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• Plasticins have much higher affinity for
anionic lipids than zwitterionic lipids.

• The two Gly-rich plasticins fold into
well-defined helices in membrane
environments.

• In micelles, Gly residues are located on
the polar face of the amphipathic helix.

• GXXXG motifs in plasticins do not pro-
mote strong association between helices.

• The role of GXXXG motifs in plasticin
could differ from that in transmembrane
helices.
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Plasticins (PTC) are dermaseptin-related antimicrobial peptides characterized by a large number of leucine and
glycine residues arranged in GXXXG motifs that are often described to promote helix association within biolog-
ical membranes. We report the structure and interaction properties of two plasticins, PTC-B1 from Phyllomedusa
bicolor and a cationic analog of PTC-DA1 from Pachymedusa dacnicolor, which exhibit membrane-lytic activities
on a broad range of microorganisms. Despite a high number of glycine, CD and NMR spectroscopy show that
the two plasticins adopt mainly alpha-helical conformations in a wide variety of environments such as
trifluoroethanol, detergent micelles and lipid vesicles. In DPC and SDS, plasticins adopt well-defined helices
that lie parallel to the micelle surface, all glycine residues being located on the solvent-exposed face. Spectroscopic
data and cross-linking experiments indicate that the GXXXG repeats in these amphipathic helices do not
provide a strong oligomerization interface, suggesting a different role from GXXXG motifs found in trans-
membrane helices.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction
Membrane-active antimicrobial peptides are key elements of innate
immunity in most animals, from insects to vertebrates [1,2]. The skin of
amphibian, in particular, constitutes a rich source of peptides, with a
large number and variety of secreted peptides that can be active on
Gram-positive and Gram-negative bacteria, yeasts, fungi and protozoa
[3,4]. The isolation and characterization of these antimicrobial peptides
has aroused considerable interest with the emergence of numerous
microbial strains resistant to conventional antibiotics [5–7].

Plasticins (PTC) are antimicrobial peptides found in the skin secretions
of South-American hylid frogs [8,9]. Several members of this family
have been identified in species belonging to the genera Agalychnis,
Leptodactylus, Pachymedusa, and Phyllomedusa [10,11]. These peptides
belong to the dermaseptin superfamily of host-defense peptides [12]
that are characterized by a strong sequence conservation of signal
peptide and precursor proregions but more divergent sequences of the
mature peptides [13]. PTCs can be distinguished from other members of
the dermaseptin superfamily by a large number of Gly and Leu residues
in their sequences [14]. In addition, Gly residues are often arranged in reg-
ular 5-mer GXXXG motifs (where X is any amino acid residue). PTCs are
typically 23–29 residues in length and contain 1 to 4 GXXXG motifs.

Peptides within PTC family differ markedly in their net charge
owing to a different number of positively charged Lys residues, yield-
ing divergent lytic activities. Cationic PTCs such as PTC-B1 isolated
from Phyllomedusa bicolor and PTC-S1 from P. sauvagii exhibit a broad
spectrum of antimicrobial activity at micromolar concentrations. In con-
trast, neutral or weakly cationic PTCs such as PTC-A1 from Agalychnis
annae, PTC-C1 and PTC-C2 from A. callidryas, PTC-DA1 from Pachymedusa
dacnicolor, and PTC-L1 from Leptodactylus laticeps are not potent antimi-
crobial peptides and tend to be moderately hemolytic. These neutral
PTCs may be endowed with other biological properties such as
immunomodulation, as demonstrated for PTC-L1 [15], andmay act syner-
gistically with other cationic peptides to lyse microorganisms.

The importance of cationic charges in the modulation of biological
properties was further demonstrated by incorporating Lys residues in
the sequence of neutral PTCs. In particular, we found that substituting
three positions in PTC-DA1 by corresponding Lys and Phe residues in
PTC-B1 ortholog (Table 1) yielded a cationic peptide [K8,12,F18]PTC-DA1
with enhanced antimicrobial potency [10]. The properties of PTC-B1
and the synthetic analog [K8,12,F18]PTC-DA1 were extensively studied in
order to analyze their interactions with lipids at membrane interfaces
and decipher their membrane-disruptive mode of action in relation
with their antimicrobial potencies [16–18]. These peptides exhibit differ-
ential membrane-lytic activities on a wide range of microorganisms
including methicillin-resistant Staphylococcus aureus strains [17].

The mode of action of most dermaseptin-related antimicrobial pep-
tides from hylid frogs is believed to be the permeation or disruption of
the lipid plasma membrane of the target cells. Several mechanisms
have been proposed such as the barrel stave or toroidal pore models,
the carpet or detergent models, and the lipid clustering model [19,20].
The involved mechanisms are dependent both on lipid composition and
peptide properties with respect to secondary structure, conformational
Table 1
Amino acid sequence and physicochemical characteristics of plasticins investigated in this stud

Peptidea Sequenceb Net charg

PTC-B1 GLVTSLIKGAGKLLGGLFGSVTGGQS +2
[K8,12,F18]PTC-DA1 GVVTDLLKTAGKLLGNLFGSLSG-NH2 +2

a Plasticins have been renamed according to the new nomenclature proposed by Amiche et
peptides, respectively. The analog [K8,12,F18]PTC-DA1 was previously called DRP-PD36KF.

b Glycines involved in GXXXG motifs are indicated in bold.
c The net charge of the plasticins is given for pH 7.
d Mean hydrophobicities and hydrophobicmoments (using the CSS scale) were calculated us

html).
flexibility, charge, hydrophobicity, amphipathicity, and peptide aggrega-
tion. Numerous antimicrobial peptides have been reported to adopt am-
phipathic α-helical structures in membrane environments. Although
helical structures have been evidenced for PTC-B1 and [K8,12,F18]PTC-
DA1 in lipid environments, the conformations adopted by members of
the PTC family are markedly dependent on the environment [8]. Indeed
PTCs can display random coil, α-helical, β-sheet or β-hairpin structures,
revealing their huge conformational plasticity. The large number of Gly
residues, which have inherent flexibility, could be an important element
of this structural versatility.

Another intriguing property of PTCs is the presence of repeated
GXXXGmotifs. To this respect, the amino acid sequences of PTCs resem-
ble those of transmembrane protein segments, in which GXXXG motifs
are known tomediate interactions between transmembrane helices and
promote helix bundle formation [21–23]. GXXXG motifs are prevalent
in membrane proteins but they are also observed in soluble proteins
in which they can participate in helix-helix interactions [24]. Since pep-
tide self-association is a prerequisite in several proposedmechanisms of
membrane permeation, these GXXXG motifs could be involved in pep-
tide oligomerization. Indeed, it has previously been proposed that the
central GXXXG motif of PGLa antimicrobial peptide is involved in the
formation of an antiparallel helix dimer in the membrane-embedded
tilted T-state [25,26]. Other antimicrobial peptides containing GXXXG
or AXXXAmotifs such as bacteriocins [27] or bombinins [28] also exhib-
it oligomerization properties. Nevertheless, in the case of PTCs, the
involvement of GXXXG motifs in helical bundle formation has not
been investigated so far.

The aim of the present work was to analyze the interactions and the
conformations of two selected PTCs, PTC-B1 and [K8,12,F18]PTC-DA1
analog, in membrane-mimetic environments using ITC, CD and NMR
spectroscopy. In particular, we examined to which extent the high
number of Gly residues could influence helical folding of PTCs. We
also investigated whether the presence of three repeated GXXXG
motifs in the two PTCs sequences (Table 1) could promote their self-
association in membrane environments.
2. Experimental

2.1. Solid phase peptide synthesis

Peptides (0.1 mmol)were synthesized using FastMoc chemistry on an
Applied Biosystems 433A automated peptide synthesizer (Applera,
France) as described [10]. Briefly, PTC-B1 was prepared on a Fmoc-
Ser(tBu)-Novasyn TGA resin substituted at 0.22 mmol/g (Novabiochem-
Merck, Germany). [K8,12,F18]PTC-DA1 was synthesized using Rink amide
MBHA PS resin substituted at 0.85 mmol/g (Senn Chemicals). Amino
acids were purchased from Novabiochem. Peptides were purified by
reverse-phase high performance liquid chromatography (RP-HPLC) on a
semi-preparative C18 column and their identity and purity were assessed
by MALDI-TOF mass spectrometry. Synthesis and purification were
performed by the Platform “Synthèse peptidique” of IBPS/FR 3631 Institut
de Biologie Paris-Seine (Université Pierre et Marie Curie, Paris).
y.

ec Mean hydrophobicityd Mean hydrophobic moment (μH)d

0.33 3.0
0.5 3.96

al. [9]. PTC-B1 and PTC-DA1 correspond to the formerly named DRP-PBN2 and DRP-PD3-6

ing HydroMCalc program (http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydroMCalc.

http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydroMCalc.html
http://www.bbcm.univ.trieste.it/~tossi/HydroCalc/HydroMCalc.html
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2.2. Preparation of LUVs

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dimyristoyl-sn-glycero-3-phospho-1′-rac-glycerol (DMPG) were ob-
tained from Avanti Polar Lipids (Alabaster, AL, USA) and used without
further purification. Lipid films were made by dissolving the desired
lipids in chloroform for DMPC, or in chloroform/methanol 3:1 for
DMPG. The solvent was evaporated under dry nitrogen gas. The
resulting films were then kept under vacuum desiccator for at least
30 minutes. Films were then rehydrated with appropriate buffer
(10mMTris-HCl, 100mMNaCl, 2mMEDTA, pH 7.4 for ITC experiments
and 10 mM phosphate, pH 7.4 for CD experiments). Lipid suspensions
were subjected to 10 freeze-thaw cycles, at temperatures of approxi-
mately –190 °C and 50 °C, respectively, and subsequently extruded 19
times through a mini-extruder (Avanti Alabaster, AL) equipped with
polycarbonate membranes (200 nm cut-off). The phospholipid content
of lipid stock solutions and vesicle preparations was determined by
assessing inorganic phosphate according to Rouser [29].

2.3. Circular dichroism

CD spectra were acquired on a Jasco J-810 spectropolarimeter (Jasco
Corp., Tokyo, Japan) over thewavelength range 190–260 nm, by using a
0.1-cm path-length quartz cell (internal volume 200 μL) from Hellma
(Mullheim, Germany). Spectral measurements were carried out at
25 °C, with a 1 nm/min scan speed and a band width of 1 nm. Plasticin
peptides were dissolved in water and immediately diluted in samples
containing 30% TFE, 10 mM detergent (DPC or SDS), 1.5 mM DMPC
LUVs, or DMPG LUVs. Peptide concentration was 30 μM in all the sam-
ples, and measurements in the presence of lipids were performed
with a peptide/lipid molar ratio of 1/50. Five scans were accumulated
and averaged for each sample. All spectra were corrected by subtraction
of the background obtained for each peptide-free mixture. Circular
dichroism measurements are reported as Δε (M−1 cm−1) per residue.
The relative helix content was estimated according to the relation %
helix = –10 × Δε222nm [30], where Δε222nm is the dichroic increment
per residue measured at 222 nm.

2.4. Isothermal calorimetry

ITC experiments were performed on a TA instrument nano ITC calo-
rimeter at 25 °C in a buffer containing 10 mM Tris-HCl pH 7.4, 100 mM
NaCl, and 2 mM EDTA. Titrations were carried out by injecting aliquots
of LUVs (7.5mMDMPC or 1.5 mMDMPG) into the calorimeter cell con-
taining the peptide solution (peptide concentration between 15 μMand
25 μM),with 5minwaiting between injections. Heats of vesicle dilution
were measured by titrating a buffer solution with either 7.5 mMDMPC
or 1.5 mM DMPG LUVs under identical conditions. Thermodynamic
parameters were determined by non-linear least-square fitting of the
buffer-corrected data using the program NanoAnalyze provided by TA
Instruments.

2.5. NMR spectroscopy

Peptides were solubilized at a concentration of 1 mM in 550 μL of
H2O/D2O (90:10 v/v) or H2O/D2O/TFE-d3 (60:10:30 v/v). SDS-d25 or
DPC-d38 detergents (Eurisotop, Saint-Aubain, France) were added at a
concentration of 80 mM in H2O/D2O samples to ensure a ratio of at
least 1 micelle per peptide (assuming an average aggregation number
of ~60 detergent molecules per micelle). Sodium 2,2-dimethyl-2-
silapentane-d6-5-sulfonate (Sigma Aldrich) was used as an internal ref-
erence (0.1 mM) for chemical shift calibration. The NMR experiments
were recorded at 30 °C on a Bruker Avance III spectrometer equipped
with a TCI cryoprobe and operating at a 1H frequency of 500 MHz.
NMR experiments were processed with Bruker TOPSPIN 2.0 program
and analyzed with XEASY [31] or SPARKY [32] programs. 1H and 13C
assignments were obtained from the analysis of 2D 1H–1H TOCSY (23
and 69 ms mixing times), 2D 1H–1H NOESY (50 and 100 ms mixing
times) and 2D 1H–13C HSQC spectra. The chemical shift deviations
(CSDs) of 1H and 13C resonances were calculated using a set of random
coil values reported in water [33]. 3JHN − Hα and 3JHα − Hβ coupling
constants were measured on F2 rows selected from 2D TOCSY spectra.
3JHN − Hα coupling constants were extracted using the INFIT program
[34].

2.5.1. Translational diffusion coefficient measurements
The bipolar phase longitudinal encode decode (BPP-LED) sequence

developed by Johnson and coworkers [35] was used for diffusion exper-
iments. NMR samples containing 1 mM peptide in the absence or
presence of 80 mM detergent (SDS-d25 or DPC-d38) were lyophilized
and dissolved in 100% D2O. A low-power presaturation was inserted at
the beginning of the pulse sequence for water suppression. For each
sample, a series of thirty BPP-LED experiments were recorded at 30 °C
with increasing gradient strength from 2 to 95% of the maximum
strength (55 G cm−1). This procedure resulted in a series of 1H spectra
with decreasing signal intensity according to Eq. (1):

I ¼ I0: exp –D:γ2
:g2:δ2: Δ–δ=3ð Þ

h i
ð1Þ

where I is the observed signal intensity, I0 is the signal intensity for zero
gradient strength, D is the translational diffusion coefficient, γ is the 1H
gyromagnetic ratio, g is the gradient strength, δ is the gradient duration
(3.5 ms), and Δ is the diffusion time (100 ms). The DOSY module of
NMRPipe [36] was used to calculate diffusion coefficients by fitting
Eq. (1) with D and I0 as adjustable parameters. To determine I values,
each spectrum was integrated in a specific region that do not contain
overlapping signals from more than one component.

In the case of a peptide/micelle complex, the observed diffusion
coefficient of the peptide (Dobs) has been shown to be the weighted
average of the diffusion coefficients of the bound (Dbound) and unbound
(Dfree) species [37,38]:

Dobs ¼ MFbound: Dbound þ MFfree: Dfree ð2Þ

where MFfree and MFbound are the mole fractions of the free and bound
peptides, respectively. Dfree was obtained by measuring the diffusion co-
efficient of the peptide in the absence of detergent. Dbound is generally as-
sumed to be equal to the diffusion rate of the micelle in the presence of
peptide [39] and was measured from the detergent resonances using
samples containing 1 mM peptide and 80 mM of protonated DPC or
SDS. In micellar environment, the diffusion of the free peptide in the
aqueous solution is hindered by the presence of the micelles. Therefore,
it is important to correct Dfree by introducing an obstruction factor [37,
38] such as:

bA N ¼ 1= 1 þ 0:5ϕð Þ ð3Þ

and Dϕ
free ¼ DfreebAN ð4Þ

where ϕ is the volume fraction of the obstructing particles and b A N is a
correction factor for spherical objects. This factor has been calculated by
Whitehead and co-workers [39] for a 100 mM SDS solution at 25 °C
and gave b A N = 0.96. Rearrangement of Eq. (2) using Dϕ

free allows for
the calculation of the mole fraction of micelle-bound peptide (MFbound):

MFbound ¼ Dobs– Dϕ
free

� �
= Dbound– Dϕ

free

� �
ð5Þ

2.5.2. NMR positioning experiments
Paramagnetic relaxation enhancements were measured using the

micellar samples of plasticins (1 mM in 80 mM detergent) before and
after addition of 1 mM gadodiamide (GE Healthcare). The T1 relaxation
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times of Hα protons were measured using an inversion-recovery block
implemented at the beginning of a 2D TOCSY sequence (MLEV-17 iso-
tropic sequence of 25 ms duration). A Q3 pulse of 3 ms was chosen for
selective inversion of Hα protons after a relaxation delay of 3.5 s.
Solvent signal was suppressed with an excitation sculpting scheme
prior to acquisition. A set of 12 inversion-recovery 2DTOCSY experiments
was recorded in an interleaved manner with inversion-recovery delays
varying between 10 ms and 3.5 s. The NMRPipe software [36] was used
to process and analyze experiments, and measure cross-peak intensities.
T1 relaxation times were calculated using the non-linear least squares
fitting program CurveFit.

2.6. Structure calculation

Interproton distance restraints were estimated from manually
assigned NOEs. NOESY cross-peak volumes were measured using
XEASY program and four upper limit classes of 2.8, 3.3, 3.8, and 5.0 Å
were defined. No hydrogen bond restraints were applied in the calcula-
tion. The TALOS+ [40] and TALOS-N [41] programswere used to derive
backbone dihedral angle restraints based on 13Cα, 13Cβ, 1HN and 1Hα

chemical shifts analysis. The ϕ, ψ torsion angles of residues that were
consistently predicted to fall into the αR region of the Ramachandran
mapwere restrained around−60°±30° and−40°±30°, respectively.
Additional (ϕ, ψ) restraints were defined around (−75°± 45°,−20°±
50°) for a few residues “generously” predicted in helical conformation
by both TALOS + and TALOS-N programs. A set of 100 structures
was calculated by torsion angle dynamics in DYANA using standard pa-
rameters [42]. The best 25 structures having the lowest target function
were then minimized using the XPLOR-NIH program [43] and
CHARMM22 force field. Nonbond terms consisted of a Lennard-Jones po-
tential and an electrostatic potential with a distance-dependent dielectric
model (ε = 4 r) to mimic the presence of solvent. The 20 structures
exhibiting the lowest energies were selected to represent the NMR
ensemble. Structures were analyzed using InsightII (Accelrys, San
Diego, CA) and PROCHECK-NMR programs [44].

2.7. Cross-linking assays and Tris-Tricine SDS-PAGE

Plasticin peptides were diluted in PBS (Life Technologies, containing
8 mMNa2HPO4, 1.5 mMKH2PO4, 138mMNaCl, 2.7 mMKCl) at 100 μM
concentration and incubated during 30 minutes at room temperature in
the presence of 10 mM detergents (DPC or SDS) or 5 mM LUVs (DMPC
or DMPG). Then 0.15 % glutaraldehyde was added and solutions were
kept at room temperature during 60 minutes. The cross-linking
reaction was stopped by addition of 0.1 M Tris-HCl. Solutions were
then diluted with an equal volume of loading buffer (0.2 M Tris, 2%
SDS, 2% β-mercaptoethanol, 40% glycerol, 0.04% Coomassie Brilliant
Blue G-250, pH = 6.8), boiled at 95 °C, and deposited on a 10–20%
Mini-PROTEAN® Tris-Tricine gel (Biorad). Migration was run at 75 V
during 5 hours at 4 °C in Tris-Tricine buffer (0.1 M Tris, 0.1 M Tricine,
0.1% SDS). After migration, gels were incubated during 30 min with
the fixative solution (40% methanol and 10% acid acetic) and stained
during 60 min with 0.25 g/L Coomassie blue G-250 in 10% acetic acid.
Gels were rinsed with 10% acetic acid until bands were clearly visible.

3. Results

3.1. Influence of membrane environments on the secondary structure of
plasticins inferred from CD spectroscopy

Most antimicrobial peptides are unstructured in aqueous solution
and tend to adopt a well-defined secondary structure when in contact
with lipid membranes. To investigate the influence of membrane envi-
ronments on the structure of the two plasticins, we first recorded far-
UV CD spectra in the absence and presence of large unilamellar vesicles
(LUVs) made of zwitterionic or anionic phospholipids (DMPC and
DMPG, respectively). Because the outer leaflet of bacterial membranes
is composedmainly of anionic lipids, DMPGwas chosen as a model sys-
tem of bacterial membranes, while DMPC is more representative of
mammalian cell membranes. As shown in Fig. 1, the CD spectra of
both peptides in aqueous solution display a single negative band near
200 nm, indicative of random coil conformation. In contrast, the two
plasticins adopt an α-helical conformation in the presence of phospho-
lipids, as inferred from the two intense negative bands observed around
208 and 222 nmwith both zwitterionic and anionic vesicles. The helical
content, estimated from the ellipticity value at 222 nm [30], is signifi-
cantly higher in the presence of anionic vesicles for both peptides, rang-
ing from 44–58% with DMPC to 66–80% with DMPG. These results
indicate that the two PTCs interact with both zwitterionic and anionic
membranes, and that electrostatic interactions between the two Lys
residues of PTCs and the negatively charged lipids provide additional
stabilization in helical folding.

CD spectra were also recorded in the presence of 30% trifluoroethanol
(TFE) and two detergent micelles (DPC and SDS), these environments
being compatible with high-resolution solution NMR studies (see
below). In the case of [K8,12,F18]PTC-DA1, the CD spectra acquired in
TFE, SDS, and DPC are highly similar to the one obtained in DMPG,
ellipticity values being consistent with helical contents of 71–79%. These
three media also induce an α-helical conformation of PTC-B1 structure
but with weaker helical contents (57–61%) in comparison to [K8,12,F18]
PTC-DA1. Overall, PTC-B1 appears to be more flexible than [K8,12,F18]
PTC-DA1 in all the membrane environments used in this study. The CD
data also reveal that the nature of the detergent polar headgrouphas little
influence on the secondary structure of both plasticins, indicating that the
main driving force is the sequestration of hydrophobic residues at the
micelle/water interface.

3.2. Thermodynamic analysis of the interaction between plasticins and lipid
vesicles

ITC was used to gain insight into the binding mode of the two
plasticins with zwitterionic and anionic vesicles. Binding isotherms
were obtained by injecting either DMPC or DMPG LUVs into the calo-
rimeter cell containing a plasticin solution at 25 °C. On this basis, the en-
thalpy of binding of the peptide to the liposome (ΔH) was determined
as well as the binding constant KA. The dissociation constant KD, the
Gibbs free energy (ΔG) and the entropy (ΔS) of binding were derived
from KA and ΔH. As shown in Fig. 2A and C, the titrations of PTC-B1
and [K8,12,F18]PTC-DA1 with DMPC LUVs led to the observation of
exothermic signals, indicating an enthalpy-driven process. The two
peptides bind zwitterionic vesicles with a similar affinity in the micro-
molar range (KD = 22–25 μM, Table 2). The binding to DMPG LUVs
(Fig. 2B and D) gave rise to larger enthalpies which correlate with a
10–50 fold higher affinity for anionic vesicles (KD = 0.55–1.7 μM).
This underlines that electrostatic interactions between Lys residues
and anionic lipids at the surface of the bilayer are crucial for membrane
selective recognition of the plasticins. Interestingly, the entropic
term (–TΔS) contributes to more than 75% of the total free energy
of interaction (ΔG) in all the experiments conducted (Table 2). This
demonstrates the importance of hydrophobic interactions in the
membrane-binding process in addition to electrostatic interactions.
Indeed, a large entropy gain is generally ascribed to the release of water
molecules from the hydrophobic regions of the bilayer upon peptide
incorporation [45,46], resulting in favorable hydrophobic interactions
between non-polar residues of the peptides and the membrane core.

It should be stressed that many injection peaks in Fig. 2 exhibit a pro-
nounced shoulder on the right side, suggesting that an additional thermo-
dynamic process distinct from the peptide/lipid interaction is occurring
during the titration. Similar appearances of ITC traces have been observed
for cell penetrating peptides interacting with POPG LUVs [47] and were
interpreted as the result of liposome reorganization. In addition, increas-
ing the peptide concentration in the calorimeter cell from 15–25 μM to



Fig. 1. Far-UV CD spectra of PTC-B1 and [K8,12,F18]PTC-DA1 in phosphate buffer, 30% TFE, DPC micelles, SDSmicelles, DMPC LUVs, and DMPG LUVs. Spectra were recorded at 25 °C using a
peptide concentration of 30 μM.

44 L. Carlier et al. / Biophysical Chemistry 196 (2015) 40–52
40–50 μM led to more complex ITC traces with endothermic peaks ob-
served at the beginning of the titration followed by exothermic peaks
(data not shown). The presence of additional thermodynamic processes
has been shown for other antimicrobial peptides upon vesicle titration,
and was proposed to be the result of pore formation, changes in the
lipid phase properties, and/or peptide aggregation [46].
Fig. 2. Isothermal titration of PTC-B1 (A and B) and [K8,12,F18]PTC-DA1 (C and D)with DMPC (A
(measured by peak integration) as a function of lipid/peptide molar ratio. The solid lines repre
experiments are presented in Table 2.
3.3. NMR conformational studies of plasticins in membrane-mimetic
environments

The conformations of plasticins were further examined at the resi-
due level by solution NMR spectroscopy in three different environ-
ments: water/TFE mixture (70:30), zwitterionic DPC, and anionic SDS
and C) or DMPG (B and D) LUVs at 25 °C. The lower curves represent the heat of reaction
sent the best fits to experimental data. Thermodynamic parameters calculated from these
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Table 2
Thermodynamic parameters for PTC-B1 and [K8,12,F18]PTC-DA1 binding to DMPCorDMPG
large unilamellar vesicles (LUVs) at 25 °C.

Peptide PTC-B1 [K8,12,F18]PTC-DA1

Vesicle type DMPC DMPG DMPC DMPG

KA (M–1) 4.5 104 5.8 105 4.0 104 1.8 106

KD (μM) 22.0 1.7 24.9 0.55
ΔH (kJ/mol) −0.41 −6.75 −0.96 −5.19
ΔG (kJ/mol) −26.6 −32.9 −26.2 −35.7
ΔS (J/mol/K) 87.7 87.6 84.8 100.2
ΤΔS (kJ/mol) 26.1 26.1 25.3 30.5
Binding stoichiometry (n) 15.1 11.7 20.4 7.1

Table 3
Translational diffusion coefficients (Dobs) of the plasticins in the absence and presence of
DPC and SDS micelles as determined by PFG-NMR experiments.

PTC-B1 [K8,12,F18]PTC-DA1

Dobs in H2O (10−10 m2 s−1) 2.20 2.37
Dobs in DPC (10−10 m2 s−1) 1.01 0.98
Dobs in SDS (10−10 m2 s−1) 0.74 0.79
MFbound in DPCa 0.78 0.82
MFbound in SDSa 0.86 0.85

a The mole fractions of micelle-bound peptide (MFbound) were calculated using Eq. (5).
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micelles. TFE was chosen as an organic cosolvent in order to assess the
intrinsic helical propensity of both peptides in the absence of a water-
membrane interface. The use of micelle systems in solution-state NMR
studies is a widely used approach tomimic water-membrane interfaces
because of the high-quality spectra usually obtained for the solubilized
peptides. Although micelles do not form bilayers, they are considered
as relevant models to characterize the surface-bound conformation of
antimicrobial peptides and probe the initial states of interaction with
biological membranes [48,49].

The NMR spectra of plasticins in the different investigated media
exhibited overall good quality in terms of chemical shift dispersion
and resonance linewidths, demonstrating the folding of peptides and
the absence of aggregation. In the case of micellar environments, pulsed
field gradient (PFG) NMR experiments were recorded to evaluate the
partitioning of both plasticins in DPC and SDS micelles. Indeed, the
binding of a peptide to amicelle can bemonitored bymeasuring changes
in the translational diffusion coefficient of the peptide because themolec-
ular size of a peptide/micelle complex is significantly higher than that of
the free peptide in aqueous solution [37–39]. Since the equilibrium
between the free and micelle-bound forms is fast on the NMR time
scale, the mole fraction of micelle-bound peptide can be estimated from
the observed diffusion coefficient of the peptide, which is the weighted
average of the diffusion coefficients of the free and bound species
(Eq. (5)). A bipolar pulse longitudinal encodedecode (BPP-LED) sequence
was used tomeasure the diffusion coefficients of both plasticins in the ab-
sence and presence of detergent. As reported in Table 3, the translational
diffusion coefficients of the plasticins dramatically decrease in the
presence of DPC and SDS detergents, indicating a strong interaction
with both micelle types. The high affinity of the two plasticins for DPC
and SDSmicelles is confirmed by themole fraction ofmicelle-bound pep-
tide (MFbound)which shows that 76 to 86% of the peptides are partitioned
in micelles. The partitioning of plasticins appears to be greater in anionic
micelles than in zwitterionic counterparts, indicating that electrostatic in-
teractions between the micelle anionic head group and the positively-
charged side chains of Lys-8 and Lys-12 slightly enhance the affinity for
these membrane mimetics.

3.4. Secondary structure of plasticins probed by NMR conformational
parameters

The next step in this analysis was to characterize the secondary
structure of the plasticins at the residue level from the NMR conforma-
tional parameters. For that purpose, sequence-specific 1H resonance as-
signments were obtained for both plasticins in water/TFE and micellar
environments from the analysis of through-bond 2D TOCSY and
through-space 2D NOESY correlation experiments. Aliphatic 13C reso-
nanceswere also assigned using 2Dnatural abundance 13C-1HHSQC ex-
periments to facilitate side-chain resonance assignments and provide
additional conformational parameters. Resonance assignments are pro-
vided in the Supplementary Information (Tables S1-S6).

The local conformational preferences of individual residues were
first characterized using 1Hα and 13Cα chemical shift deviations
(CSDs), which are defined as the differences between experimental
chemical shifts and corresponding random coil values for each amino
acid [33]. In the three media, most residues of both peptides exhibit
downfield shifts of Cα resonances (Fig. 3) and upfield shifts of Hα reso-
nances (not shown) that are indicative of helical conformations, as in-
ferred from CD spectra. CSD values were analyzed in more details to
assess the helical propensity of each residue and to delineate the helical
segments in the three different media.

The continuous stretch of positive Cα CSD values observed for PTC-
B1 in TFE (Fig. 3A) indicates that the helix extends from residues 2 to
21, the C-terminal 22–26 region beingmostly unfolded. The two glycine
residues at positions 9 and 16 have markedly diminished helical pro-
pensities in comparison with nearby residues, and delineate three heli-
cal segments of decreasinghelical stability from theN to the C-terminus.
The interaction with detergent micelles leads to an increase in helical
populations in comparison with water/TFE medium, with average Cα
CSD values of 2.5 and 2.7 ppm for residues 2–21 in DPC and SDS, respec-
tively, versus 1.7 ppm in water/TFE. Interestingly, the CSD analysis
reveals that the profiles of helical propensity along the sequence are
similar in TFE and in both detergents (Fig. 3B, C). In particular, the
helical propensity of PTC-B1 is the strongest in the N-terminal 2–8
region, decreases in the central 9–15 segment, and is the weakest in
the C-terminal part. The main difference between the three media con-
cerns the C-terminal extension of the helix. In DPC micelles, the helix
tends to be shorter and is loosened in the 18–21 segment, as shown
by gradually decreasing Cα CSD values.

The Cα CSD analysis reveals that [K8,12,F18]PTC-DA1 has a higher he-
lical propensity than PTC-B1 in the three investigated media (Fig. 3).
This increased helical stabilization with respect to PTC-B1 is observed
in TFEmost particularly, and inmicellar environments to a lesser extent,
with average Cα CSD values over the 2–21 segment of 2.7, 2.9
and 3.0 ppm in TFE, DPC and SDS, respectively. As for PTC-B1, the
N-terminal segment (residues 2–9) appears to have the highest helical
propensity whereas the C-terminal end shows loosening of the helical
structure. The length of the helix is also shorter in DPC micelles, as
seen for PTC-B1. In contrast, no helix destabilization is observed at posi-
tions 9 and 16 that are occupied by non-glycine residues in the case of
[K8,12,F18]PTC-DA1 peptide.

The helical conformations were further confirmed by the pattern of
intraresidual, sequential, and medium-range NOEs showing character-
istic Hαi–HNi + 3, Hαi–Hβi + 3 and Hαi–HNi + 4 correlations (Supple-
mentary Fig. S1). The 3JHN − Hα coupling constant constitutes another
interesting conformational probe owing to its dependence over ϕ dihe-
dral angle. Indeed, regular helical conformations typically yield 3JHN

− Hα values below 5.5 Hz whereas values around 6–7 Hz correspond to
distortion from canonical ϕ values or increased disorder. The analysis of
3JHN − Hα coupling constants could not be drawn in micellar environ-
ments because the observed broadening of amide resonances precluded
an accurate measurement. In TFE, most residues of [K8,12,F18]PTC-DA1
peptide have coupling constants smaller than 5.5 Hz (Supplementary
Table S4), with the exception of Thr9 and the C-terminal Leu21 and
Ser22 residues. The increased value for Thr9 could be due to a slight
destabilization or deformation of the helix by this β-branched residue.
In the case of PTC-B1 (Supplementary Table S1), the N-terminal half
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Fig. 3. Chemical shift deviations (CSDs) of Cα resonances for PTC-B1 (left) and [K8,12,F18]PTC-DA1 (right) in 30% TFE (A), DPC micelles (B), and SDS micelles (C).
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shows the smallest values for the 3JHN − Hα coupling constants whereas
the C-terminal half exhibits increased values, which is in good agreement
with the differences in helical stability deduced from both CSD and NOE
analysis.
3.5. Three-dimensional structures of plasticins in the different environments

The NMR structures of plasticins were calculated by restrained
molecular dynamics with DYANA and refined by energy minimization
using XPLOR-NIH and CHARMM22 force field. In addition to distance
restraints derived from NOEs, χ1 dihedral angle restraints could be
determined from 3JHα − Hβ coupling constants measured for several
residues (Table 4). Information on ϕ, ψ dihedral angles was derived
from the Cα CSD analysis, as aforementioned, andwas further confirmed
by a deeper analysis of 1HN, 1Hα, 13Cα and 13Cβ chemical shifts based on
TALOS + program [40] and the more recent version TALOS-N [41].

The calculated NMR structures have good geometric quality and
display few restraint violations (Table 4). The structural definition,
measured by backbone rmsd, is also in good agreement with the CSD
and NOE analysis. The structures of both plasticins in the three different
media (Fig. 4) all form an uninterrupted helix starting at residue 2 but
whose length depends on peptide sequence and medium. The helix
structure of [K8,12,F18]PTC-DA1 tends to be slightly longer than that
of PTC-B1 in the three media, the helix of PTC-B1 being the shortest
in DPC micelles. The helical structures show increased disorder of the
C-terminal residues.

The absence of helix interruption around Gly positions is supported
by the NOEs, chemical shifts and J coupling analysis. Interestingly, the
structures of PTC-B1 tend to adopt a slight curvature around the third
turn of the helix. Inspection of the backbone hydrogen bond networks
shows that regular COi-HNi + 4 hydrogen bonds are observed through-
out the α-helical structure, except in the 8–12 region. Indeed, the
hydrogen bonds involving the carbonyl groups of residues 8 and 9
have increased lengths and a 310-hydrogen bond is observed between
the carbonyl of Gly 9 and amide group of Lys12. This small distortion
of the hydrogen bond network does not seem to be imposed by any
NMR restraint and is more likely a consequence of the presence of two
nearby glycines at positions 9 and 11.

The analysis of side chain distribution reveals that both plasticins
adopt amphipathic structures. A large hydrophobic face is formed by
Leu residues predominantly together with Ile, Val and Phe residues.
These residues display numerous van der Waals interactions as shown
by many NOEs involving side-chain protons. Glycine residues are local-
ized on the hydrophilic face of the helix which is formed mostly by the
polar side chains of Ser, Thr and the two charged Lys residues.

3.6. Position of plasticins within micelles

The position of plasticin peptides with respect to DPC and SDS mi-
celle surface was further investigated by solution NMR spectroscopy.
The use of gadodiamide, a paramagnetic MRI contrast agent, has been
considered for several years as one of the most accurate approaches to
probe the immersion depth of polypeptides within micelles [50–52].
Gadodiamide is a water-soluble Gd(III) complex that enhances T1 relax-
ation rates of protons in a distance-dependent manner. This neutral
probe partitions into the aqueous environment outside the micelles
and, in contrast to charged paramagnetic agents, has uniform distribu-
tion towards peptide-micelle complexes. Therefore, residues that lie
outside or close to the micelle surface are expected to exhibit the
highest paramagnetic relaxation enhancements (PRE). We quantified
the enhancement of Hα protons longitudinal relaxation by inserting a
T1 inversion-recovery block in a 2D TOCSY sequence.

PREsmeasured for the two plasticin peptides in anionic SDSmicelles
are shown in Fig. 5A. The gadodiamide probe strongly enhances the
relaxation of Hα protons in residues at the C-terminus, indicating
that these flexible residues are not buried inside themicelle. A periodic-
ity in the PRE values is apparent in the N-terminal and central parts,
and supports that the helical region 2–18 adopts a roughly parallel ori-
entation with respect to the micelle surface in both plasticins. In
particular, hydrophobic residues at positions 3, 7, 10 and 14, which
lie on the samehelical face, display the lowest PREs and are therefore lo-
cated deep inside the SDS micelle. Overall, the position and orientation
of PTC-B1 and [K8,12,F18]PTC-DA1 within SDS micelles are almost
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Table 4
Structural statistics of NMR structures.

PTC-B1 [K8,12,F18]PTC-DA1

TFE DPC SDS TFE DPC SDS

Experimental restraints
Number of NOE-derived distance restraints 162 192 190 174 205 212

Intraresidue 84 84 88 84 84 89
Sequential 69 77 78 73 74 80
Medium-range 9 31 24 16 47 43

Number of dihedral angle restraints 40 37 43 40 38 43
ϕ, ψ 20 16 20 20 18 20
χ1 0 5 3 0 2 3

Number of restraint violations
Distance violations N0.1 Å 0.1 ± 0.3 3.9 ± 1.3 2.5 ± 0.7 0.6 ± 0.8 4.8 ± 1.2 3.4 ± 1.3
Dihedral angle violations N5° 0.3 ± 0.6 0.2 ± 0.4 0.2 ± 0.5 0 0 0

Rms deviations from experimental restraints
Distances (pm) 0.8 ± 0.2 2.5 ± 0.2 1.8 ± 0.1 1.1 ± 0.2 2.6 ± 0.2 2.2 ± 0.1
Dihedral angles (°) 0.54 ± 0.46 0.62 ± 0.46 0.73 ± 0.36 0.08 ± 0.14 0.09 ± 0.22 0.19 ± 0.17

Structural statistics
Rms deviations from ideal covalent geometry

Bonds (pm) 0.92 ± 0.02 0.86 ± 0.02 0.87 ± 0.02 0.91 ± 0.01 0.89 ± 0.01 0.91 ± 0.02
Angles (°) 1.85 ± 0.04 2.01 ± 0.10 1.93 ± 0.05 1.87 ± 0.05 2.11 ± 0.03 2.07 ± 0.05
Impropers (°) 1.00 ± 0.10 1.32 ± 0.15 1.02 ± 0.14 0.87 ± 0.06 1.22 ± 0.16 1.18 ± 0.09

Van der Waal's energy (kJ.mol−1) −298 ± 17 −270 ± 28 −314 ± 23 −295 ± 9 −283 ± 78 −256 ± 9
MolProbity clash score (Z-score) 1.48 1.48 1.53 1.53 1.53 1.53
Ramachandran plot dispersion (%)

Most favored regions 92.1 80.9 90.3 94.2 95.0 92.2
Additionally allowed regions 5.9 14.1 7.6 5.6 4.7 6.4
Generously allowed regions 0.9 4.1 0.9 0.0 0 0.6
Disallowed regions 1.2 0.9 1.2 0.3 0.3 0.8

Backbone atoms rms deviation (Å)
All backbone atoms 2.39 3.73 2.17 0.70 0.77 0.73
Residues 2–21 1.06 1.74 0.72 0.42 0.29 0.32
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identical, as inferred from the similar PRE values observed throughout
the peptide sequences. Interestingly, although residues 19–21 are
more structured in [K8,12,F18]PTC-DA1 than in PTC-B1 with a higher
A

B

C

Fig. 4. Three-dimensional NMR structures of PTC-B1 (left) and [K8,12,F18]PTC-DA1 (right) in 30
fitting of backbone N, Cα and C′ atoms over residues 2–18.
helical propensity, these residues are substantially affected by the
gadodiamide probe in both peptides, suggesting that they are
positioned close to the water-micelle interface in the two plasticins.
% TFE (A), DPC micelles (B), and SDS micelles (C). Structures were superimposed by best
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PREswere alsomeasured in the presence of zwitterionic DPCmicelles.
As shown in Fig. 5B, the paramagneticwaves observedwithDPC are high-
ly similar to those obtained with SDS. In both peptides, the helical region
3–18 is embedded within the DPC micelle in a parallel orientation with
residues 3, 7, and 10 being the most buried. This indicates that micelle
composition has little influence on the orientation and immersion
depth of the two plasticins. It should be stressed that the two peptides
display smaller PRE values in DPC than in SDS, which can be ascribed to
the larger polar head of the DPC detergent in comparison to that of SDS
that increases the distance between peptide and the gadodiamide probe.

3.7. Self-associative properties of selected plasticins in the presence of
membrane mimetics

Finally, we have used gel electrophoresis to investigate whether
plasticins could oligomerize in the presence of detergents or lipid vesi-
cles. SDS-PAGE analysis shows the presence of a unique band corre-
sponding to the monomeric peptides and no band indicative of higher
molecular weight oligomers could be observed (Fig. 6, left panels).
However, this technique may be inefficient to detect the formation of
transient oligomers as such weak non-covalent interactions might be
disrupted by SDS detergent [53]. To test this hypothesis, peptide solu-
tions were also preincubated with glutaraldehyde as a cross-linking
agent to stabilize putative formed oligomers through covalent bonding
[53,54]. Under cross-linking conditions, the bands corresponding to
monomeric states remain prominent in both micelles and lipids envi-
ronments (Fig. 6, right panels). Very weak bands corresponding to
Fig. 5.Use of a paramagnetic reagent to probe the accessibility of plasticin residues in DPC and S
(black circles) and [K8,12,F18]PTC-DA1 (grey squares) in SDS (A) and DPC (B).
dimeric states can be observed in SDS and DMPG anionic environments.
Diffuse bands corresponding to higher molecular weight cross-linked
species are also distinguishable in the presence of DMPC lipid vesicles,
and DMPG to a lesser extent. Altogether, these cross-linking experi-
ments demonstrate that both PTC-B1 and [K8,12,F18]PTC-DA1 peptides
are mainly monomeric in the various detergent and lipid environments
tested.

4. Discussion

This work, together with previous studies, indicates that the two se-
lected PTCs are not structured in water andmainly adoptα-helical con-
formations in a wide variety of membrane-mimetic environments as
diverse as water/TFE mixtures, detergent micelles and lipid vesicles.
Thus these cationic PTCs have a high helical propensity in membrane
environments and exhibit lower conformational plasticity than neutral
or weakly cationic PTCs whose conformational space also encompasses
β-sheet structures. Since cationic PTCs aremuchmore efficient in lysing
microorganisms membranes than neutral PTCs, it is likely that the
membrane-active states of these PTCs have a helical structure.

ITC measurements and helical folding induced by membrane envi-
ronments demonstrate that PTCs have affinity for both zwitterionic
and anionic membranes. This result is in agreement with the observa-
tion that PTCs are not only active against microorganisms but are also
moderately hemolytic and cytotoxic against a variety of mammalian
cells [18]. The interaction of the large hydrophobic face of PTCs with
membranes is therefore a major driving force governing peptide
DSmicelles. Paramagnetic relaxation enhancement rates (PRE)weremeasured for PTC-B1



Fig. 6. SDS-PAGE analysis of PTC-B1 (A) and [K8,12,F18]PTC-DA1 (B) incubated in micelle
or lipid environments in the absence or in the presence of glutaraldehyde cross-linking
reagent.
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insertion in membranes. The electrostatic interactions between anionic
lipids and Lys side chains provide an additional contribution accounting
for the differences in affinity, as determined by ITC. As a consequence,
the lower helical content of PTCs in DMPC in comparison with DMPG
likely reflects theweaker affinities for zwitterionic lipids and proportion
of bound states, rather than differences in the helical conformations
adopted by membrane-bound states. The diffusion coefficients mea-
sured by PFG NMR also shows that PTCs have slightly higher affinities
for anionic SDS than for zwitterionic DPC.

The NMR study reveals different helical propensities along the
peptide sequence that can be rationalized in terms of amphipathicity,
hydrophobicity and distribution of Gly residues. Importantly, the overall
conformational preferences tend to be similar in the three investigated
media, with only slight differences regarding the C-terminal tail. This
indicates that the helical propensities are not strongly affected by the
environment. In both PTCs, theN-terminal 1–12half has a higher helical
stability than the C-terminal half, which can be ascribed to a smaller
number of Gly residues and the presence of two charged Lys residues
that increase the hydrophobicmoment of theN-terminal part. Similarly,
the higher number of Gly residues in the C-terminal half of PTC-B1 in
comparison with [K8,12,F18]PTC-DA1 explains the differences in the
helical propensities of the two peptides. The α-helices of both PTCs
show fraying in the C-terminal region and the last 4 residues of PTC-B1
have no helical propensity which can be accounted for by the lack of
hydropathic character of this tail.

Based on the NMR structures calculated at atomic resolution,
residues 1–23 of both PTCs are represented on a helical wheel projec-
tion (Fig. 7). Leu residues are predominant on the large hydrophobic
face that subtends a radial angle of 180°. Gly residues are localized on
the polar face and at the junction of both faces. The two cationic Lys
residues occupy a small sector with a radial angle of 60°. The location
of these residues is completely consistent with NMR PREs. Indeed,
NMR positioning experiments shows that the hydrophobic face is
buried within micelles and that helix axis lies parallel to the detergent
surface. The largest relaxation enhancements in the C-terminal part
reflect the lower helical stability and higher accessibility of this region
to the water/detergent interface.

Due to the absence of side-chain, Gly residue has an intrinsic confor-
mational flexibility and is classified as a helix-breaker. Indeed, glycine is
the residue exhibiting the lowest helical propensity after proline in
water-soluble globular proteins. Despite beingmore abundant in trans-
membrane helices, glycine has also a low intrinsic helical propensity in
membrane environments. Accordingly, glycine residues are often pro-
posed to act as conformational switches by inducing kinks or hinges in
the helical structures of antimicrobial peptides, such as dermaseptin
B2 [55] or maximin-4 [56,57]. The analysis of PTC-B1 and [K8,12,F18]
PTC-DA1 NMR structures reveals that the presence of several Gly resi-
dues tends to decrease the helical stability. Nevertheless, the repetition
of Gly residues does not interrupt the helical conformation of PTCs
which remains the major populated state, as shown by the analysis of
Cα CSDs, 3JHN-Hα coupling constants and the persistence of medium-
range NOEs. PRE measurements indicate that the Gly-rich segments
are more sensitive to the paramagnetic probe at the micelle surface,
which can be interpreted in terms of increased flexibility and unfolding
of the helix. However, the time scale averaging of PRE makes this pa-
rameter more sensitive to contributions from transiently populated,
minor states. Therefore the PRE analysis does not contradict the struc-
tural analysis inferred from other NMR parameters. The comparison
of PTC-B1 and [K8,12,F18]PTC-DA1 NMR conformational parameters
shows that the presence of one glycine residue per helical turn, as
observed in [K8,12,F18]PTC-DA1, is well accommodated in the helical
structure. In contrast, twoGly residues in close positions have a stronger
destabilizing effect, as evidenced in PTC-B1 for GG doublet (positions
15,16). The GXG sequence (residues 9–11) is also associatedwithweaker
helical propensities, albeit to a lesser extent.

The absence of significant helix interruption in the Gly-rich segment
of the two PTCsmay be explained by the specific location of Gly residues
that all lie on the polar face of the helix. One reasonmay be that the ab-
sence of side chain should favor the hydration of polar backbone groups
on the hydrophilic face. Furthermore, the location of a glycine on the
hydrophobic face would be probably more destabilizing since the lack
of side chain should be more detrimental to the network of van der
Waals interactions between aromatic and aliphatic side chains. Indeed,
it was shown that the helical propensity of amino acid inmembrane en-
vironments is directly related to the side chain hydrophobicity [58].
Such location of Gly on the polar face of α-helices is not specific of
PTCs but has been observed for other antimicrobial peptides. For
instance, Temporin SHa, despite a Gly content of 23% (3 Gly over 13 res-
idues) also adopts a well-defined amphipathic α-helix in membrane-
mimetic environments, all Gly lying on the polar face [59]. Another
NMR structure of a Gly-rich PTC, PTC-L1, has recently been determined
[15]. In this case, an interruption of the helical structure is clearly
observed. Notably, the distribution of Gly markedly differs from that of
PTC-B1 and [K8,12,F18]PTC-DA1 as they are concentrated in a central
loop made mostly of Gly (7 Gly over 8 residues). Therefore the PTCs
may be divided into two classes on a structural basis, one formingmostly
uninterrupted helices and the other helix-loop-helix structures.

The significance of Gly distribution other repeated GXXXG motifs is
not understood but is has been suggested that these motifs could be
involved in peptide dimerization. Indeed, the GXXXG motif is frequent
in transmembrane helices and plays a role in promoting helix associa-
tion. Moreover, GXXXG-like motifs are also critical for the function of
fusion peptides like HIV-1 fusion peptide [60]. Structural studies on
glycophorin dimer and other transmembrane proteins have shown
that the small Gly residues favor extensive interhelical van der Waals
interactions [61]. The close contact between helices also facilitates the
formation of hydrogen bonds between carbonyl and CαH groups.
Furthermore, the presence of Gly residues minimizes the entropic cost
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Fig. 7. Helical wheel representation of the 1–23 region of PTC-B1 (left) and [K8,12,F18]PTC-DA1 (right). Wheels were generated with wheel.pl (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi).
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associated to side-chain conformational restriction at helix interface. In
the case of PTCs,wewere not able to detect any formation of stable olig-
omers in detergentmicelles by NMR. Indeed, therewas no evidence of a
monomer/oligomer equilibrium that would be slow on the NMR time
scale, as commonly observed for transmembrane helix-helix associa-
tions in micelles [62]. Another possibility could be the formation of
weak affinity, transient oligomers that would occur in fast exchange
on the NMR time scale but such equilibrium is not supported by chem-
ical shifts data that show no concentration dependency. In addition, the
formation of a dimerization interface involving Gly residues could not
be detected by PRE experiments which revealed that Gly residues are
largely exposed to solvent. CD data also provide evidence that both
plasticins are mostlymonomeric in detergent environments. In particu-
lar, the ratio between the intensities of the two characteristic minima at
222 and 208 nm(Δε222/Δε208), whichhas beenproposed as an indicator
of helix oligomerization in coiled coils and transmembrane peptides
[63,64], show values around 0.8–0.9, as typically observed for mono-
meric α-helices. Similar Δε222/Δε208 ratios are observed in DMPG vesi-
cles (~0.9) while an increase is observed in DMPC vesicles (~1.05),
pointing out the presence of some helix-helix association in zwitterionic
LUVs. However, no concentration dependency of the Δε222/Δε208 ratio
could be observed in both DMPC and DMPG vesicles upon increase of
the peptide/lipid molar ratio from 1/50 to 1/5 (data not shown), sug-
gesting that plasticins are not likely to form stable oligomers in lipid
environments. Finally, cross-linking experiments provide additional
evidence of weak oligomerization. Gel electrophoresis and the use of a
cross-linking agent failed to detect the presence of significant amounts
of oligomers in detergent or lipid environments, the observed cross-
linked oligomeric states corresponding to low populations. It can be
concluded from this study that GXXXG motifs of PTCs do not seem to
promote strong association between helices. As a consequence, the
involvement of GXXXG motifs in dimerization appears to be strongly
dependent on the environment. Notably, the GXXXG motif of the anti-
microbial peptide PGLa that is involved in dimerization lies in the
hydrophobic sector of the helix [26]. When lying on the hydrophilic
face of an amphipathic helix, such GXXXG motif may not drive dimer-
ization as strongly as a similar motif within a hydrophobic membrane
environment.

Several studies on antimicrobial peptides have revealed dynamic
equilibriums between monomeric and oligomeric states and the tran-
sient character of membrane-destabilizing forms [65,66]. It is thus pos-
sible that the GXXXGmotifs of PTCsmay have a more dynamical role in
favoring only transient close contacts between helices. Interestingly,
these motifs share similarities with amphipathic lipid packing sensor
(ALPS) motifs that are made of bulky hydrophobic residues and small
polar residues. Such ALPS motifs are involved in membrane curvature
sensing by recognizing lipid packing defects [67]. This sequence similar-
ity may suggest an alternative role of GXXXG motifs in PTCs as sensors
of membrane curvature, which is regarded as an important parameter
in the mechanism of action of interfacial peptides [68].

5. Conclusions

We report for the first time a detailed structural characterization of
two cationic plasticins, PTC-B1 and the analog [K8,12,F18]PTC-DA1. Both
plasticins adopt mainly alpha-helical conformations in a wide variety
ofmembrane-mimicking environments, despite the high content of gly-
cine known to act as a helix breaker residue. Our NMR studies reveal
that both PTCs form regular amphipathic α-helices that are oriented
parallel to the micelle surface. The Gly residues, arranged in three re-
peated GXXXG motifs, lye on the solvent-exposed face of the helix.
The cationic Lys residues are clustered in a small hydrophilic sector,
their electrostatic interaction with anionic membranes enhances mem-
brane binding, as shown by ITC, and is likely to be involved in the dis-
crimination of prokaryotic versus eukaryotic membranes. The large
hydrophobic sector made of Leu residues contributes to significant
binding to zwitterionic membranes. Combined CD and NMR studies to-
gether with biochemical cross-linking data suggest that PTCs are not
prone to strong oligomerization, pointing to a different role of GXXXG
motifs with respect to those found in transmembrane helices. We pro-
pose a structural basis for the low destabilization of helix andweak olig-
omerization propensity imparted by these GXXXG motifs that is linked
to the exclusive location of Gly on the hydrophilic face of the helix. This
work forms the basis for a better understanding of structure-function
relationships in these membrane-active peptides and has implications
for elucidation of themechanism of action. Cationic plasticins may con-
stitute good starting points for further optimization aiming to generate
multifunctional peptides. Indeed, the rational design of optimized enti-
ties displaying dual pharmacological properties such as antimicrobial
potency together with immunomodulation activity is highly desired
with regard to the complexity of targeted diseases.
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