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ADP-ribosyltransferase activity.
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(Background: Cethrax toxin from B. cereus inactivates mammalian cells through cytoplasmic ADP-ribosyltransferase
Results: The crystal structure of Certhrax reveals that it has two domains, one that binds protective antigen and another that has

Conclusion: Good inhibitors against the ADP-ribosyltransferase activity have been developed.
Significance: Certhrax may be an important virulence factor in B. cereus pathogenesis.

J

We identified Certhrax, the first anthrax-like mART toxin
from the pathogenic G9241 strain of Bacillus cereus. Certhrax
shares 31% sequence identity with anthrax lethal factor from
Bacillus anthracis; however, we have shown that the toxicity of
Certhrax resides in the mART domain, whereas anthrax uses a
metalloprotease mechanism. Like anthrax lethal factor, Cer-
thrax was found to require protective antigen for host cell entry.
This two-domain enzyme was shown to be 60-fold more toxic to
mammalian cells than anthrax lethal factor. Certhrax localizes
to distinct regions within mouse RAW264.7 cells by 10 min
postinfection and is extranuclear in its cellular location. Substi-
tution of catalytic residues shows that the mART function is
responsible for the toxicity, and it binds NAD* with high affinity
(Kp = 52.3 £ 12.2 um). We report the 2.2 A Certhrax structure,
highlighting its structural similarities and differences with
anthrax lethal factor. We also determined the crystal structures
of two good inhibitors (P6 (K, = 1.7 = 0.2 uMm, K; = 1.8 * 0.4 pm)
and PJ34 (K, = 5.8 = 2.6 um, K; = 9.6 = 0.3 um)) in complex
with Certhrax. As with other toxins in this family, the phos-
phate-nicotinamide loop moves toward the NAD™" binding site
with bound inhibitor. These results indicate that Certhrax may
be important in the pathogenesis of B. cereus.

Pathogenic bacteria target host cells using an arsenal of toxic
proteins that may alter cellular physiology through mecha-
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nisms such as protein modifications, pore formations, or pro-
teolysis and may lead to cell death. Some bacterial toxins are
responsible for the complete pathology of a disease, whereas
others alter host immune response or aid in invasion of host
cells (1). Renowned examples of bacterial toxins include diph-
theria toxin, cholera toxin, botulinum toxin, and anthrax toxin.

Bacillus anthracis is famous as the causative agent of
anthrax, which gained notoriety in 2001 after spores were sent
through the United States Postal Service, infecting 22 people
and killing five (2), and remains in the public eye as a potential
bioterrorist threat. Inhalation anthrax is often fatal because
diagnosis is not possible before antibiotic treatment becomes
ineffective. Anthrax consists of three individually nontoxic pro-
teins. Namely, the protective antigen (PA)? is recruited to form
heptamers on cell surface receptors, which can then bind
anthrax lethal factor (LF) or edema factor (EF) to form a bipar-
tite toxin. Endocytosis delivers the proteins to an endosome,
where LF or EF can be translocated to the cytoplasm under
acidic conditions. Once inside the cell, anthrax LF, which is a
zinc metalloprotease, cleaves and inactivates MAPK kinases to
interfere with cell signaling (3—5). Anthrax EF, which is a calci-
um- and calmodulin-dependent adenylyl cyclase, catalyzes the
formation of cAMP and also affects cell signaling and ion fluxes
(6,7). Two plasmids, pXO1 and pXO2, are essential for anthrax
toxicity. pOX1 contains genes for PA, LF, and EF, whereas
pXO2 encodes a poly-y-p-glutamic acid capsule that partici-
pates in virulence by evading the host immune system (8).
These plasmids were thought to distinguish B. anthracis from
other Bacillus species until recently, when related Bacillus
cereus strains were found to contain similar plasmids.

B. cereus is a Gram-positive, spore-forming, rod-shaped bac-
terium, widely found in soil, dust, water, and the hospital envi-
ronment. It has been widely accepted as a causative agent of
emetic and diarrheal food poisoning. Because most B. cereus
isolates are harmless, it is often dismissed as a nosocomial pest
due to its ubiquitous nature. However, in immunocompro-

2The abbreviations used are: PA, protective antigen; EF, edema factor; LF,
lethal factor; mART, mono-ADP-ribosyltransferase; r.m.s, root mean
square.
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mised patients, B. cereus may cause a number of illnesses,
including septicemia, cutaneous infections, pneumonia, and
periodontal disease (9). In recent years, more severe B. cereus
infections have been reported in otherwise healthy individuals,
involving overwhelming sepsis and sometimes fatal pulmonary
infections resembling anthrax respiratory disease (10, 11). As a
result, this bacterium is now gaining respect as a bona fide
human pathogen. B. cereus G9241 is a strain 1 associated with
severe pneumonia in previously healthy patients, has been well
characterized, and has been shown to harbor a nearly complete
pXO1 plasmid, similar to that of B. anthracis (11).

The mono-ADP-ribosyltransferase toxins (mARTSs) are the
principle causative agents of a wide range of diseases, including
cholera, diphtheria, and whooping cough (12, 13). These toxic
proteins bind NAD™¥, cleave it into ADP-ribose and nicotin-
amide components, and facilitate the covalent transfer of the
ADP-ribose to a host cell protein target (usually), altering or
inhibiting target activity. Due to this covalent addition, mART
toxins may be solely responsible for or may contribute to the
disease state caused by their native pathogenic acter. Toxins of
this family have distinct and varied substrates, and even the
protein residue modified is not consistent. mART enzymes lack
global primary sequence homology but share a conserved fold
pattern (SCOP code d.166.1.1.) in the catalytic domain and hall-
mark catalytic residues in the active site (13). Specifically, (i) a
catalytic Arg preceded by an aromatic residue aids in NAD™
binding and scaffolding of the active site, (ii) a Ser-Thr-Ser
motif on a B-strand stabilizes the NAD™ binding site, (iii) the
ADP-ribosyl-turn-turn (ARTT) loop contains a catalytic Glu
responsible for the ADP-ribosyltransferase activity and a Gln/
Glu two residues upstream that may participate in substrate
recognition, and (iv) a “phosphate-nicotinamide” (PN) loop
contributes to NAD " binding through hydrogen bonds with an
Arg and aromatic residues. Historically, mART toxins have
been divided into diphtheria-like (DT group) and cholera tox-
in-like (CT group), but they can be further divided based on
their target substrate or domain organization (13, 14). Among
others, the actin-targeting toxins include C2 toxin from Clos-
tridium botulinum (15), v-toxin from Clostridium perfringens
(16), and Photox from Photorhabdus luminescens (17). These
mART toxins share a secondary catalytic Glu residue on the
ARTT loop and are usually AB binary toxins consisting of a
mART domain and a cell-binding domain. By contrast, the
C3-like toxins are small single domain enzymes targeting Rho
GTPases. Examples include C3bot1 and C3bot2 from C. botu-
linum (18, 19); C3lim from C. limosum (20); and C3staul,
C3stau2, and C3stau3 from Staphylococcus aureus (21-23).
Structures and biochemical data have allowed for reaction
mechanisms to be proposed for several mARTSs (24 -28). Fur-
ther identification and characterization of new mART toxins is
increasing our collective understanding of how these enzymes
work and, as a result, how to inhibit them.

In silico analysis has revealed a putative novel mART toxin,
which we have named Certhrax, in the pathogenic B. cereus
G4291 strain (29). We have cloned, purified, and characterized
this enzyme to show that it is a mART toxin. Cytotoxicity stud-
ies in mouse macrophage cells indicate that, like anthrax LF,
Certhrax gains entry into host cells via PA, and it is 60-fold
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more toxic than anthrax LF against this cell line. We have
resolved the structure of Certhrax to 2.20 A and show that it
shares high structural similarity with two of the three domains
in anthrax LF. Whereas anthrax LF includes an inactive mART
domain and an active zinc metalloprotease domain, Certhrax
differs by its active mART domain and lack of a metalloprotease
domain. In the absence of the host protein target, Certhrax
binds NAD™ and, like other mARTs, facilitates the scission of
the NAD™ glycosidic bond between ADP-ribose and nicotina-
mide. Characterization of the glycohydrolase activity and
NAD™-binding properties has allowed us to identify several
inhibitory compounds against this toxin-catalyzed reaction.
We present the structure of small molecule active site inhibi-
tors, PJ34 and P6, in complex with Certhrax at 1.8 and 1.96 A
resolution, respectively. As the scientific and medical commu-
nities are becoming increasingly more aware of the serious
infections caused by B. cereus, characterization of the first
anthrax-like mART will help our understanding of the patho-
genic behavior of these bacteria.

EXPERIMENTAL PROCEDURES

Unless otherwise noted, chemicals were purchased from
Sigma-Aldrich.

Strains and Media—RAW?264.7 murine macrophage cells
(ATCC, TIB-71) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) (Lonza, Basel, Switzerland) containing 10%
fetal bovine serum (FBS) (Invitrogen) and penicillin (100 units/
ml)-streptomycin (100 wg/ml) mixture (Lonza) in a water-jack-
eted CO, incubator at 5% CO,, 37 °C in 25-cm? culture flasks
(Corning Glass). R3D cells, which were a kind gift of K. A. Brad-
ley (UCLA), are an anthrax toxin-resistant cell line derived
from RAW264.7 murine macrophage cells and were cultured in
the same manner. Cells were routinely passaged once they
reached 80-90% confluence. PA was a kind gift of Dr. Jeremy
Mogridge (University of Toronto).

Inhibitors—Inhibitors P1, P3, and P6 were a gift from Guil-
ford Pharmaceuticals (Baltimore, MD), originally part of a
small, directed poly(ADP-ribose) polymerase library. V23 and
V30 were identified as potential inhibitors through a screen
against a previously studied mART toxin (30) and purchased
from Chembridge Corp. (San Diego, CA). The P6 derivatives,
P6C, P6D, P6F, and P6G, were designed and synthesized by
Sinova Inc. (Bethesda, MD).

Cloning, Expression, and Purification of Certhrax—Certhrax
was overexpressed in Escherichia coli Rosetta(DE3)pLysS
(Novagen Biosciences Inc., Madison, WI) cells and purified
using immobilized metal affinity chromatography. In brief, the
open reading frame encoding the 476-residue Certhrax (GI:
122687420) or a Q429A/E431A mutant (QXE) was cloned into
a modified pET-28+ vector with an N-terminal hexa-His tag
and a tobacco etch virus protease site. E. coli Rosetta cells were
transformed with plasmid and grown at 37 °C in 2-liter cultures
of 2X YT containing kanamycin (30 pg/ml). After induction
with 1 mMm isopropyl 1-thio-B-p-galactopyranoside, expression
occurred overnight at 15 °C. Harvested cells were resuspended
in 10 mm HEPES, pH 7.5, 500 mm NaCl, and 10% glycerol (Lysis
buffer) and lysed using an Emulsiflex-C3 high pressure homog-
enizer (Avestin Inc., Ottawa, Canada). Following centrifugation
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at 14,000 X g for 30 min, the supernatant was passed through an
8-ml DEAE column. Column flow-through was loaded to a
Zn*"-charged HiTrap™ Chelating HP column (GE Health-
care) equilibrated with Lysis buffer containing 10 mm imidazole
and was eluted with a 0-250 mm imidazole gradient. Certhrax
was concentrated using an Amicon Ultra-15 10K filter (Milli-
pore, Billerica, MA) to ~5 mg/ml in Lysis buffer.

Purification of Certhrax for Crystallography—For crystalliza-
tion, truncated full-length Certhrax (residues 18 —471) and cat-
alytic domain (residues 242—-469) were cloned into pNIC-CH
(GenBank™ accession number EF199843) and pET-MHL
(GenBank™ accession number EF456735; an alanine residue
of the C-terminal fusion tag was deleted through primer design)
vectors, respectively, and the resulting plasmids were trans-
formed into E. coli BL21 (DE3) for protein overexpression. Both
E. colitransformants were cultured in TB medium at 37 °C until
Agoo 0of 2.5-3.0 and induced with 0.5 mm isopropyl 1-thio-3-D-
galactopyranoside at 18 °C overnight. These proteins were
purified as above, and truncated Certhrax was further purified
by a Q anion exchange column (elution with a linear gradient of
0-0.5m NaCl) and size exclusion chromatography equilibrated
with gel filtration buffer (10 mm HEPES, pH 7.5, 10% glycerol,
2.5 mM tris(2-carboxyethyl)phosphine). For the catalytic
domain of Certhrax, the N-terminal His tag was removed by
tobacco etch virus protease before dialysis, and the dialyzed
sample was directly loaded onto a size exclusion column. Both
full-length and catalytic domain samples were concentrated to
25-30 mg/ml and stored at —80 °C until use.

FITC Labeling of Certhrax—Certhrax was fluorescently
labeled at primary amines with a DyLight 488 amine-reactive dye
kit following the manufacturer’s instructions (ThermoScientific,
Rockford, IL). The ratio of protein labeled was calculated and
found to be 1.1 mol of fluorophore/mol of Certhrax.

NAD™ Glycohydrolase Assay—NAD™ cleavage was moni-
tored using a fluorescence assay on a Cary Eclipse fluorescence
spectrophotometer (Varian). Certhrax (5 um) was mixed well
with various concentrations of etheno-NAD ™ (0 —100 um) in 20
mM Tris, pH 7.9. Increasing fluorescence intensity was moni-
tored at excitation and emission wavelengths of 305 and 405
nm, respectively, for 300 s.

K, IC,, and K; Determination—Intrinsic tryptophan fluo-
rescence quenching of Certhrax was used to determine the
binding dissociation constant, K,,, for both NAD™ and the
inhibitors as described previously (31), with slight modifica-
tions. Briefly, 1 um Certhrax in 50 mm NaCl, 20 mm Tris-HCI,
pH 7.9, was titrated with inhibitor while fluorescence was mon-
itored using excitation and emission wavelengths of 295 and
340 nm, respectively, using a Cary Eclipse fluorescence spectro-
photometer. For inhibition studies, NAD™ glycohydrolase
activity (5 um Certhrax, 100 um etheno-NAD ™) was measured
with various inhibitor concentrations. IC,, was calculated by
non-linear regression curve fitting using GraphPad Prism ver-
sion 5 (La Jolla, CA). These values were converted to K; values
using the Cheng-Prusoff equation (32), K, = IC5,/(1 + [S]/K,,,),
where [S] is the NAD™ concentration and K, is for the NAD™
substrate. Experimental K values were determined for inhibi-
tors, PJ34 and P6F, from Dixon plots of the kinetic inhibition
data.
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LD, for Certhrax against RAW264.7 and R3D Cells with and
without PA—Both RAW264.7 and R3D cells were diluted with
supplemented DMEM to a final density of 2 X 10* cells/ml, and
100-ul aliquots were used to seed a 96-well plate. PA was
diluted in fresh medium and was added at a final concentration
of 100 ng/ml. Recombinant purified Certhrax was serially
diluted in medium and added at final concentrations of 0.25—
100,000 pg/ml. A cycloheximide control (5 wg/ml) was
included in each assay as a positive control as well as controls
for 100% cell viability in the absence and presence of PA. The
96-well plates were incubated at 37 °C in 5% CO,, for 72 h. Cell
viability was determined using a 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2H-tetrazolium bromide (MTT) dye-based color-
imetric assay as described previously (33). LD, values were
determined by extrapolation from each corresponding line of
best fit (sigmoidal function in GraphPad Prism version 5.04),
and the average value was reported = S.D.

EC,, is the measure of a drug’s efficiency and represents the
concentration of a compound where 50% of its maximal effect is
observed. It was determined for inhibitor P6 using RAW?264.7
cells cultured in the presence of 10 ng/ml Certhrax and 100
ng/ml PA in 96-well plates for 96 h. P6 was added to the growth
medium to give final concentrations ranging from 0.5 to 100
puM. Cell viability was measured using the MTT assay above,
data were fit to a sigmoidal function in Origin 6.1, and ECy,
values were reported with errors representing the S.D.

Fluorescence Confocal Microscopy—RAW?264.7 cells were
grown to 90% confluence, diluted to 2 X 10* cells/ml, seeded on
glass coverslips in 6-well plates, and incubated in the absence or
presence of PA (100 ng/ml) with Certhrax (1 X 10° pg/ml) for
varying time periods. (Note that cells infected for only 0-60
min with Certhrax were preincubated with PA for 15 min
before the addition of Certhrax). Cells were washed with PBS
and fixed with 4% paraformaldehyde and then immediately
stained with 0.1 ug/ml DAPI before mounting with Dako fluo-
rescent mounting medium (Roche Applied Science, S3023).
Images were acquired using confocal microscopy (Leica
Upright DM 6000B) at X63 magnification, a pinhole of 1 Airy
unit, the FITC excitation and emission range (511-572 nm),
and a pixel resolution of 1024 X 1024 (scanning speed of 400
Hz). The acquisition software was Leica Applications Suite
Advanced Fluorescence (LAS AF) version 1.6.0. Images were
taken as z-stacks and Image]J (version 1.44p/Java 1.6.0_20) was
used to generate two-dimensional images using z-projection
and average intensity.

Crystallization, Data Collection, and Refinement of Certhrax
and Certhrax-Inhibitor Complexes—Crystallization was per-
formed by sitting drop vapor diffusion at 18 °C. Full-length
(truncated) Certhrax was mixed with suramin (5 w™m; Enzo Life
Sciences, Farmingdale, NY) and incubated overnight at room
temperature. Elastase was added (1:100 mol/mol; Sigma) to the
protein solution immediately before crystallization trays were
dispensed. Crystals were obtained against reservoirs containing
2.4 M sodium malonate and 10 mm HEPES, pH 7.2. Crystals of
the catalytic domain of Certhrax in complex with PJ34 were
obtained after overnight incubation with 1 mm PJ34 before
crystallization in 2.9 M ammonium sulfate and 0.1 M BisTris, pH
6.4, within 2 days. Both crystals were cryoprotected in a 50:50
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TABLE 1

Crystallographic data and refinement statistics for B. cereus Certhrax structures

Certhrax )4, Certhrax;, ., Certhraxg, g
Diffraction data
X-ray source Rigaku FR-E CLS beamline 08ID (34) CLS beamline 081D
Wavelength (A) . 1.5418 0.9762 0.9762
Unit cell parameters (A) a=319,b=702,¢c=987 a = 61.37,b = 9549, c = 190.65 a = 61.31, b = 100.29, ¢ = 191.09
Space group . P2,2,2, P2,2,2, P2,2,2,
Resolution range (A)” 57.2-1.8 40-2.20 48.50-1.96
(1.9-1.8) (2.28-2.20) (2.03-1.96)
Data completeness (%) 98.7 (97.0) 98.2 (96.0) 99.14 (98.0)
Ry (%) 6.6 (42.9) 104 (69.8) 6.0 (89.6)
Redundancy 3.6 6.8 5.6
Average I/(]) 41.1 (4.2) 25.8 (2.2) 19.7 (2.3)
Refinement statistics
Molecular replacement program MOLREP (38) PHASER (39) PHASER
Molecular replacement model Protein Data Bank entry 3BW8 Certhrax,_ and Certhrax N-terminal Certhrax;,
domain structure®

Ry (%) Ry (%)° 20.9/25.7 24.2/28.8 18.8/22.8
No. of atoms

Protein 1,628 6,735 7,301

Ligand 22 52

Water 163 26 493
r.m.s. deviation from ideal

Bond length (A) 0.010 0.012 0.015

Bond angles (degrees) 1.179 1.3 1.069
B-Factors (A?) 14.10 59.90 46.0

Protein 26.6 52.9 46.3

Ligand 27.9 35.3

Water 35.9 30.4 43.9

Wilson 11.8 46.5 30.3
Ramachandran plot (%)

Favored 99.0 98.4 98.0

Outliers 0.0 0.0 0.3

“ Values in parenthesis are for the highest resolution shell.
P Ry = Z|(I = (D)IIZ(]), where I is the observed intensity.
¢ X. Guan, unpublished results.

43|F,| — |EJ2|F,|, where |F,| and |F,| are the observed and calculated structure factor amplitudes, respectively.
¢ The Ry,.. value was calculated with a random 5% subset of all reflections excluded from refinement.

mixture of Paratone-N and mineral oil and frozen in liquid
nitrogen for their structure determination. Finally, for the com-
plex with inhibitor P6, the inhibitor was soaked into crystals by
first transferring the crystal to a 4-ul drop of reservoir solution
for 5 min. Then 2 ul of 10 mMm P6 was added to the drop and
incubated for 30 min. Crystals were rinsed in paratone for cryo-
protection and frozen with liquid nitrogen.

Data sets were collected for full-length Certhrax crystals (apo
and P6-bound) at the Canadian Light Source (beamline 081D
(34)) and for the Certhrax catalytic domain with PJ34 on a
Rigaku FR-E rotating anode (Table 1). Data were processed
using DENZO/SCALEPACK (35) and XDS/SCALA (36). The
Certhrax-PJ34 structure was solved using molecular replace-
ment with C. limosum C3 exoenzyme (Protein Data Bank entry
3BW8 (37)) and MOLREP (38). The Certhrax-apo and Cer-
thrax-P6 structures were solved using molecular replacement
with the Certhrax-PJ34 structure, a structure of the Certhrax
PA-binding domain,® and PHASER (39). PHENIX (40), COOT
(41), and/or O (42) were used for interactive rebuilding, REFMAC
(43) was used for final refinement of the Certhrax-apo and
Certhrax-PJ34 structures, and Phenix.refine was used for the
Certhrax-P6 structure, and MolProbity (44) was used for vali-
dation of model geometry in all cases.

RESULTS

B. cereus Encodes an Anthrax-like mART Toxin—The 476-
residue Certhrax protein is found on the pBC218 plasmid of

3 D. Visschedyk, A. Rochon, W. Tempel, S. Dimov, H.-W. Park, and A. R. Merrill,
unpublished results.
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B. cereus strain G9241. This two-domain protein consists of a
PA-binding domain and a mART domain. Specifically, the
C-terminal mART domain shares up to 34% sequence identity
with C2- and C3-like mART toxins. Primary structure align-
ment with other members of the mART family indicates that
Certhrax includes all of the crucial catalytic residues necessary
for activity. Fig. 1A compares active site residues of the Cer-
thrax mART domain with sequences of other mART toxins. It
is evident that the classic mART catalytic Arg in region 1,
known to aid in NAD™ binding; the Ser-Thr-Ser motif in
Region 2 that forms the scaffold for the active site; and the
catalytic Glu-X-GIn motif in Region 3 crucial for activity are all
present in Certhrax.

Certhrax also shares 31% identity and 51% similarity with
anthrax LF from B. anthracis and has similar domain organiza-
tion, which is highlighted in Fig. 1B. Each protein contains a
PA-binding domain and a mART domain; however, the latter is
inactive in the anthrax LF. In addition, the C terminus of
anthrax LF harbors an insertion in the mART domain and a
zinc metalloprotease domain that confers its toxic effects. Both
of these are absent in Certhrax, suggesting that the two toxins,
although sharing some common structure and cell entry mech-
anism, do not share the same mechanism of lethality (i.e. target
protein).

Certhrax Is Lethal to Cells and Gains Entry to Host Cells via
Protective Antigen—Certhrax was overexpressed in Rosetta
cells and purified at a yield of ~4 mg/liter culture using
immobilized metal affinity chromatography. The purity level
was visualized by SDS-PAGE, and the protein was positively

VOLUME 287 +NUMBER 49-NOVEMBER 30, 2012



Certhrax, a New ADP-ribosyltransferase from B. cereus

A Toxin, Organism Region 1 Region 2 Region 3 C mw
Certhrax, B.cereus LIVYRRVS (39)NYMSTSLVQ(33) YPGQUEMLI 97
lota, C.perfringens LIVYRRSG(36)NFISTSIGS (31) YAGEYEVLL 66
C2, C.botulinum LIAYRRVD (42) SFSSTSLKS (30) FQDEQEILL
Cholera, V.cholerae DKLYRADS (47) GYVSTSISL (40) HPDEQEVSA 45
Pertussis, B.pertussis ATVYRYDS (36) AFVSTSSSR(66)ATYQSEYLA

31

B

Antirax Lathal ;;‘;’zfi(‘l’;) ‘ ’ PA-binding  [mART (inactive)| Insertion | etalf;;zr:)tease 22
Factor
B Cereus ;:g:rfﬂ(‘fA) ‘ ‘ PA-binding ‘ MART (active) ‘ 14

FIGURE 1. In silico identification of Certhrax as a mono-ADP-ribosyltransferase. A, sequence alignment of Certhrax with several other mART toxins.
Characteristic active site residues are shown to be conserved in region 1 (catalytic arginine, orange), region 2 (STS motif, green), and region 3 (catalytic QXE/EXE
motif, pink). B, domain organization of B. anthracis anthrax LF (top) as compared with B. cereus Certhrax (bottom). Each toxin contains a separate PA protein
(white) and an enzyme component (gray) which includes a PA-binding domain (pink) and a mART domain (green). Anthrax LF includes an additional insert
domain (blue) and a zinc metalloprotease domain. C, SDS-PAGE gel and anti-His tag Western blot showing purified Certhrax. Lane 1, molecular mass standards
(Bio-Rad) in kDa; lane 2, purified Certhrax; lane 3, Western blot, purified Certhrax.

identified by Western blot analysis using an anti-His tag (Fig.
10).

Based on the similarity to anthrax LF and on the homologous
PA-binding domain, we predicted that Certhrax would also
require PA for cell entry. RAW264.7 cells were selected for
Certhrax infection assays because they have also been used as
the host target cells for anthrax LF toxin, and a PA-resistant cell
line is available. An infection assay of RAW264.7 cells with
varying concentrations of Certhrax (0-100,000 pg/ml) in the
presence of 100 ng/ml PA gave an LD, 0of 98.6 = 4.6 pg/ml (Fig.
2A) as measured by an MTT colorimetric assay 72 h postinfec-
tion. In the absence of PA, cell growth was not impaired, and
little cytotoxicity was observed, even at 10 ng/ml, or 100 times
the Certhrax LD, dose. Like Certhrax, anthrax LF is not toxic
in the absence of PA (45). To further corroborate this result,
R3D cells, which lack the PA receptor, were treated with Cer-
thrax (Fig. 2B). The cells did not show significant lethality until
treated with extremely high doses of Certhrax, even in the pres-
ence of PA, supporting the finding that Certhrax achieves cell
entry similarly to anthrax via a PA-mediated mechanism. The
toxicity of Certhrax to the R3D cells at high doses may be due to
the presence of a low affinity receptor or to the ability of PA to
form a pore-like structure in membranes that may facilitate
translocation of Certhrax into the host cell cytoplasm (46). Sim-
ilar studies with anthrax LF give an LD, of 6.1 ng/ml (47) using
the same RAW?264.7 cell line and an identical concentration of
PA. Comparison with the LD, of Certhrax indicates that Cer-
thrax is 60 times more toxic toward the RAW?264.7 cell line
than its infamous counterpart.

Certhrax Is a Novel Bacterial mART Enzyme—The infection
assay was then used to evaluate the mART activity of the C-ter-
minal domain of Certhrax. A catalytically inactive Certhrax in
which both the hallmark Gln-429 and Glu-431 residues were
substituted with Ala (QXE variant) was prepared. Proper fold-
ing was monitored by measuring the maximum wavelength of
intrinsic tryptophan emission, which was 339 nm for both wild-
type and QXE Certhrax. The lethality of this QXE variant was
compared with wild-type Certhrax activity (Fig. 2C). Although
2.5 ng/ml Certhrax was enough to kill 100% of RAW264.7 cells,
the catalytically inactive Certhrax was much less toxic because
the cells remained ~100% viable even at a 100 ng/ml dose. This
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indicates that these active site residues are required for the
mART activity and that this mART enzymatic activity is
responsible for the observed growth-defective phenotype in
mouse fibroblasts. Furthermore, this QXE variant enzyme was
more than 5,000-fold less active in vitro as compared with the
wild-type enzyme (data not shown).

Confocal Microscopy Imaging of Cell Entry—In order to visu-
alize the host cell entry of Certhrax, RAW?264.7 cells in the
presence of 100 ng/ml PA were treated with Certhrax cova-
lently labeled with a fluorophore, DyLight488. Cells were
infected with Certhrax for various times before being fixed and
imaged using confocal microscopy (Fig. 3, A-I). At 5 min
postinfection (Fig. 3D), weak fluorescence signal was seen, indi-
cating that Certhrax had entered the cells. By 10 min postinfec-
tion (Fig. 3E), Certhrax was starting to localize in specific
regions and was no longer evenly dispersed throughout the cell.
Concurrent DAPI staining showed that the Certhrax was
extranuclear in its cellular location (Fig. 3, Band J). After 20 min
(Fig. 3F), the toxin was aggregating to form specific punctate
regions within the cell, increasing in concentration until 1 h had
elapsed (Fig. 3G). This correlates with previous images of
anthrax LF infection (48), where LF is not uniformly distributed
throughout the cell but seems to be coalescing on certain cel-
lular organelles. By 24 h postinfection (Fig. 3H), the signal
remained similar to that after 1 h; Certhrax, like anthrax LF,
requires PA for cell entry (48, 49), so we expect that the two
toxins may follow a similar pathway of cell entry. However,
Certhrax does not appear to behave identically to anthrax LF
once inside the cell. By 90 min postinfection with anthrax LF,
Zornetta et al. (48) observed a small amount of weak punctate
staining, predominantly cytoplasmic. This is in stark contrast to
Certhrax, which continues to show intense non-uniform stain-
ing even up to 24 h after treatment without an apparent loss in
fluorescence intensity. Notably, although anthrax LF and EF
also enter cells in an identical manner via the PA receptor, they
are each localized in different parts of the cell by 90 min post-
treatment. Considering that its mechanisms of killing and tox-
icity is unique, it is not surprising that Certhrax also shows
cellular localization distinct from that of anthrax LF. Extensive
microscopy studies with numerous antibodies for cellular
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FIGURE 2. Certhrax cytotoxicity. A, LD, curve of Certhrax with RAW264.7 cells in the presence (squares) and absence (circles) of 100 ng/ml PA and increasing
concentrations of Certhrax. B, LD, experiment similar to thatin A, using R3D cells lacking the protective antigen receptor in the presence (squares) and absence
(circles) of 100 ng/ml PA and increasing concentrations of Certhrax. C, effect of Certhrax on mouse macrophage cell growth as indicated by percentage viability
of cells 72 h following the addition of 100 ng/ml PA and increasing concentrations of wild-type Certhrax (dark blue) or QXE variant of Certhrax (light blue), where
the catalytic GIn and Glu have each been substituted with Ala. In A and B, Certhrax concentrations ranged from 0 to 100,000 pg/ml, and in A-C, cell viability was
measured using an MTT colorimetric assay (described under “Experimental Procedures”). Error bars, S.D.

FIGURE 3. Certhrax host cell entry. A and /, cells under differential interference contrast at 0 min and 24 h, respectively; Band J, DAPI staining at 0 minand 24 h,
respectively. C-H, fluorescence confocal microscopy of Certhrax infection of RAW264.7 cells. Cells were fixed and stained with DAPI at varying time points
postinfection with DyLight488 fluorophore-labeled Certhraxin the presence of 100 ng/ml PA.C, 0 min; D, 5 min; E, 10 min; F, 20 min; G, 1 h; H, 24 h postinfection.
Scale bar, 10 um.

markers at a variety of time points may give more insight into
the cellular entry pathway of Certhrax.

NAD"  Glycohydrolase Activity and NAD™ Binding of
Certhrax—NAD™ glycohydrolase activity is present as a sec-
ondary enzymatic activity in most mART enzymes and repre-
sents the first step of the mART reaction, where OH ™ serves as
the nucleophile in the absence of a target protein (amino acid
nucleophile) (26). In the absence of a natural protein substrate
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for mART enzymatic activity, NAD ™ glycohydrolase activity of
Certhrax was characterized using an established fluorescence-
based assay (50). Certhrax NAD™ glycohydrolase activity
exhibited Michaelis-Menten behavior, where the kinetic
parameters (Table 2) indicate a strong glycohydrolase activity
for Certhrax (K, = 41.6 = 10.9 uMm, k.., = 8.7 = 1.0 min™ ).
Although some mART enzymes do not exhibit glycohydrolase
activity, those that do are generally not as active as that seen
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TABLE 2

Kinetic parameters of Certhrax glycohydrolase activity

Kinetic parameters were determined as described under “Experimental Proce-
dures.” All measurements represent the mean =+ S.E. of at least six replicates, from at
least three independent experiments.

Parameter Certhrax
K, (um) 42 + 11
Ky (min™") 87 1.0
koK, (M~ min~") 2.1 X 10°
Kpeeap™ (um) 5212

with Certhrax. For example, Certhrax glycohydrolase activity is
more than 300-fold higher than that of exotoxin A from
P. aeruginosa (k_,, = 1.67 = 0.5 h™") (31). The addition of the
natural protein substrate to the fluorescence assay would lead
to a sharp increase in the activity observed because mART
activity is much stronger than the residual glycohydrolase
activity of these enzymes. However, the addition of various con-
centrations of classical C2- and C3-like mART substrates,
including purified a-skeletal actin and RhoA, resulted in no
change in the activity observed, indicating that these are not
substrates for Certhrax as they are for C2-like and C3-like tox-
ins. A tryptophan fluorescence quenching assay was used to
quantify NAD™ binding by titrating NAD ™ into Certhrax. The
dissociation constant, K, for Certhrax with NAD™,52.3 + 12.2
M, indicates a binding affinity for the substrate comparable
with other mARTSs (Table 2). For example, the actin-targeting
Photox from P. [uminscens has a K, of 11.2 = 0.3 puMm (17),
whereas C3 from C. botulinum has a K, of 60 = 6 uMm (51).

Certhrax Crystal Structure—The structure of full-length
Certhrax was resolved to 2.20 A in the apo- (substrate-free)
form. As shown in Fig. 44, the Certhrax structure includes a
PA-binding domain (residues 1-242; red) at the N terminus
and a mART domain (residues 243—476; green) (also see Fig.
4B) with o/ topology at the C terminus. Superposition with
the structure of anthrax LF (Protein Data Bank entry 1J7N; Fig.
4C) illustrates tertiary structural similarity in the mART
domain (r.m.s. deviation = 4.022 over 153 atoms). However, a
closer look at important catalytic residues of Certhrax high-
lights their absence in anthrax LF (Fig. 4D), which renders its
mART domain inactive. The PA-binding domain of each toxin
also aligns closely (r.m.s. deviation = 1.692 over 164 atoms);
however, the mART and PA domains are twisted with respect
to one another when comparing Certhrax with anthrax LF. This
N-terminal domain consists of a 12-helix bundle alongside a
four-stranded B-sheet. Several regions of anthrax LF domain 1
have been shown to play a role in PA binding and are relatively
conserved in Certhrax as well (52). Specifically, the region of
maximal homology between anthrax EF and LF has previously
been shown to play a role in PA binding (53). Structural align-
ment shows that this region is also highly conserved in Certhrax
(Fig. 4E), where the sequence from Val-110 to Lys-116 in Cer-
thrax differs by only a single amino acid from the homologous
sequence from Val-147 to Lys-153 in anthrax LF and aligns
closely in tertiary structure. This supports our in vivo data
showing that Certhrax gains entry to host cells via PA, similar to
anthrax LF and EF.

In the catalytic domain, Certhrax is similar to other mART
toxins (Fig. 4B). The ARTT loop (residues 424 —430) connects
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B-strands B5 and 86, as in t-toxin and C3bot (54, 55), and
includes the QXE catalytic motif. The secondary Glu/Gln resi-
due of mARTS, located two residues upstream from the pri-
mary catalytic Glu, may play a role in substrate recognition (37).
In actin-targeting toxins that attach ADP-ribose to an arginine
residue, this secondary position is a Glu (56). In the case of
Certhrax, as in the Rho GTPase target enzymes that modify an
asparagine residue, a conserved Gln is present at this position.
Additionally, an aromatic (Tyr) residue lies in the middle of the
loop in Certhrax and is conserved among actin- and Rho
GTPase-targeting mARTs and the mammalian ecto-ADP-ribo-
syltransferases and is also thought to play a role in substrate
binding (13). The Ser-Thr-Ser motif is found on a B-strand and
forms a scaffold for the active site. These three residues (posi-
tions 387-389) participate in 10 hydrogen bonds with other
sites within the protein, including catalytic residues Arg-341
and GIn-429, and adjacent B-strands to stiffen the active site.
The PN loop (residues 390 —404) connects 3-strands 83 and 34
and begins immediately following the Ser-Thr-Ser motif. In the
absence of NAD™, the PN loop is pulled away from the active
site, which is not uncommon, and it contains conserved aro-
matic and arginine residues, as seen in actin-targeting and
C3-like mARTS, which are known to contribute to NAD™ bind-
ing (27, 51). In alignment with other C3-like and actin-targeting
mARTs, Certhrax contains an a-helix that interacts with
NAD™ in the active site and includes most of the conserved
sequence (YX,,,INX,L) that is not observed in toxins of other
mART subgroups.

Inhibition of Certhrax—A number of small molecule com-
pounds were tested for inhibitory properties against Certhrax
(Table 3). Several of these have previously been identified as
poly-ADP-ribosyltransferase inhibitors (P1, P3, and P6),
whereas others were discovered through a virtual screen for
inhibitors against another mART toxin, cholix (V23 and V30)
(30). Derivatives of P6 (P6C, P6D, P6F, and P6G) were synthe-
sized in an attempt to improve and elucidate the properties of
inhibitor binding and toxin inhibition. These inhibitors are
competitive inhibitors against the NAD™ substrate for this
mART toxin family, and inhibition plots two of the best inhib-
itors, P6F and PJ34, are shown in Fig. 5 (A and B). Experimental
K; values were determined from the data in Fig. 5, A and B, for
PJ34 and P6F (14.7 and 2.7 um, respectively). Those inhibitors
showing the most promise were further characterized using
fluorescence-based assays to determine the K, and IC,, for
each compound (Table 4). Notably, inhibitor P6 shows the
most promise as a lead compound for further development
(Kp=1.7%0.2 um, K; = 1.8 £ 0.4 um). This compound differs
by only a single oxygen atom from P6D, which is a weaker inhib-
itor (K, = 3.0 = 0.3 um, K; = 22.5 £ 0.4 um). Likewise, P6F and
P6G differ by a hexameric ring in exchange for a chloride ion
with a substantial difference in inhibition due to this change
(for P6F, K, = 3.1 = 0.3 um, K; = 3.6 = 0.3 um; for P6G, K; =
>295 uM).

To determine whether these inhibitors additionally have
potential in vivo, the therapeutic effectiveness of the most
potent inhibitor, P6, was determined in RAW264.7 cells by
measuring the EC;, at a lethal concentration of Certhrax (Fig.
5C). The EC,, of P6 in the presence of 10 ng/ml toxin (100 times
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FIGURE 4. Structure of Certhrax. A, crystal structure of Certhrax (no ligand bound). The PA-binding domain (pink) and mART domain (green) are shown in a
schematic representation. B, catalytic domain of Certhrax. Hallmark catalytic residues are shown in a stick representation in orange (Arg-341; R341), magenta
(GIn-429 (Q429) and Glu-341 (E431)), and yellow (STS motif 387-389). The PN loop is highlighted in purple, and the ARTT loop is highlighted in blue.
C, superposition of Certhrax (pale colors) with anthrax LF (bold colors), aligned with respect to the mART domains. Domains are colored as in Fig. 1B with the
additional anthrax LF insertion domain and zinc metalloprotease domain in blue and gray, respectively. D, structural alignment of hallmark active site residues
in Certhrax mART domain (light green) and aligned residues of anthrax LF (dark green). The highlighted region is shown in stick format and in text below. The
numbers in parentheses indicate the number of residues not shown in the amino acid sequence. E, structural alignment of residues important for PA binding in

Certhrax (pink) and anthrax LF (red). Highlighted residues shown in a stick representation are shown in text sequence below.

the LD,,) was found to be 5.7 = 1.2 um (Table 3). The maximal
effective concentration was ~30 uM, which resulted in 90% cell
viability. This indicates that the potency of P6 in vitro translates to
in vivo characterization. Given previous studies that have also
shown P6 as a potent inhibitor against exotoxin A of P. aeruginosa
(30), we now have strong evidence that P6 is an ideal candidate for
further development as a therapeutic agent and that it may have
broad spectrum mART inhibition properties.

To further investigate the interactions of Certhrax with
active site inhibitors, we determined the 1.96 A structure of
Certhrax in complex with inhibitor P6 (Fig. 6, A—C). This com-
pound is buried in a cleft between the 1 and 33 strands. The P6
phenanthridinone ring is barely exposed to solvent due to
enclosure by the ARTT and PN loops. The inhibitor is specifi-
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cally stabilized in the active site by hydrogen bonds with Arg-
342, located immediately beside the catalytic Arg-341, on the
1 sheet, Tyr-284 on the a3 helix, and an arene-arene interac-
tion with Tyr-398 on the PN loop. The hexameric ring at the
opposite end of the inhibitor is flanked on one side by the a3
helix but is otherwise solvent-exposed. Not surprisingly, this
end of the molecule is less ordered, with higher crystallographic
B-factors per residue. We have further determined the 1.8 A
structure of the mART domain of Certhrax (residues 242—468)
in complex with inhibitor PJ34 (Fig. 6, D-F). In this case, the
inhibitor is bound in the active site by hydrogen bonds with
Arg-342 and a crystallographically ordered water molecule (Fig.
6D; note that the N,N-dimethyl acetamide tail of PJ34 is disor-
dered and therefore not included in the model). Electron den-
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TABLE 3

Chemical structures and characteristics of small molecule inhibitors
tested against Certhrax

“LogP =1.87
LogD (5.5)=0.21
LogD (7.4)=1.67

"MW = 295.34

PJ34

LogP =2.74
LogD (5.5)=2.74
LogD (7.4)=2.74

MW =195.22

PJ97A

LogP = 0.61
LogD (5.5)=0.48
LogD (7.4) = 0.60

MW =284.31

P1

o

| N LogP =2.46

P LogD (5.5) = 0.30
L€ N N/\ LogD (7.4) = 2.00

MW =294.35

>~ LogP=1.13
LogD (5.5)=-2.21
N LogD (7.4) =-0.81
MW = 357.42

P6

F LogP = 0.54
i LogD (5.5) = -2.44
LogD (7.4) =-0.89
MW =218.22

P6C

LogP = 1.86
LogD (5.5) = -2.47
LogD (7.4) =-0.50

MW = 343.45

P6D

LogP =0.73
N LogD (5.5)=-2.12

P6F : LogD (7.4) =-036

MW =407.51

= LogP =0.53

LogD (5.5)=10.53

LogD (7.4) =0.53
MW =358.82

P6G

LogP =5.58
LogD (5.5)=-8.68
o e M LogD (7.4) =-8.68

OO MW =1297.28

Suramin
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TABLE 3—continued

LogP =-0.13
HiC NH LogD (5.5)=-3.07
V23 Ny LogD (7.4)=-1.34
= "MW =316.40
0 0
o
M NH LogP=1.15

LogD (5.5)= 1.15
LogD (7.4)=1.13
MW =313.40

/>—5 (o]
V30 . /S\ / \_/{,,

i

“ The logP = log,, (partition coefficient), partition coefficient = [compound],ctanor/
[compound],, ., and was calculated (clogP) using an on-line clogP calculator by
ChemAxon Ltd.

¢ The molecular weight (MW) (b) and logD pH (c) profiles were generated by the
same on-line clogP calculator by ChemAxon Ltd. and represent the calculated
log distribution coefficient, logD = log,, (distribution coefficient) where distri-
bution coefficient, D = [microspecies],cianor/>[microspecies] qcer-

sity allowed unambiguous placement of the PJ34 6-oxo-5,6-
dyhydrophenanthridine moiety. However, we did not observe
interpretable electron density for the glycyl substituent of PJ34,
which we attribute to conformational disorder. Superposition
of the mART domain of all three structures (Fig. 6G) shows that
there are no large domain rearrangements due to inhibitor
binding. The r.m.s. deviation of the apo catalytic domain with
the P6-bound catalytic domain and with the PJ34-bound struc-
ture is 0.59 and 0.48 A, respectively. Interestingly, comparison
between the two inhibitor-bound structures gives a lower r.m.s.
deviation of 0.33 A when the mART domains are superim-
posed. The higher similarity of inhibitor-bound structures is in
part due to a conserved loop movement upon inhibitor binding.
The PN loop, spanning residues 390-398, includes Tyr-398,
which forms an aromatic interaction with both inhibitor P6 and
PJ34. At the furthest point, this loop moves 12 A toward the
active site to allow for the interaction. Comparison between the
main chain atoms in the inhibitor-bound structures indicates
that the PN loop position is conserved when an inhibitor is
bound (r.m.s. deviation, 0.18), but superposition with the apo
structure is significantly different (r.m.s. deviation for apo and
PJ34 structures, 2.68 A; for apo and P6 structures, 2.59 A) (Fig.
6H). Other active site residues, including the Ser-Thr-Ser motif,
the catalytic Arg-341, and the QXE motif, remain relatively
unchanged despite inhibitor binding. This is in contrast to
other mART enzymes, which show structural changes, specifi-
cally in the ARTT loop, upon substrate binding (51, 57, 58).

DISCUSSION

In this study, we consider the activity of an enzyme from the
pathogenic B. cereus strain G9241, which causes anthrax-like
pneumonia in humans. Researchers are increasingly recogniz-
ing B. cereus as a dangerous human pathogen, and this strain is
a prime example. In general, different species in the B. cereus
group are defined by plasmid-encoded features. Here we iden-
tify Certhrax, which is encoded on the plasmid, pBC218, unique
to strain G9241. Most clinical strains of B. cereus, including
G9241, are often associated with pXO1-like plasmids, encoding
homologs to the anthrax toxins (59). However, a pXO2-like
plasmid, carrying genes for capsule synthesis and generally
required for anthrax disease, is absent. Previous studies have
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FIGURE 5. Inhibition of Certhrax glycohydrolase activity. Shown are Lineweaver-Burk plots for Certhrax in the presence of various concentrations of
inhibitors PJ34 (A) or P6F (B). The glycohydrolase activity of Certhrax was measured with 0 (circles), 6 (squares), 12 (diamonds), and 24 (triangles) um inhibitor. v,,
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TABLE 4

Binding and inhibition constants of 12 small molecule compounds
with full-length Certhrax

Inhibitor Ky* IC,," K
oM M M
P6 1.7 0.2 61+12 1.8+ 04
P3 33+ 04 7.2+ 26 2.1+0.8
Suramin 1.9 +0.7 10.6 + 1.5 31+04
P6F 31+03 121+ 1.1 3.6 +0.3
P1 1.3+0.2 13.0 + 2.7 3.9+ 0.8
PJ97A 1.6 £ 0.6 168 + 1.6 50+ 05
PJ34 58+ 26 323+ 1.1 9.6 + 0.3
P6D ND“ 76.1 + 1.2 225 + 0.4
V30 ND 871+ 13 25.8 + 0.4
P6C ND 1213+ 1.7 359+ 0.5
V23 ND 380.2 + 3.3 1124+ 1.0
P6G ND >1000 >295

“ Kp values represent the mean = S.E. from at least three independent experi-
ments with at least nine replicates.

?1Cs, values represent the mean = S.E. from at least three independent experi-
ments and at least six replicates.

¢ K, values using the Cheng-Prusoff equation, K; = IC5,/(1 + [S]/K,,,), where [S] is
the NAD™ concentration and K,,, is for the NAD* substrate.

4 ND, not determined.

shown that G9241 produces a capsule, but it does not react to
poly-D-glutamic acid antibodies, as would be expected for a
capsule produced by pXO2. Instead, pBC218 and pBCXO1
each encode separate capsular material (polysaccharide and
hyaluronic acid, respectively) to aid in evasion of the host
immune response. Both plasmids contribute to the anthrax-like
disease in mice (60), and ApBC218 mutant was found to be
20— 80-fold less virulent than the wild-type strain. We suggest
that Certhrax may contribute to the virulence of this plasmid in
this pathogenic strain.

It is difficult to say whether Certhrax or anthrax LF is the
parental factor for the other toxin. Phylogenetic studies have
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shown that the B. cereus group of species is actually a single
species, although the nomenclature does not reflect this (61).
B. cereus G9241 occurs earlier on a phylogenetic tree of the
B. cereus group than B. anthracis (62), yet the genes involved in
anthrax disease are carried by extrachromosomal plasmids,
which play an important role in Bacillus diversity and allow for
horizontal gene transfer. In general, a pathogenic species will
lose characteristics over time, as opposed to gaining them, but
in this case, Certhrax is missing the metalloprotease domain as
compared with anthrax LF, whereas anthrax LF lacks an active
mART domain as compared with Certhrax, so this logic does
not help to determine which toxin is the precursor to the other.
In the case of an outbreak of anthrax-like infections, an under-
standing of the causative agents and the ability to identify a
responsible strain will be crucial for timely disease control (63).
Characterization of participating virulence factors is one
important step in this understanding.

Herein, Certhrax is shown to gain entry to host cells via PA
association, in a similar fashion to anthrax LF and EF. However,
cytotoxicity studies with mammalian cells indicate that Cer-
thrax is 60-fold more toxic than anthrax LF. Certhrax joins
actin-targeting VIP2 and Rho GTPase-ribosylating C3cer as
mART toxins originating from B. cereus. However, Certhrax is
unique in its origin from the pathogenic G9241 strain. Certhrax
shows some similarity in structure and function to both the
actin- and Rho-targeting toxins but does not clearly align with a
single one of these subgroups of mART toxins. Structurally,
Certhrax shares the same core fold in the catalytic domain as
other mARTs (CATH 3.90.176.10). The Certhrax ARTT loop
contains a secondary catalytic Gln residue as in Rho-targeting
toxins, and an aromatic residue mid-loop that is conserved in
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FIGURE 6. Structure of Certhrax with inhibitors bound in the active site. A, full-length Certhrax (pink, PA-binding domain; yellow, mART domain) in complex
with inhibitor P6 (black). B, interactions with P6 in the Certhrax active site. Important active site residues are shown in a stick representation, and P6 is shown in
a ball-and-stick representation (black). Arg-342 (orange) and Tyr-284 (blue) form hydrogen bonds with the inhibitor (dashed lines), whereas Tyr-398 (cyan) is
involved in aromatic interactions. Other active site residues are shown in pink (QXE motif) and green (STS motif). C, electron density of P6 bound to Certhrax. A
simulated annealing omit map around the inhibitor is shown in blue (2F, — F. contoured at 10). D, catalytic mART domain of Certhrax (light blue) in complex
with inhibitor PJ34 (black). E, interactions with PJ34 in the Certhrax active site. Important active site residues are shown in a stick representation, and PJ34 is
shown in a ball-and-stick representation (black). Arg-342 (orange) and a crystallographically ordered water (purple) form hydrogen bonds with the inhibitor
(dashed lines), whereas Tyr-398 (cyan) is involved in aromatic interactions. Other active site residues are colored as in B. F, electron density of PJ34 bound to Certhrax.
A simulated annealing omit map (2F, — F_based upon the 1o rendering) around the inhibitor is shown in blue. G, superposition of the Certhrax mART domain from
three separate crystal structures, including full-length apo Certhrax (green), full-length Certhrax in complex with P6 (yellow), and Certhrax catalytic domain in complex
with PJ34 (blue). H, superposition of active site residues of three catalytic domain structures, colored as in G. Active site residues are shown in a stick representation, and

loop 389-398, including Tyr-398, is also shown in color. Inhibitors P6 (black) and PJ34 (gray) are illustrated in a ball-and-stick representation.

both actin- and Rho-targeting mARTSs. However, an a3 helix
that specifically interacts with NAD™ in other C2- and C3-like
toxins is shorter in Certhrax. Additionally, a large movement of
the ARTT loop upon NAD™ binding that is found in several
other mART structures (51, 57, 58) does not occur upon bind-
ing of active site inhibitors in Certhrax. Furthermore, extensive
attempts to identify the host protein target of Certhrax have so
far been inconclusive. Typical mART substrates, such as
eukaryotic elongation factor 2, actin, or RhoA, are not modified
by Certhrax. We propose that Certhrax may belong to a new
class of mARTs, bridging the well characterized C2- and
C3-like mART families, but more intriguingly, also linking the
mART toxins to anthrax LF. We are currently working with
more exhaustive techniques to identify the natural substrate.
Structural alignment of Certhrax with other mART domains
indicates that Certhrax aligns approximately as well with the
inactive mART domain of anthrax LF (r.m.s. deviation, 3.9 A) as
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with several other mART toxins (r.m.s. deviation, 1.9-2.5 A).
The primary difference remains the 80-residue insertion
domain of anthrax LF, which interrupts the mART domain
(64). This helical bundle domain is required for anthrax LF
activity (47) but may not be required in Certhrax, where the
metalloprotease domain is absent. The missing catalytic resi-
dues required for mART activity in anthrax LF begs the ques-
tion whether Certhrax gained this function over time and lost
the insertion and zinc metalloprotease domain or whether
anthrax LF lost the mART activity and acquired additional
domains. Perhaps the evolution was driven by the redundancy
of two highly potent mechanisms of toxicity in a single protein.
Alternatively, these two toxins may simply represent two dif-
ferent approaches to inactivate eukaryotic target proteins and
disrupt host cell function.

Inhibition studies identified several compounds (competi-
tive inhibitors of the NAD™ substrate) that will be useful as
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leads in the development of potent inhibitors against Certhrax.
Specifically, inhibitor P6 binds and inhibits glycohydrolase
activity with low micromolar affinity. Crystal structures of P6
and PJ34 in complex with Certhrax indicate that the inhibitors
interact in a common fashion with residues within the binding/
catalytic site, as would be expected for competitive inhibitors of
the NAD™ substrate. Specifically, hydrogen bonding with Arg-
342 and the movement of the PN loop allow an aromatic inter-
action with Tyr-398. The rearrangement of side chains for this
interaction has been seen upon NAD™ binding with other
mART toxins, such as C3bot and VIP2 (25, 51); however, in
these cases, there was no large loop movement to position the
aromatic side chains, as seen with Certhrax. Analysis of the
binding mechanisms in these toxin-inhibitor complexes will be
invaluable toward the development of potent therapeutics
against Certhrax and related mART toxins. Moreover, because
the active site of mART enzymes is reasonably conserved, the
development of a powerful inhibitor for Certhrax may be appli-
cable to several other enzymes in this family. Translation of the
inhibitory effects to a cell-based system indicates that the P6
inhibitor is not toxic to the cells, can pass the cell membrane,
and retains similar efficacy as demonstrated in vitro against the
purified enzyme. Arising from these studies, P6 provides an
excellent lead compound for the development of more potent
inhibitors against Certhrax and other mART toxins.

During the initial stage of this work, the inhibitor suramin
gained significant attention because crystals of full-length Cer-
thrax were reproducibly obtained in the presence of this com-
pound. Intriguingly, this compound shows relatively tight bind-
ing (K, = 1.9 £ 0.7), and inhibition of Certhrax (K; = 3.1 £ 0.4).
However, suramin is not seen in the crystal structures, and
extensive co-crystallization trials with suramin produced only
apo crystals. The role of suramin in crystallization and inhibi-
tion of full-length Certhrax remains an unsolved question.

Altogether, our observations contribute to the understanding of
the toxicity of a pathogenic strain of B. cereus, G9241, and add a
new member to the family of mART toxins. Continued work can
lead to the development of more effective therapeutics that target
these bacterial virulence factors and more efficient disease control
in the event of an outbreak of anthrax-like disease.
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