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ABSTRACT: A number of proteins are able to enter cells from the extracellular environment, including
protein toxins, growth factors, viral proteins, homeoproteins, and others. Many such translocating proteins,
or parts of them, appear to be able to carry with them cargo into the cell, and a basic sequence from the
HIV-1 Tat protein has been reported to provide intracellular delivery of several fused proteins. For evaluating
the efficiency of translocation to the cytosol, this TAT-peptide was fused to the diphtheria toxin A-fragment
(dtA), an extremely potent inhibitor of protein synthesis which normally is delivered efficiently to the
cytosol by the toxin B-fragment.The fusion of the TAT-peptide to dtA converted the protein to a heparin-
binding protein that bound avidly to the cell surface. However, no cytotoxicity of this protein was detected,
indicating that the TAT-peptide is unable to efficiently deliver enzymatically active dtA to the cytosol.
Interestingly, the fused TAT-peptide potentiated the binding and cytotoxic effect of the corresponding
holotoxin. We made a fusion protein between VP22, another membrane-permeant protein, and dtA, and
also in this case we detected association with cells in the absence of a cytotoxic effect. The data indicate
that transport of dtA into the cell by the TAT-peptide and VP22 is inefficient.

The plasma membrane of cells is generally impermeable
to proteins and peptides. While the cell has developed a
complex system for exporting secretory proteins, little trans-
fer of proteins is thought to occur in the opposite direction,
i.e., from the extracellular environment to the cytosol.
However, some proteins represent an exception to this rule,
and are able to enter the cytosol when added extracellularly.
These include plant and bacterial toxins (1), growth factors
(2), homeoproteins (3), and some viral proteins (4-6).

Plant and bacterial toxins acting on intracellular targets
commonly consist of two moieties, denoted A and B, where
the B moiety mediates binding of the toxin to cell-surface
receptors and often plays a role in mediating the transfer of
the A moiety across cellular membranes (reviewed in ref
1). The A moiety is an enzyme which enters the cytosol and
modifies a target, leading to cell death or having detrimental
effects on cellular physiology with serious consequences for
the whole organism. Diphtheria toxin is synthesized as one
polypeptide of 58 kDa byCorynebacterium diphtheriae(7),
and treatment of the toxin with trypsin-like proteases converts
it into its active form, which consists of two fragments, A
(21 kDa) and B (37 kDa) (8), linked by a disulfide bond
(9). Toxin entry into cells is initiated by binding of the
B-fragment to the toxin receptor (10) which is identical to
the uncleaved precursor of heparin-binding epidermal growth
factor-like growth factor (11). Receptor binding is followed
by endocytosis, and the low pH in endosomes induces

unfolding of the toxin molecule (12, 13), leading to insertion
of the B-fragment into the endosomal membrane and
translocation of the A-fragment (dtA)1 to the cytosol. Also,
if cell-surface-bound toxin is exposed to a buffer of acidic
pH, thereby mimicking the conditions in the endosome, the
translocation process is induced at the level of the plasma
membrane (14, 15). This translocation process is very
efficient: 50% of the bound toxin molecules are typically
translocated to the cytosol (16, 17). Once in the cytosol, the
A-fragment causes inhibition of cellular protein synthesis
through catalyzing the ADP-ribosylation of elongation factor
2, and the presence of a single A-fragment in the cytosol of
a cell appears to be sufficient to completely block protein
synthesis and kill the cell (17, 18).

During the past decade, it has been reported that peptide
sequences derived from proteins with membrane translocat-
ing ability are able to function as vehicles for the transport
of other proteins into the cell. HIV-1 encodes the trans-
activating protein Tat, which is essential for the expression
of viral genes, and exogenously added Tat has been shown
to enter cells (5, 6). A Tat-derived, basic sequence of 11
amino acids has been claimed to confer membrane translo-
cating activity to several proteins of sizes up to 120 kDa
(19, 20). Similarly, the tegument protein VP22 from herpes
simplex virus type 1 has also been reported to mediate
transfer of heterologous proteins into cells (4, 21). A
positively charged, 16 residue peptide derived from the third
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helix of the homeodomain of the Antennapedia protein has
been reported to mediate transport into cells of peptides of
up to 100 residues in size (22). Interestingly, all these
sequences are highly positively charged, and they have been
reported to bind to heparin (22-26), suggesting that they
are capable of binding to cell-surface heparans, similar to
many growth factors. The transport phenomena mediated by
these peptides appear to share several features; i.e., it is
claimed that binding to cell-surface receptors is not involved,
and that translocation occurs even at 4°C, arguing against
the involvement of conventional endocytosis.

The transport into cells of heterologous proteins consisting
of the alleged membrane-permeant sequences fused to
biologically active cargo molecules has mainly been studied
by immunofluorescence microscopy, and by assaying for
an intracellular biological activity displayed by the cargo.
When using immunofluorescence microscopy, it may be
difficult to distinguish between free cytosolic protein and
material associated with membrane-bound organelles. Thus,
it still remains unclear whether the translocation of such
proteins to the cytosol is an efficient process, or whether
only a minute fraction of the cell-associated protein actually
can reach the cytosol or another desired location, e.g., the
nucleus. Also, virtually nothing is known regarding the
mechanism of cellular targeting or membrane penetration by
such proteins.

The translocation of dtA into cells by the toxin’s own
translocation machinery, dtB, is an efficient process that has
been well characterized, and the translocation of only a few
molecules of dtA per cell is readily detected in cytotoxicity
experiments. We were therefore interested in comparing the
efficiency of delivery of dtA in the context of the holotoxin,
with that provided by the TAT-peptide and VP22, two
membrane-permeant sequences that have been reported to
be able to deliver large proteins into cells.

EXPERIMENTAL PROCEDURES

Buffers, Media, and Reagents. [3H]Leucine and [35S]-
methionine were from NEN (Boston, MA). Crude diphtheria
toxin from Connaught Laboratories (Willowdale, Canada)
was purified as described (27). Dialysis buffer consisted of
140 mM NaCl, 20 mM HEPES, and 2 mM CaCl2, adjusted
to pH 7.0 with NaOH. HEPES medium is bicarbonate-free
Eagle’s minimal essential medium buffered with 20 mM
HEPES and adjusted with NaOH to pH 7.4. MES-gluconate
buffer is 140 mM NaCl, 5 mM sodium gluconate, 20 mM
MES, adjusted with Tris to pH 4.8 or pH 7.0. Lysis buffer
consisted of 0.1 M NaCl, 20 mM NaH2PO4, 10 mM EDTA,
1% Triton X-100, 1 mM PMSF, 1 mM NEM, pH 7.4.
Phosphate-buffered saline (PBS) is 140 mM NaCl, 10 mM
NaH2PO4, pH 7.4.

Cell Cultures. Vero cells were maintained and propagated
under standard conditions (5% CO2 in Eagle’s minimal essen-
tial medium containing 5% FCS). For toxicity and binding/
translocation experiments, the cells were seeded into 24 well
Costar plates on the day preceding the experiments at
densities of 5× 104 and 1× 105 cells per well, respectively.

Plasmid Construction. The primer AATTAACCCTCAC-
TAAAGCCGCCATGGGCTACGGTAGGAA GAAGCGT-
CGTCAAAGGCGTAGGGGCGCTGATGATGTTGTT-
GATTCTTCT, which contains (in the following order) a T3

promoter, anNcoI site, and sequences encoding the TAT-
peptide and the nine N-terminal amino acids of the diphtheria
toxin A-fragment, was used as a forward primer in a PCR
reaction where plasmid pkD-52 (encoding the wild-type
A-fragment) (28) was used as template, and a primer
annealing downstream of the toxin gene was used as reverse
primer. We first tried to use the PCR product directly as
template for in vitro transcription with T3 RNA polymerase,
but these attempts were not successful. The PCR-product
was therefore cleaved withNcoI and AccI, and cloned into
the corresponding sites of pKD-52, generating the plasmid
encoding TAT-dtA. The sequence of the region generated
by PCR was verified by dideoxy sequencing.

The plasmid encoding VP22-dtA was constructed by
fusing the cDNA coding for the diphtheria toxin A-fragment
to the 3′ end of VP22 in the pVP22/myc-His plasmid from
Invitrogen (Groningen, The Netherlands). A sequence encod-
ing a glycine linker was inserted between the VP22 and dtA
genes to ensure flexibility between the two domains (see
Figure 7A).

In Vitro Transcription and Translation. Plasmid DNA was
linearized downstream of the encoded gene, and transcription
was carried out in a 20µL reaction mixture with T3 or T7
RNA polymerase as described (29). The mRNA was
precipitated with ethanol and dissolved in 10µL of H2O
containing 10 mM DTT and 0.1 unit/µL RNasin (Promega,
Madison, WI). The translation was performed for 1 h at 30
°C in micrococcal nuclease treated rabbit reticulocyte lysate
(Promega, Madison, WI) containing 1µM [35S]methionine
and 25µM of each of the other 19 amino acids, and 5µL of
the dissolved mRNA was used per 100µL of lysate. When
unlabeled A- and B-fragments were prepared, radiolabeled
methionine was replaced by 25µM unlabeled methionine.

In Vitro Reconstitution of ActiVe Toxin. When A-fragment
and B-fragment are mixed under reducing conditions, and
the reducing agent is subsequently removed by dialysis,
active heterodimeric toxin will form quantitatively (30). [35S]-
Methionine-labeled A-fragment and unlabeled B-fragment
were made separately by in vitro transcription and translation,
the translation mixtures were mixed together in a 1:1 ratio,
and formation of the interfragment disulfide bond was
facilitated by overnight dialysis against dialysis buffer. The
concentrations of the different toxins were estimated by
SDS-PAGE and phosphorimaging. Typically, the concen-
tration of reassociated holotoxin in the dialyzed translation
mixture was 2 nM. To avoid cellular incorporation of residual
[35S]methionine present in dialyzed translation mixtures, 1
mM of unlabeled methionine was added before the mixture
was incubated with cells. In some cases, unlabeled toxin was
prepared (for the purpose of being able to use higher toxin
concentrations in the toxicity experiments, as in Figure 2).
The toxin concentration was then estimated by calculating
the concentration in a [35S]methionine-labeled aliquot pre-
pared in parallel, as previously described (30).

Cytotoxicity Measurements. Overnight toxicity (Figures 2
and 7B): Vero cells were incubated for 16 h in growth
medium at 37°C with increasing amounts of in vitro
translated, unlabeled toxin. The cells were washed in leucine-
free HEPES medium for 5 min, followed by incubation for
30 min at 37°C in leucine-free HEPES medium with 4µCi/
mL [3H]leucine. Cellular proteins were then precipitated in
the tissue culture well with 5% TCA for 10 min at room
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temperature, washed once with TCA, and, finally, dissolved
in 0.1 M KOH. The radioactivity incorporated into cellular
proteins was measured by scintillation counting. Low-pH-
induced cytotoxicity (Figure 6A): Vero cells were incubated
for 1 h at 4°C with increasing amounts of [35S]methionine-
labeled, in vitro translated toxin, and then washed 3 times
in dialysis buffer to remove unbound toxin. The cells were
then incubated for 5 min at 37°C in MES-gluconate buffer,
pH 4.8, and subsequently incubated for 16 h in growth
medium in the presence of 10µM monensin to prevent
translocation from endosomes. Finally, the cells were washed
in leucine-free HEPES medium, and the incorporation of [3H]-
leucine was measured as for the overnight toxicity experi-
ment.

Cytotoxic effect of brief exposure to toxin (Figure 6B):
Vero cells were incubated for 30 min in growth medium at
37 °C with increasing amounts of [35S]methionine-labeled,
in vitro translated toxin, and then washed 4 times in dialysis
buffer to remove unbound toxin. The cells were then incu-
bated for 16 h in growth medium and then washed in leucine-
free HEPES medium, and the incorporation of [3H]leucine
was measured as for the overnight toxicity experiment.

Binding of Toxin to Cells. Vero cells were incubated with
increasing concentrations of [35S]methionine-labeled toxin
in HEPES medium for 1 h at 4°C or for 30 min at 37°C,
washed 4 times in dialysis buffer, and lysed for 10 min on
ice in lysis buffer. The cell lysate was transferred to an
Eppendorf tube, and cellular proteins were precipitated for
30 min on ice with 5% TCA. After centrifugation, the TCA
pellet was washed twice in ether and subjected to SDS-
PAGE and fluorography or phosphorimaging. The amount
of [35S]methionine-labeled protein present in the bands in
the gels was measured by phosphorimaging (Figure 4A,B),
or in some cases, when the signals were weak (Figure 4C),
by densitometric scanning of the film after fluorography.

Binding of Toxin to Heparin-Sepharose.A 0.5 µL sample
of dialyzed translation mixture containing [35S]methionine-
labeled toxin was incubated under rotation for 1 h at 4°C
with 15 µL of heparin-Sepharose (prewashed with PBS) in
a total volume of 400µL of PBS with 0.1% Triton X-100
in an Eppendorf tube. The heparin-Sepharose was collected
by centrifugation and the supernatant discarded. After three
washes of the heparin-Sepharose with 1 mL of PBS with
0.1% Triton X-100, the proteins were eluted by heating to
95 °C in reducing SDS-PAGE sample buffer, and subse-
quently analyzed by SDS-PAGE and fluorography.

Pronase Protection Experiments. Vero cells were incu-
bated with [35S]methionine-labeled, reconstituted toxin (0.5
nM) in the presence of 10µM monensin for 20 min at 25
°C, and then washed 3 times with dialysis buffer to remove
unbound toxin. After a 2 min exposure to MES-gluconate
buffer, pH 4.8, at 37°C, the cells were incubated for 10
min at 37°C with 5 mg/mL Pronase E in HEPES medium
containing 10µM monensin. The cells, which then were
detached from the plastic, were transferred to an Eppendorf
tube, and pelleted by centrifugation. After washing with
HEPES medium containing 1 mM NEM and 1 mM PMSF,
the cells were lysed for 10 min in lysis buffer on ice, and
nuclei were removed by centrifugation. Cellular protein was
precipitated with 5% TCA for 30 min on ice, and pelleted
by centrifugation. The pellet was washed with ether and
subjected to SDS-PAGE under nonreducing conditions.

Measurement of ADP-Ribosylating ActiVity. The experi-
ment was performed essentially as described earlier (31). We
measured the ability of dtA and VP22-dtA to incorporate
ADP-ribose from [adenylate-32P]NAD into EF-2 by remov-
ing aliquots of the reaction mixture after different times of
incubation at 25°C. Reticulocyte lysate was used as a source
of EF-2. The samples were analyzed immediately by SDS-
PAGE. Phosphorimaging was used to estimate the relative
amount of radioactivity incorporated into EF-2 after different
times of incubation, and the enzymatic activity was calcu-
lated.

RESULTS

Construction of dtA with an N-Terminal TAT-Peptide.By
a PCR-based approach, we constructed a plasmid, denoted
TAT-dtA, encoding the diphtheria toxin A-fragment with the
TAT-peptide fused to its N-terminus. Radiolabeled protein
was generated by in vitro transcription with T3 RNA
polymerase, followed by translation in a reticulocyte lysate
in the presence of [35S]methionine. When dtA is produced
by in vitro translation and subsequently mixed with in vitro
translated B-fragment (dtB), removal of reducing agents by
dialysis leads to quantitative formation of the holotoxin
(dtA+dtB), due to interfragment disulfide bond formation
(Figure 1A). We first tested whether radiolabeled TAT-dtA
was capable of forming an interfragment disulfide bond upon
mixing with unlabeled dtB. The results (Figure 1B) showed
that this was indeed the case. The A-fragment (dtA or TAT-
dtA) was in excess relative to dtB, and only a fraction of it
is therefore converted to holotoxin.

Measurement of Cytotoxicity upon OVernight Incubation
with Toxin. Upon binding of the holotoxin (dtA+dtB) to
cells, dtA enters the cytosol, leading to inhibition of cellular
protein synthesis. It has been reported that an attached TAT-
peptide can mediate the translocation of proteins into cells,
causing measurable biological effects (32, 33). We were
therefore interested in testing whether TAT-dtA would inhibit
cellular protein synthesis, and we incubated Vero cells with
increasing concentrations of this protein. As with dtA alone,
we could not detect any cytotoxic effect of TAT-dtA (Figure
2). On the other hand, the corresponding holotoxins, dtA+dtB
and TAT-dtA+dtB, were both highly cytotoxic, with similar
potency. Thus, with the relatively modest amounts of protein
obtained by in vitro translation, we could not detect any
translocation of TAT-dtA to the cytosol. The data therefore
indicate that the TAT-peptide is at least 10 000-fold less
efficient than the toxin B-fragment (dtB) in mediating
translocation of dtA to the cytosol.

It has been reported that heterologous proteins containing
the TAT-peptide are more efficiently transported into the
cell if they are first treated with 4 M urea, followed by rapid
removal of the urea (33). The urea treatment is thought to
induce a loose conformation of the proteins, thereby facilitat-
ing their transport across the lipid bilayer. Therefore, we
treated TAT-dtA with 4 M urea, which was diluted 100-
fold upon addition to the medium of cells, but we could still
not detect any toxic effect (data not shown). The diphtheria
toxin A-fragment is known to unfold at low pH, so we also
tested the cytotoxicity of TAT-dtA that had been treated with
pH 4.8, but no protein synthesis inhibition was observed (data
not shown).
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Translocation of TAT-dtA to the Cytosol by the Diphtheria
Toxin Pathway.We could not exclude the possibility that
the lack of toxicity of TAT-dtA was caused by a defect in

its enzymatic activity rather than by an inability to enter the
cytosol, and that the observed cytotoxic effect of the
holotoxin, TAT-dtA+dtB, originated from toxin molecules
where the TAT-peptide had been cleaved off during toxin
entry. We therefore tested whether TAT-dtA is translocated
to the cytosol by the diphtheria toxin pathway in its full-
length form. When radiolabeled dtA+dtB is bound to cells,
followed by a brief exposure of the cells to acidic pH, dtA
is translocated to the cytosol (14, 15). This can be detected
as cell-mediated reduction of the interfragment disulfide bond
(34), and the dtA generated by this process is protected
against externally added Pronase (35). We performed an
experiment where [35S]methionine-labeled TAT-dtA+dtB
(labeled only in TAT-dtA) was incubated with Vero cells at
room temperature, followed by a brief exposure of the cells
to a buffer of pH 7.0 or 4.8 at 37°C. Subsequently, the cells
were either lysed immediately or treated with Pronase to
remove extracellular material before lysis. Finally, cellular
proteins were precipitated with TCA, and analyzed by SDS-
PAGE and fluorography. The results obtained with TAT-
dtA+dtB (Figure 3, lanes 1-4) were similar to those
obtained with the wild-type toxin dtA+dtB (Figure 3, lanes
5-8) in that exposure of the cells to pH 4.8 induced a
reduction of the interfragment disulfide bond, and that the
free A-fragment thus obtained was protected against exter-
nally added Pronase. Thus, the data indicate that TAT-dtA
is translocated to the cytosol by the diphtheria toxin pathway
in its full-length form. Interestingly, in these experiments
we observed that although the amounts of toxin used were
very similar, more TAT-dtA+dtB than dtA+dtB associated
with the cells (Figure 3, compare lanes 1 and 5), and also,
a substantial amount of free TAT-dtA was associated with
the cells in the absence of exposure to low pH (Figure 3,
lane 1).

Toxin Binding to Cells. The data in Figure 3 indicated that
the attachment of the TAT-peptide to dtA leads to increased
cellular association of both holotoxin and free A-fragment,
and we decided to study this phenomenon in more detail.
We incubated Vero cells at 4°C with increasing concentra-
tions of in vitro translated, [35S]methionine-labeled toxin.

FIGURE 1: Description of constructs used and their in vitro
translation products. (A) A filled box represents amino acids 2-189
of the diphtheria toxin A-fragment, i.e., the entire A-fragment except
Gly1. dtA thus represents the wild-type A-fragment, except that
Gly1 had been replaced by a methionine residue for the purpose
of in vitro expression. An open box indicates the diphtheria toxin
B-fragment. The sequence YGRKKRRQRRR is identical to
residues 47-57 of the Tat protein. dtA and TAT-dtA can associate
with the diphtheria toxin B-fragment, dtB, through disulfide bond
formation, leading to the generation of the corresponding holotoxins,
dtA+dtB and TAT-dtA+dtB, respectively. (B) Radiolabeled dtA
and TAT-dtA were expressed by in vitro transcription followed by
in vitro translation in a rabbit reticulocyte lysate in the presence of
[35S]methionine. Unlabeled dtB was expressed similarly, using
unlabeled methionine instead of [35S]methionine. The radiolabeled
translation products, dtA and TAT-dtA, were dialyzed overnight
against dialysis buffer, in some cases (lanes 3, 4, 7, 8) after mixing
with translation mixture containing unlabeled B-fragment. The
dialyzed translation mixtures were analyzed by reducing (lanes 1-4)
or nonreducing (lanes 5-8) SDS-PAGE and fluorography.

FIGURE 2: Cytotoxicity of reassociated holotoxins and free A-
fragments. Vero cells were incubated overnight in the presence of
unlabeled holotoxin or A-fragment. The cells were then incubated
with [3H]leucine, and cellular protein synthesis was measured by
scintillation counting as the amount of radioactivity incorporated
into TCA-precipitable material.

FIGURE 3: Translocation of TAT-dtA and dtA to the cytosol of
Vero cells. Vero cells were incubated 20 min at 25°C with
translation mixture containing [35S]methionine-labeled reassociated
holotoxins (0.2 nM), and subsequently exposed for 5 min at 37°C
to MES-gluconate buffer of pH 7.0 (lanes 1, 3, 5, 7) or pH 4.8
(lanes 2, 4, 6, 8). The cells were then lysed in lysis buffer (lanes 1,
2, 5, 6) or treated with 5 mg/mL Pronase for 10 min at 37°C before
lysis was performed (lanes 3, 4, 7, 8). Nuclei were removed from
the cell lysates by centrifugation, and proteins in the supernatant
were precipitated with TCA and analyzed by nonreducing SDS-
PAGE and fluorography.

4352 Biochemistry, Vol. 40, No. 14, 2001 Falnes et al.



Cell-associated proteins were subsequently analyzed by
SDS-PAGE, and quantified by phosphorimaging. The
results (Figure 4A) showed that while negligible amounts
of free dtA associated with the cells, considerable binding
of TAT-dtA was detected, actually more than in the case of
wild-type holotoxin, dtA+dtB. Moreover, also the TAT-
peptide-containing holotoxin, TAT-dtA+dtB, bound more
efficiently than dtA+dtB to the cells. We also studied cellular
association of the [35S]methionine-labeled toxins at 37°C,

and the results (Figure 4B) were very similar to those
obtained at 4°C. Furthermore, we performed a binding
experiment at 4°C on mouse NIH/3T3 cells, which do not
contain diphtheria toxin receptors (36). TAT-dtA bound to
these cells (Figure 4C), but in less quantities than to Vero
cells, possibly because Vero cells are very rich in surface
heparans compared to other cell lines (37). We could only
detect minute binding of TAT-dtA+dtB to the NIH/3T3 cells,
presumably because the interaction between the TAT-peptide
and the cell surface is weak, and thus capable of mediating
binding of the relatively small TAT-dtA (23 kDa), but not
that of the considerably larger TAT-dtA+dtB (60 kDa).

Interaction of TAT-dtA with Immobilized Heparin and
Effects of Heparin on Binding to Cells. The Tat protein is,
similarly to many other proteins, able to bind heparin (24),
and the basic region which has been implicated in heparin
binding (23) is contained within the TAT-peptide. We
therefore suspected that the increased cell association
conferred by the TAT-peptide may be due to the ability of
this basic peptide to interact with heparin-like molecules on
the cell surface.

We first tested the ability of TAT-dtA to adsorb to
heparin-Sepharose in the presence of varying concentrations
of NaCl. We found that TAT-dtA, but not dtA, bound to
heparin-Sepharose at physiological salt concentrations
(Figure 5A). The binding decreased as the NaCl concentra-
tion was increased, and the binding was reduced to 50% at
0.6 M NaCl (Figure 5A,C). For aFGF, a protein which is
known to interact strongly with heparin (38), half-maximal
binding was observed at 1 M NaCl (Figure 5B,C).

It was then investigated to what extent heparin and
unlabeled diphtheria toxin interfered with cell binding of the
toxins containing the TAT-peptide. The binding of both
TAT-dtA and TAT-dtA+dtB to Vero cells was strongly
reduced in the presence of heparin, while heparin had no
effect on the binding of the wild-type toxin (Figure 5D), in
accordance with previous studies (37). As expected, the
binding of dtA+dtB to cells was diminished by the presence
of unlabeled diphtheria toxin, while the binding of TAT-
dtA was not affected. Also, most of the binding of TAT-
dtA+dtB was abrogated by the presence of unlabeled
diphtheria toxin. This observation, in combination with the
low level of TAT-dtA+dtB binding to the receptor-less NIH/
3T3 cells, suggests that although the TAT-peptide substan-
tially increases the binding of the holotoxin to the cells, the
majority of the toxin is actually bound to the diphtheria toxin
receptor.

Potentiation of Toxic Effect of Diphtheria Toxin by the
TAT-Peptide.An apparent discrepancy exists between the
toxicity (Figure 2) and binding and translocation experiments
performed with TAT-dtA+dtB, in that this protein showed
increased association with cells relative to dtA+dtB, while
the toxicity of these two proteins was basically equal. The
binding and toxicity experiments differed in that binding was
measured as the amount of radiolabeled protein associated
with the cells during a 30-60 min period, while the toxicity
was measured after an overnight incubation with toxin, thus
allowing several rounds of toxin binding and internalization.
Therefore, we also performed experiments where the toxicity
was measured after a relatively short binding period.

In the first experiment, toxin was bound to Vero cells for
1 h at 4°C, unbound toxin washed away, and the translo-

FIGURE 4: Binding of radiolabeled proteins to Vero (panels A and
B) and NIH/3T3 (panel C) cells. The cells were incubated with
increasing concentrations of translation mixture containing [35S]-
methionine-labeled holotoxin or free A-fragment for 1 h at 4°C
(panels A and C), or for 30 min at 37°C (panel B). Unbound toxin
was washed away, the cells were lysed in lysis buffer, and cellular
proteins were precipitated with TCA and analyzed by nonreducing
SDS-PAGE. The bands in the gels representing the various [35S]-
methionine-labeled proteins were quantitated by phosphorimaging
(panels A and B) or by densitometric scanning of the film after
fluorography (panel C).
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cation of the A-fragment to the cytosol induced by exposure
to low pH. Subsequently, translocated toxin was allowed to
express its effect during an overnight incubation in the
absence of exogenous toxin, before cellular protein synthesis
was measured. In this experiment (Figure 6A), TAT-
dtA+dtB displayed increased toxicity relative to dtA+dtB,
and this increase was abolished when heparin was present
during the incubation with toxin. On the other hand, heparin
had no effect on the toxicity of the wild-type toxin, dtA+dtB.

We wanted to test whether the potentiation of the toxicity
of diphtheria toxin by the TAT-peptide could be observed
also when the toxin entered the cells by its normal mecha-
nism, i.e., endocytosis. Thus, Vero cells were incubated 30
min at 37°C with toxin, washed, and subsequently incubated
overnight in the absence of toxin before cellular protein
synthesis was measured. The results (Figure 6B) were
virtually identical to those obtained when the toxin was
bound at 4°C and toxin translocation induced by low pH;
i.e., the TAT-peptide caused increased toxic effect, and this
increase was abolished by the presence of heparin during
the incubation with toxin.

Characterization of a Fusion Protein between VP22 and
dtA. The Herpes simplex virus type 1 protein VP22 has been

reported to translocate into neighboring cells when overex-
pressed in one cell, and also to enter cells when added
externally (4). Furthermore, it has been reported that fused
passenger proteins are translocated into cells along with
VP22, and it has been suggested that VP22 can be used as
a general vehicle to transport proteins into cells (4).

To test the efficiency of VP22 transport into cells, we fused
dtA to VP22 (Figure 7A), and the resulting heterologous
protein was expressed in a rabbit reticulocyte lysate. We then
tested the toxicity of the fusion protein VP22-dtA in Vero
cells. Surprisingly, we did not detect any toxicity of VP22-
dtA in the concentration range tested, while the diphtheria
holotoxin (dtA + dtB) was very toxic to the cells (Figure
7B). In contrast to the holotoxin containing the TAT-pep-
tide, TAT-dtA+dtB, the holotoxin VP22-dtA+dtB was
not able to translocate efficiently into cells by the diphtheria
toxin pathway, as indicated from toxicity and Pronase
protection assays (data not shown). Conceivably, the reason
for the lack of VP22-dtA cytotoxicity could be due to im-
pairment of the enzymatic activity of dtA when fused to
VP22. We therefore analyzed the activity of VP22-dtA by
an in vitro assay to test its ADP-ribosylating ability. We
found that VP22-dtA only displayed moderate reduction in

FIGURE 5: Interaction of TAT-dtA with heparin and effect of heparin on toxin binding to cells. (A) An aliquot of translation mixture
containing [35S]methionine-labeled dtA or TAT-dtA was adsorbed to heparin-Sepharose for 1 h at 4°C in PBS containing the indicated
concentrations of NaCl. The adsorbed material was eluted with SDS-PAGE sample buffer and analyzed by reducing SDS-PAGE and
fluorography. In some cases (lanes 1 and 3), the aliquot was subjected directly to SDS-PAGE, without any adsorption to heparin-
Sepharose. (B) Same as panel A, but translation mixture containing [35S]methionine-labeled aFGF was used. (C) The bands in the gels in
panels A and B were quantitated by phosphorimaging, and the amount of adsorbed material was plotted as a function of NaCl concentra-
tion. (D) [35S]Methionine-labeled proteins (0.1 nM) were bound to Vero cells for 1 h at 4°C in an experiment similar to that described in
Figure 4. When indicated, heparin (15 units/mL), unlabeled diphtheria toxin (50µg/mL), or a combination of the two was present during
binding.
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enzymatic activity (∼50%) compared to dtA alone (data not
shown), indicating that upon translocation to the cytosol,
VP22-dtA should be able to inhibit cellular protein synthesis
rather efficiently.

In analogy to the TAT-peptide, VP22 can bind to poly-
anions and heparin (26), and we therefore tested if VP22-
dtA could bind to immobilized heparin. As seen in Figure
7C, this fusion protein binds to heparin-Sepharose, while
dtA does not. We also tested if [35S]methionine-labeled
VP22-dtA binds to Vero cells. The results (Figure 7D)
showed that this protein associated with the cells, and the
binding was competed out by heparin. Taken together, our
results suggest that VP22-dtA is not able to translocate into
cells, at least in the concentration range tested here, even if
this fusion protein binds to cells.

DISCUSSION

In the present work, we have demonstrated that the
attachment of a short basic region from the TAT protein
converts dtA into a heparin-binding protein, which also
displays substantial binding to cells. The TAT-peptide also
conferred increased binding and toxicity to the holotoxin,
and the effects of the fused TAT-peptide could be reverted
through the addition of exogenous heparin. Although the
TAT-peptide has been reported to mediate transport of a
number of proteins into cells, we could not detect any
cytotoxicity of TAT-dtA. Similar results were obtained in
the case of a fusion between the viral protein VP22 and dtA.

It was discovered in 1988 that exogenous Tat enters cells,
leading to trans-activation (5, 6), and the cellular uptake of
Tat protein has later been extensively studied. There are a
high number (>107) of low-affinity binding sites for Tat at

the cell surface, and binding and trans-activation can be
inhibited by the addition of polyanions such as dextran sulfate
and heparin (39). Accordingly, Tat has been reported to bind
immobilized heparin through its polybasic region (23, 24),
which has also been implicated in binding to cells (39), thus
indicating that Tat can bind to cell-surface heparans.
However, Tat appears to bind to cells by several different
mechanisms, since it also can interact with cell-surface
integrins, both through its polybasic domain (40) and through
its integrin-binding motif, an RGD sequence (41, 42).
Surface-bound Tat is internalized, and this process is blocked
at 4 °C, at least in some cell types (39), suggesting that
conventional endocytosis occurs.

TAT-dtA behaves similarly to Tat in that it binds heparin,
and that it displays cell binding which can be competed out
by exogenously added heparin. With the modest amounts
of toxin expressed in the reticulocyte lysates, we could not
saturate the binding sites, and thus calculate neither the
affinity nor the number of binding sites. However, we believe
that TAT-dtA, similarly to TAT, binds to abundant, low-
affinity binding sites on cells. In NIH/3T3 cells, that lack
the toxin receptor, we could detect substantial binding of
the holotoxin TAT-dtA (22 kDa), but only minute binding
of the larger (60 kDa) holotoxin TAT-dtA+dtB, thus
indicating that the interaction between the TAT-peptide and
surface heparans may be rather weak. In accordance with
this, most of the binding of the holotoxin TAT-dtA+dtB to
Vero cells, that have toxin receptors, could be competed out
by unlabeled diphtheria toxin. Also, the increased binding
of TAT-dtA+dtB to Vero cells was accompanied by a
comparable increase in short-term cytotoxicity. Since an
intact toxin receptor, and not simply binding of the toxin to
the cell surface, is required for efficient intoxication (43-
45), we favor a model where the majority of the bound TAT-
dtA+dtB molecules are associated with the toxin receptor,
and where binding of the TAT-peptide to the cell surface,
possibly via heparans, enhances binding to the toxin receptor.
It may appear enigmatic that an added TAT-peptide was able
to potentiate the toxic effect of diphtheria toxin when the
cells where exposed shortly to the toxin, but not when the
toxin was present during an overnight incubation. However,
considerably less (∼10 times) toxin was required to inhibit
protein synthesis in the overnight experiment relative to the
short-term experiment, and it is likely that the low-affinity
interaction between the TAT-peptide and surface molecules
is less capable of enhancing binding to the toxin receptor at
low concentrations.

During the last years, several peptide sequences have been
reported to be able to penetrate cellular membranes when
added extracellularly, and thus be able to deliver cargo, such
as peptides and nucleic acids, into the cells (reviewed in refs
19, 22, 46, 47). The entry of such peptides has usually been
studied by immunofluorescence microscopy or by assaying
for the biological activity of a cargo molecule, and virtually
nothing is known with respect to the entry mechanism and
by which efficiency they reach the target site (typically the
cytosol or the nucleus). When biological effects of proteins
or peptides fused to these membrane-permeable sequences
have been studied, rather high protein concentrations (10-7-
10-4 M) have been applied to the cells. On the other hand,
protein toxins have also been used to transport biologically
active molecules into cells, and effects can be observed at

FIGURE 6: Increased toxicity of TAT-dtA upon short-term exposure
to toxin and inhibition by heparin. (A) Increasing concentrations
of reassociated holotoxin were incubated with Vero cells for 1 h at
4 °C, when indicated (open symbols) in the presence of heparin
(15 units/mL). The cells were then exposed to MES-gluconate
buffer, pH 4.8, for 5 min at 37°C, and subsequently incubated
overnight in growth medium, before cellular protein synthesis was
measured as outlined in Figure 2. (B) Same as in panel A, except
that the cells were incubated 30 min at 37°C with toxin, and then
incubated overnight in growth medium.
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much lower concentrations (10-11-10-10 M) (36, 48). This
suggests that these membrane-permeable sequences may
actually be rather inefficient in delivering cargo to the
cytosol. In the present study, we have used in vitro translation
in a reticulocyte lysate for protein expression. We have there-
fore only obtained small quantities of protein, and in the
toxicity experiments we have not been able to use higher
protein concentrations than 5× 10-10 M. For better com-
parison with previous studies on proteins containing mem-
brane-permeant sequences, it would definitely have been
favorable being able to use higher protein concentrations,
and through expression inE. coli, we would most likely have
been able to obtain larger amounts of protein. However, it
is generally considered dangerous to clone and express full-
length protein toxins inE. coli, and we reasoned thatE. coli
overexpressing dtA fused to a membrane-permeable sequence
may represent a biohazard, and we therefore chose the in
vitro translation system for expression.

dtA is able to translocate efficiently to the cytosol in the
context of the holotoxin, and one molecule of dtA in the
cytosol is sufficient to kill a cell. We therefore chose to use
dtA as a model protein for evaluating the efficiency of
transport to the cytosol mediated by the TAT-peptide and
VP22. Peptides fused to the N-terminal end of dtA can be
efficiently translocated to the cytosol in the context of the
holotoxin, while C-terminal extensions tend to block trans-

location or toxin binding to cells (49). We therefore chose
to fuse the TAT-peptide and VP22 to the N-terminus of dtA.
Although we observed substantial binding of TAT-dtA and
VP22-dtA to cells, we could not detect any cytotoxicity. Spe-
cifically, in the case of TAT-dtA, substantially more binding
to cells was observed than in the case of the wild-type toxin,
but still no cytotoxicity was detected, indicating that the
TAT-peptide is at least 4 orders of magnitude less efficient
than dtB in translocating dtA to the cytosol. Our data
therefore indicate that both the TAT-peptide and VP22 are
inefficient at delivering dtA to the cytosol.

Even with the low concentrations used in our experiments
(<1 nM), we detected substantial binding of TAT-dtA to
cells. When the TAT-peptide has been used to transport
biologically active molecules into cells, considerably higher
concentrations (typically 100 nM) have been used. It is
therefore likely that a high number of molecules are bound
to each cell, but that the observed biological effects are
provided by a small subpopulation of molecules that have
reached the desired destination (the cytosol or the nucleus).
Consequently, when immunofluorescence is used to evaluate
the ability of such proteins to translocate into cells, caution
should be taken, since the majority of the detected fluores-
cence may originate from molecules that have not reached
the desired destination. Also, three independent reports
indicate that some of the apparent membrane translocating

FIGURE 7: Characterization of VP22-dtA. (A) Schematic presentation of VP22-dtA. A glycine-rich linker was inserted between the two
proteins to provide flexibility and facilitate correct folding. (B) Toxicity experiment as described in Figure 2 was performed. VP22-dtA,
open circles; dtA+dtB, closed circles. (C) Adsorption of VP22-dtA to heparin-Sepharose in the presence of increasing concentrations of
NaCl was performed as described in Figure 5. (D) Binding of VP22-dtA to Vero cells. The experiment was performed as described in
Figure 4. When indicated, 15 units/mL heparin was present during binding.
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properties of VP22 observed in fluorescence studies may be
caused by artifacts caused by the fixation procedure used
(50-52). It would definitely have been interesting to study
the fluorescence patterns obtained with VP22-dtA and TAT-
dtA and compare them with those obtained with the TAT-
dtA+dtB holotoxin, or with TAT or VP22 fusion proteins
that have previously been detected intracellularly by immu-
nofluorescence. However, with the rather small amounts of
protein obtained from the reticulocyte lysate, we expect it
to be very difficult to detect cell-associated TAT-dtA or
VP22-dtA by immunofluorescence.

It is an intriguing concept that some peptide sequences
could readily penetrate lipid bilayers, and, moreover, be able
to carry cargo across the membrane. However, since rela-
tively high concentrations are required to observe biological
effects, it has in our view not yet been established that
these peptides areefficient vehicles for intracellular deliv-
ery of macromolecules, or if they have any intrinsic mem-
brane penetrating activity. An alternative explanation is that
these peptides provide massive association with the cell
surface, possibly through interaction with cell-surface hep-
arans, and that a very small fraction of the cell-associated
molecules are able to reach the desired destination where a
biological effect is exerted. Ligands that bind to cell-sur-
face heparans are endocytosed (reviewed in ref53), and a
minute fraction of the endocytosed molecules may be able
to escape to the cytosol from intracellular organelles upon
endocytosis.

Evidence is accumulating that some protein toxins, e.g.,
ricin and Shiga toxin, upon endocytosis traverse the secretory
pathway in the opposite direction, and finally translocate to
the cytosol through the ER membrane (54, 55). Ricin is toxic
at concentrations as low as 10-11-10-10 M, while free ricin
A-chain taken up by fluid-phase endocytosis displays toxicity
at concentrations around 10-6 M. The fusion of an ER
retrieval signal, i.e., a KDEL sequence, to the free ricin
A-chain increased its toxicity (56), indicating that transport
to the ER is important for translocation to the cytosol. Also,
when receptor-binding ligands were fused to the ricin
A-chain, highly potent toxins were obtained (toxic at 10-9

M) (57-59). The isolated diphtheria toxin A-fragment is
nontoxic, but when linked to receptor-binding peptide
hormones such as insulin or chorionic gonadotropin, the
resulting heterologous proteins were moderately toxic (at
10-7 M) toward cells carrying the corresponding hormone
receptors (60, 61). Gelonin is a plant protein which inhibits
cellular protein synthesis by the same mechanism as the ricin
A-chain, but it does not contain a receptor-binding domain,
and therefore displays low cytotoxicity. However, its toxicity
was potentiated through conjugation with galactose- and
mannose-terminating glycoproteins (62), or with the lectin
concanavalin A (63), thereby allowing binding to receptors
at the cell surface. Thus, an important lesson to be learned
from the toxin field is that several different receptor-binding
ligands can form highly toxic proteins when fused to protein
synthesis inhibitors devoid of any membrane translocating
activity. Our results indicate that both the TAT-peptide and
VP22 can confer association of heterologous proteins with
cells. In our view, the possibility should be kept in mind
that the apparent membrane penetrating abilities of these
proteins really may reflect their ability to associate with the
cell surface.
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