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ABSTRACT. An amphipathic model peptide, KLALKLALKALKAAKLA-NH,, and its complete double
p-amino acid replacement set was used to analyze the process of peptide binding at lipid vesicles of
different surface charge and to determine the structure of the lipid-bound peptides using CD spectroscopy.
The relationship between peptide helicity, model membrane permeability, and biological activity has been
studied by dye release from liposomes and investigation of antibacterial and hemolytic activity. The
accumulation of cationic KLAL peptides at and the membrane-disturbing effect on bilayers of high negative
surface charge were found to be dominated by charge interactions. Independent of any structural propensity,
the cationic peptide side chains bind to the anionic phosphatidylglycerol moieties. The charge interactions
hold the peptides at the bilayer surface, where they may disturb preferentially lipid headgroup organization
by formation of peptidelipid clusters. In contrast, KLAL peptide interaction with bilayers of low negative
surface charge is highly dependent on peptide helicity. With decreasing amounts of anionic phosphati-
dylglycerol in the bilayer the membrane-disturbing effect of KLAL and other helical analogs substantially
increases despite drastically reduced binding affinity. Less helical peptides exhibit reduced bilayer-
disturbing activity, showing that the hydrophobic helix domain is decisive for binding at and inducing
permeability in membranes of low negative surface charge. It is suggested that hydrophobic interactions
drive the penetration of the amphipathic peptide structure into the inner membrane region, thus disturbing
the arrangement of the lipid acyl chains and causing local disruption. On the basis of the proposed model
for membrane disturbance, interactions modulating antibacterial and hemolytic activity are discussed.

Numerous peptide venoms and antibiotics, such as melittin helices exhibiting a broad nonpolar and narrow polar face
(Habermann, 1972), cecropins (Hultmark et al., 1980), have been found to encourage membrane-perturbing effects,
magainins (Zasloff, 1987), and defensins (Lehrer et al., 1993), whereas peptides comprising a broad polar and narrow
have been isolated from the defense systems of insectsnonpolar helical face are expected to enhance membrane
amphibians, and mammals. These peptides appear to acstability (Epand et al., 1995). Concerning the size of the
by enhancing the permeability of the biological membrane peptides, potential helices as short as 13 amino acid residues
due to interactions with the lipid matrix. On the basis of exhibit high membrane activity (Sitaram et al., 1995).
investigations of peptide interaction with model lipid bilayers  The mechanism discussed for the mode of action includes
using a variety of biophysical methods, a positive net charge (i) preferential binding of the cationic peptides at charged
and a potentially amphipathic-helix have been recognized  head groups of membrane lipids and parallel orientation of
as the major Stl’uctura| motifS Wh|Ch determine the membrane-the amph|path|c he”x in the outer b”ayer |eaﬂet with the
disturbing activity of such linear peptides. Enhanced mem- nolar face exposed to the surface and the nonpolar residues
brane permeability has been associated with enhancedyeing into contact to the inner bilayer region and (i)
binding by increasing the net positive charge of peptides, asredistribution into the membrane and disruption of the lipid
shown for melittin (Habermann et al., 1970) and magainin matrix or association of peptides to ion gating transmem-
(Besa”e et al., 1992), and has been found to correlate with branal pores [for review see Sansom (1991)1 Cornut et al.
increasing amphipathia-helical structure as demonstrated (1993), and Saberwal et al. (1994)].
for magainin (Chen et _al., 1988) and cecropin (Qrazn etal, Despite common structural motifs, the effect of peptide
1995). Furthermore, n recent.emplrlcal studies the total venoms and antibiotics on biological membrane systems was
hydrophobicity of peptldes of this type (Ma!oy et al., 1995) found to be highly differentiated. All peptides of this type
and the hydrophobic moment of amphlpathlp helices (Zhong kill most strains of bacteria as well as some fungi and
et a_I._, 1995) have been sho_w_n to _prowde a b_as's _for protozoa. Some of the peptides possess antimicrobial activity
modification of membrane activity. Finally, amphipathic and lyse erythrocytes and other eukaryotic cells [melittin
(Katsu et al., 1989)], whereas others exhibit low activity

:L‘;tw&zrgfc&rgf;ﬁg?mﬁ rﬁggg:ggt;e addressed. against normal eukaryotic cells but are highly active against
s Kyoto University. ' certain tumor cells [magainins and cecropins (Cruciani et

€ Abstract published ildvance ACS Abstract§eptember 1, 1996. al., 1991; Lincke et al., 1990; Baker et al., 1993)].
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Table 1: Helical Wheel Representation of KLAL and Sequences of the DauBl®ino Acid Substitution Set and Analogs of Modified
Hydrophobicity?

abbreviation sequence

KLAL KLALI KL LA ALIKALIKAATLIKTLA

k1/m2 k I AL KL AL XKALIKAALIKIULA

a3/l4 KL a !l KL ALIKALIKAALIKIULA

k5716 KL AL k£ I ALKALIKAALIKTLA

a7/18 KL AL KU L ! KALKAATLIKILA
k9/al0 KL AL KU LA AL &% a LKAAILIKTILA
111/k12 KL AL KL LALIKAI kKA AL KL A
al3/al4 K L ALKULALI KALI KU 4 a L KL A
115/k16 KL ALKULALIKALIKAAI1I! kK L A
117/a18 KL AL KU LALIKALIKAALIK I a
KLA1 KLALIKLALI KA AWK KAALIKTL A
KLA2 KL AL KAALIKAWIKAAATLTLA
KLA3 K L ALKAAAKAWKAAAKAA

a2The one-letter code is used. Small letters refep@mino acid residues.

Recent investigations to elucidate the role of lipid com- peptide which provides a basis for separate systematic
position for the activity and selectivity of peptides such as variation of each important structural feature.
magainins and meIittin.Ie_d to the suggestion that Qifferences This work is aimed at uncovering the role of the amphi-
in the amount of acidic membrane phospholipids and pahic peptide helix for binding at and induction of perme-
cholesterol play a decisive role for specificity (Matsuzaki et ability of lipid bilayers as well as the function of bilayer
al., .1995; Tytler et al., 1995). . L surface charge. We have shown that substitution of two

Since the Second‘?‘ry structures of lytic an_t|l_3_|ot|cs and adjacent-amino acid residues of a potentially helical peptide
venoms are very similar, we consider the possibility that the by the correspondingo-isomers results in a position-

v?gegrt?;(:rgfb trﬁgfwicu\r/gg '2 gfu le ,;g sgbﬁlgeilgﬁ:jeggf;%;zz dependent gradual reduction of helicity (Krause et al., 1995).
prop group ylic pep Such a maodification does not change other structural

by a sensitive balance of the structural motifs. Studies L o
directed toward the relationship between peptide structure parameter.s such as total hydrophoblcny gnd charge _d|str|bu-
and activity would therefore be of considerable interest. A t|o_n. In this work the model peptide and its doublamino

acid replacement set (Table 1) were used to analyze the

separate analysis of the structural features which are respon o . L
sible for peptide binding and membrane insertion should help PrOc€ss of binding and to determine the structure of the lipid

to elucidate the mechanism of action and can provide a basis/€Sicle-bound peptide by circular dichroism spectroscopy.
for devising new systems showing enhanced and selectiveFuUrthermore, the role of helix and total peptide hydrophobic-
activity. Most of the peptide analogs synthesized so far in 1Y for m(_emb_rane permeabilization was_stud|ed by rec_ordmg
order to study the relationship between structure and activity the peptide-induced dye release from liposomes of different
are based on manipulations of the primary structure which surface charge by fluorescence spectroscopy. In addition,
are connected with simultaneous changes of all structuralthe antibacterial and hemolytic activities of the model
motifs such as helical propensity, net charge, or total Peptides were examined. The results provide insight into
hydrophobicity (Suenaga et al., 1989; Blondelle et al., 1991, the driving forces which dominate the binding process and
1992; Cornut et al., 1994). No systematic approach to determine the structure of the bound peptides. The data show
understanding the role of the individual motif for peptide that different mechanisms of peptidipid interactions are
interaction with lipid membranes has been described. Onresponsible for structural defects in lipid bilayers of high
the basis of the significance of the amphipathic helix and a and reduced negative surface charge and provide a basis for
positive charge, we designed a membrane-active modelunderstanding the observed biological effects.
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MATERIALS AND METHODS according to the relatior}],2; = —30300p] — 2340 (where
_ i i [a] is the amount of helix) (Chen et al., 1972). The error
Materials KLAL, the corresponding-amino acid ana- a5 5% helicity.
logs (Table 1), as well as peptides with modified hydropho-  Binging Isotherms CD spectroscopically derived binding
bicity, WHKLAL (KLAL), A ®*WHUKLAL (KLA2), and isotherms were determined from the changes of the CD of
ABBISITWLIKL AL (KLAS3), were synthesized automatically peptide solutions (three different concentrations between 5
by solid-phase methods using standard Fmoc chemistry iny, 10-5 and 5x 10-¢ mol/L) after adding different amounts
the continuous flow mode (Beyermann et al., 1992). Puri- of SUys. The indirect method was used for two reasons:
fication was carried out by preparative HPLC on PolyEncap |t does not require the separation of bound and free peptide
A300 to give final products>95% pure by RP-HPLE  4n the high sensitivity of the CD with respect to confor-
analysis. The peptides were characterized by MAEBIS mational changes as result of binding allows the analysis
and quantitative amino acid analysis. All lipids were \thout introduction of special markers. Using for the CD
purchased from Avanti Polar Liplds, Inc. (Alak_)aster, AL_). of the peptide the relationsp = ©,,40) — Oz, [where d
Triﬂqoroz_athanol (TFE) was obtanjed from Aldr|ch—Chem|e_ is the relative signal®,.40) is the ellipticity at 222 nm in
(Steinheim, Germany), and calcein was from Fluka Chemie ihe apsence of lipid, an®,2, is the measured ellipticity in
(Neu-Ulm, Germany). Tris(hydroxymethyl)aminomethane iphe presence of lipid] an® = ®.(Cy/Cp) = Pu(CI/Cy)r
(Tris) and other chemicals were from Merck (Darmstadt, [where ®., is @ of the completely bound peptid€; is the
Germany). lipid concentration(C, is the total peptide concentratio;
Vesicle Preparation Small unilamellar vesicles (SUVS) s the lipid-associated peptide concentration, ard Cy/
for CD measurements were prepared by suspending andCj], ® can be plotted again€/C,. From these equations
vortexing the dried lipid in buffer (10 mM Tris, 154 mM  and the mass conservation equation the binding isotherm can
NaF, 0.1 mM EDTA, pH 7.4) to give final lipid concentra- be evaluated (Schwarz & Beschiaschvili, 1989). As an
tions between 20 and 40 mM. The suspensions wereapproximation peptide binding at low values can be
sonicated (under nitrogen in an ice bath) for 25 min using a described in terms of a partition equilibrium. In the presence
titanium tip ultrasonicator. Titanium debris was removed of negatively charged lipids increasing binding of cationic
by centrifugation. Dynamic light-scattering experiments (N4 peptides weakens electrostatic interactions, which will cause
Plus, Coulter Corporation, Miami, FL) confirmed the exist- a downward curvature of the binding isotherms at higher
ence of a main population of vesicles (more than 95% mass(Beschiaschvili & Seelig, 1990). To eliminate this effect,
content) with mean diameter of 46 1 nm (polydispersity =~ we evaluated the apparent binding constants which are
index 0.3). Large unilamellar vesicles (LUVs) for dye considered to represent the affinity of the peptides to the
release experiments were prepared as follows: After vor- different lipid bilayers from the initial slope of the isotherms.
texing the dried lipid in calcein buffer solution (70 mM Calcein Release10uL of LUV suspensions was injected
calcein, 10 mM Tris, 154 mM NaCl, 0.1 mM EDTA, pH into a quartz cuvette containing magnetically stirred peptide
7.4) the suspension was freezbawed in liquid nitrogen  solutions of different concentration to give a final volume
for seven cycles and extruded through polycarbonate filters of 2600uL. Calcein release from the vesicles was monitored
(six times through two stacked O filters followed by fluorimetrically by measuring the decrease in self-quenching
eight times through two stacked Quin pore size filters) (excitation 490 nm, emission 520 nm) at room temperature
using a thermobarrel extruder (Lipex Biomembranes Inc., on a Perkin/Elmer LS 50B spectrofluorimeter. The fluores-
Vancouver, Canada). Untrapped calcein was removed fromcence intensity corresponding to 100% leakage was deter-
the vesicles by gel filtration on a Sephadex G75 column. mined by the addition of 10&L of 10% Triton X-100
The lipid concentration was determined by phosphorus solution usually after 5 min of fluorescence registration.
analysis (Bttcher et al., 1961). Percent leakage; (%), after 1 min was calculated by the
Circular Dichroism (CD) MeasurementsStock peptide  equation 100(%)(— lo)/(l100% — lo), wherel is the intensity
solutions were prepared by dissolving the samples in buffer. observed in the peptide solution, ahgdand lio0% are the
The solution was mixed with TFE or SUV suspensions to fluorescence intensities measured in the absence of peptide
reach the desired peptide concentration and solvent composiand in the presence of Triton X-100, respectively. Peptide
tion. CD measurements were carried out on a J 720 concentrations causing 50% dye efflux, d5Qvere estimated
spectrometer (Jasco, Japan) between 185 and 260 nm at rooffom dose-response curves.
temperature. Usually six CD scans were accumulated for Dye releasef(%) as function of bound peptide per lipid,
each sample, and at least two independent preparations fof was determined as described (Matsuzaki et al., 1989).
each type of sample were measured, smoothed, and averagefose-response curves were determined by measuring dye
Circular dichroism and differential scattering of the SUVs release induced by KLAL, k9/a10, and 117/a18 from POPG
were eliminated by subtracting the lipid spectra of the and POPC LUVs at three lipid concentratio@s, generally
corresponding peptide-free suspensions. The helicity was12, 24, and 3@&M. Plotting the total peptide concentration,
determined from the mean residue elliptici®][at 222 nm  Cp, as a function of lipid concentration for a giveé{%)
gives a straight line. According to the relati@y = rC, +
1 Abbrevations: CD, circular dichroism; LUVs, large unilamellar Cr, WherQCf is-the concentration Of-fre-e peptide, the §I0pe
vesicles; MALD-MS, matrix assisted Iaser'desorp}ion/ionization mass of ea,Ch line gives the degree of binding corresponding to
spectrometry; MIC, minimal inhibition concentration; POPC, 1-paimi- the given percentage of dye release.
toyl-2-oleoylsn-glycero-3-phosphatidylcholine; POPG, 1-palmitoyl-2- Antibacterial Studies Escherichia col(ATCC 8739 and

oleoylphosphatidybL-glycerol; RBC, red blood cells; RP-HPLC,  pp 54 strain) were used as model Gram-negative bacteria
reversed phase high-performance liquid chromatography; SDS, sodium !

dodecyl sulfate; SUVs, small unilamellar vesicles; TFE, 2,2,2-trifluo- and Staphylococcus epidermidfaTCC 12228) were used
roethanol; Tris, tris(hydroxmethyl)aminomethane. as model Gram-positive bacteria. To determine the peptide-
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incubation to reach the middle-log phase >~ 0.5), the

induced growth inhibition on th&. coli DH 5a strain, the 80

cells were grown in Luria Broth (LB). A 2 mL culture was N ——— buffer
incubated overnight at 37C with gentle shaking (150 rpm) I\ — — 50%TFE
and diluted with 200 mL of LB to give solution showing an so4 [} T RoRS
optical density at 540 nm (Of) of 0.05. After further Il \\

culture was divided into 10 mL fractions and the appropriate g 401 \

peptide dissolved in water was added immediately to each «5&’

fraction in order to give a final peptide concentration of4.0 & .0

mol/L. One 10 mL culture left without any treatment and S

one to which only water was added served as controls. After 5

3 h of further incubation the O of all cell suspensions *@ 0 b i ]

was measured using a Lambda 9 spectrometer (Perkin/Elmer

Corp., Wberlingen, Germany). Growth of bacter®%) was

calculated from the optical densities of the peptide-treated -20 -
cultures as compared to the control. Values determined in

repeat experiments differed by less than 5%.

Determination of the mean inhibition concentration of the
KLAL-peptides onE. coli ATCC 8739 cells and. epider-
midis ATCC 12228 cells was carried out as recently A [nm]
described (Matsuzaki et al., 1994). The bacteria were grown Ficure 1: CD spectra of KLAL (peptide concentration, M)
in a medium containing the nutrients 10 g of casein peptone/in Tris buffer (-); buffer/TFE 50/50 (% v/v) £ —); buffered POPG
L, 5 g of yeast extract/L, and 10 g of NaCl/L at 3C. The SUV suspension (lipid concentration 2.3 mM}; buffered POPC

. . . . SUV suspension (lipid concentration 2.0 mMj-().
cells were then harvested in the mid-logarithmic phase and
resuspended in a Hepes buffer (10 mM Hepes, 150 mM RESULTS
NaCl, 0.1 mM KClI, pH 7.0). Peptides were dissolved in  Conformation in TFE Figure 1 shows the CD spectra of
the Hepes buffer and sterilized. The bacterial cells were KLAL in buffer and under different structure-inducing
mixed with each peptide and the medium in a microplate conditions. KLAL as well as the double-amino acid
well. The final composition of the bacterial suspension was substituted analogs (spectra not shown) exhibit in buffer the
10 mM Hepes, 150 mM NaCl, 1% (w/v) casein peptone, spectrum of conformationally flexible peptides. Addition of
0.5% (w/v) yeast extract,-0320uM peptide, and 106 cfu/  TFE induces amt-helical conformation as reflected by the
mL of cells (pH 7.0). Bacterial growth was measured by negative ellipticity at 207 and 222 nm and the positive CD
the increase in optical density at 405 nm after incubation at band below 200 nm. The helical content of KLAL was
37 °C for 8 h E. coli) and 24 h & epidermidi3. The determined to be 72%. Figure 2 shows that introduction of
minimal inhibition concentration (MIC) was defined as the two adjacenb-amino acid residues drastically reduces the
lowest concentration of peptide at which there was no changehelical order. Substitutions in the center of the chain are
in optical density. most effective. Recently published CD investigations of the
double p-amino acid substituion set in acidic TFE/water
mixtures (Krause et al., 1995) suggested that the helix
comprises the entire KLAL chain with reduced stability at

-40 T T T T T T
180 190 200 210 220 230 240 250 260 270

Hemolytic Assay The hemolytic activity of the peptides
was determined using human red blood cells (RBC) (Blutspen-
dedienst des DRK, Berlin). The erythrocytes were washed o .

: ; ; ; the N- and C-termini caused by the helix end effect
three times in buffered saline (10 mM Tris, 150 mM NacCl, (Chakrabartty et al., 1991).

pH 7.4) just prior to the assay. The final pell concentration Helicity in Suspensions of POPG, Mixed POPG/POPC,
was'1.9>< 10° per mL. The cell suspension (20Q) and . and POPC Vesicles Interaction of KLAL with SUVs
varying amounts 9f pgptlde stock solution (concgntratmn composed of negatively charged POPG is connected with
!Jsually 10 mol/L in Tris bgffer) qnd buffer were pipetted helix formation (Figure 1). The helical content of the vesicle-
into Eppendorf tubes to give a final volume of 1500. bound peptide was calculated to be 629%2%. With the
The suspensions containing 2.5 10° cells/imL were  oycention of doublep-amino acid substitutions in the
incubated for 30 min with gentle shaking in the Eppendorf \_terminus all modifications resulted in helix disturbance
thermomixer. After coolmg in ice water and centrifugation \yhich was slightly more pronounced in the C-terminal half
at 200@ and 4°C for 5 min, 200uL of supernatant was  of the peptide chain (Figure 3a). Titration experiments of
dissolved with 180QuL of 0.5% NH,OH, and the optical k| AL and k9/a10 solutions with POPG SUVs confirmed
density (OR4q) was determined in a 10 mm cuvette at 540 that the CD spectra used as a basis for the structural
nm using a Lambda 9 spectrometer (Perkin/EImer Corp., calculations actually reflect the conformation of the bound
Uberlingen, Germany). Zero hemolysis (blank) and 100% peptides. At lipid concentrations between4@nd 2.3x
hemolysis (control) were determined using the supernatants10-3 M the CD spectra of KLAL as well as that of the less
after centrifugation of 20QuL of the erythrocyte stock  helical analog, k9/a10 (peptide concentratior,*Iid) were
suspension diluted and incubated in 13Q00f buffer and superimposed, showing that even at the very low POPG/
0.5% NH,OH, respectively. Peptide concentrations causing peptide ratio C/C,) of 10 the two cationic peptides are
50% and 25% hemolysis (E¢and EGs, respectively) were  completely bound.

derived from the doseresponse curves. Values determined  With reduction of the negative vesicle surface charge
in repeat experiments differed by less than 5%. (POPG/POPG= 1/3 mol/mol) the binding affinities of the
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values were reached only at lipid concentrations higher than
5 mM showing that only beyond a lipid/peptide ratio of 500
are the peptide molecules almost completely bound. As a
consequence, under the experimental conditions used for
structural investigations of the substitution $8{C, = 200)
(Figure 3b) not all KLAL molecules were in the lipid-bound
state. The low affinity of KLAL peptides at POPC vesicles
further decreases with doubbteamino acid substitution, as
shown for k9/a10. By increasing the POPC/k9/al0 ratio up
to 1100 the CD spectrum of the analog studied (peptide
concentration 1¢ mol/L) continuously changed, thus re-
flecting a continuously increasing amount of bound peptide
(spectra not shown). Consequently, the helical profile of
Figure 3b reflects different peptide binding as a result of
helix disturbance rather than differences in the structure of
the POPC-bound KLAL peptides.

The surface charge density of the vesicle was found to
influence only slightly the CD characteristics and structure
of bound KLAL peptides (Table 2). Differences in the
helical content of KLAL bound at POPG, mixed POPG/
POPC and POPC vesicles are small. Also the helicity of
bound k9/a10 does not change with reduction of the negative
charge density as shown for POPG and POPC/POPG
liposomes (Table 2). The nonhelical structure of k9/al10 in
the presence of POPC vesicles shows that the peptide is not
bound.

peptides decrease and binding of KLAL and k9/a10 becomes Membrane-Disturbing Actity. An important feature of
more differentiated (Figure 4). The apparent binding con- the dye release curves is the fact that fluorescence intensity
stants derived from the initial slope of the binding isotherms reaches a plateau a few minutes after addition of POPG

(Figure 4) are 2.6< 10* and 1.5x 10* M2, respectively.

vesicles to the peptide solution (data not shown). Figure 5a

KLAL also exhibits high helicity in the presence of mixed compares the effect of the KLAL peptides on the membrane
POPG/POPC vesicles and SUVs composed of zwitterionic permeability of POPG LUVs. The peptide concentration
POPC (Figure 3b, Table 2). Figure 3b shows the helical inducing 50% calcein release after 1 min, Gt a lipid
profile of the complete substitution set in the presence of concentration of 12M was found to range between 0.1 and

pure POPC liposomes.

cumulation of KLAL at POPC-vesicles is very low (Figure

Binding studies reveal that ac- about 1 uM. Differences in the induction of vesicle

4). The apparent binding constar€sp, of KLAL was

determined to be about 1M1
M KLAL solution with POPC SUVs, constant ellipticity
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permeability are small, and there is no correlation with helical
propensity determined in structure inducing TFE environment
(Figure 2) or helicity of the POPG-bound peptides (Figure
3a). Comparing KLAL, k9/a10, and 117/al8, the bilayer-
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Ficure 3: Helicity, a(%), of KLAL and the doublep-amino acid substituted analogs in presence of POPG SUVs (a) (lipid concentration,
2.3 mM) and POPC SUVs (b) (lipid concentration, 2.0 mM) at peptide concentration-6f\LOn Tris buffer.
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Table 2: Mean Residue Ellipticityd] at 222 nm, and Calculated
Helicity, o(%), of KLAL and k9/al10 in POPG, Mixed POPG/
POPC, and POPC SUV Suspensions at Lipid Concentratighs

[©]22d(%)
POPG/POPC

POPG (1/3 mol/mol) POPC
peptide (C;=2.3x 103M) (C;=2.2x 10°M) (C;=10x 10°3M)
KLAL —21 000/62 —21000/63 —22 600/67
k9/a10 —16 555/46 —15500/43 -3 100/3

3 The peptide concentration was™2M in 10 mM Tris buffer, 154
mM NaF, 0.1 mM EDTA, pH 7.4° All values except this one represent
conformational properties of vesicle-bound peptides.

(Figure 2) as well as with the affinity and helicity in the
presence of POPC liposomes (Figure 3b). Most surprising
was the observation that the membrane-disturbing effect of
the various peptides having high inherent helicity (KLAL
or 117/al18) significantly increases with reduction of the
negative surface charge of the liposomes (Figure 6). This
is especially impressive, since KLAL peptides have been
found to exhibit a decreasing binding affinity upon reduction
of the negative surface charge of the vesicles. Table 3
summarizes the-values (amount of peptide bound per lipid
molecule) for representative KLAL peptides causing half-

lipid and C; is the concentration of free peptide). The isotherms maximal calcein release. While the induction of 50% release
were derived from CD spectroscopic experiments as described byfrom POPG vesicles by KLAL and 117/a19 is reached at a

Schwarz et al. (1989). The dotted lines correspond to a partition

equilibrium.

disturbing activity follows the order k9/a1® KLAL > 17/

binding of 29 and 94 peptide molecules per 1000 lipid
molecules, respectively, binding of three to four peptide
molecules per 1000 lipid molecules is sufficient to induce

al8, whereas helical propability decreases in the order KLAL the same dye efflux from POPC liposomes. It is clear that

> [17/a18> k9/a10 and that of POPG-bound helical content

in the order KLAL > k9/al10> [17/al8.

In contrast, the activity profile of the substitution set on
POPC liposomes is highly pronounced (Figure 5b). While
the concentration for half-maximal dye release of KLAL was
2.5 x 1078 M, the concentration of the least effective peptide

(k9/a10) was found to be about 50 times higher (£.306

M). The permeabilizing activity correlated well with the
helical content of KLAL peptides in the TFE/buffer system

binding of these KLAL peptides as a function of vesicle
charge does not correlate with the permeabilizing activity.
In contrast, vesicle permeability effects of the less helical
peptide k9/a10 decrease with reduction of the negative charge
density of the liposomes (Figure 6, Table 3). Thesg€f

dye release increases from Qull at POPG liposomes to
1.3 uM at POPC vesicles, corresponding to amounts of
membrane-associated peptide per lipid of 0.01 and 0.117,
respectively. The effect correlates with the low membrane
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Ficure 5: Lipid membrane-disturbing effect of the KLAL substitution set. Concentration of half-maximal dye releagpqE®f POPG
LUVs (a) and POPC LUVs (b) induced by KLAL peptides at lipid concentration o2 ECs, data were derived from fluorescence
spectroscopically detected calcein release at different peptide concentrations after 1 min (see also Figure 7).
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FIGURE 6: EGso Of dye release induced by KLAL, k9/al10, and 117/
al8 from POPG LUVs (black bars), mixed POPG/POPC (1/3 mol/
mol) LUVs (shadowed bars), and POPC LUVs (open bars). The
lipid concentration was 12M in 10 mM Tris buffer, 154 mM
NaCl, 0.1 mM EDTA, pH 7.4.

KLAL

Table 3:  Amount of Peptide (KLAL, k9/al10, 117/a18) Bound per
Lipid, r Causing Half-Maximal Dye Releas€&{0%)] from POPC
and POPG LUVS

I'F(50%)

peptide POPC POPG
KLAL 0.003 0.029
k9/al0 0.117 0.010
117/a18 0.004 0.094

affinity of the less helical analogs at vesicles of low negative
surface charge.

Results of investigations performed to confirm the decisive
role of the hydrophobic helix domain for peptide interactions
with bilayers composed of zwitterionic lipids are given in
Table 4. The three KLAL analogs, KLA1, KLA2, and
KLAZ3, of different hydrophobicity are identical with respect
to their helix-forming capacity (helicity in 50% TFE) and
do not show drastic differences in helicity in the presence
of POPG vesicles or in POPG bilayer-disturbing activity.

Dathe et al.

Double p-amino acid substitution modulates these effects.
The minimal inhibition concentration on Gram-negative and
Gram-positive bacteria is in the micromolar range. In
comparison to the KLAL-treateH. coli (peptide concentra-
tion, 1 uM), which exhibit a reduced growth = 60%)
compared to the nontreated contr@l£ 100%), amino acid
substitution reduces the growth-inhibiting effect of the
peptide (Figure 7a). The minimal inhibition concentrations
of KLAL (4 x 107 M) and the least effective analogs (32
x 10°% M) differ by a factor of 8 (Table 5). The effect of
KLAL peptides onS. epidermidiswas found in the same
range, although the activity profile of the substitution set is
slightly different. Least effective in growth inhibition are
sequences modified in the center of the peptide chain such
as k9/al0 and [11/k12 (Table 5) which also show low
helicity. A concentration of 5x 10> M KLAL causes
complete lysis of human erythrocytes (cell concentration, 2.5
x 10 per mL) (Figure 7b). Double-amino acid substitu-
tion drastically reduces the effect. With the exception of
substitution in positions 1/2 and 3/4, the analogs exhibit a
pronounced loss of hemolytic activity. The effect of
substitution becomes more impressive upon comparing the
ECso (Table 5). We observed a pronounced activity profile
which exhibited maximum differences in the &©f a factor

of 80, showing that the analogs of lowest helical content
(Figure 2) were the least effective.

DISCUSSION

Our approach to studying the role of the amphipathic helix
for peptide binding and membrane disturbance and searching
for the relation between peptide helicity and antibacterial
and hemolytic activity has been based on a cationic 18-mer
model peptide which is capable of forming an idealized
amphipathic helix with the five lysine side chains covering
an angle of about 90of the helical coat. The mean
hydrophobicity and the hydrophobic moment per residue,
calculated to be-0.016 and 0.334, respectively (Eisenberg,
1984) are representative for membrane-active compounds.

The basis for the interpretation of the interaction studies
of the KLAL peptides with simple membrane model systems
and biological cells is the observation that substitution of
two adjacent amino acid residues by theilsomers results
in CD spectroscopically detectable changes of the helicity.

However, the helical content of the three peptides determinedThe helical profile of KLAL, previously described in acidic

in POPC vesicle suspensions and thed€&€peptide-induced
dye release out of POPC liposomes are distinctly different.
Both helicity and membrane-disturbing activity strongly
correlate with peptide hydrophobicity.

Biological Effects Figure 7 and Table 5 show that KLAL
exhibits high antibacterial as well as high hemolytic activity.

TFE/water mixtures (Krause et al., 1995) and now confirmed
in a neutral TFE/buffer system (Figure 2) shows a pro-
nounced reduction of helicity with substitution in the center
of the chain. Assuming that the degree of disturbance of
the helix can be correlated with helix stability in the replaced
peptide region, the pronounced profile observed led to the

Table 4: Properties of KLAL Peptides of Different Hydrophobicittes

POPG POPC
(%) (%) EGso (M) (%) ECzs (M)
peptide H u 50% TFE C/Cp, = 500 C=12x105M¢ C/Cp = 500 Ci=12x 10°5M¢
KLAL —0.016 0.334 72 62 0.28 10°® 65 25x 10°8
KLA1 —0.025 0.329 73 54 0.25 10°° 59 9x 10°
KLA2 —0.056 0.329 68 45 0.29 10°® 23 6x 1077
KLA3 —0.087 0.329 69 43 0.35 10°° 0 9.2x 105

aH, hydrophobicity;u, hydrophobic moment calculated as described by Eisenberg (1984). Heliiy, in Tris buffer/TFE= 50/50 (% v/v)
and in POPC and POPG SUV suspension (10 mM Tris buffer, 154 mM NaF, pH 7.4) at a lipid/peptid&f@gimf 500. ® The peptide concentration

was 10° M. ¢EGC;s and EGo, peptide concentration causing 25% and 50% dye release, respectively, after 1 min from POPC and POPG LUVs at

lipid concentrationC, of 12 uM suspended in 10 mM Tris buffer, 154 mM NacCl, 0.1 mM EDTA, pH 7.4.




KLAL —Membrane Interaction

100

Biochemistry, Vol. 35, No. 38, 19962619

120

(a)

90

G [%]

4 N = © ® O
LT = = = = <
d = @ 90 s Ky
T ¥ ® X ® 35

111/k12
al13/al4
115/k16
117/a18

position of D-replacement

L [%]

(b)

100

80

40

20

KLAL -
k1/12
a3fl4 —
k5/16 —
a7fi8
k9/a10

111/k12
a13/a14
115/k16

M7/a18

position of D-replacement

FiIGure 7: (a) Antibacterial activity of the KLAL replacement set (black bars). Influence of KLAL peptides on the gre{), of E.
coli (DH 5a) at a peptide concentration ofiM after 3 h of incubation at 37C in Luria Broth. The growth of the untreated control was

set at 100%. Values obtained in repeat determinations differed by less than 5%. (b) Hemolytic activity of the KLAL replacement set

(white bars). Percent lysis of erythrocyté$%), induced by KLAL peptides at a peptide concentration ofs80 The cells (2.5x 10°

per mL) were suspended in 10 mM Tris buffer, 150 mM NacCl, pH
experiments differed by less than 5%.

Table 5:  Minimal inhibition concentration (MIC) of KLAL
peptides orE. coli andS. epidermidis bacteriand EG of the
hemolytic effect of KLAL peptides on human red blood cells (RBC)

MIC (uM)? EGso (uM)b
peptide E. coli S epidermidis human RBC
KLAL 4 2 10
k1/12 4 4 7
a3/l4 8 2 33
k5/16 8 4 160
a7/l8 8 2 180
k9/a10 16 16 56
111/k12 32 32 540
al3/al4d 16 8 260
115/k16 32 8 210
117/a18 16 4 70

a Determined by measuring the optical density at 405 nm after 8 h
(E. coli) and 24 h & epidermidi$ of incubation at 37C at peptide
concentrations of 2, 4, 8, 16, 32, and/@M. ° Determined by measuring
the optical density at 540 nm after 30 min of incubation of 2.30°
cells/mL at 37°C in 10 mM Tris buffer, 150 mM NaCl, pH 7.4. All
values determined in repeat experiments differed by less than 5%.

7.4, and incubated for 30 min°&t 3Values determined in repeat

of the peptide and the hydrocarbon chains of the lipid. This
folding from the initial random coil in solution to a highly
ordered conformation strongly depends on the nature of the
lipid bilayer environment (Zhong et al., 1992).

CD spectra of KLAL as well as those of a representative
analog of reduced helicity, k9/al10, did not show any
differences in helix character upon reducing the POPG/
peptide ratio from 200 to 10 showing that both peptides,
independent of their helical propensity, are completely bound
to the negatively charged vesicles. The peptide accumulation
at the bilayer is independent of their capability to form a
helix revealing that the amphipathic helix domain plays a
negligible role in the interaction process. Electrostatic
interactions between the peptide charges and lipid head
groups predominate in the binding process. The helicity of
POPG-bound KLAL is about 63%. However, in contrast to
the pronounced helical profile of the KLAL substitution set
in a TFE/buffer mixture (Figure 2) the various analogs exhibit
only slightly reduced and barely differentiated helicity in the
POPG-bound state (Figure 3a). We suggest that strong

Suggestion that the helix Comprises the entire pep“de Chainelectrostatic interactions between the five regularly distrib-

and exhibits a high stability which is weakened at the N-
and C-termini caused by the helix end effect (Chakrabartty
et al.,, 1991). Following Lehrman et al. (1990), who
suggested that the TFE enhanced helicity of peptides is
indicative of their capability to form a helix, we take the
helical profile in Figure 2 as an expression of the helical
propensity of KLAL peptides.

Our investigations of peptide interaction with lipid bilayers
show that the potentially amphipathic model compound,
KLAL binds at membrane interfaces for two reasons: (i)

uted charged side chains and the negatively charged lipid
head groups anchor the KLAL peptides in the lipid head
group/acyl chain interface of the POPG layer. Itis plausible
to assume that this fixation of the KLAL peptide supports
the stability of the induced structure and causes reduction
of the flexibility at the chain ends. Consequently, double
D-amino acid substitution of two adjacent side chains should
exhibit comparable helix disturbing effects independent of
the position of modification thus explaining the slight
differences in helicity of the bound analogs. At present we
cannot offer an explanation for the comparably high helicity

electrostatic interactions between the cationic peptide chargesf k1/12 (see Figure 3a), although we often observed an

and the anionic lipid head groups of the membrane and (ii)
hydrophobic interactions between the hydrophobic domains

increase in helicity in peptide analogs with doubtamino
acid substitution in the beginning of a potentially amphipathic
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helix region when interacting with negatively charged
vesicles or SDS micelles.

The increasing role of the amphipathic helix with reduction
of bilayer surface charge shows how the balance between
ionic and hydrophobic peptiddipid interactions can be
changed. Reduction of the negative surface charge of the
lipid bilayer drastically reduces peptide affinity as shown
by evaluation of binding isotherms of KLAL at mixed POPG/
POPC vesicles and liposomes composed of zwitterionic
POPC. With decrease in vesicle charge hydrophobic inter-
actions become dominant. In addition, binding of peptides 5
at lipid bilayers of reduced negative surface charge was found
to be strongly modulated by the tendency toward helix A 30

formation. We suggest that douleamino acid substitution

influencing hydrophobic peptiddipid interactions. 5 Kyyggyyyyyy

modifies the size of the hydrophobic helix domain thus
The vesicle surface charge was found to be of little
influence on the structure of membrane-bound KLAL leading (b) 5
to the conclusion that the induction of secondary structure )
is mainly driven by hydrophobic interactions. Taking into i

consideration the little-differentiated helical profile of POPG- A 30 \
bound KLAL peptides which reflects the structure of the

completely bound sequences, the pronounced helical profile 5

of the KLAL substitution set in interaction with POPC

liposomes (Figure 3b) should reflect the dramatic changes Ficure 8: Model of interaction of the amphipathic KLAL-helix

T e . - with lipid bilayers of different negative surface charge. (a) Strong
in binding affinity of analogs of reduced helical propensity electrostatic interactions between the cationic residues in the polar

rather than differences in peptide conformation. Indeed, the face of the helix and the negatively charged lipid head groups anchor
profile correlates well with the retention time profile of the the peptide in the membrane surface region, preferentially causing

KLAL replacement set in reversed phase HPLC (Krause et changes in the organization of the lipid head groups. (b) At low
al., 1995) which is determined by varied affinities toward N€gative surface charge hydrophobic interactions between the
the hvdroohobic stationarv bhase. hydrophobic face of the helix and the lipid acyl chains drive
yarop h Yy p . . insertion of the peptide into the inner nonpolar membrane region,
The permeability-enhancing activity of KLAL peptides causing disturbance in the arrangement of the acyl chains.
toward vesicles of high negative charge density (POPG) was
found to be in the submicromolar concentration range and published for melittin (Benachir et al., 1995; Monette et al.,
nearly independent of the helicity in the lipid-bound state. 1995) and mastoparan peptides (Park et al., 1995). Recently,
Binding experiments showed that all peptides are completely Reynaud et al. (1994) proposed a model for pore formation
bound at concentrations causing dye release. Our interpretaby cationic amphipathic model peptides in phosphatidylcho-
tion is that electrostatic interactions between the positive line small unilamellar vesicles, and ion channel activities of
peptide charges and the acidic phospholipid head groupsa basic amphipathic model peptide in black membrane
anchor the sequences at the bilayer surface. Recentlyexperiments have been reported (Agawa et al., 1991).
Reynaud et al. (1993) suggested the formation of lipid According to the theoretical work of Schwarz (1989)
domains oriented around a bound peptide. We suppose thagssociation of peptide monomers as prerequisite for the
in addition strong ionic interactions might cause reorientation formation of channels is expected to be reflected by a strong
of lipid head groups and favor the formation of densely upper bending of the binding isotherms. The binding curves
packed peptidelipid clusters (Figure 8a). In this connection of KLAL may be fitted through the origin and do not argue
it is interesting to note that melittin, which exhibits a behavior for the involvement of peptide association.
at lipid bilayers which is comparable to that of our model  Our results are consistent with a deeper insertion of the
compound, was found to be one of the most effective lipid peptides into the bilayer which is expected to force the acyl
head group modulators (Beschiaschvili et al., 1990). The chains apart and to disturb the membrane-stabilizing hydro-
slight differences observed in the activity of the analogs phobic lipid interactions, thus causing localized disruptions.
(Figure 5a, Table 3) could be associated with different spatial Although the manner in which this redistribution proceeds
arrangements of the charged residues in the lipid head grougds not yet completely clear, the process is dominated by
region, thus resulting in different peptide surface areas andhydrophobic interactions and should depend on the size of
differently organized peptidelipid clusters. the hydrophobic helix domain and the total hydrophobicity
Most surprising was the observation that despite low of the peptide. Indeed, our studies revealed that the effect
affinity the effect of helical KLAL on permeability substan- of KLAL peptides on neutral bilayers parallels their intrinsic
tially increased at bilayers of reduced surface charge. Suchhelicity. Highly helical analogs with a large hydrophobic
an increase of activity is clearly not caused by enhanced face are much more effective than less helical sequences. In
peptide accumulation. We suppose that with reduction of addition, studies of KLAL analogs of reduced hydrophobicity
electrostatic peptidelipid interactions, hydrophobic interac- in interaction with POPC vesicles showed that reduction of
tions favor the transfer of the peptides from the bilayer membrane activity correlates with a decrease in peptide
surface into the nonpolar acyl chain region as illustrated in hydrophobicity thus confirming the dominating role of
Figure 8b. Comparable observations have recently beenhydrophobic interactions. All together, disturbance of the
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hydrophobic inner membrane region was found to have amatrix of the blood cells. Hemolytic activity is then
more dramatic effect on membrane permeability than high controlled by hydrophobic interactions which allow the
peptide accumulation at the membrane surface. peptide to reach the inner hydrophobic membrane region.
The mechanism of antibiotic activity of peptides is still In summary, we have shown different peptidipid

controversial. The absence of detailed structural information interactions to be responsible for induction of permeability
of the peptides and the complexity of the structure of the of model membranes bearing high and low negative surface
bacterial membrane seriously hamper the interpretation ofcharges. The effect on highly negatively charged lipid
biological effects. Gram-negative bacterial envelops are bilayers is determined by peptide accumulation at the
complex structures composed of an inner and an outermembrane surface. Peptide secondary structure is of less
membrane with a high degree of negatively charged li- importance. Disturbance of the lipid arrangement is expected
popolysaccharides located on the exterior surface of the outetto be caused mainly by dominating electrostatic interactions
membrane. The surface area of lipopolysaccharides andbetween the peptide charges and lipid headgroups. At
phospholipids in membrane systems can be approximatecbilayers of reduced negative surface charge membrane
to be 200 & (Yeagle, 1992) and 74 A(Gennis, 1989), disturbance is dependent on the size of the hydrophobic helix
respectively. Assuming that the outer leaflet of the oter  domains and the total hydrophobicity revealing that it is the
coli membrane is almost completely composed of li- inner hydrophobic membrane region which is affected. On
popolysacharides bearing six negative charges (Rana et al.the basis of these results a model for peptide membrane
1991), the negative surface charge density of the dater interaction is suggested which also serves to provide some

coli membrane was calculated to reaeB0 per 1000 A explanation of the selective biological effects. According
The value is still much higher than that ef13.5/1000 & to our results, peptide modifications which enhance charge
calculated for a pure POPG layer. interactions should cause an increase in antibacterial activity

The correlation between the binding profile of the KLAL whereas reduction of electrostatic interactions and modifica-
replacement set toward POPG bilayers and the activity profile tions compatible with increased hydrophobic peptitigid
towardE. coli suggests that the KLAL peptides exhibit high interactions should enhance hemolytic effects. Further
affinity for the anionic surface components of bacteria. We studies concerning hydrophobic effects are in progess in order
suppose that the bactericidal effect is initiated by disruption to confirm our interpretations.
of the outer membrane as a result of high peptide accumula-
tion caused by strong electrostatic peptitipid interactions, =~ ACKNOWLEDGMENT
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