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ABSTRACT Peptide nucleic acid (PNA) is a DNA mimic
that has shown considerable promise as a lead compound for
developing gene therapeutic drugs. We report that PNAs
targeted to functional and accessible sites in ribosomal RNA
can inhibit translation in an Escherichia coli cell-free tran-
scription/translation system, with 50% reductions caused by
nanomolar PNA concentrations. The effect irn vitro is quanti-
tatively similar to that of the known translation inhibitor and
antibiotic tetracycline. Also, the targeted PNAs inhibited
bacterial growth on agar plates and in liquid culture. A strain
of E. coli (AS19) that is more permeable to antibiotics was
approximately 10-fold more sensitive to the active PNAs,
suggesting that the effect on growth indeed was caused by
PNAs that entered cells. Inhibition was not observed when
using control PNAs of similar composition but with an
unrelated or mismatched sequence. The results demonstrate
that ribosomal RNA is a possible target for sequence-designed
novel antibiotics based on DNA analogues or mimics.

The RNA component of ribosomes (rRNA) is essential for
protein synthesis (1) and therefore is an attractive target for
antimicrobial drugs. Indeed, many natural antibiotics disrupt
protein synthesis and most of these appear to act by binding
rRNA (2). Previous studies have indicated that nucleic acid
oligomers also can inhibit translation in vitro by binding to
rRNA (3-7) and that short methylphosphonate oligonucleo-
tides targeted at the Shine-Delgarno sequence have some
growth inhibitory potential in permeable Escherichia coli cells
(4). We considered that the superior hybridization and stability
properties of the DNA mimic peptide nucleic acid (PNA) (8,
9) (Fig. 14) should enhance such effects. This is demonstrated
by its ability to block DNA and RNA polymerases and
ribosome progression when bound to DNA or RNA templates
(10-13) as well as its high potency to inhibit the activity of
telomerase by binding to its RNA component (14).

MATERIALS AND METHODS

Strains, Plasmid, and PNA. E. coli strains K-12 (wild type)
and D10 (rna-10) were from the E. coli genetic stock center
(Yale University, New Haven, CT). The permeable strain
AS19 (15) was obtained from Steen Pedersen (University of
Copenhagen). A derivative of D10 (D10-1) containing the
laclq gene for repressor overproduction was constructed by
transfer of the F’' episome from strain JM105 as described (16).
The plasmid pMAS2 (17), which carries the E. coli gene for
B-galactosidase was obtained from Michael Sgrensen (Uni-
versity of Copenhagen). The peptide nucleic acids used in this

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98/952073-4$2.00/0
PNAS is available online at http://www.pnas.org.

2073

study (Table 1) were synthesized as previously described (18,
19).

Cell-Free Transcription and Translation. Strain D10-1 was
grown to mid-log phase in Luria—Bertani (LB) media supple-
mented with 4 g/liter of glucose. The preparation of S-30 cell
extracts and coupled transcription/translation reactions was
carried out as described (20) by using plasmid pMAS2. The
reaction components were aliquoted into microfuge tubes on
ice to a total of 30 ul, vortexed briefly and incubated at 37°C
for 30 min. B-galactosidase activity was measured by using the
substrate o-nitrophenyl-p-galactoside and absorbance mea-
surements at 420 nm as described (16).

Transcription in the cell-free system was assayed by using
30-ul reactions that contained 34 uM unlabeled UTP and 1
wCi 3P-UTP. After 30 min, the reactions were stopped with
10 vol of 5% trichloroacetic acid (TCA) and incubated on ice
for 30 min. Translation in the cell-free system was assayed by
using reactions that contained 1 mCi [**S]methionine and 1 ug
of chloramphenicol acetyltransferase gene mRNA, which was
generated by T3 RNA polymerase transcription as described
(12). After 30 min, the reactions were stopped with an equal
volume of 1 M NaOH and placed at 37°C for 15 min. The
incorporated radioactivity was precipitated with 1 vol of
ice-cold 50% TCA containing 2% casamino acids, collected by
vacuum filtration using Watman GF/A filters, and rinsed five
times with 5% TCA. Cerénkov and scintillation counting were
used to determine 3?P-UTP and [**S]methionine incorpora-
tion, respectively.

Growth Assays. LB media at one-tenth normal strength was
inoculated with 1% (vol/vol) of an overnight E. coli culture.
For solid media cultures, 4 ml of molten LB/agar media was
inoculated and spread onto prewarmed LB/agar plates, and
the excess molten media was poured off. PNA or antibiotic
solutions were pipetted (2 ul) directly onto the solidified
overlay, and the plates were incubated overnight at 37°C. For
liquid cultures, 100 ul of inoculated LB media was aliquoted
into microtiter plate wells containing PNAs or antibiotic. The
plates were incubated overnight at 37°C, and growth was
measured by absorbance at 550 nm.

RESULTS AND DISCUSSION

Duplex- and triplex-forming antiribosomal PNAs were de-
signed to target sites within the peptidyl transferase center, the
a-sarcin loop, and the mRNA binding domain at the 3’ end of
16S rRNA (Fig. 1B). As well as being functionally active, these
sites are accessible for interaction with certain antibiotics,
translation factors, structure probing agents, other RNA mol-
ecules, and short oligonucleotides (21-23).
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FiG. 1. (A) Chemical structure of a PNA oligomer compared with
that of DNA. b indicates the nucleobases adenine, cytosine, guanine,
thymine, or pseudo-isocytosine(20). (B) Target sites for antiribosomal
PNAs. The binding sites for PNAs are shown as dark lines adjacent to
the sequence. Triplex forming bis-PNAs (18) are shown connected by
an ethylene glycol linker (thin line) (see also Table 1).

The potential for using PNAs to inhibit protein synthesis was
evaluated initially by using an in vitro assay, in which plasmid
DNA encoding B-galactosidase was added to a template-
depleted E. coli S-30 cell extract along with the reagents
necessary for coupled transcription and translation (20). The
production of B-galactosidase was measured colorimetrically
by using the substrate o-nitrophenyl-p-galactoside (16). The
assay is sensitive to inhibitors that prevent complete or accu-
rate translation. Two of the antiribosomal PNAs (647 and
1143) inhibited B-galactosidase production in a dose-
dependent manner, with 50% reductions caused by nanomolar
PNA concentrations (Fig. 24). The inhibitory PNAs both have
a bis construction (18) and target purine regions at the peptidyl
transferase center or the a-sarcin loop. The bis construction
stabilizes triplex formation, which may be needed for efficient
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FiG. 2. Inhibition of cell-free translation. (4) Relative B-galacto-
sidase activity after coupled transcription/translation in the presence
of control PNAs 997 (#), 1197 (@), 1440 (m); antiribosomal PNAs 647
(a) and 1143 (v) and the antibiotic tetracycline (O). (B) Transcription
(broken lines) and translation (solid lines) in the cell-free system were
assayed by measuring 3?P-UTP and [3*S]methionine incorporation in
independent reactions in the presence of the antiribosomal PNAs. (C)
Translation of a synthetic mRNA, assayed by measuring [»S]methi-
onine incorporation in the presence of control and antiribosomal
PNAs. The values represent the average of duplicate measurements
with the SD shown as error bars.

ribosome inhibition because none of the duplex-forming PNAs
are effective. However, further studies are required to char-
acterize the limits of PNA design and target site selection.
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Table 1. PNAs and inhibitory concentrations
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PNA

Target region

Inhibitory concentrations (ICsp)

Cell-free translation, nM

Cell growth, uM

Duplex-forming

1176 H-GCAAGCGACTGTGGA-Lys-NH2
1284 H-GGTCATAGCTGTTTC-Lys-NH2
111 H-CCCCTATTGTCC-Lys-NH2

112 H-TTCTGCCTTTCT-Lys-NH2

1140 H-TAAAC-NH2

1142 H-AAGGAGGTGA-Lys-NH2

Triplex-forming

977 H-TTITTITTTT-(egl)3-TTTTCTTCTT-Lys-NH2

1197 H-TJJJTTJ-(egl)3-CTTCCCT-Lys-NH2

1440 H-JTTTJJT-(egl)3-TCCTTTC-Lys-NH2

647 H-Lys-TTJTJJJITTTIT-(egl)3-TCTTTCCGTCTT-Lys-NH2
1143 H-JTJTIJT-(egl)3-TCCTCTC-Lys-NH2

Tetracycline

Control >500 >20
Control >500 >20
P.T. center >500 >20
P.T. center >500 >20
P.T. center >500 >20
mRNA binding domain >500 >20
Control >500 >20
Control >500 >20
Control >500 >20
P.T. center 80 5
a-sarcin loop 100 2
70 0.1

The PNAs are written from their amino to carboxy termini, with the carboxy termini containing an amide or lysine amide. PNA 647 contains a G residue
to help accommodate a nonpurine C residue in the target (Fig. 1). The ICsq values are the levels that caused a 50% inhibition of cell-free translation or
cell growth, relative to control reactions and cultures that lacked inhibitors. The values for inhibition of cell growth are for strain AS19 grown in 0.1X
LB broth. Control PNAs are of unrelated or mismatched sequence. P.T. indicates peptidyl transferase. The J bases indicate pseudo-isocytosine (20).

PNAs of similar composition but unrelated sequence (977 and
1197) and a PNA containing a one-base mismatch (1440) were
not inhibitory. The PNAs used in this study and their effects
on bacterial cell-free protein synthesis are summarized in
Table 1. The inhibiting concentrations found for the active
PNAs are comparable with those obtained for the known
translation inhibitor and antibiotic tetracycline.

To ascertain that the reduction in B-galactosidase produc-
tion observed in the coupled transcription/translation assays
was caused by inhibition of ribosome activity, the incorpora-
tion of 32P-UTP and [**S]methionine was assayed as indicators
of transcription and translation activities, respectively. With
increasing concentrations of targeted PNA, the level of radio-
active methionine incorporation was reduced, whereas radio-
active UTP incorporation was unaffected (Fig. 2B). Also, a
synthetic mRNA was generated and used to assay the effect of
the antisense PNAs on [3*S]methionine incorporation. Again,
increasing concentrations of targeted PNA reduced the level of
incorporation and the control PNAs were not inhibitory (Fig.

E. coli K-12
PNA concentration (uM)

S S

PNA #1143
PNA #647

PNA #1197
PNA #1440
tetracycline =

FiG. 3.

2C). Therefore, the PNA-mediated inhibition of B-galactosi-
dase production appears to occur at the translation level.
To determine whether antiribosomal PNAs could be used to
limit bacterial growth, inhibition assays were performed by
using E. coli grown on solid media. LB/agar plates were
prepared with a thin overlay of media containing an inoculum
of E. coli strain K-12. The LB media was used at one-tenth its
normal strength to overcome solubility limitations with the
PNAs. Solutions containing PNA were applied by pipetting
2-ul aliquots directly onto the solidified overlay. After over-
night incubation at 37°C, a lawn of bacterial cells was estab-
lished and growth inhibition was evident as zones of clearing
in the lawn at sites of PNA application (Fig. 3). Consistent with
the results from the cell-free assay, the two antiribosomal
PNAs that showed strong inhibitory effects in vitro were found
to inhibit cell growth when applied directly onto solid media
cultures (647 and 1143). Again, control PNAs of similar
composition but of unrelated (977 and 1197) or mismatched
(1440) sequence did not inhibit growth, and the antiribosomal

E. coli AS19
PNA concentration (uM)

i A

PNA #1143
PNA #647

PNA #1197
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tetracyclines

Inhibition of cell growth on solid media for wild-type E. coli strain K-12 and the permeable strain AS19 (15). Antiribosomal PNAs and

tetracycline were aliquoted by direct pipetting onto overlay cultures before overnight growth. Zones of inhibition are visible at sites of application
as clear regions in the lawn of cells. Contrast between zones of clearing and the bacterial lawn was improved by using 5-bromo-4-chloro-3-indoyl

B-D-galactoside (X-Gal) media and a red filter for photography.
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PNAs that showed no effects on translation in vitro also were
inactive against cell growth.

If the antiribosomal PNAs used in this study inhibit growth
by entering cells and binding to rRNA, their activity should be
limited by the integrity of the E. coli cell wall or outer
membrane, which generally limits the action of antibiotics (24).
To address the extent to which the E. coli cell barrier limits the
action of the antiribosomal PNAs, the growth inhibition assay
was repeated by using a strain of E. coli (AS19) that is more
permeable to many antibiotics (15). Inhibition occurred with
PNA concentrations approximately one-tenth of the level
required for similar inhibition of the standard E. coli strain
K-12. (Fig. 3). This increase in sensitivity parallels that ob-
served for known antibiotics (15) and further suggests that the
PNAs entered cells and inhibited growth via their effect on
protein synthesis. To determine the PNA concentrations that
are inhibitory to strain AS19, growth assays in liquid media
were performed in 100-ul cultures. Two of the antiribosomal
PNAs inhibited growth in liquid culture when present in the
low micromolar range (Table 1).

The inhibitory effects we have observed for PNAs targeted
to rRNA are consistent with reports of in vitro translation
inhibition by modified and unmodified antiribosomal oligonu-
cleotides (3-7). Also, structural probing experiments have
revealed regions of the ribosome that are accessible for
hybridization (6). Therefore, it appears that sequence-specific
targeting of rRNA is possible and can be used to effectively
inhibit translation. Previously, short methylphosphonate oli-
gomers were reported to inhibit E. coli growth, however, the
effect was temporary, limited to a permeable strain, and not
shown to be sequence dependent (4). Thus, PNAs appear to
offer greatly improved opportunities for targeting accessible
sequences within TRNA, not the least of which for in vivo use.

Our results showing that PNA molecules are able to inhibit
E. coli growth is somewhat unexpected. PNA and other
nucleobase oligomers are inefficiently taken up by cultured
eukaryotic cells (25) and are slow to move across phospholipid
vesicle (liposome) membranes (26). Furthermore, the molec-
ular weight of typical oligonucleotides exceeds the expected
cut-off for efficient passive diffusion through the nonspecific
porin channels that span the E. coli cell wall (27). However,
uptake of larger molecules through the porin openings may be
more efficient for long or flexible structures (24), such as PNA,
which is furthermore uncharged and largely hydrophilic.

The experiments show that sequence-specific nucleic acid
binding molecules can be designed to inhibit bacterial growth,
opening possibilities for developing sequence-designed antiri-
bosomal agents to limit bacterial growth in research or medical
applications. Thus, “designer antibiotics” may be developed by
this principle. An important feature of the approach is the
potential to define the spectrum of target species by exploiting
RNA sequence differences between species, which occurs at
several functional sites within rRNA, including the peptidyl
transferase center, but not the highly conserved a-sarcin loop.
Also, if resistance arose because of rRNA sequence changes in
the target organism, it should be possible to restore the
inhibitory effect by redesigning the PNA. Finally, it may be
possible to extend these studies to other RNA targets, such as
the spliceosome and other ribonucleoprotein complexes.
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