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The replication of plus-strand RNA viruses depends on many cellular factors. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is an abundant metabolic enzyme that is recruited to the replicase complex of Tomato
bushy stunt virus (TBSV) and affects asymmetric viral RNA synthesis. To further our understanding on the role
of GAPDH in TBSV replication, we used an in vitro TBSV replication assay based on recombinant p33 and
p92P°! viral replication proteins and cell-free yeast extract. We found that the addition of purified recombinant
GAPDH to the cell extract prepared from GAPDH-depleted yeast results in increased plus-strand RNA
synthesis and asymmetric production of viral RNAs. Our data also demonstrate that GAPDH interacts with
p92P°! viral replication protein, which may facilitate the recruitment of GAPDH into the viral replicase complex
in the yeast model host. In addition, we have identified a dominant negative mutant of GAPDH, which inhibits
RNA synthesis and RNA recruitment in vitro. Moreover, this mutant also exhibits strong suppression of
tombusvirus accumulation in yeast and in virus-infected Nicotiana benthamiana. Overall, the obtained data
support the model that the co-opted GAPDH plays a direct role in TBSV replication by stimulating plus-strand

synthesis by the viral replicase.

Plus-strand RNA [(+)RNA] viruses replicate in the cytosol
of infected cells using membrane-bound replicase complexes.
The viral replicase is a multisubunit complex consisting of
viral-coded components, including RNA-dependent RNA
polymerase (RdRp), one or more viral auxiliary replication
proteins, the viral RNA, and co-opted host proteins and mem-
branes (1, 19, 22, 34, 35, 52, 57). However, the functions of
many host components of the viral replicase complex are cur-
rently unknown.

Among the co-opted host proteins for (+)RNA virus repli-
cation are the abundant cellular RNA-binding proteins, such
as poly(C)- and poly(A)-binding proteins, nucleolin, elonga-
tion factor 1A (eEF1A), and the heterogeneous nuclear ribo-
nucleoprotein (hnRNP) A1 (15, 22-24, 29, 50, 63). Additional
subverted RNA-binding proteins include ribosomal proteins,
translation factors, and RNA-modifying enzymes (1, 36, 39).
Although most of these host RNA-binding proteins have been
shown to associate with the viral positive-strand RNAs, there is
a small number of host proteins that preferentially bind to the
(—)RNA intermediate template in the replicase complex. For
example, the T-cell intracellular antigen-1 (TIA-1) and the
TIA-1-related protein (TIAR), which are stress granule pro-
teins, that bind specifically to the 3’-stem-loop (SL) of West
Nile virus (—)RNA (20). Mutations in the 3'-SL, which reduce
TIA1/TIAR binding, can greatly decrease genomic RNA am-
plification, suggesting that TIA1/TIAR facilitate efficient

* Corresponding author. Mailing address: Department of Plant Pa-
thology, University of Kentucky, 201F Plant Science Building, Lexing-
ton, KY 40546. Phone: (859) 257-7445, ext. 80726. Fax: (859) 323-1961.
E-mail: pdnagy2@uky.edu.

¥ Published ahead of print on 22 June 2011.

9090

(+)RNA synthesis (12). Similarly, the cellular hnRNP C,
which binds specifically to the 3’ end of the poliovirus (—)RNA
(6, 51), has also been proposed to affect positive-strand syn-
thesis. The hnRNP C may function to maintain the single-
stranded form of poliovirus (—)RNA via its RNA chaperone
activity and recruit viral 3CD replication protein to form an
initiation complex for (+)RNA synthesis (6).

Tomato bushy stunt virus (TBSV) is a small (+)RNA virus
that infects a wide range of host plants. Its genome codes for
five proteins, including the overlapping p33 and p92P°! viral
replication proteins (67). p92P°!, the viral RARp protein, shares
a common N-terminal region with p33. TBSV has emerged as
a model virus to study virus replication and recombination
based on the development of yeast (Saccharomyces cerevisiae)
as a model host (34, 38, 42, 67). Systems biology approaches in
yeast have facilitated the identification of over 300 host genes
affecting either TBSV replication or recombination (17, 21, 23,
27, 30, 32, 39, 55, 56). A proteomics analysis of the highly
purified tombusvirus replicase complex has revealed the pres-
ence of p33 and p92P*! viral replication proteins and 4 to 10
host proteins in the replicase complex. These host proteins
included a protein chaperone (heat shock protein 70 [HSP70]),
eEF1A, Cdc34p E2 ubiquitin-conjugating enzyme, ESCRT
proteins, and metabolic enzymes (Tdh2/3p and Pdclp) (2, 21,
23,24, 46, 54, 64-66). The subverted proteins play various roles
in TBSV replication, such as facilitating the recruitment of the
viral RNA for replication, promoting the assembly of the rep-
licase complex or affecting RNA synthesis.

Among the identified permanent resident host factors in the
tombusvirus replicase complex is the glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; also known as Tdh2p and
Tdh3p in yeast). GAPDH is a highly conserved, abundant, and
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TABLE 1. Primers used in this study

Primer Sequence (5'-3")

1839 CGCGGGATCCGTTAGAGTTGCTATTAAC

1843 CGCGGGATCCCCATCTTCCACCGCCCC

1979 CGCGGGATCCTTCAAGTACGACTCTACTCA

3782 CCGGCTCGAGTTAGCTAGCAGCCTTGGCAACGTGTTCAACCAAGTC

3783 GCCGGATCCGCTAGCGGTCATCATCATCATCATCACGACAAGCAGAAGAACGGC

3784 GGATCCGCTAGCGGTCATCATCATCATCATCACGTGAGCAAGGGCGAGGAG

3785 CGGCCTGCAGGCTCGAGTTAGGCGGTGATATAGACGTTG

3786 CGGCCTGCAGGCTCGAGTTACTTATACAGCTCGTCCATGCCGAG

4151 CGCGGAATTCGGAAGCGGTTCTACCACCTCTCCR

4152 CGCGGAATTCAGCAGTGATGACAACCTTCTTGGCACCAGCGTC

4155 CGCGGAATTCTTAAGCCTTGGCAACGTGTTCAACC

4188 GACGAACATTGGGGCGGTGGAAGATGGCATGTAAGCGGAGTAGTCGTTAGAGATGAAAGC

4189 CTTTCATCTCTAACGACTACTCCGCTTACATGCCATCTTCCACCGCCCCAATGTTCG

4354 CGCGCTCGAGAGCAGTGATGACAACCTTCTTGGCACCAGCGTC

4355 CGCGCTCGAGCCTTCTCGTTGACACCCACAACAAACATGG

4364 CGCGGGATCCATGGACTACAAAGACGATGACGACAAGGTTAGAGTTGCTATTAACGGTTT

4365 CGCGGGATCCATGGACTACAAAGACGATGACGACAAGAGATCGGAATCAATGGATTTGGA

ubiquitous protein (59, 62). Aside from being a key component
of cytosolic energy production, GAPDH is also involved in
many additional activities, including apoptosis, endocytosis,
nuclear tRNA transport, vesicular secretary transport, nuclear
membrane fusion, modulation of the cytoskeleton, DNA rep-
lication and repair, maintenance of telomere structure, and
transcriptional control of histone gene expression (59, 60, 62).
Furthermore, GAPDH exhibits distinct binding to AU-rich
sequences at the 3’ terminus of mRNAs, which leads to their
stabilization in cells (5). In yeast, GAPDH is coded by the
highly similar, functionally redundant TDH2 and TDH3 genes,
which can complement one another.

GAPDH has been shown to bind to AU-rich sequences
present in various RNA viruses, including TBSV, hepatitis A
virus (HAV), hepatitis C virus (HCV), Japanese encephalitis
virus, transmissible gastroenteritis coronavirus, hepatitis delta virus
RNA, and human parainfluenza virus type 3 (9, 10, 13, 25, 37,
44, 50, 53, 58, 64, 68). In addition, GAPDH also binds to the
internal ribosome entry site (IRES) element in HAV, which
could be involved in suppressing cap-independent translation
of HAV RNA (69). GAPDH might also be involved in the
posttranscriptional regulation of hepatitis B virus gene expres-
sion (11, 70).

Previous functional studies of GAPDH in tombusvirus rep-
lication have revealed a regulatory role in asymmetric viral
RNA synthesis (64). It has been shown that depletion of
GAPDH preferentially inhibits the accumulation of (+)RNA,
resulting in a 1:1 ratio of (+)RNA and (—)RNA products in
yeast and in Nicotiana benthamiana host. GAPDH binds se-
lectively to an AU pentamer sequence close to the 3’ terminus
of TBSV (—)RNA. Deletion of this AU pentamer in a TBSV
replicon (rep)RNA led to the production of a 1:1 (+)RNA/
(—)RNA ratio even in the presence of wild-type levels of
GAPDH. Therefore, GAPDH was proposed as the host factor
that binds to and retains TBSV (—)RNA for multiple rounds
of (+)RNA synthesis inside the tombusviral replicase complex
(64). On the other hand, the viral (+)RNA progeny, which are
not bound by GAPDH, are released from the viral replicase
complex into the cytosol for further cycles of replication or
other viral processes.

To further advance our understanding of the roles of

GAPDH in TBSV replication, we utilized the recently devel-
oped in vitro viral replication assay based on yeast cell-free
extracts (CFE) that are prepared from yeast mutant strains
depleted of GAPDH. Our data show that the in vitro-assem-
bled TBSV replicase produces less positive-strand viral RNAs
in the GAPDH-depleted CFE, resulting in symmetric replica-
tion of the two strands. Addition of purified recombinant
GAPDH to the GAPDH-depleted CFE restored asymmetric
RNA synthesis by producing 4- to 5-fold more positive than
negative strands in vitro. Interaction of GAPDH with p92r°!
was needed for the recruitment of GAPDH into the viral
replicase complex. Finally, the two RNA binding regions of
GAPDH, when expressed in the absence of the C-terminal
catalytic domain, acted in a dominant negative manner in vitro,
in yeast, and in plants, too. Altogether, we highlight here the
direct role of GAPDH during TBSV replication.

MATERIALS AND METHODS

Yeast strains and expression plasmids. Saccharomyces cerevisiae strain
BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0) was from Open Biosystems.
Yeast strain (tdh2A TET::TDH3) was previously generated (64), while strain
(tdh1-3A) was obtained from Hans Lehrach (Max Planck Institute, Germany)
(49). While tdh-1 to -3 are deleted in this strain, it expresses E. coli GAPDH.

The plasmids pHisGBK-CUP-His33/GAL-DI72 and pGAD-CUP-Hisp92
used for in vivo viral replication experiments were created previously (16, 21).
The plasmids used in the in vitro RARp assay—pGAD-ADH-HFp92, pYC-GAL-
D172, and pHisGBK-ADH-HFp33—were cloned according to the method of
Serva and Nagy (54).

To generate the Escherichia coli expression plasmids for GST-Tdh2 and its
deletion derivatives, Tdh-ARBD1, Tdh-ARBD2, Tdh-ARBD1+2, Tdh-
RBD1+2, and Tdh-AC, the restriction sites used for ligation into pGEX-2T
vector were BamHI and EcoRI. PCR amplification of Tdh-ARBD1, Tdh-
ARBD1+2, Tdh-RBD1+2, and Tdh-AC were performed with the primer sets
1979/4155, 1843/4155, 1839/4152, and 1839/4151 (Table 1), respectively. PCR
products were digested with BamHI and EcoRI and ligated into pGEX-2T using
the same enzymes. PCR fragment of Tdh-ARBD2 required two cloning steps.
First, the primer sets 1839/4188 and 4189/4155 were used to amplify coding
sequence without the RBD2 domain, and then the two separate PCR products
were combined in a ligation mixture, followed by PCR amplification with the
primers 1839 and 4155.

pESC-CUP-HFTdh2 and pESC-CUP-HFRBD1+2 used to express 6XHis/
FLAG-tagged Tdh2p and 6XHis/FLAG-tagged RBD1+2 in yeast for the pull-
down assays was generated by PCR using the primer pairs 4364/4354 and 1839/
4155, respectively. The PCR products were digested with BamHI and EcoRI and
ligated into pESC plasmid digested with the same set of restriction enzymes.
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To express Tdh-RBD1+2 and N. benthamiana RBD1+2 truncated proteins in
plants, PCR was performed using the primer set 4364/4354 for the amplification
of Tdh-RBD1+2 fragment, which was then digested with BamHI and Xhol and
ligated into pGD plasmid predigested with the same enzymes. The sequence of
N. benthamiana-RBD1+2 was obtained by a BLAST search against the N.
benthamiana PUTs database and using the primers 4365 and 4356 to PCR
amplify the cloning fragment. The PCR product of N. benthamiana RBD1+2 was
also digested with BamHI and Xhol for ligation as described above.

Analysis of protein-protein interaction using the split-ubiquitin assay. The
split-ubiquitin assay is based on the Dualmembrane Kit3 (Dualsystems) and
performed as previously described (3, 27). The bait constructs, pPGAD-BT2-N-
His33 and pGAD-BT2-N-His92, expressing tombusvirus replication proteins p33
and p92, respectively, were as described previously (21). TDH2 was amplified by
using the primers 1839 and 3782 and pGBK-Tdh2-YFP as a template. The TDH2
PCR product was digested with BamHI and Nhel and ligated into the pPRN-
N-RE and pPRN-C-RE (21) vectors digested with the same enzymes. Yeast
strain NMYS51 was cotransformed with pGAD-BT2-N-His33 and pPR-N-RE
(NubG) or one of the prey constructs carrying TDH2 and plated onto Trp~ Leu™
(TL) synthetic minimal medium plates for plasmid selection. Yeast colonies were
then resuspended in 50 pl of water and spotted onto Trp~ Leu™ His™ Ade™
(TLHA) plates to detect p33/p92-host protein interactions as described previ-
ously (23). Plasmid containing SSA7 sequence was as previously described (4, 27)
and used as the positive control in this assay.

Confocal laser microscopy. To visualize the cellular localization of Tdh2p in
yeast in the presence of the viral proteins p33 and p92, yeast was transformed
with pGBK-Tdh2-YFP, in combination with pYES-CFP-p33 or pPGAD-CFP-p92
(37). As a positive control, yeast was transformed with pGAD-CFP-p92 and
pESC-p33/DI172 (37), which allowed tombusvirus replication. Confocal laser
microscopy was performed on an Olympus FV1000 (Olympus America, Inc.,
Melville, NY) as described earlier (18).

Bimolecular fluorescence complementation assay (BiFC). PCR products of
Venus N-terminal (VN) and C-terminal (VC) fragments were amplified from
pYES-Venus-p33 plasmid (37) with the primer sets 3784/3785 and 3783/3786,
respectively. Both products were digested with BamHI and Xhol and ligated into
pESC and pYES vectors using the same enzymes (unpublished data). PCRs
amplifying the VN and VC fragments for construction of pESC-VN-p33, pESC-
VC-p33, pGAD-VN-p92, and pGAD-VC-p92 plasmids used the primer sets
1292/3762 and 3763/3764 and were digested with Ncol and BamHI for cloning as
described previously (unpublished data). The PCR was used to fuse the TDH2
sequence with VN and VC with the primers 1839 and 3782, followed by Nhel
digestion to ligate the Nhel-digested VN/VC fragment. PCR amplification of
Tdh-VN and Tdh-VC were carried out with the primer sets 1839/3785 and
1839/3786, respectively, and digested with BamHI and Xhol and ligated into
pESC and pYES vectors digested with the same enzymes. Live cell imaging with
confocal microscopy was carried out as described above.

Analysis of protein-protein interaction in vitro. The maltose-binding protein
(MBP)-tagged p33/p33C, MBP-tagged p92/p92C, and MBP-tagged p88/p88C
were purified from E. coli as described previously (47). Amylose columns were
used to bind the MBP-tagged viral proteins or MBP (negative control). The
columns were washed three times with cold column buffer prior to addition of the
yeast lysate. For the pulldown assay, 100 mg of yeast pellets containing His,- and
Flag-tagged Tdh2 were resuspended in 150 pl of chilled buffer I (20 mM Tris-
HCI [pH 7.5], 1 mM EDTA, 200 mM NaCl, 10% [vol/vol] glycerol, 0.1% [vol/vol]
NP-40, 10 mM B-mercaptoethanol, 1% [vol/vol] yeast protease inhibitor cocktail
[Ypic]) and 1 pl of RNase A (1 mg/ml). Cells were broken in a Genogrinder with
a 250-pl volume of acid-washed glass beads for 2 min at 1,500 rpm, followed by
the addition of 600 pl of buffer I. The yeast lysate was centrifuged at 100 X g at
4°C for 5 min, and the supernatant was transferred to a prechilled Eppendorf
tube and centrifuged at 15,000 rpm at 4°C for 5 min before being loaded onto
amylose columns and incubated for 3 h at 4°C. The columns were washed five
times with cold column buffer, and the bound protein complexes were eluted with
column buffer supplemented with 10 mM maltose. The presence of Hisg/Flag-
Tdh2 protein in the eluate was analyzed by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis (SDS-PAGE), followed by Western blotting with an
anti-Hisg, antibody (42). The amount of MBP-tagged viral proteins in the eluate
was visualized by Coomassie blue staining of the SDS-PAGE gels.

Analysis of TBSV repRNA replication in yeast. Replication assays in yeast
were performed as previously described (40). Detection of DI-72 replicon RNA
(repRNA) accumulation was visualized on a 1.5% ethidium bromide-stained
agarose gel and quantified by Northern blot using RNA probes complementary
to region III-IV of DI-72(+) (38).

Yeast strain (tdh2A TET::TDH3) was transformed with plasmids pPGAD-CUP-
Hisp92, pHisGBK-CUP-Hisp33/GAL-DI72, and pYC (low copy number)/YES
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(high-copy number)-GAL-Tdh-RBD1+2. Yeast transformants were first grown
in synthetic dropout (SD) minimal medium (Ura™ Leu~ His~ [ULH ]) con-
taining 2% galactose, 100 wM bathocuproinedisulfonic acid (BCS), and 10 p.g of
doxycycline/ml at 23 and 29°C overnight, respectively. The cells were harvested
the following day by centrifugation at 3,850 rpm for 4 min to collect yeast pellets
and washed three times with ULH™ medium containing 2% galactose to remove
BCS and then grown in ULH™ medium containing 2% galactose and 10 wg of
doxycycline/ml for 24 h at 23 and 29°C, respectively.

In vitro replication assay using the whole-cell extract. The yeast strain (tdh2A
TET::TDH3) used for cell extract (CFE) were grown in yeast extract-peptone-
dextrose (YPD) medium with or without 10 ug of doxycycline/ml at 23°C for 6 h
to a final optical density of 1.5, followed by 30 min at 37°C before harvesting and
prepared as described previously (46). Similarly, the tdhi-3A TEF::Sir2 yeast
strain was grown in the same conditions without doxycycline in the medium. The
CFE assay (25 pl), containing 3 pl of CFE, 0.5 pg of DI-72 (+)repRNA tran-
script, 700 ng of purified MBP-p33, 1.4 pg of purified MBP-p92P°! (both recom-
binant proteins were purified from E. coli), was as described previously (46). In
addition to the recombinant viral replication proteins, MBP-p33 and MBP-
p92°°L 800 ng of GST-Tdh2 or its deletion derivatives was also included in the
assay. Reactions containing only GST or Tdh2p without CFE served as negative
controls. The reaction mixture was incubated at 25°C for 2 h (46). The newly
synthesized *?P-labeled RNA products were separated by electrophoresis in a
5% polyacrylamide gel (PAGE) containing 0.5X Tris-borate-EDTA (TBE) buf-
fer with 8 M urea. To detect the double-stranded RNA (dsRNA) in the cell-free
replication assay, the **P-labeled RNA samples were loaded onto the PAGE gel,
without heat treatment, and run for 4.5 h at 150 V (23).

Protein purification from E. coli. Expression and purification of the recombi-
nant TBSV p33 and p92 and Turnip crinkle virus (TCV) p88/p88C replication
proteins from E. coli were carried out as described earlier, with modifications
(47, 48). Purification of glutathione S-transferase (GST)-tagged proteins was
carried out using glutathione resin and eluted with 10 mM glutathione and 10
mM B-mercaptoethanol in the column buffer according to the same protocol as
for the MBP proteins (47, 48). The E. coli lysates were treated with RNase one
to remove RNA from the protein samples. The MBP-tagged proteins were
eluted with a low-salt column buffer containing 0.18% (vol/wt) maltose and 6%
(vol/vol) glycerol and divided into aliquots for storage at —80°C. Protein frac-
tions used for the replication assays were at least 95% pure, as determined by
SDS-PAGE. The purified protein preparations were RNase free since we did not
observe repRNA degradation at the end of the replicase assays, as judged by
ethidium-bromide stained RNA gels (not shown).

Replicase purification from yeast and in vitro RdRp assay. Yeast strain (tdh2A
TET::TDH3) was transformed with the plasmids pGAD-ADH-HFp92, pYC-
GAL-DI72, and pHisGBK-ADH-HFp33 expressing 6XHis- and Flag-tagged
tombusvirus p33 and p92. Copurification was done according to a previously
described procedure with the following modification (23). Briefly, 2 g of yeast
cells was resuspended and homogenized in TG buffer (50 mM Tris-HCI [pH 7.5],
10% glycerol, 15 mM MgCl,, 10 mM KCl, 0.5 M NaCl, 0.5% Triton, and 1%
[vol/vol] yeast protease inhibitor cocktail [Ypic]) by glass beads using a FastPrep
homogenizer (MP Biomedicals). The yeast cell lysate was cleared by centrifuga-
tion at 500 X g for 5 min at 4°C to remove unbroken cells and debris. The
membrane fraction containing the viral replicase complex was collected by cen-
trifugation at 35,000 X g for 15 min at 4°C and then solubilized in 1 ml of TG
buffer with a buffer containing 2% Triton and 1% (vol/vol) Ypic via gentle
rotation for 3 h at 4°C. The solubilized membrane fraction was centrifuged at
35,000 X g for 15 min at 4°C, and the supernatant was incubated with 100 pl of
anti-FLAG M2-agarose affinity resin (Sigma) pre-equilibrated with 1 ml of TG
buffer. After 3 h of gentle rotation at 4°C, the column was washed five times with
TG buffer containing 0.5% Triton. The resin-bound replicase complex was eluted
in 700 pl of elution buffer (50 mM Tris-HCI [pH 7.5], 10% glycerol, 15 mM
MgCl,, 10 mM KCl, 0.05 M NaCl, 0.5% Triton, 1% Ypic, and 0.15 mg of Flag
peptide [Sigma]/ml) after overnight rotation at 4°C. An in vitro RdRp activity
assay was performed using (—)DI-72 RNA template transcribed in vitro by T7
transcription (23).

In vitro TCV p88C RdRp assay. The TCV RdRp reaction was carried out as
previously described for 2 h at 25°C (48). The RdRp reactions were performed
in a 20-pl mixture containing 500 ng of (—)DI72 RNA template and 250 ng of
affinity-purified MBP-p88C. Reactions containing only 800 ng of GST-Tdh2
protein without p88C were used as negative controls in the assay. The 32P-
labeled RNA products were analyzed by electrophoresis in a 5% polyacryl-
amide-8 M urea gel (31).

In vitro viral RNA recruitment assay. The in vitro RNA recruitment reaction
was performed according to (45, 46), except that 3?P-labeled DI72 (+)repRNA
was used and rCTP, rUTP, 3?P-labeled UTP, and actinomycin D were omitted
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from the reaction. As a negative control, E. coli purified GST protein was used
in the absence of yeast CFE. After a 2-h incubation at 25°C, 1 ml of reaction
buffer was added to the in vitro reaction mixture and left on ice for 10 min before
centrifugation at 35,000 X g for 45 min. The membrane-bound *?P-labeled
repRNA was extracted from the pellet by adding 0.1 ml of stop buffer and 0.1 ml
of phenol-chloroform, followed by brief vortexing at a high setting and centrif-
ugation at 27,000 X g for 4 min. The RNA samples were analyzed by denaturing
PAGE and phosphorimaging as described previously (45, 46).

Agroinfiltration and plant infection. A culture of Agrobacterium tumefaciens
strain C58C1 carrying pGD-Flag-Tdh-RBD1+2/pGD-Flag-N. benthamiana-
RBD1+2 and pGD-p19 was prepared and infiltrated together into leaves of N.
benthamiana as previously described (61). Agrobacterium cultures containing
pGD-p19 and pGD plasmid were used as a negative control. For Cucumber
necrosis virus (CNV) infection experiments, young N. benthamiana plants were
infiltrated with Agrobacterium containing pGD-CNV at an optical density at 600
nm of 0.1 following 24 h of preinfiltration of host protein and p19. Infiltrated and
systemic new leaves were collected at various days postinfiltration for viral
repRNA analyses as previously described (2). Detection of viral repRNA accu-
mulation was visualized on a 1.5% ethidium bromide-stained agarose gel and
quantified by Northern blot using RNA probes complementary to region III-IV
of the CNV viral genome. The CNV expression plasmids pGD-CNV and pGD-
p19 were as described previously (7).

Northern and Western blot analyses. Total RNA isolation and Northern blot
analysis were performed as described previously (38). Protein analysis was per-
formed as described previously using an anti-His, antibody (42).

RESULTS

Yeast cell extract with depleted GAPDH supports symmet-
rical TBSV RNA synthesis in vitro. To obtain yeast cell-free
extract (CFE) with depleted GAPDH, we used TDH3/THC
(TET:TDH3 tdh2A) strain, which lacks the TDH2 gene, and
the expression of the TDH3 gene is under the control of a
doxycycline-titratable promoter in the yeast genome (64).
Therefore, the expression of the TDH3 gene can be downregu-
lated by the addition of doxycycline to the yeast growth me-
dium (28). This approach allowed us to culture yeast express-
ing either a high level of Tdh3p (when yeast was grown without
added doxycycline) or a reduced level of Tdh3p (when yeast
was grown in the presence of doxycycline), leading to the
depletion of cellular GAPDH (Fig. 1B and C) (28).

To study the role of GAPDH in TBSV replication, we ob-
tained CFE with depleted GAPDH and control CFE with a
high level of GAPDH and programmed these CFEs with pu-
rified recombinant p33 and p92P°' viral replication proteins
and DI-72(+) repRNA to induce viral replication (Fig. 1A).
The CFE with depleted GAPDH (Fig. 1A, lane 1) supported
40% level of TBSV repRNA replication. Moreover, the ratio
of positive- and negative-strand RNAs was close to 1 in CFE
with depleted GAPDH compared to four times more positive-
than negative-strand RNAs in the control CFE (lane 2) con-
taining a high level of GAPDH (Fig. 1B, lane 2). Similarly,
CFE prepared from the SIR2 (tdh1-3A) strain lacking any
yeast GAPDH, but expressing the E. coli GAPDH, also sup-
ported symmetrical TBSV replication (Fig. 1D). Thus, these in
vitro experiments established that GAPDH-depleted yeast
CFEs support reduced TBSV replication and that the viral
RNA synthesis is close to symmetrical, producing only slightly
more positive strands than negative strands. The ratio of
(+)RNA to (—)RNA was lower in the control CFE than was
previously observed with CFEs from the wild-type (wt)
BY4741 strain (20:1 ratio) (46); this was likely due to a differ-
ent level of GAPDH expression in the TDH3/THC
(TET::TDH3 tdh2A) strain than in the wt strain carrying both
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TDH?2 and TDH3 genes under regulation by their native pro-
moters.

To analyze the kinetics of RNA synthesis in CFEs, we per-
formed time course experiments, as shown in Fig. 1E. The
negative-strand RNA synthesis mostly occurred during the first
60 min in both types of CFE, producing only a slightly more
negative strand in CFE with depleted GAPDH than in the
control CFE containing GAPDH (Fig. 1E). In contrast, the
majority of positive-strand RNA synthesis took place between
the 40- and 80-min time points, leading to an ~2-fold-higher
amount of (+)RNA in the control CFE than in the CFE with
depleted GAPDH (Fig. 1E). Thus, the kinetics data confirm
that GAPDH mostly affects positive-strand RNA synthesis.

Purified GAPDH stimulates positive-strand RNA synthesis
in the yeast cell extract. To obtain evidence on the direct role
of GAPDH in TBSV replication, we added purified recombi-
nant GAPDH to CFEs, which were depleted of GAPDH.
Interestingly, the recombinant GAPDH stimulated positive-
strand RNA synthesis by ~3-fold and 5-fold depending on the
type of CFE used (Fig. 2B, lane 4, and Fig. 2C, lane 3). On the
other hand, the (—)RNA synthesis was only slightly affected.
Therefore, the recombinant GAPDH directly affected the pos-
itive-strand/negative-strand ratio during TBSV replication in
CFE assays.

To test which domains of GAPDH are important for the
stimulatory effect on positive-strand synthesis, we expressed
and purified various truncated versions of the yeast GAPDH
(Tdh2p, Fig. 2A) and applied an equal quantity of proteins to
CFE with depleted GAPDH (Fig. 2B and C). The in vitro data
obtained revealed that deletion of the RNA-binding domains
(RBDs) in GAPDH (ARBD?2, Fig. 2B, lane 6, and Fig. 2C, lane
5; ARBD1+2, Fig. 2B, lane 7, and Fig. 2C, lane 6) led to a
reduced stimulatory effect on TBSV (+)RNA synthesis. Nota-
bly, the second RBD demonstrated a greater effect on TBSV
repRNA replication than the first RBD. Overall, both RBDs in
GAPDH seem to play a role in TBSV replication.

Purified dominant negative GAPDH mutant inhibits posi-
tive-strand RNA synthesis in the yeast cell extract. Additional
analyses of GAPDH deletion mutants revealed that the N-ter-
minal RNA-binding domains (RBD1+2, Fig. 2A) in the ab-
sence of the catalytic domain acted as a dominant negative
mutant, resulting in 3- to 5-fold lower level of TBSV replica-
tion in the CFE-based assay (Fig. 2B, lane 8, and Fig. 2C, lane
7) than those containing the purified recombinant GST con-
trols (Fig. 2B, lane 2, and Fig. 2C, lanes 1 and 2). The dominant
negative RBD1+2 mutant strongly inhibited positive-strand
synthesis, as well as slightly inhibited negative-strand synthesis,
altogether changing the ssRNA/dsRNA ratio (i.e., a positive-
strand/negative-strand ratio to close to or below 1 (Fig. 2B,
lane 8, and Fig. 2C, lane 7).

Since RBD1+2 mutant affected (—)RNA synthesis, which
also depends on previous steps of replication, such as RNA
recruitment and replicase assembly; therefore, we performed
an RNA recruitment assay based on CFE (24). The viral RNA
recruitment to the cellular membrane required p33 and p92r°!
replication proteins (Fig. 3, lanes 1 and 2), and in the presence
of the full-length recombinant GAPDH (Tdh2p) there was a
slight increase in RNA recruitment (up to 57%, lane 4). In
contrast, RBD1+2 inhibited RNA recruitment by ~5-fold
(Fig. 3, lane 6) in a CFE assay. Altogether, these data demon-
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FIG. 1. The cell-free TBSV replicase assay supports a role for GAPDH in plus-strand synthesis. (A) Purified recombinant p33 and p92°r°!
replication proteins of TBSV in combination with TBSV DI-72 (+)repRNA were added to the whole-cell extract (CFE) prepared from
GAPDH-depleted (lane 1, 6 h of treatment with 25 ug of doxycycline/ml to downregulate GAPDH expression) or yeast expressing GAPDH as
shown (lane 2). A nondenaturing PAGE analysis of the **P-labeled repRNA products obtained was performed. The amount of ssRNA and the
ratio of ssSRNA to dsRNA in the samples are shown. The value represents the percentage of ssSRNA and dsRNA compared to the treatment in
the absence of doxycycline, which is arbitrarily set at 100% for ssRNA. Note that the dsRNA product represents the annealed (—)RNA and the
(+)RNA, while the ssRNA products represents the newly made (+)RNA products. (B) Western blot analysis of the whole-cell extracts for
endogenous GAPDH (Tdh3p) based on a specific antibody. (C) A Coomassie-blue stained SDS-PAGE gel shows the comparable levels of total
proteins in the whole-cell extracts prepared from the indicated yeast. (D) Nondenaturing PAGE analysis of the **P-labeled repRNA products
obtained in CFE assay as shown in panel A, except using the CFE from yeast expressing E. coli GAPDH (all three yeast TDH genes are deleted,
and E. coli GAPDH is expressed). (E) Kinetic analysis of the **P-labeled repRNA products produced in CFE assay as shown in panel A based

on nondenaturing PAGE analysis. The ssRNA/dsRNA ratio in the samples is shown. Each experiment was repeated three times.
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FIG. 2. Effect of GAPDH mutants on TBSV repRNA replication
based on CFE assay. (A) Schematic representation of GAPDH (Tdh2p)
mutants expressed as GST fusion proteins in E. coli and affinity purified.
Deleted regions are indicated by dotted lines. (B and C) Nondenaturing
PAGE analysis of the *’P-labeled repRNA products obtained using
GAPDH-depleted CFE (B) or CFE containing E. coli GAPDH (C) (all
three yeast TDH genes are deleted, and E. coli GAPDH is expressed).
Equal quantities of purified recombinant GAPDH mutants were added to
each assay. Each experiment was repeated three times. See further details
in Fig. 1A

strate that RBD1+2 inhibits negative-strand synthesis in the
CFE assay (Fig. 2), likely due to inhibition of viral RNA re-
cruitment into the membrane fraction of CFE. Nevertheless,
the effect of RBD1+2 on negative-strand synthesis is much less
than that on positive-strand synthesis.

GAPDH stimulates positive-strand RNA synthesis by the
purified tombusvirus replicase. To obtain additional direct
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FIG. 3. Inhibition of viral (+)RNA recruitment by a dominant
negative mutant of GAPDH based on CFE assay. The CFE assay was
based on yeast strain TDH3/THC (TET::TDH3 tdh2A) or (B) SIR2
(tdh1-3A) expressing the E. coli GAPDH. A denaturing PAGE analysis
of the **P-labeled repRNA template bound to the cellular membranes
was performed. The full-length repRNA is indicated at by an arrow-
head. Each experiment was repeated three times.

evidence that GAPDH stimulates viral positive-strand synthe-
sis, we utilized the affinity-purified tombusvirus replicase,
which can utilize TBSV negative-strand RNA as a template in
vitro (41, 42). The purified tombusvirus replicase was obtained
from GAPDH-depleted yeast, as shown in Fig. 4A. The addi-
tion of purified recombinant GAPDH (Tdh2, Fig. 4B, lane 5)
increased the RdRp activity of the tombusvirus replicase prep-
aration by ~2-fold in vitro. Since this preparation can only
produce positive-strand RNA products on the (—)RNA tem-
plate (33, 41, 42), the enhanced level of the viral RNA product
in the above assay supports the model that GAPDH is directly
involved in positive-strand RNA synthesis.

In contrast, the addition of recombinant GAPDH to the
purified tombusviral replicase in the presence of positive-
stranded RNA template did not increase RdRp activity (Fig.
4C). These data further support previous findings that
GAPDH does not significantly stimulate negative-strand syn-
thesis.

The purified tombusvirus replicase contains several host
proteins in addition to p33/p92P°! viral proteins (54); therefore,
GAPDH might stimulate the activity of any one of these com-
ponents during positive-strand RNA synthesis. To identify
which component in the replicase complex is being specifically
stimulated by GAPDH, we utilized the purified TCV RdRp (a
relative of TBSV) expressed in E. coli (48). This RdRp prep-
aration, which consists only of the recombinant p88 viral pro-
tein, is active on added TBSV (—)RNA templates in the ab-
sence of the auxiliary viral protein and host proteins present in
the tombusvirus replicase (48). Nevertheless, the recombinant
GAPDH stimulated the RdRp activity of the TCV RdRp prep-
aration by 2.7-fold in vitro (Fig. 4D, lane 5), suggesting that the
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FIG. 4. GAPDH directly stimulates positive-strand synthesis by the purified tombusvirus replicase. (A) A scheme for obtaining the purified
replicase and the in vitro replicase assay. (B) Denaturing PAGE analysis of the in vitro TBSV replicase assay in the presence of negative-strand
DI-72 repRNA. The assay contained the purified template-dependent tombusvirus-replicase obtained from yeast coexpressing p33 and p92P°! and
the (+)repRNAs (as shown in panel A). The activity of the affinity-purified replicase was tested by using the same amount of RNA template. The
replicase product is marked with an arrowhead. Note that the endogenous template was removed during replicase purification (data not shown).
(C) An in vitro TBSV replicase assay was performed in the presence of positive-strand DI-72 repRNA. Further details were as described in panel
B. (D) GAPDH promotes positive-strand synthesis by the TCV RdRp in vitro. Purified GAPDH was added to the TCV RdRp assay as shown. The
template was the negative-strand DI-72 repRNA.

activity of the viral RdRp protein is directly stimulated by
GAPDH in vitro.

ber plasmids in yeast supporting TBSV repRNA replication, as
shown in Fig. 5. Approximately 40 to 85% inhibition of TBSV

The dominant negative GAPDH mutant inhibits tombusvi-
rus replication in yeast and in plants. To demonstrate if the
above in vitro findings are also relevant in living cells, we
investigated whether RBD1+2 dominant negative mutant
could also inhibit TBSV replication in yeast. Therefore, we
overexpressed RBD1+2 from both low- and high-copy-num-

replication was observed depending on the expression level of
RBD1+2 and the growth temperature (Fig. 5B and C). The
amounts of p33 and p92 replication proteins were comparable in
the yeast transformants described above, suggesting that the pri-
mary target of RBD1+2 is likely the RNA recruitment and RNA
synthesis steps, as shown by the in vitro data (Fig. 2 and 3).
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FIG. 5. Inhibitory effect of GAPDH RBD1+2 dominant negative
mutant overexpression on TBSV repRNA accumulation in yeast.
(A) For these experiments, TET::TDH3 tdh2A yeast was used, which
contains a doxycycline regulatable promoter replacing the native
TDH3 promoter. Therefore, the addition of doxycycline to the culture
media can downregulate GAPDH (Tdh3p) expression at the mRNA
level. To launch TBSV repRNA replication, we expressed 6XHis-p33
and 6XHis-p92 from the copper-inducible CUPI promoter and DI-
72(+) repRNA from the galactose-inducible GALI promoter. First,
the GAPDH level was reduced by adding doxycycline- and galactose-
containing media to induce the expression of RBD1+2 at 16 h prior to
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Constitutive expression of RBD1+2 in N. benthamiana also
resulted in significant inhibition in the accumulation of CNV,
a close relative of TBSV (Fig. 6A and B). Surprisingly, expres-
sion of the yeast RBD1+2 showed more inhibitory effect than
that of the RBD1+2 from the GAPDH gene of N. benthami-
ana (Fig. 6A). The inhibition of tombusvirus accumulation was
even detectable in systematically infected younger leaves (Fig.
6B), suggesting the spread of CNV was delayed from the in-
oculated leaf expressing RBD1+2. Accordingly, the symptoms
caused by CNV infection were greatly attenuated in plants
expressing RBD1+2 (Fig. 6C). Altogether, the yeast and the
plant data of RBD1+2 further support a significant role of
GAPDH in tombusvirus replication.

GAPDH is recruited by the p92P°' replication protein to the
site of replication. Previous work has shown that a large por-
tion of the cytosolic GAPDH is recruited into tombusvirus
replicase complexes located on the host peroxisomal mem-
brane surface (64). Moreover, the recruitment of GAPDH was
most likely independent from that of p33 replication protein
(64). To determine whether p92P°! might be involved in the
recruitment of GAPDH, we coexpressed Tdh2-YFP with CFP-
p92 in yeast cells. Confocal laser microscopy revealed that
Tdh2-YFP colocalized with CFP-p92 forming the characteris-
tic punctate structures (Fig. 7A). Similar punctate structures
with colocalized Tdh2-YFP and CFP-p92 were also visible in
yeast cells supporting TBSV replication (Fig. 7B). In contrast,
coexpression of Tdh2-YFP and CFP-p33 did not result in co-
localization of the two proteins to the punctate structures
formed by CFP-p33 (Fig. 7C). These data suggest that p33 is
unlikely to be responsible for the robust recruitment of
GAPDH, while p92P' is the more likely candidate that per-
forms most of GAPDH recruitment.

To test whether GAPDH interacts with p92P°', we per-
formed BiFC analysis in yeast cells. These experiments re-
vealed that p92P°' and Tdh2p interacted in punctate structures
in yeast cells (Fig. 7D). Interestingly, p33 also interacted with
Tdh2p (Fig. 7D), suggesting that direct association could occur
between these molecules, possibly in the replicase complex
following p92P°'-driven GAPDH recruitment. The interaction
between p33 and GAPDH, however, does not seem to be
efficient enough to lead to robust recruitment of GAPDH to
the site of replication, as shown above in the colocalization
experiment (Fig. 7A and B).

expressing the viral components. Then, the yeast cells were cultured
for 24 h at either 23 or 29°C on 2% galactose SC minimal medium
containing doxycycline plus 50 uM CuSO,. TBSV repRNA accumu-
lation was tested at the two different temperatures since 23°C is the
most favorable for TBSV repRNA replication, while the expression of
GAPDH is highest at 29°C. (B) For the top panel, Northern blot
analysis was used to detect DI-72(+) repRNA accumulation in a yeast
strain overexpressing RBD1+2 dominant negative mutant from the
low-copy-number pYC plasmid as shown. For the middle panel, an
ethidium-bromide stained gel of total RNA extracts of the samples was
used for the Northern blotting described above. For the bottom panel,
a Western blot analysis of the accumulation level of 6 X His-tagged p33,
6XHis-tagged p92, and 6 XHis-tagged RBD1+2 using anti-6 X His an-
tibody was performed. The asterisk (*) indicates an SDS-resistant p33
dimer. (C) The same experiments as in panel B, except that RBD1+2
was expressed from the high-copy-number pYES plasmid, as shown.
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FIG. 6. Inhibition of tombusvirus RNA accumulation in plants by
overexpression of RBD1+2 dominant negative GAPDH mutant.
(A) Expression of yeast or N. benthamiana RBD1+2 was evaluated in
N. benthamiana leaves, which were coinfiltrated with Agrobacterium
carrying a plasmid to launch CNV replication from the 35S promoter.
The control samples were obtained from leaves expressing no proteins
(pGD, lanes 9 to 10). Total RNA was extracted from leaves 4 days after
agroinfiltration. The accumulation of CNV gRNA in the infiltrated N.
benthamiana leaves was measured by Northern blotting (top panel).
The rRNA was used as a loading control and is shown in an agarose gel
stained with ethidium bromide (second panel). The bottom panel
shows the accumulation of the yeast or N. benthamiana RBD1+2 in N.
benthamiana leaves. (B) Northern blot analysis of the accumulation of
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To further test the binding between the replication pro-
teins and GAPDH (Tdh2p), we performed pulldown exper-
iments using affinity-purified recombinant p33 and p92°P°,
which are immobilized to beads. The results showed that
both p33 and p92P°' bound to GAPDH expressed in yeast
(Fig. 8A and B). When tested in the pulldown assay, the
C-terminal portion of p33 (termed p33C) and the C-termi-
nal half of p92P°' (termed p92C) also showed interaction
with GAPDH (Fig. 8B). The binding between the replica-
tion proteins and GAPDH was also confirmed in a mem-
brane-based split-ubiquitin assay (Fig. 8D).

To test the interaction between the dominant negative
RBD1+2 mutant carrying the RNA-binding domains and
TBSV p92 replication protein, we also performed pulldown
experiments (Fig. 8C) wherein Tdh2p was used as a positive
control (data not shown). The lack of interaction between
RBD1+2 and p92 or p92C suggests that RBD1+2 likely
manifests its dominant negative function via binding to the
viral RNA.

Furthermore, we also used pulldown experiments with af-
finity-purified recombinant TCV p88 and the N-terminally
truncated p88C to show interaction between these RdRp pro-
teins and Tdh2p (GAPDH) (Fig. 8E).

DISCUSSION

The host metabolic enzyme, GAPDH, is a permanent resi-
dent in the tombusvirus replicase complex (54, 64). In the
present study, we used in vitro approaches in combination with
yeast and plant experiments to dissect GAPDH function in
TBSV replication. The data obtained provide several lines of
evidence that the co-opted GAPDH plays a direct role in
TBSV RNA replication. First, the GAPDH-depleted CFE sup-
ported TBSV replication resulting in a positive-strand/nega-
tive-strand ratio of ~1:1 (Fig. 1), similar to the previously
observed phenomenon in yeast with suppressed expression of
GAPDH (64). Second, the addition of recombinant GAPDH
to the GAPDH-depleted CFE increased TBSV positive-strand
synthesis. Third, the RdRp activity of the purified tombusvirus
replicase from GAPDH-depleted yeast on viral negative-
strand template was stimulated by the recombinant GAPDH.
Finally, the recombinant GAPDH also increased the RdRp
activity of the recombinant TCV RdRp protein, demonstrating
that GAPDH can directly stimulate RdRp activity in the ab-
sence of the viral auxiliary replication protein (TCV p28, which
is similar to the TBSV p33 protein) or additional subverted
host factors. More importantly, GAPDH selectively enhanced
positive-strand synthesis, confirming its direct role in the reg-
ulation of asymmetric viral RNA replication (64).

The results obtained with the RBD1+2 dominant negative
mutant also support the role of GAPDH during positive-strand
synthesis. The inhibitory effect of RBD1+2 on in vitro RNA

CNV gRNA in the systemically infected N. benthamiana leaves, mea-
sured as shown in panel A. (C) Symptoms of CNV-infected or mock-
infected N. benthamiana plants expressing different RBD1+2 proteins
are shown 11 days after infection. Note that the yellow color of the
older leaves are due to the damaging effect of agroinfiltration.
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FIG. 7. Redistribution of cytoplasmic GAPDH to the yeast peroxisomal membranes is driven by p92. (A) Confocal laser microscopy images
show the colocalization of Tdh2p-YFP with CFP-p92 expressed from the ADHI promoter in the BY4741 yeast strain. The merged images show

the colocalization of Tdh2p-YFP with CFP-p92. Differential interference

contrast (DIC) images are shown on the right. (B) Colocalization of

Tdh2p-YFP with CFP-p92 is also observed in yeast supporting TBSV repRNA replication. (C) Absence of colocalization of Tdh2p-YFP with
CFP-p33. (D) BiFC analysis of interaction between Tdh2p and p92. (E) Control BiFC experiments that show no interaction between the tags and
p33 and p92 in the absence of Tdh2. Western blotting shows the expression of tags in pESC-VC and pYES-VN. The expression of p33, p92, and
Tdh2p derivatives is not shown. Yeast was grown under similar conditions, and images were obtained as described in panel D.

recruitment and negative-strand synthesis could be due to less-
selective binding of RBD1+2 to the (+)repRNA or p92r°!
compared to the full-length GAPDH (Tdh2p). Altogether, the
strong inhibitory effect of RBD1+2 on tombusvirus replication
in yeast and plants supports the idea that GAPDH is a major
functional component of the tombusvirus replicase. A similar
conclusion can also be drawn from the reduced level of tom-
busvirus replication in yeast expressing low levels of GAPDH
and GAPDH-knockdown plants (64).

Furthermore, the robust recruitment of GAPDH to the site
of replication, which is the peroxisomal membrane or ER un-
der some conditions (18, 26, 37, 43), is likely performed by the
p92P! replication protein (Fig. 7). Accordingly, we show direct
binding between p92P°! and GAPDH based on BiFC experi-
ments in live-yeast, split-ubiquitin, and in vitro assays. Based on
our data, the efficient interaction between p92P°' and GAPDH
seems to be sufficient to recruit GAPDH in the absence of p33
replication protein and the viral RNA. However, since p92P°!
also binds to eEF1A, which interacts with GAPDH (14) and
Pex19p peroxisomal shuttle protein (43), it is possible that a
multiprotein complex might have assembled to facilitate host
factor recruitment to the site of replication. The viral (+)RNA

and p33 replication protein are also likely present in the com-
plex described above, since purified GAPDH slightly increased
the recruitment of repRNA to the membrane in vitro (Fig. 3).
The detailed mechanism of the recruitment of GAPDH or the
proposed riboprotein complex remains to be dissected.

The emerging picture based on our data is that the co-opted
GAPDH plays several roles in TBSV replication. Previous
work demonstrated that GAPDH affects the ability of the viral
replicase to retain the RNA template (64). GAPDH was pro-
posed to play a role in the selective retention of negative
strands in the replicase complex due to its specific binding to
an AU-rich segment in the negative-strand RNA. Here, we
discovered an additional function of GAPDH based on in vitro
experiments using GAPDH-depleted CFE, which showed that
GAPDH directly stimulates viral (+)RNA synthesis. GAPDH
might function in (+)RNA synthesis by binding to the viral
p92P°' RdRp protein and facilitating the recruitment of p92°r°!
to the negative-strand RNA intermediate, as shown in Fig. 9.
In addition, GAPDH likely stimulates the polymerase activity
of the p92P°! RdRp protein by facilitating the correct position-
ing of p92P°! over the replication promoter and enhancer se-
quences at the 3’ end of the negative-strand RNA template
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were analyzed by Coomassie blue staining of SDS-PAGE gels. (C) Pulldown assay to detect interaction between 6 X His-RBD1+2 (the N-terminal
RNA-binding domains of Tdh2p) and the MBP-tagged p92 viral protein. The MBP-tagged viral proteins and MBP were immobilized on amylose
affinity columns as described for panel B. The yeast lysate with 6 XHis-tagged RBD1+2 was then passed through the amylose affinity columns with
immobilized MBP-tagged proteins. The eluted 6 XHis-tagged RBD1+2 was analyzed by Western blotting with anti-6 X His antibody. Total sample
represents the crude yeast cell lysate. (D) A split-ubiquitin assay was used to test binding between p33/p92 and Tdh2p in yeast. The bait p33 or
p92 was coexpressed with the indicated prey proteins. Ssalp (HSP70 chaperone) and the empty prey vector (NubG) were used as positive and
negative controls, respectively. (E) Pulldown assay to detect interaction between 6XHis-Tdh2p and the TCV MBP-p88 and MBP-p88C proteins.
See further details in panel B.
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FIG. 9. Model for the role GAPDH in stimulation of tombusvirus
positive-strand synthesis. GAPDH likely binds to p92 and recruit p92
to the (—)RNA intermediate within the viral replicase complex
through binding to an AU-pentamer sequence as shown. Note that the
reverse order of binding GAPDH to the (—)RNA first and then to p92
is also equally possible. This is followed by the GAPDH-mediated
proper positioning of p92 over the negative-strand template, thus fa-
cilitating positive-strand synthesis. The GAPDH-driven binding/posi-
tioning of p92 onto the (—)RNA template could occur many times,
leading to the production of abundant positive-strand progeny and
resulting in asymmetric RNA synthesis.

(Fig. 9). These proposed functions of GAPDH are similar to a
transcription factor that recruits polymerase II to DNA prior
to transcription. Indeed, GAPDH was reported to activate
transcription as part of the OCA-S transcription coactivator
complex (8, 71).

Similar to its role in TBSV replication, GAPDH likely plays
important roles during replication of other (+)RNA viruses.
Indeed, GAPDH is known to affect the replication of HAV,
HCV, Japanese encephalitis virus, transmissible gastroenteritis
coronavirus, hepatitis delta virus RNA, and human parainflu-
enza virus type 3 (9, 10, 13, 25, 44, 50, 53, 58, 64, 68). Based on
these observations, we suggest that GAPDH deserves further
studies to unravel its functions during (+)RNA virus replica-
tion.
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