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In addition to its central role as a template for replication and translation, the viral plus-strand RNA genome also has nontem-
plate functions, such as recruitment to the site of replication and assembly of the viral replicase, activities that are mediated by
cis-acting RNA elements within viral genomes. Two noncontiguous RNA elements, RII(�)-SL (located internally in the tombus-
virus genome) and RIV (located at the 3=-terminus), are involved in template recruitment into replication and replicase assem-
bly; however, the importance of each of these RNA elements for these two distinct functions is not fully elucidated. We used an in
vitro replicase assembly assay based on yeast cell extract and purified recombinant tombusvirus replication proteins to show that
RII(�)-SL, in addition to its known requirement for recruitment of the plus-strand RNA into replication, is also necessary for
assembly of an active viral replicase complex. Additional studies using a novel two-component RNA system revealed that the
recruitment function of RII(�)-SL can be provided in trans by a separate RNA and that the replication silencer element, located
within RIV, defines the template that is used for initiation of minus-strand synthesis. Collectively, this work has revealed new
functions for tombusvirus cis-acting RNA elements and provided insights into the pioneering round of minus-strand synthesis.

Plus-strand RNA viruses exhibit many similarities during ge-
nome replication, including the formation of membrane-

bound viral replicase complexes, the production of minus-strand
and abundant plus-strand RNAs, and the use of co-opted host
factors (1, 15, 16, 18). One of the best-studied plus-strand RNA
viruses is Tomato bushy stunt virus (TBSV), which has a single
4,800-nucleotide (nt) RNA genome (43). The virus-encoded rep-
lication proteins p33 RNA chaperone and p92pol RNA-dependent
RNA polymerase (RdRp) participate in the formation of the
membrane-bound viral replicase complex, which also contains
several host proteins (3, 12, 16, 38, 40).

Replication of TBSV and other plus-strand RNA viruses in-
volve several sequential steps, including selection of the viral plus-
strand RNA template for replication, recruitment of the viral plus-
strand RNA and the viral replication proteins from the cytosol to
the subcellular membrane surfaces where replication takes place,
assembly and activation of the viral replicase, minus-strand and
then plus-strand RNA synthesis, and the release of progeny plus-
strand RNAs from the replicase complex (5, 15, 17). This complex
process helps to ensure that authentic viral templates are repli-
cated and that the replication process is rapid and efficient.

The TBSV plus-strand RNA plays multiple roles during viral
replication. In addition to its main function as a store of genetic
information, the viral plus-strand RNA also regulates its own in-
tracellular localization and recruitment to the site of RNA repli-
cation (20, 26, 32, 33, 44). Moreover, the TBSV plus-strand RNA
serves as an assembly platform for the viral replicase, consisting of
viral replication proteins, co-opted host proteins, and host lipids
and/or membranes (11, 31, 32, 38). These replication-related
functions are guided by various cis-acting elements within the
TBSV plus-strand RNA, most notably by RII(�)-SL, which is lo-
cated internally, and RIV, which is positioned 3=-terminally (14,
26, 33, 44). These two RNA segments (RII and RIV), along with
the additional cis-acting elements RI and RIII, are retained in
TBSV defective interfering (DI) RNAs, which are small virus-
derived replicons used to study sequence functions (Fig. 1A) (28).

Other plant viruses also contain specific sequences in their viral

plus-strand RNAs that affect RNA recruitment and the assembly
of their cognate replicase complexes. For example, short stem-
loops within the 3= UTR of Tobacco mosaic virus (TMV) plus-
strand RNA can bind specifically to the TMV 126K replication
protein in vitro (6, 19). The Brome mosaic virus (BMV) 1a protein
participates in template selection and recruitment via interaction
with the 1a-responsive element present in BMV RNAs (41, 42). A
Y-shaped RNA element in the 3= UTR in RNA2 of Red clover
necrotic mosaic virus is specifically recognized by its cognate viral
replication proteins, aiding recruitment of this viral RNA into
replication (2, 7).

Dissection of the actual function(s) of cis-acting RNA elements
such as those mentioned above can be hindered by the sequential
and cycling nature of the plus-strand RNA replication, where a
particular replication step depends on the previous step(s) and
portions of the process are repeated in many cycles. Consequently,
mutations introduced into a viral RNA could directly or indirectly
affect multiple steps in replication, making assignment of func-
tions of specific cis-acting RNA sequences and structures challeng-
ing. To circumvent some of the above problems, we previously
developed an in vitro replicase assembly assay based on yeast cell-
free extract (CFE) and purified recombinant tombusvirus replica-
tion proteins (32). In our CFE assay, the viral plus-strand RNA has
to be recruited to the membrane (derived from the organelles of
Saccharomyces cerevisiae), followed by the assembly of the viral
replicase complex and a single cycle of replication producing
minus-strand and abundant plus-strand RNA progeny, which is
released into the solution (31, 32).

In this study, we employed the CFE assay to dissect the func-
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tions of various known cis-acting elements in the TBSV plus-
strand RNA. We show that an essential internal stem-loop struc-
ture, RII(�)-SL, has a dual function, serving both as a plus-strand
RNA recruitment element and as a mediator of viral replicase
assembly, with the former activity being able to function in trans.
Using a novel two-component RNA system in the replication as-
say, we also showed that another cis-acting element, located in RIV
and termed the replication silencer element (RSE), has to be pres-
ent in the viral plus-strand RNA in order for it to serve as a func-
tional template. These findings have provided important insights
into the detailed steps of the replication process in tombusviruses.

MATERIALS AND METHODS
Yeast and bacterial strains. Saccharomyces cerevisiae strain BY4741�
(MATa his3�1 leu2�0 met15�0 ura3�0) was obtained from Open Biosys-
tems (Huntsville, AL). Escherichia coli Top10 (Invitrogen, Carlsbad CA)
and Epicurion BL21-codon-plus (DE3)-RIL cells (Stratagene, La Jolla,
CA) were used to propagate plasmids and for expression of recombinant
proteins, respectively. E. coli strain Stbl2 (Invitrogen, Carlsbad, CA) was
used for maximizing the stability of the plasmids containing direct repeats
[such as (MS2)233]. Also, we changed the typical growing temperature
from 37°C to 30°C when using Stbl2.

E. coli expression plasmids. pMAL-33 and pMAL92 were described
earlier (34). pET-His-MBP-p33, expressing p33 with dual 6�His and
maltose-binding protein (MBP) tags, was also obtained earlier (32).
pMAL-MS233, containing TBSV p33 fused in-frame with bacterio-
phage MS2 coat protein (MS2-CP), was obtained by PCR amplifica-
tion of the MS2-CP open reading frame (ORF) from pGBK-MS2-CFP
(20) using primers 1576 (5=-GGAGTCTAGAGCTTCTAACTTTACT
CAG) and 3269 (5=-CCGCCATGGGTAGATGCCGGAGTTTGC) con-
taining XbaI and NcoI restriction sites. The TBSV p33 ORF was amplified
from pMAL92 using primers 3313 (5=-CGGACCATGGGAGACCATCA
AGAGAATG) and 2744 (5=-CGGCTGCAGCTATTTGACACCCAGG
GAC) containing NcoI and PstI restriction sites, respectively. To get the
desired clone, after gel isolation of the restriction enzyme-digested PCR
products, we ligated the PCR products into pMAL-c2X digested with XbaI
and PstI.

To obtain pMAL-MS292, the TBSV p92 ORF was fused in-frame to the
MS2-CP ORF, which was PCR amplified from pGBK-MS2-CFP (20) us-
ing primers 1576 and 3269 containing XbaI and NcoI restriction sites. The
TBSV p92 ORF was PCR amplified from pMAL92 using primers 3313 and
3529 (5=-CCAGCTGCAGTCAAGCTACGGCGGAGTCGAGG) contain-
ing NcoI and PstI restriction sites, respectively. After gel isolation of the
restriction enzyme-digested PCR products, we ligated the PCR products
into pMAL-c2X digested with XbaI and PstI.

Yeast expression plasmids. The plasmids used to construct TBSV
repRNAs are shown in Table 1. pGBK-His33 and pGAD-His92, express-
ing only 6�His-tagged p33 and p92, respectively, from the ADH1 pro-
moter and pYC-DI72, were described previously (23). pGBK-Cup-
(MS2)2-33 was obtained by fusing the CNV p33 ORF in frame with two
copies of bacteriophage MS2-CP [(MS2)2, representing direct repeats of
the MS2-CP ORF linked with a short linker (GAPGIHPGM) and also
containing an internal poly-His tag]. The sequence of (MS2)2 was ampli-
fied from p(MS2)2PCBP2 (39) using primers 4194 (5=-CGGACCATGGC
GGATATCGAAGGTCCCACC) and 4196 (5= CCAGCCATGGGTCGTT
TGGGTGATGGTGATGGTGGTGGCTGCCGCGTGG) containing an
NcoI restriction site and cloned into NcoI-digested and dephosphorylated
vector pGBK-His33/Cup1 (8). Similarly, pGAD-Cup-(MS2)2-92 was ob-
tained by fusing the CNV p92 ORF in frame with (MS2)2 using primers

FIG 1 Schematic representation of TBSV DI-73 plus-strand repRNA and its
derivatives carrying the three known cis-acting replication elements. (A) (Top)
The three cis-acting sequences are circled. The characteristic C·C mismatch,
which is critical for binding of p33/p92 replication proteins, within the
RII(�)-SL is highlighted. The complementary nucleotides in the replication
silencer element (RSE) and the genomic promoter (gPR) that form a 5-bp
region are indicated with an arrow. Note that R3.5 serves as a translation
enhancer, which is missing from DI-72 repRNA. (Bottom) A long-range in-
teraction between UL-DL elements brings RII(�)-SL and RSE/gPR into prox-
imal positions. (B) Predicted secondary structure of mini-RNA used as a

model template for testing the assembly of the TBSV replicase complex in vitro
in yeast CFE. Note that the UL-DL interaction and other portions of DI-73
repRNA are replaced by a short sequence from RIV(�).
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4194 and 4196 containing NcoI restriction site and cloned into
NcoI-digested and dephosphorylated vector pGAD-His92-Cup1 (10).

pYC-DI(C·G)6XMS2(�) was generated by PCR amplifying regions I
and II of DI-72(�) from pYC-DI/(C99·G) (33) using primers 542 and
1565 (21). The PCR product was digested with HindIII and BamHI and
used to replace the corresponding region in pYC-DI72(�)/MS2 (20)
treated with the same pair of enzymes. To create pYC-DI(C·G)-6XMS2�,
a similar strategy based on the vector pYC-DI72�/MS2 was used (20).

RNA template production and annealing. Single-stranded RNA
(ssRNA) templates were obtained by in vitro transcription with T7 RNA
polymerase using PCR-amplified DNA templates (21, 25). The reaction
mixture was incubated at 37°C for 2 h; 2 �l of DNase I (10 U/ml from
Roche) was added, and mixtures were incubated for �20 min at 37°C.
After phenol-chloroform extraction, RNA was precipitated twice with
isopropanol-ammonium acetate (10:1). To synthesize radioactively la-
beled RNA, a similar T7 reaction was performed, except that 5 �l of 10
mM rATP, rGTP, and rCTP and 1 mM rUTP supplemented with 0.1 �l of

[32P]UTP was used. RNA annealing was done with RNA samples mixed in
an equimolar ratio (20 pmol each) in 20 �l buffer containing 50 mM
NaCl, 10 mM Tris-Cl, and 1 mM EDTA. The samples were incubated in a
thermocycler at 95°C for 5 min and then cooled to 25°C by reducing the
annealing temperature by 1°C per minute.

In vitro replication assay based on yeast CFE. The cell extract was
prepared from yeast strain BY4741, untransformed or transformed
with pairwise combinations of pGBK-His33/Cup1, pGAD-His92-Cup1,
pGBK-Cup1-(MS2)2-33, and pGAD-Cup1-(MS2)2-92 (see Fig. 9) as de-
scribed previously (31, 32). Briefly, the CFE (1 �l) was preincubated on ice
for 10 min in 10 �l cell-free replication buffer containing 50 mM HEPES-
KOH (pH 7.4), 150 mM potassium acetate, 5 mM magnesium acetate, 0.2
M sorbitol, and 0.4 �l actinomycin D (5 mg/ml). Then, the reaction vol-
ume was adjusted to 20 �l with 1� cell-free replication buffer also con-
taining 2 �l of 150 mM creatine phosphate; 2 �l of 10 mM ATP, CTP, and
GTP; 0.25 mM UTP; 0.3 �l of [32P]UTP; 0.2 �l of 10-mg/ml creatine
kinase; 0.2 �l of RNase inhibitor; 0.2 �l of 1 M dithiothreitol (DTT); and

FIG 2 UL-DL cis-acting element functions as an enhancer element for the replicase assembly (EERA). (A) Scheme of the in vitro TBSV replicase assembly assay
performed with yeast CFE. Note that the recombinant p33 and p92pol are purified from E. coli, while the CFE was prepared from BY4741. After a 1-hour
reconstitution, the membrane-bound replicase was solubilized with Triton X-100/SB3-10 detergent, followed by purification on an Ni column of the 6�His/
MBP-tagged p33, which is an integral part of the replicase complex. The activity of the affinity-purified TBSV replicase was tested on DI-72(-) RNA added to each
sample using the same amount of RNA. (B) Mutations within UL-DL, which interfere with base pairing or reform base pairing due to complementary
mutagenesis. (C and D) Representative denaturing gels of 32P-labeled RNA products synthesized by affinity-purified TBSV replicase preparations obtained in
TBSV replicase assembly assays in vitro with yeast CFE in the presence of all four or two ribonucleotide triphosphates. The replicase assembly assay contained the
wt DI-73 plus-strand repRNA or versions with mutations in the UL-DL region, as shown in panel B. We used DI-73 plus-strand repRNA in the assembly assay
because it contains the UL-DL elements, while DI-72 plus-strand repRNA lacks the corresponding RNA sequences. The replication-competent RNA was DI-73
based, while the replication-incompetent DI-73 carried a debilitating mutation. The template RNA was DI-72(-) repRNA, which produces both full-length (due
to terminal initiation [ti]) and shorter (due to internal initiation [ii]) complementary products in the in vitro assay with the purified TBSV replicase. The level of
full-length RNA synthesis was compared to that of the replicase activity obtained with DI-73 plus-strand repRNA (100%). (E) No RNA template was added to
the in vitro assays with the purified TBSV replicase preparations, while the indicated repRNAs were used during the TBSV replicase assembly assays in vitro with
yeast CFE prior to affinity purification of the TBSV replicase. Each experiment was repeated.
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FIG 3 A mini-RNA template with RII(�)-SL and RSE-gPR can efficiently support the in vitro assembly of the TBSV replicase. (A) Denaturing-PAGE analysis
of the in vitro-reconstituted TBSV replicase in the presence of repRNAs. The replicase reconstitution assay contained CFE, affinity-purified recombinant TBSV
p33 and p92pol, ATP/GTP, and equal amounts of TBSV repRNAs. After assembly and affinity purification, the activity of the replicase preparations was tested on
DI-72(-) RNA template in vitro. See further details in Fig. 2. (B) Denaturing-PAGE analysis of the in vitro-reconstituted TBSV replicase in the presence of the
indicated mini-repRNAs. Note that each construct had RII(�)-SL, and deletions and mutations were introduced only at the 3= end (circled) of the DI mini-RNA
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0.5 �g RNA transcript. The reaction mixture also contained 4 pmol MBP-
tagged TBSV p33 and 1 pmol MBP-p92 purified from E. coli cells. This
reaction mixture was incubated at 25°C for 3 h. The reaction was termi-
nated by adding 110 �l stop buffer (1% sodium dodecyl sulfate [SDS] and
0.05 M EDTA, pH 8.0), followed by phenol-chloroform extraction,
isopropanol-ammonium acetate precipitation, and a washing step with
70% ethanol as described earlie(26). The RNA samples were electropho-
resed under denaturing conditions (5% polyacrylamide gels containing 8
M urea) and analyzed by phospho-imaging using a Typhoon (GE) instru-
ment as described previously (26).

Purification of the recombinant tombusvirus replicase from yeast.
Yeast cells transformed with pGBK-His33, pGAD-His92, and pYC-DI72
were pregrown in SC-ULH� medium containing 2% glucose for 15 h at
23°C with shaking at 250 rpm. The affinity purification of the solubilized
tombusvirus replicase was performed using ProBond resin (Invitrogen) as
described previously (27). The obtained template-dependent replicase
was then used in a standard replicase reaction using either DI-72� or
RI/RIII� exogenous templates and [32P]UTP (26, 27).

In vitro assembly and purification of the TBSV replicase. The cell-
free replication assay was conducted at 20°C for 1 h as described above,
except that the reaction volume was increased to 200 �l, while the final
concentration of DTT was reduced from 10 mM to 2.5 mM. In addition,
only rATP and rGTP were used, while [32P]UTP was omitted. The
recombinant p33 was dually tagged with both MBP and 6�His. After
incubation, the assay mixture was diluted with 800 �l chilled solubi-
lization buffer, and affinity purification was done exactly as described
previously (26, 27).

Protein purification from E. coli. The MBP-tagged p33, p92, MS233,
MS292, and Turnip crinkle virus p88C were purified from E. coli as de-
scribed previously (34, 35). Briefly, expression of the MBP-tagged pro-
teins was induced by isopropyl-D-thiogalactopyranoside (IPTG) in Epi-
curion BL21-codon-plus (DE3)-RIL cells (Stratagene). Cells were
suspended in the column buffer (10 mM Tris-HCl [pH 7.4], 1 mM EDTA,
25 mM NaCl, 10 mM �-mercaptoethanol) and were broken by sonica-
tion, and then the cell lysate was passed through the equilibrated amylose
columns to bind MBP-tagged proteins. After passing the cell lysate, the
columns were washed three times with ice-cold column buffer, eluted
with column buffer containing 10 mM maltose, and stored at �80°C until
further use.

In vitro RNA recruitment assay. The recruitment assay was per-
formed as described previously (12). Briefly, the recruitment assay based
on yeast CFE and recombinant p33/p92 is similar to the replication assay,
except for the following changes. 32P-labeled RNAs (2 pmol) were added
to the CFE. In addition, only rATP and rGTP were used, while [32P]UTP
was omitted. The assay was performed at room temperature for 1 h. Then
the mixture was suspended in 980 �l of prechilled buffer A and centri-
fuged at 35,000 � g for 30 min at 4°C. Supernatant was discarded, and the
pellet was washed twice more. After a final washing, the pellet was dis-
solved in 120 �l of stop buffer (1% sodium dodecyl sulfate [SDS] and 0.05
M EDTA, pH 8.0). Afterwards, standard RNA extraction and purification
were performed, followed by autoradiography of the electrophoresed
RNA samples as described previously (26).

In vitro RdRp reaction. We used affinity-purified recombinant TCV
p88C or affinity-purified CNV replicase from yeast in an RdRp assay as
described previously (27, 35). Briefly, the RdRp reaction was performed in

a 100-�l volume containing RdRp buffer (40 mM Tris [pH 8.0], 10 mM
MgCl2, 10 mM DTT, 0.2 �l RNase inhibitor, 1 mM ATP, CTP, and GTP,
0.1 �l radioactive [32P]UTP, and 50 �l RdRp fraction). As an external
template, 300 ng of DI-72� RNA or RI/III� RNA was added. Samples
were incubated at 25°C for 2 h. The reaction was terminated by adding 70
�l SDS-EDTA (1% SDS, 50 mM EDTA [pH 8.0]) and 100 �l phenol-
chloroform (1:1). The RdRp products were analyzed as described previ-
ously (27, 35).

S1 nuclease digestion of the RdRp products. The RNA products from
the in vitro RdRp assays were purified and divided into two aliquots of 8 �l
each. S1 digestion was performed with one aliquot in a 20-�l reaction
mixture containing 0.1 �l S1 nuclease (400 U/�l; Boehringer), 1� S1
nuclease buffer, and 2.5 �l 3 M NaCl. The other aliquot was treated sim-
ilarly, except without S1 nuclease. After incubation at 37°C for 30 min,
standard RNA analysis was performed (27, 35).

RESULTS
Defining minimal RNA sequences required for the assembly of
the tombusviral replicase complex in vitro. Previous work with
TBSV identified the extended stem-loop RII(�)-SL in RII and the
two subelements RSE and SL1-gPR in RIV as distinct cis-acting
RNA elements, required for the assembly of the TBSV replicase
in vivo, either in plant cells or in yeast, a surrogate host (26, 44)
(Fig. 1A). The RSE and SL1-gPR interact via a 5-bp interaction,
and this feature is important for replicase assembly (Fig. 1A) (26,
30). In the context of the TBSV genome, RII and RIV are separated
by �3 kb, but they can be brought into close proximity by an RNA
base-pairing bridge that forms between the UL (upstream linker)
sequence just 3= of RII(�)-SL and its complementary DL (down-
stream linker) sequence, positioned near RIV (Fig. 1A, bottom).
Formation of this UL-DL bridge mediates efficient replicase as-
sembly in vivo in both yeast and plant cells (44).

To further define and dissect the functions of the above-
mentioned cis-acting RNA sequences during replication, we mea-
sured their effects on the assembly of the tombusvirus replicase
complex in vitro (i.e., separate from their effects on template am-
plification) using our recently developed in vitro replicase assem-
bly assay based on yeast CFE (32). In this assay, the recombinant
viral proteins are affinity purified from E. coli, the various plus-
stranded TBSV DI-RNA-based templates, termed replicon RNAs
(repRNAs), are made via T7 transcription, while the CFE is pre-
pared from yeast BY4741 (free of any TBSV components). The
assembly assay contains ATP and GTP but lacks CTP and UTP,
thus preventing cRNA synthesis or replication (Fig. 2A). After
these components are mixed, assembly is allowed to occur, and
then any assembled replicase complex is solubilized and affinity
purified, a process that leads to the loss of the original repRNA
template. Subsequently, a minus-strand RNA template, DI-72(-),
is added to the purified replicase preparations to measure the
copying activity of the replicase in vitro, which provides a measure
of the efficiency of replicase assembly (Fig. 2A). In this replicase

construct. The only exception is mini-RII(C-G), which carried a single C-to-G mutation within the C·C mismatch in RII(�)-SL. The in vitro replicase assembly
assay was performed as described for panel A, except that RI/III(-) was used as a template in the replicase activity assay. (C) Denaturing-PAGE analysis of the
CFE-based replication assay. The in vitro replication assay contained yeast CFE, affinity-purified recombinant TBSV p33 and p92pol, and equal amounts of
various TBSV repRNAs (as shown in Fig. 1). The full-length products are depicted with arrowheads on the right. Note that the repRNA serves as both an assembly
factor and a template in this assay. (D) Denaturing-PAGE analysis of the in vitro replicase assay. The assay contained both the purified replicase from yeast
coexpressing p33 and p92pol and the plus-strand repRNAs (as shown). The activity of the affinity-purified TBSV replicase was tested on RI/RIII(-) RNA, which
was added to all samples in equal amounts. Note that the assembly of the replicase took place in yeast cells in the presence of coexpressed p33/p92 and actively
replicating repRNA. The bottom image shows a Western blot demonstrating equivalent amounts of p33/p92 replication proteins in the purified tombusvirus
replicase preparations used for the in vitro assay.
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assembly assay, the originally added repRNA functions only in
template recruitment and replicase assembly and does not act as a
template for complementary-strand synthesis or replication.

To determine if the UL-DL long-distance base-pairing interac-
tion is required for the assembly of the tombusvirus replicase
complex in vitro, we used wild-type (wt) DI-73 repRNA and mu-
tants containing substitutions in UL, DL, or both (44), as shown in
Fig. 2B. Mutations in either the UL or DL region (mutants dD and
dU in Fig. 2B), which reduced base pairing between UL and DL,
decreased the in vitro assembly of the replicase by �85% (Fig. 2C
and D, lanes 2, 3, 6, and 7). Restoring the base pairing between UL
and DL via complementary mutations in UL and DL (mutant
cUD in Fig. 2B) resulted in �3- to 4-fold more efficient replicase
assembly, versus the single mutants, for both replication-
competent and incompetent repRNAs (Fig. 2C, lanes 4 and 8,
respectively). Including all four ribonucleotides in the assembly
assay led to slightly increased recovery levels for the compensatory
mutant (Fig. 2D, lane 4), while omitting the template under the
same conditions resulted in no products (Fig. 2E). Overall, as ob-
served in vivo (44), the UL-DL interaction is also important for
promoting replicase assembly in vitro. Since the UL-DL interac-
tion was not essential for this process, but did stimulate the in vitro
assembly of the replicase (albeit in a sequence-independent man-
ner), we define it as an enhancer element for replicase assembly
(EERA).

RII(�)-SL and RSE-SL2-gPR constitute the minimal RNA el-
ements required for the assembly of the tombusviral replicase
complex in vitro. To test if RII(�)-SL and RSE-gPR elements
(Fig. 1A) together were sufficient for the assembly of the replicase
in vitro, we constructed a minimal RNA (mini-RNA) containing
only these elements, as shown in Fig. 1B (26). Comparing the in
vitro replicase assembly efficiency of the mini-RNA to the full-
length DI-72 plus-strand repRNA revealed comparable levels of
replicase assembly in the CFE-based replicase assembly assay (Fig.
3A, lanes 2 and 4 versus 1 and 3).

To test if each hairpin within DI mini-RNA is needed for sup-
porting the assembly of the tombusvirus replicase in vitro, we
made single deletions of each SL or mutations in DI mini-RNA, as
shown schematically (Fig. 3B). Interestingly, deletion of any of the
three SLs in the 3= UTR led to complete abolishment of the assem-
bly of the tombusvirus replicase in vitro (Fig. 3B, lanes 2 to 4).
Also, as expected, a single point mutation within RII(�)-SL (Fig.
3B, lane 7) completely abolished while a point mutation within
RSE [construct mini-SL3(C-G); Fig. 3B, lane 6] greatly reduced
the assembly of the tombusvirus replicase in vitro. Since SL2 might
serve as a “spacer” within SL1 and SL3, we replaced SL2 with either
an artificial hairpin (hairpin 53) (26) or the MS2 hairpin (20),
both of which are similar in size to SL2. Both hairpins greatly
debilitated the assembly of the tombusvirus replicase in vitro
(Fig. 3B, lanes 5 and 8), suggesting that neither of these heter-
ologous hairpins could complement SL2 function during rep-
licase assembly.

Thus, these data demonstrate that RII(�)-SL and RSE-SL2-
gPR elements together are sufficient for the efficient assembly of
the TBSV replicase in vitro.

To test the in vitro template function of the DI mini-RNA con-
struct, all four ribonucleotides were added, along with the
repRNA and purified p33 and p92, to the yeast CFE, allowing both
assembly and RNA synthesis from the repRNA in the reaction
(Fig. 3C). Comparing the replication efficiency of the mini-RNA

template versus DI-72 repRNA in the CFE revealed that the mini-
RNA template was highly deficient in this replication assay (Fig.
3C, lanes 3 and 4 versus 1 and 2). The larger RII/IV(�) template,
carrying the additional sequences flanking RII(�)-SL and RSE-
gPR, was also very inactive for RNA replication in vitro (Fig. 3C,
lanes 5 to 6). Thus, while the DI mini-RNA is good at supporting
replicase assembly, it is a poor template during replication (also
see below).

The efficiency of in vivo assembly of replicase by DI-72 repRNA
and DI mini-RNA template was also assessed using a modified in
vitro replicase assay (Fig. 3D, top). The affinity-purified replicase
from yeast cells coexpressing the mini-RNA template and His-
tagged p33/p92 (Fig. 3D, bottom) showed a reduced ability to
copy the exogenously provided RI/III(-) template compared with
the replicase preparation from yeast coexpressing DI-72 and p33/
p92 (Fig. 3D, middle, lanes 3 and 4 versus 1 and 2). The decreased
isolated replicase activity from yeast cells for the mini-RNA is
consistent with its being a poor template for replication in vitro
(Fig. 3C); thus, there would be less of this template available for
replicase assembly. Altogether, the in vivo and in vitro results show
that the DI mini-repRNA is good at facilitating the assembly of the
TBSV replicase but is a poor replicon. This is likely due, at least in
part, to the absence of important cis-acting replication elements
such as RI, which is present in DI-72 plus-strand repRNA (21, 22,
24, 36, 43).

Template competition reveals that the C·C mismatch in
RII(�)-SL is important for competitiveness of an RNA template
during in vitro replication. Previous work indicated that RSE-
gPR and possibly RII(�)-SL are important for forming an assem-
bly platform for the replicase, while RII(�)-SL is proposed to aid
in RNA recruitment to the cellular membranes (32). TBSV p33 is
targeted to peroxisomal membranes (9, 13, 20, 29) and binds to
RII(�)-SL with high affinity (33). Accordingly, it has been pro-
posed that a key function of RII(�)-SL is to facilitate the recruit-
ment of the TBSV repRNA to the site of viral replication on mem-
branes via its interaction with p33 (14, 20, 33).

To determine the importance of RII(�)-SL and RSE-gPR for
replication in the CFE, we performed template competition ex-
periments in our CFE replication assay (Fig. 4, top). This involved
adding defined viral segments containing different cis-acting ele-
ments as competitors to a replication assay for DI-72 plus-strand
repRNA. Added plus-strand RI, RIII, or RIV, as well as heterolo-
gous TCV satC RNA, exhibited relatively poor competition
against the accumulation of DI-72 plus-strand repRNA template
in vitro (Fig. 4A, lanes 3 and 4, 1 and 2, 9 and 10, and 15 to 18,
respectively), while RII was more competitive (Fig. 4A, lanes 13
and 14). The C·C mismatch in mutant RII*, which prevents the
p33-RII(�)-SL interaction (33), reduced its competiveness in
vitro compared to wt RII (Fig. 4A, compare lanes 11 and 12 with
lanes 13 and 14). The mutant RIV*, in which the RSE-gPR inter-
action was disrupted (Fig. 1A) (30), was slightly more competitive
than its wt RIV counterpart (Fig. 4A, compare lanes 7 and 8 with
lanes 9 and 10). Since none of these short RNA templates are
replication competent in the CFE assay, these RNAs likely inhibit
replication of DI-72 plus-strand repRNA in vitro by competing for
diffusible factors during RNA recruitment or replicase assembly.
Results from competition assays with larger RNAs containing two
or more of the above-described segments were also consistent
with the single-segment results and indicated that wt RII has the
greatest negative effect on DI-72(�) replication (Fig. 4B). This
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effect was partially related to RII’s ability to bind to p33, as RNAs
containing mutant RII* [which are unable to bind to p33 (33)]
showed a marked reduction in competitiveness (Fig. 4B). Thus, in
this factor-limited in vitro environment, RII, alone or with other
RNA elements, likely sequesters p33 or p92 away from DI-72(�),
leading to reduced replicase assembly and replication of DI-
72(�).

A novel two-component RNA system supports TBSV repli-
cation in vitro. To further dissect the roles of RII(�)-SL and
RSE-gPR elements in TBSV RNA replication, we developed a
novel two-component RNA replicase assembly assay based on
CFE. One RNA, construct A (Fig. 5A), contained RII(�)-SL, and
the other RNA, construct B (Fig. 5A), carried the RSE-gPR se-
quence. Constructs A and B also contained a 23-nt region of com-
plementarity at their 3= and 5= ends, respectively, that would allow
them to interact via base pairing (Fig. 5A). Testing the replicase
activity of the affinity-purified TBSV replicase from CFE revealed
that neither construct A nor construct B was able to efficiently
support the assembly of the TBSV replicase when provided indi-
vidually in the assembly assay (Fig. 5B, lanes 4 and 5, respectively).
However, when both RNAs were present, the assembly of the
TBSV replicase was as efficient as the single-component mini-
RNA construct or DI-72 plus-strand repRNA (Fig. 5B, compare
lane 3 with lanes 1 and 2). This result demonstrates that both
RII(�)-SL and RSE-gPR RNA elements are required for replicase
assembly, but they do not have to be present in the same RNA
molecule.

The complementarity between constructs A and B was impor-
tant for in vitro RNA synthesis in the CFE replication assay, since

constructs with 23 nt of complementarity supported RNA synthe-
sis more efficiently than constructs with 12 nt of complementarity
(Fig. 6B, lanes 5 versus 2) or that lacking extensive base pairing
(Fig. 6B, lanes 5 versus 3). Interestingly, mixing construct A(5=-
29) and construct B, which share a 29-bp tract of complementar-
ity, did not support RNA synthesis in the CFE assay (Fig. 6B, lane
1). However, relative to construct A (23), the section of comple-
mentarity in construct A(5=-29) is at the opposite end of the RNA,
which would result in a different and less proximal positioning of
the RII(�)-SL and RSE-gPR [Fig. 6, compare A(23)�B with A(5=-
29)]. Importantly, construct A(5=-29) alone or in combination
with construct B did not support replicase assembly in the CFE-
based assay (Fig. 6C), demonstrating that the replicase assembly
step is defective, not the RNA synthesis step. This result suggests
that not only do the two RNAs have to be physically close together
in order to efficiently promote the assembly of the replicase and
allow RNA synthesis, but also there are additional structural re-
quirements with respect to their precise spatial orientation and
proximity relative to each other. Another interesting finding from
this analysis is that the functional replicase that assembled with the
two-component system showed a preference for copying con-
struct B, which contained RSE-gPR.

RSE-gPR defines the template for RNA synthesis in the two-
component RNA system in vitro. The results shown in Fig. 6
indicated that the TBSV replicase preferentially used construct B,
carrying the RSE-gPR, as a template to make minus-strand RNA,
and this notion was confirmed by polyacrylamide gel electropho-
resis (PAGE) analysis of the RNA products synthesized (seen as a
double-stranded RNA [dsRNA] in Fig. 7B, lane 6). As expected,

FIG 4 RII(�) RNA inhibits the in vitro assembly of the TBSV replicase. (A) Denaturing-PAGE analysis of the CFE-based replication assay. The in vitro replicase
reconstitution assay contained yeast CFE, affinity-purified recombinant TBSV p33 and p92pol, and equal amounts of TBSV DI-72 plus-strand repRNA plus
increasing amounts of competitor TBSV-derived RNA templates (RI, RII, RIII, and RIV [Fig. 1]) or the TCV-associated satC templates. The samples contained
0, 2, and 8 �g of competitor RNA, and each had 0.4 �g of DI-72(�) RNA template. The full-length DI-72-derived RNA products are depicted with arrowheads
on the right. Note that the repRNA serves as both an assembly factor and a template in this assay, while the competitor RNA cannot assemble a functional replicase
but can interfere with the replicase assembly process. The level of DI-72 repRNA replication in the no-competitor samples was set as 100%. (B) Another template
competition in CFE-based replication assays. The competitor RNA contains the wt regions (RII, RIII, or RIV), a mutated RII (asterisk; C-to-G mutation in the
C·C mismatch [Fig. 1A]), or a mutated RIV (asterisk; G-to-C mutation in gPR [Fig. 1A]). These mutations are known to interfere with the cis-acting replication
functions of these regions. See further details in panel A. The samples contained 0, 3, and 9 �g of competitor RNA, and each had 0.4 �g of DI-72(�) RNA
template.
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when heat-denatured, the dsRNA product became single stranded
(ssRNA in Fig. 7B, lane 5), and similar results were observed when
the samples were treated with S1 nuclease prior to heating and gel
analysis (Fig. 7B, lanes 7 and 8), supporting the double-stranded
nature of the faster-moving product.

To test if construct A could be converted to an active template,
we introduced SL1-gPR sequence (construct A/gPR; Fig. 7A) or

SL1-gPR and SL2 sequences (construct A/gPR/SL2) into RII(�)-
SL-containing construct A at a 3= position. These new construct A
derivatives were able to serve as promoters in an in vitro replicase
assay based on an active TCV RdRp or the purified tombusvirus
replicase (Fig. 7C, lanes 5 to 7). In contrast, constructs A/gPR and
A/gPR/SL2 did not produce minus-strand RNA products when
mixed with construct B in the CFE replication assay (Fig. 7B, lanes

FIG 5 An efficient two-component RNA-based TBSV replicase assay. (A) Schematic representation of the RNA constructs used in the replicase assembly assay.
Construct A contains functional RII(�)-SL, while construct B carries a RSE-gPR element. Note that constructs A and B can form a 23-bp heteroduplex that holds
the two RNAs together as shown for the A�B construct. (B) Denaturing-PAGE analysis of the CFE-based replication assay. The in vitro reconstitution assay
contained yeast CFE, affinity-purified recombinant TBSV p33 and p92pol, and equal amounts of the indicated TBSV repRNA templates. After in vitro reconsti-
tution, the activity of the purified replicase preparations was tested using an RI/RIII(-) template. The full-length RNA product is depicted with an arrowhead on
the right. Note that the repRNAs (A) serve only as assembly factors in this assay.
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9 to 16), and only construct B was copied in these two-component
RNA systems. These data suggest that the RSE is an important
determinant of template copying by the replicase and that, for in
vitro replicase assembly in association with viral RNA, only an
RNA carrying a complete RSE-gPR is used in cis by the replicase as
a template for RNA synthesis.

The RII(�)-SL is needed for the assembly of the TBSV repli-
case in vitro. RII(�)-SL has been designated a template recruit-
ment element (17, 33); however, it is not known if this RNA ele-
ment is also required for the subsequent replicase assembly step.
To test this, we inactivated the recruitment function of RII(�)-SL
(via a C-to-G mutation in the critical C·C mismatch) (Fig. 1A)
(33) but also introduced a heterologous “recruitment element,”
namely, six RNA hairpins from bacteriophage MS2 that bind se-
lectively to the coat protein (CP) of MS2 (4, 20), to obtain con-
struct RII-G/C-M (Fig. 8A). We also tagged the TBSV p92 protein
with a monomer of MS2-CP (39), creating MS292 (Fig. 8A) in
order to promote binding of RII-G/C-M to the TBSV replicase via
the heterologous MS2-CP domain (Fig. 8A). This arrangement
was predicted to promote the viral RNA recruitment into replica-
tion by the binding of the MS2 hairpins in RII-G/C-M to the
MS2-CP part of the p92 fusion protein, MS292.

In vitro assembly of the TBSV replicase with purified recombi-
nant p33 and MS292 fusion protein (Fig. 8C) in the CFE assay
revealed that construct RII-G/C-M did not support replication
(Fig. 8B, lane 8). However, the in vitro RNA recruitment assay in
CFE showed that wt p33 and the MS292 fusion protein did recruit
RII-G/C-M RNA to the membrane �3-fold more efficiently than
did wt p33 and p92 (Fig. 8D, compare lane 9 with 8). Thus, we
conclude that the heterologous MS2-CP hairpins work with p33/
MS292 fusion proteins in template recruitment. Importantly, the
six MS2-CP hairpins did not hinder replication when inserted in
wt DI-72 (construct WM in Fig. 8A; Fig. 8B, lane 2), and the
hybrid MS292 was functional for replication (Fig. 8B, lane 6).

We also performed a second test with a dually MS2-CP-tagged
p33 [(MS2)233] in which the viral replication proteins were ex-
pressed in yeast (31) via coexpression of (MS2)233 fusion protein
and p92 only (in the absence of TBSV repRNA) (Fig. 9B). After
preparation of the CFE from this yeast, various RNA templates
were introduced and an in vitro replication assay was performed
(Fig. 9A). Although (MS2)233 was expressed at a lower level than
wt p33 in yeast (Fig. 9B), the CFE containing (MS2)233/p92 sup-
ported the replication of wt DI-72 plus-strand repRNA to levels
similar to those obtained with p33/p92 (Fig. 9A, compare lanes 4
and 1). The same CFEs also allowed replication of WM repRNA,
albeit at reduced levels (Fig. 9A, lanes 2 and 5) but did not support
the replication of RII-G/C-M repRNA (Fig. 9A, lanes 3 and 6). The
in vitro RNA recruitment experiments with CFE containing

FIG 6 RII(�)-SL and RSE-gPR sequences must be located in close proximity
during the assembly of the TBSV replicase. (A) Schematic representation of the
two-component RNA constructs used in the replicase assay. See further details

in Fig. 5A. (B) Denaturing-PAGE analysis of the CFE-based replication assay.
The in vitro reconstitution assay contained yeast CFE, affinity-purified recom-
binant TBSV p33 and p92pol, and equal amounts of the indicated TBSV
repRNA templates. Note that the repRNAs (A) serve as both assembly factors
and templates in this assay. The full-length RNA products are depicted with
arrowheads on the right. (C) Denaturing-PAGE analysis of the in vitro recon-
stituted TBSV replicase in the presence of mini-repRNAs. The replicase assem-
bly assay contained CFE, affinity-purified recombinant TBSV p33 and p92pol,
ATP/GTP, and equal amounts of TBSV repRNAs. After assembly and affinity
purification, the activity of the replicase preparations was tested on an RI/III(-)
RNA template in vitro. See further details in Fig. 2.
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(MS2)233/p92 revealed efficient recruitment of RII-G/C-M RNA
to the membrane (Fig. 9C, lane 12), suggesting that this step was
performed more efficiently by (MS2)233/p92 with RII-G/C-M
RNA than by p33/p92 with the wt DI-72 plus-strand repRNA (Fig.
9C, lane 2). From these data, we conclude that replacing the re-
cruitment function of RII(�)-SL with the heterologous MS2-CP
hairpins is sufficient for repRNA recruitment to the membrane
but not sufficient to promote the functional assembly of the TBSV
replicase. Thus, RII(�)-SL may have an additional essential func-
tion during the assembly of the TBSV replicase complex.

DISCUSSION
Role of UL-DL in replication assembly. The two critical cis-acting
elements, RII(�)-SL and RSE-gPR, are located �3 kb apart in the
TBSV genomic RNA. However, a long-distance base-pairing in-
teraction between UL-DL sequences brings RII(�)-SL and RSE-
gPR into close proximity (Fig. 2B) (44). We found that UL-DL
interaction is not necessary for the assembly of the TBSV replicase
in vitro, but it boosts the assembly �10-fold (Fig. 2). The UL-DL
interaction is not needed when RII(�)-SL and RSE-gPR are lo-
cated at nearby positions (see the “mini” template lacking UL-DL
in Fig. 3); therefore, it represents an unconventional type of en-
hancer element for replicase assembly (EERA) that does not di-
rectly interact with proteins.

The two-component system also confirmed the importance of
the UL-DL interaction and revealed that RII(�)-SL and RSE-gPR
could function when not covalently linked to each other. This
suggests that there is no processive tracking of components along
the RNA between RII(�)-SL and RSE-gPR during replicase as-
sembly. Nonetheless, the requirement for base pairing between
the two RNAs underscored the importance of proximity for these
two elements. In addition to general proximity, their relative ori-
entations and/or precise proximity also seems to be significant, as
base pairing between sites that were not similar in location relative
to the UL-DL interaction did not lead to functional replicase as-
sembly [Fig. 6, A(5=-29)�B]. Thus, the UL-DL interaction acts
indirectly to enhance the assembly process by optimally position-
ing RII(�)-SL and RSE-gPR relative to one another.

Dual role of RII(�)-SL during template recruitment and the
assembly of the viral replicase. Two of the most intriguing non-
template roles of the viral plus-strand RNA are its essential func-
tion for template recruitment and assembly of the viral replicase
complex (26, 32, 44). These functions are mediated by distinct
cis-acting elements in the viral plus-strand RNA. In tombusvi-
ruses, one of these elements is the internally located RII(�)-SL
(Fig. 1A), which binds to p33/p92 replication proteins via a C·C
mismatch present in an internal loop (14, 33). Template compe-
tition experiments using our CFE replication assay revealed that
RII(�)-SL, and particularly the C·C mismatch, is required for the
template to inhibit the replication of the full-length DI-72
repRNA in vitro (Fig. 4). In contrast, other important regions of

DI-72 plus-strand repRNA did not efficiently compete in the CFE-
based replication assay, suggesting the lack of contribution by
these sequences to viral RNA recruitment or direct binding to the
viral replicase. These observations are consistent with the model
that RII(�)-SL is an authentic RNA recruitment element that
determines if a particular RNA is selected or recruited for replica-
tion by the tombusvirus replicase.

However, neither this result nor previous data (26, 33, 44) have
precluded the possibility that, independent of template recruit-
ment, RII(�)-SL also plays a role in the assembly of the replicase
complex. These two activities are difficult to separate, since the
assembly of the replicase depends on the prior RNA recruitment
step. Consequently, in order to separate these two functions, we
utilized a heterologous recruitment approach based on the spe-
cific MS2-CP–MS2 RNA hairpin interaction (4, 20, 39) using chi-
meric RNAs and fusion proteins. This alternative recruitment
scheme was able to direct RNA templates to membranes; however,
no replicase assembly was observed (Fig. 8 and 9). This suggests
that the RII(�)-SL–p33/p92 interaction mediated by the C·C mis-
match is also critical for replicase assembly. Indeed, it is possible
that this interaction both tethers the template for protein-
mediated transport to membranes and, at the same time, estab-
lishes the foundation from which a replicase complex can assem-
ble. The requirement for this specific interaction may be related to
allosteric effects on p33/p92 that are important for subsequent
interactions and/or for precise positioning of these viral factors
relative to host factors, which facilitates complex formation. In-
deed, such a strategy of coupling the RNA-protein interaction
with template recruitment and replicase assembly would stream-
line these consecutive processes and potentially provide a fitness
benefit to the virus by minimizing unnecessary steps.

cis replication of the RNA template by the tombusvirus
replicase depends on the presence of RSE. The novel two-
component RNA system was used to confirm that the RSE-gPR
cis-acting sequence is also absolutely necessary for the assembly of
the viral replicase in vitro (Fig. 5 and 6). Surprisingly, however, this
system also revealed that only one of the two RNAs is used as a
template by the newly assembled and activated membrane-bound
replicase. Analysis of various modified template pairs indicated
that selection of an RNA for copying required the presence of the
RSE element in that template and that neither the promoter for
minus-strand synthesis, gPR, nor a longer version of it, gPR�SL2,
would suffice for this function (Fig. 7). This finding is in contrast
with the data obtained with the solubilized and purified tombus-
virus replicase or the related recombinant TCV RdRp, which effi-
ciently used RNAs carrying gPR or gPR�SL2 sequences at 3=-
terminal positions but lacking the RSE (Fig. 7). Indeed, this
solubilized replicase is not associated with viral RNA and thus is
able to encounter promoter sequences in the template RNAs
added to the reaction. Conversely, our data indicate that in de novo

FIG 7 cis replication of the template RNA carrying RSE-gPR in vitro. (A) Schematic representation of the two-component RNA constructs used in the replicase assay.
See further details in Fig. 5A. (B) Nondenaturing-PAGE analysis of the CFE-based replication assay. The in vitro reconstitution assay contained yeast CFE, affinity-
purified recombinant TBSV p33 and p92pol, and equal amounts of the indicated TBSV repRNA templates. Note that the repRNAs (A) serve as both assembly factors and
templates in this assay. The full-length ssRNA and dsRNA products are depicted with arrowheads on the right. Note that only construct B, carrying RSE-gPR, can produce
a complementary minus-strand RNA product in vitro, since ssRNA is visible only after denaturation of the dsRNA product. (C) Representative denaturing gel of
32P-labeled RNA products synthesized by TCV p88C RdRp (left) or the affinity-purified tombusvirus replicase preparation (right) in vitro in the presence of 1 �g of the
indicated RNA transcripts. ti, de novo-initiated terminal products (depicted by black arrowheads). The samples were treated with S1 nuclease to show the 3=-terminal
extension products (3=TEX), which change migration after treatment (35). Each experiment was repeated three times.
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replicase assembly, the nascent replicase may assemble with the
viral RNA in a manner that positions its active site in proximity to
the gPR, where minus-strand synthesis initiates. Our results also
suggest that the RSE, in cooperation with covalently linked gPR,
would be necessary for this to occur. Alternatively, it is possible
that the proper positioning of RII(�)-SL and RIV might define
the initiation site by the assembled replicase.

This type of tight coupling between replicase assembly/activa-
tion and template use could be limited to the pioneering round of
minus-strand synthesis, as initial copying of the template would
presumably dislodge any replicase or cofactor contacts involved in
replicase assembly that were not involved in the RNA synthesis

step. Nonetheless, this strategy would help to ensure that only
templates capable of assembling functional replicase would be
templates for replication. This and other cis-preferential replica-
tion strategies would be particularly beneficial at the early stage of
infections initiated at a low multiplicity of infection.

Summarizing template recruitment and replicase assembly.
Replication of a viral RNA requires the preceding processes of
template recruitment and replicase assembly. In TBSV, RII(�)-SL
interacts with p33/p92, which targets the RNA for replication by
shuttling it to membranes (Fig. 10). RII also likely directly con-
tributes to replicase complex assembly in a manner that is, at least
partially, linked to its p33/p92 binding activity. RSE-gPR forms

FIG 8 RII(�)-SL is required for in vitro assembly of the TBSV replicase. (A) Schematic representation of the RNA constructs used in the in vitro replication assay.
Constructs WM and RII-G/C-M contain six copies of the MS2-CP hairpin (green), which can specifically bind to MS2-CP. p92 was fused to MS2-CP (green) as
indicated. Constructs WRM and RII-G/C-RM contain six copies of the complementary MS2-CP hairpin sequence (red), which cannot bind to MS2-CP. The
predicted status of binding of the RNA constructs to p33/p92 or the MS2-CP fusion proteins is shown with plain arrows (positive binding) or arrows crossed with
red (no binding). (B) Denaturing-PAGE analysis of the CFE-based replication assay. The in vitro replication assay contained yeast CFE, affinity-purified
recombinant TBSV p33 and p92pol or the MS2-CP fusion p92 protein, and equal amounts of the indicated TBSV repRNA templates. The full-length products are
indicated with arrowheads on the right. Note that the repRNAs serve as both assembly factors and templates in this assay. (C) SDS-PAGE analysis of the
affinity-purified recombinant proteins. (D) Denaturing-PAGE analysis of the in vitro RNA recruitment assay. The assay contained CFE, affinity-purified
recombinant TBSV p33 and p92pol or the MS2-CP fusion p92 protein, and equal amounts of 32P-labeled TBSV repRNA templates. After the recruitment assay,
the membrane-associated P32-labeled repRNAs were quantified.

FIG 9 RNA templates containing the MS2-CP hairpins are efficiently recruited, but they are replication incompatible in vitro. (A) Denaturing-PAGE analysis of
the CFE-based replication assay. The in vitro replication assay contained CFE prepared from yeast coexpressing p33 and p92 or (MS2)233 fusion protein
(containing the dimeric CP of MS2) and p92, and equal amounts of the indicated TBSV repRNA templates. The full-length products are indicated with
arrowheads on the right. Note that the repRNAs serve as both assembly factors and templates in this assay. (B) Western blot analysis of p33, p92, and (MS2)233
fusion proteins in yeast CFE. (C) Denaturing-PAGE analysis of the in vitro RNA recruitment assay. The assay contained CFE (as in panel A) and equal amounts
of P32-labeled TBSV repRNA templates. After the recruitment assay, the membrane-associated P32-labeled repRNAs were quantified.
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part of the replicase assembly platform (Fig. 10) and binds to
eEF1A, which is a component of the replicase complex (11, 12).
RSE-gPR also specifies the template for minus-strand synthesis
and harbors the core promoter for initiation, gPR. UL-DL plays an
indirect role in replicase assembly by bringing RII(�)-SL and
RSE-gPR into proximity in the proper orientation. Collectively,
this diverse group of core RNA elements function jointly to me-
diate efficient replicase complex assembly.
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