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ABSTRACT. Defensins represent a major component of innate host defense against bacteria, fungi, and
enveloped viruses. One potent defensin found, e.g., in epithelia, is the polycationic ftoeéensin-3
(hBD3). We investigated the role of the lipid matrix composition, and in particular the presence of negatively
charged lipopolysaccharides (LPS) from sensitizscherichia coliSalmonella entericaerovar Minnesota)

or resistant Proteus mirabili Gram-negative bacteria or of the zwitterionic phospholipids of human
cells, in determining the action of polycationic hBD3 on the different membranes, and related to their
biological activity. The main focus was directed on data derived from electrical measurements on a
reconstitution system of the OM as a planar asymmetric bilayer composed on one side of LPS and on the
other of a phospholipid mixture. Our results demonstrate that the antimicrobial activity and the absence
of cytotoxicity can be explained by the lipid-specificity of the peptide. A clear correlation between these
aspects of the biological activity of hBD3 and its interaction with lipid matrices could be found. In particular,
hBD3 could only induce lesions in those membranes resembling the lipid composition of the OM of
sensitive bacterial strains. The permeation through the membrane is a decisive first step for the biological
activity of many antimicrobial peptides. Therefore, we propose that the lipid-specificity of hBD3 as well
as some other membrane-active antimicrobial peptides is important for their activity against bacteria or
mammalian cells.

The endogenous immune barrier of mammals againstinto four different groupse-, 8-, 6-, and insect defensins
invading microbes provides a number of effective antimi- due to the connectivity of the cysteines (for reviews see refs
crobial peptides/proteins (AMBswhich are synthesized and 9, 10). The first isolated humaif-defensin (hBD1) was
active in different compartmentg); These peptides include purified from hemofiltratesi(1); the second and third (hBD2
those of the granulocytes, e.g., the bactericidal/permeability and hBD3, respectively) were discovered in extracts of
increasing protein (BPI), cathelicidins, and neutrophilic lesional scales from patients suffering from psoria&®—
defensins (for reviews see re?s-5), and of the epithelia,  14). By screening the human genome database, a further
e.g., psoriasing), g-defensins 7), and cathelicidins§). member of the hBD family, the hBD4, was identifieth].

AMPs that contain six cysteines in intramolecular disulfide The -defensins contain 3845 amino acids and are-b,
linkage have been classified as defensins. They are divided2—4, 3—6 disulfide-linked {6). hBD3 is composed of 45

amino acids and exhibits in solutiorBasheet structurel(y).
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lesions in models for the respective membrank$—@3).

According to these findings we hypothesize that lipid-specific
interactions of AMPs with membranes are the first step
determining their biological activities. The three-dimensional

structure of defensins is very different as compared to the

structure of PMB, CAP18, and LL37. Thus, a different
interaction mechanism for hBD3 is likely to be expected.
However, for all AMPs either the permeabilization of the

membrane or the passage through the membrane to reach

the locus of killing is essential, except for those AMPs which
interfere with cell wall biosynthesis, e.g., type B lantibiotics
(for review see reR4).

The first target for AMPs is, in the case of Gram-negative
bacteria, the outer membrane (OM)5]. This OM is an
asymmetric bilayer with respect to the lipid composition.
Incorporated into this lipid matrix are the so-called outer

membrane proteins, e.g., the porins, which have a sievelike

function for the transport or exclusion of hydrophilic

substances; however, their pore sizes are too small to allow,
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Ficure 1: Structure of various LPS utilized in this study. Structures
of deep-rough mutant LPS frof coli strain F515S. entericasv.

the passage of hBD3. The outer leaflet consists generally ofMinnesota strain R595, anBl. mirabilis strain R45 are shown.

lipopolysaccharide (LPS)26) and the inner leaflet of a
phospholipid mixture (PL) 47). LPS carries negatively

charged groups resulting in a negative surface charge densit)fh

of the outer leaflet of the OM, and, thus, an electrostatic
interaction between LPS and the polycationic hBD3 is likely.

Negative and positive charges are indicated. The amounts of
nonstoichiometric substitutions by Ara4N and the net negative

harges are given in the table. The fatty acid substitutions resemble
e natural mixtures in each cas¥r).

substitutions by fatty acids, 4-amino-4-deoxyarabinose

In the present study, we investigated whether the resistancgara4N), and phosphoethanolamine were analyzed mass
or sensitivity of certain Gram-negative species and the gpectrometrically. In LPS R595 and LPS R45, the phosphates

noncytotoxicity against eukaryotic cells against hBD3 can
be explained by the lipid composition of the respective

linked to the 4-phosphate on the second glucosamine were
found to be substituted with Ara4N by approximately 40%

membranes to verify the hypothesis formulated above. To ang 509%, respectively. In LPS R45, also approximately 50%
this end, we performed bacteria killing assays as well as of the first 3-deoxyp-manneoct-2-ulosonic acid (Kdo) is
measurements on membrane reconstitution systems using thgpstituted with Ara4N.

isolated LPS of the respective strains. As the most simplified Phosphatidylethanolamine (PE) fro coli, phosphati-

model for membranes we used lipid monolayers to charac-

terize their interaction with hBD3. We allowed hBD3 to

intercalate into LPS and phospholipid monolayers, prepared

them as solid supported LangmuiBlodgett (LB) films 8),
and imaged them with an atomic force microscope (AFM).
We found an intercalation of hBD3 as well as hBD3-induced

changes in the domain structure only of LPS monolayers

resembling the OM of the sensitive strains.

To get further insight into the peptide-induced permeabi-
lization and destabilization of lipid membranes, the planar
lipid bilayers are a powerful tool2(, 29, 30). Using the
Montal—Mueller method 81) it is possible to reconstitute
even the asymmetric OM of Gram-negative bacte®3).(
Adding hBD3 to the LPS side, we observed the formation
of voltage-dependent and lipid-specific lesions.

On the basis of our results, our hypothesis that the
composition of the lipid matrix determines the antimicrobial
activity of hBD3 seems to be verified.

MATERIALS AND METHODS

Lipids and Other ChemicalsFor the preparation of

dylglycerol (PG) from egg yolk lecithin, phosphatidylcholine
(PC) from chicken egg, phosphatidylserine (PS) from porcine
brain, and synthetic diphosphatidylglycerol (DPG) and
diphytanoylphosphatidylcholine were purchased from Avanti
Polar Lipids (Alabaster, AL) and used without further
purification.

Synthetic hBD3 was obtained from Jerini Bio Tools GmbH
(Berlin, Germany), and recombinant hBD3 was produced as
described earlier. Both were analyzed mass spectrometrically
and showed identical antimicrobial activity as compared to
the naturally derived peptidel4). hBD3 was dissolved in
0.01% acetic acid.

Antimicrobial AssayBacteria were grown for 20t3 h in
brain heart infusion broth at (36 1) °C. The bacteria were
washed three times in 10 mM sodium phosphate buffer at
pH 7.4, and adjusted to a concentration of ttO1® bacteria/
mL. One hundred microliters of this solution was mixed with
10 uL of hBD3 solution (the maximum concentration used
was 100ug/mL) and incubated at (3% 1) °C for 2 h, and
the colony forming units were determined. The negative
control was supplemented with 1 of phosphate buffer

reconstituted membranes, deep rough mutant LPS (ReLPS)pr with 10xL of 0.01% acetic acid instead of hBD3. Results

from E. coli strain F515 (LPS F515%almonella enterica
serovar Minnesota strain R595 (LPS R595), &rdteus
mirabilis strain R45 (LPS R45)33—38) were used (Figure
1). LPS was extracted by the phenol/chloroform/petroleum
ether method39), purified, lyophilized, and transformed into
the triethylamine salt form. The amounts of nonstoichiometric

are given as minimal bactericidal concentrations (MBC,
>99.9% killing).

Film Balance Measurements and Atomic Force Micros-
copy of Langmuir-Blodgett Films.Using a film balance,
monolayers prepared at the air/water interface can be
compressed, and the lateral pressure in dependence on the
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surface area can be recorded. The intercalation of hBD3 into At the beginning of each experiment, membrane formation

monolayers was studied using monolayers spread frain 4  was checked by measuring membrane current and capaci-

of a 1 mM chloroform/methanol (9:1 v/v) solution of LPS tance. Only membranes with a basic current of less a5

or 2.3uL of a 3.3 mM chloroform solution of PC. The exper- pA at clamp voltages o100 mV and a capacitance90

iments were run at 20C to achieve a stable transfer of the pF were used for the experiments.

monolayers onto mica for AFM experiments. Prior to  Two electrical parameters were determined: (i) current

isotherm recording, monolayers were equilibrated at zero through hBD3-induced lesion and (ii) hBD3-induced changes

pressure for 7 min to allow evaporation of the solvent. The of the membrane capacitance. The membrane capacitance

monolayers were then compressed to a lateral pressure ofields information on area, thickness, and composition of

20 mN/m, which is in the range of the values discussed for the bilayer (9). Using small positive and negative jumps of

the lateral pressure in cell membrane0)( The LPS the clamp voltage, the maximum voltage required to deter-

monolayers were equilibratedrf h atconstant lateral pres-  mine membrane capacitance<id¢ mV. Therefore, peptide

sure. Fifty microliters of a 0.1 mg/mL solution of hBD3 was membrane interaction can be investigated without the

injected into 80 mL of subphase (5 mM HEPES, pH 7), and influence of a significant external potential. This method

changes in film area versus time were plotted for 1 h. allows the determination of changes in membrane capacitance
For AFM measurements, monolayers were transferred towith a precision of<1 pF.

mica plates according to the LB techniq@8)(with a pulling

speed of 1qum/s and the monolayers were imaged under RESULTS?

atmospheric conditions (in air) with the MFP3D (Asylum — apdimicrobial Actiity. Antimicrobial activities were de-
Research, Santa Barbara, CA) in contact (DC, dragging) termined forE. coli strain F515S. entericasv. Minnesota
mode using cantilever E of the MSCT-AUNM with a typical  gtrain R595, and. mirabilis strain R45, and the respective

spring constant of 100 mN/m and a resonance frequency of\is¢ values are 0.3%g/mL, 3.13ug/mL, and>100 ug/
34 kHz (Park Scientific Instruments/Veeco, Santa Barbara, ;| ’ '

CA). ) ) ) Film Balance Measurements and Atomic Force Micros-
Preparation of_ Planar Bilayers and Electrical Measure- copy of Langmuir-Blodgett FilmsFilm balance experiments
ments. Planar bilayers were prepared according to the were performed to investigate the intercalation of hBD3 into
Montal—Mueller technique 1) as described earlieAd). various lipid monolayers prepared of LPS F515, LPS R595,
Briefly, symmetric and asymmetric bilayers were formed by | pg R45, and PC. The addition of /& of hBD3 into the
opposing two lipid monolayers prepared on aqueous sub-gpphase undereath LPS F515 or LPS R595 monolayers at
phases from chloroformic solutions of the lipids at a small 5 constant lateral pressure of 20 mN/m led to an increase in

aperture @ ~ 1504m) in a thin Teflon septum. The inner e respective film areas. For monolayers prepared from LPS
leaflet of the OM of Gram-negative bacteria was reconsti- R45 or PC. we did not detect an hBD3-induced increase in

tuted by a phospholipid mixture (PL) consisting of PE, PG, {jim area within 1 h after peptide addition (data not shown).

and DP_G_ (molar ratio 81:17:2) resembling the phospholipid Subsequently, we prepared LB films from the respective
composition of the inner leaflet of the OM &almonella  y5nojayers on mica. The monolayers of the three different
typhimuriumbeing composed of the same constituents as | pg yere in the coexistence range of liquid expanded (LE,

that of the other ;trains used 42). For thg recons.titution appearing deeper in the AFM images) and liquid condensed
of the cytoplasmic membrane of eukaryotic cells, instead of (LC) domains; representative images are shown in Figure

natural PC, diphytanoylphosphatidylcholine was used to 5 pc monolayers did not show any domains because all
obtain a higher stability of the membranes. For electrical ,ecules were in the LE phase. The LE domains were
measurements, planar membranes were voltage-clamped Vid maliest in LPS F515 (Figure 2A), larger in the LPS R595
a pair of Ag/AgCI electrodes (type IVM E255, Advanced (qata not shown), and largest in the LPS R45 monolayers
Laboratory Research Inc., Franklin) connected to the head'(Figure 2C). In the LC domains, a substructure could be

stage of an L/M-PCA patch-clamp amplifier (List-Medical, ,pserved possibly originating from inhomogeneities in the
Darmstadt, Germany). In all experiments, the compartment ¢ay acid composition of the LPS.

to which hBD3 was added is named first, and the compart-  1he jnteraction of hBD3 with LPS F515 monolayers led
ment opposite to the addition was grounded. Therefore, iny, gramatic changes in domain structures (Figure 2B). The
comparison to the natural system, a positive clamp voltage h,ase separation of the LC and the LE domains disappeared
represents a membrane which is negative on the inside. A"nearly completely, and new types of domains could be
measurements were performed at a temperature ¥ 3ith observed: (i) domains with diametersl00 nm appearing
subphases consisting of 100 mM KCl and 5 mM MgCl 4 3 hm higher than the monolayer and (i) small domains
(specific electrical conductivity 17.2 mS/cm) buffered with itk diameters of~10 nm appearing-1 nm higher. These

5 mM HEPES and adjusted to pH 7. These salt concentra-pejgp gifferences might be influenced by different attractive
tions were chosen to guarantee (i) a sufficient flux of K o enisive forces between the cantilever tip and the
ions through peptide-induced membrane lesions, resulting

In f?_ 9urrem Slgglflcantl)t/ E!?Perbthan thel.n(l)(l.se’ ?ﬁd |(_"|)3§ 2 All results obtained from biophysical techniques underlie statistical
sufficient mem rahe Sta ','y y Cross-linking € variations. For example, lesion formation in bilayer membranes is a
molecules by C# ions (as in the natural system). In the statistical process and depends on various physical parameters, such
case of natural membranes, ions can influence the trans-as diffusion time of the peptide to reach the membrane surface or local

; ; :~i4 concentration variations. Also domain formation in monolayers under-
membrane potentlal. However, in the case of planar |Ip|d lies statistical variations. Nevertheless, the results obtained from at least

bilayers the transmembrane potential is applied externally ihree independent experiments are qualitatively comparable. Thus, in
and, thus, ions have no influence. each case only one representative result is shown.
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Ficure 4: Voltage dependence of the induction of lesion formation
by hBD3. Upper trace: Voltage-dependent induction of lesion

|
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nm formation after addition of Zg/mL hBD3 to the LPS side of LPS

Ficure 2: Influence of hBD3 on the domain structure of lipid F515/PL bilayers (trace a) resembling the OM of a sensitive strain
monolayers. AFM images of domain structures of LPS F515 and and LPS R45/PL bilayers (trace b) resembling the OM of a resistant
LPS R45 monolayers in the absence (A and C, respectively) andstrain. Lower trace: Applied clamp voltages. The compositions of
in the presence (B and D) of hBD3 ([LPS]:[hnBD3]4:1 M:M) in the PL side and the subphases were as described for Figure 3.
the subphase prepared as LB films on mica at a lateral pressure of

20 mN/m are shown. The LC domains appear higher than the LE ¢apacitance of a symmetrical PC/PC bilayer (Figure 3, trace
domains. Subphase: 5 mM HEPES, pHT7= 20 °C. b) is less than 5%. Thus, hBD3 interacts with many types

of lipids, however, the changes of the capacitance were more
S 1.0 b pronounced for negatively charged lipids.
3 a The minimal clamp voltages necessary to induce current
0.9 fluctuations were investigated by applying different positive
0 50 100 150 200 250 and negative clamp voltages. In the case of PL/PL, PS/PS,

Time /s LPS R595/PL (data not shown), and LPS F515/PL (Figure
Ficure 3: Influence of hBD3 on relative membrane capacitance. 4, trace a) membranes, current fluctuations and a general
The membrane capacitances of bilayers in dependence on time aftegjestabilization of the membranes could only be induced at

addition of (trace a) kg/mL hBD3 to the LPS side of LPS F515/ positive clamp voltages. The minimal clamp voltages neces-

PL and (trace b) 10ug/mL hBD3 to PC/PC bilayers were . . L
determined in planar bilayer experiments. The PL side consisted S&Y {0 induce lesions werg26 mV, which is the trans-

of 81 mol % PE, 17 mol % PG, and 2 mol % DPG. Subphase: membrane voltage across the OM Bf coli (43). The
100 mM KCI, 5 mM MgCh, 5 mM HEPES, pH 7, an@l = 37 °C. minimal hBD3 concentration was—2 ug/mL. No current

fluctuations could be induced in PC/PC (data not shown)
molecules in the different domains. Also in the case of LPS and LPS R45/PL (Figure 4, trace b) membranes at clamp
R595 monolayers, changes in domain structure could bevoltages between-100 mV and+100 mV and hBD3
observed (data not shown) but not in the case of LPS R45concentrations up to 10g/mL.
monolayers (Figure 2D). The hBD3-induced current fluctuations showed the fol-

Electrical Measurements on Planar Lipid Bilayeml/e lowing characteristics:
performed electrical measurements on planar lipid bilayers (i) The conductivities and the lifetimes were heteroge-
composed of LPS R595, LPS F515, or LPS R45 on the oneneous. For this reason, they were termed lesions rather than
and PL on the other side, mimicking the OM of the respective pores.

Gram-negative strains used in the antimicrobial assays. (ii) The lifetimes were in the range of milliseconds.
Furthermore, we used symmetric PC/PC membranes as a (iii) The superposition of many single fluctuations led in
model for the lipid matrix of eukaryotic cells as well as many cases to a steady state of conductivity for minutes.
symmetric PS/PS and asymmetric PS/PL bilayers as models (iv) Lesions could only be induced at positive clamp
for symmetric and asymmetric negatively charged mem- voltages, and the formation rate increased with increasing
branes. positive clamp voltages.

In Figure 3 changes in membrane capacitance are depicted (v) At negative clamp voltages, lesions could not be
exemplarily for LPS F515/PL and PC/PC membranes. The induced, however, lesions which were preformed at positive
addition of 1ug/mL hBD3 to membranes, the outer leaflets voltages were stable at least for some time also at negative
of which were composed of one of the three different LPS clamp voltages. In general, negative clamp voltages led to
or of PS, led to changes in the capacitance of the respectiveclosing of the lesions. This effect could be observed for all
bilayers of more than 10%, as shown exemplarily for an LPS types of membranes; it was more pronounced in the case of
F515/PL membrane (Figure 3, trace a). These changesmembranes composed of phospholipids (Figure 6). Whether
occurred in the absence of an externally applied constantthe absence of a clamp voltage induces closure of lesions is
clamp voltage. Significant differences between the hBD3- not clear, because in the absence of a clamp voltage the
induced capacitance changes in membranes composed of theiembrane current is zero.
three LPS could not be observed. Figure 3 shows that even Significant variations in the characteristics of the hBD3-
at 10-fold higher hBD3 concentrations the change of the induced lesions, e.g., diameter and lifetime, in PS/PS, LPS
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3, 12 A Table 1: Summary of the Presented Microbiological and
< 10} Biophysical Data
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T 20f tivity could only be determined in a small time interval before
g -aof ' and after the change of the clamp voltage polarity (see inset
3 60 & of Figure 6).

i

00p —— DISCUSSION
100 -50 0 50 100
Voltage / mV In earlier studies, we could show that the activity of various

Ficure 5: Voltage dependence of conductivity and current/voltage AMPs against certain sensitive or resistant strains from
characteristics of hBD3-induced lesions in asymmetric LPS/PL different Gram-negative species as well as their cytotoxicity

membranes. (A) Upper trace: Voltage-dependent conductivity of ; ; ; ; i e
the lesions in steady state after addition qigmL hBD3 to the against eukaryotic cells is correlated with the lipid-specific

LPS side of a LPS F515/PL bilayer. Lower trace: Applied clamp Intergctlon with t'he.respectlve membrgnd.‘g-(ZS). AC_' .
voltages. (B) The respective current/voltage characteristics. Thecording to our findings, we hypothesize that the lipid-
compositions of the PL side and the subphases were as describegpecificity of an AMP determines its biological activity. For
for Figure 3. all AMPs, either the permeabilization of the membrane or
8 . the passage through the membrane to reach their final locus
of killing is essential. In the present study, we focused on
the characterization of correlations between data obtained
from biological assays and biophysical measurements on
reconstituted membrane systems aiming at a deeper under-
standing of the molecular mechanisms of the biological
activity of hBD3.

e e From antimicrobial assays using Gram-negative strains
with a well-known structure of the LPS (Figure 1), we found
thatP. mirabilisstrain R45 is resistant against hBD3, whereas
E. colistrain F515 ané. entericasv. Minnesota strain R595
L are sensitive. Depending on the bacterial species, the

0 2 4 6 8 10 12 -
Time /s antimicrobial activity of hBD3 shows a low salt sensitivity

FIGURE 6: Voltage dependence of conductivity of hBD3-induced (14, 44). Furthermore, no hemolytic activity of hBD3 against
lesions in symmetric PL/PL membranes. Upper trace: Conductivity human erythrocytes has been fourdd)(
of the lesions after addition of 1@g/mL hBD-3 to a symmetric We prepared lipid monolayers using isolated LPS from
Eﬁ':)ﬁ'gnrt"gmﬁgacgl-tggesitgse]fr ()S:a%v(\)lstodega(;lsm(\)/f H‘(?Wg??gcg the the respective strains as the most simplified reconstitution
Applied clamp voltaggs. Thg compositions of PL and the subphases.SyStem resembling the ogter_ leaflet of the OM and, accord-
were as described for Figure 3. ingly, PC for the reconstitution of the outer leaflet of the
cytoplasmic membrane of eukaryotic cells. In film balance
R595/PL, and LPS F515/PL membranes could not be experiments, we found that hBD3 intercalates only into lipid
observed. monolayers made from LPS from the sensitive strains, but
The voltage dependence of the conductivity of the lesions not into monolayers prepared of LPS R45 or PC (Table 1).
in the steady state was investigated by varying the clamp The missing intercalation does not imply that binding of
voltages. In contrast to the formation rate of the lesions, the hBD3 to LPS R45 or PC monolayers can be excluded. In
conductivity in LPS/PL membranes was higher by a factor addition to the intercalation experiments, we prepared LB
of ~2 for negative clamp voltages (Figure 5). In phospholipid films of the respective monolayers and imaged them by the
membranes, for both symmetric PL/PL and asymmetric PS/ AFM technique to determine the influence of the peptide
PL membranes, only the formation rate of the lesions, but on membrane domain structures (Figure 2). Only in the case
not their conductivity, was voltage-dependent (Figure 6). The of LPS F515 and LPS R595 did we observe significant
voltage dependence of the lesion conductivity could only changes in domain structures of the LPS monolayers and
be determined from experiments in which the conductivities the induction of new domains which probably contain or
were constant over at least some seconds. Thus, the presenamnsist of hBD3. These effects demonstrate that hBD3
or absence of the voltage dependence of the lesion conducintercalates into the monolayer and induces a dramatic

o

a
© o

o
o

Voltage / mV  Conductivity / 10° AV*
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change of the phase behavior and possibly also of theinto monolayers and in lesion formation experiments is an
properties of the individual LPS molecules. One might important descriptor for an understanding of its antimicrobial
speculate that the appearance of additional domains is dueactivity and the lack of its hemolytic activity. The influence
to an aggregation of hBD3 molecules in the monolayers of the clamp voltage on the orientation of the hBD3
which may be responsible for the formation of lesions and molecules in the membranes and on the lesion formation is
a decreased stability of the membranes. The lipid-specificity underlined by the observation that at negative clamp voltages
indicates that the lipid matrix plays an important role for hBD3-induced lesions had the tendency to close almost
the antimicrobial and the lack of hemolytic activity of hBD3. completely (Figures 5 and 6). This effect was more pro-
However, it cannot be excluded that other components of nounced for phospholipid membranes than for LPS contain-
the bacterial cell wall or the eukaryotic membrane might also ing bilayers. This might be due to the formation of lesions
influence the interaction processes, in particular the formation which are more stable because of the binding of hBD3 to
of lesions or pores. the more expanded region of negative charges in the
It has been shown that- and insect defensins lead to headgroups of the LPS molecules. In contrast to other
increased membrane permeability in microbial, mammalian, peptides, e.g., the amoebapo49) or PMB (37), the lesions
and artificial membranes in a charge- or voltage-dependentinduced by hBD3 showed a heterogeneous distribution in
manner. Moreover-defensins permeabilize both the outer size as well as in lifetime. A similar behavior was described
and inner membranes of Gram-negative bactetth 45— earlier for fragments of human CAP1&1). From our
48). To obtain information on the membrane permeabilizing findings it can be deduced that hBD3 does not form pores
activity of hBD3, we performed electrical measurements on of a defined geometry, but leads to a disturbance of
planar lipid bilayers. We found that the addition of hBD3 to membrane integrity by a process analogous to the carpet
membranes with the leaflet directed toward peptide addition mechanism as described for phospholipid membrag@s (
being composed of negatively charged PS or LPS led to 51). The dependence of the conductivity on the polarity of
changes in membrane capacitance of more than 10% (Figurehe applied voltage was observed for asymmetric LPS/PL
3, trace a); however, in the case of zwitterionic PC/PC but not for symmetric or asymmetric phospholipid bilayers
membranes (Figure 3, trace b), a change of less than 5%(Figures 5 and 6). These observations allow us to conclude
even at a 10-fold higher peptide concentration was found. that the geometry of lesions formed in phospholipid bilayers
The change of the membrane capacitance can be due tas different from that in LPS/PL bilayers, indicating that the
peptide-induced changes of the membrane thickness or ofunderlying mechanisms of lesion formation are different in
the electrical properties of the membrane; therefore, on thethe two membrane systems. The asymmetric voltage depen-
basis of these data it is not possible to distinguish betweendence of the conductivity may arise from an asymmetry in
the accumulation of the peptide on the membrane surfacethe geometry of the lesions or in the charge distribution in
or the intercalation into the lipid matrix. From the fact that the lesions §2).
hBD3 leads to similar changes in the capacitance of all In the present study, we could show tHat coli strain
negatively charged membranes, it can be speculated thaF515, expressing an ReLPS not substituted by Ara4N (Figure
comparable amounts of peptide accumulate on the membrandl), is sensitive to hBD3 (Table 1). Th8. entericasv.
surface. However, the film balance experiments showed thatMinnesota strain R595, expressing an ReLPS which is
hBD3 does not intercalate into LPS R45 monolayers. The substituted by Ara4N only on the-phosphate of the first
effect of hBD3 on membrane capacitance is small as glucosamine, is also sensitive to hBD3. Howerrmira-
compared to the effect we observed after addition of rabbit bilis strain R45, expressing an RelLPS with a second
or human CAP18 fragments to the respective planar bilayerssubstitution by Ara4N on the first Kdo, is highly resistant
(21). This is consistent with the lower MIC values (higher to hBD3. One possibility is, thus, that a sterical hindrance
potency) observed for the CAP18 fragments. Thus, it is likely by the second Ara4N on the first Kdo inhibits hBD3 from a
that the depth of intercalation of hBD3 is lower and that deep intercalation into the membrane and, thus, from the
more hBD3 molecules are needed to permeabilize theformation of lesions. In earlier studies on planar lipid
membranes. In contrast to the linear three-dimensional bilayers, we could show for fragments of the antimicrobial
structure of CAP18 fragments, hBD3 has a globular characterdomains of human and rabbit CAP18, respectively, and for
(17) and, thus, it may not be able to penetrate the membranePMB that the positive charges of the peptide and the negative
as deeply asi-helical peptides. charge density of the lipid matrix on the side of peptide
We found that hBD3 leads to the formation of transient addition play an important role for their activitie$9—22,
lesions in LPS F515/PL and LPS R595/PL as well as in PS/ 37). Similar results have been described also for magainin-
PS and PS/PL membranes and, furthermore, causes destaderived peptides in a calcein release as&8). (However,
bilization of these membranes (Table 1). The induction of these cationic peptides exhibit an amphipatisbelical or,
lesions strongly depends on the transmembrane voltage; theyn the case of PMB, a cyclic structure and are therefore not
could only be induced at positive clamp voltages (corre- comparable to hBD3 which hasfasheet structure with 6
sponding to a transmembrane voltage being negative insidecysteines in disulfide linkage. It may, nevertheless, be
the cell). Interestingly, the voltage required for the induction expected that also the interaction of the polycationic hBD3
of lesions in LPS/PL bilayers was20 mV, i.e., lower than  with negatively charged membranes is driven by electrostatic
the transmembrane voltage (26 mV) across the OM of Gram- forces. However, in the present study we found that differ-
negative bacteria4@). Lesion formation and membrane ences in the sensitivity of Gram-negative bacteria cannot
destabilization were not observed for PC/PC and LPS R45/solely be explained by differences in the electrostatic
PL membranes (Figure 4, trace b). These results indicate thainteraction between hBD3 and the respective membranes.
the lipid-specificity of hBD3 as observed for its intercalation The assumption that the amount of Ara4N in the oligosac-
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charide of the LPS is decisive for the depth of intercalation Germany) for mass spectrometric analysis of LPS used in

of hBD3 and with that for its antibacterial activity is further

this study and Sonja Hollmer for excellent technical as-

backed by the observation that the Gram-negative speciessistance.

Burkholderig the LPS of which is highly substituted by
AradN (b4, 55), is resistant against hBD3L®). Besides
sterical hindrance, also binding of certain antimicrobial
peptides to the oligosaccharide of LPS can lead to the loss
of their antimicrobial activity $6). However, the additional
Ara4N linked to the first Kdo of LPS R45 is positively
charged and hBD3 contains 13 positively and only 2
negatively charged side chains, and, therefore, electrostatic
binding on the basis of the above cited mechanism is unlikely
to occur.

The observation that the interaction between hBD3 and
zwitterionic PC/PC membranes is negligible can explain the
lack of hemolytic activity against eukaryotic cells4. This
is ascribable to the lack of electrostatic interactions with the
headgroup of PC.

From the data presented in this paper, our hypothesis, that
the biological activities of hBD3 against various targets are
determined by lipid-specific interactions, could be verified.
We do not exclude that also other factors, e.g., enzymes or
proteins of the bacteria, might play additional roles in the
killing mechanism. However, the permeation of the outer
membrane of Gram-negative bacteria is the first essential
step for hBD3 to reach its final locus of killing. Similar
specificities caused by charges and/or sterical effects of
certain functional groups of the lipid molecules, e.g., Ara4N
on the Kdo of the LPS, have been found in earlier studies
for other AMPs (9—22, 37), indicating that lipid-specific
interactions may be a general principle for the biological
activities of a huge variety of AMPs.

We propose a four-step model for the interaction between
hBD3 and membranes:

(i) The polycationic hBD3 accumulates in particular at
negatively charged lipid surfaces, mainly driven by electro-
static forces.

(ii) The intercalation of hBD3 depends on electrostatic
forces; however, the position of charged groups is decisive
for the depth of intercalation. In particular, the positively
charged Ara4N residue at the first Kdo of LPS frdm
mirabilis strain R45 inhibits an intercalation into the
membrane sufficiently deep to allow a disturbance of
membrane integrity.

(iii) Depending on the lipid-specific intercalation depth
of hBD3, lesions can be formed, probably by a “carpetlike”
mechanism, and the membrane loses its overall stability. The
AFM images are indicative for lesion formation by aggrega-
tion of hBD3 molecules in membranes. The voltage-
dependent conductivity is lipid-specific, demonstrating that
the lesion geometry is influenced by the chemical structure
of the lipids. The lipid-specific effects leading to different
intercalation depths or to different conductivities are not
necessarily identical.

(iv) lons and/or hBD3 can permeate through the membrane
lesions. This self-promoted uptak&?( 57) allows hBD3 to
reach its final locus of killing.
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