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Inhibition of bacterial gene expression by RNase P-directed cleavage
is a promising strategy for the development of antibiotics and
pharmacological agents that prevent expression of antibiotic resis-
tance. The rise in multiresistant bacteria harboring AAC(6�)-Ib has
seriously limited the effectiveness of amikacin and other aminogly-
cosides. We have recently shown that recombinant plasmids coding
for external guide sequences (EGS), short antisense oligoribonucleo-
tides (ORN) that elicit RNase P-mediated cleavage of a target mRNA,
induce inhibition of expression of aac(6�)-Ib and concomitantly induce
a significant decrease in the levels of resistance to amikacin. However,
since ORN are rapidly degraded by nucleases, development of a viable
RNase P-based antisense technology requires the design of nuclease-
resistant RNA analog EGSs. We have assayed a variety of ORN analogs
of which selected LNA/DNA co-oligomers elicited RNase P-mediated
cleavage of mRNA in vitro. Although we found an ideal configuration
of LNA/DNA residues, there seems not to be a correlation between
number of LNA substitutions and level of activity. Exogenous admin-
istration of as low as 50 nM of an LNA/DNA co-oligomer to the
hyperpermeable E. coli AS19 harboring the aac(6�)-Ib inhibited
growth in the presence of amikacin. Our experiments strongly sug-
gest an RNase P-mediated mechanism in the observed antisense
effect.

aminoglycoside � antibiotic resistance � antisense � nucleic acids analogs �
RNase P

Emergence and spread of antibiotic resistance genes among
bacterial pathogens is becoming a serious problem worldwide.

The semisynthetic aminoglycoside amikacin (Ak) is very useful in
the treatment of multiresistant infections because only a limited
number of modifying enzymes, such as AAC(6�)-I-type acetyltrans-
ferases, are able to inactivate it (1). Unfortunately, the rise in
multiresistant strains harboring AAC(6�)-I-type enzymes, specially
AAC(6�)-Ib, has seriously limited the successful use of aminogly-
cosides including Ak (1, 2). Compounding the problem, while new
antibiotics to treat multiresistant gram positives are in the pipeline,
the number of potential new antimicrobial candidates against
problematic Gram-negative bacterial pathogens, the usual hosts of
AAC(6�)-Ib, is very short (3, 4). As a consequence, there is an
urgent need to develop new antibiotics and strategies to preserve
the activity of existing ones. A variety of antisense strategies to
silence resistance genes and achieve phenotypic conversion to
susceptibility have been explored (5, 6).

A promising antisense strategy takes advantage of the charac-
teristics of RNase P, a ribozyme responsible for generating the
mature 5� end of tRNA that includes an RNA component (M1) that
is the catalytic subunit and a cofactor protein (C5) (7–9). Short
oligoribonucleotides, known as external guide sequences (EGSs),
can elicit RNase P-mediated cleavage of a complementary RNA
molecule (10). However, in most cases where RNase P-mediated
inhibition of expression of genes has been achieved, the EGSs were

transcribed from plasmids inside the cytoplasm (8, 11, 12). There-
fore, this general strategy is not viable as the final stage in
development of an RNase P-based antisense technology. The EGSs
must be added from outside and penetrate the cells to exert their
action. Since oligoribonucleotides are rapidly degraded by nucle-
ases, successful development of this technology depends on finding
nuclease-resistant analogs that induce RNase P-mediated degra-
dation of the target mRNA.

We have recently designed an EGS, EGSC3, that when tran-
scribed from a recombinant clone reduces the host cell’s levels of
resistance to Ak (13). In this work, we tested isosequential nuclease-
resistant oligonucleotide analogs to determine their ability to elicit
RNase P-mediated cleavage of aac(6�)-Ib mRNA at levels compa-
rable to those elicited by the oligoribonucleotide EGSC3. Our
results showed that locked nucleic acids (LNA)/DNA co-oligomers
act as effective EGSs.

Results
Nuclease-Resistant Oligonucleotide Analogs as External Guide Se-
quences. Several isosequencial oligomers were designed using phos-
phorothioate oligodeoxynucleotides (PS), 2�-O-methyl oligoribo-
nucleotides (2�-O-Me), phosphorodiamidate morpholino oligomers
(PMO), or LNA. EGSs were designed to include 2 regions: a
13-nucleotide segment antisense to the target mRNA (AS region)
followed at the 3� end by the ACCA sequence (ACCA region) that
interacts with the UGG sequence within the P15-loop of the M1
RNA component of the E. coli RNase P (7, 9, 12). While the PS and
PMO were substituted with analogs in all positions, the 2�-O-Me
and LNA oligomers were designed as 2�-O-Me/RNA or LNA/DNA
chimeric co-oligomers. Their structural details and their names are
shown in Table 1. There are advantages in using co-oligomers
instead of oligomers containing all units as LNA or 2�-O-Me. The
right mix of nucleotides and analog monomers results in co-
oligomers that usually possess enhanced resistance to nucleases
present in serum, have lower toxicity, and show a proper balance
between efficiency and specificity (14, 15). This is especially im-
portant in the case of the LNA-bearing compounds because every
substituted nucleotide monomer dramatically increases the thermal
stability of duplexes with complementary RNA or DNA (16).
Furthermore, these compounds exhibit reduced toxicity when
compared to other analogs (17). LNA1 contains 6 substitutions, all
of them within the AS region leaving all 4 residues in the ACCA
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region unsubstituted. LNA1, as well as the PS, 2�-O-methyl and
PMO compounds failed to induce significant cleavage of aac(6�)-Ib
mRNA (Fig. 1A). Interestingly, the recent results of Shen et al. (18)
showed that a PMO when conjugated to a peptide induced cleavage
of a target mRNA. Failure of LNA1 to elicit cleavage is in keeping
with previous results by Perreault and Altman (19) who observed
that the 2�-OH at the C residue located toward the 5� end of the
ACCA region is essential for full EGS activity. In this work they
showed that replacing this C by a dC residue in an otherwise all
RNA EGS results in a 10-fold reduction in activity when the
incubation is carried out in the presence of M1 RNA. LNA2, which
includes 3 substitutions at the 5� end of the AS region (CAA) and
3 substitutions at the 3�end (CCA) (Table 1), induced cleavage at
a level similar to that of the control EGSC3 generating the expected
249-nucleotide fragment (F249) (Fig. 1A). No products were
detected when the enzyme was omitted from the reaction mixture
indicating that cleavage was RNase P-mediated (Fig. 1B). The
replacement of DNA by LNA residues at the ACCA region seems
to have an effect similar to that observed by Perreault and Altman
(19) when DNA were replaced by RNA residues in the ACCA
region. In all incubations, even in the absence of RNase P, we
observed an approximate 190-nucleotide band of unknown origin
(13). Sequence specificity was tested using as EGSs the sense
versions of LNA1 and LNA2, as expected no mRNA cleavage was
detected (Fig. 1B). The rates of mRNA cleavage using LNA2 or
EGSC3 at 0.05 �M were nearly identical and more than 95% of the
aac(6�)-Ib mRNA was digested after 2 h (Fig. 1C). Interestingly,
although LNA1 did not induce detectable cleavage at this concen-
tration (Fig. 1C), it showed higher binding affinity to mRNA than
LNA2 (SI Text, Fig. S1) indicating that high binding affinity
between the EGS and its target is not enough to elicit RNase
P-mediated degradation. Binding must result in the appropriate
interactions of EGS with the RNase P components to elicit
cleavage.

Effect of LNA Substitutions at Different Positions of the Oligomer. The
results described so far suggested that besides replacements in the
AS region, at least some of the nucleotides in the ACCA region
must also be substituted to induce efficient RNase P cleavage of the
target mRNA (Fig. 1 C and Table 1). Therefore, we analyzed the
effect of LNA replacements in the ACCA region of the EGS.
Several LNA/DNA co-oligomers with deoxynucleotides in the AS
region (no substitutions) and a different number and configuration
of LNA substitutions in the ACCA region were designed and tested
(Table 1, EGSC3DNA, LNA3 to LNA7). Fig. 2A shows that while
in our conditions DNA did not induce cleavage activity, the
substitution by LNAs of the 2 central Cs of the ACCA region
(LNA4) was sufficient to elicit some cleavage of mRNA. Replace-
ment of the terminal 3 positions (LNA6) showed no additional
activity respect to LNA4. The activity of the compounds was
maximal within this group of EGSs when the 3 inner (LNA7) or all

Table 1. Oligomers used in this study

Oligomer Sequence and chemistry

EGSC3 caaguacuguuccacca
EGSC3DNA CAAGTACTGTTCCACCA
Phosphorothioate oligodeoxynucleotide

(PS)
caaguacuguuccacca

2�-O-methyl oligoribonucleotide
(2�-O-Me)

CAAguacuguuccaCCA

Phosphorodiamidate morpholino
oligomers (PMO)

CAAGTACTGTTCCACCA

LNA1 CAAGTACTGTTCCACCA
LNA2 CAAGTACTGTTCCACCA
LNA3 CAAGTACTGTTCCACCA
LNA4 CAAGTACTGTTCCACCA
LNA5 CAAGTACTGTTCCACCA
LNA6 CAAGTACTGTTCCACCA
LNA7 CAAGTACTGTTCCACCA
LNA8 CAAGTACTGTTCCACCA
LNA9 CAAGTACTGTTCCACCA
LNA10 CAAGTACTGTTCCACCA
LNA11 CAAGTACTGTTCCACCA
LNA1Sense GGAACAGTACTTGACCA
LNA2Sense GGAACAGTACTTGACCA
LNA9Sense GGAACAGTACTTGACCA
LNA10Sense GGAACAGTACTTGACCA
LNA9alk-phos AGGCATCTATACCACCA
LNA10alk-phos AGGCATCTATACCACCA

Plain font, DNA; lower case, RNA; italics, PS; bold, 2�-O-Me; bold italics,
PMO; underlined, LNA.

Fig. 1. Ability of LNA/DNA chimeric co-oligomers to elicit RNase P-mediated
cleavage of aac(6�)-Ib mRNA. (A) Induction of cleavage of 32P-labeled
aac(6�)-Ib mRNA by EGSC3 and LNA/DNA co-oligomers at 0.5 �M. Cleavage
reactions were carried out as described in the Methods for 2 h in the presence
of RNase P and the indicated co-oligomers (see Table 1). The products were
analyzed by PAGE and phosphorimaging. Location of RNA molecular size
standards (nucleotides) are shown to the left and the position of the reaction
product, F249 is shown to the right. (B) RNase P and sequence-dependence of
32P-labeled aac(6�)-Ib mRNA cleavage. Reactions were carried out as in A in the
presence (�) or absence (-) of RNase P or the compounds indicated on top of
the gel at 0.5 �M. S indicates that the co-oligomer has the sense sequence. (C)
Kinetics of RNase P cleavage. Reactions were performed as in A for 0, 2, 5, 15,
30, 60, and 120 min using 0.05 �M of the indicated compound. The bands were
quantified by densitometry.
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4 (LNA3) residues were substituted by LNAs. On the other hand,
replacement of only the adenine residues of the ACCA region
(LNA5) resulted in an oligomer that was not able to induce the
cleavage reaction.

An increase in the thermal stability of duplexes between the
ACCA region and the UGG sequence within the M1 RNA P15
loop (9, 20, 21) and/or the presence of an O at the 2� position of
residues in the ACCA region [as described by Perreault et al.
(19)] might explain the enhancement in the ability of the EGS
to elicit RNase P-mediated cleavage described in the previous
paragraph. While the 2 central C residues within the ACCA
region are essential in the interaction EGS/M1 RNA, the A
residue located at the 3� end seems to play a secondary role.

LNA2, which has 3 replacements in both the AS and ACCA
region, showed significantly higher activity than the co-
oligomers that include replacements only at the ACCA region
(Fig. 2 A), indicating that further substitutions on the AS region
improves the oligomer’s activity. Hence, we tested co-oligomers
with various replacement configurations within the AS region
while leaving the ACCA region constant (listed in Table 1, LNAs
2, 6, and 8–11). We decided to replace only the 3 terminal
nucleotides within the ACCA region to minimize the number of
replacements and maximize nuclease resistance. Co-oligomers
LNA6, LNA8, LNA2, and LNA9 have 0, 1, 3, and 5 LNA
replacements at their 5� ends, respectively (Table 1 and Fig. 2B).
LNA10 and LNA11 have been designed as a gapmer and a
mixmer, respectively (Table 1 and Fig. 2B). We observed that
increasing the number of replacements in the 5� end resulted in
higher RNase P-mediated cleavage, probably by increasing

affinity of the EGS for the mRNA (Fig. 2B and SI Text, Fig. S2).
Among these EGSs, LNA2 and LNA9 exhibited the highest
mRNA cleavage-eliciting efficiency. LNA10 (gapmer configura-
tion) also showed strong eliciting activity. Conversely, LNA11
(mixmer configuration) showed poor activity (Fig. 2B), probably
by changing structural details of the helix in the stem region. It
has been shown before that these changes have an additive effect
on the interaction with M1 RNA resulting in a decrease of
cleavage activity (19). To ensure that there were no smaller
cleavage products, a gel was run for a shorter time (SI Text,
Fig. S3).

Our results indicate that rather than a direct correlation
between number of substitutions and level of activity there is an
ideal number and configuration of substitutions. It is of interest
that LNA10 showed a high level of activity but only a small
proportion of cleaved product was F249. The main product of
cleavage was an about 320-nucleotide fragment (F320) indicat-
ing that the point of cleavage in the presence of LNA10 did not
occur at the predicted location (Fig. 2B). Binding kinetics
showed that LNA10 has the highest affinity, followed by LNA9
and EGSC3, which have similar binding affinities, and LNA2
had the lowest affinity (SI Text, Fig. S2). F320 was also the main
cleavage product detected by incubation in the presence of
LNA11 (Fig. 2B). It is of interest that Shen et al. (18) have
recently found a peptide-PMO oligomer that elicit RNase P-
mediated cleavage of mRNA at different locations.

Stability of LNAs When Exposed to Cell Suspensions and Cell Extracts.
Although LNA/DNA co-oligomers are known to be resistant to
serum nucleases (15, 22, 23), their resistance to bacterial nucle-
ases is not well-established. Therefore, radioactively labeled
EGSC3, LNA9, and LNA10 were incubated for several hours
with either E. coli cultures or E. coli sonicates. About 50% and
100% of the unsubstituted oligoribonucleotide was degraded
after incubation for 30 min and 24 h, respectively (Fig. S4).
Conversely, degradation of the LNA/DNA co-oligomers was
virtually undetected after 24 h of exposure to cell extracts or cell
suspensions (Fig. 3).

Cellular Uptake of LNA EGSs. Uptake of LNA EGS by bacterial cells
was assessed by exposing the hyperpermeable E. coli AS19 to
Alexa Fluor 488-conjugated LNA10. Examination by epifluo-
rescence microscopy showed that nearly 50% of the cells were
associated with fluorescence. Conversely, f luorescence was as-
sociated to a very low proportion of the wild-type E. coli DH5�
(Fig. 4A). A set of equivalent experiments using radioactively
labeled LNA10 showed similar results (Fig. S5) indicating that
cell penetration of the LNA EGS was not affected by conjugation
to Alexa Fluor 488. Further analysis of 0.7-�m section images
obtained by confocal laser scanning microscopy (CLSM) of E.
coli AS19 stained with the membrane specific dye FM5–95 and

Fig. 2. Activities of LNA/DNA co-oligomer EGSs. (A) Induction of cleavage of
32P-labeled aac(6�)-Ib mRNA by LNA/DNA co-oligomers with different substi-
tution configurations in the ACCA region and LNA2. (B) Induction of cleavage
of 32P-labeled aac(6�)-Ib mRNA by EGSC3 (low case) and LNA/DNA co-
oligomers with different substitution configurations in the AS region while
leaving ACCA region constant.

Fig. 3. Nuclease resistance of EGSC3 and LNA/DNA co-oligomers. 32P-labeled
EGSC3 (RNA), LNA9, and LNA10 were incubated in the presence of cells in culture
(C) or extracts obtained by soft sonication (E) for 0, 4, and 24 h and analyzed by
PAGE.
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exposed to Alexa Fluor 488-conjugated LNA10 confirmed that
the co-oligomer reached the cytoplasm (Fig. 4A).

In Vivo Effect of LNA EGSs on Ak Resistance. To determine whether
LNA9 or LNA10 interfere with expression of antibiotic resistance
in vivo E. coli AS19 harboring pFC9, a plasmid that includes
aac(6�)-Ib, was cultured in the presence of each 1 of these com-
pounds before being exposed to 50 �g/mL Ak. The same strain was
cultured in the presence of sense versions of these LNAs
(LNA9Sense and LNA10Sense, Table 1) or EGSs with the same
LNA/DNA configuration but targeting the alkaline phosphatase
gene (LNA9alk-phos and LNA10alk-phos, Table 1) as controls. Fig.
4B shows that growth of cultures that had been exposed to 5 �M
LNA10 or 50 nM LNA9 is significantly inhibited in the presence of
antibiotic, indicating that the appropriate antisense LNAs interfere
with the expression of Ak resistance. Experiments using different
concentrations of each antisense co-oligomer show dose depen-
dence on the biological effect (Fig. S6). Fig. 4B also shows that
LNA1, which did not elicit RNase P cleavage in vitro, did not
interfere with Ak resistance in vivo, strongly suggesting that the
effect of LNA9 and LNA10 occurs through activation of the E. coli
AS19 RNase P. This result supports the observation that LNA
substitutions in the ACCA region are essential to obtain active
LNA/DNA EGSs that can elicit RNase P-mediated degradation of
the target mRNA.

Discussion
AAC(6�)-Ib, an enzyme responsible for resistance to several ami-
noglycosides including Ak, is present in over 70% of AAC(6�)-I-
producing Gram-negative clinical isolates (1, 2). We have recently
shown that the external guide sequence EGSC3, when expressed
from a recombinant plasmid present in cells harboring aac(6�)-Ib,
elicits cleavage of the mRNA by RNase P leading to a significant
decrease in the level of resistance (13). However, for this general
strategy to be viable as the final stage in development of RNase

P-based antisense technologies the EGSs must be added from
outside of the cells. Since oligoribonucleotides are rapidly degraded
by nucleases, 1 of the problems to solve for the successful devel-
opment of this strategy is to find nuclease-resistant analogs that are
active as EGSs. Comparison of several analogs showed that LNA/
DNA co-oligomers were the most efficient analogs to induce RNase
P-mediated degradation of the aac(6�)-Ib mRNA. On the basis of
these results, we carried out a comprehensive analysis of LNA
substituted oligomers. However, the possibility that the analogs that
did not elicit aac(6�)-Ib mRNA cleavage in this study could induce
RNase P activity in replacement configurations different from
those tested here or when targeting other RNA molecules should
not be ruled out.

Analyses of EGSC3 isosequential LNA/DNA co-oligomers
with different numbers and locations of LNA substitutions
suggest that different configurations must be tested to identify
the oligomer with the desired characteristics, that is, it promotes
high levels of RNase P cleavage, it acts specifically on the mRNA
target, and it is resistant to the action of nucleases. While the
DNA EGSC3 with no LNA substitutions failed to promote any
detectable cleavage, substitution of the 2 Cs within the ACCA
region was sufficient to induce detectable levels of RNase P
cleavage of the target aac(6�)-Ib mRNA. Interestingly, we no-
ticed that there was higher RNase P activity in presence of LNA7
rather than LNA6 suggesting that besides the 2 central Cs the A
located at the 3� end also interacts with P15 loop of M1 RNA.
These results are in keeping with previous work by Kirsebom and
colleagues (7, 9, 12). Further studies will be necessary to fully
understand the molecular basis of the increase in the ability to
elicit RNase P-mediated digestion of the target mRNA showed
by LNA-containing oligomers as opposed to full DNA EGSs,
and to determine if the increase in thermal stability of duplexes
with complementary DNA or RNA is at all related to this effect
(15). The fraction of mRNA molecules cleaved increased when
selected residues within the AS region were also replaced by
LNA residues. However, replacement of too many residues in the
oligomer can increase unspecific interaction with RNA mole-
cules other than the target reducing specificity or increasing the
binding affinity but generating a complex that is not recognized
by RNase P. The most appropriate configuration LNA/DNA was
obtained empirically analyzing several co-oligomers. These as-
says were carried out using co-oligomers that have the 3 terminal
CCA nucleotides replaced rather than all 4 residues in the ACCA
region to minimize unspecific binding to aac(6�)-Ib and other
mRNAs. Although one could expect that replacing the ACC
nucleotides leaving the terminal A unreplaced could have higher
activity, we decided against this possibility because these co-
oligomers would be more susceptible to degradation. Co-
oligomers with replacements at the 5� and 3� ends (LNA2 and
LNA9) were efficient and induced digestion at the expected
location of aac(6�)-Ib mRNA. The gapmer LNA10, which in-
cludes a total of 9 LNA replacements, also showed significant
levels of activity but the product of digestion induced was not
that one expected by interaction between the oligomer and the
target mRNA. This could be the result of non-specific binding
due to the enhanced affinity conferred by too many LNA
monomers. Productive LNA10 binding to nucleotides 310 to 326
on the aac(6�)-Ib mRNA, where the 6 LNA replacements in AS
region could form Watson-Crick bonds would explain the gen-
eration of F320. An alternative explanation is that the 3-dimen-
sional structure of the mRNA and/or the EGS may be such that
there is a site that, although not perfectly complementary, is
more readily available for interaction than the target region. In
this case, the unusually high thermostability of the complex
between the mRNA and the LNA10 would permit a productive
interaction. Further research is needed to determine the molec-
ular basis of the anomalous cleavage location. LNA11, a mixmer
that includes 10 replacements, shows lower efficiency, and the

Fig. 4. Internalization and in vivo effect of DNA/LNA co-oligomers. (A)
Epiflourescence microscopy images of E. coli AS19 or E. coli wild-type and
CLSM images of E. coli AS19 preincubated with Alexa488-labeled LNA10 for 30
min are shown at the indicated magnification. (B) Effect of Ak on the survival
of E. coli AS19 (pFC9) cells preincubated with LNA9 (50 nM), LNA10 (5 �M), or
LNA1 (5 �M). Results are expressed as log of mean� SD of colony forming units
per milliliter (log CFU/mL). Experiments were performed by triplicate. Similar
results were observed in 3 independent assays. *, P � 0.05.
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product of digestion is also the anomalous one. The recent work
by Shen et al. (18) also describes unexpected cleavage digestion
when using a peptide-PMO-EGS analog. In this case the authors
postulate that the positively charged peptide could interact with
the target mRNA or the M1 RNA changing their structure and
leading to formation of a non-obvious available site.

The ability of EGSs to interfere with resistance to Ak was
studied in E. coli AS19 cells harboring aac(6�)-Ib. LNA9 was
the most efficient compound, which caused significant growth
inhibition at 50 nM. Prior work showed a correlation between
binding affinity of the EGS to mRNA in vitro and inhibition
of Ak resistance when the EGSs were transcribed from a
resident plasmid (13). We speculated that the inhibitory effect
of a given EGS could be predictive on the basis of its binding
affinity. However, although this may be correct when com-
paring RNA EGSs with different sequences, the results shown
here indicate that isosequential co-oligomers with different
substitution configurations may have comparable binding af-
finities and significantly differ in their inhibitory ability. LNA9
and LNA10 showed high binding affinities but LNA9 was
active at 100-fold lower concentrations than LNA10. However,
it was of interest that in the dose–response experiment the
reduction of colony forming units/mL induced by LNA10 was
higher than that shown by LNA9. We do not know yet why
despite being more efficient, LNA9 does not reach the LNA10
level of reduction.

The internalization experiments showed that the co-oligomers
are taken up by E. coli AS19 but not a wild-type strain. These
results, taken together with those showing interference with
expression of amikacin resistance, indicate that the LNA/DNA
co-oligomers are active once inside the bacterial cell, but are not
readily taken up by wild-type E. coli. Therefore, a method to
induce internalization must be developed before these com-
pounds can be developed to induce phenotypic conversion to
susceptibility. Several groups have experimented with a variety
of strategies to induce uptake of oligonucleotides and analogs
into the cytosol. These strategies included liposome encapsula-
tion, modification of the oligonucleotide by introduction of
structures like hairpins, or attachment of cell-permeabilizing
peptides (18, 24–30). We are presently carrying out assays using
these approaches to induce penetration of LNA/DNA co-
oligomers into E. coli and other bacteria. Development of
internalization techniques will permit us to carry out assays using
infection model systems.

In conclusion, the development of nuclease resistant analogs
that can elicit RNase P-mediated degradation of bacterial
mRNA and inhibit gene expression when added to the culture
medium represents a step in the right direction toward utilization
of nuclease resistant analog EGSs as therapeutic agents to inhibit
expression of antibiotic resistance genes or inhibit growth of
pathogens by targeting essential genes.

Materials and Methods
Bacterial Strains, Plasmids, and Oligonucleotide Analogs. E. coli DH5� (31) was
used as host for all plasmids. The permeable E. coli AS19 (32) was used for in
vivo inhibition assays. This strain was periodically isolated and tested for
lysozyme sensitivity to avoid accumulation of revertants as described before
(32). Bacterial cultures were carried out in Lennox Luria (L) broth. The HPLC-
purified oligonucleotides were purchased from IDT Technologies. The se-
quences of the oligonucleotides used in this study are shown in Table 1.

General Procedures. Plasmid DNA was extracted using the QIAspin miniprep
kit (Qiagen). M1 RNA, aac(6�)-Ib mRNA, and the C5 protein were prepared
as described before (13). The aac(6�)-Ib mRNA and the oligoribonucleotides
and analogs were 5�-end-labeled as described before (33). Radioactivity
was visualized using a STORM 840 PhosphorImager and quantified using
ImageQuant (Molecular Dynamics). Nucleic acids were quantified using
Beckman Coulter DU 530 spectrophotometer (Beckman Coulter). Gel elec-
trophoresis was performed in Miniprotean Tetra cell system (BioRad) using
GTG buffer (USB).

In Vitro RNase P Assays. EGS-mediated digestion of 5�-end-labeled aac(6�)-Ib
mRNA was assayed basically as described by Li et al. (34). Radiolabeled
aac(6�)-Ib mRNA (2.5 pmol) was preincubated with the appropriate EGS (5
pmol) at 25 °C for 2 h in a volume of 3 �L. The components of RNase P were
mixed (2.5 pmol M1 RNA and 70 pmol C5 protein) in buffer containing 20 mM
Hepes-KOH (pH 8.0), 400 mM ammonium acetate, 10 mM magnesium acetate,
and 5% glycerol and preincubated at 37 °C for 15 min in a final volume of 7 �L.
After preincubation, both solutions were combined and incubated at 37 °C for
2 h. The reaction was stopped by heating and phenol/cholorform extraction.
Then sample was heat-denatured 2 min at 85 °C after the addition of 1 volume
of gel loading buffer (95% formamide, 1 mM EDTA, pH 8, Bromophenol Blue
0.01 w/m) and analyzed by 5% denaturing GTG-PAGE.

Nuclease Resistance Assays. Overnight cultures of E. coli DH5� were diluted
1/100 in LB and grown until OD600�1. One milliliter of culture was sonicated
for 5 s 6 times on ice. Then 20 pmol radioactively labeled EGS were mixed with
6 �L of the cell cultures or 6 �L of the cell lysates and incubated for the
indicated times. Then, 1 volume of gel loading buffer was added and sample
was heated for 2 min at 85 °C. Sample was analyzed by 15% denaturing
GTG/PAGE.

Cell Incorporation of EGS. Cells (106) of E. coli DH5� or E. coli AS19 cells were
incubated in saline buffer with 5 �M Alexa Fluor 488-conjugated LNA10 for 30
min at 37 °C in absence of light. Then the cells were washed twice by centrif-
ugation, resuspended in 10 �L saline buffer. Then FM5–95 was added to a final
concentration of 10 �M and cells were on ice for 1 to 2 min. Bacteria were then
poured on 2% agarose saline buffer and covered. Images were taken by
epifluorescence microscopy in a BX60 Olympus microscope (Olympus) or by
laser scanning confocal microscopy (LSCM) in a Zeiss Pascal confocal micro-
scope (Zeiss).

In Vivo Activities of EGS. A single colony of E. coli AS19 (pFC9) cells was
cultured ON in LB medium supplemented with ampicillin (100 �g/mL). Then
105 cells were loaded by triplicate for each treatment on a 96-multiwell
plate at the indicated concentrations of LNA in a final volume of 150 �L.
After 2 h of culture at 37 °C with 150 rpm agitation Ak was added to a final
concentration of 40 �g/mL. Cells were cultured in the same conditions for
1 additional hour, serially diluted, and spread on LB plates. After overnight
incubation at 37 °C, colonies were counted for analysis. In all cases, sense
and missense LNA (alk-phos) were used as controls. The experiments were
repeated 3 times and the results are expressed as mean � SD of a repre-
sentative assay done by triplicate. Statistical significance was analyzed by
1-way ANOVA 2-tailed test, and Tukey’s test for comparison was used to
determined significant differences. Values of P � 0.05 were considered
statistically significant.
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