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Creation of Novel Cell-Penetrating Peptides for Intracellular Drug
Delivery Using Systematic Phage Display Technology Originated from
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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.

e-mail: kamada@nibio.go.jp

vig 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 (pIII) 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 cohort 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 2mm L-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-5E was used as a phagemid vector for the gener-
ation of the peptide-pllI 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 plIIl fusion
gene repertoires. The peptide-encoding genes were digested
with the restriction enzymes HindlIIl and Notl, agarose gel-
purified, and ligated into pPCANTAB-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 ug/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 ug/ml of kanamycin and 100 gg/ml of ampi-
cillin within 2YT medium and grown for 6 h 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, 1.0X 10° A43]
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 2 h prior to the addition of the peptide-phage.
Cells were incubated with the peptide-phage library for 2 h 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 1 ml of 100 mm HCI and neutralized with 0.5 ml of 1 M
Tris—HCI, pH 8.0. One-hundred microliters lysate was used
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to infect 0.3 ml of E. coli TGI1 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 gtc ttt 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-SE. The fusion proteins were expressed and col-
lected within the supernatant from E. coli TGI 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 ug/ml) in
96 well plates. Cells were treated with 5 yl 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 5mg/ml MTT (Dojindo) were added to each
well and the cells were further incubated at 37 °C for 4 h.
Subsequently, the insoluble formazan crystals were solubi-
lized in a solution of 20% SDS containing 0.01 N~ HCI. Ab-
sorbance measurements were taken at 1=595 nm with back-
ground subtracted at =655 nm. 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 (MBCD;
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

Vol. 30, No. 2

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 viag 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, pIIL
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
s GILCIQQDHQPLG
6 GFKLSSQAVAPLQ
7 GSIRAPQGDSPWP
8 GTRHGIQTQPPNN
102
53
a
c
S 103
]
g
-]
e
g 10*
s
[+ 4
105
1 2 3 4

Panning Rounds

Fig. 2. Enrichment of Phage Clones by Biopanning

A431 cells were incubated with 4% 10'° titer phage. After washing with PBS, binding
phages were recovered and the titer was determined. The index of enrichment was cval-
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 cxamine the activity of the CPPs. Cell viability in response to fusion protcins was compared with that exhibited by exposure to the parent Tatl3 peptide (cell viabil-

ity=100%), and by exposure to 200 ug/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 4X10'°
phage from a 13-mer peptide M13 phage display library for
2 h 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
PSIF. 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 GS S SWWQRWWP PW
3 GSSSWWQRWWPPW
4 GVFLLKQVPQPSH
5 GSSSWWQRWWPPW
6 GRLWWLQLFEPGH
7 GLRKVPQSVPPDM
8 GSSSWWQRWWP PW
9 GHFLKPQVLRPTR
10 GQFMMRQYWPPVH
11 GSSSWWQRWWP PW
12 GSSSWWQRWWP PW
13 GSSSWWQRWWP PW
14 GLLKYQQWASPLC
15 GYFWYDQPWQPEQ
16 GRNHYIQRDNPVS
17 GVFHVLQNAIPQY
18 GSSSWWQRWWP PW
19 GTMPNMQHHDPAR
20 GSSSWWQRWWPPW
21 GSSSWWQRWWP PW
22 GSSSWWQRWWPPW
23 GTRYLVQYLFPHL
24 GRPATQQGLTPAR
25 GYIGTYQQWNPPP
26 GSSSWWQRWWPPW
27 GSSSWWQRWWP PW
28 GSSSWWQRWWP PW

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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Cell penetrating activity was reconfirmed using the same mcthod 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 ug/ml cycloheximide (CHX; cell viability=0%).

Hela

104

100 101 102
Signal Intensity

108

Fig. 6.

Vol. 30, No. 2

150 1

120

90

Counts

60

30

100 101 102 108 104
Signal Intensity

Fig. 5.
Cells

Ten micromolar FITC-labeled 439A pepiide (@), 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

CHO-K1
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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 arca showed the distribution of
non-treated cclls. 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
4358 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 viag transduction
is significantly affected by MBCD treatment.

DISCUSSION

In an effort to search for novel CPPs, we have screened an

160
140

[ control
80 B Amiloride

60 (] mpeco

Incorporated peptide
(% of control)

TAT 435b 439a

Fig. 7. Inhibitory Effects of Amiloride and MBCD for Peptide Incorpora-
tion on A431 Cells

FITC-labeled 435B peptide and 439A peptide were added to cells after amiloride and
MBCD 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 vitro efficiently. Thus,
this method of screening for CPPs using phage peptide li-
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braries can be readily applied to select from a wide variety of
possible peptides.

Whether the parent Tat peptide shows the penetrating ca-
pability of other known CPPs is uncertain.'>'® The RGD
peptide has long been used to facilitate the transport of
bioactive molecules through adsorptive endocytosis.'” How-
ever, comparison of short oligolysine peptides to that of
equivalent length polymers of arginine showed that oligoargi-
nine was much more efficient in carrying GFP into cultured
cells.'® Conversely, the ability of short oligolysine peptides,
from 6 to 12 residues in length, has been shown to be more
efficient than oligoarginine in carrying larger macromole-
cules (60—500kDa) into cultured cells. In this study, the
435B and 439A peptides contained hardly any basic amino
acids but still displayed an ability to mediate cell penetration
more efficiently than the parent Tat peptide. This result indi-
cated that the cell penetrating activity of CPPs is controlled
not only by the electrical charge but also by the structural
characteristics. Practically, it is known that the amino acid
component and associated tertiary structure of peptides are
essential for cell penetrating activity.'” We did not examine
our peptides on a structural level; however, the results pre-
sented here suggest the importance of hydrophobicity, as hy-
drophobic amino acids were enriched by sequential biopan-
ning.

It has been theorized that the ionic interaction between
positively charged Arg residues in these CPPs and the nega-
tively charged phosphate head group of the membrane lipid
bilayer plays a key role in CPP membrane interaction.?”
However, the exact mechanism by which these CPPs operate
is still largely unknown. Work performed by several investi-
gators has shown that Tat binds heparin and that this he-
parin/Tat interaction involves the basic domain of Tat2V
Meanwhile, previous study showed that the histidine residues
of peptide sequence might enhance an endosomal escape of
the cargo.”” In this study, the 435A and 439B peptides did
not show enrichment of basic amino acids, but did exhibit an
increase in proportion of hydrophobic amino acids. Several
numbers of histidine residues were included in 435B and
439A peptide sequence compared to native TAT peptide. Ac-
cordingly, it is possible that these peptides do not penetrate
through the binding of cell surface receptors such as HSPG
but escape from endosome efficiently. Whereas the confor-
mation of these peptides should be examined, our results sug-
gest that the 435B and 439A peptides penetrate the cell
membrane independently of cell surface receptor.

In this study, the transduction efficiency was observed to
be different between the peptides fused with PSIF and those
labeled with FITC. We think there are two ideas to explain
this discrepancy. Firstly, the molecular size and structure of
the respective cargo is different. Secondly, there is some pos-
sibility that the intracellular kinetics is different between the
parent Tat peptide and our peptides. It is thought that the par-
ent Tat peptide is transferred to nuclei after penetrating the
cell membrane, while our mutant peptide-PSIF conjugate dif-
fuses throughout the cytoplasm. We are currently examining
the intracellular kinetics of these peptides in an effort to re-
solve this issue.

In this study, our peptides have a unique sequence com-
pared to preexisting CPPs. These peptides are able to intro-
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duce a large molecule into the intracellular space more effi-
ciently than the parent Tat peptide, the latter which is known
to have a high level of transduction ability. Using these pep-
tides, efficient introduction of large molecules to the cyto-
plasm is accomplished. As such, one could readily conceive
of using these peptides to target disease-related proteins, re-
vealed from extensive-omic analysis. Furthermore, our pep-
tides can be used as analytical tools to explore the mecha-
nism(s) of peptide penetration.
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Abstract

We have previously produced two bioactive lysine-deficient mutants of TNF-a (mutTNF-K90R,-K90P) and found that these mutants have
bioactivity superior to wild-type TNF (wtTNF). Because these mutants contained same amino acid except for amino acid 90, it is unclear which
amino acid residue is optimal for showing bioactivity. We speculated that this amino acid position was exchangeable, and this amino acid
substitution enabled the creation of lysine-deficient mutants with enhanced bioactivity. Therefore, we produced mutTNF-K90R variants (mutTNF-
R90X), in which R90 was replaced with other amino acids, to assay their bioactivities and investigated the importance of amino acid position 90.
As a result, mutTNF-R90X that replaced R90 with lysine, arginine and proline were bioactive, while other mutants were not bioactive. Moreover,
these three mutants showed bioactivity as good as or better than wtTNF. R90 replaced with lysine or arginine had especially superior binding
affinities. These results suggest that the amino acid position 90 in TNF-« is important for TNF-a bioactivity and could be altered to improve its
bioactivity to generate a “super-agonist”.
© 2007 Elsevier B.V. All rights reserved.

Keywords: TNF; Mutant; Phage display; Lysine residue; TNF receptors; Structure

1. Introduction have reported positive results using melphalan in combination with

TNF-a for patients with melanoma [8, 9]. These findings suggest

TNF-a is an inflammatory cytokine able to mediate tumor
regression in experimental and clinical cancers [1-3]. Attempts to
use TNF-« for its cytotoxic property led to the development of
several strategies that, in some cases, resulted in the use of TNF-a
in clinical trials of tumor immuno-chemotherapy [4—6]. However,
a frequent administration at high dose of TNF-a was required to
obtain anti-tumor effect because of its poor stability and short half-
lives, and resulted in severe side-effects [7]. Therefore, clinical
application of TNF-« is still limited. More recently, some groups

* Corresponding author. National Institute of Biomedical Innovation, 7-6-8
Saito-Asagi, Ibaraki, Osaka 567-0085, Japan.
E-mail address: kamada@nibio.go.jp (H. Kamada).
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that the enhanced anti-tumor effect of melphalan observed after the
combination with TNF-« resulted from potentiation of the TNF-
induced accumulation of melphalan into tumor accompanied by
increased tumor vascular permeability [10]. The improved re-
tention of TNF-a in the vascular space and the resultant decrease in
transfer of TNF-a to normal tissues is expected to reduce the side
effects of TNF-« therapy [11]. Thus, improving the circulation
time of TNF-a may not only enthance its anti-tumor effects but also
vascular permeability activity without increasing its side effects,
resulting in longer bioavailability.

One of the most useful ways of enhancing the plasma half-
lives of proteins is to conjugate them with polyethylene glycol
(PEG) or other water-soluble polymeric modifiers [12—14]. The
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covalent conjugation of proteins with PEG (PEGylation)
increases their molecular size and steric hindrance, both of
which depend on the properties of the PEG attached to the
protein. This prevents renal excretion and improves their
proteolytic stability while decreasing their immunogenicity
and hepatic uptake. We have also reported that optimal
PEGylation of bioactive proteins could selectively improve
their in vivo therapeutic potency and reduce side-effects [15, 16].
However, the PEGylation of proteins was mostly nonspecific
and targeted lysine residues, some of which were in or near an
active site. As a result, the PEGylation of proteins was ac-
companied by a significant loss of their specific activities in vitro
[14, 17]. Thus, the clinical application of PEGylated proteins has
been limited. To overcome the problems of PEGylation, we
attempted to develop a novel strategy for site-specific mono-
PEGylation of TNF-« to improve its antitumor potency in vivo
(18, 19]. We produced bioactive lysine-deficient mutants of
TNF-o (mutTNFs) from phage libraries expressing mutTNFs in
which all of the six lysine residues were replaced with other
amino acids. Among these mutant proteins, mutTNF-K90R and
mutTNF-K90P have superior bioactivity, especially mutTNF-
K90R, which has a 60-fold broader anti-tumor therapeutic
window than wild-type TNF-a (wtTNF) [18].

Interestingly, these two mutTNFs were identical except for
single amino acid changes at amino acid 90. Other lysine
residues (amino acid 11, 65, 98, 112, 124) were replaced with
alanine, serine, alanine, leucine, threonine respectively. Our
previous study discussed the significance of R90 and P90 in the
context of the TNF-TNF receptor structure. In the wtTNF
structure, K90 forms a hydrogen bond with E135. This
interaction likely stabilizes the loop structure containing
residues 84 to 89, which is involved in receptor binding
according to the model. In the mutTNF-K90R, arginine also is
likely to be involved in hydrogen bonding with E135. The
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interaction may contribute to the stabilization of the loop
structure. To confirm this speculation and clarify the importance
of amino acid 90, it is necessary to create mutTNF-K90R
variants (mutTNF-R90X) by replacing R90 with other amino
acid in mutTNF-K90R, and validate their bioactivity, ability to
form trimers, and binding affinity toward receptors. Moreover,
the fact that only amino acid 90 substitutions were obtained
highlights the importance of amino acid 90 as a key determinant
between TNF-a and TNF receptor affinity and for its resulting
level of bioactivity. This idea raises the possibility that mutTNFs
with stronger bioactivity than mutTNF-K90R are created by the
substitution of amino acid 90. Therefore, in this study, we
evaluated the binding ability and bioactivity of mutTNF-R90X
in order to examine the structural importance of the amino acid
position 90 and to obtain mutTNFs with stronger bioactivity.

2. Materials and methods
2.1. Random amino-acid substitution of R90 in mutTNF-R90

The Escherichia coli library expressing mutTNF-R90 variants (mutTNF-
R90Xs) in which R90 is replaced with other amino acids was constructed by the
method as shown in Fig. 1. These mutTNF-R90Xs were also lysine-deficient
except when X is lysine. pY02-mutTNF-R90 was used as a PCR template, and
the arginine codon of mutTNF-R90 was replaced with the randomized sequence
’NNS (where N and S represent G/A/T/C or G/C, respectively) ’ by two-step
PCR using 4 primers. Oligo-1: 5'-cgG GCC AAG GCT GCC CCT CCA CCC
ATG TGC TCC TCA CCC ACA CCATCA GCC GCATCG CCG TCT CCT
ACC AGA CCN NS GTC AAC CTC CTC TCT GCC ATC-3¥, Oligo-2 : 5'-
GCC CAG ACT CGG CAA AGT CGA GAT AGT CGG GCC GAT TGATCT
CAG CGC T-3/, Oligo-3 : 5'-TGT ACC TTATCT ACT CCC AGG TCC TCT
TCT CGG GCC AAG GCT GCC CCT C-3/, Oligo4: 5'-GCC CAG ACT CGG
CAA AGT CGA GAT AGT CGG GCC GAT TGA TCT CAG CGC T-3'. First
PCR was carried out using Oligo-1 and -2. The PCR condition was cycled 30
times at 95 °C for 60's, 57 °C for 60's, and 68 °C for 60 s. PCR products (251 bp)
were purified with QlAquick PCR purification Kits (QIAGEN, Valencia) and
used as templates for second PCR. The second PCR was carried out using Oligo-

PCR Template: mutTNF-K90R gene encoded phagemid vector

(pY02-mutTNF-K90R )

PpuM 1 Eco47 11
15t PCR ( 251bp) e T
1 m— o1 5 & W 5 3 (8D IFTH
All S65 : RwA L2 €
i : [N; ATG,C
2nd PCR ( 282bp) : P ES6C
T — o W o W 5 M YY) ST
Digestion & : :  AMB:Amber stop
Ligation : : (TAG)
T SEEGNG
/ transfection  E.coli (HB)
[ siznai O T ,
(S0
.

Fig. 1. Construction of mutTNF-R90X E. coli library.
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3 and -4 under the same cycling conditions. Purified PCR products {283 bp) and
pYO02-mutTNF-K90R were digested with PpuM I and Eco47IIl. The resulting
PCR products were inserted into pY02-mutTNF-K90R using T4 ligase (Roche
Diagnostics, IN) at 16 °C for 16 h. Ligated DNAs were purified and introduced
into E. coli HB2151 using a Bio-Rad Gene Pulser (Bio-Rad Laboratories, CA).
The E. coli was then grown by culturing at 37 °C in LB agar medium with
ampicillin (100 pg/mL) and glucose (2% w/v).

2.2. Preparation of E. coli culture supernatant

Colonies on LB agar medium were picked and grown by culturing at 37 °C
in 2-YT medium with ampicillin (100 pg/mL) and glucose (2% w/v) until the
ODgqg of the culture medium reached 0.4. After centrifugation, supernatants
were removed, and fresh 2-YT media with ampicillin (100 pg/mL) was added to
E. coli pellets. After incubation for 6 h supernatants were collected and used for
ELISA and bioassay.

2.3. TNF-a ELISA

Human TNF neutralizing monoclonal antibody (4 pg/mL, R&D systems,
US) was coated onto Maxisorb immunoplates (NUNC, Denmark). After
blocking, E. coli supemnatant was then added into the plates and incubated at
37 °C for 2 h. The plates were washed three times with PBS and 0.05% Tween
PBS and incubated with 200 ng/mL biotinylated anti-human TNF polyclonal
antibody (R&D systems, US) at 37 °C for 1 h. After incubation, the plates were
washed three times, and incubated with diluted avidin-HRP (Zymed
Laboratories, Inc, US) at 37 °C for 1 h. After washing, TMB peroxidase
substrate (MOSS, Inc. US) was added, and the absorbance was read at 450 nm /
650 nm using a micro plate reader.

2.4. Cytotoxicity assay

L-M cells, a cell line derived from L929 cells, were maintained in Eagle’s
Minimum Essential Medium (MEM, Sigma-Aldrich, Inc. Japan) with 1%
bovine fetal serum and antibiotics. L-M cells treated with 1 pug/mL actinomycin
D were seeded at 3 x 10* cells/well in 96 well plates, and cultured in the presence
of E. coli supernatants or serially diluted TNFs. After incubation for 24 h, L-M
cells were fixed by 25% glutaraldehyde and stained with 0.05% methylene blue
for 15 min. After washing, 0.33 N HCI (100 pl) was added to each well, and the
absorbance of released dye was measured at 655 nm /415 nm. Recombinant
human TNF (R&D systems, US) was used as a standard.

In the case of HEp-2 cells, cells were maintained in RPMI 1640 medium
(Sigma-Aldrich, Inc. Japan) with 10% bovine fetal serum, sodium pyruvate
(1 mM), 2-mercaptoethanol (50 pM), and antibiotics. Cells were treated with

100 pg/mL cycloheximide, seeded at 4x10* cells/well, fixed after 18 h

incubation, and used as described above.
2.5. Purification of recombinant proteins

Purification of recombinant proteins was described previously. Briefly, TNFs
were produced in E. coli BL21(DE3). TNFs were recovered from inclusion
bodies, which were washed in Triton X-100 and solubilized in 6 M guanidine—
HCl, 0.1 M Tris—HCI, pH 8.0, and 2 mM EDTA. Solubilized protein (10 mg/mL)
was reduced with 10 mg/mL dithioerythritol for 4 h at RT and refolded by 100-
fold dilution in a refolding buffer, 100 mM Tris—HCl, 2 mM EDTA, 1 M arginine,
and oxidized glutathione (551 mg/L). After dialysis with 20 mM Tris—-HCl, pH
7.4, containing 100 mM urea, active trimeric proteins were purified by Q-
Sepharose and MonoQ chromatography. Additionally, size-exclusion chromato-
graphy (Superose 12, GE Healthcare, England) was performed.

2.6. Surface plasmon resonance assay (BlAcore assay)

Human TNFR1 or TNFR2 Fc¢ chimera (R&D systems, US) was diluted to
50 pg/mL in 10 mM sodium acetate buffer (pH 4.5) and immobilized to a CM3
sensor chip using an amine coupling kit (BIAcore, Sweden), which resulted in
an increase of 4000-6000 resonance units (RU). During the association phase,
mutTNFs or wtTNF diluted in running buffer (HBS-EP) at 26.1 nM, 8.7 nM or

2.9 oM were individually passed over the immobilized TNFRs at a flow rate of
20 pl/min. During the dissociation phase, HBS-EP buffer was applied to the
sensor chip at a flow rate of 20 pl/min. Elution was carried out using 20 pl of
10 mM glycine—HCl. The data were analyzed globally with BIA EVALUA-
TION 3.0 software (BlAcore®, Sweden) using a 1:1 binding model.

2.7. Induction of GM-CSF in PC60-hTNFR2 cells

PC60-hTNFR2, which is a cell line transfected with the human TNFR2, was
kindly provided by Dr. Vandenabeele, and induction experiments were
performed as previously described. PC60-hTNFR2 cells were cultured in
RPMI-1640 supplemented with 10% bovine fetal serum, sodium pyruvate
(1 mM), 2-ME (50 uM), and puromycin (3 pg/mL). Cells were seeded at 5 x 10*
cells/well in 96 well plates with 2 ng/mL [L-18 (Peprotech, US) and serially
diluted mutTNFs and wtTNF. After 24 h incubation, production of rat GM-CSF
was quantified by ELISA according to the manufacturer’s protocol (R&D
systemns, US).

3. Results

3.1. Phage library construction and bioactivity of
mutTNF-R90X in culture supernatant of E. coli

In the first PCR step, DNA fragments (251 bp) in which the
codon of R90 was replaced with an NNS sequence were
synthesized. In the second PCR step, the first PCR product was
extended to the PpuM I site. This second PCR product was
digested with PpuM I and Eco47 III, and ligated with the
phagemid vector pY02 to express mutTNF-R90X in culture
supematant of E. coli. We confirmed that R90 in clones was
randomly replaced with other amino acids by sequence analysis
(Fig. 1).

To screen the functional mutTNFs, the binding affinities of
mutTNF-R90Xs for anti-human TNF-a neutralization anti-
body were measured using culture supernatant (Fig. 2). As a
result, mutTNF-R90R, R90P, and R90K showed significant
binding affinity for the anti-TNF-o neutralization antibody.
Next, cytotoxicity of mutTNF-R90Xs against L-M cells was
also evaluated using culture supernatant (Fig. 3). As a result,
mutTNF-R90R, R90P, and R90K showed significant cytotoxi-
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Fig. 2. Selection of clones by ELISA using anti-TNF neutralizing antibody. The
reactivity of mutTNF-R90X with anti-TNF antibody was quantified by ELISA
using culture supernatant of E. coli cells carrying the phagemid vector encoding
mutTNF-R90X. Anti-TNF antibody was used as the capturing antibody, and
bound mutTNF-R90X was detected with a biotinylated anti-TNF polyclonal
antibody followed by addition of HRP-conjugated avidine and substrate
reaction. Then the OD (450-655 nm) was measured. Each value represents the
mean=SD.
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Fig. 3. Selection of clones by cytotoxicity assay using L-M cells. The
cytotoxicity of mutTNF-R90X was assessed on L-M cells using culture
supernatant of E. coli cells carrying the phagemid vector encoding mutTNF-
R90X. L-M cells (3 x 10* cells/well) treated with actinomycin D were incubated
with mutTNF-R90X for 24 h, and viabilities were assessed by methylene blue
assay.

city to L-M cells. Other mutTNF-R90Xs have almost no
affinity for anti-TNF-a antibody or show cytotoxicity. These
results indicate that, as was expected, amino acid residue 90
should be lysine, arginine, or proline to retain its bioactivity and
conformation.

3.2. Characterization of purified mutTNF-R90, P90, and K90

To assess their properties in detail, recombinant mutTNF-
R9Y0R, RIOP, and R9OK proteins were purified, and used in a
binding analysis for TNF receptors, TNFR1 and TNFR2. As the
result of gel filtration chromatography (GFC), the three mutTNF
recombinant proteins exhibited the same retention time,
indicating that they formed homotrimers (data not shown).
Bioactivity of the three mutTNFs via mouse TNFRI was
confirmed using a cytotoxicity assay in L-M cells. As we
reported previously, the cytotoxicity of mutTNF-R90P was
almost the same as that of human wtTNF, while mutTNF-R90K
was 3-fold higher and mutTNF-R90R was 5-fold higher (Fig. 4).
Bioactivity of these mutTNFs via human TNFR1 was also
assessed in HEp-2 cells. The cytotoxicity of mutTNF-R90P was
the same as that of wtTNF. Interestingly, mutTNF-R90K and
R90R exhibited 10-fold higher cytotoxicity than wtTNF (Fig. 5).
Finally, bioactivity via human TNFR2 was assessed on GM-CSF
production from PC60-hTNFR2 cells (human TNFR2 trans-
fected PC60 cells). All three mutTNFs showed 2-fold higher
bioactivity via TNFR2 than wtTNF (Fig. 6). These results
indicate that mutTNF-R90R and R90K can stimulate TNFR1
more selectively than wtTNF.

3.3. Kinetics of mutTNFs on TNFRI and TNFR2 affinity

The increase in affinity for TNF receptors may be one of the
factors that contribute to the bioactivity enhancement. There-
fore, we measured the affinities of mutTNFs for TNFR1 and
TNFR2 using surface plasmon resonance (BIAcore). By
comparison of the dissociation constants (KD) of mutTNFs
against TNFR1, the affinities of mutTNF-R90K and R90OP were
2 to 3-fold higher than wtTNF (Table 1). The affinity of
mutTNF-R90P, however, was half that of wtTNF. Thus, the
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B mutTNF-R90K 0.05
O  mutTNF-R90R 0.03
@ mutTNF-R90P 0.14

Fig. 4. Cytotoxicity of mutTNFs against L-M cells. The bioactivity of mutTNF
via mouse TNFR1 was measured by the cytotoxicity assay against L-M cells in
the presence of actinomycin D. Each value represents the mean+SD. The ECsq
shows the concentration of TNF required to inhibit L-M cell viability by 50%.
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Fig. 5. Cytotoxicity of mutTNFs against HEp-2 cells. The bioactivity of
mutTNF via human TNFR1 was measured by a cytotoxicity assay against
HEp-2 cells in the presence of cycloheximide. HEp-2 cells (4 x 10* cells/well)
were incubated with mutTNFs for 18 h, and their viabilities were assessed by
methylene blue assay. Each value represents the mean+SD. The ECsq shows the
concentration of TNF required to inhibit HEp-2 cell viability by 50%.
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O wtINF 415
B mutTNF-K9K 163
O mutTNF-K9%R 19.9
@ mutTNF-K%P 19.8

Fig. 6. Induction of GM-CSF by mutTNFs. PC60 cells transfected human
TNFR2 were incubated with mutTNFs and IL-18 (2 ng/mL). After 24 h,
TNFR2-mediated induction of GM-CSF was assayed by ELISA. Each value
represents the mean+SD. The ECs, is given as the concentration of TNF—a
required to induce secretion of 200 pg/mL GM-CSF.

lower bioactivity of mutTNF-R90P via TNFR1 may be due to
weaker affinity for TNFR1. On the other hand, affinities of the
three mutTNFs for TNFR2 were 1.2- to 1.5-fold higher than that
of wtTNF (Table 2). These results suggest that replacement of
amino acid residue 90 in mutTNF does not affect the affinity for
TNFR2, while arginine or lysine substitution at amino acid
residue 90 is better than proline for TNFR1 binding.

4. Discussion

Although systemic administration of TNF-« is limited due to
its severe side effects, TNF exerts beneficial anti-tumor effects
as an enhancer of tumor vascular permeability in combination
cancer chemotherapy [8—10]. Therefore, the creation of an
artificial mutTNF with remarkable bioactivity and in vivo

Table 1
Kinetic parameters of mutant TNF-as (TNF receptor 1)
Ka® Kd® KD¢ Relative?
10%)(1/Ms) (10 3H(1/5) 10 (M) (%)
Human wiTNF 5.4 12 23 100
mutTNF-R90K 13.4 1.1 0.8 285
mutTNF-R90P 40 2.1 52 44
mutTNF-R9OR 12.1 1.4 12 191

Kinetic parameters were determined from equilibrium binding using BIA
evaluation 3.0 program.

? Association rate constant.

® Dissociation rate constant.

¢ Equilibrium dissociation constant.

4 Relative values for the KD were calculated from the KD (mutants)/KD
(WITNF) % 100.

Table 2
Kinetic parameters of mutant TNF-as (TNF receptor 2)
Ka® Kd® KD® Relative®
a0 aMs) (1045 Uk) (10 M) (%)
Human wiTNF 3.7 10.1 27 100
mutTNF-R90K 5.1 10.7 2.1 129
mutTNF-R90P 5.1 1.3 22 122
mutTNF-R90R 5.2 9.4 1.8 148

Kinetic parameters were determined from equilibrium binding using BIA
evaluation 3.0 program.

* Association rate constant.

b Dissociation rate constant.

¢ Equilibrium dissociation constant.

4 Relative values for the KD were calculated from the KD (mutants)/KD
(wtTNF)x 100.

stability will be important to generate a more effective cancer
chemotherapy. We have previously created lysine-deficient
mutTNFs, mutTNF-R90 and P90, which showed high bioac-
tivity and in vivo stability and are suitable for site-specific
mono-PEGylation [18]. We have also reported that these lysine-
deficient mutTNFs show the same or higher bioactivities than
wtTNF and that mono-PEGylated mutTNFs exhibit increased
anti-tumor therapeutic potential. In this study, we attempted to
create a new mutTNF that has more bioactivity and a tighter
binding affinity when compared to mutTNF-R90 and P90. We
also evaluated the role of amino acid residue 90 in bioactivity
and receptor binding capacity.

We constructed a phage library that expresses mutTNF-R90
variants in which R90 is replaced with other amino acids and
measured their affinities for anti-TNF-a and their bioactivities
using culture supernatant of E. coli. Only mutTNF-R90X in
which amino acid residue 90 was replaced with lysine, arginine,
or proline exhibited affinity for anti-TNF-a and bioactivity.
Therefore, it is suggested that proline, arginine and lysine at
position 90 are important to retain the bioactivity of TNF-a. As
described previously, K90 in wtTNF forms a hydrogen bond
with E135 in TNFR1 and contributes to stabilizing the loop
structure that contains residues 84 to 89, which is the receptor
binding region. In the mutTNF-R90R, R90 also likely forms a
hydrogen bond with E135 and perhaps contributes to stabilizing
the loop structure. The basic amino acid substitution mutTNF-
R90H had no bioactivity nor binding affinity. These results
suggest that general replacement of R90 with a basic amino acid
is not always essential for bioactivity and binding affinity to the
TNF receptor. Moreover, the steric hindrance of an amino acid
residue is as important as electric charge.

Lysine residues in proteins are generally believed to be
important amino acids for retaining three-dimensional structure
and for receptor affinity and bioactivity. In the case of TNF-«,
X-ray structure analysis revealed that K11 and K98 are
important for retaining protein structure and homotrimerization
[20]. However, the importance of other lysine residues (K65,
90, 112, 128) has not been discussed. The only report with
regard to K90 demonstrated that replacement of K90 with
alanine reduced the bioactivity to half of wtTNF [21]. Our
results indicate that amino acid position 90 of TNF-a is
important for homotrimer formation and bioactivity.
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We measured the bioactivities and affinities of mutTNF-
RI90OR, R90K and R90P for TNF receptors. mutTNF-R90R and
mutTNF-R90K demonstrated 10-fold higher cytotoxicity levels
in HEp-2 cells than wtTNF. The cytotoxicity level of mutTNF-
RI0OP was almost the same as wtTNF. Indeed, affinities of
mutTNF-R90R and -R90K for TNFR1 were 2 to 3-fold higher
than wtTNF, while that of mutTNF-R90P was half that of
wtTNF. Thus R90 and K90 contribute to the stable formation of
the TNF/TNFRI1 complex, and this may be one of the factors
causing increased bioactivity. On the other hand, TNFR2-
dependent bioactivities of the three mutants almost doubled that
of wtTNF. Affinities of the three mutants for TNFR2 were also
1.2 to 1.5 stronger that that of wtTNF. These results indicate that
arginine or lysine in amino acid position 90 is necessary for
mutTNFs to obtain superior bioactivity and affinity for TNFRI1,
but less so for TNFR2. A previous study showed that the loop
structure mutant TNF S86T had TNFR1-selectivity [22]. The
interaction site of this loop structure with TNFR1 is predicted to
be different than with TNFR2. The lower affinity of mutTNF-
R90P for TNFR1 (as compared with mutTNF-R90K or-R90R)
is thought to be caused by the difference in loop structure
stabilization. The hydrogen bond formed between the basic
amino acid (K90 or R90) and E135 creates a more stable loop
than one stabilized by the hydrophobic bond between P90 and
L83. Interestingly, in the lysine-deficient mutTNF that we
previously created, K90 was replaced with proline [19]. This
result indicates that the loop structure formed by the hydro-
phobic interaction of P90 with L83 is very important to protein
folding and homotrimer formation.

In this study, we created mutTNFs that substitute other amino
acids in the K90 position and evaluated their bioactivities and
binding affinities. The determination of the functional domain of
TNF has been attempted by creating mutant TNFs like these,
however, there are few reports that detailed the role of one amino
acid in TNF-a. Our data demonstrate that amino acid position 90
is important for TNF bioactivity and that replacement with other
amino acids will be an effective strategy to increase the
bioactivity of TNF-a. In the near future, the accumulation of
information about the structure—activity relationship of TNF-a
using mutant TNFs will enable the generation of a super-agonist
that has optimized bioactivity.
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Cell penetrating peptides (CPPs) have drawn attention as carriers for intracellular drug delivery. It is
commonly believed that TAT peptide is the best carrier among the existing CPPs due to its high
translocational activity. Despite considerable research, the cellular uptake mechanism of TAT peptide
remains unclear. Additionally, the transduction efficiency of TAT peptide is insufficient for use in intra-
cellular therapy. In this study, we attempted to identify novel CPPs from a random 18mer peptide
library using a phage display system. To isolate novel CPPs more effectively, PSIF (protein synthesis
inhibition factor) was used with the screening system. Consequently, we isolated 7 novel CPPs from
the library and determined by flow cytometry and confocal laser microscopy that these CPPs were
taken up into cells. Once the cellular uptake pathway of these CPPs has been determined, it may be

possible to use them for intracellular therapy.

1. Introduction

With the progress of proteomics technology over the last
few years, many disease-related proteins have been dis-
covered (Kuncl etal. 2002; Lambrechts etal. 2003; St
Croix et al. 2000). Many of these proteins reside within
the cell. To therapeutically modulate disease-related-pro-
teins, effective methods are needed to deliver other regu-
latory proteins into cells. Recently, cell penetrating pep-
tides (CPPs) have received considerable attention in this
regard (Derossi et al. 1998; Wadia and Dowdy 2002). Ex-
amples of CPPs include short peptide segments derived
from HIV-1 TAT (Frankel and Pabo 1988; Green and
Loewenstein 1988) (13 a.a), Drosophila Antennapedia
homeodomain proteins (Joliot etal. 1991) (16 a.a), and
Herpes simplex virus VP22 (Elliott and O’Hare 1997)
(17 a.a) are examples of CPP peptides. Because CPPs can
translocate various molecules (e.g., peptides, proteins,
plasmids, and nucleotides (Astriab-Fisher etal. 2000))
into the cells, CPPs are expected to be useful as carriers
for intracellular drug delivery. Of the existing CPPs, TAT
peptide is the most effective carrier, and has been used as
a carrier to deliver p53 protein for tumor suppression (Li
et al. 2002). There are several factors, however, that limit
the therapeutic use of CPPs. Firstly, although the mechan-
ism of translocation is thought to be mediated via an en-
docytic pathway, the precise mechanism of how TAT pep-
tide translocates across the membrane and escapes from
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the endosome remains unclear. Secondly, the transduction
efficiency of TAT peptide is too low to effectively modu-
late disease-related-proteins. Therefore, for intracellular
therapy, novel CPPs are needed that can introduce target
proteins into cells more efficiently than existing CPPs by
different mechanisms.

Phage libraries expressing polypeptides, such as single-
chain antibodies (Imai et al. 2006; Okamoto et al. 2004)
or random peptides (Chung etal. 2002; Connor et al.
2001; Scott and Smith 1990), have been used extensively
to identify specific molecules with high affinity for target
ligands. In the past, novel CPPs have been developed
using random peptide phage libraries and cell panning
(Hou et al. 2004; Landon and Deutscher 2003; Mi et al.
2003). However, with cell panning, cell-penetrating pep-
tides are difficult to obtain because these peptides bind to
the entire cell surface. We previously developed an effec-
tive system for screening CPPs using PSIF (protein syn-
thesis inhibition factor). PSIF, a bacteria-derived protein
toxin, is non-cytotoxic extracellularly, but once incorpo-
rated into cells, it can induce cell death rapidly (Chaudh-
ary et al. 1990; Ogata et al. 1990; Song et al. 2005). CPPs
can simply be identified using PSIF-mediated cytotoxicity
as an index. In this study, we attempted to create novel
CPPs, with greater transduction efficiency cell-penetrating
mechanisms that differ from existing CPPs, using a ran-
dom peptide phage library and a screening system with
PSIE

569



ORIGINAL ARTICLES

Table 1: Amino acid sequence of 9 clones selected from ran-
dom 18 mer peptide library

Clone  Sequence

1 YAQYKI  TTASPGDVKTSN
2 TYAWQYCQRTGRALPNTK
3 RKHDAMDSTRRCWPHAPC
4 HNQRHVKNWPDGFQRNWS
5 KEQKNPQKQFSSRGPAPN
6 YPRYKLQDTVQDRLRHRH
7 PKDAQASYTPNNFNLSTT
8 MRQPKPDTSNYKDRVKSS
9 MFKGAFTQYHSTHESTEN

2. Investigations, results and discussion

In a first step, a random 18mer peptide phage library was
constructed in consideration of cell membrane thickness
and the length of existing CPPs. We confirmed that the
diversity of the library was 2.0x10° CFU, and 9 ran-
domly selected clones consisted of different amino acids
as shown by sequence analysis (Table 1). Cell panning
was then performed using this library to select clones
binding to A431 cells. We evaluated the efficacy of cell
panning by calculating the ratio of input to output phage.
With successive panning rounds, the ratio of output
phage to input phage was increased by approximately 72-
fold (Fig. 1). This data suggests that the number of pep-
tide-displaying phages bound to A431 cells was in-
creased. Phagemids of the phage clones selected by cell
panning were collected, and the genes encoding peptides
were recombined into the PSIF fusion peptide expression
vector.

PSIF, which is non-toxic outside the cell, is highly cyto-
toxic: it inhibits protein synthesis even when only a few
molecules are released into the cytosol. PSIF fusion pep-
tides were produced in culture medium of E. coli, and ap-
plied to A431 cells. We examined the transduction efficacy
of peptides into cytoplasm as an index of cytotoxicity of
peptide-PSIF fusion protein (Fig. 2). The viability of cells
treated with PSIF fusion peptide was calculated by setting
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Fig. 1: Selection of binding and internalized phage clones by panning to
A431. Phage clones binding to A431 cells with high affinity were
collected. The ratio (output phage/input phage) in 3 rounds of pan-
ning was calculate. The number of phage clones binding to A431
cells increased with successive rounds of panning
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1* output clone

Viability (% of control)

Viability (% of control)

Fig. 2: Cytotoxic activity of randomly selected clones from a random
18mer peptide library. Phage clones were collected after 1 or 3
rounds of panning and genes encoding peptides were recombined
with PSIF expression vector. Cytotoxicity mediated by PSIF fusion
peptide from randomly selected clones was measured by MTT as-
say in A431 cells. The viability of A431 cells treated with PSIF
fusion TAT peptide was 100%. Clones: (open bar), TAT13: (filled
bar)

the viability treated with PSIF fusion TAT peptide at
100%. The rate of clones with viability less than 80% in
the first panning output was 16 out of 75 clones (21.3%),
and in the third panning it was 28 out of 49 clones
(57.1%). We selected 8 clones that introduced PSIF most
effectively into the cell, and assessed their cytotoxicity for
reproducibility (Fig. 3). The cellular uptake of all PSIF
fusion peptides was greater than that of TAT peptide, and
their amino acid sequences were analyzed. We then ana-
lyzed the phagemid sequences and identified 7 peptides
that consisted of different amino acids (Table 2). Existing
CPPs consist mainly of basic amino acids and are posi-
tively-charged so that they interact with the negatively-
charged surface of the cell membrane (Tyagi et al. 2001;
Vives etal. 1997; Ziegler and Seelig 2004), and this inter-
action is important for translocation. Interestingly, 7 pep-
tides were mainly composed of hydrophobic amino acids
and contained very few basic amino acids such as lysine
and arginine, and were not positively-charged. It has also
been reported that cell surface binding of cationic TAT

Viability (% of control)
2

]

1 2 3 4 5 6
Positive clones

I

Fig. 3: Cytotoxic activity of positive clones. Positive clones were evalu-
ated with TAT13-PSIF. Eight clones showing strong cytotoxic ac-
tivity were identified and cytotoxic activity was measured by MTT
assay. The viability of A431 cells treated with PSIF fusion TAT
peptide was 100%, and the viability of cells treated with 200 mg/
ml cycloheximide (CHX200) as a positive control was 0%. Clones:
(open bar), TAT13: (hatched bar), Nontreat: (filled bar)
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Table 2: Amino acid sequence of positive clones selected by
screening with PSIF from random 18 mer peptide
library

Clone Sequence

1 SGEHTNGPSKTSVRWV WD
2 SMTTMEFGHSMI TP YKID
3 QDGGTWHLVAYCAKSHRY
4 MSDPNMNPGTLGSSHI LW
5 SPGNQSTGVI GTPS FSNH
6/7 SSGANYFFNAI YDFLSNF
8 GTSRANSYDNLLSETLTAQ
Tat13 GR KKRRQRRRPPQ

An- RQI KI WF QNRRMKWKK
tenna-

pedia

VP22 NAKTRRHERRRKLATLI ER

peptide is inhibited by pentosan polysulfate (Rusnati et al.
2001), or heparin (Rusnati et al. 1999). Thus, these pep-
tides might be taken up by different pathways than exist-
ing CPPs.

Flow cytometric analysis was performed on the 7 FITC-
labeled peptides to evaluate transduction efficacy. The pe-
netration of clones 3 and 6/7 in A431 cells was more than
90% greater than that of FITC-labeled TAT peptide
(Fig. 4a). In HeLa cells, clone 6/7 was taken up more ef-
fectively than TAT peptides (Fig. 4b). Flow cytometry
showed that FITC-labeled clone3 was taken up most effec-
tively in A431 and confocal laser scanning microscopy
showed was translocated in A431 cells to the same degree
as TAT peptide (Fig. 5). However, results from flow cyto-
metric analysis using FITC-labeled peptides differed from
those of the MTT assay using PSIF fusion peptides. With
respect to TAT peptide, the 7 peptides fused with PSIF as
a cargo molecule were introduced more effectively than
peptides fused with low-molecular-weight compound like

A

FITC-clo

.«

Transmission

B >
®

)

...............

Cell fluorescence (% of control)
o

Cell fluorescence (% of control)
8 5 3 8

N0l

1 23 4 5 678Tatl3

12 3 4 5 678Tatl3

Positive cloncs Positive clones

Fig. 4. Cellular uptake of positive clones in the cells. Positive clones were
evaluated with FITC-labeled Tatl3. A431 cells (A) or HeLa cells
(B) were incubated with edium containing FITC-labeled peptide
(1 mM) for 3 h. Intracellular translocated peptides were quantified
with a aFACScan flow cytometer. Samples were treated with
0.25% trypsin before FACS analysis. The viability of A431 cells
treated with PSIF fusion TAT peptide was 100%. Clones: (open
bar), TAT13: (hatched bar)

FITC. These data suggest that the molecular weight of the
cargo molecule has a considerable effect on the transduc-
tion efficiency of CPPs, depending on the characteristics
and mechanism of penetration of the CPPs.

In this study, we used a random 18mer peptide library
with a PSIF screening system to successfully create novel
CPPs that efficiently introduced proteins into cells. We are
now investigating the mechanism of penetration of these
peptides in studies using inhibitors of cellular uptake path-
ways. We are also attempting to clarify the relationship
between molecular weight of cargo molecules and trans-
duction efficiency with several CPPs. Our data may contri-
bute to the development of intracellular therapy with dis-
ease-related proteins.

Transmicssion

Fig. 5: Intracellular distribution of clone3 in living cells. A431 cells were cultured with FITC-labeled clone3 (A) or TAT peptide (B) for 3 h. Cells were
washed and nuclei were stained with Hoechst 33342, Cells were examined by confocal laser microscopy

Pharmazie 62 (2007) 8
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3. Experimental

3.1. Construction of gene fragment library coding random 18mer amino
acids peptide

Gene fragments encoding random 18mer amino acid peptides were pro-
duced with Klenow fragment and the following primers: P-oligol (5'-
GATTACGCCAAGCTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTG-
AAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATGCGGC-
CCAGCCGGCCATGGCC-3'), P-oligod(5'-CGGCGCACCTGCGGCCGC-
SNNSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNSNNS-
NNSNNSNNGGCCATGGCCGGCTGGGCCGCATAGAA-3).

To anneal the primers, 25 pmol each of P-oligol and P-oligo4 were mixed
with 10 xKlenow buffer and incubated at 96 °C for 10 min, 70 °C for
Smin, and 16 °C for 10 min. Klenow fragment (TOYOBO) and 10 mM
dNTP were then added to the reaction mixture and incubation was contin-
ued at 37 °C for 1 h. The purified sample was extracted from agarose gel
using a QIAquick Gel Extracton Kit (QIAGEN). Gene fragments were
then amplified by PCR. PCR reactions were cycled 35 times at 96 °C for
1 min, 65°C for 1 min, 68 °C for | min, using pCANTAB HindIl (5'-
GGAAACAGCTATGACCATGATTACGCCAAG-3'), and Notl extension
(5'-GTAAATGAATTTTCTGTATGAGG-3') as primers. The gene library
and pCANTABSE phagemid vector were digested with Hind III and Not I,
and ligated with T4 ligase to display random 18mer amino acid peptides
on the phage surface as fusion proteins with gene 3 protein. The phage
library was prepared as previously described. Sequence analysis of ran-
domly selected clones was performed.

3.2. Cell panning

A43] cells (epidermoid carcinoma, human) were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics. A431 cells (1.0x 10°cells/2 ml/well) were
seeded in 6-well plates and grown for 24 h. The wells were washed three
times with PBS, and then incubated at 37 °C for 2 h with 2 ml/well Opti-
MEM®I Reduced-Serum Medium (Invitrogen™ Life Techologies) contain-
ing 2% BSA. Medium was removed from each well, and the cells were
incubated at 37 °C for 2 h with the purified phage library ready blocked
with Opti-MEM containing 2% BSA. After washing the wells with PBS
20 times, the bound phages were eluted by incubating the wells with
100 mM HCl solution at 4 °C for 10 min. Eluted phages were immediately
neutralized with 1 M Tris-HCI buffer pH 8.0 and were recovered as output
phages. For the next panning, the eluted solution was added to log phase
E. coli TGI cells (Stratagene). The ratio of output phage to input phage was
calculated to determine the effects of cell panning. Input phage and output
phage were diluted in 2YT medium containing 50 pg/ml ampicillin and 2%
glucose, and added to log phase E. coli TG1 cells. After incubation at 37 °C
for 1 h, E. coli solution was seeded on LB (50 pg/ml ampicillin and 2%
glucose) plates, and the number of colonies formed were counted.

3.3. Recombination to PSIF-expression vector

Protein synthesis inhibitory factor (PSIF, PE fragment) is an approximately
40kD fragment of the bacteral 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 Pseudo-
monas aeruginosa exotoxin, which is a non-toxic protein outside of the
cell. One (Dr. Tsunoda) of us cloned the cDNA for PSIF from Pseudomo-
nas aeruginosa, Miguta 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 fusion protein, denoted peptide-PSIF, consisted of
peptide at the N-terminus and a PSIF at the C-terminus. First, the peptide
gene containing phagemid vectors were recovered with QlAprep® Mini-
prep Kit (QLIAGEN) and digested with HindIll and Nod. The peptide gene
fragments encoding random 18mer amino acids were then subcloned into
PSIF Expression Vector, which is modified from pCANTAB-SE.

3.4. Cytotoxicity assay by PSIF-fusion peptide

PSIF display phagemid was was transfected into TG1 cells, and individual
TG1 clones were selected and grown at 37 °C in 96-well plates. Supemna-
tants of TG1 cells were prepared for MTT assay. After seeding of Ad431
cells treated with 10 pg/ml cycloheximide at 2.0x 10* cells/S0 pl/well,
35 uL of Opti-MEM and 5l of supernatant were added to each well.
After incubation at 37 °C for 24 h, 10 pL of 5 mg/ml MTT (3-(4,5-di-
methylthiazol-2yl)-2,5-diphenyltetrazolium bromide) solution was added.
MTT assays were carried out according to the manufacturer’s protocol.

3.5. Flow cytometry

A43] and Hela cells (2.0 x 10° cells/well in 12-well plates) were grown for
24 h and incubated with each FITC-labeled clone peptide or TAT peptide
at 37°C for 3h. The cells were washed twice with PBS and once with
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PBS/EDTA, and then treated with 0.25% trypsin for 10 min. The cells
were collected, and fixed with PBS (500 wl/well) containing 1% PFA. The
fluorescence intensities of the samples were measured with a FACS calibur
(Becton Dickinson) detector.

3.6. Confocal laser scanning microscopy

Confocal laser scanning microscopy was performed using a Leica TCS SP2
(Leica). A431 cells were seeded at 2.25 x 10* cells/well in 4-well chamber
slide glasses. After overnight incubation, cells were washed once with phe-
nol red-free DMEM containing 10% FBC and 1% antibiotics. Each peptide
(TAT peptide and clone3) and nuclear stain marker Hoechst33342 (molecu-
lar probes) were added at a concentration of 100 ng/ml in 500 ut of serum-
free Opti-MEM), and then incubated at 37 °C for 3 h. The cells were subse-
quently washed three times and then analyzed.

Acknowledgements: This study was supported in part by Grants-in-Aid for
Scientific Research (No. 17689008, 17016084, 17790135, 18015055,
18659047) from the Ministry of Education, Culture, Sports, Science and
Technology of Japan, in part by Health and Labor Sciences Research
Grant from the Ministry of Health, Labor and Welfare of Japan, in part by
Health Sciences Research Grants for Research on Health Sciences focusing
on Drug Innovation from the Japan Health Sciences Foundadon, in part by
Takeda Science Foundation, in part by Industrial Technology Research
Grant Program (No. 03A47016a) from New Energy and Industrial Tech-
nology Development Organization (NEDQ), and in part by JSPS Research
Fellowships for Young Scientists (No. 08476, 08841, 09131) from the Ja-
pan Society for the Promotion of Science.

References

Astriab-Fisher A, Sergueev DS, Fisher M, Shaw BR, Juliano RL (2000)
Antisense inhibition of P-glycoprotein expression using peptide-oligonu-
cleotide conjugates. Biochem Pharmacol 60: 83~90.

Chaudhary VK, Jinno Y, FitzGerald D, Pastan I (1990) Pseudomonas exo-
toxin contains a specific sequence at the carboxyl terminus that is re-
quired for cytotoxicity. Proc Natl Acad Sci USA 87: 308-312.

Chung J, Park S, Kim D, Rhim J, Kim I, Choi I, Yi K, Ryu S, Suh P,
Chung D, Bae Y, Shin Y (2002) Identification of antigenic peptide re-
cognized by the anti-JL1 leukemia-specific monoclonal antibody from
combinatorial peptide phage display libraries. J Cancer Res Clin Oncol
128: 641-649.

Connor CE, Norris ID, Broadwater G, Willson TM, Gottardis MM, De-
whirst MW, McDonnell DP (2001) Circumventing tamoxifen resistance
in breast cancers using antiestrogens that induce unique conformational
changes in the estrogen receptor. Cancer Res 61: 2917-2922.

Derossi D, Chassaing G, Prochiantz A (1998) Trojan peptides: the penetra-
tin system for intracellular delivery. Trends Cell Biol 8: 84-87.

Elliott G, O’Hare P (1997) Intercellular trafficking and protein delivery by
a herpesvirus structural protein. Cell 88: 223-233.

Frankel AD, Pabo CO (1988) Cellular uptake of the tat protein from hu-
man immunodeficiency virus. Cell 55: 1189-1193.

Green M, Loewenstein PM (1988) Autonomous functional domains of che-
mically synthesized human immunodeficiency virus tat trans-activator
protein. Cell 55: 1179-1188.

Hou ST, Dove M, Anderson E, Zhang J, MacKenzie CR (2004) Identifica-
tion of polypeptides with selective affinity to intact mouse cerebellar
granule neurons from a random peptide-presenting phage library. J Neuro-
sci Methods 138: 39-44.

Imai S, Mukai Y, Nagano K, Shibata H, Sugita T, Abe Y, Nomura T,
Tsutsumi Y, Kamada H, Nakagawa S, Tsunoda S (2006) Quality en-
hancement of the non-immune phage scFv library to isolate effective
antibodies. Biol Pharm Bull 29: 1325-1330.

Joliot A, Pemelle C, Deagostini-Bazin H, Prochiantz A (1991) Antennape-
dia homeobox peptide regulates neural morphogenesis. Proc Natl Acad
Sci USA 88: 1864-1868.

Kuncl RW, Bilak MM, Bilak SR, Corse AM, Royal W, Becerra SP (2002)
Pigment epithelium-derived factor is elevated in CSF of patients with
amyotrophic lateral sclerosis. J Neurochem 81; 178-184,

Lambrechts D, Storkebaum E, Morimoto M, Del-Favero J, Desmet F,
Marklund SL, Wyns S, Thijs V, Andersson J, van Marion I, Al-Chalabi A,
Bomes S, Musson R, Hansen V, Beckman L, Adolfsson R, Pall HS,
Prats H, Vermeire S, Rutgeerts P, Katayama S, Awata T, Leigh N, Lang-
Lazdunski L, Dewerchin M, Shaw C, Moons L, Vlietinck R, Morri-
son KE, Robberecht W, Van Broeckhoven C, Collen D, Andersen PM,
Carmeliet P (2003) VEGF is a modifier of amyotrophic lateral sclerosis
in mice and humans and protects motoneurons against ischemic death.
Nat Genet 34: 383-394.

Landon LA, Deutscher SL (2003) Combinatorial discovery of tumor target-
ing peptides using phage display. J Cell Biochem 90: 509-517.

Li Y, Rosal RV, Brandt-Rauf PW, Fine RL (2002) Correlation between
hydrophobic properties and efficiency of carrier-mediated membrane
transduction and apoptosis of a p53 C-terminal peptide. Biochem Bio-
phys Res Commun 298: 439-449,

Pharmazie 62 (2007) 8



ORIGINAL ARTICLES

Mi Z, Lu X, Mai JC, Ng BG, Wang G, Lechman ER, Watkins SC, Rabi-
nowich H, Robbins PD (2003) Identification of a synovial fibroblast-
specific protein transducton domain for delivery of apoptotic agents to
hyperplastic synovium. Mol Ther 8: 295-305.

Ogata M, Chaudhary VK, Pastan I, FitzGerald DJ (1990) Processing of
Pseudomonas exotoxin by a cellular protease results in the generation of
a 37,000-Da toxin fragment that is translocated to the cytosol. J Biol
Chem 265: 20678-20685.

Okamoto T, Mukai Y, Yoshioka Y, Shibata H, Kawamura M, Yamamoto Y,
Nakagawa S, Kamada H, Hayakawa T, Mayumi T, Tsutsumi Y (2004)
Optimal construction of non-immune scFv phage display libraries from
mouse bone marrow and spleen established to select specific scFvs effi-
ciently binding to antigen. Biochem Biophys Res Commun 323: 583-
591.

Rusnat M, Tulipano G, Spillmann D, Tanghetti E, Oreste P, Zoppetti G,
Giacca M, Presta M (1999) Multiple interactions of HIV-I Tat protein
with size-defined heparin oligosaccharides. J Biol Chem 274: 28198-
28205.

Rusnati M, Urbinati C, Caputo A, Possati L, Lorntat-Jacob H, Giacca M,
Ribati D, Presta M (2001) Pentosan polysulfate as an inhibitor of extra-
cellular HIV-1 Tat. J Biol Chem 276: 22420-22425.

Pharmazie 62 (2007) 8

Scott JK, Smith GP (1990) Searching for peptide ligands with an epitope
library. Science 249: 386-390.

Song S, Xue J, Fan K, Kou G, Zhou Q, Wang H, Guo Y (2005) Prepara-
don and characterization of fusion protein truncated Pseudomonas Exo-
toxin A (PE38KDEL) in Escherichia coli. Protein Expr Purif 44: 52—
57.

St Croix B, Rago C, Velculescu V, Traverso G, Romans KE, Montgomery
E, Lal A, Riggins GJ, Lengauer C, Vogelstein B, Kinzler KW (2000)
Genes expressed in human tumor endothelium. Science 289: 1197-
1202.

Tyagi M, Rusnati M, Presta M, Giacca M (2001) Internalization of HIV-1
tat requires cell surface heparan sulfate proteoglycans. J Biol Chem 276:
3254-3261.

Vives E, Brodin P, Lebleu B (1997) A truncated HIV-1 Tat protein basic
domain rapidly translocates through the plasma membrane and accumu-
lates in the cell nucleus. J Biol Chem 272: 16010-16017.

Wadia JS, Dowdy SF (2002) Protein transduction technology. Curr Opin
Biotechnol 13: 52-56.

Ziegler A, Seelig J (2004) Interaction of the protein transduction domain
of HIV-1 TAT with heparan sulfate: binding mechanism and thermody-
namic parameters. Biophys J 86: 254-263.

573



