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A B S T R A C T

Antimicrobial peptides (AMPs) are plausible candidates for the development of novel classes of antibiotics with a
low tendency to elicit resistance. They often form lesions in the bacterial membrane making it hard for bacteria
to develop permanent resistance. However, a potent antibacterial activity is often accompanied by excessive
cytotoxicity towards host cells. Modifying known natural sequences, based on desirable biophysical properties, is
expensive and time-consuming and often with limited success. ‘Mutator’ is a freely available web-based com-
putational tool for suggesting residue variations that potentially increase a peptide's selectivity, based on the use
of quantitative structure activity relationship (QSAR) criteria. Although proven to be successful, it has never
been used to analyze multiple sequences simultaneously. Modifying the Mutator algorithm allowed screening of
many sequences in the dedicated Database of Anuran Defense Peptides (DADP) and by implementing limited
amino acid substitutions on appropriate candidates, propose 8 potentially selective AMPs called Dadapins. Two
were chosen for testing, confirming the prediction and validating this approach. They were shown to efficiently
inactivate bacteria by disrupting their membranes but to be non-toxic for host cells, as determined by flow
cytometry and confirmed by atomic force microscopy (AFM).

1. Introduction

Bacterial resistance has become a widespread and increasingly
serious problem in the last decades, equally for Gram-positive and
Gram-negative bacterial species [1–3]. Due to a lack of new, effective
antibiotics, colistin has become a ‘drug of last resort’ despite some toxic
side effects [4], but in recent years its use has been limited by plasmidic
dissemination of the mcr-1 resistance gene [5]. Possible candidates for
the development of new and effective antibiotics are AMPs - en-
dogenous antibiotics present in all organisms with a direct cytotoxic
activity against pathogens and often also showing useful im-
munomodulatory properties [6,7]. These peptides are known to be
active against various bacterial species, and to use multimodal me-
chanisms that often involve interaction with bacterial membranes,

making them alternative to most conventional antibiotics. They are
therefore often active against multidrug resistant clinical pathogens [8]
and it is hard for bacteria to develop permanent resistance against
them. However, AMPs that exhibit potent antibacterial activity also
often show an unacceptably high toxicity towards host cells [9]. It is not
easy to identify, or to design peptides with desirable antimicrobial ef-
fects and an acceptable cytotoxicity, which is often quantified as a se-
lectivity index (SI=HC50 /MIC), given by the ratio between the pep-
tide concentration lysing 50% human red blood cells (HC50) and the
minimal inhibitory concentration (MIC) inhibiting bacteria growth.

With the development of next-generation sequencing techniques
and abundance of publicly available genomic and transcriptomic data,
high-throughput methods have recently been developed to identify
putative novel AMPs [10,11] from genomic data. This may also allow
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analyses of multiple species simultaneously, and requires only small
amounts of tissue [12]. However, even if effective in identifying po-
tentially potent AMPs, these methods do not provide predictions re-
garding the balance of antimicrobial to cytotoxic effects.

Other types of approaches may include redesign of AMP sequences
via statistical, template-based studies or to vary physico-chemical
parameters that correlate with activity and selectivity [13]. They rely
on known peptide sequences which are modified (often by single amino
acid substitution) to improve antibacterial activity and/or toxicity to-
wards host cells [14], and take into consideration relevant biophysical
properties such as net charge, the hydrophobic/polar residue balance
and resulting amphipathicity, and/or the tendency for self-aggregation,
since all these features are closely linked to peptide activity and/or
selectivity [15]. Other types of biophysical studies may include mole-
cular dynamics simulations which can provide strong hypotheses and
lead to novel peptide sequences, but are limited due to the constrained
initial conditions and duration of simulation time [13]. Another type of
promising approach is based on virtual screening studies where quan-
tifiable properties of peptides (such as the abovementioned charge,
amphipathicity and hydrophobicity) are used to construct appropriate
molecular descriptors. Utilizing QSAR, the descriptors can then link
biophysical properties, which act as input variables, with biological
activity (potency, selectivity) as the output variable [13,16].

The ‘Mutator’ tool is a freely available web-based software (http://
split4.pmfst.hr/mutator/) for improving peptide selectivity by using
such quantitative SAR. It suggests appropriate mutations, limited to one
or two amino-acid substitutions, to increase the selectivity index (SI)
[17,18] which can be achieved either by decreasing peptide toxicity
(i.e. increase the HC50 values), or by increasing antibacterial potency
(i.e. decrease the MIC values), while not altering the toxicity. The
software has been trained on helical AMPs of anuran origin, and
therefore may provide best results if natural peptides of anuran origin
are used as input. The dedicated Database of Anuran Defense Peptides
(DADP) [19] is a valuable source for such sequences, and can be sub-
jected to the Mutator tool in order to design new antimicrobials with
high predicted SI. Instead of inputting peptides ‘one by one’, the algo-
rithm was modified to automatically extract peptides from the DADP
based on i) low MIC values against Staphylococcus aureus, ii) a specified
peptide length and iii) appropriate SI values, before applying the lim-
ited mutations to potentially increase the SI. This resulted in eight new
sequences, named Dadapin 1–8. All the peptides maintained appro-
priate features closely correlated with potent antibacterial activity, and
two were selected for synthesis and verification. Based on the results of
antimicrobial and haemolysis assay, both of these peptides proved to be
moderately active against bacteria with very low toxicity towards red
blood cells, confirming the usefulness of the described approach. This is
despite the fact that both peptides still act via membrane disruption, as
confirmed by flow cytometry and visualized by AFM.

2. Materials and methods

2.1. AMPs data set and Mutator software

The Mutator software implements limited residue variations on a
given peptide sequence to increase the SI of the daughter sequence, as
previously described in detail in Kamech et al. [17], based on the D-
descriptor [18]. Briefly, its purpose is to increase SI without excessively
disturbing regularities of the peptide primary and secondary structures.
If the sequence is represented by residues A1, A2…Ai…An, Mutator
suggests that for residue Ai to be replaced by Bi, then this should be one
of the five most frequent neighbors of Ai–1 in a training set of peptides
with good antimicrobial properties (20 peptides with highest SI among
peptides in Table S1 of reference [18]). Bi should also be among the five
most frequent successors of Ai–4, so that peptide amphipathicity should
not be excessively decrease. Moreover, Bimust be either hydrophobic or
polar in a manner coinciding with 4 predecessor and 4 successor amino-

acids flanking it on a helical wheel projection. This algorithm takes into
account the fact that many AMPs have helical conformations for at least
part of their sequence, and attempts not to disrupt amphipathicity, as it
is known to correlate with potent, membrane-directed activity. The
global hydrophobicity of the peptide after mutation should also remain
within a theoretically assumed optimal level (−1.5 to 0.5, normalized
Eisenberg scale [20]).

The algorithm can be used as Single or Double implementations of
Mutator, depending on whether one or two residues are altered, where
the former is considered the stricter application. Furthermore, the
stringency of the above requirements (see [18] for details) can be
modified, leading to Weak or Harsh implementations of Mutator that
can be combined with the Single or Double implementations. In the
version used in this study, appropriate modifications were made to
Mutator so that larger sets of peptide sequences, specifically derived
from anuran defense peptides, could be inputted and analyzed succes-
sively, activating all implementation combinations.

DADP contains 2571 entries with 1923 non-identical bioactive se-
quences. Out of these, MIC data are available for 921 sequences [19].
Mutator was set so that only bioactive peptide sequences with reported
MIC≤3 μM for S. aureus and length≤ 25 amino acid residues were
considered, resulting in a final data set of 62 peptides (see Table S1).
Strict initial conditions were then used to further reduce the number of
sequences subjected to the Single or Double and Weak or Harsh Mutator
implementations (which refers to a greater or lesser stringency in ap-
plying the parameters for deciding the mutation) and outputted from it.
An SI value threshold of ≥40 was set for the incoming parent peptide
sequence, and only mutations resulting in an increase ≥10 of SI were
accepted as output. Other requirements, as briefly described above, also
had to be met. The minimal accepted SI value for selecting the final set
of daughter peptides was then set to 80 (note that in the algorithm, SI
ranges from 1 to 95). Verification of these daughter sequences sug-
gested that these peptides would have biophysical properties that are
strong indicators of antibacterial activity (e.g. secondary structure
prediction, hydrophobicity, amphipathicity, etc.).

2.2. Peptide synthesis

Selected Dadapin peptides were obtained from GenicBio Limited
(Shanghai, China), Dadapin-8 having a disulfide bridge and being C-
terminally amidated, both at> 98% purity as confirmed by RP-HPLC
and mass-spectrometry (see Fig. S1). Parent peptides, Odorranain-HP
and Odorranain-B1 were also obtained (see Fig. S2). Chromatographic
separation was achieved on a reversed-phase column (C18, 5 μm,
110 Å, 4.6× 250mm) using a 10–70% acetonitrile/0.1% TFA gradient
in 25min at a 1ml/min flow rate. Peptide stock concentrations were
determined by dissolving accurately weighed aliquots of peptide in
doubly distilled water, and further verified by using the extinction
coefficients at 214 nm, calculated as described by Kuipers and Gruppen
[21].

2.3. Preparation of liposomes

LUVs (large unilamellar vesicles) were prepared by dissolving dry
1,2-dipalmitoyl-sn-phosphatidylglycerol (DPPG; anionic LUVs) (Avanti
Polar Lipids, Alabaster, Alabama, USA) and 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC; neutral LUVs) (Avanti Polar Lipids) in chloro-
form/methanol (2:1) solution. The solution was evaporated using a dry
nitrogen stream and vacuum-dried for 24 h. The liposome cake was
resuspended in 1ml of sodium phosphate buffer (SPB, 10mM, pH 7) to
a concentration of 5mM phospholipid and spun for 1 h at a temperature
above the Tc (lipid critical temperature). The resulting multilamellar
vesicle suspensions were disrupted by several freeze–thaw cycles prior
to extrusion with a mini-extruder (Avanti Polar Lipids) through suc-
cessive polycarbonate filters with 1 μm, 0.4 μm and 0.1 μm pores and
resuspended to a final phospholipid concentration of 0.4mM. Based on
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the bilayer membrane surface area of a ~100 nm liposome, and area of
a phospholipid head group (~0.7–1 nm2) [22], the concentration of
liposomes is about 5 nM.

2.4. Circular dichroism

CD spectra were obtained on a J-710 spectropolarimeter (Jasco,
Tokyo, Japan). The spectra are accumulation of three scans measured in
a) SPB solution, b) 50% TFE in SPB, c) the presence of sodium dodecyl
sulfate micelles (10mM SDS in SPB), d) the presence of anionic LUVs
(DPPG) in SPB or e) the presence of neutral LUVs (DOPC) in SPB. The
helix content was determined as =[θ]222 / [θ]α, where [θ]222 is the
measured molar/residue ellipticity at 222 nm under any given condi-
tion and [θ]α is the molar ellipticity for a perfectly formed alpha helix
of the same length, estimated as described by Chen et al. [23]. Sec-
ondary structure contribution was also determined with BeStSel
(http://bestsel.elte.hu/index.php) as previously described by Micsonai
et al. [24].

2.5. Antimicrobial activity

The in vitro testing was done on four standard Gram-negative la-
boratory strains including E. coli ATCC 25922, Klebsiella pneumoniae
ATCC 13883, Acinetobacter baumannii ATCC 19606 and Pseudomonas
aeruginosa ATCC 27853 as well as S. aureus ATCC 29213 as a re-
presentative of Gram positives. Minimal inhibitory concentration was
assessed using the serial two-fold microdilution method according to
CLSI [25]. Bacteria were cultured in a fresh 20% Mueller Hinton broth
(MHB) to the mid exponential phase, added to serial dilutions of Da-
dapin peptides to a final load of 5×105 CFU/ml in 100 μl per well, and
incubated at 37 °C for 18 h. MIC was visually determined as the lowest
concentration of the peptide showing no detectable bacterial growth
and it was a consensus value of an experiment performed in triplicate.

For determination of minimal bactericidal concentration (MBC),
4 μL of bacterial suspensions were taken from the wells corresponding
to MIC, 2×MIC, and 4×MIC and then plated on MH agar plates.
Plates were incubated for 18 h at 37 °C to allow the viable colony counts
and the MBC determined as the peptide concentration causing no
visible growth.

2.6. Haemolysis assay

The cytotoxicity study of Dadapin peptides on human red blood
cells observed the ethical principles of the Declaration of Helsinki and
was determined by haemolysis assay. Peripheral blood samples were
drawn from young and healthy male donor into vacutainers containing
EDTA under aseptic conditions. The blood was washed twice with an
ice cold PBS (10mM phosphate buffer, pH 7.4), supernatant discarded,
and the pellet resuspended in the equal amount of PBS. Then, the blood
was diluted in PBS to a concentration of 1% (v/v) and 100 μl aliquots
were added to an equal volume of peptide in PBS to a final con-
centration of 0.5% erythrocytes. Haemoglobin release was monitored at
450 nm using ELx808 Ultra Microplate Reader (BioTek, Inc., Winooski,
VT, USA). Total lysis (100% haemolysis) was determined by the addi-
tion of 2% (v/v) Triton X-100, and the negative control value by the
incubation of the red blood cells in PBS. The HC50 value was taken as
the mean concentration of peptide producing 50% haemolysis. All
evaluations were repeated as three separate experiments, using the
same donor, carried out in triplicate, each time covering different
concentration ranges.

2.7. Membrane integrity assay

The effect of Dadapin-1 and -8 on bacterial membrane integrity was
studied by measuring the percentage of propidium iodide (PI) positive
cells on exposure to the peptides, with a Cytomics FC 5000 flow

cytometer (Beckman-Coulter, Inc., Fullerton, CA). Measurements were
carried out on two reference strains, S. aureus ATCC 29213 and K.
pneumoniae ATCC 13883 which were cultured in 20% MH broth to the
mid-logarithmic phase. After incubation, PI was added to the bacterial
suspension (1×106 CFU/ml) at a final concentration of 15 μM.
Peptides were then added in different concentrations ranging from ¼
MIC to 2×MIC just before the beginning of the analysis and the
measurement taken at 15min. Cells incubated in MH broth without
peptides were used as negative control. Experiment was repeated at
least three times and the data analysis was performed with the FCS
Express3 software (De Novo Software, Los Angeles, CA, USA).
Significance of differences between concentrations for each peptide was
assessed by using InStat (GraphPad Software Inc., San Diego, CA, USA)
and performed by an analysis of variance between groups (ANOVA)
followed by the Student Newman-Keuls post-test. Values of P < 0.05
were considered statistically significant.

2.8. AFM imaging

The same reference strains which were used for membrane per-
meabilization studies were chosen for atomic force microscopy in-
vestigations. Over-night culture growth, next-day dilutions and treat-
ments were carried out as reported in Rončević et al. [26]. Briefly,
prepared cultures were treated with 2×MIC concentrations of peptides
for 1 h, briefly centrifuged and resuspended in 100 μl of the super-
natant. The untreated bacterial cells were prepared in the same way but
without the peptide treatment. Bacterial adhesion to glass slides was
enabled with Cell-Tak solution (Corning, NY, USA) coating [27] as re-
ported in [26]. AFM images were obtained under ambient conditions in
contact mode using a Bruker Multimode 3 instrument (Digital Instru-
ments, USA) with 0.12 N/m and 0.06 N/m silicon-nitride probes
(Bruker AFM probes USA, DNPS-10). The image resolution was 512
pixels per line with scan rates between 2 and 3 Hz. Analysis of data was
carried out with Gwyddion [28].

3. Results and discussion

3.1. Novel peptide sequences

Implementation of the chosen data set on the Mutator tool resulted
in eight different peptide sequences named Dadapin 1–8, with sig-
nificant point mutations and high predicted selectivity indices (see
Table 1). Mutator has previously been shown to improve selectivity of
selected anuran peptides, as high predicted SI correlated well with
experimentally determined SI [14,17]. However, simultaneous auto-
matic selection and mutation of multiple sequences had not been at-
tempted before, and is novel, as most often methods for improving
natural peptides are applied to single peptide sequence, chosen by ex-
pert verification, and the analogues rationally designed by manually
substituting certain amino acids to obtain best possible biophysical
properties [29–31]. Although they can be moderately successful in
improving biological activity, these approaches are very time con-
suming and cannot be efficiently applied on the large amount of
available sequences and activity data present in devoted AMP data-
bases.

With the refinement of our Mutator algorithm we were successful in
screening the entire DADP database using a defined set of parameters,
resulting in a set of 62 peptides suitable for redesign. In the past, our
main focus was to obtain peptides with acceptable SI when active
against Gram-negative bacterial strains, since the initial algorithm was
constructed based on a set of data for peptides with known MIC against
E. coli (the most abundant set of data) and therefore should provide best
output for similar strains [17]. However, peptide activity is frequently
also reported for S. aureus, as a representative of Gram-positives (see
below) and in this study we decided to build a dataset based on activity
against this particular species. In any case, out of the subset of 62
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peptides, appropriate modifications which would result in an appreci-
able predicted selectivity increase could be done on 4 peptides (Odor-
ranain-HP, Odorranain-W1, Andersonin-Y1 and Odorranain-B1) re-
sulting in a total of 8 new sequences. All of the output Dadapin
sequences had suitable physico-chemical properties (e.g. adequate hy-
drophobicity, amphipathicity and charge, see Table 1) and a high
predicted SI based on single or double amino acid substitutions.

Dadapin-1 and -8 were selected for synthesis and further experi-
mental verification of their activity. Dadapin-1 was selected as the re-
presentative of the first sub-group of longer peptides (Dadapin 1–5) that
have a similar charge and hydrophobicity (see Table 1). Given the fact
those five sequences are very similar, selection was done based on the
highest SI obtained with the stricter selection rule (single mutation)
[17]. Out of the remaining three AMPs, Dadapin-8 was selected because
its structure is the most different from the rest. It contains two Cys
residues that likely engage in formation of a disulfide bridge, which
should rather favor a β-hairpin-like conformation than a helical one, in
line with the structure of the parent peptide, odoranain-B1 [32]. The
presence of a disulfide bridge was a positive feature on inspection, as it
has been reported to correlate with the activity for some frog derived
peptides [33,34]. All the other peptides are linear and likely to adopt
helical active structures to a greater or lesser extent, as is the case with
many frog-derived peptides [35].

3.2. Peptide structure

The likely active structures of the two Dadapin peptides was de-
termined by probing the effect of environment on conformation, using
CD spectroscopy. Their spectra are consistent with mostly disordered
structures in an aqueous environments (see Fig. 1), but a transition to
partly ordered conformations is evident in the presence of membrane-
like environments. Dadapin-1 shows a clear transition to a partly helical
structure in the presence of TFE, although the helix content is estimated

to be< 50%, and a strong contribution by disordered structure
(> 70%) is also observed in the presence of anionic SDS micelles and
DPPG LUVs, suggesting that it interacts with bacterial membranes only
as a partially helical peptide. The effect is more pronounced for Da-
dapin-8, which shows a significant contribution from a β-hairpin-like
conformation in the presence of anionic artificial membranes, (> 60%).
Neither peptide shows a marked conformational change in the presence
of neutral DOPC LUVs, suggesting that the peptides might not interact
strongly with eukaryotic cell membranes, this and a reduced tendency
to adopt a helical structure, could point to a reduced cytotoxicity [38].

3.3. Antimicrobial and haemolytic activity

The antibacterial activity of Dadapin peptides was assessed against
reference ATCC strains of S. aureus, E. coli, K. pneumoniae, P. aeruginosa
and A. baumannii. Both peptides were moderately active against Gram-
negative bacteria (see Table 2) with Dadapin-1 being the more potent
(MIC= 8 μM for most strains). On the other hand, the MIC value for S.
aureus was 1 μM. The activity is significantly lower than that of the
parent Odorranain-HP peptide, which has an MIC value of 8 μM against
S. aureus and 32 μM against E. coli. It should be pointed out that these
values are significantly higher than reported previously, although the
test conditions were quite different [39,40].

Dadapin-8 was somewhat less potent, with MIC values of 16–32 μM,
and in this case the best activity was against K. pneumoniae
(MIC= 8 μM). MBC values were, in general, comparable to MIC sug-
gesting the peptides are bactericidal rather than bacteriostatic (see
Table 2). The lower potency of Dadapin-8 could be due to difference in
structure compared to Dadapin-1, or its lower charge. Note that we
used a C-terminally amidated peptide, given the presence of a GKR
amidation sequence, leading to the decreased charge. We therefore
tested the full sequence of the parent peptide Odorranain-B1, with
charge of +6 (see Table 1) which turned out to be poorly active in our

Table 1
Dadapin peptides sequences and their physico-chemical characteristics.

Peptidea Mutationb Sequencec Charge dH eµHrel fSIcalc

Dadapin-1 SM (V8à K) GLLRASSKWGRKYYVDLAGCAKA +5 −1.42 (−0.04) 0.42 88.7

Dadapin-2 DM (V8àK, 
A21àL)

GLLRASSKWGRKYYVDLAGCLKA +5 −0.95 (−0.03) 0.46 94.8

Dadapin-3 SM (V8àK) GLFGKSSKWGRKYYVDLAGCAKA +5 −1.46 (0) 0.39 86.8

Dadapin-4 DHM (F3àS, 
R11àV)

GLSGKSSVWGVKYYVDLAGCAKA +3 −0.86 (0.21) 0.18 89.9

Dadapin-5 DM (G4àK, 
W9àQ)

GLFKKSSVQGRKYYVDLAGCAKA +5 −1.86 (−0.05) 0.32 94.6

Dadapin-6 DHM (A7àK, 
R18àL)

FLPKLFKKITKKNMAHIL +6 0.31 (0.05) 0.38 94.9

Dadapin-7 DM (A7àQ, 
R18àL)

FLPKLFQKITKKNMAHIL +5 0.53 (0.09) 0.37 94.9

Dadapin-8 DM (L3àK, 
K9àV)

AAKKGCWTVSIPPKPCF-NH2
g +4 −0.89 (0.14) 0.04 93.7

aThe parent sequences for Dadapin-1, -2: Odorranain-HP (SIcalc= 73.3) (DADP ID: SP_A7YL71); Dadapin-3,
-4, -5: Odorranain-W1 (SIcalc= 51.5) (DADP ID: SP_A6MBS8); Dadapin-6, -7: Andersonin-Y1 (SIcalc= 45.6)
(DADP ID: SP_2843); Dadapin-8: Odorranain-B1 (SIcalc= 54.8) (DADP ID: SP_A6MBD6).
bSM= Single Mutator, DM=Double Mutator, DHM= Double Harsh Mutator.
cMeasured MW (calculated MW): Dadapin-1 2513.96 (2513.92), Dadapin-8 1830.26 (1830.23); Odorranain-
HP 2484.87 (2484.88); Odorranain-B1 2186.66 (2186.65). MW were calculated using PepCalc (https://
pepcalc.com/).
dCalculated using the CCS consensus hydrophobicity scale [36], in brackets normalized Eisenberg scale data
[20].
eHydrophobic moment relative to a perfectly amphipathic helical peptide of 18 residues.
fPredicted selectivity index by using Mutator tool on a 1–95 scale.
gThe parent sequence ends with an amidation signal (-GK, -GKR) [37].
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hands. Again, this is significantly higher than the reported values of
MIC for S. aureus and E. coli (~1 and 3 μM respectively) [32], likely due
to different assay conditions. Thus, despite reducing the charge by
amidation, we have managed to produce a modified peptide with ap-
preciable activity.

Both Dadapins-1 and -8 were found to be quite non-toxic for red
blood cells, with estimated HC50 values of ~700 μM and>1mM re-
spectively (see Table 2 and Fig. 2). In fact, it was not possible to reach
the HC50 value experimentally, but just extrapolate it. This may be
more reliably estimated in the case of Dadapin-1, due to the linear
correlation between concentration and haemolysis (see Fig. 2), while
for Dadapin-8, little cell lysis was observed up to 800 μM (<15%), with
a sudden increase to about 50% at 1000 μM. In any case, comparing the
haemolysis with that of the parent peptides Odorranain-HP and B1, the
modified peptides have an equally low, if not lower toxicity (500
and>600 μM respectively, Fig. 3 and Table 2). It is worth noting, for
Odorranain-HP, the center of the upper cluster was conservatively used

for the determination of HC50 (see Fig. 3), which could have been de-
termined as 350 or 400 μM (separator of two clusters).

Both peptides therefore showed moderate activity against bacteria
but quite low cytotoxicity, resulting in promising selectivity indices
especially considering the effect of Dadapin-1 on S. aureus (SI= 670)
and Dadapin-8 on K. pneumoniae (SI > 120). It is worth noting how-
ever, that the peptides' antibacterial activity was found to be medium-
sensitive and decreased several-fold in full MH medium (data not
shown). This emphasizes the difficulty of designing adequate peptide/s
for possible biomedical applications even when introducing subtle
changes in the structure of naturally honed peptide.

3.4. Bacterial membrane permeability

Flow cytometry was used to monitor the effect of Dadapins on the
integrity of the cytoplasmic bacterial membrane, since PI incorporates
into nucleic acids and becomes fluorescent only in bacterial cells with

Fig. 1. CD spectra of Dadapin peptides under different conditions. Spectra are the accumulation of three scans carried out with 20 μM peptide in SPB, 10mM SDS in
SPB, 50% TFE, anionic LUVs in SPB (DPPG, 5 nM) and neutral LUVs in SPB (DOPC, 5 nM).

Table 2
Antimicrobial activity of Dadapin peptides and parent peptide sequences (Odorranains) measured as MIC (μM), along with HC50 values (μM) and selectivity index
calculated based on experimental results (SI).

Bacterial strain Dadapin-1 Odorranain-HP Dadapin-8 Odorranain-B1

MIC MBC SIexp MIC MBC SIexp MIC MBC SIexp MIC MBC SIexp

S. aureus (ATCC 29213) 1 1 670 8 8 63 16 32 >60 >64 >64 NA
E. coli (ATCC 25922) 8–16 16–32 42–84 32 32 16 16–32 32 >30 32 32 >20
A. baumannii (ATCC 19606) 8 16 84 64 >64 8 16 16 >60 >64 >64 NA
K. pneumoniae (ATCC 13883) 8 32 84 16 16 32 8 8–16 >120 >64 >64 NA
P. aeruginosa (ATCC 27853) 8 16 84 >64 >64 <8 32 64 >30 >64 >64 NA
Haemolytic activity (HC50) 670 500 >1000 >600

NA not applicable.

Fig. 2. Haemolytic activity of Dadapin peptides. Human
erythrocytes were treated with peptides at increasing
concentrations in PBS. Haemolysis was determined by
measuring the absorbance of the supernatant at 450 nm
after 1 h incubation of erythrocytes with each peptide at
37 °C and compared to the values achieved by treatment
with 2% Triton X-100. Negative control point (peptide
concentration= 0 μM) was determined by the incubation
of the red blood cells in PBS. Each data point represents
the mean value of one experiment performed in
triplicate ± SD.
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membrane damage. The experiment was carried out with either S.
aureus ATCC 29213 and K. pneumoniae ATCC 13883, as Dadapin-1 and
-8 were most active against these particular strains respectively (see
Table 1).Treatment of S. aureus with Dadapin-1 ATCC 29213
caused> 70% permeabilization at 2 μM (2×MIC) after 15min and
appreciable permeabilization (> 40% PI+ cells) at MIC values (1 μM).
Further decrease in peptide concentration to ½ MIC (0.5 μM) resulted in
~20% PI+ cells, indicating that the peptide is capable of disrupting the
membrane or altering its barrier function even at sub-MIC concentra-
tions (see Fig. 4). Treatment of K. pneumoniae ATCC 13883 with Da-
dapin-8 caused a more pronounced effect, with>60% PI+ cells al-
ready after incubation with the peptide at a concentration
corresponding to ¼ MIC (2 μM). At ½ MIC and MIC concentrations the
% of PI+ cells increased to ~90% and ~100%, respectively, indicating
a strong membranolytic effect which is typical for AMPs with β-hairpin
fold [41]. Prolonging the incubation time for both peptides and both
strains did not result in the increase of % of PI+ cells.

3.5. AFM images

Membrane damage on S. aureus ATCC 29213 and K. pneumoniae
ATCC 13883 was visualized with AFM after cell treatment with peptide
concentrations corresponding to 2×MIC. The surface of untreated S.
aureus cells was relatively smooth, and the cell wall seems to be pre-
served. The polysaccharide capsule of untreated K. pneumoniae was also
well preserved, with visible pili (see Fig. 5a and c). Treated S. aureus
cells, on the other hand, seemed blistered and the cell wall not as
smooth. Furthermore, some of the cells appeared to be ruptured and

surrounded with possible intracellular matter (see Fig. 5b). Similarly, K.
pneumoniae cells treated with Dadapin-8 cells were evidently altered
and surface roughness quite evidently changed (see Fig. 5d). Based on
both membrane permeabilization and AFM studies, carried out at
comparable peptide concentrations, it can be concluded that both
peptides act by a membrane disruption, although the effect seems to be
somewhat less pronounced for Dadapin-1.

4. Conclusions

Applying the Mutator algorithm to a large set of peptides present in
a dedicated anuran AMP sequence/activity database allowed prepara-
tion of a novel group of such peptides; the Dadapins. From this, two
structurally very different peptides were selected for synthesis and
testing, and showed promising selectivity indices, associated in the case
of Dadapin-1 with a potent activity against S. aureus. Despite their
structural differences, both peptides proved to be membrane active
disrupting the bacterial membrane even at sub-MIC concentrations. The
method did not limit selection to linear, helical peptides, but resulted
also in a bridged, β-sheet AMP with appreciable activity against K.
pneumoniae. Taken together, our findings suggest the approach pre-
sented in this paper can be further exploited to develop novel peptides
with limited host cell toxicity and active against various bacterial
strains. In particular Dadapin-1 shows a good activity with negligible
toxicity on erythrocytes and bears further investigation. Evaluation of
cytotoxic effects on mammalian cells other than erythrocytes can be a
subject of future additional in vitro testing as well as NMR structural
studies and dye release assays on liposomes in order to get a deeper

Fig. 3. Haemolytic activity of Odorranain peptides.
Human erythrocytes were treated with peptides at in-
creasing concentrations in PBS. Haemolysis was de-
termined by measuring the absorbance of the supernatant
at 450 nm after 1 h incubation of erythrocytes with each
peptide at 37 °C and compared to the values achieved by
treatment with 2% Triton X-100. Negative control point
(peptide concentration= 0 μM) was determined by the
incubation of the red blood cells in PBS. Each data point
represents the mean value of one experiment performed
in triplicate ± SD. Lower cluster indicates concentrations
not reaching 50% haemolysis and right cluster indicates
points with concentrations reaching HC50.

Fig. 4. Evaluation of the effect of Dadapin peptides on
bacterial membrane integrity. Dadapin-1 was incubated
with S. aureus (1× 106 CFU/ml) and Dadapin-8 with K.
pneumoniae (1×106 CFU/ml) for 15min at concentra-
tions equal to ¼ MIC, ½ MIC, MIC or 2×MIC. Data re-
present % PI+ treated cells subtracted of the % PI+
untreated control cells (< 2%). They are expressed as the
mean of % PI positive cells ± SEM of at least three in-
dependent experiments (*P < 0.05, **P < 0.005,
Student Newman-Keuls post-test).
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understanding of mode of action, as well as possibly suggesting mod-
ifications to improve salt-sensitivity.
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