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ABSTRACT. Membrane-active peptides comprise a large group of toxins used in the defense and offense
systems of all organisms including plants and humans. They act on diverse targets including microorganisms
and mammalian cells, but the factors that determine their target cell selectivity are not yet clear. Here, we
tested the role of peptide length and preassembly on the ability of diastereomeric cationic antimicrobial
peptides to discriminate among bacteria, erythrocytes, and fungal cells, by using peptides with variable
lengths (13, 16, and 19 amino acids long) and their covalently linked pentameric bundles. All the bundles
expressed similar potent antifungal activity (minimal inhibitory concentration of 0.24M) and high
antimicrobial activity. Hemolytic activity was also observed at concentrations higher than those required
for antifungal activity. In contrast, all the monomers showed length-dependent antimicrobial activity,
were less active toward bacteria and fungi, and were devoid of hemolytic activity. BIAcore biosensor
experiments revealed a300-fold increase in peptideanembrane binding affinity between the 13- and
19-residue monomers toward zwitterionic (egg phosphatidylcholine (PC)/egg spingomyelin (SM)/
cholesterol) vesicles. All the monomeric peptides display a similar high affinity to negatively charged
(E. coliphosphatidylethanolamine (PE)/egg phosphatidylglycerol (PG)) vesicles regardless of their length.
In contrast, irrespective of the size of the monomeric subunit, all the bundles bind irreversibly and strongly
disrupt both PC/SM/cholesterol and PE/PG membranes. Attenuated total reflectance Fourier-transform
infrared spectroscopy revealed that peptide assembly also affects structure as observed by an increased
o-helical ands-sheet content in membranes and enhances acyl chain disruption of PC/cholesterol. The
correlation between the antibacterial activity and ability to depolarize the transmembrane potdatial of
coli spheroplasts, as well as the ability to induce calcein release from vesicles, suggests that the bacterial
membrane is their target. The data demonstrate that preassembly of cationic diastereomeric antimicrobial
peptides is an essential factor in their membrane targeting.

Membrane-active peptides comprise a large group of toxins Recent studies have suggested that the preassembly of
used in the defense and offense systems of all organismsantimicrobial peptides in solution and/or in membranes
including plants and humans. They lyse a variety of influences target cell specificityd 6—19). However, the role
microorganisms and cells including bacteria as well as fungal, of peptide assembly in determining cell selectivity has been
normal, and cancer cells. These peptides serve as a nonsperaditionally studied by comparing peptides from different
cific defense system that complements the highly specific families or by mutating the peptide backbone. It should be
cell-mediated immune response. A major group includes noted that any differences in peptide sequences could also
positively charged amphipathic peptides, most of which act possibly contribute to activity and selectivity. Here, we
predominantly on bacterial{6). Although the details of investigated antimicrobial peptides both in their monomeric
their mode of action might be different, many of these form and when linked together covalently with an inert
peptides are believed to specifically kill bacteria by directly template. For this purpose we chose de-novo-designed
interacting with and disrupting the negatively charged diastereomeric peptides (containingand p-amino acids)
bacterial membrane, but not the zwitterionic membrane of because they are highly selective to bacteria and remain
mammalian cells{—14). However, despite similarities in  predominantly as monomers in solutict8( 20.

the structure and amino acid composition of many antimi-  The monomers were composed of 13, 16, and 19 amino
crobial peptides, their spectra of activities are different. Some acids, and each corresponding bundle was composed of five
are active predominantly on bacteria, and others on bacteria,;,onomeric subunits (Figure 1). The rationale for using
fungi, and/or mammalian cells. Factors that affect cell nentamers was based on the prediction of many models that
selectivity are not yet clear. at least 4-5 peptide monomers are required to form a pore
in the target membrane. The peptides were investigated for
" This research was supported by European Community Project their biological function, their binding to membranes com-
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Ficure 1: Schematic image of the bundled peptides. Each peptide
is composed of a linker and five monomers.

FTIR! spectroscopy. They were also tested for their ability

to increase the permeability of model membranes and intact

bacteria. The role of peptide preassembly in determining
target cell specificity is discussed on the basis of the data
presented.

MATERIALS AND METHODS

Materials Rink amide MBHA resin, 4-methylbenzhydryl-
amine resin (BHA), and 9-fluorenylmethoxycarbony! (F-
moc) amino acids were obtained from Calbiochem-Nova-
biochem AG (Switzerland). Other reagents used for peptide
synthesis included trifluoroacetic acid (TFA; Sigma), pip-
eridine (Merck) N,N-diisopropylethylamine (DIEA; Sigma),
N-hydroxybenzotriazole hydrate (HOBT; Aldrich), 2H1
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU), and dimethylformamide (DMF; peptide
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monomers were cleaved from the resin by trifluoroacetic acid
(TFA:DDW:TES= 18.5:1:0.5 v/v), and the bundled peptides
were cleaved from the resin by HF. Each crude peptide
contained one major peak, as revealed by RP-HPLC, which
was 60-80% pure peptide by weight. The peptides were
further purified by RP-HPLC on a {greversed-phase Bio-
Rad semipreparative column (250 10 mm, 300 A pore
size, 5um particle size). The column was eluted over the
course of 50 min, using a linear gradient of-1456% and
23—50% acetonitrile in water (all containing 0.05% TFA
(v/v), at a flow of 1.8 mL/min) for the monomers and
bundles, respectively. The purified peptides were homoge-
neous ¢£98%) by analytical HPLC. The peptides were
further subjected to amino acid analysis and electrospray
mass spectroscopy to confirm their composition and molec-
ular weight.

Preparation of LiposomesSmall unilamellar vesicles
(SUVs) were prepared by sonication of PC/SM/cholesterol
(5:5:1 wiw), or PE/PG (7:3 wiw) dispersions. Briefly, dry
lipid mixtures were dissolved in CHgMeOH (2:1 v/v). The
solvents were then evaporated under a nitrogen stream, and
the lipids (at a concentration of 7.2 mg/mL) were subjected
to a vacuum fo 1 h and then were resuspended in the
appropriate buffer, by vortexing. The resulting lipid disper-
sions were sonicated (B0 min) in a bath-type sonicator
(G1125SP1 sonicator, Laboratory Supplies Co., Inc., New
York) until the turbidity had cleared. Vesicles were visualized
by electron microscopy (JEOL, Tokyo, Japan) and were
shown to be unilamellar, with an average diameter of 20

synthesis grade, Biolab). Egg phosphatidylcholine (PC), egg40 nm.

phosphatidylglycerol (PG), egg sphingomyelin (SM), phos-
phatidylethanolamine (PE) (type V, froEscherichia colj,
cholesterol (extra puréy-octyl 5-p-glucopyranoside (OG),
and bovine serum albumin (BSA) were purchased from
Sigma. Calcein was purchased from Molecular Probes
(Junction City, OR). Amphotericin B was purchased from
Sigma Chemical Co. (Israel). All other reagents were of
analytical grade. Buffers were prepared in double-distilled
water (DDW).

Peptide Synthesis and Purificatiohhe monomers were

Antibacterial Actvity of the PeptidesThe antibacterial
activity of the peptides was examined in sterile 96-well plates
(Nunc F96 microtiter plates) in a final volume of 100 as
follows: Aliquots (50uL) of a suspension containing bacteria
at a concentration of 106 colony-forming units (CFUs)/mL
in culture medium (LB medium) were added to B0 of
water containing the peptide in serial 2-fold dilutions in
water. Inhibition of growth was determined by measuring
the absorbance at 492 nm with a Microplate autoreader EI309
(Bio-tek Instruments), after an incubation of-180 h at 37

synthesized by the F-moc solid-phase method on a Rink °C. Antibacterial activities were expressed as the minimal

amide MBHA resin, using an ABI 433A automatic peptide

inhibitory concentration (MIC), the concentration at which

synthesizer. The linker of the bundled monomers was also100% inhibition of growth was observed after-180 h of

synthesized by using the F-moc method, however on BHA,

incubation. The bacteria that were used included two Gram-

which requires hydrogen fluoride (HF) treatment for peptide negative and two Gram-positive speciek. coli D21,
cleavage. To create a bundle of monomers, the linker peptideAcinetobacter baumanniATCC 19606, Staphylococcus

was treated with acetic anhydride to block the N-terminus
amino group, and then treated with TFA to removettBec
protecting groups of the five lysines. Parallel synthesis of

aureus ATCC 6538p, andEnterobacter cloacaeATCC
49141. Controls for zero antibacterial activity (blank) and
high antibacterial activity consisted of bacteria suspended

five monomers was performed on the free side chain aminoin LB and 100ug/uL gentamicin in serial 2-fold dilutions,

group of the lysines by using the F-moc method. The

! Abbreviations: ATR-FTIR, attenuated total reflectance Fourier-
transform infrared; OD, optical density; BHA, 4-methylbenzhydryl-
amine resin; Boc, butyloxycarbonyl; HF, hydrogen fluoride; di$5C
3,3-diethylthiodicarbocyanine iodode; HEPB$(2-hydroxyethyl)pipera-
zineN'-2-ethanesulfonic acid; hRBCs, human red blood cells; MIC,
minimal inhibitory concentration; CFUs, colony-forming units; PBS,
phosphate-buffered saline; PC, egg phosphatidylcholine;BPEpli

respectively.

Antifungal Actiity. The antifungal activity of the peptides
was examined in sterile 96-well plates (Nunc F96 microtiter
plates) in a final volume of 100L as follows: 50uL of a
suspension containing the opportunistic fuGgyptococcus
neoformansat a concentration of 2« 10° CFUs/mL in
culture medium (RPMI 1640, 0.165 M MOPS, pH 7.0, with
L-glutamine, without NaHC@®medium) was added to 5.

phosphatidylethanolamine; PG, egg phosphatidylglycerol; SM, egg of water containing the peptide in serial 2-fold dilutions. The

spingomyelin; RP-HPLC, reversed-phase high-performance liquid
chromatography; SUVs, small unilamellar vesicles; TFA, trifluoroacetic

acid; RU, resonance signal; SPR, surface plasmon resonance; TES

triethylsilane.

fungi were incubated for 72 h at 3& using a Binder KB115
incubator. Growth inhibition was determined by measuring
the absorbance at 620 nm in a Microplate autoreader EI309
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(Bio-tek Instruments). Antifungal activity was expressed as tion. The spheroplasts were then resuspended to agOD
the MIC, the concentration at which 100% inhibition of of 0.1 in a buffer containing 20 mM glucose, 5 MM HEPES,
growth was observed. and 1 M KCI, pH 7.3. The cells were incubated with¥
Hemolysis of Human Red Blood Celihe peptides were  diS-G-5 until there was no reduction of fluorescence (around
tested for their hemolytic activity against human red blood 3 h), indicating the incorporation of the dye into the bacterial
cells (hRBCs). Fresh hRBCs were rinsed three times with membrane. The experiments were performed in sterile 96-
PBS (35 mM phosphate buffer and 0.15 M NaCl (pH 7.3)) well plates (Nunc F96 microtiter plates) in a final volume
by centrifugation for 10 min at 8@0and resuspended in PBS. of 100 uL, as follows: 50uL of a suspension containing
Peptides dissolved in PBS were then added tab®f a bacteria and the dye was added to/800f the final buffer
solution of the stock hRBCs in PBS to reach a final volume containing the peptide in serial 2-fold dilutions. Membrane
of 100 uL (final erythrocyte concentration 5% v/v). The depolarization was monitored by the change in the intensity
resulting suspension was incubated with agitation for 60 min of fluorescence emission of the membrane-potential-sensitive
at 37°C. The samples were then centrifuged at@air 10 dye diS-G-5 (exitation wavelengthex = 622 nm, emission
min. The release of hemoglobin was monitored by measuringwavelengtilen, = 670 nm) after different concentrations of
the absorbance of the supernatant at 540 nm. Controls forpeptides were added.
zero hemolysis (blank) and 100% hemolysis consisted of ATR-FTIR MeasurementSpectra were obtained with a
hRBCs suspended in PBS andd@of melittin, respectively. Bruker equinox 55 FTIR spectrometer equipped with a
Membrane Permeability Studie€alcein (60 mM, self- deuterated triglyceride sulfate (DTGS) detector that was
quenching concentration) was entrapped into vesicles com-coupled to an ATR device. For each spectrum, 150 scans
posed of PC/SM/cholesterol (5:5:1w/w) or PE/PG (7:3 w/w). were collected, with resolution of 4 crh Samples were
The buffer that was used contained 10 mM Tris solution prepared as previously describex8); Briefly, a mixture of
and 150 mM NaCl, at pH 7.4. The nonencapsulated calcein PC/cholesterol or PE/PG (0.5 mg) alone or with peptide was
was removed from the liposome suspension by gel filtration, deposited on a ZnSe horizontal ATR prism (807 mm).
using a Sephadex G-50 (Pharmacia) column connected to arhe aperture angle of 45yielded 25 internal reflections.
low-pressure LC system (Pharmacia). The eluent was Prior to preparing the samples, the trifluoroacetate;GCFO")
monitored by UV absorbancé € 280 nm), and the vesicles’  counterions, which strongly associate with the peptide, were
peak was collected and diluted 10-fold in the same buffer. replaced with chloride ions by washing in 0.1 M HCI and
A final concentration of 22«M SUV was used. Trapped lyophilization. This eliminated the strong=€ stretching
inside vesicles, the calcein dye became self-quenched.absorption band near 1673 ctn(24). Lipid—peptide mix-
Increasing membrane permeability was detected by antures were prepared by dissolving them together in a 1:2
increase in fluorescence after the addition of a peptide MeOH/CHCIl, mixture and drying them under vacuum for
(Aex = 485 nm; dem = 515 nm) @1). The percentage of 15 min. Lipid—peptide mixtures or lipids were spread with

fluorescence recovery;, was defined as a Teflon bar on the ZnSe prism. Polarized spectra were
recorded, and the respective pure phospholipids in each
Fo= (1, — Iy/l; — 1) x 100 polarization were subtracted to yield the difference spectra.

The background for each spectrum was a clean ZnSe prism.
wherel, = the initial fluorescencd; = the total fluorescence  Hydration of the sample was achieved by introducing an
observed after the maximum calcein release was achievedexcess of deuterium oxide ¢D) into a chamber placed on
for each peptide, andi = the fluorescence observed at top of the ZnSe prism in the ATR casting and incubating
equilibrium, after the addition of peptide in different for 15 min before acquisition of the spectra. The H/D

concentrations. exchange was considered complete due to a complete shift
In Vivo Transmembrane Potential Depolarization Assay. of the amide Il band. Any contribution of 28 vapor to
A potential depolarization assay was performed \itlcoli the absorbance spectra near the amide | peak region was

spheroplasts. Similar experiments have been described previeliminated by subtraction of the spectra of pure lipids
ously for a permeableéE. coli mutant (3). Membrane equilibrated with 2HO under the same conditions.
destabilization, which results in the collapse of the trans- ATR-FTIR Data Analysig?rior to curve fitting, a straight
membrane potential, was detected using a fluorescence dydaseline passing through the ordinates at 1700 and 1600 cm
(22). The dye hinds the plasma membrane because of thewas subtracted. To resolve overlapping bands, the spectra
cell transmembrane potential, resulting in a quenching of the were processed using PEAKFIT (Jandel Scientific, San
dye’s fluorescence. Peptide-induced membrane permeatiorRafael, CA) software. Second-derivative spectra accompa-
caused a dissipation of the transmembrane potential that wasiied by 13-data-point SavitskyGolay smoothing were
monitored by an increase in fluorescence due to the releasecalculated to identify the positions of the component bands
of the dye. More specifically, spheroplastskfcoli (D21) in the spectra. These wavenumbers were used as initial
were prepared by the osmotic shock procedure as follows: parameters for curve fitting with Gaussian component peaks.
Cells from cultures grown to Ofg = 0.8 were harvested  The positions, bandwidths, and amplitudes of the peaks were
by centrifugation and washed twice with 10 mM Trig/H  varied until (i) the resulting bands shifted by no more than
SOy, 25% sucrose, pH 7.5. The cells were resuspended in2 cnt? from the initial parameters, (ii) all the peaks had
the washing buffer containing 1 mM EDTA. After a 10 min reasonable half-widths <20—25 cnt?), and (iii)) good
incubation at 20°C with rotary mixing, the cells were agreement between the calculated sum of all components
collected by centrifugation and resuspended immediately in and the experimental spectra was achievéd(0.999). The
cold (4 °C) water. After a 10 min incubation at 4 with relative contents of different secondary structure elements
rotary mixing, the spheroplasts were collected by centrifuga- were estimated by dividing the areas of individual peaks,
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which were assigned to a p_articula_r secondary structure, byTable 1: Sequences and Designations of the Peptides Investigated
the whole area of the resulting amide | band. The results of

. ! Peptide Sequence™"*
three independent experiments were averaged. designation

Binding Analysis by Using a BIAcore BiosensBiosensor 13-mer KLLLKWKLKLLK G-Ne,
experiments were carried out using conditions modified from 16 mer KLLKLLLKWEKLKLLK G-t
what has been described recentBp)( with a BlIAcore X 19-mer KLLKLLKLLLKWKLKLLK G,
analytlcal SyStem (Blacor61 Uppsala, Sweden) US|ng an HPA 13-mer bundle Linker + 5 subunits of the 13-mer
sensor chip (Biacore). The HPA sensor chip is composed of |, ... bundie Linker + 5 subunits of the 16-mer
long-chain alkanethiol molecules covalently linked toagold g ., 4. Linker + 5 subunits of the 19-mer
surface to form a hydrophobic monolayer. The running buffer . . Ac-KGLKGLLKGLLKGLKG G G,

used for all the experiments was PBS without Cand Mg
P g aUnderlined and bold amino acids areenantiomers? The C-

(pH 6.8). The_ washing solution was 40 mNtoctyl /5-- terminal is amidatect In italics are indicated the side chains used as
9'“C0pyran03|de-_ The m0n0|ayer can be reCY_ded and usedstarting points for the synthesis of each monordic = acetyl
for the other peptides’ binding studies by washing the bound

peptides using 16100 mM NaOH or HCI for +2 min. RESULTS

After this process, the baseline returned to its original level. ) ) ]

All solutions were freshly prepared, degassed, and filtered ~Peptide Design and Sequenc@$iree diastereomers of
through 0.22um pores. All the experiments were done at a linear peptides having different lengths (13, 16, and 19 amino
temperature of 25C. After the system was cleaned according acids) and their covalently linked bundles were synthesized
to the manufacturer's instructions, the BlAcore X instrument and investigated. Each bundle is composed of a biologically
thoroughly wash all liquid-handling parts of the instrument. t0 those of the monomers (Figure 1). All the peptides consist
The HPA chip was then installed, and the alkanethiol surface ©f positively charged (lysine) and hydrophobic (leucine)
was cleaned by an injection of the nonionic detergent 40 @mino acids and include tryptophan, used to determine their
mM N-octyl B-p-glucopyranoside (25L), at a flow rate of concentration. The_ sequences of the peptides and their
5 uL/min. PC/SM/cholesterol (5:5:1 w/w) or PE/PG (7:3 designations are given in Table 1. .

wiw) vesicles (8QuL, 0.5 mM) were then applied to the chip ~ Antimicrobial and Antifungal Actity of the PeptidesThe
surface at a low flow rate (ZL/min). To remove any pep'gldes were studied fpr thelrpotentlal'to inhibit the growth
multilamellar structures from the lipid surface, NaOH (50 Of different microorganisms. Table 2 gives the MICs for a
uL, 10 mM) was injected at a flow rate of 50./min, which representative set of bacterla that mclu_(_jes both Gram-
resulted in a stable baseline corresponding to the lipid N€gative speciest. coli and A. baumannii and Gram-
monolayer linked to the chip surface. The negative control POSitive species3. aureusandE. cloacag as well as one
BSA was injected (25, 0.1 mgkL in PBS) to confirm strain of opportunistic fungiC. ngofprmansThg resultg are
complete coverage of the chip surface with lipids by the shown in Table 2. The data indicate that increasing the
absence of nonspecific binding. This monolayer, linked to |€ngth, and consequently the net positive charge, of the

the chip surface, was then used as a model membrane surfacBonomers increased their activity toward both bacteria and
to study the peptidemembrane binding. fungi. In contrast, the antibacterial activity of all three

bundles was similar and high regardless of the length of their
monomeric subunit. Similarly, all the bundles had similar,
very high activity towardC. neoformans

Hemolytic Actiity of the PeptidesThe peptides were
tested for the extent of their hemolytic activity against the
highly susceptible human erythrocytes (5% erythrocyte
solution). Figure 2 shows a doseesponse curve for the
hemolytic activity of the peptides. The results revealed that
Il the monomers, including the linker, were not hemolytic.
In contrast, all the bundles, irrespective of the monomeric

ubunit size, were able to lyse erythrocytes, indicating that
%eptide preassembly has a crucial role in determining cell
specificity of positively charged antimicrobial peptides. The
hemolytic activity of the bee venom melittin (38/) served
as a standard for 100% hemolysis.

Peptides Induced Calcein Leakage from VesiclEse
ability of the peptides to cause membrane leakage was
studiedin wvitro, by testing their ability to evoke calcein
release from SUVs composed of PC/SM/cholesterol (5:5:1
w/w), a composition that mimics the outer erythrocyte leaflet
KX(RUpa) (28), and of negatively charged PE/PG (7:3 w/w), a phos-

1+ KX pholipid composition typical ofE. coli (29). Increasing

amounts of peptides were added to a 2RI vesicle
whereX is the peptide concentration, Rkl is the maximal suspension. Membrane permeability was monitored by
response unit, anH is the partition constant. following the fluorescence recovery for 15 min. The dose

In a typical experiment, peptide solutions (45 PBS
solution of 0.1-100uM peptide) were injected onto the lipid
surface at a flow rate of BL/min. PBS alone then replaced
the peptide solution for 1200 s to allow for peptide
dissociation. Analysis of the peptieidipid binding event was
performed from a series of sensograms collected at five
different peptide concentrations (Figure 6). Surface plasmon
resonance (SPR) was used to detect changes in the reflectiv
index of the surface layer of peptides and lipids in contact
with the sensor chip. A sensogram was obtained by plotting
the SPR angle against time. The SPR angle is represente
by the resonance signal (RU). The curve of the RU, as a
function of time, displays the progress of the interaction
between the peptide and the lipid monolayer at the sensor
surface. The partition constants were calculated from the
primary sensogram data by nonlinear fitti®6(27) using
the software supplied by the manufacturer. The partition
constants were derived from the following equation:

RU(X) =
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Table 2: Minimal Inhibitory Concentrationu1) of the Peptides

minimal inhibitory concentratich(uM)

bacteria fungi
peptide E. coli A. baumannii S. aureus E. cloacae C. neoformans

designation (D21) (ATCC 19606) (ATCC 6538p) (ATCC 49141) (ATCC MYA-422)
13-mer 16 47 63 47 125
13-mer bundle 4 4 8 8 0.3
16-mer 5 10 38 20 3.3
16-mer bundle 4.5 45 6.5 6.5 0.3
19-mer 25 2 11 3 14
19-mer bundle 2 15 6 4 0.2
linker >200 >200 >200 >200 >100

2 The results are the mean of three independent experiments each performed in duplicate, with a standard deviation of 25%.
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Ficure 2: Dose-response of the hemolytic activity of the peptides
toward hRBCs. The assay was performed as described in the
Materials and Methods. The designations are as folloms13-
mer;d, 13-mer bundle®, 16-mer;O, 16-mer bundlea, 19-mer;

A, 19-mer bundle®, linker. All black symbols are covered by
squares since all full symbols fall on the baseline.

responses of the peptide-induced calcein release from the
PC/SM/cholesterol and PE/PG vesicles are shown in Figures
3 and 4, respectively. Overall, the ability of all the peptides
to induce calcein release from the PE/PG vesicles correlates
with their antibacterial activity. Among the monomers, the
13-mer is the least active compared to the others. However,
all the bundles have similar activity, in agreement with their
similar and high antibacterial activity. Interestingly, the
difference between a monomer and its corresponding bundle
is more pronounced in the activity toward model membranes
compared with intact bacteria. This can possibly be explained
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by taking into account the difference between the two
systems. The model membranes are composed of only one
layer of phospholipids, PE and PG, whereas the bacterial
wall contains phospholipids, lipopolysaccharides (LPSs), and FIGURE 3: Calcein release from PC/SM/cholesterol SUVs induced
peptidoglycan layers. The bundles have a larger volume by the peptides. Peptides were added to calcein-containing PC/

d with th hich ts th f SM/cholesterol SUVs. An increase in the fluorescence versus the
compared with theé monomers, which prevents tem Irom ¢ ratio of peptide to lipid was recorded. Calcein release of

diffusing efficiently through the peptidoglycan or the LPS  100% was normalized for each peptide. Key: panel A, 13-mer and
layers into the inner bacterial membrane. However, we bundle; panel B, 16-mer and bundle; panel C, 19-mer and bundle.
cannot rule out the charge effect coming from the tighter The designations are as followM, 13-mer;0, 13-mer bundle®,
electrostatic interactions between the bundles and the pep-A8-mer.O. 16-mer bundlea, 19-mer;A, 19-mer bundle.
tidoglycan or LPS layers. to their parental monomers (Figure 3). However, with PE/

Interestingly, the 13-mer is not active at all on PC/SM/ PG vesicles the activities become similar. This indicates a
cholesterol vesicles, whereas the 16-mer and the 19-mer aresynergistic effect of the bundled peptides toward PC/SM/
active. Despite this, all three monomers are nonhemolytic, cholesterol vesicles but not for PE/PG vesicles. Furthermore,
the reason for which is explained in the Discussion. In the finding of a similar potency in increasing the permeability
contrast, all the bundled peptides are more active than theirof PE/PG vesicles by the monomers and the bundles (when
parental monomers on PC/SM/cholesterol vesicles, a propertytheir concentration is calculated per a monomeric unit),
that correlates with their hemolytic activity. Note that a together with the estimation of the number of monomers
certain concentration of a bundled peptide is equivalent to arequired for initial activity, as has been described previously
5-fold concentration of the parental monomeric peptide. (23), supports the notion that the first stage in their mode of
Nevertheless, even when taking this into account, the bundledaction is to cover the surface of the bacterial membrane, as
peptides are more active on PC/SM/cholesterol compareddescribed in the “carpet” model.

0.00001 0.0001 0.001 0.01 0.1 1
[PEPTIDEY/[LIPID] (log scale)
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Ficure 4: Calcein release from PE/PG SUVs induced by the
peptides. Peptides were added to calcein-containing PE/PG SUVs.
The increase in the fluorescence versus the molar ratio of peptide
to lipid was recorded. Details are as described in the caption of
Figure 3.

500
Transmembrane Potential Depolarization of E. coli Sphero-
plasts.We have used ain vivo potential depolarization assay
similar to what has been described for a permeable mutant
of E. coli (13), but usedE. coli spheroplasts that lack the 200 ¢
outer layer, instead. We found that the bundles are more 100
active (Figure 5) and act with a faster kinetics (data not 0
shown) than the monomers, similar to what has been found ) ‘
with PE/PG membranes. Overall, the order of activity toward 100 50 0 50 100 150 200 250 300
E. coli spheroplasts but not toward intact bacteria correlates TIME (sec)
with the activity toward PE/PG membranes. These data Fgure 6: Sensograms of the binding between the monolayers
support our assumption that the decreased activity of the PC/SM/cholesterol (5:5:1 wiwdand various concentrations of the
bundles toward intact bacteria results from difficulties of the k9-rt?er butﬂdlelgpana ﬁ) agld thf 19-mertm?_nome; (gezlge'OB)s- Planzel
bundled peptides in reaching the inner membrane. shows the 19-mer bundie at concentrations of U.29, 9.9, L, 2,
Affinity pf the Peptides.to Lipid Monolayers. of Different 2272 ;g’dsg;i‘%,i‘nn% g%gjll Ent?fcgggg m%rinfgirfg gzetﬂté%tg;%gf
Compositions As Determined by a BIAcore Biosen$be concentration increases is also shown.
PC/SM/cholesterol (5:5:1 w/iw) and PE/PG (7:3 w/w) mono-
layers were absorbed onto an HPA chip. Typical sensogramsirreversibly to the lipid monolayer, the partition constants
of the binding of the monomeric peptides and their bundles were calculated only for the monomers. With the monomers,
to monolayers of PC/SM/cholesterol are shown in parts A equilibrium was reached during sample injection; therefore,
and B of Figures 6, respectively. The sensograms for PE/the partition constants could be calculated from the relation-
PG (7:3 w/w) were similar to those observed with PC/SM/ ship between the equilibrium binding responBg,(and the
cholesterol and therefore are not shown. The peptide peptide concentration (Figure 7), using a steady-state affinity
concentrations used for the monomers were 12.5, 25, 50,model. The partition constants (Table 3) are defined as the
and 100uM, and for the bundles 0.25, 0.5, 1, 2, angg. ratios of the association and dissociation rate const#ats (
The RU signal intensity increased as a function of the = kyky). The data reveal an order of magnitude increase in
peptides’ concentrations, indicating that the amount of the partitioning of the peptides to PC/SM/cholesterol for
peptide bound to the lipids is proportional to the increase in every three amino acid increase in size. Interestingly,
peptide concentration. Since the bundled peptides were bounchowever, independent of the peptide size, all the monomers
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RESPONCE UNITS

300 |




Preassembly of Membrane-Active Peptides Biochemistry, Vol. 41, No. 39, 20021927

600

450

E’soof

ABSORBANCE

150

0 50 100 150 200 250
PEPTIDE CONCENTRATION (uM)
FiGure 7: Relationship between the equilibrium binding response

(Reg in PE/PG (7:3 w/w) and the peptide (19-mer) concentration
using the BlAcore steady-state affinity model.

Table 3: Partition Constants and Free Energy of Binding of the
Peptides to Phospholipid Membranes

ABSORBANCE / WAVENUMBER

PC/SM/cholesterol PE/PG
peptide —AGP —AG
designation Ka2(M™Y)  (kcal/mol) Ka(M™Y)  (kcal/mol) ‘ : ‘ ‘
T3mor 07 1 Y 2 0% 10 562 1600 1620 1640 1660 1680 1700
- . . . . -1
16-mer  2.3x 10° 6.93 1.0x 104 7.80 WAVENUNBER (cm™)
19-mer 1.8x 10¢ 8.14 6.5x 10¢ 8.90 FiGURe 8: FTIR spectral deconvolution of the fully deuterated
aThe results are the mean of three independent experiments with a@mide | banq (16061700 cnr?) of the 16-mer bundle (panel A)
standard deviation of 5%8.AG = —RT In 55.%a. in PE/PG (7:3 w/w) multibilayers. The second derivatives, calcu-

lated to identify the positions of the component bands in the spectra,

. . - are shown in panel B for the 16-mer bundle. The component peaks
have similar, high affinity to (PE/PG) membranes. In contrast . the result of curve fitting using a Gaussian line shape. The amide

to the reversible binding of the monomers to both types of | frequencies characteristic of the various secondary structure
membranes, all the bundles bind strongly and irreversibly elements were taken from r80. The sums of the fitted components

to these membranes, which correlates with their high potencyare superimposed on the experimental amide | region spectra. In
in the calcein release assay panel A, the continuous lines represent the experimental FTIR

. . spectra after SavitzkyGolay smoothing; the broken lines represent
Secondary Structure of the Peptides in PE/PG and PC/ ¢ fitted components. A 1:30 peptide:lipid molar ratio was used.

Cholesterol Phospholipid Membranes As Determined by

Using FTIR Spectroscop¥TIR spectroscopy was used to

determine the secondary structure of the peptides within thewith Gaussian component peaks. The assignments, wave-
phospholipid membranes. With FTIR spectroscopy, helical numbers ¢), and relative areas of the component peaks are
and unordered structures can contribute to the amide |Isummarized in Tables 4 and 5.

vibration at almost identical wavenumbers, and it is difficult ~ Assignment of the different secondary structures to the
to determine the precise proportion of helix and random coil various amide | regions was calculated according to the
structures from the IR spectra. However, the exchange ofvalues taken from Jackson and Mants8h)( The amide |
hydrogen with deuterium makes it sometimes possible to region from 1625 to 1640 cm is characteristic of #-sheet
differentiateo-helical components from a random structure, structure, whereas the amide | region ofoahelical structure
since the random structure absorption shifts to a higher extentis located between 1650 and 1655 ¢ni31). The amide |
than thea-helical component after deuteration. Therefore, region from 1656 to 1670 cm is characteristic of a3

we examined the IR spectra of the peptides after completehelix/dynamic helix 81) or a distorted helix 24, 32-34).
deuteration. SM could not be used for FTIR studies due to The assignment of the amide region between 1670 and 1680
the amide bond absorbance in the amide | region; thus, forcm™ remains uncertain. Previous studies have correlated this
zwitterionic membranes, we studied the structure of the region withs-turns @5), possibly sterically constrained non-
peptides in PC/cholesterol without SM. The spectra of the hydrogen-bonded amide=€D groups within turns36), or
amide | region of the 16-mer bundle and the 16-mer the high-frequency-sheet componen8{), which arises as
monomer bound to the PE/PG (7:3 w/w) multibilayers are a result of transition dipole couplin@®). The data reveal
shown in Figures 8 and 9, respectively. The profiles of all similar structures for the 13-mer and the 16-mer monomers
the monomers and bundles were quite similar to the profiles (~40% dynamic helix and~60% random coil) in PC/

of the 16-mer and 16-mer bundle, respectively, and thereforecholesterol membranes. Under similar conditions the random
are not shown. The spectra of the amide | region of the coil fraction became partially.-helical (17%) with partially
peptides bound to PC/cholesterol (10:1 w/w) were similar s-sheet structures in the 19-mer. When bound to PE/PG
to those observed with PE/PG and therefore are also notmembranes, all the monomers adopt a 388% dynamic
shown. Second derivatives accompanied by 13-data-pointhelix and a 50% 70% random coil. In contrast to the
Savitsky-Golay smoothing were calculated to identify the monomers, all the bundled peptides adopt similar structures
positions of the component bands in the spectra and are giverin both PE/PG and PC/cholesterol. Their structural compo-
in the corresponding panels in Figures 8 and 9. Thesenents are~45%/-sheet,~20%o-helix, and~35% dynamic
wavenumbers were used as initial parameters for curve fitting helix. Structural changes between a monomeric and an
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Table 4: Assignments, Wavenumberg, (@nd 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) Multibil&yers

random coil o-helix dynamic/3¢-helix f-sheet/turn
peptide % area v area % area % area
designation (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%)

13-mer 1642t 1 50+ 4 1662+ 2 48+ 4
16-mer 1643+ 1 70+ 7 1666+ 1 30+ 7
19-mer 1642+ 1 63+ 4 1665+ 1 35+4
13-mer bundle 1656 1 14+3 1662+ 1 37+2 1637+ 1 47+ 3
16-mer bundle 1656 1 14+1 1667+ 1 37+ 2 1638+ 1 48+ 1
19-mer bundle 1656 1 13+1 1667+ 1 34+ 2 1637+ 1 50+ 3

a A 1:30 peptide:lipid molar ratio was used. All values are given as meaastandard error. The results are the mean of three independent

experiments.

Table 5: Assignments, Wavenumber3, (@and Relative Areas of the Component Peaks Determined from the Deconvolution of the Amide |

Bands of the Peptides Incorporated into PC/Cholesterol (10:1 w/w) MultibiRyers

random coil o-helix dynamic/3q-helix [-sheet/turn
peptide v area % area % area v area
designation (cm™) (%) (cm™) (%) (cm™) (%) (cm™) (%)

13-mer 1643+ 1 57+1 1667+ 1 41+1
16-mer 1642t 1 56+ 1 1667+ 1 42+ 1
19-mer 1650t 1 17+1 1667+ 1 42+1 1637+ 2 39+1
13-mer bundle 165% 1 20+ 3 1667+ 1 36+ 2 1636+ 1 42+ 1
16-mer bundle 165% 1 17+3 1667+ 1 33+2 1637+ 1 48+ 1
19-mer bundle 16561 16+1 1667+ 1 36+1 1636+ 1 46+ 1

aA 1:30 peptide:lipid molar ratio was used. All values are given as meas$andard error. The results are the mean of three independent

experiments.

ABSORBANCE

ABSORBANCE / WAVENUMBER

.

1600 1620

ratio was used.

oligomeric form of a particular peptide are known to occur

1640

with natural peptides.

1660
WAVENUMBER (cm™)

Ficure 9: FTIR spectral deconvolution of the fully deuterated

amide | band (16081700 cntl) of the 16-mer (A) in PE/PG

(7:3 w/w) multibilayers and its second derivative (B). Details are
as described in the caption of Figure 8. A 1:30 peptide:lipid molar

1680

1700

[vsym(CH2) =~ 2853 cn1!] and the antisymmetria/fy(CH,)

~ 2922 cm?] vibrations of lipid methylene €H bonds are
perpendicular to the molecular axis of a fully extended
hydrocarbon chain. Thus, measurements of the dichroism of
infrared light absorbance can reveal the order and orientation
of the membrane sample relative to the prism surface. The
effect of the peptides on the acyl chain order was estimated
by comparing the CH stretching dichroic ratio of pure
phospholipid multibilayers with that obtained with membrane-
bound peptide (Figure 10), and the calculated values of these
ratios are given in Table 6. The data reveal that the
incorporation of the bundles has a significantly higher effect
on the acyl chain order of PC/cholesterol membranes
compared with the incorporation of the monomers, in
agreement with the hemolytic activity of the bundles (Figure
2). However, both the monomers and the bundles have a
similar, high effect on PE/PG membranes, in agreement with
their high capacity to permeate PE/PG vesicles Bndoli

spheroplasts (Figures 4 and 5).

DISCUSSION

An interesting finding in this study is that preassembly of
antimicrobial peptides makes them highly active @n
neoformans We chose a new family of diastereomeric

peptides that would form an amphipathichelix in their
L-amino acid form, as predicted by the Schiffer and Ed-

mundson wheel structure39) (figure not shown). The
advantage of this group is that they are predominantly

monomers in solution and in membranes, and have selective

activity toward bacteria compared with allamino acid
Orientation of the Phospholipid Membrane and the Effect counterparts]7, 20, 4. Furthermore, the presence of a few
of the Peptides on the Phospholipid Acyl Chain Order. p-amino acids within their sequence gives them several
Polarized ATR-FTIR spectroscopy was used to determine therapeutic advantages, such as preserving biological activity
the orientation of the lipid membrane. The symmetric in serum 41), and the possibility of controlling enzymatic
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Table 6: Dichroic Ratios of the Phospholipid Multibilay®rs

dichroic ratio ofvanisyn{ CHz) dichroic ratio ofvantisyn{ CHz)
peptide PClcholesterol PE/PG peptide PCl/cholesterol PE/PG
phospholipid 1.22+ 0.02 1.29+0.03 13-mer bundle 1.48 0.02 1.40+0.01
13-mer 1.30+ 0.04 1.33+0.02 16-mer bundle 1.42 0.03 1.40+ 0.01
16-mer 1.29+0.02 1.36+ 0.02 19-mer bundle 1.56 0.02 1.55+ 0.05
19-mer 1.3 0.02 1.40+ 0.03

a A 1:30 peptide:lipid molar ratio was used.

0.6 peptides is the bacterial membrane. Note that recent reports
suggest that a number of cationic peptides can traverse intact
0.5 membranes to interact with internal targets rather than lysing
0.4 the bacterial membrane4d2).
We also found a direct correlation between the increased
0.3 antimicrobial activity (Table 2) and the increased effect of
the monomers on the acyl chain order of PE/PG membranes
0.2 as a result of peptide length extension (Table 6). Furthermore,
01 in agreement with their similar antimicrobial activity, all the
’ bundles have a similar effect on the acyl chain order.
8 o Effect of Preassembly on Antifungal Adty and the
Z Ability To Permeate Zwitterionic Membran&&/e found that
% 05 the bundled peptides have very high antifungal activity. They
2 - are up to 40-fold more potent towar@. neoformans
< o4 compared with the monomeric forms (Table 2). Furthermore,
preassembly also increases their activity toward erythrocytes.
03 These results are in agreement with the greater effect of all
the bundles on the PC/cholesterol membrane acyl chain order
0.2 compared with that of their parental monomers. Furthermore,
whereas the affinity of the monomeric peptides to zwitteri-
0.1 onic phospholipids is either lower than or similar to that of
. many native antimicrobial peptides, all the bundles bound
0 — irreversibly to these membranes (BIAcore studies, Figure 6).
2800 2850 2900 2950 3000 Since the peptides have a high net positive charge, it is

WAVENUMBER (cm’) reasonable to assume that hydrophobic interactions are

Ficure 10: ATR dichroism spectra of parallel and perpendicularly predominantly involved between the peptides and the zwit-
polarized ATR-FTIR absorbance spectra between 3000 and 2800;grionic phospholipids. According to the FTIR results, the

cm1 for the lipid CH, symmetric and antisymmetric vibration of . . . .
PC/cholesterol (10:1 w/w) multibilayers alone (A) or incorporated bundled peptides form more organized amphipathic structures

with the 19-mer bundle (B). The top line is for the parallel than. the monon_"er_SO‘(hGHX and -sheet), which could
component, and the bottom line is for the perpendicular component. mediate better binding to the membrane. The results of the

) , i . ] calcein release assay also correlate well with the antifungal
degradation by placing the-amino acids at selected sites  gng hemolytic assays and the BlAcore studies. The bundles
that are sensitive to degradation. are highly active toward PC/SM/cholesterol vesicles com-

Effect of Preassembly on Antimicrobial Adty and the  pared with the monomers. In the calcein release assay the
Ability To Permeate Negately Charged Membranes and  13-mer is not active, even at high [peptide]:[lipid] molar
E. coli Sp_heroplasts The antibacterial activity qf the  ratios (up to 1.43); however, the 16-mer and 19-mer show
monomers increased as the length of the peptides increasedyariial activity although they are not active at all against
This trend in their activity correlates with the order of activity hrBcCs. A possible explanation for this difference may
in _th_e_ calcein _relegs_e experiments, showing maximum jnyolve the way in which the different peptides interact with
activities at pept|_de:I|p|d molar ratios of 0.30, 0.08, and _0.02 the membrane. Both monomers and bundles attach first to
for the monomeric 13-mer, 16-mer, and 19-mer, respectively. the glycocalix layer (negatively charged sialic acid-containing
However, all the bundles have potent and similar antimi- carhohydrates in the form of glycoproteins and glycosphin-
crobial activity independent of the size of the monomers. qoipids) of the hRBCs because of their negative charge. This
Furthermore, the calcein release activities of all the bundles ghouid make it more difficult for the monomers to partition
are also similar. A correlation between the antimicrobial jhtg the cell PC membrane compared with a situation in
activities and the ability to dissipate the transmembrane \yhich they partition into the membrane directly from the
potential ofE. coli spheroplasts was also noted (Figure 5). sojution. Since the bundles bind irreversibly to PC mem-
The order of activities found is branes, they can shift the equilibrium from the glycocalix
layer to the erythrocyte membrane and therefore become
hemolytic.

Preassembly Changes the Random Coil Fraction of the
This correlation supports the notion that the target of these Monomers tax-Helical and-Sheet Structure§ he results

13-mer bundle= 16-mer bundle=19-mer bundle>
19-mer> 16-mer>13-mer
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of the ATR-FTIR studies revealed that all the monomers,
besides the 19-mer in PC/cholesterol, adopt similar structures
in both zwitterionic and negatively charged membranes

(50—70% random coil and 3650% dynamic helix). Com-

pared to those of the monomers, the structures of the bundles

did not include any random coil fraction. This fraction
(~60% random coil) has become predominanthsheet
(~45%) and to a lesser extewnt-helix (~15%). Such a

phenomenon has been reported in the context of Alzheimer 24

and prion peptides4@, 44.

In summary, our results give direct proof that preassembly
of positively charged antimicrobial peptides increases their
amphipathic structure, which in turn increases their activity
toward zwitterionic membranes and therefore affects their
target cell specificity.
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