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Intra- and Intermolecular Nonenzymatic Ligations Occur within Transcripts Derived
from the Peach Latent Mosaic Viroid
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We report here the nonenzymatic self-ligation of transcripts corresponding to the peach latent mosaic viroid (PLMVd).
This is the first description of this process with viroid sequences, although it has been reported to occur with human
hepatitis delta virus RNA. Self-ligation occurs when the 5'-hydroxyl and the 2',3'-cyclic phosphate termini produced by the
hammerhead self-cleavage of the viroid RNA are juxtaposed by the vircid rod-like structure, and a phosphodiester bond is
formed between the two following hydrolysis of the cyclic phosphate. Unit-length transcripts undergo intramolecular folding,
and their subseqguent self-ligation produces circular molecules. The self-ligation observed in vitro may contribute to PLMVd
circularization during rolling circle replication; however, this does not exclude the possibility that a host RNA ligase catalyzes
the ligation steps in vivo. Like seif-cleavage, self-ligation is prebably an ancestral reaction, and the enzyme-catalyzed ligation
most likely evolved from this primitive mechanism, Furthermore, the intermolecular self-ligaticn of annealed transcripts

derived from PLMVd is demonstrated, suggesting a possible mechanism for sequence reassortment in viroids.

Academic Press, Inc.

According to the hypothesis that vivoids replicate by a
roiling circle mechanism (7—4), viroids are copisd to give
multimeric minus strands which are then cleaved and
circularized intc monomeric strands. The process is then
repeated 10 produce progeny viroids of plus polarity. Al-
ternatively, the multimeric minus strands can be directly
copied into multimeric pius strands before being cleaved
and circularized into progeny viroids. Several mecha-
nisms have been proposed for the ligation step which
converts the linear menomeric strands into circutar con-
formers; however, none has been confirmed /n vivo. It
has been shown that a wheat germ RNA ligase can circu-
larize linear unit-length viroids (5—7}, and, mcre recently,
in vitro experiments have demonstrated that T1 ribo-
nucltease cleaves and circularizes potato spindle tuber
viroid transcripts from more than ong unit length to mono-
meric melecules (8). Besides these examples of the pro-
tein catalysis of RNA ligation, the RNA by itself was pro-
posed to be responsible for the ligation of some satellite
RNAg. The circularization of the minus strand of the satel-
lite RNA of tobacco ringspot virus was shown 1o be cata-
lyzed by the “hairpin” autocatalytic structure, while it has
been suggested (9, 10), but not yet demonstrated, that
the corresponding strand of plus polarity may self-ligate
at a reduced level {11). Finally, the human hepatilis delta
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virus (HDV), a satellite-tike RNA of the hepatitis B virus,
has been shown to undergo nonenzymatic self-ligation
when the linear moncmer adopts a rod-like structure
where the 5" and 3’ ends ars juxtaposed (12). Neverthe-
less, self-ligation activity has not been demonstraled in
viraid sequences.

Peach latent mosaic viroid {PLMVd), a viroid of 338 nt,
is the infectious agent respensible for peach latent mo-
saic disease (13). Transcripts of both polarities derived
from PLMVd self-cleave exclusively by single hammer-
head structures (74, 75). Prior to this finding, only satellite
RNAs were known to undergo self-cleavage by single
hammerhead structures. In light of this observation, and
considering that only satellite RNAs have been shown
to undergo self-ligation, PLMVd was a candidate of
choice to investigate whether self-ligation might occur
within a vircid sequence. The pPD1 clone used in the
present study includes an insert of two tandemby re-
peated PLMVd sequences (Fig. 1A, ref. 74). Upon diges-
tion with restriction enzyme £coRl or BamH| (Pharmacia),
these constructions allowed the synthesis of either plus
or minus transcripts, depending upen the RNA polymer-
ase used {T3 or T7, Promeaga). During /rr vitro transcrip-
tion RNA of both potarities possessing hammarhead se-
quences were both producged and observed to self-
cleave efficiently at both the &’ and 3’ sites (Fig. 1A, ref.
14). The self-cleavage permitted the isolation of mono-
meric PLMVd of 338 nt with both 2’ 3’-cyctic phosphate
and &'-hydroxyl termini.
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FIG. 1. Schematic representation of plasmid construction, transeriptional products, and nonenzymatic seli-ligations of PLMVd. (A) pPD1 construction
and RNA fragments produced by Jn vitro transcription. Details of the construction of pPD1 plasmid were reported praviously (74). For the preparation
of plus-strand RNA, the pPD1 clone was digested with BamH| and transcribed with T3 RNA polymerase, while minus-strand RNA was obtained by
EcoRl digestion followed by T7 RNA polymerase-cataiyzed transcription. Full lines indicate sequences from PLMVd, and dashed lines sequences
from vector, hh indicates hammerhead self-cleavage sites, and the length of each cleaved fragment in nucleotides (nt) is indicated. An arrow at
the transcript end denotes a 2°,3'-cyclic phosphate. (B) Schematic representation of the lower energy secondary structure of the plus-polarity
monomeric RNA of PLMVd {714} during intramolecular self-ligation. Only the base-paired regions flanking the ligation site are represented in detail.
The more stable secondary siructure adopted by the both plus- and minus-polarity transcripts have been pradicted by computer analysis using the
program MulFold. {C} Schamatic representation of the proposad molecular mechanism for self-ligation. The arrow shows the nucleophitic attack of
the 5'-hydroxyl group on the 2',3"-cyclic phosphate. N and N' reprasent hybridized bases. (D) Schematic representation of the lower energy
secondary structure of minus-polarity transcripts of 283 and 124 nt hybridized together for intermolecular ligation. As in A, full lines indicate
sequences from PLMVd, dashed lines sequences from vector, and only the intermolecular base-paired regions are represented by ladders. The
dotted box indicates the sequence complementary to the oligenucleotide used to detarmine the proportion of 2’5’ and 3’5" isomer produced by

nonenzymatic intermolecular ligation (see text).

The incubation of purified minus-strand PLMVYd mono-
mer transcripts with wheat germ RNA ligase, the enzyme
initially suggested as respensible for virpid ligation (5,
7}, produced approximately 50% circularization. This was
visualized by gel retardation of the circutar RNA (C) in
comparison to the linear conformers (L) (Fig. 2A, lane 2},
When unit-length minus transcripts were incubated in
protein-free conditions at 16° for 6 hr in 20 mM Tris—
HCI, pH 7.9, and 100 mM MgCl,, 5% of the RNA with the
same slower electrophoretic mobility as that produced
by the wheat germ ligase was detected (Fig. 2A, lane 3}.
When the magnesium was replaced by 1 mAM ECTA, only
0.3% of the same product was detectable (Fig. 2A, lane
4). Analysis of the protein-free ligation mixture by native
6% PAGE revealed that the reacticn products have the
same length as the linear reactants (Fig. 2B) and, there-
fore, the difference observed by gel retardation resulted
from the presence of two conformations, namely, the cir-
cular and linear coenformers. In addition, the end labeling
of the reaction products by T4 polynucleotide kinase in
the presence of [v-*PIATP, or by T4 RNA ligase in the

presence of [@-**P]pCp {(after the dephosphorylation of
nonradicactive purified self-ligation products), was not
possible, thereby supporting the hypothegis that the
newly formed molecules are circular {data not shown).
Taken together these results prompt the conclusion that
self-ligation occurs Intramglecularly to 5% within mono-
meric transcripts in vitro (Fig. 1B). The monomeric tran-
scripts of plus polarity alsc self-ligated with a similar
efficiency (Fig. 2B, lane &; 5.0%). Under the conditions
used, self-ligation time course experiments showed a
linear increase in the amount of product with time
(~0.9%/hr, Fig. 3A), and the reaction was chserved to be
substrate concentration independent {data not shown).
The self-ligation observed in vitro may contribute to
PLMVd circularization during rolling circle replication;
however, this does not exclude the possibility that a host
RNA ligase catalyzes the ligation steps /in vive. Like self-
cleavage, self-ligation is probably an ancestral reaction,
and the enzyme-catalyzed ligation evolved from this prim-
itive mechanism.

As mentioned previcusly, the unit-length transcripts of
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FIG. 2. Analysis of intra- and intermolecutar nonenzymatic ligation. (A} Ligation of both monomeric minus- and plus-polarity transcripts of PLMVd
analyzed on a denaturing 5% PAGE gel. Lanes 1-4 are the minus-polarity transcripts while fanes 5 and 8 are the plus-polarity transcripts. Lanes
1 and 6 are the control lanes representing the untreated transcripts. /n vitro transcription of pPD1 in the presence or absence of [o-**PJUTP (3000
Cifmmol, Amershamn) was performed as reported praviously (74). After transcription, RNAs were ethancl precipitated and resuspended in 10 ul H,0
plus 10 g stop buffer (0.3% each of bromophenst blue and xylene cyanc), 10 miyd EDTA, pH 7.5, and 97.5% deionized formamide), denaiwred for 2
min at 65°, and separated on a 5% polyacrylamide gel containing 100 mAM Tris—borate, pH 8.3, 1 mM EDTA, and 7 M ures buffer. Transcripts were
detected by autoradiography or UV shadowing, excised, eluted, sthanol precipitated, passed twice through Sephadex G-50 spun columns, and
lyophifized. Lane 2, ligation catalyzed by RNA ligase purified fram raw wheat germ (according to the procedure reported in ref. 17) for 6 hr at 31°
in 20 mM Tris—=HCI, pH 7.8, 8 mM MgCl,, 1 mM ATP, 20 uM DTT supplemented with 34 U RNA guard {Pharmacia) in a final volume of 50 pl. Lanes
3 and 6, self-ligation of transcripts via incubation for 6 hr at 16° in a final volume of 15 ul containing 20 mM Tris—HC!, pH 7.8, and 100 mM MgCl,.
Lane 4, self-ligaticn as in Jane 3 but with the 100 mM MgCl; replaced by 1 mA EDTA. The ligations were stopped and analyzed on denaturing 5%
PAGE. ori, arigin; XC, xyiene cyanol. C and L indicate the migration position of the circutar and linear transcripts. {B) Seli-ligaticn of PLMVd monomeric
minus-polarity transeripts, performed as described in Fig, 2A but analyzed on & native 5% PAGE (i.e., without urea, at 4°). Lane 1 is the untreated
transcripts while lane 2 ig the self-ligation in presence of 100 mad MgCl;. The arrow indicates the monomeric transcripts. The reaction was stopped
by adding 0.5 vol of 50% glycersl, 0.4% bromophenal blue, and 0.4% xylene cyanol selution and then electrophoresed. (C) investigation of the salf-
ligation mechanism within the mcnomeric plus-polarity wranscripts. Ali ligation reactions were performed 18° for 6 hr in 20 mM Tris—HCI, pH 7.9,
and 100 mAM MgCl,. Lane 1, untreated transcripts. Lane 2, gelf-ligation. Lane 3, self-ligation in the presence of 1 mM ATP. Lanes 4 and &, transcripts
were either 5’ kinased or 3’ dephosphorylated, respectively, by T4 polynucleotide kinase (Pharmacia), phenol extracted, ethancf precipitated, ethanol
washed, dried, and then tested for self-ligation. Lanes 6 and 7, transcripts were snap-cooled in the absence or presence, respectively, of 67%
formamide before the self-ligaticn. (D) Assays of intermolecular ligation with minus-polarity transcripts and analysis by denaturing 5% PAGE. In
ane 1 the 338-nt vranscripls were incubated alone, whiie in lane 2 {124 and 283 nt), lans 3 {124 and 338 nt), lane 4 {338 and 283 ni), lane 5 {124
and 621 nt), and lana 6 (462 and 283 nt) the indicated transcript pairs were incubated together under self-ligation conditions as in C. Adjacent to
the gel are the positicns of each fragment (in nt) determined by comigraticn of purified PLMVd dimeric RNA incubated under self-cleavage cenditions.
The fraction of ligated transcripis was determined by analysis of dried gels using a Phosphorlmager (Molecular Dynamics).

plus polarity were also capable of self-ligation 10 5% (Fig.
2A, lana 8, and Fig. 2C, lane 2). The addition of ATP (1
mA finai} did not increase the observed product amounts
(Fig. 2C, lane 3), suggesting the involvement of the phos-
phate from the 2’,3"-cyclic phosphate in the formation of
the phaosphodiester bond, Neither 5'-phosphorylated or
3'-dephosphorylated linear unit-length transcripts, pro-
duced by the acticn of T4 polynucleotide kinase in the
presence or absence (16) of ATP, respectively, self-li-
gated {Fig. 2C, lanes 4 and 5). This suggests a require-
ment for both the B'-hydroxy! and the 2',3'-cyclic phos-
phate groups in self-ligation. As proposed by Sharmeen
et al. (12), most likely the b’'-hydroxyl group is involved
in a nucleophilic attack on the phosphate of the 2',3'-

cyclic phosphate, which then undergces hydrolysis pro-
ducing a phosphodiester bond (Fig. 1C). The 27.3'-cyclic
phosphate is highly strained and will undergo rapid
hydrolysis with & large negative standard enthalpy
change {78).

The hammerhead self-cleavage of PLMVd transcripts
of both polarities required a preliminary heat denatur-
ation followed by snap-cooling to allow conformaticnal
transiticn from the native to the autocatalytic structure
(76). This transition was enhanced by the addition of
formamide {75). When unit-length franscripts were sub-
mitted to preliminary heat denaturation and snap-ccoling
(80° for 1 min followed by ice for 1 min), the self-ligation
efficiency was reduced by half compared to self-ligation
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FIG. 3. Kinetic analysis of the self-ligation of the minus-polarity tran-
scripts. (A) Time course. (B) Temperature dependance. Closed circles
are for transeripts which were not subjected to any procedure of dena-
turation and renaturation before the seli-ligation {usual treatment),
while open circles indicate that ranscripts were denatured {90° for 2
min} and then renatured by slowly decreasing the temperature until
16° before the self-ligation. {C) MgCl, dependence. Self-ligation was
performed as indicated for Fig. 2, lane 3. The average valugs of triplicate
experiments are reported.

without pretreatment {Fig. 2C, lane 6; 3%). Inihe presence
cf 67% formamide during the pretreatment only a trace
of the self-ligation preducts were detectable {Fig. 2C,
lane 7; 0.2%). In contrast, when the transcripts were dena-
tured (90° far 2 min), and then renatured by slowly de-
creasing the temperature o 16° before the self-ligation
in order to favor the adoption of the most stable struc-
tures, the reaction efficiency was slightly increased (Fig.
3B). Taken together, these resulis suggest that the most
stable structure supports the self-ligaticn process {see
Fig. 1B). In this structure, both donor and receptor ends
are juxtaposed by a complementary strand that plays a
structural role and must not be considered as a ribozyme
(Figs. 1B and 1C).

investigation of the self-ligation reaction’s magnesium
depandence showed increasing amounts of products, up
to a maximum of 5% for 6 hr of incubation, with an in-
crease in MgCl, concentration from 0 to 100 mM {Fig.
3C). The level of products then remained constant at 5%
from 100 to 500 mAM and decreasad by about half at 1
M MgCl,. In Fig. 2A, the mixture analyzed in lane 4 sug-
gested that in the absence of magnesium, no selif-ligation
occurred. However, overexposure of the autoradiogram
revealed a small amount of product (0.3%), indicating that

the magnesium cation is not absolutely required. Several
other biochemical parameters of the reaction weare inves-
tigated, including the temperature (Fig. 3B} and the pH
dependence (data not shown). All data supported the
proposal of a nucleophilic attack from the 5'-hydroxy!
group on the 2" 3'-cyclic phosphate group after both
strands were juxtaposed by the complementary strand
(Fig. 1C); these features are necessary and sufficient for
the nonenzymatic ligation to occur.

In order to invastigate intermolecular ligation {Fig. 1D),
various RNA species of minus polarity generated by tran-
scription from pPD1 were incubated together in protein-
free conditions (Fig. 2D). intermolecular ligation always
occurred when a 2',3'-cyclic phosphate group and a 5'-
hydroxyl terminus were juxtapesed by a complementary
strand. The minus-polarity transcripts of 462, 338, and
124 nt can be congiderad phosphate donor strands since
they carry a 2",3"-cyclic phosphate group. The 462- and
124-nt transcripts cannot self-ligate intramolecularly,
even though they are phosphate donors, due to their
secondary struciure which will not juxtapose the end
groups. Unlike the intramolecular self-ligation, linear
RNA products are generated by the interrnolecular reac-
tion (Fig. 2D). incubation of 338-nt transcripts with either
124- or 283-nt transcripts showed the intramolecular pro-
cess to be favored over the intermelecular reactions {Fig.
2D, ianes 3 and 4). These observations were expected
because of the intrinsic folding capacity of the mono-
meric transcripts {74) which played a phosphate donor
role for the ligation with the transcripts of 283 nt and an
acceptor rele when ligated with the 124-nt transcripts.
The intermolecular ligation was also examined with
PLMVd transcripts of plus polarity and similar results
were cbtained (data not shown). The intermoiecular self-
ligation might occur with some frequency in nature and
could therefore contribute to viroid sequence evolution
by a process of reassortment. Such a mechanism would
allow the integration of exogenous genetic information
into viroids during their rolling circle replication (19).

in order to examine the nature of the phosphodiester
bond formed during this ligaticn, we evaiuated the pro-
portion of 2’,6" and 3’5" isomers produced in accor-
dance with the procedure of Sharmeen et a/. for HOV
{12). Intermolecular ligation was performed with nonradi-
oactive 124- and 283-nt transcripts. The ligation products
(407 nt) were then hybridized to an oligonucleotide
(B'CATCAAAAGTITCGCCGCATITCAGS') complemen-
tary to positions 25 to 49 downstream of the ligation site
(Fig. 1D, dotted box). The resulting complex was then
primer extented using avian myeloblastosis virus reverse
transcriptase (Boehringer-Mannheim, Canada) as de-
scribed (20, 27), and the products were analyzed by dena-
turing 5% PAGE (data not shown). Under these condi-
tions, for reasons which are not clear (72), the reversa
iranscriptase cannot read through the 2.5’ isomer and
extension terminates at the ligation site or one nucleotide
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beyend. Concurrently, primer extension using the tran-
scripts of 462 nt produced by T7 RNA polymerase, which
catalyzed exclusively 3'.5’-phosphodiester bond forma-
tion, was performed as control. The analysis of several
assays established a ratio of ~30% 39" :~70% 2’ 5'-
phosphodiester bonds being produced by self-ligation.
This is in agreemant with another report showing the
prevalence of 2’ 5’'-phosphodiester bond formation over
3’ B5'-phosphodiester bonds in RNA self-ligation (22). Fur-
thermaore, when the seif-ligated PLMVd is snap-cooled
(95° for 1 min followad by ice for 1 min} and then incu-
bated at 37° for 15 min {i.e., hammerhead self-cleavage
conditions), only 8% of the circular RNA self-cleaved com-
pared to 54% for the linear RNA of 462 nt produced by
in vitro transcripticn (data not shown). These results sup-
port the presence of mostly 2°,6" iscmer, which is not
hammerhead self-cleaved in the circular RNA. To date,
no 2'.5'-phosphodiester bond has been characterized
in viroids isolated from plant hosts, leading us to o
hypctheses. On one hand, it is possible that a cofactor,
such as a protein, could sterically block the formation of
the 2’.5'-phosphosdiester bond in vive (12). On the other
hand, the presence of a 2’ 5"-phosphodiester bond at
the hammerhead cleavage site may prevent fingarization
of the newly fermed circular RNAs. However, this latest
hypothesis requires that the vircid replicase activity is
allowed 10 read through the 2'.5" isomer, which appears
highly improbable, but not impossible.

In accordance with the roie of the complementary
strand to juxtapose bcth reactional termini, the efficiency
of the reaction cculd be regulated hy the stability (se-
quence composition and length) of both of the double-
stranded helices adjacent 1o the ligation site; the more
stable the helices, the more efficient the iigation. For
PLMVd, these helices are relatively small {i.e., 2 and 4
base pairs in the rod-like secondary struciure, Fig. 1B}
and may therefcre limit self-ligation efficiency. In con-
trast, the fact that the amall adiacent base-paired regions
in PLMVd allow for little self-ligation may be considered
as an advantage for sequence reassortment via the inter-
molecular process. Only a reduced seguence comple-
mentarity would be required between two RNA mole-
cules for the intermelecular reacticn to occur. In the ex-
ample in Fig. 10, the substrates are hybridized by a 4-
base pair helix adjacent to the ligation site and a 12-
base pair helix in the right arm region.

In conclusion, the seif-ligation observed /n vitro may
centricute to PLMVd circularization during rolling circle

replication in vivo, however, this does not exclude the
possibility that a host RNA ligase catalyzes the ligation
steps in vivo. The self-ligation may not be restricted to
PLMVd and HDV, because other viroids and related sat-
ellite RNAs have a similar predicted secondary structure
for the region surrcunding the ligation site.
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