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Dissecting the complex molecular interplay between the host plant and invading virus improves our

. understanding of the mechanisms underlying viral pathogenesis. In this study, immunoprecipitation

: together with the mass spectrometry analysis revealed that the heat shock protein 70 (Hsp70) family

. homolog, Hsc70-2, was co-purified with beet black scorch virus (BBSV) replication protein p23 and
coat protein (CP), respectively. Further experiments demonstrated that Hsc70-2 interacts directly with
both p23 and CP, whereas there is no interaction between p23 and CP. Hsc70-2 expression is induced
slightly during BBSV infection of Nicotiana benthamiana, and overexpression of Hsc70-2 promotes
BBSV accumulation, while knockdown of Hsc70-2 in N. benthamiana leads to drastic reduction of

: BBSV accumulation. Infection experiments revealed that CP negatively regulates BBSV replication,

. which can be mitigated by overexpression of Hsc70-2. Further experiments indicate that CP impairs

. the interaction between Hsc70-2 and p23 in a dose-dependent manner. Altogether, we provide

. evidence that besides specific functions of Hsp70 family proteins in certain aspects of viral infection,

: they can serve as a mediator for the orchestration of virus infection by interacting with different viral

. components. Our results provide new insight into the role of Hsp70 family proteins in virus infection.

Beet black scorch virus (BBSV) is a positive-strand RNA virus belonging to the genus Betanecrovirus in the family
Tombusviridae'. BBSV genome consists of a 3644 nucleotides single-stranded RNA without a 5’ cap structure
nor 3’ polyA tail. The BBSV genome contains six open reading frames (ORFs). The 5’ proximal ORF encodes the
auxiliary replication protein p23, which induces the rearrangement of the ER to form virus replication complexes

: (VRCs)? The stop codon of p23 OREF is read-through to generate the RNA dependent RNA polymerase (RdRp)

. protein, p82. p7a, p7b, and p5’ are translated from sub-genomic RNA1 (sgRNA1) and are responsible for viral

. cell-to-cell movement. The CP ORF at the 3/ proximal region of the genome, is translated from sgRNA2. CP
expressed from sgRNA?2 is not essential for cell-to-cell movement in Chenopodium amaranticolor, but is indispen-
sable for systemic infection in Nicotiana benthamiana**. In addition, BBSV virion assembly and virus systemic
movement require specific CP N-terminal basic amino acid and phosphorylation of the CP>®.

Replication of positive-stranded RNA virus is a complicated but well-organized process, which involve the
© coordinate functions of viral proteins and diverse host factors”8. Because host factors involved in viral replica-
: tion represent potential targets for virus control, identification and functional characterization of their roles is
. one of the hot topics in virus research. Both auxiliary replicase protein and RNA-dependent RNA polymerase

(RdRp) are the key components of VRC and have potential to be baits for identifying host interactors. However,

. molecular weight of auxiliary replicase protein is smaller than that of RdRp, which makes it relatively easy to be

. manipulated for the subsequent biochemical analysis. More importantly, in contrast to RARp with confined func-

© tion in viral RNA synthesis, auxiliary replicase proteins, such as tomato bushy stunt virus (TBSV) p33°, cucumber
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necrosis virus (CNV) p33', carnation Italian ringspot virus (CIRV) p36'!, and red clover necrotic mosaic virus
(RCNMYV) p27'2, are multifunctional proteins and play diverse roles in virus replication. Therefore, auxiliary
replicase proteins are always selected as baits to identify host factors involved in viral replication'>!4. Recently,
accumulating evidences indicated that CP is also a multifunctional protein besides its main role in viral RNA
encapsidation'. For example, Chkuaseli et al. reported that deletion of CP in Tobacco necrosis virus-D (TNV-D),
also a member of the genus Betanecrovirus, leads to the increased viral RNA accumulation'®, suggesting that CP
may also function in modulating the viral replication. Although CP can negatively regulate viral replication by
binding to the RNA elements within the 5'-UTR!”!8, whether host factors participate in the CP-mediated sup-
pression of viral replication remains poorly investigated.

In this study, using the p23 and CP as the bait proteins, we found that Hsc70-2 exists in both CP and
p23-associated complexes. As the core components of the cellular chaperone network, the primary function of
Hsp70 family proteins is the folding of newly synthesized proteins, refolding of aggregated proteins, assembly
and disassembly of large macromolecular protein complexes, translocation of organellar and secretory proteins,
protein degradation, and protection of the proteome from stress'’-*%.. Some members of Hsp70 family are con-
stitutively expressed and are referred to as heat shock cognate 70kDa protein (Hsc70), but are also induced by
environmental stresses**=?’. Previous studies indicated that Hsp70 and Hsc70 may complement each other to
maintain cellular integrity during metabolic challenges®. The Hsp70s (referring to both Hsp70 and Hsc70) pos-
sess two domains, an N-terminal ATPase domain, and a C-terminal peptide-binding domain?®. All characterized
Hsp70s act via ATP-dependent cycles of protein binding and release?. Despite the fundamental role in protein
quality control, Hsp70s are tightly associated with multiple aspects of viral infection cycle, such as cell entry,
virion assembly and disassembly, genome replication and viral gene expression®”**-32, For example, Hsp70 is
required for both entry and post-entry steps of the dengue virus life cycle and stabilizes viral NS5 and CP*. A
cytosolic Hsp70 is found to play multiple roles in TBSV replication, such as the insertion of the viral replication
proteins into peroxisomal membranes and activation of TBSV replication by interaction with viral replication
proteins*-%%, Recent studies also indicated that Hsc70 is co-opted by CNV to functions in several aspects of the
viral infection cycle, including the positive regulation of viral RNA accumulation, virus particle assembly and
disassembly, and targeting of CP to the chloroplasts®”*. Additionally, a chloroplast Hsp70 isoform was reported
to interact with bamboo mosaic virus (BaMV) replicase and is required for the preference of BaMV for older
leaves of N. benthamiana®.

Virus replication is a complicated process, which requires temporal, spatial and mechanistic coordination of
various host factors and viral proteins to ensure the efficient multiplication of virus®*!. Due to the association of
Hsc70-2 protein with both BBSV p23 and CP, we want to investigate how the Hsc70-2 was coordinately manipu-
lated by different viral components during viral infection cycles. Our results showed that Hsc70-2 is essential for
BBSV replication through interaction with the p23, whereas CP disrupts the interaction between Hsc70-2 and
p23 in a dose-dependent manner, and overexpression of Hsc70-2 mitigates the negative effect of CP on BBSV
replication. These data suggest a new role of Hsc70-2 in regulating BBSV replication through interaction with
different viral components.

Results

Hsc70-2 was co-purified with BBSV p23 and CP.  Virus replication involves the participation of diverse
host factors. To identify the host proteins that constitute the VRCs of BBSV, immunoprecipitation (IP) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analyses were performed. First, the Flag tags were
fused to the C-terminus of p23 (p23-Flag); Furthermore, to increase its solubility, truncated p23 mutant that lacks
the N-terminal transmembrane regions (Supplementary Fig. S1) was fused with Flag tags (p232N°2-Flag) and was
used for the IP experiments along with the p23-Flag (Fig. 1a), the expression of p23-Flag, p232N°2-Flag, and p23
in N. benthamiana was confirmed by Western blot analysis (Fig. 1b). Next, these constructs were agroinfiltrated
into BBSV-infected N. benthamiana leaves. At 3 dpi, infiltrated leaf tissues were ground in protein extraction
buffer (contains detergent to solubilize membrane proteins) followed by centrifugation to remove the cell debris,
the supernatant was then incubated with anti-Flag antibody-coupled agarose beads. Proteins were eluted from
the Flag beads and separated by SDS-PAGE followed by silver staining. p234N°2-Flag was efficiently enriched in
leaf extracts, whereas the corresponding bands seem to be absent in leaf extracts expressing unmodified p23 (Fig.
1c). Additionally, p23-Flag was immunoprecipitated with low efficiency compared to that of soluble p232N%2-
Flag, which is possibly due to its property as a membrane protein. Differential bands between lane p23 and lane
p232N32_Flag (Fig. 1c) were excised from the gel and subjected to in-gel trypsin digestions followed by LC-MS/MS
analysis. BLAST results showed that several host proteins including the Hsc70-2 (Nbv5tr6412958; University of
Sydney, Australia [http://sydney.edu.au/science/molecular_bioscience/benthamiana]), clathrin interactor EPSIN
3-like, elongation factor-1A, and luminal-binding protein 5 were identified (Fig. 1c). However, subsequent BiFC
analyses of those four proteins showed that only Hsc70-2 interacts with p23, thus, the four host factors provided
by LC-MS/MS analysis of the same band may be due to the high sensitivity of the LC-MS/MS method.

To investigate host factors that interact with BBSV CP, His tag sequences were fused to the C-terminus of CP
in BBSV genome, as depicted in Fig. le. Mechanical inoculation of the in vitro transcripts of recombinant BBSV
(BBSVp.1y;5) induced chlorotic spots in systemic leaves of N. benthamiana, similar to the wild-type BBSV (Fig. 1f,
left panels). More importantly, BBSVp 5;; maintains the His-tag during infection as evidenced by the presence of
His-tagged CP in the upper uninoculated leaves (Fig. 1f, right panels). Leaf extracts from N. benthamiana plants
infected with wild-type BBSV or BBSV - 1;, were subjected to affinity purification using Ni-NTA agarose. The puri-
fied complexes were then resolved by SDS-PAGE followed by silver staining. Results showed that specific bands
corresponding to the CP were presented in the BBSV cp y;-derived samples but not in the sample from wild-type
BBSV control (Fig. 1g). Differential bands between lane BBSV and lane BBSV ¢p_yy;, were analyzed by LC-MS/MS
as described above. Results showed that Hsc70-2 together with translation elongation factor, ER luminal-binding
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Figure 1. Hsc70-2 was co-purified with both BBSV p23 and CP. (a) Schematic representation of plasmids used
for immunoprecipitation assays. Flag-tag (dotted rectangles) was engineered to the C-terminus of different

p23 derivatives. (b) Western blot analysis of p23 and its derivatives in the infiltrated leaves of N. benthamiana.
Leaves infiltrated with pGD empty vector served as the negative control. (c) Silver-stained SDS-PAGE gel
image of p23 immunoprecipitates used for LC-MS/MS analysis. (d) Silver-stained SDS-PAGE and Western blot
analyses of the p23 immunoprecipitates. (e) Schematic representation of the fusion of three glycine residues
plus six His residues to the C-terminus of BBSV CP. (f) Analysis of the stability of His-tag during the infection
of recombinant BBSV. Left panels: Symptom images of the upper uninoculated N. benthamiana leaves at 9 days
after inoculation of the in vitro transcripts of BBSV and its derivative. Right panels: Western blot analysis of CP
expression in the inoculated leaves (Ino) and upper uninoculated leaves (Sys) of N. benthamiana. Mock and
wild-type BBSV-inoculated N. benthamiana plants served as negative and positive controls, respectively. (g)
Silver-stained SDS-PAGE gel image of CP immunoprecipitates used for LC-MS/MS analysis. Note: all of the
three lanes were cropped from two separate gels (see Supplementary Fig. S2). (h) Silver-stained SDS-PAGE and
Western blot analyses of the CP immunoprecipitates.

protein, phosphoglycerate kinase, and chloroplast carbonic anhydrase were identified within the purified CP com-
plex (Fig. 1g). In order to show the differential bands more clearly, IP assays of p23 and CP were repeated and the
differential bands were proved to be Hsc70-2 by Western blot using antibody against Hsc70-2 (Fig. 1d,h).
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Taken together, these results revealed that Hsc70-2 existed in both p234N°2 and CP-derived protein complexes,
suggesting its potential role in BBSV infection.

Hsc70-2 interacts with both p23 and CP in vivo and in vitro. Due to the co-purification of Hsc70-2
with p23 and CP, we used bimolecular fluorescence complementation assay (BiFC), co-immunoprecipitation
(Co-IP) and GST pull-down assays to validate their interactions.

For BiFC, Hsc70-2 and p23 were fused with the N-terminal and C-terminal fragments of YFP respectively,
and confocal microscopy was performed at 3 days post-infiltration (dpi). Results showed that either combinations
of p23-Yn and Hsc70-2-Yc or p23-Yc and Hsc70-2-Yn leads to the reconstitution of YFP fluorescence (Fig. 2a),
demonstrating a specific interaction between Hsc70-2 and p23 in living epidermal cells. YFP fluorescence colo-
calized with ER-derived aggregates, which could be induced by p23 expression alone?. For the negative controls,
pairwise co-expression of p23-Yn and Yc, p23-Yc and Yn, Hsc70-2-Yc and Yn, Hsc70-2-Yn and Yc produced no
YFP signal (Fig. 2a). The expression of various Hsc70-2 and p23 fusions in the infiltrated leaves was confirmed
by Western blot analysis (Supplementary Fig. S3). The interaction between Hsc70-2 and p23 was further deter-
mined by Co-IP. Agrobacterium cells harboring 35S-p23-Flag were infiltrated into N. benthamiana leaves fol-
lowed by leaf protein extraction at 3 dpi. The p23-Flag protein was then immunoprecipitated using the anti-Flag
antibody-conjugated agarose beads followed by Western blot analysis. Consistent with BiFC results, endoge-
nous Hsc70-2 was co-immunoprecipitated with p23-Flag (Fig. 2c). To investigate the direct interaction between
Hsc70-2 and p23, recombinant GST-Hsc70-2 and MBP-p232N2 were purified from the E. coli and then subjected
to the GST pull-down assay, results showed that Hsc70-2 could specifically interact with p234N°2, whereas no
specific band is present in either the combination of GST-Hsc70-2 and MBP or the combination of GST-GFP and
MBP-p234N2 (Fig. 2e).

Likewise, the interaction between Hsc70-2 and CP was also examined by using BiFC, Co-IP and GST
pull-down assays, respectively. BiFC assay showed that co-expression of both the combinations of CP-Yn and
Hsc70-2-Yc or CP-Yc and Hsc70-2-Yn induced the reconstitution of functional YFP (Fig. 2b). The interaction
between Hsc70-2 and CP formed large aggregates in the cytoplasm, as evidenced by the absence of colocalization
with nuclear marker RFP-H2B. For the controls, pairwise co-expression of CP-Yn and NbrbcL-Yc or CP-Yc and
NbrbcL-Yn produced no YFP signals in the infiltrated leaves (Fig. 2b). The expression of various Hsc70-2, CP and
NbrbcL fusions in the infiltrated leaves were confirmed by Western blot analysis (Supplementary Fig. S4). Co-IP
experiments indicated that CP was specifically co-precipitated by Flag-Hsc70-2 but not by GFP-Flag (Fig. 2d).
The directed interaction between Hsc70-2 and CP was verified by using bait protein GST-Hsc70-2 to pull down
His-CP (Fig. 21).

Taken together, these data demonstrated that Hsc70-2 interacts with both p23 and CP in vivo and in vitro.

Determination of the regions of Hsc70-2 that are responsible for interaction with p23 and
CP. To determine the regions of Hsc70-2 that are responsible for interaction with CP and p23, Hsc70-2 is split
into the Hsc70-2N containing the N-terminal ATPase domain, and Hsc70-2€ consisting of the C-terminal peptide
binding domain and lid domain® (Fig. 3a). Interactions of Hsc70-2 and its truncation mutants with CP or p23
were analyzed by BiFC assays. The YFP fluorescence signal was observed in both combinations of Hsc70-2N-Yn
and CP-Yc, Hsc70-2¢-Yn and CP-Yc (Fig. 3b), and the corresponding pairwise combinations (Fig. 3¢), indicating
that both N-terminal and C-terminal regions of Hsc70-2 interact with the CP. In contrast, only the N-terminal
region of Hsc70-2 could interact with p23 as evidenced by the YFP fluorescence emitted from the combinations
of Hsc70-2N-Yn and p23-Yc, or Hsc70-2N-Yc and p23-Yn (Fig. 3b,c). The expression of the target proteins in the
infiltrated leaves was validated by Western blot analysis (Supplementary Fig. S6). Collectively, these data indicated
that CP and p23 had common interacting region localizing to the N-terminus of Hsc70-2, whereas the C-terminal
region of Hsc70-2 interacts with the CP but not p23.

BBSV infection slightly induces the expression of Hsc70-2.  To examine the effect of BBSV infec-
tion on the expression of Hsc70-2, Northern blot and Western blot were performed. Time course analysis of N.
benthamiana leaves inoculated with BBSV virions showed that Hsc70-2 mRNA level was slightly up-regulated
at the early stage of infection (1, 2, and 3 dpi), and was increased approximately two-fold at 7 dpi (Fig. 4a).
Correspondingly, Hsc70-2 protein was increased gradually and increased about two-fold at 7 dpi compared to
that at 0 dpi (Fig. 4c¢, top panel). RbcL loading control was measured by using Image J software (NIH) and similar
values were obtained for each lane, indicating that equal amount of proteins were loaded in each lane. To exclude
the effect of aging of leaves on the expression of Hsc70-2, mock- and BBSV-inoculated N. benthamiana leaves
were analyzed by Western blot at different time points, the results showed the induction of Hsc70-2 expression
during BBSV infection (Supplementary Fig. S7), in agreement with the results shown in Fig. 4. Meanwhile, anal-
ysis of the BBSV accumulation showed that low amounts of viral genomic RNA (gRNA) as well as the p23 and
CP were produced at 1 dpi, and were dramatically increased from 2 to 7 dpi (Fig. 4b,c). Collectively, these results
revealed that Hsc70-2 expression is slightly up-regulated in N. benthamiana during BBSV infection.

Hsc70-2 is essential for BBSV replication in N. benthamiana. To investigate the role of Hsc70-2 in
BBSV infection, tobacco rattle virus (TRV)-induced gene silencing (VIGS) system*? was used to downregulate
the Hsc70-2 expression. Hsc70-2-silenced plants exhibited a phenotype of curling leaves, and dwarfing at 9 dpi,
which become apparent at 18 dpi (Supplementary Fig. S8). Northern blot analysis indicated that the accumu-
lations of BBSV gRNA and sgRNAs were significantly reduced in Hsc70-2-silenced leaves, which is in striking
contrast to the high accumulation of BBSV RNAs and CP in the control TRV-gfp-inoculated plants (Fig. 5a).
Furthermore, the replication of BBSV in Hsc70-2-silenced plants was evaluated by using pCB301-BBSV, yp, a
movement-deficient mutant BBSV (see the diagram in Fig. 6a). As shown in Fig. 5a, the accumulations of viral
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Figure 2. Hsc70-2 interacts with both BBSV p23 and CP. (a,b) BiFC analysis of the interactions between
Hsc70-2 and p23 (a), and between Hsc70-2 and CP (b). Transient expression of mCherry-HDEL fusion was
used to label the ER (ER-mCherry), and transgenic N. benthamiana expressing RFP-H2B (Histone H2B fused to
RFP) was used to indicate the nucleus. NbrbcL indicates N. benthamiana RuBisCO large subunit (rbcL). White
arrows point to the nuclei. Scale bars, 10 pm. (c,d) Co-IP analysis of the interactions between Hsc70-2 and

P23 (c), and between Hsc70-2 and CP (d). (e,f) GST pull-down analysis of interactions between Hsc70-2 and
p2348%2 proteins (e), and between Hsc70-2 and CP proteins (f).

RNAs and CP were much lower in Hsc70-2-silenced plants than that in unsilenced ones. Overexposure image of
the same blot showed that both BBSV and BBSV,,,p can infect Hsc70-2-silenced leaves as evidenced by the spe-
cific band signals corresponding to viral RNAs (Supplementary Fig. S9). Moreover, when quercetin, a flavonoid
that is used to inhibit Hsp70 gene expression in N. benthamiana®, was employed to investigate the role of Hsc70-2
in BBSV infection, results showed that both BBSV RNAs and CP accumulations were substantially decreased in
the quercetin-treated leaves in comparison to the DMSO control (Fig. 5b), consistent with the dramatic reduction
of BBSV accumulation in TRV-Hsc70-2-inoculated plants. Due to the high nucleotide sequence similarity among
different Hsp70 isoforms, knock-down of other Hsp70 isoforms besides Hsc70-2 in the TRV-mediated silencing
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Figure 3. Determination of the regions within Hsc70-2 that are responsible for its interaction with CP and p23.
(a) Schematic diagram of Hsc70-2 truncate mutants used for BiFC assays. (b,c) BiFC analysis of the interaction
of N- or C-terminally truncated mutants of Hsc70-2 with CP or p23. Scale bars, 10 pm.
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assay or after quercetin treatment could not be absolutely excluded. Despite this, the results shown above could,
at least to a large extent, reflect the essential role of Hsc70-2 in BBSV replication. The efficient downregulation
of Hsp70 or Hsc70-2 by the TRV-based VIGS system and quercetin treatment was confirmed by RT-qPCR (Fig.
5d,e). Collectively, these results demonstrated that Hsp70 or Hsc70-2 is essential for BBSV replication.

To investigate whether overexpression of Hsc70-2 could promote BBSV replication, N. benthamiana leaves
were co-infiltrated with Agrobacterium containing pCB301-BBSV,,,;p and pSuper1300-Flag-Hsc70-2 (or pSu-
per1300-GFP) at an ODy, of 0.1 and 1.0, respectively. Samples were collected at 3 dpi and subjected to Western
blot and Northern blot analysis. The results showed that the accumulations of both viral CP protein and viral
RNAs were enhanced in leaves transiently expressing Flag-Hsc70-2 compared to that expressing the GFP control
(Fig. 5¢), indicating that overexpression of Hsc70-2 facilitates BBSV replication.

The inhibitory effect of CP on BBSV replication is alleviated by overexpression of Hsc70-2. A
growing body of evidence shows that viral CP is a multi-functional protein with roles outside of virus packag-
ing'>*. To investigate what role of BBSV CP in virus replication, three different viral clones were constructed as
depicted in Fig. 6a: pCB301-BBSV,,cpp, which destroys the RdRp activity; pCB301-BBSV i Which retains BBSV
replication but cannot undergo cell-to-cell movement; and pCB301-BBSV,\p/mcp Which loses both cell-to-cell
movement and CP expression (Fig. 6a). Agrobacterium cells carrying one of these constructs were infiltrated
into N. benthamiana leaves. Northern blot was performed at 2 dpi using BBSV 3/-UTR-specific probes. Results
showed that BBSV,,yip/mcp accumulated with a higher level than that of BBSV,,,;p (Fig. 6b), indicating the negative
effect of CP on BBSV replication.

To investigate whether CP regulates BBSV replication by directly interacting with the replication pro-
teins, BiFC assay was performed. Results showed that neither p23 nor p82 interacts with CP in healthy or
BBSV-infected leaves (Supplementary Fig. S10). Due to the interaction of Hsc70-2 with both p23 and CP, we
presume that CP-mediated inhibition of BBSV replication might involve the participation of Hsc70-2. To exam-
ine this hypothesis, N. benthamiana leaves were agroinfiltrated with pCB301-BBSV,,;p and pCP-Flag along
with pSuper1300-Flag-Hsc70-2 or pSuper1300-GFP. Northern blot and Western blot assays were performed at
3 dpi. Results showed that the accumulations of BBSV,,,;p gRNA and CP were decreased in leaves transiently
expressing CP-Flag and GFP in comparison to that expressing the GFP alone (Fig. 6¢), consistent with the results
described in Fig. 6b. Furthermore, the accumulations of BBSV,,,;p RNAs and CP in leaves coexpressing CP-Flag

| (20718) 8:4526 | DOI:10.1038/541598-018-22778-9



www.nature.com/scientificreports/

a Inoculated leaves
0 1 2 3 5 7 (dpi)
Hsc70-2
100 1.03 1.09 1.19 170 174
' rRNA
loading

loading

a-Hsc70-2

Figure 4. Hsc70-2 expression was elevated during BBSV infection. N. benthamiana leaves were mechanically
inoculated with 100 ng BBSV virions, total RNA and protein were isolated from inoculated leaves at different
time points as indicated above the panels. (a) Northern blot analyses of Hsc70-2 mRNA accumulations during
BBSV infection. Numbers below blots represent relative abundance of each mRNA normalized to that at 0 dpi.
The ribosomal (r)RNAs stained with methylene blue served as the loading control. Note: the seeming increase
of rRNA loading from 0 to 7 dpi was caused by the dramatically augmented BBSV genomic RNA accumulation
during ongoing viral infection, as the size of BBSV genomic RNA is just slightly larger than that of the plant 28S
rRNA. (b) Northern blot analyses of viral RNA accumulations at different time points. (c) Western blot analysis
of Hsc70-2, CP, and p23 in BBSV-inoculated N. benthamiana leaves at different time-points. Numbers below
blots represent relative abundance of each protein normalized to that at 0 dpi. Coomassie Brilliant Blue (CBB)
staining of rbcL is shown as the loading control.

and Hsc70-2 were higher than those coexpressing CP-Flag and GFP, while still lower than those expressing GFP
alone (Fig. 6¢). These results indicate that overexpression of Hsc70-2 can alleviate the inhibitory effect of CP
on BBSV replication. We noted that the difference in the accumulations of BBSV,,,;p sgRNAs among indicated
groups is not obvious, a similar phenomenon was also observed during analysis of BaMV RNA accumulations®.
The discrepancy between genomic RNA and sgRNAs accumulation changes may be due to the different mecha-
nisms underlying their production.

CP impairs the interaction between p23 and Hsc70-2 in a dose-dependent manner.  Considering
the repression of BBSV replication by the CP and the overlapping interacting region of Hsc70-2 responsible
for interactions with p23 and CP, we assumed that CP might impact the interaction between p23 and Hsc70-
2. Hence, equal amounts (ODgy, = 0.2) of Agrobacterium cells carrying pSPYCE-p23 and pSPYNE-Hsc70-2,
together with increasing concentrations (ODg, = 0.2, 0.4, 0.8, 1.2) of Agrobacterium cells harboring pMDC32-CP,
were co-infiltrated into N. benthamiana leaves. Confocal microscopic analysis was carried out at 3 dpi. YFP sig-
nal was found to decrease with increasing concentrations of pMDC32-CP-containing Agrobacterium, while
control Agrobacterium harboring the empty vector (pMDC32) had a minimal effect on the interaction between
Hsc70-2 and p23 (Fig. 7a,c). Similar results were obtained for the pairwise combination of p23-Yn and Hsc70-
2-Yc (Fig. 7b,d). Similarly, competitive Co-IP assay was carried out to examine the effect of p23 on CP-Hsc70-2
interaction, results showed that overexpression of p23 has little, if any, effect on the interaction between CP
and Hsc70-2 (Supplementary Fig. S11). Furthermore, expression of p7a, the movement protein of BBSV*, also
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Figure 5. Hsc70-2 is essential for efficient accumulation of BBSV in N. benthamiana (a) Silencing of Hsc70-2
or Hsp70 expression in N. benthamiana impairs BBSV replication. At 7 dpi, the systemically silenced leaves
from TRV-Hsc70-2-inoculated plants, or that from TRV-gfp-inoculated control plants were agroinfiltrated

with wild-type BBSV or the movement-deficient BBSV mutant, BBSV, \p. Samples from the inoculated leaves
were collected at 3 dpi for Northern blot (upper two panels) and Western blot (lower two panels) analyses. (b)
Analysis of the BBSV accumulation in DMSO- and quercetin-treated N. benthamiana leaves. (c) Analysis of the
BBSV,,up accumulation in leaves transiently expressing GFP or Flag-Hsc70-2. Bands corresponding to gRNA
and sgRNAs as well as the antibodies used for Western blot analysis in figures a, b, and c are indicated on the
right. The mock-inoculated or the replication-deficient mutant, BBSV,,pp, served as the negative controls,

N. benthamiana leaves systemically infected with BBSV served as a positive control (BBSV). Methylene blue-
stained rRNAs and CBB-stained rbcL were used as RNA and protein loading controls, respectively. Numbers
below blots represent relative abundance of mRNA or proteins in each treatment group normalized to that of
the GFP group (n =3 per group). (d) RT-qPCR was performed to confirm the silencing of Hsc70-2 in TRV-
Hsc70-2-inoculated N. benthamiana plants (n = 6 per treatment). (e) RT-qPCR was performed to confirm the
downregulation of Hsc70-2 expression in quercetin-treated N. benthamiana leaves (n =3 per treatment). Error
bars represent standard error (s.e.m.) of the means. Asterisks indicate statistically significant difference between
the indicated groups (Student’s t-test, **P < 0.01).

showed no marked influence on the interaction between p23 and Hsc70-2 (Supplementary Fig. S12), substan-
tiating the specificity of impairing effect of CP on the interaction of Hsc70-2 with p23. Additional Western blot
analysis confirmed the invariable expression of p23 and Hsc70-2 under the treatment of different concentrations
of Agrobacterium cells carrying pMDC32-CP or the control empty vector pMDC32 (Fig. 7e,f). Collectively, these
results indicated that CP interferes with the interaction between p23 and Hsc70-2 in a dose-dependent manner.

Discussion

Hsp70 chaperones are one of the major constituents of the cellular protein quality control system and are often
employed by viruses at several stages of their life cycle. Various studies have shown that Hsp70 family proteins
associate with VRCs and enhances viral RNA replication*!. For example, Hsp72 has been shown to interact with
hepatitis C virus (HCV) replication proteins NS5A, NS3 and NS5B, and function as a positive regulator of HCV
replication*. For tombusvirus, Hsp70 promotes the subcellular transport of replication proteins to intracellular
membranes and is required for the in vitro activity or assembly of the VRCs***”. Many distantly related viruses
recruit Hsp70 to the membranous replication factories, such as RCNMV?, turnip mosaic virus (TuMV)*, and
Chinese wheat mosaic virus (CWMV)*. In this study, Hsc70-2 was copurified with BBSV auxiliary replication
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Figure 6. Overexpression of Hsc70-2 alleviated the inhibitory effect of CP on BBSV replication. (a) Schematic
representation of plasmids used in Agrobacterium tumefaciens-mediated infection assay. Rectangles show ORFs
in the BBSV genome. A stop codon read-through (RT) between p23 and p82 is illustrated by a vertical dashed
line. Rz represents a cis-acting ribozyme. For these BBSV variants, the substitutions of these residues in the
wild-type BBSV are linked by dashed lines across the expanded regions to indicate their sequence positions.
The names of the mutants are indicated on the left. (b) Northern blot analysis of viral RNAs accumulation

in N. benthamiana leaves agroinfiltrated with different BBSV-derived mutants. (c) Analysis of the BBSV, \ip
accumulation in leaves transiently expressing GFP (ODgy, = 1.0), CP-Flag (ODgy, = 0.1) plus GFP (ODgy, = 1.0)
or CP-Flag (ODgy, =0.1) plus Flag-Hsc70-2 (ODgy, = 1.0). The replication-deficient mutant, BBSV, spp, served
as the negative control. Bands corresponding to gRNA and sgRNAs as well as the antibodies used for Western
blot analysis in figures b and c are indicated on the right. Methylene blue-stained rRNAs and CBB-stained

rbcL were used as RNA and protein loading controls, respectively. Open arrow and solid arrowheads indicate
bands corresponding to wild-type CP and CP-Flag, respectively. Numbers below rRNA loading panel represent
relative abundance of BBSV genomic RNA in each treatment group normalized to that of the GFP group (n=3
per group).

protein p23 (Fig. 1¢c,d), and their interaction occurs in the ER-derived aggregates (Fig. 2a), where BBSV rep-
lication occurs®. Additionally, the expression level of Hsc70-2 is changed during BBSV infection (Fig. 4), and
disruption of Hsc70-2 expression severely impedes BBSV replication (Fig. 5). These results consistently suggest
that Hsc70-2 is recruited by the auxiliary replication protein p23 to the VRCs and plays an essential role in BBSV
replication.

The function of Hsp70s in the assembly of virus particles had been widely characterized in many
viruses?#23%%0, Recently, Alam et al. reported that Hsc70-2 binds to purified CNV virions and plays a role in dis-
assembly of virus particles®. Hsc70 was also reported to participate in the intercellular transport of pepino mosaic
virus (PepMV)?. In this study, BiFC analysis showed that Hsc70-2 binds to BBSV CP through its N-terminal
and C-terminal regions (Fig. 3b,c). Interestingly, YFP fluorescence indicative of CP-Hsc70-2N or CP-Hsc70-2¢
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Figure 7. BBSV CP interferes with the interactions between Hsc70-2 and p23 in a dose-dependent manner.
(a,b) Competitive BiFC analysis of the effect of CP on the interactions between Hsc70-2 and p23. Different
combinations of constructs used for agroinfiltration are indicated on the left. Scale bars, 50 um. Concentrations
of Agrobacterium cells carrying pMDC32 or pMDC32-CP were indicated above the panels. (c,d) Graphical
representation of the relative BiFC intensity as shown in (a) and (b). YFP fluorescence for each panel

was measured using Image J software (NTH), and relative BiFC intensity was diagramed by normalizing

the fluorescence intensity of each combination to that of the pMDC32-CP or pMDC32 with the lowest
concentration (ODgy,=0.2). The y-axis shows the relative BiFC intensity, the x-axis indicates the ratio of
different concentrations of Agrobacterium cells relative to that of ODgy, = 0.2. Error bars represent standard
deviation from the mean (n=3). Asterisk indicates statistically significant difference between pMDC32 and
pMDC32-CP groups under the same ODy, ratio (Student’s t-test, *P < 0.05). (e,f) Western blot analysis of total
protein extracts from agroinfiltrated leaves corresponding to (a) and (b). The open arrowheads point to the
bands of endogenous Hsc70-2, whereas solid arrowheads indicate the split YFP-fused Hsc70-2. CBB staining of
rbcL is shown as the loading control.
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interactions presents a nucleocytoplasmic distribution, which is distinct from the cytoplasmic pattern displayed
by CP-Hsc70-2 interactions (Fig. 2b). This is likely due to the destruction of the functional integrity of Hsc70-2.

In this study, CP was found to negatively regulate the replication of BBSV (Fig. 6b,c), the similar phenomenon
was also observed in TNV-D which also belongs to the genus Betanecrovirus'®. Further BiFC analysis showed that
neither BBSV auxiliary replication protein p23 nor the polymerase p82 binds to the CP (Supplementary Fig. S10),
excluding the possibility that CP regulates BBSV replication by directly interacting with viral replication proteins.
It has been reported that brome mosaic virus (BMV) CP negatively regulates viral replication by binding to the
RNA elements within the 5/-UTR, leading to the suppression of viral replication proteins translation'”'. Our
previous work indicated that BBSV CP binds to the viral RNA via its N-terminal region’. We therefore exam-
ined the effect of the RNA binding activity of CP on BBSV replication. Results showed that the BBSV,,yp/cp™ V!
mutant showed a similar accumulation of viral RNAs to that of BBSV,,,\;p suggesting that the inhibitory effect
of CP on BBSV replication was not significantly affected by inactivating the RNA binding activity within the
CP (Supplementary Fig. S13), in contrast to the elevated accumulation of BBSV RNAs when the whole CP
expression was destroyed as shown in Fig. 6b. However, CPAN?! maintains the ability to interact with Hsc70-2
(Supplementary Fig. S13). These results further support the association of CP-mediated inhibition of BBSV rep-
lication with its impact on the p23-Hsc70-2 interaction, which is somewhat distinct from the functional role of
BMYV CP in regulating viral RNA accumulation'”'%,

Our findings that the N-terminus of Hsc70-2 could interact with both p23 and CP (Fig. 3) raises the possibil-
ity that CP competed with p23 for available Hsc70-2. Since CP becomes the most abundant protein during virus
infection, it should have an advantage in contacting Hsc70 molecules, resulting in less Hsc70 available for p23
binding, leading to the failure of forming functional VRCs. Our results support this hypothesis by showing that
overexpression of Hsc70-2 alleviated the inhibitory effect of CP on BBSV replication (Fig. 6¢), and increasing CP
expression levels interfered with the interaction of Hsc70-2 with p23 (Fig. 7). Although Hsc70-2 was induced dur-
ing BBSV infection, the changes of Hsc70-2 expression were relatively mild in comparison to the drastic increase
in viral CP accumulation (Fig. 4). Thus, it is reasonable to propose that large amounts of CP protein produced
during ongoing viral infections would extend well beyond the ability that the moderately augmented amounts of
Hsc70-2 could rescue. Collectively, these results suggest that Hsc70-2 may serve as a limiting factor hijacked by
different BBSV components to fine-tune the BBSV infection.

In summary, this study demonstrates that Hsc70-2 interacts with BBSV CP and p23, and is essential for BBSV
replication. CP negatively regulates the replication of BBSV, which can be mitigated by overexpression of Hsc70-2.
High concentration of CP disturbs the interaction between p23 and Hsc70-2, which may impede the formation
of functional VRCs. These data broaden our understanding of the diverse roles of Hsp70 family proteins in virus
infection.

Methods

Plant material and growth conditions. N. benthamiana plants were maintained in the growth chamber
at 24°C or 18°C on a 16/8 h light/dark cycle.

Plasmid construction. To construct the BBSV infectious clone pCB301-BBSV for Agrobacterium
tumefaciens-mediated infection assays, the full-length cDNA of BBSV was cloned into the binary vector
pCB301-2 x 35S-MCS-HDVRz-NOS using the Seamless Assembly Cloning Kit from Clone Smarter. BBSV
mutants used in this study were generated from pCB301-BBSV. Replication-deficient BBSV (BBSV,,spp) was con-
structed by mutating the GDD motif of p82 to GAD, and movement-deficient BBSV (BBSV,,\p) was constructed
by mutating AUG start codons of p7a and p7b to CUG, respectively. MP and CP double mutant BBSV,,yp/mcp
was constructed by further mutating 2AAGAAG?* to TAGTAG? in the CP ORF of BBSV,,,;»- To engineer the
His-tag to the C-terminus of CP in BBSV genome, three linked glycine residues and 6 x His-tag were fused to the
C-terminus of CP to yield the intermediate plasmid pCPmx-7y;,!. For pUBF52-CPy;,, the DNA fragment encod-
ing the His-tagged CP (CP-His) were excised from the plasmid pCPmx-7y;, and used to replace the counterpart
in the plasmid pUBF52, the infectious cDNA clone of BBSV* (Fig. 1e).

To construct pMDC32-p23-Flag and pMDC32-p232N°2-Flag for immunoprecipitation assay, p23 and p234N>2
(lacking the p23 transmembrane domain) were amplified from pUBF52, and cloned into the binary vector
pMDC32-Flag, a modified version of pMDC32°!. The DNA fragment encoding three linked glycine residues
and three tandem repeats of Flag epitopes (3 x Flag) were fused to the N-terminus of Hsc70-2 to yield plasmid
pMD19T-3 X Flag-Hsc70-2. To generate pMDC32-3 x Flag-Hsc70-2, the 3 x Flag-Hsc70-2 fragment was ampli-
fied, introduced into pDONR/Zeo entry plasmid (Invitrogen) by Gateway LR recombination, and transferred
into pMDC32 destination vector® by BP recombination. The gfp gene was cloned into the plasmid pMDC32-Flag
using standard molecular cloning methods® to generate pMDC32-GFP-Flag.

For transient expression assay, the 3 x Flag-Hsc70-2 gene fragment was amplified from pMD19T-3 x Flag-
Hsc70-2, and cloned into pSuper1300-Myc>® using the Seamless Assembly Cloning Kit from Clone Smarter. DNA
fragments encoding CP or CP-Flag were amplified from pUBF52 using Phusion HF DNA polymerase (NEB),
followed by cloning of the fragments into pMDC32°!.

For protein expression, the DNA fragment encoding the N. benthamiana Hsc70-2 was amplified, digested, and
cloned into the pGEX-KG vector. p234N2 gene was cloned into pMAL-c2x (NEB) using the Seamless Assembly
Cloning Kit from Clone Smarter. The gfp gene was cloned into pET-30a(+) (Novagen) and pGEX-KG vectors
using standard molecular cloning methods.

For BiFC assay, the Hsc70-2 gene and its truncated mutants (Hsc70-2Y and Hsc70-2€) were amplified and
cloned into binary vectors pSPYNE-35S and pSPYCE-355%. For virus-induced gene silencing assay, a 360 bp frag-
ment amplified from the gene of Hsc70-2 was cloned into the plasmid pTRV2*; a gfp gene fragment was inserted
into pTRV?2 to serve as the negative control.
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All primer pairs used for plasmid construction are listed in Supplementary Table S1, and all the constructs
were sequenced to confirm their accuracy.

Several plasmids (pSPYCE-p23, pSPYNE-p23, pSPYCE-NbrbcL, pSPYNE-NbrbcL, pGD-p23, pSPYCE-CP,
pSPYNE-CP, pET-30a(+)-CP, and pSuper1300-GFP) used in this study were described in previous studies>*>>°.

Preparation of Hsc70-2-specific antibody. Hsc70-2-His protein was expressed and purified from E.
coli strains Rosetta and then sent to Beijing Protein Innovation Center for the preparation of rabbit polyclonal
antibody against Hsc70-2.

Mass spectrometry analysis. Immunoprecipitated samples were separated by SDS-PAGE followed by sil-
ver staining. Target bands were excised from the gel and digested with trypsin at 37 °C. The digested peptides were
separated by nanoscale C18 reverse phase liquid chromatography (Waters Associates) and electro-sprayed into a
Q-Exactive mass spectrometer (Thermo Fisher Scientific) at the Mass Spectrometry Facility of China Agricultural
University. Protein identification was performed by searching against the protein database of National Center for
Biotechnology Information (NCBI).

Co-immunoprecipitation (Co-IP) assay. Co-IP was performed according to previously described meth-
0ds*® with minor modifications. Briefly, 4 g N. benthamiana leaves was ground in liquid nitrogen and thawed
on ice in two volumes (w/v) of extraction buffer containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM
EDTA, 10% (v/v) glycerol, 2% (w/v) polyvinylpyrrolidone, 10 mM dithiothreitol (DTT), 1 x protease inhibitor
cocktail, and 0.1% (v/v) Tween 20. After centrifugation, the supernatant was incubated with anti-Flag M2 affin-
ity Gel (Sigma-Aldrich) at 4°C for 5 hr on a rotator. The resin was washed with IP buffer [50 mM Tris-HCI (pH
7.5), 150 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, and 0.1% (v/v) Tween 20], and eluted by incubation with
IP buffer containing 0.17 mg/mL Flag peptides (Sigma-Aldrich). The input and eluate were then analyzed by
Western blot. Because p23 is a membrane protein, the extraction buffer for Co-IP analysis of p23-Hsc70-2 inter-
action was modified as follows: 50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA, 10% (v/v) glycerol, 2%
(w/v) polyvinylpyrrolidone, 10 mM dithiothreitol (DTT), 1 X protease inhibitor cocktail, 1% NP-40 and 0.1%
(w/v) SDS.

Expression and purification of recombinant proteins. Protein purification was performed as
described previously with minor modification®. The plasmid was introduced into E. coli strains BL21 (DE3) or
Rosetta. The bacteria were incubated at 37 °C to an ODy, of 0.8 followed by induction with 0.2 mM IPTG (Sigma)
for 18 hr at 18°C. Cells were collected by centrifugation and resuspended in column buffer [20 mM Tris-HCI
(pH 7.3), 500 mM NaCl, 10% (v/v) glycerol, 0.1% (v/v) Triton X-100, 1 mM PMSF]. The bacteria were disrupted
by sonication and then centrifuged at 20,000 ¢ for 30 min. Recombinant protein in the supernatant was purified
using Glutathione Sepharose 4 Fast Flow (GE Healthcare), Ni-NTA agarose (QIAGEN) or amylose resin (NEB)
according to the manufacturer’s instructions.

GST pull-down assay. GST pull-down assay was conducted as described previously with minor modifi-
cations”. About 10pg of purified prey protein was pre-absorbed for 1.5 hr at room temperature in 1 mL bind-
ing buffer containing 15 uL of Glutathione Sepharose 4 Fast Flow (GE Healthcare), 50 mM Tris-HCI (pH 7.5),
250 mM NaCl, 0.6% (v/v) Triton X-100, 1 X protease inhibitor cocktail, 0.2% (v/v) glycerol, and 5mM DTT. After
centrifugation, the supernatant was incubated with 10 ug of bait protein and another 15uL Glutathione Sepharose
4 Fast Flow (GE Healthcare) for 3 hr at room temperature. The column was then washed with buffer containing
50 mM Tris-HCI (pH 7.5), 250 mM NaCl, 0.6% (v/v) Triton X-100, and protease inhibitor cocktail, bound pro-
teins were eluted by boiling in 60 pL SDS-containing buffer and subjected to Western blot analysis.

Agroinfiltration. Agro-infiltration was described in the previous report’®. Briefly, the plasmid was intro-
duced into cells of Agrobacterium tumefaciens strains EHA105 or GV3101 by a freeze-thaw method as previ-
ously described™. Selected colonies were cultured in LB medium containing 100 pg/mL kanamycin and 25 pg/
mL rifampicin at 28 °C for 14-16 hr. Agrobacterium cells were harvested and resuspended in infiltration media
[10 mM MgCl,, 150 pM acetosyringone, and 10mM MES (pH 5.6)]. A needle-free syringe was used for agroinfil-
tration of N. benthamiana leaves.

Confocal laser scanning microscopy. Agroinfiltrated N. benthamiana leaves were observed using a Zeiss
LSM710 confocal microscope equipped with Zeiss Zen 2012 software. GFP, YFP and RFP fluorescence was visu-
alized under 488 nm, 514 nm, and 543 nm respectively with an argon laser. Images were captured digitally with a
Zeiss Axiocam camera and processed with Imaris 7.4.2 software (Bitplane). Sequential scanning mode was used
to avoid crosstalk between neighboring GFP and YFP emission spectra.

Inhibition of Hsc70-2 expression. TRV-based VIGS system and the Hsp70-specific chemical inhibitor
quercetin (Sigma-Aldrich) were used to downregulate Hsp70 or Hsc70-2 expression in N. benthamiana.

For VIGS, A. tumefaciens cells harboring pTRV2-gfp or pTRV2-Hsc70-2 was mixed with A. tumefaciens cells
containing pTRV1*, and then infiltrated into N. benthamiana leaves at the four-leaf stage. N. benthamiana plants
were maintained in the growth chamber at 25 °C for seven days until silencing of Hsp70 or Hsc70-2 occurred.
The systemically silenced leaves were then agroinfiltrated with pCB301-BBSV or its derivatives at an ODg, 0f 0.1,
followed by maintenance in another growth chamber at 18 °C*.

Quercetin (Sigma-Aldrich) was used to inhibit N. benthamiana Hsp70 or Hsc70-2 expression as reported pre-
viously®.. Briefly, 200 mM stock solution was prepared by dissolving the quercetin in dimethyl sulfoxide (DMSO)
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and was further diluted to 1 mM in 10 mM Na,CO;-NaHCO; buffer (pH 9.6) prior to infiltration of leaves. Equal
concentration of DMSO was infiltrated into leaves to serve as the negative control. After 1 hr, 300 ng BBSV viri-
ons were inoculated onto the infiltrated leaves. Leaf samples were collected at 3 dpi and subjected to molecular
analysis.

Northern blot. Northern blot analyses were performed as described previously with minor modifications®.
In brief, total RNA was denatured at 60 °C for 10 min followed by electrophoresis on the 1.2% (w/v) agarose gel
under denaturing conditions. RNA was vacuum-blotted onto a Hybond-N* membrane (GE Healthcare) and
hybridized with a-**P-labeled DNA probes corresponding to nt 2647-3644 of BBSV gRNA. The membranes were
washed and exposed to a phosphorimager screen (GE Healthcare) for 24 hr, and the hybridization signals were
visualized with a Typhoon 9410 scanner (GE Healthcare) and analyzed with ImageQuant software (version 5.2).

Reverse transcription quantitative real-time PCR (RT-qPCR). RT-qPCR was performed according
to previously described methods®. First-strand cDNA was synthesized using the M-MLV Reverse Transcriptase
(Promega). Elongation factor 1o (EF-1cx) gene was used as an internal control. All primer pairs used for RT-qPCR
analyses are listed in Supplementary Table S1.

Data availability statement. No datasets were generated or analysed during the current study.

References
1. Cao, Y. et al. The complete nucleotide sequence of Beet black scorch virus (BBSV), a new member of the genus Necrovirus. Arch. Virol.
147,2431-2435 (2002).
2. Cao, X. et al. Morphogenesis of endoplasmic reticulum membrane-invaginated vesicles during Beet black scorch virus infection: role
of auxiliary replication protein and new implications of three-dimensional architecture. J. Virol. 89, 6184-6195 (2015).
. Cao, Y. et al. Effect of Beet black scorch virus coat protein on viral pathogenicity. Prog. Biochem. Biophys. 33, 127-134 (2006).
4. Yuan, X. et al. Analysis of the subgenomic RNAs and the small open reading frames of Beet black scorch virus. . Gen. Virol. 87,
3077-3086 (2006).
5. Zhang, X. et al. N-terminal basic amino acid residues of Beet black scorch virus capsid protein play a critical role in virion assembly
and systemic movement. Virol. . 10,200 (2013).
6. Zhao, X. et al. Phosphorylation of Beet black scorch virus coat protein by PKA is required for assembly and stability of virus particles.
Sci. Rep. 5, 11585 (2015).
7. Nagy, P. D. & Pogany, J. The dependence of viral RNA replication on co-opted host factors. Nat. Rev. Microbiol. 10, 137-149 (2011).
8. Huang, Y. W,, Hy, C. C,, Lin, N. S. & Hsu, Y. H. Unusual roles of host metabolic enzymes and housekeeping proteins in plant virus
replication. Curr. Opin. Virol. 2, 676-682 (2012).
9. Nagy, P. D. Tombusvirus-host interactions: co-opted evolutionarily conserved host factors take center court. Annu. Rev. Virol. 3,
491-515 (2016).
10. Rochon, D. et al. The p33 auxiliary replicase protein of Cucumber necrosis virus targets peroxisomes and infection induces de novo
peroxisome formation from the endoplasmic reticulum. Virology 452-453, 133-142 (2014).
11. Richardson, L. G. et al. A unique N-terminal sequence in the Carnation Italian ringspot virusp36 replicase-associated protein
interacts with the host cell ESCRT-I component Vps23. J. Virol. 88, 6329-6344 (2014).
12. Hyodo, K., Kaido, M. & Okuno, T. Traffic jam on the cellular secretory pathway generated by a replication protein from a plant RNA
virus. Plant Signal Behav. 9, €28644 (2014).
13. Mendu, V., Chiu, M., Barajas, D., Li, Z. & Nagy, P. D. Cpr1 cyclophilin and Ess1 parvulin prolyl isomerases interact with the
tombusvirus replication protein and inhibit viral replication in yeast model host. Virology 406, 342-351 (2010).
14. Li, Z., Barajas, D., Panavas, T., Herbst, D. A. & Nagy, P. D. Cdc34p ubiquitin-conjugating enzyme is a component of the tombusvirus
replicase complex and ubiquitinates p33 replication protein. J. Virol. 82, 6911-6926 (2008).
15. Weber, P. H. & Bujarski, J. J. Multiple functions of capsid proteins in (+) stranded RNA viruses during plant-virus interactions. Virus
Res. 196, 140-149 (2015).
16. Chkuaseli, T., Newburn, L. R., Bakhshinyan, D. & White, K. A. Protein expression strategies in Tobacco necrosis virus-D. Virology
486, 54-62 (2015).
17. Yi, G,, Letteney, E., Kim, C. H. & Kao, C. C. Brome mosaic virus capsid protein regulates accumulation of viral replication proteins
by binding to the replicase assembly RNA element. RNA 15, 615-626 (2009).
18. Yi, G., Vaughan, R. C., Yarbrough, I., Dharmaiah, S. & Kao, C. C. RNA binding by the Brome mosaic virus capsid protein and the
regulation of viral RNA accumulation. J. Gen. Virol. 391, 314-326 (2009).
19. Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M. & Hartl, F. U. Molecular chaperone functions in protein folding and proteostasis.
Annu. Rev. Biochem. 82, 323-355 (2013).
20. Mayer, M. P. & Bukau, B. Hsp70 chaperones: cellular functions and molecular mechanism. Cell. Mol. Life Sci. 62, 670-684 (2005).
21. Young, J. C. Mechanisms of the Hsp70 chaperone system. Biochem. Cell Biol. 88, 291-300 (2010).
22. Richter, K., Haslbeck, M. & Buchner, J. The heat shock response: life on the verge of death. Mol. Cell 40, 253-266 (2010).
23. Sun, Y. et al. Identification of heat shock cognate protein 70 gene (Alhsc70) of Apolygus lucorum and its expression in response to
different temperature and pesticide stresses. Insect Sci. 23, 37-49 (2016).
24. Luo, S., Ahola, V., Shu, C., Xu, C. & Wang, R. Heat shock protein 70 gene family in the Glanville fritillary butterfly and their response
to thermal stress. Gene 556, 132-141 (2015).
25. Mathioudakis, M. M. et al. Pepino mosaic virus capsid protein interacts with a tomato heat shock protein cognate 70. Virus Res. 163,
28-39 (2012).
26. Aparicio, E et al. Virus induction of heat shock protein 70 reflects a general response to protein accumulation in the plant cytosol.
Plant Physiol. 138, 529-536 (2005).
27. Alam, S. B. & Rochon, D. Cucumber necrosis virus recruits cellular heat shock protein 70 homologs at several stages of infection. J.
Virol. 90, 3302-3317 (2016).
28. Chong, K. Y., Lai, C. C. & Su, C. Y. Inducible and constitutive HSP70s confer synergistic resistance against metabolic challenges.
Biochem. Biophys. Res. Commun. 430, 774-779 (2013).
29. Mayer, M. P. Gymnastics of molecular chaperones. Mol. Cell 39, 321-331 (2010).
30. Guerrero, C. A. et al. Heat shock cognate protein 70 is involved in rotavirus cell entry. J. Virol. 76, 4096-4102 (2002).
31. Ivanovic, T., Agosto, M. A., Chandran, K. & Nibert, M. L. A role for molecular chaperone Hsc70 in reovirus outer capsid disassembly.
J. Biol. Chem. 282, 12210-12219 (2007).
32. Chromy, L. R,, Pipas, J. M. & Garcea, R. L. Chaperone-mediated in vitro assembly of polyomavirus capsids. Proc. Natl. Acad. Sci. USA
100, 10477-10482 (2003).

w

SCIENTIFICREPORTS | (2018) 8:4526 | DOI:10.1038/s41598-018-22778-9 13



www.nature.com/scientificreports/

33. Taguwa, S. et al. Defining Hsp70 subnetworks in dengue virus replication reveals key vulnerability in flavivirus infection. Cell 163,
1108-1123 (2015).

34. Pogany, ], Stork, J., Li, Z. & Nagy, P. D. In vitro assembly of the Tomato bushy stunt virus replicase requires the host heat shock
protein 70. Proc. Natl. Acad. Sci. USA 105, 19956-19961 (2008).

35. Serva, S. & Nagy, P. D. Proteomics analysis of the tombusvirus replicase: Hsp70 molecular chaperone is associated with the replicase
and enhances viral RNA replication. J. Virol. 80, 2162-2169 (2006).

36. Wang, R. Y, Stork, J. & Nagy, P. D. A key role for heat shock protein 70 in the localization and insertion of tombusvirus replication
proteins to intracellular membranes. J. Virol. 83, 3276-3287 (2009).

37. Wang, R. Y, Stork, J., Pogany, J. & Nagy, P. D. A temperature sensitive mutant of heat shock protein 70 reveals an essential role during
the early steps of tombusvirus replication. Virology 394, 28-38 (2009).

38. Pogany, J. & Nagy, P. D. Activation of Tomato bushy stunt virus RNA-dependent RNA polymerase by cellular heat shock protein 70
is enhanced by phospholipids in vitro. J. Virol. 89, 5714-5723 (2015).

39. Alam, S. B. & Rochon, D. Evidence that Hsc70 is associated with Cucumber necrosis virus particles and plays a role in particle
disassembly. J. Virol. 91, €01555-16 (2017).

40. Huang, Y. W,, Hu, C. C,, Tsai, C. H,, Lin, N. S. & Hsu, Y. H. Chloroplast Hsp70 isoform is required for age-dependent tissue
preference of Bamboo mosaic virus in mature Nicotiana benthamiana Leaves. Mol. Plant Microbe Interact. 30, 631-645 (2017).

41. Wang, A. Dissecting the molecular network of virus-plant interactions: the complex roles of host factors. Annu. Rev. Phytopathol. 53,
45-66 (2015).

42. Liu, Y., Schiff, M. & Dinesh-Kumar, S. P. Virus-induced gene silencing in tomato. Plant J. 31, 777-786 (2002).

43. Hosokawa, N. et al. Flavonoids inhibit the expression of heat shock proteins. Cell Struct. Funct. 15, 393-401 (1990).

44. Serra-Soriano, M., Antonio Navarro, J. & Pallas, V. Dissecting the multifunctional role of the N-terminal domain of the Melon
necrotic spot virus coat protein in RNA packaging, viral movement and interference with antiviral plant defence. Mol. Plant Pathol.
18, 837-849 (2017).

45. Wang, X. et al. The R-rich motif of Beet black scorch virus P7a movement protein is important for the nuclear localization, nucleolar
targeting and viral infectivity. Virus Res. 167, 207-218 (2012).

46. Chen, Y. et al. Heat shock protein 72 is associated with the hepatitis C virus replicase complex and enhances viral RNA replication.
J. Biol. Chem. 285, 28183-28190 (2010).

47. Mine, A. et al. Differential roles of Hsp70 and Hsp90 in the assembly of the replicase complex of a positive-strand RNA plant virus.
J. Virol. 86,12091-12104 (2012).

48. Dufresne, P. J. et al. Heat shock 70 protein interaction with Turnip mosaic virus RNA-dependent RNA polymerase within virus-
induced membrane vesicles. Virology 374, 217-227 (2008).

49. Yang, J. et al. A furoviral replicase recruits host HSP70 to membranes for viral RNA replication. Sci. Rep. 7, 45590 (2017).

50. Khachatoorian, R. et al. Allosteric heat shock protein 70 inhibitors block hepatitis C virus assembly. Int. J. Antimicrob. Agents 47,
289-296 (2016).

51. Curtis, M. D. & Grossniklaus, U. A gateway cloning vector set for high-throughput functional analysis of genes in planta. Plant
Physiol. 133, 462-469 (2003).

52. Sambrook, J. & Russell, D. Molecular cloning: a laboratory manual. 3rd edn, (Cold Spring Harbor Press, 2001).

53. Yang, H. et al. A mutant CHS3 protein with TIR-NB-LRR-LIM domains modulates growth, cell death and freezing tolerance in a
temperature-dependent manner in Arabidopsis. Plant J. 63, 283-296 (2010).

54. Walter, M. et al. Visualization of protein interactions in living plant cells using bimolecular fluorescence complementation. Plant J.
40, 428-438 (2004).

55. Zhang, Y. et al. Nuclear localization of Beet black scorch virus capsid protein and its interaction with importin o. Virus Res. 155,
307-315 (2011).

56. Zhang, K. et al. The Barley stripe mosaic virus \b protein promotes chloroplast-targeted replication by enhancing unwinding of RNA
duplexes. PLoS Pathog. 13, 1006319 (2017).

57. Hu, Y. et al. Phosphorylation of TGB1 by protein kinase CK2 promotes Barley stripe mosaic virus movement in monocots and dicots.
J. Exp. Bot. 66, 4733-4747 (2015).

58. Johansen, L. K. & Carrington, J. C. Silencing on the spot. induction and suppression of RNA silencing in the Agrobacterium-
mediated transient expression system. Plant Physiol. 126, 930-938 (2001).

59. Chen, H., Nelson, R. S. & Sherwood, J. L. Enhanced recovery of transformants of Agrobacterium tumefaciens after freeze-thaw
transformation and drug selection. BioTechniques 16, 664-668 (1994).

60. Xu, J. et al. Two distinct sites are essential for virulent infection and support of variant satellite RNA replication in spontaneous Beet
black scorch virus variants. J. Gen. Virol. 93,2718-2728 (2012).

61. Hafren, A., Hofius, D., Ronnholm, G., Sonnewald, U. & Makinen, K. HSP70 and its cochaperone CPIP promote potyvirus infection
in Nicotiana benthamiana by regulating viral coat protein functions. Plant Cell 22, 523-535 (2010).

62. Guo, L. et al. Analysis of nucleotide sequences and multimeric forms of a novel satellite RNA associated with Beet black scorch virus.
J. Virol. 79, 3664-3674 (2005).

63. Liu, D. et al. Validation of reference genes for gene expression studies in virus-infected Nicotiana benthamiana using quantitative
real-time PCR. PLoS ONE 7, e46451 (2012).

Acknowledgements

We would like to thank Drs. Xianbing Wang, Jialin Yu, Chenggui Han, and Ying Wang at China Agricultural
University for their valuable comments on this work. We thank Isaiah Mohr at the University of California, Davis
for language editing of this manuscript. We thank Dr. Tetsuro Okuno at the Kyoto University for kindly providing
the plasmids of pBICHA:cYFP-Hsp70, pBICmyc:nYFP-Hsp70, and pET42a-Hsp70, Dr. Michael Goodin at the
University of Kentucky for the RFP-H2B transgenic N. benthamiana seeds. This work was supported by the
National Natural Science Foundation of China (31470253 and 31100115), the Fundamental Research Funds for
the Central Universities (2017SY003), and the Innovative project of SKLAB (2017SKLABI1-6).

Author Contributions

Y.Z., X.W. and D.L. designed the project and wrote the manuscript, X.W., X.C., M.L., R.Z,, X. Zhang, and Z.G.
performed most experiments, X.W., Y.Z. and X. Zhao analyzed the data, K.X. and D.L. contributed through
discussions. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-22778-9.

SCIENTIFICREPORTS | (2018) 8:4526 | DOI:10.1038/s41598-018-22778-9 14


http://dx.doi.org/10.1038/s41598-018-22778-9

www.nature.com/scientificreports/

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:4526 | DOI:10.1038/s41598-018-22778-9 15


http://creativecommons.org/licenses/by/4.0/

	Hsc70-2 is required for Beet black scorch virus infection through interaction with replication and capsid proteins

	Results

	Hsc70-2 was co-purified with BBSV p23 and CP. 
	Hsc70-2 interacts with both p23 and CP in vivo and in vitro. 
	Determination of the regions of Hsc70-2 that are responsible for interaction with p23 and CP. 
	BBSV infection slightly induces the expression of Hsc70-2. 
	Hsc70-2 is essential for BBSV replication in N. benthamiana. 
	The inhibitory effect of CP on BBSV replication is alleviated by overexpression of Hsc70-2. 
	CP impairs the interaction between p23 and Hsc70-2 in a dose-dependent manner. 

	Discussion

	Methods

	Plant material and growth conditions. 
	Plasmid construction. 
	Preparation of Hsc70-2-specific antibody. 
	Mass spectrometry analysis. 
	Co-immunoprecipitation (Co-IP) assay. 
	Expression and purification of recombinant proteins. 
	GST pull-down assay. 
	Agroinfiltration. 
	Confocal laser scanning microscopy. 
	Inhibition of Hsc70-2 expression. 
	Northern blot. 
	Reverse transcription quantitative real-time PCR (RT-qPCR). 
	Data availability statement. 

	Acknowledgements

	Figure 1 Hsc70-2 was co-purified with both BBSV p23 and CP.
	Figure 2 Hsc70-2 interacts with both BBSV p23 and CP.
	Figure 3 Determination of the regions within Hsc70-2 that are responsible for its interaction with CP and p23.
	Figure 4 Hsc70-2 expression was elevated during BBSV infection.
	Figure 5 Hsc70-2 is essential for efficient accumulation of BBSV in N.
	Figure 6 Overexpression of Hsc70-2 alleviated the inhibitory effect of CP on BBSV replication.
	Figure 7 BBSV CP interferes with the interactions between Hsc70-2 and p23 in a dose-dependent manner.




