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Clostridium difficile toxins A and B are major virulence fac-
tors responsible for induction of pseudomembranous colitis and
antibiotic-associated diarrhea in men. The toxins possess a
multidomain structure and only the N-terminal glucosyl-
transferase domain, which inactivates Rho GTPases by glu-
cosylation, is translocated into the cytosol of target cells.
Processing of the toxin occurs by autocatalytic cleavage and is
activated by inositol hexakisphosphate (InsP¢). Here we studied
the inherent protease activity in fragments of toxin B and deter-
mined the site of toxin B that interacts with InsP,. We report
that a fragment of toxin B, comprised of residues 1-955, is
cleaved in the presence of InsP¢. In contrast, mutants of the
catalytic triad of the putative cysteine protease domain did not
cleave this fragment. [*H]InsP4 bound to holotoxin B and to the
fragment 1-955, but not to a fragment comprising residues
900-2366 or the glucosyltransferase domain (residues 1-544).
Binding to the putative cysteine protease domain (residues
544 -955) was also observed. InsP¢-binding was specific and sat-
urable. Isothermal titration calorimetry revealed a K, value of
2.4 pM for binding of InsP to toxin fragment 544 —955 with a
stoichiometry factor of 0.86. Lysine 600 of toxin B was identified
as essential amino acid for InsP¢ binding and for InsP-depend-
ent activation of the protease activity.

Clostridium difficile toxins A and B are the causative agents
of pseudomembranous colitis. In even more cases, the toxins
are responsible for antibiotic-associated diarrhea, which is a
frequent complication occurring during or after therapy with
antibiotics (1-3). Both toxins belong to the family of clostridial
glucosylating toxins, which inactivate eukaryotic GTPases of
the Rho family by attachment of glucose (4, 5). The C. difficile
toxins A and B are multifunctional proteins with molecular
masses of 269 and 308 kDa (5-7). After binding of the C termi-
nus to the cell surface receptors of target cells (8, 9), the toxins
are endocytosed and traffic to early endosomes (10, 11). The
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acidic compartment causes conformational changes of the
toxin molecule and allows insertion of an internally located
hydrophobic region (residues 956—1128) into vesicle mem-
branes (12—14), which is accompanied by pore formation and
subsequent translocation into the cytosol (15, 16). Only the
N-terminal glucosyltransferase domain (17), consisting of
~540 amino acid residues, is released into the cytosol of target
cells (18, 19), where it then modifies Rho GTPases (4). Cleavage
of the toxins occurs by an autocatalytic process, which is largely
enhanced by inositol hexakisphosphate (InsP,)?> and dithio-
threitol (12, 14).

It has been proposed previously that an aspartate protease
activity, which is characterized by the DSG motif located at
position 1665, is involved in autocatalytic cleavage (12). How-
ever, we and others (13, 14) have proposed that a cysteine pro-
tease domain located near the N-terminal glucosyltransferase
domain is responsible for the cleavage and processing of the
toxins.

To clarify the localization of the protease activity in more
detail, we constructed and characterized a series of toxin dele-
tion mutants. Here we report that the toxin fragment 1-955 is
sufficient for processing and release of the glucosyltransferase
domain. Moreover, we show that InsP binds to a region, con-
sisting of amino acids 544 —955 and identified lysine at position
600 as essential for interaction with InsP.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Reagents—Escherichia coli BL21(DE3)
(Invitrogen, Karlsruhe, Germany) and TGI1 bacteria (Strat-
agene, La Jolla, CA) were cultivated in LB-broth (Luria/Miller;
Carl Roth GmbH, Karlsruhe, Germany) at 37 °C if not other-
wise mentioned.

Oligonucleotides were purchased from Apara Bioscience
GmbH (Freiburg, Germany). Toxin B specific primers for
site-directed mutagenesis to generate the following amino
acid substitutions: K600E, K689E, R751E/R752E, and
H653A/C698A, were designed according to the cDNA
sequence of toxin B from C. difficile strain VPI 10463 (Gen-
Bank™ Accession no. X53138).

Inositol hexakisphosphate, myo-inositol 1,4,5-trisphos-
phate, myo-inositol hexasulfate, proteinase K, and thrombin
were purchased from Sigma-Aldrich, benzamidine-Sepharose

2 The abbreviations used are: InsP, inositol hexakisphosphate; GST, glutathi-
one S-transferase; GTPyS, guanosine 5'-3-O-(thio)triphosphate; RTX,
repeats-in-toxin toxin.
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6B and glutathione-Sepharose 4B from GE Healthcare/Amer-
sham (Munich, Germany), isopropyl B-p-thiogalactoside from
PeqLab Biotechnology GmbH (Erlangen, Germany), and
guanosine-5'-O-(3-thiotriphosphate) from Roche Applied Sci-
ence GmbH (Mannheim, Germany).

Cloning of Toxin B Fragments—For toxin B fragments
1-955, 544-955, and 579-777 primers were designed to
amplify fragments of C. difficile toxin B with flanking BamHI
and Notl restriction sites from genomic DNA of C. difficile
VPI 10463 (toxinB-1-BamHI-sense (cccggatccatgagtttagtta-
atagaaaacag), toxinB-544-BamHI-sense (cggatccggtgaagatg-
ataatcttg) and toxinB-955-Notl-antisense (cgcggccgcttegtg-
tgtagtatctaaatttac); toxinB-579-BamHI-sense (cggatccca-
ctatattgttcagttacaagg) and toxinB-777-Notl-antisense-stop
(cgcggecegctcattcttttgatgaaatatcatttataatactttc). PCR - was
performed by using Pfu Turbo polymerase (Fermentas
GmbH, St. Leon-Rot, Germany), and the PCR products
were cloned into pCR-BluntlI-TOPO vector (Invitrogen,
Karlsruhe, Germany), then subcloned into pET-28a(+)
(Novagen, EMD Biosciences) as BamHI-Notl fragments.

Primers for amplification of toxin B fragment 544 —2366 and
toxin B fragment 900-2366 were toxinB-544-BamHI-sense
(cggatccggtgaagatgataatcttg) and  toxinB-2366-EcoRI-anti-
sense (gaattcctattcactaatcactaattg), and toxinB-900-BamHI-
sense (cggatcctttattaataaagaaactggagaatc) and toxinB-2366-
Xhol-antisense (cctcgagctattcactaatcactaattg), respectively.
The generated PCR products were cloned into pGEX4T-1 vec-
tor (toxin B-(544.-2366)) and pGEX2T vector (toxin B-(900 -
2366)) (Amersham Biosciences). Toxin B fragment 1-544 was
cloned as already described (14, 18, 20).

Generation of Point Mutations within the Recombinant Toxin
B-(1-955) and Toxin B-(544-955)—Point mutations within
pET-28a toxin B-(1-955) and pET-28a toxin B-(544—955) were
produced using QuikChange mutagenesis method (Stratagene)
according to the manufacturer’s instructions. Plasmid DNA
was prepared using standard procedures and sequenced with
ABI PRISM™ dye terminator cycle sequencing ready reaction
kit and an ABI 310 cycle sequencer (PerkinElmer Life Sciences,
Rodgau-Jiigesheim, Germany) to confirm gene sequence.

Expression and Purification of Native and Recombinant
Proteins—For purification of the native toxins A and B, C. dif-
ficile VPI 10463 was grown under anaerobic conditions, and the
proteins were separated by ammonium sulfate precipitation
from the culture supernatant. Toxin A and toxin B were sepa-
rated by anion exchange chromatography (21). Toxin A was
additionally purified by thyroglobulin affinity chromatography,
based on the high affinity of the toxin to Galal-3GalB1-
4GlcNac (22). All recombinant proteins were expressed in
E. coli BL21(DE3). Toxin B-(1-955), toxin B-(544—955) and
toxin B-(579-777) transformed E. coli cells were induced at
Agoo = 1 with 1 mm isopropyl-1-thio-B-p-galactopyranoside
and the His fusion proteins were expressed for 3 h at 29 °C.
Purification was performed by affinity chromatography with
Protino®-Ni-IDA (Macherey-Nagel GmbH & Co. KG, Diiren,
Germany), according to the manufacturer’s instructions. The
glutathione S-transferase fusion proteins toxin B-(1-543),
toxin B-(544—-2366), and toxin B-(900-2366) were expressed
overnight at 29 °C after induction at A4,, = 0.6—0.8 with 200

3390 JOURNAL OF BIOLOGICAL CHEMISTRY

M isopropyl-1-thio-B-p-galactopyranoside. The recombinant
GST fusion proteins were purified using glutathione-Sepharose
4B according to the manufacturer’s instructions. N-terminal
His and GST tags were removed by thrombin cleavage, fol-
lowed by inactivation of thrombin utilizing benzamidine beads.
Note E. coli-expressed toxin B-(544—955) had an N-terminal
and a C-terminal His tag; only the N-terminal His-tag was
cleaved (toxin B-(544—955)-His).

Toxin B-(1-955) and toxin B-(544—955)-His wild-type pro-
tein and mutants were additionally purified by anion exchange
chromatography (Resource™ Q, Amersham Biosciences) and
gel filtration (SuperdexTM 200, Amersham Biosciences),
respectively. Proteins were analyzed by SDS-PAGE and
MALDI-TOF. Concentrations of different protein preparations
were estimated by the Bradford reagent (supplemental Fig. S1).

In Vitro Cleavage Assay and Western Blotting—Cleavage
assays were performed in 100 mm Tris-HCI buffer, pH 7.5, at a
final volume of 20 ul with 1 ug of toxin B. Reactions were
initiated by addition of InsP, or InsSg at indicated final concen-
trations and were incubated for 30 min at 23 °C. The reaction
was stopped by heating the samples at 95 °C in Laemmli buffer,
and probes were separated by SDS-PAGE (3—-12% gradient gel).
Proteins were transferred to polyvinylidene difluoride mem-
brane with a semi-dry blotter (Bio-Rad). Monoclonal anti-toxin
B-(1-546) antibody at a dilution of 1:100,000 followed by the
anti-mouse IgG horseradish peroxidase secondary antibody
(1:5000; Biotrend, Cologne, Germany) was used for detection of
the catalytic domain of toxin B. Corresponding bands were
detected using enhanced chemiluminescence (ECL).

In Vitro Transcription/Translation of Toxin B Fragments—
The in vitro transcription/translation was performed with
EasyXpress'™ Protein Synthesis Kit (Qiagen, Hilden, Ger-
many) using radioactive labeled L-['*C]leucine (PerkinElmer
Life Sciences) according to the manufacturer’s instructions.
Following a 60-min incubation at 37 °C, 10 ul of the lysate
were incubated with or without 10 mm InsP¢ for 30 min at
23 °C. Samples were separated by SDS-PAGE and labeled
proteins visualized by autoradiography (Phosphorimager,
GE Healthcare).

Filter Binding Assay with Radioactive Labeled [PH]InsP,—
Binding of [PH]InsP4 (PerkinElmer Life Sciences) was assayed
in 100 mm Tris-HCI buffer, pH 7.5, with a mixture of 100 nm
[®H]InsP, and 29.9 um unlabeled InsP, and 0.5 uM protein.
Additionally, 50 ug of bovine serum albumin was added to all
samples with toxins and toxin fragments. After incubation for
10 min at 4 °C, reactions were terminated by rapid vacuum
filtration through pre-wetted 0.45 wm nitrocellulose mem-
branes (Whatman GmbH, Dassel, Germany) followed by wash-
ing with 3 ml of 100 mm Tris-HCI buffer to separate free and
bound [*H]InsP,. Membrane-bound radioactivity was deter-
mined by liquid scintillation counting. For saturation assays,
toxin B fragment (544 —955)-His (0.5 uM) was incubated with
increasing concentrations of InsP for 10 min at 4 °C. Bound
[®H]InsP4 was measured as described above. For competition
assays 0.5 uM toxin B fragment 1-955 H653A/C698A was incu-
bated with 100 nm [H]InsP, for 10 min at 4 °C. Specific binding
of [’H]InsP, to toxin B fragments was challenged with different
concentrations of unlabeled InsPg, inositol hexakissulfate
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FIGURE 1. InsP¢-dependent autocatalytic processing of toxin B. Toxin B fragments encompassing amino
acids 1-955 (wild-type and catalytic triad mutants, as indicated) were produced by coupled in vitro transcrip-
tion/translation as L-["*Clleucine-labeled proteins. A, InsP¢ was added at increasing concentrations (0~10 mm)
to the wild-type toxin-containing lysate and autocatalytic processing was monitored by SDS-PAGE followed by
autoradiography. The expected fragments (full-length: amino acid 1-955 (110 kDa), split products: amino acid
1-543 (63 kDa) and amino acid 544 -955 (47 kDa)) are indicated by arrows. B, inhibition of autocatalytic cleav-
age by mutation of essential residues of the catalytic triad even in the presence of high concentration of InsP¢
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FIGURE 2. Binding of [*HlInsP, to recombinant fragments of toxin B and
native holotoxins A and B. A, overview of the multidomain primary struc-
ture of C. difficile toxin B (holotoxin) with glucosyltransferase domain (GT),
cysteine protease domain (CPD), hydrophobic region (HR), and C-terminal
receptor-binding region indicated. B, corresponding recombinant toxin B
fragments utilized in filter binding assays. C, 0.5 um of the indicated proteins
were incubated for 10 min with [*H]InsPg (30 um) at 4 °Cin a total volume of 50
wl. Thereafter, the mixture was rapidly filtered through nitrocellulose mem-
branes as described under “Experimental Procedures.” Bound radioactivity
was monitored by liquid scintillation counting. Data (cpm) are given as
means = S.E. from at least five independent experiments. Toxin A, C. difficile
holotoxin A; toxin B, C. difficile holotoxin B; toxin B (544-2366; 900-2366;
1-955 wild-type (wt); 1-955 catalytic amino acid mutant (H/C); 544 -955-His;
579-777; 1-543), recombinant C. difficile toxin B fragments, consisting of the
indicated amino acid residues of toxin B; buffer control (white bar), control
with buffer; InsPg control (gray bar), control without toxin or toxin fragments;
BSA, control with 50 ug bovine serum albumin; thrombin, control with
thrombin.

(InsSy), inositol trisphosphate (InsP;) and GTPvS by further
incubation for 30 min at 4 °C. Bound [*H]InsP, was measured
as described above.

Isothermal Titration Calorimetry—The interaction between
InsP, and toxin B fragment (544 —955)-His was characterized
by isothermal titration calorimetry (ITC200, MicroCal, Milton
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into the cell filled with buffer only.
For data evaluation, the manufac-
turer’s software was used.

Proteinase K Digestion Assay—
Toxin B fragment 544 —955 and the
mutant toxin B-(544-955)-K600E
were expressed with TNT®-coupled
Reticulocyte Lysate Systems from
Promega (Madison, WI) by using
radioactive labeled L-[**C]leucine (PerkinElmer Life Sciences).
Following 90 min of incubation at 30 °C, 3 ul of the lysate were
incubated with or without 10 mMm InsP6 for 30 min at 23 °C.
Digestion was performed with proteinase K (25 pg/ml) at 4 °C
for 10 min and was inhibited with phenylmethanesulfonyl flu-
oride for 2 min at 4 °C. Samples were separated by SDS-PAGE,
and gels were stained with Coomassie Brilliant Blue. Signals
were visualized by autoradiography.

RESULTS

We expressed the C. difficile toxin B fragment 1-955 by in
vitro transcription/translation. When InsP, was added to this
toxin fragment, cleavage was induced (Fig. 1A). As expected,
mutations (D587N, H653A, C698A) of the putative catalytic
cysteine protease triad inhibited cleavage of mutants (Fig. 1B).
The concentration of InsP, to stimulate autocleavage was in the
same range as observed previously for autocatalytic cleavage of
the holotoxin (12) starting at ~1 um. These data indicated that
InsP, acts in a region encompassed by amino acids 1-955.

Because of the evident potency of InsPg to cleave toxin B, we
were prompted to study direct binding of InsP, to the protein
toxin. For this purpose several toxin fragments, as well as the
holotoxin B (see Fig. 2, A and B; supplemental Fig. S1) were
incubated for 10 min with 30 um [*H]InsPy, followed by a mem-
brane filter assay. Binding of [?H]InsP, was observed for the
wild-type toxin fragment 1-955 (Fig. 2C) as well as for the holo-
toxin B albeit to a lower extent than with fragment 1-955. We
were not able to detect binding to holotoxin A. This is probably
because of the fact that the affinity for InsPg is lower. Accord-
ingly, it has been reported that much higher concentration of
InsP, (1-10 mwm) is necessary for induction of autocleavage of
toxin A than for that of toxin B (12, 14). No binding was
detected with the toxin B fragment 900-2366, which starts
after the proposed cysteine protease domain (Fig. 2C). This
finding is in line with the hypothesis that InsP interacts with
the N-terminal residues 1-955 of the toxin (14). Previously
reported data did not exclude the possibility that InsPg also
interacts with the glucosyltransferase domain of the toxin.
Therefore, we separately tested binding of [*H]InsP, to the glu-
cosyltransferase domain (fragment 1-543) or to the protease
domain (toxin fragment (544 —955)-His). The glucosyltrans-
ferase domain did not exhibit any binding of [*H]InsP,. By
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FIGURE 3. Binding saturation experiment. For binding of [*H]InsP (0.1-300
M) to recombinant toxin B fragment (544 -955)-His (25 pmol) incubation was
performed for 10 min at 4 °Cin a total volume of 50 pl. Thereafter, the mixture
was rapidly filtered through nitrocellulose membranes and washed exten-
sively. Bound radioactivity was determined by liquid scintillation counting.
Data (pmol) are given as means = S.E. from three independent experiments.

contrast, the protease domain was able to bind radioactive
labeled InsP,. To further narrow down the region of InsPg
binding, we studied the fragment 579 -777 of toxin B. How-
ever, this fragment was not able to bind [*H]InsP in the filter
assay. Finally, we tested binding properties of the fragment
1-955 with mutations at the proposed catalytic residues his-
tidine 653 and cysteine 698 (toxin B H/C), which have been
shown to block autoproteolytic activity (14). This double
mutant was able to bind [*H]InsP, in the same manner as the
wild-type fragment 1-955. This finding suggests that the
protease activity plays no major role in InsP, binding under
the conditions studied.

We studied binding in more detail with the minimal toxin B
fragment (544 —955)-His. A binding saturation experiment was
performed with the concentration range of 0.1-300 um
[*H]InsP, in the presence of 25 pmol of toxin fragment. Satu-
ration was achieved at 30 uM and a half-maximal effect was
observed at ~3 uM (Fig. 3).

To obtain precise information about the affinity as well as the
stoichiometry of the complex we employed isothermal titration
calorimetry (Fig. 4). The titration was carried out twice and
yielded K, values of 2.1 um and 2.7 um, respectively, confirming
the result obtained with [*H]InsP,. The number obtained for
the stoichiometry of the complex (stoichiometry factor of 0.86)
indicated that InsP, binds at a ratio of 1:1 to the toxin.

As binding of the wild-type and mutant fragments were sim-
ilar, we decided to test the specificity of InsP4-binding with the
mutant fragment of toxin B (toxin B H/C), because this frag-
ment was not cleaved. Fragment 1-955 (toxin B H/C) was incu-
bated with 100 nm [*H]InsP, for 10 min, then increasing
amounts of unlabeled InsPg, InsP, inositol hexakissulfate, and
GTPyS were added. As shown in Fig. 54, displacement
occurred with the highest potency by InsP. The rank order of
competition of binding of [*H]InsP, was InsS, > InsP,
>GTPvyS with InsS, being at least 300-fold less potent than
InsP,. This is in line with the previously reported specificity of
inositol phosphates to induce toxin cleavage (12). We also
observed that InsS not only competed with [PH]InsP, binding
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FIGURE 4. Isothermal titration calorimetry of InsP, andtoxin B fragment
(544 -955)-His. A, 300 uMm InsP¢ was injected stepwise to a solution of 36 um
toxin B fragment (544 -955)-His, and the resulting changes in heating power
were recorded. The control represents injection of the same InsPg solution
into buffer (shifted upwards by 0.1 ucal/s for clarity). B, heat increments
obtained from panel A by integration are plotted versus the molar ratio of
injected InsPg and toxin B. A fit to the data yields a stoichiometry factor of 0.86,
a molar enthalpy of association of 14.4 kcal/mol, and an association constant
of 480,000 M.

but also induced autocatalytic processing of holotoxin B at high
concentrations (Fig. 5B).

The highly charged InsP; is likely to interact with positively
charged amino acids of the toxin. We compared the sequences of
the putative cysteine protease domains from the various clostridial
glucosylating toxins to identify conserved lysine and arginine res-
idues. Accordingly, two lysines (lysine 600 and lysine 689) in the
protease domain of toxin B, which were identically positioned in
other clostridial toxins and even conserved in the related RTX
toxin, were changed to glutamate in the toxin fragment 1-955. We
also made a double mutant of two arginine residues (Arg-751/Arg-
752), which were either arginine or lysine in the other clostridial
toxins or in RTX (supplemental Fig. S2). The mutant toxin frag-
ments (residues 1-955) were expressed as '*C-labeled proteins by
in vitro transcription/translation. The cleavage of the labeled pro-
teins was studied in the absence and presence of InsP, (10 mm). As
shown in Fig. 64, the mutant K600E of fragment 1-955 was not
longer cleaved, whereas K689E exhibited no change in cleavage as
compared with the wild-type fragment. Also the double mutants
R751E/R752E were not cleaved after addition of InsP. To test the
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FIGURE 5. Binding competition experiments and InsS,-dependent cleav-
age. A, binding of (H653A/C698A, H/C) to [*HlInsP4 (100 nm) was performed
for 10 min at 4 °C. Unlabeled InsPg, InsSs, GTPYS, or InsP; were added at
increasing concentrations (0-1000 um), and incubation was continued for
further 30 min. Thereafter, the mixture was rapidly filtered through nitrocel-
lulose membranes and washed. Bound radioactivity was monitored by liquid
scintillation counting. Radioactivity (cpm) bound to toxin B fragment in the
absence of unlabeled competitors was set to 100% (control). Data (cpm) for
[PHlInsP binding in the presence of InsPy, InsSg, GTPYS, and InsP; are given as
percent of control = S.E. of three independent experiments. Toxin B fragment
used in these experiments was purified without the last anion chromatogra-
phy. B, Western blot analyses of InsSg- or InsPg-induced autoproteolysis of
native holotoxin B. Full-length toxin B (1 ng) was incubated for 30 min with 10
mm InsPg or InsSg at 23 °C in 100 mm Tris-HCl, 7.4. Thereafter, proteins were
analyzed by SDS-PAGE and Western-blotting, using a monoclonal antibody
specific for the glucosyltransferase domain of toxin B, which detects full-
length toxin (f.l.) and N-terminal part of the toxin (N.term.).

binding of [*H]InsP,, the mutants were expressed in E. coli and
purified. In line with the autocleavage results, binding of [*°H]InsP,
was observed with wild-type and K689E mutant of fragment
1-955 (Fig. 6B). In contrast, the K600E mutant, which was not
autocatalytically cleaved (Fig. 6A), was also not able to bind
[®H]InsP,. This result was confirmed by the identical mutation in
fragment (544 —955)-His of toxin B (Fig. 6B). To detect possible
structural consequences of InsP binding to the toxin fragment, we
performed a proteinase K digestion assay with in vitro transcribed
and translated '*C-labeled toxin B fragment 544 —955. Proteinase
K was able to completely cleave the toxin B fragment. However,
when InsP, was added, a ~30-kDa fragment remained (Fig. 7). In
line with the InsP4 binding data, the K600E mutant of fragment
544.-955, which was not able to bind InsP,, was not protected
against degradation by proteinase K.

DISCUSSION

Clostridial glucosylating toxins are processed by autocata-
lytic cleavage. Recent studies suggested a aspartate activity
around residue 1665 (12). However, in analogy with the cys-
teine protease activity of RTX toxin from Vibrio cholerae, we
and others proposed a cysteine protease activity in the region
covering residues 544.—955 (13, 14). To resolve this discrep-
ancy, we undertook studies to determine the localization of the
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FIGURE 6. Dependence of InsP4-induced autoproteolysis and InsP bind-
ing on basic residues within the cysteine protease domain of toxin B.
Mutants (K60OE, K689E, and R751E/R752E) of toxin B fragment 1-955 or toxin
B fragment 544 -955-His were produced by in vitro transcription/translation
(in A) or as recombinant proteins (in B). A, indicated '*C-labeled proteins were
incubated with InsP¢ (10 mm), and autocatalytic processing was monitored by
SDS-PAGE followed by autoradiography. Expected fragments (full-length:
amino acid 1-955 (110 kDa), split products: amino acid 1-543 (63 kDa) and
amino acid 544-955 (47 kDa)) are indicated by arrows. B, binding of InsP to
wild-type, mutant (K600E, K689E) toxin fragments 1-955, and mutant (K600E)
toxin fragments (544 -955)-His. 0.5 um of the indicated proteins were incu-
bated for 10 min with [*H]InsP4 (30 um) at 4°C in a total volume of 50 wl.
Thereafter, the mixture was rapidly filtered through nitrocellulose mem-
branes and washed. Bound [*H]InsP4 was monitored by liquid scintillation
counting. Data (cpm) are given as means = S.E. from at least three independ-
ent experiments.

['*C] toxin B 544-955 ['“C] toxin B 544-955

KB00E
InsPg: - + - + = + = +
PK : - - + + - - + +
[kDa]
50— S — — —
40—
30—

FIGURE 7. Effects of InsP¢ binding on the structure of the cysteine prote-
ase domain (CPD) of toxin B. Reticulocyte lysates, containing in vitro trans-
lated *C-labeled toxin B fragment 544 -955 or point mutant K600E toxin B
fragment 544-955 (50 kDa) were preincubated with InsP (10 mm) for 30 min,
followed by incubation with or without proteinase K (PK) for 10 min at 4 °C.
Proteolysis was monitored by SDS-PAGE followed by autoradiography. Addi-
tion of InsP4 to the proteins protects a ~30-kDa fragment from wild-type
toxin B fragment 544-955 against degradation by proteinase K, but not the
point mutant K60OE toxin B fragment 544 -955.

protease activity in toxin B. By using a transcription/translation
method different from that applied previously (14), we were
able to express uncleaved toxin B fragment 1-955. When InsP
was added to this fragment, cleavage of the toxin B fragment
into two parts was detected. Moreover, this processing was
blocked with mutants of the putative active site of the cysteine
protease. The data corroborate our previous hypothesis that
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autocatalytic cleavage is caused by a putative cysteine protease
located in the region 544 —955.

Although the precise function of InsP, is not clear, this highly
charged molecule might activate cleavage by inducing struc-
tural changes in the protease domain and perhaps also in the
glucosyltransferase domain. To gain further insights into the
role of InsP,, we performed binding studies with radioactive
labeled InsP,. We detected binding of InsPg in the protease
domain but not in the catalytic domain. Moreover, a toxin B
fragment, consisting of the glucosyltransferase domain and the
protease domain, exhibited similar binding properties as the
protease activity domain alone, indicating that the N-terminal
glucosyltransferase has no effect on InsP, binding. Binding was
also observed with mutants (H653A and C698A) of the protease
active site, indicating that the enzyme activity of the protease is
not essential for binding.

The binding saturation experiment performed with
[*H]InsP, as well as data obtained by isothermal titration calo-
rimetry suggested that binding is stoichiometric (1:1). Further-
more, competition experiments showed high affinity binding of
InsP, with a half-maximal displacement of the prebound
[*H]InsP, with unlabeled InsP, at about 1-3 um. Again these
data were confirmed by isothermal titration calorimetry.
Although enhancement of cleavage was achieved at high con-
centrations (1 mm) of InsSy, this compound and also InsP, were
several orders of magnitude less potent to compete with InsP.
Similarly, while it has been shown that guanine nucleotides
facilitated cleavage of the related RTX toxin (13), GTPvyS was a
poor competitor of InsP, in the binding assay with the toxin B
fragment.

We identified lysine 600 as an essential residue for binding of
InsP. This residue is conserved in all clostridial glucosylating
toxins and also in the RTX toxin. In line with the InsP,-binding
data, we observed that the Lys-600 mutants of fragment 1-955
were not cleaved in the presence of InsP.. Additionally, we
observed that change of Arg-751/Arg-752 to glutamate blocked
cleavage of the toxin fragment in the presence of InsP.. We
propose that these residues are also involved in interaction with
InsP, (see below). Altogether, the data indicate that inhibition
of InsP binding also blocks autocatalytic cleavage of the toxin
fragment.

So far the molecular mechanism of the action of InsP, on the
cysteine protease activity of toxin B is not clear. It has been
shown that InsP, can cause major changes in the structure of
proteins after binding (23). More recently, the crystal structure
of cysteine protease domain of the V. cholerae RTX toxin in
complex with InsPy has been solved (24). Deduced from this
study it has been suggest that InsP, causes an allosteric switch,
which activates the cysteine protease domain of RTX. Major
changes in the structure of the cysteine protease domain also
appear to occur after binding of InsPg to toxin B as evidenced
from the effect of InsP, on the protein stability in the presence
of proteinase K. Addition of InsP4 prevented complete degra-
dation of the protease domain (residues 544 —955) of toxin B by
proteinase K. The effect was specific for InsP, and was not
observed with the mutant fragment of toxin B, which is not able
to bind InsP, excluding the possible action of the highly
charged compound on proteinase K activity or on chelation of
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cations. Mass spectrometric data suggest that the ~30-kDa
fragment covers at least amino acid residues 544 —798 (data not
shown).

Prochazkova and Satchell (25) reported recently on the binding
of InsPg to the cysteine protease domain of RTX toxin. Similar as
reported here, the authors found that the equivalent residue in
RTX to that of Lys-600 of toxin B is also important for interaction
with InsP.. However, our findings with toxin B differ in several
important aspects from that reported for RTX toxin. Prochaz-
kova and Satchell (25) suggested that InsP, interacts in a cata-
lytic manner with RTX protease and is released after cleavage.
Therefore, the RTX protease domain by itself is not able to bind
InsPg after cleavage and also inactive RTX protease cannot bind
InsP,. In contrast, we observed binding with the protease
domain in the absence of the glucosyltransferase domain. Fur-
thermore, mutants of the active site of the cysteine protease of
toxin B were still able to bind InsP,.

The recently obtained crystal structure of the cysteine prote-
ase domain of RTX toxin (24) confirms the role of conserved
lysine (e.g. Lys-600 in toxin B and Lys-3482 in RTX) and argi-
nine (e.g. Arg-751 in toxin B and Arg-3610 in RTX) residues in
binding of InsP,. The structural data may also explain why no
InsP-binding was obtained with a fragment of toxin B, consist-
ing of amino acids 579777, which includes the proposed cat-
alytic residues of the protease and the region that is highly sim-
ilar to the autocatalytic protease domain of the RTX toxin.
However, this fragment lacks additional N-terminal and C-ter-
minal residues, which appear to be involved in InsP¢ binding in
the related RTX toxin (e.g residues Arg-575 and Lys-788 of
toxin B might be equivalent to the essential residues Arg-3457
and Lys-3628 in RTX) (supplemental Fig. S2). Although sur-
prising similarities exist between toxin B and the distantly
related protease domain of RTX, even among the family of clos-
tridial glucosylating toxins major differences in the interaction of
InsP, with the protease domain are evident. For example, InsP,
exhibits ~1,000-fold lower potency in activation of the autocata-
lytic processing of toxin A, as compared with toxin B (12, 14).
Therefore, it is likely that the various clostridial toxins differ in
their mode of activation of their autocatalytic protease domain.
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