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Abstract: The Clostridium botulinum C3 exoenzyme selectively ADP-ribosylates low
molecular weight GTP-binding proteins RhoA, B and C. This covalent modification
inhibits Rho signaling activity, resulting in distinct actin cytoskeleton changes. Although
C3 exoenzyme has no binding, the translocation domain assures that C3 enters cells and
acts intracellularly. C3 uptake is thought to occur due to the high concentration of the C3
enzyme. However, recent work indicates that C3 is selectively endocytosed, suggesting a
specific endocytotic pathway, which is not yet understood. In this study, we show that the
C3 exoenzyme binds to cell surfaces and is internalized in a time-dependent manner.
We show that the intermediate filament, vimentin, is involved in C3 uptake, as indicated by
the inhibition of C3 internalization by acrylamide, a known vimentin disruption agent.
Inhibition of C3 internalization was not observed by chemical inhibitors, like bafilomycin A,
methyl-B-cyclodextrin, nocodazole or latrunculin B. Furthermore, the internalization of
C3 exoenzyme was markedly inhibited in dynasore-treated HT22 cells. Our results indicate
that C3 internalization depends on vimentin and does not depend strictly on both clathrin
and caveolae.

Keywords: C3 exoenzyme; Clostridium botulinum; vimentin; dynasore; endocytosis




Toxins 2015, 7 381

1. Introduction

C3 exoenzyme (C3) is produced by certain strains of different bacteria, such as Clostridia,
Bacilli and Staphylococci [1-4]. C3 has been shown to be a Rho-ADP-ribosylating transferase,
which inactivates the low molecular weight GTPases, RhoA, B and C, by transfer of the ADP-ribose
moiety of the co-substrate NAD* onto asparagine-41 of Rho [5,6]. The C3-mediated inactivation of
Rho-GTPases causes the reorganization of the actin cytoskeleton [7], inhibition of proliferation and
protection from cell death [8]. It has been shown that C3 induces neuronal growth of murine
hippocampal neurons, which results in axonal and dendritic branching and growth [9].

C3 exoenzyme is a small monomeric basic protein (molecular mass of about 25 kDa, pl > 9) [10,11].
The crystal structure of C3 and structure-based sequence alignment resulted in the identification of the
ARTT motif (ADP-ribosylating turn-turn motif), which is implicated in substrate recognition, but there
are no hints about how binding to cells and uptake are mediated [11]. Despite the absence of a known
receptor-binding domain, there is a lot of evidence suggesting that C3 is an intracellular-acting
bacterial toxin. Recently, it was shown that C3 is taken up by different cultivated cells, as determined
by ADP-ribosylation of RhoA, whereas the sensitivity towards C3 is very different [12]. It seems that
primary neuronal cells are very sensitive to C3. Nanomolar concentrations of C3 lead to axonal and
dendritic growth [13]. To date, the mechanism is not well understood by which C3 exoenzyme is
internalized through the plasma membrane into the cytosol.

Several bacterial toxins specifically bind to target structures at cell surface and are endocytosed and
transported to early endosomes [14-16]. Clathrin-mediated endocytosis is one of the most well-studied
forms of membrane internalization. Within this pathway, dynamin mediates the pinching off of the
budding coated vesicle from the membrane [17]. This endocytotic pathway is reported for diphtheria
toxin [18,19]. In addition to this well-characterized endocytotic pathway, there are numerous
clathrin-independent means of endocytosis. Caveolae-mediated endocytosis is one of the better
characterized forms of clathrin-independent endocytosis [20]. Bacterial toxins, such as cholera toxin,
are associated with caveolae and can be internalized by caveolae/raft-dependent endocytosis [21,22].
Moreover, clostridial binary toxins, such as Clostridium botulinum C2, use a clathrin-and
caveolae-independent pathway, but this endocytosis is dependent on dynamin and Rho-GDI [23].

These observations suggest that many bacterial toxins use established endocytotic pathways for
internalization into the target cells. However, little is known about the entry of the C3 exoenzyme.
Therefore, in this study, we investigated the endocytotic uptake mechanism of C3 by use of different
chemical inhibitors. Our results show that internalization of the C3 exoenzyme is dynamin-dependent, and
the intermediate filament, vimentin, is involved in C3 binding and uptake.

2. Results
2.1. Cellular Susceptibility of HT22 and J774A.1 Cells towards the C3 Exoenzyme

C3-mediated ADP-ribosylation of RhoA results in an altered migration behavior of RhoA in
SDS-PAGE. This gel-shift assay is used as the direct read out system for C3 uptake into cells.
Therefore, western blots were used to detect ADP-ribosylated RhoA in cell lysates. We used the
murine hippocampal HT22 cell line and J774A.1 mouse macrophages as model systems, because both
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cell lines were susceptible to C3 [7,11]. Treatment of HT22 cells with C3 caused a time-dependent
ADP-ribosylation of RhoA starting at 6 h and finally resulting in the degradation of ADP-ribosylated RhoA
after 48 h (Figure 1A). Due to the high sensitivity of J774A.1 cells towards C3, complete ADP-ribosylation
of RhoA was detected within 2 h and almost complete degradation of ADP-ribosylated RhoA after 24 h
(Figure 1B). Interestingly, pronounced morphological changes were not observed in both cell lines
until 48 h. In both cell lines, C3 induced a multinucleated phenotype and an increase in cell size
accompanied by the disappearance of actin stress fibers (Figure 1C,D). At this time point, only a few
cells exhibited a rounded morphology with neurite-like extensions or bipolar protrusions. The RhoA
shift, as well as the morphological changes confirmed the intracellular uptake and intracellular activity
of C3. These results nicely confirm previous observations of our group and show that J774A.1 cells are
more sensitive to C3 than the hippocampal HT22 cells.
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Figure 1. Cellular susceptibility of HT22 and J774A.1 cells to C3 hippocampal HT22.
HT22 cells (A) and J774A.1 macrophages (B) were treated with 1 M of C3 for the
indicated time points at 37 <C. Cell lysates were submitted to western blot analysis probing
RhoA and B-actin. One representative western blot experiment is shown (n = 3). C3-induced
morphological changes of HT22 cells (C) and J774A.1 cells (D) were studied by
phase-contrast microscopy and confocal laser scan microscopy after 48 h of incubation.
For the immunofluorescence microscopy, the cells were fixed, permeabilized and stained
for a-tubulin, F-actin and nuclei. Untreated cells served as the control.

2.2. Acidification of Endosomes is not Essential for the Uptake of C3

To study whether C3 uptake requires an acidic cellular compartment for uptake, bafilomycin Al
was used, a specific inhibitor of the vacuolar ATPase-dependent proton pump [24]. As shown in
Figure 2, bafilomycin Al did not inhibit the uptake of C3 into HT22 cells (Figure 2A) nor into J774A.1
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macrophages (Figure 2B), as intracellular ADP-ribosylation of RhoA was not influenced. Bafilomycin
Al was in fact effective at inhibiting endocytosis, as the uptake of the Rho glucosylating toxin B was
strongly inhibited (Figure S1). Clostridium difficile toxin B enters the cells via acidic early endosomes [15].
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Figure 2. Uptake of C3 into HT22 and J774A.1 cells after inhibition of the vacuolar
H(*)-ATPase on endocytosis by bafilomycin 1. HT22 cells (A) or J774A.1 cells (B) were
incubated with 100 nM bafilomycin Al for 1 h at 37 <C. Subsequently, 500 nM of C3 was
applied, and the cells were further incubated at 37 <C in the presence of bafilomycin Al.
In parallel, cells were incubated with C3 alone or left untreated. Cells were lysed and
submitted to western blot analysis against RhoA and B-actin. The ADP-ribosylation state of
Rho from cells treated with C3 in the absence or presence of bafilomycin Al was
determined by the ADP-ribosylation assay. Western blots and autoradiography from
representative experiments are presented (n = 3).

Bacterial protein toxins that are endocytosed via an acid compartment can be translocated through
the plasma membrane by a short time drop in the extracellular pH value. This manipulation simulates
the endogenous uptake process. To this end, C3 was bound to intact cells for 60 min at 4 <C, followed
by a ten-minute drop to pH 5.0 at 37 <C, Then, the acidic medium was removed, and incubation was
continued in medium (pH 7.5) at 37 <C (Figure 3). This experimental setting did not allow the uptake of
C3, whereas toxin B was able to be directly translocated from the extracellular space into the cytoplasm
(Figure S2). These results suggest that acidification of endosomes is not essential for the uptake of C3.

2.3. Cholesterol is not Involved in the Uptake of C3

To assess the involvement of cholesterol-containing membranes in the uptake of C3, HT22 cells and
J774A.1 macrophages were treated with the cholesterol-depleting agent, methyl-B-cyclodextrin
(MBCD), for 20 min followed by C3 incubation for the indicated time. No differences in
ADP-ribosylation of RhoA were found between MBCD-treated cells and cells that were subjected only
with C3 without MBCD pre-treatment (Figure 4). The reduction of pore formation of Clostridium
difficile toxin A was already detectable at concentrations of 0.5 mM MBCD. Moreover, 2.5 mM and
5 mM MBCD resulted in complete inhibition of membrane permeabilization and significantly reduced
the intoxication of cells by toxin A and toxin B [25]. The used concentration of MBCD was effective
t inhibiting endocytosis, as the uptake of the Rho glucosylating toxin B was strongly inhibited
(Figure S3A). However, cholesterol depletion of HT22 cells by treatment with 10 mM of MBCD for



Toxins 2015, 7 384

20 min was cytotoxic and induced apoptosis (Figure S3B). Additionally, the observed results were
consistent with those obtained with nystatin and filipin treatment of HT22 and J774A.1 cells. In these
experiments, the pre-treatment of cells with cholesterol-complexing agents did not inhibit
ADP-ribosylation of RhoA and, thus, did not inhibit uptake of C3. These results indicated that
cholesterol and lipid rafts are not involved in the uptake mechanism of C3.
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Figure 3. Uptake of C3 into HT22 and J774A.1 cells under extracellular acidic condition
and in the presence of bafilomycin Al. Bafilomycin Al-pretreated HT22 cells (A) and
J774A.1 cells (B) were incubated in serum-free medium with 500 nM C3 (or left untreated
for control) at 4 <C. After 1 h, the medium was either adjusted to pH 5.0 or to pH 7.5, and
cells were further incubated for 10 min, still in the presence of bafilomycin Al. Then, cells
were incubated in neutral medium containing bafilomycin Al at 37 <C for a further 6 h
(HT22) and 4 h (J774A.1). Cells were lysed and submitted to western blot analysis probing
RhoA and B-actin.
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Figure 4. Uptake of C3 into HT22 and J774A.1 cells after cholesterol depletion by
methyl-B-cyclodextrin (MBCD). Cultivated cells ((A) = HT22 cells, (C) = J774A.1 cells)
were pre-treated with methyl-beta-cyclodextrin (5 mM) for 20 min followed by incubation
with C3 (500 nM) for the indicated time. Cells were lysed and submitted to western blot
analysis probing RhoA and f-actin. Densitometric evaluation of RhoA is shown
((B) = HT22 cells and (D) = J774A.1 cells). Non-shifted RhoA (indicative of non-modified
Rho) is quantified by densitometric evaluation and adjusted to the corresponding B-actin
signal. Results represent the arithmetic means = SD of three independent experiments.
Statistical differences between C3-treated and control cells were determined using a
two-sided Student’s t test (* p <0.05; ** p <0.01).

2.4. Intermediate Filaments are Involved in the Uptake of C3

Acrylamide, a known selective disruptor of intermediate filaments [26], leaving microtubuli and
actin networks intact [27,28], was used to study a possible involvement of vimentin in C3 uptake.
Five millimolar acrylamide strongly decreased the uptake of C3 shown in the gel-shift and
ADP-ribosylation assay (Figure 5A,B for HT22 cells and C,D for J774A.1 cells). This result was
confirmed by the observation that acrylamide pre-treatment of J774A.1 cells caused fewer cells with
C3-induced bipolar protrusions. In addition, the neurite-like protrusions were also significantly shorter
as compared with C3-treated cells. These results indicate that an intermediate filament, such as
vimentin, is involved in the uptake of C3. Microtubules and actin filaments, however, were not
involved, as the nocodazole and latrunculin B treatment of cells had no effect on ADP-ribosylation
of RhoA.
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Figure 5. Uptake of C3 into HT22 and J774A.1 cells after disruption of the vimentin
network by acrylamide treatment. Cultivated cells ((A) = HT22 cells, (C) = J774A.1 cells)
were pre-treated with acrylamide (5 mM) for 30 min followed by incubation with C3 (500 nM)
for the indicated time. Cells were lysed and submitted to western blot analysis probing
RhoA and B-actin and the ADP-ribosylation assay. After C3 exoenzyme treatment with or
without acrylamide, the cells were lysed, and lysate proteins (4 ) were subjected to an
in vitro [*2P]-ADP-ribosylation assay with C3. [*2P]-ADP-ribosylated RhoA is quantified
densitometrically and normalized to the control level of non-modified RhoA
((B) = HT22 cells, (D) = J774A.1 cells). Statistical differences between C3-treated and
control cells were determined using a two-sided Student’s t test (* p < 0.05).

2.5. Dynasore Inhibits the Uptake of C3

To determine the involvement of classical endocytosis in the uptake of C3, HT22 cells were
pre-treated with chlorpromazine (5 pg/mL), which selectively inhibits clathrin-dependent endocytosis
and brefeldin A (10 M), which disrupts trafficking between the Golgi apparatus and the endoplasmic
reticulum (ER) by inhibition of the small GTPase, ARF [29]. No difference in ADP-ribosylation of
RhoA between C3 and chlorpromazine plus C3-treated cells or between C3 and brefeldin A in
combination with C3 was detected, indicating that the classic clathrin-endocytotic pathway was not
involved in cell entry of C3.

Dynasore is a non-competitive inhibitor of the GTPase activity of dynamin and blocks
dynamin-dependent endocytosis in cells, including hippocampal neurons [30,31]. Prior to the addition
of C3, cells were incubated with 60 UM of dynasore or 0.16% of DMSO only (vehicle control) in
DMEM for 45 min at 37 <C. As shown in Figure 6A,B, dynasore (60 uM) resulted in strong inhibition
of the internalization of C3, as evidenced by diminished RhoA-shift in HT22. Extended treatment of
HT22 (up to 14 h) cells with 60 uM of dynasore resulted in slight RhoA degradation. In contrast,
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dynasore-treated J774A.1 macrophages showed enhanced ADP-ribosylation of RhoA, as determined
by the complete mol weight shift of RhoA and degradation of inactivated RhoA (Figure 6C,D).

Despite these controversial results, the participation of dynamin in the C3 uptake was demonstrated in
both cell lines.
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Figure 6. Uptake of C3 into HT22 and J774A.1 cells after inhibition of endocytosis by
dynasore treatment. HT22 cells (A) and J774A.1 macrophages (C) were pre-treated with
dynasore (60 M) for 45 min followed by incubation with C3 (500 nM) for the indicated
time. Cells were lysed and subjected to western blot analysis using antibodies against
RhoA or B-actin. The ADP-ribosylation state of Rho from cells treated with C3 in the
absence or presence of dynasore was determined by the ADP-ribosylation assay. After C3
exoenzyme treatment with or without dynasore, the cells were lysed, and lysate proteins (4 D)
were subjected to an in vitro [*2P]-ADP-ribosylation assay with C3. [*2P]-ADP-ribosylated
RhoA is quantified densitometrically and normalized to the control level of non-modified
RhoA ((B) = HT22 cells, (D) = J774A.1 cells). Statistical differences between C3-treated
and control cells or C3-treated alone or in combination with dynasore were determined
using a two-sided Student’s t test (* p < 0.05; ** p <0.01).

3. Discussion

Little is known about the mode of internalization of C3 exoenzyme into cells. Nonspecific
pinocytosis was proposed as a mechanism of entry, as high concentrations of C3 and prolonged
incubation times are apparently needed [32]. A preliminary study indicates that Staphylococcus aureus
invades target cells and releases a C3-like exoenzyme into the cytosol [33]. Only one study reported a
selective uptake by macrophages through acidified early endosomes [34].

We investigated the mechanism of C3 uptake using different pharmacological inhibitors of
endocytosis and presented data that C3 exoenzyme is endocytosed by a mechanism that does not
depend strictly on the classic endocytotic pathway (Table 1 and Figure 7).



Toxins 2015, 7 388

Table 1. Effects of C3 uptake of the tested compounds. (—, no effect on the RhoA shift;
+, RhoA shift is delayed/faster or missing compared to the control).

Compound Mechanism HT22 J774A.1
Bafilomycin Al blocks endosomal acidification - -
Brefeldin A blocks protein trafficking - -
Methyl-B-cyclodextrin (MBCD) blocks caveolin-dependent endocytosis - -
Filipin blocks caveolin-dependent endocytosis - -
Nystatin blocks caveolin-dependent endocytosis - -
Chlorpromazine blocks clathrin-dependent endocytosis - -
Latrunculin B blocks actin polymerization - -
Nocodazole blocks polymerization of microtubules - -
Acrylamide interrupts vimentin filament network +
Dynasore blocks dynamin-dependent endocytosis +
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Figure 7. General cellular uptake mechanisms and their inhibition by drugs.

Several routes of endocytic uptake do exist in cells. The best characterized and intensively studied
pathway is clathrin-mediated endocytosis [35]. In addition, clathrin-independent endocytotic pathways
have been reported. Clathrin-independent endocytosis comprises multiple different mechanisms,
involving, for example, caveolins, dynamin, interleukin receptor 2, flotillin, Cdc42 or Arf6 [20,36].

By regulating the cellular pH balance, intracellular vacuolar H* ATPases are important for
intracellular trafficking, protein processing, translocation, degradation and the coupled transport of small
molecules and ions into cells [37-39]. Vacuolar H" ATPase inhibitor bafilomycin Al is a potential
inhibitor of endocytosis by inhibiting the acidification of organelles, such as endosomes and
lysosomes [40,41]. Bafilomycin A1l did not prevent the release of C3 into the cytosol of the studied cells,
neuronal HT22 cells, as well as J774A.1 macrophages. These results were supported by the
observation that extracellular acidification (mimicking the endosomal process) did not enhance the
uptake of C3 into cells. The data indicate that C3 does not require an acidic compartment for uptake.
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Our data are not in agreement with the recently published study reporting that acidic endosomes are
partially involved in the uptake and translocation of C3 into J774A.1 cells [34]. In that study, a
bafilomycin Al-mediated partial inhibition of C3 uptake into J774A.1 macrophages and human
promyelocytic leukemia HL-60 cells was shown. Surprisingly, the effect seems to depend on the
C3 concentration. At a high C3 concentration (2 jpg/mL = 85 nM), bafilomycin Al has almost no effect on
C3 uptake. In contrast, we did not detect any effect of bafilomycin, even at a low C3 concentration
(0.24 1g/mL = 10 nM). This discrepancy is surprising and can only be explained be the differences in
cell sub-clones.

The majority of endocytic mechanisms depend on free cholesterol in the membranes [42,43].
This form of endocytosis is often mediated by caveolae, which are non-clathrin-coated membrane
invaginations at the cell surface [44]. Based on their lipid composition, caveolae are considered to be
subtypes of lipid rafts [45] and are capable of mediating endocytosis [46]. Caveolae flatten or
disappear in cells that are depleted of cholesterol [45] and cause the inhibition of endocytosis.
Accordingly, treatment with methyl-beta-cyclodextrin (MBCD), a cholesterol trapping agent, should
result in reduced C3 uptake. However, we found that methyl-beta-cyclodextrin did not inhibit the
uptake of the C3 exoenzyme into HT22 and J774A.1. This result was supported by the finding that
neither nystatin nor filipin treatment protect cells from C3 entry. In addition, C3 uptake was not
affected by chlorpromazine, which is a known inhibitor of clathrin-dependent endocytosis [47].

By contrast, acrylamide disrupts the organization of the intermediate filament vimentin networks [27].
Binding of C3 depends on vimentin [48]. Therefore, the uptake of C3 in acrylamide pretreated cells
was examined. In fact, acrylamide caused a decrease in C3 uptake determined by gel-shift and RhoA
ADP-ribosylation assays. It is conceivable that acrylamide alters vimentin-driven endo-lysosomal
vesicle transport [49] and endocytotic uptake [50,51]. Recently, Bonfiglio and co-workers reported that
vimentin translocates to the membranes of HT22 cells and associates with dynamin to be in charge of
the internalization of the cortico-releasing hormone receptor-B-arrestin 2 complex [52]. Consistent with
these observations, we demonstrate that functional inhibition of dynamin by dynasore results in a
diminished uptake of C3 into neuronal HT22 cells. Unexplainably, the uptake of a C3 in macrophage-like
J774A.1 cells was slightly upregulated upon dynasore treatment. This result is in agreement with
earlier reports showing that treatment of J774 cells with 80 uM of dynasore resulted in upregulation in
endocytosis of transferrin-AF647, internalized mainly by dynamin- and clathrin-mediated endocytosis.
Moreover, dynasore at a concentration of 40-80 puM did upregulate the internalization of
lipopolysaccharide (LPS) (1000 ng/mL) by about 20%—-30% [53]. This discrepancy is probably based
on differences in motility. Macrophages are highly motile cells. These cells change their cell shape
very quickly and, therefore, their cytoskeleton and focal adhesion complexes. These dynamic processes
are accompanied by an increased endocytotic mechanism, so that proteins can be delivered to the cell
periphery. This mechanism is strictly regulated and certainly different in non-motile cells, like HT22 cells.

However, although the C3 uptake was clearly reduced by acrylamide and dynasore treatment, it
could not completely block the entry of C3 into cells. Therefore, C3 likely enters cells via an additional
uptake-pathway. Indeed, bacterial toxins recruit more than one uptake pathway, as for example
described for Shiga toxin [54] or for cholera toxin [55]. Shiga toxin, which binds to the glycolipid
receptor (Gb3) [56], can be efficiently endocytosed by clathrin-coated pits [57] and clathrin-independent
endocytosis [58].
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In summary, we demonstrated that internalization of the C3 exoenzyme occurs via an intermediate
filament- and dynamin-dependent mechanism and that this pathway of endocytosis participates in
C3 uptake, but it is not the only one that does.

4. Experimental Section
4.1. Cell Culture

Murine hippocampal HT22 cells were cultivated in Dulbecco’s modified essential medium
(Biochrom, +10% FCS, 1% penicillin, 100 units/mL streptomycin and 1 mM sodium pyruvate). J774A.1
mouse macrophages were cultivated in RPMI 1640 Medium (Biochrom; with 10% FCS, 1% penicillin,
100 units/mL streptomycin and 1 mM sodium pyruvate). Cells were maintained at 37 <C and 5% CO..
Upon subconfluence, cells were passaged.

Cholesterol depletion, which affects caveolae-mediated endocytosis, was carried out by pre-incubating
cells in 5 mM methyl-B-cyclodextrin (Sigma-Aldrich Chemie GmbH, Munich, Germany) for 20 min at
37 <C followed by incubation with 500 nM C3 for 6-24 h.

Bafilomycin Al (Sigma-Aldrich Chemie GmbH, Munich, Germany) was used to block the
endosomal acidification. HT22 or J774A.1 cells were pretreated with 100 nM bafilomycin Al and then
incubated with 500 nM C3 for 6 h at 37 <C. To test whether extracellular acidic conditions influence
the uptake of C3, cultivated cells were preincubated for 30 min at 37 <C with bafilomycin Al.
Thereafter, the medium at pH 7.5 or 5.0 containing bafilomycin plus the C3 exoenzyme was added to
the cells. After incubation of the cells for 10 min at 37 <C, fresh medium (37 <C, pH 7.5) containing
bafilomycin Al was added, and cells were further incubated for 4 or 6 h at 37 <C.

Dynamin inhibitor dynasore was from Sigma (Sigma-Aldrich Chemie GmbH, Munich, Germany).
Cells were pretreated with 60 UM dynasore for 45 min, followed by incubation with 500 nM C3 for 14 h.
Acrylamide (Sigma-Aldrich Chemie GmbH, Munich, Germany) was used to disrupt the intracellular
vimentin network. Five millimolar acrylamide was applied to HT22 or J774A.1 cells for 1 h, followed
by incubation with 500 nM C3 for the indicated time.

Further commercially-obtained compounds—~brefeldin A (10 pM), nystatin (100 pg/mL) and filipin
(3 g/mL)—were from Sigma (Sigma-Aldrich Chemie GmbH, Munich, Germany), and chlorpromazine
(5 mg/mL), nocodazole (20 M) and latrunculin B (4 g/mL) were from Merck (Merck Millipore
KGaA, Darmstadt, Germany). For inhibitory experiments, serum-free medium was used.

The morphological changes of treated cells were analyzed by phase-contrast microscopy using a
Zeiss Axiovert 200 M (Zeiss Axioplan, Zeiss, Oberkochem, Germany).

4.2. Expression and Purification of Recombinant C3 Protein

C3bot from Clostridium botulinum (Accession No. X59039) was expressed as recombinant
GST-fusion protein in E. coli TG1 harboring the respective DNA fragment in the plasmid, pGEX-2T,
and purified by affinity chromatography using glutathione-sepharose. The fusion protein was eluted
from the beads using glutathione [7].
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4.3. Western Blot Analysis

Complete lysate proteins were separated using sodium dodecylsulfate polyacrylamide gel
electrophoresis (SDS-PAGE) (Cti-Chemie u. Werkstoff-Technik GmbH, Idstein, Germany) and
subsequently transferred onto nitrocellulose membranes by a tank blot system. The membranes were
blocked with 5% (w/v) nonfat dried milk for 60 min; incubation with primary antibody was conducted
overnight at 4 <C and treatment with the secondary antibody at room temperature for 1 h. For western
blot analysis, the following primary antibodies were used: RhoA was identified using a mouse
monoclonal IgG from Santa Cruz Biotechnologies (Santa Cruz, CA, USA). Identification of C3 was
achieved by a rabbit polyclonal antibody (affinity purified), which was raised against the full-length
toxin, C3bot (Accession No. CAA41767). Actin (Sigma-Aldrich Chemie GmbH, Munich, Germany)
was used as the loading control. For the chemiluminescence reaction, electrochemiluminescence
(ECL) Femto (Pierce, Thermo Fisher Scientific Inc., Rockford, IL, USA) was used. All signals were
analyzed densitometrically using the KODAK 1D software (KODAK GmbH, Stuttgart, Germany) and
normalized to B-actin signals.

4.4. Immunocytochemistry

Cells seeded on cover slips were washed with PBS and subsequently fixed in 4% formaldehyde in
phosphate-buffered saline (PBS) (pH 7.4) at room temperature for 15 min. Cells were then washed and
permeabilized with 0.3% (w/v) Triton X-100 in PBS supplemented with 5% BSA. Tubulin was stained
by a-tubulin antibody (YL 1/2, Linaris Biologische Produkte GmbH, Dossenheim, Germany) and
Alexa 488-conjugated secondary antibody (Life Technologies GmbH, Darmstadt, Germany) for 1 h at
room temperature. Actin staining was performed using rhodamine-conjugated phalloidin (Sigma-Aldrich
Chemie GmbH, Munich, Germany) for 30 min at room temperature. Then, a 0.1 pg/mL solution of
DAPI (Serva Electrophoresis GmbH, Heidelberg, Germany) in phosphate-buffered saline supplemented
with 0.1% (w/v) Tween-20 was used for nuclei staining for 15 min at 37 <C. Cells were analyzed by
confocal laser scanning microscopy using a Leica TCS SL microscope (Leica Mikrosysteme Vertrieb
GmbH, Wetzlar, Germany).

4.5. Confocal Laser Scanning Microscopy

For image acquisition, a Leica TCS SL confocal laser scanning microscope (Leica Mikrosysteme
Vertrieb GmbH, Wetzlar, Germany) using a 63> oil immersion objective was used. Fluorescent dyes
were excited at a wavelength of 488 nm (green fluorescence), 543 nm (red fluorescence) and 405 nm
(blue fluorescence), respectively. Images were captured at a resolution of 1024 <1024 pixels.

4.6. ADP-Ribosylation of Rho in Murine Cells

To verify the effectiveness of ADP-ribosylation of Rho by C. botulinum exoenzyme C3, the
cultivated cells were either left untreated or were incubated with 500 nM C3 for 6 h. The cells were
then washed with NaCl/Pi and scraped into 100 L of lysis buffer (20 mM Tris/HCI (pH 7.4), 1% Triton
X-100, 10 mM NaCl, 5 mM MgCI2, 1 mM phenylmethanesulfonyl fluoride, 5 mM dithiothreitol).
The obtained suspension was shaken at 37 <C for 10 min. Ultrasonic disruption was performed using a
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cycle of 10x5 s, 5% 10% sonic energy with a sonotrode (Bandelin Electronic). Protein concentrations
were measured by the Bradford method. Cell lysates containing equal amounts of protein were
incubated with 1000 nM recombinant C. botulinum exoenzyme C3 and 1 pCi [*P]NAD (Amersham
Life Sciences, Arlington Heights, IL, USA) in 20 L of 4xbuffer containing 50 mM HEPES (pH 7.3),
10 mM MgClz, 10 mM dithiothreitol, 10 mM thymidine and 10 pM NAD at 37 <C for 20 min.
The reaction was terminated by the addition of Laemmli sample buffer and then incubated at 95 <C for
10 min. Samples were resolved by SDS/PAGE on 15% gels, and the ADP-ribosylated Rho was
analyzed by phosphorimaging (Cyclone, Packard American Instrument, Haverhill, MA, USA).

4.7. Reproducibility of the Experiments and Statistics

All experiments were performed independently at least three times. Results from representative
experiments are shown in the figures.
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Author Contributions

Astrid Rohrbeck: the concept of the study, performed experiments, wrote the manuscript.
Leonie von Elsner: performed the experiments. Sandra Hagemann: performed the experiments.
Ingo Just: the concept of the study, wrote the manuscript.

Conflicts of Interest
The authors declare that they have no competing interests.
References

1. Aktories, K.; Frevert, J. ADP-ribosylation of a 21-24 kDa eukaryotic protein(s) by C3, a novel
botulinum ADP-ribosyltransferase, is regulated by guanine nucleotide. Biochem. J. 1987, 247,
363-368.

2. Just. I.; Selzer, J.; Jung, M.; van Damme, J.; Vandekerckhove, J.; Aktories, K. Rho-ADP-ribosylating
exoenzyme from Bacillus cereus. Purification, characterization, and identification of the NAD-binding
site. Biochemistry 1995, 34, 334-340.

3. Wilde, C.; Chhatwal, G.S.; Schmalzing, G.; Aktories, K.; Just, I. A Novel C3-like
ADP-ribosyltransferase from Staphylococcus aureus Modifying RhoE and Rnd3. J. Biol. Chem.
2001, 276, 9537-9542.

4. Wilde, C.; Vogelsgesang, M.; Aktories, K. Rho-specific Bacillus cereus ADP-Ribosyltransferase
C3cer cloning and characterization. Biochemistry 2003, 42, 9694-9702.

5. Wilde, C.; Genth, H.; Aktories, K.; Just, I. Recognition of RhoA by Clostridium botulinum C3
exoenzyme. J. Biol. Chem. 2000, 275, 16478-16483.

6. Sekine, A.; Fujiwara, M.; Narumiya, S. Asparagine residue in the rho gene product is the
modification site for botulinum ADP-ribosyltransferase. J. Biol. Chem. 1989, 264, 8602—8605.



Toxins 2015, 7 393

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Wiegers, W.; Just, I.; Mdler, H.; Hellwig, A.; Traub, P.; Aktories, K. Alteration of the
cytoskeleton of mammalian cells cultured in vitro by Clostridium botulinum C2 toxin and C3
ADP-ribosyltransferase. Eur. J. Cell Biol. 1991, 54, 237-245.

Rohrbeck, A.; Kolbe, T.; Hagemann, S.; Genth, H.; Just, I. Distinct biological activities of C3 and
ADP-ribosyltransferase-deficient C3-E174Q. FEBS J. 2012, 279, 2657-2671.

Hdtje, M.; Just, I.; Ahnert-Hilger, G. Clostridial C3 proteins: Recent approaches to improve
neuronal growth and regeneration. Ann. Anat. 2011, 193, 314-320.

Popoff, M.R.; Hauser, D.; Boquet, P.; Eklund, M.W.; Gill, D.M. Characterization of the C3 gene
of Clostridium botulinum types C and D and its expression in Escherichia coli. Infect. Immun.
1991, 59, 3673-3679.

Han, S.; Arvai, A.S.; Clancy, S.B.; Tainer, J.A. Crystal structure and novel recognition motif of
rho ADP-ribosylating C3 exoenzyme from Clostridium botulinum: Structural insights for
recognition specificity and catalysis. J. Mol. Biol. 2001, 305, 95-107.

Rotsch, J.; Rohrbeck, A.; May, M.; Kolbe, T.; Hagemann, S.; Schelle, I.; Just, I.; Genth, H.;
Huelsenbeck, S. Inhibition of macrophage migration by C. botulinum exoenzyme C3. Naunyn.
Schmiedebergs. Arch. Pharmacol. 2012, 385, 883-890.

Ahnert-Hilger, G.; Hdtje, M.; Grof®, G.; Pickert, G.; Mucke, C.; Nixdorf-Bergweiler, B.;
Boquet, P.; Hofmann, F.; Just, 1. Differential effects of Rho GTPases on axonal and dendritic
development in hippocampal neurones. J. Neurochem. 2004, 90, 9-18.

Abrami, L.; Bischofberger, M.; Kunz, B.; Groux, R.; van der Goot, F.G. Endocytosis of the anthrax
toxin is mediated by clathrin, actin and unconventional adaptors. PLoS Pathog. 2010, 6, e1000792.
Papatheodorou, P.; Zamboglou, C.; Genisyuerek, S.; Guttenberg, G.; Aktories, K. Clostridial
glucosylating toxins enter cells via clathrin-mediated endocytosis. PLoS One 2010, 5, e10673.
Krishnan, M.; Kannan, T.R.; Baseman, J.B. Mycoplasma pneumoniae CARDS Toxin Is Internalized
via Clathrin-Mediated Endocytosis. PLoS One 2013, 8, €62706.

Mettlen, M.; Pucadyil, T.; Ramachandran, R.; Schmid, S.L. Dissecting dynamin’s role in
clathrin-mediated endocytosis. Biochem. Soc. Trans. 2009, 37, 1022—1026.

Papini, E.; Rappuoli, R.; Murgia, M.; Montecucco, C. Cell penetration of diphtheria toxin:
Reduction of the interchain disulfide bridge is the rate-limiting step of translocation in the cytosol.
J. Biol. Chem. 1993, 268, 1567-1574.

Lemichez, E.; Bomsel, M.; Devilliers, G.; van der Spek, J.; Murphy, J.; Lukianov, E.; Olsnes, S.;
Boquet, P. Membrane translocation of diphtheria toxin fragment A exploits early to late endosome
trafficking machinery. Mol. Microbiol. 1997, 23, 445-457.

Doherty, G.J.; McMahon, H.T. Mechanisms of endocytosis. Annu. Rev. Biochem. 2009, 78, 857-902.
Orlandi, P.A.; Fishman, P.H. Filipin-dependent inhibition of cholera toxin: Evidence for toxin
internalization and activation through caveolae-like domains. J. Cell Biol. 1998, 141, 905-915.
Pang, H.; Le, P.U.; Nabi, I.R. Ganglioside GM1 levels are a determinant of the extent of
caveolae/raft-dependent endocytosis of cholera toxin to the Golgi apparatus. J. Cell Sci. 2004,
117, 1421-1430.

Gibert, M.; Monier, M.N.; Ruez, R.; Lamaze, C.; Popoff, M. Endocytosis and toxicity of
clostridial binary toxins depend on a clathrin-independent pathway regulated by Rho-GDI.
Cell. Microbiol. 2011, 13, 154-170.


http://link.springer.com/search?facet-author=%22Tanja+Kolbe%22
http://link.springer.com/search?facet-author=%22Sandra+Hagemann%22
http://link.springer.com/search?facet-author=%22Ilona+Schelle%22
http://link.springer.com/search?facet-author=%22Ingo+Just%22
http://link.springer.com/search?facet-author=%22Harald+Genth%22
http://link.springer.com/search?facet-author=%22Stefanie+C.+Huelsenbeck%22

Toxins 2015, 7 394

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bowman, E.J.; Siebers, A.; Altendorf, K. Bafilomycins: A class of inhibitors of membrane ATPases
from microorganisms, animal cells, and plant cells. Proc. Natl. Acad. Sci. USA 1988, 85, 7972—7976.
Giesemann, T.; Jank, T.; Gerhard, R.; Aktories, K. Cholesterol-dependent pore formation of
Clostridium difficile toxin A. J. Biol. Chem. 2006, 281, 10808-10815.

Sager, P.R. Cytoskeletal effects of acrylamide and 2,5-hexanedione: selective aggregation of
vimentin filaments. Toxicol. Appl. Pharmacol. 1989, 97, 141-155.

Eckert, B.S. Alteration of intermediate filament distribution in PtK1 cells by acrylamide. Eur. J.
Cell Biol. 1985, 37, 169-174.

Eckert, B.S. Alteration of the distribution of intermediate filaments in PtK1 cells by acrylamide.
I1: Effect on the organization of cytoplasmic organelles. Cell Motil. Cytoskelet. 1986, 6, 15-24.
Chardin, P.; McCormick, F. Brefeldin A: The advantage of being uncompetitive. Cell 1999, 97,
153-155.

Macia, E.; Ehrlich, M.; Massol, R.; Boucrot, E.; Brunner, C.; Kirchhausen, T. Dynasore,
a Cell-Permeable Inhibitor of Dynamin. Dev. Cell 2006, 10, 839-850.

Newton, A.J.; Kirchhausen, T.; Murthy, V.N. Inhibition of dynamin completely blocks
compensatory synaptic vesicle endocytosis. Proc. Natl. Acad. Sci. USA 2006, 103, 17955-17960.
Aktories, K.; Schmidt, G.; Just, I. Rho GTPases as Targets of Bacterial Protein Toxins.
Biol. Chemistry 2000, 381, 421-426.

Molinari, G.; Rohde, M.; Wilde, C.; Just, I.; Aktories, K.; Chhatwal, G.S. Localization of the
C3-like ADP-ribosyltransferase from Staphylococcus aureus during baterial invasion of mammalian
cells. Inf. Immun. 2006, 74, 3673-3677.

Fahrer, J.; Kuban, J.; Heine, K.; Rupps, G.; Kaiser, E.; Felder, E.; Benz, R.; Barth, H. Selective
and specific internalization of clostridial C3 ADP-ribosyltransferases into macrophages and
monocytes. Cell Microbiol. 2010, 12, 233-247.

Traub, L.M. Tickets to ride: Selecting cargo for clathrin-regulated internalization. Nat. Rev. Mol.
Cell Biol. 2009, 10, 583-596.

Grant, B.D.; Donaldson, J.G. Pathways and mechanisms of endocytic recycling. Nat. Rev. Mol.
Cell Biol. 2009, 10, 597-608.

Nishi, T.; Forgac, M. The vacuolar (H*)-ATPases—Nature’s most versatile proton pumps.
Nat. Rev. Mol. Cell Biol. 2002, 3, 94-103.

Torigoe, T.; lzumi, H.; Ise, T.; Murakami, T.; Uramoto, H.; Ishiguchi, H.; Yoshida, Y.; Tanabe,
M.; Nomoto, M.; Kohno, K. Vacuolar H(*)-ATPase: Functional mechanisms and potential as a
target for cancer chemotherapy. Anticancer Drugs 2002, 13, 237-243.

Forgac, M. Vacuolar ATPases: Rotary proton pumps in physiology and pathophysiology. Nat.
Rev. Mol. Cell Biol. 2007, 8, 917-929.

Bowman, E.J.; Graham, L.A.; Stevens, T.H.; Bowman, B.J. The bafilomycin/concanamycin
binding site in subunit ¢ of the V-ATPases from Neurospora crassa and Saccharomyces
cerevisiae. J. Biol. Chem. 2004, 279, 33131-33138.

Hong, J.; Nakano, Y.; Yokomakura, A.; Ishihara, K.; Kim, S.; Kang, Y.S.; Ohuchi, K. Nitric oxide
production by the vacuolar-type (H*)-ATPase inhibitors bafilomycin Al and concanamycin A and
its possible role in apoptosis in RAW 264.7 cells. J. Pharmacol. Exp. Ther. 2006, 319, 672-681.


http://www.jbc.org/search?author1=Klaus+Aktories&sortspec=date&submit=Submit

Toxins 2015, 7 395

42.

43.

44,
45.
46.
47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Naslavsky, N.; Weigert, R.; Donaldson, J.G. Characterization of a nonclathrin endocytic pathway:
Membrane cargo and lipid requirements. Mol. Biol. Cell 2004, 15, 3542—3552.

Eyster, C.A.; Higginson, J.D.; Porat-shliom, N.; Weigert, R.; Wu, W.W.; Shen, R,
Donaldson, J.G. Discovery of new cargo proteins that enter cells through clathrin-independent
endocytosis. Traffic 2009, 10, 590-599.

Rothberg, K.G.; Heuser, J.E.; Donzell, W.C.; Ying, Y.S.; Glenney, J.R.; Anderson, R.G.
Caveolin, a protein component of caveolae membrane coats. Cell 1992, 68, 673-682.

Simons, K.; Toomre, D. Lipid rafts and signal transduction. Nat. Rev. Mol. Cell Biol. 2000, 1, 31-39.
Pelkmans, L.; Helenius, A. Endocytosis via caveolae. Traffic 2002, 3, 311-320.

Wang, L.H.; Rothberg, K.G.; Anderson, R.G.W. Mis-assembly of clathrin lattices on endosomes
reveals a regulatory switch for coated pit formation. J. Cell Biol. 1993, 123, 1107-1117.
Rohrbeck, A.; Schrcler, A.; Hagemann, S.; Pich, A.; Hdtje, M.; Ahnert-Hilger, G.; Just, I.
Vimentin mediates uptake of C3bot exoenzyme. PLoS One 2014, 9, e101071.

Styers, M.L.; Salazar, G.; Love, R.; Peden, A.A.; Kowalczyk, A.P.; Faundez, V. The endo-lysosomal
sorting machinery interacts with the intermediate filament cytoskeleton. Mol. Biol. Cell 2004, 15,
5369-5382.

Thomas, E.K.; Connelly, R.J.; Pennathur, S.; Dubrovsky, L.; Haffar, O.K.; Bukrinsky, M.I.
Anti-idiotypic antibody to the V3 domain of gpl20 binds to vimentin: A possible role of
intermediate filaments in the early steps of HIV-1 infection cycle. Viral Immunol. 1996, 9, 73-87.
Risco, C.; Rodriguez, J.R.; Lopez-Iglesias, C.; Carrascosa, J.L.; Esteban, M.; Rodriguez, D.
Endoplasmic reticulum-Golgi intermediate compartment membranes and vimentin filaments
participate in vaccinia virus assembly. J. Virol. 2002, 76, 1839-1855.

Bonfiglio, J.J.; Inda, C.; Senin, S. B-Raf and CRHR1 internalization mediate biphasic ERK1/2
activation by CRH in hippocampal HT22 Cells. Mol. Endocrinol. 2013, 27, 491-510.

Czerkies, M.; Borzecka, K.; Zdioruk, M.I.; Ptociennikowska, A.; Sobota, A.; Kwiatkowska, K. An
interplay between scavenger receptor A and CD14 during activation of J774 cells by high
concentrations of LPS. Immunobiology 2013, 218, 1217-1226.

Lauvrak, S.U.; Torgersen, M.L.; Sandvig, K. Efficient endosome-to-Golgi transport of Shiga toxin
is dependent on dynamin and clathrin. J. Cell Sci. 2004, 117, 2321-2331.

Kirkham, M.; Fujita, A.; Chadda, R.; Nixon, S.J.; Kurzchalia, T.V.; Sharma, D.K.; Pagano, R.E.;
Hancock, J.F.; Mayor, S.; Parton, R.G. Ultrastructural identification of uncoated caveolin-independent
early endocytic vehicles. J. Cell Biol. 2005, 168, 465-476.

Sandvig, K.; Olsnes, S.; Brown, J.E.; Petersen, O.W.; van Deurs, B. Endocytosis from coated pits of
Shiga toxin: A glycolipid-binding protein from Shigella dysenteriae 1. J. Cell Biol. 1989, 108, 1331-1343.
Sandvig, K.; van Deurs, B. Endocytosis, intracellular transport, and cytotoxic action of Shiga
toxin and ricin. Physiol. Rev. 1996, 76, 949-966.

Sandvig, K.; Grimmer, S.; Lauvrak, S. Pathways followed by ricin and Shiga toxin into cells.
Histochem. Cell Biol. 2002, 117, 131-141.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).



