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Abstract. We have investigated the mechanism of actionouter membrane, whereas the inner leaflet is composed
of the cationic antimicrobial protein (18 kDa) CAP18 on of a phospholipid (PL) mixture. Chemically, LPS con-
liposomes and monolayers made from phospholipids andists of an oligo- or polysaccharide portion covalently
enterobacterial lipopolysaccharides (LPS). CAP18 interdinked to a lipid component, termed lipid A, that anchors
calates into lipid matrices composed of LPS from sensithe molecule in the membrane (Rietschel et al., 1994).
tive strains, weaker into those made of LPS from a re-The negative molecular charge of the LPS, e.g., the num-
sistant strainfroteus mirabilisstrain R45) or negatively ber of carboxyl or phosphoryl groups depends upon the
charged phospholipids, but not into those composed obacterial species and/or strain.
neutral phosphatidylcholine. From the combination of Endogeneous antimicrobial peptides are the front
data obtained with fluorescence resonance energy tranfine of host defense against invading microorganisms by
fer and Fourier-transform infrared spectroscopy and filmgirect physicochemical attack on the surface membranes
balanc_e measurements, it can be (_:oncluded that strugf these foreign pathogens. Being positively charged,
tural differences in the LPS determine the depth of in-these proteins are perfectly suited to interact with nega-
tercalation of CAP18 into the respective lipid matrices.tjvely charged membranes to cause disruptive changes in
Thus, we identified the L-AnadN linked to the first Kdo  membrane permeability. Among these peptides/proteins
of the LPS ofP. mirabilis strain R45 to be responsible s the cationic antibacterial protein of 18 kDa (CAP18),
for the CAP18 resistance of this strain. These data prowyhich was originally isolated from rabbit granulocytes
vide insight into CAP18-mediated effects on the integrity (|_arrick et al., 1991). CAP18 is stored in the intracellu-
of the outer membrane of Gram-negative bacteria and leghy granules of neutrophilic granulocytes and is liberated
to an -imprOVed model for rabbit CAP18 membrane in'into the phagocytic Vacuo|es during phagocytosis (Cow_
teraction. land, Johansen & Borregaard, 1995). The mechanism of
action of CAP18 on Gram-negative bacteria has not fully
Key words: CAP18—Monolayer—Liposomes—Outer been elucidated. CAP18 exhibits LPS-binding, LPS-
membrane—Lipopolysaccharide—Resistance neutralizing, antibacterial, and anticoagulant activities
and consists of 142 amino acids with the bioactivity
: found in the C-terminal fragment of 37 amino acids
Introduction (CAP18,.¢ ,,) (Hirata et al., 1995). This C-terminal

. . L . fragment carries two negative and 15 positive amino ac-
Lipopolysaccharide (LPS, endotoxin) is a potent mducerids and has a high-affinity binding site for heparin (Hi-

of Gram-negative sepsis. LPS represents the major aMxia et al. 1994). Gram-negative bacteria, sucEsh-
phiphilic surface component of Gram-negative bacterials*richia cé)li Salmonella minnesotand éalmonella
comprising the lipid matrix of the outer leaflet of the typhimurium,and Gram-positive bacteria, such 3sep-
tococcus pneumoniaand Staphylococcus aureuare
[ known to be sensitive towards the antimicrobial action of
Correspondence toA. Wiese CAP18 with 50% inhibitory concentrations of 20 to 100
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membranes comprises several steps (Gutsmann et al.,
1999): After the accumulation of the proteins at the
membrane surface and intercalation into the membrane,
the orientation of the proteins changes under the influ-

o o ence of an LPS specific clamp-voltage from a noncon-

“ﬁ"’%i 9 ductive to a conductive transmembrane state. CAP18
@/° . N AN ?/ oligo- or multimers then form transient lesions with het-

o Suo o Moo erogeneous characteristics and limited lifetimes. We

° © oh Maa, proposed that the CAP18 molecules intercalate into the

outer membrane of different strains to different depths
and that, therefore, different minimal clamp voltages are
required for the induction of membrane lesions. This
model could explain the discrimination between sensi-
tive and resistant strains.

In this paper we present results from investigations

F515 LPS R595 LPS R45 LPS into the action of rabbit CAP18 on liposomes and mono-
layers composed of LPS from various sensitive and re-
R1 H ';_Etn z "1"8:;“ H sistant strains and of negatively charged and neutral
-2 phospholipids. We applied different biophysical tech-
R2 H L-ArapdN 66% | H 50% niques including fluorescence energy transfer (FRET)
H 35% | L-ArapdN 50% spectroscopy on liposomes, monolayer measurements on
H 50% a Langmuir trough, and Fourier-transform infrared spec-
R3 H H L-ArapdN 50% troscopy to obtain information on the intercalation of
CAP18 into mono- and bilayers, on the influence of
F1 14:0 14:0 14:0 mono- and divalent cations, and on the interaction of the
protein with various functional groups of LPS anil;e
F2 12:0 12:0 14:0 versa, the influence of LPS on the conformation of
H 0% CAP18. LPS with the shortest sugar moieties, i.e., Fhe
F3 H 16:0 30% H LPS from deep rough mutant strains (Re .LPS) carrying
only two 2-keto-3-deoxyoctonate (Kdo) units at the lipid

. . ) A, was used. A combination of these results with those
Fig. 1. Chemical structures of the deep rough mutant lipopolysaccha- _ P . -
rides used in this study. fr_om our earlier investigations using asymmetric planar

bilayers, allow us now to describe the single steps of the
proposed multi-step interaction model in more detail.
nv (0.4 to 2 ng/mL) and 130 to 200 m (2.3 to 3.6  In particular we can understand the mechanisms which
wg/mL), respectively. There is, however, no activity of lead to a reduced efficacy of the action of CAP18 on
CAP18 against the Gram-negative str&iroteus mira-  resistant Gram-negative strains.
bilis, against fungi and multiple-drug-resistant strains of
Mycobacterium aviunand Mycobacterium tuberculosis .
(Larrick et al., 1993). A dependence of CAR48,,, Materials and Methods
activity on the salt concentration of'K50 to 250 nw)
and Mg (1 to 10 nm) was not observed (Mason et al., | pips AND OTHER CHEMICALS
1997). The important biological role of human CAP18
in innate immunity was corroborated by Bals et al. For the formation of monolayers and liposomes, deep rough mutant
(1999) who showed that the transfer of the hCAP18 genéPS from Escherichia colistrain F515 (F515 LPS)Salmonella en-

. . . . ap . terica sv. Minnesota strain R595 (R595 LPS), and frBnoteus mira-
into tracheal epithelium restores bacterial killing in a bilis strain R45 (R45 LPS) (chemical structures according toridger

cystic fibrosis xenqgrgft mOd?'- . et al., 1985; Rietschel et al., 1992; Rietschel et al., 1994; Vinogradov
Many polycat.lonllc _peptldes/protems, €.9., POlY- et al, 1994; Wiese et al., 1998) were useeqFig. 1). LPS was

myxin B or defensins, initially cause damage to the outerextracted by the phenol/chloroform/petroleum ether method (Galanos,

membrane of Gram-negative bacteria and can reach theideritz & Westphal, 1969), purified, lyophilized, and transformed

cytoplasmic membrane by a “self promoted” uptakeinto the triethylamine salt form. The amounts of nonstoichiometric

(Hancock, 1984: Viljanen, Koski & Vaara, 1988). substitutions by fatty acids, L-ApgN, and phosphoethanolamme_ (P-

S . . Etn) were analyzed by MALDI-TOF mass spectrometry. Thus, in the

Utilizing electrophysiological measurements on

. . . )?595 LPS, the 16:0 fatty acid linked to the amide-linked 3-OH-14:0 in
planar reconstituted asymmetric Ilpopolysaccharlde osition 2 of the reducing glucosamine was present only at a level of

phospholipid bilayer membranes, we recently showedou and L-Ar@4N linked to the 4-phosphate at a level of 65%. In
that the mechanism of interaction of CAP18 with theser45 LPS, approximately 50% of the phosphates linked to the 4
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Table 1. Electrostatic characteristics of Re LPS molecules and Re LPS monolayers in the absence and
presence of CAP18

LPS Molec. Charge Surface Surface Rel.
chargé density* potential potential change of
€ ey/nm? without CAP18 with CAP18 potentia?
mV mV AD
F515 LPS -4 -3.1 350 + 15 470 £ 15 Decrease
R595 LPS -3.4 -2.4 345+ 25 460 + 25 Decrease
R45 LPS -3 -2.0 310+12 445 + 12 Increase

2Taken from Wiese et al. (1998).

b Taken from Gutsmann et al. (1999).

Molecular parameters of the Re LPS monolayers and the surface potential before and after addition of
22 nv CAP18 into the subphase (100vnKClI, 5 mm MgCl,, 5 mv HEPES, pH 7.0, T= 20°C) at a

lateral pressure of 25 mNm™. The change of the innermembrane potential differexdeafter CAP18
addition refers to experiments with asymmetric planar bilayers as published earlier [11]. CAP18 was
added to the LPS side of the membranes.

phosphate of lipid A and 50% of the first Kdo were substituted with continuous stirring to determine the base line, and the signals of the two
L-Arap4N. Molecular details of the Re LPS used are listed in Table 1.channels for registration of the emissions were adjusted to 200,000 cps.
Lipid A was obtained from F515 LPS by sodium acetate buffer treat- To exclude different fluorescence behavior of the dyes in the phospho-
ment (0.1m, pH 4.4, 100°C for 1 hr), purified, and converted to the lipid- and LPS-liposomes, i.e., that the intercalation of identical
triethylamine salt. amounts of unlabeled molecules would lead to different changes in the
Egg phosphatidylcholine (PC) and phosphatidylglycerol (PG, so-fluorescence intensities, the two systems were calibrated in order to
dium salt) from egg yolk lecithin were from Avanti Polar Lipids (Ala- obtain quantitative information on CAP18 intercalation. To guarantee
baster, AL). The phospholipids were used without further purification. that the unlabeled molecules are actually intercalated in the labeled
The fluorescent dyes N-(7-nitro-2,1,3-benzoxadiazol-4-yl)-PE (NBD- liposomes, they had to be mixed during liposome preparation in the
PE) and N-(rhodamine B sulfonyl)-PE (Rh-PE) were purchased fromchloroformic phase. This step requires chloroform solubility of the
Molecular Probes (Eugene, OR). molecules used for calibration and thus excludes CAP18. Therefore,
Polymyxin B (PMB) was purchased from Sigma (Deisenhofen, the phospholipids PC and PE were used instead. The admixture of
Germany). Synthetic rabbit CAP18 was prepared by Merrifield syn-identical amounts of each of these phospholipids to the labeled phos-
thesis as previously described (Larrick et al., 1994) and stored in 0.01%holipid- and LPS liposomes, respectively, led to changes in fluores-
acetic acid. cence intensity, which were comparable for PC and PE, but differed for
the two liposome systems. Therefore, to get comparable results for
CAP18 intercalation into the different lipid matrices, the quotient of the
RESONANCE ENERGY TRANSFERSPECTROSCOPY fluorescence intensities (corrected by the dilution effect) and the slope
of the intensity changes achieved with liposomes containing unlabeled
The fluorescence resonance energy transfer (FRET) technique wa3C or PE was taken as a measure.
used as a probe dilution assay (Struck, Hoekstra & Pagano, 1981) to
obtain information on the intercalation of CAP18 into liposomes made
from various phospholipids and lipopolysaccharides. For the FRETFILM BALANCE MEASUREMENTS
measurements, PC, PG, or LPS liposomes were double-labeled with
NBD-PE and Rh-PE. The fluorescent dyes were dissolved togethelsing a film balance, monolayers prepared at the air/water interface
with PC, PG, or LPS in chloroform in molar ratios [lipid]:[NBD- can be compressed, and the lateral pressure in dependence on the
PE]:[Rh-PE] of 100:1:1. The solvent was evaporated under a stream ofurface area can be recorded. From pressure/area curves at a given
nitrogen, the lipids resuspended in bathing solutions with different salttemperature (isotherms) the area per molecule of the monolayer com-
concentrations at pH 7.0, mixed thoroughly, and sonicated with a Branposing lipid or/and protein can be calculated at a given lateral pressure.
son sonicator for 1 min (1 ml solution). Subsequently, the preparation For the determination of the molecular area of the CAP18-
was cooled for 30 min at 4°C, heated for 30 min at 56°C, and recoolednolecule its capability to form monolayers when added to an aqueous
to 4°C. Preparations were stored at 4°C overnight prior to measurephase was utilized using a Langmuir film balance equipped with a
ment. A preparation of 90Q.l of the double-labeled lipid- or LPS  Wilhelmy system (Munitech, Mochen, Germany). CAP18 was added
liposomes (0.1 m) at 37°C was excited at 470 nm (excitation wave- to the aqueous subphase of 10t r{Cl, 5 mm MgCl, and 5 nm
length of NBD-PE), and the intensities of the emission light of the HEPES at pH 7 and 20°C at various concentrations @20 nv),
donor NBD-PE (531 nm) and acceptor Rh-PE (593 nm) were measurednd the system was allowed to equilibrate for 2 hr. Pressure/area iso-
simultaneously on the fluorescence spectrometer SPEX F1T11 (SPEXherms were than recorded at a compression rate of 1.5 -rath
Edison, NY). The protein was added after 50 sec to a final concentrafFrom the different isotherms obtained at the various CAP18 subphase
tion of 2.5 um. Intercalation could be detected as changes in fluores-concentrations, the total film area was determined at a lateral pressure
cence intensities as a function of time (increase of the donor signalpf 25 mN- m™. Then, the number of CAP18 molecules added to the
decrease of acceptor signal; for the sake of clarity, in the Results onlsubphase was plotted as a function of these values. The molecular area
the donor signal is plotted). To obtain identical intensities before theof CAP18 molecules was obtained from the slope of this curve and the
addition of CAP18, the emissions were recorded for 50 sec undeamount of protein remaining in the subphase and/or bound to the walls
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of the trough was estimated from the intersection of the curve with thecentrations, and the equilibriuf+counting rates were recorded. The

x-axis (Schwarz & Taylor, 1995). relative “°*Ca* concentration was calculated by

The incorporation of the protein into lipid monolayers with re-
spect to the composition of the aqueous subphase was studied witn?e =|P9Le_|3“b 1)
monolayers spread from 1nmchloroform solutions of PC and PG, Ivono ~ Isun

respective.ly, and with chloroform/meth.anol (9:1 vIv) solution.s of LPS. wherel . is the relative*Cz* intensity and s luono ANl pepigear
The experiments were run at 37°C. Prior to isotherm recording, monOyye g_intensities of the pure subphase, after spreading the monolayer,
layers were equilibrated at zero pressure for 5 min to allow evaporationy 4 after peptide addition, respectively. The experiments were per-

of the solvent. The monolayers were then first compressed to a laterghymed at a subphase temperature of 20°C to avoid condensation at the
pressure of 30 mNm™ for 30 min to check the stability of the mono- B-counter.

layer and subsequently expanded to 25 ni™ [this value is within
the range of lateral pressures discussed to prevail in biological bilaye
membranes (Marcelja, 1974; Blume, 1979)]. CAP18 was added to thGE:TlR SPECTROSCOPY
subphase in different concentrations (0 to 28,mand the change in  This technique was used to obtain information on the influence of
film area versus time was plotted for 1 hr. The expansion isothermsCAP18 on the phase behavior and the mobility of the phosphate groups
were then recorded at an expansion rate of 1.5msn'. To examine  of LPS and vice versaof LPS on the secondary protein structure of
the influence of Mg" ions, compression and expansion isotherms for CAP18. For this, all lipid samples were prepared as aqueous suspen-
F515 LPS monolayers after addition of the protein into the subphaseions in 10 nw HEPES buffer at pH 7 (20 mnlipid corresponding to
were recorded in the absence and presence of 5 andv2MgCl.. appr. 96% water content). The lipids were suspended directly in dist.
The surface potential was determined with a vibrating plate con-water and temperature-cycled twice between 4°C and 70°C and then
denser (KP2, NimaTechnology, Coventry, England) on a film balancestored at 4°C for at least 12 hr prior to measurement. CAP18 was
(601M, Nima Technology, Coventry, England) as described in severahdded in appropriate concentrations and the mixtures were briefly vor-
papers (Pickard, Sehgal & Jackson, 1979; Vogel &bidis, 1988; texed at 37°C. Measurements were performed on a Bruker FTIR spec-
Schumann, 1989; Brockman, 1994). The procedures of monolayetrometer IFS55 (Bruker, Karlsruhe, Germany). The lipid samples were
preparation and addition of CAP18 were as described above. Subphagdaced in a Caj-cuvette separated by a 12 thick teflon spacer.

temperature was chosen as 20°C to avoid condensation of water at theemperature scans were performed automatically in the range from
vibrating plate. 10°C to 65-80°C at a heating rate of 0.6°C/min. Every 3°C, 50 inter-

For epifluorescence microscopic studies (von Tscharner &ferograms were accumulated, apodized, Fourier-transformed, and con-

McConnell, 1981; Weis, 1991), the fluorescent dye NBD-PE was co-Verted to absorbance spectra.
dissolved with F515 LPS or the lipid A from F515 LPS in chloroform/ The evaluation of the band parameters (peak position and inten-
methanol in molar ratios [lipid]:[NBD-PE] of 100:2. Monolayers were sity) was perfc')lfmed after subtractiqn of superimposed Water bgnds.
prepared and CAP18 was added as described above. The monolayef§us: the position of the peak maxima could be determined with a
were compressed at 45 mhn™ to increase the number and size of the Precision of better than 0.1 cth

liquid condensed (LC) domains within the liquid expanded (LE) mono- The B‘f a gelto "qUid, crystalline phase t‘ransition of the_ hydro-
layer which are formed during the pressure-induced-lEC phase carbon chains was determined from changes in the peak position of the

transition. Using the fluorescent dye NBD-PE — which had no sig- symmetric stretching vibration of the methylene groug€H,). It is

nificant influence on the isotherms — the LE domains appeared Iightknown to lie at approximately 2850 cthin the gel §) phase and to

and the LC domains dark. The images from the epifluorescence mi_ShIft at a lipid-specific temperature, the phase transition temperature

croscope (Modell 1, Munitech, Michen, Germany) were recorded by T,, t0 2852.0-2852.5 ci in the liquid crystalline ¢) phase (Mantsch

a video camera (C2400-08-C, Hamamatsu, Hamamatsu City, Japar egﬂdcﬁg]uanseaatgztlu)ai;; ebmtn(:(r)?]?tt(l)?'?n Oftr:r;eaﬁiic:e?mv:ttr?cﬂs]tereltlgrlfiin
and digitized by a video grabbing-card (Screen Machine I, Fast Elec- group y 9 y 9

tronic, Minchen, Germany). vibration of the negatively charged phosphate groupé Q) in the

: i i ) ) range from 1220 cit to 1260 cm™.
To investigate the capacity of CAP18 to displace divalert*Ca 9

) ‘ LPS | boh o &7 doped For the determination of the protein secondary structure, lipid
lons from monolayers, a subphase containing p& ope samples were prepared as described above and the protein was added in

with radioactive®*Ca’* (Amersham Buchler, .Braunschwelg, Qermany) different concentrations. Excess water was removed by incubation at
and 5 m1 HEPES at pH 7 was used. This Taconcentration wWas  370¢ The secondary structure of CAP18 was determined by analyzing
sufficient for saturating the Re LPS monolayer (160 R515 LPS).  the amide I band contour between 1700 and 1600 cwhich consists

The low-energyp-radiation of ““Ca’" is detected only from a thin o giferent intrinsic band components depending on the type of protein
surface layer (the radiation from deeper layers is absorbed by the Wasgnformation (Arrondo et al., 1993). The number of band components
ter). Thus, this method allows the determination of thé*'Gmncen-  and their approximate peak positions were evaluated by Fourier decon-
tration in the monolayer (Uimann, Plsch & Ziegler, 1980). After  yoution (Kauppinen et al., 1981). The single band components were
spreading the lipid monolayer on the subphasé;®imds to the nega-  calculated applying a curve-fit procedure (kindly provided by D. Mof-
tively charged headgroups of the lipids and, therefore, an increase ifat, NRC Ottawa), in which the bands were approximated by combin-
B-intensity is observed using B-counter (gas ionization detector ing Lorentzian and Gaussian shapes. Best fits were achieved by taking
LB124, Berthold, Wildbad, Germany). In the displacement experi- a Gaussian:Lorentzian ratio of 0.6.

ments it was necessary to keep the number of LPS molecules, and

therefore the potential number of binding sites foFCanderneath the
detection area of th@-counter before and during the intercalation of Result

CAP18 constant. To guarantee this, CAP18 was added to the subphase

at a constant area and relatively low lateral pressure of the monolayeRESONANCE ENERGY TRANSFER SPECTROSCOPY

(10 mN- m™%). This way, the final pressure after saturated intercala-

tion of CAP18 was still in the range of lateral pressures in biological FRET spectroscopy is commonly used to investigate the
membranes. The peptide was added to the subphase in different cointercalation of peptides/proteins into lipid membranes



T. Gutsmann et al.: Mechanism of Membrane Action of CAP18 227

5 I A

4 C w 60 |

°T g a0 ]

2t el
2 L -~ i
& 1F 220
(3) - [ L

- c
5 0 2 0
c 1 1 1 1 1 1 1 1 £
) =
E 0.8 g
S T S 80
g 06F £ |
£ © 60
5 04+ s
o L g 40 +
02} = 20l E
r - ]
0.0 - = PG 0| apweti« +CAP18
| I T T (N SR SN SN N W N | T TSR R T R S |
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time / sec Time / sec

Fig. 2. Influence of the lipid matrix on the intercalation of rabbit Fig. 3. Influence of the salt concentration on the intercalation of
CAP18 into liposomes. Changes of the normalized donor (NBD-PE)CAP18 into F515 LPS liposomes. Changes of the donor (NBD-PE)
fluorescence intensities in dependence on time after addition gil2.5  fluorescence intensities in dependence on time after addition @in2.5
CAP18 to 10Qum suspensions of liposomes double-labeled with NBD- CAP18 to 100um suspensions of F515 LPS liposomes double-labeled
PE and Rh-PE. Bathing solution: 100MnKCI, 5 mm MgCl,, 5 mv with NBD-PE and Rh-PE. The bathing solution contained the indicated
HEPES at pH 7 and 37°C. salt concentrations and 5MrHEPES at pH 7 and 37°C.

by determining the energy transfer between two fluoresshown for 100 m in Fig. 38. Also the further addition
cent markers (Schromm et al., 1998). The results folof 5 My Mg?* — this concentration was used in most
CAP18 are shown in Fig. 2. As can be seen from thegxperiments presented in this paper and also in former
donor signal after addition of 2.om CAP18 to the 100  experiments (Gutsmann et al., 1999) — had no influence
M liposome suspensions, three different groups can berig. 3B). Higher concentrations of Mg led to a fusion

distinguished according to the intensity of interactionof the liposomes thus making a comparison of the
between CAP18 and the |IpIdS F515 LPS and R595 LP%hangeS of the donor Signa's impossib'e_

show a strong interaction with CAP18, R45 LPS and PG
a weak interaction and there was no intercalation of
CAP18 into PC liposomes (Fig. 2). For PG liposomes,FILM BALANCE MEASUREMENTS
the donor signal increased after addition of CAP18, but
after 50 sec a decrease was observed caused by precipthen amphiphilic or hydrophobic molecules are added
tation of the liposomes. to an aqueous phase (subphase), they tend to adsorb to
The influence of cations on the CAP18 interactionthe air/water interface and, thus, reduce the surface ten-
with membranes was investigated using F515 LPS liposion of the subphase.
somes suspended in different bathing solutions. The  Accordingly, the addition of CAP18 to the subphase
changes of the interaction of CAP18 with the lipid ma- of a film balance led to the formation of a protein mono-
trices were reduced by an increase in thedéncentra- layer at the air/water interface. In FigAdpressure/area
tion, e.g., at a KClI concentration of 1,000urthe change isotherms of CAP18 monolayers on subphases contain-
in the donor signal was about 40% of that observed at théng 100 nm KCI, 5 mm MgCl,, and 5 nm HEPES at
commonly used 100 m KCI (Fig. 3A). However, at a 20°C are depicted for different concentrations of CAP18
KCI concentration of 1,000 mn, the change of the donor in the subphase. In Fig.B4 the relation between the
signal as a consequence of CAP18 addition to F515 LP&umber of molecules added to the subphase and the area
liposomes (Fig. B) was still significantly higher than in occupied are plotted for a lateral pressure of 25
the case of R45 LPS liposomes in a 10@ iCl bathing  mN - m™. From these data, using a regression analysis,
solution (Fig. 2). No difference in the influences of the the molecular area of one CAP18 molecule at the air/
monovalent cations Kand N& on the action of CAP18 water interface was calculated to be (5.3 + 0.6)°’nm
at cation concentrations up to 1,00mwas observed as Correspondingly, these values have been determined in
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Lateral pressure / mNm™ layers before (d) and after addition of CAP18 (a, b, c). Bathing solu-

tions: (&) 0 nrm MgCl,, (b) 5 mv MgCl,, (c) 20 mu MgCl, and for all
Fig. 4. (A) Surface-pressure/area isotherms of CAP18 monolayers ori00 mv KCI, 5 mm HEPES, pH 7, and 37°C.
CAP18 suspensions of different concentratiofs). Estimation of the
molecular area of CAP18 molecules at a lateral pressure of 25

mN - m™ (C) Molecular area of CAP18 as a function of the lateral . . .
pressure. Bathing solution: 1001KCI, 5 mw MgCl,, 5 m HEPES concentration of 20 m the intercalation was reduced

at pH 7 and 20°C. (Fig. 5A trace c). Subsequently to the time scan mea-
surements, the monolayers were expanded (0- mi\!)
and compressed to 40 mNn™%. In Fig. 5B (traces a, b,

the lateral pressure range of 20-33 mid ™, covering  c) the respective compression isotherms are shown to-
the lateral pressure of natural membranes. The area peether with that of the pure LPS monolayer on a MgCl
CAP18 molecule showed an inverse linear correlation tdree subphase (trace d). As already observed in the time
the lateral pressure (FigG. scans (Fig. B), addition of CAP18 leads to an increase

For LPS (Fig. ) and PG monolayersdata not of the area of F515 LPS monolayers, the isotherms are
shown), the addition of CAP18 into the subphase led toshifted to the right. The shift, however, depends on the
an increase in film area at a constant pressure of 28/g" content of the subphase. At a lateral pressure of 25
mN - m™%, whereas for a PC monolayer under identicalmN - m™, the isotherms at 0 s Mg?* (trace a) and 5
conditions no significant change in film area could bemm Mg?* (trace b) are shifted nearly by identical values,
observed data not showhn whereas at 20 m Mg?" this shift is significantly smaller

To elucidate the influence of divalent cations on the(trace c). At lateral pressures >30 mh 2, the slope of
interaction between the cationic CAP18 and the anionidhe isotherms of the CAP18 containing F515 LPS mono-
LPS, we investigated the intercalation of CAP18 intolayers decreased. This effect was most pronounced in
F515 LPS monolayers at different Mgloncentrations  the presence of Mg (traces b and c). This indicates a
in subphases containing 100MnKCl and 5 v HEPES.  displacement of the already incorporated CAP18 from
CAP18 was added to the subphase after the monolayetbe monolayers.
were compressed to 25 mNin™, and the time scans of The FRET experiments showed a reduced interac-
the changes in monolayer area were recorded (FAj. 5 tion of rabbit CAP18 with R45 LPS as compared to F515
Mg?* concentrations up to 5mhad little or no influence  LPS and R595 LPS liposomes (Fig. 2). To clarify,
on the intercalation (Fig.Atraces a, b), however, at a whether this effect results from a reduced binding stoi-
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2

c : Table 2. Size and binding stoichiometry of intercalated CAP18 mol-

G 16 - RASLPS _—A—a ecules into F515 LPS or R45 LPS monolayers

> | —A—F515LPS ; o

% 12 - : LPS/Subphase Area per [LPS]:[CAP18]

£ r molecule/nmd  (M/m)

£ gL

=

£ I F515 LPS/Sub.: +0 m MgCl, 3.8+x05 3.5+0.5:1

@ 4 F515 LPS/Sub.: +5 mMgCl, 3.8+0.6 5+0.5:1

g i R45 LPS/Sub.: +0 m MgCl, 3.8+x05 5+0.5:1

5 0r ) . . Cests R45 LPS/Sub.: +5 m MgCl, 45+0.5 6+0.5:1

c 2 1 1 1 L 1
0 5 10 15 20 25 The monolayers were prepared on a subphase containing @a0Gh
CAP18 concentration / nM 5 mv HEPES with varying concentrations of MgQfirst column) at

pH 7 and a temperature of 37°C. The intercalation was determined at
Fig. 6. Increase in the film area of F515 LPS and R45 LPS monolayers |ateral pressure of 30 mim™,
(concentration of the LPS was 3 nmol (7&)) after addition of in-
creasing amount of CAP18 at a lateral pressure of 30-mi\t. Bath-
ing solution: 100 nu KCI, 5 mm MgCl,, 5 mv HEPES at pH 7 and

37°C. mined from the decrease in relatigeradiation intensity

in dependence of peptide concentrations (Fig. 7). In the
case of CAP18 47w was sufficient to displace 50% of
chiometry or a different orientation of the protein in the the C&" ions, whereas a concentration of 840 RMB
membrane, we explored the intercalation of differentwas needed.
amounts of CAP18 into F515 LPS and R45 LPS mono-  In continuation of earlier work (Gutsmann et al.,
layers (concentration of LPS was 3 nmol (7@)hat a  1999) we investigated the different influences of CAP18
lateral pressure of 30 mNm™ on subphases containing on the innermembrane potential different® of F515
100 mm KCI, 5 mm HEPES and 0 or 5 mm MgCl,,  LPS/PL and R595 LPS/PL bilayers on the one hand and
respectively, at pH 7 and 37°C (Fig. 6). The area of oneR45 LPS/PL bilayers on the other, by determining the
intercalated CAP18 molecule was calculated from thesurface potential of monolayers of the respective LPS.
slope of the linear part of the curve in Fig. 6 prior to As described here for F515 LPS, after compression of the
saturation of the monolayer by CAP18. We consideredmonolayer to 25 mN m™*, a surface potential of (350 +
that a certain amount of the protein remains in the sub15) mV was measured in a subphase containing 120 m
phase and/or bound to the walls of the trough and doe&Cl, 5 mv MgCl,, and 5 nm HEPES at pH 7 and 20°C.
not intercalate into the monolayer. To calculate the bind-After addition of 22 m CAP18 into the subphase, the
ing stoichiometry between CAP18 and LPS, the molarsurface potential remained unchanged for about 30 sec
concentration of LPS molecules was divided by the satuand then increased to a final value of (470 £ 15) mV (Fig.
ration concentration of CAP18 molecules intercalated8A andB). The time delayed increase in surface poten-
into the monolayer, which is the difference between thetial can be explained by the time necessary for the
protein concentration in the subphase necessary to obta®AP18 molecules to diffuse to the detection area. After
saturation in the monolayer (Fig. 6z and 5,5 and  the time scan, the monolayer was expanded, and a slight
the concentration of the protein remaining in the sub-decrease in the surface potential in dependence on the
phase. The results are summarized in Table 2 showing kateral pressure was observed. For R595 LPS and even
reduced binding stoichiometry between CAP18 andfor R45 LPS monolayers the same characteristics in the
F515 LPS or R45 LPS, respectively, in the presence of 5sotherms and time scans were observedtg not
mv Mg?". shown). The values of the surface potentials before and
The interactions of cationic peptides/proteins with after addition of CAP18 to the different LPS monolayers
anionic lipid monolayers may cause displacement of di-are given in Table 1.
valent ions such as Gafrom the monolayers. Monitor- No effect of the subphase temperature on the inter-
ing of changes of the G& concentration at the mono- calation of CAP18 into F515 LPS monolayers was ob-
layer surface as a consequence of the interaction of polyserved in the range of 20-40°@&ta not showj
cationic molecules may, thus, provide information onthe  To observe changes in liquid expanded/liquid con-
binding process. To this end, the relatf?’€a* concen-  densed domain structure of F515 LPS and lipid A mono-
tration was determined for different concentrations of thelayers by CAP18, the monolayers were doped with 2%
peptide in the subphase. For comparison measuremeniBD-PE and epifluorescence microscopic studies were
were also performed for polymyxin B (PMB), which is performed. At lateral pressures20 mN- m™, LC do-
known to bind strongly to negatively charged lipids and mains, appearing dark, were formed in lipid A (3 nmol
to reduce their zeta-potential (Wiese et al., 1997). Thg75 nv)) monolayers as shown for 40 mNn ™ in Fig.
influence of the two peptides on the amount of’Ca 9A. After the addition of CAP18 (4m) to the subphase,
bound to 9.6 nmol (160nm) F515 LPS has been deter- first the appearance of structurally different areas be-
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Fig. 7. Displacement of**Ca* from F515 LPS monolayers by poly-
myxin B and CAP18. Relative change pfradiation intensity in de-
pendence on peptide/protein concentration after addition of polymyxi
B (@) or CAP18 @). The bathing solution was 12j6v total C&*, 10
mm HEPES at pH 7 and 20°C and the F515 LPS concentration was 9. B
nmol (160 m).
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Fig. 8. Surface potential of a F515 LPS monolayer (concentration of
the LPS was 9 nmol (180M)) before and after addition of 22vn
CAP18. @) Surface potential in dependence on film area aBjfl (
surface potential in dependence on time after addition of CAP18 at &ig. 9. Epifluorescence micrographs of lipid A (frokh coli) monolayers
constant lateral pressure of 25 mkh™*. Bathing solution: 100 m labeled with NBD-PE in molar ratios [lipid A]:[NBD-PE] of 100:2 at a
KCI, 5 mm MgCl,, 5 mv HEPES, pH 7, and 20°C. lateral pressure of 40 mNm™. (A) Monolayer before CAP18 addition,
(B) after addition of 4 m CAP18 at a lateral pressure of 25 m ™ and

. ompression to 40 mNm™ and ) after 30 min. LE domains appear
tween the LE and LC domains (as can be seen from th ight, LC domains dark. The bathing solution was 10 #Cl, 5 mm

grey tpne in Fig. 8) and f'na”y a reductlon in the LC HEPES at pH 7 and 20°C and the total lipid concentration was 3 nmol (75
domains was observed (FigCR Similar effects were ). The diameters of the micrographs are 308.
observed for Re LPS monolayerdata not showh

with infrared spectroscopy by analyzing the amide | band
contour in the wavenumber range 1700-1600tm

The secondary structure of CAP18 in buffer in the ab-Fourier deconvolution (Kauppinen et al., 1981) and
sence and presence of different lipids was determinedurve fitting (Arrondo, 1993) revealed that this band con-

FTIR SPECTROSCOPY
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Fig. 11. Influence of CAP18 on the phase transition temperature of
LPS. Peak position of the symmetric stretching vibrational band
v{(CH,) vs temperature for 20 m (A) F515 LPS andB) R45 LPS
suspensions in HEPES (1Qvnbuffer at different amounts of CAP18.

Fig. 10. Influence of R595 LPS on the secondary structure of CAP18.
Infrared absorbance spectra for CAP18 suspensions in HEPESW)LO m
buffer in the range of the amide | band between 1700 and 1608 cm
and their band analysis. Spectra 8j pure CAP18 andR) R595 LPS
and CAP18 in a molar ratio [lipid]:[CAP18] of 5:1 all at 25°C.

leads to a strong reduction of the band intensities indi-
tour consists of six band components with a characteriscating immobilization of the phosphate groups. Interest-
tic pattern which indicates the occurrenceohelical  ingly, for R595 LPS the binding of CAP18 leads to a
and B-sheet structures (Fig. A). This pattern changed reduction of band I, while for LPS R45 a reduction of
upon the interaction of Re LPS leading to an increase oband Il is more pronounced.
the band intensities corresponding éehelices and
B-strands indicating an increase in protein overall order. )
This is shown for CAP18 in the presence of R595 LPSDiscussion
(molar concentration ratio 5:1) in Fig. BO The increase
of a-helical structures was particularly significant also In earlier investigations into the interaction of CAP18
for F515 LPS and R45 LPS, but not for P@ata not  with the reconstituted planar lipid matrix of the outer
shown). membrane (Gutsmann et al., 1999), we have observed
CAP18 has only a slight effect on the phase behaviothe formation of transient membrane lesions with short
of LPS. The increase of the wavenumber value of thebut heterogeneous lifetimes and variable sizes. These
v(CH,) band in the gel phase indicates only a slightcharacteristics of the lesions were lipid-independent.
fluidizing effect below the phase transition temperatureHowever, for the induction of the lesions, a lipid-specific
T, of F515 LPS T, = 36°C) and R45 LPST_ = 33°C), clamp-voltage was required. From these findings, we
the decrease in the liquid crystalline phase is indicativeproposed a model for the action of CAP18 which is
of a slight rigidifying effect (Fig. 11). The protein had comprised of the following five steps: (i) accumulation
no significant influence off.. of CAP18 at the membrane surface (aqueous state), (ii)
The antisymmetric stretching vibration of the nega- intercalation of the protein into the membrane in a lipid-
tively charged phosphate,(PG,) was used as an indi- specific orientation (nonconductive surface state), (iii)
cator of an interaction of the polycationic CAP18 with change of orientation of the protein by a lipid-specific
the backbone region of the endotoxins. For Re LPS, it isoutside positive clamp-voltage [also required in step (iv)]
split into two vibrational bands indicating different hy- (nonconductive prelesion state), (iv) formation of tran-
dration states (Fig. ®andB; band I, Il), with the band  sient lesions (conductive state), and (v) closing of lesions
at the higher wave number representing a lower hydra¢nonconductive postlesion state).
tion (Brandenburg, Kusumoto & Seydel, 1997). Addi- In the present study, we have characterized the in-
tion of CAP18, which in pure form gives rise to a vibra- teraction of CAP18 with various membrane systems us-
tional band around 1200 crh(Fig. 12A andB; band Ill),  ing different biophysical techniques. The aim of the
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Fig. 12. Influence of CAP18 on the headgroups of LPS. Infrared ab-
sorbance spectra foA] R595 LPS andE) R45 LPS suspensions in
HEPES (10 mu) buffer in the range of the asymmetric stretching vi-
bration of the negatively charged phosphatggPG,) at 37°C at dif-
ferent molar ratios of CAP18. |, II: vibrational bands of LPS corre-
sponding to different hydration of the phosphates; Ill: IR band of
CAP18.

study was to elucidate in more detail the mechanism o

interaction of CAP18 with the outer membrane of Graméspectroscopy, we conclude that CAP18 intercalation into

negative bacteria. In particular, the question of CAP1

resistance was investigated comparing the effects o
membranes made from LPS from sensitive (F515 LPS

and R595 LPS) and resistant (R45 LPS) bacteria.

INFLUENCE OF THETYPE OF LIPID MATRIX ON THE
ORIENTATION OF CAP18IN, OR DEPTH OF, ITS
INTERCALATION INTO THE BILAYERS

The interaction of CAP18 with lipid liposomes and

T. Gutsmann et al.: Mechanism of Membrane Action of CAP18

evidence that a negative surface charge is the basic re-
quirement for an intercalation of the protein into lipid
matrices, as it was shown for other polycationic antibac-
terial peptides/proteins such as magainin (Matsuzaki,
1998). Furthermore, from the differences observed for
the intercalation of CAP18 into the differently composed
monolayers and liposomes from different lipids, infor-
mation on the mode of intercalation could be derived.
The observed fivefold higher increase of the fluores-
cence intensity of the donor dye after CAP18 addition to
liposomes made from R595 LPS and F515 LPS as com-
pared to those from R45 LPS and PG (Fig. 2) could have
three reasons: (i) a significantly higher amount of inter-
calated CAP18, (ii) a different orientation of the protein
in the bilayer, or (iii) a different depth of intercalation,
which would influence the resonance energy transfer be-
tween donor-acceptor pairs in the inner leaflet and be-
tween the inner and outer leaflet of the bilayer. These
three possibilities can be distinguished on the basis of the
data from the monolayer experiments. The molecular
area of CAP18 was determined from pure CAP18 mono-
layers to be (4.5 + 0.6) nfrat 30 mN- m™* (Fig. 4C).
When CAP18 is intercalated into F515 LPS or R45 LPS
monolayers, its effective molecular area was only (3.8 +
0.6) nnt (Fig. 6, Table 2). This reduction of the effec-
tive molecular area could have two reasons: (i) the ori-
entation of CAP18 molecules in LPS matrices differs
from that in pure protein monolayers and/or (ii) the mix-
ture of the large CAP18 with the smaller LPS molecules
leads to a higher packing density. However, the ob-
served decrease in size cannot only be explained by a
higher packing density, because already the size of the
fragment CAP18§,5_14.iS @about 5 nm x 1.8 nm (Chen et
al., 1995) which is in the range of the area occupied by
the holo protein in the LPS monolayer. Thus, it is un-
likely that CAP18 is oriented parallel to the monolayer
surface as discussed for magainin 2 (Bechinger, Zasloff
& Opella, 1993). Moreover, these film balance experi-
ments showed that the amount and also the molecular
area of CAP18 intercalated either into F515 LPS or into
545 LPS monolayers is nearly identical up to saturation
(Table 2). In combination with the data from FRET

F515 LPS and R45 LPS matrices occurs almost in the
ame orientation, but at different depths.

This interpretation is further backed by the observa-
tion of changes in the intensity of the vibrational bands
of the phosphates of LPS. On the basis of their different
degrees of hydration (Fringeli & Guhard, 1981), the
two vibrational bands at wavenumber 1260 ¢ricom-
ponent 1) and at wavenumber 1224 ¢nfcomponent 1)
have previously been shown to originate mainly from the
4'-phosphate and the 1-phosphate, respectively (Bran-

monolayers has been studied with FRET spectroscopgenburg, Kusumoto & Seydel, 1997). From Fig. 12 it
and in film balance experiments, which both providedcan be seen, that CAP18 has a distinct binding affinity to
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the backbone region of both LPS. In the case of R59%0ta R595. Therefore, we propose that the LpXid
LPS the interaction with the less hydratedphosphate, B(1- 8)-linked to the first Kdo is responsible for
which is buried in the hydrophobic region, and in the CAP18-resistance by a steric hindrance causing a re-
case of R45 LPS with the more hydrated 1-phosphateluced depth of intercalation of CAP18 into the bilayer.
facing the aqueous phase is more pronounced. The olFhus, we predict that neither electrostatic nor hydropho-
servation of a different influence of CAP18 on the two bic effects are responsible for the resistance against
phosphates of LPS R595 and LPS R45 is, thus, indicativé&AP18.
of a deeper intercalation of CAP18 into LPS R595 than
into R45 LPS membranes.

The different depth of intercalation into the mem- g‘;;ufgisDoEggTﬁngzENTEf INTERACTION BETWEEN
brane does also explain the results of the surface poten-
tial measurements on lipid monolayers (Fig. 8, Table 1) ) . )
and our previous investigation (Gutsmann et al., 19991t has frequently been reported that cations — in particu-

into changes of the innermembrane potential differencd@’ divalent cations — protect bacteria against perme-
A® of asymmetric bilayers. A decrease & was ob- ability-increasing effects of different peptides/proteins

served, when the outer leaflet of the bilayer was Com_such as the bactericidal/permeability-increasing protein

posed of F515 LPS or R595 LPS, but an increase OC(BPI) and defensins (Selsted et al., 1985; Miyasaki et al.,

; 990; Wiese et al., 1997). In contrast to these observa-
curred in the case of R45 LPS (Table 1). The monolayer1 ' '
experiments, however, showed an increase of the surfact '?S',t Mé:l_zon ftdal' (1397) tsglowed thatt t?e C'i“TPO%(%tW
potential after CAP18 intercalation for all three types of gg(')vm Ianndo Mgezeer; t(())nlo enﬁomlj:eur;t[]ae:(r)nno(r)eqéit h(z)as
Re LPS (Fig. 8, Table 1). Considering the fact tAs ) ( ): ’

o been shown that K(100 to 1000 m) and M¢f* (0 to 5
reflects a potential difference between the two monolay- M) have no influence on the induction of lesions in

ers of the bilayer and that CAP18 changes the potenti . ;
of the different Re LPS monolayers in the same direc_ltz%ogr;stltuted planar bilayers by CAP18 (Gutsmann etal.,
tion, the differences observed for the changed®fcan K* and Nd had, however, an influence on the in-

only be ex_plaineq by a differe_nt influence of CAP18 on tercalation of CAP18 into F515 LPS liposomes, which
the potential profile in the region of the PL leaflet. The became significant at concentrations >20@ rand

different depth of CAP18 intercalation into the PL leaflet caused a reduction by 40% at 100(ur(Fig. 3A). At
could either change the dipole potential or even thgqyer concentrations, Kand N4 in the absence or pres-
Gouy-Chapman potential on the PL leaflet if the mol- o ce of 5 Mg?* had no influence (Fig. B). The
ecule spans the complete bilayer. _ CAP18 intercalation does not show a specificity fof K
The main differences of the three LPS used in ourg, Ng*, but is dependent on the ionic strength. From the
experiments are found in the headgroup region. One difpaqyuced CAP1S binding capacity of Re LPS monolayers
ference is found in the L-AN linked to position 2 of i the presence of 5 mMg?* (Fig. 6, Table 2), it can be
the reducing glucosamine of R595 LPS and R45 LPSdeduced that the Gouy-Chapman potential is responsible
Another difference is the presence of a second in R4%or the binding stoichiometry between CAP18 and Re
LPS (Fig. 1). Resulting from this substitution the surface| pS. An increase in the area per CAP18 molecule, how-
charge density of the three compounds is different (Tablewver, was only observed for R45 LPS monolayers (Table
1). The higher surface charge density of F515 LPS ag). Therefore, it can be concluded that only in the case of
compared to R45 LPS, however, only accounts for arR45 LPS did Mg* have an influence on the orientation
slightly higher binding stoichiometry between CAP18 of CAP18 molecules in the monolayers. At biologically
and F515 LPS. The observed differences in CAP18+elevant lateral pressures (25-30 mhi™2), a concen-
induced membrane permeabilization (Gutsmann et altration of 5 mu MgCl, in the subphase did not change the
1999) are obviously due to the different depth of inter-intercalation of rabbit CAP18 into the monolayers sig-
calation of the protein into the bilayer. A similar obser- nificantly (Fig. 5A, trace a, b). At higher lateral pres-
vation was made by Dathe et al. (1996) for differentsures, however, CAP18 or complexes of CAP18 and LPS
cationic model peptides. These authors found that a diswvere displaced from the monolayer. Furthermore, for
turbance of the hydrophobic inner membrane region hadlg®* concentrations >5 mintercalation of CAP18 into
a more dramatic effect on membrane permeability tharthe monolayer was reduced (FigASand B trace
accumulation of high peptide concentrations at the meme). These data clearly show an influence of¥1gn the
brane surface. Regarding CAP18 resistancB.ahira- interaction of CAP18 with lipids, which could, however,
bilis, the L-Argp4N at position 2 of the reducing glucos- not be observed by FRET spectroscopy or by electro-
amine of R45 LPS can not be the dominant structuraphysiological measurements at planar bilayer mem-
component, because it is also present in the LPS of thbranes (Gutsmann et al., 1999), because in bilayer sys-
CAP18 sensitive strai®almonella entericagv. Minne-  tems the lateral pressure does not exceed values of >30
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mN - m* (Marcelja, 1974; Blume, 1979). Therefore, CAP18 on the phase transition temperatigFig. 11).
the influence of Mg" is also not manifested in the bio- Thus, one of the latter interaction mechanisms is more
logical activity of CAP18 against bacteria (Mason et al., likely.
1997).

The smaller influence of divalent cations on the ac-
tion of CAP18 in comparison to other cationic peptides/INFLUENCE OF LPS ON SECONDARY STRUCTURE
proteins can also be deduced from measurementsdf Caor CAP18
displacement from Re LPS monolayers (Fig. 7). After
addition of the polycationic CAP18 to the subphase, it . . :
accumulates at the negatively charged monolayersurfac-ghe a-helical structure of CAP18. IS en_hanced n the
and displaces the Gaions. This displacement is 18- presence of Re LPS (Fig. 10). Th|_s implies that binding
fold higher than that by PMB (Fig. 8) and 3.4-fold higher °f CAP18 10 Re LPS leads to an increased order of the
than that by rBR, (data not show)) which both are protein in th(_a membrane. This finding is in exceIIen_t
known to bind strongly to LPS (Srimal et al., 1996: Gaz- agreement with those of Chen et al. (1995), who found in

zano-Santoro et al., 1992). This and the fact that bindiniexperiments using circular dichroism an increase of the

; . tion of helical structure following binding of the
of CAP18 to negatively charged membranes is not a orma S
much reduced by divalent cations as that of other pep?c'['ve CATS fr?gThent C’?Pl&i—mﬁg I'Ft)'d. AI\ Alst(_) des/
tides/proteins, leads to the conclusion that the electrolof @ Number of other cationic antibactérnial peptides

static interaction between CAP18 and Re LPS is not théljgogtgms I:jke |ndo!|c_|d|n'\/|(FtaIIa, igrt:nallratlnng Hggcock,
sole force of interaction. This would be in accordance ) and magainin (Matsuzaki et al., ), e

with the observation by Tossi et al. (1994) that a reduc-“cal structure becomes more pronounced upon interac-

tion of the number of positive charges in fragments oftion with negatively charged lipids.

: . In summary, our data show that a basic requirement
CAP18 ,5_1,5has a smaller effect on the antibacterial ) 0 . o
activity than the change in its-helical conformation or for the interaction of rabbit CAP18 with lipid membranes

is a negatively charged lipid (step (i) of the model of

amphiphathicty. CAP18 action). Furthermore, the chemical structure of
the inner core region of the LPS, in particular the pres-

CHANGE OF DOMAIN STRUCTURE IN LPS MONOLAYERS ence of substituents plays a major role for an understand-

AFTER CAP18 ADDITION ing of the different sensitivity of various Gram-negative

strains to CAP18. Step (ii) of our proposed model could

The epifluorescence micrographs showed a dramatic in?oW be identified to be the critical step for sensitivity or
b orap resistance. The type of Re LPS governs the depth of

fluence of CAP18 on the domain structure of endotoxin.

as shown for lipid A in Fig. 9 (changes in size and shapén_tercalation OT 'ghe protein into_ the membra_ne_ and it is,
of the liquid condensed (LC) and liquid expanded (LE) with thqt, demswg for the resistance/sensitivity of the
domains). Furthermore, shortly after the addition offespective bacterial strain towards CAP18' In particular
CAP18 a transient third domain type occurred (FiB) 9 in the case ofP. m”?b"'& thg additional L-ArpaN
indicating that the protein intercalates preferentially into'3(lﬁ8)fIInked to th_e first Kdo is the structural compo-
the boundary region between LC and LE domains. ahent being responsible for the resistance of these bacte-

similar observation was made by Ruano et al. (1998) fofia' In the.following step (iii) t_hg depth of interca_lation
the intercalation of the pulmonary protein SP-A into di- of CAPlS into the membrane is mversely.proportlonallto
palmitoylphosphatidylcholine and DPPC/dipalmitoyl- the qmplltude of the clam.p-voltage required for the in-
phosphatidyl-glycerol monolayers. It can, however, notdyctlon of memb“”?”e lesions (Gytsman_n et al., 1999)'
be definitely decided, whether incorporation of CAP1g Finally, for the design of new antibacterial therapeutics
provokes a dissolution of the LC domains or the forma—ba.Sed on .CAPlS' we Pfeo"Ct thafc a prerequisite for_hlgh
tion of a larger number of smaller LC domains below theefﬁcacy W'.” be a deep intercalation of the peptide into
resolution of the optical setupl{ um). The observation the bacterial outer membrane.

of a higher fluorescence intensity in the LE domains

prior to addition of CAP18 is in favor of the latter pos- \we are indebted to Mr. D. Koch for performing some of the film
sibility (Fig. 9B and C). The changes in the domain balance measurements, to Mrs. A.B. Schromm and Mrs. C. Hamann for
structure of Re LPS and lipid A monolayers induced bythe FRET measurements, to Mr. K. Brandenburg and Mr. G. von Busse
CAP18 could result from (i) a fluidization of the acyl for the FTIR measurements, and to Mr. U. Se_ydel fqr his insightfgl
chains (decrease ) of LPS or (i) a CAP18-induced Sommerts and il readg of e anuscrit, T work e -
reductlor) of th‘? cooperativity Of. LPS molecules IeadmgSFB 47%, P':r)gject BSyand Br 1070/2-1) and thge ?:ederal Ministry of
to the dissolution of the domains or the formation of Education, Science, Research, and Technology (BMBF Grant 01 Kl
microdomains of CAP18 oligo- or multimers. The FTIR 9851, Project A6). T.G. acknowledges a fellowship of the Sparkassen-
data, however, gave no evidence of an influence otiftung Schleswig-Holstein.
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