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Although the primary sequence of the genome of the plant rhabdovirus sonchus yellow net virus (SYNV) has
been determined, little is known about the composition of the viral polymerase or the mechanics of viral tran-
scription and replication. In this paper, we report the partial isolation and characterization of an active SYNV
polymerase from nuclei of SYNV-infected leaf tissue. A salt extraction procedure is shown to be an effective
purification step for recovery of the polymerase from the nuclei. Full-length, polyadenylated SYNV N and M2
mRNAs and plus-strand leader RNA are among the products of the in vitro polymerase reactions. Polyadenyla-
tion of the plus-strand leader RNA in vitro is shown with RNase H and specific oligonucleotides. This is the
first report of a polyadenylated plus-strand leader RNA for a minus-strand RNA virus, a feature that may re-
flect adaptation of SYNV to replication in the nucleus. Analysis of the SYNV proteins present in the polymerase
extract suggests that the N, M2, and L proteins are components of the transcription complex. Overall, the sys-
tem we developed promises to be useful for an in-depth characterization of the mechanics of SYNV RNA synthesis.

The rhabdoviruses comprise a large group of nonsegmented,
negative-stranded RNA viruses. The best-characterized mem-
ber of this group is vesicular stomatitis virus (VSV), which has
served as a model system for the in vitro study of the RNA
polymerases of the minus-strand viruses (for reviews, see ref-
erences 3, 4, and 19). Even though in vitro viral polymerase
activity has been reported for a number of rhabdoviruses other
than VSV, in most cases this activity has not been character-
ized in detail (3). Therefore, little is known about the mechan-
ics of the transcription and replication of other rhabdoviruses.
Among those rhabdoviruses characterized at the level of pri-
mary RNA structure, the degree of sequence conservation is
relatively low (8, 49). Moreover, individual members of this
group infect a wide array of eukaryotic organisms. Thus, the
viral polymerase complexes of other members of the family
may differ from that of VSV in fundamental aspects that reflect
their adaptation to different hosts.

Sonchus yellow net virus (SYNV) is the most extensively
characterized among a group of more than 40 plant-infect-
ing rhabdoviruses (for a review, see reference 31). The nu-
cleus appears to be the site of SYNV replication as well as
morphogenesis, a feature which SYNV shares with a number
of plant-infecting rhabdoviruses, but not with any known ani-
mal rhabdoviruses (31). SYNV infection is associated with a
pronounced swelling of the nuclei of infected cells (31), and
nuclear inclusions have been observed in SYNV-infected cells
(14). Virion maturation appears to occur through budding
from the periphery of the nucleoplasm into the adjoining
perinuclear space between the inner and outer nuclear mem-
branes (59). Moreover, the presence of the viral nucleocapsid
core in the nucleoplasm prior to budding has been demon-
strated in SYNV-transfected cowpea protoplasts treated with
tunicamycin, a glycosylation inhibitor (59).
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The primary sequence of the 13,720-nucleotide (nt) minus-
sense SYNV RNA genome has been determined in its entirety
(see Fig. 1 and References 11, 12, 22, 26, 29, 55, and 63). The
sequence indicates that the genome encodes at least six viral
proteins, including a nucleocapsid protein (N), a putative phos-
phoprotein (M2), a putative matrix protein (M1), a glycopro-
tein (G), a putative core polymerase protein (L), and sc4, a
viral protein of unknown function. SYNV gene expression
occurs via transcription of the genomic RNA into discrete
mRNAs that are polyadenylated in vivo (25, 33, 51). In addi-
tion to the six viral mRNAs, a small plus-strand leader RNA is
also transcribed from the first 144 nt of the genomic RNA (62).
Unlike several other minus-strand RNA viruses that replicate
in the nucleus (40, 54), SYNV genes do not contain introns.
Relatively little information is available concerning the me-
chanics of SYNV transcription (mRNA synthesis) and repli-
cation (genomic RNA synthesis). In particular, nothing is
known about the primary polymerase products or the compo-
sition of the viral polymerase.

Although several groups have attempted to develop a pro-
tocol for recovery of in vitro SYNV transcriptase activity from
purified virions (20, 30), the detection of high levels of RNA
synthesis from the polymerase component of the virus particle
has not been reported. As an alternative, we have investigated
infected plant tissue fractions as a source of SYNV polymerase
for in vitro study. In this paper, we describe a protocol for
purification of tobacco leaf nuclei that are active in SYNV-
specific RNA synthesis and a method for purification of the
polymerase by salt extraction of the nuclei. The partially puri-
fied SYNV polymerase is able to transcribe SYNV mRNAs
and polyadenylated plus-strand leader RNA. Leader RNA poly-
adenylation is a feature that distinguishes SYNV from other
characterized nonsegmented, minus-stranded viruses (16, 41).

MATERIALS AND METHODS

Plants and virus. SYNV (ATCC PV-263) was maintained under ambient
greenhouse conditions by serial passages in Nicotiana edwardsonii, a hybrid
tobacco (13, 32). For purification of nuclei, leaf tissue showing the characteristic
yellow netting was harvested between 10 and 14 days postinfection, at the onset
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of symptom development. The leaf tissue was frozen and stored at —80°C for up
to 6 months. However, virus particles were purified from fresh leaf tissue by
established procedures (32, 33).

Purification of nuclei. The protocol used for the isolation of nuclei was based
on that of Schumacher et al. (56), with modifications. Frozen leaf tissue (80 to
100 g) was ground in liquid nitrogen, blended with 500 ml of nucleus isolation
buffer (40% [vol/vol] glycerol, 600 mM sucrose, 25 mM Tris [pH 8.0], 5 mM
MgCl,, 2 mM spermine, 10 mM B-mercaptoethanol, 1 mM phenylmethanesul-
fonyl fluoride, and 1 mM benzamidine) in an Omnimixer (DuPont, Wilmington,
Del.), and filtered through three successive layers of nylon mesh (350, 62, and 44
wm, respectively; Small Parts Inc., Miami, Fla.). Nonidet P-40 was added to
0.6%, and the slurry was stirred for 5 min. The nuclei were then pelleted by
centrifugation for 10 min at 5,000 rpm in a Sorvall GSA rotor (DuPont; 3,000 X
g average), resuspended in 3 to 5 ml of 95% (vol/vol) Percoll (Pharmacia,
Piscataway, N.J.) in mannitol buffer (250 mM mannitol, 25 mM Tris [pH 8.0],
5 mM MgCl,, 10 mM B-mercaptoethanol, 1 mM phenylmethanesulfonyl fluo-
ride, and 1 mM benzamidine), and transferred to four 30-ml tubes. Each tube
was brought to 15 ml with the 95% Percoll buffer, overlayered with 10 ml of
mannitol buffer, and centrifuged for 10 min at 5,000 rpm in a Sorvall HB-4 rotor
(3,000 X g average). The nuclei were then collected from the mannitol-Percoll
interface of each tube, resuspended in 15 ml of mannitol buffer, and centrifuged
as before onto a 10-ml 75% Percoll cushion (75% [vol/vol] Percoll in mannitol
buffer). The nuclei from the interface and the upper half of the 75% Percoll
cushion were washed in 15 ml of mannitol buffer, pelleted by centrifugation for
5 min at 2,500 rpm in the Sorvall HB-4 rotor (700 X g average), and then mixed
with an equal amount of 2X extraction buffer [40% (vol/vol) glycerol, 200 mM
(NH,4),S0,, 25 mM hydroxyethylpiperazine ethanesulfonic acid (HEPES, pH
8.0), 5 mM MgCl,, 3 mM dithiothreitol, 1 mM phenylmethanesulfonyl fluoride,
1 mM benzamidine, and 1 mM Pepstatin]. Either the preparations were frozen
directly (purified nuclei), or the polymerase was extracted in the extraction buffer
for 30 min at 4°C on a rocking mixer and then centrifuged for 30 min in an
Eppendorf microcentrifuge at 14,000 rpm (10,000 X g, average) to clarify the
supernatant. The resulting clarified supernatant (nuclear extract) was either used
directly or frozen at —80°C.

In vitro reactions and RNA purification. In vitro polymerase reaction mixtures
were incubated at 28°C in a total volume of 200 wl containing 20 .l of nuclei or
nuclear extract in 6 mM MgCl,-50 mM (NH,),SO,-12.5 mM HEPES (pH
8.0)-2 mM dithiothreitol-1 mM ATP-0.5 mM CTP-0.5 mM GTP-20 pM unla-
beled UTP-50 wCi of [a-*?PJUTP-20 U of DNase I per m-200 U of RNasin per
ml (Promega, Madison, Wis.)-2% [vol/vol] glycerol, unless noted otherwise for
specific experiments. Reactions were terminated by addition of sodium dodecyl
sulfate (SDS) and EDTA to 0.5% and 10 mM, respectively, and the proteins
were digested for 30 min at 42°C with proteinase K (20 wg/ml). RNA was purified
by extraction in phenol-chloroform and precipitated twice in 750 mM ammonium
acetate—70% ethanol, with 10 pg of Saccharomyces cerevisiae tRNA as a carrier.

Slot blot analysis. Slot blots were prepared by application of 5 ug of linearized,
denatured double-stranded (ds) DNA to nitrocellulose with a manifold (Schlei-
cher and Schuell, Keene, N.-H.). RNA purified from in vitro reactions was
hybridized to the blots for 48 h at 42°C in 30% formamide-300 mM NaCl-10 mM
Tris (pH 7.4)-10 mM EDTA-0.2% SDS-200 pg of poly(A) RNA per ml. The
blots were washed for 30 min at room temperature in 2X SSPE (360 mM NaCl,
20 mM Na,HPO, [pH 7.6], 2 mM EDTA) containing 0.1% SDS, treated with
RNase A (2 pg/ml in 2X SSPE) for 30 min at 37°C, and washed twice for 15 min
at 67°C in 0.1 X SSPE-1% SDS. The radiolabeled RNA hybridized to the
individual slots was quantified with a PhosphorImager (Molecular Dynamics,
Sunnyvale, Calif.), and representative slots were counted in scintillation fluid.
For quantification, purified RNA was hybridized in a dilution series to replicate
slot blots. Typically, the radiolabeled RNA from both nuclei and nuclear extracts
hybridized to each probe gave a linear response with respect to dilution, indi-
cating that the DNA probe was saturating with respect to the viral RNA. Linear
regression analysis was performed on each dilution series by using KaleidaGraph
(Synergy Software, Reading, Pa.), and the slope of the best-fitting line for each
probe was employed as a relative measure of specific hybridization.

Glyoxylation and agarose gel electrophoresis of RNA. Glyoxylation was carried
out for 15 min at 55°C in reaction mixtures containing 3.75 pl of TES (10 mM
Tris [pH 8.0], 1 mM EDTA, 0.2% SDS) containing various amounts of RNA,
0.25 pl of 1 M Na,HPO, (pH 7.0), 21 pl of formamide, and 5 pl of glyoxyl. The
glyoxylated RNA was electrophoresed through 1% agarose in TAE buffer (40
mM Tris-acetate, 1 mM EDTA) at 100 V until the bromophenol blue dye had
migrated 8 cm. The gels were fixed overnight in 100% methanol and dried prior
to analysis.

RNase H analysis. For RNase H analysis (36), the RNA samples were an-
nealed to 1 pg of each oligonucleotide by heating to 90°C for 3 min in 50 mM
Tris (pH 8.3)-10 mM dithiothreitol-60 mM NaCl (10-ul reaction mixtures),
followed by slow cooling to 37°C. Magnesium chloride was added to 1.5 mM, and
the RNA-DNA hybrids were digested with RNase H (0.5 U) for 30 min at 37°C.
An equal volume of loading buffer (95% formamide, 0.25% bromophenol blue,
0.25% xylene cyanol FF) was added, the samples were denatured for 2 min at
85°C, and the RNA was resolved by polyacrylamide-urea gel electrophoresis.

Characterization of proteins. The antisera used included rabbit polyclonal
antisera raised against disrupted SYNV virions (30) and mouse polyclonal ascites
fluid specific to the SYNV L protein (SH1 2). To elicit the L-specific antibodies,
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a chimeric polypeptide consisting of the amino-terminal 198 amino acids of the
L protein fused to glutathione S-transferase at the carboxyl terminus was used in
Swiss Webster mice. An 8-amino-acid linker was present between the glutathione
S-transferase and the L protein portion of the polypeptide. The antigen was
obtained by protein overexpression in Escherichia coli transformed with the
plasmid pGEXSH (see below). The overexpressed protein was extracted from
cell lysates (15), purified by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), and used to generate antibody-containing ascites fluid by established
procedures (22).

SDS-PAGE was conducted on discontinuous gels (10% polyacrylamide in the
separation gel, unless noted otherwise) as described previously (23). For Western
blots (immunoblots), proteins were electrophoretically transferred to nitrocellu-
lose (58). All incubations were in TBS (50 mM Tris [pH 7.4], 200 mM NacCl),
containing 5% (wt/vol) nonfat dried milk and 0.1% (vol/vol) Tween 20. Crude
extract from healthy N. edwardsonii leaves (75 g of protein per ml) was added
to primary antibody incubations to cross-absorb non-virus-specific components
of the polyclonal antisera.

Plasmid constructs. A series of SYNV-specific clones (pJ3N1-pJ3L1 series,
Fig. 1) containing ca. 800-nt fragments located at or near the 3’ end of each viral
gene in the cloning vector pBSKS™ II (Stratagene, La Jolla, Calif.) was con-
structed. In the SYNV genome (GenBank accession number 1.32603), pJ3N1
corresponds to positions 830 to 1633; pJ3T1 corresponds to 2011 to 2837; pJ3S1
corresponds to 3092 to 3863; pJ301 corresponds to 4308 to 5217; pJ3Gl1 corre-
sponds to 6477 to 7155; and pJ3L1 corresponds to 12788 to 13630. For details of
the construction of these plasmids, see reference 60. The 5’ and 3’ ends of each
of these subclones were verified by sequence determination.

The plasmid pGEXSH, which was used for the production of the L-specific
antiserum, contains a fusion of the glutathione S-transferase gene to nt 7184 to
7797 from the SYNV genome. This plasmid was generated by cloning a Smal-
HindIII fragment from the plasmid pGTFL2 (10) into the Smal and EcoRI sites
of the bacterial expression vector pGEX-2T (Promega).

Three additional clones used were pJW2, which corresponds to SYNV ge-
nome nt 1 to 265; p3ZT1 (nt 1750 to 2837); and p3ZN1 (nt 203 to 1627). The
SYNV-specific insert in pJW2 was obtained by PCR from the plasmid pGS2 (62).
The DNA fragment resulting from PCR was digested with EcoRI-Hincll and
cloned into the corresponding sites in the vector pBSKS™ 1I. The plasmid p3ZT1
was constructed in pPGEM3Z at the EcoRI and PstI sites. The insert contains two
fragments, an EcoRI-Ncol fragment containing the tobacco etch virus 5’ non-
translated leader from pRTL2-gus (50) and an Ncol-PstI fragment containing the
entire open reading frame of the M2 gene, derived from the plasmids pGL57
(26) and pAS35 (26), as described in reference 60. The plasmid p3ZN1 is similar
to p3ZT1, except that it contains two fragments in place of the M2 gene: an
Ncol-BamHI fragment containing the entire N gene open reading frame (ob-
tained by PCR amplification of the fragment from pNS3 [60]) and a BamHI-
EcoRV fragment containing the bacteriophage T7 termination sequence from
pET3C (57), which are cloned sequentially between the Ncol site at the 3’ end
of the tobacco etch virus 5’ nontranslated leader and the HindIII site in the
vector (filled in). Sequence determination of the SYNV-derived inserts in pJW2
and p3ZN1 revealed that pJW2 is identical to the published sequence in the
corresponding region, whereas p3ZN1 contains two modifications, including a
3-nt insertion between the 5" ATG and the second codon, designed to generate
an Ncol site (which encodes an alanine not present in the viral gene), and a
single-nucleotide insertion following nt 1418, which presumably arose during
PCR amplification. For the purpose of the experiments presented here, these
modifications are unimportant.

Data presentation. Gel electrophoresis results were obtained by PhosphorIm-
ager exposures and were passed through Adobe Photoshop (Adobe Systems,
Mountain View, Calif.) for presentation. Aside from the alteration of the order
of the lanes, the data were not modified.

RESULTS

Characterization of RNA synthesis in purified nuclei. Be-
cause the plant cell nucleus appears to be the site of SYNV
transcription and replication, we initiated attempts to purify
and characterize a virus-specific polymerase by purifying nuclei
from infected tobacco leaves. The nuclei were purified with
Percoll gradients in a modified version of the protocol devel-
oped by Schumacher et al. (56). The resulting preparations
were gray or light green and contained intact nuclei as well as
some nuclear fragments, as judged by light microscopy. Puri-
fied nuclei were tested in vitro for the ability to synthesize plus-
or minus-strand SYNV RNA. RNA from nuclei incubated in
the presence of [a-**P]JUTP was purified and hybridized to
unlabeled double-stranded DNA probes (Fig. 1) immobilized
on nitrocellulose filters. As shown in Fig. 2, the production of
SYNV-specific RNA in vitro was easily detectable in nuclei
from infected leaf tissue, in sharp contrast to nuclei isolated
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FIG. 1. Scale drawing of the SYNV genome showing the location of the
probes used for slot blot and RNase H analyses. The genomic locations and
relative sizes of the viral genes are illustrated, as well as the plus-strand leader
and trailer. The genomic location of a series of cDNA probes (thick bars) used
in slot blot hybridizations is shown below the genome. In addition, the arrows
show the locations of the N and M2 mRNA-specific DNA oligonucleotides. In
the SYNV genome (GenBank accession number L32603), these oligonucleotides
are located at positions 1068 to 1049 and 2297 to 2281, respectively. A third
oligonucleotide that is complementary to the same position on the genomic RNA
as the N mRNA-specific oligonucleotide was also used as a control. The plus-
strand leader RNA is shown above the genome, with the locations and sizes of
oligonucleotides used for hybridization illustrated to scale. The plus-strand lead-
er-specific oligonucleotides correspond to nt 76 to 60 (L68) and 31 to 12 (L22)
in the SYNV genome. Also shown is the site of oligo(dT) hybridization to the
leader RNA, as suggested by the analysis presented in Fig. 6. The scale bar below
the genome represents 1,000 nt, and the bar below the plus-strand leader rep-
resents 10 nt.

from mock-infected tissue. The radioactivity binding to the
SYNV M2-specific probe in reactions with the infected nuclei
was approximately 1,000-fold greater than that of uninfected
nuclei (Table 1). In similar experiments, labeled RNA hybrid-
ized to probes derived from regions of each of the six viral
genes, indicating that viral transcription and/or replication oc-
curred in vitro along the length of the genome (data not
shown). As expected, endogenous host RNA polymerase ac-
tivity was also detected in the purified nuclei. The amount of
radiolabeled RNA that hybridized to a probe with genes cod-
ing for rRNA derived from pea exceeded that hybridized to an
SYNV-specific probe in the infected nuclei (compare rRNA
with M2 in Fig. 2) and was over 200-fold above background in
the uninfected nuclei (Table 1). Because of high levels of
nonviral transcription activity, as well as apparent RNase ac-
tivity in the nuclei (data not shown), the viral RNA synthesized
in the purified nuclei was not characterized further.

Extraction of SYNV polymerase activity from nuclei. Salt
extraction of the purified nuclei was investigated as a means to
purify viral polymerase activity. Extraction of purified nuclei
has been employed extensively for partial purification of a
variety of enzymatically active complexes from the nucleo-
plasm, including eukaryotic RNA polymerases, pre-mRNA
splicing machinery, and mRNA polyadenylation activity (17,
27, 37, 46). Because the choice and concentration of monova-
lent salt in various extraction procedures have been shown to
be critical for subsequent enzymatic activity (27, 43), several
salts including (NH,),SO,, KCl, potassium glutamate, and
NaCl were tested at concentrations ranging from 50 to 800
mM. Extraction in 50 to 100 mM (NH,),SO, released the
highest levels of SYNV polymerase activity into the nuclear
extract (data not shown). The optimal concentration of the
other monovalent cations varied considerably. Setting the
amount of SYNV RNA synthesis detected in extracts prepared
in 100 mM (NH,),SO, as 100%, the maximal activities de-
tected with the other salts were 95% in 800 mM KCl, 80% in
400 mM NaCl, and <20% in 800 mM potassium glutamate
(results are the average of four determinations from two inde-
pendent extraction series).

J. VIROL.

High levels of SYNV RNA synthesis in vitro were detected
after extraction of the nuclei with optimal concentrations of
(NH,),SO,. The amount of RNA products synthesized in ex-
tracts derived from infected versus control leaves that hybrid-
ized to the SYNV M2 probe differed by 3 orders of magnitude
(Fig. 2, nuclear extract panels, and Table 1). Furthermore, the
amounts of genes coding for rRNA and negative control probe
hybridization were nearly the same with radiolabeled RNA
from the extracts (Fig. 2; Table 1). This suggests that only small
amounts of RNA polymerase I activity present in the nuclei
were recovered in the 100 mM (NH,),SO, nuclear extracts.
Thus, with endogenous rRNA synthesis as a reference, it ap-
pears that the virus-specific polymerase was largely responsible
for RNA synthesis in the extracts from infected leaf nuclei. In
addition, the amounts of protein in the nuclei and the same
volume of polymerase extract were measured and used to
calculate the specific activity of the SYNV polymerase in each
preparation (defined as counts per minute incorporated into
SYNV RNA per microgram of total protein, with the RNA
hybridized to an arbitrary SYNV probe in the slot blot assay as
a measure). Salt extraction resulted in at least a 20-fold con-
centration of the specific activity of the polymerase (Table 1).
Therefore, these results demonstrated that the ammonium sul-
fate extraction procedure was an effective means for purifying
SYNV intracellular polymerase activity from nuclei of infected
N. edwardsonii tissue. For convenience, the terms polymerase
extract and control extract will be used henceforth to identify
the nuclear extracts from SYNV-infected tissue and those from
mock-infected tissue, respectively.

SYNV RNA transcription is the primary activity in the poly-
merase extracts. SYNV RNAs present in infected tissue and
protoplasts have discrete sizes that correspond to the six viral
genes (the viral mRNAs) and the full-length viral RNA (25).
To investigate whether similar RNAs were synthesized in vitro
in polymerase extracts, we developed a protocol to score for
the size distribution of the radiolabeled RNA corresponding to
each of the six viral genes. The RNA synthesized in a 1-h
reaction was purified, denatured by glyoxylation, and electro-
phoresed through low-melting-point agarose. The agarose was
then cut into longitudinal slices, and the radiolabeled RNA in
each slice was quantified following hybridization to replicate
slot blots containing cDNA probes from the 3’ end of each of
the six viral genes (for probe location, see Fig. 1). Using this
procedure, we can distinguish between viral transcription and
replication, on the basis of the size of the products. Further-
more, the relative levels of transcription of individual SYNV
genes can be compared.

Purified Nuclei Nuclear Extracts
I C 1 C
Probe
o a— - (+)-strand
leader
-~ B - M2
_ negative
control
. - - rRNA

FIG. 2. Slot blot analysis of RNA synthesis in purified tobacco leaf nuclei and
in nuclear extracts. Nuclei and nuclear extracts were prepared from SYNV-
infected (I) and control (C) tobacco leaf tissue. Radiolabeled RNA synthesized
in vitro by each preparation was purified and hybridized to replicate slot blots
containing linearized DNA plasmid probes corresponding to the plus-strand
leader and the first 100 nt of the N gene (pJW2), the M2 gene (p3ZT1), a
negative control (the plasmid vector pBSKS™ II), and rRNA (pRS1). In this
experiment, 200-pl reaction mixtures containing 50 wl of nuclei or nuclear
extracts and 35 pCi of [a-*?P]JUTP were incubated for 30 min under otherwise
standard conditions.
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TABLE 1. Quantitative analysis of RNA synthesis in purified tobacco leaf nuclei and in nuclear extracts”
Sample Type SYNV probe Negative control rRNA M2/rRNA Protein concn® Sp act
P P 1N (cpm) M2 (cpm) (cpm) (cpm) ratio (mg/ml) (cpm/pg)
Nuclei Infected 600 2.5 % 10° 55 1.4 x 10* 0.2 9.0 5.6
Mock 23 12 23 1.2 % 10°
Nuclear extracts Infected 440 1.9 x 10° 13 50 37 0.4 93.0
Mock 9.6 21 3 33

¢ Quantification of the data presented in Fig. 2.

b Determined by the Bradford assay (7) as follows. Nuclei and nuclear extracts (100 ul) were diluted in 900 pl of Tris-EDTA and sonicated four times for 20 s. Each
sample was cooled on ice for 40 s between sonications. The samples were then centrifuged for 5 min at 10,000 X g in a microcentrifuge, and the protein content of
the supernatant was determined. The values represent the average of four independent determinations of each sample.

To provide size markers for the SYNV RNAs and to test the
efficacy of the separation-hybridization system, four radiola-
beled RNAs of known size were prepared from linearized
plasmid DNA with the bacteriophage polymerase T7 or SP6.
This RNA was added to the RNA synthesized in the poly-
merase extract prior to glyoxylation. The cDNA corresponding
to each RNA was included on the slot blots. As shown in Fig.
3A, the four marker RNAs were effectively separated and
could be localized to specific gel slices.

On the basis of comparison of the size of each SYNV
mRNA with the size of the RNA markers, full-length N (1,551
nt), M2 (1,138 nt), sc4 (1,196 nt), and M1 (1,071 nt) transcripts
should fractionate into slice 5, full-length G (2,045 nt) should
fractionate into slice 5 or 4, and full-length L (6,400 nt) should
fractionate into slice 4. In contrast, full-length 13,720-nt ge-
nomic or antigenomic RNAs should fractionate into slice 3.
The greatest quantity of radiolabeled RNA hybridized to the N
gene probe (Fig. 3B). Most of this RNA was located in slice 5,
suggesting that full-length viral N mRNA was produced in
vitro. In addition, a considerable amount of the M2, sc4, and
M1 transcripts were also found in slice 5 (Fig. 3C). However, a
significant proportion of the RNAs that hybridized to the M2,
sc4, and particularly the M1 probes were shorter than the
native mRNAs and were located in the fractions containing
smaller RNAs. These transcripts could have been nascent
RNA intermediates or RNA degradation products, or they
might have arisen from premature termination of mRNA syn-
thesis. Importantly, a precipitous drop in transcript abundance
between gel slices 5 and 4 was detected with probes to each of
these four genes, suggesting that specific termination or cleav-
age of discrete RNA transcripts occurred during the in vitro
synthesis reaction. Full-length G and L mRNAs (2,044 and
6,400 nt, respectively) were not detected (Fig. 3D). Thus, if
these mRNAs were produced in vitro, their abundance was
significantly lower than those of the shorter RNA species that
hybridized to the G and L probes. Little or no appreciable
RNA hybridization was detected with any probe in gel slice 3,
suggesting that full-length viral replication was not responsible
for the RNA synthesis detected. Overall, after 1 h, the products
detected corresponded in size to full-length or less viral
mRNAs, suggesting that viral transcription, rather than repli-
cation, was the primary activity. Furthermore, the transcript
size heterogeneity increased, while full-length product accu-
mulation decreased, corresponding to the location relative to
the 3’ end of the genome of each putative mRNA. These
results are consistent with a cascade pattern in the rate of
mRNA accumulation which reflects the location of each gene
on the viral genome, from 3’ to 5'.

In addition to the slot blot assay, the products of 1-h in vitro
reactions were analyzed directly by agarose gel electrophoresis
under denaturing conditions. The RNA produced in 1 h in the

polymerase extract from SYNV-infected tissue contained a
prominent band of approximately 1,500 nt, as well as hetero-
geneous RNAs of approximately 1,000 nt (Fig. 4, lane 3). In
contrast, in the control extract (Fig. 4, lane 4), essentially no
discrete, de novo-synthesized RNA species were evident. This
result confirms the analysis presented in Fig. 2 and Table 1,
indicating that little host polymerase activity was present in the
nuclear extracts. Formally, the RNAs detected could have
been radiolabeled by UTP incorporation during RNA chain
elongation or, alternatively, by modification of preexisting
RNA involving the transfer of the labeled a-phosphate group.
As a control, therefore, GTP methylated at the 3’ hydroxyl
group was substituted for unmethylated GTP in the reaction.
This substitution resulted in virtual elimination of RNA radio-
labeling (Fig. 4, lane 5). Thus, GTP with an available 3’ hy-
droxyl group was required for incorporation of the a-phos-
phate of UTP into RNA, as would be expected for an RNA
elongation reaction, but not alternative reactions involving
preexisting RNA. One distinguishing feature of the products of
minus-strand virus replication is that they are encapsidated by
the viral nucleocapsid protein and are therefore resistant to
micrococcal nuclease, unlike the viral transcription products
(9, 28). As shown in Fig. 4, lane 6, treatment with micrococcal
nuclease (10 wg/ml) after in vitro RNA synthesis in the poly-
merase extract, but prior to RNA extraction, led to the almost
total degradation of the radiolabeled RNA. Encapsidated VSV
and measles viral RNA was resistant to the 10-pg/ml nuclease
concentration used (9, 28). Thus, it is unlikely that the de
novo-synthesized RNA was encapsidated; this result suggests
that SYNV transcription exceeds replication in the system, in
agreement with the results presented in Fig. 3.

Identification of polyadenylated N and M2 mRNA in vitro
transcription products. The data presented in Fig. 3 suggested
that full-length mRNAs for several of the viral genes, including
the N, M2, sc4, and M1 genes, might be synthesized in vitro.
Furthermore, the mobility in agarose gels of RNA markers
transcribed in vitro by T7 polymerase from full-length cDNA
clones of the SYNV N and M2 genes (Fig. 4, lanes 1 and 2),
was similar to that of the two major clusters of RNA products
synthesized in the polymerase extracts (Fig. 4, lane 3). There-
fore, using RNase H analysis, we next sought to unambiguously
identify the SYNV N and M2 mRNAs as components of the
reaction products. RNase H specifically degrades RNA in
RNA-DNA heteroduplexes, so that RNA digestion in the pres-
ence of a chosen DNA oligonucleotide is diagnostic for the
presence and location of a specific sequence in a given RNA
molecule. Radiolabeled RNA synthesized in 1-h in vitro reac-
tions containing the polymerase extract was hybridized to a
DNA oligonucleotide complementary to nt 902 to 921 of the
SYNV N mRNA, a complementary oligonucleotide (genomic
sense specific), or an oligonucleotide complementary to nt 581
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FIG. 3. Analysis of the size distribution of SYNV RNAs synthesized during
a 1-h incubation of the polymerase extract. RNA radiolabeled in vitro was
fractionated on an agarose gel, and the size distribution of specific RNAs was
determined by slot blot hybridization of the fractions. Radioactivity hybridized to
double-stranded DNA probes for specific RNAs is depicted in counts per
minute. (A) Internal RNA size markers; (B) the SYNV N gene; (C) the SYNV
M2, sc4, and M1 genes; (D) the SYNV G and L genes. The SYNV probes
correspond to the pJ3N1-pJ3L1 series that is illustrated in Fig. 1. The location of
each RNA size marker is shown with an arrowhead above the appropriate gel
slice. RNA markers were produced from linearized plasmids with T7 or SP6
RNA polymerases. Plasmids used for the marker synthesis and on the slot blot
were as follows: 13 kb, pTEV7D-GUS.P1 (18), linearized with Bg/II; 3.3 kb, B
42Sp1 (48), linearized with Bg/IT; 1.0 kb, pTBSV-100 (24), linearized with Stul;
0.5 kb, ~y 42 (48), linearized with EcoRV. For this experiment, the RNA radio-
labeled in a 200-pl reaction (with 100 wl of polymerase extract and 500 pCi of
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to 597 of the M2 mRNA (see Fig. 1 for location), and the
samples were digested with RNase H. The RNA products were
then denatured and separated by agarose gel electrophoresis
(Fig. 5, lanes 1 to 4). Note that these RNAs were poly(A)
selected with oligo(dT) cellulose prior to the RNase H analysis
to increase the clarity of the results (see below). Figure 5, lane
1, shows that, in the presence of the oligonucleotide comple-
mentary to the N mRNA, the ca.-1,500-nt RNA product of the
polymerase extract reaction was cleaved into two discrete
bands of lower molecular weight. Similarly, after hybridization
of the RNA to the M2-specific oligonucleotide, the band of the
predicted size for the M2 RNA was largely cleaved by RNase
H into smaller products (Fig. 5, lane 2). In contrast, cleavage
was not observed in the presence of the genomic sense-specific
oligonucleotide or in reaction mixtures lacking an oligonucle-
otide (Fig. 5, lanes 3 and 4, respectively).

In parallel controls, a mixture of N and M2 RNAs tran-
scribed by T7 polymerase from the full-length clones was di-
gested with RNase H following hybridization to the DNA
oligonucleotides (Fig. 5, lanes 5 to 8). An oligonucleotide-
specific cleavage pattern was also observed with these RNAs,
providing strong evidence for the specificity of the cleavage
reaction. Furthermore, since the sequence of the DNA plas-
mids used for T7 transcription is known, the size of the RNA
cleavage products (shown to the left in Fig. 5) can be used as
a measure for cleavage products from the polymerase reaction.
Cleavage of full-length N mRNA is expected to yield a 5" end
cleavage product of 901 nt and a 3’ end product of 629 nt and
additional poly(A) tail; full-length M2 mRNA is expected to
yield products of 580 nt (5’ end) and 541 nt, plus poly(A) tail
(3’ end). Comparison of the cleavage products of N and M2
RNAs synthesized with polymerase extract and T7 polymerase
reveals that the polymerase extract products were appropri-
ately sized for products derived from SYNV N and M2
mRNAs (Fig. 5, compare lanes 1 and 5 and lanes 2 and 6). In
sum, these experiments provided compelling evidence that two
predominant RNA products synthesized in 1-h in vitro reac-
tions containing the polymerase extract corresponded in size
and sequence to full-length SYNV mRNAs.

SYNV mRNAs synthesized in vivo are polyadenylated at the
3’ end and thus bind selectively to oligo(dT)-cellulose (25).
The RNAs synthesized in a 1-h in vitro reaction in the poly-
merase extract were therefore also examined by passage over
oligo(dT)-cellulose columns. Electrophoretic separation of the
RNA selected by binding to oligo(dT) (Fig. 5, lane 9) revealed
that this RNA is clustered in two bands, which, on the basis of
the RNase H analysis, contain at least the N and M2 mRNAs.
Although a specific assay was not conducted, the lower band
may also contain the sc4 and M1 mRNAs. In contrast, the
RNA that did not bind the oligo(dT) (Fig. 5, lane 10) exhibited
greater size heterogeneity but was principally found in two
broad clusters that were shorter in length than the SYNV N or
the M2-sc4-M1 mRNAs. A simple interpretation of these re-
sults is that the full-length viral mRNAs were polyadenylated
and were therefore oligo(dT) selected, while smaller transcrip-
tion intermediates or degradation products lacked the poly(A)
sequences.

[«-*?P]UTP) was purified, glyoxylated, and separated on a 1% low-melting-point
agarose gel. Prior to hybridization, the gel was soaked in 50 mM sodium hydrox-
ide for 15 min to partially degrade the RNA and then neutralized by soaking in
300 mM sodium acetate (pH 5.8) for a further 15 min. The gel was cut into eight
1-cm longitudinal slices, and the RNA was released and denatured by heating at
100°C for 3 min. Each sample was brought to 10 ml in hybridization buffer, and
the RNA was hybridized to slot blots.
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FIG. 4. Agarose gel analysis of RNAs synthesized by polymerase and control
extracts in vitro. RNA synthesized after 1 h in vitro was purified, glyoxylated, and
electrophoresed through a 1% agarose gel. Lanes 1 and 2 contain RNA synthe-
sized by T7 polymerase from a full-length cDNA clone of the M2 gene (p3ZT1)
and the N gene (p3ZN1), respectively. Lanes 3 and 4 show RNA products
synthesized by the SYNV polymerase extract or the control extract from unin-
oculated plants, respectively. Lane 5 was loaded with products of a reaction with
the polymerase extract under standard conditions except for substitution of
3'-O-methylated GTP (0.5 mM) for GTP. Lane 6 shows digestion of the RNA
products synthesized in the polymerase extract following micrococcal nuclease
(10 pg/ml [9]) prior to phenol extraction. The migration of these RNAs is shown
on the left.

As a control, radiolabeled RNA synthesized in vitro by T7
bacteriophage polymerase transcription of full-length N and
M2 cDNA clones was also fractionated on oligo(dT)-cellulose
columns. Fortuitously, these two full-length cDNA clones dif-
fer in that the M2 cDNA contains a ca.-15-nt adenylate tail
following the genome-encoded sequence that was retained
during cDNA cloning, whereas the N cDNA terminates at the
3’ end of the genome-encoded open reading frame. Compar-
ison of the oligo(dT)-bound fraction (Fig. 5, lane 11) and the
flowthrough fraction (Fig. 5, lane 12) reveals that the oli-
go(dT)-cellulose effectively bound the T7 polymerase-synthe-
sized polyadenylated M2 RNA but not the nonpolyadenylated
N RNA. Thus, this important control experiment demonstrates
that the retention by oligo(dT) of the N mRNA synthesized in
the SYNV polymerase extract must be due to sequences [most
likely a 3" end-terminal poly(A) extension] that are not present
in the T7-synthesized RNA.

The concentration of both the monovalent and divalent cat-
ions was likely to be a critical factor in polymerase activity in
vitro. Therefore, the effect of (NH,),SO, and MgCl, concen-
tration on RNA synthesis in polymerase extracts was exam-
ined. The results of experiments (not shown; 1-h reactions)
revealed that maximal levels of N mRNA were synthesized in
6 mM MgCl, (from a range of 0.5 to 12 mM) and 50 mM
(NH,),SO, (from a range of 10 to 100 mM). Inspection of the
RNA products following gel electrophoresis indicated that the
relative size profiles of the products were similar under all
conditions (except at very low concentrations of MgCl,), sug-
gesting that the ion concentration primarily influences the rate
rather than the processivity of the transcriptase (data not
shown). The salt optima for SYNV transcription did not differ
significantly from those determined previously for VSV tran-
scription in vitro (2).

SYNV plus-strand leader is synthesized and polyadenylated
in vitro. A positive-strand leader RNA of 144 to 145 nt that is
complementary to the 3’ end of the SYNV genome is present
in SYNV-infected cells and protoplasts (12, 62). This leader
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RNA binds to oligo(dT)-cellulose, which may be suggestive of
polyadenylation at the 3’ end. To examine the products of the
in vitro reactions for the presence of plus-strand leader RNAs,
and to characterize these molecules, we used the oligonucleo-
tides depicted in the upper portion of Fig. 1 in RNase H
analyses. The results revealed that both synthesis and polyad-
enylation of plus-strand leader RNA occurred during the 30-
min in vitro reactions (Fig. 6). In control experiments, RNA
products that bound to oligo(dT)-cellulose [poly(A)™ frac-
tion], either without further treatment (not shown) or after
RNase H digestion in the absence of an oligonucleotide (Fig.
6A, lane 1), formed a smear of RNA of approximately 150 to
250 nt on an 8% polyacrylamide gel. RNase H digestion in the
presence of oligo(dT) converted the heterogeneous RNA into
a broad band of slightly less than 147 nt, indicating the pres-
ence of a poly(A) extension on the uncleaved RNA (Fig. 6A,
lane 2). Cleavage of the heterogeneous 150- to 250-nt RNAs in
the presence of L68, an oligonucleotide complementary to
bases 60 to 76 of the leader RNA, demonstrated that these
molecules corresponded to plus-strand leader RNAs (Fig. 6A,
lane 3). The products of this cleavage reaction included a
cluster of five bands between the 57- and 67-nt markers (clus-
ter 1), as well as an RNA ladder of approximately 70 to 190 nt
in length (cluster I). Addition of oligo(dT) to the cleavage
reaction with L68 had no effect on the products in cluster II,
while those in cluster I were converted into a ladder of ca. 70
to 75 nt (Fig. 6A, lane 4), suggesting that the products in
cluster I, but not those in cluster II, were polyadenylated.
Digestion with L68 together with 122, an oligonucleotide com-
plementary to bases 1 to 30 of the leader RNA, produced a
series of bands ranging in size from 26 to ca. 35 nt, but the
bands in cluster II were absent (Fig. 6A, compare lane 5 with
lane 3). In contrast, no effect on the cluster I products was
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FIG. 5. An agarose gel showing results of RNase H analysis and oligo(dT)-
cellulose fractionation of RNA synthesized by polymerase extracts in vitro.
RNase H analysis was conducted with poly(A)-selected RNAs synthesized by the
polymerase extract (two 200-pl reaction mixtures, pooled, lanes 1 to 4) or by T7
polymerase from the N and M2 cDNA clones (lanes 5 to 8). Aliquots of each
RNA preparation were digested with RNase H after hybridization to the mRNA
sense-specific N oligonucleotide (lanes 1 and 5), the mRNA sense-specific M2
oligonucleotide (lanes 2 and 6), or the genomic sense-specific N oligonucleotide
(lanes 3 and 7) or hybridization in the absence of added oligonucleotide (lanes
4 and 8). In a separate experiment, RNA synthesized in vitro by the polymerase
extract in two 200-pl reaction mixtures (pooled, lanes 9 and 10) or by T7
polymerase from full-length cDNA clones of the N (p3ZN1) and M2 (p3ZT1)
genes (also pooled, lanes 11 and 12) was fractionated by oligo(dT)-cellulose.
Lanes 9 and 11 show the RNAs bound by oligo(dT)-cellulose, and lanes 10 and
12 contain the unbound fractions. The predicted sizes of the T7 RNAs in
nucleotides are shown on the right; the migration of these RNAs is shown on the
left.
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FIG. 6. Identification of polyadenylated plus-strand leader RNAs. Radiola-
beled RNA from a 30-min incubation in vitro was fractionated on an oligo(dT)-
cellulose column, and aliquots of the bound fraction (A) or the effluent fraction
(B) were analyzed by RNase H digestion. RNase H digestions in the absence of
a DNA oligonucleotide are illustrated in lanes 1. (A) Digestions after hybrid-
ization to specific oligonucleotides are shown in lane 2 [oligo(dT)], lane 3 (L68),
lane 4 [L68 plus oligo(dT)], lane 5 (L68 plus L22), and lane 6 (L22). (B) Lane 2
shows digestion after hybridization to L68 plus oligo(dT). The digestion products
were resolved on a denaturing 8% polyacrylamide gel. The locations of single-
stranded DNA size markers (in nucleotides) are shown on the left side of panel
A and the right side of panel B. To the right side of panel A, two RNA clusters
discussed in the text are identified. Cluster I is visible in lanes 3 and 5; cluster IT
is visible in lanes 3 and 4.

detected (Fig. 6A, compare lane 5 with lane 3). This result
indicates that cluster II corresponded to the 5’ end of the
leader RNA. Digestion of the RNA with L.22 alone cleaved the
RNAs into a smaller smear, corroborating that the size heter-
ogeneity was due to variation at the 3’ end of the molecules
(Fig. 6A, lane 6). Hence, these experiments clearly demon-
strated that RNA molecules that correspond to the plus-strand
leader RNAs identified in SYNV-infected cells were synthe-
sized in vitro and that these molecules had 3'-terminal poly(A)
extensions ranging from 10 to 100 nt. In similar experiments,
the RNA that was not retained by the oligo(dT) matrix
[poly(A)-minus fraction] was also treated with RNase H in the
absence of an oligonucleotide (Fig. 6B, lane 1) or after hybrid-
ization to L68 (Fig. 6B, lane 2). Since cluster II was not de-
tected in Fig. 6B, lane 2, the latter result suggested that the vast
majority of plus-strand leader RNA synthesized in vitro in the
30-min reaction was both full-length and polyadenylated.
Identification of SYNV proteins in the purified nuclei and
polymerase extract. The proteins present in nuclei, in the poly-
merase and control extracts, and in virus particles were com-
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pared by using SDS-PAGE followed by silver staining (Fig.
7A). Inspection of silver-stained samples from infected nu-
clei and, in particular, polymerase extracts revealed that two
of the most intensely stained polypeptides in the prepara-
tions comigrated with the SYNV N and M2 proteins present in
the virus preparation (Fig. 7A, lanes 1 and 3). These polypep-
tides were absent from preparations of mock-infected tissue,
further suggesting that they were viral proteins (Fig. 7A, lanes
2 and 4). Aside from the viral polypeptides, similar protein
profiles were detected by silver staining in the infected versus
the mock-infected nuclei (Fig. 7A, lanes 1 and 2) and in the
polymerase versus the control nuclear extracts (Fig. 7A, lanes
3 and 4).

Nuclei Nuclear Virion
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FIG. 7. Analysis of proteins present in purified tobacco leaf nuclei and in
nuclear extracts. Shown are protein profiles in nuclei from infected and control
plants (lanes 1 and 2), extracts from these nuclei (lanes 3 and 4), and purified
virions (lanes 5) after denaturation and separation by SDS-10% (A and B) or
—-6% (C) PAGE. The locations of the SYNV proteins are shown on the right, and
the molecular mass markers (in kilodaltons) are illustrated on the left. (A) Silver
staining of a gel containing 1 pg of proteins from the nuclei, 0.2 pg of proteins
from the nuclear extracts, or 0.3 ug of proteins from purified virions. Note that
the SYNV G protein is negatively stained, as is visible in the virion sample. (B)
Immunoblot analysis using SYNV virion-specific antiserum. Hybridization was
visualized with alkaline phosphatase-conjugated secondary antibodies and bro-
mochloroindoyl phosphate-nitroblue tetrazolium. Lanes containing the SYNV
proteins were loaded such that the N protein concentration in each sample was
approximately the same (as determined by comparing a dilution series probed
with the SYNV antiserum [data not shown]). The concentration of proteins in
the preparations from noninfected tissue (lanes 2 and 4), as determined by silver
staining (not shown), was equal to or greater than those in each corresponding
sample from infected tissue. (C) L-specific immunoblot analysis. The immuno-
blot was probed with an antiserum raised against a peptide fusion containing a
portion of the SYNV L gene overexpressed in bacteria. Hybridization was visu-
alized with enhanced chemiluminescence (Amersham). Twice the amount of
each sample used in panel B was loaded.
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The viral proteins in the preparations were investigated fur-
ther by using rabbit polyclonal antibodies raised against dis-
rupted virions (30) (Fig. 7B) and mouse ascites antibodies
elicited by an sc4—glutathione S-transferase fusion protein (55)
(data not shown) and by a fusion protein containing a por-
tion of the L protein, which was prepared during the course of
these experiments (Fig. 7C). The SYNV-specific antiserum
(a-SYNV) reacts with at least four proteins: G, N, M1, and M2
(30). As shown in Fig. 7B, all four of these proteins were
readily detected in the nuclei and in the polymerase extracts
from the SYNV-infected tobacco leaves. The N and M2 pro-
teins comigrated with the two most prominent proteins de-
tected by silver staining in the polymerase extract, confirming
that the silver-stained proteins were SYNV N and M2 (com-
pare Fig. 7B and 7A, lanes 1 and 3). Furthermore, comparison
of samples from the virion and polymerase extracts (Fig. 7B,
lanes 5 and 1) reveals that the relative proportions of the N and
M2 proteins, compared with either G (which was not detected
by silver staining [Fig. 7A]) or M1, were higher in the poly-
merase extract than in the purified virions.

The samples were also probed with L-specific ascites fluid
(Fig. 7C). This ascites fluid reacted with a single polypeptide
present in the virions, the nuclei, and the polymerase extracts
from infected cells but failed to react with proteins from non-
infected nuclei or from control nuclear extracts. The detected
polypeptide migrated slightly more slowly than the 200-kDa
marker on the SDS-polyacrylamide gel. The amount of L pro-
tein reactivity in the polymerase extract sample exceeded that
in the virion sample, suggesting that the relative level of L,
compared with G or M1, was also higher in the polymerase
extract than in purified virions (Fig. 7C and B). Finally, with an
sc4-specific antibody, the sc4 gene product was not detected in
the infected nuclei or in polymerase extracts (data not shown).

DISCUSSION

In this communication, we report the partial purification of
an SYNV-specific polymerase from infected plant tissue. The
RNA products synthesized in vitro included the SYNV plus-
strand leader RNA and full-length N and M2 mRNAs (Fig. 5
and 6). Each of these viral RNA products was previously de-
tected in vivo in SYNV-infected plants and protoplasts (33, 51,
62). The activity detected was found exclusively in preparations
derived from SYNV-infected leaves (Fig. 2 and 4) and was
insensitive to DNase I, which was routinely included in the
transcription reactions. Furthermore, significant incorporation
of radiolabeled UTP into virus-specific RNA required all four
ribonucleotides with an available 3’ hydroxyl group, as ex-
pected for an RNA chain elongation reaction (Fig. 4). Taken
together, therefore, these results demonstrate that an SYNV-
specific RNA-dependent RNA polymerase activity can be ex-
tracted from the nuclei of infected tissue by the protocols we
have developed.

The data suggest that viral transcription in vitro is biased in
a polar or cascade pattern. During the 1-h period assessed
here, the most abundant of the SYNV mRNAs synthesized
corresponded to the gene located nearest the 3’ end of the
genome, the N gene; we detected a lower abundance of full-
length products corresponding to the next three genes on the
genome, M2, sc4, and M1, whereas full-length mRNA prod-
ucts of the 5’-proximal G and L genes were not detected (Fig.
3). In addition, comparison of the size distribution of products
that hybridize to probes for each viral gene (Fig. 3) shows an
increase in the proportion of smaller products to full-length
RNAs with each successive gene from the N gene (primarily
full-length products) to the G and L genes (only smaller prod-
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ucts). Overall, therefore, these results are consistent with a
cascade pattern in the rate of mRNA accumulation which
reflects the location of each gene on the viral genome, from 3’
to 5'. More in-depth analysis of the kinetics of SYNV tran-
scription has substantiated these preliminary observations
(60a). A similar cascade transcription pattern, first observed in
VSV, is one of the hallmarks of rhabdovirus and paramyxovi-
rus transcription in animals (3, 19, 35). Our results suggest for
the first time that this gene expression pattern also may be
conserved in the nucleus-localized plant rhabdoviruses.

We provide strong evidence that the plus-strand leader of
SYNV is polyadenylated in vitro (Fig. 6). The analysis further
suggests that most, if not all, of the leader RNAs synthesized in
vitro were polyadenylated at the 3’ end. We were unable to
detect any products corresponding to plus-strand leader RNAs
in the fraction of RNA that did not bind oligo(dT)-cellulose
(Fig. 6B, lane 2), and the majority of those that did bind the
matrix appeared to be greater in length than the 147-nt marker
(Fig. 6A, lane 2). Digestion with RNase H and oligo(dT) con-
verted the detected leader RNAs into a homogeneous product
that was the same size as the genome-encoded portion of the
leader RNAs previously detected with RNase protection with
an SYNV genomic RNA probe (62). In results very similar to
ours, Zuidema et al. have shown previously that all detectable
SYNV leader isolated from infected cells is retained on oli-
go(dT)-cellulose columns (62). Therefore, it is highly likely
that a 3’ poly(A) tail is added to the vast majority of SYNV
leader RNAs synthesized during viral infection.

Although it is commonly thought that plus-strand leader
RNAs of nonsegmented, minus-strand RNA viruses are distin-
guished from the viral mRNAs by the absence of a poly(A) tail
(3), experimental data supporting this generalization are avail-
able for only two viruses, VSV and Sendai virus (16, 42).
However, examination of the sequence data suggests that plus-
strand leader polyadenylation is a feature of SYNV that is not
shared by the cytoplasmically replicating nonsegmented minus-
strand RNA viruses sequenced to date. Figure 8 shows that
three components of the junction sequences between genes of
these viruses are generally conserved, a poly(U) tract at the 3’
end of each gene on the genomic template (element I), a short
nontranscribed element (II), and a conserved element located
at the beginning of the subsequent gene (III) (for a discussion,
see references 3 and 35). Comparison of the junction region
between the leader and the N gene with the consensus inter-
genic sequence reveals that SYNV is the only rhabdo- or
paramyxovirus sequenced to date in which both elements I and
II at the leader-N junction are nearly identical to the consensus
gene junction sequence. Both VSV and rabies lack region II at
the leader-N junction and, although a short poly(U) sequence
is present in region I, the polymerase transverses this region
and copies one or more of the subsequent nucleotides (G for
VSV, ACA for rabies) during leader synthesis (34, 38). A
lettuce necrotic yellows virus (LNYV) plus-strand leader has
not been identified to date, so the 3’ end of this molecule is not
yet known. Nevertheless, it is clear that the putative regions I
and II of the leader-N junction of LNYV are both truncat-
ed compared with the consensus sequence separating the
mRNAs. In addition, the consensus gene junction sequences
and the junction between the leader and the first viral mMRNA
are shown for four paramyxoviruses (Fig. 8). In these para-
myxoviruses, sequences resembling the consensus region II can
be identified preceding the first mRNA start site. However,
considerable divergence is evident between the conserved el-
ement I and the sequence encoding the 3’ ends of the leaders.
Elements I and II of the gene junction sequences are believed
to have a role in the termination of mRNA synthesis and as a
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SYNV [consensus AUUCUUUUU/ GG /UUGRS
leader/N AUUUCUUUU/ GG /UUGUA
vsv I: consensus ACUUUUUUU/ gA /UUGUC
leader/N UCCUCUUUG/  AAA /UUGUC
Rabies [consensus ACUUUUUUU/ C(Nx) JUUGUS
leader/N GUUUUU/ACA/ none /UUGUG
LNYV [consensus AAUUCUUUU GNUC(N)ACU /ACUCU
leader/N AGCCCUUUU  CUCACU  /ACUCU
Sendai [consensus UNAUUCUUUUU  GAA JUCCCANUUUC
leader /N AAUAUGUCCUA  AAA /UCCCAGUUUC
HPIV-3 I:consensus [UUUAUUCK(Uss)  GAA /UCCUNNUUUC
leader/N  UAAUUUUAAUU  GAA /UCCUAAUUUC
Measles [consensus Uy G‘éA /UCCNNNNUNC
leader /N UCACGU GAA /UCCUAAGUUC
RSV [consensus UCAAUN;4)(Us) rnotconserved  /CCCSGUUU
leader/1IC  UACCCCGUUUA n/a /CCCCGUUU

FIG. 8. Alignment of the leader-N (or leader-1C) junctions and the con-
served gene junction sequences of nonsegmented, minus-strand viruses. The
consensus gene junction sequences on the genomic RNAs of each virus are
presented, including the region encoding the 3’ mRNA end (I), a nontranscribed
intergenic region (II), and the 5’ end of the subsequent gene (IIT). Also shown
is the junction between the leader and the first gene on the genomic RNA of each
virus. Note that the 3’ end of each sequence is to the left and the 5’ end is to the
right. Nucleotides that are conserved between the consensus and the leader
junctions in regions I and II are shown in boldface. The sites of termination and
initiation of templated transcription are denoted by a slash. HPIV-3, human
parainfluenza virus type 3; RSV, respiratory syncytial virus. The 3’ end of the
plus-strand leaders of LNYV, Sendai virus, HPIV-3, measles, and respiratory
syncytial virus have not been reported, and so the length and identity of a
nontranscribed region on the genome preceding the first gene are unknown.
Some variation in sequence and location was observed in the HPIV consensus
region I in brackets. The sequences are derived as indicated: SYNV (25, 62);
VSV (Indiana serotype) (34, 52); rabies virus (38); LNYV (61); and Sendai virus,
HPIV-3, measles virus, and respiratory syncytial virus (21, 45).

template for poly(A) tract synthesis through a chattering
mechanism involving reiterative transcription of the poly(U)
tract (5). Thus, the analysis predicts that the SYNV leader
would be polyadenylated, whereas the leader RNAs of the
cytoplasmically replicating rhabdoviruses and paramyxoviruses
would lack a poly(A) tail. In addition, most of the plus-strand
leader templates shown have poly(U) tracts (albeit truncated)
near the leader-N junction, and yet SYNV alone has a poly(U)
tract directly abutting a conserved region II. This thus suggests
that the intergenic region II may be critical for the initiation of
polyadenylation process in these viruses.

Why would the SYNV leader be polyadenylated? An inter-
action between the leader RNA and host poly(A)-specific fac-
tors, for instance poly(A)-binding proteins (53), is likely. Such
an interaction might have an effect on host gene expression,
although if such an effect exists, it is likely transient because
comparison of the profiles of radiolabeled proteins synthesized
in infected and mock-infected protoplasts by SDS-PAGE has
failed to reveal dramatic differences (60a). Alternatively, inter-
actions with host components via the poly(A) tail might affect
the subcellular localization of the leader RNA. Polyadenyla-
tion of SYNV leader RNA may facilitate the sequestration of
these molecules away from the site of transcription and repli-
cation via interactions with host components, perhaps through
export of the molecules from the nucleus. The nascent VSV
leader RNA has been postulated to have an important role in
the transition between transcription and replication during in-
fection (6). This RNA is believed to contain the sequences
required for encapsidation of the antigenomic RNA by the N
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protein. Since the availability of N protein that is not incorpo-
rated into ribonucleoprotein complexes has been shown to be
a critical factor for viral replication (1, 47), it is believed that
encapsidation of nascent RNA in the leader region may act as
a regulatory switch, causing the polymerase to transverse the
intergenic regions during full-length antigenome replication.
In vivo experiments with VSV have revealed that the VSV
leader RNA is transiently localized in the nucleus early after
infection (39). It has been proposed that the VSV leader may
inhibit host transcription in the nucleus (44). Another attrac-
tive hypothesis, however, is that the transport of these mole-
cules into the nucleus serves to remove them from the site of
viral transcription and replication. Removal of the fully syn-
thesized leader RNA from the site of transcription would elim-
inate competition with the nascent leader RNAs on the tran-
scription complex for available N protein. Nuclear transport of
the leader RNA would therefore increase the probability of
encapsidation of nascent leader and thereby would facilitate
rapid switching from transcription to replication. An important
difference between SYNV and VSV is that the SYNV poly-
merase complex is localized in the nucleus, rather than in the
cytoplasm of infected cells; our model suggests that SYNV
leader RNA polyadenylation reflects an adaptation to this nu-
clear localization. The model makes two testable predictions:
first, the SYNV leader should be cytoplasmically localized
early in infection, or at least localized to a location distinct
from the site of transcription in the nucleus; and second, other
nonsegmented minus-strand viruses which replicate in the nu-
cleus should synthesize polyadenylated leaders. Both the bor-
naviruses (54) and a number of plant rhabdoviruses (31) are
thought to replicate in cell nuclei. Therefore, it will be inter-
esting to see whether the leaders of these viruses are also
polyadenylated.

The present results also provide the first direct evidence that
a protein synthesized from the L gene of SYNV is present in
both infected cells and virus particles (Fig. 7C). The principal
polypeptide detected by Western blotting with antibodies
raised against a portion of the L gene migrated slightly more
slowly than a 200-kDa marker protein. The size of this
polypeptide thus corresponds well with the 241-kDa molecular
mass previously deduced from the L-gene primary sequence
(11). On the basis of extensive regions of homology between
the SYNV L protein and the polymerases of several other
unsegmented minus-strand viruses, it has been suggested that
the SYNV L protein may be a component of the viral poly-
merase (11). The relative abundance of this protein in active
polymerase preparations is consistent with a polymerase func-
tion (Fig. 7).

In conclusion, we report the development of a procedure for
partial purification of SYNV polymerase from infected tissue
that circumvents the difficulties encountered in using purified
virions as a source of viral polymerase. The analysis presented
here indicates that the in vitro system retains many of the
components of SYNV transcription previously characterized in
vivo. Therefore, the system represents a substantial advance in
the tools available for the elucidation of SYNV infection.
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