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Copy-choice RNA recombination occurs during viral RNA synthesis
when the viral transcription complex switches templates. We
demonstrate that RNA-dependent RNA polymerase from bovine
viral diarrhea virus and the replicases from three plant-infecting
RNA viruses can produce easily detectable recombination products
in vitro by switching templates during elongative RNA synthesis.
Template sequence and/or structure, and NTP availability affected
the frequency of template switch by the transcription complex. Our
results provide biochemical support for copy-choice recombination
and establish assays for mechanistic analyses of intermolecular
RNA recombination in vitro.

NA recombination contributes to genetic diversity and
pathogenesis of RNA viruses (1-3). Two RNA recombina-
tion mechanisms have been proposed: breakage-rejoining and
copy-choice (1). The breakage-rejoining mechanism takes place
with the splicing of group II introns (4) and can result in the
production of some recombinant RNAs by the Qp replicase (5).
Copy-choice recombination occurs when the transcription com-
plex (TC) leaves the first template (the donor) and resumes
synthesis on a second template (the acceptor). RNA recombi-
nation via template switch is classified as base-pairing-
dependent, base-pairing-independent, or base-pairing-assisted
(1). A copy-choice mechanism seems to account for the majority
of viral RNA recombinants identified thus far (1, 3, 6).
Products of RNA recombination during viral infection have
been extensively characterized (7-14). Although informative for
the mechanism of RNA recombination, some recombinants will
be underrepresented in these analyses because of selection for
fitness. Also, characterization of recombinant RNAs from viral
infections requires extensive molecular manipulation (14). A
biochemical assay would be useful for a mechanistic analysis of
RNA recombination. We observed that the recombinant RNA-
dependent RNA polymerase (RdRp) (NS5B) from bovine viral
diarrhea virus (BVDV) and several viral replicases could effi-
ciently produce RNAs longer than template length in vitro,
because of the RdRp switching template either at the 5’ end or
within the donor RNA. A similar activity was reported for the
recombinant poliovirus RdARp with homopolymeric templates
(15). In this work, we examine the features in the donor and
acceptor that affect end-to-end and internal template switch
during viral RNA synthesis in vitro.

Materials and Methods

Reagents and Molecular Manipulations. Recombinant BVDV NS5B
was prepared from Escherichia coli (16). Enriched viral repli-
cases were prepared from infected plants as described (17-19).
RNAs less than 30 nucleotides were chemically synthesized by
either Oligos Etc. (Wilsonville, OR) or by Dharmacon (Boulder,
CO). Longer RNAs were transcribed by the T7 RNA polymerase
(20). All RNAs were purified and checked for quality and
quantity as previously described (19). RNA synthesis reactions,
electrophoresis, and quantification of the RdRp products were
as described in Adkins and Kao (18). RNaseH and RNaseT1
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digestions were performed essentially as described in Cheng and
Gott (21).

Results

End-to-End Template Switch. The BVDV RdRp can produce RNA
products that are multimeric in length of the input template (22).
To distinguish whether the multimeric products are the result of
copy-choice template switch by the TC or whether the reactions
contained template ligation as well as polymerase activities, we
used templates (-)21-3'dd, containing a 3’-dideoxycytidylate
and d(-)21, a single-stranded DNA of the same bases as (-)21-
3'dd (Fig. 14). Both templates lack a 5’ phosphate but can direct
de novo initiation of RNA synthesis by the BVDV RdRp (22, 23).
We found that (-)21-3’dd and d(-)21 produced RNAs that are
multiples of 21 nucleotides in length whose abundance increased
with template concentration (Fig. 1B). Because a 5'-phosphate
and a 3'-ribose hydroxyl are needed for template ligation and
primer-dependent synthesis, the multimers are generated by
template switch by the TC, not template ligation. Also, it is
unlikely that our highly purified recombinant BVDV RdRp is
contaminated with both RNA and DNA ligases. Monomers were
observed in reactions with high template concentration (Fig.
1B), indicating that the TC will terminate even if acceptors are
available. Multimers produced from two or more templates of
the same sequence will be called identical recombinants (IR).

To confirm end-to-end template switch by the BVDV RdRp,
reactions were performed with donor RecO and acceptors of
different lengths (Fig. 1). RecO, which lacks any guanylate and
does not direct radiolabeled CMP incorporation (Fig. 1.4 and C,
lane 5), was incubated with the BVDV RdRp for 10 min before
addition of acceptors ()12, (-)15-3'dd, or (-)21-3'dd (Fig. 1C).
As expected, the initial incubation with RecO decreased the use
of the other potential donor RNAs (compare Fig. 1C lanes 3-4
to 6—8). Reactions with the 15-nt RecO and the acceptors of 12-,
15-, and 21-nt produced nonidentical recombinants (NRs) of
~27, 30, and 36 nucleotides (Fig. 1C, lanes 6-8). Putative NRs
were absent in reactions that contained only (-)12 or (-)21-3'dd
(Fig. 1C, lanes 3 and 4).

We used ribonuclease digestion to further characterize the
putative recombinant RNAs. Dimer-length NRs of 34 nucleo-
tides were purified from reactions with donor RecO (15 nucle-
otides) and acceptor Recl (19 nucleotides) (Fig. 1A4). If this
34-nt RNA is generated by template switch, complete RNaseT1
digestion that selectively cleaves the phosphodiester bond 3" of
guanylates in RNAs should yield an 18-nt RNA, with incomplete
digestion products of 33, 28, 27, 25, and 19 nucleotides (Fig. 1D
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Fig.1. End-to-endtemplate switch by arecombinantBVDV RdRp. (A) Sequence of templates used in these reactions. The arrow denotes the initiation cytidylate.
(B) End-to-end template switch with (-)21-3'dd as a function of template concentration. ¢ is a control reaction performed without RNA. (C) Formation of NRs.
At the right of the autoradiogram are schematics of the product from the templates: RecO (hatched box), (-)21-3'dd (open box); (-)15, (black box); (-)12, (gray
box). Asterisks (*) identify the NRs. (D) (Top) Schematic of the purified dimeric NR generated from reactions containing donor RecO (boxed) and acceptor Rec1
(gray box with positions of radiolabeled CMPs underlined). Arrows indicate potential sites for RNaseT1 cleavage. (Bottom) Autoradiogram of the results of
RNaseT1 digestion with the key components in each reaction indicated above each lane. M denotes a reaction by using donor RecO and acceptor Rec1 similar
to one that generated the NR that was purified for analysis in lanes 3-5. Lane 5 contains a darker exposure of lane 4 to show the expected RNaseT1 digestion
intermediates. (E) (Top) Schematic of the IR generated from template 14-2 emphasizing the sequence near the switch junction. The sequence whose synthesis
is directed by donor is boxed, whereas the sequence from acceptor is shaded. The position of the only radiolabeled CMP is underlined. J1 and J2 are DNA
oligonucleotides that should and should not, respectively, stably anneal with the sequence near the switch junction in the IR. The smallest radiolabeled RNA
fragment that should remain should be 8 nucleotides. (Bottom) Autoradiogram with results from RNaseH digestions. M contains a reaction similar to the one
used to generate the IR that was purified and used in the analysis in lanes 2-4.

Top). A predominant 18-nt RNA was observed after RNaseT1
digestion (Fig. 1D, lane 4), along with fainter incomplete diges-
tion products, indicating that this NR is the product of an
end-to-end switch by the TC (Fig. 1D, lane 5). We used RNaseH
digestion to probe the sequence of the recombinant dimeric IRs
generated from (-)14-2 as both donor and acceptor (Fig. 1A4).
The purified dimer was annealed to either the DNA oligonu-
cleotide J1, generating a 13-bp RNA:DNA duplex at the switch
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junction, or J2, which should not anneal (Fig. 1E Top). RNaseH
should then hydrolyze the duplex to generate a labeled fragment
of eight nucleotides. Such a band was observed after RNaseH
treatment, confirming that template switch by the TC resulted in
the production of recombinant products (Fig. 1E, lane 3).

Donor Sequence and Template Switch Efficiency. We seek to identify
features in the donor that affect the frequency of end-to-end
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Fig.2. Frequency of end-to end switch by the TC on different templates. (A)
Autoradiogram of RdRp products from selected templates. (B) Templates used
to quantify template switch during RNA synthesis. In RNAs (-)14-2 through
(-)14-15, only the nucleotides that are different from (-)14-1 are shown. The
percentage of dimer and trimer produced by each template RNA is adjusted
to be relative to the amount of monomer directed by the same RNA and
normalized for CMP incorporation.

template switch. To examine the role of the sequence near the
5'-terminus of the donor, a series of 14-nt RNAs that varied in
the 5'-terminal 7 nucleotides were used as template for the
BVDV RdRp as tested. The amount of dimeric and trimeric
RNAs was normalized to that of monomer, taking into account
the number of radiolabeled CMP that could be incorporated
(Fig. 2). The 5’-most nucleotide will be designated position 0
whereas preceding nucleotides will be referred to as negative
integers. The 13 templates produced a wide range of multimeric
RNAs (Fig. 2A4), indicating that the sequence at the switch site
in the donor can dramatically impact the ability of the TC to
switch templates. With templates (-)14-3 through (-)14-7 that
are different only at positions 0 and -1, nucleotide substitutions
resulted in only 2-fold relative effect on dimeric RNA produc-
tion. Two uridylates at these positions [(-)14-5] resulted in a
similar amount of dimeric and trimeric RNAs as did (-)14-14,
which has a cytidylate and a guanylate at position 0 and —1.
Therefore, nucleotides at the very 5'-terminus did not dramat-
ically affect template switch. However, the three nucleotides
from positions -2 and -4 affected the formation of recombinants
in a more obvious way: one or more guanylate or cytidylate
increased the frequency of template switch. For example
(-)14-1, with a -4 cytidylate produced twice as much recombi-
nants as did (-)14-11, which has a -4 uridylate. In general,
templates 14-3, -4, -5,-6,-7 and -11 that lacked a guanylate or
cytidylate within positions -2 to -4 produced dimers from 4 to 9%
whereas those template that had one or more guanylate or
cytidylate produced dimers from 10.5 to 38% (Fig. 2B). An
exception to this simple rule is (-)14-10, which directed dimer
production at 20% while lacking a guanylate or cytidylate from
-2 to -4. (-)14-10 does, however, contain a cytidylate at the -1
position.

Changes near the 3’-terminus of the acceptor RNA were
examined for effects on frequency of template switch. Only the
NR produced by different donor and acceptors were used for
these analyses to rule out effects on the initiation of RNA
synthesis. The amounts of dimeric NR were normalized to that
from donor RecO and acceptor (-)21-3'dd. Nucleotide substi-
tution of 3" +1C in the acceptor reduced end-to-end switch by
more than 10-fold (Table 1). Changes of the +1C also severely
affected de novo initiation of RNA synthesis (22), suggesting that
an initiation cytidylate in the acceptor confers an advantage for
template switch. Also, different frequencies of NR formation
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Table 1. Effects of different donor and acceptors on the relative
frequency of NR dimers produced by the BVDV RdRp

Donor Acceptor % dimeric NR
RecO (=)21-3'dd 100
(—)21+1C/U 7
(—)21+1C/G 5
(—)21, 3'AA 7
(—)12 53
(-)12 RecO 140
(—)21dd RecO 18

were observed when the order of addition of donor and acceptor
templates was reversed (Table 1). Template switch is thus
affected by both the donor and acceptor sequences.

Internal Template Switch. The frequency of template switch is
likely coupled to the rate of synthesis by the TC in a manner
dependent on substrate availability and the information within
the template (24). Lowering the concentration of one or more
NTPs may affect internal template switch by causing polymerase
pausing (24, 25). We manipulated ATP and UTP concentrations
and examined internal template switch by the BVDV RdRp from
donor RecO to acceptor (-)21-3'dd (Fig. 3 A and B). RecO
contains sequence UUAA at positions from +10 to +13 from
the initiation (+1) cytidylate, which may cause the RdRp to
pause before it reaches position +10 when ATP and UTP
concentration are decreased (Fig. 34). If a TC that produced an
8- to 9-nt nascent RNA switches template and completes syn-
thesis on (-)21-3'dd, then internal recombinants (IntR) of 29-30
nucleotides would be expected.

RNA syntheses were examined over time in sets of three
reactions that varied by only ATP and UTP concentrations: (i)
100 uM of both; (if) 10 uM of ATP and 100 uM of UTP; and
(#ii) 10 uM of both (Fig. 3B). RNAs of 29 and 30 nucleotides were
detected only in reactions containing 10 uM ATP (Fig. 3B, lanes
6-14). Reactions with 10 uM UTP and 100 uM ATP did not
produce increased amounts of IntR (Fig. 3C, lane 3). Therefore,
both NTP concentration and the position of the TC along the
template could affect IntR formation. The IntR from RecO and
(-)21-3'dd appear as two bands differing by one nucleotide,
which would be expected from template switch being induced by
ATP limitations when the RdRp encounters the two uridylates
at positions +10 and +11 of RecO.

Other products expected of this complex reaction are present
and accounted for. The monomeric 21-nt RNAs resulting from
de novo initiation and correct termination from (-)21-3'dd are
observed, as are the ~36-nt end-to-end switch products by using
donor RecO and acceptor (-)21-3'dd. Products likely generated
by polymerase stuttering or nontemplated addition are also
observed when ATP and UTP concentrations are decreased
(Fig. 3B, lanes 3-5) but cannot account for the 29- and 30-nt
RNAs. Premature termination on acceptor (-)21-3'dd after
end-to-end template switch from donor RecO also could not
account for IntR production, because the expected products of
24 and 25 nucleotides were not observed. Also, if premature
termination in acceptor (-)21-3'dd occurred because of the
decreased NTP concentration, then reactions with 10 uM of
UTP and 100 uM of ATP should produce RNAs 1-2 nucleotides
longer than those produced from the reaction with 10 uM of
ATP and 10 uM of UTP. This was also not observed (Fig. 3C,
lane 3). Thus, internal template switch from RecO followed by
complete synthesis on acceptor (-)21-3'dd is the most likely
explanation for the 29- and 30-nt RdRp products.

These results beg the question of why the two uridylates at
positions +10 and +11 of RecO are better at inducing poly-

Kim and Kao



A. RecO: 3 CAUAUCCUCUUAAUC 5’
Rec2: 3°CAUAGUCUCCGAAA 5°
(-)21-3°dd :3° CAUAUGCUCUUAAUCUUUUCC 57

B. (12 (21 RecO, then (-)21-3"dd
(min: 40 _ 10 20 30

ATP [pM]: 100 10 10 100 10 10 10010 10 100 10 10
UTP [pM]: 100100 10 100100 10 100100 10 100100 10
nts
T 3665
* * * T 3=
.4 '
+" - - - e +212
-
1 ¥ & 4 5 6 7 89 101112 13 14
C. x W X
L5057 S o“\
< r\,\ Q-.\x"-‘
| G @ <
ATP [uM]: 100 10 100 "100 10' '100 10'
UTP [pM]: 100 100 10 100 100 100 100
nts
- 36E=
* | — 430w
-4.-—'27&5
- * . & -|24mm
- - * 213
. - = —+15m.
L SN =]
{1 2 3 6 , 8

Fig. 3. Internal template switch by the BVDV RdRp. (A) RNAs used in the
experiments described below. Positions in the RNAs that may be affected by
varying NTP concentrations are shown in bold. The dots identify positions at
which the TC switches to an acceptor template. (B) Autoradiogram showing
the internal template switch recombinants at different times. RNAs and the
concentrations of ATP and UTP used in each reaction are above the autora-
diogram. Size markers were generated from templates (-)12 and from (-)21-
3'dd (see Fig. 1A for sequences). Asterisks identify putative IntR of 29 and 30
nucleotides. The RdRp products are to the right of the autoradiogram. The
schematics from the template and their symbols in parentheses are as follows:
RecO (hatched box); (-)21-3’dd (open box). (C) Internal template switch from
donor RecO to acceptors of (-)21-3'dd, (-)15-3'dd, and (-)12 reactions with
varying ATP and/or UTP concentrations. Sizes of RNAs are listed on the right
with diagrams. The products from the template and their symbols in paren-
theses are as follows: RecO (hatched box), (-)21-3'dd (open box), (-)15-3'dd,
(black box), and (-)12 (gray box). Asterisks (*) denote intR and NR, respectively.

merase switch than the two uridylates present at the identical
positions in (-)21-3’dd. We speculate that the additional 5’
sequence in (-)21-3'dd may have an effect. Alternatively, sub-
strate requirements may differ with the position of the TC along
the template. After the TC switches from RecO to (-)21-3'dd,
~18 phosphodiester bonds are made by the time the uridylates
in (-)21-3'dd are encountered, in contrast to the 9 bonds when
the TC encounters the two uridylates in RecO.

The position promoting the internal template switch on donor
RecO was further confirmed. The IntR should vary with the
lengths of the acceptors. Putative IntRs of 24 and 25 nucleotides
and 22 and 21 nucleotides were observed in reactions containing
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Fig. 4. End-to-end template switch by three viral replicases. (A) Sequence

and secondary structure of SLC+8. The initiation cytidylate is denoted with an
arrow, and three guanylates at positions +35 to +37 are in bold. (B) An
autoradiogram showing IRs from SLC+8 by three viral replicases. Concentra-
tions of SLC+8 (in wM) used in each reaction are at the top of the autoradio-
gram. Size markers and schematics of monomericand IR replicase products are
shown (Left and Right) of the autoradiogram, respectively. Each hairpin
represents one product from SLC+8. (C) An autoradiogram showing monomer
synthesized from SLC+8 and NRs from donor SLC+8 and several acceptors.
Schematics of the NRs generated in reactions with SLC+8 and acceptors (-)12
(gray box), (-)15-3'dd (black box), (-)21 (open box) are to the left of the
autoradiogram. Asterisks (*) identify NRs.

donor RecO and acceptors of 15 and 12 nucleotides (Fig. 3C,
lanes 6 and 8). Again, these IntRs are present only in reactions
with 10 uM ATP (Fig. 3C, lanes 5-8), confirming that the
internal template switch preferentially takes place at positions
+8 and +9 of donor RecO. The junction for the internal
template switch was verified by using Rec2, which contains the
sequence CGAA immediately 5’ of the switch junction in RecO
(Fig. 34). When CTP and UTP concentrations are decreased,
IntRs of 22 to 24 nucleotides were formed (data not shown). This
indicates that the internal template switch occurred before
positions +10 and +11 of the donor, even with nucleotide
changes at these template positions.

Template Switch by Viral Replicases. Although the recombinant
BVDV RdRp provides a well-defined system to examine the
basic requirements for template switch, viral RNA replication
takes place with multisubunit replicases. Intermolecular tem-
plate switch with viral replicases was examined in vitro by using
RNA SLC+8, an RNA of defined structure that can direct
synthesis by using replicases from brome mosaic virus (BMV),
cucumber mosaic virus (CMV), and cowpea chlorotic mottle
virus (CCMV) (Fig. 44; refs. 19 and 26). Along with the correctly
initiated and terminated RNAs of 45 nucleotides, longer repli-
case products were observed in a manner dependent on SLC+8
concentration (Fig. 4B), suggesting that the replicases switched
templates by a copy-choice mechanism. Fewer recombinants
were observed with the CMV replicase in comparison to the
BMYV and CCMYV replicases (compare lanes 10-12 to 2-8). A
complete end-to-end template switch should result in IRs of 90
nucleotides, but IRs of ~80 nucleotides were detected (Fig. 4B).
This is likely because of premature termination following the
end-to-end switch because of low CTP concentration in the
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Fig. 5. Efficiency of template switch depends on RNA structure and/or
sequence. (A) Structures and sequences examined in this experiment. Only the
sequences that are different in the four RNAs are shown. (B) Autoradiograms
showing monomers and IRs from SLC+8, SLO+8, SLD+8, and SLT+8. Reactions
in even- and odd-numbered lanes contained at 5 and 60 uM template, except
lane 1, which lacked template. Asterisks (*) identify IRs.

reaction. SLC+8 contains 3 consecutive guanylates at positions
+35 to +37 that may cause premature termination (Fig. 4A4).
Consistent with this claim, RNAs of =35 nucleotides were
observed (Fig. 4C). We cannot rule out more complex mecha-
nisms responsible for the 80-nt RNAs.

Next, we examined whether replicases can switch from donor
SLC+8 to nonidentical acceptors. SLC+8 was incubated with
BMV replicases 10 min before the addition of one of five
acceptors that lack the replicase recognition elements within
SLC+8 and cannot direct RNA synthesis by the three viral
replicases (Fig. 4C, data not shown). Reactions with acceptors
()12, (-)15-3'dd, and RecO produced RNAs of 57, 60, and 66
nucleotides, respectively (Fig. 4C, lanes 3-6), lengths that cor-
respond to expected end-to-end template switch products.
Therefore, single-stranded RNA lacking sequence homology
and replicase recognition elements can be accepted for end-to-
end template switch by the BMV replicase. However, in com-
parison to SLC+8 as an acceptor, the non-BMV RNA acceptors
formed recombinants at levels severalfold less (Fig. 4 B and C).
Single-stranded DNA d(-)21 did not produce detectable levels of
IR (Fig. 4C, lane 7).

To identify why SLC+8 is better at allowing template switch,
four SLC+8 variants were examined for RNA synthesis by the
BMYV and CCMV replicases (Fig. 54). SLO+8 and SLD+8 have
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weakened or nonexistent base pairing in the stems flanking the
rightward-facing bulge in SLC+8. The substitutions in SLT+8
resulted in a more stable stem (26). Consistent with previous
results, the BMV and CCMV replicases produced significant
amounts of IR in reactions with higher template concentration
(Fig. 5B, lanes 2 and 3 of Top and Bottom). However, the amount
of IR formation differed with the four RNAs; SLO+8 produced
the most and SLT+8 the least (Fig. 5B, lanes 2-9 of Top and
Bottom). These results demonstrate that changes in RNA struc-
ture and/or the sequence affect the efficiency of template switch
by viral replicases.

Discussion

We have demonstrated that a recombinant RdRp and three viral
replicases can synthesize RNAs that are longer than the length
of a template, likely by the TC not terminating synthesis at the
5'-terminus of the donor, and then resuming synthesis at some
frequency on an acceptor. This activity mimics observations of
RNA recombination in vivo, including the preference for A-U-
rich sequences and the production of multimeric satellite RNAs
(6, 9). The RdRp can also switch templates internal to a donor
RNA then continue synthesis on an acceptor. Our results are
consistent with base-pairing-independent copy-choice RNA re-
combination (1). The ability to switch templates in vitro has been
reported for several polymerases (14, 15, 27-29) and thus is a
universal activity of template-dependent polymerases. Being
able to observe the products of template switch in a simple viral
RNA synthesis assay will help elucidate the mechanism for RNA
recombination in vitro. Furthermore, we can now observe the
products of template switch without the bias generated by the
selection of the reproductively competent RNAs.

Sequence within 7 nucleotides from the 5’'-terminus of the
donor RNA affects the frequency of template switch. The
strength of base pairing between the nascent and template RNA
may partially account for the propensity for template switch.
Weaker A-U-rich base pairing at positions -2 to -4 generally
produced less IRs in comparison to templates that allow some
G-C-rich base pairing at these positions. These results suggest
that lower stability of the RNA duplex within specific region in
the TC favors the termination of synthesis. No simple correla-
tion, however, existed between the template switch frequency
and the number of base-pairing hydrogen bonds between the
template and nascent RNA at positions -2 to -4 of the donor,
suggesting that the TC is stabilized by other factors in addition
to nascent RNA-template interaction.

Features in RNA that are required for efficient RNA synthesis
appear to facilitate efficient template switch by the TC. Initia-
tion-debilitated templates and RNAs that lack the motifs needed
for recognition by viral replicases were poor acceptors for
BVDV RdRp and viral replicases, respectively (Table 1, Fig. 5).
This agrees with the observations of Nagy et al. (30), who found
that an enhancer of RNA synthesis increased the frequency of
RNA recombination. We want to emphasize, however, replicase
structure/function and/or subunit composition also affects the
frequency of template switch, because the cucumber mosaic
virus replicase produced 8- to 10-fold less recombinant RNAs
than did the BMV and CCMYV replicases. This conclusion is in
agreement with the observations of Figlerowicz et al., who
demonstrated that mutations in viral RNA replication proteins
could significantly affect both the types and the frequencies of
RNA recombination (31, 32).

Internal template switch by the BVDV RdRp occurred in a
manner determined by NTP concentrations (Fig. 3). The observa-
tion that preferential internal switch by the BVDV RdRp occurs
after the synthesis of 8- to 9-phosphodiester bonds suggests that the
distance of the switch junction from the initiation site may affect
template switch. RdRps will transit from initiation to processive
elongative synthesis in a manner similar to RNA polymerases
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satellite RNAs in vivo (35).
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