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Summary
AtxA, a unique regulatory protein of unknown molecular function, positively controls expression
of the major virulence genes of Bacillus anthracis. The 475-amino acid sequence of AtxA reveals
DNA-binding motifs and regions similar to proteins associated with the
phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS). We used strains producing
native and functional epitope-tagged AtxA proteins to examine protein-protein interactions in cell
lysates and in solutions of purified protein. Co-affinity purification, non-denaturing poly-
acrylamide gel electrophoresis, and bis(maleimido)hexane (BMH) cross-linking experiments
revealed AtxA homo-multimers. Dimers were the most abundant species. BMH cross-links
available cysteines within 13Å. To localize interaction sites, six AtxA mutants containing distinct
Cys→Ser substitutions were tested for multimerization and cross-linking. All mutants
multimerized, but one mutation, C402S, prevented cross-linking. Thus, BMH uses C402 to make
the inter-molecular bond between AtxA proteins, but C402 is not required for protein-protein
interaction. C402 is in a region bearing amino acid similarity to Enzyme IIB proteins of the PTS.
The AtxA EIIB motif may function in protein oligomerization. Lastly, cultures grown with
elevated CO2/bicarbonate exhibited increased AtxA dimer/monomer ratios and increased AtxA
activity, relative to cultures grown without added CO2/bicarbonate, suggesting that this host-
associated signal enhances AtxA function by shifting the dimer/monomer equilibrium toward the
dimeric state.

Introduction
Coordinate control of gene expression in response to niche-specific signals is a common
theme for microorganisms. Often one or more trans-acting factors regulate transcription of
sets of genes encoding products appropriate for physiological responses to environmental
signals. Classic bacterial signal transduction systems are two-component systems comprised
of a sensor/transducer protein, which has kinase activity and a response regulator protein,
which has nucleic acid binding activity. Other systems include multi-component signal
transduction pathways with multiple inputs and regulatory points, and apparent ‘stand-alone’
regulators that appear to mediate transcriptional changes in the absence of other factors,
either because the regulator senses a signal directly or because a cognate sensor has not been
identified (Bourret & Silversmith, 2010).
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Coordinate control of virulence gene expression in Bacillus anthracis, the causative agent of
anthrax, is mediated by AtxA, a 475-amino acid protein encoded by the virulence plasmid
pXO1 (Uchida et al., 1993, Koehler et al., 1994). An atxA-null mutant of B. anthracis is
attenuated in a murine model of anthrax disease (Dai et al., 1995). Deletion of atxA results
in decreased transcription of the structural genes for the anthrax toxin protein genes, pagA,
lef, and cya, located at distinct loci on pXO1 (182 kb), and the capsule biosynthesis operon,
capBCADE, located on another virulence plasmid pXO2 (96 kb) (Uchida et al., 1993,
Koehler et al., 1994, Dai et al., 1995, Fouet & Mock, 1996, Uchida et al., 1997, Guignot et
al., 1997, Sirard et al., 2000, Mignot et al., 2003). In addition to controlling established
virulence genes, atxA regulates at least 39 other genes on the chromosome, pXO1, and
pXO2 (Hoffmaster & Koehler, 1997, Hoffmaster & Koehler, 1999, Bourgogne et al., 2003).

The molecular basis for AtxA function as a positive regulator of B. anthracis virulence
genes has not been established. The amino acid sequence of AtxA reveals a number of
motifs associated with potential functional domains. The amino terminal region of the
protein contains adjacent winged helix and helix-turn-helix (HTH) motifs. The HTH motif is
similar to that of the Streptococcus pyogenes virulence regulator Mga (Tsvetanova et al.,
2007), which binds specific DNA sequences in the promoter regions of target genes (McIver
et al., 1995). These motifs suggest DNA-binding activity (Uchida et al., 1997, Tsvetanova et
al., 2007, Koehler, 2009), but sequence specific DNA-binding by AtxA has not been
reported. The central region of the AtxA amino acid sequence reveals motifs suggesting two
phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS) regulation domains
(PRDs). PRDs are generally found in bacterial proteins that function to activate or anti-
terminate transcription of genes involved in the metabolism of specific carbohydrates and
their function is typically affected by phosphorylation (Deutscher et al., 2006).
Transcriptional profiling studies have not revealed AtxA targets associated with catabolism
(Bourgogne et al., 2003), but Tsvetanova et al. (2007) reported that phosphorylation of
specific histidine residues, H199 and H379, each within a PRD, impacts AtxA activity.

A key host-related signal associated with AtxA-regulated gene expression is CO2/
bicarbonate. Growth of B. anthracis in 5% or greater atmospheric CO2 in buffered medium
results in elevated transcription of the toxin, capsule, and other AtxA-regulated genes
(Bartkus & Leppla, 1989, Cataldi et al., 1992, Sirard et al., 1994, Koehler et al., 1994, Dai
et al., 1995, Fouet & Mock, 1996). Some studies suggest that the CO2/bicarbonate effect on
toxin genes occurs in an atxA-dependent manner (Koehler et al., 1994, Dai & Koehler, 1997,
Mignot et al., 2003, Chitlaru et al., 2006), yet the signal does not appear to significantly
affect steady state levels of atxA transcript or AtxA protein (Dai & Koehler, 1997, Drysdale
et al., 2005). Moreover, a protein-ligand relationship between CO2/bicarbonate and AtxA
has not been established, nor have additional proteins associated with AtxA function been
identified.

Although CO2/bicarbonate does not significantly impact atxA expression, AtxA levels are
affected by a number of other signals and trans-acting proteins. Levels of atxA transcript are
altered in response to temperature, redox state, and carbohydrate availability (Dai &
Koehler, 1997, Wilson et al., 2009, Chiang et al., 2011). Deletion of ccpA, the carbon
catabolite control protein, results in decreased transcription of atxA (Chiang et al., 2011).
Mutations in genes involved in cytochrome c biogenesis increase atxA transcription in non-
toxin inducing conditions (Wilson et al., 2009). Only one regulatory protein has been
demonstrated to interact directly with the atxA promoter; the transition state regulator AbrB
binds to the atxA promoter to repress transcription during exponential phase growth in batch
culture (Saile & Koehler, 2002, Strauch et al., 2005). AtxA protein levels are also subject to
post-translational control. CodY, a pleiotropic transcriptional regulator found in a number of
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Gram-positive bacteria (Sonenshein, 2005), influences AtxA protein levels by an unknown
mechanism (van Schaik et al., 2009).

In this report we provide data indicating that AtxA exists in a homo-oligomeric state and
that AtxA-AtxA contacts occur within a previously uncharacterized carboxy-terminal EIIB-
like motif. We also show a correlation between growth in elevated CO2/bicarbonate, the
steady state level of AtxA multimer, and AtxA activity.

Results
AtxA activity in vivo

AtxA is a cytoplasmic protein with a predicted MW of 55.6 kDa (Uchida et al., 1993). Some
functional domains have been postulated (Tsvetanova et al., 2007, Koehler, 2009); however,
the structure of AtxA has not been solved. Moreover, the multimeric state of AtxA in vivo
and whether AtxA associates with other B. anthracis proteins, have not been discerned.

Expression of the atxA gene is highly regulated. Therefore, to investigate AtxA form and
function in vivo, we developed a system to control AtxA protein levels and quantitatively
assess AtxA activity in B. anthracis. Alleles of atxA encoding native, mutant, and C-
terminal epitope-tagged versions of the protein were cloned such that expression was under
control of the IPTG-inducible hyper-spank promoter on a low copy number plasmid,
pUTE657. Recombinant epitope-tagged proteins, AtxA-His and AtxA-FLAG, facilitated
immuno-detection and purification from B. anthracis. AtxA positively controls transcription
of multiple genes in B. anthracis, although a direct interaction of the AtxA protein with
promoters of target genes has not been demonstrated. One of the genes most strongly
regulated by AtxA is lef, encoding the lethal factor protein, a component of the anthrax toxin
(Bourgogne et al., 2003). Plasmids bearing IPTG-inducible atxA alleles were introduced into
a B. anthracis strain (UT376) which harbors a markerless deletion of atxA and a
transcriptional reporter, Plef-lacZ, at the native lef locus on pXO1. AtxA activity was
quantified by measuring β-galactosidase activity following IPTG induction of the atxA
alleles.

Strains were cultured in CACO3 in a 5% CO2 atmosphere, conditions shown previously to
be conducive for atxA-controlled toxin gene expression (Dai et al., 1995). Figure 1 shows
relative AtxA levels and activities in B. anthracis cultures expressing native AtxA, AtxA-
His and AtxA-FLAG. RNA polymerase β subunit was used as a loading control. Induction
with 30 μM IPTG yielded levels of epitope-tagged proteins that were comparable to
untagged AtxA (Fig. 1A), indicating that protein stability was unaltered by the C-terminal
His- and FLAG-tags. The cultures also displayed similar levels of β-galactosidase activity
(Fig. 1B), indicating that the recombinant proteins do not exhibit altered function. The
amount of induced AtxA is 8.5-fold greater than the level of AtxA expressed from its native
promoter on pXO1 and results in 3-fold more β-galactosidase activity (data not shown).
Notably, expression of the Plef-lacZ fusion in the atxA-null strain containing the empty
vector (pUTE657) was barely detectable, confirming previous reports that transcriptional
control of the lef gene is highly dependent upon AtxA (Uchida et al., 1993, Dai et al., 1995).

Multimerization of AtxA
In vivo AtxA – protein interactions are of interest because DNA-binding proteins and
proteins containing PRDs often function as dimers (Declerck et al., 2001, Huffman &
Brennan, 2002, Fux et al., 2003, Ben-Zeev et al., 2005, Graille et al., 2005). Furthermore,
some investigations have suggested that an additional factor is required for AtxA function
(Koehler et al., 1994, Tsvetanova et al., 2007). To explore possible protein-protein
interactions, we subjected lysates from B. anthracis strains producing native AtxA to Blue
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Native PAGE (BN-PAGE) to determine the migration pattern of AtxA in native conditions.
Electrophoresed proteins were transferred to membranes and probed with α-AtxA antibody.
The mobility of immuno-reactive bands relative to molecular weight markers suggested that
AtxA was in a complex (Fig. 2A).

To test for stable interactions between AtxA and other cytosolic proteins, we subjected cell
lysates of B. anthracis cells producing AtxA-His to affinity purification using NTA-Ni resin.
Purified AtxA-His was analyzed using BN-PAGE and denaturing PAGE. Western
hybridization using α-AtxA serum revealed three major bands migrating at approximately
110 kDa, 225 kDa, and > 225 kDa and a minor band migrating at approximately 60 kDa
(Fig. 2A). In contrast, Coomassie staining after SDS-PAGE revealed only one band in the
AtxA-His eluate and its gel mobility was consistent with the size of an AtxA-His monomer
(56 kDa) (Fig 2B). Since no other proteins were detected in the AtxA-His eluate via SDS-
PAGE and the protein mobilized as multiple species on BN-PAGE, these results suggested
that AtxA forms multiple homomeric complexes in cell lysates.

To detect association of two or more monomers of AtxA, we combined culture lysates of B.
anthracis strains producing AtxA-His or AtxA-FLAG and used affinity chromatography to
purify AtxA-His. A lysate from a B. anthracis strain producing GFP-FLAG was used as a
control. Lysates were derived from pools of cultures containing (1) AtxA-His and GFP-
FLAG, (2) AtxA His and AtxA-FLAG, and (3) AtxA-FLAG and GFP-FLAG. Proteins were
captured using NTA-Ni resin, eluted with imidazole, and detected by Western blotting. As
shown in Figure 3 (lanes 1-3), prior to affinity purification each tagged protein was detected
in the appropriate pools. Eluates from NTA-Ni resin are shown in lanes 4-6. AtxA-FLAG
was detected in the eluate only when combined with AtxA-His (lane 5). GFP-FLAG served
as a negative control to ensure that non-specific proteins were washed from the NTA-Ni
resin and that the His and FLAG tags did not interact. These results demonstrate that AtxA-
His and AtxA-FLAG form a stable complex in vitro. Considering these data and the results
from BN-PAGE, we conclude that AtxA self-associated to form dimers, tetramers, and
higher MW species.

Role of the Carboxy-terminal Region of AtxA in Multimerization
To further explore the properties of AtxA multimerization, we tested for the ability of the
cross-linking reagent BMH to covalently fix AtxA complexes in cell lysates. BMH reacts
specifically and irreversibly to link cysteine residues within 13Å. AtxA has cysteine residues
at positions 96, 161, 202, 356, 370, and 402 (Fig. 5A). A cell lysate from an IPTG-induced
culture expressing AtxA was treated with BMH, subjected to SDS-PAGE, and probed for
AtxA via Western blot (Fig. 4). Two bands were detected slightly above the 98-kDa marker
when the lysate was treated with BMH (lane 6), while a single band near the 50-kDa marker
was detected in an untreated lysate (lane 2). The predicted molecular weight of AtxA is 55.6
kDa; therefore, the approximately 100-kDa bands may represent two AtxA proteins joined
via BMH. The appearance of the doublet band indicates two separate AtxA complexes
present in the cross-linked lysate. To investigate the composition of the protein complexes,
we affinity purified AtxA His from an atxA-null strain and subjected the protein to BMH
cross-linking. The migration pattern of cross-linked, purified AtxA-His was similar to that
observed for AtxA and AtxA-His cross-linked in cell lysates (Fig. 4, lanes 6-8); a doublet
band migrated near the 98-kDa molecular weight marker. We conclude that the doublet does
not result from AtxA linked to another protein. Rather, the doublet suggests at least two
conformational states of the dimeric AtxA complex.

BMH-mediated cross-linking of AtxA proteins allowed us to test for region(s) at the
interface of AtxA multimers. We created strains harboring distinct atxA Cys→Ser alleles
(Fig. 5A). Mutant AtxA proteins were expressed in the atxA-null background and cell
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lysates were reacted with BMH. The presence of the dimer band in lysates containing
mutated AtxA (Fig. 5B) indicates that these proteins are capable of multimerization and are
cross-linked with BMH. The lysate containing AtxA C402S differed significantly from
lysates containing other AtxA mutants. The AtxA C402S sample contained a relatively low
level of cross-linked protein and a high level of the apparent monomer. This result suggests
that C402 is the major site of BMH crosslinking, but some other Cys residue(s) can
participate in cross-linking.

To determine if the dominant BMH cross-link occurs between C402 of two AtxA
monomers, AtxA C402S-FLAG was expressed in the parent strain of B. anthracis, which
also expresses native AtxA from the atxA locus on pXO1. We reasoned that if BMH utilizes
C402 on both proteins then, after cross-linking, FLAG-reactive protein would be detected as
a monomer band (55 kDa) and not as a dimer containing AtxA C402S-FLAG and AtxA.
Following BMH cross-linking, the native AtxA plus AtxA C402S-FLAG sample contained
a high level of monomer when examined in Western blots probed with α-FLAG antibody
(Fig. 5C, lane 5) similar to the sample containing only AtxA C402S (Fig. 5B, lane 8). In
contrast, samples containing native AtxA plus Cys→Ser AtxA mutant proteins (C202S and
C370S) or native AtxA plus AtxA-FLAG showed high levels of cross-linked protein
reacting with α-FLAG antibody (Fig. 5C, lanes 2-4). Further, when the same samples were
probed with α-AtxA antibody, dimer bands representing cross-linked AtxA (tagged and
native) were present in all samples (lanes 6-10). Dimer bands detected in the AtxA C402S-
FLAG plus AtxA sample probed with α-AtxA (lane 10) likely represent native AtxA because
dimer bands were not detected when the same sample was probed with α-FLAG antibody
(lane 5). The relatively low level of cross-linked protein in the sample containing only native
AtxA (lane 6) and the sample containing native AtxA plus AtxA C402S-FLAG (lane 10)
reflect low level AtxA expression from the native atxA locus. Induction of the tagged
proteins (lanes 2-5 and 7-10) resulted in approximately 8.5-fold more tagged protein
compared to native AtxA (Untreated lanes and data not shown). These results indicate that
the major BMH cross-linked species is formed using C402 on two AtxA monomers.

To verify that AtxA C402S can form a complex with AtxA despite being defective for BMH
cross-linking, we performed a co-affinity purification experiment using AtxA C402S-FLAG
mixed with AtxA-His. After eluting protein from NTA-Ni resin, AtxA C402S-FLAG was
present in the sample with AtxA-His, indicating that AtxA C402S has normal
multimerization properties (Fig. 6). Taken together, these data demonstrate that BMH
utilizes C402 to cross-link two AtxA proteins and suggests that the carboxy-terminus of
AtxA is involved in oligomerization.

Assessment of the carboxy-terminal 91-amino acid sequence of AtxA using the Conserved
Domains Database (Marchler-Bauer et al., 2007) and Protein Homology/Analogy
Recognition Engine (Phyre, (Kelley & Sternberg, 2009)), predicted that this region of AtxA
is similar to an EIIB motif of the PTS, as depicted in Figure 5A. EIIB domains typically
function enzymatically to phosphorylate carbohydrates after the sugars cross the cell
membrane via an EIIC domain or protein. We performed cross-linking experiments using
full length AtxA, AtxA1-385 (deletion of the EIIB-like motif), and AtxA385-475 (only the
EIIB-like motif) to determine if the EIIB-like region of AtxA is involved in AtxA
oligomerization. Cell lysates containing full-length and truncated FLAG-tagged proteins
synthesized in parent and atxA-null backgrounds were subjected to BMH cross-linking.
Bands corresponding to 56-kD, 40-kD, and 11-kD monomers of AtxA-FLAG, AtxA1-385-
FLAG and AtxA385-475-FLAG, respectively, were observed in untreated lysates probed with
α-FLAG antibody (Fig. 7 lanes 2-4 and 6-8). The BMH-treated samples displayed the
typical dimer bands (100 kDa) for AtxA-FLAG (lanes 10 and 14). The migration of
AtxA1-385-FLAG was not altered after cross-linking; only a 40-kDa band was present (lanes
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11 and 15). This result is consistent with the requirement of C402 for cross-linking. The
several FLAG-reactive bands present in lanes 12 and 16 represent multiple protein
complexes containing AtxA385-475-FLAG and unidentified proteins. The large α-FLAG-
reactive cross-linking products do not represent AtxA cross-linked to AtxA385-475-FLAG
because the banding patterns of AtxA385-475-FLAG in the parent (lane 12) and atxA-null
strain (lane 16) were identical. These data indicate that the EIIB-like region of AtxA is
involved in AtxA oligomerization and suggest that the EIIB-like domain in the absence of
other regions of the AtxA protein displays less specificity for AtxA, interacting with several
other proteins in cell lysates. It is notable that the truncated AtxA proteins do not exhibit
AtxA activity. B. anthracis UT376 mutants producing AtxA1-385, AtxA1-385-FLAG,
AtxA385-475, or AtxA385-475-FLAG show no expression of the Plef-lacZ fusion (data now
shown).

Relationship between CO2/bicarbonate, AtxA Multimerization and Function
AtxA-dependent transcription of lef and other genes is enhanced during growth in buffered
media in 5% CO2, relative to growth in air (Uchida et al., 1993, Sirard et al., 1994, Dai et
al., 1995, Fouet & Mock, 1996). To address relationships between the CO2/bicarbonate
signal, the oligomeric state of AtxA, and AtxA function in vivo, we compared AtxA
multimerization and activity using cells cultured in CA medium with or without CO2/
bicarbonate. Growth rates and IPTG-induced AtxA levels were similar for B. anthracis
UT376 (pUTE658) cultures grown with or without added CO2/bicarbonate (data not shown).
For each culture, AtxA function was assessed as β-galactosidase activity resulting from
expression of the Plef-lacZ reporter gene, and cell lysates were subjected to BMH-mediated
cross-linking to determine the levels of AtxA dimer. A representative experiment is shown
in Figure 8. The AtxA dimer/monomer ratio was approximately 2-fold greater in cells
cultured with elevated CO2/bicarbonate. The increased dimer level correlated with increased
AtxA activity. The affect of the CO2/bicarbonate signal on the AtxA dimer/monomer ratio
and AtxA activity was consistent in multiple experiments. These results show that the CO2/
bicarbonate signal shifts the dimer/monomer equilibrium of AtxA toward the dimeric state
and this shift is associated with enhanced protein function.

Discussion
We have determined that AtxA forms a multimeric protein complex independent of other
proteins, and that the level of homodimeric AtxA is increased relative to monomeric AtxA
in cells cultured in conditions conducive for function. Our experiments employing the BMH
cross-linking reagent allow us to discern features of the AtxA multimer. BMH is specific for
reduced, solvent-accessible cysteines located within 13 Å. We determined that C402 is the
major site of cross-linking between two AtxA proteins, suggesting that C402 is likely
surface exposed and in close proximity to the corresponding amino acid in an AtxA dimer.
Since BMH cross-linking requires reduced cysteines, the C402 residues of associated AtxA
proteins do not form a disulfide bond. Moreover, a C402S mutant forms multimers that are
indistinguishable from those formed by the native protein. Our data indicate that C402 is
located in a region of AtxA that forms protein-protein contacts, yet C402 is not required for
the protein-protein interactions.

The Protein Homology/Analogy Recognition Engine “Phyre” (Kelley & Sternberg, 2009) is
a homology-based, fold-recognition tool that provides three-dimensional structure
predictions based on sequence similarity to proteins with known structures. Phyre reveals
similarity between AtxA385-475, containing C402, and EIIB motifs of PTS proteins, leading
us to propose a function for the carboxy-terminus of AtxA. As part of the PTS, EIIB
proteins are the penultimate proteins in the phosphotransfer from phosphoenol-pyruvate
(PEP) to imported carbohydrates (Deutscher et al., 2006). The PTS is composed of Enzyme
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I (EI) and HPr, which are general enzymes, and Enzyme II (EII) complexes, consisting of
EIIA, EIIB, and EIIC, which recognize and transport specific carbohydrates. Conversion of
PEP to pyruvate is catalyzed by EI. EI~P transfers the phosphate to HPr, which in turn
phosphorylates EIIA. EIIA~P phosphorylates EIIB at a conserved cysteine residue within
the P-loop, a flexible loop between β-sheet 1 and α-helix 1 (Evans et al., 1996). The
phosphocysteine of EIIB transfers its phosphate to carbohydrate molecules crossing the cell
membrane via the EIIC complex. The carboxy-terminus of AtxA is similar to GatB, an E.
coli protein that is a member of the glucitol/galacitol family of EIIB proteins (Nobelmann &
Lengeler, 1996). NMR studies of GatB with its cognate EIIA (GatA) reveal regions of GatB
– GatA interaction (Volpon et al., 2006). It is thought that the GatB-GatA interface, which
includes the P-loop, is also recognized by the corresponding EIIC protein, GatC (Volpon et
al., 2006).

Interaction of GatB with two different proteins suggests involvement of EIIB-like motifs in
protein-protein binding. In experiments, when AtxA385-475-FLAG is induced in an atxA-null
strain or the parent strain containing AtxA, we detect four prominent α-FLAG-reactive
products in cross-linked cell lysates. In contrast, when full-length AtxA-FLAG is induced in
either strain, cross-linked lysates contain only one α-FLAG-reactive product, which
corresponds to an AtxA-AtxA dimer. The presence of multiple cross-linked products in the
AtxA385-475 sample suggests that the EIIB-like motif in the absence of other AtxA domains
loses some specificity for protein-protein interactions. These data lead us to propose that the
EIIB-like motif is involved in AtxA-AtxA interaction, yet one or more motifs within
residues 1-385 of AtxA are required to confer specificity to the AtxA-AtxA interaction and
to exclude interactions of the AtxA EIIB-like domain with other proteins.

The presence of an EllB-like motif adjacent to PRDs is not unique to AtxA. EIIB-like
domains are found in certain other regulators, including the transcriptional activators LicR,
MtlR, CelR, ManR and LevR (Deutscher et al., 2006, Joyet et al., 2010, Sun &
Altenbuchner, 2010). Yet, unlike AtxA, these other regulators also contain EIIA-like motifs
and the regulators control a small number of genes encoding proteins associated with use of
a specific carbohydrate or group of carbohydrates. For example, in Streptococcus mutans
CelR regulates the production of proteins required for cellobiose catabolism (Zeng & Burne,
2009), and MtlR induces expression of the mtl operon when Bacillus subitilis is in the
presence of mannitol (Henstra et al., 1999, Watanabe et al., 2003). In contrast, AtxA is a
virulence gene regulator that affects transcription of multiple genes on the chromosome and
virulence plasmids within B. anthracis, none of which are known to be associated with
catabolism (Bourgogne et al., 2003).

Interestingly, a cysteine residue within the EIIB-like motif in the MtlR protein of Bacillus
subtilis was recently shown to be phosphorylated (Joyet et al., 2010). MtlR activity
decreases when P~EIIAMtl phosphorylates MtlR at C419, the conserved cysteine within the
P-loop of the EIIB-like motif. In the Phyre-produced model of the EIIB-like motif of AtxA,
C402 is located in the P-loop, but the residue is not at the position typically observed for the
conserved phosphocysteine in EIIB proteins of the PTS or for the EIIB-like motif in MtlR
and LicT. Moreover, current data do not support phosphorylation of AtxA at this site.
Phosphorylated C402 would have prevented cross-linking by BMH in our experiments.
Also, Tsvetanova et al. (2007), reported that phosphorylation of AtxA occurs only within
the PRDs at residues H199 and H379. 32PO4-labelled AtxA was immunoprecipitated from
B. anthracis cell lysates, but no radio-labelled AtxA was evident in a H199A / H379A
mutant.

Phosphorylation of AtxA may impact the multimeric state of the protein. Phosphorylation
can stabilize or disrupt dimerization of the PRD-containing antiterminator proteins LicT and
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BglG (Declerck et al., 2001, Fux et al., 2003, Ben-Zeev et al., 2005, Graille et al., 2005).
Dimer contacts within the PRDs of LicT are confined to α-helices 2, 3, and 5 in each PRD,
and the helices are arranged in an anti-parallel orientation (van Tilbeurgh et al., 2001).
Considering reports concerning LicT and BglG, it is possible that the AtxA PRDs are
involved in multimerization. The Phyre-predicted structure of the PRDs of AtxA positions
C202 in α-2 of PRD1, C356 in α-4 of PRD2, and C370 in α-5 of PRD2, yet in our studies,
C202, C356, and C370 were not required for cross-linking of AtxA proteins by BMH. It is
possible that these cysteine residues are in regions that function in multimerization.
However, the sulfhydryl groups are inaccessible to BMH because they are buried in the
interior of AtxA, oxidized into a disulfide bond, or are greater than 13 Å from another
cysteine. More work needs to be performed to determine the protein-protein contacts
existing throughout the AtxA protein and to assess potential affects of phosphorylation on
multimerization of AtxA.

Our findings show for the first time a link between AtxA multimerization, function and an
important signal for virulence gene synthesis by B. anthracis. Increased synthesis of poly-D-
glutamic acid capsule and the anthrax toxin proteins during culture of B. anthracis in the
presence of elevated CO2/bicarbonate was first reported more than sixty years ago. Yet, the
mechanism by which this physiologically relevant signal affects expression of these critical
virulence factors has remained largely unknown. In work presented here, we have
determined that B. anthracis cultures grown in elevated CO2/bicarbonate contain higher
levels of the AtxA dimer than cultures grown in air. Conditions that enhance dimerization
also promote AtxA target gene expression. The positive correlation between CO2/
bicarbonate level, the presence of AtxA dimers, and AtxA activity links the signal to AtxA
structure and function.

Many questions remain regarding the mechanism by which CO2/bicarbonate affects AtxA
function. Genetic and biochemical searches have not revealed any cellular factors that might
bridge the link between the CO2/bicarbonate signal and the AtxA protein. We speculate that
AtxA may bind to bicarbonate or CO2 directly. To our knowledge, only one bacterial
regulatory protein has been shown to require bicarbonate to stably interact with target
promoter sequences. RegA, an AraC/XylS-like regulator found in Citrobacter rodentium,
binds to bicarbonate via an amino-terminal motif (Yang et al., 2008). According to the
model proposed by Yang et al. (2009), the binding of bicarbonate to RegA facilitates
interaction of its carboxy-terminal DNA binding motif with target sequences. AtxA does not
bear apparent sequence homology to RegA, although a binding pocket may not be obvious.
Multiple bicarbonate-binding proteins, with varying bicarbonate binding sites and diverse
functions have been reported, including proteins associated with photosynthesis and
menaquione biosynthesis (Badger & Price, 2003, Jiang et al., 2010). Direct association of
bicarbonate with AtxA multimers is currently under investigation in our laboratory.

Finally, our experiments were designed to detect stable protein-protein complexes. We do
not exclude the possibility of other AtxA-protein interactions. Considering that specific
DNA-binding activity has not been demonstrated for purified AtxA protein, it is possible
that an additional protein interacts with AtxA to allow specific DNA-binding. Moreover, a
specific multimeric and/or phosphorylated form of AtxA may be required to observe this
activity. Although it has been suggested that AtxA phosphorylation occurs via the HPr
enzyme of the PTS, the kinase has not been identified experimentally. It is likely that the
enzyme responsible for phosphorylation of AtxA makes transient protein-protein contacts
and thus would not be identified by the approaches used here. Our working model is that
formation of an AtxA homo-dimer is required for virulence gene activation. Future studies
will focus on potential relationships between phosphorylation, multimerization, and function
of AtxA.
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Experimental Procedures
Culture conditions

B. anthracis strains were cultured at 37C in Luria-Bertani (LB) medium (Bertani, 1951) or
Casamino Acid medium (CA) (Thorne & Belton, 1957). LB broth cultures were shaken in
air. CA broth cultures were shaken in air or in 5% atmospheric CO2. For CA cultures
incubated in elevated CO2, 0.8% sodium bicarbonate was added to the medium (CACO3)
(Hadjifrangiskou et al., 2007). Cells from stationary phase cultures were transferred into
fresh medium (CACO3, unless noted otherwise) to an initial optical density at 600nm
(OD600) of approximately 0.08. Cultures were incubated for 7 h and the OD600 was
determined hourly. Generally, cultures reached early-exponential phase (OD600 0.20 to 0.35)
at 2 h and stationary phase (OD600 1.2 to 1.7) at 4 h. For strains harboring atxA controlled
by the hyper-spank promoter (Phyper-spank) (Britton et al., 2002), expression was induced
with 30-50 μM isopropyl β-D-thiogalactoside (IPTG) at 2 h and cells were harvested at 4 h.

Antibiotics were used when appropriate in the following concentrations: spectinomycin (50
μg ml−1 for E. coli and 100 μg ml−1 for B. anthracis), erythromycin (150 μg ml−1 for E. coli
and 5 μg ml−1 for B. anthracis), and carbenicillin (100 μg ml−1 for E. coli). Antibiotics and
other chemicals were purchased from Fisher Scientific (Fairlawn, NJ) or Sigma-Aldrich (St.
Louis, MO) unless indicated otherwise.

Strain Construction
B. anthracis strains and plasmids are shown in Table 1. All B. anthracis mutants were
derived from the parent strain ANR-1 (Ames non-reverting), a pXO1+ pXO2- isolate
originally obtained from Ames (pXO1+ pXO2+) (Welkos et al., 2001). E. coli strains
JM109, TG1, and GM2163 were employed as hosts for cloning plasmids. Amplification,
manipulation, and isolation of plasmid DNA were performed according to general practices.
Non-methylated plasmid DNA was obtained from E. coli GM2163 for electroporation into
B. anthracis (Koehler et al., 1994, Marrero & Welkos, 1995).

Using systems described previously (Pflughoeft et al., 2011), two strains of B. anthracis
were constructed for this study: UT375, in which the lef coding sequence on pXO1 was
replaced by a promoterless β-galactosidase gene (lacZ), and UT376, which contains a
markerless deletion of atxA in the UT375 strain background. To construct UT375, the
polymerase chain reaction (PCR) and primers TH126 and TH127 (Table S1) were used to
amplify a 797-bp DNA fragment corresponding to sequence from −686 to +111 relative to
the lef transcriptional start site (lefup) (Dai et al., 1995). The PCR product was cloned into
pHT304-18z (Arantes & Lereclus, 1991) using PstI and BamHI restriction enzyme sites
upstream of the plasmid-borne lacZ. Subsequently, a 853-bp DNA sequence corresponding
to sequences +2510 to +3363 (lefdown) was amplified using primers TH128 and TH129 and
cloned into the KpnI and EcoRI sites of pHT304-18z containing lefup. The lefup-lacZ-lefdown
segment of DNA was removed via digestion with XhoI and EcoRI and cloned in pHY304, a
temperature-sensitive E. coli – B. anthracis shuttle vector harboring an erythromycin-
resistance gene (Chaffin et al., 2005). B. anthracis containing the plasmid was cultured at
41C (the temperature non-permissive for pHY304 replication) in the presence of
erythromycin to select for isolates in which the plasmid inserted into the lef locus via
homologous recombination. Subsequently, cultures were passaged multiple times at 30C in
the absence of antibiotic to allow excision of the pHY304 derivative from the lef locus.
Single colony isolates were tested using PCR and sequencing for replacement of the lef
coding sequence with the promoterless β-galactosidase gene.

To generate UT376, a markerless atxA-deletion mutant of UT375, DNA fragments
corresponding to approximately 1 kb upstream of the atxA translational start (−1009 to +99
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from the P1 transcriptional start site) and 1 kb downstream of the atxA stop codon 435
(+1528 to +2517) were amplified using primers JR170-171 and JR172-173, respectively
(Table S1), fused via splicing by overlapping extension PCR (PCR-SOE) (Horton et al.,
1989), and inserted into pHY304 using the SacII and XhoI restriction enzyme sites. B.
anthracis containing the Plef-lacZ reporter (UT375) was transformed with the atxA deletion
construct. The strain was cultured as described above and an isolate deleted for atxA was
confirmed using PCR and sequencing.

We cloned the atxA coding region into pUTE657 (Pflughoeft et al., 2011), which carries the
IPTG-inducible promoter Phyper-spank from pDR111 (Britton et al., 2002) and the origin
of replication from pBC16. The atxA gene was amplified using TH191 and TH192 (Table
S1) to add a SalI site 5′ of the ribosome binding site (+76 from P1) and a SphI site after the
translational stop codon. The resulting plasmid (pUTE658) contains atxA controlled by
Phyper-spank. We used a comparable strategy to clone the gfp-mut3a sequence (Cormack et
al., 1996) into pUTE657, yielding pUTE1013. Using TH193 and TH234 (Table S1), the gfp-
mut3a sequence was PCR amplified from pAD123 (Dunn & Handelsman, 1999) to include
the ribosome binding site and to add a C-terminal FLAG tag to gfp-mut3a.

We constructed B. anthracis strains carrying Phyper-spank –controlled atxA alleles on
pUTE657 to allow expression of C-terminal epitope-tagged and mutant AtxA proteins.
Mutant alleles were generated using PCR-SOE and appropriate oligonucleotide primers
(Table S1). For C-terminal epitope tags (FLAG and hexa-His), primers were designed to
encode the desired tag at the 3′ end of atxA prior to the stop codon. To create a 5′ deletion of
atxA, oligonucleotides fused the ribosome binding site of atxA to codons 385 - 475 resulting
in a construct encoding AtxA385-475. For a 3′ deletion of atxA, a stop codon was inserted
after the 385th codon resulting in a construct encoding AtxA1-385. Each of the atxA alleles
was cloned into the SalI and SphI sites of pUTE657.

AtxA-His purification
The recombinant epitope-tagged protein AtxA-His was purified from B. anthracis using
affinity chromatography. B. anthracis UT376 (pUTE658) was cultured in 2-L baffled flasks
containing 750 ml CACO3. Following induction with 50 μM IPTG, cells were harvested
using centrifugation at 6200 × g for 10 min at 4C. Cells were resuspended in 3 ml Binding
Buffer (5 mM imidazole, 0.5 M NaCl, 5 mM β-mercaptoethanol, 20 mM Tris pH 7.2,)
supplemented with 1X EDTA-free Complete proteinase inhibitor (Roche, Indianapolis, IN),
1 mM MgCl2, and 10 units DNAse I (Ambion, Inc., Austin, TX). Cells were lysed via three
passages through a French Pressure Cell Press (SLM Instruments, Inc., Urbana, IL) and
soluble material was obtained following centrifugation at 30,000 × g for 20 min at 4C.
Lysates were added to 1 ml NTA-Ni resin (Qiagen, Hilden, Germany) in Binding Buffer
(total volume of 10 ml) and the suspension was mixed gently for 2 h at 4C. The resin was
washed in batch three times with 4 ml of Binding Buffer and once with 4 ml of Wash Buffer
1 (40 mM imidazole pH 7.9, 1.0 M NaCl, 20 mM Tris pH 7.2, 5 mM β-mercaptoethanol).
The resin was transferred to a gravity column and washed sequentially with (1) 10 ml Wash
Buffer 1, (2) 1.5 ml Wash Buffer – High Salt (40 mM imidazole pH 7.9, 1.5 M NaCl, 20
mM Tris pH 7.2, 5 mM β-mercaptoethanol), (3) 2.5 ml Wash Buffer 1, (4) 1.5 ml Wash
Buffer 2 (75 mM imidazole pH 7.9, 1.0 M NaCl, 20 mM Tris pH 7.2, 5mM β-
mercaptoethanol), and (5) 2.5 ml Wash Buffer 1. Upon addition of 7.5 ml Elution Buffer (20
mM Tris pH 7.2, 800 mM imidazole pH 7.9, 500 mM NaCl, 5 mM β-mercaptoethanol), 250
μl fractions were collected in 1.5-ml tubes containing 250 μl Collection Buffer (20 mM Tris
pH 7.2, 150 mM NaCl, 10% glycerol, 5 mM EDTA, 5 mM μ-mercaptoethanol). Protein
concentration and purity of the fractions were assessed using the Bradford reagent (Bio-Rad,
Hercules, CA) and SDS-PAGE with Coomassie staining. Fractions containing AtxA-His

Hammerstrom et al. Page 10

Mol Microbiol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were pooled and dialyzed in 400 mM NaCl, 5% glycerol, 20 mM Tris pH 7.2, and 5 mM
dithiothreitol (DTT).

α-AtxA Antibody and AtxA Western blots
Antiserum for Western blotting was raised in rabbits (Cocalico Biologicals, Inc.,
Reamstown, PA). AtxA-His, purified from E. coli using a method similar to that described
above, was injected into rabbits and serum was collected on day 56. To remove non-specific
antibodies, the serum was adsorbed to an immobilized E. coli lysate (Thermo Scientific)
using the manufacturer’s protocol. IgG in the serum was purified using Pierce Nab Spin
Columns (Thermo Scientific).

B. anthracis cell lysates for Western blotting analysis were obtained from cultures at early
stationary phase (OD600 = 1.2 to 1.7). Culture samples (4 ml) were centrifuged as described
above. After washing cells two times in KTE-PIC (10 mM Tris-HCl pH 8.0, 100 mM KCl,
10% ethylene glycol, and EDTA-free Complete proteinase inhibitor), cells were
resuspended in KTE-PIC to a final volume of 850 μl and transferred to a 1.5-ml screw-cap
tube containing 400 μl 0.1 mm Zirconia/Silica Beads (BioSpec Products, Bartlesville, OK).
The samples were lysed mechanically for 2 min using a Mini BeadBeater (BioSpec
Products). After centrifugation, soluble material was mixed with SDS loading buffer (final
concentration of loading buffer was 5% glycerol, 100 mM DTT, 2% SDS, 40 mM Tris-Cl
pH 6.8), boiled, and subjected to SDS-PAGE.

Prior to protein transfer, gels were equilibrated in CAPS Buffer (10 mM CAPS pH 11.0,
10% methanol). Using a Hoefer transfer unit (Hoefer, Inc., Holliston, MA) containing CAPS
Buffer, proteins were transferred to Immobilon-P membrane (Millipore, Billerica, MA) at
50V at 4C for 1.5 to 2 h. Membranes were blocked with TBS-T (20 mM Tris base, 137 mM
NaCl, 0.1% Tween 20 [pH 7.6]) containing 5% non-fat dry milk. Membranes were
subsequently treated with primary antibodies (α-AtxA, α-RNA polymerase β subunit [Santa
Cruz Biotechnology, Santa Cruz, CA], α-THE His [Genscript, Piscataway, NJ], and α-
FLAG M2 [Sigma Aldrich]) in TBS-T. After washing with TBS-T, membranes were finally
treated with the corresponding secondary antibody (goat α-rabbit–HRP conjugate or goat α-
mouse-HRP conjugate [Bio-Rad]). Blots were developed using the SuperSignal West Dura
Chemiluminescent Substrate (Thermo Scientific). For re-probing, membranes were stripped
using Restore Western Blot Stripping Buffer (Thermo Fisher) or 62.5 mM Tris pH 6.8
containing 2% SDS and 100 mM β-mercaptoethanol.

BN-PAGE assay
To perform Blue Native PAGE (BN-PAGE), protein samples mixed with NativePAGE
Sample Buffer containing 5% G-250 Sample Additive were electrophoresed using
NativePAGE Novex 4-16% Bis-Tris Gels in the XCell Surelock Mini-Cell electrophoresis
unit according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA).
Electrophoresed proteins were transferred to PVDF at 20V overnight at 4C. Blots were fixed
with 8% acetic acid for 15 min prior to probing with α–AtxA antibody as described above.

Co-affinity purification
B. anthracis UT376 containing vectors encoding AtxA-His (pUTE991), AtxA-FLAG
(pUTE992), or GFP-FLAG (pUTE1013) were cultured independently. Three pools,
containing 20 ml of each culture, were collected: UT376 (pUTE991) and UT376
(pUTE1013); UT376 (pUTE991) and UT376 (pUTE992); and UT376 (pUTE992) and
UT376 (pUTE1013). The cells were washed with 10 ml Binding Buffer containing EDTA-
free Complete proteinase inhibitor (BB-PIC). Pellets were flash frozen in an ethanol-dry ice
bath and stored at −80C.
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To create cleared soluble cell lysates, samples were thawed in an ice bath, resuspended in
2.5 ml BB-PIC, and transferred to two 1.5-ml screw cap tubes, each containing 500 μl 0.1
mm Zirconia/Silica beads. The samples were lysed mechanically for 1 min using a Mini
BeadBeater, placed on ice for 5 min, and then subjected to an additional 1 min of bead
beating. Following centrifugation at 10,000 x g for 5 min at 4C, the soluble material was
incubated at 37C for 20 min. NTA-Ni resin (70 μl) was added and the samples were
incubated at 4C 539 for 2 h. The resin was transferred to spin filters (EMB Chemicals,
Darmstadt, Germany) and several 500-μl washes were performed in the following sequence:
2x Binding Buffer, 2x Wash Buffer 1, 1x Wash Buffer-High Salt, 2x Wash Buffer 1, 1x
Wash Buffer 2, and 2x Wash Buffer 1. Proteins were eluted from the column using 125 μl
Elution Buffer and then denatured with SDS loading buffer. Samples were probed with α-
AtxA, α-His, and α-FLAG antibodies using Western blotting.

BMH Cross-linking
Protein cross-linking was performed as described elsewhere (Eswaramoorthy et al., 2009).
Briefly, cultures containing UT376 (pUTE658) were induced with 30 μM IPTG for 2 h.
Cells were washed twice with 5 ml phosphate-buffered saline (PBS) containing 10 mM
EDTA and adjusted to pH 7.2. Cells were then resuspended in 1 ml PBS 10 mM EDTA pH
7.2 and lysed. For each experiment, 250 μl of cleared soluble cell lysate, representing 5 ml
of culture, was mixed with 5 μl of 20 mM bis(maleimido)hexane (BMH, Thermo Scientific,
prepared freshly in DMSO) and incubated at 4C for 2 h with end-over-end mixing. Control
reactions lacking BMH contained the DMSO solvent only. Reactions were quenched by
adding 40 mM cysteine, vortexing for 10 min, and boiling in the presence of 1X SDS
loading buffer containing 100 mM DTT. The samples were analyzed on 4-15%
polyacrylamide SDS gels (Bio-Rad) and AtxA was detected via Western blotting. ImageJ
software (Rasband, 1997) was used to determine relative intensities of cross-reactive bands.

AtxA-His for cross-linking experiments was affinity purified using NTA-Ni resin and
washes were performed with solutions made without β-mercaptoethanol. AtxA-His was
eluted from the resin, and subjected to BMH cross-linking as described above.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
In vivo Activity of AtxA-His and AtxA-FLAG. In an atxA-null strain (UT376), production
of AtxA (pUTE658), AtxA-His (pUTE991), and AtxA-FLAG (pUTE992) was induced
using 30 μM IPTG during growth in CACO3. The empty vector sample (EV) was derived
from UT376 (pUTE657) which lacks atxA. Samples were obtained at the transition to
stationary phase (4 h; OD600 1.2 to 1.7). (A) AtxA and RNA Polymerase β subunit in
soluble cell lysates were detected via immunoblotting. The AtxA levels indicated were
normalized relative to the corresponding RNA polymerase β level. (B) The β-galactosidase
activity of B. anthracis mutants harboring the Plef-lacZ reporter and IPTG-inducible atxA
alleles was determined as described previously (Miller, 1972).

Hammerstrom et al. Page 16

Mol Microbiol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Oligomeric states of AtxA. (A) Lysates from B. anthracis strains UT376 (pUTE657) and
UT376 (pUTE658), containing an empty vector (EV) and IPTG-inducible atxA respectively,
and affinity-purified AtxA-His were electrophoresed on BN polyacrylamide gels. AtxA
protein was detected using Western blotting. M = molecular weight markers (ProSieve
Unstained Protein Marker, VWR). (B) Affinity purified AtxA-His from B. anthracis UT376
(pUTE991) was subjected to SDS-PAGE and stained with Coomassie. M = molecular
weight markers (SeeBlue Plus2 Pre-Stained Standard, Invitrogen).
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Fig. 3.
Specific binding of AtxA-His to AtxA-FLAG. Lysates from B. anthracis atxA-null strains
(UT376) containing AtxA-His (pUTE991), AtxA-FLAG (pUTE992), or GFP-FLAG
(pUTE1013) induced with 30 μM IPTG were subjected to co-affinity purification using
NTA-Ni resin. Western blots probed with α-AtxA, α-FLAG, and α-His antibodies were
performed on soluble cell lysates (Load, lanes 1-3) and purified proteins (Eluate, lanes 4-6).

Hammerstrom et al. Page 18

Mol Microbiol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Fixation of AtxA complexes with a cysteine-reactive cross-linking agent. Cultures of the
atxA-null strain UT376 containing pUTE658 (encoding AtxA) or pUTE991 (encoding
AtxA-His) were induced with 40 μM IPTG. Cell lysates or affinity-purified AtxA-His were
treated with the cross-linking agent BMH. SDS-PAGE (4-15%) and Western blots with
AtxA-specific antibody were used to detect various forms of AtxA. EV = empty vector, L =
cell lysate, and AP = affinity-purified. Molecular weights of the protein standards are listed
(SeeBlue Plus2, Invitrogen).
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Fig. 5.
Determination of the site of BMH cross-linking. (A) The AtxA protein, which contains six
cysteine residues, has five putative motifs: a winged helix-turn-helix (WH), a Mga-like
helix-turn-helix (HTH), two phosphotransferase regulation domains (PRD1 and PRD2), and
an Enzyme IIB-like motif (EIIB). (B) Following induction with 30 μM IPTG, cells from
cultures of atxA-null strains (UT376) containing pUTE658-derived atxA point mutants were
lysed and treated with BMH. SDS-PAGE (4-15%) and Western blots with AtxA-specific
antibody were used to detect various forms of AtxA. (C) A similar experiment was
performed using derivatives of the parent strain (UT375) expressing atxA from its native
locus and pUTE992-derived FLAG-tagged versions of AtxA or the AtxA point mutants.
Westerns were probed with α-FLAG and α-AtxA antibodies. EV = empty vector. Molecular
weights of the protein standards are as indicated (SeeBlue Plus2, Invitrogen).

Hammerstrom et al. Page 20

Mol Microbiol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
AtxA C402S does not have a multimerization defect. Lysates from the B. anthracis atxA-
null strain UT376 expressing AtxA-His (pUTE991), GFP-FLAG (pUTE1013), AtxA-FLAG
(pUTE992), or AtxA C402S-FLAG (pUTE992 C402S) were subjected to co-affinity
purification using NTA-Ni resin. Samples were treated as described in Fig. 3.
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Fig. 7.
Multimerization of AtxA385-475. Cell lysates of parent (UT375) and atxA-null strains
(UT376) containing AtxA-FLAG (pUTE992), AtxA1-385-FLAG (pUTE1019-FLAG), and
AtxA385-475-FLAG (pUTE1022-FLAG) induced using 30 - 50 μM IPTG were treated with
the cross-linking agent BMH. SDS-PAGE (4-20%) and Western blots with FLAG-specific
antibody were used to detect various forms of AtxA. EV = empty vector. Molecular weights
of the protein standards are listed (SeeBlue Plus2, Invitrogen).
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Fig. 8.
The CO2/bicarbonate effect on AtxA multimerization and activity. UT376 (pUTE658), an
atxA-null strain harboring the native atxA gene driven by an IPTG-inducible promoter and
the Plef-lacZ transcriptional fusion (as a reporter for AtxA activity) was cultured in CA in
air and in CACO3 in a 5% CO2 atmosphere. Cells were collected two hours after induction
with IPTG. (A) SDS-PAGE (4-15%) and Western blots with AtxA-specific antibody were
used to detect various forms of AtxA. EV = empty vector (pUTE657), L = cell lysate, U =
untreated samples, B = BMH treated samples. (B) Intensities of bands corresponding to the
AtxA dimer and monomer were measured using ImageJ. Dimer/monomer ratios are shown
as gray bars. β-galactosidase activities, resulting from expression of the Plef-lacZ reporter,
are shown as black bars.
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Table 1

B. anthracis strains and plasmids

Name Description Reference

Strains

ANR-1 Parent strain, pXO1+, pXO2− (Welkos et al., 2001)

UT375 lef promoter – lacZ fusion (Plef-lacZ) at native lef locus This work

UT376 lef promoter – lacZ fusion (Plef-lacZ) at native lef locus, atxA-null This work

Plasmids

pUTE657 Expression vector derived from pDR111 and pBC16 with IPTG-inducible
  Phyper-spank; Specr Ampr

(Pflughoeft et al.,
2011)

pUTE658 pUTE657 - derived expression vector for AtxA; the atxA ribosome
  binding site and coding region controlled by Phyper-spank

This work

pUTE991 pUTE658 - derived expression vector for AtxA-His (hexa-histidine tag on
  the C-terminus of AtxA)

This work

pUTE992 pUTE658 - derived expression vector for AtxA-FLAG (FLAG tag on the
  C-terminus of AtxA)

This work

pUTE1013 pUTE657 - derived expression vector for GFP-FLAG (FLAG tag on the
  C-terminus of GFP); the gfpmut3a ribosome binding site, coding region, and sequence encoding
FLAG controlled by Phyper-spank

This work
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