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The barley stripe mosaic virus (BSMYV) b gene product is the major viral nonstructural protein synthesized
during early stages of the infection cycle and is required for systemic movement of the virus. To examine the
biochemical properties of b, a histidine tag was engineered at the amino terminus and the protein was
purified from BSMV-infected barley tissue by metal affinity chromatography. The b protein bound ATPs in
vitro, with a preference for ATP over dATP, and also exhibited ATPase activity. In addition, 3b bound RNA
without detectable sequence specificity. However, binding was selective, as the b protein had a strong affinity
for both single-stranded (ss) and double-stranded (ds) RNAs but not for tRNA or DNA substrates. Mutational
analyses of b purified from Escherichia coli indicated that the protein has multiple RNA binding sites. These
sites appear to contribute differently, because mutants that were altered in their binding affinities for ss and

ds RNA substrates were recovered.

The movement of plant viruses from cell to cell is presumed
to occur through plasmodesmata, which are intercellular chan-
nels between plant cells that permit movement of macromol-
ecules (for reviews, see references 20 and 46). Viruses are
thought to move from cell to cell via plasmodesmata by two
mechanisms. In the first mechanism, virus particles are be-
lieved to move from cell to cell via tubular structures that pass
through and extend from plasmodesmata. Several viruses, in-
cluding tomato ringspot virus (43), cowpea mosaic virus (42),
and cauliflower mosaic virus (27), have virus-encoded move-
ment proteins (MPs) associated with these modified plasmo-
desmata. In the second mechanism, MPs apparently facilitate
the cell to cell movement of infectious entities consisting of
viral RNA associated with MPs. Studies with several MPs,
including those encoded by tobacco mosaic virus (TMV) (39,
44, 45), red clover necrotic mosaic virus (RCNMV) (11), and
bean dwarf mosaic virus (24), suggest that these virus-encoded
proteins also have the dual function of binding to nucleic acids
and increasing the permeability of plasmodesmata.

Barley stripe mosaic virus (BSMV), the type member of the
Hordeiviridae, is a positive-sense, single-stranded (ss) RNA
virus composed of three genome components, designated «, 3,
and v, that encode a total of eight proteins. The a and y RNAs
are strictly required for viral replication, while the  RNA is
necessary for systemic movement (29, 30, 47). The B RNA
contains five open reading frames (ORFs). The 5’'-proximal
ORF encodes the coat protein, which is dispensable for viral
infectivity (31). Following the coat protein and an intergenic
region are a series of overlapping ORFs (Bb, Bd, and Bc)
termed the triple gene block. A triple gene block is present not
only in hordeivirus genomes but also in those of carla- furo-,
and potexviruses (15). Recently, we have shown that the triple
gene block of BSMV is unique among these viruses in that it
encodes a fourth protein, Bd’, which results from a transla-
tional read-through of the Bd amber stop codon (47). The
three major proteins encoded by the triple gene block have
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been shown to be individually required for movement of
BSMV (31), white clover mosaic potexvirus (1), and beet ne-
crotic yellow vein furovirus (BNYVV) (12), whereas the
BSMYV Bd’ read-through derivative is not required for systemic
movement (18). The Bb homologs encoded by the 5’-proximal
OREFs of each triple gene block contain a nucleoside triphos-
phate (NTP) binding-helicase domain that appears to be re-
lated to helicase superfamily II (13-15). The two remaining
triple gene block ORFs encode hydrophobic proteins that ap-
pear to be associated with membranes (9, 23). At present, little
is known about the biochemical natures of the proteins en-
coded by the triple gene block. However, the proteins encoded
by the 5'-proximal ORF of the triple gene blocks of foxtail
mosaic potexvirus (FMV) (35) and BNYVV (2) have been
purified following overexpression in Escherichia coli. The 26-
kDa FMV protein was shown to bind RNA and NTPs and to
exhibit ATPase activity in vitro, while the 42-kDa BNYVV
protein was shown to bind both ss and double-stranded (ds)
RNA and DNA in vitro.

Variation occurs with respect to the sizes of the proteins
involved in the movement of viruses containing the triple gene
block. The triple gene block-encoded proteins lack obvious
relatedness to the TMV MP. However, complementation ex-
periments using mixed viral inocula have shown similarities in
function, since the cell to cell movement of BSMV can be
complemented by TMV (21). In addition, replacement of the
BSMYV triple gene block by the TMV MP gene permits limited
viral movement in common hosts but not in selective hosts
(38). Although complex interactions can influence systemic
movement of BSMV (28), the available evidence suggests that
the most obvious candidate for the BSMV homolog of the
TMV MP is the Bb 58-kDa protein. BSMV Bb accumulates
early in infection (9) and is associated with viral RNA in vivo
(3). To extend these studies, we have engineered a histidine tag
at the amino terminus of Bb, purified the protein from BSMV-
infected barley by metal affinity chromatography, and per-
formed biochemical characterizations of the protein. In addi-
tion, we have recovered wild-type and mutagenized forms of
Bb from E. coli and have compared the RNA binding proper-
ties of the wild-type and mutant Bb derivatives.
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TABLE 1. Oligonucleotides used in this study
Oligonucleotide Sequence Description
BMObM1 GGCTCAGGACGATCAACCATTGTGC Mutagenesis of K—R in domain I

BMObM2  GGCTCAGGAGCATCAACCATTGTGC

BMObM3  GATTTATTGATCATAAATCAATATACACTTGCT

BMObM4  GTGTTGTTAGTCGCGAATGTAGCTGAAGGAAAAGC

BMObMS  AGACGACTTATGCTTTGGGACAAGAGAC

BMObM6  GCAATTGATGTGGAAGCGAAAGAATTCGAT

BMObM7  GCTTTGAGCGCACATAAGTCGAAGT

BMObA3 TGCAGCAAGCAGGGTAACAGATCTGCAAAACCGGATGAAGACCAC
BMObA4 AAGTTGGCAACAACTGTGGAATTCTTTGAAATGATTAAGCTCGCAT
BMObAS AAGGAAACTCTAAAAGTTGCCTTGGCAACAACTGTGGAAAAGGAAC
BMODbAG6 GATTCAGTGAAAGGTGTTTTTAAAGTTGCCGATCAGACTCCATT
BMObA7 AATGTGAGTGAGAACTATACT<>CGACAGTATTTCAGAGCTAGAT
BMODbA8 GAACCTGAGTTGAAACCCGGGATTTCTAAGGAAGCAGCT

BMObA9 GTTTAGTCGCTTTGAGCAGATCTGCAAAACCGGATGAAGACCAC
BMObLAI0  GTGGAAGGGACACAGTGATCGATTGTGCCCTGGCAATTGAT
BMObA12 TGTGAAAGATTGCGGGTAC<>CATAAGTCGAAGTTAATCATC
B-O-Sal GAAATACTGTCGACCAGTGTAC

Bbhis-1 GGCCCATGGGACATCACCATCACCATCACGACATGACGAAAACTGTTG
Bb-2 GGACAGGAAGTGGGTGGTG

Mutagenesis of K—A in domain I

Mutagenesis of D and E—N and Q in
domain 11

Mutagenesis of G, D, and Q—A, N, and E
in domain III

Mutagenesis of R—A in domain IV

Mutagenesis of Q and G—E and A in
domain V

Mutagenesis of R—A in domain VI

Introduction of Bg/II site

Introduction of EcoRI site

Introduction of StyI site

Introduction of Dral site

Primer used to delete 58 amino acids in b

Introduction of Smal site

Introduction of Bg/II site

Introduction of Clal site

Primer used to delete 40 amino acids in b

Primer used in PCR

Introduction of his-tag by PCR

Mutagenesis of b’ AUG—GUG

MATERIALS AND METHODS

Bacterial strains and plasmids. Bacterial strains and plasmids used for ex-
pression of recombinant BSMV Bb protein have been described previously (9).

Cloning and mutagenesis. Site-directed mutagenesis was performed on
B42Spl, a full-length cDNA clone derived from the 3 RNA of the ND18 strain
of BSMV, and B7 (31), a mutant of B42SplI lacking the Ba AUG codon. The gene
product Bb’ is initiated from an AUG located 102 nucleotides (nt) downstream
of the Bb AUG. To prevent expression of Bb’, the AUG used for initiation of Bb’
was mutagenized to GUG essentially as described previously (16) to generate
B7.38 from B7. Subsequently, sequences encoding a 6-histidine tag (his-tag)
were inserted directly after the Bb AUG in B7.88 by a PCR procedure. For this
purpose, oligonucleotides 3-O-Sal and Bbhis-1 (Table 1) were used to generate
a PCR product which was subsequently digested with Ncol and Sall and ligated
into Ncol- and Sall-digested B7.38 to generate B7.38His6.

A 10-bp substitution containing an Xhol site was engineered adjacent to the b
AUG of B42Spl to generate B42bl. Additional mutagenesis was performed on
42b1 with the oligonucleotides in Table 1. The Al deletion mutant was created
by digestion with PstI and Sall, treatment with Klenow fragment, and subsequent
ligation, while the A2 deletion mutant was generated by digestion with Bc/l and
subsequent religation. The A1l deletion mutant was created by digestion with
Sall and SspI and subsequent ligation. These BSMV Bb deletion mutants were
subcloned into the expression vector pET3aXL (9) by excision of the mutated Bb
OREF from the respective B42 deletion derivative with Xhol and SspI and ligation
to pET3aXL between the Xhol and Klenow fragment-treated BamHI sites. All
mutations were confirmed by DNA sequence analysis.

Purification of his-tagged Bb protein from infected barley. Prior to transcrip-
tion reactions, the cDNA clones of the a and y RNAs were linearized with Miul
while B cDNA clones were linearized with Spel. Transcripts were prepared and
inoculated onto 7-day-old barley plants as described previously (30). Systemically
infected barley leaves were harvested 6 days postinoculation and extracted in
buffer C (50 mM Tris [pH 8.0], 600 mM NacCl, 0.1% Nonidet P-40, 5% glycerol,
0.1% B-mercaptoethanol) containing 1 mM phenylmethylsulfonyl fluoride, 1 g
of pepstatin per ml, and 0.5 pg of leupeptin per ml (1:4, tissue/buffer) at 4°C. All
further steps were performed at 4°C. The extract was strained through four layers
of cheesecloth and centrifuged at 8,000 rpm (Sorval SS34 rotor) for 10 min. The
supernatant was recovered and centrifuged at 21,000 rpm (Beckman Ti70.1
rotor) for 35 min. The supernatant was then applied to a 1-ml Ni-nitrilotriacetic
acid (Ni-NTA) agarose (Qiagen) column equilibrated in buffer C. The column
was washed with 30 ml of buffer C, 10 ml of buffer C containing 25 mM
imidazole, and 10 ml of buffer C containing 75 mM imidazole. Proteins were
eluted from the column with buffer C containing 150 mM imidazole. Column
fractions containing the Bb protein were either assayed directly or pooled and
dialyzed against buffer D (50 mM Tris [pH 8.0], 40 mM NaCl, 0.1% Nonidet
P-40, 5% glycerol, 0.1% B-mercaptoethanol) for 4 to 5 h with two changes of
buffer.

Purification of recombinant Bb proteins from E. coli. Wild-type and mutated
forms of the Bb protein were purified from E. coli [BL21(DE3)pLysE] trans-
formed with pET3Bb plasmids. For these experiments, we used at least two
independent plasmid transformants with independently verified cDNA clones.
Protein was purified essentially as described by Citovsky et al. (4) with modifi-

cations for solubilization of recombinant protein from E. coli inclusion bodies
(22). Purified proteins were examined following sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) by Coomassie blue staining and
Western blot analysis (7). Aliquots of b which were frozen at —70°C retained
full RNA binding activity for as long as a year after preparation. In contrast,
some of the deletion mutant preparations, such as that with A4, had significant
losses of activity within a week after purification. Therefore, to ensure experi-
mental reproducibility, at least two independent preparations were tested in vitro
for biochemical activity.

Biochemical assays. (i) RNA binding. Native PAGE was used to resolve
protein-RNA complexes from free radiolabeled probe in the mobility shift assay
essentially as described previously (8). RNA and DNA probes (8) were diluted
to 10 ng/ul in buffer C for Bb purified from BSMV-infected barley or in buffer L
(10 mM Tris [pH 8.0], 200 mM NaCl, 1 mM EDTA, 10% glycerol, 1 mM
dithiothreitol) for Bb purified from E. coli, heated at 70°C for 3 min, and cooled
rapidly on ice before use. Protein was mixed with 10 ng of probe RNA in a final
volume of 20 wl of buffer C or L and incubated at 4°C for 30 min before
electrophoresis. In competition experiments, protein was preincubated with un-
labeled competitor RNA or DNA for 20 min before the probe was added. After
an additional 20 min of incubation at 4°C in the presence of the probe, the
samples were analyzed on a 4% native polyacrylamide gel.

(ii) Cross-linking of NTPs or RNA. Purified protein was incubated with
[«->?P]NTP or RNA probe as described previously (35). Protein was analyzed by
SDS-PAGE followed by Coomassie staining and autoradiography.

(iii) ATPase assays. Bb protein preparations were tested for ATPase activity
by a charcoal adsorption assay (37). RNA substrates (5 to 10 pg per reaction
mixture) were added to reaction mixtures to test their effects on the ATPase
activity.

RESULTS

Infectivity of Bb mutants. We have previously shown that b
is essential for movement in plants (29, 31). To investigate
motifs and/or regions in Bb that are important for cell to cell
movement, deletion and point mutations were introduced into
Bb. The amino acid sequence of Bb was aligned with other
putative helicases (14) (Fig. 1A), and point mutations (M1 to
M7) were introduced in the conserved domains I to VI (Fig. 1B
and Table 1). The effects of the point and deletion mutations
were tested by inoculating barley with wild-type o and y RNAs
and with B RNA containing mutations.

Two of the Bb deletion mutants retained infectivity in barley.
The first mutant, BbANCco.7, eliminated expression of the first
35 amino acids by an 8-nt deletion which destroyed the 5'-
proximal initiating AUG. As reported earlier (32), this muta-
tion had no pronounced effect on the symptom phenotype. The
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FIG. 1. (A) Amino acid sequences of BSMV, BNYVV, TMV, brome mosaic virus (BMV), Sindbis virus nsP2 (SV), and Semliki Forest virus nsP2 (SFV) were

aligned. The boxed regions labeled I to VI indicate the relative positions of the bl

ocks of homology that define an RNA helicase motif; such motifs are common to

superfamilies of replicative proteins involved in nucleic acid replication and recombination (15). (B) Schematic illustration of the deletion and missense mutants
constructed within the Bb protein. The mutant forms of the Bb ORF were subcloned into the full-length B ¢cDNA clone or the T7 polymerase expression vector
pET3aXL. Invariant amino acids within the blocks of homology were targeted by the introduction of missense mutations (M1 to M7). Deletions in the b gene are

designated as open boxes.

second nonlethal mutant, A5, caused an attenuated phenotype
in which symptoms were delayed, erratic, and less uniform than
in wild-type infections. Levels of the coat protein and the
mutant Bb protein, which was distinguishable from wild-type
Bb protein by its mobility, also appeared to be normal (data
not shown). The Bb deletion mutants A1l and A2 were not
tested for infectivity on barley. However, these two deletion
mutants are expected to have null mutations, since smaller
deletions spanning the region deleted by A1l and point muta-
tions M3, M4, and M5 located within deletion A2 eliminated
infectivity. Each of the mutations (M1 to M7) targeted amino
acid residues that are strictly conserved among the plant viral
RNA helicase-like motifs, and each eliminated the ability of
BSMYV to infect barley systemically. These results indicate that
multiple motifs within Bb are required for virus movement and
that the invariant amino acids within the helicase motif are
essential for this process.

Purification of BSMV b protein from infected barley. To
permit purification of 8b by metal affinity chromatography, a
his-tag was engineered at the N terminus of b (B7.38His6). In
this cDNA clone (Fig. 2), the AUGs of the coat protein and
Bb’ were mutagenized. These properties enabled us to conduct
experiments with a derivative expressing only a single 8b pro-
tein analog. More importantly, however, use of the B7 deriv-
ative eliminated the complicating effects of the coat protein,
which is present in large quantities in wild-type-infected tissue

and forms aggregates that potentially could have interfered
with the purification and analysis of Bb. Plants inoculated with
B RNAs containing these mutations developed systemic infec-
tions within 5 days postinoculation, but the plants were more
stunted than those infected with wild-type virus and, as previ-
ously reported (31, 32), the symptoms did not progress to the
milder chronic recovery stage characteristic of wild-type infec-
tions.

The wild-type a and y RNAs were coinoculated with the
B7.88His6 RNA (designated his-tagged Bb) or B7.88 RNA
(designated wild-type Bb because the his-tag was lacking) into
barley. The presence of the his-tag at the N terminus of Bb
appeared not to alter the timing or severity of symptoms com-
pared to those of infections with B7 derivatives unable to
express the coat protein (data not shown). The his-tagged Bb
was purified from systemically infected barley leaves collected
6 days postinoculation, when high levels of b appear (data not
shown). A series of imidazole washes were used to remove
nonspecifically bound proteins (Fig. 2). Following the 25 mM
imidazole wash, a more stringent 75 mM imidazole wash was
used for removal of contaminating proteins, and during these
steps a proportion of the Bb protein was also eluted from the
column. However, in the final elution (150 mM imidazole), a
single major protein species that corresponded to b in size
and that cross-reacted with Bb antiserum was detected (Fig.
2B, lanes 3 and 7). The Bb protein was not detected following
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FIG. 2. Analysis of proteins eluted from Ni-NTA affinity columns loaded
with either BSMV wild-type (A) or his-tagged (B) Bb extracts. The schematic
illustrations above each panel show the wild-type or his-tagged b RNAs used to
infect plants. The coat protein gene is absent from these constructs, as it is not
expressed. Proteins eluted from affinity columns by washes containing different
concentrations of imidazole were separated on a 10% polyacrylamide-SDS gel
followed by silver staining (lanes 1 to 3) or immunoblotting with antiserum
against Bb (lanes 4 to 7). Molecular mass markers are shown at the left.

150 mM imidazole elution from a column that was loaded with
wild-type extracts (Fig. 2A, lanes 3 and 7). However, small
amounts of a host protein of approximately 52 kDa were
present following the final elution in both the his-tagged and
wild-type Bb preparations.

Bb exhibits ATPase activity and ATP binding. Helicase su-
perfamily II, to which BSMV Bb belongs (13, 15), includes
putative RNA helicases of positive-strand RNA viruses that
contain highly conserved regions thought to be involved in
RNA binding, NTP binding, and ATPase activity (Fig. 1). To
determine if ATPase activity was associated with his-tagged
Bb, individual column fractions were analyzed for the amounts
of Bb detected in immunoblots (Fig. 3B) and assayed for their
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FIG. 3. Analysis of proteins eluted from Ni-NTA-affinity columns with 150
mM imidazole. Fractions from columns loaded with either wild-type or his-
tagged Bb extracts were analyzed for ATPase activity (A) or on a 10% polyacryl-
amide-SDS gel followed by immunoblot analysis with antiserum against Bb (B).
wt, wild type.

ability to hydrolyze y-**P-labeled ATP (Fig. 3A). ATPase ac-
tivity in the column fractions correlated quantitatively with the
presence of his-tagged Bb. No substantial activity was detected
in the column fractions derived from tissue infected with wild-
type virus, suggesting that the minor 52-kDa contaminating
protein did not contribute to the ATPase activity. Because b
has a helicase motif, the ability of RNA to stimulate the
ATPase activity associated with Bb was also tested. However,
we were unable to detect stimulated ATPase activity following
addition of ss or ds RNA from either a viral or nonviral source,
even though RNA was not found associated with the purified
protein (data not shown).

Bb also contains an NTP binding domain; therefore, nucle-
otide binding and the specificity of binding were investigated.
Purified Bb was incubated with a-*?P-labeled ATP, CTP, GTP,
UTP, or dATP, and protein-nucleotide interactions were ex-
amined following UV cross-linking and SDS-PAGE. Coomas-
sie staining for visualization of Bb was followed by autoradiog-
raphy to permit detection of the binding of the radioactive
nucleotide species (Fig. 4). ATP was bound by Bb, and dATP
was bound to a lesser extent, but CTP, GTP, and UTP failed to
bind to Bb.

Bb has RNA binding activity. The ability of his-tagged Bb to
bind RNA probes in vitro was initially assessed by incubating
radiolabeled RNA with purified gb. The protein-RNA com-
plexes were subjected to UV cross-linking followed by diges-
tion with RNase A and analysis by SDS-PAGE (Fig. 5A). A
3.3-kb B RNA probe, a 256-nt probe complementary to the 3’
terminus of all three BSMV RNAs, a 220-nt probe comple-
mentary to the ya-yb intergenic region, and a 182-nt petD
probe that corresponds to the 3’ end of the spinach chloroplast
petD gene were all bound by Bb. In control experiments,
RNA-Bb complexes were not subjected to UV cross-linking
prior to RNase A treatment and SDS-PAGE, and a signifi-
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FIG. 4. Nucleotide binding of Bb. Bb was incubated in the presence of a->2P-
labeled NTP or dATP for 15 min at room temperature followed by UV cross-
linking. Samples were analyzed on a 10% polyacrylamide-SDS gel followed by
Coomassie blue staining and autoradiography.

cantly reduced level of RNA was associated with Bb. There-
fore, Bb is able to bind to RNA in a sequence-nonspecific
manner.

To examine the stability of the RNA-Bb interactions, RNA
binding assays were performed, as described above, in the
presence of different concentrations of salt (Fig. 5B). His-
tagged Bb was able to bind ss RNA in the presence of 40 to 300
mM NaCl. However, if the NaCl concentration was increased
to >300 mM, Bb failed to bind to the RNA probe. During the
Bb purification protocol, a concentration of 600 mM NaCl was
used. Therefore, it is probable that the Bb-RNA interactions
observed previously (3) would have been disrupted during our
extraction procedure.

The RNA binding activity of the his-tagged Bb protein was

A

RNA Probes

We 4+ + <4+ +
a a b ¢ d

. - — — ‘—Bb
B
Concentration of NaCl (M)
004 01 02 03 04 0S5
— ﬂ—ﬁb

FIG. 5. RNA binding activity of Bb. (A) b was incubated with 10 ng of RNA
probe for 15 min at room temperature, UV cross-linked (+) or not UV cross-
linked (—), and subjected to RNase A digestion. Samples were analyzed on a
10% polyacrylamide-SDS gel followed by autoradiography. The labeled probes
were the 256-nt RNA complementary to the common 3’ termini of BSMV RNAs
(lanes a), the 3.3-kb B RNA (lane b), a 220-nt RNA complementary to the ya-yb
intergenic region (lane c), and the 182-nt petD RNA (lane d). (B) Effect of salt
on the ability of Bb to bind RNA. Bb was incubated with 10 ng of the 3.3-kb 8
RNA probe in the presence of different concentrations of NaCl for 15 min at
room temperature. Samples were analyzed as described for panel A.

J. VIROL.

A His-taggedpbng) B cold polyU poly tRNA ssDNA
A:U
0 1 5 10 20 50 X 10 10 100 10 100 10 100 10
-eoondd@d |R L Y= o co@8 (R
L B () MM P
C D

Recombinant Bb (ng) poly U poly tRNA ssDNA cold
A:U

X 10 100 10 'Il()ﬂ 10 100 10 100 10 100

e -

0 10 50 100 250 500

e s i R

L. R

b | REETE W

FIG. 6. RNA binding activity of Bb isolated from infected plants or E. coli.
(A) Ten nanograms of a 256-nt radiolabeled RNA probe corresponding to the
common 3’ termini of BSMV RNAs was incubated with different amounts of
his-tagged Bb (plant derived) for 20 min at 4°C. The Bb-RNA complexes (R)
were separated from free probe (P) on a 4% native polyacrylamide gel and
analyzed following autoradiography. (B) Competition experiments were per-
formed by incubating unlabeled nucleic acids with 20 ng of his-tagged Bb (the
concentration for probe saturation) for 20 min at 4°C prior to the addition of the
labeled RNA probe. The competitors (10:1 and 100:1 mass ratios relative to that
of the probe) used were polyuridine (poly U), ds polyadenine-polyuridine (poly
A:U), yeast tRNA (tRNA), ss DNA, and unlabeled probe (cold). (C) Ten
nanograms of a 220-nt, radiolabeled RNA probe complementary to the ya-yb
intergenic region was incubated with recombinant Bb (E. coli derived) at 4°C for
20 min. Bb-RNA complexes were analyzed as described for panel A. (D) Com-
petition experiments were performed with 100 ng of recombinant Bb (the con-
centration for probe saturation) and unlabeled nucleic acid molecules, all as
described for panel B.

also investigated by gel mobility shift assays to resolve RNA-Bb
complexes formed after incubation of purified protein with
radiolabeled RNA (Fig. 6A). Shifted RNA-Bb complexes were
observed as the amount of Bb in the assays was increased. The
specificities of the RNA-Bb interactions were further assessed
from the abilities of unlabeled RNA or DNA substrates to
compete for binding with radiolabeled probe that had been
preincubated with Bb. Figure 6B shows the results of an ex-
periment in which a 256-nt BSMV RNA probe corresponding
to the 3’ conserved region of each of the BSMV RNAs was
used to measure the affinity of Bb for various competing sub-
strates. The competitors, used in 10-fold and 100-fold excess
(by weight) relative to the ss RNA probe, included polyuridine,
ds polyadenine-polyuridine, yeast tRNA, ss DNA, and unla-
beled RNA homologous to the probe RNA. The ss DNA,
tRNA, and homopolymeric RNA competitors failed to com-
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FIG. 7. Wild-type and deletion mutants of b protein were purified from E.
coli. Proteins were analyzed on a 10% polyacrylamide-SDS gel and visualized by
Coomassie blue staining. Molecular mass markers are noted at the right.

pete efficiently with the ss RNA probe for binding. In contrast,
the competition of polymeric synthetic ds RNA for binding was
similar to the competition observed with homologous unla-
beled RNA. Essentially identical results were obtained in RNA
binding experiments with plus- and minus-sense RNA probes
(data not shown). Thus, the results reveal that b has selectiv-
ity in substrate binding, with a strong preference for ss or ds
RNA. However, Bb binding to RNA seems to be relatively
sequence nonspecific. In addition, the lack of significant com-
petitive RNA binding activity observed with homopolymeric
polyuridine and with yeast tRNA suggests that b may discrim-
inate between different RNA substrates on the basis of RNA
conformation.

Since Bb was shown to bind RNA and ATP and to exhibit
ATPase activity, additional experiments were conducted to
assess the possible helicase activity of the protein. Several
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different ds RNA templates, including ds RNA regions ranging
in size from 20 to 200 bp and containing blunt ends or a 3’ or
5" overhanging sequence, were used as substrates in helicase
assays in the presence of Bb. However, helicase activity was not
detected in any of these experiments (data not shown).

RNA binding by 3b protein deletion mutants resolves mul-
tiple binding motifs. As shown earlier, the majority of the
mutations introduced into b rendered the virus noninfectious,
so we were unable to recover mutant @b from barley for bio-
chemical assays. Therefore, to map the 8b domains involved in
RNA binding, mutant Bb protein derivatives were purified
from E. coli. Protein of greater than 95% purity was obtained
reproducibly from insoluble inclusion body preparations by
solubilization in guanidinium HCI-NaCl buffer followed by di-
alysis (Fig. 7).

The RNA binding activity of Bb produced in E. coli was
assessed by gel mobility shift assays which showed, in agree-
ment with the his-tagged Bb results, that RNA-Bb complexes
were formed (Fig. 6C). In addition, RNA binding of the E.
coli-derived Bb protein was similar to that of the his-tagged Bb
protein isolated from BSMV-infected tissue in its selectivity of
RNA binding (compare Fig. 6B and D). The E. coli-derived b
protein was also able to bind both ss and ds RNA derived from
the BSMV RNAs and a petD (chloroplast-derived) probe and
to protect them from RNase A digestion in vitro (data not
shown).

The RNA binding activities of the purified mutant Bb pro-
tein preparations were also compared by gel mobility shift
analyses (Fig. 8). RNA specificity was monitored by the ability
of RNA substrates to compete for binding with the 256-nt
RNA probe complementary to the 3’ termini of the BSMV
RNAs. Unlabeled polyuridine, the ds homopolymer polyade-

Bb A11 A4 A4A3 A10
1 23 45 12345 12 3405 1 2 3 4 5 123405
- - e -~ R

v

|-
A i Y
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12345

-
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1234065
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12 345123435

FIG. 8. RNA binding activities of Bb deletion mutants. The ability of unlabeled RNA competitors at 10-fold (wt/wt) excess to compete for binding with the labeled,
256-nt RNA probe complementary to the 3’ termini of BSMV RNAs was measured at probe saturation as described in the legend to Fig. 6. The positions of the unbound
probe (P) and the RNA-protein complexes (R) are shown at the side. Lanes 1, RNA-protein complex at probe saturation with no competitor; lanes 2, polyuridine; lanes

3, ds polyadenine-polyuridine; lanes 4, yeast tRNA; lanes 5, homologous probe.
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nine-polyuridine, yeast tRNA, and RNA homologous to the
probe RNA were used as competitors. Surprisingly, none of
the deletions within the Bb gene completely eliminated the
RNA binding activity of the encoded protein. In fact, several
deletions, including those of Al, A2, A5, A8, and A9, had no
discernible effect on substrate specificity in competition exper-
iments, as they exhibited the same band shift profiles as those
of the full-length Bb protein (data not shown). However, other
deletions had a substantial effect on the selectivity of binding to
the synthetic polymeric ds RNA and ss RNA competitors but
not to yeast tRNA or the homologous BSMV RNA competi-
tors. These effects could be separated into four characteristic
classes (Fig. 8). The first class, consisting of the effects of the
deletion mutants A11 and A4 and the double mutant A4A3, was
the most dramatic because the binding affinities of these Bb
derivatives for synthetic homopolymeric RNAs relative to un-
mutated Bb were reversed. The mutant proteins simulta-
neously gained an affinity for the ss polyuridine substrate in the
competition experiments that was not previously detected in
Bb and lost (A11 and A4A3) or significantly reduced (A4) the
ability to bind to ds RNA. The second binding affinity class,
which was exhibited only by A10, was characterized by a com-
plete loss of competitive ds RNA binding. The third and fourth
classes consisted of intermediate effects on RNA binding ac-
tivity with respect to the first two classes. In the third class, the
effects of the deletion mutants A6 and A7 were similar to those
of the first class (mutants A1l and A4A3), but they exhibited a
moderate reduction in competition for the ds, synthetic RNA
substrate, with the concomitant appearance of a small, but
detectable, affinity for polyuridine. The fourth class, consisting
of the effects of the overlapping-deletion mutants A3 and A12,
exhibited reductions in ds RNA binding activity that were
intermediate between those obtained for the third class (mu-
tants A6 and A7) and the first class (mutants A1l and A4A3),
but some residual ds RNA binding could still be detected.

Although none of the deletions completely eliminated bind-
ing of Bb to radiolabeled RNA probes, four of the deletion
mutants, A4, A11, A3, and the double-deletion mutant A4A3,
had noticeable effects on the activity of RNA binding, as de-
termined in separate titration experiments (data not shown).
These effects, which are also evident in Fig. 8, included the
inability of the mutant protein to bind 100% of the probe, even
when increased levels of protein were used.

DISCUSSION

We have purified the 58-kDa Bb protein from BSMV-in-
fected barley plants by engineering a his-tag on the N terminus
of the protein and using metal affinity chromatography. This
approach proved very successful, as we were able to recover
nearly homogeneous protein suitable for biochemical charac-
terization. A similar approach was also reported (19) for the
cucumber mosaic virus (CMV) MP isolated from CMV-in-
fected zucchini squash, but the yields in these experiments
were not sufficient for biochemical characterization.

The subcellular localization of the putative helicases en-
coded by the triple gene block-containing viruses is variable.
We have found that the Bb protein is localized in both the
soluble and cell wall fractions (9). In contrast, the analogous
26-kDa protein of FMV was present primarily in the soluble
fraction (35) whereas the 25-kDa potato virus X protein was
found in lamellar inclusions (6) and the 42-kDa BNYVV pro-
tein was restricted to the membrane fractions (23). However,
the biochemical characteristics of Bb, the 26-kDa FMV protein
(35), and the 42-kDa BNYVYV protein (2) are similar in their
nonspecific binding to ss RNA. In addition, Bb and the 26-kDa
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FMYV protein (35) are similar in their specificities of nucleotide
binding and in their ATPase activities. Both b and the FMV
26-kDa protein exhibit specificity for ATP, while the CMV and
TMV MPs bind GTP very strongly but fail to bind ATP (19).
The Bb protein is required for systemic movement, and the
strict requirement for amino acids residing in the core of the
type A and type B ATPase domains (blocks I and II in Fig. 1)
strongly suggests that ATPase activity is essential for the func-
tion of Bb. Interestingly, the ATPase activity associated with
Bb was not stimulated by the addition of RNA. This charac-
teristic was also observed with the 26-kDa FMV protein (35).
The putative NTPase-helicase proteins of positive-sense RNA
viruses have been classified into three groups: (i) Sindbis virus-
like, (ii) picornavirus-like, and (iii) poty-flavi-pestivirus-like
proteins (13). RNA stimulation of ATPase activity of proteins
encoded by members of all three groups has been demon-
strated (10, 17, 33, 34, 41). This includes the nsP2 protein of
Semliki Forest virus (33), which like the Bb and 2b-kDa FMV
proteins is a member of the Sindbis virus-like group. There-
fore, the ATPase activities of the fb and 26-kDa FMV proteins
appear to be unique, as their ATPase activities are unaffected
by the presence of RNA.

The biochemical properties of Bb purified from plant tissue
or from E. coli appeared to be very similar with respect to their
abilities to bind RNA. Bb isolated from both sources bound
RNA in a sequence-nonspecific manner but was selective for ss
RNA and ds RNA molecules. The selectivity displayed by Bb
for RNA substrates, particularly its affinity for ds RNA, distin-
guishes the BSMV protein from the MPs encoded by viruses
such as TMV (4), CMV (19), and RCNMV (25). These MPs
are able to bind RNA in a sequence-nonspecific manner, but in
contrast to b, they exhibit only ss RNA or ss DNA binding
affinities. Therefore, the possibility exists that BSMV differs
fundamentally from viruses such as TMV, CMV, and RCNMV
in that Bb may bind replicative-form ds RNA and mediate
movement of this complex from cell to cell.

We recognize that results from deletion experiments, such as
those described for Bb, need to be interpreted cautiously. The
pitfalls of this approach were illustrated previously in a dele-
tion analysis of the TMV MP, where preliminary results sug-
gested the presence of two putative RNA binding domains (4).
However, more extensive experiments subsequently revealed
that the primary affects of the TMV MP deletions were related
to protein stability or protein folding rather than to a direct
role for the deleted amino acids in RNA binding per se (5).
However, despite this caveat, a major conclusion to be drawn
from the Bb analyses is that the 8b protein has multiple binding
sites. Our experiments demonstrated that each of the single-
deletion mutants, whose mutations together span the length of
the protein, retains some RNA binding activity. Even the dou-
ble-deletion mutant A4A3, which encodes a protein 45%
smaller than the full-length Bb protein, retains the ability to
form an RNA-protein complex with the majority of the RNA
probe. This double mutant was expected to exhibit a substan-
tial reduction in RNA binding activity, because the effects on
RNA substrate selectivity observed with the individual b de-
letion mutants A4 and A3 can be mapped to smaller determi-
nants within their boundaries, such as those defined by dele-
tion mutants A7 and Al12. The central portion of the Bb
protein, which is spanned by the deletions of Al and A2 and
which constitutes 40% of the protein, seems at first glance to
be entirely dispensable for RNA binding. However, this may
not necessarily be true because the apparent redundancy of
RNA binding sites of other motifs may provide compensatory
activities.

A second important conclusion that can be drawn from the
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data is that several determinants that map to different regions
of Bb contribute to ds RNA binding affinity. The N-terminal-
deletion mutant A1l and the C-terminal-deletion mutant A10
abolish ds RNA binding, and the N-terminal-deletion mutants
A7, A6, and A4 and the C-terminal-deletion mutants A3 and
A12 exhibit substantially reduced binding to ds RNA. One
interpretation suggested by these data is that amino acid se-
quences within individual deleted regions, such as those en-
compassed by deletions A6, A7, A10, and A12, might interact in
the native, folded protein to form a binding pocket with ds
RNA binding affinity. However, it is also possible that some of
these mutations exert their effects indirectly, by altering the
folding of the protein. In this case, the appearance of polyuri-
dine binding activity in deletion mutants A6, A7, A10, and A12
could be explained by changes in the folding of the mutated b
protein that result in exposure of a site(s) capable of binding
the homopolymer. This hypothesis is supported by similar ex-
periments conducted with the TMV MP (4).

From sequence analyses, a conserved RNA helicase motif
was found (14) in the Bb protein that places it in the DEXH
family of proteins, which are members of helicase superfamily
IT (13, 15). Members of this family all contain highly conserved
amino acid regions (I to VI) (14) that are thought to be in-
volved in RNA binding, NTP binding, and ATPase activity
(Fig. 1). Our infectivity experiments have demonstrated that
these invariant amino acids individually have critical roles in
the function of Bb. We hypothesized that the ATPase activity
of Bb couples nucleotide hydrolysis with melting of duplex
RNA in vivo. However, we were unable to demonstrate heli-
case activity with purified 8b in vitro (data not shown). One
explanation for the lack of detectable helicase activity is that
b may have a requirement for an ancillary protein or proteins,
derived from either the host or the virus, that were eliminated
during purification of the Bb protein. The interaction of Bb and
such putative additional proteins may be dependent on the
presence of an intact b-RNA complex, which we presume was
also disrupted during extraction. The majority of the helicases
studied to date do not require additional proteins for activity in
vitro; however, elF-4A does require a second protein, eIF-4B,
for activity (36). In this case, a model in which eIF-4A binding
of ATP is followed by RNA binding and subsequently by the
binding of eIF-4B was proposed (26). This hypothesis was
supported experimentally, because helicase activity was de-
tected only in conjunction with the binding of eIF-4B. There-
fore, the presence of an additional protein or proteins may be
required to mediate Bb helicase activity.

A second explanation for the inability of Bb to act as a
helicase is that Bb behaves in a manner similar to that of the
TMV MP by binding to the viral RNA molecules and subse-
quently altering the secondary structure to produce a linear,
Bb-coated RNA molecule. Our in vitro experiments suggest
that Bb has a strong affinity for ds RNA. This affinity, however,
may reflect an in vivo propensity of Bb to bind to specific
structural elements of BSMV RNA (for example, helical stem-
loop structures) that provide more opportunities for specific
recognition. This putative binding specificity may require ad-
ditional proteins that are not associated with purified Bb. This
suggests a model in which Bb binds to and melts ds RNA, in
cooperation with additional proteins, to produce Bb-coated
viral RNA molecules that are less highly structured than the
uncoated RNA molecules and are more amenable to passage
through plasmodesmata. If this hypothesis is correct, helicase
activity in vitro may require additional proteins to interact with
Bb prior to binding to specific regions of ds RNA to facilitate
unwinding. In this regard, activities of virus-encoded RNA
helicases in vitro have been shown to vary substantially, de-
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pending on overhanging or blunt sequences at the 5’ or 3’
termini of the ds RNA templates (36, 40).

It appears that functionally related MPs encoded by several
different RNA viruses exhibit varied biochemical properties in
vitro. These include differences in the binding specificities of
BSMYV Bb and the TMV MP. However, despite these differ-
ences, the TMV MP can replace the BSMV triple gene block
to facilitate movement in common hosts (38), and in comple-
mentation studies, the TMV MP can be replaced by the BSMV
(21) triple gene block. The ability of these viruses to utilize,
albeit to a somewhat limited extent, foreign MPs for cell to cell
movement suggests that these proteins may have similar func-
tional activities in vivo. These complex processes undoubtedly
are dependent on numerous interactions, including protein-
protein and RNA-protein associations involving both virus and
host proteins. We hope to elucidate some of these interactions
in subsequent studies of the roles of the triple gene block
proteins in viral movement.

ACKNOWLEDGMENTS

R. G. K. Donald and D. M. Lawrence contributed equally to this
work and share senior authorship.

We thank Eugene Koonin for advice on the mutagenesis experi-
ments, Vitaly Citovsky for discussions of methodologies and pitfalls in
analyses of RNA binding, and the staff of the U.C.-Berkeley Biochem-
istry Department for synthesis of oligonucleotides. We also are grate-
ful for comments made on the manuscript by Tim Petty, Teresa Rubio,
and Michael Goodin.

This research was supported by a McKnight Foundation fellowship
to R.G.K.D. and by USDA Competitive Grants FD92-01257 and 94-
37303-0766 awarded to A.O.J.

REFERENCES

1. Beck, D. L., P. J. Guilford, D. M. Voot, M. T. Andersen, and R. L. S. Forster.
1991. Triple gene block proteins of white clover mosaic potexvirus are re-
quired for transport. Virology 183:695-702.

2. Bleykasten, C., D. Gilmer, H. Guilley, K. E. Richards, and G. Jonard. 1996.
Beet necrotic yellow vein virus 42kDa triple gene block protein binds nucleic
acid in vitro. J. Gen. Virol. 77:889-897.

3. Brakke, M. K., E. M. Ball, and W. G. Langenberg. 1988. A non-capsid
protein associated with unencapsidated virus RNA in barley infected with
barley stripe mosaic virus. J. Gen. Virol. 69:481-491.

4. Citovsky, V., D. Knorr, G. Schuster, and P. Zambryski. 1990. The P30
movement protein of tobacco mosaic virus is a single-strand nucleic acid
binding protein. Cell 60:637-647.

5. Citovsky, V., M. L. Wong, A. L. Shaw, B. V. Prasad, and P. Zambryski. 1992.
Visualization and characterization of tobacco mosaic virus movement pro-
tein binding to single-stranded nucleic acids. Plant Cell 4:397-411.

6. Davies, C., G. Hills, and D. C. Baulcombe. 1993. Sub-cellular localization of
the 25-kDa protein encoded in the triple gene block of potato virus X.
Virology 197:166-175.

7. Donald, R. G. K., and A. O. Jackson. 1994. The barley stripe mosaic virus yb
gene encodes a multifunctional cysteine-rich protein that affects pathogen-
esis. Plant Cell 6:1593-1606.

8. Donald, R. G. K., and A. O. Jackson. 1996. RNA-binding activities of barley
stripe mosaic virus yb fusion proteins. J. Gen. Virol. 77:879-888.

9. Donald, R. G. K., H. Zhou, and A. O. Jackson. 1993. Serological analysis of
barley stripe mosaic virus-encoded proteins in infected barley. Virology
195:659-668.

10. Eagles, R. M., E. Balmori-Melian, D. L. Beck, R. C. Gardner, and R. L. S.
Forster. 1994. Characterization of NTPase, RNA-binding and RNA-helicase
activities of the cytoplasmic inclusion protein of tamarillo mosaic potyvirus.
Eur. J. Biochem. 224:677-684.

11. Fujiwara, T., D. Giesman-Cookmeyer, B. Ding, S. A. Lommel, and W. J.
Lucas. 1993. Cell-to-cell trafficking of macromolecules through plasmodes-
mata potentiated by the red clover necrotic mosaic virus movement protein.
Plant Cell 5:1783-1794.

12. Gilmer, D., S. Bouzoubaa, A. Hehn, H. Guilley, K. Richards, and G. Jonard.
1992. Efficient cell-to-cell movement of beet necrotic yellow vein virus re-
quires 3’ proximal genes located on RNA 2. Virology 189:40-47.

13. Gorbalenya, A. E., V. M. Blinov, A. P. Donchenko, and E. V. Koonin. 1989.
An NTP-binding motif is the most conserved sequence in a highly diverged
monophyletic group of proteins involved in positive strand RNA viral rep-
lication. J. Mol. Evol. 28:256-268.

14. Hodgman, T. C. 1988. A new superfamily of replicative proteins. Nature
333:22-23.



1546

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

DONALD ET AL.

Koonin, E. V., and V. V. Dolja. 1993. Evolution and taxonomy of positive-
strand RNA viruses: implications of comparative analysis of amino acid
sequences. Crit. Rev. Biochem. Mol. Biol. 28:375-430.

Kunkel, T. A. 1985. Rapid and efficient site-specific mutagenesis without
phenotypic selection. Proc. Natl. Acad. Sci. USA 82:488-492.

Lain, S., M. T. Martin, J. L. Riechmann, and J. A. Garcia. 1991. Novel
catalytic activity associated with positive-strand RNA virus infection: nucleic
acid-stimulated ATPase activity of the plum pox potyvirus helicase-like pro-
tein. J. Virol. 65:1-6.

Lawrence, D. M., and A. O. Jackson. Unpublished data.

Li, Q., and P. Palukaitis. 1996. Comparison of the nucleic acid- and NTP-
binding properties of the movement protein of cucumber mosaic cucumovi-
rus and tobacco mosaic tobamovirus. Virology 216:71-79.

Lucas, W. J., B. Ding, and C. van der Schoot. 1993. Plasmodesmata and the
supracellular nature of plants. New Phytol. 125:435-476.

Malyshenko, S. 1., O. A. Kondakova, M. E. Taliansky, and J. G. Atabekov.
1989. Plant virus transport function: complementation by helper viruses is
nonspecific. J. Gen. Virol. 70:2751-2757.

Marston, F. A. O., and D. L. Hartley. 1990. Solubilization of protein aggre-
gates. Methods Enzymol. 182:264-276.

Niesbach-Klosgen, U., H. Guilley, G. Jonard, and K. Richards. 1990. Im-
munodetection in vivo of beet necrotic yellow vein virus-encoded proteins.
Virology 178:52-61.

Noueiry, A. O., W. J. Lucas, and R. L. Gilbertson. 1994. Two proteins of a
plant DNA virus coordinate nuclear and plasmodesmal transport. Cell 76:
925-932.

Osman, T. A. M., R. J. Hayes, and K. W. Buck. 1992. Cooperative binding of
the red clover necrotic mosaic virus movement protein to single-stranded
nucleic acids. J. Gen. Virol. 73:223-227.

Pause, A., N. Methot, and N. Sonenberg. 1993. The HRIGRXXR region of
the DEAD box RNA helicase eukaryotic translation initiation factor 4A is
required for RNA binding and ATP hydrolysis. Mol. Cell. Biol. 13:6789—
6798.

Perbal, M.-C., C. L. Thomas, and A. J. Maule. 1993. Cauliflower mosaic virus
gene I product (p1) forms tubular structures which extend from the surface
of infected protoplasts. Virology 195:281-285.

Petty, I. T. D., M. C. Edwards, and A. O. Jackson. 1990. Systemic movement
of an RNA plant virus determined by a point substitution in a 5’ leader
sequence. Proc. Natl. Acad. Sci. USA 87:8894-8897.

Petty, I. T. D., R. French, R. W. Jones, and A. O. Jackson. 1990. Identifica-
tion of barley stripe mosaic virus genes involved in viral RNA replication and
movement. EMBO J. 9:3453-3457.

Petty, I. T. D., B. G. Hunter, N. Wei, and A. O. Jackson. 1989. Infectious
barley stripe mosaic virus RNA transcribed in vitro from full-length genomic
cDNA clones. Virology 171:342-349.

Petty, I. T. D., and A. O. Jackson. 1990. Mutational analysis of barley stripe
mosaic virus RNA B. Virology 179:712-718.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

J. VIROL.

Petty, I. T. D., and A. O. Jackson. 1990. Two forms of the major barley stripe
mosaic virus nonstructural protein are synthesized in vivo from alternative
initiation codons. Virology 177:829-832.

Rikkonen, M., J. Periinen, and L. Kééridinen. 1994. ATPase and GTPase
activities associated with Semliki Forest virus nonstructural protein nsP2.
J. Virol. 68:5804-5810.

Rodriguez, P. L., and L. Carrasco. 1993. Poliovirus protein 2C has ATPase
and GTPase activities. J. Biol. Chem. 268:8105-8110.

Rouleau, M., R. J. Smith, J. B. Bancroft, and G. A. Mackie. 1994. Purifica-
tion, properties, and subcellular localization of foxtail mosaic potexvirus
26-kDa protein. Virology 204:254-265.

Rozen, F., 1. Edery, K. Meerovitch, T. E. Dever, W. C. Merrick, and N.
Sonenberg. 1990. Bidirectional RNA helicase activity of eucaryotic transla-
tion initiation factors 4A and 4F. Mol. Cell. Biol. 10:1134-1144.

Schwer, B., and C. Guthrie. 1991. PRP16 is an RNA-dependent ATPase that
interacts transiently with the spliceosome. Nature 349:494-499.

Solovyev, A. G., D. A. Zelenina, E. I. Savenkov, V. Z. Grdzelishvili, S. Y.
Morozov, D.-E. Lesemann, E. Maiss, R. Caspar, and J. G. Atabekov. 1996.
Movement of a barley stripe mosaic virus chimera with a tobacco mosaic
virus movement protein. Virology 217:435-441.

Waigmann, E., W. J. Lucas, V. Citovsky, and P. Zambryski. 1994. Direct
functional assay for tobacco mosaic virus cell-to-cell movement protein and
identification of a domain involved in increasing plasmodesmal permeability.
Proc. Natl. Acad. Sci. USA 91:1433-1437.

Warrener, P., and M. S. Collett. 1995. Pestivirus NS3 (p80) protein possesses
RNA helicase activity. J. Virol. 69:1720-1726.

Warrener, P., J. K. Tamura, and M. S. Collett. 1993. RNA-stimulated NTPase
activity associated with yellow fever virus NS3 protein expressed in bacteria.
J. Virol. 67:989-996.

Wellink, J., J. W. M. van Lent, J. Verver, T. Sijen, R. W. Goldbach, and A.
van Kammen. 1993. The cowpea mosaic virus M RNA-encoded 48-kilodal-
ton protein is responsible for induction of tubular structures in protoplasts.
J. Virol. 67:3660-3664.

Wieczorek, A., and H. Sanfacon. 1993. Characterization and subcellular
localization of tomato ringspot nepovirus putative movement protein. Virol-
ogy 194:734-742.

Wolf, S., C. M. Deom, R. Beachy, and W. J. Lucas. 1991. Plasmodesmatal
function is probed using transgenic tobacco plants that express a virus move-
ment protein. Plant Cell 3:593-604.

Wolf, S., C. M. Deom, R. N. Beachy, and W. J. Lucas. 1989. Movement
protein of tobacco mosaic virus modifies plasmodesmatal size exclusion limit.
Science 246:377-379.

Zambryski, P. 1995. Plasmodesmata: plant channels for molecules on the
move. Science 270:1943-1944.

Zhou, H., and A. O. Jackson. 1996. Expression of the barley stripe mosaic
virus RNAR “triple gene block.” Virology 216:367-379.



