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Background: Toxin-antitoxin (TA) systems are broadly conserved in the bacterial kingdom.
Results: Brucella abortus RNase toxin, BrnT, has a RelE-like fold and is neutralized by its antitoxin, BrnA. brnTA transcription

is activated by a number of environmental stressors.
Conclusion: BrnTA is a novel, stress-regulated TA system.

Significance: This study structurally and functionally defines a novel member of the RelE toxin family.

Type II toxin-antitoxin (TA) systems are expressed from two-
gene operons that encode a cytoplasmic protein toxin and its
cognate protein antitoxin. These gene cassettes are often pres-
ent in multiple copies on bacterial chromosomes, where they
have been reported to regulate stress adaptation and persistence
during antimicrobial treatment. We have identified a novel
type II TA cassette in the intracellular pathogen Brucella abor-
tus that consists of the toxin gene, brnT, and its antitoxin, bruA.
BrnT is coexpressed and forms a 2:2 tetrameric complex with
BrnA, which neutralizes BrnT toxicity. The BrnT,-BrnA,
tetramer binds its own promoter via BrnA, and autorepresses its
expression; its transcription is strongly induced in B. abortus by
various stressors encountered by the bacterial cell during infec-
tion of a mammalian host. Although highly divergent at the pri-
mary sequence level, an atomic resolution (1.1 A) crystal struc-
ture of BrnT reveals a secondary topology related to the RelE
family of type II ribonuclease toxins. However, overall tertiary
structural homology to other RelE family toxins is low. A func-
tional characterization of BrnT by site-directed mutagenesis
demonstrates a correspondence between its in vitro activity as a
ribonuclease and control of bacteriostasis in vivo. We further
present an analysis of the conserved and variable features of
structure required for RNA scission in BrnT and the RelE toxin
family. This structural investigation informs a model of the
RelE-fold as an evolutionarily flexible scaffold that has been
selected to bind structurally disparate antitoxins, and exhibit
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distinct toxin activities including RNA scission and DNA gyrase
inhibition.

The Gram-negative intracellular pathogen, Brucella abortus,
naturally infects ruminant hosts where it causes both a chronic
and an acute infection. In humans, infection is strictly zoonotic
and results in a debilitating chronic disease known as undulant
fever. B. abortus primarily resides in professional phagocytic
cells and placental trophoblasts in its mammalian host (1, 2).
While trafficking through the host system, B. abortus must
adapt to a number of stressors including oxidative bursts from
macrophages (3), low pH (4), antimicrobial peptides, and nutri-
ent limitation (5). A handful of B. abortus proteins that mediate
adaptation to host-generated stress are known (6). However,
many putative stress response genes encoded in the genome
remain entirely undefined. Among these are type II toxin-anti-
toxin (TA)* systems.

Type II TA systems consist of a stable toxin protein and a
labile antitoxin protein that form a high-affinity, neutral com-
plex (7). The genes encoding type II T As were initially identified
on plasmids, where they were demonstrated to promote stable
plasmid inheritance (8, 9). Several distinct families of this type
of TA system have since been identified on bacterial chromo-
somes (10-12) and are demonstrated to regulate stress survival
(13, 14) and persister cell formation (15-17). As antitoxin pro-
teins are generally degraded at a faster rate than toxins by the
cellular proteolytic machinery (18 -20), the arrest of protein
synthesis as a result of antibiotic insult, nutrient deprivation, or
other stresses results in accumulation of free toxin in the cyto-
sol. Upon release from their cognate antitoxins, type II toxins
are known to act via one of several mechanisms: degradation of
mRNA (21, 22), inhibition of the translating ribosome (23),
inhibition of DNA gyrase (24-26), degradation of tRNA™¢t
(27), or inhibition of peptidoglycan synthesis (28, 29). Depend-
ing on the system and dosage, toxins may be bacteriostatic or
bactericidal (30, 31).

“The abbreviations used are: TA, type Il toxin-antitoxin; AUC, analytical ultra-
centrifugation; CID, collision-induced dissociation; nEIS, nanoelectrospray
ionization; IPTG, isopropyl 1-thio-B-p-galactopyranoside.
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TABLE 1
Strains
Strain Source
E. coli strains
E. coli Rosetta (DE3) pLysS Novagen
Rosetta/pET151-brnA This study
Rosetta/pET151-brnT This study
E. coli Top 10 Invitrogen
Top 10/pSRK-km-brnT pBAD 24-brnA This study
Top 10/pSRK-km-brnT pBAD 24 This study
Rosetta/pET151-brnTA This study
Rosetta/pET151-brnT D6A This study
Rosetta/pET151-brnT E7A This study
Rosetta/pET151-brnT K9A This study
Rosetta/pET151-brnT K16A This study
Rosetta/pET151-brnT H17A This study
Rosetta/pET151-brnT H25A This study
Rosetta/pET151-brnT R41A This study
Rosetta/pET151-brnT R72A This study
Rosetta/pET151-brnT K77A This study
Rosetta/pET151-brnT E78A This study
Rosetta/pET151-brnT R79A This study
Brucella abortus strains

B. abortus 2308 R. M. Roop II
2308AbrnTA This study
2308/pMR15 This study
2308/pMR15-PbrnTA This study
2308AbrnTA/pMR15 This study
2308AbrnTA/pMR15-PbrnTA This study
2308/pSRK-km This study
2308/pSRK-km-brnA This study
2308/pSRK-km-brnT This study
2308/pSRK-km-brnTA This study

We report a functional, biochemical, and structural char-
acterization of a novel type II toxin-antitoxin system, BrnT-
BrnA, from B. abortus. BrnT is a small (81 residues) ribonu-
clease that is present in bacteria, archaea, bacteriophage, and
plasmids. BrnT-BrnA forms a 2:2 tetrameric complex and
autoregulates its expression, which is induced by a number
of stress insults. Our atomic resolution (1.1 A) crystal struc-
ture of BrnT revealed an overall secondary structural topol-
ogy that is related to the RelE family of ribonuclease toxins
(13). Indeed, the BrnT toxin cleaves RNA in vitro, and site-
directed mutagenesis of the BrnT coding sequence has iden-
tified a set of polar residues clustered in the a1—85 region of
the structure that are required for RNA scission in vitro and
control of bacteriostasis in vivo. We further define the con-
served and variable features of structure required for RNA
scission in BrnT and the RelE toxin family.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Growth Conditions—Escherichia coli
strains used for growth curves, protein purification, and in vivo
protein synthesis assays were E. coli Rosetta pLysS/DE3 with
bab1_0993, babl_0994, or babl_0993-4 cloned into pET151/
D-TOPO (Table 1). E. coli used for bacteriostasis experiments
were in Top 10 with bab1_0994 cloned into Ndel/Kpnl sites of
pSRK-Km (32) and either pBAD 24 (33) as an empty vector con-
trol or bab1_0993 cloned into the Ndel/HindIII site of pBAD 24. Cul-
tures were grown with 100 ug/ml of ampicillin and 50 ug/ml of kana-
mycin. Cultures were induced with 0.5 mm IPTG and plated on LB
agar + 100 pg/ml of ampicillin, 50 ug/ml of kanamycin * 0.2% arab-
inose. B. abortus 2308 strains were grown in Brucella broth at 37 °C.
brnT, brnA, and brnTA expression strains were constructed in a wild-
type B. abortus 2308 background by introducing pSRK-Km alone, or
with brnT, brnA, and brnTA cloned into Ndel/Kpnl sites. Protein
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expression in B. abortus was induced with 1 mm IPTG. An in-frame,
unmarked brnTA deletion strain was made by cloning an upstream
fragment of brnT (primers used to amplify the fragments were: for-
ward, 5'-GGATCCGCCACGGATTTCAAAATATC, reverse, 5'-
GCGAGCCCAGACGAATAGGGCCGTATGAACGATG), and a
downstream fragment of brnA (primers used to amplify the frag-
ments were: forward, 5'-CATCGTTCATACGGCCCTATTCGTC-
TGGGCTCGC, and reverse, 5'-GGTACCCGTATTGCATGTC-
TGTCTCC). These two fragments were cloned into pNPTS138,
which was subsequently mated into B. abortus 2308 using
E. coli S17-1. Strains were first mixed and plated without selec-
tion overnight. Bacterial cells were then scraped and plated on
Schadelar blood agar with kanamycin and nalidixic acid to
select for single B. abortus recombinants. Single colonies were
then picked and grown overnight in Brucella broth and then
plated the next day on Schadelar blood agar plates with 10%
sucrose. Colonies that grew were screened by PCR to confirm
that the gene replacement had occurred and that the
pNPTS138 backbone had been lost. The PbrnTA-lacZ pro-
moter fusion was made cloning ~500 nucleotides upstream of
the brnT ATG start codon. Primers used were: forward, 5'-
AAGCTTGAGCGGGCGATGATCTTCCGC, and reverse,
5'-GGATCCAAAACGTATGTACAATAATTCGTCTG-
GGC. This fragment was cloned into the HindIII/BamHI
sites of pMR15. This transcriptional fusion plasmid was
transformed into B. abortus 2308 and B. abortus 2308
AbrnTA.

Growth Assays—E. coli growth curves were done in LB + 100
pg/ml of ampicillin at 37 °C. Overnight cultures were diluted
1:100 and grown for 2 h. Cultures were then diluted to an A,
of 0.02. After 1 h of growth, cultures were induced with 0.5 mm
IPTG (final concentration). Time points were taken every 30
min after induction. To enumerate viable colony forming units,
10 pl of culture was removed, 1:10 dilutions were prepared in
PBS, and cells were plated on LB + 100 ug/ml of ampicillin. For
bacteriostasis experiments, the same protocol was followed as
above except cultures were plated on media without arabinose
or with 0.2% arabinose. Time points were taken at 30 and 60
min after induction and every hour thereafter for 5 h. For B.
abortus growth curves, overnight cultures were diluted to an
Agoo 0f 0.02 in Brucella broth + 50 ug/ml of kanamycin. Time
points were taken every hour. To quantify viable colony form-
ing units, 10 ul of culture was removed, 1:10 dilutions were
prepared in PBS, and cells were plated on Schadeler blood
agar + 50 pg/ml of kanamycin.

Protein Purification—The same strains used to measure
E. coli growth were used for protein expression and purifica-
tion. Protein expression for solution and mass spectrometry
analysis was induced with 1 mm IPTG. Cells were lysed by son-
ication in 20 mM Tris, pH 7.6, 200 mm NaCl and centrifuged at
15,000 X g for 30 min to remove cell debris. Soluble recombi-
nant proteins were affinity purified by using Ni*" Chelating
Resin (GE Healthcare) using a 50 -500 mM imidazole gradient.
Further purification was carried out on a Superdex 75 size
exclusion column. Purity was confirmed by 14% PAGE. Expres-
sion and purification for crystallization was carried out as fol-
lows: a 50-ml overnight LB medium culture supplemented with
100 ug/ml of ampicillin was used to inoculate 2 liters of LB +
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100 wg/ml of ampicillin; cultures were incubated at 37 °C in a
rotary shaker (Infors-HT, Bottmingen, Switzerland) at 220
rpm. Transcription of the complex was induced at an A, 0f 0.8
by adding 1 mm IPTG. After 1 h and 30 min of incubation under
the same conditions, the cells were harvested by centrifugation
at 8,000 X g for 20 min at 4 °C. Cell pellets were resuspended in
10 mm Tris-HCI, pH 7.4, 150 mm NaCl, 10 mm imidazole with 5
pg/ml of DNase I and 80 ug/ml of phenylmethylsulfonyl fluo-
ride (PMSF) protease inhibitor.

Cells were disrupted by two passages in a French pressure
cell, and the cell debris was removed by centrifugation for 20
min at 20,000 X g. The supernatant was loaded onto a Ni**-
Sepharose affinity column (GE Healthcare) pre-equilibrated
with the binding buffer. Two washing steps were performed
using 10 and 75 mm imidazole followed by the elution step with
200 mM imidazole in the binding buffer. The protein solution
was then dialyzed against 10 mm Tris-HCI, pH 7.4, and 150 mm
NaCl buffer to remove imidazole. All purification steps were
carried out 4 °C.

Size Exclusion Chromatography—All BrnT and BrnA size
exclusion chromatography was performed on a 10/300 Super-
dex 75 column with 20 mm Tris, pH 7.6, 200 mm NaCl buffer.
Columns were calibrated with proteins from a Low Molecular
Weight Gel Filtration Calibration kit (GE Healthcare). Elution
profiles and times of proteins in a concentration range of 25 to
0.3 mg/ml were used to assess molecular size and shape.

Analytical Ultracentrifugation (AUC)—Sedimentation
velocity studies were performed in a Beckman Optima XL-A
analytical ultracentrifuge equipped with an 60 Ti rotor (Beck-
man Coulter) using absorption optics at a wavelength of 230
and 280 nm. Experiments were carried out usinga 1.2-mm two-
channel Epon centerpiece at a rotor speed of 40,000 rpm for
18 h at 20 °C. Absorbance of 0.3-1.0 mg/ml of samples was
monitored in a continuous mode time interval of 360—-480 s
and a step size of 0.003 cm. Multiple scans at different time
points were fit to the continuous size distribution, ¢(S), model
and the integrated distribution function by using SEDFIT
version 11.3. The partial specific volume of the proteins and
buffer density were calculated from standard tables using
SEDNTERP.

Nanoelectrospray lonization (nEIS) and Collision-induced
Dissociation (CID) Mass Spectrometry—The protein complex
was buffer exchanged into pH ~7.5, 100 mM ammonium ace-
tate using Micro Biospin columns (Bio-Rad). Solutions of ~15
M protein were nanoelectrosprayed into a Synapt G2 (Waters
Corporation, Manchester, UK) using a home-built source
with capillaries pulled in-house on a P-97 micropipette puller
(Sutter Instruments, Hercules, CA). Source conditions were
selected for best transmission of the intact protein complex.
Typical conditions were: capillary, 1.2 kV; sample cone, 75 V;
extractor cone, 2 V; backing pressure ~5.0 mbar. CID was per-
formed in the trap region of the instrument using argon as the
collision target.

Surface Plasmon Resonance—Binding between BrnT and
BrnA was measured with a BIAcore 3000 (GE Healthcare) bio-
sensor through surface plasmon resonance. His,-BrnT was
bound to the dextran matrix of a sensor chip nitrilotriacetic
acid. The His, tag on the BrnA analyte was removed using TEV
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protease. All steps in the immobilization process were carried
out at a flow rate of 10 ul/min. The control surface was pre-
pared similarly except that running buffer was injected instead
of NiCl, solution. All kinetic experiments were performed at
15 °Cin HBS (10 mm HEPES, pH 7.4, 0.15 M NaCl, 0.05% Tween
20) using flow rates of 20 ul/min. These conditions prevented
significant leakage of bound target protein from the chip. The
analyte (BrnA) at various concentrations (see “Results”) was
added in the flow during the binding phase. The amount of
protein bound to the sensor chip was monitored by the change
in refractive index (given in arbitrary response units). For the
measurements of kinetic parameters, the amount of immobi-
lized His,-Brn'T was minimized to avoid saturation and gener-
ally did not exceed 130 response units. After each binding
experiment, the sensor chip was regenerated by sequential
washing with 200 ul of 0.3 M imidazole, 0.5 M NaCl followed by
200 wl of 0.35 M Na-EDTA in HBS. Duplicate or triplicate injec-
tions of each concentration of BrnA were performed. The data
were prepared by the “double referencing” method. In this
method, parallel injections of each BrnA sample over a control
dextran surface were performed as well as running buffer injec-
tions over both the immobilized BrnT and control dextran sur-
faces. Subtraction of these sensorgrams yielded the control; this
was then subtracted from the experimental sensorgram. Data
were simultaneously fit using a 1:1 binding model in BIAevalu-
ation (global fitting algorithm). The early binding phase (<300
s) was used to determine the association constant (k,) between
BrnT and BrnA. The dissociation phase (k,) was measured for
600 s using the rate of decline in response units on introduction
of free buffer at the end of BrnA injections. The equilibrium
dissociation constant (K,,) of the complexes was calculated
from the ratio k/k,,.

Crystallization of Toxin-Antitoxin Complex—To produce
selenomethionine toxin-antitoxin complex for experimental
phase determination, we expressed toxin-antitoxin complex
from pET151/D-TOPO in defined medium as previously
described (34). Purified toxin-antitoxin complex was concen-
trated using a centrifugal filter unit (3-kDa membrane, Ami-
con-Millipore, Billerica, MA). Protein purity, estimated to be
90%, was assessed by 14% SDS-PAGE and stained with Coo-
massie Brilliant Blue. Before crystallization screening, 0.17
pg/ul of subtilisin was added to the protein solution. Initial
crystallization screening was carried out using the hanging-
drop, vapor-diffusion technique in 96-well microplates. Trays
were set using a Mosquito robot (TTP LabTech, Cambridge,
MA) and commercial crystallization kits (Nextal-Qiagen,
Valencia, CA). The drops were set up by mixing equal volumes
(0.1 wl) of the protein and the precipitant solutions equilibrated
against 75 ul of the precipitant solution. In all trials, the protein
concentration was 38 mg/ml. The best crystals were obtained at
14 °C by manual refinement with the following crystallization
solution: 100 mm Tris buffer, pH 8, 8% PEG 6000, 150 mm NaCl.
Crystals grew to their final size in 2 weeks. All manual crystal-
lization attempts were carried using the sitting-drop, vapor-
diffusion technique in 24-well plates. The drops were set up by
mixing equal volumes of the protein and the precipitant solu-
tions equilibrated against 500 ul of the precipitant solution.
After 1 min of soaking in crystallization buffer supplemented
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with 20% of glycerol and 5 mm B-mercaptoethanol, crystals
were flash-frozen directly at 100 K in liquid nitrogen. Incorpo-
ration of selenomethionine in the crystal was confirmed by
measuring x-ray fluorescence.

Crystallographic Data Collection and Processing—Crystal
diffraction data were collected at a temperature of 100 K on
beamline 21-ID-D (LS-CAT, Advanced Photon Source,
Argonne, IL) using a MAR Mosaic 300 detector and an oscilla-
tion range of 1 degree. Diffraction images were reduced using
the HKL 2000 suite (35).

Phasing and Refinement—Diffraction from a single sel-
enomethionine-BrnT protein crystal was measured at an
energy of 12.66 keV (0.979 A), and the structure of BrnT was
phased from the resulting 1.4-A dataset by selenium single-
wavelength anomalous dispersion (36). Three selenium sites
were located within the asymmetric unit using the Autosol sin-
gle-wavelength anomalous dispersion routine in Phenix (37).
An initial structure was built into these maps and refined to an
Rpee of 21%. This structure was then used as a molecular
replacement search model to phase a 1.1-A native BrnT dataset.

BrnT was further refined against the 1.1-A datatoan R, of
14.0% and an Ry, of 15.8% using phenix.refine in the Phenix
software suite. Manual model building, solvent addition, and
refinement of this structure was conducted iteratively using
Coot (38) and phenix.refine (see Table 3).

Sequence Alignment and Protein Visualization Methods—
Protein sequence alignments were carried out in ClustalW2.
BrnT ribbon structure rendering, electrostatic potential sur-
faces calculation (by using the generate-vacuum electrostatics
function), and visualization of the hydrophobic surfaces
(according to the Eisenberg hydrophobicity scale) (39) were
performed with PyMOL. Visualization of the conserved resi-
dues in the structure was performed by using the Consurf
server (40). Predicted residues involved in RNA binding have
been predicted with three different programs: RNABindR (41),
BindN (42), and PiRaNhA (43).

Protein Synthesis Assay—E. coli Rosetta pLysS/DE3 with
pET151/D+babl_0993, pET151/D+babl_0994, or pET151/
D+babl_0993-4 were grown to an Ay, 0.5 and then induced
with IPTG to a final concentration of 0.5 mm for 30 min. Cells
were washed twice by centrifuging at 7,000 X g for 1 min and
resuspended in 1 ml of M9 medium + all amino acids but
methionine and cysteine. [>*>S]Methionine and cysteine were
added to media for 1 min and then protein synthesis was
stopped by adding 75 ul of ice-cold 100% TCA followed by a
standard TCA precipitation. Samples were then resuspended in
sample buffer (0.5 m Tris, 4% SDS, pH 8.0), boiled for 10 min,
and 5 pl were added to scintillation fluid and scintillation
counted.

In Vitro RNase Assay—In vitro lacZ RNA transcript was
made with pET151/D + lacZ and the MEGAscript high yield
transcription kit (Ambion) according to the manufacturer’s
protocol. RNA was incubated with water, buffer, 8,4, 2,1, or 0.5
uM BrnT, 16 uM BrnA, or 4 um BrnT + 16 um BrnA for 20 min
at room temperature. All proteins were purified with a Ni*"
affinity column and a Superdex 75 size exclusion column. Sam-
ples were loaded in 1% TAE-agarose gel. In the RNase assay
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with mutant proteins, 0.6 uM BrnT was incubated with RNA for
30 min at 37 °C.

Electrophoretic Mobility Shift Assay—Fifty nucleotide oligos
were purchased from IDT (Coralville, IA) (babl_0994, —50
forward, 5'-GTACGATTATTATTGCGAGCCCAGACGAA-
TTATTGTACATACGTTTTATG, babl_0994, —50 reverse,
5'-CATAAAACGTATGTACAATAATTCGTCTGGGCTC-
GCAATAATAATCGTAC). Oligos were labeled with **P using
T4 polynucleotide kinase (Fermentas) by incubating the reac-
tion at 37 °C for 20 min. Unincorporated nucleotides were
removed using Micro Bio-spin 6 chromatography columns
(Bio-Rad) and oligos were annealed by mixing and incubating at
80 °C for 20 min, then letting them cool to room temperature
overnight. Binding reactions consisted of 1 ul of 20 nm *?P-
annealed oligo, 20 ng of salmon sperm DNA, 4 ul of 5X binding
buffer (100 mm Tris, pH 8.0, 250 mm NaCl, 25% glycerol, 250
ng/ul of BSA), 13 ul of H,O, and 1 ul of protein at concentra-
tion of interest. The binding reaction took place for 30 min
atroom temperature and then 4 ul of 80% glycerol was added
to each sample. Samples were loaded in a 12% polyacryl-
amide native gel and run at 140 V for 2 h. The gel was placed
on a phosphorscreen overnight and imaged with a Typhoon
scanner.

B-Galactosidase Transcription Reporter Assay—Transcrip-
tional activity of the brnTA promoter was assayed using a
PbrnTA-lacZ promoter fusion plasmid incorporated in wild-
type B. abortus or AbrnTA. Overnight cultures of both strains
were diluted to A, 0.05. Cultures were grown for 3 h and then
the Aqy, was measured. 3-Galactosidase activity was deter-
mined as previously described (44).

Stress Assays and Quantification of Transcription by
RT-qPCR—B. abortus 2308 (1 X 10® cfu/ml) was stressed with
either 200 pg/ml of chloramphenicol versus an equal volume of
95% ethanol as a control, 44 versus 37 °C, 5 mm H,O, versus an
equal volume of H,O, or grown in Brucella broth and exposed
to pH 4.0 versus 7.0. All stress assays were carried out for 30 min
with the exception of low pH, which was done for 3 h. RNA was
harvested using TRIzol. Custom TaqMan primers were used to
measure bruT transcript: forward, 5'-TCATCGCCGTCATT-
TTCAAG, reverse, 5'-TGCTGAACGCATGGAGATCA, and
probe, 5-CGGTTGGTTCGGAAGCCCTCTCC. RNA was
reverse transcribed for 30 min at 50 °C followed by an inactiva-
tion step, 95 °C for 6 min. The cDNA was then amplified for 50
cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 15 s. B.
abortus RNA levels were normalized to 16 S ribosomal RNA:
forward, 5'-CCTTACGGGCTGGGCTAC, reverse: 5'-TGCT-
CGCTGCCCACTGT, probe, 5'-ACGTGCTACAATGGTGG.
All assays were performed on an ABI 7300 system and analyzed
with SDS 1.3 software (Applied Biosystems).

RESULTS

BrnTA Is a Novel Toxin-Antitoxin System—Using a combi-
nation of bioinformatic metrics, Makarova and colleagues (45)
predicted four type II TA systems in the B. abortus 2308
genome. Of these babl_ 0993 and babl_ 0994, encoding a puta-
tive antitoxin and toxin, respectively, have an unusual gene
arrangement and physicochemical properties as compared
with typical type II systems (31). Atypical features include: 1)
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FIGURE 1. The brnTA operon. A, the brnT and brnA genes overlap by 1 bp. B, clustal multiple sequence alignment of B. abortus BrnT toxin and homologous toxin
sequences from 10 other Gram-negative species including several human pathogens. Ba, B. abortus (Gl: 82615932); Ec, E. coli (GI: 309704811); Yp, Yersinia pestis
(Gl: 22126312); Ypt, Yersinia pseudotuberculosis (Gl: 170024520); Bpp, Bordatella parapertussis (Gl: 33596571); Nm, Neisseria meningitidis (Gl: 161870004); Hi,
Haemophilus influenzae (Gl: 270670382); Bp, Burkholderia pseudomallei (Gl: 217424545); Vc, Vibrio cholerae (Gl: 15601097); Cb, Coxiella burnetii (Gl: 154705785);
Cc, Caulobacter crescentus (Gl: 16124744). Boxes shaded black are amino acids identical in 40% of sequences shown. Boxes shaded gray are similar in 40% of
sequences.
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FIGURE 2. B. abortus BrnTA is a toxin-antitoxin system. A, antitoxin (brnA, blue), toxin (brnT, red), or brnTA operon (green) were expressed in E. coliand optical
density at 600 nm (A4,,) was measured at 30-min intervals. B, starting at the time of induction (marked with black arrows) colony forming units were quantified
on LB agar. C, growth curves of B. abortus 2308 + pSRK-Km (empty vector control, black), pSRK-brnT (red), pSRK-brnA (blue), or pSRK-brnTA (green). Ageo Was
measured every hour; expression of genes from pSRK was induced after 4 h (black arrow). D, B. abortus viable colony forming units after induction of gene
expression were enumerated by plating on Schaedler blood agar. E, E. coli Plac-brnT + Para-brnA or Plac-brnT + Para empty vector control (EVC) were grown
in the presence or absence of 0.5 mm IPTG for increasing amounts of time. Cells were then plated on LB agar containing ampicillin and kanamycin = 0.2%
arabinose. Solid lines indicate the presence of arabinose in agar; dashed lines indicate agar without arabinose. + or — indicates induction of specific protein.
Error bars represent S.D.

the putative toxin gene, babl_0994, precedes the antitoxin,
babl_0993, in the operon (Fig. 1A); generally the antitoxin gene
is positioned upstream of the toxin, 2) the predicted toxin and
antitoxin proteins have equivalent theoretical isoelectric points
of 9.5; toxins are typically basic and antitoxins acidic, and 3) the
predicted antitoxin is larger than the toxin, and has a C-termi-
nal (rather than N-terminal) ribbon-helix-helix DNA binding
domain.

To test if babl_0993—0994 encodes a bona fide TA sys-
tem, we expressed the predicted toxin, antitoxin, and toxin-
antitoxin operon heterologously in E. coli from an inducible
promoter. In strains expressing the toxin alone, bacterial
growth as measured by visible optical density ceased within
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1 h of induction (Fig. 2A4). Expression of antitoxin alone did
not significantly attenuate growth relative to wild-type.
Coordinate expression of the antitoxin significantly reduced
toxicity of the toxin (Fig. 2A). When viable colony forming
units were plated at time points after induction of toxin,
antitoxin, or toxin-antitoxin operon (Fig. 2B), expression of
the toxin, but not the antitoxin or full TA operon, resulted in
an apparent ~3 log loss of viable cfu after 1 h, and an over 4
log loss after 2 h.

An E. coli strain that has toxin under the control of the lac
promoter and antitoxin under control of the ara promoter,
exhibits the same apparent decrease in “viability” in the pres-
ence of IPTG and absence of arabinose (Fig. 2E). However, if we
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FIGURE 3. BrnTA forms a tetramer consisting of two antitoxins and two toxins. A, ¢(S) distribution calculated from sedimentation velocity measurements
of the purified BrnTA complex. BrnT-BrnA sediments as a single 2.9 = 0.3 S species (root mean square deviation = 0.006). Resolution of this purified complex
by 14% SDS-PAGE reveals multiple Coomassie-stained bands; mass spectrometry of tryptic peptides from these excised bands demonstrates that they contain
either BrnT or BrnA, labeled as A or T to the right of each band. B, top, nESI-MS of purified BrnA-BrnT identifies a major complex with a molecular weight that
matches a tetramer with 2:2 stoichiometry. B, bottom, 70-V CID spectrum of the 15+ tetramer ion species reveals monomeric and trimeric product ions,
supporting a model in which the precursor is a 2:2 tetramer. C, size exclusion chromatography of BrnT (red) and BrnA (blue) and SDS-PAGE of major peaks. D, c(S)
distribution from AUC of BrnT (red) and BrnA (blue), BrnT is 13.2 kDa, root mean square deviation = 0.022; frictional ratio = 1.2. BrnA is 29.3 kDa, root mean

square deviation = 0.006, frictional ratio = 1.8.

induce toxin and plate on solid medium containing 0.2% arab-
inose at time points up to 5 h after induction, it is evident that
expression of toxin does not result in a decrease in viability, but
rather a decrease in culturability (in this time period). Induction
of babl 0994 thus leads to a bacteriostatic state, and subse-
quent induction of the antitoxin is able to neutralize the toxin
and rescue cells from stasis.

To confirm babl_0993— 0994 acts in the same manner in B.
abortus 2308, we performed similar experiments in which we
ectopically expressed toxin, antitoxin, or TA operon from an
inducible promoter. The results of these experiments in B.
abortus were consistent with what we observed in E. coli:
expression of the toxin resulted in arrest of bacterial growth and
a decrease in culturability, and co-expression of the antitoxin
neutralized these effects (Fig. 2, C and D). Together these data
indicate that BAB1_0993— 0994 functions as a toxin-antitoxin
system and that expression of the toxin, BAB1_0994, is
bacteriostatic.

A search of the BAB1_0994 primary sequence against the
Pfam 25.0 data base shows that this toxin is not limited to B.
abortus. BAB1_0994 is described by the profile hidden Markov
model of domain family DUF497 in Pfam 25.0 (E < 2e-11) (46).
This hidden Markov model apprehends 499 sequences from
317 species spanning archaea, plasmids, bacteriophage, and
bacteria, several of which are human pathogens (Fig. 1B). Our
study, for the first time, ascribes a function to this domain fam-
ily. Based on data that we will present and discuss further below,
we have named this conserved toxin, BrnT and its cognate anti-
toxin, BrnA.

BrnT-BrnA Toxin-Antitoxin System Forms a High Affinity 2:2
Tetrameric Complex—To test if there is a physical association
between BrnT and BrnA, we co-expressed His,-BrnT and BrnA
from a single plasmid. His,-BrnT and BrnA were co-purified
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from Ni*>* -chelating Sepharose resin. Resolution of this protein
complex by SDS-PAGE revealed a ladder of protein bands at
weights larger than monomeric toxin or antitoxin (Fig. 34).
Analysis of each of the five bands on the gel by mass spectrom-
etry showed that four were composed solely of BrnT and one
was BrnA (supplemental Table S1). BrnT has no cysteines and
formed these unusual oligomers under denaturing condi-
tions (as assessed by SDS-PAGE) in both the presence or
absence of the reductant 3-mercaptoethanol, suggesting it is
not a result of oxidative bond formation. We do not cur-
rently understand why BrnT forms higher order oligomers
under denaturing conditions.

To characterize the molecular weight, oligomeric state, and
structure of the BrnT-BrnA complex under native conditions,
we used AUC and nEIS-MS. Sedimentation velocity analysis of
the purified BrnT-BrnA complex revealed one major 2.9 = 0.3
S particle (Fig. 34). Although a molecular weight distribution
associated with this particle can be calculated from a distribu-
tion of Lamm equation solutions, it requires knowledge of the
shape and other parameters that affect its hydrodynamic prop-
erties (47). Given a molecular weight, one can thus draw con-
clusions about the shape and folded state of a protein complex
from the sedimentation velocity data. As such, we directly
determined the molecular weight of the BrnT-BrnA complex
by nEIS-MS. The data clearly show that the purified protein
complex exists primarily as a species of mass 48,906 Da (Fig. 3B,
top); this is the exact predicted molecular mass of a 2:2 antitoxin
to toxin tetramer. The 15+ tetramer species (m/z 3261) was
isolated and dissociated via CID, resulting in complementary
monomer and trimer product ions (A and AT,, T and A, T; Fig.
3B, bottom) that confirm the precursor ion was an A, T, hetero-
tetramer. Further analysis of the CID datarevealed a low level of
BrnA-BrnT heterodimer and BrnA, homodimer. BrnA and
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TABLE 2 TABLE 3
BrnT-BrnA binding measured by surface plasmon resonance Crystallographic data and refinement statistics
Analyte ke K, Ky X Data Collection Statistics  Se-Met Native
Ml g1 M Energy (keV) 12.66 12.66
BrnA 2.44 % 10° 1.63 X 10°* 670 0.109 Resolution range (A) 23-1.40 (1.45-1.40) 23-1.10 (1.12-1.10)
Unique Reflections 15736 32513
Ransger 0.10 (0.48) 0.07 (0.59)
(1Y o1) 33.4(22) 50.3 (2.0)
BrnT monomers are approximately equally abundant (at low  Redundancy 7.3(2.9) 7.0 (2.5)
] 1 ) in th t Th . id £ BrnT.. di Completeness 99.3 (90.0) 99.4 (83.6)
evels) in these spectra. There is no evidence of BrnT, dimer .G srarisrics” Dun (A)
by CID. There is a significantly greater abundance of the 40 25 20 18 15 14  Overall
T/A,T pair than the A/AT, pair, suggesting that it is more  _Figure of Merit 061 064 062 059 050 039 0.54
o .o ; R Statisti
difficult to release the antitoxin than the toxin from the com- of Space group 2 T
plex. Based on these mass spectrometry data, we propose a a, b, c(A) 74.4,74.4,29.6
. . . . . . . &
model in which dimers of antitoxin recruit two individual g‘“sg }g'g
. . . . fr .
toxin monomers to form a tetrameric complex consisting of (B;e(Az) 185
two BrnA proteins and two BrnT proteins (Fig. 3B, inset).  rmsd®bond lengths (A) 0.016
. rmsd bond angles (°) 1.67
Based on the presence of a small amount of AT, trimer after -
) K ) ) Ramachandran analysis
CID, we think toxins may interact after formation of the Favored (%) 100
tetrameric complex. Outliers (%) 0
We additionally analyzed BrnT and BrnA individually by size ~  Rmerse = S/l <I>[/%s, for all data > 3.

exclusion chromatography and AUC. We observed that BrnT is
monomeric across a range of concentrations and that BrnA
sediments as a likely dimer of high frictional ratio (Fig. 3, Cand
D). These data support our nEIS-MS results where we observe
monomers of both toxin and antitoxin, and dimers of antitoxin,
but no toxin dimers. Given a complex molecular mass of 48,906
Da, we reanalyzed our sedimentation velocity data to assess the
hydrodynamic properties of the TA complex. From a fit of these
data we determined that a frictional ratio of 1.6 is consistent
witha48.9-kDa 2.9 S particle. This frictional ratio is higher than
typical globular proteins (1.1-1.3) and suggests that a portion of
the BrnT,-BrnA, complex is loosely structured or random coil
(48). Based on the fit frictional ratio of BrnA,, we propose that
the BrnA antitoxin has disordered, unstructured regions that
contribute to the high apparent frictional ratio. This is consis-
tent with the high relative susceptibility of BrnA to proteolysis
in vitro (see our description of BrnT crystallization below), as
has been reported for other antitoxins.

We further measured the affinity of the BrnT-BrnA complex
by surface plasmon resonance. His,-Brn'T was immobilized on
a nickel-nitrilotriacetic acid chip, and BrnA flowed at concen-
trations ranging from 17 to 500 nM. BrnA binds BrnT with
association and dissociation rate constants of 2.44 X 10°> M~ '
s tand 1.63 X 10" *s !, respectively. The ratio of the dissoci-
ation to association rate constant yields an equilibrium affinity
of 670 pm (Table 2).

Crystal Structure of BrnT Reveals a Fold Topologically
Related to RelE Toxin Family—Having defined BrnTA as a tox-
in-antitoxin system that forms a direct physical association, we
next sought to characterize the molecular structure of this
novel TA system. Although purified the BrnT-BrnA complex
failed to yield crystals, incubation of BrnT-BrnA with a low
concentration of subtilisin in the crystallization drop (see
“Experimental Procedures”) produced orthorhombic crystals
of space group 14, with cell dimensions @ and b = 74.4 A and
¢ = 29.6 A. The structure was solved from a single selenome-
thionine crystal phased by single-wavelength anomalous dis-
persion. This crystal contained one molecule of BrnT per asym-
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? Experimental phases were determined by SAD using the anomalous signal from
selenium. Total figure of merit values are based on experimental phase informa-
tion (prior) for all reflections.

CRcryst =3 HFohs‘ - |Fcalc”/2hk1‘Fobs|'

@ Reree Uses 1906 total reflections for cross-validation.

¢ rmsd, root mean square deviation.
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FIGURE 4. Structure of BrnT. A, ribbon structure of BrnT. B-Strands, pink;
a-helices, light blue. B, electrostatic surface map of BrnT; basic, blue; acidic, red.
C, conservation surface map of BrnT reveals the structural position of residues
thatare conserved among BrnT homologs (DUF497 in the Conserved Domain
Database). Coordinates of B. abortus BrnT have been deposited in the Protein
Data Bank (PDB ID 3U97).

metric unit; the protein structure was refined to a final R, of
0.140 and an R, of 0.158 (Table 3).

Full-length BrnT (PDB ID 3U97) contains 81 residues; elec-
tron density for the five C-terminal residues is not visible,
which is likely due to disorder or to proteolysis of this segment
of the structure. BrnT is topologically related to the RelE family
of bacterial RNase toxins at the level of secondary structure,
although overall the tertiary structural homology to RelE and its
structural homologs (e.g. YoeB and MgsR) is low (DALI
Z-scores <5.3). BrnT is composed of a 4-stranded antiparallel
B-scaffold (2-B3-B4-B5); B5 is flanked by a single parallel 8
strand (B1) (Fig. 4). Two short a-helices (a2 and «3) are docked
on a hydrophobic face of the 3-scaffold, and helix a1 interacts
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FIGURE 5. BrnT is a ribonuclease toxin. A, quantification of in vivo protein
synthesis in E. coli 30 min after induction of brnA, brnT, or the brnTA operon;
expression shown in counts per minute (cpm). Error bars represent S.D; * =
p < 0.01 (one-way analysis of variance, Tukey post test). B, degradation of lacZ
RNA incubated with water or buffer controls or purified BrnT, BrnA, or BrnT +

BrnA (see “Experimental Procedures”). Stars indicate equal concentration of
BrnT.

directly with 5. The most conserved region of the BrnT pri-
mary sequence corresponds to the solvent-exposed face of the
B-scaffold and surface of helix a1 that interacts with the -scaf-
fold. This surface contains a highly positive basic patch that
resembles a functional site for RNA interaction and cleavage
(Fig. 4). Experiments in which we test this hypothesis are dis-
cussed below.

BrnT Is a Ribonuclease—As discussed above, type II toxins
commonly function to inhibit the expression of new proteins.
The conservation of secondary structure topology between
BrnT and RNase toxins RelE, YoeB, and MqsR suggested BrnT
toxicity may result from the inhibition of protein synthesis via
its activity as a ribonuclease. To test this hypothesis, we first
investigated whether BrnT expression affected total protein
expression in vivo in a heterologous system. E. coli expressing
bruT (babl_0994), brnA (babl_0993), or brnTA under control
of an inducible promoter was grown to mid-log phase, switched
to M9 medium lacking methionine and cysteine, and starved
for 1 min. [**S]Methionine and [**S]cysteine were pulsed in for
1 min, the reaction was quenched with cold TCA, and the
amount of methionine and cysteine incorporated into total cellu-
lar protein was quantified after brnT, bruA, or brnTA induction.
Within 30 min of induction, the rate of protein synthesis in the
strain expressing brnT was 3-fold lower (p < 0.01) than strains
expressing brnA or brnTA (Fig. 5A). From this, we conclude that
BrnT does inhibit de novo protein expression at some step.

To test if the inhibition of protein expression is due to the
degradation of RNA, we incubated purified BrnT toxin with
an in vitro transcribed lacZ RNA template. RNA incubated
in the presence of BrnT is degraded in a concentration-de-
pendent manner (Fig. 5B). Addition of antitoxin to the reac-
tion neutralizes toxicity and prevents RNA degradation;
binding of the neutral BrnT-BrnA complex to the RNA tem-
plate is evident in the observed bandshift in the gel and is
likely mediated by the ribbon-helix-helix DNA binding
domain of the antitoxin. At the concentrations used in this
reaction, BrnT degrades RNA independent of the ribosome
indicating that it may be a ribosome-independent RNase, in
contrast to RelE and YoeB, which require the ribosome for
their RNase activity. We have named the toxin BrnT for
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bacterial ribonuclease toxin and the antitoxin BrnA for bac-
terial ribonuclease antitoxin.

To identify residues required for RNA cleavage we
mutated charged amino acids conserved in DUF497 at an
identity level higher than 45%, and which are located in
regions of structure computationally predicted to bind RNA
(41-43) (Fig. 6A). Additionally, we also mutated the two
histidine residues in BrnT to alanine as histidines have been
shown to act as the catalytic acid in the case of YoeB and the
endogenous RNases, RNase T1, RNase Sa, and RNase Sa2
(49 -53). Using the heterologous E. coli expression system
we measured growth after induction of the 11 mutant toxins
or wild-type brnT. Amino acids fell into two general catego-
ries, those that did not change toxicity (Lys-77, His-25, Arg-
79), and those that render the toxin non-toxic (Arg-41, Arg-
72, His-17, Glu-78, Lys-16, Asp-6, Glu-7, and Lys-9) (Fig.
6C). We confirmed that each mutant protein was stable by
Western blot (supplemental Fig. S1). Point mutations that
completely ablated BrnT toxicity in vivo largely mapped to
the al-B5 region of BrnT, which is part of a larger basic
patch on the surface of the protein.

To test the correspondence between in vivo toxicity and in
vitro ribonuclease activity, we purified each of the toxic point
mutants and compared their ability to degrade RNA in the in
vitro RNase assay. Although most non-toxic mutant BrnT pro-
teins (R41A, E78A, D6A, E7A, and K9A) could no longer
degrade RNA, BrnT R72A, H17A, and K16A retained RNase
activity (Fig. 6D). Interestingly, when compared to other RelE
family members, the structural position of residues reqquired
for RNase activity is divergent (Fig. 7).

brnTA Transcription Is Autoregulated and Controlled by
Multiple Environmental Stressors—BrnA is predicted by the
Conserved Domain Database (54) to contain a ribbon-helix-
helix domain at its C terminus, which suggested that it may
bind DNA. To test this, we first purified BrnA, BrnT, and the
BrnTA complex and incubated each of these proteins with
double-stranded DNA corresponding to the ATG transla-
tional start of brnT plus 47 base pairs 5 of the start codon. By
electrophoretic mobility shift (EMSA) we showed that both
BrnA and BrnTA bind this putative promoter DNA with high
affinity, whereas the BrnT protein alone does not bind at concen-
trations up to 1 um (Fig. 8, A—C). The BrnTA complex binds the
putative promoter region of the brnTA operon with a higher equi-
librium affinity than BrnA alone (BrnA, K, = 47.9 nmand BrnT +
A, K5 = 2.0 nm). This may be due to an allosteric effect of BrnT
binding on the conformation of the BrnA ribbon-helix-helix
domain or an effect of BrnT binding on general BrnA stability.

To assess the functional relevance of BrnTA binding of the
region upstream of brnTA we constructed a transcriptional
fusion of lacZ to a DNA fragment that contains the putative
brnTA promoter (see “Experimental Procedures”). Wild-type
B. abortus 2308 and a B. abortus strain in which the chromo-
somal copy of bruTA was deleted (B. abortus AbrnTA) were
transformed with the PbruTA-lacZ transcriptional reporter
plasmid. In a wild-type genetic background (i.e. when BrnTA is
expressed in the cell), transcription from the brnTA promoter is
strongly repressed (Fig. 8D). In B. abortus AbrnTA, transcrip-
tion from PbrnTA is derepressed by a factor of ~50. Based on
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FIGURE 6. Structure/function analysis of BrnT. A, amino acid sequence of B. abortus BrnT. Mutated residues are colored in red and green depending on their
effect on BrnT toxicity (no effect or strong effect, respectively). Sequence position of secondary structure elements are labeled above the alignment. Conserved
residues are highlighted with black (identical residues) and gray (similar residues) squares; shading is thresholded at 50% (based on alignment with 97
homologous sequences). Residues predicted to be involved in RNA binding as assessed by three different algorithms are highlighted with purple (RNABindR),
pink (BindN), and orange (PiRaNhA) squares. B, ribbon structure of BrnT. 3-Strands, pink; a-helices, light blue. Side chains of mutated residues are shown as sticks
and colored in red and green depending on their effect on BrnT toxicity (no effect or strong effect, respectively). G, site-directed mutagenesis of conserved
charged amino acids in BrnT reveals residues required for full toxicity when compared with wild-type toxin. Red bars indicate toxicity similar to wild-type, green
bars indicate diminished toxicity, and white bars indicate uninduced controls. D, RNase activity of purified wild-type BrnT or BrnT point mutants was assessed
by monitoring uncleaved RNA on an agarose gel. Error bars represent S.D.

these data we conclude that DNA binding by the BrnA compo-
nent of the BrnTA complex functions to negatively autoregu-
late transcription of brnTA.

The expression of type II toxin-antitoxin systems has been
shown to be induced under specific stress conditions (7, 21,
55-57), often as a result of degradation of the antitoxin
repressor by cellular proteases (18, 19, 57-59). B. abortus
encounters many different stressors throughout its life cycle
in the host, including low pH, oxidative stress, and nutrient
deprivation. To test whether these and other stressors have
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an effect on transcription of brnTA we applied heat shock
(44 °C), chloramphenicol, 5 mm H,0,, and acidic pH, pH 4.0,
to wild-type B. abortus and quantified the brnTA transcript
levels by RT-qPCR. Chloramphenicol, H,O, stress, and low
pH stress all resultin a 9 — 80-fold increase in transcription of
brnTA (Fig. 8E). We presume these stressors lead to the deg-
radation of BrnA through an unknown protease and this
degradation results in derepression of the brnTA operon.
However, we cannot rule out other mechanisms of brnTA
transcriptional activation.
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FIGURE 7. Structural comparison between BrnT and members of the RelE toxin family. For each toxin (BrnT, RelE, YoeB, and MqsR) a secondary structure
diagram and a surface rendered model (white) are shown. Residues that are known to be required for RNA cleavage in each of these structures are highlighted

in red. PDB codes of each structure are in parentheses.
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FIGURE 8. BrnA negatively autoregulates the brnTA operon; brnTA transcription is activated by multiple stressors. Purified antitoxin (A) and TA complex
(B), but not toxin alone (C) bind to *2P-labeled probe corresponding to the 50 nucleotides upstream of the brnT start codon, and cause a gel shift in EMSA.
D, B-galactosidase assay of wild-type B. abortus or B. abortus AbrnTA carrying a PbrnTA-lacZ promoter fusion plasmid. £, TagMan assay quantifying brnT
transcript in wild-type B. abortus in various stress conditions including 5 mm H,0, in Gerhardt’s minimal media, heat shock (44 °C), pH 4.0, and 200 ug/ml of
chloramphenicol. Each sample is normalized to 16 S RNA and then compared with a relevant non-stressed control. Error bars represent S.D.

DISCUSSION

Homeostatic Regulation and Stoichiometry—We have pre-
sented evidence that B. abortus BrnTA constitutes a novel, con-
served ribonuclease toxin-antitoxin system. brnT expression
results in cessation of bacterial growth that can be rescued by
subsequent expression of brnA, even 5 h after BrnT induction.
This effect on bacterial cell physiology is similar to what has
been reported for the RelE and MazF toxins (60). BrnTA is a
heterotetramer consisting of two molecules of BrnA and two
molecules of BrnT. brnTA is organized with the brnT toxin
gene preceding brnA antitoxin on B. abortus chromosome 1. It
has been postulated that the canonical genetic organization of
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type Il TA systems (i.e. antitoxin preceding toxin in the operon)
ensures that there is an excess of antitoxin protein, as the gene
expression level is often proportional to the gene order on a
polycistronic message (10, 61, 62). However, there are a handful
of systems, such as BrnTA, in which toxin precedes antitoxin
(e.g. mqsRA, higBA, and hicAB) (61, 63—65). This raises the
question of whether there are additional regulatory mecha-
nisms that ensure proper toxin:antitoxin ratios in the cell. In the
case of BrnTA, regulation may occur at the level of translation,
as there is an apparent Shine-Dalgarno sequence upstream of
the BrnA translation start, but no clear Shine-Dalgarno
upstream of BrnT. Thus, BrnT and BrnA expression may be
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affected by mRNA-ribosome pairing efficiency near the toxin
and antitoxin translation start sites. Such a mechanism could
ensure an excess of antitoxin relative to toxin under normal
growth conditions.

Structure and RNA Cleavage—BrnT is related to the RelE
family of RNase toxins in terms of its secondary topology. How-
ever, the overall structure of BrnT differs from known RelE
family members in several respects. BrnT lacks the C-terminal
helix that spans the solvent-exposed 3-sheet of RelE. Addition-
ally, a2—a3 that are docked across the hydrophobic face of the
B-sheet are much smaller than the two corresponding helices
found in RelE and YoeB. Moreover, the B-sheet of BrnT has 5
strands in contrast to the 4 of RelE and the 6 of MqsR (Fig. 7).
Despite these structural differences, the function of BrnT, sim-
ilar to other RelE family members, is conserved as it rapidly
attenuates protein synthesis iz vivo. Similar to the toxins RelE,
YoeB, and MgsR, BrnT most likely attenuates protein synthesis
via its activity as a ribonuclease. Our functional analysis of BrnT
by site-directed mutagenesis identified several amino acids that
are required for RNA degradation. Surprisingly, not all of the
amino acids required for toxicity in vivo are required for BrnT
RNase activity iz vitro under our assay conditions. Mutation of
residues Arg-72, His-17, and Lys-16 to alanine blocks BrnT
toxicity in cells, but does not completely abrogate RNA cleav-
age. It is not known whether mutation of these residues affects
K, or V... of the RNA scission reaction; clearly under the
conditions we have assayed in vitro RNA cleavage can still
occur.

Scission of RNA by RelE family toxins requires specific gen-
eral acid and general base residues, as well as residues required
for orientation of nucleotides and stabilization of the transition
state (51). The structural position of putative general acid and
base residues that we have identified in BrnT by site-directed
mutagenesis do not correspond to those described for other
RelE family ribonucleases (Fig. 7). Our structural analysis is
thus consistent with the emerging picture of the RelE fold as a
scaffold on which particular residues required for RNA scission
are plastic; the position and identity of these residues may con-
fer different properties/specificities to this family of ribonu-
cleases (13).

Environmental Regulation and Function—B. abortus brnA is
a member of COG3514 in the Conserved Domain Database.
Based on secondary structure prediction, BrnA consists of 3
a-helices and a C-terminal ribbon-helix-helix DNA binding
domain. Like other toxin-antitoxin systems (66, 67), BrnA neg-
atively autoregulates the brnTA operon and has higher affinity
for the DNA operator when complexed with BrnT. In response
to various environmental stressors, such as low pH and oxida-
tive stress, we have shown that transcription of the brnTA
operon is up-regulated in B. abortus. B. abortus encounters
these stressors throughout the course of an infection, and tox-
in-antitoxin systems such as BrnTA may facilitate persistence
of this bacterium within hostile host niches. We do not cur-
rently know if regulated proteolysis of BrnA provides a mecha-
nism by which expression of brnTA is up-regulated during
stress.

An intriguing hypothesis is that BrnTA and the three other
TA systems in B. abortus underpin persistence and recurrent
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infection in those individuals that contract Brucellosis. Indeed,
TA systems such as HigBA and MqsRA can contribute to the
establishment of persister cells (17) and confer the ability of
bacteria to enter a dormant state during antibiotic treatment
(16). Persistence is particularly problematic in Brucella spp.
infection; even after rigorous antibiotic treatment, relapse rates
range from 3 to 30% (2). Future studies on the functional role of
this system and how it contributes to the fitness of B. abortus
during infection may inform new strategies for the treatment of
Brucellosis.
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