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Comparative analysis reveals amino
.. acids critical for anticancer activity of
~ peptide CIGB-552
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Because of resistance development by cancer cells against current anticancer drugs, there is a considerable interest in developing
novel antitumor agents. We have previously demonstrated that CIGB-552, a novel cell-penetrating synthetic peptide, was
effective in reducing tumor size and increasing lifespan in tumor-bearing mice. Studies of protein-peptide interactions have
shown that COMMD1 protein is a major mediator of CIGB-552 antitumor activity. Furthermore, a typical serine-protease
degradation pattern for CIGB-552 in BALB/c mice serum was identified, yielding peptides which differ from CIGB-552 in size
and physical properties. In the present study, we show the results obtained from a comparative analysis between CIGB-552 and
its main metabolites regarding physicochemical properties, cellular internalization, and their capability to elicit apoptosis in
MCF-7 cells. None of the analyzed metabolites proved to be as effective as CIGB-552 in promoting apoptosis in MCF-7. Taking into
account these results, it seemed important to examine their cell-penetrating capacity and interaction with COMMD1. We show
that internalization, a lipid binding-dependent process, is impaired as well as metabolite-COMMD1 interaction, key component
of the apoptotic mechanism. Altogether, our results suggest that features conferred by the amino acid sequence are decisive
for CIGB-552 biological activity, turning it into the minimal functional unit. Copyright © 2016 European Peptide Society and John
Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Cationic antimicrobial peptides (AMPs), which are toxic to bacteria
but not to normal mammalian cells, have been widely studied as
an alternative therapy to chemotherapy in cancer treatment as they
have proven to exhibit cytotoxic activity against cancer cells [1,3-5].
In chemoprevention, the use of antitumor peptides is of interest
because, (i) these molecules are small, (ii) they show good cell
diffusion and permeability, (iii) they affect one or more specific
molecular pathways involved in carcinogenesis and (iv) they are
usually not genotoxic [6]. The amphipathic structure and high net
positive charge of AMPs are believed to play a major role in the
ability to kill cancer cells but the molecular mechanisms underlying
their anticancer activity are not clear [1,3-5].

Recently, a new synthetic peptide, L2, based on the cyclic
amphipathic peptide LALFs,_s;, derived from the Limulus sp, has
been characterized as a potential antitumor agent [7]. Antitumor
effects produced by L2 are based on its cell-penetrating capacity
and its capability to elicit cytotoxicity in a variety of tumor cell lines
and solid tumors established in mice [7]. In order to produce a more
stable compound, modifications in the primary structure of L2 have
been made resulting in a new generation of synthetic peptide:
CIGB-552. Properties already described for L2, regarding its ability
to reduce tumor volume and produce cytotoxic effect in tumor cell
lines, are retained by CIGB-552 [8,9]. Moreover, we have shown that
CIGB-552 stabilized COMMD1 levels, a protein involved in copper
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homeostasis, sodium transport, and the NF-«xB signaling pathway
[2,8,10]. COMMD1 expression is needed to produce pro-apoptotic
effects on NCI-H460 lung carcinoma-derived cell line [8]. When
exposed to BALB/c mice serum, CIGB-552 shows a typical serine-
protease degradation pattern from which several metabolites are
derived [9]. Three of these metabolites are metabolite 5, 1a, and 3
whose first characterization showed a decrease in their cell-
penetrating capacity in NCI-H460 and HT-29 cell lines when
compared to CIGB-552 [9]. Furthermore, the 1Csy (half maximal
inhibitory concentration) values obtained for these metabolites in
both cell lines were higher than those observed for CIGB-552 [9].
The chemical optimization strategy of a therapeutic peptide is
based on structure-activity relationship studies of newly synthe-
sized peptide derivatives with the aim of improving bioavailability,
reducing elimination and biodegradation, and increasing selectivity
or affinity to its receptor or target [11]. In this study, we compare the
physicochemical properties, pro-apoptotic effects, COMMD1 and
lipid binding capacities of CIGB-552 and its main derived
metabolites. Our studies show for the first time that CIGB-552 and
metabolite 5 have similar behavior regarding lipid-binding affinity
and structural conformation. However, because of affinity for
COMMD1, CIGB-552 represents the minimum active sequence
capable of elicit pro-apoptotic effects in a tumor-derived cell line.

Materials and Methods

Reagents and Chemicals

Unless otherwise indicated, all chemicals used were of the
highest grade available and purchased from Sigma-Aldrich.
Culture media, fetal bovine serum (FBS), and consumables for cell
culture were obtained from Life Technologies (USA), GE
Healthcare, and Greiner. All reagents for peptide synthesis were
of synthesis grade. Reagents for chromatography were of high-
performance liquid chromatography (HPLC) grade. Trifluoroacetic
acid (TFA) was from Panreac (USA), acetonitrile was from Caledon
(Canada), and water was of ultrapure quality. The NH,HCO3 was
from Merck (Germany).

Peptide Synthesis

Peptide CIGB-552 and its analogous metabolites were synthesized
on a solid phase and purified by reverse-phase-HPLC to >95%
purity on an acetonitrile/H,O trifuoracetic acid gradient and
confirmed by ion-spray mass spectrometry (Micromass, Manches-
ter, UK) [9]. Lyophilized peptides were reconstituted in apyrogenic
water for in vitro experiments. The analogous metabolite peptides
used in this work contain deletions of consecutive amino acids at
the N and C-termini of the CIGB-552 peptide (Table 1). The carboxy-
fluorescein fluorophore was attached selectively by an amide bond
to the N-terminus of the peptide sequences during the synthesis of

the peptide in solid phase performed using the Fmoc/t-Bu chemis-
try. The linking is direct to the N-terminus of the peptide; there are
no additional residues.

Cell Line and Culture Medium

MCF-7 (ATCC, HTB-22) cells were cultured in DMEM supplemented
with Glutamax and 10% (v/v) FBS. Cells were routinely propagated
in 25 or 75 cm? tissue culture flasks at 37 °C, 5% CO, in a humidified
incubator until reaching approximately 70% confluence. Cells were
subsequently trypsinized, concentration was adjusted, and used for
different experimental settings. Cells were cultured for no longer
than 10-15 passages.

Sulforhodamine B Assay

Antiproliferative assays were essentially performed as previously
described [12,13]. Cells were seeded in 96 well cell culture plates
(GLS3595, Costar, EUA) and maintained in culture for 24 h prior
to adding CIGB-552 and its derived metabolites. Peptides were
added in concentrations ranging from 3000 to 6 uM to the cells
(1% 10%cells/well) and incubated for 48h in serum-containing
medium at 37°C in 5% CO,. Subsequently, 50 ul of 80% (v/v)
trichloroacetic acid (TCA) solution was added, and cells were
incubated for 1h at 4°C. Finally, 100 ul of the Sulforhodamine
B (SRB) solution was added to the wells, and absorbance was
measured at 492 nm. Each sample point was done in triplicates,
and experiments were carried out twice. ICso values were
obtained from the respective dose-response  curves
(Supplementary Fig. S2).

Apoptosis Assays: Annexin V and Caspase 7

MCF-7 cells were seeded in 12 well plates (1x 10> cell/well) and
cultured for 24 h. Peptides CIGB-552, 5, 1a and 3 were added to
a final concentration of 300uM (250 pl/well, 4.23x107 "3
mol/cell) in serum-free medium, and cells were incubated at
37°C for 24h. In order to compare the pro-apoptotic capacity
of CIGB-552 derived metabolites with the CIGB-552 itself, peptide
concentration was selected according to previously optimized
results in the MCF-7 cell line (Supplementary Fig. S1). Finally,
supernatants and cells were collected and resuspended either
in Annexin V buffer 25 mM HEPES, 140 mM NaCl, T mM EDTA,
pH7.4, 0.1% (v/v) bovine serum albumin (BSA) or medium for
Caspase 7 assay. FITC-conjugated Annexin V (Life Technologies,
USA) or CellEvent™ Green (Life Technologies, USA) was added
to the cells (for Annexin V or Caspase 7 assays, respectively)
and incubated for 15-30 min. Samples were acquired in a Cyan
ADP Analyzer (Beckman Coulter, USA) equipped with 488-nm
laser. Fluorescence emissions were detected using band-pass
filters 530/40. For each sample, 10000 counts gated on a forward
scatter (FSC) versus side scatter (SSC) dot plot, excluding doublets

Table 1. Main physicochemical properties observed for CIGB-552 and its derived metabolites

ID Sequence Molecular weight Hydrophobicity Hydrophilicity Net charge Isoelectric point
CIGB-552 HARIKPTFRRLKWKYKGKFW 2647.51 —0.39 0.25 +8.5 7.65

5 IKPTFRRLKWKYKGKFW 2283.06 —0.35 0.17 7 7.56

1a IKPTFRRLKWKYKG 1821.45 —0.41 0.41 6 7.68

3 IKPTFRRLKW 1344.81 -0.37 0.21 4 7.67
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were recorded. Summit v4.3 software was used for data acquisi-
tion and analysis. Fold change was calculated as the ratio
between Annexin V (% of positive cells) or Caspase 7 (% of
positive cells) and control (% of positive cells).

Competitive ELISA

Polystyrene plates (Costar, USA) were coated with recombinant
protein COMMD?1 (10 ug/ml) in coating buffer (NaCOs/NaHCO3
pH=9.6). Plates were incubated overnight at 4°C and washed
three times with phosphate-buffered saline (PBS) 1X 0.1%
Tween-20 (washing solution). Plates were blocked with milk
1% (w/v) in PBS 1X 2h at 37°C and then washed 4 times with
washing solution. Binding of metabolites to the immobilized re-
combinant COMMD1 was evaluated by competition with
biotinylated-CIGB-552 at 0.021 uM. Concentration curves for me-
tabolites were prepared by making serial dilutions (1:2) in a
range from 10 to 0.005uM and added to the ELISA plates
coated with recombinant COMMD1 together with the biotinyl-
ated CIGB-552 at a fixed concentration. Plates were incubated
1h at 37°C and washed 5 times with washing solution. Anti-Bi-
otin-Peroxidase antibody (Sigma A4541), at a 1:5000 dilution,
was used to detect biotinylated CIGB-552 bound to COMMDI1.
Plates were washed 6 times with washing solution and the sub-
strate solution consisting of 3,3,5,5' tetramethylbenzidine (TMB),
dimethyl sulfoxide (DMSO) in a NaAc 0.TM pH=5.2 solution
with 0.2% (v/v) of hydrogen peroxide was added. Development
of the reaction was performed in the dark and stopped by
adding sulphuric acid 0.5M. Absorbance was measured at
450nm in a microplate reader (SUMA). COMMD1 binding
capacity was calculated using the following formula: 1 — ([OD]
samplef[OD] mln)/([OD] max — [OD] min); [OD] sampler 0ptica|
density in the presence of metabolites peptide; [OD] in
background of the assay; [OD] ma. oOptical density in the
presence of CIGB-552-biotynilated at 0.021 uM.

Internalization Assay - Flow Cytometry and Confocal
Microscopy

MCF-7 cells were seeded in 12-well plates (1x 10° cells/well) and
cultured in D-MEM supplemented with Glutamax, 10% (v/v) FBS,
at 37°C for 24h. For those samples where internalization was
analyzed by microscopy, round coverslips were placed into the
wells prior to cell seeding. Subsequently, FITC-conjugated
peptides, CIGB-552, 5, 1a, and 3 were added to the cells to a
final concentration of 50 uM (250 pl/well, 7.04x 10" mol/cell)
and were incubated for 1h at either 4°C or 37°C. This
concentration was previously optimized and selected in
order to obtain consistent results and/or to avoid possible
artifacts (Supplementary Fig. S3). Moreover, concentrations used
for internalization and apoptosis assays proved not to be condi-
tions under which CIGB-552 or its derived metabolites may show
oligomerization (Supplementary Fig. S4). For flow cytometry
readout, culture medium was removed, cells were washed using
PBS and surface-bound FITC-peptide was quenched with 0.4%
(w/v) Trypan Blue solution; cells were trypsinized and resus-
pended in medium. Samples were acquired in a Cyan ADP
Analyzer (Beckman Coulter, USA) equipped with 488-nm laser.
Fluorescence emissions were detected using band-pass filters
530/40. For each sample, 10000 counts gated on an FSC versus
SSC dot plot, excluding doublets were recorded. Summit v4.3
software was used for data acquisition and analysis. Fold change

was calculated as the ratio between mean fluorescence intensity
(MFI) values of treated samples and control samples. For
microscopy assays, cells were fixed in 4% (w/v) paraformalde-
hyde (PFA) for 15min, permeabilized using 0.2% (v/v) Tween
20 solution in PBS and nuclei were stained using TOPRO-3
(1uM, Life Technologies) and CellMask™, membrane marker
(1:2000, Life Technologies). All images were taken using laser
spectral confocal microscope Leica TCS SP5 equipped with a
63x NA 1.42 oil immersion objective and 488-nm, 543-nm, and
633-nm laser lines were used. Emission for each channel was
collected sequentially to avoid bleed-through between signals.
In order to define internalization patterns optical sections were
scanned at intervals of 0.3 um. Quantification of the number
of fully loaded cells was performed using 10 single optical
sections for each metabolite and the CIGB-552 peptide. Image
processing and counting were done using Icy 1.7.3.1v imaging
software [14].

Rab5A and Anti-Fibrillarin Immunodetection

MCF-7 cells were seeded in 12-well plates containing round
coverslips (1x10° cells/well) and cultured in D-MEM supple-
mented with Glutamax, 10% (v/v) FBS, at 37 °C for 24 h. For early
endosome staining, CellLight® Early Endosomes-RFP BacMam 2.0
(Life Technologies) was used at a concentration of 10 particles
per cell and incubated with the cells overnight. Subsequently,
FITC-conjugated peptides were added to a final concentration
of 50uM (250 pl/well, 7.04x10°"* mol/cell), and cells were
incubated at 37°C for 1h. Cells were fixed in 4% (w/v) PFA for
15 min, permeabilized using 0.2% (v/v) Tween 20 solution in
PBS and nuclei were stained with TOPRO-3. For fibrillarin staining,
fixed cells were permeabilized and blocked with 2% (w/v) bovine
serum albumin in PBS (BSA-PBS) for 1 h. Primary antibody, mouse
monoclonal anti-Fibrillarin (1:1000, AFBO1, Labome) was diluted
in BSA-PBS, added and incubated overnight at 4°C. Three
washing steps were performed using 0.2% (v/v) Tween 20
solution in PBS solution. Goat anti-Mouse IgG (H+L) secondary
antibody, Cy3 conjugated (Life Technologies) diluted 1:1000 in
BSA-PBS was added and incubated for 1:30 h. Finally, nuclei were
stained with TOPRO-3. All images were taken using laser confocal
microscope Leica TCS SP5 equipped with a 63x NA 1.42 oil
immersion objective and 488-nm, 543-nm, and 633-nm laser lines
were used. Emission for each channel was collected sequentially
to avoid bleed-through between signals. Optical sections scanned
at intervals of 0.3um were taken, and image processing was
done using Icy 1.7.3.0v imaging software [14].

Preparation of Liposomes

A 0.5mM solution POPC:POPG (80:20 molar ratio) dissolved in
methanol-chloroform (1:1v/v) was prepared in a round bottom
glass flask. The solvent was evaporated using a N, atmosphere.
Multilamellar vesicles were prepared by hydration of dried lipids
in hot buffer (50 °C) (10 mM HEPES, 150 mM NaCl, and 1 mM EDTA
pH7.4) with vigorous mixing using vortex. The suspension was
incubated during 1h at 50°C and 1000rpm in a Thermomixer
(Eppendorf). Unilamellar liposomes were produced by Mini-
Extruder Extrusion Technique (Avanti Polar Lipids, Inc.) using first
Tum and then 200-nm membrane filters (Whatman®Nuclepore
Track-Etched Membranes). The suspension was passed through
each membrane filter 11 times.
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Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) was performed using a VP-
ITC microcalorimeter (Malvern). For all experiments, liposomes
were loaded into the sample cell and titrated with peptide
solution loaded into the syringe, maintaining the equipment at
37°C. For each experiment set and before loading the microcalo-
rimeter, peptide and liposome solutions were thoroughly
degassed for 10 min under constant stirring using a Thermovac
(Microcal). To optimize experimental conditions, preliminary
experiments were carried out. Both liposome concentration
inside the sample cell and peptide concentration in syringe were
maintained at 0.5mM. Injection schedule consisted of a first
pre-injection of 1 ul first, followed by subsequent 10-ul injections
spaced by 5 min until reach saturation (25-30 injections), under a
stirring regime of 390rpm. Data was analyzed using Origin 7.0
software provided by the manufacturer, performing baseline
and blank corrections, and subsequent molar heat integration.

Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were performed using the
SIRAH force field [15]. Computational details are provided in the
Supporting Information. Briefly, simulations of the CIGB-552
peptide and its derived metabolites 5, 1 and 3a were performed
in aqueous solution and in the presence of a phospholipid’s bilayer
using a random conformation for each peptide. All simulations
were performed at the coarse-grained level, and nearly atomistic
detail was recovered using SIRAH tools [16].

Statistical Analysis

Data was expressed as the mean + SD of triplicates of one represen-
tative experiment; three independent experiments were executed.
Statistic calculations were performed using Statistica software,
STATSOFT, Hamburg, Germany. Differences were considered statis-
tically significant when P < 0.05 using Mann-Whitney U test.

Results
CIGB-552 and Derived Metabolite Physicochemical Properties

Previous results obtained for three CIGB-552 degradation derived
metabolites (referred to as 5, 1a and 3) indicated that differences
in their sequence may affect their functionality [9]. However,
theoretical prediction of their cell penetrating capacity estimated
by two different servers CPPpred and C2pred [17,18] showed no
differences on the probability of CIGB-552 and its derived
metabolites to be considered as cell-penetrating peptides (CPPs)
(Supplementary Table 1). Furthermore, using theoretical
predictions of the amino acids physicochemical properties
(PEPstrMOD, http://osddlinux.osdd.net/raghava/pepstrmod) such
as molecular weight, hydrophobicity, hydrophilicity, net charge,
and isoelectric point were determined [19]. CIGB-552 derived
metabolites showed no great differences regarding hydrophobic-
ity, hydrophilicity, and isoelectric point. However, a reduction in
the net charge was observed, a key feature involved in lipid
membrane-AMP interaction [1,3-5,20,21]. This reduction reached
up to a 50% in the smallest peptide, metabolite 3. Obtained
values are summarized in Table 1.

CIGB-552 Induces Apoptosis but its Derived Metabolites do not

Previous results obtained for the MCF-7 cell line showed that the
CIGB-552 was capable to elicit a pro-apoptotic effect
(Supplementary Fig. S1) as well as it has been reported for
several other cell lines [7,8]. However, cytotoxic effect and
pro-apoptotic capacity of CIGB-552 derived metabolites have
not yet been characterized in the MCF-7 cell line. Therefore, we
decided to explore the cytotoxic effects of the derived metabo-
lites by using SRB assay, a protein staining assay for the in vitro
measurement of protein content that has been widely used as
a method for cytotoxicity screening [12,13]. Peptides were added
to the MCF-7 cells in a range of concentrations form 3000 to
6 uM and incubated for 48h. Inhibition dose-response curves
obtained from these assays showed a reduced capacity of the
metabolites to inhibit cell proliferation (Table 2 and
Supplementary Fig. S2). We further explored whether its derived
metabolites were able to elicit an apoptotic effect despite the
observed differences in IC5o values obtained. In order to
accomplish that we selected two of the most common methods
for apoptosis detection: Annexin V staining and caspase
activation [22]. Based on the fact that Caspase 3 is absent in
the MCF-7 cell line because of a functional deletion of CASP-3
gene [23,24], Caspase 7 activation was evaluated. No significant
differences were observed between metabolite treatments and
control cells neither in Caspase 7 activation assay nor in Annexin V
staining, showing that under these conditions metabolites were
unable to elicit a pro-apoptotic effect on the MCF-7 cell line
(Figure 1A). However, CIGB-552 confirmed its capacity to induce
apoptosis (Figure 1A) as it has been previously reported for other
tumor cell lines [7,8]. In both assays, CIGB-552 treatment resulted in
a two-fold increase in the apoptotic process when compared to
control and metabolites-treated cells (Figure 1B).

Derived Metabolites Showed Reduced Binding Capacity to
COMMD1 In Vitro

COMMDT1 has been characterized by both yeast two hybrid and
pull down assays as one of the main targets of CIGB-552 peptide
action [8]. Moreover, lack of COMMD1 expression results in the
absence of apoptosis induced by CIGB-552 treatment [8]. To date,
no data regarding CIGB-552 derived metabolite capability to
interact with the target protein COMMD1 has been produced.
Therefore, we evaluated the ability of metabolites to bind
COMMD!1 through a competitive ELISA assay. In this experiment,
a constant amount of biotinylated CIGB-552 (0.021 uM) was mixed
with metabolites in a range of concentration from 10 to 0.005 pM
and then added to the pre-coated wells with recombinant
COMMDI1. The biotinylated CIGB-552 bound to COMMD1 was
detected by incubating with anti-biotin-peroxidase monoclonal

Table 2. Cytotoxicity of CIGB-552 and its derived metabolites was eval-
uated by SRB assay. ICs (M) values were obtained showing an increase
in the IC5, of the smaller metabolites

ID Sequence IC50 (uM)
CIGB-552 HARIKPTFRRLKWKYKGKFW 379.1+8.6
5 IKPTFRRLKWKYKGKFW 4934+129
1a IKPTFRRLKWKYKG 1540.8+17.5
3 IKPTFRRLKW 24310+ 1.6
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Figure 1. Apoptosis assessment using Caspase 7 activity assay and Annexin V staining. A, CIGB-552 produces an increase in both Caspase 7 activity and
Annexin V staining when compared to its derived metabolites (* p < 0.05 Mann-Whitney U test). B, Apoptosis levels detected in CIGB-552 treated cells
were at least twofold higher than those observed for control and metabolite-treated cells. Fold change was calculated as the ratio between Caspase 7 (%
of positive cells) or Annexin V (% of positive cells) and control (% of positive cells).

antibody. Results represent the displacement of biotinylated CIGB-
552-COMMD1 binding produced by a specific concentration of
peptide. Both, CIGB-552 and metabolite 5, competed with the
biotinylated CIGB-552 to bind COMMD1. On the other hand, no
competition was observed for 1a and 3 indicating a diminished
affinity of these metabolites for COMMD?1 (Figure 2). Concentra-
tions of competitor required for inhibition of half the specific
binding (CCso) were also calculated (Table 3).

Cell Penetrating Capacity and Mechanisms Involved in
CIGB-552 and its Derived Metabolite Internalization

In order to exert its apoptotic effects through COMMD1, internal-
ization of CIGB-552 by cells is required; this has been described

15 - - CIGB-552
+ 5
= 1a

1.0 4 .
-+ 3

COMMDA binding capacity
IB (=]
o &
1

=2 =1 0 1 2
leg Concentration (jM)

0.5-

Figure 2. The in vitro capacity of derived metabolites to bind COMMD1 was
evaluated by a competitive ELISA assay. Metabolites and biotinylated CIGB-
552 were added to the COMMD?1-coated ELISA plates. The graphic
represents the capacity of metabolites to displace the CIGB-552-COMMD1
binding; a representative curve from three independent experiments is
shown. Not only CIGB-552 showed displacement capacity but also
metabolite 5 proved to be able to displace COMMD1-CIGB-552 binding.
Metabolite 1a and metabolite 3 were not able to produce any effect in
such conditions.

as a key feature that makes this novel synthetic peptide an
interesting candidate for therapy. In such case, CIGB-552 can
be considered as a CPPs [21]; therefore, different internalization
mechanisms could be proposed. CPPs have been described to
enter cells either by the classical endocytic pathway or through
an energy-independent mechanism referred to as transduction.
Besides the requirements needed for each mechanism, different
internalization patterns are also observed inside the cells.
Endocytosis produces a punctuated pattern consequence of
peptide internalization into endocytic vesicles. Meanwhile, trans-
duction by direct membrane penetration results in fully loaded
cells displaying an homogeneous distribution throughout the
cytoplasm and nucleoplasm [25,26]. Therefore, as a first
approach, confocal microscopy using FITC-conjugated peptides
was performed, and the internalization patterns were studied.
Both punctuated and fully loaded patterns were identified for
CIGB-552 and its derived metabolites (Figure 3A). The frequency
of fully loaded cells, estimated as the percentage of the total
number of cells counted was also evaluated. CIGB-552 showed
a significant increase in fully loaded cells compared to its
derived metabolites (Figure 3B). Moreover, expression of two
different proteins Rab5A and Fibrillarin was analyzed. Rab5A is
a small GTPase which has been found to be expressed in early
endosomes [27], and Fibrillarin, which possesses methyltransfer-
ase activity, is a commonly used marker of active nucleoli [28].
Therefore, by using these two proteins, we were allowed to
define CIGB-552 localization with respect to both endosomes
and nucleoli. Co-localization was found among CIGB-552 and
these two markers (Figure 4), indicating that this peptide is
effectively able to enter cells through different mechanisms.
Moreover, co-localization was found between CIGB-552 derived
metabolites and Rab5A (Supplementary Figure S5). In order to
quantify the cell-penetrating capacity of CIGB-552 and its
derived metabolites, flow cytometry assays were performed
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Table 3. COMMD!1 affinity was measured by competitive ELISA. CCsq
(uM) the concentration of the competitor required to compete for half
the specific binding. R square regression coefficient. ND: not
determined

ID Sequence CCsp (LM) R

CIGB-552 HARIKPTFRRLKWKYKGKFW 0.4+0.046 0.99
5 IKPTFRRLKWKYKGKFW 14+026 0.98
1a IKPTFRRLKWKYKG ND ND
3 IKPTFRRLKW ND ND

by incubating MCF-7 cells with FITC-conjugated peptides.
Fluorescence intensity histogram overlays showed a shift to-
wards higher fluorescence intensity values for both CIGB-552
and metabolite 5 (Figure 5A). MFI values corresponding to
metabolites 1a and 3 showed significant differences between
both CIGB-552 and metabolite 5 (Figure 5B). CIGB-552 confirmed
its high penetrating capacity by displaying the highest MFI
values. These results suggest that both CIGB-552 and its derived
metabolites may use different internalization mechanism and
that CIGB-552 has the highest cell penetrating capacity.
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Figure 3. A, Confocal micrographs showing different internalization patterns. Fully loaded cells (arrow heads) and punctuated pattern cells (arrows), each of
them corresponding to both transduction and endocytic mechanisms, are observed for CIGB-552 and its derived peptides (scale bar =5 um). B, Percentage of
fully loaded cells found in CIGB-552 and its derived metabolites, a significant increase was observed between CIGB-552 and its derived metabolites (p < 0.005
Mann-Whitney U test). Total number of counted cells: CIGB-552 n =237, metabolite 5 n = 233, metabolite 1a n =197 and metabolite 3 n=274.
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Figure 4. Confocal micrographs of Rab5A and Fibrillarin staining. A, Rab5A protein, an early-endosome marker (red) showed co-localization spots with CIGB-
552-FITC conjugated peptide in the cytoplasm (arrow heads). B, Fibrillarin, a ribonucleo-protein located at the nucleolus (red), showed co-localization with
CIGB-552-FITC conjugated peptide (scale bar=5 um).
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Figure 5. Cell-penetrating capacity of CIGB-552 and its metabolites was assayed using FITC-labeled peptides and evaluated by flow cytometry. Results
obtained from one representative assay are shown. A, FITC fluorescence intensity histogram overlays show a shift towards high fluorescence intensity values
for CIGB-552 and metabolite 5 when compared to metabolites 1a and 3 (US: untreated unstained cells). B, MFI values obtained from histograms displayed in
A confirm the higher internalization levels for both CIGB-552 and 5 than those observed for 1a and 3 (* p < 0.05 Mann-Whitney U test). C, cell penetrating
capacity was also evaluated at 37° and 4 °C, MFI values obtained at 37 °C were higher when compared to those obtained at 4°C (* p < 0.01 Mann-Whitney
U test). D, Fold change obtained from the ratio of MFI 37 °C/MFI 4 °C, highest fold change were observed for metabolite 1a and metabolite 3 indicating a
stronger effect of energy-dependent internalization mechanism in the two smallest metabolites.
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Differential Effect of Temperature on Cell Penetrating Capacity
May Indicate Differential Internalization Mechanisms for
CIGB-552 and its Derived Metabolites

As described previously, two alternative mechanisms are reported
which vary in energy dependence and temperature required. While
endocytosis is an energy-dependent process which occurs mainly
at 37 °C, transduction is not, and may occur at lower temperatures
(4°C), also both mechanisms could be present at the same time
[25,26]. A commonly used approach to determine which one of
these processes is present is to perform internalization assays at
different temperatures. We followed the same strategy described
previously using FITC-conjugated peptides in MCF-7 cells which
were incubated for 1h at either 4°C or 37°C and subsequently
analyzed by flow cytometry. At 37°C, given the MFI values
obtained, all peptides showed an increase in their internalization
compared with the 4°C condition (Figure 5C). However, the effect
of temperature in the internalization process may appear to be
stronger for those metabolites with shorter amino acid sequences
as represented by the fold change 37°/4 °C (Figure 5D). Fold change
was calculated as the ratio between the MFI values obtained at
37°C and values obtained at 4°C. Therefore, considering the
internalization patterns observed and the impact of temperature,
these results may indicate that transduction has a greater contribu-
tion to internalization mechanisms in CIGB-552 than in its derived
metabolites.

Lipid Binding Capacity is Reduced in CIGB-552 Metabolites

Peptide-lipid interaction is a key feature for peptide internalization
and is based on peptide structure. Having proved that CIGB-552
derived metabolites differ from CIGB-552 in their cell-penetrating
capability, we decided to evaluate their ability to interact with lipid
membranes. In order to mimic a cell membrane structure, we used
synthetic liposomes as a model, consisting of a mixture of polar and
non-polar lipids like POPC:POPG (80:20). Analysis of peptide-
liposome interaction was performed by ITC, which implies the
direct measurement of the heat generated or absorbed when
molecules interact [29]. Given the lack of information about the
underlying mechanism of liposome—peptide interaction, which
consequently hampers model-specific fitting, we used the
enthalpic titration data for evaluating the presence or absence of
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binding in a qualitative manner. In this sense, under the tested
conditions, the heats of reaction observed for CIGB-552 as well as
for metabolite 5 are in agreement with those expected for a
binding process [29]. However, the heats of reaction observed for
the two smallest metabolites (1a and 3) were almost constant
throughout the assay, as expected for a dilution process, indicating
that in such conditions, no binding was occurring [29] (Figure 6).

MD Simulations of CIGB-552 and its Derived Metabolites

Aimed to gain a structural insight into the peptide-membrane
interactions, we performed MD simulations in aqueous solution
and in the presence of a lipid bilayer. In water, all peptides sample
a wide range of unstructured conformations, and only metabolite
1la showed a flickering tendency to sample beta-stranded
conformations in different amino acids. Despite this, none of the
peptides show a clear tendency to adopt stable and long-lasting
secondary structures (see Figure 7A for representative structures).
However, the two longest peptides present a conserved structural
motif in which the two tryptophans and the tyrosine form a
hydrophobic cluster that brings together the C-terminal carboxyl-
ate moieties and one arginine residue, forming a stable salt bridge
interaction leading to a looped conformation (Figure 7B). Indeed,
tryptophan-tryptophan and arginine-C-terminal carboxylate
distances in both systems display very stable interactions
(Figure 7C). Simulations in the presence of a phospholipid
membrane indicate that, within the simulated timescale, nearly
10% of the peptides get inserted into the membrane regardless
their extension. Membrane incorporation proceeds by first
inserting the N-terminal, followed by partially solvated basic
amino acids (Figure 7A), while C-terminal carboxylates in metabo-
lites 1a and 3 remain exposed to the solvent. This agrees with
previously described mechanisms for basic peptide penetration
[30], and is putatively caused by a higher energetic cost to
dehydrate C-terminal moieties [31]. In contrast, CIGB-552 and
metabolite 5 maintain the looped conformation in the membrane
environment.  Although tryptophan-tryptophan interactions
become looser within the hydrophobic media, the salt bridge
remains very stable (Figure 7D), putatively contributing to the
insertion of the C-terminal. Considering that simulations are
completely unrelated, the structural resemblance of CIGB-552
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Figure 6. Isothermal titration calorimetry. A, metabolite 3. B, metabolite 1a. C, metabolite 5. D, CIGB-552. The upper panel represents the heat release (raw
data) during each injection and in the lower panel raw data was integrated to yield the experimental heats of reaction. Binding-like curves are observed for
CIGB-552 and metabolite 5, while metabolites 1a and 3 curves are almost constant throughout the assay probably corresponding to a dilution process pattern.
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Figure 7. A, Different conformations adopted by CIGB-552 and its derived metabolites both in bulk solvent (upper panel) and inserted into the lipid bilayer
(lower panel). CIGB-552, 5, 1a, and 3 backbones are colored in light blue, purple, orange and yellow, respectively. B, Superimposed structures of CIGB-522 (light
blue) and metabolite 5 (purple) in their transmembrane conformations. Salt bridges between arginine side chain and COO  are emphasized showing N and O
atoms with blue and red spheres, respectively. C, Distances between tryptophans residues (solid lines) and Arg-COO~ terminal (dotted lines) for compounds
CIGB-522 (light blue) and metabolite 5 (purple) as a function of time in solution. D, Distances between tryptophans residues (solid lines) and Arg-COO ™~

terminal (dotted lines) for compounds CIGB-522 (light blue) and metabolite 5 (purple) as a function of time within the lipid bilayer.

and metabolite 5 within the membrane environment is notable
(Figure 7B), suggesting a conserved mode of interaction not
present in the two shorter peptides.

Discussion

Discovering new therapeutic alternatives to cancer treatment has
been one of the major forces driving cancer research in the last
years, fueled by cytotoxic side effects and resistance development
observed in the traditional available methods. Anti-microbial
peptides have arisen as interesting candidates because their
amphipathic structure allows them to interact directly with
negatively charged cell membranes, a common feature that distin-
guishes malignant from non-malignant cells [1,3-5]. These small
peptides are capable of efficiently affecting several cellular
pathways without accumulation of toxic derivatives [6]. In develop-
ing a peptide anticancer agent manipulation of the amino acid
sequence, net charge, secondary structure, oligomerization ability,
amphipathicity, hydrophobicity, and serum stability are key factors
as well as their ability to cross the membrane and reach intracellular
targets. Shorter peptides may not only imply a reduction in cost
production but may also be considered as more efficient in crossing

the plasmatic membrane and exerting a cytotoxic effect [5,11]. For
instance, FK16, a peptide derived from LL-37, a helical peptide
known to possess anticancer effects on gastric cancer and T
leukemic cells, showed higher anticancer activity than the full-
length peptide itself [32]. Therefore, identifying the amino acids
responsible for the anticancer activity may facilitate the synthesis,
increase efficiency and impact in the cost production by allowing
the synthesis of shorter peptides that retain full biological activity.
CIGB-552 is a novel peptide whose 20 amino acid sequence is the
result of modifications of AMP derived peptide, L2 [8]. Being
characterized through several approaches, its cell penetrating
capacity plays a major role in its mode of action because one of
the main characterized targets so far is the COMMD1 protein,
ubiquitously located in the cytoplasm [2,8]. Subcutaneous adminis-
tration of CIGB-552 in tumor-bearing mice not only results in a
reduction of tumor volume and increased lifespan, without side
effects as indicated by body weight, but also in accumulation of
the peptide in tumors. Furthermore, a serine-protease degradation
pattern for the peptide in BALB/c mice serum was identified [7,9].
CIGB-552 derived metabolites, although preliminary characterized
regarding their cytotoxicity and cell-penetrating capability, were
not subjected to proper characterization in order to determine their
similarities and differences to CIGB-552. First, cell-penetrating
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Table 4. Summary of the properties evaluated for CIGB-552 and its derived metabolites.

ID Sequence Pro-apoptotic COMMD1-binding Cell penetrating Lipid binding Secondary structure
effect interaction capacity capacity (B-sheet/a-helix)

CIGB-552 HARIKPTFRRLKWKYKGKFW +++ +++ +++ + —

5 IKPTFRRLKWKYKGKFW - ++ ++ + —

1a IKPTFRRLKWKYKG - — + — _

3 IKPTFRRLKW - — + _ _

probability, physicochemical properties, and structure predictions
were analyzed using a theoretical approach. Our first results
showed that despite the fact that sequence differences are found
among CIGB-552 and its derived metabolites all retain the same
probability to be considered as cell-penetrating peptides. Only
the net charge was markedly reduced in the metabolites, and this
property plays an important role when peptide-lipid interactions
are based on electrostatic interactions [1,3-5,20,21]. Despite charge
reduction no other significant differences were found among CIGB-
552 and the metabolites. However, when tested for their cytotoxic
capacities, we found that the derived metabolites presented higher
1C50 values than CIGB-552. Furthermore, under conditions in which
CIGB-552 (300 uM) confirmed its pro-apoptotic properties, metabo-
lites failed to elicit apoptosis in the MCF-7 cell line. In addition, we
found that neither the interaction with COMMD1 nor the cell
penetrating capabilities are as effective in the derived metabolites
as in the CIGB-552 peptide itself. Therefore, these findings could
explain why metabolites failed to elicit apoptosis in the MCF-7 cell
line. As it was mentioned before, CPPs such as CIGB-552 may use
two different internalization mechanisms, transduction and endo-
cytosis, which can be either identified by the internalization pattern
or by the conditions required to occur [25,26]. Here, we show for
the first time that both mechanisms appear to be present in
CIGB-552 and its derived metabolites as observed both by confocal
microscopy and flow cytometry assays performed at different
temperatures. However, each internalization mechanism seems to
have a different impact among CIGB-552 and its derived metabo-
lites. Results obtained from both the frequency of the transduc-
tion-like pattern (fully loaded cells) and temperature effect
indicate that even though CIGB-552 actually uses endocytosis, a
major contribution of transduction is observed. On the other hand,
the effect of transduction in derived metabolites is lower than in
CIGB-552 indicating that endocytosis may be the preferred mecha-
nism. Transduction has been described as an energy-independent
process where peptides concentrate in the outer leaflet and upon
reaching certain concentration levels a transient and very fast
internalization occurs through different mechanism [33,34]. Peptide
structure and lipid affinity play key roles in the transduction capabil-
ity. Therefore, by performing isothermal titration calorimetry, we
were able to identify binding-like patterns for CIGB-552 and metab-
olite 5. Although, mechanisms as well as affinities involved may
vary among them, the results shown here are not sufficient to prove
so; more assays will be required. Given the amino acid sequences
for the metabolites and the CIGB-552, we can point out three differ-
ent amino acids which have been reported as important players,
forming small consensus sequences, in membrane interaction
and cell-penetrating capacity of CPPs: lysine, arginine, and trypto-
phan [35-37]. Although lysine containing peptides are efficiently
internalized, membrane insertion has been proven to be greater
when polyarginine sequences are present in the peptide [36,38].
On the other hand, it has been reported that the presence of tryp-
tophan in the peptides backbones confers higher cell-penetrating

capacity when they are distributed along the sequence [37].
Regarding structural conformation, data reported for different CCPs
indicates that they may adopt several conformations: a-helical, -
sheet, looped, or even extended [21]. Molecular dynamics simula-
tions performed here suggest that none of the peptides studied
show a marked tendency to stably adopt secondary structure
elements, neither in aqueous nor in membrane environment
(summary of the properties evaluated is shown in Table 4).
However, we observed that the presence of aromatic residues only
present at the C-termini of CIGB-552 and metabolite 5 translates in
the formation of a hydrophobic cluster that ultimately results in a
looped structure stabilized by the formation of a stiff salt bridge
between an arginine and the COO™ moiety. Although the maxi-
mum affordable time scale of the simulations differs significantly
from experimental times, this structural organization could help in-
ternalization by reducing the free energy needed to translocate the
C-terminal carboxylate [31]. Moreover, the looped conformation
conserved in the two longest peptides offers a putative explanation
for the similar characteristics displayed in contrast with metabolites
1 and 3a in terms of enhanced membrane interaction, internaliza-
tion, and cytotoxic activity. In conclusion, peptide CIGB-552 and
metabolite 5 have similar behavior regarding the characteristics
evaluated. However because of its higher affinity for COMMD1,
CIGB-552 still shows the highest effectiveness emerging as the
minimum active sequence needed to produce marked effects in a
human tumor-derived cell line such as the MCF-7 cell line.
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Table 1. CPP capacity prediction

Table 2. Cytotoxicity of CIGB-552 evaluated by SRB assay in different
tumor cell lines [1].

Table 3. Area per lipid, thickness, and lateral diffusion coefficient
measured at 27 °C over 1 ps of trajectory. Experimental values and
atomistic simulation from the literature are remarked in the second
and third rows, respectively.

Figure S1. A, B Caspase and Annexin V staining, respectively. FSC ver-
sus SSC, Caspase-FITC versus FSC or Annexin V-FITC versus SSC
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representative dot plots are shown. Positive-stained population is
shown in green. C, Fold change between CIGB-552 treated cells to
the control observed for both Caspase 7 and Annexin V positive cells.
Figure S2. Anti-proliferative dose-response curves for CIGB-552 and
its analogous metabolites in MCF-7 cancer cell line. SRB assay was
performed in order to determine cytotoxic capacity of metabolites
compared to CIGB-552. IC50 values obtained are provided in the
manuscript (Table 2).

Figure S3. FITC fluorescence intensity histograms obtained
from the internalization of different concentrations of CIGB-
552-FITC after 1 h of incubation at 37°C in the MCF-7 cell line.
Changes observed in the profile of the histograms revealed
the appearance of two intensity peaks for concentrations
higher than 50 uM.

Figure S4. A, Center of mass analysis for CIGB-552 and its derived
metabolites from 0.5 to 128 uM. B, Center of mass analysis for
CIGB-552 at higher concentrations (31.25 to 1000 uM).

Figure S5. Co-localization between Rab5A and CIGB-552 derived
metabolites. A, metabolite 5. B, metabolite 1a. C, metabolite 3. Ar-
row heads indicate co-localization (scale bar=10 um).

Figure S6. Atomistic and CG representations of DMPC. The non-
bonded interaction’s parameters are indicated for each bead.
Charges are indicated in electron units while vdW parameters are
in nm and kJ/mol for sigma and epsilon, respectively. The asterisk
on the choline bead indicates that, as the side chain of Lys, it also
establishes vdW interactions not calculated according to the Lo-
rentz-Berthelot combination rules [2].

Figure S7. A, Density profile distributions of both DMPC and water. B,
Density profile distribution of both phosphate head group, K* and
CI™. Values were measured at 27 °C over the last 500 ns of trajectory.
Representative snapshot of the MD simulation. C, DMPC acyl chains,
phosphates, and choline beads are represented in white, red, and
blue lines, respectively. K™ ions are colored in blue, while Cl™ ions
are depicted in green. Water is drawn with turquoise dots.
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