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Sequences and Structures Required for
Recombination Between Virus-Associated RNAs

Pamela J. Cascone,* Tarik F. Haydar, Anne E. Simont

RNA recombination has been described for a number of viruses in the plant and animal
kingdoms, but the mechanisms of selection of recombination sites are poorly understood.
The nonrandom recombination between two subviral RNAs associated with turnip crinkle
virus was used to study the requirement for specific sequences and structures in the
generation of recombinant molecules. Single-base mutations that disrupted either the stem
or the loop of one of the two computer-predicted stem-loop structures eliminated detectable
recombinant molecules. However, recombinants were detected if compensatory mutations
were generated that re-formed a stable hairpin structure. These results provide evidence
for the necessity of specific structures in the formation of recombinant molecules in this

system.

The exchange of genetic material, as has
been demonstrated for a growing number of
plant and animal viruses, may be important
in the evolution, repair, and diversification
of viral genomes (I). Most of the evidence
suggests that viral RNA recombination in-
volves a copy choice mechanism whereby
the viral replicase switches from one tem-
plate to an alternate location on the same
or a different template where polymeriza-
tion of the nascent strand then continues
(2). An examination of intertypic poliovi-
rus recombinants (3) and recombinants be-
tween genomic RNAs of the tripartite
brome mosaic virus (4) has led to the
suggestion that local regions of hybridiza-
tion are the preferred sites for template
switching in these systems. However, the
availability of many favorable recombina-
tion sites in poliovirus and brome mosaic
virus genomes and the apparently random
nature of RNA recombination in most oth-
er viral systems (5) have precluded a de-
tailed analysis of how the replicase, nascent
strand, and templates interact to generate
recombinant molecules.

Turnip crinkle virus (TCV), a monopar-
tite, single-stranded RNA virus, is naturally
associated with both defective interfering
(DI) RNAs (6) and recombinant molecules
derived from combining a linear satellite
(sat-) RNA and the 3’ region of the viral
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genomic RNA (7, 8). One of three ~20-
nucleotide (nt) consensus sequences, two of
which are similar to sequences at or near
the 5’ ends of TCV-associated RNAs, is
always located at the right side of the
crossover junctions (8, 9). These findings
led us to propose a replicase-driven, copy
choice mechanism for RNA recombination
during synthesis of plus-strands (9).

An unusual example of aberrant homol-
ogous recombination between two TCV
subviral RNAs has also been found (9).
The parental RNAs were sat—-RNA D (194
bases), a sat-RNA of unknown origin with-
out appreciable sequence similarity to the
viral genomic RNA, and sat-RNA C (356
bases), a molecule originally formed from
two recombination events between sat—
RNA D and the TCV genome (Fig. 1).
Recombinant molecules appear to be pre-
cisely joined at one of five bases in sat—
RNA C (positions 175 to 179), with 30%
of the molecules also containing nontem-
plate-encoded nucleotides at the crossover
point (9). The five bases at the junctions of
the recombinants are contained within a
larger 19-base sequence (motif I) in sat—
RNA C (positions 175 to 193) that is
similar to the junction sequence in one
TCV DI RNA, as well as to a sequence near
the 5’ terminus of the TCV genomic RNA.

To determine the role of motif I -im
recombination between sat-RNA D and
sat-RNA C, we constructed a variant of
sat—-RNA C (deletion of nts 57 to 78) that
could only be amplified in plants after
recombination with sat—-RNA ‘D (10).
Transcripts containing mutations in and

801




No recombinant molecules were detect-
ed when the 31-bp Apa [-Bam HI fragment
(containing motif I) was moved to the Mlu
I site or replaced with a 31-bp fragment
from the polylinker of pUCS8 (15, 16).
These initial results indicated that motif I
was necessary for RNA recombination and
that either the location of the signal was
important or that sequences critical for
motif I recognition extended beyond the
Apa [-Bam HI fragment.

To determine the role of the primary
sequence of motif I on recombination, we
introduced 13 single-, double-, and triple-
point mutations in and around motif I in
pCAM (Fig. 1 and Table 2). Recombinant
molecules with normal crossover sites were
detected by Northern blot and PCR analy-
ses when point mutations were introduced
at or just upstream from the crossover site
(Fig. 2 and Table 1). Recombinant mole-
cules were not detected if the point muta-
tions were 4 to 17 nts downstream from the
normal crossover site (17). These results
demonstrated that alteration of single bases
can eliminate the detection of recombinant

around motif I, separately and in combina-
tion with the 22-nt deletion, were co-
inoculated with helper virus inoculum
(HVI) (11) onto 6 to 12 turnip plants. We
used direct RNA sequencing (12) to con-
firm that the mutations were faithfully
maintained in vivo (unless otherwise not-
ed). Recombinant molecules, detected by
Northern (RNA) analysis with sat-RNA
D- and sat-RNA C-specific oligonucleo-
tides, were amplified by polymerase chain
reaction (PCR) (13) and sequenced to lo-
cate the crossover sites.

To facilitate the analysis of motif I, we
created an Apa I site 13 bases downstream
from the motif and an Mlu I site 32 bases
upstream from the motif, generating plas-
mid pCAM (14). A derivative of pCAM,
pCAMB, was prepared by generation of a
unique Bam HI site at the predicted 5’
border of motif I. Inoculation of plants with
transcripts of pPCAMD or pPCAMBD (where
D denotes the inclusion of the 22-bp dele-
tion) resulted in the detection of recombi-
nant molecules with the expected junction

sites (Table 1).

A
sat-RNA D 572777774
(194 bases) — o T T~
wm e — e —
sat-RNA C 51277 | &
(356 bases) T T 1 T 1
1 S M B A 356
B
167
sat-RNA D 3'... GBUGAGCUUUCUCAGGUUCUGGGACGGG-5'
(minus strand) AMAMA AMAA  AA Y
Y [¢]
Bam Hi . >
[ *Eocicsen o B GSe
3'..6CCUGCGCACUUUUGGACCGACAAAGGGUGAGUU GGUUUCCCAUUUACCCUGGUUULU... 5'
sat-RNA C A _Uc Ucea GG U UAC G
(minus strand) v Y NN N NN Y
7AN R —
ca CuAG B
Y v I
| |
Ym L
Y mmm N I
Y
Y m——
Y s
N EE———

Fig. 1. Summary of mutations constructed in and around motif | and their effects on recombination
between sat-RNA C and sat-RNA D. Numbering is from (7). (A) Schematics of sat-RNA C and
sat—RNA D and the location of pertinent restriction sites in the cDNA of sat-RNA C. S, Sna BI; M,
Miu I; B, Bam HI; and A, Apa |. Hatched portions of the two sat-RNAs share 88% similarity;
unshaded portion of sat-RNA C is similar to two regions in the TCV genomic RNA. Short arrow
represents motif | (positions 175 to 193); short black bar denotes the location of the 22-base
deletion. Dashed line indicates the portions of sat-RNA D and sat—-RNA C found in recombinant
molecules. (B) Partial sequences of sat-RNA D and sat-RNA C. The minus strand is presented
because recombination is thought to occur during the synthesis of plus strands (9). Motif | is boxed.
Black arrowheads denote crossover points in recombinant molecules from both the current and
other studies (9). Open triangles denote insertions, and filled bars indicate deletions. Altered bases
shown above the sat—-RNA C sequence were compensatory changes that reformed hairpin b (Fig.
3). Alterations connected by lines were in the same construct. Underlined sequence denotes the
location of additional U residues found in certain recombinant molecules (Table 2). Y and N below
or to the side of the alterations indicate that recombinant RNAs were (Y) or were not (N) detected
with transcripts containing the mutations.
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molecules and confirmed that the sequence
required for RNA recombination extended
beyond the 19-nt motif predicted by se-
quence comparisons (9).

We therefore constructed alterations at
sites distal to the motif (I18) and tested the
altered transcripts for the ability to recom-

Table 1. Location of junctions in recombinants.
Inoculated transcripts contained the alterations
described in Table 2 as well as a deletion (D) of
bases 57 to 78. The location of crossover points
in the recombinants was determined after am-
plification of the RNA by PCR and subsequent
cloning. Nontemplate nucleotides at the junc-
tions (NTNs) were not present in either of the
two parental sat-RNAs and are presented from
the minus strand sequence. No., number of
clones; Left, the position in sat—-RNA D of the
left junction; and Right, the position in sat-RNA
C of the right junction.

Plasmid Left Right NTNs No.
pCAMD 181 176
180 176 AG
189 179
189 179
pCAMXD 188 176
182 176
187 178
186 179
pCAM79D 181 176 C
181 178
pCAM302D 180 173
180 176
194 176
181 178
181 180
pCAMBD 181 153
181 178 AA
180 178 AA
181 178 1

pCAM177D 180 144
180 176 AA
180 178 A

LA NN AN =S SN A A WA LA A N A AN O A2 A NNONWN LUl 2 2 R W_LN S 2 WWWD

185 179

181 179  AUUC

180 179

185 180
pCAMS55D 180 176 A

193 176 G

180 176  AA

180 178 A
pCAMIMD 180 176

181 176

179 177 AAA

180 178  AA

179 179

185 179

185 180

185 180
pCAMBdIABD 193 187

183 218
pCAM628D 181 176

180 177  AA

180 178  AA

181 178 U
pCAM820D 179 160

181 177

178 178  AAAA

182 178

185 179




L

bine (Fig. 1 and Table 2). A 4-bp deletion
at the Apa I site eliminated detectable
recombinants, indicating that the region
involved in template switching extended at
least 15 nts downstream of motif I. Recom-
binant molecules were detected after a 2-bp
insertion at the Mlu I site or a 4-bp inser-
tion at the Bam HI site. Some of the
recombinant species derived from tran-

Fig. 2. Example of the Northern
blot analysis used for the detec-
tion of recombinant molecules.
LiCl-insoluble RNA was extracted =
- - =
from leaf tissue 3 weeks after in-
oculation (77) with HVI alone or
HVI and transcripts derived from
the plasmids indicated above
each lane. RNA (3 ng) was sub-
jected to electrophoresis through
a denaturing 4% polyacrylamide—
50% urea gel and transferred to a
Nytran support (Schleicher &
Schuell). Identical blots were then
hybridized (6) with 32P-labeled
oligonucleotides complementary

-

scripts with the Mlu I or Bam HI insertions
contained 4 to 13 additional U residues in a
region (positions 213 to 217) normally con-
taining only five U residues (19). Tran-
scripts containing alterations at both the
Apa I and Mlu I sites did not lead to
detectable recombinants, whereas recombi-
nant molecules with unusual junctions (po-
sitions 187 and 218) were generated in a

| pCAMD
pCAM79
pCAM79D

| pCAM302
pCAM260D

a]]
N
o
]
=
<
Q
[-%

.| pCAMS5
~ pCAMS5D
" pCAM182D

to either positions 339 to 356 of sat-RNA C (top) or positions 44 to 59 of sat-RNA D (bottom).
Plasmids are defined in Table 2. D denotes that plasmids also contained the 22-base deletion. The
sat—-RNA D-specific oligonucleotide did not hybridize to the similar region in sat-RNA C because
of four mismatched bases. The positions of sat-RNA C (C), sat-RNA D (D), and recombinants
between sat-RNA C and sat-RNA D (C/D) are indicated. Asterisk (*) denotes recombinants
between sat—-RNA D and the 3' end of the TCV genomic RNA that frequently accumulate in plants
inoculated with HVI alone or HVI plus transcripts of sat-RNA C that are uninfectious (8).

Fig. 3. (A) Secondary A B

strupture model of 'the 140 w«:ﬂﬂ rout 217 140 217

region encompassing 3..6cc GPuU Gc uuuLy ... 5 ¥..GauuuLY... 5

78 bases of the minus wi@d § AS S WOACH o _au—c8

strand of sat-RNA de- & WAy U (CGACAMGS

rived from pCAM. Num- ~e1e ‘@ aar e¢

bering is as in Fig. 1. ula §¢ Ucﬁuw R

Motif | is situated be- A %lﬁ U, Geq&z:u aY

tween the open arrows. & A} K % 8¢

Closed arrows encom- \fg_ f'\-_——\ po gg

pass the location of a bl:l%r’ &Y%

normal crossover sites. Vo &

Dashed lines indicate 4

potential loop-loop in-

teractions. Circled resi-  © D

dugs alaw, anq boxed AG A oyt , 217 a'?gcc cuulucuuac ceeeuuuu?z s

;%srft;ﬁ;ioiboxﬁz}] ’ae| &5 ACAAAGETS, © ASSSy Souuul .5 g A NI
ol G U @c G U 18V [0 Atm

tered. Bases altered in Yy f g¢ AS 8 bAU

the same construct are % S A e WAL o2

connected by lines. &Y uA g¢

The arrow extending [ Gc AY Y

from the Mlu | site indi- #ac oA & g @Ec

cates the location and vy s © UCAG A

direction of the dele-
tions described in Ta-

o
o

ble 2. Bracket encloses the four bases deleted at the Apa | site (pCAMdA) that eliminate detectable
recombinants. The inserted bases at the Mlu | site (pPCAMiM) and Bam HI site (p.CAMBIB) are shown

(the Bam HI site was created by changing U'"”

to C). Hairpin loops a and b are indicated. (B)

Predicted folding of the sat-RNA derived from pCAM182. The boxed residue was altered from a U
to a G. (C) Predicted folding of the sat-RNA derived from pCAM260. The boxed residue was altered
from a U to a G. (D) Compensatory changes constructed to repair mismatches in hairpin b or
between the two loop regions. Arrows pointing away from the structures indicate alterations that
abolish recombination. Arrowheads pointing toward the structures indicate compensatory muta-

tions engineered to repair putative mismatches.
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single plant (out of six) inoculated with
transcripts containing alterations at both
the Apa I and Bam HI sites.

To determine the 5’ border of the se-
quence required for recombination, we gen-
erated deletions of 1 to 12 bp in pPCAM
from the Mlu I site toward motif I (10). The
number of plants containing detectable re-
combinants was substantially reduced if
transcripts contained deletions of 7 or 12
bases (Table 2). This result suggested that
the left border of the sequence required for
recombination extended 16 to 20 residues
upstream from the border predicted by se-
quence comparisons (9).

Seventy-eight bases, including the 65
residues between the Mlu I and Apa I sites,
were subjected to secondary structure anal-
ysis by means of the Zuker and Stiegler
algorithm (20) (Fig. 3A). In the dual stem-
loop structure generated, the normal cross-
over site is found in a single-stranded region
near the base of hairpin b (Fig. 3A). Nu-
cleotides in the two loops could hydrogen
bond to form a loop-loop interaction. Se-
quences corresponding to the Apa I and
Bam HI sites are juxtaposed; transcripts
with alterations at the Apa I site did not
result in detectable recombinants, whereas
recombinant molecules were isolated when
transcripts contained alterations at both the
Apa I and Bam HI sites.

Secondary structure models were gener-
ated for each alteration presented in this
paper. Transcripts containing changes in
which the lowest free energy structure was
substantially different from the dual stem-
loop structure did not recombine with sat—
RNA D at detectable amounts (16) (Fig. 3,
B and C). We tested the effect of restoring
base pairing in hairpin b by generating
compensatory mutations in which the orig-
inal presumptive U:A pairing in two loca-
tions was replaced with G:C pairing (Fig.
3D). In both cases, the compensatory
changes restored the generation of recom-
binant molecules (with normal crossover
sites) in all inoculated plants (Table 2).
These data provide evidence for the exis-
tence of hairpin b in vivo and are consistent
with our prediction that this structure is
involved in template switching between
sat—-RNA D and sat-RNA C by the repli-
case.

We also engineered compensatory muta-
tions to test whether mutations in the loop
of hairpin b inhibited recombination be-
cause of an inability to form loop-loop
interactions (Fig. 3D). Sat-RNA C con-
taining the original (A!%’, C!'%¢) and com-
pensatory changes (G'*¢, U'®?) did not
recombine with sat-RNA D at detectable
amounts (21). Rather than by involvement
in RNA tertiary structure, bases in the loop
of hairpin b may participate in direct inter-
action with the replicase.



RNA binding proteins recognize specific
primary sequences (22) or structures (23) of
RNA molecules. The most common sec-
ondary structural elements recognized by
proteins are hairpins, with the strongest
interactions generally in loop or bulge loop
regions (24). Our other findings, that one
of three consensus sequences was at the
right sides of all junctions and that two of
these motifs resembled sequences at the 5’
ends of TCV-associated molecules, suggest-
ed that the primary nucleotide sequence
was recognized by the enzyme that mediates
recombination during synthesis of plus
strands. However, based on our findings
here, the functional significance of the
sequence of motif I (which comprises a
portion of hairpin b) in the generation of
recombinants is not clear. Converting two
A residues to G residues in the motif I
sequence did not adversely affect recombi-

nation, provided that compensatory muta-
tions re-formed the hairpin. This suggests
that the involvement of these two positions
in stabilizing the hairpin is more important
than the specific primary sequence is.

It is also not known whether the corre-
sponding structure in plus strand sat—-RNA
C is recognized by the replicase as a site for
recombination. To detect recombinant
molecules in our in vivo system, they must
be functional, which means they must be
amplifiable by the replicase and then pack-
aged for systemic spread. Although the
replicase may recognize the plus strand
structure, the generated recombinants
would contain sat-RNA D sequence at the
5" end and the roughly complementary
sat—-RNA C sequence at the 3’ end (includ-
ing the 22-nt deletion). These nearly full-
length hairpin molecules would probably
not be viable.

Table 2. Effect of mutations in and around motif | on recombination between sat-RNA D and
sat—-RNA C. Infectivity refers to the number of plants accumulating sat-RNAs visible in denaturing
polyacrylamide gels stained with ethidium bromide, relative to the number of plants inoculated with
HVI and transcripts containing the alterations. For the recombination assay, alterations shown were
combined with the 22-base deletion. In the Northern analysis, the number of plants containing RNA
species that hybridized to both sat-RNA D— and sat-RNA C—specific probes is shown relative to the
total number of plants inoculated. Y indicates that recombinant molecules were cloned out of at
least one of two plant RNA samples after amplification with sat—-RNA D— and sat-RNA C-specific
oligonucleotides (73); N indicates that no PCR products corresponding to recombinant species
were detected. Ins, bases inserted; Del, bases deleted; and NT, not tested.

Recombination

Name Location of mutations Infectivity assay
Northern PCR
Base changes
pCAM U210 —» G 5/6 6/6 Y
pCAMX Ut - A, G - U, U2 > C 6/6 1/6 Y
pCAM79 C'7¢ - U 6/6 5/6 Y
pCAM302 C'76 - A 6/6 2/6 Y
pCAMB U'77 - C 6/6 3/6 Y
pCAM177 U7t » G 6/6 5/6 Y
pCAMS55 A7 - G 6/6 4/6 Y
pCAM182 ued » G 6/6 0/6 N
pCAM260 u'et - G 6/6 0/6 N
pCAM118 A8 — U 7/9 0/6 N
pCAM229 C'%8 > U 5/6 0/6 N
pCAMP G195 —» A, U9 - C 6/6 0/6 N
pCAMBP U - C,G' - A U - C 6/6 0/6 N
pCAM115 ued » G, C'%8 - U 5/9 0/6 N
Insertions and deletions
pCAMIM 148-Ins CG 6/6 5/6* Y
pCAMBIB 177-Ins CUAG 6/6 3/6* Y
pCAMdA Del C208_G21 6/6 0/6 N
pCAMBdIAB 177-Ins CUAG; Del C208_G211 6/6 1/6t Y
pCAMdIAM 148-Ins CG, Del C208-G2"" 6/6 0/6 N
pCAMd1 Del A48 6/6 6/12 NT
pCAMd3 Del A'48_150 6/6 72 NT
pCAMd6 Del A'48_1s3 6/6 312 NT
pCAMd7 Del A148_G154 6/6 112 NT
pCAMd12% Del A148_G159 6/6 012 NT
Compensatory mutations
pCAM820 U'es - G, A%6 - C 6/6 6/6 Y
pCAM628 U — G, A2 —» C 6/6 6/6 Y
pCAM456 G — A, U - C 4/6 0/6 N

A58 5 G, C157 — U

*Some recombinant molecules contained 4 to 13 additional U residues at position 213.
fContains an additional Mlu | linker at the deletion site.

sites were shifted to unusual locations (Table 1).
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Protein-Induced Bending as a
Transcriptional Switch

José Pérez-Martin and Manuel Espinosa*

The question of whether protein-induced DNA bending can act as a switch factor when
placed upstream of an array of promoters located in tandem was investigated in vivo. The
catabolite activating protein binding site of the fur operon was replaced by the binding site
of the RepA repressor protein, which is able to bend DNA immediately after binding.
Appropriately phased induced bending could act as a transcriptional switch factor in vivo.

Gene expression in prokaryotes is fre-
quently controlled by DNA binding pro-
teins that attach upstream of the region
proximal to the transcription start site (1).
Many of these regulatory proteins bend
cognate DNA sequences after binding (2),
but whether the resulting DNA curvature
forms part of the mechanism for transcrip-
tion initiation remains uncertain. Intrinsi-
cally bent DNA activates several promoters
(3, 4), and curved regions can be ex-
changed with the binding site of a DNA
bending protein (5). The catabolite activa-
tor protein (CAP) from Escherichia coli,
which is involved in transcription activa-
tion of several operons, bends the DNA
after binding to its target (6). There are
instances of CAP-dependent systems, such
as lac and gal operons, in which upstream
intrinsic DNA bends have by themselves
the capacity to activate transcription, thus
functionally replacing the binding site of
CAP (7). These findings support the model
that upstream DNA bending is an impor-
tant element in transcription activation
(8). Recent studies have suggested that,
however, contacts between CAP and RNA
polymerase are more important than CAP-
DNA interactions (9), thus making it un-
clear how bending would affect such pro-
tein-protein interactions. To study the ef-
fects of protein-induced DNA bending in
transcription initiation in vivo, we exam-
ined the effect of substituting the CAP site
of the E. coli fur operon with the heterolo-
gous binding site of the DNA bending
repressor RepA [recently renamed CopG
(10)]. Our results support a model in which
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DNA bending could act as a transcriptional
switch: one promoter is activated, whereas
an adjacent one is repressed.

The product of the fur gene is involved
in the control of iron transport and metab-
olism in E. coli, and its synthesis is regulat-
ed by CAP (11). Like other CAP-activated
systems, the fur gene is expressed from two
tandem overlapping promoters having their
—35 and —10 regions located on opposite
sides of the DNA helix. Primer extension
analysis of fur RNA isolated in vivo indi-
cated that under catabolite repression con-
ditions, activity of the downstream promot-
er P, (placed at the opposite helix side of
the CAP binding sequence) is paralleled by
a decrease in transcription from the up-
stream promoter Pg. In contrast, transcrip-
tion from Py (located at the same helix side
as the CAP binding site) is stimulated
during catabolite activation, whereas tran-
scription from the downstream promoter P,
is repressed (I11). Transcriptional switches
have also been observed in systems like the
gal operon (12), although they may be
explained by competition between CAP
and RNA polymerase for nearby sites with-
in the same DNA region at the basal
promoter. In the case of fur, however,
target sequences of CAP are significantly
distant from the —10 and —35 regions of
the basal promoter, P, (—70 with respect
to the transcription start site).

We have proposed (5) that when curved
regions, or the recognition target of a pro-
tein that bends DNA, are placed in phase
with a promoter, increases in the DNA
curvature would facilitate RNA polymer-
ase-promoter interactions during the initia-
tion of transcription. In contrast, when
those sequences are not phased with the
promoter, static or induced bends would
hinder the formation of a transcriptional
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