all translation factors or that they are more efficient in
sequestering them compared to capped mRNAs. Thereby, VPg may bind the eIF4E and
eIF(iso)4E to sequester them from the cellular mRNAs and give a competitive
advantage to the viral transcripts operating through IRES-mediated translation initiation.
Consequently, instead of acting as a cap, VPg might enhance viral genome stability
through an alternative mechanism (Ivanov et al., 2014). Nevertheless, the eIF4E seems
to be essential for the VPg-mediated PVA gene expression boost, as in eIF4E silenced
cells the effect is lost (Eskelin et al., 2011). Similarly to eIF4E, also the acidic ribosomal
protein P0 is required to achieve high cellular virus gene expression levels and has been
shown to regulate viral translation together with VPg (Hafrén et al., 2013).
The translation of potyvirus genomes is proposed to be tightly coupled to
replication (Hafrén et al., 2010). This hypothesis is supported by the fact that the
replication vesicles of TuMV in Nicotiana benthamiana leaves infected with two different
TuMV genomes carrying different fluorescent markers were mostly of single color,
suggesting that translation of these genomes, and thus the fluorescent markers, takes
place inside or in the immediate vicinity of the replication vesicles (Cotton et al., 2009).
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Additional close linkage between translation and replication is evident from the fact that
part of the CP cistron needs to be translated for a successful replication, which could
function as a mechanism to ensure that only intact genomes are selected for replication
(Mahajan et al., 1996).
2.4.2

Potyvirus replication

The functional organization of potyvirus replicase core-complex in the viral
genome is conserved and is similar to picornaviruses, being formed by cylindrical
inclusion protein (CI) (helicase), 6K2, NIa (VPg and protease), and NIb (viral RdRp) in
the order that they appear in the viral genome (Schaad et al., 1997, Le Gall et al., 2008).
NIb, the catalytic center of the replicase complex, is able to catalyze VPg uridylation
(Puustinen and Makinen, 2004, Anindya et al., 2005) without requiring RNA template.
Therefore, the potyviral VPg likely acts as a primer for genome replication, as is the
case for poliovirus VPg (Paul et al., 1998). To initiate the synthesis of negative strand
genomic RNA, NIb is directed to the 3’ end of the genome, a process which is facilitated
by PABP, and secondary structures present in the 3’-UTR and 3’-part of the CP
encoding region (Haldeman-Cahill et al., 1998, Wang et al., 2000).
The potyviral membrane protein 6K2 is required for the formation of potyvirusinduced membrane rearrangements (Cotton et al., 2009). In fact, just the expression of
this protein alone is sufficient to induce identical looking membrane structures to the
ones that are present during normal potyvirus infection (Beauchemin et al., 2007,
Schaad et al., 1997, Thivierge et al., 2008). The 6K2 protein can be separately
associated with both NIa and CI as an intermediate polyprotein cleavage product (Merits
et al., 2002). For the VRC formation, the membrane-located 6K2-NIa fusion is thought
to target the NIb to the membranes via the interaction of NIb with the VPg part of NIa
(Guo et al., 2001, Hong and Hunt, 1996, Li et al., 1997). However, the polyprotein
processing intermediate CI-6K2 also localizes to the membrane fraction and might be
partially responsible in recruiting other replication complex components to the
membranes (Merits et al., 2002). In addition, the P3 protein of TEV has been shown to
form punctate inclusions that originate from ER exit sites (ERES) and are trafficked to
Golgi membranes by early secretory pathway similarly to the 6K2 vesicles. Moreover,
the P3 structures co-localizes with the 6K2 vesicles and P3 interacts with the viral
replicase, suggesting that P3 could play a role in establishing the VRC (Merits et al.,
1998, Cui et al., 2010). From the host proteins, the plant SNARE protein Syp71 is
facilitating the fusion of TuMV VRCs with the chloroplast membranes and is essential
for successful virus infection (Wei et al., 2013). Additionally, COPI and COPII membrane
coating machineries are involved in the biogenesis of the 6K2-containing replication
vesicles and interaction of 6K2 protein with Sec24, a COPII coatomer, is required for
efficient systemic infection of TuMV (Wei and Wang, 2008, Jiang et al., 2015).
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There is increasing evidence supporting the idea that VPg plays a crucial part in
potyvirus replication as a hub protein regulating many processes (Jiang and Laliberte,
2011). The multifunctionality of VPg becomes evident when one considers the amount
of its known interaction partners. VPg binds viral RNA (Merits et al., 1998) and many
virus and cellular proteins (Roudet-Tavert et al., 2007, Tavert-Roudet et al., 2012, Li et
al., 1997, Merits et al., 1999, Hong et al., 1995, Shen et al., 2010, Thivierge et al., 2008,
Rajamaki and Valkonen, 2009, Huang et al., 2010, Dunoyer et al., 2004). Additionally,
VPg interacts with itself, although the functional role of the resulting multimer is not
known (Grzela et al., 2008, Hebrard et al., 2009, Oruetxebarria et al., 2001). The
intrinsically disordered nature of VPg (Rantalainen et al., 2008) allows a vast number of
conformations to be adopted and may explain the array of interaction partners VPg has
and its role as a central regulator in potyvirus infection.
The potyviral CI possesses ATP-dependent RNA helicase activity and is
required for replication (Deng et al., 2015, Carrington et al., 1998). CI is most likely
directed to VRCs as a CI-6K2 polyprotein processing intermediate (Merits et al., 2002).
In addition, CI has been shown to be targeted to plasmodesmata (PD) in a P3N-PIPO
dependent manner and is thought to be involved in virus cell-to-cell movement (Wei et
al., 2010b). Interestingly, one way of cell-to-cell spreading of infection could happen
through 6K2 vesicles, as these structures are transported along microfilaments into
adjacent cells through PD (Agbeci et al., 2013, Grangeon et al., 2013, Wan et al.,
2015b). Therefore, CI, P3N-PIPO and 6K2 could act in concert to facilitate viral RNP
movement from cell to cell.
A recent electron microscopy and electron tomography study of the membrane
compartments induced by the potyvirus TuMV revealed single-membrane vesicles and
tubules and double-membrane vesicles with electron dense cores. These formations
resemble membrane structures induced during the infection of the enteroviruses
coxsackievirus B3 and poliovirus (Wan et al., 2015a). Both potyviruses and
enteroviruses are members of the picorna-like virus superfamily, suggesting that they
might share membrane modification mechanisms. The single membrane vesicle-like
membrane structures contained RdRp and dsRNA which led the researchers to
postulate that only the single-membrane vesicles and tubules were the sites of TuMV
replication.
In conclusion, while the small 6K2 protein probably provides membrane
modifications and serves as an anchor for other viral proteins, the formation of a
functional VRC is a complex interplay between several viral proteins and a number of
host factors from which only a small amount have been studied. Evidence suggests that
only fully translated genomes are targeted for replication. Moreover, many host and viral
replication factors have been elucidated. However, there are still gaps in the
understanding of how potyviruses initiate their VRC assembly and how virus and host
factors are sequestered to form a functional complex that catalyzes viral RNA
multiplication.
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2.5

Potyviral coat protein (CP)

The canonical function of viral coat proteins is to package viral genomic RNA
into virions. Evidence suggests that the formation of potyvirus virions proceeds via a
ring-like CP assembly intermediate structures (Anindya and Savithri, 2003). This is
supported by the fact that potyvirus CP can self-interact (Guo et al., 2001) and
polymerizes into virus-like particles in the absence of full length viral RNA (Ivanov et al.,
2003, Jagadish et al., 1991). The surface exposed N-terminal 53 and C-terminal 23
amino acids of potyvirus CP subunits are essential for the initiation VLP assembly but
do not contribute to the stability of the fully formed particles (Anindya and Savithri, 2003).
In addition to being the sole structural protein of potyvirus virions, CP can
increase the size exclusion limit of PD, and is involved in cell-to-cell and long distance
movement of viral RNA (Rojas et al., 1997). Interestingly, the gene expression of PVA
is strongly inhibited by high concentrations of CP, possibly due to premature virion
formation (Hafrén et al., 2010). Recent results from our lab show that this inhibition is
initiated by co-translational CP-CP interaction (Besong-Ndika et al., 2015), suggesting
that virion formation could be initiated at the 3’ end of the (+)RNA genome. Regulation
of PVA CP concentration in the early stages of replication is therefore necessary, as the
gene expression strategy from a single polyprotein leads to equimolar amounts of
replication proteins and the CP. The host Dna-J-like protein CPIP could play a regulative
role at this step together with the HSP70 (Hafrén et al., 2010). Additionally, PVA CP is
phosphorylated by the protein kinase CK2 and ablation of these phospho-sites restricts
PVA infection to single cell level (Ivanov et al., 2003). Moreover, phosphorylation of PVA
CP inhibits its binding to RNA suggesting that phosphorylation could be a way to
regulate CP functions (Ivanov et al., 2003). The CP of tobacco vein mottling virus
interacts with NIb, but not with a replication defective NIb mutant, in yeast two-hybrid
assay (Hong et al., 1995). This suggests that CP might be involved in the viral replication
processes.
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Figure 2. A simplified view of the potyvirus infection cycle in a host cell. Viruses commonly
enter non-infected plants via aphid stylets or through mechanical injuries. After entry to the
cell, the virions are uncoated and viral genomic RNA is released to the cytoplasm where an
initial round of translation takes place. Accumulation of viral proteins initiates the formation
of VRCs on rough endoplasmic reticulum and mediates the switch from translation to
replication. Virus infection spreads to new cells through PD via RNP complexes, the
composition of which is not precisely known. Subsequent rounds of translation and
replication produce more viral RNA and proteins, resulting in increased VRC formation and
amplification of the infection process. During later stages virus particles are finalized and
may be carried to uninfected hosts.

3
3.1

Viral RNA regulation
RNA silencing

RNAi or RNA silencing refers to mechanistically related pathways which regulate
gene expression by small RNA molecules in a sequence specific manner and is
triggered by dsRNA (Baulcombe, 2004). In plants, several endogenous RNA silencing
pathways have been characterized, each mediated by different types of small RNAs but
acting through a conserved protein machinery (Valli et al, 2009). In addition to regulating
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gene expression, in plants RNA silencing also acts as a part of antiviral immunity. The
host antiviral response most likely involves several RNA silencing pathways, depending
on the viral replication strategy.
Upon virus infection in plants, RNAi is initiated by viral dsRNA replication
intermediates or highly structured self-complementary parts of viral ssRNA, features
recognized by RNase III type enzymes called dicer-like proteins (DCL) (Pumplin and
Voinnet, 2013). DCLs bind dsRNA with the help of dsRNA binding proteins and cleave
dsRNA into 21 - 24-nt small interfering RNA (siRNA) fragments with 2-nt 3’ overhangs.
In the model plant Arabidopsis thaliana, DCL4 produces 21nt siRNA during virus
infection (Qu et al., 2008, Jakubiec et al., 2012, Deleris et al., 2006). However, there
seems to be a redundancy between DCLs. For example, DCL2, which produces 22nt
siRNAs, can substitute for DCL4, when the activity of the latter is suppressed by a viral
silencing suppressor (VSR) (Deleris et al., 2006).
The siRNAs are stabilized by 2’-O methylation of their 3’ ends by the HUA
Enhancer 1 (HEN1) (Yu et al., 2005). After cleavage by DCLs and stabilization of the
RNA duplex by HEN1-mediated methylation, one of the two siRNA strands, called guide
strand, is loaded to an argonaute (AGO) protein forming an RNA-induced silencing
complex (RISC). In plants, the loading of siRNA to AGO complex is mostly dictated by
the 5’ terminal nucleotide but also length and structure of the RNA molecule play a role
(Mi et al., 2008). The antiviral AGO1 and AGO2 are primarily loaded with 21- and 22-nt
siRNAs with 5’-U and 5’-A nucleotides, respectively (Mi et al., 2008, Montgomery et al.,
2008). After loading, the RISC binds to the target RNA via the complementarity of the
guide small RNA strand and induces slicing or translational repression of the target
RNAs (Ghoshal and Sanfaçon, 2014, Kim et al., 2014). In plants there is evidence to
show that AGO1 functions partially in association with cellular membranes, pointing to
a possible mechanism how silencing can be effective against viral genomes that
replicate in a membrane protected environment (Brodersen et al., 2012).
Two types of virus-derived siRNAs (vsiRNA) are produced in plants. Primary
vsiRNAs are produced by DCLs directly from viral dsRNA while secondary vsiRNAs are
produced by the action of plant endogenous RdRps, mainly RDR6 and its associating
SGS3 (Burgyán and Havelda, 2011, Mourrain et al., 2000, Schwach et al., 2005, Qu et
al., 2008). RDRs convert ssRNA to dsRNA after RISC-mediated cleavage, resulting in
the amplification of the silencing signal. The action of RDRs is also required for the
systemic and cell-to-cell spread of the silencing signal (Schwach et al., 2005, Wang et
al., 2010, Molnar et al., 2010).

3.2

Viral silencing suppressors

To counteract RNAi directed against viral sequences RNA viruses encode for
viral silencing suppressor proteins (VSRs). The most studied are plant virus VSRs,
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partly because they were first discovered in plant viruses. However, VSRs have been
also found from viruses infecting fungi and insects (Bronkhorst and van Rij, 2014). VSRs
appear to have evolved separately many times as they show no clear sequence or
structural homology between different virus species and often target different steps of
RNAi covering virtually all steps of RNAi (Csorba et al., 2015). Moreover, the mode of
action of VSRs can differ even in the same genus or even among isolates of the same
species (Cuellar et al., 2008, Mangwende et al., 2009, Martinez-Turino and Hernandez,
2009, Marques et al., 2012, Senshu et al., 2009). Some viruses encode for multiple
proteins targeting separate steps of RNAi, while VSRs of other viruses are alone
capable of targeting multiple steps of RNAi. A brief description of some of the ways how
RNAi is targeted is given below.
The most common RNAi suppression strategy by VSRs is sequestration of
dsRNA, which leads to deprivation of RISC from its guide strand and therefore prevents
RISC assembly (Merai et al., 2006, Lakatos et al., 2006, Wu et al., 2010). A prime
example of a VSR with such mode of action is the tombusvirus protein P19, which has
been shown to bind small RNAs in a sequence independent manner. P19 forms headto-tail homo-dimers, creating a “molecular caliper” that binds 19-nt dsRNA regions in
21-nt small RNA duplexes that have 2-nt 3’-overhangs (Silhavy et al., 2002, Vargason
et al., 2003, Ye et al., 2003). The potyviral HCpro, tobamoviral P122 and cucumoviral
2b are thought to function in a similar manner to P19 by binding dsRNA (Csorba et al.,
2015).
Another RNAi step that can be targeted is HEN1-mediated siRNA methylation,
which leads to degradation of sRNA. VSRs that bind small dsRNAs also interfere with
2’-O methylation of siRNA by HEN1 leading to siRNA degradation (Endres et al., 2010,
Ivanov et al., 2016, Lozsa et al., 2008, Vogler et al., 2007, Yu et al., 2006). Although it
is possible, that this inhibition occurs because these VSRs exhibit stronger affinity to
siRNA compared to HEN1, it has also been shown, that PVA HCpro locally disrupts the
2’-O methylation cycle by inhibiting S-adenosyl-L-methionine synthetase activity (Ivanov
et al., 2016). Potato chlorotic stunt crinivirus uses an alternative strategy to block small
RNA accumulation. It encodes for a RNaseIII enzyme which cleaves siRNAs to smaller
fragments which are non-functional in RNAi pathways (Cuellar et al., 2009).
The catalytic component of RISC, the AGO proteins are also often targeted by
various VSRs. polerovirus P0 and potexvirus p25 both enhance degradation of multiple
AGO proteins leading to debilitated RISC assembly (Csorba et al., 2010, Chiu et al.,
2010).
GW182 family proteins contain a conserved GW/WG motif, bind AGO proteins
and are required for RISC assembly (Eulalio et al., 2009). Taking advantage of this
interaction, many VSRs are targeted to AGO via the GW-motif as a RNAi suppression
strategy. The P38 of turnip crinkle virus forms homodimers and binds AGO1 and AGO2
through GW residues interfering with siRNA, loading to AGOs resulting in inhibition of
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viral RNA sensing and dicing (Schott et al., 2012). Sweet potato mild mottle virus P1
blocks RISC activity by also taking advantage of the GW motif and interacting with
AGO1 in the fully assembled RISC (Giner et al., 2010). Similarly, turnip crinkle virus
coat protein p38 inhibits AGO1 activity through binding to it via GW motif (Zhang et al.,
2012).
AGO protein expression can also be targeted by VSRs already at transcriptional
level. For example, tombusviruses promote the transcription of miR168, which mediates
cleavage of AGO1 mRNA. The rise of miR168 levels correlate with the localization of
virus and the expression of P19, but is independent of P19 RNA-binding function
(Varallyay et al., 2010).
Interfering with RDR-mediated amplification of silencing signal is another widely
used strategy for viruses to disrupt RNAi. tomato yellow leaf curl virus silencing
suppressor V2 blocks silencing amplification through directly interacting with RDR6
cofactor SGS3 (Glick et al., 2008). Similarly, the plantago asiatica mosaic virus TGBp1
interacts with RDR6 and SGS3 in A. thaliana, inhibiting SGS3/RDR6-dependent
synthesis of dsRNA (Okano et al., 2014). Alternatively, the HCpro of Sugarcane mosaic
virus, 2b of tomato aspermy virus and pns10 of rice dwarf phytoreovirus interfere with
RDR-mediated amplification of silencing signal by inhibiting the expression of RDR6
(Ren et al., 2010, Zhang et al., 2008).
Studying antiviral RNAi is complicated using viruses with strong VSRs. However,
viruses defective in silencing suppression can be used to study the roles of different
RNAi components (Garcia-Ruiz et al., 2010, Diaz-Pendon et al., 2007). Moreover,
viruses lacking VSRs replicate well in plants defective in RNAi, suggesting that VSRs
could be non-essential for virus replication processes, but rather they are required to
create a localized habitable environment in the host cells for the virus to carry out its
functions.
3.2.1

The potyvirus helper component proteinase (HCpro)

HCpro was discovered as an indispensable factor required for virus transmission
from plant to plant, and is thought to mediate the attachment of virions to the mouthparts
of the plant sap-feeding aphids (Thornbury et al., 1985). The C-terminal domain of
HCpro carries cysteine proteinase activity, important for its self-cleavage from the
polyprotein of the virus (Oh and Carrington, 1989). HCpro is also necessary for genome
amplification, and co-localizes with VRCs and eIF4E (Ala-Poikela et al., 2011). In
addition, HCpro is able to increase the size exclusion limit of plasmodesmata (Rojas et
al., 1997), facilitating cell-to-cell and systemic movement of potyviruses (Kasschau et
al., 1997). Interestingly, HCpro has been localized to a structure at one of the ends of
PVA virions but the function of this localization is not known (Torrance et al., 2006).
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Arguably the most studied HCpro function is its role as a VSR (Anandalakshmi
et al., 1998). HCpro is thought to achieve RNA silencing suppression via several
mechanisms. Firstly, by binding small dsRNA molecules, HCpro deprives the RISC
complex of its RNA guide strand (Sahana et al., 2014). Secondly, PVA HCpro locally
disrupts the 2’-O methylation cycle by interacting with Hua-enhancer 1 (HEN1) and by
inhibiting of S-adenosyl-L-methionine synthetase and S-adenosyl-L-homocysteine
hydrolase activity (Ivanov et al., 2016, Jamous et al., 2011, Ebhardt et al., 2005).
Additionally, HCpro might be involved in the release of translational repression of viral
transcripts through the interaction with ribosomal proteins and AGO1 (Ivanov et al.,
2016). There are many other ways how HCpro of other potyviruses have been shown
to combat RNAi, including downregulation of RDR6 and AGO1 expression (Csorba et
al., 2015). HCpro possibly functions as a dimer and a higher form of oligomers and
requires the transcription factor RAV2 for the suppression of RNA silencing (Endres et
al., 2010, Thornbury et al., 1985, Plisson et al., 2003).
It was recently discovered that the HCpro of PPV, stabilizes its cognate viral coat
protein (CP) and increases the yield of virus particles (Valli et al., 2014). It was proposed
that high concentrations of HCpro at the late stages of infection could promote virion
assembly. The molecular mechanism behind this novel function of HCpro is not yet
known and a mutation abolishing this function maps to a region in HCpro previously not
associated with any function.

3.3

RNA granules and viral infection

Eukaryotic mRNAs can be sequestered to multiple types of RNA granules that
play important role in the regulation of mRNA translation, storage and degradation. Two
most common types of RNA granules are stress granules (SGs) and processing bodies
(PBs) found both in animals and plants (Kedersha and Anderson, 2007, Weber et al.,
2008).
PBs are constitutively present in cells and contain repressed mRNA and
components of mRNA decapping, deadenylation and 5’-3’ degradation machineries (Lin
et al., 2007). Additionally, the RNA induced silencing complex is thought to localize to
PBs (Sen and Blau, 2005). Plant PBs are characterized by decapping proteins 1 and 2
(DCP1 and 2), WD-domain protein varicose (VCS) and AGO1 (Weber et al., 2008).
SGs, on the other hand, are formed in response to several types of stress due
to eIF2D phosphorylation, and are defined as macromolecular aggregates of 48S
translation preinitiation complexes (Kimball et al., 2003) functioning as the storage and
triage foci of translationally silent mRNA (Kedersha and Anderson, 2002, Stohr et al.,
2006). Plant SGs are defined by eIF4E/eIF(iso)4E, oligouridylate-binding protein 1
(UBP1) and PABP (Sorenson and Bailey-Serres, 2014).
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PBs and SGs share and can dynamically exchange some of their constituents
forming a continuum of granules with variable degrees of similarity to either SGs or PBs
(Buchan and Parker, 2009, Kedersha and Anderson, 2007, Kedersha et al., 2005).
Additionally, PBs have been proposed to act as nucleation sites for SGs (Kedersha et
al., 2005). Cellular mRNA is in a continuous flow between actively translating ribosomes
and the silenced state of SGs and PBs in a process called the mRNA cycle (Kedersha
and Anderson, 2007).
Because SGs and PBs regulate the mRNA cycle and gene expression they are
a vital target for viruses to manipulate. Indeed, SGs have been proposed to have
antiviral role (Onomoto et al., 2012) and to be important regulators of cell death (Arimoto
et al., 2008) which is why many viruses regulate SG formation (Lloyd, 2013). How
different viruses interact with SG and PB components varies greatly, but the general
trend seems to be blocking the formation or co-opting granule components to virusspecific structures (Reineke and Lloyd, 2013). For example, poliovirus inhibits SG
assembly in late stages through cleavage of GTPase activating protein binding protein
1 (G3BP1), a SG assembly factor in animals (Aulas et al., 2015), by the viral protease
3C (White et al., 2007). HCV sequesters G3BP1 from SGs to virus-induced foci (Ariumi
et al., 2011) while chikungunya virus inhibits SG formation by recruiting G3BP1 to virusspecific cytoplasmic foci (Fros et al., 2012). Protein kinase R (PKR) phosphorylates
eIF2D during stress and induces SG formation. This makes PKR a good candidate to
manipulate SG formation and accordingly the NS1 protein of influenza virus, for
example, inhibits PKR activity, reducing eIF2a-mediated SG formation (Khaperskyy et
al., 2012).
Viruses also interfere with canonical PBs. For example, BMV (genus
Bromovirus) requires PB components for the translation and replication of RNA in yeast
(Noueiry et al., 2003). Specific elements in BMV RNA direct its localization to PBs
stressing the tight coupling between RNA granules and plant virus infection (Beckham
et al., 2007). HCV sequesters PB components DDX3 and 6, Lsm1, Xrn1, PATL1 and
AGO2 into its replication associated membrane structures. Moreover, DDX3 and 6,
Lsm1 and Patl1 seem to be required for HCV replication, showing that PB components
can have pro-viral role (Ariumi et al., 2011).
Overall, viral infections often lead to the formation of virus-specific granules or
droplets that contain factors normally required for SG or PB formation. At this point, very
little is known of potyvirus interactions with RNA granules, although it can be expected
that like in the examples above also potyviruses need to regulate host mRNA pathways
for their benefit.
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3.4

Interaction of RNA viruses with RNA quality control mechanisms

Aberrant mRNAs that lack common mRNA features, like 5’ cap or 3’ poly(A) tail,
are targeted for degradation by several processes commonly referred to as mRNA
decay (Houseley and Tollervey, 2009). There are many pathways that operate RNA
quality control from which nonsense-mediated decay (NMD) is the most extensively
studied. NMD is a translation-dependent RNA degradation mechanism that degrades
mRNAs which contain premature termination codons, long 3’ UTRs, 3’ UTRs with
introns, upstream ORFs, or splicing errors (Gazzani et al., 2004, Brogna and Wen,
2009, Rebbapragada and Lykke-Andersen, 2009). The central component of NMD is
an ATP-dependent DNA and RNA helicase called up-frameshift protein 1 (UPF1). UPF1
interacts with translation initiation factors and stalled ribosomes (Kashima et al., 2006).
NMD targeted transcripts are degraded by ribonucleases, like exoribonuclease 2, 3 and
4 (XRN2, 3 and 4) in 5’-3’ direction, and a protein complex called the exosome in 3’-5’
direction.
NMD is thought to be the basal RNA decay mechanism, operating on RNA
transcripts at the level where they are not triggering RNAi (Christie et al., 2011).
However, highly expressed, aberrant RNAs can saturate the NMD pathway and initiate
RNAi in a process called co-suppression (Thran et al., 2012). Therefore, RNA decay
might counteract RNAi (Gazzani et al, 2004; Gy et al, 2007). This is supported by the
fact that DCP2, a protein involved in the RNA-decay pathway and a constituent of PBs,
is a suppressor of RNAi in A. thaliana (Thran et al., 2012).
The NMD and RNAi pathways converge at the level of truncated ssRNA as
ssRNA is a substrate for both RdR6, an RNAi component, and for XRNs and exosome,
components of NMD. Additionally, a UPF1 homolog SMG2 is required for RNAi
maintenance in Caenorhabditis elegans (Domeier et al., 2000).
Although some of the RNA decay components have been shown to be
endogenous RNAi suppressors (Thran et al., 2012), it seems that viruses are also
targeted by NMD. Viral RNAs often contain elements like long 3’UTRs and overlapping
reading frames that make them good candidates for NMD. For example, NMD
counteracts potato virus X (Potexvirus) and turnip crinkle virus (Carmovirus) infection in
plants (Garcia et al., 2014a). These two viruses produce subgenomic RNAs and have
premature termination codons in their genomic RNAs that potentially promote NMD.
Additionally, depletion of NMD components UPF1, SMG5 and SMG7 led to higher
accumulation of the alphavirus Semliki forest virus (Balistreri et al., 2014). However, the
genomic RNA of the potyvirus TuMV was shown not to be a targeted by NMD (Garcia
et al., 2014a). Potyviruses have one long ORF, which could be an adaptation to
counteract NMD, suggesting that NMD could be generally avoided by potyviruses in the
initial stages of infection.

15

4

Aims of the study

Knowing in detail the molecular processes of virus infection is essential in
developing antiviral strategies. The aims of this study were to gain further insights into
the molecular mechanisms of the processes involved in PVA genome translation and
replication. The focus was on two PVA proteins, the coat protein (CP) and helper
component protease (HCpro). Both of these proteins regulate important steps in
potyvirus infection involving the viral genomic RNA translation and replication.
Additionally, the protein composition of viral replication complexes (VRCs) can hold
highly valuable information in regard to virus infection processes. Thus, the protein
composition of PVA VRCs was analyzed in this study. For this purpose a replication
membrane pulldown method was developed involving affinity purification of the PVA
membrane protein 6K2 combined with LC-MS/MS analysis of the acquired VRCs.
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5

Materials and methods

A detailed description of the materials and methods used in this study can be
found from the manuscript (I) and original publications (II and III). A list of the methods
and molecular constructs used can be found from the Tables 1 and 2.

Table 1. Methods used in this study and the location of their detailed description.
Method

Publication

Affinity purification via 2xStrep tag

I, II

Agrobacterium-mediated infiltration

I, II, III

Confocal microscopy and epifluorescence microscopy

II, III

DAS-ELISA

I, III

Dual-Luciferase assay

I, III

Immunoprecipitation

I

LC-MS/MS

II

Molecular cloning

I, II, III

Proteasome inhibition assay

I

Quantitative RT-PCR

I, II, III

Reverse transcription PCR

II

SDS-PAGE

I, II, III

Silver staining

II

Transient silencing with hairpin constructs

I, III

Transmission electron microscopy

II

Virus-induced gene silencing

III

Western-blotting

I, II, III
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Table 2. Molecular constructs used in this study and the location of their detailed
description.
Transient gene silencing vectors

hp-

Plasmid
Targeted gene name
backbone
pHELLSGATE 8 empty control

hpCHIP

pHELLSGATE 8 CHIP

this study

I

hpCK2

pHELLSGATE 8 CK2 D subunit

this study

I

hpCPIP

pHELLSGATE 8 CPIP

I

hpeIF(iso)4E

pHELLSGATE 8 IF(iso)4E

hpeIF4E

pHELLSGATE 8 IF4E

hpHSP70

pHELLSGATE 8 HSP70

this study
(Eskelin et al.,
2011)
(Eskelin et al.,
2011)
this study

hpP0

pHELLSGATE 8 ribosomal protein P0

(Hafren et al., 2013) III

hpPDS

pHELLSGATE 8 phytoene desaturase

this study

III

hpRluc

pHELLSGATE 8 Renilla luciferase
oligouridylate binding
pHELLSGATE 8
protein 1
pHELLSGATE 8 varicose

this study

III

this study

III

this study

III

Reference

Used in

Construct name

hpUBP1
hpVCS

Reference

Used in

(Hafren et al., 2013) I, III

III
III
I

Virus-induced gene silencing vectors
Construct name

Plasmid
backbone

Targeted gene name

pTRV1

pYL192

TRV RNA1

pTRV2:00

pYL279

empty pTRV2 plasmid

pTRV2:PDS

pYL279

pTRV2:UBP1

pYL279

pTRV2:VCS

pYL279

phytoene desaturase
oligouridylate binding
protein 1
varicose

(Senthil-Kumar and
III
Mysore, 2014)
(Hafrén et al., 2010) III
this study

III

this study

III

this study

III

Comments

Reference

Used in

PVA 6K2 protein
Nicotiana benthamina
argonaute 1 protein
fused to CFP
PVA CI protein
Nicotiana tabacum
protein kinase CK2D
PVA CP carrying 242TTS to 242-AAA
mutation
PVA CP carrying 242TTS to 242-ADA
mutation

this study

III

this study

III

this study

III

this study

I

this study

I

this study

I

Single protein or protein fusion expression constructs

6K2

Plasmid
backbone
pRD400

AGO1CFP

pSITEII-2C1

CI

pRD400

CK2

pRD400

CPAAA

pRD400

CPADA

pRD400

Construct name
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Table 2. Continued
Construct name

Plasmid
backbone

CPIP

pBinAR

CPIPΔ66

pBinAR

CPmut

pRD400

CPwt

pRD400

DCP1CFP

pMBP

eIF(iso)4E-myc

pGWB18

eIF(iso)4EtagRFP

pSITEII-6C1

Fluci

pRD400

GUS

pRD400

HCpro4EBDtagRFP

pSITEII-6C1

HCproSD-tagRFP

pSITEII-6C1

HCprowt

pRD400

HCprowt-tagRFP

pSITEII-6C1

HCproYFP

pGWB442

HCproYFP AS9

pGWB442

NIa

pRD400

wild-type HCpro from
PVA fused to RFP
TuMV HCpro with
EYFP fusion
TuMV HCpro with AS9
mutation and EYFP
fusion
PVA NIa protein

NIb

pRD400

PVA NIb protein

P0

pMDC32

Arabidopsis thaliana
P0 protein

(Hafren et al., 2013) III

P0YFP

pGWB41

P1

pRD400

p19

pBin61

Comments
N. tabacum CPIP with
myc-tag
N. tabacum CPIP with
N-terminal J-domain
deletion and myc-tag
PVA CP carrying
R159D and Q160V
mutations
PVA CP
decapping enzyme 1
fused to CFP
N. benthamiana
eukaryotic translation
initiation factor iso4E
with 4 x myc fusion
N. benthamina
eukaryotic translation
initiation factor iso4E
fused to RFP
Firefly luciferase
containing intron 1
from RuBisCo
Escherichia coli betaD-glucuronidase
PVA HCpro with
mutated eIF4E binding
site, fused to RFP
Silencing-deficient
HCpro from PVA
fused to RFP
PVA HCpro

N. benthamiana P0
fused to YFP
PVA P1 protein
Tombusvirus silencing
suppressor p19
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Reference

Used in

(Hofius et al., 2007)

I

(Hofius et al., 2007)

I

(Hafrén et al., 2010) I
(Hafrén et al., 2010) I
(Xu et al., 2006)

III

(Hafren et al., 2013) III

this study

III

(Eskelin et al.,
2010)

I, III

(Eskelin et al.,
2010)

I, III

this study

III

this study

III

this study

III

this study

III

this study

III

this study

III

this study

III

this study

III

this study

III

this study
http://www.pbltechn
ology.com

III
III

Table 2. Continued
Construct name

Plasmid
backbone

P1YFP

pGWB42

p25

pBin19

p2b

pBin19

P2YFP

pGWB42

RFP

pSITE-4C1

Comments
N. benhtamiana
ribosomal protein P1
with YFP fusion
Potexvirus silencing
suppressor p25
Cucumovirus silencing
suppressor p2b
N. benhtamiana
ribosomal protein P2
with YFP fusion
non-fused RFP
2xStrep-tagged and
Cerulean fused 6K2
protein
Nicotinana
plumbaginifolia
oligouridylate protein
with CFP fusion
N. plumbaginifolia
oligouridylate protein
with 4 x myc fusion
N. plumbaginifolia
UBP1 with 4 x myc
fusion and mutated
rrm-motif
N. plumbaginifolia
oligouridylate protein
with YFP fusion
C-terminal part of
Arabidopsis thaliana
varicose fused to YFP

Reference

Used in

this study

III

http://www.pbltechn
ology.com
http://www.pbltechn
ology.com

III
III

this study

III

(Martin et al., 2009)

III

this study

II

this study

III

this study

III

this study

III

this study

III

(Xu et al., 2006)

III

SC6

pRD400

UBP1CFP

pGWB45

UBP1-myc

pGWB18

UBP1rrm-myc

pGWB18

UBP1YFP

pGWB42

VCSYFP

pMBP

VPg

pRD400

PVA VPg

(Eskelin et al.,
2011)

III

VPgRFP

pSITE-4N1

PVA VPg fused to
RFP

this study

III

YFP

pGWB42

non-fused YFP

III

ON22-mCherryNLS

proprietary
information

Phage O N22 protein
fused to mCherry
fluorophore and
nuclear localization
signal

(Nakagawa et al.,
2007)
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(Schönberger et al.,
III
2012)

Table 2. Continued
Binary vectors carrying PVA infectious cDNA
Construct name

Plasmid
backbone

PVA-6KY

pRD400

PVAAAA

pRD400

PVAADA

pRD400

PVA-C6K

pRD400

PVACPmut-Rluci

pRD400

PVAHCproRFP6KY

pRD400

PVA-NIbSIII

pRD400

PVA-SC6

pRD400

PVAsilent

pRD400

PVAstopCP

pRD400

PVA-VPgSIII

pRD400

PVAwt-Rluci

pRD400

PVAΔGDD-Rluci

pRD400

PVAΔGDDRluci-B-box

pRD400

PVAΔGDDstopCP

pRD400

PVAΔHCpro

pRD400

Comments
PVA with an additional
6K2 protein fused to
YFP
PVA mutant with 242TTS to 242-AAA
mutation in CP
PVA mutant with 242TTS to 242-ADA
mutation in CP
PVA with an additional
6K2 protein fused to
CFP
movement deficient
PVA
PVA with RFP-fused
HCpro and YFP-fused
6K2 as a second copy
PVA icDNA with
2xStrep-tagged NIb

Reference

Used in

this study

II

(Ivanov et al., 2003) I
this study

I

this study

II

(Eskelin et al.,
2010)

I

this study

III

(Hafrén et al., 2010) I

PVA with an additional
this study
6K2 protein fused to
2xStrep-tag and CFP
PVA icDNA with RNA
sequence mutation in
CP CK2 consensus
region
PVA icDNA containing
TAA stop codon in
front of CP cistron
PVA icDNA with
2xStrep-tagged VPg
wild-type PVA
replication deficient
PVA
Non-replicating PVA
that contains B-box
RNA element
PVAΔGDD containing
TAA stop codon in
front of CP cistron
PVA without HCpro
gene
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II

this study

I

(Besong-Ndika et
al., 2015)

I

(Hafrén et al., 2010) I
(Eskelin et al.,
2010)
(Eskelin et al.,
2010)

I, III
I, III

(Schönberger et al.,
III
2012)
(Besong-Ndika et
al., 2015)

I

this study

III

6

Results and discussion

6.1

Coat protein has a role in potato virus A replication

High concentrations of CP, normally present in the late stages of infection,
strongly inhibit PVA gene expression (Besong-Ndika et al., 2015, Hafrén et al., 2010).
Theoretically, the PVA gene expression strategy leads to the expression equimolar
quantities of the replication associated proteins and CP. Replication associated proteins
like CI, 6K2, VPg and NIb are required in the early phase of infection, while CP seems
not to be required at the same quantities in the initial part of infection. This suggests a
presence of a mechanism to prevent CP interaction with viral RNA in the early stage of
infection. Previous studies from our laboratory have pointed to two such potential
mechanisms, namely phosphorylation by CK2, and CPIP-mediated proteasomal
degradation of CP (Hafrén et al., 2010, Ivanov et al., 2003). The molecular details of
how these two processes govern CP functions are not known.
6.1.1

The CK2 phosphorylation site in coat protein is important for potato virus A
replication

The PVA CP is phosphorylated by the protein kinase CK2 and the preferred
residue in vitro is Thr242 in the CK2 phosphorylation consensus sequence 242TTSEED247
in PVA CP (Ivanov et al., 2003). However, in addition to Thr242 also Thr243 and Ser244 in
the consensus sequence are in a good position to be phosphorylated by CK2 and at
least the PVA CP Thr243 is required for wild-type level virus infection (Ivanov et al.,
2003). To study the requirement of the CK2 phosphorylation consensus site for PVA
infection in more detail, we designed several PVA infectious complementary DNA
(icDNA) constructs that varied in the CK2 consensus site. The gene expression of
phosphorylation deficient mutant (242AAAEED247, PVAAAA), phosphorylation-mimicking
mutant (242ADAEED247, PVAADA), natural revertant (242ATAEED247, PVAATA) and silent
mutant (242TTSEED247, mutation in the RNA sequence only) were compared against
wild-type PVA (PVAWT), movement deficient (PVACPmut) and replication deficient
(PVAΔGDD) viruses. The constructs are described in more detail in Figure 1A (I). Results
showed that both PVAAAA and PVAADA viruses had very low gene expression,
comparable to the non-replicating virus PVAΔGDD (Figure 3). Previous work had
established that amino acid substitutions in the CK2 target sequence of PVA CP leads
to non-moving viral phenotype (Ivanov et al., 2003), and the current results narrow down
this defect to the level of replication. Moreover, both, a mutation mimicking
phosphorylation in the CK2 consensus site in PVA CP and a mutation abolishing
phosphorylation, render the virus poorly replicating, suggesting that dynamic
phosphorylation of CP is required for a successful infection (I, Figure 1B). As the silent
mutant virus is fully infectious, the intact CK2 phosphorylation site is evidently required
at amino acid level, while changes in the RNA sequence of CK2 site do not affect PVA
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replication. This is supported by comparative amino acid sequence analysis that
demonstrates the conservation of the CK2 phosphorylation site in potyvirus CPs (I,
Figure S2). Intriguingly, the closely related potyvirus TEV tolerates large deletions in its
CP (Mahajan et al., 1996). Deletions up to amino acid 189 and after 245 are tolerated,
albeit with some effect on the viral gene expression. As a result, a cis-active RNA
element in the minimal essential CP region is proposed to be required for TEV
replication (Mahajan et al., 1996). Closer look at the TEV CP sequence reveals that the
putative CK2 phosphorylation site ( 236VGTAEED242) in TEV CP resides in the minimal
essential CP region.
The importance for CP phosphorylation during PVA replication could be related
to RNA-binding as CK2 down-regulates CP RNA binding function (Ivanov et al., 2001)
and CK2 phosphorylation site resides in the region that is participating in RNA binding
(Baratova et al., 2001). The structural model of CP reveals that the CK2 phosphorylation
site resides in a loop region connecting E-barrel 7 with D-helix 8 (Figure 4). Taken
together, our results suggest that intact CK2 phosphorylation site in the CP is required
for PVA replication.

Figure 3. Mutations interfering with the
phosphorylation of the protein kinase
CK2 phosphorylation consensus site in
PVA CP abolish PVA gene expression.
Mutating the PVA CK2 phosphorylation
site from 242TTSEED247 to 242AAAEED247
(PVAAAA) or to 242ADAEED247 (PVAADA)
abolished the gene expression of the
virus. Viral gene expression was
measured at 3 DPI for the movement
deficient virus, PVACPmut, the replication
deficient virus, PVAΔGDD, and the CK2 site
mutant viruses PVAAAA and PVAADA. **, pvalue < 0.01; DPI – days post infiltration.
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Figure 4. Model of PVA
CP structure with the CK2
phosphorylation
site
shown (filled arrow). The
CK2 phosphorylation site
resides in a loop region
(amino acids 242-251) that
connects E-barrel 7 with Dhelix 8 and is part of CPs
RNA interacting domain
(adapted from [Baratova et
al., 2001]).

6.1.2

Protein kinase CK2 and potato virus A replication complex

As CK2 phosphorylates PVA CP and the CK2 phosphorylation consensus site
seems to have a role in the PVA replication, we hypothesized that the enzyme could
function in the formation of the VRCs of PVA. Localizing CK2 to VRCs could support
that idea, so we looked for the presence of CK2 in purified VRCs by Western-blotting
using antibody against CK2D subunit. Results show that CK2 co-purified with PVA VPg
and NIb pulled down from replication-associated membranes (I, Figure 2A), suggesting
that CK2 could have a role in PVA replication. Previously CPIP and HSP70 were
detected from similar affinity-purifications derived from infected heavy membrane
fractions (Hafrén et al., 2010). Interestingly though, CK2 was not found from the affinity
purified 6K2-induced membrane sample pulled down via tagged 6K2 protein (II, Table
2). However, since the two samples were purified under different conditions using
affinity tags on different PVA proteins, it is reasonable to expect that the composition of
the samples differs from each other. For example, if CK2 mediated phosphorylation
removes CP from the viral RNA allowing for VRC assembly to continue, the interaction
of CK2 with viral RNA and the replication proteins would be transient and its presence
in the fully formed VRCs would not be required. Therefore, if the purifications yield VRCs
in different stages, then the presence of CK2 would be expected to vary between the
proteomes.
6.1.3

The role host proteins in coat protein turnover and potato virus A gene
expression

Since CK2 phosphorylation site in CP is important for PVA infection and the
kinase is present in PVA replication associated membranes we sought to answer
whether CK2 has a role in CP turnover. In our lab it has been previously shown that CP
degradation is promoted by CPIP in connection with HSP70 (Hafrén et al., 2010). Thus,
we hypothesized that the C-terminus Hsc70 interacting protein (CHIP) could be required
for CP degradation. CHIP is an E3 ubiquitin ligase that catalyzes poly-ubiquitination of
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the target proteins of HSP70 and HSP90 (Jiang et al., 2001, Paul and Ghosh, 2014).
We therefore silenced CK2, CHIP, CPIP and HSP70 and quantified CP accumulation.
Our results show approximately two-fold increase in CP protein levels (I, Figure 3A)
when CK2, CHIP, CPIP and HSP70 were silenced, suggesting that these host proteins
negatively regulate CP accumulation. Since CHIP promotes proteasomal degradation
of its targets, we tested whether the proteasome could be involved in CP degradation.
MG132 is a synthetic, cell permeable proteasome inhibitor that blocks the proteolytic
activity of 26S proteasome complex (Tsubuki et al., 1996). To test the role of the
proteasome in CP degradation, wild-type PVA CP was expressed in N. benthamiana
cells together with MG132. Treatment with MG132 lead to approximately two-fold
increase in CP accumulation suggesting that 26S proteasome is indeed involved in CP
degradation.
In relation to the effect that CK2, CHIP, CPIP and HSP70 have on CP
accumulation, we asked whether these proteins have a role in PVA gene expression.
To that end, we again silenced CK2, CHIP, CPIP and HSP70 and followed PVA gene
expression and movement in these conditions. We show that the host proteins are all
required for robust PVA infection in single cell level. However, these host factors seem
not to affect the movement or initiation of infection of PVA (I, Figure 6). This further
supports that regulation of CP during replication is important, and is in line with the
interpretation that the PVA CK2-mutants are defective in replication due to their altered
CP proteins.
6.1.4

The accumulation of coat protein and its translation suppression function are
regulated by phosphorylation

We hypothesized that the phosphorylation status of CP affects its accumulation
since CK2 silencing increased CP accumulation (I, Figure 3). To test that, nonphosphorylated CP (CPAAA) and phosphomimic (CPADA) mutant proteins were
transiently expressed in N. benthamiana cells. Interestingly, both CPAAA and CPADA had
abnormal turnover (I, Figure 3E). Thus, we quantified the accumulation of the CPWT,
CPAAA and CPADA while over-expressing CPIP, CPIPΔ66 or when CPIP was silenced.
CPIP is a HSP40 chaperone that promotes CP degradation by delivering it to HSP70,
whereas CPIPΔ66 lacking the J-domain is a dominant-negative mutant causing
accumulation of CPWT due to impaired interaction with HSP70 (Hafrén et al., 2010,
Hofius et al., 2007). It is expected that the expression of CPIP reduces while the
expression of CPIPΔ66 and silencing of CPIP increases the accumulation of CPWT.
Interestingly, while the overall protein levels of CPAAA were higher than the CPWT, they
were both modulated by CPIP similarly; CPIP overexpression led to absence of CP WT
and CPAAA while silencing of CPIP and over-expression of CPIPΔ66 led to high
accumulation of these CPs (I, Figure 4A and B). However, accumulation of the
phosphomimic mutant, CPADA, was not affected by CPIP (I, Figure 4C). It seems that
CPADA is out of the regulation of CPIP and cannot be degraded, suggesting that CP is
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protected from HSP70/ubiquitin-dependent degradation while phosphorylated. In
support of this idea, dephosphorylation dependent degradation of proteins by the
ubiquitin proteasome system has been shown in the human antiapoptotic protein Bcl-2
and fragile x mental retardation protein (Dimmeler et al., 1999, Nalavadi et al., 2012).
Interestingly, all three versions of CP bind CPIP (I, Figure 4D), which suggests
that the CK2 phosphorylation consensus site of CP does not overlap with its interaction
site with CPIP. Moreover, this proposes that phosphorylation affects CP accumulation
downstream of CPIP, possibly after delivery to HSP70. Over-expression of CPWT, a
situation mimicking the late stage of infection when CP is abundantly present, strongly
inhibits PVA gene expression and presumably sequesters viral RNA for virion formation
(Besong-Ndika et al., 2015, Hafrén et al., 2010). We wanted to know whether this
property of CP is influenced by its phosphorylation status. The results showed that
CPAAA behaved similarly to the CPWT, strongly inhibiting PVA gene expression, while
CPADA overexpression did not influence PVA gene expression (I, Figure 5). Similar
results were obtained with PVAWT and the non-replicating mutant PVAΔGDD, showing that
the inhibition operates on translational level and is influenced by Thr243 phosphorylation.
In support of this, CK2 over-expression or silencing resulted in increased or decreased
PVA'GDD translation, respectively (I, Figure 5). Therefore, it seems that phosphorylation
of Thr243 of PVA CP influences both its capacity to inhibit PVA translation and to undergo
degradation via the CPIP/HSP70 pathway.
Why both PVAAAA and PVAADA are not replicating is an intriguing question. We
speculate that the mechanism, by which the replication is impaired, differs between
these constructs, but in both cases results in inhibition of VRC formation. Firstly, CPAAA
produced from PVAAAA genome cannot be phosphorylated. Therefore, we hypothesize
that it attaches strongly to viral RNA inhibiting translation and VRC formation. Even
though CPAAA is efficiently eliminated via CPIP-mediated degradation, it only takes very
small amount of CP molecules to initiate translational block. This low amount of CPAAA,
which escapes degradation, is efficiently blocking viral RNA from other functions.
Secondly, PVAADA produces CP that is not binding to viral RNA efficiently. The lack of
CP-viral RNA interaction means that translational block does not occur and therefore,
NIb is not able to bind viral RNA. We propose that the phospho-mimic PVAADA is not
replicating because continued translation blocks NIb binding and initiation of VRC
formation.
Simultaneous accumulation of both phosphorylation deficient CP AAA and
phospho-mimic CPADA is difficult to explain. It is clear that CPADA is not degraded by
CPIP and therefore its high accumulation is expected. However, the reason why
individually expressed CPAAA is accumulating is quite puzzling. Experiments with CPIP
over-expression clearly show, that CPAAA is efficiently removed by CPIP-mediated
proteasomal degradation. Highly efficient degradation in parallel with high accumulation
suggests that the CPAAA is just produced at much higher rate. The plasmids for the
expression constructs of CPWT, CPAAA and CPADA are the same, eliminating the
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possibility of higher production of one protein due to plasmid backbone. Therefore, the
accumulation of CPAAA remains currently unexplained.
6.1.5

HCpro has a role in the regulation of coat protein turnover and functions

High expression levels of CP inhibit PVA translation in trans (Besong-Ndika et
al., 2015). Interestingly, our unpublished results show that HCpro is able to rescue PVA
translation from CP-mediated inhibition. When CP was over-expressed together with
PVAWT, the viral gene expression was completely abolished (Figure 5). However, coexpression of CP with HCpro rescued PVA gene expression to 6% or 11% of the positive
control (GUS) at 3 and 6 days post infection (DPI) respectively. Compared to CP overexpression, the increase of PVA gene expression was ~177 and ~2300 fold at 3 and 6
DPI respectively. The increase in PVA gene expression does not result from lower CP
levels since Western-blotting shows very high CP accumulation (Figure 5A and 5B).
Additionally, higher accumulation of CP when co-expressed with HCpro also correlates
with partial rescue of virion formation. Thus, over expression of HCpro together with CP
allows for high concentrations of in trans CP, which surprisingly does not completely
block virus gene expression.
The increase in CP accumulation in the simplest way can be explained by the
silencing suppression activity of HCpro. Silencing suppressors are used to increase the
accumulation of transgenes in plants (Gao et al., 2013). Similarly, the increase in the
non-replicating virus gene expression can result from inhibition of RNAi. HCpro can
interact with 20S proteasome but reports are conflicting on whether this results in
inhibition of proteolytic activity of the proteasome (Ballut et al., 2005, Sahana et al.,
2012). Therefore, increase in CP stability could partly also be explained given the
possibility that HCpro could inhibit proteasome. However, the question remains why the
high concentration of CP is not interfering with viral RNA translation, when HCpro is
simultaneously over-expressed.
We show that PVA HCpro induces the formation of PGs, which have a supportive
role in PVA infection (III). PGs contain viral RNA and are connected to PVA translation.
Thus, it can be speculated that PGs protect viral RNA from CP mediated inhibition by
restricting access to viral RNA. Viral RNA can be taken from PGs to translation by VPg
(III, Figure 5) and possibly in the same way could be acquired for virion formation by
CP. Wan and colleagues (Wan et al., 2015a) report electron-dense bodies being close
to virion bundles in TuMV infected N. benhtamiana and propose that these could be
sites for virion assembly. We hypothesize that these electron-dense bodies might be
PGs, sites where viral RNA is taken to translation or virion formation.
Another, mutually non-exclusive possibility is that HCpro keeps the excessive
CP away from viral RNA for virion assembly. The virus requires considerable amount of
CP to initiate virion formation but CPIP-pathway is efficient in degrading CP during the
infection. Accumulating CP in a phosphorylated form, in which case it does not interact
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with viral RNA could be a way to store CP for virion formation. Moreover, the
phosphorylated CP has low RNA binding ability (Ivanov et al., 2001) and our results
show that it is not degraded by CPIP-mediated pathway. Thus, we speculate that HCpro
could interact with phosphorylated CP and restrict its binding to viral RNA until virion
formation is initiated. In support of that, it has been shown that PPV HCpro stabilizes its
cognate CP and virions (Valli et al., 2014), however the mechanism behind this
phenomenon is not yet known.

Figure 5. HCpro of PVA stabilizes CP production and at the same time rescues PVA gene
expression from CP-mediated inhibition. GUS control, CP, HCpro constructs and the last
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two together were agroinfiltrated into N. benthamiana leaves at OD600 0.3 one day before
PVAWT, movement deficient PVACPmut or replication deficient PVAΔGDD virus construct (OD600
0.05). A and B) At 3 and 6 DPI the virus gene expression was measured from the viral Rluc
reporter gene while CP or CP and HCpro were transiently over expressed from a separate
expression construct. C and D) Movement deficient virus PVACPmut and replication deficient
virus PVAGDD gene expression was measured at 3 DPI with HCpro and CP over-expression
as shown. E) Immunocapture-PCR was used to quantify PVA genomic RNA at 9 DPI in
conditions where CP and HCpro were over-expressed as shown. RLU- relative light units;
DPI- days post infiltration.

6.2

The protein composition of PVA replication complex supports tight
connection between viral translation and replication

Knowing the molecular composition of a virus VRC can give valuable insights
into the virus biology. In this study, one of the goals was to shed light on the protein
composition of PVA VRCs. To this end, an affinity based purification of the PVA
membrane-targeting 6-kilo Dalton protein 2 (6K2) from infected plant tissue was
developed. The 6K2 protein is perfectly suited for this approach as the 6K2 labeled
vesicles of potyviruses contain viral RNA and many host and viral proteins (Thivierge et
al., 2008, Dufresne et al., 2008, Beauchemin and Laliberté, 2007) and are generally
regarded as the potyvirus VRCs (Schaad et al., 1997). For the purification of PVA VRCs
a second copy of the 6K2 protein, fused to Twin-Strep tag (2xStrep tag) and cerulean
fluorescent protein (CFP), was inserted to the icDNA of PVA in between NIb and CP (II,
Figure 1). We chose the 2x-Strep-tag due to its high affinity and because it allows for
efficient purification of protein complexes in mild conditions (Schmidt and Skerra, 2007).
A similar affinity-purification based approach was recently used to purify HCV replication
membranes (Paul et al., 2013) and analyze their composition.
The 6K2 protein has one putative 19 amino acid transmembrane domain in the
middle of the protein (Schaad et al., 1997), but is not known exactly how the potyvirus
6K2 resides in the cellular membranes. In the case of TEV, the 6K2 protein is proposed
to have a cytoplasmic N-terminus and a luminal C-terminus (Lerich et al., 2011). To
predict the PVA 6K2 orientation in membranes, we used web-based membrane protein
topology prediction algorithms. Somewhat surprisingly, the predictions varied between
the algorithms. The summary of the results is presented in the Table 3. In addition to
the possibility of spanning through a membrane, the 6K2 may function as a monotopic
protein due to the small 19 amino-acid hydrophobic domain, leaving both N- and Ctermini of 6K2 on the same side of membrane (Schaad et al., 1997).

29

PVA
TEV
TuMV

SGTQVSNFLGLEGHWKKSLITKDLLIVGGVCVGAAWMIGEYFFKKSKGVVAFQ
SDSEVAKHLKLKSHWNKSQITRDIIIALSVLIGGGWMLATYFKDKFNEPVYFQ
NTSDMSKFLKLKGKWNKTLITRDVLVLCGVLGGGLWMVIQHLRSKMSEPVTHE
. :::::.* *:.:*:*: **:*::: .* *. **: :: .* . * .:

Figure 6. Comparison of PVA, TEV and TuMV 6K2 protein sequences by using ClustalW2
algorithm. The 19 amino acid hydrophobic region is underlined. Fully conserved residues
are marked with an * (asterisk), conservation of amino acids with strongly similar properties
are shown by a : (colon), and a . (period) indicates conservation between groups of amino
acids with weakly similar properties.

Table 3. Comparison of the membrane topology predictions of the PVA 6K2 protein.
Membrane protein topology
prediction algorithm
HMMTOP
PHDhtm
TMHMM
TMpred
* two possible models were predicted,
preferred

Predicted orientation of PVA 6K2 protein
N-terminus
C-terminus
vesicle lumen
cytoplasm
cytoplasm
vesicle lumen
vesicle lumen
cytoplasm
lumen (cytoplasm)*
cytoplasm (lumen)*
with the orientation in parentheses only slightly less

Due to the lack of a clear consensus about the orientation of PVA 6K2 among
the membrane protein topology prediction algorithms, two icDNAs of PVA, with a
second copy of 6K2, were made. One had the additional 6K2 protein fused N-terminally
to Cerulean fluorescent protein (CFP) and was named PVA-C6K (II, Figure 1A). The
other construct had 6K2 fused C-terminally to Yellow fluorescent protein (YFP) and was
named PVA-6KY (II, Figure 1A). Both viruses were infectious and spread systemically
(II, Figure 2 and Supplemental figure 1), but the infection phenotype when observed by
confocal laser scanning microscopy differed between the constructs. With the PVA-6KY
virus, YFP labeling around chloroplasts and also individual 6K2-induced vesicles in the
cytoplasm were observed. Extensive chloroplast labeling was not seen with the PVAC6K virus construct, instead more individual 6K2-induced vesicles were present (II,
Figure 2). The route of 6K2-induced vesicles is thought to involve formation on ER and
subsequent movement to chloroplast membranes. Thereby, it is possible, that the Nterminal fusion with 6K2 interferes with some of its cellular interactions leading to less
extensive vesicle fusion (Cotton et al., 2009, Wei and Wang, 2008, Wei et al., 2010a).
However, immuno-precipitation of 6K2 fusion proteins by GFP-trap produced
higher concentration CFP-6K2 than 6K2-YFP, suggesting that CFP in the N-terminus of
6K2 was better accessible in the membranes, possibly residing outside the vesicles (II,
Figure 2). In support of this hypothesis, the C-terminal tail of the 6K2 of TuMV seems to
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reside inside the vesicle lumen of 6K2-induced vesicles (Beauchemin and Laliberté,
2007). Thus, based on the results with GFP-trap, we decided to add the 2xStrep affinity
tag to the N-terminus of the 6K2 protein.
To purify the PVA VRCs, systemically infected plant leaves were chosen, to
reduce adverse effects in the cells possibly induced by Agrobacteria leading to
misrepresentative PVA infection. This approach results in non-synchronized infection,
meaning that purified complexes do not represent a snapshot of a specific replication
phase of the infection. Rather, the 6K2-induced membranes from all possible stages of
VRC formation and of PVA infection will be purified.
The purification scheme is shown in Figure 3 (II). According to the Westernblotting analysis, the 6K2-induced vesicles had concentrated to the fraction 5 in the
sucrose gradient. Therefore, fraction 5 was used for subsequent Strep-tag affinity
purification and clear enrichment of 2xStrep-CFP-6K2 signal was seen in the samples.
Moreover, when visualized by silver-staining, significantly more protein was present in
the 2xStrep-tagged virus sample compared to the control that did not contain the affinity
tag (II, Figure 3). Additionally, viral RNA was shown to be present in the 2xStrep-tag
sample and the viral replication protein VPg was enriched when compared to the control
(II, Figure 4). As an additional control, a 6K2 expression construct fused with 2xStreptag was used to purify 6K2-induced vesicles in a non-infection context. Three replicates
of the purified 6K2-induced vesicle samples from each construct were analyzed by liquid
chromatography tandem mass spectrometry (LC-MS/MS).
6.2.1

PVA proteins identified from the purified 6K2-induced membranes

The total number of identified proteins from the purified VRC sample was 729 (II,
Supplemental table 1, available online). This was approximately 7 and 15 times more
than in the controls, with 102 and 49 proteins identified from the non-tagged virus and
the 6K2 expression construct sample, respectively.
Excluding the bait protein, eight viral proteins were found with high confidence in
the 2xStrep-tagged virus samples, but peptides were detected altogether for ten out of
eleven viral proteins (II, Table 1). CI and HCpro were 69 and 45 times enriched,
respectively, in the 2xStrep-tagged virus sample. This strongly suggests that they were
purified tag-specifically as part of the PVA VRCs. PVA proteins P3, VPg, NIb, NIaprotease and 6K1 were all identified with high confidence and were not found from the
non-tagged virus sample (II, Table 1). These results localize the PVA replication
associated proteins, CI, NIa (VPg and NIa-pro) and NIb, to the affinity-purified 6K2membranes, suggesting that at least part of the vesicles contain VRCs.
PVA CP had 3.6 times higher peptide spectrum match (PSM) score in the
2xStrep-tagged virus sample compared to the non-tagged control. This relatively small
fold difference was most likely due to the fact that PVA virions were binding non31

specifically to the Strep-Tacting matrix. Indeed, virions were identified by TEM in both
tagged- and non-tagged virus affinity purification samples with no clear visual difference
in their amount (II, Figure 5). Nevertheless, the 3.6-fold difference in CP amount
supports the idea that some CP is specifically present in PVA VRCs. As hypothesized
before, this could reflect the requirement of CP for PVA replication initiation. For
example, (+)RNA viruses BMV and AMV both require small amounts of CP to initiate
translation and transcription (Guogas et al., 2004, Yi et al., 2009).
The P1 protein was represented in the VRC proteome data by one peptide only
and was not identified in two of the three replicates suggesting that it is not specifically
present in the VRC samples. P1 functions as a modulator of host defence (Pasin et al.,
2014) and is proposed to enhance viral genome translation (Martinez and Daros, 2014),
but it seems to have no established role in potyvirus genome amplification reactions
(Verchot and Carrington, 1995). No peptides matching the protein produced from the
PIPO reading frame were detected from the VRC sample replicates. This is somewhat
surprising since P3N-PIPO has been shown to have a role in virus cell-to-cell movement
(Vijayapalani et al., 2012, Wei et al., 2010b), which could happen via 6K2-induced
vesicles (Grangeon et al., 2013). It would therefore be expected to find also P3N-PIPO
in the proteome, as part of the purified membranes can represent those vesicles
trafficking to new, uninfected cells.
6.2.2

Host proteins identified from the purified 6K2-induced membranes

One of the main goals was to identify novel host proteins and to create a PVA
VRC host-protein proteome. To this end, the tagged virus LC-MS/MS protein data was
filtered and the final list was comprised of host proteins which fit the following conditions:
1) peptides were found from at least two biological samples; 2) at least four peptides
were detected; 3) at least two unique peptides per protein were identified; 4) the PSM
sum of these peptides was at least 10 times higher than in either of the controls. After
this kind of filtering, the PVA VRC proteome list contained 94 host proteins (II, Table 2).
The identified proteins were analyzed with the web-based functional annotation
program DAVID (Huang da et al., 2009a, Huang da et al., 2009b). Many of the host
proteins found in the VRCs were chaperones or chaperone-associated. This supports
the previous findings that cellular chaperones are heavily involved in the replication of
(+)RNA viruses (Nagy et al., 2011). Chloroplast proteins were also abundantly present
in the VRC proteome. They most likely derive from the 6K2-vesicles associated with
chloroplasts. This also supports the finding that the vesicles still associated with
chloroplasts, despite not being evident by epifluorescence microscopy of the infected
tissue. Many metabolic enzymes were present in the proteome, but the role of these in
potyvirus replication is not immediately evident and requires further studies. However,
the next targets to study in relation to PVA infection could for example be GAPDH,
eEF1A and eIF4A, which were all present in the proteome and have been studied in
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relation to other (+)RNA virus infections. GAPDH is known to be required in tombusvirus
replication regulating the balance between negative and positive strand RNA (Huang
and Nagy, 2011). eEF1A interacts with soybean mosaic virus (genus Potyvirus) protein
P3 and is an essential factor for SMV virulence (Luan et al., 2016), while eIF4A is
required for VPg-driven translation of porcine sapovirus (genus Sapovirus) (Hosmillo et
al., 2016).
Potyvirus translation and replication have been previously proposed to be tightly
coupled (Hafrén et al., 2010, Cotton et al., 2009, Grangeon et al., 2010), which is why
we were interested in the ribosomal proteins associated with 6K2-induced membranes.
The ribosomal proteins associated with the 6K2-induced membranes are listed in Table
3 (II). In the 2xStrep-tagged virus sample 16 out of 32 small and 38 out of 47 large
ribosomal subunit proteins were present. In the non-tagged virus sample also many
ribosomal proteins were detected (3/32 and 17/47), but mostly with lower PSM scores
than in the 2xStrep-tagged virus samples. The association of ribosomes with 6K2induced membranes in non-infection context was weak (II, Table 3). Overall, the
abundance of ribosomal proteins in the VRC pulldown samples strongly suggests that
ribosomes are tightly associated with viral replication membranes.
In conclusion, the presence of PVA replication proteins corroborate that the
purified membranes were indeed VRCs and the protein content of these vesicles points
to the fact that viral replication and translation are tightly coupled in the VRCs.

6.3

HCpro induces granules that protect viral genomic RNA and store it for
translation

Our group previously demonstrated that the acidic ribosomal protein P0 is part
of the membrane-bound PVA replication complex and regulates PVA RNA expression
(Hafrén et al., 2013). Many ribosomal and ribosome-associated proteins have extraribosomal functions, including P0 which is normally part of the ribosomal stalk (Chang
et al., 2008). Thus we consider the functions of P0 in viral complexes to be extraribosomal. By localization studies using epifluorescence microscopy, we show here that
P0, unlike the ribosomal proteins P1 and P2, forms punctate inclusions or granules in
PVA infected cells (III, Figure 1).
As we were interested in the nature of the PVA-induced granules (PGs), we
sought to determine the composition of these granules and also the conditions for their
induction. Expression of a movement-deficient and a replication-deficient PVA mutant
showed that neither movement nor replication deficiency stops the formation of the PGs
(III, Supplemental figure 2). Thus, we hypothesized that one or several PVA proteins
are required for PG formation. Transient expression of such candidate proteins together
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with P0 revealed that only the viral silencing suppressor protein HCpro is required for
the granule formation (Figure 7). Additionally, a PVA clone lacking HCpro was unable
to induce PGs, confirming the requirement of HCpro for PG formation (Figure 7).
Presence of P0 and HCpro suggested that the granules have a role in viral translation
and silencing suppression.
6.3.1

The viral silencing suppressor HCpro is the core component of PVA-induced
granules

As HCpro induces PGs, we were interested whether HCpro is a structural
component of PGs. To that end, we used confocal laser scanning microscopy to detect
whether HCpro and P0 co-localize. Transient expression of fluorescently labeled
HCproRFP showed co-localization with fluorescently labeled P0 YFP, confirming that
HCpro is a structural component of PGs (III, Figure 2). Since the formation of SGs and
PBs is often induced during viral infections as an antiviral response (Onomoto et al.,
2012), the PGs could arguably be one form of these granule types. To investigate this
possibility, confocal laser scanning microscopy was used for co-localization studies of
PG component HCpro with plant SG markers eIF(iso)4E and UBP1, and PB markers
VCS and AGO1. We discovered, that indeed these markers localized to PGs (III, Figure
2). However, since PGs contain both SG and PB markers, and are not heat inducible
nor dispersed by cycloheximide or induced by puromycin-D (III, Supplemental figure 5),
we propose that PGs are granules specific to PVA. In support of our conclusion, viral
infections often induce virus-specific RNP-complexes or lipid droplets containing
canonical SG and PB components (Lloyd, 2013).
6.3.2

PVA-induced granules contain viral RNA

Disruption of PGs by RNase A treatment, RT-PCR with PVA specific primers,
and co-localization studies of PVA RNA with P0 YFP confirmed that not only is the RNA
a structural component of PGs, but also that PVA genomic RNA is specifically present
in PGs (III, Figure 3). However, PGs are also induced by HCpro in a non-infection
context, suggesting that also non-viral RNA molecules, likely constituents of PBs and
SGs, also localize to PGs. Thus, it is of future interest to study the RNA composition of
the PGs.
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Figure 7. PVA HCpro induces PG
formation and is a component of PGs.
(A) N. benthamiana leaf epidermal cells
showing PGs at 3 DPI were counted in
conditions where different PVA proteins
together with P0 tagged with YFP (P0YFP)
were
co-expressed.
(B)
eIF4Einteraction deficient HCpro (4EbdHCpro) and silencing deficient HCpro
(sd-HCpro) mutant were co-expressed
with P0YFP and the PG induction was
followed by counting cells containing
PGs. (C) The frequency of cells showing
PGs was calculated when the icDNA of
wild-type PVA or a PVA mutant, lacking
the HCpro cistron, were expressed in N.
benthamiana leaves. (D) Frequency of
cells showing PGs was calculated in
conditions where replication deficient
PVA was co-expressed with VPg tagged
with RFP or RFP alone, as a control. (E)
HCpro co-localization with the acidic
ribosomal protein P0, PB marker AGO1
and SG marker UBP1 was studied by
laser-scanning confocal microscopy.
Scale bar = 10 μm.

6.3.3

PVA-induced granule formation is specific to potyvirus HCpro

The molecular functions of the HCpro and its presence in PGs led us to
hypothesize that these granules could have silencing-suppression-related roles. In
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support of our hypothesis, expression of the silencing-deficient HCpro (sd-HCproRFP)
does not induce PGs. As HCpro has an eIF4E binding domain, and eIF4(iso)4E
localizes to PGs, we also investigated whether this domain in HCpro is important for PG
induction. We discovered, that eIF4E-binding deficient HCpro (4Ebd-HCproRFP) is
unable to induce PG formation (III, Figure 4). However, neither of the HCpro mutants
was able to suppress silencing in a transient silencing suppression assay (III,
Supplemental figure 4). Therefore, silencing suppression capacity of HCpro seems to
be central to PG formation, but it is impossible to say whether eIF4E binding is involved.
However, PGs seem to be potyvirus-specific structures, since VSRs from three other
plant (+)RNA viruses did not induce PGs as strongly as HCpro (III, Figure 4). At the
same time, the tombusvirus p19, potexvirus p25, and cucumovirus 2b, were able to
repress dsRNA-induced silencing (III, Supplemental figure 6), similarly to PVA HCpro.
Finally, HCpro from the potyvirus TuMV also induced PGs, while a similar mutant to
PVA sd-HCpro, AS9, was not able to induce PGs (III, Figure 4). Taken together, our
results suggest that PG formation is a potyvirus-related phenomenon.
6.3.4

VPg and PVA-induced granule components co-regulate viral RNA translation

Presence of P0 and eIF4E in the PGs suggested that PGs could have a role in
PVA translational pathways. As VPg is able to boost PVA translation (Eskelin et al.,
2011), we were interested if this function is related to PGs. To this end, we overexpressed VPg in conditions where PGs were also induced. Expression of VPgRFP
drastically reduced the number of cells showing PGs (Figure 6 and III, Figure 5),
suggesting that VPg-mediated translation of PVA is related to PG formation. At the
same time, VPg together with HCpro, synergistically enhanced PVA gene expression
and RNA levels whereas HCpro alone did not have a significant effect. In sum, the
results show that PGs are linked to VPg-mediated viral translation enhancement, and
VPg could possibly compete for the viral RNA in PGs.
The PG components VCS and UBP1 are involved in mRNA processing, which
suggests that they could influence PVA gene expression. VCS is a WD-domain protein,
which is part of the decapping complex and is a general protein assembly factor
(Stirnimann et al., 2010). UBP1 is a triple RNA recognition motif (RRM) protein, involved
in dynamic RNA aggregation functions during stress conditions (Sorenson and BaileySerres, 2014). Our results show, that VCS is required for VPg-mediated translational
boost of PVA genome and for PG formation (III, Figure 5). However, UBP1 inhibits the
VPg effect and induces PG formation. This suggests that the granule formation function
of UBP1 could override VPg-mediated translational enhancement under conditions
where UBP1 is overexpressed.
Overall, PG components seem to regulate VPg-mediated PVA gene expression.
Moreover, since VPg over-expression eliminates PGs and simultaneously enhances
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PVA gene expression, we suggest that PG formation is in a balance with VPg-mediated
PVA gene expression.
6.3.5

PVA-induced granule components are necessary for PVA infection

Interestingly, even though VCS and UBP1 apparently have opposing roles in
VPg-mediated PVA translation, both of these proteins seem to be required for PVA gene
expression. Our results show that silencing of VCS substantially reduces PVA gene
expression, whereas silencing of UBP1 has a somewhat milder but still a negative effect
on PVA gene expression (III, Figure 7). However, silencing of the PG components did
not slow the spread of the GFP-carrying virus. Moreover, the number of infection foci
was not reduced under silencing of VCS and UBP1 (III, Supplemental figure 6). These
data suggest that VCS and UBP1 are required to achieve high virus titers in both single
cell and systemic level, but do not affect the movement and initiation of the infection.
Similarly to silencing of CPIP, CHIP, HSP70 and CK2 (II, Figure 6), the virus infection
spread is seemingly not significantly affected by low viral gene expression. This may
appear counterintuitive at first, since higher viral gene expression will result in higher
synthesis of movement-related proteins, which would logically result in faster viral
spread. What might explain this discrepancy is that upon normal infection the movement
functions do not require high levels of viral proteins. In support of this, the potyvirus
movement protein CI is seen in association with PD early in infection when the
accumulation of other viral proteins is not yet detectable (Rodriguez-Cerezo et al.,
1997).
6.3.6

PVA-induced granules in association with viral replication complexes and viral
translation

To take a closer look at the localization of PGs, we constructed an infectious
cDNA clone of PVA, tagged with two fluorescent proteins where the VRC-labeling
protein 6K2 was fused with YFP, and PG marker HCpro was fused with RFP. Confocal
laser scanning microscopy studies of this construct in locally and systemically infected
leaves showed the presence of 6K2 labeled VRCs surrounding chloroplasts and many
granules labeled by the PG marker HCproRFP. Closer examination of the placement of
VRCs and PGs revealed that often the PGs were tightly associated with 6K2-induced
vesicles (III, Figure 7). Additionally, in a local expression experiment, the PG
components P0, UBP1 and VCS all co-localized with the PVA VRC marker 6K2, further
supporting the close interaction of PGs with VRCs (III, Figure 7).
In sum, the association of PGs with VRCs, and functions of VPg in PVA
translation and PG formation further support the hypothesis that translation and
replication of PVA are closely linked. The presence of viral RNA and HCpro in PGs, and
the disruptive nature of VPg over-expression to the formation of PGs suggests that PGs
could have a protective function for viral RNA, and could be temporary storage
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structures for viral RNA, before it is taken to translation by VPg. It can be hypothesized
that the viral RNA synthesized in the VRC is sequestered by HCpro to protect it from
host RNAi. The fact that AGO1 is found in association with PGs supports this idea, and
also suggests that HCpro-mediated silencing suppression is confined to the vicinity of
VRCs, where viral RNA concentrations are high. The RNAs are then taken to translation
by VPg, which has the capacity to reduce the amount of PGs (Figure 8).
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7

Conclusions and future prospects

At the core of this study was the objective to bring better understanding into the
replication process of PVA. Currently, the molecular mechanisms of how potyviruses
initiate the assembly of VRCs and how viral RNA is sequestered to VRCs remain largely
unkown. This study proposes the possibility that during the transient binding of PVA CP
to genomic RNA a temporary block in the advancement of translating ribosomes takes
place, which could provide the means for the viral replicase to bind to the 3’-end of the
genome and initiate VRC assembly. CK2 mediated phosphorylation of CP would then
remove CP from viral RNA allowing VRC assembly and replication to continue. Although
most of PVA proteins seem to be required for efficient infection, CP has previously been
proposed to be dispensable for replication (Mahajan et al., 1996). Our results suggest,
however, that the CP protein, and not only its coding sequence, is a vital component
required for PVA replication (I, Figure 1). Nevertheless, high expression levels of CP
are detrimental to PVA translation, likely leading to premature virion formation. To
counteract the CP-mediated translational block, PVA requires a mechanism to
effectively keep pools of this protein away from viral RNA. Putatively, this may be
achieved by degrading the CP during the early phases of replication by a mechanism
involving CPIP, HSP70, and CHIP, leading to ubiquitin-dependent 26S proteasomal
degradation. Another option that we propose here is that phosphorylated CP, which has
low affinity for RNA, is possibly arranged into a separate pool that virus may use for
virion assembly at an appropriate time (Figure 8). Moreover, CP mediated translational
block is alleviated by HCpro, and HCpro at the same time leads to stabilization of CP.
This suggests that HCpro is involved in regulating CP functions. The exact nature of the
phenomenon remains a matter for future studies.
We studied the protein composition of PVA VRCs by LC-MS/MS after affinitypurification of the putative VRCs via the small, membrane-bound 6K2 protein. In
addition to the viral replication proteins many ribosomal proteins and translation-related
proteins were identified specifically from the 6K2-induced vesicles acquired from virus
infected sample. These results strengthen the view that potyviral translation and
replication are tightly coupled processes. Moreover, cellular chaperones were highly
abundant in the VRCs, which is in line with previous work showing a vital role of
chaperones in (+)RNA virus infection (Nagy et al., 2011). Many of the identified proteins
give a good starting point for choosing host factors to study in relation to potyvirus
infection. Indeed, GAPDH, eEF1A and eIF4A, proteins found from PVA VRCs, have
already been demonstrated to be involved in the replication processes of other (+)RNA
viruses (Huang and Nagy, 2011, Luan et al., 2016, Hosmillo et al., 2016). Taken
together, the affinity-purification of VRCs coupled with LC-MS/MS is a powerful
approach in identifying host proteins important for virus replication.
HCpro is the silencing suppressor of PVA and can implement that function in
several ways. In this study, we provide evidence that PVA HCpro both induces and is a
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component of RNP granules, called PGs (Figure 8). These granules also contain viral
RNA, proteins involved in RNA processing (such as AGO1, VCS, UBP1) and translation
(namely the ribosomal protein P0 and eIF[iso]4E). PGs may offer one possibility of how
HCpro-mediated silencing suppression is coordinated in infected cells. Moreover, the
PGs are often adjacent to the 6K2-induced vesicles, which are structures for viral
genome replication. As the replicated viral RNA is likely translated in the cytoplasm, the
need for its protection from RNA silencing is clearly evident. HCpro is perfectly suited
to provide that protective function. Overall, HCpro seems to be a protein that is following
PVA RNA throughout the virus infection cycle.
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Figure 8. Schematic drawing of molecular events in PVA infection proposed by this study.
Phosphorylation of CP (red dot) by CK2 downregulates its RNA-binding capacity allowing
for sufficient production of viral proteins (1). HCpro allows for viral translation even when CP
levels are high, suggesting that it can keep viral RNA and CP from interacting (2).
Occasionally, transient binding of non-phosphorylated CP to viral RNA induces translational
block and allows for NIb to initiate replication and VRC assembly (3). CP is ubiquitylated and
taken to degradation involving interactions with CPIP, HSP70 and CHIP (4). Subsequent
rounds of viral translation happen in the vicinity of VRCs (5). PGs are formed by HCpro and
regulate viral RNA translation in VPg-dependent manner (6). PGs also may function to
suppress RNAi.
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