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The biochemical and functional properties of the movement protein (MP) of brome mosaic virus (BMV) were investigated.
Expression and purification of the BMV MP from Escherichia coli resulted in a pure and soluble protein preparation. Sucrose
gradient centrifugation revealed that BMV MP forms oligomers consisting of two or more copies but no higher order
multimers even when different ionic strengths and pHs were applied. Nitro-cellulose filter binding and gel retardation studies
showed that in vitro the BMV MP preferentially bound to ss nucleic acids (RNA and DNA); the affinity to ssRNA was lower
compared to BMV coat protein. The binding to ss nucleic acid was cooperative and not sequence specific and the
hypothetical binding site was calculated to be around three to six nucleotides per MP monomer. The nucleic acid binding
properties of the BMV MP are discussed in relation to the recent finding that this protein is also able to form tubular
structures in infected protoplasts. © 1998 Academic Press

INTRODUCTION

Systemic infection of a plant can be established when
viruses have the ability to replicate, to move from cell to
cell, and to move long distances through the vascular
system of their host plant (De Jong et al., 1995). The
process of long distance movement is still poorly under-
stood (Carrington et al., 1996). For most viruses this
process depends on two viral-encoded proteins, the coat
protein and the movement protein (MP). Short distance
movement, or cell-to-cell movement, takes place via the
plasmodesmata (Gibbs, 1976; Atabekov and Dorokov,
1984; Hull, 1989). This process requires the virus-en-
coded MP (Deom et al., 1987; Nishiguschi et al., 1978;
Thomas et al., 1993). At least two different mechanisms
for the role of MPs in facilitating viral spread have been
proposed.

One mechanism is based on observations for tobacco
mosaic tobamovirus (TMV), cucumber mosaic bromovi-
rus (CMV), and red clover necrotic mosaic dianthovirus
(RCNMV). The MPs of these viruses have been shown to
modify the size exclusion limits of the plasmodesmata
and exhibit a cooperative binding to single-stranded nu-
cleic acids in vitro (Citovsky, 1993; Ding et al., 1995;
Fujiwara et al., 1993; Lucas et al., 1995; Wolf et al., 1989).
Additionally, the MP of TMV has been shown to colocal-
ize with the cytoskeleton in infected protoplasts (McLean
et al., 1995; Heinlein et al., 1995). Based on these obser-
vations, a model for intercellular movement was pro-

posed in which the MP is complexed to the viral genomic
RNA and this ribonucleoprotein complex is subsequently
targeted to and transported through modified plasmo-
desmata (Citovsky et al., 1990).

In contrast to tobamo and dianthoviruses, the como-,
nepo-, and caulimoviruses are supposed to move by a
tubule-guided mechanism. For these viruses, tubular
structures protruding the cell wall have been found in
infected tissue (Van Lent et al., 1990; Ritzenthaler et al.,
1995; Maule, 1991). These tubules consist of MP, contain
virus-like particles, and are supposed to form a direct
conduit for transport of complete virus particles (Van Lent
et al., 1990). Studies performed on infected protoplasts
have shown similar tubular structures filled with virus-
like particles extending from the surface of infected pro-
toplasts but still contained within the plasma membrane
(Van Lent et al., 1991; Perbal et al., 1993).

Brome mosaic bromovirus (BMV) is an icosahedral
plant virus with a three-component, messenger sense
RNA genome. The gene products of RNA 1 and RNA 2
are required for viral replication (Allison et al., 1990).
Spread of BMV infection depends on the nonstructural
MP and the coat protein, which are both encoded by
RNA 3. For initial cell-to-cell movement the MP is indis-
pensable (Allison et al., 1990; De Jong and Ahlquist, 1992;
Mise and Ahlquist, 1995). The bromovirus MP gene ap-
pears multifunctional. It is essential for cell-to-cell move-
ment, it is partly responsible for host specificity (De Jong
et al., 1995), and it modulates symptom expression in
susceptible hosts (Fujita et al., 1996; Rao and Grantham,
1995). Recently, it was shown that the BMV MP assem-
bles into tubular structures at the periphery of infected
protoplasts and that these structures contain virus-like
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particles (Kasteel et al., 1997). The necessity of CP for
initial cell-to-cell movement of BMV is still a matter of
controversy in literature (Flasinski et al., 1995; Rao and
Grantham, 1995, 1996; Schmitz and Rao, 1996).

To further analyze how the BMV MP mediates cell-to-
cell movement of viral infectivity, the biochemical and
functional properties of the BMV MP were investigated.
For this purpose the BMV MP was expressed in E. coli
and purified in a soluble form. The protein was used in
nucleic acid binding studies and the state of aggregation
was established by sucrose gradient analysis.

RESULTS

Production and purification of the BMV movement
protein

The MP gene was expressed in BL21 (DE3) E. coli
cells carrying plasmid pT7-7/BMV MP. Induction of ex-
pression resulted in the synthesis of a protein with the
expected size of the MP (32 kDa) (Fig. 1, lane 1). Expres-
sion levels of MP corresponded to 30–40% of the total
cell protein, resulting in the formation of insoluble aggre-
gates of MP. These MP-containing inclusion bodies
could be easily separated from soluble bacterial proteins
by differential centrifugation. The MP aggregates were
dissolved in 6 M urea. The purity was checked by SDS–
PAGE (Fig. 1, lane 3) and renaturation was achieved by
subsequent dialysis against buffer C and buffer D. The
protein remained soluble after renaturation and this ma-
terial was used for nucleic acid binding studies.

State of aggregation of the BMV movement protein

As it was recently shown that the BMV MP is capable
of forming tubular structures in infected protoplasts
(Kasteel et al., 1997), the self-aggregation properties of
the renatured MP were analyzed using rate zonal cen-
trifugation in sucrose gradients. Bovine serum albumin
(BSA) and BMV virus particles were used as size mark-
ers. In a 10–30% sucrose gradient containing buffer C, pH
8.0, MP sedimented slightly faster than the BSA standard
(results not shown), indicating that MP formed dimers or
even larger oligomers in solution. Lowering the salt con-
dition from 1.0 M NaCl (buffer C) to 0.1 M (buffer D) did
not cause any major changes in the sedimentation be-
havior of MP. The sedimentation profile showed a some-
how broader peak, indicating more heterogeneity in the
state of aggregation. Variation of the pH hardly changed
the sedimentation properties. Lowering the pH to a value
of 5.0 caused a small fraction of MP to sediment to the
bottom of the gradient. The resuspended MP did not
show any defined, i.e., tubule-like, structure by negative
staining electron microscopy (data not shown).

Nucleic acid binding studies

The ability of viral MPs to bind nucleic acids has been
described for various plant viruses (Citovsky et al., 1990;
Osman et al., 1992; Li and Palukaitis, 1996). To investi-
gate whether the BMV MP also has nucleic acid binding
properties, a 32P-labeled ssRNA fragment with positive
polarity, corresponding to the 39 terminal 203 nt of BMV
RNA 3, was prepared and the interaction between the
MP and this RNA fragment was investigated using a
nitro-cellulose filter binding assay. A low concentration
(10 ng, 6 nM) of labeled RNA was incubated at 4°C for
1 h in buffer D with increasing concentrations of protein.
The reaction mixtures were fixed with glutaraldehyde,
diluted in buffer E, and filtered through an NC filter.
Protein and protein–nucleic acid complexes are retained
by the filter matrix while free RNA passes through. From
earlier assembly studies it is known that RNA can be
encapsidated by BMV CP in vitro (Hiebert et al., 1968)
and therefore it was used as a positive control in coop-
erative RNA binding. Binding to CP was detectable at 1
ng (2 nM) CP, had a midpoint at about 10 ng (20 nM), and
reached a plateau above 100 ng (0.2 mM), where about
85% of the input RNA was bound (Fig. 2A). The dissoci-
ation constant Kd, defined as the concentration of protein
at half-saturation (midpoint), was 20 nM CP. Binding of
MP to RNA became detectable at 0.02 mg (25 nM) MP,
had a midpoint at about 0.2 mg (250 nM), and, although
the fraction of added nucleic acid bound at 10 mg MP
varied in different replications, the average binding level
reached a plateau above 1 mg (1.25 mM) where about
75% of the input RNA was bound (Fig. 2A). The dissoci-
ation constant was 250 nM MP. Binding of MP to labelled
ssRNA was completely abolished in competition with

FIG. 1. SDS–PAGE analysis of BMV MP expressed in E. coli. MP was
purified from inclusion bodies following overexpression of plasmid
pT7-7/BMV MP in E. coli BL21(DE3). The purified MP was analyzed on
a 12% SDS polyacrylamide gel stained with Coomassie brilliant blue.
Lane 1, bacterial cell lysate after expression of MP. Lane 2, supernatant
fraction of bacterial lysate after pelleting the MP inclusion bodies. Lane
3, purified MP obtained after solubilization of inclusion bodies. M,
molecular mass standards.
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unlabeled competitor RNA (results not shown). BSA,
used as a negative control, did not bind (Fig. 2A). From
these results it is concluded that MP is able to bind
ssRNA, though with a significantly lower affinity (higher
dissociation constant) than CP.

To determine whether RNA binding of MP was specific
to ssRNA molecules, binding studies were also per-
formed using a radioactively labeled dsRNA fragment.
This dsRNA was formed by hybridizing the 203-nt posi-
tive strand with its 203-nt negative strand. As for ssRNA,
BSA did not bind to dsRNA and CP bound with a Kd of 20
nM. However, no binding was observed with MP (Fig.
2B). These results indicate that MP binds preferentially to
ssRNA.

BMV MP did not discriminate in binding between the

203-nt ssRNA fragment with positive polarity and its
complementary negative strand (results not shown). Sim-
ilar results were obtained when the protein was incu-
bated with a 230-nt ssRNA fragment of nonviral origin
(results not shown). Therefore it can be concluded that
binding of MP to ssRNA is neither sequence specific nor
dependent on sequences of viral origin.

The nature of the binding of MP to (1)-ssRNA was
tested by varying the salt conditions (Fig. 3). Nitro-cellu-
lose filter assays showed that MP binding increased with
decreasing NaCl concentrations, indicating ionic inter-
action.

To determine whether MP binding was limited to RNA
a 203-nt ssDNA fragment was tested. As for RNA BSA did
not bind and CP bound in a manner comparable with

FIG. 2. Binding of BMV MP to ss and ds nucleic acid evaluated by nitro-cellulose filter binding. Indicated amounts of MP were incubated for 1 h
at 4°C in 25 ml of buffer D with 10 ng of 32P-labeled ss or ds nucleic acid. After incubation glutaraldehyde was added to a final concentration of 0.1%
and the mixture was left for 15 min at 4°C. BSA and BMV coat protein were used as negative and positive controls for RNA binding. Samples were
diluted in 4 ml buffer E and filtered through a nitro-cellulose filter which was previously rinsed with buffer E. The filter was washed with 3 ml buffer
E and the amount of nucleic acid retained on the filter was measured by Cerenkov counting. A fraction of added radioactive nucleic acid bound to
a filter of 1 corresponds to 10,000–15,000 cpm.
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ssRNA. The dissociation constant for MP binding was
similar to the one for ssRNA even though the formation of
the DNA–protein complex reached a lower plateau value

(Fig. 2C). With a 203-nt dsDNA fragment some binding of
MP is measured on the filter at the highest MP/DNA ratio
(Fig. 2D), but a proper Kd value could not be determined.
As for ssDNA BSA did not bind while the binding of CP
was comparable.

In addition to nitro-cellulose filter assays, binding of
MP to nucleic acid was analyzed using gel retardation.
The 203 nt (1)-ssRNA fragment incubated with MP was
strongly retarded compared with the free ssRNA frag-
ment (Fig. 4A). Binding of MP to ssRNA appeared highly
cooperative. These data confirm the results obtained
from the nitro-cellulose filter assay, although, when ap-
plying gel retardation, the dsRNA fragment was also
retarded, albeit at higher amounts of protein (Fig. 4A).
This is more obvious in Fig. 4B, where gel retardation
was applied to a mixture of equal molar amounts of the
ss- and dsRNA fragment incubated with increasing con-
centrations of MP. From these experiments it is con-
cluded that at lower protein concentrations, the protein
preferentially binds the ssRNA fragment. Similar results
were obtained when gel retardation was applied to an-
alyzing the 203-nt ss- and dsDNA fragments incubated
with MP (results not shown).

It is concluded that BMV MP binds preferentially to ss
nucleic acids and that it does not discriminate between
nucleic acids of viral and nonviral origin.

DISCUSSION

In the present study, the biochemical and functional
properties of the BMV MP were investigated. Expression
and purification of the BMV MP from E. coli resulted in a
pure and soluble protein preparation. Sucrose gradient
centrifugation revealed that BMV MP formed dimers or
even larger oligomers in solution. No higher order mul-

FIG. 3. Binding of BMV MP to ssRNA under increasing NaCl con-
centrations evaluated by nitro-cellulose filter binding. MP (10 mg) was
incubated for 1 h at 4°C with 10 ng of 32P-labeled ssRNA in the
presence of indicated concentrations of NaCl. After incubation glutar-
aldehyde was added to a final concentration of 0.1% and the mixtures
were left for 15 min at 4°C. The reaction mixtures were diluted in 4 ml
buffer E and filtered through a nitro-cellulose filter which was previ-
ously rinsed with buffer E. The filter was washed with 3 ml buffer E and
the amount of nucleic acid retained on the filter was measured by
Cerenkov counting. A fraction of added radioactive nucleic acid bound
to a filter of 1 corresponds to 10,000–15,000 cpm.

FIG. 4. Binding of BMV MP to ss and dsRNA evaluated by gel retardation. (A) Indicated amounts of MP were incubated for 1 h at 4°C in 25 ml of
buffer D with 10 ng of 32P-labeled ss or dsRNA. Samples were analyzed by electrophoresis in a 4% native polyacrylamide gel. An autoradiogram of
the gel is shown. (B) Indicated amounts of MP were incubated for 1 h at 4°C in 25 ml of buffer D with 10 ng of 32P-labeled ssRNA and 5 ng of
32P-labeled dsRNA. Samples were analyzed by electrophoresis in a 4% native polyacrylamide gel. An autoradiogram of the gel is shown.
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timers were found when different pHs and ionic
strengths were applied. Nitro-cellulose filter assays
showed that BMV MP bound both ssRNA and ssDNA in
vitro. Binding was neither sequence specific nor depen-
dent on sequences of viral origin. Gel retardation studies
confirm the ss nucleic acid binding capacity of the MP as
shown with the nitro-cellulose filter assay. Binding of MP
to ssRNA was highly cooperative. However, using gel
retardation, the MP was shown also to bind ds nucleic
acids. Competition experiments revealed that at lower
protein concentrations the MP preferentially bound the
ss nucleic acid fragments.

Although complete renaturation of MP has not been
proven, similar expression, isolation, and purification of
CP resulted in CP preparations that were able to form
empty protein capsids comparable to capsids assem-
bled from wild-type viral coat protein by dialysis to 0.2 M
NaCl, pH 5.0 (unpublished data). This observation justi-
fied our attempt to look for tubular structures as ob-
served in protoplasts (Kasteel et al., 1997) by sucrose
gradient analysis with variable pH and ionic strength.
Unfortunately defined structures were not found.

The data obtained with the nucleic acid binding as-
says need some consideration. NC filter binding assays
showed that the formation of the MP RNA complex
reached a plateau above 1 mg MP, where 75% of the
input RNA (10 ng) was bound. One would expect that at
saturating protein levels virtually all the RNA would be
retained on the filter. This incomplete retention of pro-
tein–nucleic acid complexes appears to be a generally
observed phenomenon (Carey et al., 1983; Wong and
Lohman, 1993). The fraction of total protein–RNA com-
plexes actually retained on the nitro-cellulose can be
significantly less than 1 and appears system dependent.
The retained fraction therefore depends upon the pro-
tein–nucleic acid complex under study. This may account
for the differences in plateau values found for the CP and
MP ss nucleic acid complexes. A second possibility
which can partially account for a difference in retention is
the presence of an altered form of RNA that cannot bind
protein. In this case one must assume that the percent-
age of RNA bound at the plateau represents complete
binding of accessible (active) RNA. Another aspect that
merits consideration is that the fraction of RNA or DNA
bound at the plateau might differ among different DNA or
RNA preparations. Subtle aspects of purification of la-
beled fragments might account for differences in the
observed fractional retention.

The apparently different results obtained by the NC
filter assay and the gel retardation in the case of binding
of MP to ds nucleic acid may be caused by differences in
experimental conditions. The lower ionic strength while
running the gel and the absence of a fixation step after
formation of the protein–nucleic acid complex can ex-
plain the different results in the case of the gel retarda-

tion analysis. The incomplete retention, observed in the
NC filter assay, offers another explanation.

BMV MP binds to ssRNA with a dissociation constant
of about 250 nM protein. The hypothetical ss nucleic acid
binding site, number of nucleotides divided by the num-
ber of protein monomers, was calculated using the
amount of MP at the plateau value (Fig. 3A, ca. 1–2 mg
MP) and was estimated around 1 to 2 nt per protein
monomer. The CP was found to encapsidate the RNA
fragment in a virus particle at protein concentrations
above the plateau value (Fig. 3A, ca. 0.1 mg CP). The
average size of RNA encapsidated within a BMV virus
particle is 3032 nt. As a bromovirus virus particle is
composed of 180 CP subunits, the hypothetical CP RNA
binding site is 17 nt per CP monomer. Using the NC filter
assay the binding site was calculated at ca. 6 nt per CP
monomer. The observed difference between the actual
and the calculated binding site may be caused by a
fraction protein unable to bind RNA causing a low effec-
tive protein concentration, the presence of an altered
form of RNA which cannot bind protein, or an incorrect
determination of the RNA concentration. If this difference
found for CP is taken into account, the hypothetical
nucleic acid binding site for BMV MP is 3 to 6 nt per
protein monomer, which is comparable with the TMV MP
nucleic acid binding site (4 to 7 nt/MP monomer)
(Citovsky et al., 1990).

Having shown that BMV MP has nucleic acid binding
properties, it is tempting to assume the nonencapsidated
viral genome transport mechanism as reported for TMV.
Recently, however, it has been shown by Kasteel et al.
(1997) that BMV can induce tubular structures at the
periphery of infected cowpea protoplasts and that these
tubules consist of MP and contain virus-like particles.
Although these tubular structures have not yet been
discerned in infected barley tissue, it was suggested
that, by analogy with the comoviral and caulimoviral
intercellular movement, movement of BMV as particles
through tubules in plasmodesmata is a valid mechanism.
Until now, these two disparate activities of MP have only
been reported for the CaMV P1 (Citovsky et al., 1991;
Perbal et al., 1993) and AlMV MP (Kasteel et al., 1997;
Schoumacher et al., 1992a,b), suggesting two or more
distinct processes involved in the full systemic spread of
infection.

With respect to the nucleic acid binding, the BMV MP
is similar to the MPs of TMV (Citovsky et al., 1990),
RCNMV (Osman et al., 1992), CMV (Li and Palukaitis,
1996), CaMV (Citovsky et al., 1991; Thomas and Maule,
1995) and AlMV (Schoumacher et al., 1992a,b). The TMV
MP has two domains involved in RNA binding. Domain A,
which has a low surface probability, binds RNA only in
the context of the complete MP. The second domain,
domain B, is directly involved in RNA binding and exhib-
its a high surface probability (Citovsky et al., 1992). Al-
though the BMV MP shows no significant sequence
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similarity with the tobamovirus MP in general (ca. 4.0%)
(Melcher, 1990), sequence analysis shows that the C-
terminal domain of the BMV MP (aa 213–302) might be
comparable with domain B of TMV. This domain shows a
high surface probability and contains at least seven
positively charged residues for a potential interaction
with nucleic acids.

With a viral MP showing both RNA binding and tubule
formation, it is tempting to speculate about the biological
relevance of the lower affinity of MP to ssRNA compared
with CP. Lower affinity and early expression might fine-
tune between early spread of infection as an RNA protein
complex and late transport of complete virions. It might
also prevent efficient competition of MP with CP to es-
tablish transport of complete virions by a tubule-guided
mechanism.

The choice of transport mechanism for movement of
BMV is dependent on the role of the coat protein in BMV
movement. The necessity of CP for initial cell-to-cell
movement is still a particular matter of controversy in
literature (Flasinski et al., 1995; Rao and Grantham, 1995,
1996; Schmitz and Rao, 1996). Therefore, in analogy with
CaMV, BMV might use two or more different movement
strategies to establish systemic infection: movement as
a viral RNA/MP protein complex or movement as a com-
plete virion by a tubule-guided mechanism. These differ-
ent movement strategies may be involved in different
stages of infection (short distance versus long distance
movement), reflecting movement in different tissues.

MATERIALS AND METHODS

Bacteriophage T7 RNA polymerase expression of the
BMV movement protein gene

To clone and subsequently express the MP gene,
restriction sites upstream (NdeI) and downstream
(BamHI) of the MP coding sequence were generated
using the corresponding nucleotide sequences as prim-
ers for the polymerase chain reaction. The sequence of
the 59 flanking primer was 59-CCCATATGTCTAACAT-
AGTTTCTCCC; the 39 flanking primer was 59-GGGGATC-
CTATTTAATTCTAAGCGTAGG. The PCR amplified NdeI–
BamHI restriction fragment of the MP cDNA was cloned
into the respective sites of a pT7-7 expression vector. To
express the MP gene, E. coli strain BL21(DE3) was trans-
fected with the pT7-7/BMV MP plasmid.

Purification of the BMV movement protein

Induction of MP synthesis and purification of MP from
E. coli was essentially as described by Citovsky et al.
(1990) for TMV MP, except that all procedures were
performed at 4°C. The purification involved washing of
insoluble inclusion bodies in the presence of buffer C (10
mM Tris–HCl, pH 8.0, 1 M NaCl, 10% (v/v) glycerol, 0.4%
(v/v) Nonidet-P40 (NP-40)), their solubilization in buffer B

(buffer C 1 6 M urea), and renaturation of the protein by
dialysis against, subsequently, buffer C and buffer D (10
mM Tris–HCl, pH 8.0, 0.1 M NaCl, 10% (v/v) glycerol, 0.4%
(v/v) NP-40).

State of aggregation of the BMV movement protein

After purification, the state of aggregation of MP was
analyzed by rate zonal centrifugation in sucrose gradi-
ents. The sedimentation properties of MP were exam-
ined in buffers C and D at different pH values (pH 9.0, 8.0,
and 5.0). For this purpose the purified MP was dialyzed
against the desired buffer and layered on a 4.5-ml 10–
30% (w/v) sucrose gradient with the same buffer and salt
composition. The gradients were centrifuged for 2 h in a
Beckman SW55 rotor at 45,000 rpm and 4°C. Fractions
(0.5 ml) were collected with an ISCO density gradient
fractionator Model 185 and protein contents of the frac-
tions were quantitated using the Bio-Rad protein assay.

Nucleic acid binding studies

Preparation of single- and double-stranded RNA frag-
ments. A 32P-labeled RNA fragment corresponding to the
39 terminal 203 nt of BMV RNA 3 was synthesized by in
vitro transcription using T7 RNA polymerase and a
pB3HE1 DNA template linearized with EcoRI (French and
Ahlquist, 1987). For radioactive labeling, [a-32P]CTP was
included in the transcription reaction. The reaction prod-
uct was extracted with phenol:choloroform and purified
using a Sephadex G50 column equilibrated with 10 mM
Tris–HCl, pH 7.5, 0.1 mM EDTA. The concentration of
labeled RNA was estimated by comparing with RNA of
known concentration using polyacrylamide gel electro-
phoresis (4% native polyacrylamide gel (30/0.8 acryl-
amide/bisacrylamide) containing 45 mM Tris–borate, 1.2
mM EDTA) and silver staining.

A radiolabeled 203-bp dsRNA fragment was formed by
hybridizing the above-described RNA fragment with its
complementary negative RNA strand. This strand was
synthesized by SP6 RNA polymerase from pB3HE1 lin-
earized with HindIII (French and Ahlquist, 1987). An an-
nealing reaction mixture (220 ml) containing 15 mM Tris–
HCl, pH 7.4, 0.4 M NaCl, 2.5 mM EDTA, 20 ml of the T7
RNA polymerase transcription reaction, and 20 ml of the
SP6 RNA polymerase transcription reaction (100 ng of
each RNA strand) was placed in boiling water for 5 min,
incubated at 68°C for 5 min, and then cooled to room
temperature. Unhybridized RNA strands were digested
by treatment with RNase A (0.04 mg/ml) for 45 min at
15°C. The reaction was terminated by addition of 20 ml
10% SDS. The RNA was extracted with phenol:chloro-
form, precipitated with ethanol and resuspended in wa-
ter. The dsRNA fragment was further purified using aga-
rose gel electrophoresis and ethanol precipitation and
was resuspended in water. The concentration of labeled
RNA was estimated as for ssRNA.
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The BamHI/PstI restriction fragment of the signal se-
quence of a single chain antibody (ScFv3-S) was used as
a 230-nt nonviral sequence. For this purpose, the restric-
tion fragment was cloned into the respective sites of
pGEM-3Z. Preparation of radiolabeled ss and dsRNA
was as described above for viral RNA.

Preparation of single- and double-stranded DNA frag-
ments. The 203-bp EcoRI/HindIII restriction fragment of
pB3HE1 (French and Ahlquist, 1987) was used as DNA
probe. The restriction fragment was dephosphorylated
using calf intestinal phosphatase (CIP). After dephos-
phorylation CIP was degraded by incubation at 67°C for
60 min. For radioactive labeling, the dephosphorylated
restriction fragment was end-labeled using T4-kinase
and [g-32P]dATP. The DNA was extracted with phenol:
chloroform, gel purified, precipitated with ethanol and
resuspended in water. The concentration of labeled DNA
was estimated in comparison with DNA of known con-
centration using polyacrylamide gel electrophoresis (4%
native polyacrylamide gel (30/0.8 acrylamide/bisacrylam-
ide) containing 45 mM Tris–borate, 1.2 mM EDTA) and
silver staining. Heat-denatured DNA was used as radio-
actively labeled ssDNA.

Nitro-cellulose filter binding assay

Various amounts of MP were incubated for 1 h at 4°C in
25 ml of buffer D with 10 ng radioactive RNA or DNA. After
incubation glutaraldehyde was added to a final concentra-
tion of 0.1% (v/v) and the mixture was left for 15 min at 4°C.
The mixture was diluted in 4 ml of buffer E (buffer D without
NP-40) and filtered through a nitro-cellulose (NC) filter
which was previously rinsed with buffer E. The filter was
then washed with 3 ml buffer E. For quantitation of binding,
the amount of nucleic acid retained on the filter was mea-
sured by Cerenkov counting.

Retardation gel electrophoresis assay

Probe RNA or DNA was incubated with MP as de-
scribed for the NC filter binding assay. Samples were
analyzed by electrophoresis in a 4% native polyacryl-
amide gel (30/0.8 acrylamide/bisacrylamide) containing
45 mM Tris–borate, 1.2 mM EDTA. The gel was run at 35
mA for 1.5 h, dried under vacuum, and autoradiographed.
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