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ABSTRACT Peanut stunt virus-associated RNA §
(PARNA 5), the satellite of a plant cucumovirus, is a linear
RNA of 393 nucleotides with a 5’ cap and a 3’ hydroxyl group.
Determination of its nucleotide sequence has revealed two con-
secutive open reading frames that together extend most of its
length. Sequences at the 5’ and 3’ ends are homologous with
those of the satellite of the related cucumber mosaic virus, and
the double-stranded forms of both satellites contain an un-
paired guanosine at the 3’ end of the minus strand. However,
little other homology exists between the two satellites. In con-
trast, PARNA 5 has several regions of 90% sequence homolo-
gy with various plant viroids, including sequences of the con-
served central region of most viroids. Such homologies suggest
a common origin with viroids coupled with specific adaptation
as a linear RNA. The presence within PARNA S of conserved
intron sequences essential to proper RNA processing suggests
a possible origin from plant introns and/or involvement of
such sequences in the processing of PARNA 5 multimers to
monomers at some stage of replication.

Two distantly related plant viruses of the cucumovirus
group, cucumber mosaic virus (CMV) and peanut stunt virus
(PSV) (1), each encapsidate a small, linear satellite RNA
along with their own four major RNAs (2-4). Each satellite
RNA is dependent upon its respective helper virus for repli-
cation, thus contrasting with plant viroids—circular mole-
cules of similar size that replicate independently of a helper
virus (5). The two satellite RNAs, CARNA 5 (CMV-Associ-
ated RNA 5) and PARNA 5 (PSV-Associated RNA 5), show
little relationship to each other or to the RNAs of their re-
spective helper viruses (3, 4, 6). This latter characteristic dis-
tinguishes satellite RNAs from defective interfering RNAs
(7) and invites speculation on the question of their origin.

Studies on the satellites of different strains of CMV have
unveiled the existence of many different sequence variants.
The biological effects of their presence range from exacerba-
tion to attenuation of normal CMV symptoms, the latter of-
ten accompanied by a decrease in virus yield presumably
due to interference with the CMV replicative machinery (8-
10). Because of their ability to perturb both virus replication
and symptom development, their small size (M, = 110,000),
and their naturally occurring variability, the CMV satellites
provide an excellent model system in which to explore struc-
ture—function relationships in RNA molecules. Accordingly,
over a dozen already have been sequenced (refs. 11-14; un-
published data). _

In contrast, PARNA 5 has received little attention beyond
its characterization and a study of some of its replicative
properties (15). However, its larger size (M, = 130,000), lack
of relationship to CARNA 5, and replication specificity for
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PSV but not CMV predicted that comparison of its primary
structure with that of CARNA 5 and other small pathogenic
RNAs might provide clues into the origin and replication
strategy of cucumovirus satellite RNAs. As reported here,
the nucleotide sequence of PARNA 5 shows homologies °
with various regions of different viroids, yet with only the
termini of CARNA 5. In addition, striking homologies with
intron sequences essential to proper RNA processing sug-
gest a possible origin for PARNA 5 and/or intron-like proc-
essing of PARNA 5 multimers to monomers at some stage of
replication.

MATERIALS AND METHODS

Purification of PARNA 5 and Double-Stranded (ds) PARNA
5. PARNA 5§ isolated from a 1976 PSV isolate was propagat-
ed with a 1974 PSV isolate in tobacco (Nicotiana tabacum
Linnaeus cultivar Xanthi nc) as described (4). Methods for
isolating PARNA S from virions were the same as those for
CARNA 5 (2, 16). The isolation of ds PARNA 5, the separa-
tion of the complementary strands in polyacrylamide gels,
and the elution of the purified strands have been described
aa7.

RNA Sequencing of PARNA 5. End-labeling of RNA fol-
lowed standard procedures as described (13). PARNA 5 pu-
rified from virions and (+)- and (—)-strands of PARNA 5
isolated from ds PARNA 5 were labeled at the 3’ terminus by
using [5'-3?P]pCp (1000-3000 Ci/mmol, ICN; 1 Ci = 37 GBq)
and T4 RNA ligase (P-L Biochemicals). Purified (+)- and
(—)-strands from ds PARNA 5 were labeled at the 5’ termi-
nus with [y-32PJATP (4500 Ci/mmol, ICN) and T4 polynucle-
otide kinase (P-L Biochemicals) following treatment with
calf intestinal alkaline phosphatase (Boehringer Mannheim).
PARNA S purified from virions could not be labeled by this
procedure and, alternatively, was decapped by periodate ox-
idation and B-elimination (18) and then was 5'-labeled by us-
ing [a-3?P]GTP (>400 Ci/mmol, ICN) and guanylyltransfer-
ase (Bethesda Research Laboratories) (19). Gel purification
of labeled RNA, sequencing on polyacrylamide gels contain-
ing 98% formamide by using the partial enzymatic cleavage
method (20), and determination of the 3’ terminal nucleotide
have been described (13).

The cap structure at the 5’ terminus of PARNA 5 purified
from virions was labeled with KB>H, (21), the RNA was hy-
drolyzed with nuclease P1, and the digest was separated by
two-dimensional chromatography on cellulose thin-layer
sheets (22). Digests of CARNA 5 and PARNA § gave essen-
tially identical patterns, with one labeled spot corresponding
in position to m’GpppG, the cap core previously determined
for CARNA 5 (23).

Abbreviations: PSV, peanut stunt virus; CMV, cucumber mosaic
virus; PARNA 5, PSV-Associated RNA 5; CARNA 5, CMV-Asso-
ciated RNA 5; ORF, open reading frame; ds, double-stranded; box,
region involved in the splicing of certain introns.
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Synthesis and Cloning of ds PARNA 5 cDNA. Plasmid
pUC9 (24) was isolated from cultures of Escherichia coli
strain JM83 (25). First-strand cDNA synthesis followed the
method of Taylor et al. (26) using random priming on the
template RNA for the initiation of cDNA synthesis. Reac-
tion mixtures (50 ul) contained 50 mM Tris-HCI (pH 8.1); 50
mM KCI; 10 mM Mg(OAc),; 10 mM dithiothreitol; 0.1 mg of
actinomycin D per ml; 0.5 mM dGTP, dTTP, and dCTP; 0.02
mM dATP; 1.5 uM [a-3*P]dATP (650 Ci/mmol; ICN); 3 ug
of PARNA 5; 100 ug of calf thymus primer DNA; and 44
units of avian myeloblastosis virus reverse transcriptase
(Life Sciences). After incubation for 2 hr at 37°C, reactions
were stopped with EDTA, and the RNA was hydrolyzed.
The cDNA was extracted with phenol/chloroform, separat-
ed from unincorporated dNTPs on Sephadex G-50, and pre-
cipitated with ethanol following standard procedures (27).
Second-strand cDNA was synthesized for 4 hr at 37°C by
using the Klenow fragment of E. coli DNA polymerase I (Be-
thesda Research Laboratories) (27). The resulting cDNA
was treated with S1 nuclease, tailed with oligo(dC), hybrid-
ized with pUC9 that had been cleaved with Pst I and tailed
with oligo(dG), and used to transform E. coli strain JM83
(28).

Isolation and Sequence Analysis of Cloned PARNA 5 cDNA.
Use of the plasmid pUC9 allowed rapid one-step screening
for hybrid transformants (24). E. coli clones with recombi-
nant plasmids containing PARNA 5 cDNA were selected by
standard colony hybridization techniques (27). Recombinant
plasmids were isolated from JM83 by a rapid isolation proce-
dure (29), and the size of the insert was determined by poly-
acrylamide gel electrophoresis after plasmid cleavage with
Pst 1. Inserts were 3'-labeled with [a-*?P]dATP (400 Ci/
mmol; ICN) and the Klenow fragment of DNA polymerase I
at either the HindIII or the EcoRlI site of pUC9 (30). The
inserts were then excised with the second restriction enzyme
(EcoRI or HindlIIl), purified on a polyacrylamide gel, and
sequenced by using the base-specific chemical cleavage
method (31). Manipulations involving recombinant DNAs
were performed under BL1 containment conditions in com-
pliance with current National Institutes of Health guidelines.

RESULTS

Determination of the Complete PARNA 5 Sequence. The
identity of each of the 393 nucleotides of PARNA 5 was de-
termined by at least two independent methods. Sequencing
of end-labeled RNA by the enzymatic cleavage method was
only partially successful because of band compression on the
sequencing gels. Presumably this was due to persistence of
secondary structure, which rendered regions of the molecule
inaccessible to enzyme cleavage (32). However, sequencing
both (+)- and (—)-strand RNA and using polyacrylamide
gels containing 98% formamide allowed unambiguous deter-
mination of 100-150 nucleotides at each end of the molecule.
In addition, long internal stretches were similarly se-
quenced. The sequence was completed from the longest
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cDNA clone, which included nucleotides 124-322. The se-
quence of this region was determined from each of the DNA
strands and agreed with all previous RNA sequencing data.

Features of the PARNA 5 Sequence. Like CARNA 5,
PARNA 5 is a linear molecule with a 5’ cap and a 3’ hydroxyl
group (Fig. 1). It has a rather unusual nucleotide composi-
tion, containing over 33% guanosine with several long runs
of guanosine (see positions 102-107, 115-123, 162-169, and
233-238) and several purine-rich regions (see especially posi-
tions 102-123, 162-189, and 323-334). It is of potential inter-
est that the RNA of the E. coli RNase P, a tRNA-processing
enzyme, has a very similar, and notably unusual, base com-
position and distribution (33).

Open Reading Frames (ORFs) in PARNA 5. PARNA § has
the potential to code for polypeptides in each of its three
reading frames. The satellites of CMV sequenced to date
also contain ORFs of varying sizes. PARNA §’s first AUG
codon at position 42 (followed by a second at position 48)
could begin a polypeptide 31 amino acids long, ending at a
UGA codon at position 138. This first AUG and its flanking
sequences match the favored sequence for eukaryotic initia-

tion sites, A-X-X-A-U-G-G (34). Shortly after the UGA, an-

other AUG at position 144 begins a second ORF that contin-
ues the entire remaining length of the molecule. The two pu-
tative polypeptides encoded by these ORFs would have mo-
lecular weights of =~3,500 and =9,100, respectively.

Short ORFs occur in each of the other two reading frames,
one beginning at position 68 and encoding a putative poly-
peptide of 22 amino acids and the second beginning at posi-
tion 76 and encoding a polypeptide 23 amino acids long. The
translational capability of PARNA § has not been investigat-
ed.

An Unpaired Guanosine in ds PARNA 5. Determination of
the terminal sequences of the separated (+)- and (—)-strands
of ds PARNA § revealed the presence of an unpaired guano-
sine at the 3’ end of the (—)-strand (Fig. 2). Similar termini
exist in ds CARNA 5 (39).

DISCUSSION

Comparison of PARNA 5 with Other Small Pathogenic RNA
Molecules. Surprisingly, PARNA 5 shows little homology at
the 90% level with several CARNA 5 molecules except at the
termini where, for example, in two CARNA 5 molecules, 9
of the 10 5’- and 3'-terminal nucleotides match those of
PARNA 5 (13, 14). One CARNA 5 (11) contains one other
region of 10 nucleotides (positions 35-44) that is 90% ho-
mologous with sequences of PARNA 5 (positions 75-84). It
seems likely that the recognition of PARNA S5 but not
CARNA § by the PSV replication machinery involves more
than terminal sequences.

In contrast, comparison with various plant viroid se-
quences revealed several regions of 9% sequence homolo-
gy. For example, there are nine regions of chrysanthemum

n7GpppGUUUUGI.IUUU.GUCGGGAGUC.ACCGCGUAAA.AACCCACUGU.AGUG@CGACAGCAGG. 60

UGAAGAAAUGCCUGUAUGBUG.CEUGGCECUACECCUUUGCC.CGGGEE6AUAUACUGGEGGG. 120
GGGCGUAUGC.ACGUAGGUGACCGAUGIAGAGAGGACGCCUC.CEG6GGGCGGA.6GUAAGUCEGG. 180

GGEAGGGCGG6C.EUUCBEBUABUBAAACGACCUCCUAUCABBACUGCUBCACCG.UCGGGGGGAA. 240

ACCCCCUUGG.BUCGAGBCCCGAUCCCUCUUCWUGBUAAAACCGGEUGGAACUUAACCUCAUDUU. 300

CUGGAGAABUCCGGACAACUGUGBGAUGGAAGAAAGCAGUGUGGUGCCCCAGBCGGCGACCATC, 360

GAAAGGCCAC.GGCCUUCAGC.UCCUACACGA.CCCW

FiG. 1. The complete nucleotide sequence of PARNA 5. Putative initiation codons and corresponding termination codons are boxed.
Conserved sequences of introns capable of base pairing (see Fig. 4) are in bold type.
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+ (5') (p)6UUUUGBU--~-~-~-- CACGACCC gy (3%
- (8') gyGCAAAACA------ GUGCUGGE (p (5')

FiG. 2. Terminal sequences of ds PARNA 5 The number of
phasphates (py) at the 5’ termini of the plus and minus strands has
not been determined. The arrow notes the unpaired guanosine at the
3’ end of the (—)-strand.

stunt viroid (CSV) (36) in which 9 of 10 nucleotides match a
sequence within PARNA 5, whereas in randomly generated
sequences of the same size and base composition as CSV,
only 1 or 2 such matches occur. Starting with the 5’ end of
PARNA 5, the nine regions are designated by the position
numbers of their first nucleotides (CSV in parentheses) as
follows: 3 (340), 58 (65), 88 (282), 235 (92), 279 (260), 279
(329), 301 (207), 303 (69), and 338 (21). Although these and
other homologous regions are not all.in the same relative po-
sitions within the two molecules, several are of particular
interest. First, two of the PARNA 5 regions listed above (po-
sitions 235-243 and 279-287) perfectly match regions of the
upper and lower parts of the central, conserved region of
most viroids (37). Second, the 22 5’-terminal nucleotides of
PARNA 5 (G-U-U-U-U-G-U-U-U-U-G-U-C-G-G-G-A-G-U-
C-A-C) show 77% homology with nucleotides 343-10 of the
circular CSV (A-G-U-U-U-U-G-U-U-C-C-C-U-C-G-G-G-A-
C-U-U-A-C). This region of CSV corresponds in position to
the 5’ end of one of the two observed “natural linear” forms
of potato spindle tuber viroid (38).

Although their biological significance has not yet been es-
tablished, these linear forms of potato spindle tuber viroid
may be compared with the linear forms of certain viral satel-
lite RNAs that also exist in circular configurations (39-41).
In the case of the satellite of tobacco ringspot virus specifi-
cally, evidence is accumulating that both its linear and circu-
lar forms could represent different stages in its life cycle (39,
42).

Whatever the significance of linear forms of viroids and
circular satellites, it seems important to note that the termini
of PARNA 5 appear unique. Whereas these other linear mol-
ecules apparently have 3’ phosphate and 5’ hydroxyl termini
(see ref. 43), PARNA 5 has a 5’ cap and a 3’ hydroxyl group,
termini which give no hint of circular precursors or products.
Therefore, while the homologies with plant viroids may be
suggestive of a common origin for PARNA 5 and viroids, it
seems that the two kinds of molecules are specifically adapt-
ed for existence as linear and circular molecules, respective-
ly.

Homologies with Conserved Sequences of Introns. The pos-
sible origin of viroids from introns (intervening sequences) of
eukaryotic RNAs has been discussed previously (36, 44-49).
Cech (50) has delineated three general classes of introns and
corresponding RNA splicing strategies—one for tRNA, one
for nuclear-encoded mRNA, and, finally, one encompassing
nuclear rRNA and mitochondrial mRNA and rRNA. Splic-
ing in this last class alone appears to be directed by the in-
tron itself, whose integrity is absolutely essential to the splic-
ing reaction. A combination of phylogenetic, genetic, and
biochemical evidence has established that the base pairing of
three particular pairs of sequences in these introns most
probably plays a crucial role in forming a secondary struc-
ture essential to splicing (51-56). Two of these pairs (desig-
nated as regions A and B, regions box9L and box2) are con-
served in nucleotide sequence across introns of nuclear
rRNAs as well as those of mitochondrial mRNAs and
rRNAs (53, 57-59); the third pair (regions 9R’ and box9R) is
conserved in the different introns in location and ability to
base pair only (52, 59, 60).

PARNA 5 contains sequences that are related to all three
pairs of the highly conserved sequences of these introns. In
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addition, the sequences are located in the same relative posi-
tions within the molecule as those of nuclear rRNA introns
and mitochondrial introns (Fig. 3). Whereas actual nucleo-
tide sequence is not always conserved in the PARNA § se-
quence, what is particularly striking is that the six regions of
PARNA 5 can base-pair within a hypothetical secondary
structure that is very similar to that proposed for group I
introns (51). Fig. 4 shows these base-pairings of PARNA §
compared to noticeably similar ones of intron 4 of the yeast
mitochondrial gene for cytochrome b, cob. The A-B region
comprises six base pairs in the yeast intron and seven in the
comparable region of PARNA 5. The five base pairs in the
box9R-9R' region of the yeast intron are maintained in
PARNA 5 through compensation for the loss of an A-U pair
at one end of the region by acquisition of a G-U pair at the
other end. And, a similar compensation in the tertiary inter-
action between the box9L and box2 regions of PARNA 5 re-
sults in maintaining both a spacer region between box9L and
box9R and the five base pairs present in that region of the
yeast intron (see Fig. 4 Right).

In an attempt to assess the significance of the intron-like
sequences within PARNA 5, we calculated the probability of
finding by chance the four remaining sequences, given the
existence of the box9L-9R-like sequence near the middle of
PARNA 5. To take into account the importance of the rela-
tive positions of the conserved sequences, we demanded
that each sequence in PARNA 5 be found within 35 nucleo-
tides to either side of the position corresponding to that of
the respective sequence in the similarly-sized Tetrahymena
intron (ref. 59; see Fig. 3). Our calculation included the prob-
ability of finding within the appropriate 70-nucleotide
windows a box2-like sequence with four of five bases com-
plementary to those of the PARNA 5 box9L sequence and a
9R'-like sequence with 4 of 5 bases complementary to those
of the PARNA 5 box9R sequence; an A region-like sequence
with 3 of 6 bases identical to the A sequence of the yeast cob
intron 4 (Fig. 4) and in the same position relative to the 9R’
sequence (52); and a B region-like sequence with 5 of 6 bases
complementary to the PARNA 5 A-like sequence within the

box9
95&/1\ z liﬂy / btixz
MITO. INTRON /
box9
95'} ? k ﬁ box2
8-
NUC. INTRON
box9
9R’' A BLR box2
N/ | \/ |
—— '
PARNA 5
- + 4 + — f—
(o] 100 200 300 400 // 1400

Nucleotides from 5’ end

FiG. 3. Relative positions of conserved sequences in the yeast
mitochondrial (MITO) cob gene intron 4, the Tetrahymena nuclear
(NUC) rRNA intron, and PARNA 5. Positions of the sequences in
the yeast and Tetrahymena intron, as well as terminology and orga-
nization of the figure, are as described by Cech et al. (59). Solid
boxes indicate conserved intron sequences that can interact by base
pairing (region A with B, region box9L with box2); open boxes indi-
cate regions conserved only in their location and potential to base
pair (region 9R’ with box9R); all are somewhat enlarged for clarity.
The precise locations of the conserved sequences within PARNA 5
are: 9R'-A, nucleotides 78-92; B, 194-200; box9L-9R, 217-228;
box2, 308-312 (see Fig. 1).
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FiG. 4. Schematic presentation of possible base-pairings of the conserved intron sequences of PARNA 5 as compared to those in the
mitochondrial cob intron 4 (drawn from figure 4 in ref. 56). Boxed sequences box9L, box2, A, and B in the mitochondrial intron are the
sequences conserved in most mitochondrial and certain nuclear introns. Boxed sequences box9R and 9R’ of the intron are sequences conserved
only in their position and ability to base-pair. Boxed sequences in PARNA 5 are those homologous to conserved sequences of the yeast intron.
(Left) Possible secondary structure interactions. (Right) Possible tertiary interactions.

appropriate 45-nucleotide window (reduced from 70 by the
presence of the box9L sequence at the 3’ border). The occur-
rence of the four sequences at the appropriate relative posi-
tions within PARNA 3 is significant at the 0.05 level.

Divergent or Convergent Evolution? Sequences related to
six conserved sequences whose base-pairing is essential to
proper splicing in certain nuclear and mitochondrial introns
have been found not only in PARNA 5 but also in plant vir-
oids (Dinter-Gottlieb and Cech, personal communication;
Hadidi and Diener, unpublished data). Given that the unex-
pected resemblance between fungal mitochondrial introns
and Tetrahymena nuclear introns is believed more likely to
reflect movement of sequences between nucleus and mito-
chondrion than convergent evolution (57, 59), it seems possi-
ble that PARNA 5 and viroids could represent escaped in-
trons of either origin. As might be expected from their nucle-
olar location (61), viroids are similar to nuclear rRNA
introns (62) in lacking mRNA activity and circularizing after
being processed from larger molecules (43). PARNA 5, on
the other hand, more resembles certain mitochondrial in-
trons that contain long ORFs and remain linear after exci-
sion, probably to function as mRNAs (53, 63). In addition,
the regions box9R and 9R’, conserved between nuclear and
mitochondrial introns in position and ability to base-pair
only, are nearly identical in PARNA 5 and one mitochondrial
intron (see Fig. 4). The origin of one plant virus satellite, that
of turnip crinkle virus, from within the plant genome has
been suggested by apparent homology between cloned satel-
lite cDNA and sequences in the DNA of uninfected plants
(64). And, observed homologies between proteins encoded
by yeast mitochondrial introns and by two strains of a plant
RNA virus are suggestive of an evolutionary connection be-
tween introns and pathogenic RNAs (65).

However, whether the intron-like sequences within
PARNA § originated from introns or, alternatively, by con-

vergent evolution, the existence of conserved sequences in
rapidly evolving RNA genomes (66) implies selective pres-
sure for their survival. The presence of both (+)- and (-)-
stranded oligomers of PARNA 5 in infected tissue (15) re-
quires mechanisms for both the formation of oligomers and
their processing back to monomers. Perhaps the intron-like
sequences within oligomeric (+)-stranded PARNA 5 form a
secondary structure that, like the Tetrahymena intron (59),
directs protein-independent processing. Capping of the re-
sulting PARNA 5 monomers may be analogous to cycliza-
tion of the Tetrahymena intron, both preventing the excised
RNA from driving the splicing reaction backwards (67).

Although a rolling circle form of replication could generate
oligomers, no circular forms of PARNA 5 have been detect-
ed in infected tissue (15). In addition, the termini of both
single-stranded and ds PARNA 5 match those of the linear
cucumovirus CMV and hint of a linear RNA replicative
strategy (35). An alternative mechanism for oligomerization
may involve the unpaired guanosine at the 3’ end of the (—)-
strand of monomeric PARNA 5 (Fig. 2), whose attack be-
tween the 5'-terminal guanosine and the penultimate guano
sine of another (—)-stranded molecule could form a dimer
through the same kind of cleavage-ligation reaction cata-
lyzed by the 3’-terminal guanosine of the Tetrahymena in-
tron during autocatalytic cyclization (67). In fact, oligomer-
ization of Tetrahymena introns via such a mechanism has
been observed (A. Zaug and T. Cech, personal communica-
tion). Transcription of (—)-stranded PARNA 5 oligomers to
(+)-stranded oligomers followed by intron-like processing
could restore the monomeric size perhaps necessary for bio-
logical activity. By manipulations of (—)-stranded monomer-
ic PARNA 5 in vitro as well as determination of the sequence
of dimeric PARNA 5 isolated from infected tissue, the occur-
rence of some of these putative steps in the PARNA 5 life
cycle can be tested.
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