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ABSTRACT: PNA oligomers conjugated to bacteria penetrating
peptides (BPPs), such as (KFF)3K, targeting essential bacterial
genes, such as acpP, can inhibit bacterial growth at one-digit
micromolar concentrations. It has been found that the LPS of the
outer membrane of Gram-negative bacteria is a barrier for cellular
uptake of (KFF)3K-eg1-PNA and that the SbmA transporter protein
is involved in the passage through the inner membrane. We now
further elucidate the uptake mechanism of (KFF)3K-eg1-PNA by
showing that the peptide part of (KFF)3K-eg1-PNA is unstable and
is degraded by peptidases in the medium of a bacterial culture (t1/2
< 5 min) and inside the bacteria. Analysis of peptide−PNA
conjugates present in the periplasmic space and the cytoplasm
showed the presence of mainly PNA with only the FFK tripeptide
and without a peptide, at a concentration 10-fold that added to the medium. Furthermore, the two main degradation products
showed no antibacterial effect when added directly to a bacterial culture and the antibacterial effect decreased with peptide length,
thereby demonstrating that an intact peptide is indeed crucial for uptake but not for intracellular antisense activity. Most surprisingly,
it was found that although the corresponding series of the proteolytically stable D-form (kff)3k-eg1-PNAs exhibited an analogous
reduction of activity with peptide length, the activity was dependent on the presence of SbmA for the shorter peptides (which is not
the case with the full length peptide). Therefore, our results suggest that the BPP is necessary for crossing both the LPS/outer
membrane as well as the inner membrane and that full length (KFF)3K may spontaneously pass the inner membrane. Thus, SbmA
dependence of (KFF)3K-eg1-PNA is ascribed to peptide degradation in the bacterial medium and in periplasmic space. Finally, the
results show that stability and metabolism (by bacterial proteases/peptidases) should be taken into consideration upon design and
activity/uptake analysis of BPPs (and antimicrobial peptides).

■ INTRODUCTION
The widespread use of antimicrobial agents in the past decades
has caused the emergence of multidrug resistant (MDR)
bacteria for which major classes of antibiotics such as beta-
lactams, macrolides, fluoroquinolones, tetracyclines, and
aminoglycosides are not effective, and these bacteria are
therefore causing severe infections, especially in hospital
settings, as well as in the general population.1,2 Thus, discovery
of novel antibacterial agents is critical for the future treatment
of infections caused by multidrug resistant bacteria. Although
resistant bacteria belonging to both Gram-negative and Gram-
positive families are common, Gram-negatives are of more
concern as resistance to nearly all classes of antibiotics has
developed.3

PNA (peptide nucleic acid) and PMO (phosphorodiamidate
morpholino oligomer) antisense antibacterial agents targeting
essential bacterial genes are capable of killing bacteria at low
micromolar concentrations4−6 and thus have shown promise
for antibiotic drug discovery, in particular because a multitude
of novel drug targets become readily available via this
technology. However, due to their hydrophilicity and high

molecular weight, spontaneous translocation of PNA and
PMO across biological membranes and in particular over
multibarrier bacterial envelopes with a complex lipopolysac-
charide (LPS) layer is inefficient.4,5,7 One way to address this
challenge is to exploit the envelope disrupting properties of
cationic bacteria penetrating peptides (BPPs). These peptides
are analogous to cationic antibacterial peptides which have
affinity for the negatively charged LPS layer of bacteria and
interact with the outer membrane, competitively replacing
Mg2+ and Ca2+ and disrupting outer membrane integrity.8 The
synthetic, linear, cationic peptide (KFF)3K does not exhibit
pronounced inherent antibacterial activity as compared to
common positively charged antimicrobial peptides but
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facilitates the uptake of other antibiotics by destabilizing the
outer membrane and exhibits no significant disruptive effect on
the cytoplasmic membrane, thereby functioning as an anti-
biotic enhancer.9 It was demonstrated almost two decades ago
that covalent conjugation of L-form (KFF)3K to an anti acpP
(acyl carrier protein gene) PNA oligomer provided com-
pounds with significant antisense antibacterial activity in
Escherichia coli.10 Subsequent studies have extended these
findings to other bacterial species and other genetic targets
using PNA and PMO as antisense oligomers.5,11−14

However, it was recently found that high frequency bacterial
resistance to such L-(KFF)3K-eg1-PNA (and PMO) conjugates
was linked to sbmA mutations.15,16 SbmA is an inner
membrane transporter found in many bacterial species
including E. coli.17 This nonessential transporter is not fully
characterized, and its physiological role is not clear. But, it is
believed to be responsible for transporting antimicrobial
proline-rich peptides such as drosocin and apidaecin.18

Interestingly, while ΔsbmA E. coli is resistant to an anti acpP
(KFF)3K-eg1-PNA, conjugation of the same PNA to the D-
form (kff)3k peptide provides a compound with SbmA
independent antibacterial activity.15

Unraveling the details and mechanism(s) of the uptake
process(es) is paramount to the understanding of the mode of
action of antisense antibacterials and will pave the way for
further progress in antisense antibiotic drug discovery. Thus, in
order to obtain better mechanistic insight into the uptake
process, we have analyzed the fate of (KFF)3K-eg1-PNA and its
proteolytic degradation products from outside the bacterial cell
into the cytoplasm. We also characterized these metabolites in
terms of antibacterial activity to further elucidate the
penetration mechanism of (KFF)3K-eg1-PNA conjugates.
Inside the bacteria, only degradation products consisting of
the intact PNA with up to three amino acids from the peptide
attached were detected, and these did not exhibit antibacterial
effects by themselves. Furthermore, we show that in contrast to
the corresponding full-length D-form (kff)3k-eg1-PNA, slightly
truncated peptide versions of this biologically stabilized D-
form exhibit SbmA dependent antibacterial activity. These
observations allow us to propose a mechanism by which the
intact (KFF)3K-peptide is responsible for crossing the outer
membrane and is also able to carry the cargo over the inner
membrane, thereby explaining the SbmA dependent activity of
shorter versions of the stable D-form KFF conjugate. Thus, the
SbmA dependent activity of the peptidase labile L-form KFF
conjugate is ascribed to proteolytic degradation of the peptide
before reaching the inner membrane.

■ METHODS
PNA and PNA−peptide conjugates were synthesized by continuous
solid phase synthesis using Boc-chemistry as previously described.19

PNA−peptide conjugates were purified by reverse phase high-
performance liquid chromatography (HPLC), and purity and identity
were determined by HPLC and MALDI-TOF (Shimadzu Axima
Assurance) spectrometric analyses (Supplementary Figures S1−S22).
NAB741 was obtained from Royobiotech, Shanghai, China
(Supplementary Figure S23).
HPLC and MALDI-TOF Analysis. Peptide−PNA conjugates and

degradation products were analyzed using reversed phase HPLC and
MALDI-TOF mass spectrometry. Briefly, the bacterial supernatant or
bacterial extract containing PNA conjugates were filtered before
HPLC analysis on an RP18 column using a 100% of buffer A, 0%
buffer B to 60% buffer A, and 40% buffer B over 40 min (buffer A was
5% acetonitrile, 0.1% TFA, and 95% H2O and buffer B 95%

acetonitrile, 0.1% TFA, and 5% H2O). Characterization of the
compound was done based on their retention time compared to
authentic controls as well as molecular weight determination using
MALDI-TOF mass spectrometry. For MALDI-TOF analysis, PNA
samples were mixed with a crystalline matrix (sinapinic acid) in a 1:4
ratio and loaded on a MALDI-TOF target plate.

Bacterial Strains and Growth Conditions. Bacterial strains
used were wild type E. coli MG1655, E. coli MG1655 ΔsbmA, and E.
coli AS19 (having a compromised outer membrane lipopolysaccharide
layer).20 All strains were cultured in Müller Hinton Broth (MHB;
Sigma-Aldrich, cat. no. 70192) or Lysogeny Broth (Sigma-Aldrich,
cat. no. L7685) at 37 °C with continuous shaking (200 rpm) under
aerobic conditions.

Minimum Inhibitory Concentration Assay. MIC was deter-
mined by using the CLSI protocol with a few modifications.21 Briefly,
bacterial cells were grown in MHB (not cation-adjusted) overnight at
37 °C with shaking (200 rpm) under aerobic conditions.
Subsequently, the culture was diluted to optical density OD600 =
0.5, and this suspension was diluted to approximately 5 × 105 cfu/mL
(2 × 104 cell/well in a 96 well microplate). PNA−peptide conjugate
was added at 0, 0.5, 1, 2, 4, 8, and 16 μM and for some experiments
also 16, 32, and 64 μM were used. For MIC determination of
NAB741 the concentration started from 20 μg/mL. The microplate
was incubated with shaking at 37 °C in a microplate absorbance
reader (Tecan SUNRISE) with continuous orbital shaking, and
optical density at 595 nm was recorded for 18h with 21 min interval.

Kinetics of (KFF)3K-PNA Degradation in Medium from E. coli
Culture. An overnight bacterial culture in MHB was diluted to OD600
= 0.2−0.3 and incubated at 37 °C for 60−120 min. The supernatant
from the exponential culture was isolated (centrifugation at 5000
rpm) when OD600 reached 0.5−0.6. (KFF)3K-eg1-PNA (20 μM of
mismatch) was incubated with the supernatant. Samples were
collected at different time points (from 0 to 90 min every 15 min),
deactivated in a water bath at 100 °C for 20 min, and filtered into
HPLC vials, and the PNA degradation products were analyzed by
HPLC and MALDI-TOF as explained previously.

Kinetics of (KFF)3K-PNA Degradation in E. coli Cells. Bacterial
cells were cultured overnight in MHB medium, then diluted to OD600
= 0.2−0.3, incubated at 37 °C for 60−120 min, and isolated in the
exponential phase when OD600 reached 0.5−0.6. (KFF)3K-eg1-PNA
(20 μM of mismatch) was incubated with 2 × 1010 cfu mL−1 at 37 °C.
A total of 2 × 109 bacterial cells were collected at different time points
(time 0, 15, 30, 45, 60, 90, 120 min) by centrifugation at 5000g for 2
min. The cells were lysed by adding B-PER buffer (Bacterial Protein
Extraction Reagent, Thermo Scientific) containing 350 μg mL−1

lysozyme (from chicken egg white, Sigma) and 1 μg mL−1 DNase
(Turbo DNase, Ambion). When the bacterial suspension became
transparent (10−15 min), TCA (trichloroacetic acid) was added to
the suspension at a final concentration of 3% to deactivate hydrolytic
enzymes. Sonication was used to further lyse the bacteria. Deactivated
bacterial lysate was centrifuged at 20000g for 30 min at 4 °C, and the
supernatant was saved as the cell lysate and used for HPLC and
MALDI-TOF analysis.

PNA Uptake by Bacterial Cells. An E. coli culture was grown
overnight in MHB and diluted to OD600 = 0.2−0.3. This culture was
incubated at 37 °C until OD600 = 0.5−0.6 (60−120 min). A total of 2
× 109 cells of this culture were harvested and washed two times in
MHB. Washed cells were resuspended in 100 μL of MHB and
incubated with PNA at a final concentration of 20 μM. After 2 h, the
cells were harvested at 5000g for 5 min at 4 °C. Following
centrifugation, the cells were washed in MHB. To the final cell pellet
was added 300 μL of detergent mix containing B-PER, 1 μg mL−1

DNase, and 100 μg mL−1 lysozyme for 1 h; sonication was used for
final disruption of the bacterial envelope. Cell debris was spun down
at 20 000g for 30 min at 4 °C; the supernatant was saved as cell lysate,
then filtered into HPLC vials and analyzed by HPLC and MALDI-
TOF as described previously.

Spheroplast Isolation and PNA Analysis in Periplasm and
Cytoplasm. Bacterial cells were cultured overnight in LB medium,
then diluted to OD600 = 0.2−0.3 and incubated at 37 °C for 60−120
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min, and isolated in the exponential phase when OD600 reached 0.5−
0.6. Cells were then washed two times in LB, resuspended in MHB,
and incubated with 20 μM, 50 μM, or 100 μM mismatch (KFF)3K-
eg1-PNA for 2 h at 37 °C with shaking (200 rpm). Subsequently, cells
were washed twice in 0.01 M Tris-HCl and resuspended in 0.01 M
Tris-HCl containing 0.5 M sucrose. Lysozyme was added to the cell
suspension at a final concentration of 150 μg mL−1, and EDTA was
added to the suspension at a final concentration of 10 mM. This
suspension was incubated in a water bath at 37 °C overnight, and
changes in morphology were checked for spheroplast formation.22

The spheroplasts were spun down at 4 °C using mild centrifugation
(2000g) and the supernatant saved as periplasmic material. The
spheroplasts were washed gently in Tris-HCl containing 0.5 M
sucrose and resuspended in 200 μL of B-PER for 1 h and then
sonicated to break down the spheroplast/cytoplasmic membrane.
After sonication, all debris was pelleted by centrifugation at 20 000g
for 30 min at 4 °C, and the supernatant was collected as cytoplasmic
space material and analyzed by HPLC and MALDI-TOF. To measure
the peptide−PNA concentration in periplasm and cytoplasm, the

PNA conjugate at three different concentrations was incubated with 2
× 109 bacteria in 100 μL of medium for 2 h. Cytoplasmic and
periplasmic content, respectively, was isolated and analyzed using
HPLC and MALDI-TOF. Quantification was based on the area of the
HPLC peaks calibrating from a standard curve. From this the total
amount of PNA in the cytoplasmic and periplasmic fractions was
calculated by using the total number of bacteria (2 × 109), the
standard volume of E. coli (10−15 L), and a ratio of 40:60 between
periplasm and cytoplasm.23

■ RESULTS AND DISCUSSION

In order to characterize the bacterial uptake of (KFF)3K-eg1-
PNA, we first analyzed the fate of this BPP−PNA in the
bacterial medium as well as its accumulation inside bacterial
cells. As the L-form (KFF)3K is expected to be susceptible to
degradation by bacterial proteases and peptidases (as also
previously indicated by experiments in yeast culture24),

Figure 1. Time kinetics of (KFF)3K-eg1-PNA degradation in bacterial culture medium. (KFF)3K-eg1-PNA (mismatch) was incubated with E. coli
culture supernatant for up to 90 min, and samples were analyzed every 15 min for PNA products by HPLC (a). Each data set represents the mean
± SD of triplicate biological experiments. HPLC trace at 60 min (b).

Figure 2. Degradation products of (KFF)3K-eg1-mismatch PNA (sequence: CTCTTACACT) isolated from bacterial cells. Two main degradation
products (FFK-eg1-PNA (mw = 3205) and eg1-PNA (mw = 2783)) were detected inside bacterial cells after 2 h of incubation using (a) HPLC and
(b) MALDI-TOF mass spectrometry.
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samples of the expected proteolytic degradation products were
synthesized for authentication.
(KFF)3K-PNA Degradation in Bacterial Culture. The

fate of the peptide PNA conjugate in the bacteria culture
medium was investigated by incubating the (KFF)3K-eg1-PNA
in isolated, cell free medium from an exponential bacteria
culture and analyzing the resulting products by HPLC and
MALDI-TOF mass spectrometry. Based on HPLC retention
times compared to authentic samples and supported by mass
determination and UV spectral characteristics (PNA absorb-
ance) of the compounds, three significant PNA containing
degradation products were identified (Figure 1a). The
predominant product had three amino acids (FFK) still
attached to the PNA, while conjugates having two (FK) or six
((FFK)2) amino acids left were also identified. As expected, no
degradation of the PNA oligomer itself was apparent.
A time kinetics analysis revealed a rapid decrease of intact

(KFF)3K-eg1-PNA with a half-life around 1 h, mirrored by the
appearance of the FFK-eg1-PNA degradation product (Figure
1). In addition, a small amount of a possible intermediate,
(FFK)2-eg1-PNA, is observed, as well as traces of the two
amino acid degradation products FK-eg1-PNA. The data
indicate preferential cleavage at lysine carboxamide but do
not allow for identifying a detailed degradation pathway.
PNA-Peptide Products Inside Bacterial Cells. Because

PNA concentrations slightly above the antisense MIC value
had to be employed in order to achieve reliable HPLC and
MALDI-TOF data when analyzing PNA obtained from
bacterial cells, and because metabolism of the peptide part of
the conjugate does not differ between the match (PNA
sequence: CTCATACTCT) and mismatch (sequence:
CTCTTACACT) PNA conjugates (supplementary, Figure
S25), the corresponding and much less toxic mismatch
(KFF)3K-eg1-PNA was used instead for determination of the
amount and identity of peptide−PNA conjugates inside
bacterial cells. The results presented in Figure 2 show that
after 2 h of incubation with mismatch (KFF)3K-eg1-PNA, only
two main degradation products (FFK-eg1-PNA and eg1-PNA)
and no intact conjugates are present inside the bacterial cell,
demonstrating that very pronounced proteolysis of the peptide
part of the conjugate has taken place (Figure 3).
The kinetics of the uptake is illustrated by the experiment

presented in Figure 3. It is noteworthy that the degradation of
the peptide in the medium of the exponentially growing E. coli
culture (Figure 3a) is much faster compared to the situation

when the bacteria are absent (Figure 1a). Indeed, intact PNA−
peptide conjugates were detected only at the first time point
(approximately 3 min) comprising around 30% of the total
PNA, thus indicating a half-life of only a few minutes (as
compared to around 45 min in the absence of live bacteria
(Figure 1a)), and at 30 min only FFK-eg1-PNA was present.
Furthermore, the cellular uptake occurs within 15−30 min
(Figure 3b). Interestingly, the concentration of fully degraded
peptide conjugates (eg1-PNA) is not detected in the medium
but is only associated with the bacteria, and it is increasing
steadily during the 2 h, strongly suggesting that this metabolite
is formed only inside the bacterium.
In order to separate cytoplasmic and periplasmic fractions, a

spheroplast isolation protocol was employed. These experi-
ments identified the same two major proteolytic degradation
products (FFK-eg1-PNA and eg1-PNA; Supporting Informa-
tion, Figures S27 and S28) in both cellular compartments as
found in the total bacterial extract. Although it is difficult to
make quantitative conclusions concerning relative product
distributions due to the lengthy isolation procedure, all the
data consistently show more degradation in the cytoplasm
relative to the periplasm (as exemplified in Figures S27 and
S28). Whether this reflects differences in peptidase activity in
the two compartments, differential inner membrane passage, or
is an artifact of the procedure, remains to be seen.
Quantification of the uptake data based on total PNA content
provides evidence that the PNA is up-concentrated more than
15-fold in the periplasmic space and 3 to 8-fold in the
cytoplasm as compared to the PNA−peptide concentration in
the medium (Table 1). Corroborating these results, a previous
study showed a 3−4-fold higher concentration of PNA in E.
coli cells using an anti-lacZ (KFF)3K-PNA and a gel-shift

Figure 3. Time kinetics of (KFF)3K-eg1-mismatch PNA (sequence: CTCTTACACT) degradation in the exponential phase of bacterial growth (a)
in the supernatant and (b) inside the bacterial cells. (KFF)3K-eg1-PNA (mismatch) was incubated with E. coli culture supernatant for up to 120
min; samples were analyzed every 15 min for PNA conjugate degradation products by HPLC. Each data point represents the average of two
biological replicates. See Figure S26 for the HPLC chromatogram of time points 15 and 120 min.

Table 1. (KFF)3K-eg1-Mismatch PNA in Periplasm and
Cytoplasma

[PNA] in
medium

[PNA] in
periplasm

fold
increase

[PNA] in
cytoplasm

fold
increase

100 μM 1750 μM 17 300 μM 3
50 μM 780 μM 15 250 μM 5
20 μM 620 μM 31 160 μM 8

aPNA conjugates are up-concentrated inside bacteria cells in both
periplasm and cytoplasmic space at three different PNA concen-
trations incubated with bacterial cells. Average of two individual
experiments.
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detection assay, which was only able to detect total PNA and
did not distinguish between peptide truncations.25

Although the PNA concentration used is more than 10-fold
higher than the MIC, we argue that the results do indeed
reflect the general uptake efficiency because the bacterial
density is 4 orders of magnitude higher compared to MIC
conditions and because the MIC increases with bacterial
density (16-fold higher at 107 cells/mL; Supporting
Information, Table S1). In addition, a control experiment
validated that the mismatch (KFF)3K-eg1-PNA did not show
significant bactericidal effects at concentrations up to 250-fold
higher than the MIC of the corresponding match PNA
(Supporting Information, Figure S29). The conclusion of
bacterial accumulation of the cationic BPP−PNA is further
corroborated by results in a study correlating the uptake and
activity of positively charged antimicrobial peptides.26 This
study concluded that apidaecin and oncocin derivatives having
intracellular targets (mainly the ribosome), and thus a nonlytic
mode of action, are accumulating fast inside bacterial cells
upon incubation with bacteria. The peptides were found to be
up-concentrated at least 30-fold inside bacterial cells at MIC
concentration.26

The peptide part of the PNA conjugates is clearly
metabolized both in the bacterial medium as well as
intracellularly, but apart from preferential cleavage at lysine
carboxamide, the specificity of involved peptidases and/or
proteases cannot be deduced at this stage. The lysine
specificity may be compatible with the outer membrane
associated protease OmpT,27 which has been connected to
resistance toward antimicrobial peptides.28 While OmpT may
account for part of the pronounced extracellular degradation in
the medium with bacteria present, and thus in principle
provide tolerance, it cannot be responsible for intracellular
metabolism (Figure 2) and for degradation in the absence of
bacteria (Figure 1). Indeed, pronounced intracellular metab-
olism must take place in periplasm and cytoplasm since an
intact peptide is required for PNA passage of the outer
membrane (vide inf ra). Thus, identification of the detailed
bacteria dependent metabolic degradation must await further
studies.
The antibacterial activity of (KFF)3K-eg1-PNA is dependent

on the presence of a functional sbmA gene ascribed to the
requirement for SbmA mediated transport over the inner
membrane. Thus, the uptake into the cytoplasm should be
inhibited/reduced in a ΔsbmA strain. This is indeed
corroborated by the results presented in Table 2, showing
that the relative amount of PNA in the periplasm compared to
the cytoplasm is approximately 3-fold higher for the ΔsbmA
strain compared to the wild type.

Effect of BPP Length on PNA Antibacterial Activity.
The above results clearly show that very little if any intact
(KFF)3K-eg1-PNA is present in the periplasm or cytoplasm,
and that the half-life of the compound in bacterial cell culture
is around 1 h. However, we cannot conclude from this where
the major degradation takes place and which peptide−PNA
species are indeed transported over the bacterial envelope
(outer and inner membrane) to reach the mRNA target in the
cytoplasm.
Therefore, we determined the antibacterial activity for all

possible peptidase degradation products from naked PNA to
full length (KFF)3K-eg1-PNA. As expected, the results show
decreasing activity as the peptide is shortened (Table 3), and
the compounds predominantly detected inside the bacteria
(corresponding to PNAs 3876 and 4395) are at least 20-fold
less active than the full length (KFF)3K-eg1-PNA and therefore
cannot be preferentially taken up by the bacteria. Con-
sequently, a significant proteolytic degradation of the longer
peptide−PNAs takes place in the periplasmic space (and in the
cytoplasm) after having crossed the outer (and inner)
membrane, and thus the intact peptide is required for passage
through the LPS and the outer membrane. However, the
observation that identical metabolites were found in periplasm
and cytoplasm strongly suggests that degradation predom-
inantly takes place in the periplasmic space where significant
peptidase activity is indeed located.29 To further study the
outer membrane effect on (KFF)3K-eg1-PNA bacterial
internalization, an outer membrane permeabilizing derivate
of polymyxin (NAB741) was used.30,31 NAB741 differs from
polymyxin B by lacking the fatty acyl chain and two positive
charges in the tail. Consequently, NAB741 exhibits highly
reduced antibacterial activity in several bacterial strains
compared to polymyxin B. However, this cyclic peptide
facilitates the uptake of hydrophobic and large hydrophilic
antibacterial agents by interfering with the integrity/structure
of the outer membrane in Gram-negative bacteria.31 Therefore,
we decided to exploit this property of NAB741 to enhance the
outer membrane penetration of the peptide−PNA conjugates.
NAB741 was tested in both E. coli MG1655 and E. coli AS19,
but compared to other strains such as E. coli IH3080 and E. coli
ATCC 25922, for which NAB741 was reported to have little
effect on the growth (MIC ≥ 32 μg mL−1),31 we observed
growth inhibition of E. coli MG1655 at 5 μM, while no
antibacterial effect was detected for E. coli AS19 up to 20 μM
(Supporting Information, Figure S30). To take advantage of
the permeabilizing effect of NAB741 on the outer membrane
without having effects on the cytoplasmic membrane
(Supporting Information, Figure S31), sub-MIC concentra-
tions of NAB741 that had no effect on bacterial growth were
used.
Incubation of bacteria with BPP−PNAs of different peptide

lengths in the presence of sub-MIC concentrations of NAB741
(1.6 μg mL−1) showed up to an 80-fold increase in PNA
antibacterial activity in wild type bacteria, and the highest
relative enhancement was seen for the shorter peptides. As
NAB741 permeabilizes the outer membrane, shorter BPP−
PNA that may not translocate across an intact membrane, will
be able to do so with the help of NAB741 (and subsequently
be transported by SbmA into the cytoplasm). These findings
are in accordance with previous studies in E. coli on NAB741 in
combination with antibiotics such as rifampin and clarithro-
mycin, for which NAB741 can decrease the MIC more than
100-fold.30

Table 2. SbmA Dependent Uptakea

compartment
concentration

(μM)b
periplasm/cytoplasm

ratio

periplasm MG1655 201±3 3.2
cytoplasm MG1655 62±3
periplasm MG1655 ΔsbmA 180±7 8.2
cytoplasm MG1655 ΔsbmA 22±4

aPNA concentration in periplasmic space compared to cytoplasm in
E. coli MG1655 wild type compared to a ΔsbmA mutant E. coli
MG1655. 2 × 109 of MG1655 and ΔsbmA mutant E. coli incubated
with 20 μM of mismatch PNA for 2 h. bAverage of 2 individual
experiments ± SEM.
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It was previously demonstrated that the E. coli LPS mutant
AS19 is significantly more sensitive to KFF-type PNA antisense
agents,32 indicating that an intact LPS layer is part of the
barrier for uptake of these PNA conjugates. Our data (Table 3)
clearly support this conclusion since all compounds in the KFF
length series exhibit close to 2 orders of magnitude lower MIC
in AS19 as compared to wild type MG1655. Furthermore, an
added effect of NAB741 is virtually absent (Table 3). It is
therefore most likely that the effect of NAB741 is connected to
disruption of the LPS dependent membrane structure.
Influence of BPP Length on PNA Translocation. With

the aim of understanding the influence of the peptide length
more accurately and avoiding the confounding factor of
metabolism, we turned to the protease resistant D-form
(kff)3k-eg1-PNA conjugate, which is stable in bacterial medium
(Supporting Information, Figure S32), and can be recovered
fully intact from bacterial cells (Supporting Information, Figure
S33). The D-form is only slightly less active than the L-form
(Table 4) but does not require the SbmA inner membrane
transporter for activity15 and could be expected to penetrate
both the outer and inner membrane using a carrier
independent envelope disruption mechanism analogous to
that of the L-form, at least in terms of the outer membrane. As
found for the L-form, a clear inverse correlation between
peptide chain length and antibacterial activity in the wild type
MG1655 is observed, and the activity is also enhanced by
NAB741 (Table 4). However, the effect is more than 10-fold
lower than that found for the L-form. These observations

would support the hypothesis that both isomers share a similar
but still not identical outer membrane penetration mechanism.
In accordance with previous work, the full-length D-form
(kff)3k-eg1-PNA conjugate showed antibacterial activity against
the SbmA knockout strain (Table 4), but most surprisingly
SbmA dependence appears when the peptide is shortened even
by only a few amino acids (from the N-terminal, e.g., 8-fold
difference for H-ffkffk-eg1-CTCATACTCT). Importantly,
inclusion of NAB741 practically restores the MIC for the
conjugates with hexa-peptides or longer in the ΔsbmA strain to
that found for the wild type in the absence of NAB741 (at least
down to pentapeptide PNA 5348; Table 3).
These results are compatible with a mechanism by which full

length (kff)3k peptide efficiently transports PNA over the outer
as well as the inner membrane. However, shorter peptides
transverse the inner membrane less efficiently than the outer
membrane and thus require the assistance of SbmA for efficient
cytoplasmic uptake and thus activity.
The very large enhancement of the antibacterial activity of

the truncated L-form BPP−PNAs by the outer membrane
disrupting NAB741, even at a peptide length of four amino
acids, supports an uptake mechanism where passage of the
outer membrane is the major barrier when SbmA is present as
an effective carrier over the inner membrane. The relative
enhancing effect of NAB741 for the D-form versus L-form KFF
conjugates is smaller, in particular for the intermediate peptide
lengths. This could indicate a slightly different outer
membrane passage and/or a less effective inner membrane

Table 3. MIC (μM) of Different Length of Peptide−PNA Conjugates and Effect of Outer Membrane Integrity (AS19) and
Presence of NAB741 (1.6 μg mL−1) for E. coli MG1655 and AS19 eg1:8-amino-2,6-dioxaoctanoyl

E.coli MG1655 E.coli AS19

PNA
no. sequence MIC MIC in presence of NAB741

fold
change

MIC
(μM) MIC in presence of NAB741

fold
change

3876 H-eg1-CTCATACTCT >32 >8 ND 2 1−2 1
4393 H−K-eg1-CTCATACTCT >32 >8 ND 0.5−1 0.5−1 1
4394 H-FK-eg1-CTCATACTCT >32 8 >4 0.5 0.5 1
4395 H-FFK-eg1-CTCATACTCT >32 2 >16 0.1 0.1 1
4396 H-KFFK-eg1-CTCATACTCT 16 0.5 32 0.1 0.1 1
4397 H-FKFFK-eg1-CTCATACTCT 16 0.5 32 0.1 0.1 1
4398 H-FFKFFK- eg1-CTCATACTCT 8 0.1 80 0.05 0.05 1
4399 H-KFFKFFK-eg1-CTCATACTCT 4 0.1 40 0.05 0.05 1
4400 H-FKFFKFFK-eg1-CTCATACTCT 4 0.1 40 0.05 0.05 1
4401 H-FFKFFKFFK-eg1-CTCATACTCT 2 0.2 10 0.05 0.05 1
2108 H-KFFKFFKFFK-eg1-CTCATACTCT 2 0.1−0.2 10−20 0.1 0.05−0.1 1−2

Table 4. MIC Values (μM) for Different Lengths of D-Form Peptide−PNA Conjugates in Both Wild Type E. coli and ΔsbmA E.
coli in the Absence and Presence of NAB741 (1.6 μg mL−1)

E.coli MG1655 E.coli ΔsbmA

PNA no. sequence MIC (μM) MIC in presence of NAB741 MIC (μM) MIC in presence of NAB741

3876 H-eg1-CTCATACTC T >16 >8 >64 ND
5343 H-k-eg1-CTCATACTCT >16 4 >64 >64
5344 H-fk-eg1-CTCATACTCT >16 4 >64 >64
5345 H-ffk-eg1-CTCATACTCT >16 4 >64 >64
5346 H-kffk-eg1-CTCATACTCT 16 4 64 >64
5347 H-fkffk-eg1-CTCATACTCT 16 2−4 >64 64
5348 H-ffkffk-eg1-CTCATACTCT 8 2 64 4
5349 H-kffkffk-eg1-CTCATACTCT 8 2 32 8
5350 H-fkffkffk-eg1-CTCATACTCT 8 2 32 8
5351 H-ffkffkffk-eg1-CTCATACTCT 4−8 2 8−16 8
3759 H-kffkffkffk-eg1-CTCATACTCT 2−4 2 4 2−4
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passage due to lacking (or less efficient) recognition by SbmA
or a totally different mechanism for inner membrane passage.
Indeed, the NAB741 data in the SbmA deficient strain shed
some light on this. The two longest D-form BPP−PNAs are
hardly dependent on the presence of SbmA for antibacterial
activity, whereas this is the case for the shorter ones. Even
more interestingly, the NAB741 enhancement is only effective
for the longer D-form BPP−PNAs (up to six amino acids) in
the cells lacking SbmA. Therefore, the simplest explanation for
these results would imply that the D-form BPP−PNAs of this
length are able to cross the inner membrane by an SbmA
independent (noncarrier) mechanism, whereas shorter D-form
BPP−PNAs are predominantly carried by SbmA. It would be
anticipated that full length L-form (KFF)3K-eg1-PNA would
behave similarly to the corresponding D-form in relation to
membrane protein (e.g., SbmA) independent crossing of both
the outer and inner membrane, and that the full length
(KFF)3K-eg1-PNA thus should not require SbmA. However,
due to degradation, full length KFF-PNA does not reach the
inner membrane as shown by the uptake data.
The SbmA transporter appears fairly promiscuous in terms

of molecular recognition, as the bacterial uptake of a large
variety of peptide derived molecules such as proline rich
antimicrobial peptides, microcins (B17 and J25), and
bleomycin as well as PNA (and PMO) derivatives is dependent
on SbmA.17 It is not entirely clear which of the KFF peptide−
PNAs are carried by SbmA. However, based on the metabolites
identified in the bacterial periplasm and cytoplasm (Figure 4,
Figures S27 and S28) likely candidates are FFK-eg1-PNA, FK-
eg1-PNA, and eg1-PNA as well as (some of the) D-form kff-
PNA conjugates. This could imply that the PNA part rather
than the peptide part is recognized by sbmA.

■ CONCLUSIONS

Taken together, these results strongly suggest that an (almost)
intact (both D- and L-form) KFF peptide is required for
efficient, SbmA independent crossing of the inner membrane,
and that shortened conjugates require transport by SbmA
(Figure 4). Thus, it is inferred that the observed sbmA related
resistance observed for L-form (KFF)3K-eg1-PNA is not due
the conjugate per se but to the very limited biostability in
bacteria. Thus, only truncated peptide−PNA conjugates which
are incapable of crossing the inner membrane on their own
reach the membrane. Such a mechanism is also consistent with
the findings that BPP−PNA conjugates based on the more
stable Arg-Ahx type BPPs do not show the SbmA related
resistance.15

The present study extends previous findings concerning the
LPS barrier for bacterial uptake of L-(KFF)3K BPP−PNAs by
showing that this is even more pronounced for peptide
truncated L-(KFF)3K-eg1-PNAs. Furthermore, it is found that
the BPP of (KFF)3K-eg1-PNA is unstable in bacterial culture
being degraded by peptidases both in the medium of growing
bacteria (t1/2 < 5 min) and inside the bacteria. Indeed, mainly
PNA with the FFK tripeptide or entirely without peptide were
found in the periplasmic space and in the cytoplasm. However,
the two main degradation products found inside the bacteria
have no antibacterial effect by themselves, as the antibacterial
activity decreased by truncation of the BPP, thereby inferring
that the intact BPP is indeed crucial for uptake but not for
antisense activity. Furthermore, an up-concentration of around
10-fold from the medium was observed, probably reflecting the
high affinity of the cationic peptide for the anionic LPS.
Most interestingly, the corresponding series of proteolyti-

cally stable D-form (kff)3k-eg1-PNAs, while showing analogous
reduction of activity with peptide length, showed dependency

Figure 4. Schematic model of the bacterial uptake of (KFF)3K-eg1-PNA and (kff)3k-eg1-PNA through the envelope illustrating degradation in the
medium of the L-form (but not D-form) (KFF)3K-eg1-PNA, passing the LPS and outer membrane of full length L- as well as D-form peptide−
PNA, degradation of L-form peptide−PNA in periplasm (but not of D-form), SbmA mediated uptake over the inner membrane of L-form peptide
degradation products and SbmA independent (as well as possibly SbmA assisted) uptake of D-form peptide−PNA over the inner membrane.
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on the presence of SbmA for antibacterial activity upon only
1−3 amino acid truncations, and this could not be relieved by
the presence of NAB741. Therefore, our results suggest that
the BPP is necessary for crossing both the LPS/outer
membrane as well as the inner membrane, and that an intact
(full length) (KFF)3K peptide may indeed spontaneously pass
the inner membrane. Therefore, the observed SbmA depend-
ent resistance toward antibacterial (KFF)3K antisense agents is
most likely due to the limited periplasmic peptide stability of
such agents, because of which the intact L-(KFF)3K-eg1-PNA
never reaches the inner membrane.
Finally, the results show that stability and metabolism (by

bacterial proteases/peptidases) should be taken into consid-
eration upon both design and activity/uptake analysis of BPPs
(as well as antimicrobial peptides).
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