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Abstract

Protein transduction domains (PTDs) are peptides that afford the internalization of cargo macromolecules (including plasmid DNA, proteins,
liposomes, and nanoparticles). In the case of polycationic peptides, the efficiency of PTDs to promote cellular uptake is directly related to their
molecular mass or their polyvalent presentation. Similarly, the efficiency of routing to the nucleus increases with the number of nuclear
localization signals (NLS) associated with a cargo. The quantitative enhancement, however, depends on the identity of the PTD sequence as well
as the targeted cell type. Thus the choice and multivalent presentation of PTD and NLS sequences are important criteria guiding the design of
macromolecules intended for specific intracellular localization. This review outlines synthetic and recombinant strategies whereby PTDs and
signal sequences can be assembled into multivalent peptide dendrimers and promote the uptake and routing of their cargoes. In particular, the
tetramerization domain of the tumour suppressor p53 (p53tet) is emerging as a useful scaffold to present multiple routing and targeting moieties.
Short cationic peptides fused to the 31-residue long p53tet sequence resulted in tetramers displaying a significant enhancement (up to 1000 fold) in
terms of their ability to be imported into cells and delivered to the cell nucleus in relation to their monomeric analogues. The design of future
polycationic peptide dendrimers as effective delivering vehicles will need to incorporate selective cell targeting functions and provide solutions to
the issue of endosomal entrapment.
© 2005 Elsevier B.V. All rights reserved.
1. The concept of multivalency and its applications

Multivalency (or polyvalency) refers to the presence of mul-
tiple copies of a functional element within a single molecule. In
terms of receptor–ligand interactions, a multivalent ligand may
interact with a multivalent receptor or a cluster of monovalent
receptors [1]. Multivalent interactions are commonly observed
in biological systems; examples include viral and bacterial ad-
hesion to host cell surfaces, host cell–cell interactions, and
many aspects of the humoral immune response. A major advan-
tage conferred by multivalent interactions is the often dramatic
enhancement in avidity of a polyvalent ligand for its receptor
over the affinity of a monovalent counterpart [2,3]. More spe-
Abbreviations: Antp Drosophila, antennapedia homeodomain; NLS, nucle-
ar localization sequence; Np, nucleoplasmin; p53mono, monomeric form of
human p53 tetramerization domain (residues 325–355) harbouring a L334P
mutation; p53tet, human p53 tetramerization domain (residues 325–355); PTD,
protein transduction domain; scFv, single-chain antibody; Tat, HIV-1 transacti-
vator of transcription
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cifically, the display of several spacially proximal ligands within
a molecular scaffold results in a greatly increased local concen-
tration of recognition elements near a targeted receptor, a phe-
nomenon known as the chelate effect [1,4,5].

One of the earliest examples of multivalent interactions is
the oligomerization or duplication of a protein ligand such as an
Ig domain (exemplified by the structure of IgG and IgM) or a
lectin-binding motif (such as the binding subunits of cholera
toxin and Shiga toxin) [6]. This concept has recently been
exploited for the design of single-chain antibodies (scFv) oli-
gomers. Specifically, scFv's are genetically engineered anti-
body fragments built by linking the VH and VL chains of a
known antibody through a flexible linker to produce a single
polypeptide chain mimic of the original Fab domain [7]. Be-
cause of their small size (∼27 kDa) and the practical fact that
they are amenable to expression as recombinant proteins,
scFv's have become popular reagents for antibody-based ther-
apies [8]. However, their reduced mass and monovalency also
shorten their in vivo half-lives due to rapid renal clearance. By
fusing an oligomerization motif to the scFv domain, non-cova-
lent dimer (diabodies), trimers (triabodies) and tetramers
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Fig. 1. The importance of cationic peptide mass and PTD-to-cargo ratio in
enhancing the cellular uptake of macromolecules. (A) Linear relationship link-
ing an increase in molecular mass of poly-L-lysine (○), poly-D-lysine (▵) and
poly-L-ornithine (□) conjugated to radiolabelled human serum albumin to the
enhancement in cellular uptake of the resulting complex relative to radiolabelled
albumin alone (adapted from [20]). (B) Tat peptides were attached to the surface
of radiolabelled superparamagnetic iron oxide nanoparticles at various ratios
and its uptake expressed relative to the nanoparticle with the lowest Tat peptide/
nanoparticle ratio (redrawn from [29]).
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(tetrabodies) of scFv's have been developed which exhibit
increases in both in vivo half-lives, tumour uptake and resi-
dence time in tumours [9–13]. The use of oligomerization
domains to create multivalent scFv's is essentially reminiscent
of the multivalent architecture of IgG and IgM molecules.

Polyvalent scFv's represent but one example of a more
general phenomenon in which the multivalent display of a
targeting function on a macromolecule can lead to a quantita-
tive increase in localization of such constructs to cells. A
number of publications have described the relationship between
valency and avidity, mostly as it pertains to the design of
synthetic multivalent ligands for use as inhibitors and activators
[1,3,14]. Protein transduction domains (PTDs) and in particular
polycationic peptides have also been used to shuttle macromo-
lecules such as DNA, proteins and other cargoes across cellular
membranes. This review will highlight the importance of
valency effects in designing effective PTD-containing macro-
molecules and its impact in terms of cellular import with a
focus on polycationic cell-penetrating peptides. Examples of
covalent and non-covalent strategies for displaying multiple
copies of PTD peptides onto macromolecules will be discussed
in the context of enhancing the uptake of such conjugates by
cells. In this regard, short self-assembling peptides derived
from known oligomerization domains of proteins are emerging
as excellent scaffolds for generating defined protein-like con-
structs displaying multiple PTD domains. More precisely, we
report our recent progress in using the human p53 tetrameriza-
tion domain, in promoting the cellular uptake and nuclear
routing of cationic peptides.

1.1. A role for multivalency in transduction and transfection
mediated by polycationic PTDs

Polycationic peptide sequences such as polylysine, polyar-
ginine and polyornithine are known for their cell penetrating
properties [15–17]. From a historical perspective, Ryser had
demonstrated in 1965 that homopolymers of cationic amino
acids were able to facilitate the import of albumin into adherent
cell monolayers as well as cell suspensions [18,19]. More
importantly, the level of albumin import correlated directly
with the molecular size of the polycations (Fig. 1A) [20]. The
correlation further suggested that a minimal peptide mass of
500 to 900 Da, corresponding to 4 to 8 amino acids in length,
was necessary to effect albumin import [20]. This projection
was subsequently proven with the discovery that short arginine-
and lysine-rich peptides derived from the HIV-1 transactivator
of transcription domain (Tat peptide), the third helix of the
Drosophila Antennapedia homeodomain (Antp peptide), and
herpesvirus VP22 could facilitate protein transduction, DNA
transfection and the shuttling of other macromolecular cargoes
into eukaryotic cells in the context of in vitro and in vivo
experiments [21–23]. Although these peptides are at the low
end of peptide masses proposed by Ryser to cause cellular
uptake [18,20], they are surprisingly efficient at importing a
wide range of cargoes into cells. Multivalency may provide the
rationale for the observed effectiveness of PTD peptides. A role
for multivalency in enhancing the internalization property of
short cationic peptides was first demonstrated by Gariépy and
coworkers who showed that the assembly of pentalysine
sequences into a multivalent scaffold can mimic the enhance-
ment of cellular uptake observed by Ryser for much longer
cationic peptide polymers [24–28]. More recently, the level
of conjugation of HIV-1 Tat peptides to superparamagnetic
nanoparticles was shown to influence their cellular uptake by
mouse lymphocytes (Fig. 1B) [29]. Specifically, the coupling
of up to 15 Tat peptides linked per nanoparticle generated a
100-fold increase in relative uptake. Both Fig. 1A and B
indicate, in two distinct experiments, that a threshold value
must be reached before the level of cellular uptake becomes
linearly related to the mass of a polycationic peptide or to the
PTD-to-cargo ratio. The biphasic nature of the curve in Fig.
1B suggests that one mechanism of cellular uptake becomes
dominant when a threshold of PTD-to-particle (valency num-
ber) is reached.

1.2. Oligomerization of a cargo results in a multivalent display
of PTDs

An analysis of the published literature to date on the use of
short cationic PTD peptides provides many examples linking



Table 1
A representative list of multivalent PTD-based systems in the literature

Oligomerization
state

Cargoes PTDs References

Dimer β-galactosidase Tat [30–32]
Superoxide dismutase Tat [33,34]

Oligolysine (9) [35]
Caspase-3 Tat [36]
Thymidine kinase Tat [37]

HSV-1 VP22 [38,39]
Tetramer Ovalbumin Tat [40–42]

p53 HSV-1 VP22 [22]
Oligoarginine (11) [43,44]

Avidin/Streptavidin Tat [45]
Antp [46,47]

Catalase Tat [48,49]
Beta-glucuronidase Tat [50]

Hexamer Glutamate
dehydrogenase

Tat [51]

Octamer Rhodamine Loligomers [52]
CTL antigen Loligomers [26]

Oligomer p16(INK4a) Tat [53,54]
multivalent Antp [55]
complex Human Serum

Albumin
poly-L-lysine [18,20]

Liposome/lipid
envelope

Tat [56,57]

Antp [58,59]
Oligoarginine (8) [60]

Nanoparticles Tat [61–63]
DNA/plasmids Tat [64–66]

Antp [67]
Poly-L-lysine [68–70]
Oligolysines [71]
Loligomers [27]

Heparan Sulfate Tat [72]

Aggregated
Complex ⁎

Grb10 SH2 domain Antp [73]
BH4 domain of
Bcl-XL

Tat [74]

FNK, a Bcl-XL
derivative

Tat [75]

CRAC domain of
benzodiazepine
receptor

Tat [76]

Influenza matrix
protein epitope

Tat [77]

⁎ Peptide sequences evaluated using TANGO algorithm [78,79] to determine
the likelihood of α-helix and β-sheet driven aggregation.
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valency effects and the internalization efficiency of such short
peptides (Table 1). In many instances, it is the cargo itself that
affords the multivalent assembly of PTDs, when the cargo
naturally exists in an oligomeric state. For example, several
types of PTD sequences (Antp, VP22 and oligoarginine) have
been fused to human p53, a tumour suppressor containing a
tetramerization domain (Table 1). Proteases such as Cu,Zn-
superoxide dismutase, which form a highly stable dimer [80–
82], and β-galactosidase, a highly thermostable dimer at alka-
line pH [83–85], retain their quaternary structure even when
fused as cargoes to PTDs [83,84,86,87]. Avidin and streptavi-
din can present either four copies of PTDs when both entities
are engineered as fusion proteins [88,89] or up to four copies of
PTDs per avidin/streptavidin when these proteins are mixed
with biotinylated PTD peptides [90].

1.3. Self-aggregation, complexation and covalent attachment
lead to the macromolecular display of multiple PTD peptides

Aggregation, complexation, and coupling mechanisms have
either been observed or exploited to pair multiple PTD peptides
with a cargo such as plasmid DNA, liposomes or nanoparticles
[57,59,62,66]. Torchilin and Levchenko's groups have reported
the preparation of liposomes incorporating the PEGylated lipid
p-nitrophenylcarbonyl-PEG-phosphatidylethanolamine (pNP-
PEG-PE) as a strategy to attach Tat peptides through the p-
nitrophenylcarbonyl moieties on the liposome surface [57]. On
average, over 100 Tat peptides were presented on the surface of
each liposome [57]. In addition, these authors reported the
transfection of mouse fibroblasts as well as Lewis lung carci-
noma tumour cells in the mouse using Tat peptide-attached
liposome preparations containing only a small quantity (≤10
mol%) of cationic lipids (to further promote DNA condensa-
tion) [91,92]. In their study, Tseng et al. demonstrated that both
Tat and Antp peptides can enhance the efficiency of transloca-
tion of liposomes in proportion to the number of peptides
attached to the liposomal surface [59]. Their work also showed
that the observed enhancement in cellular uptake was depen-
dant on the PTD peptide used and the cell line being trans-
fected. Specifically, the addition of five Tat peptides/liposome
produced almost a 100-fold increase in liposome translocation,
while 50 Antp peptides/liposome were necessary to observe a
significant translocation enhancement in comparison to non-
conjugated liposomes. The dextran coat covering magnetic
nanoparticles has also be modified with Tat peptides to achieve
a high valency of approximately 20 peptides per nanoparticle
[29,93]. Such particles have been used to track hematopoietic
stem cells and antigen-specific T lymphocytes [62,94]. As in
the case of liposomes, the internalization efficiency of such
particles was proportional to the number of PTD peptides
conjugated to their surface [29].

Branched peptides containing eight PTD peptides have also
been useful in condensing DNA for cell transduction purposes
[27]. Specifically, plasmid DNA needed to be condensed and its
negative charges neutralized with cationic peptide dendrimers
in order to create DNA–peptide complexes capable of being
internalized by cells. For instance, Singh et al. showed that a
minimal weight ratio of 0.5 of a nucleus-directed polycationic
peptide dendrimer termed loligomer 4 was needed to abolish
the electrophoretic mobility of a condensed peptide/plasmid
complex [27]. For optimal transfection efficiency, the loligomer
4:plasmid ratio needed to be even higher (about 3) [27].

Finally, the multivalent presentation of PTD peptides may
also occur as a result of an aggregation event with their cargo
molecules. For instance, fusion constructs of Antp and Tat
PTDs with peptide/protein cargoes such as the Grb10 SH2
domain or the BH4 domain of Bcl-XL are predicted to form
molecular aggregates in solution by virtue of a stretch of 5 or
more amino acids in the cargo peptide sequences which dis-
plays a greater than 50% probability of undergoing β-strand
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driven aggregation, as predicted using the algorithm TANGO.
This algorithm calculates the propensity of peptide sequence
in forming secondary structure-based aggregates [78,79]
(Table 1).

In summary, the physical features of a cargo as well as the
methods of introducing PTD peptides onto a cargo can readily
lead to the assembly of conjugates or complexes presenting
multiple copies of a PTD peptide.

1.4. The rate of nuclear import is also dependent on the
number of nuclear localization sequences associated with a
cargo

Intracellular routing signals, in particular the SV40 large T-
antigen nuclear localization sequence (NLS), have been exten-
sively used to further relocate a fraction of imported molecules
to the nucleus of targeted cells in an effort to deliver agents
such as photosensitizers near nucleic acids [95].

Laskey and coworkers were the first investigators to dem-
onstrate the existence of a nuclear localization domain while
studying the protein nucleoplasmin (Np), an acidic protein
abundantly expressed in the Xenopus oocyte nucleus. Np is a
pentamer in which a bipartite NLS is incorporated in the C-
terminal tail domain of each Np monomer. Laskey's group
showed that microinjecting Np pentamers containing a single
NLS tail (instead of five) per unit into the cytoplasm of oocytes
was sufficient for transport of the protein into the oocyte nu-
cleus [96]. More importantly, the rate of accumulation of Np in
the cell nucleus depended on the number of NLS present per
pentamer [96]. Dworetzky et al. subsequently showed that the
relative nuclear uptake of gold nanoparticles coated with Np or
BSA conjugated with the SV40 large T-antigen NLS increases
with the number of NLS associated with such particles [97]. In
summary, the import and the routing of macromolecules to the
cell nucleus are events that can be enhanced through valency
effects. Incidentally, since NLS sequences are by their very
nature arginine- and lysine-rich peptides, they may also by
themselves serve as PTD domains.

1.5. Incorporating multivalency into the design of PTD-
containing vehicles

Both covalent and non-covalent approaches can be used to
design constructs or cargoes harbouring multiple copies of cell-
penetrating and intracellular routing peptides. The simplest but
least controlled approach is the covalent integration of PTD and
NLS sequences into protein or macromolecular scaffolds using
chemical crosslinkers to produce complexes with high peptide-
to-cargo ratios (high valency). Polylysine has been randomly
coupled to larger macromolecules (serum albumin) to create
macroscopic drug carriers [98].

Alternatively, polylysine chains have been assembled in a
systematic way onto branched lysine core peptides called loli-
gomers [26,27]. The term loligomer is derived from the Latin
root loligo referring to members of the squid family, thereby
emphasizing the branched or “squid-like” nature of these pep-
tides. Loligomers have been designed to contain eight SV40
large T-antigen NLS sequences as well as eight pentalysine
stretches acting as PTD sequences which allow such peptide
dendrimers to penetrate cells and relocate to their nucleus [52].
Loligomers also include a C-terminal arm to introduce reporter
groups into their structures [28]. These peptide dendrimers
typically outperform their linear, monomeric homologues (one
arm of the dendrimer incorporating the PTD and NLS
sequences) in terms of cellular uptake and nuclear localization
into CHO cells [52]. Loligomers harbouring antigenic epitopes
have also been shown to generate cytotoxic T-cell responses
[26]. Although the loligomer design is a significant improve-
ment from the linear presentation of cationic PTD sequences,
their assembly by solid-phase peptide synthesis places limits on
the size and homogeneity of the final constructs.

Recombinant approaches offer a defined, systematic ap-
proach to incorporate PTD and NLS peptides into fusion con-
structs. For example, protein constructs can be engineered to
integrate a linear series of routing peptides. As the size of such
peptides increases, the resulting constructs are expected to adopt
a tertiary structure (tertiary fold) that may interfere with the
presentation of individual domains. By introducing an oligomer-
ization domain within linear peptide constructs, peptide dendri-
mers can instead be created. This display strategy would guide
the folding on such peptides into known quaternary structures
(as dictated by the oligomerization domain) and permit the
equivalent exposure of multiple routing domains via several N-
and C-termini. As a prerequisite, these self-assembling domains
must be encoded by relatively short peptide sequences and must
create stable quaternary structures. Coil-coiled sequences (leu-
cine zipper; multiple of heptad sequences of 28 to 35 amino
acids in length) [99] and the p53 tetramerization domain (p53tet;
31 amino acids) represent established examples of oligomeriz-
ing sequences. The p53tet domain offers the advantage of form-
ing tetrameric peptide dendrimers that approximate the 8-branch
scaffold of loligomers (tetramers with 4 N- and 4 C-terminal
sites for introducing functional domains). In summary, the in-
corporation of a self-assembling domain into a linear peptide
sequence permits the use of standard recombinant approaches to
string together routing and functional domains in a modular
fashion. This modular approach to designing peptide dendrimers
as delivery vehicles represents a powerful approach for exploit-
ing the concept of valency in enhancing the delivery of cargoes
into cells and tissues.

1.6. Peptide dendrimers based on the non-covalent assembly of
peptides incorporating the p53 tetramerization domain

Peptide-based delivery vehicles can be assembled into den-
drimers by inserting the minimal tetramerization domain of
human tumour suppressor p53 within their sequence. This
tetramerization domain is a 31-amino acid long peptide repre-
senting residues 325 to 355 of human p53. It self-assembles
into a stable tetramer with a melting temperature near 80 °C
under physiological conditions [100]. The crystal and NMR
structures of p53tet indicate that residues 325–255 forms a
“dimer of dimers” in which each monomer adopts a β strand-
turn-α helix fold conformation [101] (Fig. 2A). In order to



Fig. 2. Ribbon representations of (A) the minimal p53 tetramerization domain (325–355) from coordinates derived by NMR spectroscopy (Protein Data Bank code:
1PES [101]) and (B) a deca-arginyl-p53tet fusion construct (10R-p53tet) where a sequence of 10 arginine residues was fused to the N-terminus of the minimal p53
tetramerization domain. This model was constructed from the Swiss PDB Viewer Molecule Builder and Energy Minimization functions.
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design peptide dendrimers that would exploit the valency
effects previously observed for loligomers, we have recently
constructed peptides (by synthetic or recombinant approaches)
in which PTDs as well as other functional motifs were directly
fused to either the C- or N-terminus of the p53 tetramerization
Fig. 3. Specific retention of fluorescein-labelled 10R-p53tet peptides localized to
the nucleus of CHO cells following the removal of peptides from the cell
medium. (A) Retention of either tetrameric (10R-p53tet, ▪) or monomeric
forms (10R-p53mono; L334P mutation [102], •) of fluorescein-labelled con-
structs peptides in CHO cells as measured by flow cytometry following the
removal of the peptides from the medium 6 h post incubation. Cells were
originally exposed to a 0.5-μM solution of one of the peptides in medium for
6 h and were subsequently incubated in peptide-free medium for an additional
18 h. (B and C) Superimposed phase-contrast and confocal images of viable
CHO cells taken 18 h post incubation (12 h after the removal of peptides from
the medium) suggest that most of the remaining fluorescein-labelled peptides
(green colour) have localized to the cell nucleus. 10R-p53tet and 10R-p53mono

peptides were not toxic to CHO cells even at doses up to 25 μM.
sequence. The resulting constructs were shown to self-assemble
into peptide dendrimers (tetramers). More specifically, we
have fused a deca-arginyl (10R), deca-lysyl (10K) or the
HIV-1 Tat sequence (GRKKRRQRRRAP; residues 48–60)
to the N-terminus of the p53tet domain. A ribbon model of
the structure of the deca-arginyl p53tet peptide is shown in
Fig. 2B. Peptides containing both the PTD sequences as well
as the NLS from the SV40 large T-antigen were also con-
structed. Monomeric versions (p53mono) of these tetrameric
peptide vehicles were generated by inserting a L334P muta-
tion within the p53 tetrameric domain [102]. Routing func-
tions such as the cellular uptake and nuclear localization of
the tetrameric constructs were shown to be dramatically en-
hanced with the resulting tetravalent peptides typically dis-
playing between 10- and 100-fold enhancement in cellular
import and intracellular routing properties in relation to their
monomeric analogues (Fig. 3A, first 6 h) [103]. These con-
structs were not toxic to cells. Flow cytometry results and
transfection assays indicated that tetravalent deca-arginyl pep-
tides (10R-p53tet and NLS-10R-p53tet) were the most effi-
ciently routed constructs into cells.

1.7. p53tet-based peptide dendrimers containing cationic PTDs
enter cells in a manner similar to PTDs linked to other cargoes

Mechanistic studies confirmed that deca-arginyl molecules
fused to a p53tet domain (10R-p53tet peptides) initially bind to
heparan sulfate carbohydrates on the cell surface and are inter-
nalized into eukaryotic cells via a clathrin-coated pit mediated
process [103]. Most of the imported peptides accumulate into
endosome-like vesicles. As shown in Fig. 3, when such peptides
were removed from the cell medium, most of the fluorescein-
labelled 10R-p53tet peptides eventually disappeared from the
cytosol with the exception of a significant fraction that had
relocated to the cell nucleus (Fig. 3B and C). Flow cytometry
data (Fig. 3A), however, indicate that the majority of the 10R-
p53tet peptides imported into cells were either degraded or
routed back to the extracellular space (exocytosis) without ever
reaching the cytosol. There is thus a need to develop strategies to
facilitate peptide escape from such vesicular compartments. pH
responsive peptides such as GALA have been shown to display
endosomolytic properties in vitro [104]. Polyhistidine
sequences, in view of their imidazole groups (pKa ∼6), may in
theory buffer the endosomal microenvironment in which the pH
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drops to 5. This buffering capacity would act as a “proton
sponge” that eventually may rupture the endosomal membrane
and allow peptide escape [105–108].

Other targeting functions must also be embedded into these
peptide dendrimers to increase their therapeutic potential. As an
example, delivery vehicles are needed to selectively target
cancer cells. Receptors for short peptide hormones such as
LHRH and somatostatin (octreotide) analogues are overex-
pressed on certain cancer cells [109–111] and as such, these
peptides could be fused to p53tet containing peptides. It is,
however, hoped that short peptides or small protein domains
derived from combinatorial peptide or protein library searches
may provide ligands with more selectivity for cancer cells
[112–114].

2. Summary

The multivalent presentation of PTDs and other routing
signals represents a powerful method for enhancing the cellular
uptake and nuclear localization of many cargo macromole-
cules. Multivalency can be achieved using the oligomeric
potential of the cargo macromolecule or by designing highly
functionalized peptide dendrimers using synthetic or recombi-
nant methods. The tetramerization domain of human p53 is a
useful scaffold that is amenable to recombinant manipulation
to present multiple equivalents of routing and targeting moi-
eties. p53tet-based constructs harbouring tetravalent oligoca-
tionic signals have been shown to efficiently enter cells and
localize to their nucleus relative to their monomeric homo-
logues. Future development of these delivery vehicles will
involve incorporating other functional moieties that limit
endosomal trapping and afford selectivity for molecular tar-
gets on cancer cells.

Acknowledgement

Financial assistance from the Canadian Breast Cancer Re-
search Alliance in association with the Canadian Cancer Soci-
ety is gratefully acknowledged.
References

[1] L.L. Kiessling, J.E. Gestwicki, L.E. Strong, Synthetic multivalent ligands
in the exploration of cell–surface interactions, Curr. Opin. Chem. Biol. 4
(2000) 696–703.

[2] Y.C. Lee, R.R. Townsend, M.R. Hardy, J. Lonngren, J. Arnarp,
M. Haraldsson, H. Lonn, Binding of synthetic oligosaccharides to
the hepatic Gal/GalNAc lectin. Dependence on fine structural features,
J. Biol. Chem. 258 (1983) 199–202.

[3] M. Mammen, S.-K. Choi, G.M. Whitesides, Polyvalent interactions in
biological systems: implications for design and use of multivalent ligands
and inhibitors, Angew. Chem., Int. Ed. 37 (1998) 2754–2794.

[4] M.I. Page, W.P. Jencks, Entropic contributions to rate accelerations in
enzymic and intramolecular reactions and the chelate effect, Proc. Natl.
Acad. Sci. U. S. A. 68 (1971) 1678–1683.

[5] G. Schwarzenbach, Der Chelateffekt, Helv. Chim. Acta 35 (1952)
2344–2363.

[6] D.M. Crothers, H. Metzger, The influence of polyvalency on the binding
properties of antibodies, Immunochemistry 9 (1972) 341–357.
[7] J.S. Huston, D. Levinson, M. Mudgett-Hunter, M.S. Tai, J. Novotny,
M.N. Margolies, R.J. Ridge, R.E. Bruccoleri, E. Haber, R. Crea, et al.,
Protein engineering of antibody binding sites: recovery of specific
activity in an anti-digoxin single-chain Fv analogue produced in
Escherichia coli, Proc. Natl. Acad. Sci. U. S. A. 85 (1988) 5879–5883.

[8] A. Huhalov, K.A. Chester, Engineered single chain antibody fragments
for radioimmunotherapy, Q. J. Nucl. Med. Mol. Imaging 48 (2004)
279–288.

[9] L. Borsi, E. Balza, M. Bestagno, P. Castellani, B. Carnemolla, A. Biro, A.
Leprini, J. Sepulveda, O. Burrone, D. Neri, L. Zardi, Selective targeting
of tumoral vasculature: comparison of different formats of an antibody
(L19) to the ED-B domain of fibronectin, Int. J. Cancer 102 (2002)
75–85.

[10] A. Goel, D. Colcher, J. Baranowska-Kortylewicz, S. Augustine, B.J.
Booth, G. Pavlinkova, S.K. Batra, Genetically engineered tetravalent
single-chain Fv of the pancarcinoma monoclonal antibody CC49:
improved biodistribution and potential for therapeutic application, Cancer
Res. 60 (2000) 6964–6971.

[11] S. Hu, L. Shively, A. Raubitschek, M. Sherman, L.E. Williams, J.Y.
Wong, J.E. Shively, A.M. Wu, Minibody: a novel engineered anti-
carcinoembryonic antigen antibody fragment (single-chain Fv-CH3)
which exhibits rapid, high-level targeting of xenografts, Cancer Res. 56
(1996) 3055–3061.

[12] M. Santimaria, G. Moscatelli, G.L. Viale, L. Giovannoni, G. Neri, F. Viti,
A. Leprini, L. Borsi, P. Castellani, L. Zardi, D. Neri, P. Riva,
Immunoscintigraphic detection of the ED-B domain of fibronectin, a
marker of angiogenesis, in patients with cancer, Clin. Cancer Res. 9
(2003) 571–579.

[13] J. Willuda, S. Kubetzko, R. Waibel, P.A. Schubiger, U. Zangemeister-
Wittke, A. Pluckthun, Tumor targeting of mono-, di-, and tetravalent anti-
p185(HER-2) miniantibodies multimerized by self-associating peptides,
J. Biol. Chem. 276 (2001) 14385–14392.

[14] P.I. Kitov, D.R. Bundle, On the nature of the multivalency effect: a
thermodynamic model, J. Am. Chem. Soc. 125 (2003) 16271–16284.

[15] W.J. Kollen, F.M. Schembri, G.J. Gerwig, J.F. Vliegenthart, M.C. Glick,
T.F. Scanlin, Enhanced efficiency of lactosylated poly-L-lysine-mediated
gene transfer into cystic fibrosis airway epithelial cells, Am. J. Respir.
Cell Mol. Biol. 20 (1999) 1081–1086.

[16] P. Midoux, C. Mendes, A. Legrand, J. Raimond, R. Mayer, M. Monsigny,
A.C. Roche, Specific gene transfer mediated by lactosylated poly-L-
lysine into hepatoma cells, Nucleic Acids Res. 21 (1993) 871–878.

[17] D.J. Mitchell, D.T. Kim, L. Steinman, C.G. Fathman, J.B. Rothbard,
Polyarginine enters cells more efficiently than other polycationic
homopolymers, J. Pept. Res. 56 (2000) 318–325.

[18] H.J. Ryser, R. Hancock, Histones and basic polyamino acids stimulate the
uptake of albumin by tumor cells in culture, Science 150 (1965) 501–503.

[19] H.J. Ryser, Uptake of protein by mammalian cells: an underdevel-
oped area. The penetration of foreign proteins into mammalian cells
can be measured and their functions explored, Science 159 (1968)
390–396.

[20] H.J. Ryser, A membrane effect of basic polymers dependent on molecular
size, Nature 215 (1967) 934–936.

[21] D. Derossi, A.H. Joliot, G. Chassaing, A. Prochiantz, The third helix of
the Antennapedia homeodomain translocates through biological mem-
branes, J. Biol. Chem. 269 (1994) 10444–10450.

[22] A. Phelan, G. Elliott, P. O'Hare, Intercellular delivery of functional p53
by the herpesvirus protein VP22, Nat. Biotechnol. 16 (1998) 440–443.

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

[24] S.K. Bisland, D. Singh, J. Gariepy, Potentiation of chlorin e6
photodynamic activity in vitro with peptide-based intracellular vehicles,
Bioconjug. Chem. 10 (1999) 982–992.

[25] J. Gariepy, K. Kawamura, Vectorial delivery of macromolecules into cells
using peptide-based vehicles, Trends Biotechnol. 19 (2001) 21–28.

[26] K.S. Kawamura, R.C. Su, L.T. Nguyen, A.R. Elford, P.S. Ohashi, J.
Gariepy, In vivo generation of cytotoxic T cells from epitopes displayed
on peptide-based delivery vehicles, J. Immunol. 168 (2002) 5709–5715.



361M. Sung et al. / Biochimica et Biophysica Acta 1758 (2006) 355–363
[27] D. Singh, S.K. Bisland, K. Kawamura, J. Gariepy, Peptide-based
intracellular shuttle able to facilitate gene transfer in mammalian cells,
Bioconjug. Chem. 10 (1999) 745–754.

[28] D. Singh, R. Kiarash, K. Kawamura, E.C. LaCasse, J. Gariepy,
Penetration and intracellular routing of nucleus-directed peptide-based
shuttles (loligomers) in eukaryotic cells, Biochemistry 37 (1998)
5798–5809.

[29] M. Zhao, M.F. Kircher, L. Josephson, R. Weissleder, Differential
conjugation of tat peptide to superparamagnetic nanoparticles and its
effect on cellular uptake, Bioconjug. Chem. 13 (2002) 840–844.

[30] T. Barka, E.W. Gresik, H. van Der Noen, Transduction of TAT-HA-
beta-galactosidase fusion protein into salivary gland-derived cells
and organ cultures of the developing gland, and into rat
submandibular gland in vivo, J. Histochem. Cytochem. 48 (2000)
1453–1460.

[31] S. Fawell, J. Seery, Y. Daikh, C. Moore, L.L. Chen, B. Pepinsky, J.
Barsoum, Tat-mediated delivery of heterologous proteins into cells, Proc.
Natl. Acad. Sci. U. S. A. 91 (1994) 664–668.

[32] S.R. Schwarze, A. Ho, A. Vocero-Akbani, S.F. Dowdy, In vivo protein
transduction: delivery of a biologically active protein into the mouse,
Science 285 (1999) 1569–1572.

[33] W.S. Eum, I.S. Choung, A.Y. Kim, Y.J. Lee, J.H. Kang, J. Park, K.S. Lee,
H.Y. Kwon, S.Y. Choi, Transduction efficacy of Tat-Cu,Zn-superoxide
dismutase is enhanced by copper ion recovery of the fusion protein, Mol.
Cells 13 (2002) 334–340.

[34] H.Y. Kwon,W.S. Eum, H.W. Jang, J.H. Kang, J. Ryu, B. Ryong Lee, L.H.
Jin, J. Park, S.Y. Choi, Transduction of Cu,Zn-superoxide dismutase
mediated by an HIV-1 Tat protein basic domain into mammalian cells,
FEBS Lett. 485 (2000) 163–167.

[35] J. Park, J. Ryu, L.H. Jin, J.H. Bahn, J.A. Kim, C.S. Yoon, D.W. Kim, K.
H. Han, W.S. Eum, H.Y. Kwon, T.C. Kang, M.H. Won, J.H. Kang, S.W.
Cho, S.Y. Choi, 9-polylysine protein transduction domain: enhanced
penetration efficiency of superoxide dismutase into mammalian cells and
skin, Mol. Cells 13 (2002) 202–208.

[36] H. Harada, M. Hiraoka, S. Kizaka-Kondoh, Antitumor effect of TAT-
oxygen-dependent degradation-caspase-3 fusion protein specifically
stabilized and activated in hypoxic tumor cells, Cancer Res. 62 (2002)
2013–2018.

[37] E. Tasciotti, M. Zoppe, M. Giacca, Transcellular transfer of active HSV-1
thymidine kinase mediated by an 11-amino-acid peptide from HIV-1 Tat,
Cancer Gene Ther. 10 (2003) 64–74.

[38] M.S. Dilber, A. Phelan, A. Aints, A.J. Mohamed, G. Elliott, C.I. Smith, P.
O'Hare, Intercellular delivery of thymidine kinase prodrug activating
enzyme by the herpes simplex virus protein, VP22, Gene Ther. 6 (1999)
12–21.

[39] C.S. Liu, B. Kong, H.H. Xia, K.A. Ellem, M.Q. Wei, VP22 enhanced
intercellular trafficking of HSV thymidine kinase reduced the level of
ganciclovir needed to cause suicide cell death, J. Gene Med. 3 (2001)
145–152.

[40] D.T. Kim, D.J. Mitchell, D.G. Brockstedt, L. Fong, G.P. Nolan, C.G.
Fathman, E.G. Engleman, J.B. Rothbard, Introduction of soluble
proteins into the MHC class I pathway by conjugation to an HIV tat
peptide, J. Immunol. 159 (1997) 1666–1668.

[41] P. Moy, Y. Daikh, B. Pepinsky, D. Thomas, S. Fawell, J. Barsoum, Tat-
mediated protein delivery can facilitate MHC class I presentation of
antigens, Mol. Biotechnol. 6 (1996) 105–113.

[42] N. Shibagaki, M.C. Udey, Dendritic cells transduced with protein
antigens induce cytotoxic lymphocytes and elicit antitumor immunity,
J. Immunol. 168 (2002) 2393–2401.

[43] M. Matsushita, H. Noguchi, Y.F. Lu, K. Tomizawa, H. Michiue, S.T. Li,
K. Hirose, S. Bonner-Weir, H. Matsui, Photo-acceleration of protein
release from endosome in the protein transduction system, FEBS Lett.
572 (2004) 221–226.

[44] H. Michiue, K. Tomizawa, F.Y. Wei, M. Matsushita, Y.F. Lu, T. Ichikawa,
T. Tamiya, I. Date, H. Matsui, The NH2 terminus of influenza virus
hemagglutinin-2 subunit peptides enhances the antitumor potency of
polyarginine-mediated p53 protein transduction, J. Biol. Chem. 280
(2005) 8285–8289.
[45] B. Albarran, R. To, P.S. Stayton, ATAT-streptavidin fusion protein directs
uptake of biotinylated cargo into mammalian cells, Protein Eng. Des. Sel.
18 (2005) 147–152.

[46] K. Kilk, M. Magzoub, M. Pooga, L.E. Eriksson, U. Langel, A. Graslund,
Cellular internalization of a cargo complex with a novel peptide derived
from the third helix of the islet-1 homeodomain. Comparison with the
penetratin peptide, Bioconjug. Chem. 12 (2001) 911–916.

[47] Z. Mi, J. Mai, X. Lu, P.D. Robbins, Characterization of a class of cationic
peptides able to facilitate efficient protein transduction in vitro and in
vivo, Mol. Ther. 2 (2000) 339–347.

[48] L.H. Jin, J.H. Bahn, W.S. Eum, H.Y. Kwon, S.H. Jang, K.H. Han, T.C.
Kang, M.H. Won, J.H. Kang, S.W. Cho, J. Park, S.Y. Choi, Transduction
of human catalase mediated by an HIV-1 TAT protein basic domain and
arginine-rich peptides into mammalian cells, Free Radic. Biol. Med. 31
(2001) 1509–1519.

[49] N. Watanabe, T. Iwamoto, K.D. Bowen, D.A. Dickinson, M. Torres,
H.J. Forman, Bio-effectiveness of Tat-catalase conjugate: a potential
tool for the identification of H2O2-dependent cellular signal trans-
duction pathways, Biochem. Biophys. Res. Commun. 303 (2003)
287–293.

[50] K.O. Orii, J.H. Grubb, C. Vogler, B. Levy, Y. Tan, K. Markova, B.L.
Davidson, Q. Mao, T. Orii, N. Kondo, W.S. Sly, Defining the pathway for
Tat-mediated delivery of beta-glucuronidase in cultured cells and MPS
VII mice, Mol. Ther. 12 (2005) 345–352.

[51] H.Y. Yoon, S.H. Lee, S.W. Cho, J.E. Lee, C.S. Yoon, J. Park, T.U. Kim,
S.Y. Choi, TAT-mediated delivery of human glutamate dehydrogenase
into PC12 cells, Neurochem. Int. 41 (2002) 37–42.

[52] K. Sheldon, D. Liu, J. Ferguson, J. Gariepy, Loligomers: design of de
novo peptide-based intracellular vehicles, Proc. Natl. Acad. Sci. U. S. A.
92 (1995) 2056–2060.

[53] S.A. Ezhevsky, H. Nagahara, A.M. Vocero-Akbani, D.R. Gius, M.C. Wei,
S.F. Dowdy, Hypo-phosphorylation of the retinoblastoma protein (pRb)
by cyclin D:Cdk4/6 complexes results in active pRb, Proc. Natl. Acad.
Sci. U. S. A. 94 (1997) 10699–10704.

[54] N.C. Lea, S.J. Orr, K. Stoeber, G.H. Williams, E.W. Lam, M.A.
Ibrahim, G.J. Mufti, N.S. Thomas, Commitment point during G0→G1
that controls entry into the cell cycle, Mol. Cell. Biol. 23 (2003)
2351–2361.

[55] D. Kato, K. Miyazawa, M. Ruas, M. Starborg, I. Wada, T. Oka, T. Sakai,
G. Peters, E. Hara, Features of replicative senescence induced by direct
addition of antennapedia-p16INK4A fusion protein to human diploid
fibroblasts, FEBS Lett. 427 (1998) 203–208.

[56] M.M. Fretz, G.A. Koning, E. Mastrobattista, W. Jiskoot, G. Storm,
OVCAR-3 cells internalize TAT-peptide modified liposomes by endocy-
tosis, Biochim. Biophys. Acta 1665 (2004) 48–56.

[57] V.P. Torchilin, R. Rammohan, V. Weissig, T.S. Levchenko, TAT peptide
on the surface of liposomes affords their efficient intracellular delivery
even at low temperature and in the presence of metabolic inhibitors, Proc.
Natl. Acad. Sci. U. S. A. 98 (2001) 8786–8791.

[58] S. Console, C. Marty, C. Garcia-Echeverria, R. Schwendener, K.
Ballmer-Hofer, Antennapedia and HIV transactivator of transcription
(TAT) “protein transduction domains” promote endocytosis of high
molecular weight cargo upon binding to cell surface glycosaminoglycans,
J. Biol. Chem. 278 (2003) 35109–35114.

[59] Y.L. Tseng, J.J. Liu, R.L. Hong, Translocation of liposomes into cancer
cells by cell-penetrating peptides penetratin and tat: a kinetic and efficacy
study, Mol. Pharmacol. 62 (2002) 864–872.

[60] R. Moriguchi, K. Kogure, H. Akita, S. Futaki, M. Miyagishi, K. Taira, H.
Harashima, A multifunctional envelope-type nano device for novel gene
delivery of siRNA plasmids, Int. J. Pharm. 301 (2005) 277–285.

[61] R. Bhorade, R. Weissleder, T. Nakakoshi, A. Moore, C.H. Tung,
Macrocyclic chelators with paramagnetic cations are internalized into
mammalian cells via a HIV-tat derived membrane translocation peptide,
Bioconjug. Chem. 11 (2000) 301–305.

[62] M. Lewin, N. Carlesso, C.H. Tung, X.W. Tang, D. Cory, D.T. Scadden, R.
Weissleder, Tat peptide-derivatized magnetic nanoparticles allow in vivo
tracking and recovery of progenitor cells, Nat. Biotechnol. 18 (2000)
410–414.



362 M. Sung et al. / Biochimica et Biophysica Acta 1758 (2006) 355–363
[63] P. Wunderbaldinger, L. Josephson, R. Weissleder, Tat peptide directs
enhanced clearance and hepatic permeability of magnetic nanoparticles,
Bioconjug. Chem. 13 (2002) 264–268.

[64] I. Hellgren, J. Gorman, C. Sylven, Factors controlling the efficiency of
Tat-mediated plasmid DNA transfer, J. Drug Target. 12 (2004) 39–47.

[65] M. Nakanishi, A. Eguchi, T. Akuta, E. Nagoshi, S. Fujita, J. Okabe, T.
Senda, M. Hasegawa, Basic peptides as functional components of non-
viral gene transfer vehicles, Curr. Protein Pept. Sci. 4 (2003) 141–150.

[66] C. Rudolph, C. Plank, J. Lausier, U. Schillinger, R.H. Muller, J.
Rosenecker, Oligomers of the arginine-rich motif of the HIV-1 TAT
protein are capable of transferring plasmid DNA into cells, J. Biol. Chem.
278 (2003) 11411–11418.

[67] J. Ou, T. Geiger, Z. Ou, A.W. Ackerman, K.T. Oldham, K.A. Pritchard Jr.,
AP-4F, antennapedia peptide linked to an amphipathic alpha helical
peptide, increases the efficiency of lipofectamine-mediated gene
transfection in endothelial cells, Biochem. Biophys. Res. Commun. 305
(2003) 605–610.

[68] T. Sarkar, C.C. Conwell, L.C. Harvey, C.T. Santai, N.V. Hud,
Condensation of oligonucleotides assembled into nicked and gapped
duplexes: potential structures for oligonucleotide delivery, Nucleic Acids
Res. 33 (2005) 143–151.

[69] B.A. Sosnowski, A.M. Gonzalez, L.A. Chandler, Y.J. Buechler, G.F.
Pierce, A. Baird, Targeting DNA to cells with basic fibroblast growth
factor (FGF2), J. Biol. Chem. 271 (1996) 33647–33653.

[70] C.H. Wu, J.M. Wilson, G.Y. Wu, Targeting genes: delivery and persistent
expression of a foreign gene driven by mammalian regulatory elements in
vivo, J. Biol. Chem. 264 (1989) 16985–16987.

[71] J.T. Sparrow, V.V. Edwards, C. Tung, M.J. Logan, M.S. Wadhwa, J.
Duguid, L.C. Smith, Synthetic peptide-based DNA complexes for
nonviral gene delivery, Adv. Drug Deliv. Rev. 30 (1998) 115–131.

[72] S. Sandgren, F. Cheng, M. Belting, Nuclear targeting of macromolecular
polyanions by an HIV-Tat derived peptide. Role for cell–surface
proteoglycans, J. Biol. Chem. 277 (2002) 38877–38883.

[73] J. Wang, H. Dai, N. Yousaf, M. Moussaif, Y. Deng, A. Boufelliga, O.R.
Swamy, M.E. Leone, H. Riedel, Grb10, a positive, stimulatory signaling
adapter in platelet-derived growth factor BB-, insulin-like growth factor
I-, and insulin-mediated mitogenesis, Mol. Cell. Biol. 19 (1999)
6217–6228.

[74] M. Chen, D.J. Won, S. Krajewski, R.A. Gottlieb, Calpain and
mitochondria in ischemia/reperfusion injury, J. Biol. Chem. 277 (2002)
29181–29186.

[75] S. Asoh, I. Ohsawa, T. Mori, K. Katsura, T. Hiraide, Y. Katayama, M.
Kimura, D. Ozaki, K. Yamagata, S. Ohta, Protection against ischemic
brain injury by protein therapeutics, Proc. Natl. Acad. Sci. U. S. A. 99
(2002) 17107–17112.

[76] H. Li, Z. Yao, B. Degenhardt, G. Teper, V. Papadopoulos, Cholesterol
binding at the cholesterol recognition/ interaction amino acid consensus
(CRAC) of the peripheral-type benzodiazepine receptor and inhibition
of steroidogenesis by an HIV TAT-CRAC peptide, Proc. Natl. Acad.
Sci. U. S. A. 98 (2001) 1267–1272.

[77] Y. Tanaka, S.F. Dowdy, D.C. Linehan, T.J. Eberlein, P.S. Goedegebuure,
Induction of antigen-specific CTL by recombinant HIV trans-
activating fusion protein-pulsed human monocyte-derived dendritic
cells, J. Immunol. 170 (2003) 1291–1298.

[78] A.M. Fernandez-Escamilla, F. Rousseau, J. Schymkowitz, L. Serrano,
Prediction of sequence-dependent and mutational effects on the
aggregation of peptides and proteins, Nat. Biotechnol. 22 (2004)
1302–1306.

[79] R. Linding, J. Schymkowitz, F. Rousseau, F. Diella, L. Serrano, A
comparative study of the relationship between protein structure and beta-
aggregation in globular and intrinsically disordered proteins, J. Mol. Biol.
342 (2004) 345–353.

[80] J.R. Lepock, L.D. Arnold, B.H. Torrie, B. Andrews, J. Kruuv, Structural
analyses of various Cu2+, Zn2+-superoxide dismutases by differential
scanning calorimetry and Raman spectroscopy, Arch. Biochem. Biophys.
241 (1985) 243–251.

[81] H. Oneda, K. Inouye, Effect of nitration on the activity of bovine
erythrocyte Cu,Zn-superoxide dismutase (BESOD) and a kinetic analysis
of its dimerization-dissociation reaction as examined by subunit exchange
between the native and nitrated BESODs, J. Biochem. (Tokyo) 134
(2003) 683–690.

[82] J.A. Roe, A. Butler, D.M. Scholler, J.S. Valentine, L. Marky, K.J.
Breslauer, Differential scanning calorimetry of Cu,Zn-superoxide
dismutase, the apoprotein, and its zinc-substituted derivatives, Biochem-
istry 27 (1988) 950–958.

[83] R.A. Edwards, R.E. Huber, Surface denaturation of proteins: the thermal
inactivation of beta-galactosidase (Escherichia coli) on wall-liquid
surfaces, Biochem. Cell. Biol. 70 (1992) 63–69.

[84] R.A. Edwards, A.L. Jacobson, R.E. Huber, Thermal denaturation of beta-
galactosidase and of two site-specific mutants, Biochemistry 29 (1990)
11001–11008.

[85] S. Tomino, M. Meisler, Biochemical and immunological studies of
purified mouse beta-galactosidase, J. Biol. Chem. 250 (1975)
7752–7758.

[86] L. Banci, M. Benedetto, I. Bertini, R. Del Conte, M. Piccioli, M.S.
Viezzoli, Solution structure of reduced monomeric Q133M2 copper, zinc
superoxide dismutase (SOD). Why is SOD a dimeric enzyme?
Biochemistry 37 (1998) 11780–11791.

[87] I. Bertini, M. Piccioli, M.S. Viezzoli, C.Y. Chiu, G.T. Mullenbach, A
spectroscopic characterization of a monomeric analog of copper, zinc
superoxide dismutase, Eur. Biophys. J. 23 (1994) 167–176.

[88] M. Gonzalez, L.A. Bagatolli, I. Echabe, J.L. Arrondo, C.E. Argarana, C.
R. Cantor, G.D. Fidelio, Interaction of biotin with streptavidin.
Thermostability and conformational changes upon binding, J. Biol.
Chem. 272 (1997) 11288–11294.

[89] M.J. Waner, I. Navrotskaya, A. Bain, E.D. Oldham, D.P. Mascotti,
Thermal and sodium dodecylsulfate induced transitions of streptavidin,
Biophys. J. 87 (2004) 2701–2713.

[90] C.M. Niemeyer, M. Adler, B. Pignataro, S. Lenhert, S. Gao, L. Chi, H.
Fuchs, D. Blohm, Self-assembly of DNA–streptavidin nanostructures
and their use as reagents in immuno-PCR, Nucleic Acids Res. 27 (1999)
4553–4561.

[91] V.P. Torchilin, TAT peptide-modified liposomes for intracellular delivery
of drugs and DNA, Cell. Mol. Biol. Lett. 7 (2002) 265–267.

[92] V.P. Torchilin, T.S. Levchenko, R. Rammohan, N. Volodina, B.
Papahadjopoulos-Sternberg, G.G. D'Souza, Cell transfection in vitro
and in vivo with nontoxic TAT peptide–liposome–DNA complexes,
Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 1972–1977.

[93] A.M. Koch, F. Reynolds, H.P. Merkle, R. Weissleder, L. Josephson,
Transport of surface-modified nanoparticles through cell monolayers,
Chembiochemistry 6 (2005) 337–345.

[94] M.F. Kircher, J.R. Allport, E.E. Graves, V. Love, L. Josephson, A.H.
Lichtman, R. Weissleder, In vivo high resolution three-dimensional
imaging of antigen-specific cytotoxic T-lymphocyte trafficking to tumors,
Cancer Res. 63 (2003) 6838–6846.

[95] D.S. Goldfarb, J. Gariepy, G. Schoolnik, R.D. Kornberg, Synthetic
peptides as nuclear localization signals, Nature 322 (1986) 641–644.

[96] C. Dingwall, S.V. Sharnick, R.A. Laskey, A polypeptide domain that
specifies migration of nucleoplasmin into the nucleus, Cell 30 (1982)
449–458.

[97] S.I. Dworetzky, R.E. Lanford, C.M. Feldherr, The effects of variations in
the number and sequence of targeting signals on nuclear uptake, J. Cell
Biol. 107 (1988) 1279–1287.

[98] T.V. Akhlynina, D.A. Jans, A.A. Rosenkranz, N.V. Statsyuk, I.Y.
Balashova, G. Toth, I. Pavo, A.B. Rubin, A.S. Sobolev, Nuclear targeting
of chlorin e6 enhances its photosensitizing activity, J. Biol. Chem. 272
(1997) 20328–20331.

[99] J.R. Litowski, R.S. Hodges, Designing heterodimeric two-stranded alpha-
helical coiled-coils: the effect of chain length on protein folding, stability
and specificity, J. Pept. Res. 58 (2001) 477–492.

[100] C.R. Johnson, P.E. Morin, C.H. Arrowsmith, E. Freire, Thermodynamic
analysis of the structural stability of the tetrameric oligomerization
domain of p53 tumor suppressor, Biochemistry 34 (1995) 5309–5316.

[101] W. Lee, T.S. Harvey, Y. Yin, P. Yau, D. Litchfield, C.H. Arrowsmith,
Solution structure of the tetrameric minimum transforming domain of
p53, Nat. Struct. Biol. 1 (1994) 877–890.



363M. Sung et al. / Biochimica et Biophysica Acta 1758 (2006) 355–363
[102] T.S. Davison, P. Yin, E. Nie, C. Kay, C.H. Arrowsmith, Characterization
of the oligomerization defects of two p53 mutants found in families with
Li–Fraumeni and Li–Fraumeni-like syndrome, Oncogene 17 (1998)
651–656.

[103] K.S. Kawamura, M. Sung, E. Bolewska-Pedyczak, J. Gariépy, Probing
the impact of valency on the routing of arginine-rich peptides into
eukaryotic cells, Biochemistry (in press).

[104] W. Li, F. Nicol, F.C. Szoka Jr., GALA: a designed synthetic pH-
responsive amphipathic peptide with applications in drug and gene
delivery, Adv. Drug Deliv. Rev. 56 (2004) 967–985.

[105] M. Bello Roufai, P. Midoux, Histidylated polylysine as DNA vector:
elevation of the imidazole protonation and reduced cellular uptake
without change in the polyfection efficiency of serum stabilized negative
polyplexes, Bioconjug. Chem. 12 (2001) 92–99.

[106] O. Boussif, F. Lezoualc'h, M.A. Zanta, M.D. Mergny, D. Scherman, B.
Demeneix, J.P. Behr, A versatile vector for gene and oligonucleotide
transfer into cells in culture and in vivo: polyethylenimine, Proc. Natl.
Acad. Sci. U. S. A. 92 (1995) 7297–7301.

[107] D. Putnam, C.A. Gentry, D.W. Pack, R. Langer, Polymer-based gene
delivery with low cytotoxicity by a unique balance of side-chain termini,
Proc. Natl. Acad. Sci. U. S. A. 98 (2001) 1200–1205.

[108] R.S. Singh, C. Goncalves, P. Sandrin, C. Pichon, P. Midoux, A.
Chaudhuri, On the gene delivery efficacies of pH-sensitive cationic lipids
via endosomal protonation: a chemical biology investigation, Chem.
Biol. 11 (2004) 713–723.

[109] A.V. Schally, A. Nagy, New approaches to treatment of various cancers
based on cytotoxic analogs of LHRH, somatostatin and bombesin, Life
Sci. 72 (2003) 2305–2320.

[110] A.V. Schally, A. Nagy, Chemotherapy targeted to cancers through tumoral
hormone receptors, Trends Endocrinol. Metab. 15 (2004) 300–310.

[111] A.V. Schally, K. Szepeshazi, A. Nagy, A.M. Comaru-Schally, G. Halmos,
New approaches to therapy of cancers of the stomach, colon and pancreas
based on peptide analogs, Cell. Mol. Life Sci. 61 (2004) 1042–1068.

[112] W. Arap, R. Pasqualini, E. Ruoslahti, Cancer treatment by targeted drug
delivery to tumor vasculature in a mouse model, Science 279 (1998)
377–380.

[113] M. Essler, E. Ruoslahti, Molecular specialization of breast vasculature:
a breast-homing phage-displayed peptide binds to aminopeptidase P in
breast vasculature, Proc. Natl. Acad. Sci. U. S. A. 99 (2002)
2252–2257.

[114] E. Koivunen, W. Arap, H. Valtanen, A. Rainisalo, O.P. Medina, P.
Heikkila, C. Kantor, C.G. Gahmberg, T. Salo, Y.T. Konttinen, T. Sorsa, E.
Ruoslahti, R. Pasqualini, Tumor targeting with a selective gelatinase
inhibitor, Nat. Biotechnol. 17 (1999) 768–774.


	The importance of valency in enhancing the import and cell routing �potential of protein transd.....
	The concept of multivalency and its applications
	A role for multivalency in transduction and transfection mediated by polycationic PTDs
	Oligomerization of a cargo results in a multivalent display of PTDs
	Self-aggregation, complexation and covalent attachment lead to the macromolecular display of mu.....
	The rate of nuclear import is also dependent on the number of nuclear localization sequences as.....
	Incorporating multivalency into the design of PTD-containing vehicles
	Peptide dendrimers based on the non-covalent assembly of peptides incorporating the p53 tetrame.....
	p53tet-based peptide dendrimers containing cationic PTDs enter cells in a manner similar to PTD.....

	Summary
	Acknowledgement
	References


