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Background: The host substrate for Certhrax toxin is unknown.
Results: Certhrax toxin ADP-ribosylates vinculin at Arg-433, which disrupts focal adhesion complexes and host cell adhesion.
Conclusion: Certhrax toxin is the first bacterial toxin to add a post-translational modification to vinculin to disrupt the actin
cytoskeleton.
Significance: This explains how Certhrax toxin can contribute to evasion of the host innate immune system.

Bacillus cereus is often associated with mild to moderate gas-
troenteritis; however, some recent isolates cause inhalational
anthrax-like diseases and death. These potential emerging
human pathogens express multiple virulence factors. B. cereus
strain G9241 expresses anthrax toxin, several polysaccharide
capsules, and the novel ADP-ribosyltransferase, Certhrax. In
this study, we show that Certhrax ADP-ribosylates Arg-433 of
vinculin, a protein that coordinates actin cytoskeleton and
extracellular matrix interactions. ADP-ribosylation of vinculin
disrupted focal adhesion complexes and redistributed vinculin
to the cytoplasm. Exogenous vinculin rescued these phenotypes.
This provides a mechanism for strain G9241 to breach host bar-
rier defenses and promote bacterial growth and spread. Cer-
thrax is the first bacterial toxin to add a post-translational mod-
ification to vinculin to disrupt the actin cytoskeleton.

Bacillus cereus is typically considered an opportunistic path-
ogen associated with “food poisoning” or infections in immune
compromised individuals; however, several B. cereus strains
have recently been reported to cause severe or fatal
“anthrax-like” disease in humans and non-human primates
(1– 4). These virulent strains often harbor virulence plas-
mids similar to Bacillus anthracis, whereas retaining B.
cereus diagnostic phenotypes (5, 6). The severity of clinical
disease suggests that these virulent B. cereus strains may be
emerging human pathogens.

The B. cereus group consists of several Gram-positive, spore-
forming Bacillus species including B. anthracis, Bacillus thur-
ingiensis, and B. cereus. Notably, group members share high
genomic similarity (�99%) but elicit different disease pheno-
types, ranging from mild gastroenteritis to death. B. anthracis,
the etiologic agent of anthrax, is the most pathogenic member
of the Bacillus group to humans, with virulence modulated by
two megaplasmids, pXO1 and pXO2. pXO1 encodes the genes

for anthrax toxin, an AB toxin comprised of edema factor (EF),2
lethal factor, and protective antigen (PA) (7, 8). EF is an adenylate
cyclase, lethal factor is a potent zinc metalloprotease targeting
mitogen-activated protein kinase kinases, and PA binds to the
host cell receptors, ANTXR-1 and ANTXR-2. After PA hepta-
or octamerization, 3 or 4 molecules of EF/lethal factor bind PA
and are delivered into the host cytosol (9 –11). pXO2 encodes
enzymes that produce the anti-phagocytic poly-D-glutamic acid
capsule (12).

B. cereus strain G9241 was isolated from a patient who was
admitted to the hospital with an anthrax-like fulminant pneu-
monia (3, 4). G9241 contains two megaplasmids, pBCXO1 and
pBC210, which are analogous to the toxin and capsule virulence
plasmids pXO1 and pXO2 present in B. anthracis (13).
pBCXO1 encodes the three anthrax toxin components, as well
as an operon responsible for producing a hyaluronic acid cap-
sule (14, 15). pBC210 encodes a polysaccharide capsule operon,
a PA homolog (60% identity), and a bacterial ADP-ribosyltrans-
ferase, Certhrax (13–15).

As found in B. anthracis, G9241 requires both pBCXO1 and
pBC210 for maximum virulence (15). However, despite the fact
that B. anthracis and G9241 both produce encapsulated bacilli
and anthrax toxin, studies in mice and rabbits demonstrate that
G9241 exhibits virulence similar to the attenuated, un-encap-
sulated B. anthracis Sterne (pXO1�/pXO2�) strain. Addition-
ally, G9241 genetic knockouts of the two PA homologs demon-
strated that pBCXO1-encoded PA is required for virulence in
mice (16). This is consistent with the pathogenesis of G9241
being toxin-mediated, whereas the absence of the poly-D-glu-
tamic acid capsule may account for the virulence attenuation
when compared with the fully virulent B. anthracis Ames strain
(15). Interestingly, in vitro studies indicate that Certhrax pos-
sesses an 80-fold lower LD50 than B. anthracis lethal factor
toward macrophages (17). Although toxin production is neces-
sary for G9241 pathogenesis and Certhrax possesses a remark-
able potency, the role of Certhrax during infection remains to
be determined.

Certhrax was previously identified as a bacterial ADP-ribo-
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ADP-ribosyltransferase toxins (18 –20). Recently, Certhrax was
shown to ADP-ribosylate a single 120-kDa protein in HeLa cell
lysates, and intracellular expression of Certhrax resulted in cell
death and rearrangement of the actin cytoskeleton (18). In this
study, we show that Certhrax ADP-ribosylates vinculin, a cyto-
skeleton adaptor protein responsible for linking the actin cyto-
skeleton and extracellular matrix (ECM) at focal adhesion sites
(21–23). Vinculin is a multidomain matrix protein that links the
actin cytoskeleton to the ECM through direct interactions with
focal adhesion proteins, like talin, and actin stress fibers (24).
Vinculin exists in two conformations, a cytoplasmic inactive
conformation and a membrane-associated active confirmation.
Vinculin activation results in release of an autoinhibitory “tail”
domain from a protein binding “head” domain, allowing vincu-
lin to interact with actin or other focal adhesion proteins (25).
Activity is regulated through phosphorylation and binding to
several other focal adhesion proteins, primarily talin (25–27).
The ADP-ribosylation of vinculin by Certhrax is a novel mech-
anism by a bacterial toxin to modulate actin stress fibers and
extends our appreciation of how bacterial pathogens deregulate
the cytoskeleton to make the host more prone to bacterial inva-
sion and colonization.

MATERIALS AND METHODS

Plasmid Vectors and Mutagenesis

DNA encoding the ADP-ribosyltransferase domain of Cer-
thrax (residues 226 – 476, CerADPr) or CerADPr(E431D) was
subcloned into pET15b (Novagen) or pEGFP-C3 (Clontech) as
previously described (18). DNA encoding human vinculin (res-
idues 1–1066, ATCC-MGC number 21734) was subcloned
with the hemagglutinin epitope (HA) fused to the 3� terminus,
using primers 5�-GATCGATCGCTAGCATGCATCATCAT-
CATCATCACAGCAGCGGCCCAGTGTTTCATACGCG-
CACG and 3�-GAAAGACTCCCTGGTACCAGACCCATA-
CGACGTACCAGACTACGCAGAAGCAACGTATCCGTA-
TGATGTACCGGATTATGCATAGGTCGACGATCGATC
into pET-28a or pEGFP-N1. DNA encoding human paxillin
(residues 1–591,Thermo Scientific, MHS6278-213245146) was
subcloned into pET-28a or pEGFP-N1. Plasmids were sequ-
enced to confirm the appropriate DNA and then transformed
into Escherichia coli (TG1).

Expression and Purification of Recombinant Proteins

pET15b-CerADPr and pET-15b-CerADPr(E431D) were pu-
rified as previously described (17). pET-28a-Vinculin and
pET28a-Paxillin were transformed into E. coli BL21(DE3).
Cells were plated overnight at 37 °C with 250 �g/ml of ampicil-
lin. Cells were added to 400 ml of LB broth (Miller salts, BD
Biosciences) with ampicillin and cultured for 2 h at 30 °C when
1 mM isopropyl 1-thio-�-D-galactopyranoside 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 5 mM imidazole) with bacterial protease inhibitor
mixture (Sigma), RNase (20 �g/ml), and DNase (20 �g/ml) and
broken by French Press. The lysate was centrifuged (30,000 � g
for 20 min) and the soluble fraction passed through a 0.45-�m
filter. The filtrate was subjected to Ni2� affinity resin chroma-
tography (Qiagen). His6 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 dia-
lyzed 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/liter of culture.

HeLa Cell Growth and Lysate Harvesting

HeLa cells (ATCC, CCL-2) were cultured in MEM (Invitro-
gen) supplemented with 10% fetal calf serum, non-essential
amino acids, sodium pyruvate, sodium bicarbonate, and peni-
cillin/streptomycin and maintained humidified at 37 °C in 5%
CO2. Confluent plates (150 mm) of HeLa cells were washed
(PBS) and scraped into 1 ml of HB buffer (200 mM sucrose, 3 mM

imidazole, mammalian protease inhibitor mixture (Sigma).
Cells were broken by 25–30 passes through a 26-gauge needle,
and then centrifuged at 1000 � g to pellet unbroken cells and
nuclei. Protein concentration was determined by BCA assay
(Pierce).

In Vitro ADP-ribosylation Assay

Reactions contained: 10 mM Tris-HCl (pH 7.6), 20 mM NaCl,
50 �g of HeLa lysate or 2 �g of recombinant vinculin or paxillin
protein, 4 �M 6-biotin-17-NAD (Trevigen), and the indicated
amount of Certhrax. Reactions were incubated at room tem-
perature (RT) for the indicated time and stopped with Laemmli
buffer and boiling. Reactions were subjected to SDS-PAGE and
transferred to polyvinylidene fluoride membranes (PVDF, Mil-
lipore). Membranes were subjected to the following analyses.

Detection of Biotin-ADP-ribose—Membranes were blocked
for 30 min in PBS � 3% BSA and incubated with streptavidin-
HRP (SA-HRP) conjugate (1:80,000 final dilution; Pierce) for
1 h at RT. Membranes were then incubated with Pico Super
Signal (Pierce) and luminescence was measured.

Detection of Proteins in HeLa Cell Lysate—Membranes were
blocked for 30 min in TBST � 3% milk and then incubated with
�-GFP IgG (mouse, 1:2,000; Covance), �-tubulin IgG (rabbit,
1:5,000; Abcam), �-vinculin IgG (rabbit, 1:5,000; Abcam), or
�-HA IgG (rat, 1:2,000; Sigma). Primary antibodies were
detected with goat �-mouse-HRP IgG (1:30,000; Pierce), goat
�-rat-HRP IgG (1:35,000; Pierce), or goat �-rabbit-HRP IgG
(1:35,000; 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 three independent experiments. An
unpaired t test was performed with GraphPad Prism 5 software
(GraphPad Software Inc.) (* � p 	 0.05; ** � p 	 0.01).

Mass Spectroscopy

A band comprising the 120-kDa protein ADP-ribosylated by
CerADPr was excised and subjected to in-gel trypsinization,
followed by LC-MS/MS on a linear ion trap-Orbitrap hybrid
mass spectrometer (University of Massachusetts-Worcester
Proteomic Center). Scaffold 3 (Proteome Software) was used to
assign peptides. Analysis of common proteins from two inde-
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pendent biological replicates showed human vinculin (acces-
sion number P18206) as the most prevalent protein (Table 1).

Streptavidin-Ultralink Precipitation

HeLa cell lysates were incubated with CerADPr in the pres-
ence (�biotin) or absence (�biotin) of 6-biotin-17-NAD
(Trevigen) for 1 h when Streptavidin-Ultralink beads (Pierce)
were added for 2 h at RT, with rotation, to bind biotin-ADP-
ribosylated proteins. The beads were washed 4 times with an
equal volume of TBS and bound proteins were eluted with a
mixture of 40 �M biotin and 1% SDS and boiling. Load, flow-
through, and elution fractions were resolved by SDS-PAGE and
transferred to PVDF membrane. Biotin-ADP-ribose and vincu-
lin were detected by immunoblot as described above.

Cell Culture and Transfection

HeLa cells were cultured to �70% confluence in 6-well plates
and mock transfected (Mock) or co-transfected with 0.5 �g of
pEGFP (EGFP), pEGFP-vinculin (VCL), or pEGFP-paxillin
(PXN) and 0.5 �g of pEGFP-CerADPr (Cer) using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. At the indicated times, cells were washed twice with
PBS and processed for microscopy analyses as described below.

HeLa cell lysates were cultured to �70% confluence in 6-well
plates and transfected with 0.5 �g of the indicated plasmid in
Lipofectamine 2000 for 20 h, scraped into 1 ml of HB, and lysed
by 25–30 passages through a 26-gauge needle. Cell lysates were
incubated with 0.1 �g of CerADPr and 4 �M 6-biotin-17-NAD
for 1 h at RT to assay for ADP-ribosylation, or the lysates were
immediately resolved by SDS-PAGE and transferred to PVDF
membranes for cellular protein immunoblot analysis.

Cytotoxicity and Adherence of HeLa Cells—Cytotoxic poten-
tial of CerADPr was measured in HeLa cells using a trypan blue
exclusion assay (28). Cells were mock transfected (Mock) or
co-transfected with either 0.5 �g of pEGFP (EGFP) or pEGFP-
vinculin (VCL) and 0.5 �g of pEGFP-CerADPr (Cer) using
Lipofectamine 2000 (Invitrogen) according to the manufactu-
rer’s protocol. At 5 or 20 h post-transfection (HPT), media was
removed, and cells were washed and stained for 5 min with 0.4%
trypan blue (Invitrogen). Unbound trypan blue was removed,
cells were washed in Opti-MEM low serum media (Invitrogen),
and color images were obtained using a �10 objective and
Retiga-2000R CCD camera (QImaging) with NIS Elements
software (Nikon). Percent cytotoxicity was determined by
counting the number of trypan blue-positive HeLa cells/total
number of HeLa cells per field. Adherence was determined by
counting the total number of cells remaining on the plate after
removal of growth media. Five random fields were assayed for
each transfection condition. A minimum of 10 fields of view
from at least two independent biological replicates were quan-
tified. Statistical significance was determined by one-way
ANOVA analysis, performed in GraphPad Prism 5 software
(GraphPad Software Inc.) (** � p 	 0.01).

Immunofluorescence Microscopy—HeLa cells were washed in
PBS (2 times) and fixed with 4% paraformaldehyde in PBS (15
min at RT). Next, cells were permeabilized in PBS � 0.1% Tri-
ton X-100 and 4% formaldehyde (15 min) and then incubated in
150 mM glycine (15 min). Wells were blocked with PBS � 2.5%

BSA, 10% FBS, 0.05% Tween 20, and 0.1% Triton X-100 (1 h at
RT) and incubated with primary antibody (1 h at RT). Alexa
Fluor� 647-phalloidin (Invitrogen; 1:1000) labeled the actin
cytoskeleton, and mouse �-vinculin IgG (Sigma; 1:1000) fol-
lowed by goat �-mouse IgG Alexa Fluor� 568 (Invitrogen;
1:500) labeled vinculin. 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 with PBS (3
times) and mounted with ProLong Gold antifade reagent (Invit-
rogen). Cells were viewed with a �60 oil immersion objective.
Images were taken with a CoolSnap HQ CCD camera (Photo-
metrics) and NIS-Elements AR software (Nikon), which were
processed with ImageJ software (NIH).

Measurement of Vinculin Subcellular Fractionation and
Focal Adhesion Quantification—Quantification of focal adhe-
sion complexes were visualized by immunofluorescence with
mouse �-vinculin IgG vinculin (Sigma; 1:1000) and rabbit
�-talin IgG (Sigma; 1:2000) antibodies. Images were taken of
EGFP-CerADPr or EGFP-CerADPr(E431D) positive cells and
scored for the presence or absence of a minimum of 10 focal
adhesions double positive for both talin and vinculin. At least
50 cells were scored from biological replicates. Statistical signif-
icance was determined by one-way ANOVA analysis, per-
formed in GraphPad Prism 5 software (GraphPad Software
Inc.) (** � p 	 0.01; *** p 	 0.001).

RESULTS

CerADPr ADP-ribosylates Human Vinculin—Earlier studies
showed that recombinant CerADPr (rCerADPr) ADP-ribosy-
lated an �120 kDa protein in HeLa cell lysates (18). Two inde-
pendent mass spectroscopic analyses identified the 120-kDa
protein as human vinculin protein (VCL), with an average of
55% peptide coverage (Table 1). To test this identification,
rCerADPr � biotin-NAD-treated HeLa cell lysate was incu-
bated with Streptavidin-Ultralink beads to precipitate biotin-
ADP-ribose-linked protein. The precipitate, resolved by SDS-
PAGE, contained a 120-kDa band that reacted with both
streptavidin and �-vinculin antibody (Fig. 1A). Immunopre-
cipitation of lysate in the absence of biotin supported the spec-
ificity of the streptavidin and �-vinculin antibody reactivity
band, as no vinculin nonspecifically bound the beads in the
absence of biotin-NAD.

CerADPr ADP-ribosylates Recombinant Human Vinculin—
To further characterize the CerADPr-substrate interaction,
recombinant human vinculin was ADP-ribosylated by
rCerADPr in a time- (Fig. 1B) and dose-dependent (Fig. 1C)
manner. Kinetic assessment showed that CerADPr ADP-ribo-
sylated recombinant human vinculin �20-fold slower than
vinculin present in the HeLa lysate (not shown). The rate of ADP-
ribosylation was salt sensitive, indicating that the CerADPr-
vinculin interaction is likely mediated by electrostatic interac-
tions. Catalytically inactive rCerADPr(E431D) showed no
appreciable ADP-ribosylation activity toward recombinant
vinculin, indicating a specific ADP-ribosyltransferase reaction
(Fig. 1C). Finally, CerADPr did not ADP-ribosylate a control
focal adhesion substrate, paxillin, over a 24-h time course, dem-
onstrating that CerADPr has specific affinity for vinculin (Fig.
1D).
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Recombinant Vinculin Is a Preferred Substrate for CerADPr
in HeLa Cells—Because recombinant vinculin produced in
E. coli was ADP-ribosylated at a slower rate than native vinculin
in HeLa lysate, we hypothesized that CerADPr preferred vincu-
lin when either bound to another host protein or when post-
translationally modified, such as through a phosphorylation
event required for signaling. It is also possible that CerADPr
forms a stable complex with the E. coli-produced recombinant
vinculin, which could account for the decreased rate of ADP-
ribosylation. However, immunoprecipitation of recombinant
vinculin protein does not co-immunoprecipitate CerADPr,
which does not favor the formation of a stable complex (not
shown). Additionally, whereas a eukaryotic cofactor could be
necessary for full activation, addition of limiting amounts of
HeLa lysate to an in vitro ADP-ribosylation assay did not result
in a synergistic increase in ADP-ribosylation activity toward
recombinant vinculin. To test the possibility that CerADPr
preferentially ADP-riboyslates eukaryotic produced vinculin,
human vinculin was expressed as an EGFP or HA fusion protein
in HeLa cells. Fluorescence microscopic analysis localized the
vinculin fusion proteins within focal adhesion complexes, co-
localized with talin and near actin stress fibers, indicative of
active and functional vinculin (not shown). To control for off-
target effects of overexpressing focal adhesion proteins, expres-
sion of a second focal adhesion scaffold and signaling protein,
paxillin, was used as a control. HeLa lysates from cells mock
transfected or transiently transfected with pEGFP-vinculin
were incubated with recombinant CerADPr and biotin-NAD
(Fig. 2). rCerADPr ADP-ribosylated both endogenous vinculin
(lower band), and transiently expressed EGFP-vinculin, which
migrates at a higher molecular weight (upper band) than
endogenous vinculin. Immunoblotting with �-vinculin anti-
body confirmed that the ADP-ribosylation signal was ADP-
ribosylated vinculin, both the endogenous and transiently
expressed proteins. Importantly, no other ADP-ribosylated
proteins were detected, showing that CerADPr has a single
eukaryotic target, vinculin. The rate of ADP-ribosylation of
EGFP-vinculin was slightly faster than that of endogenous vin-

culin, although not a statistically significant increase (Fig. 2B).
The increased rate of ADP-ribosylation of eukaryotic produced
vinculin supports the hypothesis that a discrete form of vincu-
lin, either post-translationally modified or associated with
other host proteins, is the preferred substrate of CerADPr.

Overexpression of Vinculin Rescues Cells from the Cytotoxic
Effects of CerADPr—As previously shown, Certhrax elicits a
cytotoxic effect in both cultured epithelial cells (18) and macro-
phages (17). HeLa cells mock transfected or transfected with
pEGFP-vinculin-HA, alone or with pEGFP-CerADPr, were
scored at 5 and 20 HPT for trypan blue exclusion. At 5 HPT, the
transfected cells did not show appreciable levels of cytotoxic-
ity. By 20 HPT, cells mock transfected showed few (�10%) trypan
blue-positive cells, whereas co-expression with CerADPr resulted
in a significant increase in cell death, �45% (not shown). How-
ever, co-expression of vinculin and CerADPr resulted in only
�30% of adherent cells showing trypan blue uptake, indicating
a protective effect of vinculin overexpression.

Overexpression of Vinculin Reverses the Cell Detachment
Elicited by CerADPr—Earlier studies showed that CerADPr
stimulated actin depolymerization and detachment of HeLa
cells from the growth surface (18). Assessment of cell adher-
ence showed that at 5 HPT, CerADPr did not have an effect on
cell adhesion, with an average of 180 –200 cells/field observed
(not shown). By 20 HPT, cell detachment was observed in cells
transfected with CerADPr, with �80–90 cells per field ob-
served (Fig. 3). Co-expression of vinculin and CerADPr signif-
icantly reduced the number of detached cells relative to
CerADPr-transfected cells (Fig. 3, compare Cer/VCL versus
Cer). Cell detachment was not influenced by expression of
EGFP or vinculin alone. Importantly, overexpression of paxillin
did not rescue CerADPr-induced cell detachment, indicating
that rescue due to vinculin overexpression is a specific effect,
not a global increase in focal adhesion signaling.

ADP-ribosylation of Vinculin Stimulates Disruption of Focal
Adhesions—To determine whether CerADPr also disrupted
focal adhesion complexes, HeLa cells were either mock trans-
fected or transfected with plasmids encoding vinculin-HA and

TABLE 1
Mass spectroscopic analysis of the 120-kDa protein ADP ribosylated by CerADPr
Biotin-ADP-ribosylated 120-kDa protein band was excised and subjected to LC-MS/MS analysis (University of Massachusetts-Worcester Proteomic Center). The 8 most
prevalent protein scores from two separate experiments are shown, ordered by total number of unique spectra. Scaffold Viewer was used to visualize results.

Identified proteins Homo sapiens
Accession number

(human) Molecular mass
Score

(unique spectra)

kDa
Analysis 1

Vinculin GN � VCL PE � 1 SV � 4 VINC 124 253
ATP-citrate synthase GN � ACLY PE � 1 SV � 3 ACLY 121 236
Eukaryotic translation initiation factor 3 subunit B GN � EIF3B PE � 1 SV � 3 EIF3B 92 84
Kinesin-1 heavy chain GN � KIF5B PE � 1 SV � 1 KINH 110 73
Eukaryotic translation initiation factor 3 subunit A GN � EIF3A PE � 1 SV � 1 EIF3A 167 70
Integrin �-1 GN � ITGB1 PE � 1 SV � 2 ITB1 88 62
�-Actinin-4 GN � ACTN4 PE � 1 SV � 2 ACTN4 105 51
Integrin �-V GN � ITGAV PE � 1 SV � 2 ITAV 116 46

Analysis 2
Vinculin GN � VCL PE � 1 SV � 4 VINC 124 107
Myosin-9 GN � MYH9 PE � 1 SV � 4 MYH9 227 88
Desmoplakin GN � DSP PE � 1 SV � 3 DESP 332 82
Plectin GN � PLEC PE � 1 SV � 3 PLEC 532 73
Filamin-A GN � FLNA PE � 1 SV � 4 FLNA 281 49
Eukaryotic translation initiation factor 3 subunit A GN � EIF3A PE � 1 SV � 1 EIF3A 167 35
Myosin-Ib GN � MYO1B PE � 2 SV � 3 MYO1B 132 34
Ankycorbin GN � RAI14 PE � 1 SV � 2 RAI14 110 33
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either CerADPr or catalytically inactive CerADPr(E431D). At
20 HPT, cells were fixed and stained for the actin cytoskeleton
(Fig. 4, phalloidin, blue) and vinculin (�-vinculin, red). Emis-
sion at 488 nm visualized EGFP-CerADPr or EGFP-
CerADPr(E431D) expressing cells (green). Cells expressing
CerADPr(E431D) showed normal cytoskeleton architecture,

FIGURE 1. Precipitation of biotin-NAD-labeled substrate with immobi-
lized streptavidin pulls down vinculin protein. A, HeLa lysate was incu-
bated with Certhrax and biotin-NAD for 1 h. Biotinylated protein (ADP-ribo-
sylated) was then immunoprecipitated with Streptavidin-Ultralink beads. The
beads were washed with TBS and bound material was eluted with free biotin
and SDS. The reactions were resolved by SDS-PAGE and transferred to PVDF
membrane. Immunoblot with �-vinculin or streptavidin-HRP (SA-HRP) conju-
gate detected vinculin and biotin-ADP-ribose, respectively. B, recombinant
vinculin purified from E. coli was incubated with CerADPr and biotin-NAD for
the indicated times. The reaction was stopped by addition of Laemmli buffer
and boiling. The reaction was resolved by SDS-PAGE and transferred to PVDF.
Biotin-ADP-ribose was detected with streptavidin-HRP conjugate. Total vin-
culin was detected by �-vinculin immunoblot. C, recombinant vinculin was
incubated with increasing doses of CerADPr or catalytically inactive
CerADPr(E431D). After 3 h, the reaction was stopped by addition of Laemmli
buffer and boiling. The reaction was resolved by SDS-PAGE and transferred to

PVDF. Biotin-ADP-ribose was detected with streptavidin-HRP conjugate and
total protein was detected with �-vinculin antibody. Biotin signal was nor-
malized to total vinculin (VCL) signal and expressed in arbitrary units (AU). D,
recombinant vinculin or recombinant paxillin were incubated with CerADPr
for the indicated times. At each time point, an aliquot was removed and the
reaction was stopped by addition of Laemmli buffer and boiling. The reaction
was resolved by SDS-PAGE and transferred to PVDF. Biotin-ADP-ribose was
detected with streptavidin-HRP conjugate and total protein was detected
with �-vinculin antibody. Biotin signal was normalized to total protein load
and expressed in arbitrary units.

FIGURE 2. Certhrax ADP-ribosylates mammalian-expressed vinculin. A,
HeLa cells were transfected with empty vector (Mock) or pEGFP-vinculin (VCL-
GFP). Cells were incubated for 20 h, lysed, and incubated with (�rCerthrax) or
without (�) recombinant CerADPr and biotin-NAD for 1 h. The reaction was
stopped with boiling and resolved by SDS-PAGE and transferred to PVDF
membrane. ADP-ribosylation was detected by immunoblot with streptavi-
din-HRP and vinculin was detected with �-vinculin antibody. �-Tubulin
immunoblot was used as a load control. B, ADP-ribose incorporation into
endogenous (End.) or EGFP-vinculin was measured by densitometry. The
amount of biotin-ADP-ribose signal from each protein was normalized to the
vinculin signal from each protein and displayed as arbitrary units (AU). No
significant (ns) difference was detected between endogenous and recombi-
nant EGFP-vinculin by one-way ANOVA analysis (p value: 0.19).
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with prominent actin stress fibers and visible focal adhesions
(Fig. 4A, top row). In contrast, cells transfected with the catalyt-
ically active CerADPr showed loss of stress fibers and aberrant
actin staining, cell rounding, and did not have apparent focal
adhesions, with vinculin redistributed to the cytoplasm (Fig.
4A, second row; compare EGFP-CerADPr� cell to neighbors).
Cells co-expressing CerADPr and vinculin displayed a more

typical morphology, with visible stress fibers and focal adhesion
complexes (Fig. 4A, bottom row). Overexpression of an EGFP-
paxillin construct alone did not effect cell morphology, with
EGFP-paxillin localized to focal adhesion complexes and cells
having flattened cell morphology (Fig. 4B, left panel). However,
cells co-transfection of paxillin and CerADPr displayed
rounded morphology and did not have visible focal adhesion
complexes (Fig. 4B, right panel). This indicates that overexpres-
sion of focal adhesion signaling proteins alone is not sufficient
to rescue CerADPr-induced effects. Quantification of the num-
ber of cells displaying �10 focal adhesion complexes, as indi-
cated by vinculin and talin immunofluorescence co-staining,
showed that whereas 	25% of CerADPr expressing cells
showed �10 focal adhesions, co-expression of vinculin-HA and
CerADPr resulted in more than 75% of cells with �10 focal
adhesions (Fig. 4C). These data indicate that CerADPr expres-
sion results in loss of focal adhesion complexes, likely due to
re-localization of vinculin to the cytoplasm, and that overex-
pression of vinculin inhibited this morphological phenotype.
Extending the incubation showed that the protective effects of
overexpression of vinculin on CerADPr disruption of focal
adhesions was transient, consistent with the observed effect
being due to increased vinculin expression, and not an off-tar-
get effect of vinculin overexpression (not shown).

CerADPr ADP-ribosylates Vinculin at Arg-433—Next the
site of ADP-ribosylation on vinculin was determined. Proteol-
ysis experiments had previously narrowed the ADP-ribose to a
region of the vinculin head domain, which is responsible for
interactions with talin and other focal adhesion signaling mol-
ecules (not shown). However, mass spectrometry experiments
using the biotin-ADP-ribose adduct were unsuccessful in iden-
tification of the modified residue. Instead, recombinant vincu-
lin was ADP-ribosylated to saturation with unlabeled NAD�,
subjected to partial trypsinization, and resolved by SDS-
PAGE. ADP-ribosylated vinculin was in-gel proteolyzed and
LC-MS/MS analyzed, which identified three candidate arginine
residues in both protease-treated samples analyzed (Fig. 5A).
Vinculin was subjected to site-directed mutagenesis at Arg-433
and Arg-561, the two residues with the highest spectral counts.
In vitro analysis showed that CerADPr ADP-ribosylated
vinculin(R433A) less efficiently than wild-type vinculin (Fig.
5B), whereas Cer ADPr ADP-ribosylated vinculin(R561K) at a
similar rate similar to wild-type vinculin. CerADPr ADP-ribo-
sylated vinculin(R433A/R561K) at the same rate similar to
vinculin(R433A). This showed that CerADPr ADP-ribosylates
vinculin at Arg-433.

DISCUSSION

As emerging human pathogens are identified through bioin-
formatics or human infection, characterization of their viru-
lence factors and mechanisms of activity becomes important
from both preventative and therapeutic perspectives. In this
work, vinculin was identified as the substrate for the recently
identified bacterial ADP-ribosyltransferase, Certhrax, from B.
cereus G9241. Identification of the molecular action of Cer-
thrax will help define how Certhrax contributes to the anthrax-
like disease caused by G9241. The current study shows that
ADP-ribosylated vinculin is disassociated from focal adhesion

FIGURE 3. Transient expression of vinculin partially rescues Certhrax-in-
duced cell detachment. HeLa cells were transfected with pEGFP, pEGFP-
vinculin, or pEGFP-paxillin 
 pCerADPr. 20 h HPT, cells were washed 4 times
in Opti-MEM and color micrographs taken. Integrity of cell adherence was
measured by counting the cells remaining attached to the growth surface
after 4 washes. Adherent cells were scored from 10 random fields for each
transfection. A one-way ANOVA was performed on all columns. **, p 	 0.01.

FIGURE 4. Overexpression of vinculin rescues Certhrax-induced cytoskel-
eton disruption. A, HeLa cells were transfected with pEGFP-Certhrax or
pEGFP-Certhrax (E431D) in the presence or absence of pCMV-vinculin-HA.
Cells were fixed and stained with phalloidin-647 (actin) and �-vinculin anti-
body. EGFP-Certhrax expression was visualized in the EGFP channel. Expres-
sion of CerADPr alone results in cell rounding, loss of actin stress fibers, and
relocalization of vinculin from focal adhesions to the cytosol. Co-expression
of CerADPr and vinculin results in changes to cell morphology, but no cell
rounding. Vinculin is still present in focal adhesions. Expression of the E431D
mutant shows no phenotype. B, HeLa cells were transfected with pEGFP-
paxillin 
 pCerADPr. Cells were fixed and stained with phalloidin-647 (actin)
and �-vinculin antibody. EGFP-paxillin expression does not rescue CerADPr-
induced morphological changes. C, quantification of the number of cells for
each transfection condition displaying �10 focal adhesions, as measured by
vinculin and talin staining. At least 50 cells were counted for each condition
from biological replicates and displayed graphically as a percentage of total
transfected cells counted. A one-way ANOVA was performed on all columns.
**, p 	 0.01; ***, p 	 0.001.
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complexes, leading to cytotoxicity and cell detachment. This is
a new target of bacterial ADP-ribosyltransferase activity and a
novel mechanism of bacterial pathogenesis.

Bacterial ADP-ribosyltransferases that target the actin cyto-
skeleton are typically grouped into three major categories
defined by the targeted substrate: the Rho family GTPases (C3-
like toxins), heterotrimeric G-proteins (cholera-like toxins),
and actin (C2-like toxins). Based on initial sequence analysis,
Certhrax was predicted to be a C2-like transferase, with highest
similarity to Iota toxin of Clostridium perfringens (29). How-
ever, Certhrax did not ADP-ribosylate actin or the Rho proteins
(17, 18). Additionally, although both actin and vinculin are
highly �-helical proteins with partial structural alignment in
the head domain, tryptic fragments of vinculin are not sub-
strates for Certhrax.3 This suggests that Certhrax requires mul-

tiple structural elements of vinculin for proper substrate recog-
nition and ADP-ribosylation.

Loss of vinculin is embryonic lethal in mice, whereas a tar-
geted cellular knock-out of vinculin results in cell rounding,
increased cytoskeleton remodeling, and loss of adhesion to
ECM proteins (30, 31). These phenotypes can be linked to the
prominent role vinculin plays in organizing focal adhesion
complexes, linking the ECM to the actin cytoskeleton. This
connection allows non-motile epithelial cells to remain adher-
ent to the ECM and form a coherent physical barrier (32–34)
and also allows motile cells, like macrophages, to form protru-
sions allowing for directed movement (35–37). Vinculin signals
through direct interactions with the actin cytoskeleton and
focal adhesion proteins like talin, as well as through recruit-
ment of other proteins responsible for maintaining cytoskeletal
cohesion. Critically, expression of paxillin, an additional scaf-
fold and signaling molecule recruited to focal adhesions, does
not abrogate the CerADPr-induced phenotypes, demonstrat-
ing a vinculin-specific effect.

Targeting the cytoskeleton is not unique for bacterial effec-
tors, as many bacterial toxins target cytoskeletal proteins to
promote bacterial invasion or cell death (38 – 40). These tar-
geted proteins include the RhoGTPases or actin, which are
upstream of vinculin in the cytoskeletal signal transduction cas-
cade and exert pathogenic effects through blockade of actin
polymerization. Disruption of focal adhesion proteins or com-
plexes has been demonstrated for other pathogenic organisms
(41– 44) as a mechanism to dampen immune cell responses (45)
and impair bacterial phagocytosis (46, 47). Vinculin is a target
of other bacterial pathogens, with Helicobacter pylori CagA and
Shigella flexneri IpaA proteins interfering with vinculin func-
tion through dephosphorylation (CagA), resulting in loss of
focal adhesions (48), or robust activation of vinculin signaling
(IpaA), which promotes bacterial invasion (49). However, Cer-
thrax appears to be the first example of a bacterial toxin adding
a post-translational modification to disrupt vinculin function.

The finding that CerADPr had �20-fold higher affinity for
vinculin produced in mammalian cells compared with vinculin
produced in E. coli suggests that a post-translational modifica-
tion or protein-protein interaction is required for optimal vin-
culin ADP-ribosylation. Although CerADPr may require a
eukaryotic cofactor to attain full catalytic activity, as has been
shown for other bacterial ADPr (50 –52), these enzymes also
require the cofactor for NAD-glycohydrolase activity, which is
not the case for CerADPr (17, 18). Thus, Certhrax may prefer
vinculin already incorporated into focal adhesions, targeting an
active conformation to produce the most robust toxic effect.
Supporting this model are cellular studies in which disruption
of vinculin signaling results in loss of cell adherence and pro-
motion of cell motility and invasion (31, 53). Vinculin directly
interacts with actin cytoskeleton and the focal adhesion protein
talin, which in turn binds the �3-integrin tail to promote cell
attachment to the ECM and stabilization of cellular architec-
ture (54). Loss of integrin signaling through focal adhesions
results in initiation of cell death pathways in many adherent
cells (55, 56). Gram-positive and Gram-negative bacterial
pathogens use secreted virulence factors to disrupt focal adhe-
sions or the epithelial barrier to promote pathogen entry and3 N. C. Simon and J. T. Barbieri, unpublished data.

FIGURE 5. CerADPr ADP-ribosylates vinculin at Arg-433. A, recombinant
vinculin was ADP-ribosylated to saturation and subjected to mass spectrom-
etry peptide sequencing. Three candidate arginine residues that had mass
increases consistent with addition of ADP-ribose are shown in bold in the
peptide sequences. B, site-directed mutagenesis identified Arg-433 as the site
of ADP-ribosylation on vinculin. Wild-type vinculin (circles), vinculin(R433A)
(squares), vinculin(R561K) (open triangles), and vinculin(R433A-R561K) (closed
triangles) were ADP-ribosylated by CerADPr over the indicated time course as
described under “Materials and Methods.” Plotted is the amount of ADP-ribo-
sylated vinculin per total vinculin in arbitrary units (AU). C, amino acid
sequence of selected vinculin isoforms is conserved. The primary amino acid
sequences of several mammalian- and chicken-vinculin (accession numbers:
human, AAA61283; chicken, NP_990772; pig, NP_999099; mouse, NP_
033528.3; and rat, NP_001100718.1) surrounding Arg-433 and Ser-434 (resi-
dues 420 – 425) are shown. Human vinculin Arg-433 and Ser-434 are in bold.
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survival (42, 44, 57– 60). G9241 may utilize Certhrax for a sim-
ilar function.

A proposed mechanism of Certhrax-mediated cytotoxicity
and cytoskeletal rearrangement is detailed (Fig. 6). Talin
recruits vinculin to focal adhesion complexes (A) (22, 24, 27).
Vinculin association with talin or actin leads to the activation of
vinculin, typically through phosphorylation (61– 63); other-
wise, vinculin is released back into the cytosol in an inactive
conformation (B). Vinculin binding allows talin to stabilize an
active conformation of integrins at focal adhesions, promoting
cell adherence and polymerization of actin stress fibers (C).
Upon G9241 infection, Certhrax enters through a protective
antigen-mediated entry mechanism (17) and traffics to the
plasma membrane by an unidentified pathway to ADP-ribosy-
late vinculin at Arg-433 in focal adhesions (D). ADP-ribosy-
lated vinculin loses affinity for actin or other focal adhesion
proteins and released into the cytoplasm (D). The inability of
ADP-ribosylated vinculin to signal collapses actin stress fibers,
which leads to loss of cell adherence and integrin signaling,
culminating in cell detachment and death. Vinculin is con-
served among mammals and chicken and Arg-433 is present in
chicken and mammalian vinculin. Arg-433 is adjacent to Ser-
434, a bioinformatics identified phosphorylation site. Thus,
ADP-ribosylated Arg-433 might block the phosphorylation of
Ser-434 through steric hindrance or charge repulsion. This is
under investigation.

During the course of G9241 infection, Certhrax disruption of
vinculin signaling resulting in loss of cell adherence could lead
to disruption of the epithelial barrier lining the lung alveoli.
Alternatively, Certhrax could play a general anti-phagocytic
role, as seen for other pathogens, which disrupt focal adhesions.
Certhrax may act in concert with G9241 lethal factor, which in
B. anthracis pathogenesis is thought to primarily target macro-

phages (64), to promote efficient G9241 colonization of the
lung through dual mechanisms of physical barrier disruption
and disruption of the innate immune system. However, because
Certhrax also promotes toxicity in macrophages (17), Certhrax
may also have a general cytopathogenic role in G9241 patho-
genesis. Decreased association of actin with ANTXR-1
increases the affinity of PA for ANTXR-1 (65, 66). Thus, Cer-
thrax may enhance the potency of G9241 anthrax toxin through
disruption of the actin cytoskeleton (E). Further investigations
into potential toxin synergy may open a new frontier in bacte-
rial pathogenesis and lead to improvements in preventing
emerging pathogens from spreading into the human populace.
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