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Abstract

Membrane binding and relative penetration of indolicidin analogs were studied using lipid/polydiacetylene (PDA) chromatic biomimetic
membranes. Colorimetric and fluorescence analyses determined that an indolicidin analog with a proline and tryptophan residue substituted
with lysines showed more pronounced bilayer surface interactions, while indolicidin and particularly an indolicidin analog in which all
prolines were replaced with alanine residues exhibited deeper insertion into the lipid bilayer. The colorimetric data demonstrated that more
pronounced blue-red transitions were observed when the chromatic vesicles incorporated lipopolysaccharide (LPS) within the lipid bilayer,
indicating that LPS promoted preferred binding and incorporation of the peptides at the lipid/water interface. The fluorescence quenching
experiments further confirmed this outcome. The results indicate that the antibacterial activity of indolicidin most likely requires initial
binding to the LPS moieties within bacterial membranes, as well as disruption of the bilayer interface. The degree of hemolysis induced
by the analogs, on the other hand, correlated to the extent of penetration into the hydrophobic core of the lipid assembly.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction lated to permeation of the outer cell wall and micellization
of the cytoplasmic membrarfd1] or to transit across the
Indolicidin is a 13-residue cationic antimicrobial pep- cytoplasmic membrane via an aggregate intermediate and
tide (sequence carboxy-terminal amidated ILPWKWPWW- interaction with cytoplasmic targef45].
PWRR, single letter code) that was purified from the cy-  Several indolicidin analogs were synthesized with the
toplasmic granules of bovine neutrophj#0]. Among the goal of producing less toxic effects compared to the par-
unique properties of indolicidin is the high content of pro- ent peptide yet having similar or higher antimicrobial ac-
line (23%) and the highest percentage of tryptophan found tivities. CP11 [ILKKWPWWPWRRK-NH] has two extra
in antimicrobial peptide sequences. Indolicidin was shown positive charges resulting from substitution of Pro-3 and
to be highly effective in killing both Gram-negative and Trp-4 with a single lysine residue and another Lys added at
-positive bacteria, fungdil], protozoa[2], HIV-1 [35], and the C-terminug45]. CP11 demonstrated better permeabil-
rat and human T lymphocytd88]. The mechanism of in- ity of both outer and inner membranes B$cherichia coli
dolicidin action, however, has not been fully elucidated. Var- compared to native indolicidin, with less hemolytic activity
ious investigations have pointed to cellular membrane per- and improved activity against Gram-negative bactidria5].
meation by indolicidin as a significant factor for its bacte- Like indolicidin [37], CP11 adopts a boat-shaped structure
ricidal activity. Falla et al. outlined a model in which the as determined by NMR spectroscopy in lipidic environments
peptide penetrates through the cytoplasmic membrane via 8 Rozek and Hancock, unpublished results).
“pbarrel-stave” mechanisii8] resulting in formation of small Another indolicidin analog denoted CP10A, in which the
transient pores, rather than well-defined chanf@ls Other three proline residues were replaced with alanine, demon-
models propose that the lytic activity of indolicidin is re- strated similar activity as indolicidin towards Gram-negative
bacteria but significantly higher Iytic action against

* Corresponding author. Tel+972-8-6461747; fax:+972-8-6472943. Gram-positive bacterigl0]. CP10A, unlike the other pep-
E-mail addressrazj@bgumail.bgu.ac.il (R. Jelinek). tides, adopts am-helical structure in lipid environments
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[11]. It was demonstrated that small concentrations of synthesis at the Nucleic Acid/Peptide Synthesis (NAPS) fa-
CP10A almost completely depolarized the cytoplasmic cility at the University of British Columbia. Purity of the

membrane oE. coli and Staphylococcus aure[isl], phe- peptides was verified by high performance liquid chromatog-
nomena that were not observed for indolicidin and CP11 raphy and mass spectrometry.
[7,10].

The goal of this study was to probe membrane interac- 2.2. Hemolytic activity
tions of indolicidin and its two analogs CP10A and CP11,
and to relate this information to the mechanisms of their bi- Human erythrocytes were isolated from heparinized blood
ological action. We specifically evaluated the significance of py centrifugation (3000 rpm for 10 min) after washing three
membrane composition and the effects of membrane con-times with Tris—-HCI buffered saline (5 mM Tris—HCI pH
stituents such as lipopolysaccharide, upon binding and per-7.4, 150 mM NaCl). Erythrocytes were diluted with saline
meation. The biophysical investigation presented here wasto a 1/50 packed volume. Test tubes containing 1 ml of ery-
carried out using the newly-developed lipid/polydiacetylene throcyte solutions were incubated with different peptide con-
(PDA) biomimetic membrane assy5]. Lipid/PDA vesi- centrations for 60 min at 37. The tubes were then cen-
cle assemblies consist of mixed domains of lipid bilayers trifuged and the absorbance of the supernatants was mea-
and conjugated PDA that together mimic membrane envi- sured at 540 nm. Lysis induced by 1% Triton X-100 was
ronments as well as undergo visible blue-red transforma- taken as 100%.
tion induced by varied membrane procegdés-21] Previ-
ous studies of the biophysical properties of lipid/PDA vesi-
cles indicate that the lipids and polydiacteylene form in-

terspersed, interacting microscopic pha§e%2,22,44] Im- Lipid components and the monomeric unit 10,12-tricosa-

portantly, the phospholipids incorporated within the PDA diynoic acid at the appropriate ratios (OMPG/DMPC/PDA—
matrix adopt a bilayer structure, the dominant lipid organi- 1:1:3 mole ratio, LPS/DMPC/PDA—0.1:2:6 ratio) were

zati?]n within ceIIulﬁlr. memﬁrgng{QZ]. i bl d . dissolved in chloroform/ethanol (1:1) and dried together
The PDA assemblies exhibit dramatic blue-red transitions in vacuo, followed by addition of deionized water and

?Arectlygnggczdl_b}:jb(;ologip aﬁllgntzelracgiol?l_s Ecgu(;rir;g WiFhin probe-sonication at 7@ for 2—3 min. The vesicle solution
e embedded lipid domairi$8-21] Published data poin was then cooled at room temperature and was kepf@t 4

:jo the_ co?tnpugont_of cr}atr;]ges Iln flmdtlty \ftv'th'nf the I;P'd overnight. The vesicles were then polymerized using irra-
omains for induction ot the colorimetric transtormalions  yiation at 254 nm for 10-20's, with the resulting solutions

[18,22] We have previously shown that the colorimetric o -

- o ..~ exhibiting an intense blue appearance.
lipid/PDA assay could be used for studying lipid association g PP
and membrane penetration of antimicrobial peptides. Here
we apply colorimetric, fluorescence, and circular dichroism

analyses to investigate lipid—peptide interactions of indoli- ]
cidin and its analogues. The fluorescence of dansyl-PMBN bound to vesicles was

measured at 27C using a Spectra Mac Gemini spectroflu-
orimeter (Molecular devices) with excitation at 340 nm

2.3. Vesicle preparation

2.4. Dansyl-PMBN binding assay

2. Materials and methods and emission acquired at 485nm. Increasing quantities
of dansyl-PMBN (k107 to 1x10-3M) were added to
2.1. Materials microplate 96-well containing vesicle solution (0.4 mM)

and buffer (Tris-base 25 mM, pH 8). The solution was di-

Phospholipids, including dimyristoylphosphatidylcholine luted to 0.2ml with distilled water and fluorescence was
(DMPC), dimyristoylphosphatidylglycerol (DMPG), and recorded. The fluorescepce of vesmle-bounq dansyl-PMBN
lipopolysacharides (LPS)E( coli 055:B5) were pur- (1x10~4 M) was determined at 85% of maximum fluores- .
chased from Sigma. LPS was dialyzed in EDTA (Sigma) Cence, which served as the control sar.npl'e.. The decrease in
(LmM, 24h) solution followed by distiled water in dansyl-PMBN fluorescenc_e (perc_e_nt |nh|b|t|qn from con-
order to remove excess divalent cations (which gener- trol) as a result of progressive addition of peptides was then
ally cause precipitation of lipid/PDA vesicles). The di- calculated.
acetylenic monomer 10,12-tricosadiynoic acid was pur-
chased from GFS Chemicals (Powell, OH), washed in 2.5. Colorimetric measurements
chloroform, and filtrated through 0.48n filters prior to
use Tris[hydroxymethyllaminomethane (Tris buffer) was  Samples were prepared by adding peptides (at final con-
purchased from Sigma. centrations of between 20 and 1joB!) to 0.06 ml vesicle

Indolicidin (ILPWKWPWWPWRR-NHR), CP10A (ILA- solutions at 0.2 mM total lipid concentration and 25 mM Tris
WKWAWWAWRR-NH>), and CP11 (ILKKWPWWPWR- (pH 8). The peptides and derivatives were dissolved in wa-
RK-NH2) were synthesized by solid-phase F-moc peptide ter. Following addition of the peptides, the solutions were
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diluted to 1 ml and UV-Vis spectra were acquired. UV-Vis
spectroscopy measurements were carried out aCat a

1755

of 70uM (vesicle-bound concentrations) to 0.06 ml vesi-
cle solutions containing 0.2 mM total lipid concentration

Jasco V-550 spectrophotometer, using a 1 cm optical pathat 25 mM Tris buffer (pH 8). The quenching reaction was

cell.

A guantitative value for the extent of the blue-to-red color
transitions within the vesicle solutions is given by the col-
orimetric response (%CR), which is defined as foll§is):

PBy— P
%CR = (BOTOB'> x 100
where
PB— Abplue
Aplue + Ared

A is the absorbance either at the “blue” component in
the UV-Vis spectrum (640nm) or at the “red” component
(500 nm). (Note: “blue” and “red” refer to the visual ap-
pearance of the material, not its actual absorbancey)i$B
the blue/red ratio of the control sample (before induction
of a color change), and RBs the value obtained for the
vesicle solution after colorimetric transition occurs.
Graphs correlating %CR andesicle-bound peptide

rather thantotal peptide concentrations were calculated

[16]. Vesicle-bound peptide concentrations were determined

through calculation of partition coefficients of the pep-

initiated by adding sodium dithionite from a stock solution
of 0.6 M, prepared in 50 mM Tris base buffer (pH 11) to a
final concentration of 10 mM. The decrease in fluorescence
(100% corresponds to fluorescence value prior to addition
of dithionite) was recorded for 300 s at 28 using 467 nm
excitation and 535 nm emission on a Jobin Horiba FL3-22
spectrofluorimeter.

2.8. Circular dichroism (CD)

CD spectra were acquired on an Aviv 62A-DS Circular
Dichroism Spectrometer (Aviv Inc., NJ). Three scans were
recorded between 195 and 250 nm with 1 nm-acquisition
steps. A 2mm optical path length was used. Samples were
prepared by adding 40M of peptides to 0.2ml vesicle
solutions at 0.3mM total lipid concentration and 10 mM
Tris-base buffer pH= 8. To compensate for scattering due
to the vesicles, the CD spectrum of a vesicle solution alone
was subtracted from that of the peptide in the presence of
the vesicles.

tides employing an ultracentrifugation technique described 3. Results

elsewherd16].
2.6. Tryptophan fluorescence measurements

Reduction of the Trp fluorescence by lipid-embedded

3.1. Hemolysis data

To evaluate one of the biological activities of the pep-
tides we compared their hemolytic properties against hu-

spin-probe was measured as the following. The spin label man erythrocytesHig. 1). Fig. 1 depicts the percent hemol-

16-doxyl-stearic acid (16-DS, Sigma) was added to the ysis of erythrocytes as a function of peptide concentrations.
vesicles after the polymerization step in a molar ratio of CP10A induced the highest lytic activity among the three
1:100 (spin label:lipids). Spin-labels quench tryptophan flu- peptides, with almost 70% lysis observed at a concentration
orescence when in close proximity. Samples were preparedof 20uM compared to less than 10% hemolysis at that con-
by adding CP10A/indolicidin or CP11 peptides (at concen- centration for the two other peptideBig. 1). Fig. 1 also
trations of 110 and 7pM, respectively) to 0.06 ml vesicle indicates that CP11 exhibited lesser hemolytic activity than
solutions at 0.2mM total lipid concentration and 25mM indolicidin.

Tris base (pH 8). The decrease in tryptophan fluorescence

emission was recorded at 28 using 284 nm excitation

and 345nm emission on a SLM Aminco Bowman spec- 100 7 o -7 RRRRREE .
trofluorimeter. The excitation and emission slit widths set " 1 . .
to 4 and 8 nm, respectively. 2 ] . -

g 50 - -7
2.7. NBD-PE fluorescence quenching S -

X . - -

4 y lg
N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)1,2-dihexadecan- 0 4ees s : .

oyl-sn-glycero-3-phosphoethanolamine, triethylammonium 0 40 80

salt (NBD-PE) was purchased from Molecular Probes,

Inc. (Eugene, OR). NBD-PE was dissolved in chloroform,

added to lipids in a 1 mol% and dried together in vaccuo = _ iy )

before sonication (seSection 2 & Addition of NBD-PE tration. Erythrocytes were incubated in Tris—HCI 5 mM saline buffer con-
) . Lo . . taining varying concentrations of the peptides for 1 h. Indolicidin analogs

did not affect the colorimetric properties of the vesicles. examined were: CP11 (bold line); CP10A (short dash); native indolicidin

Samples were prepared by adding peptides at concentratiorflong dash).

peptide conc.[uM]

Fig. 1. Hemolysis of human erythrocytes as a function of peptide concen-
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Fig. 2. Dansyl-PMBN displacement assay. Indolicidin analogs examined (B) peptide conc.[uM]

were: CP11 (bold line); CP10A (short dash); native indolicidin (long
dash). Vesicles examined were (A) DMPG/DMPC/PDA vesicles (1:1:3 g 3. Colorimetric transitions induced in lipid/PDA vesicles by the
ratio); (B) LPS/DMPC/PDA vesicles (0.1:2:6 ratio). peptides. Relationships between peptide concentrations and colorimetric
response (%CRSection 2 induced in (A) DMPG/DMPC/PDA vesicles
. . . . . (2:1:3 ratio); (B) LPS/DMPC/PDA vesicles (0.1:2:6 ratio). Indolicidin
Previous studies reported differences in hemolytic ac- znajogs examined were: CP11 (bold line); CP10A (short dash); native

tivity between indolicidin and CP10A against rat erythro- indolicidin (long dash).

cytes, albeit to lesser degrees than observed hgge )

[42]. These observations might be related to differences in

membrane lipid composition of erythrocytes from different  We first measured the relative peptide association with
organismg27]. Previous studies have shown, for example, the biomimetic vesicles through application of the dansyl—-
that the extent of erythrocyte permeability is strongly related PMBN displacement assayFig. 2) [9,43]. The dansyl

to the relative abundance of lecithin within the membrane group fluoresces when located within a hydrophobic lipid
[5]. This factor might account for the differential hemoly- environment, while it is quenched in the aqueous solution
sis data we recorded here for human erythrocykég. (1), following displacement by membrane-bound spedi@és
which contain around 19% lecithin, compared to 43% in Accordingly, application of the dansyl-PMBN assay in this
rat erythrocyteqd3,27], which might give rise to different  work provided information upon the relative affinities of the

hemolytic properties. indolicidin analogs to the lipid/PDA vesicles by measur-
ing the decrease in fluorescence of dansyl-PMBN residues
3.2. Dansyl-PMBN displacement assay displaced by the bound peptidgs43].

Fig. 2shows that, as expected, increasing peptide concen-
The apparent sensitivity of the biological activities of trations induced higher inhibition (quenching) of the dansyl
indolicidin and its analogs to lipid composition was further fluorescence due to displacement of the dansyl-PMBN
examined in biomimetic lipid/PDA vesicles using sev- molecules into the aqueous soluti¢®4,39] Differences
eral analytical and spectroscopic techniquegg. 2—6. were observed however, albeit small, in the binding proper-
Two vesicle models were examined: DMPG/DMPC/PDA ties among the peptides, and depending upon lipid composi-
(1:1:3 mole ratio) in order to evaluate the contribution of tion (Fig. 2). CP11 seemed to exhibit the most pronounced
negatively-charged phospholipids, relatively abundant in displacement capabilities in DMPG/DMPC/PDA vesicles
the cytoplasmic membranes of bacterial cdli], and (Fig. 2A) and LPS/DMPC/PDA Kig. 2B); for the latter
LPS/DMPC/PDA (0.1:2:6 ratio) for elucidating the role similar displacement was recorded with CP10A. This result
of LPS in promoting surface binding and outer membrane suggests that CP11 attaches predominantly to the surface
permeation of the peptidg32]. of the lipid bilayer, since previous work has indicated that
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Fig. 4. Fluorescence quenching of NBD-PE. The percentage of fluores-
cence recorded from NBD-PE/lipid/PDA vesicles after peptide addition
and guenching by soluble sodium dithionite. Sodium dithionite was added
at a concentration of 10mM to vesicle solutions (0.2 mM) ap.KDpep-

tide concentrations. (A) NBD-PE/DMPG/DMPC/PDA vesicles (0.02:1:1:3
mole ratio); (B) NBD-PE/LPS/DMPC/PDA vesicles (0.02:0.1:2:6). Curves
corresponding to: (i) control (no peptide added); (i) CP10A; (iii) native
indolicidin; (iv) CP11.

this is also the preferred location of dansyl-PMBN binding
sites[25].

Fig. 2B demonstrates that native indolicidin gave rise to
relatively lower displacement of dansyl-PMBN compared
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Fig. 5. Quenching of Trp fluorescence by 16-DS spin probe after peptide
addition: CP10A (white column); native indolicidin (grey column); CP11
(wide downward diagonal column). (A) DMPG/DMPC/PDA (1:1:3 molar
ratio); (B) LPS/DMPC/PDA (0.1:2:6).
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Fig. 6. CD spectra of peptides: (A) CP11; (B) native indolicidin; (C)
CP10A. Traces corresponding to: (i) DMPG/DMPC/PDA (1:1:3 molar ra-
tio); (i) LPS/IDMPC/PDA (0.1:2:6); (iii) no vesicles (aqueous solution).
Peptide concentrations in all measurements wergM@nd vesicle con-
centrations in Tris buffer (pH= 8) were 0.3 mM.

to the two analogues in the LPS/DMPC/PDA vesicle assem-
bly. Various studies have suggested that initial interactions of
antimicrobial peptides with Gram-negative bacteria involve
binding to LPS[26,32] Thus, the higher affinity of CP10A
and CP11 for the LPS/DMPC/PDA systefid. 2B), com-
pared to native indolicidin, might correspond to the increased
interaction with and self-promoted uptake across the outer
membrane leading to increased bactericidal activity against
Gram-negative bacteria of these analogj2€s32]

3.3. Colorimetric analysis

The fluorescence inhibition data fig. 2 showed dif-
ferences in peptide binding to the lipid assemblies. The
biological activities of antimicrobial peptides are deter-
mined, however, not only by their binding properties but
also to a large extent by their effects on membrane structure
and organizatior8]. Penetration and lipid bilayer disrup-
tion by the indolicidin derivatives were compared here
through analysis of the colorimetric transitions induced
within DMPG/DMPC/PDA vesicles and LPS/DMPC/PDA
vesicles Fig. 3.

Previous studies have indicated that lipid/PDA vesicles
mimic cellular membrane environments and provide infor-
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mation on membrane processgs,191 We have shown  tures they adopt. Importantly, greater %CR was recorded

that the lipid moieties in the mixed vesicles form orga- for all peptides at higher peptide concentrations in the

nized bilayer domains within the polymer matii2,44] LPS/DMPC/PDA vesicle assemblyFif. 3B) compared

In particular, the blue-red transformations in lipid/PDA to the DMPG/DMPC/PDA vesicles={g. 3A). This result

vesicles depend upon disruption of the lipid interface indicates that more pronounced surface interactions oc-

by membrane-interacting compounds and by their depth curred in the LPS-containing vesicles, consistent with the

of penetration into the lipid layef19,21] A correla- self-promoted uptake modg26,32].

tion was shown between the surface perturbation induced

by membrane-active peptides and the degree of color3.4. Fluorescence quenching of NBD-PE

changes (recorded as percent colorimetric change, %CR)

[6,19,21,22] Further insight into the surface interactions of the indoli-
The data depicted irFig. 3 demonstrate that the col- cidin analogs was provided by experiments recording the

orimetric transitions exhibit different dependencies on pep- fluorescence quenching of NBD-PE incorporated within the

tide concentrations among the three analogs. In particu-chromatic vesicles by sodium dithionite dissolved in the

lar, in the two vesicle models a steeper %CR/concentration aqueous solutiof23] (Fig. 4). The dithionite quenching as-

curve was observed for CP11, compared to indolicidin and say had been previously used to measure the lipid “flip-flop”

CP10A, which induced similar lower chromatic changes processes and transport of NBD-phospholipids from the in-

(Fig. 3). At a peptide concentration of M, for example, ner leaflet to the outer leaflet in lipid bilaydfst,17] Higher

CP11 induced a %CR of 30% in the DMPG/DMPC/PDA accessibility of the dithionite quencher to the NBD moieties

vesicle solution compared to the value of approximately was also related to bilayer disruption by membrane-active

15% induced by the other two peptiddsig. 3A). Simi- compoundg23].
lar values were obtained in the LPS/DMPC/PDA system  Fig. 4 depicts dithionite-induced fluorescence quench-
(Fig. 3B). ing of NBD-PE incorporated within DMPG/DMPC/PDA

The colorimetric data ifrig. 3 suggest that CP11 exhib- and LPS/DMPC/PDA vesicles, respectively, after peptide
ited much more significant surface interactions compared to association. The control kinetic data were measured by
the other two peptides. Previous studies have demonstratedncubation of the vesicles with sodium dithionite in the
that peptides that preferably disrupt the lipid head-group absence of peptides. In both vesicle models, the added
region were able to induce more pronounced color transi- peptides generally induced faster fluorescence quenching,
tions, while deeper penetration into the hydrophobic lipid however, differences in the rates of fluorescence decrease
core generally gave rise to more moderate blue-red transfor-were clearly apparent among the indolicidin analogs. CP11
mations[18]. This correlation has been ascribed to the per- induced the most rapid fluorescence quenchifig.(4A
turbation of the pendant side-chains of the PDA framework and B. This observation most likely corresponded to the
induced by the interfacial effect within the lipid domain’s preferred localization of the peptide at the lipid-water
transitions[29,34] Thus, greater lipid surface interactions interface thus strongly affecting the NBD probe, which
would result in more pronounced perturbations of the ad- is also displayed at the hydrophilic phospholipid head-
jacent polymer domains, giving rise to higher colorimetric group. In particular, the higher positive charge on CP11
response (%CR). This may contribute to the apparent betterlikely modulated the electrostatic interactions occurring at
interaction of CP11 with the surface (outer) membrane of the bilayer headgroup region, thus allowing more access
Gram-negative bacteria, leading to improved self-promoted of the dithionite moieties to quench the NBD fluores-

uptake and consequent antibiotic actiityd]. cence.
Surface localization of CP11 was also apparent in the Indolicidin and CP10A gave rise to similar quenching
dansyl-PMBN displacement results showrFig. 2 Lower rates, slower than CP11, in both vesicle modElg.(4). The

penetration of CP11 into the DMPG/DMPC bilayers in lesser effects of indolicidin and CP10A on the fluorescence
DMPG/DMPC/PDA vesicles could be explained by the quenching of surface-displayed NBD-PE are most likely due
higher positive charge of the peptide, resulting in more to the relatively deeper bilayer insertion of the two peptides.
pronounced electrostatic surface interactions. This inter- This interpretation is consistent with the colorimetric data
pretation is consistent with studies employing Langmuir (Fig. 3) in that the “grouping” of the indolicidin and CP10A
monolayers of zwitterionic and negatively charged phos- curves observed ifrig. 4 was similarly to that recorded in
pholipids indicating deeper penetration of indolicidin and the colorimetric experiment{g. 3).

CP10A compared to CP1B7]. Similarly, calcein release The fluorescence quenching data further confirmed
experiments showed a significantly smaller leakage inducedthe significance of LPS in promoting surface interac-
by CP11 compared to indolicidin and CP10#%]. tions of the peptides. The quenching rates associated with

The resemblance of the %CR graphs of indolicidin each peptide in the NBD-PE/LPS/DMPC/PDA system
and CP10A Fig. 3 indicates that these two peptides un- were faster than the corresponding rates recorded in the
dergo a similar degree of penetration into the bilayer in NBD-PE/DMPG/DMPC/PDA assembly indicating a pref-
the two vesicle models, despite the rather different struc- erential interaction with polyanionic LPS.
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3.5. Quenching of tryptophan fluorescence by brane is triggered by disruption of the electrostatic outer
lipid-embedded radical probe layer of the outer membrane through binding to anionic LPS.

We further evaluated the degree of peptide insertion into 3.6. Circular dichroism (CD)
the lipid bilayer through recording the decrease in tryp-
tophan (Trp) fluorescence induced by proximity to a spin  Circular dichroism (CD) experiments were carried out in
probe embedded within the lipid/PDA vesicles. These ex- order to analyze the structural properties of the peptides in
periments employed a doxyl spin probe covalently attached the lipid/PDA environmentsHig. 6). Previous studies have
to a stearic acid moiety at carbon position 16 (16-[¥8) detected distinct conformational changes of the indolicidin
(Fig. 5. 16-DS has been used as an ESR probe for in- analogs induced upon their interactions with model lipid
vestigating the environment and dynamics at the hydropho- bilayers[8,37]. The CD traces shown iRig. 6 are similar
bic cores of lipid bilayerd28,33] In the experiments de- to published studies using other vesicle models and indicate
picted inFig. 5, the percentage quenching of Trp fluores- that all peptides underwent structural modifications to some
cence emission of the indolicidin analogs was measured inextent upon their incorporation with the chromatic vesicles.
16-DS/DMPG/DMPC/PDA (0.01:1:1:3 mole ratio) vesicles The CD spectra of CP1TF{g. 6A) and indolicidin Fig.
and 16-DS/LPS/DMPC/PDA (0.01:0.1:2:6) vesicles, respec- 6B) in an aqueous buffer were characterized by a minimum
tively. at around 200 nm most likely corresponding to unordered

Fig. 5 demonstrates variations in the percentage of Trp structure§30,31] The observed ellipticities, however, were
quenching by the spin-probe co-incorporated within the vesi- smaller than values reported for random-coil conformations
cles. The control samples, used were lipid/PDA vesinlats and suggest that sub-populations of ordered conformations
containing 16-DS%ection 3. The highest quenching in the  such ag-turns or polyt-proline helices were present in the
two vesicle models observed for CP10A was around 28% in solution[8,36]. The spectra shown iRig. 6A and Bfurther
the 16-DS/DMPG/DMPC/PDA vesicle§ig. 5A) and 18% demonstrate that interactions of CP11 and indolicidin with
when the peptide was added to 16-DS/LPS/DMPC/PDA both DMPG/DMPC/PDA and LPS/DMPC/PDA vesicles af-
(Fig. 5B). This result indicates that the distances between fected their CD traces, clearly reducing the ellipticity of
the spin label of 16-DS and the Trp residues in CP10A were the peptide. The lower ellipticities, previously observed for
relatively short compared to those measured for CP11 andCP11 and indolicidin in other vesicular and micellar envi-
the parent indolicidin peptide. This observation again indi- ronments, might correspond to more pronounced secondary
cates deeper bilayer insertion of CP10A consistent with the structures. The positive shift at around 218 nm and the min-
colorimetric analysis (cfFig. 3), and most likely reflects the  imum at 228 nm apparent in the CD spectra of CP11 in the
higher hydrophobicity of the CP10A sequence due to the presence of the lipid/PDA vesicle&if. 6A) were further
triple Pro— Ala substitution. consistent with higher Trp side-chain ordering of the pep-

The Trp fluorescence of indolicidin and CP11 decreased tide, a phenomenon detected in other vesicle sysf8rag].
less compared to that of CP10A in the vesicles containing The CD spectra of CP10ARg. 60 were significantly
16-DS Fig. 5. CP11 in particular showed only 10% fluores- different than those acquired for CP11 and indolicidin,
cence decrease in the 16-DS/DMPG/DMPC/PDA vesicles both in the aqueous solution without vesicles as well as in
(Fig. 5A) and only~6% quenching in 16-DS/LPS/DMPC/ the lipid/PDA environments. The CD trace of CP10A in a
PDA vesicles Fig. 5B). These data indicate very lim- vesicle-free solution exhibited two minima at around 205
ited contact between the peptide and vesicle-embeddedand 222 nm, respectively, which indicate a residual helical
spin-probe, confirming that CP11 has a preferred surfaceconformation[4]. In the presence of DMPG/DMPC/PDA
localization in the two bilayers. Indolicidin fluorescence vesicles or LPS/DMPC/PDA vesicles the two-minima ap-
underwent quenching of approximately 18 and 10% in the pearance of the CD traces is retained, however, the ellip-
16-DS/DMPG/DMPC/PDA and 16-DS/LPS/DMPC/PDA ticity was again attenuated (as observed for the two other

vesicle assemblies, respectivelyid. 5), indicating inter- peptidesFig. 6A and B and shifts in the spectral positions
mediate penetration into the bilayer cores. of the minima were observedrig. 6C). Similar to the CD
The fluorescence quenching data depicteéio 5em- results obtained for CP1Fig. 6A), the positive—negative

phasizes the effect of LPS in promoting surface associationappearance of the CD trace between 215 and 230nm is
of the peptides. Specifically, the percent fluorescence reduc-most likely indicative of an effect of the lipid moiety on
tions recorded in the 16-DS/DMPG/DMPC/PDA-vesicle Trp residues in the bound peptif7].

system were consistently higher for all three analogs com- Overall, the CD data depicted iRig. 6 indicate that
pared to 16-DS/LPS/DMPC/PDA, indicating deeper peptide the structures of the indolicidin analogs are clearly af-
incorporation and thus closer proximity to the spin label fected by their binding and association with the lipid/PDA
in the former vesicles. This result is consistent with the vesicles. Interestingly, similar CD traces were observed
dansyl-PMBN displacement assdyid. 2) and colorimetric in solutions containing DMPG/DMPC/PDA vesicles or
data Fig. 3) discussed above. It is also consistent with the LPS/DMPC/PDA vesicles, suggesting that the differences
concept that self-promoted uptake across the outer mem-in permeation properties between the two models was not
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related to distinct structural features, but rather to specific [7] Falla TJ, Hancock REW. Improved activity of a synthetic indolicidin
interactions (electrostatic, hydrophobic, amphipathic) be- analog. Antimicrob Agents Chemother 1997;41:771-5.
tween the peptides and membrane components. Importantly. [8] Falla TJ, Karunaratne DN, Hancock REW. Mode of antimicrobial

.. . . . peptide indolicidin. J Biol Chem 1996;271:19298-303.
similar CD results as presented fiig. 6 were obtained in [9] Fidai S, Farmer SW, Hancock REW. Interaction of cationic bacterial

varied published studies utilizing different vesicle systems membranes. Met Mol Biol 1997:78:187—204.
[8,37], which additionally confirm the biological applica- [10] Friedrich CL, Moyles D, Beveridge TJ, Hancock REW. Antibacterial
bility of the lipid/PDA platform. action of structurally diverse cationic peptides on Gram-positive
bacteria. Antimicrob Agents Chemother 2000;44:2086-92.
[11] Friedrich CL, Rozek A, Patrzykat A, Hancock REW. Structure
. . and mechanism of action of an indolicidin peptide derivative with
4. Discussion improved activity against Gram-positive bacteria. J Biol Chem
2001;276:24015-22.
Colorimetric, fluorescence and CD experiments employ- [12] Gabonaud F, Golan R, Volinsky R, Berman A, Jelinek R.
. . I . . . . Organization and structural properties of Langmuir films composed
ing blomlme_tlc |Ip|d/PDA VeSIClefs prow_ded |n3|_ght |_nfco_ of conjugated polydiacetylene and phospholipids. Langmuir
the mechanisms of membrane interactions of indolicidin 2001:17:3651-7.
analogs. The data confirmed that membrane binding and[13] Gallucci E, Meleleo D, Micelli S, Picciarelli V. Magainin 2 channel
permeation depend upon the molecular composition of the formation in planar lipid membranes: the role of lipid polar groups
bilayer. In particular, the incorporation of LPS in the bilayer and ergosterol. Eur Biophys J 2003,32:22-32.

clearly promoted surface interactions and localization of (41 Hulbregts RP, de Kroon Al, de Kiuiff B. Rapid transmembrane
y P movement of C6-NBD-labeled phospholipids across the inner

the peptides, an observation which supports the promoted  membrane oEscherichia coliBiochim Biophys Acta 1996:1280:41—

self-uptake model pertaining to permeation of indolicidin 50.
through the outer bacterial wall. [15] Jelinek R, Okada S, Norvez S, Charych D. Interfacial catalysis by
The spectroscopic analysis points to differences in bi- phospholipases at conjugated lipid vesicles: colorimetric detection
. . : N . and NMR spectroscopy. J Chem Biol 1998;5:619-29.
!ayer Insertion among the IndOI_ICIdm a”a'ogs; CP11 QXth- [16] Katz M, Tsubery H, Fridkin M, Kolusheva S, Shames A, Jelinek R.
ited more pronounced interactions at the lipid/water inter- Lipid binding and membrane penetration of polymyxin B nonapeptide

face, most likely accounted for by the higher positive charge derivatives: significance of LPS binding and effects of a hydrophobic
on the peptide. CP10A inserted deeper into the lipid assem- side residue, submitted for publication. )
ny compared to CP11, which is probably due to the higher [17] Kol MA, de Kroon Al, Rijkers DT, Killian JA, de Kruijff B.

. . . Membrane spanning peptides induce phospholipid flop: a model for
propensity of the peptlde towards helical structure. The ex- phospholipid translocation across the inner membrand.otoli.

perimental data highlight the significance of surface inter- Biochemistry 2001:40:10500—6.

actions for the antibacterial action of indolicidin, but also [18] Kolusheva S, Boyer L, Jelinek R. A colorimetric assay for
suggest that hemolytic activity requires deeper peptide in- rapid screening of antimicrobial peptides. Nat Biotechnol 2000;18:
sertion into the erythrocyte membrane. 225-7.

[19] Kolusheva S, Kafri R, Katz M, Jelinek R. Rapid colorimetric
detection of antibody-epitope recognition at a biomimetic membrane
interface. J Am Chem Soc 2001;123:417-22.
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