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The ribonucleoprotein enzyme RNase P catalyzes endonucleolytic
5'-maturation of tRNA primary transcripts in all domains of life. The
indispensability of RNase P for bacterial cell growth and the large
differences in structure and function between bacterial and
eukaryotic RNase P enzymes comply with the basic requirements
for a bacterial enzyme to be suitable as a potential novel drug
target. We have identified RNA oligonucleotides that start to show
an inhibitory effect on bacterial RNase P RNAs of the structural type
A (for example, the Escherichia coli or Klebsiella pneumoniae
enzymes) at subnanomolar concentrations in our in vitro precursor
tRNA (ptRNA) processing assay. These oligonucleotides are directed
against the so-called P15 loop region of RNase P RNA known to
interact with the 3'-CCA portion of ptRNA substrates. Lead probing
experiments demonstrate that a complementary RNA or DNA 14-

Introduction

The ubiquitous enzyme ribonuclease P (RNase P) catalyzes
endonucleolytic 5'-maturation of tRNA primary transcripts in all
domains of life including eukaryotic organelles.® Bacterial
RNase P enzymes are composed of a catalytic RNA subunit
(about 130kDa in size) and a single small protein (about
13 kDa)." The RNA subunit of bacterial enzymes is catalytically
active in vitro without the protein subunit but requires elevated
salt concentrations for optimum activity to compensate for the
absence of the protein.® The architecture of human RNase P
differs from its bacterial counterparts in many aspects, such as
the higher number of protein subunits (10 proteins, 1 RNA), the
inactivity of its RNA subunit alone in vitro,”® and the
minimization or even lack of contacts between its RNA subunit
and precursor tRNA (ptRNA) substrates.” Since RNase P is
essential for bacterial growth,M the structural and functional
differences between human and bacterial RNase P may be
exploited to develop novel drugs targeted against bacterial
RNase P to control bacterial pathogens at a low risk of
interference with human RNase P function. In the preceding
report by Willkomm etal."” we demonstrated that antisense
oligonucleotides designed to target the binding site for the tRNA
3’ CCA moiety in bacterial Type A RNase P RNAs can efficiently
block enzyme function. Herein we report the optimization of
RNA oligonucleotides targeted at this region. We have identified
variants that inhibit Escherichia coli or Klebsiella pneumoniae
RNase P RNAs with K; (defined as the oligonucleotide concen-
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mer fully invades the P15 loop region and thereby disrupts local
structure in the catalytic core of RNase P RNA. Binding of the RNA
14-mer is essentially irreversible because of a very low dissociation
rate. The association rate of this oligonucleotide is on the order of
10°m~"s~" and is thus comparable to those of many other artificial
antisense oligonucleotides. The remarkable inhibition efficacy is
attributable to the dual effect of direct interference with substrate
binding to the RNase P RNA active site and induction of misfolding
of the catalytic core of RNase P RNA. Based on our findings, the P15
loop region of bacterial RNase P RNAs of the structural type A can
be considered the “Achilles’ heel” of the ribozyme and therefore
represents a promising target for combatting multiresistant
bacterial pathogens.

tration required to obtain 50% inhibition of ptRNA cleavage by
RNase P RNA) and K; (dissociation constant) values of around
1 nm under our standard assay conditions. We further charac-
terized the structure of oligonucleotide—RNase P RNA com-
plexes by lead probing!""! and analyzed the kinetics (association
and dissociation rate constants, k,, and k., respectively) of
oligonucleotide binding to RNase P RNA. According to our data,
the P15 loop target region is converted into a hybrid helix
involving all 14 nucleotides of the RNA or DNA 14-mer, which
results in the disruption of local structure in the catalytic core of
RNase P RNA. Binding of the RNA 14-mer is essentially
irreversible as a result of a very low dissociation rate. In
conclusion, the P15 loop region of bacterial RNase P RNAs of
the structural type A can be considered as the “Achilles’ heel” of
the ribozyme. The remarkable inhibition efficacy of antisense
oligonucleotides directed at this region can be attributed to two
effects: direct interference with substrate binding to the active
site of RNase P RNA and induction of misfolding of the RNA
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catalytic core. Efficient inhibition of the essential ribonucleopro-
tein enzyme RNase P by an antisense-based strategy directed
against the CCA binding region is encouraging and clearly
justifies further efforts to explore bacterial RNase P as a target to
combat multiresistant bacterial pathogens.

Results

In the preceding paper by Willkomm et al."® we reported that a
15-nt-long RNA oligonucleotide (15-mer, Figure 1) inhibits
precursor tRNA (ptRNA) processing by E. coli RNase P RNA quite
efficiently. We provided evidence that inhibition is due to
oligonucleotide interaction with the P15 loop region, which
prevents ptRNA docking into the active site. The model in Figure 1

E. coli
RMase P RNA
(ribozyme)
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Table 1. Kinetic and thermodynamic parameters for interaction of inhibitor
oligonucleotides with E. coli RNase P RNA.[’!

K; [nm] Ky [nm] kot [N~ Kon [M™'s71]
RNA 14-mer 22+0.6 0.7+£0.2 0.016 £0.01 0.63 x 10*
DNA 14-mer 25+5 26+04 0.22+0.07 23 x10*
RNA 13-mer 2.6+0.8 n.d.®! n.d. n.d.
RNA 15-mer 40+1.8 n.d. n.d. n.d.
RNA 27-mer 94425 n.d. n.d. n.d.

[a]l Mean values derived from at least three independent experiments are
given; for details, see the main text and the Methods section. [b] n.d., not
determined.

P12 Caal ..Au

JALI

5-mer |

A [

A b Sex % \ ot

G CCACGC,, & Noheo "

A N A ! \a,
130 Ag, P11 l.cﬁ,c.:c 200 i ‘ﬁg’:‘cﬁ;’a,
| =6 G A gl 8o P1g i i
Poadbilh  des “
¥ 224 ) s
P10 S 'T:h b RO o

]
=y

.
g "«/
"P'I 5 |OOD"

™ _Gecc, \*u -h\

predicts that oligonucleotides of the15-mer type
invade the P15 loop region at the cost of disrupt-
ing local RNase P structure, such as the P15 helix.

Optimization of the 15-mer

The 15-mer, a derivative of our initial RNA
oligonucleotide Eco 3" has a 3’-terminal AG
dinucleotide not complementary to the P15
loop region (Figure 1). We therefore tested two
variants, one lacking the AG dinucleotide (13-
mer) and one with an additional C residue
instead (14-mer) to include G291 of the P15
loop in the intermolecular base-pairing inter-
action (Figure 2 A, B). Both the 13-mer and the
14-mer have slightly lower K; values than the
15-mer, and the 14-mer proved to be the most
efficient inhibitor among all the oligonucleo-
tides tested (Figure 2A, B; Table 1). We also
analyzed whether a 5" extension of the 14-mer
(27-mer) increases inhibition efficacy as a result

8
3?:”‘@

S

A
6 Guwsz . .
P3 E‘Da

%aammcagcegm LA A ;4 ;- ﬁcai 15’ é"'uc‘* of the extended complen?entarlty t.o E. coli
UUCUGGUEUOGUGCUUCGGJ&G{: u RMase P cleavage site _/i RNase P RNA. However, this 27-mer is a less
e “ogg pal uCCAnu.A-a potent inhibitor than the 13-, 14-, and 15-mers

P2 A-U - Aﬁmuuuucccﬁwlﬁ:s A, . .
1 P1 g0 g6 s (Figure 2 A, B; Table 1), which suggests that P18
81 23‘.&.33‘;133323“ COAGIBACA .\ eq a=e disruption as a prerequisite for extended
g € Ag tocat AU aU%A intermolecular base pairing was energetically

360 &, . .
;; JUSAC UCGA“ iiﬁéu o too costly. 5'-terminal shortening of the 14-mer
GGU,.}J&AG!':A Ug i by two or three nucleotides (12-mer and 11-
i 2: mer) also reduced inhibition efficacy, and a
PIRNACY o DNA version of the 14-mer was about tenfold
u . .

(substrate) UG(;C less effective than the RNA 14-mer (Fig-

ure 2B, C; Table 1).

Figure 1. Secondary structure of E. coli RNase P RNA (left) according to Massire et al.?5! The broken line
separates the two main structural domains.?® P, helical regions; J, joining segments named according to

the numbers of the helices they connect. Prominent sites of Pb?" hydrolysis are marked (in blue) as in
Ciesiolka et al.""! The grey-shaded oval represents the P15/16 region including G292 and G293 (in

Lead probing of inhibitor - RNase P RNA
complexes

magenta); Watson - Crick base pairing of G292/G293 with the CCA motifs of tRNA 3’ termini®”! is

depicted for the bacterial ptRNA®Y substrate’®® in the lower right part of the figure; two Mg?* ions bound
to the P15 loop have been proposed to be involved in the catalytic process.’ The red arrow indicates
inhibition of E. coli RNase P RNA by a 15-mer RNA oligonucleotide complementary (orange nt) to

Pb?*-induced hydrolysis (lead) probing is a
powerful technique for the study of RNA
structure in vitro and even in vivo.'Z Prominent

nt 292 -304 (shown in green and purple) of RNase P RNA.'® The model in the upper right of the figure

predicts that the 15-mer invades the P15 loop region, disrupts helix P15, and anneals to RNase P RNA

over the entire region of complementarity.
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sites of Pb?*-induced hydrolysis occur at high
affinity metal ion binding sites in structured
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Antisense Inhibition of RNase P RNA

Ki
® RMA14-mer 2.2 nM
A RNA13-mer 2.8 nm

¥ RNAZT-mer 9.4nm
\\ & DNA14-mer 25 nm
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o
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RNA molecules, and less specific minor cleavages are observed in
single-stranded flexible regions of RNA.'M Double-stranded re-
gions are relatively resistant to lead cleavage. Since lead probing
has been extensively used to investigate the structure of E. coli
RNase P RNA/™13-161 we employed this method to analyze the
interaction of the most efficient inhibitor, the 14-meric oligonu-
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Figure 2. Antisense inhibition efficacy of RNA oligonucleotides directed against
the P15 loop region of E. coli RNase P RNA. A) Complexes assumed to be formed
between antisense oligonucleotides and RNase P RNA. Nucleotides of the target
region are shown in green (nt 292 and 293 in purple); nt in grey represent the 13-
mer; the 5'-proximal parts of the other short oligomers are indicated by lines (15-
mer, orange; 14-mer, red; 12-mer, light blue; 11-mer, light green); the 27-mer
(dark blue) was identical to the 14-mer in its 3'-proximal portion (indicated by a
line) but carried a 5 extension with the potential to pair with the 5 half of P18,
including its apical tetraloop (marked by dotted blue lines). B) Normalized rate
(k,.) of ptRNA®Y processing by E. coli RNase P RNA as a function of oligonucleotide
concentration. K; values listed in the box represent the oligonucleotide concen-
tration at 50 % inhibition relative to the uninhibited reaction (see also Table 1). For
assay conditions, see the Methods section. C) Inhibition of cleavage activity by the
RNA 11-mer and 12-mer relative to the other oligomers at a twofold excess (20 nm)
of oligonucleotide over RNase P RNA (10 nw). Measurements were made by
utilizing the same assay as in (B).
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Figure 3. Pb’*-induced hydrolysis patterns of 3'-?P-labeled E. coli RNase P RNA
(10 nm) in the presence of either 500 nm RNA 14-mer (Lanes 7, 8), 5 um DNA 14-mer
(Lanes 9, 10), or 5 um unrelated RNA 25-mer (Mhyo 5'; see the Methods section and
ref. [10]) used as a control (Lanes 5, 6). Control lanes 1 and 2: 20000 Cerenkov
cpm 3'32P-labeled E. coli RNase P RNA either directly loaded onto the shown 15%
polyacrylamide/8m urea gel (Lane 1) or loaded after incubation in buffer A for
70 min at 37°C (Lane 2); Lanes 3 and 4: limited digestion of 3'-*?P-labeled E. coli
RNase P RNA by RNase T1 (under denaturing conditions; Lane 3) or alkaline
hydrolysis (Lane 4). Right: assignment of Pb**-hydrolysis bands!"" ¥ (see also
Figure 1); dotted line: area protected by the 14-mers. Left: assignment of G-specific
RNase T1 fragments according to the numbering system used for E. coli RNase P
RNA (Figure 1). For details of the Pb?*-hydrolysis assay, see the Methods section.

cleotide, with E. coli RNase P RNA. Our analysis revealed that the
14-mer (RNA as well as DNA) hybridizes with RNase P RNA over
its entire length, as inferred from the suppression of lead
hydrolysis in the region spanning nt 291 -304 of RNase P RNA
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(Figure 3, dotted vertical line). In addition, a novel site of lead
hydrolysis appeared in the presence of the RNA or DNA 14-mer
that corresponds to the 5-proximal strand of helix P15 that is
disrupted upon oligomer invasion (Figure 3, arrow).

Inhibition specificity

RNase P RNA from E. coli represents the structural type A among
bacterial RNase P enzymes.'? Two prominent pathogens,
K. pneumoniae and Pseudomonas aeruginosa, also belong to this
subclass of RNase P enzymes. RNase P RNAs from K. pneumoniae
and E. coli have identical sequences in the P15 loop region,
whereas some nucleotide identities differ in RNase P RNA from
P. aeruginosa (Figure 4).”! In the presence of a twofold molar
excess of the RNA 14-mer (20 nm) relative to RNase P RNA, the
enzymes from K. pneumoniae and E. coli were inhibited with
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Figure 4. A) Rate of processing (ko) of ptRNA®Y (100 nm) by RNase P RNA (10 nm)
from E. coli, K. pneumoniae (K. pneu.), or P. aeruginosa (P.aeru.) either in the
absence or presence of RNA 14-mer (20 nm). Assays were conducted as described
in the Methods section. B) Predicted complementarity of the RNA 14-mer (in red)
to RNase P RNAs from K. pneumoniae and P. aeruginosa. RNase P RNAs from
E. coli and K. pneumoniae have identical sequences in the P15 loop region;
nucleotide identities that differ in P. aeruginosa RNase P RNA relative to the two
other bacterial RNase P RNAs are marked in purple; green nucleotides and the
conserved G residues (blue; G292/G293 in E. coli RNase P RNA) are complemen-
tary to the RNA 14-mer.
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equally high efficiency. In contrast, inhibition of P aeruginosa
RNase P RNA was only moderate under the same conditions
(Figure 4), which can be attributed to the successive G- U wobble
pair and A-C mismatch in the central region of the hybrid helix.
This result suggests that even single mismatches in the 14-bp-
long hybrid helix will greatly reduce inhibition efficacy. The 14-
mer sequence is unique in the E. coli genome (data not shown),
which further supports the hypothesis that it is highly specific for
the E. coli RNase P RNA target.

It will be interesting to test if the efficacy and specificity of the
inhibition strategy applies to bacterial type A RNase P enzymes
in general. This could be analysed by, for example, reversing the
above experiment and using a 14-mer complementary to
P.aeruginosa RNase P RNA, which would be expected to inhibit
this ribozyme more efficiently than that from E. coli.

Inhibitor association and dissociation

The inhibition efficacy of the 14-mer in its RNA and DNA versions
depends on the length of time the inhibitor and RNase P RNA are
preincubated together before starting the processing reaction
by addition of ptRNA substrate (Figure 5). Maximum inhibition
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Figure 5. Inhibition efficacy as a function of oligomer—RNase P RNA preincu-
bation time. The rate of processing (K,,,) of ptRNASY (100 nm) by E. coli RNase P
RNA (10 nm) was measured in the presence of RNA 14-mer (10 nw, filled circles) or
DNA 14-mer (100 nm, open circles). RNase P RNA was preincubated with RNA or
DNA 14-mer in standard assay buffer at 37°C for the time periods indicated and
processing reactions were started by addition of substrate; k., values represent
initial reaction velocities. For further details, see the Methods section.

was achieved with both oligomers after 40 min preincubation.
Toward an estimate of oligonucleotide association rates and to
clarify whether the lower inhibition efficiency of the DNA 14-mer
is due to a higher dissociation rate, we first determined the Kj
value for 14-mer binding to E. coli RNase P RNA by utilizing a spin
column assay (see the Methods section). The K, values for the
RNA and DNA 14-mers at room temperature were determined to
be 0.74+0.2nm and 2.6 +0.4 nm, respectively (Table 1). Differ-
ences between these values and the corresponding K; values
(2.2 nm and 25 nm; Table 1) may to some extent be explained by
the higher temperature (37°C) used in the processing assays.

www.chembiochem.org ChemBioChem 2003, 4, 1049- 1056
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We next analyzed the rate (k,z) of RNA and DNA 14-mer
dissociation from RNase P RNA. For this purpose, trace amounts
of 5’-[**P]-labeled 14-mer were incubated for 40 min at 37 °C with
E.coli RNase P RNA at concentrations close to complex
saturation (2 nm in the presence of the RNA 14-mer, 16 nm in
the presence of the DNA 14-mer). A 100-fold molar excess
(relative to RNase P RNA) of the corresponding unlabeled 14-mer
was then added and aliquots were withdrawn at various time
points and analyzed for the fraction of 5'-[**P]-labeled 14-mer still
bound to RNase P RNA (for details, see the Methods section). In
such a set-up, dissociation is essentially irreversible because
every radiolabeled oligonucleotide that is released from the
complex will be replaced by an unlabeled oligonucleotide
molecule. The DNA 14-mer had a k. value of about 0.22 h—',
while the k. value of the RNA 14-mer was about 15-fold lower
(0.016 h~"; Figure 6; Table 1). Based on the K; and k. values, we

- Kot = 0.0135 + 0.0026 h-t

0 T T T T T T T T T 1
0 100 200 300 400 500

time/h ——>

kot = 0.214 £ 0.017 h-?

4 8 12 16 20 24 28
time/h —>

Figure 6. Determination of dissociation rate constants (k) for complexes
formed between E. coli RNase P RNA and either the RNA (A) or DNA (B) 14-mer
(data from one representative experiment). A solution of RNase P RNA and
radiolabeled oligonucleotide was preincubated to allow the mixture to reach
binding equilibrium and was then challenged by a chaser of unlabeled
oligonucleotide (100-fold excess over labeled oligomer). Dissociation is essentially
irreversible in such an experiment because every radiolabeled oligonucleotide
that is released from the complex will be replaced by an unlabeled oligonucleo-
tide molecule. The decrease in the fraction of 3P-oligomer present in the complex
as a function of time after addition of the chaser was plotted, and data were fit to
a single exponential yielding k. values of 0.0135 +0.0026 h~' for the RNA 14-mer
(A) and 0.21440.017 h~" for the DNA 14-mer (B). C,, maximum fraction of 32P-
oligomer in complex with RNase P RNA (time point zero) corrected by the fraction
of 32P-oligomer eluting from the spin column in controls lacking RNase P RNA; C,
remaining fraction of 3?P-oligomer in the complex at different time points after
addition of excess unlabeled oligonucleotide, corrected as described for C,; for
further details, see the Methods section.
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calculated association rate constants (k,,) of 2.3 x 10*m~"s~" for
the DNA 14-mer and about 0.6 x 10*m~"s~" for the RNA 14-mer
(see the Methods section).

Discussion
Mechanism of ribozyme inhibition

Our rational approach has identified a 14-nt-long RNA oligonu-
cleotide that invades the P15 loop region of bacterial RNase P
RNA of the structural type A, as found in E. coli, K. pneumoniae, or
P.aeruginosa. The RNA and DNA 14-mers hybridized over their
entire length with the target (Figure 3), and thereby disrupted
the endogenous P15 helix of RNase P RNA. The RNA 14-mer
showed the tightest binding (Table 1) to its target in our in vitro
assays. The high inhibition efficacy is probably brought about by
two effects: 1) direct interference with substrate binding to the
active site of RNase P RNA and 2) induction of misfolding of the
catalytic core of RNase P RNA. Induction of misfolding by
antisense oligonucleotides has recently been explored as a
strategy to inhibit autocatalytic removal of a Group | intron from
ribosomal RNA transcripts of the human pathogen Candida
albicans."® A single specific region of the intron (the P3/P7
region) was identified that could be driven into an inactive
conformation by antisense oligonucleotides. The best K; values
(30-150 nm) were obtained with a fully 2’-O-methyl-substituted
dodecamer, a dodecamer of identical sequence containing six
locked-nucleic-acid (LNA) and six DNA residues, and an octamer
fully substituted with LNA residues.'®

Our assumption that E. coli RNase P RNA will be arrested in an
inactive conformation upon 14-mer invasion is borne out by
mutational studies, in which comparatively minor structural
changes introduced into the P15 region (point mutations G300
to C or C301 to G) caused RNase P RNA inactivity in vivo.''
Similar results were obtained with E. coli RNase P RNA variants
carrying a deletion of G291 and G292.' A G296 to A mutation in
P15 was also found to strongly interfere with RNase P RNA
function, although in this case in vivo function was not tested.?”

Kinetics of 14-mer interaction with RNase P RNA

Differences in the Ky values for the DNA and RNA 14-mers were
shown to be due to a more than tenfold lower dissociation rate
of the RNA 14-mer (Table 1), the value of which was hardly
measurable (0.016 h~"). With respect to the in vivo situation, this
result may suggest that an RNA 14-mer, once stably bound to an
RNase P RNA molecule, will remain almost irreversibly bound to
the ribozyme (approximately 10% dissociation after 6h),
possibly over several generation times.

Association rates for the RNA and DNA 14-mer were estimated
to be on the order of 10*m~'s~", similar to rates measured for
other artificial antisense systems.?"! Annealing of the 14-mers to
the P15 loop region was associated with disruption of local
RNase P RNA structure (Figure 3). It has been shown before that
the tightest binding of antisense oligonucleotides occurs at
target sites for which target structure disruption is minimal, with
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affinity a function of the association rate.?? Since RNase P RNA is
a highly structured RNA, annealing of oligonucleotides of at least
10 nt is predicted to be generally associated with an energeti-
cally unfavorable disruption of local or even global structure.
Thus, the upper limit for association rates is expected to be on
average lower for structured, stable RNAs than for mRNAs, which
tend to possess more extended segments that are easily
accessible.

Association rate constants on the order of 106m~'s™" were
obtained for natural antisense systems in vitro, which apparently
correlates with the efficiency of antisense control in vivo.?! Our
initial intention was to mimic the natural CopA - CopT system for
inhibition of RNase P RNA and thereby adopt its feature of high
association rates."” Our results with the best-performing 14-mer
demonstrate that this ambitious goal is probably hard to achieve
by rational design. Optimization of association rates likely
requires target and antisense RNA co-evolution as in natural
RNA -RNA interaction systems. Nevertheless, it will be worth
investigating whether LNA variants of the 14-mer have improved
association kinetics as a result of the “preorganization” of LNA
oligonucleotides into an A-helix-like backbone conforma-
tion.1?* 2! Interestingly, a so-called U-turn motif in the apical
loop of the CopT antisense RNA is also assumed to preform an
A-helical conformation of loop nucleotides and may thus
improve binding specificity and rate.?*

Perspectives for in vivo application

The RNA 14-mer is a more efficient inhibitor than shorter variants
such as the 12-mer and 11-mer (Figure 2C). We are currently
investigating LNA derivatives of the 14-mer because LNA
building blocks not only stabilize oligonucleotides against
nucleolytic attack but, as mentioned above, also dramatically
increase target affinity because of the locking of the C3'-endo
sugar conformation typical of A-helical RNA-like double
strands.?* 2! As a result, even LNA octamers can elicit very
efficient and, surprisingly, specific inhibition effects under
conditions where DNA or RNA octamers of the same sequence
are inefficient.'"® The reduced length of the efficient LNA
oligonucleotides should allow the extent of target structure
disruption to be lowered and may thus improve affinity by
increasing the association rate.?? The smaller sizes of the LNA
oligomers should also alleviate the problem of bacterial cell
entry in approaches relying on exogenous oligonucleotide
application.

A peptide nucleic acid (PNA) version of the 14-mer may be
another option worth testing, since the neutral backbone of a
PNA is assumed to minimize the electrostatic repulsion problem
for bacterial cell entry experienced with standard nucleic
acids.”s! Covalent attachment of PNA to bioactive peptides that
facilitate bacterial cell wall/membrane permeation has been
demonstrated to greatly improve exogenous antisense PNA
delivery into E. coli cells and thus to increase antisense potency
by up to two orders of magnitude.®?9

The RNA 14-mer also inhibits the E. coli RNase P holoenzyme in
vitro.'? We are currently testing its efficacy in vivo by
endogenous expression in E. coli. In vivo, several factors may
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modulate and even improve inhibition efficacy. For example,
proteins may accelerate annealing of antisense and target RNAs,
as shown for the human tumor suppressor protein p53.2”
Antisense oligonucleotides may also access bacterial RNase P
RNA more efficiently during transcription before the ribozyme
folds into its compact tertiary structure.

The major obstacle to effective control of bacterial pathogens
by antisense-based approaches is the specific targeting of and
delivery into pathogenic bacteria. Successful future strategies
may utilize chimeric approaches, such as the covalent coupling
of modified oligonucleotides to aminoglycosides or arginine-
substituted aminoglycosides, or the tethering of oligonucleo-
tides to antimicrobial, membrane-disruptive peptides.l®

Methods

Inhibitor RNA and DNA oligonucleotides: Oligonucleotides were
synthesized or purchased and purified as previously described.!”
The following inhibitor oligonucleotides were employed in the study
described herein:  RNA  Mhyo 5@ 5-CCUAUUUUUUUUAC-
CAAAAUUUAGG;" RNA 15-mer: 5'-CAAGCAGCCUACCAG; RNA 13-
mer: 5-CAAGCAGCCUACC; RNA 12-mer: 5'-GCAGCCUACCAG; RNA
11-mer: 5-GCAGCCUACCC; RNA 27-mer: 5-UCGCUCACUGGCU-
CAAGCAGCCUACCC; RNA 14-mer: 5-CAAGCAGCCUACCC; DNA 14-
mer: 5'-CAAGCAGCCTACCC.

PCR and cloning: For the amplification of the RNase P RNA gene
(rnpB) of K.pneumoniae, total DNA from K. pneumoniae strain
30251%! served as the template; Primer 1 (5-CCGGAATTCGTAATAC-
GACTCACTATAGGAAGCTGACCAGACAGT) and Primer 2 (5-
GCGGGATcctaggTGAAACTGACCGATAAGCC) were used. Genomic
DNA of Pseudonomas aeruginosa PB 2036 (ATCC 10145; leu-38, res™,
mod+?®®1) served as the template for cloning of the corresponding
rnpB gene, with Primer 3 (5'-CCGGAATTCGTAATACGACTCACTATAG-
GAGAGTCGATTGGACAGT) and Primer 4 (5-GCGGGATccatggGA-
GAGTCGATCTATAAGCCGG) for PCR amplification. The 5" primers 1
and 3 introduced a terminal EcoRl restriction site (underlined) and a
T7 promoter (bold), the 3’ primers 2 and 4 BamHI restriction sites
(underlined) and Styl or Ncol restriction sites, respectively (lower case
letters). PCR fragments were cloned into pUC19 by using EcoRI and
BamHI restriction sites, which resulted in plasmids pUCKprnpB and
pUCParnpB. Nucleotide sequences for plasmid inserts were con-
firmed by dideoxy sequencing (MWG-BIOTECH AG). The resulting
rnpB clone of K. pneumoniae 3025 deviated from that deposited in
the RNase P database! at positions 42 (C to U exchange), 119 (G to
A), and 120 (A to G).

Enzymatic RNA synthesis: The ptRNA®Y substrate and RNase P RNAs
were synthesized by T7 run-off transcription essentially as previously
described:B? ptRNASY from plasmid pSBpt3’hh linearized with
BamHI,B" E. coli RNase P RNA from plasmid pDW98 linearized with
BsaAl®" K. pneumoniae RNase P RNA from plasmid pUCKprnpB
linearized with Styl (see above), and P. geruginosa RNase P RNA from
plasmid pUCParnpB linearized with Ncol (see above). K. pneumoniae
RNase P RNA was also directly transcribed from its genomic PCR
amplification product. Transcription reactions for RNase P RNAs were
subjected to phenol/chloroform (1:1) extraction, concentrated by
EtOH precipitation, and purified by electrophoresis in 7% polyacryl-
amide/8m urea gels as previously described.??

5’ 32p end labeling of RNAs and DNA oligonucleotides: 5’ end
labeling of precursor tRNAs and DNA oligonucleotides with [y-32P]-
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adenosine triphosphate (ATP) and T4 polynucleotide kinase was
performed as described previously.>%

3’ end labeling of RNase P RNA and Pb*"-induced hydrolysis: 3’
[32P] end labeling of E. coli RNase P RNA and Pb?*-induced hydrolysis
were performed essentially as previously described.?? Briefly, E. coli
RNase P RNA (12.5 nwm, including 20000 Cerenkov cpm 3'-end-labeled
RNase P RNA), UTASm RNAB" (1.3 ug), and either RNA 14-mer
(500 nm) or DNA 14-mer (5 um) were incubated for 1 h at 37°C in
1.25 x buffer A (1 x buffer A: 0.1m Mg(OAc),, 0.1m NH,OAc, 50 mm
tris(hydroxymethyl)aminomethane (Tris)-HCI, pH 7.1 at 37°C) in a
reaction volume of 4 uL. Pb?*-hydrolysis reactions were started by
adding lead acetate solution (1puL, 50 or 100 mwm), followed by
incubation for 10 min at 37 °C. Reactions were stopped by addition
of loading buffer®® (7 ul) supplemented with ethylenediamine-
tetraacetate (EDTA; 120 mm) and shock freezing in liquid nitrogen.

Limited digestion by RNase T1 and alkaline hydrolysis: Limited
digestion by RNase T1 was performed by incubation of E. coli RNase
P RNA (20000 Cerenkov cpm) in buffer B (20 mm sodium citrate/HCl,
0.2mm EDTA, 1.4m urea, pH5.0) containing RNase T1 (0.06 units;
Gibco BRL/Life Technologies) for 5min at 55°C (10 uL reaction
volume). Reactions were stopped by adding loading buffer (10 pL)
followed by shock freezing in liquid nitrogen. For limited alkaline
hydrolysis, E. coli RNase P RNA (35000 Cerenkov cpm) was boiled for
5 min in NaHCO; (46 mwm) and reactions were stopped by adding an
equal volume of loading buffer and freezing in liquid nitrogen.

Kinetics: Processing assays using E. coli, K. pneumoniae, or P. aeru-
ginosa RNase P RNA and data analysis were performed as previously
described,"? if not stated otherwise.

Measurements of Ky and k,4: K values were measured at room
temperature by using the spin column assay.** 34 The rate (k) of
RNA 14-mer dissociation from E. coli RNase P RNA was determined by
competition experiments. Trace amounts of RNA 14-mer (77000
Cerenkov cpm) were preincubated for 40 min at 37 °C with RNase P
RNA (2 nw) in processing assay buffer 1 (0.1m NH,OAc, 0.1m Mg(OAc),,
50mm  2-[4-(2-hydroxyethyl)-1-piperazinyllethanesulfonic  acid
(HEPES), pH 7.0) in a total volume of 220 uL. A 20-uL aliquot was
withdrawn and analyzed for complex formation by the spin column
assay.?* 34 A solution of the RNA 14-mer (2 L, 20 pm) was then added
to the remaining 200 uL preincubation mixture as competitor,
followed by immediate withdrawal of another 20-pL aliquot, which
was instantly analyzed by the spin column assay (see above). The
aforementioned two 20-uL aliquots, which corresponded to the
value of maximum complex formation, gave practically identical
yields of complex and the values were therefore averaged. Further
20-pL aliquots were withdrawn at various time points and analyzed
correspondingly. A control assay without RNase P RNA was
performed in such a way that aliquots were taken and analyzed at
the same time points as for the sample with RNase P RNA; this
procedure allowed us to confirm that assay conditions remained
stable after longer incubation periods. The off rate of the DNA 14-
mer was determined according to the same protocol, except that the
RNase P concentration was 16 nm and the stock solution of DNA 14-
mer competitor had a concentration of 160 um. For the faster-
dissociating DNA 14-mer, very similar results were obtained with a
dilution assay. Here, trace amounts of DNA 14-mer (77 000 Cerenkov
cpm) were preincubated for 40 min at 37°C with RNase P RNA
(500 nw) in buffer I in a total volume of 10 uL. Then the mixture was
diluted by addition of more buffer | (190 pL), followed by instant
withdrawal and spin column analysis of a 20-pL aliquot correspond-
ing to the value of maximum complex formation. Further 20-uL
aliquots were withdrawn at later time points and analyzed corre-
spondingly. A sample without RNase P RNA, used to define the

ChemBioChem 2003, 4, 1049-1056  www.chembiochem.org

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

background in the absence of complex formation, served as the
control (see above).
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