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Abstract The interactions between satellite panicum mosaic
virus (SPMV) capsid protein (CP) and its 824 nucleotide (nt)
single stranded RNA were investigated by gel mobility shift assay
and Northwestern blot assay. SPMV CP has specificity for its
RNA at high affinity, but little affinity for non-viral RNA. The
SPMV CP also bound a 350 nt satellite RNA (satRNA) that,
like SPMV, is dependent on panicum mosaic virus for its
replication. SPMV CP has the novel property of encapsidating
SPMV RNA and satRNA. Competition gel mobility shift assays
performed with a non-viral RNA and unlabeled SPMV RNA and
satRNA revealed that these RNA:protein interactions were in
part sequence specific. ß 2000 Federation of European Bio-
chemical Societies. Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction

Satellite panicum mosaic virus (SPMV) is a part of an un-
usual complex of RNAs that are infectious on a few species
within the Gramineae [1]. SPMV is dependent on panicum
mosaic virus (PMV; genus Panicovirus, family Tombusviri-
dae) for replication. On millet plants (Setaria italica and Pani-
cum miliaceum), PMV causes mild symptoms, but as a mixed
infection with SPMV the plants are signi¢cantly stunted, de-
velop a severe chlorotic mottle and the systemic infection
progresses ca. 1 day more rapidly than for PMV alone [2].
In addition, SPMV induces a synergism by increasing the titer
of PMV in the infected plant 2^4-fold [2]. PMV, the helper
virus, also supports the replication and spread of satellite
RNAs (satRNA) [3,4]. SatRNAs are often observed in plant
virus infections and to date all known satRNAs are encapsi-
dated by the helper virus capsid protein (CP) [5].

Thus far, four satellite viruses have been described in
plants, SPMV, satellite tobacco mosaic virus (STMV), satellite
tobacco necrosis virus and satellite maize white line mosaic
virus (reviewed by [1,6]). There is no inter-relationship be-
tween these satellite viruses, although they have the same
super¢cial features and a requirement for a helper virus to
support their replication in planta. The 824 nucleotide (nt)
single stranded positive sense SPMV RNA encodes a 17 kDa
CP [7]. A 16 nm icosahedral T = 1 particle [8,9] is formed from

60 copies of the 157 amino acid CP [1]. Based on analyses of
the crystalline structure of SPMV particles, strong nucleic
acid^protein interactions were not observed, which is in con-
trast to the RNA:protein interactions that were detected from
the STMV crystallographic analysis [8,9].

In the southern United States, St. Augustinegrass (Steno-
taphrum secundatum), is naturally infected with PMV alone,
or in combination with SPMV and/or satRNA [10]. Prelimi-
nary evidence suggested that the ca. 350 nt PMV satRNAs
were encapsidated in SPMV virions (A.O. Jackson, personal
communication). In this study, we developed an assay to de-
termine the speci¢city of the interactions between SPMV CP
and SPMV RNA as well as satRNA, to de¢ne the encapsida-
tion parameters of this viral complex. This physico-chemical
study was undertaken because of our interest in elucidating
the biological roles of each of these molecules (PMV, SPMV
and satRNA) as well as inter- and intra-molecular interactions
that a¡ect replication, movement, disease development and
encapsidation.

2. Materials and methods

2.1. Preparation of soluble SPMV and PMV CPs
Millet plants were mechanically inoculated with plant sap contain-

ing a mixture of PMV and SPMV [2]. At 10^15 days post-inoculation,
the symptomatic leaves were harvested and homogenized in 4 volumes
of 0.2 M sodium acetate (pH 5.2) and 0.2 mM dithiothreitol (DTT).
PMV and SPMV virions were precipitated with 8% polyethylene gly-
col (PEG) MW 8000 and 0.2 M NaCl followed by resuspension in
0.05 M sodium acetate (pH 5.5) and 1% Triton X-100. The clari¢ed
extract was then loaded on a 10^40% sucrose density gradient in
0.05 M sodium acetate, pH 5.5 and centrifuged for 3 h at 35 000
rpm (SW41 rotor, Beckman). A good separation of the two virions,
PMV and SPMV, was obtained in the gradient. PMV and SPMV
were recovered individually using a density gradient fractionator
(ISCO, Lincoln, NE, USA and pelleted by centrifugation for 1.5 h
at 50 000 rpm (Ti 60 rotor, Beckman). SPMV CP and PMV CP were
prepared by dissociation of the respective puri¢ed virions. PMV was
dissociated as described by Wei and Morris [11]. Brie£y, the pellet was
resuspended in 500 Wl of dissociation bu¡er (0.1 M Tris^HCl (pH 8.5),
0.5 M NaCl, 5 mM EDTA) and incubated on ice for 1 h. The viral
RNA was then precipitated by addition of 1 volume of 4 M LiCl.
SPMV virions were dissociated by incubation for 3 h in 0.1 M Tris^
HCl (pH 8), 80 mM KCl, 10 mM magnesium acetate, 1 mM DTT and
8 M urea. The SPMV RNA was precipitated by overnight incubation
at 320³C in 3.5 M LiCl. The SPMV CP was separated from the
SPMV RNA by centrifugation at 10 000 rpm for 10 min and the
supernatant was dialyzed against several changes of TMK bu¡er
(0.1 M Tris^HCl (pH 8), 80 mM KCl, 10 mM magnesium acetate,
1 mM DTT). The purity of PMV CP and SPMV CP was con¢rmed
by sodium dodecyl sulfate (SDS)^polyacrylamide gel electrophoresis
(PAGE) and the concentration was determined by a BCA assay
(Pierce Chemical, Rockford, IL, USA).
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2.2. In vitro transcripts of SPMV and satRNA
Transcripts were generated in vitro from infectious cDNA clones of

both SPMV and satRNA-S1 [4,12] using T7-RNA polymerase accord-
ing to the manufacturer's instructions (Life Technologies, Rockville,
MD, USA) with the addition of 32P-UTP to generate a probe for the
gel mobility shift assay and the Northwestern blot assay. A 1475 nt 3P-
terminal portion of the full length PMV cDNA was ampli¢ed by
polymerase chain reaction and used as a template to generate 32P-
labeled transcripts representing the PMV subgenomic (sg) RNA, as
described previously [12]. Following each transcription reaction, the
DNA template was degraded with 1 U RQ1-DNase (Promega, Mad-
ison, WI, USA) for 15 min at 37³C. The transcripts were extracted
with phenol/chloroform (v/v), precipitated with 2.5 volumes of ethanol
at 380³C, centrifuged and resuspended in 20 Wl of TE bu¡er (10 mM
Tris^HCl (pH 7.5), 1 mM EDTA).

2.3. Northwestern blot assay
Puri¢ed PMV and SPMV CP (1 Wg) were boiled in 2% SDS-sample

bu¡er, electrophoresed through 12.5% polyacrylamide gels and trans-
ferred to nitrocellulose membrane [13]. The membrane was then
blocked for 2 h at room temperature (RT) in binding bu¡er (10
mM Tris^HCl (pH 7), 1 mM EDTA, 1UDenhardt's reagent) [14]
containing 200 or 400 mM NaCl and 25 Wg/ml yeast tRNA. The
32P-labeled RNA probe was added and incubated with the blot for
2 h at RT. The membrane was washed three times with binding bu¡er
plus NaCl and exposed to X-ray ¢lm for 12 h at 380³C.

2.4. Electrophoretic gel mobility shift assay
The gel mobility shift assays were performed as described by Wei

and Morris [11]. Approximately 50 ng of 32P-labeled RNAs were
incubated with di¡erent concentrations of the PMV CP or SPMV
CP in TMK bu¡er (0.1 M Tris^HCl (pH 8), 80 mM KCl, 10 mM
magnesium acetate, 1 mM DTT) containing 150 mM NaCl. After
15 min incubation at RT, the reaction mixtures were supplemented
with 2 Wl of 50% glycerol containing 0.2% bromophenol blue and then
electrophoresed through 4% polyacrylamide gels containing 45 mM
Tris^borate (pH 8.3), 1 mM EDTA and 4.5% glycerol. The gels were
dried and exposed to X-ray ¢lm for 12 h at 380³C.

3. Results and discussion

3.1. Puri¢cation of PMV and SPMV coat proteins
PMV and SPMV were easily puri¢ed on a sucrose density

gradient from mixedly infected plants due to their di¡erent
sedimentation coe¤cients, 109 S and 42 S, respectively.
PMV CP was obtained by dissociation of the virus in 0.5 M
NaCl under mild alkaline conditions [11]. The same procedure
applied to SPMV showed that the CP preparation still con-
tained SPMV RNA (data not shown), suggesting that stron-
ger RNA:CP and/or CP:CP interactions govern the SPMV

architecture. Stringent conditions, such as 8 M urea and 3.5 M
LiCl, were necessary to complete the virus dissociation. Solu-
ble SPMV CP was obtained after dialysis and was used for the
protein:RNA binding assays. Fresh preparations of SPMV
CP were suitable for the gel mobility shift assays, but its
RNA binding properties decreased when the CP was stored
for more than 1 week at 4³C or 320³C. This suggested the
occurrence of spontaneous CP:CP aggregation which abol-
ished the capacity of the SPMV RNA to bind to the CP in
a gel mobility shift assay.

3.2. Speci¢c interactions between SPMV CP and either SPMV
RNA or satRNA-S1

The propensity for speci¢c interactions between SPMV CP
and its RNA were suggested by Northwestern blots. Fig. 1
shows that the SPMV RNA and the satRNA-S1 bind with a
greater a¤nity to the 17 kDa SPMV CP than to the 26 kDa
PMV CP in the presence of 200 mM NaCl, but do not bind
bovine serum albumin (BSA). In the presence of 400 mM
NaCl only very low binding between the satRNA and PMV
CP could be detected and the SPMV-RNA signal decreased.
CPs can generally be classi¢ed as nucleic acid binding pro-
teins, but these data indicate a particular a¤nity of SPMV CP
for both SPMV RNA and satRNA.

The preliminary results of the Northwestern analyses were

Fig. 1. Analyses of the SPMV RNA and satRNA-S1 binding activ-
ities of PMV CP and SPMV CP by Northwestern hybridization.
PMV CP (P), SPMV CP (S) and BSA (B), 1 Wg of each, were sepa-
rated by SDS^12.5% PAGE. After transfer to a nitrocellulose mem-
brane, the blot was hybridized with 32P-labeled transcripts of SPMV
(A) or satRNA S1 (B), in the presence of 200 or 400 mM NaCl,
and autoradiographed. The positions of the protein molecular
weight standards (in kDa) are indicated on the leftmost panel.

Fig. 2. Gel mobility shift assays of SPMV CP complexes interacting
with SPMV RNA and satRNA S1. The indicated amount of puri-
¢ed SPMV CP or bu¡er only (0) were mixed with 50 ng 32P-labeled
transcripts of SPMV (A) or satRNA-S1 (B) in the presence or ab-
sence of competitive RNA as indicated on the top of each panel.
The RNA:protein complexes were then separated on a 4% polyac-
rylamide gel, which was dried and autoradiographed. The position
of the free RNA is indicated.
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extended with electrophoretic gel mobility shift assays in order
to examine with more precision the a¤nity and the speci¢city
of these interactions. With freshly prepared soluble SPMV CP
we consistently observed that complete cooperative binding
occurred with 300 ng of protein and 50 ng of 32P-labeled
SPMV RNA (Fig. 2A, left panel). Interestingly, a similar af-
¢nity was observed between the SPMV CP and the satRNA-
S1 (Fig. 2B, left panel). To con¢rm this speci¢city, competi-
tion experiments were performed using cold SPMV RNA as a
speci¢c competitor and the ca. 800 nt bacterial chloramphen-
icol acetyl transferase (CAT) cDNA transcripts as an aspeci¢c
competitor. The presence of ¢ve times excess of cold SPMV
RNA impaired binding to the extent that free 32P-SPMV
RNA could be detected even when 500 ng of protein was
used in the binding reaction (Fig. 2A, middle panel). When
CAT RNA was used as the competitor, a shifted RNA band
was still obtained with 300 ng SPMV CP, but it considerably
reduced the cooperative binding (Fig. 2A, right panel). This
suggested that there are two di¡erent types of interactions. In
the ¢rst case, a speci¢c reaction occurs which is not a¡ected
by the presence of the CAT RNA and results in a shifted
band. And in the second case, an aspeci¢c reaction is observed
that is inhibited by CAT RNA and subsequently resulted in
the formation of large complexes that were unable to pene-
trate into the gel. Similar competition experiments performed
with satRNA-S1 showed that the binding is inhibited by a
10 times excess of cold satRNA-S1 but not by the CAT

RNA (Fig. 2B, middle and right panel). When BSA was
used in place of the SPMV CP, a detectable complex was
not observed for SPMV RNA or satRNA-S1 (data not
shown), again indicating the speci¢city of the SPMV
CP:RNA interaction in vitro. The gel shift data con¢rm
and extend the Northwestern blot data in that a speci¢c in-
teraction occurs between SPMV CP and both SPMV RNA
and satRNA-S1. As the satRNA and SPMV RNA have no
sequence similarity except for ca. 5^7 nt at their respective
extreme 5P- and 3P-termini, this suggests that there may be
structural features on both RNAs that speci¢cally capture
the SPMV CP.

Binding properties of the PMV RNA, SPMV RNA and the
satRNA S1 with the PMV CP were investigated as well. The
4326 nt full length PMV RNA could not be used in this assay
because it is too big to be separated on a 4% polyacrylamide
gel. In vitro transcripts corresponding to the 1475 nt PMV
sgRNA were tested and found to be suitable as a riboprobe
for the PMV CP binding assay. Previously, PMV RNA mol-
ecules of V4000 and V1300 nt in length, representing the
PMV gRNA and sgRNA, were detected on denaturing aga-
rose gels following RNA extraction of virions collected from
sucrose density gradients [15]. This suggested that the PMV
sgRNA would have an a¤nity for PMV CP. Fig. 3A shows
that the PMV CP shifted the sgRNA probe at a concentration
of 350 ng and cooperative binding was observed when the
concentration of protein increased. Although PMV CP bound
SPMV RNA at a lower a¤nity (500 ng), it did not show
a¤nity for satRNA-S1 (Fig. 3B,C). These data con¢rmed
the Northwestern assay in that SPMV RNA, but not sat-
RNA, could bind the PMV CP when 400 mM NaCl was
present in the binding bu¡er (Fig. 1).

The in vitro experiments demonstrate a speci¢c a¤nity of
SPMV RNA for its homologous CP, which may be important
in the initiation of particle assembly. Thus far, these interac-
tions have not been pinpointed from analysis of the crystalline
structure [8,9]. In addition, SPMV CP, but not PMV CP,
binds cooperatively and speci¢cally to PMV satRNA which
could explain why, in vivo, satRNAs are encapsidated in
SPMV virions but not in the PMV virions. This fact is very
peculiar because to our knowledge all other satRNAs are
encapsidated by their respective helper virus [5]. However, in
planta PMV satRNA does not require SPMV CP for viability
and can systemically spread and replicate when co-infected
with PMV alone [10]. Therefore, it is not clear what bene¢t
SPMV CP a¡ords the satRNA, other then protection of its ca.
350 nt RNA genome.
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