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Abstract

Fluorescent labelling is a common approach to reveal the molecular details of cellular uptake, internalisation, transport, dis-
tribution processes in biological systems. The conjugation with a fluorescent moiety might affect relevant physico-chemical
and in vitro transport properties of the bioactive component. A representative set of seven cationic peptides—including
cell-penetrating peptides as well as antimicrobial peptides and synthetic derivatives—was selected for our comparative
study. Membrane affinity of the peptides and their 5(6)-carboxyfluorescein (Cf) derivatives was determined quantitatively
and compared applying Langmuir monolayer of zwitterionic (DPPC) and negatively charged (DPPC + DPPG) lipids as cell
membrane models. The interaction with neutral lipid layer is mainly governed by the overall hydrophobicity of the molecule
which is remarkably increased by Cf-conjugation for the most hydrophobic Magainin, Melittin and Transportan. A signifi-
cantly enhanced membrane affinity was detected in negatively charged lipid model monolayer for all of the peptides since the
combination of electrostatic and hydrophobic interaction is active in that case. The Cf-conjugation improved the penetration
ability of Penetratin and Dhvar4 suggesting that both the highly charged character (Z/n) and the increased hydrophobicity by
Cf-conjugation present important contribution to membrane interaction. This effect might also responsible for the observed
high in vitro internalisation rate of Penetratin and Dhvar4, while according to in vitro studies they did not cause damage of
cell membrane. From the experiments with the given seven cationic peptides, it can be concluded that the Cf-conjugation
alters the degree of membrane interaction of such peptides which are moderately hydrophobic and highly charged.

Keywords Fluorescent labelling - Membrane affinity - Cell-penetrating peptides - Lipid monolayer - Penetration - Cellular
uptake

Introduction

Detailed investigations of biological processes as well as the
following of the transport of a given component generally
require labelling with a fluorophore. Proteins, nucleic acids,
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lipids, or other molecules are labelled with fluorescent dyes
which can be small organic molecules, proteins or quantum
dots (Jensen 2012). Fluorescent proteins are used for moni-
toring gene activation, selective labelling and analysis of
single proteins, cellular organelles or the whole cell. The
colour palette of fluorescent proteins extends from far-red
to blue in addition to the special ones with light-modulated
spectral properties. However, the photophysical properties of
fluorescent proteins such as brightness or stability are not as
good as organic dyes. Quantum dots introduced recently pos-
sess size-controlled fluorescence providing an outstanding
alternative in labelling due to their unique optical properties.
Their excellent photostability, long fluorescence lifetime,
availability in many colours allow the complex imaging both
in vitro and in vivo. On the other hand, the possible toxicity
and relatively large size are the main issues limiting their
wide spread application. Therefore, the organic fluorophores
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are currently the most popular and versatile agents used for
bioimaging.

Any kind of chemical coupling raises the question
whether the labelling influences the behaviour of the sys-
tem investigated. There are signs in different experiments
that the labelling can affect the processes, but it is also
accepted that it is very much system dependent. Kitchens
and co-workers reported on the transport of various surface-
modified poly(amidoamine) dendrimers across Caco-2 mon-
olayers (Kitchens et al. 2006). The comparison revealed that
fluorescent labelling of the polymer enhanced its perme-
ability comparing to the unlabelled one due to opening of
tight junctions. Phagocytosis of Bordetella pertussis labelled
extrinsically with fluorescein isothiocyanate (FITC) or
genetically with green fluorescent protein (GFP) was fol-
lowed by Weingart et al. (1999). The covalent coupling of
FITC induced such alteration which led to increased phago-
cytosis and additionally at least one extracellular virulence
factor was also affected by FITC labelling. Considering the
misleading results, the authors concluded that care should be
taken when using labelled bacteria in phagocytosis assays.

FITC was also used for specifically targeting of human
cervical cancer cells (Liu et al. 2018). For this purpose,
cancer-specific targeting peptides (CSPs) were labelled with
FITC. Their results showed that FITC-CSPs had specifically
bound to the cell membrane and cytoplasm of tumor cells,
which could be used in the therapeutic diagnosis and target-
ing of cancer cells.

Birch and co-workers were investigating different spe-
cific fluorophores’ effect on the physico-chemical proper-
ties and uptake-related characteristics of Penetratin. The
authors concluded that the hydrophobicity and intracellular
distribution had significant changes due to the covalent link-
age of different fluorophores. This modification also influ-
enced the cytotoxicity, which had adverse effects on cellular
function and the cell membranes morphology. (Birch et al.
2017). Recently, covalent linkage of fluorophore moieties
to membrane-interacting peptide (Penetratin) was studied
in ex vivo (Hedegaard et al. 2018) and in in vitro model
systems. Authors concluded that fluorophore moiety signifi-
cantly alters lipophilicity, membrane interaction profile and
internalisation feature of Penetratin.

Cell-penetrating peptides (cpps) and numerous synthetic
peptides derived from the natural ones are in the focus of
research and potential therapeutic applications. These cpps
are promising chemical helpers to transport nonpermeable
drugs into live cells (Reissmann 2014; Guo et al. 2016).
They are particularly favoured in the internalisation of vari-
ous cargos, quantum dots, nanoparticles due to their low
toxicity and final degradation to amino acids. Cpps and the
related antimicrobial peptides (amp) (Henriques et al. 2006)
are the subject of various in vitro and in vivo investigations

@ Springer

where labelling is crucial in the understanding the molecular
processes.

A peptide series is selected in the present work for the
experimental characterisation of membrane affinity and
to evaluate the effect of fluorescent labelling. Well-known
cpps and amps such as Transportan, Penetratin, Magainin,
Melittin and designed derivatives such as Crot(1-9,38-42),
Dhvar4, OT20, with various compositions cover a wide
range of physico-chemical, structural and biological prop-
erties. All of them possess the common feature of containing
several cationic amino acids. The selection of peptides is
directed by previous research on the critical comparison of
internalisation and cytotoxicity performed on a wider family
of cpp/amp (Horvati et al. 2017).

To characterise the peptide—lipid interaction monomo-
lecular lipid layers were applied as model membranes. Phos-
pholipid monolayers are extensively used as a model for one
leaflet of the cell membrane (Brockman 1999; Wiecek et al.
2008; Flasinski et al. 2014). The surface concentration and
charge density of the layer prepared on water surface can be
easily adjusted by altering the composition and surface pres-
sure of the monolayer (Kiss et al. 2012; Hegediis et al. 2012;
Pénzes et al. 2012; Schone et al. 2017). The ordered lipid
monolayer formed in a Langmuir trough or the supported
lipid bilayers (Cranfield et al. 2017; Marek et al. 1999;
Mohai et al. 2002) obtained by liposome spreading or LB
technique although much less complex than biological mem-
branes are particularly suitable for studying the molecular
interactions (Horvath et al. 2013; Lohr et al. 2014, Abrahdm
et al. 2016, 2017). The binding of molecules, such as pep-
tides and proteins, polymers, or amphiphilic substances
to the lipid headgroup region and their penetration into
the lipid acyl chain region (Haedicke and Blume 2015) is
detected quantitatively in a Langmuir trough as the increase
of surface pressure of the monolayer. Although in charac-
terisation of cpp-lipid interaction various vesicle systems
(GUYV, liposomes) are the commonly used models of the
cell membrane, the experimental models of lipid monolayer
provide valuable information on the influence of molecular
composition and structural details (Brezesinski and Moh-
wald 2003; Hill et al. 2010; Michanek et al. 2012; Keszthelyi
et al. 2013).

The method to characterise quantitatively the membrane
affinity of various peptides is the penetration measurement
when change in surface pressure of the lipid film due to
adsorption/penetration of a component dissolved in the
subphase is determined. Running all the penetration experi-
ments with two lipid models (DPPC and DPPC + DPPG)
allows assessment of both the hydrophobic and electrostatic
molecular interactions, and their contribution to the mem-
brane affinity of peptides and the 5(6)-carboxyfluorescein-
labelled peptides.
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The aim of the present study is to get information on
the influence of Cf-conjugation on the hydrophobicity and
lipid membrane interaction of the selected peptides. The
hydrophobicity of the peptides was characterised by their
retention time in RP-HPLC as well as the surface activity
of their aqueous solutions. The membrane affinity to neutral
and charged lipid layer was analysed relating to the chemical
composition of the peptides along with their estimated sec-
ondary structure. Furthermore, in this study, we examined
the cellular uptake rate, cytotoxicity of the peptides and their
Cf-derivatives. We have analysed the results of membrane
model studies and compared to in vitro activity; how charge,
size, hydrophobicity of the peptides affect their internalisa-
tion and membrane damaging.

Experimental
Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
and its mixture with 1,2-dipalmitoyl-sn-glycero-3-phos-
pho-(10-rac-glycerol) (sodium salt) (DPPG) (Sigma-
Aldrich) were applied in chloroform solution to form the
molecular lipid layer on the surface of subphase in the
Langmuir trough. The composition of the mixed lipid
layer was a molar fraction of 75% DPPC and 25% DPPG.
Chloroform (purity >99.8%) from Fisher Chemicals was
used for preparing the lipid solutions. Dichloromethane
(purity >99.9%) from Spectrum-3D Kft. Hungary and
methanol (purity >99.9%) from Sigma-Aldrich Kft., Hun-
gary, were used for cleaning the Langmuir trough and the

polyoxymethylene (POM) barriers, respectively. Double
distilled water was checked by its conductivity (<5 mS)
and surface tension (>72.0 mN/m at 23 + 0.5 °C) values.

For peptide synthesis amino acid derivatives were
obtained from Reanal Laboratory Chemicals or from Iris
Biotech. Reagents, such as N,N'-diisopropylcarbodiimide
(DIC), triisopropylsilane (TIS), 1-hydroxybenzotriazole
(HOBt), and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU),
5(6)-carboxyfluorescein (Cf) were purchased from Sigma-
Aldrich. Fmoc-Rink Amide MBHA resin was also from
Iris Biotech. Trifluoroacetic acid (TFA), N,N-dimethylfor-
mamide (DMF) and acetonitrile were from VWR.

For the in vitro assays RPMI-1640 medium, foetal
calf serum (FCS) and trypsin were obtained from Sigma-
Aldrich. HPMI buffer (9 mM glucose, 10 mM NaHCO;,
119 mM NaCl, 9 mM HEPES, 5 mM KCI, 0.85 mM
MgCl,, 0.053 mM CacCl,, 5 mM Na,HPO, x 2H,0, pH 7.4
(Kapus et al. 1994) was prepared in our laboratory using
components obtained from Sigma-Aldrich.

Seven cationic peptides were selected for the present
investigation. Their sequence together with their molecular
masses and HPLC retention times are given in Table 1.
This group contains some well-studied representatives of
cell-penetrating peptides as Penetratin and Transportan,
antimicrobial peptides like Magainin and Melittin, as well
as synthetic cationic peptides that were designed based on
structure—activity relationship studies such as the tetramer
derivative of tuftsin (OT20), a shorter derivative of Cro-
tamine, Crot(1-9,38-42) and Dhvar4 a synthetic deriva-
tive of Histatin. The comparative analysis of their in vitro
activities was the subject of a previous study (Horvati
etal. 2017).

Table 1 Anglytical . Peptide Sequence M, calc./found® R, b (min)

characteristics of the peptides
OT20 TKPKG TKPKG TKPKG TKPKG 2063.5/2063.5 72
Cf-0T20 CF-TKPKGTKPKGTKPKGTKPKG 2421.8/2422.0 10.8
Crot(1-9,38-42) YKQCHKKGGKKGSG 1504.8/1504.9 6.8
Cf-Crot(1-9,38-42) Cf-YKQCHKKGGKKGSG 1863.1/1863.4 11.2
Dhvar4 KRLFKKLLFSLRKY 1839.3/1839.4 11.3
Cf-Dhvar4 Cf-KRLFKKLLFSLRKY 2197.7/2197.7 15.4
Penetratin RQIKIWFQNRRMKWKK 2245.7/2245.9 10.9
Cf-Penetratin Cf-RQIKIWFQNRRMKWKK 2604.0/2604.2 13.5
Magainin II GIGKFLHSAKKFGKAFVGEIMNS 2465.9/2465.8 12.9
Cf-Magainin II Cf-GIGKFLHSAKKFGKAFVGEIMNS 2824.2/2824.2 14.8
Melittin GIGAVLKVLTTGLPALISWIKRKRQQ 2846.5/2846.6 16.1
Cf-Melittin Cf-GIGAVLKVLTTGLPALISWIKRKRQQ 3204.8/3204.7 19.9
Transportan AGYLLGKINLKALAALAKKIL 2181.8/2181.8 15.5
Cf-Transportan Cf-AGYLLGKINLKALAALAKKIL 2540.1/2540.0 18.8

#Measured average molecular mass by Bruker Esquire 3000+ ESI-MS

PRetention time using analytical RP-HPLC, Agilent ZORBAX StableBond 80 A C18, 4.6 mmx 150 mm,
3.5 um HPLC column, gradient: 5% B, 2 min; 5-100% B, 20 min
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Peptide synthesis, purification and analytical
characterisation

Peptide synthesis was carried out in an automated peptide
synthesiser (Syro-I, Biotage) using standard Fmoc/tBu
strategy with DIC/HOBt coupling reagents. In the case of
the fluorescently labelled derivatives, N-terminal amino
group was conjugated with 5(6)-carboxyfluorescein (Cf) in
the presence of DIC/HOBt reagents. Peptides were cleaved
from the resin with TFA/H,O/TIS (9.5:2.5:2.5 v/v) mixture
(2 h, RT). After filtration compounds were precipitated in
cold diethyl ether, centrifuged (4000 rpm, 5 min) and freeze-
dried from water. Crude products were purified by RP-HPLC
on a semipreparative C18 Phenomenex Jupiter column
(250 mm X 10 mm) using gradient elution, consisting of
0.1% TFA in water (eluent A) and 0.1% TFA in acetoni-
trile/water = 80:20 (v/v) (eluent B). Purified peptides were
analysed by RP-HPLC on an analytical Agilent ZORBAX
StableBond C18 (4.6 mm X 150 mm, 3.5 pm, 80 10\) HPLC
column using gradient elution with the above-mentioned
eluents A and B (flow rate was 1 mL/min, UV detection at
A=220 nm). Molecular mass of the peptides was determined
by using a Bruker Esquire 3000 + ESI mass spectrometer.
Peptide samples were dissolved in a mixture of acetonitrile/
water=1:1 (v/v) containing 0.1% acetic acid and introduced
by a syringe pump with a flow rate of 10 pL/min. Peptide
content of the final product was determined by amino acid
analysis and taken into consideration in the further measure-
ments. Table 1 summarises the analytical characterisation of
the peptides and peptide-derivatives.

Calculation of peptide structure

Secondary structure of the peptides was predicted using
two online peptide folding services. The I-TASSER (Itera-
tive Threading ASSEmbly Refinement) is an online service
of the University of Michigan (Zhang Lab 2018). Models
are built by first identifying structural templates from the
Protein Data Bank followed by iterative fragment assembly
simulations (Zhang 2008; Roy et al. 2010). The results are
presented as the possible secondary structure motif (coil,
helix or strand) for each amino acid in the sequence along
with the confidence score of the prediction.

The peptide structure was also analysed using the PEP-
FOLD (PEP-FOLD server 2018) service. PEP-FOLD is a
de novo approach for predicting the 3D structure, based on
structural alphabet (SA) letters to describe the conformations
of four consecutive residues followed by the coupling of the
predicted series of SA letters to a greedy algorithm and a
coarse-grained force field (Thévenet et al. 2012; Shen et al.
2014). 100 simulations were run for all sequences. The results
are displayed by the usual 3D ribbon structure and in a bar
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representation of probability of appearance of helix or other
structural features along the sequence.

Surface tension measurements

Surface tension of the aqueous solutions of the peptides was
measured by axisymmetric drop shape analysis using an
OCA15+ (Dataphysics, Germany) optical contour analysis
instrument. 10 pL droplets hanging at the end of the capil-
lary of a Hamilton syringe were created in air in a small glass
chamber saturated with water vapour at 25 °C. Surface tension
values were recorded for 1 h at peptide concentrations of 2 pM
and 200 pM. Three parallel measurements were carried out
for all systems and surface tension values were reproducible
to +£0.5 mN/m.

Membrane affinity

The membrane affinity of the various peptides was investi-
gated using the Langmuir technique. Lipid monolayer was
prepared and the penetration measurements were performed
in a Langmuir balance (250 mm X 60 mm). Surface pressure
was recorded with the tensiometric method with an accuracy
of +0.5 mN/m employing filter papers as Wilhelmy plates.
Two surface pressure sensors were used at the two compart-
ments of the trough divided by a single movable barrier.
This experimental setup enables the simultaneous recording
of the surface pressure on the pure and on the lipid covered
surface. The trough was made of Teflon and the barrier from
polyoxymethylene (POM). Before each measurement, the
trough was cleaned with dichloromethane, while the bar-
rier was cleaned with methanol. After cleaning, the trough
was filled with doubly distilled water to be used as subphase.
DPPC or DPPC + DPPG (at molar ratio 3:1) was dissolved in
chloroform to a concentration of 0.2 g/L.. The lipid solution
was spread onto the water surface and chloroform was left to
evaporate for 10 min before compression. The compression
and expansion of the lipid layer were performed at a barrier
speed of 34 mm/min. Surface pressure—area isotherms were
recorded two times before each penetration experiment. Pep-
tides were dissolved in water at 200 uM concentration. The
aqueous peptide solution was injected into the subphase result-
ing in a final concentration of 2 uM in the trough. The changes
of the surface pressure indicating peptide—lipid interaction
were detected as a function of time for 1 h. Three penetra-
tion measurements were performed in every case. One-way
ANOVA test was run on the measured A7 values to determine
significant differences.
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In vitro biological activity

In vitro cellular uptake evaluation by flow cytometry
and fluorescent microscopy

Internalisation of Cf-labelled peptides were measured on
MonoMac6 human monocytic cell line (Ziegler-Heitbroc
et al. 1988) by using a BD LSR II flow cytometer (BD Bio-
sciences, San Jose, CA, USA) with 488 nm (Coherent Sap-
phire, 22 mW) laser. MonoMac6 cells were maintained as
an adherent culture in RPMI-1640 supplemented with 10%
heat-inactivated foetal calf serum (FCS) L-glutamine (2 mM)
and gentamicin (35 pM) at 37 °C in humidified atmosphere
containing 5% CO,. Cells were treated with peptides at
10 uM final concentration and were incubated for 2 h (37 °C,
5% CO, atmosphere). After centrifugation (1000 rpm,
5 min) and washing with serum-free RPMI medium, super-
natant was removed and 100 pL 0.25% trypsin was added
to the cells. After 5 min incubation 0.8 mL 10% FCS/HPMI
medium was added then cells were washed and re-suspended
in 0.3 mL HPMI medium. The intracellular fluorescence
intensity of the cells was measured on BD LSR II, channel
FITC LP505 (emission at A=505 nm; LP 505, BP 530/30)
and data were analysed with FACSDiva 5.0 software. All
measurements were performed in triplicates and the mean
fluorescent intensity together with standard error of the
mean (SEM) was graphically presented (Fig. 7a, b).

Parallel with flow cytometry measurements, to visual-
ise cell morphology after peptide and Cf-peptide treatment
(20 pM final concentration), microscopic images of Mono-
Mac6 cells were captured. Washed and resuspended cells
were plated in a 96-well flat-bottom tissue culture plate and
images of the adherent cells were captured using an Olym-
pus CKX41 microscope (Hamburg, Germany, Olympus
U-RFLT50 mercury-vapor lamp, WideBlue DM500 BP460-
490 BAS520 IF filter, objective: 20X) (Fig. 7c).

Cell viability and membrane integrity studies using
propidium iodide staining

The cell viability and membrane integrity were assessed by
flow cytometry and fluorescent microscopy using propidium
iodide (PI) exclusion method. PI is a membrane impermeant
dye that is excluded from viable cells. It binds to double-
stranded DNA by intercalating between base pairs. PI pen-
etrates the damaged, permeable membranes of non-viable
cells. MonoMac6 cells were harvested in the logarithmic
phase of growth and plated on a 24-well tissue culture plate
(10° cells/1 mL medium/well) 24 h prior to the experiment.
MonoMac6 cells were treated with the peptides and Cf-pep-
tides at 10 and 20 pM final concentration for 2 h (37 °C, 5%
CO, atmosphere). After treatment, cells were centrifuged
(1000 rpm, 5 min) and washed twice with serum-free RPMI

medium. After centrifugation (1000 rpm, 5 min) supernatant
was removed and 100 pL 0.25% trypsin was added to the
cells. After 1 min incubation at 37 °C the effect of trypsin
was stopped by 800 pL HPMI supplemented with 10% FCS,
and the cells were transferred from the plate to FACS-tubes.
Cells were centrifuged (1000 rpm, 5 min) and the superna-
tant was removed. After this procedure, cells were resus-
pended in 0.3 mL. HPMI. The cell viability and intracellular
fluorescence intensity of MonoMac6 cells was determined
by BD LSR II (488 nm; Coherent Sapphire, 22 mW) laser,
channel PE LP550 (emission at A=550 nm; LP 550, BP
575/26)) before and after adding 10 pL 50 pg/mL PI solu-
tion. Cells with PI positivity were gated and the number of
dead and viable cells was counted. Data were analysed with
FACSDiva 5.0 software. Percentage of live cells was com-
pared to untreated control cells and the relative viability was
graphically represented (Fig. 7a). All measurements were
performed in triplicates and the mean and SEM are pre-
sented. Parallel with flow cytometry measurements micro-
scopic image of the cells were captured with an Olympus
CKX41 microscope (Olympus U-RFLT50 mercury-vapor
lamp, SuperWideGreen DM570 BP480-550 BAS90 IF filter,
objective: 20X) (Fig. 7¢).

Statistical analysis

Data were analysed using GraphPad Prism v6 software (San
Diego, CA, USA). For analysis of statistical significance
(»<0.001) unpaired ¢ test was used.

Results and discussion

Surface behaviour of the peptides, adsorption
at air/water surface

Surface tension measurements were performed with aque-
ous solution of the peptides to see their adsorption ability
at air/water surface. The adsorption and hence the reduc-
tion of surface tension is the indicator of hydrophobicity/
amphiphilicity of the peptides. The concentration of aque-
ous peptide solution used for the lipid interaction measure-
ment was 2 pM. None of the peptides showed detectable
reduction of surface tension at that concentration. Therefore,
to be able to evaluate surface activity of the peptides they
were applied at a higher concentration: 200 pM. The surface
tension of peptide solutions was followed by pendant drop
profile analysis for 1 h (Fig. 1a). Within this time interval
some solutions presented a slight gradual decrease, such as
OT20 or Crot(1-9,38—42). Other peptides, like Magainin
or Melittin were proved to be more surface active show-
ing a fast decrease then the levelling of the surface tension.
The change of surface tension of Penetratin solution as a
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Fig.1 Time dependence of surface tension (y) of aqueous solutions
of peptides (a) and respective Cf-peptides (b) at concentration of
200 pM (five of the studied peptides are presented for clarity)

function of time was unique, starting with an induction
period and then turning into a steady reduction. Transpor-
tan was the most surface active among the seven peptides
for which constant value of surface tension was not reached
within the time of investigation. The values of surface ten-
sion reduction, Ay measured after 1 h of drop formation are
given in Table 2. The range of Ay is quite large indicating

the substantial difference in hydrophobicity of the peptides
studied.

Similar experiments were performed with the solutions
of Cf-labelled peptides. Significant increase in surface activ-
ity (more reduced surface tension) was obtained for all the
peptides (Fig. 1b). It is expected that the carboxyfluorescein
molecule coupled to the N-terminus of the peptide results
in an increased hydrophobicity of the whole molecule. This
difference is clearly reflected in the R, values (Table 1) where
retention time on a reversed-phase column is consistently
higher for the Cf-peptides than for the original ones. That
increased hydrophobicity is responsible for the enhanced
surface activity of Cf-peptides. The difference in the reduc-
tion of surface tension comparing the Cf-peptides to the
original ones amounts to 3—6 mN/m at the given concentra-
tion (200 uM) as the data in Table 2 show.

As we can see in Fig. 1 the surface activity of the various
peptides is highly influenced by their amino acid composi-
tion. The overall polarity of the peptides can be estimated
by using the average of hydrophilicity values of each amino
acids (Hopp and Woods 1981). The order of surface activ-
ity of the seven peptides studied here agrees with the esti-
mated hydrophilicity/hydrophobicity order (Table 2). The
most hydrophilic OT20 has the lowest surface activity, while
the less hydrophilic Transportan reduces the surface ten-
sion of water at the highest degree. Within this range the
surface activity is in line with the estimated hydrophobicity
of the given peptide except Penetratin, which was found to
be more surface active than expected from its amino acid
composition.

As the surface activity measurements reveal the charac-
ter of the labelled peptides is consistently shifted into the
more hydrophobic direction while the order of peptides
according to their hydrophilicity was not influenced by the

Table2 Str ucn.m,ﬂ properties Peptide n* z° ZIn Hydrophilicity® Ay (mN/m) Helicity® (I
and §urface aCtlYlty (Ay) of the - . TASSER) %
peptides and their Cf-labelled Peptide Cf-peptide
derivatives
OT20 20 9+ 0.45 +1.1 2.0 6.5 0
Crot(1-9,38-42) 14 6+ 0.43 +0.8 34 7.7 29
Dhvar4 14 7+ 0.5 +0.3 43 8.8 71
Penetratin 16 8+ 0.5 +0.5 14.2 18.1 0
Magainin II 23 44+ 0.17 —0.1 18.4 22.5 87
Melittin 26 6+ 0.23 -0.2 24.0 30.1 73
Transportan 21 5+ 0.24 -03 30.0 33.0 48

4n: number of amino acids

bZ: net charge at neutral pH. Calculated by the number of (K +R) — (E+ D). Positive charge at the N-termi-

nus increases Z by 1 unit

“Hydrophilicity calculated using values of amino acids expressing hydrophilicity of each amino acid (Hopp

and Woods 1981)

dDecrease of surface tension of water at peptide concentration of 200 pM after 1 h adsorption

¢Calculated by [-TASSER
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Cf-coupling. That effect was found to be valid for each pep-
tide studied here. The relative increase of hydrophobicity is
reasonably larger for the originally more hydrophilic ones.

Secondary structure of the peptides

The cell-penetrating and antibacterial peptides are classified
into three groups according to the degree and mechanism
of interaction with cell membranes (Madani et al. 2011).
Amphipathic peptides containing more than 20 amino acids
belong to the first group. These peptides are able to directly
cross the membrane by pore or inverse micelle formation
such as transportane or melittin with a high antibacterial
effect and membrane lytic property (Asthana et al. 2004).
This intense structural perturbance of membrane is usually
caused by helical peptide sequence.

The second group is formed by smaller peptides with less
amphiphilicity, e.g. Penetratin. Highly charged peptides such
as polyarginine or the OT20 make the third group present-
ing weak membrane interaction but the case of negatively
charged lipids.

The various types of interaction are suggested to be asso-
ciated with the amino acid sequence and membrane-induced
structural change during the interaction (Zorko and Langel
2005). Therefore, to understand the difference in membrane
affinity it is important to estimate the possible secondary
structure of the peptides.

Small peptides are usually considered to be in a random
coil conformation in aqueous medium. There is, however,
an extensive experimental evidence that cpps can easily fold
into helical structures (Lindberg et al. 2001; Nikawa et al.
2004). In many cases these structural changes are induced by
adsorption to an interface (Avitabile et al. 2014).

The possible secondary structure of the peptides was pre-
dicted using two online applications. The I-TASSER algo-
rithm provides the most probable structural motif for each
amino acid in the sequences along with a confidence score
for the prediction on a scale of 0-9. The predicted structures
along with the confidence scores are shown in Fig. 2. The
helicity of the peptides in % calculated from these predic-
tions is collected in Table 2.

PEP-FOLD algorithm was also used to make an estima-
tion of the secondary structure of the peptides. The structural
results of the PEP-FOLD algorithm along with a predicted
3D conformation are also shown in Fig. 2. The PEP-FOLD
results can be interpreted as the probability of an amino acid
in the sequence to be in a helical, random coil or extended
strand structure.

The structural information provided by the two methods
is similar in all cases. According to the prediction, OT20 is a
random coil and does not form helical structure at all, while
the probability of helix formation is quite low for Penetratin
and Crot(1-9,28-42). On the other hand, helix formation

is highly feasible for Melittin, Magainin, Transportan and
somewhat for Dhvar according to both predictions in a
coherent way.

Membrane affinity

The peptide—lipid interactions were studied in a Langmuir
balance using floating monolayer of highly packed, ordered
DPPC and DPPG molecules. DPPC is one of the main com-
ponents of membrane-forming lipids. External leaflet of
plasma membrane contains mostly zwitterionic phospholip-
ids with a small amount of anionic lipids. DPPC (similarly
to POPC) represents the noncharged component of the lipid
double layer allowing the evaluation of hydrophobic type
interaction.

20 mN/m was selected as surface pressure of lipid mon-
olayer for the penetration experiments. This value is lower
than the generally accepted 30 mN/m characterising the lipid
density of real cell membrane, however, is especially suit-
able to demonstrate the differences and effects of molecular
structure of the penetrating species. Alhakamy reported that
maximum penetration of the cpps was observed for phos-
pholipid films compressed to a surface pressure of 20 mN/m
(Alhakamy et al. 2013). The peptides were applied at 2 pM
concentration in the aqueous phase which provides sufficient
molecules to achieve the maximum interaction with lipids
according to previous studies (Haedicke and Blume 2015).

The change of surface pressure was recorded for 1 h
which proved to be sufficient to get a saturation value of
penetration in most cases except Melittin. Two examples of
penetration curve for Transportan and Melittin are displayed
in Fig. 3 comparing the lipid interaction of the peptide and
its fluorescently labelled derivative. Small degree of mem-
brane affinity was observed for the two peptides, while the
penetration of Cf-labelled ones are increased significantly
resulting in 10 mN/m or higher rise in surface pressure of
the layer.

The results of membrane affinity to DPPC monolayer
for the peptides and their Cf-derivatives are summarised
in Fig. 4. The error bars in Fig. 4 represent the confidence
intervals of the determined mean values, calculated using
Student’s # test at 95% confidence level.

Considering the membrane affinity of the various pep-
tides, we see that the binding to DPPC layer is modest for the
most hydrophilic OT20 and Crot(1-9,38—-42), while higher
for Penetratin. According to the ANOVA test of the results
the difference between OT20 and Crot are insignificant,
while significant for all other peptides at a significance level
of 0.05. Membrane affinity then gradually increased in the
order of peptides Dhvar4 < Transportan < Magainin < Melit-
tin. This behaviour reflects the hydrophobic/hydrophilic
character of the peptides although the hydrophilicity values
given in Table 2 do not correspond exactly to the order of
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Peptide amino acid sequence, Local structure Predicted 3D

predicted secondary structure* and prediction profile structure (PEP-

its confidence score (I-TASSER) (PEP-FOLD)** FOLD)
OT120
TKPKGTKPKGTKPKGTKPKG
gccccecececcecceccecceccecceccccccccc
98766677776877767888 w
Crot(1-9,38-42) -
YKQCHKKGGKKGSG o
CCHHHHCCCCCCCC X
91555432767889 -
Penetratin -
RQ 1 KIWFQNRRMKWKK -
cCssssssccccccce “
9266626211023369 «
Dhvar4 -
KRLFKKLLFSLRKY -
CCHHHHHHHHHHCC X
9279999888851 9 -
Transportan -
AGYLLGKINLKALAALAKKIL -
CCCSSSCCCHHHHHHHHHHCC o
961232026999999998509 -
Magainin ll o
GIGKFLHSAKKFGKAFVGE IMNS -
CHHHHHHHHHHHHHHHHHHHHCC o
90589998999869999998519 .
Melittin
GIGAVLKVLTTGLPAL ISWIKRKRQQ
CCHHHHHHHHCCCHHHHHHHHHHHCC
92078999860758999999987539

0 T GAVLRVLTTGL D ALISWIRRE

*Predicted secondary structures: C — coil, H — helix, S — strand
** Graphical representation of the probabilities of Structural Alphabets, corresponding to fragments of 4
residue length, at each positions of the sequence. Colour code: red — helical, green — extended, blue — coil.

Fig.2 Predicted secondary structure of the peptides using I-TASSER and PEP-FOLD methods
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Fig.3 Surface pressure (/1) of DPPC monolayer during the interaction with Transportan (a) and Melittin (b) comparing to their Cf-labelled
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Fig.4 Degree of penetration (A[l) of peptides (black) and Cf-pep-
tides (grey) into DPPC lipid monolayer determined at 1 h of interac-
tion. Error bars represent the confidence intervals (95%) of the meas-
ured mean values

penetration. That implies that besides the amino acid com-
position additional structural effect might have an important
contribution to the binding of the molecules.

This influence is accounted for in another approach devel-
oped by White and Wimley (1998), Hristova and White
(2005) and Almeida and Pokorny (2009). They introduced
a scale to describe the membrane affinity of cpps using
fractional values of amino acids to estimate the interfacial
free enthalpy of the binding of a peptide to the membrane
surface. The binding process is a coupled binding—folding
event whereby a peptide mostly disordered in aqueous solu-
tion, binds and folds to an a-helix on the membrane sur-
face. It is well documented that peptides readily change their
conformation in the neighbourhood of membrane surface
and a-helix formation was detected by different instrumen-
tal techniques. When an aliphatic helix forms at an inter-
face, AG of peptides is reduced by 0.4 kcal/mol per residue

(Ladokhin and White 1999). We used I-TASSER algorithm
to approximate the extent of helix formation of the given
peptides (Table 2). The calculated AG values for binding of
our peptides perfectly correspond to the order of the experi-
mentally determined degree of binding/penetration of our
peptides calculated AG values. (That order of peptides was
used in the plots of Figs. 4 and 6.)

The degree of peptide interaction with lipid layer for the
Cf-peptides is almost the same as the original peptides for
0OT20, Crot(1-9,38-42), Penetratin, and Dhvar4. For the
Cf-labelled Transportan, Magainin and Melittin, however a
much higher membrane affinity was found comparing to the
corresponding unlabelled peptides. According to ANOVA
test the changes in membrane affinity due to Cf-labelling can
be considered significant (at 0.05 significance level) with
the notable exception of OT20, Penetratin and Dhvar4. We
recognised that the coupling of fluorescein to the peptides
results in more hydrophobic character of the whole molecule
supported by retention time and surface tension experimen-
tal data. Considering that the zwitterionic DPPC molecular
layer will sense mainly hydrophobic interactions, enhanced
membrane affinity of Cf-labelled peptides was expected.
This was found to be valid for the most hydrophobic pep-
tides. The increase of surface pressure caused by binding
was almost doubled for Magainin while became even larger
for Transportan and Melittin due to Cf-labelling. That
influence of Cf-labelling was not realised for the other four
peptides. The possible explanation can be that those more
hydrophilic peptides are the highly charged ones, presenting
Z/n values close to 0.5 (Table 2), whereas this value is <0.25
for the three previously discussed hydrophobic peptides
(Transportan, Magainin, Melittin). The strong hydrophilicity
of OT20, Crot(1-9,38-42), Penetratin, and Dhvar4 cannot
be reversed or compensated by the Cf-coupling, therefore
resulting in no detectable enhancement in the hydrophobic
interaction with DPPC layer.
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Membrane affinity of the peptides and their Cf-labelled
derivatives was also characterised using the other mem-
brane model which is formed from DPPC + DPPG mix-
ture. The mean results are presented in Fig. 6, where the
error bars represent the confidence intervals of the deter-
mined mean values, calculated using Student’s ¢ test at
95% confidence level. Since the cpps are cationic peptides,
in general it is reasonable to study their membrane affinity
with such model lipid layer which provides the possibility
of electrostatic interaction.

According to the expectation, higher degree of bind-
ing was observed for DPPC + DPPG layer than for pure
DPPC for all peptides studied here (Fig. 6). Two charac-
teristic penetration curves of the Transportan and Melittin
clearly demonstrate this high membrane affinity (Fig. 5).
Surface pressure increases suddenly from 20 mN/m to a
value above 35 mN/m after introduction of the peptides
below the lipid layer.

In the case of charged lipid layer, the most hydropho-
bic peptides (Transportan, Magainin, and Melittin) bind
to the lipid layer with the highest affinity (Fig. 6). The
electrostatic interaction however, offers a significant con-
tribution to the binding for the less hydrophobic peptides,
too. Especially the Penetratin shows intense interaction
with charged lipid layer. For the peptides where high mem-
brane affinity was observed helix formation appears to be
favoured although no direct correlation could be found
between the penetration and helicity. Low probability of
helix formation for Penetratin is suggested by the PEP-
FOLD algorithm we used. It is also known that Penetratin
enters and transfers the lipid bilayer by different mecha-
nism than the highly effective pore-forming cpps such as
Melittin or Magainin do. This increased penetration ability
of Cf-conjugated Penetratin corresponds to previous find-
ings of Illien et al. (2016) where internalisation efficiency
dependent on the hydrophilic/hydrophobic nature of the
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Fig.6 Degree of penetration (AIl) of peptides (black) and Cf-pep-
tides (grey) into DPPC 4+ DPPG lipid monolayer determined at 1 h of
interaction. Error bars represent the confidence intervals (95%) of the
measured mean values

chemical moiety positioned at the N-terminal extremity
of the peptide was reported.

The most remarkable result relating the membrane affin-
ity of Cf-modified peptides is that both the original and
Cf-peptides present similar degree of penetration except
Penetratin and Dhvar4. The one-way ANOVA test of the
experimental values supported that in these two cases the
Cf-coupling induced penetration increase considered sig-
nificant. It seems to be valid that the coupling of Cf has no
significant influence on the combined hydrophobic and elec-
trostatic interactions. A slightly increased membrane affinity
was obtained for Cf-Dhvar4 and somewhat higher in the case
of Cf-Penetratin due to labelling.

According to the classification of cell-penetrating pep-
tides (Ziegler 2008; Madani et al. 2011; Reissmann 2014)
primary amphipathic cpps contain typically more than
20 amino acids and have sequentially hydrophilic and
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Fig.5 Surface pressure (/1) of DPPC+DPPG monolayer during the interaction with Transportan (a) and Melittin (b) comparing to their Cf-

labelled derivatives (open circle)
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Fig.7 Comparison of internalisation and cytotoxicity of selected pep-
tides and their Cf-derivatives using flow cytometry (BD LSRII) and
microscopy (Olympus CKX41) performed as described in the Experi-
mental section. a Represents the relative viability of unlabelled and
Cf-labelled peptides following treatment (10 pM, 2 h) measured on
MonoMac6 human monocytes. Spontaneous cell death due to sam-
ple preparation was determined for untreated control cells (3-5%
of death). b Shows the mean intracellular fluorescence intensity of
Cf-peptide-treated MonoMac6 cells (10 pM, 2 h; FITC LP505; BP
530/30). Error bars are SEM of three independent measurements. ¢

hydrophobic amino acids in their primary structure ena-
bling their direct penetration. Magainin and Melittin, the
two typical examples of amphipathic amps also possess the
structural feature that the N-terminal region of the sequence
is composed mainly of hydrophobic amino acids while the
C-terminal region is rich in charged or polar amino acids. It
is reasonable to assume that this character contributes to the
surfactant like activity of such peptides.

Displays representative images of internalisation and membrane
integrity studies with selected unlabelled and Cf-labelled peptides.
Columns (1) bright field images of untreated and unlabelled OT20,
Penetratin and Melittin, 20 pM; 2 h (2) membrane integrity; PI stain-
ing, SuperWideGreen Filter (3) bright field images, Cf-labelled cpps,
20 pM. 2 h (4) internalisation, WideBlue Filter (5) membrane integ-
rity; PI staining, SuperWideGreen Filter. After PI staining non-viable
cells have bright red fluorescence, while viable cells remain non-flu-
orescent

Secondary amphipathic cpps with the typical member of
Penetratin commonly have less than 20 amino acids, and
can form their a-helical or p-sheet conformations upon
interaction with phospholipid membranes. The interaction
of Penetratin is weak with neutral membrane and does not
form helical structure (Almeida and Pokorny 2009). With
the negatively charged membrane surface however, the inter-
action is more intense (Castanho 2009) inducing significant
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conformational change from random coil to either -sheet
(Bellet-Amalric et al. 2000) or a-helix (Christiaens et al.
2002) structures. Regarding the primary sequence in Pen-
etratin (and Dhvar4), it is interesting to see that both the
N- and C-terminal regions compile charged and polar amino
acids yielding a rather symmetrical distribution of polar-
ity. The coupling of Cf-moiety at the N-terminal introduces
asymmetry in polarity possibly rendering these peptides
more amphiphilic. That can be the possible explanation of
the enhanced membrane affinity observed in the case of Pen-
etratin and Dhvar4.

In vitro biological activity of peptides in MonoMacé
cells: cellular uptake, cell viability and membrane
integrity studies

Determination of cell viability, internalisation rate and mem-
brane integrity is critical in compounds screening when
evaluating the in vitro response. Flow cytometry and fluores-
cent microscopy are reliable methods to study these param-
eters. Human MonoMac6 cells were chosen as an excellent
and useful model for investigating cytotoxicity, uptake and
membrane damage following treatment with synthetic cati-
onic peptides, cpps and amps and their Cf-labelled deriva-
tives. MonoMac6 cell line represents monocytic cells with
a closely related pattern of surface, phenotypic, functional
features and adhesion properties of mature monocytes and
macrophages (Ziegler-Heitbroc et al. 1988; Erl et al. 1995).
In our previous studies these model cells were used to deter-
mine uptake profile, cytotoxicity and membrane interactions
of promising drug carrier peptides (Horvati et al. 2014,
2017, 2018; Baranyai et al. 2017; Abraham et al. 2016).
Relative viability of the cells was above 80% for each
peptide except the bee venom Melittin. It is important to
note that no significant differences were measured com-
paring Cf-labelled and unlabelled peptides; however, the
cytotoxic effect of Transportan is somewhat higher than Cf-
Transportan (Fig. 7a). Internalisation rate of Cf-Penetratin,
Cf-Dhvar4 and Cf-Melittin was the highest but in the case
of Cf-Melittin, Cf-positive cells were mainly membrane-
damaged non-viable cells (Fig. 7b). This observation was
in accordance with the microscopic images, where dramatic
changes in the cell morphology and severe damage on the
cell membrane were captured for MonoMac6 cells treated
with Melittin and Cf-Melittin. In the assay described in this
study, a red fluorescent dye, PI was used for the identifica-
tion of membrane-damaged, permeabilised cells. Propidium
iodide (PI) is a polar, fluorescent compound and can only
enter cells that lack membrane integrity. PI penetrates the
membrane of dead and dying cells, and this method is widely
used for determination membrane integrity and quantifica-
tion cell viability. After treatment with the other peptides,
intact MonoMac6 cells were observed (as representatives,
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OT20 and Penetratin-treated cells are shown in Fig. 7c).
Again, there were no differences in the cell membrane integ-
rity for Cf-labelled and unlabelled peptides.

The ex vivo membrane penetration and in vitro cellu-
lar uptake profile of the seven membrane active peptides
are summarised in Fig. 8. The order of lipophilicity and the
predicted 3D structure is also displayed to evaluate the influ-
ence of these properties on the in vitro cellular interaction.
According to these properties three groups were defined:
group 1—no significant differences between unlabelled and
Cf-labelled peptides; group 2—penetration rate, cellular
uptake slightly affected by Cf-labelling; group 3—highly
membrane-disrupting peptide; not distinguishable effect of
Cf-labelling.

Conclusions

In this study, a group of cell-penetrating, antimicrobial and
cationic synthetic peptides was investigated based on their
ability to bind to lipid model membranes. The seven peptides
represent different chemical properties and biological spe-
cificities. Membrane affinity of the original and Cf-labelled
peptides was compared.

The coupling of peptides with 5(6)-carboxyfluorescein
resulted in remarkable increase of hydrophobicity indicated
by retention time on reversed-phase chromatographic col-
umn (C18) and surface activity determined by surface ten-
sion measurements of their aqueous solutions.

Model lipid monolayers were used to characterise the
membrane affinity of the various peptides and their Cf-
labelled compounds. The hydrophobic interaction is mainly
responsible for membrane affinity to zwitterionic lipid mon-
olayer (DPPC). Considering the effect of composition of
peptides, it was found that the degree of interaction with
DPPC monolayer is increasing as it is favoured by the free
energy of surface binding calculated by the Wimley—White
approach. The increased hydrophobicity of the Cf-labelled
peptides led to higher membrane affinity only for the most
hydrophobic peptides with smaller ratio of charged amino
acids.

The other lipid monolayer composed of DPPC and DPPG
simulates the charged character of outer leaflet of membrane.
An increased penetration was found using this negatively
charged model membrane for both unlabelled and their Cf-
labelled derivatives resulting from the combined hydropho-
bic and electrostatic interactions. Cf-labelling had negligible
influence on the membrane affinity of most peptides studied
here with the exception of Cf-Penetratin and Cf-Dhvar4
where an increase in penetration was observed compar-
ing to the original peptides. The possible explanation for
this behaviour might be that according to their amino acid
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Fig.8 Summary of ex vivo membrane penetration, in vitro cellular
uptake profile and predicted lipophilicity, helicity of cationic syn-
thetic (OT20, Crot(1-9,38-42) and Dhvar4), cell-penetrating (Pen-
etratin, Transportan) and antimicrobial (Magainin, Melittin) peptides.
Coloured arrows represent behavioural tendencies (arrows point in
the direction “low-high”) in case of unlabelled and/or Cf-labelled
peptides. The membrane penetration was determined on lipid mon-
olayers, the cellular internalisation and membrane integrity was
measured in MonoMac6 cells. As an indirect approach the lipophilic—

sequence these peptides are less amphiphilic in the original
form, while the Cf-labelling enhances such property.
Cytotoxicity of the selected peptides and internalisation
of their Cf-modified derivatives were comparatively studied.
The response on membrane integrity was also investigated.
Flow cytometry and fluorescent microscopy are sensitive
methods to determine compound-induced cytotoxic effects
and membrane damaging. Cellular uptake by human Mono-
Mac6 cells was the highest for Cf-Dhvar4, Cf-Penetratin and
Cf-Melittin. The uptake depends on penetration abilities,
charge and structural features. The small differences in the
lipophilicity of the peptides seem to have no effect on the
uptake at the applied experimental conditions. The morphol-
ogy of the cells treated with most of the peptides and Cf-
peptides is normal, similar to control cells. The morphology
of the cells treated with Melittin and Cf-Melittin is differ-
ent; the cells were membrane damaged. The more intense
interaction with membranes presented by Melittin can be
related to its cytotoxic and/or membrane-disrupting proper-
ties. Flow cytometric data with microscope imaging were in
agreement in case of all peptides and their Cf-derivatives.
These types of peptides are widely applied as part of car-
rier/drug delivery systems. However, membrane interaction
(due to differed charge, lipophilicity, penetration profile) can
be affected by small molecule cargos (fluorophores, drug
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hydrophilic character of the peptides and Cf-peptides was estimated
using retention time (R,) obtained by high-performance liquid chro-
matography on a reverse phase, C18 column and surface activity
measurements. Helicity was predicted by PEP-FOLD methods. Group
1: no significant differences between unlabelled and Cf-labelled pep-
tides; group 2: penetration rate, cellular uptake slightly affected by
Cf-labelling; group 3: highly membrane-disrupting peptide; not dis-
tinguishable effect of Cf-labelling

molecules, etc.), which alteration needs to be considered
when choosing cationic peptide carriers.

The internalisation pathway of cationic peptides, cpps
and amps is widely studied and often leads to controver-
sial results when investigating the same peptide in different
experimental approaches. The comparative analysis of the
modifying effect of fluorescent moiety on peptides, which
were performed in the present work applying model systems,
might contribute to the better understanding of in vitro data.
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