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Hybrid Proteins between Pseudomonas aeruginosa Exotoxin A
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Cleavage of p220, a component of the initiation factor eIF-4F, has been correlated with the inhibition of host
translation during poliovirus infection. To obtain p220 cleavage in the absence of any other poliovirus gene
products, hybrid proteins containing Pseudomonas aeruginosa exotoxin A and poliovirus protease 2Apro have
been constructed. The addition of the hybrid molecules to cultured cells did not lead to substantial p220
cleavage. However, the simultaneous presence of the hybrid toxin with replicationally inactive chicken adeno-
virus particles results in efficient cleavage of p220 in the intact cells. Under these conditions, cellular trans-
lation continues unabated for several hours, arguing against a direct requirement for intact p220 in each round
of the initiation of translation of cellular mRNAs.

Hybrid proteins consisting of toxins and proteins that selec-
tively bind to target cells are becoming promising tools to
specifically kill tumor and human immunodeficiency virus-in-
fected cells. The domain of the toxin responsible for binding to
the cell surface can be replaced by other molecules that confer
different receptor specificity (4, 16, 28, 30). A variety of bac-
terial and plant toxins have been employed in this type of
study. Perhaps one of the most frequently used and best-known
toxins in this regard is Pseudomonas aeruginosa exotoxin A
(PE), a protein of 613 amino acids that is secreted into the
medium by the bacterium (11, 29, 45). PE, like many other
protein toxins, is composed of several domains: domain I is
involved in the attachment of the toxin to cellular receptors
(19), domain II translocates the protein across the membrane
(20, 21), and domain III is endowed with enzymatic activity,
i.e., the ADP-ribosylation of elongation factor 2 (EF-2) (17, 39,
45). We reasoned that the replacement of domain III of PE by
poliovirus protease 2Apro would produce a hybrid toxin with
protease activity. One activity of 2Apro is to cleave a cellular
polypeptide, p220, that forms part of the translation initiation
factor eIF-4F. The hybrid toxin consisting of PE and 2Apro

would be useful to analyze the effects of p220 cleavage on
cellular translation in the absence of any other poliovirus
polypeptides.
Deletion of domain III of PE abrogates the ADP-ribosyla-

tion activity of the toxin (28). Thus, a hybrid toxin containing
the first 412 amino acids of PE fused to barnase is devoid of
ADP-ribosylation activity but retains the RNase activity of the
barnase molecule (32, 33). Therefore, we decided to make
hybrid proteins containing the first 412 amino acids of PE
directly fused to poliovirus protease 2Apro followed by the last
10 residues of PE (residues 604 to 613), which are necessary for
efficient transport and toxin delivery to the cytosol (38). In
addition, another hybrid toxin that contains the transforming
growth factor a (TGF-a) sequence placed between 2Apro and
PE (residues 604 to 613) was generated (Fig. 1A). The pres-
ence of TGF-a should confer a wide range of cells for toxin
binding, because this toxin will be able to bind not only to cells
bearing the PE receptor but also to cells containing the TGF
receptor (29). To this end, construction of the plasmids encod-

ing the different fusion proteins was carried out by standard
molecular cloning procedures (36). Plasmids pMal-PE, pMal-
PE-TGF, pMal-PE-III12A, and pMal-PE1TGF-III12A
were constructed by digestion with HindIII plasmids pPE,
pVC47355f(1)T, pPE-III12A, and pVC-III12A (26), respec-
tively. Afterwards, 59 extensions were removed with mung bean
nuclease. Subsequent digestions with EcoRI yielded 1,859-,
2,018-, 1,711-, and 1,870-bp fragments, respectively. These
DNA fragments were ligated to the pMal-c2 vector (New En-
gland BioLabs) digested with XmnI-EcoRI and used to trans-
form Escherichia coli DH5a cells. The recombinants were
screened by restriction digestion analysis. To facilitate the pu-
rification of these hybrid proteins, they were fused to the mal-
tose-binding protein (MBP). Expression of both hybrid pro-
teins fused to MBP is very efficient in E. coli cells on induction
with IPTG (isopropyl-b-D-galactopyranoside) (Fig. 1B). The
migration of the induced proteins corresponded to the ex-
pected sizes of the fusion proteins: 106 kDa for MBP-PE-
III12A and 112 kDa for MBP-PE1TGF-III12A. To purify
these proteins, bacteria were induced for 2 h, and the super-
natants of ruptured cells were purified by affinity chromatog-
raphy as described previously (34) (Fig. 1B). Cleavage of these
hybrid proteins was achieved by incubation with factor Xa to
yield MBP and the corresponding hybrid protein, either PE-
III12A or PE1TGF-III12A (Fig. 1B). We found that the
uncleaved protein showed 2Apro activity similar to the cleaved
toxins without MBP (see below). Therefore, the fusion protein
containing MBP was used in subsequent experiments.
To assess the proteolytic activities of both hybrid proteins,

the cleavage of two different substrates was analyzed. In the
first assay, the mRNA encoding poliovirus DVP3VP1D2A was
obtained and translated in rabbit reticulocyte lysates (Fig. 2A).
Translation of this mRNA generates a protein that contains
the poliovirus structural proteins DVP3VP1 followed by trun-
cated 2Apro inactive in cleaving the DVP3VP1D2A. Thus, an
intact precursor, DVP3VP1D2Apro, that can be cleaved in trans
by active 2Apro is synthesized (24). The addition of either
hybrid protein MBP-PE-III12A or MBP-PE1TGF-III12A
generates DVP3VP1 and D2A (Fig. 2A), indicating that the
2Apro present in these proteins is able to recognize and cleave
this substrate in trans. This result is particularly interesting
because it shows not only that 2Apro is active when it contains
a foreign sequence at its amino terminus (MBP-PE-III12A)* Corresponding author. Fax: 34-1-397-47-99.
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but also that the activity of 2Apro is retained when the protein
is flanked by sequences unrelated to poliovirus at both ends of
the molecule.
More important for the type of experiments planned in this

study with intact cells was to assay the activity of these hybrid
proteins in p220 cleavage in cell-free systems. Incubation of
rabbit reticulocyte lysates with these hybrids generates the
cleavage products of p220 (Fig. 2B). The antibodies used
(raised against human p220 peptides) recognize only one frag-
ment of the rabbit p220 molecule that corresponds to the
carboxy end of p220 (1). The amino-terminal products of p220
cleavage from rabbit lysates are not recognized by our anti-
bodies, because there are more differences in the amino-ter-
minal region than in the carboxy-terminal region of the p220
peptides from different species (2). Notably, MBP-PE-III12A
was more active than MBP-PE1TGF-III12A in the cleavage
of both substrates. At present we cannot conclude that this
inefficient cleavage by MBP-PE1TGF-III12A is due to the
presence of additional sequences at the carboxy terminus of
poliovirus 2A or to the presence of TGF itself, which partially
blocks 2A activity. Nevertheless, these studies indicated that
2Apro activity was present in both hybrid molecules as shown
by cleavage of DVP3VP1D2A and rabbit p220.
Our aim with the construction of these hybrid toxins was to

generate new tools to cleave p220 in intact cells in the absence
of poliovirus infections in order to analyze the effects of p220
(and thus eIF-4F) inactivation on protein synthesis. Therefore,
the purified hybrid proteins were added to the culture medium
of HeLa or L929 cells. Cleavage of p220 was not observed on
incubation of the hybrid proteins with cultured cells (Fig. 2C).
Occasionally there was partial cleavage of p220 (around 10 to
20%) but only after prolonged incubation (48 h). Since no
differences were found between the different cell types em-
ployed, we continued our work with HeLa cells, since this cell
line is used in most studies on poliovirus-induced arrest of
protein synthesis (5). Although disappointing, these results do
not differ much from the known features of PE or PE-barnase
entry. Thus, only a low percentage (about 10%) of PE is
cleaved during entry, and only a fraction of the cleaved PE
enters the cytosol (25). It has been calculated for other toxins
that less than 1% of the bound toxin appears in the cytoplasm
(27, 37).
We have found in the past that this inefficient toxin delivery

is drastically enhanced by animal virus particles (6, 13). In fact,
the entry of intact PE is augmented 1,000- to 10,000-fold by
simultaneous incubation with adenovirus particles (14). Re-
cently, chicken adenovirus particles (CELO virus) unable to
replicate in mammalian cells have been successfully employed

FIG. 1. (A) Schematic representation of proteins used in this study; (B) expression and purification of MBP-PE-III12A. Lanes: 1, proteins from uninduced E. coli
cells; 2, proteins from cells induced with 1 mM IPTG; 3, protein fractions eluted from the amylose resin column; 4 to 7, assay of MBP-PE-III12A (lanes 4 and 5) and
MBP-PE1TGF-III12A (lanes 6 and 7). Purified proteins were incubated in the presence (lanes 4 and 7) or absence (lanes 5 and 6) of 5% (wt/wt) factor Xa for 22
h. Samples were separated by sodium dodecyl sulfate–15% polyacrylamide gel electrophoresis (SDS–15% PAGE) and stained with Coomassie blue. The positions of
MBP-PE-III12A, MBP-PE1TGF-III12A, PE-III12A, PE1TGF-III12A, MBP, and molecular mass markers (M) are indicated.
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to transform these cells with plasmid DNA (7). Therefore, we
tested the effects of CELO virus on the entry of the hybrid
toxins, as determined by the extent of p220 cleavage. CELO
virus cannot replicate in mammalian cells (7). The results ob-
tained for p220 cleavage in cultured HeLa cells by the two
hybrid toxins drastically changed when CELO virus was added.
After 18 h of incubation with 100 mg of each toxin in the
presence of CELO virus, the cleavage of p220 was very effi-
cient, while no cleavage was observed with CELO virus alone
(Fig. 2C, lanes 1 to 7). p220 cleavage under these conditions is
similar to a poliovirus infection. Concentrations of the hybrid
toxins lower than 100 mg per well (500 mg/ml) result in partial
cleavage of p220 (Fig. 2C, lanes 8 to 12). These results suggest
that the toxins bound to the cells or internalized in endosomes
are efficiently delivered to the cytosol by permeabilization of
the cells with CELO virus. Next, we compared the efficiency of
p220 cleavage by MBP-PE-III12A with or without Xa treat-
ment and found no differences, suggesting that the presence of
MBP in the hybrid toxin does not affect its entry or 2Apro

activity (data not shown). The kinetics of p220 cleavage under
these conditions show that significant cleavage is already ap-

parent at 8 to 10 h, and virtually no intact p220 is detected by
15 to 17 h (results not shown). The conclusion from these
results is that conditions for very efficient p220 degradation can
be found in intact cells in the absence of poliovirus infection.
We do not know if cleavage products obtained after p220
digestion with MBP-PE-III12A are exactly the same as those
obtained with genuine poliovirus 2A. However, they comigrate
with the p220 cleavage products obtained from poliovirus-
infected cells.
The findings described above raise the possibility of assaying

protein synthesis in HeLa cells containing primarily proteolyti-
cally cleaved p220. These experiments were carried out by
pulse-labeling HeLa cells with [35S]methionine as described
previously (18). Figure 3A shows that HeLa cells containing
extensively degraded p220 after 17 h of treatment efficiently
synthesize proteins, suggesting that the integrity of p220 is not
required to initiate the translation of these cellular mRNAs, at
least those already engaged in protein synthesis. Moreover, 4
or even 8 h later, i.e., 21 or 25 h after treatment, respectively,
p220 still remains cleaved, while cellular mRNA translation
continues unabated. Since p220 is in excess relative to eIF-4F

FIG. 2. Activity of MBP-PE-III12A and MBP-PE1TGF-III12A in vitro and in intact HeLa cells. (A) A schematic representation of the products encoded by RNA
transcripts of Pf1MI-linearized plasmid pT7.1D2AB(DVP3VP1D2A) is shown on the left; on the right, the results of an in vitro 2Apro cleavage assay are shown.
DVP3VP1D2A synthesized in rabbit reticulocyte lysates (lane 1), as described previously (24), was incubated for 2 h at 308C with 4 mg of MBP-PE (lane 2); with 4 mg
of MBP-PE-TGF (lane 3); with 5, 2, and 1 mg of MBP-PE-III12A (lanes 4 to 6, respectively); or with 5, 2, and 1 mg of MBP-PE1TGF-III12A (lanes 7 to 9,
respectively). The positions of DVP3VP1D2A, DVP3VP1, and D2A are indicated. (B) p220 cleavage assay of rabbit reticulocyte lysates. Rabbit reticulocyte lysates
(Promega) were incubated for 2.5 h at 308C with buffer (lane 1); with 5, 2.5, and 1 mg of MBP-b-gal-a (lanes 2 to 4, respectively); with 5, 2.5, and 1 mg of
MBP-PE-III12A (lanes 5 to 7, respectively); or with 5, 2.5, and 1 mg of MBP-PE1TGF-III12A (lanes 8 to 10, respectively). Proteins were separated by SDS–7.5%
PAGE and analyzed by Western blot (immunoblot) of anti-p220 polyclonal antibodies (1). Intact p220 and the carboxy-terminal fragment of p220 (cp carboxy) are
indicated. (C) Cleavage of p220 in HeLa cells. (Left) HeLa cells grown in 24-well dishes were incubated at 378C for 18 h without (lane 1) or with 80 mg of purified
MBP-PE1TGF-III12A (lane 2), 100 mg of purified MBP-PE-III12A (lane 3), 10 ml of CELO virus (1012 virus particles per ml) (7) (lane 4), 100 mg of MBP-PE-III12A
and 10 ml CELO virus (lane 5), 100 mg of MBP-PE1TGF-III12A and 10 ml CELO virus (lane 6), or poliovirus (lane 7). (Right) HeLa cells grown in 24-well dishes
were incubated with 10 ml of CELO virus (1012 virus particles per ml) in the presence of increasing amounts of purified MBP-PE-III12A. Lanes: 8, poliovirus-infected
cells; 9 to 12, 30, 50, 80, and 100 mg of MBP-PE-III12A and CELO virus, respectively. Proteins were separated by SDS–7.5% PAGE and analyzed by Western blot
with anti-p220. Intact p220 and the amino-terminal (cp amino) and carboxy-terminal (cp carboxy) fragments of p220 are indicated. ub, unspecific band.
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(two molecules of p220 per molecule of eIF-4F) (12), it is
possible that some uncleaved p220 present in hybrid toxin-
treated cells is still sufficient to support translation in these
cells. As a control, the mRNAs present in these cells were
extracted and hybridized with a probe against actin mRNA
(Fig. 3B). The results indicate that untreated cells and cells
treated with the hybrid toxin contain similar levels of the
mRNA encoding actin. Therefore, p220 cleavage alone does

not lead to an immediate arrest of ongoing cellular translation,
as occurs during the infection of HeLa cells by poliovirus.
The use of toxins to target other proteins or peptides in cells

has been successful, although efficient internalization has not
been achieved (4, 16, 43). The results of this study indicate that
the use of a truncated version of PE to introduce poliovirus
protease 2Apro is by itself not very effective. However, the
combination of this approach with the permeabilizing capacity

FIG. 3. Protein synthesis and p220 cleavage in HeLa cells incubated with MBP-PE-III12A and CELO virus. HeLa cells grown in 35-well dishes were incubated
with buffer only (lanes 1, 4, and 7), with 400 mg of MBP-b-gal-a and 40 ml of CELO virus (lanes 2, 5, and 8), or with 400 mg of MBP-PE-III12A and 40 ml of CELO
virus (1012 virus particles per ml) (lanes 3, 6, and 9). At 17 h (lanes 1 to 3), 21 h (lanes 4 to 6), and 25 h (lanes 7 to 9), cells were labeled with [35S]methionine (20 mCi/ml)
for 1 h. Cell extracts were prepared, and the protein content was determined. (A) (Upper panel). Total protein synthesis analyzed by SDS–15% PAGE; (lower panel).
Western blot of the same samples with anti-p220 antibodies (1). P, poliovirus-infected HeLa cells (control). (B) RNA extracted from these cells was hybridized with
biotinylated riboprobe corresponding to a-actin (human) (15) by dot blot (36). The a-actin-biotinylated riboprobe was synthesized from a Bluescript SK(2)–a-actin
plasmid with T7 RNA polymerase (35). Intact p220 and the amino-terminal (cp amino) and carboxy-terminal (cp carboxy) fragments of p220 are indicated. D, DNA
of SK(2)–a-actin.
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of animal virus particles (13), particularly adenoviruses (8, 9,
14), greatly improves the delivery of hybrid toxin to the cyto-
plasm. The use of this combined approach introduces the hy-
brid toxin containing PE and 2Apro into most cells in a few
hours, as judged by the cleavage of p220.
The major conclusion from these results is that cellular

translation takes place when p220 has been substantially de-
graded. Thus, the present results show that ongoing cellular
protein synthesis continues for hours in the absence of detect-
able p220. Under the conditions studied, reinitiation of cellular
mRNA translation takes place, since the translation of an
average-size mRNA occurs in 5 to 10 min. Several possibilities
can be put forward to explain these findings: (i) some remain-
ing uncleaved p220 is still sufficient to support the initiation of
translation, (ii) the p220 cleavage products are still active in
translation, and (iii) p220 participates in only the first initiation
event, when the mRNA reaches the translational machinery.
Further work with the system described herein could help to
clarify which of these possibilities is operating.
Two additional questions arise from these findings. Does

p220 cleavage play any physiological role during the poliovirus
life cycle? What are the poliovirus protein and the mechanism
used to block host translation if p220 cleavage is not sufficient?
With regard to the first question, two opposite views can be
considered: (i) p220 is cleaved fortuitously as other cellular
proteins become proteolytically degraded during poliovirus in-
fection (42), and (ii) p220 cleavage plays a part during polio-
virus growth in cultured cells or at the organism level. At
present we favor the second view for several reasons. First,
cleavage of p220 is conserved not only by the three poliovirus
serotypes but also by other picornaviruses, such as rhinoviruses
and aphtoviruses (22, 40). If p220 is required at some step of
cellular gene expression, poliovirus will disarm the cell to re-
spond to its infection. This function may not be as important
during poliovirus infection of fibroblasts in culture but may be
physiologically relevant when poliovirus infects other cells of
the organism, including immune cells.
The use of poliovirus protease 2Apro in the hybrid proteins

examined in this work was intended to analyze the effects of
p220 cleavage on protein synthesis in the absence of other
poliovirus proteins. This objective has been achieved. Efficient
p220 cleavage is attained in cultured cells, and these cells
continue to synthesize proteins for hours. Previous attempts by
other investigators were directed at examining the impact of
2Apro on reporter gene expression but not on cellular transla-
tion itself (10, 41, 44). Certainly, the individual expression of
2Apro was detrimental for reporter gene expression (10, 41).
Only one study addressed the question of the step blocked by
2Apro, reaching the conclusion that the major blockade for
chloramphenicol acetyltransferase expression occurred at the
transcriptional level (10). Contrary to previous views, the
cleavage of p220 may not be responsible for the inhibition of
host translation by poliovirus infection. In fact, we and others
have provided evidence that there is no correlation between
the timing or the extent of p220 cleavage and the decrease of
protein synthesis during poliovirus infection (3, 23, 31). There-
fore, the possibility that a poliovirus gene product different
from 2Apro is directly responsible for the blockade of host
translation remains open.
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