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Cell-penetrating peptides (CPPs) have proven their potential as an efficient delivery system due to their
intrinsic ability to traverse biological membranes and transport various cargoes into the cells. In the pres-
ent study, we have identified novel natural protein-derived CPPs using an integrated (in silico and exper-
imental) approach. First, using bioinformatics approach, arginine-rich peptide segments were extracted
from SwissProt proteins and their cell penetrating properties were predicted. Finally, eight peptides were
selected and their internalization was validated using experiential techniques. Laser scanning confocal
microscopy and flow cytometry confirmed that seven out of eight peptides were internalized into live
cells with varying efficiencies without significant cytotoxicity. Three peptides have shown higher inter-
nalization efficacy than Tat peptide, the most widely used CPP. Among these three peptides, one peptide
(P8), derived from voltage-dependent L-type calcium channel subunit alpha-1D, was able to accumulate
inside in a variety of cell types very efficiently through a rapid dose-dependent process. Further, exper-
iments involving inhibition with various endocytic inhibitors along with co-localization studies indicate
that the uptake mechanism of P8 is macropinocytosis, a fluid-phase endocytosis process. In addition,
competitive inhibition with heparin revealed the involvement of cell-surface proteoglycans in P8 uptake.
In summary, the present study provides evidence that an integrated in silico and experimental approach
is a promising strategy for the identification of novel CPPs and CPPs identified in the present study have
promising perspectives for future drug delivery applications.

© 2014 Published by Elsevier B.V.

1. Introduction

Most of the therapeutic lead molecules, despite their high ther-
apeutic properties, fail to enter in the clinical trials due to their
poor delivery and low bioavailability. Thus considerable efforts
have been made to overcome these limitations. In this direction,
small cationic peptides known as cell penetrating peptides (CPPs)
have drawn significant attention [29] and provide solutions to
the above limitations of poor delivery and low bioavailability.
Owing to their intrinsic cell internalization properties, CPPs have
improved the intracellular delivery of various therapeutic
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0939-6411/© 2014 Published by Elsevier B.V.

molecules, including oligonucleotides [33,40,49], small molecules
[46,52], proteins [34], peptides [2], siRNAs [31], nanoparticles
[55], etc., most of which otherwise cannot cross the plasma mem-
brane barrier by their own.

The journey of CPP was started almost two decades ago [20]
with the discovery of TAT (48-60) [51] and penetratin peptides
[8]. Since then hundreds of new CPPs have been discovered [18]
and characterized for various therapeutic applications. Recently,
a systematic cataloging of these CPPs has been carried out [18],
and their analysis has revealed that CPPs constitute a family of
diverse peptides; a few CPPs are derived from viral proteins such
as VP22 (derived from herpesvirus tegument protein) [12], some
are derived from snake venom protein such as CyLOP-1 (derived
from crotamin) [21], a few are part of cell adhesion glycoprotein
such as pVEC (derived from murine vascular endothelial-cadherin
protein), and others are synthetic or designed such as oligoargi-
nine. Though CPPs are very heterogeneous, they share some com-
mon features such as CPPs are often cationic, and/or amphipathic
in nature [30]. Most of the CPPs are derived from natural proteins
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Table1 ] (marker for clathrin-coated pits and vesicles), LysoTracker RED

List of peptides examined.’ (marker for lysosomes), DAPI (marker for nucleus) and antifade
Designation Sequence reagent were purchased from Molecular Probes (Eugene, OR).
P1 FITC-ahx-KKKKKKNKKLQQRGD Met.hyl-/ﬁ—cyclodextrir} (M[JCD), .chlorpr.omazine (CPZ), cytoch-
P2 FITC-ahx-RGDGPRRRPRKRRGR alasin D (CytD), amiloride, sodium azide and 2-deoxyglucose
P3 FITC-ahx-RRRQKRIVVRRRLIR (DOG), heparin and fluorescein isothiocyanate (FITC) were pur-
I]j;‘ Egg'agx'ﬁmﬁﬁﬁgﬁxﬁk chased from Sigma-Aldrich (USA). MTS cell proliferation assay

-danXx- . . .

6 FITC-ahx-LLRARWRRRRSRRER kit was_purchased from Promega (Madlspn, USA). All the peptide
p7 FITC-ahx-RGPRRQPRRHRRPRR synthetic reagents were procured from Sigma-Aldrich (USA).
P8 FITC-ahx-RRWRRWNRFNRRRCR
TAT FITC-ahx-GRKKRRQRRRPPQ 2.2. Methods

2 All peptides were FITC labeled at the N-terminus. An amino-
hexanoic acid linker was placed between the FITC and the pep-
tide. The C-terminus of all peptides is free.

and contain high arginine content, which play crucial roles in
mediating their internalization into the cells [16,24]. Despite this
heterogeneity in their sequences and structures, CPPs have been
suggested to be internalized mainly by endocytosis [14,28]. How-
ever, a few CPPs have been reported to be internalized via a non-
endocytic process [5,23]. Moreover, internalization mechanism
has been shown to be dependent on various factors, including cell
types, peptide sequence, peptide concentration, type of conjugated
cargo, temperature, incubation time, etc. [27].

Although many CPPs have been identified so far, most of them
have shown relatively low uptake efficiencies. Therefore, in the
present study, we have used an integrated in silico and experimen-
tal approaches to identify novel and efficient CPPs. To achieve this,
first, using bioinformatics approach; we have extracted arginine-
rich segments (length 15 amino acid) in all the proteins available
in SwissProt database. Subsequently, various filters were applied
to define CPPs. To further achieve higher success rate, cell pene-
trating properties of peptides were predicted using CellPPD [17],
an in silico algorithm for the CPP prediction, recently developed
by our group. Finally, eight predicted peptides were selected
(Table 1) and their cell penetrating properties were validated
experimentally on human epithelial cervical carcinoma cells
(HeLa) cells using fluorescence-activated cell sorting (FACS) and
confocal-laser scanning microscopy (CLSM). Results demonstrate
that seven out of eight peptides internalized into live cells with
varying efficiencies without significant toxicities. Three peptides
internalized more efficiently than the TAT peptide, a widely used
intracellular delivery vehicle. Among these, one peptide derived
from human voltage-dependent L-type calcium channel subunit
alpha-1D (P8, RRWRRWNRFNRRRCR) was found to be approxi-
mately 10-fold more efficient than TAT and it internalized into
the live cells very efficiently via an endocytic process, making P8
a promising candidate for further molecular and cellular investiga-
tions. This investigation also provided a rigorous assessment of the
utility of the prediction algorithm to identify new CPP sequences.

2. Material and methods
2.1. Materials

Human cervical cancer cell line HeLa, human prostate carci-
noma cell line PC3, human normal prostate epithelium cell line
RWPE-1 and Chinese hamster ovary cell line CHO-K1 were all
obtained from American Type Culture Collection (ATCC; Manassas,
VA). Dulbecco’s Modified Eagle’s Media (DMEM), RPMI-1640,
Ham’s F12 nutrient mix, Keratinocyte-SFM, fetal bovine serum
(FBS), trypsin, penicillin, streptomycin, Opti-MEM, phosphate buf-
fer solution (PBS, pH 7.4), Tetramethylrhodamine-dextran 70 kDa
(marker for macropinocytosis), Tetramethylrhodamine-transferrin

2.2.1. Peptide synthesis

All CPPs were synthesized by solid phase peptide synthesis
strategy using Fmoc (N-(9-fluronyl)-methoxycarbonyl) chemistry
in 0.01 mmole scale on a Protein Technologies Inc, USA, PS-3 pep-
tide synthesizer. Fmoc-amino acid was loaded on 2-Chlorotrityl
chloride resin manually and then chain elongation was done on
the synthesizer and mass was confirmed by MALDI-TOF. In brief,
Fmoc-amino acid, 2 equiv., was anchored on 2-Chlorotrityl chlo-
ride resin (substitution 1.01 mmole/g, 100-200 mesh, 1%DVB)
manually using diisopropylethylamine (5 equiv.) in dichlorometh-
ane. Free 2-Chlorotrityl chloride linkers were capped by the treat-
ment of the resin with a solution of dichloromethane/methanol/
diisopropylethylamine (17:2:1; v/v/v) twice and subsequently
with a solution of dimethylformamide (DMF)/diisopropylethyl-
amine/acetic anhydride (8:1:1; v/v/v) twice. After this, the resin
was washed three times each with dimethylformamide and dichlo-
romethane respectively and finally dried in vacuum for 4 h. The
chain elongation of the peptide was done by using four equiv. of
the protected Fmoc-amino acid with HBTU (2-(1H-Benzotriazole-
1-y1)-1,1,3,3-tetramethyluronium hexafluorophosphate) as a
coupling reagent and HOBT (n-hydroxybenzotriazole) or COMU
(1-Cyano-2-ethoxy-2-oxoethylidenaminooxy) dimethylamino-
morpholino-carbenium hexafluorophosphate) for suppressing
racemization with one hour reaction time. Following side chain
protection was employed for Fmoc-protected amino acids, Aspara-
gine, Glutamine, Histidine, Serine: Trityl (trt); Glutamic acid,
Aspartic acid: Tert butyl ester (OtBu); Arginine: 2,2,4,6,7-Pentam-
ethyldihydrobenzofuran-5-sulfonyl (Pbf); Lysine, Tryptophan:
tert-butoxycarbonyl (Boc); Threonine, Tyrosine: tert-butyl (tBu).
For C-terminal activation, 0.4 M NMM in DMF was used and for
N-terminal Fmoc-group deprotection, 20% piperidine in DMF was
used. COMU was used specifically when two or more hydrophobic
amino acids occur in succession in the sequence to have better
yield. Reaction time was increased from 1.0 h to 1.5 h during cou-
pling of hydrophobic amino acids. The completion of the reaction
was monitored by performing Kaiser Test.

2.2.2. Peptide labeling with FITC and purification

N-terminal of the peptide(s) was attached to a spacer amino
acid Fmoc-g-amino hexanoic acid to avoid fluorescent thiohydan-
toin (FTH) formation from the last o-amino acid of the peptide
sequence. Final Fmoc-group was removed with 20% piperidine in
DMEF for 15 min twice and was thoroughly washed with DMF six
times. Then the resin was swelled with dichloromethane (DCM)
and drained. Prepared 1:1 equivalent of FITC dye in pyridine/
DMF/DCM (12:7:5) and 500 pl of the solution was added to the
resin and mixed it for overnight. Completion of the labeling was
checked by performing Kaiser Test. After the completion of the
reaction, the resin was washed with DMF twice, isopropanol twice,
DCM twice and dried on a vacuum. Thereafter, the peptide was
cleaved from the resin by treating the resin with a cleavage cocktail
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vacuum to yield 14-18 mg of the crude peptide. Crude peptide was
purified by Dionex Ultimate 3000 HPLC on a reverse phase C-18
(4.6 x 250 mm) column using water/acetonitrile gradient contain-
ing 0.1% Trifluoroacetic acid. Then from the pure eluting fraction,
organic solvent was evaporated and lyophilized to complete
dryness yielded 10-12 mg of the purified peptide. Masses of the
peptide(s) were confirmed by MALDI-TOF. A summary of all
synthesized peptides is provided in Table 1.

2.2.3. Cell culture

PC3 and CHO-K1 cells were grown in Ham’s F12 medium sup-
plemented with 10% FBS and L-glutamine (2 mM). HelLa cells were
cultured in DMEM, supplemented with 10% FBS and 1% penicillin/
streptomycin antibiotics. RWPE-1 cells were cultured in Keratino-
cyte-SFM medium supplemented with human recombinant epi-
dermal growth factor (5ng/ml) and bovine pituitary extract
(0.05 mg/ml). All cells were maintained at 37 °C in humidified 5%
CO, atmosphere.

2.2.4. Quantification of cellular uptake

To quantify the FITC-labeled peptide uptake, Hela cells
(2.0 x 10> per well) were seeded at 37 °C onto 24-well plates
approximately 24 h before the start of experiments. Thereafter,
cells were washed with PBS and incubated in the presence of
FITC-labeled peptides (10 pM each) in complete medium for 1 h
at 37 °C. Following the above treatment, cells were washed with
PBS (2x) to remove the excess extracellular unbound peptides.
Subsequently, cells were rinsed twice with heparin (100 pg/ml)
and incubated with trypsin (1 mg/ml) for 10 min to remove
non-internalized surface bound peptides. Following this, cells were
centrifuged at 1000 rpm for 5 min, washed and finally suspended
in PBS. FITC fluorescence intensity of internalized peptides in live
cells was measured by flow cytometry using Accuri C6 flow cytom-
eter (BD Biosciences) by acquiring 10,000 live cells. Experiments
were carried out twice in triplicate. Data were obtained and ana-
lyzed using CFlow Sampler (BD Biosciences). The error bars indi-
cate the standard error and untreated cells in media alone were
used as controls.

2.2.5. Effect of ATP depletion and low temperature on the uptake of
peptide

To analyze the uptake of peptide at low temperature, HeLa cells
were maintained at 4 °C for 30 min followed by incubation with
FITC-labeled peptide (5 uM) at 4 °C for additional 30 min. Simi-
larly, to analyze the uptake of peptide under ATP depleted condi-
tions, HelLa cells were pretreated with 0.1% sodium azide and
50 mM DOG for 30 min. in Opti-MEM followed by incubation with
FITC labeled peptide (5 utM) in the presence of sodium azide and
DOG for further 30 min. Thereafter, cells were washed with PBS
(2x), heparinized/trypsinized and suspended in PBS. Uptake was
measured by flow cytometry as described above and compared
with parallel uptake at 37 °C.

2.2.6. Effect of endocytosis inhibitors

To measure the effect of various endocytosis inhibitors on the
uptake of P8 peptide, HeLa cells were pretreated for 30 min at
37 °C, in Opti-MEM, with (i) 30 uM CPZ; (ii) 10 pM CytD; (iii)
5 mM amiloride; and (iv) 5 mM MpCD. Thereafter, cells were incu-
bated with FITC-labeled peptide (5 M each) in the presence of
each inhibitor for additional 30 min in Opti-MEM. The effect of
the drugs was verified, in parallel control experiments, by analyz-
ing the cellular uptake of tetramethylrhodamine labeled transfer-
rin, a known marker of clathrin-mediated endocytosis, and
tetramethylrhodamine labeled Dextran, a marker of macropinocy-
tosis (data not shown).

In order to evaluate the effect of heparin on the cellular uptake
of P8, Hela cells were pretreated at 37 °C for 30 min in Opti-MEM
with 10 pg/ml heparin, followed by incubation with the FITC
labeled P8 peptide (5 ptM) in the presence of heparin (10 pg/ml)
for 30 min. at 37 °C. At the end of incubation, cells were washed
with PBS, rinsed with heparin (100 pg/ml) and treated with trypsin
(1 mg/ml) for 10 min at 37 °C. Uptake of the peptide was analyzed
by flow cytometry as described above.

2.2.7. Cell uptake visualization studies by live cell imaging

In order to visualize the FITC fluorescence and distribution of
internalized peptides, HeLa cells (1 x 10° cells) were seeded onto
12 well plates containing 16 mm glass coverslips, 24 h prior to
incubation with FITC-labeled peptides. After complete adhesion,
the cell culture medium was replaced with fresh medium contain-
ing FITC labeled peptides (10 uM each), and then the cells were
incubated at 37 °C for 1 h. Cells were not fixed to avoid artifactual
localization of the internalized peptides [42]. At the end of the
incubation period, culture medium was removed and coverslips
were washed thoroughly with PBS (3%, 2 min) and mounted on
glass slides with antifade reagent. Localization of FITC-labeled pep-
tides in the live cells (unfixed) was analyzed immediately using
Nikon A1R confocal microscope.

For co-localization studies, HeLa cells, grown on coverslips,
were incubated with either LysoTracker Red (100nM) or
tetramethylrhodamine Dextran-70 (70 kDa, 200 pg/ml) along with
FITC labeled-P8 (5 uM) in serum free medium for 1h at 37 °C.
Thereafter, cells were washed with PBS (3x) and immediately
examined using confocal microscope.

2.2.8. Structural analysis of peptides

The tertiary structures of all peptides were predicted by PEP-
FOLD [48], which is a de novo approach for prediction of peptide
structure. In addition, secondary structure states of these peptides
have been assigned from predicted tertiary structures using soft-
ware DSSP [22]. Helical wheel projection analysis of peptides was
performed using the pepwheel function of EMBOSS (http://
www.sacs.ucsf.edu/Documentation/emboss/pepwheel.html).

2.2.9. CD spectroscopy

CD spectra of TAT and P8 (100 pM each) were recorded using a
nitrogen-flushed Jasco spectropolarimeter using a 0.1 cm quartz
cell. The CD spectra were recorded using a bandwidth of 2 nm, a
scan speed of 50 nm/min. Spectra of TAT and P8 were recorded
in the water, 90% 2,2,2-trifluoroethanol (TFE) and SDS miceller
solution (CMC = 8.2 mM). Each spectrum was the average of five
scans with background of the water subtracted.

2.2.10. Cellular toxicity of peptides

The toxicity of peptides was assessed using MTS cell prolifera-
tion assay (CellTiter 96&queous Non-Radioactive Cell Proliferation
Assay, Promega) according to the manufacturer’s protocol. In brief,
HelLa cells were seeded at a density of 5 x 10> cells/well in 96-well
microtiter plates in DMEM supplemented with 10% FBS 24 h before
the start of the experiment. Cells were incubated with different
concentrations (5, 10, 20, 40, and 80 puM, respectively) of unlabeled
peptides for 24 h. Control cells did not receive any peptide treat-
ment. At the end of the incubation period, MTS assay reagents were
added. Cells were placed back into the 37 °C humidified atmo-
sphere with 5% CO, for 4 h and the absorbance was measured at
490 nm with an infinite F200 plate reader (Tecan Systems Inc.).
The survival of cells relative to the control (cells incubated with
growth medium containing no peptide) was calculated by taking
the ratio of the absorbance at 490 nm (A4g0) values. All the exper-
iments were performed in triplicates.
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3. Results
3.1. In silico approach for identification of potential CPPs

It has been seen that the majority of CPPs discovered so far, are
derived from natural proteins. Most of these peptides are polycat-
ionic in nature and consist of multiple Arg residues that confer cell-
penetrating properties. Therefore, we considered it very likely that
many arginine-rich cryptic CPP sequences within the primary
sequences of SwissProt proteins should have intrinsic cell internal-
izing properties. In order to discover novel potential and efficient
CPP candidates, we have used an in silico approach to identify all
possible arginine-rich sequences in SwissProt proteins (Fig. 1). It
has previously been shown that eight/nine arginine residues are
optimum for efficient internalization of oligo-arginines [50]. There-
fore, peptide segments of window length 15 with eight/nine argi-
nine (~53-60% arginine content) that produce an overall high
positive charge were searched in SwissProt proteins. As a result,
a total 12,053 sequences satisfying the above-mentioned criteria
were fished out and among which 7680 were found to be unique
(Fig. 1).

Since most of the CPPs are not cell type specific, therefore, in
order to identify CPPs, which can be selective to cancer cells, a filter
was applied to identify peptides having the tumor homing motif
RGD (Arg, Gly, Asp) at N-terminus. RGD motif has high affinity
toward integrin receptors [39,44], which are often overexpressed

on tumor cells during tumor progression and play an important
role in tumor angiogenesis. This screening has resulted into 12
peptides, which have RGD motif at N-terminus. For rest 7668 pep-
tides, we used CD-HIT software [26] to remove peptides having
similarity more than 60%, which resulted into 421 significant dif-
ferent peptides. In order to achieve a higher success rate, the resul-
tant 421 peptides were submitted to CellPPD webserver to predict
cell-penetrating properties. CellPPD is an in silico algorithm [17],
which gives an SVM score for each peptide submitted to the server.
Higher the SVM score, higher will be the probability of a given
sequence to be a CPP. Based upon SVM scores, we further selected
356 peptides having SVM scores more than 0.50, demonstrating
high probabilities of these peptides to be CPPs. Since it has been
observed that negatively charged residues such as Asp and Glu
are usually less preferred in CPPs [17,18]; we applied a filter to
remove all peptides having these negatively charged residues.
Remaining peptides were then scanned for the presence of RXXR
motif at C-terminus. It has been previously shown that peptides
with exposed RXXR motif at C-terminus (C-end Rule) were inter-
nalized into tumor cells by binding to neuropilin receptor [47],
which is overexpressed on the surface of most of the cancer cells.
This screening resulted into three datasets as shown in Fig. 1.
Seven peptides were selected for experimental validation of cell
penetrating properties. From dataset 1, we selected one peptide
(P2) having RGD at N-terminus and RXXR motif at C-terminus.
From datasets 2 and 3, we selected four (P3, P6, P7, P8) and two

Total entries extracted from SwissProt

(443489)

|

Peptides containing 8/9 arginine (window length 15)

(12053)

|

Unique peptides

(7680)

|

Non-redundant peptides (cut off 60%)

(421)

|

Peptides with CellPPD score >0.50

(356)

|

Peptides without negatively charged residues (Asp/ Glu)

(215)
y
Peptides withRGD Peptides withoutRXXR motif | | Peptides with RXXR motif
motifat N-terminus at C-terminus at C-terminus
12) (136) (69)
One peptide Two peptides Four peptides

Fig. 1. In silico approach for identification of natural protein derived cell-penetrating peptides. All entries from SwissProt were extracted and 15 amino acid length peptides
containing nine arginine residues were fished out. Various filters such as scanning of peptides for the presence of tumor homing motif (RGD), prediction using CellPPD
algorithm and presence of tumor penetrating motif (RXXR, C-end Rule) were applied to find out potential CPPs. Finally, seven peptides were selected for experimental

validation.
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peptides (P4 and P5), respectively. Since it has been suggested that
arginine is crucial and preferred over lysine in cell penetration [50],
we have selected one lysine rich natural protein derived peptide
(P1) just to compare the efficiency of this lysine-rich peptide with
arginine-rich peptides. Sequences of these selected peptides and
the SwissProt IDs of their corresponding proteins are summarized
in Table 2. All these peptides are derived from different species,
including human, rat, Mycobacterium tuberculosis, mouse, viruses
and Arabidopsis thaliana.

3.2. Quantification of cellular uptake of predicted peptides

Next, we wanted to evaluate whether shortlisted predicted CPP
candidates have intrinsic ability to internalize into live cells. There-
fore, these peptides were synthesized, labeled with FITC and their
uptake efficiencies were analyzed by FACS. A well-known CPP, TAT
(48-60) was used as a control to compare the efficiency of these
peptides.

Table 3 shows the amino acid sequences and charge of the
examined peptides. All peptides have almost similar charge
(+8 to +9) and arginine content (8-9 arginine) except P1, which
has 8 lysine residues. Some of these peptides also contain
tryptophan and proline residues. HelLa cells were treated with
FITC-labeled peptides (10 uM) for 60 min at 37 °C in complete
medium followed by flow cytometry analysis as described in mate-
rials and methods. Before analysis, cells were treated with heparin
(100 pg/ml) and trypsin (1 mg/ml) just to remove any externally
surface-bound non-internalized peptide [42]. Fig. 2 demonstrates
the comparison of uptake efficiencies of eight predicted peptides
with HIV-1 TAT (48-60). As shown in Fig. 2, a significant intracel-
lular FITC fluorescence intensity was detected for all the peptides
except P2 suggesting that these peptides were internalized into
HeLa cells. Of these peptides, P8 has shown the highest uptake
and was internalized approximately 10 fold (p < 0.001) more effi-
ciently than TAT. On the other hand, P2 has shown the least uptake,
whereas uptake of P1, P4 and P7 was comparable to TAT. Uptake of
peptides P3 and P6 was significantly higher (p < 0.05) than TAT but
lower than P8. Taken together these results suggest that seven out
of eight peptides were internalized in Hela cells with varying
efficiencies.

3.3. Intracellular localization of peptides

To further confirm the FACS results, and for the visualization of
internalized peptides, CLSM studies were performed. Results of
CLSM are shown in Fig. 3. Live cell imaging by confocal microscopy
showed that all peptides (P1, P3, P4, P5, P6, P7 and P8) except P2
were inside the HelLa cells. As seen in Fig. 3, in case of P1, P3, P4,
P5, P6 and P7, a punctate cytoplasmic fluorescence was observed
whereas P8 has shown both punctate and diffuse cytoplasmic
fluorescence pattern. In contrast to above observations, HeLa cells
treated with P2, have demonstrated an entirely different extracel-
lular distribution, indicating a paracellular accumulation of the

fluorescence suggesting that P2 could bind to the cell surface but
did not internalize into the cells. This observation was consistent
with the FACS data where negligible P2 uptake was observed.

3.4. Sequence and structural analysis of peptides

In order to understand why all examined peptides have shown
different uptake efficiencies despite the presence of similar charge
and an equal number of arginine residues, analysis of amino acid
compositions and predicted structures of these peptides was car-
ried out. It can be seen that peptide P4, P6 and P8 contain 2, 1,
and 2 tryptophan residues, respectively (Table 3). Due to its aroma-
ticity, tryptophan has been shown to have a strong preference for
interactions at the membrane interface [56]. Many previous stud-
ies have highlighted the role of tryptophan in mediating internali-
zation of peptides [1,45] and for few CPPs, the presence of
tryptophan has been found to be indispensable for their internali-
zation properties [9,13]. Thus, the presence of tryptophan in P4, P6
and P8 appears to be a predominant factor contributing to the
superior internalization efficiencies of these peptides over the
other peptides having no tryptophan residue.

It has been suggested that structure of peptides may play an
important role in membrane interaction and insertion [11]. Several
CPPs display a pronounced flexibility with a strong tendency to
adopt helical structure in membrane mimicking environment,
and it was proved that this helical structure plays a crucial role
for their penetrating abilities [11]. Peptides with helical structure
have been suggested to internalize more efficiently than the CPPs
having random coil structures [11]. Since peptides P2, P5 and P7
contain proline residues (Table 3), which are known to destabilize
the helix [25] and have lowest helix propensity [38], we next ana-
lyze, whether there is any correlation between the helical content
and internalization of these peptides. To address this, we have pre-
dicted the 3D-structures of all these peptides using PepFold [48],
which is a well-known in silico tool used for prediction of 3D struc-
tures of small peptides. The predicted structures of all peptides are
shown in Fig. 4A. As demonstrated in Fig. 4A, peptides P3, P4, P6,
and P8 have well defined helix conformation, whereas peptides
P1, P2, P5, and P7 have almost random coil structures, which could
be due to the presence of proline in these peptides. In order to
obtain percent helical content in these peptides, we have assigned
secondary structure states of each amino acid using DSSP program
[22], which is a standard in silico algorithm for assigning secondary
structure to amino acids of a protein. The helical content of pep-
tides is shown in Table 3. We observed a decent correlation
between the helical content and uptake efficiencies for most of
the peptides. For instance, P6 and P8 have more than 70% helical
content and have shown relatively higher uptake efficiencies. On
the other hand, peptides P2 and P5 have minimum helical content
(21.42% and 28.57%, respectively) and their uptake efficiencies
were also very low. Taken together the results of primary and sec-
ondary structure analysis, it can be concluded that the relatively
higher uptake efficiencies of P6 and P8 could be due to the

Table 2

Name, sequence and source of peptides selected for experimental validation.
Designation Sequence Region (aa)  SwissProt ID Protein name Organism
P1 KKKKKKNKKLQQRGD 87-101 Q9SB89 DEAD-box ATP-dependent RNA helicase 27 Arabidopsis thaliana
P2 RGDGPRRRPRKRRGR 431-445 Q63003 5E5 antigen RAT
P3 RRRQKRIVVRRRLIR 497-511 Q01351 Protein U4 Human herpesvirus
P4 RRVWRRYRRQRWCRR  881-895 P56877 PE-PGRS3 Mycobacterium tuberculosis
P5 RRARRPRRLRPAPGR 501-515 P17471 Envelope glycoprotein B Bovine herpesvirus
P6 LLRARWRRRRSRRFR 231-245 P35375 Prostaglandin E2 receptor EP1 subtype Mouse
P7 RGPRRQPRRHRRPRR 366-370 QIUNS88 GABA receptor subunit theta Human
P8 RRWRRWNRFNRRRCR ~ 503-517 Q01668 Voltage-dependent L-type calcium channel subunit alpha-1D  Human
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Name Arginine Tryptophan Proline Charge CellPPD score® Helicity (%)°
P1 1 0 0 +8 0.35 28.57
P2 8 0 2 +8 1.01 21.42
P3 8 0 0 +9 0.56 64.20
P4 9 2 0 +9 0.92 64.20
P5 8 0 3 +8 0.92 28.57
P6 9 1 0 +9 1.26 78.57
P7 9 0 3 +9.5 1.03 35.71
P8 9 2 0 +9 0.76 71.40

@ CellPPD is an in silico algorithm developed for the prediction of cell penetrating potential of peptides. It provides a CellPPD score
(SVM score) to each submitted peptide. Higher the score, higher will be the possibility of a peptide to be CPP.
b Percent helicity of peptides was calculated from the secondary structure states of peptides, which have been assigned from

predicted tertiary structures using software DSSP.

(A) 2 ®) =
«KQ
B Untreated O P6
8 5 = 22
= 3 -
8 I B
S - 3 - 4
|L!| Iﬂ|
g 8 | I‘J 11l
- ™~ .I1
l‘n’h
= . o Mt "
Q rrrrrnn 1 LI T T
w33 33 T T o
FITC Intensity
©)
Exk

1000 ~

Mean Fluorescence Intensity
(% of control)

FITC Tat P1 P2

P3 P4 PS5 P6 P7 P8

Fig. 2. Cellular uptake of FITC-labeled peptides as determined by FACS analysis. Frequency distributions of FITC fluorescence intensity in HeLa cells incubated with FITC
labeled peptides (A) P1, P2, P3 & P4 and (B) P5, P6, P7, & P8. Overnight grown HelLa cells were incubated with 10 uM FITC-labeled peptides for 1 h in complete medium. After
the incubation, cells were washed with PBS, rinsed with heparin (100 pig/ml), and then treated with trypsin (1 mg/ml) at 37 °C for 10 min. Finally cells were suspended in PBS,
and subjected to flow cytometry. (C) Bar diagram showing the uptake of FITC labeled peptides as mean cellular fluorescence from the flow cytometric analysis of all live cells
positive for FITC. The fluorescence of cells treated with TAT peptide was set to 100% and relative uptake of all peptides (P1-P8) was plotted as percentage of control. Results
are expressed as mean * S.E., based on triplicates of at least two independent experiments. Asterisks indicate significance according to student’s t-test (two-tailed); (*p < 0.05,
***p < 0.001). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

presence of tryptophan and the tendency of these peptides to
adopt helical structures. However, future experimental studies
would shed more light on this.

Interestingly, it has been observed that both P4 and P8 are quite
similar in terms of their sequence and structure. Both peptides
have almost similar helical content (64% and 71% respectively)
and have two tryptophan residues. Despite these similarities, their

uptake efficiencies are significantly different. It has been shown
recently that apart from the number of tryptophan; backbone
spacing of tryptophan in the peptide sequence also affects the
internalization efficacies [45]. The order of tryptophan residues
in both peptides is different. In P8, both tryptophan residues are
in proximity and are at N-terminus while, in P4 both residues are
placed at distal ends (Table 3). Therefore, we next wanted to
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Fig. 3. Intercellular localization of FITC-labeled peptides in HeLa cells. HeLa cells were grown on coverslips and incubated with FITC-labeled peptides (10 pM) at 37 °C in
complete medium for 1 h. Cells were then washed with PBS and immediately observed (without fixation) by confocal fluorescence microscopy. Bar = 10 pum. The laser
intensity and photomultiplier settings have been adjusted to yield the best visualization of each image, and the intensities are thus not directly comparable. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

examine the differences in the orientation of arginine and trypto-
phan side chains, if any, between P4 and P8. It was also observed
that, for many known CPPs, their cationic amino acids existed in
one side on the wheel from helical wheel projection analysis. So,
we have generated helical wheel structures of these peptides. As
shown in Fig. 4B, a significant difference in the distribution of tryp-
tophan and arginine residues between P4 and P8 was observed. In
P8, most of the arginine (7 arginine) residues are clustered together
on one phase of helix, and both tryptophan residues are clustered
at the opposite phase of the helix similar to an amphipathic helical
distribution, whereas, in P6 arginine residues are not clustered
together and distributed throughout of the helix. In addition, tryp-
tophan residues are not present at the opposite phase of the helix
rather they are placed in between the arginine showing an entirely
different distribution than P8 (Fig. 4B). A similar difference in the
distribution of arginine and tryptophan was also reported for
RWmix and W4R8 peptides, which has suggested to be associated
with high uptake efficiency of RWmix than W4R8 [45]. Therefore,
it gives a clue that these differences in the orientation of arginine
and tryptophan residues between P4 and P8 might be responsible
for significant differences in their internalization and uptake
efficiencies.

3.5. Cytotoxicity of peptides

For an ideal drug delivery system, high cell penetrating proper-
ties must be combined with low cytotoxicity. Therefore, toxicities

of all predicted peptides were examined on Hela cells by incubat-
ing HeLa cells with increasing concentrations (5, 10, 20, 40 and
80 uM) of unlabeled peptides for 24 h. Toxicity profiles of these
peptides on HeLa cells are shown in Fig. 5. As shown, none of the
peptides showed significant cytotoxicity up to 80 uM concentra-
tion, which is much greater concentration than normally used
(5 uM). Approximately more than 85% cells are viable up to
80 uM concentration. However, only in case of P8, 25% decrease
in cell viability was observed at 80 pM.

3.6. Characterization of P8

As shown in Figs. 2 and 3, among all eight peptides, P8 has
shown the highest internalization into live cells; therefore, we
selected P8 for further characterization.

3.6.1. P8 internalize in a variety of cells and uptake of p8 is very rapid
and concentration-dependent

Peptide P8 is a 15-amino acid peptide (503-517 aa), derived
from a cytoplasmic domain of human voltage-dependent L-type
calcium channel subunit alpha-1D (Fig. 6A). First, in order to ascer-
tain the versatility of P8, we analyzed the uptake of P8 in various
cell lines (HeLa, PC-3, RWPE-1, and CHO-K1 cells). As shown in
Fig. 6B, P8 internalized in all cell lines suggesting that uptake
was not cell type specific and thus P8 could be a versatile vector.
Next, to assess the uptake properties of P8, the concentration
dependent and time-course study of P8 internalization in HeLa
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Fig. 4. Structural analysis of peptides. (A) Tertiary structures of all peptides examined were predicted using Pep-Fold. The figures were generated with PyMol (W.L. DeLano,
The PyMol Molecular graphics system (2002) http://www.pymol.org). (B) Helix wheel projections were generated using PEPwheel tool of emboss. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

cells was investigated. For this, HeLa cells were incubated with P8
(10 uM) for different time periods (5, 20, 30 and 60 min) followed
by flow cytometry analysis. Fig. 6C and D demonstrates the time-
dependent internalization of P8 into HeLa cells. Result revealed
that uptake of P8 was rapid and very efficient. Uptake of P8 was
started immediately upon its addition to cells and reached equilib-
rium after as early as 10 min incubation (Fig. 6D). Even after 5 min,
P8 entered in approximately 90% of cells (Fig. 6D).

In order to further assess the extent of peptide internalization,
flow cytometry analysis of HelLa cells exposed for 30 min to
increasing concentrations (0, 2.5, 5, 10 and 20 uM) of FITC-labeled
P8 was performed. Flow cytometry analysis revealed that the FITC
fluorescence intensity was markedly increased with peptide con-
centration, suggesting that the amount of internalized P8 by cells
increased with peptide dose, within the concentration range exam-
ined (Fig. 6E). These results suggest that P8 is a versatile CPP,
which can enter into live cells very efficiently in a dose- and
time-dependent manner. Further, in order to examine the

conformation of P8 in membrane mimicking environments i.e.
90% 2,2,2-trifluoroethanol (TFE) and SDS micelles, we have carried
out CD spectroscopy and analyzed the CD spectra of P8 in water
and membrane mimicking environments. Unlike Tat, P8 adopted
helical conformation in both 90% TFE and SDS miceller environ-
ments (Supplementary Fig. S1).

To examine the effect of serum on the uptake of P8, HeLa cells
were incubated with FITC-labeled P8 in the presence and absence
of serum for 30 min. Presence of 10% serum decreased the P8
uptake by approximately 3-fold (Fig. 6F). This retardation in P8
uptake could be due to non-specific electrostatic interaction of
P8 with serum proteins. This interaction of P8 with serum proteins
was further confirmed by HPLC (data not shown).

3.6.2. Peptide 8 internalize by a temperature-sensitive and energy-
dependent process

The internalization of CPPs into live cells has been occurred
mainly via two routes: (i) by direct translocation and (ii) by
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Fig. 5. Cytotoxicity of peptides. HeLa cells were incubated with increasing concentrations (0, 5, 10, 20, 40 and 80 M) of peptides in serum containing medium at 37 °C for
24 h. Cell viability was measured by MTS assay. Viability of control (without peptide) was taken as 100% and viabilities of cells treated with increasing concentration of
peptides were plotted as percentage of control. Results are expressed as mean * S.E, based on triplicates of at least two independent experiments. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

endocytosis [27]. In order to characterize the internalization route
used by P8 peptide, its uptake was performed at low temperature
(4 °C). Since endocytosis is an energy-governed process, incubation
of cells at low temperature is expected to block all the endocytic
processes but not block the entry by direct translocation, which
is an energy independent process. Therefore, internalization exper-
iments were performed at low temperature by incubating HeLa
cells at 4 °C in Opti-MEM and uptake of P8 was analyzed by both
flow cytometry and CLSM. As shown in Fig. 7A and B, a significant
decrease (up to 80%, P<0.05) in P8 uptake was observed when
incubated at 4 °C compared to 37 °C. Similar results were obtained
in CHO-K1 cells (data not shown). Few reports have proposed that
the lack of internalization at 4 °C could be due to increased mem-
brane rigidity at low temperatures [4]. Therefore, to further con-
firm that lack of P8 internalization is not because of high
membrane rigidity, HeLa cells were treated for 30 min with 0.1%
sodium azide and 50 mM DOG to deplete the intracellular ATP lev-
els followed by incubation with FITC-labeled P8 for 30 min at
37 °C. As shown in Fig. 7A and B, ATP depletion significantly inhib-
ited P8 uptake by 50% (p <0.05). These results were consistent
with the confocal microscopy observations where no significant
FITC fluorescence was observed in HeLa cells after incubation at
4 °C as well as after ATP depletion (Fig. 7C). In light of these find-
ings, it can be speculated that major fraction of P8 internalized
by a temperature-sensitive and energy-dependent process, which
could be endocytosis.

Since lysosomes are known to be the final destination of mole-
cules, which entered the cell through endocytosis, therefore to con-
firm whether P8 enter HeLa cells through endocytic pathway, the
localization of FITC-labeled P8 and lysosomes was compared. As
shown in Fig. 7D, a major fraction of FITC labeled P8 co-localized
with LysoTracker Red dye, which specifically binds to late
endosomes/lysosomes suggesting that P8 is present in these

compartments under testing conditions. Thus, these results pro-
vide evidence that P8 internalized in HeLa cells through
endocytosis.

3.6.3. Peptide 8 internalized by heparin sulfate proteoglycans mediated
macropinocytosis

Given the results demonstrating that P8 internalized by endo-
cytosis, we next wanted to explore the specific endocytic pathway
involved in P8 uptake. First, in order to determine the involvement
of heparan sulfate proteoglycans in the internalization of P8, its
uptake was analyzed in the presence of heparin, which mimics
the glycosaminoglycans (GAGs) moieties of proteoglycan present
at the cell surface. As shown in Fig. 8A, the presence of heparin
blocked the P8 uptake significantly (90%, p < 0.01) suggesting the
involvement of GAGs in the P8 uptake.

Endocytic processes can be grouped into two broad categories:
phagocytosis and pinocytosis [6]. Phagocytosis is a phenomenon,
which occurs in certain specialized cells whereas pinocytosis
occurs in most of the cell types. Pinocytosis is further classified into
three main categories: (i) clathrin-dependent endocytosis, (ii)
clathrin-independent endocytosis, and (iii) macropinocytosis. In
order to investigate the possible involvement of the different endo-
cytic pathways in the internalization of P8, effect of various inhib-
itors, which block the endocytic pathways, was examined on P8
uptake. For this, chlorpromazine (CPZ), a known inhibitor of clath-
rin-mediated endocytosis [53], MBCD, an inhibitor of the lipid raft
mediated endocytosis [43], amiloride, an inhibitor of Na*/H"
exchange required for macropinocytosis, and cytochalasin D
(CytD), an inhibitor of F-actin elongation required for macropino-
cytosis were used. Fig. 8A and B shows the effect of these drugs
on P8 uptake in Hela cells. Results demonstrate that both CPZ
and MBCD were unable to block the P8 uptake. Interestingly, we
observed an increase, rather than a decrease, in the cellular uptake

J. Pharm. Biopharm. (2014), http://dx.doi.org/10.1016/j.ejpb.2014.11.020

Please cite this article in press as: A. Gautam et al., Identification and characterization of novel protein derived arginine-rich cell penetrating peptides, Eur.

592
593
594

595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

612
613
614
615
616
617
618
619
620
621

622
623


http://dx.doi.org/10.1016/j.ejpb.2014.11.020

EJPB 11757 No. of Pages 14, Model 5G
5 December 2014

10 A. Gautam et al./European Journal of Pharmaceutics and Biopharmaceutics xxx (2014) XXxx—xxx
A 491
MMMMM>>>>>>>>GEGENRGCCGSLCQAI
503 517

SKSKLSRRWRRWNRFNRRRCRAAVKSVT
FYWLVIVLVFLNTLTISSEHYNQPDWLTQIQ
DIANKVLLALFTCEMLVKMYSLGLQAYFV

SLFNRF DCFVVCGGIT=>>>>>>>>>>CITTL
2161

B)
HeLa CHO-K1 RWPE-1

: .---
. .---

(C) 200000 (D)
z . 100 N
5 150000 - T 80
[ @
—_ >
3 T 60
§ 100000 - g
S = a0
2 1
g : 20_
= 50000 =
=1 e
E S
0 - 0 10 20 30 40 5 60
5 20 30 60 . .
Time (min.)
Time (min)
(E) 300000 (F)
. 300 -
?g: 250000 - =
2 5 250
= 200000 £
g 2 200
2 150000 5
23 123
s 3 150
2100000 - H
= ]
s -
£ 50000 e 100
= g
- S 50 4
0 25 5 10 20
0 . s
P8 (uM) + Serum - Serum

Fig. 6. Characterization of P8. (A) Protein sequence of human voltage-dependent L-type calcium channel subunit alpha-1D. P8 sequence (15 amino acids, 503-517) is
highlighted. (B) Confocal images of various live cells (HeLa, CHO-K1, PC-3 and RWPE-1) showing internalized P8. (C) and (D) Time dependent uptake of P8. HeLa cells were
incubated with 10 uM FITC-labeled P8 for increasing time periods (0, 5, 20, 30 and 60 min) followed by trypsinization (1 mg/ml, 10 min) and flow cytometry quantification of
peptide uptake. (E) Concentration dependent internalization of P8 peptides. HeLa cells were incubated with increasing concentration (0, 2.5, 5, 10, 20 uM) of FITC-labeled P8
for 30 min followed by trypsinization and flow cytometry quantification of peptide uptake. (F) Effect of serum on P8 uptake. HeLa cells were treated with 10 pM FITC-labeled
P8 peptide with and without serum containing medium for 30 min followed by flow cytometry analysis. Uptake of P8 in the presence of serum was set to 100% and uptake of
P8 in the absence of serum was plotted as percentage of control. Data are shown as mean + S.E, based on triplicates of at least two independent experiments. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Effect of low temperature and energy depletion on the uptake of P8 peptide. (A) and (B) Flow cytometry, and (C) confocal microscopic analysis of cellular uptake of P8
at low temperature and upon depletion of cellular ATP. HeLa cells were either pre-incubated at 4 °C or pre-treated with energy-depletion medium for 30 min, and then
incubated with 5 uM peptide for 30 min under the same conditions, as described in the methodology. Uptake of P8 at 37 °C was set to 100% and relative uptake of P8 at 4 °C
and in energy-depletion condition was plotted as percentage of control. Confocal microscopic analysis was performed in live cells. In (A), data are shown as means # S.E, based
on triplicates of at least two independent experiments. Asterisks indicate significance according to student’s t-test (two-tailed); (*p < 0.05). (D) Confocal images showing co-
localization between FITC-labeled P8 and LysoTracker Red. Overnight grown HeLa cells were incubated both with FITC-P8 (5 uM) and LysoTracker Red (100 nM) for 30 min at
37 °C. Cells were washed with PBS (3x) and live cells were imaged. Scale bars are 10 pm. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

efficiency of P8 after treatment with CPZ, and MBCD, suggesting
that uptake of P8 might be enhanced by some compensatory
mechanism when blocking individual pathway as it has been
shown to be the case in previous reports [10,19]. However, a signif-
icant decrease (40%, and 60%, p < 0.05) in P8 uptake was observed
when treated with CytD and amiloride (Fig. 8A and B) suggesting
that peptide 8 is using macropinocytosis for internalization in HeLa
cells. To further visualize the macropinocytic uptake of P8, dextran
(70 kDa) labeled with tetramethylrhodamine was added to cells
along with FITC-labeled P8 and their localization was compared.
Confocal microscopic examination demonstrated co-localization
of FITC-labeled P8 with TMR-dextran as shown in Fig. 8C. Based
on these results, it can be concluded that macropinocytosis seems
to be the major route of P8 entry under the testing conditions.

4. Discussion

The aim of the present study was to identify novel natural pro-
tein derived efficient CPPs. For this purpose, we have applied an in
silico procedure to identify putative CPP candidates in the proteins
available in SwissProt database. Since the optimum number of
arginine residues required for the high cellular uptake is between
7 and 10, we have extracted peptides having 8/9 arginine in all

the proteins available in SwissProt database using in silico
approach. A window size of 15 amino acids was chosen because
most of the CPPs have an average length between 10 and 18 amino
acids [18] and CPP having a length of 15 amino acids are suffi-
ciently long to provide high cellular uptake but still short enough
to be easy and cost-effective to synthesize. In addition, longer pep-
tides cannot escape the presentation by MHC-II, which prefers pep-
tides between 15 and 24 residues in length [36].

The extracted peptides were further subjected to various filters
to find out the potential CPP sequences. CPPs are not cell specific
and thus are internalized in receptor independent manner in
almost all cell types. Therefore, to identify CPPs, which can be can-
cer specific or can penetrate cancer cells effectively, peptides hav-
ing the tumor homing motif RGD and/or tumor penetrating motif
(RXXR motif) were also selected with an expectation that such
peptides would have both cell penetrating and tumor homing
properties. It has been shown that peptides with RXXR motif at
C-terminus are internalized in tumor cells by binding to neuropilin
receptor, often expressed at the surface of tumor cells. Therefore,
peptides with and without these motifs were screened and
extracted. To achieve a higher success rate, the cell penetrating
potential of all screened peptides was predicted using a computa-
tional algorithm, CellPPD [18], which is a support vector machine-
based prediction method developed to predict highly efficient
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Fig. 8. Effect of endocytosis inhibitors on uptake of P8. Cellular uptake of P8 (A and B) by HeLa cells in the presence of endocytic inhibitors were determined by flow
cytometry. Hela cells, pre-treated with CPZ (30 uM), MBCD (5 mM), CytD (10 uM), amiloride (5 mM) and heparin (100 pg/ml) for 30 min at 37 °C, were incubated in the
presence of FITC-labeled P8 (5 uM) at 37 °C for additional 30 min. Following this, cells were trypsinized for 10 min, washed twice with PBS, and subjected to flow cytometry.
The uptake is measured as mean cellular fluorescence from the flow cytometric analysis of all live cells positive for FITC. The uptake of P8 in the absence of any inhibitor was
set as 100% and relative uptake of P8 in the presence of inhibitors was shown as percentage of control. (B) Frequency distributions of FITC fluorescence intensity in HeLa cells
incubated for 30 min with (blue line) and without (red line) indicated endocytic inhibitors. Black color histograms stand for untreated cells (control). Data are shown as
mean * S.E, based on triplicates of at least two independent experiments. Asterisks indicate significance according to student’s t-test (two-tailed); (*p < 0.05; **p < 0.01). (C)
Confocal images of HelLa cells showing co-localization between FITC-labeled P8 and tetramethylrhodamine conjugated dextran-70 kDa. Overnight grown Hela cells were
incubated simultaneously with FITC-P8 (5 M) and tetramethylrhodamine conjugated dextran-70 kDa (200 pig/ml) for 30 min at 37 °C. Cells were washed with PBS and live

cells were imaged. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

CPPs. CellPPD method is based on binary profile of peptides, which
incorporates the information of both order and composition of
amino acids in peptides.

FACS and CLSM results revealed that seven out of eight peptides
have cell penetrating properties. Interestingly, none of the peptides
showed significant membrane toxicities even at 80 M concentra-
tions suggesting that these peptides could be used for future drug
delivery applications. We also determined the toxicities of these
peptides on CHO-K1 and HepG2 cells, and no significant toxicity
was observed in these cells by any of the peptides at all the concen-
trations tested (data not shown).

All peptides displayed cell penetrating potential except one
peptide P2 that did not internalize into the cells rather it could
bind to the cell surface as most of the fluorescence was observed
at the periphery of the cells when observed under confocal micro-
scope. Peptide P2 has RGD at N-terminus and RGD motif has been
shown to selectively recognize and bind avf3 and avf5 integrins
that are expressed on cell surfaces of various cancer cell types,
including HelLa cells [35,37]. The lower uptake of P2 could be due
to binding of peptide with integrins on HeLa cells. Therefore, it
would be interesting to evaluate the uptake of P2 on other non-
cancerous cell types. The focus of the present study was to deter-
mine the cell penetrating potential of predicted peptides, therefore
the role of RGD and RXXR motif has not been explored in the

present study. Subsequent research will focus on exploring the role
of both motifs present in these peptides in terms of cancer specific-
ity and their internalization.

In general, CPPs having equal charge and arginine content are
expected to have equal uptake efficiencies. However, in the present
study, even though all peptides have almost similar arginine con-
tent and overall charge, they displayed different uptake efficien-
cies. For example, there is a drastic difference in uptake
efficiencies between P8 and other peptides. However, our results
are in agreement with a previous study by Nakase et al., where
they have observed that arginine-rich peptides with similar charge
and arginine content internalized into Hela cells with different
efficiencies [32]. Due to the presence of guanidinium groups, which
interact with negatively charged components of membrane, argi-
nine residues have been suggested to play a more crucial role in
CPP internalization than lysine/histidine residues [3,54]|. Surpris-
ingly, P1, which is a lysine-rich peptide, showed approximately
10-fold higher uptake than P2, which is an arginine-rich peptide
(Fig. 2). Taken together from these results, it can be concluded that
the number of arginine residues is not the only factor associated
with high internalization of arginine-rich CPPs and other factors
may also contribute in the internalization and uptake efficiency.
In silico analysis aimed at identifying features responsible for
varying efficiencies of these arginine-rich peptides points to the
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presence of other amino acids such as tryptophan and tendency to
adopt helical structures. Orientation of arginine and tryptophan
residues around the helix might also be responsible for differences
in the uptake efficiencies. These observations are consistent with
the previous findings where the presence of tryptophan and spac-
ing of arginine residues have been found to affect the uptake effi-
ciency of CPPs [45].

Further characterization then focused on the P8 peptide, which
showed almost 10 times higher uptake in HeLa cells than TAT. The
superior uptake of P8 was also observed in other cell types, includ-
ing CHO-K1, THP-1, MCF-7 and NCI-H522 (data not shown) sug-
gesting that uptake of P8 is not cell type specific and it can be
used as an efficient delivery system. P8 is derived from a cytosolic
domain of human voltage-dependent L-type calcium channel sub-
unit alpha-1D protein and contains 2 tryptophan and 8 arginine
residues. In silico analysis as well as CD analysis (Supplementary
Fig. S1) in membrane mimicking environments revealed that P8
has a tendency to form helical structure. Helical wheel analysis
demonstrates the partially amphipathic distribution of arginine
and tryptophan residues. It has been shown previously that helical
peptides are internalized more effectively than the peptides with
random coil structures [11]. Therefore, the presence of tryptophan
and tendency to adopt amphipathic helical conformation might
help to explain the superior uptake of P8 in live cells. Despite its
higher uptake efficiency, P8 did not show any significant mem-
brane toxicity up to 40 uM concentration, which is much higher
than the routinely tested concentrations. However, at 80 uM con-
centration, it showed some toxicity as only 75% HelLa cells were
viable at this concentration. Our explanation for this toxicity might
be that, at higher concentration, it causes holes in the cell mem-
branes. High penetrating efficiency with low toxicity makes P8
an ideal candidate for drug delivery vehicle. However, presence
of serum retards its uptake efficiency by ~3-fold, suggesting that
P8, being a highly cationic peptide, might interact non-specifically
with serum proteins. Such effects of serum on uptake efficiency
have also been reported for other CPPs [24]. This inhibition of
uptake efficiency by serum proteins is sometimes beneficial, par-
ticularly when the CPP is highly effective such as P8; otherwise this
high uptake may cause cytotoxicity.

Taking into consideration that the internalization of P8 occurs
by a temperature-sensitive and energy-dependent process, the
involvement of specific endocytosis pathway was thoroughly
investigated by analyzing P8 uptake in the presence of drugs that
selectively compromise different endocytic pathways. Two inhibi-
tors CPZ and MBCD, which are known to block clathrin-mediated
endocytosis and lipid-raft mediated endocytosis respectively, were
unable to block the cell entry of P8 (Fig. 8) therefore ruling out the
contribution of these two entry pathways in P8 internalization.
However, CytD and amiloride, which are inhibitors of macropino-
cytosis, were capable of attenuating the cell-penetrating activity
of FITC-labeled P8 and thus providing evidence for the involvement
of macropinocytosis as a major entry mechanism. In addition, co-
localization of P8 with dextran (a marker of macropinocytosis) fur-
ther supported the previous finding.

The first step in the internalization of most of the cationic CPPs
has been suggested to be the interaction of these CPPs with nega-
tive components of plasma membrane e.g., proteoglycans [7,41].
Membrane-associated proteoglycans are thought to be important
in the induction of F-actin organization and macropinocytosis
[15]. This prompted us to further seek the involvement of GAGs
in P8 internalization. In line with the other CPPs, treatment with
heparin, a mimic of GAGs, significantly blocked the entry of P8 sug-
gesting that GAGs play an important role in P8 uptake. Therefore,
the possible uptake mechanism could be that first, P8 interacts
electrostatically with negatively charged GAGs present on cell sur-
face followed by its internalization by macropinocytosis, which is a

highly conserved endocytic pathway by which large volume of
extracellular fluid is internalized into the cells. Altogether, these
results suggest that P8 has potential to become a versatile delivery
system. Although further studies are needed to assess the capabil-
ity of P8 for delivering therapeutic molecules.

In summary, the present study provides strong evidence that
integrated in silico and experimental approach could be a promis-
ing strategy to identify novel efficient CPPs, as it saves both time
and money consumed in the initial wet lab. screening of CPPs. In
addition, we have identified a few novel CPPs, in particular, P8
which has shown efficient cell penetrating ability with low toxic-
ity. Thus, P8 could be a promising candidate for future applications
as a vector for intracellular transport.
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