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ABSTRACT. Amoebapores from protozoan paragt@amoeba histolyticand NK-lysin of porcine cytotoxic
lymphocytes belong to the same family of saposin-like proteins. In addition to the structural similarity,
amoebapores and NK-lysin are both highly effective against prokaryotic and eukaryotic target cells in
that they permeabilize the target cell membranes. Here, we have investigated in detail the protein/lipid
interaction for the three isoforms of amoebapore and NK-lysin. Results obtained from electrical
measurements on planar bilayer membranes, including reconstitution models of the lipid matrix of the
outer membrane dEscherichia coland phospholipid membranes, fluorescence energy transfer spectroscopy
with liposomes, and monolayer measurements on a Langmuir trough, provided information on lipid
preferences, pH dependences, and membrane interaction mechanisms. The three amoebapores led to the
formation of transient pores with similar characteristics in conductance, sublevels, and lifetime for the
different isoforms. The conductance of the pores was dependent on the polarity of the applied clamp
voltage, and the distribution of the sublevels was affected by the value of the clamp voltage. The size of
the pores and distribution of conductance sublevels differed between symmetric phospholipid and
asymmetric lipopolysaccharide/phospholipid bilayers. Notably, NK-lysin caused the formation of well-
defined pores, which were lipid- and voltage-dependent, and their characteristics differed from those induced
by amoebapores; e.g., the protein concentration necessary to induce pore formation was 20 times higher.
The biophysical data give important information on the mode of action of these small effector proteins,
which may further lead to a better understanding of peptide-membrane interactions in general.

Natural antimicrobial and cytolytic peptides have attracted residues. A particular group of polypeptides are produced
considerable interest during recent times due to their potentialby porcine and human cytotoxic lymphocytes, which have
use as leads for new antibiotics and tumoricidal therapeutics.a size of 7478 residues and are termed NK-lysin and
In animal and plants, such peptides play an important role granulysin g, 3). Interestingly, the archetype of this peptide
in the internal defense against various microbes. Although class exists in amoebae: the pore-forming proteins of
a variety of models about their mode of action have been pathogeni&ntamoeba histolyticaermed amoebapores)(
described, it is the consensus view that the first target of the The amoebapores (APgxist in three isoforms, A, B, and
vast majority of antimicrobial peptides is the cell envelope C, all of a length of 77 residues but displaying considerable
or cell membrane, which they have to permeate (for a review sequence diversityb(-8). Structurally, NK-lysin, granulysin,
see refl). In contrast to the “classical” antibiotics in and the amoebapores belong to the same protein family, the
therapeutic use, resistances have not been observed, and #aposin-like proteins (SAPLIP))( The 3D structure of the
is likely that the risk that microbes become resistant against SAPLIPs is globular and comprises a bundle of five mostly
natural antimicrobial peptides is small because of their amphipathic helices connected by three conserved disulfide
preference for microbial membranes as a target and theirbonds, as evidenced first for NK-lysid@. Although their
existence as effective weapons in nature for millions of years. members display diverse biological activities, a common
Typically, these peptides consist of 480 amino acid property of the SAPLIP family is the ability of the proteins

to interact with lipids.
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mammals permits the defense against invading micrahes ( Here, we report that the three amoebapores led to the
11) and which the amoeba apparently uses to kill phagocy- formation of transient, lipid- and voltage-dependent pores
tosed bacterial@). Moreover, NK-lysin and amoebapores with comparable characteristics in conductance, sublevels,
are cytolytic to eukaryotic cells as well, which makes the and lifetime for the different isoforms. The lipid dependence
latter an important constituent of the tissue-destructive actually appears to be a charge density dependence because
armament of the pathogenic amoeb&8)( Their mode of the amoebapores interact significantly stronger with nega-
action is membrane permeabilization (“pore formation”) after tively charged lipids. In contrast to others, we observed that
binding to phospholipids, and hence activity does not dependNK-lysin caused the formation of well-defined pores, which

on the interaction with a specific membrane receptor. were lipid- and voltage-dependent as well; however, their

Amoebapores and NK-lysin show only limited sequence characteristics differed from those induced by amoebapores.
homology. And a detailed analysis of the known structure Furthermore, the protein concentration necessary to induce
of NK-lysin and models derived therefrom for the amoe- pore formation had to be significantly higher.
bapores revealed significant structural differences despite
their common fold {4). When the biological activities are MATERIAL AND METHODS
compared, differences also become apparent. In contrast to
NK-lysin, the amoebapores exhibited a pronounced depen-
dence of all their activities on acidic pHB), Whereas
amoebapores are more potent against Gram-positive tha
against Gram-negative bacterig 12), NK-lysin appears to
have no preference2)

In this work, we focused on an understanding of the pore
formation of the three isoforms of amoebapore and of NK-
lysin in different artificial lipid membranes resembling those
of various cell types but with particular emphasis on Gram-

negative bacteria. The first target of all antibacterial peptides I I ¢ bovine h di | ;
is the bacterial cell envelope, and in case of Gram-negativeg ycerol (DPG) from bovine heart (sodium salt) were from

bacteria, the outer membran®5|. This outer membrane is  >/9ma (Deisenhofen, Germany), and phosphatidyiserine (PS)
an extremely asymmetric bilayer with respect to the lipid and d_|phytanqy]phosphatldylchol|ne (DPhyPC)_vyere from
composition. With some exceptions, the outer leaflet of this Av&nti Polar Lipids (Alabaster, AL). All phospholipids were
bilayer consists of lipopolysaccharide (LPSJ carrying u;ed without further purlflcatlon. The fluorescent dyes N-(7-
negatively charged groups, which results in a relatively high n|trp-2,1,3-benzoxad|azol-4-yl)-PE (NBD-PE) and N-(rhod-
negative surface charge density. The inner leaflet is com- @mine B sulfonyl)-PE (Rh-PE) were purchased from Mo-

posed of a phospholipid mixturd 7). lecular Probes (Eugene, OR). _

To investigate the interaction of peptideis particular, Amoebapores were purified from trophozoites Bf
of pore-forming peptideswith membranes, reconstitution hls_tolytlcaaccordmg to a procedure d_escrlbed previously
models of lipid matrixes are very helpful. Planar lipid bilayers Using reversed-phase HPLC as the final step to separate
are an important tool for such studies8¢21). Using the  individual isoforms 7, 30). NK-lysin was expressed recom-
method of Montal and Mueller2@), it is possible to binantly in E. coli acco.rdlng to Jaqobs et al31). The
reconstitute the asymmetric outer membrane of Gram- Se€quences of the proteins were validated by MALDI-TOF
negative bacteri&2@). Here, we show results obtained from a@nalysis and N-terminal protein sequencing. The structural
experiments using planar lipid bilayers, liposomes, and integrity of recombinant NK-lysin has been verified by CD
monolayers composed of various (glyco-)lipids. analysis. It reveals the spectrum (_)f a helical protein devoid

Early studies describe the induction of ion channel of ﬂ—struqtures;_the content «n‘-hellceslwere calculated to
formation in artificial membranes by amoebic extracts or 49%. which is in good agreement with the known three-
partially purified amoebapore. Lynch et al. showed that a dimensional structure containing 52&6helix (10). More- _
protein fromE. histolyticainduced the formation of pores Over, no free sulhydryl groups have been detected using
in planar bilayers composed of azolectin or diphytanoylphos- Elman’s reagent32), which clearly indicates the presence
phatidylcholine (DPhyPC) with a unit conductance of (1.6 of three dlsqlﬂde_bonds. The peptides were stored in 0.01%
+ 0.2) nS h 1 M KCI (24). Furthermore, they pointed out trifluoroacetic acid (TFA) in a concentration of 1 mg/mL.
that the current response was linear in a range-00 to Four different bathing solutions (subphases) were used in
—40 mV. In another study it was described that the formation the various experiments. All subphases contained 100 mM
of the pores was stimulated by the applied membrane KCl and were used at a temperature of'€7 The subphases
potential, pores were rectifying, and the open-state probability contained in addition the following: subphase 1 (specific
increased strongly with pH26). The characteristics of  electrical conductivityc = 16.3 mS/cm), 8 mM sodium
amoebapore channels are reported to be in accordance witigitrate (NaCi), pH 5.2; subphase@+ 17.2 mS/cm), 5 mM
the barrel-stave model that describes the creation of aMgClz, 8mM NaCi, pH 5.2; subphase 8 & 16.5 mS/cm),
transmembrane pore by insertion and oligomerization of 5 MM HEPES, pH 7.0; subphase 4 & 17.3 mS/cm), 5
protein monomers to a water-filled channel. In contrast, NK- mM MgCl, 5 mM HEPES, pH 7.0.
lysin appears to permeabilize membranes without adopting Preparation of Planar Bilayers and Electrical Measure-
a transmembrane orientation. So far, well-defined NK-lysin ments. Planar bilayers were prepared according to the
pores were not observe@@), and on the basis of that, a Montal—Mueller techniqueZ?2) as described befor88, 34).
model of “molecular electroporation” has been propo2l ( For the formation of bilayer membranes, natural phospho-

Lipids, Peptides, and Other Chemicdisr the formation
of planar membranes, monolayers, and liposomes, deep rough
mutant LPS fromEscherichia colistrain F515 (F515 LPS)
n(Chemical structures according to &8) was used. LPS was
extracted by the phenol/chloroform/petroleum ether method
(29), purified, lyophilized, and transformed into the triethy-
lamine salt form.

Phosphatidylethanolamine (PE) from bovine brain (type
1), phosphatidylglycerol (PG) and phosphatidylcholine (PC)
from egg yolk lecithin (sodium salt), and diphosphatidyl-
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lipids and DPhyPC were dissolved in chloroform (2.5 mg/
mL) and LPS in chloroform/methanol (10:1 v/v) (2.5 mg/

mL). The phospholipid mixture PL consisted of a mixture 1or ‘
of PE, PG, and DPG in molar ratios of 80:15:5, resembling A
the phospholipid composition of the inner leaflet of the outer o
membrane35). In short, bilayers were formed by opposing O 09F

two lipid monolayers prepared on aqueous subphases (bath-
ing solutions) from chloroformic solutions of the lipids at a
small aperture (typically 15@m diameter) in a thin Teflon ogloct vt v
septum (12.5m thickness). "0 2 4 6 8 10 12
For electrical measurements, planar membranes were

voltage-clamped, and the compartment opposite (trans com- ) . . . .
tment) where the peptide was added (cis com artment)FlGURE 1: Changes in membrane capacitance induced by the major
par pep p amoebapore isoform AP-A. Normalized capacitance vs time after

was grounded. Therefore, in comparison to the natural addition of 0.5ug/mL (60 nM) AP-A to a symmetric DPhyPC/
system, a positive clamp voltage represents a membranePPhyPC bilayer. Bathing solution: 100 mM KCI, 5 mM Mg¢8

which is negative on the inner side. Current is defined MM NaCi, pH 5.2,T = 37 °C. An arrow marks the addition of
positive when cation flux is directed toward the grounded AP-A.

compartment. For the determination of the single fluctuation
amplitudes, the current traces were filtered at a corner
frequency of 1 kHz and digitized with a sampling frequency

of 3 kHz. Peptides were added to the cis-side (named firsty , 1€ incorporation of the peptides into lipid monolayers
of the bilayer, e.g., to the F515 LPS side of an asymmetric déPendent on the composition of the aqueous subphase was
F515 LPS/PL bilayer. studied with monolayers spread finoa 1 mM solution of

PS in chloroform o0 a 1 mM solution of F515 LPS in
chloroform/methanol (9:1 v/v) solutions. Subsequently, the
experiments were conducted as described eai@x (

Time / min

the area of the composing molecules, lipids, and/or proteins,
can be calculated at a given lateral pressure.

The determination of the membrane capacitance yields
information on area, thickness, and composition of the
bilayer. Membrane capacitance can be determined by ap-
plying steplike voltage pulses and measuring the resulting RESULTS
transient charging current3€). In our setup, the capacitance
was determined at a frequency of 1 Hz and a maximum Influence of the Peptides on Capacitance and Conductance
clamp voltage of 1 mV. Accordingly, we were able to judge of Planar Bilayers. Membrane Capacitanc€hanges in
membrane qualities and to analyze membrane proteinmembrane capacitance after addition of peptides are indica-
interactions without influencing the system by other agents tive of their interaction, e.g., binding or intercalation, with
such as carriers or by high clamp voltages. the lipid bilayer prior to a possible permeabilization of the

Forster/Fluorescence Resonance Energy Transfer Spec-membrane.
troscopy.The Faster/fluorescence resonance energy transfer Each of the three isoforms of amoebapore (AP) as well
(FRET) spectroscopy was used as a probe dilution a8y ( as NK-lysin (NK-L) induced changes of the membrane
to obtain information on the intercalation of the peptides into capacitance of PL/PL, LPS/PL, and even electrically neutral
liposomes made from PC, PS, and LPS. For the FRET DPhyPC/DPhyPC membranes (Figure 1). Qualitatively, the
measurements, the various liposomes were double-labeledcapacitance curves had the same run: after a slight increase
with NBD-PE and Rh-PE. The fluorescent dyes were the capacitance decreased in a concentration-dependent
dissolved together with PC, PS, or F515 LPS in chloroform manner. Quantitatively, the addition oftd/mL AP-A to a
in molar ratios [lipid]:[NBD-PE]:[Rh-PE] of 100:1:1. The PL/PL membrane resulted in a fast decrease and finally to a
solvent was evaporated under a stream of nitrogen, and thedisruption of the bilayer. NK-L in the same concentration
lipids were resuspended in the different bathing solutions, led to a slower decrease of the capacitance. Accordingly,
mixed thoroughly, and sonicated with a Branson sonicator approximately 10 times higher amounts of NK-L were
for 1 min (1 mL solution). Subsequently, the preparation was needed to induce effects similar to those observed upon
cooled at 4°C for 30 min, heated at 58C for 30 min, and addition of AP-A. This parameter appeared to be not
recooled to £C. Preparations were stored at@ overnight significantly affected by the composition of the membranes
prior to measurement. A preparation of 9d0of the double- or the subphases.
labeled phospholipid or LPS liposomes (&M) at 37 °C Membrane Conductanc&or determination of the mem-
was excited at 470 nm (excitation wavelength of NBD-PE), brane integrity, the conductance is the most important
and the intensities of the emission light of the donor NBD- parameter. An intact, undisturbed, and solvent-free bilayer
PE (531 nm) and acceptor RIPE (593 nm) were measured has a negligible electrical conductance<of pA. Peptides
simultaneously on a fluorescence spectrometer (SPEX F1T11may cause transient or permanent lesions/pores, which lead
SPEX Instr., Edison, NY). The peptides were added after to an increase in membrane conductance.

50 s to a final concentration of dg/mL. Intercalation were First, we investigated the influence of amoebapores on
detected as changes in fluorescence intensities as a functiothe conductance of symmetric PL/PL bilayers. The addition
of time (increase of donor signal, decrease of acceptor signal).of approximately 5 nM of each of the isoforms led to an
In the following, the quotient of the donor and the acceptor induction of transient current fluctuations caused by
intensities is denoted as the FRET signal. pores with comparable characteristics with respect to size

Film Balance Measurementstom pressure/area isotherms and lifetime (Figure 2). The peptides formed distinct trans-

of monolayers at the air/water interface of a film balance, ient pores with lifetimes in the range of seconds and
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Left side: time course; right side: respective amplitude histogram.

FiGure 2: Current fluctuations in symmetric PL/PL bilayers Bathing solution: 100 mM KCI, 5 mM MgG) 8 mM NaCi, pH
induced after the addition of different amoebapore isoforms: (A) 52 T = 37°C.

6 nM AP-A, (B) 3 nM AP-B, or (C) 6 nM AP-C. The clamp voltage
was —40 mV (trans side grounded) in all experiments. Left side, - .
time course; right side, respective amplitude histogram. Bathing AMoebapores are at significantly lower concentrations
solution: 100 mM KCI, 5 mM MgCJ, 8 mM NaCi, pH 5.2T = active against Gram-positive than against Gram-negative
37°C. bacteria, although they do permeabilize the outer membrane
of the latter (2). To analyze the molecular basis of this target
preferential conductance levels. The conductance was indeell preference, we determined the pore forming activity of
pendent from the value of the negative clamp voltage the amoebapores on reconstituted membranes composed of
(negative on the side of peptide addition). Assuming a the lipopolysaccharide F515 LPS on the side of peptide
circular geometry of the pores and a membrane thickness ofaddition and the phospholipid mixture PL on the inner leaflet.
| = 6 nm, the mean diameterof the pores was calculated We applied a clamp voltage of 26 mV, according to that
according to the simple relatioh= (zod?U)/(4l), with | determined by Sen et aBg) for the outer membrane d&.
being the mean currend; the specific conductance of the  coli in the presence of an external cation concentration of
subphase, and the clamp voltage, and the following results 100 mM and observed an increase of membrane conductance
were obtained:dap-a = (1.22£ 0.14) nm,dap-5 = (1.25 after addition of each of the amoebapore isoforms (data not
+ 0.07) nm, andiap-c = (1.294 0.06) nm. However, also  shown). Application of negative clamp voltages resulted in
sublevels were observed (Figures 2 and 3, trace B), and theitthe formation of pores with characteristics comparable to
number and frequency increased with increasing negativethose of pores induced in PL/PL membranes. Interestingly,
clamp voltages. On the basis of these data, it could not bemost of the pores induced at positive clamp voltages had
distiguished whether these sublevels in the conductancedifferent characteristics. Figure 4A shows a conductance trace
resulted from additional smaller pores or from sublevels in after addition of AP-A to a F515 LPS/PL membrane. From
pore size. the detail B of this trace (Figure 4B), it can be seen that
When a positive clamp voltage was applied, in rare casesAP-A is able to form large pores with at least two sublevels,
pores with similar characteristics were observed; however, which would correspond to a pore diameter of 1.33 and 2.21
in most cases the conductances and lifetimes of the poresnm, respectively. Detail C (Figure 4) shows a small pore
were significantly smaller (Figure 3). Minimal clamp voltages with a calculated diameter of only 0.63 nm and a lifetime of
for pore formation could not be determined; even voltages 33 ms. Detail D (Figure 4) shows a pore with a diameter of
of £10 mV were sufficient. 1.15 nm, which was in an open state most of the time but
As described earlier8( 12), the pore-forming and anti-  also changed to a closed state or lower conductance level
microbial activity of the amoebapores is pH-dependent with for less than 1 ms. Collectively, AP-A induces the formation
an optimum at acidic pH (5.2), and only inferior activity is of pores in F515 LPS/PL membranes, the diameters,
displayed at neutral pH. One possible explanation for this sublevels, and lifetimes of which may vary considerably.
observation would be an alteration of the pore characteristicsAP-B and AP-C also leads to the formation of pores with
or a reduced pore formation. However, we could not observe various characteristics in F515 LPS/PL membranes. Figure
any change in conductance and lifetime of the pores when5 shows an interesting conductance trace of AP-B pores
changing the pH of the subphase from 5.2 to 7.0, and also,containing three repetitions of the same motif, which is
the peptide concentrations needed did not differed signifi- shown in the inset in more detail. Here it became apparent
cantly (data not shown). that the pores most likely exist in different conformations,

Time /s Counts / arb. units
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mV. Left side, time course; right side, respective amplitude
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nm for positive and (0.46t 0.06) nm for negative clamp
voltages. In F515 LPS/PL membranes, however, the NK-L
pores had shorter lifetimes (about 1 ms) and larger diameters
(about 1.9 nm). These pores could be induced by clamp
voltages of 26 mV mimicking the potential of the outer
membrane of Gram-negative bacteria.

Intercalation of the Peptides into Liposomes Composed
of Lipopolysaccharide or Different Lipid&RET spectros-
copy is commonly used to investigate the intercalation of
peptides/proteins into lipid membranes by monitoring changes
of the energy transfer between two fluorescent markers. In
contrast to the determination of single pore characteristics
using the planar membranes, this technique averages over a
large number of peptide molecules in membrane bilayers.
All four peptides studied here showed a very weak intercala-
tion into PC liposomes (data not shown) and a stronger
intercalation into liposomes composed of negatively charged
PS or of the polyanionic F515 LPS. As can be seen in Figure
7 A, NK-L but not AP-A intercalated strongly into F515
LPS liposomes at pH 7.0; however, at pH 5.2 both
intercalated similarly. It is possible to compare the absolute
values for the NK-L intercalation neither at different pH
values nor from the PS and F515 LPS experiments because
of a pH and lipid dependence of the liposome formation and
the fluorescence properties of the dyes. The degree of
intercalation of the three amoebapores showed the following
order in both PS and F515 LPS liposomes: AP=AAP-B

and it may be excluded that superimposition of several pores> AP-C (Figure 7 B,C). It is important to mention that a

created this trace.

NK-lysin induced the formation of pores in both PL/PL
(Figure 6 A) and F515 LPS/PL (Figure 6 B) membranes as
well. However, the concentrations required for induction of
a pore were significantly higher (by a factor of about 20) as

change of the FRET signal is influenced by the amount of
peptide, the depth of intercalation, and the size and orienta-
tion of the peptide in the membranes.

Monolayer Formation by the Peptides and Their Interca-
lation into Monolayers Made from PS or LP$Vhen

compared to the concentrations needed to induce pores byamphiphilic or hydrophobic molecules are added to an
amoebapores. In the case of PL/PL membranes (Figure 6aqueous phase (subphase), they tend to absorb to the air/

A), the pores appeared to have diameters of (@:48.05)

water interface and, thus, reduce the surface tension of the
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solutions): at pH 5.2, 100 mM KCI, 8 mM NaCT, = 37 °C; at pH

subphase. The addition of AP-A and NK-L, which contain 7.0, 100 mM KCI, 5 mM HEPEST = 37°C. The areas of the peptides
at least amphipathic segments in their structure, leads to theVere determined at a lateral pressure of 20-mN, except for

. . . . those values marked witth. Here, the lateral pressure was 18
formation of peptide monolayers at the air/water interface ,n.m-t.
as well. Compression of the AP-A and NK-L monolayers
causes their collapse at a peptide specific lateral pressure of , ) . .
about 33 and 19 mN/m, respectively (Figure 8, traces a). In Figure 9, the increase in area after addition of each of
Therefore, the areas occupied by one molecule of AP-A and the three amoebapore isoforms and of NK-L to the subphase
NK-L at a lateral pressure of 18 mN/m, the highest lateral ©f F515 LPS (Figure 9A) and of PS (Figure 9B) monolayers

pressure up to which both monolayers were stable, are giveniS presented. The areas given in Table 1 were calculated from
in Table 1. at least three experiments using different peptide concentra-

The addition of the peptides to the subphase beneath F,§ions. With regard to amoebgporgs the order of t'he molecular
and F515 LPS monolayers at a constant lateral pressure of\'€as occupied by the peptides is somewhat divergent from
20 mN/m led to an increase of the film area. From Figure g that derived from the FRET experiments: AP=BAP-A >
it can be deduced that peptides intercalated into the mono-AP-C. The area occupied by a NK-L molecule was larger
layers stayed in the lipid monolayer at the air/water interface than those of the amoebapores. Apparently, the areas
even at higher lateral pressures as compared to the puréccupied by the amoebapore molecules are large in the case
peptide monolayers. The isotherm in Figure 8A, trace c, of PS monolayers on a subphase at pH 5.2, smaller in the
shows that nearly no AP-A or AP-A/LPS complexes were case of PS monolayers on a subphase at pH 7.0 and smallest
displaced from the monolayer up to a lateral pressure of 40in the case of F515 LPS monolayers on a subphase at pH
mN/m. In contrast, NK-L or NK-L/LPS complexes were 5.2. In contrast to this, the size of NK-L did not depend on
displaced from the monolayer at pressures above ap-the lipid composition of the monolayer or the pH of the
proximately 20 mN/m (Figure 8B, trace c). subphase.
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10 L A F515 LPS monolayer volta_ge-dep_endept. A negative polarity (side opposite to
L peptide addition is grounded) of the clamp voltage leads to
8 higher conductances of the pores than a positive polarity
ol NK-L (Figure 3). Thus, in the bacterial cell membrane, the
I B amoebapores most likely form the smaller pores. The
4r conductance at different negative clamp voltages is inde-
~ ol pendent of its height; however, at higher clamp voltages the
5 N\ AP-A probability of the occurrence of sublevels increases.
s Op &/ —— ARC It has been proposed that amoebapore belongs to the
g “barrel-stave” class of pore formers, in which channels are
£ 10 |- B PS monolayer AP-B formed by progressive oligomerization of a more or less
T sl defined number of monomers around a central p@%s. (
i NK-L The data presented in this paper show that amoebapore-
6 AP-A induced pores in LPS/PL membranes have very different
al sizes and lifetimes (Figures 4 and 5) as compared to pores
I induced in PL/PL membranes. Thus, the pores have lipid-
2 AP-C specific characteristics, and this specificity may result either
0 '_\ from the formation of mixed lipie-peptide pores or a lipid-
L R mediated organization of the peptides in the membrane. The
0 20 40 60 formation of pores in the outer membrane is not sufficient
Time / min to kill gram-negative bacteria. The peptides just pass the outer

FiGURE 9: Increase in film area of (A) F515 LPS and (B) PS and reach the inner membrane. The induction of pores in
monolayers vs time at a constant lateral pressure of 20 mN/m afterihe outer membrane might lead to a self-promoted uptake

addition of 25 ng/mL AP-A, AP-B, AP-C, or NK-L to the subphase.
Subphase 100 mM KCI, 8 mM NaCi, pH 5.2,= 37 °C. Arrows of amoebapore molecules. However, most of the pores are

mark time point of peptide additions. too small to allow the passage of further peptide molecules.
Furthermore, the molecules forming the pores in the outer
DISCUSSION membrane are no longer available for antimicrobial action.

Therefore, we propose that the observation that amoebapores

The three isoforms of the amoebapores originating from are active against Gram-positive bacteria at lower concentra-
the protozoonEntamoeba histolyticaand the NK-lysin  tjons than against Gram-negative bacteria may be explained
originating from porcine natural killer cells and cytotoxic py the additional permeabilization of the outer membrane
lymphocytes exhibit antimicrobial activities, and the proposed in the latter case.
mechanism of action is the permeabilization of membranes. |n previous studies, the dependence of amoebapores on
However, a number of questions have arisen from previous acidic pH to display full activity has been described for
studies, especially concerning the differences between amoeseveral targetsd( 12, 40). However, we could not observe
bapores and NK-lysin in target cell preference, influence of any effect of the pH on the characteristics of individual pores.
pH on activity, and mechanism of membrane disruption. Keller et al. @5) observed a higher open probability at higher
Accordingly, to us it seemed warranted to compare their pH with amoebic extracts, which is in contrast to the
membrane interaction in parallel by employing biophysical opservation made here with the highly purified peptides and
methods. to the biological activities.

Characterization of Pores Induced by Amoebapores and Besides the amoebapores, NK-lysin also causes the forma-
NK-Lysin.The addition of AP-A, AP-B, AP-C, and NK-L tion of pores with distinct characteristics. This is in contrast
to reconstituted planar lipid bilayers of various compositions, to results reported by Ruysschaert et al. showing that NK-
including DPhyPC/DPhyPC, PL/PL, and LPS/PL, caused in lysin induces the formation of irregular pores in asolectin
each combination a change in membrane capacitance (Figureilayers @6). Different results might arise from the use of
1). This behavior is indicative of an intercalation of the different lipids or different membrane formation techniques.
peptides into the membranes as shown earlier for peptides Membranes formed by using the MueHeRudin technique
e.g., cathelicidins34). Furthermore, all peptides studied here ysually contain a higher amount of the solventdgcane)
led to the formation of membrane pores; the concentration than the membranes used for the experiments presented in
needed was dependent on the interacting lipids and peptidesthis work, which were reconstituted by the Montallueller
These data obtained from experiments on model membranesechnique. Nonetheless, the NK-lysin concentrations neces-
are consistent with the behavior of amoebapores and NK- sary to induce pores in PL/PL and also in LPS/PL membranes
lysin toward natural membrane, (7, 12). are at least 20 times higher (Figure 6) as compared to the

In general, the amoebapores formed distinct pores with amoebapore concentrations. This is an indication that the
similar characteristics (size and lifetime) at similar peptide aggregation/oligomerization process of NK-L in the buffer
concentrations in PL/PL membranes (Figure 2). Pores with or, more likely, in the membrane is different to that of the
different sizes were also observed. The different sizes maythree amoebapore isoforms. We did not observe any sub-
be related to different sublevels of the pores due to levels or pH dependence of the NK-L pores, but we did find
conformational changes or to independent pores of differentlipid specificity with larger pore sizes in LPS/PL than in
sizes. However, the repeating fluctuation patterns (see FigurePL/PL bilayers (Figure 6).

5) indicate that the formation of sublevels of individual pores  Intercalation into Liposomes and Monolayeiishe char-
leads to the different conductance levels. The pores areacteristics of the individual pores induced by amoebapore
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isoforms can neither explain the observed pH-dependencemight be accompanied by the (transient) disturbance of the
nor target cell preferenced?). Thus, it is likely that not bilayer integrity.

the individual pore is responsible for the specificities, but  |n summary, our data show that the three amoebapore

the interaction of an ensemble of peptide molecules with jsoforms and notably also NK-lysin induce the formation of

membranes. Therefore, we used liposome and monolayermores with distinct characteristics, the sizes of which depend

techniques to get more insight into these specificities. on the polarity and the probability of the occurrence of
From both parameters, changes of the FRET-signal utiliz- sublevels on the height of the applied voltage. The pores

ing PS and F515 LPS liposomes as well as increase in theare lipid- but not pH-dependent. It should, however, be

area of PS and F515 LPS monolayers, an intercalation of pointed out that not the individual pore but the capacity of

the amoebapores and of NK-L can be deduced (Table 1,the peptides to intercalate into lipid matrixes may well be

Figures 7-9). However, the two parameters were differently responsible for the different activities of the amoebapores

affected by the three different isoforms. In the FRET against Gram-negative and Gram-positive bacteria and also

experiments, we observed an order of decreasing intercalatiorfor the pH dependence.

from AP-A over AP-B to AP-C (Figure 7), and in the
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