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Abstract: The emergence and prevalence of multidrug-resistant (MDR) bacteria have posed a serious
threat to public health. Of particular concern are methicillin-resistant Staphylococcus aureus (MRSA)
and blaNDM, mcr-1 and tet(X)-positive Gram-negative pathogens. The fact that few new antibiotics
have been approved in recent years exacerbates this global crisis, thus, new alternatives are urgently
needed. Antimicrobial peptides (AMPs) originated from host defense peptides with a wide range of
sources and multiple functions, are less prone to achieve resistance. All these characteristics laid the
foundation for AMPs to become potential antibiotic candidates. In this study, we revealed that peptide
WW307 displayed potent antibacterial and bactericidal activity against MDR bacteria, including
MRSA and Gram-negative bacteria carrying blaNDM-5, mcr-1 or tet(X4). In addition, WW307 exhibited
great biofilm inhibition and eradication activity. Safety and stability experiments showed that WW307
had a strong resistance against various physiological conditions and displayed relatively low toxicity.
Mechanistic experiments showed that WW307 resulted in membrane damage by selectively targeting
bacterial membrane-specific components, including lipopolysaccharide (LPS), phosphatidylglycerol
(PG), and cardiolipin (CL). Moreover, WW307 dissipated membrane potential and triggered the
production of reactive oxygen species (ROS). Collectively, these results demonstrated that WW307
represents a promising candidate for combating MDR pathogens.

Keywords: antimicrobial peptide; antibiotic resistance; multidrug-resistant bacteria; membrane damage

1. Introduction

The increasing emergence of multidrug resistance in pathogenic bacteria has posed
a serious threat to public health. Of particularly concern are hard-to-treat Gram-negative
bacteria [1], such as Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acine-
tobacter baumannii, which were identified as a major cause of systemic infections in clinic [2].
In recent years, colistin is recognized as the last line of defense against multidrug-resistant
(MDR) Gram-negative bacteria [3], while the emergence of mobile colistin resistance gene
mcr-1 has threatened the clinical effectiveness of colistin. Moreover, tigecycline resistance
mediated by tet(X) and carbapenem resistance mediated by blaNDM genes [4], and the
co-harboring of blaNDM, mcr-1 and/or tet(X) genes in clinical isolates leave no choice for
clinicians in the treatment of MDR pathogens associated infectious diseases. Accordingly, if
the development of drug resistance is not controlled, it may cause 10 million deaths by 2050,
and the economic damage could exceed $100 trillion [5]. Nevertheless, few antibiotics have
been approved for clinical use in the past decades [6], there is an urgent and unmet need to
identify new antibiotic candidates [7].
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Antimicrobial peptides (AMPs), also known as host defense peptides, have a wide
range of sources and multiple functions such as protecting host from bacterial infec-
tions [8,9]. Compared with conventional antibiotics, bacteria are not prone to develop
resistance against AMPs owing to its versatile mechanisms of action varies from membrane
damage to interaction with intracellular targets [10–12]. Therefore, AMPs have been consid-
ered as a promising treatment option to combat the increasing drug-resistant pathogens [13].
Nevertheless, majority natural AMPs have not performed high optimization for direct
antibacterial activity [14,15]. By contrast, synthetic AMPs by computer-assisted de novo
design or modification from the sequences of naturally occurring AMPs are more effec-
tive against bacteria [16–19]. For example, a synthetic derivative of human AMPs LL-37,
termed SAAP-148, exhibited improved bactericidal activity and plasma stability in killing
MDR pathogens, including biofilm-producing bacteria and persister cells [20]. In addition,
the truncation of MSI-78 at the N-terminal resulted in a 14-amino-acids AMPs named
MSI-1 [21], which displayed superior activity and lower toxicity than its parent AMPs.
Recently, two amphipathic peptide antibiotics termed horine and verine with systemic
efficiency in mice infection models were identified [22]. Meanwhile, two optimized deriva-
tives including WW304 and WW307 were proposed, which displayed lower hemolytic
activity to red blood cells (RBCs) [22]. However, the antibacterial potential of these two
peptides and its synergistic effect with clinically relevant antibiotics in the fight against
MDR bacteria, particularly for hard-to-treat Gram-negative bacteria carrying blaNDM, mcr,
and/or tet(X) genes, remains unknown.

Herein, we systematically evaluated the antimicrobial activity of WW304 and WW307
against a panel of MDR bacteria and investigated the potential mechanisms of action.
Interestingly, WW307 could efficiently kill a panel of MDR pathogenic bacteria, including
methicillin-resistant Staphylococcus aureus (MRSA) and MDR Gram-negative bacteria carry-
ing blaNDM, mcr, and/or tet(X) genes. In addition, WW307 effectively prevented biofilm
formation, and eradicated established biofilms and persister cells. Moreover, WW307 re-
tained its activity under different physiological conditions in vitro. Our further experiments
uncovered that the killing activity of WW307 is related to membrane permeabilization via
the interaction with bacterial-specific phospholipids, the dissipation of membrane potential
and the generation of ROS.

2. Materials and Methods
2.1. Peptide Synthesis and Validation

The peptides used in this paper were synthesized by solid phase peptide synthesis
(SPPS) by GL Biochem (Shanghai, China), and their accurate molecular weights were deter-
mined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry. The
purity of all peptides was greater than 95%, indicating that they were accurately obtained.

The chemical structure of the peptides was mapped using Chemdraw software. Helical
wheel projection and various chemical parameters such as net charge and hydrophobicity
were calculated with https://www.donarmstrong.com/cgi-bin/wheel.pl (accessed on
23 March 2021).

2.2. Antibacterial Activity Tests
2.2.1. Minimum Inhibitory Concentrations (MICs) Determination

The MICs of all drugs were determined by micro-broth dilution method according to
CLSI 2018 guidelines [23]. The bacterial suspension used in the experiment was appropri-
ate 1.5 × 106 colony-forming units (CFUs) per mL and mixed with the drug solution in
a sterilized 96-well microtiter plate (Corning, New York, USA), then incubated at 37 ◦C
for 16–18 h. MIC value was defined as the minimum drug concentration without visi-
ble bacteria. Meanwhile, the density of the bacteria at 600 nm was measured, and the
corresponding IC50 was calculated using log (inhibitor) vs. response variable slope (four
parameters) in Graphpad Prism version 8.3.0 software (San Diego, CA, USA). To assess the
role of ROS production in the antibacterial activity of WW307, increasing concentrations
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of N-acetylcysteine (NAC) from 0 to 5 mM were added in culture medium, followed by
MICs test.

2.2.2. Mutant Prevention Concentrations (MPCs) Determination

For the MPC assay, 100 µL MRSA T144 or E. coli B2 suspensions (~1010 CFUs) were
plated on Mueller-Hinton agar (MHA) plates containing increasing concentrations of
WW307. Subsequently, the plates were incubated at 37 ◦C for 72 h. MPC was defined as
the lowest peptide concentration that prevented the growth of resistant colonies [24]. For
each strain, MPC was determined in at least two independent experiments.

2.2.3. Salts and Serum Stability

In order to evaluate the influence of ions and serum on the activity of AMPs, 10 mM
Na+, K+, Mg2+, 10% Dulbecco’s Modified Eagle Medium (DMEM) and fetal bovine serum
(FBS) were added into Mueller-Hinton broth (MHB) culture medium for subsequent
MIC tests.

2.2.4. Thermal, pH and Proteolytic Stability

Drugs were incubated at different temperatures (range from 40 to 121 ◦C) and pH
(range from 2 to 12) for 1 h, then adjust back to original pH, following MIC test to evaluate
their residual activity [25]. To evaluate the protease stability, pepsin, trypsin, and papain
were mixed with WW307 to achieve a final concentration of 1 mM, and then incubated at
37 ◦C for 1 h. After incubation, the remaining protease was precipitated using acetonitrile
and removed by centrifugation at 3000× g, following for MIC test.

2.2.5. LPS and Lipids Inhibition Assay

The effects of LPS and phospholipids (Sigma-Aldrich), including phosphatidylcholine
(PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and cardiolipin (CL),
on the antibacterial activity of WW307 were evaluated using the checkerboard microdi-
lution assay [26]. Briefly, LPS from E. coli O111:B4 (0–128 µg/mL) and phospholipids
(0–16 µg/mL) were 2-fold diluted into the broth, then bacteria suspension and WW307
mixture was added. Following MIC test to evaluate the activity changes of WW307.

2.3. Checkerboard Assays

The synergistic antibacterial activity of all peptides with different antibiotics were de-
termined by micro-broth dilution using flat bottom 96-well microtiter plate (Corning, New
York, USA). The mixture of bacterial solution, peptides and antibiotics were incubated at
37 ◦C for 16–18 h, and then the optical density (OD) at 600 nm was measured. Two biologi-
cal replicates were performed for each combination and the corresponding FIC index (FICI)
was calculated using the formula as follows [27]: ΣFIC = FICA + FICB; FICA = (MICA in
the presence of B/MICA alone); FICB = (MICB in the presence of A/MICB alone). Synergy
is defined as an FIC index of ≤0.5.

2.4. Time-Dependent Killing

MRSA T144 and E. coli B2 were cultured in 37 ◦C for 4–6 h, then diluted 1/1000 in MHB.
In 96-well flat-bottom plates (Corning), different concentrations of WW307 (0–256 µg/mL)
were added and mixed with bacterial suspension (~106 CFUs/mL), then incubated at 37 ◦C
for 0.5, 1, 2 and 4 h, respectively. At each time point, 20 µL of the above mixture was
removed and mixed with 180 µL PBS. Subsequently, ten-fold serially diluted suspensions
were plated on MHA plates and incubated overnight at 37 ◦C. The bacterial colonies were
counted and the primary CFUs/mL was calculated.

2.5. Prevention of Biofilm Formation

The ability of WW307 on the prevention of biofilm formation was assessed using
crystal violet method [28]. In brief, MRSA T144 and E. coli B2 (1.5 × 106 CFUs/mL) mixed
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with different concentrations of WW307 were cultured in 96-well microtiter flat plate
(Corning) at 37 ◦C. After 48 h incubation, the planktonic bacteria were removed by washing
three times with sterile PBS solution. Afterward, 100 µL methanol was added and fixed
for 15 min. Next, the fixed solution was sucked out for natural air drying. Dried wells
were stained with 100 µL of 0.1% crystal violet for 15 min and the remaining crystal violet
was rinsed with PBS for twice. Finally, 100 µL 33% acetic acid was added and cultured at
37 ◦C for 30 min to dissolve crystal violet. The absorbance at 570 nm was determined as a
measure of biofilm mass.

2.6. Eradication of Established Mature Biofilms

Exponential phase MRSA T144 and E. coli B2 cells were diluted in 1/1,000, then
mixed with 200 µL MHB and cultured in 96-well microtiter plate (Corning) at 37 ◦C for
48 h to promote biofilm formation [28]. After washed three times with PBS, different
concentrations of WW307 were added and cultured at 37 ◦C. After 2 h of incubation, the
wells were emptied, washed, and sonicated for 15 min to disperse biofilm cells. Next,
bacteria diluted suspensions were plated on MHA plates and incubated overnight at 37 ◦C.
Bacterial colonies were counted and the primary CFUs per mL were calculated. Finally, the
remaining CFUs were used to evaluate the removal of the biofilm.

2.7. Hemolysis Analysis

The hemolytic activity on all peptides was evaluated based on previous report [28].
Briefly, fresh Sheep RBCs were washed twice with phosphate buffer (PBS), and then 8%
red blood cell suspension was prepared. The increasing concentrations of AMPs and
melittin were mixed with 8% red blood cell suspension, respectively, and incubated at
37 ◦C for 1 h. The sterilized PBS and double-distilled water (ddH2O) were used as blank
and positive control, respectively. Afterwards, the supernatant was centrifuged to measure
the absorption of released hemoglobin at 576 nm by an Infinite M200 Microplate reader
(Tecan, Männedorf, Switzerland). The corresponding hemolysis rate was calculated.

2.8. Circular Dichroism (CD) Measurements

CD spectra of the peptides in four different solvents, including 0.01 M PBS (pH = 7.2),
50 µM LPS, 50 mM sodium dodecyl sulfate (SDS), and 50% trifluoroethanol (TFEA) [21],
were measured using a J-810 spectropolarimeter (Jasco, Tokyo, Japan) at 25 ◦C. The wave-
length recorded values were 190–300 nm, and the measurements were repeated three times.

2.9. Outer Membrane Permeabilization

Overnight MRSA T144 and E. coli B2 cells were washed and resuspended in PBS to
obtain an OD600 of 0.5, followed by the addition of 0.1 µM of 1-N-phenylnaphthylamine
(NPN) (Aladdin), and incubated in a constant temperature shaking table at 37 ◦C for 30 min
in dark [29]. Subsequently, 190 µL of probe-labelled cells were incubated with 10 µL of
WW307 (0 to 128 µg/mL) in a sterile 96-well black plate for 1 h. After incubation, the
fluorescence intensity (λexcitation = 350 nm, λemission = 420 nm) was measured using an
Infinite M200 Microplate reader (Tecan, Männedorf, Switzerland).

2.10. Membrane Permeability Assay

The fluorescent dye propidium iodide (PI) (Beyotime, Shanghai, China) was used
to assess the integrity of bacterial cell membranes [30]. MRSA T144 and E. coli B2 cells
were incubated with PI (0.5 µM) for 30 min in dark, and the labelled cells were treated
with increasing concentrations of WW307. After 1 h incubation, the fluorescence inten-
sity (λexcitation = 535 nm, λemission = 615 nm) was determined using an Infinite M200
Microplate reader (Tecan, Männedorf, Switzerland).
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2.11. Cytoplasmic Membrane Potential

3′, 3′-dipropylthiadicarbocyanine iodide (DiSC3(5)) (Aladdin, Shanghai, China) was
applied to determine the membrane potential of MRSA T144 and E. coli B2 [30]. MRSA
T144 and E. coli B2 suspensions (OD600 = 0.5) were incubated with DiSC3(5) (0.5 µM) in
dark for 30 min and incubated with WW307 (0–128 µg/mL) for 1 h. Then, the fluorescence
intensity (λexcitation = 622 nm, λemission = 670 nm) was determined using an Infinite
M200 Microplate reader (Tecan, Männedorf, Switzerland).

2.12. ROS Measurements

2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) (Beyotime) was applied to mon-
itor the levels of ROS in MRSA T144 and E. coli B2. DCFH-DA (10 µM) was pre-incubated
with MRSA T144 and E. coli B2 cells for 30 min, then removed excess fluorescent probes
that have not entered the cells by centrifugation and washing with PBS. Subsequently, the
probed-cells were incubated with varying concentrations of WW307 (0–128 µg/mL) for 1 h
in dark. After incubation, the fluorescence intensity (λexcitation = 488 nm, λemission = 525
nm) was immediately measured using an Infinite M200 Microplate reader (Tecan, Männedorf,
Switzerland).

2.13. Statistical Analysis

All data were shown as mean ± SD. Statistical significance was determined by un-
paired t test between two groups or non-parametric one-way ANOVA among multiple
groups using GraphPad Prism 8 (NS, not significant; * p < 0.05, ** p < 0.01, *** p < 0.001).

3. Results
3.1. Characterizations of Peptides

As shown in Table 1, WW304 and WW307 were all cationic peptides, with net charges
of +3. The purity of the two peptides were greater than 95%, indicated that the peptides
were obtained accurately. The wheel diagram showed both WW304 and WW307 exhibited
imperfect amphiphilic structures that possessed interrupted hydrophobic and cationic
faces (Figure 1).

Table 1. Key physicochemical parameters of amphipathic peptides.

Name Sequence (N → C) Formula MW Net Charge pI # Purity (%)

WW291 WWWLRKIW-NH2 C68H89N17O8 1272.58 +2 11.00 96.57%
WW304 WWWLRRRW-NH2 C68H90N22O8 1343.62 +3 12.30 95.33%
WW295 RKIWWWWL-NH2 C68H89N17O8 1272.58 +2 11.00 95.49%
WW307 RRRWWWWV-NH2 C67H88N22O8 1329.59 +3 12.30 95.79%

# The pI values of derivatives were determined by ExPASy (http://web.expasy.org/compute_pi/, accessed on 15 March 2021).

3.2. Potent Antibacterial Activity of Peptide In Vitro

Next, we tested the antimicrobial activity of WW304 and WW307 against a panel
of MDR bacteria, including MRSA and Gram-negative bacteria co-carrying blaNDM, mcr,
and/or tet(X) genes. Results showed that WW307 displayed the best activity against all
test MDR bacteria with MIC values from 1–8 µg/mL (Table 2), while WW304 only had
modest activity against Gram-positive bacteria (MIC, 8 µg/mL) rather than Gram-negative
bacteria (MIC, 32 or 64 µg/mL). In addition, the MPC of WW307 against MRSA T144
and E. coli B2 was 64 µg/mL. Meanwhile, we determined the IC50 values of WW304 and
WW307 against all tested strains using melittin as a control. In agreement with the MIC
analysis, WW307 showed the lowest IC50 values from 0.52 to 4.18 µg/mL, indicating that
WW307 had superior antibacterial activity than WW304 and melittin (Figure 2). The potent
broad-spectrum activity of WW307 against these MDR pathogens implied that the activity
of WW307 was independent of the current existing resistance determinants. Therefore,
WW307 was selected as a drug candidate for our following studies.

http://web.expasy.org/compute_pi/
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Figure 1. Design and characterization of two amphipathic Antimicrobial peptides (AMPs). (A) Chem-
ical structures of two active AMPs (WW304 and WW307). (B) Helical wheel projections of WW304
and WW307. The hydrophilic residues as circles, hydrophobic residues as diamonds, and potentially
positively charged as pentagons. Hydrophobicity is color coded as well: the most hydrophobic
residue is green, and the amount of green is decreasing proportionally to the hydrophobicity, with
zero hydrophobicity coded as yellow.

3.3. WW307 Is a Potent Antibiotic Adjuvant

The increasing problem of antibiotic resistance calls for new therapeutic strategies, such
as antibiotic adjuvants, which offer a productive approach to combat MDR pathogens [31].
For example, cationic AMPs were found to synergize with azithromycin against MDR
Gram-negative bacteria [32,33]. As such, we evaluated the adjuvant potency of WW307 in
combination with different classes of antibiotic via checkerboard assay using two MDR
isolates MRSA T144 [34] and E. coli B2 [35] as test strains. Consequently, we found that
WW307 showed no synergistic activity against MRSA T144 when in combination with
different antibiotics (Figure 3A), while WW307 potentiated the rifampicin, novobiocin
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and vancomycin activities against blaNDM-5 and mcr-1 co-carrying E. coli B2 (Figure 3B),
with FICI of 0.14, 0.3125 and 0.375, respectively. Interestingly, WW307 had synergistic
antibacterial activity with hydrophobic antibiotics such as rifampicin, novobiocin and
vancomycin against E. coli B2, rather than ampicillin, kanamycin, ciprofloxacin, doxycycline,
and meropenem. These results suggested that WW307 effectively synergized with Gram-
positive active antibiotics against Gram-negative bacteria. Considering that the outer
membrane of Gram-negative bacteria serves as a barrier for Gram-positive active antibiotics,
we speculated that WW307 may serve as an outer membrane-active targeted compounds.

Table 2. Antimicrobial activity of amphiphilic peptides against a panel of MDR pathogenic bacteria (MIC, µg/mL).

Organisms and Phenotypes WW304 WW307 Melittin MEM COL TIG

S. aureus G16 (RIFR) 8 1 2 2 1 <0.0625
MRSA T144 8 4 4 1 16 0.25

E. coli B2 (mcr-1 + blaNDM-5) 64 4 8 32 8 2
E. coli C3 (blaNDM-1) 64 4 8 8 <0.125 2
E. coli G6 (blaNDM-5) 64 8 4 64 0.5 2
E. coli G92 (mcr-1) 64 4 4 <0.125 4 4

E. coli CP131 (mcr-3) 32 4 4 <0.125 4 2
E. coli 1F28 (tet(X4)) 32 4 4 0.25 0.125 16

A. baumannii C222 (tet(X6)) 64 4 8 <0.125 <0.125 64
P. cibarius HNCF44W
(blaNDM-1 + tet(X6)) 64 2 4 >16 >256 64

RIFR, rifampicin-resistant; MRSA, methicillin-resistant Staphylococcus aureus. MEM, meropenem; COL, colistin; TIG, tigecycline.
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and drugs were cultured at 37 ◦C for 16–18 h, then the density of cells at 600 nm was measured, the darker color means the
higher density of bacteria. Data represent the mean of two biological replicates.

Considering the potential antibacterial activity and synergistic antibacterial activity of
WW307, we further determined the secondary structure of WW307 in different solvents by
CD analysis. As LPS is an important component of the outer membrane of Gram-negative
bacteria [36], thus LPS was chosen to simulate the bacterial cell environment. The SDS
with negative charge surface and TFEA were used to simulate the anionic membrane
environment and hydrophobic environment of bacterial membrane, respectively [37]. As
shown in Figure 4, WW307 exhibited helix and turn mixed structure in PBS. In 50 µM LPS,
50 mM SDS, and 50% TFEA, the helix ratio showed a downward trend and the proportion
of random increased, while in SDS, the ratio of beta sheet increased to 80.5%. All this
implied that secondary structures of WW307 would present in a hybrid form when it
interacts with the bacterial membrane.

3.4. Rapid Bactericidal Efficiency of WW307 against MDR In Vitro

In consideration of the potent growth inhibitory activity of WW307 on MDR pathogens,
so we next performed time- and concentration-dependent killing assays [38] to determine
whether WW307 has a great bactericidal activity. As shown in Figure 5A,B, WW307 ex-
hibited rapid killing effect on MRSA T144 and E. coli B2, and WW307 can completely
eradicate MRSA T144 and E. coli B2 at 32 µg/mL and 16 µg/mL during one hour, re-
spectively. Moreover, the bactericidal activity of WW307 exhibited an obvious time- and
concentration-dependent manner. These results suggested that WW307 was a potent
bactericidal antibiotic.
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Figure 5. Bactericidal ability and anti-biofilm activity of WW307. (A,B) The time- and concentration-killing curves of
WW307 against MRSA T144 and E. coli B2. The mixture of varying concentrations of WW307 (0–256 µg/mL) and bacterial
solution was incubated at 37 ◦C for 0.5, 1, 2, and 4 h, respectively. Afterwards, ten-fold serially suspensions were plated on
MHA plates and incubated overnight, and the corresponding CFUs were counted and calculated. (C) Inhibitory effects
of WW307 on MRSA T144 and E. coli B2 biofilm formation. Bacterial cells were cultured in 96-well plates at 37 ◦C with
or without WW307 (0–4 µg/mL). After 48 h incubation, the biofilm mass was determined using crystal violet method.
(D) Eradication abilities of WW307 against mature biofilm by MRSA T144 and E. coli B2. Bacterial suspensions were cultured
at 37 ◦C for 48 h. Then, WW307 from 0 to 128 µg/mL was added and incubated at 37 ◦C for 2 h. Eradication effect of
WW307 on biofilm was evaluated by determining the remaining CFUs. All data from at least three biological replicates
were presented as mean ± SD, and the statistical significance was determined by unpaired t test (C) or non-parametric
one-way ANOVA (D) (* p < 0.05, ** p < 0.01. *** p < 0.001, **** p < 0.0001).
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3.5. WW307 Exhibits Biofilm Inhibition and Eradication Activities

The production of biofilms by bacteria makes it difficult for common antibiotics to
function and easy to cause chronic infections [28]. Therefore, we further evaluated the
ability of WW307 on biofilms formation and eradication. As shown in Figure 5C, we
observed that WW307 dose-dependently inhibited the formation of biofilms by MRSA
T144 and E. coli B2 using crystal violet assay. Excitingly, a significant inhibition effect was
also observed under the treatment of low level of WW307 (0.25 µg/mL, corresponding
to 0.0625-fold MIC). However, the crystal violet staining method cannot characterize the
effect of WW307 on metabolic activity in biofilm. The use of other methods such as 2,3,5-
triphenyl-tetrazolium chloride (TTC) analysis [39] would strengthen the inhibitory ability
of WW307 on biofilm formation. Furthermore, we found that established biofilms of MRSA
T144 and E. coli B2 formed on a plasma-coated surface were remarkably eradicated by
WW307 in a dose-dependent manner (Figure 5D).

3.6. A Desirable Stability and Safety of WW307 against Bacteria

The great stability of AMPs is a critical prerequisite for its in vivo efficacy [40]. There-
fore, we assessed the residual antibacterial activity of WW307 after exposure to different
temperatures and pH conditions [21]. Surprisingly, WW307 completely retained its activity
after treatment under 40–121 ◦C or pH (2 to 12) for 1 h, indicating that WW307 possessed
great thermal and pH stability (Table 3). We speculated that the great stability of WW307
may be related to the unspecific or mixed secondary structures of WW307 in solutions,
which have been evidenced by CD assay. Next, we evaluated the activity of WW307 in
three salt ions including Na+, K+ and Mg2+ [41]. As shown in Table 3, WW307 retained
full activity against MRSA T144 and E. coli B2 in the presence of monovalent cation, while
divalent cation mg2+ remarkably reduced the activity of WW307. Given that the divalent
cation is usually as the stabilizer of outer membrane of Gram-negative bacteria [42], it can
be speculated that the action of WW307 may be related to bacterial membrane damage. In
addition, culture media containing 10% serum and DMEM were used to simulate in vivo
matrix environment. The results showed that the antibacterial activity of WW307 in these
two substrates reduced only two folds. Moreover, the proteolytic stability of WW307 after
incubated with different proteases, including pepsin, trypsin and papain, was evaluated.
No loss of antibacterial activity of WW307 in the presence of pepsin was found, whereas
trypsin and papain completely abolished the activity of WW307. This may correlate with
the amino acid composition of WW307, especially the high proportion of arginine at the
N-terminal [43].

Safety is a key factor that prevents AMPs from entering clinical use, thus we further
evaluated the hemolytic properties of WW307 with defibrillated sheep red blood cells.
Consistent with previous study [22], Figure 6 showed that WW304 and WW307 had the
dispensable hemolytic activity (HL50 > 128 µg/mL) on mammalian RBCs, while melittin
exhibited high hemolytic activity with HL50 of 14.39 µg/mL, indicating that WW307 had
higher selectivity for bacteria rather than mammalian cells..

3.7. WW307 Targets Bacteria Membrane Components and Leads to Membrane Damage

Having shown the potent antibacterial and bactericidal activities of WW307, we next
sought to elucidate the potential mechanisms of action of WW307. The synergistic antibac-
terial activity indicated that WW307 could significantly promote the antibacterial activity
of Gram-positive active antibiotics against E. coli B2, suggesting that WW307 might be a
membrane-active antibiotic. Moreover, the ionic stability indicated that divalent cation
Mg2+ supplementation could significantly impair the antibacterial activity of WW307
(Table 3). Considering that LPS locates in outer membrane of Gram-negative bacteria are
commonly stabilized with divalent cations particularly Mg2+ [44], therefore, we further
speculated that WW307 might compete with Mg2+ for binding to LPS. All these points
implied that WW307 is an outer membrane destructive peptide antibiotic. In addition to the
outer membrane, cytoplasmic membrane is an important barrier in both Gram-positive and
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Gram-negative bacteria. Accordingly, PG, CL and PE are the main constituents of the cyto-
plasmic membrane, while PC mainly exists in eukaryotic cells [45]. To investigate whether
WW307 could target these components of bacterial membrane, varying concentrations
of exogenous LPS, PG, CL, PE and PC were added in MIC analysis. The results showed
that exogenous addition of LPS abolished the antibacterial activity of WW307 against
MRSA T144 and E. coli B2 (Figure 7A), suggesting the close interaction of WW307 and
LPS. In addition to LPS, PG and CL supplementation except for PC remarkably impaired
the antibacterial activity of WW307 (Figure 7B,C), indicating a great selectivity of WW307.
These results suggested that WW307 could specifically bind to bacterial membrane related
components, such as LPS, PG and CL.

Table 3. Thermal, pH, salts and protease stability of WW307 against MRSA T144 and E. coli B2
(MIC, µg/mL).

Treatments
WW307

MRSA T144 E. coli B2

Control 4 4
Temperature

40 ◦C 4 4
60 ◦C 4 4
80 ◦C 4 4
100 ◦C 4 4
121 ◦C 4 4

pH
2 4 4
4 4 4
6 4 4
8 4 4
10 4 4
12 4 8

Salt ions (10 mM)
Na+ 4 4
K+ 4 4

Mg2+ 16 16
Protease (1 mg/mL)

Pepsin 4 4
Trypsin >128 >128
Papain >128 >128

Serum (10%) 8 8
DMEM (10%) 8 8
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phospholipids. (A) Exogenous addition of LPS deriving from E. coli O111:B4 impaired the antibacterial activity of WW307
against MRSA T144 and E. coli B2 in a dose-dependent manner. (B,C) Increased MICs of WW307 against MRSA T144
and E. coli B2 in the presence of PG, CL and PE. The 96-well plates were incubated at 37 ◦C for 16-18 h for MIC analysis.
(D,E) WW307 disrupted the outer membrane and whole cell membrane permeability of E. coli B2, which were assessed by
fluorescence probes 1-N-phenylnaphthylamine (NPN, excitation 350 nm and emission 420 nm) and propidium iodide (PI,
excitation 535 nm and emission 615), respectively. Bacterial cells were incubated with fluorescent probes at 37 ◦C for 30 min
in dark, then different concentrations of WW307 (0–128 µg/mL) was added and incubated at 37 ◦C for 1 h. All data were
presented as mean ± SD, and the statistical significance was determined by non-parametric one-way ANOVA (NS, not
significant; *** p < 0.001, **** p < 0.0001).

To further characterize membrane damage caused by WW307, a hydrophobic fluo-
rescence probe 1-N-phenylnaphthylamine (NPN) [30] was applied to evaluate the effect
of WW307 on the outer membrane permeability of E. coli B2. As a result, the fluorescence
intensity showed a concentration-dependent increase, indicating that WW307 seriously
disrupted the outer membrane of E. coli B2 (Figure 7D). Next, we used propidium iodide
(PI) to evaluate the whole membrane permeability [46]. As shown in Figure 7E, WW307 led
to a dose-dependent increase of PI fluorescence in E. coli B2, implying a remarkable damage
to the bacterial membrane. Taken together, all above results suggested that WW307 was a
membrane destructive antibiotic through targeting bacteria membrane related components.

3.8. WW307 Dissipates the ∆Ψ Component of Bacterial Proton Motive Force

Proton motive force (PMF) is generated by bacterial transmembrane potential and is
made up of two parameters: the electric potential (∆Ψ) and the transmembrane proton
gradient (∆pH). These two components work together to maintain dynamic balance of the
PMF, which is critical to bacterial survival [47]. To investigate the influence of WW307 on
the membrane potential of MRSA T144 and E. coli B2, 3′,3′-dipropylthiacarbocyanine iodide
(DiSC3(5)) was applied for this purpose [35]. DiSC3(5) accumulates in the cytoplasmic
membrane in response to the ∆Ψ component of the PMF. As the disruption of ∆Ψ, the
probe would be released into the extracellular milieu and result in increased fluorescence.
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Conversely, the disruption of ∆pH would be compensated by increasing ∆Ψ, resulting in
enhanced DiSC3(5) uptake into the cytoplasmic membrane and therefore decreased fluores-
cence [48]. Our results showed that exposure of cells into varying concentrations of WW307
resulted in an immediate increase in DiSC3(5) fluorescence in a dose-dependent manner
(Figure 8A,B), suggesting that WW307 selectively dissipated the ∆Ψ component of the PMF.
To validate this finding, we next assay the MIC changes of WW307 in different pH nutrient
matrix conditions. As shown in Figure 8C,D, we observed that the antibacterial activity
of WW307 decreased under acidic conditions, but increased under alkaline conditions,
which is consistent with previous results that WW307 disrupted the membrane potential of
MRSA T144 and E. coli B2.
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Figure 8. WW307 dissipates the ∆Ψ component of the proton motive force (PMF). (A,B) WW307 dissipated the membrane po-
tential of MRSA T144 and E. coli B2, determined by monitoring the fluorescence intensity of 3,3’-dipropylthiadicarbocyanine
iodide (DiSC3(5), excitation at 622 nm and emission at 670 nm). DiSC3(5)-labeled cells were incubated with WW307 at 37 ◦C
for 1 h prior to fluorescence intensity determination. (C,D) The shift to alkaline environment enhanced the antibacterial
activity of WW307 against MRSA T144 and E. coli B2. In A and B, all data were expressed as mean ± SD, and the statistical
significance was determined by non-parametric one-way ANOVA (NS, not significant; ** p < 0.01, **** p < 0.0001).
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3.9. WW307 Promotes the Production of ROS

The production of reactive oxygen species (ROS) has been recognized as a key factor
for antibiotic-mediated killing. Given that WW307 is a potential bactericidal peptide
antibiotic, we next used 2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) [49] to
measure the ROS level in bacteria imposed by WW307. Consistently, WW307 triggered the
production of ROS in a concentration-dependent manner (Figure 9A,B). To evaluate the
role of ROS generation in the antibacterial activity of WW307, ROS scavenger NAC was
added in the following MIC analysis. Interestingly, addition of NAC (5 mM) dramatically
abolished the activity of WW307 against MRSA T144 and E. coli B2, with 4-fold increase of
MIC values (Figure 9C,D). These results suggested that the production of ROS is essential
for the bactericidal activity of WW307 against MDR bacterial pathogens.

Figure 9. WW307 triggers the production of ROS in MRSA T144 and E. coli B2. The production of ROS of MRSA T144
(A) and E. coli B2 (B) was determined by 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA, excitation at 488 nm and
emission at 525 nm). Before fluorescence assay, probe-labelled cells were incubated with WW307 at 37 ◦C for 1 h. (C,D)
N-acetylcysteine (NAC) supplementation abolished the antibacterial activity of WW307 against MRSA T144 and E. coli
B2. In A and B, all data were presented as mean ± SD, and the statistical significance was determined by non-parametric
one-way ANOVA (NS, not significant; * p < 0.05, ** p < 0.01, **** p < 0.0001).
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4. Discussion

Recalcitrant and complicated infections in clinics caused by MDR pathogens, par-
ticularly for Gram-negative bacteria, call for novel antibacterial pipeline. Owing to the
limited choice from existing antibiotic regimens in the resistance era, AMPs have attracted
global attention as novel drug candidates for the treatment of infectious diseases. In this
study, we investigated the antibacterial activity and mechanisms of action of two amphi-
pathic peptides (WW304 and 307) in the fight against MDR pathogens. As a consequence,
we found that WW307 exhibited potent broad-spectrum bacteriostatic and bactericidal
activity for all tested pathogens, including emerging blaNDM, mcr and/or tet(X)-positive
Gram-negative bacteria. Most importantly, the stability and safety evaluation indicated
that WW307 retained its activity under various physiological conditions and displayed
no hemolytic activity below 128 µg/mL. Nevertheless, more preclinical studies, including
in vivo efficacy and toxicity evaluation in mammals, are required to further verify its
effectiveness and safety.

With regard to the modes of action of WW307, we found that WW307 is a membrane-
active peptide antibiotic. Consistently, most AMPs particularly for cationic AMPs exert
bactericidal effects by disrupting the membrane integrity [50]. Heretofore, three classical
models, including barrel-stave model, toroidal-pore model, and carpet model, were pro-
posed to describe membrane perturbation by AMPs [51]. For example, amphibian-derived
AMPs magainin 2 [52] and aurein 1.2 [53] disrupted membrane via the toroidal-pore and
carpet mechanisms, respectively. In our studies, we further revealed that WW307 disrupted
membrane permeability by specifically binding to bacterial membrane-specific components,
including LPS, PG, and CL. Considering that these targets carry negatively charged head
groups, we proposed electrostatic force between positively charged WW307 and these
targets may account for its membrane interaction. Additionally, we also found that WW307
dissipated the ∆Ψ component of bacterial PMF, which is essential for a variety of critical
bacterial processes, such as ATP synthesis, flagellar motility, and nutrient import [47]. Re-
cently, a novel antibiotic named halicin was identified using a deep learning approach [54].
Notably, halicin acts by dissipates the ∆pH component of PMF. These examples implied
that bacterial PMF may serve as a novel antibacterial target for future antibiotic discovery
and development. Furthermore, consistent with previously reported bactericidal AMPs
such as WRK-12 and SLAP-S25 [55,56], ROS production was also evidenced to be important
for the antibacterial activity of WW307.

In conclusion, we revealed that amphipathic peptide WW307 is a bacterial membrane-
active AMP that could simultaneously disrupt the permeability of bacterial membrane,
dissipate membrane potential and induce the production of ROS. These findings suggested
that WW307 is a potent antibiotic candidate and shows great potential for clinical use to
combat MDR pathogens.

Author Contributions: Y.L. and Z.W. conceived and designed the project; J.S., C.C., D.W. and Z.T.
performed all experiments; Y.L. and J.S. analyzed the data and wrote the paper. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (32002331),
National Key Research and Development Program of China (2018YFA0903400), Natural Science
Foundation of Jiangsu Province of China (BK20190893), Agricultural Science and Technology Inde-
pendent Innovation Fund of Jiangsu Province (CX(20)3091), China Postdoctoral Science Foundation
(2019M651984), A Project Funded by the Priority Academic Program Development of Jiangsu Higher
Education Institutions (PAPD) and Lift Engineering of Young Talents of Jiangsu Association for
Science and Technology.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data in this study have been included in this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2021, 13, 438 16 of 18

References
1. Cochrane, S.A.; Findlay, B.; Bakhtiary, A.; Acedo, J.Z.; Rodriguez-Lopez, E.M.; Mercier, P.; Vederas, J.C. Antimicrobial lipopeptide

tridecaptin A1 selectively binds to Gram-negative lipid II. Proc. Natl. Acad. Sci. USA 2016, 113, 11561–11566. [CrossRef]
2. Doi, Y.; Bonomo, R.A.; Hooper, D.C.; Kaye, K.S.; Johnson, J.R.; Clancy, C.J.; Thaden, J.T.; Stryjewski, M.E.; van Duin, D. Gram-

negative bacterial infections: Research priorities, accomplishments, and future directions of the antibacterial resistance leadership
group. Clin. Infect. Dis. 2017, 64, S30–S35. [CrossRef]

3. Li, J.; Nation, R.L.; Turnidge, J.D.; Milne, R.W.; Coulthard, K.; Rayner, C.R.; Paterson, D.L. Colistin: The re-emerging antibiotic for
multidrug-resistant Gram-negative bacterial infections. Lancet Infect. Dis. 2006, 6, 589–601. [CrossRef]

4. Ma, B.; Fang, C.; Lu, L.; Wang, M.; Xue, X.; Zhou, Y.; Li, M.; Hu, Y.; Luo, X.; Hou, Z. The antimicrobial peptide thanatin disrupts
the bacterial outer membrane and inactivates the NDM-1 metallo-beta-lactamase. Nat. Commun. 2019, 10, 3517. [CrossRef]

5. Mishra, B.; Lakshmaiah Narayana, J.; Lushnikova, T.; Wang, X.; Wang, G. Low cationicity is important for systemic in vivo
efficacy of database-derived peptides against drug-resistant Gram-positive pathogens. Proc. Natl. Acad. Sci. USA 2019, 116,
13517–13522. [CrossRef] [PubMed]

6. Zeng, P.; Xu, C.; Liu, C.; Liu, J.; Cheng, Q.; Gao, W.; Yang, X.; Chen, S.; Chan, K.-F.; Wong, K.-Y. De novo designed hexadecapeptides
synergize glycopeptide antibiotics vancomycin and teicoplanin against pathogenic Klebsiella pneumoniae via disruption of cell
permeability and potential. ACS Appl. Bio Mater. 2020, 3, 1738–1752. [CrossRef]

7. Lazzaro, B.P.; Zasloff, M.; Rolff, J. Antimicrobial peptides: Application informed by evolution. Science 2020, 368, eaau5480.
[CrossRef] [PubMed]

8. Liu, Y.; Shi, J.; Tong, Z.; Jia, Y.; Yang, B.; Wang, Z. The revitalization of antimicrobial peptides in the resistance era. Pharmacol. Res.
2021, 163, 105276. [CrossRef] [PubMed]

9. Bitschar, K.; Sauer, B.; Focken, J.; Dehmer, H.; Moos, S.; Konnerth, M.; Schilling, N.A.; Grond, S.; Kalbacher, H.; Kurschus,
F.C.; et al. Lugdunin amplifies innate immune responses in the skin in synergy with host- and microbiota-derived factors. Nat.
Commun. 2019, 10, 2730. [CrossRef]

10. Lai, Z.; Tan, P.; Zhu, Y.; Shao, C.; Shan, A.; Li, L. Highly stabilized alpha-helical coiled coils kill gram-negative bacteria by
multicomplementary mechanisms under acidic condition. ACS Appl. Mater. Interfaces 2019, 11, 22113–22128. [CrossRef] [PubMed]

11. Kim, W.; Zou, G.; Hari, T.P.A.; Wilt, I.K.; Zhu, W.; Galle, N.; Faizi, H.A.; Hendricks, G.L.; Tori, K.; Pan, W.; et al. A selective
membrane-targeting repurposed antibiotic with activity against persistent methicillin-resistant Staphylococcus aureus. Proc. Natl.
Acad. Sci. USA 2019, 116, 16529–16534. [CrossRef]

12. Wang, J.; Song, J.; Yang, Z.; He, S.; Yang, Y.; Feng, X.; Dou, X.; Shan, A. Antimicrobial peptides with high proteolytic resistance for
combating Gram-negative bacteria. J. Med. Chem. 2019, 62, 2286–2304. [CrossRef] [PubMed]

13. Tucker, A.T.; Leonard, S.P.; DuBois, C.D.; Knauf, G.A.; Cunningham, A.L.; Wilke, C.O.; Trent, M.S.; Davies, B.W. Discovery of
next-generation antimicrobials through bacterial self-screening of surface-displayed peptide libraries. Cell 2018, 172, 618–628.e13.
[CrossRef] [PubMed]

14. Rajasekaran, G.; Kim, E.Y.; Shin, S.Y. LL-37-derived membrane-active FK-13 analogs possessing cell selectivity, anti-biofilm
activity and synergy with chloramphenicol and anti-inflammatory activity. BBA-Biomembr. 2017, 1859, 722–733. [CrossRef]

15. Liang, Y.; Zhang, X.; Yuan, Y.; Bao, Y.; Xiong, M. Role and modulation of the secondary structure of antimicrobial peptides to
improve selectivity. Biomater. Sci. 2020, 8, 6858–6866. [CrossRef] [PubMed]

16. Mishra, B.; Wang, G. Ab initio design of potent anti-MRSA peptides based on database filtering technology. J. Am. Chem. Soc.
2012, 134, 12426–12429. [CrossRef] [PubMed]

17. Tan, P.; Lai, Z.; Jian, Q.; Shao, C.; Zhu, Y.; Li, G.; Shan, A. Design of heptad repeat amphiphiles based on database filtering and
structure-function relationships to combat drug-resistant fungi and biofilms. ACS Appl. Mater. Interfaces 2020, 12, 2129–2144.
[CrossRef] [PubMed]

18. Lin, S.; Wade, J.D.; Liu, S. De novo design of flavonoid-based mimetics of cationic antimicrobial peptides: Discovery, development,
and applications. ACC Chem. Res. 2021, 54, 104–119. [CrossRef] [PubMed]

19. Bhattacharjya, S.; Straus, S.K. Design, engineering and discovery of novel alpha-helical and beta-boomerang antimicrobial
peptides against drug resistant bacteria. Int. J. Mol. Sci. 2020, 21, 5773. [CrossRef] [PubMed]

20. de Breij, A.; Riool, M.; Cordfunke, R.A.; Malanovic, N.; de Boer, L.; Koning, R.I.; Ravensbergen, E.; Franken, M.; van der Heijde,
T.; Boekema, B.K.; et al. The antimicrobial peptide SAAP-148 combats drug-resistant bacteria and biofilms. Sci. Transl. Med. 2018,
10, eaan4044. [CrossRef]

21. Ma, L.; Xie, X.; Liu, H.; Huang, Y.; Wu, H.; Jiang, M.; Xu, P.; Ye, X.; Zhou, C. Potent antibacterial activity of MSI-1 derived from the
magainin 2 peptide against drug-resistant bacteria. Theranostics 2020, 10, 1373–1390. [CrossRef]

22. Lakshmaiah Narayana, J.; Mishra, B.; Lushnikova, T.; Wu, Q.; Chhonker, Y.S.; Zhang, Y.; Zarena, D.; Salnikov, E.S.; Dang, X.; Wang,
F.; et al. Two distinct amphipathic peptide antibiotics with systemic efficacy. Proc. Natl. Acad. Sci. USA 2020, 117, 19446–19454.
[CrossRef] [PubMed]

23. Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing; CLSI: Wayne, PA, USA, 2018.
24. Marcusson, L.L.; Olofsson, S.K.; Komp Lindgren, P.; Cars, O.; Hughes, D. Mutant prevention concentrations of ciprofloxacin for

urinary tract infection isolates of Escherichia coli. J. Antimicrob. Chemother. 2005, 55, 938–943. [CrossRef]
25. Liu, Y.; Song, M.; Ding, S.; Zhu, K. Discovery of linear low-cationic peptides to target methicillin-resistant Staphylococcus aureus

in vivo. ACS Infect. Dis. 2019, 5, 123–130. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1608623113
http://doi.org/10.1093/cid/ciw829
http://doi.org/10.1016/S1473-3099(06)70580-1
http://doi.org/10.1038/s41467-019-11503-3
http://doi.org/10.1073/pnas.1821410116
http://www.ncbi.nlm.nih.gov/pubmed/31209048
http://doi.org/10.1021/acsabm.0c00044
http://doi.org/10.1126/science.aau5480
http://www.ncbi.nlm.nih.gov/pubmed/32355003
http://doi.org/10.1016/j.phrs.2020.105276
http://www.ncbi.nlm.nih.gov/pubmed/33161137
http://doi.org/10.1038/s41467-019-10646-7
http://doi.org/10.1021/acsami.9b04654
http://www.ncbi.nlm.nih.gov/pubmed/31199117
http://doi.org/10.1073/pnas.1904700116
http://doi.org/10.1021/acs.jmedchem.8b01348
http://www.ncbi.nlm.nih.gov/pubmed/30742437
http://doi.org/10.1016/j.cell.2017.12.009
http://www.ncbi.nlm.nih.gov/pubmed/29307492
http://doi.org/10.1016/j.bbamem.2017.01.037
http://doi.org/10.1039/D0BM00801J
http://www.ncbi.nlm.nih.gov/pubmed/32815940
http://doi.org/10.1021/ja305644e
http://www.ncbi.nlm.nih.gov/pubmed/22803960
http://doi.org/10.1021/acsami.9b19927
http://www.ncbi.nlm.nih.gov/pubmed/31887002
http://doi.org/10.1021/acs.accounts.0c00550
http://www.ncbi.nlm.nih.gov/pubmed/33346639
http://doi.org/10.3390/ijms21165773
http://www.ncbi.nlm.nih.gov/pubmed/32796755
http://doi.org/10.1126/scitranslmed.aan4044
http://doi.org/10.7150/thno.39157
http://doi.org/10.1073/pnas.2005540117
http://www.ncbi.nlm.nih.gov/pubmed/32723829
http://doi.org/10.1093/jac/dki136
http://doi.org/10.1021/acsinfecdis.8b00230
http://www.ncbi.nlm.nih.gov/pubmed/30372023


Pharmaceutics 2021, 13, 438 17 of 18

26. Johnston, C.W.; Skinnider, M.A.; Dejong, C.A.; Rees, P.N.; Chen, G.M.; Walker, C.G.; French, S.; Brown, E.D.; Berdy, J.; Liu, D.Y.;
et al. Assembly and clustering of natural antibiotics guides target identification. Nat. Chem. Biol. 2016, 12, 233–239. [CrossRef]
[PubMed]

27. Stokes, J.M.; MacNair, C.R.; Ilyas, B.; French, S.; Cote, J.P.; Bouwman, C.; Farha, M.A.; Sieron, A.O.; Whitfield, C.; Coombes, B.K.;
et al. Pentamidine sensitizes Gram-negative pathogens to antibiotics and overcomes acquired colistin resistance. Nat. Microbiol.
2017, 2, 17028. [CrossRef] [PubMed]

28. Mwangi, J.; Yin, Y.; Wang, G.; Yang, M.; Li, Y.; Zhang, Z.; Lai, R. The antimicrobial peptide ZY4 combats multidrug-resistant
Pseudomonas aeruginosa and Acinetobacter baumannii infection. Proc. Natl. Acad. Sci. USA 2019, 116, 26516–26522. [CrossRef]

29. MacNair, C.R.; Tsai, C.N.; Brown, E.D. Creative targeting of the Gram-negative outer membrane in antibiotic discovery. Ann. N.
Y. Acad. Sci. 2020, 1459, 69–85. [CrossRef]

30. Liu, Y.; Jia, Y.; Yang, K.; Tong, Z.; Shi, J.; Li, R.; Xiao, X.; Ren, W.; Hardeland, R.; Reiter, R.J.; et al. Melatonin overcomes
MCR-mediated colistin resistance in Gram-negative pathogens. Theranostics 2020, 10, 10697–10711. [CrossRef] [PubMed]

31. Liu, Y.; Li, R.; Xiao, X.; Wang, Z. Antibiotic adjuvants: An alternative approach to overcome multi-drug resistant Gram-negative
bacteria. Crit. Rev. Microbiol. 2019, 45, 301–314. [CrossRef] [PubMed]

32. Lin, L.; Nonejuie, P.; Munguia, J.; Hollands, A.; Olson, J.; Dam, Q.; Kumaraswamy, M.; Rivera, H., Jr.; Corriden, R.; Rohde, M.;
et al. Azithromycin synergizes with cationic antimicrobial peptides to exert bactericidal and therapeutic activity against highly
multidrug-resistant gram-negative bacterial pathogens. EBioMedicine 2015, 2, 690–698. [CrossRef]

33. Brochado, A.R.; Telzerow, A.; Bobonis, J.; Banzhaf, M.; Mateus, A.; Selkrig, J.; Huth, E.; Bassler, S.; Zamarreño Beas, J.; Zietek, M.;
et al. Species-specific activity of antibacterial drug combinations. Nature 2018, 559, 259–263. [CrossRef]

34. Liu, Y.; Ding, S.; Dietrich, R.; Märtlbauer, E.; Zhu, K. A biosurfactant-inspired heptapeptide with improved specificity to kill
MRSA. Angew. Chem. Int. Ed. 2017, 56, 1486–1490. [CrossRef]

35. Liu, Y.; Jia, Y.; Yang, K.; Li, R.; Xiao, X.; Zhu, K.; Wang, Z. Metformin restores tetracyclines susceptibility against multidrug
resistant bacteria. Adv. Sci. 2020, 7, 1902227. [CrossRef]

36. Maldonado, R.F.; Sá-Correia, I.; Valvano, M.A. Lipopolysaccharide modification in Gram-negative bacteria during chronic
infection. FEMS Microbiol. Rev. 2016, 40, 480–493. [CrossRef] [PubMed]

37. Yang, Z.Y.; He, S.Q.; Wang, J.J.; Yang, Y.; Zhang, L.C.; Li, Y.B.; Shan, A.S. Rational design of short peptide variants by using
Kunitzin-RE, an amphibian-derived bioactivity peptide, for acquired potent broad-spectrum antimicrobial and improved
therapeutic potential of commensalism coinfection of pathogens. J. Med. Chem. 2019, 62, 4586–4605. [CrossRef] [PubMed]

38. Zheng, E.J.; Stokes, J.M.; Collins, J.J. Eradicating bacterial persisters with combinations of strongly and weakly metabolism-
dependent antibiotics. Cell Chem. Biol. 2020, 27, 1544–1552.e3. [CrossRef] [PubMed]

39. Brown, H.L.; van Vliet, A.H.M.; Betts, R.P.; Reuter, M. Tetrazolium reduction allows assessment of biofilm formation by
Campylobacter jejuni in a food matrix model. J. Appl. Microbiol. 2013, 115, 1212–1221. [CrossRef]

40. Zhu, Y.; Shao, C.; Li, G.; Lai, Z.; Tan, P.; Jian, Q.; Cheng, B.; Shan, A. Rational avoidance of protease cleavage sites and symmetrical
end-tagging significantly enhances the stability and therapeutic potential of antimicrobial peptides. J. Med. Chem. 2020, 63,
9421–9435. [CrossRef]

41. Ma, Z.; Yang, J.; Han, J.; Gao, L.; Liu, H.; Lu, Z.; Zhao, H.; Bie, X. Insights into the antimicrobial activity and cytotoxicity of
engineered alpha-helical peptide amphiphiles. J. Med. Chem. 2016, 59, 10946–10962. [CrossRef] [PubMed]

42. Vergalli, J.; Bodrenko, I.V.; Masi, M.; Moynié, L.; Acosta-Gutiérrez, S.; Naismith, J.H.; Davin-Regli, A.; Ceccarelli, M.; van den
Berg, B.; Winterhalter, M.; et al. Porins and small-molecule translocation across the outer membrane of Gram-negative bacteria.
Nat. Rev. Microbiol. 2020, 18, 164–176. [CrossRef] [PubMed]

43. Olsen, J.V.; Ong, S.-E.; Mann, M. Trypsin cleaves exclusively C-terminal to arginine and lysine residues. Mol. Cell. Proteom. 2004,
3, 608–614. [CrossRef]

44. Klein, G.; Kobylak, N.; Lindner, B.; Stupak, A.; Raina, S. Assembly of lipopolysaccharide in Escherichia coli requires the essential
LapB heat shock protein. J. Biol. Chem. 2014, 289, 14829–14853. [CrossRef]

45. Sohlenkamp, C.; Geiger, O. Bacterial membrane lipids: Diversity in structures and pathways. FEMS Microbiol. Rev. 2016, 40,
133–159. [CrossRef]

46. Martin, J.K., 2nd; Sheehan, J.P.; Bratton, B.P.; Moore, G.M.; Mateus, A.; Li, S.H.; Kim, H.; Rabinowitz, J.D.; Typas, A.; Savitski,
M.M.; et al. A dual-mechanism antibiotic kills gram-negative bacteria and avoids drug resistance. Cell 2020, 181, 1518–1532.e14.
[CrossRef] [PubMed]

47. Farha, M.A.; Verschoor, C.P.; Bowdish, D.; Brown, E.D. Collapsing the proton motive force to identify synergistic combinations
against Staphylococcus aureus. Chem. Biol. 2013, 20, 1168–1178. [CrossRef]

48. Matsuno, T.; Goto, T.; Ogami, S.; Morimoto, H.; Yamazaki, K.; Inoue, N.; Matsuyama, H.; Yoshimune, K.; Yumoto, I. Formation of
proton motive force under low-aeration alkaline conditions in alkaliphilic bacteria. Front. Microbiol. 2018, 9, 2331. [CrossRef]

49. Hong, Y.; Li, L.; Luan, G.; Drlica, K.; Zhao, X. Contribution of reactive oxygen species to thymineless death in Escherichia coli. Nat.
Microbiol. 2017, 2, 1667–1675. [CrossRef] [PubMed]

50. Hancock, R.E.; Sahl, H.G. Antimicrobial and host-defense peptides as new anti-infective therapeutic strategies. Nat. Biotechnol.
2006, 24, 1551–1557. [CrossRef] [PubMed]

51. Mahlapuu, M.; Björn, C.; Ekblom, J. Antimicrobial peptides as therapeutic agents: Opportunities and challenges. Crit. Rev.
Biotechnol. 2020, 40, 978–992. [CrossRef] [PubMed]

http://doi.org/10.1038/nchembio.2018
http://www.ncbi.nlm.nih.gov/pubmed/26829473
http://doi.org/10.1038/nmicrobiol.2017.28
http://www.ncbi.nlm.nih.gov/pubmed/28263303
http://doi.org/10.1073/pnas.1909585117
http://doi.org/10.1111/nyas.14280
http://doi.org/10.7150/thno.45951
http://www.ncbi.nlm.nih.gov/pubmed/32929375
http://doi.org/10.1080/1040841X.2019.1599813
http://www.ncbi.nlm.nih.gov/pubmed/30985240
http://doi.org/10.1016/j.ebiom.2015.05.021
http://doi.org/10.1038/s41586-018-0278-9
http://doi.org/10.1002/anie.201609277
http://doi.org/10.1002/advs.201902227
http://doi.org/10.1093/femsre/fuw007
http://www.ncbi.nlm.nih.gov/pubmed/27075488
http://doi.org/10.1021/acs.jmedchem.9b00149
http://www.ncbi.nlm.nih.gov/pubmed/30958004
http://doi.org/10.1016/j.chembiol.2020.08.015
http://www.ncbi.nlm.nih.gov/pubmed/32916087
http://doi.org/10.1111/jam.12316
http://doi.org/10.1021/acs.jmedchem.0c00583
http://doi.org/10.1021/acs.jmedchem.6b00922
http://www.ncbi.nlm.nih.gov/pubmed/28002968
http://doi.org/10.1038/s41579-019-0294-2
http://www.ncbi.nlm.nih.gov/pubmed/31792365
http://doi.org/10.1074/mcp.T400003-MCP200
http://doi.org/10.1074/jbc.M113.539494
http://doi.org/10.1093/femsre/fuv008
http://doi.org/10.1016/j.cell.2020.05.005
http://www.ncbi.nlm.nih.gov/pubmed/32497502
http://doi.org/10.1016/j.chembiol.2013.07.006
http://doi.org/10.3389/fmicb.2018.02331
http://doi.org/10.1038/s41564-017-0037-y
http://www.ncbi.nlm.nih.gov/pubmed/28970486
http://doi.org/10.1038/nbt1267
http://www.ncbi.nlm.nih.gov/pubmed/17160061
http://doi.org/10.1080/07388551.2020.1796576
http://www.ncbi.nlm.nih.gov/pubmed/32781848


Pharmaceutics 2021, 13, 438 18 of 18

52. Mescola, A.; Marín-Medina, N.; Ragazzini, G.; Accolla, M.; Alessandrini, A. Magainin-H2 effects on the permeabilization and
mechanical properties of giant unilamellar vesicles. J. Colloid Interface Sci. 2019, 553, 247–258. [CrossRef]

53. Shahmiri, M.; Cornell, B.; Mechler, A. Phenylalanine residues act as membrane anchors in the antimicrobial action of Aurein 1.2.
Biointerphases 2017, 12, 05G605. [CrossRef] [PubMed]

54. Stokes, J.M.; Yang, K.; Swanson, K.; Jin, W.; Cubillos-Ruiz, A.; Donghia, N.M.; MacNair, C.R.; French, S.; Carfrae, L.A.; Bloom-
Ackerman, Z.; et al. A deep learning approach to antibiotic discovery. Cell 2020, 180, 688–702. [CrossRef] [PubMed]

55. Liu, Y.; Shi, J.; Tong, Z.; Jia, Y.; Yang, K.; Wang, Z. Potent broad-spectrum antibacterial activity of amphiphilic peptides against
multidrug-resistant bacteria. Microorganisms 2020, 8, 1398. [CrossRef] [PubMed]

56. Song, M.; Liu, Y.; Huang, X.; Ding, S.; Wang, Y.; Shen, J.; Zhu, K. A broad-spectrum antibiotic adjuvant reverses multidrug-resistant
Gram-negative pathogens. Nat. Microbiol. 2020, 5, 1040–1050. [CrossRef]

http://doi.org/10.1016/j.jcis.2019.06.028
http://doi.org/10.1116/1.4995674
http://www.ncbi.nlm.nih.gov/pubmed/29078702
http://doi.org/10.1016/j.cell.2020.01.021
http://www.ncbi.nlm.nih.gov/pubmed/32084340
http://doi.org/10.3390/microorganisms8091398
http://www.ncbi.nlm.nih.gov/pubmed/32932906
http://doi.org/10.1038/s41564-020-0723-z

	Introduction 
	Materials and Methods 
	Peptide Synthesis and Validation 
	Antibacterial Activity Tests 
	Minimum Inhibitory Concentrations (MICs) Determination 
	Mutant Prevention Concentrations (MPCs) Determination 
	Salts and Serum Stability 
	Thermal, pH and Proteolytic Stability 
	LPS and Lipids Inhibition Assay 

	Checkerboard Assays 
	Time-Dependent Killing 
	Prevention of Biofilm Formation 
	Eradication of Established Mature Biofilms 
	Hemolysis Analysis 
	Circular Dichroism (CD) Measurements 
	Outer Membrane Permeabilization 
	Membrane Permeability Assay 
	Cytoplasmic Membrane Potential 
	ROS Measurements 
	Statistical Analysis 

	Results 
	Characterizations of Peptides 
	Potent Antibacterial Activity of Peptide In Vitro 
	WW307 Is a Potent Antibiotic Adjuvant 
	Rapid Bactericidal Efficiency of WW307 against MDR In Vitro 
	WW307 Exhibits Biofilm Inhibition and Eradication Activities 
	A Desirable Stability and Safety of WW307 against Bacteria 
	WW307 Targets Bacteria Membrane Components and Leads to Membrane Damage 
	WW307 Dissipates the  Component of Bacterial Proton Motive Force 
	WW307 Promotes the Production of ROS 

	Discussion 
	References

