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Antibiotic resistance is now a major threat to human health, and one approach to combating this threat is to de-
velop resistance-resistant antibiotics. Synthetic antimicrobial polymers are generally resistance resistant, having
good activity with low resistance rates but usually with low therapeutic indices. Here, we report our solution to
this problem by introducing dual-selective mechanisms of action to a short amidine-rich polymer, which can
simultaneously disrupt bacterial membranes and bind to bacterial DNA. The oligoamidine shows unobservable
resistance generation but high therapeutic indices against many bacterial types, such as ESKAPE strains and clinical
isolates resistant to multiple drugs, including colistin. The oligomer exhibited excellent effectiveness in various
model systems, killing extracellular or intracellular bacteria in the presence of mammalian cells, removing all bacteria
from Caenorhabditis elegans, and rescuing mice with severe infections. This “dual mechanisms of action” approach
may be a general strategy for future development of antimicrobial polymers.

INTRODUCTION

Antibiotic resistance is an emerging threat to public health and to
the global economy (1, 2). For this reason, there is interest in the
development of resistance-resistant antibiotics (3-5), compounds
having good efficacy in killing pathogens with acquired resistance,
as well as having low rates of resistance generation. In general, anti-
biotics targeting a single enzyme have a high likelihood of generating
resistance because a small change in the drug target can result in a
large decrease in the drug’s potency (6), and successful mono-
therapeutic antibiotics are often those that have more than one
enzyme target or are those with a more “physical” mechanism of
action, such as disrupting bacterial cell membranes (7-9). Hence,
membrane-targeting antimicrobial polymers are of interest since there
are numerous naturally occurring examples—polypeptides and proteins—
and their discovery has stimulated the development of synthetic
mimics. These polymers frequently contain both cationic and hydro-
phobic regions (Fig. 1A) (10-17), with previous studies mainly
focused on their structural diversification to achieve a better thera-
peutic index (TT). These studies have been fruitful but have been
limited by the structural similarity of mammalian and bacterial cell
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membranes (13). A multitargeting antimicrobial exhibiting a second
mechanism of action might reasonably be considered even more
effective than a monotherapeutic agent targeting a single molecule
or a membrane. Such an agent might additionally provide a path for
future development of antimicrobial polymers. The question is how
might such multitargeting be achieved?

In this context, we were stimulated by the recent discovery that
the wound dressing agent polyhexamethylene biguanide (PHMB),
previously thought to function by membrane targeting, was actually
killing bacteria through bacterial DNA condensation (18-20). Such
macromolecular DNA binders are few (21-25) but are of interest
because they suggest the possibility of using DNA binding as a second
mechanism for antimicrobial polymers. Targeting DNA is, however,
not without risk because DNA binders might also attack host DNA.
PHMB only showed preferential binding to bacterial DNA over
eukaryotic DNA in some instances (18-20), and no other reported
DNA targeting macromolecules have demonstrated selectivity between
bacterial and mammalian DNA (21-25). Nevertheless, it should be
noted that bacterial DNA is located in nucleoids and is more vulner-
able than its eukaryotic counterpart, which is protected by the nuclear
envelope, a sieve that excludes large molecules (26). In addition,
many polymers taken up by cells have been observed to be trapped
in endosomes, further limiting their interactions with eukaryotic
DNA. These observations lay the foundation for achieving selectivity
for bacterial DNA binding, which, in combination with selective
bacterial membrane disruption, is expected to lead to even higher
potency, lower rates of resistance and, potentially, improved toxicity
profiles. Here, we report a rationally designed polymer, an oligoamidine,
that selectively targets the integrity of bacterial cell membranes and
binds only to bacterial, but not mammalian, DNA. As the first exam-
ple of an antimicrobial homopolymer with a dual-selective mechanism
of action, the oligomer showed resistance-resistant and broad-
spectrum efficacy against numerous bacteria, excellent therapeutic
indices due to its selective disruption of bacterial membranes and
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Fig. 1. Design, synthesis, and characterization of the antimicrobial oligoamidine. (A) Structural features of traditional antimicrobial polymers. (B) Structural illustra-
tion of groove binders, including pentamidine, the U.S. Food and Drug Administration-approved antiprotozoal agent and an antibiotic sensitizer; furamidine, an antitry-
panosomal agent in clinical trials; distamycin, a polyamide-based antibiotic; 4',6-diamidino-2-phenylindole (DAPI) and Hoechst 33342, commonly used DNA-staining
dyes; as well as the two recently reported DNA-targeting antimicrobials, BPH-1358 and MBX-1066. The proposed mechanisms of the designed oligoamidine antimicrobi-
al agent from the polymeric approach are also shown. (C) Synthetic scheme of the oligoamidine studied in this work. (D) MALDI-TOF (matrix-assisted laser desorption/
ionization-time-of-flight) spectrum of oligomer 3. (E) Gel permeation chromatogram of oligomer 3 with marked molecular weight in dalton, calculated from a poly(ethylene
glycol)-based calibration curve. The negative peak is due to the solvent. m/z, mass/charge ratio.

inability to enter the eukaryotic nucleus (Fig. 1B), very low levels of
resistance generation, and excellent in vivo activity.

RESULTS
Rational design of the oligomer
Among the DNA binding molecules with different binding modes,
i.e., intercalation, alkylation, strand cleaving, and groove binding
(27, 28), groove binders appeared to be the most suitable for the
development of dual-selective antimicrobial polymers because they
usually bear hydrophobic and cationic groups (29), resembling the
structures of most antimicrobial polymer repeat units. This binding
mode can also be easily made multivalent for stronger affinity (30-32)
since an oligomerized groove binder can have high binding affinity
to DNA due to the continuous DNA groove that the ligand can wind
along. Given these considerations, we elected to construct oligomeric
groove binders based on amidine structures. The amidine structure
is both a cationicity provider and a well-recognized groove binding
element (28, 29, 33), and some small-molecule examples are shown
in Fig. 1B. In addition, the simplicity in constructing amidine linkages
is also a key for the realization of this oligomeric design (Fig. 1C).
We chose to avoid the introduction of highly hydrophobic domains
by putting cations and short alkyl chains directly on the oligomer
backbone, forming a charge-on-backbone structure, expected to reduce
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cytotoxicity by avoiding surfactant-like features of segregated
charge and hydrophobic domains (12, 34, 35). This side chain-free
structure and the small benzamidine motif were also considered
necessary for groove binding, to prevent undesirable steric hin-
drance that would reduce DNA binding affinity. The oligoamidine
synthesis route featured the relatively slow coupling reaction be-
tween imidate esters and amines, as well as the less-soluble oligo-
meric products in N,N’-dimethylformamide (DMF), which put an
upper limit on the products’ molecular weight (ca. 2 to 2.5 kDa;
Fig. 1, D and E, and fig. S1), potentially lowering its cytotoxicity
(12). However, the oligoamidine was still large enough to be excluded
from the eukaryotic nucleus (26). Following this strategy, a series of
oligoamidines was synthesized from the polycondensation of
p-ethylphthalimidate (1) and various diamines (2 and others; table
S1). Diamine linkers with different hydrophobicity, flexibility, and
charge were chosen because these factors are known to affect DNA
binding (29, 36, 37) and cell membrane binding (11, 12). As these
bindings are mostly based on hydrogen bonding, electrostatic inter-
actions, and hydrophobic forces, a screening of oligomers from
these diamines could be a convenient route to a hit. In an initial
screening, oligoamidine 3 (formed from 1 and 2) showed the best
performance against Enterococcus faecalis, Staphylococcus aureus,
Escherichia coli, and Bacillus subtilis and was chosen for further
investigation.
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Oligomer 3 has broad-spectrum antimicrobial activity values of standard antibiotics are also summarized for comparison.
and low hemolytic activity It was clear that some clinical isolates exhibited very high resistance
We investigated the activity of 3 against B. subtilis, E. faecalis, against colistin, one of the antibiotics of last resort, but they remained
Mpycobacterium smegmatis, Mycobacterium tuberculosis, and all of the  highly susceptible to 3. 3 showed high serum resistance, killing MDR
ESKAPE pathogens (Table 1, in bold), including multiple multidrug-  clinical isolates in medium with 50% fetal bovine serum (FBS) or in
resistant (MDR) clinical isolates. Table 1 lists the minimum inhibitory = whole sheep blood (fig. S2A). In addition, considering that a metaboli-
concentration (MIC) values of 3 against these bacteria, and the MIC  cally repressed, antibiotic-tolerant state is of importance for antibiotic

Table 1. MIC and therapeutic indices of 3 and various antibiotics. Different Gram-positive, Gram-negative bacteria, and mycobacteria strains, including
laboratory strains and clinical isolates with multidrug resistance, were covered in the evaluation. B. s, Bacillus subtilis; S. a, Staphylococcus aureus; E. ¢, Escherichia
coli; E. fa, Enterococcus faecalis; E. fi, Enterococcus faecium; K. p, Klebsiella pneumoniae; A. b, Acinetobacter baumannii; P. a, Pseudomonas aeruginosa; M. s,
Mycobacterium smegmatis; M. tb, Mycobacterium tuberculosis; and E. cl, Enterobacter cloacae. USA300 and USA400 are methicillin-resistant S. aureus strains. ND, not determined.
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*Strains having their names ending with -x are clinical isolates with multidrug resistance, and ESKAPE strains are shown in bold. tMinimal inhibitory
concentration. $The HCsp measured for 3 was >5000 ug/ml.
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persistence and tolerance (38-40), we also evaluated the killing kinetics
of 3 against MDR Acinetobacter baumannii in Dulbecco’s modified
Eagle’s medium (DMEM; with 10% FBS), a nutrient-free medium, to
examine 3’s effectiveness against such dormant bacteria. Results indicated
that 3 was strongly bactericidal in DMEM, with a 15-min minimal
bactericidal concentration (MBC) of 8 pg/ml, 90-min MBC of 2 ug/ml,
and 24-hour MBC of <0.25 pg/ml against A. b -1 (fig. S2B). For com-
parison, ciprofloxacin’s 1.5- and 24-hour MBC under the same eval-
uation condition was >32 pg/ml. Similar killing kinetics were observed
with M. smegmatis, which is highly resistant to many antibiotics due
to its thick cell wall and slow growth (fig. S2C). Therefore, 3 not only
has rapid killing kinetics but also eradicates bacteria in metabolically
repressed states, representing a substantial improvement over the
majority of conventional antibiotics. Notably, the compound derived
from the constitutional repeating unit of oligomer 3 [DB213, a re-
ported HIV-1 viral RNA groove binder (41); table S1] showed no
antibacterial activity at 128 pg/ml, indicating the necessity of more
than just groove binding to a single site, in bacterial killing.

The half maximal hemolytic concentration (HCsp) value of a com-
pound denotes the concentration required to lyse 50% of red blood
cells (RBCs) in 1 hour and is commonly used to represent the eukary-
otic cytotoxicity of antimicrobial polymers. Oligomer 3 showed low
hemolytic activity with an HCso > 5000 pg/ml (table S1). For com-
parison, the only U.S. Food and Drug Administration-approved anti-
microbial polymer PHMB has an HCs of 102 pg/ml, which is >50-fold
worse than 3. Also, at its MIC (2 to 4 ug/ml), 3-treated mammalian cells
[human embryonic kidney (HEK) 293 and NIH/3T3] showed >90%
viability at 24 hours. The ICs (half maximal inhibitory concentra-
tion) measured for 3 (HEK293, 24 hours) was 25 pg/ml. Using the
commonly adopted TI calculation (TI = HCs¢/MIC or HC5¢/MBC),
3 had a TI of >2500 for most bacteria and >20000 for A. b -1 in
DMEM. We also studied the hemolytic activity of 3 in an extended
time period (24x longer than used in commonly adopted protocols)
and observed negligible RBC hemolysis (fig. S2D). These results in-
dicated that the in vitro performance of 3 was quite promising.

Oligomer 3 disrupts bacterial cell membrane selectively

The oligomer’s membrane activity was then visualized by using scanning
electron microscopy (SEM), with fragments and wrinkled surfaces being
observed for 3-treated bacteria (Fig. 2A and fig. S3A). We then per-
formed a cytoplasmic membrane depolarization assay using S. aureus
or A. baumannii and the DiSC5(5) (3,3'-dipropylthiadicarbocyanine
iodide) probe, a dye that exhibits intense fluorescence when the
membrane potential is collapsed. We observed a large increase in
fluorescence upon treatment with 3 indicating that membrane dis-
ruption contributes to the bactericidal effect of 3 (fig. S3B). Bactericidal
antibiotics are also known to stimulate the production of toxic,
reactive oxygen species (ROS) (42, 43), and ROS generation in
3-treated E. coli was indeed observed using a dichlorofluorescein
diacetate (DCFH-DA) probe and flow cytometry (fig. S3C). We also
found that addition of bacterial lipopolysaccharide (LPS) greatly
inhibited the antimicrobial activity of 3 (fig. S3D), suggesting that 3
might initially bind to LPS in Gram-negative bacteria, leading to
membrane perturbation, the mechanism of action reported for
another bisamidine, pentamidine (44).

In contrast, 3 showed only weak membrane binding to mamma-
lian cells. When treated with oligomer 3, there were large increases
(~60 mV) in surface { potential with A. baumannii and S. aureus
but not with RAW 264.7 cells or NIH/3T3 cells (fig. S3E). Multivalence
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was essential for such large changes in potential (fig. S3F). Because
large changes in surface zeta potential have been correlated with
membrane destabilization and increased membrane permeability (45),
these observations are consistent with membrane disruption by 3 in
bacterial cells but no such effect in mammalian cells. We also used
flow cytometry and confocal with propidium iodide (PI) to further
verify this membrane selectivity. As shown in Fig. 2B and fig. S4 (A
and B), there was a major increase in PI uptake for 3-treated E. coli
and M. smegmatis but no effect for bacteria treated with ciprofloxacin,
which is not membrane active. In contrast, there were negligible
permeability changes observed for 3-treated NIH/3T3 cells, even
after 24 hours. Yet, 3 itself could enter cells. Mechanistic study showed
that 3’s entrance to the cells was inhibited by low temperature and
various endocytic inhibitors, revealing that the uptake of 3 was mainly
through an energy-dependent, complex endocytosis pathway, which
explains its intracellular appearance while showing low membrane
disruption (Fig. 2C). 3 selectively disrupts bacterial cell membranes,
due perhaps to the absence or low percentage of negatively charged
lipids and other species on mammalian cell surfaces, such as LPS
and teichoic acids (46, 47), cardiolipins, phosphatidylserine, and
phosphatidylinositol (47). In addition, many negatively charged lipids
are localized to the inner leaflet of the mammalian cell membrane,
while the outer leaflet is more neutral (47, 48). Such direct and
selective membrane targeting is an attractive feature for an anti-
bacterial agent targeting persistent infections caused by slow-growing
or nongrowing bacteria, which are not susceptible to treatment with
antibiotics that target biosynthetic pathways in growing cells (9).

Evidence for DNA binding antimicrobial mechanism
The molecular design of 3 was based on the hypothesis that it would
target both bacterial membranes and DNA. The results shown above
support selective membrane disruption by 3, but what about bacte-
rial versus mammalian DNA targeting? As shown in fig. S4C,
dynamic light scattering (DLS) showed that 3 promoted the aggre-
gation of genomic DNA from A. baumannii, forming oligomer-
DNA polyplexes. The same phenomenon was observed with both
plasmid DNA and linear DNA, showing sequence-independent
double-stranded DNA (dsDNA) complexation (fig. S4D). The anti-
microbial activity of 3 could be suppressed by the addition of
genomic DNA (from A. b -1), whereas the membrane-targeting
small-molecule antibiotic, colistin, showed no such effect upon DNA
addition (Fig. 2D). That is, the strong binding of 3 to exogenous
DNA resulted in polyplex formation and deactivation of the oligomer,
but no such effect is observed with non-DNA-targeting colistin.
Computational docking results using a fragment of 3 and
dsDNA indicate minor groove binding (fig. S4E), as seen with many
amidine-based DNA binders (49). In addition, gel retardation assay
results using 3 and a plasmid DNA labeled with Gel-Red [a DNA
intercalator (50)] showed that 3 could retard DNA migration but
not displace Gel-Red (fig. S4F), implying a nonintercalating DNA
binding mode. A fluorophotometric titration assay indicated that 3,
but not the non-DNA-targeting kanamycin, led to a dose-dependent
displacement of Hoechst 33342 (Fig. 2E), suggesting that 3 binds to
DNA more tightly than does Hoechst 33342, through a Hoechst-like
(minor groove) binding mechanism.

Oligomer 3 selectively binds genomic DNA in bacterial nucleoids
To test the hypothesis that 3 binds to DNA in bacterial nucleoids, we
labeled 3 with either fluorescein isothiocyanate (FITC) or rhodamine
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Fig. 2. Evidences for oligoamidine 3’s two distinct antimicrobial mechanisms of action, membrane disruption, and DNA binding. (A) 3-treated E. coli (K12) (top)
and MDR A. b -1 (bottom) cells showing clear evidence of membrane damage, exhibiting fragments and wrinkled surfaces, similar to previous reports on surfactant-
based antimicrobial polymers. Scale bars, 4 um. (B) Results of membrane permeability assay using E. coli, 3T3 cells and propidium iodide (PI), showing bacterial cell
membrane disruption by the addition of 3. Pl is a fluorescent dye that can only penetrate compromised cell membranes, so its uptake into cells indicated membrane
disruption. Compound treatment time was 4 hours for E. coli. The membrane of the NIH/3T3 cells were not affected by 3 even over an extended time period (24 hours).
Fl., fluorescence. (C) Exploration of 3's cellular internalization mechanism. Chlorpromazine, wortmannin, mpCD/genistein, and 4°C condition, respectively, inhibit clathrin-
mediated endocytosis, macropinocytosis, caveolae-mediated endocytosis, and energy-dependent endocytosis in general. (D) Inhibition of 3's activity by DNA. Externally
added DNA substantially inhibited oligomer 3's antimicrobial effect against MDR A. b -1, whereas colistin’s efficacy was minimally affected by added DNA. (E) Fluorophoto-
metric studies showing that 2 ug/ml of 3 was able to displace >80% of the minor groove binding dye, Hoechst 33342 (4 ug/ml), bound to double-stranded DNA (dsDNA),
while kanamycin was not able to incur any change in Hoechst's fluorescence. a.u., arbitrary units.

B isothiocyanate (RhB-ITC) and incubated the labeled 3 with bacte-
rial or mammalian cells. The confocal microscope images indicate
that staining with FITC-3 (green) matched well with the results
from nucleoid staining (blue) in E. coli, B. subtilis, and M. smegmatis
(Fig. 3A and fig. S5). In the latter two cases, the staining of FITC-3
also colocalized with the staining of FM4-64, a membrane-staining
dye, and this phenomenon served as a direct evidence for the dual
mechanism of action of 3. In mammalian cells, RhB-3 did not enter
the nucleus but stayed in endosomes. This localization is likely a result
of the challenges to endosomal escape and the sieve-like property of
the nuclear envelope (Fig. 3A and fig. S6A) (26). The exclusion
of 3 from the mammalian cell nucleus is an important factor in lower-
ing cytotoxicity to mammalian cells and complements the selective
disruption by 3 of bacterial membranes. Also of interest in this con-
text is that RhB-3 did not enter the mitochondrion in NIH/3T3 cells
and stain mitochondrial DNA (fig. S6B), possibly because mito-
chondria, similar to the nucleus, have a double-membrane bilayer
structure.
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More quantitatively, we analyzed our confocal images using
Coloc 2 (Fiji-Image]) to generate two-dimensional fluorescence
intensity histograms and calculated the Pearson correlation coeffi-
cients, R. A combined channel of 4’,6-diamidino-2-phenylindole
(DAPI) and FM4-64 was used versus the FITC-3 channel to obtain
histograms, and representative results for E. coli, B. subtilis, M. smegmatis,
and NIH/3T3 cells are shown in Fig. 3B. A single population group
for all the bacteria histograms was observed, indicating colocalization
of the two channels. In contrast, pixels on the NIH/3T3 histograms
clearly separated into two groups, indicating that the two channels
were not colocalized. In addition, Pearson’s R is used to describe
the correlation of the intensity distribution between channels, and its
range is from 1.0 to —1.0, with 1 representing a total positive cor-
relation, 0 for no correlation, and —1 for a total negative correlation.
The calculated R values (Fig. 3C) were ~0.9 for all three bacteria
but ~0 for the NIH/3T3 cells. These results show in a quantitative
manner that 3 selectively targets bacterial DNA and bacterial
membranes.
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Fig. 3. Evidences for oligoamidine 3’s selectivity for bacteria over eukaryotic cells on both of its mechanisms of action. (A) Overlays of confocal microscopic im-
ages of bacteria and mammalian cells stained by DAPI, FM4-64, and 3-FITC. N/A, not applicable. (B) Representative two-dimensional fluorescence intensity histograms of
stained bacteria and mammalian cells. (C) Pearson’s correlation coefficient, R, for membrane and DNA staining versus staining with 3-FITC. The statistics covered >20 randomly
picked cells in each category. (D) Selective activation of housekeeping gene in bacteria cells by 3. (a) 3 activated recA transcription in A. baumannii at its sub-MIC concen-
tration. (b) The transcription of two housekeeping genes in NIH/3T3 cells, actin and tubulin, was not affected at an even higher concentration of 3. (E) Selective inhibition
of protein expression in bacteria cells by 3. (a) Oligomer 3 reduced the expression of protein (RFP) in its sub-MIC concentration. (b) Protein expression of Tubulin and
Actin in NIH/3T3 cells was not significantly affected. (F) Heatmap of differential expression analysis showing gene regulation changes in A. baumannii treated with 3.
Control and treatment groups each had three replicates. (G) Volcano plot of the transcriptome results using 3-treated A. baumannii. -IgP, -log'® (P of the corresponding

protein). P is the octanol-water partition coefficient.

Oligomer 3 affects RNA and protein expression differently

in bacterial and mammalian cells

We next determined the effects of 3 on transcription and protein
expression in bacterial or mammalian cells. As shown in Fig. 3D, a
quantitative reverse transcription polymerase chain reaction (qQRT-
PCR) assay showed that 3 induced increased recA gene expression
in A. baumannii at a sub-MIC concentration (1 pg/ml). This obser-
vation is consistent with the DNA binding of 3 and the fact that recA
is a DNA repair gene that codes for RecA, a protein essential for the
repair and maintenance of DNA, as well as for the induction of the
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SOS response (51). The activation of recA indicated that 3 damaged
bacterial DNA and caused bacteria to execute their repair mecha-
nism. The generation of cellular ROS (fig. S3C) might also cause
oxidative DNA damage and contribute to the up-regulation of
recA as a SOS response. In contrast, in NIH/3T3 cells, gene ex-
pression of key skeletal proteins such as Actin and Tubulin re-
mained stable upon treatment with 3 at even higher concentrations
(Fig. 3D), because its chromosomal DNA was not targeted by 3. For
protein expression changes, plasmid-encoded red fluorescent pro-
tein (RFP) and Tubulin/Actin were chosen as markers in E. coli and
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NIH/3T3, respectively. As shown in Fig. 3E, treatment of low-dose
3 for 24 hours (0.5 pg/ml) resulted in a 30% reduction of RFP com-
pared to the control group. In contrast, expression levels of Tubulin and
Actin were essentially unchanged upon treatment with 3 at an even
higher concentration for 24 hours. On the basis of these results, we
conclude that 3 only affects transcription and translation in bacterial
cells, due to its selective binding to bacterial DNA.

Oligomer 3 significantly changes gene expression patterns
in bacteria

To gain further insight into the mechanism of action of 3, we per-
formed a transcriptome study using 3-treated A. baumannii. The
fragments per kilobase per million mapped reads for each gene were
compared between 3-treated and untreated bacteria (data file S1).
Up- or down-regulated expression was defined with a cutoff value
of |log, (fold change)| > 2 and P value of <0.001. The heatmap
result of the transcriptome study indicated differential expression
patterns in the control and treatment groups (Fig. 3F), supporting
the hypothesis that 3 affects gene expression leading to misregula-
tion of essential genes and subsequent cell death. We also performed
a comparative analysis of various genes and classified them into cell
envelope-related, DNA-related, and other biological process-related
genes (data file S1). As shown in the volcano plot (Fig. 3G), 63%
of the up- or down-regulated functional genes were associated with
cell envelope/membrane structure and function, whereas 20% were
related to DNA binding and damage repair. Consistent with the qRT-
PCR result showing recA up-regulation, the same gene (IX87_RS21205)
was up-regulated by 4.3-fold. One of the most up-regulated genes
(IX87_RS04960) is annotated as an adenosine triphosphatase (ATPase)
in the family of ATPases associated with diverse cellular activities
(AAA) (data file S1). ATPases in the AAA family are known to be
involved in DNA replication, chromatin remodeling, ribosomal RNA
(rRNA) processing, membrane fusion, and many other essential
cellular processes (52, 53). A protein structure prediction algorithm
(54) indicates that IX87_RS04960 has a high degree of similarity
(>98% confidence of prediction) to the ATPase domain of RecA,
which is also a member of the AAA family (55). It is thus very likely
that the highly up-regulated IX87 RS04960 gene was a homolog of
the annotated recA gene (IX87_RS21205) and also a response to the
DNA damage induced by 3. The other highly up-regulated gene,
IX87_RS08275, is predicted to be a membrane protein (56), consistent
with the membrane disruption mechanism of 3.

Resistance generation rate of 3

Traditional antimicrobial polymers typically have a low resistance
generation rate because they target and physically disrupt bacterial
membranes. However, binding of small molecules to DNA as a target
may lead to high resistance rates, as shown in fig. S7; E. coli could quickly
acquire resistance to DNA binding small molecules such as Hoechst,
DAPI, and mitomycin, possibly because of efflux pump or other de-
activation mechanisms. With both membrane disruption and DNA
binding mechanisms, 3 caused no resistance generation (Fig. 4, A and B)
when treating M. smegmatis or E. coli, whereas rifampin and kanamycin
led to notable resistance development. Even for one of the last-
resort antibiotics, the membrane-targeting colistin, there was a four-
fold increase in MIC after 274 generations, in M. smegmatis (Fig. 4A).
Note also that colistin was much less effective against multiple bacteria
strains compared to 3, even before resistance generation. These re-
sults again indicated the resistance-resistant nature of 3.
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Bacteria killing by 3 in the presence of mammalian cells

We next investigated the killing of bacteria by 3 in the presence of
mammalian cells. We first used RBCs and the highly virulent A. b -1
as the model system, because large amounts of A. baumannii could
lead to hemolysis of RBCs, giving a detectable color change (57).
Thus, RBCs and A. b -1 were cocultured, and meropenem, 3, or a
blank was added to the coculture. We observed that 3 (8 ug/ml) killed
all bacteria without any sign of RBC hemolysis at 24 hours, whereas
meropenem only reduced the amount of live bacteria by 30%, and
there was 35% hemolysis observed (Fig. 4C). Similarly, with A. b -1
cocultured with NIH/3T3 cells, large amounts of A. baumannii can
induce apoptosis of the mammalian cells (57). The addition of 3
(10 pg/ml) into the coculture resulted in the killing of all bacteria,
whereas the mammalian cells were unaffected (Fig. 4D). As a con-
trol, there was no cytotoxic effect of 3 on NIH/3T3 cells at 10 pg/ml.
These results clearly indicate that this 3 has excellent antimicrobial
efficiency against an MDR bacterium and excellent biocompatibility
at its working concentration.

Intracellular bacteria killing by oligomer 3

Mammalian cell membrane permeability is a major problem for several
classes of small-molecule antibiotics (58). To be resistance resistant,
good membrane permeability is a must for combating persistent in-
fections (9) and intracellular bacterial pathogens such as M. tuberculosis,
reducing treatment time and survival chance of bacterial persisters,
thus decreasing the chance of resistance generation. Given the ob-
servation that 3 could be endocytosed into eukaryotic cells, we
hypothesized that 3 might have good intracellular efficacy. We thus
established a model system using RAW 264.7 cells, a transformed
murine macrophage line, infected with M. smegmatis, a commonly
used model for M. tuberculosis, as illustrated in Fig. 4E. We compared
the effects of rifampin and 3 on bacterial cell burden and host cell
morphology. Using confocal microscopy, we found that 3 effectively
killed the bacteria and had no effect on host cell morphology, whereas
rifampin was ineffective (Fig. 4F and fig. S8). Colony-forming unit
(CFU) quantification of the samples at different time points showed
a fast-killing kinetic profile for 3, but rifampin and gentamycin were
ineffective, due to poor cell permeability (Fig. 4G). RT-PCR study
showed that the transcription of actin and tubulin in RAW 264.7
cells was not affected under the condition of the above intracellular
antimicrobial study (Fig. 4H).

Efficacy evaluation using a Caenorhabditis elegans

infection model

Encouraged by the in vitro results with 3, we moved to a simple
in vivo model, C. elegans. We infected C. elegans with S. aureus,
A. baumannii, or Pseudomonas aeruginosa, including one MDR clinical
isolate, and the infected worms were treated with phosphate-buffered
saline (PBS), antibiotic, or 3. C. elegans were later lysed, and the
viability of bacteria was measured (Fig. 5A). Notably, 3 (10 to 20 ug/ml)
resulted in the complete eradication of bacteria, including the MDR
clinical isolate, in all experiments. In contrast, small-molecule anti-
biotics showed mediocre to good performance for the laboratory
strains, but their effectiveness against MDR bacteria was poor. No
sign of toxicity was observed for healthy C. elegans treated with 3 at
the same concentration, and the LDsy (median lethal dose) measured
for 3 was >512 ug/ml. Despite the simplicity of the model, these re-
sults show the efficacy of 3 in eradicating bacterial infections, especially
when MDR bacteria are involved.
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Fig. 4. The resistance-resistant nature of 3 and its performance at the presence of eukaryotic cells. (A) Resistance generation rate comparison between rifampin,
colistin, and 3 in M. smegmatis. (B) Resistance generation rate comparison between kanamycin and 3 in E. coli. (C) Rescue of MDR bacteria-infected RBCs by 3. Oligomer
3 significantly outperformed meropenem by killing all the MDR A. b -1 in the presence of RBCs without causing hemolysis. (D) Rescue of MDR bacteria-infected eukaryotic
(NIH/3T3) cells by 3. Scale bars, 100 um. (E) Cartoon illustration of the intracellular bacteria model study. (F) Confocal microscopic images of M. smegmatis—infected RAW
264.7 cells with or without treatment of rifampin (30 ug/ml) or 3 (10 pg/ml). Only cells treated by 3 survived, with bacteria eliminated. Scale bars, 10 um. (G) Bacteria
burden determination of M. smegmatis-infected RAW 264.7 cells after 1 hour using different treatments. (H) The transcription of actin and tubulin in RAW 264.7 cells
(10 ug/ml, 1 hour) was not affected at the condition of the intracellular antimicrobial study.

Effectiveness evaluation using mouse models

Dermis wound infections, such as burns, surgical site infections,
and diabetic foot ulcers, are enormous issues in health care (59).
Given that P. aeruginosa and S. aureus are the two most common
causes of chronic wound infections (60, 61), we constructed two
mouse infection models with S. aureus and P. aeruginosa, to evalu-
ate the in vivo efficacy of 3. First, a mouse cutaneous abscess infec-
tion model was established by creating artificial cutaneous abscesses
with subcutaneous injection of S. aureus (5 x 107 CFU) in mice, and
treatments with 3, vancomycin, or PBS were performed. After 14 days,
we observed a full rescue in the group treated with 3, whereas mice
in the PBS group had final survival rate of 46% (Fig. 5B). Oligomer
3 also outperformed vancomycin despite the fact that this S. aureus

Baietal., Sci. Adv. 2021; 7 : eabc9917 27 January 2021

strain is vancomycin sensitive, presumably because of vancomycin’s
ineffectiveness in killing intracellular pathogens. Toxicity evalua-
tion using healthy mice showed no apparent weight loss by 3 at the
treatment dosage (fig. S9A), and this low toxicity profile was
supported by the obtained immunohistology section images of the
mice organs (fig. S9B). We then moved to a mouse excision wound
model, in which large surface wounds were created and the wound
areas were infected with a highly virulent P. aeruginosa strain
(reference strain 14, 108 CFU). The wound area was treated with 3,
ciprofloxacin, or PBS over 5 days. The results shown in Fig. 5C
clearly indicate that 3 significantly improved the survival rate of
mice, reducing mortality from ~55 to <10%. Bacteria on the
wounds were almost fully eliminated by 3 and ciprofloxacin in 2 days
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Fig. 5. In vivo efficacy and biocompatibility evaluation of oligoamidine 3. (A

e A

) Complete eradication of bacteria by oligomer 3 in infected C. elegans models, out-

S Py 2

performing several commercial antibiotics. C. elegans were infected with different bacteria as labeled above. (B) Increased survival rate for mice treated with 3 in the mice

cutaneous abscess infection model study. (C) Survival analysis result showing that

3 reduced mouse mortality rate from ~55 to <10% in the mice excision wound model

study. (D) Significant reduction of the number of bacteria on the infected areas by oligomer 3 in the mice excision wound model study. (E) Comparison of organ bacterial
burden in the infected mouse. The results suggest that oligomer 3 should have substantially suppressed the dissemination of bacteria into various organs in infected
mice. (F) Tissue immunohistology section images. The subcutaneous treatment of 3 did not damage mice organs at its effective concentration (40 mg/kg).

(Fig. 5D and fig. S9C). The treatments also promoted healing of the
wounds, with 3 outperforming ciprofloxacin in achieving 50% healing
(fig. S9, D and E).

Oligomer 3 suppressed dissemination of bacteria

to systemic infection

The observed high mortality rate for PBS-treated groups in the above
model studies suggested that the surface infections could develop
into fatal systemic infections. Dead mice in the excision wound
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model study showed high bacteria loading (~10* CFU/g of tissue) in
multiple organs [Fig. 5E, PBS (dead mice)]. We also noticed that
although mice treated with ciprofloxacin or 3 showed no statistical
difference in survival, the residual organ bacterial loads for 3-treated
mice was significantly lower than those for ciprofloxacin-treated mice
(Fig. 5E; ciprofloxacin, 14 days, versus oligomer 3, 14 days). To further
evaluate the effectiveness of 3 in the early suppression of bacteria
dissemination, a separate set of experiments was established using the
same conditions as in the mouse excision wound model, in which
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mice were treated with 3 or PBS once. Mice were euthanized 1 day
after injection, and the results (Fig. 5E, PBS, 1 day) clearly showed that
infections of major organs started within 24 hours of P. aeruginosa
inoculation. Oligomer 3 rapidly reduced the bacteria content in
multiple organs (Fig. 5E, oligomer 3, 1 day), which might be a
decisive factor for mortality reduction. These results suggest that
early treatment may be essential to prevent systemic infection. It
is also of note that 3 did not show any evidence of toxicity toward
the organs, as can be seen in the tissue immunohistology section
images (Fig. 5F).

DISCUSSION

Successful monotherapeutic antibiotics are often those having mul-
tiple targets, as with the fluoroquinolones, or they target bacterial
membranes, as with daptomycin and colistin, but resistance still
develops hence previously unexplored targets or mechanisms of ac-
tion are needed. One approach, stimulated by the discovery of nat-
urally occurring antimicrobial peptides and proteins, has been the
development of resistance-resistant antimicrobial polymers, com-
pounds with high efficacy against MDR bacteria while simultaneously
having a low resistance generating rate, but their cytotoxicity and
hemolytic activity remain an issue. These antimicrobial polymers
function in one of two ways. In most cases, they bind to and disrupt
the function of bacterial but not human cell membranes, while in
few other cases, they bind to and disrupt the function of bacterial
cytoplasmic targets. The latter mechanism of action is much less ex-
plored, but considering the trail of development of small molecular
antibiotics, bringing in more targets and mechanisms of action is likely
an approach for solving the problems brought by the membrane-
disruption mechanism of the antimicrobial polymers.

In this work, through rational design and screening, we used a
polymeric approach to connect amidine and hydrophobic moieties
and obtained a “charge-on-backbone” oligoamidine that targets
bacterial membranes and DNA simultaneously and selectively. The
small, “doubly selective” oligomer is made in a single-step reaction
and exhibits not only high and broad-spectrum therapeutic indices
against various bacteria, including MDR clinical isolates, but also
much lower resistance generation than current antibiotics, as well
as fast-killing kinetics. This oligomeric antimicrobial killed bacteria
efficiently and selectively in the presence of RBCs or mammalian
cells and also killed intracellular bacteria without affecting host cells.
The lead compound 3 also showed very good in vivo efficacy in a
C. elegans model and in mouse cutaneous abscess and excision
wound infection models, comparable to or better than that of cur-
rent antibiotics. Given the ease of synthesis of 3 and the possibility
of structural diversification by changing the linker, charged moiety,
binding moiety, and polymer chain length, there is considerable
room for future performance optimization. On the basis of the effi-
cacy of 3, we consider this “dual mechanisms of action” approach a
potentially general strategy to achieve high performance as well as
low toxicity while retaining the resistance-resistant feature of anti-
microbial polymers—both natural and synthetic.

MATERIALS AND METHODS

Chemicals, bacteria, and cell lines

All reagents were purchased from Sigma-Aldrich, Acros Organics,
TCI America, Macklin Inc., Adamas Reagent, and Beyotime Bio-
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technology and used without further purification unless otherwise
noted. Water was obtained from a Milli-Q purification system. Other
solvents were dried using 4 A molecular sieves.

The following bacteria were purchased from the American Type
Culture Collection (ATCC, Manassas, VA): S. aureus Newman strain
(ATCC 25904), S. aureus USA300 (ATCC BAA-1717), S. aureus
USA400 (ATCC BAA-1707), B. subtilis from subsp. subtilis (Ehrenberg)
Cohn (ATCC 6051), E. faecalis (Andrewes and Horder) Schleifer
and Kilpper-Balz (ATCC 19433), K. pneumoniae subsp. pneumoniae
Schroeter Trevisan (ATCC 27736), A. baumannii Bouvet and Grimont
(ATCC 19606), P. aeruginosa PA01 (ATCC 47085), E. coli K12
(ATCC29425), M. smegmatis MC2 155 (ATCC 700084), M. tuberculosis
H37Rv (ATCC 27294), and M. tuberculosis Erdman (ATCC 35801).
E. coli BL21 was from TsingKe Biological Technology, Beijing.
P. aeruginosa reference strain 14 was obtained from BEI Resources.
Bacterial clinical isolates were from Shenzhen People’s Hospital and
Peking University People’s Hospital. All bacteria strains were con-
firmed by 16S ribosomal DNA sequencing. Homo sapiens embryonic
kidney cell line HEK293 (ATCC CRL-3216), murine macrophage
cell line RAW 264.7 (ATCC TIB71), and murine embryonic fibroblast
cell line NIH/3T3 (ATCC CRL-1658) were purchased from ATCC.
Bacteria names without an affix or note are laboratory strains.

Synthesis of the oligoamidines

The synthetic route to 3 is shown in Fig. 1C. Under N, the two
monomers, diethyl terephthalimidate dihydrochloride (1; 43.9 mg,
0.15 mmol, 1 eq.) and 1,4-bis(3-aminopropyl)piperazine (2; 30.0 mg,
0.15 mmol, 1 eq.) were mixed in 1.5 ml of anhydrous DMF in a 7-ml
glass vial with a silicone-top screw cap. Triethylamine (83.7 pl,
0.6 mmol, 4 eq.) was added, and the reaction was kept at 35°C with
stirring for 96 hours. Aqueous HCI (3.0 M, 2 ml) was then added, and
the solution was dialyzed [molecular weight cutoff (MWCO) = 1 kDa]
against water for 14 hours, with water changed every 2 hours. The
purified solution was lyophilized to give a white solid (36 mg). This
material was characterized on a Bruker Avance III HD 400-MHz
spectrometer equipped with an autosampler and on a gel permeation
chromatography system equipped with a Waters 1515 isocratic pump
and a Waters 2414 refractive index detector. Separations were per-
formed at 50°C using aqueous NaNOj3 (0.2 M) and NaH,POy4 (0.01 M)
as the mobile phase.

For the labeling of oligopamidine 3 with FITC or RhB-ITC, oligomer
3 (10 mg) was added to phosphate buffer [(pH 8.5) 2 ml and 0.05 M].
Five micrograms (excess) of FITC or RhB-ITC was dissolved in di-
methyl sulfoxide (100 ul), and the solution was added to the solution
of 3. The mixture was stirred for 2 hours, and concentrated HCI was
carefully added to acidify the mixture to pH = 1, resulting in a clear
solution. The solution was dialyzed using Spectra/Por 7 regenerated cel-
lulose dialysis tubing (pretreated; MWCO = 1 kDa) against water for
10 hours to remove HCl and excess dyes. Labeled oligomer 3 in solid
form was then obtained by freeze-drying in the dark.

Other oligomers summarized in table S1 were synthesized fol-
lowing the same procedure using the same equivalents for starting
materials. >C nuclear magnetic resonance (NMR) spectrum of
oligomer 3 and the "H NMR spectra of all the other oligomers are
provided in data file S2.

Time-kill assay
An overnight starter culture of bacteria in DMEM plus 10% FBS
was diluted 1000-fold in the same media and grown at 37°C to reach
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an ODgo (optical density at 600 nm) of approximately 0.3. This log-
phase culture was then diluted into fresh DMEM with 10% FBS to
generate the working solution containing bacteria (10° CFU/ml). The
working solution was treated with serially diluted compounds of
interest, and the time at which each compound was added was de-
fined as 0 hours. At each designated time point, aliquots of the sus-
pension (10 ul) were 10-fold serially diluted and plated onto LB agar
plates. After overnight cultivation at 37°C, colonies were counted,
and CFU per milliliter was calculated. Experiments were performed
in triplicate or more.

Morphology study by SEM imaging

The morphology of A. b -1 (clinical isolate), E. coli (K12), and
M. smegmatis before and after treatment with 3 was observed by
using SEM. A suspension of bacteria in exponential growth phase
was incubated with 3 (12 pg/ml for A. b -1, 8 pg/ml for E. coli, and
20 ug/ml for M. smegmatis) for 1.5 or 3 hours. A bacterial suspen-
sion without any treatment was used as the negative control.
Suspensions of the experiment and control groups were centrifuged
(1500g, 12 min), and the supernatants were removed. Bacteria were
fixed after an overnight incubation at 4°C with PBS containing 2.5%
glutaraldehyde. Samples were washed three times with PBS and
then dehydrated using a series of ethanol solutions (30, 50, 70, 90,
and 100% in Milli-Q purified water). The samples were mounted on a
copper tape, air-dried, and sputter-coated with gold for observation
using a Hitachi S-4800 field emission scanning electron microscope.

{ potential measurement

Bacteria were cultured in cation-adjusted Mueller-Hinton broth
(CAMHB) at 37°C overnight. Samples of each culture were diluted
40-fold in fresh CAMHB and incubated at 37°C for 1.5 to 3 hours.
Bacteria were harvested by centrifugation at 5000g for 5 min at room
temperature and washed three times using Hepes (40 mM) (pH 7.4).
The bacteria were resuspended in Hepes [40 mM (pH 7.4) and 1 ml],
and compounds of interest at different concentrations were added
into the bacteria suspension. The mixtures were incubated at 37°C
for 2 hours, followed by standing for 1 hour. Zeta potentials were
measured on a Malvern Zetasizer Nano ZSP zetasizer.

For zeta potential measurements with RAW 264.7 or NIH/3T3
cells, 500,000 cells were seeded into a well of a cell culture dish. For
each well, the final volume was 5 ml. Cells were incubated for 14 hours
to attach to the plate and then were incubated with compounds of
interest at different concentrations for 2 hours at 37°C in an incuba-
tor with a 5% CO, atmosphere. Cells were washed with PBS three
times, detached using trypsin-EDTA, and then pelleted down and
resuspended with Hepes (40 mM) (pH 7.4) for immediate zeta po-
tential measurements on a Malvern Zetasizer Nano ZSP zetasizer.

Cytoplasmic membrane depolarization assay

Mid-log bacterial cells were harvested by centrifugation at 5000g for
5 min at room temperature and resuspended using assay buffer
[5 mM Hepes and 20 mM glucose (pH 7.4)]. The suspension was
diluted 10-fold in assay buffer to reach a final concentration of
2 x 107 CFU/ml. DiSC;5(5) (0.4 uM) was then added followed by a
1-hour incubation at room temperature to allow quenching of DiSC5(5).
One hundred microliters of the above bacteria suspension with DiSCs(5)
was added into each well of a 96-well white microplate, and com-
pounds of interest were added into the wells at different concentra-
tions. The fluorescence intensity [Ex = 620 nm, E,, = 670 nm for
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DiSC5(5) dye] for each well was monitored for 30 min using a plate
reader (Tecan Spark 10M). Assay buffer was used as the negative
control, and all assays were performed at least three times.

ROS generation assay

E. coli (ATCC 29425) was cultured overnight in 4-ml CAMHB at
37°C, and the bacteria were washed three times and resuspended in
PBS. The suspension was diluted to ODggp = 0.1, mixed with DCFH-DA
(5uM), and used as the working solution. Bacteria were placed into
a 96-well plate (200 pl per well) and treated with oligomer 3 at dif-
ferent concentrations (0, 2, 4, 8, 16, and 32 pg/ml) for 3 hours at
37°C in the dark. The ROS analysis was performed immediately by
using flow cytometry (Ey = 488 nm, E,, = 533 + 30 nm).

Effects of 3 on bacterial membrane permeability

PI was used as the fluorescent dye to evaluate integrity of bacterial
membranes (16). A stationary-state culture of E. coli was washed
three times with PBS and then resuspended to a working concentra-
tion (ODggo = 0.1) containing PI (100 uM). Oligomer 3 or ciprofloxacin
was added at the indicated concentrations. The samples were incu-
bated at 37°C for 4 hours. Cells were then analyzed via flow cytometry
(Accuri C6 Plus, Becton Dickinson) using a 488-nm laser source.
Red fluorescence emitted by PI was detected on FL2-PE. In all cases,
10,000 events were counted. For the membrane permeability of
M. smegmatis, the bacteria were treated with 3 (10 ug/ml) or kanamycin
for 15 min and then stained with 100 uM PI for 15 min. Then, the
samples were transferred to a glass slide for confocal imaging.

Effects of 3 on mammalian cell membrane permeability
NIH/3T3 cells (200,000) were seeded into wells of a cell culture dish.
For each well, the final volume was 5 ml. Cells were incubated for
14 hours to attach to the plate. The cells were then incubated with
compounds for 24 hours at 37°C in an incubator with a 5% CO,
atmosphere. After incubation, 100 uM PI was used to stain the cells
for 30 min. Cells were detached using trypsin-EDTA, washed three
times using PBS, and resuspended into 500 pl of PBS. Cells were
analyzed using a flow cytometer (Accuri C6 Plus, Becton Dickinson)
equipped with a 488-nm laser. Red fluorescence emitted by PI was
detected on FL2-PE. Cells were gated on forward scatter/side scatter
(FSC/SSC) dot plots to exclude cell debris, and the FL2-PE histo-
grams were derived from the intact cells. In all cases, 10,000 events
were counted.

Study on the internalization pathway of oligomer 3

To explore the internalization mechanism of oligomer 3, RAW
264.7 cells were treated with RhB-3 under different conditions for
observation of possible inhibitory effects. For the low temperature con-
dition, cells were precooled at 4°C for 30 min, and RhB-3 (20 pg/
ml) was added for cellular uptake for 2 hours at 4°C. For conditions
with endocytic inhibitors, cells were preincubated with the corre-
sponding medium with genistein (100 pg/ml), chlorpromazine
(10 pg/ml), wortmannin (10 pg/ml), or mBCD (5 mM) for 30 min at
37°C, and RhB-3 (20 pg/ml) was added for cellular uptake for 2 hours
at 37°C. The uptake levels of 3 under different conditions were quan-
tified by flow cytometry.

Inhibition effect of LPS and DNA on oligomer activity
An overnight starter culture in CAMHB of A. b -1 (for DNA effect)
or A. b (for LPS effect) was diluted 1000-fold in fresh CAMHB
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and then grown at 37°C to an ODgg value of ~0.3. The working
solution was prepared by diluting this log-phase culture into fresh
CAMHB to a final concentration of 5 x 10° CFU/ml and trans-
ferred into every well in a flat-bottom 96-well plate. Oligomer 3 and
DNA or LPS were added to the wells via serial dilution, and the final
volume in each well was 100 ul. Plates were incubated at 37°C, shaking
at 220 rpm for 16 to 24 hours. The ODgg values were measured to
determine bacterial growth inhibition effects in each well.

DNA binding study using DLS

Genomic DNA was extracted from A. baumannii with a Genomic
DNA Mini Preparation Kit with a Spin Column (D0063, Beyotime
Biotechnology, Shanghai), and its concentration was determined by
NanoDrop 2000 (Thermo Fisher Scientific, Shanghai). The plasmid
and linear DNA used were pCDFDuet-GFP and the corresponding
digestion product of Nde I/Bam HI, respectively. In a representative
experiment, DNA (final concentration = 0.05 or 0.25 pmol/ml for
genomic DNA and 0.5 or 2.5 pmol/ml for plasmid and linear DNA)
was mixed with oligomer 3 (final concentration = 50 pg/ml) in PBS,
and the mixture was incubated for 60 to 120 min. The sample was
measured on a Malvern Zetasizer Nano ZSP zetasizer.

Hoechst displacement study

Investigations on 3’s binding mode was carried out using Hoechst
33342 (a groove-binding molecule) and 3, and a non-DNA binding
antibiotic kanamycin was used as the control. Binding was performed
in PBS (pH 7.4) at 25°C. Plasmid pCold-ctx-m-15 (stored at 4°C)
was extracted from E. coli (DH5a). pCold-ctx-m-15 (10 ng/ul) and
Hoechst 33342 (4 pg/ml) were incubated for 30 min at 37°C, and the
plasmid-dye mixture was titrated with 3 or kanamycin with a 30-min
incubation at 37°C to reach equilibrium. The process was monitored
by fluorescence spectroscopy. The experiments were performed at least
in triplicate. The Ky (dissociation constant) value for Hoechst 33342
is 2.5 x 1077 M (62).

Gel retardation assay

Plasmid pCold-ctx-m-15(40 pug/ml) was incubated with oligomer 3
of various concentrations (4, 8, 16, 32, and 64 ug/ml) for 30 min at
37°C. The mixture was run on a 1% agarose gel with Gel-Red (2 ug/ml)
for 1.5 hours, and the DNA band shift was visualized under ultraviolet.
The Ky value for Gel-Red is 5.6 x 1078 M (50).

Oligomer-DNA docking study

We docked a fragment of oligomer 3 (containing four amidine groups)
to (CGCGAATTCGCG), using the x-ray crystallographic structure
(4U8A) (49). The receptor was prepared by setting the receptor
docking grid center to the original ligand with a diameter of 10 to 15 A
in the crystal structure. Self-docking of the original ligand was car-
ried out as a preliminary test of the ability of the receptor grid center
to recover the crystallographic pose of the ligand. The protonation
state of 3 was determined by using the “wash” function in Molecular
Operating Environment (MOE) at pH = 7. 3 was prepared by using the
“Prepare Ligands” function in Discovery Studio 2.55 using all possible
tautomers and stereoisomers generated. Docking was carried out using
the CDOCKER module in Discovery Studio 2.55.

Confocal microscopy of bacteria stained by oligomer 3
E. coli, B. subtilis, or M. smegmatis were suspended in DMEM con-
taining 10% FBS (ODggp = 0.5). FITC-labeled oligomer 3 was added
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at a final concentration of 10 pg/ml. The bacteria were cultured at
37°C for 2 hours, followed by centrifugation at 5000g for 3 min. The
supernatant was removed, and the cell pellet was resuspended in PBS
with DAPI (10 pg/ml) and then stained for 15 min at room tempera-
ture. Bacteria were then washed with Hank’s balanced salt solution
(HBSS), resuspended in HBSS with FM4-64 dye (5 pg/ml), and stained
for 1 min on ice. The bacteria were washed again with PBS, twice, and
transferred to a glass slide for confocal imaging. Samples were imaged
with Nikon A1R MP confocal microscope with a 100x objective lens.

Confocal microscopy of mammalian cells stained by
oligomer 3

NIH/3T3 cells were cultured in DMEM supplemented with 10% FBS
at 37°C in an incubator with a 5% CO, atmosphere. NIH/3T3
cells (2 x 10°) in 1.5 ml of medium were seeded into each well, and
the cells were incubated for 14 hours for attachment. RhB-3 was
added to the culture (final concentration = 10 pg/ml) and was in-
cubated for 2 hours. Medium was removed, and cells were washed
again with PBS (1 ml), three times. The cells were incubated with
DAPI (10 pg/ml) for 15 min for nuclear staining. For mitochondrial
staining by MitoTracker Green (diluted to 50 nM in PBS), cells were
fully immersed in 1 ml of staining solution and incubated at 37°C in
an incubator with a 5% CO, atmosphere for 30 min. Medium was
removed and cells were washed again with PBS (1 ml), three times.
Polyvinylpyrrolidone mounting medium (50 pl) was added, and
the cells were imaged using a Nikon A1R MP confocal microscope
with a 100x objective lens.

RT-PCR study

For each individual experiment, PBS or oligomer 3 (0 to 10 pg/ml)
was added to different groups of samples (N = 3), and the samples
were incubated as indicated vide supra. A. baumannii RNA and RNA
of the NIH/3T3 cells or RAW 264.7 cells were extracted with the
HiPure Bacterial RNA Kit (Magen, Shanghai) and the HiPure Total
RNA Micro Kit (Magen, Shanghai), respectively, following the
manufacturer’s instructions. The extracted RNA was converted to
cDNA, and the qPCR was conducted in a real-time PCR system
(QuantStudio 7 Flex, Thermo Fisher Scientific, USA) with the
HiScript IT One Step qRT-PCR SYBR Green Kit (Vazyme, Nanjing).
Gene expression was normalized to the expression of the house-
keeping gene (16S rRNA for A. baumannii and 185 rRNA for
NIH/3T3 or 18S rRNA for RAW 264.7). The primer sequences for
each gene are listed in data file SI.

Oligomer 3’s inhibition of bacterial protein expression

E. coli with pDW17-RFP were grown in CAMHB with chloramphenicol
(50 pg/ml) at 37°C overnight, and the resulting bacterial suspension
was transferred to the wells of a 96-well plate at 5 x 10° CFU/ml.
Oligomer 3 was added into each well at different concentrations,
and the final volume in each well was 100 pl. The plate was incubated
for 24 hours at 37°C. The expression level of RFP was quantified by
measuring the fluorescence intensity of REP on a plate reader (Tecan
Spark 10M).

SDS-PAGE and Western blot

Protein expression in NIH/3T?3 cells treated with 3 for 24 hours was
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and
Western blot. Briefly, all samples were prepared in radioimmuno-
precipitation assay lysis buffer, normalized to equal protein concentrations
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by the Bradford method, heated at 100°C for 10 min, loaded onto a
10% SDS-polyacrylamide gel (Bio-Rad), and run at 120 V for 2 hours.
After all samples were separated by SDS-PAGE, they were transferred
to nitrocellulose membranes (PALL), and probed with antibodies
specific for actin and tubulin. The bands were stained with horse-
radish peroxidase (HRP)-conjugated secondary antibodies. Last, the
proteins were detected using the Immobilon Western Chemilumi-
nescent HRP substrate. The bands were quantified using Image].

Multistep resistance generation evaluation

The method for multistep resistance evolution was adapted from a
reported procedure (63). Briefly, the broth microdilution method for
MIC determination against E. coli K12 or M. smegmatis was repeated
for 14 passages over a period of 8 to 15 days (for E. coli) or 42 days
(for M. smegmatis). The initial inoculum was 5 x 10° CFU/ml in
CAMHB. For each subsequent passage, the inoculum for MIC de-
termination was adjusted to a final density of approximately 5 x
10° CFU/ml using the contents of a well containing 3 at a sub-inhibitory
concentration (at which bacterial growth was observed from the
previous passage). To measure the MIC of each passage, bacteria were
transferred to a new 96-well microtiter plate. Compounds were added
in triplicate to wells in the first row of the microtiter plate and then
serially diluted. The plate was incubated at 37°C for a minimum of
24 hours (for E. coli) or 48 hours (for M. smegmatis) before the MIC
was determined by reading ODgg values. The growth generations
were calculated with a doubling time of 20 min or 3.5 hours for
E. coliand M. smegmatis, respectively. Resistance was classified as a
greater than a fourfold increase in the initial MIC.

RBC-bacterium coculture model

A clinical isolate of A. baumannii (A. b -1 in Table 1) was added to
4% sheep blood in PBS to a final concentration of 5 x 10° CFU/ml.
Samples were then treated with 3 (final concentration = 8 ug/ml),
meropenem (final concentration = 8 ug/ml), or PBS and incubated
for 24 hours at 37°C. Bacteria loading was determined by plating an
aliquot of sample (5 ul) with different serial dilutions onto an agar
plate, and CFUs were counted after a 12-hour incubation at 37°C.
To determine the percent hemolysis, samples were centrifuged, and
the absorbance of the supernatant at 576 nm was measured using a
Triton X-100-treated blood sample as the positive control (100%
hemolysis) and a nontreated blood sample as the negative control
(0% hemolysis).

NIH/3T3-bacterium coculture model

In a 12-well plate, NTH/3T3 cells (2 x 10* per ml) were cultured in
DMEM supplemented with 10% FBS in a humidified atmosphere
with 5% CO; at 37°C. Cells were maintained for 12 hours to reach a
confluent monolayer. Medium was removed from wells followed by
addition of DMEM + 10% FBS containing ~10° CFU of A. baumannii
(A. b -1in Table 1), with or without 3 (10 ug/ml). Bacteria were not
added to the control sample. The cell or cell-bacteria mixtures were
then cultured at 37°C for 24 hours before the samples were imaged
using an optical microscope (Nikon Ti-S, Nikon Co., Tokyo, Japan).
The cultures were then plated onto agar plates, and CFUs were
counted after incubation at 37°C overnight.

Evaluation onintracellular antimicrobial activity
RAW 264.7 cells were suspended in DMEM supplemented with
10% FBS and seeded into a T75 flask at 4 x 10° cells/ml. Cells were
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maintained for 12 to 24 hours to reach a confluent monolayer. Medium
was then removed, and the cells were washed with 10 ml of PBS.
M. smegmatis were passed through a 26-gauge needle five times
to disperse clumps, and 4 ml of medium containing 10° CFU of
M. smegmatis was added to infect the macrophage cells. Phagocytosis
was permitted during a 2-hour incubation at 37°C in a humidified
atmosphere with 5% CO,, after which macrophage cells were washed
thoroughly with PBS to remove the nonphagocytosed M. smegmatis.
The infection ratio was 10:1. The infected macrophage cells were then
detached from the flask and reseeded on six-well plates at 4 x
10° cells/ml with 3 ml in each well, with or without compounds. After
1 hour, the macrophage cells were lysed with ice-cold water, and the
intracellular M. smegmatis was released. The resulting cell lysate were
serially diluted and plated onto agar plate for CFU determination
after incubation at 37°C overnight. For confocal imaging, the infected
cells were imaged after 20 hours to better visualize the replication of
bacteria.

C. elegans model for antimicrobial efficacy evaluation
This animal study was performed in accordance with national
regulations on animal studies. The whole animal model C. elegans
(wild-type strain N2) was used to examine the efficacy of oligomer
3 in treating bacterial infection in vivo. C. elegans N2 were maintained
at 20°C following standard procedures (64). Briefly, worms were
grown for 3 days at 20°C on nematode growth medium (NGM) agar
plates seeded with a lawn of E. coli OP50 and were allowed to lay eggs.
The eggs were harvested by bleaching and maintained for 24 hours
at room temperature with gentle agitation for hatching. Hatched
larvae were transferred to a new NGM plate seeded with E. coli OP50
and were kept at room temperature for 2 to 3 days until they reached the
adult stage (L4). Adult worms were collected, and the suspension
was washed three times with PBS in a 1:10 ratio to remove E. coli.
S. aureus (Newman), A. baumannii (Bouvet and Grimont, ATCC
19606), P. aeruginosa (reference strain 14), and a clinical MDR
A. baumannii (A. b -1 in Table 1) were used for C. elegans infection.
S. aureus, P. aeruginosa, and A. baumannii were grown in LB medium
to stationary phase. One hundred fifty microliters of overnight bac-
terial cultures was inoculated on modified NGM with 0.35% peptone
to obtain a lawn of bacteria. Adult worms were then transferred to
the NGM plates for infection. After 12 hours of infection, worms
were collected and washed with PBS buffer, three times, before
10 worms were transferred to a centrifuge tube. Worms were incu-
bated with compounds of interest (10 or 20 ug/ml) or PBS (negative
control). After a 12-hour treatment, worms were washed three times
with PBS buffer and examined for morphological changes and via-
bility. The worms were then ground with a glass rod, and samples
were serially diluted and plated onto LB plates containing different
selection of antibiotics (5 pg/ml of nalidixic acid for S. aureus, 50 pug/ml
of ampicillin for P. aeruginosa and A. baumannii, respectively). Plates
were incubated at 37°C for 17 hours before CFUs were determined.
The bacterial CFUs were then divided by the number of worms in
each treatment, and the percent reduction in bacterial growth upon
drug treatment relative to PBS-treated worms was then calculated.

Mice cutaneous abscess model for antimicrobial

efficacy evaluation

This animal study was performed in accordance with national regula-
tions on animal studies. Male Institute of Cancer Research (ICR) mice
(6 to 8 weeks, each weighing 18 to 25 g) were used. Neutropenia was
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induced by injecting cyclophosphamide (J&K, Beijing, China) intra-
peritoneally at 4 days (150 mg/kg) and 1 day (100 mg/kg) before infec-
tion. Hair cream was used to remove hair. S. aureus (5.0 x 10° CFU/ml,
100 ul) was injected subcutaneously on the back of the mice. Success-
fully infected mice were picked as models, and 39 mice were used and
divided into three groups: treated with 3 (N = 13), vancomycin
(N'=13), and a control group (N = 13). Treatment started when the
cutaneous abscess appeared (6 hours after infection). During the
7-day treatment, compound solution aliquots (5 mg/ml in 50 pl; final
concentration of 10 mg/kg) were injected into the infected wound
directly for 3 and the vancomycin group, whereas PBS (50 ul) was
used for the control group. The survival rate of each group was re-
corded for 14 days. Statistical significance of differences of survival
data was determined by the log-rank test.

To determine the in vivo toxicity of oligomer 3, male ICR mice
(6 to 8 weeks, each weighing 27 to 30 g) were injected subcutane-
ously with a single dose of 3 (10 mg/kg) or PBS of the same volume
each day for 7 days. Mice (N = 3) were weighed daily. After seven
injections, observation was continued daily for another 8 days.

Antimicrobial efficacy evaluation on mice excision

wound model

This animal study was performed in accordance with national regu-
lations on animal studies. This protocol was based on previously
reported protocols with modifications (65, 66). Thirty-five adult
male ICR mice (6 to 8 weeks, each weighing 18 to 25 g) were anes-
thetized with an intraperitoneal injection of chloral hydrate (50 mg/kg),
and one open excision wound (2 to 3 cm®) was created to the depth
of loose subcutaneous tissue on the dorsal side skin for each mouse.
P. aeruginosa (reference strain 14) suspensions (10® CFU) were in-
oculated on excision wound area to establish the wound infection
model. Mice were separated into a PBS treatment group (N =11),a
3 treatment group (20 mg/kg, N = 12), and a ciprofloxacin treatment
group (20 mg/kg, N = 11). Treatments were started 24 hours after
infection by applying 60 ul of compound solutions or PBS to the
wound area and were repeated every 24 hours for 5 days. On day 2,
the bacterial load on the wound surface of the survived mice was
determined by wiping the full wound surface with a sterile cotton
swipe to transfer the bacteria to PBS and plating the PBS on agar
plate (supplemented with 20 pg/ml of ampicillin) for CFU determi-
nation. The wounds were observed every 24 hours, and the survival
rate of each group was recorded for 14 days. Deceased mice (N = 4)
from the PBS group were dissected, and organ bacterial burden was
determined as described in the following session. On day 14, survived
mice on day 14 from treatment groups (N = 3 for each group) were
euthanized, and organ bacterial burden was determined as described
in the following session. Statistical significance of differences of sur-
vival data and surface bacterial load was determined by the log-rank
test and two-tail # test, respectively. R code used to generate the box
plots was included in the Supplementary Materials.

Organ bacterial burden determination

To evaluate the efficacy of oligomer 3 on suppression of bacteria
dissemination into organs, the excision wound model was applied
with N = 4 for PBS group and N = 4 for oligomer 3 group (dose =
20 mg/kg). Treatment started 24 hours after infection by applying
60 pl of PBS or compound solutions to the wound area, and the mice
were euthanized 24 hours after treatment. The organs (heart, liver,
spleen, lung, and kidney) were collected and homogenized using a
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high-throughput tissue homogenizer Tissuelyser-24 (Jingxin, Shanghai),
serially diluted in PBS and plated onto LB agar plates supplemented
with ampicillin (20 ug/ml). Plates were incubated overnight at 37°C,
and colonies were quantified to determine bacteria CFU. Statistical
significance of differences of organ bacterial load was determined
by two-tail ¢ test.

Immunohistology

PBS buffer or oligomer 3 in PBS (40 mg/kg) was subcutaneously injected
into mice. The mice were euthanized after 24 hours, and the major
organs (heart, liver, spleen, lung, and kidney) were collected. Tissues
were fixed in 10% neutrally buffered formalin for 24 hours, processed
into paraffin, sectioned into approximately 3 um, and stained with
hematoxylin and eosin. The samples were evaluated by using a
Pannoramic MIDI microscope.

Statistical analyses

Experimental replicates (N) were > 3 unless otherwise noted in the
corresponding figure captions or protocols. Error bars represent +SD.
Statistical analysis was performed using Student’s ¢ test: ¥, **, and
*** represents P < 0.05, 0.01, and 0.001, respectively, and the differ-
ence was considered significant when P < 0.05. Pearson’s R values
were generated using the Image] software.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/5/eabc9917/DC1

View/request a protocol for this paper from Bio-protocol.
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