1 AMERICAN Antimicrobial Agents
B Scirer | and Chemotherapy®

Combined Systems Approaches Reveal a
Multistage Mode of Action of a Marine
Antimicrobial Peptide against
Pathogenic Escherichia coli and Its
Protective Effect against Bacterial
Peritonitis and Endotoxemia

Xiumin Wang,>® Da Teng,>P Ruoyu Mao,>* Na Yang,>P Ya Hao,>P
Jianhua Wang?*

Key Laboratory of Feed Biotechnology, Ministry of Agriculture, Beijing, China® Gene Engineering Laboratory,
Feed Research Institute, Chinese Academy of Agricultural Sciences, Beijing, China®

ABSTRACT A marine arenicin-3 derivative, N4, displayed potent antibacterial activity
against Gram-negative bacteria, but its antibacterial mode of action remains elusive.
The mechanism of action of N4 against pathogenic Escherichia coli was first re-
searched by combined cytological and transcriptomic techniques in this study. The
N4 peptide permeabilized the outer membrane within 1 min, disrupted the plasma
membrane after 0.5 h, and localized in the cytoplasm within 5 min. Gel retardation
and circular dichroism (CD) spectrum analyses demonstrated that N4 bound specifi-
cally to DNA and disrupted the DNA conformation from the B type to the C type.
N4 inhibited 21.1% of the DNA and 20.6% of the RNA synthesis within 15 min. Sev-
eral hallmarks of apoptosis-like cell death were exhibited by N4-induced E. coli, such
as cell cycle arrest in the replication (R) and division(D) phases, reactive oxygen spe-
cies production, depolarization of the plasma membrane potential, and chromatin
condensation within 0.5 h. Deformed cell morphology, disappearance of the plasma
membrane, leakage of the contents, and ghost cell formation were demonstrated by
transmission electron microscopy, and nearly 100% of the bacteria were killed by
N4. A total of 428 to 663 differentially expressed genes are involved in the response
to N4, which are associated mainly with membrane biogenesis (53.9% to 56.7%) and
DNA binding (13.3% to 14.9%). N4-protected mice that were lethally challenged with
lipopolysaccharide (LPS) exhibited reduced levels of interleukin-6 (IL-6), IL-18, and
tumor necrosis factor alpha (TNF-@) in serum and protected the lungs from LPS-
induced injury. These data facilitate an enhanced understanding of the mechanisms
of marine antimicrobial peptides (AMPs) against Gram-negative bacteria and provide
guidelines in developing and applying novel multitarget AMPs in the field of unlim-
ited marine resources as therapeutics.
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athogenic Escherichia coli not only can cause diarrheal disease in animals and

human beings but also can lead to human urinary tract infection, meningitis, and
pneumonia (1, 2). Although these diseases are effectively controlled by current antibi-
otics, resistance to these antibiotics is on the rise (1). Meanwhile, antibiotic application
also indirectly results in the release of lipopolysaccharide (LPS), which is the major
component of the outer membrane of Gram-negative bacteria and induces a series of
diseases such as severe sepsis, septic shock, and systemic inflammatory response

January 2017 Volume 61 Issue 1 e01056-16 Antimicrobial Agents and Chemotherapy

MECHANISMS OF ACTION:
PHYSIOLOGICAL EFFECTS

l.)

Check for
updates

Received 19 May 2016 Returned for
modification 9 July 2016 Accepted 29
September 2016

Accepted manuscript posted online 24
October 2016

Citation Wang X, Teng D, Mao R, Yang N, Hao
Y, Wang J. 2017. Combined systems
approaches reveal a multistage mode of action
of a marine antimicrobial peptide against
pathogenic Escherichia coli and its protective
effect against bacterial peritonitis and
endotoxemia. Antimicrob Agents Chemother
61:¢01056-16. https://doi.org/10.1128/
AAC.01056-16.

Copyright © 2016 Wang et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Jianhua Wang,
wangjianhua@caas.cn.

aac.asm.org 1


https://doi.org/10.1128/AAC.01056-16
https://doi.org/10.1128/AAC.01056-16
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:wangjianhua@caas.cn
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01056-16&domain=pdf&date_stamp=2016-10-24
http://aac.asm.org

Wang et al.

syndrome (3, 4). However, to date, no therapeutic agents have been shown to be
efficacious enough to treat these LPS-induced diseases. Removal of Gram-negative
bacteria by antimicrobial peptides (AMPs) may be an effective strategy to prevent
LPS-induced pathophysiological responses (4, 5).

A total of 2,684 natural and synthetic AMPs, which are potential antibacterial agents,
have been currently registered in the Antimicrobial Peptide Database (http://aps.unmc
.edu/AP/main.php), but less than 5% of them are from marine resources (6). Marine
AMPs have properties of biomedical importance, immunomodulatory activities, and
signal transduction capability in mammalian hosts, which make them attractive tem-
plates for designing new drugs and pharmaceuticals (6). Meanwhile, due to their
inherent ability to sustain activity under high salt concentrations, marine AMPs may
have a high probability of success in in vivo systems and can be further regarded for
clinical trials (6). Arenicin-3, a novel member of the arenicin family from the marine
lugworm Arenicola marina with two disulfide bonds (Cys3-Cys20 and Cys7-Cys16) and
four positive charges, was shown to form a 21-residue amphipathic B-sheet structure.
In addition, it has higher activity than arenicin-1 and arenicin-2 in vitro against a variety
of Gram-negative bacteria. However, the arenicin-3 molecule showed very high protein
binding to serum components. A variant of arenicin-3 (5Y-5N, 17Y-17H), NZ17074,
abbreviated as N4, which is undergoing preclinical studies, has a lower serum-binding
ability and higher activity against Gram-negative bacteria, including resistant strains of
E. coli and fungi, than its parent (7). Among members of the arenicin family, the
mechanism of action, which includes binding to, intercalation into, and permeabiliza-
tion of the model membranes, has been investigated for arenicin-1 against E. coli strain
WBBO01 (8). Arenicin-2 forms dimers by parallel association of the C-terminal strands and
packs in higher-order aggregates by the loose parallel association of the N-terminal
strands with the anionic lipid head groups (in addition, there is a possibility of
intercalation between them) (9). However, the killing mechanism of N4 against Gram-
negative bacteria is not yet elucidated and some AMPs exhibit remarkable specificity
for particular AMP-bacterium pairings (10). Moreover, these physical consequences of
arenicin interactions with cell membranes provided only circumstantial evidence as to
the mechanism of action and did not account for their lethal activities or the remark-
able specificities of their actions against bacteria.

In recent years, genome-wide transcriptional responses to challenges with antimi-
crobial agents have been developed as a source of information on the mode of action
of an agent (11). Hong et al. demonstrated that the transcript levels of 26 genes
changed significantly following treatment with a-helical cecropin A using whole-
genome microarrays; only some genes such as csgD and yiaT are likely to encode
membrane proteins, whereas 42% of the transcripts corresponded to protein products
with unknown functions (12). Nielsen et al. found that arenicin-3 led to decreased
expression of translation, translation factors (rpl, rps, and rpm), and phage shock
protein-encoding genes (pspA, pspB, pspC, and pspD) and increased expression of
lipoprotein (osmB) and regulon (soxS and bdm) by genomic sequencing and microarray
analysis. Moreover, they found that m/aC single nucleotide polymorphism (SNP) pro-
vided arenicin-3 resistance in E. coli (13). However, these transcriptomic results were not
connected with the antibacterial mode of action of the AMPs. Recently, Kozlowska
found that the combined systems approach of cytology, metabolomes, and transcrip-
tomics could accurately predict the mode of action of AMPs against E. coli NCTC 9001,
which provided a fresh perspective for mechanism studies (14).

The goals of the present study were to investigate the antibacterial mechanism of
N4 against pathogenic E. coli CVCC195 and to examine its potential applications. We
conducted a comprehensive study on the mode of action of N4 against E. coli via a
series of cell biology assays that included binding to LPS, permeabilization of the
membranes, insertion into DNA, and induction of apoptosis-like cell death. To further
elucidate the expression of specific genes correlated to the mechanism of action of N4,
the global gene expression of E. coli in the presence of N4 was also analyzed by RNA
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sequencing. In addition, the antibacterial and detoxifying activity of N4 was evaluated
in mice challenged with E. coli and its LPS, respectively.

RESULTS

N4 forms an amphipathic 3-sheet. The surfactant sodium dodecyl sulfate (SDS)
provides a hydrophobic environment for polypeptides and promotes the stabilization
of peptide conformation through hydrophobic interactions between peptides and SDS.
As shown in Fig. 1a, in the absence of SDS, the secondary structure of N4 was
predominantly characterized by B-sheet (86.9%) with a characteristic positive maximum
at 230 nm and a negative minimum at 200 nm. However, N4 was induced into a distinct
a-helical structure (61.1%) in 10 mM SDS. No folded structures were observed for the
linear N4 in the aqueous solution and SDS. N4 may experience some untwisting upon
formation of a B-structural pore and form an a-helix, which may be associated with its
membrane-directed activity (15).

N4 displayed potent antibacterial activity, low cytotoxicity, and no resistance.
Significant antibacterial activity of N4 against Escherichia and Salmonella was observed,
with MICs from 0.25 to 1 pg/ml and minimal bactericidal concentrations (MBCs)
ranging from 0.5 to 1 wg/ml (Table 1). Against Pseudomonas, MICs and MBCs of N4
ranged from 2 to 16 ug/ml. The MIC and MBC values of N4 against Staphylococcus
aureus and Candida albicans were relatively high (16 to 32 wg/ml). N4 did not show
activity against Listeria ivanovii, Streptococcus suis, Enterococcus faecium, Bacillus licheni-
formis, and Saccharomyces cerevisiae up to 16 pug/ml.

The 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
results showed that only 1.2% of porcine intestinal epithelial cells were inhibited by N4
at 1 ug/ml. A cell inhibition of 8.0% to 13.0% was observed in a range of 2 to 16 ug/ml
of N4. Higher percentages of cell inhibition ranging from 20.6% to 37.9% were observed
from 32 ug/ml to 128 ug/ml of N4 (data not shown). For mouse peritoneal macro-
phages, in the concentration range of 1 to 8 ug/ml of N4, peptide exerted moderate
cytotoxicity (=9.2%). At higher concentrations of 16 to 128 ng/ml, a significant increase
in cytotoxicity was observed, with inhibition ratios of 12.1% to 48.0% (see Table S1 in
the supplemental material).

After 15 serial passages in the presence of N4, the MICs did not change, which
indicated that no mutants of E. coli resistant to N4 were produced (data not shown).
These features of N4 indicate that it is a good candidate for the development of novel
antibiotic agents from marine sources.

N4 bound to LPS. To test whether N4 binds to E. coli LPS, the MIC values were
determined and 5-((4-(4,4-difluoro-5-(2-thienyl)-4-bora-3a,4a-diaza-s-indacene-3-yl)
phenoxy)acetyl)amino)pentylamine, hydrochloride (BODIPY-TR-cadaverine, or BC)
probe displacement methods were performed. The MIC values of N4 and its LPS were
0.5 to 1 and 2 pg/ml, respectively (data not shown), but LPS did not exhibit antibac-
terial activity against E. coli (MIC > 64 ug/ml). N4 treated with LPS displayed a 1- to
3-fold decrease of antimicrobial activity against E. coli compared to N4, which con-
firmed that N4 could bind to LPS.

Similar to polymyxin B (PMB), N4 induced a dose-dependent displacement of BC
(Fig. 1b). As expected, ampicillin, which binds to penicillin binding proteins, did not
displace BC from its binding to LPS. This result indicated that N4 may interact with lipid
A of LPS via interactions similar to those of BC.

N4 disrupted the membrane of E. coli cells. (i) Permeabilization of the outer
membrane within 1 min. The outer membrane, a unique asymmetric lipid bilayer
composed of LPS in the outer leaflet and phospholipid in the inner leaflet, is a very
important cellular structure of Gram-negative bacteria and serves as a selective per-
meation barrier (16). N-phenyl-1-naphthylamine (NPN) is a hydrophobic fluorescent
probe that emits weak fluorescence in an aqueous environment and strong fluores-
cence when incorporated into the hydrophobic core of a bacterial cell membrane (17).
The fluorescence from E. coli cells was monitored after incubation with N4 and NPN. As
shown in Fig. 1c, N4 induced a time-dependent and concentration-dependent NPN
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FIG 1 Structural analysis of N4 and its effects on LPS, cell membrane, and macromolecular biosynthesis in E. coli. (a) CD spectrum analysis of
the second structure of N4 in an aqueous or SDS solution. (b) Displacement of LPS-bound BC by N4. Ampicillin and PMB were used as negative
and positive controls, respectively. (c) Outer membrane permeabilization kinetics of E. coli cells treated with N4. The cells (108 CFU/ml) were
incubated with T mM NPN before the addition of 1%, 2X, and 4X MIC N4. The fluorescence of NPN was monitored for 10 min. (d and e) Flow
cytometric analysis of the changes in membrane permeability. E. coli cells (108 CFU/ml) were incubated with 1X MIC N4 (d) or FITC-labeled
N4 (e) for 5 min, 0.5 h, and 2 h. The control cells had no peptide treatment. The bacterial cells were treated with N4, and the percentages
of Pl-permeable cells were 0.76% (control), 15.71% (5 min), 62.42% (0.5 h), and 32.29% (2 h) (d). The bacterial cells were treated with
FITC-labeled N4, and the percentages of positive cells were 0% (control), 45.95% (5 min), 44.68% (0.5 h), and 69.19% (2 h) (e). (f) Efflux of DNA
from E. coli induced by N4. The bacterial cells (106 CFU/ml) were treated with 1X, 2X, and 4X MIC N4 at 37°C for 1 h. The amount of DNA
was measured with an UV spectrophotometer. The cells treated with 0.1 M phosphate-buffered saline (PBS) and 0.1% Triton X-100 were used
as the negative and positive controls, respectively. (g) Effects of N4 on the macromolecular biosynthesis in E. coli. Ciprofloxacin (8 X MIC),
rifampin (4X MIC), vancomycin (2X MIC), and erythromycin (2X MIC) were used as controls (CK) (gray bars). The experiment was repeated
in triplicate.

fluorescence increase in intact E. coli cells, which suggests that N4 could instantly
(within 1 min) permeabilize the outer membrane of intact E. coli cells. Higher concen-
trations induce a stronger NPN uptake as shown by the stronger fluorescence that was
observed and indicating that N4 made the outer membrane more permeable.

(ii) Disruption of the plasma membrane after 0.5 h of treatment. The plasma
membrane, which is composed of two layers of phospholipids and embedded with
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TABLE 1 MIC and MBC values of N4 against bacteria and fungi

Strain N4 MIC (pg/ml) N4 MBC (pg/ml)

Gram-negative bacteria
E. coli CVCC195 0.5-1 1
E. coli CVCC1515 0.25 0.5
E. coli 0157 0.5 1
E. coli CMCC44102 1 1
E. coli ER2566 0.5 0.5
Salmonella enterica serovar Enteritidis CVCC3377 0.25 0.5
S. enterica serovar Pullorum CVCC1789 0.25 0.5
S. Pullorum CVCC1802 0.25 0.5
S. enterica serovar Choleraesuis CVCC3380 0.25-0.5 0.5
S. Pullorum CVCC503 0.25 0.5
Pseudomonas aeruginosa CVCC2087 4 8

P. aeruginosa CMCC10104 2 4
P. aeruginosa ATCC 10145 4 16
P. aeruginosa ATCC 15442 4 8

P. aeruginosa ATCC 27853 4-8 16

Gram-positive bacteria

Staphylococcus aureus ATCC 6538 16 16
S. aureus ATCC 43300 16 32
S. aureus ATCC 25923 0.5-1 NA@
Staphylococcus epidermidis ATCC 26069 8 NA
Listeria ivanovii ATCC 19119 >16 >16
Streptococcus suis CVCC3309 >16 >16
Clostridium perfringens CVCC61 32 NA
C. perfringens CVCC46 >32 NA
Enterococcus faecium CMCC1.2136 >16 >16
Bacillus licheniformis CMCC1.265 >16 >16
Bacillus subtilis DSM5750 2 NA
B. licheniformis DSM5749 4 NA
Fungi
Candida albicans CMCC2.2411 16 16
Candida utilis CMCC2.1180 16 NA
Saccharomyces cerevisiae CMCC2.1546 >16 >16
Pichia pastoris X-33 16 NA

aNA, no detection.

proteins, is a thin semipermeable membrane layer that plays a vital role in protecting
the integrity of the cell interior (18). The effect on membrane permeability was
evaluated using propidium iodide (PI), a cationic nucleic acid dye that is excluded by
viable cells with intact membranes, whereas it enters cells with damaged membranes
and binds to DNA or RNA. The fluorescence conferred by Pl indicates the degree of cell
damage, cell permeability, and ultimately, cell death (19). Figure 1d shows that 1X MIC
N4 induced the influx of Pl, which is indicative of cell membrane permeabilization. A
progressive increase in cell fluorescence from Pl occurred because of the elevated entry
of the dye into the cells. The percentages of Pl-permeable E. coli cells treated with N4
for 5 min, 0.5 h, and 2 h were 15.71%, 62.42%, and 32.29%, respectively, which are much
higher than that of the untreated cells (0.76%). Membrane permeabilization may occur
concomitantly with the loss of cell viability, which suggests that N4 permeabilized the
plasma membrane and entered the cell within 5 min, and the plasma membrane of E.
coli was disrupted after 0.5 h of treatment with N4, which may be a lethal event in
peptide action (20).

The fluorescence-activated cell sorter (FACS) analysis of the cells incubated with
fluorescein isothiocyanate (FITC)-labeled N4 demonstrated that the fluorescence inten-
sity of the treated cells increased as the treatment time was prolonged (Fig. 1e). The
percentages of the permeable E. coli cells treated with 1X MIC FITC-labeled N4 were
45.95%, 44.68%, and 69.19% for 5 min, 0.5 h, and 2 h, respectively, higher than that of
the control cells (0%), and this indicated that FITC-labeled N4 could enter E. coli cells
within 5 min. This result suggests that N4 has antibacterial and channel-forming
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properties, which is closely related to an antiparallel B-sheet configuration contained in
peptide (21).

The integrity of the plasma membrane was further examined by monitoring the
amount of DNA released from the cells treated with N4 for 1 h. As shown in Fig. 1f, the
DNA contents of the E. coli treated with 1X, 2X, and 4X N4 were 26.2, 27.5, and 28.1
ng/ul, respectively, slightly lower than DNA contents of the cells treated with 0.1%
Triton X-100 (61.8 ng/ul). These results indicate that the plasma membrane is one
target site for N4 and interaction of N4 with the bacterial membrane forms transient
pores or channels after 1 h of treatment, which leads to the leakage of the cell contents
and cell death (22).

The action of N4 against E. coli indicated that the permeabilization of the outer and
plasma membranes of viable E. coli occurred within 1T min and 5 min, respectively, and
that the plasma membrane of E. coli was damaged after 0.5 h of treatment with N4.

N4 inhibited the synthesis of DNA and RNA precursors within 15 min. The
incorporation of radioactive precursors into DNA ([3Hlthymidine), RNA ([*H]uridine),
protein ([*Hlleucine), and peptidoglycan ([3H]lglucosamine) was measured to evaluate
the effects of N4 on macromolecular synthesis in E. coli CVCC195. As shown in Fig. 1g,
a significant inhibition of [3H]thymidine (21.1%) and [3H]uridine (20.6%) incorporation
was observed at 15 min of exposure of E. coli to 1X MIC N4. In addition, N4 induced
an increase in protein and peptidoglycan, which suggested that N4 is a DNA and RNA
synthesis inhibitor. This effect of N4 was similar to that observed for indolicidin (23). The
antimicrobial activity of N4 is most likely due to the inhibition of DNA and RNA
synthesis as a result of the binding of N4 to cellular DNA and RNA.

N4 specifically bound to DNA and changed the DNA conformation. (i) Gel
retardation. In an attempt to seek intracellular targets, the DNA-binding ability of N4
was evaluated by DNA gel retardation (Fig. 2a). At a peptide/DNA mass ratio of 0.5,
nearly all of the genome DNA from E. coli and Salmonella sp. strain CVCC3377 was still
able to migrate into the gel in the same way as noncomplexed DNA. At mass ratios of
1, 2.5, and 5, no DNA bands were detected on the gel for E. coli and Salmonella sp.
CVCC3377, which showed the intrinsic DNA-binding ability of N4. This is consistent with
a previous report that MDpep9 from the edible larvae of houseflies could bind to
genomic DNA from E. coli (24). S. aureus ATCC 25923 DNA migrated normally in the gel
as noncomplexed DNA and remained unbound at a lower mass ratio of 0.25, which
indicated that N4 did not involve DNA binding. This DNA-binding specificity result
is consistent with that of the antimicrobial spectrum of N4, exhibiting specific and
selective bactericidal activity.

(ii) CD spectra. CD spectrum analysis is an extraordinarily sensitive and useful
technique to monitor changes in DNA morphology during drug-DNA interactions (25).
The DNA-binding affinity of N4 was further assessed using a CD spectrometer. As
shown in Fig. 2b, the B-DNA structure was observed in the absence of N4, which was
characterized by a positive long-wavelength band at 270 nm and a negative band at
approximately 240 nm. At a low N4-to-DNA ratio of 1.25, the DNA spectrum was
characterized by a dominant negative band at 245 nm, due to the right-handed helicity
B form of DNA and a positive band at 270 nm, due to the base stacking between N4
and DNA bases; there was a slight additional reduction in the CD amplitude, which
indicated that N4 has an effect on the helicity structure of the DNA (26). The DNA CD
spectra changed at a higher N4-to-DNA ratio of 5.0, which contained a negative band
at approximately 250 nm and a positive band at approximately 270 nm, and there was
a greater decrease in the CD amplitude. These observations suggest that DNA binding
of N4 induced certain conformational changes from the B- to C-like conformation
within the DNA molecule and unwound DNA base pairs with destabilization of the DNA
double helix (27, 28). It is possible that N4 could intercalate into the base pairs in a helix
of DNA or locate in the hydrophobic environment of DNA, and the complex could be
stabilized by the stacking interaction with the DNA bases (28). This CD result is in
agreement with the conclusion of the above-described gel retardation assay, which
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FIG 2 Binding of N4 to E. coli DNA and effects of N4 on the cell cycle of E. coli. (a) Gel retardation analysis of
the binding of N4 to DNA. M1, 1,000-kb DNA ladder (Tiangen) (left panel); M2, A hindlll; M1, 1,000-kb DNA ladder
(TransGen Biotech) (right panel); lanes 1 to 6, the mass ratios of N4 and genomic DNA from E. coli were 0, 0.25,
0.5, 1, 2.5, and 5; lanes 7 to 12, the mass ratios of N4 and genomic DNA from Salmonella sp. CVCC3377 were 0,
0.25, 0.5, 1, 2.5, and 5; lanes 13 to 18, the mass ratios of N4 and genomic DNA from S. aureus ATCC 6538 were
0, 0.25, 0.5, 1, 2.5, and 5. (b) CD spectra of E. coli DNA in the presence of increasing amounts of N4. The mass
ratios of N4 and genomic DNA from E. coli were 0, 1.25, and 5. (c) Effects of N4 on the cell cycle of E. coli. E. coli
(108 CFU/ml) was cultured alone as a control group (left) or cultured in the presence of 1X MIC N4 for 0.5 h
(middle) or 2 h (right). The cell cycle distribution was determined by the PI staining method and analyzed by

flow cytometry.

indicated that DNA binding with N4 may inhibit the macromolecular synthesis needed

for the life cycle of bacterial cells.

Hallmarks of apoptosis-like cell death were exhibited by N4-induced E. coli. (i)

Cell cycle arrest within 0.5 h to 2 h. DNA damage triggers a series of carefully
controlled processes that stop cell cycle progression to ensure that cell division will not
proceed to the next phase and leads to cell cycle arrest in either phase (27). As shown
in Fig. 2¢c, the percentages of the control cells in the initiation (I), replication (R), and
division (D) phases were 17.3%, 80.21%, and 2.49%, respectively. Exposure to 1X MIC
N4 for 0.5 h and 2 h resulted in an increase in the percentage of R- and D-phase cells
in a time-dependent manner (from 84.3% to 85.65% and from 2.64% to 4.79%,
respectively) and a corresponding reduction in the percentage of cells in the | phase
(from 13.06% to 9.56%) (Fig. 2d and e). The results show that the antibacterial action of
N4 was accompanied by an increase in the percentage of R- and D-phase cells, which
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is a typical cell cycle arrest and one of the typical markers of apoptosis-like cell death.
The R/D cell cycle arrest induced by N4 within 0.5 h to 2 h is most likely the
consequence of DNA damage (27). This indicated that N4 inhibited the replication of
DNA and the division of cells within 0.5 h to 2 h.

(ii) Induction of intracellular ROS production within 0.5 h. Several AMPs, such as
LL-37 and CM15, have been reported to induce the production of reactive oxygen
species (ROS), which causes oxidative stress damage (29, 30). To find the underlying
mechanism of N4-induced apoptosis-like cell death, ROS production, a major cause of
apoptosis, can be monitored using dihydrorhodamine-123 (DHR-123) (31). As shown in
Fig. 3a, the E. coli cells treated with 1X MIC N4 for 0.5 h displayed high ROS levels
compared to the untreated cells. There was a significant increase in fluorescence when
the cells were treated with 2.5 mM H,O,. This result showed that N4 promoted the
generation of ROS (via a common metabolic mechanism), which are crucial apoptotic
regulators and have destructive actions on both DNA and proteins (27).

(iii) Depolarization of the plasma membrane within 1 h. Changes in the trans-
membrane potential have been considered a hallmark of apoptosis (32). The changes
in plasma membrane potential (AW) were examined using rhodamine-123 (RH-123),
which accumulates on the inner surface of intact membranes. As shown in Fig. 3b, the
low levels of fluorescence from the unstained cells without treatment (Control-1) were
observed because of cellular autofluorescence. The E. coli cells treated with 1X MIC N4
for 1 h had markedly reduced cellular fluorescence compared to that of the stained cells
without treatment (Control-2). This was similar to the membrane depolarization that
occurred in E. coli cells treated with magainin 2 (33). This result confirmed that N4
traversed the outer membrane and caused potential plasma membrane depolarization,
which leads to the loss of the proton gradient, the leakage of essential molecules, such
as DNA, and cell death (34).

(iv) Chromatin condensation within 0.5 h. Chromatin condensation is a well-
established cytological hallmark of apoptosis (22). To monitor the structural state of the
bacterial chromatin after the peptide treatment, a DNA-specific and conformation-
sensitive DAPI (4’,6-diamidino-2-phenylindole) dye was used. The untreated E. coli cells
exhibited light staining (Fig. 3c), which was expected given the known fluorescence
properties of the dye. After 0.5 h of treatment with 1X MIC N4, we observed highly
ordered and focused, yet dim, chromatin staining in the cells, which indicated that in
a fashion similar to that of LL-37, N4 migrates to the nucleus through the intact cell (35).
The focal points were observed in a minority of the intact cells (approximately 10%),
which indicated that localized condensation of chromatin material occurred and the
DNA was seriously damaged by N4 (Fig. 3d). A similar change in DNA morphology was
observed in E. coli treated with magainin as well (33).

N4 induced extensive cellular damage and led to cell death of E. coli. To gain
additional direct insight into the interaction of N4 with E. coli, transmission electron
microscopy (TEM) was performed on the bacterial cells treated with 4X MIC N4 for 2 h.
The untreated E. coli cells were shaped and displayed normally with no damage to the
structure of the plasma membrane or the outer membrane, and the cytoplasm ap-
peared to have homogeneous electron density (Fig. 3e and f). As shown in Fig. 3g and
3h, cell swelling, cell disruption, plasmolysis, and partial disappearance of the plasma
membrane were observed. Under these conditions, nearly 100% of bacteria were killed.
The cytoplasm displayed a heterogeneous electron density, and the morphology of the
cells was deformed. In agreement with the above-described membrane interaction
results, gross leakage of the cellular cytoplasmic contents was observed with resultant
ghost cell formation, which indicated that N4 caused cell death and induced lysis.

Transcriptional profiles of E. coli treated with N4. To further clarify the molecular
mechanism of action, the global transcriptional response of E. coli to N4 was performed.
In contrast to the untreated controls, N4-treated E. coli had 63 membrane-associated
genes (see Table S2 in the supplemental material), 30 flagellum-associated genes (see
Table S3 in the supplemental material), and 81 DNA-associated genes (see Table S4 in
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FIG 3 Apoptosis-like cell death of E. coli induced by N4. (a) Intracellular ROS accumulation in E. coli
cells treated with N4. E. coli cells (108 CFU/ml) were treated with 1X MIC N4 for 0.5 h, stained with
DHR-123, and analyzed on a flow cytometer. (b) Plasma membrane depolarization in E. coli cells
treated with N4. E. coli cells (108 CFU/ml) were treated with 1X MIC N4 for 1 h, stained with RH-123,
and analyzed on a flow cytometer. Control-1, healthy cells (without treatment), no staining with
RH-123; Control-2, healthy cells stained with RH-123. (c and d) Effects of N4 on chromatin conden-
sation in E. coli assayed using DAPI staining. E. coli cells (108 CFU/ml) were treated with 1X MIC N4
(d) or without peptide (c) for 0.5 h and stained with DAPI. Arrowheads indicate condensation of
chromatin. (e to h) TEM images of E. coli in the absence of N4 or in the presence of 4X MIC N4 for
2 h. (e and f) Untreated cells (enlarged view in panel f). (g and h) Cells treated with N4 (enlarged view
in panel h). Arrowheads indicate the disappearance of the plasma membrane and ghost cells.
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the supplemental material) with expression levels that were significantly changed after
treatment for 0.5 to 2 h (Fig. 4) (false discovery rate [FDR] = 0.001, |log, ratio| =1).
These data suggest that the main influence of N4 on E. coli cells was disruption, loss,
or disorganization of the membrane and the genomic DNA from the bacteria.

Membrane-associated genes. Flagella are essential membrane structures for the
pathogenic potential of bacteria and mediate secretion of extracellular toxins, and
nearly 50 genes are involved in flagellar formation and function in E. coli (36). The
transcription of more than 40 flagellar genes is hierarchically controlled by environ-
mental conditions via the master regulator operon flhDC (37). Among these membrane-
associated genes, nine flagellar assembly genes (fliP, fliQ, fliG, flil, fjiJ, fliN, flhA, flhB, and
flgH) had expression that was significantly decreased 2.1- to 10-fold; another 22 flagellar
genes were strongly downregulated after treatment for 0.5 h or 1 h but not detected
after treatment with N4 for 2 h, which inhibited flagellum biosynthesis (Fig. 4a; see also
Fig. S1 and Table S3 in the supplemental material). Several genes, such as fliP and fliQ
encoding membrane proteins, are predominantly located in the membrane fraction,
which indicated that N4 may impair the bacterial membrane structures (38). It was
concluded that one of the major transcriptional responses of E. coli to N4 was the
downregulation of flagellar genes. The decrease in flagellar gene expression permits
bacteria to block proton influx through both the H*/ATPase and the flagellar base
structure, which affects vital ATP synthesis, results in impairment of swimming and
swarming motility, and further influences the pathogenesis of bacteria (39).

Downregulation of chemotaxis gene expression is another major transcriptional
response in E. coli upon treatment with N4. Genes encoding the chemotaxis protein
CheR/B in E. coli were upregulated at 0.5 h and 1 h and were then downregulated at
2 h by treatment with N4. Another 11 chemotaxis genes (cheA, cheW, mcp, cheZ, cheY,
motA, tsr, tar, malE, tap, and aer but not dppA or motB) had an expression that was
significantly decreased 2- to 5-fold at 0.5 to 2 h after the N4 treatment compared with
the control (see Fig. S2 in the supplemental material), which induced a change in
membrane potential during bacterial chemotaxis. Bacterial chemotaxis is the process
by which bacteria efficiently and rapidly sense changes in their chemical environment
and move to more favorable conditions (37).

The expression level of ompC and ompF genes encoding the major outer membrane
pore proteins was markedly decreased 1.1- to 15-fold after treatment with N4 for 0.5 to
2 h, which caused a membrane permeability change (Fig. 4b; see also Table S2 in the
supplemental material). The expression level of agaC, agaD, and agaF genes encoding
the phosphotransferase system (PTS), which is involved in sugar uptake, phosphoryla-
tion, and regulation of a number of other metabolic pathways, was also decreased 1-
to 1.3-fold after N4 treatment for 0.5 to 2 h. Both AgaC and AgaD are integral
constituents of the membrane, and their downregulation suggests that N4 caused cell
membrane disruption, which destroys the transport of a large number of carbohydrates
in bacteria (40).

The mdtA, mdtB, and mdtC genes, encoding multidrug transport proteins, were
significantly upregulated 1.6- to 3.3-fold in the presence of N4, which conferred
resistance to this peptide (41) (see Table S5 in the supplemental material), but this
needs further study. Other genes (phoR, rstB, degP, pagP, dppB, cls, and pstA), involved
in encoding the sensor histidine, serine kinase, permease, synthase, and transferase,
were markedly upregulated 1- to 16.1-fold after N4 treatment (Fig. 4¢; see also Table S5
in the supplemental material), wherein the sensor histidine RstB transmits stress signals
to cytoplasmic response regulators to control the expression of sigma factors and then
mediates other genes to respond to environmental changes (42).

The above-identified genes that are linked to membranes support the cytological
result that N4 largely acted on the membrane of E. coli.

DNA-associated genes. Among DNA binding-associated genes, the fliA, flhC, and
flhD genes of the flagellar RNA polymerase sigma factors and transcriptional activators
were significantly downregulated 3.6- to 31-fold at 0.5 to 2 h after the N4 treatment
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FIG 4 I|dentification of the genes of E. coli responsive to N4. The genes included here show significant
differences in gene expression (FDR = 0.001, fold change = 2). The genes shown in red had upregulated
expression, and those shown in green had downregulated expression in E. coli treated with N4 for 0.5 h,
1 h, and 2 h. Shown are a cluster enriched in flagellum-associated genes (a), one enriched in membrane-
associated genes (b), and one enriched in DNA- and RNA-associated genes (c).
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compared with the control (Fig. 4c). One of the master regulators of intracellular E. coli
gene expression is the PhoPQ two-component system, which affects the expression of
several known virulence functions (43). The PhoP-PhoQ-activated (pagP) gene with an
increase in the expression of 1.6- to 3-fold was identified as important for inducible
AMP resistance and increased acylation of lipid A (43). In this study, expression of the
phoP gene was upregulated 1.1-fold after treatment for 2 h with N4 (Fig. 4c), which
resulted in outer membrane alterations that included modification of lipid A of LPS,
which is the major cell surface molecule of Gram-negative bacteria (43).

The expression levels of phoB, rstA, rcsA, rcsB, ompR, crxR, and holB genes in the
two-component system and metabolism were significantly elevated 1.1- to 11.9-fold,
and the expression levels of the activating virulence genes evgA and bvgA and the
two-component system, response regulator yesN, was downregulated 1.5- to 2.5-fold,
which indicated that N4 reduces bacterial pathogenicity (Fig. 4¢; see also Table S5 in the
supplemental material). Compared with the treatment for 0.5 h and 1 h, 10 genes of the
ATP-binding protein ribokinase transcriptional regulator (phnC, aphB, yesN, rbsK, pilR,
phoP, holB, crxR, glk, and evgA) in E. coli treated with N4 for 2 h were uniquely
expressed. The expression levels of holB, phoP, and crxR genes of DNA replication and
AMP resistance were upregulated 1.1- to 1.6-fold, but glk, evgA, phnC, aphB, yesN, rbskK,
and pilR genes had expression that was decreased 1- to 3.7-fold at 2 h after N4
treatment (Fig. 4c¢; see also Tables S4 and S5 in the supplemental material).

The expression levels of several cell cycle-associated genes, such as dgcB, pleD, and
rseP, were upregulated 1.1- to 2.7-fold at 0.5 to 2 h after N4 treatment (see Fig. S4 and
Table S5 in the supplemental material), which was in agreement with a previous result
that PleD is a key regulator of cell cycle events and negatively regulates chemotaxis and
motility during the G, phase (38).

Moreover, several genes (purE, purF, purM, and pyrD) of the pur family, which are
involved in purine or pyrimidine metabolism, were downregulated (data not shown).
These genes take part in the conversion of phosphoribosyl pyrophosphate (PRPP) into
the 5-formamidoimidazole-4-carboxamide ribotide (FAICAR), which can be converted
into inosine monophosphate (IMP). This suggests that N4 may inhibit bacterial DNA
replication or repair bacterial cell growth (44, 45).

DNA-associated changes in gene expression provide direct evidence that N4 can
enter E. coli cells and affect the function of intracellular targets.

N4 protected mice from a lethal challenge with E. coli or LPS. (i) E. coli-induced
peritonitis. Mice in the control group injected with PBS did not die throughout the
experimental period (Fig. 5a). The mice without treatment began to die 12 h after
inoculation with E. coli, and all of the mice were dead within 24 h. After treatment with
0.155, 0.31, 0.625, 1.25, and 2.5 mg of N4/kg of body weight, the survival rates of mice
were 0, 12.5%, 87.5%, 100%, and 100%, respectively. The survival rates of mice treated
with 0.155, 0.31, and 0.625 mg/kg PMB were 50%, 66.7%, and 100%, respectively
(Fig. 5a).

(ii) Intraperitoneal administration of LPS. To evaluate the therapeutic activity of
N4 in the endotoxemia model, mice were injected with N4 (2.5 and 5 mg/kg) or PMB
(10 and 15 mg/kg). No mice that were injected twice with PBS died during the
experimental period. The survival ratios of 5-mg/kg N4 and 15-mg/kg PMB treatment
groups were 100%, which was higher than those of the negative-control group (0%),
the 2.5-mg/kg N4 treatment group (0%), and the 10-mg/kg PMB treatment group
(16.7%). This result indicated that N4 could protect mice from a lethal LPS challenge in
vivo (Fig. 5b).

To explore if N4 can reduce lung injury from a lethal challenge with LPS, the lung
damage degree was examined at 96 h after treatment. As shown in Fig. 5¢, no
pathological change was observed in the lung of mice injected with PBS, whereas mice
injected with LPS plus PBS developed acute lung injury to a certain degree, and it was
characterized by pulmonary alveolar collapse, alveolar septum thickening, and inflam-
matory cell infiltration (Fig. 5d). In contrast, the lungs of the mice injected with LPS plus
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FIG 5 Protective efficacy of N4 in endotoxemic mice. Groups of four or eight mice were intraperitoneally injected
with E. coli CVCC1515 (2.5 X 108 CFU/ml, 1 ml) (a) or LPS from E. coli 0111:B4 (10 and 30 mg/kg of body weight)
(b to g) followed by injection with PBS, PMB (10 and 15 mg/kg), and N4 (2.5 and 5 mg/kg). (a and b) Survival ratio
of mice injected with E. coli CVCC1515 (a) or 30 mg/kg LPS (b) plus N4 or PMB. (c to f) Histological evidence of N4
on 30 mg/kg LPS-induced lung injury (original magnification, X100). After sacrificing, the lung was fixed,
embedded, and stained with hematoxylin and eosin. (c) Lung without LPS injection. V, vessel; A, alveoli; T, trachea.
(d) Lung injected with LPS. 1, alveolar septum thickening; 2, pulmonary alveolar collapse; 3, inflammatory cell
infiltration. (e) Lung injected with LPS and treated with N4 (5 mg/kg). (f) Lung injected with LPS and treated with
PMB (15 mg/kg). (g) Inhibition of 10-mg/kg LPS-induced cytokine release in endotoxemic mice by N4. The blood
was collected at 2 h or 8 h after challenge with LPS, and cytokines IL-6 (8 h), IL-18 (8 h), and TNF-a (2 h) were
detected by ELISA kits. A different lowercase letter indicates a significant difference among the six treatments (P <

0.05).

January 2017 Volume 61 Issue 1 e01056-16

aacasm.org 13


http://aac.asm.org

Wang et al.

N4 or PMB were apparently less damaged at 96 h (Fig. 5e and f). This suggests that
similar to PMB, N4 protected the lung from damage by LPS in mice with endotoxemia.

To determine if the protective activity of N4 was associated with inflammatory
cytokines, we measured the concentrations of interleukin-6 (IL-6), IL-18, and tumor
necrosis factor alpha (TNF-q) in the sera from mice with endotoxemia. As shown in Fig.
5g, the concentrations of IL-6, IL-18, and TNF-« in sera of mice with endotoxemia
treated with N4 (758.02, 147.69, and 143.78 pg/ml, respectively) or PMB (514.91, 242.82,
and 74.03 pg/ml, respectively) were significantly lower than those of the LPS control
group (1026.76, 292.87, and 394.89 pg/ml, respectively). This result indicated that
similar to PMB, N4 inhibited the secretion of IL-6, IL-18, and TNF-« in endotoxemic
mice.

These data indicated that N4 could protect mice from lethal E. coli and an LPS
challenge in vivo.

DISCUSSION

There is a direct relationship between gene expression and a biophysical event in
response to treatment with AMPs (14). The mechanism of the action of N4 against E. coli
and antibacterial/detoxifying activity was systematically investigated by a combined
approach for the first time in this study.

LPS is the molecular basis of the integrity of the outer membrane (3). It has been
demonstrated that human cathelicidin can bind and inhibit LPS and exogenous murine
cathelicidin can decrease TNF-a release (46). In our study, the BC probe displacement
confirmed observations on the direct binding of N4 with LPS (Fig. 1b), which, in turn,
possibly disrupted the interaction of LPS with its receptor Toll-like receptor 4 (TLR4) and
led to inhibition of LPS-induced IL-6, IL-18, and TNF-« release in mice (Fig. 59) (47),
thereby protecting them from LPS-induced damage to the lung (Fig. 5e). Moreover, N4
increased the survival ratio of peritonitis and endotoxemic mice and was found to be
significantly superior to PMB in the endotoxemia model (Fig. 5a). Together, these
results suggest that N4 is a potential antibacterial and endotoxemia therapeutic.

The addition of AMPs, such as arenicin-1 and melittin, to E. coli cells leads to cell
death concomitant with intracellular K+ leakage and cell lysis (48, 49). This study
indicated that N4 interacted with the E. coli membrane and caused NPN entrance into
the outer membrane within 1 min (Fig. 1c), Pl influx into the cells (Fig. 1d) within 5 min,
and DNA efflux from the cells within 1 h (Fig. 1f). The TEM images further confirm the
interaction of this peptide with the plasma membrane of E. coli, which resulted in the
leakage of the intracellular contents (Fig. 3g and h). Meanwhile, the expression levels
of the membrane-associated genes, such as ompF, ompC, agaC, and agaD, were
significantly repressed after N4 treatment for 0.5 h (Fig. 4b), which indicated that
membrane disruption occurred and that the target site of N4 was the E. coli cell
membrane.

Another significant effect of N4 on E. coli was evident from its DNA-binding
property. The genomic DNA from E. coli and Salmonella was completely inhibited by N4
to a DNA mass ratio higher than 1 with no visible inhibition in the migration of the S.
aureus genomic DNA (Fig. 2a), which indicated that N4 selectively binds to bacterial
DNA. The CD analyses indicated that N4 interacts with E. coli genomic DNA by insertion
into the base pairs and changing the DNA conformation (Fig. 2b), which is similar to a
previous report that peptide bound tightly to DNA. N4 inhibited DNA and RNA
synthesis within 15 min within the cell by regulating transcriptional activator genes
(flhC, D) and activating ATP-dependent RNA helicase (rh/E and deaD) (Fig. 1g and 4c)
and disrupting the materials needed for the life cycle of bacteria (47).

The |, R, and D phases of DNA in prokaryotic cells were equivalent to the G;, S, and
M phases of eukaryotic cells (28). The cell cycle analysis showed that N4 caused the R-
and D-phase cell cycle arrest of E. coli within 0.5 to 2 h (Fig. 2d and e), which indicates
physiological changes induced by N4 after penetration of the cell membranes. It is
possible that the increased DgcB activity, together with PleD activation, upshifts
c-di-GMP to drive PopA-dependent CtrA degradation and R-phase entry (Fig. 6) (50). In
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coli during the whole N4 treatment process, which includes the following steps: |, binding to LPS; II, penetration of the outer membrane within
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of DNA and RNA synthesis within 15 min; and IV, inducing of apoptosis-like cell death within 0.5 h (including ROS production, depolarization
of AW, chromatin condensation, and cell cycle arrest at the R and D phases). The genes shown in red had upregulated expression, and those
shown in green had downregulated expression.

addition, the cell cycle and flagellation are interdependent, and the flhDC gene is
involved in coupling these processes. FIhD regulates flagella and the cell division rate
(51). The regulation of the cell division rate by FIhD involves the acid response gene
cadA, encoding lysine decarboxylase (51). In this study, the IdcC and cadA genes related
to lysine degradation were upregulated 1.2- to 1.4-fold after the N4 treatment, which
indicated that the membrane was disrupted (52).

Generation of ROS is a common mechanism causing bacterial death in most classes
of bactericidal antibiotics (53). Kolodkin-Gal et al. reported that the ROS formation
pathway triggered by antibiotics led to cell death in E. coli (53). Using DHR-123 staining,
for the first time, we confirmed a significant increase in intracellular ROS generation in
response to N4 treatment within 0.5 h (Fig. 3a). N4 might trigger disruption of the
plasma membrane directly or indirectly by inducing apoptosis-like cell death via
intracellular ROS accumulation (Fig. 6), which may cause lethal membrane depolariza-
tion (54).

AW, which plays a critical role in bacterial physiology, has been successfully applied
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to the viability assessment of a range of bacterial species (55). Determination of AW
indicated that N4 induced depolarization of the bacterial cytoplasmic membrane within
1 h (Fig. 3b), which was consistent with the results for the magainin 2, pseudin-2,
melittin, indolicidin, CP29, and CP11CN peptides against bacteria (33, 56, 57). N4
induced the transcription of IrgB, which is consistent with that of telavancin, dapto-
mycin, carbonyl cyanide m-chlorophenylhydrazone (CCCP), and chitosan (58, 59), which
indicated a loss of membrane integrity (59). LrgB is also potentially involved in pore
formation and detoxification (58). However, in our study, downregulated NADH dehy-
drogenase may significantly contribute to the change in AV and reduced respiration
(ttrB) may lead to a decline in energy consumption (Fig. 4c and 6) (54).

Apoptotic chromosomal DNA condensation is frequently an integral part of apop-
tosis in higher organisms (58). This study reported that apoptotic chromatin changes
were exhibited in E. coli cells after incubation with 1X MIC N4 for 0.5 h (Fig. 3d) in
accordance with earlier reports for arenicin-1, papiliocin, and psacotheasin against C.
albicans (48, 52, 59). It is possible that the generation of ROS by N4 triggered the
apoptosis-like process within 0.5 h, including cell cycle arrest, plasma membrane
depolarization, and chromatin condensation (4) (Fig. 6).

It is worth noting that N4 induced multidrug resistance protein genes, such as mdtA,
mdtB, and mdtC (Table S5), which is inconsistent with arenicin-3 (see Table S6 in the
supplemental material) (14). The PhoP-PhoQ-activated pagP gene in this study was
identified as important for inducible cationic AMP resistance and increased acylation of
lipid A (Fig. 6). Increased acylation of lipid A is predicted to alter the fluidity of the outer
membrane by increasing hydrophobic interactions between increased numbers of lipid
A acyl tails (37). Although mutants of E. coli resistant to N4 were not detected in this
study, the molecular basis for the above-mentioned resistance genes and other possi-
ble resistance mechanisms need further study.

Based on the obtained results, we propose a potential multiple-hit mechanism
induced by N4 from marine resources: (i) binding to LPS, which increased acylation of
lipid A; (ii) penetration of the outer membrane within 1 min, resulting in the disinte-
gration of the plasma membrane after 0.5 h of treatment and the release of the cell
contents; (i) entering the cytoplasm within 5 min, where it became bound with DNA,
changed conformation, and inhibited DNA and RNA synthesis within 15 min; and (iv)
exhibition of some hallmarks of apoptosis-like cell death within 0.5 h via cell cycle
arrest, ROS production, plasma membrane depolarization, and chromatin condensation
(Fig. 6). A large number of genes are involved in the response to the destabilized
membrane and DNA binding (Fig. 6). N4 promoted the survival ratio of bacterial
peritonitis and endotoxemic mice, inhibited the release of cytokines, and protected the
lungs from damage by LPS. It also proves that N4 has low cytotoxicity and no
resistance, making it a promising candidate for development as a novel multitarget
therapeutic agent against Gram-negative bacteria and endotoxemia.

MATERIALS AND METHODS

Structure determination of N4. The secondary structure of N4 was determined and is described in
detail in the supplemental material.

Antimicrobial activity, cytotoxicity, and resistance of N4. The MIC and minimal bactericidal
concentration (MBC) values of N4 against bacterial strains and fungi and the MIC value of N4 treated with
LPS against E. coli CVCC195 were determined using a broth microdilution technique as previously
described (60).

To determine the effect of N4 on the viability of porcine intestinal epithelial cells ZYM-SIEC02 and
mouse peritoneal macrophages RAW264.7 cells (1 X 10 cells/ml), colorimetric MTT assays were
performed in the Laboratory of Anshan Shan at Northeast Agricultural University (Harbin, China) and our
laboratory, respectively, according to a previous method (61).

The resistance experiment for N4 was performed by sequential passaging. These methods are
described in detail in the supplemental material.

Binding affinities to LPS. The MIC and probe displacement methods were used to determine the
affinities of binding of the compounds to LPS as described in detail in the supplemental material.

Interaction of N4 with the E. coli membrane. (i) Outer membrane permeabilization assays. The
outer membrane permeabilization activity of N4 was investigated by an NPN uptake assay. The
hydrophobic antibiotic rifampin in association with N4 was used to detect the outer membrane
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permeability, which was tested using a synergistic growth inhibition assay as described in detail in the
supplemental material.

(ii) Flow cytometric analysis of plasma membrane permeability. The E. coli cells at the mid-log
phase (108 CFU/ml) were collected by centrifugation at 5,500 X g for 5 min and resuspended in 0.01 M
PBS (pH 7.4). The cells were incubated with 1X MIC N4 or FITC-labeled N4 at 37°C for 5 min, 0.5 h, and
2 h. After incubation, the cells were washed twice with PBS and resuspended in 450 ul of PBS. To
determine the integrity of the cell membrane, 50 ul of 0.5 mg/ml Pl was added to the cells (the cells were
treated with FITC-labeled N4 without the addition of PI) and gently mixed. After incubation at room
temperature for 20 min, the analysis was performed with a FACS Calibur flow cytometer (Becton
Dickinson, San Jose, CA, USA).

(iii) Measurement of the released DNA. The amounts of DNA released from the E. coli cells treated
with N4 were measured by optical density at 260 nm (OD,,) and OD,4, using a UV spectrophotometer
(Amersham Pharmacia Biotech) as described in detail in the supplemental material.

Interaction of N4 with E. coli DNA. The genomic DNA was extracted from E. coli using a TIANamp
Bacteria DNA kit (Tiangen). The interaction of N4 with E. coli DNA was conducted by the gel retardation
experiments and CD spectra (62), respectively, as described in detail in the supplemental material.

Effect of N4 on the macromolecular synthesis. The effect of N4 on the rate of label incorporation
into the major biosynthetic pathways of E. coli was measured to determine the specificity of action of N4.
The E. coli CVCC195 cells at the mid-log phase (10> CFU/ml) were incubated with 1X MIC N4 or antibiotics
at 37°C for 15 min. The radioactive precursors of [3H]thymidine, [*H]uridine, [*H]leucine, and [3H]gluco-
samine (40 uCi/ml) were added into the cells to measure DNA, RNA, protein, and peptidoglycan,
respectively, and the mixtures were incubated for 20 min at 37°C. Ice-cold 25% trichloroacetic acid (TCA)
was added into the mixture, which was placed on ice for 30 min. After centrifugation, the pellets were
washed twice with 25% TCA, dried, and counted with scintillation fluid using a MicroBeta 1450
scintillation counter (PerkinElmer Inc.,, Waltham, MA, USA).

Markers of apoptosis-like cell death of E. coli cells induced by N4. (i) Cell cycle analysis by flow
cytometry. The DNA contents of the cells treated with N4 were quantified using a Pl flow cytometric
assay (48) as described in detail in the supplemental material. The data were analyzed using ModFit
software.

(ii) Reactive oxygen species accumulation. The intracellular ROS production was measured using
a fluorescent dye, DHR-123, which is oxidized to a fluorescent derivative, RH-123, so that an increase in
the fluorescent signal reflects the ROS accumulation (48).

(iii) Plasma membrane potential. The plasma membrane depolarization was assessed by measuring
the uptake of RH-123 fluorescent dye (31).

(iv) Chromatin condensation. The chromatin condensation was analyzed by staining with DAPI
dyes and using a nucleic acid probe that displays a 20-fold-enhanced fluorescence upon DNA binding
(31). These methods, mentioned above, are described in detail in the supplemental material.

Transmission electron microscopy. For TEM, the exponential-phase E. coli (1 X 108 CFU/ml) cells
were treated with 4X MIC N4 for 2 h at 37°C. The cells were fixed, dehydrated, and stained as described
in detail in the supplemental material.

RNA isolation, library preparation, and lllumina sequencing. E. coli (108 CFU/ml) cells were
cultured in the presence of 1X MIC N4 or PBS for 0.5 h, 1 h, and 2 h. The total RNA extraction and
RNA-sequencing library preparation were performed according to lllumina’s protocols. RNA sequencing
and data analysis were performed on the Illlumina HiSeq 2000 platform at the Beijing Genome Institute
(BGI) (Shenzhen, China).

Mouse in vivo experiments. (i) The peritonitis model in mice. Female ICR mice (6 weeks old; 10
groups each containing eight animals) were intraperitoneally injected with E. coli CVCC1515 (2.5 X 108
CFU/ml, 1 ml). Mice were intraperitoneally injected with N4 or polymyxin B (PMB) (0.155, 0.31, 0.625, 1.25,
or 2.5 mg/kg of body weight, 0.2 ml) at 0.5 and 8 h after inoculation of E. coli, respectively. Mice injected
with only E. coli or saline served as positive or blank controls, respectively. The survival of the mice was
recorded every 12 h and monitored for up to 7 days.

(ii) The LPS-induced endotoxemia model in mice. Specific pathogen-free C57BL/6 mice (6 to 8
weeks old) were purchased from Vital River Laboratories (VRL; Beijing, China). The mice were cared for
in accordance with the institutional guidelines from the Animal Care and Use Committee of the Feed
Research Institute, Chinese Academy of Agricultural Sciences (Beijing, China), and the experimental
procedure was approved by the committee. The mice were intraperitoneally injected with LPS (10 and
30 mg/kg of body weight) from E. coli 0111:B4 followed by injection with N4 (2.5 and 5 mg/kg of body
weight) or PMB (10 and 15 mg/kg of body weight) at 0.5 h and 8 h after inoculation, respectively. The
mice received an intraperitoneal injection twice with PBS (0.1 ml), which served as a blank control. The
survival of the mice was recorded every 2 h and monitored for up to 7 days.

Sera were collected from the mice sacrificed at 2 h and 8 h after injection with LPS. The levels of IL-6,
IL-1B8, and TNF-a in serum were determined at Jiaxuan Biotech. Co. Ltd. (Beijing, China), using an
enzyme-linked immunosorbent assay (ELISA) kit and according to the manufacturer’s protocol.

Lung specimens were dissected at 96 h after treatment, washed in PBS, and fixed in 4% paraformal-
dehyde at 4°C for 24 h. After rinsing with PBS and dehydrating with a series of ethanol solutions (75%
to 95%), the tissues were infiltrated with xylene, embedded in paraffin wax, sectioned, and stained with
hematoxylin and eosin. The samples were observed using a Nikon microscope.

Statistical analysis. All of the data were analyzed and performed using analysis of variance (ANOVA)
models in SAS 9.2 (SAS Institute Inc., Cary, NC, USA). A P value of <0.05 was considered statistically
significant.
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