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ABSTRACT

In several groups of bacterial plasmids, antisense
RNAs regulate copy number through inhibition of
replication initiator protein synthesis. These RNAs
are characterized by a long hairpin structure inter-
rupted by several unpaired residues or bulged loops.
In plasmid R1, the inhibitory complex between the
antisense RNA (CopA) and its target mRNA (CopT) is
characterized by a four-way junction structure and a
side-by-side helical alignment. This topology facili-
tates the formation of a stabilizer intermolecular helix
between distal regions of both RNAs, essential for
in vivo control. The bulged residues in CopA/CopT
were shown to be required for high in vitro binding
rate and in vivo activity. This study addresses the
question of why removal of bulged nucleotides
blocks stable complex formation. Structure mapping,
modification interference, and molecular modeling of
bulged-less mutant CopA-CopT complexes
suggests that, subsequent to loop-loop contact,
helix propagation is prevented. Instead, a fully base
paired loop—loop interaction is formed, inducing a
continuous stacking of three helices. Consequently,
the stabilizer helix cannot be formed, and stable
complex formation is blocked. In contrast to the four-
way junction topology, the loop—loop interaction
alone failed to prevent ribosome binding at its
loading site and, thus, inhibition of RepA translation
was alleviated.

INTRODUCTION

Many antisense RNAs are regulators of plasmid copy number
(1). Plasmid R1 belongs to the IncFII family of plasmids which
shares the overall genetic organization with respect to replica-
tion control functions. In plasmid R1, replication is negatively
controlled at the translational level by binding of the antisense
RNA (CopA) to its target site (CopT) in the leader region of the
repA mRNA, ~80 nt upstream of the repA start codon (2).

Synthesis of the replication initiator protein RepA requires
translation of a short leader peptide (tap), encoded upstream of
repA. Binding of CopA prevents tap translation by occluding
ribosome binding at the tap ribosome binding site (RBS), and
thereby repA expression is inhibited (3-5). Interestingly,
several copy number control antisense RNAs which all inhibit
translation of replication initiator proteins have structural proper-
ties similar to those of CopA. These RNAs are fully comple-
mentary to their target site and contain a long stem—loop
structure. For proper control, the intracellular concentration of
the antisense RNA must be a measure of the plasmid concen-
tration: this is ensured by constitutive synthesis and a short
half-life of these RNAs (6). Furthermore, efficiency of in vivo
control is correlated with high rates of antisense RNA binding
to its target site [in the order of 10¢ M-!s~! (7)]. This class of
antisense RNAs does not require trans-acting proteins to
promote inhibition. Thus it can be speculated that the structure
of these antisense RNAs has evolved to be optimized for the
critical steps that determine their regulatory functions.

Kinetic studies have shown that the initial step of antisense
RNA binding involves a loop—loop interaction mediated by a
limited number of Watson—Crick base pairs, the so-called
kissing complex [R1 (8); pMU720 (9); Collb-P9 (10,11)]. In
plasmid R1, we have recently shown that this loop—loop inter-
action is rapidly converted into a stable and inhibitory complex
formed through a hierarchy of distinguishable intermediates,
and that the formation of a full duplex in vitro is too slow to be
of biological relevance (12-14). The major product of the
binding reaction adopts an unusual structure characterized by a
four-helix junction. Its formation involves extensive breakage
of intramolecular base pairs to promote the formation of two
intermolecular helices (see Fig. 1) (13). This conversion is
essential for the formation of an irreversible complex and for
the activity of the antisense RNA in vivo (14). We proposed
previously that the four-way junction structure could promote
a side-by-side helical alignment to allow formation of a third
long intermolecular helix, involving the 5’ tail of CopA and the
complementary region of CopT (13). Recent data indicated
that a topology, strikingly similar to that of the stable CopA—
CopT complex, may be present in complexes of all R1-related
plasmids (11,15). This structure completely and irreversibly
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inhibits repA translation, mainly by occluding ribosome
binding [e.g. pMU720 (16); R1 (5); Col1b-P9 (17)].

In addition to the recognition loops and the single-stranded
regions required for stable complex formation, these antisense
and target RNAs carry internal loops or unpaired residues in
the major stem close to the hairpin loop. This is characteristic
for antisense RNAs with long hairpins for which, unlike
RNAI/RNAII of ColE1 (18,19), no protein is involved in regu-
lation. The upper stem structure-disrupting elements can have
several functional implications. They protect the RNAs against
the double strand-specific RNase III since removal of bulged
residues rendered CopA sensitive to cleavage in vivo and
in vitro (20). Furthermore, their deletion strongly affected
control in vivo and rapid formation of stable antisense/target
RNA complexes in vitro [R1 (21); pUM720 (22); Col1b-P9
(23)]. Importantly, the positioning of these bulged residues
close to the apical loop is critical since an internal loop placed
at the bottom part of the stem did not restore inhibitory activity
0.

In the present paper, we show that removal of the bulged
residues in CopA and CopT interferes with progression of the
initial loop—loop helix towards the four-way junction. Instead,
the loop-loop interaction formed by bulge-less CopA and
CopT complex becomes arrested in a state that involves pairing of
all loop bases, and does not convert to a stable complex. This
complex fails to prevent ribosome binding at fap RBS.

MATERIALS AND METHODS

Oligodeoxyribonucleotides

Oligodeoxyribonucleotides were bought from IBA-NAPS.
Primers for the generation of transcription templates were for
CopT,y,: T7GG, 5-GAA ATT AAT ACG ACT CAC TAT
AGG TTA AGG AAT TTT GTG GCT GG-3" (T7 RNA
polymerase promoter sequence underlined) and SeqP/II, 5’-
CGG ATT CGG GTT CTT TA-3%; for CopT,,: GW46, 5’-
GAA ATT AAT ACG ACT CAC TAT AGG CCC CGA TAA
TCT TCT TCA ACT T-3" and GW47, 5-TGT TGG CTA TAC
GGT TTA AGT-3’; for CopA: T7-SA, 5-GAA ATT AAT
ACG ACT CAC TAT AGT AGC TGA ATT GTT GGC TAT
ACG-3" and T7-EA, 5-AAA GCA AAA ACC CCG ATA
ATC TTC-3’. The primers for Copl were T7-SI, 5-GAA ATT
AAT ACG ACT CAC TAT AGG GCC CCG GTA ATC TTT
TCG T-3’ and T7-ElL, 5-AAA CCC CGA TAA TCT TCT
TCA-3’. SeqP/Il was also used for primer extension in the
toeprinting experiments.

DNA templates and RNA synthesis

CopT, CopA, Copl and mutant RNAs (Lo, Up, L/U) were
synthesized by T7 RNA polymerase from PCR-generated
DNA fragments as described (20). PCR fragments were gener-
ated from plasmid pGW58 carrying the wild-type copA/copT
region (3), and from mutant plasmids (20). Transcription of
CopT yields a run-off product of 302 nt initiated with GG
instead of the GU sequence of the wild-type repA mRNA. A
shorter CopT5, corresponding to the complementary sequence
of the antisense RNA was also produced, the RNA starts with
GG instead of AG, i.e. CopA RNA contains a 5" terminal G
instead of an A residue. Neither of these nucleotide changes
affects structure or binding properties. CopA and Copl mutants

contained either a U52-A64:2 base pair inserted in the upper
stem (Lo), or a C47:2-G69 base pair instead of a bulged
guanine 69 (Up), or both (L/U) (Fig. 1) (20). The complementary
changes were also introduced in CopT mutants. RNAs were
purified from 8% polyacrylamide—urea gels.

5" End-labeling of dephosphorylated RNA was performed
with T4 polynucleotide kinase and [y-32P]ATP (24). Labeled
RNAs were purified by polyacrylamide—urea gel electro-
phoresis, eluted and precipitated twice with ethanol. Before
use, the RNAs were dissolved in water and renatured by incu-
bation at 90°C for 2 min, followed by slow cooling at 20°C in
TMN buffer (20 mM Tris-acetate pH 7.5, 10 mM Mg-acetate,
100 mM sodium acetate).

Enzymatic and chemical probing

Antisense RNA binding was carried out at 37°C for 15 min in
TMN buffer with end-labeled CopT (3 x 108 M) and a 5-fold
excess of unlabeled CopA or Copl (1.5 x 107 M), or with end-
labeled CopA or Copl (4 x 1078 M) and a 5-fold excess of unla-
beled CopT (2 x 1077 M). Full duplexes between CopT and
CopA species were formed by incubation at 90°C for 2 min
followed by slow cooling to 37°C in TMN buffer. RNase V1
hydrolysis, Pb**-induced hydrolysis and modification [N7]G
by lead- and nickel-complex (NiCR) were done as previously
described (13). Cleavage positions were identified by running,
in parallel, RNase T1, RNase U2 and alkaline ladders of the
end-labeled RNA (25). Incubation controls were done to detect
nicks in the RNA.

Phosphate modification interference with ethylnitrosourea

5’ End-labeled RNA (10 nM) was first modified in 50 ul of
buffer containing 50 mM sodium cacodylate pH 8.0, I mM
EDTA with 16 ul of an ethylnitrosourea (ENU)-saturated
ethanol solution for 1 min at 90°C. Reactions were stopped by
ethanol precipitation with 0.3 M sodium acetate. Pellets
were dissolved in TMN buffer, and complexes were formed
with 1-5 nM of the unlabeled complementary RNA. An
aliquot of labeled RNA was submitted to the same treatment
except that ENU was omitted. Free and complexed RNAs were
separated by electrophoresis at 4°C on 8% non-denaturing
polyacrylamide gels in 45 mM Tris-borate pH 8.3. The corre-
sponding bands were identified by autoradiography, cut out,
and the RNA was eluted overnight at 4°C in 500 mM ammonium
acetate pH 6, 0.1 mM EDTA, followed by precipitation. Ethylated
phosphates were identified by incubating the modified RNA in
10 ul of 0.1 M Tris—HCI1 pH 9.0 at 50°C for 10 min. The
control experiment was submitted to the same treatment. After
precipitation, the RNA fragments were separated by dena-
turing gel electrophoresis on 15% polyacrylamide gels.
Cleavage positions were identified by running in parallel
RNase T1, and alkaline ladders of the end-labeled RNA.

Toeprinting assays

Toeprinting was performed essentially as previously described
(5). The [*?P]5’ end-labeled primer SepP/II was first annealed
to CopT RNA in 20 mM Tris-acetate pH 7.5, 60 mM NH,Cl, 3
mM [-mercaptoethanol, heated at 90°C for 1 min and cooled
on ice for 1 min. After the addition of 10 mM Mg-acetate, the
RNA was incubated at 20°C for 20 min. Initiation complex
formation was performed at 37°C from 30 s to 15 min in a reac-
tion mixture containing 10 mM Tris-acetate pH 7.4, 60 mM
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Figure 1. Secondary structures of the antisense RNA CopA (A), its target site CopT (B) and the stable CopA—CopT complex (C). The sequence of Copl is framed.
Positions of mutations Lo, Up and L/U are shown on both RNAs. The Shine—Dalgarno sequence at fap is indicated. The secondary structure model for CopA—

CopT is from Kolb et al. (13).

NH,C], 10 mM Mg-acetate, 6 mM B-mercaptoethanol and,
unless otherwise stated, 40 nM CopT RNA, 125 nM 30S subu-
nits and 1 uM tRNAMet In the toeprinting inhibition experi-
ments, antisense RNA/target RNA complexes were formed
prior to ternary complex formation at 37°C for 15 min (as
described above) in the presence of a 5-fold excess of CopA or
Copl species, followed by the addition of 30S and tRNA.
Concentrations of the antisense RNA was chosen to get an
optimal formation of the kissing complex. Primer extension
reactions were subsequently performed at 37°C for 15 min by
adding 2 U of AMYV reverse transcriptase (Life Sciences).
Reactions were stopped by phenol extraction and ethanol
precipitation.

Graphic modeling

The 3D model of CopT-L/U (nucleotides C88 to A178) inter-
acting with CopA-L/U (nucleotides G1 to U87) was built using
several algorithms (26) incorporated in the program MANIP
(27). The generated model was subjected to restrained least-
squares refinement using the programs NUCLIN and
NUCLSQ (26) in order to ensure geometry and stereo-
chemistry with allowed distances between interacting atoms
and to avoid steric conflicts. The color views were generated
with the program DRAWNA (28).

RESULTS

The loop-loop interaction is essential to initiate pairing in
the wild-type and mutant complexes

Mutations in CopA and CopT which generated fully helical
upper stems decreased the rate and stability of stable CopA—
CopT complex formation by more than one order of magnitude
(21). These effects suggested the topology of mutant and wild-
type complexes to be different. Here, we used chemical
modification interference experiments to probe the initial inter-
action in the wild-type CopA—CopT, Copl-CopT and mutant
Copl-L/U-CopT-L/U complexes. Copl is a truncated CopA,
unable to form the stable complex with CopT, but capable of
forming the extended kissing complex (8,13). In the L/U

mutant RNAs, the bulged nucleotides have been replaced by
standard Watson—Crick base pairs (Fig. 1) (20,21). Phosphate
groups were modified by treatment with N-ethyl-N-nitro-
sourea. The protocol used ensured ethylation of the non-
bridging oxygens to, on average, less than one modification
per molecule. Such an approach had been successfully used to
probe the loop—loop interaction involved in the dimerization
process of HIV-1 RNA (29). Modified antisense or target
RNAs were allowed to form complexes with their counter-
parts. Free RNA and RNA-RNA complex, were separated by
gel electrophoresis under native conditions and eluted from the
gel. Sites of modifications in each fraction were then identified
by alkaline treatment which induces RNA scission at the modi-
fied phosphate. Cleavages present in the free RNA species but
absent from the ones in the complex indicate the positions at
which modification prevents complex formation (negative
interference). Consequently, the free RNA fraction is enriched
for RNA species that carry modifications that interfere with
complex formation, and thus the cleavages corresponding to
the positions of negative interference are enhanced (Fig. 2,
lanes F).

Strong inhibition of wild-type CopA—CopT complex forma-
tion was observed upon ethylation of phosphates 112-114 in
CopT, and 58-59 in CopA (Fig. 2A and B). Interestingly, the
strongest interference pinpointed a subset of nucleotides in
both CopT and CopA loops (Fig. 2D) in which many copy
number mutations had been mapped [5-GGCG in CopT; e.g.
(30)]. In addition, ethylation of phosphates 111, 115-120 in
CopT, and phosphates 57 and 60 in CopA, resulted in partial
interference. Identical results were obtained with the truncated
antisense RNA, Copl (result not shown). The mutant complex
formed between Copl-L/U and CopT-L/U was also analyzed
(Fig. 2C). Compared to the wild-type case, a single and
extended region of strong negative interference was observed,
comprising phosphates 57-62 within the loop of Copl-L/U
(Fig. 2D). In addition, partial interference was observed upon
modification of phosphates 54-56 in the 5’ part of the Copl-L/U
stem. Given the number of modifications that prevent complex
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Figure 2. Effect of phosphate ethylation on complex formation. 5" End-labeled CopT (A), CopA (B) and CoplI-L/U (C) were modified with ENU and submitted to
complex formation with either CopA (A), CopT (B) and CopT-L/U (C). F and C refer to RNA extracted from the bands containing the free RNA and the RNA—
RNA complex, respectively; T corresponds to the total population of unmodified and ENU-modified CopA used for the interference experiment. (+) and (-) RNA
are treated or untreated with ENU, respectively. Lanes T1 and L correspond to RNase T1 and alkaline ladders. Negative interference is indicated by vertical bars
on the autoradiograms. In (B), lanes F, the cleavage at position U27 found in the free RNA population is not specific and may originate from a fortuitous RNase
contamination. (D) Secondary structures of the RNAs showing the position of modified phosphates which interfere with complex formation. Filled and empty
triangles indicate strong and weak interference, respectively. For clarity, the numbering of nucleotides in Copl-L/U was identical to that of wild-type Copl, except
that the additional nucleotides were assigned as positions 47:2 and 62:2. Mutations are boxed.

formation, this negative interference may also reflect local
perturbation of the CopA/I and CopT loop structures.

These experiments indicate that, in both the wild-type and L/U
mutant cases, modification of phosphates within the recogni-
tion loops interfered with complex formation. This suggests
that removal of bulges did not impair formation of the initial
loop-loop interaction. However, the differences in the interfer-
ence patterns observed between the wild-type and mutant
complex suggest that these two complexes adopt different
topologies.

Removal of the bulged residues prevents the formation of
the intermolecular helices

We previously showed that the initial loop—loop interaction is
converted to an unusual four-way junction structure (13). The
initial base pairs formed are disrupted to permit helix progres-
sion into the upper stems, resulting in the formation of two
intermolecular helices B and B’ (Fig. 1C). RNase V1 probing
of CopA—CopT or Copl-CopT complexes provided a charac-
teristic signature for helices B and B’ (Fig. 3A) (13): new or
enhanced cleavages were induced in CopA or Copl at consec-
utive positions U52-C56 (helix B), and in CopT at C104—
A105 (helix B’). In addition, the intermolecular helix C, which
greatly enhances CopA—CopT complex stability, was charac-
terized by the occurrence of several V1 cuts in the 3" end of
CopT, as well as by the disappearance of V1 cleavages in
CopA at positions G7-A9 and G16-A19, resulting from
melting of helix I (Fig. 3A). Thus, RNase V1 was used to probe
the structure of the homologous antisense/target RNA
complexes containing mutations of either the lower bulge (Lo),
upper bulge (Up) or both (L/U) (Fig. 3B-D), as well as the

heterologous complexes formed by wild-type CopA and
mutant CopT RNAs (results not shown).

None of the mutant complexes presented the characteristic
RNase V1 pattern observed for the wild-type complex. In the
three homologous mutant complexes (CopA-Up/CopT-Up,
CopA-Lo/CopT-Lo, CopA-L/U/CopT-L/U), helix C did not
form properly. This is indicated by cleavages at positions 7-9
and 17-19 in CopA-Lo and CopA-L/U bound to their target
CopT, which remained unchanged as compared to free mutant
CopA (Fig. 3B and D), whereas CopT-Up induced only weak
protections at positions 17-19 in CopA-Up (Fig. 3C). Several
new cuts were detected in the hairpin loops of CopA-Up (C54—
C56), of CopA-Lo (US55 and C56) and of CopA-L/U (U55-
C56, A60 and A61) upon binding of CopT-Up, CopT-Lo and
CopT-L/U, respectively (Fig. 3). In addition, enhanced cleav-
ages were observed on the 5’ side of the major stem of CopA-
Lo and CopA-L/U. Conversely, in all three homologous
mutant complexes, binding of CopA variant did not change the
pattern of RNase V1 cleavage in the corresponding CopT
target. In particular, no enhanced cleavages at C104-A105
were detected in mutant CopT, indicating that helix B” is not
formed in the mutant complexes (results not shown).

Thus, replacing the bulged residues by Watson—Crick base
pairs in the antisense and target RNAs induced dramatic
changes in the overall topology of the CopA—CopT complex:
the two intermolecular helices B and B’ were not formed, and
thus formation of the third intermolecular helix C could not
occur. These data are in good agreement with the dramatic
effects of these three mutations on the rate of stable CopA—
CopT complex formation (21).
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Figure 3. RNase V1 probing of homologous wild-type and mutated CopA—CopT complexes. Enzymatic hydrolysis was performed on 5" end-labeled CopA-wt
(A), CopA-Lo (B), CopA-Up (C) and CopA-L/U (D). Reactions were done in the absence or in the presence of an excess of wild-type or mutant CopT. Lanes U2
and L are RNase U2 and alkaline ladders, respectively. (E) Cleavages are shown on the secondary structure of the wild-type and mutant CopA by arrows. Only part
of the secondary structure of the three mutant CopA, where changes induced by complementary CopT binding occurred, are shown. Effect of homologous CopT

binding is as follows: asterisks, enhanced or new cut; filled circles, protection.

A fully base paired loop—loop interaction in the mutant
CopA—CopT complexes

To obtain more detailed information on the accessibility of
nucleotides within the CopA-L/U/CopT-L/U complex, NiCR-
induced hydrolysis was used (13). Lead-induced cleavages
occur mainly in single-stranded regions and in helices of low
stability. NiCR modifies [N7]G and is very sensitive to
stacking of base rings. Thus, N7 of purines within a helix are
not reactive unless the deep groove is widened (31).

We showed previously that Pb**-cleavages in the CopA—
CopT complex were restricted to unpaired residues located in

the loops (C58-A61) connecting the two intermolecular
helices B and B’ (13). In free CopA-L/U RNA, lead cleaved
mainly in the hairpin loop and in the 5" single-stranded region
of the RNA (Fig. 4) (21). Binding of either CopT-L/U or
CopT-wt induced strong protections at residues US5-A61 in
the apical loop whereas minor protections were detected in the
5" domain of CopA-L/U (Fig. 4A). This is supported by the
NiCR probing experiment (Fig. 4B). In the major stem—loop of
CopA-L/U, only the N7 position of G57 was modified whereas
all guanines within the stem were unreactive. Notably, G69
which is base paired in CopA-L/U was not modified, whereas
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mutant CopT under native conditions (+CopT/CopT-L/U). Full duplex with CopA (FD) was formed by denaturation/annealing treatment. (C) Secondary structure
of CopA-L/U: G(N7) which are reactive under native conditions towards NiCR are circled, the line width of the symbols is proportional to the intensity of cleavage
(strong, medium or weak). Pb?*-cleavages are shown by arrows, dotted and full lines represent weak and moderate cleavages, respectively. Effect of CopT-L/U
binding: strong and medium protections are shown by filled and empty circles, respectively; asterisks show enhanced cleavages. For comparison, the data obtained

on CopA-wt bound to CopT-wt is shown in the insert.

it was reactive in CopA-wt (Fig. 4B). The only change induced
by binding of CopT-L/U was restricted to the complete protec-
tion of G57 at N7 in CopA-L/U (Fig. 4B). In agreement with
results from the RNase V1 probing, the stabilizer helix C was
not formed in the CopA-L/U/CopT-L/U complex since posi-
tion N7 of guanines 12, 23-24, 30, 32-33 in the 5" domain of
CopA-L/U were still reactive in the complex (Fig. 4B).
Binding of CopT-Up also induced protection restricted to G57
at N7 in CopA-Up whereas G69 at N7 remained reactive
towards NiCR (data not shown). By contrast, most of the N7
positions of guanines, with the notable exception of G57,
showed protection towards NiCR in CopA-wt when bound to
CopT-wt (Fig. 4B). In full duplexes (formed artificially), all
the guanines at N7 of CopA-wt were fully protected by binding
of CopT (Fig. 4B). Thus, these experiments allow us to distin-
guish between the full duplex, the extended kissing in CopA—
CopT complex, and the loop—loop interaction in CopA-L/U/
CopT-L/U.

Altogether these data indicate that removal of the bulged
residues within the major stems of CopA and CopT resulted in
a complex characterized by a fully base paired loop—loop helix
whose formation was incompatible with subsequent formation
of the stabilizer helix C.

A loop-loop interaction is insufficient to prevent ribosome
binding
CopA-mediated inhibition works by steric interference: the

CopA—CopT complex prevents binding of ribosomes at the tap
translation initiation site (5). Even a truncated CopA, resembling

Copl, inhibited RepA synthesis in vivo, although at somewhat
reduced efficiency (32). Copl, although unable to form a stable
complex with CopT, forms the four-way junction structure
(8,13), and was capable of interfering transiently with
ribosome binding in vitro (5). Since removal of the bulged
residues inhibited the activity of the mutant antisense RNAs
in vivo (21), we tested here whether the loop—loop interaction
in the three mutant CopI-CopT complexes could interfere with
ribosome binding.

Toeprinting analysis was used to monitor the formation of
translation initiation complexes on mRNAs in vitro (33).
Previous experiments showed that Copl-dependent inhibition
of ribosome binding at the tap initiation site was only detect-
able after a short incubation time. Therefore, complexes
between Copl and CopT carrying either mutation Lo, Up or L/U
were pre-formed, at RNA concentrations allowing essentially
quantitative formation of the kissing complex during pre-
incubation. Thereafter, the ternary mRNA/3OS/tRNAfMe‘
complex was formed by adding 30S subunits and tRNAMet,
Ternary complex formation was quantified over time by moni-
toring the signal of the tap toeprint (Fig. 5). For reference, the
same experiments were carried out with the wild-type Copl/
CopT and CopA/CopT complexes, respectively. As shown
previously, inhibition by CopA is irreversible within the time
interval assayed, whereas Copl-dependent inhibition was
progressively lost with 50% inhibition after 2 min incubation
(Fig. 5) (5). In contrast, the three homologous mutant Copl-
CopT complexes were completely inactive in inhibition of
initiation complex formation at the tap RBS (Fig. 5).
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Figure 5. Kinetic analysis of antisense RNA-dependent inhibition of tap toe-
prints. Quantitations were done by Bioimager (BAS2000 Fuji) analysis of
dried gels. Relative fap toeprint values were first calculated by relating the
intensity of the toeprint to that of the run-off extension product. The yield of
inhibition (%) was given by the signal of the relative tap toeprint in the
presence of the antisense RNA divided by that of the relative toeprint in the
absence of antisense RNA at a defined time. The different wild-type or mutated
complexes are given in the insert. The values represent an average of three
(wild-type) and two (mutant) independent experiments.

DISCUSSION

A common characteristic feature of most, if not all, prokaryotic
antisense and target RNAs is the presence of well-defined
stem—loop(s) as key structure elements. In many antisense
regulatory systems, RNAs initiate binding by transient and
reversible interactions between complementary loops and,
depending on their particular topological constraints, use
different pathways to proceed rapidly to more stable and inhib-
itory complexes (e.g. 9,11,34,35). Formation of sufficiently
stable complexes is important to obtain maximal inhibition
rates, and to achieve quasi-irreversible inhibition kinetics.

For CopA/CopT of plasmid R1, we have recently shown that
the initial loop—loop interaction becomes disrupted when inter-
molecular base pairing is propagated into the upper stems,
creating a four-way junction topology (Fig. 1C) (13). The same
sequence of events is also supported for the truncated antisense
RNA (Copl) which only contains the recognition stem—loop
structure (Fig. 1). The four-way junction topology is essential
to promote the formation of the additional intermolecular helix
between the single-stranded regions of the two RNAs that
results in the stable CopA—CopT complex (14). The question
addressed here concerns the driving force for conversion of the
initial loop—loop to the extended kissing complex. Both CopA
and CopT carry, in the upper part of the recognition stem,
several unpaired nucleotides. Replacement of these residues by
Watson—Crick base pairs decreased binding rate in vitro and
control in vivo (21). Given the magnitude of impairment, it
could not be excluded that these mutant RNAs followed
different binding pathways which did not initiate by a loop—
loop interaction but instead by contacts within the 5" single-
stranded region of CopA. The experiments presented here indi-
cate that removal of the bulged residues does not prevent the
initial formation of a loop—loop helix, but abolishes the subse-
quent transition towards the four-way junction. Structure
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probing of the three homologous mutant RNA complexes indi-
cates that helices B and B” do not form (Figs 3 and 4). Instead,
the data suggest that an intermolecular helix is formed between
all 6 nucleotides in the complementary loop sequences, and
that stem sequences do not participate in helix propagation.
Interestingly, an extensively paired loop-loop helix was
proposed for complexes between stem—loops of RNAI and
RNAII of ColE1 (19,36). RNAI regulates ColE1 plasmid repli-
cation by inhibiting maturation of the pre-primer, RNAIIL
Binding is initiated by at least two loop—loop interactions
followed by a series of reactions that progressively lead to the
formation of a stable duplex (34,37). The NMR structures of
two kissing complexes (6 and 7 bp loop—loop base pairs) have
been solved (38—-40). Both structures show full base pairing
between the loops, and are characterized by a pronounced bend
at the loop—loop helix towards the major groove. Interestingly,
ethylation of any phosphate within the 6-nucleotide loop
sequence of Copl-L/U prevents nucleation and initiation
events for binding to CopT-L/U (Fig. 2). The dimerization of
HIV-1 RNA which involves a loop—loop interaction between 6
complementary nucleotides in a 9-membered loop, is also
inhibited by the ethylation of most of the phosphates of the
loop nucleotides (29). However, in the wild-type CopA/CopT
complex, where the initial interactions are transient, interfer-
ence was restricted to the 5" phosphates of the GCCA sequence
of CopA and Copl, as well as to the complementary sequence
of CopT. Weak interference observed at phosphates 114—120
of CopT implicates these residues in formation of helix B
which is an early step required to commit the interacting RNAs
to stable complex formation (14). Taken together, our study
strongly argues for a striking difference in topology between
complexes formed by the bulge-less mutant and wild-type
RNAs.

In contrast to the ColEl case where extensive loop—loop
helices are involved in the inhibitory pathway, the loop—loop
helix in the context of CopA-L/U/CopT-L/U is not productive
since the long intermolecular stabilizer helix C cannot form
(Fig. 3) (21). The suggested overall topology of the loop—loop
helix tentatively explains this defect. Based on the known
NMR loop-loop structures, a tertiary model for the CopA-L/U/
CopT-L/U complex was built by graphic modeling, taking into
account stereochemical constraints and probing data (Fig. 6).
Despite the presence of a pronounced bend at the loop—loop
helix, the two complementary regions that normally interact to
give the stabilizer helix C are too far apart in space for efficient
pairing (>100 A; Fig. 6). In the ColE1 plasmid, the stem—loop
structures of RNAI/IT are shorter than in CopA/T, and bulged
residues comparable to those in CopA/T are lacking (19). Also,
bending at the loop—loop helix is further enhanced by Rom
protein, most likely facilitating the distal contact between the
5’ tail of RNAI and its complement (38) which initiates full
pairing. In plasmid R1 and related plasmids, no protein is
known to play such a role. Instead, all these plasmids carry
unpaired residues or bulged loops in the upper stem regions of
antisense and target RNAs although their positions are not
strictly conserved (15). These elements are essential for rapid
in vitro binding and in vivo control [R1 (21); pMU720 (22);
Col1b-P9 (23)]. In all these systems, the rapid conversion of
the initial loop contacts to the extended kissing complexes is
crucial for efficient inhibition. This step requires substantial
melting of the upper stem regions of both antisense and target
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L/U/CopT-L/U complex. Nucleotides in CopA-L/U [G1-U87] are shown in red, and in CopT-L/U [C88—A178] in white. The models were drawn with the program

DRAWNA (28).

RNAs (9,11,13). We show here that, in the CopA/CopT
system, this step is driven via the bulged residues; unpaired
residues in the upper stems favor inter-strand helix progression
over imperfect intra-strand base pairing. Bulged residues in
long hairpin structures were also shown to be essential in other
antisense regulated systems which initiate antisense/target
binding via loop-linear RNA pairing (41-43).

Previous work showed that CopA inhibits the synthesis of
RepA indirectly. Translation of a leader peptide, Tap, encoded
immediately downstream of the CopA target site and in front
of the repA reading frame is required for repA translation
(4,44). CopA prevents ribosome binding at the fap ribosome
loading site (5). Even Copl, although it only forms the four-
way junction structure, transiently interferes with ribosome
binding in vitro (Fig. 5) (5) and inhibits repA expression in vivo
albeit at lower efficiency (32). Here we show that the Copl-
CopT complexes carrying mutations Lo, Up and L/U do not
inhibit ribosome binding at the fap RBS (Fig. 5). Since
previous work has ruled out distal structure rearrangements in
CopT as the mode of inhibition (12,13,45), the likely differ-
ence between inhibition (wild-type Copl-CopT) and lack of
inhibition (bulge mutant Copl-CopT) should be due to their
different structures. Even though Copl binds far upstream of
the rap RBS, the bulky topology of the wild-type complex can
sterically interfere with initiation, at least transiently. When
full CopA is tested, the stabilizer helix C then renders inhibi-
tion irreversible. The suggested structure for the bulge mutant
Copl-CopT complex (Fig. 6B) might be oriented so that
ribosome access fails to be blocked. However, detailed struc-
tural analysis of the four-way junction topology will be
required to elucidate the molecular mechanism by which a
distal kissing complex can interfere with ribosome binding.

Intermolecular interactions between RNAs play fundamental
roles in gene expression. Most of these are based on sequence
complementarity, and loop—loop interactions are often impli-
cated. In vitro selection approaches designed to select aptamers
directed against RNA predominantly resulted in the isolation
of sequences complementary to a hairpin loop in a defined

structural context (46,47). It appears that, depending on the
biological context of the RNA-RNA interaction, RNA struc-
tures have evolved either to ‘freeze’ a complex once formed or,
alternatively, to convert initial interactions by propagating
helices along topologically feasible pathways (reviewed in 48).
In antisense regulation, formation of stable RNA-RNA
complexes requires a propagation of the initial loop—loop helix
to proceed rapidly to sufficiently stable and inhibitory
complexes. The features that govern the high efficiency of
natural antisense RNA are thus related to the secondary and
tertiary structures of the interacting partners as well as of the
complexes formed.

SUPPLEMENTARY MATERIAL

Coordinates of the molecular model of CopA-L/U/CopT-L/U
complex are available as supplementary material at NAR
Online.
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