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We explored bacterial RNase P as a drug target using anti-
sense oligomers against the P15 loop region of Escherichia coli
RNase P RNA. An RNA 14-mer, or locked nucleic acid (LNA)
and peptide nucleic acid (PNA) versions thereof, disrupted local
secondary structure in the catalytic core, forming hybrid
duplexes over their entire length. Binding of the PNA and LNA
14-mers to RNase P RNA in vitro was essentially irreversible and
even resisted denaturing PAGE. Association rates for the RNA,
LNA, and PNA 14-mers were ~10° v~ ' s~! with a rate advan-
tage for PNA and were thus rather fast despite the need to dis-
rupt local structure. Conjugates in which the PNA 14-mer was
coupled to an invasive peptide via a novel monoglycine linker
showed RNase P RNA-specific growth inhibition of E. coli cells.
Cell growth could be rescued when expressing a second bacte-
rial RNase P RNA with an unrelated sequence in the target
region. We report here for the first time specific and growth-
inhibitory drug targeting of RNase P in live bacteria. This is also
the first example of a duplex-forming oligomer that invades a
structured catalytic RNA and inactivates the RNA by (i) trapping
it in a state in which the catalytic core is partially unfolded, (ii)
sterically interfering with substrate binding, and (iii) perturbing
the coordination of catalytically relevant Mg>* ions.

Antisense-based inhibition of bacterial cell growth as a strat-
egy to combat prokaryotic pathogens has been little-explored
mainly because of the low cellular uptake efficiency of antisense
agents. We report here on antisense-based inhibition of the
catalytic RNA subunit of Ribonuclease P (RNase P)? from Esch-
erichia coli. Bacterial RNase P is an essential ribonucleoprotein
enzyme responsible for the 5'-end maturation of tRNAs (1)
whose architecture largely differs from that of eukaryotic
RNase P enzymes, a first prerequisite for a favorable drug target.
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Also, its cellular abundance is low compared with ribosomal
RNA or tRNA; for example, E. coli cells contain a 60 —100-fold
molar excess of ribosomes over RNase P RNA (2). Thus, com-
pared with ribosomes, lower intracellular drug concentrations
may be required to deplete cellular RNase P activity below a
threshold essential for cell growth and survival. Because the
enzyme contains a stable catalytic RNA subunit expected to
turnover slowly relative to most mRNAs, de novo transcription
rates of its RNA subunit are predicted to be relatively low, sug-
gesting that its inactivation will result in a rather persistent
phenotype.

Previously, the so-called P15 loop region of E. coli-type
RNase P RNAs, known to interact with the 3’'-CCA portion of
precursor tRNA (ptRNA) substrates (3), was demonstrated to
be a very effective target site for antisense-like inhibition strat-
egies (4, 5). In a related but conceptually different approach
termed oligonucleotide-directed misfolding of RNA, E. coli
RNase P RNA was screened with consecutive DNA 12-mers for
inhibition of ptRNA processing in a reaction mixture in which
RNase P RNA was newly transcribed in the presence of its pro-
tein subunit (6). A 2'-O-methylated variant of one 12-mer com-
plementary to nucleotides 289-300 in the P15 loop region
turned out to be the most efficient inhibitor. This result sup-
ported our choice of the P15 loop region for the rational design
of antisense agents.

Antisense strategies in general have to circumvent the prob-
lem of rapid DNA and RNA oligonucleotide degradation, and
DNA additionally suffers from the relatively low stability of
DNA:RNA hybrids. “Third generation” antisense agents, such
as locked nucleic acid (LNA) and peptide nucleic acid (PNA),
are highly resistant to degradation enzymes (7-9). In LNA, a
methylene bridge connecting the 2’-oxygen and 4’'-carbon
atoms fixes the sugar pucker in an A-type helical conformation.
PNA is composed of an uncharged peptide backbone with the
nucleobases attached via methylene carbonyl linkages and is
presented in a spatial arrangement mimicking natural nucleic
acids. Because of its uncharged backbone, PNA was reported to
be able to invade stable stem-loop structures that are not acces-
sible to natural oligonucleotides, with helix stability being
largely independent of salt concentration (10, 11). The melting
temperatures of LNA:RNA duplexes are substantially increased
relative to the corresponding RNA:RNA helices (12—14). The
stability of LNA:RNA duplexes apparently exceeds that of PNA:
RNA duplexes (15).

The most severe obstacle to inhibition of bacterial growth by
antisense agents, however, is their uptake into bacterial cells. It
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has previously been demonstrated that conjugates of PNA oli-
gomers and invasive peptides derived from antimicrobial pep-
tides of the innate immune system of eukaryotic organisms are
able to enter Gram-negative and -positive bacteria and to inter-
act with their specific target RNAs in vivo (7, 16). At present,
such PNA-peptide conjugates appear to be the most efficient
strategy for antisense-based inhibition of live bacteria.

Here we have characterized in vitro the efficiency, specificity,
and kinetics of E. coli RNase P RNA inhibition by DNA, RNA,
LNA, and PNA versions of a 14-mer complementary to the P15
loop. We further demonstrate, for the first time, the growth
inhibition of live E. coli bacteria by an antisense oligomer spe-
cific to its highly structured and catalytic RNase P RNA. The
duplex-forming oligomer inactivates the enzyme by sterically
blocking substrate access, by arresting part of the catalytic core
of the RNA in a non-functional conformation, and by disrupt-
ing the binding of catalytically relevant Mg>* in the P15 loop
region.

EXPERIMENTAL PROCEDURES

RNA, LNA, PNA, and DNA Oligonucleotides—High pressure
liquid chromatography-purified RNA oligonucleotides were
purchased from IBA (Géttingen, Germany) or CureVac (Tiib-
ingen, Germany). DNA oligonucleotides were from Invitrogen.
Further purification of oligonucleotides was performed on
denaturing polyacrylamide gels. Oligonucleotides were localized
by UV shadowing, excised from the gel, eluted overnight at 8 °C in
NaOAc (1 m, pH 4.9), and recovered by ethanol precipitation. The
following oligonucleotides were used in this study: 5'-CAAGCA-
GCCUACCC (RNA E. coli 14-mer), 5'-CUAGCGACCUACCC
(RNA A.vinosum 14-mer), 5'-AAGCGGCCCAUCCC (RNA
T. thermophilus 14-mer), 5'-CCUAUUUUUUUUACCAAAAU-
UUAGG (control RNA), 5'-CAAGCAGCCTACCC (DNA E. coli
14-mer). The LNA 14-mer, synthesized essentially as described
previously (17), was identical in sequence to the RNA E. coli
14-mer, except that all residues carried a locked ribose, and cyto-
sine and uracil bases were replaced with 5-methyl-cytosine and
5-methyl-uracil. The PNA oligomers and PNA-peptide conju-
gates, synthesized as described previously (18), were: H,N-
caagcagcctaccc-CONH,, (PNA 14-mer), H,N-KFFKFFKFFK-
G-caagcagcctaccc-CONH,  (PNA-G-peptide), H,N-KFFK-
FFKFFK-AEEA-caagcagcctaccc-CONH,  (PNA-AEEA-peptide),
H,N-KFFKFFKFFK-G-ccgcacactacgac-CONH,, (scPNA-G-peptide;
sc = scrambled), H,N-KFFKFFKFFK-AEEA-ccgcacactacgac-
CONH, (scPNA-AEEA-peptide)(AEEA = 2-aminoethoxy-2-
ethoxy acetic acid linker; G = glycine).

Enzymatic RNA Synthesis, 5'-*>P End Labeling of ptRNA Sub-
strate, and Kinetics—The ptRNASY substrate and RNase P
RNAs were synthesized by T7 runoff transcription and purified
as described previously (4, 5), and Allochromatium vinosum
RNase P RNA from plasmid pAB12 linearized with Clal (19).
5’-32P End labeling and processing assays catalyzed by bacterial
RNase P RNAs were performed as described previously (4).

3'-3°P End Labeling of RNase P RNA, Pb*" -induced Hydrol-
ysis, and RNase T1 and Alkaline Hydrolysis—3'->*P End label-
ing of E. coli RNase P RNA, Pb>* -induced hydrolysis as well as
RNase T1 and alkaline hydrolysis were performed essentially as
described previously (5). Radioactive bands were visualized
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using a Bio-Imaging analyzer FLA 3000 -2R (Fujifilm) and the
analysis software PCBAS/AIDA (Raytest). Images were further
edited by Corel Photopaint, version 11.

Cloning of Bacillus subtilis rnpB in Plasmid pSP64—B. subti-
lis rnpB, including its natural promoter and terminator, was
amplified from genomic B. subtilis DNA (strain W168) using
primers 5'-GGC AGC AAG CTT TAT GAT TGA TCA C
(including the native HindIII site upstream of rnpB) and
5'-CGCCCAAGCTTGTGT ATACTT CTT CAT CGT ATC
ACC CTG TC. The resulting PCR fragment was cloned in the
HindlII site of pSP64 (Promega).

E. coli Growth Inhibition Experiments—PNA-peptide conju-
gates were tested for inhibition of E. coli cells (wild-type K12
and the lipopolysaccharide-defective E. coli strain AS19; Ref.
20) essentially as described in Ref. 7. 3 ml of LB (Luria-Bertani)
medium were inoculated with a single colony, and cells were
grown under aeration (180 revolutions/min in a thermoshaker)
at 37 °C to an A, of 2.4-3.7. Suspensions were diluted with
double-distilled H,O (strain K12) or 0.9% NacCl (strain AS19) to
10% LB and 5 X 10° cells/ml. To 100 wl (5 X 10* cells) of such a
suspension, PNA-peptide inhibitor was added and 10 ul ali-
quots withdrawn after 0, 10, 30, 60, and 180 min; aliquots or
appropriate dilutions (down to 1:10,000) were plated in 10 (for
undiluted samples) or 100 ul portions (in 10% LB, including
0.9% NaCl for strain AS19), incubated on LB agar plates at 37 °C
overnight, and the number of colonies counted.

Reverse Transcription (RT)-PCR—To compare E. coli RNase
P RNA levels in inhibited and uninhibited cells, AS19 cells har-
boring plasmid pSP64-Bsrnp were grown as described above
and treated with either no inhibitor, 5 um PNA-G-peptide, or 5
uM scPNA-G-peptide for 3 h. Cell amounts were verified by
plating. Total RNA from each culture was prepared using the
RNeasy Mini Kit (Qiagen) followed by DNase I treatment (Pro-
mega). RT-PCR was performed with the AccessQuick RT-PCR
System (Promega) according to the manufacturer’s instruc-
tions. Primers specific for E. coli rnpB were 5'-CTC ACT GGC
TCA AGC AGC CT (5’-end-labeled) and 5'-GAA GCT GAC
CAG ACA GTC GC. Primers specific for rpsR (ribosomal pro-
tein S18) were 5'-TGG CAC GTT ATT TCC GTC G (5'-end-
labeled) and 5'-TTA CTG ATG GCG ATC AGT GTA CGG.
RT-PCR reactions contained the normal amounts of unlabeled
primers and, in addition, trace amounts of the respective
5'-end-labeled primer.

RESULTS

Inhibition Efficiency and Specificity of DNA, RNA, LNA, and
PNA 14-mer Versions—Hybrid formation of the 14-mer (E. coli
14-mer; either RNA or DNA) with its target site in the P15 loop
region of E. coli RNase P RNA (Fig. 1) results in the disruption
of the local structure and blocks the docking of the tRNA 3’-end
to the active site of RNase P RNA (5). This inhibits RNase P
activity, not only in the RNA alone but also in the holoenzyme
reaction (4). We extended our inhibition analyses by including
derivatives of the 14-mer containing a PNA or LNA backbone.
As a first approach to assessing the relative binding affinities of
the RNA, DNA, LNA, and PNA oligomer versions, we preincu-
bated E. coli RNase P RNA with different oligomer concentra-
tions for =40 min to allow the binding equilibrium to be
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reached. Multiple turnover processing reactions containing 10
nM RNase P RNA were then started by adding 100 nm ptRNA
substrate. Inhibition efficiencies (given as K; values, defined as
the oligomer concentration resulting in a 2-fold reduced rate of
ptRNA cleavage) (Table 1) provided a first measure for the rel-
ative inhibitor strength. K values do not necessarily equal K,
values but report the same trends in binding affinity differences
(5). The RNA and LNA variants turned out to have the lowest
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FIGURE 1. Secondary structure of E. coli RNase P RNA. The target region of
the 14-mer (nucleotides 291-304) is indicated by the bold line. P, helical
regions; J, joining segments named according to the helices they connect.
The two guanosines (G292 and G293) that form Watson-Crick base pairs with
C74and C75 of tRNA 3’-ends are highlighted and boxed. Prominent lead cleav-
age sites are marked by roman numerals.

TABLE 1

K; and k,,, values for the binding of antisense 14-mers to RNase P RNAs

Antisense Inhibition of Bacterial RNase P

and very similar K; values (2.2 for RNA, 3.9 for LNA) (Table 1)
followed by PNA (K; = 12.5) and DNA (K, = 25). K; values of
2—4 nM are low for an enzyme concentration of 10 num, as one
would expect 5 nM to be the minimum inhibitor concentration
for obtaining 50% inhibition. We attribute this to the finding
that only ~50-60% of E. coli RNase P RNA is in an active con-
formation after 40 min of preincubation at 37 °C in the standard
buffer used here (21).

We then addressed the inhibition specificity of the RNA,
LNA, and PNA versions of the 14-mer by testing their effects on
the processing reaction catalyzed by three other bacterial
RNase P RNAs with sequence variation in the target region,
namely those from Pseudomonas aeruginosa, A. vinosum, and
Thermus thermophilus. Complementarity of the E. coli 14-mer
was predicted to be the least compromised with P. aeruginosa
RNase P RNA, of intermediate stability for the A. vinosum
RNA, and most destabilized for T. thermophilus RNase P RNA
(Fig. 2). As expected, inhibition efficiencies of RNA and PNA
14-mers decreased in the order P. aeruginosa > A. vinosum >
T. thermophilus (Table 1). Yet with the LNA 14-mer, there was
little discrimination. This is attributable to the extraordinary
stability of LNA:RNA hybrids (12, 13), which leads to increased
mismatch tolerance, in line with a previous study (15).

In areverse setup, we designed 14-meric RNA oligomers that
fully matched the P15 loop region of A. vinosum and T. ther-
mophilus RNase P RNA, respectively. For the A.vinosum
14-mer, the 53-fold discrimination against E. coli RNase P RNA
(K; = 3.0 versus 160) (Table 1) exactly mirror-imaged what we
had seen with the E. coli 14-mer (Table 1). Surprisingly, dis-
crimination against the E. coli RNase P RNA was only 6-fold
for the T. thermophilus 14-mer (for details, see supplemental
Fig. S1).

Invasion of PNA and LNA 14-mers into the P15 Loop Region—
We next analyzed strand invasion of the 14-mers into the P15
loop region of E. coli RNase P RNA by lead probing. For the
RNA and DNA 14-mers, we had shown earlier (5) that they
anneal to the target region over their entire length, as inferred
from the suppression of lead hydrolysis in the region spanning
nucleotides 291-304 of RNase P RNA (Fig. 3, lanes 11 and 12).
In addition, a novel lead hydrolysis product appears in the
5'-proximal strand of helix P15 (Fig. 3, arrow), demonstrating
that P15 is disrupted in oligomer-RNase P RNA complexes.
The T. thermophilus-specific RNA 14-mer induced the same
changes under the conditions applied (Fig. 3, lanes 9 and 10).
Incomplete suppression of lead cleavage at site V is attributable

14-mers were preincubated with RNase P RNAs for 40 min (80 min for the LNA 14-mer); at 37 °C in buffer I (0.1 M NH, OAc, 0.1 M Mg(OAc),, 50 mm Hepes, pH 7.0). Mean
K; values are based on at least three independent experiments; NA, not analyzed. In the first column, deviations from perfect Watson-Crick complementarity are indicated

in parentheses for interaction of the E. coli 14-mer with the heterologous RNase P RNAs; GU, G-U wobble pair; k,, values (inm ™' s™*

E. coli RNase P RNA.

!'s71) are given in bold below K; values for

RNase P RNA E. coli 14-mer, E. coli 14-mer, E. coli 14-mer, E. coli 14-mer, A. vinosum T. thermophilus
RNA, K; LNA, K; PNA, K; DNA, K; 14-mer, RNA, K;  14-mer, RNA, K;
K; values in nm
E. coli 22*0.6 39+ 1.8 125 £ 0.5 25*5 160 * 10 80 * 20
Ky (6.8 £0.7) x 10* (8.6 = 4.5) X 10* (2.2 % 0.5) X 10° (2.3 = 2.0) x 10*
P. aeruginosa (1 mismatch, 1 GU) 190+ 15 182 £ 0.8 580 *+ 225 NA NA NA
A. vinosum (2 mismatches, 1 GU) 125 £53 25+5 3200 = 1500 NA 3.0*06 NA
T. thermophilus (1 mismatch, 1 GU, 1200 = 25 36 + 13 7000 * 3000 NA NA 13.3 = 2.5

1 bulge)
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FIGURE 2. Expected duplexes formed between the E. coli-specific 14-mer
(E. c. 14-mer) and bacterial RNase P RNAs from E. coli, P. aeruginosa,
A. vinosum, and T. thermophilus. Duplex formations between the 14-mer
specificto T. thermophilus RNase P RNA (T. th. 14-mer) and its cognate or E. coli
RNase P RNA are depicted in the two sketches at the bottom. Individual P15
loop regions are shown in gray letters, and the two guanosines corresponding
to G292 and G293 of E. coli RNase P RNA are highlighted in boxes. For more
details, see Fig. 1.
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to imperfect complementarity and thus decreased affinity of
this oligomer for E. coli RNase P RNA (Fig. 2). The lead cleavage
pattern remained unchanged upon the addition of a control
RNA lacking substantial sequence complementarity to E. coli
RNase P RNA (Fig. 3, lanes 7 and 8). In the presence of the
E. coli-specific LNA 14-mer (lanes 13 and 14), the same changes
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FIGURE 3. Pb?*-induced hydrolysis pattern. Shown are the Pb?* hydrolysis
patterns of 3'->2P-labeled E. coliRNase P RNA (10 nm) in the presence of either
500 nm RNA, LNA, or PNA E. coli 14-mer (lanes 11-16) or 6.5 um T. thermophilus
14-mer (lanes 9 and 10) or of an unrelated control RNA 25-mer at 6.5 um (lanes
7 and 8). Lanes 1 and 2, limited hydrolysis of E. coli RNase P RNA by RNase T1
under denaturing conditions or by alkaline hydrolysis (A); lanes 3 and 4, radio-
labeled E. coli RNase P RNA either directly loaded onto the 15% PAA/8 m urea
gel (C7) or incubated in hydrolysis buffer (0.1 m Mg(OAc),, 0.1 m NH,OAc, 50
mm Tris-HCl, pH 7.1) without lead acetate for 50 min at 37 °C (C2). Left margin,
assignment of G-specific RNase T1 fragments according to the numbering
system for E. coliRNase P RNA (see Fig. 1); right margin, corresponding assign-
ment of Pb?*-hydrolysis bands; dotted line, area protected by the 14-mers;
horizontal arrow, new hydrolysis product that appears upon disruption of
helix P15. The lead cleavage pattern, although remaining essentially identi-
cal, is upshifted in lanes 13-16, because LNA and PNA 14-mers stick to RNase
P RNA fragments containing the target region, even under denaturing gel
conditions.

in the lead cleavage pattern as for the RNA analog were seen.
However, all fragments that included the target site were
shifted toward lower gel mobility, whereas the smaller ones
(Fig. 3, bottom section of the gel) excluding this region showed
unperturbed mobility. This result demonstrates that the LNA
14-mer remained bound to the RNase P RNA, even during
electrophoresis in the presence of 8 M urea. A very similar
observation was made with the PNA 14-mer (Fig. 3, lanes 15
and 16), but there the upshifted fragments migrated more
diffusely. One explanation is that the PNA 14-mer under-
goes dissociation and reassociation cycles during electro-
phoresis. Alternatively, PNA is known to have a propensity
to form RNA:PNA, triplexes (22). Triplex formation is
indeed conceivable based on the sequence of the PNA
14-mer (supplemental Fig. S2) and might have contributed
to the diffuse gel mobility in lanes 15 and 16 (Fig. 3).
Inhibitor Association Rates—The lead probing experiments
(Fig. 3) indicated that hybrid helices formed between the LNA

VOLUME 281+-NUMBER 41-OCTOBER 13, 2006

8002 ‘2T Jequwaldas uo Aq 610 ogl-mmm wol) papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

Antisense Inhibition of Bacterial RNase P

Inhibition by PNA-Peptide Conju-
10° gates in Vitro—Limited cellular
£ S 1o inhibitor £ uptake is a general problem of anti-
35 O 10 uM scPNA-G-peptide S 10° sense agents, especially in bacteria.
5 2 UM PNA-G-peptide 5 Because improved cell entry was
A 5 pM PNA-G-peptide 5 .
% 10 uM PNA-G-peptide 10 demonstrated for PNA oligomers
K12 coupled to invasive peptides (7), we
1 P . 1 1 .
0 P 120 180 0 60 120 180 gdgpt‘efl this s.tratt‘egy for RNase P
time [min] time [min] inhibition. Taking into account that
the linker connecting the N-terminal
peptide and the PNA oligomer may
10° - influence inhibition efficacy (7, 23),
E g 1”; J:\A '::ng AAEEA-peptide] E we utilized two different linkers. One
5 10 O 10 uM PNA S is the commonly used 2-amino-
L : L
& A 10 uM PNA-AEEA-peptide | 55 ethoxy-2-ethoxy acetic acid (AEEA)
10 linker, (also termed 8-amino-3,6-di-
1 ASI1 9 | ‘ oxaoctanoic acid linker and abbrevi-
0 60 120 180 0 60 120 180 ated asegl) (7,24); and the other is the
time [min] time [min] novel shorter monoglycine linker not
analyzed so far (supplemental Fig.
< noinhibitor (pSP64) S4A). We first tested these PNA-pep-
O 5 UM SCPNA-G-pep (pSPE4) tide conjugates in our standard RNA-
A 5 uM PNA-G-pep (pSP64) A
< = alone processing assay (see Table 1).
E ¢ no inhibitor (pSP64-BsrnpB) E .
3 o oo PNADG AN S At a concentration of 100 nwm, both
SCI -G-pep -
S g (pSP64—BsprnZB) & the PNA-AEEA-peptide and PNA-G-
A 5 M PNA-G-pep- . L i
G, Peptl.de completely inhibited process
S ing, in contrast to a control AEEA
0 soﬁme [mi:]zo 180 0 eotime [mir:]zo 180 conjugate containing a scrambled

FIGURE 4. Analysis of growth inhibition of E. coli AS19 (A and B) and K12 (C and D) cells by E. coliRNase P
RNA-specific PNA inhibitors and rescue of growth inhibition by the PNA-G-peptide upon expression of
plasmid-encoded B. subtilis RNase P RNA (E and F). Cell suspensions (in 10% LB broth) were incubated with
PNA and PNA-peptide conjugates (type and concentration indicated in the center boxes) for different time
periods followed by a plating assay to count the number of colony-forming cells (see “Experimental Proce-
dures”). With 10 um PNA-G-peptide, not a single colony survived after 180 min (A and C), which explains why
the curves hit the x-axis in these cases; sc, scrambled control PNA-peptide conjugate with a PNA moiety of a
different sequence but identical nucleobase composition; pSP64, empty cloning plasmid; pSP64-BsrnpB,
pSP64 derivative carrying the B. subtilis RNase P RNA gene (rnpB) under control of its native promoter (for
plasmid construction, see “Experimental Procedures”). Data points represent mean values of 3-8 individual
experiments with error ranges indicated by error bars; the lower part of the error bars was the highest in
experiments with the most potent PNA-G-peptide, where cell survival was on the borderline. Here we had a
subset of individual experiments with very low colony-forming units (CFU)/ml values (down to zero in some

cases) and another with substantially higher CF units/ml values.

or PNA 14-mer and the target region dissociate at very slow
rates (k,g). Because the RNA 14-mer was previously shown to
dissociate at a rate not exceeding 0.02 h™' under processing
assay conditions (5), k4 could be considered as practically zero
for the RNA, LNA, and PNA 14-mers within the time frame of
our inhibition analyses. We then addressed the question as to
which extent these analogs may differ from their natural DNA
and RNA counterparts in the rate of association (k). This was
analyzed by an RNase P RNA activity assay performed under
conditions where processing activity linearly depended on the
amount of active enzyme. Thus, we determined the fraction of
active (uninhibited) enzyme that remained after increasing
enzyme-oligomer preincubation times, and the rate of enzyme
inactivation equaled the rate of oligomer association (for
details, see supplemental Fig. S3). The PNA 14-mer showed the
fastest rate followed by the LNA and RNA versions and the
DNA 14-mer with the slowest association rate (Table 1, values
in bold lettering).
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PNA 14-mer (supplemental Fig. S4B).
Similar results were obtained in the
E.coli RNase P holoenzyme assay
(supplemental Fig. S4C). There, spe-
cific inhibition was already evident at
the lower concentration (12.5 nm) of
PNA 14-mer or PNA-G-peptide.
Inhibition by PNA-Peptide Conju-
gates in Vivo—The conjugates were
then tested for in vivo inhibition of
E. coli wild-type K12 and a more
permeable mutant strain (AS19)
defective in lipopolysaccharide synthesis (20). To this end, cell
suspensions were incubated with the corresponding conjugate
for up to 180 min followed by a plating assay to determine the
number of surviving colony-forming cells. Incubation of AS19
cells at 10 um PNA-G-peptide for 180 min did not leave any
survivors in all experiments, whereas inhibition by 5 uM was, on
average, substantial but incomplete (Fig. 4A). Surprisingly,
inhibitor effects were less pronounced with the PNA-AEEA-
peptide (Fig. 4B) containing the linker used in a related previous
study (7). 10 um PNA-AEEA-peptide had a much weaker inhib-
itory effect than the PNA-G-peptide at the same concentration.
Scrambled versions of the two conjugate types showed a very
mild inhibitory effect, suggesting that 10 um is at the threshold
of concentrations at which PNA-peptide conjugates start to
inhibit E. coli cells in an antisense-independent manner. The
minimal inhibitory concentration of the decamerpeptide
(KFF);K itself was reported as 30 ug/ml (~20 um) for E. coli
K12 strains (25). Thus, the carrier peptide moiety may well be
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the cause of the weak nonspecific inhibition effects seen here.
Inhibition effects were not markedly different for the K12 com-
pared with the AS19 strain but somewhat attenuated (Fig. 4C).
This is consistent with the more permeable cell barrier of the
AS19 mutant strain. The PNA 14-mer alone also showed some
inhibition at a concentration of 10 um (more pronounced with
the AS19 relative to the K12 strain) (Fig. 4, B and D).

To demonstrate intracellular PNA-peptide association with
RNase P RNA, we performed a genetic complementation
experiment. The B. subtilis RNase P RNA gene (rnpB) was pre-
viously shown to be able to functionally replace the native
E. coli rnpB gene in vivo (26, 27). We also did not observe inhi-
bition of B. subtilis RNase P RNA by oligonucleotides targeted
to the P15 loop region of E. coli RNase P RNA (4). AS19 and K12
bacteria transformed with a plasmid expressing B. subtilis rnpB
(pSP64-BsrnpB) indeed rescued inhibition caused by the pres-
ence of the PNA-G-peptide (Fig. 4, E and F), further supporting
the specificity of inhibition. Transformation with the multicopy
plasmid pSP64 and growth in the presence of the antibiotic
ampicillin made the AS19 and K12 bacteria somewhat more
sensitive to inhibitors, which explains why we observed a more
pronounced inhibition effect at 5 um PNA-G-peptide com-
pared with the data in Fig. 4, A and C.

In addition, RT-PCR was applied to analyze the fate of E. coli
RNase P RNA upon inhibition by the PNA-G-peptide. AS19
bacteria harboring the complementation plasmid pSP64-
BsrnpB were used, which had the advantage that cell growth
was nearly the same in the presence and absence of PNA-G-
peptide due to the expression of B. subtilis RNase P RNA (Fig. 4,
E and F). The mRNA encoding ribosomal protein S18 (rpsR)
was used to control for fluctuations in RNA template amounts
used for RT-PCR reactions. Levels of E. coli RNase P RNA were
clearly decreased in cells incubated with the PNA-G-peptide
but not in those treated with the scrambled control conjugate
(Fig. 5), suggesting that complexation with the inhibitor
induces RNase P RNA degradation.

DISCUSSION

Our starting point was an RNA 14-mer that had the strongest
inhibition effect on in vitro processing by E. coli RNase P RNA
among several related oligoribonucleotides (5). To study stabi-
lizing oligomer modifications in a systematic manner and for
comparability reasons, we analyzed the PNA and LNA versions
of the identical sequence and (in the case of the LNA 14-mer)
carrying this ribose modification at each nucleotide position.
We were aware that oligonucleotides with LNA modifications
at only a few positions might be preferable for antisense strate-
gies, as the gain in duplex stabilization (AT,,,/°C) per LNA mod-
ification is maximal if only, for example, every third nucleoside
is replaced with the analog (12). Our in vitro inhibition experi-
ments have shown that the RNA, DNA, PNA, and LNA versions
of the 14-mer disrupt the structured P15 loop region of type A
RNase P RNAs, forming a hybrid duplex over the entire oli-
gomer length (Fig. 3) (5). Beyond disruption of the catalytic core
structure, oligomer invasion prevents anchoring of tRNA
3'-NCCA-ends to the P15 loop and, thereby, perturbs coordi-
nation of catalytically relevant Mg>" (28). The rate of dissocia-
tion was negligible for RNA, LNA, and PNA 14-mers under the
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FIGURE 5. RT-PCR to analyze the cellular level of E. coliRNase P RNA upon
treatment with the PNA-G-peptide. Total RNA was isolated from AS19 bac-
teria expressing B. subtilis RNase P RNA from plasmid pSP64-BsrnpB as in Fig.
4E. AMV, reverse transcriptase; sc: scrambled control PNA-peptide conjugate
with a PNA moiety of a different sequence but identical nucleobase compo-
sition. A and Bindicate two different samples. The reduction in the amount of
RT-PCR product corresponding to E. coli RNase P RNA from cells treated with
the PNA-G-peptide was seen in five independent experiments, with the ratio
of radioactivity for the product specific for E. coli RNase P RNA versus S18
mRNA decreasing by a factor of =4.

applied conditions. The extraordinary stability of the target
RNA-LNA duplex was associated with reduced discrimination
against mismatched target sequences (Table 1) consistent with
previous observations (15). The PNA 14-mer combined excel-
lent specificity and the fastest association rate among the inhib-
itors tested (Table 1). Its relatively high K, value (12.5 nm)
(Table 1) can be explained by a certain propensity of hydropho-
bic PNA to self-aggregate (29), which likely reduced the effec-
tive concentration of PNA single strands, although we tried to
minimize this problem by preparing, handling, and quantifying
PNA solutions at 80 °C. At explicitly smaller oligomer sizes,
however, LNA may become advantageous over PNA. For exam-
ple, an LNA 8-mer directed against the telomerase RNA sub-
unit inhibited telomerase in human prostate cancer cells with
an IC,, of 25 nMm, whereas a corresponding PNA 8-mer had a
200-fold lower potency; an LNA 8-mer with a single mismatch
showed an at least 40-fold lower efficacy (15). One may argue
that LNA octamers might elicit substantial off-target effects
because of the multiple occurrence of identical octanucleotide
sequences in bacterial and eukaryotic genomes. However, it is
rather unlikely that oligomer annealing to sequence-identical non-
target sites, if accessible to hybridization at all, entails the similarly
severe functional consequences as duplex formation with the spe-
cific target site. Indeed, transfection of a human cell line with the
aforementioned telomerase RNA subunit-specific LNA 8-mer did
not reveal any signs of toxicity (15). These results, although not
conclusive yet, are encouraging in the exploration of whether
LNA-modified oligomers of <10 nucleotides may substantially
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improve entry into bacteria without a substantial decrease in target
selectivity or increase in toxicity.

Measured association rates (k) for the RNA, LNA, and PNA
14-mers were in the range of 10° M~ ' s~ * (Table 1). The value for
the RNA 14-mer was previously calculated to be close to 10* M~ *
s~ ! based on experimentally determined values for k_gand K, (5).
We consider the direct experimental determination of k_,
reported here to provide the more accurate values. The value of
10° M~ " s " is only a factor of ~10 below the values observed for
natural antisense systems and exceeds the association rates of
many artificial antisense interactions by a similar factor (30, 31).
We conclude that the oligomer annealing to the P15 loop region is
rather fast despite the need to disrupt the helix P15 and possibly
additional tertiary interaction in the catalytic core of RNase P
RNA. This finding may be related to the fact that the P15 loop has
been optimized during evolution as a binding site for the single-
stranded 3'-overhangs of tRNA molecules. Mechanistically, oli-
gomers may initially interact with the fully accessible CCA-bind-
ing loop and, during transient thermal opening of helix P15, snap
into the P15 target sequence to extend base pairing in a zipper-like
manner. When base pairing is established over the entire oligomer
length, the RNase P RNA is trapped in the partially unfolded con-
formation, which appears to trigger RNA degradation in vivo (Fig.
5). Based on our results, it should be worthwhile to explore the
loop of helix 80 of 23 S rRNA by a very similar antisense strategy, as
G2251 and G2252 in this loop form Watson-Crick pairs with C74
and C75 of tRNA bound to the P site (32).

The PNA oligomer was coupled to an artificial carrier pep-
tide that was shown to facilitate bacterial uptake in a previous
study (7). Here, we could further improve efficacy of such con-
jugates by introducing a novel monoglycine linker connecting
PNA and the carrier peptide. The monoglycine linker seems to
improve bacterial uptake, as conjugates with the monoglycine
and AEEA linker inhibited processing by RNase P RNA in vitro
to very similar extents (supplemental Fig. S4). Invasive peptides
of the type used here, rich in basic and hydrophobic residues,
form amphipathic secondary structures and interact preferen-
tially with bacterial membranes whose outer layers expose ani-
onic groups for electrostatic interactions; the presence of cho-
lesterol in eukaryotic membranes contributes to the preference
of these peptides for bacterial membranes (33). The preference
of invasive peptides for bacterial membranes may reduce (but
not necessarily eliminate) their potential toxicity in therapeutic
applications. Indeed, the (KFF),K-type peptides are able to
induce histamine release in some mammals (16) and hemolysis
of human erythrocytes (25). Several other peptides were
recently coupled to PNA antisense oligomers and tested for
target inhibition in live Staphylococcus aureus cells. Hexa- to
decapeptides chemically unrelated to (KFF),K were found to be
efficient mediators of cell entry as well (16). The use of non-
cationic carrier peptides could also alleviate the problem of
aggregation and precipitation of conjugates consisting of ani-
onic oligonucleotides and cationic peptides (34). Another per-
spective is the synthesis of disulfide-linked oligomer-peptide
conjugates that are cleaved in the more reductive milieu of the
bacterial cell to release the antisense oligomer. In summary, the
development of carrier peptides with optimal performance in
terms of bacterial uptake efficiency, delivery to the target, pref-
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erence for bacterial membranes, and low toxicity in the host will
be in the focus of future studies.

In a related study, a PNA-peptide conjugate directed against
the essential finhB gene suppressed growth of S. aureus at 10
uM (16), similar to what we have observed. This inhibitor con-
centration was about 13 times higher than the IC, values for
PNA-peptide-based inhibition of the non-essential gfp gene
(16). A major reason for such discrepancies could be that IC,,
values for the inhibition of a non-essential enzyme are different
from concentrations required to fully suppress bacterial
growth. Complete suppression of bacterial growth is expected
to only be reached when the intracellular activity level of an
essential gene product is depleted far below 50% of its normal
level.

PNA-based inhibition of stable RNAs has been explored to
some extent for ribosomal RNA as the target (35). Two triplex-
forming 7- or 12-mer PNA strands connected by an AEEA
linker were tested, one directed against a single-stranded hep-
tanucleotide sequence in the a-sarcin loop and the second
against a dodecameric sequence in the peptidyl transferase cen-
ter of E. coli 23 S RNA. In the latter case and similar to the
RNase P situation reported here, triplex formation required
some disruption of local 23 S rRNA structure; the IC,, value
for inhibition of AS19 cells in 0.1 X LB broth was reported as
5 um (35). With respect to the triplex-forming PNA conju-
gate directed against the a-sarcin loop, attachment of the
(KFF);K carrier peptide improved the inhibitory effect on
the growth of E. coli K12 cells by a factor of seven (7). These
findings, combined with those presented here, are encour-
aging in the further progression toward the development of
stable RNA-specific drugs that exploit the hydrogen bonding
capacities of nucleobases.
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