
Denatured and Reversibly Cationized p53 Readily Enters Cells and Simultaneously
Folds to the Functional Protein in the Cells†

Hitoshi Murata,‡ Masakiyo Sakaguchi,§ Junichiro Futami,‡,|,⊥ Midori Kitazoe,‡ Takashi Maeda,‡ Hideki Doura,‡

Megumi Kosaka,‡ Hiroko Tada,‡ Masaharu Seno,‡,# Nam-ho Huh,§ and Hidenori Yamada*,‡,⊥

Department of Bioscience and Biotechnology, Faculty of Engineering, Graduate School of Natural Science and Technology,
Okayama UniVersity, Okayama 700-8530, Japan, Department of Cell Biology, Graduate School of Medicine and Dentistry,
Okayama UniVersity, Okayama 700-8558, Japan, Nippon Shokubai Co., Ltd., 5-8 Nishi Otabi-cho, Suita, Osaka 564-8512,

Japan, Engineering InnoVation Center, Okayama UniVersity, Okayama 700-853, Japan, and Research Center for Biomedical
Engineering, Okayama UniVersity, Okayama 700-8530, Japan

ReceiVed December 27, 2005; ReVised Manuscript ReceiVed March 14, 2006

ABSTRACT: Cationization is a powerful strategy for internalizing a protein into living cells. On the other
hand, a reversibly cationized denatured protein through disulfide bonds is not only soluble in water but
also able to fold to the native conformation in vitro. When these advantages in cationization were combined,
we developed a novel method to deliver a denatured protein into cells and simultaneously let it fold to
express its function within cells. This “in-cell folding” method enhances the utility of recombinant proteins
expressed inEscherichia colias inclusion bodies; that is, the recombinant proteins in inclusion bodies are
solubilized by reversible cationization through cysteine residues by disulfide bonds with aminopropyl
methanethiosulfonate or pyridyldithiopropionylpolyethylenimine and then incubated with cells without
an in vitro folding procedure. As a model protein, we investigated human tumor-suppressor p53. Treatment
of p53-null Saos-2 cells with reversibly cationized p53 revealed that all events examined as indications
of the activation of p53 in cells, such as reduction of disulfide bonds followed by tetramer formation,
localization into the nucleus, induction of p53 target genes, and induction of apoptosis of cells, occurred.
These results suggest that reversible cationization of a denatured protein through cysteine residues is an
alternative method for delivery of a functional protein into cells. This method would be very useful when
a native folded protein is not readily available.

It was proposed more than a decade ago that a cationiza-
tion method can be used for delivery of a protein into cells
by adsorption-mediated endocytosis (1). To deliver a protein
into living cells and let it function within cells, we have
developed a method in which a protein is modified with a
cationic amine such as ethylenediamine or polyethylenimine
(PEI)1 (2-5). The method exploits the electrostatic interac-
tion of a cationized protein with the negatively charged cell
membrane. From PEI cationization, a protein with a native
structure and function was efficiently delivered into cells.
However, purification of a large amount of a protein and
preservation of its activity during the cationization procedures
are sometimes difficult.

The technique of recombinant-protein expression inEs-
cherichia coli is widely used to obtain a large amount of
protein. However, overexpression of recombinant proteins
in E. coli often results in the accumulation of insoluble
inclusion bodies. Because most denatured proteins are hardly
soluble in water, it is difficult to purify them by conventional
chromatographic procedures. We have reported that intro-
duction of an efficient positive charge by S-alkylation can
solubilize reduced and denatured proteins in water (6). We
have also developed a method for solubilization of a reduced
and denatured protein by reversible modification of cysteine
residues with a cationic charge through disulfide bonds. The
latter solubilized denatured protein could be not only purified
but also further folded to the native conformation in vitro
(7-11).† This work was performed as a part of a research and development
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Cells should have inherent folding machinery for denatured
proteins. Thus, using reversible cationization, we developed
an “in-cell folding” method for a denatured protein, a method
to deliver an unfolded protein into cells and let it fold within
cells. Using this method, the human tumor-suppressor p53
expressed inE. coli as inclusion bodies was successfully
delivered into and folded to the active form within p53-null
Saos-2 cells.

MATERIALS AND METHODS

Materials. PEI with an average molecular mass of 600
(PEI600) was purchased from Wako Chemical (Osaka,
Japan).N-Succinimidyl 3-(2-pyridyldithio)propionate (SPDP)
was purchased from Pierce (Rockford, IL). An antibody that
recognizes the native conformation of wild-type human p53
(anti-native p53 antibody Ab-5) was purchased from Cal-
biochem (La Jolla, CA). For Western blot analysis, mouse
anti-human p53 antibody (anti-p53 antibody Bp53-12, a
product of Santa Cruz Biotechnology, Inc.), mouse anti-
human tubulin antibody (anti-tubulin antibody), and mouse
anti-humanâ-actin antibody (anti-â-actin antibody) were
purchased from Sigma (St. Louis, MO). Mouse anti-p21/
wild-type p53-activated fragment 1 antibody clone 6B6 (anti-
p21/waf1 antibody 6B6) was purchased from Becton Dick-
inson (San Jose, CA). For immunofluorescence staining of
cells, mouse anti-p21/wild-type p53-activated fragment 1
antibody clone 187 (anti-p21/waf1 antibody 187) was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA).

Human osteogenic sarcoma-derived Saos-2 cells were
obtained from American Type Culture Collection ATCC
(Rockville, MD). Normal human fibroblast OUMS-24 cells
were those as described elsewhere (12). A plasmid encoding
human wild-type full-length p53 (pCB6+ p53Pro) was
provided by Dr. Karen Vousden.

Synthesis of 3-Aminopropyl Methanethiosulfonate Hydro-
bromide (APS-Sulfonate) and Pyridyldithiopropionylpoly-
ethylenimine (PEI600-SPDP).APS-sulfonate was synthe-
sized according to the method for the synthesis of 3-(trimethyl-
ammonio)propyl methanethiosulfonate bromide [CH3SO2-
SCH2CH2CH2N+(CH3)3‚Br-] (TAPS-sulfonate) (7), except
for the use of 3-bromopropylamine hydrobromide instead
of (3-bromopropyl)trimethylammonium bromide. APS-sul-
fonate was obtained as white crystals from ethanol ether in
about 80% yield and melted at 121-124°C. PEI600-SPDP
solution was prepared by just mixing a PEI600 solution (200
mg/mL, 0.33 M, pH 8 adjusted by HCl) with SPDP dissolved
in ethanol (0.02 M, at a molar ratio of 5:1 PEI600/SPDP).
The solution was incubated at room temperature for 20 min
and then stored at 4°C until use.

Protein Expression and Isolation of Inclusion Bodies.The
expression plasmid for p53, pBO429, was constructed by
the following digestion and ligation steps. The coding region
for human wild-type full-length p53 was excised from pCB6
+ p53Pro, at theNcoI (by partial digestion) andBamHI sites,
and the fragment obtained was inserted between theNcoI
and BamHI sites of an overexpression vector, pET14b
(Novagen, WI). Recombinant p53 was expressed inE. coli
BL21(DE3) (Novagen) harboring pBO429. For overexpres-
sion of p53, the cells were cultured at 37°C in terrific broth
containing 200µg/mL of ampicillin until A600 reached 0.8

and were then treated with 0.5 mM isopropyl 1-thio-â-D-
galactopyranoside and cultured for another 3 h. The cells
were then pelleted and lysed by repeating a freeze/thaw/
sonication cycle twice. The isolation of inclusion bodies was
performed according to the published procedure (13, 14).

ReVersible Cationization of Protein.The recombinant p53
in the inclusion bodies was dissolved in 0.1 M tris-
(hydroxymethyl)aminomethane (Tris)-HCl buffer at pH 8.6
containing 6 M guanidine-HCl and reduced with 3 mM
dithiothreitol (DTT) at 37°C for 1 h under N2 atmosphere.
Sulfhydryl (SH) groups of p53 were then modified with APS-
sulfonate or PEI600-SPDP to give AP-SS-p53 or PEI600-
SS-p53, respectively, which were denatured and reversibly
cationized p53 proteins containing cationic groups through
disulfide (SS) bonds (Figure 1A). Namely, the reaction was
initiated by adding 9 mM APS-sulfonate or PEI600-SPDP
to the above denatured and reduced p53 solution, and the
solution was incubated at 37°C for 1 h. In the reaction with
a relatively large size of PEI600-SPDP, the modification of
cysteine residues in p53 was incomplete, probably because
of steric hindrance (see below), and the remaining SH groups
catalyzed protein polymerization by SH-SS interchange
during the following purification procedures. Thus, after
cationization with PEI600-SPDP, possible remaining free SH
groups were completely protected by the reaction with a
smaller size of APS-sulfonate at 3 mM for another 20 min.
After cationization, the mixture was dispersed into 10%
acetic acid at pH 3 with vigorous stirring. After removal of
insoluble materials by centrifugation, reversibly cationized
p53 proteins were concentrated by lyophilization, dissolved
in a small amount of Milli-Q water, extensively dialyzed
against 0.5% acetic acid at pH 4 to remove excess reagents,
and purified by a reversed-phase HPLC column (YMC-Pack
ODS-A, YMC, Kyoto, Japan) under a linear-gradient elution
of acetonitrile from 30 to 40% in the presence of 0.1% HCl.
After exchange of the solvent to phosphate-buffered saline
(PBS, pH 7.4) by dialysis or a PD-10 column (Amersham
Bioscience, Buckinghamshire, U.K.), the purified reversibly
cationized p53 proteins, AP-SS-p53 and PEI600-SS-p53,
were used for biological experiments. The number of cysteine
residues modified with PEI600 in PEI600-SS-p53 was
determined by MALDI-TOF mass spectrometry with a
Perspective Voyager-DE PRO mass spectrometer.

As a control protein, bovine serum albumin (BSA) was
also reversibly cationized with PEI600-SPDP to give PEI600-
SS-BSA, which is a reduced and denatured BSA derivative
reversibly cationized with PEI through SS bonds. That is,
BSA was reduced with DTT in 0.525 M Tris-HCl (pH 8.6)
containing 8 M urea (6) and reversibly cationized with
PEI600-SPDP for 30 min. In this case, possible remaining
SH groups were irreversibly modified by incubation with
iodoacetamide for 15 min, and the exchange of the solvent
to PBS was carried out by a PD10 column.

Folding Ability of ReVersibly Cationized p53 Protein In
Vitro. To test the spontaneous folding ability of denatured
and reversibly cationized p53 proteins under cytosolic redox
conditions, rapid dilution of PEI600-SS-p53 into PBS (pH
7.4) containing 2.5 mM reduced glutathione and 0.05 mM
oxidized glutathione at a final protein concentration of 20
µg/mL at 20°C was carried out. Aliquots were withdrawn
at appropriate intervals and subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
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under nonreducing conditions. The gel was blotted onto a
nitrocelulose membrane for Western blot analysis using
mouse anti-p53 antibody Bp53-12 as a primary antibody,
horseradish peroxidase-conjugated goat anti-mouse IgG
antibody (Cell Signaling) as a secondary antibody, and an
enhanced chemiluminescence kit (Amersham Biosciences).

Cell Culture and Protein Transduction.p53-null human
osteosarcoma Saos-2 and Saos-2/simian virus 40 large-T
antigen (SVLT) cells and normal human fibroblast OUMS-
24 cells (12) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Nissui Pharmaceutical, Tokyo, Japan)
containing 10% fetal bovine serum (FBS, Sigma). For
establishment of Saos-2/SVLT cells, a plasmid encoding
SVLT and a G418 resistance marker was introduced into
Saos-2 cells using LipofectAMIN 2000 (Invitrogen, CA), and
a stably transfected clone was isolated. All cells were cultured
in a humidified 5% CO2 incubator at 37°C. For protein
transduction experiments, about 80% confluent cells were
washed once with serum-free medium and then a cationized
protein was added under serum-free conditions. After
incubation for 1 h at 37 °C, FBS was added at a final
concentration of 10% and cells were further incubated for
appropriate periods.

Immunoprecipitation and Western Blot Analysis.Cell
lysates were prepared using lysis buffer containing 40 mM
Tris-HCl at pH 7.4, 1% TritonX-100, 150 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM ethyleneg-
lycol bis(2-aminoethylether)tetraacetic acid (EGTA), 1 mM
DTT, and 10% glycerol and were clarified by centrifugation.
For immunoprecipitation, cell lysates were precleared with
protein G-Sepharose beads (Amersham Biosciences) and then

incubated with anti-native p53 antibody Ab-5 for 1 h at 4
°C on a rotating rocker, followed by an additional incubation
with protein G-Sepharose beads for 1 h. The immune
complexes as well as cell extracts were subjected to SDS-
PAGE and transferred onto nitrocellulose membranes. For
Western blot analysis, after blocking with 10% skim milk
powder and 6% glycine dissolved in PBS, membranes were
incubated with anti-p53 antibody Bp53-12, anti-p21/waf1
antibody 6B6, anti-â-actin antibody, or anti-tubulin antibody
as primary antibodies. Each specific antibody binding was
detected with horseradish peroxidase-conjugated goat anti-
mouse IgG antibody and an enhanced chemiluminescence
kit as described above.

Cross-Linking Analysis.For analysis of the quaternary
structure of exogenously added p53, cells were treated with
1 mM glutaraldehyde for 10 min at 25°C to preserve the
molecular interaction by cross-linking. The reaction was
terminated by the addition of 0.1 M glycine. Cell lysates
prepared were analyzed by Western blot analysis using anti-
p53 antibody Bp53-12. The normal human fibroblast OUMS-
24 cells were incubated under confluent or serum-starved
conditions for 24 h or the cells were treated with 10µM
4-nitroquinoline 1-oxide (4NQO) for 6 h. These cells were
used as positive controls. Saos-2 and OUMS-24 cells
incubated without additives or Saos-2 cells incubated with
PEI600-SS-BSA were used as negative controls.

Immunofluorescence Staining.Cells were fixed with 4%
paraformaldehyde for 1 h at room temperature and then
permeabilized with 70% ethanol at-20 °C. Immunofluo-
rescence staining for exogenously added p53 or endogenously
expressed p21/waf1 was performed by treatment of cells with

FIGURE 1: Preparation and characterization of denatured and reversibly cationized p53 proteins. (A) Reduced and denatured p53 obtained
from inclusion bodies was reversibly cationized in mixed disulfide bonds with APS-sulfonate to give AP-SS-p53 or with PEI600-SPDP
followed by APS-sulfonate to give PEI600-SS-p53. (B) SDS-PAGE analysis of purified recombinant p53 and its derivatives (AP-SS-p53
and PEI600-SS-p53) on 10% polyacrylamide gel under nonreducing conditions. The gel was stained with Coomassie Briliant Blue R250.
(C) Time-dependent reduction of PEI600-SS-p53 in vitro under cytosolic redox conditions. PEI600-SS-p53 was incubated in a mixture of
2.5 mM reduced glutathione and 0.05 mM oxidized glutathione at pH 7.4 and 20°C for indicated periods and subjected to SDS-PAGE
followed by Western blot analysis using mouse anti-p53 antibody Bp53-12 as a primary antibody and horseradish peroxidase-conjugated
goat anti-mouse IgG antibody as a secondary antibody. Details are given in the text.
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mouse anti-p53 antibody Bp53-12 or mouse anti-p21/waf1
antibody 187, respectively, followed by treatment with
tetramethylrhodamine B isothiocyanate (TRITC)-conjugated
goat anti-mouse IgG antibody (Sigma). Nuclei were stained
with Hoechst 33258 (Dojin Laboratories, Kumamoto, Japan).
The cells were observed under a fluorescent microscope
(IX71-22FL/PH, Olympus).

Northern Blotting. Total RNA was isolated using the
guanidium thiocyanate method (15). Total RNA was sepa-
rated by electrophoresis (15µg/lane) in a 1% formaldehyde-
agarose gel and then transferred to a nylon membrane
(Nytran-Plus, Schleicher and Schuell, Keene, NH). The blots
were probed with gel-purified [γ-32P]dCTP-labeled cDNAs
for p21/waf1 mRNA. Membranes were subsequently stripped
and reprobed for glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) for normalization.

Electrophoresis Mobility Shift Assay.An electrophoresis
mobility shift assay was performed as described by Nakano
et al. (16) using crude nuclear extracts from cells treated
with 100 nM PEI600-SS-p53, 100 nM PEI600-SS-BSA, or
10 µM 4NQO for 6 h. We used a double-strand oligonucle-
otide for the p53-binding element as a probe (Santa Cruz
Biotechnology, Inc.). The consensus sequence is 5′-TACA-
GAACATGTCTAAGCATGCTGGGG-3′. The [γ-32P]dATP-
labeled probe was mixed with crude nuclear extracts of
Saos-2 or OUMS-24 cells, incubated for 1 h at 4°C, and
electrophoresed in a 5% polyacrylamide gel under nonde-
naturing conditions.

Apoptosis Analysis with DNA-Ladder Formation.The cells
at various stages were harvested and incubated with lysis
buffer containing 10 mM Tris-HCl at pH 7.4, 5 mM EDTA,
and 1% TritonX-100 for 20 min on ice. The supernatant
containing DNA fragments was incubated with 10µg/mL
RNase A for 1 h at 37°C. After further incubation with 20
µg/mL proteinase K for 1 h at 37°C, samples were washed
with phenol-chloroform and DNA was precipitated with
ethanol. Recovered DNA was electrophoresed on 2% agarose
gel and stained with ethidium bromide.

RESULTS

Preparation of Denatured and ReVersibly Cationized p53.
As summarized in Figure 1A, reversibly cationized p53
proteins were prepared from inclusion bodies dissolved in 6
M guanidine-HCl by alkylsulfidation of sulfhydryl groups
with APS-sulfonate and PEI600-SPDP, respectively. Because
the modification of p53 with PEI600-SPDP was found to
be incomplete (approximately 6 of 10 cysteine residues)
probably because of steric hindrance, the remaining 4 free
sulfhydryl groups were completely protected with a smaller
size of APS-sulfonate. Formation of mixed disulfides with
positively charged side-chain groups, especially with PEI,
in the polypeptide chain resulted in slower migration on
SDS-PAGE under nonreducing conditions (Figure 1B). Both
cationized p53 proteins (AP-SS-p53 and PEI600-SS-p53)
showed good solubility in water, especially at acidic pH
values, because of an increase in the net positive charge by
protonation of carboxyl groups. We have confirmed that
reversibly cationized p53 proteins remained soluble in 0.5%
acetic acid for more than 6 months at 4°C.

Upon rapid dilution in vitro, reduced p53 purified from
inclusion bodies has been reported to have the ability to fold

into the biologically active conformation (17). Thus, for
reversibly cationized p53 proteins to fold in vivo, it is
important that they are able to revert to unprotected reduced
p53 under cytosol-mimic redox conditions (50:1 reduced
glutathione/oxidized glutathione) (18). As mentioned above
(Figure 1B), PEI600-SS-p53 migrates slower than p53 on
SDS-PAGE, and hence, reduction of PEI600-SS-p53 can
be monitored. Upon dilution of PEI600-SS-p53 into the redox
buffer, PBS (pH 7.4) containing 2.5 mM reduced glutathione
and 0.05 mM oxidized glutathione, at a final protein
concentration of 20µg/mL at 20 °C, rapid removal of
protecting groups by reduction was observed, and this
reduction seemed to be completed in about 1 h to give
unprotected p53 (Figure 1C). No precipitation was observed
during the process. These results suggest that the reversibly
cationized p53 proteins can be reduced to free p53 if they
internalized into the cytosol and therefore might fold into
the native p53.

Intracellular Protein DeliVery of ReVersibly Cationized
p53. To investigate whether reversibly cationized p53
proteins could internalize into cells and simultaneously fold
into the biologically active structure, we tested essential steps
of known p53-dependent cellular responses, as depicted in
Figure 2. We employed Saos-2 cells for this assay, because
of the lack of endogenous p53 (19).

As visualized by immunofluorescence staining, Saos-2
cells showed marked cellular uptake of p53 when exposed
to either AP-SS-p53 or PEI600-SS-p53 for 6 h (Figure 3A).
Although these fluorescence patterns observed using a
fluorescence microscope did not enable p53 internalized in
cytoplasmic compartments to be distinguished from the cell-
surface associated one, observation of PEI600-SS-p53-treated
cells using a confocal laser-scanning microscope indicated
that fluorescence was mostly present inside cells (data not
shown). The more cationic PEI600-SS-p53 seemed more
effective in cellular uptake than did AP-SS-p53 (Figure 3A).

We have previously demonstrated that PEI-cationized
proteins enter living cells and have shown that the major
mechanism of the protein internalization is endocytotic
uptake and subsequent release into the cytosol from endo-
somes (4, 5). If the reversibly cationized p53 proteins
internalize via an endocytotic pathway, the entrapped proteins

FIGURE 2: Schematic diagram of the “in-cell folding” method for
the p53 tumor-suppressor protein. The essential steps for externally
added denatured and reversibly cationized p53 to express the native
protein functions in Saos-2 cells (electrostatic cell-surface adsorption
and/or endosome accumulation, reduction of disulfide bonds
because of the release to cytosol, folding and tetramer formation,
localization into the nucleus, induction of p53 target genes, and
induction of apoptosis of cells) are depicted.
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in the endosome would remain inactive because disulfide
bonds are scarcely reduced under endosomal oxidative
conditions, but they might fold to the active conformation
in the cytosol because disulfide bonds are readily reduced
under cytosolic reductive conditions (Figure 1C). Thus,
reduction of mixed disulfide bonds in reversibly cationized
p53 proteins should be good proof of their cytosolic release.
Western blot analysis of SDS-PAGE for PEI600-SS-p53-
treated Saos-2 cells indicated that the band corresponding
to PEI600-SS-p53 because of cell-surface adsorption and/or
endosome accumulation was the main band for the first 1 h
of incubation but that the band corresponding to reduced p53
because of cytosolic release became the main band after 3
and 6 h ofincubation (Figure 3B).

To confirm time-dependent folding of reversibly cationized
p53 proteins in Saos-2 cells, folded p53 in the cell lysate
was immunoprecipitated with a specific antibody recognizing
the native conformation (anti-native p53 antibody Ab-5) after
incubation of cells with 100 nM PEI600-SS-p53 for 1 and 6
h, and the precipitates were analyzed by Western blotting
analysis using anti-p53 antibody Bp53-12 (Figure 3C). Time-
dependent formation of p53 assuming native conformation
was clearly observed, being well-correlated with the reduc-

tion of PEI600-SS-p53 in the cytosol (Figure 3B). All of
these observations suggest that exogenously added reversibly
cationized p53 proteins are rapidly adsorbed on the cell
surface by the electrostatic interaction, endocytozed by cells
up to 1 h at 37°C, and more slowly released into the cytosol,
where reduction of mixed disulfide bonds followed by
folding to the biologically active form takes place.

Quaternary Structure and Specific DNA Binding of In-
tracellularly Folded p53. The transcriptional activity of p53
has been reported to be associated with a tetrameric form
that binds DNA in a sequence-specific fashion to activate
the transcription of target genes (20-23). To confirm the
formation of tetrameric p53 when delivered into cells as
described above, we performed cross-linking experiments
with glutaraldehyde as a cross-linking agent to fix the protein
quaternary structure. As shown in Figure 4A, the electro-
phoretic pattern obtained from PEI600-SS-p53-treated Saos-2
cells indicated the presence of a covalently cross-linked p53
dimer and tetramer including possibly their degraded prod-
ucts (lane 6). No such pattern was obtained from Saos-2 cells
treated without cationized protein (one negative control, lane

FIGURE 3: Cellular uptake, reduction, and folding of exogenously
added reversibly cationized p53 proteins to Saos-2 cells. (A) Saos-2
cells were incubated with 100 nM PEI600-SS-BSA, AP-SS-p53,
or PEI600-SS-p53 for 6 h, fixed, immunostained with mouse anti-
p53 antibody Bp53-12 and TRITC-conjugated anti-mouse IgG
antibody, and observed under a fluorescent microscope (upper
panels). Nuclei stained with Hoechst 33258 are also indicated (lower
panels). The scale bar is equivalent to 50µm. (B) Time course of
the reduction of PEI600-SS-p53 in cells. Saos-2 cells were incubated
with 100 nM PEI600-SS-p53 for indicated periods, and the
reduction of PEI600-SS-p53 was analyzed by Western blot analysis
with anti-p53 antibody Bp53-12 after SDS-PAGE of cell lysates
under nonreducing conditions. (C) Detection of intracellularly folded
p53. After incubation of Saos-2 cells with 100 nM PEI600-SS-p53
for indicated periods, folded p53 was collected from cell lysates
by immunoprecipitation using anti-native p53 antibody Ab-5 and
protein G-Sepharose beads. The precipitates were then electro-
phoresed by SDS-PAGE under reducing conditions, blotted to
nitrocellulose membranes, and analyzed by Western blot analysis
with anti-p53 antibody Bp53-12.

FIGURE 4: Analysis of the quaternary structure and DNA binding
of folded p53. (A) Oligomeric states of internalized p53 in cells
determined by cross-linking analysis. Normal human fibroblast
OUMS-24 cells were incubated under nonconfluent conditions for
6 h (negative control, lane 1), under confluent conditions for 24 h
(positive control, lane 2), or under serum-starved conditions for
24 h (positive control, lane 3) or were treated with 10µM 4NQO
for 6 h (positive control, lane 4). p53-null Saos-2 cells were
incubated without additives (negative control, lane 5), with 100
nM PEI600-SS-p53 (lane 6), or with PEI600-SS-BSA (negative
control, lane 7) for 6 h. The cells were treated with 1 mM
glutaraldehyde and then lysed, and cell lysates were analyzed by
Western blot analysis using anti-p53 antibody Bp53-12. Arrows
indicate positions of the tetramer, dimer, and monomer of p53,
which were separately determined by using p53 cross-linked with
glutaraldehyde in vitro (data not shown). (B) Electrophoresis
mobility shift assay of the p53-binding element with internalized
p53 in cells. Crude nuclear extracts from OUMS-24 cells incubated
without additives (lane 1), with 10µM 4NQO (lane 2), with 100
nM PEI600-SS-p53 (lane 3), or with 100 nM PEI600-SS-BSA (lane
4) for 6 h or those from Saos-2 cells incubated with 100 nM
PEI600-SS-p53 (lane 5) or 100 nM PEI600-SS-BSA (lane 6) for 6
h were incubated with [γ-32P]dATP-labeled double-strand oligo-
nucleotide for the p53-binding element for 1 h at 4°C and then
electrophoresed in a 5% polyacrylamide gel under nondenaturing
conditions. The [γ-32P]dATP-labeled p53-binding element in the
gel was detected autoradiographically. Arrow indicates the position
of p53.
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5) or from Saos-2 cells treated with cationized BSA (another
negative control, lane 7). However, the same pattern was
obtained from normal OUMS-24 cells that the endogenous
p53 level was upregulated by 4NQO (a positive control, lane
4) (12, 24). These results suggest that externally added
reversibly cationized p53 folds intracellularly to a tetrameric
form. Interestingly, the pattern obtained from confluent
OUMS-24 cells (one of the positive controls, lane 2) seemed
similar to the pattern from PEI600-SS-p53-treated cells,
although the level of tetrameric p53 was very low, while
the pattern obtained from serum-starved OUMS-24 cells
(another positive control, lane 3) seemed different from those
of other positive controls in the distribution of p53 oligomers
and degraded products. The growth-arrested state in serum-
starved cells might not be the same as that in confluent cells.

Next, we investigated the specific binding ability of
intracellularly folded p53 to a DNA fragment of the p53-
binding element. As shown in Figure 4B, the nuclear extract
obtained from Saos-2 cells treated with PEI600-SS-p53 for
6 h contained p53 showing specific binding activity against
the labeled DNA fragment (lane 5). Similar results were also
obtained by using nuclear extracts from 4NQO-treated
OUMS-24 cells (positive control, lane 2) and from PEI600-
SS-p53-treated OUMS-24 cells (lane 3). The nuclear extract
from OUMS-24 cells incubated without cationized protein
(lane 1) or with cationized BSA (lane 4) showed a back-

ground level of active p53 in the cells. The nuclear extract
from cationized BSA-treated Saos-2 cells did not give the
band corresponding to p53 (lane 6). These results imply that
the intracellularly folded p53 was translocated to the nucleo-
lus as a biologically active tetramer when cells were
incubated with PEI600-SS-p53 for 6 h.

Induction of Intracellularly DeliVered p53-Dependent
Gene Expression.If exogenously added reversibly cationized
p53 proteins express their transcriptional activity, one of the
known p53 target gene products, p21/waf1, should be
upregulated in Saos-2 cells (20, 25). Thus, we examined the
effect of treatment of Saos-2 cells with AP-SS-p53 or
PEI600-SS-p53 on the expression of p21/waf1 and found
that was the case (Figure 5). Time-dependent expression of
p21/waf1 was examined by adding 100 nM PEI600-SS-p53
to the culture medium of Saos-2 cells. The cells were
harvested several times for Western blot analysis up to 6 h
after the addition of PEI600-SS-p53. The protein level of
p21/waf1 was gradually elevated by this treatment (Figure
5A). Immunofluorescence experiments revealed that the
expression of p21/waf1 was induced in approximately 60%
of cells by this treatment for 6 h but not by treatment with
PEI600-SS-BSA (Figure 5B). The same was true when the
induction of p21/waf1 was monitored by the mRNA level
(Figure 5C). Another reversibly cationized p53 protein, AP-
SS-p53, also induced p21/waf1 expression in Saos-2 cells,

FIGURE 5: Induction of the p53-dependent gene expression of p21/waf1. Saos-2 cells were incubated with 100 nM PEI600-SS-p53 or
PEI600-SS-BSA for indicated periods, and induction of p21/waf1 was examined at the protein level (A and B) or mRNA level (C). (A)
Western blot analysis of the time-dependent expression of the p21/waf1 protein in Saos-2 cells by treatment with 100 nM PEI600-SS-p53.
Expression of p21/waf1 (upper panel) was examined by SDS-PAGE of cell lysates and Western blot analysis with anti-p21/waf1 antibody
6B6. The expression level ofâ-actin (lower panel) was examined by reprobing using anti-â-actin antibody for normalization. (B) Saos-2
cells were incubated with 100 nM PEI600-SS-p53 (left panels) or PEI600-SS-BSA (right panels) for 6 h, fixed, immunostained with mouse
anti-p21/waf1 antibody 187 and TRITC-conjugated anti-mouse IgG antibody, and then observed under a fluorescent microscope (upper
panels). Nuclei stained with Hoechst 33258 are also indicated (lower panels). The bar indicates 80µm. (C) Northern blot analysis for
examination of the time-dependent expression of p21/waf1 mRNA in PEI600-SS-p53-treated Saos-2 cells. Total RNAs isolated from cells
treated with 100 nM PEI600-SS-BSA or PEI600-SS-p53 for indicated periods were separated by electrophoresis and transferred to nylon
membranes. The blots were probed with [γ-32P]dCTP-labeled cDNAs for p21/waf1 (upper panel). Membranes were subsequently stripped
and reprobed for GAPDH for normalization (lower panel). (D) Transactivation activity of the p53-dependent p21/waf1 protein expression.
Saos-2 cells were incubated with 100 nM AP-SS-p53 (upper panel, right) or transactivation-deficient AP-SS-p53 mutant [AP-SS-p53mut
(R248Q)] (upper panel, left) for 6 h and analyzed by Western blot analysis using anti-p21/waf1 antibody 6B6. Tubulin was employed for
normalization (lower panel). (E) Dose dependence of p21/waf1 protein expression in reversibly cationized p53-treated Saos-2 cells and
lack of p53 function in reversibly cationized p53-treated Saos-2/SVLT cells. Saos-2 cells and Saos-2/SVLT cells that express SVLT suppressing
the p53 function were incubated with AP-SS-p53 or PEI600-SS-p53 at indicated concentrations for 6 h. After SDS-PAGE of cell lysates,
expression levels of p21/waf1 were analyzed by Western blot analysis using anti-p21/waf1 antibody 6B6 (top panel for AP-SS-p53 and
second-to-top panel for PEI600-SS-p53). Tubulin was employed for normalization (bottom and second-to-bottom panels).
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but p21/waf1 expression was not induced when cells were
treated with reversibly cationized transactivation-deficient
AP-SS-p53 mutant (R248Q) (26) (Figure 5D). The latter
result is consistent with the failure of AP-SS-p53 or PEI600-
SS-p53 to induce p21/waf1 in Saos-2/SVLT cells that express
SVLT suppressing p53 function by specific binding (27)
(Figure 5E). We further compared AP-SS-p53 and PEI600-
SS-p53 for dose dependency to the induction of p21/waf1.
The more cationic PEI600-SS-p53 showed more efficient
activity than did AP-SS-p53 as seen in the treatment with 1
nM for 6 h (Figure 5E). These results demonstrated that
exogenous p53 delivered by this method is a highly potent
inducer of the target gene expression.

Induction of Apoptosis by Intracellularly DeliVered p53-
Dependent Gene Expression. Because it has been reported
that induction of p53 expression in Saos-2 cells at a low
level induces growth arrest but at a high level induces
apoptosis (28), we analyzed apoptotic gene expression in
PEI600-SS-p53-treated Saos-2 cells. Treatment with 100 nM
PEI600-SS-p53 but not with 100 nM PEI600-SS-BSA for 6
h caused transcriptional activation of p53-dependent apop-
totic genes (p21/waf1, Bax, and GADD45) in Saos-2 cells
(Figure 6A). These results were supported by apoptotic
DNA-ladder formation in PEI600-SS-p53-treated cells com-
pared with that in PEI600-SS-BSA-treated cells (Figure 6B).

DISCUSSION

The living cell membrane poses a substantial hurdle for
exogenous protein to express its function inside cells. To
overcome this limitation, a variety of new methodologies to
deliver functional proteins into cells are being studied
actively. The new methodologies include “protein cation-
ization methods”. Methods using 8-35 amino-acid-long
peptides called “protein transduction domains” (PTDs) are
the most popular (29-35). PTDs derived from human
immunodeficiency virus-transactivator of transcription (HIV-
TAT) (30, 32), herpes simplex virus-structural protein VP22
(HSV-VP22) (31), and antennapedia (29) or synthetic PTDs
(33-35) are characterized by a high content of positively
charged arginine and lysine residues, which are potentially
important for association with the negatively charged cell-
surface membrane by electrostatic interaction followed by
internalization into cells by endocytosis (36, 37) or macro-
pinocytosis (38). Chemical cationization methods developed
by us (3-5) are also included in this category. A cationic
lipid-based carrier system (39), virus envelope vector (40),
and PEI-cationized carrier systems (5) have also been
proposed. Although these current protein transduction tech-
niques seem promising for laboratory investigations and
therapeutic applications, proteins to be delivered into cells
require sufficient solubility. Because denatured proteins are
hardly soluble in physiological aqueous solutions, detergents
or denaturants toxic for living cells are generally used to
solubilize them. In the present study, we showed that the
denatured form of the reversibly cationized p53 protein was
not only soluble in physiological solutions but also active
for transduction into living cells to express its functions inside
cells because of simultaneous folding. We call this protein
transduction method the “in-cell folding” technique. This
technique would be of great value especially when proteins
to be delivered into cells are not easily available as
biologically active conformations in vitro.

Because mutations in p53 are among the most common
genetic events in the development of human cancer (41),
many studies have been carried out to evaluate viral vector-
mediated p53 gene delivery for gene therapy (42). Ap-
proaches for protein transduction therapy using a PTD
peptide fused to folded p53 have also been carried out and
have been shown to be useful to inhibit the proliferation of
cancer cells (43-45). Although a protein transduction
method allows the protein to function in cells transiently,
PEI600-SS-p53 could induce p53-target genes only at 1 nM
(Figure 5E), suggesting that the method would be effective
at limited doses to inhibit cancer cell growth in therapeutic
applications.

In this study, we used APS-sulfonate and PEI600-SPDP
to cationize denatured p53 (Figure 1A). Both reagents possess
moieties with common characteristics, a SH-selective and
rapid modifying moiety (methanethiosulfonyl or dithiopyridyl
group) and a cationic side-chain moiety (amine or polyamine
group). Thus, in the reaction with these reagents, positive
charges were introduced into 10 cysteine residues (that is,
10 free SH groups) of p53 through the formation of mixed
disulfide bonds to give AP-SS-p53 or PEI600-SS-p53. As
shown in Figure 1C, AP-SS-p53 and PEI600-SS-p53 were
equivalent to reduced p53 in the SS-SH interchange reaction
under cytosolic redox conditions. In other words, denatured

FIGURE 6: Biological effects of introduced p53 on Saos-2 cells.
(A) Saos-2 cells were treated without additives (control, lane 1),
with 100 nM PEI600-SS-p53 (lane 2), or with PEI600-SS-BSA
(lane 3) for 6 h, and transcriptional activation of p53-dependent
apoptotic genes (p21/waf1, Bax, and GADD45) was examined by
Northern blot analysis. GAPDH was employed for normalization.
(B) DNA fragmentation in Saos-2 cells treated with PEI600-SS-
p53. After incubation of Saos-2 cells with 100 nM PEI600-SS-p53
or PEI600-SS-BSA for indicated periods, the respective DNAs were
extracted and analyzed by electrophoresis on a 2% agarose gel.
The gel was stained with ethidium bromide. M indicates molecular
markers (the left most lane).
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AP-SS-p53, PEI600-SS-p53, and reduced p53 have equiva-
lent folding abilities in the cytosol.

If charged residues at neutral pH are assumed to be only
Asp(-1), Glu(-1), Lys(+1), and Arg(+1) for simplicity,
the net charge of wild-type p53 is calculated to be-4. APS-
sulfonate and PEI600-SPDP can introduce positive charges
of +1 and+13.6, respectively, into every cysteine residue.
As mentioned above, PEI600-SS-p53 contained approxi-
mately six and four cysteine residues modified with PEI600-
SPDP and APS-sulfonate, respectively. Thus, net charges
of AP-SS-p53 and PEI600-SS-p53 were calculated to be+6
and+81.6, respectively. We previously showed that the net
positive charge of proteins correlated well with their ef-
ficiency in protein transduction (2, 3, 46). Consistent with
this previous observation, PEI600-SS-p53 seemed to be more
effective than AP-SS-p53 (Figures 3A and 5E).

Although various recombinant protein production systems
or in vitro translation systems are now available, there is no
guarantee that a large amount of biologically active products
will be yielded. However, denatured proteins can be easily
obtained as inclusion bodies in good yield if anE. coli
expression system is used. The results presented here
demonstrated the possibility of the “in-cell folding” tech-
nique; that is, reversibly cationized unfolded proteins could
internalize into living cells and simultaneously fold to
biologically active conformations. Because many newly
synthesized proteins in the cytosol require involvement of
complex cellular machinery such as chaperones and process-
ing enzymes as well as input of metabolic energy to reach
their native states (47) and because such machinery is not
easily utilized in vitro, the strategy of “in-cell folding” may
be reasonable in some cases. Thus, the “in-cell folding”
technique may greatly enhance the utility of a protein
expression system, yielding unfolded proteins such as hardly
soluble inclusion bodies when protein transduction into living
cells is attempted.
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