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Guanylyltransferases are members of the nucleotidyltransferase family and function in mRNA capping by
transferring GMP to the phosphate end of nascent RNAs. Although numerous guanylyltransferases have been
identified, studies which define the nature of the interaction between the capping enzymes of any origin and
their RNA substrates have been limited. Here, we have characterized the RNA-binding activity of VP3, a minor
protein component of the core of rotavirions that has been proposed to function as the viral guanylyltransferase
and to direct the capping of the 11 transcripts synthesized from the segmented double-stranded RNA (dsRNA)
genome of these viruses. Gel shift analysis performed with disrupted (open) virion-derived cores and virus-
specific RNA probes showed that VP3 has affinity for single-stranded RNA (ssRNA) but not for dsRNA. While
the ssRNA-binding activity of VP3 was found to be sequence independent, the protein does exhibit preferential
affinity for uncapped over capped RNA. Like the RNA-binding activity, RNA capping assays performed with
open cores indicates that the guanylyltransferase activity of VP3 is nonspecific and is able to cap RNAs
initiating with a G or an A residue. These data establish that all three rotavirus core proteins, VP1, the RNA
polymerase; VP2, the core capsid protein; and VP3, the guanylyltransferase, have affinity for RNA but that only
in the case of the RNA polymerase is the affinity sequence specific.

Rotaviruses, members of the family Reoviridae, are a signif-
icant cause of acute gastroenteritis in infants and young chil-
dren (13). The mature virion is made up of three concentric
layers (shells) of protein and contains a segmented double-
stranded RNA (dsRNA) genome (9). The innermost shell is a
T 5 1 icosahedron that is formed by 60 dimers of the RNA-
binding protein VP2 (2, 15). One copy each of the minor
structural proteins VP1 and VP3 is thought to be associated
with each of the pentamers of the VP2 shell. These three
proteins along with the viral genome make up the core of the
virion (15, 27). Incubation of virion-derived cores in hypotonic
buffer causes disruption of the VP2 shell and loss of the
dsRNA genome from the particle (4). While VP2 in such core
preparations (open cores) remains oligomeric, at least some of
the VP1 and VP3 dissociates from the disrupted VP2 shell and
becomes soluble (22). In contrast to intact cores, open cores
have replicase activity which can catalyze the synthesis of
dsRNA from viral mRNA in vitro (4). Double-shelled particles
consist of cores surrounded by 260 VP6 trimers and have
transcriptase activity which directs the synthesis of the capped,
but nonpolyadenylated, mRNAs (6, 12, 19, 26). Reconstitution
experiments have indicated that VP6 plays an essential but yet
undefined role in viral transcription (1, 29). The outermost
shell of the virion consists of the glycoprotein VP7 and the
spike protein VP4 (26).

Numerous findings have indicated that the minor core pro-
tein, VP1, is the viral RNA-dependent RNA polymerase and
functions as both the viral transcriptase and replicase. For
instance, sequence analysis has shown that VP1 contains motifs
that are shared among RNA-dependent RNA polymerases (7,
10, 21). Also, VP1 is known to bind nucleotides, and cross-

linking of the photoreactable nucleotide azido-ATP to VP1
inhibits transcription (33). Additional evidence that VP1 is the
viral RNA polymerase comes from gel shift assays which have
shown that the protein specifically binds to the 39 end of viral
mRNA (22) and from replicase assays which have shown that
this protein is a common component of rotavirus replication
intermediates (11) and of baculovirus-expressed virus-like par-
ticles that synthesize dsRNA (35). Reconstitution experiments
performed with purified recombinant protein have shown that,
although VP1 is the candidate RNA polymerase, the protein
requires the presence of VP2 for replicase activity (24). This
finding confirms earlier studies with rotavirus temperature-
sensitive mutants which indicated that VP2 is essential for
RNA replication (18).

Of all the core proteins, probably least is known about the
properties of VP3. VP3 is a component of early replication
intermediates, and it and VP1 seem to be the first two struc-
tural proteins to associate with viral mRNA during packaging
and RNA replication (11). Recent studies with virus-like par-
ticles have provided evidence that VP3 can bind to the N
terminus of VP2 (34), a region of the core shell protein to
which VP1 and single-stranded RNA (ssRNA) are also known
to bind (14) and that is required for RNA replication (24).
Studies by Sandino et al. (30) have indicated that VP3 is in
direct physical contact with VP6 in the virion and that this
interaction may be essential for transcription. Several studies
have provided evidence that VP3 is the viral guanylyltrans-
ferase and therefore is responsible for capping of viral mRNAs.
For example, VP3 contains sequence motifs that are shared
among guanylyltransferases (10, 21), and in the presence of
GTP, VP3 forms a reversible covalent adduct with GMP (16,
25). Of particular note, experiments by Pizarro et al. (25)
indicate that the guanylyltransferase activity of VP3 transfers
GMP from the VP3-GMP complex to the pyrophosphate
group of GDP, resulting in the formation of a GpppG cap.
Unlike the viral mRNA, the minus-strand RNA synthesized by
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rotaviruses is not capped but instead contains a 59-pyrophos-
phate group (12, 19).

Guanylyltransferases are evolutionarily conserved enzymes
that have common features with ATP-dependent DNA ligases,
RNA ligases, and other members of the nucleotidyltransferase
superfamily (8, 31, 32). Because, with a few exceptions, cellular
mRNAs and the mRNAs of both DNA and RNA viruses are
modified by capping enzymes, the conserved nature of guanyl-
yltransferases suggests that the RNA-binding activity of this
enzyme will display common characteristics regardless of ori-
gin. However, only the RNA-binding properties of the capping
enzyme of vaccinia virus have been investigated to date (17).
Here, we have characterized the RNA-binding activity of the
rotavirus guanylyltransferase by gel shift assay and have found
that the protein has affinity for ssRNA but not for dsRNA.
While the ssRNA-binding activity of VP3 is nonspecific, as is
also the case for the vaccinia virus guanylyltransferase (17), our
results indicate that the protein exhibits preferential affinity for
uncapped as opposed to capped ssRNA. Consistent with its
nonspecific RNA-binding activity, the 59 capping activity of
VP3 was also shown to be nonspecific and to cap RNAs that
initiate with either a G or an A residue.

MATERIALS AND METHODS

Preparation of open cores. DxRRV is a reassortant rotavirus that was gener-
ated by coinfection of MA104 cells with human D and rhesus RRV rotaviruses
(20). With the exception of the genome segment encoding VP7, all the other
segments of DxRRV originated from the RRV parent. DxRRV virus was prop-
agated in MA104 cells, and the infected cell lysates were treated with 12.5 mM
EDTA to remove the outer shell from the triple-shelled virions. The double-
shelled virus was pelleted by centrifugation for 2 h in a Beckman type 19 rotor
at 18,000 rpm, resuspended in Tris-buffered saline (TBS), and extracted with
trichlorotrifluoroethane. After being pelleted again, the virus was resuspended in
TBS, purified by twice banding on CsCl gradients, and dialyzed against TBS (23).
The concentration of the purified double-shelled virus was approximately 50 A260
U per ml. To prepare (VP6-free) open cores, the double-shelled virus was
diluted approximately 10-fold with TBS prior to addition of an equal volume of
2 M CaCl2 (4). To prepare VP6-open cores, the double-shelled virus was treated
with CaCl2 without prior dilution. Virus was incubated with CaCl2 for 90 min at
37°C with gentle rocking, and intact cores were recovered from the solution by
centrifugation for 2 min at 10,000 3 g in an Eppendorf centrifuge. Open cores
were prepared by resuspending the intact cores in LSB (2 mM Tris-HCl [pH 7.6],
0.5 mM EDTA, 0.5 mM dithiothreitol) and by dialysis against the same buffer.
The protein concentration given for the core preparations was determined by
coelectrophoresis with known amounts of bovine serum albumin and is expressed
relative to the amount of VP2 that was present. Typically, the concentration of
VP2 in the core preparations was 0.1 to 0.3 mg per ml.

35S-labeled open cores and VP6-open cores were prepared from DxRRV-
infected cells maintained in 85% methionine-free M199 medium containing 7
mCi of 35S-amino acids (35S-Express; 1,175 Ci/mmol) per ml.

Construction of transcription vectors. The T7 vectors SP72g8R40 (3),
SP65g8R (23), and pMJ5B6.4 (24) were constructed as described previously.
Following linearization with SacII and blunt ending with T4 DNA polymerase,
SP72g8R40, SP65g8R, and pMJ5B6.4 were transcribed with T7 RNA polymerase
to produce SP72-v3940 RNA, wild-type gene 8 RNA, and wild-type gene 6 RNA,
respectively. The vector SP72 was digested with SmaI, XhoI, NdeI, SspI, and
PvuII and treated with T4 DNA polymerase to produce nonviral RNAs of 48, 97,
184, 551, and 985 nucleotides (nt), respectively, by runoff transcription with T7
RNA polymerase.

To produce the T7 transcription vector, SP65g8 59-39SacII, residues 87 to 1057
in the gene 8 cDNA of SP65g8R were deleted by PCR with the Elongase
amplification system (Life Technologies). The reaction mixture contained the
negative-sense primer 59-aataaATTCTCCAAATGAGGATAGCA-39, the posi-
tive-sense primer 59-AATTTGAGGATGATGATGGCT-39, and the plasmid
SP65g8R and was amplified under the following conditions: 94°C for 1 min, 48°C
for 1 min, and 72°C for 2 min (40 cycles). (Virus-specific sequences in primers are
shown in uppercase.) The T7 transcription vector, SP65g8 GG44-86/39SacII,
contains the same internal deletion in the gene 8 cDNA that is present in SP65g8
59-39SacII (residues 87 to 1057) but also contains a deletion in the gene 8 cDNA
extending from residues 2 to 43. The amplification reaction used to generate
SP65g8 GG44-86/39SacII was the same as that used for SP65g8 59-39SacII except
that the negative-sense primer 59-AAAAGCAAGCTAGCTCAGCCATGGCC
TATAGTGAGTCGTATTA-39 and positive-sense primer 59-GCTATCCTCA
TTTGGAGAAttattAATTTGAGGATGATGATGGCT-39 were included in-
stead. PCR products were gel purified, self-ligated with T4 DNA ligase, and used
to transform competent Escherichia coli DH5a (28) Bacteria containing appro-

priate plasmids were selected on the basis of antibiotic resistance and digestion
with restriction enzymes. The expected nucleotide sequence of the insert in the
vectors was confirmed by dideoxynucleotide sequencing with appropriate oligo-
nucleotide primers and a Sequenase version 2.0 kit (Amersham). To produce g8
59-39SacII RNA and g8 59-39Eco47III RNA, SP65g8 59-39SacII was digested with
SacII and Eco47III, respectively, and treated with T4 DNA polymerase prior to
transcription. To produce g8 GG44-86/39 RNA, SP65g8 GG44-86/39SacII was
digested with SacII and treated with T4 DNA polymerase prior to transcription.

PCR was also used to produce the T3 transcription vector, pT7B/T3-60/SacII.
The amplification reaction contained the positive-sense primer, 59-caattaaccctc
actaaagggATTCGCTATCAATTTGAGGAT-39; the negative-sense primer, 59-
actcctgcattaggaagcagc-39; and the plasmid SP65g8R. (Underlined sequences in
primers represent the promoter for T3 RNA polymerase.) The PCR product was
gel purified and ligated into pT7Blue T vector (Novagen). The resulting con-
struct, pT7B/T3-60/SacII, was linearized with SacII, treated with T4 DNA poly-
merase, and used in T3 transcription reactions to synthesize the RNA probe,
v-3960. The sequence of the v-3960 RNA begins with three G residues followed
by the 39-terminal 60 residues of the SA11 gene 8 RNA. To produce the T3
vector, SP72/T3-0/EcoRV, the complementary oligonucleotides 59-agctcaattaac
cctcactaaagggattttgttgca-39 and 59-acaaatccctttagtgagggttaattg-39 were kinase
treated and annealed, forming a short DNA hybrid with HindIII and PstI cohe-
sive ends. T4 DNA ligase was used to insert the annealed primers between the
HindIII and PstI sites of SP72 (28). The resulting construct, SP72/T3-0/EcoRV,
was linearized with EcoRV and used in T3 transcription reactions to produce
nv-60, an RNA which initiates with three G residues and is followed by a 60-nt
sequence of nonviral origin.

In vitro synthesis of RNAs. T3 vectors were transcribed by using the Ambion
T3 MEGAscript transcription system, and T7 vectors were transcribed with
either the Ambion T7 MEGAscript transcription system (SP65g8R and
pMJ5B6.4) or the Ambion T7 MEGAshort transcription system (SP72g8R40,
SP65g8 59-39SacII, SP65g8 GG44-86/39SacII) (23). To synthesize 32P-labeled
RNA probes, the concentration of UTP in the reaction mixture was reduced to
one-fourth of the standard level recommended by the manufacturer and 2.5 mCi
of [a-32P]UTP (800 Ci/mmol) per ml was included. RNA products were recov-
ered from reaction mixtures by phenol-chloroform extraction and isopropanol
precipitation. The quality of the gene 6 and gene 8 RNAs was assessed by
electrophoresis on 5% polyacrylamide gels containing 7 M urea (23). 32P-labeled
RNA probes were purified by electrophoresis on 8% polyacrylamide gels con-
taining 6 M urea (22). RNA concentrations were calculated from optical densi-
ties at 260 nm.

Replicase assays. Except for minor differences, replication assays were per-
formed as described by Chen et al. (4). Reaction mixtures contained 50 mM
Tris-HCl (pH 7.2); 5 mM magnesium acetate; 5 mM dithiothreitol; 200 mM
(each) ATP, CTP, and GTP; 20 mM UTP; 10 mCi of [a-32P]UTP (800 Ci/mmol);
open cores or VP6-open cores representing 0.5 to 1.0 mg of VP2; and the
indicated amount of either gene 6 or gene 8 mRNA. After incubation for 3 h at
32°C, the reaction mixtures were analyzed by electrophoresis on 12% polyacryl-
amide gels containing sodium dodecyl sulfate (SDS–12% polyacrylamide gel
electrophoresis [PAGE]) (23), and the dsRNA products were detected by auto-
radiography and quantitated with a phosphorimager.

Gel shift assay. The procedure used for analysis of rotavirus RNA-protein
interactions by the gel shift assay was similar to that described earlier (22).
Typically, RNA-protein complexes were allowed to form by incubation of open
cores or VP6-open cores, containing 3.3 mg of VP2, with 1 to 10 pmol (24 to 250
ng) of 32P-labeled RNA probe for 1 h at 32°C. SA11 dsRNA, rabbit liver tRNA
(;110 nt), and luciferase RNA (2,650 nt; Promega Scientific) were included in
some reaction mixtures as cold competitor RNAs. SA11 dsRNA was prepared
from virions purified by double banding on CsCl gradients. Reaction mixtures
were resolved by electrophoresis for 3 to 4 h at 175 V on nondenaturing 8%
polyacrylamide gels containing 50 mM Tris-HCl, pH 9.1 (22). Protein-probe
complexes were identified on the gel by autoradiography, and the intensity of
radiolabeled bands was quantitated with a phosphorimager.

Preparation of rVP1. Sf9 cells were mock infected or infected with rBVg1, a
recombinant baculovirus containing the gene 1 cDNA of SA11 rotavirus (24). At
5 days postinfection, the cells were scraped into cold phosphate-buffered saline,
collected by low-speed centrifugation, washed twice with phosphate-buffered
saline, and then lysed by resuspension in LSB-DOC (LSB containing 1% sodium
deoxycholate and 500 ng each of aprotinin and leupeptin per ml). The lysates
were centrifuged at 2,000 3 g for 20 min, the supernatants were removed, and the
pellets were resuspended in LSB-DOC and dialyzed exhaustively against LSB.
Treatment of the pellets in this manner solubilized the material contained within
them. The pellet-containing extracts of the mock-infected and rBVg1-infected
cells were used in gel shift assays.

Labeling of VP3 of open cores with GTP. The method used for radiolabeling
of VP3 with GTP was a modification of the protocol described by Fukuhara et al.
(10). Open cores or VP6-open cores containing 2 to 6.6 mg of VP2 were incu-
bated with 100 mCi of [a-32P]GTP (800 Ci/mmol) and 5 mM MgCl2 in a final
volume of 30 ml for 30 min at 37°C. The reaction mixtures were resolved by
SDS–12% PAGE. Radiolabeled proteins were detected by autoradiography and
quantitated with a phosphorimager.

5* capping and decapping of RNAs. The guanylyltransferase activity associated
with open cores was used to cap the 59 ends of RNAs. To prepare capped and
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[32P]GMP-labeled SP72-v3940, 20 mg of VP6-open cores in LSB, 5 mM MgCl2,
400 mCi of [a-32P]GTP (800 Ci/mmol), and 2.5 mg of cold SP72-v3940 were
incubated in a final volume of 160 ml for 3 h at 37°C. The sample was depro-
teinized by phenol-chloroform extraction, and the [32P]GMP-labeled SP72-v3940
was purified by electrophoresis on and elution from a 7 M urea–8% polyacryl-
amide gel (22). Capping assay mixtures used for rotavirus gene 8 RNA and
influenza virus DI-PA RNA contained 1 mg of open cores, 5 mM MgCl2, 30 mCi
of [a-32P]GTP, and 0.3 mg of RNA and were incubated for 1 h at 37°C.

SP72-v3940 RNAs (10 ng) were treated to remove 59 cap structures by incu-
bation with 10 U of tobacco acid pyrophosphatase (Epicentre Technologies,
Madison, Wis.) in 50 mM sodium acetate (pH 6.0)–1 mM EDTA–0.1% b-mer-
captoethanol–0.01% Triton X-100 in a final volume of 20 ml for 1 h at 37°C. The
products were analyzed by SDS–14% PAGE.

RESULTS

RNA-protein interactions of open cores. Double-shelled
particles were obtained by treatment of purified triple-shelled
DxRRV virions with EDTA (Fig. 1, lane 5). Diluted or undi-
luted preparations of the double-shelled particles were incu-
bated with CaCl2 to disrupt the VP6 layer of protein, and the
single-layered core particles were recovered by centrifugation.
As shown by gel electrophoresis (Fig. 1, lane 3), exposure of
the diluted double-shelled particles to CaCl2 allowed the re-
covery of cores that were free of VP6. Identification of VP3 in
the core preparation was based on the ability of the protein to
form a radiolabeled VP3-GMP complex when incubated with

[32P]GTP (Fig. 1, lane 6) (25). Consistent with earlier reports
(4), dialysis of the intact core particles against hypotonic buffer
caused their disruption and generated open cores which had
replicase activity that catalyzed the synthesis of dsRNA from
viral mRNA in vitro (Fig. 2, lanes 2 and 3). Unlike treatment
of the diluted double-shelled particles, treatment of the undi-
luted double-shelled particles with CaCl2 led to an incomplete
disruption of the VP6 protein layer surrounding the cores (Fig.
1, lane 4). Under the conditions used in this study, the effi-
ciency of VP6 removal from the undiluted double-shelled par-
ticles was about 50%. Cores containing residual VP6, when
disrupted with hypotonic buffer (VP6-open cores), had high
levels of replicase activity, albeit levels that were two- to three-
fold lower than that found for VP6-free open cores (Fig. 2,
lanes 5 and 6). Despite the presence of VP6, in vitro analysis of
the VP6-open cores showed that they lacked transcriptase ac-
tivity (data not shown) and therefore did not contain residual
intact double-shelled particles.

The RNA-binding activity of the proteins in the open core
and VP6-open core preparations was evaluated by gel shift
assay according to previously published procedures (22). The
probe used in the assay, 32P-labeled SP72-v3940, was 72 nt long,
and the last 40 nt of the probe was identical in sequence to the
last 40 nt of the SA11 gene 8 mRNA. Electrophoresis of
reaction mixtures containing the probe and either open cores
or VP6-open cores revealed the presence of two prominent
bands representing probe-protein complexes (Fig. 3A, lanes 3
and 4); these complexes were designated as upper and lower
based on their migration in the nondenaturing polyacrylamide
gel. The fact that the gel shift assay did not reveal any signif-
icant differences in the types or levels of probe-protein com-

FIG. 1. Protein composition of open cores and VP6-open cores. Samples of
open cores (lanes 2 and 3), VP6-open cores (lane 4), and double-shelled particles
(lane 5), each containing 5 mg of VP2, were analyzed by SDS–12% PAGE
followed by staining with Coomassie blue. VP6 (4 mg) recovered from CaCl2-
treated double-shelled particles was resolved in lane 1. The cores that were
resolved in lane 2 were incubated with [a-32P]GTP prior to electrophoresis.
VP3-GMP complexes that formed in this sample were identified by autoradiog-
raphy (lane 6) and were used to confirm the position of VP3 in the gel.

FIG. 2. Replicase activity of open cores and VP6-open cores. The products
of replicase assays containing open cores (oc) or VP6-open cores (oc/VP6) and
no added mRNA (none) or 5 mg of gene 8 or 6 mRNA were resolved by
SDS–12% PAGE and detected by autoradiography. Background bands corre-
sponding to the 11 genome segments in core preparations are routinely seen in
assays performed with no exogenous RNA and are the products of an undefined
activity (4).
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plexes that were formed by the open cores and the VP6-open
cores suggested that VP6 neither bound the probe nor affected
the RNA-binding activity of the core proteins. As a direct test
of whether VP6 had RNA-binding activity, VP6 which was
eluted from double-shelled particles (Fig. 1, lane 1), was incu-
bated with 32P-labeled SP72-v3940. Analysis of this mixture by
electrophoresis on a nondenaturing gel revealed the presence
of only background levels of the upper and lower probe-pro-
tein complexes (Fig. 3A, lane 6), supporting the idea that VP6
lacks intrinsic RNA-binding activity. The trace levels of probe-
protein complexes formed by the VP6 preparation most likely
stem from contamination with small amounts of core proteins.

Specificity of RNA-protein interactions. To examine the
specificity of the RNA-protein interactions involved in the
formation of the upper and lower complexes, open cores and
VP6-open cores were incubated with 32P-labeled SP72-v3940
and various nonviral competitor RNAs under conditions where
the concentration ratio of the competitor RNA to probe was
high with respect to mass but low with respect to molarity.
When luciferase RNA and the probe were included in the
assay at a molar ratio of 0.2:1 and a mass ratio of 6:1, the
formation of the upper probe-protein complex was blocked
while little effect (,2-fold) was seen on the formation of the
lower probe-protein complex (Fig. 3A, lanes 2 and 5). Similar
results were seen when Xenopus elongation factor 1a RNA or
brome mosaic virus RNA was used in the assay instead of
luciferase RNA (data not shown). These results indicated that
the formation of the upper complex represented a nonspecific
interaction between the probe and protein.

To assess the reversibility of the RNA-protein interaction
that led to the formation of the upper probe-protein complex,
open cores were incubated with 32P-labeled SP72-v3940 for 30
min and then luciferase RNA was added and the incubation
was continued for 30 more min. Electrophoretic analysis
showed that, while upper-probe protein complex was present
in the reaction mixture before the addition of competitor
RNA, subsequent incubation with luciferase RNA resulted in
the loss of the complex (Fig. 3B, lane 4). Thus, the upper
complex represents a reversible interaction between the probe
and protein.

The nature of the RNA-protein interactions occurring be-
tween the core proteins and 32P-labeled SP72-v3940 was fur-
ther analyzed by including increasing concentrations of rabbit
liver tRNA in the gel shift assays. The results showed that even
when the concentration of tRNA was in both low molar (two-
fold) and mass (threefold) excess over probe, the formation of
the upper probe-protein complex was nearly completely inhib-
ited (.90%) (Fig. 4). In contrast, the formation of the lower
protein complex was only slightly affected (,20%) at this same
concentration of tRNA. When the concentration of tRNA in
the assay was increased to 20 or 200 molar (or 30 or 300 mass)
excess over probe, the level of upper probe-protein complex
detected was reduced by 20-fold or more while the level of
lower probe-protein complex detected was reduced by two- or
fivefold, respectively (Fig. 4). The extreme sensitivity of the
upper complex to loss by the addition of competitor RNAs
confirms that this complex is generated through a nonspecific
interaction between SP72-v3940 and a core protein. The fact
that, even in the presence of 200-fold molar excess competitor
tRNA, the formation of lower complex was reduced by only
fivefold indicates that this complex represents a specific inter-
action between SP72-v3940 and one of the core proteins.

In gel shift assays performed in parallel that contained VP6-
open cores; 32P-labeled SP72-v3940; and equal mass amounts
of luciferase RNA (2,650 nt), tRNA (110 nt), or poly(U)
(;3,000 nt), we noted a difference in the efficiency with which

FIG. 3. RNA-protein complexes formed by open cores and VP6-open cores.
(A) 32P-labeled SP72-v3940 (7.5 pmol, 0.17 mg) was incubated alone or with open
cores or VP6-open cores, each containing 3.3 mg of VP2, or with 2 mg of VP6
eluted from double-shelled particles with CaCl2. Some reaction mixtures also
included luciferase RNA (1.7 pmol, 1.0 mg). (B) 32P-labeled SP72-v3940 (7.5
pmol, 0.17 mg) was incubated alone (lane 1) or with VP6-open cores containing
3.3 mg of VP2 in the absence of competitor RNA for 60 min (lane 2) or 30 min
(lane 3) or in the presence of 1.7 mg of luciferase RNA for 60 min (lane 5). Lane
4 shows complexes formed when 32P-labeled SP72-v3940 was preincubated with
the VP6-open cores for 30 min and then, after addition of 1.7 mg of luciferase
RNA, the incubation was continued for another 30 min. Probe-protein com-
plexes were detected by electrophoresis on 8% polyacrylamide gels and by
autoradiography. ori, origin.
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these competitor RNAs would interfere with the formation of
the upper complex (data not shown). Because this phenome-
non raised the possibility that the size of the competitor RNA
might affect its ability to interfere with the formation of the
upper complex, open cores were incubated with 50 ng of 32P-
labeled SP72-v3940 and 50 ng of one of a set of competitor
RNAs ranging in size from 48 to 985 nt. As shown in Fig. 5, the
results of the gel shift assay indicated that, on a constant mass
basis, longer competitor RNAs (184, 551, and 985 nt) inter-
fered more efficiently with the formation of the upper complex
than did shorter competitor RNAs (48 and 97 nt). While the
reason for this is unclear, it is noteworthy that the size of the
competitor RNA had no influence on the formation of the
lower probe-protein complex.

Proteins binding to RNA. To identify the core proteins in-
volved in the formation of the upper and lower complexes,
35S-labeled open cores and VP6-open cores were prepared and
then incubated with 32P-labeled SP72-v3940. The upper and
lower probe-protein complexes in the reaction mixtures were
resolved by electrophoresis on a nondenaturing gel, and then
the 35S-labeled protein migrating at the position of the com-
plexes was recovered and identified by electrophoresis on an
SDS-polyacrylamide gel. For assays performed with 35S-la-
beled VP6-open cores, VP1 was detected in the lower complex
and VP3 and the trimer and monomer forms of VP6 were
detected in the upper complex (Fig. 6, left panel). VP3, but not
VP6, was present in the upper complex of gel shift assays
performed with 35S-labeled open cores (Fig. 6, right panel).
These results establish that VP3 has intrinsic RNA-binding
activity and furthermore show that, despite evidence for the
interaction of VP3 and VP6 in virions (30), VP6 is neither
required for nor affects the RNA-binding activity of VP3.

rVP1 produced with a baculovirus expression system was
used to verify that VP1 was responsible for the formation of
the lower complex (24). As shown in Fig. 7, gel shift assays
performed with a cell extract containing rVP1, 32P-labeled

SP72-v3940, and nonviral competitor RNA produced a probe-
protein complex that comigrated near the lower complex pro-
duced with open cores. When an extract from mock-infected
cells was used in the assay instead of the rVP1-containing
extract, the lower probe-protein complex was not detected,
showing that VP1 was required for its formation. When the

FIG. 5. Size of the competitor RNA and its impact on formation of the upper
protein-probe complex. 32P-labeled SP72-v3940 (50 ng) was incubated with open
cores and no competitor RNA or 50 ng of cold competitor RNAs of the indicated
size. The competitor RNAs were produced by runoff transcription of linearized
SP72. Upper and lower protein-probe complexes were resolved by electrophore-
sis, and the band intensities of the complexes detected on the gel were deter-
mined with a phosphorimager. The values were adjusted relative to 100% for the
assay which contained probe and open cores but no competitor RNA.

FIG. 4. Effect of competitor RNA on the interaction of core proteins with a viral 39-specific RNA probe. 32P-labeled SP72-v3940 (4.4 pmol, 0.1 mg) was incubated
with open cores and with the indicated amount of rabbit liver tRNA. The ratio of tRNA to probe in the reaction mixtures is expressed in terms of mass and moles.
(A) Probe-protein complexes were resolved by electrophoresis, and the lower and upper complexes were detected by autoradiography. (B) The intensity of the upper
and lower bands was determined with a phosphorimager, and the values were adjusted relative to 100% [probe bound (%)] for the reaction mixture containing no
competitor RNA. The percentage of probe bound was plotted versus the molar ratio of tRNA to probe in the reaction mixtures. ori, origin.

1386 PATTON AND CHEN J. VIROL.



rVP1-containing extract was incubated with 32P-labeled SP72-
v3940 but with no competitor RNA, electrophoresis of the
mixture produced a smear of probe on the gel (Fig. 7, lane 6).
This is probably due to the presence of cellular proteins in the
rVP1-containing extract which bound the probe nonspecifically
and thereby interfered with the formation or detection of the
lower complex.

Specificity of complexes formed with gene 8 5*-terminal se-
quences. Based on gel shift assays performed with the SP72-
v3940 probe and nonviral competitor RNAs, the possibility that
VP3 specifically recognized the 39-terminal 40 nt of the gene 8
mRNA was ruled out. However, this did not exclude the pos-
sibility that, in its role as a guanylyltransferase, VP3 might bind
specifically to the 59 end of the gene 8 mRNA. To address this
question, we generated 59-39SacII (142 nt), an RNA probe that
contains the entire 59 untranslated region (UTR), the first 40
nt of the open reading frame, and the entire 39 UTR of the
gene 8 mRNA (Fig. 8A). The 59-39SacII probe contains all the
cis-acting signals of the gene 8 mRNA that are necessary for
efficient replication by open cores in vitro (reference 23 and
data not shown). Two other probes containing 59 sequences of
the gene 8 mRNA were also produced (Fig. 8A): (i) 59-
39Eco47III (131 nt), a probe that lacks the last 12 nt of the
59-39SacII probe and is therefore replication incompetent (23);
and (ii) GG44-86/39 (100 nt), a probe that lacks the 59 UTR
sequence of the 59-39SacII probe.

To determine whether VP3 had specific affinity for probes
containing sequences found at the 59 end of viral mRNA,
VP6-open cores were incubated with 5 pmol of 32P-labeled
59-39SacII, 59-39Eco47III, or GG44-86/39. Analysis of the mix-
tures by gel shift assay showed that VP1 and VP3 interacted
with all three probes to form both the upper and the lower

complexes (Fig. 8B). Gel shift assays also showed that the
upper and lower complexes were formed with a probe that
contained the last 60 nt of the gene 8 mRNA (v-3960) and
another probe of 60 nt that was of nonviral origin (nv-60) (Fig.
8B). The fact that the upper complex was formed with the
nv-60 probe is consistent with the findings presented above
which indicated that VP3 has sequence-independent affinity
for RNA. The observation that the lower complex was also
generated with the nv-60 probe supports the conclusion of an
earlier study which indicated that VP1 not only has specific
RNA-binding activity but also has nonspecific RNA-binding
activity as well (22).

The specificity of the probe-protein interactions was further
assessed by incubating VP6-open cores with 5 pmol (0.1 to 0.2
mg) of the 59-39SacII, 59-39Eco47III, or GG44-86/39 probe and
1.7 pmol (1 mg) of luciferase RNA and then analyzing the
mixtures by gel shift assay. The results showed that low molar
concentrations of luciferase RNA blocked the formation of the
upper complex regardless of the probe used (Fig. 8B). Taken
together with results obtained with the 32P-labeled SP72-v3940
probe (Fig. 3A and 4), these data show that VP3 has nonspe-
cific RNA-binding activity and that the 59 and 39 ends of rota-
virus mRNA do not contain sequences that VP3 specifically
recognizes. Because of the lack of any nucleotide homology
within the open reading frames of the rotavirus genes, it is also
unlikely that there are specific recognition signals for VP3 in
the internal sequences of the viral mRNAs.

The presence of luciferase RNA in the gel shift assay had a
remarkably different effect on the formation of the VP1-probe

FIG. 6. Protein composition of the upper and lower probe-protein com-
plexes. 32P-labeled SP72-v3940 was incubated with 35S-labeled VP6-open cores
(ocs) (left) or open cores (right), and the mixtures were resolved by electro-
phoresis on a nondenaturing 8% polyacrylamide gel. The positions of upper and
lower complexes in the gel were identified by autoradiography, and portions of
the gel containing the complexes were cut out, soaked in sample buffer, and
loaded onto SDS–12% polyacrylamide gels. After electrophoresis, the 35S-la-
beled proteins were detected by fluorography (shown). The position of proteins
in the gel was determined by coelectrophoresis of 35S-labeled VP6-open cores.
To confirm the position of VP3, VP3-[32P]GMP complexes were formed by
coincubation of cold VP6-open cores and [a-32P]GTP prior to electrophoresis.

FIG. 7. Recombinant VP1 interacts with the viral 39-specific RNA probe to
form the lower complex. 32P-labeled SP72-v3940 (50 ng) was incubated alone or
with either a preparation of open cores, an extract from rBVg1-infected Sf9 cells
containing rVP1, or an extract from mock-infected Sf9 cells. Luciferase RNA
(0.5 mg) was included in some reaction mixtures. Probe-protein complexes were
resolved by electrophoresis and detected by autoradiography. ori, origin.
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complex than it did on the formation of the VP3-probe com-
plex (Fig. 8B). At the same molar (1:3) and mass (10:1 to 2)
ratios of luciferase RNA to probe which blocked the formation
of the VP3-probe complex, the formation of the VP1-probe
complex was minimally affected (,3-fold) even when the
probe was of nonviral origin (nv-60). To summarize, the data
show that both VP1 and VP3 have nonspecific RNA-binding
activity and thus form complexes with the nonviral probe, nv-
60. However, the data also indicate that the formation of the
upper complex is remarkably more sensitive to inhibition by
the presence of long competitor RNAs than is the formation of
the lower complex. A possible explanation of this phenomenon
is provided in the Discussion.

VP3 lacks affinity for dsRNA. To test whether VP3 had
affinity for dsRNA, open cores and 50 ng of 32P-labeled SP72-
v3940 were incubated alone or with 500 ng of luciferase RNA
or with 50, 250, or 1,250 ng of virion-derived dsRNA. The
reaction mixtures were then analyzed by electrophoresis to
resolve the VP3-probe and VP1-probe complexes (Fig. 9). The
results showed that, unlike in a parallel assay performed with

luciferase ssRNA, the presence of dsRNA did not interfere
with the formation of the upper complex even when on a mass
basis the competitor RNA exceeded the concentration of the
probe by 25-fold. These results indicate that VP3 does not have
affinity for dsRNA, a finding which is consistent with the idea
that the substrates for guanylyltransferases are nascent ssRNAs
and not dsRNAs. Interestingly, despite the fact that VP1 is the
viral polymerase and therefore must interact with the dsRNA
template during transcription, the interaction of VP1 with the
probe was not reduced by the presence of dsRNA in the re-
action mixture (Fig. 9). This indicates that, under these exper-
imental conditions, the viral RNA polymerase also does not
have affinity for the dsRNA template for transcription.

The capping activity of the guanylyltransferase is nonspe-
cific. The fact that VP3 was able to bind ssRNA nonspecifically
raised the question of whether the activity of the rotavirus
guanylyltransferase perhaps was also nonspecific and therefore
could cap nonrotaviral RNAs. We were able to address this
question because recent studies have shown that open cores
contain a guanylyltransferase activity which catalyzes the 59
capping of exogenous rotavirus mRNAs (3a). The conditions
used to assess the specificity of the capping activity were the
same that were used to covalently label VP3 with [32P]GTP
(Fig. 1, lane 6), except that the reaction mixture also contained
added ssRNA. The three different types of RNAs used in the
capping assay and their 59-terminal sequences were as follows:
(i) SP72-v3940, 59-GGGAGACCGG-39; (ii) rotavirus gene 8
mRNA, 59-GGCTTTTAAA-39; and (iii) influenza virus DI-PA
RNA, 59-AGTAGAAACA-39. As shown in Fig. 10A (lane 2)

FIG. 8. VP3 lacks specificity for the 59-terminal sequences of viral mRNA.
(A) The locations of sequences in RNA probes with respect to the wild-type gene
8 mRNA are indicated. The nonviral sequence UUAUU was used to link the 59
and 39 gene 8-specific sequences of the probes. ORF, open reading frame. (B)
Five picomoles of the RNA probes, g8 59-39SacII, g8 59-39Eco47III, g8 GG44-
86/39, v-3960, and nv-60, was incubated alone or with 3.3 mg of VP6-open cores
in the presence or absence of 1.7 pmol (1 mg) of luciferase RNA. The upper and
lower probe-protein complexes were resolved by electrophoresis and detected by
autoradiography. ori, origin.

FIG. 9. VP3 lacks affinity for the dsRNA genome. 32P-labeled SP72-v3940 (50
ng) was incubated alone or with open cores in the absence or presence of either
virion-derived dsRNA or luciferase RNA. The reaction mixtures were analyzed
by electrophoresis and autoradiography. A phosphorimager was used to quan-
titate the levels of VP3- and VP1-probe complexes, and the values were adjusted
relative to 100% for the reaction mixture containing probe and open cores but no
competitor RNA (lane 2). ori, origin.
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and 10B (lanes 3 and 4), all three RNAs became radiolabeled
when incubated with [32P]GTP in the capping assay. To verify
that it was a guanylyltransferase activity in the open core prep-
aration that was responsible for labeling of the RNAs, an
aliquot of the [32P]GMP-labeled SP72-v3940 was incubated
with tobacco alkaline pyrophosphatase, an enzyme known to
remove cap structures from RNA by hydrolysis of phosphodi-
ester bonds. As shown in Fig. 10A, lanes 1 and 2, this treatment
removed all label from the 32P-labeled RNA ([32P]GMP v3940
probe), thus establishing that the RNA was modified through
the addition of a 32P-guanine cap to its 59 terminus. In contrast,
pyrophosphatase treatment had no effect on SP72-v3940 ([32P]

UMP v3940 probe) that was labeled internally by synthesis in
the presence of [32P]UTP (Fig. 10A, lanes 3 and 4). The fact
that the guanylyltransferase capped not only the gene 8 mRNA
but also SP72-v3940 and the DI-PA RNA demonstrated that
the capping activity was nonspecific and could cap RNAs that
initiate with either of the purine nucleotides, G and A. These
data show that there is a direct correlation with the sequence-
independent RNA-binding activity observed for the rotavirus
guanylyltransferase, VP3, and the suspected capping activity of
the protein.

VP3 preferentially binds uncapped RNA. Because uncapped
nascent RNAs are the substrates for guanylyltransferases, we
tested whether VP3 differed in its binding activity for capped
and uncapped ssRNA. To perform this analysis, two different
pools of 32P-labeled SP72-v3940 were prepared. One pool,
[32P]UMP v3940, was not capped and was labeled internally by
synthesis in the presence of [32P]UTP (Fig. 10A, lane 4). The
other pool, [32P]GMP v3940, was capped and labeled by incu-
bating cold SP72-v3940 with open cores and [32P]GTP (Fig.
10A, lane 2). The probes were incubated with VP6-open cores,
and the probe-protein complexes were resolved by electro-
phoresis and detected by autoradiography (Fig. 11). The re-
sults showed that the upper and lower complexes were formed

FIG. 10. The guanylyltransferase activity of VP3 is nonspecific. SP72-v3940,
wild-type gene 8 mRNA, and PA-DI RNA were incubated with [32P]GTP and
open cores in a capping assay. (A) SP72-v3940 RNA ([32P]GMP probe) recov-
ered from the reaction was coelectrophoresed on an SDS–14% polyacrylamide
gel (lane 2) with 32P-labeled SP72-v3940 RNA ([32P]UMP probe) (lane 4) syn-
thesized by runoff transcription in the presence of [32P]UTP (lane 4). Portions of
the [32P]GMP and [32P]UMP probes were treated with tobacco acid pyrophos-
phatase (TAP) prior to electrophoresis (lanes 1 and 3). (B) The gene 8 (lane 3)
and PA-DI (lane 4) RNAs were recovered from capping assays by phenol-
chloroform extraction, resolved by electrophoresis on a polyacrylamide-urea gel,
and detected by autoradiography. 32P-labeled mRNAs made by transcriptionally
active double-shelled particles served as markers on the gel (lane 1) (6). Lane 2
shows the products of a capping assay performed in the absence of added RNA.

FIG. 11. VP3 preferentially binds uncapped RNA. Capped radiolabeled
probe was made by incubating SP72-v3940 with [32P]GTP and open cores
([32P]GMP probe). Noncapped radiolabeled probe was made by runoff transcrip-
tion of SP72-v3940 with [32P]UTP ([32P]UMP probe). Purified probes (0.12 mg)
were incubated with 3.3 mg of VP6-open cores in the presence or absence of 1 mg
of luciferase RNA. Probe-protein complexes were detected by electrophoresis
and autoradiography. ori, origin.
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with both the [32P]GMP v3940 and [32P]UMP v3940 probes.
Thus, VP3 and VP1 have RNA-binding activity for both
capped and uncapped RNAs. However, based on quantitation
of the amount of probe in the upper and lower complexes, VP3
was calculated to bind three to four times less capped probe
than uncapped probe per constant amount of VP1. Hence,
while VP3 has affinity for both capped and uncapped RNAs,
VP3 seems to have an affinity that is severalfold higher for
uncapped RNAs than for capped RNAs.

DISCUSSION

Gel shift assays were used in this study to characterize the
RNA-binding activity of proteins that are contained within the
core of the virion and that function as the viral RNA polymer-
ase (VP1) and the viral guanylyltransferase (VP3). Assays per-
formed with the virus-specific probe SP72-v3940 and nonviral
competitor RNAs showed that VP1 of open cores (Fig. 4) and
baculovirus-expressed rVP1 (Fig. 7) specifically recognize the
39 end of the gene 8 mRNA. It remains to be determined if the
recognition signal for VP1 includes the last 7 nt of the mRNA,
a sequence that is highly conserved and is required for synthe-
sis of minus-strand RNA (30). Gel shift assays performed with
the nonviral probe, nv-60, showed that VP1 also has nonspe-
cific affinity for RNA (Fig. 8B). The fact that VP1 has both
nonspecific and specific RNA-binding activity was previously
noted for this protein (22) and is an expected feature of RNA
polymerases, since they not only have to recognize a promoter
but also must move along a DNA or an RNA template during
RNA synthesis. In this study, we also found that viral dsRNA
does not competitively interfere with binding of VP1 to the
gene 8 39-specific probe, SP72-v3940, and thus VP1 does not
have affinity for dsRNA under the same buffer conditions (i.e.,
LSB) in which the protein binds to and replicates viral RNA
(Fig. 9) (23). The inability of VP1 to bind to dsRNA suggests
that, for the RNA polymerase to initiate transcription, the 59
end of the dsRNA template for mRNA synthesis must first
undergo denaturation by a helicase or unwindase.

We provide in this work the first direct evidence that VP3 is
an RNA-binding protein. Gel shift assays performed with open
cores showed that VP3 was able to bind to virus-specific probes
containing the 39 end or the 59 and 39 ends of the gene 8
mRNA (Fig. 4 and 8B). But the affinity of VP3 for these probes
was nonspecific, as the presence of even low amounts of non-
viral competitor RNA completely suppressed the formation of
VP3-probe complexes. The fact that VP3 also interacted with
nonviral probes to form VP3-probe complexes verifies that this
protein has nonspecific RNA binding activity (Fig. 8B). The
presence of viral dsRNA in gel shift assays did not interfere
with binding of VP3 to ssRNA probes (Fig. 9); thus, VP3 is like
VP1 in that it too apparently lacks affinity for the dsRNA
template for transcription. Perhaps this is not surprising, how-
ever, given that the substrate for the capping activities pro-
posed for VP3 is ssRNA and not dsRNA, and thus, enzymat-
ically, there is no known need for the protein to bind to
dsRNA.

Since only nonspecific RNA-binding activity was observed
for VP3, we tested whether the guanylyltransferase activity of
VP3 also lacked specificity. Indeed, this is the case, as guanyl-
yltransferase assays performed with open cores showed that
the enzyme could cap both rotaviral and influenza virus RNAs
and could cap RNAs initiating with a G or an A residue. Thus,
the RNA-binding activity observed for VP3 parallels the cap-
ping activity of the protein, in that both are nonspecific. The
nonspecific nature of the capping activity of VP3 is character-
istic of capping enzymes in general (5). Gel shift assays com-

paring capped and uncapped RNAs indicated that VP3 pref-
erentially binds uncapped RNA (Fig. 11). This implies that,
while VP3 may not recognize the 59-terminal sequence of the
RNA, it may recognize features of the 59 end that are associ-
ated with the presence or the absence of a cap structure, e.g.,
a 59-terminal g- or b-phosphate group.

In analyzing the nonspecific RNA-binding activity of VP3,
we unexpectedly found that longer competitor RNAs ($184
nt) interfered much more efficiently with the formation of
VP3-probe complexes than did shorter RNAs (#97 nt) (Fig.
5). We also found that if VP3-probe complexes were allowed to
form by incubation of open cores with 50 ng of 32P-labeled
SP72-v3940, and then 50 ng of a long competitor RNA (lucif-
erase RNA, 2,650 nt) was added, 30 min later it was not
possible to detect any VP3–SP72-v3940 complexes. This is re-
markable because the final mixture contained equal amounts
of the SP72-v3940 probe and the luciferase competitor RNA,
and thus, the level of VP3-probe complex detected after addi-
tion of the competitor would be predicted to be reduced by
50% and not by the observed 100%. Both of these findings
suggest that the interaction of VP3 with longer RNAs gener-
ates a VP3-RNA complex that is more “stable” than the com-
plex generated by the interaction of VP3 with shorter RNAs.
However, the fact that the RNA-binding activity of VP3 is
nonspecific makes it seem unlikely that the actual affinity of
VP3 for RNA would differ based on the length of the RNA.
Instead, we believe that the factor that accounts for the effect
that RNA length has on the stability of the VP3-RNA complex
is VP2, the major protein component present in the open core
preparations.

VP2 is an RNA-binding protein with nonspecific affinity for
both ssRNA and dsRNA (2, 14). The RNA-binding domain of
VP2 is located near the N terminus of the protein (14), as are
the binding domains for VP1 and VP3 (34). Since open core
preparations contain VP1, VP2, and VP3 but much of the VP1
and VP3 is soluble and not associated with the oligomeric VP2,
the affinity of VP1 and VP3 for VP2 would not seem to be
particularly strong (22). The model presented in Fig. 12 ex-
plains how the RNA-binding activities of VP2 and the affinity
of VP2 for VP3 would cause VP3 to more stably interact with
longer RNAs than with shorter RNAs. The model predicts that
when a short RNA (probe) is added to open cores, the short
RNA will interact with VP3 to form a VP3-short RNA com-
plex. The VP3-short RNA complex may interact with VP2

FIG. 12. Model for the effect that RNA size has on the formation of VP3-
probe complexes.
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oligomers but probably not stably because the presence of VP3
on the small RNA restricts the ability of VP2 to fully bind to
the RNA and/or the small size of the RNA allows only a very
limited number of molecules of the VP2 oligomer to bind to
the VP3-small RNA complex (Fig. 12A). In contrast, the
model predicts that, in the presence of long RNAs, a VP3-long
RNA complex will form and this complex will interact more
stably with the VP2 oligomer because the length of the RNA
allows it to interact simultaneously with a greater number of
RNA-binding sites on the VP2 oligomer (Fig. 12B). The sta-
bility of the VP3-long RNA-VP2 complex may be further en-
hanced by the affinity, albeit possibly weak, that VP3 has for
VP2. In summary, because the interaction of short probes with
VP3 is reversible (Fig. 3B), the addition of long competitive
RNAs to gel shift assays would have the effect of driving VP3
out of the VP3-probe complexes and into VP3-competitive
RNA-VP2 complexes.

The effect of long competitor RNAs on the formation of
VP1-probe complexes in gel shift assays was quite different
than that observed for the VP3-probe complexes. In assays
where the 39-terminal gene 8 probe, SP72-v3940, was used (Fig.
5), the reason for the lack of any significant effect by long
competitor RNAs is because VP1 has a specific and therefore,
by default, a higher affinity for the probe than for the compet-
itor RNA. In assays where a nonviral probe was used, the
presence of low amounts of long competitive RNAs had little
effect on the formation of VP1-probe complexes but com-
pletely blocked the formation of VP3-probe complexes (Fig.
8B). This suggests that, in contrast to VP3, the interaction of
VP1 with the short RNA leads to a more stable complex than
does the interaction of VP1 with a long RNA. A part of the
explanation for this phenomenon may be that, for the VP1-
short RNA complex, the limited size of the RNA does not
allow VP2 to bind to the RNA at the same time as VP1 and
thus it is not possible to form a VP1-short RNA-VP2 complex.
But this does not explain why, as proposed to occur for VP3,
VP1 of the VP1-short RNA complex would not be chased into
a VP1-long RNA-VP2 complex and, therefore, result in the
loss of VP1-probe complexes in gel shift assays containing long
competitor RNAs. Instead, the experimental data raise the
possibility that the affinity of VP2 oligomers for the RNA
component of the VP1-long RNA complex would cause the
release of VP1. That is, the stable interaction of an RNA with
a VP2 oligomer may preclude the nonspecific binding of the
RNA polymerase to the VP2-RNA complex.
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