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ABSTRACT: Bacillus cereus G9241 was isolated from a welder suffering
from an anthrax-like inhalation illness. B. cereus G9241 encodes two
megaplasmids, pBCXO1 and pBC210, which are analogous to the toxin-
and capsule-encoding virulence plasmids of Bacillus anthracis. Protein
modeling predicted that the pBC210 LF homologue contained an ADP-
ribosyltransferase (ADPr) domain. This putative bacterial ADP-
ribosyltransferase domain was denoted CerADPr. Iterative modeling
showed that CerADPr possessed several conserved ADP-ribosyltransfer-
ase features, including an @-3 helix, an ADP-ribosyltransferase turn—turn
loop, and a “Gln-XXX-Glu” motif. CerADPr ADP-ribosylated an ~120
kDa protein in HeLa cell lysates and intact cells. EGFP-CerADPr
rounded HeLa cells, elicited cytoskeletal changes, and yielded a cytotoxic
phenotype, indicating that CerADPr disrupts cytoskeletal signaling.

CerADPr(E431D) did not possess ADP-ribosyltransferase or NAD glycohydrolase activities and did not elicit a phenotype in
HeLa cells, implicating Glu431 as a catalytic residue. These experiments identify CerADPr as a cytotoxic ADP-ribosyltransferase

that disrupts the host cytoskeleton.

B acterial ADP-ribosylating exotoxins (bAREs) catalyze the

transfer of ADP-ribose from NAD to a target residue
within a eukaryotic protein. This modification is primarily used
as a mechanism of virulence by inactivating (or activating) host
proteins, often leading to cell death. bAREs are usually
categorized into one of four major groups based on their
eukaryotic substrates:" Cholera toxin (CT)-like toxins modify
heterotrimeric G-proteins,” diphtheria toxin (DT)-like toxins
modify elon§ation factor 2,%° C3-like exoenzymes modify small
GTPases,’ " and the vegetative insecticidal protein-like (VIP)
binary toxins modify actin.’~'* C3 and VIP2 proteins share
ADPr domain organization and structural conservation, despite
different manners of substrate recognition.">~"

While limited amino acid sequence identity exists between
the VIP2 and C3 transferases, there is strict conservation of
critical residues required for ADP-ribosyltransferase activity.
These residues have been designated the “RSE motif” and
consist of three groups of residues (Arg, Ser-Thr-Ser, and Gln/
Glu-XXX-Glu) located in discrete regions of the protein.'®
Together, these three motifs form the NAD binding pocket
responsible for NAD hydrolysis and the transfer of the ADP-
ribose moiety onto the substrate acceptor residue. Disruption
of these residues, especially the invariant catalytic glutamic acid
in the GIn/Glu-XXX-Glu motif, results in a nonfunctional
enzyme. The primary structural elements of bARE ADP-
ribosyltransferase domains have been designated A—F."
Region A is the first N-terminal a-helix and is responsible for
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recognition of the substrate by some bAREs, including ExoT
recognition of CrkI/ Y Region B, helix a-3, is responsible for
the stabilization of the active site glutamic acid and NAD and
the positioning of the target residue. Region C, the ADP-
ribosyltransferase—turn—turn (ARTT) loop, stabilizes the
target residue and binds the N-ribose of NAD to create a
conformation ideal for hydrolysis. Region E, the phosphate—
nicotinamide loop, contains the conserved Ser-Thr-Ser motif
and is responsible for the positioning of the catalytic Glu for
proper NAD cleavage. Regions B, C, and E have also been
implicated in bARE—substrate interactions.'>'*'”'®

Recently, an in silico analysis was performed on known
bacterial protein-encoding sequences to identify new bAREs
through recognition of these conserved protein folding
motifs."” This approach identified six new putative bAREs
from diverse species, including Vibrio cholerae, Enterococcus
faecalis, Photorhabdus luminescens, and Bacillus cereus. One
putative toxin was identified from the genome of a clinical
isolate of B. cereus (G9241). B. cereus is a Gram-positive spore-
forming organism that is widely distributed in the environment
and is the prototypical member of the B. cereus group, which
includes Bacillus thuringiensis and Bacillus anthracis. The B.
cereus group sharea high degree of genomic similarity; however,
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the disease phenotypes associated with the different species are
widely varied. B. cereus infection is primarily associated with
food-borne illness and opportunistic infection of immunocom-
promised individuals, while B. anthracis is the etiologic agent of
anthrax, a disease that can be fatal to humans in cases of
pulmonary or gastrointestinal infection.

Anthrax virulence is modulated by both encapsulation of the
bacterium within an antiphagocytic poly-p-glutamate capsule
and expression of anthrax toxin, a complex of three proteins:
protective antigen (PA), lethal factor (LF), and edema factor
(EF).>® PA binds to a host receptor,”’ > is processed by
proteases,”* and self-associates into heptamers®*® or oc-
tamers.””*® Multiple copies of LF, a potent MAPKK zinc
metalloprotease,””*° or EF, an adenylate cyclase,>"** bind PA
and enter through clathrin-mediated endocytosis.*> Upon
endosome acidification,***® LF and EF cross the endosome
membrane through the oligomeric PA pore and modify cellular
signaling.*®

Of recent concern, environmental B. cereus isolates that are
responsible for serious illness and death have been isolated
from otherwise healthy individuals, primarily welders and
metalworkers.>”*® Several B. cereus strains, including B. cereus
G9241, have been implicated in a pulmonary anthrax-like
disease, resulting in significant morbidity or death. Many of
these B. cereus strains contain a homologue to B. anthracis
pXO1, which encodes the anthrax toxin genes.39 B. cereus
G9241 contains two large plasmids, pBCXO1 (191 kb), a
pXO1 homologue, and pBC210 (210 kb). pPBCXO1 encodes
the three subunits of B. anthracis anthrax toxin, consisting of lef
(lethal factor, LF, 99% identical to B. anthracis LF), cya (edema
factor, EF, 96% identical), and pag (protective antigen, PA, 98%
identical), which are expressed in vitro.* pBC210 encodes
additional copies of pag (60% identical) and lef (36% identical),
as well as genes encoding the machinery required to create a
polysaccharide capsule. Sequence analysis of pBC210 lef shows
the presence of a putative PA binding domain but no coding
sequence for the LF MAPKK metalloprotease domain (Figure
1 of the Supporting Information). Instead, a “VIP2-like
domain” that comprises a putative ADP-ribosyltransferase
domain that is homologous in sequence and structure to the
binary ADP-ribosylating toxins is present.'” The pBC210 lef
gene product was originally denoted “Certhrax” because its
sequence is similar to that of anthrax LF; however, we have
chosen “Cereus toxin” to describe the full-length protein to
remove any confusion with anthrax and lethal factor, while
CerADPr will be used to denote the active ADP-ribosyl-
transferase domain. Iterative modeling of the crystal structure
of CerADPr shows remarkable structural similarity of the LF
PA binding domain and “VIP2-like” regions, indicating that
they may share conserved structure and function. However, LF
contains none of the conserved bacterial ADP-ribosyltransfer-
ase residues in the VIP2-like domain, which are present in
CerADPr (Figure 1 of the Supporting Information).

Iterative BLAST analyses with the coding sequence of Cereus
toxin (residues 1—476) returned high-scoring matches with
multiple members of the VIP2-like and C3-like ADP-
ribosyltransferases, including VIP2, Iota toxin, C3bot, and
C3Cer. Sequence alignment of these bacterial ADP-ribosyl-
transferases shows very limited conservation of the N-terminal
binding domain of Cereus toxin with the binding domains of
Iota toxin and VIP2, while the ADP-ribosyltransferase domains
of the five proteins show higher levels of conservation, with the
“RSE” motif completely conserved (Figure 2 of the Supporting
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Information). Iterative structural modeling of CerADPr using
Iota toxin as a template resulted in a model with a root-mean-
square deviation of 2.8 A for 170 Ca atoms. However,
CerADPr contains an active site GIn-XXX-Glu motif, which is
associated with C3 exoenzyme modification of Rho at Asn41.*!
These similarities prompted the analysis of Cereus toxin as a
novel ADP-ribosyltransferase.

B EXPERIMENTAL PROCEDURES

Plasmid Vectors and Mutagenesis. The gene encoding
the ADP-ribosyltransferase domain of Cereus toxin (residues
226—476, predicted molecular mass of 29451 Da, termed
CerADPr) was amplified and subcloned into pET15b (pET-
CerADPr) (Novagen) and pEGFP-C3 (pEGFP-CerADPr)
(Clontech). Site-directed mutagenesis generating an E431D
mutation within CerADPr was performed using Quikchange
site-directed mutagenesis (Agilent Technologies) with the
following primers: + strand, 5-GAATATCCAGGGCAATAT-
GACATGTTAATAAATAG-3’; — strand, 5'-CTATTTAT-
TAACATGTCATATTGCCCTGGATATTC-3’. Plasmids
were transformed into Escherichia coli (TG1), and the DNA
sequence was confirmed.

Expression and Purification of Recombinant Proteins.
pET15-CerADPr and pET-CerADPr(E431D) were trans-
formed into E. coli BL21(DE3). Cells were plated overnight
at 37 °C with 250 pug/mL ampicillin. Cells were added to 400
mL of LB broth (Miller salts, BD Biosciences) with ampicillin
and cultured for 2 h at 30 °C, after which 1 mM IPTG was
added, and the cells were cultured overnight at 16 °C. Cells
were harvested, suspended in binding buffer [20 mM Tris-HCl
(pH 7.9), 500 mM NaCl, and S mM imidazole] with bacterial
protease inhibitor cocktail (Sigma), RNase (20 ug/mL), and
DNase (20 pg/mL), and broken with a French press. The
lysate was centrifuged (30000g for 20 min) and the soluble
fraction passed through a 0.45 um filter. The filtrate was
subjected to Ni** affinity resin chromatography (Qiagen).
His(6) fusion proteins were eluted in binding buffer with 250
mM imidazole. The eluate was subjected to size-exclusion
fractionation by Sephacryl S200 (Sigma) in 10 mM Tris-HCl
(pH 7.6) and 20 mM NaCl. Peak fractions were dialyzed into
10 mM Tris-HCl (pH 7.6), 20 mM NaCl, and 40% glycerol
and stored at —80 °C. A typical purification yielded ~4 mg of
CerADPr/L of culture. His(6)-ExoS(78—453) was purified as
previously described.*

HeLa Cell Harvesting and Fractionation. HeLa cells
(ATCC CCL-2) were cultured in MEM (Life Technologies)
supplemented with 10% fetal calf serum, nonessential amino
acids, sodium pyruvate, sodium bicarbonate, and penicillin/
streptomycin and maintained humidified at 37 °C in 5% CO,.
Confluent plates (150 mm) of HeLa cells were washed (PBS)
and scraped into 1 mL of HB buffer [200 mM sucrose, 3 mM
imidazole, and mammalian protease inhibitor cocktail (Sigma)].
Cells were broken by 25—30 passes through a 26 gauge needle
and then centrifuged at 1000g to pellet unbroken cells and
nuclei. The supernatant (total lysate) was centrifuged at
100000g in a TLA100.3 rotor (Beckman) for 1.5 h at 4 °C.
The supernatant (soluble) was stored at —80 °C. The pelleted
membranes were suspended in PBS and 0.1% Triton X-100
(TX-soluble) and stored at —80 °C. Protein concentrations in
each fraction (total lysate, soluble, and TX-soluble) were
determined with a BCA assay (Pierce).

In Vitro ADP Ribosylation Assay. Reaction mixtures (SO
uL) contained 10 mM Tris-HCI (pH 7.6), 20 mM NaCl, 50 ug
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of Hela lysate, 4 yM 6-biotin-17-NAD (Trevigen), and the
indicated amount of CerADPr or ExoS. Reaction mixtures were
incubated at room temperature (RT) for the indicated time and
reactions stopped with Laemmli buffer and boiling. Reaction
mixtures were subjected to sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS—PAGE) and transferred
to a polyvinylidene fluoride (PVDF, Millipore) membrane for
immunoblot analysis.

Detection of Biotin-ADP-ribose. PVDF membranes were
blocked for 30 min in PBS and 2% BSA and then incubated
with a streptavidin—HRP conjugate (1:80000 final dilution;
Pierce catalog no. 21130) for 1 h at RT. Luminescence from
each lane was measured, with the most intense lane (Ex0S-50
ng) set to 100%. An unpaired ¢ test analysis was performed on
columns with GraphPad Prism S (GraphPad Software Inc.) (*p
< 0.0S5; **p < 0.01).

Detection of Host Proteins in the HelLa Cell Lysate. PVDF
membranes were blocked for 30 min in TBST and 2% milk.
Membranes were incubated with a-GFP IgG (mouse, 1:2000;
Covance), a-f-actin IgG (mouse, 1:5000; Sigma), or a-tubulin
antibody (rabbit, 1:5000; Abcam). Primary antibodies were
detected with either goat a-mouse-HRP IgG (1:30000; Pierce)
or goat a-rabbit-HRP IgG (1:30000; Pierce). Membranes were
probed with Pico Super Signal (Pierce), and luminescence was
measured with a CCD camera and AlphaView SA software
(Cell Biosciences Inc.). Images were cropped in Photoshop
(Adobe). Quantification of luminescence was performed with
AlphaView software from a minimum of four independent
experiments.

NAD Glycohydrolase Assay. This method was adapted
from a thin-layer chromatography protocol in ref 43 in which
1.6 uM recombinant CerADPr, CerADPr(E431D), or ExoS
was incubated with 2.5 mM NAD (Sigma) for 0—48 h at 37 °C.
After the indicated time point, the reaction mixture was spotted
onto poly(ethyleneimine)-cellulose (PEI-cellulose) TLC plates
(Selecto Scientific) and resolved with 0.4 M LiCl. TLC plates
were visualized under UV light and imaged with a CCD camera
and AlphaView SA software (Cell Biosciences Inc.). Quantifi-
cation of ADP-ribose generated from NAD was performed with
AlphaView software from three independent experiments and
normalized to a standard of ADP-ribose. An unpaired ¢ test was
performed to determine statistical significance (*p < 0.05; **p
< 0.01).

Cell Culture and Transfection. HeLa cells were cultured
to ~70% confluence in 24-well plates and transfected with
pEGFP-CerADPr, pEGFP-CerADPr(E431D), or pEGFP using
Lipofectamine 2000 (Life Technologies) according to the
manufacturer's protocol. At the indicated times, cells were
washed twice with PBS and processed for immunofluorescence
as described below. For the analysis of HeLa cell lysates, cells
were cultured to ~70% confluence in six-well plates and
transfected with the indicated plasmid in Lipofectamine 2000
for either 5 or 20 h, scraped into 1 mL of HB, and lysed by 25—
30 passages through a 26 gauge needle. Cell lysates were
incubated with 25 pg of TX-soluble protein and 4 uM 6-biotin-
17-NAD for 1 h at RT to assay for CerADPr activity, or the
lysates were immediately resolved by SDS—PAGE and
transferred to PVDF membranes for immunoblot analysis.
The cytotoxic potential of CerADPr was measured in HeLa
cells using a trypan blue exclusion assay,** with ExoS as a
positive control, pExoS (RhoGAP—/ADPr+). Cells were
transfected according to the manufacturer's protocol, and §
and 20 h post-transfection (HPT), medium was removed and
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cells were washed and stained for 5 min with 0.4% trypan blue
(Life Technologies). Trypan blue was removed; cells were
washed in low-serum medium, and color images were obtained
using a 10X objective and Retiga-2000R CCD camera
(QImaging) with NIS Elements software (Nikon). Cytotoxicity
was determined by counting the number of trypan blue positive
HeLa cells per total number of HeLa cells per field. Five
random fields were assayed, and the results of this
determination are shown. Three biological replicates were
performed for each time point. A one-way analysis of variance
(ANOVA) was performed in GraphPad Prism S (GraphPad
Software Inc.) (¥*p < 0.01).

HelLa Cell Permeabilization and Detection of Intra-
cellular ADP Ribosylation. This protocol was adapted from
ref 45. HeLa cells, transfected or nontransfected, were washed
in 1 mL of ice-cold HGI buffer (20 mM PIPES, 2 mM Na-ATP,
4.8 mM magnesium acetate, 0.15 M potassium glutamate, 2
mM EGTA, and potassium hydroxide adjusted to pH 7.0) and
then incubated for 15 min at 4 °C with 200 ng/mL tetanolysin
(Santa Cruz Biotechnology) diluted in HGL Cells were then
incubated with HGI containing either 4 M biotin-NAD
(transfected cells) or 3 pg/mL recombinant protein (non-
transfected cells) for 30 min at 37 °C. The buffer was then
removed, and fresh serum-containing medium was added to
seal membrane pores for 2 h. After incubation with biotin-
NAD, transfected cells were lysed in RIPA buffer and Laemmli
buffer was added. Lysate from cells incubated with recombinant
protein was incubated with 50 ng of CerADPr and 4 M biotin-
NAD for an additional 1 h, followed by addition of Laemmli
buffer and boiling. Samples were resolved by SDS—PAGE and
subjected to immunoblot analysis.

Immunofluorescence Microscopy. HeLa cells were
washed twice in PBS, MgCl,, and CaCl, and then fixed with
4% paraformaldehyde in PBS for 15 min at RT. Cells were
permeabilized with PBS, 0.1% Triton X-100, and 4% form-
aldehyde for 15 min and then incubated with 150 mM glycine
for 15 min. Wells were blocked with PBS, 2.5% BSA, 10% FBS,
0.05% Tween 20, and 0.1% Triton X-100 for 1 h at RT and
then incubated with primary antibody for 1 h at RT. Alexa
Fluor647-phalloidin (Life Technologies; 1:1000 final dilution)
was used to label the actin cytoskeleton, and rabbit a-tubulin
IgG (Abcam; 1:2000 final dilution) followed by goat a-rabbit
IgG Alexa Fluor568 (Life Technologies; 1:500 final dilution)
labeled microtubules. Antibodies were diluted in PBS, 1% BSA,
5% FBS, 0.05% Tween 20, and 0.1% Triton X-100. After
secondary antibody incubation, cells were washed three times
with PBS and mounted with ProLong Gold antifade reagent
(Life Technologies). Cells were viewed with a 60X oil
immersion objective, and images were taken with a CoolSnap
HQ CCD camera (Photometrics) and Metamorph (Molecular
Devices) and processed with Image] (National Institutes of
Health).

Structural Alignment Analysis. CerADPr (residues 226—
476) was iteratively modeled on the ADP-ribosyltransferase
domain (Ia) of Iota toxin, the top PSI-BLAST match for which
a structure has been elucidated [Protein Data Bank (PDB)
entry 1GIR)], using SWISSMODEL and Swiss-pdb-viewer
version 4.02 (http://www.expasy.org/swissmod/SWISS-
MODEL.tml). ExoS (residues 234—453) was modeled as
previously described.'” Structural alignments of CerADPr,
Ex0S-ADPr, Iota toxin Ia, VIP2 (PDB entry 1QS2), C3Lim
(PDB entry 3BW8 chain A), and C3bot (PDB entry 1G24
chain A) were performed with Visual Molecular Dynamics
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Multiseq (http://www.ks.uiuc.edu/Research/vmd/, University
of Illinois, Urbana, IL).46

B RESULTS

CerADPr Is a Functional ADP-Ribosyltransferase.
Initial experiments addressed the ADDP-ribosyltransferase
capacity of the predicted ADP-ribosyltransferase domain of
Cereus toxin (residues 226—476, termed CerADPr). Expres-
sion of His(6)-CerADPr in E. coli yielded an ~30 kDa protein
by SDS—PAGE. Potential host targets for ADP ribosylation
were assessed using a postnuclear supernatant from HeLa cells,
which was fractionated by ultracentrifugation to separate
membranes from cytoplasm. CerADPr ADP-ribosylated a 120
kDa protein in the HeLa cell lysate and cell membrane fractions
(Figure 1A) but did not ADP-ribosylate host proteins in the
cytosol. ADP ribosylation was dependent upon the addition of
biotin-NAD (-biotin) or CerADPr (-ADPr) to the reaction
mixture. Pseudomonas aeruginosa ExoS was used as a positive
control for ADP ribosylation; ExoS ADP-ribosylated multiple
substrates in the HeLa cell lysate, cytosol, and cell membrane
fractions. The level of ADP-ribosylated substrate increased with
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Figure 1. CerADPr selectively ADP-ribosylates a high-molecular mass
host protein in HeLa cell membranes. (A) A HeLa cell lysate (Total)
was centrifuged to generate cytosol (Cytoplasm) and membranes.
Membranes were extracted with 0.1% Triton X-100 and centrifuged to
remove the insoluble cell matrix (soluble membranes were termed Tx-
100). Fractions were normalized for protein and incubated alone
(-ADPr) or with 50 ng of CerADPr or 20 ng of ExoS for 1 h at 25 °C
alone (-biotin-NAD) or with 4 uM biotin-NAD. The reaction mixture
was subjected to SDS—PAGE, and proteins were transferred to a
PVDF membrane, which was probed with streptavidin-conjugated
HRP. (B) The Tx-100 HeLa cell fraction was incubated alone (0) or
with the indicated amount of CerADPr (nanograms) or ExoS
(nanograms) for 1 h at 25 °C with 4 uM biotin-NAD or with a 10-
fold excess of unlabeled NAD (100 +U). The reaction mixture was
treated as described above. The amount of biotin labeling from the 50
ng ExoS lane was set to 100%, and other signals were normalized
(error bars display standard error of the mean). An unpaired t test was
performed on selected columns (*p < 0.05; **p < 0.01).
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increased concentrations of CerADPr (Figure 1B). Addition of
unlabeled NAD reduced the amount of ADP ribosylation signal
from biotin-NAD, supporting the specificity of CerADPr. The
NAD glycohydrolase activity of CerADPr was compared to that
of ExoS. CerADPr generated an increasing amount of ADP-
ribose over time (Figure 2A). Little ADP-ribose was generated
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Figure 2. NAD glycohydrolase activity of CerADPr. (A) Recombinant
CerADPr was incubated with S mM NAD" for 24, 36, or 48 h. An
aliquot of each reaction mixture was analyzed by PEI-cellulose thin
layer chromatography. (B) CerADPr, CerADPr(E431D), or ExoS was
incubated with S mM NAD" for 24 h. An aliquot of each reaction
mixture was then subjected to PEI-cellulose TLC. Plates were imaged,
and the amount of ADP-ribose produced was quantified by
densitometry and normalized to an ADP-ribose standard. Quantifica-
tion is from three independent experiments, and error bars display the
standard error of the mean. An unpaired ¢ test was performed on
selected columns (*p < 0.05; **p < 0.01).

when CerADPr(E431D) was incubated with NAD, supporting
a role for E431 in catalysis. Quantification of ADP-ribose
generated by the recombinant protein indicated that the
glycohydrolase activity of CerADPr was within 2-fold of that of
ExoS (Figure 2B).

CerADPr Contains a Conserved Bacterial ADP-
Ribosyltransferase Motif and Active Site Glutamic
Acid. Bacterial ADP-ribosyltransferases possess limited primary
amino acid homology but contain three conserved regions
within a conserved structural domain denoted the “RSE”
motif.'® The RSE motif forms the active site pocket and
consists of a basic amino acid (Arg), a Ser-Thr-Ser motif
present in the phosphate—nicotinamide (PN) loop, and an
ADP-ribosyltransferase—turn—turn loop that includes a Gln/
Glu-XXX-Glu motif that includes a catalytic glutamic acid
(bold). Structural alignment with several bacterial ADP-
ribosyltransferases showed that the RSE motif was conserved
within CerADPr (Figure 3A). The PN loop of CerADPr,
highlighted in orange, possesses a Ser-Thr-Ser motif within -
sheet 3, as well as a conserved aromatic residue forming the tail
of the NAD-binding “scorpion” motif.*” The structure of the
ARTT loop (pink) was also conserved, which included a-helix
8 leading into the active site loop and f-sheet 6 containing the
catalytic Glu. In addition, a highly charged and lysine-rich loop
(Gly303—Glu31S) is predicted from the model. This loop,
termed the G-loop, is of unknown function and to the best of
our knowledge is not present in other bAREs.
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Figure 3. CerADPr domain with sequence and predicted structural conservation of other bacterial ADP-ribosyltransferases. (A) A predicted
structure-based alignment of the Cereus toxin ADPr domain (CerADPr) was generated with the crystal structure of Iota toxin ADP-
ribosyltransferase domain Ia (PDB entry 1GIR). Three regions of alignment that are common components of ADP-ribosyltransferase family
members, including an Arg, the Ser-Thr-Ser motif, and the Gln/Glu-XXX-Glu sequence (RSE motif), are shown. The latter defines an active site
glutamic acid that is conserved among ADP-ribosyltransferases. Secondary structure labeling is based off the Iota toxin Ia ADP-ribosyltransferase
domain, starting with a-helix 1 of residues 214—232. (B) CerADPr(E431D) ADP-ribosyltransferase activity was measured relative to that of
CerADPr by incubation with Tx-100 HeLa cell lysate and 4 ;M biotin-NAD for 1 h at 25 °C. The reaction mixture was processed as described in the
legend of Figure 1, and the ADP ribosylation of the high-molecular mass substrate is shown in the inset.

CerADPr contained the highest overall degree of similarity
with VIP2 and Iota toxins but the highest degree of active site
similarity with the C3 toxins that possess a GIn-XXX-Glu motif,
rather than a Glu-XXX-Glu motif found in the binary actin
ADP-ribosylating toxins and ExoS and ExoT. Site-directed
mutagenesis of the predicted catalytic glutamic acid (Glu431)
of CerADPr to aspartic acid (E431D) resulted in the loss of
ADP ribosylation capacity (Figure 3B), consistent with Glu431
being the catalytic glutamic acid."

CerADPr Disrupts the Host Cytoskeleton in Hela
Cells. To assess the effect of CerADPr on cell physiology,
HeLa cells were transfected with pEGFP-CerADPr, pEGFP-
CerADPr(E431D), or pEGFP and stained with phalloidin to
examine the cellular actin architecture. By 4 h post-transfection
(HPT), the earliest time that the EGFP signal was detectable,
EGFP-CerADPr-transfected cells displayed an aberrant actin
cytoskeleton (Figure 4A). EGFP-CerADPr-transfected cells
showed a loss of actin stress fibers and formation of actin spikes
at the cell periphery (Figure 4A, inset). At S HPT, cells
rounded and did not possess defined actin stress fibers, and by
20 HPT, adherent EGFP fluorescent cells were not detected
(data not shown). EGFP-CerADPr(E431D)-transfected HeLa
cells had a normal actin cytoskeleton (Figure 4B), supporting a
role for ADP ribosylation in the disruption of the actin
cytoskeleton. Because CerADPr disrupted the actin cytoskele-
ton, the effect of CerADPr expression on the structure of
microtubules was also examined by determining microtubule
organization with a-tubulin immunostaining. At later incuba-
tion times, EGFP-CerADPr-transfected HeLa cells displayed
disorganized microtubule architecture and the appearance of
filamentous projections at the cell periphery, which stained
positive for tubulin (data not shown). EGFP-CerADP:-
(E431D)-transfected HeLa cells had a normal microtubule
arrangement.

Because VIP2 family bAREs ADP-ribosylate actin to inhibit
polymerization of actin microfilaments, the ability of CerADPr
to ADP-ribosylate actin in HeLa cells was assessed. Western
blotting of transfected cell lysates showed that transfection with
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Figure 4. Expression of EGFP-CerADPr elicits early actin rearrange-
ment in HeLa cells. HeLa cells were transfected with pEGFP-CerADPr
(A) or pEGFP-CerADPr(E431D) (B) for 4 or S h when cells were
fixed, permeabilized, and incubated with Alexa Fluor647-phalloidin to
label the actin cytoskeleton. Cells were subjected to epifluorescence
microscopy. Representative images are shown for each condition. The
inset shows a close-up of actin spikes seen at the cell periphery of
EGPF-CerADPr-transfected cells.

EGFP-CerADPr did not elicit a shift in the apparent
electrophoretic mobility of either actin or tubulin, suggesting
that expression of CerADPr did not directly modify either host
protein (Figure SA). The sequence similarity between
CerADPr and C3Cer of B. cereus (Figure 2 of the Supporting
Information) also prompted the determination of the ability of
CerADPr to ADP-ribosylate Rho GTPases. However, under
conditions where ExoS ADP-ribosylated Rab5, CerADPr did
not ADP-ribosylate detectable amounts of Rho GTPases
(Figure 3 of the Supporting Information).

Western Dblotting showed that EGFP-CerADPr(E431D)-
transfected HeLa cell lysate possessed a GFP reactive protein
with the expected molecular mass of an EGFP-CerADPr fusion
(Figure SA). A GFP reactive protein was not detected by
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Figure 5. CerADPr does not covalently modify actin or tubulin. (A)
HeLa cells were transfected with either pEFGP, pEGFP-CerADPr-
(E431D), or pEGFP-CerADPr. At S and 20 HPT, cells were harvested
and subjected to SDS—PAGE. The gel was transferred to PVDF
membranes and probed independently with a-GFP, a-actin, and a-
tubulin primary antibodies. Membranes were processed as described in
the legend of Figure 1. (B) Cell lysates were prepared from HeLa cells
transfected with either pPEFGP, pEGFP-CerADPr(E431D), or pEGFP-
CerADPr and incubated with the TX-100-soluble membrane fraction
of HeLa cells and biotin-NAD. After 2 h, the reaction mixture was
subjected to SDS—PAGE and proteins were transferred to PVDF
membranes and probed for the ADP ribosylation of the high-
molecular mass substrate of CerADPr and actin reactivity measured to
normalize the cell lysates.

immunoblot in the lysates of EGFP-CerADPr-transfected HeLa
cells, although intracellular expression of bAREs reduces the
level of host protein expression.** Additionally, the lysate from
cells transfected with pEGFP-CerADPr ADP-ribosylated the
previously observed high-molecular mass host protein in HeLa
cell lysates (Figure SB), confirming that EGFP-CerADPr was
expressed in the transfected HeLa cells.

CerADPr ADP-Ribosylates a 120 kDa Protein in Hela
Cells. To determine if CerADPr ADP-ribosylates the 120 kDa
protein within intact HeLa cells, tetanolysin was used to
reversibly generate pores in the plasma membrane to allow
diffusion of externally added molecules into the cell.*~>° HeLa
cells transfected with EGFP-CerADPr, EGFP-CerADPr-
(E431D), or ExoS were incubated with tetanolysin and
biotin-NAD. Lysates from cells transfected with EGFP-
CerADPr showed the ADP ribosylation of the 120 kDa
protein, while lysates from cells transfected with EGFP-
CerADPr(E431D) did not contain detectable ADP-ribosylated
proteins (Figure 6A). Lysates from cells transfected with ExoS
showed multiple ADP-ribosylated proteins, consistent with the
ADP-ribosyltransferase specificity of this protein.

To corroborate the ability of CerADPr to ADP-ribosylate the
120 kDa protein in HeLa cells, a back ADP ribosylation
experiment was performed. HeLa cells were incubated with
tetanolysin and then incubated with recombinant CerADPr or
CerADPr(E431D). Cell lysates from these cells were then
incubated with recombinant CerADPr and biotin-NAD to
ADP-ribosylate accessible 120 kDa protein. Lysates from cells
incubated with CerADPr(E431D) possessed accessible 120
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Figure 6. CerADPr ADP-ribosylates the 120 kDa target within HeLa
cells. (A) HeLa cells were transfected with pEGFP-CerADPr, pEGFP-
CerADPr(E431D), or pExoS for 2 h. Cells were treated with 200 ng/
mL tetanolysin and then incubated with biotin-NAD for 2.5 h. Cell
lysates were resolved by SDS—PAGE, and the incorporation of biotin-
ADP-ribose was visualized by immunoblotting with streptavidin-HRP.
Actin was used as a loading control. (B) HeLa cells were treated with
200 ng/mL tetanolysin and then incubated with 3 jtg/mL recombinant
CerADPr, CerADPr(E431D), or ExoS for 2 h. Cell lysates were
prepared and then incubated with biotin-NAD and recombinant
CerADPr for 1 h. Lysates were resolved by SDS—PAGE and
transferred to PVDF membranes, where biotin-ADP-ribose incorpo-
ration was visualized with streptavidin-HRP. Actin was used as a
loading control.

kDa protein for ADP ribosylation, while lysates from cells
incubated with CerADPr possessed a reduced amount of
accessible 120 kDa protein for ADP ribosylation (Figure 6B).
This indicated that CerADPr had ADP-ribosylated the 120 kDa
protein within HeLa cells.

CerADPr Is Cytotoxic for HelLa Cells. To determine if
CerADPr was cytotoxic, HeLa cells were transfected with
pEGFP-CerADPr, pEGFP-CerADPr(E431D), or pExoS-
(R146K), a RhoGAP~/ADPr+ ExoS derivative, and scored
for trypan blue exclusion. ExoS was used as a positive control
for cytotoxicity.** Trypan blue is excluded from viable cells but
enters necrotic or apoptotic cells. At S HPT, ~10% of cells
transfected with pExoS were trypan blue positive, while at 20
HPT, ~50% of transfected cells were trypan blue positive
(Figure 7). At S HPT, ~15% of pEGFP-CerADPr-transfected
cells were trypan blue positive, and at 20 HPT, ~45% of
transfected cells were trypan blue positive. Cells transfected
with pEGFP-CerADPr(E431D) showed limited numbers of
trypan blue positive cells (~15% at 20 HPT). This indicated
that expression of CerADPr elicits a cytotoxic response in HeLa
cells.

B DISCUSSION

In silico structural analyses are powerful tools for discovering
candidate bacterial virulence factors by predicting conservation
of enzymatic folding motifs or catalytic residues within open
reading frames from newly sequenced bacterial genomes. In
this study, the predicted ORF of Cereus toxin (Certhrax) from
B. cereus G9241 is shown to be a functional ADP-
ribosyltransferase. CerADPr contained a conserved bacterial
ADP-ribosyltransferase RSE motif in which mutation of the
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Figure 7. CerADPr is cytotoxic for HeLa cells. HeLa cells were grown
to ~70% confluence in six-well dishes and transfected with 500 ng of
either pExoS, pEGFP-CerADPr(E431D), or pEGFP-CerADPr. At S
and 20 HPT, medium was removed and cells were washed and stained
for S min with trypan blue. Trypan blue was removed; cells were
washed, and color images were obtained as described in Experimental
Procedures. Cytotoxicity was determined by counting the number of
trypan blue positive HeLa cells per total number of HeLa cells per
field. Five random fields were assayed from three biological replicates,
and the results of this determination are shown. One-way ANOVA was
performed on all columns (**p < 0.01).

predicted conserved, invariant Glu resulted in a loss of ADP-
ribosyltransferase activity. CerADPr targeted actin polymer-
ization at early expression time points. However, these effects
appeared to be off-target, because direct modification or loss of
either actin or tubulin was not detected. CerADPr displayed a
cytotoxic phenotype with temporal properties similar to those
of Exo0S, a known cytotoxic effector.**

Bacterial ADP-ribosyltransferase exotoxins (bAREs) have
limited amino acid sequence identity, with conservation of
structure and sequence active site motifs. The canonical bARE
domain contains an RSE motif, consisting of Arg, Ser-Thr-Ser,
and Gln/Glu-XXX-Glu motifs, except in the diphtheria toxin/
Exotoxin A subfamily."® bAREs within the VIP2 or C3
subfamilies contain two additional structures, the phosphate—
nicotinamide loop and helix @-3, which are absent in the
cholera toxin-like bAREs.>' Sequence and structural alignment
with other bAREs showed that CerADPr had a conserved RSE
motif, as well as the PN loop and helix a-3, as in members of
the VIP2-like or C3-like bARE groups. Unexpectedly, CertADPr
also contains an additional 12-residue loop (Gly303—Glu315),
which, to the best of our knowledge, is not present in other
bAREs. This loop, termed the G-loop, is of unknown function
and highly charged with lysine residues.

Alignment of CerADPr with previously characterized bAREs
yielded several dichotomies. The protein organization shows
homology to the VIP2 subfamily of binary toxins, which ADP-
ribosylate actin.'”> CerADPr had the highest-scoring PSI-
BLAST match with Iota toxin from Clostridium perfringens
and showed similarity to the binary actin-ADP-ribosylating
VIP2. However, the presence of a GIn-XXX-Glu motif, rather
than a Glu-XXX-Glu motif, in the ARTT loop implied that
CerADPr may ADP-ribosylate targets in a manner similar to
that of the C3 exoenzymes. A C3-like mechanism cannot be
ruled out, as TccCS, a bARE from Photorhabdus luminescens,
contains a Gln-XXX-Glu motif and ADP-ribosylates GIn61/63
of host Rho proteins, despite limited homology to the C3
exoenzymes.”> However, in vitro ADP ribosylation assays
showed that CerADPr does not ADP-ribosylate the Rho
GTPases (Figure 3 of the Supporting Information). Because
the target of CerADPr is detergent-solubilized from cellular
membranes, the substrate of CerADPr may be an integral
membrane protein, or a part of a membrane-associated
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complex. The sequence and structural duality suggests that
CerADPr may belong to a new subfamily of bAREs with unique
substrate specificity, because CerADPr ADP-ribosylates a 120
kDa target in eukaryotic cell lysates. Further, despite similarities
in sequence and structure between CerADPr and the VIP2-like
toxin subfamily members, CerADPr does not appear to directly
modify actin either in vitro (Figure 1A) or in HeLa cells
(Figure SA). In other bAREs, mutation of the conserved,
invariant Glu correlates with a >10000-fold reduction in ADP-
ribosyltransferase activity.*>>* While precise kinetic calculations
are difficult without the identity of the substrate, CerADPr-
(E431D) displayed limited cytotoxicity for HeLa cells and no
ADP ribosylation of the 120 kDa substrate in vitro, as well as a
loss of detectable NAD glycohydrolase activity.

Most bAREs target the cytoskeleton, either directly, through
actin ADP ribosylation, or indirectly, by interfering with
cytoskeletal signaling pathways. VIP2-like toxins and C3
exoenzymes disrupt actin filament polymerization, resulting in
rounding and cell death, while other bAREs like ExoS or ExoT
disrupt signaling by ADP-ribosylating ezrin/radixin/moesin
proteins or CrkI/II, respectively.'>>>™>* These modifications
alter cytoskeleton dynamics and result in cell rounding.
CerADPr appears to share a similar ability to disrupt the
cytoskeleton, causing stress fiber rearrangement and formation
of actin spikes at the cell periphery early, followed by cell
rounding and detachment from the growth surface with longer
incubations. Formation of actin spikes is somewhat similar to
effects induced by the E. coli effector Map, a Cdc42 guanine
nucleotide exchange factor, which causes the formation of
filapodia in intoxicated cells.’>®® Current studies are directed
toward resolving the identity of the 120 kDa host target that is
ADP-ribosylated by Cereus toxin.

CerADPr disrupted microtubule structure, with filamentous
projections extending from the periphery of cells displaying
disrupted actin architecture, although microtubule disruption
was observed only at longer incubation times. This phenotype
has previously been observed in cells intoxicated with actin
ADP-ribosylating binary toxin CDTa from Clostridium difficile
and is thought to be a result of depolymerization of the F-actin
cytoskeleton.” Therefore, it is likely the tubulin projections
elicited by CerADPr result from actin depolymerization,
because the extensions were observed upon extended
incubations, after actin rearrangements were observed. Many
bAREs, including the VIP2-like and C3-like bAREs, also
stimulate a cytotoxic phenotype following cytoskeletal dis-
ruption, with ExoT and heat-labile enterotoxin being notable
exceptions.'”*#**~%* The CerADPr phenotype, then, appears
to be similar to that of the VIP2 or C3 bAREs, despite the
inability of CerADPr to directly ADP-ribosylate actin or the
Rho proteins in vitro or in cell culture.

B. cereus pathogenesis is typically characterized by expression
of various enterotoxins and hemolysins, resulting in mild to
moderate gastroenteritis and emetic or diarrheal illness.
However, several recently isolated B. cereus strains, including
G9241, contain homologues of B. anthracis plasmid pXO1 that
encode the three anthrax toxin components.” G9241 produces
these proteins in vitro, and their expression is required for full
virulence, as is the production of both a hyaluronic acid
capsule® and a polysaccharide capsule.*”®> Pulmonary anthrax-
like disease observed in individuals infected with B. cereus
G9241 may be due to the effects of the anthrax toxin
homologues, acting via a mechanism similar to that of B.
anthracis anthrax toxin. However, G9241 also contains a second
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large plasmid, encoding a novel ADP-ribosyltransferase, Cereus
toxin (Certhrax). Other B. cereus strains encode bAREs, such as
C3Cer or VIP2, but the pathogenic contributions of these
proteins have not been well elucidated in mammals. Cereus
toxin may contribute to B. cereus G9241 pathogenesis in an
antiphagocytic capacity, either through disruption of actin
polymerization or through its cytotoxic activity. Other bAREs
studied in mammalian models, such as Salmonella SpvB, induce
cytotoxicity in macrophages within 24 h of bacterium
phagocytosis.66 Alternatively, Cereus toxin could play a limited
role in mammalian pathogenesis and be more directed toward
environmental targets, like the crystal toxins expressed by B.
thuringiensis, which primarily target insects. However, while
considered an insect pathogen, B. thuringiensis has been
associated with isolated cases of wound infection, food
poisoning, and catheter-associated infections in immunocom-
promised humans.”’~%

The sequence homology with the PA binding domain of
lethal factor (Figure 1 of the Supporting Information) suggests
that Cereus toxin could utilize a clathrin-dependent cell entry
mechanism, similar to that employed by LF, although whether
the entry mechanism and host recegtor are identical or
divergent needs to be explored.””® Alternatively, the
similarities with the VIP2-like binary toxins could implicate
an entry mechanism similar to that of either Iota or C2, each of
which utilizes a clathrin-independent pathway, or a clathrin-
dependent pathway involving the Rho proteins.”””"

Dissecting the mechanisms behind novel bARE activity may
lead to an effective strategy for neutralizing the virulence of a
wide range of bacterial pathogens, while avoiding off-target
effects on the host microbiome and development of resistance
often observed with extended antibiotic therapy.”>~”* Unlike B.
anthracis, B. cereus is naturally resistant to f-lactams, including
cephalosporins, but currently responds well to other available
antibiotics like vancomycin.”>”® However, given the rise of
multidrug resistance in other human pathogens, directed
targeting of virulence factors is likely a safer long-term strategy
for combatting these infections. Determination of the substrate
and mechanism of Cereus toxin action may also lead to its use
as a molecular tool in elucidating mammalian signaling
pathways. Finally, understanding the activity of Cereus toxin
will broaden our understanding of the pathogenesis of B. cereus
G9241 and may lead to therapies for addressing the severe
morbidities and mortality associated with emerging pathogenic
strains of B. cereus.

B ASSOCIATED CONTENT

© Supporting Information

An amino acid homology alignment of CerADPr/lethal factor
protein domains and a homology alignment of CerADPr with
other bacterial ADP-ribosyltransferases as well as data showing
the inability of CerADPr to ADP-ribosylate Rho proteins. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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