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Molecular mechanisms of RNA recombination were studied in turnip crinkle carmovirus (TCV), which has a uniquely high
recombination frequency and nonrandom crossover site distribution among the recombining TCV-associated satellite RNAs.
An in vitro system has been developed that includes a partially purified TCV replicase preparation (RdRp) and chimeric RNAs
that resemble the putative in vivo recombination intermediates (Nagy, P. D., Zhang, C., and Simon, A. E. EMBO J. 17,
2392-2403, 1998). This system generates 3'-terminal extension products, which are analogous to the recombination end
products. Efficient generation of 3'-terminal extension products depends on the presence of a hairpin structure (termed the
motifl-hairpin) that possibly binds to the RdRp. Replacement of the motifl-hairpin with two separate randomized sequences
resulted in a basal level of 3'-terminal extension. By using three separate constructs, each carrying similar mutations in the
motifl-hairpin, we demonstrate that the role of the motifl-hairpin in 3’-terminal extension is complex and its function is
influenced by flanking sequences. In addition to the mutagenesis approach, competition experiments between wild-type and
mutated motifl-hairpin constructs suggest that the TCV RdRp likely recognizes the secondary and/or tertiary structure of the
motifl-hairpin, while individual nucleotides play a less important role. Overall, the data shed new light into the mechanism
of 3'-terminal extension by a viral RdRp that is analogous to the late steps of RNA recombination in TCV. © 1998 Academic Press
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INTRODUCTION

Genetic RNA recombination, a process that joins to-
gether two noncontiguous RNA segments, is well docu-
mented for a large number of animal and plant viruses
and bacteriophages (King, 1988; Lai, 1992; Simon and
Bujarski, 1994). RNA recombination can create novel
chimeric viruses and functional genomes from mutated
(damaged) RNAs and may also contribute to the quasi-
species nature of RNA viruses (Zimmern, 1988; Lai, 1992;
White and Morris, 1995; Nagy and Bujarski, 1996; Simon
and Nagy, 1996). Due to these characteristics, RNA re-
combination is believed to be a major force in viral
evolution and adaptation (Strauss and Strauss, 1988;
King, 1988; Lai, 1992; Dolja and Carrington, 1992; Simon
and Bujarski, 1994).

Mechanistic studies on RNA recombination favor rep-
licase (RNA-dependent RNA polymerase, RdRp)-driven
template switching models (King, 1988; Jarvis and Kirkeg-
aard, 1991; Lai, 1992; Nagy and Simon, 1997), although
RNA breakage and religation may also occur in vitro
(Chetverin et al., 1997). Based on the putative structure
of recombination intermediates, the recombination end
products, and components of the recombination machin-
ery, RNA recombination can be divided into three major
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classes: (1) similarity essential; (2) similarity nonessen-
tial, and (3) similarity assisted (Nagy and Simon, 1997).
Similarity-essential recombination events require sub-
stantial sequence similarity between the parental RNAs,
which is the major RNA determinant in selection of
recombination junction sites. The recombination end
products are either precise or imprecise. Similarity-non-
essential recombination does not require sequence sim-
ilarity between the parental RNAs. Rather, similarity-non-
essential recombination events are driven by various
features of the RNA templates, such as heteroduplex
formation between the parental RNAs, RdRp-binding se-
qguences, and/or secondary structure elements. Similar-
ity-assisted recombination events require sequence sim-
ilarity between the parental templates. However, unlike
similarity-essential recombination, additional RNA deter-
minants, such as an RdRp-binding sequence present in
one of the RNAs, are essential for this type of recombi-
nation event (Nagy and Simon, 1997). Among the best
characterized RNA recombination systems, similarity-es-
sential and similarity-nonessential RNA recombination
have been proposed to occur in brome mosaic virus
(BMV, Nagy and Bujarski, 1993, 1995, 1997), while simi-
larity-assisted RNA recombination has been character-
ized in turnip crinkle virus (TCV, Simon and Nagy, 1996;
Nagy et al., 1998).

Due to the complex nature of RNA recombination
events, it is important to analyze the role of the RNA and
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protein components of the recombination machinery
separately. Based on the replicase-mediated template-
switching model, recombination events are divided into
two groups: (1) early steps that include the donor RNA as
a template and lead to the synthesis of the nascent
primer strand from the donor RNA and (2) late steps that
include the acceptor RNA as template. In mechanistic
terms, the late steps include the transfer of the nascent
primer strand and binding of the RdRp to the acceptor
RNA followed by primer elongation on the acceptor RNA
(Nagy and Simon, 1997; Nagy et al., 1998). To test these
steps separately, we have developed an in vitro system
in TCV that does not require the amplification of recom-
bination products (Nagy et al., 1998).

TCV is a 4054-base RNA virus that is uniquely asso-
ciated with a number of subviral RNAs, including satellite
(sat-RNA D, 194 nt) and chimeric RNAs (sat-RNA C, 356
nt) (Simon and Nagy, 1996). Sat-RNA C, which is com-
posed of sequences similar to sat-RNA D at its 5’ end
and two 3’ proximal regions from TCV genomic RNA at
its 3’ end, is the product of natural recombination (Simon
and Howell, 1986). High-frequency recombination was
observed in vivo between sat-RNA D and sat-RNA C with
the recombination junctions clustered near the 3’ end of
sat-RNA D and at the base of a hairpin (designated
motifl-hairpin) in the central portion of sat-RNA C (Cas-
cone et al.,, 1990, 1993). Noncompensatory mutations in
the stem of the motifl-hairpin eliminated detectable re-
combinants in vivo (Cascone et al., 1990, 1993; Nagy et
al., 1998). Based on these and other observations, a
template-switching model was proposed in which the
viral RdRp uses the nascent, positive-stranded sat-RNA
D as a primer to resume RNA elongation on the acceptor
minus-stranded sat-RNA C template (Cascone et al.,
1993; Simon and Nagy, 1996; Fig. 1A). The model pro-
posed that the motifl-hairpin is involved in recruitment of
the RdRp during reinitiation of synthesis following the
template switch.

An in vitro system has been developed to mimic this in
vivo recombination event (Nagy et al., 1998). The tem-
plate for the in vitro system is a chimeric RNA containing
the in vivo hot-spot region from sat-RNA D plus strands
at the 3' end joined to the hot-spot region from sat-RNA
C minus strands including the motifl-hairpin (Fig. 1B).
Partially purified TCV RdRp generated hairpin-like prod-
ucts by intramolecular extensions from the 3’ end of the
chimeric template (Nagy et al., 1998). This study revealed
roles for two separate sequences on the acceptor sat-
RNA C-derived region in 3’-terminal extension. One se-
quence 3’ of the motifl-hairpin served to bind the plus-
stranded sat-RNA D sequence (called the priming stem).
The other sequence, motifl-hairpin, is the primary can-
didate for specific recognition by the TCV RdRp (Nagy et
al,, 1998, Fig. 1). The putative role of the motifl-hairpin in
RdRp binding was supported by competition experi-
ments in which sequences containing the wt motifl-
hairpin competed more efficiently with 3'-terminal exten-

sion activity from a template RNA than sequences with
motifl-hairpin mutations or heterologous tRNA (Nagy et
al., 1998). Mutations that destabilized the motifl-hairpin
were the best inhibitors of 3'-terminal extension, sug-
gesting a role for the motifl-hairpin structure in 3'-termi-
nal extension. In addition, specific mutations within the
bulge and loop regions in the motifl-hairpin decreased
3'-terminal extension to a low level, indicating that these
sequences may be involved specifically in RdRp binding
(Nagy et al., 1998). The same regions were also impor-
tant in in vivo RNA-RNA recombination between sat-RNA
C and sat-RNA D (Cascone et al. 1993; Nagy et al., 1998).
Overall, these studies demonstrated that the in vitro
3'-terminal extension reaction mimics the late steps of in
vivo RNA recombination: strand transfer and primer elon-
gation.

In this report, we extend the analysis of the role of the
motifl-hairpin in 3'-terminal extension reaction and in
putative RdRp binding. Extensive mutagenesis of the
motifl-hairpin was conducted, and the effect of muta-
tions on 3’-terminal extension was tested in three sep-
arate constructs. These constructs contained different
flanking sequences, and their use in combination with
competition experiments between wt and mutant motifl-
hairpin containing constructs allowed for discrimination
between direct and indirect effects of the mutations on
RdRp binding and 3’-terminal extension reactions. The
results support both direct and indirect roles for the
motifl-hairpin in 3'-terminal extension. The data are con-
sistent with a secondary/tertiary structure-based recog-
nition of the motifl-hairpin by the TCV RdRp, while the
primary sequence of the hairpin plays a less important
role. We propose that the recognition of the motifl-hair-
pin by the TCV RdRp is similar to the RdRp's recognition
of the negative strand initiation promoter and the sub-
genomic promoter.

RESULTS AND DISCUSSION

Basal level of 3'-terminal extension activity in the
absence of the motifl-hairpin

Specific interactions between viral RNAs and viral
RdRps are fundamental in RNA replication and recombi-
nation (Buck, 1996; Lai, 1992; Nagy and Simon, 1997). The
complex nature of the interaction in viral RNA replication
systems, however, makes it difficult to address the basic
question of what RNA features are recognized by the
RdRp and used to discriminate against other potential
binding sites. Much more progress has been achieved
with simpler systems, such as tRNA interaction with
aminoacyl-tRNA synthetases and recognition of the HIV
TAR and RRE elements by Tat and Rev proteins (Draper,
1995). These and other studies revealed that proteins
can recognize various features in RNAs, including single-
stranded regions, hairpins, bulges, loops, pseudoknots,
irregular helices, and tertiary structures stabilized by
bound cations.
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FIG. 1 An in vitro system to study the late steps of RNA recombination in TCV. (A) Model for in vivo RNA recombination between sat-RNA D and
sat-RNA C by a replicase-driven template switching mechanism. The recombination intermediates are depicted showing the possible RNA-RNA
interaction between the nascent sat-RNA D plus-strand, truncated at position —13 at the 3’ end (in in vivo experiments, the junctions were located
most frequently at positions —13 to —15, as counted from the 3’ end), and sequence 3’ of the motifl-hairpin of minus-strand sat-RNA C (the acceptor
RNA strand). Sat-RNA D sequence is boxed in black. Underlined nts at the base of the motifl-hairpin indicate the location of the in vivo junction site
hot-spot in sat-RNA C. In the rectangles representing the sat-RNAs, similar regions are shaded alike. A triangle represents a positive-strand initiation
promoter (Guan et al., 1997). (B) In vitro system that mimics the putative in vivo recombination intermediate. Top construct (CD-13mini) contains 28
nts from sat-RNA D plus strand (boxed in black), extending from position —13 at the 3’ end, joined by a 6-base artificial sequence (GAAUUC) to
sat-RNA C minus-strand sequence that includes 33 nt 3’ of the motifl-hairpin, the motifl-hairpin, and 18 nts 5’ of the hairpin with two nonviral G
residues at the 5’ end (shown by lower case letters). Bottom construct (CD-27mini), same as CD-13mini, except that the sat-RNA D sequence
terminates at the —27 position and two mismatches in the priming stem are mutated such that base-pairing can occur throughout the priming stem.
Regions referred to in the text as the priming stem, motifl-hairpin, loop, and spacer are shown.

Mutagenesis approaches have been used to make sites or indirectly by affecting the folding of the RNA. The
low-resolution maps for many RNA-protein complexes folding of the RNA can be important prior to and/or after
(Draper, 1995). Deletion or mutation of a particular nu- protein binding, which usually induces substantial con-

cleotide can affect protein binding directly at the contact formational changes in the RNA structure. Since cur-
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FIG. 2. (A) Sequence of the wt motifl-hairpin and two heterologous sequences, termed random2 and random6, which were used to replace the
motifl-hairpin in CD-13mini and CD-27mini (Fig1B). (B) Representative experiment showing denaturing gel analysis of radiolabeled 3'-terminal
extension products synthesized by in vitro transcription with TCV RdRp using either CD-13mini (left) or CD-27mini (right).

rently it is not possible to predict what kinds of RNA
features are recognized by viral RdRps, detailed studies
will be needed to unravel RNA-protein interactions in
replication and recombination of RNA viruses.

We have recently developed an in vitro system that
mimics RNA recombination between sat-RNA C and sat-
RNA D, including the strand transfer and primer elonga-
tion steps (Nagy et al., 1998). This system utilizes par-
tially purified, template-dependent TCV RdRp prepara-
tions (Song and Simon, 1994) programmed with a
chimeric RNA template (construct CD-13mini, Fig. 1B)
designed to resemble in vivo recombination intermedi-
ates (Nagy et al, 1998). CD-13mini consisted of se-
qguences corresponding to the central portions of the
negative strand of sat-RNA C (including the in vivo re-
combination hot-spot region and the motifl-hairpin) and
a 28-nt segment of positive-strand sat-RNA D with the 3’
terminus representing the in vivo recombination hot-spot
(position —13 relative to the 3’ end). A 6-nt artificial loop
sequence was used to covalently link the sat-RNA D
plus-strand fragment to the sat-RNA C minus-strand frag-
ment, as depicted in Fig. 1B, to ensure that an optimal 1:1
molar ratio of interacting sequences were in proximity
and in the correct orientation. Sequence complementa-
rity between the 3'-end region of sat-RNA D positive-
strand and a region 3’ of the motifl-hairpin in the nega-
tive-strand of sat-RNA C is predicted to form a stable
base-paired structure (the priming stem). The TCV RdRp
starts 3'-terminal extension at the "natural” recombina-
tion hot-spot region (i.e., at the base of the motifl-hairpin,
Fig. 1). This “self-primed” 3'-terminal extension reaction
generates a product that has a hairpin-like structure with

long double-stranded region and short loop sequence
(Nagy et al., 1998). Construct CD-27mini is the same as
CD-13mini except that the sat-RNA D sequence termi-
nates at the —27 position and two mismatches in the
priming stem are mutated such that base pairing can
occur throughout the priming stem (Fig. 1B). CD-27mini,
which due to the short priming stem and a flexible
spacer between the priming stem and the motifl-hairpin,
supports 3’-terminal extension about sixfold more effi-
ciently than CD-13mini (Nagy et al., 1998; data not
shown).

To establish the basal level of 3'-terminal extension in
the absence of the motifl-hairpin, two 30-nt-long ran-
domized (heterologous) sequences were used to replace
the similar-sized motifl-hairpin sequence in CD-13mini
and CD-27mini (Fig. 2A). The resulting constructs (ran-
dom2 and random6) were used to program partially pu-
rified TCV RdRp preparations followed by denaturing
urea/PAGE analysis of 3'-terminal extension products as
described under Materials and Methods. Quantitation of
the 3'-terminal extension products by densitometric
scanning of exposed films followed by normalization for
the number of adenylate residues on the template por-
tion of the respective RNA was used to measure the
amount of 3'-terminal extension products in the in vitro
RdRp assay. Constructs random2 and random6 sup-
ported 3'-terminal extension at 3-5% of the wt level in
both CD-13mini and CD-27mini (Fig. 2B). Deletion of the
5'- half of the motifl-hairpin also resulted in 3% 3'-
terminal extension activity (Nagy et al., 1998), suggesting
that the contribution of the motifl-hairpin to the efficiency
of 3'-terminal extension is 20- to 30-fold. Overall, these
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data demonstrate that the basal level of 3'-terminal ex-
tension activity that occurs in the absence of the motifl-
hairpin is very low.

Experimental design to study the role of the motifl-
hairpin in 3'-terminal extension

To characterize the role of individual bases within the
motifl-hairpin in detail, we mutagenized the motifl-hair-
pin extensively and tested the 3’-terminal extension ac-
tivity of the resulting constructs in a TCV RdRp assay
(Figs. 3 and 5-7; Nagy et al., 1998). The goal of these
studies was to find primary sequences and/or secondary
structures of the motifl-hairpin that may be important in
binding to the TCV RdRp prior to the 3’-terminal exten-
sion reaction. The in vitro system measures the extent of
3'-terminal extension that can be influenced by motifl-
hairpin mutations directly (i.e., altering the efficiency of
RdRp binding) or indirectly (e.g., changing the second-
ary/tertiary structure of the RNA template). To differenti-
ate between direct and indirect effects of mutations, we
tested the effect of motifl-hairpin mutations on 3'-termi-
nal extension in three different constructs.

One construct was CD-27mini described above (Fig.
1B). The second construct was CD-14B, which contains
the "natural” priming stem that results in initiation of
terminal elongation at the recombination hot-spot region
(Nagy et al., 1998; see Fig. 3A). The third construct was
CD-27, which is similar to CD-14B except that the sat-
RNA-D-derived sequence terminates at position —27
and the priming stem contains no mismatch nucleotides
(Fig. 3A). These modifications in CD-27 create a single-
stranded spacer between the motifl-hairpin and the
priming stem that likely increases the flexibility of the
positioning between structured priming-stem and the
motifl-hairpin (Fig. 3A). The presence of extensive 5’
sequences in CD-14B and CD-27, which includes a
known positive strand initiation promoter (Guan et al.,
1997), creates the possibility of interactions between the
motifl-hairpin and the 5’ sequences, or the possible
competition for RdRp binding between the motifl-hairpin
and the 5’ proximal promoter sequences. These factors
may inhibit 3'-terminal extension since CD-27 is approx-
imately twofold less active in 3’-terminal extension than
CD-27mini, which lacks lengthy 5" sequences (data not
shown).

The use of three sets of constructs should allow for
discrimination between direct and indirect effects of mo-
tif1-hairpin mutations on 3’-terminal extension based on
the following predictions: (1) if the motifl-hairpin muta-
tions were to have similar effects in all three sets of
constructs, that would suggest a specific role for the
particular sequence/structure in 3’-terminal extension,
possibly by altering RdRp binding to the maotifl-hairpin.
(2) If the CD-27 series was to show similar effects to the
CD-14B series but different from the CD-27mini series for
a particular mutation, this would suggest that the muta-

tion changed the interactions between the 5’ flanking
sequences and the motifl-hairpin. Alternatively, it could
indicate that this mutation alters the possible competi-
tiveness of the motifl-hairpin in its capacity to bind to the
RdRp when compared to the upstream promoter se-
quence. (3) If the CD-27 series of mutants behaves like
those of the CD-27mini but different from CD-14B, this
would support an indirect role for the “positioning” of the
motifl-hairpin and the priming stem. (4) If all three series
of mutants were to produce different 3'-terminal exten-
sion results, then the involvement of multiple features or
interactions among these sequences would be likely.

Effect of mutations in the loop region on the
efficiency of 3'-terminal extensions

Loop sequences are frequently recognized by proteins
(Draper, 1995). Using a single construct (CD-14B), we
previously showed that mutations at positions 193 and
196 in the 6-nt-long loop of the motifl-hairpin reduced
3'-terminal extension activity by about fourfold and elim-
inated in vivo recombination (Nagy et al., 1998). This
result suggested that the loop region may play a specific
role in recombination and possibly in RdRp binding.

To further investigate the role of specific loop nucleo-
tides in 3'-terminal extension, mutations were con-
structed in all loop positions and tested in CD-14B, CD-
27, or CD-27mini. The level of 3'-terminal extension for
each motifl-hairpin mutant was compared to the level of
3'-terminal extension obtained with the wt motifl-hairpin
present in the corresponding wt construct (i.e., CD-14B,
CD-27, and CD-27mini, respectively, representing 100%
value in each set). The results of the 3'-terminal exten-
sion reactions will be described with the minimum and
maximum values for each loop mutant when the partic-
ular mutation in the three sets of constructs gave com-
parable results. We will specify in detail those cases
when the three constructs resulted in very different 3'-
terminal extension values.

The name of the individual constructs and the intro-
duced mutations are shown in Fig. 3B, while the results
of the 3'-terminal extension reaction are shown in Fig.
3C. Constructs G191C, U192A, G194A, G195U, U196C,
and U196G with single mismatch mutations within the
loop-region generated 3’-terminal extension products at
25.9-47.6% of the level of the wt constructs, while con-
structs with mutations at position 193 (C193U, C193G,
Fig. 3A) had the lowest 3'-terminal extension activity
(between 131 and 43.6%). Double mutants (constructs
U192C/C193G, C193U/U196A, U196G/U197A) produced
3'-terminal extension products at a level similar to the
above single mutants (between 14.6 and 49.6% of wt, Fig.
3B). The observation that mutations within the loop re-
gion decreased 3’-terminal extension activity more than
50% with all three sets of constructs suggests a specific
role for the loop region in 3’-terminal extension. How-
ever, none of the loop mutations tested showed a basal
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FIG. 3. The effect of mutations in the loop region of the motifl-hairpin on the level of 3'-terminal extension. (A) Top construct (CD-14B) contains 27
nts from sat-RNA D plus strand (boxed in black), extending from position —14 at the 3’ end, joined by a 5-base artificial sequence (GAUAU) to sat-RNA
C minus-strand sequence that includes 43 nt 3’ of the motif1-hairpin, the motifl-hairpin, and the entire sat-RNA C sequence 5’ of the hairpin. Asterisks
denote the positions of base alterations from wt sat-RNA D(+) (Fig. 1A) to generate a BamHI site in the CD-14B construct. Bottom construct (CD-27),
same as CD-14B, except that the sat-RNA D sequence terminates at the —27 position and two mismatches in the priming stem are mutated such
that base-pairing can occur throughout the priming stem. Both constructs contain a promoter for positive-strand synthesis near the 5’ end as shown
by triangles. (B) Single or multiple base changes were introduced into the motifl-hairpin sequence as shown. Mismatch-mutations are shown with
single letters. The names of individual constructs are shown next to the mutations. Multiple mutations present in constructs U192C/C193G and
C193U/U196A are shown separately with the loop sequences present in gray boxes. (C) Graphic representation of the relative amounts of 3'-terminal
extension reactions obtained with mutants of (B). The effect on 3’-terminal extension by a particular mutation was tested in three separate constructs,
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FIG. 4. 3'-terminal extension activity of loop mutants in a competition
assay. A denaturing PAGE analysis showing the amount of 3’-terminal
extension products synthesized by in vitro transcription with TCV RdRp
using the shown motifl-hairpin loop mutants (Fig. 3B) in CD-27mini in
the presence of a threefold molar excess of CD-27 (Fig. 3A).

level of 3'-terminal extension. Therefore, these data sug-
gest that specific recognition of any of the nucleotides
within the loop by the TCV RdRp is not absolutely re-
quired for 3’-terminal extension reaction. It is possible,
however, that the RdRp recognizes several nucleotides
in the motifl-hairpin. and therefore the simple mutagen-
esis strategy used here may result in only partial loss of
RdRp binding and/or 3'-terminal extension activity.

To further analyze the role of loop mutations on 3'-
terminal extension, we tested the 3'-terminal extension
activity of loop mutants in a competition assay. Motifl-
hairpin mutants that bind the RdRp inefficiently should be
less active in 3’-terminal extension reactions under com-
petitive conditions than in noncompetition assays be-
cause the RdRp and/or other components should be
sequestered by the more competitive RNA construct with
the wt motifl-hairpin. If a motifl-hairpin mutant binds the
RdRp as efficiently as the wt, then the 3'-terminal exten-
sion activity of this particular mutant should be the same
% of the wt level under competitive conditions as in
noncompetition assays.

For the competition studies, CD-27 carrying the wt
motifl-hairpin was used as a competitor in a threefold
molar excess over the motifl-hairpin mutants in CD-
27mini. The size difference between CD-27 and CD-
27mini allowed for separate measurements of their 3’'-
terminal extension activity in the competition assay
within a single gel (Fig. 4). The control experiment in-
cluded wt CD-27 and wt CD-27mini, where the 3'-

terminal extension activity of the latter construct repre-
sents the 100% value.

The 3’-terminal extension activity of loop mutants
U192A, C193U, G194A, G195V, U196G, U192C/C193G,
C193U/U196A, and U196G/U197A was less than 10%
lower in the competition assay than in the noncompeti-
tion assay (Figs. 3B and 4), suggesting that these mu-
tants may bind to the RdRp in the presence of an excess
amount of wt motifl-hairpin as, or nearly as, efficiently as
in its absence. Loop mutants G191C, C193G, and U196C
had 3'-terminal extension activity that was 10-12% lower
in the competition than in the noncompetition assay,
suggesting a slightly lower affinity of these mutants for
RdRp binding under competitive conditions. Neverthe-
less, each loop mutant showed higher than basal level of
3'-terminal extension in the competition assay, confirm-
ing the above findings that single and double mutations
in the loop region can only partially inhibit 3’-terminal
extension. Overall, this study supports a role for the loop
sequences in recognition by the RdRp.

Mutations in the interior loop

Bulges within stem-loop structures are frequently rec-
ognized by proteins (Draper, 1995). The interior loop in
the motifl-hairpin is asymmetrical containing one C
(termed C bulge) opposite to three U residues (termed U
bulge). This may cause a bend in the motifl-hairpin
structure as schematically shown in Fig. 1L Deletion of
the three U residues (construct AU3, Fig. 5A) was found
to reduce 3’-terminal extension activity by 10-fold in CD-
14B and eliminated in vivo recombination (Nagy et al.,
1998). This result indicated that the U bulge may play a
specific role in recombination. However, the same U-
bulge deletion has a much less detrimental effect on
3'-terminal extension when present in CD-27 and CD-
27mini, with 63.2 and 67.5%, respectively, of the level of
wt 3'-terminal extension (construct AU3, Fig. 5A). This
suggests that the presence of a flexible spacer in CD-27
and CD-27mini can partially compensate for the adverse
effect caused by the deletion of the U bulge when com-
pared to CD-14B. However the competitiveness of AU3
was low (32.9% of wt level), suggesting that RdRp binding
is much less efficient for the U-bulge deletion mutant
than for the wt motifl-hairpin in the competition assay.

Mutagenesis of two or three U residues to either C or G
nucleotides in the U bulge in CD-14B resulted in 30.6-52.8%
of the wt 3'-terminal extension activity, while corresponding
mutations in CD-27 and CD-27mini gave 56.2-76.4% and
74.0-89.9% level (constructs U203G/U204G, U203-205G,

CD-14B (strippled bars), CD-27 (gray bars), and CD-27mini (black bars). The 3'-terminal extension activity of each mutant was compared to the level
obtained with the corresponding wt construct (100%). The fourth column (cross-hatched bar) shows the 3’-terminal extension activity of some of the
CD-27mini series of constructs in the presence of a threefold excess of CD-27 (see also Fig. 4). The efficiency of 3’-terminal extension was analyzed
by denaturing PAGE, followed by autoradiography and densitometry. The data were normalized based on the number of template-directed radioactive
UTP incorporated. Standard error was calculated from two to three separate experiments.
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A. Interior-loop mutants
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FIG. 5. The effect of mutations in the interior loop of the motifl-hairpin on the level of 3'-terminal extension. (A) Single or multiple base changes
were introduced into the motifl-hairpin sequence as shown. Mismatch-mutations are shown with single letters, deletions are indicated by A. Multiple
mutations present in a particular construct are shown separately. (B) Graphic representation of the relative amounts of 3'-terminal extension reactions
obtained with mutants of (A). The data are shown as described in the legend to Fig. 3C.

U203C/U204C, U204G/U205G, Figs. 5A and 5B). These re-
sults suggest that the sequence of the U bulge only mod-
estly affects recognition by the TCV RdRp.

To study the possible role of the structural distortion
caused by the presence of the U bulge, deletion analysis
was conducted. Deletion of two of the three U residues
(constructs AU2) gave 3’-terminal extension activity of
36.7% of wt CD-14B, while the corresponding mutations

had a less detrimental effect on 3'-terminal extension
activity when present in CD-27 and CD-27mini with 58.6
and 54.5% of the level of wt activity (Fig. 5B). Deletion of
two U residues in conjunction with a U-to-G mutation
(construct AU3+G) should result in a motifl-hairpin with
a C-G base pair in place of the asymmetrical interior
loop, thus fusing the lower and upper stems into one
large stem structure (Fig. 5A). Construct AU3+G gave
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37.3% 3’-terminal extension activity of wt CD-14B, while
the corresponding mutation in CD-27 and CD-27mini had
3'-terminal extension that was 561 and 75.5% of the level
of wt activity (Fig. 5B). Overall, these data do not support
a specific role for the U bulge in RdRp recognition. The
higher inhibition of 3’-terminal extension activity for U-
bulge deletion mutants in CD-14B than in CD-27 and
CD-27mini may be explained by the less flexible posi-
tioning of the priming stem and the motifl-hairpin relative
to one another in the CD-14B mutants.

Mutation of the single C residue in the C bulge (con-
struct C184U) reduced 3’-terminal extension to 44.7—
69.6% of wt (Fig. 5B), suggesting a modest amount of
sequence-specific recognition of that C residue by the
RdRp. Deleting the C-bulge (construct AC184) resulted in
18.5-33.4% 3’-terminal extension activity, indicating that
RdRp interaction with the motifl-hairpin was more
strongly affected. This was also supported by the low
competitiveness of this mutant (25.0%, Fig. 5B). It is
possible that deletion of the C-bulge changed the overall
structure of the motifl-hairpin, resulting in reduced 3'-
terminal extension activity.

Deletion of the C bulge had the most detrimental effect
of the bulge mutations on 3'-terminal extension of all
three constructs. However, when deletion of the C bulge
was in conjunction with deletions in the opposite U-
bulge region (see constructs AU2/AC and AU3+G/AC,
Fig. 5A), the reduction of 3’-terminal extension activity
was less pronounced (between 36.4 and 60.7%, Fig. 5B).
This suggests that the C-bulge deletion can influence
3'-terminal extension mainly through structural effects
on the entire motifl-hairpin.

Overall, deletion of the U or C bulge or their conversion
into a G-C base pair are predicted to alter the conforma-
tion of motifl-hairpin around the interior loop region
dramatically. Yet the extent of reduction in 3’-terminal
extension was variable. This does not support specific
RdRp recognition of either one or both bulge regions.
Comparison of the 3’-terminal extension activity for all
three sets of constructs revealed that most of the motifl-
hairpin bulge mutations were less debilitating when
present in CD-27 and CD-27mini than in CD-14B. It is
possible that motifl-hairpins with altered structures in
the interior loop region still can bind to the TCV RdRp, but
the proper positioning of the 3’-OH of the primer stem is
less efficient in the absence of the spacer.

Mutations in the lower stem

A single mutation that destabilized the lower stem of
the motifl-hairpin in CD-14B and CD-27 (U183G, Fig. 6A)
resulted in 3'-terminal extensions that were 12.3 and
12.4% of the level of the wt CD-14B and CD-27, respec-
tively (Fig. 6B). U183G, when present in CD-27mini, re-
sulted in 33.5% 3’-terminal extension when compared to
CD-27mini with the wt motifl-hairpin. When U183G was
combined with A206C (mutant U183G/A206C, Fig. 6A),
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FIG. 6. The effect of mutations in the lower stem of the motifl-hairpin
on the level of 3’-terminal extension. (A) Single or multiple base
changes were introduced into the motifl-hairpin sequence as shown.
Mismatch-mutations are shown with single letters, deletions are indi-
cated by A, while compensatory mutations that preserved base pairing
within the stem are shown with base-paired nucleotides in gray boxes.
(B) Graphic representation of the relative amounts of 3’-terminal exten-
sion reactions obtained with mutants of (A). The data are shown as
described in the legend to Fig. 3C.

resulting in a compensatory A-U to G-C base pair
change, 3'-terminal extension was partially restored to
218, 215, and 62.2% in CD-14B, CD-27, and CD-27mini,
respectively. The higher 3’-terminal extension activity of
the CD-27mini mutants than that of CD-14B and CD-27
suggests that the mutated motifl-hairpin is more acces-
sible for the RdRp in CD-27mini than in the other two
constructs that contain lengthy 5’ sequences. Alterna-
tively, the positive strand initiation promoter present in
CD-14B and CD-27 constructs, but absent CD-27mini,
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competes efficiently for RdRp binding against the mu-
tated motifl-hairpin, thus reducing the level of 3'-termi-
nal extension for CD-14B and CD-27 mutants. Comparing
to the noncompetition assay, the 3’-terminal extension
activity of mutant U183G in CD-27mini was reduced from
33.5 to 28.2% in the competition assay. The reduction
was even more pronounced for construct U183G/A206C
(from 62.2 to 25.4%), suggesting a reduced affinity for
RdRp binding under competitive conditions. In addition,
these data demonstrate that the A-U base pair in the
lower stem is favored over a G-A mismatch or a G-C
base pair.

Deletion of two C residues decreased 3'-terminal ex-
tension to 47.6 to 57.9% (mutant LStem/A2C, Fig. 6A).
Mutating the three C residues to three G residues de-
stabilized the lower stem of the motifl-hairpin in
LStem/3G and resulted in 3'-terminal extension of 23.5
and 36.5% for CD-14B and CD-27, while only 5.9% of
3'-terminal extension activity remained when the alter-
ations were incorporated into CD-27mini. In addition,
LStem/3G in CD-27mini showed a basal level of 3'-
terminal extension activity in the competition assays,
indicating that the motifl-hairpin was nonfunctional. In
contrast, LStem/3G in CD-14B and CD-27 resulted in
~10-fold higher (23.5 and 36.6% for CD-14B and CD-27)
than basal level of 3’-terminal extension activity, sug-
gesting that interaction between the mutated lower stem
and some 5’ flanking sequences may partly restore the
motifl-hairpin function.

Restoring the three G-C base pairs in the lower stem
of the motifl-hairpin by compensatory mutations (con-
struct LStem/3GC, Fig. 6A) increased the level of 3'-
terminal extension to 41.0-68.8%. In the competition as-
say, LStem/3G and LStem/3GC showed 2.2 and 39.5%
activity, respectively. Taken together, these results sug-
gest that the three C-G and one A-U base pairs in the
lower stem are critical for high 3’'-terminal extension
activity. Changing the three C-G base pairs to G-C base
pairs reduces 3'-terminal extension, although not as
much as when the lower stem is destabilized by three
G-G mismatches. If the three C-G base pairs have a
structure similar to three G-C base pairs, then the re-
duction in 3'-terminal extension activity for construct
LStem/3GC as compared to the wt suggests that the
primary sequence of the lower stem also plays a role in
3'-terminal extension.

Mutations in the upper stem

A single mismatch mutation (construct U185G, Fig. 7A)
in the upper stem resulted in 6.8, 34.0, and 48.5% of wt
3'-terminal extension activity when present in CD-14B,
CD-27, and CD-27mini, respectively (Fig. 7B). When
U185G was combined with A202C, resulting in a com-
pensatory A-U to G-C base pair change (construct
U185G/A202C, Fig. 7A), 3'-terminal extension activity
was increased to 24.4, 56.7, and 73.8% of wt activity (Fig.

7B). In the competition assay, mutants U185G and
U185G/A202C gave 33.3 and 69.2% 3’-terminal extension
activity. This suggests that the U-A base pair is favored
over a G-C base pair or mismatch nucleotides next to
the interior loop region. The higher activity of CD-27 and
CD-27mini constructs than the corresponding CD-14B
constructs indicate that this position is less important for
RdRp binding, but rather it may influence the positioning
of the motifl-hairpin and the priming stem relative to one
another.

Another mutation that destabilized the upper stem
(construct A189U, Fig. 7A) gave 3’-terminal extension
activity of 22.9-45.0%. Exchanging the three G-C base
pairs with three C-G base pairs (construct UStem/
3GC) reduced 3'-terminal extension to 25.4% of wt
CD-14B, while the analogous mutations in CD-27 and
CD-27mini resulted in 69.4 and 52.0% 3’-terminal ex-
tension activity. The higher level of 3’-terminal exten-
sion activity for CD-27 and CD-27mini than that of
CD-14B suggests that, similar to the neigbouring A-U
base pair located next to the interior loop region (see
above), this region is important in positioning of the
motifl-hairpin and the priming stem relative to one
another rather than in binding to the RdRp.

More extensive mutagenesis that weakened the sta-
bility of the upper stem in construct UStem32 reduced
3'-terminal extension activity to 8.3-20.9% (Fig. 7B). Sim-
ilar disruptive mutagenesis of the upper stem in
UStem43 and UStem48 decreased 3’-terminal extension
to 12.2-24.3%. These constructs also competed poorly in
the competition assays (6.2-10.5% activity). Construct
UStem44, which contained a weak stem structure with
two consecutive stable base pairs (G-C and C-G base
pairs), supported 3’'-terminal extension at 18.8, 20.2, and
42.9% of the wt level for CD-14B, CD-27, and CD-27mini,
respectively (Fig. 7B). UStem44 was more competitive
than the above UStem mutants, suggesting that two
consecutive stable base pairs are important in 3'-termi-
nal extension. Taken together, none of the mutations in
the upper stem decreased 3’-terminal extension to the
basal level, indicating the lack of specific sequence
requirements for RdRp binding. A strong preference for
the presence of stable base pairs was observed in this
region, although replacing a A-U base pair with G-C
base pair, which resulted in four consecutive G-C pairs,
also decreased 3'-terminal extension activity. Some of
the mutants supported a role of the upper stem in posi-
tioning of the motifl-hairpin and the priming stem relative
to one another rather than in binding to the RdRp.

This study unexpectedly reveals the complex nature of
the 3'-terminal extension reaction in TCV, since similar
motifl-hairpin mutations when present in different con-
structs gave frequently very different 3’'-terminal exten-
sion activity. For example, comparison of the 3’-terminal
extension activity for all three series of constructs re-
vealed that most of the mutations were less debilitating
when present in the motifl-hairpins of CD-27 and CD-
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FIG. 7. The effect of mutations in the upper stem of the motifl-hairpin on the level of 3'-terminal extension. (A) Single or multiple base changes were
introduced into the motifl-hairpin sequence as shown. Mismatch-mutations are shown with single letters, deletions are indicated by A, while
compensatory mutations that preserved base pairing within the stem are shown with base-paired nucleotides in gray boxes. Multiple mutations in
UStem32, UStem43, UStem44, and UStem48 are shown separately. (B) Graphic representation of the relative amounts of 3’-terminal extension
reactions obtained with mutants of (A). The data are shown as described in the legend to Fig. 3C.

27mini than in CD-14B. Another general trend was that
the highest 3’-terminal extension activity was observed
for the CD-27mini constructs, suggesting that the motifl-
hairpin and/or the priming stem is more accessible in the
absence of extensive 5’ sequences that include a posi-
tive-strand initiation (transcriptional) promoter. Competi-
tion experiments between the mutated and wt motifl-
hairpin constructs demonstrated that most of the mu-
tants supported 3'-terminal extension only at a slightly
reduced level in the competition assays as compared to

the noncompetition assays. Based on these observa-
tions, we suggest that the role of the motifl-hairpin in
3'-terminal extension is complex and can be influenced
by flanking sequences. We propose that in addition to
recruiting the RdRp, the motifl-hairpin may play a role in
positioning the priming stem (or the 3'-OH group of the
3'-terminal nucleotide) “properly” to the catalytic center of
the RdRp. Some motifl-hairpin mutations may change
how the RdRp binds to the hairpin (i.e., the location of
catalytic center relative to the priming stem may be
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altered for some mutants). If there is a flexible spacer
element between the priming stem and the motifl-hair-
pin, this spacer may increase the efficiency of 3'-terminal
extension by allowing the proper presentation of the
priming stem for the bound RdRp before initiation of RNA
synthesis. This may result in an increased 3'-terminal
extension activity for CD-27 and CD-27mini mutants. In
contrast, motifl-hairpin mutations may inhibit 3'-terminal
extension to a larger extent for CD-14B since the spacer
region is part of the priming-stem (i.e., base-paired in
CD-14B) and therefore, it may disfavor the proper pre-
sentation of the priming stem for the bound RdRp. Thus
according to this model, both RdRp binding and proper
positioning of the 3’ end of the primer stem are important
for 3’-terminal extension. This would explain why CD-27
and CD-27mini with a single-stranded spacer can retain
more activity than CD-14B with no spacer for several
hairpin mutants.

None of the motifl-hairpin mutations tested showed
basal level of 3'-terminal extension with all three sets of
constructs. Therefore, this study suggests that none of
the nucleotides within the motifl-hairpin is absolutely
required for 3’-terminal extension. Overall, the results of
the mutagenesis and competition experiments suggest
that the TCV RdRp recognizes the secondary and/or
tertiary structure of the motifl-hairpin. In addition, the
sequence of the motifl-hairpin possibly plays a role
through either directly influencing RdRp binding or indi-
rectly by altering the secondary and/or tertiary structure
of the motifl-hairpin. Therefore recognition of the motifl-
hairpin by the TCV RdRp may be similar to the recogni-
tion of subgenomic promoters on the TCV minus strands
(Wang and Simon, 1997) and the negative strand initia-
tion promoter on sat-RNA C (Song and Simon, 1995;
Stupina and Simon, 1997; Carpenter and Simon, 1998).
These promoter sequences contain hairpin structures
that are required for complementary RNA synthesis. In
addition to the hairpin structures, TCV RdRp also recog-
nizes short primary sequences with multiple consecutive
C residues followed by multiple consecutive purines
present on the negative-stranded sat-RNA C (Guan et al.,
1997). Direct RdRp-binding experiments will be useful to
elucidate the mechanism of motifl-hairpin recognition.

In summary, results presented in this and previous
papers (Nagy et al., 1998) suggest that the TCV RdRp
recognizes the secondary and/or tertiary structure of the
motifl-hairpin, while individual nucleotides play a less
important role. Recognition of the motifl-hairpin by the
RdRp may be important in recruiting the RdRp, either
complexed with the nascent strand or in its “free” form
during the template switching events. The motifl-hairpin
may also play a role in proper presentation of the 3’-
terminal nucleotide, which is part of the priming stem, to
the catalytic center of the RdRp.

In addition to its role in RNA recombination, the motifl-
hairpin has a cis-acting function in replication of sat-RNA C
(P. D. Nagy, J. Pogany, and A. E. Simon, unpublished data).

It is possible that cis-acting elements or sequences that
resemble cis-acting elements may play a role in RNA re-
combination in other viral systems as well. For example,
some of the junction sites in flock house virus, an animal
nodavirus, resemble a replication origin located at the ex-
treme 3’ terminus of RNA2 (Ball, 1997). The similarity of the
junction site sequences to the 3’ replication origin suggests
that internal sequences may guide the polymerase during
template switching (Ball, 1997). In addition, subgenomic
RNA promoters or related sequences are frequently found
as recombination sites in BMV (Allison et al. 1990), Sindbis
virus (Weiss and Schlesinger, 1991), tobacco mosaic virus
(Beck and Dawson, 1990), citrus tristeza virus (Bar-Joseph
et al,, 1997), and TCV (C. D. Carpenter and A. E. Simon,
unpublished results). Many crossover events in BMV (Nagy
and Bujarski, 1992; Rao and Hall, 1993), Sindbis virus (Ha-
jjou et al., 1996), tobraviruses (Goulden et al., 1991), cucu-
moviruses (Fernandez-Cuartero et al., 1994), alfalfa mosaic
virus (Huisman et al., 1989), and barley stripe mosaic virus
(Edwards et al., 1992) are located within 3" or 5’ terminal
promoter sequences. These terminal or internal cis-acting
sequences may have played a role in recombination events
by recruiting the RdRp/nascent strand complex.

MATERIALS AND METHODS
RNA template construction

RNA templates were obtained by in vitro transcription
with T7 RNA polymerase using either PCR-amplified
DNA templates (constructs CD-13mini, CD-27mini, and
CD-27 and their derivatives) or purified and BamHlI-lin-
earized plasmid DNA (construct CD-14B and its deriva-
tives) (Song and Simon, 1994; Nagy et al., 1997). After
phenol/chlorophorm extraction, unincorporated nucleo-
tides were removed by repeated ammonium-acetate/
isopropanol precipitation (Song and Simon, 1994; Nagy
et al., 1997). The obtained RNA transcripts were dis-
solved in sterile water, and their amount and size were
measured by a UV spectrophotometer and 5% polyacryl-
amide/8 M urea gel (denaturing PAGE) analysis (Song
and Simon, 1994; Nagy et al., 1997).

Constructs CD-13mini, CD-27mini, CD-27, and CD-14B
have been generated previously (Nagy et al., 1998). The
following derivatives of CD-14B with mutations in the mo-
tifl-hairpin were also available: U183G, U183G/A206C,
LStem/A2C, LStem/3G, LStem/3GC, U185G, U185G/A202C,
A189U, UStem/3GC, AU3, G191C, U192A, C193U, G194A,
G195U, and U196C (Nagy et al., 1998).

Constructs U203G/U204G, U203-205G, U203C/U204C,
U204G/U205G are derivatives of CD-14B and were con-
structed by PCR with primers hairpin-satD [5'-GGG(A/T)-
(A/IT)CCTTTCGAGTGGGATACTGCCAGGATATCGTACGG-
GAGCGTG-3'], and bulgemod [5'-GGACGGGGCCCA(G/
T/C) (G/T/C) (G/T/IC)ACCCTTTGGCTG-3'], while AC184
was obtained with primers hairpin-satD and har-dC (5'-
TTTTGGGCCCATTTACCCTTTGGCTGGAGGGTTGGG-3')
on CD-14B template. Constructs C193G, U192C/C193G,
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C193U/U196A, U196G/U197A, and U196G were obtained
by PCR with primers hairpin-satD and loop-mod [5'-GCA-
CGGGGCCCATTTACCCT(A/T/C)(G/AIT)GG(CIT)TGGAG-
GGTCTGG-3'], while C184U was generated with primers
hairpin-satD and C-bulgemod [5’-GCACGGGGCCCATTT-
ACCCTTTGGCTG(A/G)AGGGT(A/T/C)TGGGA-3'] on CD-
14B template. Constructs UStem32, UStem43, UStem44,
and UStem48 were generated by PCR with primers hair-
pin-satD and stem-mod2 [5'-GCACGGGGCCCATTTA(G/
C)(C/IT)GTTTGGCTGG(A/G)C(A/G)(G/C)TCTGG-3'], while
constructs AU2 and AU3+G were obtained by PCR with
primers hairpin-satD and DUU [5’-GGACGGGGCCCA(G/
T)ACCCTTTGG-3'] on CD-14B template. Constructs AU2/
AC, AU3+G/AC were obtained using primers hairpin-
satD and DUU on AC templates. All the above PCR
products were digested with Apal and EcoRV and cloned
into the similarly treated CD-14B. The appropriate clones
were selected by sequencing.

All the above CD-14B derivatives were used sepa-
rately to generate CD-27 and CD-27mini series of con-
structs. CD-27 derivatives were obtained with two se-
guential rounds of PCR, first using primers hairpin-1
[5'-GGG(A/T)(AIT)(AIT)(CIT)AGCCAGGGAATTCGTGAAA-
ACCTGGCTG-3'] and T7C3' (5'-GTAATACGACTCACTAT-
AGGGCAGGCCCCCCG-3') and the corresponding CD-
14B templates. This was followed by a second round of
PCR with primers har1/0 (5'-GGGAAACAGCCAGGGAAT-
TCGTGA-3') and T7C3’. CD-27mini series of constructs
were also obtained by PCR with primers harl/0 and
T7motifl (5'-GTAATACGACTCACTATAGGGCTGCCGCC-
GTTTTTGG-3’) using the corresponding CD-27 deriva-
tives as template. Constructs CD-27mini/random2 and
CD-27mini/random6 were obtained with primers hair-
pin-1 and T7C3’ using Selex/28-2 and Selex/28-6 tem-
plates (generous gift of Ben deRuyter), followed by a
second round of PCR with primers har1/0 and T7motifl
Constructs CD-13mini/random2 and CD-13mini/random6
were obtained with primers CD-13 (5'-GGACTCTTTCG-
AGTGGGATACTGCCAGGGAATTCGTGA-3') and T7motifl,
using CD-27mini/random2 and CD-27mini/random6 tem-
plates. The PCR products were purified and used for
RNA transcription.

3’-terminal extension product analysis

Preparation of template-dependent RdRp from TCV-in-
fected turnip plants, in vitro 3'-terminal extension reactions
(similar to transcription reactions, but using different RNA
templates), and product analysis was carried out as previ-
ously described (Song and Simon, 1994; Nagy et al., 1997;
1998) using a total RdRp reaction mixture of 20 ul that
contained 3 g of template RNA. For the competition stud-
ies, 6 ug of CD-27 and 1 ug of CD-27mini derivatives were
used in a 20 ul RARp reaction mixture.

After phenol/chlorophorm extraction and ammonium-
acetate/isopropanol precipitation, the products were an-
alyzed on a 20-cm-long denaturing 5% PAGE/8 M urea

gel, followed by autoradiography and densitometry
(Nagy et al., 1997). The data were normalized based on
the number of template-directed radioactive UTP incor-
porated into the 3’-terminal extension products and the
molar amount of the template RNA in the RdRp reaction.
For some experiments, gels were stained with ethidium
bromide, photographed and dried, followed by analysis
with a phosphorimager as described (Nagy et al., 1997).
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