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Many Pseudomonas spp. produce cyclic lipodepsipeptides (CLPs), which, besides their role in biological functions
such as motility, biofilm formation and interspecies interactions, are antimicrobial. It has been established that
interaction with the cellular membrane is central to the mode of action of CLPs. In this work, we focus on the
CLPs of the so-called viscosin group, aiming to assess the impact of themain structural variations observedwithin
this group on both the antimicrobial activity and the interaction with model membranes. The antimicrobial ac-
tivity of viscosin, viscosinamide A, WLIP and pseudodesmin A were all tested on a broad panel of mainly
Gram-positive bacteria. Their capacity to permeabilize or fuse PG/PE/cardiolipin model membrane vesicles is
assessed using fluorescent probes. We find that the Glu2/Gln2 structural variation within the viscosin group is
the main factor that influences both the membrane permeabilization properties and the minimum inhibitory
concentration of bacterial growth, while the configuration of the Leu5 residue has no apparent effect. The CLP-
membrane interactionswere further evaluatedusingCD and FT-IR spectroscopyonmodelmembranes consisting
of PG/PE/cardiolipin or POPC with or without cholesterol. In contrast to previous studies, we observe no confor-
mational change upon membrane insertion. The CLPs interact both with the polar heads and aliphatic tails of
model membrane systems, altering bilayer fluidity, while cholesterol reduces CLP insertion depth.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclic lipodepsipeptides (CLPs) are bacterial non-ribosomal pep-
tides, especially reported for Pseudomonas and Bacillus spp., and are
composed of an oligopeptide, cyclized through a lactone (depsi) bond,
and a fatty acid moiety [1–3]. The wide variety of CLPs that have been
described so far were categorized into distinct groups based on
oligopeptide length, amino acid sequence andmacrocycle size. For Pseu-
domonas CLPs, these groups include the viscosin, orfamide, amphisin,
tolaasin, syringopeptin, syringomycin, entolysin and xantholysin groups
[2,4,5]. Pseudomonas CLPs are involved in several secondary functions,
such as cell motility, adhesion and biofilm formation [6–8], or ecological
functions, such as promoting plant-growth [6,9] or triggering a defense
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response in plants [8,10]. Finally, CLPs have been reported to display a
range of antagonistic properties, such as antifungal [11], antibiotic [12,
13], insecticidal [14], antiviral [15] and antioomycete activity [16].

The viscosin group is currently one of the largest groups of CLPs,
its members including viscosin [15,17], the viscosinamides [11,18],
WLIP [19], the pseudodesmins [13], the massetolides [12] and the
pseudophomins [20]. Some variations exist in terms of identity of
the hydrophobic amino acid (Leu, Ile or Val) positions at 4 and 9
and the fatty acid tail length (10 to 12 carbons). The remaining struc-
tural variations are at positions 5, where either an L- or D-Leu residue
is found, and at position 2, where a D-Glu or D-Gln residue is found
(Fig. 1). This has led us to propose two ways to divide the viscosin
group into subgroups: respectively into the L- and D-subgroups,
and the E- and Q-subgroups. The E/Q subgroup division represents
a notable structural variation, as the Glu residue in the E-subgroup
represents the only ionisable group under physiological conditions,
while CLPs of the Q-subgroup are always uncharged. Thus each CLP
of the viscosin group can be characterized with a double label ac-
cording to both types of subgroups, being EL (for instance, viscosin),
ED (WLIP), QL (viscosinamide A) or QD (pseudodesmin A). (Fig. 1)
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Fig. 1.A)Molecular structure of the principal viscosin group CLPs, which possess either a D-Gln (Q-subgroup) or a D-Glu (E-subgroup) at position 2, and an L-Leu (L-subgroup) or a D-Leu
(D-subgroup) at position 5, B) Solution conformation of viscosinamide A, which is conserved for all viscosin group members [18]. The fatty acid tail was omitted for clarity.
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The solution conformation of viscosin group CLPs has been
established as a left-handedα-helix ranging from Leu1 to Ser6, followed
by a short ‘loop’ that ends in thedepsi bondbetween theoligopeptide C-
terminus and the Thr3 side-chain (Fig. 1) [18,21]. The conformation is
stabilized by the backbone hydrogen bonds Val4 NH → HDA CO, Leu5
NH → Leu1 CO, Ser6 NH → Gln2 CO, Leu7 NH → Val4 CO and Ser8
NH→ Thr3 CO. TheD/L stereo inversion at Leu5 that divides the viscosin
groupwas found to have no impact on the backbone conformation, only
changing the orientation of the Leu5 side-chain and slightly modifying
the amphipathicity of the molecule [18].

Although antimicrobial activity has been reported for all viscosin
group CLPs, the collections of microorganisms used in the individual
studies aremostly non-overlapping, thus impeding a general comparison
between the CLPs. For those few CLPs that were tested on the same mi-
croorganisms, some significant differences were found [12,22]. The mo-
lecular mechanism underlying these activities is still poorly understood,
although it has been recognized that interactions with the cytoplasmic
membrane of target cells is a key factor. Pseudomonas CLPs generally pos-
sess a high binding affinity towards lipid model membranes [23]. Of all
CLPs within the viscosin group, only for WLIP (ED) an investigation of
themembrane interaction study has been performed. It was found to in-
sert into in large unilamellar vesicles (LUVs) composed of varying
amounts of phosphatidylcholine (PC), sphingomyelin and sterols [24].
Concentration-dependent calcein release without vesicle destruction
was subsequently observed. A separate study also showed that WLIP
lyses red blood cells [25], with a colloid-osmotic shock caused by trans-
membrane pores as the proposed mechanism. For pseudodesmin A
(QD), it was observed that its synthetic enantiomer has unaltered antibi-
otic activity, arguing against receptor-based interactions playing a role.
This underpins the paradigm that interactions with the cellular mem-
brane are the principle determinant for activity [26].

The goal of this work is to perform a comparative study in terms
of antimicrobial activity and model membrane interaction of the
four principal CLPs of the viscosin group (viscosin, viscosinamide A,
pseudodesmin A andWLIP), which only feature structural variations
according to the D/L and Q/E subgroup dichotomies (Fig. 1). The im-
pact of these specific structural variations on the antimicrobial activ-
ity and the capacity to permeabilize Gram-positive mimickingmodel
membrane vesicles (consisting of a PG/PE/cardiolipin mixture) are
evaluated. Using model membranes with the same composition, it
is tested whether the CLPs can induce membrane fusion, and wheth-
er the CLPs undergo conformational changes upon membrane inser-
tion using circular dichroism (CD) spectroscopy. Finally, inspired by
previous membrane interaction studies of WLIP (ED) with model
membranes consisting out of PC, sphingomyelin and sterols [24],
the effects of the interaction between viscosinamide A (QL) on
eukaryotic mimicking POPC model membrane structure with or
without cholesterol and the CLP conformation are investigated
using Fourier-transform infrared (FT-IR) and CD spectroscopy [27].

2. Experimental procedures

2.1. Materials

Viscosinamide A was obtained from Pseudomonas fluorescens DR54
as described before [18]. Pseudodesmin A was synthesized using the
procedure described by De Vleeschouwer et al. [26]. WLIP was a kind
gift from Prof. M. Höfte (Ghent, Belgium). Viscosin was extracted from
Pseudomonas sp. SBW25 which was grown on Kings B medium for 2–
3 days at 28 °C. The CLPwas extracted and partially purified as described
by De Souza et al. [28]. In short, bacterial cells were collected from the
medium and suspended inmilliQwater. After centrifugation, the super-
natant was acidified to pH 2, upon which the CLP precipitates. The pre-
cipitate was collected by centrifugation and washed twice with acidic
milliQ water. Finally, the resulting pellet is resuspended by adjusting
the pH to 8. After centrifugation, the supernatant is again acidified to
pH 2. For final purification, the precipitate is dissolved in methanol
and injected into a Prostar HPLC device (Agilent Technologies)
equipped with a Luna C-18(2) preparative reversed phase column
(250 × 21.2 mm, 5 μm particle size). For both CLPs, an elution gradient
of CH3CN/H2O (75:25 to 100:0) was applied over a 30 min period at a
flow rate of 17.5 mL min−1, while the column was kept at 35 °C.

Trifluoroethanol (TFE), DMSO, Trizma base and deuterium oxide
(D2O) were purchased from Sigma Aldrich (St. Louis, MO) and chloro-
form and methanol from Merck (Darmstadt, Germany). The purity of
all solvents was at least 99% and the solvents were usedwithout further
purification. The ultrapure water was provided from Millipore system
(Bedford, MA) and had a resistivity of 18.2 MΏ. Triton-X-100 was pro-
vided from Sigma Aldrich (Saint Louis, MO). 8-hydroxypyrene-1,3,6-
trisulfonic acid (HPTS), p-xylylenebis[pyridinium] bromide (DPX) and
octadecyl rhodamine chloride (R18) were purchased from Molecular
Probes (Eugene, OR). Egg phosphatidylglycerol (PG), phosphatidyletha-
nolamine (PE) and cardiolipin procured from Sigma Aldrich (St. Louis,
MO) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
and cholesterol were obtained from Avanti Polar Lipids (Alabaster,
AL). The SIV peptide (NH2-GVFVLGFLGFLA-CONH2) was obtained from
Neosystem (Strasbourg, France) and was 90% pure.

2.2. Antimicrobial activity testing

Antimicrobial activity against a reference set of microorganisms
(Table 1) was assessed by a broth microdilution method [29]. Strains



Table 1
CLP minimal inhibitory concentrations (MIC½; μg.mL−1). n.d. = not determined.

Organism Strain Pseudodesmin A Viscosinamide A WLIP Viscosin

Enterococcus faecalis LMG 8222 4 16 N32 16
Streptococcus pyogenes LMG 15868 1 2 16 4
Streptococcus pneumoniae LMG21598 1 16 32 32
Enterococcus faecium LMG 9431 4 8 32 16
Micrococcus luteus ET067 2 8 N32 N32
Mycobacterium smegmatis LMG10267 8 8 8 16
Propionibacterium acnes LMG 16711 1 4 4 4
Clostridium perfringens NCTC 8798 2 8 32 16
Bacillus cereus ATCC11178 n.d. 8 32 N32
Bacillus subtilis ATCC6633 n.d. 8 N32 32
Staphylococcus aureus LMG 10147 4 8 N32 32
Staphylococcus aureus Mu50 16 16 N32 N32
Staphylococcus aureus ET197 32 N32 N32 N32
Staphylococcus aureus ET199 32 N32 N32 N32
Staphylococcus epidermidis ET086 N32 N32 N32 N32
Aspergillus fumigatus IHEM 17907 N32 N32 N32 N32
Candida albicans SC5314 n.d. N32 N32 N32
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with LMG designationwere obtained from the BCCM/LMG Bacteria Col-
lection (Ghent, Belgium)while strain NCTC 8798was obtained from the
National Collection of Type Cultures (HPA, London, UK). Strains with ET
designation (Table 1) were selected from a collection of isolates recov-
ered from the endotracheal tube of mechanically ventilated patients
[30]. S. aureus strain Mu50 was a kind gift of P. Vandamme (Ghent, Bel-
gium). All strains were grown aerobically at 37 °C on Brain Heart Infu-
sion (Oxoid, Erembodegem, Belgium), with the exception of C.
perfringens NCTC 9789 which was grown aerobically at 37 °C on Rein-
forced Clostridial Medium (Oxoid). Vancomycin (Sigma-Aldrich, St.
Louis, MO) and daptomycin (SelleckChem, Boston, MA) were included
as reference antibiotics to monitor performance of the assay. The mini-
mal concentration that inhibited growthby at least 50% compared to the
untreated control (MIC½) was used as a measure of activity. MIC½
values were determined using flat-bottomed 96-well microtiter plates
(TPP, Trasadingen, Switzerland). Concentrations of CLPs and antibiotics
tested ranged from 0.016 to 32 μg/mL. The inoculum was standardized
at approx. 5 × 105 colony forming units mL−1. The plates were incubat-
ed at 37 °C for 24 h and the optical density was determined at 590 nm
using a multilabel microtitre plate reader (Envision Xcite, Perkin
Elmer LAS, Waltham, MA). In accordance with CLSI guidelines, MIC½
values were considered identical if they did not differ more than one
two-fold dilution factor.

2.3. Membrane permeabilization and fusion induced by CLPs

All fluorescence experiments were performed on a LS-50 B Perkin
Elmer fluorimeter. Two complementary types of fluorescence experi-
ment were performed to investigate the permeabilizing and fusogenic
properties of the CLPs towards membranes, as previously described
[31,32].

2.3.1. Permeability
The HPTS (8-hydroxypyrene-1,3,6-trisulfonic acid)/DPX (p-

xylylenebis[pyridinium] bromide) assay of Ellens et al. [33] was used
to monitor vesicle leakage. SUVs consisting of PG, PE and cardiolipin
(7:2:1) were prepared by dissolving the lipids in chloroform:methanol
(2:1) and evaporating the solvent, thereby forming a film of lipids.
Rehydrating this film with 1 mL buffer solution (Tris 10 mM, NaCl
150 mM at pH 7.4), 1 mL 37.5 mM HPTS (fluorescent probe)/45 mM
NaCl solution and 1 mL 135 mMDPX (quencher)/20 mMNaCl solution,
vortexing and sonication (8× 2min) provided SUVswith amean size of
73.2 ± 3.5 nm. The non-encapsulated probe and quencher were re-
moved by eluting the vesicles through a freshly prepared Sephadex G-
75 column. The expected HPTS and DPX concentrations encapsulated
by the vesicles are 12.5 mM and 45 mM respectively. An excitation
wavelength of 450 nm was used, while the emission wavelength was
recorded at 512 nm.

Leakage of the dye and quencher, occurring due to the onset of per-
meability, leads to their dilution and thus restoration of the fluores-
cence. The peptides were dissolved in DMSO given their low solubility
in water. The peptide was added in different concentrations as 10 μL so-
lutions in DMSO to 750 μL of 25 μM SUV solution. The fluorescence re-
sponse is expressed as the release percentage %R:

%R ¼ Fsample‐Fblank
� �
Fmax‐Fbufferð Þ � 100%

Where Fsample is the measured fluorescence of the sample after
15 min, Fblank and Fbuffer are the measured fluorescence during a blank
experiment adding only solvent or buffer, respectively. Finally, Fmax is
the maximum release obtained through the addition of 0.5% Triton-
X100. Each fluorescencemeasurementwas repeated 2 times on two dif-
ferent liposome batches. The data points were then fitted to a four-
parameter Hill equation.

y ¼ Dþ A‐D

1þ x
C½

� �B:
� �

where A is the estimated response at zero concentration, B is the
slope factor, C½ is the mid-range concentration (inflection point) and
D is the estimated response at infinite concentration. During the fitting,
confidence intervals on each parameterwere determined using aMonte
Carlo procedure using 2000 repetitions to obtain 95% confidence
intervals.

2.3.2. Membrane fusion
Similar as for the permeability assay, model membrane vesicles

consisting of PG, PE and cardiolipin (7:2:1) were used. Dilution of the
octadecylrhodamine (R18) probe due to fusion/aggregation induces
an increase of the dye fluorescence. For this fusion assay [34,35], two
different SUV fractions were prepared, one with a fluorescent marker
present, and onewithout. ‘Marked’ liposomes were prepared by co-dis-
solving R18 at a self-quenching concentration together with the lipids
(R18/lipids 5.7w%) when preparing the liposomes. Rehydrating the
lipidfilmwith buffer solution, vortexing and sonication (5× 2min) pro-
vided the marked and unmarked SUVs. For the assay, marked and un-
marked SUVs are mixed in a 1:5 ratio, with a total lipid concentration
of 12.8 μM. An excitation wavelength of 560 nm was used, while the
emission wavelength was set to 590 nm. The peptide was added in dif-
ferent concentrations as 25 μL solutions in TFE to 750 μL solution. Max-
imum fluorescence (Emax) response was determined by adding a
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600 μM Simian Immunodeficiency Virus (SIV) peptide solution, used as
positive control. The response of the mixing of marked and unmarked
liposomes and peptide is compared to that of themixing ofmarked lipo-
somes, buffer and peptide.

2.4. Preparation of multilamellar vesicles (MLVs)

Multilamellar vesicles (MLVs) in the presence or in the absence of
CLPs were prepared as described in Nasir et al. [36], for CD and IR anal-
ysis. TheMLVs either consisted of pure POPC, POPC and cholesterol (70/
30, molar ratio) or PG, PE and cardiolipin (7:2:1), as indicated for each
experiment. Briefly, molecules were co-dissolved in the minimal vol-
ume of methanol-chloroform mixture. The solvent was evaporated
under nitrogen in order to obtain a lipidic film, which was dried under
vacuum for at least 3 h. The resulting filmswere hydrated by deuterium
oxide for IR experiments or by ultrapure water for CD experiments and
the hydratedfilmswere dispersed by vortexing. The lipid/peptidemolar
ratios were 5 for CD experiments and 20 for IR experiments.

2.5. CD spectroscopy

Far-UV CD spectra were collected between 190 nm and 260 nm
using a Jasco Circular Dichroism Spectrometer model J-810 (Easton,
MD) at room temperature with a 1 mm optical path length quartz cell.
CD spectra of the peptides in TFEwere all recordedwith a concentration
of 0.22 mM. Measurement of vesicles consisting of PG:PE:cardiolipin,
POPC pure and POPC and chol were performedwith a total lipid concen-
tration of 5mM in the presence of 0.99mMCLPs. The solvent (or lipids)
contribution was removed by subtracting the spectrum of the pure sol-
vent (or lipids) taken under the same conditions. None of the blanks
showed dichroic activity. Each spectrum was smoothed by a Savitzky-
Golay filter [37] using the Jasco Spectra Manager software provided
with the spectrometer.

2.6. FT-IR spectroscopy

Infrared spectra were recorded by means of a Bruker Equinox 55
spectrometer equipped with a liquid nitrogen-cooled mercury–cadmi-
um-telluride detector using 128 scans at 4 cm−1 resolution. During
the data acquisition, the spectrometer was continuously purged with
filtered dried nitrogen. All experiments were performed using a de-
mountable cell equipped with CaF2 windows. The sample compositions
were D2O (as a hydrated film), POPC and POPC:cholesterol (70:30) and
were measured with and without the presence of CLPs. The solvent
spectra were subtracted from the sample spectra taken under the
same conditions. Each spectrum is the representative of at least three in-
dependent measurements.

3. Results

3.1. Antimicrobial activity testing

Minimal inhibitory concentrations (MIC½) of the four CLPs against a
collection of bacteria and fungi were collected in the range 0.015–
32 μg mL−1, and are summarized in Table 1. All bacteria are Gram-pos-
itive, except Mycobacterium smegmatis, which is neither truly Gram
negative nor positive due to its waxy coated cell wall. All CLPs displayed
antibacterial activity againstmost tested bacteria, includingmethicillin-
resistant Staphylococcus aureus (MRSA) and Mycobacterium smegmatis.
None of the CLPs displayed inhibitory effects against the human-patho-
genic fungi tested (Aspergillus fumigatus, Candida albicans). Overall, the
antimicrobial activity of the tested CLPs appears to follow the trend:
pseudodesmin A N viscosinamide A N N viscosin ≥ WLIP. There is a
clear distinction between the CLPs of the Q-subgroup (pseudodesmin
A, viscosinamide A) and those of the E-subgroup (WLIP, viscosin),
whereby the latter generally display higher MIC½ values. It would
thus appear that the presence or absence of the single ionisable func-
tional group has a significant impact. In some particular cases, differ-
ences of more than a factor of 2 are observed between pseudodesmin
A and viscosinamide A, and between WLIP and viscosin, but overall
there is no systematic trend in the antimicrobial activity data that clear-
ly reflects the D/L-subgroup division.

3.2. Membrane permeabilization and fusion induced by CLPs

The permeabilizing effect of the CLPswas tested using a fluorescence
release assay [33]. The model membranes used in this study were small
unilamellar vesicles (SUVs), consisting of PG, PE and cardiolipin (7:2:1),
a composition commonly used to mimic Gram-positive bacterial cell
membranes [38]. All CLPs were found to permeabilize the SUVs (Fig.
2), and the data were fitted to a four-parameter Hill equation (see ma-
terials and methods) (Table 2). For pseudodesmin A and viscosinamide
A (Q-subgroup), there is a progressive increase of the release percent-
age in the range of ca. 2 to 8 μM, signifying part of the SUV population
being permeabilized. For WLIP and viscosin (E-subgroup), a sharper in-
crease in the range of ca. 3 to 7 μM is observed, also reflected by the sig-
nificantly higher B parameters of the fitted Hill curve (Table 2). The
exact reason for this difference in slope factor between Q- and E-sub-
group CLPs, the latter possessing a single negative charge at pH 7.4, is
unclear, but one could speculate that, after binding, the association of
anionic CLPs to form a pore is less unfavourable in a membrane that al-
ready contains a high density of anionicmolecules. At higher concentra-
tions, the percentage of release of all CLPs reaches a plateau at ca. 100%.
The concentration at the inflection point (parameter C½), representing
the concentration whereby the release percentage reaches half of its
maximum value, allows ranking the CLPs in terms of permeabilizing ca-
pacity. The C½ does not differ significantly between pseudodesmin A
and viscosinamide A, and between WLIP and viscosin, indicating that
the D/L stereo inversion overall has no significant impact on the CLP
permeabilizing concentration capacity. There does appear to be a
more pronounced difference between the uncharged CLPs of the Q-sub-
group and the charged E-subgroup, the uncharged CLPs having at least
1 μM lower C½ concentrations.

The capacity to induce membrane fusion was tested by observing
the intermixing of lipid leaflets of different vesicles by mixing vesicles
that are unlabeled or labeled with octadecylrhodamine (R18), a lipo-
philic fluorescent probe, at a self-quenching concentration [34,35]. Sim-
ilar as for the permeability assay, model membranes used in this study
consisted of PG, PE and cardiolipin (7:2:1). For all CLPs, no vesicle fusion
or aggregation was detected at the concentrations where permeability
occurs (see supplementary Fig. S1). However, at CLP concentrations
above 20 μg mL–1, there is a similar increase in fluorescence response
for the samples containing only marked liposomes and for those con-
taining both marked and unmarked liposomes. This indicates that, at
these concentrations, the CLPs solubilize the vesicles due to the forma-
tion of mixed micelles, likely composed of lipopeptides and lipids.

3.3. Influence of lipid membranes on the CLP conformation

The conditions upon membrane insertion prohibit a liquid-state
NMR conformational analysis similar to what took place previously for
viscosinamide A and pseudodesmin A in free solution [18]. Therefore,
CD spectroscopy was used instead to assess whether any significant
changes in CLP conformation occur upon insertion into bacterial
model membranes, consisting out of PG, PE and cardiolipin (7:2:1)
lipid mixture. Given that viscosin group CLPs also have reported hemo-
lytic [25] and antifungal [11,28,39] activity, we found it relevant to in-
vestigate the interaction with POPC eukaryotic model membranes,
both with and without cholesterol. To assess both the impact on the
CLP conformation and the membrane structure itself, CD spectroscopy
was complemented with FT-IR spectroscopy. Both techniques are com-
plementary, with CDbeingmore sensitive to the presence of helices and



Fig. 2. Results from the fluorescence permeability assay on model membrane vesicles at 25 μM lipid concentration. The release percentage (%R) of the fluorescent dye is shown as a
function of the concentration of CLP added to the SUV solution. The solid line is the best fit to the data using the Hill eq. A) pseudodesmin A; B) viscosinamide A; C) WLIP; D) viscosin.
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FT-IR to the presence of β-sheets [40]. Due to the high consumption of
peptide for FT-IR studies, the study in POPCmodelmembraneswas lim-
ited to viscosinamide A (QL) alone. However, similar membrane inter-
action studies using FT-IR were performed for WLIP (ED) by Coraiola
et al. [24], using PC model membranes, and this study can thus be
regarded as complementary.
3.3.1. CD spectroscopy
Fig. 3A shows the CD spectrum of each CLP in TFE solution. The pro-

file mainly resembles what is to be expected for a left-handed helix
structure. For instance, the spectrum of viscosinamide A shows two
maxima at 225 nm and 209 nm and a large negative band at 195 nm.
The assignment of a left-handed helix is in agreement with earlier
NMR structure calculations [18]. A limited number of differences are ob-
served between the profiles of the various CLPs,which can be correlated
with their primary sequence. The profiles of pseudodesmin A andWLIP
(D-subgroup), are slightly shifted to higher wavelengths (≈ 2 nm) and
possess amore intense positive Cotton absorption around 208 nm com-
pared to those of viscosinamideA and viscosin (L-subgroup). The E-sub-
group (viscosin and WLIP) and Q-subgroup (viscosinamide A and
pseudodesmin A) CLPs can be discerned by a distinct intensity of the
negative Cotton absorption around 194 nm, with the E-subgroup CLPs
displaying more intense absorption.
Table 2
Fitted Hill equation parameters to the permeability fluorescence assay (with 95% confi-
dence intervals).

Pseudodesmin A Viscosinamide A WLIP Viscosin

A (%) 3.4 ± 2.6 4.2 ± 2.7 4.3 ± 3.1 5.1 ± 3.5
B 5.1 ± 0.9 5.3 ± 0.9 16.7 ± 6.4 11.9 ± 4.6
C½ (μM) 3.7 ± 0.2 3.6 ± 0.2 4.7 ± 0.1 5.0 ± 0.1
D (%) 82.3 ± 3.0 97.4 ± 3.2 86.9 ± 4.0 98.2 ± 5.1
The impact on the CLP conformations upon its insertion into
PG:PE:cardiolipin model membranes was also investigated by CD spec-
troscopy. The CLPs all present a similar CD profile as in TFE solution,
with a minimum Cotton absorption around 195 nm and two positive
maxima around 210 nm and 224 nm (Fig. 3B). The signal intensity
ratio of the minimum and the first maximum absorption does not
vary between the TFE solution and theMLVs. However, the secondmax-
imum at 224 nm appears slightly more pronounced, possibly indicating
a more helical conformation in the membrane environment [41].

The impact on the viscosinamide A conformation upon its insertion
into POPCmodelmembranes with andwithout cholesterol was similar-
ly investigated. In the absence of cholesterol, the Cotton absorption
bands appear to be only slightly shifted in POPC vesicles relative to
those observed in solution, with a minimum found at 196.5 nm and
twomaxima at 212.5 nmand 225 nm (Fig. 3C). The insertion of the pep-
tide into a POPC membrane environment thus does not appear to no-
ticeably alter the conformation. When cholesterol is present, the
helical content of the CLP appears to slightly decrease, as indicated by
the diminished intensity of the positive Cotton absorption at 212 nm.

3.3.2. FT-IR spectroscopy
The 1750–1500 cm−1 region of the FT-IR spectrum of viscosinamide

A in a D2O-hydrated film is shown in Fig. 4. Four bands at 1749, 1656,
1641 and 1544 cm−1were observed. The band at 1749 cm−1 is assigned
to the C = O stretch vibration of the ester bond between L-Ile9 and D-
allo-Thr3. Those at 1656 and 1641 cm−1 are assigned to the C = O
stretch vibrations of the peptide bonds (amide-I), while the one at
1544 cm−1 originates from the N-H bond vibrations (amide-II) [42].
The 1656 cm−1 and 1641 cm−1 bands are characteristic for α-helical
and β-turns, respectively [40,43,44]

In order to further assess possible changes in CLP conformation upon
membrane-insertion, MLVs constituted of POPC, with or without cho-
lesterol, were prepared in the absence and in the presence of CLP for
FT-IR analysis (Fig. 5).



Fig. 3. A) CD spectrum of the CLPs in a TFE solution (0.22 mM). B) CD spectra of CLPs in MLVs consisting of PG:PE:cardiolipin. C) CD spectrum of viscosinamide A in the presence of POPC
vesicles (grey) or cholesterol containing POPC vesicles (black).
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The spectra without cholesterol will first be analyzed. In the absence
of viscosinamide A, the 3000–2800 cm−1 region of the spectra (Fig. 5A)
shows three bands centered at 2956, 2923 and 2852 cm−1, correspond-
ing respectively to the –CH3 asymmetric stretching, −CH2 asymmetric
stretching and –CH2 symmetric stretching vibrations of the POPC alkyl
tail [27,45]. The introduction of viscosinamide A induces a clear shift
to higher wavenumbers (blue shift) in the location of the asymmetric
(~ 3 cm−1) and the symmetric (~ 2 cm−1) C–H stretching vibrations
of the POPC alkyl chains. The contribution of the hydroxydecanoic acid
tail of viscosinamide A to this shift can safely be neglected, since it
Fig. 4.Amide I region of the IR spectrum of viscosinamide A in D2O (as hydrated film). The
spectrum is dominated by a wide band at 1656 cm−1 (α-helix) with a broad shoulder at
1641 cm−1 (β-turn). The band at 1749 cm−1 indicates the presence of the ester bond in
the CLP structure. The band at 1544 cm−1 (amide II) originates from the N-H bond
vibrations in the peptide.
only contributes 2.5% of the total signal. A blue shift of the –CH2

stretching vibrations is known to indicate a fluidification of the phos-
pholipid bilayer [46]. In the amide-I region of the spectra of POPC in
the absence of viscosinamide A (Fig. 5B), one broad band centered at
1733 cm−1 can be observed corresponding to the C = O ester groups
of the phospholipid [27,45]. When viscosinamide A is inserted within
the MLVs, the location of this band does not undergo any noteworthy
change, and thus provides no indication that the C = O ester
groups are involved in the interaction with the CLP. Fig. 5C shows the
1300- 900 cm−1 regions of the spectra. The band centered at
1230 cm−1 corresponds to the asymmetrical stretching of P=O groups
of phospholipids, while the band at 1087 cm−1 corresponds to their
symmetrical stretching. In the presence of viscosinamide A, the band
at 1230 cm−1 shifts to lowerwavenumbers, indicating amore hydrogen
bonded state of the P=Ogroups and thus an involvement of phosphate
groups within the interactions. For viscosinamide A, the spectral bands
found in the POPC environment are very similar to those found in the
D2O-hydrated film (Fig. 5B). The amide-I region also features a band
at 1658 cm−1 with a shoulder at 1641 cm−1. The relative intensity of
the band at 1658 cm–1 compared to the band at 1641 cm–1 has in-
creased however, indicating the peptide part of viscosinamide A to be
somewhat more helical in the membrane environment.

In the case of MLVs constituted by POPC and cholesterol, no signifi-
cant shift was observed for the C–H stretching vibrations bands of the
POPC aliphatic tails upon addition of viscosinamide A (Fig. 5D), in con-
trast to whatwas observedwithout cholesterol. This could be explained
by a hindered insertion of the CLP into the lipid bilayer. Furthermore, in
contrast to MLVs without cholesterol, the absorbance originating from
the POPC C=Oester group is shifted to lowerwavenumbers, indicating
a more hydrated state of these groups (Fig. 5E). The C=O ester groups
thus appear to be more involved in the interactions between lipids and



Fig. 5. Different regions of interest (alkyl (A,D), amide I (B,E) and phosphate (C,F) regions) of the IR spectra of viscosinamide A in POPC vesicles (A, B, and C) and cholesterol containing
POPC vesicles (D, E, F). Dashed lines and full lines are spectra in the absence and the presence of viscosinamide A respectively.
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CLPs when cholesterol is present. Also the POPC P = O absorptions
show different behavior in the presence of cholesterol: only a slight
shift was observed for the asymmetrical stretching vibrations, indicat-
ing reduced involvement of phosphate groups in the interaction (Fig.
5F). Finally, the bands associatedwith the peptide part of viscosinamide
A showed no significant difference compared to what was found for
POPC bilayers (Fig. 5E).

4. Discussion

This study provides the first comparative analysis of the principal
viscosin group CLPs in terms of antimicrobial activity and interaction
withmodel membranes using a range of methodologies. Typically, anti-
microbial (lipo)peptides, fold into an α-helix upon binding to the lipid
membrane [47], providing the driving force for membrane insertion.
In contrast, viscosin group CLPs already possess a rigid helical structure
in free solution, as established by NMR spectroscopy [13,18], without
undergoing a substantial change upon membrane insertion, as demon-
strated by CD and FT-IR spectroscopy in both PG/PE/cardiolipin and
POPCmodelmembranes. Bothmethods demonstrated only a limited in-
crease in helical content. A possible explanation of the latter could be a
stabilization of the less rigid exocyclic N-terminal part of the
oligopeptide, as within a membrane environment there would be less
competition from solvent molecules to disrupt the conformation. The
retention of CLP conformation contradicts the findings of Coraiolo et
al. [24], where WLIP was reported to undergo some slight conforma-
tional changes after insertion into lipid vesicles. These authors conclud-
ed this from an observed reduced number of protons available for
deuterium exchange after membrane insertion, and thus increased in-
tramolecular hydrogen bonding. We previously reported that viscosin
group CLPs can self-assemble to large supramolecular structures in
non-polar organic solvent environment that involve the formation of in-
termolecular hydrogen bonds [18,21,26,48], which led us to conclude
that CLP self-assembly could provide an alternative explanation for
these findings. Lo Cantore et al. [25] indeed proposed that WLIP,
which is too small to span the lipid bilayer, forms aggregates in order
to form pores in cellular membranes so as to explain the marked con-
centration-dependence of the observed pore diameter.

FT-IR analysis of POPCMLVs in the presence of viscosinamide A indi-
cated that both the polar (P=Ogroups) andhydrophobic parts of POPC
are involved in the interaction, and that an increase in bilayer fluidity
occurs. Alternatively, the involvement of hydrophobic groups could be
also explained by the modification of their packing, which increase the
area per lipid head group and hence increase hydration and mobility.
This suggests at least a partial insertion of viscosinamide A into the bi-
layer rather than an adsorption on the surface. In the presence of choles-
terol however, the insertion depth of the CLP in the bilayer and the CLPs
impact on bilayer fluidity appear negatively affected. This is in agree-
mentwith the findings of Coraiola et al., who observed a reducedmem-
brane permeabilizing activity for WLIP when cholesterol or ergosterol
was present [24]. Cholesterol is indeed known to significantly decrease
bilayer fluidity, resulting in a less extensive penetration of membrane
interacting peptides [49]. Cholesterol does not actually prevent CLP ac-
tivity however, as viscosin group CLPs are known to possess hemolytic
[25] and antifungal activity [11,28,39]. The slight modifications ob-
served on the lipopeptide conformation in the presence of cholesterol
could be due to an increase of hydrogen bonds within the peptide as al-
ready observed in the literature [50]. This could be due to the changes
occurring in the membrane systems especially concerning the packing
of headgroups in thepresence of cholesterol or to thedirect interactions
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between cholesterol and the peptide part of lipopeptide inducing con-
formational modification.

Fluorescence spectroscopy experiments in PG/PE/cardiolipin
showed that the viscosin group CLPs do not induce vesicle fusion. At
higher concentrations, from 20 μM and higher, membrane vesicle de-
struction is observed, indicating a detergent-like effect. This is in agree-
ment with observations made for WLIP using dynamic light scattering
where vesicle size was found to sharply decrease atWLIP concentration
above 24 μg mL–1 [24].

Further fluorescence spectroscopy experiments clearly demonstrat-
ed that the various CLPs permeabilize PG/PE/cardiolipin membranes at
concentrations around 4 μM. The stereochemistry of the Leu5 residue
appears to have no impact on the concentration where perme-
abilization occurs, with no significant difference observed between the
CLPs of the L- and D-subgroups. The presence of a Gln2 or Glu2 residue
does appear to have a slight effect on the concentration where perme-
abilization occurs, with the Q-subgroup CLPs permeabilizing mem-
branes about 1 μM earlier. A possible explanation of this difference
could be a difference in partitioning between the aqueous phase and
the membrane [51], implying that the charged E-subgroup CLPs are
less partitioned in themembrane than those from the unchargedQ-sub-
group. This would be consistent with observations that were made be-
fore, in that the uncharged CLPs stick more to the cellular envelope of
their producers, impairing their isolation from planktonic Pseudomonas
cultures. However, it cannot be excluded that the Glu/Gln substitution
could also lead to a difference in peptide-lipid interaction.

The antimicrobial activity tests showed that the CLPs inhibit growth
of various Gram-positive bacteria, in agreement with previous results.
No activity was found against the two human pathogenic fungi tested
(A. fumigatus and C. albicans), although activity against plant-pathogen-
ic fungi (Rhizoctonia solani and Pythium ultimum) has previously been
observed [11,28]. Comparison of the four different CLPs reveals that, in
the majority of cases, the uncharged Q-subgroup CLPs, are more active
than the charged E-subgroup ones. In contrast, a clear effect was
found in neither the antimicrobial activity nor the permeability study
that reflects the D/L stereo inversion of the Leu5 residue. These observa-
tions correlate with the results from the membrane permeability stud-
ies, where the same structural variation appeared to affect the model
membrane permeability C½ values. This is in agreement with the para-
digm that membrane interaction is central to themolecularmechanism
of the antimicrobial activity for these compounds. However, it should be
noted that a direct, analytical comparison between the antimicrobial
MIC½ and permeability C½ values is complicated by the difference in ex-
perimental set-up. In the permeability studies, one has perfect control
over the used model membrane systems, while Gram-positive bacteria
possess more intricate membrane compositions. Also, the membrane
compositions vary from organism to organism, implying that care
must be taken when comparing the activities of a particular bacterium
with the model membrane study, since membrane compositions vary
and the impact of CLP structural differences may subtly differ. To deter-
minewhether the observed differences between bacteria correlate with
membrane permeability, further model membrane studies with vari-
able composition will be required. Nevertheless, the observed trend
that E-subgroup CLPs are overall less active than Q-subgroup CLPs is
clear.

In conclusion, we assessed for the first time whether the structural
variations between the principal CLPs from the viscosin group result
in differences in the antimicrobial activity and membrane interactions.
We demonstrated that each of these CLPs exhibits antagonistic activity
against various Gram-positive bacteria and can permeabilize PG/PE/
cardiolipin model membrane bilayers. The Gln/Glu structural variation
appears to impact both of these properties, while the inversion of the
stereocenter at Leu5 does not. Furthermore, the CLPs retain their solu-
tion conformation upon membrane insertion. In POPC model mem-
branes, it was found that CLPs increase the bilayer fluidity, and this
effect is reduced by the presence of cholesterol. The exact molecular
details of how these small lipopeptides permeabilize membrane bilay-
ers, the precise reason for the observed impact of the Gln/Glu structural
variation, as well as the observed differences in antimicrobial activities
between the different bacteria remain subjects of further research.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2016.12.013.
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