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Abstract

Positive-strand RNA viruses need to arrogate many cellular resources to support their
replication and infection cycles. These viruses co-opt host factors, lipids and subcellular
membranes and exploit cellular metabolites to built viral replication organelles in
infected cells. However, the host cells have their defensive arsenal of factors to protect
themselves from easy exploitation by viruses. In this review, the author discusses an
emerging arms race for cellular resources between viruses and hosts, which occur dur-
ing the early events of virus-host interactions. Recent findings with tomato bushy stunt
virus and its hosts revealed that the need of the virus to exploit and co-opt given
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members of protein families provides an opportunity for the host to deploy additional
members of the same or associated protein family to interfere with virus replication.
Three examples with well-established heat shock protein 70 and RNA helicase protein
families and the ubiquitin network will be described to illustrate this model on the early
arms race for cellular resources between tombusviruses and their hosts. We predict that
arms race for resources with additional cellular protein families will be discovered with
tombusviruses. These advances will fortify research on interactions among other plant
and animal viruses and their hosts.

1. Introduction

Positive-strand (+)RNAviruses of eukaryotes replicate in the cytosol of

infected cells by assembling numerous membrane-bound viral replicase com-

plexes (VRCs). The VRCs are usually harbored inside elaborate virus-

induced membranous structures, called viral replication organelles (VROs)

(Fernandez de Castro et al., 2016; Paul and Bartenschlager, 2015; Shulla

and Randall, 2016; Wang, 2015). The VROs consist of single-membrane

or double membrane vesicles, convoluted membranes and other structures

for a group of (+)RNA viruses that include coronaviruses, enteroviruses and

hepatitis C virus (Altan-Bonnet, 2017; Belov and Sztul, 2014; Nagy and

Pogany, 2012). Another group of (+)RNA viruses, such as alphaviruses,

most flaviviruses, the insect-infecting nodaviruses and the plant-infecting

tombusviruses and bromoviruses, deform membranes, creating numerous

vesicle-like structures, also called spherules, with small opening toward the

cytosol (Brinton, 2013; den Boon and Ahlquist, 2010; Ertel et al., 2017;

Ishibashi and Ishikawa, 2016; Neufeldt et al., 2018; Zhang et al., 2019).

The spherules could be formed by using membranes derived from the ER,

mitochondria, plasma membrane or peroxisomes (Laliberte and Sanfacon,

2010; Shulla and Randall, 2016; Wang, 2015). Overall, the VROs sequester

viral and co-opted host components to a confined place to achieve robust viral

RNA replication. The VROs organize temporally and spatially the viral rep-

lication process and other distinct steps during the infection cycle. The VROs

also protect the viral RNA and proteins from degradation and facilitate the

avoidance of recognition by the host immune system.

Our knowledge on the biogenesis of VROs and the individual VRCs

and overall on the interactions between viruses and their hosts are quickly

progressing based on a few model (+)RNA viruses and other impor-

tant human pathogenic viruses (Altan-Bonnet, 2017; Nagy, 2016; Nagy

and Pogany, 2012; Neufeldt et al., 2018; Wang, 2015; Zhang et al., 2019).
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In this article,wewill use the example of the small plant tombusviruses to visu-

alize how the arms race for control of resources between viruses and their hosts

include conserved host protein families.

Tomato bushy stunt virus (TBSV) and other tombusviruses have less

than 5kb (+)RNA genomes, which code for five proteins, two of which

are the viral replication proteins, termed p33 and p92pol (Nagy, 2008,

2011; Nagy and Pogany, 2010). The replication proteins are essential for

TBSV replication, the biogenesis of VROs and the formation of spherule

structures utilizing peroxisomal membranes in plants and yeast, a model

host (Barajas et al., 2009a; McCartney et al., 2005). Several genome-wide

and proteome-wide screens in combination with lipidomics and bioinfor-

matics approaches led to the identification of over 500 yeast genes, which

affected TBSV replication (Nagy, 2016, 2017; Nagy et al., 2014). More

detailed, mechanistic studies with cell-free replicase reconstitution assays,

yeast knockout and knockdown mutants or temperature-sensitive mutants,

and validation experiments in a plant host revealed the intricate interaction

of TBSV with the hosts through co-opting numerous mostly-conserved

host proteins (Li and Nagy, 2011; Nagy, 2016; Nagy et al., 2012). As dis-

cussed below, the hosts also respond by using proteins frequently from the

same or associated protein families to greatly interfere with TBSV replica-

tion, thus creating a never-ending arms race with the virus.

The article will follow a scheme that presents the idea of how the need

of the virus to hijack host factors creates opportunities for the host to use

similar host proteins that interfere with virus replication. In other words,

the arms race for control of resources between the virus and host could involve

different members of the same protein families. Three examples with well-

established protein families will be described to illustrate this model on the

arms race between tombusviruses and their hosts.

Description of the arms race between viruses and hosts frequently starts

with explaining what pathogen associated molecular patterns (PAMPs) are

recognized by the host, which is mostly based on specific features present

in viral proteins and the viral RNAs. The detection of PAMPs then triggers

RNAi and other immune responses in plants and animals (Caplan et al., 2008;

Chow et al., 2018; Ding, 2010; Rehwinkel and Gack, 2020; Soosaar et al.,

2005). However, viruses well-adapted to their hosts are able to suppress

the effective immune responses through expressing suppressor or effector pro-

teins to stave off the antiviral defenses (Chow and Kagan, 2018; Goertz et al.,

2018; Kuka and Iannacone, 2018; Li and Ding, 2006). Often the hosts will

have another level of antiviral responses in the arms race. For example, plants
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might select for resistance (R) genes against the most pathogenic viruses or

animals produce specialized immune cells guarding against future infections

by the same virus (Schwerk et al., 2020; Soosaar et al., 2005; Tassetto et al.,

2017). Note that the arms race described in this article is placed prior to the

above powerful virus–host interactions, which are rather costly to the hosts
and not all individuals are protected by such expensive defensivemeasures in

a population due to genetic diversity. The arms race to exploit cellular

resources by the invading virus and the counteractive defensive strategy

deployed by the host/host cell to protect those resources from the virus

takes place rather early during infections. However, this defensive strategy

by the host might be effective against most, poorly or not-well adapted

viruses. If the virus succeeds in overtaking this early defensive line of the

cells, then the host cell will activate the PAMP-based defensive responses.

Taken together, based on the level of adaptation between the virus and

hosts, arms races occur at several levels and at various costs for the hosts.

2. The heat shock protein 70 chaperone network

The first example on the arms race between tombusviruses and their

hosts will involve the Hsp70 chaperone network. The Hsp70 family of pro-

tein chaperones is highly conserved, present in all domains of life forms and

required for protein quality control and maintenance of cellular homeosta-

sis (Kim et al., 2013; Moran Luengo et al., 2019; Rosenzweig et al., 2019).

Hsp70s are highly abundant, even in the absence of stress. They are ATP-

dependent molecular chaperone machines to fold unfolded proteins, refold

misfolded protein substrates, protein aggregates or large protein assemblies.

Cytosolic Hsp70s are also involved in disassembly of large protein complexes

or protein-nucleic acid complexes (Mayer, 2013). These include virions,

clathrin coats, or pre-replication complex of bacteriophage λ (Rosenzweig

et al., 2019). Hsp70s often cooperate with other accessory co-chaperones

or Hsp90 in multiple protein refolding and maturation processes. The co-

chaperones include the family of J-domain proteins and tetratricopeptide

repeat (TPR) domain-containing proteins, which help determine the fate

of client proteins (Genest et al., 2019).

Importantly, Hsp70 and co-chaperones play critical roles in RNA virus

replication with ever-increasing numbers of documented cases, such for

several flaviviruses (Bozzacco et al., 2016; Taguwa et al., 2015, 2019), influ-

enza virus (Cao et al., 2014; Manzoor et al., 2014), and a couple of plant

viruses (Chenon et al., 2012; Lamm et al., 2017; Lohmus et al., 2017;
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Nagy et al., 2011; Verchot, 2012; Wang et al., 2018). Based on these dis-

coveries, the findings described below in case of TBSV and its hosts could

be relevant for a wide range of viruses.

3. The pro-viral roles of co-opted protein chaperones
in TBSV replication

Although viruses are relatively simple parasitic entities, they still

require amazing level of coordination and regulation of biological processes

during their infection cycles. Therefore, they functionally repurpose

co-opted cellular proteins to facilitate viral replication. For example, the

p92pol RdRp of TBSV is originally inactive as an RdRp after translation

by the host ribosomes (Pogany and Nagy, 2012). The p92pol requires bind-

ing to membranes and the viral (+)RNA to become activated as an RdRp.

The co-optedHsp70 chaperone is absolutely essential for this activation pro-

cess, albeit the p33-domain in p92pol also plays a yet undefined role in the

activation process (Pogany and Nagy, 2012, 2015). Moreover, Hsp70 facil-

itates the intracellular localization and the proper insertion of p33 and p92pol

replication proteins into subcellular membranes, which is needed for the sta-

bility of both replication proteins (Wang et al., 2009a,b). In vitro replicase

reconstitution experiments unambiguously revealed the absolute essential

contribution of Hsp70 members to TBSV replication (Pogany et al.,

2008). Hsp70 is also required for the virion assembly process within or close

to the VROs (Alam and Rochon, 2015, 2017). Additional members of the

Hsp70 chaperone network have also been shown to facilitate TBSV repli-

cation (Table 1), but the detailed mechanisms are not yet dissected.

These co-optedHsp70s require lots of ATPmolecules for their functions

within VROs. Interestingly, the ATP is generated locally by the co-opted

glycolytic enzymes within the VROs (Chuang et al., 2017; Nagy and Lin,

2020; Prasanth et al., 2017). TBSV also recruits the fermentation enzymes,

possibly to replenish theNAD+pool, which is required for continuous oper-

ation of the glycolytic enzymes within VROs (Lin et al., 2019). Through

recruiting the aerobic glycolytic pathway into VROs for rapid ATP genera-

tion, TBSV might be able to fully exploit the co-opted Hsp70s for efficient

VRO formation and robust viral replication to overwhelm the host cells

(Nagy and Lin, 2020). Co-opting the Hsp70 chaperone network with the

glycolytic enzymes into VROs elegantly illustrates how TBSV could utilize

the cell own resources against cellular antiviral responses via the efficient

biogenesis of VROs.
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Table 1 Chaperone network genes likely involved in the arms race between TBSV and
its hosts.
Pro-viral effect

Gene Function Pro-viral function Homologs

SSA1/2 Hsp70, constitutive Activation of p92 RdRp Hsp70-1/2

SSA3/4 Hsp70, heat-shock

induced

Partially redundant with Ssa1/2

SSB1 Hsp70, ribosome

associated

Binds to p92

HSC82 Hsp90, constitutive Binds to p92 Hsp90

HSP104 Hsp104, disaggregase Binds to p92 Hsp104

Antiviral effect

Gene Function Antiviral function Homologs

CPR7 TPR domain, cyclophilin Inhibition of VRC assembly Cyp40

CNS1 TPR domain,

co-chaperone

Inhibition of VRC assembly TTC4

oncogene

STI1 TPR1 domain,

co-chaperone

Inhibition of CIRV VRC

assembly

Hop

CPR6 TPR domain, cyclophilin Weak inhibitor of VRC

assembly

Cyp40

Undefined effect/function

Gene Function Viral target Homologs

SGT2 TPR domain,

co-chaperone

Interacts with p33 hSGT-like

JJJ1 Co-chaperone Interacts with p33/p92/(+)

RNA over-expression

stimulatory

Hsp40

JJJ3 Co-chaperone Interacts with p33 Hsp40

YDJ1 Co-chaperone Over-expression inhibitory Hsp40

CDC37 Co-chaperone ts-mutant, reduced viral

replication

SEC17 TPR domain Inhibition of TBSV replication

in vitro

Genes shown in bold face are characterized in details in TBSV replication.
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4. The antiviral roles of co-opted protein co-chaperones
in TBSV replication

Like other powerful molecular machines, Hsp70s and other protein

chaperones are also associated with accessory proteins, which help tune their

activities (Rosenzweig et al., 2019). Therefore, the host cells could utilize

these accessory proteins as antiviral factors. Indeed, genome-wide screens

in yeast unearthed protein co-chaperones associated with Hsp70 or Hsp90

chaperones as inhibitors of TBSV replication (Table 1). For example, the

Cyp40-like Cpr7 yeast cyclophilin with a TPR domain turned out to be

a strong inhibitor of TBSV replication. Cpr7 or its TPR-domain alone bind

to the RPR RNA-binding region in p33 and p92pol replication proteins,

which likely prevent the replication proteins to recruit the viral (+)RNA

into replication and other functions within VRCs (Fig. 1) (Lin et al., 2012).

Interestingly, a second yeast Cyp40-like cyclophilin Cpr6 with a TPR

domain had only weak restriction function on TBSV replication in a

cell-free assay or in yeast. However, Cpr6 binds to a different region in

the viral replication proteins, not the RPR domain bound by Cpr7 (Lin

et al., 2012). Moreover, Cpr6 has a strong PPIase activity, whereas Cpr7 acts

as a co-chaperone. These differences between the two yeast Cyp40-like

cyclophilins might explain that only Cpr7 is a strong tombusvirus restriction

factor. On the contrary, three Cyp40-like cyclophilins fromArabidopsis plants

were found to inhibit tombusvirus replication in vitro (Lin et al., 2012). These

findings suggest that plants have more Cyp40-like cyclophilins to combat

tombusvirus replication than yeast.

The human Ttc4 oncogene-like yeast Cns1 co-chaperone also contains a

TPR domain in its N-terminal region (Schopf et al., 2019). Cns1 can acti-

vate the ATPase function of Hsp70 (Hainzl et al., 2004). Cns1 strongly

interacts with the TBSV replication proteins via its extended TPR-domain,

which results in blocking VRC assembly (Fig. 1) (Lin and Nagy, 2013).

This inhibitory effect of Cns1 on TBSV replication is likely due to binding

of Cns1 to the p33-p33/p92 interaction domain in the viral replication

proteins. The interaction between the viral replication proteins via the

p33-p33/p92 interaction domain is absolutely critical for VRC formation

(Panavas et al., 2005a; Rajendran and Nagy, 2006). Unlike Cpr7, which

inhibited the replication of both tombusviruses and the unrelated

insect-infecting nodaviruses, Cns1 seems to be TBSV-specific restriction

factor (Lin et al., 2012; Lin and Nagy, 2013).

Another interesting tombusvirus restriction factor is the Hop-like Sti1

co-chaperone of Hsp70 and Hsp90 (Xu et al., 2014). Sti1 and the plant
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Fig. 1 Amodel showing the pro-viral function of co-opted Hsp70 and the antiviral func-
tions of the co-chaperones during TBSV replication. TBSV replication is divided into three
sequential steps, as shown on the left. Based on published data, we propose that TBSV
co-opts the cytosolic Hsp70 chaperones to help perform several pro-viral functions indi-
cated in blue letters on the left. The hosts use several co-chaperones to block the pro-
viral function of Hsp70 and the viral replication proteins at several steps (as indicated
with red letters), thus reducing viral replication. See further details in the main text.



Hop-1 have three TPR domains and TPR1 is the most important in pro-

viding the antiviral effect by binding to the RPR RNA-binding domain

in the p36 and p95pol replication proteins of carnation Italian ringspot

virus (CIRV), a tombusvirus with mitochondrial membrane-based VROs.

Surprisingly, Sti1 and Hop1 only acted as weak restriction factors against

TBSV (peroxisomal membrane-based VROs) in yeast or in vitro (Xu et al.,

2014). Thus, unlike Cpr7 and Cns1 co-chaperones, which restrict the rep-

lication of both TBSV and CIRV, Sti1/Hop seems only to be a strong

CIRV restriction factor. Subcellular localization data indicated that the

mitochondrial CIRV is targeted more efficiently than the peroxisomal

TBSV by Sti1, suggesting that accessibility of Sti1 in various subcellular

locationsmight differ (Lin et al., 2012; Lin andNagy, 2013; Xu et al., 2014).

Based on our discoveries, we propose that the need of TBSV to hijack

Hsp70 functions from the cells during viral replication opens up opportuni-

ties for the hosts to fight back by utilizing protein chaperone-associated pro-

teins and co-chaperones. All the three above described TPR-domain

containing proteins are co-chaperones of Hsp70 and Hsp90 chaperones.

This observation suggests that the co-chaperones might inhibit tombusvirus

replication not only by directly binding to the viral replication proteins, but

via inhibiting the pro-viral functions of the co-opted Hsp70 chaperone.

Indeed, for example, TPR-domain containing proteins are predicted to

be present in all eukaryotes in large numbers, including �200 in humans

and �250 in Arabidopsis (Haslbeck et al., 2013; Prasad et al., 2010). An

emerging picture is that the antiviral co-chaperones, and cyclophilins have

to be targeted into action at the very early stage of TBSV infection, before

the viral infection overwhelms the host cells defensive potential.

Altogether, this creates an arms race between the virus and its host for the

access to the Hsp70 chaperone network. Through utilizing members of the

cellular co-chaperones, the host interferes with the “easy” exploitation of

Hsp70 chaperone machine for tombusvirus replication.

5. Cellular RNA helicases and RNA chaperones

The second example on the arms race between tombusviruses and

their hosts will present the protein families involved in RNA structure

modulation. Similar to their protein counterparts, the numerous cellular

RNAs also require the guidance of specialized army of proteins that perform

their folding, maturation, transport and ultimately degradation. The largest

families of proteins involved with cellular RNAs are RNA helicases and

RNA chaperones, which often function as ribonucleoprotein complexes
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(Guenther and Jankowsky, 2009; Jankowsky, 2011; Sloan and Bohnsack,

2018). Whereas RNA helicases use ATP to modulate RNA structures/

functions, RNA chaperones perform those functions through binding to

RNA targets without using ATP (Gilman et al., 2017; Linder and

Jankowsky, 2011; Sharma and Jankowsky, 2014). Similar to cellular pro-

cesses that depend on RNAs, (+)RNA viruses also require the involvement

of RNA helicases and/or RNA chaperones to promote their replication

and the infection process (Huang et al., 2010; Li and Nagy, 2011; Ranji

and Boris-Lawrie, 2010; Taschuk and Cherry, 2020). The hosts also deploy

cellular DEAD-box helicases, such as DICER, RIG-I or MDA5, which are

involved in sensing the viral RNAs and initiating antiviral immune signal-

ing or the RNAi pathway to destroy viruses (Ding, 2010; Garcia-Ruiz

et al., 2010; Schroder, 2011; Taschuk and Cherry, 2020).

6. The pro-viral roles of co-opted DEAD-box helicases
and RNA chaperones in TBSV replication

Similar to the viral p92pol replication protein, the TBSV (+)RNA

needs to be recruited to the site of replication (Monkewich et al., 2005;

Pogany et al., 2005). The (+)RNA template selection for replication is per-

formed by the p33 replication protein via specifically recognizing an internal

extended stem-loop structure with a C�C mismatch within an internal loop

(Fig. 2) (Monkewich et al., 2005; Pogany et al., 2005). The TBSV (+)RNA

needs also “be activated” prior to functioning as a template at the sites of

replication (Pathak et al., 2011, 2012). This is because the 30 end of

TBSV (+)RNA is embedded in an RNA secondary structure not readily

recognized by the RdRp. An upstream RNA silencer element binds to

the 3’terminal promoter, forming a partially dsRNA structure (Pogany

et al., 2003). After recruitment into the sites of replication, co-opted

RNA chaperones, namely eEF1A and eEF1Bγ, open up the above second-

ary structures and bring in the p92 RdRp to initiate minus-strand synthesis

(Fig. 2) (Li et al., 2010; Sasvari et al., 2011).

Dissociation of the p92 RdRp from the template at the end of minus-

strand synthesis is greatly affected by a DEAD-box helicase, the DDX3-like

Ded1 in yeast, and RH20 in plants (Chuang et al., 2015). The formation

of dsRNA during minus-strand synthesis leads to an inactive template

(Kovalev et al., 2014), which has to be partially unwound by a DEAD-

box helicase, Ded1 and Dbp2 in yeast, and RH20 in plants, prior to initi-

ation of plus-strand synthesis by the p92 RdRp (Kovalev et al., 2012a,b).

Since, the initiation on dsRNA template has to be repeated by�100 times,
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Fig. 2 Amodel of the arms race between TBSV and its hosts based on RNA helicases and
RNA chaperones. The pro-viral functions of the co-opted RNA helicases and RNA chap-
erones versus the antiviral functions of additional RNA helicases and RNA chaperones
during TBSV replication are shown schematically. The co-opted RNA chaperones (trans-
lation elongation factors) facilitate refolding of viral (+)RNA, followed by assisting TBSV
(�)RNA synthesis as shown on the left. The co-opted RNA helicases facilitate the termi-
nation of (�)RNA synthesis, then the following initiation of (+)-strand synthesis and asym-
metrical replication with RNA chaperone contribution of Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). Some of the details are enlarged on the right. On the contrary,
the cellular DDX17-like RH30 helicase interferes with several steps during TBSV replica-
tion as shown in red on the right side of the panel. The RNA chaperone Nucleolin also
inhibits the recruitment of the TBSV (+)RNA into replication. The RII(+)-SL cis-acting RNA
element with the critical internal C�C mismatch, which specifically binds to the p33 rep-
lication protein only when the stem-loop structure is formed, is shown in the circle. The
cytosolic pools of RH30 and Nucleolin are essential for the antiviral activity. See further
details in the main text.
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a second set of DEAD-box helicases, the eIF4AIII-like RH2 and DDX5-

likeRH5 in plants, facilitate the “recycling” of the viralRdRpwith the help

of RNA replication enhancers present on the viral (�)RNA (Kovalev and

Nagy, 2014; Panavas and Nagy, 2005).

In contrast with the co-opted eEF1A and eEF1BγRNA chaperones, the

co-opted DEAD-box helicases require plentiful ATP for their pro-viral

functions. As described above for Hsp70, the ATP is generated locally by

the co-opted glycolytic enzymes within the membranous VROs (Chuang

et al., 2017; Nagy and Lin, 2020; Prasanth et al., 2017).

6.1 The antiviral roles of co-opted DEAD-box helicases
and RNA chaperones in TBSV replication

The need for TBSV to recruit conserved cellular RNA chaperones and

DEAD-box helicases for viral replication makes the virus “vulnerable” to

those cellular DEAD-box helicases, which could inhibit the replication pro-

cess. This possibility might be really important in plants, which encode more

than twice as many helicases as animals and yeast do. Accordingly, the

DDX17-likeRH30 helicase fromArabidopsis has been shown to be recruited

into the VROs and strongly inhibits TBSV replication (Fig. 2) (Wu and

Nagy, 2019). The inhibition is due to unwinding of the critical cis-acting sec-

ondary element in the viral (+)RNA, which is required for binding to p33

replication protein, followed by selection for replication. Since this is an early

step, the effect of RH30 was found to be dominant over the co-opted pro-

viral helicases, which act at latter steps in the replication process. By altering

the biochemical features of DEAD-box helicases, either by domain analysis

or by creating chimeras between pro-viral and antiviral helicases, it might be

possible to obtain new antiviral tools by engineering or through evolution,

called arms race between viruses and their hosts.

In addition to the well-characterized DEAD-box helicases (see above),

plants also deployRNA chaperones, such as Nucleolin, against TBSV ( Jiang

et al., 2010). Nucleolin (Nsr1 in yeast) has been shown to be recruited into

the VROs and strongly inhibits TBSV replication in yeast and plants ( Jiang

et al., 2010). The inhibition is due to binding of Nucleolin to a cis-acting

secondary element in the viral (+)RNA, which is inhibitory to recruitment

of TBSV (+)RNA for replication (Fig. 2). Nucleolin, like other RNA chap-

erones, modify RNA structures, but without using ATP. Because TBSV has

its ownRNA chaperone, the p33 replication protein (Stork et al., 2011), and

co-opt translation elongation factors, which also have RNA chaperone

function, it is possible that the hosts will utilize an arsenal of RNA chaper-

ones against invading viruses. Accordingly, genome-wide screens in yeast
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did identify numerous RNA binding host proteins that inhibited TBSV rep-

lication ( Jiang et al., 2006; Li et al., 2009; Panavas et al., 2005b; Prasanth

et al., 2016; Shah Nawaz-Ul-Rehman et al., 2012). The antiviral functions

of the identified cellular RNA-binding proteins have not been defined

(Table 2). Further research will highlight whether there is ongoing arms race

between viruses and their hosts using RNA chaperones.

An emerging concept is that the antiviral DEAD-box helicases andRNA

chaperones have to be targeted into action at the very early stage of TBSV

infection to block viral replication ( Jiang et al., 2010; Wu and Nagy, 2019).

During late stages, the viral infection overwhelms the host cells defensive

potential at this level.

CellularRNAchaperones andDEAD-box helicases affect translation and

replication of many RNA viruses (Garbelli et al., 2011; Huang et al., 2010;

Ranji and Boris-Lawrie, 2010; Upadya et al., 2014). For example, host

DEAD-box helicases have been shown to affect translation of viral proteins

Table 2 DEAD-box helicases and RNA chaperones likely involved in the arms race
between TBSV and its hosts.
Pro-viral effect

Gene Function Pro-viral function Homologs

DED1 DEAD-box helicase (�) and (+)-strand

synthesis

DDX3/AtRH20

DBP2 DEAD-box helicase (+)-strand synthesis p68/AtRH20

AtRH2 DEAD-box helicase (+)-strand synthesis eIF4AIII/ScFAL1

AtRH5 DEAD-box helicase (+)-strand synthesis DDX5/ScDBP3

TEF1/2 Translation elongation

factor

(�)-strand synthesis, p92

binding

eEF1A

TEF4 Translation elongation

factor

(�)-strand synthesis eEF1Bγ

TDH2/3 GAPDH, glycolysis (+)-strand synthesis GAPDH/AtGAPC

Antiviral effect

Gene Function Antiviral function Homologs

AtRH30 DEAD-box helicase Inhibition of (+)RNA

recruitment

DDX17

NSP1 Ribosomal RNA

maturation

Inhibition of (+)RNA

recruitment

Nucleolin

Continued
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(Bolinger et al., 2010; Noueiry et al., 2000; Watanabe et al., 2009); viral

RNA replication (Goh et al., 2004; Huang et al., 2010; Lawrence and

Rieder, 2009; Morohashi et al., 2011; Upadhyay et al., 2013); subgenomic

RNA synthesis (Gimenez-Barcons et al., 2013); and virus assembly (Xu and

Hobman, 2012). Rift Valley fever virus is restricted by the DDX17 helicase

(Moy et al., 2014). Moreover, DDX3 blocks Dengue virus infections,

whereas DDX21 helicase inhibits influenza A virus (Chen et al., 2014;

Li et al., 2015; Schroder, 2011; Zhang et al., 2011). Human immunodefi-

ciency virus (HIV-1) infections are affected by several helicases providing

either pro-viral or antiviral functions (Lorgeoux et al., 2012; Yasuda-

Inoue et al., 2013). 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 repli-

cation. Taken together, cellular DEAD-box helicases perform critical roles in

virus-host interactions with many more discoveries expected in the future.

7. Comparison of protein chaperone and RNA
helicase/chaperone functions

It seems that TBSV hijacks two highly-conserved protein family

members from the host cells: the protein chaperoning Hsp70 proteins

and co-chaperones and the RNA chaperoning DEAD-box helicases.

The similarities and parallels between these proteins in function for

Table 2 DEAD-box helicases and RNA chaperones likely involved in the arms race
between TBSV and its hosts.—cont’d
Undefined effect/function

Gene Function Viral target Homologs

TIF1 Translation initiation

factor eIF4A

DEAD-box helicase

Interacts with p33 eIF4A

TIF11 Translation initiation

factor eIF1A

DEAD-box helicase

Interacts with p33/p92 eIF1A

PBP2 heterogeneous nuclear

RNP K protein

Over-expression

is stimulatory

HAS1 ATP-dependent

RNA helicase

Over-expression

is inhibitory

Genes shown in bold face are characterized in details in TBSV replication.
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the virus are interesting: (i) they utilize ATP for their function, which are

generated by co-opted glycolytic enzymes within VROs; (ii) they are

recruited to the sites of TBSV replication (VROs); (iii) they are directly

involved with the viral replication proteins/RNA templates; (iv) and they

are permanently part of the VRCs. The major difference between them is the

substrate selection: Hsp70s work with the viral replication proteins, whereas

the DEAD-box helicases target the viral RNAs as substrates. However, both

protein family members contribute pro-viral as well as antiviral functions.

This highlights that these proteins families are core members of the arms race

between viruses and their hosts. They could be also potential central players in

strategies to develop novel antiviral approaches.

8. The ubiquitin network

The last example on the arms race between tombusviruses and their

hostswill involve the ubiquitin network.Many cellular proteins havemultiple

functions at different subcellular locations. Post-translationalmodifications are

frequently being utilized by the host to expand the functionality and sta-

bility of host proteins. Ubiquitination, the addition of the conserved

76 amino acids long ubiquitin to the lysine residues in target proteins,

are among the most common post-translational modifications (Kwon

and Ciechanover, 2017; Nielsen and MacGurn, 2020; Varshavsky,

2017). The protein ubiquitination process consists of multiple enzymes act-

ing sequentially. The process includes an E1 ubiquitin-activating enzyme, then

the E2 ubiquitin-conjugating enzyme, in collaboration with an E3

ubiquitin-ligase enzyme. The covalently-linked ubiquitin can be removed

by de-ubiquitinases. Interestingly, protein mono-ubiquitination (addition

of a single ubiquitin) frequently affects the subcellular localization and

other functions of the client proteins, whereas poly-ubiquitination mainly

serves as a protein degradation signal for the proteasome machinery

(Berner et al., 2018; Isaacson and Ploegh, 2009).

Viruses also utilize their proteins for multiple functions in different sub-

cellular locations, therefore, the ubiquitin network is also central in the arms

race between viruses and their hosts. Many examples are documented on the

ubiquitin-directed proteasome-based degradation of viral proteins, or viral

protein-driven degradation of host proteins in case of animal RNA viruses

(Choi et al., 2013; Lee et al., 2019; Liu and Tan, 2020; Llamas-Gonzalez

et al., 2019; Luo, 2016; Xu et al., 2017). The role of the ubiquitin network

is also drawn major attention in studies of innate immunity against animal

RNA viruses (Garcia-Sastre, 2017; Rajsbaum and Garcia-Sastre, 2013).
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Plant RNA viruses are also capable of taking advantage of the ubiquitin

pathways for regulating their replication and interactions with hosts

(Camborde et al., 2010; Verchot, 2016). In summary, the ubiquitin network

determines many facets of the arms race and it is one of the hot topics in

virus-host interactions.

9. The roles of the host ubiquitin network in TBSV
replication and in the arms race with hosts

An emerging area in virus–host interaction is the role of the host

ubiquitin network. On one hand, TBSV hijacks the yeast Rad6 (Ubc2 in

plants) and Cdc34 E2 ubiquitin-conjugating enzymes in order to mono-

and bi-ubiquitinate the p33 replication protein (Fig. 3) (Imura et al.,

2015; Li et al., 2008). In combination with the presence of the so-called late

domain sequence in p33 (Fig. 3), the ubiquitination of p33 replication pro-

tein promotes the recruitment of cellular Vps23 ESCRT-I protein and Bro1

accessory protein into the VROs (Barajas and Nagy, 2010). This in turn, is

needed to further recruit additional ESCRT-I and ESCRT-III proteins and

Vps4 AAA ATPase into the VROs (Barajas et al., 2009a, 2014). The coor-

dinated actions of these ESCRT proteins with p33 and p92pol replication

proteins and the viral (+)RNA are needed for membrane deformation

and the biogenesis of the spherule-like VRCs (Barajas et al., 2014;

Kovalev et al., 2016, 2017). This is important to provide a semi-closedmem-

branous structure of VRCs, which is beneficial to protect the viral RNAs

from the host ribonucleases (Fig. 3).

Another characterized member of the ubiquitin network co-opted by

TBSV is Rpn11 (Regulatory Particle Non-ATPase) metalloprotease sub-

unit of 19S regulatory particle in the proteasome. Rpn11 is a critical com-

ponent of the proteasome due to its function in coupling deubiquitination

and degradation of proteasome substrates. Multiple pro-viral functions have

been documented for the co-opted cellular Rpn11 deubiquitinase, includ-

ing promotion of the recruitment of the DDX3-like yeast Ded1 and the

homologous plant RH20 DEAD-box helicases into the VROs (Prasanth

et al., 2016). In addition, Rpn11 contributes to the stability of the viral rep-

lication proteins. Overall, Rpn11 is a key co-opted host factor for the cor-

rect VRC assembly that greatly affects both viral replication and RNA

recombination (Prasanth et al., 2016).

On the other hand, the need to hijack ubiquitination network compo-

nents, however, renders TBSV vulnerable for the antiviral activities of addi-

tional components of this network. Indeed, the NEDD4-like Rsp5 E3
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ubiquitin-ligase could enter the VROs based on direct binding to the viral

replication proteins, which then leads to the degradation of p92pol RdRp

protein (Barajas et al., 2009b). This event greatly inhibits TBSV replication.

The previous high throughput screens have identified several additional com-

ponents of the ubiquitination network, which seem to inhibit TBSV replica-

tion in yeast (Table 3). Therefore, we propose that the host ubiquitination

Fig. 3 A model showing the pro-viral functions versus the antiviral functions of the
ubiquitin network during TBSV replication. The cellular Rpn11 deubiquitinase is a key
co-opted host factor, which helps with the stabilization of the viral replication proteins,
and facilitates the subversion of Ded1/RH20 RNA helicases and needed for the correct
VRC assembly. In addition, the co-opted Rad6, Ubc2 and Cdc34 E2 ubiquitin conjugat-
ing enzymes (shown in blue) bi-ubiquitinate the p33 replication protein as shown in a
circle on the right side of the panel. These events together with the late domain in p33
facilitate the hijacking of Vps23 and Bro1 ESCRT proteins, and ultimately the ESCRT
machinery to deform intracellular membranes into spherule-like structures, as shown
schematically. However, the host also utilize the ubiquitin network for antiviral func-
tions as shown by the action of Rsp5 E3 ubiquitin ligase, resulting in degradation of
the viral p92 replication protein, as shown on the right side of the panel. See further
details in the main text.
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Table 3 Ubiquitin network genes likely involved in the arms race between TBSV and
its hosts.
Pro-viral effect

Gene Function Pro-viral function Homologs

RAD6 Ubiquitin-conjugating enzyme Ubiquitination of p33 UBC2

CDC34 Ubiquitin-conjugating enzyme Ubiquitination of p33

BRE1 Ubiquitin-protein ligase Required for replication

DOA4 Protein deubiquitination Required for replication

LGE1 Protein mono-ubiquitination Required for replication

RPN11 Protein deubiquitination Required for replication RPN11

Antiviral effect

Gene Function Antiviral function Homologs

RSP5 E3 Ubiquitin-protein ligase Degradation of p92 NEDD4

Undefined effect/function

Gene Function Viral target Homologs

ASI1 E3 Ubiquitin-protein ligase Over-expression

is inhibitory

UBA1 Ubiquitin activating E1 enzyme Binds to p33

UBP3 Ubiquitin-specific protease Suppresses recombination

UBP8 Ubiquitin-specific protease Over-expression

is inhibitory

UBP10 Ubiquitin-specific protease Binds to p33/p92/(+)

RNA

UBP15 Ubiquitin-specific protease Binds to p33

ATG7 Ubiquitin activating E1 enzyme

Autophagy-related protein

Over-expression

is inhibitory

BUL2 Rsp5p E3-ubiquitin ligase

complex

Over-expression

is stimulatory

HUL4 E3 Ubiquitin-protein ligase-like Over-expression

is stimulatory

PIB1 E3 Ubiquitin-protein ligase Over-expression

is stimulatory

Genes shown in bold face are characterized in details in TBSV replication.
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network could emerge as a major frontier among viruses and their hosts.

Further studies are needed to dissect themechanisms of their anti-TBSV func-

tions in yeast and plants (Table 3). Taken together, the exploitation of the host

ubiquitination network seems to be central in the on going arms race between

TBSV and its hosts.

10. Summary

Viruses require resources from the host cells in order to replicate effi-

ciently and complete their infection cycles. Viruses also need to hide from

the host antivirus-surveillance network and degradative apparatus. To

accomplish all the requirements, viruses co-opt numerous host proteins

belonging to several protein families. However, the hosts could use similar

members of the same or associated protein families to interfere with the viral

replication processes. The rapid changes in the viral genomes in evolution-

ary terms create a never-ending arms race between the virus and hosts for the

exploitation of members of several host protein families. These protein fam-

ilies could be potential central players in strategies to develop novel antiviral

approaches that favor the hosts against pathogenic viruses.
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