The EMBO Journal Vol. 19 No. 21 pp.5905-5915, 2000

Progression of a loop-loop complex to a four-way
junction is crucial for the activity of a regulatory
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The antisense RNA, CopA, regulates the replication
frequency of plasmid R1 through inhibition of RepA
translation by rapid and specific binding to its target
RNA (CopT). The stable CopA-CopT complex is
characterized by a four-way junction structure and a
side-by-side alignment of two long intramolecular
helices. The significance of this structure for binding
in vitro and control in vivo was tested by mutations in
both CopA and CopT. High rates of stable complex
formation in vitro and efficient inhibition in vivo
required initial loop—loop complexes to be rapidly
converted to extended interactions. These interactions
involve asymmetric helix progression and melting of
the upper stems of both RNAs to promote the forma-
tion of two intermolecular helices. Data presented
here delineate the boundaries of these helices and
emphasize the need for unimpeded helix propa-
gation. This process is directional, i.e. one of the two
intermolecular helices (B) must form first to allow
formation of the other (B’). A binding pathway,
characterized by a hierarchy of intermediates leading
to an irreversible and inhibitory RNA-RNA complex,
is proposed.

Keywords: antisense RNA/loop—loop complex/plasmid/
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Introduction

Naturally occurring antisense RNAs in prokaryotes are
generally short, highly structured and untranslated
(Wagner and Simons, 1994; Zeiler and Simons, 1998).
Many of these antisense RNAs have been identified as
plasmid copy-number regulators and are extremely effi-
cient inhibitors; efficiency of in vivo control correlates
with high in vitro binding rates to their respective target
RNAs . Several in vitro studies indicated that binding rates
are maximal with association rate constants in the range of
106 M1 57! (reviewed in Wagner and Simons, 1994; Zeiler
and Simons, 1998), and that the reaction is determined by
the on-rate (e.g. Nordstrom and Wagner, 1994). By
contrast, antisense RNAs used in artificial gene silencing
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strategies generally display much lower binding rates,
often ~100-fold lower (e.g. Patzel and Sczakiel, 1998;
E.G.H.Wagner, unpublished data). These results empha-
size the important role of antisense and target RNA
sequence and structure in promoting high pairing rates
and high specificity of regulation. They also suggest
that the structures of these RNAs have evolved to
optimize their regulatory functions. Kinetic studies per-
formed on antisense—target RNA pairs of plasmids ColEl
(Tomizawa, 1984), R1 (Persson et al., 1988), pMU720
(Siemering et al., 1994) and Collb-P9 (Asano et al., 1998;
Asano and Mizobuchi, 2000) demonstrated that the initial
step of binding involves a loop—loop interaction mediated
by Watson—Crick base pairs, the so-called kissing com-
plex, which is subsequently converted into more stable
complexes. Loop-loop interactions play diverse roles in
various biological systems, e.g. in dimerization of HIV-1
genomic RNA (for a review see Paillart ez al., 1996), in the
interaction between human tRNAMYS and HIV-1 genomic
RNA (Isel et al., 1993), and in the localization of
Drosophila bicoid mRNA (Ferrandon et al., 1997).
Furthermore, in phi29 RNA, a dimer was shown to be
formed by a loop—loop interaction that constitutes a
building block for the assembly of the hexamer that gears
the DNA-translocating machinery of this bacteriophage
(Chen et al., 2000). Loop—loop interactions also par-
ticipate in the architecture of large RNAs (for reviews see
Pyle and Green, 1995; Brion and Westhof, 1997).
However, the specific properties of antisense—target
RNA systems are distinct from these latter cases: rapid
kissing complex formation is a prerequisite for proper
control, but rapid conversion to sufficiently stable com-
plexes is essential to obtain maximal inhibition rates. The
precise mechanism of formation of stable and inhibitory
RNA-RNA complexes is still not understood in detail.
Hence, it is important to delineate steps in the binding
pathway as well as to identify structural features that
permit unimpeded progression to the inhibitory complex.

Replication of plasmid R1 is controlled at the transla-
tional level by binding of the antisense RNA (CopA) to its
target site (CopT) in the leader region of repA mRNA
(Nordstrom et al., 1984). Synthesis of the replication
initiator protein RepA requires translation of a short leader
peptide (tap), located upstream of repA. CopA binding
prevents fap translation and thereby repA expression
(Figure 1A; Blomberg et al., 1992, 1994; Malmgren et al.,
1996). CopA and CopT are fully complementary, and both
RNAs contain a major stem—loop structure as the main
element responsible for high binding rate and control
(Wagner and Nordstrom, 1986; Ohman and Wagner, 1989;
Hjalt and Wagner, 1992, 1995). Binding initiates by
an interaction between these complementary hairpin
loops (Persson et al., 1990a,b). Structure mapping of the
CopA—-CopT complex revealed that the initial loop—loop

5905



F.A.Kolb et al.

¥ 8 Blocked
’ . CopA .. tapRBS Saquestered
binding ki } - repd RBS
CopA
No CopA
CopT bindilEg CapT tapirepA transiations)
=50 repd —_— coupling &0 c A
==Start repA Op
&
5
Sm;!vap 1
B Cop A C
Helix B
i cc 80 N CopT
a 'if//' CopA-L1 U
N c E L2 U .
CopA-HE © '-"U :"_'COPA L2 CopT-L1 I
G-C C -G Helix B' G G S
CopA-H1 . 4 A - T lt] ¢ HelixB i
: opT-
L c 2 CopT-H& -1 -
e [E u HCODA H4 A - Helix A y.a A-U  Helix &'
CopA-H5 |y 50 =T - i -I-ﬁ'iCopT-HT [T A-U
CopA-H2 opT-H4 - A-U U-A
Helix B H: "ﬁ_._, 130—C AZ w0-G-U
.\.:—n'l) AU IE - E CopT-H5 :g_gﬁ ?E
U-A . . o
0 COM'H: Hellx B = = CopT-Hz s 8™ &4
o-7 A-U 100 [0~ A- = u G- c-a
| A-U A-U U- A A-U A u AAAR e G U=
i ey G-¢ C-G A c s—AAGCAARS .o g
A G U-a - CopT-H3 " A M b U
A-U -84 A-U A-U c-G I A-U 'L.JU-J
gy ! YR, o & o el
- : A C= U-A -
¢ ] G-C 1504y u-a 5
A-U G-U c-G U-G A-U
U-A W sy w0 W-C-G 140 G-C A-U HelixC
G-U | G-u | E‘g | c tap 3D A-U
¥ ACGGUUUAAGU UUGCUU, o—AAGCAAAAAS G cccacuuana © e EE
G-C
A

[}
o

Fig. 1. Schematic model for antisense RNA control of RepA synthesis (A) and secondary structures of the antisense RNA CopA (B), its target site
CopT (C) and the stable CopA—CopT complex (D). (A) Binding of CopA prevents ribosome binding at the fap ribosomal binding site (RBS), and the
presence of a stem—loop structure sequesters the repA RBS so that translation of RepA is inhibited. In the absence of CopA binding, translation of tap
permits ribosome entry at the repA loading site (translational coupling). SD, Shine-Dalgarno sequence. (B-D) The mutated nucleotides (H1-H6, L1
and L2) are boxed. The secondary structure model for the stable CopA—CopT complex (D) was derived from chemical and enzymatic probing (Kolb
et al., 2000). RNase V1 cleavages in CopA and CopT that occur in the CopA—CopT complex are shown by arrows: increased cleavages are shown by
red arrows, unchanged cleavages are shown by black arrows; Pb?*-induced cleavages in the CopA—CopT complex are shown by blue circles.

interaction (kissing complex) is rapidly followed by more
extended interactions, and that full duplex formation is a
slow process in vitro (Malmgren et al., 1997; Kolb et al.,
2000). The major product of this binding reaction is an
extended kissing complex that is characterized by a four-
helix junction whose formation involves extensive break-
age of intramolecular base pairs and the formation of two
intermolecular helices (Figure 1; Kolb et al., 2000). This
bulky structure is further stabilized by the formation of a
third long intermolecular helix involving the 5 tail of
CopA and the complementary region of CopT (Kolb et al.,
2000). In the absence of the 5’-most 30 nucleotides of
CopA (truncated RNA variant denoted Copl; Persson et al.,
1990b; Malmgren et al., 1997), the stabilizer helix cannot
form, yet the complex is inhibitory (Wagner et al., 1992;
Malmgren et al., 1996).

Previous experiments had shown that bulged residues
located in the stems of both RNAs were required for rapid
binding in vitro and control in vivo (Hjalt and Wagner,
1995). We speculated that these bulged residues would
destabilize the upper stem to facilitate inter-strand helix
propagation. Therefore, we have defined here the require-
ments for inter-strand base pairing and its importance for
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formation of the functional inhibitory complex in vivo and
in vitro. By mutational analysis, we have identified a new
binding intermediate and have demonstrated that the two
intermolecular helices B and B’ (Figure 1D) are not of
equivalent importance. This leads us to propose a binding
pathway characterized by a hierarchy of distinguishable
steps, ultimately resulting in the formation of an irrevers-
ible, inhibitory antisense—target RNA complex.

Results

Conversion of the initial kissing complex to
extended interactions is required for rapid

pairing in vitro

Structure probing of the stable CopA—CopT complex
indicated that the primary loop—loop interaction is con-
verted to extended interactions: intra-strand base pairs are
melted and two intermolecular helices, B and B’, are
formed (Kolb ef al., 2000). This extended kissing complex
is further stabilized by the formation of an additional
intermolecular helix C (shown schematically in Figure 1D).
Base pair inversions were introduced at three positions
within stem II of CopA and stem II” of CopT to create



Table 1. Binding rate constants of wild-type and mutant CopA-CopT
pairs

CopA-CopT kapp (M1 s71)P Impairment relative
RNAs used® to wt RNA pair®
wit-wt 1.6 X 10° [+ 43%] 1.0X
HI1-H1 4.0 X 10° [+ 23%] 4X
Hl-wt 2.3 X 10* [+ 37 %] 69.5X
wt-H1 1.2 X 10* [+ 0%] 133.3X
H2-H2 2.2 X 105 [£ 20%] 7.2X
H2-wt 3.3 X 104 [+ 0%] 48.5X
wt—H2 2.9 X 104 [+ 0%] 55.2X
H3-H3 3.8 X 105 [£ 73%) 42X
H3-wt 8.7 X 10° [+ 47%] 1.8X
wt-H3 2.3 X 10° [+ 0%] 6.9X
H4-H4 2.5 X 105 [+ 38%] 6.4%
H4-wt 5.9 X 10° [+ 59%] 2.7X
wt—H4 2.2 X 10° [£ 47%) 7.2X
H5-H5 6.5 X 10° [+ 28%] 2.5X
H5-wt 7.0 X 10* [+ 26%] 22.8X
wt-HS 8.6 X 10* [+ 27%] 18.6X
H6-H6 1.1 X 10° [+ 10%] 1.5X
H6-wt 9.0 X 10* [+ 22%] 17.8X
wt-H6 2.1 X 105 [+ 26%] 7.6X
L1-L1 1.4 X 10° [+ 52%] 1.1X
L1-wt 2.1 X 109 [+ 79%] 0.8X
wt—L1 8.7 X 10° [+ 16%] 1.8X
L2-1.2 2.0 X 10° [+ 18%] 0.8X
L2-wt 1.2 X 10° [+ 7%] 1.3X
wt-L2 2.1 X 10° [+ 43%] 0.8X

aThe RNAs produced in vitro are indicated as follows: wt, wild-type
CopA or CopT; H1, H2, H3, H4, HS5, H6, L1 and L2 mutated RNAs.
Pk ,pp Tepresents the rate constant of stable complex formation as
determined from experiments such as in Figure 2. Values are averages
of four independent experiments for the heterologous and homologous
mutated RNA complexes, and of six for the wild-type pairs. Standard
deviations are represented in brackets.

The relative impairment is the (wt/wt) k.p, value divided by the kypp
value for the respective pair tested.

mismatches upon the formation of heterologous CopA—
CopT complexes (mutations H1, H2 and H3; Figure 1).
These mismatches should affect the binding rate if the
formation of the helical segments is important. The rate of
stable complex formation between homologous or heter-
ologous CopA—CopT pairs was analysed by gel shift
assays using denaturing polyacrylamide—urea gel (Persson
et al., 1988; Hjalt and Wagner, 1995). Second-order
binding rate constants (k,p,) were calculated according to
Persson et al. (1988) and are summarized in Table I.

The values obtained for the homologous pairs CopA-
H1-CopT-H1 and CopA-H3-CopT-H3 were only 4-fold
lower compared with the wild-type (wt) RNA pair,
whereas CopA-H2-CopT-H2 was decreased by 7-fold
(Table I). Thus, base pair inversions have only relatively
minor effects on the rate of formation of stable complexes.
In agreement with this, structure mapping of the three
homologous complexes revealed a topology of the
extended kissing complex similar to that of the wild-type
complex (Kolb et al., 2000). By contrast, the heterologous
CopA-H1-CopT-wt and CopA-H2-CopT-wt pairs were
decreased by 70- and 49-fold, respectively, compared with
the wild-type RNA pair. The reverse combinations showed
similar decreases. Compared with the homologous mu-
tated CopA-H2-CopT-H2 pairs, the effect of the H2
mutations on the rate constants in the heterologous

Antisense-target RNA binding pathway

complexes is reduced but still significant (~10-fold).
Finally, the corresponding value for CopA-H3—CopT-wt
was identical to that of the wild-type pair, and its reverse
was only 6-fold lower (Table I).

The results in Table I thus show that mismatches in
upper stem segments (H1, H2) decreased binding rates,
whereas a mismatch below the lower bulge (H3) had no
effect. This indicates that inter-strand base pairing
throughout the upper two stem regions is required for
high binding rates. Restored binding rates of the homolo-
gous mutant H1 and H2 RNA pairs additionally suggests
that base pairing per se, and not the nucleotide sequence
in this region, is the critical determinant for the rate of
complex formation. These data are congruent with recent
chemical probing results performed on the heterologous
and homologous complexes (Kolb et al., 2000).

Mutations that destabilize helix B decrease
CopA-CopT complex formation rates

The previous data obtained on mutants H1-H3 cannot
assess whether both intermolecular helices (B and B’;
Figure 1) are equally important for stable complex
formation. In order to test whether there was a preference
in the directionality of helix progression subsequent to the
first loop—loop interaction, the upper stems of CopA or
CopT were mutated to alter only helix B’ (mutation H4) or
helix B (H5, H6). Mutations H4 and H5 had also been
designed so that the structures of both CopA and CopT
were preserved. In addition, two point mutations were
introduced: in the major hairpin loops of CopA (A61—U,
CopA-L1) and CopT (U109—A, CopT-L1), and at the
base pair that closed the hairpin loops of CopA (A62—U,
CopA-L2) and CopT (U108—A, CopT-L2). These
nucleotides were known to be unpaired in the stable
CopA—CopT complex (Figure 1D). The k,p, values of
the homologous and heterologous wild-type and mutant
CopA—CopT pairs are shown in Table 1.

The binding rates of heterologous or homologous
complexes carrying either mutations H4, L1 or L2 were
similar to that of the wild-type pair (Table I). Only a 6-fold
decrease in k,p,, was observed for the CopA-wt—CopT-H4
and CopA-H4-CopT-H4 pairs. This could be due to the
formation of an additional G—C pair in the upper stem II” of
CopT-H4, resulting in increased stability of the stem and
slight interference with helix propagation. By contrast,
the binding rate constants of the heterologous CopA-
H5-CopT-wt and CopA-H6—CopT-wt pairs were de-
creased by 23- and 18-fold, respectively, compared with
the wild-type RNA pair or the homologous mutant pairs. A
similar decrease in the k,p, value was also obtained for the
CopA-wt—CopT-HS5 complex (18.6-fold), but only an
8-fold decrease was observed for the CopA-wt—CopT-H6
complex (Table I). Mutation H6 in CopT changed the
intermolecular base pair US55(CopA)-A115(CopT) in
helix B by a U(CopA)-G(CopT-H6) wobble pair, thus
explaining the wild-type-like behaviour.

Thus, the effect of the HS and H6 mutations indicates
that inter-strand base pairing through helix B is required
for high rates of formation of the stable CopA—CopT
complex (which also contains helix C), whereas the
formation of helix B” (H4) does not appear to be essential.
The silent phenotype of the L1 and L2 mutations in the
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Fig. 2. Pb?*-induced hydrolysis of homologous or heterologous CopA-CopT complexes using end-labelled CopA species. Hydrolysis was performed
on 5’-end-labelled wild-type CopA (A) or CopA-H4, CopA-H5, CopA-L1, CopA-H6 and CopA-L2 (B), alone (-) or in the presence of an excess of
wild-type or mutant CopT (+). Complex formation was performed at 37°C for 15 min in TMN buffer. Lanes T1 and L, RNases T1 and alkaline

ladders, respectively.

in vitro binding assay also supports a directional mechan-
ism for helix propagation.

Formation of helix B is a prerequisite for formation
of helix B’

Pb**-induced hydrolysis occurs preferentially at unpaired
residues and is very sensitive to subtle RNA rearrange-
ments. This probe can be used to obtain a signature of the
extended kissing complex (Malmgren et al., 1997): strong
cleavages occur in CopA at positions C56-A62 and
U47-U49, and in CopT at U100-C101, C107-U110 and
G112-C113. Furthermore, in the CopA—CopT complex,
the formation of the intermolecular helix C, which greatly
enhances complex stability, was characterized by strong
protections in regions A8—G30 in CopA and A139-A164
in CopT (Kolb et al., 2000). Here, Pb%* cleavages were
used on homologous and heterologous complexes formed
with the H4, HS, H6, L1 and L2 RNA variants (Figures 2
and 3).

Structure probing of end-labelled CopA and CopT
RNAs indicated almost identical cleavage patterns for free
mutant and wild-type RNAs (Figures 2 and 3). Hence, no
major structural changes were caused by the mutations.
The homologous complexes of CopA—CopT (H4, HS, H6,
L1 and L2), and the heterologous CopA-L1-CopT-wt and
CopA-L2-CopT-wt complexes and their reverse, showed
characteristic wild-type-like cleavage patterns (Figures 2
and 3). The heterologous CopA-H4-CopT-wt complex
was almost identical to the wild-type complex except that
strong cleavages were induced at C64 and C65 of CopA-
H4 (Figure 2B). This shows that several inter-strand base
pairs in helix B” were not formed due to the mismatches
introduced by mutation H4, whereas—as in the hom-
ologous complexes—the intermolecular helices B and C
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were supported by strong protections in regions C50-U55
and AS8-G30, respectively (Figure 2B). Similarly,
Pb2* cleavages at positions U100-U108 in CopT-H4
(Figure 3B) in the reverse complex, CopA-wt—CopT-H4,
also supported the finding that helix B” was not formed.
The wild-type-like cleavage pattern, which was restored in
complexes formed between the fully complementary H4
mutant RNAs, further argues for the presence of helix B’
(Figures 2B and 3B). Mutation H6 is expected to disrupt
the second intermolecular base pair in helix B (Figure 1C).
Indeed, structure mapping of CopA-H6—-CopT-wt com-
plexes revealed a new Pb?* cleavage at position C56 and
an increased cleavage at US55 (Figure 2B). These data
suggest a destabilization/disruption of the two first
intermolecular base pairs in helix B. Conversely, structure
mapping of CopT-H6—-CopA-wt complexes supported a
characteristic wild-type-like cleavage pattern. Thus,
replacement of the intermolecular base pair U55(CopA)—
A115(CopT) by U-G had no significant effect on the
four-way junction topology. A strikingly different result
was obtained with mutation H5, designed to alter two
intermolecular base pairs in helix B. Here, the Pb%*
cleavage pattern of CopA-HS, when in complex with
CopT-wt, was significantly different from that of a
homologous pair. The only significant protections now
occurred at nucleotides A53—-C59, whereas protections at
U49-C52 were no longer observed (Figure 2B). In the
reverse pair (CopA-wt—CopT-HS), significant protections
were restricted to residues G112-U117 in CopT-HS
(Figure 3B). This indicates that neither helix B nor B’
could form properly.

Thus, the difference in effects of mutations H4, H5 and
H6 in binding experiments (Table I) was paralleled by
effects on complex structure. In particular, disruption of
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two Watson—Crick base pairs in helix B (HS) affected the
conversion of the initial kissing complex to the four-way
junction structure. Conversely, destabilization of helix B’
(H4) did not interfere with the formation of helices B
and C. These data suggest that the formation of the
intermolecular helix B’, but also of helix C, depends on
prior formation of helix B. The fact that the L1 and L2
mutations did not show any effect on structure and on
in vitro binding rate further supports a B—B” hierarchy of
helix formation.

Directionality of helix progression is supported by
competition experiments

Competition assays can be used to obtain information
about the rate of formation and stability of early
intermediates in a binding pathway (Tomizawa, 1985;
Asano et al., 1998). In the experiments summarized in
Figure 4, standard binding rate measurements were
performed in the presence or absence of competitor
RNAs. Initial rates of stable CopA—CopT complex
formation were determined over a range of competitor
concentrations, and a K; value was calculated from graphs
of the ratio of initial rates, v,/v;, against the concentration
of inhibitor (Tomizawa, 1985). As expected, Copl, unable
to form a stable complex but capable of forming the
extended kissing complex, inhibited stable complex
formation with a K; value of 8 nM (Figure 4). Two RNA
fragments (R3 and R4) were designed to mimic the
formation of helices B” and B, respectively. The 12mer R4

was equally efficient as Copl (K; = 7 nM), whereas the
putative helix B’ former R3 was >>100-fold less effective,
as was Copl-H1 (inverted upper stem). The two shorter
RNAs, R2, only consisting of the CopA six base loop
sequence, and R1, which carries the CopA loop closed by a
GC-rich stem (not complementary to target), were both
unable to compete at submicromolar concentrations. The
high K; values of R1 and R2 may indicate that the stability
of a putative initial loop—loop interaction is low.

From these experiments it is evident that R4 RNA and
wild-type Copl were the only two efficient inhibitors of
stable complex formation (Figure 4), and that their
respective K; values were practically identical to
equilibrium dissociation constants determined previously
(K4 = 7.4 nM; Hjalt and Wagner, 1995). The inability of
R3 to compete successfully with CopA for binding to
CopT, in spite of an expected helix stability similar to R4,
clearly indicates that the formation of helix B must
precede that of helix B’ (and helix C) to form the stable
complex.

Mutations affecting in vitro binding also affect

in vivo control

Mutations that affect antisense—target RNA binding rates
should have proportionate effects on control in vivo. To
assay the effects of the H1-HS5 and L1 mutations, we used
translational fusions between the repA and lacZ genes,
preceded by wild-type or mutant copA/copT control
regions. All plasmids of the pGWI177-III-L series
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(Blomberg et al., 1994) carry a copA promoter down-
mutation to abolish CopA transcription and to permit
supply of heterologous CopA from a second, compatible
plasmid. RepA-LacZ fusion protein synthesis was
measured in extracts of cells carrying appropriate com-
binations of plasmids. Assays of unrepressed repA—lacZ
expression (no CopA in trans) indicated that neither of the
tested mutations significantly affected target RNA stability
or translatability [Table II: pPGW 1771II-(H1-HS5 or L1)-L].

Wild-type CopA supplied from a high-copy-number
plasmid in trans decreased RepA-LacZ synthesis to
background levels (pGW177-III-L + pGW643; Table II),
and all mutant CopAs were equally effective on their
cognate mutant CopT targets. When heterologous
antisense—target RNA combinations were assayed, the
CopA-H1-CopT-wt, CopA-H2-CopT-wt and CopA-
H5-CopT-wt pairs, and their reverse, were clearly less
inhibitory than any of the homologous combinations (0.23/
0.40 relative activities for H1/wt; 0.04/0.07 for H2/wt;
0.2/0.31 for HS5/wt; Table II). By contrast, the CopA-
H3-CopT-wt, CopA-H4-CopT-wt and CopA-L1-CopT-
wt pairs, and their reverse, were as efficient in inhibition as
any homologous pair. For comparison, note that cells
carrying pGW177-L alone give a value of 0.14. This
plasmid supplies CopA from its own, intact gene. When
CopA is supplied in trans (pGEM2 plasmids; Table II), it
is present at ~20-fold higher concentration (due to a higher
copy number of carrier plasmid and lack of convergent
transcription; Stougaard et al., 1982 and data not shown).
This emphasizes that, for example, CopA-H1 is >20 times
less active on a wild-type target [cf. pGW177-L and
(pGEM2-H1 + pGW177-1II-L); Table II]. The in vivo data
correlate well with the in vitro results. All heterologous
combinations of wild type and mutant that impaired
inhibitory activity in vivo (H1, H2 and HS5) also decreased
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in vitro binding rates (Tables I and II), whereas mutations
H3, H4 and L1 induced no significant effect on stable
complex formation in vitro and no phenotype in vivo. It
has to be noted that no significant effect in vivo was
observed for mutations that induced less than a 7-fold
decrease in the binding rate constant.

In conclusion, only base pair inversions located above
the lower bulged nucleotide in both RNAs (H1 and H2)
were important for in vivo inhibition efficiency. The data
also indicated that formation of helix B (H5), but not
helix B” (H4), is necessary and sufficient to initiate the
inhibition of repA translation. We infer that the H1, H2
and HS5 mutations impair CopA’s inhibitory capacity by
impeding the rapid progression through the early inter-
mediates to the stable CopA—CopT complex.

Discussion

Rapid binding between antisense and target RNAs is a
prerequisite for efficient control. This is particularly
important for plasmids regulating their copy numbers,
since antisense RNAs are the principal regulators that have
to accomplish inhibition of their target RNAs within a very
short time frame. The structural features that favour the
rapid formation of inhibitory complexes are not well
understood, and the complexity of binding pathways
makes general conclusions difficult. Nevertheless, in
several systems, the initial recognition involves formation
of a reversible loop—loop interaction (kissing complex).
Based on the previous and present data, a tentative
binding pathway between CopA (or Copl) and CopT is
shown in Figure 5. The initial kissing complex occurs
between a subset of loop bases in both RNAs (Figure 5B),
and is defined by the location of copy number mutations
(5’-GGCG in CopT; e.g. Givskov and Molin, 1984). This
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Table II. B-galactosidase synthesis in cells carrying repA-lacZ translational fusion plasmids, alone or in the presence of CopA supplied in trans

Plasmids® CopA/CopT pairs® Specific B-gal activity® Relative B-gal activityd
pGEM2 —/— 9*4 <0.01
pGW177-L [wt/wt]e 459 = 101 0.16
pGW177-1II-L —/wt 2940 + 992 1.00
pGW177-H1-1II-L —/H1 3469 = 198 1.18
pGW177-H2-1II-L —/H2 3065 * 406 1.04
pGW177-H3-III-L —/H3 3086 * 278 1.05
pGW177-H4-1II-L —/H4 3223 + 765 1.10
pGW177-HS-1II-L —/H5 3389 + 885 1.15
pGW177-L1-1II-L /L1 3239 * 641 1.10
pGEM2-H1 + pGW177-HI-1II-L HI1/H1 10 £2 <0.01
pGEM2-H2 + pGW177-H2-1II-L H2/H2 12=x3 <0.01
pGEM2-H3 + pGW177-H3-1II-L H3/H3 8£0 <0.01
pGEM2-H4 + pGW177-H4-11I-L H4/H4 15*5 <0.01
pGEM2-H5 + pGW177-H5-1II-L H5/H5 32 <0.01
pGEM2-L1 + pGW177-L1-1II-L L1/L1 62 <0.01
pGEM2-H1 + pGW177-III-L H1/wt 662 * 300 0.23
pGEM2-H2 + pGW177-11I-L H2/wt 124 * 62 0.04
pGEM2-H3 + pGW177-11I-L H3/wt 9+2 <0.01
pGEM2-H4 + pGW177-11I-L H4/wt 4=*1 <0.01
pGEM2-H5 + pGW177-11I-L H5/wt 578 + 24 0.20
pGEM2-L1 + pGW177-1II-L L1/wt 5+1 <0.01
pGW643 + pGW177-1II-L wt/wt 8§*3 <0.01
pGW643 + pGW177-H1-III-L wt/H1 1163 = 411 0.40
pGW643 + pGW177-H2-III-L wt/H2 216 * 69 0.07
pGW643 + pGW177-H3-III-L wt/H3 116 <0.01
pGW643 + pGW177-H4-I1I-L wt/H4 16 £2 <0.01
pGW643 + pGW177-H5-III-L wt/H5 911 =+ 342 0.31
pGW643 + pGW177-L1-1II-L wt/L1 235 <0.01

aFusion plasmids and CopA-donor plasmids: pGW63 carries the copA gene in vector plasmid derivative from pSP64 (Persson et al., 1990);
pGW177-L plasmid carries the control region of plasmid R1 (Blomberg et al., 1992); pGW177-1II-L derivative of pGW177-L contains the mutation
III in copA promoter (Blomberg et al., 1994). The mutated plasmids (pGW177-11I-L and pGEM2 series) were constructed as described in Materials

and methods.

"The RNAs produced in vivo are indicated as follows: wt, wild-type CopA or CopT; H1, H2, H3, H4, H5 and L1 mutated RNAs; —, no RNA.
B-galactosidase (B-gal) activity assays were performed as in Materials and methods, and represent averages of four independent determinations.
Values are given in Miller units (Miller, 1972). Standard deviations are indicated.

dMiller units were converted to relative activities. The activity obtained with pGW177-III-L was set to unity.

¢CopA encoded from fusion plasmid (the CopA concentration is lower than when encoded in trans).

interaction is fully reversible and most likely very
unstable, as indicated by the inability of loop-only
sequences to compete for CopA binding to CopT (R1
and R2; Figure 4). The results presented show that
subsequent helix progression proceeds unidirectionally
into the upper stem regions. In support of this, changes at
residues located at the 3" side of the CopA loop (L1 and
L2) had no effect on antisense efficiency in vivo and
in vitro. Furthermore, only the mutations that altered
helix B (H5 and H6; Figure 1) but not helix B’ (H4)
significantly affected the binding rate (Table I), the
structure of heterologous CopA—-CopT complexes
(Figures 2 and 3) and control in vivo (Table II). Thus,
these data suggest that helix B must be formed (structure C
in Figure 5) to permit subsequent formation of helices B’
and C. Whether, in a wild-type context, one of the latter
two helices (B’ and C) is formed earlier than the other,
cannot be determined. Conversely, whether or not helix B
can form, activity tests in vitro (Table 1) and in vivo
(Table II), as well as the structure of the complex (except
for helix B’ itself; Figures 2 and 3), are wild-type like.
Thus, the stable complex is only formed under conditions
in which helix B is formed, whereas helix B’ is dispens-
able. In line with these data, the competition experiments
in Figure 4 argue that helix B formation is an early step
required to commit the interacting RNAs to stable

complex formation, since the RNA fragment R4 gave a
K; value comparable to that obtained with the complete
Copl stem-loop, whereas the R3 RNA (helix B’) was
>100-fold less effective.

The asymmetric strand migration of helix B requires
stem disruption above the position of the lower bulge
(Figure 1C), and frees the opposing side of the stem for the
second intermolecular helix B’ to form. The experiments
presented here do not address the reason for the observed
directionality of the step from the first loop—loop contact to
structure C, and subsequently D (Figure 5). However, an
interesting possibility is suggested by the recent finding
that CopT, like antisense or target loops in most antisense
RNA systems, carries a putative U-turn (7t-turn) structure
motif (YUNR, Y = pyrimidine, R = purine; Asano et al.,
1998; Franch et al., 1999). Such a motif has recently been
proposed in the target loop of the rep mRNA of Collb-P9
(Asano et al., 1998), and is also present in the CopT loop
(5’-UUGGCG). In this motif, the sharp turn at the
3’-phosphate of the invariant U positions the bases
downstream in a pre-formed A-helical conformation,
stabilized by additional hydrogen bonds within the loop.
This structural module, in the tRNA context, is crucial for
rapid and specific decoding (Grosjean et al., 1998; Ashraf
et al., 1999) and it has been suggested that its ubiquitous
occurrence in antisense—target RNA systems might reflect
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Fig. 5. The binding pathway of CopA—CopT. (A-E) refer to steps in the pathway as explained in the Discussion. The parentheses indicate that full
duplex formation is slow and biologically irrelevant (step E). Dotted arrows denote very slow reactions. The structure model of the four-helix junction
derived from computer modelling by Kolb et al. (2000) is shown. Red and purple circles represent the RNase V1 and Pb**-induced cleavages.

the requirement for binding specificity and rate (Franch
and Gerdes, 2000). In CopT, the bases immediately
following the invariant U are the ones at which binding
initiates (5"-GGCG; Givskov and Molin, 1984; Nordstrom
et al., 1984). Extension of this early intermolecular helix
(to give B) would not require a rearrangement of the
U-turn structure in CopT loop; hence, the orientation of the
U-turn might determine the preference for helix B over
helix B” formation.

Once helix B is formed, the interacting RNAs are
committed to form the extended kissing complex shown as
structure D in Figure 5. This four-helix junction structure
is formed as either a stable CopA—CopT complex, or
as the less stable Copl-CopT complex lacking helix C.
Altogether, the results presented here support the model of
the extended kissing complex, which was derived from
computer modelling, structure probing data, site-directed
mutagenesis and appropriate stereochemistry (Kolb et al.,
2000; Figure 5D). This structure shows two long helical
domains, each one generated by co-axial stacking of two
helices (Figure 1). The base pairs that initiate binding in
CopA and CopT are disrupted upon conversion to the
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extended kissing complex, and serve as connecting loops
between helices B and B’. Since mismatches between
CopA and CopT below the bulged residues in stems II/II’
(mutation H3) show no phenotype in vitro and in vivo
(Tables I and II), this supports the view that intermolecular
base pairing proceeds to, and is arrested at, the position of
the lower bulged nucleotides (CopA:G69/CopT:C101) to
form the four-helix junction (Figure 1C). Progression of
the intermolecular helices B and B’ is arrested, probably
due to topological stress. This four-way junction adopts an
asymmetrical X-shaped conformation as the result of
strand exchange (Figure 5). This folding and the con-
straints imposed by the connecting loops force a side-
by-side alignment of the helical segments that, in turn,
facilitates the formation of the stabilizer intermolecular
helix C in CopA—-CopT (Kolb et al., 2000). The stable
CopA—-CopT complex (Figure 5D) is sufficient to exert
inhibition in vitro (Figure 1A; Malmgren et al., 1996) and,
under these conditions, full duplexes are neither formed
nor required (Malmgren et al., 1996, 1997). In conclusion,
the pathway of binding suggested in Figure 5 represents a
stepwise progression from free RNAs through a hierarchy



of distinguishable intermediates to the inhibitory stable
complex.

Analysis of binding kinetics in the CopA-CopT
(Persson et al., 1990b) system had shown that overall
rates of stable complex formation are very similar to the
rate constants of the extended kissing complex formation,
at ~10° M~! 571, These data indicate that dissociation rarely
occurs once the RNAs have encountered each other in a
compatible orientation, and consequently, binding pro-
ceeds quasi-irreversibly. This process requires that sub-
sequent steps, such as helix B formation, have to be
unimpeded by topology. In accordance with this require-
ment, CopA and CopT carry upper stem bulges whose
destabilizing effects are crucial for rapid binding and
inhibition (Hjalt and Wagner, 1995). Thus, the character-
istic high rates of stable CopA—CopT complex formation
(Figure 5D) imply an almost instantaneous conversion of
the reversible kissing complex (Figure 5B) to the extended
kissing complex (four-way junction structure; Figure 5D).

Several other plasmids, belonging to incompatibility
groups Inclo, B and Z, share a similar genetic organiz-
ation. Their mechanism of regulation is different from that
of plasmid R1; antisense RNAs primarily inhibit activator
pseudoknot formation (e.g. Asano et al., 1991; Wilson
et al., 1993). Analyses of pMU720 (IncB) and Collb-P9
(Inclot) have indicated similarities to R1 in that: (i) the
structural features of the antisense stem—loops are
reminiscent of those of CopA (identical loop sequences,
destabilized upper stems, single-stranded region 5" of
stem—loop); (ii) full duplex formation is not required for
control; and (iii) a stable binding intermediate involves
inter-strand pairing within the upper stems of antisense
and target RNAs (Siemering et al., 1993, 1994; Asano
et al., 1998). Based on enzymatic probing experiments,
Asano and Mizobuchi (2000) recently reported on a late
intermediate antisense—target RNA complex in Collb-P9,
of similar overall topology to CopA—CopT, but differing in
the lengths of the intermolecular helices (analogous to B
and B’). Asano and Mizobuchi (2000) have also postulated
that the initial loop—loop propagates in both directions to
promote formation of the four-helix junction. However,
the results presented here indicate that the two helices in
the CopA—CopT complex are formed in a hierarchical
order. Whether or not these differences will stand further
experimental tests, we suggest similar binding pathways
for antisense and target RNAs of plasmids belonging to the
incompatibility groups FII, B, Z and Io.

A binding pathway has also been proposed for
RNAI-RNAII of ColE1 (Tomizawa, 1984, 1990; Eguchi
and Tomizawa, 1991). Binding of RNAI and RNAII 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 (Tomizawa, 1990; Eguchi
and Tomizawa, 1991). NMR studies were performed on a
complex between two RNA hairpins carrying seven-
membered complementary loops derived from a mutant
pair of RNAI-RNAII (Marino et al., 1995; Lee and
Crothers, 1998). These studies indicated that all seven loop
bases were paired in the loop—loop helix, and continuous
stacking of the loop nucleotides on the 3’ side of their
respective stems was observed. Thus, both the R1 and
ColE1 systems employ recognition loop sequences for
the first reversible interaction, but, depending on their
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particular topological constraints, use radically different
pathways to proceed rapidly to more stable intermediates
and ultimately to stable inhibitory complexes. In spite of
this, these as well as most other naturally occurring
antisense systems show comparable binding rate con-
stants.

In conclusion, this study shows that structural features
in both CopA and CopT determine the topologically
possible and kinetically favoured pathway. The pathway
proposed is characterized by a hierarchy of intermediates
that leads to a stable and functional RNA-RNA complex
(Figure 5D). The results presented, together with previous
studies on the effects of loop size and bulge mutations
(Hjalt and Wagner, 1992, 1995), also emphasize the
requirement for unimpeded helix progression immediately
subsequent to initial kissing, in order to sustain the high
binding rates characteristic of efficient plasmid copy-
number regulators. One can speculate that such a step-wise
mechanism for RNA-RNA recognition may also play an
important regulatory role in the folding of large RNA
molecules and in many other cellular functions involving
RNA-RNA interaction.

Materials and methods

Bacterial strains and plasmids

The Escherichia coli strain DH5o [F- endAl, hsdR17, supE44, thi-1,
recAl, gyrA96, relAl, AlargF-lacZYA)U169, ®80lacZAM15 (Hanahan,
1985)] was used for plasmid constructions and in vivo repA-lacZ
expression assays. Plasmid pGW177-L carries the control region of
plasmid R1 (Blomberg et al., 1992). Plasmids of the pGW 177-I1I-L series
used for B-galactosidase measurements are derivatives of pGW177-L
(Blomberg et al., 1994). Furthermore, these plasmids carry the
mutation IIT [promoter-down mutation in copA, silent in tap (Ohman
and Wagner, 1991)], and thus CopA is not transcribed. To create plasmid
pGW177-HI-1II-L, two PCRs were performed, using primers HE27-bio/
GWI110 and GW109-bio/HE40, respectively, on pGWS58-III (Blomberg
et al., 1994) template DNA. Each biotinylated PCR fragment was
immobilized on streptavidin-coated Dynabeads® M (Dynal, Norway),
and the complementary strands were separated by denaturation. The
biotinylated (+) strand of the HE27-bio/GW110 fragment and the non-
biotinylated (-) strand of the GW109-bio/HE40 fragment were annealed,
followed by fill-in using the Klenow enzyme in the presence of 100 uM
dNTPs. A further PCR using the external primers HE27 and HE40 was
performed to obtain a fragment containing the desired mutation. This
fragment was cleaved with the restriction enzymes Bg/II and Sall and
ligated to the larger cleavage product of plasmid pGW177-L, cleaved
with the same enzymes. pGW177-H2-III-L and pGW177-H3-III-L were
constructed using the same protocol, except that the primer combinations
differed: HE27-bio/GW112 and GW111-bio/HE40 (mutation H2); HE27-
bio/GW114 and GW113-bio/HE40 (mutation H3). Construction of
pGW177-H4-1II-L, pGW177-H5-1II-L, pGW177-H6-1II-L, pGW177-
LI-III-L and pGW177-L2-III-L. was achieved using the Stratagene
Quickchange™ Site-Directed Mutagenesis Kit with plasmid pGWS58-III
and primers H4-FW/H4-Rev, H5-FW/H5-Rev, H6-FW/H6-Rev, L1-FW/
L1-Rev and L2-FW/L2-Rev, respectively. The mutated plasmids were
digested with Sall and BgllI, and fragments were inserted into pGW177-L
cleaved with the same two enzymes. pGEM2 cloning vector was
purchased from Promega. Plasmids pGEMZ2-H1, pGEM2-H2 and
pGEM2-H3, carrying the mutant copA genes, were constructed by
using the above-mentioned primer combinations on pGWS58 template
DNA (Blomberg et al., 1990) for PCR, yielding HI, H2 and H3
fragments, which were then amplified with primers HE27 and HE40,
cleaved with Smal and Sall, and ligated into Smal-Sall-cleaved pGEM2
DNA. Plasmids pGEM2-H4, pGEM2-HS and pGEM2-L1 were obtained
using the Stratagene Quickchange™ Site-Directed Mutagenesis Kit with
pGWS58 plasmid and the same set of primers as described above. The
mutated plasmids were digested with Xmnl and Sall, and the generated
fragments were ligated into Smal-Sall-cleaved pGEM2 DNA.
Purification of plasmid DNA, restriction enzyme cleavages and other
DNA techniques were essentially according to Sambrook et al. (1989).
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Oligodeoxyribonucleotides

Oligodeoxyribonucleotides were from Amersham Pharmacia Biotech,
Interactiva Biotechnologie GmbH and NAPS Goettingen GmbH. For
construction of plasmids containing mutations HI-H6, L1 and L2, the
following primer pairs were used: for HI, HE27-bio (5" biotin—
GTGATCTTCCGTCACAGGTAT) and GW110 (5-CGTTGTCGC-
CAACATGAAGAAGATT), GW109 (5'-CATGTTTGGCGACAACGA-
AAAGATTA) and HE40 (5-GAATTTCGACCTCTAGACCAA); for
H2, HE27-bio and GW112 (5-TAACGTACTCGCCAAAGTTGTTGA-
AGATT), GW1l11-bio (5" biotin~-CAACAACTTTGGCGAGTACGT-
TAAGATTA) and HE40; for H3, HE27-bio and GW114 (5-TGA-
ATTCGTACTCGCCAAAGTTGAAGTTCATTATCGG), GW113-bio
(5" biotin-TGAACTTCAACTTTGGCGAGTACGAATTCATTACCG)
and HE40; for H4, H4-FW (5-CCGATAATCTTCTTCGGCTTTGGC-
GAGTAC) and H4-Rev (5-GTACTCGCCAAAGCCGAAGAAGAT-
TATCGG); for H5, H5-FW (5-TTCAACTTTGGCGAGTGTGAA-
AAGATTACCGGG) and HS5-Rev (5-CCCGGTAATCTTTTCACA-
CTCGCCAAAGTTGAA); for H6, H6-FW (5-CGATAATCTTCTTCA-
ACTTTGGCGGGTACGAAAAGATTACCGG) and H6-Rev (5"-CCG-
GTAATCTTTTCGTACCCGCCAAAGTTGAAGAAGATTATCG); for
L1, L1-FW (5-TAATCTTCTTCAACTATGGCGAGTACGAAAA) and
L1-Rev (5-TTTTCGTACTCGCCATAGTTGAAGAAGATTA); for L2,
L2-FW (5-CGATAATCTTCTTCAACATTGGCGAGTACGAAAAG)
and L2-Rev (5-CTTTTCGTACTCGCCAATGTTGAAGAAGATTA-
TCG).

For sequence determinations, PCR fragments were generated from the
pGW 177-1II-L-series plasmids using primer pairs: GW58-bio (5" biotin—
CAGGCTCAGTTCGTTGAGAAAA) and GW359 (5-CACCGCCTT-
TTCCATCAGTTT). Primer GW60 (5-GGATTCGGGTTCTTTAC)
was used for sequencing. For the pGEM?2 plasmid series, inserts were
amplified using primer GW120-bio (5" biotin-CATACGATTTAG-
GTGACACTAT) and GW45 (5'-GAAATTAATACGACTCACTATA).
GW45 was used as sequencing primer.

For in vitro RNA transcription, all CopT mutant PCR fragments were
generated from the pGW58 plasmid using a 5" primer that contains the
appropriate mutations (e.g. CopT-H1: 5-ACGTACTTTAAAGCAAAA-
ACCATGTTTGGCGACAACGAAAAGATTACCG) and the 3’ primer
(5-CGCGGATCCCGGATTCGGGTTCTTTA). The resulting PCR
fragments were cloned in the pUT7 vector under the control of T7
promoter (Serganov et al., 1997). The wild-type CopT PCR fragment was
synthesized with primers T7-G3 (5-GAAATTAATACGACTCAC-
TATAGGGTTAAGGAATTTTGTGGCTGG; T7 promoter sequence
underlined) and SeqP/II (5-CGGATTCGGGTTCTTTA). Wild-type
Copl template was synthesized with primers T7SI (5-GAAATT-
AATACGACTCACTATAGGGCCCCGGTAATCTTTTCGT) and T7EI
(5’-AAACCCCGATAATCTTCTTCA), and mutated Copl species were
synthesized with 5" primers containing the corresponding mutations.
Finally, the wild-type and mutant (H1, H2, H4, H5, H6, L1 and L2) CopA
templates were synthesized with primers T7SA (5-GAAATTAATAC-
GACTCACTATAGTAGCTGAATTGTTGGCTATACG) and T7EA
(5-AAAGCAAAAACCCCGATAATCTTC), and for CopA-H3 the
3’ primer was T7TEA-short (5-AAAGCAAAAACCCCGATAAT).

RNA preparation and labelling
Mutant CopT RNAs were synthesized with T7 RNA polymerase using
BamHI-linearized pUT7 plasmids. Wild-type CopT and wild-type or
mutant CopA and Copl were transcribed from PCR-generated DNA
fragments (Hjalt and Wagner, 1992). Purification of RNAs was
performed either by fast protein liquid chromatography (FPLC;
Pharmacia) on a Bio-Sil TSK250 column or by polyacrylamide—urea
gel electrophoresis as described previously (Kolb et al., 2000).
Transcription of CopT yields a run-off product of 302 nucleotides,
initiated with GG instead of the GU sequence of the wild-type repA
mRNA. The CopA RNA contains a 5" terminal G instead of an A residue.
Neither of these nucleotide changes affect structure or binding properties
(Kolb et al., 2000).

5’-end labelling of dephosphorylated RNA was performed for 30 min at
37°C with T7 polynucleotide kinase and [y-3?PJATP (Sambrook er al.,
1989), and 3’-end labelling of RNA with T4 RNA ligase and [*?P]pCp
(England and Uhlenbeck, 1978). For competition experiments, CopT
RNA was uniformly labelled using [0-32P]JUTP in the transcription
reaction. Labelled RNAs were purified by polyacrylamide—urea gel
electrophoresis, eluted, and precipitated twice with ethanol. Before use,
unlabelled or labelled RNAs were dissolved in RNase-free water and
renaturated by incubation 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 magnesium
acetate, 100 mM sodium acetate).
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Determination of rate constants of stable CopA-CopT
complex formation and competitive inhibition with

different CopA variants

Binding rate constants of CopA—CopT pairs were measured as described
previously (Persson et al., 1988). RNAs R1-R4 used as competitors were
purchased from Interactiva (Germany). Binding of 32P-labelled CopT to
an excess of unlabelled CopA (1.5 nM) was performed at 37°C in the
presence of different concentrations of inhibitors (R1, R2 and R3: from 15
to 1000 nM; R4 and Copl: as indicated in Figure 4; CopIl-HI1: from 3 to
1000 nM). Samples were withdrawn at various time points (1-6 min),
added to gel application buffer and immediately loaded onto a denaturing
5% polyacrylamide—urea gel. The gel was run at constant voltage (500 V)
for 3 h and subsequently dried. Bands corresponding to the CopA—CopT
complex and free CopT, respectively, were quantified using a
Phosphorlmager (Molecular Dynamics). The inhibition constant K;
was determined according to Tomizawa (1985), using the equation
vo/vi = 1 + i /K;, where v, and v; are the initial rates of hybridization in
the absence and in the presence of inhibitory RNA, and i, is the initial
concentration of the inhibitory RNA.

Pb?*-induced hydrolysis

Pb?*-induced hydrolysis was carried out on end-labelled CopA or CopT,
free or in complex, as described by Kolb er al. (2000). Hydrolysis was
conducted in 20 mM HEPES-NaOH pH 7.5, 10 mM magnesium acetate,
100 mM sodium acetate, in the presence of 8 or 16 mM Pb(OAc), for
5 min. Reactions were stopped by the addition of 50 mM EDTA, followed
by ethanol precipitation. Identification of the cleavage sites was carried
out according to Kolb et al. (2000).

In vivo repA-lacZ expression assays

RepA-LacZ fusion protein synthesis was measured in cell extracts from
exponentially growing cultures. The protocol used for the experiments
reported in Table II was essentially as in Berzal-Herranz et al. (1991),
except that cultures were grown in M9 minimal medium supplied with
0.2% glucose, 0.2% casamino acids, ampicillin (100 pg/ml) and/or
kanamycin (50 pg/ml), tryptophan (2 pg/ml) and thiamine (1 pg/ml), or in
Luria—Bertani medium supplied with ampicillin (100 pg/ml) and/or
kanamycin (50 pg/ml).
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