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Abstract

Tat protein from human immunodeficiency virus can deliver biologically active proteins in vivo and is of considerable interest for
protein therapeutics. The mechanism responsible for Tat-fusion protein internalization is still poorly understood and controversial.
The punctuate distribution, timing, and temperature sensitivity observed in our experiments with Tat-fusion proteins are consistent
with endocytosis. After a few hours, Tat-fusion proteins accumulated around the nucleus without any significant visible nuclear
targeting. Using a Cre/Lox based functional assay, lysosomotropic agents known to disrupt endosome integrity, increased by up to
23-fold the nuclear delivery of functional Tat-Cre recombinase without increasing cell uptake in a similar fashion. This shows that
endosome disruption can significantly increase Tat-fusion protein access to the cytosol and nucleus. In addition, we found that
internalized Tat-fusion proteins persisted several hours and that inhibitors of lysosome acidification did not increase functional
nuclear delivery of Tat-Cre. This suggests that Tat-fusion proteins enter via the endosomal pathway, circumvent lysosomal deg-
radation, and are then sequestered in the periphery of the nucleus. Most importantly, our work indicates that an inadequate in-

tracellular trafficking is the main factor limiting the efficiency of protein cargo delivery using Tat.

© 2004 Elsevier Inc. All rights reserved.
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The Tat protein from human immunodeficiency virus
(HIV-1) was shown to be taken up by cells when added
exogenously and to trans-activate the HIV-1 LTR pro-
moter in the nucleus. Full-length proteins can also be
delivered inside cells or tissues when conjugated or ex-
pressed in fusion with the basic domain of Tat [1,2]. The
basic domain (RKKRRQRRR) extending from residues
49 to 57 is generally considered to be the minimal se-
quence responsible for the internalization. Since the
early 1990s, other small regions of proteins such as VP-
22 [3], ANTP [4], and Kaposi FGF [5] or arginine/lysine-
rich peptides [6] were shown to enter cells to carry
diverse bio-molecules in the cytoplasm and the nucleus.
The underlying mechanism of cellular internalization
and intracellular trafficking of cell-penetrating peptides
(CPPs) remains misunderstood [7].
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An early study concluded that the full-length Tat
protein entered cells via adsorptive endocytosis [8]. Since
the observed uptake of CPPs is relatively cell-type in-
dependent and not completely inhibited at 4°C, these
CPPs were first called “protein transduction domains”
(PTDs) and assumed to be internalized using a novel
and unknown mechanism involving translocation
through the cell membrane [5,9]. Recently, controversy
has spurred when groups showed that fixation could
lead to artifactual uptake and nuclear localization of
Tat, arginine-rich peptides [10] or VP-22 fusion proteins
[11]. Interestingly, the exogenously added Tat-eGFP
fusion protein accumulated outside the nucleus, whereas
the same fusion protein expressed using a transfection
system had a nucleolar localization [12,13]. Tat peptide
internalization was not abolished at 4 °C, while the up-
take of Tat-GST-eGFP was totally inhibited [7].

Although several full-length Tat-fusion proteins
(TFPs) can be internalized in cultured cells following
their addition in the culture medium, it is often assumed
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that they are internalized in the same manner as short
CPPs using an unknown receptor/endosome/energy-in-
dependent mechanism. However more recently, TFPs
were shown to be internalized by the cells through a
temperature-dependent endocytic pathway that follows
caveolar endocytosis [14]. In this study, we sought to
reexamine the contribution of the endocytic pathway in
Tat-fusion protein internalization and to better under-
stand the events implicated in the intracellular traffick-
ing. To do so, we monitored the subcellular localization
of a variety of TFPs using fluorescence microscopy
against markers relevant to targeted cell compartments.
Also, using a novel reporter system based on the in vivo
quantification of functional nuclear Cre recombinase,
we tested the effects of compounds known to destabilize
endosome integrity and acidification or block protein
degradation, to better assess the factors influencing the
fate of internalized proteins.

Materials and methods

Constructs and protein purification. The pTat-eGFP.4 expression
vector was constructed by inserting eGFP from pIRES-eGFP (Clon-
tech) in pTat vector (from Dr. S.F. Dowdy) to produce an in-frame
fusion protein [13]. The pTat vector contains a 6-histidine leader fol-
lowed by the PTD of Tat and a polylinker [1]. The plasmid pTat-Myc
was obtained by PCR amplification from pcDNA-Myc (from Dr. D.
Jung). The pTat-BGal plasmid was obtained through cohesive (Kpnl—
BstBI) ligation of the LacZ gene from pEF6/V5-His-Topo/LacZ (In-
vitrogen) in pTat. Negative control ppGal.l was generated by BamHI
digestion excising the Tat peptide from pTat-fGal. SSR 69 is a poly-
cistronic retroviral vector that contains the hygro-tk fusion and the
SV40T antigen flanked by LoxP sites and followed by neo [15]. The
pTriEx-HTNC plasmid coding for a 6xHis-Tat/PTD-SV40/NLS-Cre
(HTNC) fusion protein (from Dr. F. Edenhofer) [16]. The HTNC, Tat-
Myc, Tat-B-Gal and B-Gal [16], and Tat-eGFP [13] fusion proteins
were purified as previously described. In short, BL21 Plus RL (Strat-
agene) bacteria transformed with proper construct were inoculated in
LB medium, grown at 37 °C to reach 0.8 ODsos,m, and induced using
0.5mM IPTG for 3 h. Cells were spun down and sonicated in buffer A
(100mM Hepes, pH 8.0, 300mM NaCl, and 10mM imidazole) and
centrifugation cleared cell lysates were loaded on a Ni-NTA agarose
(Qiagen). Afterwards, the resin was washed twice in buffer A +20mM
imidazole and eluted in buffer A +250mM imidazole. The eluate was
dialyzed against 50 mM NaH,PO,, 5mM Tris, 450 mM NacCl, and 5%
glycerol overnight at 4 °C. Rhodamine labeling and gel filtration were
conducted as previously described [13]. Purified fusion protein con-
centrations were determined by Coomassie blue staining of SDS-
PAGE compared to BSA standards.

Cell culture. NIH 3T3, NIH SSR, and Psi2 (ecotropic retrovirus
producing cell line) were grown in DMEM HG supplemented with
10% newborn calf serum, 10,000 U/ml penicillin/streptomycin in 5%
CO,; at 37°C. Psi2 SSR 69 are Psi2 cells stably transfected with the
SSR 69 construct using Metafectene lipofectant (Wisent) and selected
for 21 days in a culture medium containing 400 pg/ml hygromycin B
(Roche). The NIH SSR cell line was established by infecting NIH 3T3
cells with Psi2 SSR 69 supernatant with 8pg/ml polybrene and
selecting with 400 pg/ml hygromycin for 21 days. DTT (DMD-TAg-
hTERT) were derived from the myoblasts of a Duchenne muscular
dystrophy (DMD) patient and proliferated in MCDB120 as previously
described [17].

Functional nuclear Cre recombinase assay. Prior to treatment, NIH
SSR were seeded at 10,000 cells/well in 24-well plates (Corning). After
24 h, cells were washed twice in HBSS before they were co-incubated in
serum-free DMEM HG containing HTNC for 1 h. Cells were co-in-
cubated with chloroquine (Sigma), sucrose (Lab Mat), bafilomycin Al
(Sigma), concanamycin A (Sigma) or MG 132 (Calbiochem) in some
experiments. The incubation mix was removed and cells were then
proliferated overnight in complete medium. Twenty-four hours later,
treated NIH SSR cells were trypsinized and plated 1:2 or 1:4 in T-25
flasks in complete medium containing 800 pg/ml G418. Cells were
grown until distinct colonies appeared (9 days). Cells were rinsed twice
in HBSS and then colored with Coomassie blue and colonies were
counted.

Immunoblotting. After rinsing three times with PBS, cells were re-
covered directly from culture dishes by adding sample buffer (50 mM
Tris, pH 6.8, 2% SDS, 0.1% bromophenol blue, and 10% glycerol) and
were then frozen at —20 °C immediately until analysis. Sample protein
concentration was established using protein dot densitometry stained
with amido black 10B curve fitted against a BSA standard curve [18].
Samples were subjected to 10% SDS-PAGE and transferred on Trans-
blot nitrocellulose membrane (Bio-Rad). Membranes were washed
once in water and then blocked in PBS containing 10% dried milk for
1h at room temperature. Membranes were blotted with an anti-poly-
histidine mouse antibody (Amersham Biosciences) or an anti-Cre
rabbit antibody (Novagen) according to the manufacturer’s protocol
in PBS containing 10% dried skim milk. Membranes were washed three
times in PBS containing 0.05% Tween 20 between each step. After-
ward, they were blotted with an appropriate secondary HRP-conju-
gated antibody (Dako Diagnostics) and later visualized with Western
Lightning Chemoluminescent Plus (Perkin-Elmer) and Hyperfilm
ECL films (Amersham Biosciences) according to the manufacturer’s
protocol. Images were digitized with a Nikon CoolPix 4500 camera.
Spot densitometry of the 45kDa HTNC band was performed using
NIH Image 1.62.

In vitro intracellular internalization assays. Intracellular delivery
assays were performed in 8-well Lab-Tek chamber slides (Nalge Nunc)
or with cells adhered on a glass coverslip in a 35mm dish. For fluo-
rescence microscopy analysis, cells were treated with rhodamine-la-
beled proteins for 2h (unless stated otherwise) at indicated
concentrations. Cells were then kept in complete medium for the re-
mainder of the experiment, washed three times in HBSS before they
were fixed in 4% paraformaldehyde in PBS for 10 min, rinsed once in
PBS, stained with 100 ng/ml DAPI for 2 min, rinsed twice in PBS, and
mounted under PBS/glycerol (1:1) for observation. Phase contrast and
fluorescence images were digitized with a Nikon CoolPix 4500 camera
mounted on a Zeiss Axiophot microscope at 100x and 200x magni-
fications.

Statistical methodology. Statistical analysis of the data was per-
formed using analysis of variance (ANOVA) test and P < 0.05 was
selected as significant threshold. Data were drawn as means + SD for
each time point or concentration.

Results

Tat-fusion protein uptake is temperature sensitive and
does not lead to rapid nuclear accumulation

Recently, it was shown that incubation at 4°C
strongly inhibited uptake of Tat-fusion proteins (TFPs),
suggesting that unlike short cationic peptides, full-length
protein internalization requires energy [7]. In order to
assess the participation of the endosomal pathway in
TFP internalization, we first evaluated the effects of low
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temperatures on protein uptake in NIH SSR mouse fi-
broblasts. As shown previously by our group and oth-
ers, uptake occurs in nearly 100% of cells treated with
TFPs even at relatively low concentrations [1,13]. When
applied on cells at 4°C, the detection of Tat-B-Gal is
reduced to a level comparable to the B-Gal control
(Fig. 1A). Because mild fixation procedures, such as
glutaraldehyde fixation, can lead to artifactual cellular
uptake of highly charged peptides [10,11], we examined
TFP internalization using fluorescence microscopy. In-
cubation at 4°C also resulted in a strong inhibition
when the uptake was examined using rhodamine-labeled
Tat-B-Gal, illustrating even more clearly that the uptake
of TFPs is reduced at low temperatures. In contrast to
enzymatic detection, when the uptake of TFPs was fol-
lowed by fluorescence microscopy, there was no de-
tectable binding of the fluorescently labeled proteins to
the external cell surface at 4 °C (Fig. 1B).

To examine the kinetics of TFP internalization, cells
were incubated with rhodamine-labeled Tat-eGFP for
times varying from 10 to 60 min (Fig. 1C). Fluorescence
microscopy clearly indicated that in contrast to short
Tat peptides that rapidly accumulated in the nucleus
[19], full-length TFPs were not rapidly internalized in
the cytosol and nucleus. After 10min, Tat-eGFP
generally localized to the cell surface. After 30 min,
Tat-eGFP further proceeded inside the cell clearly dem-
onstrating a punctuate appearance, indicative of locali-
zation in transport vesicles like endosomes or lysosomes.
After 60 min, Tat-eGFP started accumulating around
the nucleus. Interestingly, even if the TFPs used in this
study contained the strong nuclear localization signal of

Tat, none were detected in the nucleus using fluores-
cence microscopy.

TAT-fusion proteins accumulate in the perinuclear region

To better characterize the final subcellular localiza-
tion of TFPs, NIH SSR fibroblasts were pulse treated
for 2 h with rhodamine-labeled Tat-B-Gal or Tat-eGFP,
rinsed, and then proliferated for 4h in regular culture
medium. Rhodamine-labeled Tat-B-Gal and Tat-eGFP
accumulated in the periphery of the nucleus (Fig. 2A).
Since some endocytic pathways are known to target the
ER and Golgi [20], we sought to establish if TFPs co-
localized with these compartments. The cell region
where TFPs accumulated was stained by concanavalin
A (con A), a lectin that recognizes sugars commonly
found in the ER and Golgi. While con A and TFPs were
detected in the same general intracellular region, they
did not co-localize. Perinuclear accumulation was not
restricted to Tat-eGFP and Tat-B-Gal (Fig. 2A). Tat-
Myc and Tat-Cre, a fusion protein further investigated
below, also accumulated around the nucleus (Fig. 2B).
This was also the case for Tat-eGFP in human myo-
blasts (Fig. 2B). In our hands, all TFPs showed peri-
nuclear accumulation, without any significant visible
nuclear targeting in all investigated cell types, showing
that this phenomenon is not restricted to mouse fibro-
blasts. These results confirm previous work with Tat-
eGFP indicating that internalized TFPs demonstrate an
intracellular distribution different from what is observed
with similar constructs expressed through transfection
[12].
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Fig. 1. Effects of incubation at 4 °C and early intracellular distribution of Tat-fusion proteins. (A) Phase contrast microscopy analysis of Tat-B-Gal
uptake and influence of low temperature on the internalization process. NIH SSR fibroblasts were treated with Tat--Gal or B-Gal (250nM) for 2h
in complete medium, rinsed three times, fixed in glutaraldehyde, and stained with X-Gal. (B) Fluorescence microscopy analysis of NIH SSR treated
with rhodamine-labeled Tat-fB-Gal or rhodamine-labeled B-Gal (500nM) for 2h in complete medium, rinsed three times, fixed in 4% paraform-
aldehyde, and stained with DAPI. (C) Fluorescence microscopy analysis of the early subcellular localization of Tat-eGFP in NIH SSR. NIH SSR
treated with rhodamine-labeled Tat-eGFP (150 pg/ml) at 37 °C for 10, 30, and 60 min, paraformaldehyde fixed, and stained with DAPI.
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Fig. 2. Subcellular localization of Tat-fusion proteins. (A) Fluores-
cence microscopy analysis of NIH SSR fibroblasts pulse treated with
rhodamine-labeled proteins Tat-B-Gal or Tat-eGFP (50 pg/ml) for 2 h.
After a 4h incubation in complete medium, they were fixed, labeled
with concanavalin A-FITC (50 pg/ml), and stained with DAPI. The
lectin con A recognizes glycoproteins and core oligosaccharides com-
monly found in the endoplasmic reticulum and Golgi. (B) Perinuclear
accumulation of Tat-Myc and TAT-Cre in fibroblasts and Tat-eGFP
in myoblasts. Same experiment as in A, using rhodamine-labeled Tat-
Myc, Tat-Cre in NIH SSR fibroblasts, and rhodamine-labeled Tat-
eGFP in DTT myoblasts.

Functional nuclear Cre recombinase assay

If TFPs proceed through the endosomal pathway to be
later directed to a compartment where they are degraded
or sequestered, promoting endosomal release and access
to the cytosol should theoretically increase functional
nuclear delivery. To exclude potential artifacts from our
study, we have designed an assay based on the detection of
the biological activity of the Cre recombinase in the nu-
cleus. When added exogenously to cultured cells, the na-
tive Cre protein from bacteriophage P1 is internalized and
performs site-specific recombination of DNA between
LoxP sites [21]. Fusion of Cre to PTDs such as the leader
sequence from Kaposi FGF-4 [22] or the Tat peptide [16]
can greatly enhance its cellular uptake and subsequent
recombination. A target cell line (NIH SSR) was gener-
ated by infection with SSR 69 [15], a retroviral vector
yielding G418 resistance following LoxP recombination
in the presence of Cre recombinase (Fig. 3A). When
treated with a Tat-Cre fusion protein (HTNC), NIH SSR
cells undergo LoxP specific recombination. After selec-
tion with G418, resistant colonies are generated and can
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Fig. 3. Functional nuclear Cre assay. (A) Schematic representation of
functional nuclear Cre assay and dose-dependent increase in G418
resistant CFU generated by exogenously added HTNC to NIH SSR
cells. (B) Concentration-dependent HTNC functional delivery in NITH
SSR fibroblasts. Cells were treated with increasing concentrations of
HTNC for 1h in serum-free conditions and then subjected to the
functional nuclear Cre recombinase assay. Resistant colonies were
stained and then counted. Fold increase was measured using the mean
CFU of each group against the control (0.25uM HTNC). Each col-
umn represents the mean + SD of duplicates.

be counted to evaluate the efficacy of the treatment (Fig.
3A). NIH SSR cells were exposed to increasing concen-
trations of HTNC and subjected to functional nuclear
Cre assay. The quantification of neomycin resistant col-
onies shows concentration-dependent increase relative to
the HTNC added in the culture medium (Fig. 3B). This
shows that our method can detect relatively small varia-
tions in the amounts of biologically active HTNC deliv-
ered into the nucleus of the targeted cells.

Endosome-disrupting compounds dramatically increase
functional nuclear delivery

We tested compounds known to increase the deliv-
ery of macromolecules, like DNA, that enter cells via
the endosomes. Chloroquine is a lysosomotropic
agent thought to have a buffering capacity preventing
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Fig. 4. Effects of lysosomotropic agents known to promote endosomal
release on the functional nuclear delivery of Tat-Cre fusion protein
(HTNC). Dose dependence of the increase of genomic DNA recombi-
nation mediated by exogenously added HTNC in cells by lysosomo-
tropic agents: chloroquine (A) or sucrose (B). NIH SSR fibroblasts were
rinsed in HBSS once, then co-treated with 0.5 uM HTNC and one of the
lysosomotropic agents, chloroquine (0-400 uM) or sucrose (0-500 mM),
in serum-free culture medium for 45 min, and subjected to the functional
nuclear Cre recombinase assay. Fold increase was measured using the
mean CFU of each group against the control (concentration = 0). Each
column represents the mean + SD of duplicates.

endosomal acidification. In addition, it can lead to
swelling and bursting of the endosomes and was shown to
enhance DNA transfection [23-25]. When target cells
were co-incubated with 500nM HTNC and 200 uM
chloroquine, genomic recombination was increased up to
23-fold in NIH SSR fibroblasts (Fig. 4A). Sucrose was
also tested because mammalian cells, in general, lack the
intracellular disaccharidase enzyme for metabolizing su-
crose. Adding sucrose to the cell culture medium has thus
been noted to cause intracellular cytoplasmic swelling
within endosomes [26] and was used previously to en-
hance plasmid DNA transfection efficiency in fibroblasts
[23]. Indeed, sucrose co-incubation with HTNC resulted
in up to 18-fold increased recombination efficiency in
NIH SSR (Fig. 4B) submitted to functional nuclear Cre
recombinase assay.

Increased functional nuclear delivery induced by lyso-
somotropic agents is not the result of increased uptake

Membrane permeation or glycoprotein over-expres-
sion resulting in increased uptake could have been re-

sponsible for the increased LoxP recombination
measured when co-incubating HTNC, respectively, with
chloroquine or sucrose. To demonstrate that the in-
creased functional nuclear delivery of HTNC was
caused by endosome disruption and subsequent intra-
cellular trafficking modifications and not by an in-
creased cell uptake, we examined the internalization of
HTNC in cells co-incubated with a lysosomotropic
agent. We quantified the effects of chloroquine and
sucrose on cell uptake, using an antibody directed
against the poly-His Tag, part of the HTNC fusion
protein. Chloroquine treatment did not significantly
increase HTNC internalization as measured in total
proteins recovered from treated cells (Figs. 5SA and C).
Far from increasing HTNC uptake, sucrose co-treat-
ment resulted in significant decreases in HTNC im-
munodetection (Figs. 5B and D). Most strikingly, co-
treatment with 500 mM sucrose that increased 18-fold
the functional nuclear delivery of HTNC decreased by
9-fold the levels of HTNC uptake. These results clearly
show that treatment with chloroquine or sucrose led to
strong increases in LoxP recombination due to a mod-
ification in intracellular trafficking and not increased
cell uptake.

Once internalized, the HTNC fusion protein is not rapidly
degraded in lysosomes

The perinuclear accumulation observed in fluores-
cence microscopy 4h post-incubation could possibly
have resulted from the recycling of labeled amino
acids in the ER for neosynthesis following the rapid
degradation by lysosomal enzymes or the proteasome
complex. The effects of chloroquine are not restricted
to its buffering capacity and thus interfere with in-
tracellular transport beyond lysosomal enzyme deg-
radation. To evaluate more specifically the influence
of lysosomal enzymes on internalized proteins, we
tested the effects of inhibitors of vacuolar H+-ATP-
ases, bafilomycin Al (BFLA), and concanamycin A
(CCM) [27] on the functional delivery of HTNC to
the nucleus in NIH SSR cells. These inhibitors of
lysosomal acidification, which do not result in
transport vesicle swelling, did not increase the func-
tional HTNC delivery to the nucleus (Figs. 6A
and B).

While lysosomal enzymes did not seem to be signifi-
cantly involved in HTNC degradation, we wanted to
confirm that internalized proteins persisted inside cells
long enough to be shipped to a proper compartment.
We evaluated the apparent degradation of the internal-
ized HTNC using immunodetection. Immunoblotting
against an epitope of the Cre protein shows a slow de-
crease in intracellular Cre (Fig. 7). Nonetheless, more
than 50% of the internalized HTNC still remains intact
after 8 h.



N.J. Caron et al. | Biochemical and Biophysical Research Communications 319 (2004) 12-20 17

A

0 25 50 100 200 500
chloroquine (uM)

140+
1201
100+
80+
60
40
20

Relative densitometry (%) &=

0 25 50 100 200 500
chloroquine (M)

s s W (CHTNC-| - e —

C

0 25 50 100 200 500
sucrose (mM)

140 -
120 -
100

80
407 *
2017 b

0 25 50 100 200 500
sucrose (mM)

Relative densitometry (%) ©

Fig. 5. Effects of lysosomotropic agents on the Tat-Cre fusion protein (HTNC) uptake and binding to NIH SSR. NIH SSR fibroblasts were co-
incubated for 1 h with 0.5uM HTNC and concentrations of 0-500 uM chloroquine (A,B) or 0-500 mM sucrose (C,D) in serum-free DMEM. Cells
were proliferated for 1 h and then rinsed three times in HBSS before recuperation in protein sample buffer. In (A,C) immunoblot analysis cell lysates
using an anti-polyhistidine antibody. Results of band densitometry are illustrated in (B,D). Each measurement is expressed as a percentage of relative
densitometry compared to the untreated control (defined as 100%). Each column represents the mean +SD of two readings per sample from
duplicates. Asterisks indicate significance level (P value <0.05) attained in comparison to the control group (concentration = 0).
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Fig. 6. Effects of vacuolar H+-ATPase inhibitors, BFLA and CCM, on
the functional nuclear delivery of Tat-Cre fusion protein (HTNC) in
NIH SSR. Cells were pre-treated for 2 h with increasing concentrations
of BFLA or CCM (0-200nM) in complete DMEM. Cells were then
co-incubated in 1 uM HTNC with BFLA or with CCM (0-200nM) in
serum-free medium and then subjected to the functional nuclear Cre
recombinase assay. Fold increase was measured using the mean CFU
of each group against the control (concentration=0). Each column
represents the mean + SD of duplicates.
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Fig. 7. Tat-Cre fusion protein (HTNC) stability following internali-
zation. (A) Immunoblot analysis of the intracellular stability of the
HTNC internalized by NIH SSR cells. Cells were pulse-treated with
1 uM HTNC in serum-free DMEM for 1 h before cells were rinsed and
proliferated in HTNC-free culture medium for different amounts of
time. After proliferation, cells were directly harvested in protein sam-
ple buffer. Cell lysates were analyzed by immunoblotting using an
anti-Cre antibody. (B) Results of band densitometry are expressed as
percentage of the relative densitometry compared to the time 0 control
(defined as 100%). Each column represents the mean & SD of dupli-
cates from three separate experiments. Asterisks indicate significance
level (P value <0.05) attained in comparison to the control group
(time =0).



18 N.J. Caron et al. | Biochemical and Biophysical Research Communications 319 (2004) 12-20

1.8
1.6
1.4 1
1.2 1
1.0
0.8 -
0.6 -
0.4 4
0.2

Fold increase in CFU

0 5 10 20 40 100
MG 132 (uM)

Fig. 8. Effects of the proteasome inhibitor MG 132 on the functional
nuclear delivery of HTNC. NIH SSR cells were submitted to func-
tional nuclear Cre recombinase assay in the presence of MG 132. Cells
were pulse treated with 1 pM Tat-Cre (HTNC) and increasing amounts
of MG 132 (0-100 uM) in serum-free DMEM HG for 1 h. Cells were
then washed in HBSS, submitted to an additional treatment of MG
132 (0-100 uM) in complete medium for 3h, and then submitted to
functional nuclear Cre recombinase assay. Fold increase was measured
using the mean CFU of each group against the control (concentra-
tion =0). Each column represents the mean & SD of triplicates.

Proteasome inhibitor MG 132 increases HTNC functional
nuclear delivery

The degradation of internalized TFPs by the pro-
teasome complex could be responsible for limited access
to the nucleus and the decrease in the intracellular
content of HTNC and Tat-B-GAL after the uptake. To
examine whether TFPs were degraded by the protea-
some, NIH SSR cells were co-treated with HTNC and
increasing amounts of MG 132 and then subjected to
functional Cre nuclear delivery. MG 132 is a potent,
reversible, and cell-permeable proteasome inhibitor
targeting the chemotrypsin-like activity of the protea-
some [28]. As shown in Fig. 8, HTNC functional nuclear
delivery was increased, respectively, by 48% and 56%
using MG 132 concentrations of 5 and 10uM. At a
higher dose, MG 132 showed some toxicity resulting in
decreased recombination efficiency.

Discussion

In this study, we have investigated the events impli-
cated in the intracellular transport of Tat-fusion pro-
teins (TFPs) using a novel reporter system based on the
detection of the functional nuclear delivery of a Tat-Cre
fusion protein. Our results showed that the endosomal
pathway plays a major role in the process of TFP in-
ternalization. TFPs demonstrated a punctuate and
temperature sensitive internalization. TFPs slowly ac-
cumulated around the nucleus, not inside. Mild fixation
procedure (0.25% glutaraldehyde) imposed by B-Gal
enzymatic detection led to a higher background in B-Gal
controls and to an apparently faint nuclear localization,

which was never detected using fluorescent detection.
We attribute this discrepancy to the mild fixation pro-
cedure used in this experiment that can lead to artifac-
tual nuclear uptake of highly charged peptides [10,11].
Co-treatment with molecules known to disrupt en-
dosomal integrity (chloroquine or sucrose) caused large
increases in functional delivery of HTNC to the nucleus.
Chloroquine treatment was previously reported to in-
hibit endosomal acidification leading to a reduction in
endosome delivery to lysosomes [25] and to cause
membrane disruption [24]. However, the co-treatment
with inhibitors of endosome/lysosome acidification did
not increase LoxP recombination efficiency, suggesting
that vesicles containing TFPs did not fuse with lyso-
somes or that the neutralization of endocytic vesicles is
not sufficient. When cells were co-incubated with rho-
damine-labeled TFPs and lysosomotropic agents, there
was no apparent increase in the fluorescent labeling of
the nuclei (results not shown). This indicates that only a
small proportion of delivered proteins can escape en-
dosomes, even in cells treated with lysosomotropic
agents. This small amount of proteins is nevertheless
sufficient to produce a detectable recombinase activity.
This capacity to evade endocytic vesicles could be the
result of the amphipathic helix structure found in the
basic domain of Tat.

These observations bring us to reconsider the main
factors limiting direct protein delivery using cationic
peptides such as the basic domain from Tat. While most
groups have been developing means to increase the in-
tracellular uptake [6,29], our data suggest that an inade-
quate intracellular trafficking of TFPs, resulting in
perinuclear sequestration, is the major factor limiting
functional delivery. We cannot exclude the possibility
that proteolysis played a role in the limited access of Tat-
fusion proteins to the nucleus, since inhibitors of the
proteasome did produce small increases in LoxP recom-
bination efficiency. As shown in Fig. 8 using anti-Cre
immunoblotting, internalized HTNC is degraded slowly
by the cell, more than 50% remaining after 8 h. Therefore,
perinuclear accumulation could not result exclusively
from the recycling of labeled amino acids through neo-
synthesis in the ER. Inhibitors of vacuolar H+-ATPases
produced no effect on functional nuclear delivery of
HTNC, while proteasome inhibitor MG 132 resulted in
limited increases compared to endosome-disrupting
agents. We cannot, however, exclude the possibility that
the perinuclear accumulation is also responsible for the
absence of a rapid degradation. The small proportion of
TFPs that escape endocytic vesicles, with or without help
from disrupting molecules, could be more accessible to
the proteolytic machinery. In consequence, it would be
interesting to test the synergistic effects of chloroquine in
combination with MG 132.

TFPs can bind to many cell types by associating non-
specifically to sulfated-membrane-bound glycoproteins
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[30]. Our results confirm that TFPs purified from bac-
teria, unlike small cationic peptides, enter cells via the
endosomal pathway. Endocytic vesicles containing
TFPs mainly follow the caveolar endocytosis pathway
[14] or the lipid raft macropinocytosis pathway [31].
They are then mainly segregated in the surroundings of
the nucleus, where they are non-functional. Only a very
small proportion of internalized TFPs can reach the
nucleus. While the general localization of internalized
TFPs is consistent with the ER or Golgi, and would be a
logical outcome for proteins entering using the caveolar
endocytic pathway [20] the exact compartmentalization
is still uncertain. Indeed in accordance with recent ob-
servations [14], and although TFPs generally accumulate
in structures resembling the ER/Golgi, we cannot rig-
orously co-localize TFPs with markers of those com-
partments. Interestingly, the cholera toxin (CTX) and
ricin localize to the ER/Golgi and are internalized via
the clathrin-independent/caveolae-mediated endocytic
pathway [20]. In fact, CTX which possesses the ability to
be internalized in cells is directed to the Golgi through
caveolae/raft-dependent endocytosis. It is still unclear
whether this perinuclear sequestration of TFPs is due to
their internalization pathway or if this phenomenon is
restricted to proteins produced in bacteria being recog-
nized as misfolded. Internalized TFPs might be sorted
back to follow a path that is analogous to the retro-
translocation process imposed by the quality control
mechanism to aggregated or misfolded proteins directed
to the ER or TGN for degradation or refolding [32].
Perinuclear accumulation is not uncommon with fusion
proteins. It is often observed in the case of over-ex-
pressed or misfolded recombinant proteins [33].

The punctuate fluorescence observed following the
application of TFPs and the stimulating effects of
lysosomotropic agents on their efficient nuclear delivery
unquestionably point toward endocytosis. It was pre-
viously demonstrated that the basic domain of the Tat
protein could not bind to negatively charged membrane
glycoproteins as efficiently as polylysines or polyargi-
nines [6]. The properties exhibited by the basic domain
of Tat could extend beyond binding to sulfated prote-
oglycans. While TFPs cannot translocate across the cell
membrane like small peptides, the Tat peptide may
confer some endosomolysis capacities resulting from the
charge distribution found in its helix [29]. We therefore
postulate that the unexpected efficiency reported in the
literature in recent years, with which the basic domain
from Tat can internalize large active cargos inside cells,
does not result from a new membrane-translocating
mechanism. It is most probably the result of the mul-
titasking nature of the Tat basic domain (strongly cat-
ionic, amphipathic helix and nuclear localization
signal). Our hypothesis, far from disqualifying the basic
domain of Tat as an instrument to perform the inter-
nalization of active cargos in cells, suggests that its

properties could be enhanced to optimize active intra-
cellular delivery.
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