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ABSTRACT OF DISSERTATION 

HOST RESTRICTION FACTORS IN THE REPLICATION OF TOMBUSVIRUSES: 
FROM RNA HELICASES TO NUCLEOCYTOPLASMIC SHUTTLING 

Positive-stranded (+)RNA viruses replicate inside cells and depend on many cellular 
factors to complete their infection cycle. In the meanwhile, (+)RNA viruses face the host 
innate immunity, such as cell-intrinsic restriction factors that could block virus 
replication.  

Firstly, I have established that the plant DDX17-like RH30 DEAD-box helicase 
conducts strong inhibitory function on tombusvirus replication when expressed in plants 
and yeast surrogate host. This study demonstrates that RH30 blocks the assembly of viral 
replicase complex, the activation of RNA-dependent RNA polymerase function of p92pol 
and viral RNA template recruitment.  

In addition, the features rendering the abundant plant DEAD-box helicases either 
antiviral or pro-viral functions in tombusvirus replication are intriguing. I found the 
reversion of the antiviral function of DDX17-like RH30 DEAD-box helicase and the co-
opted pro-viral DDX3-like RH20 helicase due to deletion of unique N-terminal domains. 
The discovery of the sequence plasticity of DEAD-box helicases that can alter 
recognition of different cis-acting elements in the viral genome illustrates the 
evolutionary potential of RNA helicases in the arms race between viruses and their hosts. 

Moreover, I discovered that Xpo1 possesses an anti-viral function and exports 
previously characterized cell-intrinsic restriction factors (CIRFs) from the nucleus to the 
replication compartment of tombusviruses. Altogether, in my PhD studies, I found plant 
RH30 DEAD-box helicase is a potent host restriction factor inhibiting multiple steps of 
the tombusvirus replication. In addition, I provided the evidence supporting that the N-
terminal domain determines the functions of antiviral DDX17-like RH30 DEAD-box 
helicase and pro-viral DDX3-like RH20 DEAD-box helicase in tombusvirus replication. 
Moreover, I discovered the emerging significance of the Xpo1-dependent nuclear export 
pathway in tombusvirus replication.  

KEYWORDS: Positive strand RNA virus; DEAD-box RNA helicase; protein 
domain function; Nucleocytoplasmic shuttling; Xpo1 
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Chapter 1 

Introduction 

1.1 Tombusviruses 

Tombusviruses belong to the family tombusviridae. The type species in the group 

is tomato bushy stunt virus (TBSV). TBSV encapsidates a single copy of a ~4,800 

nucleotide long, single-stranded, positive-sense RNA genome with a 5’ non-capped 

and 3’ non-polyadenylated end structure [1]. There are many cis-acting elements 

within its viral genome which have critical functions in many fundamental virus 

processes, including virus disassembly, translation, replication, subgenomic mRNA 

transcription, and packaging [2].  

TBSV encodes five viral proteins including replication proteins p33 and p92pol, a 

capsid protein p42, a movement protein p22, and a gene silencing suppressor p19 [3, 

4]. The replication proteins are translated from 5’-proximal of TBSV ORFs, where the 

sequence of p33 overlaps with the N-terminus of p92 pol. However, p33 and p92pol 

represent noncomplementary functions during tombusvirus replication [5]. The role of 

p33 is an auxiliary replication cofactor [6, 7]. It possesses several functional domains, 

including a RNA binding domain (named RPR)[8], two trans-membrane domains [9] 

and a p33:p33/p92 interaction domain (composed of S1 and S2 subdomains)[10]. 



2 
 
 

Briefly, RPR, which allows p33 to bind the viral RNA, is essential for p33 function, 

while the p33:p33/p92 interaction domain is responsible for the multimerization of 

p33 proteins and the interaction between p33 and p92pol. Moreover, the RPR and 

p33:p33/p92 domains together allow p33 to specifically recognize and bind to the 

TBSV RNA p33RE region, which forms a stem loop structure containing a C-C mis-

match named RII(+)-SL, for TBSV RNA template recruitment [11, 12]. 

Another replication protein, p92pol, is a translational read-through of the p33 UAG 

stop codon, which results in a 20-30 times more of p33 amount than p92pol during 

replication [5, 13]. Besides having the same corresponding domains to p33 [10, 14], 

p92pol has a RNA-dependent RNA polymerase (RdRp) domain that is responsible for 

synthesizing the viral RNA progeny [15]. 

Like many other plus-stranded RNA viruses, such as hepatitis C virus, dengue 

virus, and Zika virus, TBSV remodels host intracellular membranes to build multi-

vesicle body- like viral replication compartments [16, 17]. The VRCs of TBSV are 

about 70 nm on the cytosolic side of peroxisome membranes [18, 19], while other 

viruses replicate on the membranes of endoplasmic reticulum, vacuole, or chloroplast 

[20, 21]. The function of VRCs is vital for viral replication, concentrating viral and 

host proteins to facilitate virus replication and also to protect viral RNA from cellular 

RNases and antiviral responses [16, 22]. 
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1.2 Yeast as a surrogate host to study virus-host interaction 

 

In order to gain insight into host-virus interactions, genome-wide screens can be 

comprehensive strategies to identify host factors that influence virus replication[23]. 

In comparison with other eukaryotic organisms, yeast Saccharomyces cerevisiae has a 

relatively small genome (~6000 genes), and 75% of the genes has been addressed for 

functions and subcellular localizations (http://www.yeastgenome.org/). Moreover, 

yeast possesses many fundamental and functionally conserved genes and pathways 

compared to other eukaryotes, for example, vesicle trafficking, actin network, 

microtubules, protein chaperones, nucleic acid and protein modifying factors, as well 

as glycolysis pathway, protein translation and lipid synthesis [24]. Therefore, yeast 

has been developed as a surrogate host for TBSV to study virus replication and 

recombination at a single cell level [5, 7, 24]. In this TBSV-based yeast system, the 

replication proteins p33 and p92pol as well as TBSV replicon RNA, named defective 

interfering RNA (DI RNA), are expressed from plasmids. With the help of p33 and 

p92pol, the TBSV repRNA can be replicated in an asymmetric manner [25]. 

Furthermore, many yeast strain collections, including a YKO gene deletion library, 
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the essential gene knockdown library (yTHC, yeast tet promoter Hughes Collection), 

the protein over-expression library and the temperature-sensitive library of essential 

genes, have been firmly established, which therefore facilitate genome-wide screening 

to identify host factors that are involved in TBSV replication [26-30].  

 

1.3 In vitro yeast cell-free based system for the mechanistic studies 

 

In order to gain more insight into host-tombusvirus interaction, an in vitro yeast 

cell-free extract (CFE) based assay has been developed to allow mechanistic studies 

[31, 32]. In the yeast CFE based assay, CFE preparation provides membranes and host 

factors for the in vitro assembly of membrane-bound tombusviral replicase. The added 

recombinant p33 and p92pol replication proteins are able to utilize the added 

(+)repRNA template for one complete cycle of replication, including viral RNA 

template recruitment, replicase assembly, RdRp activation, (-)RNA and (+)RNA 

synthesis [31-33]. The yeast CFE prepared from various yeast strain collections, such 

as YKO gene deletion library and temperature-sensitive library of essential genes, can 

be employed to dissect the mechanisms of host factors or subcellular pathways 

involved in tombusvirus replication [34-42]. 
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1.4 Cell intrinsic restriction factors against TBSV identified by our lab 

 

After centuries of being co-evolved with viruses, hosts have developed distinct 

strategies against virus invasion. Among all the anti-viral strategies, even though 

plants have different immune systems from animals [43], cell-intrinsic restriction 

factors (CIRF) are host cellular proteins that stand on the first line of defense 

suppressing viral replication and propagation in plants and humans [24, 44-51]. 

During virus infection, CIRF with anti-viral functions can affect various stage of the 

(+)RNA virus life cycle, including translation, assembly of the viral replicase 

complex, replication and release. 

Protein cochaperones have also been found inhibiting virus replication. Yeast 

Cns1p, a cochaperone for heat shock protein 70 (Hsp70) and Hsp90 chaperones, 

interacted with TBSV replication proteins and blocked the assembly of virus replicase 

complex as well as RNA synthesis [52]. This CIRF contains a tetratricopeptide repeat 

(TPR) domain, which is also carried by another documented yeast CIRF cyclophilin 

Cpr7p [53], suggesting several TPR-containing cellular proteins might perform as 

CIRF.   
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On the other hand, host ribonuclease also can act as CIRF against virus infections. 

Cellular Xrn1 cytoplasmic – exoribonuclease (plant ortholog Xrn4) has been 

shown to degrade tombusvirus RNA and to decrease the emergence of truncated viral 

RNA products [54]. 

Another intriguing CIRF is cellular cofilin, an actin depolymerization factor. 

Cofilin dissembles actin filaments and modulates the dynamics of the actin network. 

TBSV p33 replication protein has shown to bind cofilin and therefore blocked the 

severing of actin filaments and the formation of new actin filaments [39]. This process 

facilitates TBSV to co-opt cellular factors and lipids. On the contrary, overexpression 

of cofilin suppressed TBSV replication likely through keeping the TBSV from 

recruiting essential host factors. 

A few of the host RNA-binding proteins have been found as CIRFs involved in 

limiting virus infection [51]. For example, nucleolin (yeast ortholog Nsr1p), and RNA 

binding protein, has been shown to interfere the recruitment of TBSV RNA for viral 

replication [55]. In addition, Cyclophilin A (Cpr1p in yeast; Roc1 in plant) bound to 

the TBSV RNA, led to the inhibition of the VRC assembly and RNA synthesis[56].  

 

1.5 DEAD-box RNA helicases: potent players in RNA virus infections 

Nearly all known RNA metabolism in eukaryotes is associated with RNA helicases 
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[57, 58]. DEAD-box helicases are the largest group of RNA helicase superfamily II 

(SF2) [59]. This group of RNA helicases is named by the feature of carrying a 

conserved amino acid sequence of D-E-A-D in motif II [59]. The ATPase domain of 

DEAD-box RNA helicases contributes to the binding and hydrolysis of ATP, while the 

helicase domain is responsible for unwinding activity. Most DEAD-box RNA 

helicases reported to date require only ATP binding to separate RNA duplexes [60-

62], while they need hydrolysis of ATP to be dissociated from RNA and therefore be 

recycled for the next unwinding [61]. Moreover, it has been reported that ATP changes 

the affinity of helicases to bind to RNA. Unlike DNA helicases and other RNA 

helicases translocating on the substrate, DEAD-box RNA helicases directly load onto 

the RNA duplex and locally separate strands in an ATP-dependent manner [57, 63-

67]. Beside the helicase core domain, all SF1 and SF2 helicases possess N- and C- 

terminal domains [57], which normally retain specific functionalities including 

protein binding domains (such as the CARD domain in RIG-I) [68, 69], DNA- or 

RNA-binding domains [70] and oligomerization modules [71]. N- and C-terminal 

domains has been shown to be critical for the specificity of cellular functions by 

facilitating the recruitment of nucleic acid or proteins to particular complexes [72-74]. 

Recently, host cellular DEAD-box RNA helicases has been reported to be involved 

in various steps in the life cycle of many (+)RNA viruses, such as hepatitis C virus, 
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influenza A virus, potyviruses and tombusviruses [75-79]. Moreover, through 

systematic genome-wide screens and proteomic approaches, 11 yeast cellular RNA 

helicases have been identified to be involved in TBSV infections, indicating the 

importance of cellular RNA helicases in TBSV infections [80, 81]. 

According to the intriguing roles of cellular RNA helicases in RNA virus 

infections, I hypothesized that there are DEAD-box RNA helicases as restriction 

factors against tombusvirus replication. Screens to identify novel functions of plant 

DEAD-box helicases in tombusvirus infections will be discussed in Chapter 2. A 

mechanistic study for the anti-viral activity of a newly identified DEAD-box helicase 

will be characterized in Chapter 3. On the other hand, we have found that two cellular 

DEAD-box helicases containing similar amino acid sequence have completely 

opposite roles in tombusvirus replication. The role of N- or C- terminal domains in 

determining the specificity of helicase activities in tombusvirus replication will be 

discussed in Chapter 4. Moreover, there are many nuclear RNA-binding proteins 

identified as restriction factors against RNA virus replication. I hypothesized that 

Xpo1-mediated nucleocytoplasmic shuttling pathway contributes the export of nuclear 

restriction factors to the viral replication compartments. How Xpo1-mediated export 

of nuclear-localized restriction factors will be discussed for its involvement in 

tombusvirus replication in Chapter 5. 
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Chapter 2 

Screening plant DEAD-box RNA helicases reveals an inhibitory role of AtRH30 

DEAD-box helicase in tombusvirus replication 

 

 

2.1 Introduction 

 

Plus-stranded RNA [(+)RNA] viruses replicate and produce RNA progeny in 

membrane-bound viral replication compartments of infected cells [5, 82-85]. During 

infection, many host factors are co-opted by (+)RNA viruses to aid the replication, 

while others possess restriction functions by blocking distinct steps of viral replication 

[24, 85-90]. Recently, an emerging picture of the role of host cellular proteins in 

(+)RNA viruses was revealed by genome-wide screens performed with several RNA 

viruses such as tomato bushy stunt virus (TBSV), brome mosaic virus (BMV), West 

Nile virus, hepatitis C virus (HCV) and dengue virus [23, 29, 46, 91-93]. 

Since yeast Saccharomyces cerevisiae has been developed as a surrogate host, 

TBSV has emerged as a model virus for identification of host cellular factors affecting 

virus replication [5, 24, 29, 88]. TBSV is a nonsegmented small (+)RNA virus that 

requires two viral replication protein p33 and p92pol for the viral replication. Although 
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sequence of p33 overlaps the N-terminus of p92pol, these two viral proteins play 

distinct roles from each other in TBSV replication. p33, which possesses RNA 

chaperone activity, is responsible for recruiting the TBSV (+)RNA to the site of 

replication, the cytosolic surface of the peroxisomal membrane [10-12, 94, 95]. On 

the other hand, p92pol plays the role of RNA-dependent RNA polymerase (RdRp) and 

is recruited by p33 to form a functional viral replicase complex on intracellular 

membranes [10, 15, 32, 96, 97]. 

Based on high-through put screens and proteomic approaches with a TBSV-

based yeast system, approximately 500 different yeast proteins affecting TBSV 

replication have been identified [5, 26, 27, 29, 80, 98]. Among these, at least seven 

proteins, such as TBSV p33, TBSV p92pol, heat shock protein 70 chaperones (Hsp70), 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), pyruvate decarboxylase 

(Pdc1), Cdc34p ubiquitin conjugating enzyme and eukaryotic translation elongation 

factor 1A (eEF1A) have been documented as essential components of a functional 

viral replicase complex during TBSV replication [15, 80, 98-102]. Moreover, 11 yeast 

cellular RNA helicases, including Ded1p, Dbp2p, Sen1p, Fal1p, Prp22, Has1p, Prp5p, 

Dbp7p, Dbp3, Irc5p and Tif1p, have been identified, suggesting many cellular RNA 

helicases might be involved in TBSV infections [80, 81]. 

Host cellular DEAD-box RNA helicases has been reported to participate in the 
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replication of many (+)RNA viruses such as hepatitis C virus, influenza A virus, 

potyvirus and tombusvirus [75-79]. The mechanistic functions of cellular DEAD-box 

helicases in viral replication have been especially well documented in the case of 

TBSV. It has been reported that yeast DDX3-like Ded1 DEAD-box helicase (RH20 in 

plants) binds to the 5’ region of the TBSV (+)RNA and releases p92 RdRp from the 

(+)RNA as long as the (-)RNA synthesis is finished [103]. Yet, TBSV likely utilizes 

this feature of Ded1 to suppress viral RNA recombination, which depends on the 

association of the viral RdRp to the RNA template during the template-switching step 

and facilitates RNA replication [103]. In addition, it was found that a group of cellular 

DEAD-box helicases including yeast Ded1p, Dbp2p and plant AtRH20 can separate 

the 5’ region of the double-stranded TBSV RNA intermediates, where the promoter of 

(+)RNA synthesis initiation and a 3’-proximal replication enhancer locate, during the 

(+)RNA synthesis [78, 104]. This process locally opens the dsRNA structure and 

allows p92pol to access the (-)RNA template efficiently for (+)RNA synthesis. 

Moreover, a second group of cellular DEAD-box helicases, eIF4AIII-like yeast Fal1p 

(plant ortholog AtRH2) and the DDX5-like yeast Dbp3p (plant ortholog AtRH5) have 

been shown to stimulate TBSV replication in yeast and plants [79]. Different from 

Ded1p, Dbp2p and plant AtRH20 described earlier, the second group of DEAD-box 

helicases binds to a proximal cis-acting sequence of the TBSV RNA, which has 
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been reported as a RNA replication enhancer [5’ (-)REN] element [105, 106]. The 

dsRNA replication intermediate within the (-)REN can be separated by eIF4AIII-

like AtRH2 and DDX5-like AtRH5. These features lead to a proposed model that 

local unwinding of the dsRNA structure within the (-)REN allows a long-range 6-

bp RNA-RNA interaction between the bridge sequence of  (-)REN and 3’ proximal 

of (-)RNA, which is opened by Ded1p, Dbp2p and DDX3-like AtRH20 [79, 107]. 

This long-range RNA-RNA interaction likely circularizes the (-)RNA template and 

therefore facilitates multiple rounds of p92pol-mediated (+)RNA synthesis, resulting in 

an asymmetric nature of RNA synthesis [83, 108, 109]. 

To gain further knowledge of the roles of cellular helicases in tombusvirus 

replication, I have tested twelve Arabidopsis cellular DEAD-box helicases that highly 

express in plant root and leaf tissues, where tombusviruses highly accumulate. While 

the transient expression of most cellular DEAD-box helicases selected affected 

tombusvirus accumulation, AtRH30 strongly inhibited the accumulation of tomato 

bushy stunt virus (TBSV), cucumber necrotic virus (CNV) and carnation Italian 

ringspot virus (CIRV) in Nicotiana benthamiana plants. In the wild-type yeast and 

two Ded1p temperature-sensitive yeast mutants, AtRH30 reduced the TBSV repRNA 

replication more than other inhibitory plant helicases. We also observed that AtRH30 

interacted with TBSV p33 but not p92 replication protein. Overall, I have identified a 
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new plant DEAD-box helicase playing a role as a restriction factor in tombusvirus 

replication. 

 

2.2 Materials and methods 

 

Yeast strain and expression plasmids. Parental yeast strain BY4741 (MATa his3

leu2 ura3 ) was purchased from Open Biosystems.  

    The RT-PCR products of Arabidopsis DEAD-box helicases were obtained from 

Arabidopsis cDNA as follows: The sequence of RH3 was PCR-amplified with 

primers #5974 and #5975, followed by the digestion with XhoI and SpeI. The digested 

product was ligated to XhoI/XbaI-digested pGD vector and pYC2/NT vector, 

respectively, resulting in pGD-RH3 and pYC-RH3. RH4 was RT-PCR-amplified with 

primers #4813 and #4871, followed by the digestion with BamHI and SalI. The 

BamHI/SalI-digested product was ligated to BamHI/SalI-digested pGD vector and 

BamHI/XhoI-digested pYC2/NT vector, resulting in pGD-RH4 and pYC-RH4. In 

addition, the PCR product of RH6 was amplified with primers #5980 and #5981, 

followed by the digestion with XhoI and XbaI. The XhoI/XbaI-digested product was 

ligated to XhoI/XbaI-digested pGD vector and pYC2/NT vector, resulting in pGD-

RH6 and pYC-RH6. Besides, the PCR product of RH8 was amplified with primers 
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#5745 and #5744, followed by the digestion with BamHI and XbaI. The BamHI/XbaI-

digested product was ligated to BamHI/XbaI-digested pGD vector and BamHI/XbaI-

digested pYC2/NT vector, resulting in pGD-RH8 and pYC-RH8. On the other hand, 

the PCR product of RH12 was amplified with primers #5748 and #5747, followed by 

the digestion with BamHI and SacI or NotI. The BamHI/SacI or BamHI/NotI-digested 

products were ligated to BamHI/SacI-digested pGD vector or BamHI/NotI-digested 

pYC2/NT vector, resulting in pGD-RH12 and pYC-RH12. The PCR product of RH14 

was amplified with primers #5182 and #3050, followed by the digestion with BamHI 

and XhoI. The BamHI/XhoI-digested products were ligated to BamHI/XhoI-digested 

pGD or pYC2/NT vector, resulting in pGD-RH14 and pYC-RH14. Furthermore, the 

PCR product of RH19 was amplified with primers #5751 and #5750, followed by the 

digestion with XhoI and XbaI. The digested product was ligated to XhoI/XbaI-digested 

pGD vector and pYC2/NT vector, resulting in pGD-RH19 and pYC-RH19. Moreover, 

the PCR product of RH30 was amplified with primers #5754 and #5753, followed by 

the digestion with XhoI and XbaI. The digested product was ligated to XhoI/XbaI-

digested pGD vector and pYC2/NT vector, resulting in pGD-RH30 and pYC-RH30. 

The PCR product of RH37 was amplified with primers #5982 and #5983, followed by 

the digestion with BamHI and XbaI. The BamHI/XbaI-digested product was ligated to 

BamHI/XbaI-digested pGD vector and BamHI/XbaI-digested pYC2/NT vector, 
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resulting in pGD-RH37 and pYC-RH37. Also, the sequence of RH40 was PCR-

amplified with primers #5978 and #5979, followed by the digestion with BamHI and 

XbaI. The BamHI/XbaI-digested product was ligated to BamHI/XbaI-digested pGD 

vector and pYC2/NT vector, resulting in pGD-RH40 and pYC-RH40. Likewise, the 

PCR product of RH41 was amplified with primers #5972 and #5973, followed by the 

digestion with BamHI and XbaI. The BamHI/XbaI-digested product was ligated to 

BamHI/XbaI-digested pGD vector and pYC2/NT vector, resulting in pGD-RH41 and 

pYC-RH41. Yet, the PCR product of RH46 was amplified with primers #5976 and 

#5977, followed by the digestion with XhoI and XbaI. The XhoI/XbaI-digested 

product was ligated to XhoI/XbaI-digested pGD vector and pYC2/NT vector, resulting 

in pGD-RH46 and pYC-RH46. 

    In order to detect the interaction between Arabidopsis DEAD-box helicases and 

TBSV p33 or p92 replication proteins, the sequences of helicases were fused to NubG 

prey constructs at either 5’ or 3’-proximal ends (pPR3N-RE or pPR3C-RE). The PCR-

product of RH3 was amplified with primers #6374 and #6375 from plasmid pGD-

RH3, followed by the digestion with ApaI and NheI. The ApaI/NheI-digested product 

was ligated to ApaI/NheI-digested pPR3N-RE or pPR3C-RE vector, generating 

pPR3N-RH3 and pPR3C-RH3. The sequence of RH8 was PCR-amplified with 

primers #5745 and #6370 from plasmid pGD-RH8, followed by the digestion with 
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BamHI and NcoI. The BamHI/NcoI-digested product was ligated to BamHI/NcoI-

digested pPR3N-RE or pPR3C-RE vector, generating pPR3N-RH8 and pPR3C-RH8. 

The PCR-product of RH14 was amplified with primers #5182 and #6373 from 

plasmid pGD-RH14, followed by the digestion with BamHI and NcoI. The 

BamHI/NcoI-digested product was ligated to BamHI/NcoI-digested pPR3N-RE or 

pPR3C-RE vector, generating pPR3N-RH14 and pPR3C-RH14. The sequence of 

RH30 was PCR-amplified with primers #6371 and #6372 from plasmid pGD-RH30, 

followed by the digestion with EcoRI and NcoI. The EcoRI/NcoI-digested product 

was ligated to EcoRI/NcoI -digested pPR3N-RE or pPR3C-RE vector, generating 

pPR3N-RH30 and pPR3C-RH30. 

 

TBSV replication assay in yeast. To test the effect of plant helicases on TBSV 

replication in yeast, Saccharomyces cerevisiae strain BY4741, cells were transformed 

with both LpGAD-CUP1::HisFlag-p92 and HpGBK-CUP1::HisFlag-p33/GAL1::DI-

72 along with one of the following plasmids: pYC-empty (as a control), pYC-RH8, 

pYC-RH12, pYC-RH14, pYC-RH19, pYC-RH30, pYC-RH3, pYC-RH6, pYC-RH37, 

pYC-RH40, pYC-RH41 or pYC-RH46 as described [103]. The transformed yeast 

cells were cultured in SC-ULH- media containing 2 % galactose and 0.1 mM 

bathocuproine disulfonate (BCS) at 29 C for 18 h, followed by the incubation in SC-
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ULH- media containing 2 % galactose and 50 M CuSO4 at 23 C for 24 h. On the 

other hand, two yeast strains, ts-ded1-95 and ts-ded1-199, carrying temperature-

sensitive (ts) mutants of Ded1p were also used for the depletion of the endogenous 

Ded1 pool. The transformation for the two ts-yeast cells was performed as previously 

described [103]. The resulting yeast cells were then grown in SC-ULH- media 

containing 2 % galactose and 0.1 mM BCS at 29 C for 18 h, followed by the 

incubation in SC-ULH- media containing 2 % galactose and 50 M CuSO4 at 29 C 

for 24 h [103]. The obtained yeast cells were used for further Northern blotting and 

Western blotting assays [10]. 

 

Tombusvirus accumulation in N. benthamiana plants expressing Arabidopsis 

DEAD-box helicases. In order to test the function of Arabidopsis DEAD-box 

helicases in tombusvirus infection, N. benthamiana plants were co-infiltrated with 

Agrobacterium carrying pGD-P19 (OD600 0.2) as well as pGD-empty (as a control), 

pGD-RH4, pGD-RH6, pGD-RH8, pGD-RH12, pGD-RH14, pGD-RH19, pGD-RH30, 

pGD-RH37, pGD-RH40, pGD-RH41 or pGD-RH46 (OD600 0.6 for each). For the test 

of CNV accumulation, the plants were also simultaneously co-infiltrated with 

Agrobacterium carrying pGD-CNV20Kstop (OD600 0.2). For TBSV or CIRV infection, 

the agro-infiltrated leaves of N. benthamiana plants were inoculated with TBSV or 
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CIRV crude sap inoculum. The leaves were collected at 2.5 days post inoculation 

(dpi) for CNV tests; 2 dpi for TBSV and CIRV tests for further RNA extraction and 

Northern blotting analysis as described [79].  

 

Split-ubiquitin-based yeast two hybrid assay. To test if DEAD-box helicases 

interact with TBSV p33 and p92 replication proteins, we performed a split-ubiquitin 

based, yeast two hybrid assay as previously described [98, 110, 111]. The yeast strain 

NMY51was transformed with the bait expression vector pGAD-BT2-N-His92 or 

pGAD-BT2-N-His33 [98] along with prey expression vector pPR3N-RE (as a 

control), pPR3N-RH3, pPR3N-RH8, pPR3N-RH14, pPR3N-RH30, or pPR3N-SSA1 

(as a positive control). The transformed yeast cells were plated on synthetic minimal 

medium plates lacking Trp and Leu (TL-). The obtained yeast colonies were then re-

suspended in water and transferred to plates lacking Trp, Leu, His and Ade (TLHA-) 

for another 3 to 5 days at 29°C to detect the interaction between prey and bait.  

 

2.3 Results 

 

Expression of Arabidopsis DEAD-box RNA helicases to identify new cell-intrinsic 

restriction factors in N. benthamiana plants. The mechanistic functions of several 
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yeast DEAD-box RNA helicases and their Arabidopsis orthologs involved in 

tombusvirus replication as pro-viral factors have been addressed in detail [78, 79, 

104]. Compared to the yeast genome, Arabidopsis encodes two times as many cellular 

DEAD-box RNA helicases (58 versus 26) [112, 113]. Most of them are not well-

characterized and their functions in virus replication remain unknown. Therefore, I 

wanted to know if other Arabidopsis DEAD-box RNA helicases play a role in 

tombusvirus replication. A screening composed of two small groups of Arabidopsis 

DEAD-box RNA helicases, which are well characterized with functions in their yeast 

or human orthologs (Table 1), was performed to test if the transient expression of 

Arabidopsis DEAD-box helicases affects tombusvirus infection in N. benthamiana 

plants.  

Firstly, N. benthamiana plants were infiltrated with Agrobacterium to express 

RH4, RH8, RH12, RH14, RH19, and RH30, respectively, and challenged by the 

infection of peroxisome-replicating cucumber necrosis virus (CNV), peroxisome-

replicating tomato bushy stunt virus (TBSV), and mitochondria-replicating carnation 

Italian ringspot virus (CIRV), respectively (Fig. 2.1 A, B, and C). We found that RH4 

and RH8 did not influence the accumulation of CNV and CIRV but inhibited TBSV 

accumulation by ~60 % in the inoculated leaves. Besides, both RH12 and RH30 

showed inhibitory activities against CNV and TBSV, while RH30 possessed broader 
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restriction effect against a mitochondria-replicating CIRV. Notably, the accumulation 

of all three tombusviruses tested were blocked by 70 - 90% when RH30 was 

transiently expressed. In addition, RH14 stimulated the accumulation of CIRV by 3-

fold but inhibited TBSV accumulation by 60 %. The transient expression of RH19 

enhanced CIRV accumulation by 2-fold but had no effect on CNV and TBSV 

accumulation.  

On the other hand, the transient expression of RH3, RH6, RH37, RH40, RH41, 

and RH46 via Agrobacterium infiltration in N. benthamiana plants was performed 

with the infection of CNV, TBSV and CIRV, respectively (Fig. 2.2 A, B, and C). The 

results show that RH3 decreased the accumulation of CNV and TBSV by ~35 % but 

not CIRV. The transient expression of RH6 only had inhibitory activity against CIRV 

by decreasing 40 % of virus accumulation. Interestingly, the accumulation of CIRV 

and TBSV but not a closely related CNV was stimulated by 2-fold when RH37 was 

transiently expressed. In addition, the expression of RH40 generally reduced the 

accumulation of CNV, TBSV and CIRV by ~15 %. The transient expression of RH41 

reduced CNV accumulation by ~70 % but not the closely-related tombusviruses 

TBSV and CIRV. Furthermore, the transient expression of RH46 did not influence 

accumulation of any of the viruses tested. Altogether, 11 out of 12 Arabidopsis 

DEAD-box helicases affected tombusvirus accumulations one way or the other, while 
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RH30 showed strong and consistent restriction activities blocking CNV, TBSV and 

CIRV accumulation in plants. 

 

Screening of Arabidopsis DEAD-box helicases affecting TBSV RNA accumulation 

in yeast. To test if Arabidopsis DEAD-box helicases could affect TBSV repRNA 

replication, we took the advantage of an efficient tombusvirus replication system 

established previously in yeast. Five Arabidopsis DEAD-box helicases including 

RH8, RH12, RH14, RH19 and RH30 that have shown intriguing activities in previous 

plant screening were expressed in yeast cells based on a low-copy expression vector 

pYC. The TBSV repRNA replication was also launched in the same yeast cells. In this 

study, I used not only wild-type (wt) strain BY4741 yeast but also two strains carrying 

temperature-sensitive (ts) mutants of Ded1p, named ts-ded1-95 and ts-ded1-199, to 

deplete the pro-viral Ded1p DEAD-box helicase [28, 114]. Interestingly, the 

expression of most helicases enhanced TBSV replication in wt yeast, except for RH30 

which did not influence TBSV replication (Fig. 2.3 A). On the other hand, yeast cells 

of ts-ded1-95 or ts-ded1-199 grown at semi-permissive temperature (29 °C) to test if 

Arabidopsis DEAD-box helicases could affect TBSV repRNA replication. The semi-

permissive temperature for yeast growth was settled about 4 °C below the non-

permissive temperature, resulting in partial inactivation of the ts-ded1 essential 
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function [28]. Note that the ts-ded1 mutant was expressed as the only copy of a given 

gene in this haploid yeast system. In the ts-ded1-95 yeast cells, the expression of all 

selected RNA helicases had no significant function to TBSV replication (Fig. 2.3 B). 

On the contrary, in the yeast cells of ts-ded1-199, the TBSV repRNA replication was 

inhibited by 40-60 % by the expression of RH14 and RH30 (Fig. 2.3 C). For the 

expression of selected RNA helicases, I used a low-copy expression vector pYC-NT. 

However, I found that the expression of RH30 reduced TBSV replication by 80 % in 

wt yeast cells when a high-copy expression vector was employed (will be discussed in 

Chapter 3). Altogether, these results suggest that RH30 plays an inhibitory role in 

TBSV repRNA replication in yeast. 

 

Screening Arabidopsis DEAD-box helicases interacting with tombusvirus 

replication proteins in membrane yeast two-hybrid split-ubiquitin assay. To test if 

Arabidopsis DEAD-box helicases could interact with the tombusvirus p33 and p92 

replication proteins in the intracellular membranes, we performed membrane yeast 

two-hybrid (MYTH) split ubiquitin screens. The cDNA of Arabidopsis DEAD-box 

helicases including RH3, RH8, RH14 and RH30 were fused to the NubG prey 

construct either at the 5’ or 3’- proximal positions (NubG-x or x-NubG) [115, 116]. In 

comparison with NubG-x prey vector control, the counts of yeast colonies expressing 
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fusion of RH3, RH8, RH14 and RH30 are 3, 6, 5 or 3-fold (Fig. 2.4A, lane 2), 

respectively. In addition, the counts of yeast colonies expressing fusion of RH3, RH8, 

RH14 and RH30 are 20, 15, 2.5 and 2.5-fold, respectively, (Fig. 2.4B, lane 1) as many 

as x-NubG control. The results of MYTH assay revealed that RH3, RH8, RH14 and 

RH30 interacted with TBSV p33 replication protein. Moreover, when the p92 bait was 

co-expressed in yeast cells, the counts of yeast colonies expressing the fusion of 

NubG prey to RH8 and RH14 shows the interaction between p92 replication protein 

and RH3 (Fig. 2.5B, lane 3), RH8 (Fig. 2.5A, lane 4) and RH14 (Fig. 2.5A, lane 4; 

2.5B, lane 3), respectively. On the contrary, RH30 did not interact with p92 

replication protein when fused to NubG at 5’- or 3’-proximal positions (Fig. 2.5 A and 

B). 

 

2.4 Discussion 

 

Many host DEAD-box helicases are involved in plus-stranded RNA virus 

replication [76, 77, 117, 118]. Previous reports have addressed mechanistic studies on 

how co-opted host DEAD-box RNA helicases are critical for the replication of 

Tomato bushy stunt virus (TBSV) in yeast and plants. These pro-viral helicases are the 

eIF4AIII-like AtRH2/AtRH5 and the DDX3-like Ded1/AtRH20, which promote plus-
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strand synthesis through locally unwinding the viral dsRNA replication intermediate 

[78, 79]. However, the possible roles of many cellular helicases are not well 

characterized in virus replication. According to previous yeast genome-wide screens 

and global proteomic approaches with TBSV, 11 yeast cellular RNA helicases were 

identified that could be involved in TBSV replication [80, 81], while plant RNA 

helicases remain largely unknown. As a result, we performed several screens to 

identify novel roles of Arabidopsis DEAD-box helicases during tombusvirus 

infection. First of all, the transient expression of twelve Arabidopsis DEAD-box 

helicases in N. benthamiana plants showed 11 out of 12 helicases are functional in 

peroxisome-replicating TBSV or a closely-related CNV or mitochondria-replicating 

CIRV infection. Notably, AtRH14 showed inhibitory activity against TBSV 

accumulation but pro-viral functions to an unrelated CIRV. The previous studies of 

AtRH14 yeast ortholog (Dbp2p) (Table 2.2) with TBSV and human ortholog (DDX5) 

(Table 2.2) with Japanese encephalitis virus (JEV) have shown to bind viral RNA and 

stimulate viral replication [104, 119]. This suggests that AtRH14 can be a potent 

candidate to study features of TBSV RNA, by comparing the sequences of TBSV and 

CIRV and JEV, determine the function of co-opted helicases in terms of viral 

replication. On the other hand, AtRH30 retained a broad range of restriction against 

TBSV, CNV and CIRV. In addition, the AtRH30 human ortholog DDX17 (Table 2.2) 
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has been shown to bind stem-loops of host pri-miRNA, which therefore facilitates 

miRNA processing, as well as to bind an essential stem loop in rift valley fever virus 

(RVFV) RNA to restrict infection [120]. This suggests that AtRH30 might possess a 

novel restriction activity through RNA binding in tombusvirus infections. 

Yeast has been developed as a surrogate host for TBSV to study replication at a 

single cell level [5, 7, 24]. Expression of five Arabidopsis DEAD-box helicases in 

yeast wild-type (wt) strain BY4741 revealed that RH8, RH12 and RH14 enhanced 

TBSV replication in yeast, which is opposite to the inhibitory activities shown in the 

plant screening. Interestingly, the partial inactivation of yeast Ded1 DEAD-box 

helicase by growing yeast temperature-sensitive (ts) mutants (ts-ded1-199) at semi-

permissive temperature led to the inhibition of TBSV replication by the expression of 

AtRH14. This suggest that yeast Ded1 (plant ortholog AtRH20) might influence the 

function of AtRH14 in TBSV replication since it has been reported that many co-

opted factors work tightly in TBSV replication [40, 79, 80]. Similar to plant results, 

AtR30 showed restriction activities against TBSV replication in ts-ded1 yeast 

mutants, suggesting the possibility of AtRH30 is involved in TBSV infection by 

blocking viral replication. 

I have also characterized that AtRH3, AtRH8, AtRH14 and AtRH30 interacted 

with TBSV replication proteins. Although the role of protein-protein interaction needs 
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further investigation, it seems likely that TBSV replication proteins interact with a 

number of host RNA helicases. 

In this paper, we have identified AtRH30 DEAD-box helicase as a cellular 

restriction factor by plant and yeast screens. Further mechanistic studies are required 

to gain insight of TBSV replication. 
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Table 2.1 
 

N.O. of 
primers 

Sequences 

3050 CGGCTCGAGGTCGACTCATCTGTGTTTCATCATCATC 
4813 CCAGGGATCCATGGCAGGATCTGCACCAGAAG 
4871 CCAGGTCGACTCACAGCAGATCGGCCACGTTC 
5182 GCCGGATCCATGGCTGCTACCGCTGCTG 
5744 CGCGTCTAGATTATTGGCAATAAATTGCC 
5745 CGCGGGATCCATGAACAATCGAGGAAGGT 
5747 CGCGGAGCTCGCGGCCGCTTACTGACAGTAGATTGCTTGATC 
5748 CGCGGGATCCATGAATACTAACAGAGGAAG 
5750 CGCGTCTAGATCACAGCAAATCAGCCACGT 
5751 CGCTCGAGATGGCAGGATCCGCACCGGAA 
5753 CGCGTCTAGATTACCAAGTCCTCTTTCCAC 
5754 CGCGCTCGAGATGAGCTCGTATGATCGTAG 
5972 CGCGGGATCCATGAACGAAGAAGGCTGCGT 
5973 CGCGTCTAGATCAGTACCCAACCCTTCTC 
5974 CGCGCTCGAGATGGCGTCGACGGTAGGAGT 
5975 CGCGACTAGTCTAAAATCCTCTCTTATCAGGAC 
5976 CGCGCTCGAGATGGCTGCTACTGCTTCTGC 
5977 CGCGTCTAGATTATCTATTTTTCATCATCATCGCCTC 
5978 CGCGGGATCCATGGCCACAACAGAAGATAC 
5979 CGCGTCTAGATTAGGGTTCTTCATCAACCAC 
5980 CGCGCTCGAGATGAATAATAATAATAATAATAGAGGAAGATT

TCCACCGG 
5981 CGCGTCTAGATTACTGACAGTAGATTGCCTTG 
5982 CGCGGGATCCATGAGTGCATCATGGGCTGA 
5983 CGCGTCTAGATTAGTCCCAAGCACTTGGAGG 
6370 CATGCCATGGTTGGCAATAAATTGCCTGATCG 
6371 CGGAATTCATGAGCTCGTATGATCGTAGATTTGC 
6372 CATGCCATGGCCAAGTCCTCTTTCCACCGTGAGGTAC 
6373 CATGCCATGGTCTGTGTTTCATCATCATCGTCTCGTG 
6374 CGGGCCCATGGCGTCGACGGTAGGAGTTCCATC 
6375 CTAGCTAGCAAATCCTCTCTTATCAGGACAATC 



28 
 
 

 

 
Table 2.2 

 
Table 2.2 The Arabidopsis DEAD-box helicases and their orthologs in yeast and 
human. 

Arabidobsis 
(Gene IDs)  

Yeast  Human  References 

AtRH3 
(At5g26742) 

Dbp1 DDX21 [112] 

AtRH4 
(At3g13920) 

Tif1 eIF4A-1 [112] 

AtRH6 
(At2g45810) 

Dhh1p DDX6 Swiss-Prot 
(www.expasy.ch/sprot) 

AtRH8 
(At4g00660) 

Dhh1p DDX6 [112] 

AtRH12 
(At3g61240) 

Dhh1p DDX6 Swiss-Prot 
(www.expasy.ch/sprot) 

AtRH14 
(At3g01540) 

Dbp2p DDX5 [112] 

AtRH19 
(At1g54270) 

Dhh1p eIF4A-2 Swiss-Prot 
(www.expasy.ch/sprot) 

AtRH30 
(At5g63120) 

Dbp2 DDX5/DDX17 [112, 121] 

AtRH37 
(At2g42520) 

Dbp1 DDX3Y [112] 

AtRH40 
(At3g06480) 

Dbp2 DDX5 Swiss-Prot 
(www.expasy.ch/sprot) 

AtRH41 
(At3g02065) 

Ded1/Sgs1 Werner [112] 

AtRH46 
(At5g14610) 

Dbp2 DDX5 Swiss-Prot 
(www.expasy.ch/sprot) 
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-  genomic 

nts. N. b
A
respectively. (A) the plants were inoculated with Cucumber necrosis virus (CNV) via 
Agrobacterium co- express CNV stop gRNA and RNA 

b
) and (C) The Agrobacterium-

with Tomato bushy stunt virus (TBSV) or carnation Italian ringspot virus (CIRV) 
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3’ 32P-labled probes
was detected by Ethedium bromide (EtBr) staining and was used as a loading control. 
Each experiment was repeated at least three times. 
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Fig. 2.2 
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    100       73       96       101     84       31       92    % gRNA  

    ±5        ±19      ±5       ±2      ±2       ±6       ±8 

    100        66       89      186      82      92       100    % repRNA  

    ±13        ±3       ±11     ±56      ±8      ±9       ±11 

    100       93      56       212       87      94      104    % gRNA  

  ±4        ±6      ±17      ±48       ±8      ±5      ±29 
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Fig. 2.3 
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t Saccharomyces cerevisiae. 
TBSV repRNA was detected in the (A) wt yeast strain grown at permissive temperature 
(23°C) and (B) ts- -
and (C)ts- - emipermissive temperature 

- -
CU  promoter (copper inducible) and DI-  promoter 
(galactose-inducible) in the wt yeast strain  and ts-ded . Top 
panels: the detection DI-  32P-labeled 
probe in Northern blot analysis. Middle panels: s were used loading 
controls. Bottom panels: Arabidopsis DEAD-box RNA 
heli p33 accumulation by anti- -stained 
SDS-PAGE gels shows total protein levels in the samples. 
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Fig  Interaction between TBSV p33 replication protein and Arabidopsis DEAD-
box helicases in a - -hybrid assays were 

 to test binding between p33 replication protein -length Arabidopsis 
DEAD-box helicases. The bait p33 protein was expressed together with the prey 
helicases 

SC-  plate to test 
protein interactions. A nonselective SC-TL plate was used to show the 
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Chapter 3 
Blocking tombusvirus replication through the antiviral functions of DDX17-like 

RH30 DEAD-box helicase 
(This chapter was published as follows:  Wu C-Y, Nagy PD (2019) Blocking 

tombusvirus replication through the antiviral functions of DDX17-like RH30 DEAD-
box helicase. PLoS Pathog 15(5): e1007771.) 

 

3.1 Introduction 

 

Positive-stranded (+)RNA viruses replicate inside cells and depend on many co-

opted cellular factors to complete their infection cycle. These viruses build elaborate 

membranous viral replication compartments, consisting of viral replication proteins, 

viral RNAs and recruited host factors, in the cytosol of the infected cells.  The hijacked 

host factors participate in all steps of RNA virus replication, including the assembly of 

membrane-bound viral replicase complexes (VRCs), viral RNA-dependent RNA 

polymerase (RdRp) activation and viral RNA synthesis. The growing list of co-opted 

host factors facilitating VRC assembly includes translation initiation and elongation 

factors, protein chaperones, RNA-modifying enzymes, SNARE and ESCRT proteins, 

actin network, and lipids [21, 23, 26, 29, 46, 122-125]. Many (+)RNA viruses 

extensively rewire metabolic pathways, remodel subcellular membranes and take 

advantage of intracellular trafficking.    

The host utilizes cellular proteins to sense viral pathogenicity factors and block 
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virus replication with the help of cell-intrinsic restriction factors (CIRFs) as an early line 

of defense [47, 51, 93, 122]. These CIRFs can be part of the innate immune responses 

and used for antiviral defense as sensors or effectors [126-129]. The identification and 

characterization of the many CIRFs against different viruses is still in the early stages. 

Viral RNA replication is intensively studied with Tomato bushy stunt virus 

(TBSV), a tombusvirus infecting plants, based on yeast (Saccharomyces cerevisiae) 

surrogate host [81, 130, 131]. Expression of the two TBSV replication proteins, termed 

p33 and p92pol, and a replicon (rep)RNA leads to efficient viral replication. p92pol is the 

RdRp [132, 133], whereas the more abundant p33 is an RNA chaperone. P33 functions 

in RNA template selection and recruitment and in the assembly of VRCs within the 

replication compartment [11, 12, 31, 95, 133, 134].    

TBSV, which does not code for its own helicase, usurps several yeast and plant 

ATP-dependent DEAD-box RNA helicases as host factors promoting TBSV RNA 

replication. The yeast DDX3-like Ded1p and the p68-like Dbp2p, and the plant DDX3-

like RH20, DDX5-like RH5 and the eIF4AIII-like RH2 DEAD-box proteins were shown 

as pro-viral factors, which affect plus- and minus-strand synthesis, maintenance of viral 

genome integrity and RNA recombination in TBSV [78, 79, 103].  

DEAD-box helicases are the largest family of RNA helicases and are known to be 

involved in cellular metabolism [58, 135, 136], and affect responses to abiotic stress and 
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pathogen infections [112, 137, 138]. They function in unwinding of RNA duplexes, RNA 

folding, remodeling of RNA-protein complexes, and RNA clamping [57]. They have no 

unwinding polarity and can open up completely double-stranded RNA regions, however, 

unlike many other helicases, DEAD-box helicases do not unwind RNA duplexes based 

on translocation on the RNA strand. Instead, DEAD-box helicases directly load on 

duplexes and open up a limited number of base pairs. Strand separation within the 

duplexes is not coordinated with ATP hydrolysis, which is used for enzyme dissociation 

from the template. This unwinding mode is termed local strand separation [57, 113]. 

DEAD-box helicases also affect RNA virus replication [77, 139-141], and viral 

translation [142, 143]. In case of plant viruses, turnip mosaic virus and brome mosaic 

virus have been described to co-opt cellular DEAD-box helicases for proviral function in 

translation or replication [77, 144]. Altogether, cellular helicases are important co-opted 

host factors for several viruses, playing critical roles in virus-host interactions. 

However, cellular RNA helicases also act as antiviral restriction factors, including 

functioning as viral RNA sensors (e.g., Dicer or RIG-I) or directly inhibiting RNA virus 

replication as effectors [145-147]. For example, DDX17 restricts Rift Valley fever virus 

[120], while DDX21 helicase inhibits influenza A virus and DDX3 blocks Dengue virus 

infections [118, 148-150]. Thus, the emerging picture is that host helicases are important 

for the host to restrict RNA virus replication, but the mechanism of their activities or 
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substrates are not well characterized.  

In this work, we find that the plant DDX17-like RH30 DEAD-box helicase plays 

a strong restriction factor function against tombusviruses and related plant viruses. RH30 

DEAD-box helicase is expressed in all plant organs, but its cellular function is not known 

yet [151]. We find that RH30 is re-localized from the nucleus to the sites of tombusvirus 

replication via interacting with the TBSV p33 and p92pol replication proteins. Several in 

vitro assays provide evidence that RH30 inhibits tombusvirus replication through 

blocking several steps in the replication process, including VRC assembly, viral RdRp 

activation and the specific interaction between p33 replication protein and the viral 

(+)RNA. RH30 knockout lines of Arabidopsis supported increased accumulation level 

for the related turnip crinkle virus, confirming the restriction factor function of RH30 

against a group of plant viruses. This is the first identification and characterization of a 

plant helicase with an effector type restriction factor function against plant viruses. Since 

plant genomes codes for over 100 RNA helicases, it is likely that additional helicases 

have CIRF function against plant viruses.     

 

3.2 Materials and methods 
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Biotinylated RNA-protein interaction assay. Biotinylated RII RNA of DI-72(+) was 

synthesized by in vitro T7 transcription in the presence of 7.5 μl of 10 mM ATP, CTP, 

GTP and 5 mM UTP as well as 0.35 μl of 10 mM biotin16-UTP (Roche) in a total of 50 

μl reaction volume. The interaction assay was performed with 3.8 μM of recombinant 

MBP-RH30 and 1.9 μM of MBP-p33C along with 0.1 μg of biotinylated RNA, 0.1 μl 

of tRNA (1 mg/ml), 2 U RNase inhibitor, and 1 mM ATP in the presence of biotin-RNA 

binding buffer (100 mM Tris [pH 7.9], 10% glycerol, 100 mM KCl, 5 mM MgCl2, 0.1% 

NP-40) in a 10 μl reaction mixture. Non-biotinylated RII of DI-72(+) RNA or absence 

of ATP was used as controls.  

Assay #1: Recombinant MBP-RH30 was incubated first with biontinylated RII(+) 

RNA at 25°C for 15 min. Then, the recombinant MBP-p33C was added to the reaction 

and incubated for another 15 min. Assay #2: Recombinant MBP-RH30 and MBP-p33C 

were co-incubated simultaneously with biontinylated RII(+) RNA at 25°C for 30 min. 

The reaction mixtures were incubated with 20 μl of Promega Streptavidin MagneSphere 

Paramagnetic Particles (VWR) at room temperature for 20 min. The particles were 

collected in a magnetic stand and washed with binding buffer for five times. The protein-

RNA complexes were then eluted with 20 μl of SDS loading dye containing -

mercaptoethanol by boiling for 15 min. The eluted samples were analyzed by Western 

blot with anti-p33 antibody. 
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Assay #3: For the detection of p33 released from protein-biotinylated RNA 

complex, 1.9 μM of recombinant MBP-p33C was incubated with 0.1 μg of biontinylated 

RII of DI-72(+) RNA at 25°C for 15 min, followed by the addition of 20 μl of Promega 

Streptavidin MagneSphere Paramagnetic Particles for another 30 min incubation at room 

temperature. After collection of the beads and washing with biotin-RNA binding buffer 

for five times, the particles were incubated with either 0.95 or 3.8 μM of MBP-RH30 or 

MBP (used as control) in the presence of biotin-RNA binding buffer containing 1 mM 

ATP at 25°C for 15 min. The supernatant of the mixture was collected after collecting 

the particles in a magnetic stand and was analyzed by Western blot with anti-p33 

antibody. 

 

Gel mobility shift assay (EMSA) and dsRNA strand-separation assay. The 

conditions for the EMSA experiments were described previously [12]. Briefly, the 

EMSA assay was performed with 0.1 pmol of 32P-labeled RNA probes along with 

different concentrations (0.4, 1.9, and 5.7 μM) of purified recombinant MBP-fusion 

proteins or MBP in the presence of RNA binding buffer (10 mM HEPES [pH7.4], 50 

mM NaCl, 1 mM DTT, 1 mM EDTA, 5% Glycerol, 2.5 mM MgCl2), 2 U of RNase 
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amounts (2 and 4 pmol) of unlabeled RNAs together with 5.7 μM of either MBP-RH30 

or MBP were used for template competition. 

To study if purified proteins could unwind partial dsRNA duplex, the dsRNA 

strand-separation assay was performed as described [79]. Firstly, the unlabeled single-

stranded DI-72 (-) or DI-72 (+) RNAs were synthesized via T7 polymerase- based in 

vitro transcription. The 32P-labeled single-stranded RI(-) or RII(+) RNAs were 

synthesized by T7-based in vitro transcription using 32P-labeled UTP. To prepare partial 

dsRNA duplexes, consisting of either RI(-)/DI-72 (+) or RII(+)/DI-72 (-) (see Fig. 7E-

F), 2 pmol of 32P -labeled RI(-) or RII(+) were annealed to 6 pmol of unlabeled DI-72(+) 

or DI-72 (-) in STE buffer (10 mM TRIS [pH 8.0], 1 mM EDTA, and 100mM NaCl) by 

slowly cooling down the samples (in a total volume of 20 μl) from 94°C to 25°C in 30 

min. To test if the purified recombinant proteins could separate the partial dsRNA duplex, 

1.9 and 5.7 μM purified MBP fusion proteins or MBP as a negative control were added 

separately to the partial dsRNA duplex in the RNA binding buffer (10 mM HEPES 

[pH7.4], 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 5% Glycerol, 2.5 mM MgCl2) along 

with 1mM ATP, followed by incubation at 25°C for 25 min. The reaction mixtures were 

then treated with Proteinase K (2 μg/per reaction) at 37°C for 20 min, followed by 

loading onto 5% nondenaturing polyacrylamide gel with 200V for 1 h. 
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Yeast strains and expression plasmids. The yeast (Saccharomyces cerevisiae) strains 

were obtained from Open Biosystems. RT-PCR products of  gene and 

its mutant RH30F416L were obtained as follows: Total RNA from Arabidopsis was 

isolated and used for RT-PCR with primers #5753 and #5754 to obtain the sequence of 

. Meanwhile, two PCR-generated fragments that partly overlap with each other 

and introduce the point mutation in RH30 were amplified with RT-PCR using primers 

#6706 and #5753 or #5754 and #6707. These two PCR-generated fragments were then 

used as templates to obtain the whole sequence of RH30F416L by PCR. To generate 

plasmids for expression of  and RH30F416L in yeast and plants, the 

obtained PCR products were digested with XhoI and XbaI and then inserted into 

XhoI/XbaI digested pYES-NT and pGD-35S, resulting in pYES-RH30, pGD-RH30, and 

pGD-RH30F416L. 

To prepare expression plasmids for recombinant protein purification from E.coli, 

Arabidopsis RH30 and RH30F416L sequences were PCR-amplified with primers #6061 

and #6062 using pGD-RH30 and pGD-RH30F416L plasmids, respectively. The obtained 

PCR products were digested with XbaI and XhoI, followed by the ligation into XbaI/SalI 

digested pMAL-c2x, generating pMAL-RH30 and pMAL-RH30F416L. 
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To obtain plasmids for expression of N-terminal Green Fluorescent Protein (GFP) 

or Red Fluorescent Protein (RFP)-tagged proteins, Arabidopsis RH30 sequence was RT-

PCR-amplified with primers #5754 and #6839 and digested with XhoI and ApaI, 

followed by ligation into XhoI/ApaI digested pGDG and pGDR [152], respectively, 

resulting in pGD-GFP-RH30 and pGD-RFP-RH30.  

The sequence of bacteriophage MS2 coat protein gene was PCR-amplified from 

pGBK-MS2CP-EYFP [10] with primers #1567 and #1568, followed by digestion with 

XhoI and BamHI. The PCR product of mRFP was obtained by PCR-based amplification 

with primers #2691 and # 5051, and the obtained PCR product was digested with BglII 

and XbaI. These two digested PCR products were co-inserted into XhoI/XbaI digested 

pGD-35S to generate pGD-MS2CP-RFP. The sequence of the full-length DI-72 carrying 

of six repeats of MS2 hairpin [10], which binds specifically to the MS2 phage coat 

protein, [153] and a 3’ ribozyme were PCR-amplified from pYC-DI-72(+)-MS2 or pYC-

DI-72(-)-MS2 [10] with primers #471 and #1069. The obtained PCR products were 

digested with XhoI and SacI, followed by ligation into XhoI/SacI digested pGD-35S, 

creating pGD-DI-72(+)-MS2hp and pGD-DI-72(-)-MS2hp. 

To make Arabidopsis RH30 restricted in localization to the nucleus, a nuclear 

retention signal (NRS) was fused to RH30. The NRS fragment was PCR-amplified from 

pCiNeo-3XFlag-NRS-NCL [154] (a generous gift from Dr. Glaunsinger) using primers 
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#6877 and #6876, followed by digestion with XhoI and HindIII. RH30 sequence was 

PCR-amplified from pGD-RH30 using primers #6880 and #5753, followed by digestion 

with HindIII and XbaI. These two digested fragments were then inserted to XhoI/XbaI 

digested pGD-35S, generating pGD-His6-NRS-RH30. GFP sequence was PCR-

amplified from pGDG using primers #6512 and #6513. This PCR product was then 

digested with XhoI and SacI, followed by the ligation into SalI/SacI digested pGD-His6-

NRS-RH30. This created a plasmid pGD-His6-NRS-RH30-GFP, which expresses C-

terminal GFP-tagged NRS-RH30. 

To generate the expression plasmids for the BiFC assays in plants, the sequence 

of Arabidopsis RH30 was PCR-amplified from pGD-RH30 with primers #5754 and 

#5753, followed by the digestion with XbaI and XhoI. Also, the N-terminal half of 

yellow fluorescence protein (nYFP) sequence was PCR-amplified using pGD-nYFP-

MBP plasmid as template [42] and primers #5905 and #6069, followed by the digestion 

with BglII and BamHI. BglII/BamHI digested nYFP fragment was ligated into BamHI 

digested pGD-35S, resulting in pGD-nYFP. The pGD-nYFP plasmid was then digested 

with XbaI and XhoI and was used for the ligation with XbaI/XhoI digested RH30, 

generating pGD-nYFP-RH30. 
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Tombusvirus replication assay in yeast. To test tombusvirus replication in yeast, 

BY4741 strain of Saccharomyces cerevisiae was transformed with LpGAD-

CUP1::HisFlag-p92 and HpGBK-CUP1::HisFlag-p33/GAL1::DI-72 together with 

pYES-empty (as control), pYES-RH30 or pYES-RH30F416L. The obtained yeast 

transformants were grown in SC-ULH- media containing 2 % galactose and 0.1 mM 

BCS at 29 °C. After 18h, the yeast culture was transferred to SC-ULH- media 

supplemented with 2% galactose and 50 μM CuSO4 and incubated at 23°C for 7h. The 

obtained yeast cells were used for further Northern blot analysis and Western blot 

analysis [10]. 

To test FHV replication in yeast, BY4741 strain was transformed with HpESC-

Gal 1::FHV RNA1-frameshift and LpGAD-CUP1::cHaFlag-FHV protein A [155] along 

with pYES-empty (as control), pYES-RH30 or pYES-RH30F416L. The transformed yeast 

cells were grown in SC-ULH- media supplemented with 2 % galactose and 0.1 mM BCS 

at 23 °C for 18 h. After that, the yeast cultures were transferred to SC-ULH- media 

supplemented with 2% galactose and 50 μM CuSO4 and incubated at 23°C for 48 h. The 

yeast cells were collected for further Northern blot analysis and Western blot analysis. 

To test NoV replication in yeast, BY4741 strain was transformed with HpESC-

CUP1::NOV RNA1-frameshift and LpESC-CUP1:: cHaFlag-NOV protein A [155] 

along with pYES-empty (as control), pYES-RH30 or pYES-RH30F416L. The obtained 
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yeast transformants were grown in SC-ULH- media supplemented with 2 % galactose 

and 0.1 mM BCS at 29 °C for 18 h. The yeast culture was then transferred to SC-ULH- 

media containing 2 % galactose and 50 μM CuSO4 and incubated at 29 °C for 48 h. 

 

Recombinant protein purification from E. coli. Recombinant proteins MBP-RH30, 

MBP-RH30F416L, MBP-p33, MBP-p92 and MBP were expressed in E. coli and affinity-

purified as described [78]. Briefly, E. coli strain BL21 (DE3) CodonPlus (Stratagene) 

cells were transformed with the above plasmids to express the recombinant proteins. 

Then, the E. coli cells were cultured at 37°C for 16h, followed by dilution of the culture 

to OD600 0.2 with fresh media. The E. coli cultures were incubated at 37°C until reaching 

1.0 OD600. Subsequently, the E. coli cultures were incubated at 16°C in the presence of 

isopropyl- -D-thiogalactopyranoside (IPTG) for 8 h. The E. coli cells were then 

collected by centrifugation at 5000 rpm for 5 min at 4°C, followed by the resuspension 

in ice-cold column buffer (20mM HEPES [pH7.4], 25 mM NaCl, 1mM EDTA [pH 8.0]) 

containing 10 mM -mercaptoethanol and 1 μl of RNase A (1 mg/ml) per 4 ml of E. coli 

cell-suspension. The cells were then sonicated on ice and the lysates were centrifuged at 

15,000 rpm for 15 min at 4°C. The obtained supernatants were incubated with amylose 

resin (NEB) at 4°C for 2 h. After the resin was washed with column buffer, the 



51 
 
 

recombinant proteins were eluted with column buffer containing 0.36% [W/V] maltose 

and 1mM DTT. 

 

Co-purification of RH30 with the Tombusvirus replication complex. Yeast BY4741 

strain was transformed with plasmids pYES-RH30, HpGBK-

CUP1::FLAGp33/GAL1::DI-72, and LpGAD-CUP1::FLAGp92, while yeasts 

transformed with pYES-RH30, HpGBK-CUP1::Hisp33/GAL1::DI-72 and LpGAD-

CUP1::Hisp92 were used as control. The assay was performed as described [25, 156] 

with minor modification. Briefly, the obtained yeast transformants were grown in SC-

ULH- media containing 2% glucose at 23°C for 16 h. The culture was then transfer to 

SC-ULH- media supplemented with 2% galactose for another 24 h at 23°C, followed by 

the addition of 50 μM CuSO4 and incubation for 6 h at 23°C. The obtained yeast cells 

were resuspended in high salt TG buffer (50 mM Tris-HCl [pH 7.5], 10% glycerol, 

0.5 M NaCl, 10 mM KCl, 15 mM MgCl2, 1% [V/V] yeast protease inhibitor cocktail 

[Ypic]) and broken in a FastPrep Homogenizer (MP Biomedicals) with glass beads, 

followed by centrifugation at 500 g for 5 min at 4°C. The membrane fraction containing 

viral replicase complex was collected by centrifugation at 35,000 g for 20 min at 4°C, 

followed by solubilization in high salt TG buffer containing 2 % Triton X-100, 1% [V/V] 

Ypic for 3 h at 4°C. The supernatant of detergent-solubilized membranes was collected 
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by centrifugation at 35,000 g for 20 min at 4°C and then was incubated with anti-FLAG 

M2-agarose affinity resin (Sigma) in columns for 16 h at 4°C. After that, the columns 

were washed with high salt buffer for three times. To elute the protein samples from the 

column, the preparations were incubated with SDS-PAGE loading dye at 85°C for 6 min, 

followed by centrifugation at 500xg for 3 min. -mercaptoethanol was added to the 

samples, then they were boiled for 20 min. Affinity-purified p33 was analyzed by 

Western blot with anti-FLAG antibody, and co-purified 6xHis-tagged RH30 was 

analyzed by Western blot with anti-His antibody. 

 

Pull-down assay. E. coli strain BL21 (DE3) CodonPlus (Stratagene) cells were 

transformed with expression plasmids for expression and purification of recombinant 

proteins, including MBP-RH30, MBP-RH30F416L, GST-TBSV p33C and MBP. The 

methods to obtain E. coli cell lysate as described previously [8, 157]. E. coli lysates 

containing MBP, MBP-AtRH30, or MBP-RH30F416L were separately incubated with 

amylose resin (NEB) for 2 h at 4°C, followed by washing with cold column buffer three 

times. The amylose resin was then incubated with E. coli lysates containing GST-TBSV 

p33C for 4 h at 4 °C in the presence of 0.5 % NP-40 and 0.1 % [V/V] Ypic, followed by 

washing with cold column buffer containing 0.5 % NP-40 three times. The protein 
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complexes bound to resin were eluted with cold column buffer containing 0.36% [W/V] 

maltose and 1mM DTT, followed by the analysis with Western blot assay. 

 

Yeast cell-free extract (CFE)-based in vitro TBSV replication assay and in vitro 

RdRp activation assay. The yeast CFE that supports TBSV RNA replication in vitro 

was prepared using BY4741 yeast strain as described [31, 32]. The in vitro CFE assay 

#1 (Fig. 6) was performed with the mixture of 2 μl of CFE, 0.5 μg DI-72 (+)repRNA, 

0.2 μg affinity-purified maltose-binding protein (MBP)-p33 as well as MBP-p92pol (both 

recombinant proteins were purified from E. coli) [8], 5 μl of buffer A (30 mM HEPES-

KOH [pH 7.4], 150 mM potassium acetate, 5 mM magnesium acetate, 0.13 M sorbitol), 

2 μl of 150 mM creatine phosphate, 0.2 μl of 10 mg/ml creatine kinase, 0.4 μl 

actinomycin D (5mg/ml), 0.2 μl of 1 M dithiothreitol (DTT), 0.2 μl of RNase inhibitor, 

2 μl a ribonucleotide (rNTP) mixture (10 mM of ATP, CTP, and GTP as well as 0.25 

mM UTP), 0.1 μl of [32P]UTP and affinity-purified recombinant proteins MBP-RH30, 

MBP-RH30F416L, or MBP in a total of 20 μl reaction volume. The reaction was 

performed at 25°C for 3h and then stopped by the addition of a 110 μl of 1% SDS and 

50 mM EDTA, followed by phenol-chloroform extraction and RNA precipitation. In 

order to detect the amount of dsRNA, the obtained 32P-labeled repRNA products were 

then divided into two halves: one was heat denatured at 85°C for 5 min in the presence 
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of 50% formamide, while the other one was not denatured. Then, the repRNA products 

were analyzed by electrophoresis in a 5% polyacrylamide gel (PAGE) containing 8 M 

urea and 0.5X Tris-borate-EDTA (TBE) buffer. 

To dissect the mechanisms of RH30 antiviral function in tombusvirus replication, 

a step-wise in vitro CFE replication assay #2 (Fig. 6) was performed. The purified 

proteins (MBP or MBP-RH30) were added during either step 1 reaction (i.e., VRC 

assembly step) or step 2 reaction (i.e., tombusviral RNA synthesis step) [31]. In the first 

step, a mixture of 2 μl of yeast CFE, 0.5 μg DI-72 (+)repRNA transcripts, 0.2 μg MBP-

p33 and MBP-p92pol, 5 μl of buffer A, 2 μl of 150 mM creatine phosphate, 0.2 μl of 10 

mg/ml creatine kinase, 0.4 μl actinomycin D (5mg/ml), 0.2 μl of 1 M DTT, 0.2 μl of 

RNase inhibitor, 2 μl of 10 mM ATG and GTP mixture in a 20 μl reaction volume, 

followed by incubation at 25°C for 1 h. The reaction mixture was centrifuged at 15,000 

rpm for 10 min at 4°C. The collected membrane-fraction of CFE, which contains the 

membrane-bound VRCs, was washed with 100 μl of buffer A for once, followed by 

centrifugation at 15,000 rpm for 10 min at 4°C. The obtained membrane preparations 

were dissolved in 8 μl buffer A. In second step, the 8 μl of collected samples was added 

to 12 μl reaction mixture composed of 3 μl of buffer A, 2 μl of 150 mM creatine 

phosphate, 0.2 μl of 10 mg/ml creatine kinase, 0.4 μl actinomycin D (5mg/ml), 0.2 μl of 

1 M DTT, 0.2 μl of RNase inhibitor, 2 μl of rNTP mixture (10 mM of ATP, CTP, and 
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GTP as well as 0.25 mM UTP) and 0.1 μl of [32P]UTP [31]. Then, the assays were 

performed at 25°C for 3 h, and stopped by the addition of a 1/10 volume of 1% SDS and 

50 mM EDTA, followed by phenol-chloroform extraction and RNA precipitation [31]. 

For the in vitro RdRp activation assay, the CFE soluble fraction and recombinant 

affinity purified MBP-p92- bed [15]. The CFE soluble fraction 

(supernatant) was collected by centrifugation of the original CFE at 42,000 g for 20 min 

at 4°C [31, 32]. Then 2 μl of the obtained CFE soluble fraction and approximately 0.2 

μg of MBP-p92- ifferent concentration (1.9, and 3.8 μM) of MBP-

RH30 or MBP were incubated with 5 μl of buffer A (30mM HEPES-KOH [pH 7.4], 150 

mM potassium acetate, 5 mM magnesium acetate, 0.13 M sorbitol), 2 μl of 150 mM 

creatine phosphate, 0.2 μl of 10 mg/ml creatine kinase, 0.4 μl actinomycin D (5 mg/ml), 

0.2 μl of 1 M dithiothreitol (DTT), 0.2 μl of RNase inhibitor, 2 μl a ribonucleotide (rNTP) 

mixture (10 mM of ATP, CTP, and GTP as well as 0.25 mM UTP) and 0.1 μl of 

[32P]UTP in a total of 20 μl reaction volume. The following reaction was then performed 

and analyzed as described [133]. 

 

In vitro translation assay. To test if AtRH30 influences the translation of tombusvirus 

genomic RNA, an in vitro translation assay was performed as described [158]. Briefly, 

approximately 0.5 μg of CIRV genomic RNA and TDH2 mRNA were incubated with 
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different concentrations (1.9 μM, and 3.8 μM) of recombinant MBP-RH30 along with 

2.5 μl of wheat germ extract, 0.4 μl amino acid mix (minus Methionine), 0.47 μl of 1M 

KOAC, 6 U of RNase inhibitor, 0.1 μl of [35S]Methionine in a total of 10 μl reaction 

volume. After 1.5 h incubation at room temperature, the samples were boiled with SDS-

PAGE loading dye for 5 min, followed by analysis with 10 % acrylamide gel. 

 

Confocal microscopy. The subcellular localization of Arabidopsis RH30 in plant 

epidermal cells or protoplasts was observed with the help of N-terminal fusion of RH30 

to GFP. Protoplasts were isolated from N. benthamiana leaves as described [159, 160]. 

The wild-type or transgenic N. benthamiana (constitutively expressing H2B fused to 

RFP) leaves were infiltrated with Agrobacterium carrying expression plasmids pGD-

GFP-RH30 (OD600 0.3), pGD-p33-BFP (OD600 0.3), pGD-P19 (OD600 0.2), pGD-

CNV20KSTOP (OD600 0.2). The wild-type N. benthamiana leaves were co-infiltrated with 

Agrobacterium carrying pGD-RFP-SKL (OD600 0.3) to visualize peroxisomes. The 

absence of pGD-CNV20KSTOP or pGD-p33-BFP was used as control. Approximately 72 

h post-agroinfiltration, imaging of infiltrated leaves or protoplasts was performed on an 

Olympus FV1200 confocal microscopy using 40X or 60X water-immersion objective 

equipped lasers. BFP was excited with 405 nm laser, GFP was excited with 488 nm laser, 
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and RFP was excited with 543 nm laser. Images were obtained and merged using 

Olympus FLUOVIEW 1.5. 

The subcellular localization of repRNA(+)-MS2hp and repRNA(-)-MS2hp 

RNAs was observed in plant epidermal cells with C-terminal fusion of MS2 coat protein 

to RFP, which recognizes MS2 six hairpins inserted into repRNA(+) and repRNA(-) 

[10]. The N. benthamiana leaves were infiltrated with agrobaterium carrying pGD-

CNV20KSTOP, pGD-P19, pGD-p33-BFP, pGD-GFP-RH30, and pGD-DI-72(+)-MS2hp 

or pGD-DI-72(-)-MS2hp (OD600 0.2 of each). The absence of pGD-GFP-RH30, pGD-

DI-72(+)/(-)-MS2hp or pGD-CNV20KSTOP was used as control. Approximately 84 h post-

infiltration, imaging of infiltrated leaves was obtained as described above. 

To visualize the subcellular localization of tombusvirus dsRNA, N. benthamiana 

leaves were co-infiltrated with pGD-CNV20KSTOP (OD600 0.2), pGD-P19 (OD600 0.2), 

pGD-p33-BFP (OD600 0.2), pGD-RFP-RH30 (OD600 0.2), pGD-VP35-YC (OD600 0.1), 

and pGD-B2-YN (OD600 0.1) (a generous gift from Dr. Aiming Wang) [161]. The 

absence of pGD-RFP-RH30, pGD-CNV20KSTOP, or pGD-p33-BFP was used as control. 

Approximately 84 h post-infiltration, imaging of infiltrated leaves was obtained as 

described above except YFP was excited with 488 nm laser. 
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Bimolecular fluorescence complementation assay. The interaction between TBSV 

p33 replication protein and AtRH30 helicase was detected in N. benthamiana leaves by 

bimolecular fluorescence complementation (BiFC). The N. benthamiana leaves were 

infiltrated with Agrobacterium carrying pGD-p19 (OD600 0.2), pGD-RFP-SKL (OD600 

0.4), pGD-T33-cYFP (OD600 0.4) [5] and pGD-nYFP-RH30 (OD600 0.4) or pGD-nYFP-

MBP (as a control, OD600 0.4), followed by inoculation with TBSV crude sap inoculum 

16 h after agro-infiltration. Two days post-virus inoculation, confocal microscopy 

imaging of infiltrated leaves was performed as described above. 

 

Virus accumulation in N. benthamiana expressing AtRH30 and in RH30 knockout 

Arabidopsis plants. N. benthamiana leaves were co-infiltrated with Agrobacterium 

carrying pGD-RH30 and pGD-P19. In the experiment of CNV20KSTOP or TMV infection, 

plants were also co-infiltrated with Agrobacterium carrying pGD-CNV20KSTOP or pJL-

36 for TMV [162]. In the experiment for TBSV, CIRV, TCV, and RCNMV infections, 

plants were inoculated with crude sap inocula 16 h after agro-infiltration. About 36 h 

(for TBSV infection); 48 h (for CNV, CIRV and TMV infections); 72 h (for RCNMV); 

144 h (for TCV) post-virus inoculation, the virus-inoculated leaves were collected for 

total RNA extraction and Northern blot as described [79] to analyze the accumulation 

levels of these viruses. 
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To detect the accumulation level of TCV in RH30 knockout Arabidopsis plants, 

transgenic Arabidopsis line (#CS372806) containing T-DNA insertion within 

endogenous RH30 ORF was obtained from the Arabidopsis Biological Resource Center. 

After self-fertilization and confirmation by genotyping, the homozygous lines were 

collected and the leaves were inoculated with TCV crude sap inoculum. After 48h post-

inoculation, total RNA from inoculated leaves was extracted and analyzed by Northern 

blot as described above. 

 

VIGS-based knockdown of RH30 in N. benthamiana plants. To knockdown the 

expression levels of endogenous NbRH30 in N. benthamiana plants, virus-induced gene 

silencing (VIGS) assay was performed as described [163, 164]. The predicted cDNA 

sequence of NbRH30 (Accession number: Nbv5.1tr6207343) was obtained by a blast 

search using the sequence of AtRH30 in QUT Nicotiana benthamiana database. To 

generate the VIGS vectors (pTRV2-Nb30-5, targeting 5’ region in NbRH30 mRNA; 

pTRV2-Nb30-3, targeting 3’ region in NbRH30 mRNA), an NbRH30 gene fragment 

was PCR-amplified from N. benthamiana cDNA using primers #7304 and #7307. This 

fragment was used as a template to obtain two 300-bp cDNA fragments encoding 5’ or 

3’ region of NbRH30 gene via PCR using primers #7304 and #7305 or #7306 and #7307, 

respectively. The obtained fragments were digested with BglII and SalI, respectively, 
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followed by the ligation into BamHI/XhoI digested pTRV2-empty, resulting in pTRV2-

Nb30-5 or pTRV2-Nb30-3. 

The leaves of N. benthamiana plants were infiltrated with Agrobacterium 

carrying pTRV1 together with pTRV2-Nb30-5 (targeting 5’ region in NbRH30 mRNA) 

or pTRV2-Nb30-3 (targeting 3’ region in NbRH30 mRNA) or pTRV2-cGFP (as a 

control). 12 days post-infiltration, the RH30 mRNA level in upper systemic leaves were 

investigated by semi-quantitative RT-PCR with primers #7306 and #7307 (in case of 

TRV1/TRV2-Nb30-5 silenced plants); primers #7304 and #7305 (in case of 

TRV1/TRV2-Nb30-3 silenced plants). The levels of 18S rRNA or tubulin mRNA were 

used as internal control in Northern blotting or RT-PCR using primers #2859 and #2860. 

After the silencing effects were confirmed, the silenced upper leaves were inoculated 

with TBSV crude sap. Approximately 36 h post-inoculation, the total RNA of inoculated 

leaves were extracted and analyzed by Northern blot as described above. 

The expression level of NbRH30 mRNA in upper systemic leaves was 

investigated by Northern blotting assay. The 32P-labeled probes targeting either 5’ or 3’-

regions of NbRH30 mRNA for the detection in Northern blotting were prepared as 

follows: The 5’ or 3’-regions of NbRH30 sequence were PCR-amplified with primers 

#7304 and #7990 or #7306 and #7991, respectively. The obtained PCR-products were 

utilized as templates for in vitro T7-trancription along with [32P]UTP to produce 32P-
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labeled probes. The probe targeting 5’-region of NbRH30 mRNA was used for plants 

silenced by TRV1/TRV2-Nb30-3, while the probe targeting 3’-region of NbRH30 

mRNA was used for plants silenced by TRV1/TRV2-Nb30-5.  

For the detection of TMV genomic RNA in plants, we utilized a 32P-labeled 

probe targeting 3’-region of TMV gRNA. The probe was prepared by PCR-amplification 

of the 3’ proximal of TMV genome with primers #6192 and #6193 from plasmid pJL-

36. The obtained PCR products were then used as templates for in vitro T7-trancription 

along with [32P]UTP to generate the 32P-labeled probe for Northern blotting assay. 

 

3.3 Results 

 

The host RH30 RNA helicase is a potent restriction factor of tombusvirus 

replication in yeast and plants. To test if the host RH30 RNA helicase could affect 

tombusvirus replication, we expressed the Arabidopsis RH30 using agroinfiltration in 

Nicotiana benthamiana plants. Interestingly, expression of AtRH30 blocked TBSV 

replication by ~90% in the inoculated leaves (Fig. 3.1A). The closely-related cucumber 

necrosis virus (CNV), which also targets the peroxisomal membranes for VRC 

formation, was also inhibited by ~4-fold through the expression of AtRH30 (Fig. 3.1B). 

Replication of another tombusvirus, carnation Italian ringspot virus (CIRV), which 
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builds the replication compartment using the outer membranes of mitochondria, was 

inhibited by ~9-fold by the transient expression of AtRH30 in N. benthamiana (Fig. 

3.1C).  

 To test if RH30 was also effective against TBSV when expressed in yeast cells, 

we launched the TBSV repRNA replication assay in wt yeast by co-expressing the viral 

components with RH30. After 24 h of incubation, TBSV repRNA analysis revealed 

strong inhibition of viral replication by RH30 expression (Fig. 3.1F), suggesting that 

RH30 is a highly active inhibitor against TBSV replication even in a surrogate host.  

  To learn if the putative helicase function of RH30 is required for its cell intrinsic 

restriction factor (CIRF) function, we expressed a motif IV helicase core mutant of 

RH30(F416L) in N. bentamiana via agroinfiltration. Mutation of the highly conserved F 

residue within the helicase core domain (see Fig. 3.13) has been shown to greatly 

decrease both ATP binding/hydrolysis and strand displacement activities in Ded1 and 

other DEAD-box helicases [165]. Northern blot analysis revealed the lack of inhibition 

of TBSV replication, and only partial inhibition of CIRV replication by RH30(F416L) 

(Fig. 3.1D-E, lanes 9-12). Thus, we suggest that the full helicase/ATPase function of 

RH30 is required for its CIRF function against tombusviruses. 

 VIGS-based silencing of the endogenous RH30 in N. benthamiana led to ~5-fold, 

~3-fold and ~11-fold increased accumulation of TBSV, CNV and CIRV, respectively, in 
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the inoculated leaves (Fig. 3.2). The leaves of virus-infected and VIGS-treated plants 

showed severe necrotic symptoms earlier and died earlier than the control plants (i.e., 

TRV-cGFP treatment) in case of all three tombusvirus infections (Fig. 3.2). On the other 

hand, the mock-inoculated and VIGS-treated plants became only slightly smaller than 

the TRV-cGFP treated control plants (Fig. 3.2). Based on these and the RH30 over-

expression data, RH30 DEAD-box helicase seems to act as a major restriction factor 

against tombusviruses in plants and yeast.   

 

RH30 DEAD-box helicase is re-localized into the tombusvirus replication 

compartment in plants. To identify the cellular compartment where RH30 DEAD-box 

helicase performs its CIRF function, first we used co-localization studies in N 

benthamiana protoplasts co-expressing GFP-RH30, p33-BFP (to mark the site of viral 

replication) and RFP-tagged H2B, which is a nuclear marker protein. We detected the 

re-localization of GFP-RH30 into the large p33 containing replication compartment 

from the nucleus during CNV replication (Fig. 3.3A, top panel versus second panel). 

Both the p33-BFP and RFP-SKL (a peroxisomal matrix marker) showed the re-

localization of GFP-RH30 into the large TBSV replication compartment, which consists 

of aggregated peroxisomes. Part of the ER is also recruited to the p33 and RH30 

containing replication compartment (Fig. 3.3A bottom panel), as shown previously [166, 
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167].  

 A similar re-localization pattern of RH30 was observed in epidermal cells of 

whole plants infected with CNV (Fig. 3.3B, top panel versus second panel). The 

expression of only p33-BFP was satisfactory to recruit the RH30 into the replication 

compartment (Fig. 3.3B). RH30 was also re-targeted in CIRV-infected N. benthamiana 

cells into the p36 and p95 containing replication compartment (Fig. 3B, bottom panel), 

which consists of aggregated mitochondria [168, 169]. Based on these experiments, we 

propose that the mostly nuclear localized RH30 helicase is capable of entering the 

tombusvirus replication compartment via interaction with the replication proteins. 

However, the formation of large tombusvirus-induced replication compartments seemed 

to be normal in the presence of RH30, indicating the lack of interference with the 

biogenesis of the replication compartment by RH30.     

  

Nuclear retention of RH30 DEAD-box helicase blocks its antiviral function in 

plants. To test if the cytosolic localization of RH30 is required for its CIRF function, 

we fused RH30 with a nuclear retention signal (NRS) [154] to enrich RH30 in the 

nucleus at the expense of the cytosolic pool of RH30. Interestingly, unlike WT RH30, 

expression of NRS-RH30 did not result in inhibition of CNV replication in N. 

benthamiana (Fig. 3.4A). Confocal microscopy experiments confirmed that NRS-
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RH30-GFP is localized exclusively in the nucleus (Fig. 3.4B). Infection of the N. 

benthamiana protoplasts with CNV did not result in the re-targeting of NRS-RH30-GFP 

from the nucleus to the replication compartment visualized via p33-BFP. The nuclear 

retention of NRS-RH30-GFP was also confirmed in N. benthamiana epidermal cells 

infected with CNV or mock inoculated (Fig. 3.4C). Altogether, these experiments 

demonstrated that re-localization of RH30 helicase from the nucleus to the replication 

compartment is critical for its CIRF function in plants. 

 

RH30 helicase interacts with the viral replication proteins in yeast and plants. To 

learn about the tombusviral target of RH30 DEAD-box helicase, we co-expressed the 

His6-tagged RH30 with Flag-tagged p33 and Flag-p92 replication proteins and the 

TBSV repRNA in yeast, followed by Flag-affinity purification of p33/p92 from the 

detergent-solubilized membrane fraction of yeast, which is known to harbor the 

tombusvirus replicase [25, 132]. Western blot analysis of the affinity-purified replicase 

revealed the effective co-purification of His6-RH30 (Fig. 3.5A, lane 3), suggesting that 

RH30 targets the VRCs for its CIRF function. Interestingly, His6-RH30 was co-purified 

from yeast co-expressing either Flag-p33 or Flag-p92 replication proteins (Fig. 3.5A, 

lanes 1-2), suggesting that RH30 likely directly interacts with the tombusvirus 

replication proteins in a membranous compartment. 
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 To show direct interaction between RH30 DEAD-box helicase and the TBSV p33 

replication protein, we performed a pull-down assay with MBP-tagged RH30 and GST-

tagged p33 proteins from E. coli. We found that MBP-RH30 captured GST-p33 protein 

on the maltose-column (Fig. 3.5B, lane 2), indicating direct interaction between the host 

RH30 and the viral p33 protein. In the pull-down assay, we used truncated TBSV p33 

replication protein missing its N-terminal region including the membrane-binding region 

to aid its solubility in E. coli [8]. Interestingly, the helicase core mutant RH30(F416L) 

also bound to p33 replication protein as efficiently as the wt RH30 (Fig. 3.5B, lane 3 

versus 2). Altogether, these data suggest that the direct interaction between RH30 host 

protein and the replication protein of TBSV occurs within the viral protein C-terminal 

domain facing the cytosolic compartment. 

 To provide additional evidence that RH30 helicase interacts with the tombusvirus 

replication proteins, we have conducted bimolecular fluorescence complementation 

(BiFC) experiments in N. benthamiana leaves. The BiFC experiments revealed 

interaction between RH30 and the TBSV p33 replication protein within the viral 

replication compartment, marked by the peroxisomal matrix marker RFP-SKL (Fig. 

3.5C). Altogether, these experiments revealed direct interaction between the cellular 

RH30 DEAD-box helicase and the TBSV p33 replication protein, which results in re-

targeting of RH30 into the viral replication compartment.  
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RH30 DEAD-box helicase interferes with the assembly of tombusvirus VRCs and 

activation of p92 RdRp. To gain insight into the mechanism of CIRF function of RH30 

helicase, we affinity-purified the recombinant RH30 and tested its activity in vitro in a 

TBSV replicase reconstitution assay, which is based on yeast cell-free extract [31, 32]. 

Addition of RH30 to the replicase reconstitution assay led to inhibition of TBSV 

repRNA replication by ~10-fold (Fig. 3.6A, lanes 9-10). The in vitro production of 

double-stranded repRNA replication intermediate was also inhibited by ~10-fold by 

RH30, indicating that RH30 likely inhibits an early step, such as the VRC assembly 

during TBSV replication.  

 We then used a step-wise TBSV replicase reconstitution assay [31, 78], in which 

RH30 was added at different stages of VRC assembly (schematically shown in Fig. 

3.6B). RH30 showed significant inhibitory activity when added at the beginning of the 

TBSV replicase reconstitution assay (Fig. 3.6B, lanes 3-4 versus 1-2). On the contrary, 

RH30 was ineffective, when added to TBSV replicase reconstitution assay after the VRC 

assembly step and prior to RNA synthesis (Fig. 3.6B, lanes 7-8). These in vitro data 

support the model that the inhibitory role of RH30 is performed during or prior to the 

VRC assembly step, but RH30 is ineffective at the latter stages of TBSV replication.  
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 We also utilized an in vitro RdRp activation assay based on the purified 

recombinant TBSV p92 RdRp, which is inactive and requires Hsp70 chaperone and the 

viral (+)RNA template to become an active polymerase [133]. Addition of the 

recombinant RH30 helicase strongly inhibited the polymerase activity of the p92 RdRp 

(Fig. 3.6C), suggesting that RH30 blocks the critical RdRp activation step during 

tombusvirus replication. 

 Several RNA helicases are involved in regulation of cellular translation [170]. 

Therefore, we tested if RH30 affected the translation of tombusvirus genomic RNA, 

which is uncapped and lacks poly(A) tail [3]. CIRV genomic RNA was used in this in 

vitro assay based on wheat germ extract [158]. Addition of recombinant RH30 to the in 

vitro translation assay inhibited slightly the production of p36 replication protein from 

the gRNA when RH30 was used in high amount (Fig. 3.6D). The highest amount of 

RH30 also had minor inhibition on translation of the control Tdh2 mRNA (Fig. 3.6D). 

Thus, RH30 is unlikely to specifically affect the translation of tombusvirus RNAs during 

infection.    

 

RH30 helicase binds to critical cis-acting elements in the viral RNA. Since the 

canonical function of RNA helicases to bind RNA substrates and unwind base-paired 

structures [57], we tested if RH30 DEAD-box helicase could perform these functions 
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with the TBSV RNA in vitro. First, we used a gel-mobility shift assay with purified 

recombinant RH30, which showed that RH30 bound to both the (+) and (-)repRNA (Fig. 

3.7A-B). Since each of the four regions in the TBSV repRNA contains well-defined cis-

acting elements, we performed template competition assays with the four regions 

separately in the presence of recombinant RH30 helicase. This assay defined that the 

best competitors for binding to RH30 was RII(+) and RII(-), whereas RI(+), RIV(+) and 

RI(-), RIV(-) also become competitive when added in high amounts (Fig. 3.7C). Because 

RII(+) contains a critical cis-acting stem-loop element, termed RII(+)SL, which is 

involved in p33-mediated recruitment of the TBSV (+)RNA template [12], and the 

activation of the p92 RdRp [133], we tested if the purified RH30 could bind to this stem-

loop element in vitro. Interestingly, RH30 bound to RII(+)SL in the absence of added 

ATP (Fig. 3.7D). However, the presence of extra ATP enhanced the binding of RH30 to 

RII(+)SL, suggesting that RH30 binds to RNAs in an ATP-dependent fashion, similar 

to other DEAD-box helicases [57, 165, 171]. The control p33 (an N-terminally-truncated, 

soluble version) bound to RII(+)SL more efficiently and in an ATP-independent manner 

(Fig. 3.7D), as also shown previously [12]. This highlight the possibility that RH30 and 

p33 replication protein compete with each other in binding to this critical cis-acting 

element. 
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 To test the RNA helicase function of RH30, we performed strand separation assays, 

where parts of the TBSV repRNA was double-stranded as shown schematically in Fig. 

3.7E-F. The RNA helicase activity of RH30 in the presence of ATP was found to 

efficiently separate the partial dsRNA templates, involving RI and RII sequences (Fig. 

3.7E-F). RH30 was much less efficient to separate the partial dsRNA templates in the 

absence of ATP or when we added its helicase core mutant RH30(F416L) (Fig. 3.7E, 

lanes 6-9; 3.7F, lanes 5-8). It is possible that the residual strand-separation activity of 

RH30(F416L) might come from its RNA binding and RNA chaperone activity with the 

TBSV RNA substrates. Additional biochemical assays will be needed to test if the partial 

activity of RH30 in the absence of added ATP is due to the possibly copurified residual 

ATP bound to RH30.  

To test if RH30(F416L) helicase core mutant still has antiviral activity, we 

performed a TBSV replicase reconstitution assay with yeast cell-free extract [31, 32]. 

Addition of RH30(F416L) to the replicase reconstitution assay led to minor inhibition of 

TBSV repRNA replication (Fig. 3.7G, lanes 1-2). Thus, mutation within the helicase 

core region of RH30 affected its antiviral activity on TBSV replication in vitro.    

 

RH30 helicase inhibits the binding of the viral replication proteins to the template 

recruitment element in the viral (+)RNA. To further characterize the restriction 
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function of RH30 during tombusvirus replication, we tested if RH30 helicase could 

inhibit the selective binding of p33 replication protein to the viral RNA template in vitro. 

To this end, we biotin-labeled the RII(+) sequence of TBSV RNA, which represents the 

RII(+)-SL RNA recognition element required for template recruitment into replication 

by p33 replication protein [12]. Moreover, RII(+)-SL RNA is also an essential part of an 

assembly platform for the replicase complex [96]. The biotin-labeled RII(+) RNA was 

then pre-incubated with purified RH30 (Fig. 3.8A). Then, purified p33C (the soluble C-

terminal region, including the RNA-binding and p33:p33/p92 interaction region of p33 

replication protein) was added, which can bind specifically to RII(+)-SL if the hairpin 

structure with the C•C mismatch in the internal loop was formed [12]. After a short 

incubation, the biotin-labeled RII(+) RNA was captured on streptavidin-coated magnetic 

beads. After thorough washing of the streptavidin beads, the proteins bound to the RNA 

were eluted. Western blot analysis with anti-p33 antibody revealed that RH30 in the 

presence of ATP inhibited the binding of p33C to RII(+)-SL by 50 % (Fig. 3.8A, lane 2 

versus lane 3) when compared with the control containing the MBP protein that does not 

bind to RII(+)-SL [12]. RH30 was less inhibitory of the p33C - RII(+)-SL interaction in 

the absence of ATP (Fig. 3.8A, lane 4). We also performed the experiments when RH30 

and p33C were incubated with biotin-labeled RII(+) RNA simultaneously. Western-blot 

analysis showed that RH30 was still inhibitory of p33C binding to RII(+)-SL (Fig. 3.8B), 
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but less effectively than above when RH30 was pre-incubated with the RII(+) RNA. 

These in vitro results suggest that one of the mechanisms by which RH30 helicase 

inhibits tombusvirus replication is to inhibit the binding of p33 to the critical RII(+)-SL 

RNA recognition element required for template recruitment into replication. This 

inhibition is likely due to local unwinding RII(+)-SL, because the presence of ATP 

enhanced the inhibitory effect of RH30.  

In another set of experiments, we first incubated biotin-labeled RII(+) RNA with 

p33C, followed by capturing the RNA-p33 complex with streptavidin-coated magnetic 

beads and then, the addition of RH30 helicase to the beads (Fig. 3.8C). Here we tested 

the released p33C from the beads in the eluted fraction by Western blotting. Interestingly, 

increasing the amounts of RH30 added in the presence of ATP led to the release of p33C 

from the RII(+) RNA (Fig. 3.8C, lane 3-4), whereas RH30 was less efficient in replacing 

p33C in the absence of ATP (lanes 1-2). Based on these in vitro data, we suggest that 

RH30 helicase could replace the RNA-bound p33C by likely remodeling the RNA-p33 

complex in an ATP-dependent manner.  

 

RH30 helicase is co-localized with the viral dsRNA replication intermediate within 

the tombusvirus replication compartment in plants. We also tested the localization 

of RH30 helicase in comparison with the viral repRNA in N. benthamiana. The TBSV 
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repRNA carried six copies of the RFP-tagged coat protein recognition sequence from 

bacteriophage MS2 in either plus or minus polarity [10]. CNV served as a helper virus 

in these experiments. Interestingly, RH30 was co-localized with both (-)repRNA and 

(+)repRNA, which were present in the replication compartment decorated by the TBSV 

p33-BFP (Fig. 3.9A-B). The RFP signal within the replication compartment was usually 

weaker when RH30 helicase was expressed, likely due to the inhibitory effect of RH30 

on tombusvirus replication. A similar outcome was observed when the viral dsRNA 

replication intermediate, detected via dsRNA probes [161], was co-localized with RH30 

helicase within the replication compartment (Fig. 3.10). These data demonstrate that 

RH30 helicase relocates to the replication sites where tombusvirus RNA synthesis takes 

place. 

 

RH30 DEAD-box helicase inhibits the accumulation of related and unrelated plant 

and insect viruses in yeast or plants. To learn if RH30 has restriction function against 

additional plant viruses, we tested the effect of RH30 expression on TCV carmovirus 

and red clover necrosis mosaic virus (RCNMV) dianthovirus, both of which belong to 

the Tombusviridae family. Expression of AtRH30 in N. benthamiana plants led to 

complete block of TCV gRNA accumulation and ~4-fold reduction in RCNMV RNA1 

accumulation (Fig. 3.11A-B). On the contrary, two separate transgenic RH30 knock-out 
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lines of Arabidopsis thaliana supported increased levels of TCV gRNA accumulation 

by up to 2-fold (Fig. 3.11C).  

The Arabidopsis-TCV system was also used to estimate if TCV infection could 

induce RH30 gene transcription. RT-PCR analysis revealed induction of RH30 mRNA 

transcription in TCV-infected versus mock-inoculated plants (Fig. 3.11D). All these data 

are in agreement that RH30 is a strong restriction factor against tombusviruses and 

related viruses in plants.  

To learn if RH30 also has restriction function against an unrelated plant virus, we 

over-expressed AtRH30 in N. benthamiana and measured the accumulation of the 

unrelated tobacco mosaic tobamovirus (TMV). We observed a ~3-fold reduction in 

TMV RNA accumulation in N. benthamiana leaves expressing the WT RH30, but not 

in those leaves expressing the helicase core mutant of RH30(F416L) (Fig. 3.11E). 

Expression of WT RH30, but not that of the RH30(F416L) helicase core mutant, also 

inhibited the accumulation of the insect-infecting Nodamura virus (NoV) by ~3-fold in 

yeast (Fig. 3.14A). Interestingly, the accumulation of Flock House virus (FHV), an 

alphanodavirus, which is related to NoV, was only slightly inhibited by the expression 

of WT RH30 in yeast (Fig. 3.14B). Based on these observations, we suggest that the 

plant RH30 DEAD-box helicase has a broad-range CIRF activity against several RNA 

viruses.  
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3.4 Discussion 

 

 DEAD-box RNA helicases are the most numerous among RNA helicases [112, 

113]. They are involved in all facets of RNA processes in cells. RNA viruses and 

retroviruses also usurp several DEAD-box helicases to facilitate their replication and 

other viral processes during infection [172, 173]. However, the host also deploys DEAD-

box helicases to inhibit RNA virus replication [172, 174]. Accordingly, in this work we 

present several pieces of evidence that the DDX17-like RH30 DEAD-box helicase 

restricts tombusvirus replication, including the peroxisomal replicating TBSV and CNV 

and the mitochondrial-replicating CIRV in yeast and plants, and the more distantly 

related TCV and RCNMV and the unrelated TMV in plants. On the contrary, knock-

down of RH30 enhances the replication of these three tombusviruses in N. benthamiana 

or the related TCV in RH30 knock-out lines of Arabidopsis.  On the other hand, the 

helicase core mutant RH30 can only partially inhibit tombusvirus replication in plants 

or in vitro, suggesting that the helicase function of RH30 is needed for its full antiviral 

activity.  

How can RH30 restrict TBSV replication? We show that the antiviral RH30 helicase 

binds to p33 and p92 replication proteins based on co-purification experiments of the 
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viral replicase complex, a pull down assay, and BiFC in N. benthamiana. We propose 

that the interaction of RH30 helicase with the viral replication proteins might be 

important for the targeting of RH30 into the viral replication compartment (Fig. 12). 

Accordingly, RH30 is recruited into the viral replication compartment from the cytosol 

and the nucleus based on live imaging in plant cells (Fig. 3). The targeting of RH30 into 

the replication compartment is critical for its antiviral function, because fusion of a 

nuclear retention signal with RH30, which leads to its enrichment in the nucleus at the 

expense of the cytosolic pool of RH30, in turn, cancelled out the antiviral effect of RH30. 

Yeast CFE-based replicase reconstitution assays showed that RH30 acts in the early 

steps of replication, since both (-) and (+)RNA synthesis was inhibited by RH30 (Fig. 

6). Moreover, the in vitro RdRp activation assay demonstrated that RH30 inhibited the 

TBSV RdRp activation step during the replication process as well (Fig. 6C). In contrast, 

the CFE-based TBSV replication was not inhibited by RH30 after replicase assembly 

was completed (see step 2, Fig. 6B). These data suggest that RH30 DEAD-box helicase 

must act at the earliest steps in the replication process to inhibit TBSV replication.  

RH30 also binds to the viral RNA, including the 5’ UTR (i.e., RI) and RII internal 

sequence present within the p92 coding region (Fig. 7). Using in vitro interaction and 

replication assays between RNA-p33 replication protein, we show that RH30 inhibits 

several steps in tombusvirus replication. These include the RH30-based inhibition of (i) 
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the specific recognition of the critical RII(+)-SL cis-acting element in the viral (+)RNA 

by p33 replication protein, which is absolutely required for template recruitment into 

VRCs, (ii) the activation of the viral p92 RdRp, and (iii) the assembly of the VRCs [31, 

133, 175]. Moreover, RH30 helicase could disassemble viral RNA-p33 complexes by 

likely remodeling the RNA structure in an ATP-dependent manner (Fig. 8). However, 

RH30-mediated disassembly of viral RNA-p33 complexes is unlikely to occur after 

VRC assembly is completed, because RH30 helicase was not an effective restriction 

factor when added at a late step of TBSV replication (step 2, Fig. 6B). We propose that 

the membrane-bound TBSV VRCs are protecting the viral RNA-p33 complexes by 

restricting accessibility of the VRC complex to RH30 DEAD-box helicase. Accordingly, 

we have shown before that the fully-assembled TBSV VRCs are resistant to cellular 

ribonucleases [38]. Therefore, RH30 helicase might only be able to disassemble viral 

RNA-p33 complexes before the vesicle-like spherule formation, which is the 

characteristic structure of the TBSV VRCs in yeast and plants [176]. Altogther, the in 

vitro assays provide plentiful data on the direct inhibitory effect of RH30 helicase on 

TBSV replication, indicating that RH30 functions as an effector-type, not signaling-type, 

DEAD-box helicase, which detect viral RNA and send signals to downstream 

components of the innate immunity network [174]. Future experiments will address if 

RH30 might have additional mechanisms to restrict tombusvirus replication.    
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A recently emerging concept in innate immunity is the significant roles of 

DEAD-box helicases expressed by host cells that greatly reduce virus replication and 

facilitate combating viruses and making the induced and passive innate immune 

responses more potent. Many of the identified yeast DEAD-box helicases with 

restriction functions are conserved in plants and mammals. Altogether, the genome-wide 

screens performed with animal viruses have shown that helicases are the largest group 

of host proteins affecting RNA virus replication. For example, in case of HIV, the 

involvement of several cellular helicases has been demonstrated, including DDX17 and 

DDX3 [173, 177, 178]. Yet, the functions of the cellular helicases during virus 

replication are currently understudied.  

The emerging picture in plant-virus interactions, similar to animal-virus 

interactions, is the diverse roles of various host RNA helicases. Different plant viruses 

have been shown to co-opt plant RNA helicases for pro-viral functions. These include 

RH8 and RH9 for potyvirus replication and RH20, RH2 and RH5 for TBSV replication 

[77-79, 103, 104, 144]. However, this paper shows evidence that a plant DEAD-box 

helicase, RH30, can also be utilized by host plants for antiviral functions. Thus, in 

addition to the previously identified Dicer-like RNA helicases [129, 179-181], additional 

plant RNA helicases might function as CIRFs by recognizing plant virus RNAs. The 

DDX17-like RH30 DEAD-box helicase characterized here opens up the possibility that 
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among the more than 100 DEAD-box helicases of plants, there are additional ones with 

antiviral functions, serving as effector-type or sensor-like RNA helicases. The discovery 

of the antiviral role of RH30 helicase illustrates the likely ancient roles of RNA helicases 

in plant innate immunity.  
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Primer
s (# 
NO.) 

Sequences 

471 CCCGCTCGAGGGAAATTCTCCAGGATTTCTC 
1069 CCGGTCGAGCTCTACCAGGTAATATACCACAACGTGTGT 
1567 GCAGCTCGAGACCATGCCAAAAAAGAAAAGAAAAAGTGGCT 
1568 CGACGGATCCGTAGATGCCGGAGTTT 
2691 CGGAGATCTATGGCCTCCTCCGAGGAC 
2859 TAATACGACTCACTATAGGAACCAAATCATTCATGTTGCTCTC 
2860 TAGTGTATGTGATATCCCACCAA 
5051 GGATCTAGATTAGGCGCCGGTGGAGTGG 
5753 CGCGTCTAGATTACCAAGTCCTCTTTCCAC 
5754 CGCGCTCGAGATGAGCTCGTATGATCGTAG 
5905 GGAAGATCTATGGTGAGCAAGGGCGAG 
6061 CGCGTCTAGAATGAGCTCGTATGATCGTAG 
6062 CGCGCTCGAGTTACCAAGTCCTCTTTCCAC 
6069 GCGCGGATCCGTCCTCGATGTTGTGGC 
6512 CCGCTCGAGCTGAGTCCGGACTTGTATAG 
6192 CGCAACAAGCTAGGACAACAGTCC 
6193 TAATACGACTCACTATAGGGCCGCTACCGGCGGTTAGGGGAGG 
6513 CGCGGAGCTCTTACTGAGTCCGGACTTGTATAG 
6706 ATGGGAGTAAAATCCTAATTTTGGTGGAGACAAAGAGAGGGTGTG 
6707 CACACCCTCTCTTTGTCTCCACCAAAATTAGGATTTTACTCCCAT 
6839 CCGGGCCCTTACCAAGTCCTCTTTCCAC 
6876 CCCAAGCTTGCCAACTTTTTTGTACAAAC 
6877 CCGCTCGAGATGCATCATCACCATCACCATATGCCAAAAGTGAACCGAGGAA 
6880 ATGAGCTCGTATGATCGTAG 
7304 GAAGATCTATGAGCTACTCTAATTACGACTCC 
7305 ACGCGTCGACAAAGCCACTGTCCCGGCCCATAC 
7306 GAAGATCTTATGATTTCCCTTCAAATCTTGAGG 
7307 ACGCGTCGACCTACCAAGGCCTTCTACCAAGC 
7990 GGAGTTAATACGACTCACTATAGGGAGAGAGAGGAAAACCCACCTTCAAAAG

GTG 
7991 GGAGTTAATACGACTCACTATAGGGAGAGAGAGACCAAGCGGAATTACGTTG

G 
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Figure 3.1 Expression of AtRH30 DEAD-box helicase inhibits tombusvirus genomic 

(g)RNA replication in N. benthamiana plant and in yeast surrogate host. N. 

benthamiana 

 

 than in control plants. Bottom panel: Ethidium-bromide stained 

-

F L

experiment was repeated at least three times. (F) 

replication in yeast. Top panel

- s - pol 

- -

ol. Bottom images: Western blot analysis 

- - pol and - -  
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Fig. 3.2 
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Figure 3.2 Knockdown of NbRH30 gene expression leads to enhanced tombusvirus 

replication in N. benthamiana plants. 

- -

 

-

-

RNA is shown as a loading control in an ethidium-bromide stained agarose gel. Third 

panel: Northern blot analysis shows the knock-

-

level in the silenced and control plants. Sixth and eighth panels: RT-

TUBULIN mRNA level in the silenced and control plants. Each experiment was repeated 

three times. Bottom panel: Accelerated and more severe TBSV-induced symptom 

-silenced N. benthamiana plants as compared with the 

-silenced N. benthamiana 

-  

-silenced N. benthamiana plants 2 days post-inoculation (dpi) was 

measured by Northern blot analysis. See   
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Fig. 3.3 
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Figure 3.3 Confocal microscopy shows the retargeting of the mostly nuclear RH30 

into the large replication compartment in plant protoplasts and whole plants infected 

with CNV. -targeted into the replication compartment marked by 

the BFP-tagged p33 replication protein (pointed by arrows) in N. benthamiana 

protoplas -

-

The re-targeted GFP-

p33-BFP replication protein and RFP-

-localized to the 

-targeted 

GFP- artially co-localized with the ER marker within the viral replication 

-BFP replication protein. 

plants (transgenic plants expressing nucleus marker RFP- -ER) 

were agro-  express p33- -  gRNA as 

described -BFP and CNV  gRNA were 

used as controls. The agro- es wer

- (B) 

- - -BFP 

replication proteins and the GFP- The large replication compartment 
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- -

above proteins  -

benthamiana leaves.  plants were agro-i

express TBSV p33- - -  or CIRV 

gRNAs as described -BFP or -BFP and 

the viral RNAs were used as controls. The agro-

-  m. Each 

experiment was repeated.  
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Fig. 3.4 
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Figure 3.4 Enrichment of AtRH30 in the nucleus nullifies its antiviral effect against 

TBSV. (A) 

plants expressing . 

Bottom panel: Ethidium-bromide stain

control. (B) NRS- -GFP is not re-targeted into the replication compartment marked 

by the TBSV BFP-tagged p33 replication protein (pointed by an arrow) in N. 

benthamiana protoplasts. Second panel: in the abse - -

-RFP). The leaves 

-

agro-  to express p33- - NV  gRNA as described 

-BFP and CNV  gRNA were used as 

controls. The agro- eaves were collected to isolate prot

- (C) 

-BFP replication protein and NRS- -GFP in N. 

benthamiana cells  large replication compartment was visualized 

-

promoter -

m. Each experiment was repeated. 
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Fig. 3.5 
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Figure 3.5 Co-purification of RH30 helicase with the viral replicase from 

membranous fraction of yeast. (A) Co- - -p33 

and Flag- pol  Western 

- - -

-p33 and Flag- pol -

- pol - -  Flag-p33 

and Flag- pol replication proteins were detected with anti-FLAG antibody. The 

- - - pol 

- -p33 and 

is - pol - -

(B) Pull-down assay including TBSV GST-p33 replication protein and the MBP-tagged 

 soluble C-

which lacked the N- -membrane TM domain. Top 

-p33C with the MBP-

MBP-  F L) 

anti- -

blue stained SDS- -

-p33C in total E. coli lysates. Each experiment was repeated three 

times. (C) Interac
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was detected by BiFC. The TBSV p33-cYFP replication protein and the nYFP-

the RFP- essed via agro-  The 

ient co- -

rge viral replication 

m.  
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Figure 3.6 Inhibition of TBSV repRNA accumulation by RH30 in in vitro replication 

assay based on cell-free extract (CFE) obtained from WT yeast. 

recombinant tombusvirus p3

gram the in vitro tombusvirus 

μM) -

o the reactions. Non-denaturing PAGE shows 

32P- ication intermediate 

-

step CFE-  

BP- μM)

 as shown. The 32P-

denaturing PAGE. (C) The in vitro RdRp activation assay 

-

MBP-

the 32P-labeled RNA products obtained in an in vitro assay with -

RdRp. (D) In vitro translation assay with wheat germ extract programmed with CIRV 
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- M and 

M). The S-methionine- duct is 

detected by SDS-PAGE. Tdh2 mRNA was used as a control. Each experiment was 

repeated three times. 
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Fig. 3.7 
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Figure 3.7 RH30 binds to the RII(+)-SL cis-acting element involved in RNA template 

selection. (A- analysis shows that MBP- 32P-

- -

M) to the assays. The MBP-

- 32P-labeled ssRNA complex was visualized on 

polyacrylamide gels. Each experiment was repeated at least three times. (C) In vitro 

-

 the 32P-lab pmol) or 

(-

-

panel D) were used in the competition assay. The MBP- - 32P-labeled ssRNA 

complex was 

cis- -

MBP- μM) and the 32P- -

- μM) representing the C-

whereas MBP was the nega -F) Top: 
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- 32P-labeled 

complementary (-)RNA (representing either RI or RII in DI-

- -

-

in the 32P-labeled 

dsRNA probe was done with a Phosphorimager. This experiment was repeated two times. 

(G) Incr μM -

32P-labeled RNA productswere 

 the top image. 
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Fig. 3.8 
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Figure 3.8 RH30 DEAD-box helicase inhibits the template recruitment by p33 and 

promotes the release of the viral (+)RNA from p33 replication protein in vitro. (A) Top: 

to 

streptavidin- -

- -p33C to the in vitro assay. The RNA probe 

and MBP-

-p -

– protein complex was captured on streptavidin-coated magnetic beads and washed the 

beads with a 

-p33C in the eluates by Western blotting using anti-p33 antibody. Reduced 

-

 due to remodelling the RNA structure that could not be recognized 

by p33 any longer

shows that the biotin- - -p33C were added 

simultaneously to the in vitro assay. See additional details in panel A. (C) Top: The 

scheme shows that the biotin- -p33C was allowed to 

-

– protein complex on streptavidin- -
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-p33C in the 

eluates by Western blotting using anti-p33 a -p33C 

remodelling the RNA structure that could not be recognized by p33 any longer. 

times.    
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Fig 3.9 
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Figure 3.9 Confocal microscopy shows co-localization of RH30 with the viral 

repRNAs in whole plants infected with CNV. (A- -targeted into 

the replication compartment where RNA synthesis takes place. The viral (-)repRNA and 

 MS2 phage RNA hairpin (MS2hp) recognized by 

was also marked by the BFP-

tagged p33 replication protein in N. benthamiana. Note that RFP-MS2CP contains a 

ds up in the nucleus in the absence 

ins  

-

benthamiana plants were agro- SV p33- - -

-  gRNA. 

-

which can be bound by RFP-MS2CP to show the subcellular localizatio

The repRNA(- -MS2 

which can only be recognized by RFP-MS2CP when viral RNA replication produces the 

complimentary strand repRNA(-) by the helper virus CNV . The absence 

- -)MS2hp or CNV  were used as 

controls. The agro-

 m. Each experiment was repeated.  
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Fig .3.10 
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Figure 3.10 Co-localization of the viral double-stranded gRNA with RH30 in whole 

plants infected with CNV. The CNV genomic dsRNA replication intermediate was 

detected via a dsRNA detector assay based on dsRNA binding- e 

complementation assay . 

- and C-

protein

The dsRNA sensor 

agro-  

RFP- -  -

  immediately subjected to 

-

-

 Top panel: viral dsRNA replication intermediate is co-localized with RFP-

-BFP. Middle 

- N. benthamiana 

leaves with  above 
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-

μm. Each experiment was repeated. 
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Figure 3.11 Expression of AtRH30 DEAD-box helicase inhibits TCV and RCNMV 

genomic (g)RNA replication in N. benthamiana plants. N. benthamiana plants 

 was done via co-

into N. benthamiana lea

 than in control plants. 

Bottom panel: Ethidium-bromide stained gel 

inoc etails in panel A. (D) 

Semi- -

-inoculated plants. Each 

experiment was repeate her with 

-length TMV  was done via co-

into N. benthamiana leaves 

 

RNAs in n comparison with the control plants. 
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Bottom panel: Northern 

Each experiment was repeated. 
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Fig. 3.12 
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Figure 3.12 -box 

-

 

-SL cis-

replication protein only when the stem-

potentially remodel the p33-

Second: Inhibitio -

-loop structure 

-  -

inhibits VRC assembly as well. This is because the stem- -SL is 

the antiviral activity. 

 
 



CLUSTAL O(1.2.4) multiple sequence alignment 

RH30    MSSYDRRFADPNSYRQRSGAPVGSSQPMDPSAAPYNPRYTGGGGGYGPSPVMAGDNSGYN 60 
DED1    MAELSEQVQN-------------------------LSINDNNENGYVPPHLRGKPRSARN 35 

 *:. ..:. :                              .. .** *  : .  .*. * 

RH30    RYPSFQPPSGGFSVGRGGG-------RGGYG---QYGDRNGGGNWGGGGGRGGSSKRELD 110 
DED1    NSSNYNNNNGGYNGGRGGGSFFSNNRRGGYGNGGFFGGNNGGSRS-----NGRSGGRWID 90 

 .  .::  .**:. *****       *****    :*..***..      .* *. * :* 

RH30    SV--SLPKQNFGNLVHFEKNFYVESPTVQAMTEQDVAMYRTERDISVEGRDVPKPMKMFQ 168 
DED1    GKHVPAPRNEKAEIAIFGV---PEDPNFQSS-GINFDN-YDDIPVDASGKDVPEPITEFT 145 

 .     *::: .::. *      *.*..*:    :.     :  :...*:***:*:. *  

RH30    DANFPDNILEAIAKLGFTEPTPIQAQGWPMALKGRDLIGIAETGSGKTLAYLLPALVHVS 228 
DED1    SPPLDGLLLENIKLARFTKPTPVQKYSVPIVANGRDLMACAQTGSGKTGGFLFPVLSESF 205 

 .  : . :** *    **:***:*  . *:. :****:. *:****** .:*:*.* .   

RH30    AQP----------RLGQDDGPIVLILAPTRELAVQIQEESRKFGLRSGVRSTCIYGGAPK 278 
DED1    KTGPSPQPESQGSFYQRKAYPTAVIMAPTRELATQIFDEAKKFTYRSWVKACVVYGGSPI 265 

  :.  * .:*:*******.** :*::**  ** *::  :***:* 

RH30    GPQIRDLRRGVEIVIATPGRLIDMLECQHTNLKRVTYLVLDEADRMLDMGFEPQIRKIVS 338 
DED1    GNQLREIERGCDLLVATPGRLNDLLERGKISLANVKYLVLDEADRMLDMGFEPQIRHIVE 325 

* *:*::.** ::::****** *:**  : .* .*.********************:**.

RH30    QIR----PDRQTLLWSATWPREVETLARQFLRDPYKAIIGSTDLKANQSINQVIEIVPTP 394 
DED1    DCDMTPVGERQTLMFSATFPADIQHLARDFLSDYIFLSVGRVGSTS-ENITQKVLYVENQ 384 

 :       :****::***:* ::: ***:** *     :* .. .: :.*.* :  * .  

RH30    EKYNRLLTLLKQLMDGSKILIFVETKRGCDQVTRQLRMDGWPALAIHGDKTQSERDRVLA 454 
DED1    DKKSALLDLLSASTDG-LTLIFVETKRMADQLTDFLIMQNFRATAIHGDRTQSERERALA 443 

  :* . ** **.   **   ******** .**:*  * *:.: * *****:*****:*.** 

RH30    EFKSGRSPIMTATDVAARGLDVKDIKCVVNYDFPNTLEDYIHRIGRTGRAGAKGMAFTFF 514 
DED1    AFRSGAATLLVATAVAARGLDIPNVTHVINYDLPSDVDDYVHRIGRTGRAGNTGLATAFF 503 

  *:** : ::.** *******: ::. *:***:*. ::**:********** .*:* :** 

RH30    THDNAKFARELVKILQEAGQVVPPTLSALVRSS-G------SGYGGSGGGRNFRPRGGGR 567 
DED1    NSENSNIVKGLHEILTEANQEVPSFLKDAMMSAPGSRSNSRRGGFGRNNNRDYRKAGGAS 563 

 . :*:::.: * :** **.* **  *.  : *: *       *  * ...*::*  **.  

RH30    GGGFGDKRSRSTSNFV-----PHGGKRTW------------ 591 
DED1    AGGWGSSRSRDNSFRGGSGWGSDSKSSGWGNSGGSNNSSWW 604 

 .**:*..***..*         .. .  *    
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Figure 3.13 Comparison of the conserved F position in the helicase core domain in 

the yeast Ded1 and the Arabidosis RH30 DEAD-box helicases. 
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Figure 3.14 Expression of AtRH30 DEAD-box helicase inhibits NoV RNA 

accumulation in yeast. (A-B) 

RNA3 using a 3’ 

- -tag 

l RNA templates were also 

-

e was used as a loading 

-protA with anti-Flag 

- -
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Chapter 4 

Changing functional identity: dissecting features affecting pro-viral versus antiviral 

functions of cellular DEAD-box helicases in tombusvirus replication  

 

4.1 Introduction 

 

Positive-stranded (+)RNA viruses exploit host cells by co-opting many cellular 

factors to facilitate viral replication. In addition, many (+)RNA viruses take advantage 

of metabolic pathways, subcellular membranes and intracellular trafficking to build 

elaborate membranous viral replication compartments (also called viral replication 

organelles, VROs), which are the sites of viral replication, in the cytosol of the infected 

cells [21, 23, 26, 29, 46, 122-125]. The emerging picture is that the co-opted host factors 

affect many steps of RNA virus replication. For example, the assembly of membrane-

bound viral replicase complexes (VRCs) is assisted by host translation initiation and 

elongation factors, protein chaperones, RNA-modifying enzymes, SNARE and ESCRT 

proteins, the actin network, and lipids [21, 23, 26, 29, 46, 122-125].  

The mechanistic roles of host factors in viral RNA replication is intensively 

studied with Tomato bushy stunt virus (TBSV) and other tombusviruses infecting plants. 

[81, 130, 131]. Expression of the two TBSV replication proteins, termed p33 and p92pol, 
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and a replicon (rep)RNA leads to efficient viral replication in yeast (Saccharomyces 

cerevisiae) surrogate host [24, 132, 133]. The abundant p33 is an RNA chaperone and a 

master regulator of replication, whereas p92pol is the RdRp [88]. Several cis-acting 

replication elements have been defined in the TBSV (+) and (-) RNAs which have 

critical functions in RNA template selection, recruitment, in the assembly of VRCs and 

in viral RNA synthesis [11, 12, 31, 95, 133, 134, 182].    

Among the largest family of cellular proteins affecting TBSV replication is the 

ATP-dependent DEAD-box RNA helicases. Multiple global screens in yeast with TBSV 

have identified 11 yeast helicases (10 DEAD-box and 1 DEAH-box helicases) which are 

involved in viral replication or recombination [90]. Moreover, TBSV, which lacks its own 

helicase, usurps several plant ATP-dependent DEAD-box RNA helicases to promote 

TBSV RNA replication. For example, the plant DDX3-like RH20, DDX5-like RH5 and 

the eIF4AIII-like RH2 DEAD-box proteins affect plus-strand synthesis, viral genome 

integrity and RNA recombination [78, 79, 103]. On the other hand, the DDX17-like RH30 

DEAD-box protein is re-localized from the nucleus to the site of tombusvirus replication 

via interacting with the TBSV p33 and p92pol replication proteins and inhibits 

tombusvirus replication through blocking several steps in the replication process. The 

action of RH30 DEAD-box helicase interferes with VRC assembly, viral RdRp activation 

and the specific interaction between p33 replication protein and the viral (+)RNA 
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(Chapter 3). 

DEAD-box helicases are a large family of RNA helicases and they are involved 

in cellular metabolism [58, 135, 136], and in responses to abiotic stress and pathogen 

infections [112, 137, 138]. DEAD-box helicases unwind RNA duplexes, affect RNA 

folding and RNA-protein complexes [57]. Interestingly, DEAD-box helicases can open 

up completely double-stranded RNA regions by directly loading on duplexes and opening 

up a limited number of base pairs. This unwinding mode is termed local strand separation 

[57, 113]. Ever increasing data suggest that cellular DEAD-box helicases affect 

translation and replication of many RNA viruses [77, 139-141]. For example, turnip 

mosaic virus and brome mosaic virus co-opt cellular DEAD-box helicases for proviral 

functions in translation or replication [77, 142, 144]. HIV infections are affected by 

several helicases providing either pro-viral or antiviral functions [173, 183]. Thus, the 

emerging idea is that cellular DEAD-box helicases are important co-opted host factors 

for several viruses, whereas other cellular DEAD-box helicases play active roles in 

restricting RNA virus replication. Overall, cellular DEAD-box helicases perform critical 

roles in virus-host interactions. 

In this work, we characterized domains that specify the viral restriction function 

of the cellular RH30 DEAD-box RNA helicase and the pro-viral function of the RH20 

helicase in tombusvirus replication. Expression of deletion mutants of RH30 and RH20 
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in Nicotiana benthamiana plants revealed that the N-terminal domain is important in 

determining the function of these helicases. We found that the antiviral helicases target a 

cis-acting element (RII(+)-SL) in the viral RNA, which is critical during the early steps 

of replication. Therefore, we suggest that the antiviral DEAD-box helicase must act at 

the earliest steps in the replication process to inhibit TBSV replication. On the contrary, 

the pro-viral helicases in this work targeted a different cis-acting element (RI, 5’ 

noncoding region) in the viral RNA, which is needed for (+)RNA synthesis, a latter step 

in the replication process. This surprising outcome suggests that the antiviral or proviral 

DEAD-box helicases could be reversed when inhibitory domains are removed from the 

helicase protein. 

 

4.2 Materials and methods 

 

Yeast strain and expression plasmids. Saccharomyces cerevisiae strain BY4741 

was obtained from Open Biosystems. 

To make deletion mutants of N-terminal domain, helicase core or C-terminal 

domain of AtRH30, the sequence of AtRH30 2-162 (also named RH30 N for 

abbreviation), At -591 (named RH30 ), At - -591 

(named RH30 ) (Fig 4.12) were PCR-amplified from plasmid pGD-AtRH30 [Wu 
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and Nagy, in press] as follows: the sequence of RH30 N was PCR-amplified with 

primers #6709 and #5753, followed by the digestion with XhoI and XbaI. The 

digested product was ligated with XhoI/XbaI-digested pYES-NT vector, resulting in 

pYES-AtRH30 N. In addition, the sequence of RH30  was PCR-amplified with 

primers #5754 and #6708, followed by the digestion with XhoI and XbaI. The 

digested product was ligated with XhoI/XbaI-digested pYES-NT vector, resulting in 

pYES-AtRH30 . Moreover, the sequence of RH30  was amplified by PCR 

with primers #6709 and #6710, followed by the digestion with XhoI and XbaI. The 

digested product was ligated with XhoI/XbaI-digested pGD vector, resulting in pGD-

AtRH30 . 

To generate plasmids for expression of N-terminal Green Fluorescent Protein 

(GFP)-tagged AtRH30 , the sequence of AtRH30  was PCR-amplified from 

plasmid pGD-AtRH30 with primers #6709 and #7838, followed by the digestion with 

XhoI. The digested product was then ligated with XhoI-digested pGDG vector [152], 

resulting pGD-GFP-AtRH30 , which was confirmed by PCR with primers #7198 

and #7838 for the correct orientation of the ORF. 

To clone deletion mutants of N-terminal domain of AtRH20 (Fig 4.1), firstly, a 

pGD expression vector fused with 3 repeats of HA tag at upstream of multiple cloning 

sites was created. The sequence of 3xHA was PCR-amplified from pESC-Ura-Vps34-
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3xHA [184] with primer #7391 and #7392, followed by the digestion with BglII and 

XhoI. The digested product was ligated to BamHI/XhoI-digested pGD vector, 

resulting in pGD-3HA-CY. The sequences of AtRH20 was PCR-amplified from 

plasmid pGD-AtRH20 [78] with #6509 and #6972, followed by the digestion with 

BamHI and XbaI. The digested product was then used for the ligation to 

BamHI/XbaI-digested pGD-3HA-CY vector, resulting in pGD-3HA-AtRH20. The 

sequences of AtRH20 N2-36, AtRH20 N2-58 or AtRH20 N2-96 were PCR-amplified from 

plasmid pGD-AtRH20 with #7051 and #6972, #7102 and #6972 or #7393 and #6972, 

respectively, followed by the digestion with XhoI and XbaI. These digested PCR 

products were used for ligation with XhoI/XbaI-digested pGD-3HA-CY vector, 

resulting in pGD-3HA-AtRH20 N2-36, pGD-3HA-AtRH20 N2-58 and pGD-3HA-

AtRH20 N2-96. 

To obtain the expression vectors for BiFC assay, an N-terminal nYFP expression 

vector carrying multiple restriction enzyme sites was generated. The sequence of 

nYFP was PCR-amplified from plasmid pGD-nYFP-MBP [42] with primers #5905 

and #6069, followed by the digestion with BglII and BamHI. The digested fragment 

was ligated with BamHI-digested pGD vector, creating pGD-nYFP-CY. On the other 

hand, the previous XhoI/XbaI-digested AtRH30  was used for the ligation with 

XhoI/XbaI-digested pGD-nYFP-CY, resulting pGD-nYFP-AtRH30 . Besides, the 
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sequences of AtRH20 or AtRH20 N2-96 were PCR-amplified from plasmid pGD-

AtRH20 with primers #6509 and #6972 or #7638 and #6972, respectively, followed 

by the digestion with BamHI and XbaI. These digested products were used for the 

ligation with BamHI/XbaI-digested pGD-nYFP-CY, respectively, resulting pGD-

nYFP-AtRH20 and pGD-nYFP-AtRH20 N2-96. 

To obtain the expression plasmids for MBP or GST fusion proteins, the sequence 

of RH30  was PCR-amplified from plasmid pGD-AtRH30 with primers #7638 

and #7639, followed by the digestion with XbaI and XhoI. The digested product was 

ligated to XbaI/SalI-digested pMAL-c2x vector, generating pMAL-AtRH30 . In 

addition, the previously BamHI/XhoI-digested products of AtRH20 or AtRH20 N2-96 

were used for the ligation to pGEX-his-RE vector, producing pGEX-AtRH20 or 

pGEX-AtRH20 N2-96. 

To make chimeric constructs with AtRH20 and AtRH30, the N-terminal domains 

were swapped between AtRH20 and AtRH30 (Fig 4.1). The sequence of 

AtRH20 Hel  was PCR-amplified from plasmid pGD-AtRH20 with primers #1818 

and #6849. The sequence of AtRH30 N was PCR amplified from pGD-AtRH30 with 

primer #6850 and #5753. These two fragments were used as templates for PCR with 

primers #1818 and #5753, followed by the digestion with XhoI and XbaI. The 

digested product was ligated to XhoI/XbaI-digested pGD-3HA-CY vector, resulting 
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in pGD-3HA-RH233. On the other hand, the sequence of AtRH30 Hel  was PCR-

amplified from plasmid pGD-AtRH30 with primers #5754 and #6844. The sequence 

of AtRH20 N was PCR amplified from pGD-AtRH20 with primer #6845 and #6972. 

These two fragments were used as templates together for PCR with primers #5754 

and #6972, followed by the digestion with XhoI and XbaI. The digested product was 

ligated to XhoI/XbaI-digested pGD-3HA-CY vector, resulting in pGD-3HA-RH322. 

 

The accumulation of viral RNA in yeast and plants. To launch TBSV repRNA 

replication in yeast Saccharomyces cerevisiae wild-type (wt) strain BY4741, yeast 

cells were transformed with LpGAD-CUP1::HisFlag-p92 and HpGBK-

CUP1::HisFlag-p33/GAL1::DI-72. The plasmids for expression of RH30 and its 

mutants, including pYEX-vector (as a control), pYES-AtRH30, pYES-AtRH30F416L, 

pYES-AtRH30 N or pYES-AtRH30 , were also introduced into yeast cells, 

respectively. The obtained yeast transformants were grown in SC-ULH- media 

containing 2% galactose and 0.1mM BCS at 23°C. After 18h, the yeast culture was 

transferred to SC-ULH- media containing 2% galactose and 50 μM CuSO4 and 

incubated at 29°C. After 7 h, the obtained yeast cells were used for further Northern 

blot analysis and Western blot analysis. 

To detect the accumulation of tombusviruses in N. benthamiana plants 
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expressing Arabidopsis RH20, RH30 and their mutants, the leaves of N. benthamiana 

were infiltrated with Agrobacterium carrying pGD-P19 (OD600 0.2) and pGD vector 

(OD600 0.2, as a control for RH30 and its mutant), pGD-AtRH30 (OD600 0.6), pGD-

AtRH30  (OD600 0.6), pGD-3HA-CY (OD600 0.2, as a control for 3HA-RH20 and 

it mutants), pGD-AtRH20 N2-36 (OD600 0.6), pGD-AtRH20 N2-58 (OD600 0.6) or 

AtRH20 N2-96 (OD600 0.6). In the experiment of CNV infection, plants were also co-

infiltrated with Agrobacterium carrying pGD-CNV20Kstop (OD600 0.2). In the 

experiment for TBSV or CIRV infections, plants were inoculated with TBSV or CIRV 

crude sap incoculum, 16 h after agro-infiltration, respectively. Total RNA extraction 

and Northern blot were performed as described [79] to analyze the accumulation 

levels of tombusviruses in inoculated leaves at 2.5 d post virus inoculation (dpi) for 

CNV or CIRV infections and at 1.5 dpi for TBSV infection. Western blot analysis was 

performed with anti-HA antibody. 

 

Confocal laser microscopy. The subcellular localization of AtRH30  was 

observed in plant epidermal cells with the expression of an N-terminal fusion of 

AtRH30  to GFP. In the experiments with TBSV and CNV, the transgenic N. 

Benthamiana (expressing H2B fused to RFP, as a nuclear marker) leaves were 

infiltrated with Agrobacterium carrying expression plasmids pGD-p33-BFP (OD600 
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0.4), pGD-GFP-AtRH30  (OD600 0.4) and pGD-P19 (OD600 0.2). The leaves were 

also co-infiltrated with Agrobacterium to express CNV20Kstop gRNA for CNV 

inoculation. For TBSV infection, the infiltrated leaves were inoculated with TBSV 

sap inoculum 16 h post agro-infiltration. To observe the subcellular localization of 

GFP-AtRH30  with cellular markers, the wild-type N. Benthamiana leaves were 

agro-infiltrated to express p36-BFP and CoxIV-RFP (a mitochondria marker) in the 

case of CIRV infection or p33-BFP and RFP-SKL (peroxisome luminar marker) in the 

case of TBSV infection together with GFP-AtRH30  and P19 (as a gene silencing 

supressor). Approximately 2 days post-virus inoculation, imaging of infiltrated leaves 

was performed on an Olympus FV1200 confocal microscopy using 60X water-

immersion objective equipped lasers. BFP was excited by 405 nm laser. GFP was 

excited by 488 nm laser and RFP was excited by 543 nm laser. Images were obtained 

and merged using Olympus FLUOVIEW 1.5.  

To detect the interaction between proteins in N. Benthamiana plants, bimolecular 

fluorescence complementation (BiFC) assay was performed with Agrobacterium 

infiltration. The leaves of wild-type N. benthamiana were infiltrated with 

Agrobacterium carrying pGD-P19 (OD600 0.2), pGD-RFP-SKL (OD600 0.4) along 

with different combination of constructs as follows: pGD-nYFP-AtRH30 (OD600 0.4) 

and pGD-T33-cYFP (OD600 0.4) [42]; pGD-nYFP-AtRH30 N/ C (OD600 0.4) and 
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pGD-T33-cYFP (OD600 0.4); pGD-nYFP-MBP (OD600 0.4, as a control) and pGD-

T33-cYFP (OD600 0.4); pGD-nYFP-AtRH20 (OD600 0.4) and pGD-T33-cYFP (OD600 

0.4); pGD-nYFP-AtRH20 N2-96 (OD600 0.4) and pGD-T33-cYFP (OD600 0.4). After 16 

h, infiltrated leaves of N. benthamiana plants was inoculated with TBSV crude sap 

inoculum. Approximately 2 days post-virus inoculation, imaging of infiltrated leaves 

was performed as described above except YFP was excited by 514nm laser. 

 

Purification of recombinant proteins from E. coli. Recombinant proteins GST- 

AtRH20, GST-AtRH20 N2-96, GST, MBP-AtRH30, MBP-AtRH30 N/ C, MBP, MBP-

p33, MBP-p92 were expressed in E. coli and affinity-purified as described [78]. 

Briefly, E. coli strain BL21 (DE3) CodonPlus (Stratagene) cells were transformed 

with expression plasmids to express the recombinant proteins. The obtained E. coli 

cells were cultured at 37°C for 16h, followed by dilution of the culture to OD600 0.2 

with fresh media. The E. coli culture was then incubated at 37°C until its OD600 

reach 1.0. The culture was added with isopropyl- -D-thiogalactopyranoside (IPTG) 

and incubated at 16°C for 8 h. The E. coli cells were then collected by centrifugation 

at 5,000 rpm at 4°C for 5 min, followed by the resuspension with ice- cold column 

buffer (20mM HEPES [pH7.4], 25 mM NaCl, 1mM EDTA [pH 8.0]) containing 10 

mM -mercaptoethanol and 1 μg of RNase A in each 4 ml of E. coli cells suspension. 



127 
 
 

Sonication was performed on ice to get the cell lysates, followed by centrifugation at 

15,000 rpm at 4°C for 15 min. The obtained supernatant was incubated with GST bind 

resin (EMD Millipore) for GST fusion proteins or amylose resin (NEB) for MBP 

fusion proteins at 4°C for 2 h, respectively. The resin was then washed with ice- cold 

column buffer fourtimes. The recombinant protein was eluted with column buffer 

containing 10mM glutathione and 1mM DTT in pH 7.5 for GST fusion proteins or 

0.36% [W/V] maltose and 1mM DTT for MBP fusion proteins. 

 

Analysis of TBSV replication with in vitro reconstituted TBSV replicase in yeast 

cell-free extract (CFE). The yeast cell-free extract (CFE) that supports in vitro 

TBSV reconstituted replicase was prepared with yeast strain BY4741 as described 

[31, 32]. The in vitro reconstituted TBSV replicase assay was performed with the 

mixture of 2 μl of CFE, 0.5 μg DI-72 (+)repRNA, 0.2 μg affinity-purified maltose-

binding protein (MBP)-p33 as well as MBP-p92pol (both recombinant proteins were 

purified from E. coli), 5 μl of buffer A (30mM HEPES-KOH [pH 7.4], 150 mM 

potassium acetate, 5 mM magnesium acetate, 0.13 M sorbitol), 2 μl of 150 mM 

creatine phosphate, 0.2 μl of 10 mg/ml creatine kinase, 0.4 μl actinomycin D 

(5mg/ml), 0.2 μl of 1 M dithiothreitol (DTT), 0.2 μl of RNase inhibitor, 2 μl a 

ribonucleotide (rNTP) mixture (10 mM of ATP, CTP, and GTP as well as 0.25 mM 
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UTP) and 0.1 μl of [32P]UTP in a total of 20 μl reaction volume. In addition, about 

3.8 μM of purified recombinant proteins was also added in the reaction. The reaction 

was performed at 25°C for 3h and then stopped by the addition of 5 volumes of 1% 

SDS and 5 mM EDTA, followed by phenol-chloroform extraction and RNA 

precipitation. Then the repRNA products and dsRNA intermediates were analyzed by 

electrophoresis in 0.5X Tris-borate-EDTA (TBE) buffer in a 5% polyacrylamide gel 

(PAGE) containing 8 M urea. 

 

Double stranded (ds) RNA separation assay. To study if purified recombinant 

proteins separate dsRNA duplex, the dsRNA separation assay was performed as 

described [79]. Firstly, the unlabeled single stranded (ss) TBSV (-)repRNA or TBSV 

(+)repRNA were synthesized by T7 polymerase-based in vitro transcription. On the 

other hand, 32P-labeled ss RI(-), RII(+),RIII(-) or RIV(+) RNAs was synthesized by 

T7-based in vitro transcription along with 32P-labeled UTP, respectively. To prepared 

partial dsRNA duplexs [RI(-)/ (+)repRNA, RII(+)/ (-)repRNA, RIII(-)/ (+)repRNA 

and  RIV(+)/ (-)repRNA], 2 pmol of 32P-labeled ssRNA were annealed to 6 pmol of 

unlabeled repRNA in STE buffer (10 mM TRIS, [pH 8.0], 1 mM EDTA, and 100mM 

NaCl) by slowly cooling down the samples (in a total volume of 20 μl) from 94 °C to 

25 °C in 30 min. An increasing amounts (0.95 μM, 1.9 μM, 3.8 μM and 7.6 μM or 
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with an additional 11.4 μM) of purified MBP fusion proteins or GST fusion proteins 

were added to the partial dsRNA duplex in RNA binding buffer (10 mM HEPES 

[pH7.4], 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 5% Glycerol, 2.5 mM MgCl2) 

supplemented with 1mM ATP, followed by incubation at 25 °C for 25 min. The 

reaction mixture was then treated with Proteinase K (2 μg/ per reaction) at 37°C for 

20 min, followed by analysis with nondenaturing PAGE containing 5% 

polyacrylamide. 

 

4.3 Results 

 

Dissecting domains specifying the viral restriction function of the cellular RH30 

DEAD-box RNA helicase in tombusvirus replication. Sequence comparison of the 

DDX17-like RH30 DEAD-box RNA helicase from Arabidopsis, which shows restriction 

function against tombusviruses, with the pro-viral DDX3-like RH20 DEAD-box RNA 

helicase suggests the existence of three domains. The highly conserved core DEAD-box 

helicase domain is present in the center of these two helicases, whereas the N-terminal 

and short C-terminal domains are divergent from one another. To identify what domains 

are responsible for the antiviral function of RH30 DEAD-box RNA helicase, we 

expressed deletion mutants of RH30 in Nicotiana benthamiana plants via agro-
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infiltration. Interestingly, expression of the N-domain deletion mutant of RH30 lost its 

antiviral effect against TBSV replication in the inoculated leaves (RH30 N2-162, Table 

4.1). Similarly, expression of the N-terminal domain deletion mutant of RH30 N2-162 did 

not show antiviral activity in yeast surrogate host (Fig. 4.1A, lanes 17-20 versus 5-8). 

This conclusion was based on TBSV replicon RNA analysis, which showed no inhibition 

of viral replication by RH30 N2-162 expression after 24 h of incubation (Fig. 4.1A), 

suggesting that RH30 requires the N-terminal domain to be an active restriction factor 

against TBSV replication. Replication of another tombusvirus, carnation Italian ringspot 

virus (CIRV), which utilizes the outer membranes of mitochondria to build the viral 

replication compartment, was also not inhibited in N. benthamiana by the transient 

expression of the RH30 N2-162 missing the N-terminal domain (Table 4.1). 

  As expected, deletion of the core DEAD-box helicase domain in RH30 nullified 

its antiviral activity against both TBSV and CIRV in N. benthamiana (RH30 Hel, Table 

4.1). In contrast, deletion of the short C-terminal domain in RH30 did not interfere with 

the restriction function in N. benthamiana (RH30 C, Table 4.1). Combined deletion of 

the core DEAD-box helicase and C-terminal domains in RH30 nullified the antiviral 

activity of RH30 in N. benthamiana (RH30 Hel/ C, Table 4.1) and in yeast (Fig. 4.1A, 

lanes 13-16). However, combined deletion of both N- and C-terminal domains, which 

left only the core DEAD-box helicase domain in RH30, converted this helicase into a 
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pro-viral factor by increasing TBSV replication by ~2-to-3-fold in N. benthamiana 

(RH30 N/ C, Table 4.1 and Fig. 4.1C, lanes 1-4). Expression of RH30 N/ C, also 

enhanced the accumulation of the accumulation of closely-related CNV and CIRV by 2-

to-3-fold in N. benthamiana (Fig. 4.1E-F, lanes 1-4). This surprising outcome suggests 

that an antiviral DEAD-box helicase could become a pro-viral factor by modifying 

domains in the protein.   

 

The pro-viral RH30 N/ C DEAD-box helicase is re-localized into the tombusvirus 

replication compartment in plants. The antiviral RH30 DEAD-box helicase has to re-

localize from the nucleus into the large p33-containing replication compartment in order 

to restrict tombusvirus replication (Chapter 3). To test if the pro-viral RH30 N/ C helicase 

is also present in the replication compartment, we co-expressed GFP-tagged RH30 N/ C 

with p33-BFP replication protein and either H2B-RFP (nuclear marker) or RFP-SKL (a 

peroxisomal matrix marker) in N. bentamiana (Fig. 4.2A-B). Confocal microscopy 

analysis of in N. bentamiana leaves showed the partial re-localization of GFP-RH30 N/ C 

into the large TBSV replication compartment, which consists of aggregated peroxisomes. 

GFP-RH30 N/ C helicase was also partially re-targeted in CIRV-infected N. benthamiana 

cells into the CIRV p36 and p95pol-containing replication compartment (Fig. 4.2B, top 

panel), which consists of aggregated mitochondria [168, 169]. Based on these 
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experiments, we propose that the nuclear and cytosolic-localized RH30 N/ C helicase is 

re-targeted into the tombusvirus replication compartment, similar to the full-length 

RH30 helicase with antiviral function.  

 To test if the RH30 N/ C helicase interacts with the tombusvirus replication 

protein, we have conducted bimolecular fluorescence complementation (BiFC) 

experiments in N. benthamiana leaves. Comparison with the antiviral full-length RH30 

helicase, RH30 N/ C helicase also showed interaction with the TBSV p33 replication 

protein within the viral replication compartment, marked by the peroxisomal matrix 

marker RFP-SKL (Fig. 4.3A-B). 

  

The pro-viral RH30 N/ C DEAD-box helicase promotes tombusvirus RNA synthesis 

in vitro. To gain deeper insight into the pro-viral function of RH30 N/ C helicase, we 

affinity-purified the recombinant RH30 N/ C helicase from E. coli, followed by testing 

its activity in vitro in a TBSV replicase reconstitution assay [31, 32]. Addition of the 

purified RH30 N/ C helicase to the replicase reconstitution assay, which is based on yeast 

cell-free extract, led to increased TBSV repRNA replication by ~50% (Fig. 4.4, lanes 1-

2). The double-stranded repRNA replication intermediate was also produced by ~40% 

more efficiently in the presence of RH30 N/ C helicase. These in vitro data suggest that 

RH30 N/ C helicase likely promotes RNA synthesis or the VRC assembly during TBSV 
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replication. This idea is also supported by the increased level of both (-)RNAs and 

(+)RNAs observed when RH30 N/ C helicase was expressed in N. benthamiana (Fig. 

4.1D, lanes 1-3).    

  

The pro-viral RH30 N/ C DEAD-box helicase unwinds critical cis-acting elements 

in the viral RNA differently than the antiviral RH30 helicase. The antiviral activity 

of the full-length RH30 DEAD-box helicase is attributed to the efficient unwinding of 

the secondary structure of the RII(+) region in the TBSV RNA (Chapter 3). RII(+) 

contains a critical cis-acting stem-loop element, termed RII(+)SL, which is required for 

the p33-mediated recruitment of the TBSV (+)RNA template into replication [12], and 

for the activation of the p92 RdRp [133]. Therefore, we tested if the purified RH30 N/ C 

helicase could unwind partial dsRNA substrates in a dsRNA-strand separation assay, 

where parts of the TBSV repRNA were double-stranded as shown schematically in Fig. 

4.5. Interestingly, unlike the full-length RH30 helicase, the RH30 N/ C helicase was 

found to inefficiently separate the partial dsRNA template, involving the RII sequence, 

in the presence of ATP (Fig. 4.5B, lanes 1-4 versus 9-12). These findings suggest that, 

in contrast with the full-length RH30 helicase, the RH30 N/ C helicase cannot change the 

RII(+)SL hairpin structure, thus it might not block the binding of TBSV p33 replication 

protein to the critical RII(+)-SL RNA recognition element required for template 
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recruitment into replication. In contrast, RH30 N/ C helicase was able to unwind the RI-

containing partial dsRNA in vitro (Fig. 4.5A, lanes 1-4 versus 5-8). Helicase-driven 

unwinding of the dsRNA structure within RI sequence of the dsRNA replication 

intermediate is critical during initiation of (+)-strand RNA synthesis [78, 104]. The RI(-) 

region contains the promoter for (+)RNA synthesis, including loading of the p92pol on 

the (-)RNA template [14]. 

 

The pro-viral role of the N-terminal domain of the cellular RH20 DEAD-box RNA 

helicase in tombusvirus replication. To learn if the above findings of reversing the 

viral restriction function of the RH30 DEAD-box RNA helicase from Arabidopsis could 

be generalized, we also tested the pro-viral DDX3-like RH20 DEAD-box RNA helicase 

[78, 104]. To identify what domains are responsible for the pro-viral function of RH20 

DEAD-box RNA helicase, we expressed deletion mutants of RH20 in N. benthamiana 

plants via agro-infiltration. Expression of a short N-domain truncation mutant of RH20 

led to elimination of the pro-viral activity of the RH20 helicase in TBSV replication in 

the inoculated leaves (RH20 N2-36, Table 4.1). More importantly, expression of the N-

terminal domain deletion mutant of RH20 helicase showed antiviral activity in N. 

benthamiana plants (RH20 N2-96, Table 4.2 and Fig. 4.6A, lanes 13-15 versus 1-3). This 

suggests that RH20 requires the N-terminal domain to be an active pro-viral host factor 
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in TBSV replication. Replication of other tombusviruses, such as CNV (Fig. 4.6C) and 

CIRV (Table 2) was also inhibited by 2-to-3-fold in N. benthamiana by the transient 

expression of the RH20 N2-96 missing the N-terminal domain. In contrast, deletion of the 

short C-terminal domain in RH20 did not interfere with the pro-viral function in N. 

benthamiana (RH20 C, Table 4.2). Thus, similar to the case with RH30 helicase, the 

functional identity of RH20 pro-viral helicase could be reversed by removing a 

functional domain.  

 

The antiviral RH20 N DEAD-box helicase inhibits tombusvirus RNA synthesis in 

vitro. To learn what features of RH20 N2-96 helicase caused it to become antiviral, we 

affinity-purified the recombinant RH20 N2-96 helicase from E. coli, and tested its activity 

in vitro in a TBSV replicase reconstitution assay [31, 32]. Addition of the purified 

RH20 N2-96 helicase to the replicase reconstitution assay resulted in decreased TBSV 

repRNA replication by ~40% (Fig. 4.6D, lanes 1-2). The double-stranded repRNA 

replication intermediate was also reduced by ~15% in the presence of RH20 N2-96 

helicase. Based on these data, we suggest that RH20 N2-96 helicase likely inhibits both (-) 

and (+)-strand RNA synthesis during TBSV replication. This is in agreement with in 

planta data on TBSV accumulation, which also showed decreased levels of both 
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(-)RNAs and (+)RNAs when RH20 N2-96 helicase was expressed in N. benthamiana (Fig. 

4.6A, lanes 13-15 and Fig. 4.6B, lanes 4-6).    

 

The antiviral RH20 N DEAD-box helicase is re-targeted into the tombusvirus 

replication compartment in plants. To test if the antiviral RH20 N2-96 helicase is 

present in the replication compartment, we conducted BiFC experiments in N. 

benthamiana leaves. The antiviral RH20 N2-96 helicase, similar to the pro-viral full-

length RH20 helicase, also showed interaction with the TBSV p33 replication protein 

within the viral replication compartment, marked by the peroxisomal matrix marker 

RFP-SKL (Fig. 4.7A-B). Thus, both the pro-viral and antiviral cellular helicases are re-

targeted to the viral replication compartment during TBSV replication. 

   

The antiviral RH20 N DEAD-box helicase efficiently unwinds critical cis-acting 

elements in the TBSV RNA. Here, we again used the in vitro strand-separation assay 

to test the antiviral activity of the RH20 N2-96 helicase. Surprisingly, we observed a 

largely enhanced unwinding activity of RH20 N2-96 helicase in comparison with the pro-

viral full-length RH20 helicase. For, example, the purified RH20 N2-96 helicase, unlike 

the full-length RH20 helicase, could efficiently unwind the partial dsRNA template, 

involving the RII sequence, in the presence of ATP (Fig. 4.7B, lanes 1-5 versus 11-15). 
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These findings suggest that, in contrast with the full-length RH20 helicase, the RH20 N2-

96 helicase can ‘destroy” the RII(+)SL hairpin structure, thus it might be able to block 

the binding of TBSV p33 replication protein to the critical RII(+)-SL RNA recognition 

element, which event is required for template recruitment into replication. Actually, 

RH20 N2-96 helicase was able to efficiently unwind all the TBSV dsRNA templates 

provided (Fig. 4.7). This efficient unwinding of viral RNA structures by RH20 N2-96 

helicase likely is the reason for its antiviral function. The pro-viral full-length RH20 is 

more selectively targets RI sequence of the dsRNA replication intermediate, which is 

critical during initiation of (+)-strand RNA synthesis [78, 104]. Therefore, we suggest 

that the RH20 N2-96 helicase becomes antiviral based on its lost template selectivity in 

comparison with the more selective pro-viral full-length RH20 helicase.   

 

The N-terminal-domain in the DEAD-box helicases is needed for the co-opted 

Rpn11 deubiqitinase to regulate TBSV replication. The recruitment of the DDX3-

like yeast Ded1 and the homologous plant RH20 DEAD-box helicases into the viral 

replication compartment is affected by the cellular Rpn11 deubiqitinase [30]. To study 

if Rpn11 is also critical for the functions of the above helicases, we knocked down 

Rpn11 levels via VIGS in N. benthamiana, followed by the expression of the full-length 

and truncated cellular helicases. These experiments revealed that the antiviral activity of 
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RH30 and the pro-viral function of RH20 are dependent on Rpn11 (Fig. 4.9). In contrast, 

RH20 N2-96 helicase still showed antiviral activity, whereas RH30 N/ C helicase was pro-

viral in plants with knock down of Rpn11 (Fig. 4.9). Therefore, these results suggest that 

Rpn11 requires the N-terminal domain of these helicases to regulate TBSV replication. 

Dissection of the actual function of Rpn11 will require further experiments. 

 

Chimeric DEAD-box helicases confirm the critical roles of the N-terminal domains 

in DEAD-box helicases in TBSV replication. To obtain further evidence on the critical 

roles of the N-terminal domains of DEAD-box helicases in TBSV replication, we 

constructed two chimeric DEAD-box helicases by switching the N-terminal domains 

between RH20 and RH30 (Fig. 4.10). The chimeric helicase containing the N-terminal 

domain from RH20 and the remaining sequences from RH30 (i.e., RH322) showed 

antiviral activity against TBSV when expressed in N. benthamiana (Fig. 4.10). On the 

contrary, the other chimeric helicase containing the N-terminal domain from RH30 and 

the remaining sequences from RH20 (i.e., RH33) showed pro-viral activity on TBSV 

replication when expressed in N. benthamiana (Fig. 4.10). These results support the 

notion that the N-terminal domain in the DEAD-box helicases might determine the 

specific role of DEAD-box helicases in TBSV replication.   
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4.4 Discussion 

 

 Unlike many other pathogens, (+)RNA viruses code for only a rather limited 

number of genes, making them highly dependent on numerous co-opted host factors for 

supporting viral replication and other viral processes during their infections. This overm 

dependence on subverted host factors, however, renders (+)RNA viruses vulnerable to 

host restriction factors that could block virus replication. Accordingly, tombusviruses 

are dependent on the cellular DDX3-like and DDX5-like DEAD-box helicases during 

their replication in yeast or plants [78, 79, 103, 104]. However, there are a large number 

of similar DEAD-box helicases in plants (58 in Arabidopsis), which might not assist 

tombusvirus replication, but instead, block the viral replication process. Indeed, we have 

previously shown that the DDX17-like RH30 helicase, which is rather similar to the pro-

viral DDX3-like RH20 helicase, has strong anti-tombusvirus activity in plants (Chapter 

3). However, it is currently unknown what features make particular DEAD-box helicases 

either pro-viral or antiviral.   

 In this work, we have shown that the functional identity of the co-opted DEAD-

box helicases could be altered by changing the pro-viral RH20 helicase into antiviral and 

the antiviral RH30 helicase into a pro-viral helicase via altering the sequences of these 

cellular helicases. Notably, the unique N-terminal domain of the DEAD-box helicases 
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seems to be important to specify the activity of the given cellular helicase. In the absence 

of the N-terminal domain, the core helicase domain becomes unhinged, showing altered 

specificity in RNA duplex unwinding activities. 

The tombusvirus genome is loaded with cis-acting RNA replication and 

translation elements to facilitate well-orchestrated and efficient viral replication [182]. 

The emerging picture from recent studies with TBSV is that cellular helicases could 

target various cis-acting elements. Accordingly, in vitro studies revealed that one of the 

most important features of the cellular helicases is their abilities to unwind the RNA 

structures within particular regions of the TBSV RNA. The critical feature for the pro-

viral DEAD-box helicases, such as RH30 N/ C helicase (this work) and the full-length 

RH20, is to selectively target and unwind the RI sequence (5’UTR) of the dsRNA 

replication intermediate, which is critical during initiation of (+)-strand RNA synthesis 

[78, 79, 103, 104]. On the contrary, the critical feature of the antiviral DEAD-box 

helicases, such as RH20 N2-96 helicase (this work) and the full-length RH30, is to 

efficiently target and “destroy” the RII(+)SL hairpin structure, and thus block the 

binding of TBSV p33 replication protein to the critical RII(+)-SL RNA recognition 

element, which is absolutely required for template recruitment into replication, VRC 

assembly and viral RdRp activation (Fig. 11) [11, 12, 15, 133]. 
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Although RH30 N/ C helicase facilitates the unwinding of RI-containing 

sequences, which are important for initiation of (+)RNA synthesis by the TBSV RdRp 

[78, 104], this “pro-viral” feature of RH30 N/ C helicase might not be important in vivo. 

This is because the antiviral activity of RH30 N/ C helicase, involving unwinding of 

RII(+), which inhibits RII(+)-SL and the recruitment of the viral RNA into replication, 

is an earlier step during TBSV replication (Fig. 11). Thus, blocking this early step by 

RH30 N/ C helicase is a dominant feature, which likely prevents the seemingly pro-viral 

potential of RH30 N/ C helicase during the initiation of (+)RNA synthesis by unwinding 

the RI portion of the dsRNA replication intermediate. 

Unlike with the full-length RH20 and RH30 helicases, the Rpn11-dependence is 

not observed with the truncated RH30 N/ C or RH20 N2-96 helicases. It is possible that 

RH30 N/ C or RH20 N2-96 helicases might be directly recruited by the viral replication 

proteins into the tombusvirus replication compartment without the help of the cytosolic 

Rpn11 host factor.   

Interestingly, the altered functional identity of the cellular helicases was not 

affected by several features. For example, BiFC experiments in N. benthamiana showed 

the antiviral and pro-viral helicases interacted with the viral replication proteins and they 

were re-targeted into the viral replication compartment from either the cytosol or the 

nucleus. Also, the antiviral and pro-viral helicases were able to unwind viral dsRNA 
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structures. What was different, however, is that the antiviral and pro-viral helicases 

targeted different regions within the viral RNA as discussed above. The RNA helicase 

activity, however, seems to be important for both pro-viral and antiviral activities, 

because deletion of the core helicase domain eliminated these activities (Table 1-2). We 

also observed that the changed functional identity of the cellular helicases manifested 

with both the peroxisomal-replicating TBSV and the mitochondrial-replicating CIRV in 

plants. 

Overall, the evolving features of the unique N-terminal domains of cellular 

DEAD-box helicases seem to be key components of the arms race between 

tombusviruses and their hosts. We propose that deletions/mutations in critical positions 

within the N-terminal domains of cellular DEAD-box helicases might render them either 

antiviral or pro-viral. These findings open up the possibility to turn the pro-viral host 

factors into antiviral factors, for the benefit of agriculture and health science. 

It will be interesting to learn if the function of helicases could be reversed in case of 

other RNA viruses and retroviruses. Those viruses also usurp several cellular DEAD-

box helicases to facilitate their replication and other viral processes during infection [172, 

173]. Moreover, the host also deploys DEAD-box helicases to inhibit the replication of 

the above viruses [172, 174]. Many of the identified DEAD-box helicases with 

restriction functions are conserved in plants and mammals.  
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Name      TBSV  CIRV replication 
Empty vector              100             100 
RH30        19+13         24+6 
N-terminal mutants: 
RH30 N2-17     22+3      21+15 
RH30 N2-103    36+13         79+6 
RH30 N2-124         88+19        138+15 
RH30 N2-162       118+17        105+15 
Helicase core mutants: 
RH30F416L       111+31        101+8 
RH30 Hel ( 163-546)         92+11         77+30 
C-terminal mutants: 
RH30 C547-592     25+7       5+4 
Dual-mutants: 
RH30 Hel/ C ( 163-592)        93+1      99+25 
RH30 N/ C ( N2-162/ C547-592)   200+27        190+10 
___________________________________________________________ 
 

-box helicase
compared to empty vector control. 
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Name      TBSV  CIRV replication 
Empty vector              100              100 
RH20       161+30         175+10 
N-terminal mutants: 
RH20 N2-17       114+42          40+7 
RH20 N2-36         30+16          45+11 
RH20 N2-96         39+17          36+8 
C-terminal mutants: 
RH20 C480-501      166+20           ND 
___________________________________________________________ 
 

- DEAD-box helicase
compared to empty vector control. 
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N. O. of 

primers 

Sequences 

1818 CAGGCTCGAGATCATGAGTCGCTACGATAGCCGGA 
5753 CGCGTCTAGATTACCAAGTCCTCTTTCCAC 
5754 CGCGCTCGAGATGAGCTCGTATGATCGTAG 
5905 GGAAGATCTATGGTGAGCAAGGGCGAG 
6069 GCGCGGATCCGTCCTCGATGTTGTGGC 
6509 CGCGGATCCATGAGTCGCTACGATAGCCG 
6708 GCTCTAGATTACTTAGGAACATCACGACCTTCAAC 
6709 CCGCTCGAGATGCCGATGAAGATGTTCCAAGATGC 
6710 GCTCTAGATTATGATCGGACTAGTGCGGAGAGAG 
6844 ATCAGGAAAGCCAACATCACGAAAACTCTTCATCGGCTTAGGAA

CATCACGACCT 
6845 GTTGAAGGTCGTGATGTTCCTAAGCCGATGAAGAGTTTTCGTGA

TGTTGGCTTTC 
6849 ATCTGGAAAGTTAGCATCTTGGAACATCTTGACAGGTTTTGGAA

TATCTTTGCCT 
6850 GTTGAAGGCAAAGATATTCCAAAACCTGTCAAGATGTTCCAAGA

TGCTAACTTTC 
6972 TGCTCTAGATCAGCTCCACCCTCTTCTGCTC 
7051 CCGCTCGAGATGTCTAGCAAAAAGGATAACGAT 
7102 CCGCTCGAGATGTTTGAGAAGAATTTTTATGTCGAGTCTCCCGC 
7198 CATTTCTTTTAAAGCAAAAGC 
7391 GAAGATCTATGGGTTACCCATACGATGTTC 
7392 CCGCTCGAGCCAGGATCCAGCAGCGTAATCTGGAACGT 
7393 CCGCTCGAGATGCCTGTCAAGAGTTTTCGTGATGTTG 
7638 CGGGATCCATGCCTGTCAAGAGTTTTCGTGATGTTG 
7639 GCTCTAGAATGCCGATGAAGATGTTCCAAGATGC 
7838 CCGCTCGAGTTATGATCGGACTAGTGCGGAGAGA 

 
Table 4.3 

 
3  
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Figure 4.1 Effects of expression of truncation mutants of the antiviral RH30 DEAD-

box helicase on tombusvirus genomic (g)RNA replication in N. benthamiana plant 

and in yeast surrogate host. 

 

ye . Viral proteins - -

pol -

-

plasmid e was used 

- - pol and 

- -

trunca  N. benthamiana plants expressing C 

helicase were inoculated with (C- Top panel: 

 

plants expressing C 

helicase  or in control plants. Bottom panel: 

Ethidium- mal RNA as a loading control. (D) 

-)RNA detection. 

Each experiment was repeated at least three times.  
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Figure 4.2 Confocal microscopy shows the retargeting of the nuclear/cytosolic 

RH30 N/ C helicase into the large replication compartment in whole plants infected 

with a tombusvirus. (A) y images show that C 

helicase is re-targeted into the replication compartment marked by the BFP-tagged p33 

repli

C helicase 

components. The nucleus is marked by a histone protein (transgenic plants expressing 

nucleus marker RFP- ).  (B) 

images show that the re-targeted GFP- C helicase is present in the viral 

-BFP replication protein and CoxIV-

RFP mitochondrial marker. Arrows point at the viral replication compartment. 

 -

agroi tion into N. benthamiana leaves. The agro-

-  Bottom panel: The TBSV p33-BFP 

replication protein and RFP- -localize with the GFP-

C helicase in the viral replication compartment. 

Each experiment was repeated.  

 

 



150 



151 
 
 

Figure 4.3 Interaction between RH30 N/ C helicase and the TBSV replication protein 

in plants. (A) Interactions between TBSV p33 replication prot C 

helicase were detected by BiFC. The TBSV p33-cYFP replication protein and the nYFP-

- -

 - e peroxisomal 

RFP- t the interaction between the tombusvirus 

C helicase takes place in the large viral 

Scale bars 

m.  
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Figure 4.4 Enhanced TBSV repRNA accumulation by RH30 N/ C helicase in in vitro 

replicase reconstitution assay based on CFE obtained from WT yeast. 

combination with the te

- - C  MBP-

μM) -denaturing PAGE shows 

32P- As and the dsRNA replication intermediate 

products made by the reconstituted replicases. The bottom image shows the contrasted 

ee times. 
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Figure 4.5 Decreased level of unwinding of the dsRNA region containing the RII(+)-

SL cis-acting element involved in RNA template selection by RH30 N/ C helicase in 

vitro. plexes used in the 

-

short 32P-labeled complementary (- -

anneals to the - binant 

MBP- C -

32P-

the in vitro strand se s done 

with a Phosphorimager. This experiment was repeated two times. (B-D) Comparable 
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Figure 4.6 Effects of expression of truncation mutants of the pro-viral RH20 DEAD-

box helicase on tombusvirus genomic (g)RNA replication in N. benthamiana plants. 

(A) N. benthamiana plants expressing the N-

helicase were inoculated with TBSV. Top panel: Northern blot 

subgenomic RNAs in plants expressing  helicase and its derivatives when 

compared with contr NA 

-)RNA detection. Each experiment was repeated at least three times. (C) N. 

benthamiana plants expressing N2-   were inoculated with CNV. 

An in vitro replicase reconstitution assay shows the 

N2-

recombinant tombusvi  in 

- N2-  MBP- μM) 

-denaturing PAGE shows the 

accumulation 32P-

products made by the reconstituted replicases. Each experiment was repeated three 

times.  
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Figure 4.7 Interaction between RH20 N2-96 helicase and the TBSV replication protein 

in plants. (A-B) N2-

-  were detected by BiFC. The TBSV p33-cYFP 

replication protein and the nYFP- N2- - -

peroxisomal marker protein were expressed via agro-  The merged image 

- -

indicating that the interaction between the tombusvirus replication protein and the 

N2- helicase 

m.  
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Figure 4.8 Enhanced level of unwinding of the dsRNA region containing the RII(+)-

SL cis-acting element involved in RNA template selection by RH20 N2-96 helicase in 

vitro. (A-

- N2-

-
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Figure 4.9 The effect of expression of truncation mutants of the RH20 and RH30 

DEAD-box helicases on tombusvirus genomic (g)RNA replication in N. benthamiana 

plants with knock- down of Rpn11. 

down via VIGS in N. benthamiana plants. The plants expressing the shown truncation 

 were inoculated with TBSV. Top panel: 

Northern blo
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Figure 4.10 The effect of expression of chimeric RH20 and RH30 DEAD-box 

helicases on tombusvirus genomic (g)RNA replication in N. benthamiana plants. The 

chimeric helicases either contained the N-

core helicase domain and C- 233) or the N-terminal domain 

ed with the core helicase domain and C-

322).  

were inoculated with TBSV. A 

 

-tagged 

-  
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Figure 4.11 Models showing either the pro-viral for antiviral functions of the 

derivatives of the plant RH20 and RH30 DEAD-box helicases during TBSV 

replication. N2-

helicase becomes an antivira

N2- helicase is 

-SL cis-

  -SL stem-loop 

N2- helicase -loop 

-

C helicase becomes a pro- ng up the RI-containing dsRNA 

- -)RNA synthesis 

by th C helicase might be indirect and or

production. 

 

 

 



168 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.12 
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F 2 The schematic representation  ir mutants as well 
as chimeric DEAD-box helicases. The domains include N-
core domain and C-terminal domain. Two chimeric DEAD-

-terminal domains between 
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Chapter 5 
The XPO1-dependent nucleocytoplasmic shuttling inhibits the replication of 

tombusviruses 

 

 

5.1 Introduction 

 

Plus-stranded RNA [(+)RNA] viruses have small genomes encoding limited 

numbers of viral proteins. In order to build the intracellular replication organelles for 

viral replication, (+)RNA viruses co-opt a large number of host cellular proteins and 

lipids by rewiring host cellular pathways, remodeling subcellular membranes and 

retargeting the trafficking vesicles [82, 85-87, 176, 185-187]. A group of host factors 

retains restriction activities by inhibiting distinct replication steps of (+)RNA viruses 

during the infections[49, 51-54, 88]. The expanding knowledge of host factors 

involved in the replication of (+)RNA viruses reveals the amazing complexity of 

virus-host interactions. 

Tomato bushy stunt virus (TBSV), one of the best characterized (+)RNA virus, 

induces the aggregation of peroxisomal and ER membranes through building 

hundreds of vesicle-like spherule structures in the boundary membrane of 

peroxisomes [18, 19, 156, 167]. In addition, TBSV has been shown to manipulate 
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cellular metabolic pathways, the actin network and endosomal trafficking to facilitate 

viral replication [39, 41, 42, 187]. Systematic genome-wide screens with TBSV have 

also identified a large number of nuclear localized proteins affecting the replication of 

TBSV [26-29]. Moreover, several host factors including nucleolin [55], parvulin 

[110], AtRH20 [104] and AtRH30 DEAD-box helicases (Chapter 3) that fully or 

partially localize in the nucleus [188] have been characterized to influence the 

replication of TBSV. However, it remains unclear yet if only the cytosolic pool of the 

host proteins plays a role in virus replication or if there is a mechanism involving 

protein translocation from the nucleus into the virus replication compartments. 

In eukaryotic cells, the nuclear envelope (NE) separates the nucleus and the 

cytoplasm, which controls the transport of molecules through the nuclear pore 

complexes (NPCs) embedded within the NE [189, 190]. Large molecules (>40 KDa) 

(namely cargoes) generally require nuclear transport receptors, including importin- -

related exportins and importins, for the relocation [191-194]. Xpo1, also known as 

CRM1, is one of the major highly conserved, RanGTPase-driven exportins that 

exports proteins and RNAs, which are in the form of ribonucleoproteins (RNPs), from 

nucleus to cytoplasm [195-197]. Xpo1 recognizes cargoes through a specific leucine-

rich nuclear export signal (NES) [198-200]. An active transport of cargoes requires 

not only the NE and NPCs, but also input of metabolic energy, typically by the 
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RanGTPase system. Xpo1 bundles cargoes with RanGTP as a transport complex in 

nucleus and releases the cargoes in the cytoplasm by GTP-hydrolysis [201-205]. In 

addition, free Xpo1 can re-enter the nucleus for another transport cycle. 

It has been reported that Xpo1 facilitates many virus infections. For example, 

Xpo1 has been shown to transport HIV-1 RNA though binding the NES-containing 

HIV-1 Rev protein [203, 206, 207]. In addition, respiratory syncytial virus (RSV) 

matrix (M) protein, which contains a NES, has been shown to bind to Xpo1 for 

nuclear export [208]. Moreover, it has been reported that influenza A virus exports 

viral RNA with viral nucleoprotein (NP) as an RNP complex through Xpo1-mediated 

nuclear export [209]. On the other hand, Xpo1 has been shown to act as a restriction 

factor against a few virus infections including human T cell leukemia virus type 1 

[210] and adenovirus type 2 [211]. Moreover, a previous yeast genome-wide screen 

with TBSV has shown that overexpression of Xpo1 (CRM1 in yeast) inhibited TBSV 

replication in yeast [27]. 

According to previous findings, Xpo1-mediated nuclear export is critical to a 

wide variety of viruses, most likely through facilitating the nuclear export of viral 

RNPs or viral proteins. Unlike those viruses replicating their viral genome in the 

nucleus, TBSV is known for building replication organelles in intracellular 

membranes facing the cytoplasm. It seems likely that Xpo1 might play distinct roles 
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in (+)RNA viruses. In this study, I discovered that Xpo1 possessed an anti-viral 

function that exports previously characterized cell-intrinsic restriction factors (CIRFs) 

from nucleus to the replication compartment of tombusviruses. The transient 

expression of Xpo1 inhibited the accumulation of tombusviruses in plants. I provide 

evidence that the inhibitory effects of nucleolin or Xpo1 were blocked by a small 

molecule inhibitor of Xpo1-cargo binding in plants. Furthermore, interactions 

between Xpo1 and CIRFs or TBSV p33 were relocated from the perinucleus to the 

viral replication compartment. Thus, Xpo1-dependent nucleocytoplasmic shuttling is 

essential for the active relocation of CIRFs into the replication compartment of 

tombusviruses. Further mechanistic studies are needed to gain insight into the role of 

nucleocytoplasmic shuttling in TBSV replication. 

 

5.2 Materials and methods 

 

Yeast strain and expression plasmids. Yeast Saccharomyces cerevisiae strain 

BY4741 was obtained from Open Biosystems (Huntsville, AL, USA). The 

temperature-sensitive (ts) mutant of Srm1p in S. cerevisiae is a generous gift from 

Charles Boone [114]. The yeast cells of ts strain were transformed and cultured as 

described [30].  
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The RT-PCR products of Arabidopsis Xpo1 was obtained from Arabidopsis 

cDNA with primers #7221 and #7222, followed by the digestion with BamHI and 

SalI. The digested product was ligated to BamHI/SalI-digested pGD-vector or 

BamHI/XhoI-digested pGEX-his-RE vector, respectively, generating pGD-AtXpo1 

pGEX-his-AtXpo1.  

To clone a BiFC expression vector for nYFP-AtXpo1, the previously published 

plasmid pGD-nYFP-MBP[42] was digested with BamHI and SalI to remove the 

sequence of MBP, followed by the ligation with BamHI/SalI-digested AtXpo1 

product, resulting in pGD-nYFP-AtXpo1. 

In order to perform BiFC assay in N. benthamiana, a pGD-cYFP was 

constructed to carry multiple restriction enzyme sites (5’-BamHI/XhoI/XbaI-cYFP 

ORF- SacI-3’). The sequence of cYFP was PCR-amplified from plasmid pGD-T33-

cYFP[42] with primers #7378 and #5910, followed by the digestion with XbaI and 

XhoI. The digested product was then ligated with XbaI/SalI-digested pGD vector, 

resulting in pGD-cYFP-CY. The previous BamHI/SalI-digested AtXpo1 product was 

used for ligation with BamHI/XhoI-digested pGD-cYFP-CY, creating pGD-Xpo1-

cYFP. In addition, the sequence of AtNuc-L1 was PCR amplified from the plasmid 

pGWB5 [212], a generous gift of Dr. K. Nakamura, with primers #7301 and #7302, 

followed by the digestion with BamHI and PstI. On the other hand, the plasmid pGD-
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T33-cYFP was digested with BamHI and PstI to remove the sequence of p33 of 

TBSV, followed by the ligation with BamHI/PstI-digested AtNuc-L1 product, 

generating pGD-AtNucL1-cYFP. 

To test the interaction of AtXpo1-cYFP with Arp2 and Arp3 by BiFC assay in 

plants, the constructs were cloned as follows: The sequences of Arp2 or Arp3 were 

RT-PCR amplified from Arabidopsis cDNA with primers #7395 and #7396 or #7397 

and #7398, respectively. The RT-PCR products of Arp2 or Arp3 were digested with 

BglII and XhoI, followed by the ligation with previously BamHI/SalI-digested pGD-

nYFP vector, resulting in pGD-nYFP-Arp2 or pGD-nYFP-Arp3, respectively. 

 

Confocal laser microscopy. To observe if Arabidopsis RH30 DEAD-box helicase is 

relocated through Xpo1-dependent nuclear transport, the subcellular localization of 

Arabidopsis RH30 in plant protoplasts was observed with an N-terminal fusion of 

RH30 to GFP. The transgenic N. benthamiana (expressing H2B fused to RFP, a 

generous gift from Dr. Goodin) leaves were infiltrated with Agrobacterium carrying 

expression plasmids pGD-GFP-RH30 (OD600 0.8) [Wu and Nagy, in press] and pGD-

P19 (OD600 0.2). Approximately 48 h post-infiltration, protoplasts were isolated from 

the infiltrated leaves as described [159], followed by a 6 h treatment with 40 nM 

Leptomycin B (LMB) (Cell Signaling Technology, Inc.) or equal volume of EtOH as a 
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control. Imaging of plant protoplast was performed on an Olympus FV1000 confocal 

microscopy using 60X water-immersion objective. GFP was excited by 488 nm laser 

and RFP was excited by 543 nm laser. Images were obtained and merged using 

Olympus FLUOVIEW 1.5.  

To detect the interaction of proteins in N. benthamiana plants, bimolecular 

fluorescence complementation (BiFC) assay was performed with Agrobacterium 

infiltration. The leaves of wild-type or transgenic N. benthamiana (expressing CFP-

H2B as a nuclear marker) were infiltrated with Agrobacterium carrying pGD-P19 

(OD600 0.2), pGD-RFP-SKL (OD600 0.4) along with different combination of 

constructs as following description: nYFP-AtXpo1 (OD600 0.4) and pGD-T33-cYFP 

(OD600 0.4) [42]; pGD-nYFP-MBP (OD600 0.4, as a control) and pGD-T33-cYFP 

(OD600 0.4); pGD-nYFP-AtNucL1 (OD600 0.4) and pGD-cYFP-AtXpo1 (OD600 0.4); 

pGD-nYFP-AtArp2 (OD600 0.4) and pGD-cYFP-AtXpo1 (OD600 0.4); pGD-nYFP-

AtArp3 (OD600 0.4) and pGD-cYFP-AtXpo1 (OD600 0.4); pGD-nYFP-MBP (OD600 

0.4, as a control) and pGD-cYFP-AtXpo1 (OD600 0.4). After 16 h, infiltrated leaves of 

N. benthamiana plants were inoculated with MOCK or TBSV crude sap inoculum. 

Approximately 2 days post-virus inoculation, imaging of infiltrated leaves was 

performed as described above except YFP was excited by 514nm laser and CFP was 

excited by 485 nm laser. 
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The accumulation of viral RNA in yeast and plants. To launch TBSV repRNA 

replication in the wild-type (wt) yeast Saccharomyces cerevisiae or yeast cells 

expressing ts-srm1p, yeast cells were transformed with LpGAD-CUP1::HisFlag-p92 

and HpGBK-CUP1::HisFlag-p33/GAL1::DI-72 [187]. The obtained yeast 

transformants were grown in SC-LH- media containing 2% galactose and 0.1mM BCS 

at 23°C. After 18h, the yeast culture was transferred to SC-LH- media containing 2% 

galactose and 50 μM CuSO4 and incubated at permissive temperature (23°C) for wt 

yeast or at semi-permissive temperature (29°C) for ts-srm1p yeast. After 24 h, the 

obtained yeast cells were used for further Northern blot analysis and Western blot 

analysis. 

To detect the accumulation of tombusviruses in N. benthamiana plants 

expressing Arabidopsis Xpo1, the leaves of N. benthamiana were infiltrated with 

Agrobacterium carrying pGD-P19 and pGD-AtXpo1 or pGD vector (as a control). In 

the experiment of CNV infection, plants were also co-infiltrated with Agrobacterium 

carrying pGD-CNV20Kstop. In the experiment for CIRV infection, plants were 

inoculated with CIRV crude sap incoculum, 16 h after agro-infiltration. The agro-

infiltrated leaves were also infiltrated with 40 nM LMB or equal volume of EtOH (as 

a control) on the first day of Agrobacterium infiltration and second time 1 day after 
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the first infiltration. Total RNA extraction and Northern blot were performed as 

described [79] to analyze the accumulation levels of tombusviruses in inoculated 

leaves 2.5 d post virus inoculation. 

 

Purification of recombinant proteins from E. coli. Recombinant proteins GST-

AtXpo1, GST, MBP-p33, MBP-p92 were expressed in E. coli and affinity-purified as 

described [78]. Briefly, E. coli strain BL21 (DE3) CodonPlus (Stratagene) cells were 

transformed with expression plasmids to express the recombinant proteins. The 

transformed E. coli cells were cultured at 37°C for 16h, followed by dilution of the 

culture to OD600 0.2 with fresh media. The E. coli culture was then incubated at 37°C 

until its OD600 1.0. The culture was supplemented with isopropyl- -D-

thiogalactopyranoside (IPTG) and incubated at 16°C for 8 h. The E. coli cells were 

then collected by centrifugation at 5,000 rpm at 4°C for 5 min, followed by the 

resuspension with ice- cold column buffer (20mM HEPES [pH7.4], 25 mM NaCl, 

1mM EDTA [pH 8.0]) containing 10 mM -mercaptoethanol and 1 μg of RNase A in 

each 4 ml of E. coli cells suspension. After sonication on ice, the cell lysates were 

centrifuged at 15,000 rpm at 4°C for 15 min. The obtained supernatant was incubated 

with GST bind resin (EMD Millipore) for GST fusion proteins or amylose resin 

(NEB) for MBP fusion proteins at 4°C for 2 h, respectively. After the resin was 
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washed with ice- cold column buffer, elution of the recombinant protein was 

performed with column buffer containing 10mM glutathione and 1mM DTT in pH 7.5 

for GST fusion proteins or 0.36% [W/V] maltose and 1mM DTT for MBP fusion 

proteins. 

 

Analysis of TBSV replication with in vitro reconstituted TBSV replicase in yeast 

cell-free extract (CFE). The yeast cell-free extract (CFE) that supports in vitro TBSV 

repRNA replication was prepared with yeast strain BY4741 as described [31, 32]. The 

in vitro reconstituted TBSV replicase assay was performed with the mixture of 2 μl of 

CFE, 0.5 μg DI-72 (+)repRNA, 0.2 μg affinity-purified maltose-binding protein 

(MBP)-p33 as well as MBP-p92pol (both recombinant proteins were purified from E. 

coli), 5 μl of buffer A (30mM HEPES-KOH [pH 7.4], 150 mM potassium acetate, 5 

mM magnesium acetate, 0.13 M sorbitol), 2 μl of 150 mM creatine phosphate, 0.2 μl 

of 10 mg/ml creatine kinase, 0.4 μl actinomycin D (5mg/ml), 0.2 μl of 1 M 

dithiothreitol (DTT), 0.2 μl of RNase inhibitor, 2 μl a ribonucleotide (rNTP) mixture 

(10 mM of ATP, CTP, and GTP as well as 0.25 mM UTP) and 0.1 μl of [32P]UTP in a 

total of 20 μl reaction volume. The reaction was performed at 25°C for 3h and then 

stopped by the addition of 5 volumes of 1% SDS and 5 mM EDTA, followed by 

phenol-chloroform extraction and RNA precipitation. Then the repRNA products and 
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dsRNA intermediates were analyzed by electrophoresis in 0.5X Tris-borate-EDTA 

(TBE) buffer in a 5% polyacrylamide gel (PAGE) containing 8 M urea.  

 

RNA gel shift assay (EMSA). For RNA-binding studies, EMSA was performed as 

described previously [12] with minor modification. Briefly, the assay was performed 

with 0.1 pmol of 32P-labeled TBSV (+)repRNA or (-)repRNA probes with increasing 

amounts (1.9μM, 3.8μM and 5.7 μM) of purified GST or GST-AtXpo1 in the 

presence of RNA binding buffer (10 mM HEPES [pH7.4], 50 mM NaCl, 1 mM DTT, 

1 mM EDTA, 5% Glycerol, 2.5 mM MgCl2), 2 U of RNase inhibitor and 0.1 g of 

tRNA in a total of 10 l reaction volume. To test if LMB inhibitor influence the RNA 

affinity, 500 nM of LMB or EtOH (as a control) were added in the reaction mixture, 

followed by incubation at 25°C for 15 min. The 32P-labeled probes were analyzed by 

non-denaturing 5% polyacrylamide gel (PAGE) in 1X Tris-acetate-EDTA (TAE) 

buffer. 

 

Plant cell fractionation. To exam if CNV infection induces the relocation of RH30 

DEAD-box helicase from nucleus to cytoplasm, fractionation of infected or healthy 

N. benthamiana cells was performed as described [213]. The leaves of N. 

benthamiana were infiltrated with Agrobacterium carrying pGD-p19 (OD600 0.2) and 
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pGD-6xHis-RH30 [Wu and Nagy, in press] (OD600 0.8). For CNV infection, the 

leaves were co-infiltrated with Agrobacterium to express CNV20Kstop gRNA. At 2.5 d 

post infiltration, about 0.5g of plant leaves were harvested and ground to a fine 

powder in liquid nitrogen, followed by mixing with 2 ml/g of lysis buffer (20mM 

Tris-HCl [pH 7.5], 20 mM KCl, 2 mM EDTA, 2.5 mM MgCl2, 25% glycerol, 250 

mM Sucrose and 5 m M DTT) containing protease inhibitor cocktail (Roche). The 

obtained homogenate was filtered through a double-layer of Cheesecloth. The flow-

through was centrifuged at 1,500 g for 10 min to remove the cell debris. The obtained 

supernatant was centrifuged at 10,000g at 4°C for 10 min. The supernatant was 

collected as soluble fraction (cytoplasmic fraction), while the pellet was washed with 

NRBT buffer (20 mM Tris-HCl [pH 7.5], 25% glycerol, 2.5 mM MgCl2 and 0.2% 

Triton X-100) four times, followed by resuspension with 500 μl of NRB2 buffer (20 

mM Tris-HCl [pH 7.5], 250 mM Sucrose, 10 mM MgCl2 0.5% Triton X-100 and 5 

mM -mercaptoethanol) containing protease inhibitor cocktail (Roche). The mixture 

was loaded carefully on the top of 500 μl of NRB3 buffer (20 mM Tris-HCl [pH 7.5], 

1.7 M Sucrose, 10 mM MgCl2 0.5% Triton X-100 and 5 mM -mercaptoethanol) 

containing protease inhibitor cocktail (Roche), followed by centrifugation at16,000 g 

4°C for 45 min. The obtained pellet was resuspended in 400μl of lysis buffer. For the 

quality control of the fractionation, tRNA detected by 32P-labeled specific probe and 
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HSP70 detected by anti-HSP70 antibody were used as cytoplasmic markers. U6 

snRNA detected by 32P-labeled specific probe was used as a nuclear marker. The 

sequence of tRNA were fused with T7 promoter by PCR-amplified from Arabidopsis 

cDNA with primers #7034 and #7035 and used as a template for in vitro T7 

transcription to generate 32P-labeled tRNA probe. Similar approach was applied with 

primer #7032 and #7033 for U6 snRNA. 

 

5.3 Results 

 

Xpo1 exportin has anti-viral function in plants and yeast. A previous proteome-

wide screen with TBSV in yeast has shown that the overexpression of Crm1p (named 

Xpo1 in plants) inhibited TBSV replication in yeast [27]. The plant exportin 1, 

namely Xpo1, controls the nuclear export of many nucleocytoplasmic shuttling 

proteins. Therefore, I firstly tested if expression of Xpo1 inhibits the accumulation of 

tombusviruses in plants. I found that the transient expression of Xpo1 by agro-

infiltration inhibited the accumulation of cucumber necrosis virus (CNV), a close 

relative of tomato bushy stunt virus (TBSV), and carnation Italian ringspot virus 

(CIRV) by 70-80 % (Fig 5.1A and B) in N. benthamiana plants. CNV and TBSV 

utilize similar set of host factors and intracellular membrane of peroxisome for viral 
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replication [88]. To get insight into the role of Xpo1 in TBSV replication, bimolecular 

fluorescence complementation (BiFC) assay was performed by agro-infiltration to 

express nYFP-Xpo1, TBSV p33-cYFP and RFP-SKL (peroxisomal luminar marker) 

in transgenic N. benthamiana plants expressing CFP-H2B (nucleus marker). I found 

that Xpo1 interacted with TBSV p33 in the perinuclear region and TBSV replication 

compartment, which was marked by RFP-SKL peroxisomal luminal marker protein 

(Fig 5.1C). MBP was used as a control that shows no BiFC signal with TBSV p33 

(Fig 5.1D). Moreover, the replication of TBSV repRNA was inhibited by 80% when 

recombinant Xpo1 was added into an in vitro CFE-based TBSV replicase 

reconstitution assay (Fig 5.1E, lane 4). Because both the dsRNA replication 

intermediate and new (+)RNA were reduced (Fig 5.1E, lane 4), it is likely that Xpo1 

targets an early step in TBSV replication. Thus, I conclude that Xpo1 targets TBSV 

replication through direct interaction with p33 replication proteins into the viral 

replication compartment in plant cells. 

 

Nucleocytoplasmic shuttling pathway is critical in TBSV replication. Leptomycin 

B (LMB) has been characterized as a highly efficient and selective inhibitor of nuclear 

export mediated by Xpo1. The covalent conjugation of LMB by the nuclear export 

signal (NES)-binding groove of Xpo1 inactivates the function of binding cargoes 
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[214, 215]. To test if the inhibitory activity of Xpo1 expression is attributed to its 

cargoes, I infiltrated LMB, which is dissolved in EtOH, into the leaves of N. 

benthamiana plants transiently expressing Xpo1 upon CNV and CIRV infections. I 

found that the LMB treatment not only reduced the inhibitory effect of Xpo1 

expression against CNV by 20%, but also increased the CNV accumulation by ~10 % 

in the pGD vector control in comparison to EtOH-treated sets (Fig 5.1A). Moreover, 

the accumulation of CIRV was increased by 8-fold with the LMB treatment in the 

Xpo1 expressed plants (Fig 5.1B). Also, the accumulation of CIRV was increased by 

2-fold in pGD vector control in comparison to EtOH-treated plants (Fig 5.1B). Based 

on the results of LMB treatment, I suggest that the cargoes of Xpo1 contribute to the 

inhibitory effect of Xpo1 expression on tombusvirus replication. 

The loading and unloading of karyopherins, an collective term for exportins and 

importins, with cargo molecules are controlled by the ratio of Ran GTPase (Ran GTP 

and Ran GDP) [191, 195]. The Ran guanine nucleotide exchange factor, RCC1 

(Srm1/Prp20 in yeast), maintains the high ratio of Ran GTP:Ran GDP in the nucleus, 

which results in a concentration gradient of Ran GTP across the nuclear envelope 

[193, 216-218]. This asymmetric distribution of Ran GTP has been shown as the 

major driving force for nuclear protein translocation in both directions. In order to 

gain insight into the nucleocytoplasmic shuttling pathway, I launched the highly 
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efficient TBSV repRNA replication in yeast expressing the temperature sensitive 

mutant of Srm1p, namely ts-srm1. The semi-permissive temperature for yeast 

culturing was used at 4 °C below the non-permissive temperature, resulting in partial 

inactivation of the ts-srm1p essential functions[28]. The ts-srm1p mutant was 

expressed as the only copy of this gene in this haploid yeast system. Interestingly, the 

accumulation of TBSV repRNA in yeast expressing ts-srm1p was about 4-fold higher 

at semi-permissive temperature (29 C) and comparable level at permissive 

temperature (23 C) in comparison to yeast expressing wt Srm1p (Fig 5.2). This 

indicates that the replication of TBSV is enhanced if the nucleocytoplasmic shuttling 

pathway is blocked by the partial inactivation of Srm1p. 

 

The previously identified cell-intrinsic restriction factors are possible cargoes of 

Xpo1. A recent global proteomic study has shown that not only nuclear proteins, but 

also cytosolic proteins are subjected to Xpo1-dependent nuclear export [197]. 

Moreover, the number of Xpo1 possible cargoes is greater than 700 in yeast S. 

cerevisiae and about 1000 in human [197], suggesting that many of the host proteins 

affecting TBSV replication might be involved in Xpo1-dependent nuclear export. To 

test if host proteins influencing TBSV replication could interact with Xpo1 in plants, I 

selected Arabidopsis nucleolin (AtNuc-L1 in plants) [55], Arabidopsis Arp2 and Arp3 
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actin nucleators [39] for the BiFC assay in N. benthamiana plant epidermal cells. I 

found that nucleolin interacted with Xpo1 in the nucleus (indicated by CFP-H2B, a 

nuclear marker) without virus infection, while the interaction between nucleolin and 

xpo1 occurred in both nucleus and the TBSV replication compartment (indicated by 

the RFP-SKL peroxisomal luminal marker protein) (Fig 5.3A). Interestingly, Arp2 

was found only to interact with Xpo1 in the nucleus and the replication compartment 

in TBSV infected cells in comparison to the cells without virus infection (Fig 5.3B). I 

did not observe interaction between Arp3 and Xpo1 in mock-treated and TBSV-

infected cells (Fig 5.3C). MBP was used as a negative control for the interaction with 

Xpo1 (Fig 5.3D). Altogether, it seems likely that Arabidopsis nucleolin and Arp2 are 

cargoes of Arabidopsis Xpo1 in plant cells. 

   Although nucleolin has been identified as a cell-intrinsic restriction factor that 

directly binds to the 3’UTR of TBSV (+)RNA and inhibits early step of the viral 

replication, the relocation of nucleolin from nucleolus to the TBSV replication 

compartment was non-detectable [24, 55]. Despite that, another study has shown that 

nucleolin was relocated from the nucleolus to the cytoplasm in poliovirus infected 

cells [219]. Since nucleolin might be a cargo of Xpo1, it is possible that nuclear-

localized nucleolin was exported by Xpo1 to the cytoplasm for its restriction function. 

To test this possibility, the leaves of N. benthamiana plants transiently expressing 
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nucleolin or GFP control were co-infiltrated with LMB. The inhibitory effect of 

nucleolin expression was reduced by ~60 % by the LMB treatment in CNV-infected 

N. benthamiana plants (Fig 5.3E). This result suggests that the restriction function of 

nucleolin might rely on Xpo1-depedent nuclear export. 

 

Xpo1 binds to TBSV (+) and (-)RNA. Xpo1 is known as a major RNA export 

receptor that is involved in the nuclear export of various RNA species including 

rRNAs, U snRNAs (small nuclear RNA), viral RNA (e.g. HIV RNA), microRNA and 

several specific mRNAs [193, 196, 220]. However, nearly all known RNA exports are 

associated with an adapter protein (e.g. CBC/PHAX for U snRNA export; HIV Rev 

for viral RNA export; TAP protein for mRNA export) or protein complex (e.g. 

Argonaute proteins and RNA helicase A for miRNA export) [193, 196, 220]. In order 

to gain insight into the interaction between Xpo1 and TBSV, I tested if XpoI binds 

TBSV RNA in in vitro gel shift assay (EMSA). Surprisingly, the recombinant Xpo1 

bound to TBSV (+) and (-)repRNA without the aid of adaptor proteins (Fig 5.4A). To 

investigate if the binding of Xpo1 to TBSV repRNA is mediated by the NES-binding 

groove of Xpo1, I added LMB together with recombinant Xpo1 and TBSV (+) and 

(-)repRNA in the in vitro EMSA. I found that the binding of recombinant Xpo1 to 

either TBSV (+) or (-)repRNA was not blocked by the LMB treatment, suggesting 
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that the NES-binding groove of Xpo1 is not responsible for TBSV repRNA binding 

(Fig 5.4A). On the other hand, the addition of LMB in the CFE-based TBSV replicase 

reconstitution assay reduced the inhibitory activity of recombinant Xpo1 by ~40-50 % 

(Fig 5.4B; lane 2 and 3 as well as lane 5 and 6 versus lane 8 and 9). Altogether, these 

results suggest that the inhibitory activity of recombinant Xpo1 was attributed to the 

cargoes instead of the direct binding to TBSV RNA. 

 

The cellular distribution of the antiviral RH30 DEAD-box helicase is mediated 

by Xpo1. It has been shown that several DEAD/H helicases are translocated in a bi-

direction manner between the nucleus and the cytoplasm [206, 221-223]. To test if a 

previously characterized CIRF RH30 DEAD-box helicase (chapter 3) is an Xpo1-

dependent shuttling protein, I detected the subcellular localization of GFP-RH30 upon 

LMB treatment with confocal microscopy. Interestingly, LMB treatment enriched the 

distribution of GFP-RH30 in the nucleus, while LMB did not influence the 

distribution of GFP control (Fig 5.5A). This indicates that the localization of GFP in 

the nucleus is due to passive diffusion [195], while the cytosolic pool of RH30 was 

actively exported by Xpo1 from the nucleus.  

To further examine if virus infection induces the relocation of RH30 from the 

nucleus to the cytoplasm, I detected the amount of 6xHis-tagged RH30 in the soluble 
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and nuclear fractions in the N. benthamiana plant cells. I found that the relocation of 

RH30 was non-detectable in CNV infected plant cells (Fig 5.5B). The accumulation 

of tRNA and HSP70 was detected as cytosolic markers, while U6 snRNA was 

detected as nuclear markers. 

 

 

5.4 Discussion 

 

    Tombusviruses as (+)RNA viruses are astonishingly efficient in replication to 

produce a large number of progeny viruses in a short period of time in infected cells 

[85, 88, 224]. Building viral replication organelles using intracellular membranes to 

have robust viral replication requires a complex remodeling process of the cell by 

viruses, such as rewiring cellular pathways and retargeting the trafficking vesicles [22, 

24, 33, 88, 185, 225]. However, the process of remodeling involved in the replication 

of tombusviruses is incompletely understood. Previous studies of the nuclear-

localized nucleolin protein have shown it to bind directly to TBSV gRNA inhibiting 

TBSV replication [55], suggesting that a nucleus transport pathway is likely involved 

in the TBSV infection. In addition, a previous yeast proteome-wide screening has 

shown that the overexpression of Xpo1 inhibited TBSV replication in yeast [27], 
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further indicating the Xpo1-mediated nuclear export plays a role in TBSV replication. 

Accordingly, in this work I show that the nucleocytoplasmic shuttling pathway 

mediated by Xpo1 is involved in TBSV replication and may transport restriction 

factors to the viral replication compartment. 

    I found that transient expression of Xpo1 inhibited CNV and CIRV accumulation 

in N. benthamiana plants (Fig 5.1A-B). The BiFC assay showed that Xpo1 interacted 

with TBSV p33 replication protein in the viral replication compartment in N. 

benthamiana plants (Fig 5.1C). In vitro reconstitution of the tombusvirus replicase in 

CFEs showed recombinant Xpo1 inhibited the replication of TBSV repRNA (Fig 

5.1E). However, the presence of nucleocytoplasmic transport is unlikely existed in the 

CFEs, suggesting that recombinant Xpo1 itself might possess anti-viral activities. Yet, 

the chemical inhibitor LMB, which is known to selectively bind to the NES-binding 

groove of Xpo1 to inactivate the binding function [214, 215], could partially nullify 

the inhibitory effect when low amount of recombinant Xpo1 was used in in vitro 

reconstituted TBSV replicase assay (Fig 5.4B). This result led to two possibilities of 

how recombinant Xpo1 inhibited in vitro TBSV repRNA replication. Firstly, Xpo1 

might bind to TBSV p33 replication in its NES-binding groove and therefore inhibit 

the TBSV replication. Secondly, it has been shown that Xpo1 still bound to several 

cargoes without the assistance of RanGTP in the in vitro condition [197]. 
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Recombinant Xpo1 bringing soluble proteins with low binding affinity in the CFEs to 

the in vitro viral replication complexes (VRCs) might result in the reduction of 

repRNA replication. Both possibilities need further investigation for evidence. 

Altogether, Xpo1 shows anti-viral functions against tombusviruses. 

    Srm1p, also known as RCC1, is a RanGEF that facilitate to switch Ran-GDP into 

Ran-GTP to ensure the constant concentration gradience across the nuclear envelope. 

Partial depletion of the ts-srm1p at semi-permissive temperature in yeast likely shuts 

down the nuclear transport pathway, resulting in the increase of TBSV repRNA 

accumulation (Fig 5.2). This suggested that the nuclear transport pathway performs 

anti-viral functions in TBSV replication. 

The best well-characterized function of Xpo1 is the nuclear export of cargoes 

containing NES [193, 195, 226]. Accordingly, the inhibitor LMB was deployed in the 

Xpo1 or nucleolin expressed N. benthamiana plants. The inhibitory effect of transient 

expression of Xpo1 could be nullified by treating plants with LMB, especially in the 

case of CIRV (Fig 5.1 A-B). Similarly, the inhibitory effect of transient expression of 

nucleolin could be partially nullified by treating plants with LMB (Fig 5.3E). On the 

other hand, BiFC for the interaction between Xpo1 and nucleolin or Arp2 (Fig 5.3A-

B) as well as the sequestering RH30 DEAD-box helicase in the nucleus by the LMB 

treatment (Fig 5.5A) showed many CIRFs are possible cargoes of Xpo1. Altogether, 
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the nucleocytoplasmic shuttling by Xpo1 is required for the restriction functions of 

possible cargoes including nucleolin. Also, Xpo1-mediated nuclear export pathway 

likely transported cargoes relevant to the mitochondria membrane environment. In 

addition, TBSV infection strengthened the nuclear export of restriction factors such as 

Arp2 (Fig 5.3B), suggesting host cells likely modulated the actin dynamics through 

Xpo1-mediated nuclear export against TBSV infections, while TBSV recruited Cof1 

to stabilize the actin filament bundle [39]. 

Most of RNA exports are associated with an adapter protein (e.g. CBC/PHAX 

for U snRNA export; HIV Rev for viral RNA export; TAP protein for mRNA export) 

or ribonucleoprotein complex (e.g. Argonaute proteins and RNA helicase A for 

miRNA export) [193, 196, 220]. Surprisingly, in vitro RNA gel shift assay showed 

that purified Xpo1 itself bound to the TBSV (+)repRNA and (-)repRNA ouside of the 

NES-binding groove. Previous proteome-wide screening revealed several proteins, 

such as Upf1 and Upf2, responsible for mRNA degradation are excellent binder to 

Xpo1 [197]. It is possibly Xpo1 brings Upf1 or Upf2 to TBSV RNA for degradation. 

Yet, this model needs to be further tested. To summarize, the data of this study 

supports the emerging significance of Xpo1-depedent nuclear export in viral 

infections. 



193 
 
 

 
N. O. of 

primers 

Sequences 

5910 CCGCTCGAGTCACTTGTACAGCTCGTCCATGCC 
7032 GGAGTTAATACGACTCACTATAGGGAGAGAGAGAGGGGCCA

TGCTAATCTTCTC 
7033 GGAGTTAATACGACTCACTATAGGGAGAGAGAGGAGAAGAT

TAGCATGGCCCCT 
7034 GGAGTTAATACGACTCACTATAGGGAGAGAGAGTCGAACTCT

CGACCTCAGGAT 
7035 GGAGTTAATACGACTCACTATAGGGAGAGAGAGATCCTGAG

GTCGAGAGTTCGA 
7221 CGGGATCCATGGCGGCTGAGAAGTTAAGG 
7222 ACGCGTCGACTTATGAGTCCACCATCTCGTC 
7301 CGGGATCCATGGGAAAGTCTAAATCCGCCAC 
7302 AACTGCAGCTCGTCACCGAAGGTAGTCTTC 
7378 GCTCTAGAATGGGCAGCGTGCAGCTCGCCG 
7395 GAAGATCTATGGACAACAAAAACGTCG 
7396 CCGCTCGAGTTAAGCTTGGCTCATTTTATTC 
7397 GAAGATCTATGGATCCGACTTCTCGAC 
7398 CCGCTCGAGTCAATACATTCCCTTGAACACCGG 

 
Table 5.1 
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Figure 5.1 The anti-viral role of Xpo1 in the replication of tombusviruses. (A-B) 

cucumber necrosis virus (CNV) and carnation Italian ringspot virus (CIRV). Top 
panel: Northern CNV or CIRV gRNA and sgRNAs 
CNV or CIRV 3’ 32P-labeled probes
RNAs were detected by ethidium bromide (EtBR) staining and were used as loading 
controls. The N. A  
express  
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epidermal cells. The leaves N. benthamiana expressing CFP- 2B (a 
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repRNA in yeast CFE-
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Figure 5.2 The accumulation of TBSV repRNA in srm1pts or wt yeasts at permissive 
temperature (23 °C) or semi-permissive temperature (29 °C).  -

- copper-
Top 

panel: 3’ 
robe. Bottom panel: Western bl -

- -  Coomassie Brilliant Blue staining 
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Figure 5.3 AtXpo1 interacts with TBSV specific cell-intrinsic restriction factors. (A-
-

-
benthamiana epidermal cells were imaged using the BiFC assay. Bottom images: The 

-
- ted 

with Agrobacterium to express nYFP-AtNuc- - -Arp3 or nYFP-
MBP (as a control) along with cYFP- -

laser microscopy. (E) LMB treatment reduces the 
-

AtNuc- - nM LMB treatment. A 
32P- 3’ 

probe was utilized as a loading control. Bottom panel: Western blot analys
- -GFP with anti-GFP antibody. Coomassie Brilliant Blue 
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Figure 5.4 LMB reduces the anti-viral activity but not the RNA affinity of the 
recombinant AtXpo1. - 32P-

-
-

μM
- - 32P-labeled 
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Figure 5.5 AtRH30 shuttles between nucleus and cytoplasm via Xpo1-dependent 
nuclear export pathway. 
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Chapter 6 

6.1 Conclusion  

Different plant DEAD-box helicases distinctly affect virus replication from 

their yeast and human orthologs. Tombusviruses are small (+)RNA viruses that do 

not encode their own helicases and might intensively recruit host RNA helicases to 

facilitate their replication in host cells. Indeed, retroviruses, another family that do not 

carry viral helicases, have been shown to interact with many cellular RNA helicases in 

distinct steps of viral replication [183]. Previously it has been reported that eIF4AIII-

like AtRH2/AtRH5 and the DDX3-like Ded1/AtRH20 promote tombusvirus plus-

strand synthesis through locally unwinding the viral dsRNA replication intermediate 

[78, 79]. Yet, previous yeast genome-wide screens and global proteomic approaches 

with TBSV have shown 11 yeast cellular RNA helicases that could be involved in 

TBSV replication [80, 81], suggesting that a large number of host RNA helicases 

might be involved in tombusvirus replication. It also indicated the complexity and 

diversity of cellular helicase functions in tombusvirus replication.  

In chapter 2, I aimed to unravel the complex functions of host DEAD-box 

helicases in TBSV replication by overexpression studies in yeast and plants as well as 

I performed membrane yeast two-hybrid screens. By doing so, I found evidence that 

several DEAD-box helicases affect the accumulation of tombusviruses in plants and 
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yeast. Interestingly, I found that several DEAD-box helicases acted differently from 

their characterized orthologs in different host-virus interactions. For example, RH14 

inhibited the accumulation of TBSV, while its human ortholog DDX5 promoted JEV 

replication [119]. In addition, RH3 inhibited the accumulation of CNV and TBSV, 

while its human ortholog DDX21 also inhibited influenza a virus, a negative-stranded 

RNA virus [118]. Another interesting group is composed of RH6, RH8 and RH12, 

which all showed inhibitory activities against tombusviruses. These three Arabidopsis 

helicases have the same yeast ortholog Dhh1 and human ortholog DDX6. DDX6 has 

been recently shown to support distinct steps of hepatitis C virus [227, 228], West 

Nile virus [229] and retroviruses [230]. Moreover, RH30 has been shown as a potent 

anti-viral factor against wide range of (+)RNA viruses (discussed in chapter 3), while 

its yeast ortholog Dbp2 has been characterized as pro-viral helicase during TBSV 

replication. Altogether, these conserved helicases from different hosts might interact 

with the invading viruses in different ways due to numerous years of co-evolution, 

likely restricting the host range of viruses. 

 

RH30 DEAD-box helicase is an anti-viral factor that inhibits multiple steps 

of TBSV replication. I found several pieces of evidence showing the anti-viral 

functions of cellular DDX17-like RH30 DEAD-box helicase (discussed in chapter 3). 
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Transient expression of RH30 inhibited several (+)RNA viruses, including 

peroxisomal-replicating TBSV and CNV and the mitochondrial replicating CIRV and 

the distantly related TCV and RCNMV and the unrelated TMV in plants as well as an 

insect virus FHV in yeast system, showing the broad-range of the restriction function 

for this helicase. How does RH30 inhibit the accumulation of so many viruses? This 

question still needs further investigation due to the diverse strategies of replication 

used by different viruses. However, in this work with the well-characterized cis-acting 

elements in TBSV gRNA [96, 132, 175, 231, 232], I was able to show mechanistically 

how RH30 could restrict TBSV replication. I found that RH30 is able to bind to a cis-

acting RNA element RII(+)SL and separate the stem-loop structure within the TBSV 

RII(+)SL, therefore preventing p33 replication protein from recruiting the RNA 

template for VRC assembly. Moreover, I showed that p33 replication proteins bound 

to RII(+)SL could be displaced by RH30 from RII(+)SL RNA, further demonstrating 

the unique features of AtRH30 involving RII(+)SL. In addition, the activation of 

p92pol is inhibited by RH30 likely through binding to the critical RII(+)SL. Another 

intriguing finding in this work is that RH30 lost anti-viral activities when it was 

sequestered inside the nucleus. We learned two things from this finding. Firstly, the 

nuclearcytoplasmic shuttling is critical to bring those factors including RH30 to the 

cytoplasm for active anti-viral functions (discussed in chapter 5). Secondly, the anti-
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viral function of RH30 is not mediated by transcriptional regulation induced by the 

viral cytosolic PAMP [233] but is likely served as an effector-type RNA helicase by 

direct binding to virus RNA. The possible additional antiviral role of RH30 in 

signaling cannot yet excluded. 

  

The N-terminal and C-terminal domains modulates the function of DEAD-

box helicases. Through the previous comparison between helicase orthologs in plant, 

yeast and human hosts, I learned that the minor difference of domains might largely 

change the functions of helicases in host-virus interactions. Two well-characterized 

helicases, namely pro-viral RH20 and anti-viral RH30, share more than 87% 

similarity between their helicase core domains and this provided me an excellent 

opportunity to study the functions of amino (N)-terminal and carboxy (C)-terminal 

domains by the comparison between these two helicases. I found that the deletion of 

the N-terminal domains in both RH20 and RH30 changes the functions of the 

helicases in TBSV replication. The dsRNA separation assays supported that N-

terminal domain is responsible for viral dsRNA binding and specificity of these RNA 

helicases. The single C-terminus deletion did not influence the function of either 

helicases. However, the deletion mutant of RH30 missing both N-terminal and C-

terminal domains turned anti-viral function into pro-viral function, suggesting that N-
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terminal and C-terminal domains work synergistically to modulate the helicase 

function of RH30. How these two domains work together still need further 

investigation. On the other hand, Rpn11, a critical factor in the assembly of the 

proteasome and the stability of the proteasome, interacts with TBSV p92pol and aids 

the recruitment of cellular factors into virus replication [40]. With the knock-down of 

Rpn11 expression in plants, I found that the pro-viral function of full-length RH20 

became anti-viral function similar to its mutant RH20 N, while the anti-viral function 

of full-length RH30 turned to neutral similar to its mutant RH30 N (data not shown), 

indicating Rpn11 might recruit cellular RNA helicases through the interaction with N-

terminal domain. It also suggests that RNA helicases missing the N-terminal domain 

can be misplaced and/or missed within the tombusvirus replication complex (VRC). 

In addition to previous finding that the helicase core domain, two linked RecA-like 

domains, represented the minimal functional unit for the cellular function in nature 

[234], now I provide the evidence showing how the flanking regions outside of the 

helicase core domain modulate the function of RNA helicases in virus replication. 

 

Xpo1 is an anti-viral factor that brings additional restriction factors into the 

viral replication compartment by binding to p33 replication protein. In the study 

of RH30 (chapter 3), I realized the importance of nucleocytoplasmic shuttling in the 
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replication of tombusviruses. With the assistance of a highly selective and efficient 

chemical inhibitor Leptomycin B (LMB), I found that Xpo1-dependent nuclear 

transport pathway has an inhibitory effect against the replication of tombusviruses, 

likely through the restriction functions of its cargoes. Furthermore, interactions 

between Xpo1 and CIRFs or TBSV p33 in the viral replication compartment suggest 

that Xpo1 might actively find the viral replication compartment through interacting 

with p33 replication protein. However, it could be another scenario that p33 

replication protein binds to the Xpo1 and therefore inhibits the Xpo1 exporting 

restriction factors into the cytoplasm. Further investigation is required to get insight 

into the role of Xpo1 in virus-host interactions. Unlike what it was believed that only 

nuclear and nucleocytoplasmic shuttling proteins utilize nuclear transport pathway, 

Xpo1 has been reported to interact with more than 700 proteins in yeast and more 

than 1,000 proteins in human. Nearly half of these possible cargoes are cytoplasmic 

and are believed not getting into nucleus in their life time, implicating Xpo1 is 

possibly involved in vesicle trafficking, centrosomes, autophagy, peroxisome 

biogenesis, cytoskeleton, ribosome maturation, translation and mRNA degradation 

pathways [197]. Several of these pathways above are also critical for tombusviruses to 

build proper viral replication organelles, indicating the emerging significance of Xpo1 

in virus replication. The connection between Xpo1-dependent nuclear export and 
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other host cellular pathways is intriguing and is worth further investigation.  

In addition to the well-characterized function of Xpo1 that exports viral protein 

or viral ribonucleoprotein complex in retroviruses [203, 206, 207], respiratory 

syncytial virus [208], influenza a virus [209] as well as inhibits viral replication 

through direct interaction to the viral protein in human T cell leukemia virus type 1 

[210] and adenovirus type 2 [211], the finding in this work unravels a novel function 

of Xpo1-dependent nuclear export in cytoplasmic-replicating tombusviruses. 

Therefore, my work likely opens up a new major chapter in tombusvirus replication. 

 

6.2 Prospective 

 

Unique domains in DEAD-box RNA helicases could determine the protein 

function in TBSV replication.  Through the studies in Chapter 4, I learned that 

functions of RH20 and RH30 in tombusvirus replication can be greatly modulated by 

the unique N-terminal and C-terminal domains. In addition to the roles in direct 

binding to TBSV RNA and a host hub-like Rpn11 within replication compartments, 

how the unique domains affect the helicase function in TBSV replication need more 

investigation. Since DEAD-box helicases are ubiquitous and have numerous 

interacting partners in RNA metabolism processes in eukaryotic cells, N-terminal and 
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C-terminal domains could indirectly influence TBSV replication through other host 

factors involved in RNA metabolism pathways. For example, heterogeneous nuclear 

ribonucleoprotein (hnRNP) has been shown to work with DDX17 (RH30 in human) 

to process accurate splicing [235]. hnRNP has also been identified as CIRF with 

TBSV-based yeast temperature-sensitive library [28]. It is very likely RH30 and 

hnRNP work together to regulate the transcription of host genes, which might result in 

inhibition of TBSV replication. 

In addition, the unique domains of RNA helicases could determine which steps 

of viral replication are targeted for their actions, resulting in different effects. For 

instance, it has been shown that the critical RII(+) stem-loop structure was largely 

separated by antiviral RH20 N, likely contributing the antiviral activity of RH20 N in 

the early step of TBSV replication. In addition, RH30 lost the capability to separate 

RII(+)SL as long as N-terminal and C-terminal domains were deleted. By utilizing the 

biotinylated RNA-protein interaction assay, we could test if viral template recruitment 

by TBSV p33 is inhibited by either RH20 N or RH30 N/ C. Presumably, the early 

inhibition of the viral template recruitment could cancel out the stimulatory functions 

of the pro-viral host factors, including full-length RH20 that promotes viral 

replication in sequential steps of TBSV replication. To gain more insight into the 

complexity of host-virus interactions, further investigation is needed to test if 
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blocking early steps of TBSV replication could interrupt the stimulatory effects from 

pro-viral factors that are deployed in later steps of viral replication.  

 

Unexpected role of Xpo1 in TBSV replication.  There are many nuclear RNA-

binding proteins that have been identified as restriction factors inhibiting the 

replication of RNA viruses in the previous screens [28, 236]. How can these antiviral 

RNA-binding proteins be retargeted into the virus replication site in cytoplasm? Xpo1 

is one of the major nuclear exportins and can export more than 1,000 host 

components, which include many RNA-binding proteins. In my dissertation I have 

shown Nucleolin as one of the major nuclear restriction factors that is retargeted into 

the viral replication site through Xpo1. This finding opens up the possibilities that 

nuclear RNA-binding proteins could be exported out of the nucleus during virus 

infections. For example, Upf1, Upf2 and Upf3 are responsible for mRNA decay and 

have been shown to be associated with Xpo1 [197]. Host mRNA decay pathways can 

interrupt viral RNA stability. It is very important for RNA viruses to maintain the 

integrity of viral RNA and combat the host RNA decay pathways. For instance, 

poliovirus utilizes poliovirus proteinases to cleave Xrn1 exonuclease in order to 

enhance the viral RNA stability [237]. Therefore, RNA viruses might block Xpo1 to 

prevent viral RNA degradation from host mRNA decay factors. 
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Another question is how Xpo1 interacts with TBSV p33? If TBSV p33 binds to 

the NES-recognizing groove of Xpo1, it must occur when Xpo1 is not loaded with 

cargos. This might suggest that Xpo1 exports and releases restriction factors in the 

cytoplasm, followed by the binding to TBSV p33, which might lead to the inhibition 

of Xpo1-mediated nucleocytoplasmic shuttling pathway due to the lack of Xpo1 being 

recycled back to the nucleus. If Xpo1 does not bind to TBSV p33 through the NES-

recognizing groove, Xpo1 might bring the restriction factors directly to the replication 

site by the binding to TBSV p33. I think it is possible that p33 is getting self-

sacrificed to sequester the Xpo1 pool in the cytoplasm, shutting down the Xpo1-

mediated nucleocytoplasmic shuttling pathway. Altogether, I propose that my 

discoveries with Xpo1 opens up a new, previously unexpected, and critical role for 

the nucleus and nuclear proteins in tombusvirus replication. 
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