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Tomato bushy stunt virus (TBSV), a tombusvirus with a nonsegmented, plus-stranded RNA genome, codes
for two essential replicase proteins. The sequence of one of the replicase proteins, namely p33, overlaps with
the N-terminal domain of p92, which contains the signature motifs of RNA-dependent RNA polymerases
(RdRps) in its nonoverlapping C-terminal portion. In this work, we demonstrate that both replicase proteins
bind to RNA in vitro based on gel mobility shift and surface plasmon resonance measurements. We also show
evidence that the binding of p33 to single-stranded RNA (ssRNA) is stronger than binding to double-stranded
RNA (dsRNA), ssDNA, or dsDNA in vitro. Competition experiments with sSRNA revealed that p33 binds to a
TBSV-derived sequence with higher affinity than to other nonviral ssSRNA sequences. Additional studies
revealed that p33 could bind to RNA in a cooperative manner. Using deletion derivatives of the Escherichia
coli-expressed recombinant proteins in gel mobility shift and Northwestern assays, we demonstrate that p33
and the overlapping domain of p92, based on its sequence identity with p33, contain an arginine- and
proline-rich RNA-binding motif (termed RPR, which has the sequence RPRRRP). This motif is highly con-
served among tombusviruses and related carmoviruses, and it is similar to the arginine-rich motif present in the Tat
trans-activator protein of human immunodeficiency virus type 1. We also find that the nonoverlapping C-terminal
domain of p92 contains additional RNA-binding regions. Interestingly, the location of one of the RNA-binding

domains in p92 is similar to the RNA-binding domain of the NS5B RdRp protein of hepatitis C virus.

Viral-coded replicase proteins are essential for replication of
tombusviruses, similar to other positive-strand RNA viruses
(20, 32, 45). Tomato bushy stunt virus (TBSV), the prototyp-
ical tombusvirus, codes for p33 and p92 replicase proteins
(reviewed in reference 43), which are essential for TBSV rep-
lication (32, 45). Based on the presence of the signature motifs
for RNA-dependent RNA polymerase (RdRp) within the C-
terminal portion of p92, the predicted function of the p92 is to
synthesize viral RNA progenies (29, 45). The function(s) of
p33 in TBSV replication is currently unknown.

An interesting feature of tombusviruses is that the larger
replicase protein is expressed from the genomic RNA via a
ribosomal readthrough mechanism of the p33 termination
codon (43, 45). Due to the expression strategy, the N-terminal
portion of p92 overlaps with p33. Both p33 and p92 have been
proposed to be part of the TBSV replication complexes (45).
Accordingly, Western blot analysis of the partially purified
TBSV RdRp preparation revealed the presence of both p33
and p92 in the transcriptionally active RdRp fractions (J.
Pogany and P. D. Nagy, unpublished data).

Both replicase proteins are localized to membranous struc-
tures in infected cells—the putative sites of tombusvirus rep-
lication (8, 45). The membrane localization domains in the
replicase proteins are present within the N-terminal overlap-
ping domain (41, 42). Based on their essential roles in tom-
busvirus RNA replication, it is possible that both tombusvirus
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replicase proteins can bind to the viral RNA in infected cells.
For example, the viral genomic RNA must be recruited to the
viral replicase complex after translation (1, 6, 7). In addition,
the viral replicase complex, which likely contains both viral-
and host-coded proteins, must synthesize a complementary
(minus-strand) RNA on the genomic (+) RNA. This is fol-
lowed by robust plus-strand RNA synthesis utilizing the minus-
strand intermediates (19). Tombusviruses also synthesize sub-
genomic RNAs for the expression of their 3'-proximal genes
(43). In addition, tombusviruses are frequently associated with
defective interfering (DI) RNAs that are generated from the
genomic RNA by multiple deletions (reviewed in reference
52). Synthesis (i.e., replication) of all these RNAs requires
both replicase proteins in vivo (8, 32, 45). Accordingly, a re-
cently developed in vitro assay based on partially purified
RdRp from tombusvirus-infected cells was used to demon-
strate that the TBSV RdRp could synthesize cCRNA on both
plus- and minus-stranded TBSV templates (28). Further stud-
ies confirmed that the tombusvirus RdRp (obtained for either
TBSV or the closely related cucumber necrosis virus) could
bind to TBSV RNA in vitro and recognize cis-acting se-
quences, such as the genomic and complementary promoters
(33, 34) and a replication enhancer (35), which leads to RNA
transcription in vitro.

To gain insights into the functions of the tombusvirus rep-
licase proteins, we tested their abilities to bind RNA in vitro,
and we report the results in this paper. We demonstrated that
both p33 and p92 of TBSV could bind to TBSV-derived RNA
sequences in vitro. Gel mobility shift assays performed with a
series of truncated recombinant p33 purified from Escherichia
coli revealed that an arginine- and proline-rich motif (termed
RPR motif), which is conserved among tombusviruses, is crit-
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TABLE 1. List of primers used for PCR to generate expression

constructs
. Nucleotide
Primer L Sequence
positions
3 169-186  GAGACCATCAAGAGAATG
4 1056-1039  CT(A/T)TTTGACACCCAGGGA
5 2622-2605 TC(A/C)AGCTACGGCGGAGTCGG
6 1057-1075 GGAGGCCTAGTACGTCTAC

10 1056-1039
11 2622-2605
48 616-632

49 1477-1493
50 2016-2002

GCAGTCTAGACTATTTGACACCCAGGGA
GCAGTCTAGATCAAGCTACGGCGGAGTC
GAGGAATTCTACGCTACCCTACCTAG
GAGGAATTCGTCTCCGAGAGGGATAG
GAGTCTAGATCAAATCCCCAGATGACG

75 706-723 GAGGAATTCTGTCTGGTGGTTGAGCCG

76 796-813 GAGGAATTCACTGGGCGCCCTCGTCGA

77 952-969 GAGGAATTCGATGTCATATTGCCTTTG

78 871-888 GAGTCTAGACTATCTATTCTCTGGACTGTT
79 1381-1399  GAGGAATTCGCCCACCGACTTGGGTATG

92 973-990 GAGTCTAGACTAGACAAAACAGCATCCAAT
93 1306-1323 GAGGAATTCACTCCACAACCTACCAAA

139 1624-1641
183 667-678
184 727-738
383 820-837
385 1537-1554
664 2059-2076
665 2209-2226
777 1357-1371

GAGTCTAGACTAAACAGCTTTCATCAGCTT
GAGGAATTCGCACGAGCACACATGGAG
GAGTCTAGACTATTTACCCTTAAGTTCCCT
GAGGAATTCTATGCGGCAAAGATCGCA
GAGTCTAGACTAAGGTGCTGGGTCACCCTT
GAGTCTAGACTAATTCCTGCGTTCGACAAT
GAGTCTAGACTAGTTTCGAACCATCTTCCA
GCGGGCTAGCGCTGCAGCGGTTTGTGAG
AAGG
GCGGGCTAGCAGCCGCAGCTCCAAAGGCTCC
TTTG
GCGGGCTAGCGCTGCAGCCGTGGAGAGTCTGC
GCGGGCTAGCAGCCGCAGCCGCACCGCTGTAG
TATG
GCGGGCTAGCGCTGCCTTGACTACCTTCGTAA
GCGGGCTAGCCGCGGAGACAGGTGTGATAT
GCGGGCTAGCGCTGCGGTGATTCAGCCTCGAA
GCGGGCTAGCAGCCGCAGCAGACGTCGATATC
TTCT
GCGGGCTAGCGCTGCGTACAATGTGGAACTTG
GCGGGCTAGCGGCCTGAATCACCCGAGGTG
GCGGGCTAGCATGGAATCCAAGCTGA

778 1319-1335

779 1450-1465
780 1412-1428

781 1498-1513
782 1466-1482
783 1558-1573
784 1520-1536

785 1582-1597
786 1550-1566
787 1615-1630

“ Position on the TBSV genomic RNA.

ical for efficient RNA binding. The corresponding region in the
overlapping domain of p92 may also bind to RNA, although
this has not been confirmed. The lack of confirmation is be-
cause we also found that p92 had additional RNA-binding
domains within its nonoverlapping C-terminal region; there-
fore, mutations within the RPR motif in p92 did not abolish
RNA binding. Overall, these experiments supply direct evi-
dence that both TBSV replicase proteins bind to viral RNA,
and this feature might be important for the functions of these
proteins during tombusvirus infection.

MATERIALS AND METHODS

Construction of expression plasmids. The full-length TBSV c¢cDNA clone
(T-100; generous gift of Andy White [16a]) was used to amplify the p33 open
reading frame (ORF) using primers 3 and 4 (Table 1). The PCR product was
kinased, digested with Xmnl, and cloned into a protein expression vector pMAL-
¢2X (NEB) to generate expression construct p33 (Fig. 1 and Table 2). Construct
p33 contains the in-frame fusion of the maltose-binding protein (MBP) and the
p33 ORF. To express the p92 ORF, we used a mutant TBSV clone (pHS-175;
supplied by H. Scholthof [45]), which had the amber (UAG) termination codon
replaced by a tyrosine codon at the end of the p33 ORF. The mutated p92 gene
was amplified via PCR using primers 3 and 5 (Table 1) and template pHS-175.
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The obtained PCR product was cloned into pMAL-c2x to generate construct p92
(Fig. 1 and Table 2) as described for construct p33 above. A similar strategy was
used to generate construct p92C (Fig. 1) by PCR using T-100 template (16a) and
primers 6 and 11 (Table 1), except that we applied Xbal for digestion of the PCR
product. All other deletion constructs of p33 and p92 (see Fig. 7 and 8) were
generated by the method described for p33, with the exception that the obtained
PCR products were digested with EcoRI and Xbal for cloning (Table 2). The
primers used to generate the expression plasmids are listed in Table 1.

The expression construct N (Fig. 7) was generated by digestion of construct
p33 with EcoNI, followed by religation. Constructs R1, R2, and R4 (Fig. 8) were
generated by digesting the p92C clone with HindIII, BstBI-HindIIl, and EcoNI-
Hindlll, respectively, followed by religation.

Constructs R15 to R22 (Fig. 8B) were generated using alanine-serine scanning
mutagenesis via two separate PCRs for each construct carried out with the R6
template. One PCR product represented sequences that coded for the N-termi-
nal portion of R6, while the other PCR product coded for the C-terminal portion
of the R6 protein. The obtained PCR products (the primer pairs used for PCR
are shown in Table 2 for R15 to R22) were digested with Nkel, and the appro-
priate PCR products representing the modified N- and C-terminal portions of R6
were ligated together, and then reamplified by PCR. The PCR products were
then digested with EcoRI and Xbal before being cloned into pMAL-c2X.

Purification of p33 and p92 proteins and their derivatives from E. coli. The
expression and purification of the recombinant TBSV proteins were carried out
as described earlier for the TCV p88 replicase protein (38). Briefly, individual
expression plasmids (see above) were transformed into Epicurion BL21-Codon-
Plus (DE3)-RIL (Stratagene). The overnight cultures from the transformed
bacterial cells were diluted to 1:100 in rich growth medium (10 g of tryptone, 5 g
of yeast extract, 5 g of NaCl) containing 0.2% glucose and 100 g of ampicillin
per ml and grown at 37°C until the optical density reached 0.6 to 0.8. Protein
expression was then induced at 14°C with 0.3 mM IPTG (isopropyl-B-p-thioga-
lactopyranoside) for 8 to 10 h. The induced cells were harvested at 4,000 X g at
4°C for 10 min, resuspended in ice-cold column buffer (10 mM Tris-HCI [pH 7.4],
1 mM EDTA, 25 mM NaCl, 10 mM B-mercaptoethanol), sonicated on ice to
disrupt the cells, and centrifuged at 9, 000 X g for 30 min at 4°C. The supernatant
was added to equilibrated amylose resin column (New England Biosciences),
washed thoroughly with 20 volumes of column buffer, and eluted with 10 mM
maltose in column buffer. All protein purification steps were carried out in a cold
room. The purified recombinant proteins were analyzed in sodium dodecyl sul-
fate-10% polyacrylamide gel electrophoresis (SDS-PAGE) for their purity. The
cleavage of MBP/p33 protein was carried out using factor Xa protease (New
England Biosciences) as recommended by the manufacturer (1 pg of factor Xa
was applied for 50 pg of MBP/p33). To measure the amount of purified recom-
binant proteins, we used the Bio-Rad protein assay, which is based on the
Bradford method.

Preparation of RNA templates. The DNA template representing the 82-bp
region IIT of DI-72 RNA of TBSV was generated by PCR using DI-72XP as a
template (51). The primers used were 253 (5'-TTGGAAATTCTCCTTAGCG
AGTAAGACAGACTC-3") and 23 (5'-GTAATACGACTCACTATAGGGAC
CCAACAAGAGTAACCTG-3'). The PCR template also included the T7 pro-
moter to facilitate synthesis of RNA probes. Both labeled and unlabeled RNAs
for gel mobility shift and competition experiments were prepared in vitro using
T7 RNA polymerase, as described previously (26, 27). The labeled RNA probes
were obtained using [**P]JUTP in the T7 transcription reaction (28), followed by
removal of free nucleotides using P-30 micro Bio-Spin columns (Bio-Rad). Tem-
plate DNA was removed by DNase I, followed by purification of the RNA
transcript with phenol-chloroform extraction and 95% ethanol precipitation. The
pellet was washed with 70% ethanol to remove residual salts. The RNA tran-
scripts were quantified by UV spectrophotometry (Beckman), followed by either
1% agarose or 5% PAGE (28).

For competition experiments (see Fig. 3), we used unlabeled minus-stranded
region IIT of DI-72 RNA. The dsRNA competitor was generated via annealing
of the positive and negative strands of region III RNA. The dsDNA competitor
was the PCR-amplified region III DNA fragment, while the ssDNA competitor
was an artificially synthesized 51-bp oligo DNA (5'-CCC-AGACCCTCCAGCC
AAAGGGTAAATGGGAAAGCCCCCCGTCCGAGGAGG-3'). RNA con-
structs AU and GC (Fig. 4) were obtained from Chi-Ping Cheng (10).

Gel mobility shift assay. Approximately 1 wM protein was incubated with 5 ng
of radioactively labeled minus-stranded region III RNA probe (see above) in a
binding buffer (50 mM Tris-HCI [pH 8.2], 10 mM MgCl, 1 mM EDTA, 10%
glycerol, 200 ng of yeast tRNA [Sigma], and 2 U of RNase inhibitor [Ambion])
at 25°C for 30 min (38). After the binding reaction, the samples were analyzed by
either 4% nondenaturing PAGE performed at 200 V or 1% agarose gel elec-
trophoresis run at 100 V in Tris-borate-EDTA buffer in a cold room (38). The
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FIG. 1. RNA binding by the recombinant p33 and p92 replicase proteins of TBSV in vitro. (A) Schematic representation of the expression
strategy of the replicase genes in TBSV. The plus-strand genomic RNA is used in the infected cells to produce the replicase proteins p33 and p92
(wavy lines above the boxes represent the individual replicase proteins expressed from the TBSV RNA). p92 is translated via ribosomal
readthrough of the stop codon at the end of the p33 ORF. An artificial deletion derivative of p92, termed p92C, was also generated to produce
the unique, nonoverlapping portion of p92 protein, which contains the signature motifs of RNA-dependent RNA polymerases. The other genes
shown in black boxes are expressed from subgenomic RNAs (43). (B) SDS-PAGE analysis of purified recombinant TBSV replicase proteins from
E. coli. The p33, p92 (the stop codon at the end of p33 was modified to a tyrosine codon to ensure the production of full-length p92; reference
45), and the truncated p92C genes were cloned into pMAL-c2X and expressed as C-terminal fusion proteins with the MBP. The fusion proteins
were purified using amylose resin affinity chromatography and analyzed in an SDS-10% polyacrylamide gel. Lane MW shows molecular weight
markers (in thousands) on the left, while the other lanes contain samples purified from E. coli: lane 2, MBP/lacZ fusion protein; lane 3, MBP/p33;
lane 4, MBP/p92C; lane 5, MBP/p92. (C) A gel mobility shift assay showing interactions between the recombinant TBSV replicase proteins and
TBSV RNA. The 82-nt **P-labeled minus-stranded region III RNA was separately incubated with bovine serum albumin and one of the
recombinant proteins (1 wM) as shown, in a binding buffer at 25°C for 30 min and then analyzed in 4% nondenaturing polyacrylamide gel. The
unbound, free RNA probe and the shifted (bound) RNA-protein complexes are marked on the right. (D) Mobility of the recombinant MBP/p33
and the p33 (after cleavage with factor Xa) in the absence of RNA probe in a 1% agarose gel. The electrophoresis was performed under the same
conditions as in panels E and F. The proteins were stained with Coomassie brilliant blue. (E and F) Comparison of the RNA-binding abilities of
two recombinant p33 preparations, which were either fused with MBP or cleaved off the MBP. The gel mobility shift assays were performed as
in panel C, except that increasing amounts of MBP/p33 (0.03, 0.06, 0.13, 0.27, 0.65, 1.3, and 2.6 .M protein per lane) or recombinant p33 (cleaved)
(0.03, 0.06, 0.13, 0.25, 0.50, 1.0, and 2.0 uM total protein per lane) were applied. The samples were analyzed using 1% agarose gel electrophoresis
run at 100 V in a cold room. Note that the faint band located between the fully shifted (top) and free (bottom) RNA bands (marked with *) in
panel F was not consistently detectable when we repeated these experiments.

gels were dried, exposed and analyzed in a phosphorimager, and quantified using imental binding curves were statistically fit to data using a Microsoft Excel
ImageQuant version 1.2 (Amersham). For competition experiments, unlabeled spreadsheet.
competitors (applied in molar excess as indicated in Fig. 3 and 4) were added Northwestern assay. Approximately equal amounts (~2 pg) of recombinant

simultaneously with the labeled RNA probe to the binding reaction. The exper- proteins were run in an SDS-10% PAGE and then transferred to polyvinylidene
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TABLE 2. List of primers and templates used for PCR to generate
expression constructs

Construct Primers” Template
p92 3/5 pHS175
p33 3/4 T-100
Cl 48/10 p33
C2 183/10 p33
c3 75/10 p33
C4 76/10 p33
cs 383/10 p33
C6 77/10 p33
c7 183/92 p33
C8 48/78 p33
C9 48/184 p33
C10 75/78 p33
Cl11 76/78 p33
C12 383/78 p33
p92C 6/11 p92C
R3 6/50 p92C
RS 93/385 p92C
R6 93/139 p92C
R7 79/139 p92C
RS 79/385 p92C
R9 79/50 p92C
R10 49/50 p92C
R11 49/11 p92C
R12 661/664 p92C
R13 661/665 p92C
R14 661/11 p92C
R15 93/778, 777/139 R6
R16 93/780, 779/139 R6
R17 93/782, 781/139 R6
R18 93/784, 783/139 R6
R19 93/786, 785/139 R6
R20 93/784, 787/139 R6
R21 93/782, 785/139 R6
R22 93/782, 787/139 R6

“ Two separate PCRs, performed with two primer pairs, were used to generate
several constructs, as described in Materials and Methods.

difluoride (PVDF) membranes (47). The membranes were renatured at room
temperature in a renaturation buffer (10 mM Tris-Hcl [pH 7.5], 1 mM EDTA, 50
mM NaCl, 0.1% Triton X-100, and 1X Denhardt’s reagent [44]) with three
changes of buffer for 20 min each. The membranes were probed with *?P-labeled
RNA (minus-stranded region III; see above) for 1 h, washed three times with the
renaturation buffer, air dried, and analyzed using a phosphorimager.
Biosensor analysis. The surface plasmon resonance (SPR) experiments were
carried out using BIACORE X (Biacore, Inc., Piscataway, N.J.) at 25°C as
recommended by the manufacturer. Briefly, the running buffer (10 mM HEPES
[pH 7.4], 150 mM NaCl, 3 mM EDTA, 0.05% surfactant P-20) was filtered and
degassed every time before use. An SA sensor chip (Biacore) was used to
immobilize a 20-mer RNA from the 3’ end of gTBSV RNA with a biotin label at
the 5’ end (5'-UGUAACGUCUUUACGUCGGG-3'; Dharmacon, Inc.). The
surface of the chip was first preconditioned with three 1-min pulses of 50 mM
NaOH in 1 M NaCl. Flow cell 1 (Fcl) was used to immobilize 440 resonance
units (RU) of RNA, while flow cell 2 (Fc2) was kept as a control surface to
account for nonspecific binding and bulk refractive index changes upon injection
of protein samples as suggested by the manufacturer. The recombinant protein
samples were diluted with running buffer to 1 pM final concentration before
injection. The interactions between RNA and the recombinant proteins were
analyzed in real time through a sensogram (Fig. 2), in which the RUs were
plotted as a function of time. One RU is equivalent to a change in adsorbed mass of
1 pg/mm? of the sensor surface (BIA Applications Handbook; Biacore). All the data
shown in Fig. 2 were corrected based on data obtained from the control (Fc2).

RESULTS

Expression, purification, and RNA binding by recombinant
p33 and p92 replicase proteins. In order to obtain sufficient
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amounts of soluble TBSV p33 and p92 proteins (Fig. 1A) for
biochemical studies, we overexpressed them in E. coli as mal-
tose-binding fusion proteins. This expression strategy allowed
for affinity-based purification of the recombinant p33 and p92
proteins, as shown in Fig. 1B. Standard gel mobility shift ex-
periments with a *?P-labeled RNA probe, representing the
82-nt TBSV replication enhancer, termed region III(-) (35; this
probe was used in all the experiments unless stated otherwise),
demonstrated that both the recombinant p33 and p92 could
bind to RNA efficiently (Fig. 1C). In contrast, comparable
amounts of bovine serum albumin and the full-length MBP
alone (expressed and purified under the same conditions as the
recombinant p33 and p92 proteins) did not bind to the RNA
probe efficiently (Fig. 1C), thus ruling out the possibility that
MBP or any contaminating proteins from E. coli contribute to
RNA-binding activity. Interestingly, the N-terminally trun-
cated version of p92 that included the entire unique sequence
of p92 (termed p92C; Fig. 1A) also bound to RNA efficiently
(Fig. 1C, lane p92C). This observation suggests that p92 con-
tains a minimum of two RNA-binding regions—one in the
overlapping region and another in the unique region (see be-
low). Since p33 and p92 have a common RNA-binding region
within the overlapping sequence, we used mostly the recombi-
nant p33 in the experiments below (unless stated otherwise).

To test whether the presence of the N-terminal MBP fusion
might affect the ability of p33 to bind to RNA and/or affect the
migration of the RNA-protein complex in the gel, we com-
pared a purified recombinant p33 preparation, which had the
MBP cleaved off by protease factor Xa (sample p33 [cleaved],
Fig. 1D), with the uncleaved recombinant MBP/p33 fusion
protein preparation (sample MBP/p33, Fig. 1D) in a gel mo-
bility shift assay (Fig. 1E and F). We found that the overall
efficiencies of RNA binding by the recombinant p33 and MBP/
p33 fusion protein were similar (Fig. 1E and F), thus suggest-
ing that the MBP fusion does not alter the ability of p33—and
likely p92—to bind to RNA. Also, the mobility of the RNA-
protein complex was the same for the two preparations (Fig.
1E and F). Therefore, we used the maltose-binding fusion
proteins in the following experiments.

To corroborate the results obtained from gel mobility shift
analysis, we carried out SPR measurements with a Biacore
biosensor as described in Materials and Methods. Briefly, the
SPR provides data about real-time protein-RNA interactions
(11a) by measuring the change in refractive index that takes
place between the immobilized RNA and the protein that is
being passed in an aqueous buffer over the surface of the chip.
The refractive index of the medium changes near the chip
surface due to change in mass resulting from RNA-protein
interaction (11a). For this study, we fixed a 20-nt-long 5'-
biotinylated TBSV RNA, which includes the minimal genomic
(i.e., minus-strand initiation) promoter (34) to the surface of a
streptavidin-coated chip. The recombinant p33, p92, p92C, and
MBP proteins diluted with running buffer were passed sepa-
rately over the immobilized RNA (Fig. 2). These experiments
confirmed that p33 (Fig. 2A), p92 (Fig. 2B), and p92C (Fig.
2C) could bind efficiently and stably to the RNA, while MBP
(Fig. 2D) could not. Detailed kinetic measurements on p33/
p92 and RNA interactions will be published elsewhere.

Preferential binding of recombinant p33 to single-stranded
RNA. To test whether the recombinant p33 could bind only to
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FIG. 2. SPR analysis of interactions between the TBSV RNA and the recombinant replicase proteins. SPR analysis was carried out using
BIACORE X (Biacore), as described in Materials and Methods. A 5'-biotinylated 20-nt RNA derived from the 3’ end of TBSV RNA (the minimal
TBSV genomic promoter [34]) was immobilized (440 RU) onto a streptavidin-coated sensor chip. The purified recombinant proteins (1 uM) in
a binding buffer were passed over the RNA-coated surface of the chip, and the change in mass due to interaction between RNA and protein that
altered the refractive index of the medium was recorded in real time in a sensogram. The time allowed for association and dissociation phases was
180 and 200 to 260 s, respectively, in each protein-RNA interaction assay. Interactions between the target RNA and p33, p92C, p92 (all three were
tested as MBP fusion proteins), and MBP are shown in panels A, B, C, and D, respectively. The sensogram data were corrected for nonspecific
binding based on data obtained using a control surface (shown as the baseline), which was free of RNA. Note that the RU were not normalized;
therefore, they should not be compared directly for proteins of different molecular mass. The small positive response in the MBP test (in panel
D) is likely due to loose, nonspecific binding, which was subsequently washed out with the buffer—as is evident from the curve reaching the baseline

rapidly during the washing step.

single-stranded RNA or to other nucleic acids as well, we used
various nucleic acids in template competition experiments,
which were evaluated by using gel mobility shift assay. Briefly,
the same amounts of **P-labeled region II1(-) RNA probe and
purified recombinant p33 were used in the presence of increas-
ing amounts of unlabeled competitors, such as single-stranded
RNA (ssRNA), double-stranded RNA (dsRNA), ssDNA, and
dsDNA (Fig. 3). All these sequences were derived from the
same region of the TBSV genome (minus- or double-stranded
region III). These experiments demonstrated that the ssSRNA
was the best competitor in binding to p33, while ssDNA com-
peted moderately well (Fig. 3B). In contrast, dsSRNA and
dsDNA templates were poor competitors under the experi-
mental conditions used. Overall, the data suggest that p33 is a
single-stranded nucleic acid-binding protein with the highest
preference toward ssRNA.

We also tested if the recombinant p33 could preferentially
bind to a TBSV-derived ssSRNA sequence by using four differ-
ent but comparably sized ssSRNAs in competition experiments

as shown in Fig. 4. One competitor was region III(-) [named
DI-RIII(-); Fig. 4A], while the other three RNAs were nonvi-
ral. One of these competitor ssRNAs consisted of an AU-rich
sequence (named AU; Fig. 4A) and another consisted of a
GC-rich (named GC; Fig. 4A) artificial sequence (10), while
the fourth RNA was tRNA. Comparison of the abilities of
these RNAs to compete with the *?P-labeled ssRNA probe in
binding to p33 based on the gel mobility shift experiments
revealed that the region III(-) was by far the best competitor
among the ssRNAs (Fig. 4B and C). The artificial AU-rich
RNA was a moderately good competitor, while the artificial
GC-rich RNA and the tRNA were poor competitors (Fig. 4B
and C). These experiments suggest that p33 preferably binds to
the TBSV-derived sequence and, at a lower efficiency, to an
AU-rich sequence. Note that the artificial AU and GC com-
petitor RNAs have double- versus single-stranded regions that
are comparable in length to those present in DI-RIII(-) (Fig.
4A). Thus, increased binding by p33 to DI-RIII(-) is likely due
to the favorable sequence and structure of region III(-).
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FIG. 3. Preferential binding of the recombinant p33 to ssRNA.
(A) A 1 pM concentration of purified recombinant p33 was incubated
with 32P-labeled ssRNA probe, representing the 82-nt minus-stranded
region III in the absence or presence of increasing amounts (in 4-, 16-,
or 64-fold excess) of unlabeled competitors (as shown at the top of the
figure). The experiments were repeated twice. (B) Graphical repre-
sentation of data obtained in panel A. The extent of competition was
quantified as the percentage of displaced labeled RNA probe from the
bound complex (indicated on the right in panel A) using a phosphor-
imager and ImageQuant software (version 1.2).

Cooperative binding of p33 to ssRNA. In order to charac-
terize the binding behavior of p33 to TBSV RNA, we incu-
bated progressively increasing amounts of recombinant p33
proteins in the presence of a *?P-labeled probe followed by gel
mobility shift assay. In the presence of a small amount of p33
(Fig. 5A), the RNA probe was found mostly in unbound form,
while increasing the amount of p33 in the binding reaction
resulted in rapid transition of the RNA probe to bound form
(samples on right side in Fig. 5A). The absence of intermedi-
ately shifted bands, resulting from limited binding of the probe
by p33 between the completely bound and the free probe in the
gel (Fig. 5A), suggests that most of the RNAs are either coated
with p33 or are not bound to p33 at all—depending on the
amount of protein present in the RNA-binding reactions. The
Hill coefficient of 1.8 for RNA-binding by p33 also supports the
supposition that p33 binds to RNA in a cooperative manner
(Fig. 5A). Interestingly, when we used a truncated p33 con-
taining only a 60-amino-acid segment of p33 that includes the
RNA-binding domain (construct C10, Fig. 5B), then we still
observed cooperative RNA binding by this truncated p33, as is
clearly evident from the rapid transition from the totally free to
completely bound state of probe RNA with a marginal rise in
protein concentration (Fig. 5B).
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The ability of the truncated p33 to bind cooperatively to
RNA was surprising (because of the small size of the protein);
therefore, we also used the three-membrane sandwich method
as described by Pata et al. (36) to confirm the above finding.
Briefly, the first polysulfone membrane, which has low affinity
to both RNA and protein, was expected to retain only large
RNA-protein complexes (36). The second nitrocellulose mem-
brane can bind to small protein-RNA complexes (i.e., those
that have not been retarded on the first membrane), while the
third, positively charged membrane retains all unbound RNA.
Increasing amounts of C10 protein were added to the same
amount of RNA probe, as described in Fig. 6. Aliquots of the
binding reactions were filtered through the three-membrane
sandwich, followed by detection of the retarded >?P-label on
each membrane (Fig. 6). These experiments demonstrated that
the RNA probe was retarded as part of a large complex in the
presence of elevated amounts of C10 proteins (see membrane
1, Fig. 6), while the formation of small RNA-protein complex
was relatively inefficient (Fig. 6, membrane 2). Overall, the
shown data are most consistent with the model of cooperative
RNA binding, which predicts that most of the RNA is present
in a coated form (seen as a large complex) when a sufficient
amount of the truncated p33 is present in the binding reaction.
The goal of future experiments will be to analyze the structure
of the p33-RNA complex.

Mapping the RNA-binding site in p33. In order to identify
the RNA-binding domain in p33 and in the corresponding
region of p92, we made a series of 13 overlapping constructs
with various truncations within the p33 gene (Fig. 7A). The
truncated p33 proteins were overexpressed in E. coli, followed
by affinity purification of the proteins as MBP fusions (see
above) and SDS-PAGE analysis (Fig. 7B). The ability of the
obtained truncated p33 proteins to bind to the *?P-labeled
probe was tested in gel mobility shift experiments (Fig. 7C).
These experiments revealed that the C-terminal segment of
p33 contains an RNA-binding domain (Fig. 7C, lane C1), while
the N-terminal segment does not bind to RNA under the in
vitro conditions (Fig. 7C, lane N). Further testing of C-termi-
nally nested segments of p33 indicated that the central portion
of the C-terminal region harbors the RNA-binding domain
(Fig. 7C, compare lanes C2 through C4 versus C5 and C6).
This was further supported by the observation that deletions of
the C-terminal 20 to 56 amino acids in p33 did not affect
RNA-binding (Fig. 7C, lanes C7 and C8). Deletion of 103
amino acids from the C terminus, however, abolished RNA
binding (Fig. 7C, lane C9). Deletions starting from both the N
and C termini confirmed that the shortest p33 derivative that
still bound to RNA was 30 amino acids long and covered the
central portion of the C-terminal region (Fig. 7C, lane C11).
Deletion of an 8-amino-acid portion of construct C11—which
has the sequence TGRPRRRP—completely abolished RNA
binding (Fig. 7C, lane C12). Indeed, all the p33 derivatives that
carried the above arginine- and proline-rich motif bound to the
RNA probe efficiently, while those lacking this domain did not
bind to the RNA probe (Fig. 7C). Based on these data, we
propose that the arginine- and proline-rich motif, which we call
the RPR-motif, might be the primary RNA-binding site in p33
and p92.

To confirm that the RNA binding by the truncated p33
derivatives is an inherent feature of these proteins and not due
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FIG. 4. Testing binding preference of the recombinant p33 to RNA. (A) Predicted secondary structures of the competitor RNAs, including the
82-nt minus-stranded region III of TBSV [DI-RIII(-)] and the similarly sized artificial AU and GC templates (10). Note that the double- versus
single-stranded regions are comparable in length in these competitor RNAs. (B) Unlabeled competitor RNAs at increasing amounts (in 10-, 100-,
or 200-fold excess) were added to the mixture containing the labeled probe (82-nt minus-stranded region III; Fig. 1B) and 1 wM purified
recombinant p33 and the bound complexes were analyzed in gel mobility shift assay. The tRNA was from yeast. (C) Graphical representation of
data obtained in panel B. The quantification of the experiment was done as described in the legend to Fig. 3. The experiments were repeated twice.



VoL. 77, 2003

A

EFS p33
33
56 4
S s A ””ﬁ”ﬁ‘ﬂﬁ ]bound
1
875
=
5
850
Z
25
%01 01 10 10.0
conc. of p33 (UM)
§ 20 -
3 15
. 7
*
g /
3 2o 05 o500 05 1fo
2 10
5 15
é" 20
Togiconc. of p33 (M1 -
B

g_? c10
8o _—-4
i W e Y *‘% w @

0.100 1.000
conc. of C10 (uM)

2.5

10.000

20

(IR 4
KEZ
1
*
s

log[%bound/(100-%bound)
N,
°

15 - 0.5 g 50/0 0.5
. * -1.0 4

1-5

log[conc. of C10 (uM)]

RNA-BINDING DOMAINS IN TBSV REPLICASE PROTEINS 9251

membranes
#1 #2 #3

conc. of
C10 (uM)

!

0.05 e

0.10 e

0.20

0.40

0.60

0.80

1.20

1.50

2.00

3.00

4.00

SEREREEE

5.00

FIG. 6. Three-membrane sandwich experiments to demonstrate
cooperative RNA binding by a truncated recombinant p33. The puri-
fied recombinant C10 protein (Fig. 7; the applied amount is shown on
the left side) was incubated with **P-labeled region ITI(-) RNA probe
for 30 min at 25°C, followed by filtering the reaction products through
a three-membrane sandwich (36) in a slot blot apparatus. The mem-
branes were then washed twice with (300 wl) binding buffer, air dried,
and analyzed using a phosphorimager. The membranes were used in
the following order: polysulfone on the top (column 1), nitrocellulose
in the middle (column 2), and Hybond N+ on the bottom (column 3).
Note that the unbound label at the highest protein concentration likely
represents labeled ribonucleotides (which, in spite of a purification
step, are still present in the RNA probe as a carryover from the
labeling reaction) that were unbound were to protein C10.

to the presence of a contaminating protein from E. coli, we
analyzed the RNA-binding ability of a selected group of short-
deletion mutants of p33 in a Northwestern assay (Fig. 7D).
Briefly, the full-length p33 and four of the purified recombi-

FIG. 5. Cooperative RNA binding by the full-length and truncated
recombinant p33. (A) Increasing molar concentrations of p33 were
incubated with *?P-labeled probe [region III(-); Fig. 1B], and the
RNA-protein complex was resolved in a gel mobility shift assay. The
middle panel shows the semi-log plot of the percentage of RNA bound
versus molar concentration of p33 determined by using a phosphorim-
ager. The bottom panel shows a Hill plot of the experimental data
obtained from the binding assay (top of panel A). To deduce the Hill
coefficient, we used the points that correspond to the middle of the
curve in the semi-log graph (as cooperativeness is negligible at the
extremes). (B) The gel mobility shift assay was performed with a
truncated recombinant p33, termed C10 (Fig. 7), which contained only
a 60-amino-acid-long region, including the RNA binding site in the
recombinant p33. The middle and bottom graphs were prepared as
described for panel A above.
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nant p33 derivatives, C9, C10, C11, and C12 (Fig. 7A), were
subjected to SDS-PAGE, followed by blotting to a PVDF
membrane. This was followed by probing the membrane with a
32P-labeled RNA probe as described in Materials and Meth-
ods. Importantly, we could detect the protein-RNA complex by
autoradiography in the portion of the membranes that con-
tained proteins p33 (WT), C10, and Cl11, but we could not
detect RNA-protein complex in the case of C9 and C12 (Fig.
7D, panel Northwestern). Therefore, the Northwestern analy-
sis confirmed the results obtained in the above gel mobility
shift experiments, those being that the RPR motif is the core
region in RNA binding in p33.

Mapping additional RNA-binding sites in p92. In order to
identify the RNA-binding domains present in the unique seg-
ment of p92 (Fig. 1A, p92C), we used a series of deletion
derivatives of p92C that were overexpressed and purified from
E. coli. Surprisingly, many of the expressed truncated p92C
proteins were unstable in E. coli, thereby preventing us from
generating large enough numbers of p92C derivatives that
could have been useful to pinpoint the RNA-binding sites
precisely (data not shown). To this end, we were able to obtain
14 truncated p92C proteins in large enough amounts suitable
for biochemical assays (Fig. 8A). Nested truncations of 82 to
133 amino acids from the C terminus of p92C resulted in
reduced RNA binding, thus suggesting that this portion of
p92C contributes to RNA binding, although the residual RNA
binding by these proteins was still significant (Fig. 8C, lanes R1
and R2). Deletion of 434 amino acids from the C-terminal end
of p92C abolished RNA binding (Fig. 8C, lane R4). The p92C
derivatives carrying segments from the central portion of the
protein were found to bind to RNA (Fig. 8C, lanes R5 through
R11). In contrast, p92C derivatives, which lacked the above
central segment and the C-terminal segment, did not bind
efficiently to RNA (Fig. 8C, lanes R12 and R13). Interestingly,
protein R14, which contained the 303-amino-acid C-terminal
segment of p92C, bound to RNA—though with reduced effi-
ciency when compared to p92C (Fig. 8C, lane R14). Overall,
analysis of RNA binding by the above deletion series of p92C
revealed that two segments of p92C are involved in RNA
binding: the central segment (represented by R6 and R7) and
the very C-terminal segment (~131 amino acids). These two
segments can bind to the RNA independently of each other,
although each shows somewhat reduced efficiency when com-
pared to p92C.

To further delineate the ~108-amino-acid-long central
RNA-binding site in p92C, we separately introduced five clus-
ters of five to seven alanine and serine mutations into construct
R6 (Fig. 8A), as shown schematically in Fig. 8B. We targeted
short regions that contained clusters of positively charged

RNA-BINDING DOMAINS IN TBSV REPLICASE PROTEINS 9253

amino acids, such as arginine, lysine, and histidine (Fig. 8B,
lanes R15 through R19). Surprisingly, all these mutated pro-
teins retained their abilities to bind to RNA (Fig. 8C, lanes
R15 through R19), suggesting that either (i) the selected
amino acids are not involved in RNA binding or (ii) several
amino acids, possibly located at different parts of the central
segment of the p92C protein, are brought together by protein
folding to form an RNA-binding groove—as is the case for
other viral RdRps (5, 16). Therefore, it is possible that the
cluster mutagenesis approach was not effective since it did not
modify all the important amino acids at once. Therefore, we
decided to introduce 27- to 45-amino-acid deletions into con-
struct R6 as shown schematically for constructs R20 through
R22 (Fig. 8B). These deletion derivatives bound to RNA
poorly (especially protein R22—but compare lanes R20 and
R21 of Fig. 8C). Overall, this analysis suggests that an RNA-
binding region might be present within the 45-amino-acid-long
segment of the central region in p92. Since we had unexpected
difficulties in obtaining many other mutants (due to protein
stability problems during expression in E. coli; see above), we
could not further map the actual amino acids involved in RNA
binding for the central segment in p92C using this approach.

DISCUSSION

Binding of the replicase proteins to the viral RNA is pre-
dicted to be important during many steps of the viral infectious
cycle, including the recruitment of the viral RNA to the site of
replication, recognition of cis-acting elements during replica-
tion, cRNA synthesis, etc. (1, 6, 7, 19). To gain insights into the
replication process of tombusviruses, we have in this paper
characterized the ability of p33 and p92 replicase proteins
to bind to RNA. Although we found that binding of p33 to
ssSRNA was the strongest, sSDNA was also bound by p33 with
moderate efficiency (Fig. 3). In contrast, binding to dsSRNA or
dsDNA was poor, suggesting that p33 is a single-stranded nu-
cleic acid binding protein. Interestingly, the ability of p33 rep-
licase protein to bind single-stranded nucleic acids is similar to
other plant viral proteins, such as movement proteins and coat
proteins (2, 3, 11-13, 18, 22, 30, 31, 39, 40, 48). In spite of its
ability to bind to viral as well as nonviral RNAs, p33 showed
preference for the TBSV-derived sequence, which was the best
substrate among four different similar-sized ssRNA templates
(Fig. 4). An artificial AU-rich template was also bound by p33
moderately well. In contrast, a GC-rich RNA and tRNA bound
poorly to p33 (Fig. 4). Overall, the observed selectivity of p33
in RNA binding may not be enough for p33 (and possibly p92)
to bind to only TBSV-related RNAs in infected cells. It is

FIG. 7. Mapping the RNA-binding domain in the recombinant p33. (A) A schematic representation of the deletion derivatives of p33. The
names of the constructs and the positions of the amino acids present in the truncated proteins are shown on the right. These truncated p33 proteins
were expressed in E. coli as fusions to MBP (indicated schematically by a dotted box). The shaded boxes indicate the portions of p33 protein that
were present in given expression constructs. The horizontal lines represent the deletions. (B) SDS-PAGE analysis of the purified recombinant
proteins in a 10% polyacrylamide gel stained with Coomassie brilliant blue. The lane MW refers to molecular mass markers (in kilodaltons).
(C) RNA binding activities of the truncated p33 proteins. The labeled RNA probe and the gel mobility shift assay were as described in the legend
to Fig. 1B. Equimolar concentrations (2 wM) of proteins were used for the gel shift assay. (D) Northwestern analysis of selected truncated p33
proteins. The purified recombinant proteins (~2 pg) were run in SDS-10% PAGE as shown in the left panel, transferred to a PVDF membrane,
and then probed with a **P-labeled probe [region ITI(-); Fig. 1B]. The positions in the Northwestern blot, which represent a particular recombinant

protein, are marked with asterisks.
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possible that other factors, or a combination of factors, are
needed to achieve such levels of selectivity in template use.

Based on p33-RNA binding experiments, we propose that
that both p33 (Fig. 5) and p92 (data not shown) bind RNA in
a cooperative manner. Results (Fig. 5A) show typical “all or
none” behavior characteristic of cooperative binding (15, 24,
25). The RNA bound by the recombinant p33, which was either
fused to MBP (Fig. 5A) or was cleaved off the MBP domain
(Fig. 1F), stayed in the well, probably due to the large size of
the complex. In contrast, the p33 or p33 fused to MBP did
migrate into the gel in the absence of RNA, as shown in Fig.
1D. In addition, a 60-amino-acid-long truncated p33 (Fig. 7A,
protein C10) also bound to RNA in a cooperative manner (Fig.
5B). Indeed, detection of large complexes between the trun-
cated p33 and the RNA probe in the three-membrane sand-
wich assay (Fig. 6) is also consistent with cooperative RNA
binding by this truncated p33.

The proposed ability of p33 to bind RNA in a cooperative
manner suggests that, after the initial binding by the first p33 to
the RNA, subsequent binding of additional p33 molecules to
the same RNA is greatly facilitated not only by the stabilizing
effect coming from binding to the RNA but also by p33-p33
(protein-protein) interactions. This may lead to complete coat-
ing of the RNA with p33 molecules. In support of this model,
we found p33-p33 interactions in vitro (K. S. Rajendran and
P. D. Nagy, unpublished data).

Binding to RNA in a cooperative manner can be advanta-
geous for both the viral RNA and the replicase proteins, since
this may increase the stability of RNA-protein complexes in-
side the infected cells. Therefore, it is not surprising that many
viral proteins, including 2D of poliovirus, NS5B RdRp of hep-
atitis C virus (HCV) (50), viral coat proteins, and plant viral
movement proteins (2, 3, 11-13, 18, 22, 30, 31, 39, 40, 48), were
found to bind viral RNAs in a cooperative manner. The func-
tional significance of cooperative binding by p33 and p92 is
currently not known. It is possible that p33 can coat the viral
ssRNAs in infected cells, which may be beneficial during tem-
plate recruitment and/or replication. The p33-coated viral
RNAs may be more resistant to nucleases and less accessible to
host-mediated gene silencing than are free viral RNAs (49, 53).
Since cooperative binding depends on the amounts of replicase
proteins and viral RNAs present in the cells, it is likely that this
feature may be important for the function of p33, which is
20-fold more abundant than the p92 replicase protein in the
infected cells (45). The ability to bind cooperatively to RNA,
possibly in combination with p33, may also be important for
the function of p92 during replication. For example, coopera-
tive binding between p92 and p33 may facilitate recruitment of
the less abundant p92 proteins to the viral RNA in infected
cells. Alternatively, binding of p92 to the viral RNA templates
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in a cooperative manner may enhance its RdRp activity, as it
has been shown for the poliovirus 2D (RdRp) protein that
binds RNA cooperatively (17, 36). In addition, it has been
shown that the poliovirus 2D protein forms large complexes
that might be involved in virus replication (23).

Deletion analysis revealed that p33 has one high-affinity
RNA-binding site in its C-terminal region. This RNA-binding
region includes the RPR motif, which has been shown to be
essential for RNA binding (Fig. 7C, compare proteins C11 and
C12). Mutagenesis of the RPR motif in p33 has also revealed
that this domain is essential for the replication of a tombusvi-
rus and an associated DI RNA in vivo (35a). Mutations within
the RPR motif have affected subgenomic RNA synthesis as
well (35a). These observations demonstrate that the RPR mo-
tif plays a central role in viral RNA synthesis and metabolism.

The RPR motif is highly conserved among the replicase
proteins of tombusviruses and the related turnip crinkle virus
(TCV) (Fig. 9B). Accordingly, a recombinant TCV p88 pro-
tein, which is the RdRp protein similar to p92 of TBSV, con-
tains an RPR motif in its N-terminal portion and has been
shown to bind RNA efficiently in vitro (38). Moreover, the
RPR motif in TBSV is similar to the previously proposed
ARM motif (i.e., arginine-rich motif), which is present in sev-
eral viral- and host RNA-binding proteins (14), including the
trans-activator protein (Tat) of human immunodeficiency virus
type 1 (Fig. 9C) (4, 9). The structure of the ARM motif,
however, is rather different in several RNA-binding proteins.
Therefore, it is not known if the ARM motif functions similarly
in different proteins (14).

Protein analysis software predicts that the RPR motif in
TBSV p33 constitutes a hydrophilic pocket, and it is exposed to
solvent (Fig. 9A). This structural prediction is compatible with
the proposed function of the RPR motif in RNA binding. The
secondary structure analysis predicts that the RPR motif itself
has mainly turns (Fig. 9A), suggesting that this motif may take
stable conformation upon binding to RNA. Indeed, the ARM
motif in the human immunodeficiency virus type 1 Tat protein
(37, 46) constitutes flexible turns that can adopt two different
conformations upon binding to two different viral RNAs (46).

In addition to its role in p33 functions, the RPR motif is
likely functional in p92 as well, since its N-terminal sequence
(the so-called “overlapping domain”) is identical to p33. We
could not test this in vitro, however, since p92 has additional
RNA-binding sites—one in the central part (named the RBR2
region, located in the vicinity of the RdRp signature motifs;
Fig. 10A) and another in the C-terminal segment (named
RBR3; Fig. 10A), which can facilitate binding to RNA in the
absence of the RPR motif (Fig. 1B, construct p92C). Never-
theless, separate mutagenesis of the RPR motif in p33 and p92,
followed by testing virus replication in the protoplast, revealed

right. These truncated p92C proteins were expressed in E. coli as fusions to MBP (indicated schematically by a dotted box). The shaded boxes
indicate the portions of the p92C protein that were present in given expression constructs. The horizontal lines represent the deletions. (B)
Schematic representation of clustered alanine-serine scanning and deletion mutagenesis of a segment in p92C to map the RNA-binding site. The
alanine-serine scanning mutations were targeted at five different groups of basic amino acid clusters as shown. Expression constructs R20 to R22
were made by deleting two or more of the basic amino acid clusters as indicated by the straight lines. (C) RNA-binding activities of the truncated
recombinant p92C proteins were analyzed in a standard gel mobility shift assay (refer to the legend of Fig. 1B for details). Equimolar
concentrations of proteins (~2 wM) were used in the binding assay in the presence of a >*P-labeled RNA probe [region ITI(-); Fig. 1B]. The samples
containing particular recombinant proteins are indicated above the lanes, using the same numbering as in panels A and B above.
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FIG. 9. Primary and secondary structure analysis of the RNA-binding region in p33. (A) SEQWeb version 1.1 from GCG Wisconsin package
was used to predict the secondary structure, surface probability, and hydrophilicity of the RNA-binding region in p33. The arginine- and
proline-rich motif involved in RNA binding is boxed. (B) Sequence alignment of the arginine- and proline-rich motifs present in the p33-like
replicase proteins of different tombusviruses and the related proteins in carmoviruses. The conserved motif is boxed. The following abbreviations
were used: CNV, cucumber necrosis virus; AMCYV, Artichoke mottled crinkle virus; CIRV, Carnation Italian ringspot virus; CymRSV, Cymbidium
ringspot virus; CRSV, Carnation ringspot virus (a dianthovirus); TCV, turnip crinkle virus (a carmovirus); MNeSV, maize necrotic streak virus;
and HIV-1, human immunodeficiency virus type 1. (C) Alignment of the arginine- and proline-rich motif in TBSV p33 and arginine-rich motif in
HIV-1 Tat, which is involved in RNA binding (4, 9). The residues important for RNA binding in the Tat protein are underlined, while the
arginine-rich sequence is boxed.
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FIG. 10. Locations of the three RNA-binding regions in TBSV p92.
regions—RPR, RBR2, and RBR3—in p92. The N-terminal portion of p92, which overlaps with p33, is indicated as a dark box, while the unique
C-terminal segment is shown as a light box. The signature motifs of RdRps are marked with letters A through F (29). The names of the
RNA-binding regions are shown above the filled boxes. (B) Sequence alignment of the RBR2 region in TBSV and in other replicase proteins of
tombusviruses and related viruses as well as the RNA-binding region in NS5B of HCV. The RBR2 region in TBSV is indicated by a solid line above
the sequence, while the RNA-binding sequence in NS5B of HCV (5) is marked with a dotted line beneath the sequence. The conserved motif F
is boxed. The consensus (cons) sequence is also shown at the bottom. The abbreviations used for viruses are the same as in the legend to Fig. 9,

(A) Schematic representation of the three mapped RNA-binding

except that we also included Pothos latent virus (PoLV; Tombusviridae) and HCV.

that the RPR motif in p92 is essential for tombusvirus repli-
cation (35a). Therefore, based on (i) sequence identity be-
tween p33 and the overlapping domain of p92 and (ii) the in
vivo requirement of the wild-type RPR motif in p92 for tom-
busvirus replication, we propose that the RPR motif in p92 is
a functional RNA-binding site. However, the actual func-
tion(s) of the RPR motif in p92 will need further studies.
Sequence comparison of the central RBR2 RNA-binding
domain within the unique p92C segment of TBSV with other
tombusviruses and related viruses revealed that this 45-amino-
acid region contains several highly conserved amino acids, in-
cluding motif F (Fig. 10B). Interestingly, an RNA-binding re-
gion, which includes the motif F, has also been defined for the
NS5B RdRp protein of HCV (5), as shown in Fig. 10B. This
region has been shown for HCV RdRp to include some of the
basic amino acids that line up the RNA-binding groove and
bind to RNA template during viral replication (5). In addition,
the highly conserved arginine and isoleucine or leucine in mo-
tif F have been found to bind to ribonucleoside triphosphates
(rNTPs) (21). These observations suggest that this 45-amino-
acid-long region in TBSV p92 possesses the amino acids re-
sponsible for binding to both rNTPs as well as to the template
RNA. Based on its similarity in location to the RNA-binding
region in the HCV NS5B, the function of the RBR2 RNA-
binding region in p92 of TBSV may be to “channel” the RNA
template toward the active site in the RdRp. The significance
and possible function(s) of the C-terminal RBR3 RNA-

binding region in TBSV p92 is currently under further inves-
tigation.

In summary, our in vitro studies defined the RNA-binding
regions in p33 and p92 replicase proteins of TBSV, which likely
play a major role(s) in tombusvirus RNA replication and me-
tabolism. These results will open the way for future studies on
the functions of these proteins in particular and on tombusvi-
rus replication in general.
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