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The Tat protein from HIV-1, when fused with heterologous proteins or peptides, can traverse cell
membranes. This ability has generated great interest due to potential therapeutic applications.
However, the relevant cellular pathway and its dynamics have not been elucidated yet. Here we
unravel the intracellular fate of exogenously added Tat fused with green fluorescent protein (GFP)
in live HeLa and CHO cells, from the early interaction with the plasma membrane up to the
long-term accumulation in the perinuclear region. We demonstrate that the internalization
process of full-length Tat and of heterologous proteins fused to the transduction domain of Tat
exploits a caveolar-mediated pathway and is inhibited at 4°C. Remarkably, a slow linear move-
ment toward the nucleus of individual GFP-tagged Tat-filled caveolae with an average velocity of
3 wm/h was observed. No fluorescence was observed in the nucleus, possibly suggesting that Tat
fusion protein unfolding is required for nuclear translocation. In addition, early sensitivity to
cytochalasin-D treatment indicates the essential role of the actin cytoskeleton in the displacement
of Tat vesicles toward the nucleus. Our results imply that HIV-1 Tat mediates the internalization
of protein cargos in a slow and temperature-dependent manner by exploiting the caveolar
pathway.
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INTRODUCTION

The Tat protein of human immunodeficiency virus type 1
(HIV-1) is an 86- to 101-amino-acid regulatory protein
that transactivates HIV-1 provirus expression [1]. In addi-
tion, Tat can be released from productively infected cells
[2,3]. This extracellular Tat can be then internalized into
uninfected cells where it affects several cellular functions
[4-8]. The ability of exogenous Tat to be taken up by cells
has generated great interest owing to the potential ther-
apeutic applications of this molecule. Tat, in fact, can be
used as a vector for delivering heterogeneous proteins and
drugs that would otherwise not have access to the intra-
cellular environment [9]. Several studies have shown that
different substances conjugated to Tat can in this way
cross the cellular membrane [10]. Studies of several Tat-
derived peptides demonstrated that residues 48 to 60
from the basic domain (the protein transduction domain
or PTD) are responsible for the functional internalization

into cells [11-13] and that cellular heparan sulfates (HS)
act as low-affinity cellular receptors for the anchorage to
the membrane [14,15]. Despite the amount of interest in
these properties, the transduction mechanism by which
Tat-functionalized molecules cross lipid bilayers and ac-
cumulate into the cells remains still largely unknown.
Recent experimental studies, in addition, have even raised
concerns about the efficacy of Tat-derived peptides to
translocate across cellular membranes [16] and suggested
that the uptake did not occur in a fast and temperature-
independent way as previously believed [17].
Translocation processes of exogenous proteins and vi-
ral particles and visualization of their intracellular fates
are challenging subjects of great current interest. Devel-
opments of high-resolution imaging techniques together
with advanced molecular biology studies offer opportuni-
ties for these investigations with the potential of unrav-
eling events not accessible by more conventional studies
[18]. Recent work, for instance, demonstrated that some
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nonenveloped viruses like SV40 [19], polyomavirus [20],
and echovirus 1 [21] can enter cells through a nonclassi-
cal, clathrin-independent endocytosis. An increasing
body of evidence indicates that these internalization pro-
cesses are regulated by a caveolar-mediated pathway.
Caveolae are invaginated plasma membrane domains
characterized by the presence of the integral membrane
protein caveolin-1 (Cav-1). They are involved in many
endogenous cellular processes like cholesterol homeosta-
sis, glycosphingolipid transport, and glycosylphosphati-
dylinositol (GPI) anchored protein recycling [22]. There is
also evidence that HIV-1 virus can use caveolae for trans-
cytosis across the endothelium [23]. Among the other
ligands or membrane elements that were found to inter-
nalize through this pathway are cholera toxin [24], folic
acid, and the GPI-GFP fusion protein [25]. Specific cell-
type differences were shown: while in CHO cells the pro-
cess is rather fast and constitutive [26], in HeLa cells and
in the absence of specific triggers, caveolae are largely
immobile plasma membrane compartments not involved
in constitutive endocytosis [27].

Green fluorescent proteins (GFPs) have emerged in the
past years as powerful reporter molecules for the study of
protein localization and trafficking within secretory and
endocytic membranes of living cells [19,26-28]. In par-
ticular, GFPs have been used in a wide variety of applica-
tions aimed at defining the type of endocytic pathway
utilized by various viruses [29]. GFP labeling has also been
used to examine the morphological transformations oc-
curring upon cell treatment with membrane traffic per-
turbants [12,18,26,27]. In the present work we exploited
GFP tagging, high-resolution epifluorescence, and confo-
cal imaging techniques to investigate the internalization
kinetics of a Tat-enhanced green fluorescent protein
(eGFP) fusion protein with glutathione S-transferase
(GST-Tat-eGFP in the following) into living cells. Taking
advantage of high sensitivity and depth of field of wide-
field fluorescence microscopy we followed the cellular
transduction in real time from the early interaction with
the cell membrane up to the accumulation close to the
cellular perinuclear region. The aim of our study was to
elucidate the type of endocytic pathway utilized by Tat
fusion proteins and determine the kinetics of the long-
term vesicle movement within the cell, with the perspec-
tive of using Tat-mediated transduction for molecular
therapy applications. Our results imply that GST-Tat-
eGFP chimeras enter cells by a caveolar-mediated path-
way and localize in the perinuclear region through actin-
vehicled slow movements.

RESuULTS

GST-Tat fusion proteins can enter cells when added ex-
ogenously [30,31] and this property was used to explore
the mechanism of HIV-LTR transactivation by Tat. In
particular, eGFP has proven to be a useful tag for the study

of Tat transduction both in cultured cells and in specific
tissue cells [32]. In addition, since its fluorescence can be
detected only when the protein is correctly folded, the
optical emission intensity can be used as a marker of
intracellular pH changes [33]. Moreover, a GST-Tat-eGFP
fusion protein maintains its ability to bypass cellular
membranes and transactivate the HIV-LTR reaching a pla-
teau at the concentration of 8 nM (0.5 wg/ml) [15].

Real-Time Visualization of GST-Tat-eGFP Entry in
Live Cells

We added GST-Tat-eGFP fusion protein to HL3T1 cultured
cells at concentrations ranging from 8 to 50 nM (from 0.5
to 3 pg/ml). The fluorescent signal from eGFP (indicating
correctly folded protein) was visualized starting from a
few minutes after the proteins were added (Fig. 1a) and
was initially uniformly localized on the plasma mem-
brane of the cells. Starting from 15 min after addition of
the proteins at 37°C we observed the fluorescent signal in
discrete vesicles on the plasma membrane. With laser
irradiation at 488 nm, the fluorescent vesicles appeared as
round-shaped fluorescent spots. At high concentration
(50 nM) the signal from a single fluorescent vesicle in-
creased, thereafter peaking at 90 min after protein addi-
tion (Fig. 1b). Detailed analysis of this fluorescence inten-
sity after 90 min and comparison with photon counts
obtained from single eGFPs [34] allowed us to estimate an
average number of included fluorescent fusion proteins of
around 300 assuming pH values not lower than 6 within
the vesicles. We obtained similar results by adding GST-
Tat-eGFP under similar conditions to CHO-K1 cell cul-
tures (data not shown). Inclusion of the fluorescent signal
into vesicles was prevented by incubating at 4°C. At this
temperature and after protein addition, a weak and dif-
fuse green fluorescent signal at the membrane was ob-
served (see Fig. 1c). This signal was associated with Tat
fusion proteins in close proximity to the cell membrane.
Before adding the proteins, we observed no fluorescent
signal distinct from the background at the cellular mem-
brane with either lamp or laser illumination. Strong flu-
orescence emission from discrete vesicles could be readily
recovered by raising the temperature of incubation back
to 37°C (Figs. 1c and 1d). In agreement with previously
reported data [15] we did not detect any association with
cellular membranes or vesicle inclusion when cells were
treated with heparin (Fig. 1e). CHO-K1 cells defective in
HS biosynthesis also scored negative for membrane adhe-
sion and fluorescent vesicle formation (Fig. 1f). Cells
scored negative for membrane adhesion or vesicle inclu-
sion of the fluorescent signal when a control GST-eGFP
fusion protein was added in similar concentrations (data
not shown).

Kinetics of GST-Tat-eGFP Vacuolar Trafficking
To explore GST-Tat-eGFP vacuolar trafficking from the
plasma membrane into the interior of the cell, we performed
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FIG. 1. Anchorage and vesicle inclusion of GST-Tat-eGFP fusion protein. (a) Laser-scanning confocal fluorescence image of live HL3T1 cells 90 min after
GST-Tat-eGFP addition (50 nM) at 37°C. Fluorescence is distributed mainly on the plasma membrane. (b) Fluorescence of single GST-Tat-eGFP on the plasma
membrane as a function of time after protein addition (50 nM) to HL3T1 cells. Fluorescence is expressed as arbitrary units, dots correspond to means, bars to
standard errors of 10 individual vesicles and the white dotted curve is a guide to the eye; a peak of fluorescence at 90 min after protein addition is observed.
(c and d) Wide-field fluorescence analysis of plasma membrane of live HL3T1 cells immediately after GST-Tat-eGFP anchorage (50 nM) at (c) 4°C and (d) 37°C;
no fluorescence signal is observed at 4°C. (e) Wide-field fluorescence image of heparin-treated (1 pg/ml) HL3T1 cells after GST-Tat-eGFP addition (50 nM) and
corresponding Nomarski image. (f) Wide-field fluorescence image of CHO-K1 mutants deficient in HS biosynthesis after GST-Tat-eGFP addition (50 nM) and

corresponding Nomarski image.

live-cell time-lapse analysis to visualize individual eGFP-pos-
itive vesicles moving in the intracellular environment and
defined their kinetics. No significant movement of eGFP-
positive vesicles could be appreciated by fast dynamics anal-
ysis on HL3T1 cells (on the time scale of a few minutes),
suggesting that those structures were highly stable when
imaged in this time window (data not shown). By scanning
a single confocal plane corresponding to the intracellular
region of the cell, we saw that GST-Tat-eGFP-positive vesi-

cles were initially confined to the periphery of the cell,
drawing a ring close to the plasma membrane. They subse-
quently moved inward and reached the perinuclear region
starting after 2.5 h (Fig. 2a). We performed long-term three-
dimensional analysis of movements of individual GST-Tat-
eGFP vesicles in HL3T1 cells up to 8 h after protein addition.
eGFP fluorescence was excited each 15 min by an Hg lamp
to minimize photobleaching and cell damage and collected
by an intensified CCD camera. The reconstructed time-lapse
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FIG. 2. Long-term tracking of individual GST-Tat-eGFP vesicles. Selected frames of a laser-scanning confocal fluorescence recording (z = 6 wm) at 37°C of HL3T1
cells after GST-Tat-eGFP addition (50 nM). (a) GST-Tat-eGFP vesicles move toward the nucleus. (b) Tracks of GST-Tat-eGFP vesicles (n = 11) whose trajectories
were recorded every 15 min and followed up to 8 h at 37°C in HL3T1 cells by wide-field fluorescence microscopy; cells are shown in light gray and nuclei in dark
gray . (c) Frequency of velocity measurements. The bar graph shows the number of measurements in a given velocity range (total number is n = 86) from 10
individual vesicles. The probability function (dark curve) was obtained by fitting data with a Gaussian distribution (« = 0.005, x* = 4.27, > = 0.94).
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FIG. 3. GST-Tat-eGFP and GST-Tat(48-60)-eGFP Transfemin-Texas red ol Merge
vesicles colocalize with Cav-1. Laser-scanning con- -
focal fluorescence images of live HL3T1 cells after
transferrin-Texas red (50 p.g/ml, red) and (a) GST-
Tat-eGFP (50 nM, 3 pg/ml, green) or (d) GST-
Tat(48-60)-eGFP (54 nM, 3 ng/ml, green) addition
at 37°C. Laser-scanning confocal live fluorescence
images of Cav-1-CFP (red)-transfected HL3T1 cells
after (b) GST-Tat-eGFP (50 nM, 3 pg/ml, green) or
(e) GST-Tat(48-60)-eGFP (54 nM, 3 ug/ml, green) Cav-1-CFP GST-Tat-eGFP herge
addition at 37°C; CFP fluorescence is depicted in a
red for better visualization. Laser-scanning confo-
cal live fluorescence images of HL3T1 cells after
cholera toxin-Alexa 594 (10 pg/ml, red) and (c)
GST-Tat-eGFP (50 nM, 3 png/ml, green) or (f) GST-
Tat(48-60)-eGFP (54 nM, 3 ng/ml, green) addition
at 37°C.

Transfemin-Texas red GST-Tat(48-60) e hrge

Cav-1-CFP GST-Tat(48-60)eGFP Merge

Cholara-Toxin-Aexaddd GST-Tat(4

FIG. 4. GST-Tat-eGFP accumulation in Cav-1 perinuclear structures. Three-dimensional reconstruction of a confocal z scansion (34 steps of 0.3 wm each) of the
colocalization signal between GST Tat-eGFP (green) and Cav-1-CFP (red) in a positively transfected HL3T1 cell 3 h after protein addition. On the back the same
scansion is depicted as a two-dimensional maximum projection.

FIG. 5. Effects of cytochalasin-D and nocodazole. Maximum projections of laser-scanning confocal fluorescence z recording (0.3-pm step) after addition of
GST-Tat-eGFP (50 nM, 3 pg/ml, green) together with transferrin-Texas red (50 wg/ml, red) to (a) cytochalasin-D-treated (5 wM), (c) untreated, and (e)
nocodazole-treated (20 uM) HL3T1 cells. Vector tracks of typical GST-Tat-eGFP vesicle trajectories (recorded every 15 min and followed up to 8 h at 37°C by
wide-field fluorescence microscopy) observed in (b) cytochalasin-D-treated (5 wM), (d) untreated, and (f) nocodazole-treated (20 wM) HL3T1 cells.
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allowed us to draw the tracks of individual eGFP-positive
vesicles (Fig. 2b). Most of the tracked vesicles move directly
toward the nucleus while a few of them remain localized in
a region close to the plasma membrane. The statistical anal-
ysis of individual vesicle velocity yields a Gaussian-like dis-
tribution (Fig. 2¢) with a peak around 3 pm/h and a small
shoulder at approximately 12 pm/h.

GST-Tat-eGFP is Selectively Recruited in Caveolar
Structures

To obtain direct visual evidence of the association be-
tween a specific endocytic pathway and the GST-Tat-eGFP
vesicular internalization described above, we performed
live-cell colocalization experiments with transferrin-
Texas red, a positive marker of clathrin-mediated endocy-
tosis, and a C-terminally cyan fluorescent protein (CFP)-
tagged caveolin-1 (Cav-1-CFP) fusion protein, a marker
for caveolar endocytosis, on both HL3T1 and CHO-K1
cells. When added together with GST-Tat-eGFP, trans-
ferrin-Texas red showed a faster accumulation in the cy-
tosol. We measured the average velocity for transferrin-
Texas red-positive endosomes in live-cell time-lapse
confocal analysis at around 0.5 pm/s. This velocity is
compatible with previous results on transferrin-Texas red-
positive endosomes [35] but is three orders of magnitude
faster than the velocity recorded for GST-Tat-eGFP-posi-
tive vesicles. These transferrin-Texas red-positive endo-
somes, in addition, did not colocalize with GST-Tat-eGFP-
positive vesicles to a significant extent (Fig. 3a). No
colocalization could be observed up to 8 h after protein
addition. To visualize the caveolar internalization path-
way we transfected cells with a plasmid encoding Cav-1-
CFP. It has been previously shown that Cav-1-fluorescent
protein chimeras are reliable markers for endogenous
Cav-1 in CHO cells [26] and are correctly sorted to caveo-
lae at the plasma membrane in Hela cells [27]. Moreover
they do not affect the normal activity of the caveolar
internalization pathway [19]. In our experiments we
found a significant colocalization signal between GST-
Tat-eGFP and Cav-1-CFP starting from approximately 1 h
after protein addition to the cell culture and increasing
thereafter (Fig. 3b). A strong colocalization signal was
indeed observed at later times when GST-Tat-eGFP was
found to localize in the perinuclear region. We obtained
similar results when colocalization experiments on live
cells were performed after adding GST-Tat(48-60)-eGFP
instead of the full-length GST-Tat-eGFP fusion protein.
No significant colocalization could be observed between
GST-Tat(48-60)-eGFP and transferrin-Texas red up to 8 h
after protein addition (Fig. 3d), whereas a strong colocal-
ization between GST-Tat(48-60)-eGFP and Cav-1-CFP in
positively transfected cells was appreciable with the same
kinetics displayed by the full-length GST-Tat-eGFP fusion
protein (Fig. 3e). We found similar colocalization results

in CHO-K1 cells (data not shown). To confirm GST-Tat-
eGFP and GST-Tat(48-60)-eGFP inclusion in caveolar ves-
icles and to rule out the effect of Cav-1-CFP overexpres-
sion in transiently transfected cells we also performed
live-cell colocalization with cholera toxin-Alexa 594,
which exploits the caveolar pathway to enter cells [24].
Also in this case we found a significant colocalization
(Figs. 3c and 3f). After 2-4 h from GST-Tat-eGFP addition,
the fluorescent signal was observed, in most of the cells,
in tube-shaped Cav-1-positive organelles localized in the
perinuclear region of the cells, most probably correspond-
ing to the caveosome structure [19]. Fig. 4 shows the
three-dimensional reconstruction of the colocalization
signal of a HL3T1 cell expressing Cav-1-CFP (a confocal
colocalization image is also shown in Fig. 4) 4 h after
addition of Tat fusion proteins. Here the caveosome ap-
pears as a largely interconnected perinuclear network of
irregularly shaped tubular structures, some of which con-
tain GST-Tat-eGFP in their cavities (indicated by arrows in
Fig. 4).

Effects of Cytochalasin-D and Nocodazole Treatment
on GST-Tat-eGFP Internalization

To demonstrate further that internalization of Tat fusion
proteins exploits the caveolar endocytic system, we tested
the effects of drugs that selectively disrupt either cell
microfilaments or microtubules. After drug treatment
GST-Tat-eGFP was added together with transferrin-Texas
red. It is known that treatment with cytochalasin-D yields
a depolymerization of the actin cytoskeleton that forces
the caveolae still connected to the cellular surface to
move laterally and to cluster on the plasma membrane
[36,37]. Fig. 5a shows the maximum projection of a z
scansion of a cytochalasin-D treated cell 8 h after addition
of the protein. In the presence of both GST-Tat-eGFP and
transferrin-Texas red the majority of GST-Tat-eGFP-posi-
tive caveolae are still connected to the surface compared
to a drug-free control (Fig. 5c), while transferrin-Texas red
was correctly displaced into the intracellular environ-
ment. The latter observation rules out any possible toxic
effect causing a general impairment of the cellular endo-
cytic pathways. Wide-field microscopy tracking of indi-
vidual GST-Tat-eGFP caveolae in cytochalasin-D-treated
cells up to 8 h after addition of the protein (Fig. 5b)
showed a typical behavior characterized by limited ran-
dom movements in a restricted area of the plasma mem-
brane.

In contrast, treatment of cells with nocodazole caused
microtubule disruption as confirmed by transferrin-Texas
red localization 8 h after addition of the proteins (Fig. Se),
while GST-Tat-eGFP fluorescence appeared mostly local-
ized in the perinuclear region. Tracks of individual GST-
Tat-eGFP caveolae (Fig. 5f) in nocodazole treated cells
indicated direct movement toward the inner part of the
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cell similar to that visualized in drug-free control experi-
ments (Fig. 5d).

DiscussioN

Frankel and Pabo [38] first demonstrated the ability of
HIV-1 Tat protein to enter cells, localize in the nucleus,
and transactivate the HIV-1 promoter when added to the
cell culture medium. Internalization was observed in the
absence of specific receptors and this raised the possibility
of using Tat as a vector able to deliver selected biomol-
ecules into the cells. Following this work, extensive mo-
lecular analysis of Tat proteins identified a short arginine-
rich domain (Tat 48-60), called Tat-PTD, responsible for
the transduction process across cellular membranes [11].
The potential of this domain as cargo vector has been
already exploited in different cell types [13]. Despite an
intense research effort, the mechanism of transduction
responsible for the entry of full-length Tat and Tat-PTD
into cells is still poorly understood. In a pioneering work,
however, Mann and Frankel [39] ascribed the cellular
uptake of exogenously added Tat protein to an energy-
dependent endocytosis pathway. One of the limitations
of most of the available studies on Tat delivery is that they
are based on imaging experiments on fixed cells [40].

Motivated by these considerations, here we provide a
complete dynamics analysis of the transduction mecha-
nism of full-length Tat and Tat-PTD fusion proteins, from
the early interaction with the cell membrane up to the
long-term trafficking in the cytosol. All data were taken
on live HeLa-HL3T1 and CHO-K1 cells.

The main experimental findings can be summarized in
the following three points: (i) exogenous GST-Tat-eGFP
fusion proteins rapidly bind to the cellular membrane in
a temperature-independent way. Early anchorage, how-
ever, is followed by inclusion of the fluorescent signal
into round-shaped vesicles through a temperature-depen-
dent process. The inclusion process proceeds, reaching a
peak of included protein concentration 2 h after protein
addition. The following drop (see Fig. 1) can be explained
by a progressive decrease in extracellular concentration of
free proteins in the culture medium. (ii) Long-term track-
ing of GST-Tat-eGFP-positive vesicles shows a very slow
centripetal movement with an average velocity of about 3
pm/h. This slow movement is incompatible with the fast
dynamics described for constitutive endocytic trafficking
of clathrin-coated pits and vesicles [35]. Slow dynamics
associated with an endocytic pathway was recently re-
ported by Thomsen and co-workers [27]. In their work
they demonstrated the existence of a nonconstitutive and
highly stable Cav-1-positive endocytic pathway in trans-
fected HeLa cells. The reported diffusion coefficient for
caveolae is consistent with the average speed here ob-
served for the case of GST-Tat-eGFP vesicles. This raised

the possibility that internalization of Tat might exploit
the caveolar system. (iii) The colocalization experiments
shown in Fig. 3 clearly indicate that GST-Tat-eGFP chime-
ras follow a caveolar pathway and not the fast clathrin-
dependent pathway. The same property is shared by a
GST-Tat(48-60)-eGFP fusion protein.

Several nonenveloped viruses and some bacterial tox-
ins together with membrane constituents and other li-
gands use the caveolar pathway to enter cells [41]. This
mechanism provides a nonacidic, nondigestive route for
cellular internalization. This nonclassical pathway has
been extensively studied for SV40 [42]. In this case, it was
demonstrated that the inclusion of the SV40 particle in
the caveolae triggers phosphorylation of tyrosine residues
in proteins associated with the caveolae. Indeed only vi-
rus-loaded caveolae were found to detach from the mem-
brane plane within 3 min [19]. In our observations nei-
ther GST-Tat-eGFP nor GST-Tat(48-60)-eGFP was able to
modify the dynamics of Cav-1-positive vesicles, and the
rate of membrane-bound caveolae detachment was com-
parable to that of control cells when no protein was
added. We thus conclude that Tat fusion proteins are
internalized through a very slow but constitutive inter-
nalization process involving caveolar movement, which
is observable only in the time window of a few hours.
Additional evidences for this mechanism can be found
elsewhere [43]. However, not all cell types exhibit the very
slow caveolar dynamics described for HeLa cells. In CHO
cells, for example, caveolae are internalized constitutively
with a faster dynamics [26]. Consistently GST-Tat-eGFP
and GST-Tat(48-60)-eGFP fusion proteins were found to
be internalized in a faster, constitutive way when added
under the same conditions to CHO-K1 cells (data not
shown). In CHO-K1 cells the observed average velocity of
GST-Tat-eGFP- and GST-Tat(48-60)-eGFP-positive vesicles
was found to peak at 1.2 pm/min with maximum values
up to 7-8 pwm/min.

Cellular HS act as low-affinity and large-capacity recep-
tors for GST-Tat-eGFP early anchorage (Fig. 1f and Ref.
[15]) and heparin can prevent this interaction when
added to the cell culture medium together with our fusion
protein (Fig. 1e and Ref. [14]). It is thus conceivable that
full-length Tat and Tat-PTD fusion proteins enter this
pathway through membrane binding with HS, the latter
being passively driven until the caveosome. This view is
further supported by recent biochemical studies showing
that cellular HS side chains in glypican-1, a member of the
GPI-linked cell surface proteoglycan (PG) family, enter a
recycling pathway through Cav-1-positive vesicles and
perinuclear structures [44]. The enhanced transduction
extended by the highly basic Tat-PTD can be explained in
terms of faster and more efficient anchorage and inclu-
sion into the caveolar pathway as suggested by Leifert and
co-workers [16]. From this perspective, cell-type differ-
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ences in the caveolae internalization rate must be taken
into account when evaluating the efficiency of transduc-
tion of full-length Tat and Tat-PTD fusion proteins.

Additionally, it is interesting to note that internaliza-
tion of a ligand along with this PG can redirect the prod-
ucts of HS degradation from caveolar structures to the
nucleus [45]. The time course of GST-Tat-eGFP-mediated
LTR-CAT transactivation was measured by some of us [15]
on HL3T1 cells. Those results are compatible with the
slow internalization dynamics of GST-Tat-eGFP caveolae
here reported. This would imply a further displacement of
full-length Tat and Tat(48-60) complexes from caveosome
or caveolae to the nucleus. Moreover, Eguchi and co-
workers [46] recently reported that inhibitors of caveolae
formation can reduce by 50% the efficiency of a Tat-PTD
phage-mediated gene transfer, strongly supporting an in-
volvement of the caveolar pathway in the nuclear trans-
location of Tat-PTD complexes. To investigate nuclear
translocation processes, the analysis of GST-Tat-eGFP nu-
clear accumulation would be required. We were not able,
however, to localize the fluorescence of GST-Tat-eGFP or
GST-Tat(48-60)-eGFP outside Cav-1-positive cytoplasmic
structures nor in the nucleus up to 24 h after protein
addition. A loss of eGFP fluorescence due to local acidifi-
cation can be ruled out within the caveolar system, in
which the pH values are maintained around neutrality
[19]. Additionally, trafficking from the caveolar system to
the Golgi complex has been followed for a GPI-GFP fu-
sion protein without any detectable loss in fluorescence
[25]. Bonifaci and co-workers [47] have demonstrated that
an unfolding step is necessary for nuclear translocation of
a full-length Tat fusion protein. Thus the most plausible
explanation for eGFP fluorescence loss is that the unfold-
ing step necessary for Tat-fusion protein nuclear translo-
cation occurs during protein import into the nucleus or in
some intermediate membrane system.

The actin cytoskeleton acts in stabilizing membrane-
bound caveolar invaginations and might be responsible
for their typical steady-state reduced diffusion coefficient
[26,27,41]. Fig. 5 shows that while no remarkable changes
are obtained by treating the cells with nocodazole, disrup-
tion of the actin filaments with cytochalasin-D results in
an improved random movement on the plasma mem-
brane of GST-Tat-eGFP-enriched caveolae. This observa-
tion reproduces what was already observed for SV40:
initial transport to the caveosome is microtubule inde-
pendent and relies on an intact actin network, while
microtubule integrity could be necessary for the following
steps. Nuclear transactivation experiments in nocodazole-
and cytochalasin-D-treated cells should allow the clarifi-
cation of the role of cellular cytoskeleton and the func-
tional relevance of full-length Tat and Tat-PTD fusion
protein caveolar internalization.

In conclusion, the present work indicates that full-
length and Tat-PTD fusion proteins take advantage of the
cellular caveolar system to exploit their transduction ac-

tivity. In addition to the notion that many microbial
pathogens exploit caveolar endocytosis as an entry route
to infect cells, there is growing evidence that this pathway
is involved in the pathogenesis of several human diseases,
including cancer [48]. From the therapeutic point of view,
in contrast, the observation here reported raises the addi-
tional possibility of exploiting Tat-derived peptides in
molecular therapy protocols aimed at delivering specific
drugs within the caveolar system of the cell.

MATERIALS AND METHODS

Cell lines. HL3T1 cells (HeLa derivative containing an integrated HIV-1
LTR driving the expression of a CAT reporter gene) were a kind gift from
G. Pavlakis (National Cancer Institute, Fredericks Cancer Research Facility,
Fredericks, MD). CHO-K1 and CHO-K1 mutants deficient in HS biosyn-
thesis were obtained from the American Type Culture Collection (Manas-
sas, VA). HL3T1 cells were cultured in Dulbecco’s modified Eagle’s medium
with GlutaMax (Life Technologies, Inc., Invitrogen Corp., Carlsbad, CA).
CHO cells were cultured in Ham’s F10 medium with GlutaMax (Life
Technologies, Inc.). Both media were supplemented with 10% fetal bovine
serum (Life Technologies, Inc.) and gentamicin 100 wg/ml and were buff-
ered with 20 mM Hepes. Cells were cultured at 37°C in a humidified 95%
air, 5% CO, incubator.

Recombinant proteins. The plasmid expressing GST-Tat-eGFP was ob-
tained by cloning a polymerase chain reaction-amplified fragment into the
BamHI and EcoRI sites of the commercial vector pGEX2T (Amersham
Biosciences Corp., Piscataway, NJ). The fragment was obtained by the
separate amplification of HXB2 Tat using primers 5'-GTGGATCCATG-
GAGCCAGTAGATCCTA-3’ and 5'-CCCTTGCTCACCATAAGCTTTTCCT-
TCGGGCC-3' and of eGFP using primers 5'-GGCCCGAAGGAAAAGCT-
TATGGTGAGCAAGGG-3' and 5'-GGCGACCTAGAGTCGCGGCCGCTTTA-
3'. Templates for amplification were plasmid pGEX2T-Tat [30] and peGFP-N1
(Clontech, Palo Alto, CA), respectively. The two amplification products con-
tain complementary sequences at the 3’ and 5’ ends of the coding strands of
Tat and eGFP, respectively. They were gel purified, mixed, annealed, and
amplified with the external primers to obtain single amplification products
that contain BarmHI and EcoRI sites at the extremities. The plasmid expressing
Cav-1-CFP fusion protein was a kind gift from L. Pelkmans (Institute of
Biochemistry, Swiss Federal Institute of Technology, Zurich, Switzerland).

GST-Tat-eGFP protein transduction. To study the kinetics of recombi-
nant GST-Tat-eGFP internalization, HL3T1 cells were seeded in 3- or 6-cm-
diameter glass-bottom petri dishes at a density of 5-10 X 10* cells/cm? in
Dulbecco’s modified Eagle’s medium containing 10% fetal calf serum.
After an additional incubation for 30 min in serum-free medium, fresh
medium containing GST-Tat-eGFP recombinant protein in various con-
centrations ranging from 8 to 50 nM was added. For live-cell recording the
dishes were placed in a humidified Plexiglas chamber and maintained at
37°C and 5% CO, throughout each experiment. For the fast dynamics
recording and colocalization experiments cells were imaged using a
TCS-SP laser scanning confocal microscope (Leica Microsystems, Mann-
heim, Germany) with a 63X, 1.4 NA plan apochromatic lens using a
computer-controlled 488 nm argon laser to excite eGFP, a 446 nm argon
laser to excite CFP, and a 568 nm krypton laser to excite Texas red.

Long-term live-cell recording. For long-term visualization of GST-Tat-eGFP
transduction the dishes were placed under an epifluorescence Axioskop-2
microscope (Zeiss, Carl Zeiss, Jena, Germany) with a 100X, 1.3 NA plan
neofluar objective and Nomarski optics. eGFP fluorescence was excited
with a 100-W HBO lamp and collected with a PentaMax 512-EFT intensi-
fied CCD camera (Princeton Instruments, Trenton, NJ) with detection
time of 0.1 s, using the band-pass 450-490 excitation filter and the
band-pass 515-565 emission filter of the Zeiss eGFP filter set.
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Colocalization experiments. For the colocalization experiments eGFP and
CFP were excited by 488 and 458 nm argon laser, respectively. Alexa 594
and Texas red fluorescence were excited by 543 nm krypton laser. To avoid
cross talk occurring between GST-Tat-eGFP or GST-Tat(48-60)-eGFP and
Cav-1-CFP, whose emission spectra are not sufficiently separated, we col-
lected their emission signals independently in the 460-490 and 492-
590 nm wavelength ranges, respectively. Emission signals from Texas
red and Alexa 594 were collected in the 580-667 nm range. Colocal-
ization was calculated by measuring the magnitude of Cav-1-CFP, chol-
era toxin-Alexa 594 or transferrin-Texas red signal overlaps with either
GST-Tat-eGFP or GST-Tat(48-60)-eGFP signal using the “measure colo-
calization” function of MetaMorph Analysis v 4.5 (Universal Imaging
Corp., West Chester, PA).

Experiments with cytochalasin and nocodazole. For the analysis of GST-
Tat-eGFP transduction sensitivity to drugs, cell dishes were pretreated
with serum-free fresh medium containing either 5 uM cytochalasin-D
or 20 uM nocodazole (Sigma-Aldrich Corp., St. Louis, MO) for 30 min.
Thereafter GST-Tat-eGFP and transferrin-Texas red were added as de-
scribed above.

Data analysis. All fluorescence images acquired in wide-field microscopy
were deconvoluted using the blind-deconvolution algorithm of AutoDe-
blur v 7.0 software (AutoQuant Imaging, Inc., Watervliet, New York, NY).
Tracking of individual GST-Tat-eGFP- and GST-Tat(48-60)-eGFP-positive
caveolae was performed using MetaMorph and plotted with Origin Pro v
7.03 (OriginLab Corp., Northampton, MA). Three-dimensional recon-
structions of z scansions acquired with the confocal setup were performed
using the 3D-reconstruction function of Auto Visualize-3D v 5.1 (Auto-
Quant Imaging, Inc.).
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