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SUMMARY
Eosinophils play a crucial role in host defense while also contributing to immunopathology through the
release of inflammatory mediators. Characterized by distinctive cytoplasmic granules, eosinophils securely
store and rapidly release various proteins exhibiting high toxicity upon extracellular release. Among these,
major basic protein 1 (MBP-1) emerges as an important mediator in eosinophil function against pathogens
and in eosinophil-associated diseases. While MBP-1 targets both microorganisms and host cells, its precise
mechanism remains elusive.We demonstrate that formation of small pores byMBP-1 in lipid bilayers induces
membrane permeabilization and disrupts potassium balance. Additionally, we reveal that mitochondrial DNA
(mtDNA) present in eosinophil extracellular traps (EETs) amplifies MBP-1 toxic effects, underscoring the
pivotal role of mtDNA in EETs. Furthermore, we present evidence indicating that absence of CpGmethylation
inmtDNA contributes to the regulation ofMBP-1-mediated toxicity. Taken together, our data suggest that the
mtDNA scaffold within extracellular traps promotes MBP-1 toxicity.
INTRODUCTION

Eosinophils, together with neutrophils and basophils, belong

to the granulocytes, a group of white blood cells (WBCs) derived

in the bone marrow that is characterized by an abundance of

cytoplasmic granules.1 Historically, eosinophils were primarily

seen as cytotoxic effector cells, responsible for defending

against pathogens and participating in allergic and autoimmune

reactions.2 To combat invading pathogens, eosinophils undergo

distinct processes, such as degranulation, respiratory burst, for-

mation of eosinophil extracellular traps (EETs), and phagocy-

tosis.3 While the exact function of eosinophils remains debated,

more recent findings have shown that they also possess proper-

ties related to immune regulation,4–9 maintenance of tissue bal-

ance,9–14 and facilitation of wound healing.9,15–17

Eosinophils store preformed inflammatory mediators in their

cytoplasmic granules, allowing for fast release upon activation.18

The cationic protein major basic protein 1 (MBP-1) plays a crucial

role in both the regulatory and toxic roles of eosinophils.19–21 In

resting eosinophils, MBP-1 is encapsulated in a nanocrystalline

structure within the core of the specific granules, ensuring its

secure storage at high concentrations.20 Upon eosinophil activa-

tion, MBP-1 is rapidly released from crystals and undergoes self-

aggregation.20 Previous research has demonstrated that MBP-1
Cell Reports 43, 114084,
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specifically targets and disrupts the membranes of bacteria

and parasites, leading to lysis and, ultimately, death of the patho-

gens.20,22 On the other hand, dysregulation of MBP-1 release and

function is associated with various diseases, such as asthma.23

We have shown previously that the toxic effect of MBP-1 toward

mammalian cells is attributed to its prefibrillar and fibrillar oligo-

mers formed during the process of amyloid aggregation.20 How-

ever, as these oligomersmature into fibrils, their toxicity is neutral-

ized.20 This process is similarly observed in extracellular MBP-1

deposits with limited tissue damage.20 Such deposits have been

reported under specific pathophysiological conditions triggered

by intense eosinophil degranulation.24–26

In the extracellular space,MBP-1 is also detected in association

with mitochondrial DNA (mtDNA) within the structure of EETs.19

Activated neutrophils,27 basophils,28 and mast cells29 have been

shown to generate similar extracellular structures. These extracel-

lular traps play a multifaceted role in the immune response, de-

fending against various microbes by immobilizing and killing

them to prevent their spread.19,27,30 The associated antimicrobial

mediators released from eosinophils and neutrophils are conve-

niently located adjacent to the extracellular DNA scaffold,

which allows a more focused action of the toxic granule proteins

and a reduction of tissue damage.31,32 Such DNA-containing

extracellular structures released from neutrophils, eosinophils,
April 23, 2024 ª 2024 The Authors. Published by Elsevier Inc. 1
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monocytes, and mast cells have been demonstrated in multiple

infectious as well as allergic and autoimmune diseases,33,34 high-

lighting the delicate balance required in their formation and

resolution. The formation of EETs and neutrophil extracellular

traps (NETs) has been shown to rely on reactive oxygen species

(ROS) production but to be independent of autophagy.35 Further-

more, glycolytic adenosine triphosphate (ATP) production and

cytoskeletal rearrangement are required for the formation of

NETs.36 We have shown that the release of mtDNA is not linked

to either cell death or shortening of eosinophils’ or neutrophils’ life-

span.19,37 Whether eosinophil or neutrophil death occurs during

extracellular trap formation and the source of the released DNA

remain subjects of debate.38 Some studies propose that extracel-

lular traps consist of genomic DNA (gDNA) and that the release

and extracellular trap formation occur upon cell death.39,40

In this study, our main objective is to elucidate the mechanism

of MBP-1 toxicity toward microorganisms and mammalian cells

and to investigate the role of extracellular dsDNA in regulating its

antimicrobial activity. To achieve this, we utilized a specific pep-

tide derived from MBP-1 (termed MBP-118–45) known to mimic

the aggregation propensity and toxicity against bacteria and eu-

karyotic cells of the full-length protein.20 We demonstrate an

additional function of mtDNA within EETs, amplifying MBP-1’s

toxicity. Additionally, our findings contribute further evidence to-

ward elucidating the origin and mechanism of extracellular DNA

in EETs. Our results reveal that the absence of CpG DNAmethyl-

ation plays a crucial role in the regulation of MBP-1’s toxicity,

leading to increased and accelerated activity in the presence

of mtDNA and bacterial DNA but not human gDNA. Furthermore,

heparin, while alleviating MBP-1-mediated damage to mamma-

lian cells, enhances its antibacterial effects, offering promise for

therapeutic applications. Last, our data imply that MBP-1 in-

duces rapid cell death in human bronchial epithelial cells by

causing plasma membrane damage through the formation of

small pores with a resulting imbalance of ion homeostasis.

RESULTS

mtDNA-mediated enhancement of MBP-1 toxicity on
bacteria and human bronchial epithelial cells
MBP-1 is well known for its strong antibacterial characteristics.22

Conversely, its interaction with mammalian cells can lead to host

toxic effects, particularly in eosinophil-related diseases.20,41 To
Figure 1. Toxicity toward microorganisms and mammalian cells media
(A and B) E. coli-GFP (A) and BEAS-2B cells (B) were treated with the indicated

negative control. Cell toxicity was assessed by the loss of GFP (A) or the uptake of

replicates. The assays were performed in duplicates.

(C and D) E. coli-GFP (C) and BEAS-2B cells (D) were treated with MBP-118–45 in c

(1–50 mg/mL) for 1 h. Cell toxicity was assessed by the loss of GFP (C) and the upt

alone (dashed line). Data are representative of 4 independent biological replicate

(E and F) E. coli-GFP (E) and BEAS-2B cells (F) were treated with MBP-118–45 in c

MBP-1*18–45 were used as negative controls. Cell toxicity was assessed by the los

of 3 independent biological replicates. The assays were performed in duplicates

(G and H) E. coli-GFP (G) and BEAS-2B cells (H) were treated with MBP-118–45
Heparin and MBP-1*18–45 were used as negative controls. Cell toxicity was asse

nificance is shown against MBP-118–45 alone (black). Data are representative of 4

All data are represented asmean ±SEM, and p values (ns, not significant; *p < 0.05

with Sidak’s multiple comparisons (A–D) or Dunnett’s multiple comparisons (G and
evaluate the efficacy of MBP-118-45, we tested its bactericidal

activity against Escherichia coli (E. coli) (Figure 1A) as well as

its cytotoxic potential on human bronchial epithelial alveolar cells

(BEAS-2B) (Figure 1B). We used GFP-expressing E. coli, quanti-

fied the reduction in GFP levels as an indicator of bacterial killing

(Figure 1A), and determined the viability of BEAS-2B cells based

on the uptake of propidium iodide (PI) (Figure 1B) upon exposure

to 1–10 mMMBP-118–45. Incubation of both E. coli and BEAS-2B

cells with MBP-118–45 for 1 h resulted in a concentration-depen-

dent reduction of viability (Figures 1A and 1B). We have demon-

strated previously that the toxicity of MBP-1 depends on its abil-

ity to aggregate using a control peptide, termed MBP-1*18–45,

that displayed diminished aggregation propensity, subsequently

leading to a reduction in its toxic capabilities.20 The control pep-

tide was engineered through a three-point mutation, replacing

three amino acids in critical aggregation-prone regions with

proline. These mutations potentially impacted the peptide’s

ability to form secondary structures like b sheets or to engage

in hydrogen bonding. They also altered its hydrophobicity

profile and hindered the proper alignment needed for aggrega-

tion. In line with this, we showed no impact on the viability of

E. coli and BEAS-2B cells after incubation with MBP-1*18–45
(Figures 1A and 1B), confirming the link between MBP-1 aggre-

gation and its toxic functions. We opted for a peptide concentra-

tion of 5 mM in downstream experiments unless specified

otherwise.

Recently, it has been reported that bacterial extracellular DNA

contributes to the aggregation of amyloid proteins.42 MBP-1 is

also found in association with released mtDNA in EETs.19 Mito-

chondria, including their mtDNA, generate similar danger signals

within mammalian cells as bacterial DNA, likely due to their bac-

terial ancestry and relatively low levels of DNA methylation.43

Therefore, we tested the effects of bacterial and human gDNA

at various concentrations ranging from 1–50 mg/mL on MBP-

118–45-mediated toxicity (Figures 1C and 1D). We observed

that bacterial DNA significantly enhanced the toxicity of MBP-

118–45 against E. coli (Figure 1C). Interestingly, lower concentra-

tions of bacterial DNA (1–10 mg/mL) amplified MBP-118–45-medi-

ated cell death of BEAS-2B cells, whereas higher concentrations

led to unaffected or even reduced toxicity (Figure 1D). On the

contrary, higher bacterial DNA concentrations (>20 mg/mL)

induced even higher levels of bactericidal activity (Figure 1C),

indicating a contrasting effect of distinct DNA concentrations
ted by MBP-118–45 in combination with different sources of DNA
concentrations of MBP-118–45 (1–10 mM) for 1 h. MBP-1*18–45 was used as a

PI (B) using flow cytometry. Data are representative of 3 independent biological

ombination with the indicated concentrations of bacterial DNA or human gDNA

ake of PI (D) using flow cytometry. Significances are shown against MBP-118–45
s. The assays were performed in duplicates.

ombination with bacterial DNA, mtDNA, and human gDNA for 1 h. Heparin and

s of GFP (E) or the uptake of PI (F) using flow cytometry. Data are representative

.

in combination with bacterial DNA and human gDNA for the indicated times.

ssed by the loss of GFP (G) or the uptake of PI (H) using flow cytometry. Sig-

independent biological replicates. The assays were performed in duplicates.

, **p< 0.01, ***p< 0.001, ****p < 0.0001) were calculated using two-way ANOVA

H) and ordinary one-way ANOVAwith Tukey’s multiple comparisons (E and F).

Cell Reports 43, 114084, April 23, 2024 3



Article
ll

OPEN ACCESS
on MBP-118–45-mediated toxicity in E. coli or BEAS-2B cells.

Hence, we utilized DNA concentrations of 5 mg/mL for BEAS-

2B cells and 20 mg/mL for E. coli in downstream experiments.

Of note, human gDNA did not show any impact on MBP-

118–45-induced cell death on either bacterial or human cells, in-

dependent of its concentration (Figures 1C and 1D).

Next, we assessed bacterial killing and BEAS-2B cell

death after 1 h of treatment with either MBP-118–45 alone or

in combination with mtDNA, bacterial DNA, and human gDNA

(Figures 1E and 1F). Notably, our findings demonstrated that

mtDNA significantly amplified the toxicity mediated by MBP-

118–45 in both E. coli and BEAS-2B cells, closely resembling

the effect of bacterial DNA (Figures 1E and 1F). Importantly,

we did not observe a similar effect in combination with human

gDNA (Figures 1E and 1F). Bacterial DNA, mtDNA, and human

gDNA individually exhibited no signs of toxicity in E. coli and

BEAS-2B cells when administered alone (Figures 1E and 1F).

Thus, the increased toxicity observed upon combined treat-

ment of MBP-118–45 with bacterial DNA or mtDNA likely arises

from the interaction between MBP-1 and both DNAs rather

than stemming from a cumulative effect of their individual tox-

icities. These findings underscore the role of mtDNA in EETs

and propose a regulatory function for mtDNA in modulating

the toxicity of MBP-1.

We have recently shown the neutralization of MBP-1-medi-

ated toxicity toward host cells with heparin, a known enhancer

of amyloid aggregation that leads to the formation of long,

non-toxic MBP-1 fibrils.20 We confirmed that heparin signifi-

cantly reduced MBP-118–45-induced cell death in BEAS-2B cells

(Figure 1F). Interestingly, heparin increased the antibacterial ac-

tivity of MBP-118–45 to a similar extent as bacterial DNA (Fig-

ure 1E), which could indicate how different aggregation products

have species-specific toxicity.

Next, we assessed bacterial killing and BEAS-2B viability ki-

netics in a time-dependent manner (Figures 1G and 1H). MBP-

118–45 toxicity progressively increased over time, following a

linear trend, which eventually plateaued approximately after

1 h of treatment (Figures 1G and 1H). In the presence of bacterial

DNA, the bactericidal activity of MBP-118–45 reached its highest

level within the first 5 min (Figure 1G). Similarly, bacterial DNA

accelerated MBP-118–45-mediated cell death in BEAS-2B cells,

resulting in about 50% cell death within the first 5 min of treat-

ment, followed by a decelerated incline up to 80% cell death af-

ter 1 h (Figure 1H). Furthermore, although human gDNA induced

a similar rapid increase in MBP-118–45-mediated toxicity in E. coli

within the first 5 min of treatment, its overall effect on bacterial

viability was considerably lower, resembling that of MBP-118–45
alone (Figure 1G). The substantial molecular weight of human

gDNA likely plays a role in accelerating the antimicrobial effect

of MBP-118–45 by impeding bacterial mobility. This restriction

may facilitate MBP-1’s local action, thereby increasing its effi-

cacy. We observed no differences in the kinetics of MBP-

118–45-mediated cell death in BEAS-2B cells when treated in

combination with human gDNA (Figure 1H). As shown previ-

ously, heparin effectively counteracted the toxic effects of

MBP-118–45 on BEAS-2B cells (Figure 1H) while leading to a sig-

nificant increase in the toxicity of MBP-118–45 toward bacteria,

similarly to bacterial DNA (Figure 1G).
4 Cell Reports 43, 114084, April 23, 2024
Influence of CpG DNA methylation status on MBP-1-
mediated toxicity
The toxicity of MBP-1 was highly influenced by the presence

of mtDNA (Figures 1E and 1F). This interaction is also found

in vivo within the formation of EETs, where the negatively

charged mtDNA acts as a scaffold to trap microorganisms

while concentrating positively charged granule proteins.19

We stained isolated primary eosinophils from the peripheral

blood of mice genetically modified to express GFP-tagged

mitochondria with Hoechst 33342 to visualize the nucleus

and MitoSOX Red to detect mitochondrial extracellular

DNA.44 Next, we co-cultured BEAS-2B cells with the eosino-

phils primed with granulocyte-macrophage colony-stimulating

factor (GM-CSF) and activated with complement component

5a (C5a).45 Prior to co-culture, we stained the BEAS-2B cells

with Hoechst 33342 and CellTracker Deep Red. Using live-cell

confocal microscopy, we monitored the in vitro formation of

EETs (Figure 2A). Our observations revealed the presence of

viable eosinophils with mitochondria translocated to the

plasma membrane, releasing mtDNA into the extracellular

space. This mtDNA trap was observed to extend across and

covering a portion of the plasma membrane of a BEAS-2B

cell. Additionally, BEAS-2B cells displayed signs of cell death

within 1 h of co-culture with GM-CSF-primed and C5a-acti-

vated eosinophils.

Remarkably, mtDNA has been reported previously to exhibit

low CpG methylation levels similar to bacterial DNA46,47 and

could induce a similar enhancement in MBP-1-mediated

toxicity (Figures 1E–1H). We confirmed CpGmethylation status

of mtDNA and bacterial DNA in our samples, which showed

comparably low methylation in contrast to the highly methyl-

ated nature of human gDNA (Figure 2B). To elucidate the poten-

tial role of CpG DNA methylation on the toxicity of MBP-1, we

artificially introduced methylation in bacterial DNA (mbacterial

DNA) through the overexpression of the gene encoding for

DNA methyltransferase in E. coli (Figure 2B). Moreover, we

reversed the CpG island methylation in human gDNA (dmhu-

man gDNA) using the DNA methyltransferase inhibitor 5-aza-

20-deoxycytidine (5-aza-20-CdR) (Figure 2B). Interestingly,

mbacterial DNA displayed a negligible impact on MBP-118–45–

mediated toxicity toward both E. coli and BEAS-2B cells,

analogous to the responses observed with human gDNA

(Figures 2C and 2D). In contrast, dmhuman gDNA significantly

elevated the toxicity mediated by MBP-118–45, similar to bacte-

rial DNA (Figures 2C and 2D). Taken together, these findings

emphasize the involvement of CpG DNA methylation in the

modulation of MBP-1 toxic effects.

Rapid membrane permeabilization in MBP-1-treated
human bronchial epithelial cells
Although being recognized for its toxicity toward mammalian

cells for several years,41 the specific type of cell death

induced by MBP-1 remains largely unexplored. To clarify the

MBP-1-mediated cell death mechanism, we used a number

of distinct pharmacological inhibitors targeting various forms

of cell death, including apoptosis, necroptosis, pyroptosis,

ferroptosis, and parthanatos, as well as inhibitors that affect

cellular processes such as ROS production, cytoskeletal



Figure 2. Toxicity toward microorganisms and mammalian cells mediated by MBP-118–45 in combination with methylation-modified DNA

(A)Mouse peripheral blood eosinophils with stable expression ofMitoGFP (green) were stainedwith Hoechst 33342 (blue) andMitoSOX (red). BEAS-2B cells were

stained with Hoechst 33342 (blue) and CellTracker Deep Red (white). Eosinophils were primed with GM-CSF and co-cultured with BEAS-2B cells before acti-

vation with C5a. An arrow indicates the released mtDNA. Scale bars, 10 mm. Images are representative of 2 technical replicates with 2 culture replicates.

(B) 5-methylcytosine (5mC) methylation of mtDNA, bacterial DNA, methylated bacterial (mbacterial) DNA, human gDNA, and demethylated human (dmhuman)

gDNA was analyzed using an ELISA. Data are representative of 3 independent biological replicates.

(C and D) Viability assay. E. coli-GFP (C) and BEAS-2B cells (D) were treated with MBP-118–45 in the presence or absence of bacterial DNA, mbacterial DNA,

human gDNA, and dmhuman gDNA for 1 h. Cell toxicity was assessed by the loss of GFP (C) or the uptake of PI (D) using flow cytometry. Data are representative

of 3 independent biological replicates. The assays were performed in duplicates.

All data are represented as mean ± SEM, and p values (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001) were calculated using ordinary one-way ANOVA with

Tukey’s multiple comparisons (B–D).
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rearrangement, and glycolysis (Figure S1; Table S1). None of

the agents tested could inhibit MBP-118–45-mediated cell

death (Figure S1). Next, we set out to perform live-cell imaging

by confocal microscopy to better understand the process of

cell death mediated by MBP-1. We stained BEAS-2B cells

with the viable cell indicator calcein AM and cell death indica-

tor ethidium homodimer 1 as well as Hoechst 33342 to visu-

alize the nuclei (Figure 3A). Within a time span of 15 min in

the presence of MBP-118–45, BEAS-2B cells exhibited notice-

able shrinkage (Figure 3A). After 30 min, we observed the

release of calcein from the cells and a decrease in fluores-

cence intensity of Hoechst 33342 followed by the uptake of

ethidium homodimer 1 in the nuclei, indicating nuclear mem-

brane permeabilization approximately 40–50 min after the

addition of MBP-118–45 (Figure 3A). These observations are
consistent with the prior finding that MBP-1 exerts its effects

on membranes, leading to their disruption.20,22

To investigate the specific form of membrane damage caused

by MBP-1, we explored the impact of punicalagin, a recognized

inhibitor of plasma membrane permeabilization,48 and glycine, a

known inhibitor of plasma membrane rupture,49 on the toxicity

induced by MBP-118–45 toward BEAS-2B cells (Figure 3B). Puni-

calagin significantly reduced the toxicity of MBP-118–45 even in

combination with mtDNA (Figure 3B). In contrast, no effect on

MBP-118–45-mediated toxicity was observed with glycine (Fig-

ure 3B). Plasma membrane permeabilization entails changes to

the membrane’s integrity without complete disruption of the lipid

bilayer, enabling the uncontrolled passage of molecules and

ions.50 In contrast, plasma membrane rupture involves the com-

plete breakdown of the cell membrane, leading to irreversible
Cell Reports 43, 114084, April 23, 2024 5



Figure 3. Time-dependent permeabilization of the plasma membrane mediated by MBP-118–45
(A) BEAS-2B cells were treated with MBP-118–45 for the indicated times. The cells were stained with Hoechst 33342 (blue), calcein AM (green), and ethidium

homodimer 1 (red) to determine cell viability using live-cell confocal microscopy. Scale bars, 40 mm. Images are representative of 3 independent biological

replicates.

(B) BEAS-2B cells were pretreated with punicalagin (50 mM) or glycine (5 mM) for 30 min before treatment with MBP-118–45 in the presence or absence of mtDNA.

Cell toxicity was assessed by the uptake of PI using flow cytometry. Data are representative of 3 independent biological replicates. The assay was performed in

duplicates.

(C and D) BEAS-2B cells were pretreated with punicalagin (50 mM) for 30min before treatment withMBP-118–45 in the presence or absence ofmtDNA. Heparin and

MBP-1*18–45 were used as negative controls. SLO was used as a positive control. Transepithelial electrical resistance (TEER) was measured across epithelial

monolayers at the indicated time points. TEER values are shown as fold change to untreated cells. Significances are shown against MBP-118–45 alone (black) or, in

the case of punicalagin, against the corresponding condition. Data are representative of 3 independent biological replicates.

All data are represented as mean ± SEM, and p values (p < 0.05, **p < 0.01, ***p < 0.001) were calculated using ordinary one-way ANOVA with Tukey’s multiple

comparisons (B) and two-way ANOVA with Dunnett’s multiple comparisons (C) or Tukey’s multiple comparisons (D).
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damage.51 To confirm the impact of MBP-118–45 on membrane

permeability, we performed transepithelial electrical resistance

(TEER) measurements in BEAS-2B cells (Figures 3C and 3D).

We observed decreased electrical resistance over time upon

the addition of MBP-118–45, confirming membrane permeabiliza-

tion (Figure 3C). Moreover, the reduction occurred immediately

upon addition of MBP-118–45, indicating a rapid action of MBP-

118–45 on the plasmamembrane. The reduction in electrical resis-

tance was significantly more profound with MBP-118–45 in com-

bination with mtDNA (Figure 3C). Interestingly, this reduction

was comparable with the decrease in electrical resistance

observed with the addition of streptolysin O (SLO), a bacterial

pore-forming toxin.52 The addition of heparin rescued the

decrease in electrical resistance (Figure 3C), which was in line

with our previous finding that heparin neutralizes MBP-1-medi-

ated toxicity on human cells (Figures 1F and 1H). Punicalagin

significantly decreased the permeabilization of the plasmamem-

brane induced byMBP-118–45 alone or together withmtDNA (Fig-

ure 3D), in accordance with the observed reduction in toxicity

(Figure 3B).
6 Cell Reports 43, 114084, April 23, 2024
MBP-1-mediated membrane damage in human
bronchial epithelial cells
Scanning electronmicroscopy imaging revealed the formation of

ring-like structures (yellow dashed lines) composed of MBP-

118–45 aggregates binding to the plasma membrane of BEAS-

2B cells, causing evident membrane damage (red dotted

lines) within these formations (Figure 4A). These aggregates

started to form as early as 10 min after MBP-118–45 treatment

and grew in size over time (Figure S2A). Moreover, the

extent of membrane damage increased progressively over time

(Figures 4A and S2). While the ring structures of MBP-118–45 ag-

gregates (yellow dashed lines) remained largely unaffected in the

presence of heparin and punicalagin, the integrity of the mem-

brane was preserved, thus validating the protective effect of

these two agents (Figure 4A).

Consistently, transmission electron microscopy (TEM) of

BEAS-2B cells revealed membrane damage in close proximity

to MBP-118–45 aggregates (Figures 4B and 4C). The extent of

the damage induced by MBP-118–45 significantly increased

over time (Figure 4B), following a similar trend as observed in



Figure 4. Plasma membrane damage in MBP-118–45-

treated human bronchial epithelial cells

(A) BEAS-2B cells were pretreated with punicalagin (50 mM) or

glycine (5 mM) for 30 min before treatment with MBP-118–45 in

the presence or absence of mtDNA for 1 h. Heparin was used

as a negative control. The cells were fixed and analyzed by

scanning electron microscopy. Yellow dashed lines indicate

the ring-like structures of MBP-118–45 peptide aggregates. Red

dotted lines indicate the area with membrane damage within

the ring-like structures of MBP-118–45 peptide aggregates.

Scale bars, 1 mm. Images are representative of 2 independent

biological replicates.

(B and C) BEAS-2B cells were pretreated with punicalagin

(50 mM) or glycine (5mM) for 30min for the indicated conditions

before treatment with MBP-118–45 in the presence and

absence of mtDNA for 1 h. Heparin was used as a negative

control. The cells were fixed and analyzed by TEM. Left:

quantification of the plasma membrane damage. Sums of

membrane damage are normalized to the length of the plasma

membrane shown. Each dot represents a single cell. Right:

arrows indicate membrane damage. Arrowheads indicate

MBP-118–45 peptide aggregates. Scale bars, 250 nm. Images

are representative of 2 independent biological replicates.

All data are represented as mean ± SEM, and p values

(**p < 0.01, ****p < 0.0001) were calculated using ordinary one-

way ANOVA with Tukey’s multiple comparisons (B and C). See

also Figure S2.
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MBP-118–45-mediated death of BEAS-2B cells (Figure 1H). The

addition of mtDNA caused a significantly higher degree of mem-

brane damage within 10 min of treatment compared with MBP-

118–45 treatment alone (Figure 4B). These findings align with pre-

vious results that demonstrated increased toxicity (Figures 1F

and 1H) as well as elevated membrane permeabilization (Fig-

ure 4C) induced by MBP-118–45 in combination with mtDNA,

particularly during the early time points. Furthermore, the mem-

brane damage induced byMBP-118–45 was significantly reduced

by heparin (Figure 4C), consistent with the reduced toxicity

observed in BEAS-2B cells (Figures 1F and 1H). Punicalagin

led to significantly decreased membrane damage in contrast

to glycine (Figure 4C), which correlates with the diminished toxic

effect of MBP-118–45 in punicalagin-pretreated BEAS-2B cells

(Figure 3B). Taken together, we confirm that MBP-1 induces

damage to the plasma membrane, leading to its permeabiliza-

tion, a process that is accelerated by mtDNA.

Formation of small pores by MBP-1 in lipid bilayers
To understand the minimal requirements for membrane damage

induced by MBP-118–45, we investigated the leakage of 5(6)-car-

boxyfluorescein (CF) from liposomes that mimic the composition

of mammalian plasma membranes53 (natural lipids) and 1,2-dio-

leoyl-sn-glycero-3-phosphochline (DOPC) liposomes after addi-

tion of MBP-118–45. MBP-118–45 prompted an immediate and

concentration-dependent leakage of CF from natural liposomes

(Figure 5A), resembling the concentration-dependent cytotoxic

effect of MBP-118–45 on BEAS-2B cells (Figure 1B). CF release

from natural liposomes was not observed in combination with

heparin or with MBP-1*18–45 (Figure 5B). These findings confirm

the interaction of MBP-1 with lipid bilayers and suggest that its

aggregation is a prerequisite for its action on the cell membrane.

It’s worth noting that DOPC liposomes possessing an overall

neutral charge displayed a comparable release of CF when

exposed to 2.5 mM MBP-118-45 (Figure 5A). In contrast, at lower

concentrations (1 and 0.5 mM) of MBP-118–45, no CF release was

induced in DOPC liposomes. These findings imply that, although

MBP-1 has a toxic impact on both types of liposomes, it demon-

strates greater efficacy in disrupting lipid bilayers comprised of

natural lipid compositions compared with those with a neutral

composition.
Figure 5. Pore formation by MBP-118-45 in liposomes

(A and B) Natural liposomes (total soy extract, total liver extract, cholesterol, and s

indicated concentrations of MBP-118–45. DMSO, MBP-1*18–45, and heparin were

was analyzed using a PTI fluorescence spectrophotometer. Arrowheads indicate

maximal fluorescence after complete solubilization of liposomes with Triton X-10

(C–E) GUVs (total soy extract, total liver extract, cholesterol, and sphingomyel

treatment with 2.5 mM MBP-118–45 in the presence or absence of mtDNA for 1

fluorescent dyes, and dye leakage was observed using inverted fluorescence ima

1*18–45, HPTS; MBP-118–45, 10 kDa), 8 (MBP-118–45 + mtDNA, HPTS), 10 (MBP-1

(MBP-118–45 + mtDNA, calcein), 9 (MBP-118–45, 3 kDa; MBP-118–45 + mtDNA, 3 k

mtDNA, 10 kDa) technical replicates of GUV dye leakage.

(C) GUVs are visualized using Liss Rhod PE (red) and encapsulated with HPTS (g

(D) Dye leakage over time of GUVs encapsulating HPTS is presented as heatmap

the lumen of the GUVs. GUVs are ordered according to the time point when 50%

(E) GUVs encapsulated either HPTS, calcein AM, Texas Red 3,000molecular weig

as the endpoint measurement after 10 min of treatment. Fluorescence was norm

All data are represented asmean ± SEM, and p values (*p < 0.05, **p < 0.01, ****p <

comparisons (E). See also Figure S3.
To shed light on the specific nature of membrane damage, we

studied the release of 8-hydroxypyrene-1,3,6-trisulfonic acid,

trisodium salt (HPTS) from giant unilamellar vesicles (GUVs)

mimicking the composition of mammalian cell membrane53 us-

ing confocal fluorescence microscopy (Figure 5C). We demon-

strated that the addition of MBP-118–45, alone as well as in com-

bination with mtDNA, leads to the complete loss of dye after

10 min, while MBP-1*18–45 caused no dye leakage (Figure 5C).

Furthermore, the GUV membrane, stained using fluorescently

labeled lipids, remained largely intact during the leakage process

(Figure 5C), indicating that the leakage of dye was attributed to

the formation of discrete pores in the membrane rather than an

overall loss of integrity. In line with the previous results, punica-

lagin significantly reduced the dye loss (Figures 5C and 5D). The

kinetics of dye leakage showed how mtDNA significantly accel-

erated the release of HPTS from the vesicles (Figure 5D).

To approximate the size of the formed pore, we assessed

the release of distinct dyes with various molecular weights

from GUVs (Figure 5E). MBP-118–45 led to the complete loss of

HPTS (0.5 kDa) and partial release of calcein (0.6 kDa) after

10 min, while 3 kDa and 10 kDa dextrans remained trapped in-

side the GUVs (Figure 5E). Notably, the presence of mtDNA

not only induced significant increased leakage of calcein upon

MBP-118–45 treatment (Figure 5E) but also accelerated its release

(Figures S3A and S3B). Alamethicin, a fungal pore-forming pep-

tide,54 induced release of the 10 kDa dextran, acting as a positive

control (Figure S3C). These findings collectively suggest that the

pores created by MBP-118–45 are relatively small in size, with

a molecular weight permeability threshold of approximately

1 kDa (Figure 5E).

Interaction of MBP-1 with lipid bilayers
Cryoelectron microscopy (cryo-EM) has emerged as a powerful

tool for elucidating the structural aspects of pores formed by a

wide array of proteins.55,56 Consequently, we employed cryo-

EM to gain more detailed insight into the process of pore forma-

tion by MBP-1, exposing liposomes mimicking plasma mem-

brane lipid composition53 to MBP-118–45 treatment (Figure 6).

We observed a number of liposomes with disrupted lipid bilayers

(arrows) (Figure 6A), confirming the findings from the CF

leakage experiments (Figure 5D). Moreover, we identified larger
phingomyelin; 4:4:1:1 ratio) and neutral liposomes (DOPC) were treated with the

used as negative controls. Liposomes were loaded with CF, and dye leakage

the addition of peptide or DMSO after 20 s. Fluorescence was normalized to

0. Data are representative of 2 independent biological replicates.

in; 4:4:1:1 ratio) were pretreated with punicalagin (50 mM) for 30 min before

0 min. MBP-1*18–45 was used as a negative control. GUVs were loaded with

ging. Data and images are representative of 13 (MBP-118–45, HPTS), 20 (MBP-

18–45 + punicalagin, HPTS; MBP-118–45, calcein), 7 (MBP-1*18–45, calcein), 12

Da), 21 (MBP-1*18–45, 3 kDa), 14 (MBP-1*18–45, 10 kDa), and 5 (MBP-118–45 +

reen). Scale bars, 10 mm.

s. Color corresponds to fluorescence intensity as percentage that is retained in

leakage was observed.

ht (MW) dextran, or Texas Red 10,000MWdextran. Dye leakage is represented

alized to maximal fluorescence before MBP-118–45 addition.

0.0001) were calculated using ordinary one-way ANOVAwith Tukey’s multiple
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aggregates of MBP-118–45 extending across multiple liposomes

(Figure 6B). Within these groups of liposomes, evidence of

disruption of the bilayers was also detected (Figure 6B, arrow-

heads). However, we did not uncover a distinct pore structure

adjacent to these lipid disruptions (Figure 6A), likely due to its

anticipated small size of approximately less than 1 kDa of

leakage molecule size (Figure 5C).

While previous studies have demonstrated the impact of

MBP-1 on the membranes of diverse organisms,20,22,57 the pre-

cise mechanism of these interactions remains largely unidenti-

fied. Cholesterol plays a crucial role in the structure and function

of eukaryotic cell membranes.58 Moreover, it acts as an interac-

tion partner for several pore-forming mediators; for example,

amyloid proteins such as b-amyloid and a-synuclein59 or pro-

teins of the cholesterol-dependent cytolysin (CDC) family.60,61

Thus, we depleted cholesterol from the plasma membrane of

BEAS-2B cells by adding methyl-b-cyclodextrin (MbCD) for 1 h

before treatment with MBP-118–45 (Figure 6C). SLO, belonging

to the CDC family,60,61 exerts its cytotoxic effect through its

binding to cholesterol in mammalian cell membranes.62 This

interaction triggers the oligomerization of SLO, resulting in the

formation of pores and, finally, cell lysis.63 We observed a signif-

icant increase in BEAS-2B cell death upon treatment with SLO

that was significantly reduced upon pretreatment with 1 mM

and 2.5 mM MbCD (Figure 6C), confirming the depletion of

cholesterol from the plasma membrane. However, various con-

centrations of MbCD (0.5–10 mM) exhibited no effect on MBP-

118–45-mediated toxicity toward BEAS-2B cells (Figure 6C).

Aminosterols have been recognized recently for their ability to

prevent toxicity of some pore-forming toxins by integrating

into the membrane.64 This incorporation resulted in a less

negative charge of the membrane, along with a redistribution

of cholesterol and ganglioside GM1 molecules.64 Pretreatment

with various concentrations of claramine trifluoroacetate salt

(0.5–10 mM) for 30 min failed to confer protection for BEAS-2B

cells against MBP-118–45 (Figure 6D). Interestingly, the highest

concentration of claramine trifluoroacetate salt employed

(10 mM) amplified MBP-118–45-mediated toxicity (Figure 6D).

Apart from cholesterol, sphingomyelin is prevalent in

lipid rafts, playing a crucial role as an interaction partner for

various pore-forming toxins.65,66 However, after administrating

sphingomyelinase (0.001–1 U/mL) for 1 h to BEAS-2B cells to

deplete sphingomyelin from the plasma membrane, there

was no observed reduction of MBP-118–45-mediated toxicity

(Figure 6E).

Collectively, these findings confirm thatmembrane charge has

little effect on MBP-1 toxicity and that neither cholesterol nor
Figure 6. Characterization of MBP-1 interaction with lipid bilayers

(A and B) Liposomes (total soy extract, total liver extract, cholesterol, and sphin

posomes were deposited onto a copper grid, plunged into liquid ethane, and an

Arrowheads indicate MBP-118–45 peptide aggregates. Scale bars, 100 nm. Imag

(C–E) BEAS-2B cells were pretreated with the indicated concentrations of methy

10 mM) for 30 min, or sphingomyelinase (0.001–1 U/mL) for 1 h, followed by treatm

used as a positive control. Cell toxicity was assessed by the uptake of PI using flow

assays were performed in duplicates.

All data are represented as mean ± SEM, and p values (*p < 0.05, **p < 0.01, ***p

Tukey’s multiple comparisons (C–E).
sphingomyelin is a crucial interaction partner to anchor MBP-1

tomembranes. This is largely expected due to our demonstrated

effects of MBP-1 in cholesterol-free bacterial membranes20

(Figures 1A, 1C, 1E, and 1G), which further emphasizes the

broad ability ofMBP-1 to interact with bilayers of diverse compo-

sition to elicit permeabilization.

Impact of MBP-1 on cellular ion homeostasis
The formation of pores in cell membranes has the potential to

significantly impact cellular ion concentrations, thereby disturb-

ing their equilibrium and potentially resulting in cellular dysfunc-

tion.50 To investigate this phenomenon, we examined the intra-

cellular levels of potassium and calcium during the course of

MBP-118–45 treatment (Figure 7).

Using the potassium-specific dye IPG-1, we observed a signif-

icant reduction in intracellular potassium levels within BEAS-2B

cells as early as 10 min into the treatment with MBP-118–45 (Fig-

ure 7A). Additionally, the presence of mtDNA further contributed

to the reduction in potassium concentration during the initial

10 min of treatment (Figure 7A). In agreement with its protective

effect on MBP-118–45-mediated toxicity against BEAS-2B cells

(Figure 1F), heparin completely inhibited the induced potassium

efflux (Figure 7A).

To assess the intracellular calcium levels, we employed Fluo-3

staining in combination with live-cell confocal microscopy (Fig-

ure 7B). In contrast to the observed decrease in intracellular po-

tassium levels (Figure 7A), we did not detect any apparent

calcium influx in BEAS-2B cells in response to MBP-118–45 (Fig-

ure 7B). Similarly, the presence of mtDNA did not lead to

elevated levels of intracellular calcium in BEAS-2B cells when

exposed to MBP-118–45 (Figure 7B). On the other hand, ionomy-

cin, a well-known Ca2+ ionophore,67 induced a significant in-

crease in intracellular calcium concentration (Figure 7B). Collec-

tively, our findings demonstrate that MBP-1 initiates a rapid

potassium efflux, disrupting the cellular ion homeostasis in hu-

man bronchial epithelial cells.

DISCUSSION

The antibacterial activity of MBP-1 was discovered decades

ago,22 alongside its cytotoxic properties and involvement in

allergic, infectious, and autoimmune diseases.23,41 We have

demonstrated previously that the regulation of MBP-1 toxicity

encompasses its crystallization inside the eosinophil itself

as well as its amyloidogenic aggregation in the extracellular

space.20 However, the precise mechanism by which MBP-1 ex-

erts its toxicity remains largely elusive.
gomyelin; 4:4:1:1 ratio) were treated with 1 mM MBP-118–45 for 20 min. The li-

alyzed by TEM. Arrows indicate perturbations to the lipid bilayer of liposomes.

es are representative of 3 independent biological replicates.

l-b-cyclodextrin (MbCD) (0.5–10 mM) for 1 h, claramine trifluoramine acid (0.5–

ent with MBP-118–45 for 1 h. Heparin was used as a negative control. SLO was

cytometry. Data are representative of 3 independent biological replicates. The

< 0.001, ****p < 0.0001) were calculated using ordinary one-way ANOVA with
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Figure 7. Changes in ion concentrations in MBP-118–45-treated human bronchial epithelial cells

(A) BEAS-2B cells were treated with MBP-118–45 in the presence and absence of mtDNA for the indicated time. Heparin was used as a negative control. The cells

were stainedwith IPG-1 AMand potassium concentration was assessed using flow cytometry. Data are representative of 3 independent biological replicates. The

assay was performed in duplicates.

(B) BEAS-2B cells were stained with Fluo-3 AM (green) and Hoechst 33342 (blue) and analyzed immediately upon treatment with MBP-118–45 in the presence or

absence of mtDNA using live-cell confocal microscopy. Ionomycin was used as a positive control. Left: quantification of the calcium levels was performed by

automated analysis of microscopy images using Imaris software. Significances are shown against MBP-118–45 alone (black). Right: bars, 20 mm. Data are

representative of 3 independent biological replicates. The assay was performed in duplicates.

All data are represented as mean ± SEM, and p values (*p < 0.05, **p < 0.01, ***p < 0.001) were calculated using ordinary one-way ANOVA with Tukey’s multiple

comparisons (A) and two-way ANOVA with Dunnett’s multiple comparisons (B).
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In this study, we confirmed that MBP-1 toxicity arises from

self-aggregation, as demonstrated by a control peptide with

reduced aggregation propensity20 (Figures 1A and 1B). On the

other hand, the formation of large fibrils by heparin neutralizes

the toxic capacity of MBP-1 against BEAS-2B cells (Figure 1F)

while increasing the antibacterial properties of MBP-1 (Fig-

ure 1E). In our previous work, we demonstrated that MBP-1-

induced toxicity is attributed to prefibrillar and fibrillar oligo-

mers.20 In contrast, for other amyloid proteins, toxicity is linked

to the presence of fibrils.68 The variation in how heparin affects

MBP-1-induced toxicity toward mammalian cells and bacteria

may serve as a host defense mechanism, potentially eliminating

invading bacteria while protecting the surrounding host tissue.

We have reported previously that MBP-1 induces a rapid cell
12 Cell Reports 43, 114084, April 23, 2024
death with morphological features resembling apoptosis but is

unaffected by the pan-caspase inhibitor quinoline-Val-Asp-di-

fluorophenoxymethylketone (Q-VD-OPh).20 Using numerous

pharmaceutical inhibitors against various effectors of cell death,

including caspases, kinases, or poly(ADP-ribose) (PAR) poly-

merization, we demonstrate that the MBP-1 mechanism of ac-

tion is distinct in that it does not induce any of the described

regulated cell death types (Figure S1). Furthermore, previous

findings have suggested that MBP-1 acts primarily on the very

diverse membranes of microorganisms and mammalian cells,

leading to their disruption and, ultimately, cell death.20,22,57

Here, we demonstrate that MBP-1 induces permeabilization of

the plasma membrane (Figure 3C), a process that can be signif-

icantly diminished by punicalagin (Figure 3D). However,
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punicalagin does not entirely block the toxicity mediated by

MBP-1 (Figure 3B), suggesting that the toxicity of MBP-1 might

be more complex, possibly involving multiple modes of action.

Additionally, BEAS-2B cells pretreated with punicalagin show a

gradual decrease in electrical resistance, which initiates around

50–60 min into the MBP-1 treatment (Figure 3D), indicating

that punicalagin might retard the membrane permeabilization

induced by MBP-1 rather than achieving complete inhibition.

Disruption of the integrity of the cell membrane is often

observed in the presence of amyloid proteins, antimicrobial pep-

tides, or other pore-forming proteins, all of which possess the

capability to initiatemembrane permeabilization and pore forma-

tion.59,69,70 Our data reveal that MBP-1 induces dye release from

GUVs without visible disruption of the bilayer, indicating that

MBP-1 exerts its action on the bilayer primarily through discrete

pore formation (Figure 5C). Furthermore, by employing dyes of

distinct molecular weights, we could estimate the approximate

size of these pores to be about 1 kDa (Figure 5E). Cryo-EM anal-

ysis of liposomes treated with MBP-1 reveals small perturba-

tions in the lipid bilayer, although the presence of a distinct

pore structure is not evident, possibly due to the small pore

size or membrane composition (Figures 6A and 6B). Interest-

ingly, although the pore size of MBP-1 remains consistent in

the presence of mtDNA (Figures 5E and S3), we observe notable

differences in the speed of dye leakage (Figures 5D and S3).

These findings suggest that mtDNA might augment the number

of pores formed rather than altering their size, therefore leading

to increased toxicity of MBP-1.

MBP-1 targets the membrane of various microorganism and

mammalian cells,9,22,41 demonstrating a clear, non-selective

mode of action. Scanning electron microscopy imaging reveals

the formation of MBP-1 ring-like structures on the surface of

BEAS-2B cells (Figures 4A and S2). Notably, membrane damage

predominantly occurs within these structures. Moreover, TEM

analysis provides confirming evidence that the degree of mem-

brane damage increases over time, similar to the documented

cytotoxicity mediated by MBP-1 (Figure 4B). Importantly, we

could observe a level of membrane damage comparable with 1

h treatment with MBP-1 within minutes of combined treatment

with MBP-1 and mtDNA (Figure 4B), explaining the accelerated

rate of toxicity observed in human cells and bacteria. Here, we

demonstrate that neither changes nor redistribution of lipid

composition in the plasma membrane of BEAS-2B cells affect

the toxicity mediated by MBP-1 (Figures 6C and 6D). Notably, li-

posomes composed of more neutral charged lipids display

evident variation in dye leakage when exposed to lower concen-

trations of MBP-1 (0.5–1 mM) in comparison with liposomes

mimicking mammalian plasma membrane lipid composition

(Figure 5A). These observations might suggest a role of nega-

tively charged lipids in accelerating the destabilization of the lipid

bilayer induced by MBP-1, although further experiments are

needed to firmly establish this relationship.

Maintaining the integrity of the plasma membrane is a critical

requirement to ensure the normal function and viability of cells.

Any breach of integrity results in the unregulated passage of

ions, molecules, and cellular components that ultimately result

in cellular dysfunction and toxic effects.69 Our data reveals that

MBP-1 induces a rapid efflux of potassium in BEAS-2B cells (Fig-
ure 7A), which might be the leading cause of the striking

observed shrinkage of the cells (Figure 3A). Potassium efflux is

commonly linked to a decrease in cell volume due to osmotic ad-

justments71 as well as alterations in membrane potential.72,73

Likewise, numerous amyloidogenic proteins are associated

with the disruption of membrane structural integrity, loss of crit-

ical ion gradients, and cell membrane depolarization.74 In

contrast, our findings suggest that the intracellular calcium levels

remain unaffected by MBP-1 (Figure 7B). This outcomemight be

influenced by various factors, including the positively charged

nature of MBP-1. However, further investigations are necessary

to fully elucidate the impact and possible mechanisms of MBP-1

on intracellular calcium concentrations.

MBP-1 is also found in association with mtDNA as a part of the

extracellular structures of EETs.19 These structures are known to

play a role in host defense19 but also in the immunopathology of

several eosinophil-associated diseases.34 Previous studies have

proposed that mtDNA acts as a scaffold, trapping microorgan-

isms to facilitate the host defense action of granule proteins34

while simultaneously limiting their impact to the trappedmicroor-

ganism and protecting the surrounding host tissue.34 Further-

more, mtDNA acts as a danger signal in mammalian cells due

to its low level of CpGmethylation andmight therefore potentiate

the immune response of granulocytes when extracellular traps

are formed.38 In this study, we show evidence that the mtDNA

scaffold alters MBP-1 toxicity by amplifying and accelerating

its impact on the viability of both bacteria (Figure 1E) and

mammalian cells (Figure 1F). Moreover, this phenomenon is

similarly observed with bacterial DNA but not human gDNA

(Figures 1C–1F), indicating that low CpG DNA methylation levels

play a pivotal role in the regulation of MBP-1 toxicity. Further-

more, enhanced methylation of bacterial DNA counteracts the

augmenting effect on MBP-1, emphasizing that the absence of

CpG DNA methylation is the key element behind the alteration

of MBP-1-mediated toxicity (Figures 2C and 2D). Recent studies

demonstrate that bacterial DNA enhances the neurotoxic effects

of b-amyloid and tau protein by promoting and accelerating their

amyloid aggregation,42,75 indicating a possible shared mecha-

nism involving non-methylated DNA in the aggregation of amy-

loidogenic proteins. It is important to note that, by verifying the

salient role of mtDNA, but not human gDNA, in MBP-1-mediated

cytotoxicity, our data add another line of evidence to the origin

and mechanism of extracellular DNA composing EETs.

Collectively, our findings confirm that MBP-1 non-selectively

targets pathogens and mammalian cells and therefore plays a

role in both host defense and eosinophil-mediated immunopa-

thology. Furthermore, our findings unveil an additional role of

mtDNA within EETs, significantly amplifying MBP-1-mediated

toxicity. In accordance with our data, in vivo evidence shows

that EETs in eosinophilic diseases such as asthma are associ-

ated with increased inflammation.76 Additionally, our study

significantly contributes to the ongoing debate concerning the

origin of DNA in extracellular traps. While some studies propose

nuclear DNA release due to cell death in eosinophils in a process

termed EETosis,39 our work emphasizes the regulatory impact of

mtDNA on MBP-1’s toxicity, underscoring its significance within

EETs.Moreover, we uncovered a link betweenCpGDNAmethyl-

ation levels and the modulation of MBP-1, shedding light on a
Cell Reports 43, 114084, April 23, 2024 13
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distinctive regulatory mechanism. However, further research is

required to fully understand the interaction between non-methyl-

ated DNA and MBP-1. Additionally, our investigations pinpoint

the plasma membrane as the main target of MBP-1, elucidating

a rapid cell death process involving plasma membrane permea-

bilization through the formation of small pores, followed by the

loss of membrane integrity as well as efflux of potassium. Last,

we highlight the pivotal role of heparin in the regulation of

MBP-1 toxicity, achieving a dual outcome of reducing host dam-

age and promoting the bactericidal effect of MBP-1, which pre-

sents a promising approach for therapeutic applications.

Limitations of the study
Our study has certain limitations. The key observations were

made using the MBP-1-derived peptide MBP-118–45. This

approach was necessary due to unsuccessful attempts to syn-

thesize the full-length protein via a bacterial expression system,

attributed to the potent antibacterial characteristics of MBP-1.

Nevertheless, the MBP-118–45 peptide retains the aggregation

propensities as well as the characteristic antibacterial and cyto-

toxic properties of the full-length protein, as demonstrated pre-

viously.20 Hence, employing the peptide serves as a reliable

tool to investigate the toxic potential of the full-length protein.

In addition, the investigation of the functional characteristics of

MBP-1 pores in our study is limited to the use of a single mem-

brane model system: GUVs. Although GUVs provide valuable in-

sights into the initial behaviors ofMBP-1 pores, a comprehensive

understanding and characterization of their functional properties

requires the employment of additional biophysical assays.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Capture Antibody Sigma-Aldrich Cat#C3493

Detection Antibody Sigma-Aldrich Cat#D8818

Bacterial and virus strains

Escherichia coli: M91655-GFP E. Slack, ETH Zurich, Zurich, CH N/A

Escherichia coli: K12 ER18121 New England Biolabs, Ipswich, MA, USA E4102

Chemicals, peptides, and recombinant proteins

MBP-118-45 ThermoFisher Scientific Custom-synthesized; Sequence:

FTCRRCYRGN LVSIHNFNIN YRIQCSVS

MBP-1*18-45 ThermoFisher Scientific Custom-synthesized; Sequence:

FTCRRCYRGN PVSIHPFNIN YRPQCSVS

Heparin ammonium salt from porcine

intestinal mucosa

Sigma-Aldrich Cat#H6279

Propidium iodide Molecular Probes Cat#P3566

Punicalagin Sigma-Aldrich Cat#P0023

Glycine Sigma-Aldrich Cat#G8790

Streptolysin O from Streptococcus

pyogenes

Sigma-Aldrich Cat#S0149

5-aza-20-deoxycytidine Sigma-Aldrich Cat#A3656

Histopaque 1119 Sigma-Aldrich Cat#1119-1

CellTrackerTM Deep Red ThermoFisher Scientific Cat#C34565

Hoechst 33342 Molecular Probes Cat#H3570

MitoSOXTM Mitochondrial Superoxide

Indicators

ThermoFisher Scientific Cat#M36008

Recombinant Mouse GM-CSF protein R&D Systems Cat#415-ML

C5a, Mouse, Recombinant Hycult Biotech Cat#HC1101

Soy Extract Polar Avanti Polar Lipids Cat#541602

Liver Extract Total Avanti Polar Lipids Cat#181104

Cholesterol Avanti Polar Lipids Cat#700000

Sphingomyelin Sigma-Aldrich Cat#S0756

DSPE-PEG(2000) Biotin Avanti Polar Lipids Cat#880129

5(6)-carboxyfluorescein Sigma-Aldrich Cat#21877

18:1 Liss Rhod PE Avanti Polar Lipids Cat#810150

Oregon GreenTM 488 DHPE Invitrogen Cat#O12650

8-Hydroxypyrene-1,3,6-trisulfonic acid

trisodium salt

Invitrogen Cat#H348

Dextran, Texas RedTM, 3000 MW, neutral Invitrogen Cat#D3329

Dextran, Texas RedTM, 10,000 MW, Lysine

Fixable

Invitrogen Cat#D1863

Alamethicin Sigma-Aldrich Cat#A4665

Methyl-b-cyclodextrin Sigma-Aldrich Cat#C4555

Claramine trifluoroacetate salt Sigma-Aldrich Cat#SML1545

Sphingomyelinase from Staphylococcus

aureus

Sigma-Aldrich Cat#S8633

IPG-1 AM Ion Biosciences Cat#3041F

Fluo-3 AM Enzo Cat#ENZ.52004

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ionomycin calcium LKT Laboratories Cat#I5753

Pharmacological inhibitors Table S1 Table S1

Critical commercial assays

Imprint�Methylated DNAQuantification Kit Sigma-Aldrich Cat#MDQ1

EasySep Mouse PE Positive Selection Kit StemCell Technologies Cat#18554

LIVE/DEADTM Viability/Cytotoxicity Kit Invitrogen Cat#L3224

Experimental models: Cell lines

Human: BEAS-2B cells A. Gazhar, University of Bern, Bern, CH N/A

Human: HL-60 cells ATCC CRL-1964

Experimental models: Organisms/strains

Mouse: B6; 129-Gt(ROSA)26Sortm4

(CAG-EGFP*)Nat

The Jackson Laboratory Strain Code: 021429

Mouse: Tg(Cd3d-Il5)NJ.1638Nal J.J. Lee, Mayo Clinic, Scottsdale, AZ, USA N/A

Recombinant DNA

Plasmid: M. SssI B. Jack, New England Biolabs N/A

Software and algorithms

FlowJo 10.6 Treestar N/A

Imaris 10.0.1 Oxford Instruments N/A

Prism 8.0 GraphPad N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Hans-Uwe

Simon (hans-uwe.simon@unibe.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture
The human bronchial epithelial cell line BEAS-2B (kindly provided by Dr. Amiq Gazdhar, University of Bern) was cultured in DMEM

complemented with 5% FCS at 37�C in 5%CO2. The promyelocytic cell line derived from a human leukemia cell line HL-60 was pur-

chased from ATCC (Manassas, VA, USA) and maintained in RPMI-1640 with 10% FCS at 37�C in 5% CO2.

Mouse
Commercially available mito_GFP (021429) were purchased from The Jackson Laboratory. Il5tg mice35,45,77 were intercrossed with

mito_GFP mice. All mice were bred and housed at the Central Animal Facility of the University of Bern. Mice were housed in specific

pathogen-free facilities in individually ventilated cages (Tecniplast, Green Line, Buguggiate, Italy) within a temperature- and humidity-

controlled room, following a 12 h light/12 h dark cycle. The housing temperature for the mice ranged between 20�C and 22�C.
Autoclaved acidified water and cages, as well as food, bedding, and environmental enrichment were provided. Mouse eosinophils

were isolated frommale mice between 6 and 8 weeks of age. The study was approved by the Veterinary Office of the Canton of Bern

(license number BE26/2021) and conducted in accordance with Swiss federal legislation on animal welfare.
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METHOD DETAILS

MBP-118-45 and MBP-1*18-45 peptides
The sequences of MBP-118-45 and MBP-1*18-45 were adapted from Soragni et al.20 (MBP-118-45: FTCRRCYRGN LVSIHNFNIN

YRIQCSVS; MBP-1*18-45: FTCRRCYRGN PVSIHPFNIN YRPQCSVS). Both peptides were synthesized at a purity level of more

than 98% (ThermoFisher Scientific, Rockford, IL, USA) and dissolved in 100% DMSO.

Bacteria killing assay
The bacteria killing assay was performed using GFP-labelled E. coli M91655 (kindly gifted by E. Slack, ETH Zurich).20,36 In brief, a

single colony of E. coli-GFPwas cultured overnight in LBmediumwithout antibiotics at 37�C, shaking. The following day, the bacterial

culture was diluted 1:100 in LBmedium, left grown till mid-logarithmic growth phase, and washed twice with 1x HBSS. Bacteria were

gently centrifuged at 100 rcf to removed clumped bacteria and finally diluted to 107 cells/mL 1x HBSS.

MBP-118-45 was preincubated with or without DNA and heparin in 1x HBSS for 15 min at room temperature (RT) before mixed at a

1:1 ratio with the same volume of bacteria (final concentration of 0.5 x 107 bacterial cells/mL). Bacteria alone were used as negative

controls. The samples were incubated for the indicated times at 37�C, shaking. To stop the reaction, an equal amount of ice-cold 1x

HBSS was added to each tube and bacteria were put on ice. Bacteria killing was assessed by the loss of the GFP signal using flow

cytometry (FACSVerse, BD Biosciences) and analyzed by FlowJo software (Tree Star, Ashland, OR, USA).

Cell viability assay
One day prior to experiments, BEAS-2B cells were trypsinized, seeded at 200000 cells in a 96-well plate in DMEM supplemented with

5%FCS and allowed to adhere overnight at 37�C.20 The following day, cells were washed three timeswith DMEMsupplemented with

17 mM HEPES and pretreated with inhibitors at 37 �C at the indicated experiments. MBP-118-45 was preincubated with or without

DNA and heparin for 15 min before addition to the cells for the indicated times at RT. At the end of the incubation time, cells were

collected by trypsinization. Cell death was assessed by the uptake of PI (10 mg/mL) using flow cytometry (FACSVerse, BD Biosci-

ences) and analyzed by FlowJo software (Tree Star, Ashland, OR, USA).

DNA isolation
Bacterial DNA isolation

E. coli K12 ER18121 bacteria with or without M. SssI plasmid (kindly provided by Dr. B. Jack, New England Biolabs, Ipswich, MA,

USA) were cultured in LB medium overnight at 37�C, shaking. 50 mg/mL kanamycin was added to the LB medium for selection of

the bacteria containing the M. SssI plasmid.78,79 The following day, pelleted bacteria were resuspended in Sucrose/Tris buffer

and 0.25 M EDTA in a 2:1 ratio containing freshly added 2 mg/mL lysozyme and incubated for 2 h on ice. Subsequently, 1% SDS

and lysis buffer containing 50 mM Tris-HCl pH 8, 62.5 mM EDTA pH 8, and 1% Triton X-100 in ddH2O were added. The lysates

were cleaned using a 10K filter spin column (Sigma-Aldrich) and centrifuged at 50000 rcf for 10 min. 100 mg/mL RNase A was added

to the lysed cells for removal of RNA and the samples were incubated for 1 h at 37�C, shaking.
Mitochondrial DNA isolation

Mitochondrial DNA was isolated from mouse liver due to the substantial mitochondrial content present in liver tissues allowing the

extraction of a sufficient quantity of mtDNA. Crucially, the structure, gene arrangement, and minimal CpG DNA methylation levels

of mtDNA are highly conserved across mammals, allowing the use of mouse liver tissue as a reliable source of mtDNA in our study.

In brief, mouse liver was minced on ice and smashed through a sterile 70-mmmesh nylon cell strainer (Greiner Bio-One, Frickenhau-

sen, Germany) to obtain single cell suspension. The suspension was washed twice with ice-cold PBS and resuspended in mitochon-

drial isolation buffer containing 200mMMannitol, 70mMSucrose, 1mMEDTA and 10mMHEPES in ddH2O. Cells weremechanically

lysed using a syringe with a 26-gauge needle and subsequently centrifuged twice at 800 rcf for 10 min to remove nuclei, debris, and

intact cells. The supernatant was transferred to a new tube and centrifuged at 140000 rcf for 10 min to collect the mitochondrial frac-

tion. Isolated mitochondria were washed once and resuspended in lysis buffer containing 10 mM Tris-HCl pH 8, 150 mM NaCl and

20mM EDTA in ddH2O. 100 mg/mL RNase A was added to the lysed cells for removal of RNA and the samples were incubated for 1 h

at 37�C, shaking. Subsequently, 0.2 mg/mL proteinase K and 1%SDSwere added, and the lysates were incubated for 1.5 h at 55�C,
shaking.

Human genomic DNA isolation
HL-60 cells were cultured in RPMI-1640 medium containing 10% FCS in presence and absence of DNA demethylating agent

5-aza-20-CdR (0.3 mM) for 4 days. Cells were lysed with lysis buffer containing 50 mM NaCl, 10 mM Tris-HCl pH 8 and 10 mM

EDTA pH 8 in ddH2O. Shortly before use, 1% SDS and 0.2 mg/mL proteinase K were added to the lysis buffer. Cells were lysed

for 2 h at 55�C, shaking. The lysates were cleaned using a 10K filter spin column (Sigma-Aldrich) and centrifuged at 50000 rcf for

10 min. 100 mg/mL RNase A was added to the lysed cells for removal of RNA and the samples were incubated for 1 h at 37�C,
shaking.
20 Cell Reports 43, 114084, April 23, 2024
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DNA purification
Isolated DNA was purified by phenol:chloroform purification and recovered after addition of 0.4 M NaCl solution and one volume of

isopropanol. After resuspension in ddH2O, the concentration and purity of DNA was determined by spectrophotometer (ND-1000;

NanoDrop Technologies, Wilmington, DE, USA).

Isolation of mouse eosinophils from peripheral blood
Mouse eosinophils were isolated from the peripheral blood of interleukin (IL)-5 transgenic mice (kindly provided by J. J. Lee, Mayo

Clinic, Scottsdale, AZ, USA) to increase the number of circulating eosinophils.77 In brief, blood was collected from the retro-orbital

sinus of mice sedated with isoflurane using heparinized disposable glass pipettes. The blood was diluted 1:1 with PBS, carefully

layered over Histopaque 1119 (1.119 g/mL density) (Sigma-Aldrich) and centrifuged at 800 rcf for 20 min. The interface containing

eosinophils was collected, treated with ice-cold ddH2O for 30 s to lyse erythrocytes followed by a washing step with PBS. Subse-

quently, cells were resuspended to 1 x 108 cells/mL in PBS supplemented with 2% FCS and eosinophils were isolated using an

EasySepMouse PE Positive Selection Kit (Stemcell Technologies, Köln, Germany) according to manufacturer’s instructions. The pu-

rity of isolated eosinophils (>90%) was assessed by Hemacolor Rapid Staining and light microscopic analysis.

Co-culture of mouse eosinophils and BEAS-2B cells
One day prior to the experiments, BEAS-2B cells were trypsinized, seeded at 500000 cells in a black, glass bottom 24-well plate

(Greiner Bio-One) in DMEM supplemented with 5% FCS, and allowed to adhere overnight at 37�C. The following day, cells were

washed three times with DMEM supplemented with 17 mM and stained with 0.1 mM CellTracker Deep Red and 1 mg/mL Hoechst

33342 for 30 min at 37�C. Cells were washed twice with PBS and twice with DMEM supplemented with 17 mM HEPES.

Freshly isolated mouse eosinophils were prepared to 0.25 x 106 cells in 250 mL in X-VIVO 15 medium, stained with 5 mMMitoSOX

and 1 mg/mL Hoechst 33342, primed with 25 ng/mL GM-CSF and incubated with BEAS-2B cells for 20 min at 37�C. At the end of

incubation time, eosinophils were activated with 10 nM C5a, and images were collected after 50 min of co-culture of mouse eosin-

ophils and BEAS-2B cells by confocal laser scanning microscopy (LSM 800 with airyscan, Carl Zeiss Micro Imaging GmbH, Jena,

Germany) using a Plan-Apochromat 40x/1.4 Oil DIC objective. Single images were analyzed using Imaris software (Bitplane AG, Zur-

ich, Switzerland). For better visualization, min/max thresholds, and gamma correction of Imaris software were used to optimize the

image display.45

DNA methylation quantification
DNA methylation levels were evaluated using the Imprint Methylated DNA Quantification Kit (Sigma-Aldrich) according to the man-

ufacturer’s protocol. In brief, 100 ng of sample or control DNA was diluted in DNA binding solution, added in duplicates to the pre-

treated 96-well plate and incubated for 1 h at 37�C. Wells were blocked with blocking solution for 30 min at 37�C and subsequently

washed three times with wash buffer. Capture antibody (provided in the kit) was added to the wells and incubated for 1 h at RT.

Following four washes with wash buffer, detection antibody (provided in the kit) was added and incubated for 30 min at RT. Wells

were washed five times with wash buffer and developing solution was added. After an incubation time of 1–10min at RT, the solution

turned blue and stop solution was added causing the reaction mixture to change color to yellow. Relative DNA methylation levels

were assessed by absorbance at 450 nm using a SpectraMax M2 plate reader (Molecular Devices, Biberach an der Riss, Germany).

Cell death staining
One day prior to the experiments, BEAS-2B cells were trypsinized, seeded at 1000000 cells in a black, glass-bottom 24-well plate

(Greiner Bio-One) in DMEM supplemented with 5% FCS, and allowed to adhere overnight at 37�C. The following day, cells were

washed three times with DMEM supplemented with 17 mM HEPES and stained with 4 mM Ethidium Homodimer-1, 0.2 mM calcein

AM, and 1 mg/mL Hoechst 33342 for 30 min at 37�C. Cells were treated with MBP-118-45 and images were acquired in live cell mi-

croscopy experiments by confocal laser scanning microscopy (LSM 800, Carl Zeiss Micro Imaging GmbH, Jena, Germany) using a

Plan-Apochromat 40x/1.4 Oil DIC objective. Images were analyzed using Imaris software (Bitplane AG, Zurich, Switzerland).

Transepithelial electrical resistance (TEER)
One day prior to the experiments, BEAS-2B cells were trypsinized, seeded at 500000 cells on 8.0 mm pore polycarbonate membrane

inserts in a 6.5 mm Transwell (Corning, New York, USA) in DMEM supplemented with 5% FCS, and allowed to adhere overnight at

37�C. The following day, cells were washed three timeswith DMEMsupplemented with 17mMHEPES and pretreated with or without

50 mMpunicalagin for 30min at 37�C.MBP-118-45 was preincubated with or without DNA and heparin for 15min at RT before addition

to the cells. TEER was measured using a Millicell ERS-2 V-Ohm Meter (Merck KGaA, Darmstadt, Germany) and was calculated as

follows: (resistance of treated cells – resistance of blank well) normalized to untreated cells.

Scanning electron microscopy
One day prior to the experiments, BEAS-2B cells were trypsinized, seeded at 2000000 cells on 18 3 18 mm glass in DMEM supple-

mented with 5% FCS, and allowed to adhere overnight at 37�C. The following day, cells were washed three times with DMEM sup-

plemented with 17 mMHEPES and pretreated with inhibitors for 30 min at 37�C in 5%CO2 at the indicated experiments. MBP-118-45
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was preincubated with or without DNA and heparin for 15 min before addition to the cells for the indicated times at RT. At the end of

the incubation time, cells were fixed in 2.5% glutaraldehyde in 0.15 M HEPES with an osmolarity of 665 and a pH adjusted to 7.39 for

at least 24 h before further processed. Samples were then washed three times with 0.15MHEPES for 5 min, postfixed with 1%OsO4

in 0.1 M Na-Cacodylate-buffer for 1 h at 4�C. Thereafter, cells were washed three times in 0.1 M Na-Cacodylate-buffer for 5 min and

dehydrated in 70, 80, and 96% ethanol for 15 min each at RT. Subsequently, cells were immersed three times in 100% ethanol for

10min. The slideswith the cells were critical point driedwith aCPD 300 (LeicaMicrosystems, Vienna, Austria) and sputter coatedwith

10 nmof gold with a sputter coater (Balzers Union, Liechtenstein). Samples were then examinedwith a scanning electronmicroscope

using a magnification size of 50000 and 500000 (Zeiss EVO 40, Carl Zeiss Ltd, Cambridge, UK).

Transmission electron microscopy
One day prior to the experiments, BEAS-2B cells were trypsinized, seeded at 2000000 cells in 6-well plate in DMEM supplemented

with 5% FCS, and allowed to adhere overnight at 37�C. The following day, cells were washed three times with DMEM supplemented

with 17mMHEPES and pretreatedwith inhibitors for 30min at 37 �Cat the indicated experiments. MBP-118-45 was preincubated with

or without DNA and heparin for 15min before addition to the cells for the indicated times at RT. At the end of the incubation time, cells

were fixed in 2.5% glutaraldehyde in 0.15 MHEPES for at least 24 h before further processing.80 Briefly, the samples were washed in

a next step three times with 0.15 M HEPES, postfixed with 1%OsO4 in 0.1 M Na-Cacodylate buffer for 1 h at 4�C, and washed again

three times in 0.05Mmaleic NaOH buffer. The samples were further dehydrated in 70%, 80%, and 96%ethanol for 15min each at RT

before immersion in 100% ethanol for three times for 10 min each, and finally in 1:1 ethanol-Epon overnight. The next day, cells were

embedded in Epon and left to harden at 60�C for 5 days before cut to ultrathin sections. The sections were mounted on 200 mesh

copper grids and stained with uranyless and lead citrate. Electron microscopy images were taken with a transmission electron mi-

croscope (Tecnai Spirit, Thermo Fisher Scientific) equipped with a digital camera (Veleta, Olympus, Soft Imaging System, M€unster,

Germany) and analyzed using FIJI software.

Liposome leakage assay
Total soy extract, total liver extract, cholesterol, and sphingomyelin mixed in a 4:4:1:1 ratio resulting in a final lipid mixture of approx-

imately 35% phosphatidylcholine, 17% phosphatidylethanolamine, 16% phosphatidylinositol, 10% sphingomyelin, 10% choles-

terol, 5% phosphatidylserine and 3% phosphatidic acid, or DOPC lipids were dissolved in chloroform. Chloroform was evaporated

using an argon stream and the lipids were further dried overnight under vacuum. The following day, the lipid film was rehydrated in

HBSS containing 50 mM 5(6)-carboxyfluorescein resulting in a total lipid concentration of 5 mg/mL and unilamellar vesicles were ob-

tained by performing seven freeze-thaw cycles. The liposomes were sonicated on ice using a tip sonicator (Vibra Cell 75186, Thermo

Fisher Scientific, Waltham USA) for 2 min with 30 s ON and 30 s OFF pulses and 40% amplitude. Outside dye was removed by gel

filtration using a CentriPure MINI Desalt Z-50 column (emp BIOTECHGmbH, Berlin, Germany). MBP-118-45 was preincubated with or

without heparin for 2 to 3 min and added to the liposomes (0.02 mg/mL) after 20 s of baseline measurement. Fluorescence intensity

wasmeasured using a PTI fluorescence spectrophotometer with an excitation wavelength of 490 nm, and an emission wavelength of

520 nm, and 10 nm slit width. Fluorescence was measured for 120 s before the addition of 0.1% Triton X-100 to assess maximum

fluorescence. Fluorescence values were normalized to maximum fluorescence after subtraction of blank measurement.

Giant unilamellar vesicle (GUV)
GUV preparation

PVA GUV formation andmicroscopy slide preparation was performed using 2mg/mL total soy extract, total liver extract, cholesterol,

and sphingomyelin in a 4:4:1:1 ratio, resulting in a final lipid mixture of approximately 35% phosphatidylcholine, 17% phosphatidyl-

ethanolamine, 16% phosphatidylinositol, 10% sphingomyelin, 10% cholesterol, 5% phosphatidylserine and 3% phosphatidic acid,

including 0.2 mol% DSPE-PEG2000-Biotin with addition of 1 mol% of Liss Rhod PE or Oregon 488 DHPE. HBSS containing 1 mM

HPTS, 1 mM Calcein AM or 50 mM Dextran-TexasRed was used for lipid rehydration.

GUV imaging
Microscopy slides were imaged using an inverted fluorescence microscope (Nikon Ti-2 Eclipse with Crest X-light V2 spinning disk

module (disk unit 60 mm), Nikon Europe BV, Amsterdam, Netherlands) with a CFI Plan Fluor 403 oil immersion objective (CFI Plan

Fluor 403/1.30 W.D. 0.24, Nikon Europe BV).81 Brightfield and fluorescence images were recorded by an Andor Zyla 4.2 Plus

USB3 camera in widefield and Spinning Disk Confocal mode using LED light excitation. HPTS/Calcein/Oregon 488 DHPE were

imaged with excitation at 470 nm and emission at 515 nm using appropriate exciter, emitter, dichroic filter cubes. Liss Rhod

PE was imaged with excitation at 550 nm and emission at 595 nm and TexasRed with excitation at 640 nm and emission at

698 nm using appropriate exciter, emitter, dichroic filter cubes. Time series were recorded with image acquisition every 10 s

over 10 to 30 min.

Briefly, time series were started and after 30 s addition of final concentration of either 2.5 mM MBP-118-45, 2.5 mM MBP-1*18-45 or

1 mM alamethicin were performed. If present, final concentrations of 50 mM punicalagin were added before starting the time series.

MBP-118-45 was preincubated withmtDNA or heparin before addition. Image analysis was performed using FIJI. GUVswere selected

by hand and a background region of interest (ROI) was manually drawn for every GUV and subtracted from every GUV. Fluorescence
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intensity was normalized to the average signal obtained for everyGUV in the first 30 s of the time series. To visualize leakage, endpoint

fluorescence of every GUV after a time series was depicted.

Cryo-electron microscopy
Total soy extract, total liver extract, cholesterol, and sphingomyelin, mixed in a 4:4:1:1 ratio, resulting in a final lipid mixture of approx-

imately 35% phosphatidylcholine, 17% phosphatidylethanolamine, 16% phosphatidylinositol, 10% sphingomyelin, 10% choles-

terol, 5% phosphatidylserine and 3% phosphatidic acid, were dissolved in chloroform. Chloroform was evaporated using an argon

stream and the lipids were further dried overnight under vacuum. The following day, the lipid film was rehydrated in HBSS resulting in

a total lipid concentration of 5mg/mL and unilamellar vesicles were obtained by performing seven freeze-thaw cycles. The liposomes

were sonicated on ice using a tip sonicator (Vibra Cell 75186, Thermo Fisher Scientific, WalthamUSA) for 2 min with 30 s ON and 30 s

OFF pulses and 40% amplitude.

For cyro-EM, 5 mg/mL liposomes were incubated with 1 mM MBP-118-45 for 20 min at RT before deposition onto a Lacey carbon

grid that was glow discharged 10–2000 10 mA using a Baltzers CTA 010. Next, the grids were plunged into liquid ethane in an atmo-

sphere at 4�C and 100% humidity using a Vitrobot Mark IV. Vitrified grids were stored in liquid nitrogen before electron microscopy

images were taken with a transmission electron microscope (Tecnai F20, FEI, Eindhoven, The Netherlands) equipped with a digital

camera (Falcon III, Thermo Fisher Scientific) and analyzed using FIJI software.

Potassium concentration measurement
One day prior to the experiments, BEAS-2B cells were trypsinized, seeded at 500000 cells in a 96-well plate in DMEM supplemented

with 5% FCS and allowed to adhere overnight at 37�C. The following day, cells were washed three times with DMEM supplemented

with 17 mM HEPES. MBP-118-45 was preincubated with or without DNA and heparin for 15 min at RT before addition to the cells for

the indicated times. At the end of the incubation time, cells were collected by trypsinization and stained with 5 mg/mL IPG-1 AM for

20 min at 37�C. Potassium levels were assessed by flow cytometry (FACSVerse, BD Biosciences) and the MFI of the green channel

was analyzed by FlowJo software (Tree Star, Ashland, OR, USA).

Calcium staining
One day prior to the experiments, BEAS-2B cells were trypsinized, seeded at 1000000 cells in a black glass-bottom 24-well plate in

DMEM supplemented with 5% FCS, and allowed to adhere overnight at 37�C. The following day, cells were washed three times with

DMEM supplemented with 17 mM HEPES and stained with 10 mM Fluo-3 AM and 1 mg/mL Hoechst 33342 for 30 min at 37�C before

the cells were washed. Cells were treated with MBP-118-45 with or without DNA and analyzed in live cell microscopy experiments

using confocal laser scanning microscopy (LSM 800, Carl Zeiss Micro Imaging GmbH, Jena, Germany) equipped with a Plan-

Aprochromat 40x/1.4 Oil DIC objective. Ionomycin was used as a positive control. The images were subjected to analysis to measure

MFI of Fluo-3 (green channel) using the automated surface module of Imaris software (Bitplane AG, Zurich, Switzerland).

QUANTIFICATION AND STATISTICAL ANALYSIS

GraphPad Prism 8 software (GraphPad Software Inc., La Jolla, CA, USA) was used for the analysis of all data. Data are expressed as

themean values ±SEM. Information about the n numbers and types of replicates, as well as about the statistical tests for each exper-

iment are reported in the figure legends. To compare groups, one-way ANOVA with Tukey’s multiple comparisons or two-way

ANOVA with Dunnett’s multiple comparisons test or Sidak’s multiple comparisons was applied. p values %0.05 were considered

statistically significant.
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