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A B S T R A C T   

Antimicrobial peptides (AMPs) represent a promising class of compounds to fight resistant infections. They are 
commonly thought to kill bacteria by perturbing the permeability of their cell membranes. However, bacterial 
killing requires a high coverage of the cell surface by bound peptides, at least in the case of cationic and 
amphipathic AMPs. Therefore, it is conceivable that peptide accumulation on the bacterial membranes might 
interfere with vital cellular functions also by perturbing bilayer dynamics, a hypothesis that has been termed 
“sand in the gearbox”. Here we performed a systematic study of such possible effects, for two representative 
peptides (the cationic cathelicidin PMAP-23 and the peptaibol alamethicin), employing fluorescence and NMR 
spectroscopies. These approaches are commonly applied to characterize lipid order and dynamics, but sample 
different time-scales and could thus report on different membrane properties. In our case, fluorescence anisot
ropy measurements on liposomes labelled with probes localized at different depths in the bilayer showed that 
both peptides perturb membrane fluidity and order. Pyrene excimer-formation experiments showed a peptide- 
induced reduction in lipid lateral mobility. Finally, laurdan fluorescence indicated that peptide binding re
duces water penetration below the headgroups region. Comparable effects were observed also in fluorescence 
experiments performed directly on live bacterial cells. By contrast, the fatty acyl chain order parameters detected 
by deuterium NMR spectroscopy remained virtually unaffected by addition of the peptides. The apparent 
discrepancy between the two techniques confirms previous sporadic observations and is discussed in terms of the 
different characteristic times of the two approaches. The perturbation of membrane dynamics in the ns timescale, 
indicated by the multiple fluorescence approaches reported here, could contribute to the antimicrobial activity of 
AMPs, by affecting the function of membrane proteins, which is strongly dependent on the physicochemical 
properties of the bilayer.   

Abbreviations: AMP, antimicrobial peptide; CF, 5,6-carboxyfluorescein; DPH, diphenylhexatriene; NBD-PE, L-α-phosphatidylethanolamine-N-(7-nitro-2-1,3-ben
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PG, 1-palmitoyl-2-(1-pyrenedecanoyl)-sn-glycero-3-phosphoglycerol. 
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1. Introduction 

Antimicrobial peptides (AMPs), also termed host defense peptides, 
are short amino-acidic sequences produced by most organisms as a de
fense against pathogens. They have a broad spectrum of activity and are 
usually bactericidal. Most of them target bacterial membranes, per
turbing bilayer permeability [1]. Due to their mechanism of action, fast 
killing activity, and good selectivity for pathogen versus host cell 
membranes, AMPs are considered a promising class of compounds to 
fight the pressing medical problem of antibiotic-resistant infections [2]. 

Although AMPs are characterized by no conserved sequence motifs, 
most of them are short, cationic and amphipathic. They usually cause 
leakage of bacterial membranes by accumulating on their external sur
face, inserting below the lipid headgroups, parallel to the membrane 
surface, and perturbing the surface tension of the outer lipid leaflet. 
When a threshold of bound peptides is reached, defects are formed, to 
release the accumulated stress. This mechanism of action is commonly 
termed the “carpet” model, since the threshold for defect formation 
requires a high coverage of the bilayer surface by bound peptides [3,2]. 

In an alternative mechanism of pore formation, called “barrel-stave”, 
peptides bind to the membrane surface, then insert in a transbilayer 
orientation, aggregate like the staves in a barrel, forming pores in the 
bilayer. In this case, the threshold of membrane-bound peptides 
required for pore formation can be lower than what is needed for pep
tides acting according to the carpet mechanism. This mechanism applies 
only to peptides which are not strongly cationic, and it has been 
conclusively demonstrated only for peptides belonging to the peptai
biotic family, most notably alamethicin, at least for some lipid compo
sitions [4,2,5]. 

Peptide accumulation on the membrane surface or insertion into the 
bilayer can conceivably cause other effects on bilayer properties, in 
addition to, or even before the formation of pores, or defects. For 
instance, Richard Epand has first proposed that perturbation of the 
lateral organization of membranes, due to clustering of anionic lipids by 
cationic AMPs, can contribute to their antimicrobial activity 
[6–11,12,13]. More generally, Hans-Georg Sahl proposed that AMPs 
could lead to bacterial killing by perturbing the structural and dynam
ical properties of the bilayer, which are essential for the proper function 
of membrane-bound proteins, acting like “sand in a gearbox” [14]. 
Indeed, finely tuned dynamical properties of cell membranes are critical 
in maintaining the viability of bacterial cells and their metabolic func
tions, as shown by a process termed homeoviscous adaptation: when the 
external conditions, such as temperature, change, bacteria modify the 
lipid composition of their membranes, in order to maintain the proper 
viscosity [15,16,17,18,19,20,21,22]. Inadequate membrane fluidity in
terferes with essential complex cellular processes including cytokinesis, 
envelope expansion, chromosome replication/segregation and mainte
nance of membrane potential [23]. 

In this work, we systematically assessed the “sand in a box” hy
pothesis, by focusing on two representative AMPs, PMAP-23 and ala
methicin, whose sequences are shown in Scheme 1. 

PMAP-23 is a cationic, amphipathic, helical peptide, belonging to the 
cathelicidin family. It has antimicrobial activity against Gram-positive 
and Gram-negative bacteria, fungi, protozoa and viruses, but at the 
same time this peptide is not toxic towards eukaryotic cells [24,25,26]. 
The mechanism of membrane permeabilization of PMAP-23 has been 
extensively characterized and demonstrated to conform to the carpet 
model: the peptide binds to the membrane surface, parallel to it, and 
causes the formation of pores when a high surface coverage is reached 

[3,27,28,29,30,31]. 
Alamethicin is a member of the peptaibiotics group of AMPs, a class 

of nonribosomally synthesized peptides which are characterized by a C- 
terminal 1,2-amino alcohol, an acylated N-terminus, and a high content 
of non-proteinogenic residues, such as the α-aminoisobutyric acid (Aib) 
[32]. The substitution of the H atom on the Cα of Aib with a methyl 
group reduces the conformational freedom of the amino acid, thus fa
voring a helical folding of these peptides [33,34]. Alamethicin is active 
against Gram-positive bacteria and fungi [35,36], but its efficacy against 
Gram-negative bacteria is reduced, probably because of the lipopoly
saccharide (LPS) layer present in the outer membrane, which constitutes 
a strong barrier against hydrophobic molecules such as peptaibiotics. 
However, the peptide is also cytotoxic towards mammalian cells [32]. 
Alamethicin is the prototype of peptides forming pores according to the 
barrel-stave model [37,38,39], and thus in this work it was selected to 
represent AMPs acting according to this mechanism. The evidence on 
the mechanism of pore formation by alamethicin is based on single 
channel conductance traces and other biophysical data 
[40,41,42,43,44]. Indeed, solid-state NMR (ssNMR) experiments 
demonstrated transmembrane (TM) alignments of alamethicin helices in 
phosphocholine lipids, at elevated peptide to lipid (P/L) ratios 
[45,46,47,48]. However, it should be noted that alignments parallel to 
the membrane surface have also been observed when reconstituted into 
POPE/POPG membranes (3/1 molar ratio) at P/L 1/50 [49]. Therefore, 
an equilibrium between an in-planar and TM states can be present also 
for this very hydrophobic peptide, albeit a preferential TM alignment 
seems to predominate [50,51]. 

Fluorescence spectroscopy is one of the few experimental techniques 
that allows the investigation of dynamic phenomena occurring in the 
nanosecond timescale. Therefore, it is a perfect tool to examine the ef
fects of peptide/membrane association on bilayer dynamics [52]. In this 
work, we systematically analyzed different aspects, including membrane 
fluidity, water penetration and lipid lateral mobility, using several flu
orophores, located at different depths in the bilayer [53,54,55]. Our 
fluorescence studies were performed both in model membranes and in 
live bacterial cells. In addition, we studied peptide effects on lipid order 
with the complementary technique of ssNMR of membranes containing 
chain-deuterated lipids. In this approach, the quadrupole splitting of 
each acyl chain segment directly reflects the motional order parameters 
within the hydrophobic region and thereby contain both structural and 
dynamic information [56,57]. The direct comparison of the two ap
proaches allowed us to address the consistency of the pictures on 
membrane order and dynamics obtained by two experimental methods 
that sample very different time scales (ns for fluorescence, μs for NMR) 
[58,59]. 

2. Materials and methods 

2.1. Materials 

POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glyc
erol)]), POPC (1-palmitoyl-2-oleoyl-sn-glycero-phosphocholine), NBD- 
PE (L-α-phosphatidylethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-4- 
yl)), and PEG-PE (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N- 
[methoxy(polyethylene glycol)-2000]) were purchased from Avanti 
Polar Lipids (Alabaster, Al); Pyr-PC (1-palmitoyl-2-(pyrene-1-yl)dec
anoyl-sn-glycero-3-phosphocholine) and Pyr-PG (1-palmitoyl-2-(pyr
ene-y-yl)decanoyl-sn-glycero-3-phosphoglycerol) were obtained from 
Sigma Aldrich (St. Louis, MO); DPH (diphenylhexatriene) and laurdan 
(2-(dimethylamino)-6-dodecanoylnaphthalene) were purchased from 
Fluka (St. Louis, MO). Spectroscopic-grade chloroform and methanol 
(Carlo Erba, Milano, Italy) were used. Triton X-100 was purchased from 
Acros (Geel, Belgium). 

PMAP-23 was purchased by AnyGen (Republic of Korea), and had a 
purity of 97.3%, as determined by HPLC (expected mass 2962.6 Da, 
measured mass found 2963.0 Da). The synthesis and characterization of 

PMAP-23 RIIDLLWRVRRPQKPKFVTVWVR
Alamethicin F50/5 AcUPUAUAQUVUGLUPVUUQQFol

Scheme 1. Sequences of the studied peptides. Hydrophobic, basic and acidic 
residues are colored in green, blue and red, respectively. Ac = acetyl, U = 2- 
aminoisobutyric acid, Fol = phenylalaninol. 
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alamethicin has been described previously [60]. 

2.2. Apparatus 

Steady-state fluorescence experiments were carried out with a 
Fluoromax-4 fluorimeter (Horiba, Edison, NJ). Time-resolved mea
surements were performed with a Lifespec-ps fluorometer (Edinburg 
instrument, Edinburgh, UK). Sample temperature was controlled to 
25.0 ◦C (within 0.1 ◦C) with a termostatted water bath. 

2.3. Liposome preparation 

Large unilamellar vesicles were prepared by dissolving in a 1:1 (vol/ 
vol) chloroform/methanol mixture POPC/POPG lipids (2:1 molar ratio), 
and the appropriate fluorophore (laurdan, NBD-PE, DPH, Pyr-PG, or Pyr- 
PC), or PEG-PE (2 mol% with respect to the total lipid concentration), 
when needed. The fluorophore was at a ratio of 1% with respect to the 
total lipids, with the exception of Pyr-PG and Pyr-PC, which were 3%. 
The solvents were evaporated under reduced argon atmosphere until a 
thin film was formed. Complete evaporation was ensured by applying a 
rotary vacuum pump for at least 2 h. The lipid film was hydrated with 
phosphate buffer 10 mM (pH 7.4) containing NaCl 140 mM and EDTA 
0.1 mM, or a 30 mM 5,6-carboxyfluorescein (CF) solution for the leakage 
experiments. The liposome suspension was vigorously stirred and 10 
freeze and thaw cycles were performed. The suspension was extruded 
through two stacked polycarbonate membranes with 100 nm pores for 
31 times, to ensure a narrow size distribution [61]. Liposomes hydrated 
with the CF solution were separated from unencapsulated dye by gel 
filtration on a Sephadex G-50 medium column. The final lipid concen
tration was determined by the Stewart method [62]. 

2.4. Liposome leakage 

Perturbation of membrane permeability was determined by 
measuring the fractional release of the CF fluorophore entrapped inside 
liposomes. This quantity can be measured directly by the increase in 
fluorescence intensity caused by the reduction in CF self-quenching. The 
fractional release was calculated as follow: 

R =
F − F0%

F100% − F0%
, (1)  

where F0% is the fluorescence of the probe before peptide addition, and 
F100% is the intensity after complete disruption of the vesicles caused by 
the addition of Triton X-100 (1 mM). The release kinetics was recorded 
with an FluoroMax-4 fluorimeter with excitation and emission wave
lengths of 520 nm (bandwidth 0.2 nm) and 490 nm (bandwidth 1.5 nm), 
respectively. 

2.5. Steady-state and time-resolved anisotropy 

Perturbation of membrane dynamics caused by peptides was 
analyzed by experiments of steady-state and time-resolved anisotropy of 
two different probes, DPH and NDB-PE. In both cases, probe to phos
pholipids molar ratio was fixed to 1:100. 

For DPH steady-state anisotropy, the experimental conditions were 
set as follow: excitation wavelength 372 nm, emission wavelength 450 
nm, bandwidth 4 nm and 385 nm cut-off filter. For NBD-PE static 
anisotropy, the excitation wavelength was set to 460 nm, emission 530 
nm, bandwidth 4 nm and 495 nm cut-off filter. Each experimental point 
was determined nine times, and the mean value was reported. 

Time-resolved anisotropy experiments were performed with the 
time-correlated single photon counting technique. The excitation source 
was a laser at 440 nm. The emission bandwidth was set at 8 nm, and the 
other parameters were the same of steady-state anisotropy. 

2.6. Generalized polarization 

Spectra of laurdan-labelled liposomes were recorded from 400 nm to 
520 nm (excitation wavelength 364 nm, 2 nm bandwidth both in exci
tation and emission). The generalized polarization was calculated as 
follow: 

GP =
F435 nm − F500 nm

F435 nm + F500 nm
(2)  

where Fλ is the fluorescence intensity relating to a specific emission 
wavelength λ. 

2.7. Lipid lateral mobility 

Liposomes were labelled with the fluorescent probe pyrene cova
lently linked to the hydrocarbon chain of phospholipids. Liposome with 
two different compositions were prepared: POPC/POPG/Pyr-PG 
(66:30:3 molar ratio) and POPC/POPG/Pyr-PC (63:33:3 molar ratio). 

Pyrene fluorescence spectra (370–700 nm) were recorded at 
increasing peptide concentrations (excitation wavelength 328 nm, 
integration time 0.1 s, excitation and emission bandwidths 1 nm and 1.5 
nm respectively). Excimers over monomer fluorescence intensity was 
measured as the ratio between fluorescence values at 475 nm and 397 
nm. 

With PMAP-23, Förster resonance energy transfer was exploited to 
selectively excite the pyrene fluorophores surrounding peptide mole
cules, by exciting the tryptophan residues on the peptide chain (exci
tation wavelength 280 nm, integration time 0.5 s, excitation and 
emission bandwidths 1 nm and 1.5 nm, respectively). 

2.8. Experiments with bacteria 

Escherichia coli ATCC 25922 was grown in Luria-Bertani (LB) me
dium at 37 ◦C in an orbital shaker until a mid-log phase, which was 
aseptically monitored by absorbance at 590 nm (A590 nm = 0.8) with an 
UV-1700 Pharma Spec spectrophotometer (Shimadzu, Tokyo, Japan). 
The cells were subsequently centrifuged and washed eight times with 
buffer A (5 mM HEPES, pH = 7.3, 110 mM KCl, 15 mM glucose) to 
remove traces of LB medium. Previous studies showed that in this 
minimal culture medium, bacteria remain vital, but do not multiply, 
thus maintaining a constant density of live cells, for at least 6 h at 25 ◦C 
and 2 h at 37 ◦C [29]. 

Bacterial cells, at a density of 4.5 × 108 CFU/mL, were incubated 
with the appropriate fluorescent probe for 30 min. This incubation time 
ensured stabilization of the signal (anisotropy, GP or E/M ratio). The cell 
density was select to ensure adequate membrane partitioning of the 
probe and, at the same time, to avoid instrumental artifacts due to light 
scattering [29]. Laurdan and DPH were added from methanolic stock 
solution, at a final concentration of 1 μM, while pyrene concentration 
was 2.5 μM, to enhance excimer formation. Subsequently, increasing 
concentrations of the peptide PMAP-23 were added. Incubation and 
measurements were carried out at 37 ◦C. 

Finally, the bactericidal activity of PMAP-23 was assessed against 
E. coli ATCC 25922 in buffer A. Bacterial cells (4.5 × 108 CFU/mL) were 
incubated at 37 ◦C and 800 rpm with different concentrations of PMAP- 
23 or methanol (peptide solvent, as control). After 2 h, aliquots were 
spread on LB-agar plates for the CFU counting. The fraction of surviving 
bacterial cells was calculated with respect to the control samples. 

2.9. Sample preparation for ssNMR spectroscopy 

Samples were prepared by dissolving 1 mg of deuterated lipids 
(POPC-d31, POPG-d31, or POPE-d31, or POP-d or POPG-d31) and appro
priate amounts of the second lipid component and of peptide in meth
anol/chloroform (1:1 by volume). The solvent was evaporated under a 
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stream of nitrogen and then in a high vacuum, overnight, to form a film 
on the walls of the small glass tube (6 mm outer diameter). The sample 
was then resuspended in 100 mM Tris buffer (pH 7.4) by vortexing and 
bath sonication, followed by 3 freeze/thaw cycles. The water content 
was set to 81% (mass of water relative to the total mass of lipids and 
water system). 

The glass tube with the sample inside was then inserted into the 
solenoidal coil of a static NMR probe and investigated by ssNMR 
spectroscopy. 

2.10. SsNMR spectroscopy 

Deuterium ssNMR spectra were recorded using a quadrupolar echo 
pulse sequence [63] with a repetition delay of 0.3 s, an echo time of 100 
μs, a dwell time of 0.5 μs and a B1 field of 45 kHz. The spectra were 
referenced relative to 2H2O (0 Hz). An exponential apodization function 
corresponding to a line broadening of 100 Hz was applied before Fourier 
transformation. The temperature was set to 25 ◦C for POPC/POPG 2/1 
and to 37 ◦C for POPE/POPG 3/1. The deuterium order parameters are 
analyzed following [51]. 

2.11. Deuterium order parameters 

The deuterium order parameters (SCD) of the CD2 and CD3 groups 
was calculated according to: Si

CD = 4
3

h
e2qQΔiυ, where Δiν is the quad

rupolar splitting of segment i and (e2qQ/h) is the static quadrupole 
coupling constant (167 kHz) for C–D deuterons [64]. When establishing 
order parameter profiles, based on early studies of pure lipid bilayers 
labelled with 2H2–C at individual segments one at a time, it is assumed 
that the order parameters diminishes in a continuous fashion from the 
membrane interface to the membrane interior. 

3. Results 

3.1. Perturbation of membrane permeability 

Pore formation is the most well-characterized effect of the interac
tion of AMPs with phospholipid membranes, and is usually related to 
their microbicidal activity. To define the range of peptide concentrations 
where this phenomenon takes place, and to relate it to other possible 
effects on the membrane, the leakage induced by PMAP-23 and alame
thicin was studied through the use of carboxyfluorescein (CF) entrapped 
into POPC/POPG 2:1 liposomes. This lipid composition was used as a 

simple model of the anionic nature of bacterial membranes [65]. Vesi
cles (lipid concentration 50 μM) were thus titrated with increasing 
concentrations of peptide and the release kinetics of the fluorescent 
probe was recorded. Fig. 1 shows the fraction of CF released 20 min after 
peptide addition as a function of peptide concentration. The gray shaded 
areas indicate the concentration range where the peptide pore-forming 
activity goes approximately from 0% to 100%. 

Alamethicin is about ten times more active than PMAP-23, and the 
peptide-concentration dependence of its activity is steeper. These find
ings are consistent with the different mechanisms of pore formation of 
the two peptides. The carpet mechanism of PMAP-23 requires substan
tial membrane coverage for bilayer defect formation. On the other hand, 
peptide aggregation in the membrane is involved in the barrel-stave 
mechanism of alamethicin, providing a possible explanation for the 
observed highly cooperative behavior. 

In order to compare PMAP-23 and alamethicin activities, the bilayer- 
bound peptide concentration would be a more relevant parameter than 
the total peptide in the sample. However, in the following sections of this 
article, we will be comparing pore-forming activity to other membrane- 
perturbing effects. Since the experimental conditions (and particularly 
the lipid concentration) will remain unchanged, all fluorescence spec
troscopy datasets for each individual peptide will be directly compara
ble, even considering the total peptide concentration. 

3.2. Perturbation of membrane fluidity and order: steady-state anisotropy 

Steady-state fluorescence anisotropy is determined by the speed and 
amplitude of the rotational motions of a fluorophore during its excited- 
state lifetime. Slow (compared to the lifetime) and/or limited motions 
correspond to high anisotropy values (with the maximum, limiting value 
being 0.4), while fast and wide rotations yield anisotropy values close to 
zero. Molecular motions are obviously influenced by the viscosity of the 
fluorophore’s environment, and anisotropy measurements can be used 
to determine the local viscosity and packing of a lipid membrane. 
Therefore, we exploited fluorescence anisotropy measurements to 
determine the peptide effects of on membrane fluidity, by using two 
probes inserted at different depths into the lipid bilayer: NBD-PE and 
DPH. In NBD-PE, the fluorophore is attached to the phospholipid 
headgroup, and its position in the bilayer is therefore very superficial. 
Depth-dependent quenching (DDQ) experiments determined an average 
position of the probe at about 19–20 Å from the bilayer center [53,66], 
and this value is in agreement with previous estimates based on FRET 
experiments [67]. A more detailed distribution analysis of DDQ data 

Fig. 1. Fraction of CF released 20 min after the addition of PMAP-23 (A panel) or alamethicin (B panel). Lipid concentration 50 μM, liposome composition: POPC/ 
POPG 2:1 (molar ratio). The gray shaded areas represent the concentration range in which the peptide pore-forming activity goes approximately from 0% to 100%. 
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indicated that the probe can sample a rather wide distribution of posi
tions, with a maximum at about 15 Å from the bilayer center, and mo
lecular dynamics simulations are consistent with this finding [68], 
showing the possibility of a downward bending of the phosphoetha
nolamine group, with NBD insertion slightly below the headgroups [69]. 
DPH position in the membrane has been characterized by several tech
niques. DDQ experiments determined an average position of 7.8 Å from 
the center of a PC membrane [55]. Recent MD simulations [70,71,72] 
are consistent with this finding but indicate a distribution of locations in 
the hydrophobic core of the bilayer. Neutron [73] indicate that DPH 
molecules can be located also closer to the membrane surface, although 
the population of this position was not quantified. Notwithstanding the 
complex behaviors indicated by these data, on average the hydrophobic 
DPH definitely locates much deeper in the bilayer than the polar NBD 
moiety, attached to a phospholipid headgroup. 

Both peptides caused an increase in anisotropy (Figs. 2 and 3), 
indicative of a decreased mobility of the probes. The same effect was 
observed for both labels, indicating a global, rather than local effect of 
the peptides on membrane properties. This finding is rather surprising, 
considering that the peptides were shown to cause membrane defects, 
which might naively be associated with an increase in membrane dis
order and mobility. 

For both peptides, the effects on membrane fluidity started at a 
concentration of about 1 μM. However, in the case of PMAP-23 this 
corresponds to the concentrations causing bilayer leakage, while in the 
case of alamethicin pores are formed already at much lower 
concentrations. 

3.3. Perturbation of membrane fluidity and order: time-resolved 
anisotropy 

As discussed above, an increase in steady-state anisotropy could be 
caused by a decrease in the speed and/or amplitude of the fluorophore’s 
rotational motions. In addition, steady-state anisotropy could vary also 
due to changes in the excited state lifetime. To better clarify these as
pects, time-resolved anisotropy experiments were performed, in the 
absence of peptides, and with a PMAP-23 concentration able to cause a 
leakage close to 100% (Fig. 4). 

The results of data analysis are reported in Table 1. Data were 
satisfactorily fitted by a biexponential decay: 

r(t) = r0

(
f1e

− t/ϕ1 + f2e
t/ϕ2 + 1 − f1 − f2

)
(3)  

where r0 is the limiting anisotropy and ϕ1 and ϕ2 are the rotational 

correlation times. The fraction of residual anisotropy (which quantifies 
how hindered are the motions) can be calculated as 

f∞ = 1 − f1 − f2 (4) 

An average rotational correlation time can be calculated by the 
following equation: 

〈ϕ〉 = (f1ϕ1 + f2ϕ2)/(f1 + f2) (5) 

The biexponential trend of the anisotropy decays indicates that the 
probe motions cannot be described as a simple rotation. Peptide addition 
caused an increase in both the average rotational correlation time and in 
the fraction of residual anisotropy, indicating that the probe motions are 
slower and more hindered. 

3.4. Water penetration 

Phospholipid membranes constitute a barrier for the diffusion of 
polar solutes. However, some water molecules can percolate in the 
headgroups region. The degree of water penetration is strictly correlated 
to the fluidity of the membrane, for instance, it increases dramatically 
during the thermotropic phase transition of lipid bilayers from the liquid 
ordered to the liquid disordered phase. The fluorescent probe laurdan 
can be exploited to quantify water penetration in the bilayer, because its 
fluorescence spectrum is very sensitive to the environment polarity, 
showing a red shift of approximately 50 nm when water molecules 
surround the naphthalene moiety, compared to when the environment is 
apolar. Its average position in the bilayer, as determined by DDQ ex
periments, is at about 10–11 Å from the bilayer center [74,75]. Molec
ular dynamics simulations are consistent with these results but show a 
distribution of positions in the bilayer [76]. Importantly, it has been 
demonstrated that peptide or protein binding to the membrane, per se, 
does not perturb the laurdan spectrum [77], and that this probe is 
completely bound to the membrane, at the lipid concentrations used in 
the present study [78]. A common method to quantify this spectral shift 
is to calculate a parameter called generalized polarization (GP, see the 
methods section for the definition), which has positive values when the 
spectrum is blue shifted (apolar environment), and negative values 
when it is red-shifted (polar environment). 

Fig. 5 illustrates the trend of GP as a function of peptide concentra
tion. For both peptides, the data indicate a reduction of the degree of 
water penetration inside the bilayer, in agreement with the membrane 
stiffening shown by anisotropy measurements. Once again, the effect 
takes place at similar concentrations for both peptides (above 1 μM), but 
for PMAP-23 these values correspond to those causing membrane 

Fig. 2. Steady-state anisotropy of DPH in liposomes, during titration with PMAP-23 (A) or alamethicin (B). λex = 372 nm, λem = 385 nm. Lipid concentration 50 μM, 
liposome composition: POPC/POPG (2:1 molar ratio), probe to phospholipids molar ratio 1:100. 
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leakage, while for alamethicin they are higher than those causing pore 
formation. 

3.5. Lipid lateral mobility 

The lateral diffusion of phospholipids in the plane of the bilayer is 
another aspect that is worth analyzing to further investigate peptide 

effects on membrane dynamics. The peculiar photophysical properties of 
pyrene were exploited to investigate this motion. When an excited and a 
ground-state pyrene molecule come in contact, a complex called excited- 
state dimer (or excimer) can form. This species is fluorescent, too, with 
an emission spectrum that is very different from that of the monomer 
and shifted to longer wavelengths. Excimer formation depends on the 
local concentration of pyrene molecules, but also on their mobility, since 
it is diffusion-limited and depends on the probability of diffusional 
encounter of two pyrene molecules (one of which is excited), during the 
duration of the excited-state lifetime. Therefore, it can be used to get 
information concerning the lateral diffusion of pyrene-labelled lipids, by 
measuring the ratio between the intensities of the excimer and monomer 
emission bands, peaked at 475 nm and 397 nm, respectively (E/M ratio). 
For this purpose, liposomes including lipids labelled with pyrene on the 
end of one of their tails (Pyr-PC or Pyr-PG, depending on the heagroup) 
were employed. In this case, the pyrene moieties are so close to the 
bilayer center that fluorophores from opposing leaflets can dimerize 
[79]. 

PMAP-23 addition to liposomes containing zwitterionic pyrene- 
labelled phospholipids (Pyr-PC) caused a reduction in the EM ratio 
(Fig. 6), indicating a decrease in the lateral mobility of phospholipids. A 
slightly different trend was observed for PMAP-23 when the pyrene- 
labelled lipids were anionic (Pyr-PG): in the range of low peptide con
centrations, an increase in the E/M ratio was found, but the trend 
reversed when the peptide concentration increased. A possible expla
nation of this behavior might be related to the cationic nature of PMAP- 
23, which could drive its preferential interaction with anionic phos
pholipids. Clustering of POPG by the peptide could thus increase the 
local concentration of Pyr-PG, favoring the formation of excimers. 
However, when the peptide concentration raises, the reduction in lipid 
lateral mobility, observed also with POPC, probably becomes the pre
dominant effect, leading to a reduction in excimer emission. This 
interpretation was supported also by experiments performed by 
exploiting the energy transfer from the tryptophan residues of the pep
tide chain to pyrene, and thus specifically analyzing the region sur
rounding PMAP-23. In this case, the trend of the E/M ratio was similar, 
but the initial increase in the E/M ratio for Pyr-PG was enhanced. 

In the case of alamethicin, for both labelled lipids, a decrease in 
excimer formation was observed for concentrations higher than 1 μM. As 
in the case of anisotropy and laurdan experiments, this value is com
parable to the PMAP-23 concentration where perturbation of membrane 
dynamics begins, but for alamethicin is much higher than the range 
where the peptaibol causes membrane leakage. 

Fig. 3. Steady-state anisotropy of NBD-PE inserted into liposomes, during titration with PMAP-23 (A) or alamethicin (B). λex = 460 nm, λem = 530 nm. Lipid 
concentration 50 μM, liposome composition: POPC/POPG (2:1 molar ratio), probe to phospholipids molar ratio 1:100. 

Fig. 4. Time-resolved anisotropy decay of the probe NBD-PE inserted into li
posomes (probe to phospholipids molar ratio 1:100) before and after the 
addition of PMAP-23 (5 μM). λex = 440 nm, λem = 530 nm. Lipid concentration 
50 μM, liposomes composition: POPC/POPG (2:1 molar ratio). 

Table 1 
Parameters of biexponential fits of NBD-PE anisotropy decays.   

[PMAP-23] = 0 [PMAP-23] = 5 μM 

r0 0.302 ± 0.004 0.303 ± 0.005 
ϕ1(ns) 4.9 ± 0.3 5.3 ± 0.2 
f1 0.54 ± 0.02 0.55 ± 0.01 
ϕ2(ns) 0.76 ± 0.08 0.33 ± 0.05 
f2 0.36 ± 0.02 0.25 ± 0.01 
<ϕ > (ns) 3.2 ± 0.2 3.8 ± 0.1 
f∞ 0.10 ± 0.02 0.20 ± 0.04 
χ2

r 0.7 0.7  
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3.6. Vesicle aggregation 

Following addition of PMAP-23 to the liposome suspension, some 
turbidity appeared in the sample, particularly at high peptide concen
trations. This is a common observation with cationic peptides and is due 
to the formation of vesicle aggregates caused by the neutralization of the 
membrane surface by bound peptides [80,81]. The turbidity caused by 
vesicle aggregation was quantified by measuring the apparent absor
bance at 600 nm of the liposome suspension in the presence of 
increasing peptide concentrations. Liposome aggregation was negligible 
in the case of alamethicin (data not shown). On the contrary, PMAP-23 
(Fig. 7), showed an increase in the scattered light with the addition of 
the peptide to the lipid mixture. This effect was significant in the same 
concentration range where the perturbation of the membrane dynamics 
(and vesicle leakage) caused by PMAP-23 was observed. It is thus 
reasonable to question whether all the variations in membrane dynamics 
reported in the previous sections arise from the peptide-induced per
turbations of the bilayer, or are simply a consequence of vesicle aggre
gation, at least in the case of PMAP-23. To clarify this point, vesicle 
aggregation was inhibited by increasing the steric repulsion between 

vesicles, preparing liposomes including in the lipid mixture phospho
lipids derivatized on their headgroup with the hydrophilic polymer 
polyethylene glycol. This approach essentially eliminated liposome ag
gregation but did not significantly affect PMAP-23 effects on DPH 
anisotropy (Fig. 7). Therefore, the possibility that the peptide-induced 
reduction in membrane fluidity is an artifact arising from vesicle ag
gregation can be ruled out. 

3.7. Perturbation of membrane dynamics in live bacterial cells 

To test the biological relevance of the present findings, we measured 
peptide effects on the dynamics of membranes of live E. coli cells, rather 
than of artificial vesicles. This was possible by incubating the cells with 
DPH, laurdan or pyrene, which spontaneously insert into bacterial 
membranes [82,83,84]. In all cases (Figs. 8–10), the peptide effects were 
similar to those observed in artificial vesicles: an increase in DPH 
anisotropy (Fig. 8) and laurdan GP (Fig. 9), and an initial rise, followed 
by a decrease, in pyrene excimer to monomer intensity ratio (Fig. 10). 

These findings demonstrate that PMAP-23 affects membrane dy
namics also in real, live cells. Interestingly, contrary to what has been 

Fig. 5. Generalized polarization of laurdan inserted into liposomes at increasing concentrations of PMAP-23 (A) and alamethicin (B). Lipid concentration 50 μM, 
liposome composition: POPC/POPG (2:1 molar ratio), laurdan to phospholipids molar ratio 1:100. 

Fig. 6. Excimer over monomer emission intensity ratio E/M (λex = 328 nm, λem = 475 nm and 397 nm respectively) as a function of peptide concentration (PMAP-23 
left panel, alamethicin right panel). Lipid concentration 50 μM, liposome composition: POPC/POPG (2:1 molar ratio). The pyrene probe was covalently bound to 
phospholipid hydrocarbon chains with different headgroups: Pyr-PG (squares) and Pyr-PC (circles), 3% of total lipids. In the case of PMAP-23, empty symbols refer to 
experiments performed by exciting pyrene through FRET from the Trp residues of the peptide chain (λex = 280 nm). 
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observed in the case of liposomes, in cells these effects are observed even 
at concentrations lower than those causing bacterial killing (Figs. 8–10 
and Fig. S1). 

3.8. Lipid order parameters from 2H ssNMR spectroscopy 

SsNMR is a widely used method to measure membrane order and 
structure [56,85,57,86]. To better characterize the peptide effects 
observed in the previous sections, we performed 2H ssNMR spectroscopy 
studies for PMAP-23 and alamethicin in POPC/POPG 2/1 liposomes 
where one of the two phospholipids was fully deuterated at the palmi
toyl chain. 

In liquid crystalline bilayers where fast rotation along the molecular 
long axis occurs, each CD2 segment is associated a quadrupolar powder 
pattern where the shape, the line width and the quadrupolar splitting are 
indicators of the average angle of the C–D bond relative to the mem
brane normal [56]. The spectra are composite of contributions from 

each CD2 segment (Fig. 11A, D). For pure lipid bilayers it has been 
shown that the segments close to the glycerol backbone result in the 
superposition of spectra with the largest splittings (plateau region). The 
quadruploar splittings gradually decrease when moving closer to the 
hydrophobic center with the methyl group exhibiting the narrowest 
quadrupolar doublet. The spectra can be deconvoluted and an order 
parameter calculated for each segment (cf. methods section) [56]. 

Fig. 11 A–C shows the deuterium ssNMR spectra measured from 
deuterated POPG in POPC/POPG-d31 (2/1 molar ratio) liposomes. The 
spectrum of pure liposomes is shown and compared to recordings in the 
presence of 2 mol% or 6 mol% of PMAP-23 or of alamethicin (Fig. 11A). 
An order parameter of 0.20 is observed for the plateau region in 
agreement with previous publications of related mixtures [87]. From 
these spectra the order parameters are extracted where the plateau re
gion encompasses segments 2 to 8 of the deuterated POPG palmitoyl 
chain (Fig. 11B). When the segmental order parameter in the presence of 
peptide is compared the one obtained from pure lipid the relative order 

Fig. 7. Optical density of suspension of liposomes of different compositions, measured at 600 nm, during titration with PMAP-23 (left panel), and peptide-induced 
increase in fluorescence anisotropy of DPH (right panel). Full symbols: POPC/POPG (2:1 molar ratio), open symbols POPC/POPG (2:1 molar ratio) containing 2% of 
PEG-PE. 

Fig. 8. Effect of PMAP-23 on the membrane dynamics of live E. coli cells (cell 
density 4.5 × 108 CFU/mL), determined by measuring the steady-state 
anisotropy of DPH (1 μM), in the presence of increasing peptide concentra
tions. Error bars represent standard errors of triplicate experiments. The shaded 
gray area indicates the peptide concentration range where bacterial killing goes 
from 0 to >99.9%. 

Fig. 9. Effect of PMAP-23 on membrane hydration in live E. coli cells (cell 
density 4.5 × 108 CFU/mL), determined by measuring the generalized polari
zation (GP) of the laurdan probe (1 μM) in the presence of increasing peptide 
concentrations. Error bars represent standard errors of triplicate experiments. 
The shaded gray area indicates the peptide concentration range where bacterial 
killing goes from 0 to >99.9%. 
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parameter is obtained (Fig. 11C). The quadrupolar splittings of the 
spectra in the absence or in the presence of peptides were surprisingly 
similar and a relative order parameter of about 1 was obtained in the 
presence of PMAP-23 or alamethicin (Fig. 11C), indicating the absence 
of observable peptide effects. 

Fig. 11 D–F shows the same series of experiments with the POPC 

palmitoyl deuterated in the POPC-d31/POPG 2/1 membrane. Again, an 
order parameter of 0.20 was measured for the plateau region, showing 
that both lipids mix well under these conditions [87]. Like in the case of 
the anionic POPG, no significant peptide effects were observed on the 
order parameter of the zwitterionic lipid (Fig. 11F). 

An AMP-induced decrease in the membrane order parameters has 
been reported in previous ssNMR studies for several peptides, including 
magainin 2 [87], using POPE/POPG membranes, which mimic the 
bacterial membrane composition more closely than POPC/POPG. To 
verify if the lack of significant effects on bilayer order reported above 
was due to the membrane composition, ssNMR and fluorescence ex
periments were repeated in POPE/POPG (3/1 molar ratio) bilayers. 
ssNMR experiments were performed at 310 K, in the presence of 2 mol% 
PMAP-23. For comparison, magainin 2 was investigated, too. Like 
PMAP-23, this peptide binds parallel to the bilayer surface [88,89,90]. 
The plateau region of the deuterium order parameter of the pure lipid 
bilayers was 0.23 in agreement with previous investigations [87]. Like 
in the case of POPC/POPG membranes, addition of PMAP-23 to this lipid 
composition caused very little changes in the palmitoyl order parame
ters of POPG (Fig. 12A–C) or POPE (Fig. 12D–F) phospholipids. By 
contrast, magainin 2 induced major perturbations in the membrane 
packing (Fig. 12). Significant changes in the spectral appearance and a 
large decrease in the order parameters were observed for both lipids 
(Fig. 12), albeit more pronounced for the anionic POPG. This observa
tion agrees with previous recordings [87] and is indicative of an increase 
in gauche isomerizations along the palmitoyl chain [56]. 

Fig. 13 reports the changes in laurdan generalized polarization 
induced by PMAP-23 in POPE/POPG liposomes (data regarding POPC/ 
POPG vesicles are reported again, for comparison). Irrespective of the 
membrane composition, the peptide induces a decrease in water pene
tration in the bilayer. 

Fig. 10. Effect of PMAP-23 on the lateral mobility of lipids in the membranes of 
live E. coli cells (cell density 4.5 × 108 CFU/mL), determined by measuring the 
excimer over monomer emission intensity ratio (E/M) of the pyrene probe 
(concentration 2.5 μM), in the presence of increasing peptide concentrations. 
Error bars represent the interval of duplicate experiments. The shaded gray area 
indicates the peptide concentration range where bacterial killing goes from 
0 to >99.9%. 

Fig. 11. Deuterium ssNMR spectra of POPC/POPG-d31 (2:1 molar ratio) (A-C) and POPC-d31/POPG (2:1 molar ratio) membranes (D–F)in the absence and presence 
of PMAP-23 or alamethicin. From the 2 H ssNMR spectra (A,D), the order parameters (B,E) and relative order parameters (C,F) were calculated for each segment. The 
temperature was set to 25 ◦C. 
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4. Discussion 

The present systematic characterization by different fluorescence 
approaches of the effects of AMPs on the dynamics of the lipid bilayers 
showed that, irrespective of the mechanism of pore formation, they 
cause a global decrease in the mobility of liposomal membranes on the 
nanosecond time-scale, with a reduction in the rotational motions of 
probes positioned at different depths in the bilayer, in water penetration 

into the membrane and in the lateral diffusion of lipids. Similar effects 
were observed also in the membranes of E. coli bacteria. For the cationic 
AMP PMAP-23, these perturbations occurred in the same concentration 
range causing leakage in liposomes, and even started at concentrations 
lower than those causing bacterial killing, in E. coli cells. By contrast, for 
the hydrophobic, mainly transmembrane peptide alamethicin, pore 
formation took place already before the lipid dynamical changes 
appeared. 

Sporadic observations of peptide-induced reductions in membrane 
fluidity, obtained with fluorescence or EPR spectroscopies appeared in 
the literature [80,3,91,92,93,94,95,96]. However, the simultaneous 
analysis of different aspects of membrane dynamics, reported here using 
peptides with different electrostatic properties, and acting according to 
distinct mechanisms, provides a comprehensive view of the 
phenomenon. 

The findings presented here might indicate an additional mechanism 
of bactericidal activity, going beyond pore formation. As discussed in 
the introduction, correct fluidity of the membrane is essential for the life 
of bacteria. One of the reasons why membrane structure and dynamics 
are so crucial is that the function of membrane proteins is influenced by 
the physico-chemical properties of the bilayer, by directly regulating the 
function of membrane proteins, or their lateral distribution, diffusion, 
and interactions [23,97,98]. Therefore, the data presented here provide 
a solid experimental support to a hypothesis put forward several years 
ago: by perturbing the fluidity of the membrane, AMPs might act like 
“sand in a gearbox”, and kill bacteria (also) by inhibiting the proper 
function of their membrane proteins [14]. 

Deuterium NMR studies of many cationic antimicrobial peptides that 
bind at the membrane interface have shown a reduction in lipid order 
[87,99,57,100], and a similar effect has been reproduced here for 
magainin 2. This has been explained by the intercalation of in-plane 
oriented helices into the membrane interface which causes the lipid 
fatty acyl chain to take over the extra volume within the hydrophobic 

Fig. 12. Deuterium ssNMR spectra of POPE/POPG-d31 (3/1 molar ratio) (A-C) and POPE-d31/POPG (3/1 molar ratio) membranes (D–F) in the absence and presence 
of PMAP-23 or magainin 2, both at a 2% mol/mol ratio with respect to the lipids. From the 2H ssNMR spectra (A, D), the order parameters (B, E) and relative order 
parameters (C, F) were calculated for each segment. The temperature was set to 37 ◦C. 

Fig. 13. Generalized polarization of laurdan inserted into POPC/POPG (2:1 
molar ratio, squares) and POPE/POPG (3:1 molar ratio, circles) liposomes at 
increasing concentrations of PMAP-23. Lipid concentration 50 μM, laurdan to 
phospholipids molar ratio 1:100. 
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core of the membrane [56,49]. For the peptides on which the present 
study is focused (PMAP-23 and alamethicin), no significant decrease in 
order parameters has been observed. 

The discrepancy between the lack of a perturbing effect observed in 
the ssNMR data presented here (or the lipid disordering observed for 
other peptides) and the reduced mobility and water penetration 
demonstrated by the fluorescence experiments is rather surprising. In 
principle, lipid order parameters should be directly correlated with the 
residual anisotropy of fluorescent probes or the generalized polarization 
of laurdan [101,102]. However, several sporadic results reported in the 
literature on the effects of AMPs on membrane dynamics are in agree
ment with the inconsistency between the two techniques observed in the 
present systematic study. A peptide-induced decrease in membrane 
fluidity has been repeatedly reported, based on fluorescence experi
ments. Just to provide some examples, an AMP-induced increase in 
laurdan GP has been reported for melittin [103], nisin [104], cWFW 
[95], thrombocidins-derived TC19 and TC84, and bactericidal peptide 2 
[94]. Similarly, pHLIP [105], mesenterocin 52A [106], pep-1-K [80] and 
a cecropin A-melittin hybrid peptide [107] cause an increase in the 
anisotropy of DPH and DPH derivatives. By contrast, deuterium NMR 
studies of many cationic antimicrobial peptides that bind at the mem
brane interface have shown a reduction in lipid order [87,99,57,100]. 
While the present article was under review, a study was published, 
comparing the effects of membrane dynamics of the small molecule 
serotonin (rather than of a peptide), measured with different techniques 
[108]. A similar discrepancy between NMR and fluorescence (on a 
subset of the fluorophores and observables studied here) was reported. 

An important difference between the two approaches is that fluo
rescence follows lipid motions indirectly, through the behavior of spe
cific labels, while NMR measures the order and dynamics of acyl chain 
bonds directly. In principle, the variations in fluorescence properties 
could be just a direct effect of the peptide on the dynamics of adjacent 
fluorophores (e.g. by direct interaction, or by perturbing the probe po
sition in the bilayer, moving it to a depth with different dynamic 
properties). However, we observed similar effects for different phe
nomena (water penetration, probe rotation, lipid translational diffusion) 
and for probes positioned at different depths. In the case of laurdan, 
binding of other peptides, even at high P/L ratios, has been demon
strated to not perturb the spectra [77]. In addition, even if the peptides 
were affecting nearby fluorescent labels directly, they would have a 
similar effect on surrounding lipids (and some of the probes used in the 
present study were covalently attached to lipids). Therefore, we can 
conclude that the observed perturbation of fluorophore dynamics cor
responds to a real effect on membrane lipids and is not only an artifact 
limited to the probes. 

Another main difference between fluorescence and NMR spectros
copies is that they report on very different timescales [59]. A reduced 
diffusional dynamics in the nanosecond times sampled by fluorescence 
could well coexist with an unperturbed lipid order or even with a higher 
disorder on the much longer NMR time frame. The crucial role of time- 
scales in studies of membrane dynamics is supported by the observation 
of apparently contradictory results also for NMR and EPR, considering 
that the latter technique samples times in the ns, like fluorescence [59]. 
In the specific case of peptide effects on membrane dynamics, studied 
here, EPR has reported a reduction in membrane fluidity and an increase 
in lipid order [109,110,96]. For fluorescence and EPR, motions with 
correlation times longer than about 10 ns can be considered as “frozen”. 
By contrast, measurements of deuterium order parameters by NMR 
would not sense changes in correlation times which are much shorter 
than 10 μs [59]. Therefore, it is conceivable that the order parameter of 
individual C–D segments decrease even in situations where the mem
brane as an ensemble exhibits less freedom of motion. 

While a reduction in NMR lipid order parameters has been often 
observed for cationic AMPs (and has been reproduced here for magainin 
2), the two peptides investigated in the present study did not cause any 
significant effect. In the case of alamethicin, this behavior can be 

attributed to its hydrophobic character and to its predominant trans
membrane orientation and is consistent with previous data [57]. In the 
case of the cationic PMAP-23, a possible interpretation for this peculiar 
behavior could be provided by the observation that the cationic charge 
of amphipathic AMPs that have been studied by 2H ssNMR (and for 
which a membrane disordering effect has been reported) arises from the 
abundance of lysine residues [111,12,112,49]. By contrast, PMAP-23 is 
rich in arginines. Notably, Arg-rich peptides define a common class of 
cell penetrating peptides. When lipid bilayers in the presence Arg-rich 
cell penetrating peptides have been investigated by 2H ssNMR spec
troscopy, the pronounced disordering caused by Lys-rich AMPs is not as 
commonly observed and often absent [113,111,114,115]. SsNMR 
measurements provide evidence that, when compared to lysine, the 
guanidinium interactions with phosphates are more stable and involve 
hydrogen bonding [113,116,117]. However, the comparison of the ef
fects on lipid order of Lys-rich AMPs, and Arg-rich CPPs might be 
complicated by the fact that the latter often adopt random coil and/or 
beta-sheet secondary structures at the membrane surface 
[113,117,118], while many AMPs (including PMAP-23 and magainin 2) 
are helical. Further studies will be required to verify the different 
properties of Lys and Arg rich peptides. 

Regarding the possible mechanism of membrane stiffening by AMPs 
in the ns time-scale observed by fluorescence, it is worth mentioning 
that the effects reported here as a consequence of peptide addition 
resemble the electrostriction caused by divalent cations, such as Ca2+

[119,120], due to their strong electrostatic interaction with the phos
phate groups of lipids. Considering the total positive net charge of 
PMAP-23 (+6), something similar could be taking place with this anti
microbial peptide. Indeed, clustering of negatively charged lipids 
around the peptide was implied by the FRET results, and it has been 
proposed that lipid domain formation could be one of the mechanisms of 
the bactericidal activity of AMPs [9,10]. However, by comparing data 
obtained at the same peptide concentration, the effects of alamethicin, 
which is neutral, were comparable to those of the cationic PMAP-23. 
Changes in fluorescence parameters occurred for both peptides above 
~1 μM (at a 50 μM lipid concentration). Even considering possible dif
ferences in the fraction of membrane bound peptides under these con
ditions, this finding indicates that membrane dynamical changes are 
unspecific with regard to the peptide sequence and contradict a possible 
electrostatic origin of the peptide-induced stiffening. In addition, control 
experiments with vesicles completely formed by PG lipids showed 
peptide-induced effects on membrane dynamics comparable to those 
observed with PC/PG lipids (Supplemental Fig. 2). Since peptide- 
induced lateral separation of charged lipids cannot take place in mem
branes formed by PG lipids only, clustering of anionic lipids by the 
cationic PMAP-23, while present, can be ruled out as the main cause for 
the perturbation of bilayer dynamics. 

Other effects, due to the steric hindrance caused by peptide associ
ation to the membrane might prevail. Even considering partial binding 
of the AMPs to the vesicle [27], the 1/50 peptide to lipid ratio at which 
dynamical effects start to be seen is rather high. In the case of PMAP-23, 
we demonstrated quantitatively that a very high membrane coverage is 
required for pore formation [29] and the present data show that for this 
peptide pore formation and perturbation of membrane dynamics take 
place at the same concentration, at least in vesicles. Due to their relative 
sizes, diffusion of peptide is considerably slower than that of the lipid 
[121,122] and one would expect that the peptides also hinder lipid 
diffusion when their concentration in the membrane is high enough. 

Further studies are definitely needed to clarify the mechanism of 
peptide-induced reduction of lipid mobility in the ns time-scale. In any 
case, the present results expand the catalogue of peptide induced 
membrane perturbations and could lead to a better understanding of the 
bactericidal action of AMPs. 
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[75] P. Jurkiewicz, A. Olżyńska, M. Langner, M. Hof, Headgroup hydration and 
mobility of DOTAP/DOPC bilayers: a fluorescence solvent relaxation study, 
Langmuir 22 (2006) 8741–8749. 

[76] J. Barucha-Kraszewska, S. Kraszewski, C. Ramseyer, Will C-Laurdan dethrone 
Laurdan in fluorescent solvent relaxation techniques for lipid membrane studies? 
Langmuir 29 (2013) 1174–1182. 
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