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The binary Clostridium botulinum C2 toxin consists of two separate proteins, the binding component C2II
(80.5 kDa) and the actin-ADP-ribosylating enzyme component C2I (49.4 kDa). For its cytotoxic action, C2II
binds to a cell membrane receptor and induces cell entry of C2I via receptor-mediated endocytosis. Here we
studied the structure-function relationship of C2II by constructing truncated C2II proteins and producing
polyclonal antisera against selective regions of C2II. An antibody raised against the C terminus (amino acids
592 to 721) of C2II inhibited binding of C2II to cells. The antibody prevented pore formation by C2II oligomers
in artificial membranes but did not influence the properties of existing channels. To further define the region
responsible for receptor binding, we constructed proteins with deletions in C2II; specifically, they lacked amino
acid residues 592 to 721 and the 7 C-terminal amino acid residues. The truncated proteins still formed sodium
dodecyl sulfate-stable oligomers but were unable to bind to cells. Our data indicate that the C terminus of C2II
mediates binding of the protein to cells and that the 7 C-terminal amino acids are structurally important for
receptor binding.

The actin-ADP-ribosylating C2 toxin from Clostridium bot-
ulinum types C and D belongs to the family of toxins which
consist of two separate proteins, an enzyme component, C2I,
and a binding component, C2II (2, 7, 32). Further members of
this toxin family are iota toxin from Clostridium perfringens
(27), Clostridium difficile ADP-ribosyltransferase (24), Clostrid-
ium spiroforme toxin (23), and the vegetative insecticidal pro-
teins produced by Bacillus cereus (13). The C2I enzyme com-
ponent of C2 toxin ADP-ribosylates G-actin at Arg-177 (1).
ADP-ribosylation inhibits actin polymerization (1) and actin
ATPase activity (12) and turns actin into a capping protein
that binds to the barbed ends of actin filaments, inhibiting
fast polymerization (30). Moreover, ADP-ribosylation of actin
complexed with gelsolin alters the nucleation of the gelsolin-
actin complex (32). In intact cells, C2 toxin causes redistribu-
tion of the actin cytoskeleton, depolymerization of actin fila-
ments, and rounding up (25, 31, 33).

Cellular uptake of C2I depends on the binding and translo-
cation component C2II. C2II binds specifically to asparagine-
linked complex carbohydrates, which act as toxin receptors on
the surfaces of target cells (9). For efficient binding and trans-
location, C2II has to be activated by trypsin cleavage; thereby,
an N-terminal 20-kDa fragment of C2II is released (20). Tryp-
sin-activated C2II (59.8 kDa) oligomerizes to heptamers and
forms channels in artificial membranes (3). After endocytosis
of the C2II-C2I complex, translocation of the enzyme compo-
nent into the cytosol occurs most likely from an acidic endo-
somal compartment (3).

Recent cloning and sequencing of the gene encoding the
binding component of C2 toxin revealed significant sequence

similarities with the genes of binding components of the other
actin-ADP-ribosylating toxins but also with the gene of the
protective antigen (PA) of Bacillus anthracis (15). PA is the
binding component of the tripartite anthrax toxin (18) and
translocates the edema factor, an adenylyl cyclase (17), and/or
the lethal factor, a mitogen-activated protein kinase-cleaving
metalloprotease (8), into the cytosol. Basing our work mainly
on the crystal structure of PA (22), which is characterized by a
four-domain structure, and its sequence similarity with the
binding component of C2 toxin, we performed a structure-
function analysis of C2II. Deduced from the primary sequence,
C2II could be divided into four domains like those of PA.
Whereas domains 1 to 3 (D1 to D3) of C2II show sequence
similarities with those domains in PA, D4 is dissimilar to D4 in
PA. Here we report that C-terminal D4 of C2II (C2II-D4),
which covers amino acid residues 592 to 721, mediates cell
surface binding of C2 toxin. Deletion analysis suggested that
the 7 C-terminal amino acid residues of this domain are es-
sential for cell binding.

MATERIALS AND METHODS

Materials. Oligonucleotides were obtained from MWG Biotech (Ebersberg,
Germany). The pGEX-2T vector was included in the glutathione S-transferase
(GST) gene fusion system from Pharmacia Biotech (Uppsala, Sweden). PCRs
were performed with the GeneAmp PCR system 2400 from Perkin-Elmer (Lan-
gen, Germany), and DNA sequencing was done by G. Igloi, University of Frei-
burg, Freiburg, Germany. Taq polymerase was purchased from Roche Molecular
Diagnostics.

Donkey anti-rabbit antibody coupled to horseradish peroxidase and an en-
hanced chemiluminescence detection kit were from Amersham (Braunschweig,
Germany). The nitrocellulose-blotting membrane was from Schleicher and
Schuell (Dassel, Germany). Glutathione-Sepharose 4B and protein A–Sepha-
rose-CL 4B were obtained from Pharmacia Biotech. Cell culture medium was
purchased from Biochrom (Berlin, Germany), and fetal calf serum was obtained
from PAN Systems (Aidenbach, Germany). Thrombin was obtained from Sigma
(Deisenhofen, Germany). Trypsin and trypsin inhibitor were from Boehringer.
Hanks’ balanced salt solution (HBSS) contained (concentrations in grams per
liter in parentheses) CaCl2 (0.185), MgSO4 (0.089), KCl (0.4), KH2PO4 (0.06),
NaCl (8.0), Na2HPO4 (0.048), and glucose (1.0), to which 10 mM HEPES (pH
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7.4) was added. C2II of C. botulinum was purified as described previously (10).
The N-terminal sequencing of trypsin-activated C2II was carried out by C. C.
Shone Centre for Applied Microbiology and Research, Salisbury, United King-
dom).

Cloning of the C2II gene. The C2II gene was amplified by PCR with 30 ng of
partially SmaI-digested chromosomal DNA from C. botulinum KZZ1577(92-13)
in a total volume of 100 ml with 1 U of Taq DNA polymerase in a reaction
mixture that included deoxynucleoside triphosphates (100 mM each) and 50 pmol
of the primers C2II-pos (59-GATGGACCATGGCGGTTTCAAAATTTGAGA
AC-39), which contains an NcoI site (underlined), and C2II-neg (59-TCGATCG
GATCCGATATTATTAATTTATCTAATTC-39), which contains a BamHI site
(underlined). Amplification was done by using 3 cycles of denaturing at 94°C for
1 min, primer annealing at 35°C for 1 min, and extension at 72°C for 3 min
followed by 27 cycles of denaturing at 94°C for 1 min, primer annealing at 50°C
for 1 min, and extension at 72°C for 3 min. The PCR product was digested with
NcoI and BamHI and cloned in an NcoI- and BamHI-cut pET22b vector, which
resulted in the plasmid pET22b-C2II. For subcloning of the C2II gene in the
vector pGEX-2T, we amplified C2II from pET22b by PCR with 100 ng of
plasmid DNA in a total volume of 50 ml with 2 U of Taq DNA polymerase in a
reaction mixture that included deoxynucleoside triphosphates (100 mM each)
and 50 pmol of the primers C2II-59 (59-GCTTCGGGATCCATGTTAGTTTC
AAAATTTGAG-39), which contains a BamHI site, and C2II-39 (59-TCGATC
GAATTCTATATTATTAATTTATCTAATTC-39), which contains an EcoRI
site. Amplification was done by performing 30 cycles of denaturing at 94°C for 1
min, primer annealing at 50°C for 1 min, and extension at 70°C for 3 min. The
resulting PCR product was digested with EcoRI and BamHI and cloned into an
EcoRI- and BamHI-cut pGEX-2T vector, resulting in the plasmid pGEX-2T-
C2II. The sequence of the construct was confirmed by DNA sequencing.

Construction of proteins with deletions in C2II. For structure-function anal-
ysis, several C2II fragments were constructed (see Fig. 3B). The C2II fragments
were obtained by PCR with pGEX-2T-C2II as the template by using the follow-
ing primers: for C2II-D1, which contains amino acids 1 to 263, we used C2II-59
and C2II-D1-39 (59-TATGAATTCAGCAGATATCATTGGATC-39); for C2II-
D2, which contains amino acids 264 to 486, we used C2II-D2-59 (59-CGCGGA
TCCTATCCTATAGTTGGAGTCCAA-39) and C2II-D2-39 (59-TGAGAATTC
TGTACTTTTTATAGTACC-39); for C2II-D3, which contains amino acids 487
to 591, we used C2II-D3-59 (59-AAAGGATCCACAGCTTCATTAAC-39) and
C2II-D3-39 (59-TTCGAATTCAGTAATTACTTTTACTAA-39); for C2II-D4,
which contains amino acids 592 to 721, we used C2II-D4-59 (59-GTAGGATCC
TTCAAAGAAAATATATC-39) and C2II-39; for C2II with D4 deleted (C2II-
DD4), we used C2II-59 and C2II-D3-39; for C2II with 7 C-terminal amino acids
deleted (C2II-d7), we used C2II-59 and C2II-d7 (59-TCGGGGGTTTTCTTAA
TATAGGAATTCAAA-39), which contains a stop codon (shown in bold); for
C2II with 16 C-terminal amino acids deleted (C2II-d16), we used C2II-59 and
C2II-d16 (59-GATATTATAAATTCTATTAATTAGGAATTCGGG-39), which
contains a stop codon (shown in bold); and for C2II with 181 N-terminal amino
acids deleted (C2IIreca), we used C2IIa-59 (59-AAAGGATCCGCTAATGCAA
ATAGA-39) and C2II-39. The 59 primer always contained a BamHI site, and the
39 primer always contained an EcoRI site (restriction sites are underlined).
Amplification was done as described for the C2II gene. The PCR products were
digested with EcoRI and BamHI and cloned into an EcoRI- and BamHI-cut
pGEX-2T vector, resulting in the plasmids pGEX-C2II-D1, pGEX-C2II-D2,
pGEX-C2II-D3, pGEX-C2II-D4, pGEX-C2IIreca, pGex-C2II-DD4, pGEX-C2II-
d7, and pGEX-C2II-d16. The sequences of the constructs were confirmed by
DNA sequencing.

Expression and purification of recombinant proteins. Various recombinant
proteins were expressed as GST fusion proteins in Escherichia coli BL21 cells

FIG. 1. Analysis of recombinant C2II protein. C2II was expressed as a GST fusion protein in E. coli and cleaved with thrombin from glutathione-Sepharose beads.
Proteins were subjected to SDS–12.5% PAGE and either stained with Coomassie blue (A) or detected by Western blot analysis with anti-C2II182–196 antiserum (B).
Lane 1, GST-C2II fusion protein; lane 2, C2II; lane 3, C2II after activation with 0.2 mg of trypsin per mg of protein. (C) C2IIa was subjected to SDS–3 to 12.5% PAGE
with and without prior heating (lanes 1 and 2, respectively) and stained with Coomassie blue. Lane 1, C2IIa monomer; lane 2, C2IIa oligomer. Relative molecular
weights (Mr) (in thousands) are noted at the left.

FIG. 2. Cytotoxic effect of recombinant C2 toxin on NIH 3T3 cells. NIH 3T3
cells were incubated at 37°C in HBSS with C2 toxin components. Three hours
after toxin addition cells were photographed (A), and cell lysates were analyzed
by subsequent in vitro ADP-ribosylation of actin (B). Cell lysates were incubated
with C2I and [32P]NAD. Actin that had not been modified by the toxin pretreat-
ment was [32P]ADP-ribosylated in the in vitro assay and detected by SDS-PAGE
and phosphorimaging. (A) Image 1, control cells; image 2, cells treated with 200
ng of C2II per ml plus 100 ng of C2I per ml; image 3, cells treated with 200 ng
of C2IIa per ml; image 4, cells treated with 200 ng of C2IIa per ml plus 100 ng
of C2I per ml.
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harboring the separate DNA fragments in plasmid pGEX-2T. Proteins were
purified as described previously (4) and eluted with 10 mM glutathione–100 mM
NaCl–50 mM Tris (pH 8.0) or incubated with thrombin (3.25 National Institutes
of Health units/ml of bead suspension) for cleavage of the fusion proteins from
GST. Thereafter, the suspension was centrifuged at 500 3 g (10 min, room
temperature) and an aliquot of the resulting supernatant was subjected to so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). C. botu-

linum C2II, recombinant C2II, C2II-d7, and C2II-DD4 were activated with 0.2 mg
of trypsin per mg of protein for 30 min at 37°C.

Generation of C2II antisera. An N-terminal peptide (amino acids 182 to 196,
ANANRDTDRDGIPDE) and a C-terminal peptide (amino acids 707 to 721,
RLSGVFLIELDKLII) of C2II were synthesized and coupled to keyhole lympet
hemocyanin by H. R. Rackwitz (German Cancer Research Center, Heidelberg,
Germany). Antibodies against these peptides and the whole protein of C2II were
raised in rabbits and designated anti-C2II182–196, anti-C2II707–721, and anti-C2II
antibodies (see Fig. 3B). D1, D3, and D4 of C2II were expressed and purified as
described above. Antibodies against the domain peptides (C2II-D1, C2II-D3,
and C2II-D4) were raised in rabbits and designated anti-C2II-D1, anti-C2II-D3,
and anti-C2II-D4 antibodies, respectively (Fig. 3B). The immunoglobulin G frac-
tion of the C2II-D4 antiserum was affinity purified with protein A-Sepharose.

SDS-PAGE. SDS-PAGE was performed according to the methods of Laemmli
(16). The gels were stained with Coomassie brilliant blue R-250.

Immunoblot analysis. The proteins were transferred by electroblotting from
the gel onto a nitrocellulose membrane using a semidry system. The membranes
were blocked for 30 min with 5% nonfat dry milk in phosphate-buffered saline
(PBS) containing 0.05% Tween 20 (PBS-T), followed by a 1-h incubation with
the appropriate antiserum (rabbit antiserum diluted 1:5,000 in PBS-T). After
being washed with PBS-T, the blots were probed for 1 h with donkey anti-rabbit
antibody coupled to horseradish peroxidase (1:3,000 dilution in PBS-T) and
washed and proteins were detected using the enhanced chemiluminescence sys-
tem according to the manufacturer’s instructions.

Cell culture and cytotoxicity assay. All cells were cultivated in tissue culture
flasks at 37°C and 5% CO2. CHO-K1 cells were maintained in Dulbecco’s
minimal essential medium–Ham’s F-12 medium (1:1) containing 5% fetal calf
serum, 100 U of penicillin per ml, and 100 mg of streptomycin per ml. HeLa and
NIH 3T3 cells were maintained in Dulbecco’s minimal essential medium sup-
plemented with 10% fetal calf serum and antibiotics as described above. Cells
were routinely trypsinized and reseeded three times a week. For cytotoxicity
assays, cells were grown as subconfluent monolayers and treated with different
concentrations of several C2II proteins and 100 ng of C2I per ml. For micros-
copy, cells were washed with PBS, fixed in 4% paraformaldehyde in PBS for 30
min, and washed and the coverslips were embedded in Kaiser’s gelatin on glass.

In vitro ADP-ribosylation of actin. Cells were lysed by sonication in a solution
containing 25 mM HEPES and 2 mM MgCl2. Protein (50 mg) of each lysate was
subjected to the ADP-ribosylation assay as described previously (4). Briefly,
samples were incubated with 300 ng of C2I in 35 mM HEPES (pH 7.5)–0.2 mM

FIG. 3. (A) Sequence similarities between the binding components of C2
toxin (C2II) and anthrax toxin (PA). Based on sequence homologies to PA, C2II
was divided into four domains. Sequence identities and homologies (in paren-
theses) between C2II and PA are shown below the diagrams. Numbers above the
diagrams indicate amino acid residues. Arrows indicate the protease cleavage
sites for activation. (B) Generation of C2II fragments and antisera. D1, D3, and
D4 of C2II were amplified from pGEX-C2II by PCR. The resulting PCR prod-
ucts were cloned in the pGEX-2T vector, resulting in plasmids pGEX-C2II-D1,
pGEX-C2II-D3, and pGEX-C2II-D4, respectively. The respective antisera
against the resulting C2II domains were anti-C2II-D1, anti-C2II-D3, and anti-
C2II-D4 antisera. Anti-C2II182–196, antiserum against an N-terminal peptide of
C2IIa (amino acids 182 to 197); anti-C2II707–721, antiserum against a C-terminal
peptide of C2II (amino acids 706 to 721).

FIG. 4. Pretreatment of C2IIa with anti-C2II-D4 antiserum inhibits binding
of C2IIa to NIH 3T3 cells. Two hundred nanograms of C2IIa was preincubated
with 20 ml of anti-C2II-D4 or anti-C2II antiserum (or PBS as a control) for 1 h
on ice. Pretreated C2IIa was added to prechilled cells in 1 ml of HBSS. After
incubation for 1.5 h on ice, cells were washed five times with ice-cold PBS and
lysed in 25 mM HEPES–2 mM MgCl2. Equal amounts of protein were subjected
to SDS-PAGE and Western blot analysis with anti-C2II-D4 antiserum. Lane 1,
control; lane 2, cells incubated with C2IIa which had been pretreated with
anti-C2II antiserum; lane 3, cells incubated with C2IIa which had been pre-
treated with anti-C2II-D4 antiserum; lane 4, cells incubated with C2IIa.

TABLE 1. Analysis of various C2II antiseraa

Protein

Test result with indicated antiserum

Anti-
C2II

Anti-
C2II-D1

Anti-
C2II182–196

Anti-
C2II-D3

Anti-
C2II-D4

Anti-
C2II707–721

C2II 1 1 1 1 1 1
C2IIa 1 1 1 1 1 1
C2II-D1 2 1 1 2 2 2
C2II-D3 1 2 2 1 2 2
C2II-D4 1 2 2 2 1 1

a C2II, C2IIa, C2II-D1, C2II-D3, and C2II-D4 (200 ng each) were subjected to
SDS–12.5% PAGE and blotted to a nitrocellulose membrane. Proteins were
detected with anti-C2II, anti-C2II182–196, anti-C2II-D1, anti-C2II-D3, anti-C2II-
D4, and anti-C2II707–721 antisera. 1, protein was recognized by antiserum; 2,
protein was not recognized by antiserum.

TABLE 2. Influence of various C2II antisera and cytotoxic
C2 effects on NIH 3T3 cellsa

Antiserum Inhibition

Anti-C2II.............................................................................................1
Anti-C2II-D1 ......................................................................................2
Anti-C2II182–196 ..................................................................................2
Anti-C2II-D3 ......................................................................................2
Anti-C2II-D4 ......................................................................................1
Anti-C2II707–721 ..................................................................................2

a C2IIa was preincubated with different C2II antisera (or PBS as a control) for
1 h on ice. Together with 100 ng of C2I, 200 ng of pretreated C2IIa was added
to cells. After 3 h of incubation at 37°C, the cells were photographed and cell
rounding was determined. 1, inhibition of cytotoxic C2 effect by antiserum; 2,
no inhibition of cytotoxic C2 effect by antiserum.

4568 BLÖCKER ET AL. INFECT. IMMUN.



MgCl2–0.1 mM dithiothreitol–0.5 mM [adenylate-32P]NAD (about 25 nCi) for 20
min at 37°C. Radiolabeled proteins were precipitated with chloroform-methanol
and detected by SDS-PAGE and subsequent phosphorimaging.

Binding of C2II to cells. Cells were grown as subconfluent monolayers, pre-
chilled to 4°C, and then incubated with proteins in HBSS at 4°C for 1.5 h.
Thereafter, cells were washed five times with ice-cold PBS and lysed by sonica-
tion in 25 mM HEPES (pH 7.5)–2 mM MgCl2. Protein (50 mg) of each lysate was
subjected to SDS-PAGE, and Western blot analysis was done as described above.

Competition experiments. Cells were grown as subconfluent monolayers, pre-
chilled to 4°C, and incubated with the separate truncated C2II proteins (5 mg/ml)
in HBSS at 4°C for 1.5 h. Thereafter, the trypsin-cleaved activated binding
component of C2 toxin (C2IIa) was added (200 ng/ml) and the cells were
incubated on ice for an additional 1.5 h. Next the cells were washed five times
with ice-cold PBS. Competition of C2IIa activity by C2II truncations was ana-
lyzed either by immunoblot analysis or by cytotoxicity assay. For immunoblot
analysis, cells were lysed and binding of C2IIa and truncated proteins was
detected with the appropriate antiserum. For the cytotoxicity assay, 100 ng of C2I
per ml was added and cells were shifted to 37°C. Pictures of the cells were taken
after 3 h of incubation. In a second approach, 5-mg quantities of the separate
truncated C2II proteins per ml in HBSS were added together with C2IIa (200
ng/ml) and C2I (100 ng/ml) to cells and incubated for 3 h at 37°C.

Artificial-membrane experiments. Black lipid bilayer membranes were formed
as described previously (5). The instrument consisted of a Teflon chamber with
two aqueous compartments connected by a small circular hole. The hole had a
surface area of about 0.5 mm2. Membranes were formed across the hole by
painting onto a 1% solution of diphytanoyl phosphatidylcholine (Avanti Polar
Lipids, Alabaster, Ala.) in n-decane. The single-channel recordings were per-
formed using calomel electrodes (with salt bridges) connected in series to a
voltage source and a current amplifier. The amplified signal was monitored on a
storage oscilloscope (Tektronix 7633) and recorded on a strip chart or tape
recorder.

All experiments were performed at least three times. Data from representative
experiments are shown.

RESULTS

Cloning, expression, and characterization of C2II. In order
to perform a structure-function analysis of the binding com-
ponent of C. botulinum C2 toxin (C2II), C2II was amplified
from chromosomal DNA of C. botulinum KZZ1577(92-13)
and expressed as a GST fusion protein in E. coli. The C2II
protein was purified as described in Materials and Methods
and analyzed by SDS-PAGE (Fig. 1A) and immunoblot anal-
ysis with anti-C2II182–196 antibody (Fig. 1B). Like C. botulinum
C2II, recombinant C2II formed SDS-stable oligomers after
tryptic activation. These oligomers could be detected when
C2IIa was subjected to SDS–3 to 12.5% PAGE without prior
heating of the proteins (Fig. 1C, lane 2). When C2IIa was
applied together with C2I to NIH 3T3 cells, cell rounding was
observed (Fig. 2A). The C2I-catalyzed ADP-ribosylation of

actin in intact cells was confirmed by subsequent in vitro
[32P]ADP-ribosylation in cell lysates (Fig. 2B). In the absence
of C2I, C2IIa did not induce any cytotoxic effect. C2II which
had not been activated by trypsin was biologically inactive.
Comparing C. botulinum C2IIa and recombinant C2IIa in cell
experiments, we could not detect any differences in the cyto-
toxicities of these proteins and in their channel-forming activ-
ities in artificial membranes (not shown).

Analysis of C2II truncations. Sequence comparisons re-
vealed high sequence similarities of C2II to the PA of anthrax
toxin and, as was shown earlier (15), to the binding compo-

FIG. 5. Characterization of C2II-DD4. C2II-DD4 was expressed as a GST fusion protein in E. coli and cleaved with thrombin from glutathione-Sepharose beads.
(A) C2II-DD4 and C2II were activated with trypsin and subjected to SDS–3 to 12.5% PAGE without prior heating and stained with Coomassie blue. Lane 1, C2IIa
oligomer; lane 2, C2II-DD4a oligomer. Relative molecular weights (in thousands) are noted. (B) Binding of truncated C2IIa to NIH 3T3 cells. Two hundred nanograms
of C2IIa and 200 ng of C2II-DD4a were separately added to prechilled NIH 3T3 cells in 1 ml of ice-cold HBSS. Cells were incubated for 1.5 h on ice, washed five times
with ice-cold PBS, and lysed in 25 mM HEPES–2 mM MgCl2. Proteins were subjected to SDS–12.5% PAGE and analyzed by Western blotting with anti-C2II182–196

antiserum. Lane 1, C2IIa; lane 2, C2II-DD4a; lane 3, control cells; lane 4, cells incubated with C2IIa; lane 5, cells incubated with C2II-DD4a.

FIG. 6. Influence of anti-C2II-D4 antiserum on channel formation in artifi-
cial membranes by C2IIa. Shown are results of increasing the current as a func-
tion of time after the addition of 500 ng of C2IIa per ml to one side (the cis side)
of a black diphytanoyl phosphatidylcholine–n-decane membrane bathed in 0.1 M
KCl (left-side arrow) (squares). The circles represent the results of another ex-
periment in which 10 min after the addition of 500 ng of C2IIa per ml the anti-
C2II-D4 polyclonal antibody was added in excess to the same side of the mem-
brane as that containing C2IIa (right-side arrow). The diamonds show the results
of a third experiment in which 500 ng of C2IIa per ml was preincubated with an
excess of anti-C2II-D4 antibody and then added to one side of the membrane
(left-side arrow). The applied voltage was 50 mV, and the temperature was 20°C.
C2IIa and C2IIa preincubated with the antibodies were added in all three cases
10 min (corresponding to the start of the record in the figure) after the mem-
brane was in the black state.
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FIG. 7. Characterization of C-terminally truncated C2II. C2II-d7 was expressed as GST fusion protein in E. coli and cleaved with thrombin from glutathione-
Sepharose beads. (A) Following tryptic activation, C2II-d7a and C2IIa were subjected to SDS–3 to 12.5% PAGE without prior heating and stained with Coomassie
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nents of C. perfringens iota toxin, C. spiroforme toxin, and C.
difficile ADP-ribosyltransferase. On the basis of sequence ho-
mologies to PA, C2II could be divided into four domains (Fig.
3A). D1 of PA contains the activating protease cleavage site,
D2 contains a putative membrane insertion loop, and D4 is
responsible for receptor binding (22, 28). The function of D3 is
still unknown. To obtain more insight into the functions of the
four separate C2II domains, we analyzed truncated C2II pro-
teins and raised several C2II antisera against these domains.

Sequencing of trypsin-cleaved C2II revealed the N-terminal
sequence ANANRDTDRDGIPDE of activated C2IIa, indi-
cating trypsin cleavage after lysine 181. We constructed and
expressed the corresponding C2II deletion protein lacking the
181 N-terminal amino acids of the full-length toxin. However,
genetically activated C2II (C2IIreca) did not form oligomers
and was not toxic when it was applied to cells together with C2I
(data not shown). Binding experiments revealed that C2IIreca
was not able to bind to cells. We therefore propose that the 181
N-terminal amino acids of C2II are important for the correct
folding of the protein. Next, we constructed toxin fragments
covering D1, D2, D3, and D4 of C2II (Fig. 3B). Whereas D1,
D3, and D4 were stably expressed, D2 was not stable. In testing
the biological activities of D1, D3, and D4 on NIH 3T3 cells,
we did not observe any cytotoxicity or competitive effects with
the C2II truncations.

Influence of various C2II antisera on cytotoxic effects of C2
toxin. Antisera were raised against the three truncated C2II
proteins (C2II-D1, -D3, and -D4), against an N-terminal and a
C-terminal peptide covering amino acids 182 to 196 and 707 to
772, respectively, and against the full-length C2II protein (Fig.
3B). Western blot analysis of these antisera exhibited specific
recognition of C2II, C2IIa, and the parts of C2II against which
they were raised (Table 1). As an exception, anti-C2II anti-
serum did not recognize C2II-D3.

To test the effects of the various antisera on the biological
activity of C2IIa, the activated binding component C2IIa (200
ng) was preincubated with 20 ml of the separate antisera for 1 h
on ice and applied together with 100 ng of C2I in 1 ml of HBSS
to NIH 3T3 cells. After 3 h of incubation at 37°C, cells were
washed and analyzed. Anti-C2II and anti-C2II-D4 antisera
completely inhibited the cytotoxic C2 effect, even after an
extended incubation of cells for up to 12 h (Table 2). The same
inhibitory effect was observed when the protein A-Sepharose-
purified immunoglobulin G antibody was used. Incubation of
cells with the various antisera did not lead to any morpholog-
ical alterations. The activity of C2I was not influenced when
C2I was preincubated with the different antisera and subse-
quently applied to NIH 3T3 cells together with C2IIa.

Antibody against D4 inhibits binding of C2IIa to cells. To
test whether the loss of toxicity after preincubation of C2IIa
with anti-C2II and anti-C2II-D4 antisera was due to a reduced
ability of C2IIa to bind the cell receptor, we performed bind-
ing experiments with antibody-pretreated C2IIa. Western blot
analysis revealed that anti-C2II-D4 antiserum inhibited and
anti-C2II antiserum significantly decreased binding of C2IIa to

cells (Fig. 4). Based on the observation that antiserum against
D4 prevented C2IIa from binding to cells, we propose that D4
of C2II (amino acids 592 to 721) is involved in receptor rec-
ognition and binding. In order to confirm this result, we de-
leted D4 from C2II. The resulting protein (C2II-DD4) was still
able to form SDS-stable oligomers after tryptic activation (Fig.
5A) and channels in artificial membranes (not shown). How-
ever, the migration behavior of oligomers of the C2II-DD4
protein activated by trypsin treatment (C2II-DD4a) differed
from that of C2IIa oligomers. C2II-DD4 was nontoxic when it
was applied to cells together with C2I and was not able to bind
the cellular receptor (Fig. 5B). This result confirmed that D4 of
C2II mediates receptor binding. Since C2II-DD4 still oligomer-
ized, we concluded that D4 is not necessary for oligomer for-
mation of the protein.

Effect of anti-C2II-D4 antiserum on reconstitution of C2II
oligomers in lipid bilayer membranes. In a previous study we
showed that activated C2II is able to form ion-permeable chan-
nels in lipid bilayer membranes (26). Similar effects were ob-
served with the recombinant C2IIa (not shown). Addition
of anti-C2II-D4 antiserum to the cis side of the membrane
blocked the channel-forming activity of C2IIa (Fig. 6). Inter-
estingly, the addition of the antibody inhibited the incorpora-
tion of channels into the membranes but had no effect on
channels already existing. No influence on the single-channel
characteristic or the voltage dependence was observed. More-
over, addition to the trans side of the membrane had no influ-
ence on the reconstitution rate. These results indicated that
the antibody bound to free C2IIa oligomers but did not influ-
ence the channel properties of inserted C2IIa oligomers.

Deletion of 7 C-terminal amino acids prevents binding of
C2II to cells. To define the region responsible for receptor
binding of C2II more closely, we deleted the 16 and 7 C-
terminal amino acids. Attempts to purify the protein lacking 16
amino acids (C2II-d16) were unsuccessful because of extensive
degradation. The protein lacking only 7 amino acids (C2II-d7)
was stable. It formed SDS-stable oligomers after activation
with trypsin, which could be detected when trypsin-activated
C2II-d7 was subjected to SDS-PAGE without prior heating
(C2II-d7a) (Fig. 7A). However, the migration behavior was
clearly different from that of oligomers formed by complete
C2IIa. We tested whether C2II-d7a was functional in mem-
brane experiments. Single-channel measurements were taken
in the presence of C2IIa and C2II-d7a. Figure 7B shows that
C2II-d7a was able to form channels in the artificial membranes
which did not differ from C2IIa channels. To analyze the bio-
logical activity, we incubated NIH 3T3 cells with C2II-d7a and
C2I (100 ng/ml). Even after incubation for up to 24 h and at
concentrations of C2II-d7a up to 1 mg of HBSS per ml, no
cytotoxic effects occurred (Fig. 7C). Therefore, the binding of
C2II-d7a to NIH 3T3 cells was analyzed. The results of West-
ern blot analysis in Fig. 7D show that the binding activity was
completely lost upon deletion of the 7 C-terminal amino acids.
However, this result was not in line with the finding that an
antiserum against the 15 C-terminal amino acids of C2II (anti-

blue. Lane 1, C2IIa oligomer; lane 2, C2II-d7a oligomer. Relative molecular weights (in thousands) are noted at the left. (B) Single-channel recording of a diphytanoyl
phosphatidylcholine–n-decane membrane in the presence of recombinant C2IIa oligomers (a) and C2II-d7a oligomers (b). Ten minutes after the formation of the
membrane, 100 ng of oligomers per ml was added to the aqueous phase on one side of the membrane. The aqueous phase contained 1 M KCl (pH 6). The applied
membrane potential was 20 mV, and the temperature was 20°C. (C) Cytotoxic effect of C2II-d7 on NIH 3T3 cells. Cells were incubated with 100 ng of C2I per ml
together with either 200 ng of C2IIa per ml or 200 ng of C2II-d7a per ml in HBSS at 37°C, respectively. After 3 h, cells were fixed and photographed. Image 1, control;
image 2, C2I plus C2IIa; image 3, C2I plus C2II-d7a. (D) Binding of truncated C2IIa to NIH 3T3 cells. Two hundred nanograms of C2IIa and 200 ng of C2II-d7a were
separately added to prechilled NIH 3T3 cells in 1 ml of ice-cold HBSS. After incubation for 1.5 h on ice, cells were washed five times with ice-cold PBS and lysed in
25 mM HEPES–2 mM MgCl2. Proteins were subjected to SDS-PAGE and analyzed by Western blotting with anti-C2II182–196 antiserum. Lane 1, C2IIa; lane 2,
C2II-d7a; lane 3, control cells; lane 4, cells incubated with C2IIa; lane 5, cells incubated with C2II-d7a.
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C2II707–721) did not inhibit binding of C2IIa to cells. We
therefore tested by immunoblot analysis whether anti-
C2II707–721 antiserum was able to bind C2IIa monomers and
oligomers. With and without prior heating, full-length C2II
and C2IIa were subjected to SDS-PAGE, blotted to nitro-
cellulose membranes, and probed with anti-C2II707–721

antiserum. The immunoblot revealed interaction of anti-
C2II707–721 antiserum with full-length C2II and monomeric
trypsin-cleaved C2IIa but not with C2IIa oligomers (Fig. 8).
By contrast, all other C2II antisera used in this study did
recognize C2IIa monomers as well as C2IIa oligomers (re-
sults shown in Fig. 8 are for anti-C2II-D4 antiserum).

DISCUSSION

Recent sequencing (15) of the binding component of C. bot-
ulinum, C2II, revealed high sequence similarity with the PA of
anthrax toxin (22), suggesting a similar four-domain structure
for C2II. Here we studied the role of D4 of C2II in receptor
binding, heptamerization, and pore formation. An antibody
(anti-C2II-D4 antibody) raised against D4 of the toxin blocked
cell binding and inhibited channel formation of C2IIa in a lipid
bilayer. Only the formation of new channels was inhibited,
whereas properties of existing channels were not changed, sug-
gesting a role of D4 in receptor binding and membrane inser-
tion. The C2II-related PA also forms channels in artificial lipid
bilayers which are similar to the channels formed by C2IIa (6,
19). Membrane insertion of PA is suggested to be mediated by
a flexible loop (2b2-2b3 loop) located in D2 (22) which con-
tains a conserved pattern of alternating hydrophobic and hy-
drophilic residues. Kimura et al. (15) proposed a transmem-
brane segment in D2 of C2II, covering residues 260 to 277. We
believe that a different sequence of alternating hydrophobic
and hydrophilic residues (303-TVGAEVSGSLQLAGGIFPVF
SMSASANYS-331, with the hydrophilic residues underlined),
which is similar to the proposed transmembrane sequence of
PA, is involved in membrane insertion. However, the inhibi-
tory effect of anti-C2II-D4 antiserum on channel formation is
most likely not caused by direct interaction with the inserting
sequence but rather due to sterical hindrance of membrane in-
sertion by a bulky group at the putative receptor-binding do-
main D4.

Further evidence for the location of the receptor-binding
domain at the C terminus of C2II was obtained by C-terminal

deletions. Truncation of D4 (residues 592 to 721) or of the 7
C-terminal amino acids of C2II blocked the binding and cyto-
toxicities of trypsin-activated proteins. At least two explana-
tions are possible. First, the C-terminal part of C2II is impor-
tant for the whole structure of the toxin, and second, the C
terminus (and the most C-terminal part in the case of C2II-d7)
of C2II is directly involved in receptor binding. The results of
our experiments argue against the first possibility, because the
C-terminally truncated proteins (C2II-DD4 and C2II-d7) were
still activated by trypsin and formed SDS-stable oligomers as
shown by SDS-PAGE. Furthermore, both truncated proteins
induced pores in artificial membranes very similar to those of
C2IIa, suggesting that at least major parts of the proteins are
structurally preserved and are able to oligomerize and to insert
into membranes. Although PA differs in its receptor-binding
properties from C2II and shows no sequence similarity in D4
with C2II, it is noteworthy that 3 to 5 amino acid residues at
the most C-terminal part of D4 of PA are crucial for receptor
binding and cytotoxicity (29). For PA, it was suggested that this
region plays a role in stabilizing a conformation needed for
receptor-binding activity. It remains to be tested whether the
most C-terminal residues of C2II are necessary for the stabi-
lization of the receptor-binding domain of C2II. Notably, the
truncation of the 7 C-terminal amino acids caused a significant
shift in the migration of the oligomer on SDS-PAGE, suggest-
ing major changes in the structure of the protein. This view
is in line with the findings that a peptide antibody (anti-
C2II707–721 antibody) produced against the 15 C-terminal ami-
no acids of C2II did not inhibit cell binding of C2IIa and rec-
ognized only C2IIa monomers and not oligomers. Therefore,
we propose that after oligomerization, amino acids 706 to 721
of C2IIa are stabilized in a specific conformation or are located
inside the oligomer not accessible by the antibody. Since only
C2IIa oligomers are able to bind to cells (3), the site respon-
sible for high-affinity receptor binding presumably arises by
oligomerization. Deletion of 7 C-terminal amino acids may
alter this structure, thereby rendering the C2IIa oligomer in-
active.

Recently, it has been reported that C2IIa binds specifically
to asparagine-linked complex carbohydrates (9). Although
binding to carbohydrates may explain why C2IIa binds to es-
sentially all cell types tested, it does not exclude the possibility
of the presence of a specific protein receptor which is essential
for uptake. The receptor of PA clearly shows properties of a
protein (10). Because the putative receptor-binding domains of
C2II and of PA have no homology to each other, it is suggested
that the two proteins bind to different receptors. D4 of C2II
also differs from the C termini of the binding components of
C. perfringens iota toxin, C. spiroforme toxin, and C. difficile tox-
in, whereas D4 of these three toxins are closely related. For C2
toxin and iota toxin, binding to different cell surface receptors
has been shown (11), which is in line with the model that the
C terminus mediates receptor recognition and binding.
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