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Design of NK-2-derived peptides with
improved activity against equine sarcoid cells
Stephanie Gross,a Dominik Wilms,b Jannike Krause,a

Gerald Brezesinskic and Jörg Andräa,b*
Equine sarcoid is a topically accessible model for the evaluation of anticancer peptides acting by physical membrane disrup-
tion avoiding the complexity of a systemic application. We aim at evaluating and improving natural peptides for host defence
as lead structures, where we focus on the cationic and amphipathic peptide NK-2. Cytotoxicity tests, fluorescence microscopy
and a chip-based biosensor, which enabled real-time monitoring of cell metabolism, were applied. Cancer cell killing was
dynamic with an initial phase of increased cellular respiration, followed by membrane destruction. NK-2 was substantially
improved and shortened. Novel peptides exhibited a fivefold improved activity against sarcoid cells, while haemolysis
remained almost unaltered. Similar Zeta potential and similar amount of surface phosphatidylserine of sarcoid and normal
skin cells are responsible for a lack of selectivity between these two cell types. Copyright © 2013 European Peptide Society
and John Wiley & Sons, Ltd.
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Introduction

Most of the commonly used chemotherapeutics for the treat-
ment of cancer are also harmful to healthy human cells. The used
agents are of little or no specificity, so that severe side effects ac-
company the treatment due to drug-induced damage to healthy
cells and tissue. Additionally, cancer cells show an increasing de-
velopment of resistance mechanisms to formerly effective thera-
peutics. As a promising alternative, some antimicrobial peptides
have been emerged as potential anticancer agents [1–4], which
actually exhibit selectivity for cancer cells over healthy, normal
cells [5–9]. In contrast to chemotherapeutics, they act primarily
by a fast physical disruption of the cancer cell membrane
[6,8,10], even though other mechanisms have been suggested
[11,12]. Antimicrobial peptides, also called host defence peptides,
are widespread in nature occurring in all living organisms such as
fungi, plants, animals and humans. They are part of the innate im-
mune system as a first defence line against invading pathogens
[13,14]. Selective targeting to microorganisms is based upon an
electrostatic interaction of the cationic peptides with the anionic
bacterial membrane phospholipids phosphatidylglycerol and
cardiolipin [15–17], and lipopolysaccharides [18,19]. However,
the molecular basis for selective targeting of these cationic and
amphipathic peptides to cancer cells is still controversially
discussed. We aim at designing improved anticancer peptides
based on natural lead structures, as well as identifying their mo-
lecular target structures on cancer cells. Among those targets are
negatively charged phospholipids such as phosphatidylserine
(PS) [6,20–22] as well as anionic carbohydrates, such as sialic
acids [23,24] and sulfated glycans [25–28].

As a cancer model system, we exploited a pair of equine cell
lines: sarcoid cells (E42/02) and normal skin cells (APH-R). Skin
cancer is an appropriate model for a topical application of pep-
tides avoiding complexities, which come along with a systemic
treatment. Actually, equine sarcoid is the most frequently
J. Pept. Sci. 2013; 19: 619–628
observed skin tumour in horses. It is a locally, invasively growing
fibroblastic tumour of the skin with a variable epithelial fraction,
which occurs single or multiple, but does not metastasise. Even
if it is often just a matter of aesthetics, an equine sarcoid can cause
serious problems depending on the location of the tumour and/or
its degree of inflammation. A persistently successful treatment of
equine sarcoids is very challenging due to a very high relapse rate
especially after surgical intervention [29,30]. The recurrence itself
is often worse than the original tumour, characterised by growing
faster and bigger and with a higher invasive potential [31].

As a lead structure for further improvement and investigation,
we focused on the porcine NK-lysin-derived peptide NK-2. In addi-
tion, a shortened variant of NK-2, termed NK11, was used as a
nontoxic control peptide [28,32]. Melittin, the major lytic compo-
nent of bee venom, was included as a well-known reference
peptide [33]. Our lead peptide NK-2 consists of 27 amino acid
residues with an overall positive net charge of +10 and adopts an
amphipathic, α-helical secondary structure upon membrane
interaction [34,35]. It exhibits activity against Gram-negative and
Gram-positive bacteria [17], neutralises bacterial endotoxin [36]
Copyright © 2013 European Peptide Society and John Wiley & Sons, Ltd.
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and has a proven anticancer cell activity against neuroblastoma
[6,32], leukaemia [6] and prostate cancer cells [28]. In contrast,
HaCaT cells, i.e. spontaneously transformed human keratinocytes,
were less sensitive [32], haemolysis of primary human erythrocytes
was low [32] and primary lymphocytes were actually refractory [6].
Materials and Methods

Equine Cell Lines

Equine cell lines used for the given experimental series comprised
fibroblast-like normal skin cells (APH-R, CCLV-RIE 958 [37]), as well
as sarcoid tumour cells (E42/02, CCLV-RIE 891). Both cell lines were
supplied by the Collection of Cell Lines in Veterinary Medicine
(CCLV) of the Federal Research Institute for Animal Health
(Bundesforschungsinstitut für Tiergesundheit), Greifswald, Insel
Riems, Germany. Cells were cultivated in Dulbecco‘s modified
Eagle‘s medium (Biochrom, Berlin, Germany) supplemented with
10% of heat-inactivated foetal calf serum, 2mM L-glutamine
(Biochrom), 100U/ml penicillin (Biochrom) and 100μg/ml strepto-
mycin (Biochrom) at 37 °C in a humidified atmosphere at 5% CO2.
Dependent on the assays used, cell harvest was performed by addi-
tion of 1ml of trypsin/EDTA (Biochrom), accutase (PAA Laboratories
GmbH, Pasching, Austria) or enzyme-free cell dissociation buffer
(Gibco, Life Technologies, Darmstadt, Germany) and gentle shaking
at 37 °C.

Synthetic Peptides

All peptides were synthesised with an amidated C-terminus by the
Fmoc solid-phase peptide synthesis technique on an automatic
peptide synthesiser (model 433 A: Applied Biosystems) and purified
by HPLC as described [38]. The synthesis of rhodamine-labelled
peptides (Rh-NK-2 and Rh-NK11) was described earlier in detail
[28]. Peptide stock solutions (1mM) were prepared by solubilisation
of the purified and lyophilised peptides in 0.01% TFA and were
stored at �20 °C. For peptide sequences, please refer to Table 1.

CD Spectroscopy

CD data were acquired with a Jasco J-715 CD spectrophotometer
as described earlier [17]. Spectra were collected for samples of
63μM peptide in 10mM phosphate buffer, pH 7.0, in TFE and in
the presence of liposomes composed of synthetic 1-palmitoyl-
Table 1. Amino acid sequences and modifications of NK-2-derived synthe

Peptide Sequencea Net chargeb

NK-2 KILRGVCKKIMRTFLRRISKDILTGKK +10 Lea

C7A KILRGVAKKIMRTFLRRISKDILTGKK +10 Cys

C7A-D21K KILRGVAKKIMRTFLRRISKKILTGKK +12 Cys

Asp

C7A-Δ KILRGVAKKIMRTFLRR ILTGKK +10 Cys

d

NK11 KISKRILTGKK +6 NK

Melittin GIGAVLKVLTTGLPALISWIKRKRQQ +6 Na

aAll peptides were synthesised with an amidated C-terminus.
bThe net charge of the peptides was calculated by subtracting the numbe

present in the peptides) from all the positive charges (Lys, Arg and the p

was amidated, it did not bear a negative charge.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European Pe
2-oleoyl-phosphatidylserine (1mM, Avanti Polar Lipids, Alabaster,
AL, USA) prepared by the extrusion technique [17]. The secondary
structure content was estimated with the help of the DICHROWEB
[39,40], using the CONTIN/LL algorithm [41,42].

Fluorescence Microscopy

For confocal fluorescence microscopy of living cells, cells were
seeded in culture medium in μ-Slides VI 0.4 (Ibidi, Martinsried,
Germany) at a density of 4.8× 104 cells/well and allowed to attach
at 37 °C for 24h. Cells were washedwith PBS and incubated unfixed
in the presence of 5μM sytox green as well as Rh-labelled peptides
at room temperature and imaged at indicated time points. Samples
were analysed by confocal laser scanning microscopy (TCS SP5,
Leica Microsystems, Heidelberg, Germany). All images were ac-
quired using identical settings with Leica LAS AF software.

Cytotoxicity Tests

MTT assay

Cells were harvested by trypsin/EDTA treatment, counted and
suspended in complete cell culture medium. This cell suspension
(100μl, 2.5 × 104 cells) was given in each well of a sterile flat
bottom 96-well microtitre plate (Costar tissue culture treated,
Corning Incorporated, NY, USA) and incubated for 24 h at 37 °C
in a humidified atmosphere with 5% CO2. Peptides from stock so-
lutions were diluted either in complete cell culture medium or in
PBS supplemented with 10% of complete cell culture medium
(peptide concentrations in each test: 0.1, 0.3, 1, 3, 10, 30 and
100μM). The respective peptide solution (100μl) was added to
wells of the microtitre plate immediately after the medium has
been removed. The plates were then incubated for indicated
time at 37 °C in a humidified atmosphere and 5% CO2. After incu-
bation, 10μl of a solution (5mg/ml) of the tetrazolium salt 3-[4,
5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
in PBS, pH 7.4, was added to each well, followed by another incu-
bation period of 2 h at 37 °C. MTT is converted into blue formazan
crystals by viable cells. Thus, the change in colour is a measure for
the viability of the cells. The reaction was stopped and formazan
crystals were dissolved by adding 100μl of 10% triton X-100 in
acid isopropanol to each well. Extinction (MExp) was measured
using a microtitre plate reader (Tecan Rainbow, Crailsheim,
Germany) at absorbance and reference wavelengths of 570 and
690nm, respectively. All experiments were carried out in duplicates
tic peptides used in this study

Remarks

d structure, residues 39–65 of porcine NK-lysin [34]

/Ala substitution ➔ improvement of refractiveness against oxidation

/Ala substitution ➔ improvement of refractiveness against oxidation

/Lys substitution ➔ enhanced positive net charge (+2)

/Ala substitution ➔ improvement of refractiveness against oxidation

eletion of 4 residues ➔ shortening of the peptide

-2-derived inactive control peptide

tural component of bee venom, served as a reference peptide [33]

r of Asp residues (the only negatively charged amino acid residues

eptide‘s N-terminus). Because the C-terminus of all peptides used

ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2013; 19: 619–628
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and performed at least twice. Cells incubated under the respective
buffer/medium conditions alone (M100) or in 5% triton X-100 in PBS
(M0) served as positive and negative controls, respectively. Residual
metabolic activity (%M) of the cells was calculated using the follow-
ing equation: %M=100× ((MExp�M0)/(M100�M0)). IC50 values in-
dicate that at this peptide concentration, the metabolic activity of
the cells was reduced by 50%. These values were derived from
the previously described titration curves by sigmoidal fitting.

Propidium iodide-uptake assay

Uptake of the membrane-impermeable DNA-intercalating fluo-
rescent dye propidium iodide is a measure of cell membrane
permeabilisation. Cells were harvested by accutase treatment,
washed twice with PBS, pH 7.4, adjusted to 2 × 105 cells/ml and
sedimented. The supernatant was removed, and peptides
(100μl) diluted in PBS were added to the cell pellet (2 × 105).
The suspension was gently vortexed and incubated for 30min
at 37 °C. Subsequently, propidium iodide (5μl, 100μg/ml,
Invitrogen, Eugene, Oregon, USA) was added, and the cells were
incubated for 5min at 4 °C in the dark. The reaction mixtures
were diluted in 900μl ice-cold PBS and analysed with a
FACSCalibur (Becton Dickinson, Heidelberg, Germany) flow
cytometer with computer-assisted evaluation of data (CellQuest
software). Cell lysis (%L) was calculated from the percentage of
dye positive cells in buffer alone (PIb) and in the presence of
peptides (PIexp): %L=100 × ((PIexp� PIb)/(100� PIb)). IC50 values
indicate that at this peptide concentration, fluorescence of the
cells reached 50% of the maximal value. These values were
derived from the previously described titration curves.

Online monitoring of cell metabolism

For the real-time monitoring of peptide-induced modulation of
cell metabolism, we used the Bionas analysing system 15002

(Bionas GmbH, Rostock, Germany) essentially as described re-
cently [32]. The system encloses two biomodules, each including
one metabolic biosensor chip (SC1000, Bionas), which has three
different types of electrodes to measure medium oxygen concen-
tration (Clark), acidification (ion-sensitive field effect transistor), as
well as cell layer impedance (interdigitated electrode structure).
The system was operated with low buffered running medium to
allow the assessment of changes in pH. This running medium is
a cell culture medium without bicarbonate buffer but with 1mM

HEPES, pH 7.4, 4.5 g/l glucose, 0.1% foetal calf serum, 100U/ml
penicillin and 100μg/ml streptomycin (Bionas GmbH). Cells
harvested by trypsin/EDTA treatment were immobilised in aga-
rose on a membrane disc and placed in the chips (4 × 105 cells).
Agarose embedding of cells was necessary because the used
equine cells did not grow with a sufficient adherence on the
chips. Embedding was performed using the Bionas kit for cell sus-
pensions following the instructions of the manufacturer (Bionas
GmbH). As a consequence, the opportunity for measuring
changes in cell morphology (interdigitated electrode structure
sensor) was forfeited. Briefly, one volume of melted agarose
ready-to-use solution was mixed with two volumes of a cell sus-
pension in medium (6 × 107 cells/ml). This agarose–cell mixture
(10μl) was dropped on a sterile membrane disc (4 × 105 cells/
membrane). The membrane disc with the hardened agarose–cell
drop was placed upside down into a sensor chip filled with me-
dium. In the course of an experiment, all chips were initially
flushed with running medium for 4 h, followed by a 12 h feed
of either running medium (as a control) or peptides in running
J. Pept. Sci. 2013; 19: 619–628 Copyright © 2013 European Peptide Society a
medium. After that, a 4-h perfusion with running medium is carried
out to allow recovery of cells. At the end of each experiment,
biomodules were rinsed with 0.2% triton X-100 in running medium
to achieve complete cell lysis. We used a flow rate of 56μl/min with
alternating ‘go’ and ‘stop’ phases of 4min each. During the go
phase, cells on the chip are perfused with freshmedium ormedium
with compound. In the subsequent stop phase, flow was stopped,
and oxygen consumption and extracellular acidification of the cell
supernatant on each chip were measured continuously. The
change of the parameters during the stop phase was calculated
and is given as a single data point in the figures. Presented data
are the mean of two independent cell preparations.

Assay for haemolytic activity

Freshly isolated and washed human erythrocytes (5× 108 cells/ml)
in 20 μl PBS, pH 7.4, were incubated with 80 μl of a peptide
sample in the same buffer for 30min at 37 °C in a round bottom
96-well plate (Nunclon Surface, Nunc, Roskilde, Denmark). After
the incubation period, the plate was centrifuged at 1000 g for
10min to remove intact erythrocytes, and the concentration of
released haemoglobin was measured in a microtitre plate reader
at 405nm (Rainbow, Tecan, Grödig/Salzburg, Austria) after tenfold
dilution of the supernatant. Haemolytic activity was expressed
as percent haemolysis (%haemolysis = ((ODSample�ODbuffer)/
(ODmax�ODbuffer)x100)). Maximal lysis (ODmax) was achieved
by adding distilled water instead of the peptide sample to the
cells. Data shown represent the mean of at least four experi-
ments each performed in duplicate.
Determination of PS Exposed on the Cell Surface

The content of negatively charged PS in the outer membrane
leaflet of cells was determined by measuring the amount of bind-
ing of fluorescently labelled annexin V as well as of a PS-specific
antibody to the cells. Cells were harvested by accutase treatment,
washed twice with PBS, pH 7.4, and sedimented. After incubation
with the respective reagents (see succeeding text), cell suspen-
sions were analysed with a FACSCalibur (Becton Dickinson,
Heidelberg, Germany) flow cytometer with computer-assisted
evaluation of data (CellQuest software, Becton Dickinson).

Annexin V

Fluorescein isothiocyanate-labelled annexin V (100μl, Biolegend,
San Diego, CA, USA), 1% in binding buffer (10mM HEPES, 150mM

NaCl, 5mM KCl, 1mM MgCl2, 1.8mM CaCl2, pH 7.4), was added to
the cell pellet (2 × 105), and the suspension was gently vortexed
and incubated for 15min in the dark. Subsequently, 400μl ice-
cold binding buffer was added, and the suspension was kept
on ice until being analysed.

PS-specific antibody

A PS-specific monoclonal antibody (100μl, 0.5μg/ml, mouse
monoclonal [4B6], Abcam, Cambridge, UK) was added to the cell
pellet (2 × 105). The suspension was gently vortexed and incu-
bated for 1 h in the dark. Subsequently, the cells were washed
once again with PBS and resuspended with Alexa 647-labelled
goat anti-mouse IgG (H+ L, Alexa Fluor® 647, Molecular Probes,
Carlsbad, CA, USA) in PBS (100μl, 1 : 1000) and incubated for
30min in the dark. After another washing cycle, the cells were di-
luted in 1ml PBS and kept on ice until being analysed.
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci



Table 2. Cytotoxicity of peptides NK-2, NK11 and melittin

PBS with 10% medium

Peptide E42/02 IC50 (μM) APH-R IC50 (μM)

NK-2 4.3 ± 0.3 3.2 ± 0.2

NK11 >>100 >>100

Melittin 1.4 ± 0.1 0.9 ± 0.1

Cytotoxicity of peptides against equine cells E42/02 and normal
skin cells APH-R was determined by the MTT assay after 4 h
incubation at 37 °C in PBS supplemented with 10% medium.
Given are IC50 values (in μM) at which the viability of the cells
was reduced by 50%.

Table 3. Time dependence of peptide-induced cell killing; activities
are given as IC50 in μM
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Determination of Zeta Potential of Cells

Cells were harvested by treatment with enzyme-free cell
dissociation buffer (Gibco, Life Technologies), filtered through
gaze (TG100, Schleicher und Schuell, Dassel, Germany) and
adjusted to 106 cells/ml in 40mM HEPES, pH 7.4. For Zeta poten-
tial measurements, 200μl of cell suspension was diluted in
800μl buffer and placed in a sample cell (Malvern Instruments
GmbH, Herrsching, Germany). Measurements were performed
using a ZetaSizer NanoSeries (Malvern). The velocity (v) of cells
in a driving electric field (E) of an effective voltage of 152 V was
measured by dynamic light scattering, and the corresponding
electrophoretic mobilities (v/E) were calculated. The associated
Zeta potentials were calculated by the Smulochowski approxima-
tion. Six measurements were performed and averaged for each
sample. Data presented are the mean of two independent
cell preparations.
Peptide 30min 2 h 4 h 24 h

E42/02 in 100% medium

NK-2 ≈70 ≈50 ≈50 ≈40
C7A 10.6 ± 0.4 13.0 ± 1.0 12.1 ± 1.6 37 ± 4.3

C7A-D21K 8.4 ± 0.2 12.3 ± 2.0 8.3 ± 0.5 12.3 ± 1.0

C7A-Δ 7.5 ± 0.4 13.8 ± 2.0 9.3 ± 1.5 13.1 ± 0.9

NK11 >>100 >>100 >>100 >>100

Melittin 3.2 ± 0.1 2.1 ± 0.1 1.8 ± 0.1 1.4 ± 0.1

APH-R in100% medium

NK-2 ≈70 ≈60 ≈50 ≈45
C7A 8.9 ± 0.3 11.1 ± 0.3 11.8 ± 1.2 15.0 ± 2.4

C7A-D21K 6.9 ± 0.5 10.9 ± 0.6 10.7 ± 1.0 13.1 ± 1.2

C7A-Δ 6.2 ± 0.2 9.8 ± 0.7 9.4 ± 1.2 12.4 ± 0.9

NK11 >>100 >>100 >>100 >>100

Melittin 3.2 ± 0.1 2.6 ± 0.1 2.2 ± 0.1 1.3 ± 0.1

Viability of equine sarcoid (E42/02, upper table) and skin cells (APH-R,
lower table) was assessed in complete medium by the metabolic
MTT test after indicated incubation times at 37 °C. Given are peptide
concentrations at which the viability of cells was reduced by 50%
(IC50 in μM). These values were derived from titration curves by
sigmoidal fitting (except for NK-2 and NK11).
Results

NK-2 is Active Against Equine Sarcoid Cells

In a first set of experiments, we characterised the anticancer cell
activity of peptide NK-2 and of two reference peptides (NK11 and
melittin) against equine sarcoid cells (E42/02) and normal, fibro-
blast-like equine skin cells (APH-R) using two distinct buffer
conditions. NK11 is an 11-residue derivative of NK-2 and served
as an inactive control peptide [28]. Melittin was included in this
and the following assays as a reference peptide. It is a cationic
linear α-helical peptide from bee venom, well known for its po-
tent haemolytic and antibacterial activities [33]. The peptides
were added to the cells seeded on microtitre plates either in
PBS supplemented with 10% medium or in medium. After 4 h,
the residual metabolic activity of the cells was determined by
the MTT test. The assay results are shown exemplarily for E42/02
cells in detail (Figure 1) and are summarised in Tables 2 and 3.
NK-2 exhibited potent activity in buffer supplemented with
medium (Figure 1, Table 2); however, activity drastically dropped
in complete medium (Table 3). Melittin was more or less unaffected
by incubation conditions, and as expected, NK11 had no cytotoxic-
ity. Both, NK-2 and melittin, exhibited no selectivity for E42/02 over
APH-R cells.
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Figure 1. Anticancer cell activity of peptides. Metabolic activity of E42/02
sarcoid cells measured by the MTT assay in PBS supplemented with 10%
medium. Cells were incubated in the buffer/mediummix as a control or with
peptides (NK-2, grey circles; NK11, open circles; melittin, open squares) at
indicated concentrations for 4 h at 37 °C.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European Pe
Fluorescence Microscopic Analysis of NK-2-induced Killing of
E42/02 Cells

Cells were seeded on microscopic slides and monitored in an
unfixed, viable state, in the presence of various concentrations of
NK-2 and NK11 labelled with the fluorophore rhodamine (Rh-NK-2
and Rh-NK11) and the membrane-impermeable DNA-intercalating
fluorescent dye sytox green. Upon addition of 1μM Rh-NK-2
(Figure 2D–F), a pale red seam was observed at the cells after a
fewminutes. Single cells became sytox green positive, thereby indi-
cating cell killing by membrane permeabilisation. The number of
dead cells did not increase significantly after long-term incubation
(up to 60min). At 3μM Rh-NK-2 (Figure 2G–I), a red seam was ob-
served at the cells immediately after addition of the peptide. After
a few minutes, first, cells were permeabilised, and after 30min ap-
proximately, 70% of cells were sytox green positive. The peptide
also stained intracellular membranes and, like sytox green, tra-
versed the nuclear membrane (bright yellow fluorescence). In addi-
tion, large bubbles, only stained red at the rim, were visible in the
cytosol. Upon addition of 5μM Rh-NK-2 (Figure 2J–L), single cells were
permeabilised within 1min, and almost all cells were dead within
minutes. Most cells showed massive bleb formation. In contrast to
ptide Society and John Wiley & Sons, Ltd. J. Pept. Sci. 2013; 19: 619–628
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Figure 2. NK-2 binding to E42/02 cells and subsequent cell lysis. NK-2-induced binding and cell membrane permeabilisation of E42/02 cells were
visualised by confocal fluorescence microscopy. Cells were incubated in buffer with membrane-impermeable dye sytox green (green fluorescence)
and three concentrations of Rh-NK-2 (red fluorescence). (D–F) 1μM for 13min; (G–I) 3μM for 6min; (J–L) 5μM for 6min. Red and green channels are
presented in the upper (D, G, J) and middle row (E, H, K), respectively. Bottom row (F, I, L) represents an overlay of brightfield, green and red channels.
Untreated (control) cells (A, B, C) are shown as an overlay of brightfield and green fluorescence. Scale bar = 50μm.

Table 4. Secondary structure elements of peptides NK-2 and C7A

Peptide Helix (%) Strand (%) Turn (%) Unordered (%)

NK-2

Buffer 8 34 23 34

TFE 56 11 16 26

PS 48 15 15 20

C7A

Buffer 8 30 23 37

TFE 62 3 15 19

PS 49 20 9 20

Secondary structure elements of peptides were determined by CD
spectroscopy in phosphate buffer (buffer), TFE, and in the
presence of negatively charged lipid vesicles made of
phosphatidylserine (PS).
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NK-2, the noncytotoxic peptide NK11 only exhibited a marginal
binding to the cell surface, whichwas expressed in a scarcely appar-
ent red stain (not shown). Cellular morphology was indistinguish-
able to control cells.

Design of (Improved) NK-2 Variants

We synthesised three new variants of NK-2 to enhance stability,
positive net charge, as well as to shorten the parent peptide
(Table 1). The most basic modification entailed the replacement
of the nonfunctional sole Cys7 residue within the NK-2 sequence
with an Ala residue (C7A). This substitution did not clearly change
the structural properties of NK-2 (Table 4), whereas it is expected
to reduce the sensitivity of the peptides to oxidation, thereby
improving stability. Both peptides were found to be mainly un-
structured in phosphate buffer, whereas they adopted a primarily
α-helical secondary structure in a hydrophobic environment such
as TFE as well as in the presence of negatively charged lipid
vesicles composed of PS (Figure 3). An enhancement of C7A‘s
positive net charge was achieved by substituting Asp21 by a Lys
residue (C7A-D21K). Moreover, we shortened C7A by deletion of
a stretch of four amino acid residues (including Asp21), resulting
in peptide C7A-Δ.

Comparative Cytotoxic Activity of NK-2 and Derived Peptides
Against Equine Cell Lines

The cytotoxic effects of NK-2, control peptides, as well as of the
newly synthesised peptides, were investigated against E42/02
J. Pept. Sci. 2013; 19: 619–628 Copyright © 2013 European Peptide Society a
and APH-R cells using three different assays: (i) the MTT test
was performed to determine the residual metabolic activity of
the cells; (ii) a chip-based sensor was used to monitor the effects
of peptides on the metabolic activity of the cells in real time; and
finally, (iii) peptide-induced membrane damage was assessed by
a dye-uptake assay.

Time course of cytotoxicity of NK-2 and of newly designed analogues

Cells in complete medium were incubated from 30min to 24 h in
the presence of various amounts of peptides. After the incuba-
tion period, the residual viability of cells was determined by the
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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MTT test (Table 3). NK-2 exhibited rather low potency, which,
however, slightly increased over time. Any of the modifications
substantially improved peptide NK-2. Actually, the Cys/Ala ex-
change was the key substitution. This exchange did not alter
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Figure 4. Online monitoring of cell metabolism by the use of a chip-based b
and perfused with medium that contained the following peptides: NK-2 (10
squares). Peptide perfusion lasts from 4 to 16 h (arrows). Acidification and re
relative to untreated control cells.

wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European Pe
the net charge but improved the IC50 value of NK-2 by a factor
of 4–7. Substitution or deletion of the negatively charged Asp
residue further led to a slight improvement in activity. Peptide‘s
action on the cells was more or less completed within 30min.
A slight decrease in activity was observed, however, for C7A,
C7A-D21K and C7A-Δ between 4 and 24 h. This effect was most
pronounced for C7A against E42/02 cells and might indicate ad-
sorption or even slow proteolytic digest of the peptides. Appar-
ently, no selectivity for the sarcoid cells over normal skin cells
could be achieved.
Real-time monitoring of peptide-induced changes in cell metabolism

To obtain a deeper insight into the dynamics of peptide–cell in-
teraction, the impact of selected peptides on the cellular rates
of respiration and acidification (e.g. the energy metabolism) of
E42/02 (Figure 4A) and of APH-R cells (Figure 4B) was monitored
in real time and online over 12 h by the use of a chip-based sen-
sor. Peptides were added routinely after a 4-h equilibration phase
of the cells with pure medium perfusion. After that time, cells had
adapted to the perfusion system, and metabolic rates for cell res-
piration (changes in O2 signal) and acidification (changes in pH)
remained more or less constant for >20 h (not shown). A de-
crease of metabolic rates (respiration and acidification) was regis-
tered in the event of cell dying. Only negligible effects on the
metabolic activity of the two cell lines were observed during per-
fusion with the parent peptide NK-2. In the presence of the most
promising variant C7A-D21K, however, the cells displayed a very
interesting behaviour. Both cell lines responded quickly by a
steep increase in the respiration rate, indicating an escalated
necessity for energy to combat the deleterious effects of the
peptide. After this metabolically active phase, rates went down,
indicating cell death. No recovery of cells was observed
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when perfusion was continued with pure medium (16 h). Melittin
exhibited higher activity and was used here at a lower concentra-
tion (3μM) than the other two peptides (10μM). Additionally,
melittin triggered an enhanced respiration rate. Again, no
significant differences between E42/02 and APH-R cells could
be observed.

Membrane permeabilisation of equine cells by NK-2 and derivatives

Peptide-induced cell membrane permeabilisation was deter-
mined by measuring the uptake of the fluorescent dye propidium
iodide by subsequent FACS analysis (Table 5). All peptides
permeabilised the cell membrane of both cell types, clearly stat-
ing that interaction with the membrane is crucial for cell killing.
Moreover, the newly designed NK-2 variants were of greater effi-
cacy than the parent peptide itself. Here, C7A was the most effec-
tive peptide, actually beating melittin in killing of E42/02 sarcoid
cancer cells. Again, no selectivity for the E42/02 cells was ob-
served. If any, the normal skin cells were even more sensitive
than the sarcoid cells.

Haemolytic activity of NK-2 and derivatives

Haemolysis was determined by measuring the release of
haemoglobin from freshly isolated human erythrocytes after
30min incubation with the peptides (Figure 5). As it has been
Table 5. Peptide-induced membrane permeabilisation

Peptide E42/02 IC50 (μM) APH-R IC50 (μM)

NK-2 16.6 ± 0.6 6.6 ± 0.4

C7A 6.8 ± 0.4 5.7 ± 0.7

C7A-D21K 13.7 ± 0.9 4.1 ± 0.3

C7A-Δ 12.6 ± 0.7 8.1 ± 0.3

NK11 >>100 >>100

Melittin 12.7 ± 0.2 5.0 ± 0.4

Peptide-induced membrane permeabilisation of E42/02 and
APH-R cells was determined after 30min incubation at 37 °C
by measuring the cellular uptake of the fluorescent dye
propidiumiodide. Given are the peptide concentrations (IC50 in
μM) at which 50% of the cells were dye positive. IC50 values were
derived from titration curves by sigmoidal fitting.
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Figure 5. Haemolytic activity of peptides. Lysis of human erythrocytes
was determined photometrically by measuring the release of
haemoglobin after incubation with the following peptides: NK-2 (grey
circles), C7A (light grey circles), C7A-D21K (black circles), C7A-Δ (open
triangles), NK11 (open circles) and melittin (open squares).
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shown earlier, melittin exhibited high, NK-2 moderate and NK11
no haemolytic activity [32]. The enhanced anticancer cell activity
of C7A was paralleled by an increased haemolysis compared with
NK-2, although still far below melittin. In contrast, C7A-D21K as
well as C7A-Δ exhibited a similarly moderate haemolysis as
NK-2, although they were highly active against cancer cells.
Analysis of the Cell Surface of Equine E42/02 and of APH-R Cells

The absolute lack of selectivity of the peptides for any of the two
equine cell lines prompted us to investigate the portion of nega-
tive charges on the cell surfaces. The most prominent target
structure for cationic peptides on the cell surface is the anionic
phospholipid PS. We determined the relative amount of PS on
the cell surface by FACS analysis by binding of a PS-specific anti-
body and by annexin V binding to the cells and observed no sig-
nificant differences between APH-R and E42/02 cells (not shown).
Thus, we conclude that the E42/02 sarcoid cells have no in-
creased amount of PS on the surface and that both cell lines ex-
pose a similar low amount of PS to the exterior.

Moreover, we determined the Zeta potential of the cells. The
Zeta potential is the accessible surface charge of a particle, here
the cell surface, and thus an important parameter for the interac-
tion with cationic peptides. We obtained negative Zeta potentials
of �17.8 ± 0.8 V and of �16.7 ± 1.9 V for E42/02 and APH-R cell
suspensions, respectively. Thus, there was no significant differ-
ence in Zeta potential between the two cell lines.
6
2
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Discussion

Optimisation of Peptides

NK-2 is a very effective peptide at low micromolar concentrations
against a considerable number of cancer cells including human
neuroblastoma, leukaemia, colorectal adenocarcinoma and pros-
tate cancer [6,28,32], non-small cell lung carcinoma [43], as well
as equine sarcoid cancer (this study). However, the peptide ap-
parently exhibits reduced efficacy under full medium conditions
([6,32] and in particular this study). To overcome this restriction,
we designed three novel peptides based on NK-2 by rational ap-
proach. Replacement of Cys7 residue (peptide C7A) is thought to
reduce sensitivity to oxidation. This Cys residue, although it is in-
volved in disulfide bonding in the protein NK-lysin [44], from
which NK-2 was derived [34], is nonfunctional in peptide NK-2 it-
self [17]. Enhancement of the positive net charge has been
shown to improve the antibacterial activity of a variety of pep-
tides [17] and seemed also to be relevant for the anticancer activ-
ity [45]. Here, we exchanged an anionic Asp21 residue by cationic
Lys leading to peptide C7A-D21K. Finally, size reduction was
achieved by the consecutive omission of a putative internal heli-
cal term of the peptide NK-2. This deletion of a consecutive
stretch of four amino acid residues, including the anionic Asp21

and cationic Lys20 residue (leading to peptide C7A-Δ), maintains
the amphipathic nature and charge pattern of the parent peptide
NK-2. Actually, the Cys/Ala exchange (C7A) turned out to be the
key substitution to maintain the peptide‘s activity also under me-
dium conditions. The reason for that is currently unclear. As
discussed earlier [17], we do not believe that peptide
dimerisation is involved. Instead, we suggest that an enhanced
hydrophobicity of the Ala residues contributes to the behaviour
of the peptide.
nd John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci
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Substitution or deletion of anionic Asp21 further improved activ-
ity, in particular in a long-term regime. It is important to note that
also the shortened derivative C7A-Δ, implying a significantly re-
duced synthesis effort, represents a substantially improved version
of the anticancer peptide NK-2. The same consecutive deletion of
amino acid residues 18–21 (Ile-Ser-Asp-Lys) was already successful
in an earlier study, which was devoted to the antibacterial activity
of NK-2-derived peptides [17]. These peptides were based upon a
Cys/Ser instead of the Cys/Ala exchange used in this study. At this
stage, we cannot yet define themolecular basis for the antibacterial
and anticancer cell activities of NK-2-derived peptides. Both
activities require a positive net charge of the peptides. However,
it seems likely that other molecular requirements for these two tar-
gets are indeed different. This assumption is stressed by the fact
that peptide C7S, which differs from NK-2 by a single substitution
of Cys7 against Ser, exhibits improved antibacterial activity [17]
but inferior activity against cancer cell lines (not shown). Further en-
hancement of the cationic charge of C7A (net charge +10), leading
to peptide C7A-D21K (net charge +12), did not significantly im-
proved activity against equine cancer cells. Importantly, selectivity
was not the toll for an improved anticancer cell activity, because
the novel peptides exhibited a similar low to moderate haemolytic
activity as NK-2.

Mode of Action

Dynamics of the peptide–cell interaction process were monitored
in more detail for NK-2 and C7A-D21K using confocal fluores-
cence microscopy as well as a chip-based sensor for pH and oxy-
gen. Binding of NK-2 to the cell surface was rapid, within seconds,
and, above a critical concentration, was followed almost immedi-
ately by membrane blebbing and membrane permeabilisation.
Subsequently, the peptide enters the cytosol. Obviously, the ac-
cumulation dynamics were dependent on the peptide concentra-
tion applied and lasted from seconds up to 10min. After
traversing the plasma membrane, NK-2 bound to intracellular
membranes, induced the formation of large intracellular bubbles
and entered the nucleus in a fast sequence.
The initial binding phase was accompanied by a dramatically

increased respiration rate of the cells, which was documented
for C7A-D21K using the chip-based sensor. These data go hand
in hand with results from the classical MTT test, where the
highest effectiveness of the peptides was also found within the
first 30min of incubation. Thus, peptides bind rapidly and
permeabilise the membrane, thereby inducing massive cell
stress, which leads to membrane blebbing and enhanced energy
metabolism in order to repel the peptide‘s attack. A comparable
increase has also been observed also for melittin against HaCaT
cells but not for NK-2 against sensitive neuroblastoma cells [32].
We suppose that the reaction of HaCaT and the equine cells to
the peptide-induced membrane damage is an indication of a
more robust, tenable cell type. Compared with conventional che-
motherapeutics, the mode of action of the peptides is extremely
fast. Physical membrane destruction, combined with a fast killing
process, is likely to be the basis for their capacity to overcome
known resistances against current drugs [43,46] and their low
tendency for the generation of new resistances.

Cell Type Selectivity

Regrettably, none of the peptides discriminated between equine
normal skin fibroblasts and sarcoid cells. This was surprising,
wileyonlinelibrary.com/journal/jpepsci Copyright © 2013 European Pe
because peptide NK-2 exhibited clear selectivity for neuroblas-
toma cancer cells over HaCaT cells [32], which represent
noncancerous, spontaneously transformed human keratinocytes
[47]. Meanwhile, it is well accepted that some cancer cells expose
an increased amount of the negatively charged membrane lipid
PS in the outer leaflet of their plasma membranes, which leads
to an increased negative net charge on the surface of those cells
[6,20,22], and thus triggers the interaction with the cationic pep-
tides [6,48]. A direct PS interaction has been documented before
for NK-2 [6,49] and is also emphasised here by the adoption of an
α-helical secondary structure by NK-2 and C7A in the presence of
PS liposomes.

Actually, the amount of PS, which was detectable on the sur-
face of the sarcoid and normal skin cells, was undistinguishable.
In addition, also other charged surface factors were found to be
present in a similar amount/density on the cell surface, as indi-
cated by a similar Zeta potential, a measure of the accessible sur-
face charge. Similar amounts of surface-exposed PS as well as of
other potentially anionic structures on both cell lines provide a
reasonable explanation for the lack of selectivity of the peptides.
Besides PS, anionic carbohydrates, such as terminal sialic acid res-
idues on glycoproteins and glycolipids as well as sulfated glycos-
aminoglycans, contribute to the Zeta potential of cells. NK-2 and
peptides derived thereof apparently prefer binding to PS and
sulfated glycans (chondroitin sulfate) rather than to sialic acids
(this study and [6,28]). In a recent study, it has been shown that
killing of A549 lung carcinoma cells by a model peptide occurs
before neutralisation of the Zeta potential of the cells [50]. In
the light of our findings, it sounds reasonable that this residual
Zeta potential is rested upon unmasked sialic acid residues on
the cell surface.

Conclusions

Cationic, amphipathic peptides are potential anticancer drugs
with a novel mode of action. Here, we achieved a substantial im-
provement of peptide NK-2 by directed amino acid substitutions,
leading to a more stable, shortened version of the parent peptide
(C7A-Δ). Moreover, we documented for the first time an efficacy
of a cationic, amphipathic peptide against equine cancer cells,
showed that the anticancer activity of NK-2 and of the improved
peptides is driven by membrane permeabilisation and gave a
reasonable explanation for a similar sensitivity of the sarcoid
and normal skin cell lines. Because the peptides were effective
against the sarcoid cells in vitro, a successful therapeutic ap-
proach may combine surgery followed by a local application of
peptides directly at the tumour site. All presented peptides also
exhibit potent antibacterial activities (unpublished data and
[17,51]). Thus, this procedure may minimise the relapse rate by
the eradication of remaining sarcoid cells as well as prevent a
bacterial wound infection.
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