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Chemically diverse antimicrobial peptides
induce hyperpolarization of the E. coli
membrane
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Anasztázia Hetényi 1 , Csaba Pál 2 & Tamás A. Martinek 1,4

The negative membrane potential within bacterial cells is crucial in various essential cellular
processes. Sustaining a hyperpolarised membrane could offer a novel strategy to combat
antimicrobial resistance. However, it remains uncertain which molecules are responsible for inducing
hyperpolarization and what the underlying molecular mechanisms are. Here, we demonstrate that
chemically diverse antimicrobial peptides (AMPs) trigger hyperpolarization of the bacterial cytosolic
membrane when applied at subinhibitory concentrations. Specifically, these AMPs adopt a
membrane-induced amphipathic structure and, thereby, generate hyperpolarization in Escherichia
coliwithout damaging the cellmembrane. TheseAMPs act as selective ionophores for K+ (overNa+) or
Cl− (over H2PO4

− and NO3
−) ions, generating diffusion potential across the membrane. At lower

dosages of AMPs, a quasi-steady-state membrane polarisation value is achieved. Our findings
highlight the potential of AMPs as a valuable tool for chemically hyperpolarising bacteria, with
implications for antimicrobial research and bacterial electrophysiology.

Mitigating the effects of antimicrobial resistance is a constant medical need
and one of the most significant challenges1. Efforts are devoted to intro-
ducing faster methodologies for antibiotic development2–4, but the new
compounds rarely show a lower propensity for resistance5–7. Therefore,
adjuvant strategies to preserve or improve the efficacy of existing antibiotic
drugs are attractive approaches8,9, and new adjuvant mechanisms are in
demand10.

Several previous observations point to hyperpolarization as a poten-
tially useful adjuvant approach.A linear relationshipwas found between the
probability of hyperpolarization and cell death11,12. A direct connection has
been demonstrated between bacterial hyperpolarization and the killing
efficacy of an aminoglycoside has been demonstrated13, where the elevated
membrane potential was induced by ATP accumulation due to disrupted
ribosomal protein synthesis. The increased polarisation of the membrane
caused by the loss of control exerted by the PhoP regulator on the energised
membrane decreased bacterial virulence14. The direct antimicrobial effect of
bacterial hyperpolarization was also suggested when polarisation was gen-
erated with nanoporous gold without membrane damage15. ATP synthesis
and bacterial metabolic rate are directly related to membrane potential16,17.
Bacterial metabolic rate, in turn, plays a determining role in antibiotic

lethality18. Stimulated cellularmetabolismwith increasedATPproduction is
sufficient to improve antibiotic efficacy without increased growth. This
finding connects hyperpolarization and faster metabolism with reduced
antimicrobial resistance, pointing to a general sensitisation and adjuvant
strategy. As a proof of principle, we recently showed that designer peptides
that hyperpolarise the bacterial membrane act as in vivo adjuvants that
restore and improve the sensitivity of resistant and wild-type strains to
small-molecule antibiotics19. Inhibitory concentrations of nalidixic acid and
ampicillin decreased markedly in vivo with sublethal doses of hyperpolar-
ising sequences derived from the antimicrobial peptide PGLa (AMP). The
hyperpolarization was caused by selective cross-membrane ion transport,
generating a stable diffusion potential without rupturing the membrane.

A mechanistic understanding of direct chemical-biophysical hyper-
polarization is required to elaborate further on this emerging antibacterial
adjuvant strategy. Revealing the structural determinants of the hyperpo-
larization effect at the molecular level is essential. To this end, we aimed to
systematically enlarge the pool of the hyperpolarising compounds to reach a
reasonable chemical diversity that facilitates structure-activity relationship
investigations. Because our first serendipitous hits belong to or are analo-
gous with antimicrobial peptides of natural origin, we set out to search for
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bacterial hyperpolarization effects in the class of AMPs. The following facts
justify our approach. First, bacterial membrane-specific ion transport
phenomena were detected among cationic AMPs20 without membrane
rupture. Second, bacterial membrane hyperpolarization effects were
observed sporadically forAMPs21. Third, AMPs rarely induce antimicrobial
resistance, showing widespread collateral sensitivity and reduced cross-
resistance to small molecule antibiotics, decreasing the risk of adjuvant-
induced antimicrobial resistance8,22.

After testing a structurally diverse panel of AMPs, we found that this
class of materials is a rich source of hyperpolarising agents on E. coli when
applied at subinhibitory (sub-MIC) concentrations. Selective ion transport-
induced diffusion potential generation is frequent among cationic AMPs in a
single bilayer model. In contrast, bacterial hyperpolarization is likely only for
sequences that can environment-dependently fold and unfold while diffusing
across the complex bacterial cell wall to reach the cytoplasmic membrane.

Results
Selection of a structurally diverse panel of AMPs
In search of the bacterial hyperpolarization effects, we chose 17 AMP
sequences (Table 1). The selection was based on the secondary structure,
including α-helix, polyproline helix, disulfide-stabilised β-sheet, and dis-
ordered sequences. The folding of AMPs is often dynamic and
environment-dependent23–33, where the negatively charged membrane
induces the structure. Therefore, we specifically focused on sampling
cationic AMPs with membrane-induced secondary structures
(Figs. 1 and 2). The inducibilities reported in the literature (see citations in
Figs. 1 and 2) were confirmed by our CD measurements at 0.5 MIC and
under identical conditions for all AMPs studied. Disulphide-stabilised
AMPs were oxidised to their native structure, confirmed by enzyme
digestion and HPLC-MS analysis (Supplementary Figs. 1 and 2). Thus, the
panel of AMP sequences samples the conformational space in two
dimensions: the type of the bioactive secondary structure and itsmembrane
inducibility. It is also important that AMPs can have specific targets in
addition to lytic effects on themembrane, which canmodulate the net effect
on bacterial electrophysiology34.

Membrane-induced AMP structures generate bacterial hyper-
polarization in E. coli at sublethal concentrations
We measured changes in the polarisation of the cytosolic membrane
potential of E. coli cells in response to AMPs. We applied subinhibitory

concentrations, uniformly 0.5 MIC (Supplementary Table 1), to avoid total
membrane rupturing. Polarisation was monitored by flow cytometric
analysis using the membrane potential sensitive dye DiOC2(3) (Fig. 3a–c
and Supplementary Figs. 3–6)35. We performed all measurements after
15min of incubation. The sublethal concentrations of MAG2a, MAG2,
BAC5, BUF2, CP1, and GUA2 switched the whole population of bacteria
into a hyperpolarised state. For PGL, PGLa, PGRLa, R8, INDa, LL37, and
IND, a bimodal distribution of membrane polarisation was observed with a
significant amount of hyperpolarised cells. The rest of the population
remained unperturbed or slightly depolarised. Sequences TP2, TP2K, and
PROT1 perturbed the polarisation level and strongly sharpened the dis-
tribution, but significant hyperpolarization could not be detected. For AP,
no effect on membrane polarisation was observed.

These findings revealed that many of the AMPs studied here can
induce hyperpolarization at a sequence-dependent level. We calculated the
averaged hyperpolarization effect for the biological replicates (Supple-
mentary Fig. 7) and compared the readoutwith the structural features of the
sequences (Fig. 3d). AMPs with membrane-induced helical structures tend
to generate hyperpolarization at a subinhibitory concentration without
depolarisation of the bacteria. In contrast, sequences having membrane-
insensitive conformations cannot shift the bacterial population to a dom-
inantly hyperpolarised state. Structurally, the lack of disulphide bond(s) and
the membrane-induced dynamic helical structure characterise the hyper-
polarising sequences. In principle, the overall hydrophobic surface area and
the net charge can be associated with the AMP-membrane interactions, but
these descriptors do not explain the membrane-inducibility (Supplemen-
tary Fig. 8).A specific side chainpattern is needed,which shapes the separate
hydrophobic and ionic faces of the helices without self-aggregation and
sufficient residual flexibility. We found no correlation with the existence of
the published non-membrane lytic targets.

We tested whether these AMPs can hyperpolarise themembranes of a
Gram-positive organism and experimented with the Gram-positive Sta-
phylococcus epidermidis. First, we determined theMICs for a selected panel
of AMPs, and we found considerably elevated values compared with the E.
coliMICs (Supplementary Table 2). For AMPs that show decent antibiotic
effects against S. epidermidis, we performed membrane potential assays at
subinhibitory concentrations (0.5 MIC). Under these circumstances, we
found depolarisation for the studied AMPs (Supplementary Fig. 9). Due to
the relatively high MICs, the antibiotic concentrations used in this experi-
ment were higher for S. epidermidis than for E. coli. These observations

Table 1 | The studied AMPs

Peptides Abbreviation Sequence Non-membrane lytic target(s)61

Apidaecin 1B AP GNNRPVYIPQPRPPHPRL-OH DnaK & GroEL

Protegrin-1 PROT1 RGGRLCYCRRRFCVCVGR-NH2 –

Tachyplesin II – Lys TP2K KWCFKVCYKGICYKKCK-NH2 –

Tachyplesin II TP2 RWCFRVCYRGICYRKCR-NH2 DNA

Indolicidin-OH IND ILPWKWPWWPWRR-OH –

LL37 LL37 LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES-OH cell wall synthesis62

Indolicidin INDa ILPWKWPWWPWRR-NH2 DNA

R8 R8 FLGKVFKLASKVFKAVFGKV-OH –

PGLa – Arg PGRLa GMASRAGAIAGRIARVALRAL-NH2 –

PGLa PGLa GMASKAGAIAGKIAKVALKAL-NH2 –

PGLa-OH PGL GMASKAGAIAGKIAKVALKAL-OH –

Guavanin 2 GUA2 RQYMRQIEQALRYGYRISRR-NH2 –

Cecropin P1 CP1 SWLSKTAKKLENSAKKRISEGIAIAIQGGPR-OH DNA

Buforin II BUF2 TRSSRAGLQFPVGRVHRLLRK-OH DNA

Bactenecin 5 BAC5 RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFP-OH DnaK & ribosomal proteins

Magainin II-OH MAG2 GIGKFLHSAKKFGKAFVGEIMNS-OH –

Magainin II MAG2a GIGKFLHSAKKFGKAFVGEIMNS-NH2 –
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suggest that the sub-MIC AMP-induced hyperpolarization can not be
generated in the Gram-negative S. epidermidis.

To assess whether AMPs could generate nonspecific currents through
the membrane of eukaryotic cells, we have measured the membrane
potential of activated human peripheral lymphocytes using the patch clamp
technique in I = 0 current clamp mode. We exposed human cells to PGLa
and CP1. To suppress unwanted peptidase effects, PGLb119, a foldameric
analogue of PGLa, was measured. The perfusion of high-concentration
potassium solution (HK) was used as a positive control, which caused a
reversible shift of the membrane potential close to 0mV, which was fol-
lowed by the application of PGLa (Supplementary Fig. 10a), PGLb1 (Sup-
plementary Fig. 10b) orCP1 (Supplementary Fig. 10c). Each compoundwas
dissolved in control bath solution at 0.5 MIC concentrations separately. In
our measurements, we did not observe any relevant changes in the resting
membrane potential in response to long-term exposure to any of these
materials, as shown by representative traces (Supplementary Fig. 10a–c).

Quantitative analysis of the data determined the relative changes in mem-
brane potential due to exposure compared to the initial resting potential of
the given cell (ΔEm = Emexposed – EmNR) (Supplementary Fig. 10d). PGLa,
PGLb1 and CP1 induced negligible changes in membrane potential
(−0.81 ± 0.77, 0.49 ± 0.41 and −0.17 ± 0.82, respectively) suggesting that
these compounds do not induce nonspecific conductance of ionic currents
in eukaryotic cells. We note that the AMPs were unlikely to internalise into
the cytosol andorganelleswithin the time scale of the experiments excluding
the potential intracellular effects.

The concentration dependence of the hyperpolarization sug-
gests an AMP-induced diffusion potential
We suggested in our earlier publication19 that AMP-induced hyperpolar-
ization is due to the diffusion potential, which is caused by the different
relative ion permeabilities facilitated by the peptide-mediated cross-mem-
brane ion transport. As long as the AMPs’ concentration is sufficient for

Fig. 1 | Selected AMPs with non-membrane-inducible secondary structures.We
recorded CD curves under identical conditions (100 mM peptide without and with
1 mMDOPC/DOPG large unilamellar vesicles (LUV) in 10 mMphosphate buffer at
pH 7.2) to ensure the reproducibility of structural characteristics in this study. The

coordinates of the secondary structures in the membrane were obtained by mole-
cular modelling using the experimental restrictions reported in the relevant
citations23–27.
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binding to the membrane and forming the necessary ionophoric structure,
the relative ion permeabilities facilitated by the AMPs are expected to
remain approximately constant. This hypothesis predicts that the diffusion
potential does not decrease upon lowering the AMP concentration while

above the critical limit. In contrast, theAMPs’direct killing effect is basedon
membrane destruction around and above theMIC, which is concentration-
dependent. Getting closer to the MIC value, the probability of nonselective
pore formation and depolarisation increases36,37. This effect can compete

Fig. 2 | Selected AMPs with membrane-inducible secondary structures.We
recorded CD curves under identical conditions (100mM peptide without and with
1mMDOPC/DOPG largeunilamellar vesicles (LUV) in10mMphosphate buffer at pH

7.2) to ensure the reproducibility of structural characteristics in this study. The coor-
dinates of the secondary structures in the membrane were obtained by molecular
modelling using the experimental restrictions reported in the relevant citations28–33.
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with the diffusion potential, which causes a decreasing polarisation as the
AMPconcentration is increased toward theMIC.To test this hypothesis, we
performed measurements in the range of 0.25 – 0.75 MIC. We observed
increasing hyperpolarization with the lowered AMP concentrations, cor-
roborating the presence of the diffusion potential as the underlying
mechanism of the hyperpolarization (Fig. 3e).

AMPs induce diffusion potential in large unilamellar vesicles
AMPs studied here, except for AP, perturb bacterial electrophysiology at
subinhibitory concentrations without general cell depolarisation. Hyper-
polarization observed for the bacterial membrane excludes extensive
cytosolic membrane damage or non-selective pore formation. This con-
trasts starkly with the established membrane rupturing mechanism for

Fig. 3 | Bacterial hyperpolarization effects of
AMPs at subinhibitory concentrations. The flow
cytometric membrane polarisation assay (BacLight)
was carried out in E. coli using the fluorescent
membrane potential indicator dye DiOC2(3).
Representative histograms of the log ratio calculated
from the red and green channels for LL37 (a)MAG2
(b) andAP (c) (yellowuntreated, blueAMP treated).
Population means of the red/green fluorescence
ratios normalised to the values obtained for the
untreated cells (d). Data are based on three biolo-
gical replicates measured at 0.5 MIC AMP con-
centrations. Ratios below one correspond to
depolarisation, and values above one indicate
hyperpolarization. Values are displayed against the
inducibility of the secondary structure. AMP-
induced bacterial hyperpolarization detected for
hyperpolarising sequences at concentrations ofMIC
of 0.25 (green), 0.5 (grey) and 0.75 (brown),
n = 3 (e).
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cationic AMPs at lethal doses38, raising the question of the possible
hyperpolarizationmechanism. Inaddition to the bacterial lipidmembrane,
no cell target is known for MAG2, GUA, R8, and PGLa at inhibitory
concentrations. Therefore, we hypothesised that the perturbation of the
polarisation in bacteria is also caused by direct membrane–AMP interac-
tions. To test this phenomenon, we set up a cytosolic bacterial membrane
mimetic DOPG:DOPC large unilamellar vesicle (LUV) system, where the
AMP-induced membrane potential changes can be monitored with the
voltage-sensitive fluorescent dye oxonol VI19,39,40. The LUV samples were
prepared with different ion gradients at constant pH 7.2 to facilitate the
detection of any dynamic polarisation effect. For cations, 100mM NaCl
(inside) and 100mM KCl (outside) were applied. The anion gradient was
establishedwith 100mMNaCl (inside) and 100mMNaH2PO4 or NaNO3

(outside).
The fluorescence change of oxonol VI upon membrane polarisation

depends on the specific membrane system, wavelength, and dye
concentration41.We probed the response of oxonol VIwith the K+-selective
ionophore valinomycin and the cation gradient. We found that the inside
positive polarisation induced with valinomycin and the K+-outside cation
gradient caused fluorescence to decrease at the emission wavelength of
640 nm (Supplementary Fig. 11). The validating K+-inside experiment led
to increasing fluorescence intensity, establishing the fluorescence probe’s
sensitivity to the membrane voltage polarity in this setup42.

Next, we recorded the membrane potential changes generated by
AMPs at 0.5 MIC in the presence of the cation gradient. The ion gradient-
dependent fluorescence intensity curves revealed that most of the AMPs

(PROT1, TP2K, TP2, IND, LL37, INDa, R8, PGRLa, PGLa, PGL, GUA2,
BUF2, BAC5, MAG2 and MAG2a) induced inside positive diffusion
potential (Supplementary Figs. 12 and13). Thisfinding indicates thatAMPs
facilitate higher cross-membrane permeability for K+ in comparison to
Na+ ; that is, AMPs are K+ selective ionophores at sublethal concentra-
tions. For AP and CP1, no diffusion potential appeared in the cation gra-
dient LUV model. Measurements with inside Cl− anion gradients against
H2PO4

− also caused inside positive diffusion potential in general (Supple-
mentary Figs. 12c and 13c). This points to a higher cross-membrane per-
meability for Cl− relative to H2PO4

−, leading to a Cl− selective anion
transport. The phenomenon appeared uniformly except for AP. We also
carried out these measurements with NaCl inside and NaNO3 outside
gradient to eliminate potential osmotic stress due to acid-base equilibrium
of the phosphate species (Supplementary Figs. 12d and 13d). The diffusion
potential generated by Cl− selectivity was observed against NO3

−.
We concluded that the AMPs studied induced diffusion potential in

the LUVmodel in a sequence-dependentmanner (Fig. 4). The fluorescence
intensity change demonstrated that the AMPs generate diffusion potential
through K+- or Cl−-selective (over Na+ and H2PO4

−, respectively) cross-
membrane ion transport or both. These findings support that direct
membrane–AMP interactions at subinhibitory concentrations can shape
the diffusion potential across a lipid bilayer. However, the membrane-
induced structure was not a determining factor in generating the diffusion
potential in the LUV bilayer model. This observation strongly suggests that
the components of the cell wall outside the cytosolic membrane modulate
the bacterial hyperpolarization effect.

Fig. 4 | Membrane polarisation measurements in large unilamellar vesicles.
Scheme of theNa+/K+ gradientmodel with oxonol VI in themembrane (lilac circles)
(a). Representative fluorescence change of oxonol VI upon adding PGLa (at t = 0) to
the Na+/K+ gradient system. The negative change indicates a positive inside
potential (b). AMP-induced fluorescence intensity decreases, implying the diffusion
potential for the K+/Na+ gradient model (red), n = 40 (c). Schematic of the Cl−/

H2PO4
− gradient model with oxonol VI in the membrane (lilac circles) (d).

Representative fluorescence change of oxonol VI upon adding PGLa (at t = 0) to the
Cl−/H2PO4

− gradient system (e). AMP-induced fluorescence intensity decreases,
indicating the diffusion potential for the Cl−/H2PO4

− gradient model (blue),
n = 40 (f).
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AMPs maintain a quasi-steady state ion gradient
The kinetics of the potential change revealed that the diffusion potential is
rapidly built up after adding the AMPs. After 15min, the polarisation
converged to a stable non-zero value or drifted slowly. Since a constant
diffusion potential requires a steady-state cross-membrane ion gradient43,
we hypothesised that AMPs facilitate the voltage-generating infinitesimal
electrogenic transport but do not fully dissipate the ion concentration gra-
dients across the membrane. Levelling of intra- and extravesicular con-
centrations at a macroscopic level would require an effective electroneutral
ion exchange (e.g.,Na+/K+ andCl−/H2PO4

−) activity.Wedirectlymeasured
the time-dependent ion concentration levels in LUVs using NMR spec-
troscopy to test the extent of the macroscopic ion exchange across the
bilayer. Na+, Cl−, and H2PO4

− were monitored by detecting 23Na, 35Cl, and
31P NMR signals in LUVs19. We established the same ion gradients as those
applied in membrane potential measurements for the Na+/K+ and Cl−/
NO3

− setups. The Cl−/H2PO4
− gradient was constructed with H2PO4

− in
the intravesicular lumen, facilitating theNMR experiment. Dy(PPP)2

7− and
Co2+ were used as NMR shift reagents to distinguish between internal and
external Na+ and Cl− resonances, respectively. External and internal
phosphate signals could be determined without a shift reagent. Most AMPs
showed time-dependent but limited cross-membrane ion exchange (Sup-
plementary Figs. 14 and 15). The ion exchange stopped or slowed after
20min (Fig. 5), leading to a stable, steady-state ion gradient or a slow drift.
This observation confirms that the AMPs do not dissipate the ion gradient
rapidly, helping a quasi-steady-state sustained membrane potential. The
rate-determining step in the exchange is the slow transport of the less
favoured ion.

Discussion
In this work, we found that the class of AMPs is a rich source of substances
that can switch on bacterial hyperpolarization. Structure-activity relation-
ship analysis revealed that AMPs with membrane-induced amphipathic

structures can elicit hyperpolarization in E. coli at sub-MIC concentrations.
The lowered concentration prevented membrane rupture, while AMP-
mediated selective ion transport facilitated shaping a diffusion potential. To
describe the extent of themembrane polarisation as a function of the relative
permeabilities and ion concentrations, the Goldman-Hodgkin-Katz model
is an adequate framework, and in future work, we plan to explore the exact
quantitative relationship.Our results strongly suggest that the environment-
dependent structure is essential to cross the bacterial cell wall without
damaging the membrane. The bacterial cell wall is a formidable barrier for
antibacterial compounds due to the multiple hydrophilic layers with lipo-
philic and negatively charged layers3. Crossing such a complex shield
without a rupturing effect requires a flexible structure adapting to its actual
environment. Thus, generating the diffusion potential at the inner cytosolic
membrane is possible (Fig. 6). We note that bacteria can, in principle,
counteract the AMPs’ hyperpolarization effect, but these mechanisms were
not studied in this work.

In the LUVmodel, AMPs could not dissipate the ion gradient beyond
an initial cross-membrane exchange phenomenon during the build-up of
membrane polarisation. This observation suggests that the early transient
exchange is blocked by the potential-coupled insertion geometry of the
peptidic structure into the membrane44, which may contribute to the ion
selectivity.

AMPs have been studied for their ion transport activity, focusing on
cation leakage. There are various mechanisms of action for peptides with
ionophore activity. For example,GramicidinA can transport ionswhen two
monomers fuse at the opposite end to form a dimer ion channel4,17. Con-
versely, valinomycin, a cyclic peptide, traps K+ in its hydrophilic core and
ferries across the lipid membrane bilayer45. Recent studies about the
mechanism of valinomycin suggest binding to anion while trapping K+46.
However, little was known about how AMPs affect the transport of phy-
siologically relevant ions without membrane disruption47. PGLa19, TP448,
and guavanin 230 have been found to induce hyperpolarization at sub-MIC

Fig. 5 | Ion transport measurements in large unilamellar vesicles. The non-
electrogenic Na+/K+ exchange model (a). Validation of the NMR measurements at
different internal and external 23Na+ concentrations. For 23Na, 1 mM Dy(PPP)2

7−

chemical shift reagentwas added (b). Initial exchange rates observed forAMPs in the
Na+/K+ gradient model (c). The initial exchange rate is estimated by the slope of the
linear regression to the first four data points. The error bars indicate the standard
error of slope. Representative time-dependent exchange curve for PGLa in the
Na+/K+ gradient model (d). The non-electrogenic Cl−/H2PO4

− exchange model

(e). Validation of the NMR measurements at different internal and external
31P concentrations, no shift reagent was needed for 31P (f). Initial exchange
rates observed for AMPs in the Cl−/H2PO4

− gradient model (g). The initial
exchange rate is estimated by the slope of the linear regression to the first three
data points. The error bars indicate the standard error of slope. Representative
time-dependent exchange curve for BUF2 in the Cl−/H2PO4

− gradient
model (h).
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concentrations. For PGLa and its β-peptidic analogues, we noticed a con-
nection between the hyperpolarization phenomenon and synergism with
conventional antibiotics. We discovered that these peptides hyperpolarise
bacterial membranes by selective ion transport at sub-MIC levels19. Our
study indicates that selective ion transport is a generic feature for cationic
AMPs with few exceptions.

The general phenomenonof unusual K+ selectivity of ion channels and
ionophores has been repeatedly discussed in the literature, and our
understanding is still incomplete. Multiple factors can contribute to this
tendency. The first filter element is the difference between the hydration
shells of K+ and Na+. Na+ interacts more strongly with its first hydration
shell than K+, giving K+ a more flexible structure49. Thus, K+ dehydration
activation energy is lower. It has also been pointed out that the lowdielectric
environment in the membrane interior contributes to the K+ selectivity50,
and other pores/ionophores containing a different number/chemical type of
coordinating groups from those observed in potassium channels could also
select K+ over Na+. Experimental and theoretical investigations revealed
that the higher surface charge density of Na+ can lead to trapping in and
hindered disengagement from the pore51. Our results align with the ubi-
quitous nature of the K+-selective cross-membrane ion transport. Con-
cerning the anion transport, the requirements of Cl− selectivity have been
studied in the literature52. The authors conclude that Cl− selectivity is less
dependent on the specific side chain pattern. It is connected to the inter-
actions with the amide backbone. The AMPs studied here possess this
feature. A recent study on an artificial Cl− channel indicated that an organic
structure that is relatively simple compared with a channel protein could
display Cl− selectivity53.

It is established that electrostatic interactions between cationic
AMPs and the negatively charged bacterial membrane surface lipopo-
lysaccharides (LPS) are essential in the lethal effect at and above theMIC
dose. At the inhibitory level, the membrane-acting AMPs compromise
the membrane integrity by dysfunction of the associated subsystems,
ultimately leading to cell lysis and cell content release36,38. Still, these
peptides are often produced naturally in a diluted environment, where
reachingMIC level may not be possible54. Hence, it is compelling to focus
on their action at sub-MIC as the recent studies show several effects, such
as inhibition of biofilm formation55,56, inhibition of secretion of SpeB
cysteine protease57, inhibition of production of toxins58, synergism with
antibiotics19,59. Studies suggest that peptides may translocate through the
membrane into the cytoplasm at sub-MIC concentration and can
manipulate cell permeability by ion transport60. Our findings add a new
aspect to the sub-MIC effects because hyperpolarization is coupled to
many metabolic and signalling processes. Thus, already subinhibitory
levels of AMPs are likely to reduce bacteria’s survival ability under
antibacterial attacks of the host.

We conclude that AMPs withmembrane-induced bioactive structures
have an intrinsic sub-lethal effectonbacterial electrophysiology,whichmust
be considered in studies with these materials.

Methods
Peptides
CP1, LL37, R8, and AP were purchased from ProteoGenix. The rest of the
peptides were synthesised in the lab.

Synthesis and purification
Peptides were synthesised by SPPS using the automatic synthesiser Liberty
Blue. Tentagel RRAM(0.19mmol/g loading) andWang resinwere used for
the synthesis of peptides with amidated C-terminal and free C-terminal,
respectively. Loading was set manually for the Wang resin with the first
amino acid of each peptide. 10% Piperazine in N-Methyl-2-pyrrolidone
(NMP) as deprotection solution; N,N’-Diisopropylcarbodiimide (DIC) as an
activator and Ethyl cyanohydroxyimino acetate (Oxyma) as activator base
were used. Cleavage reagent containing amixer of trifluoroacetic acid (TFA)/
water/DL-dithiothreitol (DTT)/triisopropylsilane (TIS) (90 : 5 : 2.5 : 2.5) was
used to cleave the peptides at room temperature for 3 h. TFA was removed
with vacuum drying and precipitated in ice-cold diethyl ether. The resin was
washed with acetic acid and water and then filtered. The filtered solution was
lyophilised to get peptides in powder form. The peptides were purified with
RP-HPLC on a C18 column (Phenomenex Luna, 250 × 10mm) using water
(containing 0.1% TFA) and Acetonitrile (0.1% TFA) as eluent A and B,
respectively. A gradient of 0% to 60% over 80min, at a flow rate of
4mlmin−1 was used. Purity was confirmed by analytical RP-HPLC and ESI-
MS measurements using a C18 column (3.6 µm Aries peptide, 250 ×
4.6mm) water (containing 0.1% HCOOH) and Acetonitrile (0.1%
HCOOH) as eluent A and B respectively. A gradient of 5% to 80% over
15min was used at a flow rate of 0.7mlmin−1.

Oxidation of peptides with beta-sheet secondary structure
(TP2, PROT1)
Purified powder peptide (reduced form) was dissolved in 20mM ammo-
niumacetate solution at 100 µg/mL concentration, and the pHwas set to 7.4
withNaOH.The solutionwas kept in a glass vialwith a lid open for 48 hours
to oxidise in air. Completion of the oxidation process was confirmed with
HPLC-MS. The peptide was then purified and lyophilised. The desired
disulfide bond formation was identified with trypsin and chymotrypsin
digestion methods.

Digestion by trypsin and chymotrypsin
The peptide was dissolved in 100mM Tris HCl containing 10mM CaCl2,
pH 7.8. 1mg/mL of enzyme stock was made in 1mM HCl having 2mM

Fig. 6 | The proposed mechanism for the filtering effect of the bacterial cell wall.
AMPs with membrane-induced bioactive structure and limited hydrophobicity can
escape the membrane interior and diffuse across the pores of the bacterial cell wall.
When reaching the cytoplasmic membrane, diffusion potential generation becomes

possible (a). Folded structures with dominantly hydrophobic side chains display
limited diffusion across the cell wall, effectively decreasing the AMP’s ionophore
activity at the cytoplasmic membrane (b). (Created with BioRender.com).
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CaCl2. An appropriate amount of enzyme solutionwas added to the peptide
to make the ratio of trypsin to peptide 1:20 and chymotrypsin to peptide
1:60. Solution was kept in a glass vial in a shaker for 24 hours at 25 °C.
Sample takenat different timepoints.Digestion of the sample terminatedby
adjusting the pH to 2.0 with 10% trifluoroacetic acid.

Circular dichroism measurements
CD spectra of all the peptides were measured using Jasco J-1100 CD-
spectrometer. Spectra were recorded using a 1mmquartz cuvette, from 260
to 190 nm, at a scanning speed of 100 nmmin-1 with 5 accumulations.
100 μM peptide stock solutions were prepared in Na-phosphate buffer
(10mM, pH 7.2). LUVs were prepared with the same method described in
the LUVs preparation section but in Na-phosphate buffer (10mM, pH 7.2)
and without NaCl. Spectra were collected with and without 1mM LUVs.
The solvent baseline was subtracted in each case.

Preparation of large unilamellar vesicles
20mM LUVs were prepared by mixing 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-gly-
cerol) (DOPG) in a molar ratio of 7:3 from chloroform stock in a round
bottom flask. A thin lipid film was obtained by purging nitrogen gas for
20min, and it was dried subsequently for 5min with hot air to remove
residual solvents from the film. The film was hydrated with 20mMHEPES
buffer, pH 7.2, containing 100mMNaCl/NaH2PO4 on a shaker for 1 hour
and kept at 4 °Covernight to get a suspension ofmultilamellar vesicles. This
was followed by 12 cycles of the freeze-thaw cycle. Vesicles were then
extruded 12 times through an extruder (Albet Lifesciences) with a pore size
of 200 nm. Unencapsulated NaCl/NaH2PO4 was removed by dialysis with
20mMHEPES buffer, pH 7.2, containing 100mMKCl/NaH2PO4/NaNO3

using Slide-A-Lyzer Dialysis Cassette. The final volumewas adjusted with a
similar buffer used for dialysis.

Particle size, polydispersity index
LUVs were evaluated for mean particle size (Z-average), and polydispersity
index analysis by the dynamic light scattering (DLS) method (Zetasizer,
Malvern Instruments,Worcestershire, UK) at 37 °C. 20mMHEPES buffer,
pH 7.2, containing 100mM NaNO3 or KCl was used to dilute the 20mM
liposome suspension to 1:14 for scanning in 1 cm disposable cuvettes. Data
were analysed using the Zetasizer software.

NMRmeasurements
NMR spectra for ion transport study were recorded on a Bruker Ascend
500 spectrometerwith a 5mmBBOProdigyProbe at 310 K. For 23NaNMR,
0.5 µL 1MDy(PPP)2

7- was added to 500 µL of 20mMLUVs [NaCl (inside)
KCl (outside)] as shift reagent. 23Na NMR: operating at 132.3124MHz,
spectralwidth 9 091Hz, 64 data points, relaxationdelay 0.1 s,Ninety-degree
pulse 10 µs. For 31P NMR 500 µL of 20mMLUVs [NaH2PO4 (inside) NaCl
(outside)] was used. 31P NMR: operating at 202.474MHz, spectral width 81
967Hz, 65536 data points, relaxation delay 2 s, Ninety-degree pulse 12 µs.
35Cl NMR: operating at 49.0091MHz, spectral width 10 000Hz, 3000 data
points, relaxation delay 0.1 s, ninety-degree pulse 20 μs. 2 μL 1MCo(NO3)2
were added to 500 μL LUV suspension as a shift reagent in each sample.

Fluorescence measurements
Fluorescent measurements were done by using an Optima Fluostar plate
reader. 0.2 mMLUVs containing 100mMNaCl (inside) and 100mMNaCl
or KCl or NaH2PO4 (outside) were used for the measurements. 0.45 µM
oxonol VI dye concentration was maintained in the final plate diluted
freshly by the same 1mg/mL ethanol stock buffer. The excitation wave-
length was set to 580 nm (slit width 10 nm) and the emission wavelength to
640 nm (slit width 10 nm). From a mixture of LUVs and oxonol VI dye,
290 µl aliquotswere added intoNunc 96-well transparentflat-bottomplates
with 3 parallels. After the fluorescence flatlined, 10 µl of peptide stock
solutions were added to the wells with a multi-channel pipette. The fluor-
escence response of buffer addition was used as background. All the

measurements were done at 37 °C. The fluorescence intensity was nor-
malisedby (F−F0)/F0,whereF is the average intensity of thepeptides, andF0
is the average intensity of the buffer cells.

MIC measurements
MICs were determined using a standard serial broth dilution technique.
Escherichia coli K-12 BW25113 and Staphylococcus epidermidis ATCC
51625 strains were used in this study. MIC measurements used two times
serial dilution of antibiotic and an inoculum of 5 × 105 bacteria per ml as
suggested by the Clinical and Laboratory Standards Institute (CLSI)
guidelines. Müller-Hinton II Broth medium was used. To avoid possible
edge effects, rows A and H contained only media devoid of cells. The
environment during incubation was also set to minimise evaporation and,
hence, edge effects.After18 hof incubationat 37 °C, rawA600 nmvalueswere
measured in a Biotek Synergymicroplate reader. MICwas defined by a cut-
off A600 nm value (mean + 2 s.d. of A600 nm values of bacteria-free wells
containing only growth medium). Representative dose-response curves are
given for AP, PROT1, GUA2, BUF2, and MAG2 in the Supplementary
Information (Supplementary Fig. 16).

Membrane potential assay
The BacLight bacterial membrane potential kit (Invitrogen, B34950) pro-
vides afluorescentmembrane potential indicator dye,DiOC2(3), alongwith
CCCP and premixed buffer. At low concentrations, DiOC2(3) exhibits
green fluorescence in all bacterial cells; however, as it becomes more con-
centrated in healthy cells that are maintaining a membrane potential, it
causes the dye to self-associate and the fluorescence emission to shift to red
(Supplementary Fig. 17). The red and green fluorescent bacterial popula-
tions are easily distinguished by using a flow cytometer. CCCP (10 μl of a
500 μMstock) is included in the kit for use as a control because it eradicates
the proton gradient, eliminating the bacterialmembrane potential. Bacterial
cells were grown overnight inminimal saltsmediumoptimised forAMPs at
37 °C with shaking at 200 rpm. The overnight grown cultures were diluted
into fresh MHB medium and grown further until cell density reached
OD600 0.5.

The grown cultures were diluted to 107 cells per mL in filtered PBS
buffer and treated with drug and DiOC2(3) (10 μM) for 15min at room
temperature (the measurement was taken after 25min). According to a
previous study35, the dye and the drug were used simultaneously. Stained
bacteria were assayed in a CytoFlex S flow cytometer (Beckman Coulter,
United States) with a laser emitting at 485 nm. FL1 (green channel) was
fitted with a 530/30 band pass (BP) filter, and the FL3 (red channel) was
fittedwith a 670 LP filter. The live and dead cell populations were separated
on the basis of forward and side scattering intensities. The green and red
channel results were analysed ratiometrically, and normalisation was
applied to the untreated samples. We note that the normal distribution of
the fluorescence intensities is not ensured.

Cells
For membrane potential measurements human peripheral lymphocytes
were isolated from anonymous healthy donors’ blood with Ficoll-Hypaque
density gradient centrifugation. Collected cells were washed twice with
Ca2+- andMg2+-free Hanks’ solution containing 25mMHEPES buffer, pH
7.4. Cells were cultured for 2 to 5 days in 24-well culture plates in Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco, Grand Island, NY,
USA) supplemented with 10% fetal calf serum (Sigma-Aldrich), 100 μg/ml
penicillin, 100 μg/ml streptomycin, and 2 mM L-glutamine at a density of
5 × 105 cells per mL in a humidified incubator at 37 °C and 5% CO2. The
culture medium also contained 5, 7.5 or 10 μg/ml phytohemagglutinin A
(Sigma-Aldrich), to increase K+ channel expression.

Electrophysiology
The patch-clamp technique in current-clamp mode was used to measure
membrane potential of human peripheral lymphocytes using Axopatch
200B amplifiers connected to a computer via Digidata 1550B digitizers
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(Molecular Devices, San Jose, CA, USA). Patch-clamp data were acquired
with pClamp10 (Molecular Devices, San Jose, CA, USA). Pipettes were
pulled from GC 150F-15 borosilicate glass capillaries (Harvard Apparatus,
Holliston,MA,USA) in four stageswith tip diameters between 0.5 and 1 µm
with 3–5 MΩ resistance. Cells were identified for recording by using a
TE2000 fluorescence microscope (Nikon, Tokyo, Japan). Before the mea-
surements, cells were placed in the recording petri dish in the control bath
solution (i.e., normal ringer solution, NR) consisting of 150mM NaCl,
2mM KCl, 1.5mM CaCl2, 1mM MgCl2, and 10mM HEPES, pH 7.35,
titrated with NaOH. Internal solution (in the pipette) consisted of 105mM
KF, 35mMKCl, 10mMHEPES and 10mMEGTA and was titrated to pH
7.36–7.38 with KOH, with a final K+ concentration of 160–165mM. As a
positive control, a high-concentrationpotassiumsolution (HK)was applied,
which contained 150mM KCl, 10mM HEPES, 5.5mM glucose, 2.5mM
CaCl2 and 1mMMgCl2, pH 7.35. PGLa, PGLb1 and CP1were dissolved in
the NR solution at 0.5 MIC, and the solution exchange was performed by
using a gravity-driven perfusion systemwith the continuous removal of the
excess fluid. To avoid changes in junction potentials during solution
exchanges, the reference electrode, placed in a petri dish containing internal
solution, was connected to the bath solution with an agar bridge. In general,
currents were low-pass-filtered using the built-in analogue four-pole Bessel
filters of the amplifiers and sampled at 20 kHz. Before analysis, membrane
potential traces were digitally filtered (fivepoint boxcar smoothing).
Experimentswere done at room temperature ranging between 20 and 24 °C.
Clampfit 10.7 (Molecular Devices, CA, USA) and Graphpad Prism 7
(Graphpad, San Diego, CA, USA) were used for data display and analysis.

Institutional review board statement. The use of human peripheral
lymphocytes for electrophysiology was approved by the Ethical Com-
mittee of theHungarianMedical Research Council (36255-6/2017/ EKU;
date 20 September 2017).

Informed Consent Statement. Informed consent was obtained from
each participant. The investigation conforms to the principles outlined in
the Declaration of Helsinki.

Statistics and reproducibility
Sample sizes and numbers of replicates for each analysis are detailed in their
respective sections. Data used in these analyses are all available in Supple-
mentary Data.

Data availability
Thenumerical sourcedata behindgraphsdisplayed inFigs. 3e, 4c, 4f, and5c,
g can be found indatasets Figs. 3e, 4c, f, and 5c, g of the SupplementaryData.
The numerical source data behind graphs displayed in Supplementary
Figs. 7 and 9 can be found in datasets Supp_Figs. 7 and 9 of the Supple-
mentary Data. All other data are available from the corresponding authors
upon reasonable request.
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