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The 3’ ends of RNAs associated with turnip crinkle virus (TCV),
including subviral satellite (sat)C, terminate with the motif
CCUGCCC-3'. Transcripts of satC with a deletion of the motif are
repaired to wild type (wt) in vivo by RNA-dependent RNA poly-
merase (RdRp)-mediated extension of abortively synthesized oli-
goribonucleotide primers complementary to the 3’ end of the TCV
genomic RNA. Repair of shorter deletions, however, are repaired
by other mechanisms. SatC transcripts with the 3’ terminal CCC
replaced by eight nonviral bases were repaired in plants by
homologous recombination between the similar 3’ ends of satC
and TCV. Transcripts with deletions of four or five 3’ terminal
bases, in the presence or absence of nonviral bases, generated
progeny with a mixture of wt and non-wt 3’ ends in vivo. In vitro,
RdRp-containing extracts were able to polymerize nucleotides in a
template-independent fashion before using these primers to ini-
tiate transcription at or near the 3’ end of truncated satC templates.
The nontemplate additions at the 5’ ends of the nascent comple-
mentary strands were not random, with a preference for consec-
utive identical nucleotides. The RdRp was also able to initiate
transcription opposite cytidylate, uridylate, guanylate, and possi-
bly adenylate residues without exhibiting an obvious preference,
flexibility previously unreported for viral RdRp. The unexpected
existence of three different repair mechanisms for TCV suggests
that 3’ end reconstruction is critical to virus survival.

satellite RNA | RNA replication

lus (+)-sense RNA viruses contain cis-acting elements at

their 3’ ends that are important for minus (—)-strand syn-
thesis. During the virus life cycle, the 3’ end sequences may be
exposed to cellular RNases, which are widely distributed in
intracellular compartments and particles such as lysosomes,
vacuoles, endoplasmic reticulum, microsomes, and ribosomes
(reviewed in refs. 1 and 2). Such RNases may play a role in host
defense against pathogen attack in addition to general house-
keeping roles such as cytoplasmic mRNA degradation (1-3).
RNA viruses therefore must develop strategies to protect their
3’ ends against nuclease degradation. For example, RNA viruses
may sequester replicating RNAs in virus-induced membrane
structures (4—6) or covalently link amino acids or poly(A) tails
to their genomic 3’ ends (7, 8). In addition, some RNA viruses
have developed strategies to repair missing 3’ end nucleotides.
Genomic and satellite RNAs of cymbidium ringspot tombus
virus with a deletion of the 3" terminal CCC are repaired in vivo
(9, 10) as were up to seven bases deleted from the 3’ end of a
cucumber mosaic virus satRNA (11). In addition, de novo
polyadenylation occurs in vivo at the 3’ terminus of Sindbis virus
and clover yellow vein virus RNAs lacking their normal poly(A)
tails (12-14). Although possible roles in the 3’ end repair
processes for the viral RNA-dependent RNA polymerase

(RdRp) (15), host telomerase-like enzymes (16), terminal trans-
ferases (7), and cytoplasmic polyadenylation apparatus (17)
have been suggested, the repair mechanisms remain poorly
understood.

Turnip crinkle virus (TCV), a single-stranded (+)-sense RNA
virus containing a genome of 4,054 bases (18, 19), has been very
useful in studying 3" end repair because of its association with a
number of subviral RNAs whose mutated 3’ ends can be repaired
in vivo (15, 20, 21). Satellite RNA D (satD; 194 bases), like all
TCV subviral RNAs, depends on the RdRp encoded by TCV for
replication (22). SatD shares little sequence similarity with TCV
(references to TCV henceforth refer to the genomic RNA)
beyond the 3’ terminal seven-base motif CCUGCCC-3'. Satellite
RNA C (satC; 356 bases) is composed of nearly full length of
satD at its 5’ end linked to two regions from TCV including 151
contiguous bases from the TCV 3’ end. SatC transcripts with
deletions of 6-8 bases at the 3’ end were repaired to the
wild-type (wt) sequence in vivo by abortive synthesis of oligori-
bonucleotides complementary to the TCV 3’ end by the RdRp
and subsequent use of these abortive products to prime (—)-
strand synthesis of satC (15).

In this report, we have found two additional 3’ end repair
mechanisms for satC: homologous recombination between the
similar 3" ends of satC and TCV and the replacement of deleted
bases in a manner that apparently does not involve the TCV
terminal motif. Using an in vitro RdRp transcription system,
nontemplate bases were found at the 5’ ends of nascent (—)-
strands, indicating that repair occurred before initiation of
transcription by the TCV RdRp. The composition of the non-
template bases was not random but tended to consist of 2-5
consecutive identical nucleotides with a preference for multiple
guanylate residues.

Materials and Methods

Construction of SatC Mutants. PCR was used to generate 3’ end
deletions in satC. The 5’ primer used in the PCR was T7C5’
(5'-GTAATACGACTCACTATAGGGATAACTAAGGG),
which contains a T7 RNA polymerase promoter and bases
homologous to positions 1-14 of satC. The 3’ primer was C3’'A3
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(5'-CAGGCCCCCCGTCCGAGGA), C3'A4 (5'-AGGC-
CCCCCGTCCGAGGA), or C3'A5 (5'-GGCCCCCCGTC-
CGAGGA). These three primers were complementary to the 3’
terminal sequence of satC but lacking the 3’ end three, four, and
five bases, respectively. The template used for the PCR was
plasmid pT7C(+), which contains a T7 RNA polymerase pro-
moter upstream of full-length satC sequence (23). The PCR
products were treated with Escherichia coli DNA polymerase |
large fragment (Biolabs, Northbrook, IL) to generate blunt ends
and then cloned into the Smal site of pUC19.

Analysis of SatC Progeny Accumulating in Plants. PCR products
containing 3’ end deletions or plasmids linearized with Smal,
Sacl, or EcoRI were subjected to T7 RNA polymerase tran-
scription in vitro (24). Sacl- and EcoRI-digested plasmids gen-
erated transcripts with eight (5-"GGGUACCG) and 18 (5-
'GGGUACCGAGCUCGAAUU) plasmid-derived bases at the
3’ ends, respectively, whereas the PCR products and Smal-
digested plasmids produced transcripts lacking plasmid-derived
bases.

To test the amplification capability of repaired satC with
non-wt 3" ends, full-length cDNAs were amplified by PCR using
primers T7C5" and either 5-GGGCUGGGCCCCCCGUC-
CGA, 5'-CCCAGGCCCCCCLCGA, 5'-GGaGceeeacecece-
CCGUCCGA, or 5-AAACGGCCCCCCGUCCGA. Tran-
scripts were synthesized by T7 RNA polymerase directly from
the PCR products and inoculated onto six turnip plants. SatC
species accumulating in uninoculated leaves at 2 weeks postin-
oculation were analyzed as described above.

For plant inoculations, transcripts (0.2 pg/plant) of mutant
and wt satC were coinoculated with TCV transcripts (2
png/plant) prepared from Smal-digested plasmid pT7TCVms
(24), onto four 2-week-old turnip seedlings (25). Total RNA was
isolated from uninoculated leaves 2 weeks later. Gel-purified
satC species were polyadenylated by using poly(A) polymerase
(Amersham Pharmacia), reverse-transcribed into cDNA using
primer T,7-adapter (5'-CCACTCGAGTCGACATCGA[T]:17),
and Moloney murine leukemia virus reverse transcriptase
(GIBCO/BRL) and then subjected to PCR using primer C5’
(homologous to the 5" terminal 19 bases) and primer “adapter”
(5'-CCACTCGAGTCGACATCGA), as described (21). The
PCR products were cloned into pUC19 and sequenced.

In Vitro Transcription Using the TCV RdRp and Cloning of RNA
Products. In vitro transcription using partially purified TCV RdRp
was carried out as described (26). To clone the products syn-
thesized in vitro, 20 pg of satC templates with or without 3" end
deletions was subjected to the RdRp transcription reactions.
After denaturing gel (5% acrylamide /8 M urea) electrophoresis,
the radiolabeled products were visualized by autoradiography
and purified as described (21). The purified products then were
amplified by 5’ rapid amplification of cDNA ends PCR using
primer C5' for the reverse transcription reaction, as described
with modifications (27). The first-strand cDNA was purified
from agarose gels, and poly(A) was added to the 3’ ends by using
terminal deoxynucleotidal transferase (GIBCO/BRL). To am-
plify the poly(A)-tailed cDNA by PCR, oligonucleotides T;7-
adapter was used with C5' or Cp-41 (5'-CAAUACUACG-
CAACUAAUGC, homologous to positions 22—41 of satC). The
PCR products were cloned and sequenced as described above.

Results and Discussion

In Vivo Repair of 3’ End Deletions in SatC. SatC shares 90% sequence
similarity with TCV in their 3’ proximal regions. Both satC and
TCV terminate with hairpin structures followed by the motif
CCUGCCC-OH 3'. Together, these two elements comprise the
minimal promoter for (—)-strand synthesis (23). SatC with a 3’
end deletion of 6 or 7 bases is infectious in vivo, and all cloned
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progeny regained the wt motif. The repaired sequence at the 3’
end of satC was derived from the 3’ end of TCV; abortive
initiation of TCV transcripts by the RdRp resulted in the
synthesis of short oligoribonucleotides complementary to the
TCV 3’ end that were used as primers by the RdRp for extension
on truncated satC templates (15).

To determine whether deletions of less than 6 bases are
repaired in a similar fashion, turnip seedlings were inoculated
with TCV along with transcripts of wt satC or satC with 3’ end
deletions of 3-5 bases. Plants inoculated with wt satC transcripts
generated progeny in uninoculated leaves that were nearly all wt
(15 of 16 clones) (Table 1). When plants were inoculated with
satC transcripts with a deletion of the 3’ terminal three bases
(CA3) or four bases (CA4), 18 of 20 clones and 12 of 16 clones,
respectively, had regained the wt 3’ end sequence (Table 1). In
contrast, none of the clones obtained from plants inoculated with
satC transcripts with a 5-base deletion (CAS) contained the wt
3" end (Table 1). Twelve of 19 species recovered terminated with
the motif CCGGCCC-3’, which differed by a single position
from wt (CCUGCCC-3"). Species that terminated with
CCCGCCC-3’, CGGGCCe-3', CCGUUU-3’, and ACG-
GCCC-3' also were recovered. Inoculation of plants with tran-
scripts of CAS was repeated with very similar results (data not
shown). Because a deletion of 6 bases was always repaired to the
wt motif (15), these results suggest that satC with 3’ end deletions
of 3-5 bases can be repaired by a different mechanism, although
we cannot rule out that some or all wt progeny generated from
CA3 and CA4 transcripts are repaired by the previously eluci-
dated mechanism of extension on abortive initiation products by
using the 3" end of TCV.

The transcripts used to inoculate plants were generated by
using T7 RNA polymerase, which is known to add nontemplate
bases to the 3’ ends of nascent transcripts (28). To rule out this
origin of the nontemplate sequences at the 3’ termini of some
recovered satC species, constructs were generated that termi-
nated with eight plasmid-derived bases, which would precede any
bases added by T7 polymerase.

Plants inoculated with transcripts of satC containing eight
plasmid-derived bases at the 3’ end (wt + 8b) accumulated
mainly wt satC (21 of 27 species; Table 1). None of the species
retained the plasmid-derived bases. When plants were inocu-
lated with transcripts of satC with a 3-base 3’ terminal deletion
followed by eight plasmid-derived bases (CA3 + 8b), only three
of 37 species cloned recovered the wt 3’ end motif (Table 1).
Most of the cloned species (27 of 37) had sequences consistent
with recombination between satC and TCV 3’ and thus con-
tained a repaired 3’ end derived from TCV. The TCV-derived
sequence was either wt or had one or more bases deleted in a
region of 10 consecutive guanylates that compose the stem of the
adjacent hairpin. Such alterations after recombination probably
occurred because of the reduced viability of satC with an
extended hairpin at this location [data not shown; satC has only
six consecutive guanylates at this position that form the stem of
the (—)-strand hairpin promoter].

Although site-specific, nonhomologous recombination be-
tween the satRNAs and TCV has been reported (24, 29), this is
an example of homologous recombination associated with TCV.
Twenty six of 27 recombinants contained a satC-specific base at
position 249 and a TCV-specific base at position 268; the
crossover sites were therefore between positions 249 and 268 of
satC and positions 3943-3962 of TCV (92-111 bases from the
TCV 3’ end). One recombinant species contained a satC cyti-
dylate instead of a TCV uridylate at position 268, suggesting that
this species was generated by recombination downstream of
position 268 in satC. No base deletions, insertions, or alterations
were found in the crossover regions, indicating that the recom-
bination event was precise. Studies using Brome mosaic virus, a
tripartite RNA virus, indicate that deletions or mutations in the
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Table 1. New 3’ end sequences in satC progeny generated in vivo from transcripts with or without 3’ end deletions

Construct Plant 3’ end sequence Construct Plant 3’ end sequence
WT [GGACGGGGE®EUGCJC CA4 [GGACGGGGEEY
1&2 GGACGGGGGGUGCCG8, 7) 1&2 GGACGGGGGGUsCCC(7, 5)
2 3'A18 (1) 1 GGACGGGGGCGUSCCU (1)
GGACGGGG (1)
WT+8b [GGACGGGGE®EUGCOfyguaccy] 2 GGACGGGGGCUCCG (1)
1,23 GGACGGGGGGUGCCGS6, 11, 4) GGACGGGGGECCWU (1)
&3 GGACGGGG (1, 2)
GGACGGGGGGW (1) CA4+8b [GGACGGGG@Eggguaccy]
3 GGACGGGGGGWU (1) 1&2 GGACGGGGGGUsCCC(4, 3)
GGACGGGGGGUGC(1) GGACGGGGBUCCU (2, 1)
*GGACGGGGGGygg (1, 3)
CA3 [GGACGGGGE@®EUG 1 GACGGGG (1)
1,23 GGACGGGGGGUE&CC (10, 4, 4) 2 GGACGGGGGGWU (1)
1 GGACGGGGGGUECW (1) TCV /satC recombinants:
3 GGACGGGGGGU (1) 2 GCGCGGGGGGGGGGCCG (1)
CA3+8b [GGACGGGGE®EU@gguaccy]
1,23 GGACGGGGGGUWCCC(1, 1, 1) CAS [GGACGGGGEE
2 GGACGGGGGGUG(1) 1&2 GGACGGGGGGEGCCC(3, 9)
GGACGGG (1) 1 GGACGGGGCAIGCCC(1)
3 GGACGGGGGGUCECCC (1) *GGACGGGGGBGEECCC(1)
*GGACGGGGGGCAGCCC (1) *GGACGGGGGG5UUU(1)
GGACGGGG (3) GGACGGGG (2)
TCV/satC recombinants: GGACGG (1)
1&2 GCGCGGGGCCERUEECAS (1, 1) 2 GGACGGGGCGEECCC(1)
2&3 GCGCGGGGGGGCGBECA (3, 1)
GCGCGGGGGCEREE®CC (4, 4) CA5+8b [GGACGGGG@&gguaccy]
1 GCGCGGGGGGGGGBECC (6) 1&2 GGACGGGGC@GCCO4, 3)
GCGCGGGGGGGGBECGES (1) 1 GGACGGGGCQGEG (4)
GCGCGGGGGGGGBECC (1) 2 GGACGGGGGQ/GCCO (1)
GCGGGGGGABUECC (1) GGACGGGGGBUG (2)
GCGCGG (1) GGACGGG (1)
2 GCGCGGGGCERUEECE (1) TCV /satC recombinants:
3 GCGCGGGGGGGGGHBECC (1) 1&2 GCGCGGGGGGGGAECCG (1, 1)
GCGCGGGGGCEREEUU (1) 2 GCGCGGGGG®aBGCcA1)

Sequences from position 340 to the 3’ end of satC transcripts used for inoculations are enclosed in brackets. Sequences identical to all or portions of the 3’
terminal motif (CCUGCCC-3’) are in bold. Lowercase letters represent plasmid-derived bases. Bases in italics denote the repaired 3’ end sequences of progeny
satC-like species. Number of clones of each sequence recovered from individual plants is in parentheses. All clones terminated with poly(A) added during cloning,
so 3’ end nontemplate additions of adenylates are not discernible. = denotes sequences reinoculated to plants (progeny described in Table 2). WT, wild-type satC.

3’ end noncoding regions also can be repaired by homologous
recombination between the genomic RNAs (30-32). Sindbis
virus RNA lacking 3’ end sequence also can be corrected by
homologous recombination with a defective RNA containing the
intact 3’ end (33). In addition, other RNA viruses such as
poliovirus, mouse hepatitis virus, and QB bacteriophage can
repair their genomes through homologous recombination (re-
viewed in refs. 34 and 35). It also should be noted that homol-
ogous recombination within the 3’ terminal 10 bases of TCV and
the satC constructs used in this study could generate the wt satC
derived from some of the constructs.

Plants inoculated with satC transcripts containing 4- or 5-base
terminal deletions and eight plasmid-derived bases (CA4 + 8b and
CAS + 8b) accumulated few detected recombinants (four of 35
clones) (Table 1). The majority of the recovered species (21 of 35)
were similar to those found in plants inoculated with CA4 or CA5
transcripts and were either wt (14 clones) or contained deletions or
new nontemplate residues at their 3’ ends. Eight of the non-wt
clones terminated with the novel motif CCUGGG-3', with the
guanylates possibly originating from the plasmid-derived sequence.

The finding of a large number of satC species in uninoculated
leaves with different 3’ terminal sequences suggests that sequences
other than the wt CCUGCCC-3' can be used by the RdRp for
replication and that satC containing such repaired 3’ sequence may
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be a starting point for further evolution toward the more robust wt
sequence. To test this possibility, satC transcripts with four unusual
3’ terminal sequences (see * sequences in Table 1) were inoculated
individually onto plants and progeny sequenced from uninoculated
leaves 2 weeks later. As shown in Table 2, satC transcripts termi-
nating in CCCAGCCC-3" and CGGGCCC-3' were infectious and
progeny were isolated from uninoculated leaves that contained this
sequence. SatC containing wt 3’ end sequences and sequences
intermediate between these original and wt sequences also were
recovered. SatC terminating with CCUGGG-3" or CCGUUU-3’
were also infectious, although the original sequence was not recov-
ered from uninoculated leaves. However, plants did contain satC
with a variety of wt and close to wt 3’ terminal sequences. These
results indicate that mechanisms for repairing satC 3’ terminal
alterations do not need to precisely replace the deleted sequence,
but rather there are a number of sequences that will permit
sufficient replication to allow for subsequent modification by the
error-prone RdRp.

In Vitro Synthesis of SatC by the TCV RdRp Using Templates Containing
3’ End Alterations. The in vivo data suggest that two mechanisms
exist for repairing deletions at the 3’ end of satC transcripts in
addition to the previously identified repair process involving
extension on primers produced by abortive initiation. These
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Table 2. 3’ end sequences in satC progeny generated in vivo
from transcripts with repaired, non-wt 3’ ends

Construct Plant 3’ end sequence
1 [GGACGGGG@®EBCASCCE
1,2, 4 GGACGGGGGGAGCCC(4, 5, 6)
1 GGACGGGGBGAGCCC(1)
2 GGACGGGGGGCASCCC(1)
GGACGGGGGGAGCW (1)
4 GGACGGGGGGUGCCQ1)
2 [GGACGGGGE®EUGG
3,4,5 GGACGGGGGGUGCCQ2, 7, 7)
3 GGACGGGGGGUGCCE (1)
3 [GGACGGGGE®GGECCT
1,23 GGACGGGGGGUGCCQ1, 5, 4)
1&2 GGACGGGGG@&GCCC(2, 2)
1&3 GGACGGGGGG3:CCC(1, 1)
1 GGACGGGGGGECCC(1)
GGACGGGGG@GCC(1)
GGACGGGGGGUGCCC (1)
4 [GGACGGGG®BGUUY
2&5 GGACGGGGGGUGCCQ4, 7)
2 GGACGGGGGGGGBGCCA2)
4 GGACGGGGGGIGCCC(4)
GGACGGGGGGIGCCTUUUUUL)
5 GGACGGGGGGUGCQ1)

Sequences recovered from plants inoculated with satC transcripts contain-
ing the 3’ end sequences shown in brackets. Progeny identical to the tran-
scripts are underlined. See legend to Table 1 for further details.

mechanisms are: (i) homologous recombination, used mainly for
repairing CA3 + 8b transcripts; and (if) imprecise replacement
of deleted bases along with the removal (if required) of plasmid-
derived bases. Assuming the involvement of the TCV RdRp in
the repair process, the mechanism for replacement of the deleted
bases could involve (i) RdRp-mediated polymerization of non-
template nucleotides forming a primer used for initiation of
transcription on the inoculated (+)-strand transcripts or (if) the
replaced bases could be added to the 3’ ends of nascent
(+)-strands by the RdRp before terminating (+)-strand synthe-
sis. Removal of plasmid-derived bases could occur if the RdRp
recognizes satellite sequences in an internal location despite the
absence of the natural 3’ terminal nucleotides. Alternatively, the
RdRp may terminate nascent (+)-strand synthesis prematurely,
thereby removing the plasmid-derived bases during future
rounds of replication. Regardless of the repair mechanism for
replacement of the deleted bases and/or removal of plasmid-
derived bases, the in vivo data suggest that CA3 + 8b and CA4
+ 8b/CA5 + 8b have different abilities to be repaired in such
a fashion.

Extracts prepared from infected turnip plants that contain
partially purified TCV RdRp are able to synthesize the com-
plementary strand of added satC (+)- or (—)-strand templates
(36). Invitro transcription of satC (+)-strand template with eight
or 18 plasmid-derived bases at the 3’ end generated wt-length
products (Fig. 14). Similar results were obtained previously
when up to 220 nonviral bases were added to the 3’ end of satC
(+)-strands (37). Although efficiency of transcription was re-
duced when nonsatellite bases were present at the 3’ end, these
results suggest that the TCV RdRp is able to initiate RNA
synthesis at or near the wt 3’ end of satC when located internally
in the template. Brome mosaic virus RdRp extracts also were
able to initiate transcription when the natural 3’ end promoter
was located in an internal position (38).

Transcription of CA3 and CA3 + 8b templates also generated
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Fig. 1. Transcription of satC templates with or without 3’ end alterations
using partially purified TCV RdRp. (A) The templates indicated above each lane
were subjected to transcription in vitro using TCV RdRp extracts prepared
from infected turnip plants. After denaturing gel electrophoresis, the gel was
stained with ethidium bromide to visualize the template RNAs (Left) and
subjected to autoradiography to visualize the radiolabeled products (Right).
Solid arrow denotes the full-length wt product. The major faster-migrating
species is denoted with an open arrow. MDV, 220-base QB bacteriophage
midivarient RNA; WT, wild-type satC; CA3, CA4, CA5, satC with deletions of
three, four, or five bases, respectively. Templates with additional eight or 18
plasmid-derived sequences are denoted by +8b or +18b. (B) Transcription
initiation sites (denoted by arrows) of the major products synthesized from
templates CA3, CA4, and CA5. Major products (indicated by arrows in A) were
gel-purified and cloned before sequence determination (satC-sized product
results are shown in Table 3). Nontemplate bases are shown in the (+)-sense
orientation to the right of some initiation sites. Initiation sites to the left of
adenylates are approximate because the cloning procedure does not allow for
the detection of initiation sites at adenylates.

species that comigrate with the wt-length product (Fig. 14).
Surprisingly, CA3 and CA3 + 8b were substantially more effi-
cient templates than wt satC. This result was unexpected because
all TCV-associated (+)- and (—)-strand RNAs, including the
two subgenomic RNAs, have two or three template cytidylate
residues at their transcription initiation sites (37) that are absent
in CA3 and CA3 + 8b. In addition, transcription of CA3 and CA3
+ 8b generated substantial amounts of products migrating faster
or slower than the wt complementary strand position. High
levels of similarly sized products also were obtained by using CA4
and CAS5 as templates but not templates with eight plasmid-
derived bases (CA4 + 8b and CA5 + 8b). It is possible that such
increases in transcriptional efficiency of the templates are the
result of alterations in satC structure caused by the deletion of
terminal nucleotides. For example, the loss of the terminal
cytidylates may result in the release of the 3’ terminus from an
internal base-paired configuration.

Fifteen of 18 cloned products generated by using wt satC
template contained either the wt 3’ end sequence, or the wt
sequence with one or two additional cytidylates at the 3’ end [for
ease in comparing the additional residues at the 5’ end of the
(—)-strand products synthesized in vitro to the results obtained in
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Table 3. Addition of nontemplated bases by TCV RdRp in vitro

Construct 3’ end sequence Construct 3’ end sequence
CA4 [GGACGGGGEEY
WT [GGACGGGGE®EUGCJC GGACGGGGGGU (12)
GGACGGGGGCGUGCCQ8) GGACGGGGGGULCCAU(L)
GGACGGGGGGUGCCC (6) GGACGGGGGGLUGG(1)
GGACGGGGGGUGCCCC (1) GGACGGGGGGLGG(1)
GGAC (1) GGACGGGGGGLAU (1)
G (1) GGACGGGGGGWG (2)
GGACGGGGGGW (1)
GGACGGGGGGLL (1)
WT+8b [GGACGGGGE®EUGCaiyguaccy] GGACGGGGGGS (1)
GGACGGGGGGUGCCQ3) GGACGGGGGG (3)
GGACGGGGGCGUGCCCC (1)
GGACGGGGGGUGC1) CA4+8b [GGACGGGGE®EYgguaccyg]
GGACGGGGGGUGC(1) GGACGGGGGGygguaccy (3)
GGACGGGGGCUG(3) GGACGGGGGG (1)
GGACGGGGGGCU (1) GGACGG (2)
GGACGGGG (1) GGACG (1)
GGACG (2)
GGAC (1) CA5 [GGACGGGGEE]
GGACGGGGGG (14)
GGACGGGGGEZCccGeecuu)
CA3 [GGACGGGGEEUG GGACGGGGGaCCccal)
GGACGGGGGGUG(11) GGACGGGGGGACCCcU(1)
GGACGGGGGCUGGGGQ1L) GGACGGGGGG:CCU(1)
GGACGGGGGGURAG (1) GGACGGGGGRAAG (1)
GGACGGGGGGUG&G (1) GGACGGGGGECC (2)
GGACGGGGGCUW (1) GGACGGGGGQJG (1)
GGACGGGGCGW (1)
GGACGGGGGGT (1)
GGC (1)
CA3+8b [GGACGGGG®EU@gguaccg] G (1)
GGACGGGGGGUG(16)
GGACGGGGGCUECU (2) CA5+8b [GGACGGGG®&Eygguaccy]
GGACGGGGGGUEC (1) GGACGGGGG@gguaccyg (3)
GGACGGGGGGU@C (1) GGACGGGGGmgUU (1)
GGACGGGGGCGURG (1) GGACGGGGG@gg (1)
GGACGGGGGGEC (1) GGACGGGGG@JAG (1)
GGACG (1) GGACGGGGG@U (1)
GGACGGGGCGW (1)
GGACGG (3)
GGACG (3)

SatC templates (enclosed in brackets), either wt or containing 3’ end alterations, were subjected to in vitro
transcription using partially purified TCV RdRp (see Fig. 1) followed by cloning of the complementary strand
products. The corresponding (+)-sense orientation of the cloned products is shown. Nontemplated bases are in
italics. Consecutive identical nontemplate bases are underlined. Shaded bases are identical to the wt sequence.

See Table 1 for other details.

vivo (Table 1), all additions are given in their (+)-strand configu-
ration. The bases at the 5’ end of the (—)-strand products are
guanylates] (Table 3). All clones of products synthesized by using
WT -+ 8b were missing the nonsatellite bases. These results indicate
that the TCV RdRp is able to initiate RNA synthesis internally at
the wt 3" end position of satC to generate full-length (—)-strands.

Eleven of 15 clones derived from gel-purified, wt-sized products
using CA3 template contained the CA3 3’ end (Table 3). The
remaining clones had 1-5 nontemplate bases preceding sequence
complementary to CA3, indicating that polymerization of nontem-
plate bases occurred before initiation of transcription opposite the
3’ end of CA3 (Table 3). All products transcribed using CA3 + 8b
were missing the plasmid-derived bases. Transcription initiated at
the 3'-most satC residue in 88% (21 of 23) of these clones or had
two to three nontemplate bases added before initiation at this
position. These results indicate that the TCV RdRp was able to
distinguish between satellite and nonsatellite bases and initiate
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transcription opposite the 3’-most satellite base using this template.
Three of the clones had recovered near wt 3’ sequences
(CCUGCC-3" and CCUGCCU-3"). In contrast, when satC (—)-
strands containing 5’ end deletions were used as template, the
RdRp synthesized no detectable wt-length (+)-strand products in
vitro (data not shown), suggesting repair does not occur after
(+)-strand synthesis. The incorporation of nontemplate bases at the
5" ends of nascent (—)-strands is likely an effective 3" end repair
mechanism of viral RNAs with short truncations. For simplicity, we
will assume that the nontemplate nucleotide additions are poly-
merized by the TCV RdRp. However, we cannot rule out that an
unidentified host enzyme in the transcription extract produces
primers that are elongated by the RdRp.

The ability of the RdRp to initiate transcription of CA3 + 8b
in the absence of a primer would reduce opportunities for
correcting truncations by using nontemplate nucleotides to
replace the deleted cytidylates at the 3’ end. Replacement of the
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deleted bases in CA3 + 8b therefore mainly would require a
second mechanism, such as homologous recombination. In
contrast, none of the clones recovered by using CA4 + 8b and
CAS + 8b templates initiated with the terminal satellite nucle-
otide (Table 3) and eight of 21 clones contained some or all of
the plasmid-derived bases. CA3 + 8b and CA4 + 8b only differ
by the presence of an additional guanylate in CA3 + 8b (four
consecutive guanylates in CA3 + 8 from satellite and plasmid-
derived sequence and three consecutive guanylates in CA4 + §,
all from the plasmid-derived sequence). However, the activity of
these templates is very different in the transcription reactions
(compare lanes 6 and 10 in Fig. 1A4), suggesting that the two
templates contain dissimilar promoter features. Homologous
recombination may occur at a lower frequency than primer-
mediated repair, and thus would be a less-used repair mechanism
for CA4 + 8b and CAS + 8b.

The composition of the RdRp-generated nontemplate primers
was not random. Twenty of 27 clones with two or more nontemplate
bases contained multiple consecutive nucleotides (underlined in
Table 3), the most common being GG, (12 clones, corresponding
to the underlined CC,_; in Table 3). The preference for synthesis
of multiple guanylates at the 5’ terminus of the (—)-strand product
likely provides an efficient mechanism for repairing deletion of
terminal cytidylates from the (+)-strand 3’ end.

Only 14 of the 41 clones with nontemplate additions generated
in vitro contained nonsatellite bases that were identical in
sequence to the terminal nucleotide of their satellite-specific
sequence, suggesting that a polymerase slippage mechanism is
not responsible for all added sequences. Such a mechanism has
been proposed to explain the 5’ end heterogeneity of RNA
transcripts produced by the DNA-dependent RNA polymerases
of E. coli and T7 bacteriophage (39-41). However, the templates
in those studies contained homooligomeric nucleotides not
found on the satC templates truncated by 3 or 4 bases. Helm et
al. (42) showed that T7 RNA polymerase also can add nontem-
plate bases when initiating transcription from templates without
homooligomeric nucleotides. Template-free RNA also is re-
ported to have been synthesized by the RdRp of Qp bacterio-
phage (43), although this result is still controversial (44, 45), and
the poliovirus RdRp contains terminal adenylyl transferase
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activity (46). These findings suggest that polymerization of
nucleotides independent of the template may be an intrinsic
property of RdRp.

Because the TCV RdRp is able to efficiently initiate tran-
scription of satC templates missing the three terminal cytidylates
in vitro, what function might these cytidylates have in replication
in vivo? Sequence analysis of the major species produced in vitro
from templates CA3, CA4, and CAS, which migrated slightly
faster than wt-sized RNA (indicated by the open arrow in Fig.
1A), revealed that initiation sites were clustered at positions
296-307 and 322-340 (Fig. 1B). These results also indicated that
the RdRp initiated transcription opposite cytidylate, uridylate,
guanylate, and possibly adenylate residues without exhibiting an
obvious preference (the cloning procedure obviates the detec-
tion of terminal adenylates). Such flexibility has not been
reported for other viral RdRp, which usually initiate transcrip-
tion with a specific nucleotide residue (47, 48). The substantial
amount of incorrectly initiated transcription by the TCV RdRp
using CA3, CA4, and CAS5 templates suggests that the three
terminal cytidylates assist this RdRp in correctly initiating
transcription opposite a 3’ terminal nucleotide.

The question also arises why different repair mechanisms exist
for satC deletions of 3-5 bases compared with 6 bases. Previous
results with satD also indicated that there are different mech-
anisms for repair of 5- versus 6-base deletions (20). Because the
uridylate in the terminal motif (CCUGCCC-3") of satC can be
substituted with any of the other three nucleotides and still
permit replication in vivo (ref. 15; Table 1), repair of 4- and
5-base deletions by synthesis of nonrandom primers may occur
with similar probabilities. Repair of a 6-base deletion to a
sequence that is amenable to further rounds of replication by
using primers synthesized independently of a template must
occur at a lower frequency than extension of primers derived
from abortive cycling. The ability of the TCV RdRp to repair 3’
end deletions of varying lengths by different mechanisms, com-
bined with reports of 3’ end deletion repair in unrelated viruses,
suggests that some RdRp have needed to acquire several mech-
anisms to cope with a hostile cellular environment.
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