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Abstract
HPRP-A1 is an amphipathic α-helical anticancer peptide (ACP) derived from the N-terminus

of ribosomal protein L1 (RpL1) of Helicobacter pylori. In our previously study, HPRP-A1 has

been reported that induced HeLa cell apoptosis in a caspase-dependent approach and

involved both by the death receptor ‘extrinsic’ pathway and the mitochondria ‘intrinsic’ path-

way. Here we report the construction of a new hybrid peptide, HPRP-A1-TAT, comprising

the cell-permeating peptide TAT linked to the C-terminus of HPRP-A1. This peptide exhibits

higher anticancer activity against HeLa cells with lower toxicity against human RBC than

HPRP-A1. Two FITC-labeled peptides, FITC-HPRP-A1 and FITC-HPRP-A1-TAT, were

used to investigate and compare the cellular uptake mechanism using fluorescence spectra

and flow cytometry. Compared with HPRP-A1, HPRP-A1-TAT quickly crossed cell, entered

the cytoplasm via endocytosis, and disrupted the cell membrane integrity. HPRP-A1-TAT

exhibited stronger anticancer activity than HPRP-A1 at the same concentration by increas-

ing early apoptosis of HeLa cells and inducing caspase activity. Notably, after 24 h, the

cellular concentration of HPRP-A1-TAT was higher than that of HPRP-A1. This result

suggests that TAT protects HPRP-A1 against degradation, likely due to its high number of

positively charged amino acids or the further release of peptides into cancer cells from

endocytotic vesicles. We believe that this TAT modification approach may provide an effec-

tive new strategy for improving the therapeutic index and anticancer activity of ACPs for clin-

ical use.

Introduction
Cancer has become one of the leading causes of death in both developed and developing coun-
tries. The low efficacy and high rate of side effects of conventional therapeutic strategies,
including surgery and chemotherapy, necessitates the exploration of new therapeutic drugs
and strategies. Anticancer peptides (ACPs) have attracted widespread attention as a new class
of anticancer drug candidates due to their high activity and unique mechanism of targeting
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cells [1]. Although the exact mechanism of action of ACP is unclear, most ACPs appear to
affect multiple cellular processes, including necrosis, apoptosis, and gene expression, to kill
cancer cells [2].

Cell-penetrating peptides (CPPs) are a family of peptides that are effectively taken up by
cells [3, 4]. In 1988, Frankel and Pabo reported the first CPP, demonstrating that TAT protein
from HIV-1 could pass through the cell membrane to enter cells [5, 6]. The shortest TAT pep-
tide sequence that would still allow efficient translocation through the plasma membrane was
identified [6, 7]. Since then, many CPPs, such as penetratin, R8, and BR2, have been identified
[8]. These peptides are now popular transport tools in the drug delivery field because of their
high transport efficiency [9] and low toxicity against normal human cells [6]. One example is
the release of camptothecin inside cancer cells from a hybrid protein comprising the N-termi-
nus of the cell-penetrating TAT and camptothecin [10]. In addition, a TAT-hybrid peptide
containing the LXXLL motif was shown to be effective in treating estrogen receptor-negative
tumors [11]. The uptake of albumin-based lyophilisomes by HeLa cells was increased modified
by a TAT modification [12]. The design of TATp-bearing paclitaxel-loaded micelles increased
the toxicity of paclitaxel against cancer cells [13]. CPPs can become cytotoxic upon retro-inver-
sion to improve stability [14]. CPP-conjugated modifications provide a tool for transferring
biologically active compounds into cells [15, 16]. In particular, the targeted delivery of CPP-
conjugated drugs is a novel strategy for cancer treatment.

This study aims to explore the anticancer mechanisms of the amphipathic, α-helical ACP
HPRP-A1. This peptide derived from the N-terminus of ribosomal protein L1 (RpL1) of Heli-
cobacter pylori, was combined with the TAT peptide to create the hybrid peptide HPRP-A1-
TAT. Using two FITC-labeled peptides (FITC-HPRP-A1 and FITC-HPRP-A1-TAT), we
studied the interaction of the peptides with the cell membrane, the uptake mechanism, and the
triggering of apoptosis and related enzyme activity to investigate the potential of TAT-modi-
fied peptides as anticancer therapeutics.

Materials and Methods

Peptide design and synthesis
HPRP-A1 (Ac-FKKLKKLFSKLWNWK-amide), HPRP-A1-TAT (Ac-FKKLKKLFSKLWN
WK-RKKRRQRRR-amide), and TAT [49–57] (Ac-RKKRRQRRR-amide) peptides were syn-
thesized using solid-phase methods by 9-fluorenyl-methoxycarbonyl (Fmoc) chemistry as
described previously [17] and purified by reversed-phase high-performance liquid chromatog-
raphy. FITC was conjugated to the N-terminus of HPRP-A1 and HPRP-A1-TAT through a
Fmoc-ε-Ahx-OH linker using the same method. The peptides were further characterized by
mass spectrometry and amino acid analysis.

Circular dichroism spectroscopy
Circular dichroism spectra were measured using a 0.02-cm path length quartz cuvette on a
Jasco J-810 spectropolarimeter (Jasco, Tokyo, Japan) at 25°C as described previously [17].
HPRP-A1 and HPRP-A1-TAT peptides were dissolved at pH 7.4 and 25°C in 50 mM
KH2PO4/K2HPO4 containing 100 mM KCl without TFE or in the presence of 50% TFE. The
mean residue molar ellipticities were calculated using the equation [θ] = θ/10lcMn, where θ is
the ellipticity in millidegrees, l is the optical path length of the cuvette in centimeters, cM is the
peptide concentration in mole/liter, and n is the number of residues in the peptide.
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Cell cultures and cell viability assays
Human cervical carcinoma cells (HeLa), human gastric carcinoma cells (SGC-7901), human
hepatocellular carcinoma cells (HepG2), and mouse melanoma cells (B16) were obtained from
the American Type Culture Collection. All cells were cultured in DMEMmedium containing
100 U/ml penicillin, 100 mg/ml streptomycin, and 10% fetal bovine serum at 37°C with 5%
CO2.

The activities of HPRP-A1, HPRP-A1-TAT, and TAT against cancer cells were evaluated
using MTT cell assay. Cells (5 × 103) were seeded into 96-well plates and incubated with serially
two-fold diluted concentrations of different peptides (0.5–250 μM) for 24 or 1 h at 37°C. As a
negative control, cells were cultured without the addition of the peptides. After incubation,
20 μl/well of MTT solution (5 mg/ml) was added to all test wells, and the cells were treated for
4 h at 37°C. Dimethyl sulfoxide (150 μl/well) was added before spectrometric determination at
492 nm using a microplate reader (GF-M3000; Gaomi Caihong Analytical Instruments Co.,
Ltd. Shandong, China). The results were expressed as anticancer activity (IC50), the concentra-
tion at which cell viability was inhibited by 50% compared with control cells. The MTT assays
were repeated in triplicate.

Hemolytic activity
As previously described [17], peptides were serially diluted in PBS in round-bottomed 96-well
plates to give a volume of 70 μl sample solution/well. After incubation for 24 or 1 h, hemolytic
activity was determined as the minimal peptide concentration to cause hemolysis (minimal
hemolytic concentration, MHC). Erythrocytes in PBS and distilled water were used as negative
(0%) and positive (100%) hemolysis controls, respectively.

Confocal microscopy
Images of cells were obtained by laser scanning confocal microscope (LSM710, Carl Zeiss,
Oberkochen, Germany). Briefly, HeLa cells (4 × 105) were cultured in six-well plates. After
overnight culture, the cells were washed with PBS three times and then incubated with FITC-
labeled HPRP-A1 and HPRP-A1-TAT after staining with 4,6-diamidino-2-phenylindile (blue)
for 4 h at 37°C. Images of cells (400× magnification) were captured every 30 s from 0 to 180 s.
The concentrations of each peptide were 2, 4, and 8 μM.

Lactate dehydrogenase leakage assay
The lactate dehydrogenase (LDH) release assay was used to determine the extent of
membrane permeability [10, 18, 19]. Briefly, HeLa cells (1 × 104) were seeded in 96-well plate
for 24 h and then incubated with 100 μl of serum-free medium containing 2, 4, or 8 μM
HPRP-A1, HPRP-A1-TAT, or TAT for 1 h. Untreated cells were used as a control. Cells incu-
bated with 1% triton X-100 served as the positive control. Data were measured at 450 nm.
Untreated cells were taken as no leakage, and 100% leakage was defined as total LDH release.

Flow cytometry analyses
To explore the relationships between the cellular uptake of peptides and ATPs, HeLa cells were
placed at 4°C for 1 h to consume the intracellular ATPs before incubating with the peptides of
FITC-HPRP-A1 and FITC-HPRP-A1-TAT. Briefly, for assays at 4°C, cells were maintained
in a customer-built cooling chamber while cells without cooling as the control. After 1 h, the
peptides with different concentrations were added to cells and incubated for 1 h, then fluores-
cence analysis was performed using flow cytometry uptake expressed as the median of cell
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fluorescence distribution (normalized to the cell fluorescence distribution median in untreated
control cells at 37°C) [20].

Cell apoptosis was detected by flow cytometry (FACSCalibur, Becton-Dickinson, San Jose,
CA, USA). Briefly, HeLa cells (1 × 106) were seeded in six-well plates. One day later, HPRP-A1
and HPRP-A1-TAT (2, 4, or 8 μM) was added to each well for 1 and 24 h. Cells were then col-
lected and analyzed.

The degradation of internalized FITC-HPRP-A1 and FITC-HPRP-A1-TAT peptides in
cells was also detected using flow cytometry. HeLa cells (1 × 106) were cultured in six-well
plates for 24 h, and peptides were then added to each well for 1 and 24 h after washing three
times with PBS. Fluorescence analysis was performed using flow cytometry. Untreated cells
were used as controls.

Apoptosis assay
Apoptosis of HeLa cells was detected using the Annexin V-FITC apoptosis detection kit. The
mitochondrial membrane potential was detected using the 5,50,6,60-tetrachloro-1,10,3,30-tetra-
ethylbenzimidazolcarbocyanine iodide (JC-1) detection kit, and the activity of caspase-3, -8,
and -9 was tested using the corresponding caspase activity detection kits according to the man-
ufacturers’ instructions. HeLa Cells were treated with HPRP-A1 and HPRP-A1-TAT at con-
centrations of 2, 4, or 8 μM. All detection kits were purchased from Bestbio, Shanghai, China.

Results

Peptide design and characterization
As described previously, HPRP-A1 is an α-helical amphipathic membrane-active peptide con-
sisting of 15 amino acids with good anticancer activity [17]. Derived from the N-terminus of
RpL1 of H. pylori, this peptide has greater than 86% sequence homology with the original
sequence and exhibits an α-helical structure in a hydrophobic environment [21]. In this study,
a CPP of TAT was conjugated to the carboxyl terminus of HPRP-A1 to form a hybrid peptide
of HPRP-A1-TAT, and the transmembrane potential and the mechanism of action of
HPRP-A1 were explored. In addition, FITC-HPRP-A1 and FITC-HPRP-A1-TAT were used to
investigate the anticancer mechanism.

The sequences and the relative hydrophobicity of peptides are shown in Table 1. From
Table 1, it is clear that the hydrophobicity of HPRP-A1-TAT is remarkably lower than that of
HPRP-A1. This feature may be attributed to the high hydrophilicity of TAT, with its high num-
ber of charged amino acids. As shown in Fig 1, the secondary structures of the peptides were
measured in benign conditions (50 mM KH2PO4/K2HPO4 containing 100 mM KCl, pH 7.4,
mimicking the hydrophilic environment) and in the presence of 50% TFE (mimicking the
hydrophobic environment) by circular dichroism spectroscopy. HPRP-A1 and HPRP-A1-TAT
both exhibited a random coil structure under benign conditions. Although both peptides
exhibited an α-helical structure under hydrophobic conditions (50% TFE), the helical content
of HPRP-A1-TAT was significantly lower than that of HPRP-A1, indicating the importance of
peptide hydrophobicity in maintaining the α-helical structure.

Anticancer and hemolytic activities
The anticancer activities of HPRP-A1 and HPRP-A1-TAT against four different cancer cell
lines are shown in Table 2. For all cell lines tested, HPRP-A1-TAT exhibited stronger antican-
cer activity than HPRP-A1. HPRP-A1-TAT exhibited significantly lower toxicity against
human RBC than HPRP-A1, with hemolytic activity>500 and 64 μM, respectively.
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Therapeutic index values are used to evaluate the specificity of peptides against cancer cells and
are calculated as the ratio of the MHC to the IC50. The larger the therapeutic index, the greater
the anticancer specificity [17, 22]. As shown in Table 2, the therapeutic indices of HPRP-A1
and HPRP-A1-TAT are 8.6 and 256, respectively, indicating that the specificity of HPRP-A1-
TAT against cancer cells is approximately 30-fold greater than that of HPRP-A1.

Table 1. Sequences and biophysical data of peptides used in the study.

Peptide Amino acid sequence Mw tR (min)a

TAT Ac-RKKRRQRRR-amide 1380.66 13

HPRP-A1 Ac-FKKLKKLFSKLWNWK-amide 2035.53 41

HPRP-A1-TAT Ac-FKKLKKLFSKLWNWKRKKRRQRRR-amide 3357.13 31.5

atR (min) denotes the retention time at 25°C by reversed-phase HPLC.

doi:10.1371/journal.pone.0138911.t001

Fig 1. Circular dichroism spectra of peptides. (A) In benign medium (50 mM KH2PO4/K2HPO4 containing 100 mMKCl, pH 7.4) at 25°C and (B) in the
presence of 50% TFE at 25°C. The symbols used are as follows:&, HPRP-A1 peptide;▲, HPRP-A1-TAT peptide.

doi:10.1371/journal.pone.0138911.g001
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Cellular uptake and interaction between peptides and the cell membrane
FITC-HPRP-A1 and FITC-HPRP-A1-TAT peptides were used to investigate the rate of cellu-
lar uptake by laser scanning confocal microscopy, as shown in Fig 2A. To simplify the experi-
ments, only HeLa cells were used in the following assays. For both HPRP-A1 and HPRP-
A1-TAT, the rate of cellular uptake gradually increased with increasing peptide concentration.
However, the rate of cellular uptake of HPRP-A1-TAT was significantly higher and the cellular
uptake speed dramatically faster than those of HPRP-A1 at the same concentration. For exam-
ple, at a peptide concentration of 8 μM, the fluorescence intensity of HPRP-A1-TAT at 30 s
was dramatically stronger than that of HPRP-A1 at 180 s, showing the ability of the peptide to
traverse the cell membrane.

To test the integrity of the cell membrane, the LDH leakage assay was performed after the
HeLa cells were incubated with the HPRP-A1 and HPRP-A1-TAT peptides for 1 h. The IC50

values of the peptides against HeLa cells for 1 h are shown in Table 2. LDH leakage and thus
cell membrane damage increased with increasing peptide concentrations (Fig 2B). However,
the degree of damage between the two peptides at the same concentration did not differ. This
result is consistent with previous reports that peptides with TAT have good biocompatibility
[6, 8], and HPRP-A1 indeed disrupts the integrity of the cell membrane [23].

As previously reported, the TAT peptide can cross the cell membrane via energy-dependent
endocytosis without specific receptors [6, 24, 25], while HPRP-A1 destroys the integrity of the
cell membrane [23]. Thus, we believe that the hybrid peptide HPRP-A1-TAT crosses cell mem-
branes via two different mechanisms, including endocytosis and damage cell membrane integ-
rity. To further characterize the mechanism of HPRP-A1-TAT uptake, FITC-HPRP-A1 and
FITC-HPRP-A1-TAT were used to determine whether ATP is needed for their cellular uptake
via flow cytometry and the data are showed in Fig 2C. It is clear that the cellular uptake of
HPRP-A1 was not influenced by temperature and the data differences were negligible between
conditions at 37°C (with ATP) or at 4°C (without ATP), however, the cellular uptake of
HPRP-A1-TAT significantly decreased after ATP depletion at 4°C in a dose-dependent man-
ner. Based on the data of LDH, we believe that HPRP-A1-TAT may cross the cell membrane
through two different processes, including membrane disruption and energy-dependent endo-
cytosis, while HPRP-A1 crosses cell membranes only by damaging membrane integrity.

Table 2. Anticancer (IC50) and hemolytic activities (MHC) of peptides against cancer cells and human red blood cells.

Peptide IC50
a (μM) MHCc (μM) Therapeutic indexd

24 h 1 h

B16 SGC-7901 HepG2 HeLa GMb HeLa

HPRP-A1 6.1 ±0.02 5.2 ±0.14 7.7 ±0.23 3.5 ±0.03 5.6 7.4 ± 0.12 64 ±6.80 8.6

HPRP-A1-TAT 3.9 ±0.02 4.8 ±0.08 5.8 ±0.36 1.8 ±0.02 4.1 3.9 ± 0.07 >500 256

aAnticancer activity (IC50) represents the concentration of peptides at which cell viability was inhibited by 50% in comparison with the untreated cells. The

MTT assay was repeated in triplicate, and IC50 value was determined by averaging three repeated experiments.
bGM of the anticancer activity (IC50) for the four cancer cell lines.
cHemolytic activity (MHC) was determined using human red blood cells after incubation with peptides for 1 h. If no hemolytic activity was observed at

500 μM, a value of 1000 μM was used for calculating the therapeutic index.
dTherapeutic index = MHC/IC50. Larger values indicate greater anticancer specificity.

GM, geometric mean; MHC, minimal hemolytic concentration.

doi:10.1371/journal.pone.0138911.t002
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Cell apoptosis assay
HPRP-A1-TAT exhibited faster cellular uptake and stronger anticancer activity and specificity
against HeLa cells than did HPRP-A1 (Table 2). To investigate the mechanism of HPRP-A1-
TAT action, cell apoptosis assays were performed. Mitochondrial membrane potential was
measured using JC-1, an indicator of mitochondrial function (Fig 3A). The mitochondria
membrane potential decreased significantly with increasing concentrations of both the
HPRP-A1 and HPRP-A1-TAT peptides. HPRP-A1-TAT treatment resulted in greater changes
in the mitochondria membrane potential than did HPRP-A1 at the same concentration.

Early apoptosis of HeLa cells was examined by flow cytometry with Annexin V/PI staining.
HeLa cells were treated with HPRP-A1 and HPRP-A1-TAT (2, 4, and 8 μM) for 1 and 24 h
(Fig 3B). After treatment with either HPRP-A1 or HPRP-A1-TAT for 1 h, only a few HeLa
cells (<10%) were apoptotic, even at high concentrations; in contrast, after 24 h of treatment
with HPRP-A1-TAT, the percentage of early apoptotic cells increased significantly, reaching
55% (4 μM) and 72% (8 μM). Thus, HPRP-A1-TAT strongly induces HeLa cell apoptosis.

Fig 2. Cellular uptake and interaction between peptides and cell membranes. (A) The fluorescence time profiles of interaction between peptides and
membranes. HeLa cells were incubated with different concentrations of FITC-labeled HPRP-A1 and HPRP-A1-TAT at concentrations of 2, 4, and 8 μM.
Images (400× magnification) were captured by laser scanning confocal microscopy every 30 s from 0 to 180 s. Green, FITC peptides; blue, 4,6-diamidino-
2-phenylindile-stained nuclei. (B) LDH leakage assay. HeLa cells were incubated with HPRP-A1 and HPRP-A1-TAT at 2, 4, and 8 μM for 1 h and LDH
assayed. (C) Cellular uptake of peptides, measured by flow cytometry. After incubation for 1 h at 4°C, HeLa cells were incubated with FITC-HPRP-A1 or
FITC-HPRP-A1-TAT peptides for 1 h. The cells were those cultured and treated with peptides at 37°C were used as controls. Data are presented as the
mean ± SD of three independent experiments. LDH, lactate dehydrogenase.

doi:10.1371/journal.pone.0138911.g002
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To further test the ability of the peptides to induce apoptosis, the caspase activities were
determined (Fig 3C). The results indicate that the apoptosis-related enzymes caspase-3, -8, and
-9 were activated by both HPRP-A1 and HPRP-A1-TAT. Thus, we believe that the apoptotic
mechanism of HPRP-A1-TAT may involve caspase-dependent pathways in both the death
receptor ‘extrinsic’ pathway and the mitochondria ‘intrinsic’ pathway in HeLa cells [23, 26].

Degradation of internalized peptides
Internalized peptides are digested by enzymes in the cytoplasm or within lysosomes. In this
study, the degradation of internalized peptides of FITC-HPRP-A1 and FITC-HPRP-A1-TAT
in cells was detected by flow cytometry after incubation with HeLa cells for 1 and 24 h, respec-
tively. From the uptake of HPRP-A1-TAT was clearly faster than that of HPRP-A1 (Fig 4). The
fluorescence intensity of cells treated with 4 or 8 μM FITC-HPRP-A1-TAT was similar and
reached the maximum values. For FITC-HPRP-A1, the fluorescence intensity gradually
increased with increasing peptide concentrations and reached the maximal value at 8 μM. At
the lower concentrations of both peptides (2 and 4 μM), significantly peptide digestion was
observed after incubation for 24 h. In contrast, at the higher peptide concentration (8 μM),
fluorescence intensity after 24 h incubation was much higher in cells treated with FITC-HPR-
P-A1-TAT than in those treated with FITC-HPRP-A1, indicating that there were more
HPRP-A1-TAT molecules kept inside the cells.

Fig 3. Peptide-induced cell apoptosis. (A) Mitochondrial membrane potential measured by JC-1, an indicator of mitochondrial function. HeLa cells were
treated with various concentrations of HPRP-A1 or HPRP-A1-TAT for 24 h. (B) Percentage of early apoptotic cells, as assessed by flow cytometry. HeLa
cells were treated with various concentrations of HPRP-A1 or HPRP-A1-TAT for 1 or 24 h. (C) Caspase-3, -8, and -9 activity. HeLa cells were treated with
HPRP-A1 (4 μM) or HPRP-A1-TAT (4 μM) for 24 h before measuring caspase activity levels. Data are presented as the mean ± SD of three independent
experiments.

doi:10.1371/journal.pone.0138911.g003
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Discussion
Peptide-based transport systems, such as CPPs, have become a popular transport tool in drug
delivery field due to its high efficiency and low toxicity. In this study, a typical CPP, TAT was
hybridized to the membrane-active ACP HPRP-A1. The cellular uptake process and anticancer
activity and mechanism of HPRP-A1-TAT were explored.

Hydrophobicity and helicity are the key parameters determining the biological activity of
membrane-active peptides [17, 27, 28]. To improve the specificity of a given peptide, the
hydrophobicity and helicity should be kept within a reasonable range. The hydrophobicity and
helicity of HPRP-A1-TAT were markedly lower than those of HPRP-A1 (Fig 1 and Table 1).
However, the therapeutic index of HPRP-A1-TAT was significantly higher than that of
HPRP-A1, as indicated by its higher anticancer activity and lower toxicity (Table 2).

The proposed mechanism of action of membrane-active ACPs involves peptide targeting of
the cell membrane and destruction of cell membrane integrity driven by strong electrostatic
and hydrophobic interactions [2, 17, 29, 30]. While the membranes of normal cells, such as
RBC, are characterized by zwitterionic phospholipids, many cancer cell membranes have more
anionic phospholipids in their outer leaflet and a higher number of microvilli [31]. The anti-
cancer specificity of peptides depends on this compositional difference between normal and
cancer cell membranes. Compared with the peptide HPRP-A1, HPRP-A1-TAT has more posi-
tive charges and may have more chances to interact with the anionic surface of cancer cells [25,
31, 32]. In addition, HPRP-A1-TAT may enter the cytoplasm via two pathways—endocytosis
and disruption of cell membrane integrity. TAT may increase the rate of cellular uptake of

Fig 4. The degradation of peptides by flow cytometry analysis. HeLa cells were incubated with FITC-labeled peptides (2, 4, or 8 μM) for 1 or 24 h.
Cellular uptake of peptides is expressed as the median of cell fluorescence distribution by flow cytometry.

doi:10.1371/journal.pone.0138911.g004
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HPRP-A1-TAT, while HPRP-A1 only enter the cytoplasm via disruption of cell membrane
integrity, thus HPRP-A1-TAT exhibited higher anticancer activity than HPRP-A1. However,
the lower hydrophobicity and helicity of HPRP-A1-TAT result in weak hydrophobic interac-
tions with cell membranes; hence, HPRP-A1-TAT exhibited lower toxicity against normal
human cells than did HPRP-A1.

Laser scanning confocal microscopy indicated that HPRP-A1-TAT crosses the cell mem-
brane faster than HPRP-A1 (Fig 2A). LDH release assays were performed to reflect the extent
of membrane permeability [10], indicating no significant difference in membrane between cells
treated with HPRP-A1 and HPRP-A1-TAT at the same concentrations (Fig 2B). Previous stud-
ies have reported TAT cellular uptake to involve endocytosis and heparin sulfate receptors [32]
as well as interaction with ions on the cell membrane surface [33]. Molecular dynamics simula-
tion of the interaction between the membrane phospholipid bilayer and TAT also indicated
that the main mode of TAT uptake was endocytosis [34]. In this study, HeLa cells treated with
TAT showed no detectable release of LDH, confirming the previous report that TAT enters the
cells via endocytosis.

Endocytosis is an energy-dependent process; low temperature inhibits ATP production and
then affects endocytosis [20]. ATP depletion only inhibited the endocytosis of HPRP-A1-TAT
but not HPRP-A1 (Fig 2C). Confocal microscopy images also show that the HeLa cell surface
was not smooth after treatment with 8 μMHPRP-A1-TAT (data not shown). Hence, it seems
that HPRP-A1-TAT crosses cell membranes by damaging membrane integrity and through
energy-dependent endocytosis, while HPRP-A1 crosses cell membranes just by damaging the
membrane integrity.

Mitochondrial apoptosis is believed to play a crucial role in effective cancer treatment [35].
In this study, we observed that HPRP-A1-TAT not only enters cancer cells but also induces cell
apoptosis by activating caspase-3, -8, and -9 (Fig 3). Cells treated with HPRP-A1-TAT exhib-
ited a concentration-dependent decrease in mitochondrial membrane potential compared with
those treated with HPRP-A1. Flow cytometry indicated that HPRP-A1-TAT induced more
cells to enter early apoptosis than did HPRP-A1, which is consistent with the mitochondrial
membrane potential results.

The mitochondrial ‘intrinsic’ pathway is one of the principal pathways leading to apoptosis
[36]. At the beginning of mitochondrial cell death pathway, the permeability of the mitochon-
drial membrane was increased, which resulted to the release of various apoptotic factors into
the cytoplasm and induced cell apoptosis. Various cationic peptides have been demonstrated
to selectively disrupt mitochondrial membranes due to the different membrane potentials
between mitochondrial membrane and plasma membrane [35], such as when the cells were
treated with BRBP1-TAT-KLA, an anticancer peptide, mitochondrial damages appeared as
swollen vesicle-like structures [37]. In this study, compared to the peptide of HPRP-A1,
HPRP-A1-TAT has more chances to interact with mitochondrial membrane and destroy the
integrity of the membrane due to more positive charges. Interestingly, the change of mitochon-
drial membrane permeability can cause a decrease of the mitochondrial membrane potential,
which is consistent with our results that HPRP-A1-TAT treatment resulted in greater changes
in the mitochondria membrane potential than did HPRP-A1 at the same concentration.

Decreasing the rate of therapeutic peptide degradation is a challenging problem [38]. Previ-
ous studies have shown that TAT-conjugated peptides were degraded in the lysosome [20].
However, from Fig 4, it is clear that the degradation of 8 μMHPRP-A1-TAT was slower than
that of 8 μMHPRP-A1 after 24 h of treatment. This result suggests that TAT protects
HPRP-A1 against degradation, likely due to its high number of positively charged amino acids
or the release of further peptides into cancer cells from endocytotic vesicles. In contrast,
HPRP-A1 might be digested in lysosomes, since it crosses cell membranes only through
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disrupting cell membrane integrity. In addition, as shown in Figs 2A and 4, TAT-modified pep-
tide could enter into HeLa cells faster and more in amount than HPRP-A1 at the same concen-
tration; furthermore, more HPRP-A1-TAT molecules kept inside the cells after 24h. These
results indicated that HPRP-A1-TAT exhibited anticancer activity not only with a rapid effect,
but also with a continuous process.

In summary, TAT modification of the ACP HPRP-A1 increases its rate and efficiency of cel-
lular uptake, increases its anticancer activity, decreases its cell toxicity, and results in higher
specificity against cancer cells. Furthermore, the new hybrid peptide HPRP-A1-TAT has been
proved to cross cell membranes via two different routes: disruption of cell membrane integrity
and energy-dependent endocytosis, thereby inducing further apoptosis in cancer cells. We
believe that this TAT-modification approach may provide an effective new strategy for improv-
ing the therapeutic index and anticancer activity of ACPs for clinical use.

Author Contributions
Conceived and designed the experiments: XH YH YC. Performed the experiments: XH QY JZ
WW. Analyzed the data: XH YH YC. Contributed reagents/materials/analysis tools: YH YC.
Wrote the paper: XH YH YC.

References
1. Pushpanathan M, Gunasekaran P, Rajendhran J. Antimicrobial peptides: versatile biological proper-

ties. International journal of peptides. 2013; 2013:675391. doi: 10.1155/2013/675391 PMID: 23935642;
PubMed Central PMCID: PMC3710626.

2. Huang Y, Feng QI, Yan Q, Hao X, Chen Y. Alpha-Helical Cationic Anticancer Peptides: A Promising
Candidate of Novel Anticancer Drugs. Mini reviews in medicinal chemistry. 2014. Epub 2014/11/11.
PMID: 25382016.

3. MacEwan SR, Chilkoti A. Harnessing the power of cell-penetrating peptides: activatable carriers for tar-
geting systemic delivery of cancer therapeutics and imaging agents. Wiley interdisciplinary reviews
Nanomedicine and nanobiotechnology. 2013; 5(1):31–48. doi: 10.1002/wnan.1197 PMID: 22977001;
PubMed Central PMCID: PMC3573534.

4. Kerkis A, Hayashi MA, Yamane T, Kerkis I. Properties of cell penetrating peptides (CPPs). IUBMB life.
2006; 58(1):7–13. Epub 2006/03/17. doi: 10.1080/15216540500494508 PMID: 16540427.

5. Frankel AD, Pabo CO. Cellular uptake of the tat protein from human immunodeficiency virus. Cell.
1988; 55(6):1189–93. Epub 1988/12/23. PMID: 2849510.

6. Heitz F, Morris MC, Divita G. Twenty years of cell-penetrating peptides: frommolecular mechanisms to
therapeutics. British journal of pharmacology. 2009; 157(2):195–206. Epub 2009/03/25. doi: 10.1111/j.
1476-5381.2009.00057.x PMID: 19309362; PubMed Central PMCID: PMCPmc2697800.

7. Vives E, Brodin P, Lebleu B. A truncated HIV-1 Tat protein basic domain rapidly translocates through
the plasmamembrane and accumulates in the cell nucleus. The Journal of biological chemistry. 1997;
272(25):16010–7. Epub 1997/06/20. PMID: 9188504.

8. Lim KJ, Sung BH, Shin JR, Lee YW, Kim da J, Yang KS, et al. A cancer specific cell-penetrating pep-
tide, BR2, for the efficient delivery of an scFv into cancer cells. PloS one. 2013; 8(6):e66084. Epub
2013/06/19. doi: 10.1371/journal.pone.0066084 PMID: 23776609; PubMed Central PMCID:
PMCPmc3679022.

9. Yang H, Liu S, Cai H, Wan L, Li S, Li Y, et al. Chondroitin sulfate as a molecular portal that preferentially
mediates the apoptotic killing of tumor cells by penetratin-directed mitochondria-disrupting peptides.
The Journal of biological chemistry. 2010; 285(33):25666–76. doi: 10.1074/jbc.M109.089417 PMID:
20484051; PubMed Central PMCID: PMC2919130.

10. Song J, Zhang Y, ZhangW, Chen J, Yang X, Ma P, et al. Cell penetrating peptide TAT can kill cancer
cells via membrane disruption after attachment of camptothecin. Peptides. 2014; 63C:143–9. doi: 10.
1016/j.peptides.2014.12.001 PMID: 25496911.

11. Tints K, Prink M, Neuman T, Palm K. LXXLL peptide converts transportan 10 to a potent inducer of apo-
ptosis in breast cancer cells. International journal of molecular sciences. 2014; 15(4):5680–98. doi: 10.
3390/ijms15045680 PMID: 24705462; PubMed Central PMCID: PMC4013589.

12. van Bracht E, Versteegden LR, Stolle S, VerdurmenWP,Woestenenk R, Raave R, et al. Enhanced cel-
lular uptake of albumin-based lyophilisomes when functionalized with cell-penetrating peptide TAT in

TAT Modification of Anticancer Peptides

PLOS ONE | DOI:10.1371/journal.pone.0138911 September 25, 2015 11 / 13

http://dx.doi.org/10.1155/2013/675391
http://www.ncbi.nlm.nih.gov/pubmed/23935642
http://www.ncbi.nlm.nih.gov/pubmed/25382016
http://dx.doi.org/10.1002/wnan.1197
http://www.ncbi.nlm.nih.gov/pubmed/22977001
http://dx.doi.org/10.1080/15216540500494508
http://www.ncbi.nlm.nih.gov/pubmed/16540427
http://www.ncbi.nlm.nih.gov/pubmed/2849510
http://dx.doi.org/10.1111/j.1476-5381.2009.00057.x
http://dx.doi.org/10.1111/j.1476-5381.2009.00057.x
http://www.ncbi.nlm.nih.gov/pubmed/19309362
http://www.ncbi.nlm.nih.gov/pubmed/9188504
http://dx.doi.org/10.1371/journal.pone.0066084
http://www.ncbi.nlm.nih.gov/pubmed/23776609
http://dx.doi.org/10.1074/jbc.M109.089417
http://www.ncbi.nlm.nih.gov/pubmed/20484051
http://dx.doi.org/10.1016/j.peptides.2014.12.001
http://dx.doi.org/10.1016/j.peptides.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25496911
http://dx.doi.org/10.3390/ijms15045680
http://dx.doi.org/10.3390/ijms15045680
http://www.ncbi.nlm.nih.gov/pubmed/24705462


HeLa cells. PloS one. 2014; 9(11):e110813. doi: 10.1371/journal.pone.0110813 PMID: 25369131;
PubMed Central PMCID: PMC4219704.

13. Sawant RR, Torchilin VP. Enhanced cytotoxicity of TATp-bearing paclitaxel-loaded micelles in vitro
and in vivo. International journal of pharmaceutics. 2009; 374(1–2):114–8. doi: 10.1016/j.ijpharm.2009.
02.022 PMID: 19446767; PubMed Central PMCID: PMC2684523.

14. Holm T, Raagel H, Andaloussi SE, Hein M, Mae M, Pooga M, et al. Retro-inversion of certain cell-pene-
trating peptides causes severe cellular toxicity. Biochimica et biophysica acta. 2011; 1808(6):1544–51.
doi: 10.1016/j.bbamem.2010.10.019 PMID: 21070744.

15. Jo J, Hong S, Choi WY, Lee DR. Cell-penetrating peptide (CPP)-conjugated proteins is an efficient tool
for manipulation of humanmesenchymal stromal cells. Scientific reports. 2014; 4:4378. doi: 10.1038/
srep04378 PMID: 24625570; PubMed Central PMCID: PMC3953728.

16. Martín I, Teixidó M, Giralt E. Building Cell Selectivity into CPP-Mediated Strategies. Pharmaceuticals.
2010; 3(5):1456–90. doi: 10.3390/ph3051456

17. Huang YB, Wang XF, Wang HY, Liu Y, Chen Y. Studies on mechanism of action of anticancer peptides
by modulation of hydrophobicity within a defined structural framework. Molecular cancer therapeutics.
2011; 10(3):416–26. doi: 10.1158/1535-7163.MCT-10-0811 PMID: 21252288.

18. Alja S, Filipic M, Novak M, Zegura B. Double strand breaks and cell-cycle arrest induced by the cyano-
bacterial toxin cylindrospermopsin in HepG2 cells. Marine drugs. 2013; 11(8):3077–90. doi: 10.3390/
md11083077 PMID: 23966038; PubMed Central PMCID: PMC3766883.

19. Anand T, Pandareesh MD, Bhat PV, Venkataramana M. Anti-apoptotic mechanism of Bacoside rich
extract against reactive nitrogen species induced activation of iNOS/Bax/caspase 3 mediated apopto-
sis in L132 cell line. Cytotechnology. 2014; 66(5):823–38. Epub 2013/09/26. doi: 10.1007/s10616-013-
9634-7 PMID: 24061554; PubMed Central PMCID: PMCPmc4158015.

20. Benavent Acero FR, Perera Negrin Y, Alonso DF, Perea SE, Gomez DE, Farina HG. Mechanisms of
cellular uptake, intracellular transportation, and degradation of CIGB-300, a Tat-conjugated peptide, in
tumor cell lines. Molecular pharmaceutics. 2014; 11(6):1798–807. doi: 10.1021/mp4006062 PMID:
24773585.

21. Zhao L, Huang Y, Gao S, Cui Y, He D, Wang L, et al. Comparison on effect of hydrophobicity on the
antibacterial and antifungal activities of α-helical antimicrobial peptides. Science China Chemistry.
2013; 56(9):1307–14. doi: 10.1007/s11426-013-4884-y

22. Chen Y, Mant CT, Farmer SW, Hancock RE, Vasil ML, Hodges RS. Rational design of alpha-helical
antimicrobial peptides with enhanced activities and specificity/therapeutic index. The Journal of biologi-
cal chemistry. 2005; 280(13):12316–29. Epub 2005/01/29. doi: 10.1074/jbc.M413406200 PMID:
15677462; PubMed Central PMCID: PMCPmc1393284.

23. Zhao J, Huang Y, Liu D, Chen Y. Two hits are better than one: synergistic anticancer activity of alpha-
helical peptides and doxorubicin/epirubicin. Oncotarget. 2015; 6(3):1769–78. Epub 2015/01/17. PMID:
25593197.

24. Trabulo S, Cardoso AL, Mano M, de Lima MCP. Cell-Penetrating Peptides—Mechanisms of Cellular
Uptake and Generation of Delivery Systems. Pharmaceuticals. 2010; 3(4):961–93. doi: 10.3390/
ph3040961

25. Vives E. Cellular uptake [correction of utake] of the Tat peptide: an endocytosis mechanism following
ionic interactions. Journal of molecular recognition: JMR. 2003; 16(5):265–71. doi: 10.1002/jmr.636
PMID: 14523939.

26. Budihardjo I, Oliver H, Lutter M, Luo X, Wang X. Biochemical pathways of caspase activation during
apoptosis. Annual review of cell and developmental biology. 1999; 15:269–90. Epub 1999/12/28. doi:
10.1146/annurev.cellbio.15.1.269 PMID: 10611963.

27. Huang Y, He L, Li G, Zhai N, Jiang H, Chen Y. Role of helicity of alpha-helical antimicrobial peptides to
improve specificity. Protein & cell. 2014; 5(8):631–42. doi: 10.1007/s13238-014-0061-0 PMID:
24805306; PubMed Central PMCID: PMC4130925.

28. Tan J, Huang J, Huang Y, Chen Y. Effects of single amino acid substitution on the biophysical proper-
ties and biological activities of an amphipathic alpha-helical antibacterial peptide against Gram-nega-
tive bacteria. Molecules. 2014; 19(8):10803–17. doi: 10.3390/molecules190810803 PMID: 25061725.

29. Papo N, Shai Y. Host defense peptides as new weapons in cancer treatment. Cellular and molecular
life sciences: CMLS. 2005; 62(7–8):784–90. Epub 2005/05/04. doi: 10.1007/s00018-005-4560-2
PMID: 15868403.

30. Dennison SR, Whittaker M, Harris F, Phoenix DA. Anticancer alpha-helical peptides and structure/func-
tion relationships underpinning their interactions with tumour cell membranes. Current protein & peptide
science. 2006; 7(6):487–99. Epub 2006/12/16. PMID: 17168782.

TAT Modification of Anticancer Peptides

PLOS ONE | DOI:10.1371/journal.pone.0138911 September 25, 2015 12 / 13

http://dx.doi.org/10.1371/journal.pone.0110813
http://www.ncbi.nlm.nih.gov/pubmed/25369131
http://dx.doi.org/10.1016/j.ijpharm.2009.02.022
http://dx.doi.org/10.1016/j.ijpharm.2009.02.022
http://www.ncbi.nlm.nih.gov/pubmed/19446767
http://dx.doi.org/10.1016/j.bbamem.2010.10.019
http://www.ncbi.nlm.nih.gov/pubmed/21070744
http://dx.doi.org/10.1038/srep04378
http://dx.doi.org/10.1038/srep04378
http://www.ncbi.nlm.nih.gov/pubmed/24625570
http://dx.doi.org/10.3390/ph3051456
http://dx.doi.org/10.1158/1535-7163.MCT-10-0811
http://www.ncbi.nlm.nih.gov/pubmed/21252288
http://dx.doi.org/10.3390/md11083077
http://dx.doi.org/10.3390/md11083077
http://www.ncbi.nlm.nih.gov/pubmed/23966038
http://dx.doi.org/10.1007/s10616-013-9634-7
http://dx.doi.org/10.1007/s10616-013-9634-7
http://www.ncbi.nlm.nih.gov/pubmed/24061554
http://dx.doi.org/10.1021/mp4006062
http://www.ncbi.nlm.nih.gov/pubmed/24773585
http://dx.doi.org/10.1007/s11426-013-4884-y
http://dx.doi.org/10.1074/jbc.M413406200
http://www.ncbi.nlm.nih.gov/pubmed/15677462
http://www.ncbi.nlm.nih.gov/pubmed/25593197
http://dx.doi.org/10.3390/ph3040961
http://dx.doi.org/10.3390/ph3040961
http://dx.doi.org/10.1002/jmr.636
http://www.ncbi.nlm.nih.gov/pubmed/14523939
http://dx.doi.org/10.1146/annurev.cellbio.15.1.269
http://www.ncbi.nlm.nih.gov/pubmed/10611963
http://dx.doi.org/10.1007/s13238-014-0061-0
http://www.ncbi.nlm.nih.gov/pubmed/24805306
http://dx.doi.org/10.3390/molecules190810803
http://www.ncbi.nlm.nih.gov/pubmed/25061725
http://dx.doi.org/10.1007/s00018-005-4560-2
http://www.ncbi.nlm.nih.gov/pubmed/15868403
http://www.ncbi.nlm.nih.gov/pubmed/17168782


31. Gaspar D, Veiga AS, Castanho MARB. From antimicrobial to anticancer peptides. A review. Frontiers
in Microbiology. 2013; 4. doi: 10.3389/fmicb.2013.00294 PMID: 24101917

32. Richard JP, Melikov K, Brooks H, Prevot P, Lebleu B, Chernomordik LV. Cellular uptake of unconju-
gated TAT peptide involves clathrin-dependent endocytosis and heparan sulfate receptors. The Jour-
nal of biological chemistry. 2005; 280(15):15300–6. doi: 10.1074/jbc.M401604200 PMID: 15687490.

33. Zhang X, Jin Y, Plummer MR, Pooyan S, Gunaseelan S, Sinko PJ. Endocytosis and membrane poten-
tial are required for HeLa cell uptake of R.I.-CKTat9, a retro-inverso Tat cell penetrating peptide. Molec-
ular pharmaceutics. 2009; 6(3):836–48. doi: 10.1021/mp800121f PMID: 19278221; PubMed Central
PMCID: PMC2859821.

34. Yesylevskyy S, Marrink SJ, Mark AE. Alternative mechanisms for the interaction of the cell-penetrating
peptides penetratin and the TAT peptide with lipid bilayers. Biophysical journal. 2009; 97(1):40–9. doi:
10.1016/j.bpj.2009.03.059 PMID: 19580742; PubMed Central PMCID: PMC2711361.

35. Constance JE, Lim CS. Targeting malignant mitochondria with therapeutic peptides. Therapeutic deliv-
ery. 2012; 3(8):961–79. Epub 2012/09/06. PMID: 22946430; PubMed Central PMCID:
PMCPmc3604891.

36. Gupta S, Kass GE, Szegezdi E, Joseph B. The mitochondrial death pathway: a promising therapeutic
target in diseases. Journal of cellular and molecular medicine. 2009; 13(6):1004–33. doi: 10.1111/j.
1582-4934.2009.00697.x PMID: 19220575; PubMed Central PMCID: PMC4496101.

37. Fu B, LongW, Zhang Y, Zhang A, Miao F, Shen Y, et al. Enhanced antitumor effects of the BRBP1
compound peptide BRBP1-TAT-KLA on human brain metastatic breast cancer. Scientific reports.
2015; 5:8029. doi: 10.1038/srep08029 PMID: 25619721; PubMed Central PMCID: PMC4306141.

38. Erazo-Oliveras A, Muthukrishnan N, Baker R, Wang TY, Pellois JP. Improving the endosomal escape
of cell-penetrating peptides and their cargos: strategies and challenges. Pharmaceuticals (Basel).
2012; 5(11):1177–209. doi: 10.3390/ph5111177 PMID: 24223492; PubMed Central PMCID:
PMC3816665.

TAT Modification of Anticancer Peptides

PLOS ONE | DOI:10.1371/journal.pone.0138911 September 25, 2015 13 / 13

http://dx.doi.org/10.3389/fmicb.2013.00294
http://www.ncbi.nlm.nih.gov/pubmed/24101917
http://dx.doi.org/10.1074/jbc.M401604200
http://www.ncbi.nlm.nih.gov/pubmed/15687490
http://dx.doi.org/10.1021/mp800121f
http://www.ncbi.nlm.nih.gov/pubmed/19278221
http://dx.doi.org/10.1016/j.bpj.2009.03.059
http://www.ncbi.nlm.nih.gov/pubmed/19580742
http://www.ncbi.nlm.nih.gov/pubmed/22946430
http://dx.doi.org/10.1111/j.1582-4934.2009.00697.x
http://dx.doi.org/10.1111/j.1582-4934.2009.00697.x
http://www.ncbi.nlm.nih.gov/pubmed/19220575
http://dx.doi.org/10.1038/srep08029
http://www.ncbi.nlm.nih.gov/pubmed/25619721
http://dx.doi.org/10.3390/ph5111177
http://www.ncbi.nlm.nih.gov/pubmed/24223492

