J. Phys. Chem. B005,109,17311+-17319 17311

Interaction and Lipid-Induced Conformation of Two Cecropin —Melittin Hybrid Peptides
Depend on Peptide and Membrane Composition

Filipa Abrunhosa, Silvia Faria,™ Paula Gomes! Isabel Tomaz# Jozo C. Pessod,
David Andreu,® and Margarida Bastos**

CIQ (U.P.) Department of Chemistry, Faculty of Sciences, &Sty of Porto, P-4169-007 Porto, Portugal,
Centro de Qimica Estrutural / Instituto Superior Baico, UTL, P-1049-001 Lisboa, Portugal, and Department
of Experimental and Health Sciences, uhrisitat Pompeu Fabra, E-08003 Barcelona, Spain

Receied: March 28, 2005; In Final Form: June 3, 2005

The interaction of two hybrid peptides of cecropin A and melittin [CABIM(1—18) and CA(L-7)M(2—

9)] with liposomes was studied by differential scanning calorimetry (DSC), circular dichroism (CD), and
quasi-elastic light scattering (QELS). The study was carried out with large unilamellar vesicles (LUVs) of
three different lipid compositions: 1,2-dimyristahglycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-
snglycero-3-phosphoac-(1-glycerol) (DMPG) and a binary mixture of DMPC/DMPG, in a wide range of
peptide-to-lipid (P:L) molar ratios (0 to 1:7). DSC results indicate that, for both peptides, the interaction
depends on membrane composition, with very different behavior for zwitterionic and anionic membranes.
CD data show that, although the two peptides have different secondary structures in buffer (random coil for
CA(1—7)M(2—9) and predominantlg-sheet for CA(1+-8)M(1—18)), they both adopt an-helical structure

in the presence of the membranes. Overall, results are compatible with a model involving a strong electrostatic
surface interaction between the peptides and the negatively charged liposomes, which gives place to aggregation
in the gel phase and precipitation after a threshold peptide concentration. In the case of zwitterionic membranes,
a progressive surface coverage with peptide molecules destabilizes the membrane, eventually leading to
membrane disruption. Moreover, delicate modulations in behavior were observed depending on the peptide.

Introduction cecropin A and melittin, are shown in Table 1, and their helical

. L . . wheel ands-sheet projections are displayed in Figure 1. Both
Eukaryotic antibiotic peptides (EAPs) are important compo- hybrids share the cationic N-terminus of cecropin A followed

nents of the nonadaptative immune system. These antimicrobialby the hydrophobic N-terminus of melittin, but CA{(B)M-
peptides have been Widelly studied for the past yéérgs they (1—18) has a larger hydrophobic domain than CAZIM(2—
may become an alternative to conventional antibiotic therapy, 9). The permeabilization of artificial membranes by CA(1
in view of the growing emergence of multiresistant microbial 8)M(1-18) has been studied by Mancloeret al’> The

strains. Substantial efforts have been directed to increase theparacteristics of the peptidenembrane interaction process are
potency and specificity of these peptides against pathogeniCyependent on the charge properties of the membrane and can
bacter_la, while minimizing their cytotoxic effect toward eu- be used to interpret the specificity of peptide activity against
karyotic cells. . _bacteria, which possess negatively charged membrber

One particularly successful approach is based on hybrid jhyestigations on microorganisms confirmed that, generally,
sequences derived from naturally occurriadhelical EAPS: antimicrobial peptides exert their activity by permeabilizing the
Cecropin A (CA) and melittin (M) provided the first examples  plasma membran!l17.18 Alternative mechanisms of action
of EAP sequence hybridization® CA(1-8)M(1-18), one of  have been proposed for some antimicrobial peptid€=? and
the most successful examples of the hybridization concept, the requirements for peptide antimicrobial activity have also
showed improved antimicrobial activity relative to parent peen extensively discusség® 33
cecropin A and greatly reduced the hemolytic properties of  pjtterential scanning calorimetry (DSC) has emerged as a
melittin. Taking CA(}-8)M(1-18) as lead, a subsequent ,q yaluable tool to study peptidenembrane interac-
approach was to further reduce the size of the hybrid-®A tions28:30.3439 DSC analysis provides a thermodynamic char-
peptides whlliretammg antlmlcr_ob|al activity. This led to CA-  5.terization of the changes induced by peptides on liposome
(1=7)M(2—-9),” a pentadecapeptide that preserves most of the hh4se transitions. The size and charge of the lipid vesicles can

activity of CA(1-8)M(1-18). also be affected by the presence of membrane-active peptides,
Both CA(1-8)M(1-18) and CA(+7)M(2—9) have been  which can be monitored by physical techniques such as quasi-
eXtenS|Ve|y studied in terms of antimicrobial aCUV}f‘y.l‘l Their elastic ||ght Scattering (QELS) On the other hand, membrane

amino acid sequences, along with those of the parent peptidesnterfaces have the ability to induce secondary structure in a
wide range of antimicrobial peptidé$31-324%and this can be

*To whom correspondence should be addressed: F&$51-22- evaluated by circular dichroism (CD) spectroscopy. Although
60§6gn5i3ér§i't’;‘i‘)'}:P’Qrtt’gsms@fc'“p-pt- CD spectra recorded in the presence of lipid systems only

#Centro de Qimica Estrutural/Instituto Superior Egico. provide a weighed average of the membrane-bound and free

8 Universitat Pompeu Fabra. peptide conformations, both conventional CD and oriented
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Figure 1. Helical wheel angs-strand diagrams showing the distribution of amino acid side chains: gray, hydrophobic residues; white, hydrophilic
residues.

TABLE 1: Sequences of Cecropin A, Melittin, and the Hybrid Peptides CA(:-8)M(1—18) and CA(1-7)M(2—9)

peptide sequence
cecropin A H-KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAKK —NH;
melittin H—GIGAVLKVLTTGLPALISSWIKRKRQQ—NH;
CA(1-7)M(2—-9) H—KWKLFKKIGAVLKVL —NH,
CA(1-8)M(1-18) H—KWKLFKKIGIGAVLKVLTTGLPALIS —NH,

circular dichroism (OCD) have been proven useful for the v/v) (DMPG and DMPC/DMPG (3:1)). The samples were then
analysis of peptide conformational changes upon interaction with dried under a nitrogen stream, and the film was kept under

model membrane¥;31.32:41.42 vacuum fo 3 h toremove all traces of organic solvents. The
We herein report the study of the interactions between the resulting lipid film was warmed together with HEPES buffer
antimicrobial peptides CA@8)M(1—18) and CA(E7)M(2— in a thermostated water bath at ca.°@above the temperature

9) and large unilamellar vesicles (LUVs) of three different lipid  of the gel-to-liquid crystalline phase transitiofi) and then
bilayer systems: zwitterionic DMPC, anionic DMPG, and a hydrated at the same temperature. The multilamellar vesicles
DMPC/DMPG 3:1 mixture. The study was carried out by DSC, (MLVs) thus obtained were frozen in liquid nitrogen and thawed

QELS and CD, so that the effect of the peptides on vesicle jn g water bath at ca. 16C aboveTy, and this process was
thermotropic phase behavior (DSC), charge, and size (QELS)egpeated five times.

could be related to membrane-induced changes in peptide
structure (CD). The establishment of such relations, and of the
importance of peptide and membrane composition in the
interaction processes, is a valuable contribution to the under-
standing of the mechanisms of antimicrobial action of-&\
hybrids and to the future design of novel antimicrobial peptides
based in the hybridization concept.

Large unilamellar vesicles (LUVs) were obtained from the
MLVs by extrusion in a 10 mL stainless steel extruder (Lipex
Biomembranes, Vancouver, BC, Canada), inserted in a ther-
mostated cell with a recirculating water bath, at ca?C@bove
Tm. The samples were passed several times through polycar-
bonate filters (Nucleopore, Pleasanton, CA) of decreasing pore
size (600, 200, and 100 nm; 5, 5 and 10 times, respectively),

Experimental Methods under inert (N) atmosphere.

Size distribution of extruded vesicles was determined by
QELS analysis (Malvern Zeta Sizer 5000, Malvern Instruments,
Malvern, Worcestershire, U.K.) using a helitimeon laser (633
. e nm) as a source of incident light, and operating at a scattering
Alabaster, AL) and d without furth fication. F - . ;

(Alabaster, AL) and used without further purification. Fmoc angle of 90 and at 37°C. Mean particle size was thus

protected amino acids, coupling reagents, and resins for solid- - .
phase peptide synthesis were purchased from Nova Biochemdmerm'ned as being of (106 4) nm (average and standard

(Switzerland). All other reagents were from Sigma Chemical deviation of six independent measurements). The phospholipid
Co. (St. Louis, MO). concentration was determined by the phosphomolibdate méthod.

Peptide solutions and liposome suspensions were prepared Preparation of Peptides. Peptides were synthesized as
in HEPES buffer N-(2-hydroxyethyl) piperaziné¥-ethane- C-terminal carboxamides by Fmoc/tBu solid-phase strategies,
sulfonic acid). Ultrapure water (Milli Q Gradient, Millipore,  purified, and characterized by methods as those described in
Billerica, MA) was used in the preparation of all samples. Gomes et at* Peptide stock solutions were prepared in HEPES

Preparation of Liposomes.Appropriate amounts of phos-  buffer (10 mM; 0.1 M NaCl; pH= 7.4) in the 2-5 mM
pholipids (DMPC, DMPG, and DMPC/DMPG (3:1)) were concentration range, and quantitated by either AAA or UV
dissolved in chloroform (DMPC) or cloroform/methanol (3:1 absorption at 280 nm, taking 5690 Mcm™! as the molar

Materials. DMPC (1,2-dimyristoylsnglicero-3-phospho-
choline) and DMPG (1,2-dimyristoydn-glycero-3-[phospho-
rac-(1-glycerol)]) were obtained from Avanti Polar Lipids
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extinction coefficient, corresponding to the single tryptophan
residue present in both peptides.

Differential Scanning Calorimetry. DSC was performed in
a microcalorimeter (Micro-DSCIIl, SETARAM, Caluire, France)
against HEPES buffer in the reference cell. Blank experiments
with HEPES buffer on both cells were also performed for
subsequent baseline correction. The solution or suspension
volume used in each cell was of about 0.8 mL, and the masses
of sample and reference cells were adjusted by weight to
+0.00005 g. Two successive up and down scans were performed
for each sample, the up scan at a scanning rate of@/Hin
and the down scan at q/min, over a temperature range of
10—35 °C. The sample mixtures were prepared immediately
before the DSC run, by adding the desired amount of peptide
stock solution to the LUVs suspension. Separate runs for each
liposome suspension without peptide were also done. All
procedures regarding sample preparation and handling (lag time
at low temperature, time between mixture and start of the
experiment) were kept constant in all experiments, to ensure
that all samples had the same thermal history. The instrument
was electrically calibrated for temperature and scan rate.

The Micro-DSCIII software was used for baseline subtraction,
calculation of the gel-to-liquid crystalline phase transition
temperatureTy), and transition enthalpyA\H). T, andAH were
calculated by integration of th€, versus temperature curve.
For consistency and comparability, the integration was always
done between the two points where the curve starts to deviate
from and returns to the baseline.

Circular Dichroism. CD measurements were performed in
a Jasco 720 spectropolarimeter, with a +880 nm photomul-
tiplier (Japan Spectroscopic Co., Tokyo), using a cylindrical
cell of 1 mm path length. Experimental conditions were as
follows: 0.5 nm bandwidth, 50 mdeg sensitivity, 1 nm resolu-
tion, 1 s time response, discrete wavelength readings (1 nm).
In most cases, each spectrum was the average of six accumula-
tions but, when the signal-to-noise ratio was too low, a higher
number (up to 24) of accumulations were used. Buffer runs were
repeated throughout the day to check for repeatability. Spectra
of pure liposomes at different concentrations were run as blanks
to be subtracted from the liposome/peptide spectra. After blank
correction, the observed ellipticity was converted to mean
residue molar ellipticity §) (degcn?-dmoi~1), calculated for
the total amount of peptide present in the mixture.

The measurements were done with peptide concentrations
ranging from 15 to 7xM, and peptides were added to the lipid
suspensions immediately before measurement. All spectra were
recorded at 25C, unless otherwise indicated.
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The interaction with DMPC was found to be a slow process, Figure 2. DSC curves obtained for liposomes and CAG)M(1—

taking about half an hour to stabilize the CD signal, after which 18) for different peptide-to-lipid molar ratios: DMPC (A); DMPC/

the reported spectra were recorded. This behavior was notDMPG 3:1 (B); DMPG (C). The molar ratio (P:L) for each profile is

observed with DMPG. indicated in the figure. Lipid concentration was 2:60.3 mM in all
Quasi-Elastic Light Scattering. The zeta-potential and ~ SXPeriments.

vesicle diameter were determined by QELS analysis (Malvern _ . . ) .
Zeta Sizer 5000, Malvern Instruments, Malvern, Worcestershire, .1‘20)' Due to prgupltatlon observed for the higher .P'L ratios
U.K.). The measurements were performed in a ZET 5104 cell, in the charged lipid systems, the samples were centrifuged (700

at a temperature of 37C and a scattering angle of 9@0The rpm, 20-45 min) prior to measurements on the supernatant.

viscosity and refractive index values were 0.662 cP and 1.330,
respectively.

The reference values for zeta potential and vesicle diameters Calorimetry . Endotherms obtained for each peptide with the
were obtained from measurements with the three pure lipid different lipid systems are shown in Figures 2 and 3. The
systems: DMPC, DMPG, and DMPC/DMPG (3:1). The ap- calculated thermodynamic parameters are listed in Table 2,
propriate amounts of peptide stock solutions were then addedwhere values for the pure lipid systems are also shown. The
to the respective liposome suspension in order to obtain the small differences inT,, and AH, observed for the same pure
desired peptide-to-lipid (P:L) molar ratios (1:100, 1:50, and lipid system, were not significant within the experimental error.

Results



17314

J. Phys. Chem. B, Vol. 109, No. 36, 2005

2 kJ.K".mor”
—

Cp/ J.K".mol”

DMPC

16 18 20 22 24 26 28 30 32 34
t/°C
DMPC:DMPG B
1 .
v
i
] 1:80
kS
1E
v
15
S
16
T T T T T T T T
16 18 20 22 24 26 28 30 32 34
t/°C
- DMPG
s c
f1 0
1:80

Cp/ J.K".mol”

Figure 3. DSC curves obtained for liposomes and CA{@DM(2—9)
for different peptide to lipid molar ratios: DMPC (A); DMPC/DMPG
3:1 (B); DMPG (C). The molar ratio (P:L) for each profile is indicated
in the figure. Lipid concentration was 2460.3 mM in all experiments.
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TABLE 2: Transition Temperatures, T, and Enthalpy
Change Values,AH, as a Function of Peptide-to-Lipid Molar
Ratio (P:L) for the Three Lipid Systems and Both Peptides

CA(1—8)M(1—18)

CA(1-7)M(2-9)

P:L
lipid system ratio Tn/°C  AH/kJImol™t Ty,/°C AH/kJmol™?!
DMPC 0 25.3 23.8 25.3 225
1:80 25.1 22.8 24.5 23.3
1:40 24.9 22.8 23.5 22.4
1:15 24.2 222 21.9 22.3
1:7 22.3/26.4 21.7 18.4 20.8
DMPC:DMPG 0 26.2 28.4 26.2 28.4
1:80 26.0 285 26.3 27.6
1:40 25.8 27.3 25.5 28.0
1:15 24.8 21.2 21.3 21.7
1.7 19.8 13.7 22.4 20.4
DMPG 0 24.3 28.0 245 25.8
1:80 24.3 29.1 24.6 24.4
1:40 24.2 24.3 24.6 24.4
1:15 24.3 20.0 24.0 21.1
1:7 23.0/25.8 16.5 30.0 15.3

2 The reported enthalpy corresponds to the total peak area (see text).
The estimated uncertainty i, is £0.3 °C and inAH it is +0.5
kJ-mol~1 (for the same liposome suspension) ar@ik>mol~* (within
samples). P:L ratio is molar ratio.

concentration of CA(38)M(1—18) was increased, up to a P:L
ratio of 1:40 (Figure 2A), the transition temperature slightly
and gradually decreased. The cooperativity of the transition also
decreased, but the symmetry of the peak was kept, suggesting
that there was only a small perturbation, probably due to the
interaction at the level of the phospholipid headgroups. For the
higher P:L ratios, the transition temperature fell significantly,
although the overall enthalpy was still only slightly affected.
The profile showed further decrease in cooperativity, with
further broadening of the peak and the appearance of a shoulder
at higher temperatures. At the highest P:L ratio used, the
shoulder evolved into two different domains (see Figure 2A),
characterized by two distinct peak maxima, one at a lower (22.3
°C) and the other at a higher (26°€) temperature thafi,.
Overall, the enthalpy values showed a decrease of no more than
2 kFmol~! across the range of P:L ratios employed.

In contrast, the smaller CAEA7)M(2—9) peptide largely
decreased, even at the lower P:L ratios (Figure 3A). The
cooperativity of the transition was also affected at all peptide
concentrations. As observed with CA{8)M(1—18), the en-
thalpy was not significantly altered, except at the highest P:L
ratio (1:7), where only a very broad transition was detected.

Therefore, both peptides promoted a decreasgnimand in
the cooperativity of the transition, and these effects were more
pronounced for CA(X7)M(2—-9).

In the anionic DMPG system (Figures 2C and 3C), both
peptides had similar behavior up to a P:L ratio of 1. Qwas
approximately constant at all P:L ratios, but the profiles of the
two peptides diverged above 1:40.

At P:L values of 1:15, the profile for CA27)M(2—9) was
already a superimposition of two broad peaks, one still centered
at about 24°C and the other at ca. 2&. At the highest P:L
ratio (1:7), a very distorted profile and a marked decrease in
AH were observed.

CA(1—8)M(1—18) caused only a very slight peak asymmetry

Nevertheless, measurements on the same peptide/lipid systemat the P:L ratio of 1:15 (a small shoulder at higher temperatures).
were always done using the same liposome suspension, to avoidHowever, the profile became totally distorted at a P:L ratio of
slight differences that might arise from different lipid samples. 1:7, with two peaks at 23.0 and 258. Further, at a P:L ratio
The calorimetric profile for the pure lipid systems was a as low as 1:40AH values were significantly decreased, whereas
symmetric and highly cooperative peak. For pure DMPC the cooperativity of the transition was only slightly affected.

(Figures 2A and 3A), the phase transition occurred at 26.3
with an enthalpy of 23.8 or 22.5 kiol™ (Table 2). As the

Measurements with the DMPC/DMPG mixed system (Figures
2B and 3B) yielded results that lay between those described
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above for the two pure DMPC and DMPG systems. Up to a (6000u«M), even when the P:L ratio was as low as 1:200. The
P:L ratio of 1:80, T, and AH were not affected and the insertin Figure 4D corresponds to an assay run &tGQwell
thermograms were similar to those observed for the anionic aboveT,,) using the same peptide and lipid concentrations and
DMPG system. Further increase in peptide concentration led shows a much better definatthelix, with stronger negative
to a decrease in botfi, and AH, and this effect was more ellipticity at 208 nm.
pronounced for peptide CAf17)M(2-9). For this peptide, the In the presence of charged liposomes (Figure 4F), GA(1
decrease ifTy, was similar to that observed with pure DMPC,  g)\(1—18) showed am-helical structure at a lipid concentra-
whereas the decrease AH was parallel to that observed for  tjon of 30004M, which was half of that required to observe a
pure DMPG. similar effect with DMPC. Spectra obtained at lower lipid
Analysis of the profiles displayed in Figures 2B and 2C shows concentrations did not display such clearly defined minima and
that the effect caused by peptide CA@)M(1—18) at P:L ratios  suggest that substantjaisheet content remained present (results
of 1:15, and above, was comparable to that observed with thenot shown). In all DMPG/CA(:8)M(1—18) mixtures, ag-

DMPG system at higher peptide concentrations. gregation was visually detected immediately after mixing. After
Circular Dichroism. The secondary structures of CA{1 a DMPG/CA(1-8)M(1—18) mixture was centrifuged (P:L ratio
7)M(2—9) and CA(:-8)M(1—18) were examined by CD in = 1:140), the CD spectrum of the supernatant showed that the

HEPES buffer and in the presence of the three liposome systemsnonagreggated fraction still displayed arhelical structure.
Measurements of peptide solutions within the—B8 uM CD spectra of samples containing the DMPC/DMPG mixed

concentration range showed that peptide structures did notjiposomes clearly showed the presence of helical conformations
apparently change in that interval, thus only one concentration for hoth peptides, which were already evident at low P:L ratios
(38 uM) is plotted for each peptide (Figure 4). CD spectra of and high lipid concentrations (Figure 4C,D). For CA@)M-
both peptides in the presence of DMPC, DMPG, and DMPC/ (1—18), the presence of an-helix was already clear at a lipid
DMPG (3:1) liposomes are displayed in Figure 4. concentration of 120@M, a value smaller than that required
CD measurements were also done on peptide solutionsto observe the same behavior with pure DMPG.
containing 50% (v/v) trifluorethanol (TFE), to evaluate peptide  qQuasi-Elastic Light Scattering. Values of particle diameter
propensity to adopt aa-helical conformation and to compare  gnq zeta potential obtained by QELS are presented in Table 3
data thus obtained with previous reports. Both peptides displayedtor the three lipid systems, at different P:L ratios. Both peptides
a predominané:-helical structure in the presence of TFE, more jnfiyence the behavior of DMPC vesicles in a similar manner:
pronounced for CA(X7)M(2-9) (79%a-helix, 0%p-sheetand  yesicle size was almost constant at all P:L ratios, whereas zeta
21% random coil) than for CA@8)M(1—18) (48% a-helix, potentials increase along with P:L ratios.
22%f3-sheet and 30% random coil). These values were obtained A larger volvdispersion was observed for DMPG vesicles at
by fitting the mean residue molar ellipticities of each peptide ger polydispersi .

. all peptide concentrations, suggesting a more heterogeneous
under the linear sum approach proposed by Chen.®tBest system. Some experiments (P% 1:50) involving DMPG
fittings were obtained by employment of the mean residue molar equi d . ; . : . .

quired a previous centrifugation step, as massive aggregation/

ellipticities provided by Greenfield and Fasman for synthetic S . o
polypeptides® Results are in good agreement with those precipitation promptly took place after peptide addition to the
: lipid suspension, with formation of large particles. In some cases,

?:ﬁ:\ig’ulszl&r?s/%;t?: l];?];ftehggs; peptides under similar conditions the presence of two distinct and significant populations could

be detected even after centrifugation.
Spectra showed that CA{I7)M(2—9) adopted a random- 0 . .
coil structure in buffer, characterized by a minimum~at98 For CbA(l‘zM(?‘th?“ PiL= 1.1f0§)(,);wo rgadlfrégopulaltzlonspll_
nm. In the presence of DMPC liposomes (Figure 4A), there were observed, with diameters o an nm. For =

was a gradual red shift of thig,ax Of this negative band, which ratios of 1:50 and 1:20, Fhe population with 1_—ZIBO nm-
increased with lipid concentration. A maximum negative ellip- d|am_eter3 became predominant b.UI’ ata 1:20 ratio, a population
ticity at about 208 nm was observed when the lipid concentration of d'?‘mete_f of~1084 nm remained detectable even after
was 120«M (P:L ratio = 1:33), typical of the presence of an centrifugation.
a-helix. This effect was less marked when the P:L ratio was ~ When CA(1-8)M(1-18) was added to DMPG at high P:L
increased to 1:20, at a lower lipid concentration (300). ratios, only a single population was observed after centrifugation.
In the presence of DMPG liposomes, peptide CAT)M- This population had.a diameter larger than that for pure DMPG
(2—9) structure suffered a clear conformational change to an Put Similar to the diameter observed at a lower P:L ratio (1:
o-helix (Figure 4E), with the typical maximum negative 100) without centrifugation. Thus, the centrifugation step led
ellipticities at 208 and 222 nm. Employment of different P;:L 0 the removal of very large aggregates from the supernatant
ratios (1:30 and 1:20) for the same lipid concentration (1200 that was subsequently analyzed.
uM) did not introduce significant changes in spectra, showing  For both peptides, zeta potentials became less negative upon
that the mean residual ellipticities were almost independent of peptide addition to DMPG, although this change was not as
the P:L ratio. pronounced as that observed with the zwitterionic DMPC
CA(1-8)M(1—18) spectra showed maxima at £9802 nm system.
and minima at 214219 nm, which were strongly indicative of Results obtained with the DMPC/DMPG liposomes provided
a 3-sheet structure (parts B, D, and F of Figure 4). The strong evidence, again, of an intermediate behavior. Particle size
minimum observed at 22830 nm was probably due to the gradually increased with P:L ratio up to the value of 1:20, at
tryptophan residue, arising frompBand absorbance of the  which centrifugation was required. The zeta potentials were also
indole side chain when in aggregate stdtEitting CD data for changed by addition of both peptides, but with distinct features.
this peptide in buffer led to 0%-helix, 55%/3-sheet, and 45%  Peptide CA(+7)M(2—9) caused a gradual zeta potential
random coil, in perfect agreement with a previous report by increase with P:L ratio, whereas only at P-.1:100 did CA-
Wade et af* In the presence of DMPC (Figure 4B), arhelical (1—-8)M(1—18) provoke an evident change in zeta potential,
structure was only evident at the highest lipid concentration which remained constant thereafter.
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(2), 1200uM, 1:30 (@); (B) 1500uM, 1:50 (»), 6000uM, 1:200 @); DMPC/DMPG (C) 80QuM, 1:20 @), 1200uM, 1:30 (»); (D) 800uM, 1:30
(a), 1200uM, 1:30 @); DMPG (E) 1200uM, 1:30 (), 1200uM, 1:20 @); (F) 3000uM, 1:40 (»), 3000uM, 1:70 @). The insert in part B
corresponds to the CD spectrum of CA@)M(1—18) (38uM) in the presence of DMPC (60Q@M) at 30 °C.

Discussion layer systems, allow us to shed some light onto the peptide
The biological activity of antimicrobial peptides has been membrane interactions that may possibly underlie the mecha-

largely associated to their interaction with membranes. SeveralNiSTS of peptide antimicrobial action.

key factors have been shown to be associated with this Interaction with DMPC Membranes. Both peptides interact

interaction, depending on both peptide and membrane composi-with zwitterionic DMPC membranes, although to different

tion. extents. Overall, the changes observed in the DSC profiles, as
The results described above, for the interactions of peptideswell as inT, andAH, are similar. This was also observed from

CA(1—-7)M(2—9) and CA(-8)M(1—18) with three lipid bi- QELS analysis, where variations in particle size and zeta
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TABLE 3: Values for Liposome Size and Zeta Potential as a water interface. These results were obtained at P:L ratios up to

Function of Peptide-to-Lipid Molar Ratio (P:L) for the 1:125 and are fully compatible with our data for all but the
Three Lipid Systems and Both Peptide3 highest P:L ratio.

CAQ-7M(2-9)  CA(1-8)M(1-18) The formation of different domains, as observed with CA-
zeta zeta (1-8)M(1—18), has already been reported for different lipid
o PL potential/ potential/ and peptide systerHfs?83554and is consistent with a lower
lipid ratio size/nm  mV__ sizelnm  mV compatibility of this peptide with DMPC, which is also
DMPC 0 108 —6.6 108 —6.6 supported by our CD and QELS experiments. The appearance
1:100 112 7.5 112 6.4 of shoulders in thermograms is a consequence of a nonideal
1f50 112 r2 111 84 mixing behavior, which creates a nonhomogeneous distribution
1:20 117 13.3 112 13.3 X o > . .
DMPG 0 105 547 105 547 pf the peptlde within the membraf@s Thug, regions r|pher
1:100 107/489 —47.0 125 —41.1 in peptide can eventually lead to the formation of two different
1:50 125 —48.2 126 —36.7 coexisting phases. Our DSC results for CAQIM(1—18)/
1:20 121/1084 —35.1 137 —44.2 DMPC mixtures are compatible with such events, particularly
DMPC:DMPG 0_ 107 —325 107 —325 at higher peptide ratios, where two broad transitions can be
iégo ﬂ;‘ :i?:g E(l) :%‘;’:g observed, each probably corresponding to a different coexisting

1:20 128 7.1 141 —25.6 phase.

It has been reported that the parent cecropin A peptide forms
an a-helix with the longitudinal axis coplanar with the
membranél23 and the carpet model was suggested for the
interaction of cecropins with phospholipid bilay&¥< he initial
phase in this model is, in fact, equivalent to the physical structure
described by the “S” state in the two-state model by Hu#ng.
As for Melittin, Yang et aP® suggested that their results were

2The values in boldface type correspond to measurements in the
supernatant.

potential were parallel for both peptides. The zeta potential
increase with P:L ratio indicates that liposomes get an increas-
ingly positive charge, which is compatible with a progressive

surface coverage of the zwitterionic membranes. Calculations compatible with the toroidal model for the interaction with

by Zuckermann and Heimbuiindicate that each interfacially zwitterionic membranes. These authors have also observed an

adsorbed peptide covers about seven lipids. The highest P:L. . . L
ratio used in QELS experiments was 1:20, which is still below increase in negative surface curvature due to membrane thinning,

full coverage: thus the continuous increase in zeta potential iSwhich they considered consistent with the initial requirements
com atiblegvx}ith surface adsorotion. This is su orfed by the for the formation of a toroidal poré&:56 This interpretation is

bran()jening of the DSC curvespand. the decreaps)%nimat ig/ fully compatible with our results and, taken together, our DSC
compatible with a better interaction of the peptide with the liquid 214 QELS data indicate that membrane insertion would probably

crystalline phase of DMPC. As shown by other autifér, 52 oceur onl)./ at PEL ratios higher than 1:20.
surface insertion leads to bilayer thinning and induces an 'nteraction with DMPG Membranes. The effect of both

increase in local negative curvature, which explains both the PEPtides on the thermotropic phase behavior of DMPG is very
lowering of T and the broadening of DSC curves. dlf_ferent from the one obsgrved with the zwitterionic system
The decrease ify with increasing P:L ratio is more (Figures 2C and 3C). Basically, for small peptide amounts,
pronounced for the CA@7)M(2—9) peptide, and the cooper- neither the transition gntha}lpy nor its cooperqnvr.[y are seriously
ativity of the transition rapidly falls, even for low P:L ratios. ~&fected. For P:L ratios higher than 1:48H is significantly
The DSC profile exhibits a shoulder at higher temperatures with decreased. The main difference between the two peptides is that
increasing peptide concentration, and an extremely broad the cooperativity of the transition is affected at lower P:IT ratios
transition of lowerAH is observed at a P:L ratio of 1:7 (Table 0f CA(L=7)M(2—9) than for CA(1-8)M(1—18). A possible
2, Figure 3A). For the same range of P:L ratios, a smaller €XPlanation for this difference is that CA(T)M(2—-9) also has
decrease iffy is caused by CA(28)M(1—18) and curve shape & higher lipid-water partition |m-heI|c_;aI form to negatively
does not change as dramatically as in the case of EA[M- charged membranes..Thls interpretation is supported by our CD
(2—9). At the highest P:L ratio, two domains become apparent, 9at& &s no changes in spectra were observed for €A(-
although the totahH value remains unaltered. This is supported (2~9)/DMPG when the P:L ratio was varied from 1:30 to 1:20
by CD analysis, which indicates that CA(B)M(1—18) has a 2t the same lipid concentration.
much lower lipid-water partition to zwitterionic membranes Light scattering analysis showed that, upon addition of CA-
than CA(-7)M(2—9) (Figure 4). Nevertheless, the approxi- (1—7)M(2-9) to DMPG, differently sized populations are
mately constanf\H values, observed with both peptides even Present even after centrifugation (Table 3). In contrast, after
at very high P:L ratios, indicate that they do not drastically addition of CA(+-8)M(1—-18) to DMPG and centrifugation, the
perturb the hydrocarbon chain packing of DMPC, as the Population that remains in the supernatant has only a slightly
enthalpy for the main transition is primarily due to the disruption higher average diameter at the highest P:L ratio. Zeta potential
of intra- and intermolecular van der Waals interactions that leads values (Table 3) are approximately constant at all P:L ratios
to chain melting. These results thus suggest that the peptidecomplete system and supernatant), decreasing about 10 mV as
do not penetrate too deeply into the bilayer, except at the highestcompared to the pure liposome system. This small variation
P:L ratios. A recent site-directed Spin-]abe”ng Study of CA- should be regarded as a mere ﬂUCtuation, as it is smaller than
(1-7)M(2—9) reported that, at low concentration of bound o©one would predict if a simple partition equilibrium was taking
peptide, it intercalates into the DMPC membrane just below Place.
the bilayer surface, adopting achelical conformation with The joint interpretation of all these data suggests a different
the helix axis parallel to the membrane surf&&According to mechanism for the interactions between the-@A hybrid
these authors, this peptide orientation allows the hydrophobic peptides and negatively charged membranes. Up to a threshold
face of the helix to be buried in the hydrophobic phase of the concentration, both peptides adopt a helical conformation and
bilayer, whereas the hydrophilic residues are near the membrane are located at the membrane surface, therefore affecting only
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slightly T, AH, and the cooperativity of the thermotropic phase headgroups and related electrostatic effects to the interaction
transition. Moreover, the average liposome diameter increasesbetween both cecropin-Amelittin cationic peptides and lipid
and the negative potential close to the surface decreases upomembranes. Data in Table 3 show that, for a P:L ratio of 1:100,
peptide addition. Above the threshold concentration (P:L higher the variation in size and zeta potential is similar to that observed
than 1:100), massive aggregation/precipitation is observed, andfor the zwitterionic system, whereas at 1:50 and 1:20 P:L ratios,
peak splitting in the corresponding DSC profiles suggests the the variation of these parameters suggests an interaction similar
possible presence of distinct lipigheptide aggregates. The to the one observed for DMPG at higher peptide concentrations.
decrease im\H, with no significant changes in eithdr, or This must arise from a preferential interaction with the charged
cooperativity, can be interpreted as the outcome of two distinct lipids in the mixed system, leading to higher local peptide
populations: (i) liposomes slightly disturbed by a small amount concentrations in the negatively charged membrane regions. This
of surface bound helical peptide, yielding a DSC profile very phenomenon would produce an effect equivalent to that
similar to the pure lipid system, and (ii) aggregated bilayers, observed in DMPG, but at an apparently lower total concentra-
intercalated with helical peptides that are strongly bound to the tion.
surface of the negatively charged liposomes, mainly by elec- CD spectra (parts C and D of Figure 4) clearly show that the
trostatic attraction. The thermotropic phase transition of these mixed lipid system induces both peptides to acquire.drelical
aggregates must be of low enthalpy and too broad to be resolvedstructure already at low P:L ratio, and the effect of P:L ratio is
with the sensitivity of our DSC instrument. This leads, therefore, |arger with this system. This must, again, be due to a preferential
to a small globalAH value. At the highest P:L ratio it shows |ocation of the peptides on anionic regions of the mixed
up as a very broad (or two broad) transition, with further membrane. The zwitterionic lipids of the mixed system help to
decrease in overallH, as its relative importance increases. The avoid extensive aggregation, allowing tdelix to be observed
apparent insensitivity of zeta potential values toward the P:L at lower lipid concentrations.
ratio supports this interpretation, as for the higher 1:50 and 1:20  aq 3 final note to this discussion, we would like to stress
P:L ratios the remaining liposome/peptide aggregates precipi- ihat cA(1-8)M(1—18) adopts mainly g-sheet structure in
tated and were removed by centrifugation. Data from the three pyfer, possibly antiparallel (Figure 4), which probably allows
techniques used are all fully compatible with our hypothesis fo 5 petter shielding of the more hydrophobic amino acids
that the interaction mechanism must be common for both (gigyre 1). Therefore, the energy balance in the process of
peptides, with a stronger membrane disrupting effect for CA- gestroying thes-sheet structure plus forming anhelix upon
(1-8)M(1-18), as larger aggregate particles are formed and memprane interaction may be less favored, in comparison to
the process is visually faster. the partition of CA(17)M(2—9) from random coil to an-helix
Although a detailed description of the mechanism requires in the membrane. In fact, by simply raising the temperature
other types of experimental evidence, some additional commentsaboveT,, in a CD assay with CA@&8)M(1—18)/DMPC, a much
can be made at this stage. Both peptides have a large positivebetter definedr-helix could be observed (insert in Figure 4B).
charge 5 at the pH employed), and therefore the interaction This is compatible with a higher partition of the helical form to
with negatively charged membranes must be strong and have ahe fluid phase and a decreasgisheet content with increasing
significant electrostatic component. This would preclude a trans- temperature, as previously observed by Wimley éf al.
membrane insertion according to a barrel-stave model, but not
asa toroi(_jal pore. Nevertheless, the gxtensive precipitation thatConcIuding Remarks
occurs with DMPG at P:L ratios higher than 1:100, when
mixtures were prepared at22 °C (belowTy,), was difficult to The present study aimed at the establishment of a correlation
reconcile with the toroidal pore model. Recently, Ladokhin and between peptide-induced modifications on differently charged
White*® addressed the problem of the different interaction membranes and membrane-induced changes in peptide second-
profiles of melittin with zwitterionic versus anionic membranes, ary structure. The antimicrobial peptides studied are known
to understand why anionic lipids decrease the ability of melittin to adopt ana-helical structure in the presence of mem-
to permeabilize zwitterionic liposomes. These authors suggestbranes521.23.25.60The importance of this structure for anti-
that melittin cannot adopt a trans-membrane configuration when microbial activity has been a subject of debate, whereas the
bound to anionic liposomes and that the known permeabilization influence of membrane charge on pepticeembrane inter-
of negatively charged membranes by melittin is possibly due action is relevant for the development of selective anti-
to a mechanism of “leaky” fusion. This was supported by their biotics5:20.30.49.61
observation of increased scattering upon addition of melittin to  From the present work, we can conclude that DSC provided
POPG. Lafleur et al’ studied a similar system by Raman 3 detailed insight inte-and differentiation betweerthe interac-
spectroscopy, suggesting a model where, in the gel phasetons of two cecropin A-melittin hybrid peptides with three
melittin tetramers bridge two adjacent bilayers of the anionic |ipid model systems. CD and light scattering data complemented
lipid, causing precipitation of the complex. Madeira et®lave  the DSC study, allowing altogether the proposal of two different
also reported a similar mechanism for the interaction of DNA mechanisms for peptidemembrane interactions, dictated by
with oppositely charged liposomes, and Dias éfallso found  membrane charge. Further, it was possible to distinguish, for
Strong associative phase behavior for interactions of DNA with each membrane System, the S||ght|y different behaviors of the
catanionic vesicles, with formation of precipitates. We expect two antimicrobial peptides under study. In fact, although the
these cecropin Amelittin hybrid peptides to interact with  shorter CA(:-7)M(2—9) peptide is known to retain most of
DMPG in a similar manner, as it provides a sensible explanation the antimicrobial activity of its larger CA@8)M(1—18)
that is consistent with all our experimental findings. counterpart, the former interacts more favorably with zwitter-
Interaction with DMPC/DMPG Membranes. The results ionic membranes, which makes it a less appealing drug
obtained for the mixed DMPC/DMPG lipid system, with the candidate. Thus, the findings herein reported are of undeniable
three techniques employed, correspond to an intermediaterelevance for the design and development of novel antimicrobial
situation. This emphasizes the importance of the phospholipid peptides based on the hybridization concept.
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