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The Proteasomal Rpnl1 Metalloprotease Suppresses Tombusvirus
RNA Recombination and Promotes Viral Replication via Facilitating
Assembly of the Viral Replicase Complex
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ABSTRACT

RNA viruses co-opt a large number of cellular proteins that affect virus replication and, in some cases, viral genetic recombina-
tion. RNA recombination helps viruses in an evolutionary arms race with the host’s antiviral responses and adaptation of viruses
to new hosts. Tombusviruses and a yeast model host are used to identify cellular factors affecting RNA virus replication and RNA
recombination. In this study, we have examined the role of the conserved Rpn11p metalloprotease subunit of the proteasome,
which couples deubiquitination and degradation of proteasome substrates, in tombusvirus replication and recombination in
Saccharomyces cerevisiae and plants. Depletion or mutations of Rpn11p lead to the rapid formation of viral RNA recombinants
in combination with reduced levels of viral RNA replication in yeast or in vitro based on cell extracts. Rpnl1p interacts with the
viral replication proteins and is recruited to the viral replicase complex (VRC). Analysis of the multifunctional Rpn11p has re-
vealed that the primary role of Rpn11p is to act as a “matchmaker” that brings the viral p92P°' replication protein and the DDX3-
like Ded1p/RH20 DEAD box helicases into VRCs. Overexpression of Ded1p can complement the defect observed in rpnll mu-
tant yeast by reducing TBSV recombination. This suggests that Rpnl1p can suppress tombusvirus recombination via facilitating
the recruitment of the cellular Ded1p helicase, which is a strong suppressor of viral recombination, into VRCs. Overall, this
work demonstrates that the co-opted Rpnl1p, which is involved in the assembly of the functional proteasome, also functions in
the proper assembly of the tombusvirus VRCs.

IMPORTANCE

RNA viruses evolve rapidly due to genetic changes based on mutations and RNA recombination. Viral genetic recombination
helps viruses in an evolutionary arms race with the host’s antiviral responses and facilitates adaptation of viruses to new hosts.
Cellular factors affect viral RNA recombination, although the role of the host in virus evolution is still understudied. In this
study, we used a plant RNA virus, tombusvirus, to examine the role of a cellular proteasomal protein, called Rpn11, in tombusvi-
rus recombination in a yeast model host, in plants, and in vitro. We found that the cellular Rpn11 is subverted for tombusvirus
replication and Rpn11 has a proteasome-independent function in facilitating viral replication. When the Rpn11 level is knocked
down or a mutated Rpn11 is expressed, then tombusvirus RNA goes through rapid viral recombination and evolution. Taken
together, the results show that the co-opted cellular Rpn11 is a critical host factor for tombusviruses by regulating viral replica-
tion and genetic recombination.

Viruses and their hosts go through continuous evolution, in-
cluding a genetic arms race between viral and host factors that
decides if the given virus could accomplish successful infection in
that host. RNA virus adaptation to the host is facilitated by the
ability of RNA viruses to evolve rapidly due to high-frequency
mutations and genetic RNA recombination (1-3). Viral RNA re-
combination is a process that could alter viral genomes by joining
two or more noncontiguous segments of the same RNA or two
separate RNAs together (4, 5). The consequence of viral recombi-
nation could be mutations, sequence insertions, duplications, de-
letions, rearrangements, or creation of new sequences. Interest-
ingly, RNA recombination is also used by viruses to repair
truncated or damaged viral RNA molecules, thus increasing the
infectivity of RNA viruses (6-9). In summary, viral RNA recom-
bination is known to change virus population dynamics and
greatly contribute to virus variability (3, 4, 10).

Tomato bushy stunt virus (TBSV), a tombusvirus, is especially
useful in studying viral RNA recombination based on the devel-
opment of various unique approaches, including the use of a yeast
(Saccharomyces cerevisiae) model host (11-18). Systematic ge-
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nome-wide screens in yeast with TBSV have identified more than
30 host genes that altered various features of viral RNA recombi-
nation (14, 15, 19-21). Subsequent detailed analysis of the role of
several host factors in TBSV recombination has already unveiled
three different pathways. The first pathway is based on the critical
roles of cellular endo- and exoribonucleases that “attack” the viral
RNA, creating cleaved and partially degraded viral RNA molecules
(degRNAs) (Fig. 1A). degRNAs are outstanding templates for
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FIG 1 The proteasomal Rpn11 metalloprotease is a suppressor of TBSV RNA recombination in yeast. (A) Scheme of the TBSV RNA recombination pathway.
The replication-competent highly recombinogenic DI-AU-FP repRNA is cleaved by cellular RNase MRP endoribonuclease, followed by either limited 5’
truncations or complete degradation by the cellular Xrnlp 5'-3" exoribonuclease. This results in the generation of a pool of replication-competent degRNAs
(both the long and short forms as shown) that serve as templates in template-switching recombination events driven by the viral replicase. The sequence elements
in a typical recRNA are shown schematically. (B) Depletion of Rpnl1p in yeast gives rise to the rapid emergence of TBSV recRNAs and degRNAs. Addition of
doxycycline (+dox samples) leads to depletion of Rpn11p expressed from the regulatable TET promoter (lanes 10 to 12). Note that expression of Rpn11p from
the TET promoter in the absence of doxycycline (lanes 7 to 9) in TET::RPN11 yeast could be lower than expression from the native promoter in wt yeast. This
could be the reason for the higher level of recRNA accumulation in the TET::RPN11 yeast not treated with doxycycline. Replication of the TBSV DI-AU-FP
repRNA in wt and TET::RPN11 yeasts coexpressing the tombusvirus p33 and p92 replication proteins was measured by Northern blotting 24 h after launching
TBSV replication. Note the emergence of different species of recRNAs and degRNA (see panel A) in samples with depleted Rpn11p. The accumulation level of
repRNA was normalized based on the rRNA (middle portion). For the bottom portion, the accumulation levels of Hiss-p92 and Hisg-p33 were tested by Western
blotting. The samples were obtained from independent yeast colonies. The experiments were repeated two or three times. (C) Rapid accumulation of reccRNAs
in yeast expressing the rpni11-14" mutant at 23°C (permissive temperature for yeast growth) or 32°C (semipermissive temperature). The top portion shows
Northern blot analysis of the accumulation of TBSV DI-AU-FP repRNA, recRNAs, and degRNA at the 24-h time point. For the middle portion, the accumulation
level of repRNA was normalized based on the rRNA. The bottom portion shows Western blotting-based measurement of the accumulation levels of Hisg-p92 and
Hisg-p33. Each experiment was repeated. (D) Accumulation levels of the highly efficient DI-72 repRNA in rpnl1-14" yeast were measured by Northern blotting.
Western blotting was used to measure the accumulation levels of His,-p92 and Hisg-p33 (bottom portion). The asterisk marks the SDS-resistant p33 homodimer.
Each experiment was repeated. See further details in the description for panel B. (E) CFE-based replication assay supports a role for Rpnllp DUB in TBSV
replication. Purified recombinant MBP-p33 and MBP-p92P°! replication proteins and in vitro-transcribed TBSV DI-72 plus-strand repRNA were added to the
CFEs prepared from wt or rpn11-14" yeast strains. Denaturing PAGE analysis of the >*P-labeled TBSV repRNA products obtained in the CFE assay is shown. Note
that a comparable amount of CFEs (indicated by 1x) or double the amount of CFEs (2x) was used for the replication assay. Each experiment was repeated three
times.
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template switching by the viral replicase, which results in viral
RNA recombination (15, 22). For example, the cytosolic Xrnlp
5'-to-3" exoribonuclease (Xrn4 in plants) suppresses TBSV re-
combination via rapidly degrading TBSV RNAs (degRNAs) (Fig.
1A) cleaved by cellular endoribonucleases (22-25). Thus, the
degRNAs have only limited time to participate in RNA recombi-
nation in wild-type (wt) cells. The second pathway is based on the
Pmrl Ca>*/Mn** pump that controls Ca®*/Mn>" levels in the
cytosol and greatly affects the template-switching activity of
the viral replicase. In the absence of Pmr1, the high level of cyto-
solic Mn** induces high-frequency RNA recombination in yeast
or plant cells, which can also be reconstituted in a cell-free TBSV
replication assay (21). The third TBSV recombination pathway is
based on cellular DEAD box helicases, which are components of
the viral replicase complex (VRC) and affect RNA synthesis via
locally unwinding viral RNA structures and affecting the ability of
the viral RNA-dependent RNA polymerase (RdRp) to dissociate
from viral templates (C. Chuang, K. R. Prasanth, and P. D. Nagy,
unpublished data). One of the helicases is DDX3-like Dedl1p
(AtRH20 in plants), which binds to the viral RNA and suppresses
the replication of degRNAs and formation of RNAs formed
through recombination from the degRNA template (recRNAs).

Tombusviruses code for two replication proteins, termed p33
and p92°P°!, which are translated directly from the genomic RNA
(gRNA). The abundant p33 RNA chaperone functions in recruit-
ment of viral RNA template for replication and in the assembly of
the membrane-bound VRCs (26-31). p92pOI is the RdRp (29, 32,
33), and it is produced through translational readthrough of the
P33 stop codon (34-36). Both replication proteins are essential
components of the tombusvirus VRCs (33, 37).

A recent systematic screen with TBSV based on a temperature-
sensitive library of yeast mutants (K. R. Prasanth and P. D. Nagy,
unpublished data) has identified the yeast Rpnllp (regulatory
particle non-ATPase) metalloprotease subunit of the 19S regula-
tory particle, which is part of the 26S proteasome lid (38). Rpnllp
is a critical component of the proteasome due to its function in
coupling deubiquitination and degradation of proteasome sub-
strates. Accordingly, polyubiquitinated proteins accumulate in
yeast expressing mutated Rpnl1p (39). Rpnllp is required for the
stability of the proteasomes, which could get rapidly degraded in
the absence of Rpnllp. In addition, Rpnllp affects the cellular
localization of the proteasome via inducing the formation of pro-
teasome storage granules under certain cellular conditions, such
as the quiescent stage (40).

Rpnllp is also involved in several pathways that are indepen-
dent of its catalytic activity. For example, Rpnl1p regulates the
Fisl-dependent fission machinery of mitochondria and peroxi-
somes (39, 41). Accordingly, peroxisome proliferation is halted
and peroxisome distribution is abnormal in rpnll-mI yeast (41).
Another activity of Rpnllp is to regulate cell cycle progression
(41, 42). Rpnllp is highly conserved protein in eukaryotes, in-
cluding mammals (Rpnllp is called POHI or PSMDI4 in hu-
mans) (38). The N-terminal part contains the deubiquitinase
(DUB, the catalytically active JAMM/MPN+) domain, while the
C-terminal segment affects the stability of the proteasomal lid, cell
cycle progression, and mitochondrial and peroxisomal fission (41,
42). Thus, mutations in the multifunctional Rpnl1p could have
pleiotropic effects on the cell, making it more challenging to dis-
sect its function in viral replication and recombination.

In this work, we show evidence that Rpnllp is co-opted for
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tombusvirus replication. Depletion of Rpnllp or expression of
Rpnllp mutants causes reduced tombusvirus replication but in-
creased accumulation of viral recombinant RNAs in yeast cells. An
in vitro recombination assay based on yeast cell extract confirmed
that Rpnllp is a strong suppressor of TBSV recombination in
yeast. In addition, Rpnl1p contributes to the stability of the viral
replication proteins. Detailed analysis of the role of Rpnllp re-
vealed that it is less likely that Rpnllp suppresses tombusvirus
recombination via inhibition of Xrnlp activity (previously shown
to possess strong suppressor activity on RNA recombination) or
via its role in cell cycle control or in regulating the free-ubiquitin
pool via recycling of ubiquitin from proteasomal substrates. Data
obtained with a fis]A/rpn11-m1 yeast strain suggest that the func-
tion of Rpnllp in peroxisome division could be a mechanism
controlling tombusvirus replication and recombination to some
extent. Also, we show that free-ubiquitin pool is important in
regulation of TBSV replication and recombination, albeit inde-
pendently from Rpnllp deubiquitinase function. We propose a
model for the role of Rpnllp that is based on the key role of
Rpnllp in controlling the recruitment of a cellular DDX3-like
Dedlp DEAD box helicase, a known suppressor of tombusvirus
recombination, into the membrane-bound VRCs. Overall, sub-
version of Rpnllp by TBSV is critical for recruitment of addi-
tional cellular factors and for the correct VRC assembly, which
greatly affects both viral replication and RNA recombination.

MATERIALS AND METHODS

Yeast strains and expression plasmids. S. cerevisiae strain BY4741
(MATa his3A1 leu2A0 met15A0 ura3A0) and R1158 (wt), TET::RPN11
yeast strains (yTHC library, MATa his3-1 leu2-0 met15-0 URA3:CMV-
tTA), were obtained from Open Biosystems (Huntsville, AL). Yeast strain
NMY51 was obtained from Dualsystems.

Temperature-sensitive rpnll mutants (rpnll-14 and rpnll-8) were
kindly provided by Charles Boone (University of Toronto) (43). The 31-
amino acid (aa) C-terminal truncation mutant of rpnll (rpnll-ml), the
double mutant strains (rpnll-RevA2, rpnll-RevA5, A fisl/rpnll-ml,
Amdv1/rpnll-ml), and the plasmid RPN11S119A were kindly provided
by Agnes Delahodde (University of Paris-Sud) (41).

The yeast expression plasmids LpGAD-CUP1-HisFlag-p92 (LEU2 se-
lection) and HpGBK-CUP1-His-p33/GAL1-DI-AU-FP (HIS3 selection)
were constructed earlier (14). Plasmid pYES-Ubiquitin was constructed
earlier (44). To produce pYC-RPN11, PCR was performed with primers
5234 (5'-CGCGGATCCATGGAACGACTACAGAGATT-3") and 5448
(5"-CCGCTCGAGTTATTTAATTGCCACTGAATT-3'). The obtained
PCR products were digested with BamHI and Xhol and cloned into
pYC-NT vector. The plasmid pYC-DED1 was made by PCR amplification
of yeast DEDI open reading frame (ORF) with primers 3957 (CCAGGA
ATTCATGGCTGAACTGAGCGAACAAG) and 4309 (CCAGCTCGAGT
CACCACCAAGAAGAGTTG). The obtained PCR products were di-
gested with EcoRI and Xhol and cloned into pMal-DED1 (45) to generate
pYC-DEDI.

The plant overexpression plasmids were constructed as described pre-
viously (24). Briefly, pGD-RPN11 was obtained by digesting the PCR
products with BamHI and Mlul and was inserted between the BamHI and
Mlul sites of the pGD plasmid. Plasmids pGD-p19 and pGD-CNV have
been described previously (24).

Tombusvirus RNA analysis. TBSV RNA replication and recombina-
tion were analyzed using total RNA from yeast or plants, and Northern
blot analyses were performed as described previously (24). In brief,
BY4741, W303, and the rpnll-14%, rpnll-ml, RevA2, RevA5, Afisl,
Amdvl, Afisl/rpnll-ml, and Amdvl/rpnll-ml yeast strains were
cotransformed with pGBK-Hisp33-CUP1/GAL1-DI-AU-FP and pGAD-
His92-CUPI. The transformed yeast strains were grown at 23°C in SC-
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HL™ (synthetic complete medium without histidine and leucine) me-
dium with 2% glucose for 12 h at 23°C. Then, yeast cultures were
resuspended in SC-HL™ medium with 2% galactose containing 50 uM
CuSO,. Yeasts were grown at either 23°C or 32°C for the desired times
before being collected for total RNA extraction.

The yTHC strains (R1158 and RPN11) were transformed with pGBK-
His33-CUP1/GAL1-DI-AU-FP, and pGAD-His92-CUPI, then inocu-
lated into SC-ULH ™ medium containing 2% glucose and supplemented
with 10 mg/liter of doxycycline, and cultured for 8 h at 29°C until an
optical density at 600 nm of 0.8 to 1.0 was reached. The yeast cultures were
subsequently centrifuged, washed, and resuspended in SC-ULH™ me-
dium supplemented with 2% galactose, 10 mg/liter of doxycycline, and 50
.M CuSO, to induce viral replication and incubated for 24 h at 29°C.

For the complementation studies, BY4741 and the rpnlI-14 strain
were cotransformed with plasmids pGBK-His33-CUP1/GALI-DI-
AU-FP or DI-RIIA70, pGAD-His92-CUP1, and pYC-RPNI1 (full-
length)/pYC-RPN11S119A (null mutation in the deubiquitinase catalytic
domain) (41) or pYC-Empty derivatives. For the ubiquitin complemen-
tation assay, BY4741 and the rpnl1-14" strain were cotransformed with
plasmids pGBK-His33-CUP1/GAL1-DI-AU-FP, pGAD-His92-CUP1,
and pYES-Ubiquitin or pYES-Empty derivatives. For the complementa-
tion study with Ded1p protein, strain RPN11-14 was cotransformed with
plasmids pGBK-His33-CUP1/GALI1-DI-AU-FP, pGAD-His92-CUPI,
and pYC-DEDI1 or pYC-Empty derivatives. The transformed yeasts were
grown in SC-ULH™ minimal medium supplemented with 2% glucose for
12 h at 23°C. Then, the cultures were changed to SC-ULH™ minimal
medium supplemented with 2% galactose and with 50 uM CuSO, to
induce virus replication and incubated for an additional 24 h at either
23°C or 32°C.

Protein analysis. Yeast cells were grown in appropriate SC media as
described above for Northern analysis. Total protein lysates were pre-
pared by the NaOH method as described previously (46). The total pro-
tein samples were analyzed by SDS-PAGE and Western blotting with anti-
His antibody (Amersham), followed by alkaline phosphatase-conjugated
anti-mouse secondary antibody (Sigma) as described previously (19).

Tombusvirus replication assay based on yeast cell extracts. The
preparation of yeast cell extracts capable of supporting TBSV RNA repli-
cation and recombination in vitro was described previously (31, 47). The
replication assay mixture consisted of 2 pl of yeast cell-free extract (CFE),
500 ng of DI-72 plus-strand replicon RNA (repRNA) or DI-RIIA70 plus-
strand degRNA, 50 ng of purified maltose-binding protein (MBP)-p33,
and 50 ng of purified MBP-p92 protein in a 20-pl reaction mixture. For
testing the effect of recombinant Rpnllp, increasing amounts (0.5, 1.0,
and 1.5 pg) of purified recombinant MBP-Rpn11 protein or MBP alone
were added to the reaction mixture. The mixtures were incubated at 25°C
for 3 h to support TBSV RNA replication and recombination in vitro, and
the amount of newly synthesized **P-radiolabeled repRNA was analyzed
in a polyacrylamide-urea gel as described previously (33).

Viral RNA stability assay. For the viral RNA stability studies, BY4741
and the rpnli1-14" strain were transformed with pYC2-DI-AU-FP or
pYC2-RIIA70. The transformed yeast strains were grown at 23°C in
SC-U™ with 2% galactose for 24 h. Yeast cells were harvested by centrif-
ugation and resuspended in SC-U™ supplemented with 2% glucose. Sam-
ples for total RNA extraction were collected at the desired times (see
below).

Analysis of protein-protein interactions using the split-ubiquitin
assay. The split-ubiquitin assay performed was based on Dualmembrane
kit 3 (Dualsystems) and was performed as previously described (48). The
bait constructs pPGAD-BT2-N-His33 and pGAD-BT2-N-His92, express-
ing tombusvirus replication proteins p33 and p92, were previously de-
scribed (49). Yeast strain NMY51 was cotransformed with pPGAD-BT2-N-
His33 or pGAD-BT2-N-His92 and pPR-N-RE (NubG) or with one of the
prey constructs carrying RPN11 sequence and plated onto Trp~ Leu™
minimal medium plates. Transformed colonies were diluted in water and
streaked onto Trp~ Leu™ His™ Ade™ plates to test for p33-RPN11 and
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p92-RPNI11 interactions, respectively. A plasmid carrying the SSAI ORF
was used as a positive control in this assay.

Analysis of TBSV RNA recombination profile. To observe the RNA
recombination profile with DI-ARIRNA, BY4741 and the xrn1A, met22A,
and rpnll-14° yeast strains were cotransformed with HpGBK-His33,
LpGAD-His92, and UpYC2-DI-ARI. The transformed cultures were
grown at 23°C for 12 h in SC-ULH™ medium with glucose. Yeast cultures
were collected by centrifugation and dissolved in SC-ULH ™ medium with
galactose supplemented with 50 pM CuSO,, followed by additional cul-
turing at 23°C for 2 days before sample collection for RNA analysis.

Protein copurification from yeast. To study if Rpnllp affects the
amount of Dedlp protein in the tombusvirus replicase, BY4741 and the
rpnll-14° strain were transformed with plasmids pGBK-FLAGp33-
CUP1/Gal1-DI-72 and pGAD-FLAGp92-CUP1 (or pGBK-His33-CUP1/
Gal1-DI-72 and pGAD-Hisp92-CUP1 as a control) plus the pYC plasmids
expressing Hisq-tagged Dedl protein from the GALI promoter (pYC-
Gal1-DED1). For copurification of Rpn11 protein with p33 and p92 rep-
lication proteins, BY4741 and the rpn11-14" strain were cotransformed
with plasmids pESC-FLAGp33-CUP1/Gall-DI-72 and pGAD-FLAGp92-
CUPI1 and (or pESC-His33and pGAD-Hisp92 as a control) plus the pGBK
plasmids expressing Hisq-tagged Rpn11 or Hisg-Rpnllg, 4, protein from
the GALI promoter (pGBK-Gall1-RPN11/pGBK-Gal1-RPN11S119A).

After selection of transformed yeast on SC-ULH ™ plates, yeast cul-
tures were pregrown in selective SC-ULH ™~ medium with 2% glucose for
12 h at 23°C and then transferred to selective medium with 2% galactose
for 24 h at either 23 or 32°C to induce His,-Ded1, His,-Rpn11, and His-
Rpnllg; g, protein expression from the GALI promoter. Then the cul-
tures were supplemented with 50 pM CuSO, to induce expression of
FLAG-p33 and FLAG-p92 or His¢-p33 and Hisg-p92 from the CUPI pro-
moter. The yeast cultures were collected by centrifugation after 4 h,
washed once with phosphate-buffered saline (PBS), and then incubated in
PBS buffer containing 1% formaldehyde for 1 h on ice to cross-link pro-
teins. Then formaldehyde was quenched by adding 2 ml of 2.5 M glycine.
Finally, yeast cultures were washed in PBS and proteins were FLAG affin-
ity purified as described previously (19, 45).

Expression of AtRpn11 in Nicotiana benthamiana. For transient ex-
pression of Arabidopsis thaliana Rpnll (AtRpnll) in N. benthamiana
leaves, we PCR amplified the RPN11 sequence using the following pair of
primers: 5984 (CGGGATCCATGGAGAGACTACAGAGAA) and 5986
(CCGCTCGAGCTAGAAGACAACAGTGTCGA). The obtained PCR
product was digested with BamHI and XhoI and ligated into pGD empty
vector. The resulting plasmid was transformed into Agrobacterium tume-
faciens C58Cl1. Plants were infiltrated with A. tumefaciens carrying pGD-
RPN11 or pGD (empty plasmid) along with pGD-CNV plus pGD-ARI or,
alternatively, with pGD-p33 plus pGD-p92 plus pGD-ARI. Two days
later, leaf samples were collected from the agroinfiltrated leaves and total
RNA was extracted. DI-ART RNA accumulation was analyzed by North-
ern blotting (23).

VIGS of RPN11 in N. benthamiana plants. The virus-induced gene
silencing (VIGS) in N. benthamiana was done as described previously
(23). To generate the VIGS vector (pTRV2-RPN11), a 257-bp cDNA frag-
ment of A. thaliana RPN11 was reverse transcription (RT)-PCR amplified
from a total RNA extract of A. thaliana using primers 5696 (CGGGATC
CACATCTCTTCTCTCGC) and 5697 (CGACGCGTTCCAGGATGTGA
ATGA) and inserted into the corresponding (BamHI and Mlul) restric-
tion sites of plasmid pTRV2. Seven days after the VIGS treatment
(pTRV2-RPN11 VIGS vector together with pTRV1), the level of N. ben-
thamiana RPN11 (NbDRPN11) mRNA was determined by RT-PCR with
primers 5698 (CGGGATCCGAACAAACCATCGATC) and 5699 (CGAC
GCGTAGATGCTTCTTTGCAT). We used tubulin mRNA as a control by
RT-PCR using primers 2859 (TAATACGACTCACTATAGGAACCAAA
TCATTCATGTTGCTCTC) and 2860 (TAGTGTATGTGATATCCCAC
CAA). Subsequently, the silenced leaves were either sap inoculated with
TBSV inocula or coagroinfiltrated with pGD-CNV and pGD-DI-AU-FP
to launch viral replication and recombination. Samples from the agroin-
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DI-RIIA70 degRNA, which represents a frequently isolated degRNA species lacking RI and part of RII (see panel A). The denaturing PAGE analysis shows the
emergence of recRNAs as indicated. (C) Scheme of the use of recombinant Rpn11p in a yeast CFE replication assay for TBSV replication. Note that the assembly
of the TBSV replicase takes place in the CFE using recombinant viral components as shown. We used TET::RPN11 yeast with expressed (—dox) or depleted
(+dox) Rpnllp to prepare the CFEs. The TBSV p33 and p92 replication proteins and Rpnllp were purified from E. coli. (D) Reduced replication of TBSV
DI-RIIA70 degRNA in TET::RPN11 yeast CFEs with high or depleted levels of Rpn11p (see Fig. 1). Shown is denaturing PAGE analysis of the effect of purified

Rpnllp on recombination and replication of DI-RIIA70 degRNA in the CFE assay.

filtrated leaves were collected three and 4 days after agroinfiltration, fol-
lowed by total RNA extraction and Northern blot analysis as described
previously (23).

RESULTS

Rpnl1 mutants support increased level of tombusvirus RNA re-
combination in yeast. To test the effect of Rpn11p on TBSV RNA
recombination, first we depleted Rpnllp by blocking its tran-
scription from a regulatable promoter in TET::RPN11 yeast. We
coexpressed the highly recombinogenic DI-AU-FP replicon RNA
(repRNA) (Fig. 1A) together with the tombusvirus p33 and p92pul
replication proteins to initiate TBSV repRNA replication and re-
combination in these yeast strains. Depletion of Rpn11p resulted
in an ~12-fold increase in TBSV recombinant RNA (recRNA)
accumulation compared with the wt yeast (Fig. 1B, lanes 10 to 12
versus 1 to 6). These RNA recombinants in the TBSV system are
generated via the template-switching mechanism by the viral rep-
licase using viral repRNA templates that are cleaved by cellular
endo- and exoribonucleases (schematically shown in Fig. 1A)
(14, 15, 21, 22, 24, 50, 51). In addition, yeast expressing the
rpnll-14” mutant as the only copy of Rpnllp led to an ~11-
fold increase in TBSV recRNA levels at the semipermissive
temperature (Fig. 1C, lanes 10 to 12 versus 7 to 9) and ~4-fold-
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higher recRNA accumulation at a lower (permissive) temper-
ature (Fig. 1C, lanes 4 to 6). Altogether, these yeast genetic
approaches have conclusively demonstrated that the wt
Rpnllp is a strong suppressor of TBSV RNA recombination in
yeast cells.

Interestingly, the amount of 5'-truncated viral repRNAs, called
degRNAs (shown schematically in Fig. 1A), is also increased ~6-
to 10-fold in yeast with depleted Rpn11p or expressing the rpnll-
14" mutant (Fig. 1B and C). These partially degraded viral
degRNA products are generated by cellular nucleases, and they
serve as templates for viral RNA recombination (Fig. 1A) (14, 15).
Thus, Rpnllp seems to play a role in inhibition of generation
and/or accumulation of degRNAs as well.

Expression of the rpnlI-14" mutant reveals a role in viral
RNA replication in yeast. To test if Rpnl1p plays a role in tom-
busvirus replication, we launched the highly efficient TBSV DI-72
repRNA replication in yeast expressing the rpn11-14” mutant. In-
terestingly, the TBSV repRNA accumulated only to ~20% at
semipermissive temperature and to ~50% at permissive temper-
ature in comparison with yeast expressing the wt Rpnllp (Fig.
1D), suggesting that Rpnllp is critical for TBSV replication.
Western blot analysis revealed the reduced accumulation of p33
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and p92P°' replication proteins in rpnl1-14" yeast (Fig. 1C and D).
Therefore, it is likely that Rpn11p contributes to the stability of the
viral replication proteins. Altogether, it seems that wt Rpnllp
supports the replication of the full-length repRNA (such as DI-
72), while it helps to suppress the accumulation of recRNAs and
degRNAs in yeast.

To study the proviral function of Rpn11p in TBSV replication,
we used an in vitro assay based on a cell-free extract (CFE) from
yeast expressing the wt or the rpnlI-14* mutant (41). Purified
recombinant p33 and p92P®' and DI-72 plus-strand RNA were
used to assemble the tombusvirus replicase in the CFE in vitro
(45). The CFE supports a complete replication cycle resulting in
both minus- and plus-strand viral RNA products (31). Denatur-
ing PAGE analysis of the in vitro replicase products revealed that
TBSV replication was decreased over 2-fold when the CFE was
obtained from rpnli-14" yeast in comparison with the wt yeast
(Fig. 1E). Thus, the in vitro replication assay confirmed that
Rpnllp is a critical host factor for TBSV replication.

Effect of Rpnll on viral RNA recombination in vitro. To
further dissect the inhibitory function of Rpn11p in recRNA for-
mation and degRNA replication, we also used an in vitro assay
based on CFE from yeast expressing either wt or a C-terminally
truncated Rpnllp (the rpnll-ml mutant, missing the last 31
amino acids from the C terminus) (41). This mutant shows defi-
ciency in maintaining a correct cell cycle and abnormal mitochon-
drial morphology and function (39).

Purified recombinant p33 and p92P°' and the highly recombi-
nogenic plus-strand degRNA (DI-RIIA70) (Fig. 2A) were used to
assemble the tombusvirus replicase in the CFE in vitro (45). De-
naturing PAGE analysis of the in vitro replicase products revealed
that DI-RIIA70 degRNA replicated at an ~2.5-fold-higher level in
CFE prepared from rpnlI-ml yeast (Fig. 2B, lane 2) than from wt
yeast (lane 1). In addition, the formation and accumulation of
recRNAs (formed via recombination from the degRNA template)
were increased ~2.5-fold in CFE prepared from rpnll-ml yeast
(Fig. 2B, lane 2). Thus, similar to the situation in yeast, the CFE
with the rpn11-mI mutant facilitated the replication of degRNA
and the production of recRNA that lacked the authentic 5'-end
viral sequences (Fig. 1A).

In a second CFE-based assay, the addition of the purified re-
combinant wt Rpnl1p to the CFE programmed with DI-RIIA70
degRNA, which lacks the authentic 5'-end sequence, led to inhi-
bition of degRNA replication and formation of recRNAs in vitro
(Fig. 2D, lanes 2 to 4 versus lane 1 and lanes 6 to 9 versus lane 5).
Based on these data from CFEs, we conclude that the wt Rpn11p
inhibits the replication of degRNAs and the accumulation of re-
cRNAs missing the authentic 5'-end viral sequences.

Rpnllp is copurified with the tombusvirus replicase. To test
if Rpnllp could interact with the tombusvirus replication pro-
teins, we used the split-ubiquitin assay that measures interaction
between membrane-bound proteins in yeast (52, 53). We ob-
served only weak interaction between the yeast Rpn11p and TBSV
p33 replication protein compared with Ssalp Hsp70, which shows
strong interaction with p33 (Fig. 3A) (31, 54). However, the inter-
action of Rpnllp with the p92P°! replication protein was more
pronounced in the split-ubiquitin assay (Fig. 3B), suggesting that
Rpn11p likely favors p92P°! over p33 as a protein binding partner.

The interaction of Rpnllp with p92P® also indicates that
Rpnllp might be part of the tombusvirus replicase complex
(VRC). To examine if Rpn11p is present within the tombusvirus
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FIG 3 Rpnllp is recruited to the tombusvirus replicase in yeast. (A and B)
Interaction between Rpnllp and the TBSV p92 replication protein. A split-
ubiquitin assay was used to test binding between either p33 (A) or p92 (B) and
the shown full-length yeast proteins. The bait p33 or p92 was coexpressed with
the prey proteins in yeast. Ssalp (HSP70 chaperone) and the empty prey vector
(NubG, shown by a dash) were used as positive and negative controls, respec-
tively. The image shows results for 10-fold serial dilutions of yeast cultures. (C)
Copurification of Rpnllp with the p33 and p92 replication proteins from
yeast. The FLAG-tagged p33 or FLAG-p92 was purified from a solubilized
membranous fraction of yeast extracts using a FLAG affinity column (lanes 2
to 4 and 6 to 8). The 6 X His-tagged p33 purified using a FLAG affinity column
(lanes 1 and 5) was used as a negative control. (Top) Western blot analysis of
6XHis-tagged Rpn11p with anti-His antibody in the affinity-purified prepa-
rations. (Middle) Western blot analysis of the same samples as in the top
portion but using anti-FLAG antibody. (Bottom) Western blot analysis of
6XHis-tagged p33 and 6 X His-Rpn11 with anti-His antibody in the total pro-
tein extract from yeast expressing the shown proteins. Each experiment was
repeated three times.

VRCs, we FLAG affinity purified the tombusvirus replicase from
membrane fractions of yeast cells actively replicating TBSV
repRNA (33, 48). This yeast also expressed His,-tagged Rpnllp
from plasmid. We found that the purified tombusvirus replicase
preparation, which is highly active on added templates in vitro
(data not shown), contained Rpnllp (Fig. 3C, lane 4), while
Rpnllp was undetectable in the control yeast sample obtained
using the same affinity purification (Fig. 3C, lane 1). The control
yeast also expressed the Hisq-tagged p33, which lacked a FLAG tag,
and the Hisg-tagged Rpnllp.

Copurification of Hiss-tagged Rpnllp from yeast expressing
either FLAG-p33 or FLAG-p92 via a FLAG affinity approach re-
vealed a higher association with p92P°' than with p33 (Fig. 3C,
lanes 2 and 3). Thus, the copurification approach also indicates
that the binding between Rpn11p and p92°°' is more efficient than
between Rpnl1p and p33, although p33 is present in an ~10-fold
excess over p92P° in the VRCs (Fig. 3C). We were also able to
copurify a catalytically inactive DUB mutant of Rpnllg,,4, with
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FIG 4 Suppression of viral RNA recombination by Rpnl11p is independent of the Xrnlp exoribonuclease pathway. (A) Schematic representation of the TBSV
RNA recombination pathway based on Xrnlp in yeast. Plasmid-driven expression of the DI-ARI (derived from the full-length DI-72 repRNA by deletion of the
5" RI domain) in the presence of p33 and p92 replication proteins results in partial 5 truncations by the cellular Xrnlp 5’-to-3" exoribonuclease, generating
DI-RIIA70-like degRNAs as shown. DI-A70RII-like degRNAs then participate in RNA recombination as indicated. (B) Recombination profile of DI-ARI RNA
in rpnll-14%, wt, or xrn1A yeasts. The original DI-ARI degRNA, DI-RIIA70-like degRNAs, and recRNAs are labeled with arrowheads and arrows. Note that the
recRNA profile is dramatically different in rpn11-14" yeast from that seen in xrnlA yeast. (C) Half-life of DI-AU-FP repRNA in wt and rpn11-14" yeasts. Note

that yeast did not express p33 and p92 replication proteins.

the tombusvirus VRCs (Fig. 3C, lane 8) and with either p33 or
p92°°! (Fig. 3C, lanes 6 and 7), suggesting that Rpn11p does not
need its DUB function to bind to the tombusvirus replication
proteins. Altogether, these data support the model that Rpnllp
interacts with the replication proteins, and it is part of the tom-
busvirus VRCs.

Rpnll suppresses recombination and replication of the 5'-
truncated degRNAs independent of Xrnlp 5'-to-3’ exoribonu-
clease in yeast. Rpnllp is a multifunctional protein (40-42),
which makes it a challenging task to identify what function(s) of
Rpnllp affects TBSV replication and RNA recombination. Inter-
estingly, Rpn11p physically interacts with Xrnlp (55) 5'-to-3" ex-
oribonuclease, which is a key enzyme in TBSV RNA stability and
for suppression of TBSV RNA recombination in yeast (22-24, 50,
56). Therefore, it is possible that Rpn11p affects TBSV recombi-
nation via controlling Xrnlp activity. To test this possibility, we
expressed a 5'-truncated TBSV degRNA (DI-ARI) (Fig. 4A),
which goes through further 5’ truncations [up to ~70 nucleotides
(nt), where the RII(+)-SL hairpin structure stops the nuclease
activity of Xrnlp] in the presence of Xrnlp in wt yeast (Fig. 4A). In
contrast, the 5'-truncation process with DI-ARI degRNA is weak
in xrnIA yeast (Fig. 4B, lanes 9 to 12) (56). We found that due to
rapid degradation, DI-ARI degRNA did not accumulate in rpnll-
14" yeast at a detectable extent (Fig. 4B, lanes 1 to 4), similar to the
findings with wt yeast (lanes 5 to 8). On the other hand, DI-ARI
degRNA accumulated to a high level in xrn 1A yeast (Fig. 4B, lanes
9 to 12). In addition, the profile of recRNAs accumulating in
rpnll-14" yeast was similar to that in wt yeast and different from
that in xrnlA yeast (Fig. 4B). Based on these results, we suggest
that Rpn11p mutation does not affect TBSV RNA recombination
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and degRNA accumulation via inhibition of Xrnlp activity. This
conclusion was further supported by RNA stability experiments
that showed a half-life for DI-AU-FP plus-strand repRNA in
rpnll-14" yeasts comparable to that in the wt yeast (Fig. 4C).

Defect in peroxisome division affects TBSV RNA recombina-
tion in yeast. To further test if the known functions of Rpnllp
affect TBSV recombination, we used cell cycle revertant mutants
of Rpnllp in our recombination assay with DI-AU-FP recombi-
nogenic repRNA. Two cell cycle revertant mutants of Rpnllp
(called RevA2 and RevA5) (39, 42) supported TBSV recombina-
tion as efficiently as the cell cycle defect mutant rpnll-ml yeast
(Fig. 5,lanes 5 to 8 versus lanes 3 and 4). This finding indicates that
the cell cycle defect in the rpnll-mI mutant is unlikely to be re-
sponsible for the enhanced level of TBSV recombination.

One of the known functions of Rpn11 is to regulate mitochon-
drial and peroxisomal fission and membrane proliferation (41).
Since TBSV replicates on peroxisomal membrane surfaces (27,
57), it is possible that rpnl1-mI might affect TBSV recombination
via this process. To test if peroxisomal division could play a role in
TBSV recombination, we used fisIA and mdvI1A yeasts. Both fisIA
and mdv1A yeasts are defective in peroxisomal and mitochondrial
fission functions (41). Interestingly, recombination increased ~7-
fold in both fisIA and mdv1A yeasts (Fig. 5, lanes 9 to 12, based on
recRNA/repRNA ratios) in comparison with the wt yeast (lanes 1
and 2). Recombination was even further enhanced in the fisIA/
rpnll-ml double mutant and in mdvIA/rpnll-ml yeasts, ~60-
fold and ~20-fold, respectively (Fig. 5, lanes 13 to 16). Altogether,
these data support, albeit indirectly, that peroxisomal division or
proliferation might be a factor in TBSV recombination, which
replicates on the cytosolic surface of peroxisomes. However, the
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FIG 5 Effects of cell cycle and peroxisomal division mutant yeasts on TBSV
RNA recombination. (Top) Replication of the TBSV DI-AU-FP repRNA in the
shown yeast strains coexpressing the tombusvirus p33 and p92 replication
proteins was measured by Northern blotting 24 h after the launch of TBSV
replication. The ratio of recRNAs and degRNAs was calculated as for Fig. 1.
(Middle) The accumulation level of repRNA was normalized based on the
rRNA. (Bottom) The accumulation levels of Hisg-p92 and Hiss-p33 were
tested by Western blotting. The samples were obtained from independent
yeast colonies. The experiments were repeated three times. The asterisk indi-
cates detergent-resistant p33 homodimers.

additive nature of the enhanced TBSV recombination in the fis]A/
rpnll-ml strain suggests that rpnl1-ml does not affect TBSV re-
combination via its function in peroxisome division, but Rpnllp
likely affects TBSV recombination via another mechanism(s).
Nevertheless, these results support the role of the peroxisome and
mitochondrial fission machinery, such as Fislp and Mdvlp, in
suppression of TBSV recombination in yeast. But the molecular
bases of these functions of Fislp and Mdv1p in TBSV recombina-
tion need further study.

The free-ubiquitin pool affects TBSV RNA recombination in
yeast. One of the major functions of Rpnllp is to remove the
polyubiquitin chain from the proteins destined for degradation by
the 26S proteasome (38). This process helps the recycling of ubig-
uitin before proteasomal degradation, and ultimately, this is im-
portant to maintain the free-ubiquitin pool inside the cells (38,
58). Therefore, we have overexpressed ubiquitin in rpn11-14 yeast
to increase the free-ubiquitin pool in these cells, followed by test-
ing for TBSV recombination. Interestingly, overexpression of
ubiquitin greatly reduced TBSV recRNA accumulation in
rpnll-14 yeast (8-fold [Fig. 6A]) at the semipermissive tempera-
ture. However, ubiquitin overexpression also resulted in reduced
accumulation of the TBSV repRNA (~3-fold [Fig. 6A]), indicat-
ing that the free-ubiquitin pool is important in regulation of TBSV
replication.
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FIG 6 DUB function of Rpn11p does not seem to affect TBSV recombination
in yeast. (A) Effect of overexpression of 6XHis-tagged ubiquitin (+ub) on
TBSV RNA replication and recombination in WT and rpnl1-14" yeasts at
semipermissive temperature. The RNA template was the recombinogenic DI-
AU-FP RNA. See further details on Northern and Western blotting in Fig. 1.
The dash indicates the absence of ubiquitin overexpression. (B) The catalyti-
cally inactive Rpnl1p (S;,,A mutation, debilitating DUB function) can com-
plement Rpn11p function in TBSV recombination when expressed in rpnll-
14" yeast at two temperatures as shown. Dashes indicate the absence of
Rpnllp expression (empty vector control). (C and D) Deletion of the second
proteasomal DUB, UBP6, does not affect TBSV recombination in yeast. See
further details in the description of panel A.

To test directly if the DUB function of Rpn11p plays a role in
tombusvirus recombination, we complemented the defect in
rpnll-14 yeast via plasmid-borne expression of Rpnllp and
Rpnllg es, Which is a mutant defective in DUB function (58).
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FIG 7 Rpnllp mutation affects the recruitment of some other host factors
into the tombusvirus replicase in yeast. The Dedlp helicase was copurified
with the p33 replication protein from wt or rpn11-14* yeast. The FLAG-tagged
p33 and FLAG-p92 were copurified from solubilized membranous fraction of
yeast extracts using a FLAG affinity column (lanes 2 and 3 and lanes 5 and 6). The
6 X His-tagged p33 and His,-p92 copurified using a FLAG-affinity column (lanes 1
and 4) were used as a negative control. (Top) Western blot analysis of 6XHis-
tagged Ded1p with anti-His antibody in the affinity-purified preparations. (Mid-
dle) Western blot analysis of the same samples as in the top portion but using
anti-FLAG antibody. (Bottom) Western blot analysis of 6 XHis-tagged p33 and
6XHis-Ded1 with anti-His antibody in the total protein extract from yeast ex-
pressing the shown proteins. Each experiment was repeated three times.

Both the wt and the S;,,A mutant Rpnl1p were able to partially
suppress the accumulation of degRNA (DI-RIIA70) and the newly
formed recRNAs at both temperatures (Fig. 6B). Therefore, these
data do not support a direct role for DUB function of Rpnllp in
tombusvirus recombination.

Because Rpnllp is not the only DUB in the proteasome, we
also tested the effect of the second DUB, termed Ubp6p (59),
which also plays a role in ubquitin recycling within the protea-
some, on TBSV recombination. Replication of the highly re-
combinogenic DI-AU-FP repRNA and the low accumulation of
recRNAs and degRNAs in ubp6A yeast (Fig. 6C and D), compara-
ble to those in wt yeast, suggest that the reduction of free-ubiqui-
tin pool via the poor recycling of ubiquitin in ubp6A yeast is not a
major factor in promoting TBSV recombination.

Rpnllp facilitates the recruitment of the host DDX3-like
Ded1p helicase for TBSV replication in yeast. Rpn11pisa critical
factor in the assembly of the proteasome, and it controls the sta-
bility of the proteasome (38, 40). Rpnl1p is among the yeast pro-
teins with the largest number of physical interactors, including
~800 cellular partners (55, 60). Based on these features, we as-
sumed that Rpn11p, which strongly interacts with p92P°' (Fig. 3),
might help the recruitment of cellular factors for viral replication.
Among the previously characterized subverted host factors for
tombusvirus replication and recombination, there is a DDX3-like
Dedlp DEAD box helicase, which interacts with Rpn11p (45, 55,
60). To test if Rpnllp facilitates the recruitment of the cellular
Dedl1p helicase into the tombusvirus VRCs, we affinity purified
the tombusvirus VRCs (after solubilization of the membrane-
bound p33:p92P°' complexes), followed by Western blotting to
identify copurified cellular proteins. These experiments revealed
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FIG 8 Complementation of rpnl1-14* with overexpression of Ded1p helicase
in TBSV recombination in yeast. The effect of overexpression of the yeast
6XHis-tagged Ded1p helicase on TBSV RNA recombination in rpnll-14"
yeasts at permissive temperature is shown. The RNA template was the re-
combinogenic DI-AU-FP RNA. See further details on Northern and Western
blotting in the legend to Fig. 1.

that Ded1p helicase (Fig. 7) was inefficiently copurified with the
tombusvirus replication proteins from rpnl1-14 yeast in compar-
ison with the wt yeast. These data strongly suggest that Rpnl1p is
involved in the recruitment of cellular Dedlp helicase into the
tombusvirus VRCs. This feature of Rpnllp could be important
since Dedlp is known to suppress tombusvirus recombination
and promote TBSV RNA replication (45).

Overexpression of Ded1p helicase decreases TBSV recombi-
nation in rpnll-14 yeast. Since the recruitment of yeast Dedlp
helicase into the VRCs was poor in rpnll-14 yeast, we tested if we
could suppress TBSV recombination by overexpressing Ded1p.
These experiments revealed strong reduction in recRNA and
degRNA accumulation in rpnll-14 yeast overexpressing Ded1p
helicase (Fig. 8). Thus, these data support the model that overex-
pression of Dedlp can complement the defect observed in
rpnll-14 yeast by reducing TBSV recombination.

Overexpression of Rpn11p decreases the accumulation of re-
cRNAs and degRNAs in N. benthamiana plants. To test if the
orthologous plant Rpn11p (Table 1) has similar functions during
tombusvirus replication and recombination, we overexpressed A.
thaliana Rpnl1 (AtRpnll) in N. benthamiana plants, followed by
expressing the highly recombinogenic DI-ARI degRNA in the
presence of Cucumber necrosis virus (CNV), a very closely related
tombusvirus that provided p33 and p92 in trans for DI-ARI
degRNA replication. We observed ~5-fold reduction in recRNA
accumulation and ~5- to 8-fold reduction in degRNA accumula-
tion in leaves overexpressing AtRpnll (Fig. 9A). The plants did
not show an obvious phenotype due to AtRpn11 expression when
the samples were taken (Fig. 9A).

In another approach, we coexpressed the TBSV p33 and p92
replication proteins with recombinogenic DI-ARI degRNA, fol-
lowed by testing the accumulation of recRNAs in the agroinfil-
trated leaves of N. benthamiana. We found ~2-fold-decreased
recRNA accumulation in leaves overexpressing AtRpnl1 in com-
parison with the control plants (Fig. 9B). Thus, similar to the case
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TABLE 1 Sequence alignment for Rpnl11 using CLUSTAL 2.1

Protein Sequence”
AtRPN11 MERLQRIFGAGGGLGHASPDSPTLDTSEQVYISSLALLKMLKHGRAGVPMEVMGLMLGEF 60
ScRPN11 e MMNSKVGSADTGRD- - - -DTKETVYISSTALLKMLKHGRAGVPMEVMGLMLGEF 50
.. * R * *k*k.*k *****:*************************
AtRPN11 VDEYTVRVVDVFAMPQSGTGVSVEAVDHVFQTNMLDMLKQTGRPEMVVGWYHSHPGFGCW 120
ScRPN11 VDDYTVNVVDVFAMPQSGTGVSVEAVDDVFQAKMMDMLKQTGRDOMVVGWYHSHPGFGCW 110
**:***.********************.***: :*:*************************
AtRPN11 LSGVDINTQQSFEALNQRAVAVVVDPIQSVKGKVVIDAFRSINPQTIMLGQEPRQTTSNL 180
ScRPN11 LSSVDVNTQKSFEQLNSRAVAVVVDPIQSVKGKVVIDAFRLIDTGALINNLEPRQTTSNT 170
**'**:***:*** **'*********************** *:' [ . *kkhkkkkkkk
AtRPN11 GHLNKPSIQALIHGLNRHYYSIAINYRKNELEEKMLLNLHKKKWTDGLTLRRFDTHSKTN 240
ScRPN11 GLLNKANIQALIHGLNRHYYSLNIDYHKTAKETKMLMNLHKEQWQSGLKMYDYEEKEESN 230
* *** ************** * * . *_ * *** * Kk kK . :* ** : :.:.::*
AtRPN11 EQTVQEMLSLAAKYNKAVQEEDELSPEKLATIVNVGRQDAKKHLEEHVSNLMSSNIVQTLG 300
ScRPN11 LAATKSMVKIAEQYSKRIEEEKELTEEELKTRYVGRQDPKKHLSETADETLENNIVSVLT 290
..*:.:*:*.* ::**.**: *:* *****'****'* ..::..***..*
AtRPN11 TMLDTVVFEF- 308
ScRPN11 AGVNSVAIK 299

.ok .

@ Asterisk (*), conserved amino acid; colon (:), conservative amino acid; period (.), semiconservative amino acid.

with yeast, we observed that Rpnl1 could suppress recRNA and
degRNA accumulation in plants leaves, too.

To test the importance of the plant Rpn11 in TBSV replication,
we silenced N. benthamiana RPN11I in leaves via VIGS, followed
by inoculation with DI-AU-FP repRNA in the presence of CNV
helper virus. We observed ~6- to 10-fold reductions in accumu-
lation of all tombusvirus RNAs, including the repRNA, degRNAs,
recRNAs, and the helper virus, in plants silenced for RPN11 (Fig.
9C). The large reduction in degRNA and recRNA levels in rpnll-
silenced plants is likely due to the small amount of replication
proteins supplied by the poorly replicating helper virus (see be-
low), which is also dependent on RPN11 host factor. The RPN11-
silenced plants were stunted, suggesting that RPN11 is also re-
quired for plant growth. Nevertheless, it seems that RPN11 is also
an important factor in tombusvirus RNA accumulation and re-
combination in plants.

Rpnllp plays an important role in tombusvirus replication
in N. benthamiana plants. To further test if Rpn11p plays a role
in tombusvirus replication in N. benthamiana, we tested TBSV
genomic RNA and subgenomic RNA accumulation in VIGS-
treated plants. Interestingly, all three TBSV-specific RNAs showed
an ~10-fold-reduced level of accumulation in RPN11-silenced
plants (Fig. 10A). Similarly, the accumulation of the closely re-
lated CNV RNAs was decreased over 10-fold in RPN11-silenced
plants (Fig. 10B), further supporting a key role for the plant
Rpnllp in tombusvirus replication.

DISCUSSION

Early works on viral RNA recombination have demonstrated the
widespread occurrence of recombinants for many viruses. The
roles of viral proteins, including the RdRp and other viral auxiliary
factors, have been shown, suggesting template-switching-type re-
combination as the major mechanism (4, 61-68). Recent works
on tombusviruses based on systematic genome-wide screens per-
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formed with TBSV in a yeast surrogate host (14, 15), however,
have led to the identification of cellular factors with key roles in
viral RNA recombination (21-24, 50, 51, 56). Tombusvirus re-
search firmly established various cellular pathways and factors as
major drivers of viral recombination.

The proteasomal Rpn11p is a major suppressor of tombusvi-
rus RNA recombination in yeast. This work has demonstrated an
unexpected role for an essential proteasomal component, Rpnl1p
metalloprotease, in tombusvirus recombination. Rpnllp was
originally identified in a screen using temperature-sensitive mu-
tants of yeast as an inhibitor of TBSV recombination (Prasanth
and Nagy, unpublished). Rpn11p seems to be a strong suppressor
of tombusvirus recombination based on the high level of recRNA
accumulation in yeast with depleted Rpnllp or expressing the
rpnll-14° mutant (Fig. 1). The direct involvement of Rpn11p can
also be seen in in vitro assays, with CFE capable of assembling the
tombusvirus replicase (Fig. 2). In spite of the outstanding role of
Rpnllp in recombination, it seems that Rpnl1p is mainly a rep-
lication factor, while its recombination suppressor activity is the
consequence of the role of Rpn11p during replication (see below).

Rpnllp is a critical replicase assembly factor during viral
RNA replication in yeast. Based on the results presented in this
paper, we propose that Rpnllp serves as a subverted key VRC
assembly factor. The primary role of Rpnl1p during VRC assem-
bly is likely as a matchmaker that interacts with both viral p92P°!
and the cellular DDX3-like Ded1lp (RH20 in plants) helicase to
promote the subversion of Ded1p into the VRCs. Then, this com-
plex likely interacts with additional components, such as p33 rep-
lication protein and the viral plus-strand RNA.

This VRC assembly function of Rpn11p might be analogous to
its cellular role during the assembly of the proteasomal “lid” and
the whole proteasome (38). Because Rpn11p is partially localized
to the peroxisome (the site of TBSV replication in cells) to regulate
peroxisome division (41), it might also affect the subcellular local-
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FIG 9 Rpnll overexpression inhibits TBSV recombination in plants. (A) Overexpression of AtRpn11 was done in N. benthamiana leaves by agroinfiltration. The
same leaves were agroinfiltrated to coexpress CNV helper virus and the highly recombinogenic DI-ARI degRNA from the 35S promoter. The control samples
were obtained from leaves not expressing AtRpn11 (lanes 1 to 9). Total RNA was extracted from leaves 2 days after agroinfiltration. The accumulation of DI-ARI
degRNA, recRNAs, and degRNAs (5’ truncated RIIA70-like; see Fig. 1A) in N. benthamiana leaves was measured by Northern blotting (top). The rRNA was used
as a loading control and is shown in an agarose gel stained with ethidium bromide (middle). The lack of phenotypes in N. benthamiana due to Rpnll
overexpression (bottom) is shown. The pictures were taken right before sampling. Semiquantitative RT-PCR was used to detect AtRpn11 mRNA levels in the
AtRpnl1 overexpression leaves. (B) Co-overexpression of AtRpn11 and TBSV p33 and p92 replication proteins and the recombinogenic DI-ARI degRNA from
the 35S promoter was done in N. benthamiana leaves by coagroinfiltration. See further details in the description for panel A. (C) Silencing of RPN11 expression
inhibits tombusvirus replication in N. benthamiana. VIGS-based silencing was induced via the TRV vector carrying RPN11 sequence or the N-terminal half of
green fluorescent protein (GFP) (negative control). The upper silenced leaves were agroinfiltrated to coexpress CNV helper virus and the DI-AU-FP repRNA
from the 35S promoter. Total RNA was extracted from leaves 4 days after agroinfiltration. The accumulation of repRNA, recRNAs, and degRNA in N.
benthamiana leaves was measured by Northern blotting (top); see the legend to Fig. 1 for details. The rRNA was used as a loading control and is shown in an
agarose gel stained with ethidium bromide (middle). Note that the CNV gRNA and the subgenomic RNAs (sgRNA) are not separated well on PAGE gels.
(Bottom) The stunting phenotype in N. benthamiana due to Rpn11 silencing is shown. The pictures were taken right before agroinfiltration. Semiquantitative
RT-PCR was used to detect NbRpn11 mRNA levels in the silenced versus those not silenced.

ization of tombusvirus VRCs, although this suggestion requires facilitating the recruitment of Dedlp helicase into the VRCs
further studies. (Fig. 11). Then Ded1p suppresses tombusvirus recombination

Model of the viral recombination suppression activity of through inhibition of replication of degRNAs and formation of
Rpnllp. Although Rpnllp is a multifunctional enzyme with  recRNAs (Chuang et al., unpublished). Accordingly, overex-
both proteasomal and nonproteasomal functions, the data pre-  pression of Dedlp in rpnll-14 yeast to compensate for poor
sented here support a new activity for Rpnl1p. We suggest that  recruitment of Ded1p into VRCs has suppressed RNA recom-
the recombination suppressor activity of Rpnllp is based on  bination.
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FIG 10 Knockdown of Rpn11 inhibits TBSV accumulation in plants. (A) Silencing of RPN11 expression was induced based on the TRV vector carrying RPN11
sequence or the N-terminal half of GFP (negative control). The upper silenced leaves of N. benthamiana were sap inoculated with infectious TBSV 7 days after
agroinfiltration, followed by analysis of the accumulation of TBSV RNAs by Northern blotting (top) 3 days after inoculation. The rRNA was used as a loading
control and is shown in an agarose gel stained with ethidium bromide (bottom). (B) The upper silenced leaves (7 days after the original agroinfiltration) were
agroinfiltrated to express CNV from the 35S promoter. Total RNA was extracted from leaves 3 days after agroinfiltration with the CNV plasmid, followed by

100+44

Northern blotting. See further details in the description for panel A.

Indirect function of Rpn11p in TBSV replication and recom-
bination. By systemically testing the known cellular functions of
the multifunctional Rpn11p, we also observed that Rpn11p likely
facilitates viral replication by maintaining the proper free-ubiqui-
tin pool, whose excess inhibits both replication and recombina-
tion of TBSV (Fig. 6) via an unknown pathway. It has previously
been shown that ubiquitination of p33 replication protein facili-
tates TBSV replication due to binding to Vps23p ESCRT protein
(44, 54). This, in turn, promotes the recruitment of additional
ESCRT proteins required for the proper formation of VRCs pres-
ent within membranous invaginations called spherules (69, 70).
Fusing p33 with ubiquitin destabilizes p33 (44), indicating that
excess ubiquitination of replication proteins could be detrimental
for TBSV replication.

Surprisingly, we also observed that the peroxisomal fission
pathway, including Fis1p and Mdv1p, affects tombusvirus recom-
bination (Fig. 5). Therefore, the role of Rpn11p in the peroxisomal

facilitating recruitment
of Ded1 helicase
into the VRCs

Low recombination

Enhanced re

fission pathway (41) could be one of the mechanisms by which
Rpnllp affects TBSV recombination. However, the fisIA/rpnll-
mI and mdviA/rpnl1-mI double mutant yeasts have shown vastly
increased TBSV recombination, suggesting that Rpnllp affects
TBSV recombination not only through its role in the peroxisomal
fission pathway. Thus, these data support that the major suppres-
sor activity of Rpnl11p is likely the facilitation of the Ded1p heli-
case recruitment to the VRCs, which has an additive effect with
that caused by the role of Rpn11p in peroxisomal fission.
Rpnllp has been shown to interact with a great number of
cellular factors (55, 60), which might also affect TBSV recombi-
nation via unknown mechanisms. Accordingly, we have tested the
possible involvement of Rpn11p-Xrnlp interaction in TBSV re-
combination. However, it does not seem that Rpnllp affects
TBSV recombination via the previously characterized Xrnlp 5'-
to-3’ exoribonuclease with TBSV recombination suppressor ac-
tivity, which acts by efficiently removing degRNAs and recRNAs

092 RdRP) &

inefficient recruitment
of Ded1 helicase
into the VRCs

Reduced replication

High recombination

FIG 11 Models showing the proposed function of subverted cellular Rpn11p metalloprotease in TBSV replication and viral RNA recombination. (Left) Rpnllp
is proposed to facilitate the efficient recruitment of the cellular DDX3-like Ded1/AtRH20 helicases together with the viral p92P°! replication protein into the
VRCs. This activity of Rpn11p makes the properly assembled VRCs efficient in viral RNA replication and also results in suppression of RNA recombination. Note
that AtRH20 is a functional ortholog of the yeast Ded1 in TBSV replication. (Right) When Rpn11p is depleted or mutated, then recruitment of Ded1/AtRH20
helicases into the VRCs is inefficient. This alters the VRC components, leading to low replication but highly efficient template-switching-type viral RNA
recombination. Together, these models propose key recruitment and VRC assembly functions for the co-opted Rpn11p during TBSV replication and recombination.
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generated during TBSV replication (22-24, 56). This is because
the profiles of degRNAs and recRNAs were vastly different in
Rpnll mutant yeast from those in xrn1A yeast (Fig. 4).

In summary, the example with Rpn11p clearly shows why yeast
with amazing sets of available tools is so important for viral repli-
cation and recombination studies, especially in the case of multi-
functional cellular factors involved in multiple pathways, such as
Rpnllp. The data from our plant work (Fig. 9 and 10), however,
indicate that the plant ortholog of yeast Rpnllp could have a
function comparable to that of the yeast Rpn11p in TBSV replica-
tion and recombination. Overall, this work has unearthed a novel
function for a co-opted cellular protein in viral replication and
recombination. Rpn11p facilitates VRC assembly, which, in turn,
determines the efficiency of the viral replicase during RNA repli-
cation and the ability of the replicase to produce recombinant viral
RNAs.
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