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ABSTRACT. The dramatically increased frequency of opportunistic fungal infections has prompted research
to diversify the arsenal of antifungal agents. Antimicrobial peptides constitute a promising family for
future antibiotics with a new mode of action. However, only a few are effective against fungal pathogens
because of their ability to self-assemble. Recently, we showed that the conjugation of fatty acids to the
potent antibacterial peptide magainin endowed it with antifungal activity concomitant with an increase in
its oligomeric state in solution. To investigate whether a high potency of the parental peptide is prerequisite
for antifungal activity, we conjugated undecanoic acid (UA) and palmitic acid (PA) to inactive diastereomers
of magainin containing four-amino acids ([D]-4-magainin), as well as to a weakly active diastereomeric
lytic peptide containing Lys and Leu ([D]&7). All lipopeptides gained potent activity toward
Cryptococcus neoformanklost importantly, [D]-KsL7-UA was highly potent against all microorganisms
tested, including bacteria, yeast, and opportunistic fungi. All lipopeptides increased the permeability of
Escherichia colispheroplasts and inta&. neoformansas well as their corresponding membranes,
phosphatidylethanol (PE)/phosphatidylglycerol (PG) and phosphatidylcholine (PC)/PE/phosphatidylinositol
(Pl)/ergosterol, respectively. The extent of membrane-permeating activity correlated with their biological
function, suggesting that the plasma membrane was one of their major targets. Circular dichroism (CD)
and attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy revealed that their
mode of oligomerization in solution, structure, and organization in membranes have important roles
regarding their antibacterial and antifungal activities. Together with the advantage of using diastereomers
versus alL-amino acid peptides, this study paves the way to the design of a new group of potent antifungal
peptides urgently needed to combat opportunistic fungal infection.

In the past decade, the frequency of opportunistic fungal of action is either via nonspecific membrane lysis, e.g., iturin
infections has increased dramatically. Generally, the spectrum(19) and surfactin 20), or via inhibition of the synthesis of
of fungal pathogens has changed, although the vast majoritycell wall components, e.g., the echinocandins family, which
of the invasive fungal infections are still due Aspergillus inhibit the synthesis of 1,B-b-glucan @1) (reviewed in ref
and Candida species 1—3). Azoles that inhibit sterol  8). One of the most important members in the echinocandins
formation and polyenes that bind to mature membrane sterolsfamily is caspofungin, which has been approved recently by
have been the mainstays of antifungal therapy for two the FDA for clinical usage22, 23).
decades or morel(5). However, the emergence of flucona-
zole resistance among different pathogenic strains and th
high toxicity of amphotericin B, 7) have prompted research
on new antifungal agent8). One group of agents that has
received some attention is that of native lipopeptides, which
possess a broad spectrum of activities, including antibacterial
antifungal, antiviral, and cytolytic activitie®{13; reviewed
in ref 14). These lipopeptides are produced nonribosomally,
in bacteria, yeast, or fungi, during cultivation on various
carbon sourceslf—17). Structurally, most of them have a
unigue alkyl chain bound to a short peptide chair-16
amino acids), a cyclic structuré®), and composed mainly
of hydrophobic and acidic- andp-amino acids. Their mode

Promising alternatives to these lipopeptides are cationic
Cantimicrobial peptides that serve as part of the innate
immunity of all organismsZ4—27). Some Kill specifically
bacteria, fungi or both, whereas others are also highly toxic
to mammalian cellsA8—34). Despite extensive studies, the
'molecular mechanism for their target specificity is still not
clear. However, it has been shown that antifungal peptides
bind and permeate efficiently both zwitterionic and nega-
tively charged phospholipid membranes and that they self-
associate in solution and/or in membranes (reviewed in ref
34). Self-association is driven either by a hydrophobic N-
or C-terminus or by specific amino acids in the peptide
sequence, resulting in the formationehelical bundles that
could possibly initiate strong hydrophobic binding to zwit-
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the properties of the peptidic chain. This has been done byand Calcein were purchased from Molecular Probes (Junction
attaching lipophilic acids of different lengths to the N- City, OR). All other reagents were of analytical grade.
terminus of magainin, a potent antimicrobial peptide selective Buffers were prepared in double-distilled water. Ampho-
for bacteria 88). A direct correlation was found between tericin B was purchased from Sigma Chemical Co. (Israel).
oligomerization of the lipopeptides in solution and potent RPMI 1640 was purchased from Biological Industries (Beit
antifungal activity; only oligomeric lipopeptides were anti- Haemek, Israel).

fungal. To investigate whether a high potency of the parental Peptide Synthesis, Acylation, and PurificatidPeptides
peptide is a prerequisite for antifungal activity, we analyzed were synthesized by a fluoren-9-ylmethoxylcarbonyl (Fmoc)
the effects of lipophilic acid conjugation to inactive or weakly solid-phase method on Rink amide MBHA resin, by use of
active diastereomeric (containing bathandp-amino acids) a ABI 433A automatic peptide synthesizer. The lipophilic
peptides. The advantages of diasteremoric antimicrobial acid was attacched to the N-terminus of a resin-bound peptide

peptides compared with their parental afmino acid
peptides have been reported and reviewgdj 40). Unfor-
tunately, the incorporation ob-amino acids into native

by standard Fmoc chemistry. Briefly, after removal of the
Fmoc from the N-terminus of the peptide with a solution of
20% piperidine in DMF, the fatty acid [7 equiv (1 M in

antimicrobial peptides or mildly hydrophobic amphipathic DMF)] was coupled to the resin under similar conditions
o-helical peptides abolished or significantly reduced their used for the coupling of an amino acid. The peptides were
activities, most probably due to drastic destabilization of their cleaved from the resin by 95% trifluoroacetic acid (TFA)
amphipathic structure. Here we selected two diastereomersand were purified by RP-HPLC (reverse-phase high-
one of a de novo-designed K,L-containing 12-mer peptide performance liquid chromatography) on g@or nonlipidic
and the second one of magainin, a 23 amino acid native peptides) or ¢(for the lipopeptides) Bio-Rad semiprepara-
antimicrobial peptide. The positions of tlbeamino acids tive column (250x 10 mm, 300 A pore size, Bm particle
along the peptides’ sequence were selected to maximallysize). The purified peptides were shown to be homogeneous
disrupt the helical structure. The N-terminus of each peptide (>98%) by analytical RP-HPLC. The elution time of the
was conjugated with either undecanoic acid (Uéy)palmitic lipopeptides increased by20 min, indicating an increase
acid (PA), both of which can induce peptide oligomerization in hydrophobicity due to the attachment of the fatty acid.
in solution. The diastereomeric lipopeptides were evaluated Electrospray mass spectroscopy was used to confirm their
with regard to their cytotoxicity against yeast, fungi, bacteria, molecular weight, and amino acid analysis was used to
and human erythrocytes, as well as their ability to depolarize confirm the composition of the peptidic moiety.
the transmembrane potential of living microorganisms and  Antifungal and Antibacterial Actities of the PeptideS he
model vesicles. Their plausible mode of action was studied antifungal activity of the peptides and their lipophilic acid-
by using ATR-FTIR and CD spectroscopy, transmission conjugated analogues was measured according to the condi-
electron microscopy, and ability to increase the permeability tions of NCCLS document M27-A. The peptides were
of model membranes and live bacteria and fungi. The ability examined in sterile 96-well plates (Nunc F96 microtiter
of lipophilic acid conjugation to restore partial or potent plates) in a final volume of 200L as follows: 100uL of
antibacterial and antifungal activity of inactive/weakly active a suspension containing fungi at a concentration ef 20°
diastereomeric peptides, irrespective of their size and thecolony-forming units (CFU)/mL in culture medium (RPMI
specific sequence, is discussed with regard to their structure, 1640, 0.165 M MOPS, pH 7.0, with-glutamine, without
oligomeric state, and ability to permeate the target cell NaHCQ; medium) was added to 10Q. of water containing
membrane. the peptide in serial 2-fold dilutions. The fungi were
incubated for 24 h in the case #&pergillus fumigatusr
MATERIALS AND METHODS 48—72 h forCandida albicang&ndCryptococcus neoformans
Materials.Rink amide MBHA resin, 4-methylbenzhydryl- ~ at35'C in a Binder KB115 incubator. Growth inhibition was

amine resin (BHA), and 9-fluorenylmethoxycarbonyl (Fmoc) determined by measuring the absorbance at 620 nm in a
amino acids were obtained from CalbiocheMovabiochem microplate autoreader EI309 (BiO-tEk Instruments). Antifun-
AG (Switzerland). Other reagents used for peptide synthe-9al activity was expressed as the minimal inhibitory con-
sis included trifluoroacetic acid (TFA, Sigma), piperidine centration (MIC), the minimal concentration at which no
(Merck), N,N-diisopropylethylamine (DIEA, Sigma)N- growth was obser\{ed. The fungi used weke fumigatus
methylmorpholine (NMM, Fluka)N-hydroxybenzotriazole =~ ATCC 26430C. albicansATCC 10231, ancC. neoformans
hydrate (HOBT, Aldrich), 2-(H-benzotriazol-1-yl)-1,1,3,3- ATCC MYA-422.

tetramethyluronium hexafluorophosphate (HBTU), and di-  The antibacterial activity of the peptides and their lipo-
methylformamide (DMF, peptide synthesis grade, Biolab). philic acid-conjugated analogues was examined in sterile 96-
Phosphatidylcholine (PC, from egg yolk), phosphatidyletha- Well plates (Nunc F96 microtiter plates) in a final volume
nolamine (PE, fronEscherichia col, phosphatidylinositol ~ 0f 100 uL as follows. Aliquots (50uL) of a suspension
(P1, from bovine liver), and ergosterol were purchased from containing bacteria, at a concentration of ¢6lony-forming

Sigma. 3,3Dipropylthiadicarbocyanine iodide (DiS:5), units (CFU)/mL in culture medium (LB medium), were
added to 5QuL of water containing the peptide in serial

! Abbreviations: ATR-FTIR, attenuated total reflectance Fourier 2-fold d'lu“f)ns in LB. Inhibition of growth Wa_s determ'ned
transform infrared; CD, circular dichroism; CFU, colony-forming units; by measuring the absorbance at 492 nm with a microplate
hRBC, human red blood cells; PBS, phosphate-buffered saline; Pl, autoreader EI309 (Bio-tek Instruments), after an incubation
ghOSPha“‘,jy“”OS'to'? PE, phosphatidylethanolamine; PC, phosphati- o 1850 h gt 37°C. Antibacterial activities were expressed

ylcholine; PG, phosphatidylglycerol; RP-HPLC, reverse-phase high- . S - -
performance liquid chromatography; UA, undecanoic acid: PA, palmitic @S the minimal inhibitory concentration (MIC), the minimal
concentration at which no growth was observed after 18

acid.
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20 h of incubation. The bacteria used wérecoli ATCC
25922, Pseudomonas aeruginogalCC 27853, Bacillus
subtilis ATCC 6051, andStaphylococcus aureu8TCC
6538P.

Hemolytic Actiity of the PeptidesFresh hRBC with
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fluorescence. Peptide-induced membrane permeation caused
a dissipation of the transmembrane potential that was
monitored by an increase in fluorescence due to the release
of the dye. Experiments were performed in sterile 96-well
plates (Nunc F96 microtiter plates) in a final volume of 100

EDTA were rinsed 3 times with PBS (35 mM phosphate uL, as follows: 50uL of vesicles/cells and the dye (diS-

buffer/0.15 M NaCl, pH 7.3) by centrifugation for 10 min

Cs-5) were added to 50L of the proper buffer containing

at 80@ and resuspended in PBS. Peptides dissolved in PBSthe peptide in serial 2-fold dilutions. Peptide-induced mem-

were then added to 50L of a solution of the stock hRBC
in PBS to reach a final volume of 104 (final erythrocyte

concentration 4% v/v). The resulting suspension was incu-

bated under agitation for 60 min at 3C. The samples were
then centrifuged at 8@p for 10 min. The release of

brane permeation caused a dissipation of the diffusion
potential. Diffusion potential was monitored by an increase
in the dye’s fluorescence on a Molecular Devices, Spectra
Max Gemini fluorometer. Fluorescence was monitored with
excitation and emission wavelengths at 622 and 670 nm,

hemoglobin was monitored by measuring the absorbance ofrespectively. The percentage of fluorescence recovary,
the supernatant at 540 nm. Controls for zero hemolysis was defined by

(blank) and 100% hemolysis consisted of hRBC suspended

in PBS and Triton 1%, respectively.

Preparation of LiposomesSmall unilamellar vesicles
(SUV) were prepared by sonication as described eadibr (
Briefly, dry lipids were dissolved in CH@MeOH (2:1 v/v).

Ft = [(It - I())/(If - |0)] x 100

where |y = fluorescence observed after the addition of a
peptide at time; Iy = fluorescence after the binding of the

The solvents were then evaporated under a stream of nitrogenlye to the membrane, reaching the minimum baseline; and
and the lipids were lyophilized overnight. The lipids were | = the maximum fluorescence induced by a positive control
resuspended in the appropriate buffer (7 mg/mL) with peptide such as native melitin.

vortexing, and the resulting lipid dispersions were sonicated (i) Potential Depolarization Assay with Model Vesicles.
(10—30 min) in a bath-type sonicator (G1125SP1 sonicator, The assay was performed as previously descriB&d41,
Laboratory Supplies Company, Inc.) until the turbidity had 45, 46). Briefly, a liposome suspension, prepared inbuffer
cleared. Vesicles were visualized on a JEOL JEM 100B (50 mM K,SQy/25 mM HEPES sulfate, pH 6.8), was added
electron microscope (Japan Electron Optics Laboratory Co.,to an isotonic K-free buffer (50 mM NaSQy/25 mM
Tokyo, Japan). Lipid films were prepared from two types HEPES sulfate, pH 6.8), containing/M diS-Cz-5 dye. The

of phospholipids, PC/PE/Pl/ergosterol (5:2.5:2.5:1 w/w/w/ subsequent addition of 1 pM valinomycin created a negative
w) and PE/PG (7:3 w/w), which mimic the outer leaflet of diffusion potential inside the vesicles by a selective efflux
the plasma membranes &. albicans(42) and E. coli, of K* ions, which resulted in a quenching of the dye’s
respectively. fluorescence. The experiments were performed in isotonic

Circular Dichroic SpectroscopyThe CD spectra of the  K*-free buffer containing the peptides in serial 2-fold
peptides were measured in an Aviv 202 spectropolarimeter. dilutions.

The spectra were scanned with a thermostated quartz optical (ii) Potential Depolarization Assay with Intact Yedstact

cell with a path length of 1 mm. Each spectrum was recorded yeast cells of the sensitiv@. neoformansvere used similarly
with an average time of 5 s, and 0.2 nm/s, at a wavelengthto what has been described previousB8)( Cells were
range of 266-190 nm. The peptides were scanned at a centrifuged at 2500 rpm for 5 min at 4C after being
concentration of 16100 M in PBS (35 mM phosphate  incubated at 35C with agitation fo 4 h (log phase) in RPMI
buffer, without C&" and M@*, and 0.15 M NaCl, pH 7.3).  buffer (RPMI 1640, 0.165 M MOPS, pH 7.0, with-
Fractional helicities43, 44) were calculated as follows: glutamine and without NaHC4D The cells were resuspended
in PBS (without C&" and Mg") to an inoculum of 2« 1CP
CFU/mL. The cells were incubated with AM diS-Cs-5
followed by fluorescence dequenching until a stable baseline
was achieved~5 min), indicating the binding of the dye
onto the yeast membrane surface. Experiments were per-
formed in PBS containing the peptides in serial 2-fold
dilutions.

(ii) Potential Depolarization Assay with Bacterial Sphero-
plasts.The assay was performed as described previoG3ly (
Spheroplasts of the Gram-negative bactEriaoli D21 were

Increase in Membrane Permeability Induced by the prepared by osmotic shock procedudy)( Bacteria were
Peptides Measured by a Diffusion Potential Assslgm- grown at 37°C with agitation to mid-log phase. Cells from
brane destabilization, which results in the collapse of a grown cultures (Ol = 0.8) were harvested by centrifuga-
diffusion potential, was detected fluorometrically for both tion and washed twice with 10 mM Trisg8O, and 25%
living cells and model vesicles. Membrane destabilization, sucrose, pH 7.5. Cells were resuspended in the washing
which results in the collapse of transmembrane potential, wasbuffer containing 1 mM EDTA. After 10 min of incubation
detected fluorometrically by use of a fluorescence dy®.( at 20 °C with rotary mixing, the cells were collected by
The dye binds the plasma membrane due to the cell centrifugation and resuspended immediately in ice-cold
transmembrane potential or the induced transmembranewater. After 10 min of incubation at 4C with rotary mixing,
potential in the vesicles, resulting in a quenching of the dye’s the spheroplasts were collected by centrifugation. The

[9]222 - [9]2220

[9] 222100 - [0]2220

where P].z2 is the experimentally observed mean residue
ellipticity at 222 nm and values forf],;° and [0]222%,
corresponding to 0% and 100% helix content at 222 nm,
are estimated to be-2000 and—32 000 deecn?/dmol,
respectively 43).
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spheroplasts were then resuspended tgsgO5 in a buffer E — 2 sinf cos6
containing spheroplasts buffer (20 mM glucose, 5 mM z 2 N2y o 2
HEPES, ad 1 M KCI, pH 7.3). The cells were incubated \/(1 N )L + npp)sint 6 — o]
with 1 uM diS-Cs-5, followed by fluorescence dequenching
until a stable baseline was achieved Z h), indicating the
binding of the dye onto the bacteria membrane surface.

Experiments were performed in bacteria spheroplast buffer membrane sample, taken as 1.5, respectively). Under these
containing the peptide in serial 2-fold dllutlons: conditions,E,, E,, andE; are 1.09, 1.81, and 2.32, respec-
ATR-FTIR SpectroscopySpectra were obtained on a tjyely. The electric field components, together with the
Bruker equinox 55 FTIR spectrometer equipped with a gichroic ratio [defined as the ratio between the absorption
deuterated triglyceride sulfate (DTGS) detector and COUpled of para||e| (to a membrane p|an%' and perpendicu|ar|y
with an ATR device. For each spectrum, 150 scans were polarized incident light,AJ are used to calculate the
collected, with a resolution of 4 cth Samples were prepared  orientation order parametef, by the following formula:
as previously described ). Briefly, lipids alone or with a

wheref is the angle of a light beam to the prism, normal at
the point of reflection (49, andny; = ny/n; (N, andn, are
the refractive indices of ZnSe, taken as 2.4, and the

peptide were deposited on a ZnSe horizontal ATR prism (80 2(EX2 _ RL\TREYZ + EZZ)
x 7 mm). Prior to sample preparations, the trifluoroacetate f= 5 TR >
(CRCOO") counterions, which strongly associate with the h(3 co$ a — 1)’ — R*E — 2E)

peptide, were replaced with chloride ions by several washings
in 0.1 M HCI followed by lyophilization. This allowed the  wherea is the angle between the transition moment of the
elimination of the strong €0 stretching absorption band amide | vibration of amx-helix and the helix axis. Several
near 1673 cm* (49). Peptides were dissolved in MeOH and values ranging from 27o 40° were reported in the literature
lipids in a 1:2 MeOH/CHG mixture. Lipid—peptide mix- for o (52). We used the values of 2750, 53) and 39 (54)
tures or lipids with the corresponding volume of methanol for o. Lipid order parameters were obtained from the
were spread with a Teflon bar on the ZnSe prism. The Symmetric (-2853 cm'?) and antisymmetric{2922 cnm*)
solvents were eliminated by drying under vacuum for 30 min. lipid stretching modes by use of the same equations, setting
Pure phospholipid spectra were subtracted to yield the @ = 90° (50).
difference spectra. The background for each spectrum was Examination of Bacterial Membrane Damage by Trans-
a clean ZnSe prism. Hydration of the sample was achievedmission Electron MicroscopySamples containinge. coli
by introducing an excess of deuterium oxide(D into a ATCC 25922 (1x 10° CFU/mL) in LB medium were
chamber placed on top the ZnSe prism in the ATR casting incubated with the lipopeptides at their MIC for 15 min. A
and incubating for 4 min prior to the acquisition of spectra. drop containing the bacteria was deposited onto a carbon-
H/D exchange was considered complete due to the completecoated grid and negatively stained with 2% phosphotungstic
shift of the amide Il band. Any contribution of D@ vapor ~ acid (PTA), pH 6.8. The grids were examined on a JEOL
to the absorbance spectra near the amide | peak region wagdEM 100B electron microscope (Japan Electron Optics
eliminated by subtraction of the spectra of pure lipids Laboratory Co., Tokyo, Japan).
equilibrated with RO under the same conditions.

RESULTS

ATR-FTIR Data AnalysisTo resolve overlapping bands,
the spectra were processed with PEAKFIT (Jandel Scientific, Peptides DesigrDiastereomers of magainin-2 (23 amino
San Rafael, CA) software. Second-derivative spectra wereacid) and a short model peptide (12 amino acid) composed
calculated to identify the positions of the component bands of lysine and leucine were synthesized and conjugated to
in the spectra. These wavenumbers were used as initialeither undecanoic acid (UA) [GHCH,)o-COOH] or palmitic
parameters for curve fitting with Gaussian component peaks.acid (PA) [CH-(CH,)14-COOH]. The short diastereomeric
Positions, bandwidths, and amplitudes of the peaks werepeptide ([D]-KsL7) was designed to create a perfect amphi-
varied until good agreement between the calculated sum ofpathic o-helical structure in ita-form, based on Schiffer
all components and the experimental spectra was achievecand Edmondson’s wheel projectiof5], similar to native
(r2 > 0.999). The relative amounts of different secondary magainin-2. The lipopeptides were investigated for their
structure elements were estimated by dividing the areas ofbiological activity and a plausible mode of action. The
individual peaks, assigned to a particular secondary structure sequences of the peptides, their designations, and net charge

by the whole area of the resulting amide | band. are shown in Table 1.

Analysis of the Polarized ATR-FTIR Spectide ATR Antifungal, Antibacterial, and Hemolytic Aetfy of the
electric fields of incident light were calculated as follows PeptidesAntifungal activity was assayed against representa-
(50, 51): tive pathogenic fungi and yeast that commonly infect

immunocompromised individuals. The antifungal drug am-
- 5 photericin B served as a control, and its activity was similar
E— 20059\/5'”29 — Ny to previously reported MIC values. MIC values of the
X . peptides towarc. albicans C. neoformansandA. fumigatus
\/(1 h n212)[(1 + n212)sm2 0— n212] are shown in Table 2. The data reveal that all the lipopep-
2 cosf tides, including the parental peptide [DElk;, were highly
= T active towardC. neoformansMost interestingly, [D]-kL+-
V1=, UA became highly potent toward all fungi and yeast tested,
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Table 1: Peptide Sequences and Designations

peptide formula peptide designation sequence net charge molecular weight
[D]-L 348Kl 7 [D]-KsL7 KKLL KLLLKLLK-NH +5 1450
[D]-L 5-K1°-F16-E2¥magainin [D]-4-magainin GIGKEHSAKKWGKAFVGEIMNS-NH, +4 2504

aBoldface underlined letters indicateamino acids. The C-terminus of all the peptides is amidate.

Table 2: Minimal Inhibitory Concentration of the Peptides toward Yeast and Fungi

minimal inhibitory concn gM)

yeast fungi % hemolytic
peptide C. albicans C. neoformans A. fumigatus activity at
designation (ATCC 10231) (ATCC MYA-422) (ATCC 26430) maximal MIC
[D]-KsL7 >50 125 >50 0
[D]-KsL7-UA 31 15 6.2 10
[D]-K sL7-PA >50 3.1 3.1 2
[D]-4-magainin >50 >50 >50
[D]-4-magainin-UA >50 6.2 >50 2
[D]-4-magainin-PA >50 6.2 >50 8

The results are the mean of three independent experiments, each performed in duplicate, with a standard deviation of 25%. For the peptides’

sequences, see Table 1.

Table 3: Minimal Inhibitory Concentration of the Peptides toward Gram-Negative and Gram-Positive Bacteria

minimal inhibitory concn gM)

Gram negative

Gram positive

peptide E. coli P. aeruginosa B. subtilis S. aureus
designation ATCC 25922 ATCC 27853 ATCC 6051 ATCC 6538P

[D]-K'sL~7 >50 25 3.1 >50
[D]-KsL7-UA 6.2 3.1 1.5 3.1
[D]-K sL7-PA >50 >50 25 >50
[D]-4-magainin >50 >50 50 >50
[D]-4-magainin-UA >50 50 6.2 50
[D]-4-magainin-PA >50 >50 50 >50

The results are the mean of three independent experiments, each performed in duplicate, with a standard deviation of 25%. For the peptides’

sequences, see Table 1.

although the parental peptide was active only on the strainindependent of the concentration used. Figure 1 presents the

of C. neoformangested.

CD spectra of the peptides at 1@01. The data revealed

The parental peptides and their lipopeptide conjugates werethat only [D]-KsL;-PA (panel A) and [D]-4-magainin-PA

tested also against two Gram-negative bactdfiac6li and
P. aeruginosaand two Gram-positive bacteri® ( subtilis
andS. aureu} (Table 3). Interestingly, [D]-KL--UA was
potent also toward all bacteria tested, with MICs similar to

(panel B) adopted well-defined conformations, with major
peaks located at wavelengths corresponding-teelix and
B-sheet structures, respectively. [D]-4-magainin-UA also
showed a peak at a wavelength corresponding fesheet

those obtained with fungi, despite the fact that the bacterial structure, although significantly lower than that of the
membrane is highly negatively charged compared with the palmitoylated analogue. Since monomeric short peptides are

zwitterionic composition of the membrane of fungi and yeast.
However, the palmitoylated [D]-{.,-PA was practically
inactive on bacteria, in contrast to its high activity toward
C. neoformansndA. fumigatus This indicates that factors
other than lipophilic tail length and peptide hydrophobicity
are involved in peptide antimicrobial activity and will be
discussed in the following paragraphs.

not expected to have stable structures in solution, the CD
signal indicates the formation of aggregates in aqueous
solution, probably via the micellization of the lipophilic acid
moiety. Indeed, previous studies showed that the micellar
concentration of palmitic acid conjugated to an amino acid
is in the micromolar range and should significantly decrease
by increasing the peptidic chaibf). In contrast, [D]-KL+-

We tested the lipopeptides in a sensitive hemolytic assayUA and its parental peptide showed a typical spectrum of

using a highly diluted (4%) solution of human erythrocytes.
Peptide acylation increased the hemolytic activity of the

random coils in solution at concentrations up to 104,
supporting a nonmicellar organization for these peptides.

lipopeptides. Nevertheless, all the lipopeptides showed eitherLipopeptides that adopted a structure in solution were

no or low hemolytic activity at their MICs (Table 2).

inactive on most pathogens tested. This indicates that the

Oligomeric State and Secondary Structure of the Peptidesformation of large aggregates in solution decreases biological

in Solution Determined by CD Spectroscopfe effect of

the lipophilic acid moiety on the secondary structure and on

activity.
Secondary Structure of the Peptides in Phospholipid

the oligomeric state of the peptides in PBS was determined MembraneWe used ATR-FTIR to determine the secondary
by CD spectroscopy at different concentrations (from 10 to structure of the lipopeptides in phopholipid membranes,

100uM). A similar spectrum was observed for each peptide

described previously in detaiB6). We examined the IR
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20000 peptide, whereas the fatty acid-conjugated [D]-4-magainins
A maintains their parental-like low potency.
Orientation of the Phospholipid Membrane and the Effect
10000 - of the Peptides on Phospholipid Acyl-Chain Ordeolarized
| ATR-FTIR spectroscopy was used to determine the orienta-
0 ! tion of the lipid membrane. The symmetriogf{CH,) ~

2853 cntl] and the antisymmetriaf,(CH,) ~ 2922 cm'l]
vibrations of lipid methylene €H bonds are perpendicular
-10000 to the molecular axis of a fully extended hydrocarbon chain.
190 200 210 220 230 240 250 260 Thus, measurements of the dichroism of infrared light
absorbance can reveal the order and orientation of the
20000 membrane sample relative to the prism surface. However,
B since the intensity of the antisymmetric gkibration was
higher than 1, our calculations were based onl\Roralues
taken from the symmetric vibration. On the basis of the
dichroic ratio of lipid stretching, the corresponding order
0 /\'\ \ parameterf, was calculated. Antisymmetrie-922 cnt?)
1 and symmetric peaks~2853 cn') indicate that the
JW—Q membranes are predominantly in a liquid-crystalline phase
-10000 similar to biological cell membranes(@, 60). The effect of
190 200 210 220 230 240 250 260 the peptides on the multibilayer acyl-chain orders can be
estimated by comparing the GHstretching dichroic ratio
Anm) of pure phospholipid multibilayers and membrane-bound

Ficure 1: CD spectra of the peptides in PBS. Spectra were taken peptides. The data reveal a significantly more pronounced

at a peptide concentration of 1@0M. The assay was performed as ff for DI1-K=L nd i liohati i ni
described in the Materials and Methods section. The designationseAe_Ct ) ° _ L 1) 153 ! amd rtsd 3\/“% ;l]tc ?ﬁig d?:stjelzjr%?)tri;
are as follows: (A) [D]-kL; (O), [D]-KsL;-UA (gray squares), (Adichroic ratio ~ 0.13) compare aga

[D]-KsL7-PA (m); (B) [D]-4-magainin @), [D]-4-magainin-UA and its analogueNichroic ratio~ 0.21). In addition, the order
(gray triangles), [D]-4-magainin-PAa(). parameterf, of each peptide remained the same with or
without the conjugation of the lipophilic acids, indicating
that lipophilic acid did not change the orientation of the
spectra of the peptides after complete deuteration, which waspeptides. Overall, there is a good correlation between the
measured by the complete shift of the amid Il band from pjological activity and the effect of the lipopeptides on the
~1500 to ~1400 cmt. PC/PE/Pl/ergosterol (5:2.5:2.5:1 lipid order. [D]-KsL--UA and [D]-KsL+-PA, which affected
w/wlwlw) multibilayers were used at a lipid:peptide molar the lipid order to the highest extent, were more potent than
ratio of 60:1. Figure 2 panels A and C show the amide | [D]-4-magainin-UA and [D]-4-magainin-PA.
region spectra of [D]-KL; and [D]-4-magainin, together with Peptide-Induced Membrane Destabilizatidio. determine
their UA and PA conjugates, respectively. Second derivatives whether biological activity depends on the ability of the
with Savitsky-Golay smoothing were calculated to identify  |ipopeptides to permeate target membranes, we performed a
the positions of the component bands in the spectra and arejiffusion potential assay with both living cells and their
given in panels B and D of Figure 2. The maxima corresponding model membranes. Both cells and vesicles
wavenumbersy() taken from the respective second deriva- were preincubated with the fluorescent dye diS5C The
tives were used as initial parameters for curve fitting with liposomes were also pretreated with valinomycin in order
Gaussian component peaks. The assignments, maxima waveo create a transmembrane potential.
numbers, and relative areas of the component peaks are (i) Membrane Depolarization of Intact Yeast and PC/PE/
summarized in Table 4. Assignment of the different second- PI/Ergosterol VesiclesFigure 3 shows the dose-dependent
ary structures to the various amide | regions was calculateddissipation of the transmembrane potential of PC/PE/PI/
according to the values taken from Jackson and Man&gh ( ergosterol vesicles (panel A) al neoformangpanel B).
The data reveal that the conjugation of the lipophilic acids The data reveal a similar trend between the ability of the
to [D]-4-magainin preserved its secondary structure (Figure peptides to induce membrane depolarization in in@gct
2C, Table 4). However, the attachment of the lipophilic acids neoformansand in its corresponding model membranes.
to [D]-KsL 7 increased itsi-helix/distorted helix fraction, as  [D]-KsL, derivatives are more active on both systems
revealed by a shift of about 7 crhfrom 1666 to 1659 crmt compared with [D]-4-magainin derivatives. Note that [DEK
of the amide | band (Figure 2A, Table 4). Similar wave- -PA is more active on model membranes compared ®ith
numbers were reported for a transmembrane domain ofneoformansThis might be due to the larger aggregates of
bacteriorhodopsin and other proteins3(58). Note that [D]-K sL7 -PA compared with [D]-KL7 -UA (due to micel-
absorption of a normadi-helix in short peptides has also lization of PA), which should make it more difficult for
been assigned to higher wavelengths, typically 1660'cm [D]-KsL; -PA to penetrate through the cell wall .
for 12 residue peptides (similar to the length of [DitK) neoformans
(59). There is a direct correlation between the increase in  (ii) Membrane Depolarization of Bacterial Spheroplasts
the helical content of the lipopeptides and the increase inand PE/PG Vesiclestigure 4 shows the dose-dependent
their biological activity. Thus, the activity of fatty acid- dissipation of the transmembrane potential of PE/PG vesicles
conjugated [D]-KL- lipopeptides is higher than its parental (panel A) ancE. coli D21 spheroplasts (panel B). A similar

mol

[0] (Degree x cm?)

10000
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1600 1650 1700 1600 1650 1700

Wavenumber (cm™)

Ficure 2: FTIR spectra of the fully deuterated amide | band (60000 cnt?) of [D]-KsL; (A) and [D]-4-magainin (C) in PC/PE/PI/
ergosterol (5:2.5:2.5:1 w/w/w/w) multibilayers. Second derivatives were calculated to identify the positions of the component bands in the
spectra and are presented in panels B and D fbr ldnd [D]-4-magainin, respectively. All curves represent the experimental FTIR spectra
after Savitzky-Golay smoothing. A 60:1 lipid/diastereomer molar ratio was used. The peptides’ designation are parental peptides (---),
undecanoyl € - —), and palmitoyl ).

Table 4: Assignment and Relative Areas of the Component Peaks as Revealed by ATR-FTIR: Spectra

peptide assignment

p-sheet random coil o-helix 3io-helix p-sheet/turn
peptide 1625-1640 cmt 1640-1645 cn1? 1650-1654 cn1? 1655-1670 cn1? 1670-1680 cn1?
designation vieml) area(®) wv(em?l) area(%) wv(cml) area(%) v(cm?l) area(%) v(cml) area (%)

[D]-KsL, 16404+1  49+2 1666+ 1 5141

[D]-K sL7-UA 1625+ 1 20+ 2 1642+ 1 37+ 2 1659+ 1 34+ 4 1676+ 1 9+1
[D]-K sL7-PA 1627+ 1 23+1 1642+ 1 31+ 2 1659+ 1 39+ 1 1677+ 1 7T+2
[D]-4-magainin 1636t 1 37+ 1 1654+ 1 40+ 2 1674+ 1 23+1
[D]-4-magainin-UA 1637+ 1 30+ 3 1652+ 1 42+ 1 1672+ 1 28+ 4
[D]-4-magainin-PA 1634 2 31+ 3 1652+ 1 41+1 1672+ 1 28+ 4

a A 1:60 peptide:lipid molar ratio was used. All values are given as nieatandard deviatior?. Deconvolution of the amide | bands of the
peptides incorporated into PC/PE/Pl/ergosterol (5:2.5:2.5 w/w/w) multibilayers. The results are the average of four independent experiments.

inoculum value was used for both the diffusion potential and DISCUSSION

antimicrobial assays. The data reveal a direct correlation - - . . .
Most cationic antimicrobial peptides have cell-selective

between the ability of all the peptides to dissipate the tivity. Specificall t th bind st | d
bacterial transmembrane potential and their ability to increase 2CUVILy. Spectiically, many ot them bind strongly and
the permeability of PE/PG vesicles. This suggests that the'Ncrease the permeab|||ty of nega_tlvely charged phosphohp_ld
main target of these peptides is the bacterial plasmamembranes, which are the main components of bacterial

membrane. Note, however, that only [DHK -UA possesses plasma m.eml.:)rapesa(p, 61-63). quevgr,.thew affinity
- . ¥ ST toward zwitterionic membranes, which mimic the membrane
potent activity toward all bacterial stains, which indicates

that this peptide is probably the only one that can diffuse of fu_ngl and o_ther eukaryotic cells, is sngmﬂc_an;ly lower.
. . .~ Previous studies have shown that self-association of such
through the walls of all bacteria into their cytoplasmic

membrane in all strains investigated. Note also that once thepeptides confers them with high activity toward zwitterionic
. o membranes and, as a consequence, toward fungi and other

cell Wf"‘” is removed, all the peptides are potent on cyto- eukaryotic cells. In these studies, self-association was induced
plasmic membrane. by amino acid substitutions along the peptide cha® 81,

Electron Microscopy Visualization of Bacterial Lysi$e 36) or covalent binding of the monomers37). Such
effect of the lipopeptides oB. coliwas visualized by using  substitutions could change several other properties of these
transmission electron microscopy. We used [B]-KUA, peptides, such as solubility, secondary structure, and mode
which was active ofk. coli, and [D]-4-magainin-UA, which  of action on membranes. In addition, it is difficult to predict
was not active on this bacterium. At concentrations corre- the appropriate substitutions for a particular peptide that will
sponding to the MIC values, significant differences in the trigger its self-association. Recently we have proposed a new
morphology of the treated bacteria were noted (Figure 5). approach that allows peptide assembly without altering the
More specifically, [D]-KsL-UA caused damage to the cell peptide backbone sequence. This was done by conjugating
wall in the form of blebs (Figure 5B). In contrast, similar lipophilic acids to the N-terminus of the native antibacterial
morphologies were observed for [D]-4-magainin-UA and for peptide magainin 38). Importantly, we found that the
the control sample, which contained only bacteria (Figure peptides’ activity and organization depend on the length of
5, panels C and A, respectively). the aliphatic chain. Thus, the attachment of undecanoic acid



Diastereomeric Lipopeptides Biochemistry, Vol. 42, No. 50, 20034953

A 100 A

100

50

50

0.15 0.3

=

=

0.35 0.7
[Lipopeptide)/[Lipid]

[Lipopeptide]/[Lipid]

100

(% of Maximum)

100

Fluorescence Recovery
(% of Maximum)
Fluorescence Recovery

50
50

=

12.5 25

—H
25

=

12.5 [Lipopeptide] (uM)

[Lipopeptide] (uM) FiGURE 4: Maximal dissipation of the diffusion potential in bacterial

Ficure 3: Maximal dissipation of the diffusion potential in PC/  PE/PG vesicles (A) and bacteria spheroplasts (B) induced by the
PE/PI/ergosterol vesicles (A) and intact yeast (B) induced by the peptides. The peptides were added to PE/PG vesiclés opli
lipopeptides. The peptides were added to PC/PE/Pl/ergosterolspheroplasts that were preincubated with the fluorescent dye diS-
vesicles oIC. neoformansonidia that were preincubated with the ~ Cs-5 for 5 min. Membrane depolarization was monitored by an
fluorescent dye diS-£5 for 5 min. Membrane depolarization was ~ increase in the fluorescence of dig-&(excitation wavelengthex

monitored by an increase in the fluorescence of di (xcitation = 622 nm, emission wavelengfla, = 670 nm) after the addition
wavelengthlex = 622 nm, emission wavelength,, = 670 nm) of peptides at different concentrations. Fluorescence recovery was
after the addition of peptides at different concentrations. Fluores- measured as a function of time at-50 min intervals and its
cence recovery was measured as a function of time-at05min maximum was reported. [D]-4-Magainin was inactive and therefore

intervals and its maximum was reported. The designations are asnot shown. The designations are as follows: [D]-4-magainin-UA
follows: [D]-4-magainin-UA (gray triangles), [D]-4-magainin-PA  (gray triangles), [D]-4-magainin-PA &), [D]-KsL7;-UA (gray
(a), [D]-KsL7 (O), [D]-K sL7-UA (gray squares), [D]-KL-PA (m). squares), [D]-KL-PA (H).

fungi, whereas it has a low hemolytic activity at its MIC
(data not shown).

The correlation between the biological function and
lipophilic acid attachment will be discussed in the context
of two proposed steps involved in the antibacterial and
antifungal activity of these lipopeptides: (i) the ability to

induced oligomerization of magainin, which resulted in
increased activity toward fungi and yea&8). In other
studies, we have shown that the incorporatioro@fmino
acids into non-cell-selective lytic peptides preserved the
antibacterial activity while decreasing their lytic activity

toward eukaryotic cells9, 64, 65). This has rendered them transverse the cell wall into the cytoplasmic phospholipid
with improved properties necessary for therapeutic USage nembrane and (ii) the ability to interact and increase the

In this study, we combined these two approaches andpermeability of the cytoplasmic membrane.
attached undecanoic and palmitic acids to diastereomers otp Different Modes of Lipopeptide Self-Assembly Affect Cell
an amphipathic lytic peptide gK7) and magainin. In contrast  \yall Penetration and Biological FunctiofD spectroscopy
to the biologically active all-amino acid magainin reported  revealed specifically defined and substantial structures in
before 88), the two diastereomers studied here were practi- solution only for the palmitoylated analogues (Figure 1).
cally devoid of antimicrobial activity. One exception was  Since the sequence of the peptide is identical in both the
[D]-KsL7, which was active toward the highly susceptible undecanoyl and palmitoyl analogues, the induced structures
pathogens3. subtilisandC. neoformansThe poor antimi-  of the palmitoylated peptides could be either the result of
crobial activity is an advantage that allowed us to measureinteraction of the peptidic moiety with the lipophilic chain
and correlate the effects of lipophilic acid attachment to (which is longer and more hydrophobic in the palmitoyl
biological activity, oligomeric state, and interaction with analogue compared with the undecanoyl analogue) or due
model membranes. Interestingly, we found that all the to the aggregation of the peptidic moieties of several
lipopeptides gained high activity towar@. neoformans  monomers. The FTIR spectroscopy (Figure 2) revealed a
(Table 2) Furthermore, in contrast to the narrow spectrum markeda-helical structure for both [D]-KL;-PA and [D]-4-
of activity of [D]-4-magainin analogues, [D]4; analogues = magianin-PA in the membranous environment. Therefore,
are highly active on a broad spectrum of species (Tables 2the finding of af-sheet and not am-helix for [D]-4-
and 3). Most interestingly, [D]-K.;-UA is highly potent magianin-PA in solution suggests appreciable peptide
toward all microorganisms tested, i.e., bacteria, yeast, andpeptide interaction in the oligomer in addition to the
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peptide-fatty acid interactions. Overall, aggregategetheets

are expected to be much larger and therefore more difficult
to dissociate compared with-helical bundles. Therefore,
the different mode of oligomerization of the lipophilic peptide
analogues of the two diastereomers could explain the
differences in their activity. In fact, many pathogens includ-
ing bacteria, yeast, and fungi are surrounded, in addition to
the plasma membrane, by an external barrier, which contains
mainly polysaccharide compounds. Therefore, to reach the
target phospholipid membranes they need to traverse the
microorganism cell wall via a specific uptake pathway.
Hancock and co-worker$6) termed this process for Gram-
negative bacteria a self-promoted uptake. Indeed, there is a
direct correlation between the mode of oligomerization and
the spectrum of activity, such that the most active one is

[D1-KsL7-UA —_— [D]-K sL+-UA, followed by [D]-KsL,-PA, [D]-4-magianin-

UA, and [D]-4-magianin-PA. It is well-known that echi-
nocandins, which inhibit one of the subunits of B&-
glucan synthetase (Fkslp), are not active tow&d
neoformansalthough the synthetase is required for viability
(67—69). Although the mechanism foC. neoformans
resistance to echinocandins is not yet clear, it may be due to
differences in the cell wall structure of this species. In
particular, staining with the 1,8-b-glucan-specific fluoro-
chrome aniline blue suggests that the #;8-glucan com-
ponent inCryptococcugell wall is much less prevalent than

in Candida(70). This supports our assumption that the cell
wall of C. neoformangs more permeable to our lipopeptides,
which reach the plasma membrane and disrupt it. Although
the echinocandins, especially caspofungin, were approved
by the FDA for therapeutic usaggZ, 23), they are limited
mostly to Candida and Aspergillus species, while the
cryptococcal disease remains uncovered by these drugs. Thus,
further study on our lipopeptides, which are highly active
toward C. neoformansshould assist in the development of
broad-spectrum antifungal agents.

Major Target of the Lipopeptides Is the Cytoplasmic
Phospholipid MembraneAs soon as the peptides cross the
cell wall of the pathogen, the major barrier left is the plasma
membrane. The data suggest that the major target of the
lipopeptides is the microorganism membrane. This assump-
tion is supported by the direct correlation between the
potency of the lipopeptides to increase the permeability of
bacteria spheroplasts (lacking the outer wall) and the

E. coli - Control

[D]4-magainin-UA

Ficure 5: Electron micrographs of negatively stairfedcoli ATCC
25922 untreated and treated with the lipopeptides at their MIC:

(A) untreatecE. coli; (B) E. coli treated with [D]-KeL~-UA: (C) E. permeableC. n_eoformansand their correspondi_ng model
coli treated with [D]-4-magainin-UA. Arrows indicate the blebs membranes (Figures 3 and 4). A good correlation was also
formed after treatment with [D]-k7-UA. found between transmembrane potential depolarization (Fig-

ures 3 and 4) and the ability of the peptides to alter the
micellization of the palmitic moiety. Indeed, [D]-4-magianin- membrane order (ATR-FTIR data, Results section). Fatty
PA was the only peptide that formgidamyloid fibrils, as acid-conjugated [D]-KL; peptides disturb the acyl chain
seen by transmission electron microscopy (figure not shown). order to a greater extent than fatty acid-conjugated [D]-4-
The formation ofg-amyloid sheets is a well-known phe- magianin, in agreement with their higher activity in the
nomenon in proteins that misfold. In support of this, it has dissipation of diffusion potential experiments. Previous
been shown previously that covalently linked pentamers of studies with all-amino acid magainin and its three lipophilic
antimicrobial peptides had a structurefegheets, in contrast  acid conjugates revealed that the ability of the lipopeptides
to the monomers that had a predominantly dynamic helix to destabilize PC/PE/Pl/ergosterol vesicles correlated with
structure 87). Furthermore, whereas no induced structure the length of the attached lipophilic aci@g). This could be
was observed with [D]-KL;-UA, a partial although small  explained by increased affinity of the lipopeptides to vesicles
fraction of af-sheet structure was also observed with [D]-4- as a result of hydrophobic interactions, which was supported
magianin-UA (Figure 1). Compared with [D]-4-magianin- by earlier studies of Peitzsch and McLaughliti) by using
PA, [D]-KsLz-PA is a-helical in solution. Its induced anionic forms of fatty acids and the corresponding acylated
structure could be the result of both peptigeeptide and glycines or tripeptides. It was also shown that, once bound,
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all three lipomagainins were oriented parallel to the mem- 16.

brane surface and altered the membrane order, similarly to
the parental peptide magainidg). Here we obtained similar

results with [D]-4-magianin analogues. The [Di ana- 18
logues induced a more pronounced effect on the acyl chain
order, the reason for which is not yet clear but might be due
to the different hydrophobicities of the peptides and their g

studies also confirm that physical damage to the bacteria took

place after the application of active [D]sK-UA and not

the inactive [D]-4-magianin-UA (Figure 5B and C). 23
Most natural antifungal lipopeptides are unusually short

(6—7 amino acids), cyclic 18), negatively charged, and gé

mainly hydrophobic and are composed of acidicand
p-amino acid compositions. They have been shown to act »g
via two major different mechanism32): (i) by inhibiting

the synthesis of cell wall components such as (£:8)- 27.

glucan or chitin {3, 74) and (ii) by membrane lysis, although ¢
the details are unknown (e.g., iturins, bacillomycin, and 59
surfactin) 9, 75, 76). The biophysical studies presented
here, together with the findings of a direct correlation
between the MIC and the in vitro and in vivo transmembrane
potential depolarization assays with the perme#&hl@eo- 31
formans along with the EM studies suggest that the

lipopeptides act directly on the cell plasma membrane. 32

However, they must cross the cell wall prior to reaching the

inner membrane, which is more difficult for peptides that 33.

form high-order oligomers, which are not readily dissociable.
Besides shedding light on the parameters that affect the
activity of the present lipopeptides, this study paves the way

to develop a new promising group of lipopeptide candidates 36.

for therapeutic use against a broad spectrum of microorgan-
isms including fungi, yeast, and bacteria. The incorporation

controlled enzymatic degradation, as has been shown recently
for diastereomeric antibacterial peptid@9)(
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