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a  b  s  t  r  a  c  t

We  have  recently  characterized  bicarinalin  as  the  most  abundant  peptide  from  the venom  of  the  ant
Tetramorium  bicarinatum.  This  antimicrobial  peptide  is  active  against  Staphylococcus  and  Enterobacteri-
aceae.  To  further  investigate  the  antimicrobial  properties  of  this  cationic  and  cysteine-free  peptide,  we
have  studied  its antibacterial,  antifungal  and  antiparasitic  activities  on a large  array  of  microorganisms.
Bicarinalin  was  active  against  fifteen  microorganisms  with  minimal  inhibitory  concentrations  ranging
from  2  and  25  �mol L−1. Cronobacter  sakazakii,  Salmonella  enterica,  Candida  albicans,  Aspergilus  niger
and  Saccharomyces  cerevisiae  were  particularly  susceptible  to this  novel  antimicrobial  peptide.  Resis-
tant  strains  of  Staphylococcus  aureus,  Pseudomonas  aeruginosa  and  C.  albicans  were  as  susceptible  as  the
canonical  strains.  Interestingly,  bicarinalin  was  also  active  against  the  parasite  Leishmania  infantum  with
a  minimal  inhibitory  concentrations  of  2  �mol  L−1.  The  bicarinalin  pre-propeptide  cDNA  sequence  has
been  determined  using  a  combination  of degenerated  primers  with  RACE  PCR  strategy.  Interestingly,
the  N-terminal  domain  of bicarinalin  pre-propeptide  exhibited  sequence  similarity  with  the  pilosulin
antimicrobial  peptide  family  previously  described  in  the  Myrmecia  venoms.  Moreover,  using  SYTOX  green
uptake assay,  we  showed  that,  for  all the  tested  microorganisms,  bicarinalin  acted  through  a membrane

permeabilization  mechanism.  Two  dimensional-NMR  experiments  showed  that  bicarinalin  displayed  a
10 residue-long  �-helical  structure  flanked  by two N- and  C-terminal  disordered  regions.  This  partially
amphipathic  helix  may  explain  the  membrane  permeabilization  mechanism  of  bicarinalin  observed  in
this  study.  Finally,  therapeutic  value  of  bicarinalin  was  highlighted  by its low  cytotoxicity  against  human
lymphocytes  at bactericidal  concentrations  and its long  half-life  in  human  serum  which  was  around  15 h.

©  2016 Elsevier  Inc.  All  rights  reserved.
. Introduction

Classical antibiotics are under intense pressure from emerging
esistance and antimicrobial peptides (AMPs) are now consid-
red as credible alternatives in the development of novel biocidal

gents [1,2]. AMPs play important roles in preventing infections
y providing an effective and fast acting defense against harm-
ul microorganisms [3–5]. Furthermore, they display an ability

∗ Corresponding author.
E-mail address: michel.treilhou@univ-jfc.fr (M.  Treilhou).

1 These authors contributed equally to this study.
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196-9781/© 2016 Elsevier Inc. All rights reserved.
to efficiently destroy a broad spectrum of microorganisms and
particularly, multi-drug-resistant (MDR) bacteria. AMPs are gen-
erally small amphipathic cationic peptides of variable length
(12–30 amino acids), active against bacteria, parasites, yeasts, fungi,
viruses and tumour cells [6–8]. They usually act through rela-
tively non-specific processes resulting in a membranolytic activity
based on pore formations by barrel-stave, carpet or toroidal-
pore mechanisms [3,9,10]. Physical interactions between AMP and
microorganisms such as charge–charge and hydrophobic contacts
might explain why  development of resistance against cationic

peptides is difficult. When these natural AMPs exhibit substan-
tial cytotoxicity towards eukaryotic cells, a decrease in their
hydrophobicity, helicity and amphipathicity, by replacing specific

dx.doi.org/10.1016/j.peptides.2016.04.001
http://www.sciencedirect.com/science/journal/01969781
http://www.elsevier.com/locate/peptides
http://crossmark.crossref.org/dialog/?doi=10.1016/j.peptides.2016.04.001&domain=pdf
mailto:michel.treilhou@univ-jfc.fr
dx.doi.org/10.1016/j.peptides.2016.04.001
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mino-acids by cationic residues, reduces hemolytic activity and
oncomitantly promotes antibacterial potency, turning them into
herapeutically valuable anti-infective agents [11].

Venoms of arthropods are a rich source of biologically active
ompounds [12–15]. With 13,161 known species, ants constitute a
ighly diversified group of arthropods [16]. AMPs have been iden-
ified in several species, such as pilosulins from the Australian

yrmecia pilosula [17,18] or ponericins from the neotropical ant
achycondyla goeldii [19]. Unlike stingless species which typically
pray or deposit small molecules such as formic acid, most stinging
nts have evolved complex venoms particularly rich in peptides and
nzymes [20]. This is the case for the Tetramorium genus for which
he venoms are predominantly proteinaceous [21]. The discovery
f novel AMPs is scientifically challenging and their development
s drugs is often limited due to the lack of detailed data on their
hysicochemical characteristics [2,5]. Especially, pharmacological
nd pharmacokinetic data describing their mechanism of action
nd their physicochemical properties, respectively, are generally
issing.

Bicarinalin is a cystein-free polycationic linear and amidated
eptide, active against Staphylococcus and Enterobacteriaceae
trains. It exhibits a very low hemolytic activity against human red
lood cells [21].

The first aim of the present study was to further investigate
he biological activities of bicarinalin against a large collection of

icroorganisms such as bacteria, fungi, yeasts and a parasite, to
etermine its cytotoxicity on human lymphocytes and its stabil-

ty in human serum. Then, in order to gain further insight into
he structure of ant toxin precursors, we also investigated the
re-probicarinalin cDNA organisation using a RACE PCR strategy.
inally, we explored its mechanism of action and determined its
olution structure using two dimensional (2D) 1H NMR  and molec-
lar dynamics.

. Materials and methods

.1. Peptide synthesis

Bicarinalin (KIKIPWGKVKDFLVGGMKAV-NH2), its
andomly-designed amidated scrambled counterpart
VVMKLGKAFVPIGKWKKDGI-NH2) and bicarinalin(4–20)
IPWGKVKDFLVGGMKAV-NH2) were synthesized on a Liberty

icrowave assisted automated peptide synthesizer (CEM, Saclay,
rance) at a purity grade higher than 99% as previously described
21]. The scrambled counterpart was randomly designed from
icarinalin amino-acids ensuring a total disrupting of the native
elix as predicted by Agadir program and was used as nega-
ive control. The authenticity and the molecular identity of the
ynthetic peptides were controlled by MALDI-TOF-MS.

.1.1. Reagents and microorganisms
All chemical reagents (melittin, ampicillin, tetracycline, SYTOX

reen, fluconazole and methicillin) were obtained from Sigma-
ldrich (Saint-Quentin-Falavier, France). Trifluoroethanol-d2 (TFE-
2) was from SDS (Peypin, France). Referenced bacterial strains
ere purchased from Institut Pasteur (CIP) and/or AES Biomerieux

ATCC). All microorganisms were grown in broth medium with
ontinuous shaking at 150 rpm. The Gram negative strains used
ere Pseudomonas aeruginosa (CIP 82118 and multiresistant ATCC

5442), Cronobacter sakazakii (ATCC 29544), Escherichia coli (CIP
624) and Salmonella enterica (ATCC 29934). Enterococcus hirae (CIP

855), Bacillus subtilis (CIP 5262), Staphylococcus aureus (CIP 53156)
nd MRSA resistant to methicillin and oxacillin (ATCC 43300), and
taphylococcus xylosus (ATCC 35033) were used as Gram positive
trains. Fungal and yeast strains used were Geotrichum candidum
9 (2016) 103–113

(ATCC 204307), Aspergillus niger (CIP 143183), Saccharomyces cere-
visiae sp.  and Candida albicans (CIP 4872 and wild multiresistant
(CAAL 117; Supplementary Table 1). Bacteria were grown in tryp-
tic soy broth at 37 ◦C (except for S. aureus and C. sakazakii, 40 ◦C)
while fungi and yeast were grown in Sabouraud broth at 30 ◦C.
After incubation, 100 �L of bacteria inoculum were suspended in
5 mL  fresh broth medium for 4 h to obtain a mid-log-phase culture
which was diluted in the same medium, to an absorbance of 0.002
at �max = 600 nm.

2.1.2. Antimicrobial activity
Minimal inhibitory concentrations (MIC) of native and scram-

bled bicarinalin were determined by a standard two-fold dilution
method as previously described [22]. Bacteria were incubated
with different concentrations of each compound (from 0.05 to
97.5 �mol L−1 for bicarinalin and melittin, and from 0.049 to
100 �mol  L−1 for other antibiotics) in 100 �L final volume of soy
broth medium (104 to 105 CFU). The microplates were incubated
24 h at specific temperature with continuous shaking. Absorbance
was measured at the wavelength of 600 nm using a spectrophoto-
metric microplate reader (Infinite 200, Tecan, Lyon, France). MICs
were expressed as the lowest concentration demonstrating no
visible growth. Phosphate buffered saline (PBS) and scrambled
bicarinalin were used as a negative control while conventional
antibiotics were used as positive controls. The minimal bactericidal
concentration (MBC) value was established by counting the colony
growth on an inoculated agar plate after 24 h of incubation with
different concentrations (≥MIC) as previously described [22]. They
were expressed as the lowest concentration that caused a 99.9%
reduction of the initial inoculum.

2.1.3. Antiparasitic activity
The proliferation of axenic Leishmania infantum

(MHOM/MA/67/ITMAP-263) amastigotes expressing luciferase
activity was  evaluated in Rosswell Park Memorial Institute medium
containing 10% fetal calf serum for 48 h at 25 ◦C in presence of
native or scrambled bicarinalin. Their leishmanicidal activity was
measured for concentrations ranging from 0.05 to 97.5 �mol  L−1.
The luciferase substrate (Promega, Lyon, France) was added after
incubation and its activity was  measured using a luminometer
following the conditions described by Sereno et al. [23].

2.1.4. Membrane permeabilization assay
The membrane permeabilization of each strain by bicarinalin

was evaluated using SYTOX green uptake assay as previously
described [20]. Briefly, SYTOX green was added to these bacteria
suspensions (optical density adjusted to 0.6 at the wavelength of
600 nm)  at a final concentration of 0.5 �mol  L−1. After distribution
into a micro-well plate with 100 �L of each bacterial suspen-
sion, bicarinalin was added to perform a serial two-fold dilution
(same range of concentrations as above). After 30 min of incuba-
tion, SYTOX green uptake was recorded by using an Infinite 200
spectrophotometric microplate reader (�ex 488 nm, �em 540 nm).

Lymphocyte isolation and cell cytotoxicity assay
Lymphocytes were isolated from total heparinized blood sam-

ples obtained from one healthy donor using Ficoll-PlaqueTM PLUS
kit (GE healthcare, Toulouse, France). After two washes in PBS, lym-
phocytes were suspended in PB-MaxTM medium supplemented
with 1% of bovine serum albumin, 100 �g.mL−1 of streptomycine,
100 U/mL of penicillin and 2 mmol  L−1 of glutamine. Viability and
numbering of the cells were determined using trypan blue stain
0.4% and Malassez hemocytometer.
The lactate deshydrogenase (LDH) cytotoxicity assay kit (Life
Technologies) was  used to determine the cytotoxic effect of bicari-
nalin. Lymphocytes were incubated in triplicate into a 96-well plate
overnight with various concentrations of bicarinalin in PB-MaxTM
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edium at 37 ◦C in a 5% CO2 atmosphere. Supernatants were then
nalyzed for LDH activity detection by measuring the absorbance
t 490 nm following manufacturer’s instructions. Controls of max-
mum and spontaneous LDH activity were also done in triplicate to
alculate the percentage of cytotoxicity.

.1.5. Serum stability
Bicarinalin was incubated with 90% fresh normal human serum

t 37 ◦C until 48 h. Antimicrobial activity against S. aureus was
valuated as described above. For LC–MS analysis, incubation was
topped by adding trifluoroacetic acid (10% of the final volume) and
he samples were diluted in water.

.1.6. Total RNA extraction and full length bicarinalin cDNA
loning

Ants were frozen and venom glands were dissected on ice
nder stereomicroscope. Total RNA was then extracted using TRIzol
eagent (Invitrogen, Waltham, MA)  according to the manufacturer’s
rotocols. Contaminating genomic DNA was removed using DNA-

ree Kit (Applied Biosystem, Waltham, MA). RNA quantity was
valuated using a Nanodrop 2000. For 3′cDNA cloning, a RT was
erformed using 500 ng of total RNA with M-MLV  and 3′RACE
dapter from the FirstChoice RLM-RACE Kit (Invitrogen). A 3′RACE
CR was performed with an outer degenerated primer (OuterPe,
AARATHAARATHCCNTGGGG”) and the Outer 3′RACE primer from
irstChoice RLM-RACE Kit followed by a second PCR using an
nner degenerated primer (InnerPe, “AARGTNAARGAYTTYYTGG”)
nd the Inner 3′RACE primer from the FirstChoice® RLM-RACE
o increase PCR product specificity. Degenerated primers were
esigned based on the N-terminal end of the peptide. The approx-

mately 300 bp PCR product was cloned into pCR®II vector using
A-cloning Kit Dual promoter pCR®II (Invitrogen) and sequenced
ith M13  reverse and forward (-20) primers (Get-TQ, Toulouse,

rance).
5′RACE specific primers were then designed with the

′cDNA sequence (5RACEoutPe “CAATCTTCCTCGTAGGTTGC” and
RACEInPe “ACTTCTTTCCCACGGCTTTC”) using eprimer3 (http://
obyle.pasteur.fr/). 5′cDNA end was obtained using FirstChoice

LM-RACE Kit according to the manufacturer’s instructions. PCR
roduct was cloned and sequenced using the same protocol
escribed for 3′cDNA end.

.1.7. Sequence analysis
Sequences were analyzed using Mobyle@Pasteur portal (http://

obyle.pasteur.fr/). The amino acid sequence was deduced using
MBOSS 6.3.1 transeq program. The homology searches of
ucleotide and protein sequence were conducted with BLAST pro-
ram on NCBI and Uniprot (http://www.ncbi.nlm.nih.gov/, www.
niprot.org/). The amino acid sequence was then analyzed to search
redicted signal sequence, cleavage sites and secondary structures
ith EMBOSS 6.3.1 Patmatmotifs, Sigcleave and Garnier softwares,

espectively. Phylogenetic analyses were conducted using Quick-
ree 1.1 software with the neighbor joining method.

.1.8. Nuclear magnetic resonance (NMR) analysis
NMR  experiments were performed on a Bruker Avance III

00 MHz  spectrometer (Wissembourg, France), equipped with a
riple resonance cryoprobe including shielded z-gradients. Bicari-
alin was dissolved in a water/TFE-d2 mixture (1:1, v/v) at a
oncentration of 1 mmol  L−1. Two dimensional COSY, TOCSY and
OESY experiments were carried out at 298 K. TOCSY was  per-

ormed with a 80 ms  DIPSI mixing. NOESY spectra were collected at

ixing times of 120, 150 and 200 ms.  Experiments were acquired
ith excitation sculpting water suppression except for COSY
here a low power pre-saturation was used. TOCSY and NOESY

xperiments were performed in the phase-sensitive mode, using
9 (2016) 103–113 105

States-TPPI method. Proton chemical shifts were reported related
to TFE as an internal reference. Distance restraints for NOE  dia-
gram and structure calculations were derived from cross-peaks in
the 150 ms  NOESY. NOE cross-peaks were converted into distances
by volume integration using Felix NMR  software (FELIX Corpo-
rate Headquarters, San Diego, CA). The NOE volumes between Pro5

geminal H� and Asp11 geminal H� protons, which correspond to a
distance of 1.8 Å were used for calibration. The consistency of this
calibration was  verified on the other geminal proton distances. A
range of ±25% of the calculated distance was  used to define the
upper and lower bounds of the restraints between HN, H�, and H�
atoms. For the other restraints, a range of ±12.5% of the squared
calculated distance was used to take into account spin diffusion.

2.1.9. 3D structure calculations
Three-dimensional structures were calculated in vacuo with

the program CNS [24] and the force field CHARMM22. A protocol
adapted from Stein et al. [25], consisting of four molecular dynamics
simulated annealing and minimization stages, both in torsion angle
and Cartesian spaces, was used: (i) a high-temperature torsion
angle dynamics phase at 20,000 K (15 ps, NOE  energy weight = 150)
using an extended conformation; (ii) a torsion angle dynamics
slow-cooling phase from 20,000 to 0 K (30 ps, temperature cool-
ing step = 250 K, wNOE = 150). This first slow-cooling phase allowed
to increase the scale factor of van der Waals energy term from 0.1 to
1; (iii)  a Cartesian dynamics cooling phase from 2000 to 0 K (15 ps,
temperature cooling step = 250 K, wNOE = 150). This second slow-
cooling phase allowed to increase the scale factor of van der Waals
energy term from 1 to 4 and (iv) a final Powell minimization (20,000
steps; gradient tolerance = 0.05, wNOE = 50).

A total of 130 unambiguous and 26 ambiguous distance
restraints were used for the calculations. A set of 100 structures was
generated and the 64 conformers presenting no systematic distance
violation larger than 0.2 Å were selected as final structures. These
final structures were analyzed using CNS and homemade scripts
and displayed with SYBYL package (Tripos Associates, St. Louis, MO)
and MOLSCRIPT [26].

2.1.10. Data and statistical analysis
MIC, MBC  and fluorescence measurements were performed in

triplicate. Curves were built by plotting the averages of absorbance
or fluorescence values ± SEM as a function of the concentration of
peptide or antibiotic and analyzed with GraphPrism 5 software.
The LC50 values were obtained from concentration–response curve
using a sigmoidal dose-response fit with variable slope.

3. Results

3.1. Antimicrobial activities

Bicarinalin was active against the fifteen strains tested including
bacteria and fungi, with MICs values ranging from 0.45 (S. xylosus)
to 97.5 �mol  L−1 (G. candidum)  (Table 1). It was particularly potent
on Gram-negative bacteria even against MDR  strains. Indeed, MICs
were as low as referenced antibiotics. For the multi-resistant P.
aeruginosa strain, the MIC  was lower than 12.2 �mol L−1 (stan-
dard strain), while melittin and standard antibiotics were weakly
active. With a MIC  of 5.4 �mol  L−1, S. enterica was  the most sus-
ceptible Gram-negative bacteria. Except for B. subtilis,  bicarinalin
was also particularly effective against Gram-positive bacteria with
MICs equal to or lower than 12.2 �mol L−1. It was less potent than

ampicillin and tetracycline against E. hirae and standard strain of S.
aureus and than melittin, tetracycline and methicillin against MRSA.

Regarding fungi and yeasts, bicarinalin was  less active against
G. candidum but more active against A. niger, S. cerevisiae and

http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://mobyle.pasteur.fr/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/
http://www.uniprot.org/
http://www.uniprot.org/
http://www.uniprot.org/
http://www.uniprot.org/
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Table 1
In vitro antimicrobial activities of bicarinalin against bacteria, fungi and a parasite.

Microorganisms MICc, e [�mol  L−1] MBCd,e[�mol  L−1]

Bicarinalin Melittin Ampicillin Tetracycline Methicillin Fluconazole Bicarinalin

Gram-Negative Bacteria
E. coli aCIP 7624 24.4 22.4 25.0 33.7 nt nt 24.4
C.  sakazakii bATCC 29544 5.80 17.20 12.52 44.0 nt nt 6.1
P.  aeruginosa CIP 82118 12.2 73.9 19.0 69.6 nt nt 24.4
P.  aeruginosa [R]ATCC 15442 8.7 74.5 > 100 69.0 nt nt 12.2
S.  enterica ATCC 29934 5.4 52.7 3.1 8.4 nt nt 6.1

Gram-Positive Bacteria
E. hirae CIP 5855 12.2 > 97.5 0.2 4.2 nt nt 12.2
S.  aureus CIP 53156 3.0 3.5 0.4 1.0 2.4 nt 3.0
MRSA  ATCC 43300 8.7 3.4 > 100 1.2 4.9 nt 12.2
S.  xylosus ATCC 35033 0.45 2.6 0.81 13.0 nt nt 0.76
B.  substilis CIP 5262 24.4 89.6 12.0 36.0 nt nt 24.4

Fungi
A.  niger CIP 143183 0.75 0.69 nt nt nt 6.5f 0.76
C.  albicans CIP 4872 17.3 4.6 nt nt nt 0.8f 24.4
C.  albicans [R],g CAAL 117 17.3 3.3 nt nt nt 209g 24.4
G.  candidum ATCC 204307 97.5 89.6 nt nt nt 13.1 97.5
S.  cerevisiae sp 6.1 44.8 nt nt nt 26.1 6.1

Parasite
L.  infantum 1.5 nt nt nt nt nt −

[R]: multi-resistant strains.
Nt: non tested.

a CIP, Collection de l’Institut Pasteur, Paris, France.
b ATCC, American Type Culture Collection, Manassas, VA.
c MIC: Minimal inhibitory concentration.
d MBC: Minimal bactericidal concentration.
e Mean values of three independent experiments performed in duplicate.
f Data from Nemati et al., 2013 [27].
g Strain and data from the Nantes Hospital [France].
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lyzed the corresponding incubation medium by LC–MS. During the
ig. 1. Growth of L. infantum in presence of increasing concentrations of bicarinalin.
ata are mean ± SEM of independent experiments performed in triplicate.

esistant C. albicans than fluconazole. No activities were detected
or scrambled bicarinalin under 97.5 �mol  L−1.

The MBCs values (Table 1) were consistent with the correspond-
ng MICs, except for P. aeruginosa, MRSA, S. xylosus and C. albicans
trains for which the MBCs were about 1.4–2 folds the correspond-
ng MICs. For each strain, the low ratio MBC/MIC confirmed the
actericidal property of bicarinalin.

.2. Antiparasitic activity
As shown in Fig. 1, bicarinalin had a high antiparasitic activ-
ty against Leishmania infantum. The peptide dose-dependently
nhibited the growth of this parasite from 1.5 �mol  L−1, which cor-
responded to the MIC  (Table 1). Scrambled counterpart was not
active against L. infantum.

3.3. Plasma membrane permeabilization

In order to correlate the antimicrobial activity of bicarinalin
to a putative membranolytic action, its effect on the membranes
of living bacteria has been investigated using the fluorescence
of SYTOX green, a membrane non permeant DNA-binding dye.
For all microorganisms, fluorescence increased exactly when bac-
terial/fungal growth decreased, showing a correlation between
microorganism death and membrane permeabilization (Fig. 2, for
P. aeruginosa,  E. hirae and C. albicans). For all bacteria, we  obtained
the same profiles (growth/fluorescence) than for our previous data
against Enterobacteriaceae [22].

3.4. Cytotoxicity

Bicarinalin displayed no cytotoxicity against human lympho-
cytes in concentrations ranging from 0.066 to 8.5 �mol  L−1 and its
LC50 value was 67.8 �mol  L−1 (Fig. 3), i.e. around 10-fold above the
median of the measured MICs.

3.5. Susceptibility of bicarinalin to enzymatic degradation in
human serum

Bicarinalin retained its efficiency against S. aureus after 10 h
of incubation in serum. Its biological half-life was around 15 h.
After 20 h, the antimicrobial activity was  lost (Fig. 4a). In order
to correlate this loss of activity with the degradation, we  ana-
first three hours we observed only the [m/z = 1107.45] correspond-
ing to the [M + 2H]2+ of native bicarinalin. Between the third and
the tenth hour, bicarinalin signal decreased (Fig. 4b) and degrada-
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Fig. 2. Dose-response curves of membrane permeabilization induced by bicarinalin on selected bacteria: [a] P. aeruginosa, [b] E. hirae, [c] C. albicans. For each strain, growth
[left  y axis �] and fluorescence [right y axis �] variations are shown in terms of the logarithm of bicarinalin concentration. Membrane permeabilization was measured in
triplicate using the SYTOX green DNA-binding dye as described above and expressed as mean ± SEM. The net uptake of the dye through the plasma membrane was  monitored
by  fluorescence at 540 nm.

Fig. 3. Effect of increasing concentrations of bicarinalin on human lymphocyte survival. Data are mean ± SEM of independent experiments performed in triplicate.

Fig. 4. [a] Time-course of bicarinalin activity in human serum [37 ◦C]. Estimated biological half-life around 15 h [b] Monitoring of bicarinalin degradation: bicarinalin
[ n [m/z
b terpr
w

t
9
fi
A
p
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m/z  = 1107.45 [M + 2H]+2, grey bars] and metabolites formation [desLys1] bicarinali
lue  bars] in serum by liquid chromatography coupled to mass spectrometry. (For in
eb  version of this article.)

ion products appeared, with ions [M + 2H]2+ at m/z  1043.12 and
22.53 consistent with the loss of the N-terminal lysine and the
rst three N-terminal residues (KIK, bicarinalin(4–20)), respectively.
fter 24 h of incubation, bicarinalin(4–20) was the main degradation
roduct remaining although in a weak abundance. No other degra-
ation product was detected. Synthetic bicarinalin(4–20) has been
ested for its antimicrobial activity and showed a MIC  of 9 �mol  L−1

gainst S. aureus, in comparison to 3 �mol  L−1 for bicarinalin (Sup-

lementary Table 2).
 = 1043.12 [M + 2H]+2, orange bars] and bicarinalin [4–20] [m/z = 922.53 [M + 2H]+2,
etation of the references to colour in this figure legend, the reader is referred to the

3.6. Characterization of T. bicarinatum pre-probicarinalin cDNA

Amino acid sequences of AMPs are divergent, conversely to
the propeptide sequences (N-terminal) that are mostly conserved
and used to classify these peptides into families [28]. Since bicari-
nalin exhibits no meaningful sequence similarity with any known
peptides, we  have cloned its complete precursor cDNA (acces-
sion number KF929552) to establish to which family bicarinalin
belonged and to predict its processing. Using degenerated primers

combined with RACE PCR strategies, we have cloned a 525 pb
full length cDNA that encoded a predicted ORF of 89 amino acids.
Analysis of cDNA sequence revealed a destabilizing AUUUA motif
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Fig. 5) in the 3′UTR. Bicarinalin precursor showed a classical
rganisation with a signal peptide of 26 residues, as predicted
y the Sigcleave program, a downstream propeptide of 30 amino
cids followed, without conventional processing site, by the bicari-
alin sequence located in the C-terminal region of the precursor.
icarinalin sequence was followed by a conventional C-terminal
ly-Lys-Lys amidation signal [29]. Blast analysis on Uniprot and
enbank revealed similarity of the N-terminal part [residue 1–56]
ith pre-propilosulin-1, −3, −4 and −5 (56% of similarity with

ilosulin-5 of Myrmecia banksi,  Evalue = 10−11). Alignment with
ilosulin pre-propeptide sequences revealed a strong conservation

n the cleavage sites of signal peptide of the pre-propeptides (con-
ensus motif EAK) (Fig. 6a). However, there was no conservation in
he cleavage sites of propeptides. Mature sequence peptides shared
oor similarity except for the presence of lysine at four conserved
ositions that conferred a cationic property to these peptides. Phy-

ogenetic analysis using Quicktree 1.1 program (Fig. 6b) revealed

hat bicarinalin was located in a branch with pilosulin-5.
er KF929552]. The mature peptide sequence is highlighted in black. The underlined
: putative propeptide sequence. îndicates the amidation signal. � indicates potential

 peptide.

3.7. Identification of secondary structural elements by NMR

The bicarinalin conformation was investigated by NMR in a
TFE/water (1:1 v/v) mixture, a medium known for stabilizing linear
short peptide secondary structures. The proton resonance assign-
ment was  carried out using a classical strategy [30]. Spin systems
were identified using a combination of 2D TOCSY and COSY spec-
tra and neighboring residues were connected through 2D NOESY
experiments. A first assessment of bicarinalin secondary structure
was obtained by analyzing H� chemical shifts, as their deviations
from the random coil values are representative of peptide sec-
ondary structure. A 2D NOESY spectrum with a mixing time of
150 ms  was  also recorded to improve this estimate with a detailed
analysis of sequential and medium range inter residue NOEs. The
H� secondary chemical deviations (CSD) calculated for bicarinalin
strongly suggested the presence of a helical conformation between
residues Val9 and Lys18 (Fig. 7a). This helical conformation could

be extended in the N-terminal region to residues Trp6, Gly7 and
Lys8. Surprisingly, for this lysine residue, the H� CSD was null.
Nevertheless, the low CSD values observed for Trp6 and Gly7 H�
suggested the presence of a helical structuration between Trp6 and
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Fig. 6. [a] Alignment of amino acid sequences of pilosulin and bicarinalin using CLUSTAL W program. Conserved sequences are highlighted in black. Partial conservation [amino
acid  with the same properties] are highlighted in grey. Black arrowheads indicate the predicted processing sites for bicarilin propeptide based on signal peptide sequence
prediction, sequence similarity with other pilosulin and sequence of mature peptide determined previously. Red line indicates cleavage site predicted for the different
pilosulins. [MYRPI: Myrmecia pilosula, MYRBA: Myrmecia banksi], accession number uniprot: pilosulin-5: A9CM07, pilosulin-4: Q68Y22, pilosulin-3: Q68Y23, pilosulin-3a:
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26464, pilosulin-1: Q07932. The alignment of the N-terminal domain was  refined 

onstructed with Quicktree 1.1 program using Neighbor-Joining method. Data were
For  interpretation of the references to colour in this figure legend, the reader is ref

ys18 residues. These data was in good agreement with the differ-
nt number of characteristic NOE cross-peaks present in the NOESY
pectra (Fig. 7b). Indeed, the observation of strong to medium N,N
i,i + 1), �,N (i,i + 2) and �,N (i,i + 3) correlations between residues
rp6 and Met17 residues reinforced the hypothesis of a helical con-
ormation in this region of the molecule (Fig. 7b). The presence of
,� (i,i + 3) and �,N (i,i + 4) correlations suggested that this helix is
n �-helix type [31].

.8. 3D structure of bicarinalin

A total of 156 distance restraints (64 intraresidue, 47 sequen-
ial, 19 medium range and 26 ambiguous) were deduced from NOE
ross-peaks observed in the 150 ms  NOESY spectrum and used for
he calculations. Among the 100 generated structures, 64 struc-
ures were consistent with the experimental data and the standard
ovalent geometry. The structures showed no distance violations
arger than 0.2 Å and no ideal geometry violations. Analysis of the

 and � angles revealed a good convergence for residues Trp6-
ly16 (except for Gly7 and � of Gly16 moieties; Supplementary
able 3). These residues were located in the right-handed helix
egion of the Ramachandran plot (data not shown) where all bicari-
alin structures exhibited a similar helical backbone folding as
hown by the superimposition of the 64 final structures (Fig. 8a),
rmsd> = 0.68 Å). The �/� values obtained for Trp6-Gly16 residues
ere characteristic of �-helix type values. Consistent with these

bservations, mainly HNi+4→COi hydrogen bonds, typical of �-
elix, were observed in the structures (Supplementary Table 4).

ltogether, these data indicated the presence in bicarinalin of an

 − helical structure (Trp6-Gly16) flanked by two N- and C-terminal
isordered regions (Fig. 8b). This helix exhibits amphipathic char-
cteristics: hydrophilic Lys8, Lys10 and Asp11 residues were located
ally. [b] Phyllogenetic tree of pilosulin and bicarinalin peptide in ants. The tree was
pled by 1000 boostrap replicates. The tree was edited with phylowidget program.

to the web version of this article.)

on one side of the helix, whereas the hydrophobic Val9, Phe12 and
Leu13 residues were on the opposite side (Fig. 8c).

4. Discussion

In the present study, we  established a broad spectrum of antimi-
crobial activity of bicarinalin, assessed its cytotoxicity and stability
in human serum, determined its secondary structure and its pre-
propeptide sequence.

The antimicrobial and antiparasitic activities of bicarinalin were
examined in comparison to those of standard antibiotics and anti-
fungal agents. Bicarinalin exhibited a broad-spectrum of potent
anti-infective actions against Gram-positive and Gram-negative
bacteria, fungi and one parasite (Leishmania) with a low cytotoxic-
ity. Indeed, like a lot of AMPs, bicarinalin is active against numerous
standard and multi-resistant strains. MICs against Gram-negative
bacteria are lower than control agents (melittin or other antibi-
otics) even against the multi-resistant strain of P. aeruginosa.  It
was almost the same against Gram-positive bacteria except for
MRSA for which melittin and tetracycline are slightly more potent.
Regarding fungi and yeasts, MICs were disparate for bicarinalin as
well as for fluconazole. However, A. niger and MDR  C. albicans were
particularly susceptible to bicarinalin compared to fluconazole sug-
gesting an interesting opportunity in the fight against infections
caused by these pathogenic organisms.

SYTOX green indicated a membrane permeabilization for all the
exposed microorganisms, showing that this peptide acted by a non-
specific mechanism of action. These results are consistent with
our previous data on the membranolytic effect of bicarinalin on

different strains of Enterobacteriaceae [22]. We  can hypothesize
that bicarinalin interacts with the negatively charged phospho-
lipids to cause disruption of the cell membrane as described
for a lot of cationic and cystein-free antimicrobial peptides [32].
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Fig. 7. [a] 1H� secondary shift in aqueous solution vs. bicarinalin peptide sequence. 1H� secondary shifts were calculated using 1H� random coil values from Wishart et al.
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sed  for secondary structure determination of bicarinalin. The NOEs are classified 

ntensity  is indicated by the thickness of the bars. Ambiguous NOEs are represented

umerous mechanisms have been proposed, including the barrel-
tave pore, toroidal pore, aggregate, carpet-like and detergent-like
odels [10]. All these models imply a first step corresponding to the

nteraction with the phospholipids of the membrane. Combined to
he relative cytotoxicity of this peptide against human erythrocytes
nd lymphocytes, these data demonstrate a favorable selectivity of
icarinalin for microorganisms over mammalian cells. This selec-
ivity is probably due to the fact that cationic peptides have a
eculiar affinity for the anionic membranes of bacteria rather than

or the neutral membranes of eukaryotic cells [3].
Molecular modeling under NMR  restraints of bicarinalin showed

 secondary structure containing a central �-helix (W6-G16)
ancked by two flexible regions. This helix exhibited partial amphi-

athicity, mostly confined to the first main part of the helix (Fig. 8c).
hese results support the hypothesis of a mechanism of action
y a membrane destabilization process. Concurrently, scrambled
icarinalin, which did not exhibit a similar �-helix, was totally
oline at residue i + 1 [31]. [b] Summary of the sequential and medium range NOEs
ree categories [strong, medium and weak] based on the cross-peak volumes. The
ey lines.

devoid of antimicrobial activity (data not showed), confirming the
link between the secondary structure of bicarinalin and its activ-
ity. However, since bicarinalin(4–20) had a MIC  2–3 folds higher
than that of the parent peptide (Supplementary Table 2), we  can
assume that the cationic and disordered N-terminal region was  also
essential to the full activity of bicarinalin.

Regarding cytotoxicity, we have previously shown that bicari-
nalin, with an HC10 of 325 �mol  L−1 is 400-fold less hemolytic than
melittin, the main AMP  from the honeybee venom [21]. This value
is higher than the fifteen MICs determined in this study (half are
lower than or equal to 6 �mol  L−1), suggesting a broad therapeu-
tic window for bicarinalin or analogs. Albeit bicarinalin exhibited
no toxicity against human lymphocytes for antimicrobial concen-

trations ranging from 0.1 to 8.5 �mol  L−1, it became cytotoxic for
upper concentrations (LC50 = 67.8 �mol  L−1). This result shows that
the hemolytic property should not be the only criterion to evaluate
the therapeutic window of an antimicrobial compound. Even if this
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ytotoxicity is nearly 10 times upper the MICs measured, it reduces
ts potential applications.

For preclinical development, the stability of peptides in bio-
ogical fluids is generally investigated even if hepatic and renal
learances represent their main elimination processes [33]. Half-
ife of peptides in serum is often limited (few min  [34]) thereby
ampering their use as medicines [4,35]. Therefore, we used human
erum as in vitro predictive system to characterize the putative
etabolism caused by blood peptidases [34,36]. We  showed that

icarinalin was still active against S. aureus for about 15 h after incu-
ation in human serum. Its persistence was confirmed by LC–MS
nalysis. Subsequently, its activity gradually declined to disappear
fter 24 h of incubation. Time-course occurrence of metabolites
ndicated a slow degradation of bicarinalin by cleavages after the
-terminal lysines which could result from a trypsin-like proteol-

sis. With a relatively long half-life of bicarinalin in human serum
round 15 h, these findings show a good resistance of this AMP  to
roteolytic action of blood peptidases.
re, aligned to obtain the best overlap of residues Trp6-Gly16. [b] Schematic repre-
icarinalin helix residues. For clarity, Lys1-Pro5 and Met17-Val20 residues, as well as

Bicarinalin exhibited a MIC  value against S. aureus in the same
range as 30 different AMPs recently reported [37]. In particular,
its MIC  was  very close to that of the four most active natural
peptides, ascaphin-8, lycotoxin-I, maculatin-1.3 and piscidin-1 as
shown in Table 2. However, it is interesting to note that most of
these AMPs are hemolytic for concentrations below those observed
for bicarinalin. A low MIC  is not the only criterion to characterize
the pharmacological potential of an AMP. For instance, melittin is
a potent AMP  against S. aureus but a poor potential drug since its
therapeutic index (TI), i.e. the ratio between the hemolytic concen-
tration (HC50) and the MIC  values [38,39], is very low (TI = 0.17;
Table 2). Larger the TI, safer the drug. Thus, Table 2 shows that
bicarinalin, like eumenitin, presented the highest TI (108 and 166
respectively). As previously described [41,44,45], we have calcu-
lated the relative selectivity index (RSI) of bicarinalin. Table 3

shows that the RSI of bicarinalin was higher than that of melit-
tin, demonstrating once again the potential therapeutic interest of
this peptide. However, bicarinalin was cytotoxic for lymphocytes at
doses upper to 70 �mol  L−1. This could be an opportunity to explore
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Table 2
Comparison of the therapeutic indices [TI] against S. aureus of bicarinalin and 9 AMPs.

Peptide name Peptide sequence Net charge MICS.aureus[�mol  L−1] HC50
a[�mol  L−1] TIb ref

Bicarinalin KIKIPWGKVKDFLVGGMKAV-NH2 + 6 3 325 108
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 + 5 3.5 0.6 0.17
Eumenitin LNLKGIFKKVASLLT + 3 6 >1000 >166 [40]
Coprisin VTCDVLSFEAKGIAVNHSACALHCIALRK- −KGGSCQNGVCVCRN + 3 2 >100 >50 [41]
Defensin-NV VTCELLMFGGVVGDSACAANCLSMGK-−AGGSCNGGLCDCRKTTFKELWDKRFG + 1 0.9 >37 [5%] >40 [42]
Pilosulin P1 GLGSVFGRLARILGRVIPKV + 5 4 60 15 [43]
Lycotoxin-I IWLTALKFLGKHAAKHLAKQQLSKL + 7 3.1 125 40 [37]
Ascaphin-8 GFKDLLKGAAKALVKTVLF-NH2 + 4 3.1 45 15 [37]
Maculatin-1.3 GLLGLLGSVVSHVVPAIVGHF-NH2 + 3 6.2 25 4 [37]
Piscidin-1 FFHHIFRGIVHVGKTIHRLVTG + 7 3.1 20 7 [37]

a HC50: minimal peptide concentration that produces 50% of hemolysis.
b TI: therapeutical index [HC/MIC].

Table 3
Peptide relative selectivity index [RSI] and antimicrobial activities against standard and antibiotic-resistant bacterial strains.

Peptides MIC  [�mol  L−1] GMa HC50
b RSIc

Gram-negative bacteria Gram-positive bacteria

E. coli C. sakazakii P. aeruginosa P. aeruginosa [R] S. enterica E. hirae S. aureus MRSA S. xylosus B. substilis

Bicarinalin 24.4 5.80 12.2 8.7 5.4 12.2 3.0 8.7 0.45 24.4 10.5 325 31
Melittin 22.4 17.2 73.9 74.5 52.7 > 97.5 3.5 3.4 2.6 89.6 43.9 0.6 0.014
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a GM:  Geometric mean of the minimum inhibitory concentration [MIC] values fr
b HC50: Minimal peptide concentration that produces 50% of hemolysis.
c RSI: Relative selectivity index given by the ratio of the HC [�mol  L−1] to the GM

 possible anticancer potential of bicarinalin. Pharmacomodulation
tudy, according to the strategy developed by Conlon et al. [11],
ould be undertaken to focus the activity of bicarinalin or analogs
ither as antimicrobial, or as antilymphomas agents. Collectively,
hese results show that bicarinalin exhibited a broad-spectrum of
otent anti-infective actions with a relative low cytotoxicity.

Molecular cloning of the cDNA encoding bicarinalin precursor
evealed that the N-terminal domain of bicarinalin precursor was
losely related to those of pilosulins cloned in Jack jumper ant
pecies with a higher similarity with pre-propilosulin-5 (Fig. 6).
lthough the genera Tetramorium and Myrmicia are phylogenet-

cally distant, we can conclude that bicarinalin and pilosulins
elongs to the same precursor family. Nevertheless, the C-terminal
omain corresponding to the mature peptides has highly diverged

n the course of evolution. Bicarinalin and pilosulin precursors
xhibit a similar organisation with a predicted 26-amino acid sig-
al peptide and a 22–30 N-terminal flanking propeptide, mature
equence being located at the C-terminal extremity of the precur-
or. They also share a canonical GXY (GKK for bicarinalin) motif at
he C-terminal side thus generating a clearly established 20-residue
midated mature form of bicarinalin and suggested (Genbank)
or pilosulin 3a and 3. These homologies indicate conserved pro-
essing pathways in ants. However, dibasic motif that constitutes
otential cleavage sites in neuropeptide precursors or in amphibian
ntimicrobial prepropeptides have been poorly conserved [46,47].
n bicarinalin precursor, this cleavage site did not exist and pro-
essing is thought to occur between the AK motif of the N-terminal
ide of the active peptide.

In conclusion, we have established that bicarinalin showed
 broad spectrum of antimicrobial activities, a good stability to
lood proteases, no hemolytic activity and weak cytotoxic effects
n human lymphocytes. All of these data are consistent with a
ood TI. Thus, bicarinalin seems to be a credible candidate for the
evelopment of a brand new antimicrobial drug. To consolidate

ts relevance as therapeutic agent template, the general pattern of

ts cytotoxicity towards different type of eukaryotic cells has to be
stablished. More widely, bicarinalin illustrates the interest of the
enom of ants as tank of new bioactive molecules.
 fifteen strains.

e MIC  [�mol  L−1]. Larger values indicate greater cell selectivity.
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