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ABSTRACT: The Clostridium botulinumC2 toxin is the prototype of the family of binary actin-ADP-
ribosylating toxins. C2 toxin is composed of two separated nonlinked proteins. The enzyme component
C2I ADP-ribosylates actin in the cytosol of target cells. The binding/translocation component C2II mediates
cell binding of the enzyme component and its translocation from acidic endosomes into the cytosol. After
proteolytic activation, C2II forms heptameric pores in endosomal membranes, and most likely, C2I
translocates through these pores into the cytosol. For this step, the cellular heat shock protein Hsp90 is
essential. We analyzed the effect of methotrexate on the cellular uptake of a fusion toxin in which the
enzyme dihydrofolate reductase (DHFR) was fused to the C-terminus of C2I. Here, we report that unfolding
of C2I-DHFR is required for cellular uptake of the toxin via the C2IIa component. The C2I-DHFR fusion
toxin catalyzed ADP-ribosylation of actin in vitro and was able to intoxicate cultured cells when applied
together with C2IIa. Binding of the folate analogue methotrexate favors a stable three-dimensional structure
of the dihydrofolate reductase domain. Pretreatment of C2I-DHFR with methotrexate prevented cleavage
of C2I-DHFR by trypsin. In the presence of methotrexate, intoxication of cells with C2I-DHFR/C2II was
inhibited. The presence of methotrexate diminished the translocation of the C2I-DHFR fusion toxin from
endosomal compartments into the cytosol and the direct C2IIa-mediated translocation of C2I-DHFR across
cell membranes. Methotrexate had no influence on the intoxication of cells with C2I/C2IIa and did not
alter the C2IIa-mediated binding of C2I-DHFR to cells. The data indicate that methotrexate prevented
unfolding of the C2I-DHFR fusion toxin, and thereby the translocation of methotrexate-bound C2I-DHFR
from endosomes into the cytosol of target cells is inhibited.

Bacterial protein toxins, which modify their substrates in
the cytosol of target cells, must develop strategies to transport
their enzymatic domain across cellular membranes (1).
Therefore, AB-type toxins show a bipartite organization with
different functional domains, an enzyme domain (A) and a
binding/translocation domain (B) (2). The B-domain mediates
cell binding and the translocation of the A-domain into the
cytosol. However, the mechanism by which the B-domain
mediates translocation of the A-domain of bacterial toxins
is still not completely understood.

In the family of binary ADP-ribosylating toxins, the A-
and B-domains are two separated and nonlinked toxin
components (for review see ref3). Both components, the
enzyme component and the binding component, have to
assemble on the surface of the target cell to exhibit cytotoxic
effects (4). The family of binary actin-ADP-ribosylating
toxins consists of theClostridium botulinumC2 toxin (5),
Clostridium perfringensiota toxin (6, 7), Clostridium spiro-
forme toxin (7-9), Clostridium difficileADP-ribosyltrans-
ferase (10, 11), and the VIP toxin (vegetative insecticidal
protein) from Bacillus cereus(12). These toxins ADP-
ribosylate G-actin at arginine-177 (13), leading to disas-

sembly of actin filaments, breakdown of the actin cyto-
skeleton, and rounding up of cultured monolayer cells (3,
14, 15).

In this study, we want to investigate the mechanism by
which C2 toxin translocates into the cytosol of its target cells.
C2 toxin is composed of the enzyme component C2I1 (49
kDa) and the binding/translocation component C2II (80 kDa)
(5), which has to be activated by trypsin cleavage (16). An
∼20 kDa peptide is cleaved from the N-terminus, and the
resulting active C2IIa (∼60 kDa) forms ring-shaped hep-
tamers in solution (17). The C2IIa heptamers bind to complex
and hybrid carbohydrate structures on the surface of target
cells (18). After assembly of C2I to C2IIa heptamers, the
toxin complex is taken up via receptor-mediated endocytosis
and reaches endosomal compartments. Upon acidification of
endosomes, C2IIa forms pores in endosomal membranes, and
C2I is delivered into the cytosol (17). However, it is still
not known whether C2I translocates directly through the
C2IIa pore [inner diameter 1-2 nm (17)]. If so, an (at least
partial) unfolding of the C2I protein during translocation
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should be expected. Moreover, we have recently shown that
the cellular chaperone Hsp90 is required for translocation
of C2I from endosomes into the cytosol (19), indicating that
C2I is most likely transported in an unfolded conformation.

Here, we applied the dihydrofolate reductase (DHFR)/
methotrexate (MTX) system, which is an established tool to
study whether peptides have to be unfolded during a
translocation process (20, 21). MTX is a folate analogue and
favors a stable three-dimensional conformation of the DHFR
(20). We report that cellular uptake of a fusion toxin,
composed of C2I and DHFR, is diminished in the presence
of MTX, suggesting that C2I-DHFR must become unfolded
during C2IIa-mediated translocation into the cytosol of
eukaryotic cells.

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotides were obtained from MWG
Biotech (Ebersberg, Germany). The pGEX-2T vector was
included in the glutathioneS-transferase gene fusion system
from Pharmacia Biotech (Uppsala, Sweden). Polymerase
chain reactions were performed with a T1 thermocycler from
Biometra (Go¨ttingen, Germany), and DNA sequencing was
done with an ABI PRISM 310 genetic analyzer from Perkin-
Elmer (Langen, Germany). Taq polymerase was purchased
from Roche Molecular Diagnostics, glutathione-Sepharose
4B was from Pharmacia Biotech (Uppsala, Sweden), cell
culture medium was from Biochrom (Berlin, Germany), fetal
calf serum was from PAN Systems (Aidenbach, Germany),
and MTX (dissolved in 0.1 N NaOH) and thrombin were
from Sigma (Deisenhofen, Germany). Trypsin and trypsin
inhibitor were from Roche Diagnostics (Mannheim, Ger-
many). Phosphate-buffered saline (PBS) contained 8 g/L
NaCl, 0.2 g/L KCl, 1.15 g/L Na2HPO4‚2H2O, and 0.2 g/L
KH2PO4 (pH 7.4). Pierce Iodo-Beads were purchased from
VWR International GmbH (Bruchsal, Germany), and Na125I
solution was from Hartmann Analytic (Braunschweig, Ger-
many). Bafilomycin A1 was from Calbiochem (Bad Soden,
Germany). Anti-rabbit F(ab′)2 fragment was purchased from
Rockland.

Cloning of C2I-DHFR. For cloning of the C2I-DHFR
construct, the original pGEX2TGl-C2I was used, which
contains an internalBamHI site (673 bp in C2I) and an in-
frame stop codon, followed by aBamHI site (22). First, the
internalBamHI site and the stop codon were mutated using
the Quick-Change PCR kit (Stratagene, Germany) according
to the manufacturer’s instructions. Mouse DHFR gene (m-
DHFR; EMBL accession number L26316) was a gift from
Dr. Nikolaus Pfanner (University of Freiburg, Germany). The
gene was amplified with the primers mDHFR sense (5′-AGA
TCT GCG GCC GCT ATG GTT CGA CCA TTG AAC
TGC-3′) and mDHFR anti (5′-AGA TCT GTC TTT CTT
CTC GTA GAC TTC-3′), resulting in a 683 bp PCR product.
By this method, we additionally introduced 9 bp at the 5′
end of the mDHFR gene, which encode for three Ala residues
that serve as a linker between mDHFR and C2I. The PCR
product was subcloned into the pCR2.1 vector (Invitrogen,
The Netherlands), mobilized byBglII digestion, and ligated
into the digested pGEX2TGl-C2I vector, resulting in a 3′
end fused DHFR gene. All mutations and cloning steps were
confirmed by DNA sequencing (cycle sequencing ready
reaction kit, Perkin-Elmer).

Expression, Purification, and ActiVation of Recombinant
Proteins. C2I, C2II, and C2I-DHFR were expressed as GST
fusion proteins inEscherichia coliBL21. Proteins were
purified as described previously (22) and incubated with
thrombin (3.25 NIH units/mL of bead suspension). There-
after, the suspension was centrifuged, and an aliquot of the
resulting supernatant was subjected to SDS-PAGE. Gels
were stained with Coomassie Brilliant Blue R-250. C2II was
purified as described elsewhere and activated with 0.2µg
of trypsin/µg of protein for 30 min at 37°C (17).

Immunoblot Analysis.For detection of recombinant pro-
teins, C2I (100 ng) and C2I-DHFR (200 ng) were subjected
to SDS-PAGE and blotted onto nitrocellulose membrane
(Schleicher & Schu¨ll). The membrane was blocked with 3%
non-fat-dried milk in PBST (PBS plus 0.05% Tween)
overnight at 4°C. Western blot analysis was performed with
anti-C2I (polyclonal, rabbit, 1:5000 PBST) and anti-DHFR
(polyclonal, rabbit, 1:1000 PBST) for 45 min at room
temperature. Secondary goat anti-rabbit peroxidase coupled
antibody was from Rockland, and visualization was per-
formed using ECL reagent.

ADP-Ribosylation Assay.For determination of the enzy-
matic activity of C2I-DHFR, human platelet cytosol (about
50 µg of total protein) was incubated with thrombin-cleaved
C2I-DHFR (0.2 nM final concentration) in a buffer contain-
ing 2 mM MgCl2, 20 µM [32P]NAD, and 50 mM HEPES
(pH 7.3) for up to 8 min at 37°C. For ADP-ribosylation in
the presence of MTX, C2I-DHFR was preincubated with 20
µM MTX or 50 mM HEPES (pH 7.3) for 15 min at 4°C.
ADP-ribosylation of G-actin was performed as described
above. Radiolabeled proteins were resolved by SDS-PAGE
and further analyzed by using a phosphorimager.

Trypsin Digest of C2I-DHFR, C2I, and C2II with or
without MTX.One microgram of protein was preincubated
for 15 min at 37°C with or without MTX (20µM) or NaOH.
Five microliters of trypsin solution (20 ng/mL) or PBS was
added, and samples were incubated at 37°C for 20 min.
Samples were subjected to 12.5% SDS-PAGE with subse-
quent Commassie staining. Western blot analysis was
performed with an antiserum raised against C2I protein
(polyclonal, rabbit, 1:5000 in PBST) or with an antibody
against DHFR (polyclonal, rabbit, affinity purified, 1:500
in PBST; a gift of Dr. Wolfgang Voos, University of
Freiburg) for 1 h atroom temperature. Secondary goat anti-
rabbit peroxidase coupled antibody was from Rockland, and
visualization was performed using the enhanced chemilu-
minescence light system.

Cell Culture and Cytotoxicity Assay.Vero cells were
cultivated in tissue culture flasks at 37°C and 5% CO2 in
Dulbecco’s MEM (DMEM) supplemented with 10% fetal
calf serum, 100 units/mL penicillin, and 100µg/mL strep-
tomycin. Cells were routinely trypsinized and reseeded three
times a week. For cytotoxicity assays, cells were grown as
subconfluent monolayers. For comparison of C2I-DHFR and
C2I, cells were incubated in serum-free DMEM together with
C2IIa (concentrations as indicated) at 37°C. To investigate
the effect of MTX on intoxication of Vero cells with either
C2I-DHFR (+C2IIa) or C2I (+C2IIa), the enzyme compo-
nents were preincubated with MTX (concentration as indi-
cated) for 15 min at 4 or 37°C in 100 µL of serum-free
DMEM and then added to serum-free DMEM containing
MTX (same concentration) and C2IIa. The final concentra-

Unfolding of C2 Toxin Is Required for Translocation Biochemistry, Vol. 42, No. 51, 200315285



tions of toxin components and MTX present in the medium
are given. Cells were further incubated at 37°C, and the
percentage of cell rounding was determined from microscopic
pictures. For direct translocation of C2I-DHFR across the
plasma membrane via C2IIa, precooled Vero cell monolayers
(which were pretreated with 100 nM bafilomycin for 1 h at
37°C) were incubated in serum-free DMEM containing C2I-
DHFR (200 ng/mL)+ C2IIa (400 ng/mL) with or without
20 µM MTX for 1 h at 4 °C to allow toxin binding. Medium
was removed, acidic medium (pH 5.2) at 37°C was added,
and cells were kept at 37°C for 5 min. The acidic medium
was removed, and cells were further incubated in serum-
free DMEM with (or without, control) Baf and with or
without MTX at 37 °C for intoxication for the indicated
times. Astrocyte cultures were obtained from newborn Wistar
rats (23). After isolation of the cortices of the rat brains, the
surrounding meninges were removed prior to mincing. The
fragments were incubated with 0.25% trypsin in phosphate-
buffered saline (PBS; 8.1 mM Na2HPO4, 1.5 mM KH2PO4,
137 nM NaCl, and 2.7 mM KCl, pH 7.5) at 37°C for 10
min. The enzymatically treated fragments were then dissoci-
ated into single cells by pipetting, and the cells were
suspended in DMEM containing 10% fetal bovine serum, 5
mM HEPES buffer, and 0.2 mg/L LPS. The cells were
maintained at 37°C in 8.6% CO2 for 10 days.

Immunocytochemistry.Cells were fixed with methanol
(-20 °C) for 10 min, washed with PBS, and permeabilized
with 0.1% (v/v) Triton X-100. Normal goat serum was used
to block unspecific reactions. Thereafter, cells were incubated
with the primary polyclonal rabbit anti-C2 toxin antibody.
The C2 toxin immune complexes were visualized by using
a CyTm 3-conjugated F(ab′)2 fragment of goat anti-rabbit
IgG (Dianova, Hamburg, Germany). Cells were visualized
by using a Bio-Rad (Hercules, CA) MRC 1024 (version 3.2)
confocal system with a krypton-argon laser and a Zeiss
(Oberkochen, Germany) Axiovert 135TV microscope. Im-
ages were obtained by using laser sharp 2.1T software and
processed by using the Metamorph 6.1 Software (Visitron,
Munich, Germany). The intensity of the C2 toxin staining
in the endosomes was compared with the intensity in the
cytosol by using the Metamorph 6.1 software. Single z-stock
micrographs were obtained with identical settings from the
confocal system. The intensity of staining of five endosomes
per cell was measured and compared with the intensity of
five randomly chosen areas per cell in the cytosol. Ten cells
were analyzed for each treatment group in this way. The
average of the intensity of the endosome staining was set as
100% for each group and was compared with the cytosol
group. For actin staining, cells were fixed with 4% paraform-
aldehyde for 20 min, washed with PBS, and permeabilized
with 0.1% (v/v) Triton X-100 for 30 min. Afterward, the
cells were incubated with TRITC-conjugated phalloidin
(Biozol, München, Germany) and washed again with PBS.
Cells were visualized by using a Axiover/Axiophot System
(Zeiss, Oberkochen, Germany) processed by using the
Metamorph 6.1 software (Visitron, Munich, Germany).

Labeling of C2I-DHFR with125I. Iodination of C2I-DHFR
was performed with Iodo-Beads according to the manufac-
turer’s (Pierce) protocol using 100µCi of Na125I/100 µg of
protein. In vivo activity of125I-C2I-DHFR was checked by
incubation of cells together with C2IIa.

Binding of125I-C2I-DHFR to Vero Cells. 125I-C2I-DHFR
was preincubated in serum-free DMEM without or with
various concentrations of MTX for 15 min at 4°C. It was
added to the Vero cell monolayers (12-well dish) containing
C2IIa with or without MTX in serum-free DMEM. Final
concentrations in the medium were 200 ng/mL125I-C2I-
DHFR and 400 ng/mL C2IIa without or with various
concentrations of MTX (concentration as indicated). Cells
were incubated for 2 h at 4°C, washed two times with 1
mL of PBS per well, and collected in 25µL of SDS sample
buffer (95 °C). Equal amounts of lysate protein (∼50 µg)
were subjected to 12.5% SDS-PAGE, and125I-C2I-DHFR
was detected with a phosphorimager from Molecular Dy-
namics/Pharmacia (Freiburg, Germany).

RESULTS

Cloning and Characterization of the C2I-DHFR Fusion
Toxin. The recombinant GST-C2I-DHFR fusion toxin was
purified as described under Experimental Procedures, and
the GST tag was removed by thrombin cleavage. The
resulting C2I-DHFR protein was subjected to SDS-PAGE,
resulting in a protein with the expected molecular mass of
71 kDa (Figure 1A). Furthermore, C2I-DHFR was tested by

FIGURE 1: Expression, purification, and enzymatic activity of C2I-
DHFR. (A) C2I-DHFR was expressed and purified as described
under Experimental Procedures. An aliquot of the culture was taken
before and 20 h after the addition of IPTG and subjected to SDS-
PAGE, and that gel was stained with Coomassie blue. After
induction with IPTG, GST-C2I-DHFR was obtained at the upper
part of the gel (MG 98 kDa). Purification and cleavage with
thrombin resulted in C2I-DHFR with an expected molecular mass
of 71 kDa. (B) C2I (100 ng) and C2I-DHFR (200 ng) were analyzed
by Western blot analysis. The respective proteins were separated
by SDS-PAGE, blotted onto nitrocellulose, and probed with either
rabbit anti-C2I (1:5000 PBST) or rabbit anti-DHFR (1:1000 PBST).
Visualization was performed using ECL reagent. (C) Enzymatic
activity of C2I-DHFR. Human platelet cytosol was preincubated
with methotrexate (20µM final concentration) or 50 mM HEPES
(pH 7.3) followed by [32P]ADP-ribosylation with C2I-DHFR (0.2
nM final concentration) for up to 8 min at 37°C. Probes were
subjected to SDS-PAGE, and the autoradiograph is shown.
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immunoblot analysis and was recognized by a specific
antiserum either against C2I or against DHFR, respectively
(Figure 1B). Next, the in vitro ADP-ribosyltransferase
activity of C2I-DHFR was tested. Therefore, human platelet
cytosol (actin concentration∼1 µM) was incubated with C2I-
DHFR (0.2 nM) in the presence of [adenylate-32P]NAD. As
shown in Figure 1C, G-actin was ADP-ribosylated by the
fusion toxin in a time-dependent manner. Because the
catalytic domain of C2I is located in the C-terminal part of
the protein, it was important to exclude that binding of MTX
to DHFR did not interfere with ADP-ribosyltransferase
activity of C2I-DHFR. To exclude this, we preincubated C2I-
DHFR with MTX (20µM final concentration) and performed
the ADP-ribosylation reaction as described above. We
obtained the same results as with the untreated protein,
indicating that binding of MTX to C2I-DHFR did not alter
the enzymatic activity of the fusion toxin (Figure 1C).

Cytotoxic Effects of C2I-DHFR Fusion Toxin. To test
whether C2I-DHFR was translocated into the cytosol of
target cells by activated C2II (C2IIa), we used intoxication
of cells as a functional assay. Therefore, cultured Vero cells
were incubated at 37°C with the indicated amounts of C2I-
DHFR together with C2IIa, and cells were photographed after
90 min. The first alterations in cell morphology were
observed when 25 ng/mL C2I-DHFR plus 50 ng/mL C2IIa
was used, and with 50 ng/mL C2I-DHFR plus 100 ng/mL
C2IIa, cells started to round up. In a concentration of 100
ng/mL C2I-DHFR plus 200 ng/mL C2IIa, the intoxication
of cells was nearly complete after 90 min (Figure 2A, lower
panel). As a control, cells were treated with C2I plus C2IIa

under identical conditions, showing that C2I wild type acts
in a comparable concentration range (Figure 2A, upper
panel). Moreover, the single components C2IIa, C2I-DHFR,
and C2I alone had no effects on cell morphology (data not
shown). Figure 2B shows a time course of the percentage
of intoxicated cells following treatment with either C2I (25
ng/mL) plus C2IIa (50 ng/mL) or C2I-DHFR (25 ng/mL)
plus C2IIa (50 ng/mL). As shown, the cytotoxic activities
of both toxins were comparable, indicating that C2I-DHFR
is translocated into the cytosol of target cells with an
efficiency similar to that of the C2I wild-type protein.

Effect of MTX on the C2I-DHFR Fusion Toxin. To test
whether binding of MTX to C2I-DHFR favors a stable three-
dimensional conformation of the DHFR domain, a protective
effect of MTX on the tryptic digest of C2I-DHFR was tested.
When C2I-DHFR was treated for 15 min at 37°C with
trypsin (100 ng/µg of protein) and subsequently subjected
to SDS-PAGE, a second lower migrating protein band
(indicated with an arrow) was obtained in the Coomassie-
stained gel, which was due to cleavage of C2I-DHFR (Figure
3A, upper panel). In contrast, no degradation of C2I-DHFR
was detected after pretreatment with MTX (20µM) prior to
addition of trypsin. It is noteworthy that the protective effect
of MTX is specific since (i) NaOH (in which MTX is diluted)
had no effect on trypsin action and (ii) MTX did not protect
C2II protein from tryptic digest (Figure 3A, lower panel).
These results clearly indicate that MTX specifically stabilizes

FIGURE 2: In vivo activity of C2I-DHFR. (A) Vero cells were
incubated with increasing concentrations of C2I or C2I-DHFR and
C2IIa. Cells were incubated at 37°C, and photographs were taken
after 90 min. (B) Vero cells were incubated with C2I (25 ng/mL)
and C2IIa (50 ng/mL) or C2I-DHFR (25 ng/mL) and C2IIa (50
ng/mL). Photographs were taken at the indicated times ([, C2I +
C2IIa; 9, C2I-DHFR+ C2IIa), and the percentage of intoxicated
cells is given as the mean value( SD (n ) 3).

FIGURE 3: Tryptic digest of C2I-DHFR. (A) C2I-DHFR (1µg,
upper panel) or C2II (1µg, lower panel) was preincubated without
or with MTX or NaOH for 15 min at 37°C. Trypsin (100 ng) or
PBS was added, and samples were incubated for 20 min at 37°C.
Samples were analyzed by 12.5% SDS-PAGE. Coomassie-stained
gels are shown. (B) C2I-DHFR (1µg) or C2I (1 µg) was
preincubated with or without MTX or NaOH for 15 min at 37°C.
Trypsin (100 ng) or PBS was added, and samples were incubated
for 20 min at 37°C. Samples were analyzed by 12.5% SDS-PAGE
(upper panel) and by immunoblot analysis with an antiserum against
C2I (lower panel).
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the C2I-DHFR structure. Moreover, only the DHFR domain
of the fusion toxin was digested by trypsin because C2I was
resistant to trypsin digest under these conditions (Figure 3B).
SDS-PAGE and subsequent Coomassie staining of trypsin-
digested C2I-DHFR showed a resulting protein band, which
was migrating in SDS-PAGE like C2I (Figure 3B, upper
panel). This protein was recognized by an anti-C2I antiserum
(Figure 3B, lower panel). An antibody against DHFR
recognized neither C2I nor the resulting protein following
trypsin digestion of C2I-DHFR (not shown).

Effect of MTX on C2I-DHFR Cytotoxicity. To determine
whether MTX prevents cytotoxicity of C2I-DHFR and
whether the stabilized three-dimensional DHFR domain
affects C2IIa-mediated translocation of C2I-DHFR, Vero
cells were incubated with C2IIa together with the MTX-
pretreated C2I-DHFR fusion toxin (15 min at 4°C) in the
presence of MTX. For control, cells were incubated with
C2I-DHFR plus C2IIa without MTX. After the indicated
times, pictures were taken, and the percentage of intoxicated
cells was determined from the pictures. In Figure 4A, a
representative experiment is shown. In the presence of MTX,
a significant delay of intoxication was observed. After 4 h
or more, about 40% of the cells were intoxicated when MTX
was present compared to about 80% of intoxicated cells
without MTX. However, the MTX-induced delay in intoxi-
cation of cells was transient. When MTX was present, after
6 h of incubation, about 40% of the cells were intoxicated

(without MTX, about 100% of cells were intoxicated; not
shown), and after 24 h, all cells (with or without MTX) were
intoxicated (not shown). The inhibitory effect of MTX on
cytotoxicity of C2I-DHFR was due to its binding to the
DHFR domain of the fusion toxin because MTX addition
did not influence cytotoxicity of wild-type C2I/C2IIa (Figure
4B). Similar results were obtained with CHO cells (data not
shown). To exclude that MTX decreased the binding of C2I-
DHFR to cell-bound C2IIa, Vero cells were incubated with
C2IIa and radiolabeled125I-C2I-DHFR for 2 h at 4°C in
the presence of increasing concentrations of MTX. Cells were
lysed, and equal amounts of the lysate protein were subjected
to SDS-PAGE (Figure 5, lower panel), and subsequently,
the cell-bound radioactivity was detected by autoradiography
(Figure 5, upper panel). Even 20µM MTX did not diminish
C2IIa-mediated binding of C2I-DHFR to Vero cells. Binding
of C2I-DHFR to cells was specific because no binding of
C2I-DHFR was detected in the absence of C2IIa (not shown).

Effect of MTX on the Direct C2IIa-Mediated Translocation
of C2I-DHFR across Cell Membranes. The specific inhibitor
Baf blocks the vesicular H+-ATPase in endosomal mem-
branes and thereby prevents acidification of endosomes.
Therefore, Baf prevents intoxication of cells by C2 toxin
(17). Direct translocation of C2I via C2IIa across the plasma
membrane was achieved, even in the presence of Baf, when
cell-bound C2 toxin was subjected to acidic medium (pH
<5.6) (17). This way, the endosomal situation is mimicked
at the cell surface (Figure 6A). Here, we used this assay to
investigate whether the translocation step of C2I-DHFR
across the endosomal membrane upon acidification is blocked
by MTX. C2I, C2I-DHFR (pretreated for 15 min at 4°C
with 20 µM MTX), and C2IIa are allowed to bind to cells,
which have been pretreated with Baf (1 h, 37°C) at 4 °C
for 1 h in thepresence or absence of MTX. The cells were
shifted to 37°C at pH 5.2 for 5 min to allow insertion of
C2IIa pores into the plasma membrane and translocation of

FIGURE 4: (A) Effect of MTX on C2I-DHFR/C2IIa cytotoxicity.
Vero cells were incubated in serum-free DMEM containing 50 ng/
mL C2I-DHFR and 100 ng/mL C2IIa with or without MTX at 37
°C. Pictures were taken after the indicated times, and the percentage
of intoxicated cells was determined from the photographs (2, toxin;
9, toxin + MTX). Given are the mean values( SD (n ) 3). (B)
Effect of MTX on C2I/C2IIa cytotoxicity. Vero cells were incubated
with 50 ng/mL C2I and 100 ng/mL C2IIa with or without MTX at
37 °C for the indicated times. The percentage of intoxicated cells
was determined from the photographs. The result of a representative
experiment is shown.

FIGURE 5: Binding of 125I-C2I-DHFR on Vero cells. Cells were
incubated in serum-free DMEM containing 200 ng/mL125I-C2I-
DHFR and 400 ng/mL C2IIa with or without increasing concentra-
tions of MTX for 2 h at 4°C. Cells were washed and collected in
SDS sample buffer, and equal amounts of the cell lysate were
subjected to SDS-PAGE. Cell-bound125I-C2I-DHFR was detected
in an autoradiograph, which is shown.
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C2I-DHFR across the plasma membrane into the cytosol.
Medium was removed, and cells were incubated at 37°C in
serum-free DMEM containing Baf with or without MTX.
In the presence of MTX, intoxication of cells was blocked
after 5 h (Figure 6B). Control cells were not influenced by
a treatment with Baf, MTX, and low pH (Figure 6B). To
demonstrate that the inhibitory effect of MTX on the C2IIa-
mediated translocation of the C2I-DHFR fusion toxin across
cell membranes was dependent on its DHFR domain and
therefore specific for C2I-DHFR, the influence of MTX on
the C2IIa-mediated translocation of C2I was tested. When
this experiment was performed with C2I instead of C2I-
DHFR, no delay in intoxication of cells was observed in the
presence of MTX (Figure 6C).

Effect of MTX on Intracellular Localization of C2I-DHFR.
Because MTX prevented translocation of C2I-DHFR into
the cytosol directly across cell membranes, we tested whether
C2I-DHFR was trapped in endosomes when MTX was
present during the incubation of cells with C2I-DHFR plus
C2IIa. The intracellular localization of C2I-DHFR was
detected by confocal microscopy. For these experiments, we
used rat astrocytes because these cells are larger and show
a clearer distribution of cell compartments than Vero cells.
When rat astrocytes were treated with C2 toxin (50 ng/mL
C2I + 100 ng/mL C2IIa) for 6 h, cells rounded up and the
actin cytoskeleton is redistributed (Figure 7A) (19). The
effect of C2I/C2IIa was not influenced by MTX (Figure 7A).

FIGURE 6: Direct translocation of C2I-DHFR across the plasma
membrane via C2IIa. (A) Model of the translocation and unfolding
of C2I-DHFR directly across the cell membrane. Under acidic
conditions, C2IIa inserts into cell membranes and forms pores, and
C2I is delivered into the cytosol of target cells. This assay mimics
the endosomal situation on the cell surface. Pore formation by C2IIa,
which is induced by acidification, and unfolding of C2I-DHFR are
essential prerequisites for translocation of the toxin into the cytosol.
However, it is not clear whether C2I translocates through the C2IIa
pores. Cytotoxic effects of C2I-DHFR/C2IIa (B) and of C2I/C2IIa
(C) on Vero cells after direct translocation of C2I-DHFR aross the
plasma membrane. Following binding of C2I-DHFR (B) or C2I
(C) and C2IIa on precooled cells (pretreated with 100 nM Baf) for
1 h at 4°C with or without MTX, cells were shifted for 5 min at
37 °C at pH 5.2. Medium was removed, and for intoxication, cells
were incubated at 37°C in DMEM with or without Baf and with
or without MTX (t ) 0). After the indicated time, pictures were
taken.

FIGURE 7: Influence of MTX on effects of C2I-DHFR/C2IIa toxin
on rat astrocytes. (A) Effect of MTX on intoxication of astrocytes
by C2I/C2IIa. Rat astrocytes were incubated for 3 or 6 h at 37°C
with C2I/C2IIa (200 ng/mL C2I+ 400 ng/mL C2IIa) and in the
presence of MTX (20µM). Cells were fixed with 4% PFA, and
immunohistochemistry with TRITC-phalloidin was performed to
stain F-actin (scale bar: 25µm). (B) Effect of MTX on intoxication
of astrocytes by C2I-DHFR/C2IIa. Rat astrocytes were incubated
for 3 or 6 h at 37°C with C2I-DHFR/C2IIa (200 ng/mL C2I-DHFR
+ 400 ng/mL C2IIa) and in the presence of MTX (20µM). Cells
were fixed with 4% PFA, and immunohistochemistry with TRITC-
phalloidin was performed to stain F-actin (scale bar: 25µm). (C)
Rat astrocytes were incubated for 6 h at 37°C with C2I-DHFR/
C2IIa toxin (200 ng/mL C2I-DHFR+ 400 ng/mL C2IIa) in the
presence of MTX (20µM). Cells were fixed with methanol, and
immunohistochemistry with an anti-C2I antibody was performed.
Thin-layer single z-stock confocal micrographs were taken from
single cells (scale bar: 5µm).
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When astrocytes were treated with C2IIa plus C2I-DHFR
in the presence of MTX, cell rounding was influenced, and
the actin filaments were still detectable after 6 h of incubation
(Figure 7B). MTX did not block cytotoxic action of C2I-
DHFR/C2IIa completely but delayed intoxication of the rat
astrocytes. When cells were treated for 6 h with C2I-DHFR/
C2IIa in the presence of MTX, there was less fusion of the
endosomal-like compartments and less C2I-DHFR was
detectable in the cytosol (Figure 7C). No cross-reactivity of
the anti-C2I antibody with the C2IIa component was detect-
able (data not shown). Colocalization studies of C2I with
the early endosomal marker Rab5 proved that these punctual
structures were indeed endosomes (19). Next, we used the
Metamorph software to measure the intensity of the C2 toxin
staining in the endosomal compartments and compared it to
its intensity in the cytosol. The intensity in the endosomes
was set as 100%. Compared to the endosomes, the intensity
of the C2 toxin in the cytosol of the treated cells was
21.4 ( 8.4% after 6 h. MTX (6.3( 2.5%) blocked this
increase in intensity of C2 toxin staining after 6 h (meang
SEM; n ) 10).

DISCUSSION

It is reported for several bacterial toxins, which act by
modifying cytosolic substrates, that the B-subunit forms pores
in lipid membranes. However, the role of these pores in the
translocation of the A-subunit of the toxins across cell
membranes is still enigmatic.

We use the binaryC. botulinumC2 toxin to study the role
of pores, which are formed by the binding/translocation
component C2II for cellular uptake of the enzyme component
C2I. C2II forms pores in artificial lipid bilayer membranes
(24, 25) as well as in membranes of intact cells (26). These
pores are cation-selective channels (25), which are inserted
into membranes in an oriented manner; i.e., they have a cis
and a trans site (27). Pore formation was restricted to the
proteolytic activated heptameric form C2IIa (17). Moreover,
pore formation of C2IIa in cell membranes depended on
binding of C2IIa to its cellular receptor and on an acidic
impulse to allow membrane insertion of C2IIa (26).

We studied the role of C2IIa pores for translocation of
the enzyme component C2I and found that pore formation
was an essential prerequisite for uptake of C2I into the
cytosol (26). C2I normally translocates from acidic endo-
somal compartments into the cytosol of target cells, a step
which can be blocked by the fungal drug bafilomycin A1
(17), an inhibitor of the vesicular H+-ATPase. Most likely,
C2IIa forms pores in endosomal membranes, which facilitate
translocation of C2I. We used experimental conditions that
mimic the acidic endosomes to study the mechanism of
C2IIa-mediated translocation of C2I in more detail. In these
experiments, we used a short extracellular pulse to deliver
C2I (via C2IIa) directly across cell membranes into the
cytosol and observed cell rounding by ADP-ribosylation of
actin (17).

In the present paper we report that unfolding of a C2I-
DHFR fusion toxin is an essential prerequisite for its
cytotoxic action in the cytosol. In this protein, DHFR
represents a folded domain whose stability can be manipu-
lated by addition of the ligand MTX. Without MTX, the C2I-
DHFR fusion toxin (71 kDa) showed cytotoxic activity

similar to that of wild-type C2I when it was applied to cells
together with C2IIa. This indicates that the DHFR domain
did not diminish C2IIa-mediated translocation of the toxin
into the cytosol. Binding of the folate analogue MTX to
DHFR stabilizes the conformation of the DHFR domain,
prevents its unfolding, and makes the protein resistant for
proteolytic cleavage. When Vero cells were treated with
C2IIa together with C2I-DHFR in the presence of MTX,
intoxication was significantly delayed. MTX did not reduce
cell binding of radiolabeled C2I-DHFR. Moreover, MTX did
not decrease ADP-ribosylation of actin from Vero cell lysates
by the C2I-DHFR fusion toxin in vitro. The presence of
MTX diminished the direct translocation of C2I-DHFR
across cell membranes through C2IIa. This direct translo-
cation is driven by an acidic pulse and mimics the endosomal
conditions. Most likely, binding of MTX to the DHFR
domain keeps the fusion toxin in the folded conformation
and thereby blocks translocation across endosomal mem-
branes (see the model in Figure 6A). However, the inhibitory
effect of MTX on toxin translocation was transient. One
reason for this might be the special properties of bacterial
protein toxins. These toxins are extremely potent. After a
certain time, very few toxin molecules may “escape” from
the MTX binding and reach the cytosol of cells what leads
to a complete intoxication of these cells. Various inhibitors
(as geldanamycin or radicicol, which inhibit Hsp90) which
we used in past studies on C2 toxin only had a transient
effect and did not block intoxication of cells completely (19).

Recently, we reported that a stringent sequence of steps
was absolutely essential for the delivery of C2I into the
cytosol of target cells (26). C2I must be bound to C2IIa on
the surface of cells prior to the acidic pulse, which induces
translocation of C2I into the cytosol. Translocation of C2I
was only detected when pores were formed by C2IIa (26).
Moreover, C2I interacts with C2IIa pores in vitro and in vivo,
and in the presence of C2I, the C2IIa channels are partially
blocked (26). When the C2IIa pores were blocked by the
inhibitor chloroquin, a reduced intoxication of cells was
observed, suggesting that less C2I reached the cytosol (27).
Taken together, these findings strongly suggest an important
role of C2IIa pores for translocation of C2I ,but it is still
unclear whether C2I (49 kDa) translocates directly through
the pores [inner diameter∼1-2 nm (17)]. If so, an unfolding
of C2I during the translocation step should be expected (see
Figure 6A). This notion is supported by our recent finding
that the host cell chaperone Hsp90 is essential for delivery
of C2I from acidic endosomes into the cytosol. Treatment
of cells with the specific pharmacological inhibitors of
Hsp90, geldanamycin or radicicol, protected cells from
cytotoxic effects, and C2I was trapped in the endosomes (19).
We believe that Hsp90 is involved in translocation and
refolding of C2I to recover its ADP-ribosyltransferase activity
in the cytosol. In summary, unfolding of C2I is essential for
its translocation from acidic endosomes into the cytosol of
target cells, and studies are underway to test whether the
C2I protein translocates directly through the lumen of the
pores formed by C2IIa.

Several bacterial toxins translocate their enzymatic
moiety across cellular membranes by using pores, which
are formed by the binding/translocation domain of these
toxins. For the group of binary toxins such as the family of
actin-ADP-ribosylating toxins and the anthrax toxins, pore
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formation by the individual binding components in the
membranes of acidic endosomes was reported. In the anthrax
system, a central binding/translocation component, the
protective antigen, PA, mediates delivery of two different
enzyme components into the cytosol of target cells, the
edema factor, EF, and the lethal factor, LF, respectively. EF
is a calmodulin-dependent adenylyl cyclase (28), and LF is
a metalloprotease (29), which cleaves MAP kinase kinase.
PA shares significant sequence homology with C2II (3). Like
C2IIa, following proteolytic activation, PA forms ring-shaped
heptamers (30), which insert as pores in membranes under
acidic conditions (31, 32). Moreover, like C2 toxin, the
enzyme components of anthrax toxins translocate from early
acidic endosomes into the cytosol. Membrane translocation
of LF was characterized by Wesche and colleagues by the
use of an LFN-DHFR fusion protein (33). DHFR was fused
to the N-terminal domain of LF, and translocation of this
protein via PA was reduced by MTX (33). Therefore, despite
the fact that C2I and LF represent completely different
enzymes, they both translocate in a partially unfolded
conformation across membranes, most likely through the
pores formed by C2IIa and PA, respectively. Interestingly,
we could not show an involvement of Hsp90 in the
translocation of active LF into the cytosol (19), which is a
remarkable difference to C2 toxin, whose translocation
depends on Hsp90.

Pore formation by the binding/translocation domain of
toxins and translocation of the enzymatically active moiety
in an unfolded conformation is not restricted to binary toxins.
In diphtheria toxin (DT), anR-helical transmembrane (T)
domain forms pores in membranes under acidic conditions
(34, 35). Recently, Ratts and colleagues reported that active
Hsp90 is essential for translocation of the active domain of
DT from acidic endosomes (36). However, it was never
shown directly for any toxin that its enzymatic domain
translocates directly through the pore. This remains one of
the central questions for future studies on the translocation
mechanism of bacterial protein toxins.
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