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ABSTRACT. Recently, we reported on a new group of diastereomers of short-model peptides (12 amino
acids long) composed of leucine and lysine with varying ratios, possessing several properties that make
them potentially better than native or de novo-designed-aihino acid antimicrobial peptides. Preliminary
studies have revealed that modulating the hydrophobicity and positive charges of these diastereomers is
sufficient to confer antibacterial activity and cell selectivity. However, the relationship between their
biological function, structure, and mode of action was not investigated. Here we synthesized and investigated
three types of linear model diastereomers (12 amino acids long) with varying lysine:leucine (or tryptophan)
ratios (i.e., kLsW, KsLgW, and KL4W), which confer different levels of lytic activities. For each K:L

ratio, tryptophan was introduced in the middle or the N- or C-terminus of the peptides, as an intrinsic
fluorescent probe. Only the hemolytic peptidel kW binds to both negatively charged and zwitterionic
phospholipid membranes.sKsW and K;L W bind similarly, but only to negatively charged membranes,
despite the fact that #¢W is substantially more lytic to bacteria tharlkW. Interestingly, although

KsLsW contains 33%b-amino acids, ATR-FTIR spectroscopy revealed a structure 3% o-helix in

both types of membranes. In additionsLl§W contains~40% 3o-helix and KL4W is predominantly a
random coil in membranes. Polarized ATR-FTIR and tryptophan-quenching experiments, using brominated
phospholipids, revealed a similar depth of penetration and an orientation that was parallel to the membrane
surface for all the peptides, but withsKsW affecting the lipid order more than the others. The results
provide insight into the mode of action of this group of diastereomeric peptides, and the effect of
hydrophobicity and positive charges on their membrane structure, function, and cell selectivity. Moreover,
this research should assist in the development of suitable diastereomeric peptide antibiotics for therapeutic
use that would overcome the problem the increasing resistance of bacteria to conventional antibiotics.

Antimicrobial resistance to conventional antibiotics has net positive charge. Most of the studies were carried out with
become a major problem worldwide because of their linear amphipathiex-helical cytolytic peptides£40 amino
extensive use. In fact, strains of bacteria already exist thatacids) from a host-defense syste8). (These polypeptides
are resistant to all available antibiotick ). The develop-  vary considerably in chain length, hydrophobicity, and
ment of new families of antibiotics that can overcome the overall distribution of charges, but share a common structure
resistance problem has become a very important task. Oneupon association with lipid bilayers, namely, an amphipathic
such major family consists of the antimicrobial peptides. a-helix structure 10, 11). This group includes (i) lytic
Antimicrobial peptides are natural antibiotics that constitute peptides that are toxic only to microorganisms, e.g., cecropins
a major part of the innate immunity of a wide range of isolated from the cecropia motth) and magaininsl3) and
organisms, including human8-9). During the past two  dermaseptinsld) isolated from the skin of frogs; (ii) lytic
decades, numerous studies have demonstrated the essentipeptides that lyse mammalian cells, suchdasemolysin
role of antimicrobial peptides as the first line of defense isolated fromStaphylococcus aure(5); and (iii) non-cell-
against invading pathogens and their uncontrolled prolifera- selective lytic peptides, such as the bee venom meliti@ (
tion. An important property of most antimicrobial peptides and the neurotoxin pardaxiriy, 18), that can lyse micro-
is their ability to selectively kill bacteria but not normal organisms and mammalian cells.

eukaryotic cells. Many stgdies indicated that a specific  Most of the antimicrobial peptides are composed of
secondary structure is required and that the common feature_-amino acids with a defined-helix or 5-sheet secondary
found in most of them are an amphipathic character and astructure. Another important group of peptide antibiotics
composed of both- andp-amino acids includes gramicidins,
T This research was supported by the Israel Academy of Sciencesaf:t'_nomycms' bacitracin, PO'YmYX'”S' lantibiotics, anc_l bom-
and Humanities. binins H 3-5 (19, 20). The coexistence af- andb-amino
5 *ITO_ Wlh%rﬂ CerteSp%de\r;\?e_ Shouldlbet_?c:dreisgd: Dep%rtrﬁenttofacids leads to unique structures and properties that are
10logical emistry, e VWelzmann Institute or Science, Renovot, H 7
76100 Israel. Telephone: 972-8-9342711. Fax: 972-8-9344112, £- COMPIetely different from those of all othefpeptides. For
mail: bmshai @weizmann.weizmann.ac.il. example, th? gram.ICIdlnSZQ.).are composed of .altelfnatmg
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hydrogen bond pattern of the backbone similar to that in hydrophobicity and positive charges on their function and
fB-sheets. In thesg-helices, the amino acid residues point selectivity.

outward and the carbonyl moieties alternately point upward

and downward within the helix, providing the helices with  MATERIALS AND METHODS

a hydrophilic pore. Unfortunately, these peptide antibiotics
are not cell-selective and are highly toxic to normal eukary-
otic cells.

Recently, we have incorporated severamino acids into
the o-helical cytolytic peptides pardaxir2®) and melittin
(23). Although the resulting diastereomers lost their cytotoxic
effects on mammalian cells, they retained high antibacterial

acti'vi.ty,' thus providing a basis for de'signing' novel peptide mamide (peptide synthesis grade, Biolab). Egg phosphati-
antlblqtlcs cor_nposed Qb' and L-amino _aC|ds that are dylcholine (PC) was purchased from Lipid Products (South
selective to microorganisms. On the k_)a3|s of these _StUd'eSNutfield, U.K.). Egg phosphatidylglycerol (PG) and phos-
?zn f ggs\ﬁgzgﬁdﬂ%g;Y,:Ejhi?Jggi'n{;gg'gsorptorgihzfpgdgzesphatidylethanolamine (PE) (type V, froEscherichia coli
(12’ ami,no acids%ong) composeg of only leucine an% Ii)/sine were .purchased from Sigma. Cholesterol (extra pure)_was
with varying ratios anél one-third of their sequence consisted Supb plied by Merck (Darmstadt, Germany) and reqrystalllzed
f beami ” 6 Studi f their functi led that twice from ethanol. All other reagents were analytical grade.
of b-amino acidsZ6). Studies of their function revealed tha Buffers were prepared in doubly glass-distilled water.

modulating the ratio between the hydrophobicity and a . . e .

positive charge is sufficient to confer antibacterial activity sizi?jpg;/jz iglri]éh;?:s:ﬁesﬁorgl%fliﬁmegtlr?ﬁsb;vfzrﬁyzyrgltgﬁ;ine
d cell selectivity. A highly hydrophobic diast - H - .

and cell seiectivity gy Nyurophiobic Jiastereomer was resin (0.05 mequiv) 7). The resin-bound peptides were

used to lyse the eukaryotic and prokaryotic cells. In contrast, ] :
a very positively charged diastereomer had low antibacterial cleaved f“’”! the resins by h_ydrogen fluoride (HF), and after
HF evaporation extracted with dry ether. HF cleavage of the

activity and could not lyse the eukaryotic cells. In the _ . .
boundary between the high hydrophobicity and high positive pepudes b_ound to 4_-methy| ben_zhydrylamme resin resul_ted
charge of the diastereomers, we noted selective and poten{n C-termlnally amde:jted pepu_des. TEese CrUdT S%pt'de
antibacterial activity. However, the structure and organization Préparations contained one major peak, as revealed by RP-

; Lo : HPLC, that was 6680% pure peptide by weight. The
in phospholipid membranes of the diastereomers, as well as . . e
their ability to bind to phospholipids of different composi- synthesized peptides were further purified by RP-HPLC on

tions, have not yet been studied. Knowing this information & Ci8 relvoerse pg%soeABio-Rad_semipreperz_itive (_:oluanh (250
may extend our knowledge of the mechanism by which mrln X mml, d porr]e SIZE, ,Emfparthe S'Z.e)' I'e
diastereomers of non-cell-selective lytic peptides can dis- column was eluted over the course o 40 min, using alinear
criminate between different organisms and, consequently,gradlent of 10 to 60% acetonitrile in water,'both containing
provide a better tool for designing potent diastereomeric 0'05% TFA (\.//V)' at a flow rate of 1.8 mL/min. The purified
antimicrobial peptides. peptides, which were shown to be homogeneou352b)

In this study, we focused on three types of diastereomers:by analytical HPLC, were subjected to amino acid analysis

(i) hemolytic peptides with high antibacterial activity, (i) © COnrm their content,

nonhemolytic peptides with high antibacterial activity, and _Preparation of LiposomesSmall unilamellar vesicles
(iii) nonhemolytic peptides with poor antibacterial activity. (SUV) were prepared by sonication of PC/cholesterol (10:1

In each type of diastereomer, tryptophan was introduced in W/w) or PE/PG (7:3 wiw) d'SPeTS'O”S- Br_lefly, dry lipid and
the middle or the N- or C-terminus of the peptides. The chplesterol (10:1 wiw) were dissolved in a CHMeOH
peptides were then characterized with regard to their biologi- MXUre (2:1 v/v). The solvents were then evaporated under
cal function and binding to model phospholipid membranes. & Stréam of nitrogen, and the lipids (at a concentration of
The secondary structure of the peptides in zwitterionicyPC /-2 Mg/mL) were subjected to a vacuunt tbh and then
cholesterol) and negatively charged (PE/PG) phospholipid €Suspended in the appropriate buffer, by vortexing. The
membranes, and their ability to perturb the lipid order, were "€Sultantlipid dispersions were then sonicated foiL5 min
studied using attenuated total reflectance Fourier transform

Materials. 4-Methyl benzhydrylamine resin (BHA) and
butyloxycarbonyl (Boc) amino acids were purchased from
Calibochem-Novabiochem (La Jolla, CA). Other reagents
used for peptide synthesis included trifluoroacetic acid (TFA,
Sigma),N,N-diisopropylethylamine (DIEA, Aldrich, distilled
over ninhydrin), dicyclohexylcarbodiimide (DCC, Fluka),
1-hydroxybenzotriazole (HOBT, Pierce), and dimethylfor-

in a bath type sonicator (G1125SP1 sonicator, Laboratory

infrared (ATR-FTIR) spectroscopy. In addition, the depth Supphes.Con;pany Inc.) urs'ul_ they were clear. To fav0|d
of their penetration into phospholipid membranes was degradation of unsaturated lipids, Eonlcat;]onlyvgs performed
estimated by using tryptophan quenching in the presence ofat~10 fC l;nder a r|1|_trogen atmosphere. The ollpld COUCGJ‘”;"
brominated phospholipids. The structure, orientation, and oNns of the resulting preparations were determined by
depth of penetration of the diastereomers into membranesP0SPhorus analysig). Vesicles were visualized using a
provided insight into their mode of action and the effect of JEOL JEM 100B electron microscope (Japan Electron Optics
Laboratory Co., Tokyo, Japan) as follows. A drop of vesicles

was deposited on a carbon-coated grid and negatively stained

1 Abbreviations: ATR-FTIR, attenuated total reflectance Fourier with urany| acetate. Examination of the grids demonstrated
transform infrared; BHA, 4-methyl benzhydrylamine resin; Boc, . ) . . .
butyloxycarbonyl; CFU, colony-forming units; HF, hydrogen fluoride; ~ that the vesicles were unilamellar with an average diameter
hRBC, human red blood cells; MIC, minimal inhibitory concentration; 0f 20—50 nm.

PBS, phosphate-buffered saline; PC, egg phosphatidylcholine-PE,  aptinacterial Actiity of the PeptidesThe antibacterial
coli phosphatidylethanolamine; PG, egg phosphatidylglycerol; RP- o - . T .
HPLC, reverse phase high-performance liquid chromatography; Suv, activity of the peptides was examined in sterile 96-well plates

small unilamellar vesicles; TFA, trifluoroacetic acid. (Nunc F96 microtiter plates) in a final volume of 100 as
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follows. Aliquots (50uL) of a suspension containing bacteria ~ ATR-FTIR MeasurementSpectra were obtained with a
at a concentration of £Qcolony-forming units (CFU)/mL Bruker equinox 55 FTIR spectrometer equipped with a
in culture medium (LB medium) were added to D of deuterated triglyceride sulfate (DTGS) detector and coupled
water containing the peptide in serial 2-fold dilutions in \yjth an ATR device. For each spectrum, 200 or 300 scans
water. The extent of inhibition of growth was determined oo collected, with a resolution of 4 cf During data

by measuring the ak_Jsorbance at 492 nm W'th a M'Cfop'ate acquisition, the spectrometer was continuously purged with
autoreader EI309 (Bio-tek Instruments), after incubation for - - )
dry N; to eliminate the spectral contribution of atmospheric

18—20 h at 37°C. Antibacterial activities were expressed S I d ously d d
as the minimal inhibitory concentration (MIC), the concen- water. Samples were prepared as previously descriigd (

tration at which 100% inhibition of growth was observed Bri€fly, @ mixture of PC/cholesterol (10:1 w/w, 1.25 mg) or
after incubation for 1820 h. The bacteria that were used PE/PG (7:3 w/w,1.25 mg) alone or with peptide24 ug)

included E. coli D21, Acinetobacter calcoaceticuacl1, was deposited on a ZnSe horizontal ATR prism (80 mm
Bacillus megateriunBm11, andBacillus subtilis ATCC 7 mm). The aperture angle of 45jielded 25 internal
6051. reflections. Before sample preparation, the trifluoroacetate

Hemolysis of Human Red Blood Cellhe peptides were  (CF;,COO") counterions which strongly associate to the
tested for their hemolytic activity against human red blood peptide were replaced with chloride ions through several
cells (hRBC). Fresh hRBC with EDTA were rinsed three \yqphilizations of the peptides in 0.1 M HCI. This allowed
times with PBS [35 mM phosphate buffer and 0.15 M NaCl o ajimination of the strong-€0 stretching absorption band

(pH 7.3)] by centrifugation for 10 min at 8@g0and . . .
resuspended in PBS. Peptides dissolved in PBS were the near 1673 e’ (33). Lipid/peptide mixtures were prepared

added to 5QuL of a solution of the stock hRBC in PBS to rby dissqlving them together in a 1:2 ,MEOH/QIH? mixturg
reach a final volume of 100L (final erythrocyte concentra- ~ &nd drying under a stream of dry nitrogen while moving a
tion, 5% v/v). The resulting suspension was incubated under T€flon bar back and forth along the ZnSe prism. Polarized
agitation for 30 min at 37°C. The samples were then Spectra were recorded, and the respective pure phospholipid
centrifuged at 80§ for 10 min. Release of hemoglobin was contribution in each polarization was subtracted to yield the
monitored by measuring the absorbance of the supernatantlifference spectra. The background for each spectrum was
at 540 nm. Controls for zero hemolysis (blank) and 100% a clean ZnSe prism. Hydration of the sample was achieved
hemolysis consisted of hRBC suspended in PBS and 1%py introduction of excess deuterium oxid#H$O) into a
Triton, respectively. _ _ . chamber placed on top of the ZnSe prism in the ATR casting
Binding of Peptides to VesicleShe interaction of the 5. incubation fo2 h prior to acquisition of spectra.+D

peplies il vesles consitng of miures f eTONCexchange was considred compet due o the complete s
PhosSpnolip of the amide Il band. Any contribution 8H,0 vapor to the

and negatively charged phospholipids (PE/PG) was charac- bsorb h de | K .
terized by measuring changes in the emission intensity of 20Sorbance spectra near the amide | peak region was

the peptides’ intrinsic tryptophan in SUV titration experi- €liminated by subtraction of the spectra of pure lipids
ments. Briefly, SUV were added to a fixed amount of peptide equilibrated with?H,0 under the same conditions.

(0.5 uM) dissolved in PBS (35 mM phosphate buffer and ) L . .
0.15 M NaCl) at pH 6.8 and 24C. A 1 cm path length ATR-FTIR Data AnalysisPrior to curve fitting, a straight

quartz cuvette that had a final reaction volume of 2 mL was P@seline passing through the ordinates at 1700 and 1600 cm
used in all experiments. The fluorescence intensity was Was subtracted. To resolve overlapping bands, the spectra
measured as a function of the lipid:peptide molar ratio (four Were processed using PEAKFIT (Jandel Scientific, San
separate experiments) on a SLM-Aminco, Series 2 spectro-Rafael, CA). Second-derivative spectra accompanied by 13-

fluorimeter, with excitation set at 280 nm, ugia 4 nmsilit, data point SavitskyGolay smoothing were calculated to
and emission set at 340 nm, ugia 4 nmslit. The binding identify the positions of the component bands in the spectra.
isotherms were analyzed as a partition equilibrium, using These wavenumbers were used as initial parameters for curve
the following formula 29, 30): fitting with Gaussian component peaks. The position,
X, = Koy bandwidths, and amplitudes of the peaks were varied until

(i) the resulting bands shifted by no more than 2-¢éifinom
whereX; is defined as the molar ratio of bound pepti@s)( the initial parameters, (ii) all the peaks had reasonable half-
per total lipid C.), Kp corresponds to the partition coefficient, widths (<20—25 cmY), and (iii) good agreement between
andC; represents the equilibrium concentration of the free the calculated sum of all components and the experimental
peptide in solution. For practical purposes, it was assumedspectra was achieved?(> 0.99). The relative contents of
that the peptides initially were partitioned only overth(_a_outer different secondary structure elements were estimated by
leaflet (60%) of the SUV 31). Therefore, the partition  qjiding the areas of individual peaks, assigned to particular
equation becomes secondary structure, by the whole area of the resulting amide

Xo* = Kp*C | band. The results of four independent experiments were
averaged.
where Xp* is defined as the molar ratio of bound peptide
per 60% of total lipid andKg* is the estimated surface Analysis of the Polarized ATR-FTIR Spectidne ATR
partition constant. The curve resulting from plottidxg* electric fields of incident light were calculated as follows
versusC; is termed the conventional binding isotherm. (34, 35).
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2 coSO m amino acids with three varying ratios: 3:9, 5:7, and 7:5. The

— 21 location ofp-amino acids remained constant with all of the
2 2\ o o 2 peptides. In each group, a leucine was substituted with the

\/(1 N1 )[(L + 1z, i’ 6 = 1] hydrophobic amino acid tryptophan at either the middle of

_ 2cosf the peptide or its N- or C-terminus, to maintain the ratio

B = \/1—7r12 between the positively charged and the hydrophobic amino
21 acids. Tryptophan was then used as an intrinsic fluorescent

2 sinf cosé probe for spectrofluorometric studies. Table 1 shows the

E,= > . > sequences of the peptides and their designations, net charges,
\/ (1= (L + nyY) sir? 6 — ny, 7] and hydrophobicities4@).

) . , Antibacterial and Hemolytic Actity of the Peptides.
where¢ is the angle of a light beam to the prism normal - antipacterial and hemolytic activities of the peptides were
at the point of reflection (43 andny, = n/my [ andnz aré.  yegteq to verify that the incorporation of tryptophan at
the refractive indices of ZnSe (taken as 2.4) and the giterent positions along the peptide chain did not signifi-
membrane sample (taken as 1.5), respectively]. Under thesg a1y affect their function. The antibiotic tetracycline served
conditions,E, Ey, andE; are 1.09, 1.81, and 2.32, respec- 44 4 control in the antibacterial assay. Table 2 gives the MIC
tively. The electric field components together with the ¢, 5 representative set of test bacteria, which includes two
dichroic ratio [defined as the ratio between absorption of Gram-negative specie€( coli and A. calcoaceticysand
parallel (to a membrane planely, and perpendicularly 5 Gram-positive specie®( megateriunandB. subtilig.
polarized incident light,AJ are used to calculate the tapje 2 also shows the percentage of hemolysis caused by
orientation order parametdf, by the following formula: applying the peptides at a concentration of&0. The data

9 revealed that within each group, the incorporation of tryp-
E_z feol o+ 1-f tophan at the different positions did not substantially affect
A, Ex2 2 3 their biological function. The analogues of []t812K 3L gWV,
Rif=P="+ the most hydrophobic group, were not cell-selective, and
A E, f sin o n 1—-f could lyse both erythrocytes and bacteria, whereas the
2 3 analogues of the [DJt:#812KsL W group were nonhemolytic

. N but lysed bacteria with high potency. The most hydrophilic
wherea. is the angle between the transition moment of the group of analogues, [DR481CK.L,W, were also cell-
amide | vibration of aro-helix and the helix axis. Several gglective, but exhibited the lowest antibacterial activity.
values ranging from 27to 40> were reported forc in the Interestingly, this analogue was still highly potent only on
literature @6). We used the values of 2135, 37) and 39 B. megateriunwith a potency similar to those of the others.
(38, 39) for a. Lipid order parameters were obtained from  |nteraction of the Peptides with Phospholipid Membranes.
the symmetric {2853 cm) and antisymmetric42922  gjince the biological functions of the three analogues of each
cm™) lipid stretching mode using the same equations, setting group were similar, only [D]E4#12K s gW(m), [D]L34810
o equal to 90 (35). _ o KsLeW(m), and [D]L34812K L ;W(m) were further investi-

Tryptophan-Quenching Experimenitsyptophan whichis - gated for their structure and mode of action with model
sensitive to its environment has been utilized previously in phospholipid membranes. However, all of the nine analogues
combination with brominated phospholipids (Br-PC) 10 \ere used in the tryptophan-quenching experiments.
evaluate peptide localization in the membra4@, ¢1). Br- Binding StudiesThe selective cytolytic activity of the
PC used as quenchers of tryptophan fluorescence are suitablgjastereomers may be due to their inability to bind different
for probing the membrane insertion of peptides, since they phospholipid membranes, or alternatively, they may bind,
act over a short distance and do not drastically perturb thep ;¢ once bound cannot organize themselves into structures

membrane. The diastereomers, each of which contains ongpat induce membrane lysis. To distinguish between these
tryptophan residue, were added (final concentration of 0.5 possibilities, we conducted a binding study. The single

uM) to 2 mL of PBS buffer [35 mM phosphate buffer and tryptophan residue at position 6 of [DIE:312K sLsW(m),
0.15 M NaCl (pH 7.3)] containing 1zL (60 /,t_l\/l)_Of BI’-_ _ [D]L 34812K | oW(m), and [D]L34812K L ,W(m) was used
PC/PE/PG (2.5:4.5:3 wiw) SUV, thus establishing a lipid: 55 an intrinsic fluorescence probe to follow the binding of
peptide ratio of 120:_1. After incubation for 2 min at room o peptides to model phospholipid membranes. PE/PG (7:3
temperature, an emission spectrum of the tryptophan wasW/W), a phospholipid composition typical &. coli (43),
recorded using a SLM-Aminco Series 2 spectrofluorometer, onq'the zwitterionic PC/cholesterol (10:1 w/w), a phospho-
with excitation set at 280 nm (4 nm slit). SUV composed of |ihig composition used for mimicking the major components
Br-PC, PE, and PG (2.5:4.5:3 w/w) which contained either ¢ the outer leaflet of human erythrocyte$4), were used
6,7-Br-PC, 9,10-Br-PC, or 11,12-Br-PC were used. Three i, the pinding assays. A fixed concentration (218) of the
separate experiments were conducted for each diastereomepantige was titrated using the desired vesicles (PE/PG or PC),
In control experiments, PC/PE/PG (2.5:4.5:3 wiw) SUV' 3nq an increase in the fluorescence intensity was observed
without Br-PC were used. when binding occurred. Plotting of the resulting increases
RESULTS in the fluorescence intensities of tryptophan as a function of
lipid:peptide molar ratios yielded conventional binding
Three groups of 12-amino acid diastereomers of model curves. The binding curves of all the diastereomers with PE/
peptides were synthesized. They are composed of positivelyPG show that saturation occurred at a lipid:peptide molar
charged (lysine) and hydrophobic (leucine and tryptophan) ratio of ~100:1 (Figure 1A). The binding isotherms were
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Table 1: Sequences, Designations, Net Charges, and Hydrophobicities of the Peptides That Were Investigated

peptide sequenée net charge hydrophobicity
[D]L 348K 5 LgW(n) KWLLLLKLLLLK-NH, +4 0.11
[D]L 3481QK 5 LgW(m) KLLLLWKLLLLK-NH, +4 0.11
[D]L 348K 3 LgW(C) KLLLLLKLLLWK-NH; +4 0.11
[D]L 3481QK 5L W(n) KWLL KLK LKL LK-NH, +6 0.16
[D]L 3481QK sLgW(m) KLLL KWKLKLLK-NH; +6 0.16
[D]L 34812K 5L sW(C) KLLL KLK LKL WK-NH, +6 0.16
[DIL 481K ;L W(N) KKWL KLKLKLKK-NH; +8 0.43
[D]L 3481QK /L ,W(m) KKLL KWK LKL KK-NH, +8 0.43
[D]L 348K ,L,W(c) KKLL KLK LKW KK-NH, +8 0.43

aUnderlined and bold amino acids aveenantiomers? The C-terminus is amidate@iMean values of hydrophobicity were calculated using the
consensus value of hydrophobicity scad@)(

Table 2: Minimal Inhibitory Concentrations of the Peptides

minimal inhibitory concentratioh(uM)

E. coli A. calcoaceticus B. megaterium B. subtilis % hemolysis at
peptide (D21) (Acl1) (Bm11) (ATCC 6051) 50uM peptide

[D]L 348Kl sWn 6.5 35 0.8 15 31

[D]L 3481QK 5L gWm 45 45 1 1.3 39.4
[D]L 3481QK 4l sWC 6.5 6 1 1.6 44.2
[D]L 348K sLgWn 10 8.5 0.5 1.8 0

[D]L 348K sl sWm 8.5 8.5 0.6 25 0

[D]L 348K sl gWC 8 9.5 0.6 2 0

[DIL 481K L ,Wn 140 230 0.7 90 0

[D]L 3481eK 7L ,Wm 120 200 0.6 100 0

[DIL 348K LWe 130 220 1 110 0
tetracycline 15 15 1.2 6.5

aResults are the means of three independent experiments each performed in duplicate, with standard deviations not exceeding 25%.

constructed by plotting,* (the molar ratio of bound peptide  stereomers with PE/PG vesicles are straight lines, which
per 60% of the total lipid) versu€; (the equilibrium indicates a simple adhesion process, as opposed to cooper-
concentration of the free peptide in the solution) and are ativity in binding. Similar results were obtained with naturally
shown in Figure 1B. The surface partition coefficients were occurring antibacterial peptides such as dermasepdifs (
estimated by extrapolating the initial slopes of the curves to 46) and cecropins47, 48).

partition coefficients Ky, of the diastereomers. The data pc/Cholesterol Membranes Determined by FTIR Spectro-
reveal that there is no major difference between the binding scopy FTIR spectroscopy was used to determine the second-
properties of the peptides. This can explain the similar ary structure of the diastereomers within phospholipid

potencies of [D]E24#12KsLgW(m) and [D]L3'4’§'13K5|—6W' membranes. Helical and unordered structures can contribute
(m), but cannot explain the finding that [D}:*+2K 7L, W- to the amide | vibration at almost identical wavenumbers,
(m) is almost inactive. and it is difficult to extract the precise proportion of helix

Binding studies with PC vesicles revealed no net increase and random coil from IR spectra. However, the exchange
in the tryptophan fluorescence of [D}t:812KsLgW(m) and of hydrogen with deuterium makes it possible, sometimes,
[D]L #4812K L ,W(m), or blue shifts in their emission to differentiaten-helical components from random structure,
spectrum up to the maximal lipid:peptide molar ratio that since after deuteration the absorption of the random coil shifts
was tested (400:1). This indicates that the diastereomers dao a greater extent than the helical structure. We therefore
not bind to PC vesicles or, alternatively, bind very weakly. examined the IR spectra of the peptides after complete
However, a blue shift in the emission spectrum from 353 deuteration. Spectra of the amide | region of [B}i812
nm in solution to 345 nm in the presence of PC was observedK ;L gW(m), [D]L34812KsLeW(m), and [D]L3481QK L ,W-
with [D]L 348Kl gW(m), indicating that this diastereomer  (m) bound to PE/PG (7:3 w/w) multibilayers are shown in
binds PC vesicles. Since no net increase in the fluorescencerigures 2A, 3A, and 4A, respectively. The spectrum of the
was observed up to the maximal lipid:peptide molar ratio amide | region of [D]134812K;LgW(m) bound to the
that was tested (400:1), it was not possible to derive the zwitterionic PC/cholesterol (10:1 w/w) multibilayers was
corresponding binding isotherm. A possible explanation for jdentical to that observed with PE/PG and therefore was not
this result is that [D]E##12K 5L gW(m) self-associates upon  shown. [D]L34812KsLgW(m) and [D]L34812K L ,W(m) do
binding to PC vesicles. The location of the tryptophan not bind PC/cholesterol and therefore were not examined.
residue, within an aggregate, may confine the changes inSecond-derivative spectra accompanied by 13-data point
the fluorescence intensity while allowing the blue shift to Savitsky-Golay smoothing were calculated to identify the
occur. positions of the component bands in the spectra and are given

The shape of the binding isotherm of a peptide can provide in the corresponding B panels of Figures-£2 These
information about the organization of the peptide within wavenumbers were used as initial parameters for curve fitting
membranes30). The binding isotherms of the three dia- with Gaussian component peaks. Deconvolution of the amide
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Ct(mm) FicurRe 2: FTIR spectra deconvolution of the fully deuterated amide

) . 610 | band (1606-1700 cnt?) of [D]L3481QK3LgW(m) (A) and its
FIGURE 1: (A) Increase in the fluorescence of [D]E:*12K ;L gW- second derivatives (B). The component peaks are the result of curve
(m), [D]L34819K L eW(m), and [D]L3#812K7L,W(m) (0.5uM total  fitiing using a Gaussian line shape. The amide | frequencies
concentration) upon titration with PE/PG vesicles, with the excita- characteristic of the various secondary structure elements were taken
tion wavelength set at 280 nm and emission at 340 nm. The fom Jackson and Mantschg). The sums of the fitted components
experiment was performed at 26 in PBS. (B) Binding isotherm g ;perimpose on the experimental amide | region spectra. In panel
derived from panel A by plotting(,* (extent of binding) vsC; A, the solid line represents the experimental FTIR spectra after

(free peptide). Calculations ok,* and C; were performed as  gayitzky—Golay smoothing and the dashed lines represent the fitted
described in Materials and Methods. Designations are as follows: components. A 100:1 lipid:peptide molar ratio was used.

(m) [D]L 34812K 3L gW(m), (@) [D]L 34812KsLeW(m), and @) [D]-
L3'4'8'1QK7L4W(m). .
when bound to either PC or PE/PG membranes, {Bft12
Table 3: Partition Coefficients of the Diastereomers As Determined K5L6W(m) adopts a f"'he!:)él(A'O%) and ,an uno_rdered
from the Initial Slopes of the Binding Isotherms structure (60%), and [DJt*#12K/L,W(m) is practically
unordered £80%) in PE/PG phospholipid membranes.

| lipid t Kp* (Mt . . L.
34§i:np ° i ype (M7 Orientation of the Phospholipid Membrane and the Effect
{B}tgggjmﬁis\,wvgmg Eggg 88; 8'gg§ ig: of Peptide Binding on the Acyl Chain Ordétolarized ATR-
[D]L3,4,s,1qu|_iW(m) PE/PG (L1 0.4) x 10° FTIR was used to determine the orientation of the lipid

membrane. The symmetriod«(CH,;) ~ 2850 cnr!] and

| region was performed using these Gaussian componentthe antisymmetriCtfanisyr{ CHz) ~ 2920 cn1?] vibrations of
peaks, and the results are summarized in Table 4. Assignmentipid methylene C-H bonds are perpendicular to the mo-
of the different secondary structures to the different amide | lecular axis of a fully extended hydrocarbon chain. Thus,
regions was calculated according to the values taken frommeasurements of the dichroism of infrared light absorbance
Jackson and Mantschg). The amide | region between 1648 can reveal the order and orientation of the membrane sample
and 1660 cm? is characteristic of an-helical structure, and  relative to the prism surface. Figure 5A shows an example
the amide | regions from 1640 to 1648 chand from 1660 of the ATR dichroism spectra of parallel and perpendicular
to 1670 cnt are characteristic of unordered ang-Belix, polarized ATR-FTIR absorbance spectra between 2800 and
respectively. The assignment of the amide | region between3000 cnt? of PE/PG multibilayers alone, and Figure 5B
1670 and 1680 cnt remains uncertain. Previous studies have shows the spectra incorporated with [BJ812K L gW(m).
correlated this region witls-turns 60), possibly sterically Table 5 shows the calculat&lvalues and their correspond-
constrained non-hydrogen-bonded amige@groups within ing f values based on the stronggfisyr{ CH,). Similar values
turns 61), or the high-frequency-sheet componentp), were obtained whems,(CH,) was used instead (data not
which arises as a result of transition dipole couplibg)( shown), as previously found by othe5). R values based
The results reveal large differences between the secondarnon the strongepanisyr{CH,) were 1.38+ 0.02 for the PE/
structure of the diastereomers. Whereas [IJft-12K L gW- PG phospholipid membrane. The data indicate that the
(m) adopts predominantly~88%) ana-helical structure phospholipid membrane is well-ordered. Similar results were
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Ficure 3: FTIR spectra deconvolution of the fully deuterated amide
| band (1606-1700 cnr?l) of [D]L3481QeKsLeW(m) (A) and its
second derivatives (B). Details are as described in the legend o
Figure 2. A 100:1 lipid:peptide molar ratio was used.

Ficure4: FTIR spectra deconvolution of the fully deuterated amide
¢l band (1606-1700 cnt?) of [D]L34812K,L,W(m) (A) and its
second derivatives (B). Details are as described in the legend of
Figure 2. A 100:1 lipid:peptide molar ratio was used.

obtained by others3@, 35, 54, 55). On the basis of the (dibromostearoyl)phosphatidylcholine] with bromines at the
dichroic ratio of lipid stretching, the corresponding orienta- g 7. 9,10-, and 11,12-positions were used as a molecular
tion order parametef, was calculated to be 0.440.02 for  yyjer, The peptide:lipid molar ratio in these experiments was
the PE/PG phospholipid membranes. The observed antisymyept Jow (1:120). At this peptide:lipid ratio, the wild-type
metric and symmetric peaks at 2921#90.2 and 2852. 4 peptides, [D]34810K 4L g, [D]L3481K L6, and [D]L34812
0.3 cni'?, respectively (Figure 5A), indicate that the mem- k.| , did not induce vesicle leakag@6). Figure 6 shows
branes were predominantly in a liquid-crystalline ph&® ( an example of the spectra obtained with the different lipid
56), like biological cell membranes. Thus, the lipid multi- compositions for [D]B481KsLeW(c). In all tryptophan-
bilayer used in our study was well-oriented and in a liquid- guenching spectra, a shoulder around 355 nm was observed
crystalline phase. which might suggest the coexistence of membrane-bound
The effect of the diastereomers on the multibilayer acyl and free peptide. However, at the lipid:peptide molar ratio
chain order can be estimated by comparing the §ltetch-  that was used (120:1), the amount of free peptide is probably
ing dichroic ratio of pure phospholipid multibilayers with  negligible since maximal binding occurs (Figure 1). Fur-
that obtained with membrane-bound peptide (Table 5). The thermore, even at higher lipid:peptide molar ratios of 200:1
incorporation of [D]I34812K 5L gW(m) and [D]L34812K s gW- and 300:1, similar spectra were obtained (data not shown).
(m) into PE/PG phospholipid membranes had a similar large Figure 7 shows the percentage of tryptophan quenching of
disrupting effect on the acyl chain order. Only a slight all the peptides versus the type of brominated phospholipids
increase in th& value was observed with [D 812K 7L ,W- that were used. With all analogues, the largest quenching of
(m), indicating a minor disruption of the acyl chain order. tryptophan fluorescence was observed with 9,10-Br-PC/PE/
Orientation of the Peptides in the Membrane Determined PG vesicles followed by 6,7-Br-PC/PE/PG. Less quenching
by Tryptophan-Quenching Experimermsryptophan residue  was observed with 11,12-Br-PC/PE/PG. In most cases, no
present in the sequence of a protein or a peptide can servesignificant difference was observed when tryptophan was
as an intrinsic probe for the localization of the peptide within located in the N-terminus, the C-terminus, or the middle of
a membranes. To estimate the orientation and depth ofthe peptides. However, it should be noticed that a reduced
penetration of the diastereomers, we used the three analoguegvel of quenching of tryptophan fluorescence was observed
of each group, in which one tryptophan was located in the with 6,7-Br-PC/PE/PG when tryptophan was positioned in
middle or the N- or C-terminus of the peptides. The peptides the middle of the peptides, indicating a slight difference in
were mixed with phospholipids that contained Br, a quencher the depth of penetration depending on the position of the
of tryptophan fluorescence with ai dependence and an tryptophan. When the interface seeking properties of tryp-
apparentR, of 9 A (40). Bromo lipids [1-palmitoyl-2- tophan are considered?), the high level of quenching
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Table 4: Assignments, Wavenumbetg,(and Relative Areas of the Component Peaks Determined from the Deconvolution of the Amide |
Bands of the Peptides Incorporated into PE/PG (7:3 w/w) and PC/Cholesterol (10:1 w/w) Lipdsomes

[D]L 34810K 5 LgW(m) [D]L3'4'8'1QK5L5W(m) [D]L3'4'8'1QK7L4W(m)
assignment v(cm 1) area (%) v (cm 1) area (%) v (cm 1) area (%)
PE/PG
a-helix 1649+ 1 88+ 3
random coil 1643t 1 60+ 4 1644+ 1 76+ 3
3io-helix 16664+ 1 40+ 4 1666+ 1 24+ 3
B-turn/3-sheet 1674 1 12+ 3
PCl/cholesterol
a-helix 1649+ 1 86+ 2
random coil
310-he|ix
p-turn/-sheet 16741 14+ 2

@A 1:100 peptide:lipid molar ratio was used. Relative area values are given as mahasstandard deviation.
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Ficure 5: ATR dichroism spectra of parallel and perpendicularly

polarized ATR-FTIR absorbance spectra between 3000 and 2800

cm1 for the lipid CH, symmetric and antisymmetric vibration of
PE/PG (7:3 w/w) multibilayers alone (A) or incorporated with [D]-
L3481QK 5l gW(m) (B). The top line is for the parallel component,
and the bottom line is for the perpendicular component.

Table 5: Dichroic Ratios and Order Parameters of Phospholipid
Multibilayers?

peptides R of vantisyr{ CHz) f
PE/PG 1.38 0.02 0.44+ 0.02
PE/PG and [D]E481QK 5L sW(m) 1.57+0.04 0.30+ 0.04
PE/PG and [D]E481KsLgW(m) 1.53+ 0.06 0.32£ 0.03
PE/PG and [D]E481QK 7L ,W(m) 1.44+0.04 0.39+ 0.03

@A 1:100 peptide:lipid molar ratio was used.

FLUORESCENCE INTENSITY
(arbitrary units)

320 340

360
WAVELENGTH (nm)

Ficure 6: Examples of spectra obtained from tryptophan-quenching
experiments using brominated phospholipids. Tryptophan fluores-
cence spectra of [Df481eKsLsW(c) in the presence of SUV
composed of PC/PE/PG (2.5:4.5:3 w/w) and containing either 6,7-
Br-PC, 9,10-Br-PC, or 11,12-Br-PC. The excitation wavelength was
set at 280 nm, and emission was scanned from 300 to 400 nm.
Designations from the upper line to the lower line are as follows:
PC/PE/PG, 11,12-Br-PC/PE/PG, 6,7-Br-PC/PE/PG, and 9,10-Br-
PC/PE/PG.

Orientation of [D]L3481QK3LgW(m) in the Membrane
Determined by ATR-FTIR SpectroscopyIR experiments
revealed that only [D]B4812KsLgW(m) can adopt an
o-helical structure in the membrane, and therefore, its
orientation could be determined by using polarized ATR-
FTIR in both PC and PE/PG. The dichroic ratio valte,
was calculated from the amide | absorption at 1649 cim
the polarized spectra and was found to be 1458.02 in
both types of membranes. The corresponding order param-
eter, f, assumingo. = 27° (35, 37), was calculated as
described in Materials and Methods and was found to be
—0.15. Whena = 39° (38, 39), the order parameter was
found to be—0.25. Negative order parameters are observed
for helices oriented nearly parallel to the membrane surface
(36). These results confirm those obtained in the tryptophan-

observed with 9,10-Br-PC/PE/PG suggests that the peptide’sdUenching experiments.

conformation is involved in forcing the tryptophan residue
to penetrate into the acyl chain region. These results sugges

PISCUSSION

that upon binding to vesicles, the diastereomers are located Recently, we reported a study on a new group of
within the acyl chain region, parallel to the surface of the diastereomeric antimicrobial peptides having several advan-

membrane.

tages over native antimicrobial peptides, e.g., stability in
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and different biological potencies, all the peptides insert
similarly into the membrane and are oriented parallel to the
membrane surface.

Studies with naturally occurring amphipathichelical
peptides and their analogues showed a direct correlation
between the ability of a peptide to bind and disrupt target
membranes and its antimicrobial and hemolytic activity. Here
we found that the three types of diastereomers bind and insert
similarly to negatively charged membranes, although their
antibacterial activities are not the same. In addition, the only
peptide that can bind (blue shift in tryptophan fluorescence)
and permeate2p) zwitterionic membrane is the KsW
derivative, which is also the only one that can induce
hemolysis of red blood cells. The other two diastereomers
could neither bind (no change in tryptophan fluorescence)
nor induce leakage of zwitterionic membranes at concentra-
tions more than 100-fold higher than those needed to induce
leakage from negatively charged membran2§).( The
nonhemolytic activity of B4812KsLW(m) and [D]L3481Q
K7/L,W(m) can be attributed to their inability to bind
zwitterionic phospholipids. The repulsion of the diastereo-
mers from the zwitterionic PC membrane, because of its
positively charged choline group, prevents them from
penetrating into the hydrophobic region of the bilayers to
create an active secondary structure. These results are
different from what has been observed with native amphi-
pathic a-helical antimicrobial peptides such as magainin,
dermaseptin B, dermaseptin S, cecropin B, and cecropin P,
which are nonhemolytic but still can bind and permeate
zwitterionic membranes, although with a 10-fold higher
concentration compared with that needed for negatively
T charged membraned§, 48, 58). This may explain in part
their inability to lyse red blood cells, in which the outer
leaflet is composed of predominantly zwitterionic (PC) and
FiIGURE 7: Percentage of tryptophan quenching using brominated sphingomyelin phospholipid€l4). However, they can lyse

phospholipids. The percentage of quenching was calculated ac- . I .
cording to the tryptophan fluorescence spectra obtained in the the bacterial surface that contains lipopolysaccharides (LPS,

presence of PC/PE/PG (2.5:4.5:3 wiw) liposomes, or in the presencell Gram-negative bacteria) and polysaccharides (teichoic
of Br-PC/PE/PG liposomes containing either 25% 6,7-Br-PC, 9,- acids, in Gram-positive bacteria), as well as their cytoplasmic
10-Br-PC, or 11,12-Br-PC. The excitation wavelength was set at membranes that contain phosphatidylglycerol (PG), all of
280 nm, and emission was scanned from 300 to 400 nm. Panel AWhiCh are negatively charged. The inability of the diaster-
shows the results for [D:*812K 3LgW(n), -(m), and -(c), panel B . . A
for [D]L 34812K 5L qW(n), -(m), and -(c), and panel C for [DJi¢81 eomers to bind (or only weakly bln_d) zwitterionic m_embrane_s
K-LaW(n), -(m), and -(c). In every three-column group, the first Can be another advantage of this group of peptides for in
column stands for the result obtained with 6,7-Br-PC/PE/PG, the vivo application, since they will have a reduced ability to
second column with 9,10-Br-PC/PE/PG, and the third column with pind mammalian cells (that contain zwitterionic membranes
11,12-Br-PC/PE/PG. on their outer leaflet) compared with native antimicrobial
serum and reduced cytotoxic effecB6). However, com- peptides or de novo-designedamino acid amphipathic
pared with native antimicrobial peptides about which much o-helical antimicrobial peptides.
information of their mode of action is known, the structure  Electrostatic and hydrophobic interactions between the
and organization of diastereomeric antimicrobial peptides in diastereomers and the phospholipid membranes play a major
membranes have not been investigated. This information isrole in their binding to membranes. All the diastereomers
important for shedding light on their mode of action, which carry a net positive charge. However, whereas [Bft:1?
would help to develop efficient peptide antibiotics for KsLgW(m) and [D]L34812K,L,W(m) bind only to negatively
therapeutic use. charged phospholipid membranes, [B11812K sLgW(m) can

The results presented here will be discussed consideringbind to both negatively charged and zwitterionic membranes,
three interesting findings: (i) diastereomers with different indicating that its binding is mostly governed by hydrophobic
number of positive charges, and substantially different interactions. The partition coefficients of all the diastereomers
antibacterial and hemolytic activities bind similarly to with PE/PG membranes were on the same order of magnitude
negatively charged phospholipid membranes; (i) despite the (10° M~1) (Table 3). [D]L34812KsLgW(m) has the highest
incorporation of 33%b-amino acids along the peptide affinity, followed by L34812KsL¢W(m). However, the dif-
backbone, a diastereomeric peptide can still adopt a pre-ference between the affinities of2#82KsLsW(m) and
dominantlya-helical structure when bound to the membrane; L34812K,L,W(m) cannot explain the finding that3#:812
and (iii) despite their different structures in the membrane K-L,W(m) is more than 10-fold less potent thad4812¢

% OF TRYPTOPHAN QUENCHING

N-terminal Middle C-terminal
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KsLeW(m) with most tested bacteria. This suggests that phospholipid membranes had similar large effect on the acyl
electrostatic interactions are the main cause for the highchain order. [D]34812K,L,W(m) increased th& value only
affinity of the peptides for negatively charged membranes; slightly, indicating a minor disruption of the acyl chain order.
however, membrane binding is not necessarily associated We found that all the peptides penetrate into the membrane
with membrane disruption. Interestingly, despite a substantial to similar depths, as determined in the quenching experiments
decrease in the antibacterial activity of [O{t312K /L ,W- with brominated phospholipids (Figure 7). [B]t&12K L, W-
(m) compared with the other two, it is as active as they are (m), which is mostly unordered and has very low antimi-
onB. subtillis However, this bacterium is highly susceptible crobial activity, penetrates into the acyl chain region like
to many cytolytic peptides. the highly active [D]3481QK;LgW(m) and [D]L3481Q

The structures of [D]B4812K 5L gW(m), [D]L348RK gL gW- KsLeW(m). These results further indicate that membrane
(m), and [D]L34812K,L,W(m) in phospholipid membranes penetration is not sufficient by itself for membrane lysis,
were determined by using FTIR spectroscopy. The two potentbut rather, a defined structure is needed such as-helix

antimicrobial diastereomers [Djl812K 3L gW(m) and [D]- that causes the pointing of all the hydrophobic amino acids
L3481QK 5l sW(m) adopto-helix (~90%) and 3r-helix (40%) into one surface that can interact and disrupt the lipid order.
structures, respectively. In contrast, [B&12K,L,W(m), The findings that similar depths of penetration were observed

which has very low antimicrobial activity, is predominantly irrespective of whether tryptophan was located at the center
unordered. These results indicate that there is a need for aror the N- or C-terminus of the peptides suggest that the
ordered structure, which in the case of the diastereomericpeptides are oriented parallel to the surface of the membrane.
peptides is either am-helix or 30-helix, to confer high This orientation was confirmed by ATR-FTIR studies with
antibacterial activity. The conformation of the diastereomers the helical peptide [D]B:*812KLgsW(m), which revealed
in their membrane-bound state is determined by a balancenegative order parameter characteristics of peptides that lie
between forces that favor an unordered structure and forcegarallel to the membrane surface.
that favor a defined one. Forces that favor an unordered Our results with the model diastereomers support a “carpet-
structure include (i) repulsive forces between positively like” mechanism of bacterial lysis by this group of peptides
charged lysines, which favor an extended unfolded s&8e ( (4, 45, 65—67). The carpet mechanism describes a situation
60), which can be partially neutralized by the negative in which the diastereomers bind to the membrane and
charges of the phospholipid headgroups; and (ii) the desta-subsequently cover and dissolve it like a detergent. Hydro-
bilizing effect ofp-amino acids incorporated into anhelical phobic and positively charged amino acids possibly play
structure. Previous studies have shown that incorporatingdifferent roles in the steps involved in this model as
p-amino acid or even an adjacent pair mfamino acids  follows: (i) the positive charges enable the diastereomers
caused a local change in structure and flexibilityelfelical to selectively bind negatively charged phospholipids (Table
structures when the peptides are in soluti®h<64). Forces 3 and Figure 1); (ii) hydrophobic amino acids lead to
that influence the formation of a specific structure include penetration of the diastereomers into the acyl chain and drive
hydrophobic interactions between the nonpolar amino acidsthe formation of the helical structure (Figures 2 and 5); (iii)
and the phospholipid hydrocarbon layer. Therefore, the the molecule is reorganized so that the positive charges of
ability of the diastereomers to adopt a secondary structurethe basic amino acids can interact with the negatively charged
in the membrane, despite the existencenedmino acids, phospholipid headgroups or water molecules, and the hy-
can only be attributed to the hydrophobic interactions. The drophobic residues can interact with the hydrophobic core
free energy of the hydrophobic stretches of amino acids found of the membrane; and (iv) the membrane is disintegrated by
in [D]L 3481QK 5L gW(m) drives the formation of the-helix forcing the alkyl chains of the phospholipids apart (Table
in the apolar membrane milieu. This tendency compensatess), and thus disrupting the lipid bilayer structure. The last
for the destabilizing effect of the-amino acids. The addition  step in this model probably occurs only after a high peptide:
of positively charged lysines leads to disruption of the lipid molar ratio is reached.
o-helical structure with [D]E4812KsLsW(m), and to almost In summary, the distinct characteristics of hydrophobic
a complete elimination of the helical structure with [D]- and positively charged amino acids determine the selective
L3481eK,L,W(m). Once a hydrophobic diastereomer is antimicrobial activity of the diastereomers by affecting the
bound to zwitterionic membranes, it adopts the same membrane binding, structure, depth of penetration, and
secondary structure as in negatively charged membranesiisruption. Further studies on the parameters that affect the
(Table 4). This suggests that it lyses zwitterionic and interaction and organization of the diastereomers in the
negatively charged phospholipids via the same mechanism.membrane may lead to the development of new antibiotics
Although electrostatic interactions between the positively that would overcome bacteria resistance.
charged diastereomers and the negatively charged phospho-
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