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antibodies by pannig because the wild type phage is ampli-
fied faster than the antibody displaying phage. However, we
strongly believe that this library was of high quality because
all randomly-picked clones maintained the scFv sequence.

To obtain an antibody for a target antigen by using the
phage display system, it is important to effectively increase
the phage clones interact with the target antigen by repeated
affinity panning. Although an immunoplate or immunotube
is commonly used for the affinity panning,”*?" it is com-
monly known that these techniques are inefficient in terms of
antibody enrichment, are difficult to automate and exhibit
difficulties in controlling the precise settings for panning
conditions. Therefore, our present study utilized an auto-
mated microfludics system with a surface plasmon resonance
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analyzer (BIAcore 3000, BlAcore International AB, Uppsala,
Sweden) to ensure that the panning procedure was both easy
and optimized.

Generally, either acidic or basic solutions are required for
the elution step during panning.'>*? In our study, both acidic
(pH 2) and basic (pH 11) buffers, containing a surfactant,
were used for the elution step to completely dissociate the
entrapped antibodies at high affinity. To evaluate the useful-
ness of the library, affinity panning against the human KDR,
as a model antigen, was performed (Fig. 3). The experiment
involving two rinse procedures exhibited an increase of ap-
proximately 100 fold in the ratio of phage titer after the fifth
panning, while the experiment involving ten rinses exhibited
a 1000-fold increase (Fig. 3A). Additionally, phage ELISA
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Fig. 3. Enrichment and Cloning of Antibodies to Human KDR from Non-immune scFv Phage Library by Affinity Panning

Enrichment of the desired clones was performed by affinity panning on the immobilized human KDR using the BIAcore 3000 system. (A) The ratio of phage titer at each pan-
ning round was plotted. The ratio was calculated as follows: (titer of the output phage)/(titer of the input phage). The closed line represents the data from the procedure involving
ten rinses and the dashed line represents the data involving two rinses (B). After the fifth panning on human KDR, the binding properties of the selected phage clones were ana-
lyzed by ELISA. The data represent the results of measurement of clones before panning (B), after fifth panning involving two rinses (C) and after fifth panning with ten rinses (D).
(E) Amino acid sequences of 8 clones high affinity clones for human KDR analyzed by DNA sequence.
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analysis of 250 randomly picked clones showed that the
number of positive clones binding to the KDR in the experi-
ment involving ten rinses was higher than that involving two
rinses (Figs. 3B—D). These results demonstrated that an op-
timized panning procedure with ten rinses effectively en-
riched the antibody clones specific for the target antigen.
DNA sequence analysis of the eight clones of high affinity
for human KDR demonstrated that these clones consisted of
three different arrangements of antibodies (Fig. 3E). And
then, we also confirmed that soluble formed scFvs of them
could bind to KDR (data not shown). ELISA also demon-
strated that these anti-KDR antibodies reacted not only with
human KDR but also with murine KDR at similar affinity
(Fig. 4). Because of natural tolerance, it is generally difficult
to obtain an antibody to not only an antigen which has high
homology but also an allogeneic antigen of the immunized
animal. However, in our experiment, anti-KDR scFvs iso-
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Fig. 4. Binding Properties of the Isolated Anti-KDR scFv Antibodies
against Human or Murine KDR

The binding properties to human KDR (9) and murine KDR () of anti-KDR scFvs
displayed on the phage surface were measured by ELISA as described in the Materials
and Methods. Three phage clones, anti-KDR-1, anti-KDR-2, and anti-KDR-3 were ana-
lyzed. A clone displaying scFv to luciferase was used as a negative control.
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lated from a non-immune mouse antibody library were able
to bind murine KDR (allogeneic antigen). Therefore, it is
suggested that these antibodies are of great importance to
both mouse models and human research. This is because the
non-immune scfv phage library, constructed by connecting
VL and VH genes in vifro, included a nonexistent repertory
naturally. This result shows that our non-immune scFv phage
library is a useful technological resource for producing anti-
bodies to autoantigens

We then investigated the binding specificity of the three
anti-KDR scFv antibodies by dot blot assay. These antibodies
could bind native and denatured KDR, but not other antigens,
tumor necrosis factor receptor 2 (TNFR2), luciferase, bovine
serum albumin (BSA), importin-¢, and importin-f§ (Fig. 5).
The fact that these scFvs did not react to the TNFR2-Fc
chimera indicates that these reacted not with the Fc domain
but rather the KDR domain. It was also revealed that the sen-
sitivity of dot blot analysis using the three scFvs as primary
antibodies was as high as the level of detection of 100pg
(0.6 fmol) of immobilized antigen by anti-KDR-1 and anti-
KDR-3 and 10ng (60 fmol) by anti-KDR-2 (Fig. 6). The de-
tection limit of general antibodies of the IgG type is approxi-
mately 1ng (data not shown). In contrast, anti-KDR-1 and
anti-KDR-3 antibodies could detect 100 pg of KDR. The data
therefore suggests that the affinity of anti-KDR scFv antibod-
ies is better than antibodies of the IgG type. This shows that
the anti-KDR antibodies obtained from our library were of
high quality and could recognize very small amounts of anti-
gen.

To examine the usefulness of the library, we tried to isolate
an antibody to a previously reported antigen, luciferase (Fig.
7). As panning to the luciferase was repeated, the output/
input ratio was gradually elevated and the enrichment of the
library reached approximately 5000-fold after the fifth pan-
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Fig. 6. Sensitivity of Antigen Detection by Anti-KDR scFvs

Anti-KDR scFv phages were reacted with KDR-Fc chimera (10 ng, 1ng, 100 pg and
10pg in each spot) immobilized on a nitrocellulose membrane using a dot blot mani-
fold.
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Fig. 5. Binding Specificity of Anti-KDR scFv Antibodies

Binding specificity of anti-KDR scFvs was examined by dot blot analysis. Native hu-KDR-Fc-chimera, hu-TNFR2-Fe-chimera, luciferase, BSA, hu-importin-o, hu-importin-f
and denatured hu-KDR (100 ng each) were dot blotted onto a nitrocellulose membrane and then the purified anti-KDR scFvs phage was reacted in the wells.
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Fig. 7. Enrichment and Cloning of scFv Antibodies to Luciferase

Anti-luciferase scFv phages were selected from the non-immune phage library. Five
rounds of affinity panning to the luciferase were performed using the BlAcore 3000
system. The ratio of the titer of output phage/input phage at each panning round was
plotted (A). After fifth panning, the scFv phage clones of affinity with luciferase were
analyzed by ELISA (B).

ning (Fig. 7A). A total of 150 phage clones were randomly
picked and their binding to luciferase tested by ELISA (Fig.
7B). The number of positive clones was increased by affinity
panning to luciferase and a high number of clones were suc-
cessfully isolated. Because the variety of previous primer
sets was very excessive, the amplification efficiency of PCR
was extremely low. On the other hand, we confirmed that all
combinations of these primer sets could amplify effectively.
Moreover, antibodies to some antigens could not be isolated
from the previous library. Using the present library, however,
antibodies to all ten kinds of antigens tested were success-
fully isolated (data not shown). In addition, anti-KDR scFvs
isolated from the present library were far superior in terms of
antigen specificity and sensitivity and were able to bind an
allogeneic antigen. Collectively, these results suggest that the
present library was far superior to the previous one.

Over recent years it has become highly expected that anti-
bodies should be able to be applied not only as a biochemical
reagent for basic research but also as diagnostic tools and an-
tibody-based medicine.”> 27 It is therefore vital to be able to
obtain the desired antibody for various antigens rapidly. Be-
cause the non-immune scFv antibody phage library reported
here can isolate antibodies for various antigens in vifro, we
suggest that this resource will prove highly beneficial for fu-
ture research and clinical applications.
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Significant research effort is currently focused on Protein Transduction Domains (PTDs) as potential intra-
cellular drug delivery carriers. However, the application of this technology is limited because the transduction
efficiencies are often insufficient for therapeutic purposes, even using HIV-1 Tat peptide. Here we describe a
high-throughput screening method based on a phage display system for isolating novel PTDs with improved cell
penetration activity. The screening method involves using protein synthesis inhibitory factor (PSIF) as cargo of
PTD. Using this method, several Tat-PTD mutants of superior cell-penetrating activity were isolated. Interest-
ingly, the amino acid sequence of the PTD mutants contained some characteristic residues, such as proline. Thus,
our screening method may prove useful in determining the relationship between protein transduction and amino

acid sequence.

Key words phage display system; protein transduction domain; high-throughput screening; HIV-1 Tat; intracellular drug delivery

Recent advances in proteomics have allowed a number of
refractory diseases, such as cancer and neurodegenerative
disorders, to be studied at the molecular level. The main
causative factor of such disease states is often associated
with intracellular organelles or particular subcellular pro-
teins. Thus, the intracellular organelles, proteins or genes
might constitute the therapeutic target. Recently, it was dis-
covered that certain peptides, referred to as protein transduc-
tion domains (PTDs), can penetrate cells accompanied by a
large molecular cargo. Considerable research effort is cur-
rently focused on utilizing PTDs as peptide-based carriers
for intracellular drug delivery.'™

Tat peptide, derived from the HIV-1, and Antennapedia
peptide, derived from Drosophila Antennapedia homeotic
transcription factor, are well known PTDs that have been
tested as drug delivery carriers for various disease models.*—
PTDs can even deliver bulky molecular cargos (>100kDa)
into a wide variety of cell types.!®'* However, to use PTDs
as effective intracellular drug delivery carriers with clinical
applications, it is necessary to create novel PTDs with
greater protein-transduction potency than exists naturally.

An attempt to create a novel PTD by modification of the
peptide structure has already been reported.'*!> However,
because it is difficult to predict the transduction activity of
the peptide based on structural information alone, novel pep-
tides must be generated by introducing amino acid substitu-
tions and then the effects determined by trial and error. Re-
cently, we have successfully generated a technology for cre-
ating novel muteins (mutant proteins) that have non-native
functions using a phage display system.'® This prompted us
to apply phage display technology to screen for novel PTDs.

The phage display system is a protein selection methodol-
ogy in which a library of mutant proteins or peptides can be
screened and the desired molecules easily identified by link-
ing DNA information (genotype) with phenotype (protein
expression).'*"2” By applying this methodology, novel PTDs
can be selected such as those transduced into the cell by a
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different mechanism or those with tissue/cell specificity. In
general, the phage display system is used to isolate antibody
and peptide ligands using an affinity selection step to target
the desired molecules. However, for the discovery of PTDs it
1s necessary to construct a screening method to select clones
that are transduced into the cell rather than simply selecting
those that bind to the cell surface. We designed a high-
throughput screening method to isolate effective PTDs
by fusing PTD with Protein Synthesis Inhibitory Factor
(PSIF).2"Y Here, we used our methodology to identify novel
Tat mutants with greater transduction potency than wild-type
Tat PTD.

MATERIALS AND METHODS

Library Construction A gene library of Tat mutant
peptides was constructed by randomization of codons (except
arginine codons) of Tat [47—57] using PCR primers contain-
ing NNS sequences (N; A/T/G/C, S; G/C). Two primer se-
quences were used in this PCR. Forward primer, Y-oligo22 3’
ex (5'-TCA CAC AGG AAA CAG CTA TGA CCA TGA
TTA CGC CAA GCT TTG GAG CC-3") contained a HindIIl
site and annealed on pCANTAB phagemid vector. Reverse
primer, Tat[47—57] R (§'-TC ATC CTT GTA GTC TGC
GGC CGC ACG ACG ACG SNN ACG ACG SNN SNN
ACG SNN SNN GGC CAT GGC CGG CTG GGC CGC
ATA GA AAG-3') contained five NNS codons and a Notl
site. After amplification of the Tat[47—57] mutant gene, the
PCR fragments were digested with HindIll and Norl and
cloned into the pCANTAB phagemid vector (Invitrogen
Corp., Carlsbad, CA, U.S.A). E. coli TG1 cells (Stratagene,
La Jolla, CA, US.A.) were transformed with the phagemid
by electroporation and then phage displaying Tat mutant pep-
tide library were produced by infection of M13KO7 helper
phage (Invitrogen Corp.).

Cell Panning The human keratinocyte cell line, HaCaT,
was seeded in 6 well tissue culture plates at 5X10° cells/well

© 2006 Pharmaceutical Society of Japan
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and cultured overnight. The culture medium was changed to
Opti-Mem I medium (Invitrogen Corp.) containing 2% BSA
for blocking and incubated for 2h at 37 °C. Purified phage li-
brary was pre-incubated with the same medium at 4 °C for
1h. The phage solution was then applied to the HaCaT cells
and incubated for 2h at 37 °C. Unbound phage was removed
by extensive washing (20X) with PBS (pH 7.2). Phage parti-
cles bound or internalized with the HaCaT cells were subse-
quently rescued by adding ice cold 50mm HCI to each well
and incubating for 10min at 4°C. The solution containing
lysed cells and phage library was collected and neutralized
by adding 1.0M Tris-HCl pH 8.0. The phage clones con-
tained in the solution were propagated by infecting E. coli
TG1 and applied for the next round of panning. The cell pan-
ning was repeated two more times (i.e. 3 panning rounds in
total).

Expression of PTD-PSIF Proteins Protein synthesis in-
hibitory factor (PSIE, PE fragment) is an approximately
40kDa fragment of the bacterial exotoxin (GenBank Acces-
sion No. K01397) derived from Pseudomonas aeruginosa®
(ATCC strain No.29260). PSIF lacks its cell binding domain,
and has been successfully used as a cytotoxic portion of a re-
combinant immunotoxin.”» We cloned the cDNA for PSIF
from Pseudomonas aeruginosa, Migula by PCR using the
primer set: 5'-GAT GAT CGA TCG CGG CCG CAG GTG
CGC CGG TGC CGT ATC CGG ATC CGC TGG AAC
CGC GTG CCG CAG ACT ACA AAG ACG ACG ACG
ACA AAC CCG AGG GCG GCA GCC TGG CCG CGC
TGA CC-3’ and 5'-GAT CGA TCG ATC ACT AGT CTA
CAG TTC GTC TTT CTT CAG GTC CTC GCG CGG CGG
TTT GCC GGG-3'. The PCR product was cloned into modi-
fied pPCANTAB phagemid vector. After 3 rounds of cell pan-
ning, the enriched library of PTD candidate cDNA clones
were purified from phage-infected TG1 cells and inserted
into the PSIF-fusion expression vector derived from phagemid
pCANTABSE. TGl cells were transformed with the PTD-
PSIF fusion library and monocloned. Transformed TGI
clones were picked, transferred to a 96 well plate format and
cultured in 2-YT medium (Invitrogen Corp.) containing 2%
glucose and 100 pg/ml ampicillin until the ODy,, reached
0.5. PTD-PSIF protein was expressed in the supernatant by
culturing the cells for 12h at 37°C in 2-YT growth medium
with no glucose in the presence of 100mmM IPTG. These su-
pernatants were harvested and used for the cellular cytotoxic-
ity assay.

Cytotoxicity Assay of PTD-PSIF Fusion Protein against
HaCaT Cells HaCaT cells were seeded on 96 well tissue
culture plates at 1.5X10* cells/well in Opti-Mem I medium
containing 50 ug/ml cycloheximide. Each culture super-
natant from the PTD-PSIF clones was then added to an indi-
vidual well. After incubation at 37°C for 24 h, viability of
HaCaT cells was assessed using the MTT assay.

Flow Cytometry Analysis of FITC-Labeled PTDs on
Live Cells HaCaT cells were seeded on 24 well tissue cul-
ture plates at 1.0X10° cells/well. After incubation for 24 h at
37°C, the cell monolayer was treated with FITC-labeled
PTDs diluted in growth medium at a final concentration
10 um for 3h. Cells were then washed and any PTDs ad-
sorbed to the cell surface digested using 2.5% trypsin. Cellu-
lar fluorescence was then measured by flow cytometry (Bec-
ton Dickinson, Oxford, UK.).
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In Vitro Safety Assessment HaCaT cells were seeded
on 96 well tissue culture plates at 1.6X10* cells/well. After
incubation for 24 h at 37 °C, FITC-labeled PTDs were added
to the cell monolayer at three different concentrations (3 um,
10 um or 30 um). After additional incubation for 24h at
37°C, cell viability was assessed by the WST-8 assay (Do-
jindo Lab., Kumamoto, Japan).

Fluorescence Microscopic Analysis HeLa cells were
seeded on a chamber coverglass at 3.0X10* cells/well in cul-
ture medium (MEM 10% fetal calf serum) and incubated
for 24h. A 2 um aliquot of streptavidin modified Qdot525
(Quantum Dot Co., Hayward, CA U.S.A.) was incubated
with 200 um of synthesized biotinylated PTDs at room tem-
perature for Smin and diluted in culture medium containing
10% fetal calf serum (FCS) and 5nM PTD-conjugated Qdot.
Hel a cells were then treated with the culture medium con-
taining PTD-Qdot and 100ng/ml Hoechst 33342 (Invitrogen
Corp.) and incubated at 37 °C for 1h. The medium was then
changed for Qdot-free medium and the cells observed by flu-
orescence microscopy using an Olympus 1X-81 microscope
(Olympus Co., Tokyo, Japan) at various time points.

RESULTS AND DISCUSSION

In this study, a screening method for Tat PTD mutants
with efficient cell penetrating activity was established and
novel peptide sequences were identified (Fig. 1). Mutagenic
PCR, using primers Y-oligo22 3'ex and Tat[47-—57]R), was
used to prepare a mutant peptide gene library of Tat in which
5 codons were randomized within the Tat[47—57] peptide.
All the natural arginine codons of this peptide were retained
because arginine was reported to have an important roll for
penetrating into the cells.” The PCR product was then lig-
ated into the phagemid vector. Approximately 16 million
colony forming units (cfu) were obtained after transforma-
tion of E. coli TG1 with the phagemid. DNA sequence analy-
sis of the library confirmed it to be derived from independent
clones (Table 1). Our results established that the library had
an enormous repertoire covering the 3.2 million theoretical
combinations of 5 amino acids. From this, a 1.0xX102—10"
cfu phage library displaying Tat mutant was prepared. In
order to enrich the phage clones which bound or internalized
to the cells, 3 rounds of cell panning using the HaCaT cell
line was performed. The enriched phage clones included not
only PTDs capable of penetrating the cell but also those pep-
tides which simply bind to the cell surface.

To allow the differential selection of PTDs capable of pen-
etrating the cell we designed a high-throughput screening
method by fusing PTD with PSIE. PSIF from Pseudomonas
aeruginosa, was not by itself cytotoxic because the cell-bind-
ing domain was truncated. However, PSIF shows cytotoxicity
when it is fused to a carrier, such as PTD, because it can then
enter the cytoplasm.?? PSIF-fusion is a simple and effective
screening method for novel PTDs because the penetrating
ability of the peptide can be evaluated from the cytotoxic ef-
fects of the fused protein. Figure 2A shows the cellular up-
take of PTD-PSIF fusion from the Tat mutant library before
cell panning. No clones displaying stronger cytotoxicity than
wild-type Tat-PSIF fusion could be detected. However, after
3 rounds of cell panning, over 80% of the analyzed 800
clones showed stronger cytotoxicity than wild-type Tat-PSIF.
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(Fig. 2B). Using this rapid PSIF screening method, we iso-
lated superior PTD candidates in only 2—3 weeks. Clones
showing enhanced cytotoxicity over wild-type Tat peptide
were isolated and the DNA sequences analyzed.

Next, FITC labeled PTD mutant candidates were synthe-
sized and cellular uptake was determined by flow cytometry
(Fig. 3). Each of the PTD candidates displayed similar or in-
creased uptake compared with wild-type Tat[47—57] or
Tat[48—60]. In particular, cellular uptake efficiency of YM2

wild type Tat[47-57] gene
= YGRKKRRQRRR "~

é, substituted by PCR

[ s XXRXXRRXRRR s l

{ cloned to pPCANTAB
§ phagemid vector

XXRXXRRXRRR

Tat mutant phage library
(16 million independent clones)

j, 3 round of cell-panning

PTD candidates binding or
internalizing to cells

i cloned 1o the vector for expressing
é PTD-PSIF fusion protein

l XXRXORRXRER [psiF}- |

H
i monocloned and

estimated their cytotoxicity

PTD candidates strongly
internalizing to cells

i DNA sequencing

Identification of
cffective PTDs

Fig. 1. Overview of the Creation of the Novel PTDs Using a Phage Dis-
play System Based High-Throughput Screening Method

The Tat mutant peptide gene library was constructed by randomization of the
Tat[47—57] sequence, except for the arginine codons. Fixed arginine residues are un-
derlined. Substituted amino acids are shown as X. After amplification, mutant Tat genes
were cloned into pPCANTAB phagemid vector. The Tat mutant phage library was pro-
duced from phagemid transformed TG!. The phage library was then subjected to 3
rounds of cell panning as described in Materials and Methods. Mutant Tat clones bind-
ing or internalizing to the cell were initiaily concentrated from the library. PTD candi-
dates were then purified and cloned into PSIF expression vector. Monoclonal TGls
containing individual PTD-PSIF encoding phagemid were picked up separately into a
96 well format. The cytotoxicity of the PTD-PSIF proteins was assessed in order to iso-
late Tat peptide mutants that are strongly internalized within the cell. Approximately
1000 clones can be simultancously assayed for cytotoxicity by this procedure. The
amino acid sequence of effective Tat mutants were readily obtained from their DNA se-
quence.
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or YM3 was 2.5 to 3 fold greater than wild-type Tat. Table 2
shows the amino acid sequences of clones YM2 and YM3.
Some clones, including YM2 or YM3, have an increased
number of arginine residues (clones 1, 6 and 7, Table 1).
Moreover, all the clones shown in Tables 1 and 2 have almost
the same isoelectric point (pI) of ca 13. In general the trans-
duction ability of PTDs is associated with cationic amino
acid residues, such as arginine. However, our data indicates
that the transduction ability of PTDs is not wholly dependent
on the total number of arginine residues or the overall pl. In-
terestingly, YM2 and YM3 include some characteristic
amino acid residues, such as proline. In addition, these PTD
candidates have arginine at the same position as Tat 54,
which is thought to be important for transduction. In this
way, our phage display system can correlate the amino acid
sequence of the peptides with transduction ability. Thus, for
the first time, it may be possible to experimentally determine
the factors that influence intracellular transduction other than
cationic amino acids or pl.

To utilize PTD as an effective intracellular drug delivery
carrier, the peptide must be nontoxic to the cells. Using the
assay for HaCaT cells, no cytotoxicity was observed with
peptides YM1, YM2 and YM3 (Fig. 4). Polyarginine is one
of the representative artificial PTDs and, like Tat peptide, is
highly efficient at transducing cargo into the cell.>¥ However,
polyarginine (Arg 11) displayed more cytotoxicity than Tat
peptide.® Our initial assessment, conducted on a specific
cell line, indicates that all 3 novel PTDs are safe drug carri-
ers.

Another research group has also reported the generation of
novel PTDs with enhanced transduction potential compared
to that of Tat peptide.'® However, it was never demonstrated
whether these PTDs actually introduced cargos into the cell.
Therefore, we examined whether our PTDs candidates were
able to deliver macromolecules. Qdots, a fluorescent semi-
conductor nanocrystal, was used as a model macro drug mol-
ecule. Qdots streptavidin conjugate was modified with either
biotinylated Tat{47—S57] or YM3 peptide and then applied to
cultured HeLa cells. After 1h, Tat[47—57] or YM3 labeled
Qdot were localized near the cell membrane (Figs. Sa, d). For
these observations, Hela cell was used in spite of HaCaT cell
because the localization analysis of Qdots in HaCaT cell was
difficult due to its small cytoplasmic area. Upon further incu-
bation, the location of the Qdot-PTD conjugates changed
(Figs. 5b, e) until after 20h the Qdot was observed at the per-
inuclear region (Figs. Sc, f). However, Qdots was not ob-

Table 1. Amino Acid Sequences and pl Values of Tat Mutants from the Library
Position
Clone pl
47 48 49 50 51 52 53 54 55 56 57
Tat[47—57] Y G R K K R R Q R R R 12.8
Clonel T L R T R R R N R R R 13.3
Clone2 N Y R T G R R K R R R 12.8
Clone3 L T R Q T R R M R R R 13.2
Clone4 S K R T w R R N R R R 13.2
Clone5 K E R H L R R H R R R 12.8
Clone6 D R R N S R R N R R R 12.9
Clone7 H R R P \% R R F R R R 13.3
Clone8 A P R D W R R A R R R 12.8

Sequence analysis of random phage clones isolated from the library. The library confirmed it to be derived from independent clones.
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Fig. 2. Cellular Cytotoxicity Assay of the Monoclonal PTD Candidate-PSIF Fusion Proteins to HaCaT Cells

These figures show the cellular uptake of individual clones-PSIF fusion proteins from (A) Tat mutant library before cell panning and (B) concentrated novel PTD candidates
after 3 rounds of cell panning. Cellular cytotoxicy was assessed using the MTT assay. The dose of PTD-PSIF fusion clones was adjusted to retain ca. 80% viability when using
wild-type Tat-PSIF fusion protein (left stripy column). Clones in the arrowed columns showed greater cytotoxicity over wild-type Tat-PSIF fusion protein.

Table 2. Nucleotide and Amino Acid Sequences and pl Values of Novel PTDs

Position
Clone pl
47 48 49 50 51 52 53 54 55 56 57
Tat[47—57)] Y G R K K R R Q R R R 12.8
TAC GGT CGT AAA AAA CGT CGT CAG CGT CGT CGT
YM1 R N R A R R R Q R R R 134
AGG AAC CGT GCC CGC CGT CGT CAG CGT CGT CGT
YM2 P v R R P R R R R R R 134
CcCC GTG CGT CGC cCcC CGT CGT CGG CGT CGT CGT
YM3 T H R L P R R R R R R 13.3
ACC CAC CGT TTG cCcC CGT CGT CGC CGT CGT CGT
PTD

A,

YM2 WW%%W/M&&WW}&W
YM3 P s #
Tat [47-57]
Tat [48-60]
RGDAC :
0 50 100 150 200 250 300 350
cell Ruorescence (% of Tat {47-37])

Fig. 3. Cellular Uptake of PTD-FITC Conjugates into HaCaT Cells

FITC labeled PTDs were incubated with HaCaT cell monolayer for 3h and their cel-
lular uptakes were estimated by flow cytometry analysis. Stripy columns show uptakes
of PTD candidates from the Tat mutant library. Black columns show uptake of control
PTDs. Control PTD sequences are as follows; Tat[47—57] (wild type Tat PTD):
YGRKKRRQRRR, Tat[48-—60]: GRKKRRQRRRPPQ, RGD4C: CDCRGDCFC. This
experiment was performed at n=3. FEach data value represents the mean®S.D.
#* p<(.005, compared with Tat[47—57].

served in the cell nucleus. Recently, Tat peptides were re-
ported to enter the cell by macropinocytosis.’**” By analogy,
a large proportion of the incorporated Qdots may become
trapped in the macropinosome and thus fail to transfer into
the nucleus. Therefore, to achieve efficient drug delivery into
the cytosol or organelles, the cargo must be released from the
macropinosome. One possible strategy would be to incorpo-
rate the HA2 peptide to enhance the liberation of carrier and
cargo protein from the endosome.?**®

It is reported that PTDs are able to deliver various bioac-
tive molecules into cells. However their transduction efficien-
cies are not sufficient to achieve effective protein-based ther-
apy. In this report, we used a high throughput screening
method to successfully identify novel PTD mutants with im-
proved cell penetrating activity over wild-type Tat peptide.

Viability (% of control)

3uM

10pM

PTD concentration

30pM

Fig. 4. In Vitro Safety Assessment of Tat Mutants

FITC labeled Tat[47—57] (&), YM1 (B@), YM2 (O) or YM3 (@) were incubated
with HaCaT cell monolayer for 24h and their cytotoxicity was estimated using the
MTT assay. Non-treated cells were arbitrarily given a value of 100%.

The PTD mutants were found to contain some characteristic
amino acids. These findings indicate that there may be many
factors to account for cell penetration other than the presence
of cationic amino acids. Using our high-throughput screen-
ing method, it should be possible to formulate some generic
rules concerning the mechanism of cell penetration and sub-
cellular transport. In conclusion, our high-throughput screen-
ing system is expected to contribute to the development of
protein-based therapies.
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Abstract

Identification of the epitope sequence or the functional domain of proteins is a laborious process but a necessary one for biochemical
and immunological research. To achieve intensive and effective screening of these functional peptides in various molecules, we established
a novel screening method using a phage library system that displays various lengths and parts of peptides derived from target protein.
Applying this library for epitope mapping, epitope peptide was more efficiently identified from gene fragment library than conventional

random peptide library. Our system may be a most powerful method for identifying functional peptides.

© 2006 Elsevier Inc. All rights reserved.
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The ability to identify active core or epitope peptides
from bioactive proteins is of considerable interest to many
researchers. Active-center peptide and binding domain
peptide of protein have been expected for target peptide,
biological tool, and more reasonable medicine, such as
RGD peptide [1], Tat peptide [2], and Angiostatin/Endo-
statin [3,4]. On the other hand, applications of epitope pep-
tide for anti-viral, cancer, and allergy immunotherapy have
been extensively tried [5-8]. One of the most effective and
frequently used methods for searching and identifying
these functional peptides is phage display technology.
Phage library which involves the expression of random
peptides on its envelope as a fusion protein has been com-
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monly used for this purpose [9-11]. But screening of target
peptide from random peptide library is not effective,
because theoretical diversity of random peptide library is
enormous. For example, while the theoretical diversity of
10 mer random peptide library is 10 trillion (20'°), the max-
imum diversity is actually 10 million (1/1000 of theoretical
size). Thus construction of gene fragment library which
expresses random fragments of cDNA on phage particles
has been tried [12-14]. Unlike random peptide library, gene
fragment library is usually constructed for each target pro-
tein and supposed to be quite effective at much lower
library sizes. If the length of target protein is 200 amino
acids, the theoretical diversity is 2 million. However, con-
ventional method for gene fragment library has the follow-
ing limitations: (1) the gene fragmentation process with
DNase is incomplete, resulting in poor variety of the frag-
ment library; (2) with the use of blunt-ended insert DNA,
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unidirectional cloning cannot execute; (3) translational
frame shift cannot be prevented. Therefore, this conven-
tional phage library method is extremely limited for isolat-
ing functional peptide fragments. We therefore improved
the technique and established a novel library system which
enabled construction of a gene fragment library covering
all regions and various lengths of the target protein.

Materials and methods

Reagents. Reagents for transcription were from Promega (Madison,
WI), and T7 RNA polymerase was from TAKARA BIO (Shiga, Japan).
Smart Race cDNA Amplification Kit was from Clontech Laboratories
(Mountain View, CA). Other reagents for reverse transcription were from
Invitrogen (Tokyo, Japan). 5-RACE PCR was performed by Advantage-
HF2 PCR kit (Clontech Laboratories, Inc.). Accu Tag LA DNA poly-
merase (Sigma-Aldrich Japan, Tokyo, Japan) was used for nested PCR.
DNA and RNA were purified with QIAquick PCR Purification Kit and
RNeasy mini kit (QIAGEN, Valencia, CA), respectively. Escherichia coli
TG was purchased from STRATAGENE (Tokyo, Japan). Anti-FLAG
monoclonal antibody was from Sigma-Aldrich. Rabbit anti-human TNF-
o polyclonal antibody was from CALBIOCHEM (Darmstadt, Germany).
Mouse anti-M13 phage-horseradish peroxidase (HRP) conjugate and
pCANTABSE were from Amersham-Pharmacia Biotech (Uppsala,
Sweden).

Construction of gene fragment library. Fig. 1 is a flow diagram that
shows the construction of gene fragment library. TNF-o coding target
region, domain 1, 2, and 3 were amplified and T7 promoter was added at
the 5 end by PCR. PCR products were transcribed with T7 RNA poly-
merase at 37 °C for 2 b, yielding sense RNA of only the target region. The
RNA samples were reverse transcribed with the Smart Race ¢cDNA
Amplification Kit using random nonamer primers that contained Mrol
site at the 5" end. In this reaction, after reverse transcriptase reaches the
ends of the mRNA template, it adds several dC residues to synthesized
cDNA. The adaptor oligonucleotide anneals to the tail of the cDNA and
serves as an extended template for reverse transcriptase. Following reverse
transcription, the first-strand cDNA was used directly in 5-RACE PCR
using synthetic primers, which anneal to the adaptor oligonucleotides and
Mrol site, respectively. The condition of 5'-RACE PCR was cycled 5 times
at 94 °C for 30's, 72 °C for 3 180s, 5 times at 94 °C for 30s, at 70 °C for
30s, and at 72 °C for 180s, and 20 times at 94 °C for 30 s, at 68 °C for
30s, at 72°C for 180s. Consequently, dsDNA was obtained, which
contains T7 promoter and Mrol site, and begins randomly at the 5’ end.
After the cDNA was transcribed with T7 RNA polymerase, mRNA. was
reverse transcribed by Super Script III using random nonamer containing
the Ncol site to yield single strand DNA that began randomly at the 3’ end
of the sense strand. The gene library was amplified by PCR and con-
structed with Ncol site at the 5’ end and Mrol site at the 3’ end, and coded
various range of TNNF-o. PCR was cycled 35 times at 96 °C for 60 s, at
59 °C for 60 s, and at 68 °C for 60s. The gene library was then digested
with Necol and Mrol was ligated with the phagemid vector pY03-FLAG
(Mrol) to display TNF-a fragments on the phage surface as fusion pro-
teins with g3p. pY03-FLAG (Mrol) was constructed by inserting the Mrol
and FLAG sequence between E tag and g3p gene of pPCANTAB 5E. The
phage library was prepared as described [15].

Selection of phages displaying FLAG tag. Ten micrograms per milliliter
of Anti-FLAG monoclonal antibody was coated onto Maxisorb immu-
notubes (NUNC). After blocking, TNF-a gene fragment phage library
was then added into the anti-FLAG antibody-coated immunotubes and
incubated for 1h at 4°C. Random 18 mer peptide phage library was
constructed by almost the same method as previously described [16] and
used as a control. After washing the tubes with PBS containing 0.05%
Tween 20, the bound phages were eluted by incubating the tubes with
100 mM HCI. Eluted phages were immediately neutralized with 1 M Tris—
HCI and then added to log phase E. coli TG1 cells. For panning of the
anti-TNF-a antibody, the infected TG1 cells were grown to log phase,

rescued with M13KO7 helper phage, and purified by polyethylene glycol
{PEG) 6000/NaCl precipitation.

Selection of phages displaying peptide bound to anti-TNF-u antibody.
Ten micrograms per milliliter of rabbit anti-TNF-u polyclonal antibody
was coated onto 96-well immune plate (NUNC). The procedures were
followed as mentioned above (the section of “Selection of phages dis-
playing FLAG tag”). After the third round of panning, eluted phages in
each round of panning were used for phage ELISA to estimate the
number.

Phage ELISA. For measurement of output/input ratio, the eluted
phages were added to 96-well immune plate coated with each antibody and
incubated at RT for 2 h. The plates were washed three times with PBS and
0.05% Tween PBS, and incubated with anti-M13 phage-horseradish per-
oxidase (HRP) conjugate for 1 h. After incubation, the plates were washed
three times, TMB peroxidase substrate (Nacalai Tesque, Kyoto, Japan)
was added, and the absorbance was read at 450 nm using a microplate
reader. To assess affinities of individual phage clones, infected TG1 cells
were isolated, grown at 37 °C in 96-well plate, and rescued with M13KO7
belper phage. Amplified phage particles were added to anti-TNF antibody
coated plate and following the above procedure.

Peptide ELISA. Biotinylated epitope peptide was used for binding
analysis. Mabl-peptide, Mab4-peptide, and 3D6-peptide were used for
control peptides. Each peptide corresponds in position to a.a. 127-137,
a.a. 34-45, and a.a. 22-33 of TNF-u, respectively. Peptides were added to
96-well immune plate coated with the anti-TNF antibody and detected by
Streptavidin HRP conjugate. The following procedure was performed as
described in the above section.

Results
Library construction

We used human tumor necrosis factor-oo (TNF-o) as a
model protein to confirm the usefulness of our method.
One area of improvement was that we could generate gene
fragments with the Sfil site at the 5’ end and Mrol site at
the 3’ end, in the same orientation as the original gene,
by using unidirectional reverse transcription and amplifica-
tion of mRNA by T7 RNA polymerase [17]. Three TNF-a
gene fragment libraries were constructed using TNF-o
cDNA divided into 3 domains (domain 1, a.a. 1-85;
domain 2, a.a. 40-123; and domain 3, a.a. 75-157) as a
template. This library theoretically contains all TNF-o
peptide sequences of less than 46 a.a. The TNF-o fragment
library was produced by the procedure shown in Fig. 1.
The number of the independent clones was 2.0 X
10’ CFU, containing from domain 1, 7.1x 10° CFU;
domain 2, 5.6 x 10° CFU; and, domain 3, 7.3 x 10° CFU.
The repertoire of the library sufficiently exceeded the theo-
retical variety for a fragment peptide library from 3
domains (8.2 x 10* CFU). The sequences of clones from
this library were randomly analyzed (Fig. 2). Although
gene fragments from domain 2 and 3 library tended to be
located nearer the 5 end of each domain, gene fragments
from domain 1 were originated from various lengths and
parts of the TNF-o sequence. All of the gene fragments
had the assumed orientation. Thus we have some success
in the creation of a library composed of fragments of var-
ious lengths and parts of TNF-o. However, the library was
initially contaminated by unexpected clones whose lengths
of the insert gene that were not multiples of 3, resulting in
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Fig. 1. Scheme for construction of a novel gene fragment library.

frame shifts. These clones cannot express target peptide as  Affinity selection with anti-TNF-o. antibody

a fusion protein with envelope g3p and FLAG peptide,

which develops downstream. Phage clones that did not To assess whether a specific peptide could be selected
express fragments of TNF-o and g3p as a fusion protein  from this library, epitope mapping of a rabbit anti-TNF-
were removed with FLAG tag, which was inserted between o polyclonal antibody was performed. The number of
the DNA coding fragment peptide by using anti-FLAG  phage clones expressing peptides that bind to anti-TNF-o
antibody. We were thus able to create a library that cov-  antibody was estimated by measuring the output phages
ered TNF-a fragments of various lengths and regions. after each panning round wusing anti-TNF-o and
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Fig. 2. Schematic representation of nucleotide sequences of peptides selected from the TNF-o gene fragment library.

anti-FLAG antibody (Fig. 3). Consequently, the output/in-
put ratio of phage clones bound to anti-TNF-o antibody
increased with each panning round, suggesting that the
phage which expresses the peptide bound to the antibody
was enriched. In contrast, when a random peptide library
was used as a control, the number of control phage clones
did not increase even after the second panning round.
These results suggested that target peptides can be selected
more effectively using our gene fragment library than with
a conventional random peptide library.

Individual clones were isolated from output phages after
each panning round and ELISA was performed to select

clones that bound to anti-TNF-a antibody. Many clones
had strong affinity for the antibody after the second pan-
ning, whereas almost none of the clones did prior to pan-
ning (Fig. 4). In addition, similar results were observed
using other clones of anti-TINF-o antibodies (data not
shown). In order to identify the peptide containing the epi-
tope, we analyzed the insert sequences of phage clones
which bound strongly to the antibody. Unexpectedly, we
obtained phage clones which displayed peptides that con-
tained amino acid 15-33 sequence of TNF-a (Fig. 5). Thus,
this TNF-o fragment peptide was chemically synthesized as
an epitope peptide and assessed its affinity for anti-TNF-o
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Fig. 3. Selection of phage clones expressing peptides binding to anti-TNF-o antibody. TNF-o gene fragment library (O) and the random 18 mer peptide
library (@) were applied to immunotubes with immobilized anti-FLAG antibody or anti-TNF-a polyclonal antibody. Phage clones bound to each

antibody were then selected as described in Materials and methods.
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their affinities for the antibody were estimated by phage ELISA. Phage clone expressing TNF-o was used as a positive control (striped column), and IFN-a

was used as a negative control (open column).
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Fig. 5. Amino acid alignment of peptides presented by phage clones bound to anti-TNF-a antibody. The amino sequences of fragments which strongly
bound to the anti-TNF-o antibody in Fig. 4 and their sequence alignment with TNF-o are shown.
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Fig. 6. Binding analysis of synthetic peptide to anti-TNF-« antibody by
ELISA. Biotinylated epitope peptide (HVVANPQAEGQLQWLNRRA :®)
and biotinylated control peptides (Mabl-peptide; EKGDRLSAEIN:V),
Mab4-peptide (NALLANGVELRD:A), and 3Dé-peptide (AEGQLQWL
NRRA:O) were applied to solid-phase anti-TNF-a antibody. Binding
peptides were detected by avidin-HRP.

antibody by ELISA. Although control peptides did not
bind to anti-TNF-a antibody, this synthetic peptide con-
taining TNF-o fragment peptide dose-dependently bound

to the antibody. These results indicated that the displayed
peptides on the phage surface behaved similarly to free
peptides and amino acids 15-33 were actually epitope of
the antibody (Fig. 6).

Discussion

In this study, we improved the method for construction
of gene fragment phage library and applied this library to
epitope mapping. Although gene fragment libraries have
been expected to be superior in availability [18,19], they
are constructed from cDNA fragments generated by diges-
tion with a non-specific endonuclease, resulting in blunt-
end ligation {very low efficiency) and contamination of
reversely oriented fragments [12-14]. Thus it is inefficient
to identify functional peptides and epitope peptides from
gene fragment library constructed by this conventional
method. Therefore, focusing on unidirectionality of reverse
transcription reaction, we created gene fragments using
reverse transcription following transcription of mRNA by
T7 RNA polymerase (Fig. 1). This process made it possible
to insert gene fragments retaining proper orientation
into phagemid vector and ligate each protruding ends.
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Additionally, using FLAG tag selection which removed
phage clones causing frame shifts and expressing nonspe-
cific peptides, we successfully ameliorated the method of
gene fragment library to be superior in quality and diversi-
ty (Fig. 2). However, gene fragments from domain 2 and 3
tended to be deflected to the 5’ end of template. We think
this problem will be resolved by appropriately changing a
temperature of annealing in RT-PCR for each template.
In consideration of this point, we are now constructing
gene fragment library of some virus envelope proteins for
searching functional peptides.

To assess the availability of our strategy, we tried epi-
tope mapping of anti-TNF-o antibody from TNF-o frag-
ment library. After selection of anti-TNF-a antibody, all
amino acid sequences of peptides which strongly bound
to the antibody contained amino acids 15-33 sequence
of TNF-o (Fig. 5). There are very few reports to confirm
that selected phage clones almost encode convergent
sequence like this. We predicted there are two reasons:
rabbit anti-human TNF-o antibody is easy to recognize
the epitope containing an amino acid sequence that dif-
fers between human and rabbit TNF-o; and TNF-a frag-
ment library constructed in this study is of dramatically
higher quality and diversity than conventional phage
libraries. In fact, residues 20-32 of TNF-o have low
homology among species and the peptides obtained after
the panning contained residues 20, 22, 30, and 31, resi-
dues which differ between human and rabbit TNF-o
[20], thus, the peptide was recognized as an epitopic
region. Additionally, compared to random peptide
library, phage clones bound to the antibody were quite
efficiently concentrated from our TNF-o fragment library
(Fig. 3). Our system provided a useful strategy for com-
prehensively searching and identifying functional peptides
from various proteins, such as cytokines, extracellular
matrix, and coat proteins of viruses. This novel method
is likely to be useful for the development of pharmaceu-
ticals, targeting peptides, molecular biological tools, and
vaccines.
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Many biologically active proteins need to be delivered intracellularly to exert their therapeutic action inside
the cytoplasm. Cell penetrating peptides (CPPs) have been developed to efficiently deliver a wide variety of cargo
in a fully biological active form into a range of cell types for the treatment of multiple preclinical disease models.
To further develop this methodology, we established a systematic approach to identify novel CPPs using phage
display technology. Firstly, we screened a phage peptide library for peptides that bound to the cell membrane.
Secondly, to assess functionality as intracellular carriers, we recombined ¢cDNAs of binding peptides with protein
synthesis inhibitory factor (PSIF) to create fusion proteins. Randomly chosen clones were cultured and expres-
sion of peptide-PSIF fusion proteins induced, followed by screening of protein synthesis activity in cells. Using
this systematic approach, novel and effective CPPs were rapidly identified. We suggest that these novel cell-pene-
trating peptides can utilized as drug delivery tools for protein therapy or an analytical tool to study mechanisms

of protein transduction into the cytoplasm.

Key words cell penetrating peptide; phage display; Tat

Many biologically active compounds, including a variety
of large molecules, need to be delivered intracellularly to
exert their therapeutic action inside the cytoplasm or within
the nucleus or other specific organelles. An important re-
quirement in the use of proteins in this context (ex. kinases,
phosphatases, transcriptional factors) is the ability of these
molecules to efficiently penetrate across the cell membrane.
However, the plasma membrane of cells is largely imperme-
able to proteins and peptides. Recently, it was discovered that
certain short peptide sequences, composed mostly of basic,
positively charged amino acids (e.g. Arg, Lys and His), have
the ability not only to transport themselves across cell mem-
branes,"™ but also to carry attached molecules (proteins,
DNA, or even large metallic beads) into cells.*™® These
basic sequences are now commonly known as protein trans-
duction domains or cell-penetrating peptides (CPPs) and
have been successfully employed to transport cargo proteins
across a variety of cell membranes.” Cellular delivery using
CPPs has several advantages over conventional techniques;
indeed, it is efficient across a range of cell types and can be
applied to cells en masse.®

It has been proposed that the Tat transduction domain of
HIV is first endocytosed into a caveola compartment and sec-
ondarily released into the cytoplasm, following vesicle dis-
ruption.” Once CPP binds to the cell surface heparan sulfate
proteoglycan (HSPG), the CPP-fused protein is internalized
via a lipid raft-mediated pathway. Additionally, the mecha-
nisms responsible for CPP mediated cargo internalization es-
timated with regard to enter the cells via macropinocytosis'®
and/or through clathrin-mediated endocytosis,'” or possibly

= To whom correspondence should be addressed.
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via an unknown alternative mechanism. In spite of some
common features of these peptides, particularly their highly
cationic nature, their structural diversity has fuelled the idea
that the penetrating mechanism is not the same for CPPs of
different types. As such, the mechanism(s) of internalization
of CPPs has not been resolved yet.”

Given the potency of the Tat-derived CPPs in mediating
the cellular uptake of small and large macromolecular car-
gos, as demonstrated within the last few years, a large num-
ber of laboratories have exploited this system as a tool for
transcellular penetration of cultured cells.'® Most of these
applications are based on the fusion of the protein transduc-
tion domain of Tat to the protein of interest, either at the N-
or C-terminus, followed by addition of the recombinant fu-
sion protein to the culture medium of the cells of interest. It
is clear that CPPs are novel vehicles for the rapid transloca-
tion of cargo into cells, and exhibit the properties that make
them potential drug delivery agents.'® However, there are
problems in respect to a decrease in the rate and efficiency of
translocation for large proteins that has not yet been over-
come. Accordingly, a large number of different CPPs have
been explored to promote translocation of various types of
useful cargo, ranging from small molecules to proteins and
large supramolecular particles, with great efficiency and rea-
sonable velocity.

We previously showed that the gene III proteins (pIll) of
M13 filamentous phage could be used to display mutant pro-
tein, with these modified proteins showing fully functional
binding to receptor and consequent biological activities.!*'>
Recently, we established a novel whole cell panning method,

© 2007 Pharmaceutical Society of Japan
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which selected cell adhesive phage-displayed peptides and,
subsequently, a cobort of these peptides having cell penetrat-
ing qualities via the use of PSIF (protein synthesis inhibitory
factor). In this study, we constructed a Tat-based mutant pep-
tide library using this phage display system. Moreover, we
demonstrated the direct selection of a unique cell-binding ac-
tivity utilizing whole cell panning methods and the screening
of internalizing peptide using peptide-PSIF fusion protein.

MATERIALS AND METHODS

Cell Line Human epidermoid carcinoma A431 cells
were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal calf serum (FCS) in
5.0% CO, at 37 °C. Human adenocarcinoma Hela cells were
grown in DMEM supplemented with NEAA and 10% FCS.
Chinese hamster ovary (CHO)-K1 cells were grown in Ham’s
F12K medium supplemented with 2mwm 1-glutamine and
10% FCS.

Preparation of Phage Peptide Library Primers shown
below and used in library construction were purchased from
Hokkaido System Science Inc. The phage-display vector
pCANTAB-SE was used as a phagemid vector for the gener-
ation of the peptide-pIlI fusion gene repertoires (Fig. 1). To
construct a DNA fragment library encoding 13 amino acid
peptides, primers P-oligol and P-ologo2 were annealed and
elongated with the Klenow fragment in the presence of nu-
cleotide triphosphates. These cDNA-encoding peptide library
products were purified with QIAquick® Gel Extraction Kit
(QIAGEN) and used as templates for PCR with primers
pCANTAB-Hind and Not I Ext to generate the pIIl fusion
gene repertoires. The peptide-encoding genes were digested
with the restriction enzymes HindIII and Notl, agarose gel-
purified, and ligated into pCANTAB-5E, which was cut with
the same restriction enzyme. The ligated products were elec-
troporated into E. coli TG1 cells, plated on modified LB
medium (Invitrogen) containing 2% glucose and 50 pg/ml
ampicillin, and then incubated overnight at 37 °C. The clones
were scraped off the plates into 2YT medium with 10% glyc-
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erol and subsequently stored at —70°C. P-oligol; 5'-GAT
TAC GCC AAG CTT TGG AGC CTT TTT TTT GGA GAT
TTT CAA CGT GAA AAA ATT ATT ATT CGC AAT TCC
TTT AGT TGT TCC TTT CTA TGC GGC CCA GCC GGC
CAT GGC C-3', P-oligo2; 5'-CGG CGC ACC TGC GGC
CGC SNN SNN CGG SNN SNN SNN CTG SNN SNN
SNN SNN SNN ACC GGC CAT GGC CGG CTG GGC
CGC ATA GAA AGG-3', pCANTAB-Hind; 5'-GGA AAC
AGC TAT GAC CAT GAT TAC GCC AAG-3', Not I Ext; 5~
GCG GCC TTG TCA TCG TCA TCC TTG TAG TCT GCG
GCC GC-3'.

Rescue of Peptide-Phage To rescue the peptide-phage
library, 11 of 2YT medium, containing 2% glucose, and
100 pg/ml of ampicillin, was inoculated from the glycerol
stock library. The culture was shaken at 37°C until
OD600nm=0.4 and 3.2X10%® plaque forming units of
M13KO7 helper phage (Invitrogen) were added. After 30 min
incubation at room temperature with shaking, the culture was
centrifuged and the pellet recovered. The pellet was then in-
cubated with 50 pg/ml of kanamycin and 100 ug/ml of ampi-
cillin within 2YT medium and grown for 6h at 37°C. The
phage was purified by standard polyethylene glycol precipita-
tion and filtration with a 0.45 um PVDF filter (Millipore).
Peptide-phage which did not express the objective peptide
were removed by a FLAG panning method, as described pre-
viously.

Biopanning Method We used a slightly modified proce-
dure from that found in the literature. Briefly, 1.0X10° A431
cells were harvested in 6 well culture plates and incubated
for 24 h at 37 °C within a 5.0% CO, incubator until the loga-
rithmic phase of growth was reached. The culture plates were
washed with PBS 3 times and 2% BSA Opti-MEM® (Invitro-
gen) added 2h prior to the addition of the peptide-phage.
Cells were incubated with the peptide-phage library for 2h at
37°C with shaking every 15min during the round of pan-
ning. Following this, the cells were washed twenty times with
PBS at room temperature. After washing, the cells were lysed
with 1ml of 100 mm HCI and neutralized with 0.5ml of 1m
Tris—HCI, pH 8.0. One-hundred microliters lysate was used
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to infect 0.3ml of E. coli TG1 cells, with phage being res-
cued as described above and used in the next round of selec-
tion.

Expression and Purification of a Peptide-PSIF Fusion
Protein Protein synthesis inhibitory factor (PSIF, PE frag-
ment) is an approximately 40kD fragment of the bacterial
exotoxin (GenBank Accession No. K01397) derived from
Pseudomonas aeruginosa (ATCC strain No. 29260). PSIF
lacks its cell binding domain, and is the truncated form of
Pseudomonas aeruginosa exotoxin, which is a non-toxic pro-
tein outside of the cell. One (Dr. Tsunoda) of us cloned the
c¢DNA for PSIF from Pseudomonas aeruginosa, Migula by
PCR using the primer set 5'-GAT GAT CGA TCg cgg ccg
caG GTG CGC CGG TGC CGT ATC CGG ATC CGC TGG
AAC CGC GTG CCG CAg act aca aag acg acg acg aca aaC
CCG AGG GCG GCA GCC TGG CCG CGC TGA CC-3
and 5'-GAT CGA TCG ATC act agt CTA cag ttc gte tit CTT
CAG GTC CTC GCG CGG CGG TTT GCC GGG-3'. The
fusion protein, denoted peptide-PSIF, consisted of peptide at
the N-terminus and a PSIF at the C-terminus. First, the pep-
tide gene containing phagemid vectors were recovered with
QIAprep® Miniprep Kit (QIAGEN) and digested with
HindIII and Notl. The peptide gene fragments were then sub-
cloned into PSIF Expression Vector, which is modified from
pCANTAB-5E. The fusion proteins were expressed and col-
lected within the supernatant from E. coli TG1 cells, with the
supernatant being used for cell viability assays.

Cell Viability A431 cells (2.0x10* were incubated with
35 ul Opti-MEM® and 10 ul cycloheximide (100 gg/ml) in
96 well plates. Cells were treated with 5 ul peptide-contain-
ing supernatant for 24 h and the cell viability was monitored
by MTT assay. Twenty-four hours after addition of the pep-
tides, 10 ul of Smg/ml MTT (Dojindo) were added to each
well and the cells were further incubated at 37°C for 4h.
Subsequently, the insoluble formazan crystals were solubi-
lized in a solution of 20% SDS containing 0.01 n HCL. Ab-
sorbance measurements were taken at A=595nm with back-
ground subtracted at A=655nm. Each sample point was per-
formed in duplicate.

FACS Analysis The specific cell binding activities of
peptides towards A431, Hela, CHO-K1 cells were measured
by FACScan (Becton Dickinson). Cells were grown in tissue
culture flasks to late logarithmic phase. Culture medium was
renewed 2 h prior to the addition of the peptide-phage. FITC-
labeled peptides were purchased from Genenet Co., Ltd. and
1X10° cells were incubated with FITC-labeled peptide for
3h at 37°C. For the endocytosis inhibitor assays, FACS
analysis was performed after pre-treating A431 cell mono-
layers at 37°C with 10mm methyl-f-cyclodextrin (MSCD;
caveola-mediated endocytosis inhibitor) or amiloride (mac-
ropinocytosis inhibitor) in serum-free Minimal Essential
Medium (MEM) for 30 min, followed by a 1-h co-incubation
with FITC labeled-peptide. After three washes with PBS,
0.25% trypsin solution (Gibco BRL) was added and incu-
bated for 15min to digest non-specific binding peptides.
After three additional washes, cells were resuspended in
PBS/4% paraformaldehyde and analyzed using FACScan.

RESULTS

Construction of Phage Peptide Library and Quality
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Check The pCANTAB-5E phagemid library used here has
previously been screened successfully for mutant protein
which binds to receptors.'*! Additionally, we previously re-
ported the identification and characterization of a series of
cationic peptides, similar to the CPP derived from Tat, which
are able to penetrate large protein complexes into a wide va-
riety of cells, including fibroblasts. Here, we made a novel
phage peptide library, which altered ten amino acids within
the Tat transduction domain (13 amino acids). The library of
the TAT-based CPPs was made via the annealing and elonga-
tion of two mutated primers, followed by PCR amplification
and cloning into a phage expression system The peptide-en-
coding cDNA library was placed into a phagemid vector and
expressed as a fusion protein with phage coat protein, plIl.
We confirmed the identity and sequence distribution of this
phage peptide library by DNA sequencing (Table 1). In this
context, eight clones which were sequenced showed inde-
pendent sequences, highlighting the distribution of this
phage peptide library.

Concentration of Binding Peptides with a Cell Panning
Method The constructed peptide phage library was se-
lected in vitro against A431 cells. Selection was performed
as described in the Materials and Methods section, with a
view to enriching for peptides displaying cell binding activ-
ity. With respect to the phage panning and amplification
processes, which were repeated for one to four rounds, the
output/input ratio was found to increase in a manner depend-
ent on cycle number (Fig. 2). These results indicated that the
peptides having an affinity for A431 cells were enriched
gradually by this cell panning approach.

Identification of A431 Cell Binding Peptides Peptide
clones that became internalized in A431 cells were isolated
by four rounds of selection. In order to select only internal-
ized phage-derived peptides, cells were incubated with super-

Table 1. Random TAT Peptide Library Sequence before Panning
Clone Sequence
1 GMHINGQSNPPHA
2 GGMHESQSHMPGD
3 GTQAFLQQFEPWI
4 GIKHSPQQISPRW
5 GILCIQQDHQPLG
6 GFKLSSQAVAPLQ
7 GSIRAPQGDSPWP
8 GTRHGIQTQPPNN
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Fig. 2. Enrichment of Phage Clones by Biopanning

A431 cells were incubated with 4X10'° titer phage. After washing with PBS, binding
phages were recovered and the titer was determined. The index of enrichment was eval-
uated with input/output ratio.
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Measurement of Penetrating Activity as an Index of Cytotoxicity to A431 Cells

PSIF-CPP fusion genes were transformed into TG1 cells, with resulting fusion proteins then recovered from the supernatant. The cytotoxicity of the supernatant was then as-
sessed to examine the activity of the CPPs. Cell viability in response to fusion proteins was compared with that exhibited by exposure to the parent Tat13 peptide (cell viabil-

ity=100%), and by exposure to 200 ptg/ml cycloheximide (CHX; cell viability=0%).

natant collected from E. coli cells. After four rounds of selec-
tion, an enrichment in the order of 10° was obtained. The
random insert region of the single-stranded DNA from indi-
vidual clones, following the fourth round of selection, was
sequenced and the amino acid coding sequence deduced. To
identify peptides capable of facilitating internalization, we
developed a screening method using an M13 peptide phage
display library. We incubated 1X10° A431 cells, with 410"
phage from a 13-mer peptide M13 phage display library for
2h at 37 °C. Following four rounds of screening, we isolated
phage from 28 plaques and determined the identity of the en-
coded peptides by DNA sequencing (Table 2). Twenty-eight
of the peptide sequences were found in at least 15 independ-
ent plaques and were selected for further analysis.

Evaluation of Cell Penetrating Activity of CPPs Fol-
lowing creation of the peptide library (input phage library),
we expressed these Tat-based CPPs as fusion proteins with
PSIE. From this, 54 candidates were found that exhibited
lower cytotoxic activity than the parent Tat peptide (data not
shown). These results indicated that the penetrating activity
is remarkably decreased as a consequence of random conver-
sion of amino acids within the Tat transduction domain. In
addition, we made the PSIF-fused peptide library after fourth
round panning (Fig. 3). In screening this peptide library, a
tryptophan-rich (GSSSWWQRWWPPW) peptide was identi-
fied (Table 2). However, this peptide did not exhibit cytotoxi-
city when recombined with PSIF. This result indicated that
this tryptophan-rich peptide binds to the cell membrane but
does not penetrate through to the cytoplasm. Next, we recon-
firmed that fixation of the cells significantly affected the cel-
lular distribution of peptides (Fig. 4). 435B peptide (GPFH-
FYQFLFPPV) and 439A peptide (GSPWGLQHHPPRT)
showed internalization characteristics similar to those of the
parent Tat peptide. These FITC-labeled peptides did not
show cytotoxicity at a dose of 10 um. However, the two an-
other clone (434C and 436C peptide) does not TAT-derived
peptide , which is not consist of 13 amino acid or occur the
flameshift, respectively. So we were excluded these two
clones from followed experiment.

Table 2. Random Tat Peptide Library Sequence after 4th Panning

Clone Sequence
1 GPMESLQAFWPPW
2 GSSSWWQRWWPPW
3 GSSSWWQRWWPPW
4 GVFLLKQVPQPSH
5 GSSSWWQRWWPPW
6 GRLWWLQLFEPGH
7 GLRKVPQSVPPDM
8 GSSSWWQRWWPPW
9 GHFLKPQVLRPTR
10 GQFMMRQYWPPVH
11 GSSSWWQRWWPPW
12 GSSSWWQRWWPPW
13 GSSSWWQRWWPPW
14 GLLKYQQWASPLC
15 GYFWYDQPWQPEQ
16 GRNHYIQRDNPVS
17 GVFHVLQNAIPQY
18 GSSSWWQRWWPPW
19 GTMPNMQHHDPAR
20 GSSSWWQRWWEPW
21 GSSSWWQRWWPPW
22 GSSSWWQRWWPPW
23 GTRYLVQYLFPHL
24 GRPATQQGLTPAR
25 GYIGTYQQWNPPP
26 GSSSWWQRWWPPW
27 GSSSWWQRWWPPW
28 GSSSWWQRWWPPW

Uptake of FITC-Labeled Peptides into Human and
Murine Cells To address the question of whether 435B
and 439A peptides were more active than the parent Tat pep-
tide, peptides conjugated to FITC were constructed. Cellular
uptake of both peptides were judged by flow cytometric
analysis on human carcinoma A431 and Hela and CHO cells.
Assuming that the surface-adsorbed 435B and 439A peptides
were susceptible to tryptic degradation, we washed the cells
five times with PBS and treated them with trypsin prior to as-
sessing the amount of the internalized peptide. On A431
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Fig. 4. Evaluation of Cell Penetrating Activity of Individual Clones

Cell penetrating activity was reconfirmed using the same method as that referred to
in Fig. 3. Cell viability in response to fusion proteins was compared with that exhibited
by exposure to the parent Tatl3 peptide (cell viability=100%), and by exposure to
200 pg/mi cycloheximide (CHX; cell viability =0%).
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Cells

Ten micromolar FITC-labeled 439A peptide (@), 435B peptide (@) and parent Tat
peptide (®) were added to A431 cells. Gray area showed the distribution of non-treated
cells, Following trypsinization, the quantity of penetrating peptide was evaluated in
cells according the level of fluorescence intensity.

Intracellular Penetrating Activity of FITC-Labeled CPPs on A431
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Intracellular Penetrating Activity of FITC-Labeled CPPs on Human and Murine Cell Lines

Ten micromolar FITC-labeled 439A peptide (®), 435B peptide (@) and parent Tat peptide (®) were added to Hela (a) and CHO (b} cells. Gray area showed the distribution of
non-treated cells. Following trypsinization, the quantity of penetrating peptide was evaluated in cells according the level of fluorescence intensity.

cells, the efficiency in terms of cell penetration between the
parent Tat peptide and 435B peptide was almost the same,
though the penetrating activity of the 439A peptide was de-
creased about 10 fold compared to the parent Tat peptide and
435B peptide (Fig. 5). However, on Hela and CHO cells, the
efficiency of cell penetration between the parent Tat peptide
and 439A peptide was almost the same, though the penetrat-
ing activity of the 435B peptide was increased about 10 fold
compared to the parent Tat peptide and 439A peptide (Figs.
6a,b).

Inhibition of Endocytic Internalization Several studies
were done to investigate the involvement of macropinocyto-
sis or caveolae/raft-dependent endocytosis on peptide trans-
duction domain such as TAT. The effect of the specific
macropinocytosis inhibitor, amiloride, on TAT peptide pene-
tration was determined. As seen in Fig. 7, treatment with
amiloride did not inhibit 435B and 439A pepetration. Addi-
tionally, Methyl-B-cyclodextrin (MBCD)-sensitive caveolae/
raft-dependent endocytosis of 435B and 439A peptides was
detected, internalization of 435B and 439A vig transduction
is significantly affected by MBCD treatment.

DISCUSSION

In an effort to search for novel CPPs, we have screened an
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Fig. 7. Inhibitory Effects of Amiloride and MBCD for Peptide Incorpora-
tion on A431 Cells

FITC-labeled 4358 peptide and 439A peptide were added to cells after amiloride and
MpCD pre-incubated. The quantity of penetrating peptide was evaluated by FACS
analysis according the mean of fluorescence intensity.

M13 peptide phage display library comprised of CPPs based
on the Tat transduction domain. From this screening ap-
proach, we have identified peptides that displayed a capabil-
ity for cell penetration. In particular, a screen using A431
cells resulted in identification of peptide 435B and 439A that
is able to penetrate cultured cells in viro efficiently. Thus,
this method of screening for CPPs using phage peptide li-
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