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ABSTRACT. Bacillus anthracis a bioterrorism threat as well as an agricultural concern, has complex
mechanisms for regulation of its major virulence factors. Genome searches identified the putative two-
component system that we designaBagtillus anthracigespiratory response (BrryABrrB. A brrA deletion

strain was constructed, and real-time reverse transcriptase polymerase chain reaction and Western blot
analysis were used to assess the effect of Bf&&B on levels of virulence factors, the regulaixA

and growth characteristics. WhérmrA was deleted, the genes for anthrax toxins (lethal factor, protective
antigen, and edema factor) where expresseé-tbgi-fold less than in the parent Sterne strain. The
global regulatoratxA was downregulated when comparedat®A in the Sterne strain. Thus, the BrfA

BrrB two-component system positively regulat&santhracistoxin genes as well as trexA regulator.

Aerobic growth was not affected by tibrrA mutation, but colonies showed differences in morphology,

the mutant did not sporulate, and the strain lost the ability to synthesize cytochegn@el-shift mobility

assays demonstrated that BrrA bound to the promoters of genes for both protective antigen and cytochrome
aag, demonstrating that BrrA is a transcription factor. BtfBrrB has sequence similarity with the virulence
regulator SrrA-SrrB in Staphylococcus aurewsnd the aerobic/anaerobic regulator, Rest2sE, inB.

subtilis and appears to share regulatory mechanisms with REB&BE.

Bacillus anthracis the causative agent of anthrax, is a  B. anthraciscarries two plasmids that are recognized as
Gram-positive spore-forming rod, whose natural environment primarily responsible for virulence, pX01 and pX02. The
is the soil. However, when out of its natural environment, plasmid pXO01 carries the genes encoding the toxin proteins
the organism causes serious disease in almost any mammalgthal factor [ef),* edema factordya), and protective antigen
especially grazing animals, such as sheep or caffl& iree (pagA. Lethal factor is a zinc endoprotease, interfering with
types of anthrax disease have been described, depending updiunctions of the mitogen-activated protein (MAP) kinase
the route of entry. The spores may enter via the skin, pathway #), leading to immense cytokine release, and
respiratory tract, or digestive tra@,3). The cutaneous form  resulting in shock-like symptoms. Edema factor is an
of anthrax is most recognizable because it results in a blackadenylate cyclase, catalyzing cyclic AMP synthesis in the
eschar on the skin. However, in humans, this is the leastcytosol of cells §). Both of these proteins are coupled with
severe form of the disease and is easily treated with protective antigen to form functional toxins. Protective
antibiotics. The other two forms of the disease are more antigen interacts with one of the two identified host anthrax
severe and highly lethal. toxin receptors, tumor endothelial marker-8 (TEM8) or

capillary morphogenesis gene-2 (CMG2), and forms pores
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protective antigen gene; MAP, mitogen-activated protein; TEM8, tumor me_d'a fo_r toxins to be produced(. The genaitxA (anthrax
endothelial marker-8; CMG2, capillary morphogenesis geneap: toxin activator) has been characterized as a global regulator
BCAD, capsule genesitxA anthrax toxin activator gene; Srr, staphy-  of toxin expression because, when the gene is not expressed,

lococcal respiratory response; BrBacillus anthracis respiratory ; ;
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cytochromeaas gene; TBE, Tris-borate-EDTA. especially regulation by Cgbicarbonate. The mechanism

10.1021/bi700184s CCC: $37.00 © 2007 American Chemical Society
Published on Web 05/31/2007




7344 Biochemistry, Vol. 46, No. 25, 2007 Vetter and Schlievert

by which atxA regulates toxin transcription is only just T.pc1: strains and Plasmids
starting to be elucidated. The gene product has not been

demonstrated to have DNA-binding activity but does have f)tlr;s':‘ng chz;rillgtvee:insttic% ot o
conserved histidine residues that serve as phosphorylation——
ites (L2). Phosphorylation at site H199 activates toxin “'a's

sites a— ) OSp_ orylation at s _e ) acuva e_s 0 E. coliXL-2 Blue recAl endAl gyrA96thi-1  Stratagene
transcription, while phosphorylation at site H379 inhibits hsdR17 supE44 relAl lac
toxin transcription. The expression levelsatkAare constant [F'proAB lacFZAM15 Tn10
across various Cgbicarbonate concentrations but are vari- B. anthracis (Tet) Amy Can]
able with temperature and various levels of glucds® 13). "34F2 pX01 pX02- Colorado
A two-component system that senses the environment and BALS AbriA Shgrum dCO.

i i H Ir this study
ther_l _correspondlngly regulat_es oth_er genes is a potential BA30 BALS electroporated with  this study
additional mechanism by which toxin genes may be regu- pCE104, Erh
lated. BA31 BA18 electroporated with  this study

Two-component systems are commonly associated with plasmids PSMV9, Ent
the regulation of virulence factors under strict environmental pCE104 shuttle vector containing 24
conditions (4, 15). The two-component system $ aureus PE194 and pUC18, Em
staphylococcal respiratory response (SH@(rB, is par- pG+hosts tzmﬂi‘?a‘{ﬁfé‘_’sr;"’n';?ﬂve Gram. 22
ticularly interesting because it is similar in sequence to the posi‘t)ive origin of replication
ResD-ResE two-component systemBn subtilis an organ- pSMV9 pCE104 wittbrrAB this study
ism in the same genus & anthracis(16). ResD-ResE is ;Eagr?enttC_lotned Intto the
: . H : oA mal restriction site

a regulator of ar_1aer0b|_c_ and aerobic metabolisi.isubtilis pPSMV17 pGhost with 560 bp-2 this study
Under anaerobic conditions, ResBesE regulates genes for region ofbrrA and+5 to
nitrate reductases becauBe subtilis uses nitrogen as the +524 region oforrA cloned
final electron receptor during anaerobic respiration. Under ngrﬁggoH;‘“S"itg'sa“dea'
aerobic conditions, ResEResE controls genes that synthe- pPET28 Kan Novagen
size cytochromeaas, the most utilized cytochrome fds. pSMV1 PET28 withbrrA cloned this study

subtilis respiration 17).

into BamHI andNde |

restriction sites

In the present studies, we identified a putative homologue
of ResD-ResE inB. anthracisvia sequence similarity. When
the B. anthracissystem, tentatively designat&l anthracis
respiratory response (Brr), was deleted from the genome, ) ) .
aerobic growth was not affected but the organism lost the Overlap extension polymerase chain reaction (PCR), as
ability to grow anaerobically, sporulate, and produce cyto- described by Senanayake et @1y was used to create a
chrome aas, properties in common with ResEResE. In DNA construct containing the_flankmg reglpnskmfrA with
addition to regulating anaerobic and aerobic metabolism, the region ofbrrA deleted. Briefly, approximately 500 bp
BrrA also positively regulated all three exotoxin virulence egions flankindorrA were amplified using PCR along with
genesJef, pag andcya as well as another global regulator @ 13 bp homologous region of the opposite flanking region.
of virulence,atxA These studies provide a novel mechanism The upstream'sand downstream’3egions were amplified

by which metabolism and toxins are regulate@iranthracis using primers shown in Table 2. The antisense primer for
the upstream region and the sense primer for the downstream

region were reverse complements of each other, being
homologous to both the' 3egion of the upstream portion
Bacterial Strains and PlasmidShe Sterne strain 34F2  and the 5region of the downstream portion. The products
(Colorado Serum Co., Denver, CO) was used in all studies were amplified over 30 cycles using Reddy mix PCR
(Table 1 lists bacteria and plasmids used in these studies) Mastermix (Abgene, Epsom, U.K.) with a melting temper-
For growth and toxin experiments, one colony from a plate ature of 95°C for 1 min, an annealing temperature of 45
was inoculated in Luria broth (LB) and grown to stationary for 1 min, and an extension temperature of°T2for 1 min.
phase over 18 h at 37C. Approximately 75QuL of the The resulting products were then used as templates in a
overnight culture was inoculated into fresh medium to give second PCR reaction using the antisense primer for the
an absorbance at 600 nm wavelength of 0.1 in 25 mL of R ypstream region and the sense primer for the downstream
medium (8, 19) supplemented with 0.8% sodium bicarbon- region to create a product where the two flanking segments
ate. The culture was grown with mild shaking [120 revolu- ere joined. These products were amplified using Reddy mix
tions per minute (RPM)] at 37C with 7% CQ. To measure  extensor PCR Mastermix (Abgene, Epsom, U.K.) with 30
sporulation frequency, overnight cultures were added to cycles and a melting temperature of 95 for 1 min, an
Schaeffer’s sporulation media and incubated at’G7for annealing temperature of 38 for 1 min, and an elongation
12, 24, 36, or 48 h40). Spores were selected by incubating temperature of 68C for 2 min. The products were purified
a sample of the culture at 8€ for 10 min. If an antibiotic using the PCR cleanup kit (Qiagen, Valencia, CA) before
was required in the medium,&g/mL of erythromycin was  peing digested withHind 1Il and Xba | (New England
used. Biolabs, Ipswich, MA) and then ligated with T4 ligase
Construction of brrA Null Mutant and Complemented (Invitrogen, Carlsbad, CA) into thélind Il and Xba |
Strain. Genomic DNA was isolated from the Sterne strain restriction sites into the temperature-sensitive vector pG-
using a DNA preparation kit (Qiagen, Valencia, CA). Single- host'5 to create pSMV1722). To introduce the plasmid

aTet, tetracycline resistance; Eprerythromycin resistance; Kan
kanamycin resistance.

EXPERIMENTAL PROCEDURES
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Table 2: Primers Used in This Study

primer function forward primer+) and antisense primet-)

clone upstream 500 bp region lofrA (+)5'-TTTCATCTAGAGTGCATTATTTT-3 Xbal?
(—)5'-TATGGTCATCCACATATTATGTTGC-3

clone downstream 500 bp regiontofA (+)5'-GCAACATAATAGTGGATGACCATA-3'
(—)5'-GCAATCAAGCTTGATAAGAATATAA-3 ' Hind Il

clonebrrAB into pCE104brrA deletion confirmation €)5-TATCCCGGGTTTACATTCATACGCATAG-3 Xmal
(—)5'-AACCCCGGGCTAAATTATACGATTCGG-3 Xmal

clonebrrA in pET28 for protein purification +)5'-CGCAACGGCATATCATGGAAAATGAATC-3 BamHI

(—)5'-CTACTCCGGATCCTCAGTCGTTCACAACC-3Ndel
gRT-PCR primers

gryB (+)5-GGTGTTGGGGCATCTGTACGT-3
(—)5'-TAAATCCGCAACCGGAATAC-3

lef (+)5'-CTTAAGGAACATCCCACAGAC-3
(—)5'-CTGTGGCTGCATATAATATCG-3

pagA (+)5'-AAGTGCATGCGTCGTTCTTT-3
(—)5-TTTCAGCCCAAGTTCTTTCC-3

cya (+)5'-TGCGCTTTTCTTTAGCGTTTTC-3
(—)5-TTTCTCAAATCCCCCTTTTTC-3

atxA (+H)5'-GTGTTGTTCGCTATAACAATCTCC-3

(—)5-GCTCTGAGGTTATAGACGCTACTG-3
gel-shift probes

ctaA (+)5'- AAAACATGAACTTTTTGTGTCGAA-3'
(—)5-TGGATAAGTGACAATACGTTTT -3

pagA (+)5-TTCAAAAACAGCTTCTGTGTCC -3
(—)5- TTTTTGGCTTTTTAAACAGAACTT-3

rpsC (+)5- GGTAAGCAAGTGGGTGAAGC-3

(—)5'- AATCGCAAATGCAGAGCACAA-3'
a Restriction enzyme recognition sites are underlined with the corresponding enzyme noted after the primer sequence.

into B. anthracis pPSMV17 was electroporated into competent the plate. An agar overlay was prepared consisting of
cells using the method of Hoffmaster et é&3). Transfor- 2.0 mL of molten 1.5% Bacto-agar (Difco, Franklin Lakes,
mants were selected on brain heart infusion agar platesNJ), 1.0 mL of 10% Triton X-100 in 0.1 M KPQ(pH 7.0),
(Difco, Franklin Lakes, NJ) containing erythromycin at the 0.2 mL of 10% sodium deoxycholate, 1.0 mL of 95%
permissive temperature of 3C. To select for integration  ethanol, and 1.0 mL of 1.0% TMPD. The solution was
of the plasmid into the genome, liquid cultures were prepared immediately before use and poured over the cells.
incubated at the nonpermissive temperature of@®efore TMPD oxidase activity was detected within 5 min. KCN
being plated on brain heart infusion agar plates containing inhibits cytochromeaas activity and was used as a control
erythromycin and then incubated at 40. To facilitate the to show that oxidase activity was specific for the presence
loss of plasmids and, therefore, the second crossover eventof cytochrome and not simply heme molecules.

colonies selected at the nonpermissive temperature were Real-Time RT-PCRCultures were grown under conditions
incubated and passaged for 3 days at the permissivegescriped above in R media supplemented with 0.8% sodium
temperature. The cultures were then plated on nonselectiveyicarhonate. A total of 3 mL of the culture was harvested at
medium and then selective medium for the loss of antibiotic 4 |, (0.7 absorbance at 600 nm wavelength), and the cells
resistance. were pelleted (100@Pat 15 min) and resuspended in TE
For construction of a Brr-complementédbrrA strain, the buffer [(0.01 M Tris at pH 8.0 and 0.005 M ethylenedi-
entire brrA—brrB locus, including the predicted promoter aminetetraacetic acid (EDTA)]. The bacteria were digested
region, was cloned into plasmid pCE104 to create pPSMV9. with 5 ug/mL lysozyme (Signal-Aldrich, St. Louis, MO)
This plasmid was introduced into thAbrrA strain by  followed by total RNA isolation with the RNAqueous kit
electroporation to create strain BA31. pCE104 is a shuttle (Ambion, Austin, TX) according to the instructions of the
plasmid @4) that contains plasmids pE194 and pUC19, thus manufacturer. Total RNA was then treated with Dixde
capable of replicating in botB. anthracisand Escherichia (Ambion, Austin, TX) and LiCl precipitation to rid the RNA
coli. sample of contaminating DNA. Approximately.d of total
TMPD Plate AssayN,N,N',N'-Tetramethylp-phenylene- RNA was then reverse-transcribed with Superscript Il
diamine (TMPD) (Sigma-Aldrich, St. Louis, MO) is an (Invitrogen, Carlsbad, CA) using random hexamer primers.
artificial terminal oxidase that can be oxidized by cytochrome Approximately 0.5uL of the 20 uL reverse-transcription
aag. If oxidized, TMPD turns blue and can be seen when reaction was used as a template for real-time PCR using
bacterial colonies to which TMPD was exposed turn blue. SYBR-green PCR reagents from Qiagen (Valencia, CA), and
If not oxidized, the colonies remain their natural color. This the reactions were performed in an iCylcer machine (BioRad,
is a convenient assay to determineBif anthracismutants Hercules, CA). Reactions were performed at % for
produce cytochromeas. The assay was adapted from the 15 min for a hot start and then 9& for 20 s, 56°C for 20
method of Mueller and Tabet 7). Briefly, B. anthraciscells s, and 72°C for 20 s for a total of 40 cycles. Primers for
were plated on LB agar and grown for 16 h. The plates were use in the quantification of the mRNAs, gyrase @&/1B),
incubated at-20 °C for 45 min to permeabilize cells and pagA lef, cya andatxA are listed in Table 2. ThgyrB
then sprayed with a thin layer of hairspray to fix the cells to gene was used as a hormalizing gene because this gene has
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been used successfully in other studies measuring mRNAregulator of virulence. This system was identified on the basis
in B. anthracis(25). Data were analyzed by the method of a similarity to a two-component system B subtilis
described by Lival et al., but the method was altered slightly ResD-ResE (6). ResD-ResE is a well-characterized global
(26). The Ct value (the PCR cycle at which the amplified regulator of both anaerobic and aerobic metabolism. How-
product reached a set threshold of detection) of the house-ever, becasuB. subtilisis nonpathogenic, roles of ResD
keeping genedyrB) was subtracted from the Ct value of ResE in virulence regulation could not be studied in this
each experimental gene. Then, the difference between thesystem.B. subtilis and B. anthracis share chromosomal
gyrB and the experimental gene was taken to the power of similarity and many of the same physiology characteristics,
2 to find the fold difference in the amounts of starting mRNA including the ability to sporulate and grow aerobically as
in the sample. The data reported represent three independentell as anaerobically using nitrogen as a final electron
experiments. acceptor. This suggests thatanthracismay have a Resb
Toxin Measurement<ell-free culture media were har- ResE homologue because those are among the functions of
vested afte 8 h and filtered through 0.22m filters. The this systemB. anthracishas almost 1 Mb more DNA in its
culture media were then used in Western immunoblotting genome thaB. subtilis including the two plasmids that carry
and enzyme-linked immunosorbent assay (ELISA) analysis. recognized primary virulence factor@9). Therefore, we
Primary antibodies were purchased from Chemicon Inter- hypothesized that a RestResE homologue iB. anthracis
national, Temecula, CA. LF antibody MAB8086 (used at could have the same functionsBn anthracisas inB. subtilis
1/1000 dilution) and PA antibody MAB8081 (used at 1/1000 but may also have an additional function to regulate exotoxin
dilution) were used as primary antibodies in Western production.
immunoblots. A secondary antibody, an anti-mouse 1IgG  The Ames strain (NC 003997, NCBI) genome sequence
alkaline phosphate conjugate (Sigma-Aldrich, St. Louis, MO) was searched for both a ResResE two-component system
was used at a 1/30 000 concentration. The Western immu-and a SrrA-SrrB system, using TBLASTN3(Q). A putative
noblots were developed colorimetrically by the addition of two-component system (annotated in sequence as being the
50 ug/mL nitroblue tetrazolium and Ag/mL 5-bromo-4- B. anthracisResD-ResE proteins) was identified as having
chloro-3-indoyl phosphate. To detect BrrA, overnight cultures the highest similarity to both ResEResE and SrrA SrrB
were harvested by centrifugation and digested withu80 (Figure 1). The identical sequence was identifiedBn
mL lysozyme. The cell membranes were then lysed by anthracisSterne strain NC 005945. We tentatively named
mechanical disruption using the Fast prep instrument (Qbio- this systenB. anthracisrespiratory response-AB (BrrA—
gene, Carlsbad, CA). The lysate was then centrifuged for BrrB). ThebrrAB gene locus was 2486 bp, withirA being
5 min at 20009 before Western analysis. The anti-BrrA 717 bp andbrrB encompassing 1410 b@rrA and brrB
antibody was prepared from rabbits immunized with purified overlapped by one nucleotide, suggesting that the genes were
BrrA. BrrA was purified fromE. coli expressingdrrA from cotranscribed on an operon. BrrA was predicted to be 238
the pET28 plasmid (Novagen, San Diego, CA) (Table 1) amino acids, encoding a 23 kDa protein, and BrrB was
using the His-Bind kit (Novagen, San Diego, CA) according predicted to be 591 amino acids, encoding a 66.3 kDa
to the instructions of the manufacturer. protein. A domain search of the Conserved Domain Database
Gel-Shift AssaysTo construct a probe for thetaA predicted BrrA to be a response regulator and contain a
promoter, ~50 bp of the sequence 180 bp bf the DNA-binding region 81), similar to ResD. In addition, BrrB
translational start site foctaA was PCR-amplified. The  was predicted to have the same domains as ResE, such as
sequence selected was in the approximate region of theHAMP, histidine kinase, and ATPas82 33). BrrA, the
promoter sequence of i subtilis ctaAthat has been shown  putative response regulatori anthracis at the amino acid
to bind ResD 27). For thepagApromoter,~100 bp of the level, was 75% identical (83% similar) ®. subtilisResD,
sequence was amplified and selecte85 bp 3 of the while BrrB was predicted to be 47% identical (67% similar)
translational start site of the P1 promoter regi@g)( To to ResE. BrrA was also 70% identical (77% similar)So
act as a negative control, 100 bp of the sequence from theaureusSrrA and BrrB and 31% identical (52% similar) to
internal coding sequence apsC a ribosomal-binding  SrrB.
sequence, was selected (for a list of primers, see Table 2). To characterize BrrABrrB function, brrA was deleted
PCR products were labeled with digoxigenin using the from the genome via allelic exchange. Deletion of the gene
digoxigenin gel-shift kit (Roche, Mannheim, Germany). BrrA  was confirmed using PCR (Figure 2A) and sequencing across
was purified by the method described above, and either 0,the region. BrrA was detected in the parent Sternebans—
15, 30, 60, or 120 pM of BrrA was mixed with 1.2 pM of  brrB complemented strain, BA31, but not in thbrrA
labeled probe with 0.&g of polyL-lysine and lug of poly- mutant, BA18 (Figure 2B).
[d(I-C)]. The reaction was allowed to incubate at room  Growth of Strains and Phenotypic EffecBhe AbrrA
temperature for 20 min before electrophoresis in a 6% mutant (BA18), parent Sterne strain, and BA31 (comple-
nondenaturing Trisborate-EDTA (TBE) polyacrylamide mented strain) were grown under toxin, producing conditions
gel (Invitrogen, Carlsbad, CA). DNA in the gel was (R medium, 0.8% bicarbonate with 7% G@nd 37°C) over
electroblotted onto a positively charged membrane and 10 h to compare aerobic growth rates (Figure 3). No
developed with anti-digoxigenin antibody and chemilumi- difference was seen among the strains, demonstrating that
nescent detection. brrA had no effect on aerobic growth rates under toxin-
producing conditions. ResBResE inB. subtilisis respon-
RESULTS sible for regulating the nitrate reductase genes that allow for
Identification of BrrA-BrrB. The two-component system anaerobic growth 34). To determine ifbrrA—brrB was
SrrA—SrrB was previously identified i6. aureuss a global required for anaerobic growth, the parent strain, BA18
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A. Bant --MENESRI 58
ResD MDQTNETKI 60
SrrA --MSN--EI 56

* JREakdkdk kkkkdk o okkhhkdhk o ok kk dk. K Loy ork kkkkkk.

Bant 118
ResD 120
Srrh 116
H kkk gk gkk gk kkkdkkdhkAhhk kR EEd Kok rAkkAEEkAkRkAkhkkak,
Bant LERSVPTTFFTQDTTTEDVIVFPHLTIDNDAHRVTADGNEVH 178
ResD LERASQTSYFNANTPTENVLVFSHLSIDHDAHRVTADGTEVS 180
SrrA LERTQSTTVEQSEPHARDVIEFEHLEIDNDAHRVLADNQEVN 176
kkks  Hy s, rirk o kk kkakkkdkk Kk kk kkkk khkk okkk ke k
Bant GVGYKFEVVND 238
ResD GVGYKFEVGAE 240
Srra VGYKFEVESN 236
Hokhkokhkr Ak kA b ok FREAARE AR ARERE o A kd . ok kAR AREAEAK
Bant —-MLWRSVVGKLWMTILLLVSFVLGFVAILLSQFFRTYYVIMSEARLQKVATSVSELIEE 58
B . ResE ~MKFWKSVVGKLWFTILSLVLIVLFILTVLLLEFIENYHVEERENDLTQLANKVAVILEN 59
SrrB MMSRLNSVVIKLWLTIILIVTTVLILLSIALITFMQYYFTQETENAIREDARRISSLVEQ 60
Bl L L A LA R R P I L B L B I L H
Bant GADVETIENIAYKFSDPLSRIIIVEEGKEISSSPKQEG-LVTLTIDDLKEDKELARVFTD 117
ResE HEDQALARSITWELADNLTSIAI IQDEKNHWYSPNDENRLSSITVEQIQHDKDLNKALED 119
SrrB SBNKEEAIKYSQTLIENPGGLMI INN-—K_HRQSTASLSNI]CKQMI.NEVVNNDHFDDVFDK 118
- - - * HH - - - - -
Bant KKEIKNKVRKASNSRKNKNTENDIMIVGKPVQSK-—-—- NESAVFVYESLQVPIQGMERT 172
ResE HKKVSKRTGLS--—-- DTDTDNERLIVGVPYEKDG----KKGMVFLSQSLLAVKDTTKHT 170
SrrB GKSVTRNVTIK—————EKGSsQTYILLGYPTMQIWSHSKYSGVFIYKDLKSIEMNMI 173
- - s sk k= - ok - - & -
Bant TDFIFLSAGIAIILTTFFAFFLSTRITAPLREMREVAFEVSRGKFDAKAFPMVSQDEIGEL 232
ResE TRYIFLAAGIAIVLTTFFAFFLSSRVTYPLREMREGAQDLAKGKFDTEIFILTQDEIGEL 230
SrrB TI ITIITAVIFLTITTVFAFFL SSMTKPLRRIMMMWMIGQL 233
. *t H l-* dededededed o ** *** -* * A al -w**w *
Bant ATALNOMGEOLEKFNMNALOOEKEQLASILSSMADGVITLNQEGEVVVINPPAEHFLOVWO 292
ResE ATAFNOMGROLNFHINALNOQEKEQLSNILSSMADGVITINIDGTILVINPPAERFLQAWY 290
SrrB SQOAFNOMSTEIEEHVDALSTSKNIRDSLINSMVEGVLGINESRQI ILSNEMANDIMDN-- 291
s EedkkEk  see seedkk ke Lo kk ke ek res Kk L
Bant EEK--EIELSKKLPSELVELFHLVVESEQQQVVGINLOQKGNYVVLMTPLYNQTKIR--GA 348
ResE YEQNMNIKEGDNLPPEAKELFONAVS TEKEQMI EMTLOGRSWVLLMSPLYAESHVR--GA 348
SrrB 000 m—mm—e—- :Dnmmunmzmmsxmmnmrsmmzmsw 343
ke
Bant VAVLRDMTEERRLEKMRODFIANVSHELRT FMVMLOGYSEAILDDIVOTKEEINEFVQII 408
ResE VAVLRDMTEERRLDKLREDFIANVSHELRTPISMLOGYSEAIVDDIASSEEDRKEIAQII 408
SrrB VVTVRDMTNEHNLDOMKKDFIANVSHELRTPISLLOGYTESIVDGIVIEPDEIKESLAIV 403
l'..:****:*:.*:::=:*************: :****:*:*:*.I‘. =z :\\' *:
Bant Y¥DESVRLGKLVNELLDLARMESGNVELHIGEVDIHPFVEKIGRKFQGIAKDKEVALTVDFE 468
ResE YDESLRMGRLVNDLLDLARMESGHTGLEYEKINVNEFLEKIIRKFSGVAKEKNIALDHDI 468
SrrB LDESKRLNRLVNELLMRMDAEGLSVNKEVQPIAALLDIQ«!KIKYRQQ&DDLGLNMTFNY 463
oo e i tii *i- *ii B B H * B HE :
Bant KDSIEQYPFDADRMEQVLTNLIDNAIRHTNAGGHVTLVIDTENNGLIFEVQDSGAGIPEE 528
ResE SLTEEEFMFDEDEMEQVFTNLIDNALRHTSAGGSVSISVHSVEDGLKIDIKDSGSGIFEE 528
SrrB CE-KRVWSYDMDRMDQVLTNLIDNASRYTKPGDEIAITCDENESEDILYIKDTGTGIAPE 522
. . I‘ l‘ *-** EhkkkkAEk & * -I‘. 11z . . s :o* - ** -
Bant DIPFLFDRFYKADKARTRGKKGGTGLGLAIAKNIVOGHGGKISVSSVVGEGTTFSVYLPN 588
ResE DLPFIFERFYKADKARTRG-RAGTGLGLAIVENIVEAHNGSITVHSRIDKGTTFSFYIPT 587
SrrB HLOOVFDRFYKVDAARTRG-KOGTGLGLFICKMIIEEHGGSIDVKSELGKGTTFIIELPK 581

- shakhkk ok kkkkEh s hkkkdk ok ok ke ok ok k ok k

Ficure 1: Clustal W global alignment of proteln sequence9)((A) SrrA, ResD, and thd. anthracis(Bant) putative protein, BrrA, are

the predicted DNA-binding proteins (response regulators). The red region indicates the approximate region of the response receiver domain,
and the blue region indicates the predicted DNA-binding domain. (B) SrrB, ResE, argl #rghracisputative protein, BrrB, are the

predicted histidine kinases. The green region indicates the predicted HAMP domain, and the yellow and orange domains indicate the

histidine kinase and ATPase domains, respectively. The asterisks indicate amino acid residues with identity between the three proteins, and
the dots indicate regions of amino acid similarity.

(AbrrA mutant), or BA31 (complemented withrrA—brrB) (BA18) failed to show demonstrable growth (data not
were plated onto brain heart infusion agar plates, placed inshown). This suggests thatrA was required for anaerobic
an anaerobic chamber, and incubated for 72 h. The parentgrowth, similar toresD, and it was possible thabrrA
and complemented strains (BA31) grew, but Af@rA strain regulated nitrate reductase gene®inanthracis Although
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Sterne BA18

A.

BA18 Sterne BA31

Ficure 2: Confirmation of deletion obrrA via a double-crossover
event between th¥bal —Hind Il regions (flanking regions dbrrA)

of pSMV17. (A) DNA agarose gel showing the PCR products using
genomic DNA from either parent Sterne strain or i@rA strain

and primers flanking up- and downstream regions (Table 2). (B)
Western blot analysis of cell lysates from parent SterneAtbreA
strain (BA18), or theAbrrA strain complemented withrrA—brrB
expressed on a plasmid (BA31). BrrA was detected using rabbit
anti-BrrA antibody.
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Ficure 3: Samples of a stationary-phase culture (7&) from
parent SterneAbrrA (BA18), or AbrrA complemented witrrA—

brrB (BA31) strains were inoculated into 25 mL of R media
supplemented with 0.8% sodium bicarbonate. Growth was moni-
tored at 2, 6, 8, and 10 h post-inoculation.

OD 600nm

there was no growth difference in aerobic liquid culture in
7% CQ conditions, colonies from aerobically grown BA18
(AbrrA mutant) and parental strains were different. The
BA18 (AbrrA mutant) colonies were smaller with more

irregular edges than the parent (Figure 4). The colony color

Vetter and Schlievert

Wild-type

AbrrA

Ficure 4: Colony morphology differences in the parent Sterne
strain compared to th&brrA strain (BA18). Stationary-phase liquid
cultures of parent Sterne arkbrrA strains were plated onto brain
heart infusion 1.5% agar plates and incubated at@G7or 18 h.
Magnification was the same for both photographs.
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was whiter for the mutant strain than the parent strain, and FIGURES: Sporulation frequency albrrA mutants AbrrA, BA18)

the colonies were less thick.
BecauseesDmutants inB. subtilislack the ability to form

andAbrrA complemented with pCE104, an empty plasmid (BA30)
versusbrrA expressing strains (parent Sterne andAberA mutant
complemented witlrrA—brrB on pSMV9, BA31). Approximately

mature spores, sporulation frequency was also measured. mL of stationary-phase culture was inoculated into Schaeffer’'s

between theéB. anthracisAbrrA mutant and parent strains.

A total of 1 mL of stationary-phase cultures was inoculated
into Schaeffer’'s sporulation medium and grown aerobically.
At 12, 24, 36, and 48 h after inoculation, samples of each

sporulation media. Two samples of each culture were taken at 12,
24, 36, and 48 h after inoculation, and one sample was plated to
count all viable cells. The second sample was heated acgor

10 min to kill vegetative cells and then plated to determine the
number of spores in the sample.

culture were used to assess both the numbers of viable cells

and numbers of spores. No spores were formed in the BA18

(AbrrA mutant) and BA30 (strain complemented with empty
vector plasmid) strains over 48 h (Figure 5). However, after

synthesis through the gewtaA (35). Therefore B. subtilis
mutants lackingesD do not produce cytochromesg (34).

48 h, nearly 85% of the parental Sterne culture was sporesCytochromeaag activity can be tested using a TMPD plate

and approximately 50% of the BA31 culture (complemented
with brrA—brrB) was spores. All cultures grew to the same
vegetative cell density for the first 24 h, approximately
1.0 x 1 colony-forming units/mL. However, by 96 h after
inoculation, no viable cells from either BA18 or BA30
mutant strain could be recovered.

ResD-ResE is not only required for anaerobic growth,
but the two-component system also controls cytochramge

assay. Cells of eacB. anthracisstrain were incubated on
brain heart infusion agar for 24 h. They were fixed to the
plates, and a TMPD agar overlay was then applied. When
TMPD was added to the plates, the parent Sterne strain and
BA31 (complemented witlbrrA—brrB) strain stained blue,
while the BA18 AbrrA mutant) colonies remained white
(Figure 6). When KCN (a cytochromass inhibitor) was
applied to the cells as a negative control, all colonies,
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-KCN

b . .

Ficure 6: TMPD assay for cytochromaas activity. Stationary-phase cultures of parent SterkierrA strain (BA18), andAbrrA strain
complemented wittbrrA—brrB (BA31) were plated on brain heart infusion agar plates and allowed to incubate for 16 h to allow the
colonies to form. A TMPD agar overlay was then applied to the cells. TMPD was oxidized by cytochegniiepresent, and turned the
cells blue as seen with the wild-type abdA—brrB complemented (BA31) strains. If no cytochroma; is present, the TMPD remains
reduced and colorless and no staining occurs as seen withlih@d mutant. KCN is an inhibitor of cytochromaagz and is used as a
negative control to demonstrate that the activity was due to the cytochrome.

regardless of strain tested, remained white, showing that the A 128

blue stain was from cytochromeeg activity as opposed to Lethal Factor ==  —
the activity of cytochrome heme groups. These data suggest
that B. anthracisstrains lackingbrrA do not make cyto- Protective Antigen
chromeaas. This result parallels ResD function B subtilis
where it has been shown that ResD, upon phosphorylation,
binds the promoter aftaA directly regulating its expression B
(27). s

Effects on ToxinA carbon dioxide environment is essential ¢ fef PagA L ataA
for toxin production inB. anthracis BecausebrrA—brrB
may control genes expressed under various aerobic anc
anaerobic conditions and exotoxins are also controlled
differentially by aerobic and anaerobic conditions, the effects
of thebrrA mutation on exotoxin production were examined.
The parental Sterne strain\brrA mutant (BA18),brrA—
brrB complemented\brrA strain (BA31), andAbrrA strain
complemented with empty vector plasmid (BA30) were
grown in R medium supplemented with 0.8% bicarbonate
with 7% CQ, at 37 °C. After 8 h, the culture media were
harvested, and lethal factor, edema factor, and protective=
antigen were detected using Western blot analysis FIGURE7: (A) Effect of brrA on \{irulence factors. Strains [Iar!e 1,
(Figure 7A). None of the three toxin components were parent Sterne; lane brrA strain (BA18); lane 3AbrrA strain

; . complemented wittbrrA—brrB on pSMV9 (BA31)] were grown
detected in BA18AbrrA mutant). However, the toxin was for 8 h in Rmedium supplemented with 0.8% bicarbonate and 7%

present in the parent Sterne strain and BABirA—brrB CO.. Proteins in the cell supernates were separated using-SDS

complemented). These data show that BrrA positively PAGE and subjected to Western analysis. (B) RNA was extracted

regulates exotoxin iB. anthracis Quantitative real-time RT- ~ from exponential-phase cultures growing in R medium with 0.8%

PCR was conducted to determine if the effect on exotoxin Picarbonate and 7% GOA total of Sug of total RNA was reverse-
ducti ¢ intional. Consistent with the Western transcribed, and 0.6L of that reaction was used in a quantitative

pro uc_ lon was ranscrlp_ : RT-PCR reaction to measure levels of the indicated gene. The gene,

analysis, mRNA transcript levels fdef, pag andcya for gyrB, was used to normalize the levels of RNA transcript in each

both BA18 (AbrrA mutant) as well as BA30AprrA strain sample. The transcript levels reported here represent the fold

complemented with empty vector plasmid) were&logs difference from the level ofyrB expression on a lagscale. Strains

less than the levels for the parent Sterne strain (Figure 7B).USed '|”°'”de pjrethteme stralkhrrA_ dstraln (BA18I%AbbrrA strain

he BA31 prrA—brrB complemented) strain did not have complemented with empty plasmid (BA30); ankbrrA strain

T - . ; p complemented witlorrA—brrB on pSMV9 (BA31).

toxin transcript levels quite at the level of the parent Sterne

strain, but transcript levels were restored to a level at which ~ AtxA is a protein that is characterized as a global regulator

protein was detected. These data suggest that BrrA wasof B. anthracisvirulence. However, AtxA has not been

controlling toxin production at the level of transcription. demonstrated to have DNA-binding activity, and it is unclear

Edema Factor ~— figp
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how AtxA regulates exotoxin synthesis. Because BrrA

controls virulence factor production, its affect atxAwas A g_ g_ g_ g_ g_
determined using real-time RT-PCR. In the absendar i, o NN o o o
atxAwas expressed at levels below the parent, suggesting =L e
that BrrA also positively regulatedtxA

-

Mobility gel-shift assays were carried out with representa-
tive promoters, those fataAandpagA to determine if BrrA
functioned as a transcription factor. Purified BrrA was
incubated with promoter sequences @fA pagA or a
negative control sequenagsC, that had been labeled with
digoxigenin (Figure 8A). Analysis of thetaA promoter
revealed a band shift when 15 pM of BrrA was added to the
binding reaction (Figure 8B). Analysis of tipagApromoter
revealed a shift when 30 pM of BrrA was added to the
binding reaction. Incubation of BrrA wittpsCdid not reveal
a shift, showing that BrrA does not bind DNA indiscrimi-
nately (Figure 8C). These results suggest that BrrA regulates
ctaA and pagA expression by directly binding to their
promoter regions and acting as a transcription factor.

DISCUSSION

Here, we begin characterization of a two-component
system, BrrA-BrrB, as a critical global virulence regulator
as well as system similar to the subtilisResD-ResE two-
component system. WhémrA was deleted from the genome,
all three exotoxin gendsf, pag andcyawere downregulated
at the level of transcription. In addition, thebrrA mutant
was deficient in sporulation, anaerobic growth, and cyto-
chromeaa; synthesis, all similar characteristics of ResD
mutants inB. subtilis(34). This suggests thédrrA controls
more than exotoxin production but also regulates key genes
controlling many metabolic processes. This is the first report
to connect exotoxin gene regulationBn anthracisdirectly
to metabolic regulation and suggests that these two regulation
mechanisms are more interconnected than previously thought.
On the basis of our prior observations that SH&rB in S.
aureusregulates other global regulators of virulence factor
production, in addition to regulating virulence factors
directly, we hypothesize that BrrABrrB may likewise
assume a central position in gene regulatioB imnthracis

Similar to ResD, BrrA also binds to ttetaA promoter to PNy
regulate its expression. However, in addition, BrrA binds to .
the promoter opagAalso positively regulating its expres- r pSC
sion. More experiments will have to be completed 10 pgyre 8: BrrA interacts with the promoters aftaA and pagA.
determine the extent of the direct promoter-binding regulation Increasing amounts (0, 15, 30, 60, or 120 pM) of BrrA were allowed
of BrrA. It is hypothesized that BrrA will also bind the to bind with the digoxigenin-labeled promoter segmentstaiA

promoters ofef andcya, because the toxin genes tend to be (&), PaGA(B), or the negative control gempsC (C) before the
complexes were electrophoresed in nondenaturing acrylamide gels

regulated analogously, and the nitrate reductase genesang piotted onto a positively charged membrane. Samples were
because it has been shown that ResD binds these promotergetected using an anti-digoxigenin antibody and chemiluminescent
in B. subtilis(36). detection. Arrows indicate the positions of BrrA-bound probes.

‘The question may then be asked: How does BITA connecthind the toxin gene promoters and upregulate their expres-
with the other two characterized virulence regulatatsA sion.

and abrB? We propose that BIrA is a complement to the  The role of BrrB is also yet to be completely determined.

negative regulatoabrB. The transition-state regulatabrB The protein is predicted to be a histidine kinase; therefore,
is highly expressed in the exponential phase and downregu-it is hypothesized that BrrB is the sensor that activates BrrA.
lates the expression of exotoxin gened7)( When B. The signal BrrB senses remain to be determined. Although
anthracisenters the post-exponential phase of growtirB BrrB is most likely anchored in the plasma membrane and

is downregulated and its protein product is not available to is predicted to have an extracellular domain, the signal that
bind the toxin gene promoters, possibly allowing BrrA to BrrB is sensing could be located in the cytosol or plasma
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membrane. Because BrifBrrB is associated with metabolic
regulation, it is possible that BrrB is sensing the metabolic

state of the cell, such as the level of cytochromes or redox

potential near the membrane. The ArcAB systentircoli

is also a metabolic regulator in that organism, sensing the

oxidative state of the cell. It was shown that this system

directly senses the redox state of the quinone pool using
cysteine residues located on the cytoplasmic domain of the

ArcB histidine kinase protein3@). It is thus possible that
BrrB is not sensing the C{atmosphere directly but, rather,

responding to the metabolic state that the cell is experiencing

in the environment. Clearly, more needs to be done to
characterize further the BrrABrrB system as a two-
component regulator, but our work adds a critical piece to
anthrax toxin regulation.
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