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Background: Animal venoms contain a diverse array of proteins and enzymes that are toxic toward various
physiological systems. However, there are also some practical medicinal uses for these toxins including use as
anti-bacterial and anti-tumor agents.
Methods: In this study, we identified a nine-residue cryptic oligopeptide, KRFKKFFKK (EVP50) that is repeatedly
encoded in tandem within vipericidin sequences.
Results: EVP50 displayed in vivo potent lethal toxicity to zebrafish larvae (LD50 = 6 μM) when the peptide's
N-terminus was chemically conjugated to rhodamine B (RhoB). In vitro, RhoB-conjugated EVP50 (RhoB-EVP50)
exhibited a concentration-dependent cytotoxic effect toward MCF-7 and MDA-MB-231 breast cancer cells. In
MCF-7 cells, the RhoB-EVP50 nonapeptide accumulated inside the cells within minutes. In the cytoplasm, the
RhoB-EVP50 induced extracellular calcium influx and intracellular calcium release. Membrane budding was
also observed after incubation with micromolar concentrations of the fluorescent EVP50 conjugate.
Conclusions: The conjugate's interference with calcium homeostasis, its intracellular accumulation and its

induced membrane dysfunction (budding and vacuolization) seem to act in concert to disrupt the cell circuitry.
Contrastively, unconjugated EVP50 peptide did not display neither toxic nor cytotoxic activities in our in vivo and
in vitromodels.
General significance: The synergic mechanism of toxicity was restricted to the structurally modified encrypted
vipericidin nonapeptide.
© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Vipericidins (crotalicidin, batroxicidin, lutzicidin, and lachesicidin)
together with Bf-CRAMP, Na-CRAMP and Oh-CRAMP comprise the
cathelicidin-related antimicrobial peptides (CRAMPs) from the venom
gland of the pit vipers and elapid snakes, respectively [1–3]. The
cathelicidin family of peptides encompasses hundreds of sequences
expressed in the tissues and cells of the immune systems of several
species of vertebrates. Vipericidins and elapid CRAMPs are structurally
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arranged as prepropeptides with a signal peptide of ~20 residues, a
conserved cathelin domain (cathepsin L inhibitor protein) and a hyper-
variable carboxyl-terminal stretch where a range of natural antimicro-
bial activities are found. Mature vipericidins and elapid CRAMPs share
a high level of amino acid similarity, with most of their 34 residues
being identical or strictly conserved substitutions. Due to the high pro-
portion of lysine residues alternating with hydrophobic amino acid
residues, these peptides have a net positive charge and have an amphi-
pathic character, as observed in other membrane-active venom pep-
tides, like anoplin [4] and mastoparans [5]. One distinctive structural
feature in snake venom CRAMPs when compared to other familial
members of cathelicidins is the presence of an extra acidic patch (or
acidic signature) at the C-terminal end of the prosequence, which is
rich in aspartic acid and uncharged residues (Fig. 1). Snake venom
CRAMPs (vipericidins and elapid cathelicidins) possess effective
broad-spectrum activity against clinical isolates and standard strains of
bacteria and yeast [1–3,6,7]. They are particularly active against Gram-
negative bacteria, even rivaling organic antimicrobial compounds. Inter-
estingly, the cathelicidin of Bungarus fasciatus (BF-30) was shown to an-
nihilate in vitromelanoma B16F10 cells in a dose- and time-dependent
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Fig. 1. Hypervariable C-terminal region of the snake venom CRAMPs and putative proteolytic cleavage sites. The acidic and cationic/amphiphatic domains of vipericidins and elapid
CRAMPswere aligned. Identical amino acid residues are represented by dots, and gaps are represented by hyphens. The hypervariable anionic linkage sequences followed by the cationic
antimicrobial peptides are preceded by the highly conserved cathelin prosequence (indicated by a slash). The in tandem repetitive cryptic nonapeptides embedded in the mature antimi-
crobial sequences are in bold and underlined. Arrows indicate putative proteolytic cleavage sites. The “a”, “h” and “u” lowercase letters and the “+” symbol represent acidic, hydrophobic,
uncharged and basic amino acid residues, respectively. Numbers on the right side of each polypeptide sequence refer to the number of residues that a given cathelicidin-related
pre-propeptide contains. The vipericidins (crotalicidin, lachesicidin, batroxicidin and lutzicidin) and P. textilis CRAMPs (PT-CRAMP1 and 2) C-termini are shown in gray.

1254 L. Wang et al. / Biochimica et Biophysica Acta 1850 (2015) 1253–1260
fashion and inhibit melanoma growth and metastasis in grafted mice
[8]. On the same spectrum of activity, a Lys-16 mutant of BF-30
(BF30-K16) displayed selective in vitro cytotoxicity against lung cancer
cell propagation in a concentration range that was not toxic to non-
tumor cell lines [9].

Pre-propeptides, like the cathelicidin precursors, are processed by
specific proteases that release the active portion of the polypeptide
responsible for a given biological effect. Animal toxin peptides are also
processed into their mature active form by precise proteolysis. For in-
stance, crotamine and crotamine-like peptides from snake venomand liz-
ards [10,11], cytolysins from sea anemones [12,13], apamin, melittin and
mastoparan-B from hymenoptera venom [14,15], conotoxins from the
marine gastropods Conus [16,17] and antimicrobial and cytolytic peptides
from spider venom [18] are all toxins thatmature by proteolytic cleavage.
A less obviousmaturation process (post-translationalmodification) is the
proteolytic release of a number of bioactive peptides that are encrypted
within longer polypeptides. Classic examples of cryptic peptides that con-
tain natural physiologically active human cryptomes include the proteo-
lytically activated prohormone precursor pro-opiomelanocortin (POMC)
and the extracellular-matrix-derived crypteins [19]. In the first example,
dozens of diverse active hidden opioid peptides with distinct pharmaco-
logical functions are released from POMC by tissue-specific convertases
(proteases). In the second example, encrypted peptides with anti-
angiogenic, anti-tumor, immunomodulation, antimicrobial and chemo-
taxis activities are proteolytically cleaved from proteins in the extracellu-
lar matrix, such as collagens, laminin and perlecan [19]. Thus, biological
systems utilize proteolytic cleavage to generate encrypted peptides and
to increase the structural, molecular and pharmacological diversity of a
given peptidome to elicit complex physiological and pathophysiological
responses in mammals.

Snake venom cathelicidins contain several proteolytic cleavage sites
that can potentially produce a diverse array of smaller peptides [1,2]. It
was proposed that elastase-like proteases are involved in the processing
of bovine and porcine cathelicidins and potentially fowlicidins —

cathelicidins from chicken [20]. Thus, it was anticipated that vipericidins
and elapid CRAMPs might give rise to several hidden bioactive pep-
tides from the lysine-rich,α-helical, carboxyl-terminal antimicrobial
sequences. We focused our attention on the C-terminal hypervariable
region of vipericidins and prepared synthetic peptides conjugated to
rhodamine-B. The toxic and cytotoxic activities of encrypted vipericidin
peptides were evaluated in vivo with zebrafish model of vertebrate
organism and in vitro with two lines of human breast cancer cells,
MCF-7 and MDA-MB231. The cell uptake and intracellular accumulation,
the membrane disturbance and the interference with calcium homeo-
stasis were observed for a criptic vipericidn nonapeptide (KRFKKFFKK)
that was covalently linked to rhodamine B.

2. Materials and methods

2.1. Peptide sequences and synthesis

The hypervariable C-terminus of the vipericidins, which served as
template sequences for synthesis of the encrypted peptides, was from
lachesicidin (GenBank accession number AGS36142.1), which shares a
high degree of sequence identity with crotalicidin (99%, AGS36138.1),
batroxicidin (85%, AGS36140.1), lutzicidin (84%, AGS36141.1), Bf-
CRAMP (65%, B6D434), Oh-CRAMP (65%, B6S2X2.1), and Na-CRAMP
(64%, B6S2X0.1). Batroxicidinwas also used for thedesign and synthesis
of an acidic cryptic peptide (Fig. 1). All peptides were synthesized by
solid phase chemistry and obtained at a purity grade over 95% and con-
firmed by the presence of a single peak in analytical reverse-phaseHPLC
and mass spectrometry analysis (Cellmano Biotech Limited, Hefei,
China). The fluorescent dye Rhodamine B was covalently linked to the
N-terminal end of the peptide series, directly to N-deblocked chain of
peptide attached to the resin. Complete deprotection and cleavage
was carried out essentially with trifluoroacetic acid in water. The
crude peptides were precipitated out by the addition of chilled ether.
Then, the crude peptide was purified by HPLC, freeze-drying and re-
tested by HPLC to make sure that it is qualified. Table 1 summarizes
the synthetic encrypted vipericidin peptides used in this study.

2.2. Zebrafish maintenance

The enhanced green fluorescent protein (EGFP) was specifically
expressed in the endothelial cells of Tg(fli-1:EGFP) zebrafish larvae.
The zebrafish used in our study were maintained as previously
described [21]. Natural pair-wise mating (3–12 months old) was used
to generate zebrafish embryos. The embryos were raised and main-
tained in “embryo medium” at 28.5 °C. Ethic approval for the animal
experiments was granted by the Animal Research Ethics Committee in
University of Macau, University of Macau, China.

2.3. Acute toxicity of encrypted vipericidin peptides toward zebrafish

Zebrafish larvae at three days post-fertilization (3dpf)were separated
into a 24-well plate and exposed to 2-logs (from 1 to 100 μM)



Table 1
Primary structures, molecular weights, physicochemical characteristics and toxicity levels of rhodamine B-conjugated peptides derived from vipericidin hypervariable C-terminal regions.

Peptidesa Primary sequencesb MW pIc Net chargec(z) LD50 (μM)d

ACP1b RhoB—PVGGVEEEEEDEEEQKAEVEKDEEKEDEEKDRPKRVKRFKKFFKK 5935.5 4.52 −6 16
ACP1l RhoB—PVGGVEEEEEEEEEEQKAEAENDEEVEKEKEDEEKDQPKRVKRFKKFFKK 6495.0 4.28 −10 13
ACP18b RhoB—EEEEEDEEEQKAEVEKDEEKE 3035.1 3.59 −12 105
ACP18l RhoB—EEEEEEEEEEQKAEAENDEEV 2978.0 3.13 −14 123
ACP41b RhoB—EKDEEKEDEEKDRPKRV 2584.9 4.44 −3 116
ACP41l RhoB—EKEKEDEEKDQPKRV 2312.6 4.56 −2 106
EVP26 RhoB—ENDEEV 1159.3 2.89 −4 N200
EVP50 RhoB—KRFKKFFKK 1682.2 11.85 +6 6

a ACP: acidic connecting (vipericidin) peptide; EVP—encrypted vipericidin peptide. Values of molecular weight and isoelectric point are for unlabeled peptides. Batroxicidin-derived
peptides: “b”; lachesicidin-derived peptides: “l”.

b The fluorochrome rhodamine-B (RhoB) is covalently linked to peptide N-terminal; the carboxyl-terminal is free. Data of toxicity are for rhodamine-B labeled peptides. Unlabeled
peptides are innocuous.

c Values of pI and net charge are for unlabeled peptides. A pH-dependent extra charge (positive, at pH b 6.0; negative, at pH N 10.8) is imparted by rhodamine-B to peptide molecule.
At pH between 6.0 and 10.8, rhodamine-B is neutral (uncharged) [22].

d LD50 denotes the concentration of rhodamine-B conjugated peptides that cause 50% of zebrafish death.
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concentration of Rhodamine B-conjugated ACPs (RhoB-ACP1b, RhoB-
ACP1l, RhoB-ACP18b, RhoB-ACP18l, RhoB-ACP41b and RhoB-ACP41l)
and Rhodamine B-conjugated EVPs (RhoB-EVP26 and RhoB-EVP50)
for 24 h. The acute toxicity and mortality of zebrafish exposed to
the RhoB conjugates were determined by monitoring the absence of a
heartbeat, as observed under a light microscope. Unconjugated
peptides were concomitantly used in parallel in all experiments.

2.4. Distribution of RhoB-EVP50 in zebrafish and determination of acute
toxicity

Zebrafish larvae were exposed to a fixed concentration (10 μM) of
either RhoB-EVP50 or free rhodamine B for 24 h andmounted onmicro-
scope glass slides. The distribution of Rhodamine B-conjugated EVP50
in zebrafish body and tissues was visualized using an IX81 motorized
inverted fluorescent microscope (Olympus Co., Tokyo, Japan).

2.5. RhoB-EVP50 cell uptake by tumor cells

Human breast cancer MCF-7 and MDA-MB23 cells were cultured in
Dulbecco's Modified Eagle's Medium (DMEM) containing 10% fetal bo-
vine serum and 100 IU ml−1 penicillin–streptomycin at 37 °C in a hu-
midified incubator containing 5% CO2. Cells were seeded into a 96-well
plate at a density of 5 × 103 cells per well and incubated overnight.
After 24 h of seeding, breast cancer cells were treated with 10 and
40 μM RhoB-EVP50 for 10 min or 60 min. Then, the cells were stained
with Hoechst 33342 to label the nuclear DNA. Immortalized rat
cardiomyocytes (H9c2 cardiomyoblasts) and human lung carcinoma
A549 cellswere similarlymaintained and treated. The sub-cellular distri-
bution of Rhodamine B-conjugated EVP50 was detected by an IN CELL
Analyzer 2000 system (GEHealthcare Life Sciences, Piscataway NJ, USA).

2.6. Assessment of cell viability and cytotoxicity

The MCF-7 andMDA-MB-231 cells (1 × 104 per well) were cultured
as above and treated with increasing concentrations (up to 40 μM) of
RhoB-EVP50 for 1 h. The level of lactate dehydrogenase (LDH) in the
medium was measured by using a Cytotoxicity Detection Kit (Roche
Diagnostics Co., Indianapolis, USA) according to the protocol from the
manufacturer. Cell viability was determined by a standard 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

2.7. Measurement of intracellular calcium concentration

The MCF-7 cells were seeded on glass coverslips placed into the
bottom of the wells of 12-well plate. Twenty-four hours after seeding,
the cells were stained with 3 μM Fluo-3/AM for 30 min at 37 °C. The
cells were then washed with phosphate-buffered saline (PBS) three
times, and the calcium levels in the MCF-7 cells were detected using
the Cell^R imaging system of an IX81 microscope (Olympus Co.,
Tokyo, Japan).

3. Results

3.1. Assessment of lethal toxicity of encrypted vipericidin peptides in
zebrafish

From the snake venom CRAMPs shown in Fig. 1, peptides derived
from the C-terminus of the vipericidins lachesicidin and batroxicidin
were chemically synthesized by standard solid phase chemistry with
rhodamine B covalently linked to the peptide N-terminus. The synthe-
sized peptides and their physiochemical properties are listed in
Table 1. In a screen of the lachesicidin and batroxicidin acidic connecting
peptides (ACPs, namely ACPls and ACPbs, respectively) and encrypted
vipericidins peptides (EVPs), the peptides RhoB-ACP1l, RhoB-ACP1c
and RhoB-EVP50 showed the highest acute lethal toxicity to the
zebrafish larvae (Table 1). RhoB-EVP50 was the most potent peptide,
exhibiting an LD50 value b10 μM, and was selected for further studies.

3.2. Distribution of RhoB-EVP50 in zebrafish tissue

To determine whether Rhodamine B-conjugated EVP50 is able to
enter zebrafish larvae, a number of zebrafish larvae (3dpf) were incu-
bated with Rhodamine B-conjugated EVP50 (10 μM) for 24 h, and the
rhodamine B accumulation and emission were recorded using fluores-
cence microscopy. Free rhodamine B was used as negative control.
Fig. 2A and B show that free rhodamine B accumulated exclusively in
the yolk of the zebrafish. In contrast, RhoB-EVP50 was distributed to
the blood vessels (Fig. 2E and F) and co-localizedwith the green fluores-
cence of EGFP in Tg(fli1:EGFP) transgenic zebrafish (Fig. 2C and D).
Fig. 2G and H demonstrated the distribution overlap pattern of Rhoda-
mine B-conjugated EVP50 and EGFP expression in zebrafish. The
merged images (Fig. 2G, H) showed that RhoB-EVP50 specifically accu-
mulated in the posterior cardinal vein (Fig. 2E, F) and in the interseg-
mental vessels (Fig. 2F, H). RhoB-EVP50 was also detected in the H9c2
cardiomyoblast and heart of live zebrafish (Fig S1 and Video S1).

3.3. Cellular uptake of RhoB-EVP50

The distribution of RhoB-EVP50 in human breast cancel cell, in this
case MCF-7 cell line, was detected in a similar manner using fluores-
cence microscopy. Fig. 3 showed that at 10 μM, RhoB-EVP50 entered
anddistributed uniformly and accumulate inMCF-7 cells. At higher con-
centrations (40 μM) and longer period of incubation (60 min versus



Fig. 2. Fluorescent images of the distribution of RhoB-EVP50 in Tg(fli1: EGFP) zebrafish. Bright fieldmicrophotography (A, B) of zebrafish (3dpf) treatedwith 10 μMof free rhodamine B for
24 h as a negative control. Green fluorescence pattern of EGFP expression in transgenic Tg(fli1: EGFP) zebrafish (C, D). Fluorescent images (E, F) from zebrafish (3dpf) after incubationwith
RhoB-EVP50 (10 μM) for 24 h.Merged fluorescent images (G, H) of blood vessels (green) and rhodamine-conjugated EVP50 (red). (D, F and H)Magnified images of zebrafish as shown by
red box in figure C, E and G. Scale bar: 500 μm.
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10 min), the dye-conjugated nonapeptide RhoB-EVP50 damaged the
cell membrane and caused MCF-7 cell lyses that initiated within a
5 min time frame (Fig. 3 and Video S2). RhoB-EVP50 was also able to
penetrate embryonic rat ventricle H9c2 cardiomyoblasts in culture,
spread into the cytoplasm and the nucleus (Fig. S1).

3.4. Toxicity of RhoB-EVP50 towardMCF-7 andMDA-MB-231 breast tumor
cells

The cell viability and cytotoxicity of RhoB-EVP50 toward MCF-7
and MDA-MB-231 cells were determined by LDH and MTT assays,
Fig. 3. Fluorescent images of the intracellular distribution of rhodamineB-conjugated EVP50 inM
RhoB-conjugated nonapeptide EVP50 for 10 min and 60 min. At higher concentrations (40 μM
MCF-7 cells. Furthermore, it was showed in Supplementary data that treatment with a high con
damaged the cell membrane and caused lyses of MCF-7 cells that initiated within a 5 min time
respectively. As shown in Fig. 4, treatment with RhoB-EVP50 for 1 h
significantly decreased the viability and increased the cytotoxicity of
MCF-7 and MDA-MB-231 cells in a dose-dependent manner. As
observed, in Fig. S2 unlabeled EVP50 was harmless to both tumor
cell lines.

3.5. Rhodamine B-conjugated EVP50 promoted changes in intracellular
calcium

The dynamics of intracellular calcium levels were measured after
incubating MCF-7 cells in a fixed concentration of RhoB-EVP50. Fig. 5A
CF-7 cells.MCF-7 cellswere treatedwith different concentrations of encrypted vipericidin
), RhoB-EVP50 is distributed in the cytoplasm and accumulated in different organelles of
centration (40 μM) of RhoB-EVP50 for 60min incubation, the dye-conjugated nonapeptide
frame.



Fig. 4. Rhodamine B-conjugated EVP50 induces cell death in MCF-7 and MDA-MB-231 cells. The cells were treated with different concentrations of RhoB-EVP50 for 1 h. Cell viability and
membrane integrity were evaluated by an MTT cytotoxic assay (A, C) and an LDH leakage assay (B, D), respectively. ⁎P b 0.05 vs. untreated control (Ctrl).

Fig. 5.RhodamineB-conjugated EVP50 induces calcium influxand intracellular calcium release inMCF-7 cells. (A) Representative images of [Ca2+]i intensity inMCF-7 cells before and after
treatment with RhoB-EVP50 (30 μM). (B) RhoB-EVP50 caused [Ca2+]i elevation in the absence or presence of extracellular calcium. F/F0 represents the fluorescence signal relative to the
baseline fluorescence intensity. (C) Effect of RhoB-EVP50 on [Ca2+]i after intracellular calcium store depletion caused by thapsigargin (TG).
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shows that RhoB-EVP50 treatment for 90 s caused a rise in the intracel-
lular calcium fluorescence intensity when compared to the control
group. Treatment of MCF-7 cells with RhoB-EVP50 for 5 min compro-
mised the cell membrane and caused the release of the cytoplasm
from cells, as evidenced by an increased fluorescent background when
compared to the control group. The dynamic change in intracellular
calcium levels mediated by RhoB-EVP50 in the treated MCF-7 cells
was also recorded (Video S2). As shown in Fig. 5B, the levels of cytosolic
calcium increased after the addition of RhoB-EVP50 in the presence or
absence of extracellular calcium, which indicated that RhoB-EVP50
caused extracellular calcium influx and intracellular calcium release
from the endoplasmic reticulum into the cytosol in MCF-7 cells. This is
consistent with the data presented in Fig. 5C, which show that
RhoB-EVP50 also induced an increase in calcium levels even if calcium
storeswere depletedwith thapsigargin (TG)— an endoplasmic reticulum
Ca2+-ATPase inhibitor.

4. Discussion

Cathelicidins are broad-spectrum antimicrobial peptides and multi-
functional host-defense effectors of innate immune system of verte-
brates, which are phylogenitically as distant as the extant fossil fish
(hagfish) and the humans [23,24]. Recently, four new snake venom
cathelicidin-related antimicrobial peptide (svCRAMP) sequences were
identified from South American pit vipers (rattlesnakes and jararacas),
that collectivelywere named vipericidins, and twonovel elapid CRAMPs
from Pseudonaja textilis. [1]. These svCRAMPs are potent bactericides
and display an efficacious anticancer activity due to their ability to dis-
rupt the biological membranes, interact to nucleic acids, and rapidly
kill microbial and tumor cells [1,3,6–9].Whether vipericidins and elapid
CRAMPs have a primary antimicrobial role in protecting the venom
glands from microbial infection or if they contribute with other venom
components to intensify the tissue damage caused by snake envenom-
ation deserves further investigation. The vipericidins and elapid
CRAMP prepropeptides, like other members of cathelicidin family, are
converted into the mature form by post-translational proteolytic pro-
cessing, which then releases the α-helical antimicrobial peptides that
are located in the variable carboxyl-terminal of prosequences [1,2,
20,25]. Analysis of the complete amino acid sequences of vipericidins
reveals several putative protease cleavage sites, such as the dipeptides
KK, KR and VK (Fig. 1). Therefore, diverse encrypted peptides can be
formed after post-translational proteolytic modification of longer
polypeptide precursors [26,27], releasing cryptic peptide sequences
whose biological functions and potential toxicities are unpredictable
and must be experimentally ascertained. Additionally, propeptide se-
quences with unknown biological activity in certain classes of proteins
can be proteolytically released that have unpredictable effects, includ-
ing for example a malignant transformation [28]. As seems the case,
vipericidins have the potential to release hidden peptide sequences
with the same or different activity than the parental molecule. More-
over, considering peptide diversity, synthesis and technical application,
reduction of peptide size has obvious advantages [29]. In regard to
svCRAMPs, Chen and co-workers [30] have prepared several peptides
derived from BF-30 (Bf-CRAMP) and found that a 15-mer oligopeptide
(i.e., 157VKRFKKFFRKLKKSV172) retained the minimal helical structure
necessary for potent antimicrobial activity. In another study, Zhang
and collaborators [31] produced short synthetic analog peptides,
which correspond to sequences internally embedded in Ophiophagus
hannah cathelicidin (Oh-CRAMP, also Oh-CATH, 34 mer), and demon-
strated that they display a distinct spectra of antimicrobial activity and
hemolysis toward human erythrocytes compared to the original full
sequence. Latour and colleagues [32] demonstrated that peptides
derived from Naja atra cathelicidin, composed by the ATRA-motif, i.e,
KR(F/A)KKFFKK(L/P)K, displayed high but variable potencies of antimi-
crobial activity with negligible toxicity to erythrocytes. Our study was
centered on the C-terminal hypervariable acidic stretches of vipericidins
and the first criptic amphiphatic nonapeptide peptide, KRFKKFFKK. The
encrypted vipericidin nonapeptide sequences are practically identical in
all svCRAMPs and appear repeatedly in tandem, with some conserved
substitutions (Fig. 1). Incubation of zebrafish larvae with increasing
concentrations of the rhodamine B-conjugated vipericidin-derived
peptides (RhoB-ACPs and RhoB-EVPs) indicated that the peptides con-
taining the amphiphatic nonapeptide KRFKKFFKK in their sequences
(i.e., RhoB-ACP1l and RhoB-ACP1b) and the cationic nonapeptide itself
(named RhoB-EVP50) are extremely toxic. The calculated LD50 for
these toxic peptides is in the micromolar range of concentration
(16 μM, 13 μM and 6 μM, respectively) (Table 1). One possible explana-
tion for the difference in the values of LD50 for the nonapeptide-
containing ACPs in relation to RhoB-EVP50 might be the presence of
the anionic piece just upstream of the cationic EVP50. It is believed
that anionic prosequences in cathelicidins might help neutralize the
net positive charge of the mature amphiphatic/cationic peptides and
consequently abolish spatial-temporally the biological activity or
decrease the cellular side effects in host cells [33]. Thus, we focused
our attention in the encrypted nonapeptide and investigated the toxic-
ity of unconjugated EVP50 using the same animal model. Unexpectedly,
the EVP50 with unmodified amino-terminus was not toxic to zebrafish
even at concentrations as high as 100 μM. Despite this fact and because
peptides with covalently linked rhodamine B displayed changed and
improved functionalities in certain cases [34], we monitored the distri-
bution of the RhoB-EVP50 into the organs and tissues of zebrafish.With
this goal in mind, Tg(fli1:EGFP) transgenic zebrafish were exposed to
10 μMRhoB-EVP50 for 24 h and visualized by fluorescence microscopy.
As shown in Fig. 2 (A–H), RhoB-EVP50 heavily accumulates in the
cardiovascular system (posterior and intersegment vasculature) of
the zebrafish. It is interesting to note that RhoB-EVP50 easily penetrated
and accumulated not only in vivo in the zebrafish organs (blood
vessels and heart) but also in vitro in rat cardiomyocytes (H9c2
cardiomyoblasts) where intense red fluorescence was observable in
whole cells and organelles (Fig. S1 and Video S1). Notably, free rhoda-
mine B molecule was not taken up by cells and consequently was not
distributed in the same tissues as the RhoB-conjugate EVP50. Indeed,
it is known that free rhodamine B molecule has low bioavailability
and low cell permeability in certain biological systems [35]. In concor-
dance, with our data, but dissimilar biological effect, free rhodamine
and unlabeled gelsolin-derived peptide lacked the ability to kill drug-
resistant bacteria in an experimental study of bactericidal activities
and the physicochemical properties of antibacterial peptides [34].
Consequently, the functionalization of the fluorescent dye molecule
(i.e., rhodamine B), experimentally observed here, was due to the
EVP50 carrier core sequence. Our findings also support the work
by El-Andaloussi and collaborators [36], which showed the cargo-
dependence and the positional effect of cargo coupling on the toxicity
of three different cell-penetrating peptides. Moreover, our data indicat-
ed that cells of cardiovascular system and tissues might be a target site
for RhoB-EVP50 penetration; the cardiovascular system might also
contain the preferential organs for peptide accumulation in vivo and
the means by which zebrafish were poisoned.

In light of the facts that (1) RhoB-EVP50 accumulated in vivo in the
cardiovascular system of zebrafish and in mammalian cardiomyocytes
in vitro and that (2) elapid CRAMPs and analogs were cytotoxic against
tumor cells [8,9], we decided to investigate the specific biological activ-
ity and toxicity of RhoB-EVP50 on selected cancer cell lines. Snake
venomand spider venomhave previously been reported to arrest breast
cancer cell growth [37–39]. In our study, human breast cancer MCF-7
and MDA-MB-231 cells were used to test the anti-tumor activity of
RhoB-EVP50. Fluorescent image analysis of MCF-7 incubated with
10 μM and 40 μM RhoB-EVP50 for 10 min showed that the Rhodamine
B-conjugated nonapeptide rapidly internalized into the cell cytoplasm
and distributed in the whole cells (Fig. 3). Within 60 min of incubation,
the induced toxicity led to cell death and severely decreased the num-
ber of observable cells. Standard assays of cell viability and membrane
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integrity showed that RhoB-EVP50 was cytotoxic to MCF-7 and MDA-
MB-231 cells in a concentration-dependent manner (Fig. 4). Human
lung carcinoma A549 cells were also induced to death in response to
increasing concentration of RhoB-EVP50 (Fig. S2). Together, these prop-
erties of fast peptide uptake, intracellular accumulation and membrane
disruption impart a toxic and cytotoxic capacity to the structurally
modified encrypted nonapeptide to efficiently kill immortalized
andmalignant cells. As for in vivomodel with zebrafish embryo, uncon-
jugated EVP50 was inactive and unable of arresting cancer cells in
culture (Fig. S2). Similar behavior was observed with nonmalignant
cardiomyoblasts H9C2 cells, i.e., the calculated IC50 values were practi-
cally identical as for cancer cells. Thus, the selectivity of the peptide
was lower than expected and, therefore, remains to be improved, for ex-
ample, by coupling to compounds and substances like drugs, lipids and
other bioactive peptides, as well as nanoparticles [40]. Despite the lack
of cell selectivity but prospective peptide modulation, these results
imply that EVP50 is amenable to peptide design and engineering, with
the aim of produce N-terminal conjugates with specific functionalities,
seen that unconjugated EVP50 was harmless to eukaryotic cells. Coinci-
dently, the short synthetic peptides derived from the basic ATRA-
domain are not cytotoxic to eukaryotic cells [32] — the main structural
difference between ATRA-domain and EVP50 nonapeptide is the pres-
ence of tripeptide K(L/P)K in the C-terminal.

Modulation of activity can also be seen with short synthetic analog
peptides comprising sequences internally embedded in O. hannah
cathelicidin. These short Oh-CRAMP derived peptides displayed a dis-
tinct spectrum of antimicrobial activity and hemolysis toward human
erythrocytes. It was shown that the four N-terminal residues contribute
to a hemolytic effect but not to the antimicrobial activity, whereas the
ten C-terminal residues are necessary for both biological activities
[31]. Other structural modification of svCRAMPs, which involve single
amino acid substitution, i.e., replacement of Lys for a Glu residue at
position 16 (Cbf-K16) in Bf-cathelicidin, improves the activity of the pa-
rental peptide against non-small lung cancer cells and antibiotic-
resistant clinical isolates of Escherichia coli [8,41]. Consequently, the
basic structural core of vipericidins, composed by EVP50 (KRFKKFFKK),
can be further modulated and customized for the functionalization of
probes (and therapeutic molecules), as well as for obtaining tailored bi-
ological activity. Most antimicrobial and anticancer (cytotoxic) peptides
exert their effect by a direct single action (e.g., physical disruption of
cytoplasmic membrane) or a combination of synergic effects, such as
formation of pores and cytoplasm leakage, translocation across lipid
bilayers, and subsequent interactions with intracellular targets [42,43].
Cathelicidins are multifunctional antimicrobial peptides with immuno-
modulatory, tissue remodeling, angiogenic and anticancer activities.
They can disrupt cell membranes and interact with DNA and thus are
synergistically effective in killing cells, detain cell proliferation and re-
cruit components of acquired immunity [43,44]. Thus, membrane inter-
ference/disruption and translocation followed by intracellular target
interactionsmay separately or in combination play a role in cell cytotox-
icity induced by cationic peptides [45–47]. These facts may serve as the
basis to explain how RhoB-EVP50 exerts its action on cells. Measure-
ments of intracellular calcium release after incubating MCF-7 cells in a
micromolar concentration (30 μM) of peptide demonstrated that
RhoB-EVP50provoked an instantaneous and specific cellular calcium im-
balance (increased extracellular calcium influx and intracellular calcium
release) and consequent cytoplasm leakage (Fig. 5 and Video S2).
Calciumhomeostasis has been implicated in cell signaling for cell survival
and death and is mediated by the interface between the mitochondria
and the endoplasmic reticulum [48]. It is interesting to note that in
some of fluorescent images from our experimental study, membrane
buddingwas clearly observed (Video S2 and Fig. S3).Membrane budding
and the formation of extracellular vesicles are associated with a plethora
of intercellularmessages, including pathological conditions of tumor pro-
gression, viral infection, immune responses, and microcystin-induced
hepatoxicity and apoptosis [49,50]. As seen here, in addition to provoke
membrane dysfunction, calcium imbalance and outward blebbing of
the cell membrane appear to constitute early intracellular events in the
cytotoxicity caused by RhoB-EVP50 uptake, followed by accumulation
into the cytoplasm and sub-cellular structures of MCF-7 cells.

5. Conclusions

In the presentwork, we found that the hypervariable acidicmoieties
of the vipericidin carboxyl-termini exhibited reduced or were devoid
of acute toxicity, whereas the lysine-rich encrypted amphiphatic
nonapeptide conjugated to rhodamine B (RhoB-EVP50) displayed po-
tent toxicity toward zebrafish and tumor cells in culture. In a transgenic
zebrafishmodel, the encryptednonapeptidewaswidely distributed and
massively accumulated in the zebrafish cardiovascular system, which
was lethal to the organism. Additionally, RhoB-EVP50 efficiently pene-
trated into rat ventricular cardiomyoblasts. Human breast cancer
(MCF-7 and MDA-MB-231) cells were substantially sensitive to the
biological effects of the vipericidin-encrypted peptide. In MCF-7 cells,
RhoB-EVP50 caused observable calcium imbalance, membrane bud-
ding, membrane disruption, and cytoplasm leakage. The overall effect
of RhoB-EVP50 was the induction of cell death over a short period of
time, ranging from seconds to minutes. However, after peptide translo-
cation, whether vesicle budding contributed to the spread of RhoB-
EVP50 toxicity to tissue and organs, as observed in zebrafish larvae,
remains to be further investigated. The fact that rhodamine B improves
the efficiency of EVP50 in the translocation of dye-peptide conjugate
into the cell and the EVP50 nonapeptide functionalizes the rhodamine
B molecule, demonstrate that EVP50 arises as an alternative peptide se-
quence platform for application in the development of nanobiomaterials.
Moreover, taking into account the findings reported here, a program of
structure-activity modulation has been proposed using covalent linkage
of molecules with distinct physicochemical properties to the basic core
sequence of the EVP50 nonapeptide.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbagen.2015.02.013.
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