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A B S T R A C T

In this work, we demonstrate for the first time the antimicrobial activity of poly-Q binding peptide 1 (QBP1), an 
anti-amyloidogenic molecule previously identified by phage display for its ability to bind and inhibit the ag
gregation of polyglutamine proteins like Huntingtin, but also α-synuclein and prion models. Intriguingly, 
sequence analysis by the ADAPTABLE web server highlighted QBP1's potential antifungal and antibacterial 
activity, which we have now confirmed experimentally. A theoretical basis for the predicted mechanism of action 
was provided by molecular dynamics simulations revealing the role of QBP1 aggregates promoting membrane 
disruption and specific interactions between QBP1 and bacterial and fungal phospholipids, further substantiated 
by solid-state NMR studies. Using primary human cells, we demonstrated that QBP1 does not display toxicity at 
high concentrations. Finally, our data demonstrate QBP1's efficacy against some strains of Bacillus cereus, 
B. mojavensis, Staphylococcus aureus, S. epidermidis, Micrococcus luteus, Enterococcus faecalis, Escherichia coli, and 
Candida. This unexpected dual function of QBP1 opens new avenues for therapeutic development, potentially 
restoring the putative antimicrobial protection exerted by many amyloidogenic proteins.

1. Introduction

Intrinsically disordered proteins have attracted significant attention 
in the last few decades due to their link with neurodegenerative disor
ders. These proteins display a complex equilibrium of conformers in 
solution [1–3]; some are able to aggregate and form toxic oligomers, 
eventually leading to the formation of amyloids. It is now widely 
accepted that amyloid fibrils are generally non-toxic, while oligomeric 
intermediates are often associated with toxicity [4,5]. Amyloids are 
noncovalent oligomers of extended β-sheets that self-assemble laterally, 
forming twisted fibers or fibrils of around 10 nm in diameter. Although 
they have been linked to neurodegeneration, they also play functional 
roles in biological processes across different species [2,6], including 
amyloids linked to memory consolidation (CPEB/Orb2) [7,8].

To date, around 40 peptides and proteins have been found to form 

amyloid deposits linked to human disorders such as amyloid-beta pep
tide involved in the development of the senile plaques associated with 
Alzheimer's disease (AD), α-synuclein involved in Parkinson's disease 
(PD), microtubule-associated protein tau involved in AD and some de
mentias, prion protein involved in Creutzfeldt-Jakob disease [9], islet 
amyloid polypeptide (IAPP) involved in type II diabetes, pulmonary 
surfactant-associated protein C in pulmonary alveolar proteinosis, and 
poly-Q expansion diseases like Huntington's disease (HD), among others 
[2,10,11].

Interestingly, amyloidogenic proteins share similarities with host 
defense peptides (HDPs) [12], an important class of rather unstructured 
molecules with antimicrobial activity also called antimicrobial peptides 
(AMPs) [13–16]. They exert their antimicrobial action by destabilizing 
the membrane of the pathogen, targeting exposed phospholipids. 
Although they generally form alpha-helical structures upon binding to 
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their targets, a model has been suggested describing amyloid formation 
by some HDPs [13]. Monomers of these peptides adopt an α-helical 
structure at the membrane interface, which leads to membrane insertion 
and self-assembly. Subsequently, these species would undergo confor
mational changes to form β-sheet multimers that could further aggre
gate, generating the β-structures associated with amyloid fibrils [13]. It 
seems that a relevant number of HDPs are able to adopt this structure to 
exert their antimicrobial action [13,14,17–19].

Indeed, many amyloidogenic proteins can also act as HDPs. For 
example, it has been reported that Aβ40 and Aβ42 peptides may act as 
amyloidogenic HDPs [12,19–21] and their neurotoxicity could be 
related to the aberrant use of their amyloid-mediated antimicrobial 
mechanisms [14,21,22]. This raises the intriguing hypothesis that neu
rodegeneration could originate from previous viral, bacterial, or fungal 
infections [21,23–34]. Indeed, some studies have suggested that PD 
onset could sometimes be caused by the germination of spores produced 
by bacteria or fungi [35], such as Malassezia, Botrytis, Candida, or 
Fusarium [36,37]. Similarly to Aβ40 and Aβ42 peptides, antimicrobial 
activity has been described for the microtubule binding sites on tau 
protein [38], the N-terminal segment of the prion protein [39,40], and 
IAPP [12,14,22,41,42]. While Aβ and IAPP have shown activity against 
Streptococcus pneumoniae, α-synuclein can attack Escherichia coli, Pseu
domonas aeruginosa, Staphylococcus epidermidis, and Staphylococcus 
aureus and displays antifungal activity against Aspergillus flavus, Asper
gillus fumigatus, Candida albicans, Candida tropicalis, and Rhizoctonia 
solani [28,43–45]. Furthermore, aggregation-prone surfactant protein C 
plays a role in immunity targeting bacteria, viruses, or fungi [10,46,47].

Due to the antimicrobial action of proteins and peptides involved in 
neurodegeneration, strategies focused on their suppression might in
crease the rate of infections. For example, in PD patients treated with 
molecules affecting α-synuclein aggregation, an increase in fungal 
infection was observed [23–28,31,36,48,49]. Likewise, in vivo experi
ments have demonstrated an increase in the protection against patho
gens in models overexpressing these toxic proteins [50–52].

PolyQ Binding Peptide 1 (QBP1) was isolated from a phage-display 
screening designed to find peptides capable of blocking polyQ aggre
gation [53], implicated in several neurological pathologies like HD or 
spinocerebellar ataxia [54]. Its optimization led to the final sequence Ac- 
Trp-Lys-Trp-Trp-Pro-Gly-Ile-Phe-NH2 [55]. It adopts a preferential 
conformation in solution stabilized by a hydrophobic cluster [56] and 
successfully blocks polyQ-induced neurodegeneration in Drosophila 
melanogaster and mice [53,57–59], while its scrambled versions are 
ineffective and unstructured [56].

Not only does QBP1 inhibit polyQ amyloidogenesis, but it is also 
effective with a variety of amyloidogenic proteins, including the A53T 
mutant of α-synuclein, Sup35NM prion [1], and TDP-43 (involved in 
amyotrophic lateral sclerosis) [60]. Interestingly, due to the role of some 
amyloids in memory, QBP1 has been studied as a way to prevent 
memory consolidation, which could be desired in certain situations 
[7,8,61]. QBP1 has also been used in combination with other peptides to 
obtain an anti-amyloidogenic synergistic action [62], and different 
strategies have been developed to improve its passage through the 
blood-brain barrier (BBB) [63–65], some involving the conjugation of 
cell-penetrating peptides (CPPs) [66].

While the antimicrobial activity of QBP1 has never been reported to 
date, sequence alignment with the web server ADAPTABLE [67] high
lights strong similarities with several AMPs, suggesting a beneficial 
antibacterial and antifungal activity of this anti-amyloidogenic drug. In 
this work, we discover by biophysical methods a direct interaction with 
bacterial and fungal membrane lipids and by microbiology assays a 
remarkable activity against Bacillus cereus, B. mojavensis, Staphylococcus 
aureus, S. epidermidis, Micrococcus luteus, Enterococcus faecalis, Escher
ichia coli, and Candida. The molecular mechanisms at the atomic level 
are elucidated by means of solid-state NMR spectroscopy and molecular 
dynamics (MD) simulations, showing the important role of lysine in 
position 2 (K2) in the process of bacterial and fungal membrane 

destabilization.
The confirmation of QBP1 as an AMP would help to partially restore 

the putative antimicrobial activity of some amyloidogenic proteins. 
Additionally, some AMPs have already been used with success as labeled 
markers for those infections [21,68–70]. Current efforts for efficient 
delivery through the Blood-brain barrier (BBB) could help in the fight 
against several pathogens that can either infect the brain after surgeries 
[71] or pass the barrier to cause brain infections, especially in patients 
affected by neurodegenerative diseases such as S. aureus, Candida albi
cans, Chlamydia pneumoniae, Herpes simplex, West Nile virus, E. coli, and 
Cryptococcus neoformans [72–79].

2. Results and discussion

2.1. Sequence-property alignment suggests antibacterial and antifungal 
activities of QBP1

To get insight into the antimicrobial properties of QBP1, we analyzed 
its sequence by means of the ADAPTABLE web server [67]. The peptide 
was used as bait and compared with the full ADAPTABLE database to 
generate a sequence-related family whose members are in the order of 
sequence similarity (Fig. 1). Within the same family, 90 % of the 
members exhibit antibacterial (S. aureus, P. aeruginosa, or Enterococcus 
sp., among others) but also antifungal and antiviral activities.

The best-representing peptide [67] of the QBP1 family found by 
ADAPTABLE is Indolicidin (6–13) [80], an AMP active against both 
gram-negative and gram-positive bacteria. Drawbacks in the use of 
Indolicidin as an antibacterial include moderate hemolytic activity [80] 
and damage to lymphocytes T [81]. Its structural optimization has led to 
a core structure with a good compromise between antibacterial and 
hemolytic activities [80,82]. MD simulations have supported these in
vestigations in the attempt to understand the main factors driving its 
affinity for different types of membranes [83,84], showing the strengths 
of this technique for the tuning of AMP activities [85]. In addition to its 
antimicrobial activity, Indolicidin has been suggested to be antiviral 
(against HIV and Herpes simplex virus [80,86,87]), antifungal [88] and 
antiparasitic (against Giardia lamblia protozoa [89]).

2.2. The interaction of QBP1 with biomimetic membranes by MD 
simulations

To understand the molecular basis of a possible antimicrobial ac
tivity of QBP1, we performed MD simulations in the presence of 
different kinds of lipid bilayers mimicking the composition of different 
cell membranes (Fig. 2).

2.2.1. Interaction and toxicity towards mammalian cells

2.2.1.1. Interaction with biomimetic membranes. Phosphatidylcholine 
(PC) is the predominant phospholipid in the outer leaflets of mammalian 
cell membranes while being virtually absent in bacterial membranes 
[89]. To investigate the interaction between QBP1 and membrane sys
tems of increasing complexity (Fig. 2A-C), we initiated our study with a 
simplified model of a pure POPC bilayer (Fig. 2A). Subsequently, we 
enriched this model with cholesterol (CHOL, Fig. 2B) and sphingomyelin 
(SM, Fig. 2C).

In the pure POPC system, a salt bridge forms between the amine 
group of K2 and the phosphate oxygen atoms of the membrane (Fig. S1). 
This interaction facilitates the insertion of the W1 side chain into the 
bilayer (Fig. S2). While this interaction is relatively superficial, it 
nonetheless disrupts the membrane order, as evidenced by a decrease in 
the order parameter of phospholipid acyl chains (Fig. S3). By quanti
fying the degree of molecular order on a scale of 0 to 1 [91], the order 
parameter provides a quantitative measure of lipid dynamics, which in 
turn could be linked to membrane destabilization induced by molecular 
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interactions. Analyzing the order parameter for each C–H bond of the 
acyl chain allows us to assess the impact of QBP1 on the membrane's 
inner core, even in the case of superficial interactions.

While QBP1 appears to perturb pure POPC bilayers, this interaction 
is significantly diminished in more complex membrane models. The 
presence of cholesterol substantially reduces the formation of the salt 
bridge and hinders the insertion of W1 side chains (Figs. S4, S5). The 
bulky trimethylated choline headgroup introduces substantial steric 

hindrance and the zwitterionic nature of the lipid offers little electro
static incentive for interaction with the positively charged peptide. To 
further improve our model, we incorporated sphingomyelin, a key 
component of mammalian membranes, particularly abundant in the 
brain [92,93]. In this more complex model (POPC 35 %, SM 35 %, CHOL 
30 %), the interaction observed with pure POPC bilayers is almost 
entirely abolished (Figs. S4, S5), and the order parameter remains 
largely unaffected (Fig. S3).

Fig. 1. First 50 members of the family created by sequence alignment of QBP1 with the entries of the ADAPTABLE database. A summary of the activities of the 
members is given at the bottom. The NMR structure of QBP1 (BMRB entry 25022) [56,90] is shown as a “tube” where side chains are represented as sticks. Color 
code: positively charged residues in light blue, hydrophobic or small chain residues in light gray.

F. Ramos-Martín et al.                                                                                                                                                                                                                         International Journal of Biological Macromolecules 318 (2025) 144938 

3 



(caption on next page)

F. Ramos-Martín et al.                                                                                                                                                                                                                         International Journal of Biological Macromolecules 318 (2025) 144938 

4 



The full insertion of a peptide into a biological membrane is a rela
tively slow process when simulated using all-atom molecular dynamics 
(MD). To capture such long-timescale events, advanced sampling tech
niques like metadynamics, coarse-grained simulations, steered MD, 
umbrella sampling, replica exchange, or others [85] are often employed. 
Alternatively, the free energy barriers to peptide insertion can be 
bypassed by initiating the simulation with an internalized peptide. For 
this reason, we repeated all simulations with QBP1 positioned within the 
membrane core. Despite these significantly different starting conditions, 
the simulations consistently reproduced the behavior observed in the 
previous calculations: after an initial rapid interaction with the POPC 
surface, QBP1 subsequently dissociated from both POPC/CHO and 
POPC/CHO/SM bilayers while exhibiting only weak, superficial in
teractions with pure POPC. These findings align with the extensive in 
vivo testing of QBP1, which has not shown a remarkable toxicity 
[7,53,57,58,61–63].

2.2.1.2. Toxicity towards human primary cells mimicking the blood-brain 
barrier. Experiments shown above demonstrate that QBP1 poorly in
teracts with mammalian biomimetic membranes, thus strongly sug
gesting that there is no toxicity towards mammalian cells. In order to 
experimentally verify this hypothesis, we have tested QBP1 toxicity at 2 
concentrations (5 and 50 μM) using a human model of the blood-brain 
barrier (BBB). BBB isolates the brain from xenobiotics found in the pe
ripheral circulation and protects neurons from harmful molecules. This 
model is based on the co-cultivation of human primary endothelial cells 
with human brain pericytes during 6 days. After this period, the endo
thelial cells acquire the phenotype of the human BBB, in particular the 

tight junction (TJ) structures that closely interact with the membranes to 
strongly seal the endothelial cells together. Among the proteins forming 
these TJs, we focused on Zonula Occludens 1 and Claudin-5.

This model is routinely used in order to assess molecule toxicity on 
the central nervous system [94–97]. Toxicity is assessed by measuring 
the diffusion of a small fluorescent marker, the sodium fluorescein 
(NaFlu), across the endothelial cell monolayer to calculate a perme
ability coefficient (Pe). As shown in Fig. 3A, the Pe of LY is not modified 
in QBP1-treated cell conditions (5 and 50 μM) when compared to the 
untreated condition. On the contrary, when cells are treated with 3 % 
DMSO, which is our positive control of BBB breakdown and cell toxicity, 
we observe a significant increase in the Pe NaFlu. Fig. 3B shows that only 
DMSO treatment alters CLAUDIN-5 and ZO-1 localization at the cell 
membranes and then disrupts the BBB. QBP1 treatments do not affect 
the TJ.

2.2.2. The interaction with bacterial phospholipids
The outer leaflet of gram-positive and gram-negative bacterial 

membranes contains high amounts of the zwitterionic phosphatidyl
ethanolamine (PE) [98] and is enriched in anionic phospholipids such as 
phosphatidylglycerol (PG) and cardiolipin (CL). PE and PG can create a 
rich network of interactions [99,100] and their ratio can be used by 
bacteria to modulate the permeability and stability of their membranes 
[98].

To study the effect of QBP1 on bacterial membranes, we investigated 
its interaction with POPE/POPG and POPE/POPG/CL bilayers but also 
their pure components (Fig. 2D-H), whose analysis can highlight lipid- 
specific interactions.

Fig. 2. Representative MD snapshots of Ac-QBP1-NH2 interacting with several membranes of variable phospholipid compositions. (A) 1-palmitoyl-2-oleoyl-glycero- 
3-phosphocholine (POPC); (B) POPC/cholesterol (CHOL); (C) POPC/Palmitoyl sphingomyelin (SM)/CHO; (D) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanol
amine (POPE); (E) POPE/1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (POPG); (F) POPE/POPG/cardiolipin (CL); (G) POPG; (H) CL; (I) POPE/ 
ergosterol (ERGO); (J) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoinositol (POPI); (K) 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylserine (POPS). Color code: 
phosphorus atom: yellow; POPC black (body) and light gray (choline group); POPS brown (body), gold (headgroup), light yellow (amine of the headgroup) and 
orange (carboxyl of the headgroup); POPE dark green (body), turquoise (headgroup), light green (amine of the headgroup); POPG dark violet (body), violet 
(headgroup), light violet (hydroxyls of the headgroup); POPI blue (body), light blue (headgroup), cyan (hydroxyls of the headgroup); PSM deep blue (body), baby 
blue (choline), cobalt blue (amide nitrogen), cerulean blue (non-phosphate oxygen atoms); CL dark red (body) and light red (headgroup); ERGO dark orange (body) 
and light orange (hydroxyl); CHOL purple (body) and light purple (hydroxyl). For clarity, only functional groups of headgroups are shown (spheres) in the upper 
leaflet. Ac-QBP1-NH2 peptide is shown as a “tube” colored from blue (N-terminus) to red (C-terminus). Side chains are shown as sticks with the following color code: 
positively charged (blue), negatively charged (red), nonpolar (light gray), and polar (yellow). PSM refers to SM.

Fig. 3. QBP1 does not display any toxicity on human cells. (A) QBP1 was added during 24 h at 5 or 50 μM to the luminal compartment of the human BBB model, and 
the paracellular permeability coefficient (Pe) of the fluorescent marker sodium fluorescein (NaFlu) was measured as indicated in the Experimental Section. 3 % 
DMSO was used as a positive control of BBB disruption. Data were analyzed using GraphPad Prism® software version 8.0 (Dotmatics, Boston, MA, USA). A one-way 
ANOVA test was performed, and the values are expressed as the mean ± standard deviation (SD). The thresholds for statistical significance were set as p < 0.05 (*), p 
< 0.01 (**), and p < 0.001 (***) compared with the control (or untreated) conditions (n = 9–1; ns = not significant). (B) ZO-1 and CLDN-5, two key player proteins 
forming the tight junctions sealing BBB endothelial cells together, were studied by immunofluorescence. White arrows show disruption of the TJ proteins localization 
at the cell membrane. Scale Bar = 2.5 μm.
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2.2.2.1. The interaction with POPE bilayers. PE is one of the main lipids 
present in the outer leaflets of many bacteria, parasites, and fungi and 
can be found exposed on the surface of cancer cells [98]. In our simu
lations, QBP1 promptly associates with POPE bilayers by means of a salt 
bridge between the side chain of K2 and the PE phosphate oxygen atoms 
(see polar contacts in Fig. S1 and a significant MD snapshot in Fig. 2D). 
Unlike pure POPC, the peptide is fully internalized, establishing van der 
Waals interactions with the entire sequence within the membrane 
interior (see apolar contacts in Fig. S2). Notably, the peptide approaches 
the membrane via its C-terminus, likely to mitigate electrostatic repul
sion between the lysine side chain and the positive charge of PE amine 
groups. Once internalized, the peptide aligns parallel to the membrane 
surface, positioning itself beneath the plane defined by PE phosphate 
groups. This orientation facilitates occasional hydrogen bonding with PE 
by means of backbone polar atoms, particularly the amide of G6 
(Fig. S1). These results are reproduced when the simulation is started by 
initially placing QBP1 at the center of the bilayer, supporting our find
ings (Fig. S6).

The interaction with PE fluidifies the membrane as described by the 
lower-order parameters of the palmitoyl chains (Fig. S3). The pertur
bation can also be monitored by the analysis of electron density profiles, 
in which the position of the phospholipid head group is indicated by the 
peripheral maxima and the very center of the bilayer is described by the 
central minimum. In particular, we observe an increase in the central 
minimum generally ascribed to lipid interdigitation [101] (Fig. S7).

2.2.2.2. The interaction with POPG and CL bilayers. PG is a phospholipid 
characteristic of prokaryotes and not common in eukaryotes, being only 
present at certain organs and locations [98]. It is a key component of 
many bacterial membranes. Cardiolipin (CL) is a phospholipid struc
turally related to PG, present in mitochondria but also in bacteria. 
Investigating QBP1's interactions with PG and CL bilayers provides 
valuable insights into its potential antibacterial activity.

As in the case of POPE bilayers, QBP1 strongly interacts with POPG 
bilayers (Fig. 2G). The larger size of the PG headgroup makes the 
penetration of QBP1 more challenging, but the peptide promptly inserts 
perpendicularly and subsequently lies parallel to the membrane surface 
under the plane described by PG phosphate groups (an orientation also 
obtained when the peptide is initially placed inside the bilayer). The 
same polar contacts observed in the case of POPE bilayers are also 
established in POPG bilayers, the most important being the salt bridge 
between the side chain of K2 and the PG phosphate oxygen atoms 
(Figs. S1, S6). Also in this case, extensive van der Waals interactions are 
established all along the QBP1 sequence (Fig. S2). The deep insertion of 
QBP1 leads to membrane fluidification (Fig. S3), and electron density 
profiles reveal lipid interdigitation, albeit less pronounced than with 
POPE bilayers (Fig. S7).

When simulating QBP1 in CL bilayers (Fig. 2H), we observed a highly 
similar interaction pattern, with comparable polar and apolar contacts 
(Figs. S8, S9). The increased frequency of interactions with CL acyl 
chains likely stems from their greater accessibility. These findings were 
consistent, even when QBP1 was initially placed within the bilayer 
center (Fig. S10).

2.2.2.3. Complex bacterial mixtures. Simulations of QBP1 in pure POPE, 
POPG, and CL lipid bilayers revealed highly similar structural and 
interaction profiles. Notably, the peptide exhibited deep insertion 
(Fig. S9) and formed stable salt bridges between K2 and the phosphate 
oxygen atoms of all lipid types (Fig. S8). When examining more complex 
bacterial membrane models, such as PE/PG (Fig. 2E) and PE/PG/CL 
(Fig. 2F) bilayers, we observed consistent results. In both cases, QBP1 
displayed deep insertion and salt bridge formation. Interestingly, while 
polar contacts in POPE/POPG mixtures were evenly distributed between 
PE and PG, a clear preference for CL was evident in POPE/POPG/CL 
models, likely due to the larger accessibility of the CL's negative charges 

(CL's phosphate groups are less buried than those of PG) attracting the 
positively charged QBP1 (Figs. S8).

To assess binding affinity, we calculated ΔGbind for Ac-QBP1-NH2 in 
various lipid environments. Molecular Mechanics with Generalized- 
Born Surface Area (MM-GBSA) has become one of the most popular 
methods to estimate binding free energies. This method achieves a good 
balance between accuracy and computational efficiency and is less 
computationally demanding than alchemical free energy methods 
[102]. While generally positive values, indicative of unfavorable bind
ing, were observed for PC-containing mixtures, significantly stronger 
binding (negative ΔGbind) was found for bacterial and fungal phospho
lipids (PE, PG, PI, CL) (Table S1). QBP1 exhibited a marked affinity for 
bacterial membrane models and their individual components. Rapid 
penetration into the bilayer (Fig. S9) led to significant disruption of the 
lipid organization, as evidenced by altered order parameter values 
(Fig. S3). These results indicate that QBP1 could indeed have antibac
terial activity, killing the target microbe by destabilizing their mem
branes, a common mechanism used by HDPs.

2.2.3. The interaction with the fungal membrane
Infections caused by fungi such as Malassezia, Botrytis, Candida, or 

Fusarium have been proposed as causative agents of neurodegenerative 
disorders, and they can also constitute a serious issue in elderly and 
immunosuppressed patients [35–37]. Fungal membranes are rich in PC 
and PE phospholipids but also ergosterol (ERGO), which is the main 
sterol in fungal organisms and a common target for antifungal com
pounds [98]. Other common phospholipids found in the outer leaflet of 
fungal membranes are phosphatidylinositol (PI) and phosphatidylserine 
(PS), mostly located in the inner leaflet of mammalian cells [98]. For 
these reasons, we investigated the interaction of QBP1 with ERGO, PS, 
and PI (Fig. 2I-K).

2.2.3.1. The interaction of QBP1 with ergosterol. In our simulations with 
bilayers containing 70 % of POPE and 30 % of ergosterol, we observe a 
very important interaction between QBP1 polar atoms and the hydroxyl 
of ergosterol (Figs. S4 and 2I). As we showed for POPE models, QBP1 
tends to dispose parallel to the membrane surface, lying in a plane just 
beneath that described by phospholipid phosphate groups. This is due to 
the salt bridge anchoring QBP1 to phosphate oxygen atoms by means of 
the side chain of K2. In this location, the hydroxyl of ergosterol is 
promptly available for the formation of H-bonds with QBP1 polar atoms. 
Not only are backbone amide N and O atoms involved, but also the Nε 
nitrogen of tryptophan residues. Furthermore, QBP1's aromatic side 
chains engage in direct van der Waals interactions with ergosterol 
(Fig. S5). These polar and apolar interactions enable QBP1 to exert 
sufficient force to displace ergosterol molecules to the opposite leaflet, 
creating additional space for itself (Fig. S11). This behavior was 
consistently observed across multiple simulation runs, even when QBP1 
was initially positioned within the membrane interior.

The substantial alteration of membrane lipid organization is evident 
in the significant changes in both the order parameter (Fig. S3) and the 
area per lipid (Fig. S12). The latter parameter is a useful indicator of 
membrane invagination observed in the presence of QBP1, character
ized by an increase in the area per lipid in the distal leaflet and a cor
responding decrease in the proximal leaflet. Overall, these findings 
support an antifungal activity of QBP1.

2.2.3.2. The interaction of QBP1 with POPI and POPS bilayers. As pre
viously mentioned, PS and PI are often found in fungal membranes. The 
interest in PS stems from the fact that microbial infections (but also 
cancer) can cause its exposure on mammal cells in a process known as 
apoptotic mimicry [98].

When studying the interaction of QBP1 with POPI bilayers (Fig. 2J), 
we observe a complete penetration of the peptide, leading to fluid
ification of the membrane (Fig. S3). The inserted peptide establishes the 
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usual sets of polar and apolar contacts described in POPE bilayers 
(Figs. S8, S9): a salt bridge with the side chain of K2 and van der Waals 
interactions with the entire sequence.

In the case of POPS bilayers (Fig. 2K), the dense network of in
teractions between the amino and carboxylate moieties of the lipid head 
groups creates a sterically hindered membrane surface. This reduced 
accessibility limits the ability of QBP1 to penetrate the bilayer. While 
occasional salt bridge formation between the K2 side chain amino group 
and PS carboxylates can occur (Fig. S1), these interactions are not suf
ficient to drive significant peptide insertion.

Interestingly, when simulations are initiated with QBP1 already 
positioned within the bilayer, the peptide remains trapped, unable to 
escape. This suggests that the apparent poor penetration observed in 
simulations where the peptide is initially added to the exterior of the 
bilayer may be a consequence of insufficient simulation time to capture 
the rare event of successful membrane insertion.

2.3. QBP1 aggregates enhance bacterial membrane disruption by 
exhibiting increased affinity for negatively charged membranes

QBP1 contains one hydrophilic residue in an 8-long sequence, pro
tected termini, and 4 aromatic residues prone to stacking phenomena. 
Such a hydrophobic sequence might well have a tendency to aggregate 
in water solution at high concentrations. This is why we repeated our 
simulations in the presence of 8 peptides.

Indeed, significant peptide aggregation was observed in all simula
tions, as evidenced by the contact map in Fig. S13. These multimeric 
structures lack a well-defined conformation. Despite the aggregation, 
the fluidifying effect of QBP1 on target membranes is amplified, as 
indicated by the increased order parameter perturbations (Fig. 4). 
Furthermore, electron density profiles (Fig. S14) show more pronounced 
alterations, and area-per-lipid measurements reveal substantial mem
brane invaginations (Fig. S15). Instead of competing with peptide 
penetration, aggregation on top of the membrane could actually favor 
membrane instability and penetration of QBP1, as in the case of simu
lation with multiple peptides interacting with PS (Fig. S16). Simulations 
suggest that the aggregation of QBP1, driven by the stacking of its ar
omatic residues, plays a key role in overcoming this limitation. By 
forming multimers, QBP1 enhances its effective positive charge, boost
ing its electrostatic interaction with anionic membranes while remain
ing far from neutral ones (Fig. 5). This aggregation serves two critical 
functions: first, it prevents individual peptides from inserting into 
neutral membranes composed of phosphatidylcholine and cholesterol, 
and second, it facilitates the preferential targeting of negatively charged 
bacterial membranes by concentrating positive charges locally. Once the 
aggregate approaches the membrane surface, our simulations reveal that 
individual QBP1 peptides can penetrate the bilayer independently, dis
rupting its internal organization as evidenced by a reduction in the order 
parameter within the membrane core.

2.4. The importance of the protection of QBP1 termini

QBP1 is often studied acetylated at the N-terminus and amidated at 
its C-terminus (Ac-QBP1-NH2). Our simulations suggest that the addi
tion of charged termini to the unprotected peptide can significantly 
impact its behavior. The N-terminal amine and C-terminal carboxylate 
groups enable additional salt bridge formation with lipid head groups, 
enhancing peptide-membrane interactions, leading to potential 
increased activity.

In simulations with mammalian (POPC and POPC/CHOL, Figs. S17A, 
B) and bacterial (POPE, POPG, CL, and their mixtures, Figs. S17C-G) 
lipids, the unprotected peptide exhibits frequent salt bridge interactions 
compared to its protected counterpart (compare Figs. S18, S19, and S22 
with Figs. S1, S4, and S8). These salt bridges lead to membrane 
disruption (Fig. S24) and peptide penetration (Figs. S20, S21, S23), in 
which the C-terminal carboxylate group often remains exposed to the 

membrane exterior.
In contrast, in simulations with fungal-like lipids (ergosterol, POPI, 

and PS), similar considerations hold, but the strong interaction between 
the unprotected peptide and phospholipid head groups can hinder the 
peptide's ability to interact with ergosterol, a key component of fungal 
membranes (compare Fig. S19 with Fig. S4). With PS and PI, the inter
action appears superficial (Figs. S17I, J) but stronger than in protected 
QBP1 because the peptide grabs the phosphate oxygen atoms by means 
of its two amino groups (N-terminus and lysine side chain) (compare 
Figs. S18 and S6 for PS and Figs. S22 and S8 for PI). The strength of such 
interaction prevents further internalization, at least in the time window 
examined and blocks the penetration of unprotected QBP1, especially in 
POPS bilayers (Fig. S20).

Despite these differences, both the protected and unprotected pep
tides induce significant membrane perturbations, as evidenced by 
changes in order parameters (Figs. S3 and S24) and electron density 
profiles (Figs. S7 and S25). However, the reduced selectivity of the un
protected peptide, which appears to interact also with mammalian 
membrane models, may introduce potential toxicity.

2.5. Studies by solid-state NMR spectroscopy confirm the tropism of 
QBP1 for bacterial-like lipids

Multilamellar vesicles (MLVs), or liposomes, provide a fairly realistic 
model of biological membranes suitable for NMR spectroscopy [103]. 
We have used them to study the effect of QBP1 on model membranes 
mimicking mammalian membranes (PC, PC/CHOL, and PC/CHOL/SM), 
bacterial membranes (containing PE, PG, and CL), and fungal mem
branes (PE, PS, and PI).

Deuterium NMR (2H NMR) spectroscopy of deuterated phospholipid 
acyl chains provides insights into membrane dynamics. The magnitude 
of the quadrupolar splitting observed for each deuterium atom scales 
with its mobility, due to the averaging of the C–D bond orientations 
with respect to the external magnetic field [91,103]. Highly mobile 
deuteriums, such as those in methyl groups, experience minimal split
ting and appear near the spectrum's center. In contrast, deuteriums in 
rigid regions, including the plateau region (carbons 2–6) near the ester 
bond, exhibit larger splittings and appear at the spectrum's edges.

Deuterium NMR spectra of palmitoyl-chain-deuterated membranes 
(Fig. 6) reveal significant fluidification in bacterial and fungal models (i. 
e., containing PE, PG, PS, and CL lipids), particularly those composed of 
PE/PG and PE/PG/CL mixtures, which closely mimic the composition of 
several bacteria [98]. The incorporation of peptides into these mem
branes leads to a systematic decrease in T₂. We attribute this to a 
chemical exchange mechanism between lipids directly interacting with 
the peptide and those in the surrounding bilayer. The rapid lateral 
diffusion of lipids within the vesicle facilitates this exchange, leading to 
an averaging of local environments and a measurable reduction in T₂ 
with a consequent increase of linewidth and an apparent signal loss.

POPC models, mimicking mammalian membranes, also show some 
fluidification (Fig. 6A), which might suggest potential toxicity. How
ever, the addition of cholesterol significantly mitigates this effect 
(Fig. 6G). Interestingly, some degree of fluidification is observed in PC/ 
eggSM/CHOL models (Fig. 6H), which seems to contradict MD simula
tion results and several in vivo studies [53,57–59]. This discrepancy 
might be attributed to the difference in chain length between eggSM and 
POPC, potentially influencing liposome packing and membrane dy
namics [104].

2.6. Microbiological activity tests

In order to ascertain our hypothesis on the antimicrobial activity of 
QBP1, we measured the minimal inhibitory concentration (MIC) to
wards some fungi, gram-negative, and gram-positive bacteria (Tables 1
and S2).

Curiously, the activity is highly dependent on the media used 
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Fig. 4. Order parameter of C–H moieties of palmitoyl side chains in membranes containing various phospholipid compositions as calculated from multiple repe
titions of MD simulations in the absence (2 repetitions in black labeled as 1 and 2) and in the presence (3 repetitions in red labeled from 1 to 3) of eight Ac-QBP1- 
NH2 peptides.
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(Table S2). As previously reported [105–107], the presence of Ca2+ and 
Mg2+ ions can impair the antimicrobial activities of many AMPs. This is 
why we also did the measurements using non-cation-adjusted MHB 
media (MHB). As predicted by our simulations, deprotection of termini 
results in more potent activity (compare MIC values for QBP1-NH2 with 
Ac-QBP1-NH2, Table S2), probably due to the instauration of more salt 
bridges between phospholipids and the positively charged N-terminal 
amino group.

We decided then to test more microorganism species and strains 
using the non-acetylated QBP1 version and MHB medium, finding 
values as low as 4 and 8 mg/L against Micrococcus luteus, Bacillus 
mojavensis, and one strain of Candida (Table 1). In other cases, the ac
tivity is moderate (e.g., E. coli, Enterococcus faecalis, B. cereus, M. luteus, 
S. aureus, and S. epidermidis) but in line with many other antimicrobial 
peptides and natural compounds (Tables 1 and S2) [108–114].

QBP1 exhibits significant activity against Gram-positive bacteria and 
certain Candida strains but shows limited effectiveness against Gram- 
negative species. Gram-negative bacteria possess an outer membrane 
rich in lipopolysaccharides (which vary among species), creating a 
barrier that restricts access to the inner membrane. This protective layer 
is further reinforced by resistance mechanisms such as efflux pumps and 
proteases [115]. In contrast, Gram-positive bacteria and fungi lack this 
outer membrane. Although they have thick cell walls—composed of 
peptidoglycan in bacteria and glucans/mannans in fungi—these struc
tures do not appear to hinder QBP1 from reaching its target.

The susceptibility of Candida strains varies significantly, with some 
showing low minimum inhibitory concentrations (MICs; 4–32 mg/L) 
and others exhibiting high resistance (>256 mg/L). This variability can 
be attributed to differences in membrane composition and functionality 
[116]. Key factors include ergosterol content (a critical fungal mem
brane component), cell wall thickness (affecting permeability), and the 
presence of efflux pumps or proteases that degrade antimicrobial pep
tides. Among Gram-positive bacteria, MIC variability may arise from 
differences in cell wall structure, membrane composition, surface charge 
density, and the presence of efflux systems or proteases.

These data pave the way for the future improvement of this anti
microbial activity without impairing its anti-amyloidogenic one.

3. Conclusions

In this work, we have first predicted and verified the antibacterial 
and antifungal activities of the anti-amyloidogenic peptide QBP1. Such 
activities were predicted by sequence alignment and supported by solid- 
state NMR spectroscopy and MD simulations with a variety of bio
mimetic membranes (Fig. 7).

Simulations provided a detailed description of QBP1's possible 
mechanism of action at the atomic level. In particular, we have found 
that QBP1 does not damage complex models of the external leaflet of 
mammalian cells containing PC, cholesterol, and sphingomyelin. 
Neither toxicity is detected with our human BBB model, in agreement 
with the lack of toxicity reported in previous in vivo studies. On the 
contrary, QBP1 was found to interact extensively and penetrate not only 
bacterial and fungal membranes but also the membranes of their pure 
components (PE, PG, CL, PS, and PI). A common feature is the estab
lishment of a salt bridge between the side chain of K2 and the phosphate 
oxygen atoms, anchoring QBP1 to phosphate groups once the peptide is 
internalized. The formation of numerous van der Waals contacts be
tween the apolar side chains of QBP1 and the acyl chains of phospho
lipid stabilizes the interaction. Inside its target membranes, QBP1 does 
not assume an ordered structure but lies in a plane parallel to the surface 
underneath the phosphate moieties. This location destabilizes mem
brane ordering, especially in the presence of ergosterol, whose hydroxyl 
is readily available for H-bonding.

The observed antimicrobial activity aligns with previous research 
demonstrating the efficient membrane penetration of tryptophan-rich 
peptides, particularly in gram-positive bacteria [117,118] and in cases 
where these residues are optimally placed in the sequence [119,120]. 
QBP1, with its three tryptophan residues, leverages this property. 
Indeed, tryptophan was shown to play a key role in the cellular uptake of 
cell-penetrating peptides (CPPs) [118,121], due to the favorable free 
energy of the insertion of its aromatic side chain into the plasma 
membrane [121–123]. In the case of QBP1, our simulation shows that 
the presence of tryptophan triggers the formation of aggregates with 
high positive charge. These aggregates may serve a dual function: first, 
by recruiting monomers, they limit the insertion of individual peptides 
into neutral membranes composed of phosphatidylcholine and choles
terol; second, by accumulating positive charges, they increase the af
finity for negatively charged bacterial membranes.

While increasing the number of tryptophan residues often correlates 
with enhanced antibacterial activity, it can also lead to increased he
molytic activity [117], which was not observed in vivo for QBP1. QBP1's 
phenylalanine-rich sequence may explain this effect, as phenylalanine's 
high hydrophobicity contributes to potent, non-toxic antimicrobial ac
tivity against both gram-positive and gram-negative bacteria [124].

With its demonstrated safety profile and ability to cross the blood- 
brain barrier, QBP1's antibacterial potential offers an exciting avenue 
for treating neurodegenerative disorders. Future research focused on 
amplifying QBP1's antimicrobial effects while preserving its anti- 
amyloidogenic properties holds the key to developing a truly innova
tive therapeutic solution.

4. Experimental section

4.1. Sequence-property alignment by ADAPTABLE web server

The sequence-related (SR) family of QBP1 (WKWWPGIF) was 
generated with the ADAPTABLE web server [67] using QBP1 as bait 
peptide and the following parameters: “Substitution matrix = Blo
sum45”; “Minimum % of similarity = 55; “ Experimentally validated =
yes.” As ADAPTABLE continuously updates with new entries, sequence- 
related families might change slightly with time [67].

Fig. 5. Representative MD snapshots of Ac-QBP1-NH2 interacting with several 
membranes of variable phospholipid compositions. (left) 1-palmitoyl-2-oleoyl- 
glycero-3-phosphocholine POPC/CHOL; (right) POPE/POPG/CL. Color code 
as in Fig. 2.
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4.2. Synthesis of the peptide

Fmoc(9-fluorophenylmethoxy)-amino acids, Fmoc-Rink Amide AM 
resin (0.64 mmol/g, particle size: 100–200 mesh) was purchased from 
Iris Biotech (Germany). The other chemical compounds were purchased 
from VWR Chemicals, Iris Biotech, or Acros and used without further 
purification. The peptide was synthesized on a CEM Liberty 1 micro
wave peptide synthesizer using standard automated continuous-flow 
microwave solid-phase peptide synthesis methods. A 5-fold molar 
excess of the above amino acids was used in a typical coupling reaction. 

Fmoc-deprotection was accomplished by treatment with 20 % (v/v) 
piperidine in N-methyl-2-pyrrolidone (NMP) at 75 ◦C. The coupling 
reaction was achieved by treatment with 2-(1H-benzotriazol-1-yl)- 
1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and N,N- 
diisopropylethylamine (DIEA) in NMP using a standard microwave 
protocol (75 ◦C). The N-terminal acetylation was accomplished by 
treatment with acetic anhydride at 75 ◦C. The peptide was cleaved and 
side-chain deprotected by treatment of the peptide resin with a mixture 
of 3.7 ml of trifluoroacetic acid (TFA), 200 μl of triisopropylsilane, and 
100 μl of H2O during 3.5 h at room temperature. The solid support was 

Fig. 6. Static 2H NMR spectra of various MLVs in the absence (blue) and the presence (red) of QBP1 (see Experimental Section for further details on lipid 
composition).
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removed by filtration, the filtrate concentrated under reduced pressure, 
and the peptide precipitated from diethyl ether. The precipitate was 
washed several times with diethyl ether and dried under reduced pres
sure. The peptides were purified on an RP-HPLC C18 column (Phe
nomenex® C18, Jupiter 4 μ Proteo, 90 Å, 250 × 21.20 mm) using a 
mixture of aqueous 0.1 % (v/v) TFA (A) and 0.1 % (v/v) TFA in 
acetonitrile (B) as the mobile phase (flow rate of 3 ml/min) and 
employing UV detection at 210 and 254 nm (Fig. S26).

Peptides with the sequences Ac-WKWWPGIF-NH2 and WKWWPGIF- 
NH2 were obtained starting from the Fmoc-Rink Amide AM resin (145.5 
mg, 0.100 mmol) as a white powder with a total yield of 29.98 % after 
purification by reverse-phase HPLC (analytical purity 97.6 % and 100 %, 
respectively, Fig. S26, supporting information).

4.3. Molecular dynamics simulations

Systems for simulations were prepared using CHARMM-GUI [125]. A 
total of 128 lipid molecules were placed in each lipid bilayer (i.e., 64 
lipids in each leaflet), and peptide molecules were placed over the upper 
leaflet at a non-interacting distance (>10 Å). Lysine residue was 

protonated. The initial peptide structure was the one obtained by solu
tion NMR in previous studies [56]. Acetylation of the N-terminus and 
amidation of the C-terminus were achieved via the CHARMM terminal 
group patching functionality, which is fully integrated into the 
CHARMM-GUI workflow. A water layer of 50-Å thickness was added 
above and below the lipid bilayer, which resulted in about 15,000 water 
molecules (30,000 in the case of cardiolipin (CL)) with small variations 
depending on the nature of the membrane. Systems were neutralized 
with Na+ or Cl− counterions.

MD simulations were performed using GROMACS software [126] 
and the CHARMM36m force field [127] under semi-isotropic NPT con
ditions. The TIP3P model [128] was used to describe water molecules. 
Each system was energy minimized with a steepest-descent algorithm 
for 5000 steps. Systems were equilibrated with the Berendsen barostat 
[129] and the Parrinello-Rahman barostat [130,131] was used to 
maintain pressure (1 bar) semi-isotropically with a time constant of 5 ps 
and a compressibility of 4.5 × 10− 5 bar− 1. The Nose-Hoover thermostat 
[132,133] was chosen to maintain the systems at 310 K with a time 
constant of 1 ps. All bonds were constrained using the LINear Constraint 
Solver (LINCS) algorithm, which allowed an integration step of 2 fs. PBC 
(periodic boundary conditions) were employed for all simulations, and 
the particle mesh Ewald (PME) method [134] was used for long-range 
electrostatic interactions. After the standard CHARMM-GUI minimiza
tion and equilibration steps [135] the production run was performed for 
500 ns, and the whole process (minimization, equilibration, and pro
duction run) was repeated once in the absence of peptide and twice in its 
presence. Convergence was assessed using RMSD and polar contact 
analysis [136].

All MD trajectories were analyzed using GROMACS tools and Fatslim 
[137]. gmx_MMPBSA was used to perform the end-state free energy 
calculations [138]. MOLMOL [139] and VMD [140] were used for 
visualization. Graphs and images were produced with GNUplot [141] 
and PyMol [142].

Binding free energies were evaluated by the gmx_MMPBSA tool 
[138] using the generalized Born (GB) model to evaluate the affinity of 
the peptide with the different membrane bilayer systems. 1000 snap
shots from the last 50 ns of each simulation were analyzed by the GBOBC2 

model (igb = 5) [143,144].

Table 1 
Minimal inhibitory concentrations < 128 mg/L displayed by QBP1-NH2 peptide 
towards different microorganisms (higher MICs and Ac-QBP1-NH2 in Table S2).

QBP1-NH2

Species Strain/ 
Position

MIC (mg/L) 
MHB

Escherichia coli DSM 1103 64
Staphylococcus aureus CIP 103429 64
Staphylococcus aureus NCTC12493 64
Bacillus cereus Clinical isolate 32
Bacillus mojavensis Clinical isolate 8
Bacillus mojavensis 0104G10 16
Enterococcus faecalis CIP 103214 16
Staphylococcus epidermidis Methicillin- 

sensitive
78A5 64

Micrococcus luteus 80B1 8
Micrococcus luteus 82H5 8
Candida sp. 1049612–1 Clinical isolate 4
Candida sp. DEL 32
Candida sp. FOL 64

Fig. 7. Summary of the central message of our study: the potential of antimicrobial prediction tools in uncovering novel functionalities of known peptides. Starting 
from computational simulations, we identified a previously unrecognized antimicrobial activity in the anti-amyloidogenic QBP1 peptide. This prediction was then 
validated experimentally and further investigated through biophysical techniques such as NMR and MD simulations, allowing us to propose a plausible mechanism of 
action, at least at the level of the microbial membrane. Remarkably, the additional antimicrobial properties of QBP1 suggest a promising new avenue for targeting 
cerebral infections—offering a compelling perspective for the treatment of neurodegenerative disorders where infection and inflammation may play a contrib
uting role.
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4.4. Human cell origin and culture

4.4.1. Ethics and origin of the human cells
Human brain pericytes (HBPs) were kindly provided by Dr. Fumitaka 

Shimizu and Pr. Takashi Kanda from the Department of Neurology and 
Clinical Neuroscience, Graduate School of Medicine, Yamaguchi Uni
versity, Ube, Japan. HBPs were isolated from a patient who had sud
denly died from a heart attack [145]. The study protocol for human 
tissue was approved by the ethics committee of the Medical Faculty 
(IRB#: H18–033-6), University of Yamaguchi Graduate School, and was 
conducted in accordance with the Declaration of Helsinki, as amended 
in Somerset West in 1996. For the CD34+-hematopoietic stem cells, 
written informed consent was obtained from the family of the partici
pant before enrollment in the study.

The collection of human umbilical cord blood requires that infants' 
parents sign consent forms in compliance with French legislation. The 
protocol was approved by the French Ministry of Higher Education and 
Research (CODECOH, Number DC2011–1321). All experiments were 
carried out in accordance with the approved protocol. HBPs and CD34+- 
hematopoietic stem cells were regularly checked for mycoplasma 
contamination, and short tandem repeat (STR) analysis confirmed the 
absence of cross-contamination. According to French legislation, human 
cells were handled in the laboratory under agreement number L2–1235. 
CD34+-hematopoietic stem cells were isolated from human umbilical 
cord blood and differentiated into ECs (CD34+-ECs) as previously 
described [146]. CD34+-ECs were seeded in 100 mm 1 % gelatin-coated 
dishes containing complete Endothelial Cell Growth Medium MV2 
(ECGMV2, PromoCell GmbH (Heidelberg, Germany)) supplemented 
with 0.5 % gentamicin. The HBPs were grown in Dulbecco's modified 
Eagle medium (DMEM, Sigma) supplemented with 4.5 g/L D-glucose, 10 
% FBS, 1 % L-glutamine, and 1 % penicillin-streptomycin, as previously 
described [146].

4.4.2. In vitro BBB model
The BBB model was prepared as previously published [146,147]. 

Briefly, CD34+-ECs (8 × 104 cells/insert) were seeded into Matrigel™- 
coated filters (Costar Transwell inserts, pore size 0.4 μm, Corning SAS, 
Avon, France). Then, the inserts were placed in collagen-coated 12-well 
plates containing HBPs (5 × 104 cells/well). After 5 days of co-culture, 
CD34+-ECs acquire the major BBB properties observed in vivo and 
reproduce a suitable model for investigating BBB permeability and 
physiology [97,148–151]. HBPs were also deeply characterized in our 
previous studies [152]. The upper compartment represents the apical 
side of the model (blood), and the lower side represents the basolateral 
compartment (brain). Once differentiated, endothelial cells were 
treated, and permeability studies and sample collection were subse
quently performed as described below.

4.5. Permeability assays

Cells were treated with 5 or 50 μM of QBP1 incubated into the 
luminal side of the human BBB model for 24 h. Permeability assays were 
then performed as previously described [153]. Ringer–HEPES (RH 
buffer) buffer (150 mM NaCl, 5.2 mM KCl, 2.2 mM CaCl2, 0.2 mM 
MgCl2, 6 H2O, 6 mM NaHCO3, 5 mM HEPES, pH 7.4) at 37 ◦C was added 
to empty wells in a 12-well plate (Costar). Filter inserts containing BBB 
endothelial cells were subsequently transferred to a 12-well plate and 
filled with RH containing the fluorescent integrity marker sodium 
fluorescein (NaFlu; 10 μM; Life Technologies, Carlsbad, CA, USA), which 
poorly crosses the BBB. After 1 h, the filter inserts were withdrawn from 
the receiver compartment. Aliquots from the donor solution were taken 
at the beginning and the end of the experiments, and the fluorescence 
was quantified using a microplate reader (Synergy H1 multiplate reader, 
BioTek Instruments SAS, Colmar, France) at an excitation wavelength 
(λ) of 490 nm and an emission wavelength of 525 nm. The permeability 
coefficient was then calculated as previously described [153]. Briefly, 

both the insert permeability (PSf, for inserts only coated with Matri
gel™) and the permeability of inserts containing BBB endothelial cells 
(PSt, for inserts with Matrigel™ and cells) were considered according to 
the following formula: 1/PSe = 1/PSt − 1/PSf. The permeability value 
of the BBB endothelial monolayer was then divided by the surface area 
of the insert (1.12 cm2) to obtain the permeability coefficient (Pe) of 
each molecule (at 10− 3 cm/min).

4.6. Immunofluorescence labeling of the tight junctions

BBB endothelial cells were fixed with ice-cold methanol (20 s) for 
CLAUDIN-5 labeling or cold paraformaldehyde (PFA) 4 % (10 min) for 
ZONULA OCCLUDENS 1 (ZO-1) and rinsed twice with cold calcium- and 
magnesium-free PBS (PBS-CMF; 8 g/L NaCl, 0.2 g/L KCl, 0.2 g/L 
KH2PO4, 2.86 g/L Na2HPO4⋅12 H2O; pH 7.4). A step of 10 min-per
meabilization (10 min at room temperature (RT)) with 0.1 % Triton X- 
100 in PBS-CMF was required for PFA-fixed samples. Unspecific binding 
was blocked (30 min, RT) using a sea block buffer solution (SBBS, 
Thermo Fisher Scientific). Then, the cells were incubated (60 min, RT) 
with primary antibodies against CLAUDIN-5 (1:100, Invitrogen, 
34–1600) or ZO-1 (1:200, Invitrogen, 61–7300) in PBS-CMF containing 
5 % (v/v) SBBS (PBS-SBBS). After rinsing, the cells were incubated (30 
min, RT) with a secondary polyclonal antibody (Life Technologies, A- 
11034) and 10 ng/mL DAPI (Invitrogen, D1306) for nuclear staining in 
PBS-SBBS. After rising, the cells were mounted using ProLong Gold 
Antifade Mountant (Thermo Fisher Scientific). Images were acquired 
using a Leica microscope (DMi8, Leica Microsystems SAS, Nanterre, 
France) and processed using ImageJ software (National Institutes of 
Health, Bethesda, MD, USA).

4.7. Solid-state NMR experiments

The lipids for the experiments were purchased from Avanti Polar 
Lipids (Alabaster, AL, USA). Multilamellar vesicles (MLVs) were pre
pared according to the usual procedures with lipids containing deuter
ated palmitoyl chains [154] using the following molar proportions: 50 
%:50 % POPC/POPC:d31, 50 %:50 % POPG/POPG:d31, 70 %:30 % 
POPE:d31/POPG, 50 %:50 % CL/POPC:d31, 70 %:30 % POPE:d31/ 
POPC, 70 %:30 % POPC:d31/Cholesterol, 35 %:35 %:30 % POPC:d31/ 
eggSM/Cholesterol. Lipids were solubilized in chloroform and mixed in 
order to obtain the desired proportions, leading to a total lipid con
centration of 60 mM. The resulting sample was evaporated under ni
trogen steam, hydrated, and lyophilized overnight to remove traces of 
the solvent. The resulting powder was hydrated with 80 μl of Milli-Q 
water (for non-charged lipids) or 50 mM phosphate buffer pH 6.6 and 
100 mM NaCl (for charged lipids). Samples were vortexed and homog
enized using four freeze-thaw cycles of freezing (− 80 ◦C, 15 min) fol
lowed by thawing (42 ◦C, 15 min). The MLV samples were then inserted 
in a 7-mm ssNMR rotor to perform the experiments. 2.4 mM of QBP1 
peptide was added for the study of the interaction.

ssNMR experiments were performed at 310 K on a Bruker Avance 
Biospin 300 WB (7.05 T) equipped with a CP-MAS 7-mm probe. Static 2H 
NMR was carried out using a phase-cycled quadrupolar echo pulse 
sequence (90◦x-τ-90◦y-τ-acq) [155]. The used parameters were a π/2 
pulse of 5.4 μs, an interpulse delay of 40 μs, a recycled delay of 1.5 s, and 
a number of acquisitions ranging from 8 k to 14 k depending on samples. 
An exponential line broadening of 100 Hz was applied before the Fourier 
transform from the top of the echo signal.

4.8. Susceptibility testing

Susceptibility testing by the broth microdilution technique was 
performed in triplicate according to CLSI guidelines [156]. Inocula were 
prepared in sterile water solution and standardized using a nephelom
eter (Vitek Densicheck, Biomérieux), then diluted in the appropriate 
media to obtain a final solution of around 5 × 105 CFU/mL in Mueller- 
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Hinton Broth (MHB) and cation-adjusted Mueller-Hinton Broth (CA- 
MHB). 96 round-bottom microplates were incubated statically for 
18–24 h at 37 ◦C. Amikacin (in water) and ciprofloxacin (in DMSO) 
stock solutions were used as controls in each series of experiments, and 
results were compared with CLSI ranges. The activities of the peptides 
were determined for high concentrations ranging from 0.25 to 256 mg/ 
L. The MIC was determined as the lowest concentration at which wells 
remained visually clear.

The evaluated strains (specified in tables with activity results) were 
precharacterized and provided by Deutsche Sammlung für Mikroorga
nismen (Braunschweig, Germany), Institut Pasteur (Paris, France), 
Bicêtre Hospital (Paris, France), and the German National Reference 
Centre for Multidrug-resistant Gram-negative Bacteria (Bochum, 
Germany).
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