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Clostridium botulinum C2 toxin, which consists of the binding component C2II and the enzyme component
C2I, acts on eukaryotic cells by selective ADP-ribosylation of G-actin. To obtain C2 toxin-resistant cells, we
mutagenized CHO-K1 cells with N-nitroso-N-methylurea and selected for C2 resistance. Cells which survived
the selection procedure with 50 ng of C2I and 100 ng of C2II per ml were obtained with a frequency of 30 X
10~°. The colony-forming ability of CHO wild-type cells was reduced to 50% with 10 ng of C2I and 20 ng of C21I
per ml. In contrast, the colony-forming ability of the isolated CHO mutant cells was not influenced by up to
200 ng of C2I and 400 ng of C2II per ml. Toxin-induced ADP-ribosylation of G-actin was not impaired in lysates
of mutant cells. The C2 toxin-resistant phenotype remained sensitive to the cell-rounding activities of cyto-
toxins from C. perfringens (iota-toxin), C. novyi, C. difficile, and C. botulinum (C3) and to cytochalasin D. Binding
of component C2II was impaired in resistant CHO cells, suggesting mutation of the toxin cell surface receptor.
Serum factors protected wild-type cells against the cytotoxic effect of C2 toxin. Furthermore, the C2-resistant
phenotype correlated with an increased serum dependency. The data suggest that the action of C. botulinum C2
toxin is mediated by its binding and uptake via a cell surface receptor which might be involved in growth

regulation.

Certain strains of Clostridium botulinum type C and type D
produce C2 toxin, which is composed of two unlinked compo-
nents, C2I and C2II (20). C2I is the enzyme component with
ADP-ribosyltransferase activity, and C2II is the binding com-
ponent (19, 26). The cytotoxic effect of C2 toxin is caused by
ADP-ribosylation of monomeric G-actin by component C2I
(molecular mass of ~45 kDa) (1, 6, 24). The toxin-catalyzed
ADP-ribosylation of G-actin at arginine 177 inhibits actin poly-
merization (1) and actin ATPase activity (11). Moreover, the
covalent modification turns ADP-ribosylated actin into a cap-
ping protein, which blocks the fast-growing ends of actin fila-
ments (35). All of these toxin effects result in depolymerization
of the actin microfilament network (3, 4). The binding compo-
nent C2II has a molecular mass of ~100 kDa (20) and must be
activated by trypsin treatment, thereby forming an about 80-
kDa active fragment (18). The cytotoxic effects are apparently
initiated by the binding of activated C2II to the cell surface of
the target cells, followed by binding, internalization, and trans-
location of C2I into the cells (21, 27). Recent studies with
doubly fluorescence-labeled toxin components indicate that
C2I binds directly to activated C2II on the cell membrane and
that the two components are internalized in the same endo-
somes (22). So far, less is known about the cellular receptor
which enables the entry of C2 into cells. In a preliminary study,
the involvement of glycoproteins in C2 uptake has been sug-
gested (32).

A recently investigated example of a cellular receptor for
bacterial ADP-ribosylating toxins is the diphtheria toxin recep-
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tor, which was cloned and identified as heparin-binding epi-
dermal growth factor-like growth factor precursor (16, 17).
Similar to C2 toxin, diphtheria toxin is internalized via recep-
tor-mediated endocytosis (9, 10, 14, 29). One very important
tool in analyzing and cloning the diphtheria toxin receptor was
the use of toxin-sensitive and toxin-resistant cells. Because
receptor-deficient eukaryotic cells also would be valuable for
identification and analysis of the cellular C2 receptor, we at-
tempted to generate toxin-resistant mutants. In this communi-
cation, we report on the isolation and characterization of C2
toxin-resistant, C2II receptor-deficient cells that were derived
from toxin-sensitive wild-type CHO (CHO-WT) cells by chem-
ical mutagenesis.

MATERIALS AND METHODS

Materials. C. botulinum C2 toxin, C. perfringens iota-toxin, and C. botulinum
C3 exoenzyme were purified as described previously (2, 5, 20, 30). C. difficile toxin
B was donated by C. Eichel-Streiber (Mainz, Germany); C. novyi alpha-toxin was
donated by E. Habermann (Giessen, Germany). The alkylating agent N-methyl-
N-nitrosurea (MNU) was purchased from Sigma (Deisenhofen, Germany). Cell
culture media and ingredients were from Biochrom (Berlin, Germany). Iodina-
tion reagent (Iodo-Beads) was purchased from Pierce (Ba oud Beijerland, The
Netherlands). Na'?°T was obtained from NEN-Du Pont (Dreieich, Germany).

Cell culture. CHO-KI1 cells were cultured in Ham’s F12 medium-Dulbecco’s
modified Eagle medium (1:1) containing 5% heat-inactivated (30 min, 56°C)
fetal calf serum (FCS), 2 mM L-glutamate, 100 U of penicillin per ml, and 100 pg
of streptomycin per ml. Cells were routinely trypsinized and reseeded twice a
week.

Cytotoxicity assay. To determine the cytotoxic effects of bacterial toxins, we
determined cell-rounding capacity and/or colony-forming ability. Percent cell
rounding was calculated after counting the number of fully rounded cells. To
determine colony-forming ability, cells were seeded in low density (500 to 1,000
per dish) and treated 8 to 12 h later with C2 toxin (the C2II concentration
[nanograms per milliliter] used was always twice the C2I concentration). For
these experiments, C2IT was activated by trypsin as described previously (1).
After the indicated times, toxin was removed and cells were grown for 7 to 10
days. The colony-forming ability of untreated control cells was set to 100%, and
the cytotoxic effect of C2 was calculated from the number of colonies appearing
after C2 pretreatment.
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Determination of serum dependence. CHO-WT or mutant cells (10* of each)
were seeded in 24-well dishes and grown in the presence of 5 or 0.2% FCS. One
to seven days later, cells were trypsinized and counted (Neubauer chamber). To
determine the influence of serum factors on the plating efficiency, cells were
seeded in low density (500 to 1,000 per dish) in the presence of 5 or 0.2% FCS
and grown for 8 days. After this time, colonies were counted, and the number of
colonies that grew in the presence of 5% FCS was compared with the number
that grew in the presence of 0.2% FCS.

Isolation of C2-resistant CHO mutants. A total of 2 X 10° CHO-KI1 cells were
seeded per 10-cm-diameter dish; 24 h later, cells were treated for 4 h with 2 mM
MNU (Sigma). After 3 days, cells were reseeded 1:5; 3 days later, 10° cells were
reseeded for C2 treatment. C2 treatment was performed with 50 ng of C2I (100
ng of C2II) per ml for 8 h. Afterwards, medium was removed, and the cells were
washed with phosphate-buffered saline (PBS) and grown for 10 days in fresh
medium. Single colonies appearing after this time were picked, grown, and
retested for C2 resistance (50 ng of C2I per ml, 8 h). To determine the mutation
frequency on the HGPRT locus, MNU-mutagenized cells were selected for
resistance to 6-thioguanine (2 mM; no medium change).

ADP-ribosylation. For ADP-ribosylation, cells were disrupted by sonication in
ice-cold buffer containing 10 mM Tris-HCl (pH 7.4), 1 mM EDTA, 1 mM MgCl,,
and 0.1 mM phenylmethylsulfonyl fluoride. After centrifugation (10 min, 600 X
g, 4°C), the supernatant was used for protein determination by the Bradford
method (7). ADP-ribosylation of cell lysates was performed with either C. bot-
ulinum C3 exoenzyme (Rho-specific [**P]ADP-ribosylation) or C2I toxin (G-
actin-specific [?PJADP-ribosylation). Twenty micrograms of protein was incu-
bated for 30 min at 37°C in 50 pl of a buffer containing 20 mM Tris-HCl (pH 7.4),
1 mM EDTA, 1 mM MgCl,, 1 mM dithiothreitol, 10 mM thymidine, 0.2 pM (or
2 pM) NAD (0.5 pCi of [**P][NAD), and 0.1 pg of C3 (or 0.5 pg of C2I).
Reaction products were analyzed by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis as described by Laemmli (13), and the dried gels were
exposed on Kodak X-Omat films.

Staining of actin with FITC-phalloidin. Logarithmically growing cells were
fixed on dishes with 4% formaldehyde-0.2% Triton X-100 in 0.1 M phosphate
buffer (pH 7.4) for 1 h at room temperature. After washing with PBS, cells were
incubated with fluorescein isothiocyanate (FITC)-labeled phalloidin (0.5 M in
PBS) for 1 h at room temperature. Subsequently, cells were washed three times
with PBS (for a total of 15 min), and actin filaments were detected by fluores-
cence microscopy.

Immunological detection of C2II. Logarithmically growing cells were treated
with 200 ng of activated C2II (2) per ml and then incubated at 37°C for 30 min.
Afterwards, cells were fixed with 4% formaldehyde (plus 0.2% Triton X-100) in
0.1 M phosphate buffer. Subsequently, fixed cells were incubated for 2 h at room
temperature with a polyclonal anti-C2II (activated form) mouse antibody. After
being washed with PBS, cells were incubated with an FITC-labeled anti-mouse
immunoglobulin G antibody (2 h, room temperature). Afterwards, the uptake of
C2II into the cells was monitored by immunofluorescence microscopy. Alterna-
tively, the binding of C2II to cells was detected by Western blot (immunoblot)
analysis. For this analysis binding was performed by incubation of the cells with
400 ng of C2II per ml in binding medium (Dulbecco’s modified Eagle medium
containing 50 pg of bovine serum albumin [BSA] per ml and 20 mM N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid [HEPES; pH 7.4]) for 4 h at
4°C. After being washed with PBS, cells were scraped off, resuspended in SDS-
polyacrylamide gel electrophoresis buffer, and heated for 15 min at 95°C. After
separation on 7% denaturing gels, proteins were blotted on nitrocellulose by
semidry blotting. Bound C2II was detected after incubation with the polyclonal
anti-C2II mouse antibody and subsequent incubation with peroxidase-coupled
anti-mouse immunoglobulin G by chemiluminescence.

Seeding (2x1 0° CHO cells / dish)
24h
MNU-treatment (2 mM; 4h)
‘ 3d
Reseeding (1:5)
3d
Reseeding (106 cells / dish)

‘12h

C2-treatment (50 ng/mi C2I)
8h
Washing and medium change
}0a
Picking of single colonies
FIG. 1. Procedure for the isolation of C2 toxin-resistant CHO cells. d, days.
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FIG. 2. Influence of C2 toxin on the colony-forming ability of CHO-WT and
mutant (CHO-C2RK7, CHO-C2RK13, and CHO-C2RK14) cells. Twelve hours
after seeding in low density (1,000 cells per dish), cells were treated with different
concentrations of C2I toxin for 8 h (C2I/C2II concentration ratio of 1:2). After-
wards, the medium was changed and cells were grown for 1 week. After this
period, the number of colonies appearing was counted. The colony-forming
ability of untreated control cells was set to 100%. Data shown are the means
from three independent experiments (n = 6).

Binding of '?I-C2IL. Iodination of the C2II component was performed with
TIodo-Beads (Pierce) and Na'?I according to the manufacturer’s protocol. The
specific activity of iodinated C2II was 10° cpm/pg. After iodination, C2II was
activated by trypsin cleavage as described previously (1). After incubation of cells
with 1I-C21II in binding medium for the indicated times at 4°C, cells were
washed twice with PBS and harvested for SDS-polyacrylamide gel electrophore-
sis, and '?°I-C2II binding was detected by autoradiography.

RESULTS

To obtain cells resistant to C. botulinum C2 toxin, logarith-
mically growing CHO-K1 cells were treated for 4 h with 2 mM
MNU. After a total expression period of 6 days, cells were
selected for C2 resistance (50 ng of C2I per ml, 100 ng of C211
per ml, 8 h). Figure 1 schematically shows the procedure for
selecting C2-resistant cell lines. The spontaneous mutation
frequency for C2 resistance was <2 X 107¢ (no C2-resistant
clone out of 2 X 10~ ° selected cells), while the MNU-induced
mutation frequency was 30 X 10~°. The mutation frequency on
the HGPRT locus, which was determined by counting the num-
ber of cells surviving 6-thioguanine selection, was found to be

1004 @ L —o
£ sl
S 804 - - -
» 1 a- " _e---mmmmmTmmo ¢
[} Prtes
o 604 . e
-O rd ’/”’
] 1 Ll
2 [ Ve
S 401 P
2 1 e
g ———8
/ ——a—
204 g o
=
0

0 200 400 600 800 1000 1200 1400
Toxin (ng/ml)

FIG. 3. Rounding up of wild-type and mutant CHO cells by C2 toxin and C.
perfringens iota toxin. CHO-WT cells (@, O) and C2-resistant cells (CHO-
C2RK14; m, [J) were treated with increasing concentrations of C2 toxin (O, 0J)
and iota-toxin (@, m) for 8 h. Thereafter, the numbers of rounded cells were
determined.
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FIG. 4. CHO-WT and C2-resistant cells do not differ in the actin cytoskeleton. (A) CHO-WT and C2-resistant (CHO-C2RK14) cells were treated with 50 ng of
C2I (plus 100 ng of C2IT) per ml; 4 h later, cells were fixed and the actin cytoskeleton was stained with FITC-phalloidin. 1, untreated CHO-WT cells; 2, C2-treated
CHO-WT cells; 3, C2-treated CHO-C2RK14 cells. (B) CHO-WT and C2-resistant mutant (CHO-C2RK14) cells were treated with cytochalasin D (Cyt D; 5 pg/ml, 1
h, 37°C) and photographed. (C) Total cell extract was prepared from logarithmically growing CHO-WT cells and C2-resistant clones (CHO-C2RK7, CHO-C2RK13,
and CHO-C2RK14); 20 pg of protein from total cell extracts was used for ADP-ribosylation as described in Materials and Methods. Reaction products were separated
by SDS-polyacrylamide gel electrophoresis, and [*?P]ADP-ribosylated proteins were detected by autoradiography.
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~10-fold higher (20 X 107%). The cells which survived C2
selection were picked, grown, and rechecked for C2 resistance
under the same conditions. In total, 16 clones were isolated.
Whereas 50 ng of C2I (100 ng of C2II) per ml caused a
complete rounding of wild-type cells within 2 h, all 16 isolated
mutant cells showed no rounding up to 8 h after C2 treatment
(last time point tested). Even 16 h after treatment with 100 ng
of C2I (200 ng of C2II) per ml, no rounding activity was
observed on C2-resistant mutants (CHO-C2RK7, CHO-
C2RK13, and CHO-C2RK14). In contrast, CHO-WT cells
treated with 2 ng of C2I (4 ng of C2II) per ml exhibited
rounding activity. To determine the cytotoxic effects of C2
more quantitatively, colony-forming ability after C2 treatment
was measured (Fig. 2). Whereas 10 ng of C2I (20 ng of C2II)
per ml was sufficient to cause a 50% reduction in the colony-
forming ability of CHO-WT cells, more than 98% of the mu-
tant cells from all three single clones tested (CHO-C2RK7,
CHO-C2RK13, and CHO-C2RK14) survived treatment with
200 ng of C2I (400 ng of C2II) per ml. Interestingly, no inter-
mediate resistance behavior of the C2-selected CHO clones
was observed. The C2-resistant phenotype was stable over 3
months and was not affected by storage of the cells at —80°C.

The resistance to C2 was found to be specific. The rounding
activities of several other bacterial toxins (C. novyi alpha-toxin
[1 pg/ml, 4 h], C. difficile toxin B [10 ng/ml, 4 h], and C.
botulinum C3 transferase [30 pwg/ml, 24 h]) which are known to
destroy the cellular cytoskeleton were not influenced. Interest-
ingly, the C2-resistant CHO cells were still sensitive to the
cytopathic activity of C. perfringens iota-toxin. As shown in Fig.
3, whereas C2 toxin was effective in wild-type cells but not in
mutants, iota-toxin induced rounding up in both cell types. The
concentration effect curve of iota-toxin was almost identical for
wild-type and mutant cells. As expected, each separated toxin
component did not cause rounding up in either cell type (not
shown). After C2 treatment, CHO-WT cells rounded up and
their actin cytoskeleton disappeared completely, whereas the
actin cytoskeleton of C2-resistant CHO mutants was not influ-
enced at all (Fig. 4A). However, C2 resistance did not protect
cells from the rounding activity of cytochalasin D (Fig. 4B).
Furthermore, the MNU-induced mutation leading to C2 resis-
tance did not interfere with the ability of C2I to ADP-ribosy-
late G-actin (Fig. 4C). Also, C3-mediated ADP-ribosylation of
Rho proteins, which are assumed to be involved in the regu-
lation of the microfilamental network (8, 23, 36), was not
different in lysates from mutant cells from that in lysates from
wild-type cells (Fig. 4C). Altogether, these data strongly indi-
cate that a mutation on actin is not responsible for the C2-
resistant phenotype.

The simplest explanation for the observation that all isolated
mutants show a largely enhanced C2 resistance is a functional
loss of the cellular C2I1I receptor. Cells lacking the receptor are
not able to take up C2I efficiently and survive at high concen-
trations of the toxin. To test this hypothesis, we investigated
the binding of C2II to wild-type and mutant cells. As shown in
Fig. 5, C2 resistance apparently correlates with a lack of C2II
binding. By immunofluorescence, Western blotting (not shown),
and use of '**I-labeled C2I1, no binding of C2II to mutant cells
was detectable (Fig. 5). These data indicate that the C2-resis-
tant phenotype is most likely based on a mutation in the cel-
lular receptor for C2II, thereby preventing uptake of C2I toxin
into cells. To study the physiological function of the involved
cellular receptor, we investigated its interference with cellular
growth. Therefore, we analyzed the serum dependency and
plating efficiency of wild-type and mutant cells. The growth
rate of the C2-resistant mutants CHO-C2RK7 and CHO-
C2RK14 was lower than that of CHO-WT cells in the presence
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FIG. 5. C2-resistant (CHO-C2RK14) cells lack C2II binding. (A) Logarith-
mically growing cells were incubated with 200 ng of C2II per ml for 30 min at
37°C. Subsequently, cells were washed twice with PBS and fixed with formalde-
hyde as described in Materials and Methods. Bound C2II was detected by
immunofluorescence after incubation of the cells with a polyclonal anti-C211
antibody followed by incubation with FITC-conjugated anti-mouse immunoglob-
ulin G. (B) C2-sensitive and -resistant CHO cells were incubated for 4 h at 4°C
with 200 ng of '>I-C2II per ml. Afterwards, cells were washed twice with PBS,
harvested for SDS-polyacrylamide gel electrophoresis as described for panel A,
and subjected to autoradiography.

of 5% FCS (Fig. 6A). In the presence of 0.2% FCS, the growth
of CHO-C2RK7 and CHO-C2RK14 cells ceased and the
growth of CHO-C2RK13 cells was inhibited (Fig. 6A). Fur-
thermore, plating efficiency studied in the presence of 0.2%
FCS was consistently decreased with the attainment of C2
resistance. With the number of colonies growing in the pres-
ence of 5% FCS set to 100%, 8% of the wild-type cells but less
than 1% of the mutant cells were able to form colonies at a
reduced serum concentration (0.2% FCS) (Fig. 6B). The clon-
ability in soft agar (with 5% FCS) was 70 to 80% for CHO-WT
and CHO-C2RK13 cells, whereas the clonability of the mutant
cell lines CHO-C2RK?7 and CHO-C2RK14 was reduced to 40
to 60%. Altogether, these data show a correlation between C2
resistance and enhanced serum dependency, suggesting in-
volvement of the cellular C2II receptor in growth.

The extent of the cytotoxic effect of C2 toxin changed with
the concentration of serum factors. Increasing serum concen-
trations reduced the cytotoxicity of C2 toxin (Fig. 7). Further-
more, preincubation of wild-type cells in the presence of FCS
(at 4°C) reduced the subsequent binding of C2II (not shown).
To analyze the serum component which protects cells against
C2 toxicity, effects of FCS pretreatment and of various serum
components were investigated. Table 1 summarizes these re-
sults. Apparently, the protective serum factor needed heat
activation, was heat resistant, and was resistant to trypsin but
sensitive to proteases like proteinase K or pronase. From these
data, we suggest that the protective serum component is a
heat-resistant peptide. This view is in line with the observation
that charcoal-extracted FCS kept its protective function,
whereas protein-free, chloroform-methanol extracts from FCS
were inactive. Concanavalin A, lysophosphatidic acid, or N-
acetylneuraminic acid showed no protective effect against the
cytotoxicity of C2. Also, negatively charged heparin and poly-
L-glutamate did not reduce the toxicity of the positively
charged C2II. This finding indicates that the protective func-
tion of serum is not simply due to a charge-dependent, non-
specific binding of C2II to serum components. Pretreatment of
heat-inactivated FCS with hyaluronidase or glucuronidase re-
duced the ability of FCS to protect against C2 toxin. Further-
more, the protective serum factor bound to heparin-Sepharose
(eluting at 0.2 to 0.4 M NaCl). Preliminary studies performed
on spin columns with matrices of different exclusion M.s (G25
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FIG. 6. The C2-resistant phenotype is correlated with an increased serum
dependency. (A) Cells (10%) were seeded and grown in the presence of 5%
(closed symbols) or 0.2% (open symbols) FCS; 1 to 7 days after seeding, cell
number was counted with a Neubauer chamber. CHO-C2RK7, CHO-C2RK13,
and CHO-C2RK14, C2-resistant mutants. Data are derived from at least two
independent experiments. (B) Cells were seeded in low density (1,000 per dish)
and grown in the presence of 5 and 0.2% FCS. Colonies were counted after 1
week. The relative plating efficiencies (PE) with 0.2% FCS were calculated with
respect to those with 5% FCS, which were set to 100%. Data shown are the
means of three independent experiments.

to G150) suggest a molecular mass of the protective serum
component of 50 to 100 kDa (not shown).

DISCUSSION

Toxin-resistant cells have been shown to be extremely valu-
able for elucidating the mechanism of toxin action on target
cells. For example, the cellular receptor of diphtheria toxin has
been identified by analysis of toxin-sensitive and toxin-resistant
cell lines (16, 17). Similar to diphtheria toxin or other intra-
cellularly acting bacterial protein toxins, C2 toxin is con-
structed according to the A-B model and consists of two com-
ponents, C2I and C2II. C2II, the binding component (B) of C2
toxin, enables the receptor-mediated uptake of the biologically
active enzyme component C2I (A) into cells (22, 27). However,
in contrast to other toxins (diphtheria toxin, tetanus toxin, and
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FIG. 7. Serum factors protect CHO-WT cells against the cytotoxic effects of
C2. (A) Low-density (1,000 per dish)-seeded CHO-WT cells were preincubated
for 5 min at room temperature with different concentrations of FCS. Subse-
quently, C2 toxin was added at increasing concentrations, and cells were further
incubated for 2 h at 37°C. Afterwards, medium was replaced by fresh medium
containing 5% FCS, and cells were allowed to grow for 1 week. Thereafter,
colonies were counted, and the colony-forming ability of toxin-treated cells was
compared with that of untreated control cells, which was set to 100%. The data
shown were derived from at least two independent experiments. (B) Colony-
forming ability of C2-treated CHO-WT cells as function of serum concentration.
The data shown are transformed from those in panel A.

cholera toxin), both components of C2 toxin are separated
proteins which are neither covalently nor noncovalently linked.
By selection of MNU-mutagenized CHO cells with high con-
centrations of C2 toxin, we have isolated C2-resistant cell
clones. With respect to cell rounding and colony-forming abil-
ity, all clones obtained tolerated >100-fold-higher concentra-
tions of C2I than wild-type cells. Various observations indicate
that the C2-resistant phenotype is not due to changes in the
organization of the actin cytoskeleton or to mutations inhibit-
ing the ADP-ribosylation of G-actin by C2I. First, the typical
morphology was not changed after MNU-induced mutation,
and F-actin stained by FITC-phalloidin exhibited no changes
compared with controls. Second, C2I-induced [**P]ADP-ribo-
sylation of G-actin in cell lysates of wild-type and mutant cells
was independent of C2 resistance. Third, C2-resistant cells
were sensitive to other bacterial toxins, including C. perfringens
iota-toxin (25), C. difficile toxin B (12, 15), and C. botulinum C3
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TABLE 1. Effects of different serum pretreatments and serum
factors on the cytotoxicity of C2 toxin®

Treatment Cytotoxic effect

of C2°
FCS (untreated) ++
FCS (30 min, 56°C). 0
FCS (15 min, 95°C). 0
*Trypsin (50 pg/ml) ++
*Proteinase K (1 mg/ml)... 0
*Pronase (50 mg/ml) 0
*Hyaluronidase (5 mg/ml) +
*Glucuronidase (3 U/ml) +
*Phospholipase A or C (20 U/ml)...... ++
FCS (chloroform-methanol supernatant) . ++
FCS (charcoal extracted).......c.ccceueunenee 0
Lysophosphatidic acid (0.1-10 pwg/ml) ++
Heparin (0.01-5 mg/ml) ++
Poly-L-glutamate (0.5 mg/ml).... ++
Concanavalin A (0.01-0.5 mg/ml) ++
Lectin (0.5 mg/ml) ..o ++
N-Acetylneuraminic acid (1-10 mg/ml) .... ++
Glutathione (2 mM) ++
Dithiothreitol (5 mM) ++
BSA (5 mg/ml) ++
Transferrin (0.01-100 pg/ml) .....ccooovviiiininiiniviiiiiicnnes ++

“ Low-density-seeded CHO-WT cells were pretreated with the indicated sub-
stances or with pretreated, heat-denaturated FCS for 5 min at room tempera-
ture. Enzymatic pretreatment (*) of heat-inactivated FCS for 2 h at 37°C was
followed by a denaturating step (15 min, 95°C). Subsequently, 20 ng of C2I (40
ng of C2II) per ml was added, cells were further incubated for 4 h at 37°C, and
the medium was changed; colonies were counted 1 week later. The influence of
each pretreatment was calculated by comparing the colony-forming ability after
pretreatment with the colony-forming ability in the presence of 0 and 20%
heat-inactivated FCS.

b0, no cytotoxic effect; +, weak cytotoxic effect; ++, strong cytotoxic effect.

exoenzyme (8, 23), which are known to act on the actin cy-
toskeleton. Finally, the actin cytoskeleton of C2-resistant CHO
cells was still sensitive to cytochalasin D. Thus, it appears that
the mutation does not affect the actin cytoskeleton itself but
rather affects the transport of the toxin into the cells. It is
generally accepted that the transfer of bacterial toxins into
cells depends on at least three steps: toxin binding, endocyto-
sis, and membrane translocation. Our finding that C2-resistant
mutants lost the ability to bind activated C2II indicates that the
receptor for toxin binding was affected by the MNU treatment.
C. perfringens iota-toxin and C. difficile toxin B enter eukaryotic
cells also by endocytosis and membrane translocation. The
observation that these toxins are still active suggests that the
internalization machinery is still functioning in C2-resistant
CHO cells and therefore corroborates the hypothesis that the
C2II receptor is affected in the mutated cells. The effectiveness
of C. perfringens iota-toxin is noteworthy. Also, iota-toxin is a
binary toxin consisting of the enzyme component Ia and the
binding component Ib (28, 31). Although iota-toxin ADP-ri-
bosylates G-actin at the same amino acid (Arg-177) as C2 toxin
(33, 34), the binding components of the toxins are different and
are apparently not interchangeable. Our findings that C2-re-
sistant CHO cells are sensitive to iota-toxin indicate that the
two toxins act via different membrane receptors on eukaryotic
cells.

To analyze a possible function of the C2 toxin receptor in
growth, we studied the influence of serum and serum factors
on wild-type and mutant CHO cells. We observed an increased
serum dependency of C2-resistant mutant cells. In the pres-
ence of 0.2% FCS, both growth and colony-forming ability of
the mutant cells were largely reduced in comparison with wild-
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type cells. These data suggest that the nonmutated C2II recep-
tor may be involved in growth control, indicating that its phys-
iological ligand is a growth-related factor. In line with this
hypothesis are the findings that (i) serum factors protected
wild-type cells from the cytotoxic effects of C2 and (ii) prein-
cubation of wild-type cells with high serum concentrations
reduced subsequent C2II binding. By analyzing the protective
capacities of differently pretreated sera, we preliminarily char-
acterized the putative serum ligand for the cellular C2II re-
ceptor as a heat-resistant glycoprotein of 50 to 100 kDa, which,
as often observed for growth factors, binds to heparin-Sepha-
rose. Interestingly, this serum factor needed heat activation for
its C2 protective function. A possible explanation for this find-
ing is that heat treatment activates the factor from serum
components.

In summary, we characterized CHO cell mutants which were
resistant to C. botulinum C2 toxin. The loss of binding of C2II
toxin and the ability of other cytotoxins to affect the actin
cytoskeleton in mutant cells indicate a defect of the C2II cell
surface receptor. Serum protection of CHO-WT cells to C2
toxin and the enhanced serum dependency of C2II receptor-
deficient CHO mutants suggest that the C2II receptor is in-
volved in growth regulation. For further studies to identify the
nature of the C2 toxin receptor, the mutant C2-resistant CHO
cells described herein will be of high value.
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