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Exotoxin A is a major virulence factor of Pseudomonas aeruginosa. This toxin binds to a specific receptor on
animal cells, allowing endocytosis of the toxin. Once in endosomes, the exotoxin can be processed by furin to
generate a C-terminal toxin fragment that lacks the receptor binding domain and is retrogradely transported
to the endoplasmic reticulum for retrotranslocation to the cytosol through the Sec61 channel. The toxin then
blocks protein synthesis by ADP ribosylation of elongation factor 2, thereby triggering cell death. A shorter
intracellular route has also been described for this toxin. It involves direct translocation of the entire toxin
from endosomes to the cytosol and therefore does not rely on furin-mediated cleavage. To examine the
implications of endosomal translocation in the intoxication process, we investigated whether the toxin required
furin-mediated processing in order to Kkill cells. We used three different approaches. We first fused to the N
terminus of the toxin proteins with different unfolding abilities so that they inhibited or did not inhibit
endosomal translocation of the chimera. We then assayed the amount of toxin fragments delivered to the
cytosol during cell intoxication. Finally we used furin inhibitors and examined the fate and intracellular
localization of the toxin and its receptor. The results showed that exotoxin cytotoxicity results largely from
endosomal translocation of the entire toxin. We found that the C-terminal fragment was unstable in the cytosol.

Several bacterial toxins are cleaved by cell proteases upon
uptake by mammalian cells. Site-specific processing by furin-
like endoproteases is often associated with toxin activation and
is therefore a key step of the intoxication process. Indeed,
toxins such as anthrax protective antigen, aerolysin, Shiga
toxin, and diphtheria toxin (DT) require furin-mediated acti-
vation in order to intoxicate cells (47). Exotoxin A (PE) that is
secreted by Pseudomonas aeruginosa can also be cleaved by
furin in vivo and in vitro (19). PE is produced as a single
polypeptide chain composed of three structural and functional
domains (domains I, II, and III) that are successively involved
in the intoxication process (3). This process starts with the
binding of domain I to the low-density receptor-related protein
(LRP) (25), a huge protein synthesized in a 600-kDa precursor
form that is cleaved by furin into 515- and 85-kDa subunits
(16). The LRP is the only functional receptor for PE since
LRP-deficient cells are resistant to PE (53). This receptor
enables endocytosis of PE and various other ligands (17). Once
PE is internalized, exposure to a low endosomal pH triggers
major conformational changes within its structure and leads to
domain II-mediated insertion into the endosome membrane
(32). After this step, two pathways have been documented for
continuation of the PE intoxication process. Either the entire
toxin could cross the endosome membrane (2, 32), or the toxin
could be processed by furin after Arg279 within an exposed
loop between the two first helices of the translocation domain
(35). Then reduction of the Cys265-Cys287 disulfide generates
two fragments, a 28-kDa fragment corresponding to the N-
terminal part of PE and the 37-kDa carboxyl-terminal frag-
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ment of PE, which includes most of domain II and the entire
enzymatic domain (domain IIT).

A number of studies suggested that the 37-kDa fragment can
be retrogradely transported to the endoplasmic reticulum
(ER) for retrotranslocation to the cytosol through the Sec61
complex. It was first observed that a PE carboxyl-terminal
sequence (REDLK), which resembles the ER retrieval motif
KDEL, is required for toxicity (8) and that it is possible to
enhance PE toxicity in some types of cells by replacing its
carboxyl-terminal sequence by KDEL (43). Moreover,
brefeldin A, a drug that blocks transport between the Golgi
apparatus and the ER, protects cells from PE (43, 56), and
perturbation of the KDEL-mediated ER retrieval system by
overexpression of lysozyme-KDEL prevents PE toxicity (20). It
should nevertheless be noted that LRP requires a receptor-
associated protein that ensures proper folding and export of
the LRP molecules from the ER (55) and that receptor-asso-
ciated protein retention in the ER relies on the KDEL re-
trieval system (7). Whatever the pathway enabling cytosolic
delivery of PE, once PE is in the cytosol, the catalytic domain
rapidly inactivates by ADP ribosylation elongation factor 2
(EF2), a key elongation factor of protein synthesis whose in-
activation quickly induces cell death (18).

It is still not clear whether PE requires furin-mediated pro-
cessing in order to kill cells. This possible requirement was first
studied by introducing mutations within or close to the PE
cleavage site. Depending on the cell type, from 0.5 to 20% of
PE molecules are processed by furin, and mutations within the
processed loop have produced contrasting results. Mutant tox-
ins were either as toxic as or less toxic than PE. Some atten-
uated mutant proteins, such as PE-Gly276, were not cleaved by
furin (35), while others, such as PE-Ala281 and mutant pro-
teins in which the processed loop was engineered to resemble
the Arg-rich DT loop, were more efficiently processed than
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native PE (9, 57). Hence, there was a lack of correlation be-
tween PE processing efficiency and cytotoxicity, and the mu-
tagenesis approach did not allow workers to determine clearly
whether PE required furin-mediated processing in order to kill
cells.

A second approach for studying this requirement made use
of furin-deficient cells, such as CHO RPE.40 or FD11 cells,
that were found to be resistant to PE (14, 33). Nevertheless,
the LRP also requires furin processing for proper functioning
(15, 54). The lack of LRP processing within furin-deficient
CHO cells was reported to produce a receptor deficient in
endocytic function (54) and/or export from the ER to the cell
surface (15, 24). It was not clear, therefore, whether protection
from PE was due to the lack of PE processing or to the absence
of ectopic LRP or whether both effects were involved in pro-
tection (15). The molecular bases for the PE resistance of
furin-deficient cell lines remain to be determined.

Because of the presence of the receptor binding domain,
entire PE remains bound to the LRP, even at low endosomal
pH (48). Furin processing is therefore required to generate the
active fragment that lacks the receptor binding domain and can
be retrogradely transported to the ER (37), while unprocessed
PE is thought to translocate only across the endosome mem-
brane (2). Hence, a strict requirement for PE processing in
order to kill cells should indicate that PE cytotoxicity relies
only on retrograde transport, while, conversely, implication of
unprocessed PE molecules in toxicity should show that endo-
somal translocation is also involved in cytotoxicity.

In this study, we used three different complementary ap-
proaches to examine the role of PE processing in the intoxi-
cation process.

MATERIALS AND METHODS

Reagents and cells. Anti-actin and chemicals were obtained from Sigma,
molecular biology enzymes were obtained from New England Biolabs, rabbit
anti-goat immunoglobulin G (IgG) was obtained from Nordic, protein A-Sepha-
rose was obtained from GE Healthcare, and furin inhibitors were obtained from
Calbiochem. Rabbit anti-PE serum was obtained from Sigma; goat anti-PE
antibodies were obtained from List Biological Laboratories and were affinity
purified (2). These polyclonal antibodies detect both entire PE and the 55 kDa-
and 37-kDa fragments and were used for immunofluorescence and Western
blotting. Anti-cytochrome ¢ was obtained from BD Biosciences, and anti-RNase
A was obtained from Chemicon. Rabbit anti-dihydrofolate reductase (DHFR)
and anti-LRP (Ab377) antibodies were provided by Karin Becker (Germany) and
Joachim Herz (Southwestern Medical Center, Dallas, TX), respectively. Rat
anti-mouse transferrin (Tf) receptor monoclonal antibody R17.217 was used as
ascites fluid, while anti-LRP monoclonal antibody 11H4 (a gift from Emman-
uelle Liaudet-Coopman, INSERM, Montpellier, France) was used as cell culture
supernatant. The cell lines used for this study were 1929 mouse fibroblasts
(ATCC), which are highly sensitive to PE and were used for cytotoxicity assays
and PE processing studies (34), BW mouse lymphocytes, which were used for cell
fractionation (2), and furin-deficient CHO FDI11 cells, which have been de-
scribed previously (14). Cytosol from mouse BW lymphocytes was purified as
described previously for HeLa S3 cells (49). Tf and ricin were labeled with
fluorescein and colloidal gold, respectively, as indicated previously (5). Toxins
were radiolabeled with '?°T using the Iodogen method (2).

Production of PE fusion proteins. The pET3d expression vector containing the
PE coding sequence after the proOmpA signal sequence (32) was used to
construct expression plasmids. The coding sequences of mouse DHFR (6), bo-
vine pancreatic RNase A (22), and rat apocytochrome ¢ (45) were fused to the
N terminus of PE. The chimera precursors consisted of the OmpA signal se-
quence followed by the first five residues from mature OmpA to enable efficient
cleavage by the signal peptidase (13), the fused protein, a spacer peptide (Ala-
Ser-Ala-Ser-Thr-Pro-Glu-Pro-Asp-Pro-Glu-Lys-Leu [6]), and PE. Each PCR-
amplified DNA was sequenced.

ROLE OF PE PROCESSING IN TOXICITY 3091

For production, Escherichia coli BL21(ADE3) cells carrying the recombinant
plasmid were grown at 37°C in L broth containing ampicillin (100 pg/ml). Iso-
propyl-B-p-thiogalactoside (1 mM) was added when the optical density at 600 nm
reached 0.6, and bacteria were harvested 2 h later. The periplasmic fraction was
prepared, dialyzed against 20 mM Tris-HCI (pH 7.6), and purified by anion-
exchange chromatography, first on a Q-Sepharose column and then on a Mono-P
column (GE Healthcare), except for DHFR-PE, which was purified on metho-
trexate (MTX)-agarose (6). The identity of the conjugates was confirmed by
Western blotting against PE and the fused protein. Chimeras were at least 90% pure.

Assay for chimera catalytic activity. A fusion protein (2 to 0.5 pmol; 10 pl) was
added to 50 pl buffer (10 mM dithiothreitol [DTT], 4 mM EDTA, 100 mM
Tris-HCI; pH 8.2), 20 pl purified EF2 (2), and 20 ul [*?P]NAD (50 ng; 100,000
cpm). PE and the buffer were used as positive and negative controls, respectively.
After 2 h of incubation at 30°C, the reaction was stopped by adding 1 ml of
ice-cold 10% trichloroacetic acid before filtration onto glass fiber filters and
scintillation counting.

PE-processing studies. The processing efficiency was measured by quantifica-
tion of PE or chimeras and their cleavage products after toxin internalization and
translocation, as described previously (32). Briefly, 1.929 cells were incubated
with 30 nM PE or a fusion protein for 4 h and then washed before a 30-min
chase. Where indicated below, furin inhibitors (60 wM) were added during cell
labeling and the chase, while an equivalent volume of solvent (dimethyl sulfox-
ide) was added to control cells. This inhibitor concentration is within the efficient
range (10, 42), and higher concentrations were not more effective (data not
shown). Cells were then lysed for PE immunoprecipitation before sodium do-
decyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and anti-PE
Western blotting. Membrane-bound native IgGs were labeled using recombinant
protein G-peroxidase before detection using ECL" (GE Healthcare). Films were
scanned, and band quantification was performed using ImageQuant (GE Health-
care).

Toxicity measurement. 1.929 cells were seeded in 96-well plates, and toxin
solutions were added 4 h later. After 24 h of incubation at 37°C, [**S]methionine
plus [*S]cysteine (Trans Label; 8 kBq) was added, and the preparations were
incubated for 24 h. Medium was then removed, and cells were solubilized in 0.1
N NaOH before precipitation of the proteins with trichloroacetic acid. Proteins
were collected on glass fiber filters, washed with 5% trichloroacetic acid, and
then dried for determination of the radioactivity. Background incorporation was
determined by using cells treated with 1 mM cycloheximide (32).

Kinetics of protein synthesis inhibition. 1.929 cells were treated with 100 pM
toxin, and 1-h pulse incorporation of [>*S]methionine was performed at various
times after the beginning of intoxication. Where indicated below, furin inhibitors
were used at a concentration of 60 wM. Translocation activity (expressed in h™')
was calculated by determining the inverse of the time required for 100 pM toxin
to inhibit protein synthesis by 50% (32).

Cell-free translocation assay. The cell-free translocation assay has been de-
scribed elsewhere (2). Briefly, BW mouse lymphocytes were labeled for 40 min
at 37°C with 100 nM '2°I-chimera, with '*°I-PE, or with '>’I-Tf as a control. Cells
were then washed and cooled on ice, ricin-gold was added, and the preparations
were incubated for 30 min at 4°C before cell homogenization and separation of
crude membranes from the postnuclear supernatant using a sucrose step gradi-
ent. Endosomes were collected from the 30% sucrose-20% sucrose interface and
washed before resuspension in translocation buffer. Cytosol and ATP-MgCl,
were then added at final concentrations of 3 mg protein/ml and 10 mM, respec-
tively. After incubation for 1 h at 37°C, endosomes were separated from the
medium by ultracentrifugation before counting. Chimera translocation activity
was calculated by determining the (supernatant radioactivity)/(supernatant ra-
dioactivity + pellet radioactivity) ratio (expressed as a percentage) and was
linear with time for up to 2 h. For analysis of the translocated proteins, the
proteins were precipitated (51) before separation by SDS-PAGE and autora-
diography.

Preparation of cytosol from PE-treated cells. Subconfluent 1.929 cells were
incubated at 37°C with 20 nM PE (in the presence or absence of 50 M mo-
nensin) for the periods of time indicated below. Cells were washed in ice-cold
phosphate-buffered saline (PBS) before a 30-min chase at 37°C in prewarmed
culture medium was performed. They were then scraped, washed, and resus-
pended in a streptolysin O (SLO) solution (20 U/10° cells) in PBS containing
0.01% bovine serum albumin, 0.5 mM DTT, 1 mM phenylmethylsulfonyl fluo-
ride, and a protease inhibitor cocktail (Complete; Roche). After 1 h of incuba-
tion at 0°C, 200 pl of ice-cold RPMI containing 3% fetal calf serum was added
to neutralize unbound SLO, and cells were incubated at 37°C for 15 min to
permeabilize the plasma membrane. Samples were centrifuged, and each super-
natant was frozen at —80°C for assay of PE fragments or EF2-ADP ribosylation
activity.
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TABLE 1. Main features of the PE fusion proteins used in
this study”

Mol wt (10%)

N-terminal protein No. of disulfides Fusion protein

None PE

PE domain IIT 22.8 0 III-PE
DHFR 20 0 DHFR-PE
Apocytochrome ¢ 11.6 0 ApoC-PE
RNase A 13.7 4 RNase-PE

“ A protein was fused to the N terminus of PE between the signal sequence
and the mature toxin. Short linkers were used at the protein-signal sequence
junction to preserve correct processing of the signal sequence once the protein
was in the periplasm and between the protein and the toxin to enable correct
folding of the two parts of the chimera.

Analysis of cytosolic PE fragments. Cytosol (350 wl) was mixed with RPMI
containing 10 mM phenylmethylsulfonyl fluoride, 10% sodium deoxycholate, and
10% Nonidet P-40. Then 2 pl of goat anti-PE antibody was added to the mixture,
and after 1 h of incubation on a rotating wheel, 20 pl of protein A-Sepharose
saturated with rabbit anti-goat IgG was added. After 1 h of incubation on the
wheel, the immune complexes were recovered by centrifugation (250 X g for 1
min), washed twice with immunoprecipitation buffer, twice with PBS-0.05%
Tween, and once with PBS and then eluted by 5 min of boiling in SDS-PAGE
reducing sample buffer. Proteins were separated by SDS-PAGE and then trans-
ferred to nitrocellulose, which was incubated with goat anti-PE antibodies (0.8
pg/ml blocking buffer). Membrane-bound native IgGs were labeled using recom-
binant protein G-peroxidase (1 pg/ml blocking buffer; Sigma), and after 1 h of
incubation detection was performed using an ECL™" kit (GE Healthcare). Films
were exposed in their linear range of detection and scanned for band quantifi-
cation using ImageQuant (GE Healthcare).

Assays for cytosolic EF2 ADP ribosylation activity. Cytosol (40 wl) was mixed
with 40 pl buffer (10 mM DTT, 4 mM EDTA, 100 mM Tris-HCI; pH 8.2), 15 pl
purified EF2 (2), and 5 pl [*?P]NAD (50 ng; 1.7 kBq). After 2 h of incubation at
30°C, the reaction was stopped by adding SDS-PAGE reducing sample buffer
and boiling. Gels were dried for autoradiography. Films were scanned for quan-
tification of EF2 labeling using ImageQuant (GE Healthcare).

LRP immunoprecipitation. Where indicated below, cells were first treated
with 40 nM PE for 4 h in the presence or absence of 60 wM furin inhibitor. They
were then washed in PBS and lysed in 150 mM NaCl, 1.5 mM MgCl,, 1 mM
EGTA, 10% glycerol, 1% Triton X-100, 50 mM HEPES (pH 7.5) containing a
protease inhibitor cocktail (Complete; Roche Molecular Biochemicals) for 20
min on ice. The lysate was centrifuged for 15 min at 10,000 X g before rabbit
anti-LRP and protein G-Sepharose were added to the supernatant. After 2 h of
incubation on a rotating wheel at 4°C, the beads were washed five times in lysis
buffer and finally resuspended in SDS-PAGE reducing sample buffer. Proteins
were separated on 4 to 8% acrylamide gradient gels (RunBlue; Euromedex), and
Western blotting was performed using rabbit anti-LRP.

Confocal microscopy. To examine the intracellular routing of PE fusion pro-
teins, 1929 cells were grown on coverslips and labeled for 45 min at 37°C with 100
nM Tf-fluorescein and 15 nM PE or fusion protein in Dulbecco modified Eagle
medium supplemented with 0.2 mg/ml bovine serum albumin. Cells were then
washed, fixed in 3.7% paraformaldehyde, permeabilized with 0.015% saponin,
and then labeled with affinity-purified goat anti-PE antibodies that were revealed
using tetramethylrhodamine-labeled donkey anti-goat IgG (Nordic). To monitor
the effect of furin inhibitors on PE and LRP endocytosis, cells were treated with
8 nM PE for 4 h before fixation and permeabilization. The Tf receptor, PE, and
the LRP were then labeled using the R17.217 rat antibody, rabbit anti-PE
antiserum, and the 11H4 mouse antibody, respectively. These antibodies were
revealed using swine anti-rabbit (Nordic), goat anti-rat (Sigma), and donkey
anti-mouse (Jackson Immunoresearch) antibodies labeled with fluorescein, tet-
ramethylrhodamine, and Cy5, respectively. Cells were then mounted for exam-
ination with a Leica confocal microscope.

RESULTS

Fusion protein approach. Small proteins whose molecular
masses are in the 11- to 23-kDa range and which have various
unfolding abilities (Table 1) were fused to the PE N terminus.
We previously found that exogenous disulfide introduction in-
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hibited PE translocation, indicating that this transmembrane
transport requires toxin unfolding (32). The rationale for the
fusion protein approach was therefore that a tightly folded
protein should keep PE within endosomes to some extent,
thereby protecting cells from entire molecules, while process-
ing and generation of the active 37-kDa fragment should not
be hampered by the small fused protein. We used (i) RNase A,
a tightly folded protein with four intramolecular disulfides
(50), to make RNase-PE; (ii) a control protein able to unfold
easily, PE domain III, to prepare III-PE; (iii) apocytochrome c,
a poorly folded protein that has some affinity for membranes
(11), to obtain ApoC-PE; and (iv) DHFR, which is stabilized
upon tight binding of its specific inhibitor MTX, which was
thus expected to inhibit DHFR-PE transport to the cytosol.
Indeed, when DHFR was fused to the enzymatic subunit of
another toxin targeting the protein synthesis system, such as a
DT or ricin A chain, it was transported to the cytosol in a
manner that could be inhibited by MTX, showing that unfold-
ing is a prerequisite for DHFR transport through membranes
when this type of toxin is used as a vehicle (6, 23). Figure 1
shows the fusion protein approach as exemplified by using
DHFR-PE.

The fusion proteins were purified to homogeneity from E.
coli periplasm, and we first checked whether the fused proteins
altered PE intracellular routing. Upon uptake, PE is known to
be concentrated within the endosome recycling compartment
together with cellubrevin (36) or fluorescent Tf (2). In agree-
ment with these findings, PE, Tf, and fusion proteins accumu-
lated in this structure in 1.929 fibroblasts (Fig. 2). This was also
the case for DHFR-PE in the presence of MTX, and the
labeling pattern remained unchanged for up to ~1.5 h, after
which cells started to detach from the coverslips due to PE
toxicity. These data indicated that the fused protein did not
alter PE intracellular routing.

We then used purified EF2 to assess the catalytic activities of
the fusion proteins. All of these proteins showed the same
catalytic activity as PE, and there was no increase for III-PE
(data not shown). The latter result might indicate that the
additional catalytic site of III-PE is inactive. The presence of
MTX did not affect DHFR-PE catalytic activity (data not
shown). A key control experiment involved examining whether

e Q@ DHFR-PE %

(domains ' -II-I1T) MTXO
Processing (l )

toxicity
« &.
a toxicity € No
D 4 O toxicity

FIG. 1. Schematic diagram of the fusion protein approach using
the DHFR-MTX system. Arrows indicate the site of furin cleavage at
the beginning of PE domain II. DHFR-PE efficiently kills cells in the
absence of MTX (see Fig. 4). The presence of this drug stabilizes
DHFR and inhibits its transmembrane transport in most biological
systems. Therefore, toxicity that can be inhibited by MTX should
correspond to endosome-trapped entire chimeras.

No processing

toxicity
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DHFR-PE

RNase-PE -MTX +MTX

FIG. 2. PE and fusion proteins are routed to the endosome recycling compartment. After labeling for 45 min with Tf-fluorescein and PE or
the indicated fusion protein, L929 cells were processed for detection of PE by immunofluorescence. Where indicated, 200 nM MTX was present
during cell labeling. Median optical sections were obtained using a confocal microscope. Both Tf and PE accumulated in the recycling compartment
at the center of the cell. The dotted lines indicate the outlines of the cells in the merged images. Bar, 10 pm.

the fusion proteins could be efficiently cleaved by furin intra-
cellularly. In this assay, ~50% of PE molecules were processed
to generate the active 37-kDa fragment. The fusion proteins all
produced similar amounts of active fragment. The presence of
MTX did not impair DHFR-PE processing by furin (Fig. 3).
Together, these control experiments showed that a fused pro-
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tein did not significantly affect PE routing to recycling endo-
somes, processing, or catalytic activity.

Nevertheless, when cytotoxicity was examined, significant
differences were observed. While III-PE and DHFR-PE were
as toxic as PE, RNase-PE was twofold less toxic than PE and
ApoC-PE was twofold more toxic than PE (Fig. 4). Since

e
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FIG. 3. Processing efficiency of PE and fusion proteins. L.929 cells were labeled for 4 h with PE or the indicated fusion protein before a 30-min
chase. Where indicated, 150 nM MTX was present throughout the experiment. Cells were then lysed, and PE was immunoprecipitated. (A) Purified
proteins (p) together with immmunoprecipitates (i) were separated by SDS-PAGE before immunoblotting and ECL detection. PE (66 kDa) is
processed by furin into a 37-kDa fragment, whose position is indicated by an arrow, and a 28-kDa fragment. The latter fragment is quickly degraded
(34, 57) and is not visible on films. (B) Quantification. Films from three independent experiments were scanned before band quantification. The
furin processing efficiency (expressed as a percentage) was calculated as follows: 37-kDa fragment/(37-kDa fragment + entire protein).
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FIG. 4. Toxicities and translocation activities of PE and fusion
proteins measured using intact cells. To assay cytotoxicity, 1.929
cells were treated for 24 h with different concentrations of a toxin
or chimera, and protein synthesis was examined using the 24-h
incorporation of [**S]methionine. Toxicity is expressed as the 50%
inhibitory concentration (ICs,), which is the toxin concentration
that inhibits protein synthesis by 50%. To assay translocation activ-
ity with entire cells, the cells were treated with 100 pM PE or
chimera for different periods of time, before protein synthesis was
assayed using pulse-labeling (1 h) of [**S]methionine. Protein syn-
thesis activity was then plotted against time, and the slopes of
protein inactivation curves were then measured (h™"). These slopes
are directly proportional to the translocation activity (18, 32). MTX
was used at concentrations of 50 nM and 150 nM for toxicity and
translocation assays, respectively.

toxicity is the result of a multistep process, and to obtain more
specific insight into the translocation efficiency of the chi-
meras, we monitored the kinetics of protein synthesis inac-
tivation using intact cells. Indeed, since translocation is the
rate-limiting step of the intoxication process, the slope of
the protein synthesis inactivation curve is directly propor-
tional to the translocation activity (18, 32). Again, while
III-PE and DHFR-PE translocated as efficiently as PE, the
translocation of RNase-PE and the translocation of ApoC-PE
were inhibited 50% and enhanced 80%, respectively, com-
pared to the translocation of PE (Fig. 4). The enhanced trans-
location activity (and cytotoxicity) of ApoC-PE was probably
due to the affinity of apocytochrome ¢ for membranes (11).
The decrease in translocation activity of RNase-PE compared
to that of PE is likely explained by the fact that the tight folding
of the protein (50) prevented its efficient transport across the
endosome membrane. To directly examine these issues and
confirm the previous findings, we tested the endosomal trans-
location activities of the chimeras using a cell-free assay that
we developed previously to characterize this process (2, 32, 46).
As observed for intact cells, III-PE and DHFR-PE behaved
like PE, while ApoC-PE was translocated ~50% more effi-
ciently than PE and RNase-PE was translocated 40% less ac-
tively than PE (Fig. SA). Analysis of translocated material
showed that fusion proteins remained essentially intact during
this process (Fig. 5B).

Although the RNase-PE data clearly indicated that endoso-
mal translocation of full-length PE is responsible for more than
one-half of the toxicity, it could be argued that the RNase
moiety modified PE intracellular routing in a subtle manner
that we were unable to visualize microscopically and that this
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FIG. 5. Cell-free endosomal translocation of PE and fusion pro-
teins. (A) Translocation activity. Mouse lymphocytes were labeled with
1251.Tf (as a negative control), '*I-PE, or '*I-labeled fusion protein
for 45 min before endosomes were purified and translocation was
assayed for 1 h in the presence of ATP and cytosol as described in
Materials and Methods. Where indicated, translocation assays were
performed in the presence of 1 pM MTX. (B) Translocated proteins
(at 1 h) were concentrated before SDS-PAGE and autoradiography.
The molecular masses of standards (in kDa) are indicated on the left.
RNase-PE is poorly translocated and did not produce a significant
band.

modification was responsible for the differences between PE
and RNase-PE that we observed. The use of DHFR-PE en-
abled us to overcome this type of limitation. We first used
intact cells. The 50% inhibitory concentration of DHFR-PE
increased from 2 to 3.1 pM in the presence of 50 nM MTX,
indicating that MTX inhibited DHFR-PE toxicity by ~50%.
Moreover, the DHFR-PE-mediated protein synthesis inactiva-
tion rate decreased from 0.25 to 0.14 h™' in the presence of 150
nM MTX (Fig. 4). These results indicated that MTX caused
retention of 45 to 50% of DHFR-PE molecules within endo-
somes. The MTX-resistant protein synthesis inactivation activ-
ity could result either from 37-kDa fragments or from entire
DHFR-PE molecules that were not efficiently trapped within
endosomes because the MTX concentration was not sufficient
to block all DHFR-PE molecules. To discriminate between
these possibilities, and because MTX toxicity prevented the
use of concentrations greater than 200 nM with entire cells, we
used purified endosomes and the cell-free translocation assay.
In this experimental system, 1 wM MTX inhibited DHFR-PE
translocation by 50% (Fig. SA). We concluded that, whatever
its concentration, MTX could not block translocation of more
than one-half of the DHFR-PE molecules. Hence, the MTX-
resistant protein synthesis inactivation activity likely resulted
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from the cytosolic delivery of entire DHFR-PE molecules that
were not blocked by MTX.

Collectively, data obtained with this first approach using
fusion proteins indicated that at least one-half of PE toxicity
results from endosomal translocation of entire molecules. The
results also indicated that PE passenger proteins have to un-
fold so that they can be transported into the cytosol.

Quantification of cytosolic PE fragments. The nature of PE
fragments within the cytosol of intoxicated cells should provide
information regarding the importance of furin processing in
PE toxicity. A previous study used conventional cell homoge-
nization methods to obtain a cytosolic fraction and found that
there was some enrichment of the 37-kDa fragment, although
entire PE was also detected. Cytosolic delivery of the mole-
cules was not studied kinetically (34). Here we quantified PE
and its processed fragments within the cytosol as a function of
time and compared these kinetics of cytosolic accumulation
with those of EF2 ADP-ribosylating material. Cytosol was ob-
tained by SLO permeabilization, a mild method that enables
specific permeabilization of the plasma membrane with no
effect on the integrity of endocytic elements (28). In these
experiments, monensin, an ionophore that does not inhibit PE
endocytosis (2) but neutralizes endosomal acidic pH and pre-
vents the PE membrane insertion required for toxicity (32),
was used for control purposes. EF2 ADP-ribosylating activity
accumulated with time in the cytosol of PE-treated cells (Fig.
6A). This accumulation was largely inhibited (by 70%) in the
presence of monensin, showing that most EF2 ADP-ribosylat-
ing material in cytosol preparations actually originated from
the cell cytosol and not from damaged organelles or the plasma
membrane.

When we monitored the presence of PE in these cytosol
preparations, we found that entire molecules accumulated with
kinetics similar to those of EF2 ADP-ribosylating material
(Fig. 6B). Moreover, PE cytosolic accumulation was inhibited
by ~80% when monensin was present during cell labeling. The
curve for the 37-kDa fragment was not expected since the
cytosolic concentration of this fragment decreased with time.
We thought that cell protein degradation activity was likely
responsible for the disappearance of the 37-kDa fragment and
suspected the proteasome that is known to modulate the sta-
bility and toxicity of DT mutants (12). Indeed, when cytosol
was prepared from cells treated with PE in the presence of
lactacystin, an efficient proteasome inhibitor (30), the levels of
the 37-kDa fragment became stable over time, although no
increase in the concentration was observed (Fig. 6B). It should
be noted that lactacystin did not affect PE toxicity (data not
shown). Together, the results obtained with this second ap-
proach indicated that entire PE molecules accumulate in the
cytosol of intoxicated cells and are likely responsible for EF2
ADP-ribosylating activity and cell death.

Furin-deficient cells can process PE. Furin-deficient cells
(CHO FD11 cells) are considerably more resistant than the
parent cell line (CHO), indicating that furin processing is re-
quired at some stage for PE toxicity (14). Nevertheless, it was
not known whether PE processing is actually blocked in these
cell lines. When we monitored PE processing by FD11 cells, we
found that a large proportion of internalized PE was proteol-
ysed by CHO cells to a 55-kDa protein (Fig. 7A), which is
presumably the N-terminal fragment generated by trypsin-me-

ROLE OF PE PROCESSING IN TOXICITY 3095

12| < Control
S 1| —— Monensin % 5% <
310
o ] //
H-J ]
E’ st /j>
51009
= / §/§/§/§
B
o 4 >
< ~W
T e
2 ‘\\l\‘li\\‘\\\\‘\\\\

0 1 2 3 4
Internalization Time (h)

B 400

Relative band intensity (%)
S
T
‘ [ H
Eﬂ\
AN

[ J

\
0 1 2 3
Internalization time (h)

FIG. 6. Accumulation of EF2-ADP ribosylation activity and PE
fragments in the cytosol of intoxicated cells. 1929 cells were treated
with 18 nM PE for the indicated times. Where indicated, 50 uM
monensin was added to cells 20 min before PE was added. Cytosol
preparations were then obtained using SLO permeabilization and di-
vided in two for the EF2-ADP ribosylation activity assay and immu-
noprecipitation of PE fragments detected by immunoblotting and ECL
detection. (A) EF2-ADP ribosylation by cytosol preparations from
cells that were treated with PE for the indicated times. Assays were
performed using purified EF2 and [**P]NAD, and **P-labeled EF2 was
detected by autoradiography. Films were scanned, and the **P-labeled
EF2 band was quantified using ImageQuant (GE Healthcare). The
results are expressed in arbitrary units (a.u.). (B) Quantification of PE
cytosolic fragments. PE fragments were immunoprecipitated from cy-
tosol samples and then detected by immunoblotting and ECL detec-
tion before band quantification. [, entire PE from control cells; W,
entire PE from monensin-treated cells; O, 37-kDa fragment from con-
trol cells; @, 37-kDa fragment from monensin-treated cells; A, 37-kDa
fragment from lactacystin-treated cells. The results are expressed as
percentages of the intensity of the entire PE band in control cells at
time zero. The lines show linear regression of the data. The data are
the results of a typical experiment that was repeated three times.

diated cleavage after Arg-490 (34). Although the parent CHO
cell line generated a ~45-kDa fragment that was not generated
by FD11 cells, both cell lines produced similar amounts of the
37-kDa PE fragment. Hence, FD11 resistance to PE is not due
to a defect in toxin processing. It should be noted that, in
addition to furin, other proprotein convertases, such as PC1/3,
PC2, PC4, and PC7, can cleave PE at the same site at a low pH
(39). These proprotein convertases are most likely responsible
for PE processing in furin-deficient cells.

Because a deficiency in LRP function could explain the
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FIG. 7. Furin-deficient cells can efficiently proteolyse PE, but they
poorly process the LRP. (A) PE processing. Where indicated, PE (40
nM) was added to CHO (wild type) or CHO FDI11 (furin-deficient)
cells for 4 h before immunoprecipitation and anti-PE Western blotting.
The molecular masses of markers (in kDa) are indicated on the left.
The positions of the 55-kDa and 37-kDa fragments are indicated by an
arrowhead and an arrow, respectively. (B) LRP processing. LRP was
immunoprecipitated before anti-LRP Western blotting. The positions
of the precursor (600 kDa) and the large subunit of the mature LRP
(515 kDa) are indicated on the right. Lysate blots were probed for
actin as a loading control.

resistance of FD11 cells to PE, we determined whether the
LRP was processed by these cells. While in CHO cells the LRP
is quantitatively converted from the precursor form (600 kDa)
to the mature form (515 kDa), in FD11 cells only 22% *+ 12%
(n = 3) of the protein was processed to the mature form (Fig.
7B). The presence of PE did not affect LRP processing (data
not shown). A similar defect in LRP processing was observed
in another furin-deficient CHO cell line (RPE.40); the im-
paired maturation was associated with a slight but significant
reduction in the endocytosis efficiency of plasminogen activa-
tor and a2-macroglobulin, which are LRP-specific ligands (54).
Hence, the cell line FD11 resistance to PE does not result from
impaired toxin processing but could be related to a defect in
LRP maturation or to a deficiency in other furin-dependent
events required for PE intoxication.

Furin inhibition protects cells from PE by impairing recep-
tor processing and/or endocytosis. We thought that furin in-
hibitors applied for a limited period of time would affect the
furin processing of incoming toxin more specifically than they
would affect the furin processing of the LRP, especially when
cell-impermeable inhibitors were used. We used a furin inhib-
itor that is reversible and poorly cell permeable, hexa-p-Arg,
and an irreversible, readily cell-permeable inhibitor, decanoyl-
RVKR-chloromethylketone (Dec-RVKR-CMK) (4). We treated
cells with these inhibitors for up to 8 h and determined the
toxicity and PE and LRP processing together with PE and LRP
intracellular localization. When such a short exposure time was
used, hexa-D-Arg (60 uM) did not significantly affect PE tox-
icity (Fig. 8A), LRP processing (Fig. 8B), or PE or LRP intra-
cellular routing (Fig. 8C). Nevertheless, this inhibitor sig-
nificantly stabilized (by 84%) the 37-kDa PE fragment
intracellularly (Fig. 8D). This surprising effect was likely re-
lated to the intracellular instability of this fragment observed in
previous experiments (Fig. 6B), and hexa-p-Arg apparently
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FIG. 8. A furin inhibitor protects cells from PE toxicity and pre-
vents LRP processing and endocytosis. (A) Intoxication kinetics in the
presence of inhibitors. 1929 cells were treated for up to 8 h with 100
pM PE and, where indicated, 50 .M monensin, 60 uM hexa-D-Arg, 60
uM Dec-RVKR-CMK, or solvent (dimethyl sulfoxide [DMSO]) be-
fore protein synthesis was assayed for 1 h. (B) Effects on LRP pro-
cessing. Cells were treated with 60 wM hexa-D-Arg (Arg6), Dec-
RVKR-CMK (DRC), or solvent (Ctrl) for 4 h before LRP
immunoprecipitation and anti-LRP Western blotting. The positions of
the precursor (600 kDa) and the large subunit of the mature LRP (515
kDa) are indicated on the right. Lysate blots were probed for actin as
a loading control. (C) Effects on PE, LRP, and Tf receptor intracel-
lular localization. Cells were treated with 60 wM inhibitor or solvent
for 4 h and then fixed and permeabilized for detection of PE, LRP, and
the Tf receptor (RTf) by immunofluorescence. The images show me-
dian confocal sections. Where necessary, a dotted line indicates the
outline of the cell in the merged image. Bar, 10 pm. (D) Effects of
inhibitors on furin-mediated PE processing efficiency. L.929 cells were
labeled for 4 h with PE before a 30-min chase. Where indicated, the
inhibitor was present throughout the experiment. Cells were then lysed
for PE immunoprecipitation. Films from three independent experi-
ments were scanned for band quantitation. Volumes were normalized
using the 66-kDa control band.
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inhibited its degradation. Hence, increasing the amount of the
intracellular 37-kDa fragment did not favor toxicity.

The second inhibitor, Dec-RVKR-CMK (60 wM), com-
pletely blocked PE toxicity (Fig. 8A). It was also more effective
than hexa-D-Arg in stabilizing the 37-kDa fragment (by 160%);
nevertheless, in the presence of Dec-RVKR-CMK, less PE was
found intracellularly (Fig. 8D). This was likely due to general
inhibition of endocytosis by this drug that caused retention at
the plasma membrane level of PE, the LRP, and the Tf recep-
tor, together with significant PE aggregation at this level (Fig.
8C). After 4 h of exposure to Dec-RVKR-CMK, only 50% =+
5% (n = 3) of LRP molecules were processed into the 515-kDa
mature form (Fig. 8B). This result is consistent with measure-
ments of the LRP half-life (~3 h) (30) and showed that Dec-
RVKR-CMK is an efficient furin inhibitor. Although it is not
clear whether Dec-RVKR-CMK protected cells from PE by
inhibiting endocytosis or preventing LRP processing, this pro-
tection did not result from inhibition of PE processing.

Two conclusions can be drawn from these furin inhibition
studies. First, increasing 37-kDa intracellular stability does not
affect PE toxicity, and second, efficient furin inhibition protects
cells from PE by impairing LRP cleavage and/or affecting other
furin-dependent steps that enable PE cytosolic delivery, but it
does not inhibit PE processing.

DISCUSSION

An important biological issue regarding the PE intoxication
process is evaluation of the implications of the ER and recy-
cling endosomes as doorsteps for PE cytosolic delivery. The PE
retrograde route has not been characterized yet at the molec-
ular level, and no molecular tool to specifically interfere with
this transport route is available (44). Thus, to evaluate the
roles of the ER and endosomes in PE access to the cytosol, we
studied the requirement of this toxin for processing. Indeed,
entire PE strongly binds to the LRP (in the absence of mem-
branes), even at low pH (48), and it is acknowledged that furin
processing is strictly required to ensure production of the ac-
tive fragment that lacks a receptor binding domain and can be
retrogradely transported to the ER (37). It therefore seems
reasonable to assume that the lack of a processing requirement
indicates that intoxication is due to entire PE molecules reach-
ing the cytosol from endosomes, whereas, conversely, if PE
requires furin processing to kill cells, it is likely because the
active fragment triggers toxicity after retrograde transport to
the ER.

To study the PE requirement for furin processing to kill
cells, we used techniques ranging from conventional assays for
determining cytotoxicity and intoxication kinetics to PE and
LRP processing analyses, together with intracellular localiza-
tion of the toxin and its receptor. The three approaches were
independent. They were also complementary since, for in-
stance, the fusion protein approach was drug free, while in the
furin inhibitor studies native PE was used. These different
experimental systems provided similar information, which in-
dicated that PE intoxication relies largely on endosomal trans-
location of entire PE molecules.

Previous evidence for implication of the endosome as a
doorstep for PE cytosolic delivery was essentially based on cell
fractionation experiments (2), and it was important to confirm
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these findings using entire cells and toxicity assays. The use of
RNase-PE and DHFR-PE provided confirmation. The fusion
protein approach also showed that cargos attached to PE have
to unfold during transport to the cytosol. This was previously
observed for other toxins, such as DT (23) and ricin (6), using
DHFR chimeras, like those used here. An interesting PE fu-
sion protein was ApoC-PE, which translocated more efficiently
than PE and was more toxic. These results were most likely due
to the apocytochrome c¢ affinity for membranes (11). They
further indicate the key role of membrane interaction and
insertion for PE translocation (32).

The last two approaches that we used to study PE processing
involved quantification of cytosolic toxin fragments. The cyto-
solic levels of entire PE were correlated with the accumulation
of EF2 ADP ribosylation activity with time (Fig. 6A and 6B).
Moreover, treatment of cells with the furin inhibitor Dec-
RVKR-CMK resulted in inhibition of PE toxicity (Fig. 8A),
together with a decrease in the cytosolic PE concentration
(Fig. 8D). Toxicity was therefore associated with cytosolic ac-
cumulation of entire PE molecules. Conversely, the 37-kDa
fragment was unstable in the cytosol. The fact that degradation
of the PE 37-kDa fragment was prevented by lactacystin (Fig.
6B) indicated that, despite the fact that this fragment has very
few lysine residues (only three residues close to its C terminus),
the proteasome was responsible for its degradation. Surpris-
ingly, the cytosolic concentration of this fragment was in-
creased upon treatment of cells by furin inhibitors (by 80 to
160%). Nevertheless, neither furin nor proteasome inhibitors
protected cells from PE. These observations are consistent
with previous results showing that increasing the production
efficiency of the 37-kDa fragment intracellularly by replacing
the PE processed loop with a DT Arg-rich loop did not favor
toxicity (9). Similarly, W281A and W281K mutations enhanced
processing and decreased toxicity, while L284M and L284W
mutations inhibited processing and decreased toxicity (57).
Moreover, we found that, although furin-deficient cells are
resistant to PE, they can process this toxin properly (Fig. 7A).
All these results provide compelling evidence that there is no
correlation between the amount of the 37-kDa fragment pro-
duced intracellularly and PE toxicity.

According to the data presented here and elsewhere (2, 32)
and data obtained by other groups that documented PE inser-
tion into membranes upon acidification (21, 38, 41), endosomal
translocation of entire PE is involved in cytotoxicity. This result
is consistent with data for the intracellular routing of other
bacterial toxins and their ability to undergo conformational
modifications and membrane insertion upon exposure to en-
dosomal pH. Indeed, the ER-targeted toxins Shiga toxin and
cholera toxin are closely related ABS toxins that recognize
glycolipids. Once in the endosome lumen, low pH induces in
these toxins only subtle conformational changes that are
unrelated to membrane penetration (29, 31). These toxins
eventually reach the ER, where they can be visualized (27,
52). The characteristics of endosomes translocating toxins,
such as DT, anthrax toxin protective antigen, and PE, are
different. The endocytic routing of the proteinic receptor is
restricted to the endocytic pathway (1, 26, 30). Once these
toxins are in early endosomes, low pH induces major con-
formational changes in them, leading to membrane insertion
and translocation (1, 32, 40).
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Nevertheless, several lines of evidence, such as the two- to
threefold increase in PE toxicity obtained by replacing its C-
terminal end with the ER retrieval motif KDEL (43, 44), sup-
port a model in which delivery to the ER of the 37-kDa PE
fragment favors toxicity. PE intoxication models based on en-
dosomal translocation or retrotranslocation from the ER are
not mutually exclusive. Depending on the cell type for instance
(44), PE could enter cells directly from endosomes or be sub-
jected to processing and retrograde transport to the ER before
it reaches the cytosol.
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