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Background: Antisense peptide nucleic acids (PNAs) constitute an alternative to traditional antibiotics, by their
ability to silence essential genes.

Objectives: To evaluate the antibacterial effects of antisense PNA-peptide conjugates that target the gene
encoding the alpha subunit (NrdA) of the Escherichia coli ribonucleotide reductase (RNR).

Methods: Bacterial susceptibility of a series of NrdA-targeting PNAs was studied by MIC determination and time-
kill analysis. Western-blot analysis, gene complementation and synergy with hydroxyurea were employed to de-
termine the efficiency of NrdA-PNA antisense treatment. The effect on chromosome replication was addressed
by determining the DNA synthesis rate, by flow cytometry analysis, by quantitative PCR and by fluorescence mi-
croscopy. The use of DNA repair mutants provided insight into the bactericidal action of NrdA-PNA.

Results: Treatment with NrdA-PNA specifically inhibited growth of E. coli, as well as NrdA protein translation at
4 uM. Also, the DNA synthesis rate was reduced, preventing completion of chromosome replication and resulting
in formation of double-stranded DNA breaks and cell death.

Conclusions: These data present subunits of the NrdAB RNR as a target for future antisense microbial agents

and provide insight into the bacterial physiological response to RNR-targeting antimicrobials.

Introduction

Since the ‘golden era’ of antibiotic drug discovery (1930-60s), dec-
ades of antibiotic administration in hospital settings, as well as in
agriculture, has led to the emergence of MDR bacteria. Both the
CDC and the WHO have declared such bacteria an emerging global
health threat and emphasize the urgent need for advancing new
classes of antibiotics with novel modes of action. Peptide nucleic
acids (PNAs) can potentially fulfil this requirement.

PNA molecules are chemically related to DNA, but with the en-
tire deoxyribose backbone of DNA replaced by a structurally similar
achiral, uncharged and flexible pseudo-peptide backbone, consist-
ing of 2-amino-ethyl-glycin units. PNA is a potent DNA structural
mimic that can form strong sequence specific complexes with RNA
and DNA via Watson-Crick base-pairing.! The pseudo-peptide

backbone of PNA is stable and resistant to biological degradation
in human serum, bacterial cell extracts and nuclear extracts from
mouse tumour cells and by proteinase/peptidases.”> PNAs
designed as antisense oligonucleotides against transcripts encod-
ing essential bacterial proteins hold promise as antimicrobials.
Such PNAs act by sterically hindering translation and the optimal
effect is seen when targeting the sequence between the start
codon and the ribosome binding site of the mRNA.?> Antibacterial
PNAs have previously targeted essential cellular processes, includ-
ing protein synthesis,” fatty acid biosynthesis,” cell division,® resist-
ance genes,’ efflux pumps,® biofilm formation and toxin-antitoxin
systems.” The outer membrane poses a barrier for successful PNA
uptake in Gram-negative bacteria.'®'* Therefore, PNAs are conju-
gated to bacteria-penetrating peptides (BPPs) such as (KFF)3K®
(PNA-peptide).
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Ribonucleotide reductases (RNRs) catalyse the rate-limiting
step of the de novo pathway for DNA precursor synthesis, by reduc-
ing ribonucleotide di/triphosphates to deoxyribonucleotides di/tri-
phosphates.’” RNRs are grouped into three classes (reviewed
elsewhere'?). Escherichia coli carries genes encoding an iron-
dependent class Ia RNR that is essential for viability during aerobic
growth (nrdAB), a manganese-dependent class Ib RNR (nrdEFHI)
and a strictly anaerobic class III RNR (nrdDG). nrdA and nrdB are
transcribed as a polycistronic mMRNA with the nrdA gene located
upstream of the nrdB gene, which is followed by a third non-
essential gene, yfaE.'?

Here we designed and tested antisense PNA-peptide conju-
gates against E. coli nrdA. The anti-NrdA-PNA inhibited bacterial
growth, while displaying typical hallmarks of deoxyribonucleotide-
triphoshate (dNTP) starvation; this includes decreased DNA syn-
thesis rate, increased hydroxyurea (HU) sensitivity and inability to
complete chromosome replication. We propose that, during NrdA-
PNA treatment, DNA replication is reduced due to dNTP starvation,
which eventually causes an accumulation of double-stranded DNA
breaks, beyond the repair capability of cells, leading to cell death.

Materials and methods

Bacterial growth conditions

Cells were grown at 37°C in non-cation-adjusted Mueller-Hinton broth
(MHB-I; Sigma-Aldrich), LB or AB minimal medium®? supplemented with
10mg/L thiamine, 0.2% glucose and 0.5% casamino acids (AB medium).
Antibiotics were used at the following concentrations: ampicillin, 150 mg/L;
chloramphenicol; 20mg/L; tetracycline, 10mg/L; kanamycin, 50 mg/L;
ciprofloxacin, 0.0125 mg/L; HU, 50 mM; rifampicin, 300 mg/L; and cefalexin,
36mag/L.

Bacterial strains and plasmid construction

All strains used in this study are listed in Table S1 (available as
Supplementary data at JAC Online). The relevant mutations were trans-
ferred to MG1655 by P1 transduction. The nrdAB-yfaE region was PCR ampli-
fled from MG1655 using primer pair 5’-aagcttcgttgtatctggca and 5’-
acctcgagctctagattaaggaggecatatgaatcagaatctgetggt. This PCR - product
does not contain any sequences upstream of the nrdA start codon. The PCR
product was digested with Xhol and HindIIl and ligated into plasmid
pFH2102, digested with the same enzymes, resulting in plasmid
pCC:nrdAByfaE. In this plasmid, also carrying the lacl and bla genes, nrdAB-
yfaE is under control of the IPTG-inducible promoter lacPa;-gs03.2%
Cultures of pCC:nrdAByfaE were grown in the presence of ampicillin.

PNA design, synthesis and handling

PNAs were designed complementary to the nrdA mRNA region around and
between the Shine-Dalgarno sequence and the start codon of nrdA (Table
1). Optimal pairing parameters for a 10bp target region were estimated
using Oligo Walk 5.0 (https://rna.urmc.rochester.edu/servers/oligowalk2/
help.html), followed by a nrdA specificity check using NCBI Blastn software
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch; Table S2).
PNAs were synthesized by continuous standard solid-phase peptide syn-
thesis, with tBoc-protected monomers, on an MBHA-resin and purified and
characterized as described previously.'® For a detailed description of PNA
handling, materials and concentration determination, see Goltermann and
Nielsen.?”

MIC determination

Activities of antisense PNA-peptides were determined by broth microdilution on
MG1655, using a CLSI protocol modified for PNA use. Because PNA-peptides can
adhere to polystyrene surfaces, the modified protocol includes the use of
low-binding plastic materials, non-cation-adjusted Mueller-Hinton broth
and PNA-peptide stocks prepared in 0.4% BSA/0.02% acetic acid. MICs
were determined using a BIOTEK™ Synergy H1 microplate reader.*” MICs
of chloramphenicol and nalidixic acid in AB medium were determined as
described by Oddo et al.*®

Time-kill assays

Bacterial cells were grown exponentially in MHB-I and diluted to 1-5 x 10°
cfu/mL. PNA-peptide was added and incubation continued at 37°C, while
continuously shaking at 225 rpm. Samples were collected in 1 h intervals
for 5 h, diluted in 0.9% NaCl, plated on LB agar plates and cfu counted after
incubation at 37°C overnight. Survival fractions were calculated as the
number of cfu relative to the initial inoculum.

Western-blot analysis

WT cells were grown exponentially in AB medium. At OD,s0=0.05, cells
were treated with PNA-peptide (8 uM) and harvested after 3 h. Cells were
washed in 10 mM Tris-HCl pH 8/10 mM MgCl,. Samples were heated at 95°C
for 5 min and sonicated using a Branson 450 Sonifier. Protein content was
determined using Bradford Reagent (Sigma-Aldrich) and normalized. Total
protein (1.25pug) was separated using SDS-PAGE (Precast Gel: 10%-20%
Tris-HCL; Bio-Rad) in an XCell4 SureLock™ Midi-Cell (ThermoFisher
Scientific) and transferred to a PVDF membrane (GE Healthcare,
Whatman™), using a semi-dry blotting apparatus (JKA Biotech, Denmark).
NrdA protein was detected with a rabbit polyclonal anti-NrdA antibody
(MyBiosource) and goat anti-rabbit immunoglobulins/HRP (Agilent) as the
secondary antibody. The PVDF membrane was incubated with ECL chemilu-
minescence substrate (Bio-Rad) and the signal detected using an
ImageQuant LAS400 (GE Healthcare, Life Sciences).

Flow cytometry and quantitative PCR

Cell cycle parameters and the ori/ter ratio were determined by flow cytom-
etry using an Apogee A10 Bryte instrument and by quantitative PCR as
described previously.®*? Samples used for quantitative PCR and flow
cytometry were taken from cultures prior to and following rifampicin/cefa-
lexin treatment. Briefly, 1 mL of cells was centrifuged and the cell pellet
fixed in 70% ethanol and 100 ulL of 10mM Tris buffer pH 7.5 and stored at
4°C. For determination of number of origins per cell, 1 mL of culture was
incubated at 37°C for 4 h with rifampicin (300 mg/L) and cefalexin (36 mg/
L) prior to fixation. Rifampicin inhibits RNA synthesis and indirectly initiation
of DNA replication, but ongoing replication is allowed to finish. Cefalexin
inhibits cell division. Thus, the number of chromosomes per cell represents
the number of origins of replication prior to rifampicin/cefalexin treatment.

Macromolecular synthesis

Cells were grown exponentially at 37°C in AB medium without casamino
acids and diluted to OD,s0=0.05. After 40 min of further growth, each cul-
ture was treated with PNA-peptide (12 pM), nalidixic acid (10xMIC, 40 mg/
L) or chloramphenicol (10xMIC, 80 mg/L) or left untreated. In order to en-
sure complete shutdown of DNA and protein synthesis, 10xMIC was used.
Samples were collected both prior to and following drug treatment. DNA
and protein synthesis rates were determined by incorporation of
methyl->H-labelled thymidine and arginine, respectively. For each pulse-
labelling a 500 pL aliquot of culture was added to 10 ul (0.375 pCi) of pre-
cursor and incubated for 4 min at 37°C, before adding 5 mL of ice-cold TCA
(5%)/1mM NaCl. All samples were filtered through a glass filter
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Table 1. PNA-peptide conjugates used and MIC values

PNA Sequence incl. BPP (5’-3’) Target in mRNA sequence MIC (uM)
PNA5561 (NrdA-PNA) H-(KFF)sK-eg1-ATG TAT GTC G-NH, CAGGUACGACAUACAUGAAUCAG 4
PNA5645 (2-base mismatch-PNA) H-(KFF)sK-eg1-ATT TAT GGC G-NH, NA 8
PNA5866 (4-base mismatch-PNA) H-(KFF)sK-eg1-ATT GAT TGC G -NH, NA 16
PNA 5562 H-(KFF)sK-eg1-ATG TCG TAC C-NH, CAGGUACGACAUACAUGAAUCAG 8
PNA5563 H-(KFF)sK-eg1-TGT ATG TCG T-NH, CAGGUACGACAUACAUGAAUCAG 8

NA, not applicable.

Sequences of NrdA-targeting PNA-peptides, their binding positions on mRNA target and their corresponding MIC values. The nrdA start codon is high-
lighted in bold, the PNA binding position is double underlined and mismatch bases are underlined. PNA-peptides were synthesized as described

previously.*®

(ADVANTEC® 25 mm, lot no. 80302708), washed with 5 mL of TCA solution
and dried overnight in a scintillation vial (PV1AS, MERIDIAN,
BIOTECHNOLOGIES Ltd). Samples were counted on a HINDEX 300SL scintil-
lation counter (scintillation fluid ULTIMA GOLD™,; PerkinElmer; lot no. 77-
18151).

In vivo origin and terminus visualization by fluorescence
microscopy

Strain ALO4223 was grown exponentially in AB medium, diluted to
OD4s50=0.05 and treated with PNA-peptide (8 uM) for 2 h. Fluorescence mi-
croscopy analysis was performed using an AxioImager Z1 microscope (Carl
Zeiss Microlmaging, Inc), with a x 100 objective and a Hamamatsu ORCA-
ER C4742-80-12AG camera, as described previously.?® The images were
analysed, processed and intensity adjusted using Image J Software.?* Note
that foci co-localization and resolution limitations may lead to underesti-
mation of especially the number of oriC copies.

In vivo double-stranded DNA break visualization by
fluorescence microscopy

Strain SNR14350 was grown exponentially in AB medium, diluted to
0D450=0.05 and incubated with PNA-peptide (8 uM) or ciprofloxacin
(0.0125mg/L) for 4h. Synthesis of Gam-GFP was induced by addition of
anhydrotetracycline (10mg/L) at the same time as drug addition.
Fluorescence microscopy was performed using a Nikon Eclipse Ti-E inverted
microscope as described by Haugan et al.?* The images were analysed,
processed and intensity adjusted using Image J Software.”* Note that
Gam-GFP foci co-localization and resolution limitations may lead to under-
estimation of double-stranded DNA breaks.

Statistical analysis

GraphPad Prism (v.5, GraphPad Software) was used for graph illustrations
and statistical analysis. One-way analysis of variance (ANOVA) was per-
formed to evaluate the level of significance observed using Dunnett’s mul-
tiple comparison test comparing treated with non-treated samples.
Statistical significance was set to a Pvalue of <0.01.

Results

NrdA-PNA inhibits nrdA translation and bacterial growth

In order to target nrdA mRNA translation, PNA5561, PNA5562
and PNA5563 were designed to anneal to a 10 nt region near the
start codon and the ribosomal binding site region of the E. coli
nrdA mRNA (Table 1). All PNAs were conjugated to the (KFF)sK

BPP. When bacterial susceptibility was tested for WT E. coli cells,
all three NrdA-PNA constructs inhibited cell growth, with
PNA5561 showing the lowest MIC at 4 uM (Figure 1a, Figure S1
and Table 1). PNA5561 is referred to as NrdA-PNA for the remain-
der of this paper. A 2-base mismatch-PNA (PNA5645), with 2
bases swapped, exhibited an increased MIC of 8 uM, whereas a 4-
base mismatch-PNA (PNA5866), with 4 bases swapped, exhibited
a higher MIC of 16 uM (Figure 1b and c and Table 1), suggesting
that a PNA with 2 mismatches out of 10 bases may retain some
affinity for the target. Western-blot analysis, using an NrdA-
specific antibody, revealed an ~90% decreased cellular NrdA pro-
tein level in cells treated with 8 uM NrdA-PNA (Figure 1d). The 2-
base mismatch-PNA caused an ~50% decrease in the NrdA level,
confirming that the 2-base mismatch-PNA does indeed have a
target effect, although with a lower efficiency. The 4-base
mismatch-PNA did not inhibit NrdA protein levels at 8 uM, sug-
gesting loss of target affinity (Figure 1d). We chose to include the
2-base mismatch-PNA (PNA5645) in further studies to evaluate
the effect of reduced target affinity, while always comparing
with untreated cells as a control.

Treatment of WT cells with NrdA-PNA caused a gradual loss of
viability over 5 h, with a decrease in cfu of about 2 log, demonstrat-
ing bactericidal activity (Figure 1e). The 2-base mismatch-PNA had
no effect on viability when used at the same concentration.

NrdA-PNA activity depends on the nrdAB transcription
level and is enhanced by HU

In order to verify that the bactericidal effect of NrdA-PNA was
mediated through inhibition of nrdA translation we cloned the
complete nrdAB-yfaE operon into a pBR322-based vector under
the control of an IPTG-inducible promoter (pCC:nrdAByfaE). In
this construct, none of the sequences upstream of the nrdA start
codon, which the NrdA-PNA targets, is present. Expression of
NrdA was confirmed by Western blot (Figure 2a). Plasmid
expressed NrdAB conferred resistance to 50 mM HU confirming
that the enzyme was functional (Figure 2b). Cells overexpressing
NrdAB were less susceptible to NrdA-PNA (compare Figure 2c
with Figure 1e).

We further tested whether NrdA-PNA acts in synergy with HU,
both being specific inhibitors of RNR, albeit with different modes of
action. At a sub-MIC concentration of 2 uM NrdA-PNA, only a mod-
erate effect on bacterial growth was observed, whereas treatment
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Figure 1. NrdA-PNA inhibits nrdA translation and bacterial growth. Bacterial growth inhibition of PNA-peptide conjugates: (a) NrdA-PNA (PNA5561),
(b) 2-base mismatch-PNA (PNA5645) and (c) 4-base mismatch-PNA (PNA5866). Non-treated (crosses), 16 uM (filled circles), 8 uM (open circles), 4 uM
(filled squares) and 2 uM (open squares). Overnight cultures of WT E. coli were diluted to 10° cfu/mL in MHB-I and incubated with appropriate concen-
trations of PNA-peptide conjugates and incubated at 37°C for 18 h, while turbidity was measured at ODsgs. (d) Effect of PNA-peptide on NrdA transla-
tion. Protein extracts of cells growing exponentially in AB medium were exposed to 8 uM of the indicated PNA-peptide at OD,so=0.05. Samples were
collected after 3 h of PNA-peptide exposure, proteins separated in SDS-PAGE gels and the NrdA protein detected by immunoblotting. Shown below
each band is the band intensity relative to WT. (e) Bactericidal effect of NrdA-PNA. WT cells were grown exponentially in MHB-I medium, diluted to 1-
5% 10° cfu/mL and treated with 4 uM PNA-peptide for 5h. Non-treated (crosses), NrdA-PNA (4 uM, filled circles) and 2-base mismatch-PNA (4 uM,
open circles). Cell viability is displayed as survival fractions in cfu/mL. For details, see the Materials and methods section. Shown is the mean+SD based
on three independent determinations.
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Figure 2. NrdA-PNA activity is specifically dependent on nrdAB transcription level and RNR activity. (a) Plasmid pCC:nrdAByfaE directs overproduction
of the NrdA protein. Protein extracts were prepared from WT cells carrying pCC:nrdAByfaE growing exponentially in AB medium containing 150 mg/L
ampicillin and induced by 1 mM IPTG. Samples were collected at OD,s0 = 0.4-5, proteins separated in SDS-PAGE gels and NrdA protein detected by im-
munoblotting. Shown below each band is the intensity relative to WT. (b) Excess NrdAB confers HU resistance. Exponentially growing cultures of WT
carrying pCC:nrdAByfaE in MHB-I containing 150 mg/L ampicillin were treated with 50 mM HU plus (filled circles) or minus (open circles) 1 mM IPTG.
Cell viability is displayed as survival fractions in cfu/mL. Shown is the mean#SD based on three independent determinations. (c) WT cells expressing
NrdAB are less susceptible to NrdA-PNA. Exponentially growing cultures of WT carrying pCC:nrdAByfaE in MHB-I containing 150 mg/L ampicillin were
diluted to 1-5 x 10° cfu/mL in MHB-I supplemented with 1 mM IPTG and challenged with NrdA-PNA at 4 uM (open circles) and 8 uM (filled circles). Cell
viability is displayed as survival fractions in cfu/mL. Shown is the mean#SD based on three independent determinations. (d) Sub-MIC levels of NrdA-
PNA sensitize E. coli to HU. Exponentially growing cultures of WT carrying pCC:nrdAByfaE in MHB-1, in the presence of ampicillin, were diluted to 1-
5% 10° cfu/mL in MHB-I and treated with sub-MIC levels of NrdA-PNA (2 uM, crosses), HU minus IPTG (50 mM, open circles), HU plus 1 mM IPTG
(50 mM, filled circles) or combined (50 mM HU and 2 uM PNA) with (filled squares) or without (open squares) 1 mM IPTG. Cell viability is displayed as
survival fractions in cfu/mL. For details, see the Materials and methods section. Shown is the mean+SD based on three independent determinations.
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with 50 uM HU resulted in a slight <1 log reduction in cfu/mL over a
period of 5 h (Figure 2d). When cells were treated with the combin-
ation of 50uM HU and 2uM NrdA-PNA, cell viability rapidly
decreased more than 3 log after 5 h (Figure 2d). In addition, over-
production of NrdAB restored the viability of cells treated with both
drugs, confirming that NrdA-PNA and HU inhibit NrdA by different
mechanisms (Figure 2d).

Collectively, the lowered NrdA protein level, the NrdA comple-
mentation analysis and the HU sensitivity strongly suggest that
NrdA-PNA acts specifically via reduction of nrdA translation.

NrdA-PNA specifically inhibits DNA synthesis

Because RNR catalyses the rate-limiting step of de novo dNTP syn-
thesis,’” we proceeded to determine the effect of NrdA-PNA on
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Figure 3. DNA synthesis rate of PNA-treated cells. WT E. coli cells were grown exponentially in AB medium without casamino acids. At the time
indicated by a dotted line, cultures were treated with NrdA-PNA (12 uM, filled circles), 2-base mismatch-PNA (12 uM, open circles) or nalidixic acid
(40 mgl/L, filled triangles) or left non-treated (crosses). Samples were collected for determination of turbidity (a), viability (b) and DNA synthesis

rate (c). Figures show a single experiment.
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cellular DNA synthesis. When exponentially growing WT cells were
treated with 12 pM NrdA-PNA, growth ceased as determined by no
further increase in optical density (Figure 3a and Figure S2A) and
cell viability was reduced (Figure 3b and Figure S2B) as was the
overall DNA synthesis rate (Figure 3c). As expected, the 2-base
mismatch-PNA caused a smaller decrease in cell growth, viability
(Figure 3a and b) and rate of DNA synthesis (Figure 3c), consistent
with a reduced, but not complete, loss of activity for this com-
pound. Treatment with the known DNA synthesis inhibitor nalidixic
acid resulted in a faster cessation of DNA replication (Figure 3c),
whereas the effects on optical density and cell counts were more
moderate relative to NrdA-PNA (Figure 3a and b). NrdA-PNA treat-
ment did not affect protein synthesis (Figure S2C), showing that in-
hibition of DNA replication is not a consequence of inhibition of
protein synthesis.?”

NrdA-PNA-treated cells cannot complete chromosome
replication

We proceeded to analyse PNA-treated cells using flow cytome-
try, in order to assess the effect of NrdA-PNA treatment on
chromosome replication and cell cycle progression. WT cells were
uniform in cell size (Figure 4a) and contained mainly two or four
fully replicated chromosomes (Figure 4b), following rifampicin and
cefalexin treatment. These fully replicated chromosomes corres-
pond to the number of chromosomal origins (oriC) carried in each
cell prior to drug treatment.'® The overall number of oriC was 3.4
and the ori/ter ratio was 2.6 in non-treated cells (Figure 4c and
Table S3). Cells treated for 120 min with 8 uM NrdA-PNA were dif-
ferent. The average cell size was doubled relative to untreated cells
and the ori/ter ratio showed a dramatic increase to ~23 (Figure 4c
and Table S3). Furthermore, the average number of chromosomal
origins per cell could not be determined, because replication run-
out was incomplete (Figure 4b), indicating that replication fork pro-
gression was affected. Cells treated with the 2-base mismatch-
PNA for 120 min were uniform in cell size and similar to non-
treated cells. The ori/ter ratio of the 2-base mismatch-PNA was
similar to that of untreated cells and they were able to complete
replication and ended up with a higher number of origins per cell
relative to non-treated cells (Figure 4a and b and Table S3).
Overall, the reduction in DNA synthesis rate, the inability to com-
plete chromosome replication in the presence of rifampicin and
cefalexin and the greatly elevated ori/ter ratio strongly suggest
that NrdA-PNA treatment reduces the elongation rate and/or stalls
individual replication forks.

Morphology of NrdA-PNA-treated cells

The increase in ori/ter ratio upon NrdA-PNA treatment may result
from either anincrease ininitiation of replication from oriC or anin-
ability of ongoing replication forks to reach the terminus and com-
plete chromosome replication. We proceeded to visualize origins
and termini in vivo, using a strain (ALO4223) with the replication
origins labelled with GFP and termini with mCherry as described
previously.”® Non-treated cells were homogeneous (Figure 5a),
with the population containing two (42%), three (40%) or four
(15%) replication origin foci and an average number of oriC foci/
cell of 2.6+0.8 (Figure 5b). The average cell length was
2.9%0.7pum (Figure 5c). Cells treated with 8 uM of the 2-base

mismatch-PNA resembled untreated cells, with a slight decrease
in average oriC foci/cell to 1.9+0.5 and similar cell length of
3.0£0.5 um (Figure 5). Treatment with 8 uM NrdA-PNA resulted in
a heterogeneous population of cells, with the appearance of fila-
ments (Figure 5a). The average number of oriC foci/cell increased
to 5.0£ 1.5, accompanied by an increase in cell length to an aver-
age of 9.0+ 3.0 um. The number of termini foci was unaffected,
with cells containing either one or two termini foci (similar to non-
treated cells), despite the increase in oriC foci and cell length
(Figure 5b and c). Because the ratio of oriC foci/cell length did not
increase relative to untreated cells (Table S3), the dramatic ~23-
fold increase in ori/ter ratio observed upon NrdA-PNA treatment
(Figure 4c) did not result from increased initiations from oriC, but
from an inability of replication forks started at oriC to reach the ter-
minus. This may cause a delay in cell division, leading to filament-
ous cells, with a high number of replication origins.

NrdA-PNA causes double-stranded DNA breaks

Stalled replication forks are known to be susceptible to breakage
and collapse,”®?” resulting in double-stranded DNA breaks.?® In
order to visualize NrdA-PNA-induced DNA strand breaks in vivo, we
used cells expressing a Mu Gam-GFP fusion protein (SMR14350).2
The bacteriophage Mu Gam protein binds double-stranded DNA
ends with high specificity, forming complexes that can be visual-
ized by fluorescence microscopy. Gam-GFP-expressing cells were
treated with NrdA-PNA (8 uM), 2-base mismatch-PNA (8 uM) or
ciprofloxacin, an antibiotic well known to cause double-stranded
DNA breaks (Figure 6a and b). Gam-GFP foci were observed in
3.2+0.8% of the WT population (Figure 6a and b), in agreement
with previous reports that double-stranded DNA breaks occur
spontaneously at a low frequency in WT cells.?® Treatment with
NrdA-PNA increased the frequency of foci-containing cells to
18.5£1.8% and cells were filamentous (Figure 6a and b). The 2-
base mismatch-PNA-treated cells were similar to non-treated
cells, with 3.9+ 1.6% of the population cells containing Gam-GFP
foci (Figure 6a and b). Treatment with ciprofloxacin resulted in
51.9+6.9% of the cells in the population containing Gam-GFP foci
(Figure 6a and b).

Repair of double-stranded DNA breaks is highly dependent on
DNA repair enzymes RecABC-RuvABC.*° Cells carrying mutations in
recA, recBCD or ruvABC were all sensitized to NrdA-PNA relative to
WT cells (Figure 6c) and, for recA and recBCD strains, the viable
counts decreased below the detection limit (10 cfu/mL) after 3 h of
exposure. This is consistent with recombination-deficient cells
being defective in the repair of double-stranded DNA breaks. Cells
lacking RnhB that catalyses the first step of ribonucleotide excision
repair were also sensitized to NrdA-PNA (Figure 6c), suggesting
that increased incorporation of ribonucleotides in the bacterial
DNA is the source of double-stranded DNA breaks and that these
subsequently cause cell death.

Discussion

In E. coli the class Ia NrdAB RNR is essential during aerobic growth.
Here we designed an antisense PNA to inhibit translation of nrdA,
the first gene of the nrdAB operon. This greatly reduced the NrdA
protein level and resulted in cessation of DNA replication, inhibition
of bacterial proliferation and cell death.
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Figure 4. Cell cycle analysis of NrdA-PNA treated cells. WT E. coli cells were grown exponentially in AB medium and diluted to OD,4s0=0.05 and
treated with NrdA-PNA (8 uM, bottom panels) or 2-base mismatch-PNA (8 uM, middle panels) or left non-treated (top panels) for 2 h prior to sample
collection and flow cytometry and quantitative PCR analysis. (a) Cell size distribution of exponentially growing cells. (b) DNA content of cells treated
for 4 h with rifampicin and cefalexin for chromosome replication to complete. The number of fully replicated chromosomes reflects the cellular num-
ber of origins at time of drug treatment, indicated by hatched lines.'®?1?? Panels represent 30-50000 cell events for each condition. The average
oriC/cell (O/C), relative mass (R.M) and oriC/mass (O/M) relative to WT are inserted in the panels. (c) ori/ter ratios were determined by quantitative PCR
of oriC and terminus regions on exponentially growing cells. Shown is the mean%SD based on three determinations. All ratio values were normalized
to the ori/ter ratio of a stationary-phase MG1655 culture, when cells contain fully replicated chromosomes and hence an ori/ter ratio of 1. ns, not sig-
nificant; ***, P<0.01.
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Figure 5. Localization of oriC and terminus regions and cell morphology of PNA-treated cells. Strain ALO4223 was grown exponentially in AB me-
dium, diluted to OD450=0.05 and treated with NrdA-PNA (8 uM) or 2-base mismatch-PNA (8 uM) or left non-treated for 2 h. (a) In vivo localization
of oriC and ter as GFP-oriC foci and mCherry-ter foci. Scale bar is 5 um. (b) oriC foci/cell and (c) cell length (um) were determined for each cell in
three biological triplicate experiments (non-treated, n=316; NrdA-PNA, n=428; 2-base mismatch-PNA, n=496). Data are shown as frequency dis-
tributions of origins/cell (b) and cell size (um) (c). The average oriC foci/cell (O/C), average cell length in um (L) and average oriC foci/average cell
length in pm (O/L) values are shown in the micrographs.
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Figure 6. Double-stranded DNA breaks and DNA repair stress in PNA-treated cells. Strain SMR14350 was grown exponentially in AB medium, diluted
to OD450=0.05 and treated with NrdA-PNA (8 uM), 2-base mismatch-PNA (8 uM) or ciprofloxacin (0.0125 mg/L) or left non-treated for 4 h. (a) In vivo
visualization of double-stranded DNA breaks by Gam-GFP foci. Scale bar is 5 um. (b) Gam-GFP foci/cell was determined for three independent experi-
ments [non-treated, n=3687; NrdA-PNA, n=3860; 2-base mismatch-PNA, n=2811; ciprofloxacin (CIP), n=2553]. Data are given as percentage of
cells with Gam-GFP foci. Shown is the mean+SD based on three determinations. ns, not significant; ***, P<0.01. (c) Susceptibility of cells deficient in
major DNA damage repair pathways towards NrdA-PNA. All the cells were derivatives of MG1655 and were grown exponentially in MHB-I medium,
diluted to about 1-5 x 10° cfu/mL and treated with 4 pM NrdA-PNA for 5 h. WT (crosses), ArecA (filled circles), ArecBCD (open circles), AruvABC (filled
squares) and ArnhB (open squares). Cell viability is displayed as cfu/mL. For details, see the Materials and methods section. Shown is the mean+SD
based on three determinations.
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NrdA-PNA specifically targets RNR synthesis

Several observations support the conclusion that NrdA-PNA tar-
gets the mRNA and inhibits nrdA translation, which in turn
reduces the NrdA protein level. First, Western blots directly
showed that NrdA-PNA treatment reduced the NrdA protein lev-
els to about 10% of WT levels and cells were sensitized to HU, a
known RNR inhibitor. Furthermore, NrdA-PNA negatively
affected DNA synthesis and, finally, NrdA-PNA-treated cells had
a dramatic increase in the ori/ter ratio. This increase is most like-
ly the result of a decreased replication elongation rate, which in
turn is the consequence of reduced RNR activity and hence
reduced dNTP levels. This may also explain why ongoing rounds
of replications cannot be completed in the presence of rifampi-
cin. These data are in agreement with previous observations on
the consequences of dNTP limitation.®* >

Note that NrdA-PNA is predicted to bind the nanE gene tran-
script. NanE is a 2-epimerase, involved in the acetylmannosamine
degradation pathway, utilizing amino sugar as a carbon source
(Table S2).36 Because nank is not essential, and poorly expressed
under the conditions tested,>” we assumed that the effect of
NrdA-PNA is through nrdA.

When two bases were swapped in the PNA sequence, NrdA
translation was lowered to about 50% of the WT level and a 2-fold
increase in MIC was observed. The 2-base mismatch-PNA did not
match other sequences in the coding region or in the vicinity of the
ribosomal binding site of essential genes (Table S2).2 Because the
mismatch-PNA reduces NrdA levels, we attribute the residual anti-
microbial activity to the reduction in RNR activity. When two add-
itional bases were swapped resulting in a 4-base mismatch-PNA
the MIC value increased further, suggesting that affinity to the
nrdA mRNA target was lost.

NrdA-PNA as a bactericidal agent

In E. coli, ribonucleotides are readily mis-incorporated into DNA
and are a common source of DNA lesions.*®*! Removal of genom-
ic ribonucleotides in bacteria is performed by RNase HI (rnhA),
RNase HII (rnhB) and the nucleotide excision repair pathway.?%42
Because NrdA-PNA treatment results in cessation of synthesis of
the NrdA subunit of RNR and therefore presumably dNTP shortage,
we propose that cells incorporate an increased number of ribonu-
cleotides into the DNA. These genomic ribonucleotides are, if left
unrepaired, a source of double-stranded DNA breaks, which in turn
result in cell filamentation, nucleoid defects and non-viability.*®
This explains why both rnhB and recABCD-ruvABC mutants are
hyper-susceptible to NrdA-PNA; these mutants are compromised
with regard to removing ribonucleotides from DNA and with regard
to homologous recombination, respectively. Another explanation
for the formation of double-stranded DNA breaks is reversal of rep-
lication forks in response to dNTP shortage.’® Replication fork re-
versal results in a four-arm structure, with a double-stranded DNA
end, similar to a Holliday junction.>°

Double-stranded DNA ends caused by either ribonucleotide
mis-incorporation or replication fork reversal require RecABC-
RuvABC enzymes for repair/resolution, explaining why cells defi-
cientin these functions are hyper-susceptible to NrdA-PNA.

RNRs as targets for antibacterial agents

RNR enzymes are essential and distributed across all branches
of life, making RNRs attractive drug targets. Today, RNRs are tar-
geted by anti-cancer drugs, which prevent uncontrolled prolifer-
ation by limiting dNTP levels.** Clinically available drugs include
radical scavengers (HU)*> and nucleoside/nucleotide and base
analogues.“® Despite the potential of RNR as an antimicrobial
drug target, no known RNR-targeting antibiotics are—to our
knowledge—approved for use in the clinic, even though small-
molecule RNR inhibitors have been described.*’ The ability of a
PNA to potentially discriminate between RNR species provides a
major advantage for targeting RNR inhibitors to specific cell
types/species. We therefore suggest that PNA bacterial RNR
inhibitors may have the potential for future bacterial drug dis-
covery approaches.

PNAs are promising antibiotics and can potentially be the
source of a continuous and unlimited arsenal of easily modified
and optimized broad- or narrow-spectrum drugs. However,
PNAs are not taken up by cells’® and conjugation to a BPP is
required for uptake.” The downsides of using such BPP-PNA
conjugates are that resistance can be achieved through muta-
tions in the transporter molecules,® that the BPP is susceptible
to enzymatic degradation and that the BPP exhibits cytotoxic
properties.*®“9 Furthermore, the PNA backbone exhibits solu-
bility issues and a tendency to form aggregates and non-
specifically adhere to surfaces and macromolecular com-
plexes.”® Fortunately, second-generation peptide carriers ex-
hibit improved properties® and the PNA scaffold is highly
tunable, as shown by incorporation of lysine, guanidinium or
small hydrophilic (R)-diethylene glycol groups into the PNA
backbone, which improves binding efficiency and solubility,
prevents aggregation and improves cellular uptake.® These
modifications exemplify the durability and flexibility of PNA-
peptide technology.
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