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Abstract Natural antimicrobial peptides and synthetic
analogs thereof have emerged as compounds with po-
tentially significant therapeutical application against
human pathogens. Amoebapores are 77-residue peptides
with cytolytic and antibacterial activity considered to act
by forming ion channels in cytoplasmic membranes of
the victim cells. A functionally and structurally similar
peptide named NK-lysin exists in mammalian lympho-
cytes. Several synthetic analogs of amoebapores and
NK-lysin, which are substantially reduced in size com-
pared to the parent molecules, were tested for their
ability to inhibit the growth of and to kill Candida
albicans. Some of the peptides displayed potent activity
against a clinical isolate as well as against defined culture
strains. Among the most active peptides found are some
shortened substitution analogs of amoebapore C and a
cationic core region of NK-lysin. As these peptides are
also highly active against Gram-positive and Gram-
negative bacteria but are of low cytotoxicity towards a
human keratinocyte cell line they may provide promis-
ing templates for the design of broad-spectrum peptide
antibiotics.
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Introduction

The emergence of microbial resistance to antibiotics has
renewed the interest in natural antimicrobial agents. A
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widespread and crucial element of the first defense line
of animals and plants against pathogens, and also a
constituent of human innate immunity are antimicrobial
peptides, many of which kill bacteria and fungi rapidly
by permeating their membranes [1]. Chemical synthesis
or recombinant expression permits the enhancement of
particular properties of these natural bioactive molecules
by changing their amino acid sequences; these tech-
niques also allow the production of a given peptide in
large quantities. Currently, the antimicrobial activity of
many synthetic peptides are under investigation to em-
ploy them eventually against pathogens resistant to the
classical antibiotics. The mode of action of these mostly
cationic peptides, i.e., the physical disruption of micro-
bial membranes, make them candidate molecules for
new antibiotics since it has been assumed that their ap-
plication will not create resistant strains [2]. A few syn-
thetic antimicrobial peptides have already entered
clinical trials such as the synthetic magainin analog
MSI-78, for which a phase III study for the topical
treatment of diabetic foot ulcers has been completed
(cited in [3]). It is suggested that antimicrobial peptides
may be particularly useful in the future in the treatment
of cutaneous infections.

The protozoon and enteric pathogen Entamoeba
histolytica produces pore-forming peptides designated
amoebapores. Three isoforms exist in the cytoplasmic
granules of the amoeba [4] which all consists of 77-
amino acid residues. The amoebapores has been pre-
dicted to fold into four amphipathic a-helices and to be
stabilized by three disulfide bonds [5, 6]. The peptides
kill metabolically active eukaryotic cells as well as
bacteria by permeating their cytoplasmic membranes,
and hence amoebae may use their pore-forming pep-
tides as effector molecules to kill a variety of host cells
in a contact-dependent reaction and also to prevent
growth of engulfed bacteria inside their digestive vac-
uoles [7].

Amoebapores functionally resemble the defensins,
antibacterial and cytotoxic peptides found in granules of
mammalian neutrophils [8]. Whereas the p-stranded
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defensins are structurally clearly different, a polypeptide
very similar to amoebapores was found with NK-lysin of
porcine cytotoxic lymphocytes [9]. NK-lysin resembles
amoebapores in functional and structural aspects [10]:
the peptide displays cytotoxic and antibacterial activity
but is non-hemolytic, it is of similar size, it shows sub-
stantial sequence similarity and, in particular, it pos-
sesses the same disulfide connectivities. Interestingly,
with granulysin another structural correlate was found
in human lymphocytes [11] and is currently viewed as an
important constituent of the antimicrobial defense
against intracellular pathogens [12].

Cytotoxic and antibacterial activity of amoebapores
was found to be retained in the third helical region [13].
In a preceding study [14], various synthetic peptides were
designed according to that structural element of each
amoebapore isoforms. We examined the activity of the
peptides towards artificial membranes, bacteria, and
eukaryotic cells and found that some were even more
antibacterial and/or cytotoxic than the parent molecules.
The most promising model peptide for a pharmaceutical
application was termed C1 and represented the putative
helix 3 of amoebapore C. Despite its poor solubility,
C1 displayed extraordinary pore-forming activity,
exerted activity against bacteria, but was of low cyto-
toxicity [14].

In the present study, we examined the candidacidal
activity of the synthetic amoebapore analogs construct-
ed so far by determining their minimal growth inhibiting
and lethal concentrations against a clinical isolate of
Candida albicans, an important and widespread human
pathogen. In addition, peptide C1 was used as a lead for
the design of four novel peptides, in which sequence
variations were made to enhance solubility and antimi-
crobial potency. Moreover, we constructed two syn-
thetic peptides which were based on a highly cationic
core region of NK-lysin that corresponds in sequence
alignment to the helix 3 region of amoebapores [10].
Assuming a potential topical application to cutaneous
infections, the most active peptides were tested for ac-
tivity towards a human keratinocyte cell line to estimate
their cytotoxicity. To complete the analysis of their
spectrum, antibacterial and hemolytic activities of the
novel peptides were also determined.

Materials and methods
Chemicals

Trifluoroacetic acid (TFA) and acetonitrile, both of HPLC grade,
were from Applied biosystems. 2-(N-morpholino)ethane-sulfonic
acid (MES) and valinomycin were purchased from Sigma. All other
chemicals were of analytical grade and were obtained from Merck,
Darmstadt.

Peptides

Peptides H3, A1, A2, A3, A4, A5, A6, A7, A8, BI, B2, B3, C1, C2,
and C3 were synthesized and purified as described [14]. The newly

constructed synthetic peptides C4, C5, C6, C7, NK1(40-63), and
NK2(39-65) were synthesized on commission by Affiniti Research
Products, Mamhead, Exeter, UK by solid-phase techniques utiliz-
ing an Fmoc-based protecting group strategy. Peptides were ob-
tained in purity grade >70%, dissolved in 0.1% TFA and purified
further by reversed-phase (RP) chromatography as described [14].
The purified peptides were repeatedly lyophilized to evaporate the
acid and stored at —20 °C. Amoebapores were highly purified from
E. histolytica HM-1:IMSS as described previously [4]. Melittin, in
HPLC grade, was purchased as an synthetic peptide from Sigma
and used without further purification.

Peptide analysis

Homogeneity of all synthetic peptides was confirmed by analytical
RP-HPLC (HAIsil C18 column, 250 x 2.1 mm, Higgins Analyti-
cal) showing a single peak for each one. Amino acid compositions
of the peptides were confirmed by amino acid analysis performed as
described previously [15] and by ion spray mass spectrometry
(performed by the manufacturer). Peptide concentrations were
determined by measuring absorbance at 214 nm; the extinction
coefficients were calculated [16] using the respective sequence
information. Chemical cross-linking with dithiobis(succinimidyl-
propionate) (DSP) and subsequent Tricine-SDS/PAGE were
performed as previously described [14]. Circular dichroism experi-
ments were performed using a JASCO J-600 spectropolarimeter
and quartz cells with a 0.02-cm path length in 10 mM sodium
phosphate buffer, pH 6.8 at 25 °C; the peptide concentration was
80 uM as determined by amino acid analysis. Mean hydrophobi-
cities and mean hydrophobic moments of the synthetic peptides
were calculated based on the normalized consensus scale proposed
by Eisenberg et al. [17] using the MacDNASIS program (Hitachi
Software Engineering Co.). Peptide sequences were represented as
helical wheels according to Schiffer and Edmundson [18] using the
Protean program (DNAStar Inc.). The NMR structure of NK-lysin
(INKL.brk) was presented by the WEBLAB VIEWER LITE
program (Molecular Simulations Inc., San Diego, Calif.).

Assay for antifungal activity

Different strains of C. albicans (ATCC 10231, ATCC 10261,
Sc 5314, and DSM 6659 obtained from B. Hube, Botanical Insti-
tute, University of Hamburg; and a clinical isolate from our in-
stitute) were cultivated on Sabouraud dextrose agar plates at 28 °C
for 48 h. One to three colonies were suspended in Sabouraud
bouillon (3% Sabouraud liquid medium; Oxoid, Unipath, Wesel,
Germany) to give a concentration of 3 x 10°-4 x 10° colony-
forming units (CFU)/ml. Subsequently, the fungal suspension was
diluted fivefold with 10 mM sodium phosphate buffer pH 5.2.
Peptides were dissolved in 0.01% TFA and twofold serial diluted in
10 mM sodium phosphate buffer, pH 5.2, in a microtitre plate.
The fungal suspension (50 ul; approximately 30-40 CFU) was
added to the same volume of peptide solution and the plates were
incubated at 28 °C for 48 h. The minimal inhibitory concentration
(MIC) was defined here as the concentration of the highest dilution
of peptides at which the growth of C. albicans was suppressed.
Portions of the incubation mixtures were plated on Sabouraud
dextrose agar plates for counting CFU. The minimal lethal con-
centration (MLC) was defined as the highest dilution of peptides at
which no formation of colonies was observed. The values were
expressed as the mean of at least two independent experiments,
each performed in duplicates, with a divergence of not more than
one dilution step. The peptide solvent (0.01% TFA) showed no
effect on the fungal growth.

Assay for pore-forming activity

Determination of pore-forming activity of samples by monitoring
the dissipation of a valinomycin-induced diffusion potential in
liposomes has been described previously in detail [19].



Assay for antibacterial activity

The bacterial strains used were Bacillus subtilis (strain 60015) and
Escherichia coli K-12 (ATCC 23716) from the Botanical Institute,
University of Hamburg; E. coli K-12 D31 [20]; and a clinical
isolate of Staphylococcus aureus obtained at our institute. Bacteria
were usually grown overnight in Luria-Bertani (LB) medium with
constant shaking at 37 °C and subsequently inoculated in the
same medium to reach the mid-logarithmic phase. B. subtilis was
dispersed on LB-agar plates containing 1% glucose, grown
overnight and subsequently inoculated in LB medium. Antibac-
terial activity was measured by a microdilution susceptibility test
as described previously in detail [14]. Peptides were dissolved and
twofold serially diluted in 10 mM sodium phosphate, pH 5.2, a
bacterial suspension was added to the peptide solution, and the
mixture was incubated at 37 °C. The MIC and MLC values were
defined here as the concentration of the highest dilution of pep-
tides at which the growth of bacteria was suppressed and at which
no formation of bacterial colonies was observed after plating out
the incubation mixture, respectively. The values were expressed as
the mean of the results of at least two experiments, each per-
formed in duplicates, with a divergence of not more than one
dilution step.

Assays for cytotoxic activity
Hemolytic activity

Freshly collected human erythrocytes were washed with phosphate-
buffered saline (10 mM sodium phosphate, 2 mM potassium
chloride, 138 mM sodium chloride, pH 7.4), and subsequently re-
suspended in MES-buffered saline (20 mM MES, 140 mM sodium
chloride, pH 5.5, 5 x 10%/ml). Subsequently, 20 ul of erythrocyte
suspension were incubated with 80 ul of peptide solution in the
same buffer for 30 min at 37 °C. As controls, erythrocytes were
incubated with distilled water (maximal lysis) and buffer alone
(spontaneous lysis). Lysis was determined by measuring the con-
centration of released hemoglobin at 412 nm. Percent lysis was
defined as 100 x (experimental lysis — spontaneous lysis)/(maximal
lysis — spontaneous lysis).

Cytotoxicity assay

Cells of the human keratinocyte cell line HaCaT [21] (courtesy of
N. E. Fusenig, Deutsches Krebsforschungszentrum Heidelberg)
were cultivated in DMEM medium (Sigma) supplemented with 5%
fetal calf serum (Sigma), 2 mM L-glutamine, 100 ug/ml strepto-
mycin, 100 U/ml penicillin, and 0.25 ug/ml amphotericin B at
37 °C in a humidified atmosphere with 5% CO,. The cells were
detached from the culture flasks by EDTA (0.05%) treatment for
20 min, followed by EDTA/trypsin (0.025%/0.05%) treatment at
37 °C for 2-5 min. For the test, cells were suspended in DMEM
medium to a density of 10° cells/ml. This suspension (100 ul) was
filled in each well of a sterile flat-bottom 96-well micrometer plate.
After incubation at 37 °C in a humidified atmosphere with 5% CO,
for 24 h, the medium was removed. Peptides, dissolved in
0.01% TFA at different concentrations and tenfold diluted with
DMEM medium, were added to the wells (100 ul each) and sub-
sequently incubated for further 20 h. As controls, 0.01% TFA was
diluted ten times in medium and added to wells loaded with cells
(=100% viability) and to wells without cells (= 0% viability). For
determination of cell viability, 10 ul of WST-1 solution {4-[3-(4-
iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene
disulfonate, Boehringer Mannheim, Germany} was added to each
well and subsequently incubated for 1 h at 37 °C. Finally, the ex-
tinction was measured using a microtitre-plate reader at absorption
and reference wavelengths of 450 and 630 nm, respectively. Cyto-
toxic activity of the peptides was expressed as percent of remaining
viable cells compared to the controls.
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Results
Candidacidal activity of peptides

The candidacidal activity of the 21 synthetic peptides and
of the three natural amoebapores was tested against a
clinical isolate of C. albicans (Table 1). Melittin from bee
venom, known for its potent and unspecific mem-
branolytic activity [22], served as a control. Two peptides,
namely A4 and B1, were of poor solubility in the buffer
used for this assay and thus their minimal growth inhibi-
ting activity could not be determined. Whereas the natural
amoebapores displayed no candidacidal activity, some of
their short versions were considerably potent. In addition
to the peptides A6, A7, and A8, which are hybrids com-
posed of the third and part of the fourth helix of amoe-
bapore A, the newly constructed peptides C5, C6, C7 were
highly active. Also remarkably potent were the two pep-
tides representing NK-lysin, i.e., NKI1(40-63) and
NK2(39-65) which were designed according to the amino
acid sequence of the isolated natural polypeptide and to
the slightly differing one deduced from a porcine cDNA
sequence, respectively. The minimal peptide concentra-
tion needed to achieve growth inhibition (MIC) was also
effective in killing the yeast (MLC), which is in agreement
with the notion that the peptides efficiently act on the
target cell membranes. Comparison of the structural pa-
rameters dictated by the primary structures of the peptides
indicates that there is a clear correlation between the net
charge and the fungicidal activity within a related group of
peptides (Table 1). Particularly, in C4, C5, C6, and C7,
stepwise exchange of positively charged lysine residues for
negatively charged residues, i.e., glutamic acid and
aspartic acid, resulted in peptides with increasing positive
net charge, and coincidently the candidacidal activity was
substantially enhanced. Notably, the substitutions also
markedly increased the solubility of these peptides in bi-
ological buffers compared to peptide Cl. The novel
amoebapore substitution analogs and the extremely
charged NK peptides show a relatively low hydropho-
bicity. Virtually all peptides are highly amphipathic as
indicated by the quite similar hydrophobic moments.

The two most potent peptides C7 and NK2(39-65)
were also tested against four C. albicans strains from
culture collections. Despite the fact that these strains
were marginally less susceptible than the clinical isolate
tested before, these peptides again were highly effective
and displayed candidacidal activity comparable to
melittin (Table 2).

Other properties of the newly designed peptides

To complete the activity spectrum of the newly designed
peptides, we examined their antibacterial (Table 3),
pore-forming (Fig. 1), and hemolytic (Fig. 2) activities.
The extraordinary pore-forming activity of C1 (3.7 +
1.2 U/pmol [14]) was not found again among the CI-
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Table 1 Activity of membrane-active peptides against a clinical
isolate of Candida albicans. Peptides designated as A, B, and C are
derived from amoebapore A, B, and C, respectively. The C termini
of all synthetic peptides are amidated with the exception of that of
H3, the prototype of the structural amoebapore analogs. Net
charges of the peptides were calculated by counting the N terminus,
arginine, lysine, and histidine as positive charges and a free C
terminus, aspartic acid, and glutamic acid as negative charges.
H and u were calculated for the entire peptide according to

Eisenberg [17]. A point (e) marks the omission of an amino acid
residue. A hyphen indicates the identical amino acid residue as in
the respective sequence of H3, B1, or C1. Peptides Al and C1 were
soluble in the buffer used only up to a concentration of 5 uM (MIC
minimal growth inhibitory concentration, MLC minimal lethal
concentration, H mean hydrophobicity, u mean hydrophobic mo-
ment, n.d. not determined since peptides A4 and Bl were not so-
luble in the buffer used for this assay, > no inhibition found at the
concentration indicated)

Peptide Sequence MIC (uM) MLC (uM)  Net charge H I
H3 GFIATLCTKVLDFGIDKLIQLIEDK >10 >10 -1 0.25 0.28
Al e >5 >5 -1 0.32 0.35
A2 e >10 >10 0 0.25 0.28
A3 e ¢ 2.5 2.5 0 0.25 0.38
A4 e L n.d. n.d. -1 0.35 0.38
A5 == L K 2.5 2.5 +1 0.33 0.39
A6 ——m—— L————————————— KIH 1.3 1.3 +3 0.34 0.21
N 2 — DT KIH 0.6 0.6 +3 0.31 0.31
A8 —mmm—= L-———————————=- KIHA 0.6 0.6 +3 0.32 0.28
Bl GFLGTLCEKILSFGVDELVKLIEN n.d. n.d. -1 0.30 0.34
B2 = e H 10 10 0 0.27 0.31
B3 0 === e et L H 2.5 2.5 0 0.27 0.41
Cl GLVETLCTKIVSYGIDKLIEKILE >5 >35 0 0.23 0.25
2 e G >10 >10 0 0.24 0.25
o I o G 10 10 0 0.24 0.42
c4 e K-—————-—- 1.3 1.3 +2 0.21 0.26
C5 -———K--—-————-—- K-—=—————- 0.6 0.6 +4 0.17 0.23
c6 O K--—- 0.6 0.6 +4 0.17 0.25
c7 - T TR P K-—-K--—-— 0.15 0.3 +6 0.14 0.26
NK1(40-63) ILRGLCKKIMRSFLRRISWDILTG 0.6 0.6 +6 -0.03 0.30
NK2(39-65) KILRGVCKKIMRTFLRRISKDILTGKK 0.15 0.15 +10 —-0.28 0.42
Melittin GIGAILKVLATGLPTLISWIKNKRKQ 0.6 0.6 +6 0.15 0.34
Amoebapore A >10 >10 0

Amoebapore B >10 >10 -1

Amoebapore C >10 >10 -1

Table 2 Activity against four different strains of C. albicans.
Candidacidal activity was determined at least in two independent
experiments with a discrepancy not more than one dilution step
(MIC minimal inhibitory concentration, MLC minimal lethal
concentration)

Table 3 Antibacterial activity of synthetic peptides. Antibacterial
activity was determined at least in two independent experiments
with a discrepancy not more than one dilution step and is expressed
as MIC (MLC) in uM (> no inhibition found at the concentration
indicated)

C. albicans strain MIC (MLC), uM Peptide Bacillus  Staphylococcus — Escherichia  Escherichia
subtilis  aureus coli coli K-12
C7 NK2(39-65) Melittin K-12 D31
ATCC 10231 0.3 (0.3) 0.3 (0.3) 0.6 (0.6) C4 10 (10)  >10 (>10) 10 (10) 5(5)
ATCC 10261 0.6 (0.6) 1.3 (1.3) 1.3(1.3) Cs 0.6 (0.6) 5(5) 0.6 (0.6) 0.3 (0.3)
Sc 5314 0.6 (0.6) 0.6 (0.6) 1.3(1.3) Ceé 0.6 (0.6) 5(5) 1.3(1.3)  0.3(0.3)
DSM 6659 0.6 (0.6) 0.6 (0.6) 0.6 (0.6) C7 0.6 (0.6) 2.5(5) 0.6 (1.3) 0.15(0.3)
NK1(40-63) 1.3 (1.3) 2.5 (5 1.3(1.3) 0.3(0.3)
NK2(39-65) 0.6 (0.6) 2.5(5) 0.6 (0.6)  0.15(0.15)
based peptides as they exhibited a pronounced, but Melittin 0.6 (1.3) 0.6 (2.5) 0.6 (2.5 0.6 (0.6)

significantly lower activity than the lead peptide CI.
Their antibacterial activity, however, was found to be
markedly increased by the substitutions irrespective
whether the targets were Gram positive or Gram nega-
tive, and even the more resistant clinical isolate of
S. aureus was effectively killed. In contrast to C1, the
peptides derived thereof were quite hemolytic. Re-
markably, the NK2(39-65) were virtually non-hemolytic
and herein resembles its parent molecule NK-lysin.
The majority of the active peptides contains a free
sulfhydryl group, and dimerization of these peptides
upon disulfide bond formation may enhance their effi-
cacy on target cell membranes. Association with lipo-

somes and chemical cross-linking with DSP yielded
dimers, tetramers and sometimes even higher molecular
mass entities (data not shown), suggesting that the dimer
serves as a nucleation point for further oligomerization
as already found with other peptides containing a sole
cysteine residue [14, 23].

Cytotoxic activity towards human skin cells

To estimate their therapeutic potential, peptides with
significant candidacidal activity were assayed for cyto-
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Fig. 1 Pore-forming activity of synthetic peptides. Pore-forming
activity was measured by liposome depolarization and determined
in at least eight independent experiments. Activity is expressed in
U/pmol (mean + SD)
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Fig. 2 Hemolytic activity of synthetic peptides. Hemolytic activity
was determined by measuring the release of hemoglobin after
incubation of the peptides with human erythrocytes for 30 min at
37 °C. Values were determined at least in two independent experi-
ments, each performed in duplicates

toxicity towards the human keratinocyte cell line HaCaT
(Fig. 3). In this assay, the activity of mitochondrial de-
hydrogenases of the cells was determined by measuring
the formation of formazan by reduction of a tetrazolium
salt (WST-1). The enzyme activity is a measure of cell
proliferation and viability. Here, peptides A5, A6, A7,
and A8 were cytotoxic in concentrations of their anti-
microbial efficacy. In contrast, peptides C4, C5, C6, and
the NK peptides had no or only little effect towards
these cells in the concentration range tested.

Structural analysis of NK2(39-65)

Preliminary experiments using circular dichroism spec-
troscopy had shown that several of the peptides are
mainly o-helical or have a high potential to adopt an o-
helical conformation in anisotropic media such as 50%
trifluoroethanol (data not shown). For a more detailed
analysis, NK2(39-65) was chosen because of its potent
antimicrobial activity combined with low hemolytic and
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Fig. 3 Cytotoxicity of synthetic peptides against HaCaT cells. Cell
death after exposure to various concentrations of peptides is expressed
as percent of remaining viable cells compared to the control of
untreated cells. Viability of cells was determined photometrically by
measuring their ability to reduce the tetrazonium salt WST-1. The
activity was determined in two independent experiments at least in
sextuples

cytotoxic activity (Fig. 4). The spectra revealed that in
phosphate buffer the peptide is mainly unstructured,
whereas it became all-a-helical in the presence of 0.4%
SDS or 50% trifluoroethanol. Quantitative analysis of
the spectra using the Contin program [24] gave the fol-
lowing values for the content of a-helix, f-sheet and
remainder, respectively: 11%, 11%, and 78% in buffer;
91%, 0%, and 9% in SDS; 100%, 0%, and 0% in
trifluoroethanol. The helical wheel diagram (Fig. 4) re-
vealed the amphipathic nature of the peptide, i.e., the
clear segregation of hydrophilic and hydrophobic resi-
dues on opposite faces of the helix. Moreover, a very
large angle subtended by the positively charged residues
became apparent.

Discussion

Natural antimicrobial peptides have been the lead sub-
stances for the design of a variety of synthetic peptides
with optimized activity [3]. By altering their sequence,
attempts have been made to increase antimicrobial ac-
tivity but to maintain or even decrease a low activity
against host cells. In the present study, the templates
were corresponding core regions of larger natural poly-
peptides which are structurally and functionally similar,
namely amoebapores and NK-lysin. It was found that
the target spectrum of short versions of amoebapores
with antibacterial potency may be extended towards the
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Fig. 4 Helical wheel diagram and circular dichroism analysis of
NK2(39-65). Upper panel Helical wheel diagram of peptide NK2(39—
65). Positively charged residues are presented as filled circles, residual
hydrophilic residues as shaded circles, and hydrophobic residues as
open circles. Hydrophobicity was determined according to the
consensus scale of Eisenberg [17]. Lower panel Circular dichroism
spectra of NK2(39-65) in buffer alone (A4), in the presence of 0.4%
SDS (B), and in the presence of 50% trifluoroethanol (C)

fungal pathogen C. albicans. Antimicrobial activity of
amoebapore-deduced peptides that represent the puta-
tive helix 3 of amoebapore C were gradually improved
by substitution of negatively charged residues by lysine
residues. With the NK-lysin-derived peptides, we
isolated a region from the entire molecule that corre-
sponds to the putative helix 3 of amoebapores and we
thereby apparently separated the antimicrobial activities
of NK-lysin from the cytotoxic potency also inherent in
the natural protein. Especially NK2(39-65) has several
properties favorable for a broad-spectrum antibiotic
peptide: it exerts potent candidacidal activity, displays
antibacterial activity towards Gram-positive and Gram-
negative bacteria, is virtually non-hemolytic and is

Fig. 5 Position of the region corresponding to NK2(39-65) within
natural NK-lysin. The three-dimensional structure of NK-lysin as
solved by NMR (1NKL.brk) is presented by the WEBLAB VIEWER
LITE program. The dark region marks the part of the structure that
resembles the synthetic peptide deduced from the NK-lysin sequence.
Disulfide bonds are omitted

non-toxic to human skin cells. The very large angle
subtended by the positively charged helix face of the latter
peptide may be suitable for binding to microbes, and
particularly this structural parameter has been considered
important for target selectivity [25]. The accompanying
low hydrophobicity may reduce cytotoxicity [26].

As the structure of natural NK-lysin was recently
solved by NMR (INKL.brk) [27], the location of the
region to which the synthetic NK-peptides correspond
can be located within the structure of the entire protein.
The region envisaged as a long helix at time when the
peptides were designed actually harbors two (sub)helic-
es, i.e., helix 3 and 4. The longer peptide NK2(39-65)
comprises in addition to the two tightly connected hel-
ices the short connectivities to adjacent helices (Fig. 5).
It was experimentally proven that this peptide adopts an
all-a-helical conformation in media simulating a mem-
brane environment.

It may be assumed that most of the active peptides
studied here can be classified best as linear amphipathic
a-helical peptides, and hence are comparable to well-
known members of the largest among the groups of
antimicrobial peptides such as cecropins, magainins, and
dermaseptins [28]. Significantly, in addition to their
mostly a-helical structure naturally occurring antimi-



crobial peptides are cationic in nature. The most active
synthetic peptides studied here are cationic and some of
them, in particular NK2(39-65), show a ‘rhythm’
of positively charged residues which is reminiscent again
of cecropins, magainins, and dermaseptins [28-30]. It
was found that a high number of positive charges within
antimicrobial peptides allow selective binding to micro-
bial targets in that they primarily promote binding to
negatively charged surfaces [31]. Interestingly, amoeba-
pores — and also the unsubstituted helical elements
thereof — are, despite their antibacterial activity, not
effective against Candida. This is contrast to the potency
of NK-lysin [9] and is most likely due to the substan-
tially lower amount of positive charges on the surface of
the amoebic polypeptides [32].

The MIC values of all the synthetic peptides for their
activity towards C. albicans were identical or very close
to the their MLC values, excluding an entirely fungi-
static activity. Likewise, growth inhibition of bacteria by
these peptides was due to killing of bacteria. Considering
that all the peptides were capable of rendering liposomes
permeable, one may suppose that the cytoplasmic
membrane is their target. Despite the increasing number
of models that describe the proposed mechanism by
which small peptides permeabilize membranes [33-37],
membrane permeation of amphipathic a-helical peptides
may presumably be divided into two mechanisms (re-
viewed in [38]): (a) the formation of a transmembrane
pore via the ‘“‘barrel-stave mechanism’ by which the
peptides insert, are oriented perpendicular to the plane
of the bilayer and upon oligomerization create a water-
filled channel; and (b) the destruction of the membrane
via the “carpet mechanism”, by which the peptides bind
onto the surface of the target until at least a part of it is
covered and permeabilization takes place only after a
threshold concentration is reached. The aforementioned
resemblance to natural linear o-helical peptides may
have implications as to the mode of action of the syn-
thetic peptides presented here, and hence it is much more
likely that they act according to the second mechanism
as described for cecropin P1 [39].

Resistance of fungal pathogens to classical antibiotics
is currently not as commonly found as with bacteria but
has become an increasing problem [40]. Antimicrobial
peptides designed according to natural templates as
those presented here may provide lead substances for the
development of peptide antibiotics which may be used
alone or in combination with classical antibiotics in se-
lected pathologies induced by pathogenic or opportu-
nistic microorganisms.
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