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In order to improve the leishmanicidal activity of the synthetic cecropin A-melittin hybrid peptide CA(1-
7IM(2-9) (KWKLFKKIGAVLKVL-NH,), a systematic study of its acylation with saturated linear fatty acids
was carried out. Acylation of the N°-7 lysine residue led to a drastic decrease in leishmanicidal activity, whereas
acylation at lysine 1, in either the o or the € NH, group, increased up to 3 times the activity of the peptide
against promastigotes and increased up to 15 times the activity of the peptide against amastigotes. Leish-
manicidal activity increased with the length of the fatty acid chain, reaching a maximum for the lauroyl
analogue (12 carbons). According to the fast kinetics, dissipation of membrane potential, and parasite
membrane permeability to the nucleic acid binding probe SYTOX green, the lethal mechanism was directly

related to plasma membrane permeabilization.

The protozoal mammalian parasite Leishmania is the caus-
ative agent of the set of clinical manifestations known as leish-
maniasis, which afflicts 12 million to 14 million people world-
wide (24). To date, the only treatments available rely on
chemotherapy, and this is threatened by the growing incidence
of strains resistant to first- and second-line drugs and by the
often severe secondary effects caused by them (7).

A large number of eukaryotic peptides and small proteins
with antimicrobial activity have been discovered over the last
two decades (see references 3, 21, 34, and 39 and references
cited therein). Therapy based on the rational use of such pep-
tides appears to be a feasible alternative, and successful pre-
liminary results have been reported for natural peptides such
as dermaseptins (19, 23), SPYY (47), cecropin A (1), and
gomesin (42), all of which have been shown to be active against
different forms of the parasite. In our own work, we have
expanded the repertoire of peptides with activity against Leish-
mania with cecropin-melittin hybrids such as CA(1-8)M(1-18)
and CA(1-7)M(2-9), both of which are active in the micromo-
lar range (15).

Fatty acid acylation is a common posttranslational modifi-
cation for a wide variety of viral, bacterial, and eukaryotic
proteins and peptides involved in either functional roles (for
reviews, see references 17 and 38) or structural roles (26). The
acylation process is enzymatic, with a variable degree of spec-
ificity for both the fatty acid and the primary structure of the
protein (17). A major role for protein acylation is to increase
membrane association, although other effects such as im-
proved proteolytic stability (6) and sorting into specific subcel-
lular localizations have also been described (30, 38).
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In contrast to frequent C-terminal amidation and to other
less common posttranslational modifications such as glycosyl-
ation or incorporation of p-amino acids or halogenated amino
acids (for a review, see reference 3), fatty acid acylation of
antimicrobial peptides is quite rare and is mostly confined to
non-gene-encoded structures of fungal or bacterial origin such
as the polymyxins (33) or peptides from different pathovars of
Pseudomonas syringae, such as syringomycin, syringotoxin, and
syringopeptin (8), or echinocandin (13). Only a very few ex-
amples of acylation of synthetic versions of antimicrobial pep-
tides have been reported, such as lactoferricin B (48) and a
heptapeptide from human cathepsin G (40), but no general
conclusions have been derived from those studies.

In the study described in this paper we have studied in
considerable detail the effect of fatty acid acylation on peptide
antimicrobial activity, using CA(1-7)M(2-9), a synthetic
cecropin A-melittin hybrid (9), as the template. This peptide
exhibits substantial antibacterial (4, 9, 32), antiparasitic (4, 9,
15), and antifungal (10) activities only slightly inferior to those
of the larger hybrid, CA(1-8)M(1-18), also referred to as
CEME (36), one of the most extensively studied antimicrobial
peptides. Our study, which has focused mostly on Leishmania
but which has also been extended to a few representative
bacterial targets, explores structural parameters such as the
length and the position of the acylating chain and provides
some insights into the mechanism of antimicrobial action of
these fatty acid-modified peptides.

MATERIALS AND METHODS

Reagents. The reagents used in the present study were of the highest purity
available and were obtained from Sigma-Aldrich (St. Louis, Mo.) or Merck
(Darmstadt, Germany). Fetal calf serum was obtained from Gibco-BRL (Paisley,
United Kingdom). Fluorescent probes and caged luciferin were purchased from
Molecular Probes (Leiden, The Netherlands). Propylene plasticware (Corning,
Acton, Mass.) was used for peptide assays, as recommended elsewhere (http:
//www.cmdr.ubc.ca/bobh/MIC.htm).

tert-Butyloxycarbonyl (Boc) amino acids and resins for peptide synthesis were
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from Neosystems (Strasbourg, France). Solvents for synthesis and high-pressure
liquid chromatography (HPLC) were from Scharlau (Barcelona, Spain).

Organisms. Leishmania donovani strain MHOM/SD/00/1S-2D was kindly pro-
vided by S. Turco (School of Medicine, University of Kentucky, Lexington).
Parasites were grown at 25°C in RPMI 1640 supplemented with 10% heat-
inactivated fetal calf serum (HIFCS), 2 mM L-glutamine, and penicillin-strepto-
mycin (RPMI-HIFCS). The 3-luc strain was derived from the strain described
above by transfection with the pX63Neo expression vector, which contains a
C-terminal truncated Photinus pyralis luciferase gene that retains the enzyme at
the cytoplasm and allows semiquantitative monitoring of changes in ATP levels
(28). This strain was maintained under the same conditions as the parent strain,
but under antibiotic pressure (50 g of G418 per ml; Gibco-BRL). Control
experiments to rule out a contribution of adsorbed cationic antibiotics from the
growth medium (gentamicin and/or G418) on the permeability effects caused by
the peptides were carried out with parasites grown in the absence of these
antibiotics 48 h prior to the assay, and growth medium devoid of antibiotics was
used for proliferation experiments.

Leishmania pifanoi axenic amastigotes were a kind gift from A. A. Pan (35).
Amastigotes were maintained in medium 199 (Gibco-BRL) supplemented with
20% HIFCS and 50 pg of hemin per ml at 32°C (35). Amastigotes from L.
donovani were obtained from the infected J774.1 murine macrophage line as
described elsewhere (11), except that growth was at 35°C.

An Acinetobacter baumannii reference strain (strain ATCC 19606) and an-
other clinical isolate (isolate Ac157) resistant to amikacin, cefotaxime, doxycy-
cline, imipenem, ofloxacin, and ticarcillin were kindly provided by M. Lépez-
Brea (Microbiology Unit, Hospital de la Princesa, Madrid, Spain). An
Escherichia coli strain (strain ML-35) that constitutively produces B-galactosi-
dase was kindly donated by R. Gennaro (University of Trieste, Trieste, Italy). A
Micrococcus luteus reference strain (strain ATCC 15307) was kindly provided by
R. Loépez, (Centro de Investigaciones Bioldgicas, Madrid, Spain). All strains
except M. luteus were grown in Mueller-Hinton broth at 37°C. M. luteus was
grown at 30°C. For E. coli ML-35, 50 wg of ampicillin per ml was added to
Luria-Bertani medium for maintenance of the plasmid; antibiotic was omitted
for experiments dealing with the bactericidal effect.

Peptides. Solid-phase synthesis of CA(1-7)M(2-8) and acylated analogues was
done manually on p-methylbenzhydrylamine resin (0.45 mmol/g) at a 0.1-mmol
scale. In situ neutralization protocols (2) and dicyclohexylcarbodiimide-mediated
coupling of Boc amino acids (0.4 mmol each in CH,Cl,, 50 min) were used
throughout the synthesis, with formyl and 2-chlorobenzyloxycarbonyl used as
protecting groups for Trp and Lys, respectively. In the acylated sequences, the
Lys residue to be used for fatty acid coupling was protected with the 9-fluore-
nylmethyloxycarbonyl (Fmoc) group. After assembly of the complete peptide
sequence, the Fmoc-protected Lys residue was selectively deprotected with pi-
peridine-dimethyl formamide (DMF) (1:4 [vol/vol], 20 min) and the fatty acid
was coupled by means of (benzotriazole-1-yl-oxy)tris(dimethylamino) phospho-
nium hexafluorophosphate in the presence of ethyldiisopropylamine ( 0.4, 0.4,
and 0.8 mmol, respectively, in DMF; 90 min). The lipopeptide resins were first
treated with piperidine-DMF (1:1, 30 min) to remove the formyl protection and
then with HF-anisole (9:1 [vol/vol], 0°C, 1 h) for full deprotection and cleavage
of the peptide from the resin. The resulting products showed purities in the 80
to 90% range by analytical HPLC and were further purified (>95% purity by
HPLC) by preparative reverse-phase chromatography on a Vydac Cg silica
column (4.6 by 250 mm; particle size, 5 wm) by using linear acetonitrile gradients
in the 30 to 60% range in water (both eluents contained 0.05% trifluoroacetic
acid) over 30 min at 1 ml/min. Peptides were detected at 220 nm. Combined
synthesis and purification yields were in the 18 to 35% range, with lower yields
consistently observed for peptides bearing larger fatty acid moieties. All peptides
were further characterized by amino acid analysis and matrix-assisted laser de-
sorption-ionization time-of-flight mass spectrometry (MALDI-TOF-MS) and
had the expected compositions and molecular weights.

For circular dichroism measurements, peptides were dissolved to a concen-
tration of 50 uM in 5 mM phosphate (pH 7) buffer containing different amounts
of hexafluoroisopropanol. Spectra were acquired at 5°C in a Jasco 720 spectropo-
larimeter with quartz cylindrical cells with path lengths of 1 mm. For each solvent
concentration, three acquisitions were performed in the 260- to 190-nm interval
by using a 4-s time constant, a 10-nm/min scan speed, and a bandwidth of 0.2 nm.
The a-helical content was calculated from the molar ellipticity at 222 nm by the
method of Yang et al. (51).

Leishmanicidal activity. Parasites were harvested at the late exponential
phase, washed twice in Hanks medium supplemented with 20 mM b-glucose
(Hanks-Glc), and resuspended to a final concentration of 2 X 107 parasites/ml.
Aliquots of this suspension (120 pl) were incubated with the peptide for 4 h at
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25°C and were then divided into two further aliquots (100 and 10 wl), which were
used in the two assays described below.

(i) Assay 1. Inhibition of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction to insoluble formazan by mitochondrial dehydroge-
nases was used as a parasite viability parameter (15). The 100-pl aliquot was
added to 1.3 ml of Hanks-Glc at 4°C to slow the peptide action. The parasites
were then collected by centrifugation, resuspended in 100 wl of a solution with
0.5 mg of MTT per ml in Hanks-Glc, and transferred to a 96-microwell plate; the
plate was then incubated for 2 h at 25°C. The reduced formazan was solubilized
with sodium dodecyl sulfate (final concentration, 5%), and the absorbance was
measured in a Bio-Rad 450 microplate reader with a 595-nm filter.

(ii) Assay 2. For inhibition of parasite proliferation, the 10-pl aliquot was
added to 200 pl of RPMI-HIFCS devoid of phenol red. The surviving parasites
were allowed to proliferate for 72 h, and then 100 pl of 0.5 mg of MTT per ml
in Hanks-Glc was added and its reduction was measured as described above.
Minor variations of this standard protocol are indicated in Fig. 3 and Table 5. All
assays were performed in triplicate, and the experiments were repeated twice.
The results were normalized to those for the corresponding control in the
absence of the peptide. Axenic L. pifanoi amastigotes were assayed as described
above, but all the procedures were performed at 32°C, the growth medium was
that of Pan (35), and proliferation was allowed for 1 week instead of the 72 h
allowed for the promastigotes. Amastigotes were washed with Hanks-Glc to
remove hemin from the medium before the MTT assay. For L. donovani amas-
tigotes, MTT reduction was done at 35°C. Amastigote proliferation was evalu-
ated by allowing the amastigotes to convert into promastigotes by culturing them
in RPMI-HIFCS at 25°C and further proliferation of this form as described
above, except that the incubation time was extended to 7 days by culturing the
parasites at 25°C in RPMI-HIFCS devoid of phenol red (27).

Promastigote membrane permeabilization. The procedure described by The-
vissen et al. (45) was adapted to assess the permeability of Leishmania promas-
tigote membranes. Briefly, after peptide incubation, the parasites were washed
with Hanks-Glc and incubated in 50 wl of 2 uM SYTOX green in Hanks-Glc for
30 min in the dark. The increase in fluorescence due to binding of the dye to
intracellular DNA was measured in a Fluorostat Galaxy microplate reader
(BMG Labotechnologies, Offenburg, Germany) with 485- and 520-nm filters as
excitation and emission wavelengths, respectively, and a 10-nm slit, and the
readings were normalized by subtracting parasite scattering and the basal fluo-
rescence of the dye. Maximal membrane permeabilization was defined as that
caused by 5 pM CA(1-8)M(1-18) (15) or 0.05% Triton X-100.

Modification of bioenergetic parameters. Three assays were performed. (i) In
vivo monitoring of changes in intracellular ATP levels is described in detail
elsewhere (28). Briefly, promastigotes transfected with the 3-luc pX63Neo ex-
pression vector containing the gene for a cytoplasmic P. pyralys luciferase were
incubated at 25°C with the membrane-permeant caged luciferase substrate p-
luciferin—[1-(4,5-dimethoxy-2-nitrophenyl)ethyl ester] (DMNEP-luciferin) at 25
wM. Luminescence was measured in a BioOrbit 1250 LKB luminometer, with
readings averaged every 10 s. When the luminescence reached a plateau, peptide
was added and the luminescence decrease was monitored continuously for 30
min.

(ii) Collapse of membrane potential was estimated with the potential-sensitive
dye bis-(1,3-diethylthiobarbituric) trimethine oxonol (bisoxonol), whose fluores-
cence increased after it was inserted into the membrane once the cell was
depolarized. Assays were performed under standard conditions but in the pres-
ence of 0.2 wM bisoxonol. Peptide was added, and the changes in fluorescence
were monitored for 15 min after the addition of peptide to the Fluorostat Galaxy
microplate reader. Emission and excitation wavelengths were 544 and 584 nm,
respectively. Maximal depolarization was considered to be that obtained with 5
pM CA(1-8)M(1-18) (15) or 0.5 uM valinomycin.

(iii) Mitochondrial membrane potential (AWm) in L. donovani promastigotes
was estimated by rhodamine 123 accumulation, determined by cytofluorometry
as described previously (15). Parasites were loaded with the probe at 0.3 pg/ml
for 5 min at 32°C prior to the standard assay. Dye incorporation was measured
in a Coulter XL EPICS cytofluorometer (excitation and emission wavelengths,
488 and 525 nm, respectively). As negative controls, parasites were depolarized
by treatment with 7.5 wM carbonyl cyanide p-trifluoromethoxyphenylhydrazone
(FCCP).

Bactericidal activity. Freshly grown bacteria were diluted in Hanks-Glc at a
density of 107 cells/ml and incubated with the peptide for 1 h at 37°C for E. coli
and both A. baumannii strains, whereas for M. luteus incubation was at 30°C for
2 h. Afterward, bacterial suspensions were diluted to 10° cell/ml in Mueller-
Hinton broth (Oxoid, Basingstoke, United Kingdom). Bacterial growth was
checked by measurement of an increase in culture turbidimetry at 600 nm at
different times in a Bio-Rad 410 microplate reader by previously described
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TABLE 1. General structures of peptides used in this study”

Name Primary structure

CA(1-T)M(2-9) o KWKLFKKIGAVLKVL-NH,
Ac"‘l—CA( 1-7)M(2-9) ....Ac-KWKLFKKIGAVLKVL-NH,
Ac®'-CA(1-7)M(2-9) KWKLFKKIGAVLKVL-NH,

\

Ac
FA-KWKLFKKIGAVLKVL-NH,
KWKLFKKIGAVLKVL-NH,

|

FA

FAT-CA(1-T)M(2-9) oo KWKLFKKIGAVLKVL-NH,

FA“-CA(1-7)M(2-9)
FA®-CA(1-7)M(2-9)

FA

“ The fatty acid (FA) residues used were Oct (Cg), Lau (C,,) Myr (C,4), and
Pam (Cy4). Ac, acetyl.

procedures (44). Only readings within the linear range of the absorbance with
respect to CFU were considered for calculation.

Statistical methods. Data represent the means * standard deviations for
triplicate samples. The 50% lethal doses (LDs(s) were calculated by the Lichfield
and Wilcoxon procedure, and the 95% confidence intervals were calculated.
Significance was assessed by the paired ¢ test.

RESULTS

Synthetic peptides. The parent CA(1-7)M(2-9) peptide, its
N*- and N®-acetyl (Ac) derivatives, and a set of analogues
(Table 1) substituted with Cg (octanoyl [Oct]), C,, (lauryl
[Lau]), and C,, (myristoyl [Myr]) fatty acid residues at posi-
tions 'N®, 'N¥, and "N* were prepared by solid-phase methods
by using Boc-based synthetic chemistry with selective Fmoc
protection of the amino group to be acylated. This ensured the
unequivocal positioning of the acyl chain at a fixed position
rather than a random postsynthetic acylation. After purifica-
tion of all the peptides used in the assay by HPLC and further
analysis by MALDI-TOF-MS, purities were found to be higher
than 97% (Fig. 1 and Table 2). Derivatives acylated with
palmitic acid (palmitoyl [Pam] group; C,) were also prepared
but were difficult to handle due to their tendency to aggregate
under diverse experimental conditions. They were tested for
their antimicrobial activities (Table 3), with anomalous results.
In any event, since their activities were lower than those of
shorter, easier to handle analogues, they were not further
tested. Circular dichroism analysis of the myristoylated ana-
logues (Table 4) showed that they had a clear tendency to
adopt the a-helical conformation even in aqueous buffer,
where the parent molecule is unstructured. Upon the addition
of a structure-inducing solvent such as hexafluoroisopropanol
(HFIP), the helical content increased to almost 100% for all
peptides except the ’N® derivative. Acylation with Oct and Lau
fatty acids produced similar behaviors (data not shown).

Modification of leishmanicidal activity of CA(1-7)M(2-9) by
fatty acid acylation. The two assays used to assess the effect of
acylation on leishmanicidal activity, inhibition of proliferation
and MTT reduction, evaluate the long-term and the medium-
to short-term effects of the peptide on antiparasitic activity,
respectively. Both assays consistently had comparable results
for all tested organisms and peptides (Fig. 2), with only slight
quantitative differences between them. The results of experi-
ments carried out in parallel with parasites grown in the ab-

ACYLATED PEPTIDE CA(1-7)M(2-9) AS LEISHMANICIDAL AGENT 2443

A B

Az M (a.u)

L

Retention time

FIG. 1. Representative examples of synthetic fatty acid-acylated
derivatives of the peptide CA(1-7)M(2-9) before and after HPLC
purification. The results of HPLC analysis of Lau*'-CA(1-7)M(2-9) (A
and B) and Myr®’-CA(1-7)M(2-9) (C and D) and the chromatographic
patterns of the synthetic crude material (A and C) and of the material
after preparative reverse-phase purification (B and D) are shown.
Detection was at 220 nm.

sence of antibiotics 48 h prior to the assay and tested in the
absence or the presence of antibiotics at the same concentra-
tion as that in the growth medium did not show significant
variations (P > (.5). Thus, contributions by the antibiotics on
their own or by synergy with the peptides were ruled out.

The effect of the position of the acyl chain was first investi-
gated. Acylation of the €-amino group of Lys’ with any of the
three long fatty acid residues (Lau, Myr, or Pam fatty acids) led
to substantial losses of both leishmanicidal and bactericidal
activities (Table 3). In contrast, acylation at the N position of
Lys' with the Oct, Lau, Myr, or Pam fatty acid gave up to
fivefold increases in leishmanicidal activities against promas-
tigotes (Fig. 2 and Table 3). Acylation of the 'N® group of Lys'
with the same fatty acid residues did not produce significant
differences in activities relative to the activities of the 'N*
derivatives (Table 3). The potential impact of the loss of a
positive charge caused by the acylation process was evaluated
with the corresponding acetylated analogues; no appreciable
change (P > 0.1) in activity relative to that of the parent
CA(1-7)M(2-9) peptide was observed.

The effect of the length of the fatty acid was also investi-
gated, and a clear correlation of leishmanicidal activity with
chain length was found. At 1 puM, analogues with longer fatty
acid chains caused fivefold inhibition of promastigote prolifer-
ation relative to the level of inhibition caused by the parent
peptide (Fig. 2C). These differences were more substantial
against L. pifanoi amastigotes, the pathogenic form of the
parasite. Lau and Myr analogues were especially active against
this form of the parasite (Fig. 2B and D and Table 3), and the
differences between Oct and larger acyl groups also increased.
When assayed against L. donovani amastigotes obtained from
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TABLE 2. MALDI-TOF mass spectra of CA(1-7)M(2-9) and acylated derivatives

Mass spectrum or spectra (m/z)

Peptide”
P Theoretical® Found

CA(1-7)M(2-9) 1,769.181 1,770.21 (MH™"), 1,792.14 (MNa*)
Ac*-CA(1-7)M(2-9) 1,811.191 1,812.44 (MH™")
Ac-CA(1-7)M(2-9) 1,811.191 1,812.32 (MH™)
Oct*!-CA(1-7)M(2-9) 1,895.286 1,896.73 (MH™"), 1,918.46 (MNa™)
Oct*'-CA(1-7)M(2-9) 1,895.286 1,918.53 (MNa™) (no MH™ observed)
Octs7_CA(1_7)M(2-9) 1,895.286 1,918.63 (MH+)
Lau*'-CA(1-7)M(2-9) 1,951.348 1,952.13 (MH™")
Lau®'-CA(1-7)M(2-9) 1,951.348 1,952.29 (MH™"), 1,974.46 (MNa™)
Lau®’-CA(1-7)M(2-9) 1,951.348 1,952.65 (MNa™), 1,991.06 (MK™) (no MH" observed)
Myr*!-CA(1-7)M(2-9) 1,979.379 2,002.54 (MNa™) (no MH" observed)
Myr®!-CA(1-7)M(2-9) 1,979.379 2,001.98 (MNa™) (no MH" observed)
Myr¥’-CA(1-7)M(2-9) 1,979.379 2,002.33 (MNa™) (no MH" observed)
Pam®'-CA(1-7)M(2-9) 2,007.410 2,008.01 (MH™), 2,030.42 (MNa™)
Pam®'-CA(1-7)M(2-9) 2,007.410 2,030.45 (MNa™), 2,046.88 (MK*) (no MH" observed)
Pam®’-CA(1-7)M(2-9) 2,007.410 2,030.27 (MNa™) (no MH" observed)

“ Ac, acetyl; Oct, Cg; Lau, C,, Myr, Cyy; Pam, Cyq.
b Calculated for monoisotopic composition.

infected J774 macrophages, the results differed for less than
5% of the corresponding values obtained for L. pifanoi; thus,
the leishmanicidal activities were similar against these two
species. Assays with L. pifanoi were carried out routinely, as
their reproducibilities were always higher that those for the
other amastigotes.

Inhibition of leishmanicidal activity. For a better under-
standing of the modifications introduced by acylation, we next
explored the effects on peptide activity of different parameters
involved in the peptide-membrane interaction for promastig-
otes. On the basis of the results obtained in the experiments
described in the previous section, assays were restricted only to
inhibition of MTT reduction by the 'N® analogues.

Figure 3 illustrates the inhibitory effect of ionic strength
(NaCl) on MTT reduction. By normalizing peptide concentra-
tions so that antibiotic activities were closely equivalent under

standard conditions (140 mM NaCl), an inverse relationship
between activity and ionic strength was found for all peptides
assayed. Calcium and polyanions were even better inhibitors of
antibiotic activity (Table 5), with the effect being most marked
for the parent peptide and less for the *N*-Lau derivative (the
IN*-Myr analogue gave spurious results due to aggregation
under the assay conditions used). Levels of inhibition of MTT
reduction for heparin were consistently higher than those for
Ca®", as previously found for a larger analogue, CA(1-8)M(1-
18) (11). As expected from the increase in the overall hydro-
phobicity of the peptide, addition of bovine serum albumin
(BSA) to the incubation medium had an inhibitory effect, with
an inverse relationship between activity and chain length being
found (Table 5).

Biological effects of acylated CA(1-7)M(2-9) analogues on
Leishmania promastigotes. The membrane distortion caused

TABLE 3. LDjss of the acylated CA(1-8)M(2-9) for different microorganisms®

LDs, (uM)

Peptide” Leishmania spp.

A. baumannii

M. luteus ATCC 15307 E. coli ML-35
Promastigotes Amastigotes ATCC 19606 Acl57
CA(1-7)M(2-9) 4.4 (3.0-6.3)° 14.4 (6.2-34.8) 0.8 (0.4-1.6) 1.4 (0.6-3.4) 0.7 (0.4-1.3) 1.9 (1.2-3.0)
Lau’57-CA(1-7)M(2-9) 20.4 (11.5-40.3) 32.5(25.9-40.8) >50 >50 ND ND
Myr®’-CA(1-7)M(2-9) 32.1(27.3-37.8) ND“ >50 >50 ND ND
Pam57-CA(1-7)M(2-9) 35.2(24.2-51.6) ND >50 >50 ND ND
Ac-CA(1-7 IM(2-9) 2.5(1.5-4.2) 10.4 (2.7-39.3) 0.9 (0.3-3.5) 0.9 (0.5-1.7) 0.9 (0.6-1.2) 1.8 (1.4-2.4)
Oct*!-CA(1-7)M(2-9) 1.1 (0.6-2.1) 2.7 (0.4-20.3) 1.2 (0.6-2.2) 1.0 (0.5-2.3) 0.6 (0.4-0.9) 1.3 (0.9-2.1)
Lau"‘l-CA(l-7)M(2-9) 0.9 (0.6-1.4) 1.3 (0.6-2.5) 1.0 (0.5-2.0) 0.7 (0.4-0.8) 0.6 (0.5-0.9) 0.9 (0.8-1.0)
Myr*!-CA(1-7)M(2-9) 0.8 (0.4-1.5) 0.9 (0.3-2.9) 1.9 (0.8-4.5) 1.3 (0.3-5.6) ND ND
Pam‘“-CA(l-7)M(2-9) 1.2 (0.5-2.9) 3.9 (2.7-5.63) 2.9 (2.5-3.1) 1.6 (1.3-2.0) ND ND
Ac®'-CA(1-7)M(2-9) 3.2 (1.8-5.7) 12.1 (9.6-15.3) 1.2 (0.7-2.4) 0.7 (0.6-0.8) ND ND
Lau®'-CA(1-7)M(2-9) 1.1 (0.7-1.7) 1.2 (0.7-2.05) 0.9 (0.7-1.2) 0.8 (0.5-1.3) ND ND
Myr"‘l-CA(l-7)M(2-9) 0.7 (0.6-0.8) 2.1(1.0-4.2) ND ND ND ND
Pam®'-CA(1-7)M(2-9) 1.4 (0.5-3.9) 3.4 (2.1-55) ND ND ND ND

¢ Calculated from inhibition of proliferation data by the algorithm of Litchfield and Wilcoxon.

> The nomenclature follows that described in footnote a of Table 1. Ac, acetyl.

¢ Values in parentheses are 95% confidence intervals.
4 ND, not determined.



VoL. 45, 2001

TABLE 4. Helical contents of CA(1-7)M(2-9) and its myristoylated
derivatives in aqueous and HFIP medium

% o-helix?
Name
5 mM phosphate 20% HFIP
CA(1-7)M(2-9) 0.0 92.2
Myr‘“-CA(] -7)M(2-9) 42.2 99.8
Myr'-CA(1-7)M(2-9) 27.3 100.0
Myr”-CA(] -T)M(2-9) 25.6 60.6

“ Calculated according to molar ellipticity at 222 nm (32).

by CA(1-7)M(2-9) and its fatty acid analogues on the promas-
tigote can be monitored by measurement of the increase in
fluorescence of the SYTOX green dye, which results from the
interaction with intracellular nucleic acids. Figure 4A illus-
trates the dependence of fluorescence with peptide concentra-
tion, which follows a trend similar to that for the inhibition of
MTT reduction and which hints toward a mechanism of simple
membrane permeabilization by the peptides. The increase in
bisoxonol fluorescence (Fig. 4B) reflected insertion of dye into
the hydrophobic core of the lipid bilayer following depolariza-
tion and supported the previous conclusion. CA(1-8)M(1-18),
another cecropin A-melittin hybrid peptide, was used as a
control for both experiments; the values obtained for this pep-
tide were similar to those obtained for other controls such as
0.05% Triton X-100 (for SYTOX green assay) or 0.5 puM
valinomycin (for depolarization).
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FIG. 3. Variation with ionic strength of MTT reduction inhibition
by al-acylated CA(1-7)M(2-9) analogues on L. donovani promastig-
otes. Symbols: @, 1.0 pM CA(1-7)M(2-9); [J; 1.0 uM Ac*!-CA(1-
7IM(2-9); 4, 0.7 uM Oct*'-CA(1-7)M(2-9); A, 0.7 M Lau*'-CA(1-
8)M(2-9). Isosmolarity was maintained with D-sorbitol. Data are
expressed as means * standard deviations for a single experiment,
conducted in triplicate, representative of three independent experi-
ments.

L. donovani promastigotes transfected with a mutated ver-
sion of the luciferase gene (from the American firefly, P. py-
ralis) that causes the enzyme to be retained in the cytoplasm
allow easy monitoring of relative changes in ATP levels in the
presence of the membrane-permeant DMNPE-luciferin ana-

100

75

50

25
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100

Inhibition percentages of acylated CA(1-7)M(2-9) for
proliferation
(4]
o
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FIG. 2. Inhibition of MTT reduction (A and B) and Leishmania parasite proliferation (C and D) by al-acylated CA(1-7)M(2-9) analogues.
(A and C) L. donovani promastigotes; (B and D) L. pifanoi amastigotes. Symbols: ®, CA(1-7)M(2-9); [], Ac*'-CA(1-7)M(2-9); ¢, Oct*'-CA(1-
TIM(2-9); A; Lau*'-CA(1-7)M(2-9); ¥, Myr*!-CA(1-7)M(2-9). Data are expressed as means *+ standard deviations. Data are from a single

experiment, representative of three separate experiments.
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TABLE 5. Effects of calcium, heparin, and BSA on the inhibition of MTT reduction by 'N®-acylated analogues of CA(1-7)M(2-9)
on L. donovani promastigotes

% Inhibition

Oct*-CA(1-7)M(2-9) (0.7 uM) Lau!-CA(1-7)M(2-9) (0.7 uM)

Assay”
CA(1-7)M(2-9) (1 uM)
Standard conditions 82.1*15
With Ca®" at:
0.5 mM 60.6 = 6.7
1.0 mM 412 = 8.8
5.0 mM 172 £ 34
With heparin at:
0.01 mg/ml 54=+36
0.1 mg/ml 64 *+53
1.0 mg/ml 3349
With BSA at:
0.1 mg/ml 785 +5.0
1.0 mg/ml 52419
10 mg/ml 17.9 £ 2.6

70.1 £ 7.5 78.9 = 3.7
59.1 £3.5 582 £9.0
578 £9.3 60.4 9.4
435 +£9.8 524 £6.2
255 €69 535 x21
26.5 6.1 425 £3.7

6.1 =13 314 £53
563 £4.3 46.5 £ 2.5
32774 154 =39
105 = 1.7 41x21

“ Expressed as percent inhibition of MTT reduction compared to the respective control in the absence of peptides. Values are means *+ standard deviations.
® The peptide and the corresponding agent were preincubated together for 15 min before being added to the parasite suspension.

logue (28). The loss of luminescence induced by the acylated
CA(1-7)M(2-9) analogues is shown in Fig. SA to D. Again, a
pattern similar to those found for SYTOX green permeation
or leishmanicidal activity is observed; i.e., luminescence inhi-
bition at a given concentration increases with the length of the
acyl chain.

Finally, to test whether the loss of ATP could be due to a
direct effect of the peptides on mitochondria, either by perme-
abilization of the inner membrane or by alteration of the re-
spiratory chain, and since both parameters are directly related
to a loss of the mitochondrial membrane potential, variations
of this potential were monitored by accumulation of rhoda-
mine 123, a cationic dye whose incorporation is mainly depen-
dent on such potential. Control parasites have fluorescence
values of 87.2 = 2.9 arbitrary units (a.u.), whereas for the 'N*
acetyl, Oct, Lau, and Myr analogues, the values were 90.7 + 3.8
P=02),840+2.6(P=0.7),87.8 £2.6(P=0.7),and 81.1 =
5.0 (P = 0.05), respectively, when 3 uM peptide was tested;
these values indicate that parasite viability is fully compro-
mised. These values are in sharp contrast to the 8.8 = 2.0 (P <
0.01) a.u. obtained when parasites were treated with 7.5 uM
FCCP, one of the strongest mitochondrial uncouplers, thus
ruling out a major role for mitochondria in the lethal hit of the
active analogues. This agreed with the fluorescence patterns
for parasites observed by confocal microscopy (data not
shown).

Bactericidal activities. In order to extend the differences in
leishmanicidal activities observed for the different analogues,
their bactericidal activities were tested against some represen-
tative gram-positive and -negative bacteria (Table 3). All ana-
logues were active at the low micromolar range, but some
interesting differences were observed. Thus, while all peptides
behaved quite similarly against the reference strain of Acineto-
bacter, the LDy, of the "N*-Lau derivative for the multidrug-
resistant strain was lower than those of analogues with shorter
fatty acid chains and half of that of the parent peptide. The
same trend was observed against E. coli. Increases in the LDss

of the Pam group-substituted peptides were observed, which
was against the general trend. Aggregation effects (see the
“Synthetic peptides” section above) might explain this anom-
aly. M. luteus was more resistant than E. coli and A. baumannii
to all peptides except the 'N* acetyl derivative.

DISCUSSION

Cecropin-melittin hybrids designed to combine in a single,
smaller molecule the structural elements related to antibiotic
activity in each respective parent sequence have become useful
templates to test different strategies for improving the potency
or expanding the spectrum of antimicrobial peptides. For ac-
tive analogues with a polypeptide chain of 15 residues or
longer, the mechanism of action appears to be clearly related
to a process of permeabilization of the plasma membrane of
the pathogen, leading to bioenergetic collapse and subsequent
death, similar to that described for the longer analogue CA(1-
8)M(1-18) (15). A number of these analogues have been suc-
cessfully tested by us and other groups as antitumoral, bacte-
ricidal, and antifungal agents in both animals and plants (4, 9,
20, 25, 32, 41).

A number of strategies have been devised to improve the
antibiotic activities of peptide lead compounds, including mod-
ulation and/or reduction of the size of the original sequence,
total or partial replacement by D-amino acids, use of retro- and
retroenantiomeric versions, cyclization, and linearization. Re-
markably, acylation with fatty acid residues has only rarely
been explored in this respect, a situation somehow surprising
considering the relative simplicity of the synthesis procedure
and its well-known possibilities in other areas of pharmacolog-
ical and biochemical interest (see reference 18 and references
cited therein).

In the present work we have used the cecropin A-melittin
hybrid CA(1-7)M(2-9) as a template to evaluate the effect of
acylation of the hybrid with fatty acid residues on activity
against Leishmania and a few representative bacteria. The
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FIG. 4. Membrane permeabilization of L. donovani promastigotes
by al-acylated CA(1-7)M(2-9) analogues. Parasites were incubated
with peptides by the standard assay in the presence of the correspond-
ing fluorescent probe. (A) Increase in 2 pM SYTOX green fluores-
cence by interaction with internal nucleic acids after membrane per-
meabilization by the peptides. Excitation and emission wavelengths
were 485 and 520 nm, respectively. (B) Collapse of plasma membrane
potential by acylated peptides as measured by increase in 0.2 uM
bisoxonol fluorescence. Excitation and emission wavelengths were 544
and 584 nm, respectively. Symbols: @, CA(1-7)M(2-9); [, Ac*!-CA(1-
7IM(2-9); ¢, Oct*'-CA(1-7)M(2-9); A, Lau*'-CA(1-7)M(2-9); V,
Myr*!-CA(1-7)M(2-9). Values obtained with 5 uM CA(1-8)M(1-18)
(@), 0.05% Triton X-100 (M), and 0.5 wM valinomycin (O) are shown
for comparison. Data are expressed as means * standard deviations.

presence of the Lys-7 residue in the mostly hydrophilic C-
terminal moiety of CA(1-7)M(2-9) allowed assessment of the
effect of the position on activity. The decreased activity ob-
served for all analogues acylated at this position (Table 3)
might be due to the adoption of an unfavorable conformation
or to the loss of the positive charge upon acylation. The first
possibility would seem to be supported by circular dichroism
data (Table 4), which show that "N®-acylated CA(1-7)M(2-9)
does not achieve substantial a-helix levels even in the presence
of high concentrations of structure-promoting solvent, in con-
trast to the results obtained for either the parent nonlipidated
peptide or the 'N*- or 'N®-acylated analogues (see below).
Since the membrane activities of linear cationic peptides is
often associated with an amphipathic helical conformation (12,
46), this inability of "N®-acylated CA(1-7)M(2-9) to achieve a
full helix might be detrimental to its activity.

In contrast to position 7, the leishmanicidal activities of
CA(1-7)M(2-9) peptides acylated at either the a- or the
g-amino groups of Lys-1 are significantly enhanced. A direct
relationship is found between antimicrobial activity and the
length of the acyl chain up to 12 to 14 carbons; for longer
chains, the effect of chain length on activity is less clear, pos-

ACYLATED PEPTIDE CA(1-7)M(2-9) AS LEISHMANICIDAL AGENT 2447

sibly due to aggregation effects. Similar behavior has recently
been reported for a lactoferricin B-derived nonapeptide acy-
lated at the N-terminal position, with the highest activity found
for an 11-carbon fatty acid chain (48). Also, Piazza et al. (36)
have studied fatty acid length and the position of acylation on
the lipopeptaibol trikoningin B and found that effective mem-
brane permeabilization is related more to the length of the
alkyl chain than to its location at either end of the sequence.
Acylation is also required for polymyxin, another non-gene-
encoded antibiotic peptide, with the deacylated nonapeptide
being less active than the natural acylated molecule (33).

Although several killing mechanisms other than membrane
permeabilization are being discovered for eukaryotic antibiotic
peptides (50), for CA(1-7)M(2-9) and its acylated analogues
membrane permeabilization is an essential step, if not the only
one, in their lethal action. Thus, totally comparable responses
have been obtained when parameters such as SYTOX green
permeation, plasma membrane depolarization, intracellular
ATP levels, MTT reduction, or parasite proliferation have
been monitored. The last parameter required peptide concen-
trations slightly higher than those required for the other pa-
rameters to achieve comparable results, which was also previ-
ously reported for CA(1-8)M(1-18) (15) and cecropin A (43),
and may reflect either some membrane repair activity or some
mechanism partially counteracting the loss of internal ho-
meostasis by the organism. In any event, membrane permeabi-
lization is an essential step in the killing process, in agreement
with the fast kinetics (>90% completion 5 min after peptide
addition) observed for all active analogues in this work (data
not shown), and the rapid drop in intracellular ATP levels,
likely due to homeostatic damage in the parasite cell with
release of internal metabolites along with the increased levels
of wasting of ATP by ion pumps attempting to restore gradi-
ents. Alternatively, it could result from a direct effect of the
peptide on mitochondria, as described previously for the ef-
fects of these peptides on isolated rat liver mitochondria (16)
or for the effects of histatins in vivo (22). However, this option
is not supported by measurements of mitochondrial membrane
potential by rhodamine 123 incorporation; therefore, mito-
chondria are not targets of the peptides.

The perturbation of the lipid bilayer by specific peptide
sequences is governed by a subtle equilibrium of electrostatic
and hydrophobic interactions (for reviews, see references 12
and 46). Peptide acylation shifts this equilibrium toward a
higher hydrophobic contribution. This is reflected by the de-
creased level of membrane activity in the presence of either
heparin or Ca®*. In the first case, the anionic polysaccharide
competes electrostatically with the membrane head groups for
the polycationic peptide; Ca”>*, on the other hand, competi-
tively binds to these head groups with the peptide. This effect
appears only at high charge densities, as it is not reflected in
the variation in ionic strength. As expected, inhibition of pep-
tide activity by BSA, a typical quencher of hydrophobic com-
pounds, is higher for analogues with a longer hydrophobic tail.
Interestingly, analogues acetylated at Lys-1 were as active as
the parent peptide, despite the loss of one positive charge (5).

Amastigotes, the pathological form of Leishmania for ver-
tebrates, are highly resistant to linear antibiotic peptides, in-
cluding CA(1-8)M(1-18) (14). Remarkably, they become
rather susceptible upon acylation with Oct, Lau, or Myr chains
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FIG. 5. In vivo monitoring of ATP levels in L. donovani promastigotes after addition of al-acylated CA(1-7)M(2-9) analogues. Promastigotes
were transfected with firefly luciferase mutated at its last three amino acids, and variations in ATP levels were monitored by using 25 uM
DMNPE-luciferin as the luciferase substrate. Peptide concentrations were as follows: 0.5 uM (@), 1.0 uM ([J), 2.0 uM (), and 2.5 pM (A). Data are
representative of four independent experiments and are normalized for the luminescence decay of parasites in the absence of peptide. Ac, acetylated.

at the 'N* position (Fig. 2). The reported differences between
amastigotes and promastigotes in terms of both their lipooli-
gosaccharide compositions and their plasma membrane pro-
teins could account for this improved behavior; unfortunately,
the composition of the amastigote lipids is not yet known in
detail, and thus, no definite explanation can be given at this
time.

In contrast to the effects against Leishmania, the effect of
peptide acylation on antibacterial activity is less pronounced.
Thus, some improvement in activity against E. coli is found for
all analogues acylated at position 1, as well as for the Myr
analogue against a multidrug-resistant strain of Acinetobacter,
while the effects of acylated and nonacylated CA(1-7)M(2-9)
against the gram-positive organism M. luteus were much alike.
Further study is required to provide a reasonable explanation
for this behavior.

While the present results, as well as results from another
group presented previously (48), demonstrate the usefulness of
acylation in improving the activity of synthetic antimicrobial
peptides, acylation is not without difficulties of its own. For
instance, low yields are usually found during the purification of
hydrophobic peptides due to aggregation or unspecific absorp-
tion to chromatographic supports. In addition, lipophilicity
may enhance peptide binding to neutral phospholipids, thus
narrowing differences in activity between pathogen and mam-
malian cells, as reported for magainin analogues with a high
percentage of hydrophobic residues (49); or it may result in
increased toxicity, as was found for polymyxin B relative to the
toxicity of its deacylated analogue (33). On the prospective

side, a number of possibilities for acylation remain to be fully
explored, such as the use of multiple acylation sites on a single
peptide chain or use of unsaturated (e.g., farnesylated) resi-
dues or even cholesterol (29). Further potential benefits might
include minimal peptide leakage upon liposome incorporation,
thus reducing systemic toxicity, a desirable feature for peptide
antibiotics targeting intraphagocytic pathogens such as Leish-
mania, Histoplasma, Legionella, or Mycobacterium.
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