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ABSTRACT. Arginine- and tryptophan-rich motifs have been identified in antimicrobial peptides with
various secondary structures. We synthesized a set of linear hexapeptides derived from the sequence
AcRRWWRF-NH by substitution of tryptophan (W) by tyrosine (Y) or naphthylalanine (Nal) and by
replacement of arginine (R) by lysine (K) to investigate the role of cationic charge and aromatic residues
in membrane activity and selectivity. A second set of corresponding head-to-tail cyclic analogues was
prepared to analyze the role of conformational constraints. The biological activity of the linear peptides
followed the order Nal> W- > Y-containing compounds and slightly decreased upetKRubstitution.

A pronounced activity-improving and bacterial selectivity-enhancing effect was found upon cyclization
of the R- and W-bearing parent peptide, whereas the activity-modifying effect of cyclization of Y- and
Nal-containing peptides was low. The analysis of the driving forces of peptide interaction with model
membranes showed that the activities correlated with the partition coefficients and the depths of peptide
insertion into neutral and negatively charged lipid bilayers. Spectroscopic studies, RP-HPLC, and titration
calorimetry implied that the combination of cationic and aromatic amino acid composition and
conformational rigidity afforded a membrane-active, amphipathic structure with a highly charged face
opposed by a cluster of aromatic side chains. However, threshold values of low and high hydrophobicity
seemed to exist beyond which the activity-enhancing effect of cyclization was negligible. The results
suggest that cyclization of small peptides of an appropriate amino acid composition may serve as a
promising strategy in the design of antimicrobial peptides.

Antimicrobial peptides are important components of the hexapeptide4), truncated analogues of indolicidi®)( or
animal defense against microbial infectiod3. Many pep- hexapeptides derived from tritrypticiB)( All these peptides
tides possess a broad spectrum of activity against microor-are rich in tryptophan (W) and arginine (R). Using synthetic
ganisms by interacting with the bacterial envelope and al- combinatorial libraries, ACRRWWRF-Nthas been identi-
tering the permeability of the target membra8g The pep- fied as a sequence active against different bacterial strains
tide structure accounts for this mode of action. Most peptides and yeast cells7). Recently R- and W-containing antimi-
bear cationic charges which initiate accumulation preferen- crobial pentapeptides8) and even dipeptides have been
tially at the negatively charged bacterial surface. Addition- described9). R- and W-rich motifs similar to the six-residue
ally, they display or may form domains of hydrophobic antibiotic core peptide of bovine lactoferricin have also been
residues which permit insertion into the nonpolar interior of found in conformationally constrained antimicrobial peptides
the lipid matrix of cell membranes. Subsequent formation such as polyphymesin ILQ) and tachyplesin 1X1).

of pores or global disturbance of the lipid arrangement have oy short peptides can exert potent antimicrobial activity

been suggested to lead finally to cell deadh ( and which role R- and W-rich sequence motifs and their

The interest in antimicrobial peptides is stimulated by the contormation play in large peptides have been investigated
possibility to use them as substitutes for conventional anti- very little (12). Aromatic residues modulate the biological

biotics against which many bacteria have developed resis-5ctjvity of several hemolytic and antimicrobial peptides.
tance. Besides unresolved problems of toxicity against tps “substitution of the two W residues by phenylalanine
eukaryotic cells and limited stab|llty, .h|gh production costs (F) in a lactoferricin peptide resulted in the loss of activity,
render large peptides not very promising as drug leads. Thus,pereas introduction of more hydrophobic residues improved
!t is important t'o' develop smaller'ant|m|crob|al pgptldgs Wlt'h the antimicrobial effecti3). More potent analogues were
|mproveg| stability. However, unlike many amphipathic he_ll- generated by introduction of W into cyclic bactenici),

cal peptides ang-sheet structures, only a few small mi- \hereas W exchange by Y in indolicidin reduced both the
crobicidal peptides have been described. Substantial anti-3ptimicrobial and hemolytic effects), Arginine residues
microbial activity was found for a lactoferricin-derived have been found to be the sole or main cationic residues in
several antimicrobial peptides such as protegrit§),(

T This study was supported by Grant DA 324/4-1 of the Deutsche bactenecin 16), or PR-39 (7). The relevance of R for the
Forschungsgemeinschatt. ’ ’
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RW-Rich Hexapeptides

ment (8). In contrast, the arginine side chain played a minor
role in indolicidin activity as replacement of R by lysine or
ornithine had negligible effect$). Van't Hof analyzed the
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purchased from Avanti Polar Lipids, Inc., Alabaster, AL.
Acryalmide was from SERVA, Germany. Calcein was
obtained from Fluka Chemie, Germany, and tris(hydroxy-

relationship between the secondary structure and the activitymethyl)aminomethane (Tris) and other chemicals used in
of lactoferrin and truncated analogues bearing the sequencéiophysical experiments were from Merck, Germany. Luria

RRWQWR (9). This motif, in which the putative antimi-
crobial activity is located, exists in lactoferrin as @thelix.
In lactoferricin B, the sequence is present if-atructure

broth (LB) was obtained from Gibco BRL, Scotland.
Peptide Synthesis and Characterizatidine linear pep-
tides were synthesized automatically by the solid-phase

(20), and the very active synthetic hexapeptide adopts anmethod using standard Fmoc chemistry in the continuous-

unconventional structur@q). The chemical homology and
structural variability of the RW-rich motif raised the question

flow mode on a MilliGen 9050 peptide synthesizer (Milli-
pore) @5). Cyclization of linear sequences was done

of whether the specific amino acid residues were responsiblemanually by applying HAPyU chemistr26). The peptides

for the effect independent of the secondary structure, or were purified by preparative reversed-phase high-perfor-
whether the small sequences fulfilled the organizational mance liquid chromatography (RP-HPLC) using a Shimadzu
principles of amphipathicity and membrane activity. LC-10AD system operating at 220 nm to give final products
Our studies on helical amphipathic peptides have shownmore than 95% pure by HPLC analysis. The compounds
that peptide activity and selectivity toward cell membranes were further characterized by matrix-assisted laser desorption
and lipid bilayers are less dependent on the amino acid mass spectrometry (MADLI IlI, Kratos, U.K.). Chromato-
composition but determined by global structural parameters graphic characterization was performed on a Jasco HPLC
of the peptides and by the properties of the target membranesystem (Japan) with a diode array detector operating at 220

(22, 23). In this paper we present a study of short peptides
based on the linear sequence ACRRWWRF:NWhich

role do tryptophan and arginine play in membrane activity
and selectivity, and how do conformational constraints

influence the biological effects? To answer these questions,

we synthesized linear and head-to-tail cyclic analogues with
arginine (R) replaced by lysine (K) and with tyrosine (Y) or
naphthylalanine (Nal) introduced for tryptophan (W). We
determined antimicrobial and hemolytic activities and ana-

nm. Runs were carried out on a PolyEncap A 300 (250
4.0 mm) column (Bischoff Analysentechnik, Germany). The
sample concentration was 1 mg/mL peptide in eluent A.
Mobile phase A was 0.1% trifuoroacetic acid in water, and
B was 0.1% trifuoroacetic acid in 80% acetonitrile/20% water
(v/v). The retention timestf) of the peptides were deter-
mined using a linear gradient of-®5% B over 40 min at
22 °C.

Preparation of Small and Large Unilamellar Vesicles.

lyzed the peptide effect on negatively charged and neutral Vesicles for spectroscopic and titration calorimetric measure-

lipid bilayers to see which role interactions with the lipid
matix of the target membranes play in the biological effects.
The studies showed that conformational rigidity of the R-

ments were prepared and characterized as described else-
where @2). SUVs were made by vortex mixing of dried lipid
in buffer (10 mM Tris, 154 mM NacCl or NaF for spectro-

and W-bearing peptides induced by cyclization was a suitable scopic measurements, 0.1 mM EDTA, pH 7.4) and sonicat-

method for inducing pronounced antimicrobial activity and
selectivity. We propose that clustering of the aromatic resi-

ing. Dynamic light scattering measurements (N4 Plus,
Coulter Corp.) confirmed the existence of a main population

dues and increasing the cationic charge density by cyclizationof vesicles (more than 95% mass content) with a mean

enhanced amphipathicity and provided the basis for high
membrane activity. Threshold values of low and high global
hydrophobicity seemed to exist below and above which the
activity-enhancing effect of cyclization was eliminated. A
preliminary account of this work has been present&f).(

MATERIALS AND METHODS

Materials. The lipids 1-palmitoyl-2-oleoylphosphatidyl-
choline (POPC},1-palmitoyl-2-oleoylphosphatidydrglyc-
erol (POPG), l-palmitoyl-2-stearyl(5-doxyd)+glycero-3-
phosphatidylcholine (5-DOX), 1-palmitoyl-2-stearyl(12-
doxyl)-sn-glycero-3-phosphatidylcholine (12-DOX), and 1,2-
dioleoyl-snglycero-3-phosphotempocholine (TEMPO) were

1 Abbreviations: cfu, colony-forming unit; DMSO, dimethyl sul-
foxide; 5-DOX, 1-palmitoyl-2-stearyl(5-doxyBr-glycero-3-phosphati-
dylcholine; 12-DOX, 1-palmitoyl-2-stearyl(12-doxy$glycero-3-
phosphatidylcholine; TEMPO, 1,2-dioleosi+glycero-3-phosphotem-
pocholine; CD, circular dichroism; EDTA, ethylenediaminetetraacetic
acid; HAPyU,O-7-(azobenzotriazol-1-yl)-1,1,3,3-(bis(tetramethylene)-
uronium) hexafluorophosphate; LB, Luria broth; LPS, lipopolysaccha-
ride; LUVs, large unilamellar vesicles; MIC, minimum inhibitory
concentration; POPC, 1-palmitoyl-2-oleasit-glycero-3-phosphatidyl-
choline; POPG, 1-palmitoyl-2-oleogrglycero-3-(phosphoac-(glyc-
erol)); RP-HPLC, reversed-phase high-performance liquid chromatog-
raphy; SUVs, small unilamellar vesicles; SDS, sodium dodecyl sulfate;
Tris, tris(hydroxymethyl)aminomethane.

diameter of 45+ 2 nm (polydispersity index 0.3). Calcein-
containing LUVs were prepared by vortexing the dried lipid
in dye buffer solution (70 mM calcein, 10 mM Tris, 0.1 mM
EDTA, pH 7.4). The suspension was frozghawed in liquid
nitrogen for eight cycles and extrudédpex Biomembranes
Inc., Canada) through polycarbonate filters (six times through
two stacked 0.4m pore size filters followed by eight times
through two stacked 0.km pore size filters). Untrapped
calcein was removed using a minicolumn centrifugation
method 27). The lipid concentration was determined by
phosphorus analysi28).

Quenching Studief2OPC and mixed POPC/POPG (3/1
mol/mol) vesicles with different amounts of nitroxide spin-
labeled lipids were prepared by mixing appropriate volumes
of POPC, POPG, and labeled lipid dissolved in chloroform
and subsequent drying under nitrogen. The peptides were
dissolved in ethanol to give a final concentration of 200
uM. A 20 uL sample of the peptide solution was added to
the lipid-containing tube to dissolve the lipid film followed
by vortex mixing with 1980uL of buffer (10 mM Tris,
154 mM NaCl, 0.1 mM EDTA, pH 7.4). The final con-
centrations were 200M lipid and 2 uM peptide, and the
content of labeled lipid ranged from 0 to 40 mol %. Solutions
for baseline samples lacked peptide. The tryptophan fluo-
rescence excited at 285 nm was measured with an LS 50B
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spectrofluorimeter (Perkin-Elmer Corp., Germany) at the croCal Inc., Norhampton, MA). Experiments were made with
emission maximum of 344 nm. Quenching is givenHsiz, SUVs atT = 25°C. Into the peptide solution (concentration
= exp(TII(c/70)(R?Z — X? — 7)), whereF, andF are the c, = 40 or 80uM) in the calorimeter cell were injected
fluorescence intensities in the absence and presence of thaliquots of an SUV suspension (24.; lipid concentration
quencher, respectivelR, is the critical quenching distance ¢ = 44 mM). The measured heat of peptide binding
of the W—doxyl pair (12 A) @9), X is the minimum allowed decreased with consecutive lipid injections because of the
lateral distance between the fluorophore and quendhisr,  gradual reduction in free peptide. As a control, the phos-
the difference in depth between the quencher and fluoro- pholipid suspension was injected into buffer. A heat of
phore,c is the mole fraction of the quencher molecule, and dilution of about—11 ucal was determined. From the sum
c/70 gives the number of quencher molecules per squareof the heat of injections, the reaction enthalyH°, was
angstrom assuming that the cross-sectional area of a lipid iscalculated. The cumulative heat of reaction as a function of
70 A2, The distance of tryptophan from the bilayer center, the number of injections was used to calculate binding

Zs, Was calculated using the parallax equatign—= L¢; + isotherms. The evaluation of such data sets has been
(=70MIc(In(F1/F2) — La1?)/2L21), with Les being the distance  explained elsewheredg). Binding of the cationic peptides

of the shallow quencher from the bilayer centér,and F, to SUVs can be described by a surface partition equilibrium
the fluorescence intensities in the presence of the shallowwith the condition that the extent of peptide adsorption is
and deeper quenchers, respectively, apdthe difference linearly related to the peptide concentration at the vesicle

in depth between the shallow and deeper quenclt8fs ( surface,cy: R = Kcy. R is the molar amount of peptide
The distances of the applied quenching groups from the bound per mole of lipid, an& is the partition coefficient.
bilayer center have been reported to be 19.5 A for TEMPO ¢y is dependent on the free peptide concentration in the bulk
(31) and 12.2 and 5.85 A for 5-DOX and 12-DOX, solution, on the peptide charge, and on the membrane surface
respectively 80). potential, which can be calculated with the aid of the Geuy
The ability of acrylamide to quench the tryptophan Chapman theory (for a review see 124). Combining the
fluorescence of peptides in buffer (10 mM Tris, 154 mM binding model, Boltzmann relation, and Get@hapman
NaCl, 0.1 mM EDTA, pH 7.4) and in the presence of SUV theory, it is possible to calculat, from the experimental
suspensions was studied by addition of increasing amountsbinding data and to determiné A detailed description of
of the quencher (4 M in buffer). The final peptide concentra- the binding model can be found elsewhess, (36).

tion was 5uM, and the lipid concentration reached 2.5 mM. Hemolytic AssayThe hemolytic activity of the peptides
The emission spectra (excitation at 280 nm) were correctedyas determined using human red blood cells (Blutspende-
for dilution as well as the inner-filter effect and light dienst Deutsches Rotes Kreuz) as described previoR8)y (
scattering according to the relati®go, = F x 104t em <03, Suspensions containing the peptide at a concentration of 100
with A, andA;,, being the absorbances at the wavelengths ;M and 1.8 x 1C? cells/mL were incubated for 30 min at

of excitation and the emission maximum. Assuming that a 37°C. After centrifugation an aliquot of the supernatant was
fraction of lipid-bound peptides is inaccessible to the dissolved in 0.5% NDH, and the optical density (OD) was
quencher, the SterrVolmer quenching constant&4y) and ~ measured at 540 nm (Lambda 9 spectrophotometer, Perkin-
the fraction of peptidef) accessible to acrylamide were E|mer Corp., Germany). Zero hemolysis (§2nd 100%

evaluated by curve fitting using the equatibff, — 1 = hemolysis (OB were determined using the supernatants
(Ksveof)/(1 + Ksvo(1 — 1)) (32), wherecg is the quencher  of cell suspensions incubated in buffer and 0.5%,8H,
concentration. respectively. Values determined in repeated experiments

Circular Dichroism Measurement€D measurements of  differed by less than 5%.
100 uM buffered peptide solutions (10 mM Tris, 154 mM

NaF, pH 7.4) in 25 mM SDS solution and in 10 mM POPG ' 5, gyrainy and Gram-positivBacillus subtilis(PY 22 strain)
SUV suspensions were carried out a J 720 spectrometer  yore ysed to test the antibacterial activity of the peptides

(Jasco, Japan) at room temperature. Circular dichroism and>3) gacreria were cultivated in LB at 37 with shaking
differential scattering of the SUVs were eliminated by

b ina th fth di ide-froe linid at 180 rpm. The inoculum was prepared from mid-logarithmic-
subtracting the spectra of the corresponding peptide-free ipid 56 oitures (Qfg, = 0.5). Aliquots of the cell suspensions

suspensions. The spectra presented give the mean residugee added to the wells of a microtiter plate containing

eIIipticiFy [©] of one out of two independgnt experiments. peptide at different concentrations. The final concentration
_ Peptide-Induced Dye Release from Liposoniptide- ot hacteria was 20cfu's/mL. The final concentrations of
induced calcein release from vesicles was monitored fluo- peptide ranged from 0.05 to 108V in 2-fold dilutions.

rimetrically by measuring the decrease in self-quenching aspgpiiges were tested in duplicate. The microtiter plates were
a function of time after adding an aliquot of an LUV jnq pated overnight at 37C, and the absorbance was read
suspension to the peptide solution as descrit8). The 3¢ 600 nm (Autoreader EL 311, Bio-Tek Instruments Inc.).
peptide concentration ranged between 1 and AR and The minimum inhibitory concentration (MIC) is defined as

the lipid concentration was 2BM. The fluorescence was e |owest concentration of peptide at which there was no
excited at 490 nm and registered at 520 nm on an LS 50B change in optical density.

spectrofluorimeter (Perkin-Elmer Corp., Germany). The

fluorescence intensity corresponding to 100% dye releaseResyLTs

was determined by addition of Triton X-100 (10% v/v in

water). Biological Actiity. Figure 1 illustrates the growth-inhibit-
Peptide Binding.Isothermal titration calorimetry was ing activity of linear and cyclic peptides (Table 1) toward

performed using a VP isothermal titration calorimeter (Mi- Gram-negativé&. coliand Gram-positiv8. subtilis Whareas

Antibacterial StudiesGram-negativé&scherichia col(DH
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Ficure 2: Kinetics of vesicle permeabilization. Dequenching of
Ficure 1: Antimicrobial activity of linear (A) and cyclic (B) the calcein fluorescencd-) induced by RW (A) and c-RW (B)
hexapeptides. Shown is the MIC of the growthEfcoli (black from POPC (1), POPG (2), and mixed POPC/POPG (3/1 mol/mol)
bars) andB. subtilis(gray bars) (1®cfu’s/mL). Triplicate values LUVs as a function of time. The lipid concentrationg, was 25

of two different experiments differed at most in one dilution step. xM, and the peptide concentratiog,, was 10uM in buffer (10
MIC/MIC. gives the ratio of the MIC of the linear and corre- mM Tris, 154 mM NaCl, 0.1 mM EDTA, pH 7.4). Total
sponding cyclic peptide and is a measure for cyclization-induced dequenching was induced after 5 min by addition of Triton X-100.
improvement of the activity towarB. coli (black) andB. subtilis

(gray). cells followed the order RNal (24%) RW (7%)= rw (7%)

. . . — > KW (4%) > RY (1%), and was enhanced by a factor of

;"’F‘Eﬁpll_: CAF'{“é?eong‘gr']dT?n‘ig‘éences of Peptides, Abbreviations, and 1, {5 3 ypon cyclization. The activity patterns against bacteria
and erythrocytes revealed that the cyclic W- and R-containing

linea® cyclic peptides were potent and selective antimicrobial compounds.
peptide name  tr(min) name tr (Min) Peptide-Induced Dye Release from Liposonddihiough
RRWWRF RW 17.7 c-RW 18.4 there existed differences in the permeabilization kinetics of
:(ngwwr\l;VKF QQ/N 1167.?5? c-|r<v\\;v 11;3.11 the lipid bilayers as shown for RW (Figure 2A), the dye-
RRYYRE RY 156 CRY Y releasing activities of linear pept|des_ with highly negatively
RRNalNalRE RNal 20.8 c-RNal 510 charged POPG and neutral POPC bilayers were comparable

atp = RP-HPLC retention time. Small letters stand feamino acid (Figure 3A, Table 2). The aCtiYity ]‘ollowed the order RNl
residues. Na&= B-(naphth-1-yl)alanine? N-terminally acetylated and > RW=rw > KW > RY. Cycllzatlon enhanced. the effect
C-terminally amidated. on POPC but reduced the effect on highly negatively charged
model membranes (Figures 2B and 3B). Peptide activity
the bacteria were not or only slightly susceptible to the linear toward mixed bilayers was low, with POPC/POPG (1/1 mol/
sequences (Figure 1A) (except the Nal-bearing analogue) upmol) being most resistant (Table 2). The s€alues of RW
to concentrations of 100M, cyclization of the W-containing  and c-RW show that the activity-enhancing effect of cy-
peptides was connected to a substantial increase in theclization was pronounced on neutral and slightly negatively
activity (Figure 1B). As shown by the quotient MIBIIC, charged lipid layers but disappeared on POPG membranes.
> 16, the activity-enhancing effect of cyclization was most  Hydrophobicity and Amphipathicity As Determined by
pronounced foE. coli. The cyclic c-RY was as inactive as HPLC.Peptide hydrophobicity was characterized by retention
RY, and the antimicrobial effect of c-RNal was only slightly timestg in RP-HPLC (Table 1). The method monitors the
improved compared to that of the highly active linear affinity of compounds to the hydrophobic surface of the
analogue. All linear sequences showed low hemolytic activity HPLC solid phase and has been successfully applied to
at 100uM concentration. Peptide-induced lysis of red blood characterize amphipathic heliceg7( andj3-structured pep-
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Ficure 3: Bilayer-permeabilizing activity of linear (A) and cyclic A (nm) (om)

(B) hexapeptides. Presented is the percentage of dequenching ofgure 4: CD characteristics of linear and cyclic hexapeptides.
the fluorescenceR) of calcein entrapped in LUVs composed of  shown are the CD spectra of the linear RW, KW, RY, and RNal
POPG (black bars), mixed POPC/POPG (3/1 mol/mol) (gray bars), peptides and the corresponding cyclic compounds c-RW, c-KW,
and POPC (white bars) after 1 min. The lipid concentraton,  ¢-RY, and c-RNal in buffer (solid line), in the presence of SDS
was 25:M, and the peptide concentratiag, was 10uM in buffer micelles (dashed line) and POPG SUVs (dastdatted line). P]

(10 mM Tris, 154 mM NaCl, 0.1 mM EDTA, pH 7.4). represents the mean residue ellipticity. The concentration of peptides
dissolved in buffer (10 mM Tris, 154 mM NaF, 0.1 mM EDTA,
Table 2: Bilayer-Permeabilizing Activity of RW and c-RwW pH 7.4),c,, was 10QuM, the SDS concentration was 25 mM, and
the lipid concentrationg;, was 10 mM.
ECZS(,MM) p ng;
lipid (mol/mol) RwW CRW  EGsrwEGse rw Peptide Structure Determined by CD Spectroscdphe
POPC 4 1 4.0 spectra of the W-containing linear peptides RW and KW
Eggggggg gﬁg 1@8 }1(5) i-g dissolved in buffer showed two negative bands at 200 and
POPC/POPG (1/3) o5 24 1.0 225 nm (Figure 4). The negative band at 200 nm is
POPG 6.5 75 0.9 characteristic of small random coil peptides, and the band

aECys gives the peptide concentration inducing 25% dequenching at225nmis _p_robably dl‘!e to t_he d'_(:hro'sm of the W residues
of the fluorescence of calcein entrapped in LUVs of different lipid (41, 42). Addition of vesicles impaired CD spectroscopy at
compositions after 5 min. The lipid concentration was28. The wavelengths shorter than 205 nm. Nevertheless, the increase
quotient EGsrw/ECose—rw is @ measure for cyclization-induced im-  gnd shift of the negative band to 229 nm and the positive
provement of the bilayer-permeabilizing activity. ellipticity values at lower wavelengths upon partitioning of

RW and KW into SDS micelles and POPG vesicles implied

tides @8). The change irr of the linear peptides, which  restrictions in the backbone structure and changes in the
followed the order RNat RW = rw > KW > RY, reflected environment of the aromatic residues as suggested by studies
changes in the total hydrophobicity as a result of amino acid of gramicidins ¢3) and indolicidin @2). The spectra of the
exchange. According to the octanol/water partition coefficient cyclic analogues c-RW, c-KW, and c-RY in buffer showed
of the aromatic and charged residues, the hydrophobicitiesa negative band at 200 nm and a shoulder at about 220 nm.
follow the orders Nal> W > Y and K > R, respectively The maximum at 230 nm in the micelle- and vesicle-bound
(39). Upon cyclization,tr of the W-bearing peptides in-  states pointed to distinct changes in the orientation of the
creased. This increase might be related to an enhancedaromatic side chains relative to the peptide backbdig (
hydrophobicity as determined on the basis of the “hydro- Although it is difficult to deconvolute the CD spectra of the
phobic fragment constant” approack0), but also pointed  cyclic peptides unambiguously because of the various
to a clustering of hydrophobic residues and an enhancedcontributions of turns and aromatic residues, it is reasonable
amphathicity of the cyclic compounds. to conclude that the more constrained cyclic analogues
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Table 3: Quenching of the Tryptophan Fluorescence of RW and c-RW by Acrylamide

linear cyclic
POPC/POPG POPC/POPG
POPC (3/2 mol/mol) POPG POPC (3/1 mol/mol) POPG
A- KSV KSV A KSV }- KSV l KSV ;L KSV
peptide c/c, (hm) (M™% f I My f (m MYy f @(m MY f (@mm) MY f (m) (MY f
RW 0 354 122 1 354 125 1 355 121 1 352 139 1 354 151 1 354 145 1
50 351 152 0.99 349 9.6 0.81
200 346 8.2 0.88 339 6.2 0.6 339 56 0.45 348 9.0 0.65 344 6.4 0.45 345 8.0 0.22
500 344 8.2 0.75 344 105 0.48
w 0 354 119 1 354 112 1 354 134 1 33 134 1
50 350 125 0.94 349 119 0.86
200 346 8.3 0.90 341 51 0.47 345 8.7 0.7 344 7.6 0.29
500 344 84 0.79 344 9.3 0.54

a Quenching constant&§y) and the fraction of peptidd)(accessible to the quencher acrylamide. The data were evaluated by curve fitting using
the equatiorFo/F — 1 = (Ksvcif)/(1 + Ksvey(1 — 1)) (32). Fo/F is the ratio of the fluorescence intensity of the sample without the quencher to that
at quencher concentrati@gq ¢/c, denotes the ratio of lipid to peptide concentratignwas 5«M. 1 gives the wavelength of the emission maximum.

displayed some degree of an ordered structure in solutionmophore.Ksy values of about 12 and 14 M determined

with further reduction in the number of backbone conformers for the linear and cyclic RW peptides dissolved in buffer,
and a well-defined orientation of aromatic side chains in the respectively (Table 3), have also been reported for indolicidin
vesicle-bound state. The increase of the negative band ofand lactoferricin peptides48). The affinity of the linear
RNal in the presence of SDS and POPG at 232 nm wasRW to POPC bilayers was low as shown by the fraction of
coupled to the maximum at 222 nm. Such a behavior is 0.75-0.79 of free peptide at a POPC/peptide ratio of 500.
expected to result from exciton splitting. If two identical Cyclization enhanced the affinity. Values below 0.5 for the
chromophores are sufficiently close, the excited states will quencher-accessible peptide fraction in the presence of mixed
interact and can make large contributions to the CD of POPC/POPG and pure POPG vesicles suggested that peptide
peptides and proteinsA4). The two components of the  accumulation distinctly increased with the negative bilayer

characteristic band called a couplet have the same magnitudeharge and was much more pronounced for the POPG-bound
but opposite signs. A comparison of the spectrum of RNal cyclic analogues.

in buffer and in the presence of vesicles and micelles revealed
a difference spectrum with the shape of a couplet centered
at 227 nm, thus pointing to a stacking of the bulky aromatic
residues in the bound state.

Fluorescence Spectroscopyo examine the location of
the lipid-bound peptides, we determined the tryptophan

fluorescence spectra and investigated the effect of the water q . i ed in Table 4. Bindi f
soluble quencher acrylamide. W residues fully exposed to ynamic parameters are summerized in 1able 4. Binding o

an aqueous environment have maxima above 350 nm, an?W 10 POPC SUVs was characterized by an enthaipy

those that are partially or completely buried have maxima — 12 kcal/mol. The free energy of partitionin§G®, was

below 345 and 330 nm, respectiveB. The fluorescence calcu_la_ted to be-8.8 kcal/mol, and the hydrophobic_ partition
spectra of buffer-dissolved RW-containing peptides and their coejﬂqent,l_(, was 4000 M*. AH was more negative than
all- analogues were characterized by an emission maximumAG’» implying a negative entropy chang@S’. Thus,
at 354+ 1 nm (Table 3). The blue shift to 344 nm (Table |n§ert|on of the linear peptide into the neutral I|p_|d I_ayer was
3) as well as the increase in fluorescence intensity (not driven by enthalpy and opposed by entropy. Binding of the
shown) upon increasing the POPC to peptide ratio to 500 small cationic peptides to lipid vesicles was an enthalpy—
correlated with a transfer of the peptides from the aqueousdriven reaction comparable to those reported for helical
into the lipid environment. The data in Table 3 suggest that @ntimicrobial peptides such as magain@)(or the cyclic
linear and cyclic compounds assumed comparable positionsP€ptide somatostatin and its analogu@$ (The thermody-
in the POPC bilayer. Slight differences in the depth of inser- hamic parameters were consistent with a nonclassical
tion seemed to exist between linear and cyclic peptides boundhydrophobic effect49). A slight gain in free energy and an
to POPG and POPC/POPG bilayers. Fluorescence maximancreased partition coefficient showed that membrane binding
between 339 and 341 nm for the linear RW peptides pointed Was facilitated by cyclization. Whereas the negative enthalpy
to a more distant position of W from the bilayer surface com- change decreased due to the restricted conformation, the
pared to that of the cyclic analogues with.x at 344 nm.  entropy change became positive, showing that partitioning
In the lipid environment, the accessibility of the W residues 0f cyclic peptides into the lipid layer was entropically
to an aqueous quencher should be reduced. Typically, fully favorable. Substitution of W by the more hydrophobic Nal
exposed W residues have SteMolmer quenching con-  further enhanced peptide affinity, whereas IR exchange
stants Ksy, of 8—9 M~ (46), whereaKsy for inaccessible reduced patrtitioning into the POPC bilayer. Signals of the
W can be close to 0 M (47). For data evaluation we used titration curves of RY and c-KY were too weak for deriving
the linear part of the quenching curve. In our experiments binding parameters. Interestingly, the intrinsic partition
the fluorescence data could be adequately fitted with a two- coefficients were reduced by increasing the negative bilayer
state model of quencher-accessible and -inaccessible chroeharge as reflected by partition coefficients of 800 and 2500

Isothermal Titration CalorimetryPeptide binding was
further analyzed by titration calorimetric studies. Figure 5A
demonstrates that the exothermic heat flow decreased with
increasing number of injections of c-RW, since less and less
peptide was available for binding. The corrected heats of
reaction of c-RW and RW are given in Figure 5B. Thermo-
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FiIGURe 5: Titration calorimetry of RW and c-RW solutions,(=
40 uM) with a POPC SUV suspension & 44 mM) at 25°C. (A) 100 1
Calorimetric traces of c-RW. Each peak corresponds to the injection
of 10 uL of lipid suspension into the reaction cell. (B) Heat of
reaction as a function of the injection number obtained by inte-
gration of calorimetric traces of RW (circles) and c-RW (squares).

The heat of dilution was measured in separate experiments and 300 320 340 360 380 400 420 440 4860 480
subtracted. The fitting curves were calculated by combining the

surface partition equilibrium with the GotyChapman theory. The A (nm)

binding constants used for the calculation are given in Table 4. Figure 6: Fluorescence spectra of c-RW bound to POPC vesicles
containing (A) TEMPO- and (B) 5-DOX-labeled lipids. The peptide
Table 4: Thermodynamic Parameters for Peptide Binding to POPC concentrationg,, was 2uM, the lipid concentrationg;, was 400
Suvs uM, and the fraction of spin-labeled lipid was 0, 2.2, 5.4, 10.3,
14.4, 20.2, 31.4, and 40.3 mol % from the top to the bottom.

POPC
AH AG® AS —TAS K accurate when the chromophore is close to the quengBer (
peptide (kcal/mol) (kcal/mol) (cal/(mol K)) (kcal/mol) (M~7) Figure 6 illustrates distinct differences in the quenching
RW -12 -8.8 -10.7 3.2 4000 efficiency of TEMPO- and 12-DOX-labeled lipids on POPC-
C-EXIV | —3-3 —18-3 3-4; —%-8 égggg bound c-RW. The tryptophan fluorescence of RW and c-RW
C- a — /. —10. . —2. H
oKW 67 o1 80 5 5000 bound to POPC vesicles was most strongly quenched by

5-DOX and 12-DOX (Table 5). This result is in accordance
2 AH values were calculated from the sum of corrected heats of \yith quenching studies of indolicidirs ) and an indolicidin

reaction. Typically, 1:L of the POPC SUV suspensioq & 44 mM) . .
was injected into a 4@M peptide solution at 28C. Changes in free analogue %2). With the negatively charged POPC/POPG

energiesAG°) and entropiesAS’) were calculated using the equations ~ System the differences in the quenching ability of the three
AG® = —RTIn 55.% and AG® = AH° — TAS". The hydrophobic doxyl labels were less pronounced, and the strongest quench-
partition coefficient K) was derived taking into consideration electro-  ing was found with TEMPO- and 5-DOX-PC (Table 5). The
static peptide-bilayer interaction with the GouyChapman theory. — cajcylated distances of W) from the bilayer center clearly
Assuming that the cationic peptides cannot cross the bilayer, only the h that RW and c-RW d Vi ted and h

lipid in the outer half of the layer was considered for the calculation show tha . _an . c- were e_ep y Inseérteéd an ave
of the binding parameters. the same position in the POPC bilayer, whereas the pep-

tides bound to the negatively charged POPC/POPG layers
M-1 for RW and c-RW in mixed POPC/POPG (3/1 mol/ Were located next to the headgroup acyl chain interface
mol) vesicles, respectively. (Figure 7).

Measurement of Depth of Insertioho determine the depth
of insertion of RW and c-RW into lipid bilayers, fluorescence DISCUSSION
guenching experiments usingdoxyl-PCs (TEMPO, 5-DOX, The new finding of this work was that cyclization of the
12-DOX) were carried out. The parallax analysis is most W- and R-containing hexapeptides had a pronounced anti-
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Table 5: Quenching of Tryptophan Fluorescence by Nitroxide-Labeled Lipids and Distances between Tryptophan and the Bilayer Center

POPC POPC/POPG (3/1 molar ratio)
S z (A) S z (A)
peptide TEMPO 5-DOX 12-DOX 5-DOX/12-DOX TEMPO 5-DOX 12-DOX TEMPO/5-DOX
RW -1.26 —7.88 —7.12 10.3 —4.04 —4.09 -3.12 15.6
—1.02 —7.15 —5.79 12.4
c-RW —1.67 —5.74 —5.29 9.4 —3.08 —3.51 —2.57 15.2
—1.59 —6.88 —6.65 9.6

aSis the slope of the plot of IfF/F, vs the mole fraction of lipids carrying spin-labels 19.5 A (TEMP@®))( 12.2 A (5-DOX), and 5.85 A
(12-DOX) (30) from the bilayer centel/F, is the ratio of W fluorescence intensity in POPC and POPC/POPG (3/1 molar ratio) vesicles containing
the quencher to that of vesicles without the quencher. The mole fraction of spin-labeled lipid ranged from 0 to 0.4. The peptide congentration
was 2uM, the lipid concentratiorr; was 400uM. The distanceZy) between the fluorescent groups of RW and the cyclic analogue c-RW and the
bilayer center calculated by applying the parallax equation to tryptophan emission was determined for labels closest to the aromatic residue.

with the cyclic peptides c-RW, c-KW, and c-RY in the

POPC POPCIPOPG (3/1)
““““““““““““ zo(h v presence of micelles and vesicles. Comparable CD spectra
RW  GRW i have been repprted fpr lipid-bound analogues of tachyplesin,

Z.4(A) c2|cs [wiss 152 an amph|pa_th|c antlpargllql?-sheet structure, where the
RW c-RW =1 : 195 A charged residues are distributed around the molecule and

aromatic residues are coordinated to a hydrophobic domain

(54). Our suggestion of pronounced amphipathicity in the

cyclic hexapeptides was supported by nuclear magnetic
__________________ Y resonance (NMR) studies which showed that the structure
of micelle-bound c-RW was characterized by a polar face
consisting of the backbone ring and the charged residues and

103 94| W | C6/CT7

bilayer centre

Ficure 7: Schematic illustration of the location of tryptophan W

of RW and c-RW in lipid layers composed of POPC and mixed
POPC/POPG (3/1 mol/molky is the distance of the aromatic

residue from the bilayer center (lower dashed line). The upper
dashed line delineates the distance of the nitroxide label in the lipid

the aromatic side chains clustered opposite the ring plane
(Appelt et al., PDB codes 1QVL and 1QVK, release on
publication).

headgroup from the bilayer center. C6, C7 and C2, C3 denote the ~ Similar structural properties of c-RW, c-KW, and c-RY
carbon atoms of the acyl chains next to the inserted W residue. pyt very different activities imply that an amphipathic nature
of a peptide alone is not sufficient for activity. Our

microbial activity- and selectivity-enhancing effect. Studies fluorescence spectroscopic studies showed that binding of
with tyrosine- or naphthylalanine-bearing peptides demon- linear and cyclic RW peptides increased with enhancement
strated that the conformation-based effect was restricted toOf the negative bilayer charge. Since all peptides carry the
sequences of an appropriate hydrophobicity. Furthermore,same positive net charge, the favored accumulation of the
we found that the activity-improving effect of cyclization cyclic analogues on negatively charged bilayers could be

was counteracted by high negative charge on lipid bilayers explained with an enhanced charge density. For helical model
and the bacterial target membrane. peptides it has been found that the apparent binding constant

Since the small peptides composed whmino acid
residues and their afl- enantiomers exhibited identical
biological activity patterns, interactions with the lipid matrix

to pure POPG bilayers increased upon increasing the charge
density by reducing the size of the charged helix surface
(23). The gradual increase of the retention times of peptides

of the cell membrane might play an important role. Elucida- With substitution of Y by W or Nal and exchange of K by R
tion of the mode of action on the biological level will require illustrated the importance of hydrophobicity for interaction
an understanding of how the peptides interact with the lipid With membrane-mimicking surfaces. Furthermore, the higher
matrix. Recent studies on helical amphipathic peptides amount of bound c-RW and c-rw in the presence of neutral
resulted in a model of peptiddipid interactions that explains ~ POPC vesicles compared to the linear analogues pointed to
peptide activity as a function of the number of surface- an enhanced contribution of hydrophobic interactions which
accumulated peptides and their depth of insertion into the was most likely based on clustering of the aromatic residues.
lipid matrix (22, 23). Thus, we analyzed the relationship This affinity-enhancing effect of cyclization and the activity-
between the structure and the biological activity of small modulating role of peptide hydrophobicity were confirmed
hexapeptides and put the results into relation to their bilayer- by titration calorimetric measurements. Partitioning of the
permeabilizing activity, binding behavior, and location in linear RW was driven by a large negative enthalpy change.
model membranes. For conformationally constrained cyclic analogues the en-
Peptide interactions with micelles and liposomes were thalpic contribution to the free energy of binding slightly
indicated by distinct CD spectroscopic changes. The linear decreased, but the loss in negative binding enthalpy was
peptides apparently underwent a disorderediered transi- ~ compensated by the gain in entropy, which favored partition-
tion while approaching the membrane. This is in accordanceing into the lipid layer. The reduction in partitioning of RW
with the induction of an amphipathic structure of SDS-bound peptides to negatively charged bilayers suggested that
AcRRWWRF-NH as derived from NMR studies58). insertion with the hydrophobic side chains was reduced.
Changes in the environment of the chromophores associatedCharge-charge interactions could position the peptide in the
with the formation of a hydrophobic cluster became evident surface region of the lipid layer as reported for magainin
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(36). An interfacial location where the linear RW interacts activities upon amino acid substitution are in accordance with
preferentially with the polar headgroups and the glycerol results of other R- and W-rich peptides such as lactoferricin
backbone region of the lipid bilayer is supported by dif- sequences3(56,) and hexapeptides derived from a combi-
ferential calorimetric studies, which demonstrate that the natorial library 67). The discrepancy between values greater
peptide interacts more strongly with negative phosphatidyl- than 8 for the quotient MIZMIC.. (Figure 1) illustrating the
glycerols than zwitterionic phospholipids and decreases thecyclization-based improvement of antimicrobial activity of
temperature of the main phase transiti&@3)( Quenching our parent peptide and B&wWECssc—rw Values lower than
studies with internal lipid spin labels confirmed that inves- 4 (Table 2) for cyclication-enhanced bilayer permeabilization
tigated RW peptides were inserted into the hydrocarbon corehas to be related to the complexity of the cell membranes.
of neutral bilayers and located next to polar headgoups in The cytoplasmic membrane @&:. coli is surrounded by a
negatively charged model membranes. The position washighly negatively charged lipopolysaccharide (LPS)-rich
independent of the peptide structure. An identical bilayer outer wall. The sequences examined in this study show a
location derived from quenching studies has also beenfeature that is characteristic of LPS-binding motifs: two
suggested for other conformationally different RW-rich positively charged amino acid residues separated from the
peptides such as tritrpticin, indolicidin, and the lactoferricin- third by a short hydrophobic, aromatic stretch. Structurally
derived hexapeptide8). related LPS-binding motifs have been found within the
Bilayer permeabilization has been described to be deter-bactericidal permeability-increasing proteis) and lacto-
mined by two components: peptide accumulation, which is ferricin (59). Thus, facilitated “self-promoted uptake?)(may
distinctly enhanced by electrostic interactions, and the lead to an improved accessibility of the cyclic peptides to
permeabilizing efficiency determined by hydrophobic inter- the inner target membrane. On the slightly negatively charged
actions 23). The pronounced activity of our RW peptides target membrane, R and W confer significant affinity and
toward highly negatively charged POPG bilayers supports perturbing ability on the cyclic peptides. The lower MIC
an idea of rapid bilayer disruption to reduce the tension in MIC. values found foiB. subtiliscompared tde. coli could
the outer leaflet caused by a high amount of peptide be caused by the high amount of negatively charged lipids
accumulated in the surfac&%). Reduced conformational  being in the range of 75%60) and 25%, respectivel\6().
flexibility and lower reorientation rates of the space- As our studies on model membranes demonstrated, the
consuming cyclic peptides might be responsible for their activity-enhancing effect of cyclization disappeared at high
slower permeabilization kinetics. On neutral POPC bilayers negative bilayer charge.
high peptide hydrophobicity or the formation of hydrophobic ~ Since the tryptophan residues partition into negatively
domains favored peptide partitioning into the nonpolar charged membranes preferentially at the interface, neither
bilayer region. Although peptide accumulation was low, the linear nor cyclic peptides would be expected to span the
penetration of the RW-containing peptides into the acyl chain bilayer or to form channels. A recently described RW-
region caused an effective disruption. The constrained cyclic containing cycliom,L-oa-peptide displays potent and selective
compound was most effective in disturbing the packing of antimicrobial activity and a low level of hemolysis. But
lipid chains. The low activity of our peptides toward mixed unlike the peptides investigated in this study, the orientation
POPC/POPG bilayers can be associated with a lower amounbf the flat backbone ring and the side chains in a plane allows
of bound peptides compared to POPG. Furthermore, theirthese peptides to form associates of tubular structures which
fixation in the bilayer surface reduced the permeabilizing could insert into the membran&2). Instead, our highly
efficiency. This effect of shallow insertion could partially active cyclic RW peptide may cause membranes to become
be compensated by the rigid structure of the cyclic peptide. leaky by increasing the lateral pressure in the bilayer, which
The observation of comparable location but different activity could lead to a transient disturbance of the barrier function.
of the linear and cyclic RW peptides is in accordance with  In summary we found that cyclization confers high anti-
reports on comparable location of other RW-containing microbial activity and selectivity on arginine- and trypophan-
peptides different in size and conformation with very rich hexapeptides. The studies lead to the suggestion that
different permeabilizing activities. It has been suggested thatthe induced activity and selectivity of the rigid peptides is
the more potent peptides are those that appear to be mordased on structural principles similar to those derived for
rigid (48). Amphipathicity caused by clustering of Y was larger cationic amphipathic helices. The interaction of the
not strong enough to induce activity, and in the case of Nal- peptides with lipid matrixes of the target membranes could
containing peptides, the effect of stacking of the aromatic be described by a sensitive balance of electrostatic and
residues was superimposed by the high global hydrophobic-hydrophobic interactionsnteractions with specific compo-
ity. Thus, there seems to exist a hydrophobicity window in nents of the biological cells such as the lipopolysaccharides
which the activity of appropriate short sequences can be of the outerE. coil wall, which are currently under detailed
enhanced by cyclization. investigation, might modify their effect. The appropriate
The activity-enhancing effect of cyclization was most balance between global hydrophobicity of RW-containing
pronounced with bacteria but only moderate with red blood sequences and the amphipathicity generated by conforma-
cells. Thus, cyclization distinctly enhanced the bacterial tional constraints might also endow larger peptides with
selectivity. The membrane of red blood cells is composed antimicrobial activity and selectivity. With their low molec-
of electrically neutral lipids. The peptide activity was ular weight and an improved enzymatic stability reported
determined by hydrophobicity and slightly improved by for cyclic compounds, our RW-rich peptides offer an attrac-
cluster formation of the aromatic residues in the cyclic tive complement to the current spectrum of antimicrobial
analogues. The role of hydrophobicity and amphipathicity peptides and might be promising lead structures for prospec-
was also reflected with bacterial membranes. Modified tive antibiotic agents.
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