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Inhibition of Mitochondrial Neural Cell Death Pathways
by Protein Transduction of Bcl-2 Family Proteins

Lucian Soane1 and Gary Fiskum1,2

Bcl-2 and other closely related members of the Bcl-2 family of proteins inhibit the death of neu-
rons and many other cells in response to a wide variety of pathogenic stimuli. Bcl-2 inhibition of
apoptosis is mediated by its binding to pro-apoptotic proteins, e.g., Bax and tBid, inhibition of their
oligomerization, and thus inhibition of mitochondrial outer membrane pore formation, through which
other pro-apoptotic proteins, e.g., cytochrome c, are released to the cytosol. Bcl-2 also exhibits an
indirect antioxidant activity caused by a sub-toxic elevation of mitochondrial production of reactive
oxygen species and a compensatory increase in expression of antioxidant gene products. While clas-
sic approaches to cytoprotection based on Bcl-2 family gene delivery have significant limitations,
cellular protein transduction represents a new and exciting approach utilizing peptides and proteins
as drugs with intracellular targets. The mechanism by which proteins with transduction domains are
taken up by cells and delivered to their targets is controversial but usually involves endocytosis. The
effectiveness of transduced proteins may therefore be limited by their release from endosomes into
the cytosol.
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Bcl-2 AND NEUROPROTECTION

BCL-2 is a 26 kDa protein that protects many dif-
ferent types of cells from death caused by a wide va-
riety of insults. Although generally described as an anti-
apoptotic protein, we and other investigators find it to also
be effective against rapid, necrotic cell death, including
that associated with in vitro ischemia (chemical hypoxia
plus glucose deprivation) (Myers et al., 1995; Kane et al.,
1995). Bcl-2 is a membrane protein located at mitochon-
dria, the endoplasmic reticulum and the nuclear envelope.
Bcl-2 is expressed at low basal levels in neurons in the
adult brain (Merry and Korsmeyer, 1997), but is induced
in many neurons following ischemia (Chen et al., 1995),
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and is elevated in aged animals (Kaufmann et al., 2001).
Upregulation of Bcl-2 following brief, sublethal cerebral
ischemia increases the resistance of neurons to a subse-
quent longer period of ischemia (Shimizu et al., 2001).
In addition, Bcl-2 overexpression in neurons ameliorates
cerebral ischemic injury (Martinou et al., 1994). Bcl-2
gene deletion (Hata et al., 1999) or antisense treatment
increases brain damage following ischemia/reperfusion
(Chen et al., 2000). Studies demonstrating that delivery
of the bcl-2 gene to the brain via Adenoviral or Herpes
virus vectors, or by liposome-mediated transfer, reduces
the severity of ischemic injury suggest that Bcl-2 could
be used therapeutically (Shimazaki et al., 2000; Linnik
et al., 1995).

Abbreviations: Antp, Antennapedia; Bcl, B-cell lymphoma; BH do-
main, Bcl-2 homology domain; CPP, cell penetrating peptide; ER,
endoplasmic reticulum; HIV, human immunodeficiency virus; HS,
heparan sulfate; HSPG, heparan sulfate proteoglycan; PTD, protein
transduction domain; STS, staurosporine; TAT, transactivator of tran-
scription

179
0091-0627/05/0600-0179/0 C© 2005 Springer Science+Business Media, Inc.



180 Soane and Fiskum

Mitochondrial Mechanisms of Action of
Anti-Apoptotic Bcl-2 Family Proteins

Murphy et al. (1996a, 1996b) were the first to report
a direct effect of Bcl-2 on mitochondrial function, namely
that overexpression increases mitochondrial Ca2+ buffer-
ing capacity and protects against Ca2+-induced mito-
chondrial respiratory dysfunction (Murphy et al., 1996a).
These observations were extended to demonstrate protec-
tion by Bcl-2 against cell death caused by elevated intra-
cellular Ca2+ (Murphy and Fiskum, 1999). Kowaltowski
and Fiskum then demonstrated inhibition by Bcl-2 of
the mitochondrial inner membrane permeability transi-
tion (MPT) induced by Ca2+ together with oxidative
stress elicited by the addition of hydroperoxides (Kowal-
towski et al., 2000). The MPT results in uncoupling of
oxidative phosphorylation, mitochondrial swelling, and
release of cytochrome c through the disrupted outer mem-
brane. Bcl-2 inhibits the MPT through its influence over
NAD(P)H and glutathione redox state as it is not effective
when the MPT is activated by direct chemical oxidation of
protein thiols (Fig. 1) (Kowaltowski et al., 2000). This ef-
fect may be specific for neural cells, as it was not observed
in liver mitochondria from Bcl-2 transgenic mice (Yang
et al., 2000). The redox mode of MPT inhibition by Bcl-2
is consistent with the findings that Bcl-2 overexpressing
neural cells display a relatively reduced redox state and a
resistance to mitochondrial injury and cell death induced
by oxidative/metabolic stress (Myers et al., 1995; Murphy
et al., 1996b; Ellerby et al., 1996). When such stress is ex-
cessive, Bcl-2 protects against acute necrotic cell death,
while when the duration of stress is limited, Bcl-2 pro-
tects against delayed, apoptotic cell death (Myers et al.,
1995). While for many years the MPT was widely touted
as a pro-apoptotic event (Zamzami and Kroemer, 2001),
recent results obtained with tissues from knockout ani-
mals that do not express the MPT-associated protein cy-
clophilin D indicate that MPT is important for necrotic
but not for many forms of apoptotic cell death (Nakagawa
et al., 2005; Basso et al., 2005).

In contrast to the mechanism by which Bcl-2 pro-
tects against Ca2+-induced mitochondrial cytochrome c
release, we and other investigators found that inhibition
by Bcl-2 of cytochrome c release induced by Bax in the
presence of BH3 death domain only proteins, e.g., tBid,
is independent of MPT inhibition (Polster et al., 2001;
Jurgensmeier et al., 1998). Bax-mediated cytochrome c
release occurs by a selective increase in the permeabil-
ity of the mitochondrial outer membrane with no ne-
cessity for an increase in inner membrane permeability
(Polster et al., 2001). Bax oligomerization and insertion
in the outer membrane results in the formation of pores

sufficiently large to allow the escape of cytochrome c,
SMAC-Diablo, and other pro-apoptotic proteins from the
mitochondrial intermembrane space into the cytosol. The
Bax mechanism of release is insensitive to changes in mi-
tochondrial redox state (Fiskum et al., 2000), whereas the
MPT mechanism is highly sensitive to activation by an
oxidized shift in redox state.

Considerable evidence indicates that Bcl-2 inhibits
Bax-mediated cytochrome c release by heterodimerizing
with Bax via the BH3 “death domain” common to all
Bcl-2 family proteins and by sequestering BH3 only pro-
teins (Shangary and Johnson, 2002). Different BH3 do-
main only proteins have different affinities for Bcl-2 and
Bcl-XL (Chen et al., 2005) and some, e.g., BimEL, may
stimulate Bax-induced cytochrome c release independent
of their ability to interact with Bcl-2 or Bcl-XL (Yam-
aguchi and Wang, 2002). According to a recent model,
activator BH3-only proteins, e.g., tBid, can directly bind
and induce Bax oligomerization and mitochondrial outer
membrane permeabilization, while sensitisers (e.g., Bad)
bind to Bcl-2 and disrupt its heterodimerization with Bax
(Fig. 1) (Letai et al., 2002).

THERAPEUTIC TARGETING OF BCL-2 FAMILY
PROTEINS

Extensive experimental evidence supports the con-
cept of targeting Bcl-2 family proteins to modulate cell
death in diverse pathologic conditions such as cancer or
acute and chronic neurodegeneration. Despite substantial
progress in understanding the molecular mechanisms of
action of Bcl-2 family proteins, translation of this knowl-
edge into effective therapies is limited. While useful in
experimental settings, the therapeutic use of gene-based
strategies is currently limited. Poor delivery, unequal rates
of expression, toxicity and safety are several problems as-
sociated with this approach (Ferber, 2001).

Several other approaches are pursued, mostly for
targeting anti-apoptotic Bcl-2/Bcl-XL proteins, and hold
promise for generating efficient therapeutic tools for
many forms of cancer (reviewed in Reed and Pellecchia,
2005). An important recent development is the dis-
covery of several classes of small-molecular inhibitors
of Bcl-2 and Bcl-XL through structure-based computer
database screening and high-throughput screening of
small-molecule libraries (reviewed in O’Neill et al., 2004;
Reed and Pellecchia, 2005).

Therapeutic delivery of “information-rich” macro-
molecular compounds is another promising approach
explored for delivery of full-length Bcl-2 family proteins
and delivery of related peptides. Delivery of biologically
active peptides or proteins has until recently been limited
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Fig. 1. Mitochondrial mechanisms of cytoprotection by Bcl-2. Expression of Bcl-2
causes upregulation of antioxidant gene expression resulting in protection from oxidative
stress. One consequence of this form of protection is inhibition of the mitochondrial
permeability transition (MPT), thus protection cells against MPT-induced metabolic
failure, generation of reactive O2 species (ROS), and rupture of the outer membrane
resulting in loss of cytochrome c, Smac/DIABLO, and other intermembrane pro-apoptotic
proteins. In addition, by binding to Bax and BH3-only proteins, e.g., tBid, Bcl-2 inhibits
mitochondrial outer membrane pore formation, thereby inhibiting release of apoptotic
proteins and mitochondrial ROS formation.

by their poor bioavailability imposed by the plasma mem-
brane barrier. Several strategies, including linkage to non-
toxic fragments of cell-penetrating toxins and receptor lig-
ands such as transferrin, and incorporation into liposomes
or other lipid-based delivery systems, have been explored
to overcome this barrier (Dalkara et al., 2004; Stenmark
et al., 1991). Delivery of the anti-apoptotic Bcl-XL (Liu
et al., 1999), or pro-apoptotic proteins such as Bad have
been reported using these proteins as fusion proteins with
diphtheria toxin (DT) fragments (Ichinose et al., 2002).

Protein transduction is a strategy developed
during the last decade that allows the delivery of
various membrane-impermeable cargoes in a receptor-
independent manner in virtually any cell type, including
primary cell cultures, and in vivo in various tissues
including the brain (reviewed in Wadia and Dowdy,
2003; Joliot and Prochiantz, 2004). This new technology
has a tremendous potential for overcoming the barrier
imposed by the plasma membrane to deliver therapeutic
macromolecules.

Protein Transduction

The concept of protein transduction originated from
observations that certain proteins, e.g., the HIV-1 TAT
(Frankel and Pabo, 1988; Green and Loewenstein, 1988)
and the homeodomain protein Antennapedia (Antp)
(Derossi et al., 1994) can enter cells in a receptor
independent-manner. Based on work with homeodomain

proteins, the concept of “messenger” proteins was
proposed, according to which these proteins would reg-
ulate neighboring cells in a paracrine mode (Joliot and
Prochiantz, 2004). The ability of Antp and TAT to en-
ter cells was mapped to short domains, named protein
transduction domains (PTD). PTDs, also known as cell-
penetrating peptides (CPPs), are comprised of short basic
peptides of various origins that can cross biological mem-
branes. When fused to other molecules, some of these
PTDs promote the delivery of attached cargoes (protein
and non-protein) into cells. The highly cationic HIV-1
TAT-PTD, the third helix of Antennapedia homeodomain
protein and polyarginine are the best characterized PTDs.

The TAT(47–57) PTD is a aminoacids (YGRKKR-
RQRRR) peptide derived from the human immunodeffi-
ciency virus (HIV)-1 transactivator of transcription (TAT)
protein. In 1988, two groups reported independently
that the HIV-1 TAT protein can translocate inside cells
(Frankel and Pabo, 1988; Green and Loewenstein, 1988).
Fawell et al. showed that heterologous proteins can be
delivered into cells when chemically cross-linked with
a 36 aminoacids peptide from HIV-1 TAT(37–72) and
demonstrated the applicability of this approach to deliver
proteins in vivo in mice (Fawell et al., 1994). Vives et al.,
determined that the basic domain (residues 49–60) in
the HIV-1 TAT retains the transduction potential (Vives
et al., 1997). Using the TAT(47–57) PTD, Dowdy’s
group developed a convenient method for transduction
of proteins based on an in frame fusion strategy that
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facilitated the delivery of a large variety of proteins.
Delivery of large protein cargoes (up to 120 kDa) occurs
both in cells, and in vivo in mice, and most tissues
including the brain are transduced without toxic effects
(Schwarze et al., 1999).

The third helix of the Drosophila melanogaster
homeodomain protein Antennapedia also translocates in-
side cells in a receptor and energy-independent man-
ner (Derossi et al., 1994). The 16 aminoacids trans-
duction domain of Antennapedia (aminoacids 43–58;
pAntp), also known as Penetratin, was used to deliver
various cargoes such as peptides, proteins and anti-
sense oligonucleotides (Dietz and Bahr, 2004; Joliot and
Prochiantz, 2004). The Herpes simplex virus tegument
protein VP22 is another cell translocating protein. Un-
like the TAT-PTD and Antennapedia, VP22 mediates
intercellular transport upon being secreted from cells
(Elliott and O’Hare, 1997).

Numerous other PTDs have been reported and are
derived from viral and cellular proteins or antibacte-
rial peptides; synthetic CPPs have also been designed
(Dietz and Bahr, 2004; Futaki, 2002). On the basis of
the observation that PTDs such as TAT-PTD and pAntp
are highly enriched in basic aminoacids, especially argi-
nine, arginine polymers of various lengths were tested
and the R8 and R9 oligomers were found to transduce
cells even more efficiently than the original TAT-PTD
peptide (Wender et al., 2000; Futaki, 2002). To facili-
tate protein delivery without the need of covalent linkage
to the cargo, Morris et al. designed the 21-mer Pep-1
peptide that can bind proteins and promote cellular trans-
duction (Morris et al., 2001). One study indicated that
Pep-1 is also efficient when used as a fusion protein and
transduces superoxide dismutase into the brains of mice
(Sik et al., 2004).

Transduction of both PTDs and attached cargoes was
initially reported to occur rapidly (minutes) in a recep-
tor and temperature-independent manner. Other studies
examining the transduction of protein cargoes reported
a much slower rate of uptake (hours) (Fittipaldi et al.,
2003). PTD-mediated delivery is dose-dependent and cel-
lular uptake occurs uniformly in close to 100% of the
cells exposed. While transduction occurs into almost all
cell types, internalization is not observed in some cell
types (MDCK, CaCo-2) (Violini et al., 2002; Kramer and
Wunderli-Allenspach, 2003). PTDs are usually used at
µM concentrations (1–10 µM) and most applications with
fused proteins use nM concentrations (∼100 nM). Trans-
duction of a biologically active modified Bcl-XL can occur
even at pM concentrations (Asoh et al., 2002). Most of
the PTDs lack toxic effects at these doses. Toxicity occurs
only at very high doses of TAT basic domain and pAntp

(Jia et al., 2001; Bolton et al., 2000) and might be a con-
cern for CPPs derived from pore-forming antibacterial
peptides (Takeshima et al., 2003).

The list of cargoes delivered and the number of po-
tential applications is continually increasing, and was
recently reviewed in detail by Dietz and Bahr (2004).
Beside proteins, other notable examples of cargoes in-
clude plasmid DNA complexed with TAT monomers
or TAT oligomers and antisense oligonucleotides. Other
small non-protein cargoes such as drugs, doxorubicin, cy-
closporin A or large cargoes such as liposomes, phage
particles and even nanoparticles were also delivered. In
addition, the TAT-PTD can facilitate viral-mediated gene
expression (Dietz and Bahr, 2004).

MODULATION OF MITOCHONDRIA-
DEPENDENT CELL DEATH THROUGH
PROTEIN TRANSDUCTION

Delivery of Pro-Apoptotic and Anti-
Apoptotic Peptides

The ability of PTDs to facilitate intracellular deliv-
ery has been utilized to modulate apoptotic cell death by
transduction of small PTD-linked peptides. The BH3 do-
main, encompassing an amphipathic α-helix, is shared by
all Bcl-2 family proteins and is required for the dimer-
ization and death-inducing ability of pro-apoptotic Bcl-2
proteins, especially the BH3-only proteins. The BH3 do-
main of pro-apoptotic proteins binds to the hydrophobic
groove created by the BH3, BH2 and BH1 domains of anti-
apoptotic Bcl-2-like proteins (reviewed in Petros et al.,
2004). Synthetic BH3 peptides (∼16-mer) can mimic
the functionality of BH3-only proteins, induce Bax/Bak
oligomerization, and antagonize anti-apoptotic Bcl-2 and
Bcl-XL proteins by disrupting their complexes with pro-
apoptotic Bax and Bak. The functionality of several BH3
peptides was demonstrated in cells and in isolated mi-
tochondria, where they are able to trigger the release
of apoptogenic factors (Cyt C, EndoG, Smac/DIABLO
and AIF) from the mitochondrial intermembrane space
(Polster et al., 2001; Letai et al., 2002).

Unlike the BH3 peptides alone, BH3 domain pep-
tides fused to TAT-PTD, pAntp or polyarginine are
rapidly internalized into cells through protein transduc-
tion, and subsequently induce apoptosis (Letai et al., 2002;
Holinger et al., 1999). While useful experimental tools,
cell-penetrating BH3 peptides derived from pro-apoptotic
Bcl-2 proteins are also explored as a potential treatment
for various forms of cancer. Using a hydrocarbon stapling
strategy, Korsmeyer’s group generated BH3 peptides with
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improved stability and affinity that are effective at inhibit-
ing the growth of leukemia xenografts in vivo (Walensky
et al., 2004). The stapled peptides are internalized through
macropinocytosis, a mechanism shown recently to medi-
ate internalization of the TAT-PTD (Wadia et al., 2004)
and polyarginine (Nakase et al., 2004).

PTD-mediated delivery of small peptides is also used
to inhibit apoptotic cell death. The BH4 domain, shared
only by anti-apoptotic Bcl-2 proteins, is required for in-
teraction with several non-Bcl-2 family proteins and for
anti-apoptotic activity. Shimizu et al. reported that a syn-
thetic peptide corresponding to the BH4 domain of Bcl-
XL can enter cells and inhibit etoposide-induced apoptotic
death when fused to TAT-PTD (Shimizu et al., 2000). TAT-
BH4 is also effective in vivo and inhibits X-ray-induced
apoptosis, Fas-induced fulminant hepatitis in mice, and
ischemia-reperfusion injury in isolated rat heart (Sugioka
et al., 2003; Chen et al., 2002). The BH4 domain of the
anti-apoptotic Bcl-2 is also effective at protecting coro-
nary endothelial cells against oxidative stress-induced
death (Cantara et al., 2004).

Activation of the multidomain Bax/Bak proteins is
required for activation of the intrinsic, mitochondria-
dependent cell death pathway. Cells lacking both these
proteins display long-term protection against multiple
apoptotic stimuli (Wei et al., 2001). While protein–protein
interaction and structural studies of Bcl-2 proteins pro-
vide a strong support for use of BH3 peptides as death
inducers, no such candidate protein domains emerged,
until recently, for inhibition of Bax/Bak activation. Re-
cent studies revealed that Bax translocation from cytosol
to mitochondria is suppressed by the DNA repair protein
Ku70 (Sawada et al., 2003) and a similar role was demon-
strated for the short peptide humanin (Guo et al., 2003).
A pentapeptide derived from the Bax-binding sequence
of Ku70, termed BIP (Bax inhibitory peptide), was tested
for potential suppression of Bax activity. The BIP peptide
is cell-permeable and protects against cell death induced
by cytotoxic drugs (Sawada et al., 2003).

Humanin, a 24 aminoacids endogenous peptide, ini-
tially discovered as an inhibitor of amyloid-β induced
neuronal death (Hashimoto et al., 2001), binds and sta-
bilizes Bax in the cytosol in an inactive conformation
(Guo et al., 2003). Reed’s group also demonstrated that
in addition to Bax, humanin binds to and inhibits the
pro-apoptotic activity of the BH3-only proteins Bid (Zhai
et al., 2005) and BimEL (Luciano et al., 2005). The
ability of humanin to target and antagonize the activity
of multiple pro-apoptotic proteins makes it an attractive
candidate for cytoprotection. These studies also demon-
strated that polyarginine-mediated transduction of the hu-
manin peptide into cells is effective at inhibiting Bid and

BimEL-induced death (Zhai et al., 2005; Luciano et al.,
2005).

Delivery of Bcl-2 Family Proteins

The anti-death Bcl-2 family members Bcl-2 and Bcl-
XL inhibit apoptosis and are also effective at protect-
ing against necrotic forms of cell death (Myers et al.,
1995; Kane et al., 1995). Korsmeyer’s group proposed
over a decade ago the rheostat model, according to which
the anti-apoptotic Bcl-2/Bcl-XL bind and neutralize pro-
apoptotic Bcl-2 family proteins and their relative balance
determines cell death or survival (Korsmeyer et al., 1993).
In addition to antagonizing the pro-apoptotic activity of
multidomain Bax/Bak and to sequester BH3-only pro-
teins (Bid, Bim, Bad and others), early studies indicated
that the cytoprotective activity of Bcl-2 and more recently
that of Bcl-XL and Mcl-1, is at least in part due to addi-
tional mechanisms including their ability to increase pro-
tection against oxidative stress (Hockenbery et al., 1993;
Kowaltowski et al., 2000, 2004). The multitasking nature
of Bcl-2 cytoprotective activity cannot be mimicked by
small drugs or peptide domains. Therefore delivery of
“information-rich” macromolecules, i.e., full-length pro-
teins, should be the most effective approach at cytopro-
tection.

Several groups have employed protein transduction
to deliver anti-apoptotic Bcl-2 family proteins into cul-
tured cells and in vivo into the brain in models of neu-
ral cell death. A TAT-PTD fused Bcl-XL was efficiently
transduced and protected retinal ganglion cells following
optic nerve transsection (Dietz et al., 2002). This group
also demonstrated that pretreatment with TAT-Bcl-XL by
intravenous injection reduces ischemia/reperfusion brain
injury in mice (Kilic et al., 2002). Using a TAT-fused Bcl-
XL construct, Cao et al. also showed that transduction
and neuroprotection can be achieved both in vitro and in
vivo. In this study, a significant protection against brain
ischemia/reperfusion was observed even when the pro-
tein was injected intraperitoneally after the ischemic pe-
riod (Cao et al., 2002). Another study used TAT-mediated
transduction of a mutated Bcl-XL (FNK) with increased
anti-apoptotic activity and showed greater protection in
cultured cells and in vivo against ischemia/reperfusion
than that obtained with PTD-Bcl-XL (Asoh et al., 2002).
The same approach was also used to deliver Bcl-XL

to pancreatic islets (Embury et al., 2001) and FNK to
chondrocytes in cartilage slice culture (Ozaki et al.,
2004).

While these studies indicate that protein transduc-
tion of Bcl-2 family proteins or peptides could become
an effective therapeutic tool, a detailed understanding of
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the mechanisms of intracellular delivery of functional
proteins is needed, as several practical limitations have
emerged. We recently explored the transduction of a mod-
ified Bcl-2 protein in neural cells, and investigated the
mechanisms involved in intracellular delivery. For this
purpose, a TAT-fusion protein was generated with a loop
deleted Bcl-2 protein. Transducible TAT-Bcl-2�loop pro-
tein confers significant protection in several neuronal cell
lines against staurosporine or trophic factor withdrawal-
induced death (Fig. 3 and unpublished results). Similar
to recent findings from other laboratories, our results in-
dicate that transduction of Bcl-2 in neuronal cell lines
is mediated through an endocytotic pathway rather than
through a transduction mechanism.

MECHANISM OF PTD-MEDIATED
PROTEIN DELIVERY

Direct Membrane Translocation of PTDs

The mechanism of PTD-mediated transduction is
not entirely understood. The full-length HIV-1 TAT en-
ters cells through adsorptive endocytosis in a receptor-
independent manner (Mann and Frankel, 1991). In con-
trast, internalization of TAT-PTD and pAntp involves
a distinct process named “transduction”. Early reports
indicated that transduction is effective even at 4

◦
C, in

the absence of endocytosis, and is energy and receptor-
independent (Vives et al., 1997; Derossi et al., 1994).
While it is known that polybasic peptides, e.g., lysine
polymers, stimulate the uptake of cargoes into cells
through adsorptive endocytosis (Ryser et al., 1978), the
energy and receptor-independent characteristics of PTD
uptake appeared to distinguish transduction from most
classic forms of internalization.

The numerous biochemical and biophysical studies
aimed at elucidating the process of PTD internalization
suggest that transduction is a multistep process initiated
by interaction of CPPs with the cell surface (either with
membrane lipids or negatively charged cell surface con-
stituents). Binding is followed by internalization through
either an undefined mechanism involving a direct mem-
brane translocation step or by the better characterized pro-
cess of endocytosis (Fig. 2). Although exhibiting diverse
structures, most CPP share a high content of basic amino
acids. The polycationic character of CPP is one of the
most important structural requirements, as indicated by
the correlation between the number of basic residues and
efficiency of transduction (Wender et al., 2000). While
positive charge is important, arginine appears to play a
unique role. The guanidium group of arginine, rather than

simply a positive charge, is required for efficient inter-
nalization, and replacement by an ammonium group re-
duces translocation (Wender et al., 2000). The uptake of
oligoarginine is consistently more efficient than that of
lysine or histidine oligomers (Mitchell et al., 2000). The
presence of arginine may facilitate a transduction mecha-
nism, while lysine-rich CPPs promote endocytosis (Zaro
and Shen, 2003). Hydrophobicity and amphipathicity also
play a role in transduction of some CPPs. Unlike the TAT-
PTD and polyarginine, pAntp contains several hydropho-
bic residues. The central hydrophobic core composed of
the W6, F7 aminoacids appears critical for transduction
(Dom et al., 2003).

Several models have been proposed to explain the
apparent ability of PTDs to translocate across cellular
membranes (Fig. 2). Transient formation of inverted mi-
celles initiated by binding of the basic PTDs to negatively
charged membrane lipids is suggested for pAntp, TAT-
PTD and Pep-1 (Derossi et al., 1994; Vives et al., 1997;
Henriques and Castanho, 2004). Another mechanism in-
volves formation of a pore allowing passage of small pep-
tides through membranes, as proposed for Pep-1 and for
CPPs derived from pore-forming antimicrobial peptides
(Deshayes et al., 2004; Takeshima et al., 2003). How-
ever, PTDs such as TAT-PTD and polyarginine are highly
charged and do not contain hydrophobic residues required
for formation of inverted micelles. It is also difficult to
explain through these models the internalization of very
large cargoes as shown for the TAT-PTD. While TAT-PTD
can interact with negatively charged lipids, binding to neg-
atively charged heparan sulfate proteoglycans (HSPG) at
the cell surface appears more likely (Ziegler et al., 2003).
Partial insertion of pAntp into lipid membranes is also
documented (Joliot and Prochiantz, 2004). Despite evi-
dence for binding to membrane lipids, actual transloca-
tion across model lipid membranes or intact plasma mem-
brane of cells was not observed for TAT-PTD (Kramer and
Wunderli-Allenspach, 2003). For pAntp and for Pep-1, a
few studies support a direct translocation model (Dom
et al., 2003), while others indicate that actual internaliza-
tion occurs through endocytosis (Drin et al., 2003).

PTD-Mediated Endocytosis

Studies performed in living cells without fixation in-
dicate that contrary to initial reports, PTDs (TAT-PTD,
polyarginine and pAntp) and PTD-fused proteins are un-
able to enter cells at 4

◦
C (Richard et al., 2003; Lundberg

et al., 2003; Drin et al., 2003). Strong cell-surface associ-
ation of polycationic PTDs and artifactual redistribution
following fixation result in apparent uptake at 4

◦
C and

cytosolic or nuclear staining. Moreover, PTDs and fused
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Fig. 2. Mechanism of protein transduction. Direct membrane translocation. Cationic PTDs bind to negatively charged membrane lipids
and translocate across plasma membrane into cytosol. Direct translocation occurs through either (I) transient formation of inverted micelles
or (II) formation of a pore-like structure allowing direct cytosolic delivery. Endocytotic uptake. Binding to the negatively charged cell-
surface HSPG (syndecans or glypicans) is followed by endocytotic uptake of PTDs through (III) a clathrin-dependent, receptor-mediated
pathway or a lipid raft-dependent pathway. Lipid raft-dependent endocytosis can occur either through (IV) a caveolar/caveolar-like
pathway or (V) through raft-dependent macropinocytosis. Cytosolic delivery of PTDs (dotted line) might involve a direct translocation
process where in this case the mechanisms (I) and (II) might take place at the endosomal membrane. PTD-induced endosome disruption
or constitutive endosomal leakage could also mediate cytosolic delivery. Another possible pathway involves retrograde transport to Golgi
and ER with subsequent cytosolic release.

proteins have been detected in vesicular structures inside
the cells, suggesting endocytotic uptake (Richard et al.,
2003; Lundberg et al., 2003; Drin et al., 2003).

The clathrin-dependent, receptor-mediated en-
docytotic pathway is the best-characterized form of
internalization of membranes and proteins. Clathrin-
independent endocytotic pathways include caveolar-
endocytosis and macropinocytosis. Unlike clathrin-
dependent endocytosis, most of these internalization
pathways are sensitive to disruption of the plasma
membrane lipid rafts (Nichols and Lippincott-Schwartz,
2001). The lipid-raft dependent caveolar pathway is
involved in internalization of the full length HIV-1 TAT
and of a TAT-PTD fused GFP protein in HeLa cells
(Fittipaldi et al., 2003). Caveolae, first identified in

endothelial cells (Palade, 1953), are found in many other
cell types, although they have not been detected in lym-
phocytes and neurons (Razani et al., 2002), suggesting
that endocytosis of TAT-fusion proteins might occur in a
cell-specific manner. For instance, in lymphoid cells, an
alternate, lipid raft-dependent, macropinocytotic pathway
is involved in the internalization of both TAT-PTD
and TAT-fusion proteins (Wadia et al., 2004; Kaplan
et al., 2005). In neurons, internalization of full-length
HIV-1 TAT occurs through a LRP receptor-dependent
pathway, but the mechanism of TAT-PTD mediated
uptake has not been examined. Since binding of full
length TAT to LRP occurs through a different domain
of TAT (34–47) than its PTD (47–57) (Liu et al., 2000),
it is likely that such a receptor-mediated pathway is not
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Fig. 3. Transduction of TAT-Bcl-2�loop protein. (A) Transduction of TAT-Bcl-2�loop was examined in SH-SY5Y neuroblastoma cells incubated
with the protein (200 nM) for 1 h at 37

◦
C or 4

◦
C. TAT-Bcl-2�loop uptake was examined by immunoblotting with an anti-Bcl-2 antibody and

was detected as an additional band with a lower molecular weight than endogenous Bcl-2 (upper band). Trypsin treatment was performed at
the end of incubation to eliminate the cell-surface bound protein and indicated that TAT-Bcl-2�loop is internalized at 37

◦
C but not at 4

◦
C. A

control protein (STD) was completely digested in the same conditions in the absence of cells. (B) The cells were pretreated with an inhibitor
of clathrin-dependent endocytosis (chlorpromazine, 10 µM) or with the lipid raft disrupting agent nystatin (50 µg/ml) and the internalization
of TAT-Bcl-2�loop (100 nM; 1 h, 37

◦
C) examined as in (A). Disruption of lipid rafts but not of clathrin-dependent endocytosis inhibited

internalization of TAT-Bcl-2�loop. (C) SH-SY5Y cells pretreated with TAT-Bcl-2�loop (100 nM) were exposed to staurosporine (STS; 100 nM)
for 18 h then cell survival examined by the live/dead assay by staining the cells with Calcein-AM (viable cells; upper panel) and ethidium
homodimer (dead cells; lower panel). Pretreatment with TAT-Bcl-2�loop resulted in significant protection (48.15%) against STS-induced death
(n = 4, p < 0.05).

involved in internalization of TAT-PTD or of TAT-fusion
proteins.

We recently examined the mechanisms involved in
TAT-mediated internalization of Bcl-2 using neural cells.
Using trypsinization to eliminate the cell-surface bound
protein, we found that internalization of TAT-Bcl-2�loop
protein (35% of total cellular) occurs at 37

◦
C but not at

4
◦
C (Fig. 3A). Since all forms of endocytosis are inhibited

at 4
◦
C, this finding suggests that an endocytotic process

rather than a temperature-independent transduction mech-
anism is involved. Consistent with this hypothesis, fluo-
rescence microscopy of live cells transduced with both
an FITC-labeled TAT-Bcl-2�loop protein or a TAT-YFP
protein reveal a vesicular distribution (Soane and Fiskum,
unpublished).

The lipid raft-disrupting agent nystatin, that se-
questers plasma membrane cholesterol, was used to test
for possible involvement of a lipid raft-dependent endo-
cytotic pathway in internalization of TAT-Bcl-2�loop.
A marked inhibition of internalization was observed in
SH-SY5Y neuroblastoma cells (Fig. 3B). In addition,

inhibition of clathrin-mediated endocytosis with the
specific inhibitor chlorpromazine does not affect the in-
ternalization of TAT-Bcl-2�loop (Fig. 3B). Fluorescence
microscopy of transduced TAT-YFP also indicates that
the protein does not colocalize with transferrin, a marker
of clathrin-mediated endocytosis. Moreover, significant
colocalization was observed with 70 kDa Dextran, a
marker of fluid phase endocytosis (Soane and Fiskum, un-
published). Thus, like in other cells, TAT-mediated protein
internalization of Bcl-2 in neural cells also occurs through
a clathrin-independent and raft-dependent pathway.

While the direct membrane translocation mechanism
might still be involved in internalization of PTDs and
small cargoes, the delivery of protein cargoes is most
likely mediated through endocytosis. Internalization of
TAT-fusion proteins is apparently mediated in most cell
types through endocytotic pathways originating at the
plasma membrane lipid rafts, and can follow a caveolar
or non-caveolar route, e.g., macropinocytosis or other less
well characterized raft-dependent pathways (Fig. 2). Raft
dependence of internalization was also noted in some cell
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types for other cargoes transduced by TAT-PTD, such as
plasmid DNA and phage particles (Ignatovich et al., 2003;
Eguchi et al., 2001). In addition, similar to the TAT-PTD,
polyarginine was also shown recently to be internalized
through macropinocytosis in HeLa cells (Nakase et al.,
2004).

Contrary to this model, however, are observations of
partial colocalization with markers of clathrin-dependent
endocytosis as reported for PTDs (Richard et al., 2003;
Potocky et al., 2003) and for fusion proteins (Sengoku
et al., 2004). In this later study, however, the proteins ap-
peared inactive and sequestered in endosomes. Some stud-
ies also report a lack of inhibition of TAT-PTD or pAntp
uptake by cholesterol-sequestering agents and suggest that
internalization of PTDs is not limited to raft-dependent
pathways (Drin et al., 2003; Richard et al., 2005). Con-
sistent with this interpretation, TAT-PTD can enter at least
HeLa cells through a clathrin-mediated pathway (Richard
et al., 2005). However, in lymphoid cells, macropinocy-
tosis is involved in internalization of both TAT-PTD and
TAT-Cre fusion protein (Wadia et al., 2004; Kaplan et al.,
2005). On the other hand, using the same cell type (HeLa
cells) different endocytotic mechanisms are involved in
internalization of TAT-PTD (clathrin-mediated) (Richard
et al., 2005) and polyarginine (macropinocytosis) (Nakase
et al., 2004).

The characteristics of PTD-mediated internaliza-
tion are reminiscent of the cholera toxin that can be
internalized by both clathrin-dependent and independent
pathways. However, cholera toxin is active only when it
is endocytosed through non-clathrin and raft-dependent
endocytosis, leading to Golgi localization and subsequent
cytosolic delivery (Nichols and Lippincott-Schwartz,
2001). Sequence similarities between the TAT-PTD and
several bacterial toxins that use the retrograde transport
system to reach the ER and Golgi were noted recently
(Fischer et al., 2004). Most of these arginine-rich motifs
belong to toxins or proteins known to utilize a non-
clathrin-mediated and cholesterol-sensitive endocytotic
pathway for internalization. Currently, no explanation
is available for these differences in the endocytotic
pathways mediating transduction, other than the possible
influence of the attached cargo and differences in the
structure of the PTDs used. One possibility is that
the internalization pathway is modulated by specific
interaction of PTDs with cell-surface proteoglycans.

Role of Heparan Sulfate Proteoglycans

Heparan sulfate proteoglycans (HSPG) can medi-
ate endocytotic uptake of various endogenous ligands,

including basic fibroblast growth factor (FGF), lipopro-
teins, or pathogens, e.g., bacteria (Belting et al., 2003).
Reports indicating that heparin, a structural analogue of
heparan sulfate, inhibits internalization of HIV-1 TAT and
that the TAT-PTD can bind heparin suggest a possible
role of HSPG in PTD-mediated internalization (Mann and
Frankel, 1991; Hakansson et al., 2001). Using CHO cells
defective in heparan sulfate (HS) synthesis, Tyagi et al.
clearly demonstrated that internalization of TAT and TAT-
PTD fused proteins is dependent on binding to HSPG.
Heparan sulfate but not chondroitin sulfate (CS) was re-
quired for internalization (Tyagi et al., 2001). Other stud-
ies have shown that binding to HSPG is also required for
internalization of the TAT-PTD and polyarginine (Suzuki
et al., 2002; Richard et al., 2005).

HS is present on cells mainly on two classes of
membrane-anchored proteoglycans (PG), i.e., syndecans
and glypicans. Expression of PG is affected by multi-
ple factors and is developmentally regulated (Bandtlow
and Zimmermann, 2000). Most cells contain PG of both
types and their ubiquitous distribution might explain the
ability of PTDs to transduce virtually any cell type. Glyp-
icans are enriched in lipid rafts and are therefore logi-
cal candidates for raft-dependent internalization of TAT-
delivered Bcl-2 or other proteins and PTDs. However,
ligand binding to the HS chains of syndecans can also in-
duce their clustering and raft-dependent endocytosis (Fuki
et al., 2000). The TAT-PTD was shown to induce ag-
gregates on the cell surface in an HS-dependent manner
(Ziegler et al., 2005). The presence and binding of HSPG
is not necessarily equivalent with internalization, as in-
dicated by studies in MDCK and CaCo-2 cells in which
no intracellular/transcellular TAT-PTD transport could be
detected, despite the presence of HSPGs (Violini et al.,
2002).

Cytosolic Delivery of Transduced Proteins

Despite recent evidence for involvement of endocy-
tosis in protein transduction, demonstration of specific bi-
ologic effects of transduced proteins indicates that at least
a fraction of the PTD-fused proteins are released from
endosomes. Among Bcl-2 family proteins, both Bcl-2
(Fig. 3C and unpublished results) and Bcl-XL are trans-
duced in a functional form (Cao et al., 2002; Kilic et al.,
2002; Asoh et al., 2002).

For the full length HIV-1 TAT protein, endocytotic
internalization leads to endosomal localization and sub-
sequent cytosolic release through a mechanism requir-
ing acidification and relying on Hsp90 (Vendeville et al.,
2004). The mechanisms of endosomal release of PTDs
and attached cargoes are, however, unclear. Some of the
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potential endosome release mechanisms involve a di-
rect translocation or transport of PTDs across endoso-
mal membranes, or formation of inverted micelle or pore-
like structures in endosomes rather than in the plasma
membrane (Fig. 2). Endosomal escape might also involve
PTD-induced endosome disruption, or constitutive release
from a fraction of leaky endosomes, e.g., macropinosomes
(Wadia et al., 2004). Similar to cholera toxin, the ret-
rograde transport to Golgi/ER and subsequent cytosolic
exit through retro-translocation could also be involved.
An acidification-dependent release from endosomes was
suggested for TAT-PTD by the observation that neutral-
ization of endosomal pH inhibits its cytosolic delivery
(Potocky et al., 2003). Studies using brefeldin A, that dis-
rupts Golgi trafficking, provide support for the possibility
that the transduced proteins are released following retro-
grade transport to Golgi (Fischer et al., 2004; Fittipaldi
et al., 2003). Another possible explanation is that the en-
dosomal release is facilitated by some of the protein car-
goes and not by the PTDs. Bcl-2 family proteins are a class
of cargoes that could induce their own endosomal escape,
since they can form ion channels or pores in membranes.
Channel formation by Bcl-2 proteins is augmented by low
pH (Schendel et al., 1998) and might therefore be activated
in endosomes after acidification. This suggests that endo-
somal escape of TAT-delivered Bcl-2 or Bcl-XL can occur
in a manner similar to that of the pH-dependent pore-
forming toxin Diphtheria toxin (DT), with which Bcl-2
proteins share structural homology. Yet another possibil-
ity is that Bcl-2 proteins delivered through transduction
reach the ER through the retrograde transport mechanism
and exert their effect at the ER without being released
into the cytosol and localize to mitochondria. This possi-
bility was also suggested by the studies on the DTR fused
Bcl-XL (Liu et al., 1999).

Recognition of the involvement of endocytosis in
PTD-mediated transduction indicates that efficient deliv-
ery will only be achieved if this barrier is eliminated. The
efficacy of PTDs to promote endosomal escape, at least
for protein cargoes, appears quite limited in some cases
(Sengoku et al., 2004). Several studies demonstrate that
enhancing endosomal escape results in increased func-
tional activity of transduced proteins. Chloroquine, known
to enhance transactivation by full-length TAT, and sucrose
were used to disrupt endosomes, resulting in an increase
in the activity of a TAT-Cre protein (Caron et al., 2004;
Wadia et al., 2004). Photo-acceleration of PTD release
(TAT-PTD, polyarginine and pAntp) from endosomes fol-
lowing exposure to fluorescent light (480 nm) was also
reported. The same method was efficient at increasing the
cytosolic release of a polyarginine-transduced p53 protein
(Matsushita et al., 2004). Similarly, laser illumination was

also reported to increase redistribution of CPPs from en-
dosomes to cytosol (Maiolo et al., 2004).

pH-sensitive toxins or fusogenic peptides can
enhance endosomal escape through pH-induced endo-
somolysis and are used to increase the efficiency of
non-viral DNA delivery methods (Cho et al., 2003). The
utility of such a strategy at improving PTD-mediated
delivery and endosomal escape was demonstrated by
Wadia et al. by using a TAT-HA2 pH-sensitive fusogenic
peptide that was co-transduced with a TAT-Cre protein,
resulting in increased TAT-Cre activity (Wadia et al.,
2004). This approach was also utilized for generation
of a p53 fusion protein with both the TAT and HA2
peptides, and resulted in improved activity of transduced
p53 (Michiue et al., 2005). The mechanism of endosomal
release of transduced proteins remains one of the
critical issues for PTD-mediated transduction and further
improvement of cytosolic delivery might greatly enhance
the therapeutic potential of this approach.
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