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HIGHLIGHTS

« LTX-315 exhibits broad-spectrum
antibacterial activity and
demonstrates low resistance
development.

o It is effective in a mouse model
infected with hypervirulent and
multidrug-resistant Klebsiella
pneumoniae.

« The alkyl chain’s hydrophobicity
boosts the indole group’s ability to
recognize and bind with the
phosphate anion of PG.

« Its strong activity and broad bacterial
coverage suggest potential as an
antimicrobial agent against rising
resistance.
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GRAPHICAL ABSTRACT

The hydrophobic alkyl chain enhances
LTX-315 the binding between the indole group and PG
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ABSTRACT

Introduction: Infections stemming from multidrug-resistant bacteria present a substantial threat to pub-
lic health today. Discovering or synthesizing novel compounds is crucial to alleviate this pressing situa-
tion.

Objective: The main purpose of this study is to verify the antibacterial activity of LTX-315 and explore its
primary action mode.

Methods: Through antibacterial phenotype assay screening, we obtained a potent compound named LTX-
315 from diverse drug libraries, 10,926 compounds in total. Then, the bactericidal effect and its action
mode were explored through biochemical and chemistry methods such as a time-killing curve, scanning
electronic microscopy, isothermal titration calorimetry analysis, and nuclear magnetic resonance. Finally,
the efficacy in vivo of LTX-315 against drug-resistant bacteria was proved through a mice infection
model.

Results: In this study, LTX-315, an oncolytic peptide, was discovered to effectively eliminate gram-
positive and gram-negative pathogens, even for those multidrug-resistant strains. Through strong elec-
trostatic interactions, LTX-315 can bind to the membrane component phosphatidylglycerol (PG) with
extremely high affinity (nanomolar level). Strikingly, in contrast to the typical electrostatic interactions
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of antibacterial peptides, the indole group of LTX-315, situated near the alkyl chain, exhibits significantly
enhanced recognition and interaction with PG due to the hydrophobic effect of the alkyl chain.
Furthermore, it exerts various impacts on cell membranes, including damaging integrity, increasing per-
meability, and decreasing membrane fluidity. Additionally, microscopy revealed significant cell disinte-
gration. The influence, in turn, disrupts several physiological activities inside cells, such as increasing
the reactive oxygen species level, ultimately leading to cell death. Finally, the efficacy of LTX-315
in vivo against multidrug-resistant and hypervirulent Klebsiella pneumoniae was demonstrated.
Conclusion: The unique mechanism of LTX-315 involves high-affinity binding to PG and subsequent
membrane disruption, providing a novel approach against multidrug-resistant bacteria compared to con-
ventional antibiotics. As a potential candidate, it shows promise in effectively treating bacterial infec-
tions, particularly those caused by drug-resistant bacteria, thereby addressing the escalating challenge
of antibiotic resistance worldwide.

© 2024 Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Bacteria are widely ubiquitous as prokaryotic organisms. They
are commonly classified as either Gram-negative or Gram-
positive based on Gram staining [1]. In the context of human
health, certain bacteria known as probiotics can be beneficial. For
example, lactic acid bacteria (LAB) play a crucial role in microbiota
in the human gut; specific strains can produce compounds that
combat pathogens like yeast and fungi [2]. However, bacteria such
as Escherichia coli, Klebsiella pneumoniae, Acinetobacter baumannii,
and Staphylococcus aureus pose significant threats to public health.
Strains like carbapenem-resistant Enterobacterales, carbapenem-
resistant Acinetobacter baumannii (CRAB), hypervirulent K. pneu-
moniae (Hvkp), and methicillin-resistant S. aureus (MRSA) are
responsible for numerous human infections and even deaths
worldwide [3-6]. Additionally, it is estimated that the economic
loss caused by antibiotic resistance will reach approximately
$300 billion by 2050 [7]. Beyond the financial burden, these bacte-
rial infections also endanger lives, underscoring the urgent need to
develop antibacterial materials.

The prolonged human lifespan owes much to the discovery of
antibiotics during the golden age from the 1960s to the 1980s,
which yielded well-known antibiotics like penicillin, polymyxin,
and quinolones [8]. However, the escalating phenomenon of bacte-
rial resistance to antibiotics due to their overuse and misuse in
clinical settings is a growing concern [9]. The increase of
multidrug-resistant bacteria poses a particularly alarming threat
on a global scale. The problem of antimicrobial resistance is
regarded as a critical human health issue that urgently needs to
be addressed as a priority by the World Health Organization
(WHO) [10]. Instances such as the evolution of hypervirulent Kleb-
siella pneumoniae strains, which have recently became multi-
resistant to antibiotics, highlight the severity of the issue[11]. Bac-
teria can develop resistance to antibiotics through various mecha-
nisms. One common strategy is reducing the concentration of
antibiotics inside the cell which can occur by decreasing mem-
brane permeability or actively expelling antibiotics using efflux
pumps [12]. Another approach involves blocking the interaction
between antibiotics and their targets, which may result from
genetic mutations or modifications that alter the target site, ren-
dering the antibiotic ineffective. Additionally, bacteria can neutral-
ize antibiotics by chemically modifying or breaking them down
through enzymatic hydrolysis [13]. Resistance can also spread
between bacteria via horizontal gene transfer, a process where
genetic material is shared among different bacterial strains in the
environment [14]. The rapid evolution of bacteria outpaces the
development of effective treatments, emphasizing the need for
new strategies or drugs to combat this situation [15].

Antimicrobial peptides (AMPs) have recently gained more
attention as a new class of antimicrobial agents with broad clinical
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application prospects [16]. As a clinically used polymyxin, colistin
can damage the out-membrane against Gram-negative pathogens
such as E. coli and K. pneumoniae [17]. Thiopeptides can inhibit pro-
tein synthesis by binding with the subunit of Gram-negative ribo-
some to complete the killing effect [18]. When used in
combination, the peptides of Esc (1-21) and colistin exhibit a sub-
stantial bactericidal effect against multidrug-resistant A. bauman-
nii, whereas when administered individually, their impact is null
[19]. Some antimicrobial peptides present high nephrotoxicity
[20]. Despite significant progress, issues such as a narrow spec-
trum, limited potency, and cytotoxicity continue to impede their
clinical development [16].

In this study, through screening diverse drug databases includ-
ing 10,926 compounds, LTX-315, an oncolytic peptide developed
initially to kill drug-resistant cancer cells [21], was proved to have
potent bactericidal effects for bacteria regardless of whether they
are Gram-positive or negative. The action mode, efficacy, and
safety of LTX-315 make it a potential antibiotic to combat
multidrug-resistant bacterial pathogens.

Materials and methods

Antimicrobial susceptibility test

For the screening process, the drug libraries included U.S. Food
and Drug Administration-approved drugs, natural compounds,
homology of medicine and food, and clinical compounds, 10,926
compounds in total (MCE, HY-LO0O1). The minimum inhibitory
concentration (MIC) of tested compounds for the tested strains
was detected based on the broth micro-dilution method of the
Clinical and Laboratory Standards Institute (CLSI), which is the gold
standard for susceptibility testing [22].

Mueller-Hinton II Broth (MHB, BD Medical Technology) was
used for all the tests. Approximately 5 x 10° cells per ml of bacteria
concentration was adjusted in this assay. The lowest concentration
of invisible bacterial growth was determined as the MIC after incu-
bation at 37 °C for 18 h. Supplementary Materials Table S1 contains
this study’s strain information. Information on clinical strains can
be referenced in Chen and Zhang et al. for isolation [23-27]. Each
experiment was biologically repeated three times.

For the detection of the MIC of LTX-315(T6881, TargetMol)
within a certain pH range (5-10), the MHB was adjusted using
sodium hydroxide or hydrochloric acid and determined by a pH
meter (Mettler-Toledo, FE-28). Each experiment was biologically
replicated three times.

Checkboard assay

Fractional inhibitory concentrations (FICs) were determined by
following the description of Song et al [28]. To assess the tested


http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Tang, C. Yang, J. Zhao et al.

materials’ influence on LTX-315, the tested materials were serially
diluted in MH medium, and 100 pL of each dilution was dispensed
into 96-well plates. Subsequently, an equal volume of the above
medium containing LTX-315 was added to the first column. Dou-
bling dilutions were performed in order, and approximately
5 x 10° cells per ml were seeded into each well. The observation
was completed after being placed at 37 °C for 18 h. The MIC was
determined to be the lowest concentration at which no visible bac-
terial growth was observed. The synergistic antimicrobial effect
was determined by calculating the fractional inhibitory concentra-
tion (FIC) using the following formula:

FIC index = MIC,p,/(MIC,) + MICy,/(MICy,) = FIC, + FIC, (1).

where MIC, represents the MIC of compound a alone, MIC;, indi-
cates the MIC of compound b alone, MIC,;, signifies the MIC of com-
pound a observed in the presence of compound b, MICy, denotes
the MIC of compound b observed in the presence of compound a,
FIC, represents the FIC of compound a, and FIC, indicates the FIC
of compound b. The evaluation criteria are shown in the attached
figure.

The tested materials included lipids such as 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) (PG,
Avanti Polar Lipids, 840457P), 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (PE, Avanti Polar Lipids, 850757),
Lipopolysaccharide (LPS, Sigma-Aldrich, L2880); cations like cop-
per sulfate pentahydrate (CuSO45H,0, Fisher Chemical,
LC134051), potassium chloride (KCl, Fisher Chemical, P217-10),
sodium chloride (NaCl, Fisher Chemical, S271-500), calcium chlo-
ride anhydrous (CaCl,, Uni-chem, C08130-4I), zinc sulfate, man-
ganese sulfate monohydrate (MnSO4-H,0, Sigma-Aldrich,
M7634), cobalt chloride (CoCl,, Alfa Aesar, B22031), iron sulfate
heptahydrate (FeSO4-7H,0, Sigma-Aldrich, F7002), iron chloride
hexahydrate (FeCl;-6H,0, Sigma-Aldrich, 44944), magnesium sul-
fate (MgSQO,, Uni-chem, M06870-41I).

Time-Killing curve

The killing rate of LTX-315 for tested strains was determined
through a time-killing curve adapted from the description by Ling
et al [29]. Overnight bacteria cultures (E. coli 25922; MRSA 43300;
Hvkp2) were diluted in fresh LB broth with a dilution factor
1:10,000. The strains were then immediately incubated at 37 °C,
250 rpm, for 2 h to reach the early exponential phase. Subse-
quently, the strains were challenged with different concentrations
(1/4 x MIC to 2 x MIC) of LTX-315 based on the MIC results for
each strain. Time points were set at 0, 1, 3, 5, 7, and 24 h. One hun-
dred microliter aliquots were ten times serially diluted at each
interval and plated on MH agar plates. After incubation at 37 °C
overnight, colonies were counted. Each experiment was biologi-
cally replicated three times.

Resistance development studies

Spontaneous resistance strains of E. coli 25922 and MRSA 43300
against LTX-315 were detected based on methods described by
Ling et al [29]. Briefly, 1 x 10%.fu. of E. coli 25922 and MRSA
43300 were plated onto MH agar containing 4 x MIC of LTX-315.
The plates were then incubated at 37 °C for 48 h. No resistant colo-
nies appeared for either of the two strains. Induced-resistance
studies of LTX-315 for E. coli 25922 were performed in 1.5 mL
Eppendorf tubes. Overnight cultured E. coli 25922 was incubated
in tubes with 1 mL LB medium at a ratio of 1:100. The LTX-315
was added at different concentrations based on the MIC, doubled
up to four times, and incubated at 37 °C overnight. The bacteria
grown under the highest concentration were passaged, and relative
concentrations of LTX-315 were added according to the MIC results
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of the tubes. The period was set for 30 days to determine the limit
of its resistance degree. Generally, the MIC result in the tube
slightly differed from the result of the broth micro-dilution
method. Therefore, all grown-up strains were spread on an MH
agar plate, and the broth micro-dilution method was used to detect
the MIC of LTX-315. Colistin, as the last line against gram-negative
infections with multidrug-resistant, served as a control in this
study [30].

Cell contents leakage assays

Overnight culture of E. coli 25922 was diluted 1:100 in fresh LB
broth and incubated at 37 °C, 250 rpm, till the ODggg reached 0.5.
Then, centrifuged and washed the pellet thrice with phosphate-
buffered saline (PBS, Thermo Scientific, 21600-044) to remove
the medium residue entirely. The washed pellet was then resus-
pended and exposed to LTX-315 at concentrations of 1/2 x MIC,
1/4 x MIC, and 1/8 x MIC. Samples of 1 mL were collected at
two-hour intervals over a total duration of eight hours. After cen-
trifugation at 12,000 rpm for two minutes, the concentrations of
DNA, RNA, and protein in the samples were measured using a Nan-
odrop Microvolume Spectrophotometer (Thermo Scientific, Nano-
Drop™ One). Each experiment was biologically replicated three
times.

ONPG assay

After the action of the enzyme B-galactosidase, which is located
inside the cell, O-Nitrophenyl-B-D-galactopyranoside (ONPG,
Thermo Fisher, 34055) can be hydrolyzed into two components:
galactose and o-nitrophenol [31]. Importantly, o-nitrophenol is
yellow, indicating the progress of the reaction. Briefly, overnight
culture strains (E. coli 25922, MRSA 43300) were seeded 1:100 in
fresh LB broth and incubated at 37 °C with shaking at 250 rpm until
the optical density at 600 nm (ODggp) reached approximately 0.6.
They were then washed once and resuspended in saline. ONPG
with a final concentration of 0.75 M was added and thoroughly
mixed. Subsequently, 100 pL was added to each well, and the
absorbance at 420 nm was measured for 5 min. Based on MIC
results, LTX-315 was added at various concentrations, and the
detection continued. The duration was set to 60 min. Each experi-
ment was biologically replicated three times.

Membrane permeability detection

N-Phenyl-1-naphthylamine (NPN, Aladdin, P110559) was used
to detect the effect of compounds on membrane permeability, with
slight modifications according to the description by Lee et al [32].
In brief, 1 mL of resuspended cells was exposed to 1/2 x MIC LTX-
315. The group treated with polymyxin B nonapeptide (PMBN,
MCE, HY-106783) of 50 pg/mL, known to permeabilize bacterial
outer membranes, was pointed as the positive control. In contrast,
the untreated group was the negative control. The buffer contained
5 mM HEPES and 5 mM glucose (Fisher Scientific, MP21946721) at
pH 7.2 to wash and resuspend the cells. Then NPN (final concentra-
tion of 4 p M) was added to these samples, and the fluorescence
value was measured under excitation at 350 nm and emission at
420 nm. All measurements were conducted using the CLARIOstar
multimode microplate reader (BMG LABTECH). Each experiment
was biologically replicated three times.

Membrane integrity detection

The impact of LTX-315 on the membrane integrity of E. coli
25922 was assessed using propidium iodide (PI, Thermo Scientific,
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P1304MP), as detailed by Ma et al [33]. The overnight culture of the
strain was diluted in fresh LB broth as a dilution factor of 1:100 and
incubated at 37 °C, 250 rpm, until the ODggg reached 0.5. Following
a single wash with PBS (pH 7.4), PI at a final concentration of 5 M
was added to a resuspended pellet in a buffer containing 5 mM
HEPES (BioFroxx, EZ3455C330) and 5 mM glucose (Fisher Scien-
tific, MP21946721) at pH 7.2. The culture was incubated in the
dark for 30 min and then treated with various concentrations of -
LTX-315 for another 30 min. The effect on membrane integrity
was assessed by recording the fluorescence signal under excitation
at 535 nm and emission at 615 nm. For kinetic analysis, the resus-
pended cells were monitored in a black plate for 5 min before
exposure to LTX-315. The total incubation time was 60 min, and
the detection conditions remained the same. The measurements
were conducted using the CLARIOstar multimode microplate
reader (BMG LABTECH). Each experiment was biologically repli-
cated three times.

Membrane fluidity assays

Membrane fluidity is a crucial property for bacterial mem-
branes to cope with environmental variations such as temperature
or antibiotic pressure, and the measurement method was
described by Wenzel et al [34]. Before the experiment, all materi-
als, including tubes, plates, and 4 x Laurdan buffer, were pre-
warmed to 37 °C. Overnight bacteria cultures were incubated in
fresh LB broth with a dilution factor of 1:100 until the ODggg
reached 0.5. Laurdan was added and incubated for ten minutes at
a final concentration of 10 uM. The cells were washed and resus-
pended in 4 x Laurdan buffer, ensuring gentle resuspension to
avoid shearing forces. The cell density was adjusted to an ODggg
of 0.4, and 200 pL was distributed into each well. An incubation
with 30 mins at 37 °C was performed after adding LTX-315 with
various concentrations (1/2 x MIC to 2 x MIC). Wells treated with
benzyl alcohol at 30 mM, known to increase membrane fluidity,
were pointed as the positive control, while untreated wells were
the negative control. The measurements were conducted using
the CLARIOstar multimode microplate reader under excitation at
350 nm and emission at 460 nm and 500 nm. The Laurdan GP,
an index representing membrane fluidity, was calculated using
the formula (2):

Laurdan GP = (Isg0 — Is00) / (Iaso + Iso) (2).

Where 469 represents the fluorescence value under excitation
at 350 nm and emission at 420 nm, and I5gg represents the fluores-
cence value under excitation at 350 nm and emission at 500 nm.
Each experiment was biologically replicated three times.

Membrane potential assay

The membrane potential of bacteria was assessed using
voltage-sensitive DiSC3(5) (Thermo Fisher, D306) [35]. An over-
night culture of E. coli 25922 was incubated in fresh LB broth with
a dilution factor of 1:100. After reaching an ODggo of 0.5, the cul-
ture was centrifuged, washed with saline, and the pellet was resus-
pended in saline. The ODggo Was adjusted to 0.2, and KCl and DiSC3
(5) were added at final concentrations of 100 mM and 1 mM,
respectively. The mixture was incubated in darkness for 15 min.
Subsequently, 150 pL of the mixture was added to each well and
then exposed to LTX-315 (1/2 x MIC) after a 30-minute incubation.
Valinomycin at 5 mg/mL was pointed as the positive control, while
the saline-treated group was the negative control. The fluorescence
intensity was recorded at an excitation wavelength of 610 nm and
an emission wavelength of 660 nm. Each experiment was biologi-
cally replicated three times.
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Artificial Liposome-Calcein damage assay

The preparation of liposome-calcein and details followed the
protocol and description of Dotta et al. and Chen et al [36,37].
Briefly, each well was distributed with 50 pL liposome-calcein
mixture (1 mM). Then dimethyl sulfoxide (DMSO, Alfa Aesar) and
Triton X-100 (2 pL each) were added as the solvent and positive
control, respectively. LTX-315 stock was diluted to various concen-
trations and incubated with liposome-calcein (1 mM) for 10 min.
Fluorescence signals were detected at excitation/emission wave-
lengths of 485/530 nm. Each experiment was biologically repli-
cated three times.

ROS detection

The detection of reactive oxygen species (ROS) in bacteria was
identical to Hu et al.’s description [38]. Overnight cultures of
E. coli 25922 and MRSA 43300 were incubated in fresh LB broth
with a dilution factor of 1:100. The cultures were then incubated
at 37 °C and 250 rpm until the ODggo reached 0.6. CM-H2DCFDA
was added to achieve a final concentration of 10 uM after washing
with PBS (pH 7.4) once. The cultures were incubated at 37 °C for
30 min in the dark to allow dye penetration. The bacteria were cen-
trifuged to remove the external dye, and the pellet was washed
with PBS (pH 7.4) three times. The ODggo Was adjusted to 0.3,
and 200 pL was added to each well. The cells were then challenged
with LTX-315 at relative concentrations. The untreated group was
the negative control, while the treated group with 100 uM H,0,
was the positive control. Fluorescence signals were detected at
excitation/emission wavelengths of 490/525 nm after a 30-
minute incubation at room temperature. Each experiment was bio-
logically replicated three times.

Hydrogen peroxide and peroxidase detection

Hydrogen peroxide and peroxidase activity were detected fol-
lowing the Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit
(Thermo Scientific, A22188). Overnight cultures of E. coli 25922
and MRSA 43300 were incubated in fresh LB broth with a dilution
factor of 1:100. After reaching an ODggp of 0.6 (37 °C, 250 rpm), the
cultures were washed and resuspended in saline. The total system
volume was 100 pL, containing 50 pL of the sample and 50 pL of
the reaction buffer. Relative concentrations of LTX-315 were added
to each well and incubated at room temperature for 30 min. For
H,0,, detection, 0.2 U/mL HRP was prepared for the reaction buffer,
while 2 mM H,0, was prepared for peroxidase detection. For H,0,
detection, 10 pM H,0, in 1X reaction buffer was pointed as the
positive control, and 1X reaction buffer without H,0, was the neg-
ative control. For peroxidase detection, 2 mU/mL HRP solution in
reaction buffer was pointed as the positive control, while 1X neg-
ative buffer without HRP was the negative control. Finally, fluores-
cence signals were detected at excitation/emission wavelengths of
550/590 nm. The period was 180 min for kinetics detection, with
readings taken every 30 min. Each experiment was biologically
replicated three times.

NO assays

A sensitive probe for NO, DAF-FM, was used to measure NO
amount in strains E. coli 25922 and MRSA 43300 [39]. Overnight
cultures were diluted 1:100 in fresh LB broth and washed with sal-
ine once after reaching an ODggo of 0.5. DAF-FM was added to
achieve a final concentration of 10 uM and incubated at 37 °C for
60 min. The bacteria were centrifuged, and the pellet was washed
with saline three times. The ODgog Was adjusted to 0.3, and the
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strains were challenged with relative concentrations of LTX-315
for 30 min. The untreated group was pointed as the negative con-
trol. Fluorescence values were measured at excitation and emis-
sion wavelengths of 490 nm and 515 nm, respectively. Each
experiment was biologically replicated three times.

«OH and "OCl detection

3'-(p-aminophenyl) fluorescein (APF, Thermo Scientific,
A36003) is relatively more sensitive to "OCl, while 3'-(p-
hydroxyphenyl) fluorescein (HPF, Thermo Scientific, H36004) is
sensitive to eOH [40]. Briefly, overnight cultures of E. coli 25922
and MRSA 43300 were incubated in fresh LB broth with a dilution
ratio 1:100. An ODggo of 0.6 was obtained, and the cultures were
washed with PBS (pH 7.4) once. APF or HPF was added to achieve
a final concentration of 10 puM, and the cultures were incubated at
37 °C and 250 rpm for 1 h. The bacteria were washed with PBS
three times, and the OD was adjusted to 0.3. Subsequently,
200 pL of suspension was distributed into each well. The treated
group received LTX-315 at various concentrations, while the
untreated group was pointed as the negative control. Fluorescence
signals were detected at excitation/emission wavelengths of
490/515 nm. Each experiment was biologically replicated three
times.

ATP assays

The effect of LTX-315 on ATP levels in strains E. coli 25922 and
MRSA 43300 was measured using the ATP detection kit (Thermo
Scientific, A22066). Overnight cultures were diluted 1:100 in fresh
LB medium. After reaching an ODggo of 0.6, the cultures were
washed and resuspended in PBS (pH 7.4). The resuspension
(ODggp = 0.5) was treated with various concentrations of LTX-315
for 30 min at 37 °C. The untreated group was pointed as the nega-
tive control. The cultures were centrifuged at 6,500 rpm for 5 min,
and the supernatant was stored at 4 °C for extracellular ATP detec-
tion. The pellet was lysed using 200 pL of lysozyme (20 mg/mL)
and lysostaphin (64 U/mL). All processes were performed on ice
to minimize ATP degradation. The ATP reaction buffer was pre-
pared by following the kit instructions. Then, 90 pL of reaction buf-
fer was added to a white 96-well microplate and incubated for
5 min at room temperature. Subsequently, 10 pL of samples were
added to each well and placed in the CLARIOstar to record lumines-
cence at full wavelength. Each experiment was biologically repli-
cated three times.

NAD/NADH assays

The NAD/NADH levels in strains E. coli 25922 and MRSA 43300
were determined using the NAD/NADH Assay Kit (BioAssay Sys-
tems, E2ND-100) [41]. Overnight cultures were diluted in fresh
LB medium with a dilution factor of 1:100 and incubated at
37 °C, 250 rpm, until the ODggo reached 0.3. The cultures were
divided into treated and control groups. The treated group was
challenged with LTX-315 at 1/2 x MIC and incubated for 30 min
at 37 °C. Then, it was incubated with the relevant detection buffer
and detected optical density. Details can be seen in the description
of Tang et al [37]. Each experiment was biologically replicated
three times.

RNA sequencing and analysis

RNA was isolated for the tested strains using the RNeasy Mini
Kit (QIAGEN, 74104). DNA was subsequently removed from the
samples using the TURBO DNA-free Kit (Thermo Fisher, AM1907).
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The integrity and purity of the RNA samples were assessed with
the Fragment Analyzer System (Agilent, 5400). Afterwards, rRNA
was removed, and the mRNA library was constructed. Finally,
sequencing was carried out on the NovaSeq 6000 Sequencing Sys-
tem (Illumina). For analysis, the RNA sequencing results were first
mapped to the E. coli 25922 genome using HISAT2 (v2.2.1), fol-
lowed by quantification with featureCounts (v2.0.6). Genes were
annotated using eggNOG-mapper (2.1.12), and differential gene
expression was analyzed using DESeq2 (v1.42.1) [42]. Genes with
an adjusted p-value (P.adj) below 0.01 and an absolute log2 fold
change exceeding 1 were considered significantly differentially
expressed. Enrichment analyses for Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways were con-
ducted using clusterProfiler (v4.10.1). The variability of the repli-
cates was assessed through Principal Component Analysis (PCA)
using DESeq2 (v1.42.1).

NMR experiments

Approximately 2 mg of LTX-315 (acetate) was dissolved in 1 mL
of D,0, and NMR spectra were recorded on a Bruker Advance Neo
500 ('H: 500 MHz; '3C: 125 MHz) spectrometer at room tempera-
ture. To study the interaction between LTX-315 and PG or PE, dif-
ferent molar equivalents were mixed and analyzed under the same
conditions. The following NMR experiments were performed on
these samples: 'H, '3C, 'H-'H COSY, 'H-'"H NOESY, and 'H-'3C
HSQC.

Isothermal titration calorimetry assay

To assess the binding affinity of LTX-315 to PG, isothermal titra-
tion calorimetry (ITC) was conducted. HEPES-NaCl (50:150 mM)
was used as the reaction buffer throughout the assay. The PG to
LTX-315 ratio was set at 1:5 (40 puM: 200 pM). Each reaction
involved a 400 pL cell volume and a 150 pL titrant volume, with
each titration drop measuring 1.9 pL. All experiments were con-
ducted using the MicroCal automated Isothermal Titration
Calorimeter (ITC, Malvern). Subsequently, the data on binding con-
stants (Kg) and reaction stoichiometry (n) were analyzed and cal-
culated utilizing relevant software.

Molecular dynamics

This study conducted molecular dynamics simulations of the
POPG lipid-drug (LTX-315) system using GROMACS software and
the CHARMM force field. Simulations were performed under nor-
mal temperature and pressure conditions to explore the system’s
structure and dynamic behaviour, providing a foundation for fur-
ther understanding and optimizing the system’s performance.
The entire simulation system, including POPG lipid, drug molecules
(LTX-315), sodium ions, and water molecules, was constructed
using PACKMOL. The initial simulation box size was set to
8 nm x 8 nm x 8 nm. The CHARMM36 force field was used to
describe interactions within the POPG lipid, while the CHARMM
General Force Field was employed for LTX-315. Appropriate force
field parameters were assigned to each atom and bond type based
on the chemical structures of the components. GROMACS 2018.4
was utilized to perform energy minimization and NPT ensemble
simulations on the system. The simulation timestep was set to
2 fs, and the total simulation duration was 100 ns. The temperature
was controlled using the V-rescale method, and pressure coupling
was applied using the Berendsen algorithm. The NPT ensemble was
employed for the molecular dynamics simulation, allowing for the
simulation of the trajectories and interactions of the atoms in the
system. Molecular electrostatic potential maps were calculated at
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the B3LYP-D3(B])/6-31G(d)* level of theory by using Gaussian 16
(C.01) [43].

SEM observation

Overnight cultures of E. coli 25922 and MRSA 43300 were
diluted in fresh LB broth at a dilution factor 1:10,000 and subse-
quently incubated at 37 °C, 250 rpm for 2 h. Following this incuba-
tion, the strains were treated with 2 x MIC of LTX-315 for 1 h in 6-
well plates, with untreated groups designated controls. Each well
contained a square indium tin oxide (ITO) coated glass slide (Mer-
ck, 50926-11-9), which was gently washed with PBS at pH 7.4 and
fixed overnight at 4 °C in 4 % Paraformaldehyde Fix Solution (PFM,
Santa Cruz Biotechnology, E1622). To dehydrate the samples, they
were washed three times with PBS to eliminate paraformaldehyde
and then subjected to sequential dehydration using ethanol at
50 %, 70 %, 90 %, and 100 %, with each concentration applied for
15 min. Subsequently, the slides were then coated with a layer of
gold and observed using a Scanning Electron Microscope (Tescan,
VEGA3).

Cytotoxicity assay

The cytotoxic effects of LTX-315 were evaluated utilizing the
Cell Counting Kit-8 (CCK-8, MCE, HY-K0301). The HEK293 (ATCC
CRL-1573) and Hep G2 (ATCC HB-8065) cell lines were maintained
in Dulbecco’s Modified Eagle Medium (DMEM) enriched with 10 %
Fetal Bovine Serum. Following a 24-hour incubation period at 37 °C
in a 5 % CO,, the culture medium was substituted with fresh med-
ium containing varying concentrations of LTX-315. The plates were
then incubated for 24 h under the same conditions. Subsequently,
WST-8 was introduced to each well, and the absorbance at 450 nm
was quantified using a CLARIOstar microplate reader after a 2-hour
incubation period. Each experiment was biologically replicated
three times.

Hemolysis assay

The 8 % sheep blood cells were washed with phosphate-
buffered saline (PBS) until the supernatant was transparent. Subse-
quently, 1 mL of the 8 % blood cell suspension was incubated with
serially diluted concentrations of LTX-315, ranging from 0 to
160 pM, for one hour at 37 °C. Triton X-100 at a concentration of
0.2 % and PBS were pointed as positive and negative controls,
respectively. Following incubation, the samples were centrifuged
at 3,000 x g for 10 min, and 100 pL of the supernatant from each
group was transferred to a 96-well plate for absorbance measure-
ment at 450 nm using a microplate reader (CLARIOstar). Each
experiment was biologically replicated three times.

Cytochrome P450 assay

The influence of LTX-315 on Cytochrome P450 (CYP450) was
assessed using the Vivid CYP450 screening kit [44]. Three CYP450
enzymes (CYP2C9, CYP2C19, and CYP3A4) were used in this assay,
supplied by the Vivid CYP2C9 Green (Thermo Scientific, P2860),
Vivid CYP2C19 Blue (Thermo Scientific, P2864), and Vivid CYP3A4
Green (Thermo Scientific, P2857) kits. The test compound was pre-
pared by diluting it to a concentration of 2.5 times in a 1X Vivid
CYP450 reaction buffer. Known positive inhibitors for specific
P450 enzymes were also prepared: sulfaphenazole (CYP2C9 inhibi-
tor), miconazole (CYP2C19 inhibitor), and ketoconazole (CYP3A4
inhibitor), all components were solubilized in 1X Vivid CYP450
reaction buffer.
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In a 96-well plate, 40 pL of the prepared samples were blended
with the Master Pre-Mix, which consists of CYP450 Baculosomes
Plus reagent and the Vivid regeneration system, to achieve a total
reaction volume of 50 pL. This mixture was incubated at room
temperature for 10 min. The reaction was subsequently initiated
by adding 10 pL of a 10X Vivid substrate and NADP" mixture to
each well. Following another 10-minute incubation, the reaction
was terminated by adding 0.5 M Tris base stop reagent. Fluores-
cence measurements were then taken at designated excitation
and emission wavelengths: 485 nm and 520 nm for CYP2C9 and
CYP3A4 and 415 nm and 460 nm for CYP2C19. The inhibition rate
was determined using the formula:

Yinhibition — (1 Jﬂ) % 100% 3)
A-B

where X denotes the fluorescence measurement of the test com-

pounds, A signifies the fluorescence measurement recorded in the

absence of an inhibitor, and B represents the fluorescence measure-

ment obtained in the presence of a positive control. Each experi-

ment was biologically replicated three times.

Marine infection model

The therapeutic effect of LTX-315 on the clinical strain Hvkp2
(carbapenem-resistant and hypervirulent) reported in our previous
studies was evaluated in a mouse infection model [23]. Four to six-
week-old female ICR mice were used in this study and randomly
assigned to five groups (5 mice per group). All mice were infected
with 100 uL of a bacterial suspension (6 x 10°c.f.u. per mouse) via
intraperitoneal injection to induce infection. One hour post-
infection, the mice were administered LTX-315 via intraperitoneal
injection at three different dosage levels: low (5 mg-kg™!), medium
(10 mg-kg™1!), and high (20 mg-kg™!). One group was treated with
meropenem with 20 mg-kg~!. Drugs were administered every 12 h
for a total of five doses. Mice survival was monitored for 7 days
after infection.

Statistical analysis

The data presented in this study were expressed as
means * standard deviation (SD). The sample size (n) for statistical
analysis was three, and the statistical significance between two
groups was assessed using the unpaired Student’s t-test. The
one-way ANOVA was employed for comparing more than two
groups. Furthermore, the statistical significance of survival curves
was determined using the Log-rank (Mantel-Cox) test. A P-
value < 0.05 was considered statistically significant, while P >
0.05 was deemed statistically insignificant (denoted as ns). All sta-
tistical analyses were conducted using GraphPad Prism 8.

Results

Antibacterial Activity of LTX-315

The antibacterial activity of LTX-315 was assessed using the
broth microdilution method. As shown in Table 1, LTX-315 exhibits
a broad bactericidal spectrum, particularly effective against
antibiotic-resistant strains such as carbapenem-resistant E. coli,
polymyxin E-resistant, and methicillin-resistant Staphylococcus
aureus (MRSA). In contrast to other antibiotics, such as polymyxin
E, limited by the bacterial class it targets, and gentamicin, which
faces bacterial resistance, LTX-315 demonstrates significant effi-
cacy across a wide range of tested bacterial strains. These results
indicate its potential to treat infections caused by multidrug-
resistant bacteria.
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Table 1
Activity of LTX-315 against microorganisms.
Organism MIC(puM)
LTX-315 PE GEN EM CHX
S. aureus 29213 7.5 >91.38 2.6 0.34 0.8
S. aureus 1717 7.5 >91.38 1.3 87 1.6
S. aureus 43300(MRSA) 3.75 91.38 >166 >174 32
S. aureus 1174 (MRSA) 7.5 >91.38 52 0.34 1.6
S. aureus 86 (MRSA) 7.5 >01.38 2.6 >174 1.6
S. aureus 86l 7.5 >91.38 >166 >174 1.6
(MRSA)
S. aureus 88 (MRSA) 7.5 >91.38 >166 0.34 3.2
S. aureus 1114 7.5 >01.38 83 >174 1.6
(MRSA)
B. cereus 177 3.75 >91.38 >166 0.17 3.2
B. cereus 107 (CR) 1.875 >91.38 >166 0.68 3.2
Vibrio 1978 3.75 1.43 52 109 25.5
Vibrio 1853 (PER) 3.75 2.86 52 >174 3.2
E. coli 25922 7.5 1.43 2.6 87 6.4
E. coli 5 (PER) 7.5 5.72 >166 >174 25.6
E. coli CL-4 (CRE) 7.5 2.86 >166 >174 12.8
E. coli BJE-4 (CRE) 7.5 1.43 >166 >174 6.4
E. coli (MCR-1) 7.5 5.72 2.6 174 3.2
E. coli (NDM-1) 15 1.43 1.3 435 6.4
K. pneumoniae 120 2.86 166 174 102
MGH78578
K. pneumoniae 2 (CRE and 3GCRE) 7.5 91.38 >166 >174 51
K. Pneumoniae HKU57 (CRE and TGCR) 3.75 2.86 >166 >174 12.8
K. Pneumoniae FJ-8 (CRE) 30 11.42 >166 >174 102
P. aeruginosa 18C53 (CR) 30 2.86 5.2 >174 51
P. aeruginosa 18C54 (CR) 30 2.86 >166 >174 102
A. baumannii 17,978 30 2.86 2.5 43.5 25.6
A. baumannii R44(CR and PER) 1.875 45.7 104 >174 >204
A. baumannii R550(CR) 15 45.7 >166 21.8 12.8

PE: polymyxin E; GEN: Gentamycin; EM: Erythromycin; CHX: Chlorhexidine Diacetate; CR: carbapenem-resistant; PER: polymyxin E resistant; CRE: carbapenem-resistant
Enterobacterales; 3GCRE: third-generation cephalosporin-resistant Enterobacterales; TGCR: Tigecycline resistant; B. cereus: Bacillus cereus; A. baumannii: Acinetobacter

baumanni; P. aeruginosa: Pseudomonas aeruginosa.

To investigate the potential bactericidal mechanism of LTX-315,
we considered its oncolytic properties and molecular weight,
employing a strategy that examines interactions from the outside
of the cell inward. We selected E. coli 25922 (gram-negative) and
S. aureus 43300 (gram-positive) as representative strains for this
study. The influence of lipopolysaccharides (LPS), the outermost
layer of gram-negative bacteria, was evaluated; no significant
increase in the minimum inhibitory concentration (MIC) was
observed even at a high LPS concentration of 256 pg/mL
(Fig. 1A). A similar trend was noted for MRSA 43300, where bacte-
ricidal effects were inhibited at much higher lipid-to-LTX-315
ratios (Fig. S1A). Two phospholipids, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (POPG), which are
key components of the inner leaflet of the outer membrane, were
also examined. POPG was found to antagonize the effects of LTX-
315 at a low concentration of 32 pg/mL, whereas POPE required
a higher concentration of 128 pg/mL to exhibit similar effects for
E. coli 25922 (Fig. 1B, Fig. 1C). Besides, POPG with 32 pg/mL ceases
LTX-315 to be effective, while POPE does not influence its bacteri-
cidal effect for MRSA 43300 (Fig. S1B and Fig. S1C). Furthermore,
colistin, another peptide antibiotic, demonstrated reduced efficacy
in the presence of POPG at a lower concentration of 16 pg/mL
(Fig. S1D).

To evaluate whether increased outer membrane permeability
could enhance LTX-315’s bactericidal effect, we combined it with
polymyxin B nonapeptide (PMBN), an outer membrane permeabi-
lizer [45]. However, results indicated no significant correlation
between outer membrane permeability and bactericidal efficacy
(Fig. S1E and S1F). The results suggest that LTX-315 primarily
interacts with membrane components, particularly POPG. Time-
killing curves for LTX-315 in the presence of exogenous POPG or
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POPE were generated to verify this hypothesis further. In stark con-
trast to the control (2 x MIC), both concentrations of POPG (32 and
128 pg/mL) completely negated the bactericidal effect against
E. coli 25922 (Fig. 1D). A similar phenomenon was observed for
MRSA 43300 (Fig. S2A). Conversely, POPE only weakened the bac-
tericidal effect at high concentrations (128 pg/mL), but no surviv-
ing cells were detected (Fig. 1E). For MRSA 43300, survival
depended on POPE concentration, with significantly fewer cells
than the untreated group (Fig. S2B). Additionally, LTX-315 dis-
played a strong destructive effect on liposomes composed of phos-
pholipids (Fig. 1I). These findings indicate that LTX-315 likely
exerts its bactericidal effects primarily through interactions with
POPG. Given the net negative charge of POPG (Fig. S3B) and the
positive charge of LTX-315, we hypothesized a strong electrostatic
interaction between the two.

The MIC of LTX-315 under varying pH conditions or with the
addition of cations was also evaluated. Results showed that MIC
increased with acidity and decreased with alkalinity (Fig. 1G,
S2C). At low pH, the head of phosphatidylglycerol (PG) becomes
protonated, causing a conformational change from a perpendicular
to a parallel orientation relative to the membrane. In contrast, the
headgroup maintains a perpendicular orientation at neutral or
alkaline pH, as described by Sanson et al [46]. Protonation and con-
formational transition would weaken LTX-315’s binding to PG,
thus reducing its bactericidal effect. Fe>* had the most pronounced
impact among the tested cations, followed by Fe?" (Fig. 1H, S2D).
Typically, cations occupy spaces between negatively charged phos-
phate groups, potentially neutralizing the net charge. Sufficient
ionic strength can also induce a similar conformational change in
the headgroup [47]. Divalent cations like Mg?* and Ca?* can dimin-
ish the effectiveness of cationic antimicrobial peptides against
gram-negative bacteria [48].
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Fig. 1. Bactericidal ability and resistance determination of LTX-315 in vitro. (A) The influence of lipopolysaccharide (LPS) on the bactericidal effect of LTX-315 on E. coli
25922 (n = 3). (B) The influence of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) on the bactericidal effect of LTX-315 on E. coli 25922 (n = 3). (C) The
influence of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (POPG) on the bactericidal effect of LTX-315 on E. coli 25922 (n = 3). (D) The time-killing curve of
LTX-315 (2 x MIC) on E. coli 25922 and under treatment with PG. Data are indicative of three independent experiments + standard deviation. (E) The time-killing curve of
LTX-315 (2 x MIC) on E. coli 25922 and under treatment with PE. Data are indicative of three independent experiments + standard deviation. (F) Induced-resistance assay of
E. coli 25922 to LTX-315 (LTX) and polymyxin E (PE) within 30 days. (G) The change in minimum inhibitory concentrations (MIC) of LTX-315 for E. coli 25922 under various pH
conditions. Data are indicative of three independent experiments + standard deviation. (H) The change in MIC of LTX-315 for E. coli 25922 under various exogenous additions
of cations. Data are indicative of three independent experiments + standard deviation. (I) The damage caused by LTX-315 at different concentrations (2 x MIC, 4 x MIC,
8 x MIC) to Liposome-Calcein (LC). The dashed line in (D) and (E) represents the detection lower limit. Data are indicative of three independent experiments + standard
deviation. The nonparametric one-way ANOVA was applied to calculate statistical significance for (I); P < 0.05 was considered significant, while ns was insignificant.

Consequently, these cations could neutralize the net negative
charge of POPG, weakening its electrostatic interaction with LTX-
315 and diminishing its bactericidal effects. Overall, we propose
that the bactericidal mechanism of LTX-315 involves interaction
with the membrane component PG, leading to membrane damage.
This mechanism may also reduce the likelihood of bacterial resis-
tance compared to colistin (Fig. 1F). RNA sequencing results related
to LTX-315 are presented in Fig. S10.

Mode of interaction between LTX-315 and POPG

To further elucidate the interaction between LTX-315 and PG,
nuclear magnetic resonance (NMR) spectroscopy was employed.
The structure of LTX-315 is depicted in Fig. 2A, highlighting the
regions with indole groups in pink circles. The NMR spectrum of
LTX-315, along with its proton assignments, is shown in Figs. S4-
S5A, B, and C through 'H-'H COSY, 'H-'H NOESY, and 'H-'3C
HSQC spectra. For a detailed assessment of the interactions, we
acquired '"H NMR spectra of LTX-315 in the presence of PG with
varying charged head groups in D,0. As illustrated in Fig. 2B, the
proton signals of LTX-315 significantly diminished upon the addi-
tion of negatively charged PG, nearly vanishing with 2 M equiva-
lents, indicating a strong interaction. Concurrently, the proton
signals from the tryptophan moieties shifted towards higher field
regions, suggesting that LTX-315 becomes entrapped within PG
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micelles, with the indole group likely preferentially interacting
with PG. In contrast, NMR spectra obtained with extra addition
neutral phospholipid PE showed no loss of resonance signal, even
at three times the molar amount of LTX-315 (Fig. S3A and S5D).
These results indicate that LTX-315 has a strong affinity for nega-
tively charged phospholipids, particularly at the indole moieties.
The high affinity of LTX-315 for PG was also validated via Isother-
mal Titration Calorimetry (ITC), demonstrating a Ky value in the
nanomolar range at 0.044 + 0.022 pM (Fig. 2C). Due to the strong
interaction with PG, almost no proton signals were detected in
the main chain region of the one-dimensional hydrogen spectra,
likely due to long T1 relaxation times and very short T2 relaxation
times, preventing the observation of other potential binding areas.

We conducted an electrostatic potential (ESP) distribution anal-
ysis of the LTX-315 surface to support our findings further. As
shown in Fig. 2D, among the three most positive ESP regions, the
most significant was identified as region 10, followed by the other
two locations of the indole groups. All positive ESP regions likely
contribute to the electrostatic interaction. Additionally, molecular
dynamics simulations indicated a stable complex structure forma-
tion between LTX-315 and PG, with results presented in Fig. 2E for
simulations at 100 ns. Details can be referred to the Fig. S6A-D.
Besides the previously mentioned aromatic amines, we also
observed strong interactions with fatty amines from the dynamics.
These data indicate a robust interaction between LTX-315 and PG,
highlighting potential binding sites.
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Fig. 2. The interaction of LTX-315 with POPG. (A) The chemical structure of LTX-315. The pink region represents the positive charge characteristic in the electrostatic
potential. (B) 'H NMR spectra of LTX-315 (acetate) with different molar equivalents of POPG. (C) The isothermal titration calorimetry result of LTX-315 with PG. (D)
Electrostatic potential distribution of LTX-315 at various angles. The single arrow indicates the spin direction, while the double arrows indicate the spin down first. The blue
parts represent negative potential energy, and the red represents positive potential energy. The unit of ESP is kcal/mol. (E) The structure of the LTX-315-POPG complex at
100 ns from different angles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Impact of LTX-315 on bacterial membrane properties

Despite our understanding of LTX-315’s interaction with POPG,
the bactericidal mechanism remains unclear. To address this, we
conducted assays to investigate the impact of LTX-315 on the bac-
terial membrane following its combination with POPG. The perme-
ability of the outer membrane increased when treated with LTX-
315 at 1/2 x MIC (Fig. 3A). The result suggests that NPN could dif-
fuse significantly into the hydrophobic region of the membrane
after LTX-315 interacts with POPG, resulting in an increased fluo-
rescence signal [33]. Additionally, LTX-315 substantially impacted
membrane integrity, observable both at endpoint measurements
and during dynamic assessments. Notably, even at low concentra-
tions (1/2 x MIC), LTX-315 caused rapid membrane damage
(Fig. 3B, 3D). MRSA 43300 exhibited a more pronounced response
than E. coli 25922, as shown in Figs. S7A and S7C. This difference
may be attributed to the primary membrane components: PG in
S. aureus versus PE in E. coli [49,50]. The interaction between
LTX-315 and PG may alter the structure and dynamics of the mem-
brane, leading to an energetically unfavourable configuration that
compromises membrane integrity.

We also examined membrane fluidity, which became more rigid
following the LTX-315 treatment (Fig. 3C). The binding of metal
cations to the phospholipid headgroup increases the average
molecular weight of phospholipids, thus impeding lateral lipid dif-
fusion [47]. The interaction between LTX-315 and POPG likely
causes the latter to become fixed, reducing membrane fluidity. This
was further confirmed in MRSA 43300, where a significant reduc-
tion in fluidity was also observed (Fig. S7B). Next, we assessed
the membrane potential of the bacteria, finding that LTX-315
(1/2 x MIC) significantly affected the potential difference across
the membrane (Fig. 3E). Over time, environmental DNA, RNA,
and protein levels increased, dependent on LTX-315 concentration
compared to untreated controls (Fig. 3F, 3G, 3H). To further con-
firm membrane damage, we employed the ONPG assay, which
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revealed that colourless ONPG was hydrolyzed by B-galactosidase
to produce yellow-on-G, indicating extracellular enzyme activity
and, thus membrane damage (Figs. 31, S7D). Microscopic observa-
tions confirmed the destructive impact of LTX-315 on cell mem-
branes, showing that cells fragmented into smaller pieces, with
some wholly disintegrated (Fig. 3], 3 K). The cell membrane’s
breakdown and intracellular contents’ release were also visually
confirmed (Figs. S7E, S7F). In summary, LTX-315 damages the bac-
terial cell membrane, altering its properties and contributing to its
bactericidal effect. The action mode of LTX-315 is shown in Fig. 4
(A-F).

Effect of LTX315 on intracellular biochemical index

Following our findings on the membrane effects of LTX-315, we
investigated physiological changes within the cells. Damage to
lipids, DNA, and proteins typically elevates intracellular levels of
reactive oxygen species (ROS) [51]. Fig. 5A and S8A show that total
ROS levels in E. coli 25922 and MRSA 43300 increased significantly
with LTX-315 treatment (1/2 x MIC, 1/4 x MIC, 1/8 x MIC). Further
analyses were conducted to identify specific types of ROS. Fig. 5B
and 5D indicate that NO and "OCl levels significantly increased,
while hydroxyl radicals (eOH) showed no notable change
(Fig. 5E). In MRSA 43300, ¢OH levels declined over time, although
NO and "OCl-0Cl exhibited similar increases as in E. coli (Figs. S8B,
S8E, S8F). Additionally, H,O, levels rose significantly, depending
on the concentration of LTX-315 (Fig. 5H, S8I). This high produc-
tion of ROS may disrupt the intracellular redox state.

Subsequently, we measured peroxidase activity to assess ROS
scavenging capacity [52]. Fig. 51 and S8] support our hypothesis,
showing a decreased ability to neutralize ROS. ATP levels were also
evaluated for bacterial survival and cellular processes. Both intra-
cellular and extracellular ATP levels dramatically reduced in
response to LTX-315, with extracellular ATP levels rising concur-
rently (Fig. 5G, S8K). We also measured NAD* and NADH levels,
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Fig. 3. The influence of LTX-315 on the E. coli 25922 membrane (A) The outer membrane permeability of E. coli 25922 under treatment with LTX-315 (1/2 x MIC). (B)
Dynamic determination of membrane integrity in E. coli 25922 under various LTX-315 concentrations (1/2 x MIC, 1 x MIC, 2 x MIC, 4 x MIC). (C) Determination of membrane
fluidity in E. coli 25922 treated with LTX-315 at 1/2 x MIC, 1 x MIC, 2 x MIC. BZ denotes 30 mM benzyl alcohol. (D) Endpoint determination of membrane integrity in E. coli
25922 under LTX-315 treatment at 1/2 x MIC, 1 x MIC, 2 x MIC. (E) Determination of membrane potential in E. coli 25922 under 1/2 x MIC LTX-315 treatment. VAL indicates
5 mg/ml valinomycin. (F) DNA leakage determination in E. coli 25922 treated with LTX-315 at 1/2 x MIC, 1/4 x MIC, 1/8 x MIC. (G) RNA leakage determination in E. coli 25922
treated with LTX-315 at 1/2 x MIC, 1/4 x MIC, 1/8 x MIC. (H) Protein leakage determination in E. coli 25922 treated with LTX-315 at 1/2 x MIC, 1/4 x MIC, 1/8 x MIC. (I) p-
galactosidase activity determination in E. coli 25922 treated with LTX-315 at 1/2 x MIC, 1/4 x MIC, 1/8 x MIC. The substrate used is ortho-Nitrophenyl-p-galactoside (ONPG).
(J) Scanning electron microscopy of untreated E. coli 25922. (K) Scanning electron microscopy of E. coli 25922 treated with 2 x MIC LTX-315. Data are representative of 3
independent experiments + standard deviation. The unpaired student’s t-test calculated statistical significance for (A), (C), and (E), while the nonparametric one-way ANOVA
calculated statistical significance for (D); P < 0.05 was considered significant, while ns was insignificant.

key players in energy metabolism [53]. LTX-315 treatment resulted
in notable decreases in NAD" and NADH, with NADH depletion
being more pronounced, thus significantly increasing the NAD*/
NADH ratio (Fig. 5C, 5F, S8C). Interestingly, MRSA 43300 exhibited
an opposite trend, with increased NAD* and NADH levels leading to
an elevated NAD*/NADH ratio (Figs. S8D, S8G, S8H). The NAD*/
NADH ratio imbalance may hinder ATP synthesis [54]. LTX-315's
impact on membrane properties, such as proton motive force,
could also affect ATP production [55]. In summary, LTX-315
increases intracellular ROS levels (especially NO, “OCl, and H,0,)
while inhibiting peroxidase activity. It also depletes ATP produc-
tion by affecting the NAD*/NADH redox ratio, enhancing its bacte-
ricidal effect.

Safety and in vivo efficacy of LTX315 as an antibiotic

The safety of LTX-315 is crucial for its potential clinical applica-
tion. We assessed LTX-315's safety through several assays. A low
resistance frequency (calculated at < 10~°) was observed, with no
colonies growing after incubation at 37 °C for 48 h. Next, we eval-
uated the impact of LTX-315 on the viability of HEK293 and HepG2
cells. No significant decrease in cell viability was noted (Fig. 6A, B),
indicating low toxicity to these cell lines. Given that mammalian
cells primarily contain phosphatidylcholine (PC), while LTX-315
targets PG, we examined the influence of PC on LTX-315’s bacteri-
cidal effect. As expected, the addition of PC did not affect the MIC of
LTX-315 (Figs. S9A, S9B), explaining the maintained viability in the
above-tested cell lines. We also assessed hemolytic activity,
another critical safety indicator. Fig. 6D shows LTX-315 exhibits
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extremely low hemolytic activity, even at high concentrations
(160 uM). However, LTX-315 did demonstrate varying inhibitory
effects on CYP450 enzymes (Fig. 6C, 6E, 6F), potentially impacting
drug metabolism. Finally, we tested the in vivo efficacy of LTX-315.
Fig. 6G indicates a favourable treatment effect, with LTX-315 sig-
nificantly improving survival rates in mice infected with hypervir-
ulent K. pneumoniae.

Discussion

The phenomenon of antimicrobial resistance is increasingly
severe on a global scale, presenting a significant public health chal-
lenge that transcends national borders and social classes. The
emergence of multi-resistant bacterial strains poses formidable
obstacles to effective clinical treatment. This reality underscores
the need to discover, develop, and synthesize novel antibacterial
compounds. Encouragingly, efforts from research institutions
worldwide have yielded promising results. For instance, teixobac-
tin, a depsi-peptide isolated from uncultured soil bacteria, show-
cases a potent bactericidal effect against Staphylococcus aureus
and Mycobacterium tuberculosis, with a low incidence of resistance
[29]. Similarly, clovibactin, another compound derived from soil
bacteria, effectively combats drug-resistant strains, particularly
gram-negative bacteria, without observable resistance [56]. Fur-
thermore, Zampaloni et al. introduced a novel class of compounds
tailored to target carbapenem-resistant Acinetobacter baumannii
[57], while the short linear peptide SLAP-S25 augments the effec-
tiveness of established antibiotics like colistin and vancomycin,
despite exhibiting minimal antibacterial activity itself [58]. These
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findings are encouraging, yet the antimicrobial spectrum of these
compounds remains limited, highlighting the need for broader-
spectrum agents suitable for various infections.

In this study, LTX-315 exhibited a relatively broad spectrum of
activity, demonstrating significant bactericidal effects against
gram-positive and gram-negative bacteria, including multi-
resistant pathogens. Notably, LTX-315 improved survival rates in
mice infected with hypervirulent Klebsiella pneumoniae resistant
to carbapenems, often considered last-resort treatments. This effi-
cacy suggests that LTX-315 could have broader applications in
combating bacterial infections. Furthermore, its low resistance fre-
quency positions LTX-315 as a promising candidate for clinical tri-
als, particularly in contrast to colistin, which is effective but
frequently leads to resistance [59].

Our analysis of LTX-315’s interactions with phospholipid com-
ponents, particularly PG, revealed insights into its mechanism of
action. By examining NMR spectra, we identified significant inter-
actions between the indole group and the alkyl chain of LTX-315
with the negatively charged phosphate groups of PG. The
hydrophobic microenvironment created by the alkyl chain may
enhance the recognition of phosphate anions in aqueous solutions,
establishing a preferential binding site that increases efficacy [60].
Given the increasing interest in antibacterial peptides, these find-
ings may guide the synthesis of novel peptides with stronger inter-
actions with PG, potentially improving their effectiveness.

Importantly, PG constitutes approximately 20-25 % of the
membrane in E. coli and about 55 % in S. aureus, while it is found
in only about 2 % of mammalian cell membranes [61,62]. This dis-
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parity suggests that LTX-315 exerts its bactericidal effects through
a mechanism that minimally impacts mammalian cells, thus
ensuring selectivity and safety. Additionally, PG presents a viable
target for developing new antibacterial compounds. Advanced
methods such as solid-phase peptide synthesis or microwave-
assisted synthesis could greatly expedite the production of these
peptides, facilitating industrial-scale manufacturing [63,64].

AMPs demonstrate broad-spectrum or specific bactericidal
activity depending on their specific targets. For example, van-
comycin effectively eliminates Gram-positive bacteria by binding
to the D-Ala-D-Ala peptide motif of the peptidoglycan precursor,
thereby inhibiting cell wall synthesis. Conversely, colistin targets
Gram-negative bacteria by displacing magnesium and calcium ions
in the lipopolysaccharide of the outer membrane. Among the com-
mercially available peptide-based antibiotics, only gramicidin D
shows activity against Gram-positive and some Gram-negative
strains [16]. LTX-315, due to the presence of PG in both Gram-
positive and Gram-negative bacteria, demonstrates broad-
spectrum activity. Additionally, PG exists on the membrane, mak-
ing it effective against current multidrug-resistant bacteria.

Concerning safety, the non-specificity of AMPs can lead to cyto-
toxicity, presenting a significant challenge in clinical treatments
[65]. Nephrotoxicity and neurotoxicity are notable and frequent
adverse effects that limit the use of polymyxins [66]. The absence
of PG in mammalian cells grants LTX-315 a certain degree of safety.
Additionally, LTX-315 has demonstrated promising safety perfor-
mance in a phase II clinical trial for metastatic soft tissue sarcoma
[67].
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treatment with LTX-315 (1/2 x MIC, 1/4 x MIC, 1/8 x MIC). Data are indicative of three independent experiments + standard deviation. (B) —OCI content in E. coli 25922
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independent experiments + standard deviation. (G) ATP content in E. coli 25922 treated with LTX-315 at 1 x MIC, 2 x MIC, 4 x MIC. Data are indicative of three independent
experiments + standard deviation. (H) Hydrogen peroxide (H,0;) content in E. coli 25922 treated with LTX-315 at 1/2 x MIC, 1/4 x MIC, and 1/8 x MIC over time. Data are
indicative of three independent experiments + standard deviation. (I) Effect of LTX-315 (1/2 x MIC, 1/4 x MIC, 1/8 x MIC) on the peroxidase activity in E. coli 25922. Error bars
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calculated statistical significance for (A), (B), (C), (D), (E), and (F), while the nonparametric one-way ANOVA was calculated statistical significance (G); P < 0.05 was considered

significant, while ns was insignificant.

As stated in the introduction, bacteria may deactivate antibi-
otics through enzymatic hydrolysis or by altering the binding site
via gene mutation. Consequently, peptides targeting intracellular
components like ribosomes may be more prone to causing drug
resistance. In contrast, LTX-315 inflicts rapid physical damage to
bacterial membranes by strongly binding to PG, reducing the like-
lihood of resistance development [68]. Overall, these advantages of
LTX-315 contribute to overcoming the challenges faced by AMPs.

Inspired by LTX-315, a novel strong binding mechanism with
PG enhances the ability to recognize anions in aqueous environ-
ments, which could catalyze the design of pharmacotherapeutic
agents with improved efficacy. Optimizing the recognition of phos-
phate anions may strengthen electrostatic interactions with bacte-
rial membranes, offering a pathway to enhanced drug
performance. For instance, a series of 1,4,7-triazacyclononan
macrocycles linked by rigid aromatic motifs compounds can bind
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phosphate anions in acidic circumstances [69]. In addition, a
P-loop-type nest contained in a hexapeptide can strongly bind with
dihydrogen phosphate ions in water at neutral pH [70]. The anion-
recognition moiety of C°NN consists of two main-chain amide
hydrogen bonds and a C-H hydrogen bond from the next a-
carbon atom, which can also bind with the phosphate group [71].
Consequently, future research focuses on how the modification
could create hydrophobic, solvent-separated binding domains on
peptides that target the membrane, enhancing their recognition
and binding ability with PG and deepening our understanding.
Moreover, factors like bioavailability and stability are essential
and require thorough evaluation.

In addition, due to bacteria’s rapid evolutionary adaptations,
there is a risk that they may develop resistance to the bactericidal
mechanisms we have described. This could occur through redistri-
bution of lipid components, alterations in membrane charge prop-
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erties, or de novo biosynthesis of specific functional proteins. Such effectiveness in supplementary in vivo models, and investigating
factors must be considered as we discover and synthesize new combination therapies to bolster its antimicrobial efficacy.
compounds targeting bacterial membrane components. Although
this work represents a small step forward, our findings could sig-
nificantly contribute to developing novel antibacterial agents cap-
able of combating multi-resistant bacteria.
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