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Abstract

Antimicrobial peptides (AMPs) represent new alternatives to cope with the increasing number of
multi-drug resistant microbial infections. Recently, a derivative of the frog-skin AMP esculentin-1a,
Esc(1-21), was found to rapidly kill both the planktonic and biofilm forms of the Gram-negative
bacterium Pseudomonas aeruginosa with a membrane-perturbing activity as a plausible mode of
action. Lately, its diastereomer Esc(1-21)-1c containing two D-amino acids i.e. °Leul4 and °Ser17
revealed to be less cytotoxic, more stable to proteolytic degradation and more efficient in
eradicating Pseudomonas biofilm. When tested in vitro against the free-living form of this
pathogen, it displayed potent bactericidal activity, but this was weaker than that of the all-L peptide.
To investigate the reason accounting for this difference, mechanistic studies were performed on
Pseudomonas spheroplasts and anionic or zwitterionic membranes, mimicking the composition of
microbial and mammalian membranes, respectively. Furthermore, structural studies by means of
optical and nuclear magnetic resonance spectroscopies were carried out. Our results suggest that the
different extent in the bactericidal activity between the two isomers is principally due to differences
in their interaction with the bacterial cell wall components. Indeed, the lower ability in binding and
perturbing anionic phospholipid bilayers for Esc(1-21)-1c contributes only in a small part to this
difference, while the final effect of membrane thinning once the peptide is inserted into the
membrane is identical to that provoked by Esc(1-21). In addition, the presence of two D-amino
acids is sufficient to reduce the a-helical content of the peptide, in parallel with its lower

cytotoxicity.
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1. Introduction

Most living organisms produce gene-encoded antimicrobial peptides (AMPs) as readily available
weapons against a wide variety of microbial pathogens [1-3]. The majority of these AMPs are
cationic molecules at neutral pH and they adopt an amphipathic a-helical structure in membrane
environments [4]. These two remarkable features are fundamental for their broad microbicidal
activity, which generally relies on the perturbation of the target cell membrane, thus limiting the
induction of resistance [1, 5]. Their ability to recognize and distinguish bacterial membranes from
those of mammalian cells is based on an initial electrostatic interaction between the positively
charged residues of the peptide and the negatively charged membrane phospholipids [6, 7]. The
latter are much more abundant at the outside of microbial cells when compared to the external
leaflet of mammalian cell membranes, which are mostly made of zwitterionic phosphatidylcholine
and sphingomyelin [5]. However, in the case of Gram-negative bacteria, before reaching the
cytoplasmic membrane (i.e. inner membrane), bacteria need to cross the lipopolysaccharide (LPS)-
outer layer in a self-promoted uptake mechanism [8]. Subsequently, the phospholipid bilayer of the
inner membrane is destabilized via pore formation or micellization, leading to cell death [9-11].
After membrane passage, inner targets may also exist for some of the peptides [12, 13]. In contrast,
conventional antibiotics generally inhibit intracellular biological function(s) upon interaction with a
single stereospecific target that can be mutated [14, 15], making it easier for the microbes to
become resistant to this class of drugs [16, 17]. Due to the alarming worldwide emergence of multi-
drug resistant (MDR) pathogenic microorganisms [18] and the concomitant decrease in the
pharmaceutical industry research pipeline for novel antibiotics, the search for new antimicrobial
strategies has become strictly necessary [19-21]. AMPs hold promise for the development of new
anti-infective compounds [22-25]. Interestingly, a few years ago we discovered that a short-sized

AMP, esculentin-1a(1-21)NH,, Esc(1-21), derived from a natural AMP of amphibian origin was
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endowed with: (i) wide and potent spectrum of activity especially against Gram-negative bacteria
[26-28] and (ii) rapid killing kinetics on planktonic and biofilm cells of Pseudomonas aeruginosa. It
also showed a membrane-perturbing activity as a plausible mode of action [29]. In addition, it was
found to have additional non-antimicrobial properties. Among those, the ability (i) to detoxify P.
aeruginosa LPS [30] and (ii) to induce re-epithelialization of a pseudo-“wound”; a property which

is not shown by any traditional antibiotic [30, 31].

Furthermore, we recently demonstrated that a diastereomer of Esc(1-21), named Esc(1-21)-1c,
containing two D-amino acids i.e. °Leul4 and PSer17 had significant lower cytotoxicity and higher
biostability than its all-L isomer [30]. Yet, it was more efficient in promoting clearance of P.
aeruginosa internalized in bronchial cells as well as in stimulating wound-healing in an in vitro
bronchial epithelial cells model [32]. However, when tested in vitro against the free living form of
P. aeruginosa strains, even if it displayed a potent killing activity this was weaker than the parent

Esc(1-21) [32].

With the aim to understand whether this discrepancy reflected a different ability of the peptides in
damaging the cytoplasmic membrane of bacterial cells or a different interaction with the bacterial
cell surface, mechanistic studies have been performed on intact bacterial cells, with bacteria devoid
of their cell wall (i.e. spheroplasts) as well as micelles mimicking the head group composition
and/or surface charge of membranes. In parallel, to verify whether the lower cytotoxicity of the
diastereomer in comparison to the all-L peptide reflected a weaker ability in destabilizing
zwitterionic membranes, the leakage of a fluorescent marker from neutral lipid vesicles was
assessed in comparison to anionic vesicles. Furthermore, by using optical and nuclear magnetic
resonance spectroscopies, the secondary structure of the peptides in membrane-mimicking
environments has been investigated. Our studies revealed that the weaker in vitro antimicrobial
activity of the two D-amino acid containing Esc(1-21)-1c in comparison with the all-L Esc(1-21) is

mainly associated to a different interaction of the peptide with microbial cell wall components and



only partially due to a weaker ability in binding and perturbing anionic membranes. Furthermore,
the presence of two D-amino acids was found to be sufficient to reduce the a-helical content of the

peptide, in line with its lower cytotoxicity.

2. Materials and Methods

2.1. Materials

Synthetic Esc(1-21) and its diastereomer Esc(1-21)-1c (Scheme 1) were purchased from Chematek
Spa (Milan, Italy). Each peptide was assembled by stepwise solid-phase synthesis using a standard
F-moc strategy and purified via reverse-phase high-performance liquid chromatography (RP-
HPLC) to a purity of 98%, while the molecular mass was verified by mass spectrometry. The
following lipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE); 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol (POPG); 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), POPE-?Ha; and cholesterol (Cho) were purchased from Avanti Polar Lipids (Alabaster,
AL, USA). Sodium-dodecylsulfate (SDS), dodecylphosphocholine (DPC) were obtained from
Cambridge Isotope Laboratory (Tewksbury, MA); carboxyfluorescein (CF), water (HPLC grade),
deuterium depleted water, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were from Sigma (St. Quentin Fallavier, France). Sytox Green was from Molecular Probes

(Invitrogen, Carlsbad, CA, USA).

2.2. Microorganisms
The following bacterial strains were used for the antimicrobial assays: the standard P. aeruginosa
PAOL [29] and the clinical isolate P. aeruginosa AA43 from the strains collection of the cystic

fibrosis clinic Medizinische Hochschule of Hannover, Germany [33].

2.3. Spheroplasts preparation



Spheroplasts of P. aeruginosa PAO1 were prepared by adapting the procedure described in [34].
Briefly, bacteria from a log-phase culture were collected by centrifugation at 3,000 x g and washed
in 0.01 M phosphate buffer, pH 7.0 (PB). The cells were then harvested by centrifugation and
resuspended in half-volume of 0.5 M sucrose solution in PB to induce plasmolysis. Lysozyme was
added to the cell suspension at a final concentration of 50 ug/ml. After incubation at 37 °C for 90
min with moderate shaking, the sample was diluted 1:1 with PB and ethylenediaminetetraacetic acid
(EDTA) was added to a final concentration of 10 mM. The cell suspension was incubated again at
37 °C for additional 60 min. Thereafter, transition of the rod-shaped bacteria into spheres was
determined by light microscopy. When ~80% of the cells were spheroplasted (as visualized by
phase-contrast microscopy), the reaction was stopped by pelleting the cells at 500 x g for 15 min.
The spheroplasts were then washed in 0.25 mM sucrose in PB (SPB2), centrifuged at 500 x g for 15

min, and resuspended in SPB2.

2.4. Antimicrobial activity

Aliquots of 100 pl of SPB2 containing spheroplasts derived from 1x10’ intact bacteria were treated
with Esc(1-21) and its diastereomer for 30 min at 37 °C. Afterwards, spheroplasts viability was
assayed by the reduction of MTT to insoluble formazan. Briefly, 100 ul of 1 mg/ml MTT were
added to the bacterial suspension, transferred into a 96-wells microplate, which was incubated for
90 min at 37 °C. The reduced formazan was then solubilized by the addition of an equal volume of
10% (w/v) SDS, measured in a microplate reader (Infine M 200, Tecan) at 590 nm. All assays were

performed in triplicate, and the experiments were repeated three times.

2.5. Sytox Green assay on intact bacterial cells
The ability of the peptide to alter the membrane permeability of whole Pseudomonas cells was

assessed by the Sytox Green (~ 660 Da) assay. Approximately 1x10° cells in 100 pl of phosphate



buffered saline (PBS) were mixed with 1 uM Sytox Green for 5 min in the dark. After adding
peptides at different concentrations, the increase of fluorescence, due to the binding of the dye to
intracellular DNA, was measured at 37 °C in the microplate reader (Infinite M200). The excitation
and emission wavelengths were 485 and 535 nm, respectively. Cells not exposed to the peptides
were used as control, whereas the maximal membrane perturbation was obtained after treating
bacteria with the highest peptide concentration used (32 uM) followed by the addition of 1 mM
EDTA + 0. 5 % Triton X-100 (final concentration) to completely destabilize the LPS-outer
membrane and to solubilize the cytoplasmic membrane [35]. Samples were run in triplicate and the

experiments were performed three times.

2.6. Preparation of large unilamellar vesicles (LUVs)

Lipid films of POPE/POPG and POPC/Cho were prepared by dissolving lipids (2 mg of
POPEPOPG mixture, 7:3, mol’ mol or 2 mg of POPC/Cho, 1:1, mol/mol) in chloroform/methanol
(2:1, vA). The solvents were then 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 then hydrated with a 10 mM phosphate buffer containing 140 mM NaCl and 0.1 mM
EDTA, pH 7.4 (buffer A), or with a CF solution at a self-quenching concentration, i.e. 30 mM (for
CF leakage experiments) in 10 mM phosphate buffer containing 80 mM NaCl and 0.1 mM EDTA,
brought to pH 7.4 with NaOH. The liposome suspension was subjected to 10 freeze and thaw cycles
and extruded for 31 times through two stacked polycarbonate membranes with 100 nm pores to
obtain LUVs. The free CF (when present) was removed by gel filtration, using a 40 cm Sephadex
G-50 at room temperature, equilibrated with buffer A. NaF was used in place of NaCl for CD
experiments, to avoid the high absorption by Cl-ions in the far UV [36]. The final lipid

concentration was determined by the Stewart phospholipid assay [37].

2.7. CF leakage assay



CF release from LUVs due to membrane permeation induced by the peptide was monitored at 37 °C
by the fluorescence increase (excitation = 488 nm; emission = 520 nm). A concentration of lipid
vesicles of 200 uM was used and CF leakage after peptide addition at 20 uM was monitored for 30
min. Complete dye release was obtained using 0.1% Triton X-100, which causes total destruction of
lipid vesicles [38, 39]. The percentage of CF leakage was calculated according to the following
formula [40]: leakage (%) = 100(F1 — FO) / (Ft — FO), where FO represents the fluorescence of intact
vesicles, and F1 and Ft denote the intensities of the fluorescence achieved by peptide and Triton X-
100 treatment, respectively, at different time points, as indicated. The experiments were performed

in duplicate and repeated three times.

2.8. Circular dichroism spectroscopy

In order to investigate the change in secondary structure of Esc(1-21) and Esc(1-21)-1c in SDS and
DPC micelles, circular dichroism (CD) experiments were achieved using a Jasco J-815
spectrometer (Jasco International Co., Ltd. Tokyo, Japan) with a Peltier cell holder and temperature
controller unit accessory. CD spectra were recorded for both the peptides in water (25 uM) and in
the presence of different concentrations of SDS (peptide 25 UM, detergent 40 mM), DPC (peptide
25 pM, detergent 10 mM) at 37 'C, or in liposomes of POPE/POPG 7:3 (mol/mol) (peptide 5 or 20
UM, lipids up to 1 mM), at 25 'C. Both working concentrations of SDS and DPC micelles were
above their critical micelle concentration (CMC) from previous literature [41]. The far-UV spectra
were scanned over a range of 190-260 nm with 1 nm data interval and averaging over 4 scans.
Blank sample spectra were subtracted from the raw data and the CD values were converted to per

residue molar ellipticity ([0]) (deg cm? dmol™).

2.9. Solution-state NMR experiments



All solution-state NMR experiments were executed on a Bruker Avance Il 700 MHz spectrometer
furnished with a CryoProbe at 310 K and/or 335 K. Topspin 3.1 (Bruker Biospin, Rheinstetten,
Germany) and SPARKY 3.113 (UCSF) was used for processing and analysis of NMR data [42].
Two-dimensional total correlation (TOCSY) and nuclear Overhauser effect (NOESY) spectra of
Esc(1-21) and Esc(1-21)-1c alone (1 mM) and in the presence of perdeuterated d,s-SDS (200 mM)
and ds3g-DPC (125 mM) were performed in aqueous solution comprising 10% D20 (pH ~4.5). All
spectra were acquired at 1024 and 512 complex data points along t, and t; dimensions, respectively,
where the States-TPPI-mode was used for quadrature detection in the t; dimension [43]. The
spectral width was 12 ppm, the offset was adjusted at the water resonance (4.703 ppm) and the
relaxation delay was of 2.0 s. TOCSY spectra were acquired using the standard pulse sequence of
the pulse sequence library of the Bruker spectrometer, having excitation sculpting for water
suppression and spin-lock mixing times of 80 ms (using MLEV-17 mixing scheme), whereas
NOESY experiments with 80, 100, 150 and 250 ms mixing time were performed. Sequence-specific
resonance assignment was accomplished based on 2D TOCSY and NOESY spectra of peptides in
DPC micelles by means of standard assignment procedures [44]. All *H chemical shifts were

referenced using DSS (2,2-Dimethyl-2-silapentane-5-sulfonate sodium salt) as an internal standard.

2.10. NMR derived structure calculation

The three-dimensional solution NMR structures of Esc(1-21) and Esc(1-21)-1c in DPC micelles
were determined using the CYANA 2.1 software [45]. From NOESY spectra of Esc(1-21) and
Esc(1-21)-1c in SDS and DPC micelles, NOE cross peak intensities were converted to upper bound
distance limits of 3.0, 4.0, and 5.5 A, corresponding to strong, medium, and weak intensities,
respectively. The lower limits for all distance restraints were kept at 2.0 A. In addition, the dihedral
angle constraints were estimated from PREDITOR by means of C“H chemical shifts and were used

for structure calculations with £20° variation, from the derived dihedral angle values [46]. Several
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rounds of structure calculation were performed for iterative refinement using the standard protocol
of CYANA 2.1, as described previously [47, 48]. Finally, the best 20 structures with lowest target
function values were selected, depending upon low RMSD and minimum violation of distance and
dihedral angle constraint. The stereochemical nature of the final structures was analyzed using
PROCHECK-NMR validation suite [49]. To estimate the convergence of NMR-derived ensemble

of structures, NH order parameters (S?) [50] for both the peptides were calculated.

2.11. Preparation of peptide-loaded liposomes for solid-state NMR spectroscopy

Multilamellar vesicles (MLVs) were prepared by co-solubilization of lipids [POPE:POPE-
’H3,:POPG (2:1:1)] and peptides at the appropriate lipid-to-peptide ratio in chloroform/methanol
2:1 (v/v) to ensure homogenous mixing of the components, followed by solvent evaporation under a
stream of nitrogen gas, removal of solvent traces by lyophilisation from a water suspension and then
rehydration at h=0.9 [h = mass of water over the total mass of the system (phospholipids and
water)]. To improve sample homogeneity the liposomes were repeatedly vortexed for 40 seconds,
frozen in liquid nitrogen for 30 s and heated in a water bath at 40 °C for 10 min. After 1 to 3 freeze-

thaw-vortex cycles, Esc(1-21) and Esc(1-21)-1c embedded in liposomes were obtained.

2.12. Solid-state NMR spectroscopy
’H quadrupole echo experiments [51, 52] were acquired with a spectral width of 100 kHz, a recycle
delay of 1 s, 25 us echo delay, 30 ms acquisition time, 7/2 pulses of 3.4 us, and between 50k and
80k scans. All samples were investigated at temperatures at least 15K above the phase transition of
the individual lipids of the mixture.
Oriented 2H spectra were obtained from the powder pattern by de-Pakeing [53] thus the splitting

can be measured more easily. The de-Paking procedure was performed according to the fast Fourier
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transform-based deconvolution algorithm [54] and first spectral moments were calculated using the
NMR-Depaker software (available from the Launchpad Web site: https://launchpad.net/nmr-friend).
Individual C—*H bond order parameters (Scpi) were calculated from quadrupolar splittings

as described previously [52, 55],
SCD:4AVQ /3 AQ Eq. (1)

where Aq is 167 KHz.

2.13. Average acyl chain length measurement

Calculation of acyl chain length is performed according to Douliez et al [56-60] and can be
performed by considering the average projection of each C-C bond along the bilayer normal. This is
achieved by connecting the Scp order parameter to the C-C bonds order parameters (Scc), and to
sum all the average lengths of the aliphatic chain C-C bonds, projected on the normal to the bilayer.
The average length of an aliphatic chain with an even number of carbons is obtained by the
following expression:

(quair):lJr—"'lZSS”"' <|CH_D>+1,25-:ZZ(%+:L:)} Eq.(3),

where <ICH‘D> represents the contribution of the terminal methyl C,-*H bond, and Smo is the

molecular order parameter (taking into account wobbling motions).

By taking n =14 for DMPC and DMPE and n=16 for POPC and POPE; Spo = 1, <ICH‘D> is
estimated equal to 1,09cos (35,25°) A = 0.81 A, and the angle between the C,-*’H bond and C-C,,

being 111° the equation reduces to:

(Lchain)=[0.81+1,25-Z(%+Sk°° )} Eg. (4)
k=2
The order parameter Scc can be obtained after considering a fast axial rotation of the methyl group

around the C,-C,, bond; hence, Scc is obtained from measured Scp using the recurring equation
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SE +S% =-25 . The order parameter for the n™ term can be obtained from:

2 o) __
5@ _ 3cos (1211 ) 1Srsc Eq. (5)

The area per lipid A is determined according to de Planque et al., and Nagle [61, 62]:
A=2[27.6 A% (1.27 (0.5 + Sp))] Eq. (6)

where Sp is the average order parameter of the plateau region (carbons 2—6).

2.14. Statistical analysis
Quantitative data were expressed as the mean + standard deviation (SD). Statistical analysis was
performed using Student’s t test with the PRISM software (GraphPad, San Diego, CA). Differences

were considered to be statistically significant for p < 0.05 and are indicated in the legend to figures.

3. Results

3.1. Cytoplasmic membrane perturbation.

The diastereomer Esc(1-21)-1c was previously found to display a potent killing activity against the
planktonic form of reference and cystic fibrosis strains of P. aeruginosa [30]. However, this activity
was less pronounced than that of the parent Esc(1-21), as proved by the corresponding minimal
bactericidal concentration (MBC) causing 99.9 % reduction in the number of viable cells within 30
min, in PBS. This was 4 uM versus 1 uM of Esc(1-21) when tested against a bacterial cell density
of 1 x 10° CFU/mI [30].

To assess whether this difference reflected a different perturbation of the cytoplasmic membrane of
this pathogen by the two peptides, a Sytox Green assay was carried out on two different bacterial
strains: the reference P. aeruginosa PAOL and the clinical isolate P. aeruginosa AA43. Sytox
Green is a membrane-impermeable probe whose fluorescence intensity rapidly enhances upon
binding to nucleic acids of bacterial cells with damaged cytoplasmic membrane; and its fluorescent

signal is positively correlated to the level of membrane injury. Note that a significantly higher
12



number of bacterial cells (i.e. 1x 10” CFU/ml) than that generally used for in vitro antimicrobial
assays is needed, in order to get a detectable signal [29]. As reported in Fig. 1 for P. aeruginosa
AA43, both peptides were able to destabilize the bacterial membrane, but with a higher potency and
faster Kkinetics for Esc(1-21) (see also the dose-response relationship after 5 min from peptide
addition in the Supplementary Fig. S1). While almost total membrane perturbation was achieved by
Esc(1-21) within 5 min (at the concentrations of 16 uM and 32 uM, Fig. 1 and Fig. S1) or 15 min
(in the concentration range from 2 uM to 8 uM, Fig. 1), a significantly weaker and slower effect
was recorded for Esc(1-21)-1c (Figs. 1 and S1). With reference to the latter, ~40% of membrane
damage was caused at the highest peptide concentrations of 32 uM within 5 min (Fig. S1). The
degree of membrane injury gradually diminished in a dose-dependent manner and became
negligible at 1 uM. Differently, ~40% of membrane perturbation was registered at 1 uM of Esc(1-
21) at the same time point of 5 min (Fig. S1). Similar results were also found for the reference
PAOL1 [29] and ATCC 27853 strains (data not shown). These data indicate a significant discrepancy
between the two peptides in perturbing the cytoplasmic membrane of intact bacterial cells (i.e.

much more than the 4 times ratio observed for the MBC values).

3.2. Activity on spheroplasts of P. aeruginosa

To investigate whether the bacterial cell wall was a barrier that differently interferes with the
activity of the two peptides, their effect on Pseudomonas cells lacking of cell wall (i.e. spheroplasts)
was studied. The reference strain of P. aeruginosa PAO1 was employed for this purpose and the
peptides’ effect on the viability of its spheroplasts (1 x 10°® cells/ml) was evaluated by the MTT
assay, 30 min after peptide addition at different concentrations, with respect to untreated control
cells. As shown in Fig. 2, the percentage of metabolically-active spheroplasts after incubation with
the all-L peptide at 2 uM was about 70%, while it dropped down to ~2% at 10 uM, in a dose-

dependent manner. In comparison, the activity of the diastereomer on spheroplasts was lower, but
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the difference was much lower than what was observed on intact cells: Esc(1-21)-1c was only ~

1.5-fold less effective, with an LDsg of 4.4+0.5 uM versus 2.9 = 0.5 uM of Esc(1-21).

3.3.  Peptides’ effect on LUVs of different composition

To expand our knowledge on the membrane perturbing activities of Esc(1-21) and Esc(1-21)-1c, the
leakage of CF entrapped in the water volume inside liposomes made of both anionic and
zwitterionic phospholipid bilayers was evaluated. A CF concentration of 30 mM was used to induce
self-association and the consequent quenching of the dye [63]. After peptide administration, the
membrane destabilization leads to probe release and dissociation with a resulting fluorescence
increase. Both peptides were tested at a concentration of 20 uM on POPE/POPG liposomes (7:3
mol:mol, 200 uM), which mimic the lipid composition of the anionic membrane of Gram-negative
bacteria. After addition to the lipid vesicles, Esc(1-21) gave rise to a 2-fold higher membrane-
perturbing activity than the diastereomer, within 30 min (Fig. 3 panel A) and this was consistent

with the results on spheroplasts.

When the two isomers were used on zwitterionic liposomes made of POPC/cholesterol (1:1,
mol:mol) to simulate the neutral membrane of mammalian cells, a 5-fold lower leakage of
entrapped CF was found for the diastereomer in comparison with its all-L counterpart (Fig. 3 panel

B) in line with the lower cytotoxicity of Esc(1-21)-1c on mammalian cells [30, 32].

3.4.  Structural studies by CD and NMR spectroscopy
In parallel, studies aimed at understanding the structural properties of the two peptides were
performed by CD and multidimensional solution-state NMR spectroscopy, in the presence of

micellar and liposomal membrane mimetics.
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34.1.CD

The secondary structure of Esc(1-21) and Esc(1-21)-1c in membranes, and their affinity for lipid
bilayers, was initially characterized by CD spectroscopy, in the presence of increasing
concentrations of POPE/POPG liposomes (Fig.4). Their spectra presented a single negative
minimum around 200 nm, a characteristic spectral signature for random coil conformations. By
contrast, after addition of increasing concentrations of vesicles, the appearance of two negative
minima at 208 nm and 222 nm was indicative of a-helical conformations of both peptide isomers,
although to a lesser extent in the case of Esc(1-21)-1c (Fig. 4, panels A and B). The change in CD
intensity at a fixed wavelength upon binding is directly proportional to the amount of complex

formed.

[9]([L]) = [e]free + ([e]bound - [e]free) * frouna

Here, [6]([LD, [0]free and [B]pouna are the values of molar ellipticity (in our case at 222 nm)
observed at a given lipid concentration [L], in the absence of liposomes, and in the completely

bound state, respectively, and f,,.,nq IS the fraction of membrane-bound peptide [64].

In an ideal water-membrane partition equilibrium, f;,,.nq depends on lipid concentration according

to the following equation, where K, is an apparent partition constant [63].

[L] /Kp w

frouna = | — 77—
L]
141 /
K, /
Combining these two equations, the expected lipid dependence of the molar ellipticity is given by

(%, )

[O1CILD = [0 ree + (181nouna — [6]ree) k .0 /K,,)
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In our case, unfortunately, significant binding (and increase in helicity) took place only at lipid
concentrations in the 100 uM range (Fig. 4 panels C and D), so that in the experimentally useful
range of lipid concentrations (limited to 1 mM by the necessity to avoid scattering artefacts [65]) a
plateau was not observed. For this reason, data fitting with the above equation was affected by a

large uncertainty on the values of [0],,,n4, and thus of K,,. However, the data are sufficient to
indicate that the latter constant is of the same order of magnitude for the two peptides (~1 mM),

although its value is possibly higher for Esc(1-21)-1c (blue lines).

In order to characterize the conformation of the two peptides when associated to a membrane-
mimicking environment, CD spectra were measured in the presence of SDS (broken line) and DPC
micelles (solid line), mimicking the anionic and zwitterionic composition of the outer leaflet of the
cell membrane of bacteria and mammalian cells, respectively (Fig. 4, panels E, F). In this case, the
smaller size of the amphiphilic aggregates reduced light scattering effects, compared to studies in
the presence of vesicles. Therefore, surfactant concentrations much higher than the K, values
estimated for POPE/POPG liposomes could be employed, thus favouring peptide association to the
micelles. In all cases, the spectral intensities typical of alpha helices were observed, although this
was less pronounced in the case of Esc(1-21)-1c (Fig. 4 panel F), probably as a consequence of the
presence of D-amino acids. The spectra in SDS exhibited a 222 nm intensity that is more negative
than the 208 nm peaks. This finding is often considered indicative of the formation of helical

aggregates [66].

3.4.2. NMR studies of Esc(1-21) and Esc(1-21)-1c in SDS and DPC micelles

The conformational transition from random coil to a-helical in the presence of membrane-
mimicking environments, as detected by CD spectra, motivated us to explore the peptide structures
at atomistic detail by high-resolution solution state NMR spectroscopy. DPC and/or SDS assemble

as small size detergent micelles which, in contrast to large liposomes, provide appropriate systems
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for the structural analysis of AMPs in membrane mimetic environments by multidimensional NMR

spectroscopy, due to fast tumbling of the peptide-micellar complex in solution [67, 68].

Fig. 5 shows the amide proton region of the one-dimensional *H NMR spectra of Esc(1-21) and
Esc(1-21)-1c in water and in the presence of SDS and DPC micelles. In water, both peptides
displayed little dispersion and broad signals in the amide proton region of the spectra whereas in the
presence of zwitterionic DPC micelles the spectra were not only well dispersed but also well
resolved. The difference in one-dimensional proton spectral pattern demonstrated that micelles
induced conformational transformation of both peptides with well-defined secondary structure.
Moreover, in the presence of DPC micelles the spectra were better dispersed when compared to
their association with SDS micelles, which can be accounted as differential conformational
stabilization in the different micellar environment. Unfortunately, due to poor spectral resolution, in
SDS micelles for both peptides extensive peak overlap in the fingerprint region of two-dimensional

'H-'H NOESY and TOCSY precludes further analysis of the 2D spectra.

With the help of two-dimensional *H-‘H TOCSY and NOESY spectra, sequential resonance
assignment of Esc(1-21) and Esc(1-21)-1c in DPC was performed. It is noteworthy that the NOESY
spectra in DPC micelles contained the adequate number of sequential and medium-range NOE cross
peaks in comparison to the spectra in aqueous solution (Fig. S2 in Sl). Therefore, the lack of
diagnostic NOEs for both peptides in aqueous solution confirmed the CD spectral analysis where
random coil conformations were observed. Differently, in zwitterionic DPC micelles the peptides
adopted a more ordered conformation, as reported below. Intense sequential CaH/HN (i to i+1)
NOEs were observed for all residues of both peptides (Fig. 6A and B). In addition, several medium
range CoaH/HN (i to i+2/i+3/i+4) NOEs were observed for Esc(1-21) throughout the peptide (Fig.
S2 A and Fig. 6A). Furthermore, the presence of medium range NH/NH (i to i+2) NOE contacts
reinforced the a-helical conformation of Esc(1-21). Overall the distribution of medium range
CaH/HN (i to 1+3/i+4) as well as NH/NH (i to i+2) backbone NOEs throughout the sequence
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established an a-helical conformation in DPC micelles for Esc(1-21), in good accordance with the

CD spectral analysis.

On the other hand, Esc(1-21)-1c in DPC micelles contained less diagnostic CaH/HN (i to
i+2/i+3/i+4) NOEs in comparison to Esc(1-21) (Fig. S2 B). Most of the medium range NOEs (i to
i+2/i+3/i+4) were observed in the N-terminal G1-N13 region (Fig. 6B). This was also in agreement
with the trend in backbone NH/NH (i to i+2) NOE patterns which showed that most NOEs are in
the N terminal region such as 12/F4, F3/K5, S4/L6, K5/A7 while the C-terminal stretch, having D-
amino acid mutations at 14™ and 17" position contained very few NOEs such as K12/L14, N13/L15

and 116/G18.

The discrepancy in NOE distribution for both peptides indicated that the N-terminal portion was
mostly well-organized in the parent peptide while the C-terminal region of Esc(1-21)-1c was
relatively unstructured and flexible in zwitterionic DPC micellar environments. This was supported
by the trend in the AH® values for each residue of Esc(1-21) and Esc(1-21)-1c where the chemical
shift deviation of the alpha proton resonances from the reported values of random coil resonances
provided information about the secondary structure of the peptide [69]. Here, a helical segment is
characteristic of negative chemical shift deviation of AH” for consecutive 4 residues while a
positive chemical shift deviation is a signature of the beta sheet structure. In our systems in DPC
micelles, all the CoaH resonances throughout the sequence of Esc(1-21) and Esc(1-21)-1c
experienced a downfield trend for the CaH chemical shifts (Fig. S3). This chemical shift deviation
is a signature of the predominance of a-helical conformations in DPC micelles. Moreover, it was
noted that the overall average chemical shift deviation was little higher in case of Esc(1-21) in
comparison to Esc(1-21)-1c. The difference in average chemical shift deviation in the L14-G21
region was almost double for Esc(1-21) in comparison to Esc(1-21)-1c in line with the previous

observation from NOESY spectra of both peptides.
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3.5. Structure calculations for Esc(1-21) and Esc(1-21)-1c in DPC micelles

The NOESY derived distance constraints in conjunction with angular constrains, obtained from
PREDITOR, were used to elucidate the three-dimensional conformations of Esc(1-21) and Esc(1-
21)-1c peptides in DPC micellar solution. For structure calculations of Esc(1-21), a total of 190
distance restraints including 38 intra-residue, 85 sequential and 67 medium range constraints were
used while in the case of Esc(1-21)-1c 39 intra-residue, 82 sequential and 44 medium range
constraints (as a total of 165 NOESs) were available (Table 1). It is also evident that the number of
medium range NOE constraints (i to i+2/i+3/i+4) was much less for Esc(1-21)-1c compared to
Esc(1-21), which is also reflected in the RMSD from the ensemble of the 20 lowest energy
structures, as reported below. The Esc(1-21) conformations converged to a helical structure
extending from 12 to G21 with an average root mean square deviation (RMSD) for the backbone
atoms (N, Ca, and C') and the heavy atoms of 0.31 + 0.13 and 0.67 + 0.14 A, respectively. On the
other hand, the ensemble of conformations of Esc(1-21)-1c was not precise and diverged in the C-
terminal as designated by RMSD values of 0.96 + 0.20 and 1.28 + 0.21 A for backbone and heavy
atoms, respectively. From the Ramachandran plot, it was seen that the backbone dihedral angles (®,
V) were accumulated in the most favoured regions for most of the residues of both Esc(1-21) and

Esc(1-21)-Ic, respectively.

In DPC micelles, Esc(1-21) adopted mainly a-helical conformations with a tilt at the N-terminal
end (Fig. 7 A and B), whereas the central region of the a-helix was straight and amphipathic due to
the presence of several polar residues such as K5, K9, K10, N13 and K20, across the one face of the
helix. In contrast, the other face of the helix consists of the hydrophobic residues 12, F3, L6, A7,
111, L14, L15, 116 and L19. In the N terminal region of Esc(1-21), 12, F3 and L6 were in close
vicinity; thereby facilitating CH3-m interaction among B-branched side chains and the phenyl ring of
the respective residues. Collectively, the amphipathicity of Esc(1-21) was conserved in its structure

so that the cumulative hydrophobic and hydrophilic interactions governed the peptide stabilization
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in DPC micelles. The amphipathic character was also obvious from a representation emphasizing

the separation of hydrophobic and hydrophilic residues on opposite sides of the helix. (Fig. 7C).

In contrast, Esc(1-21)-1c in DPC micelles exhibits a partial a-helical conformation only at the N-
terminal region between residues 12-N13, with an average backbone RMSD of 0.08 + 0.02 (Fig. 8).
However, the helix breaks after residue N13, likely due to the presence of two D-amino acids °L14
and PS17 [70]. It is also worth mentioning that the polar residues K5, K9 and K12 of Esc(1-21)-1c
are located on one face of the N-terminal helical region, while the non-polar residues 12, F3, L6, A7
and 111 are on the opposite face of the helix, thereby maintaining an amphipathic character.
Therefore, in comparison to Esc(1-21), Esc(1-21)-lc adopts a partial helical conformation only at
the N-terminal region (G1-K12) while the C-terminal region (N13-G21) is unstructured and adopts
a flexible conformation, which is well supported by the trend in N-H order (S%) parameter for both
peptides (Fig. S3). An order parameter of ~0.8 designates a well-defined backbone conformation,
while smaller values indicate disordered backbone conformations. Both peptides exhibited similar
trends in the order parameters of the (G1-K12) region, which are almost overlapping. The high
order parameters indicate formation of well-defined backbone conformations for both Esc(1-21)
and Esc(1-21)-1c. However, due to the incorporation of D-amino acids in the C-terminal part of
Esc(1-21)-1c, the order parameter fluctuates in the (N13-G21) segment which supports the
existence of poorly defined backbone conformations (Fig. S4). Collectively, close inspection

suggests that the main difference between both the structures are in the C-terminal region L14-G21

(Fig. 9).

3.6.  Membrane disorder induced by both Esc(1-21) and Esc(1-21)-1c
To gain insight into how membrane insertion of these amphiphilic peptides changes the fatty acyl
chain packing of phospholipid bilayers, solid-state H-NMR spectra of membranes encompassing

75 mole % of POPE and 25 mole % of PG lipid were recorded. To assess how the lipid chain
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mobility and the conformational distribution of the methylene segments is influenced by Esc(1-21)
or its diastereomer, the quadrupolar splittings of the 2H-NMR spectra were recorded and converted
into order parameter profiles. The corresponding order parameter profiles of POPE-d3; are shown in
Fig. 10 and display the characteristic signature of bilayer packing, with a plateau of |Scp| values
extending towards the 6™ carbon position. The plateau regions exhibit a value of ca. 0.23 for the
pure lipid system and of ca. 0.21 for membrane embedded with Esc(1-21) or Esc(1-21)-1c. In both
cases, the chain order of the POPE palmitoyl was found to be significantly reduced when compared
to the pure lipid sample (Fig. 10). As outlined in the methods section, the ZH NMR order parameters
can be converted into the thickness of the acyl chain region of the bilayer (<Lchin>) and into the
area per lipid (A) assuming that these values reflect the distribution of the acyl chain conformation.
Therefore, one obtains <Lhsin> = 13.4 +0.1 A for the pure system and 13.1 +0.1 A upon addition of
2 mole % Esc(1-21) or Esc(1-21)-1c. Although the difference in average thickness may appear
small, the membrane disordering effects in the direct vicinity of the peptides are probably more

pronounced and the decreases in order parameters are significant.

4. Discussion

Recently, the short-sized AMP Esc(1-21) and especially its diastereomer Esc(1-21)-1c have been
identified as encouraging candidates for the development of new anti-infective agents, because of
their unique properties [30, 32]. The diastereomer showed a relevant bactericidal activity against the
planktonic form of the bacterial pathogen P. aeruginosa, albeit ~4-fold lower than that of Esc(1-
21). Here, to investigate the reasons accounting for this difference, the bacterial membrane
perturbation was initially assessed by the Sytox Green assay on intact bacterial cells. Similarly to
the bactericidal activity, but with a more pronounced difference between the two peptides, a
stronger and faster membrane permeabilization was recorded for Esc(1-21). Therefore, it can be

stated that the weaker in vitro antibacterial activity of Esc(1-21)-1c on the planktonic phenotype of
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the Gram-negative bacterium P. aeruginosa, as compared to Esc(1-21) is mainly associated to a
weaker ability in perturbing the bacterial membrane of this pathogen with consequent cell death. In
general, such a difference can have three origins [71-73]: a) a different peptide ability in crossing
the LPS outer layer and reaching the target bacterial membrane; b) a different affinity for the
anionic bacterial membrane; c) differential effects once the peptides are bound to the phospholipid

bilayers.

Interestingly, when the effect of the two peptides was tested on cells devoid of cell wall i.e.
spheroplasts of Pseudomonas instead of whole bacterial cells, only a slightly more (1.5-fold)
pronounced microbicidal activity was obtained for the wild-type Esc(1-21) with respect to the
diastereomer. Similarly, when the two isomers were analysed on anionic model membranes, the all-
L Esc(1-21) was found to induce ~ 2-fold higher leakage of vesicle contents in comparison to Esc(1-
21)-1c. Indeed, CD studies indicated that the affinities of the two peptides for these membranes
were only slightly different, while solid-state NMR studies revealed a similar effect of the two
peptides on the membrane order parameters. Based on these observations, we can exclude that
differences in the antibacterial activity between the two esculentin-derived peptides are mainly due
to significant differences in their membrane affinity (hypothesis b) or to a different ability to affect
the phospholipid bilayer of the cytoplasmic membrane once inserted into it (hypothesis c). By
exclusion, we are led to conclude that the bactericidal activity of the diastereomer against
planktonic P. aeruginosa cells, compared to the parent peptide, is significantly impaired by a
different interaction with the cell wall components, including the LPS outer membrane, which is
lacking in spheroplasts. This is in agreement with previous studies revealing that the relative
binding affinity of Esc(1-21)-1c to P. aeruginosa LPS is ~ 8-fold lower in magnitude than Esc(1-
21) binding to LPS and that a minor perturbation of LPS structure is caused by the diastereomer

when compared to Esc(1-21) [48].
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In this work we have also seen how replacement of two amino acids with the corresponding
D-enantiomers in the C-terminal region of Esc(1-21) is sufficient to obtain a peptide, Esc(1-21)-1c,
with a reduced a-helical content along with a lower tendency in perturbing zwitterionic model
membranes. This is in line with its reduced effect on mammalian cells compared to the all-L
peptide, as indicated by the corresponding concentrations causing 50% cell death (>256 uM in

comparison to a LDs ranging from 64 uM to 150 uM for the all-L peptide) [30]).

According to the literature, the ease of adopting stable amphipathic three-dimensional folds,
which for many peptides is achieved by a—helix formation is an essential factor for AMPs to cause
cytotoxicity [74, 75]. As demonstrated by solution NMR studies in DPC micelles which simulate
the neutral membrane of mammalian cells, an a-helical structure is preserved along the entire
amino acid sequence of Esc(1-21), while a highly flexible C-terminal arm is present in Esc(1-21)-
1c. This is attributed to the presence of D-amino acids at 14™ and 17" position, which break the
stereo chemical integrity of the sequence made of L-amino acids. This corroborates well previous

structural studies of naturally occurring AMPs e.g. magainin, cytolysin and melittin [76-78].

Interestingly, a remarkable structural difference was observed between the two peptides
either in aggregates of LPS, the major component of the outer-membrane of Gram-negative bacteria
or in DPC micelles mimicking the lipid composition of the mammalian cell membrane (Fig. S5).
The main difference is at the C-terminal region (N13-G18) of Esc(1-21)-Ic (Fig. S5 B and Table 1),
whose higher flexibility (RMSD=0.96 + 0.20 A) (Table 1) may interfere with the peptide ability to

destabilize bacterial and mammalian cell membranes in comparison to the parent Esc(1-21) [32] .

Importantly, even though the two amino acids substitutions was found to lead to a somewhat

weaker activity of the peptide against free-living cells of P. aeruginosa [30], a higher potency was
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shown by Esc(1-21)-1c against the more resistant form of P. aeruginosa, that is its biofilm

community [30].

Note that the lower antimicrobial activity against the planktonic state of Pseudomonas is not in
contradiction with its stronger effectiveness in killing the more dangerous biofilm phenotype [79].
Compared to the all-L peptide, Esc(1-21)-1c is more resistant to proteases which are mainly
produced by cells within biofilms and much less by free living bacteria [80]. This may prolong the
residence time of the diastereomer and therefore its exposure to the bacterial cells, resulting in a
prolonged antimicrobial efficacy in comparison with the all-L peptide, which would be rapidly
degraded. In addition, it has been lately demonstrated that D-amino acids can promote the
disassembly of the extracellular matrix of biofilm cells [81, 82].

Finally, it is worthwhile recalling that the diastereomer showed a reduced cytotoxicity and anti-
inflammatory activity [30] than the all-L peptide. This would represent an advantage for the host

immune response to bacterial infection at the initial stage.

5. Conclusions

In this work we demonstrated how the cell wall of the free living form of P. aeruginosa plays a
major role in determining differences in the antibacterial activity between the two esculentin
isomers. Most likely, a weaker binding of the diastereomer Esc(1-21)-1c to LPS and presumably
slower translocation into the target bacterial membrane account for its weaker activity in
comparison to the all-L peptide. The slightly lower ability in binding and perturbing anionic
phospholipid bilayers for Esc(1-21)-1c contributes only in a small part to this difference, while the
final effect on membrane thinning once the peptide is inserted into the membrane is identical to that

provoked by Esc(1-21).
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Moreover, we showed how two L-to-D amino acid substitutions in Esc(1-21) led to a lower tendency

in perturbing zwitterionic model membranes in line with the lower cytotoxicity of the diastereomer.

In summary, even if Esc(1-21)-1c has a weaker bactericidal activity than the all-L peptide against
the planktonic form of Pseudomonas, this still occurs at a low micromolar range [30] and it comes
with a significant higher peptide biostability, higher wound-healing activity, less pronounced
cytotoxicity and anti-inflammatory property [30]. Overall, these findings represent a valuable
compromise for the development of a safer antibacterial agent with an extended in vivo activity.
This is supported by our recent in vivo efficacy studies on the two selected peptide isoforms
[83].Finally, besides providing information on the structural organization of the two esculentin-
derived AMPs, our data may assist in the design of new anti-infective agents with optimized

biological properties.
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Table 1 summarizes the information for the 20 final NMR structures of Esc(1-21) and Esc(1-

21)-1c in DPC micelles.

Distance restrains Esc(1-21) Esc(1-21)-Ic
Intra-residue (i—j = 0) 38 39
Sequential (Ji—j| = 1) 85 82
Medium-range (2<|i-j|<4) 67 44
Long-range (|]i—j| >5) 0 0
Total 190 165
Angular restraints 40 40
@ (phi) 20 20
VY (psi) 20 20
Distance restraints from violations (> 0.3A) 0 1
Deviation from mean structure (A) 0.31+£0.13 0.96 £0.20
Average back bone to mean structure (G1-N13) 0.08 £ 0.02
Average heavy atom to mean structure 0.67 £0.14 1.28 £0.21
Ramachandran plot analysis for ensemble
% Residues in the most favourable and (98.4+1.6) (90.0+6.6)
additionally allowed regions =100 =96.6
% Residues in the generously allowed Region 0 3.4
% Residues in the disallowed region 0 0
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1 10 20

Esc(1-21): GIFSKLAGKKIKNLLISGLKG-NH,
Esc(1-21)-1c: GIFSKLAGKKIKN.ILIsGLKG-NH,
14 17

Scheme 1. Amino acid sequence of (A) Esc(1-21) and (B) Esc(1-21)-1c. The b-amino acids at

position 14 and 17 are shown in green and in italics.

Figure legends

Fig. 1. Kinetics of cytoplasmic membrane permeabilization of the planktonic form of P. aeruginosa
AA43. Cells (1 x 10" CFU/ml) were incubated with 1 uM Sytox Green in PBS. Once basal
fluorescence reached a constant value, the peptide was added (arrow, t = 0) at different
concentrations and changes in fluorescence (Aexc = 485 nm, Aems = 535 nm) were monitored for 60
min and plotted as the percentage of membrane perturbation relative to that obtained after treating
bacteria with the highest peptide concentration (32 uM) and the addition of 1 mM EDTA + 0.5 %
Triton-X100. Data points represent the mean of triplicate samples from a single experiment,
representative of three different experiments. Cells not exposed to the peptide were used as control

(Ctrl).
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Fig.2. Effect of different concentrations of Esc(1-21), red line, and its diastereomer , blue line, on
the viability of spheroplasts of P. aeruginosa PAO1, 30 min after treatment at 37 °C. Cell viability
was determined by the MTT reduction to insoluble formazan (see Materials and Methods) and is
expressed as percentage with respect to the control (cells not treated with the peptide). Data
represent the mean £ SD of three independent experiments performed in triplicate. The level of
statistical significance between samples treated with Esc(1-21) and Esc(1-21)-1c are indicated as

follows *p < 0.05, ***p < 0.001

Fig. 3. CF release from POPE/POPG (panel A) and POPC/chol (panel B) LUVs (final lipid
concentration 200 uM) within 30 min after addition of peptides (20 uM) at 37 °C. The percentage
of leakage was calculated according to the formula: 100(Ft — F0) / (F1 — FO) as explained in the

Materials and Methods. Data points are means = SD of three independent measurements performed

in duplicate. The difference between the two peptides was significant (p< 0.05) .

Fig. 4. Top row: Circular dichroism spectra of Esc(1-21) (panel A) and Esc(1-21)-1c (panel B),
measured in the presence of increasing lipid concentrations (POPE/POPG 7/3, mol/mol). Peptide
concentration: 20 puM, lipid concentrations: 1 uM, 2 uM, 5 uM, 10 uM, 20 uM, 50 uM, 100 puM,
200 pM, 500 uM and 1 mM. The CD spectra are colored from blue to red, in order of increasing

concentrations and following the order of colors in the visible spectrum.

Middle row: Mean residue ellipticity ([0]) values at 222 nm as function of lipid concentrations,
[peptide]= 20 uM (panel C) and [peptide]= 5 uM (panel D), Esc(1-21) in red and Esc (1-21)-1c in

blue.
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Bottom row: Circular dichroism spectra of Esc(1-21) (panel E) and Esc(1-21)-1c (panel F),
measured in the presence of SDS (broken line) and DPC (solid line) (25 uM peptide, 40 mM SDS

or 10 mM DPC).

Fig. 5. Left Panel: Amide proton region of 'H NMR spectra of 1 mM Esc(1-21) alone (A) and in the
presence of (B) 200 mM perdeuterated DPC or (C) 125 mM perdeuterated SDS. Right Panel:
Amide proton region of *H NMR spectra of 1 mM Esc(1-21)-1c alone (A) and in presence of (B)
200 mM perdeuterated DPC or (C) 125 mM perdeuterated SDS. The NMR experiments were
performed using a Bruker Avance 111 700 MHz spectrometer in aqueous solutions (pH ~4.5) at 37

oc.

Fig. 6. Summary of NOE contacts of Esc(1-21) and Esc(1-21)-1c peptides in the DPC micelles. Left
panel: Bar diagram demonstrating different (sequential, medium range, and long range) NOE
contacts in the NOESY spectra of Esc(1-21) (A) and Esc(1-21)-Ic (B) in deuterated DPC micelles.
The intensity of the NOESY peaks are designated by the thickness of the bars which are assigned as
strong, medium, and weak during structure calculation. CaH/NH (i to i+3) NOEs are marked by
blue bars and CaH/NH (i to i+4) NOEs are marked by red bars. Right panel: A histogram
displaying the number and type (intra, sequential, medium) of NOEs of Esc(1-21) (C) and Esc(1-
21)-Ic (D) as a function of residue number in complex with DPC micelles. The NOESY
experiments (mixing time 150 ms) were performed using Bruker Avance 111 700 MHz spectrometer

with 1 mM concentrations of peptides in aqueous solution (pH ~4.5) at 37 °C.

Fig. 7. Three dimensional solution structures of Esc(1-21) in DPC micelles (PDB ID 5XDJ).

Superposition of backbone atoms (N, Ca, C’) of the 20 lowest energy conformations of Esc(1-21)
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(A). Cartoon representation of side chain orientation of a representative NMR structure of Esc(1—
21) showing different residues (B). Electrostatic potential surface of Esc(1-21) showing the
distribution of polar and non-polar residues (C). The hydrophobic and positively charged amino
acid residues are indicated by green and blue, respectively, while all other residues are in white..

These images were produced using the PyMOL and Chimera software.

Fig. 8. Three dimensional solution structures of Esc(1-21)-1c in DPC micelles. Superposition of

backbone atoms (N, Ca, C') of the 20 lowest energy conformations of Esc(1-21)-1c (A). Cartoon

representation of side chain orientation of a representative NMR structure of Esc(1-21)-Ic showing
different residues (B). Electrostatic potential surface of Esc(1-21)-1c showing the distribution of
polar and non-polar residues (C). The hydrophobic and positively charged amino acid residues are
indicated by green and blue, respectively, while all other residues are in white. These images were

produced using the PyMOL and Chimera software.

Fig. 9. Overlaid structures of Esc(1-21) (red) and Esc(1-21)-1c (green) in DPC micelles. The N-

terminal helical segment (12-N13) is superimposed nicely with a backbone RMS deviation of 0.482.

Fig. 10. ?H solid state NMR spectra (A) and the corresponding Scp order parameters profile (B) of
POPE:POPE’H3;:POPG (2:1:1) at T= 310K, in the absence (black line) and presence of 2 mole %
Esc (1-21) (red line) and Esc (1-21)-lc (blue line), respectively, with an estimated uncertainty of +

1%.
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Figure S1. Dose-response of the cytoplasmic membrane permeabilization of the planktonic form of
P. aeruginosa AA43 induced by different concentrations of Esc(1-21), red line, and Esc(1-21)-1c,
blu line, 5 min after their addition to the bacterial cells. See legend to Fig. 1 for additional
experimental details. Data points represent the mean of triplicate samples from a single experiment,

representative of three different experiments.
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Figure S2. Finger print region of NOESY spectra of (A) Esc(1-21) and (B) Esc(1-21)-Ic peptides in
200 mM perdeuterated DPC micelles. For clarity, only medium range NOE contacts were marked
by red color. The NOESY experiments (mixing time 150 ms) were performed in Bruker Avance 111
700 MHz spectrometer with 1 mM concentrations of peptides in aqueous solution (pH ~4.5) at 37

°c.
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Figure S3. Chemical shifts deviations of the CaH resonances for each residues of either Esc(1-21)
(black bar) or Esc(1-21)-1c (red bar) relative to standard chemical shift values. The peptide
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Figure S4. Residue specific N-H order parameter (S?) calculated from the ensemble of 20 lowest

energy structures of Esc(1-21) (black line) and Esc(1-21)-1c (red line) in DPC.
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Figure S5. Overlaid structures of NMR derived conformation of (A) Esc(1-21) in LPS (blue) and)
Esc(1-21) in DPC (red) micelles (B) Esc(1-21)-Ic in LPS (blue) and Esc(1-21)-Ic in DPC micelles
(red). The N-terminal helical segment (lle2-Asn13) is superimposed with a backbone RMSD of
1.921 (A) and 1.70 (B) respectively. The coordinates for NMR derived conformations of two

peptides in LPS were taken from our earlier study [42].
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