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Abstract. A number of cell-penetrating peptides (CPPs) have
been reported, but their transduction efficiencies are too low
to be used as intracellular carriers for therapeutic purposes.
We conducted a comprehensive search to find novel CPPs
using an in vitro virus (IVV) library, which presented random
peptides consisting of 15 amino acids (diversity of the library
was >10'%). We found 9 kinds of novel CPPs with an intra-
cellular translocation efficiency higher than that of the TAT
peptide (YGRKKKRRQRRR). Interestingly, one of the novel
CPPs, No. 14 (KLWMRWYSPTTRRYG), showed a dramatic
improvement in translocation activity relative to the TAT
peptide in CHO cells (>10-fold efficiency in 50 #M). As the
intracellular translocation efficiency of No. 14 was increased
by substitution Arg for Lys! (14-1), we carried out alanine
scanning on the basis of 14-1 to determine important amino
acids for the intracellular translocation. The Ala substitution
analysis showed that both Arg and Trp residues were important
for the cell-penetrating activity and that their contribution
was in the order Trp3<Arg!’<Arg'<Arg’, Arg'3<Trp®.
Moreover, it was possible to substitute two Trp with other
bulky amino acids such as Ile or Tyr. In this study, we showed
that novel CPPs could be acquired by screening random
peptides and modifying some amino acids could increase
their cell-penetrating activity.

Introduction
Cell-penetrating peptides (CPPs), also known as protein

transduction domains (PTDs), are of interest because of their
ability to translocate across cellular membranes. CPPs consist
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of 30 or fewer amino acids classified as either cationic or
amphipathic in nature. TAT (basic domain of HIV-1 TAT
protein) (1-3) is representative of the cationic CPPs, which
contain clusters of arginine and lysine residues. Penetratin
(4,5) is representative of the secondary amphipathic CPPs
and penetratin-fusion proteins work well for proteins with
<100 amino acid residues; however, toxicity is always a
concern with these peptides (6). In addition, polylysine (7,8),
polyarginine (9), HSV VP22 (10-12), MPG (HIV gp41/SV40
Tag NLS) (13,14), pep-1 (15), MAPs (16), HIV-1 Rev (17),
plsl (18), and WR peptide (19) have been reported as CPPs.
Most of the currently recognized CPPs are derived from viral,
insect, or mammalian proteins endowed with membrane
translocation properties.

The large number of different cargo molecules that have
been efficiently delivered by CPPs ranges from small molecules
to proteins and even liposomes and magnetic particles (20).
However, the exact mechanisms underlying the internalization
of CPPs across the cellular membrane are not fully understood.
Recently, increasing lines of evidence for endocytosis as
a major route of entry, especially, non-classical, clathrin-
independent pathways such as macropinocytosis and endo-
cytosis via lipid rafts have been identified (21,22). Although
there seems to be no consensus regarding one specific
mechanism as the preferred route of CPPs uptake, it is
reasonable to think that the specific route(s) of internalization
depends on a number of factors, with the main one being the
characteristics of CPPs and the characteristics of the cargos.

The mechanism of internalization is unclear, but the CPP
approach is currently a major tool in delivery systems that
mediate the import of problematic cargos into cells. Therefore,
it is important to find novel CPPs having high abilities to
translocate across cellular membranes. Trials using a phage-
display library have been reported in the search for com-
prehensive CPPs (23-26). However, in the screening of the
phage-display library, bias might occur in the sequence that
is expressed, and the diversity is inadequate for screening
CPPs. We therefore tried to obtain novel CPPs from a random
peptide library using IVV for screening on a larger scale.

Materials and methods

Preparation of IVV molecules. The design and preparation of
IVV was consigned to Zoegene Corporation. DNA template
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Figure 1. Nucleic acid and amino acid sequences of IVVs. (A) Nucleic acid and amino acid sequences of POU with FLAG-tag. (B) Nucleic acid and amino
acid sequences of upstream of POU. PV, the upstream of POU region consisted of 96 nucleotides containing T7 promoter. TPV, TAT sequence was inserted
between ATG (translation initiating codon) and the POU sequence of PV. RPV, the SP6 promoter was used instead of the T7 promoter, and random peptide

sequences were inserted between ATG and the POU sequence of PV.

for the mRNA of TAT-presenting IVV (TAT-POU-IVV, TPV)
was prepared using the TAT sequence of HIV-1 (27) as a
known CPP and a POU sequence (Fig. 1A), which was DNA-
binding domain of Oct-1, as a support protein for presenting
peptides. The constructed DNA template encoded the TAT
sequence, the POU sequence and a Flag-tag downstream of
the T7 promoter (Fig. 1B). POU-IVV (PV) that did not contain
the TAT sequence was also prepared, as a negative control
(Fig. 1B). IVVs (TPV and PV) were prepared according to
methods of Biyani ef al (28). They were purified using anti-
FLAG antibody immobilized on agarose beads (Sigma, St.
Louis, MO, USA) and eluted with 3X FLAG peptide
(Sigma).

Construction of the random peptide library. The nucleotide
sequences of the random peptide were designed to include
20 amino acids equally using the MLSDS method (29).
Then DNA template of random peptide for IVV library was
constructed using synthetic-designed oligonucleotides. The
constructed DNA templates encoded the random peptide
sequence of 15 amino acids, the POU sequence and the
Flag-tag downstream of the SP6 promoter (Fig. 1B). IVVs
presenting random peptide (Random peptide-POU-IVV, RPV)
were prepared according to methods of Biyani et al (28) using
these DNA templates.

Recovery of the IVV genome that was translocated into cells.
The prepared RPV was added to Jurkat cells (1x10° cells)

and incubated at 37°C for 1 h. After then, the cells were
trypsinized and washed with PBS (phosphate-buffered saline).
The washed cells were lysed with Lyse-N-Go reagent (Pierce,
Rockford, IL, USA) according to the manufacturer's protocol.
After the IVV genome RNA was digested with RNase H
(Toyobo, Osaka, Japan), we performed ethanol precipitation
of IVV genome DNA.

The pellet of the IVV genetic material was dissolved in
distilled water and it was amplified the full length of the
IVV coding domain with EX-Taq DNA Polymerase (Takara,
Kyoto, Japan) using the sense primer (gaacaacaacaacaacaaac
aacaacaaaatg) and the antisense primer (cgcccttgtcatcgtcatec).

Cell lines. CHO-K1 (CHO), HeLa, and Jurkat cells were
purchased from Dainippon Sumitomo Pharma Co., Ltd.
(Osaka, Japan). CHO cells were maintained in DMEM/Ham's
F-12 medium (Gibco, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS) and antibiotics. HelLa
cells were cultured in Dulbecco's modified Eagle's medium
(Gibco) supplemented with 10% FBS and antibiotics. Jurkat
cells were maintained in RPMI-1640 (Gibco) supplemented
with 10% FBS and antibiotics.

Analysis of peptide sequences. The prediction of the secondary
structures of the peptides were performed using the Garnier
method with EMBOSS (http://www.es.embnet.org/Doc/
EMBOSS/Apps/garnier.html). Helical wheel projection
analysis of peptides were performed using the pepwheel
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Figure 2. Structure of IVV and translocation of TAT-POU-IVV into CHO
cells. (A) Structure of IVV with random peptide (RPV): IVV is a genotype
(mRNA) - phenotype (protein) linking molecule with puromycin. IVV had
15 amino acids of random peptide in the N-terminal of the POU sequence
and was labeled with Cy3 or Cy5. (B) Detection of translocation of PV
or TPV into CHO cells using confocal laser scanning microscopy: A
concentration of 45 nM IVV in PBS was added at a volume of 54 ul/well
to CHO cells in 96-well plates. After incubation for 1 h, the cells were
trypsinized. After washing the cells, the intensity of the fluorescence from
cells was detected using confocal laser microscopy. Left, Cy5-labeled PV
(negative control); right, Cy5-labeled TPV with a TAT sequence.

function of EMBOSS (http://www .sacs.ucsf.edu/Documen
tation/emboss/pepwheel .html).

Synthesis of fluorescein-labeled peptides. N-terminal
carboxyfluorescein-labeled peptides were purchased from
Thermo Electron GmbH (Ulm, Germany). Their purity was
70% or more, which was confirmed by HPLC analysis and
mass spectroscopy. The fluorescein-labeled peptides were
dissolved with 10% dimethyl sulfoxide (DMSO) to provide a
1 mM solution.

Flow cytometry and confocal laser scanning microscopy
analysis. Cells were incubated with various concentrations
of fluorescein-labeled peptides in complete medium at 37°C
for 1 h. The cells were washed twice with PBS, and then
trypsinized. The cells were collected in complete medium
and washed twice with Hanks' balanced salt buffer (HBSS,
Gibco). The fluorescence from the cells was analyzed using
flow cytometry (FC500, Beckman Coulter, Fullerton, CA,
USA) or confocal laser scanning microscopy (Bio-Rad).

Intracellular localization analysis. CHO cells were seeded
onto a chamber slide (Nunc, Roskilde, Denmark) at 10° cells/
ml in complete medium and incubated for 48 h at 37°C. The
cells were treated with 50 uM fluorescein-labeled peptides in
complete medium. After incubation at 37°C for 1 h, the cells
were washed with HBSS and analyzed using confocal laser
scanning microscopy without fixing.

Results

Confirmation of an intracellular translocation of TAT-POU-
IVV (TPV). As a large library of random peptide is required

to screen CPPs, we used IVV for a comprehensive search of
CPPs. IVV is a protein-nucleic acid complex that consists of
mRNA and proteins as its translation product, and they are
linked by a covalent bond through puromycin linker (Fig. 2A).

For the screening, we used IVV that expressed random
peptide of 15 amino acids at the N-terminal of the POU
sequence. To confirm whether we could use IVV for screening
CPPs, we prepared Cy5-labeled IVV with a TAT sequence
(TPV) and examined whether TPV translocated into cells.
We also prepared Cy5-labeled POU-IVV (PV) that did not
have a TAT sequence, as negative control.

These IVVs were adjusted to 45 nM with PBS and added
54 ul/well to CHO cells that were inoculated to a 96-well
plate. After 1 h of incubation, the cells were trypsinized and
observed using a confocal laser microscopy. Intracellular
fluorescence was detected from almost all cells when we
added TPV. However, it was not detected when PV was
added to the cells (Fig. 2B). This showed that the intra-
cellular translocation activity was conferred on PV by the
TAT sequence. These results suggest that IVV with random
peptide could be used to screen CPPs.

Screening from the random peptide libraries. Random peptide-
POU-IVV (RPV) was constructed using random peptides
instead of the TAT sequence in TPV. The design of the random
peptide followed the methods of Husimi et al (29). We
constructed Cy3-labeled RPV presenting 15 amino acids of
random peptide (Diversity >10'?) in the upstream of the POU
sequence. DNA sequences of 42 independent clones from
RPV were determined and examined their amino acid
composition. It was established that the random peptide
libraries where each amino acid was expressed in a
proportion from 2 to 8% had been built (data not shown).

For comprehensive screening, we used Jurkat cells, a
suspension cell line derived from human T lymphocytes. The
screening process of the CPPs is shown in Fig. 3A.

To confirm the intracellular transduction of IVV into Jurkat
cell, they were analyzed after the addition of IVV using
confocal laser microscopy from the third enrichment library.
An intracellular fluorescence was observed in cells when the
fifth and sixth enrichment library was added to cells (Fig. 3B).
The populations of the Cy3 positive cells were 11% in the
fifth enrichment library, and 68% in the sixth enrichment
library (Fig. 3B). These results suggested that peptides with
cell-penetrating activity were concentrated, as the enrichment
processes were repeated. However, the intracellular fluor-
escence was hardly detected when the seventh and eighth
enrichment libraries were added to cells (data not shown).
There was a possibility that some CPPs were concentrated
up to the sixth enrichment library.

Nucleic acid sequences of the IVV libraries were deter-
mined after the intracellular fluorescence was detected, and
the amino acid sequences of the random peptide region were
analyzed. About 70 clones were selected arbitrarily from each
enrichment library from the fifth to eighth, and the nucleic acid
sequences were determined. However, neither the convergence
of sequences nor the known CPP sequences were detected.
Fourteen redundant sequences were detected from 267
sequences, and one of them was found 3 times in the same
library. The redundant sequences were found from all
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Figure 3. Enrichment of CPPs using IVV. (A) Scheme of the enrichment process of CPPs with IVVs. (1) Construction of IVV libraries with random peptides.
(2) IVV libraries were added to Jurkat cells. (3) IVVs with CPPs translocated into Jurkat cells. (4) IVV, which adhered to the Jurkat cell surface
nonspecifically, was removed by trypsinization and washing. (5) The IVV genome was recovered from the Jurkat cells by PCR. (6) IVV libraries were
reconstructed using the recovered IVV genome as a template. (7) Since IVVs with CPPs were concentrated, the fluorescence of Cy3 was detected in the cells.
IVVs with CPPs were concentrated by repeating the above process. (B) Detection of internalized Cy3-labeled IVV using confocal laser microscopy. Upper
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Figure 4. Intracellular translocation of candidate peptides. (A) Sequences of the candidate peptides and control peptides. Seven candidate peptides were
selected using three criteria that are common features of known CPPs. (B) Flow cytometry analysis of cells incubated with fluorescein-labeled candidate
peptides in CHO, HeLa and Jurkat cells. Three kinds of cells were treated with 50 xM fluorescein-labeled candidate peptides for 1 h at 37°C and trypsinized.

After washing, the intensity of the fluorescence from cells was detected using flow cytometry.
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enrichment libraries; however, they were found in the same
enrichment library, and the same sequence was not found
between different enrichment libraries.

There are several possible reasons why the convergence
of sequences may not be detected: the number of CPPs might
be more than we thought and peptides that could easily bind
to the cell surface might exist. It was thought that it might be
difficult to get convergence of sequences with the enrichment
processes using IVV; therefore, we analyzed the sequences
of known CPPs to find their common features. Then, candidate
sequences were selected from the enrichment libraries with
the common features of known CPPs as criteria and we tried
to confirm whether the candidate sequences possessed cell-
penetrating activity.

Selection of CPP candidates. A secondary-structure prediction
analysis of the amino acid sequences and helical wheel
structure analysis (30,31) were performed, to examine whether
there were common features among the known CPPs. We used
TAT (27), Penetratin (4), HSV VP22 (10-12), MPG (13,14),
Pep-1 (15), MAPs (16), HIV-1 Rev (17), plsl (18), and WR
peptide (19) as the known CPPs for setting the criteria to
select the candidate sequences. It was expected that most
known CPPs formed helical structures from the secondary
structure analysis and their cationic amino acids existed in
one side on the wheel from helical wheel projection analysis.
Then, we set them as criteria for the selection of CPP
candidates.

From 267 sequences derived from the fifth to eighth
enrichment libraries, we selected five sequences that fitted
these criteria, and two sequences from 14 redundant sequences
that were concentrated by screening (Fig. 4A). We used TAT
(YGRKKRRQRRR) (27) as a positive control and TAT analog
(GRKKRRQPPQ) as a negative control (32). We prepared
seven synthetic peptides, which were labeled on the amino
terminal with fluorescein, and examined their cell-penetrating
activity with mammalian cells (CHO, HeLa, and Jurkat cells)
using flow cytometry and confocal laser microscopy. The
results of the flow cytometry analysis are shown in Fig. 4B
when fluorescein-labeled peptides at a concentration of 50 yuM
were added to cells.

As a result, two novel CPPs were found: one peptide
(No. 14) whose cell penetrating activity was stronger than
TAT in all cells, and the other peptide (No. 15) had cell-
penetrating activity, which was better than TAT in CHO
cells, although it was slightly inferior to TAT in HeLa and
Jurkat cells. In CHO cells, both No. 14 and 15 showed cell-
penetrating activity that were stronger than TAT. In particular,
the cell-penetrating activity of No. 14 was >10 times that of
TAT at a concentration of 50 yM. In HeLa cells, the cell-
penetrating activity of No. 15 was inferior to TAT, but the
intracellular translocation efficiency of No. 14 was 3.5 times
of TAT at a concentration of 50 M. In Jurkat cells, the cell-
penetrating activity of No. 15 was slightly inferior to TAT,
but No. 14 showed high cell-penetrating activity, >10 times
that of TAT. We confirmed the cell-penetrating activity of
both peptides in CHO cells using confocal laser microscopy.
A precise intracellular transduction of peptides was detected
at a concentration of 50 M in both peptides and these peptides
did not adhere to the surface and were translocated into CHO

A TAT
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No.15

Fluorescence

Marged
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Figure 5. Transduction of No. 14 and 15 in CHO cells and their wheel
structure. (A) CHO cells were treated with 50 M fluorescein-labeled TAT
analog, TAT, No. 14 and 15 peptides for 1 h at 37°C and trypsinized. After
washing, the cells were spread onto glass slides and covered with a cover
slip. Their fluorescent intensity was measured using confocal laser micro-
scopy. (B) CHO cells were cultured on an 8-well chamber slide (Nunc) for
48 h and treated with 50 #M fluorescein-labeled TAT analog, TAT, No. 14
and 15 peptides for 1 h at 37°C. After washing, the fluorescence intensity
from the cells was detected using confocal laser microscopy. (C) Wheel
structure of No. 14 and 15. Dashed circles indicate Arg/Lys clusters and
solid circles indicate Trp residues.

cells (Fig. 5A). Moreover, we confirmed their intracellular
localization using confocal laser microscopy (Fig. 5B). It was
clear that both peptides translocated into CHO cells at a
concentration of 50 yM and existed homogeneously within
cells.

These two peptides had some common features: Arg and/or
Lys were sited on one-side of the wheel structures (Arg/Lys
cluster), and they had two Trp residues. As such a structure
resembled Penetratin, the possibility that a secondary amphi-
pathic CPP-like Penetratin was concentrated in our screening
was suggested. Also, both sequences were derived from the
sixth enrichment library, and this fact agreed with the results
that intracellular fluorescence was detected from 68% of Jurkat
cells when the sixth enrichment library was added. These
results suggested that if peptides with the same criteria were
selected from the sixth enrichment library more CPPs might
be obtained.

Therefore, we determined the nucleic acid sequences of
~940 clones arbitrarily from the sixth enrichment library and
estimated the amino acid sequences of the random peptide.
Successively, 46 candidate sequences were selected from
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Figure 6. Intracellular translocation of isolated novel CPPs. (A) Flow cytometry analysis of cells incubated with seven fluorescein-labeled peptides in CHO,
HeLa and Jurkat cells. The three kinds of cells were treated with 50 M fluorescein-labeled peptides with candidate sequences for 1 h at 37°C and trypsinized.
After washing, the intensity of the fluorescence from the cells was detected using flow cytometry. (B) Four sequences had an Arg/Lys cluster and Trp. (C)
Two sequences had an Arg/Lys cluster. (D) One sequence was redundant, it had only one Arg residue. Red circle, Arg/Lys cluster; blue circle, Trp residue.
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Figure 7. Detection of seven internalized fluorescein-labeled peptides in CHO, HeLa, and Jurkat cells using confocal laser microscopy. Three kinds of cells
were treated with 50 uM fluorescein-labeled peptides with seven sequences for 1 h at 37°C and trypsinized. After washing, the internalization of peptides was
detected using confocal laser microscopy. Upper layer, fluorescence image; lower layer, merged image.
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them with common features of No. 14 and 15. We prepared
46 fluorescein-labeled peptides: 25 peptides, which had more
than two Arg and/or Lys on one side of the wheel structure
(Arg/Lys cluster) and included Trp; 17 peptides, which
contained more than two Arg and/or Lys on one side of the
wheel structure but did not contain Trp; one peptide that
included three Trp; and three peptides that appeared to be
redundant. We performed flow cytometry analysis in CHO
cells to screen CPPs from these candidate peptides at a
concentration of 50 M (data not shown).

As a result, seven peptides had cell-penetrating activity
that was the same or greater than TAT in CHO cells (Fig. 6A).
Four peptides among the seven peptides had an Arg/Lys cluster
on the wheel structure and Trp (Fig. 6B) and two peptides
had an Arg/Lys cluster consisting of more than three Arg or
Lys residues (Fig. 6C). When we compared the six peptides
with an Arg/Lys cluster, there was a tendency for the peptides
including Trp to show higher translocation efficiency. One
remaining peptide was a redundant sequence (Fig. 6D).
Although No. 2510, one of the redundant sequences,
contained only one Arg, it had cell-penetrating activity. As
the redundant sequence had cell-penetrating activity, it was
suggested some other candidates for novel CPPs might exist
in the sixth enrichment library.

The intracellular translocation efficiency of these seven
peptides varied among cells when we examined their trans-
location into HeLa and Jurkat cells using flow cytometry
(Fig. 6A). Although No. 143, 2028, 2175, and 2510 showed
more translocation efficiency than TAT in Jurkat cells, there
was no peptide that showed more translocation efficiency
than TAT in HeLa cells.

Moreover, the intracellular translocation of these seven
peptides was confirmed using confocal laser microscopy in
three kinds of cells (Fig. 7). In No. JF06, although the cell-
penetrating activity was found in both CHO and Jurkat cells,
it was not found in HeLa cells because No. JFO6 adhered
to the cell surface. It is possible that an aggregation of the
peptide might occur because of the inclusion of two Cys
residues, and substituting other amino acids for Cys might
enhance the cell-penetrating activity.

We were, therefore, able to identify some novel CPPs by
the following processes, although the possibility that the
intracellular translocation efficiency of the peptides varied
among cells was suggested. A random peptide library was
concentrated to some extent by screening using IVV. The
number of the candidate sequences was reduced using the
criteria that are common to known CPPs. Their cell-
penetrating activity was examined using flow cytometry and
confocal laser microscopy. We obtained No. 14, which had
higher cell-penetrating efficiency than TAT in three kinds of
cells. It was thought that No. 14 could be used as a novel
CPP in place of TAT because No. 14 had cell-penetrating
activity that far exceeded that of TAT in any of the cells
studied.

Modification and alanine scanning of No. 14. Since No. 14
had better cell-penetrating activity than TAT in CHO, Jurkat
and HeLa cells, we tried to modify No. 14 and performed
flow cytometry analysis in CHO cells. Although the
intracellular translocation of No. 14 at a concentration of
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Figure 8. Analysis of the modified peptides of No. 14. (A) Wheel structure
of modified peptides of No. 14. Modified amino acid residues are shown by
red letters. (B) Results of flow cytometry analysis of modified peptides
of No. 14 in CHO cells. Four concentrations (6.25, 12.5, 25 and 50 xM)
of fluorescein-labeled modified peptides of No. 14 were added to CHO cells
and incubated for 1 h. The cells were collected by trypsinization and analyzed
using flow cytometry. Mode values are plotted for each concentration.

50 M was >10 times that of TAT, it was almost the same
level as TAT at a concentration of 25 yM (Fig. 8B). No. 14
would be a useful CPP if it could maintain high intracellular
translocation efficiency even at a low peptide concentration.

We tried to modify No. 14 on the basis of its Arg/Lys
cluster and two Trp (Fig. 8A). Because it has been reported
that cationic amino acids play an important role in the
intracellular translocation of CPP and Arg is more effective
than Lys, Lys' was substituted with Arg. As a result, the
intracellular translocation at 12.5 and 25 yM concentrations
improved drastically (14-1). When Pro® was substituted with
Ala (14-2), their translocation efficiencies did not change at
all, in spite of our prediction that Pro might influence the
secondary structure of No. 14.

Next, the importance of the two Trp residues was examined.
As an intracellular translocation was not detected at all when
we substituted Ala for the two Trp (14-6), it is suggested that
these two Trp were essential to the intracellular translocation
of No. 14. Moreover, when one Trp (14-7) was added, the
translocation efficiency was the same as 14-1. Since the
cellular uptake was expected to increase by combining
these two modifications of 14-7 and 14-1, Lys! of 14-7 was
substituted with Arg (14-8). As a result, the intracellular
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A Name Sequence

14 KLWMRWYSPTTRRYG
14-1 RLWMRWYSPTTRRYG
14-11 ALWMRWYSPTTRRYG
14-12 RAWMRWYSPTTRRYG
14-13 RLAMRWYSPTTRRYG
14-14 RLWARWYSPTTRRYG
14-15 RLWMAWYSPTTRRYG
14-16 RLWMRAYSPTTRRYG
14-17 RLWMRWASPTTRRYG
14-18 RLWMRWYAPTTRRYG
14-20 RLWMRWYSPATRRYG
14-21 RLWMRWYSPTARRYG
14-22 RLWMRWYSPTTARYG
14-3R RLWMRWYSPTTRAYG
14-23 RLWMRWYSPTTRRAG
14-35 RLWMRWYSPTTRRYA

Fluorescence intensity

] 10 20 30 40 50
Concentration of peptide (uM)

Figure 9. Alanine scanning of 14-1. (A) Alanine scanning products of 14-1.
Substituted amino acid residues are shown by red letters. (B) Results of flow
cytometry analysis of Ala substitutes of 14-1 peptide in CHO cells. Four
concentrations (6.25, 12.5, 25, and 50 uM) of fluorescein-labeled Ala
substitution peptides of 14-1 were added to CHO cells, which were then
incubated for 1 h. The cells were collected by trypsinization and analyzed
using flow cytometry. Mode values are plotted for each concentration.

translocation efficiency of 14-8 was approximately equal to
14-1 at 25 and 50 yM concentrations, but it remarkably
improved at 6.25 and 12.5 yM concentrations. Moreover, when
the number of Trp increased to four (14-9), the cellular uptake
was lower than 14-8 because its solubility might be poor.

To examine the importance of the other amino acids of
No. 14, we performed alanine scanning on the basis of 14-1
because the intracellular translocation at low peptide concen-
trations was considerably higher than that of No. 14 (Fig. 9).
As a result, it was suggested that the modified peptides could
be classified into three groups by intracellular translocation
efficiency: a high efficiency type (14-12, 14-14, 14-18, 14-20,
14-21, 14-35) where the translocation efficiency was approxi-
mately equal to 14-1, an intermediate type (14-13, 14-17,
14-23) where the translocation efficiency was approximately
equal to No. 14, and a low efficiency type (14-11, 14-15,
14-16, 14-22, 14-3R) where the intracellular translocation
was lower than No. 14 (Fig. 9B). Although two Trp residues
were thought important for the intracellular translocation of
No. 14 from the result of 14-6, there was a difference in
contributions to the intracellular translocation between Trp?
and Trp®. The cell-penetrating activity of 14-16 (TrpS-Ala)
was hardly detected, while the cellular uptake was detected at

A Name Sequence
14 KLWMRWYSPTTRRYG
14-1 RLWMRWYSPTTRRYG
14-24 RLLMRLYSPTTRRYG
14-25 RLFMRFYSPTTRRYG
14-26 RLIMRIYSPTTRRYG
14-29 RLVMRVYSPTTRRYG
14-30 RLYMRYYSPTTRRYG
B w
—— 14
900
> 80
2 700
2
£ 800
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0 10 20 30 40 50
Concentration of peptide (M)

Figure 10. Substitution of Trp residues of 14-1 with other bulky or hydro-
phobic amino acids. (A) Sequences of Trp residue modified peptides of 14-1
peptide. Two Trp residues were substituted with bulky or hydrophobic
amino acids that are indicated with red letters. (B) Results of flow cytometry
analysis of the Trp residue modified peptides of 14-1 in CHO cells. Four
concentrations (6.25, 12.5, 25, and 50 yM) of fluorescein-labeled modified
peptides of 14-1 were added to CHO cells, which were then incubated for
1 h. The cells were collected by trypsinization and analyzed using flow
cytometry. Mode values are plotted for each concentration.

a concentration of 50 mM equal to 14-1 but hardly detected
at concentrations <25 mM in 14-13 (Trp’*-Ala). From these
results, it was thought Trp® was more important for cell-
penetrating activity than Trp?. Therefore, it is thought that the
important amino acids to cellular uptake were in the order
Trp’<Arg'’<Arg'<Arg’, Arg!3<Trp°.

Only 14-20 (Thr'°>Ala) and 14-21 (Thr!''-Ala), which
belonged to the high efficiency type, had slightly higher cell-
penetrating activity than 14-1, and Thr was substituted with
Ala in both cases. Since 14-12, 14-14, 14-18, and 14-35,
which belonged to the high efficiency type, did not show
much difference in cellular uptake to 14-1, it was suggested
that Leu?, Met*, Ser®, and Gly'> were not so important for
the translocation efficiency of 14-1. As the intracellular
translocation efficiency of both 14-17 and 14-23 belonging to
the intermediate type decreased by substituting Tyr with Ala,
it was thought that Tyr was also important for the intra-
cellular translocation.

Since Trp, which is a hydrophobic amino acid, was very
important for cellular uptake from the result of 14-6, we
examined whether the cellular uptake was maintained even if
we substituted Trp with the other amino acids (Phe, Tyr, Ile,
Val, Leu) that had a hydrophobic side chain (Fig. 10).
However, there were no modified peptides superior to 14-1, a
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good intracellular translocation was observed even when we
substituted Trp with Ile (14-26) or Tyr (14-30). When we
substituted Trp with Phe (14-25) or Val (14-29), their cell-
penetrating activity reduced to almost that of No. 14, and
when we substituted Trp with Leu (14-24), most of its
cell-penetrating activity at a concentration of 25 yM was
not observed. Among the hydrophobic amino acids, the
effectiveness for intracellular translocation was in the order
Leu<Val, Phe<Tyr, lle<Trp.

Discussion

Until now, trials to screen CPPs from random peptides have
been performed using methods such as the phage-display
technique (23-26). However, effective screening of CPPs
using phage-display is difficult because a bias may occur in
expressed sequences, the library size is small (<10°), phages
bind on cells nonspecifically, and the sequences obtained by
screening are not reproducible (33).

Since IVV allowed >10"2 molecules to be screened and
the bias of the library was small (33,34), we attempted to find
a better method for screening CPPs using the IVV system.
However, we could not obtain a great enough convergence of
the cell-penetrating sequences using IVV. This may be because
the known CPPs including many cationic amino acids such
as Arg or Lys and the fusion proteins tend to be insoluble.
Since the proportion of cationic amino acids increased during
the enrichment process of CPPs, the solubility of the
concentrated peptides decreased when we reconstructed
IV Vs; therefore, an effective concentration of CPPs might be
difficult to obtain. In addition, since peptides that contain
many cationic amino acids have a high affinity with nucleic
acids (35), it was thought that the effective presentation of
peptides was not possible because a complex of nucleic acids
and peptides was formed. However, as IVVs that translocated
into cells increased up to the sixth enrichment library, we
thought that peptides with cell-penetrating activity might be
concentrated to some extent. Therefore, a better strategy for
screening CPPs from these enrichment libraries was required.
Hence, we examined the characteristics of known CPPs and
tried to use the common features as the criteria for further
screening.

It is not known that the homology of the sequences of
known CPPs was high (36), but there are some studies that
suggest that they form an alpha helix structure (30,36). We
used secondary-structure prediction and helical wheel
projection analysis for further screening. We selected
candidates that were predicted to have a helical structure by
the secondary-structure analysis, or identified by the helical
wheel projection analysis to have Arg and/or Lys on one side
of the wheel structure. When we chose peptides with these
features from the sixth enrichment library and examined their
cell-penetrating activity using their fluorescein-labeled
peptides, peptides with more than two, preferably three, Arg
and/or Lys on one side of the wheel structure, had cell-
penetrating activity, and the activity was higher where Trp
was included. These results suggest that the secondary
amphipathicity of the peptides was very important to their
cell-penetrating activity, as observed in Penetratin (37). In
other words, it is thought that intracellular translocation

might occur effectively with the interaction between the cell
membrane and hydrophobic amino acids such as Trp after the
binding of positive charges such as Lys or Arg to heparin
sulfate on the cell surface (30,36). However, it was thought
that there was an influence of amino acids other than Arg,
Lys, and Trp because all peptides with such characteristics
did not have cell-penetrating activity. Modifying the amino
acids of No. 14, might possibly clarify which amino acids
are important to its cell-penetrating activity. The Lys and
Arg content of novel CPPs obtained in this study tended to
be lower than in reported CPPs (36), it was thought that
peptides containing many of these amino acids might not be
concentrated because such peptides became insoluble during
the enrichment process of IVV. Actually, when we examined
the change of the amino acid composition of libraries during
the enrichment process, the Arg content did not change, but the
Lys content clearly decreased. No. 2510, a redundant sequence,
had cell-penetrating activity although it contained only one
Arg and no Trp residues. Since this peptide contained many
hydrophobic amino acids, such as Ile, Tyr, and Leu, it was
thought that it was concentrated because it had high affinity
against cell membrane (38).

We investigated whether the cell-penetrating activity of
No. 14 was improved by modifying them. The intracellular
translocation activity of No. 14 was very high at a concen-
tration of 50 uM, but it decreased at concentrations <25 yM,
even so, it was still better than TAT. In a recent review (39),
comparatively high concentrations of secondary amphipathic
CPPs such as No. 14 were needed for intracellular trans-
location. We tried to modify No. 14 to improve its intracellular
translocation efficiency at low concentrations. When the
peptide concentration of No. 14 was high, the influence of
cationic amino acids was significant and it bound easily to
the cell membrane. However, it was thought that the effect
suddenly decreased when the concentration was low, as shown
in Fig. 8. Since the intracellular translocation in the low
concentration remarkably improved by substituting Lys' with
Arg, it was suggested that Arg had a stronger affinity for the
cell surface than Lys. This was shown by a comparison
between PenArg and PenLys (40).

The hydrophobic interaction was also important for cell-
penetrating activity because the decrease of cellular uptake at
low peptide concentrations improved by increasing the number
of Trp residues. Since Trp residues tend to be buried in the
cell membrane (41-43), the cell-penetrating activity of
peptides with many Trp residues may not decrease at low
peptide concentrations. In low peptide concentrations, two
Trp residues of No. 14 were not enough to the effective trans-
location, but three Trp enhanced cellular uptake (14-7).
However, when the number of Trp residues of 14-1 was
increased to four (14-9), its intracellular translocation activity
fell below that of 14-8. This may be due to a decrease in
solubility of the peptide due to the increased number of Trp
residues.

In addition, we carried out Alanine scanning on the basis
in 14-1, because the intracellular translocation at low peptide
concentrations was considerably higher than that of No. 14
(Fig. 8). Ala substitution products were classified into three
types by intracellular transduction: a low efficiency type, an
intermediate type, and a high efficiency type. As the intra-
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cellular uptake remarkably decreased in the low efficiency
type in comparison with 14-1, it was suggested that both
cationic amino acids and Trp® residues were essential for
the cellular uptake. Since the cellular uptake decreased by
substituting Tyr or Trp® with Ala in the intermediate type, it
was suggested that the cellular uptake in low peptide
concentrations decreased by reducing hydrophobicity. Since
the cellular uptake did not change even if Leu?, Met*, Ser®,
Gly' were substituted with Ala, it is considered that they are
not important for the cell-penetrating activity. It is possible
that cellular uptake varies by substituting them with amino
acids other than Ala.

Fig. 9 shows that when we substituted Trp with other
amino acids with hydrophobic side chains, the modified
peptides did not have intracellular translocation activity that
was superior to Trp. However, there was some intracellular
translocation activity of these modified peptides and the results
of Ile substitution (14-26) and the Tyr substitution (14-30)
were better than No. 14. In addition, the amino acids that had
bulky hydrophobic groups were thought to be important for
intracellular translocation because no cellular uptake was
found in 14-6, although Ala had a hydrophobic group. This is
supported by the observation that the cell-penetrating activity
decreased in both 14-17 and 14-23 by substituting Tyr with
Ala. Moreover, because cellular uptake was enhanced a
little by substituting Thr, a hydrophilic amino acid, with Ala,
a hydrophobic amino acid (14-20, 14-21), the amphipathic
nature of the cluster of hydrophobic amino acids on the
opposite side of the of the wheel structure to the Arg/Lys
cluster was thought to be important for the cell-penetrating
activity of 14-1. In other words, because 14-1 was bound to
the cell membrane tightly by amino acids with bulky hydro-
phobic side chains such as Trp and Tyr after combining with
glycosaminoglycans on cell surface through the Arg/Lys
cluster (39), 14-1 might have strong cell-penetrating activity.

From the examination of No. 14 and its modified peptides,
it is thought that we can predict which amino acids should be
modified to improve the cell-penetrating activity of the other
secondary amphipathic CPPs by plotting them on a Wheel
structure to some extent. However, future studies are required
to determine the cargo-carrying abilities of the novel CPPs
identified in this study.
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