
Protein composition of 6K2-induced membrane structures
formed during Potato virus A infection

ANDRES L ~OHMUS 1 , MARKKU VARJOSALO 2 AND KR IST I INA M €AKINEN 1 , *
1Department of Food and Environmental Sciences, Viikki Plant Science Centre, 00014 University of Helsinki, Finland
2Institute of Biotechnology, 00014 University of Helsinki, Finland

SUMMARY

The definition of the precise molecular composition of membra-

nous replication compartments is a key to understanding the

mechanisms of virus multiplication. Here, we set out to investi-

gate the protein composition of the potyviral replication com-

plexes. We purified the potyviral 6K2 protein-induced

membranous structures from Potato virus A (PVA)-infected Nic-

otiana benthamiana plants. For this purpose, the 6K2 protein,

which is the main inducer of potyviral membrane rearrange-

ments, was expressed in fusion with an N-terminal Twin-Strep-

tag and Cerulean fluorescent protein (SC6K) from the infectious

PVA cDNA. A non-tagged Cerulean-6K2 (C6K) virus and the

SC6K protein alone in the absence of infection were used as con-

trols. A purification scheme exploiting discontinuous sucrose gra-

dient centrifugation followed by Strep-tag-based affinity

chromatography was developed. Both (1)- and (–)-strand PVA

RNA and viral protein VPg were co-purified specifically with the

affinity tagged PVA-SC6K. The purified samples, which contained

individual vesicles and membrane clusters, were subjected to

mass spectrometry analysis. Data analysis revealed that many of

the detected viral and host proteins were either significantly

enriched or fully specifically present in PVA-SC6K samples when

compared with the controls. Eight of eleven potyviral proteins

were identified with high confidence from the purified membrane

structures formed during PVA infection. Ribosomal proteins were

identified from the 6K2-induced membranes only in the presence

of a replicating virus, reinforcing the tight coupling between rep-

lication and translation. A substantial number of proteins associ-

ating with chloroplasts and several host proteins previously

linked with potyvirus replication complexes were co-purified with

PVA-derived SC6K, supporting the conclusion that the host pro-

teins identified in this study may have relevance in PVA

replication.

Keywords: 6K2 protein, Potato virus A, potyvirus, proteome,

viral replication complex.

INTRODUCTION

Positive-strand RNA [(1)RNA] viruses replicate in association with

host membranes (Miller and Krijnse-Locker, 2008). This associa-

tion results in the rearrangement of cellular membranes to accom-

modate viral replication machineries, hide viral RNA (vRNA) and

proteins from host defence systems and provide an environment

to concentrate host and viral factors for vRNA synthesis (den

Boon and Ahlquist, 2010; Verchot, 2011). Among the different

groups of (1)RNA viruses, the virus-induced membranous replica-

tion complexes vary greatly in their origin, size and shape

(reviewed in Paul and Bartenschlager, 2013). The formation of

viral replication complexes (VRCs) in (1)RNA viruses requires an

orchestrated assembly of many host and viral proteins (Mine and

Okuno, 2012). Host factors involved in viral multiplication repre-

sent potential targets for virus control, and therefore their identifi-

cation and functional characterization are important.

The genus Potyvirus is economically one of the most devastat-

ing groups of plant viruses in the world, affecting the production

of nearly all cultivated plant species. The genome of potyviruses is

a positive-sense, single-stranded RNA of approximately 10 kb.

Ten of eleven potyviral proteins are synthesized from a large open

reading frame (ORF), whereas the 11th protein, P3N-PIPO, is pro-

duced from a separate, partially overlapping, ORF (reviewed in

Revers and Garc�ıa, 2015). P3N-PIPO expression is enabled by

transcriptional slippage, specific for viral replicase (Olspert et al.,

2015; Rodamilans et al., 2015). The formation of potyviral VRCs is

initiated at the endoplasmic reticulum (ER), wherefrom the indi-

vidual VRC vesicles are transported to chloroplasts via the endoso-

mal trafficking pathway aided by the actomyosin system (Wei and

Wang, 2008; Wei et al., 2010). As the infection progresses, these

vesicles fuse with chloroplasts in a process requiring plant SNARE

protein Syp71 (Wei et al., 2013). Finally, late in the infection, the

chloroplast-associated VRCs aggregate into large perinuclear glob-

ular structures (Grangeon et al., 2012).

The hydrophobic membrane-associated potyviral protein 6K2

is a multifunctional protein participating in VRC formation, long-

distance movement and symptom development (Rajam€aki and

Valkonen, 1999; Spetz and Valkonen, 2004). 6K2 is able to induce

vesicle formation at ER membranes even in the absence of infec-

tion (Beauchemin et al., 2007; Schaad et al., 1997; Thivierge

et al., 2008). Most of the potyviral proteins, including P3, CI, 6K2,*Correspondence: Email: kristiina.makinen@helsinki.fi
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viral genome-linked protein (VPg), NIapro and NIb, have been

shown to associate with 6K2-induced VRCs (Beauchemin et al.,

2007; Cotton et al., 2009; Dufresne et al., 2008). The RNA heli-

case activity of CI (Carrington et al., 1998; Fern�andez et al., 1997;

Kekarainen et al., 2002), the putative role of VPg as a primer for

RNA synthesis (Anindya et al., 2005; Puustinen and M€akinen,

2004; Rantalainen et al., 2011) and the RNA synthesis activity of

NIb (Hong and Hunt, 1996) are essential for the amplification of

vRNA. Although P3 is also required for replication (Klein et al.,

1994), the molecular mechanism of how it exerts its replication-

associated function is not clear. P3N-PIPO and coat protein (CP)

are dispensable for replication (Mahajan et al., 1996; Wen and

Hajimorad, 2010).

Host factors have various roles in replication, including RNA

recruitment, assembly and activation of VRCs, (–)- and (1)-strand

synthesis activity, asymmetry in (1)-strand production and adjust-

ment of lipid composition (e.g. Barajas et al., 2014; Huang et al.,

2012; Wei et al., 2013; reviewed by Nagy and Pogany, 2012 and

Wang, 2015). The reconstitution of various replication reactions in

yeast extracts supplemented with viral replication proteins has

been a powerful tool to study the specific roles of the host pro-

teins in tombusvirus replication (Pogany and Nagy, 2008).

Although such an experimental tool is not available to study the

replication reactions of potyviruses, a lot of biochemistry and cell

biology work has been performed to identify host proteins associ-

ated with 6K2-induced vesicles. The importance of these struc-

tures for viral replication is emphasized by the presence of

double-stranded vRNA and active vRNA synthesis in Turnip

mosaic virus (TuMV)-induced vesicles (Cotton et al., 2009).

Paul et al. (2013) used a membrane pull-down approach to

study the molecular composition of membranous replication com-

partments of human Hepatitis C virus (HCV; family Flaviviridae).

They isolated double-membrane vesicles (DMVs) and demon-

strated active HCV RNA synthesis within them. Further biochemical

and morphological studies revealed the presence of many viral and

host proteins in DMVs, as well as details of their lipid composition.

We chose a similar approach to study the protein composition

of potyviral VRCs. 6K2 protein fused to an affinity tag and Ceru-

lean fluorescent protein (CFP) was used to purify 6K2-induced

membrane structures from Potato virus A (PVA)-infected Nicotiana

benthamiana plants. Although 6K2 appears to be an optimal

marker protein for potyviral VRCs, it does not readily tolerate

modifications in its natural genomic context (Spetz and Valkonen,

2004). To overcome this, an additional copy of the 6K2 gene is

usually inserted into a different location in the genome. Successful

visualization of TuMV VRCs has been achieved using this

approach (Cotton et al., 2009; Thivierge et al., 2008; Wei et al.,

2010). We inserted the Strep-tagged CFP-fused 6K2 protein in

between NIb and CP coding regions and purified the membrane

structures from infected and non-infected 6K2 expressing control

N. benthamiana leaves.

Our main goal was to identify the protein composition of the

PVA VRCs. To achieve this, we performed a proteomic analysis of

the purified 6K2-induced membrane structures. The data produced

will facilitate functional studies of the host proteins involved in

potyviral replication in future.

RESULTS

Establishment of infectious PVA cDNA encoding

Twin-Strep-tagged 6K2

We set out to purify the putative PVA VRCs via the membrane-

associated 6K2 protein. To allow the visualization of the 6K2-

induced structures, we expressed 6K2 with a fluorescent marker

from PVA infectious cDNA (icDNA). The PVA-C6K construct

allowed the expression of CFP in fusion with the N-terminus and

the PVA-6KY construct allowed the expression of yellow fluores-

cent protein (YFP) in fusion with the C-terminus of the 6K2 protein

(Fig. 1). NIa protease cleavage sites were engineered to flank the

6K2 fusion protein to aid polyprotein processing.

Agrobacterium infiltration was used to introduce PVA-C6K and

PVA-6KY icDNAs into N. benthamiana leaves. Both viruses spread

approximately with a similar speed (Fig. S1, see Supporting Infor-

mation). Next, we studied the infection of PVA-C6K and PVA-6KY

by confocal microscopy (Fig. 2a). Scattered individual vesicles and

hardly any aggregation with chloroplasts were observed with CFP-

6K2 (Fig. 2a, left panels), whereas 6K2-YFP-induced vesicles asso-

ciated predominantly with chloroplasts (Fig. 2a, middle panels).

The lack of CFP-6K2 chloroplast labelling was a puzzling observa-

tion as VRC vesicle fusion with the outer chloroplast membrane is

required for replication (Wei et al., 2010). Therefore, we studied

Fig. 1 Schematic representation of the constructs. The PVA-SC6K construct

allows the expression of 23Strep-Cerulean fluorescent protein (CFP)-6K2

(SC6K2) fusion protein in the context of Potato virus A (PVA) infection. The

PVA-C6K construct is similar, except that it lacks the 23Strep-tag. SC6K2

fusion is expressed from the MC-SC6K construct (MC, membrane control) in a

non-infected background. The PVA-6KY construct allows the expression of the

6K2-yellow fluorescent protein (6KY) fusion in the context of PVA infection.

Hatched rectangles flanking the fluorescent protein-6K2 cassettes denote NIa

protease cleavage sites.
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the infection in systemic leaves by electron microscopy (EM) (Fig.

2b). The hallmarks of potyviral infection, cylindrical inclusions and

virus particles, were observed in both PVA-C6K- and PVA-6KY-

infected cells. We concluded that both viruses, PVA-C6K and PVA-

6KY, caused normal infection.

To establish which virus, PVA-C6K or PVA-6KY, should be

used for purification, we used green fluorescent protein (GFP)-trap

purification, which allows the isolation of fluorescent fusion pro-

teins. The N-terminally fused CFP gave better yields (Fig. 2c), sug-

gesting that the tag is better exposed in this orientation, which

led us to choose PVA-C6K for the purification of VRCs.

Twin-Strep-tag (hereafter 23Strep-tag) consists of two copies

of an eight-amino-acid (WSHPQFEK) long peptide, and allows effi-

cient purification of proteins under native conditions (Schmidt and

Skerra, 2007). We fused the 23Strep-tag encoding sequence to

the CFP-6K2 gene in PVA-C6K, thus creating PVA-SC6K icDNA.

Systemic infection by PVA-SC6K was confirmed by an immunoblot

analysis (Fig. 2d). PVA-C6K was used as a control to verify the

tag-specific purification of the proteins. In addition, we cloned a

membrane control construct (MC-SC6K; Fig. 1) to express mono-

cistronic SC6K from a plant expression vector (mcSC6K). The pur-

pose of the MC-SC6K control was to reveal the host proteins

associated with 6K2-induced membranous structures in the

absence of a replicating virus. The exclusion of these proteins

from the final list should therefore reveal the proteins present in

the membranous replication structures during infection.

Purification and characterization of membranous

6K2-induced structures from PVA-infected cells

To obtain PVA 6K2-induced membranous structures, N. benthami-

ana plants were Agrobacterium infiltrated to initiate PVA-SC6K

and PVA-C6K infections and MC-SC6K expression. The systemi-

cally infected leaves were collected at 10 days post-infiltration

Fig. 2 PVA-C6K and PVA-6KY are both infectious and the N-terminal 6K2 tag is accessible for affinity purification. (a) Comparison of fluorescence derived from C6K

(green) and 6KY (green) during Potato virus A (PVA) infection by confocal microscopy. The C6K protein localized mostly to scattered vesicles, whereas the 6KY signal

was detected mostly in association with chloroplasts (chl., red). Magnified sections show 6K2 vesicle association with chloroplasts. (b) Electron microscopic images of

the infected tissues. Both PVA-C6K and PVA-6KY produced cytoplasmic cylindrical inclusions which are indicated with arrowheads. (c) Affinity chromatography

purification of the 6K2-fusion protein from the infection context, revealing N-terminally fused Cerulean fluorescent protein (CFP) to be better accessible for the green

fluorescent protein (GFP)-trap matrix compared with the C-terminally fused yellow fluorescent protein (YFP). (d) Western blot analysis verified the presence of PVA

coat protein (CP) in the upper leaves at 10 days post-infiltration (DPI), indicating that PVA-SC6K, PVA-C6K and PVA-6KY are all able to cause systemic infection.
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(DPI) and leaves transiently expressing mcSC6K were collected at

4 DPI. The purification scheme is depicted in Fig. 3a. The membra-

nous SC6K- and C6K-associated structures were enriched by

sucrose gradient centrifugation prior to affinity purification. The

presence of C6K or SC6K in the collected fractions was confirmed

by Western blotting with an anti-GFP antibody. The Western blot

Fig. 3 Purification of 6K2-associated membranes from Potato virus A (PVA) infection. (a) A schematic representation of the purification protocol. PVA-SC6K- and

PVA-C6K-infected and SC6K-expressing leaf tissues were homogenized and the cleared lysates were subjected to sucrose gradient centrifugation. Fraction 5 collected

from the gradient was subjected to affinity purification via the 23Strep-tag. (b) The sucrose gradient fractions were analysed by Western blot analysis. SC6K

concentrated to fraction 5 in the infection context and to fractions 5–7 when SC6K was expressed alone. (c) SC6K protein and its binding partners were subjected to

23Strep-tag affinity purification. SC6K protein was significantly enriched in the eluate. The 23 Strep-tag-specific purification was controlled with tag-less C6K

protein (F.T., flow through). (d) The outcome of the purification procedure was assessed by sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE),

followed by silver staining, which revealed clear differences in the protein content between the purified PVA-SC6K sample in the left panel and the controls: PVA-C6K

in the left panel and MC-SC6K in the right panel.
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analysis revealed that most SC6K was concentrated to fraction 5

in the virus-infected samples (Fig. 3b, left panel). In the non-

infected mcSC6K-expressing sample, the signal concentrated to

fractions 5–7 (Fig. 3b, right panel). This analysis also revealed the

presence of an approximately 27-kDa product, representing free

CFP, which explains the cytoplasmic background fluorescence

observed in confocal microscopy (see Fig. 2b). Free CFP in the top

fractions showed that the SC6K-containing fractions were well

separated from those containing soluble cytosolic proteins. The

affinity purification of SC6K-containing membranes was carried

out on a Strep-Tactin matrix from fractions 5 of each sample. A

clear enrichment of SC6K was observed in the PVA-SC6K sample

eluate, whereas no C6K was detected in the PVA-C6K sample elu-

ate (Fig. 3c), indicating efficient tag-specific purification. A clear

difference in the total protein content between the purified PVA-

SC6K proteins and the controls was detected in the silver-stained

gels (Fig. 3d). Protein quantification from the purified membranes

showed that the PVA-SC6K and MC-SC6K samples contained a

higher concentration of proteins than the PVA-C6K samples (Fig.

S2, see Supporting Information).

Real-time reverse transcriptase-polymerase chain reaction

(qRT-PCR) showed that the PVA RNA copy number was greater

in PVA-C6K than in PVA-SC6K input prior to purification, and

vice versa after purification (Fig. S3, see Supporting Informa-

tion), indicating that the yield of PVA RNA was significantly

higher from the PVA-SC6K sample than from the PVA-C6K con-

trol. Approximately 5.2% of PVA RNA present in the input was

recovered in the PVA-SC6K sample, compared with approxi-

mately 0.6% in the PVA-C6K control, the fold of enrichment

being 8.7 (Fig. 4a). Reverse transcriptase-PCR (RT-PCR) with

both (1)- and (–)-strand PVA RNA-specific primers revealed a

strong (1)-strand- and a weak (–)-strand-specific signal in the

PVA-SC6K sample, showing that it contained PVA RNA of both

polarities (Fig. 4b). A weak (1)-strand-specific signal in the

PVA-C6K control sample suggested that some non-specific bind-

ing of C6K-containing membranes and/or PVA particles to the

Strep-Tactin matrix took place. Western blot analysis with VPg

antibody revealed tag-specific purification of the essential repli-

cation protein VPg in the PVA-SC6K sample (Fig. 4c). The origin

of the high-molecular-weight signal in the VPg blot is not clear.

It may represent polyprotein intermediates, protein complexes

that were not fully dissociated during sodium dodecylsulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) or VPg–RNA

complexes.

We compared negatively stained 6K2 membranes from PVA-

SC6K infection and from the controls under EM (Fig. 5). The analy-

sis showed that 23Strep-tagged samples, from PVA-SC6K infec-

tion and mcSC6K expression, contained abundant vesicles and

vesicle clusters (Fig. 5, top and bottom panels), whereas only very

few vesicles were present in the control PVA-C6K sample (Fig. 5,

middle panels). The sizes of the small vesicles purified in all of the

samples varied between 40 and 90 nm, the mean being 56 nm

(Fig. 5). EM images from all samples also showed elongated

membranous structures. Virions were present in both virus sam-

ples with no notable difference in their quantity between PVA-

SC6K and PVA-C6K materials. This suggests that virions interact

Fig. 4 Potato virus A (PVA) RNA and viral genome-linked protein (VPg)

content in the purified 6K2-associated membrane samples. (a) The

percentages of recovered viral RNA (vRNA) indicate significant enrichment of

PVA RNA in the PVA-SC6K sample when compared with the PVA-C6K sample.

Mean values from three independent biological replicates are given. The error

bars indicate the standard deviation. *P< 0.05. (b) The presence of viral (1)

and (2)RNA in the column eluates of PVA-SC6K, PVA-C6K and MC-SC6K

samples was analysed by reverse transcriptase-polymerase chain reaction (RT-

PCR). RNA samples from 23Strep-tag purifications were incubated prior to

PCR with (1) or without (2) reverse transcriptase in the presence of either a

(2)-strand- or (1)-strand-specific primer. (c) Replication protein VPg was

detected by Western blotting with anti-VPg antibody in PVA-SC6K samples,

but not in the control PVA-C6K.
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non-specifically with the Strep-Tactin matrix to some extent (Fig.

5, right panels).

Liquid chromatography-tandem mass spectrometry

(LC-MS/MS) analysis of the affinity-purified

membranous 6K2-induced structures

The affinity-purified PVA-SC6K samples were subjected to LC-MS/

MS analysis in three biological replicates, together with the corre-

sponding PVA-C6K and MC-SC6K control samples. The MS analy-

sis identified 729 proteins in the PVA-SC6K samples, and 102 in

PVA-C6K and 49 in MC-SC6K control samples. All unique proteins

identified in these samples are given in Table S1 (see Supporting

Information).

The number of peptide spectrum matches (PSMs) in the puri-

fied PVA-SC6K vesicle sample was highest for the bait protein

SC6K. Of the 40 identified SC6K peptides, seven corresponded to

6K2, four to 23Strep and 29 to CFP. The second highest PSM

scores were those of the viral proteins CI and HCpro with almost

identical PSM scores of 137 and 136, respectively (see Table 1).

Both CI and HCpro were also identified from the PVA-C6K control

sample, but had significantly lower PSM scores of 2 and 3, respec-

tively. Therefore, it is clear that both CI and HCpro were purified

in a tag-specific manner and are abundantly present in SC6K-

induced vesicles during PVA infection. The viral proteins P3, 6K1,

Fig. 5 Morphological characterization of the purified 6K2-associated membranes. Affinity-purified PVA-SC6K, PVA-C6K and MC-SC6K samples were negatively

stained with uranyl acetate and examined by electron microscopy (EM). Two types of membrane structure were observed: individual vesicles (left panels; shown by

arrowheads) and membrane clusters (middle panels). Strep-Tactin matrix captured PVA particles non-specifically from infected samples (right panels). The sizes of the

purified individual vesicles vary between 50 and 100 nm, with the median size being 56 nm (n 5 40). Scale bar, 500 nm.

Table 1 Viral proteins identified by mass spectrometry analysis from

PVA-SC6K purification samples.

Viral protein
R
Coverage

R Unique
peptides

R
Peptides

R
PSMs

PVA-SC6K/
PVA-C6K*

SC6K2 79.49 27 40 613 n.f.
CI 54.02 27 27 137 68.5
HCpro 59.52 22 22 136 45.3
P3 (P3N-PIPO)† 41.79 12 (2) 12 66 n.f.
VPg 71.96 12 12 57 n.f.
NIb 43.99 14 14 48 n.f.
NIa 54.94 8 8 27 n.f.
CP 31.65 5 5 18 3.6
6K1 46.15 3 3 9 n.f.
P1 7.72 1 1 1 n.f.
PIPO‡ 0.00 0 0 0 n.f.

*Enrichment of viral proteins in PVA-SC6K over PVA-C6K sample.

†Two peptides match to the N-terminal part of P3 that can account for

both P3 and P3N-PIPO.

‡No peptides from the 12 frame of PIPO were identified.

n.f., not found in PVA-C6K sample.
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VPg, NIa-pro and NIb were detected with high confidence and can

be thought to associate genuinely with the 6K2-induced vesicles

during infection. The presence of CP is at least partially non-

specific. The CP PSM score in the PVA-SC6K sample was 3.6 times

higher than that in the PVA-C6K control sample (18 vs. 5, respec-

tively). Undoubtedly, virions contributed to the presence of CP in

the MS data, as EM analysis revealed PVA particles in both PVA-

SC6K and PVA-C6K samples (see Fig. 5). One viral P1 protein-

specific peptide was found in only one of the three biological rep-

licates. Two N-terminal peptides from P3 could be derived from

P3N-PIPO, but no peptides matching the PIPO part were

identified.

Next, the host proteins identified by LC-MS/MS were sorted

into a list presenting the host proteins which were identified with

the highest confidence and fold of enrichment compared to the

controls. The final list, presented in Table 2, contains proteins for

which peptides were found in at least two biological replicates,

amounting to at least four peptides, two of them unique. The

threshold value for the fold of enrichment, calculated from PSM

values, was set to at least 10 times higher than that in either of

the controls. Altogether, 94 cellular proteins met these criteria.

The list of host proteins identified in VRCs was sorted on the

basis of both their cellular localization and molecular function (see

Table 2). According to the functional annotation program DAVID

(Huang et al., 2009a,b), less than 1% of the host proteins were

ER-associated and approximately 14% were chloroplast-

associated in our proteomic data. DAVID often places the same

protein into several categories, e.g. based on both its cellular loca-

tion and molecular function, which hampers the calculations.

When all the proteins having a localization or molecular function

associated with chloroplasts were combined manually, the

amount of these proteins among all of the identified proteins was

increased to 25%. Among the most abundant ER proteins in the

sample were Luminal binding protein 5 (BiP5) and calreticulin

(Table S1). However, calreticulin, which is an HCpro binding part-

ner (Shen et al., 2010), did not meet all the criteria to enter the

final list presented in Table 2. Of the chloroplast-associated pro-

teins, chloroplastic glyceraldehyde-3-phosphate dehydrogenase

(GAPDH), carbonic anhydrase, a peripheral protein of the translo-

con at the chloroplast inner envelope, TIC110, and the outer enve-

lope translocation channel, TOC75-3, were identified with high

confidence (Table 2). Although the relevance of some identified

proteins, such as HSP70, HSP90, HSP40, eEF1A and GAPDH, is

already known in (1)RNA virus multiplication (Castorena et al.,

2007; Davis et al., 2007; Huang and Nagy, 2011; Li et al., 2010;

Okamoto et al., 2006; Pogany et al., 2008; Tomita et al., 2003;

Wang and Nagy, 2008; Wang et al., 2009; Weeks et al., 2010; Yi

et al., 2011), for most of the proteins, the exact molecular func-

tion needs to be worked out in order to understand potyviral

replication.

It has been suggested that potyviral VRCs contain ribosomes

translating PVA RNA (Grangeon et al., 2010). To compare the

content of ribosomal proteins, we looked at each proteome indi-

vidually with more relaxed parameters. Ribosomal proteins for

which peptides were found in at least two biological replicates

amounting to at least three peptides, one of them unique, were

selected. LC-MS/MS data showed that 16 of the 32 small and

38 of the 47 large ribosomal subunit proteins fulfilled these cri-

teria in the PVA-SC6K samples (Table 3). Importantly, the MC-

SC6K control membranes pulled down none of the small and

only one of the 47 large ribosomal subunit proteins (L7a-1). The

PVA-C6K control also contained ribosomes as many ribosomal

proteins were identified (17/47, 3/32), but most were less abun-

dantly present than in the PVA-SC6K samples. These data sug-

gest that a small portion of VRCs also bind non-specifically to

the Strep-Tactin matrix. These data indicate that the ribosomal

proteins were very specifically associated with membranes active

in virus replication.

DISCUSSION

The focus of this work was to reveal the protein composition of

the potyviral VRCs. To enable the determination of the full viral

and host protein content of the 6K2-induced membranous

vesicles, we developed a purification strategy based on an affinity

tag fused to 6K2 and exposed on the VRCs during PVA infection.

Interesting questions relate to the orientation of 6K2 in the ER

membranes. According to Lerich et al. (2011), Tobacco etch virus

(TEV) 6K2 consists of an N-terminal cytoplasmic domain of 23

amino acids, a transmembrane (TM) domain of 19 amino acids

and a C-terminal putatively luminal domain of 11 amino acids.

Our data from SC6K carrying the N-terminal 23Strep-CFP fusion

supports this orientation (see Fig. 3). Achieving this orientation

would require the insertion of SC6K with its C-terminus first into

the ER lipid bilayer. The TM domain of potyviral 6K2 protein is

located near the C-terminus, which is typical for the tail-anchored

(TA) ER membrane proteins (reviewed in Johnson et al., 2013).

These proteins have a single C-terminal TM domain required to

target and anchor them to the ER membrane. TA proteins form a

topological group of membrane proteins and, like potyviral 6K2

protein, many are involved in vesicular transport (Ungar and

Hughson, 2003). The N-terminus of TEV 6K2 contains a D(X)E

motif which is essential for ER exit of the 6K2-induced vesicles

(Aniento et al., 2006; Hanton et al., 2005; Lerich et al., 2011).

However, the orientation question becomes more complicated

when 6K2 is expressed from its natural context in the polyprotein.

It is likely that the 6K2-VPg-Pro precursor serves as a scaffolding

protein leading to the formation of the vesicle structures capable

of supporting viral replication (Beauchemin et al., 2007; Schaad

et al., 1997; Thivierge et al., 2008). In this context, the 6K2 TM

domain would not be C-terminal any longer. Therefore, the

PVA replication complex proteome 949
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Table 3 Ribosomal proteins found in the PVA-SC6K sample.

TAIR ID Name R PSM R Coverage PVA-SC6K/PVA-C6* PVA-SC6K/MC-SC6K†

AT1G58684 40S ribosomal protein S2-2 5 15.36 1.25
AT2G31610 40S ribosomal protein S3-1 8 23.21
AT4G34670 40S ribosomal protein S3a-2 6 17.77 2.00
AT3G11940 40S ribosomal protein S5-2 10 22.97
AT4G31700 40S ribosomal protein S6-1 3 12.5
AT1G48830 40S ribosomal protein S7-1 10 30.96
AT5G59240 40S ribosomal protein S8-2 10 19.13
AT4G00100 40S ribosomal protein S13-2 11 26.32
AT3G11510 40S ribosomal protein S14-2 12 38.67 2.40
AT2G09990 40S ribosomal protein S16-1 4 17.01
AT5G04800 40S ribosomal protein S17-4 7 16.67
AT4G09800 40S ribosomal protein S18 10 26.32
AT3G09680 40S ribosomal protein S23-1 4 20.18
AT4G39200 40S ribosomal protein S25-4 10 33.02
AT2G40590 40S ribosomal protein S26-1 4 25
AT5G56670 40S ribosomal protein S30 3 16.13
AT3G11250 60S acidic ribosomal protein P0-3 8 30.87 2.67
AT5G47700 60S acidic ribosomal protein P1-3 5 18.18
AT2G27710 60S acidic ribosomal protein P2-2 7 30.09 1.40
AT1G61580 60S ribosomal protein L3-2 9 18.77
AT3G09630 60S ribosomal protein L4-1 17 20.51 1.70
AT1G74060 60S ribosomal protein L6-2 12 28.63
AT1G74050 60S ribosomal protein L6-3 5 12.31
AT2G01250 60S ribosomal protein L7-2 12 29.17
AT3G13580 60S ribosomal protein L7-4 12 26.03
AT2G47610 60S ribosomal protein L7a-1 7 22.09 1.75
AT3G62870 60S ribosomal protein L7a-2 7 22.09
AT4G36130 60S ribosomal protein L8-3 13 28.85 2.60
AT1G33140 60S ribosomal protein L9-1 28 55.15
AT4G10450 60S ribosomal protein L9-2 34 61.47 11.33
AT1G26910 60S ribosomal protein L10-2 9 17.81
AT1G08360 60S ribosomal protein L10a-1 11 20.83 1.22
AT5G45775 60S ribosomal protein L11-2 4 8.81
AT2G37190 60S ribosomal protein L12-1 11 36.63 2.75
AT3G49010 60S ribosomal protein L13-1 3 26.67 1.13
AT3G07110 60S ribosomal protein L13a-1 3 15.48 0.75
AT2G20450 60S ribosomal protein L14-1 4 15.69
AT4G16720 60S ribosomal protein L15-1 8 19.61 2.67
AT1G27400 60S ribosomal protein L17-1 3 14.6
AT3G05590 60S ribosomal protein L18-2 6 21.61 1.13
AT3G16780 60S ribosomal protein L19-2 5 19.07 1.67
AT1G09690 60S ribosomal protein L21-1 6 32.32
AT3G05560 60S ribosomal protein L22-2 6 32.26
AT3G04400 60S ribosomal protein L23 11 46.43
AT3G55280 60S ribosomal protein L23a-2 10 37.14 3.33
AT2G36620 60S ribosomal protein L24-1 3 16.44 0.90
AT3G49910 60S ribosomal protein L26-1 9 32.19
AT4G15000 60S ribosomal protein L27-3 4 19.23
AT2G19730 60S ribosomal protein L28-1 12 27.68
AT4G18100 60S ribosomal protein L32-1 5 50.62
AT1G26880 60S ribosomal protein L34-1 5 27.5 2.50
AT1G74270 60S ribosomal protein L35a-3 4 28.57
AT4G14320 60S ribosomal protein L36a 5 20.88
AT3G10950 Putative60S ribosomal protein L37a-1 5 27.17
AT3G52590 NEDD8-like protein RUB1;60S

ribosomal protein L40;40S
ribosomal protein S27a-1;40S
ribosomal protein S27a-3; Ubiquitin

3 14.93

*Enrichment of viral proteins in PVA-SC6K over PVA-C6K sample.

†Enrichment of viral proteins in PVA-SC6K over MC-SC6K sample.
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question of 6K2-VPg-Pro orientation, which is probably a key fac-

tor determining the site of replication either inside the vesicles or

on their surface, remains open for further studies.

In our analysis, we aimed to identify proteins from vesicles

that contained PVA replication complexes. Despite many

attempts, we could not demonstrate RNA synthesis activity within

the purified PVA-SC6K vesicles. Nevertheless, an approximately

nine-fold enrichment of PVA (1)-strand RNA was observed in

PVA-SC6K compared with the PVA-C6K eluates. This demon-

strates that a major part of PVA RNA detected in PVA-SC6K was

there as a result of tag-specific purification. As demonstrated by

EM analysis of the eluates (see Fig. 5), some PVA particles were

purified as a result of non-specific binding of particles to the

Strep-Tactin matrix, which probably explains the presence of PVA

RNA in the PVA-C6K eluate. The statistically significant difference

in the fold of PVA RNA enrichment, together with the presence of

PVA (–)-strand RNA in PVA-SC6K eluates, suggests that the PVA-

SC6K sample probably contains membranes active in replication.

All PVA proteins, except the PIPO part of P3N-PIPO, were

detected in PVA-SC6K eluates. Therefore, the two peptides from

the P3N region, which are common to both P3 and P3N-PIPO, are

derived from P3 protein with high probability. As a result of the

very small amount of P1 peptides in LC-MS/MS data, we do not

consider P1 to be specifically present. Because PVA particles were

co-purified, CP was present partially non-specifically. CP was,

however, enriched 3.6-fold compared with the PVA-C6K control,

and therefore it is a borderline case whether it should be regarded

as present in VRCs. P1, CP and P3N-PIPO are the three proteins

that are not needed for potyviral replication (Mahajan et al.,

1996; Verchot and Carrington, 1995; Wen and Hajimorad, 2010),

which is supported by our findings. Peptides derived from HCpro

and CI were abundantly found in the PVA-SC6K eluates and were

enriched 68- and 45-fold, respectively, in comparison with the

PVA-C6K control. The presence of CI and HCpro in the PVA-C6K

control may even result partially from the virions being

non-specifically co-purified, as both CI and HCpro have been

located at one of the extremities of PVA particles (Gabrenaite-

Verkhovskaya et al., 2008; Torrance et al., 2006). The presence of

NIb, VPg and NIa-Pro is a prerequisite to state that VRCs have

been purified. All these were found unquestionably from the PVA-

SC6K eluates. As P3 of TEV has previously been shown to form

punctate inclusions that co-localize with the 6K2 vesicles (Cui

et al., 2010), the specific detection of P3 supports our hypothesis.

Taken together, HCpro, P3, 6K1, CI, 6K2, VPg-NIpro and NIb are

present in the purified 6K2-induced vesicles during PVA infection.

However, further studies are required to investigate their relative

abundances within the VRC.

It is proposed in the model for potyviral TuMV replication vesi-

cle biogenesis, presented by Grangeon et al. (2010), that viral

translation and replication are tightly coupled within the virus-

induced vesicles. This suggestion is based on the finding that

vesicles derived from a single viral genome contain the proteins

synthesized from that same vRNA (Cotton et al., 2009). This

model states that ribosomes associated with viral factors and

RNA on the ER membranes become trapped within the replica-

tion vesicles, where viral protein synthesis then continues. Our

LC-MS/MS data revealed the presence of 38 60S and 16 40S

ribosomal proteins in the PVA-SC6K eluates. By application of

the same conditions to the MC-SC6K control proteome list,

there was only one ribosomal protein present, namely the 60S

ribosomal protein L7a-1. Therefore, it can be suggested that

ribosomes associate with VRCs in infected cells, but not with

6K2-induced vesicles in the absence of infection. However,

whether the ribosomes are internalized or exist on the outer

surface of VRCs cannot be concluded from our data. Neverthe-

less, tight association between replication and translation, as

suggested in Cotton et al. (2009) and Hafr�en et al. (2010), is

supported in the light of these data. Some of the ribosomal pro-

teins found from the proteomic data may also have more spe-

cific functions in potyviral multiplication. Yang et al. (2009)

have shown that the replication of TuMV is inhibited in plants

in which RPL19, RPL13, RPL7, RPS2 and RPS6 are silenced. In

addition, acidic ribosomal protein P0 was present in the VRC

proteome. In our earlier work, we have identified P0 from the

PVA RNP complex associated with replication membranes, and

have shown it to be essential for PVA RNA and virion accumu-

lation in infection (Hafr�en et al., 2013).

Despite the fact that the PVA-SC6K-induced vesicles were

not found to associate with chloroplasts in the same way as

the PVA-6KY vesicles when imaged by confocal microscopy,

25% of the host proteins in the final proteome were catego-

rized as chloroplast-associated proteins. In the light of the pro-

teomic data, it is therefore conceivable that PVA replication

within the SC6K-containing vesicles occurs in association with

chloroplasts, and there is no contradiction with the previous lit-

erature stating that disruption of the VRC–chloroplast fusion is

detrimental for potyviral replication (Wei et al., 2013). Several

host factors that are linked with potyviral replication and local-

ize to potyviral VRCs (reviewed in Revers and Garc�ıa, 2015)

were identified. From these host factors, HSP70 was the host

protein most abundantly found in the samples. Moreover,

eEF1A and initiation factor 4A (IF4A) were both found from the

VRC proteome, confirming the previous findings. Many other

cellular proteins with a confirmed role in (1)RNA virus replica-

tion were identified. GAPDH, which is essential for the determi-

nation of the (1)/(–)RNA synthesis ratio during tombusvirus

infection (Huang and Nagy, 2011), is an example of such a pro-

tein. In summary, we conclude that the PVA-SC6K sample con-

sists mostly of purified VRCs, and the associated host proteins

may have relevance in PVA replication. The next essential step
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will be to screen for those host proteins which have a role in

PVA multiplication, and to further analyse the detailed molecu-

lar function of each host protein.

EXPERIMENTAL PROCEDURES

Plants, growth conditions, agroinfiltration

Nicotiana benthamiana plants were kept under glasshouse conditions

with 22 8C daytime and 18 8C night-time temperatures. Plants were infil-

trated with Agrobacterium tumefaciens in infiltration buffer [10 mM

2-(N-morpholino)ethanesulfonic acid (MES), 10 mM MgCl2, 150 lM aceto-

syringone] at the four- to six-leaf stage as described in Eskelin et al.

(2010). Systemically infected plant leaves were harvested at 10 DPI;

locally expressed constructs were harvested 4 days after agroinfiltration.

Plasmid construction

Viral and protein expression constructs used in this study were based on

the full-length icDNA copies of PVA strain B11 (GenBank accession num-

ber AJ296311).

To prepare PVA-C6K, the CFP-6K2 fusion sequence was amplified

from the pSITEII-2C1 vector using primer XbaKpnCer, which adds XbaI

and KpnI restriction sites in front of the cerulean sequence, and primer

6KR_Mlu, which adds the MluI restriction site at the 30-end of the 6K2

sequence (Table S2, see Supporting Information). The PCR product was

cloned to the pGEM-T Easy vector, producing the pGEM-T Easy::Cerulean-

6K2 vector. SacII and MluI sites were used to transfer CFP-6K2 from

pGEM-T Easy to pUC18::PVAWT between the NIb and CP sequences,

resulting in the pUC18::PVA-Cerulean-6K2 (pUC18::PVA-C6) vector. PVA-

Cerulean-6K2 was cloned to the pRD400::PVAWT agro vector using SalI

and AgeI restriction sites, resulting in the pRD400::PVA-CFP-6K2 (PVA-

C6K) vector.

To prepare PVA-SC6K, the Twin-Strep-tag II (23Strep) sequence was

amplified with PCR from pGEM-T Easy::23Strep using SP6 and T7

primers. The PCR fragment was cut with XbaI and KpnI and inserted into

the same sites in pGEM-T Easy::CFP-6K2, resulting in the pGEM-T

Easy::23Strep-CFP-6K2 vector. SacII and MluI sites were used to transfer

23Strep-CFP-6K2 from pGEM-T Easy to pUC18::PVAWT between the NIb

and CP sequences, resulting in the pUC18::PVA-23Strep-CFP-6K2

(pUC18::PVA-SC6) vector. PVA-23Strep-CFP-6K2 was cloned into the

pRD400::PVAWT agro vector using SalI and AgeI restriction sites, resulting

in the pRD400::PVA-23Strep-CFP-6K2 (PVA-SC6K) vector.

To prepare PVA-6KY, the potyviral 6K2 protein was PCR amplified

from the PVA genome and inserted into pGWB41. The 6K2-YFP fusion

was then amplified from the pGWB41-6K2 plasmid with primers Afl_6K

and YFP_R (Table S2), which introduced Afl II and MluI restriction sites in

front and at the end of 6K2-YFP. These restriction sites were used to clone

the PCR fragment to the icDNA of PVA in the pUC18 vector. From there,

the complete PVA icDNA with the CaMV 35S promoter and nos terminator

was cloned to the pRD400 binary vector using KpnI and Sal I restriction

sites, yielding the PVA-6KY construct. NIa protease cleavage sites flanked

all insertions in between NIb and CP genes.

To prepare MC-SC6K, the 23Strep-CFP-6K2 sequence was amplified

from the pGEM-T Easy::23Strep-CFP-6K2 vector using primers

23Strep_ATG_Xho_Fw and 6K2_stop_Bam_Rev (Table S2), resulting in a

fragment that contained the XhoI restriction site and ATG translation ini-

tiation codon in front of the 23Strep sequence and a double TAA transla-

tion termination codon and BamHI restriction site at the 30-end of 6K2.

This fragment was cloned into the pANU vector that contained a 35S pro-

moter and nos transcription terminator, using XhoI and BamHI sites. The

resulting 35S-23Strep-CFP-6K2-term cassette was inserted into the

pRD400 agro-vector using the HindIII site. The correctness of all constructs

was confirmed by sequencing.

Sample preparation

For LC-MS/MS analysis, the vesicles were prepared as follows: 10 g of N.

benthamiana leaves were homogenized in sampling buffer [13% sucrose,

50 mM Tris-HCl, 10 mM KCl, 3 mM MgCl2, 1 mM ethylenediaminetetraacetic

acid (EDTA), 1 mM dithiothreitol (DTT), 0.3% dextran, 0.1% bovine serum

albumin (BSA), pH 8] in the ratio of 1 g of leaves to 3 mL of buffer, yield-

ing 30 mL of sample. Initial centrifugation of the homogenized material

was carried out at 3000 g for 10 min at 4 8C. The resulting supernatant,

13 mL per centrifugation tube, was loaded on top of a discontinuous

sucrose gradient (from the bottom: 8 mL 45%; 9 mL 30%; 9 mL 20%).

Ultracentrifugation of samples on a sucrose gradient was carried out in a

Beckman-Coulter (Brea, California, USA) SW-28 rotor at 83 000 g for 5 h

at 4 8C. The fraction enriched in the CFP signal (fraction 5) was used in

the affinity purification step. Fraction 5 from two ultracentrifugation tubes,

5 mL each, was combined. All samples were performed in three biological

replicates.

Affinity purification

Avidin (100 mg/mL) was added to the fraction of interest from ultracentri-

fugation and the sample was incubated on ice for 10 min. Affinity chroma-

tography was carried out at room temperature by letting the sample flow

through 0.5 mL (initially 1 mL of 50% slurry) of Strep-TactinVR Sepharose

(IBA) resin by gravity flow. The column was washed with 5 mL (10 3 col-

umn bed volume) of ice-cold washing buffer (50 mM Tris-HCl, 10 mM KCl,

3 mM MgCl2, pH 8). Samples were eluted with 2 mL of ice-cold washing

buffer containing 1 mM biotin (Thermo Scientific, Waltham, MA, USA).

Samples were concentrated using AmiconVR Ultra-4 Centrifugal Filter Units

(Merck Millipore, Darmstadt, Germany) with a 10-kDa cut-off limit.

Electron microscopy

Thin sections were prepared as follows. An infected leaf sample was

taken under 0.1 M phosphate buffer (pH 7.4). Leaf discs were degassed in

0.1 M phosphate buffer containing 2.5% glutaraldehyde and left for fixa-

tion at room temperature for 2 h. After washing with 0.1 M phosphate

buffer, the samples were osmicated in the same buffer containing 1%

OsO4 for 1 h at room temperature. The samples were then dehydrated

with ethanol and acetone, and embedded in Epon 812 (Taab Laboratories,

Reading, Berkshire, UK); 90-nm sections were post-stained with 2% ura-

nyl acetate and Reynold’s lead citrate. For negative staining of purified

vesicles, the sample was prepared as for LC-MS/MS, with the exception

that elution was carried out with washing buffer containing 2.5 mM des-

thiobiotin. Purified vesicle samples were viewed on a Jeol (JEM-1400,

Tokyo, Japan) 1400 transmission electron microscope; 1%
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phosphotungstic acid was used as the negative staining agent for purified

6K2 membrane samples.

Confocal microscopy

Confocal laser scanning microscopy was performed on a Leica (Wetzlar,

Germany) TCS SP5II confocal microscope. Systemically infected N. ben-

thamiana leaves were selected for confocal microscopy analysis at 10 DPI

for PVA icDNA constructs and locally infiltrated N. benthamiana leaves

were selected for confocal microscopy analysis at 4 DPI for the MC-SC6K

construct. Small discs were cut from the N. benthamiana leaves, mounted

between cover and objective glass, immersed in water and viewed with a

203 objective. YFP excitation was carried out using an argon laser at

514 nm with emission recorded at 525–555 nm (DD 458/514 beam split-

ter). CFP excitation was carried out using an argon laser at 458 nm with

emission recorded at 470–500 nm. Images represent 5-mm Z-stacks taken

at 1-mm intervals. All images were deconvoluted using Autoquant X3 soft-

ware and the presented images were obtained using Imaris software.

RT-PCR

Total RNA was extracted from 200 mL of sample using Trizol (Thermo Sci-

entific, Waltham, MA, USA) and taken up in 20 mL of nuclease-free water.

The purified RNA was DNase treated for 10 min at room temperature

using 1 mL of DNaseI (1 U/mL) and RDD buffer (Qiagen, Venlo, Nether-

lands). cDNA was synthesized from 4 mL of RNA using Superscript III

reverse transcriptase (Life Technologies, Waltham, MA, USA). Primer

RT_CPminus_F was used to detect PVA genomic RNA of negative polarity

and primer RT_CPplus_R was used to detect PVA genomic RNA of posi-

tive polarity (Table S2). Phusion polymerase (Finnzymes, Thermo Fisher

Scientific; Waltham, MA, USA), with the same RT primers, was used to

amplify the coding region of the PVA CP gene.

qRT-PCR

RNA was extracted using Trizol (Thermo Scientific) from 100 mL of input

and affinity-purified sample in three biological replicates for each con-

struct and taken up in 20 mL of nuclease-free water. The purified RNA

was DNase treated for 10 min at room temperature using 1 mL of DNaseI

(1 U/mL) and RDD buffer (Qiagen). cDNA was synthesized from 5 mL of

purified RNA using a RevertAid H Minus First Strand cDNA Synthesis Kit

(Thermo Scientific) and random hexamers. Quantitative real-time PCR was

performed using a Maxima SYBR Green qPCR kit (Thermo Scientific) and

primers specific to the PVA CP sequence, namely qPCR_CP_F and

qPCR_CP_R (Table S2).

Protein identification by LC-MS/MS and proteome

analysis

Disulfide bridges in proteins were reduced with 50 mM TCEP [tris(2-car-

boxyethol)phosphine hydrochloride salt, Sigma-Aldrich, St. Louis, Missouri,

United States] for 20 min at 37 8C. To block cysteine residues, iodoacet-

amide (Fluka, St. Louis, Missouri, United States (owned by Sigma-Aldrich))

was added to a final concentration of 150 mM and the samples were incu-

bated at room temperature in the dark for 30 min. A total of 0.75 lg of

trypsin (Promega, Fitchburg, Wisconsin, United States) was added, and

the samples were incubated overnight at 37 8C. Tryptic digests were

quenched with 10% (v/v) trifluoroacetic acid (TFA) and purified using C18

microspin columns (Harvard Apparatus, Holliston, Massachusetts, USA).

Columns were eluted with 0.1% (v/v) TFA in 50% (v/v) acetonitrile (ACN),

and the volume of the eluted samples was reduced to approximately 2 lL

in a vacuum centrifuge. The peptides were reconstituted to a final volume

of 30 lL with 0.1% (v/v) TFA, 1% (v/v) ACN and vortexed thoroughly. LC-

MS/MS analysis was carried out using an EASY-nLC nano-HPLC system

(Thermo Fisher Scientific) connected to a Velos Pro-Orbitrap Elite hybrid

mass spectrometer (Thermo Fisher Scientific) with a nano-electrospray ion

source (Thermo Fisher Scientific). A two-column set-up was used, consist-

ing of a 2-cm C18-A1 trap column (Thermo Fisher Scientific), followed by

a 10-cm C18-A2 analytical column (Thermo Fisher Scientific). The linear

separation gradient was 5% (v/v) buffer B (0.1% TFA in 98% ACN) in 5

min, 35% (v/v) buffer B in 60 min, 80% (v/v) buffer B in 5 min and 100%

buffer B in 10 min at a flow rate of 0.3 mL/min; 5 mL of sample were

injected for SC6K and C6K and 3 mL for MC-SC6K LC-MS/MS runs. A full

MS scan was acquired with a resolution of 60 000 over a normal mass

range of the Orbitrap analyser; the method was set to fragment the 20

most intense precursor ions with CID (energy 35). Data were acquired

using LTQ Tune software. The acquired MS2 scans were searched against

the N. benthamiana annotated protein database derived from solgeno-

mics.net using Sequest search algorithms in Proteome Discoverer software

(Thermo Fisher Scientific). The allowed mass error was 15 ppm for precur-

sor ions and 0.8 Da for fragment ions. Carbamidomethylation (157.021

Da) of cysteine was set as a static modification, and oxidation of methio-

nine (115.995 Da) was set as a dynamic modification. Database searches

were limited to fully tryptic peptides with a maximum of one missed

cleavage. The web-based bioinformatics database DAVID (Huang et al.,

2009a,b) was used as a guide for the classification of the proteins. For

ribosomal protein lists, the TAIR IDs of the discovered proteins were sub-

mitted to the DAVID functional annotation tool and the proteins classified

as ‘ribosomal protein’ were selected for the ribosomal protein lists.
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Fig. S1 Western blot of Potato virus A (PVA) coat protein (CP)

in PVA-C6K- and PVA-6KY-infected plants.
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Fig. S3 Potato virus A (PVA) RNA amount in the affinity purification
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