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ABSTRACT: Antimicrobial peptides (AMPSs) are evolutionarily old components of innate immunity found

in all living pluricellular organisms. Interestingly, some organisms express families of AMPs with only

a slight variation among their members, possibly to increase their spectrum of activity. Despite the growing
body of knowledge about their biological activity and mode of action on bacteria, only a few of them
have been tested dreishmaniaa worldwide spread protozoan pathogen, and the parameters contributing

to this activity are yet to be determined. We report on the beishmaniaactivity and mode of action of
bombinins H2 and H4 isolated from the skin secretion of the Bamgnbinavariegata H4, the most

active, is the first natural AMP of animal origin with a singleto p-amino acid isomerization. Membrane
depolarization and membrane permeation assays, as well as electron microscopy, suggest that the lethal
mechanism involves plasma membrane permeation and/or disruption. To better understand the enhanced
activity of H4, we determined the peptide’s structure in membranes mimicking those of mammals, bacteria,
and Leishmaniaby using ATR-FTIR and CD spectroscopies and assessed their membrane binding by
using surface plasmon resonance. The data reveal that (i) H2 but not H4 partially aggregates in membranes
mimicking those ofLeishmania (ii) H2 is slightly more helical than H4 in all membranes, and (iii) H4

binds theLeishmaniamodel membrane-5-fold better than H2. This study highlights the importance of

a singlea-amino acid epimerization as a tool used by nature to modulate the activity of AMPs. In addition,
our findings suggest bombinins H as potential templates for the development of new drugs with a new
mode of action againdteishmania

Gene-encoded antimicrobial peptides (AMPsre a conformational features, but most of them are cationic and
principal constituent of the innate immunity in pluricellular have a tendency to adopt amphipathic structures upon
organisms, with a ubiquitous distribution throughout the interacting with the membrane of the pathogens. The lethal
different zoological phyla, where they act as an initial barrier mechanism underlying many of them involves the disruption
against invading microorganisms (reviewed in réfs4). of the cytoplasmic membrane of the target cell, with a
AMPs are characterized by a wide variety of structural and subsequent loss of intracellular homeostasis. Because of their
cationic character, they bind better to acidic phospholipids
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Leishmanicidal Activity of Bombinins H

sequences of AMPs have been reported (see http://www.
bbcm.univ.trieste.itttossi/pagl.htm for a compilation regu-
larly updated). In particular, the amphibian skin secretions

constitute one of the richest sources wherein the peptides

are synthesized and stored within granules of holocrine-type
serous glands and released upon stimulati®-(5).

The skin secretions oBombina species contain two
families of AMPs: bombinins and the relatively hydrophobic
bombinins H 16—18). Interestingly, the second N-terminal
position of two of them, bombinins H4 and H7, bears a
p-alloisoleucine residue, and they coexist with their corre-
sponding alle counterparts, bombinins H2 and H6, respec-
tively (18). H4 and H7 are the first natural AMPs of animal
origin having ap-amino acid resulting from a post-
translational modification(9, 20), and the enzyme respon-
sible for thisL—b isomerization was recently isolated and
characterized21). The sequence of H2 is IGPVLGLVG-
SALGGLLKKI-NH ,. Preliminary experiments revealed that
the p-amino acid containing bombinins H had consistently
higher bactericidal and fungicidal activity, the reason for
which was not clear22). The positioning of theo-amino
acid close to the N-terminus seems to minimize the possible
impact caused by this epimerization on the average helicity
of the peptide, known to be an important parameter for the
antimicrobial activity and selectivity of AMP<%.

Despite their ability to kill a broad spectrum of microor-

ganisms, only a few AMPs have been assayed against

Leishmaniaand those few act mainly on promastigotes (the
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MATERIALS AND METHODS

Reagents and PeptidesBis(1,3-diethylthiobarbituric)-
trimethine oxonol (bisoxonol) and SYTOX Green were
obtained from Molecular Probes (Leiden, The Netherlands).
Bombinins H2 and H4 were purchased from SYNT:EM
(Nimes, France). The purity of the peptides was assessed
by HPLC analysis and Edman degradation, and their
concentrations were determined by amino acid analysis, as
previously described3Q). Phosphatidylcholine (PC) from
egg yolk, phosphatidylethanolamine (PE) fra&scherichia
coli, phosphatidylinositol (PI) from bovine liver, phosphati-
dylglycerol (PG), cholesterol (cho), and ergosterol (erg) were
purchased from Sigma. Phosphatidylserine (PS) from bovine
spinal cord (sodium salt grade I) was purchased from Lipid
Products (South Nutfield, U.K.). Other reagents, of the
highest quality available, were obtained from Sigma (St.
Louis, MO) or Merck (Darmstadt, Germany).

Preparation of Small Unilamellar Vesicles (SUVSUVs
were prepared by sonication of PC/cho (10:1, w/w) or PE/
PG (7:3, w/w) dispersions as previously describ&d).(
Vesicles were visualized using a JEOL JEM 100B electron
microscope (Japan Electron Optics Laboratory Co., Tokyo,
Japan) as follows. A drop of vesicles was deposited on a
carbon-coated grid and negatively stained with uranyl acetate.
Examination of the grids demonstrated that the vesicles were
unilamellar with an average diameter of-280 nm.

Parasites Promastigotes dfeishmania dongani (MHOM/
SD/00/1S-2D) were grown in RPMI-1640 medium (Gibco,

insect stage of the parasite). Leishmaniasis is an infectiouspajsley, U.K.) supplemented with 10% heat-inactivated fetal

disease with a global incidence of 02 million people
infected @3), but the efficacy of the first-line drugs is
increasingly being challenged by the growing incidence of
multiresistant isolates26, 25). Leishmaniarepresents an
attractive species for AMPs, both for mode of action studies
and as a potential target.eishmaniahas two unique
characteristics. First, its plasma membrane is extremely

calf serum (HIFCS), gentamycin, penicillin, and 2 mM
glutamine, placed in a Bellco roller device (Ace Glass,
Vineland, NJ) at 26C. The mutant R2D2 strain, defective
in the biosynthesis of the repetitive phosphorylated disac-
charide unit of lipophosphoglycan (LPG), was kindly pro-
vided by S. J. Turco (School of Medicine, University of
Kentucky, Lexington, KY). For this strain, bg/mL lectin

resistant to mechanical stress, due to a subpellicular layerricin agglutinin Ricinus communjsvas added to the growth
of microtubules beneath the plasma membrane, common tomedium 82). Leishmania pifancixenic amastigotes (MHOM/

other trypanosomatid®6, 27). Second, its survival in harsh
environments (sandfly gut or parasitophorus vacuole in the

VE/60Ltrod) were grown at 32C in M199 medium (Gibco-
BRL 31100) supplemented with 20% HIFCS, 5% trypticase,

macrophage) requires a very high resistance against chemicaind 50ug/mL hemin (pH 7.2) 83).

and biological agents, partially provided by a well-developed
glycocalyx @8) and by other factors not yet completely
unveiled. The composition of the plasma membrane is also
strongly modified during the life cycle of the parasiS).

The dependence of the activity of the AMPs with respect to
the stage ofLeishmaniahas been previously reported for
the cecropin A-melittin hybrids 8, 29).

Here we investigate the leishmanicidal activity and a

Activity of the Peptides on Leishmania Promastigotes and
AmastigotesProcyclic promastigotes and amastigotes were
harvested at a late exponential phase of growth, washed twice
with Hanks medium [136 mM NacCl, 4.2 mM NdPO,, 4.4
mM KH,PQy, 5.4 mM KCI, and 4.1 mM NaHC®(pH 7.2)]

(34), supplemented with 20 mhb-glucose (HanksGlc),
and resuspended in the same buffer at a final concentration
of 2 x 10’ parasites/mL. Aliquots of this suspension (120

plausible mode of action of bombinins H2 and H4 on both uL) were incubated with the peptides for 60 min, at either
promastigotes and amastigotes (the mammalian intracellular26 or 32°C for promastigotes or amastigotes, respectively,
stage of the parasite) and on model phospholipid membranesand subsequently split into two aliquots of 100 andulQ

The results reveal the higher activity of H4 compared with
that of H2 and are discussed with regard to the peptides’
structure, their membrane binding, and their organization
within membranes with different phospholipid compositions.
Besides highlighting the importance of a singkamino acid
epimerization as a tool used by nature to modulate the
activity of AMPs, our findings suggest bombinins H as
potential templates for the development of new anti-
Leishmaniadrugs with a new mode of action.

used in the following two assayS8)(

(i) The inhibition of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) reduction to insoluble
formazan by mitochondrial reductases was used as a short-
term parameter of parasite viability and assayed immediately
after peptide incubatior2@). To the 100uL aliquot of the
parasite suspension incubated with the peptide was added 1
mL of Hankst-Glc to slow the peptide activity. The parasites
were then collected by centrifugation, resuspended in 100
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uL of a 0.5 mg/mL MTT solution in HankkGlc, transferred Statistical MethodsThe number of experiments analyzed
into a 96-well culture microplate, and incubated foh at is indicated in each figure legend. The &Ddefined as the

26 or 32°C, for promastigotes or amastigotes, respectively. concentration of peptide that inhibits by 50% the MTT
The reduced formazan was solubilized by the addition of an reduction compared with the untreated parasites, with its 95%
equal volume of 10% (w/v) sodium dodecy! sulfate, incu- confidence interval, was calculated by the Lichtfield and
bated overnight at 37C, and then measured in a 450 Bio- Wilcoxon procedure, using PHARM-PCS version 4.

Rad microplate reader equipped with a 595 nm filter. ATR-FTIR MeasurementSpectra were obtained with a

(i) To measure the inhibition of promastigote proliferation, Bruker equinox 55 FTIR spectrometer equipped with a
the 10uL aliquot of the aforementioned parasite suspension deuterated triglyceride sulfate detector and coupled to an
was added to 100L of the growth medium. The surviving ~ATR device as previously describegl). Briefly, a mixture
parasites were allowed to proliferate for 72 h; then, 400 ©f lipids (0.5 mg) alone or with peptide~0 ug) was
of 1 mg/mL MTT in Hanks-Glc was added, and its deposited on a ZnSe horizontal ATR prism (80 mm?7
reduction was assessed as described above. For amastigoté®™m)- The aperture angle of ayielded 25 internal reflec-
the inhibition of proliferation was performed as described tions. Prior to sample preparation, the trifluoroacetate coun-
above, but growth was carried out in their own medium at terions, which strongly associate with the peptides, were
32 °C and extended to 5 days. Afterward, the cells were "eplaced with chloride ions through several lyophilizations
centrifuged, washed with HanksSIc, and resuspended in a  Of the peptides in 0.1 M HCl to eliminate an absorption band
0.5 mg/mL MTT solution, and substrate reduction was Near 1673 cm' (37). Lipid/peptide mixtures were prepared
allowed to proceed fo2 h at 32°C. All assays were by d|ssol\(|ng both components together in a 1:2 MeOH/
performed in triplicate, and the experiments were repeated CH2Clz mixture and drying them under a stream of dry

at least twice. The results were normalized to those of the Nitrogen while moving a Teflon bar back and forth along
corresponding controls in the absence of peptide. the ZnSe prism. Spectra were recorded, and the respective

o . . pure phospholipid spectra were subtracted to yield the
Ar;/ggt?tlgtr:a ng'\i?n”l;?;anle Pg::m;:: vavg]se zgt)imzfggoées 3?3 difference spectra. The background for each spectrum was
9 ' P y a clean ZnSe prism. We hydrated the sample by introducing

Eg;igtliﬁt?:;:gslvaeﬂg:]Ii?snilr?sctjaﬁogl?r%cmgl’hscljnr(c:)e r:ttnsb?cur%r;tsri_x excess B0 into a chamber placed on top of the ZnSe prism
of the membrane, once the cell is de olari)z/ed pAssa S Werein the ATR casting and incubatinl Dg the sampledd before
erformed under istandard conditionsp in the fesenc)é of 0 1acquisiti0n of the spectra. Th exchange was consid-
pM bisoxonol. Peptides were added ;it differgnt concentra.- ered complete after a total shift of the amide 1l band. Any
ﬁons and ch:;m eps in fluorescence were recorded continu-ContribUtion of DO vapor to the absorbance spectra near
ousl ’for~30 mirglJ using a Polarstar Galaxy microplate reader the amide | peak region was eliminated by subtracting the
y 9 Y P . spectra of pure lipids equilibrated with,O under the same
(BMG Labotechnologies, Offenburg, Germany), equipped .
1 e o . conditions.
with excitation and emission filters at 540 and 580 nm,

respectively. Maximal depolarization was considered as that ATR-FTIR Data Analysisrior to curve fitting, a straight
obtained with 2.5:M CA(1—8)M(1—18) cecropin A-melit- baseline passing through the ordinates at 1700 and 1600 cm

: ; : D was subtracted. To resolve overlapping bands, the spectra
tin hybrid (?9). All assays were carried out in trlpllcate_. were processed using PEAKFIT (Jandel Scientific, San
Permeation of the Plasma Membrane of the Parasite to Rafael, CA). Fourth-derivative spectra accompanied by 13-
the Vital Dye SYTOX Greefio assess the permeability of = gata point SavitskyGolay smoothing were calculated to
the Leishmanigplasma membrane, the entrance of SYTOX jqentify the positions of the component bands in the spectra.
Green into the cell was assayegb). Briefly, the parasites  These wavenumbers were used as initial parameters for curve
were: i_ncubated with the peptide according_t_o the standardﬁtting with Gaussian component peaks. The position,
conditions, with the exception of the addition of ;4 bandwidths, and amplitudes of the peaks were varied until
SYTOX Green (final concentration) into the incubation (j) the resulting bands shifted by no more than 2 &firom
medium prior to addition of the peptide to equilibrate the e initial parameters, (ii) all the peaks had reasonable half-
parasites with the dye (15 min in darkness). Once the peptideidths (<20-25 cnrY), and (i) good agreement between
was added, the increase in fluorescence, due to the bindinghe calculated sum of all the components and the experi-
of the dye to intracellular nucleic acids, was measured in mental spectra was achieved® (> 0.99). The relative
the same microplate reader described above, using 485 an@ontents of the different secondary structure elements were
520 nm filters for excitation and emission, respectively. The astimated by dividing the areas of individual peaks, assigned
maximal membrane permeation was defined as that obtainedq a specific secondary structure, by the whole area of the
after the addition of 0.1% Triton X-10G8Y. resulting amide | band. The results of four independent
Electron MicroscopyParasites were incubated with the experiments were averaged. The ATR electric fields of
peptides fo 1 h and washed twice with phosphate-buffered incident light were calculated as previously describ@g (
saline (PBS). Afterward, parasites were fixed foh with 39). Lipid order parameters were obtained from the sym-
5% (w/v) glutaraldehyde in PBS, included with 2.5% (w/v) metric (~2853 cm') and antisymmetric¢2922 cn1?) lipid
osmium tetraoxide, and gradually dehydrated in ethanol [30, stretching mode39).
50, 70, 90, and 100% (v/v), 30 min each] and propylene CD Spectroscopy CD spectra of the peptides were
oxide (1 h). Finally, samples were embedded in Epon 812 recorded with an Aviv 202 CD spectrophotometer after
resin (Tousimis Research Corp., Rockville, MD) and ob- calibrating the instrument withK)-10-camphorsulfonic acid.
served with a Philips 2200 electron microscope, as describedThe spectra were scanned at’25in a capped, quartz optical
in previous protocols29). cell with a path length of 0.5 mm. Spectra were obtained at
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wavelengths from 260 to 195 nm. The parameters used forglobally by simultaneously fitting the peptide sensorgrams
the Aviv instrument were as follows: integration time of 8 obtained at different peptide concentrations. The two-state
s, bandwidth of 1 nm, and step size of 1 nm. To quantify reaction model was applied to each data set. This model
the different structures that were obtained, the CD spectradescribes two reaction steps3] which, in terms of peptide
were processed using PEAKFIT (Jandel Scientific). The lipid interaction, correspond to
spectra accompanied by 13-data point Savitskplay
smoothing were calculated to identify the positions of the
component bands in the spectra. Estimation of secondary
structure was carried out as previously descrilZE)l. (More
specifically, the CD spectra of the secondary structural Where in the first step peptide (P) binds to lipids (L) to yield
elements were used to fit the experimental spectra using aPL, which is changed to PL* in the second step. PL* cannot
nonlinear least-squares fitting algorithm. The best fit gave dissociate directly to P and L and may correspond to partial
the percentage afi-helix, S-strand,S-turn, and unordered  insertion of the peptide into the lipid bilayer. The corre-
structures in each peptide. sponding differential rate equations for this reaction model
Binding Analysis with a Surface Plasmon Resonance (SPR)are represented by
Biosensor.Biosensor experiments were carried out with a
BlAcore 3000 analytical system (Biacore, Uppsala, Sweden) dRU/dt = k;,Cy(RU,, — RU; — RUy) —

kal kaz *
P+L==PL==PL

using an L1 sensor chip (BIAcore). The chip is composed kyRU; — k,RU; + k,RU,
of a carboxymethyldextran hydrogel derivatized with lipo-
philic alkyl chain anchors. Vesicles are passed across this dRU,/dt = k,,RU; — k;,RU,

surface and are capturetll( 42). We performed the protocol
described by Aguilar et al4@). Briefly, PBS (pH 6.8) was  where RY and RU are the response units for the first and
always used as the running buffer; the washing solution wassecond steps, respectively, is the peptide concentration,
40 mM octyl glucoside (OG), and the regenerating solution RUmaxis the maximal response unit (or equilibrium binding
was 10 mM NaOH. All solutions were freshly prepared, response), an#a, kg1, ke, andkg; are the association and
degassed, and filtered through 02@ pores. Experiments  dissociation rate constants for the first and second steps,
were carried out at 25C. After the BlAcore 3000 instrument  respectively ky; has units of M? s71, andkyi, kaz, andkgs,
was cleaned according to the manufacturer’s instructions, it have units of st. Thus, the total affinity constant for the
was left running overnight using Milli-Q water as the eluent entire processK, has units of M1
to thoroughly wash all liquid-handling parts of the instru-
ment. The L1 chip was then installed, and the alkanethiol RESULTS
surface was cleaned by an injection of the nonionic detergent
OG (40 mM, 25uL) at a flow rate of 5ulL/min. PE/PC/PI/
PS/erg (4:2:2:1:3, w/w) small unilamellar vesicles (80 Killing of Leishmania by Bombinins H2 and HBombi-
0.5 mM) were then applied to the chip surface at a slow nins H2 and H4 were tested for their ability to inhibit MTT
flow rate (2uL/min). To remove any multilamellar structures  reduction inLeishmanigoromastigotes and amastigotes over
from the lipid surface, we injected NaOH (&, 10 mM) a concentration range of 0:25 uM. The assay was done
at a flow rate of 50uL/min, which resulted in a stable either afte a 1 hincubation of the parasites with the peptides
baseline corresponding to the lipid bilayer linked to the chip (short-term effect) or after proliferation of the remaining
surface. The negative control bovine seroalbumin (BSA) was viable protozoa via incubation for 3 and 5 days for promas-
injected (25uL, 0.1 mgkL in PBS) to confirm complete  tigotes and amastigotes, respectively. Figure 1 shows the
coverage of the nonspecific binding sites. The bilayer linked results of the inhibition of MTT reduction in promastigotes
to the chip surface was then used as a model cell membrangpanel A) or amastigotes (panel B) for both short- and long-
surface to study peptidemembrane binding. term effects. The data reveal that the two peptides do possess
Peptide solutions (5@L of a PBS solution of 0.7825 leishmanicidal activity on both forms of the parasite, since
uM peptide) were injected onto the lipid surface at a flow a significant overlapping for the two effects was discerned.
rate of 5uL/min. PBS alone replaced the peptide solution  Another important conclusion is that up to 1M/, the
for 30 min to allow peptide dissociation. Surface plasmon loss of parasite viability caused by the H4 diastereomer was
resonance detects changes in the reflective index of theconsistently higher than with H2. This difference is especially
surface layer of peptides and lipids in contact with the sensornoted for promastigotes, where the values forsgERhe
chip. A sensorgram was obtained by plotting the SPR angle concentration required to inhibit 50% of the MTT reduction
against time. Peptiddipid binding was analyzed from a  compared to that in the untreated parasites) araV.86.6—
series of sensorgrams collected at different peptide concen-7.8) and 1.7uM (0.8—3.4) for bombinins H2 and H4,
trations. respectively. For amastigotes, this difference is lower, with
The sensorgrams for each peptidipid bilayer interaction EDs values of 11.QuM (7.3—16.5) and 5.6«M (3.4—9.4)
(L1 chip) were analyzed by curve fitting using numerical for H2 and H4, respectively. This trend in activity mirrors
integration analysisdd). The BlAevaluation software offers  the disparity previously found for the bactericidal activity
different reaction models for performing complete kinetic of these two peptides2@). Notably, they were devoid of
analyses of the peptide sensorgrams. One curve fittingtoxic effects on human erythrocytes up to the maximal
algorithm (the two-state reaction model) was chosen on the concentration that was used (data not shown).
basis of what was known about the possible binding The leishmanicidal activity of H2 and H4 was further
mechanisms of lytic peptides3]). The data were fitted tested under four different incubation conditions: (i) tem-

Biological Studies
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their corresponding E£3 values in thep-sorbitol medium,

the increase in activity was less than 5% for both of them.
The peptides were also incubated for 15 min in the presence
of heparin (10Q:g/mL), a strongly polyanionic polysaccha-

100 -

75 1

S S 50 ride that favors the formation of a peptidpolyanion

‘g’ £ complex, prior to their addition into the parasite suspension.
TS  25- In the absence of heparin, H2 at M and H4 at 2.5uM

Eg A caused an inhibition of MTT reduction of 768 3.1 and
sg o o® 0 72.1+ 5.4%, respectively, whereas in the presence of this
S @ 1001 polyanion, these percentages were almost the same68.2
SF 1.4 and 64.9+ 6.4%, respectively.

5 75 The insensitivity of H2 and H4 to polyanions prompted
< S us to check the role of the lipophosphoglycan (LPG), the

50 A . . .
main anionic polysaccharide on the cell surface of promas-

25 tigotes @5), as a defensive barrier against the two bombinins.
B For this purpose, we used the promastigotes fromlLthe
0 donavani R2D2 strain 82) (see Materials and Methods) that

— expressed a truncated form of LPG, mostly devoid of its

0 6 10 15 20 25 anionic groups. The Ef values of H2 and H4 were 6.7
Peptide (LM) uM (5.4—8.3) and 1.3«M (0.9—1.45), respectively. Thus,

FiGure 1: Activity of bombinins H2 and H4 om.eishmania The the expression of LPG did not protelceishmaniaagainst

inhibition of MTT reduction by the parasites caused by H2 (filled the two peptides.

symbols) or H4 (empty symbols) was assessed, either immediately permeation of the Plasma Membrane of the Parasites.

after the peptide incubation, as representative of the short-term effectp . tudi the bactericidal hani f bombi
(squares), or after allowing the surviving parasites to proliferate "' cV/0US SIUdIES On he bactericidal mechanisms of bombi-

(circles), as described in Materials and Methods. [(Ajionasani nins H on bacteriaZ?2) revealed that the permeation of the
promastigotes and (B). pifanoi amastigotes. Data are expressed plasma membrane of the pathogen was an essential step in

as meanst standard deviations. Data represent the results of a their killing mechanism. To test whether this mechanism
single experiment as representative of three independent ones. could also be extended to their leishmanicidal activity, we
- . .. assessed the membrane alteration and disruption of the
perature, (ii) in the presence of serum, (iii) at (_j|fferent ionic parasite cell by two complementary assays: (i) the plasma
strengths, and (iv) in the presence of polyanions. membrane’s depolarization and (ii) the entrance of vital dyes
() The peptide activity was highly dependent on the into the cells, otherwise excluded from intact membranes.
temperature. Indeed, when bombinins H were assayed af\iembrane depolarization was followed by monitoring the
roughly equipotent concentrations for the short-term effect jncrease in bisoxonol fluorescence (a potential-sensitive dye)
in promastigotes, the percentages of inhibition for H2 (9.0 after addition of peptide. Figure 2 shows the kinetics of this
#M) and H4 (2.5uM) were 81.3+ 1.2 and 71.3- 6.5% at  process at both stages of the parasite. The data reveal that
26°C and 2.2+ 0.5 and 12.4+ 3.2% at 4°C, respectively,  the two isomers cause a rapid and dose-dependent dissipation
whereas a complete inhibition of MTT reduction was of the membrane potential, reaching the end point less than
obtained, in both cases, at 3€. 5 min after peptide addition. In agreement with their activity
(i) Bombinins H were shown to be scarcely affected by in the inhibition of promastigote proliferation, bombinin H4,
the presence of human serum up to a concentration of 33%at 5:M, caused a level of plasma membrane depolarization
(data not shown). However, in this study, when they were approaching the maximal value (Figure 2C), whereas a
assayed at their Efpvalues on promastigotes, the addition similar result required 2&M bombinin H2 (Figure 2A). In
of 1 mg/mL fatty acid-free seroalbumin decreased the level comparison, closer values for the percentages of depolar-
of inhibition of MTT reduction by H2 from 53.4- 3.7 to ization were obtained against amastigotes for H2 and H4 at
32.0 £ 2.1% and that by H4 from 46.2 4.5 to 26.2+ a given peptide concentration (Figure 2B,D). These results
3.2%. These results confirmed the importance of the mirrored the effect of the peptides on parasite viability, since
hydrophobicity of the peptides for their microbicidal activity. the differences between the two isomers were higher on
A possible explanation is that in full serum the proteins that promastigotes than on amastigotes.
bind hydrophobic molecules are already associated with the To gain insight into the extent of membrane distortion
fatty acids or other hydrophobic compounds and are not induced by the peptides, we assessed the entrance of SYTOX
available to bind the peptides. In contrast, in the absence ofGreen into the cells. This cationic dye (MW 600)
fatty acids and other serum components, the seroalbumin isexperiences an increase in its fluorescence when bound to
free to bind H2 and H4 and hence to reduce their potency. intracellular nucleic acids. A marked enhancement in fluo-
(iii) The ionic strength of the extracellular medium may rescence was observed within a few minutes of addition of
impair the electrostatic interaction between cationic peptidesthe peptide to the parasites (Figure 3). As in the previous
and the acidic phospholipids of the outer leaflet of the assays, for a given concentration, the effect of H4 was
membraneZ9). In Leishmaniathe substitution of NaCl (140  consistently stronger than the effect of H2 on promastigotes
mM) for 280 mM p-sorbitol in Hanks-Glc gave rise to a  (Figure 3A,C), whereas on isolated amastigotes, a dramatic
strong reduction of the ionic strength of the medium while difference was observed at only L& (Figure 3B,D).
maintaining isosmoticity; nevertheless, when the two bom-  Transmission Electron Microscopywe used transmission
binins were assayed agairlst donaani promastigotes at  electron microscopy to visualize the damage inflicted by the
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Ficure 2: Depolarization of théeishmanigplasma membrane by
bombinins H2 and H4 Parasites (2x 10’ cells/mL) were
equilibrated with 0.1«M bisoxonol at 26°C. Peptides were then
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bombinins H at equipotent concentrations; for the sake of
clarity, we show the pictures of amastigotes treated with H2
and H4 at concentrations causing ar80% decrease in
parasite viability and promastigotes at concentrations causing
~80% mortality. At low concentrations, most of the parasites
appeared with extensive membrane blebbing and increased
intracellular vacuolization. At concentrations producing a
higher rate of mortality, many parasites became completely
permeated, manifested by a loss of electron dense intracel-
lular space and a loss of the shape of cytoplasmic organelles,
regardless of the peptide or form of the parasite that was
examined.

Biophysical Studies

To account for the biophysical basis of the quantitative
differences observed between the two diastereomers, we
employed several biophysical techniques that addressed (i)
the peptides’ structure when bound to different membranes,

added (= 0) at the corresponding concentrations, and changes in (i) the ability of the peptides to perturb the lipid and change

fluorescence were monitored continuously,{ = 540 nm,Aems=

its packing, and (iii) differences in the binding affinities of

580 nm) and plotted as the percentage of the total fluorescencethe two peptides for the model phosholipids mimicking the

relative to maximal parasite depolarization [as achieved by/RL5
CA(1—-8)M(1—18)]. All readings were normalized by subtracting

composition of the membrane bf donaani promastigotes.

parasite scattering and the basal fluorescence of the dye: (A and (i) Secondary Structure of the Peptides in Phospholipid
C) bombinins H2 and H4 on promastigotes and (B and D) Membranes As Determined by FTIR and CD Spectroscopies
bombinins H2 and H4 on amastigotes. The peptide concentrationsThe secondary structure of the peptides was determined in

were 0.5 @), 1 (¢), 2 (a), 5 (@), 10 (v), and 25uM (®). The

arrow indicates the addition of peptide. The values are the means

of triplicate samples from a single experiment, representative of
three separate experiments.

three types of phospholipid multibilayers: (i) PC/cho (10:1,
wiw), (ii) PE/PG (7:3, w/w), and (iii) PE/PC/PI/PS/erg (4:
2:2:1:3, wiw). These models served to mimic the composition
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Ficure 3: Influx of the vital dye SYTOX Green intbeishmania
promastigotes and amastigotes following the addition of bombinins
H. Parasites (2« 107 cells/mL) were incubated according to the
standard assay with M SYTOX Green in Hank$Glc. Once

of the outer leaflet of mammalian erythrocytes, that of the
bacterial inner membrane, and that of the plasma membrane
of the L. donaani promastigotes46), respectively. The
amide | region spectra of bombinins H2 and H4 bound to
PE/PC/PI/PS/erg multibilayers (after deuterium exchange)
are shown as examples, in panels A and B of Figure 5, re-
spectively. Fourth derivatives, accompanied by 13-data point
Savitsky-Golay smoothing, were calculated to identify the
positions of the component bands in the spectra. These
wavenumbers were used as initial parameters for curve fitting
with Gaussian component peaks. Assignment of the different
secondary structures to the various amide | regions was
carried out according to the values taken from #fs-53.

The relative areas assigned to the corresponding structures
of the peptides in PC/cho, PE/PG, and PE/PC/PI/PS/erg
multibilayers are summarized in Table 1. As expected, the
presence of a-amino acid at the second position in the
bombinin H4 sequence reduced only slightly the helical
structure content, compared with that of H2. Interestingly,
more pronounced differences were noted in PC/cho and

basal fluorescence reached a constant value, peptides at théeishmanianimetic PE/PC/PI/PS/erg membranes. Bombinin

corresponding concentrations were added (first artow0), and
the increase in fluorescence was monitorkg.& 485 Nnm Aems=

520 nm) and plotted as the percentage of fluorescence, relative to

that of parasites fully permeated by 0.1% Triton X-100 (final

H4 was found to be significantly less aggregated than H2,
which adopted 15 and 30% aggregatedheet structure in
PC/cho and PE/PC/PI/PS/erg multibilayers, respectively

concentration). All readings were normalized by subtracting parasite (Table 1). The results obtained at peptide:lipid molar ratios

scattering and the basal fluorescence of the dye: (A and C)
bombinins H2 and H4 on promastigotes and (B and D) bombinins

H2 and H4 on amastigotes. The peptide concentrations were 0.5

(@),1(#),2(a),5 (), 10 (v), and 25«M (®). The second arrow
(t = 45 min) indicates the addition of 0.1% Triton X-100. The

of 1:120 and 1:60 were rather similar.

The structures of the peptides were also determined, by
using CD spectroscopy, in buffer and vesicles. The peptides
were scanned at 1M in PBS and in the presence of PC/

values are the means of triplicate samples from a single experiment,cho, PE/PG, and PE/PC/PI/PS/erg SUVs (2 mM) to give a

representative of three different experiments.

peptide:lipid molar ratio of 1:200. Figure 6 shows the spectra

peptides on the parasite. Figure 4 illustrates the changes inof bombinin H2 (panel A) and bombinin H4 (panel B)

parasite morphology after its incubation with the two

dissolved in PBS and PE/PC/PI/PS/erg SUVs (filled sym-
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Bombinin Bombinin

Control H2

Amastigote

Promastigote

Ficure 4: Electron microscopy ofeishmaniapromastigotes and amastigotes treated with bombinins H. AXenpifanoi amastigotes
(top row) andL. donasani promastigotes (bottom row) were incubated Ich under standard conditions with bombinins H2 and H4 at the

equipotent concentrations causing approximately 30 or 80% killing of amastigotes or promastigotes, respectively. The values of the peptide
concentrations were determined according to the results reported in Figure % (b&um).

Table 1. Peptide Structures in Lipids As Determined by ATR-FTaRd CI¥ Spectroscopies

aggregated [-sheet lipid

peptide lipid composition o-helix (%) strands (%) (+antiparallels-sheet) (%) random coil ordef
bombinin H2 PC/cho 6% 2 (58+ 3) 15+1 1441 (28+ 1) 6+2(14+1) 0.03
PE/PG 75+ 2 (634 3) - 18+1(24+3) 7+1(13+1) 0.11

PE/PC/PI/PSlerg 4% 1 (50+ 3) 30+1 14+ 2 (35+ 1) 9+ 1(15+2) 0.18

bombinin H4 PC/cho 63 3 (55+2) - 22+1(23+3) 15+ 2 (22+ 2) 0.01
PE/PG 57+ 2 (57+ 4) - 33+ 2(25+ 2) 10+ 2 (18+ 2) 0.01

PE/PC/PI/PS/erg 5% 1 (60+ 3) 4+1 32+2(24+3) 9+1(16+2) 0.10

aLipid:peptide molar ratios of 120:1 and 200:1 were used for FTIR and CD experiments, respectively. The results are the average of four
independent experimentsCD results are in parentheséd.ipid order = Rvanisyf(CHz)](lipid + peptide)— R[vantisyr(CH2)].

bols). The spectra of the peptides in PC/cho and PE/PG SUVs
are similar to their spectra in PE/PC/PI/PS/erg SUVs and
therefore are not shown. The structural components of both A
peptides when bound to the three types of lipid vesicles are
also shown in Table 1 (in parentheses). Importantly, the
structural components determined by using CD spectroscopy
are similar to those obtained by FTIR. Note that fhgheet
structure content is shown as the sum of the parallel and A )
antiparallel components. SN
(ii) Orientation of the Phospholipid Membrane and Effect ’
of the Peptides on the Phospholipid Acyl Chain Order
Polarized ATR-FTIR spectroscopy was used to determine
the orientation of the lipid membrane with or without the
bound peptides. The symmetries{{(CH,) ~ 2853 cn1?]
and antisymmetricisym{CH,) ~ 2922 cn?] vibrations of
lipid methylene C-H bonds are perpendicular to the mo-
lecular axis of a fully extended hydrocarbon chain. Thus,
measuring the dichroism of infrared light absorbance can
reveal the order and orientation of the membrane sample / RS
relative to the prism surface. The effect of the peptides on \
the acyl chain order was estimated by comparing the CH AT
stretching dichroic ratio of phospholipid (with different 1600 1620 1640 1660 1680 1700
compositions) multibilayers alone with that obtained with Wavenumber (cm™)
membrane-bound peptides. The most significant difference . :
was observed in PE/PC/PI/PS/erg membranes. The calculategﬂgg %énZT(Ilioseple%Balcndﬁf 8? ‘gg'r‘#k',?nr}n‘f,z“},‘?\)f;ﬂﬁ Sfﬁfﬁﬁfd
values, based on the antisymmetric vibrations of the peptide-H4 (B) in PE/PC/PI/PS/erg (4:2:2:1:3, wiw) multibilayers. The
bound membrane minus membrane alone, were found to becomponent peaks are the result of curve fitting using a Gaussian
0.18 and 0.10 for H2 and H4, respectively (Table 1). Similar line shape. The sums of the fitted components superimpose on the

- o experimental amide | region spectra. Bold lines represent the
results were observed on the basis of the symmetric V'bra'experimental FTIR spectra after Savitzkgolay smoothing; the

tions. Thus, the data revealed that the incorporation of gotted lines represent the fitted components. A lipid:peptide molar
bombinin H2 has a more pronounced effect on the acyl chainratio of 120:1 was used.

‘‘‘‘

Absorbance
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" Ficure 7: Sensorgrams of the binding between various concentra-
a4 & tions of bombinin H2 (A), bombinin H4 (B), and the PE/PC/PI/
4 L PS/erg (4:2:2:1:3, wiw) lipid bilayer (using an L1 sensor chip).
A5 T A ‘,»w“ Concentrations of the peptides from bottom to top were 0.78, 1.56,
At 3.125, 6.25, 12.5, and 2aM.
-25 . : : ‘ - : Table 2: Constants for Binding of Peptides to PE/PC/PI/PS/erg
195 205 215 225 235 245 255 Bilayers Determined by Numerical Integration Using a Two-State
Reaction Modél
A (nm) peptide Ky (M) Ko K (M)
Ficure 6: CD spectra of bombinin H2 (A) and bombinin H4 (B) bombinin H2 1.5x 10° 15 (2.2+0.1) x 10
peptides. Spectra were taken at /M peptide dissolved in PBS bombinin H4 7.3x 10P 1.4 (9.9+ 0.4) x 10°

empty symbols) and 2 mM PE/PC/PI/PS/erg SUVs (filled sym- — -
f)olsi))- yTh)cle spec)tra of the peptides in PC/ch% and P(E/PG gUVs “ The binding constant; andK; are for the first K; = ka/ka) and

overlap the spectra in PE/PC/PI/PS/erg SUVs and therefore are noecoNd Kz = kadks) binding steps, respectively, and the affinity
shown. constant K), which equalK;K,, is for the complete binding process.

order of theLeishmaniamimetic membranes than that of the peptide into the membrane. A set of peptide sensorgrams

H4 does. with different peptide concentrations was used to estimate

(i) Binding Affinity of the Peptides for Lipid Bilayers L
Measured by Surface Plasmon Resonance: A Two-Statethe kinetic parameters. The average values for the rate

Model for the Binding of the Peptide to MembrariEgpical constants obtained from the two-state model analysis are

- listed in Table 2 along with the binding constant valu€s (
sensorgrams of the b'”d'f‘g of H2 and H4 to PE/P.C/PI/PS/ The data confirm that bombinin H4 has a higher affinity than
erg bilayers are shown in panels A and B of Figure 7,

. o . . H2 for the PE/PC/PI/PS/erg bilayers,(Table 2), which is
res_pre]ctwely. Wel_employedl ngmenc?I Integration ar(ljaly5|s the result of the first stepK(, Table 2). In contrast, both
which uses nonlinear analysis to fit an integrated rate : - L ' oy i
equation directly to the sensorgrans3). When fitting the peptides have similar partitioning constars, (Table 2) in

peptide’s sensorgrams globally (using different concentra- the second step (insertion step).

tions of the peptides) with the simplest 1:1 Langmuir binding p;scussioN

model, we produced a poor fit (data not shown), confirming

that this model does not represent the lipid binding mech- The presence of a-amino acid in peptides of animal
anism of all the peptides that were investigated. However, aorigin was first identified in dermorphin and deltorphins,
significantly improved fit was obtained by using numerical opioid peptides isolated from the skin of South American
integration of the two-state reaction model of the binding frogsPhyllomedusa satageiandPhyllomedusa bicolof54,
sensorgrams. This model reflects a two-step process in thes5), and subsequently in other neuropeptides from inverte-
interaction of the peptides with lipid bilayers: the first step brates $6—59). However, althougly-amino acids are found

is the actual binding, and the second step is the insertion ofin the sequence of bacterial or fungal AMPs, as a conse-
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quence of nonribosomal synthesg&9), H4 and H7 are two

Mangoni et al.

This sequence is known as anhelix destabilizing motif

exclusive examples of such a modification reported to date found as a hinge between two sufficiently long structural

for AMPs in vertebrates1@), in which thep-amino acid is

domains, as described for cecropin 89(. We therefore

formed as a result of a post-translational process by epimer-expected that the structures of H2 and H4 would be similar.

ization of the pre-existing.-amino acid. The enzyme
responsible for this—b isomerization has been purified and
characterized very recentl2l).

We found that bombinins H2 and H4 are active on the
insect and the mammalian forms dfeishmaniaat a
micromolar concentration range (without being toxic to
human erythrocytes) and that they rapidly perturb their

Indeed, FTIR and CD studies demonstrated that the overall
structures of H2 and H4 are not significantly different (Table
1). However, compared to H4, H2 adoptsheet aggregates

in the parasite and erythrocyte mimetic membranes (30
and 15% aggregated strands, respectively) (Table 1). Al-
though the reason is not yet clear, the formation of aggregated
strands by H2 could contribute to its lower activity against

plasma membrane; actually, treated parasites exhibited thd_eishmaniacompared to that of H4.
typical pattern described for other membrane-active peptides The ability of AMPs to kill microorganisms also depends

(8, 29, 35, 61, 62), with an extensive blebbing. Increasing

on their potential to perturb the membrane. The data revealed

the peptide concentration led to massive destruction of that H2 is more potent than its isomer (largewalue) in

parasites and loss of intracellular material, with blurred
definition of the boundaries of the intracellular organelles.

affecting the lipid order of the three different model
membranes, which seems to contradict its lower activity on

In functional terms, the peptides caused a rapid depolarizationLeishmaniacompared with that of H4. Nevertheless, many
and loss of integrity of the plasma membrane, together with transmembrane peptides can insert into the hydrophobic core
a rapid bioenergetic collapse. All these processes took placeof a membrane without affecting its integrity. However, we

simultaneously with the inhibition of parasite proliferation
in a very short time (within minutes) and in a concentration-

cannot rule out the possibility that, compared with model
membranes, there are physical constraints (i.e., the abundant

dependent manner. These findings also correlated with theand bulky glycophosphoinositol anchored components of the

extent of that inhibition.
The leishmanicidal activity that was detected for bombi-

plasma membrane of the intact parasite), which may induce
mechanical stress and consequently influence the activity of

nins H is in the same range as those of other AMPs that actmembrane-active AMPs.

on membranes3( 5). However, an interesting result is the

Differences in Membrane Bindin§Ve carried out SPR

improved leishmanicidal activity caused by a single residue measurements with lipid bilayers to detect differences

epimerization of bombinin H2, especially with regard to

between the binding affinities of the two bombinins H for

promastigotes. To better understand the parameters of thehe Leishmaniamimicking membranes. Our results indicate
peptides underlying this observation, we employed severalthat H4 has a higher affinity than H2 (Table 2), in agreement

microbiological and physicochemical experimental proce-
dures.

Differences in Susceptibilities to Enzymatic Degradation.
Inclusion of p-amino acids in the sequence of AMPs has

with its higher hydrophobicity detected by using reverse
phase HPLC 18). The higher affinity of H4 is due to the
first binding stepK; (most probably caused by hydrophobic
interactions between the more hydrophobic H4 and the

been shown to protect them from enzymatic degradation andzwitterionic membrane), and not because of the insertion step,

serum clearanceB—65). Here, differences in the suscep-
tibility to enzymatic degradation do not seem to be important
for the following reasons. (.eishmanias an organism that

Kz, which is similar for both of them, and which characterizes
antimicrobial peptides that act via the carpet mechanin (
Overall, these data suggest that H2 has a stronger effect on

is especially endowed with peptidase and proteinase activitiesthe lipid order (as revealed by FTIR studies), not because it
(66). However, only a couple of metallo aminopeptidases inserts better than H4, but rather because of its aggregational
have been well-characterize@7j; they preferentially rec-  state when it is in contact with the membrane. The findings

ognize leucine residues but act very poorly on isoleucine, that a decrease in the ionic strength, as well as the

the N-terminal residue of H2 and H4. (ii) When promastig-
otes were incubated for 1 h, prior to the addition of the
peptides with 2 mM EDTA, a treatment that inhibited the
activity of these two aminopeptidases and that of the
metalloproteinase, leishmaniolysif8], no significant dif-

preincubation of the peptides with heparin, did not markedly
influence their activity and that incubation with BSA reduced
it by 50% further support the notion that hydrophobic
interactions play a major role in the mode of action of H2
and H4.

ference in activity was discerned between H2 and H4 (data Finally, as previously described for the cecropinmelit-

not shown). (iii) The time available for peptide degradation
is very short because the final effect on parasite viability is
achieved a few minutes after addition of the peptide.

tin hybrid peptides&) but not for temporins35), we found
that amastigotes were more resistant than promastigotes and
that the difference in the activities between the two isomers

Differences between the Structures and Organization of was more pronounced against promastigotes. The most

the PeptidesAn alternative way of explaining the different
activities of the two isomers could be a variation in their

reasonable explanation is the different lipid composition of
the plasma membrane of amastigotes compared with that of

structures, a parameter that has been shown to be importanpromastigotes, although only limited data on the variation

for biological function. Incorporation aj-amino acids within

of some phospholipids through the life cyclelafishmania

AMPs induced structural changes, and the resulting diaster-are currently available7Q).

eomers preserved their antimicrobial activity but lost their
function on higher eukaryotic cells (reviewed in r8¥.
Bombinin H4 contains ap-alloisoleucine at its second

N-terminal position, adjacent to a glycine-proline sequence.

In summary, this study demonstrates the importance of a
singlep-amino acid substitution as a new approach developed
by nature to modulate not only the bioavailability (e.g., higher
solubility) and biostability (i.e., protection from proteolytic
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degradation) of AMPs but also their biophysical properties
and antimicrobial activity. In addition, our findings suggest
bombinins H as potential templates for the development of
new antiteishmaniadrugs with a new mode of action

urgently needed because of the increased resistance of

Leishmaniato available chemotherapeutic drugs.
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