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The binary actin–ADP-ribosylating Clostridium botulinum C2 toxin consists of the enzyme component C2I
and the binding component C2II, which are separate proteins. The active component C2I enters cells through
C2II by receptor-mediated endocytosis and membrane translocation. The N-terminal part of C2I (C2IN), which
consists of 225 amino acid residues but lacks ADP-ribosyltransferase activity, was identified as the C2II contact
site. A fusion protein (C2IN-C3) of C2IN and the full-length C3-like ADP-ribosyltransferase from Clostridium
limosum was constructed. The fusion protein C2IN-C3 ADP-ribosylated Rho but not actin in CHO cell lysates.
Together with C2II, C2IN-C3 induced complete rounding up of CHO and HeLa cells after incubation for 3 h.
No cell rounding was observed without C2II or with the original C3-like transferase from C. limosum. The data
indicate that the N-terminal 225 amino acid residues of C2I are sufficient to cause the cellular uptake of
C. limosum transferase via the binding component of C2II, thereby increasing the cytotoxicity of the C3-like
exoenzyme several hundred-fold.

Various bacterial exotoxins attack eukaryotic cells by cova-
lent modification of intracellular targets. It is believed that at
least four steps are essential for the action of these protein
toxins (19). At first, toxins bind through a binding domain or a
specific binding component to a surface receptor of the target
cells. This is followed by receptor-mediated endocytosis. After
refolding, the protein toxins translocate into the cytosol, where
the enzyme component modifies a specific target, causing func-
tional alterations of the target cell. Recent structure-function
analysis of diphtheria toxin, which can be taken as a prototype
for protein toxins, revealed three functional domains respon-
sible for receptor binding, membrane translocation, and en-
zyme activity (8). In most toxins, these functional domains are
located on a single toxin chain (e.g., Pseudomonas exotoxin A
[37]), are positioned on different chains which are linked by
disulfide bonds (e.g., diphtheria toxins and botulinum neuro-
toxins) (8, 9, 20), or are located on specific components which
are noncovalently associated (e.g., cholera toxin and pertussis
toxin (13, 18). In contrast, the enzyme and the binding/trans-
location components of binary bacterial protein toxins such as
Clostridium botulinum C2 toxin (4, 10) or anthrax toxin (17) are
separate proteins that meet at the surface of the target cell.

The binary actin–ADP-ribosylating C2 toxin consists of com-
ponents C2I (Mr, 49,394) and C2II (22). The binding compo-
nent C2II is an ;100-kDa protein (after trypsin activation,
;80 kDa [21]) which assembles with an unknown receptor of
the target cell, thereby inducing a binding site for the enzy-
matic component C2I (23). After internalization and translo-
cation into the cytosol, C2I ADP-ribosylates monomeric G-
actin at Arg-177 (1, 29, 34), thereby inhibiting actin
polymerization (1, 36).

C2 toxin is related to C. perfringens iota toxin, another mem-
ber of the family of binary actin–ADP-ribosylating toxins (4,
26, 30, 31). Studies on NAD photoaffinity labeling (33) and
site-directed mutagenesis of iota toxin (25) showed that the
catalytic site of the enzyme component of iota toxin is located
in its C-terminal part. Recent studies in our laboratory iden-
tified a similar location of the catalytic site of C2 toxin at the
C-terminal part of the enzyme component C2I (26a). From
these data, we proposed that the 225-amino-acid N-terminal
part of C2I (C2IN) is responsible for contact of C2I with a
docking site on C2II which is formed after C2II binding to the
target cell receptor. Here we studied the interaction of C2IN
with its binding component C2II. Moreover, we used this toxin
fragment to construct C2IN-C3, a chimeric protein of C2IN
with C. limosum transferase.

The C. limosum C3-like exoenzyme (Mr, ;23,000) inacti-
vates the small GTP-binding protein Rho by ADP-ribosylation
at Asn-41 (3, 14, 28). During last years, C3-like toxins have
been valuable tools for the elucidation of the function of
Rho GTPases. However, the use of C3 and related C3-like
transferases is hampered by the fact that these enzymes do not
enter cells readily. Here we report on a fusion toxin consisting
of the N-terminal part of C2IN and the C3-like transferase
from C. limosum that enters the cells via the binding compo-
nent C2II of C. botulinum, thereby increasing the sensitivity of
target cells for C3-like transferase at least several hundred-
fold.

MATERIALS AND METHODS

Materials. Cell culture medium was obtained from Biochrom (Berlin, Ger-
many), fetal calf serum was obtained from PAN Systems (Aidenbach, Germany),
and cell culture materials were obtained from Falcon (Heidelberg, Germany).
C. botulinum C2 toxin was purified and activated with trypsin as described
previously (21, 22). C3-like exoenzyme from C. limosum was purified as de-
scribed previously (14). Antibodies against C2I and C3 were raised in rabbits
against the respective whole proteins. Donkey anti-rabbit antibody coupled to
peroxidase and the enhanced chemiluminescence detection kit were purchased
from Amersham (Braunschweig, Germany). The nitrocellulose blotting mem-
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brane was from Schleicher & Schuell (Dassel, Germany). Low-molecular-weight
protein marker was obtained from Bio-Rad (Hercules, Calif.). Oligonucleotides
were obtained from BIG (Denzlingen, Germany), the pGEX2T vector (included
in the glutathione S-transferase [GST] gene fusion system) and glutathione-Seph-
arose 4B were from Pharmacia Biotech (Uppsala, Sweden), DNA molecular
weight marker (lambda HindIII) and restriction enzymes were from Boehringer
Mannheim (Mannheim, Germany), and T4 ligase and competent Escherichia coli
cells were from Stratagene (Heidelberg, Germany). PCR was performed with the
Gene Amp PCR System 2400 from Perkin-Elmer (Langen, Germany), and DNA
sequencing was done with a Cycle Sequencing Ready Reaction kit (ABI PRISM)
from Perkin-Elmer. Thrombin and phalloidin-rhodamine were from Sigma (Dei-
senhofen, Germany). [32P]NAD (30 Ci/mmol) was from DuPont NEN (Bad Hom-
burg, Germany).

Construction of C2IN and C2IN-C3. The C2I gene (1,293 bp) from C. botu-
linum KZZ 1577(92-13) (a gift from S. Nakamura, Kanazawa, Japan) was am-
plified by PCR with 300 ng of chromosomal DNA in a total volume of 100 ml with
2 U of Taq DNA polymerase in a reaction mixture (10 mM Tris, 1.5 mM MgCl2,
50 mM KCl [pH 8.3]) including deoxynucleoside triphosphates (200 mM each)
and 15 pmol of the primers C2IC (59-AGATCTATGCCAATAATAAAAGAA
CCC-39), containing a BglII site, and C2IN (59-GGATCCCTAAATCTCTTTA
TTTTGTATAAC-39), containing a BamHI site. Amplification was done by 30
cycles of denaturing at 94°C for 10 s, primer annealing at 50°C for 30 s, and
extension at 68°C for 2 min. The resulting PCR product (1 ml) was cloned into
pCR2.1 vector (Invitrogen, NV Leek, The Netherlands) according to the man-
ufacturer’s instructions (Fig. 1A). For expression experiments, the C2I gene was
excised with BglII/BsaBI and cloned into BamHI/SmaI-digested pGEX2T, re-
sulting in plasmid pGEX2T-C2I. pGEX2T-C2IN was constructed by BamHI
digestion of pGEX2T-C2I. This was possible because C2I from strain KZZ
1577(92-13) contains a BamHI site at position 673 (first position in the recog-
nition sequence; the complete sequence of C. botulinum C2I from strain KZZ
1577 has been submitted to the EMBL database) which is not present in the
published sequence (12). Religation of the ;6,000-bp pGEX2T-C2IN fragment
followed, and the vector was transformed into competent E. coli cells (Fig. 1B).

For construction of pGEX-C2IN-C3, the C. limosum C3 gene (7) was amplified
by PCR using primers 59-C3oS (59-GTAGATCTCCTTATGCGGATTCTTTTA
AGG-39) and 39C3oS (59-TGTCGTAATAATTTTTCTATTCCTAGGAC-39),
which contain additional BglII and BamHI sites, respectively, and cloned into
pCR2.1 vector. C3 was excised from this vector by restriction with BglII and
BamHI, ligated with BamHI-digested pGEX-C2IN, and transformed into com-
petent E. coli cells (Fig. 1C and D). C2IN and C2IN-C3 were sequenced by using
the sequencing primers 59 pGEX2T-58 and 39 pGEX2T-43. For sequencing of
the C2IN-C3 boundary, the primer C2IN-C39 (59-GCTATTATAACTACTATA
AAGGG-39) was used. The cycle sequencing reaction was performed according
to the manufacturer’s instructions.

Expression and purification of recombinant proteins. Recombinant GST fu-
sion proteins were produced in E. coli transformed with the respective DNA
fragment in the pGEX2T vector and purified according to the manufacturer’s
instructions. In brief, E. coli harboring plasmid pGEX2T-C2I, pGEX2T-C2IN,
or pGEX2T-C2IN-C3 was grown at 37°C in Luria-Bertani (LB) medium con-
taining ampicillin (100 mg/ml) to an optical density at 600 nm of 0.8, and
isopropyl-b-D-thiogalactopyranoside (IPTG) was added to a final concentration
of 0.1 mM. The cultures were incubated at 29°C for an additional 20 h, and the
cells were sedimented for 10 min at 4°C at 7,700 3 g, resuspended in phosphate-
buffered saline (PBS) containing 0.1% Triton X-100, and disrupted by sonica-
tion. Cellular debris was sedimented for 10 min at 4°C at 12,000 3 g, and the
resulting supernatant was incubated for 30 min at room temperature with a 50%
slurry of glutathione-Sepharose 4B in PBS (2 ml/100 ml). The suspension was
centrifuged at 500 3 g for 5 min; the pellet was washed five times with 10 bed
volumes of PBS and finally incubated with thrombin (3.25 NIH units/ml of bead
suspension) to cleave the fusion proteins from GST. After thrombin cleavage,
the suspension was centrifuged for 10 min at 500 3 g, and the resulting super-
natant was analyzed for the relevant protein by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) and Western blot analysis with anti-
serum against C2I or C3.

SDS-PAGE and Western blotting. All buffers used for SDS-PAGE (11% gel)
were formulated by the methods of Laemmli (16). For immunoblot analysis, the
proteins were electroblotted from the gel onto a nitrocellulose membrane, using
a semidry system. The membrane was blocked for 30 min with 5% nonfat dry
milk in PBS containing 0.05% Tween 20 (PBS-T) followed by 1-h incubation with
either anti-C2I antibody (rabbit, 1:2,000 in PBS-T) or anti-C3 antibody (rabbit,
1:10,000 in PBS-T). After washing with PBS-T, the blots were probed for 1 h with
donkey anti-rabbit antibody coupled to horseradish peroxidase (1:2,000 in
PBS-T) and washed, and proteins were detected with the Amersham enhanced
chemiluminescence system as instructed by the manufacturer.

ADP-ribosylation assay. The in vitro ADP-ribosylation assay for G-actin and
for Rho was performed with rat brain lysate as described previously (1, 2, 15).
For analysis of the ADP-ribosylation of cellular Rho after treatment of cells with
fusion toxin, cells were scraped into cold PBS and sonicated, and 200 mg of
protein was incubated with 18 ng of C. limosum C3 ADP-ribosyltransferase and
[32P]NAD for 30 min at 37°C. The reaction was stopped by addition of Laemmli
buffer, and labeled proteins were analyzed by SDS-PAGE and phosphorimaging.

Cytotoxicity assay with culture cells. CHO-K1, the C2-resistant mutant cell
line CHO-C2RK14 (11), and HeLa cells were cultivated in tissue culture flasks
at 37°C and 95% CO2 in Ham’s F-12–Dulbecco’s minimal essential medium and
Dulbecco’s modified Eagle medium, (1:1) respectively. Both media contained
5% heat-inactivated (30 min, 56°C) fetal calf serum, 2 mM L-glutamate, 100 U of
penicillin per ml, and 100 mg of streptomycin per ml. Cells were routinely
trypsinized and reseeded twice a week. For cytotoxicity assays, subconfluent
monolayer cells (about 105 cells/cm2) in 24-well plates containing coverslips were
treated for different times with 200 ng of activated C2II per ml, 100 ng of C2I per
ml, and variable amounts of either C2IN or C2IN-C3. Cells growing on coverslips
were washed with PBS and fixed in 4% paraformaldehyde (PFA) in PBS for 30
min. After washing in PBS, the coverslips were embedded in Kaiser’s gelatin on
glass slights, and the rounded cells were counted. For actin staining, cells were
fixed in 4% PFA in PBS containing 0.1% Triton X-100 for 30 min. Cells were
washed and incubated for 30 min with phalloidin-rhodamine (600 ng/ml), and
after extensive washing, the coverslips were embedded in gelatin and subjected
to fluorescence microscopy. All experiments were performed at least three times.

RESULTS

Cloning, expression, and characterization of C2IN. To an-
alyze C2IN (amino acids 1 to 225) for ADP-ribosyltransferase
activity and for its ability to bind to C2II, C2IN was expressed
as a GST-C2IN fusion protein in E. coli. The C2IN protein was
purified as described in Materials and Methods and analyzed
by SDS-PAGE (Fig. 2A) and by Western blotting with anti-C2I
antiserum (Fig. 2B). No ADP-ribosylation of actin was ob-
served in the presence of C2IN, suggesting that the active site
of the transferase is not located at the N-terminal part of C2I.
Accordingly, C2IN did not induce any cytotoxic effect in the
presence of C2II when applied to HeLa cells (not shown).

FIG. 1. Construction of plasmid pGEX-C2IN. The C2I gene (1,293 bp) from
C. botulinum KZZ 1577 was amplified from chromosomal DNA by PCR using
primers C2IC, containing a BglII site, and C2IN, containing a BamHI site, and
cloned into pCR2.1 vector (A). For expression experiments the C2I gene was
excised with BglII/BsaBI and cloned into BamHI/SmaI-digested pGEX2T, re-
sulting in plasmid pGEX2T-C2I (B). pGEX2T-C2IN was constructed by BamHI
digestion of pGEX2T-C2I and religation of the pGEX2T-C2IN fragment. The
construct was identified by DNA sequencing. To construct the fusion toxin
C2IN-C3 (D), the C. limosum C3 gene was excised from the pCR2.1 vector
harboring C3 (C) by restriction with BglII and BamHI and ligated with BamHI-
digested pGEX-C2IN. The construct was confirmed by DNA sequencing.
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C2IN is responsible for binding to C2II. Next, we tested
whether C2IN interferes with the interaction of full-length C2I
and C2II. To this end, CHO cells were incubated with trypsin-
activated C2II (200 ng/ml) and C2I (100 ng/ml) in the presence
of increasing concentrations (100, 300, 600, and 1,000 ng/ml) of
C2IN at 37°C. After 3 h, cells were fixed on coverslips and the
number of rounded cells per field was determined. Figure 3
shows that C2IN effectively competed for C2I-induced cell
rounding, corroborating the view that the C2IN harbors the
toxin interaction site.

Cloning and expression of C2IN-C3 fusion protein. Based
on the findings described above, we constructed the C2IN-C3
fusion protein. The fusion protein was expressed in E. coli and
identified with anti-C2I antibody as well as with anti-C3 anti-
body as an ;50-kDa protein (C2IN [;25 kDa] plus C3 [;23
kDa]). The antiserum against C2I showed no cross-reactivity
with C. limosum transferase (Fig. 4A, lane 4) but recognized
C2I (lane 1), C2IN (lane 2), and the C2IN-C3 fusion protein
(lane 3). On the other hand, C3 (Fig. 4B, lane 4) and C2IN-C3
protein (lane 3) but not C2I or C2IN cross-reacted with anti-
C3-antiserum.

ADP-ribosylation of Rho by the C2IN-C3 fusion protein. To
compare C2I, C2IN, C2IN-C3, and C3 with respect to their
substrate specificities in vitro, we performed an ADP-ribosy-
lation assay with rat brain lysate. The autoradiography showed
ADP-ribosylation of actin by C2I (Fig. 5, lane 1), no signal with
C2IN (lane 2), and ADP-ribosylation of Rho by C3 toxin (lane
4). The C2IN-C3 fusion toxin ADP-ribosylated Rho but not
actin, indicating the substrate specificity typical for C3 (Fig. 5,
lane 3).

Cytotoxic effects of C2IN-C3 on cultured cells. Next, we
studied whether C2II was able to catalyze the transfer of the
fusion protein C2IN-C3 into eukaryotic cells. For the cytotox-
icity assay, subconfluent CHO monolayer cells were incubated
with 200 ng of activated C2II per ml plus 100 ng of C2I (Fig. 6
C and D) or 200 ng of C2IN-C3 (Fig. 6 E and F) per ml. After
3 h of incubation, C2I/C2II and C2IN-C3/C2II-induced round-
ing up of cells and redistribution of the actin cytoskeleton were
detected. Thus, destruction of the actin cytoskeleton was in-
duced by ADP-ribosylation of G-actin in the case of C2I and by
ADP-ribosylation of Rho in the case of C2IN-C3. Staining of
F-actin with phalloidin-rhodamine showed the difference be-
tween the cytoskeleton destruction induced by C2 or by
C2IN-C3 toxin. As a consequence of total disassembly of the
actin filaments, only a very weak rhodamine fluorescence was
observed after treatment of cells with the complete C2 toxin. In
contrast, incubation of the cells with C2II and the fusion pro-
tein C2IN-C3 resulted in amorphous staining of residual F-
actin characteristic for C3 toxin. The same cytotoxic effects of
the various toxin combinations were detected in HeLa cells
(data not shown). To test possible cytotoxic activity of the
individual toxin proteins, cells were incubated with either 200
ng of C2II, 200 ng of C2IN-C3, or 1 mg of C. limosum C3 exo-
enzyme per ml. Incubation of the cells with the individual toxin
components for 3 h did not cause any changes in cell morphol-
ogy or in F-actin assembly of the cells (not shown). To test the
specificity of the C2II-mediated uptake of the fusion toxin,
CHO-C2RK14 cells, which most likely lack a functional C2II
receptor, were used. No effect of C2II/C2IN-C3 treatment was
observed when these cells were incubated for 3 h with the
toxin. This finding corroborates the view that the delivery of
C2IN-C3 fusion toxin into the cell occurred by a C2II receptor-
mediated pathway.

To analyze the time dependence of the effects induced by
the fusion toxin, the proteins were added to cells growing on
coverslips, and every 30 min a sample was fixed with PFA. As

FIG. 2. Analysis of C2I and C2IN proteins. C2I and C2IN proteins were
expressed as GST fusion proteins in E. coli and cleaved with thrombin from
glutathione-Sepharose beads. One microgram of each protein was subjected to
SDS-PAGE and either stained with Coomassie blue (A) or detected by a West-
ern blot analysis with an antiserum raised against C2I (B). Lane 1, C2I; lane 2,
C2IN.

FIG. 3. Inhibition of the cytotoxic effects of C2I by C2IN. CHO cells were
incubated with C2II (200 ng/ml) plus C2I (100 ng/ml) in the presence of increas-
ing concentrations (100, 300, 600, and 1,000 ng/ml) of C2IN at 37°C. After 3 h,
the number of rounded cells was determined.

FIG. 4. Immunoblot analysis of wild-type C2I, C2IN, C2IN-C3, and C3 pro-
teins. Proteins were expressed as GST fusion proteins in E. coli and cleaved with
thrombin from glutathione-Sepharose beads. Proteins (200 ng of each) were
subjected to SDS-PAGE and analyzed by Western blotting with anti-C2I anti-
serum (A) and anti-C3 antiserum (B). Lanes: 1, wild-type C2I; 2, C2IN; 3, C2IN-
C3; 4, C3.

FIG. 5. ADP-ribosylation of actin and Rho in rat brain lysate by C2I, C2IN,
C2IN-C3, and C3. Rat brain lysates were ADP-ribosylated by C2I (50 ng), C2IN
(50 ng), C2IN-C3 (50 ng), and C3 (15 ng) in the presence of [32P]NAD as
described in Materials and Methods. Labeled proteins were analyzed by SDS-
PAGE and phosphorimaging (shown).
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FIG. 6. Cytotoxic effects of the chimeric toxin C2IN-C3 on CHO cells. (A and B) Control cells; (C and D) cells treated with C2II (200 ng/ml) and C2I (100 ng/ml);
(E and F) cells treated with C2II (200 ng/ml) and C2IN-C3 (200 ng/ml). After 3 h, the cells were washed and fixed for microscopy (A, C, and E) and for actin staining
with phalloidin-rhodamine (B, D, and F). Bar 5 25 mm.
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shown in Fig. 7A, no morphological changes were observed
when cells were treated with up to 30 mg of C. limosum C3
toxin per ml. In the presence of the chimeric toxin C2IN-C3/
C2II (200 ng of each per ml), CHO cells started to round up
after 60 min, and 120 min after addition of the toxin, more than
50% of the cells were round. HeLa cells were less sensitive, but
more than 80% of cells were round after 3 h of incubation. To
check C2IN-C3-catalyzed ADP-ribosylation of Rho in intact
cells, the cells were lysed and Rho was ADP-ribosylated in
lysates from treated cells in the presence of radiolabeled NAD
and C3 toxin. As shown in Fig. 7B and C, a time-dependent
decrease of radiolabeled Rho protein was observed. After 2.5 h
of incubation with C2IN-C3/C2II, the cellular Rho was ADP-
ribosylated by about 80%, and after 3 h (Fig. 7C), no radiola-
beling was detected in the cell lysates, indicating the modifi-
cation of Rho by C2IN-C3 in intact cells.

DISCUSSION

We report on a C3-like Rho-ADP-ribosylating chimeric
toxin that is delivered into eukaryotic cells by use of the binary
C2 toxin from C. botulinum as a carrier system. C2 toxin is
composed of two individual and separate protein subunits, C2I
and C2II. Both components of this system are without overt
toxicity individually but exhibit their potent cytotoxic effects
when applied together. C2I possesses ADP-ribosyltransferase
activity and modifies selectively G-actin, eventually leading to
destruction of the cytoskeleton. C2II binds to the surface of the
target cell, thereby inducing a binding site for C2I and subse-
quently mediating the internalization and membrane translo-
cation of the enzyme component C2I.

An essential prerequisite for the construction of a fusion
toxin on the basis of the binary C2 toxin was the identification
of the C2I-C2II interaction site. Several findings indicated that
the C-terminal part of C2I harbors the active site of the trans-
ferase. First we identified the conserved catalytic glutamic acid
residue of C2I as Glu-388 (26a) in the C-terminal part of C2I.
The C-terminal location of the catalytic domain of C2I is in
agreement with the structure of the related C. perfringens iota
toxin (26). In contrast to a recent study (12) that could not
identify significant sequence similarity between C2I and iota
toxin, application of the PC Gene program showed about 32%
amino acid sequence identity of C2I with the enzyme compo-
nent of iota toxin. In iota toxin, the active site has been iden-
tified by NAD photoaffinity labeling (33), by site-directed mu-
tagenesis (25), and by sequence comparison with other
transferases (33). Thus, we suggest that the N-terminal part of
C2I is involved in the interaction with C2II. This hypothesis
was corroborated by the finding that C2IN, which consists of
the N-terminal 225 amino acid residues of C2I, competed
effectively with full-length C2I for toxin uptake and intoxica-
tion of culture cells.

We constructed a fusion protein consisting of the N-terminal
225 amino acid residues of C. botulinum C2I and the full-
length C. limosum ADP-ribosyltransferase C3. C3 is known to
inactivate the small GTPase Rho by ADP-ribosylation at Asn-
41. When the chimeric protein was applied together with C2II
to monolayer HeLa or CHO wild-type cells, rounding up of
cells and destruction of the actin cytoskeleton were induced.
These effects are most likely the consequence of ADP-ribosy-
lation of Rho by the chimeric toxin. Accordingly, no radiola-
beling of Rho proteins was detected in the presence of [32P]
NAD and C3 in the lysates of treated cells. Therefore, we
conclude that the N-terminal 225 amino acid residues of the
enzyme component of C2 toxin are sufficient for the interac-
tion with C2II and subsequent delivery of this polypeptide into
the cytosol.

Because C3 or C3-like toxins contain no binding or transport
components, it is believed that these exoenzymes enter cells
nonspecifically, e.g., via pinocytosis. Because of the poor cell
accessibility of C3, the exoenzyme must be applied at high
concentrations (usually .10 mg/ml) for cell culture experi-
ments, and the incubation time is usually extended to 24 h. We
observed morphological changes as early as 2 h after addition
of the chimeric toxin C2IN-C3. A similar kinetic is observed
with the native C2 toxin. Thus, it appears that the chimeric
toxin has an uptake mechanism similar to that of C2 toxin. This
inference is supported by the findings that the C2-resistant
mutant cell line CHO-C2RK14, which is suggested to be de-
fective in the C2II receptor, showed no morphological changes
after treatment with the fusion toxin component C2IN-C3 and
C2II. At present, however, we do not know the precise cellular
entry mechanism of C2 toxin or of the chimeric toxin. It was
reported that C2 toxin is taken up by receptor-mediated en-
docytosis (23, 29) and that both components (C2I and C2II)
reach the same endosome compartment (23). Like other bac-
terial toxins (e.g., diphtheria toxin and anthrax toxin) that are
transported into cells, the binding component C2II is capable
of inducing formation of cation-selective channels (27). How-
ever, channel formation was studied only with artificial mem-
branes, and the role of small membrane channels in the uptake
of various bacterial toxins is still unclear. Moreover, recent
studies with a diphtheria toxin-C3 fusion toxin showed that the
uptake path of the chimeric toxin differed somehow from that
of the native diphtheria toxin (6). Studies to check this possi-
bility in the case of the C2-C3 chimeric fusion toxin are under
way.

FIG. 7. Time course of C2IN-C3/C2II action on cells. CHO and HeLa cells
were treated either with C2IN-C3 (200 ng/ml) and C2II (200 ng/ml) or with
C. limosum C3 toxin (30 mg/ml) and incubated at 37°C. Every 30 min, cells were
fixed for determination of the number of rounded cells (A) and in parallel CHO
cells were lysed for ADP-ribosylation of Rho (B and C). Lanes show [32P]ADP-
ribosylation of Rho after incubation of CHO cells with C2II/C2IN-C3 for 0 (lane
1, B), 30 (lane 2, B), 60 (lane 3, B), 90 (lane 4, B), 120 (lane 5, B), 150 (lane 6,
B), and 180 (lane 2, C) min and the 180-min control (lane 1, C).
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Various bacterial toxins are used as tools to transport toxic
components or proteins of interest into eukaryotic cells. Well-
known examples are the immunotoxins which often consist of
a cell binding ligand coupled to toxins or their active compo-
nents (24, 32, 35, 38). Diphtheria toxin and Pseudomonas exo-
toxin A are frequently used as the toxin parts. In these cases,
the binding, translocation, and toxic components are part of
one chimeric construct. Anthrax toxin was the first binary toxin
(actually a tripartite protein toxin [17]) used as a cellular de-
livery system (5). Polypeptide fused to the N-terminal frag-
ments of the lethal factor of anthrax toxin are effectively trans-
ported into the eukaryotic cells by means of the protective
antigen that is the binding and transport component of anthrax
toxin (17). The advantage of the usage of binary toxins is the
nontoxicity of the individual components. Moreover, the fusion
proteins of the toxin fragment and the polypeptide of interest
are rather small, a fact that largely reduces technical problems
with the expression of the chimeric proteins.

In summary, the contact site for binding of C2I to C2II is
located in the N-terminal fragment of C2I. This fragment of
the N-terminal 225 amino acid residues is sufficient to allow the
transfer of polypeptides into the cytosol, indicating that the
binary system of C. botulinum C2 toxin can be used as a protein
carrier system to deliver fusion proteins into eukaryotic cells.
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