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ABSTRACT

The general stress response (GSR) system of the intracellular pathogen Brucella abortus controls the transcription of approxi-
mately 100 genes in response to a range of stress cues. The core genetic regulatory components of the GSR are required for B.
abortus survival under nonoptimal growth conditions in vitro and for maintenance of chronic infection in an in vivo mouse
model. The functions of the majority of the genes in the GSR transcriptional regulon remain undefined. babl_1070 is among the
most highly regulated genes in this regulon: its transcription is activated 20- to 30-fold by the GSR system under oxidative condi-
tions in vitro. We have solved crystal structures of Babl_1070 and demonstrate that it forms a homotetrameric complex that
resembles those of WrbA-type NADH:quinone oxidoreductases, which are members of the flavodoxin protein family. However,
B. abortus WrbA-related protein (WrpA) does not bind flavin cofactors with a high affinity and does not function as an NADH:
quinone oxidoreductase in vitro. Soaking crystals with flavin mononucleotide (FMN) revealed a likely low-affinity binding site
adjacent to the canonical WrbA flavin binding site. Deletion of wrpA (AwrpA) does not compromise cell survival under acute
oxidative stress in vitro or attenuate infection in cell-based or mouse models. However, a AwrpA strain does elicit increased
splenomegaly in a mouse model, suggesting that WrpA modulates B. abortus interaction with its mammalian host. Despite high
structural homology with canonical WrbA proteins, we propose that B. abortus WrpA represents a functionally distinct member
of the diverse flavodoxin family.

IMPORTANCE

Brucella abortus is an etiological agent of brucellosis, which is among the most common zoonotic diseases worldwide. The gen-
eral stress response (GSR) regulatory system of B. abortus controls the transcription of approximately 100 genes and is required
for maintenance of chronic infection in a murine model; the majority of GSR-regulated genes remain uncharacterized. We pres-
ent in vitro and in vivo functional and structural analyses of WrpA, whose expression is strongly induced by GSR under oxida-
tive conditions. Though WrpA is structurally related to NADH:quinone oxidoreductases, it does not bind redox cofactors in so-

lution, nor does it exhibit oxidoreductase activity in vitro. However, WrpA does affect spleen inflammation in a murine
infection model. Our data provide evidence that WrpA forms a new functional class of WrbA/flavodoxin family proteins.

Bacterial pathogens face fluctuating chemical and physical
challenges in the host environment, including low pH, anti-
microbial peptides, nutrient sequestration, and oxidative burst.
These conditions can damage essential cellular components, in-
cluding nucleic acids, proteins, and lipids. As such, bacteria en-
code a variety of protection mechanisms, including antioxidant
enzymes, DNA damage repair systems, and efflux systems (1-4),
which enable the cell to resist attacks by the host immune system
(5-7).

The diverse flavodoxin family, which is composed of enzymes
that noncovalently bind a flavin cofactor and transfer electrons
between a variety of substrates, can help to maintain cellular redox
balance and confer resistance to oxidative stress (8—10). Flavodox-
ins and flavodoxin-like proteins are also known to promote
pathogen virulence and to play a role in host infection and colo-
nization (8, 11-18), in addition to important roles in enzyme ac-
tivation and metabolism (15). The flavodoxin-like protein WrbA
(tryptophan [W] repressor binding protein) has been described
for several microbial species, in which it is proposed to facilitate
adaptation to varied chemical changes in the environment (13,
19-31). Though WrbA was initially reported asa TrpR (¢rp repres-
sor) binding protein (24), data supporting its function as a regu-
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lator of TrpR are not conclusive (32). In Escherichia coli, wrbA
transcription is activated by o° during stationary phase or when
the organism is challenged with acid, salt, H,O,, or diauxic stress
(23-30) and is repressed when the quinone pool is reduced (22) or
by fumarate and nitrate reductase (FNR) proteins under anaero-
bic conditions (21). WrbA-like proteins have also been reported
to confer oxidative stress protection in Pseudomonas aeruginosa
(13, 31) and to promote persistence in a mouse model of Yersinia
pseudotuberculosis infection (20).
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WrbA binds a flavin mononucleotide (FMN) cofactor and
adopts a characteristic B-a- fold with a five-stranded, parallel
B-sheet surrounded by five a-helices (30, 31, 33-38). Three con-
served insertions, in 3-strand 5 (loop 2), before a-helix 5 (loop 3),
and between 32 and a2b (loop 1; contains a2a), supplement this
core topology (31, 33, 35, 38). Insertion loop 1 distinguishes
WrbA from classic flavodoxins (15). WrbA is tetrameric in solu-
tion (30, 32, 39, 40) and in crystal structures (31, 33, 36, 38), which
is distinct from classic flavodoxins, which are monomeric/dimeric
(15, 16, 32, 41-44). The WrbA tetramer presents four active sites,
each with a bound flavin cofactor. Each active site can accommo-
date a nicotinamide cofactor as an electron donor or a quinone as
an electron acceptor but not both simultaneously (45). This struc-
tural feature enables serial flavin reduction and oxidation by its
substrates during electron transfer reactions (33).

This study focuses on a functional and structural characteriza-
tion of a WrbA-related protein (WrpA) encoded by the intracel-
lular mammalian pathogen Brucella abortus (46, 47). Analogous
to ° activation of wrbA expression in E. coli, transcription of
wrpA and its homologs is strongly activated by the general stress
response (GSR) sigma factor, o106 (48, 49), in B. abortus and
related alphaproteobacteria (19). Considering that o' enables
growth and survival under a range of nonoptimal growth condi-
tions, including several experienced by B. abortus cells in the
mammalian host (5-7, 50, 51), we tested the hypothesis that
WrpA functions as an enzyme that facilitates cellular adaptation
to particular stress conditions in vitro or in vivo. Unlike strains
lacking the primary general stress regulators (¢*', PhyR, or
LovhK) (48, 49), a B. abortus AwrpA strain was not deficient in a
hydrogen peroxide stress survival assay, nor was it deficient in
growth under 1,920 metabolic and drug/chemical conditions we
assayed in vitro. Moreover, the AwrpA strain was not attenuated in
a macrophage infection model and had no colonization deficit in
the spleen in a BALB/c mouse infection model. However, mice
infected with a AwrpA null strain did display increased spleno-
megaly compared to mice infected with wild-type (WT) B. abortus
at 4 weeks postinfection, suggesting that WrpA affects the inflam-
matory capacity of B. abortus in an animal host. These results
provide evidence that wrpA is not a major downstream genetic
contributor to the stress survival and animal infection deficits ob-
served in strains harboring mutations in the GSR regulatory genes
rpoE1, phyR, and lovhK.

Given the results of our in vitro and in vivo analyses of WrpA
function, we further tested whether the biochemical and struc-
tural properties of WrpA differ from those of closely related WrbA
proteins characterized for other bacterial species. We solved high-
resolution structures of B. abortus WrpA in two crystal forms and
characterized its biochemical properties. WrpA is a tetramer in
crystals and in solution and possesses a WrbA/flavodoxin-type
fold, but it failed to bind a flavin cofactor in solution and did
not exhibit NADH:quinone oxidoreductase activity in vitro,
even in the presence of high concentrations of flavin and nico-
tinamide cofactors. Soaking one of our two crystal forms of
WrpA with high concentrations of FMN revealed a clear elec-
tron density for FMN at a site adjacent to the FMN binding
pocket described for E. coli WrbA, though the functional rele-
vance of this binding site remains undefined. Our data provide
evidence that WrpA, although structurally homologous to WrbA
NADH:quinone oxidoreductase enzymes, is part of a functionally
distinct class of protein.
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MATERIALS AND METHODS

All experiments on live B. abortus cells were performed at the University of
Chicago Howard Taylor Ricketts Laboratory under biosafety level 3
(BSL3) conditions per CDC select agent regulations.

Chromosomal deletion of wrpA in B. abortus. The B. abortus wrpA
deletion strain was built by use of a double-recombination strategy.
Briefly, the AwrpA in-frame deletion allele (carrying 5'- and 3’-flanking
sequences of B. abortus locus tag babl_1070/BAB_RS21040) was cloned
into the suicide plasmid pNPTS138 (M. R. K. Alley, unpublished data),
which carries the nptl gene for initial selection and the sacB gene for
counterselection on sucrose. Wild-type B. abortus strain 2308 was trans-
formed with pNPTS138-AwrpA by electroporation, and single-crossover
integrants were selected on Schaedler blood agar (SBA) plates supple-
mented with kanamycin (Kan; 25 pug/ml). Counterselection for the sec-
ond crossover was carried out by growing Kan-resistant colonies over-
night under nonselective conditions and by plating the overnight cultures
on SBA plates supplemented with sucrose (150 mM) (52, 53). We per-
formed PCR screening to identify colonies in which the wild-type allele
was replaced with the deletion allele. Genetic complementation of the
deletion strain was carried out by transforming the B. abortus AwrpA
strain with the pNPTS138-wrpA plasmid, carrying the wild-type wrpA
allele. Primer and strain information is available in Tables S1 and S2 in the
supplemental material.

Oxidative stress assay. B. abortus wild-type, AwrpA, and ArpoEl
strains (strain information is available in Table S2 in the supplemental
material) grown on SBA plates for 48 h were harvested and resuspended in
Gerhardt’s minimal medium, pH 6.8 (GMM). Each cell sample was then
adjusted to a final cell density of 1 X 10® CFU/mlin 2 ml of GMM. The test
group was subjected to oxidative stress by the addition of 5 mM H,O,
(final concentration); the control group was mock treated with sterile
water. After 1 h of incubation in a shaking incubator at 37°C, cultures were
serially diluted and plated on tryptic soy agar (TSA) for counting of viable
CFU. Each experiment was performed at least three times for each strain.

Identification of compounds that support B. abortus metabolism in
axenic culture. Bacterial phenotype microarray (PM) assays (Biolog)
were carried out according to the supplier’s protocols. Briefly, B. abortus
strains (wild-type, AwrpA, and ArpoEI strains; strain information is avail-
able in Table S2 in the supplemental material) were streaked on an SBA
plate, cultivated at 37°C and 5% CO, for 48 h, restreaked, and grown for
another 48 h. Cells were scraped off the plate and resuspended in 1X IF-0a
medium (Biolog) at a final density equivalent to 5% transmittance (opti-
cal density [OD]) at 600 nm. PM inoculating fluids (PM1 to PM9+) were
prepared from 0.2-pm-filter-sterilized stock solutions at the following
final concentrations: for PM1 and -2, 2 mM MgCl,, 1 mM CaCl,, 25 uM
L-arginine, 50 wM L-glutamic acid, 5 wM B-NAD, 25 uM hypoxanthine,
25 pM 5'-UMP, 25 pM L-cystine (pH 8.5), 0.005% yeast extract, and
0.005% Tween 40; for PM3, -6, -7, and -8, 20 mM tricarballylic acid (pH
7.1), 2 mM MgCl,, 1 mM CaCl,, 5 pM B-NAD, 25 uM hypoxanthine, 25
wM 5'-UMP, 25 uM 1-cystine (pH 8.5), 0.005% yeast extract, 0.005%
Tween 40, 0.625 mM Dp-glucose, and 5 mM pyruvate; for PM4, 20 mM
tricarballylic acid (pH 7.1), 2 mM MgCl,, 1 mM CaCl,, 25 wM L-arginine,
50 pM L-glutamic acid, 0.005% yeast extract, 0.005% Tween 40, 0.625
mM p-glucose, and 5 mM pyruvate; for PM5, 20 mM tricarballylic acid
(pH 7.1), 2 mM MgCl,, 1 mM CaCl,, 0.625 mM p-glucose, and 5 mM
pyruvate; and for PM9+, 2 mM MgCl,, 1 mM CaCl,, 0.005% yeast ex-
tract, 0.005% Tween 40, 2.5 mM D-glucose, and 5 mM pyruvate. Inocu-
lating fluids PM1 to -5 were prepared in 1 X IF-0a GN/GP medium (final
concentration; Biolog), while PM9+ inoculating fluid was prepared in
1X IF-10b GN/GP medium (final concentration; Biolog). All solutions
had dye mix G (Biolog) added to a final concentration of 1X. A 1:13.6
dilution of 5% transmittance Brucella suspension was added to each in-
oculating fluid. One hundred microliters of Brucella-containing inoculat-
ing fluid per well was dispensed into each PM plate. PM plates were incu-
bated at 37°C and 5% CO,, and the absorbance at 630 nm was measured
every 12 to 24 h for up to 5 days, using a Tecan Infinite 200 Pro microplate

April 2016 Volume 198 Number 8


http://jb.asm.org

reader. Each screening experiment was performed two times for each
strain.

Cell culture and macrophage infection assay. Human monocytic
THP-1 cells were cultured in RPMI 1640 medium supplemented with
10% heat-treated fetal bovine serum (FBS) and 2 mM L-glutamine and
were differentiated into inactivated macrophages by the addition of 40
ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) for 48 hat
37°C in a 5% CO, atmosphere. For differentiation into activated macro-
phages, 40 ng/ml of PMA and 150 ng/ml of gamma interferon (IFN-v;
PrepoTech) were added to the THP-1 cell cultures for 48 h at 37°Cin a 5%
CO, atmosphere. For differentiation into immature dendritic cells, 100
ng/ml of recombinant human interleukin-4 (rhIL-4; Sigma-Aldrich) and
100 ng/ml of recombinant human granulocyte-macrophage colony-stim-
ulating factor (rhGM-CSF; Sigma-Aldrich) were added to the THP-1 cell
cultures for 48 h at 37°C in a 5% CO, atmosphere.

Prior to infection, bacteria were harvested from freshly plated SBA
plates and resuspended in sterile RPMI medium, and cell densities were
adjusted. For infection assays, 5 X 10* cells were infected with 5 X 10°
brucellae (wild-type or AwrpA strain [see Table S2 in the supplemental
material for strain information]) to achieve a multiplicity of infection
(MOI) of 1:100 in 96-well plates for 1 h in triplicate. Following infection,
extracellular bacteria were removed by treatment with gentamicin (50
pg/ml) for 20 min. To determine the numbers of intracellular bacteria at
1 h, 24 h, 48 h, and 72 h postinfection, cells (with the exception of imma-
ture dendritic cells) were washed three times with phosphate-buffered
saline (PBS) and lysed with 0.1 ml of 0.1% Triton X-100. The lysate was
serially diluted and plated on TSA plates for CFU counting. Each infection
experiment was performed in triplicate.

Mouse infection assay. Bacteria (WT, AwrpA, and AwrpA:wrpA
strains [see Table S2 in the supplemental material for strain information])
harvested from freshly plated SBA plates were resuspended in sterile PBS
and diluted to a final concentration of 5 X 10> CFU/ml. One hundred
microliters of each bacterial suspension was injected intraperitoneally
into 6-week-old female BALB/c mice (Harlan). At weeks 1, 4, 8, and 12
postinfection, 5 mice per strain were sacrificed, and spleens were removed
for weighing and CFU counting. For bacterial enumeration, each spleen
was homogenized in 5 ml of sterile PBS supplemented with 0.1% Tween
20. Each homogenized spleen solution was then serially diluted, and 10-pl
aliquots were plated on TSA plates for CFU counting. All mouse studies
were approved by the University of Chicago Institutional Animal Care
and Use Committee (IACUC).

Recombinant expression plasmids. Primers used for E. coli wrbA and
B. abortus wrpA and wrbA(Y80F) PCR amplification are listed in Table S1
in the supplemental material. After purification, the different PCR prod-
ucts were either treated with T4 polymerase (NEB) and directly inserted
into the pMCSG68 expression plasmid by a ligation-independent cloning
technique or digested with NdeI-Xhol and ligated into the pET28c expres-
sion plasmid. Plasmids were then transformed into E. coli Top10 cells.
After sequencing, plasmids with the different inserts were purified and
transformed into E. coli Rosetta (DE3)pLysS for protein expression (see
Table S2 for strain information).

Protein expression and purification. A 100-ml overnight Luria broth
(LB; Fisher) culture inoculated with the protein expression strains (see
Table S2 in the supplemental material for strain information) was used to
inoculate 1 liter of LB medium supplemented with the appropriate anti-
biotics. Overexpression of His-tagged WrbA and WrpA (used for P4,22
crystal form) proteins was induced at an ODg, of ~0.8 (37°C, 220 rpm)
by adding 1 mM isopropyl B-p-1-thiogalactopyranoside (IPTG; Gold-
Bio). After 5 h of induction, cells were harvested by centrifugation at
11,000 X g for 20 min at 4°C. Cell pellets were resuspended in 20 ml of 10
mM Tris-HCl, pH 7.4, 150 mM NaCl, 10 mM imidazole buffer supple-
mented with 5 pg/ml of DNase I and half a tablet of complete protease
inhibitor cocktail (Roche). Cells were disrupted by one passage in a mi-
crofluidizer (Microfluidics LV1). The resulting cell lysate was clarified by
centrifugation at 39,000 X g for 20 min at 4°C.
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Purification of His-tagged proteins was performed using nickel affin-
ity chromatography (nitrilotriacetic acid [NTA] resin; GE Healthcare).
After binding of the clarified lysate samples to the column, three washing
steps were performed, using Tris-NaCl buffers containing 10 mM, 30
mM, and 75 mM imidazole, followed by elution with Tris-NaCl buffer
containing 500 mM imidazole. All purification steps were carried out at
4°C. The protein purity of the different samples was assessed by 14%
SDS-PAGE and staining with Coomassie blue. B. abortus WrpA strongly
precipitates if imidazole is removed from the buffer. As such, the B. abor-
tus and E. coli purified proteins were dialyzed against Tris-NaCl buffer
(Tris-HCIL, pH 7.4, 150 mM NaCl) containing 200 mM imidazole.

For purification of the protein used for crystallization of the WrpA
P4,2,2 crystal form, a 1-liter culture of M9 medium was grown at 37°C
(190 rpm). Atan ODy, of ~1, the culture was cooled to 4°C and supplied
with 90 mg of L-selenomethionine (Se-Met) and 25 mg each of methio-
nine biosynthetic inhibitory amino acids (1-valine, L-isoleucine, L-leucine,
L-lysine, 1-threonine, and r-phenylalanine). Protein expression was in-
duced overnight at 18°C with 0.5 mM IPTG. Cell pellets were resus-
pended in lysis buffer (500 mM NaCl, 5% [vol/vol] glycerol, 50 mM
HEPES, pH 8.0, 20 mM imidazole, and 10 mM B-mercaptoethanol)
and treated with lysozyme (1 mg/ml). Debris was removed by centrif-
ugation. Se-Met WrpA was purified via Ni-NTA affinity chromatogra-
phy, using an AKTAxpress system (GE Health Systems). The protein
was washed and eluted using a linear imidazole gradient (10 to 250
mM). Immediately after purification, the His tag was cleaved at 4°C for
24 to 48 h, using a recombinant His-tagged tobacco etch virus (TEV)
protease, resulting in an untagged WrpA protein with an N-terminal
Ser-Asn-Ala peptide. An additional Ni-NTA purification step was per-
formed to remove the protease, uncut protein, and affinity tag. The
purified protein was then dialyzed against a 20 mM HEPES, pH 8.0,
250 mM NaCl, and 2 mM dithiothreitol (DTT) buffer.

For every construct, protein concentrations were estimated by UV
absorption spectroscopy (280 nm) using a NanoDrop 1000 spectropho-
tometer (Thermo Scientific) or by use of a Pierce bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific). When necessary, pu-
rified proteins were concentrated using a centrifugal filter unit (3-kDa
molecular mass cutoff; Amicon-Millipore).

UV-visible spectrophotometry. Immediately after purification, UV-
visible spectra were measured for E. coli WrbA and B. abortus WrpA. One
milliliter (200 wM) of each protein was loaded into a 1-cm-path-length
quartz cuvette, and the absorbance was measured from 200 to 700 nm,
using a Shimadzu UV-1650pc spectrophotometer.

Size exclusion chromatography. Protein complexes were analyzed by
size exclusion chromatography after affinity purification. Concentrated
samples (300 pl of a 10-mg/ml protein sample, with or without 1 mM
FMN) were injected onto a GE Healthcare Superdex 200 10/300 GL col-
umn (flow rate, 0.5 ml/min). Elution profiles were measured at two dif-
ferent wavelengths (280 and 446 nm), and fractions of 500 pl were col-
lected during the run; the same dialyzing buffer as that described above for
protein purification was used for all runs. Protein standards (blue dextran
[2,000 kDa], aldolase [158 kDa], conalbumin [75 kDa], and ovalbumin
[43 kDa]) were also injected into the column, and the corresponding
calibration curve was use for molecular size estimation of the different
complexes (see Fig. S1 in the supplemental material).

Enzyme activity assays. The enzymatic activities of purified E. coli
WrbA and B. abortus WrpA in the presence of FMN or flavin adenine
dinucleotide (FAD) were assayed by monitoring the oxidation of NADH
at 340 nm. Each purified protein (100 nM) was mixed with 100 pM
NADH and 250 uM benzoquinone in 10 mM Tris-HCI, pH 7.4, 150 mM
NaCl buffer. Reactions were started by the addition of the purified pro-
teins. WrbA was assayed immediately after purification, without addition
of FMN. WrpA was preincubated with the FMN/FAD cofactors (1 mM)
for 1 h on ice, and activity was then assayed. Assays were performed in a
1-cm-path-length quartz cuvette at room temperature with a total volume
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of 1 ml and were monitored for 120 s by use of a Shimadzu UV-1650pc
spectrophotometer.

Crystallization of B. abortus WrpA. (i) P4,22 crystal form. Initial
crystallization screening was carried out using the hanging-drop vapor
diffusion technique in 96-well microplates (Nunc). Trays were prepared
using a Mosquito robot (TTP LabTech) and commercial crystallization
kits (Nextal-Qiagen). The drops were set up by mixing equal volumes (0.1
wl) of the purified protein and the precipitant solutions equilibrated
against 75 pl of crystallization solution. The protein concentration used
was 17 mg/ml. P4,22 crystals appeared in approximately 5 days under
condition 83 of the Cryos Suite crystallization kit (Qiagen). After manual
refinement of the crystallization conditions, the best crystals were ob-
tained at 19°C with the following crystallization solution: 100 mM sodium
acetate, pH 4.6, 300 mM ammonium sulfate, 20% polyethylene glycol
2000 (PEG 2000) MME. Prior to flash freezing in liquid nitrogen, crystals
were cryo-protected by soaking in crystallization solution containing 20%
glycerol.

(ii) P452,2 crystal form. Initial crystallization screening was carried
out using the sitting-drop vapor diffusion technique in 96-well Crys-
talQuick plates (Greiner Bio-One). Trays were prepared using a Mosquito
robot (TTP LabTech) and commercial crystallization kits (MCSG-1 to -4;
Microlytic Inc.). The drops were set up by mixing equal volumes (0.4 pl)
of the purified protein and the precipitant solutions equilibrated against
140 pl of crystallization solution. The protein concentration used was 12.7
mg/ml. P4,2,2 crystals appeared within a week under condition 8 of the
MSCG-2 crystallization kit (Qiagen). After manual refinement of the crys-
tallization conditions, the best crystals were obtained at 16°C with the
following crystallization solution: 0.2 M potassium formate, pH 7.3, 20%
(wt/vol) PEG 3350. For FMN binding studies, crystals were quickly soaked
(10 min) in 0.1 M FMN with 0.2 M potassium formate, pH 7.3, 20%
(wt/vol) PEG 3350, and 10% glycerol. Prior to flash freezing in liquid
nitrogen, crystals were cryo-protected by soaking in crystallization solu-
tion containing 20% glycerol.

Crystallographic data collection and data processing. For the apo-
WrpA P4,22 crystal form, crystal diffraction was measured at 100 K, using
a 1-degree oscillation range, on beamline 21-ID-F (LS-CAT; Advanced
Photon Source, Argonne, IL). Diffraction images were collected on a
MAR Mosaic 300 detector (LS-CAT) and processed using the —3d ap-
proach in xia2 (54-59). Geometric refinement and examination of the
scaled amplitudes revealed that the WrpA crystals belonged to tetragonal
space group P4,22, with the following cell dimensions: a = 61.28, b =
61.28, and ¢ = 128.34 (see Table S3 in the supplemental material).

Diffraction from a single WrpA protein crystal was measured to 2.5 A
at 12.66 keV (0.979 A). The structure was solved by molecular replace-
ment in PHENIX (60), using a WrpA search model based on the E. coli
WrbA structure (PDB ID 3B6I) generated with the Expasy SWISS-Model
server (61). The number of WrpA molecules in the asymmetric unit was
estimated using the Matthews Probability Calculator (http://www.ruppweb
.org/mattprob/). We found one molecule in the asymmetric unit for the
P4,22 form. The initial structural models were manually examined and cor-
rected; ions and water molecules were added, and refinement of the structure
was conducted iteratively using COOT and PHENIX refine (60). The final
structural model was refined to an R, value of 23.9% and an Ry, value
0f 26.8%. Crystallographic data and refined model statistics are presented
in Table S3 in the supplemental material. The diffraction data set for this
crystal form has been uploaded to the Structural Biology Data Grid (62)
and is available for download at http://dx.doi.org/10.15785/SBGRID/203.

For the WrpA P42, 2 crystal form, Se-Met crystal diffraction was mea-
sured at 100 K, using a 1-degree oscillation range, on beamline 19-ID
(SBC-CAT; Advanced Photon Source, Argonne, IL). Diffraction images
were collected on an ADSC Q315r detector (SBC-CAT) and processed
using the HKL3000 suite (63). Diffraction data measured to 2.50 A for
both the apo-form and the FMN-bound form were collected with an
X-ray wavelength near the selenium edge of 12.66 keV (0.979 A). Geomet-
ric refinement and examination of the scaled amplitudes revealed that the
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WrpA crystals belonged to tetragonal space group P452,2, with the fol-
lowing cell dimensions: a = 63.58, b = 63.58, and ¢ = 188.53 (see Table S3
in the supplemental material). The diffraction data set for this crystal form
has been uploaded to the Structural Biology Data Grid (62) and is avail-
able for download at http://dx.doi.org/10.15785/SBGRID/202.

The structure of the apo-form was determined independently by sin-
gle-wavelength anomalous diffraction (SAD)phasing and initial auto-
matic protein model building with resolve, buccaneer, or Arp/Warp, all as
implemented in the HKL3000 software package. The initial model for the
apo-form built using COOT was used to determine the structure of the
FMN-bound form by molecular replacement using HKL3000. The struc-
ture of the FMN-bound form was then iteratively refined using COOT,
PHENIX, and/or REFMAC (60); FMN cofactors, ions, and water mole-
cules were also added. The final structural model was refined to an R
value of 23.03% and an Rg,,, value of 26.90%. Crystallographic data and
refined model statistics are presented in Table S3 in the supplemental
material.

Protein sequence and structure alignments. Amino acid sequences
were aligned using the T-COFFEE multiple-sequence alignment server
(64) and shaded using BoxShade. Structural alignments and root mean
square deviation (RMSD) calculations were carried out using FATCAT
(65) or PyMOL (PyMOL molecular graphics system, version 1.7.4;
Schrédinger, LLC). PyMOL was used to visualize hydrophobic and elec-
trostatic surfaces. The ConSurfserver (66) was used to visualize conserved
regions. The XtalPred server (67) and the Dali server (68) were used to
find proteins with the highest structural and sequence homologies. A
structural model of WrpA based on the E. coli WrbA structure (PDB ID
3B6]) was generated using the ExXPASy SWISS-Model server (61) and used
to model the missing loops.

Protein structure accession numbers. The coordinates of the B. abor-
tus WrpA P4,22 structure have been deposited in the Protein Data Bank
under PDB ID 5F51, and the coordinates for B. abortus WrpA bound to
FMN have been deposited under PDB ID 5F4B.

RESULTS

wrpA transcription is strongly activated by the general stress
response (GSR) system under oxidative conditions, but wrpA is
not necessary for resistance to acute oxidative stress in vitro.
Wild-type B. abortus and strains harboring in-frame deletions of
the GSR regulator genes rpoEl and lovhK were previously chal-
lenged with oxidative stress in an effort to characterize the in vitro
stress survival deficit of GSR regulatory mutants and to define
the GSR transcriptional regulon (48, 49). We found that o®'
and LovhK mediated a 30-fold increase in transcription of the
babl_1070 gene (wrpA) under oxidative conditions (Fig. 1A).
wrpA contains a canonical o™ binding site in its promoter and is
among the most strongly activated genes in the GSR regulon (Fig.
1B). WrpA is 40 to 55% identical at the primary structure level to
known WrbA NADH:quinone oxidoreductases, which, as out-
lined in the introduction, have been implicated as resistance fac-
tors in response to oxidative stress in other bacterial species. As
such, we investigated the role of WrpA in B. abortus oxidative
stress survival in vitro.

We treated a B. abortus strain harboring an in-frame deletion
of wrpA (AwrpA) with 5 mM H,0O, for 1 h and plated it on TSA
plates to enumerate viable CFU. Loss of AwrpA cell viability after
treatment was statistically equivalent to that of the wild-type strain
subjected to the same treatment (Fig. 1C). As a positive control,
we also subjected the ArpoEl strain to the same oxidative stress
treatment. As expected (48), the ArpoE] strain exhibited a >1-log
loss in cell viability under this condition.
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FIG 1 Regulated expression of wrpA (babl_1070). (A) Differential expres-
sion of wrpA under oxidative stress in B. abortus ArpoEI and AlovhK back-
grounds relative to the wild type (WT) as measured by transcriptome sequenc-
ing (RNA-seq) (49). (B) Cartoon representation of the wrpA promoter region,
with the consensus 0! binding site at the —35 and — 10 regions. (C) Oxidative
stress (H,O,) resistance of the B. abortus 2308 wild-type (WT) strain, the
AwrpA strain, and the ArpoE] strain. CFU ratios between the treated and
untreated strains (mock) are presented on a log scale. Experiments were
performed in triplicate; error bars represent standard deviations.

WrpA (bab1_1070)

wrpA is not a major genetic contributor to GSR-mediated cell
survival. While we observed no deficit in viability of the AwrpA strain
relative to that of the wild type in the presence of 5 mM H,0,, we
considered that WrpA may confer a growth or survival advantage
under other conditions. As such, we implemented the Biolog pheno-
typing platform (69) to assay the growth of B. abortus wild-type and
AwrpA strains under 1,920 distinct metabolic and chemical/drug
conditions. As a positive control, we also screened a strain harbor-
ing an in-frame deletion of the known GSR regulator gene rpoEl.

Wild-type B. abortus growth in the Biolog platform identified
molecules that are catabolized as sole carbon, nitrogen, sulfur, and
phosphorus sources. These measurements captured known met-
abolic traits of B. abortus (70), including utilization of erythritol,
which has previously been described for Brucella (71, 72) and re-
lated Rhizobiales (73-75). B. abortus exhibited growth on several
hexose (D-fructose, D-glucose, D-galactose, and D-fucose) and
pentose (L-arabinose, D-xylose, D-ribose, and adonitol) sugars,
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amino acids, and dipeptides. While a B. abortus rpoE1 null mutant
exhibited growth defects under a number of metabolic and stress
conditions (Fig. 2A; see Table S4 in the supplemental material),
the AwrpA strain did not exhibit comparable growth defects under
any assayed condition (Fig. 2B).

The AwrpA strain is not attenuated in cell or animal infec-
tion models, and wrpA affects the magnitude of splenomegaly in
infected mice. We next tested whether deletion of wrpA affects B.
abortus infection and replication in cell-based and animal infec-
tion models. Inactive and IFN-v-activated human macrophage-
like cells and immature dendritic cells were derived from a THP-1
monocytic cell line and infected with either the wild-type or
AwrpA B. abortus strain. Infected mammalian cells were lysed and
plated on TSA for CFU enumeration at 1, 24, 48, and 72 h postin-
fection. We observed no difference in the number of CFU between
the wild-type strain and the AwrpA strain for any cell type, pro-
viding evidence that deletion of wrpA does not affect the potential
of B. abortus to infect and replicate in the host in these in vitro
infection models (Fig. 3A). We further evaluated the capacity of
the AwrpA strain to infect, colonize, and persist in the mouse
spleen over a 3-month time course. Mice were injected intraperi-
toneally with 5 X 10* CFU of the wild-type, AwrpA, or comple-
mented AwrpA (AwrpA::wrpA) strain and sacrificed at 1, 4, 8, and
12 weeks postinfection. For each time point, spleens were har-
vested and plated for CFU enumeration. There was no difference
in the number of B. abortus organisms per mouse spleen between
strains at any time point (Fig. 3B). However, we did observe a
statistically significant difference in spleen weight at 4 weeks
postinfection: mice infected with the AwrpA strain had elevated
splenomegaly at this time point relative to mice infected with the
wild type (P < 0.05) (Fig. 3B). This result suggests that WrpA
modulates the inflammatory capacity of B. abortus in a mouse
model. Adding a wild-type copy of wrpA to the AwrpA null strain
genetically complemented this splenomegaly phenotype.

WrpA forms a stable tetrameric protein complex that does
not bind FMN in solution. The results of our in vitro and in vivo
functional analyses of B. abortus wrpA suggested that this gene,
though homologous to the well-characterized wrbA family genes,
may not encode a flavin-binding oxidoreductase involved in the
oxidative stress response. As such, we sought to biochemically and
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FIG 2 Bacterial phenotype microarray analysis. (A) Comparison of cell growth between wild-type B. abortus 2308 (WT) and the B. abortus ArpoEl strain
across a range of distinct metabolic and stress conditions. The plot shows tetrazolium reduction (measured at 630 nm) after 72 h in the WT strain versus
the ArpoEI strain. Dotted lines show the 99% confidence prediction band; red dots correspond to conditions where the ArpoEI strain showed a difference
in growth relative to that of the WT, outside the 99% confidence prediction band, after 72 h. The full list of conditions in which the ArpoEI strain differed
from the WT (with data collected at multiple points on the growth curve) is presented in Table S4 in the supplemental material. (B) Comparison of cell
growth between wild-type B. abortus 2308 (WT) and the B. abortus AwrpA strain across the same set of conditions after 72 h. We detected no significant,
repeatable differences between strains after 72 h or at any other time points measured. Each full screen of 1,920 conditions was performed in duplicate for
each strain, and results were averaged.
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FIG 3 In vitro and in vivo infection assays. (A) Infection of differentiated
THP-1 cells with wild-type B. abortus 2308 and AwrpA strains. The infected
cells were inactivated macrophages (IM), activated macrophages (AM), or
immature dendritic cells (IDC). The numbers of B. abortus CFU recovered
from different THP-1 cell variants at 1, 12, 24, and 72 h postinfection were
plotted. Each infection was performed in triplicate; error bars represent stan-
dard errors of the means (SEM). (B) Mice (n = 5 per strain per time point)
were injected intraperitoneally with 5 X 10* brucellae (wild-type, AwrpA, and
AwrpA:wrpA strains). Spleens were harvested, weighed (top), and plated for
CFU enumeration (bottom) at 1, 4, 8, and 12 weeks postinfection. Error bars
represent SEM. Data were analyzed by one-way analysis of variance (ANOVA)
followed by Dunnett’s posttest (for spleen weight at 4 weeks, P is <0.05).

structurally characterize the B. abortus WrpA protein. To this end,
we expressed and purified recombinant WrpA; as a positive con-
trol, we also expressed and purified a recombinant version of the
E. coli WrbA NADH:quinone oxidoreductase.

After Ni*" affinity purification, WrpA appeared colorless at
visible wavelengths, suggesting that no flavin cofactor was bound
to the protein. Using the same purification protocol, E. coli WrbA
appeared bright yellow, indicating the presence of a bound FMN
cofactor. Indeed, a UV-visible (200 to 700 nm) absorption scan of
purified E. coli WrbA clearly shows a spectrum characteristic of
flavoproteins, consistent with its previous description as an FMN-
binding enzyme. We observed no flavin absorption spectrum for
purified B. abortus WrpA (Fig. 4A).

Though WrpA did not copurify with a flavin cofactor, we con-
sidered the possibility that the protein formed a low-affinity inter-
action with FMN that was disrupted during affinity purification.
To test this hypothesis, we mixed 420 puM WrpA with 1 mM FMN
in Tris-HCl, pH 7.4, 150 mM NaCl buffer and performed size
exclusion chromatography. The elution profile of this mixture
was monitored at 280 nm and 446 nm and compared to that of
WrpA alone. WrpA alone eluted at a volume with an apparent
molecular mass of 118 kDa, which is consistent with a tetramer or
pentamer (23.6 kDa per monomer) (Fig. 4B; see Fig. S1 in the
supplemental material). WrpA injected in the presence of 1 mM
FMN had an identical elution volume and no absorption signal at
446 nm. A large peak at 446 nm eluted after 23.8 ml, which corre-
sponds to the full column volume and is consistent with a small
molecule, such as FMN (Fig. 4B). This result provides evidence
that WrpA is a multimer in solution that does not interact with
FMN at the concentrations tested, though we cannot exclude the
possibility that an FMN-WrpA association occurs but is rapidly
reversible. These results also provide evidence that the presence of
FMN does not affect the oligomeric state of WrpA at the assessed
concentrations, unlike what has been described previously for E.
coli WrbA (39) and other flavodoxin-like proteins (44, 76).

WrpA is not an active NADH:quinone oxidoreductase in
vitro. While our biochemical analysis of purified WrpA failed to
identify binding between the protein and FMN, it remained pos-
sible that these molecules formed a transient but functionally rel-
evant interaction. Therefore, we tested the ability of WrpA to ox-
idize NADH in the presence of FMN or FAD and benzoquinone.
In this assay, we mixed 100 nM WrpA preincubated with 1 mM
flavin with 250 wuM NADH and 500 M benzoquinone. We then
monitored change in absorbance at 340 nm, which provides a
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FIG 4 Biochemical characterization of Brucella abortus WrpA. (A) UV-visible spectra of purified E. coli WrbA (WrbAy,) and B. abortus WrpA. (B) Size exclusion
chromatography of purified WrpA incubated with or without FMN. The corresponding standard curve used for molecular size calculation is presented in Fig. S1 in the
supplemental material. (C) Representative NADH:quinone oxidoreductase assay. Purified WrbA. and WrpA with the FAD or FMN cofactor were subjected to an
enzymatic activity assay in which oxidation of NADH in the presence of benzoquinone (BQ) was monitored spectrophotometrically at 340 nm.
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FIG 5 Structure of B. abortus WrpA. (A) WrpA tetramer with one monomer colored pink. Chloride ions and FMNs are colored green and orange, respectively.
(B) Ribbon diagram of a WrpA monomer (from the P4,2,2 crystal form), with a-helices shown in cyan, B-strands in yellow, a chloride ion as a green sphere, and
the FMN cofactor in orange. Missing regions of polypeptide are represented with dashed lines. (C) Zoomed view of the WrpA FMN binding site. The model is
asurface-rendered model of WrpA (white) with the FMN cofactor from E. coli WrbA (FMNg_ PDB ID 3B6M) modeled at its expected position into the open B.
abortus WrpA cavity. The sulfate ion from the P4,22 crystal form is modeled as yellow sticks, and the chloride ion from the P4;2,2 crystal form is modeled as a
green sphere. Chloride and sulfate ions from the two WrpA crystal forms overlap the terminal phosphate of FMNg_. The FMN cofactor (FMNy,; orange) from
the FMN-soaked WrpA crystal structure is stacked between the W98 and Y80 side chains (red); Y80 hydrogen bonds with residues D92 and Q131 (cyan) are
shown as dotted lines. (D) Zoomed views of B. abortus WrpA (WrpAg,) and E. coli WrbA (WrbAy ) active site cavities. The WrbA . FMN cofactor (orange; PDB
ID 3B6M) (33) is modeled into the WrbAp. and WrpAy, active sites to show the similarity in the physicochemical properties of these regions. (Left) Surface
representation of active site hydrophobicity. (Right) Surface representation of the electrostatic potentials of the active sites. Missing regions of the WrpAg,
structure described to participate in active site formation in E. coli WrbA were modeled using the SWISS-Model server (using the structure under PDB ID 3B6]J

as the template).

colorimetric readout of NADH oxidation into NAD™. Our posi-
tive control, E. coli WrbA (36), exhibited clear NADH:quinone
oxidoreductase activity, with full oxidation of NADH within 1
min. Purified B. abortus WrpA had no NADH:quinone oxi-
doreductase activity above that of the buffer control in the pres-
ence of either FMN or FAD (Fig. 4C). We note that for some
flavodoxins, the enzymatic activity depends on the protein’s oli-
gomeric state (44). Our data show that B. abortus WrpA is a stable
oligomer in the presence and absence of flavin cofactors but do
not exclude the possibility that other proteins or cofactors are
required to elicit a change in oligomeric state and/or enzymatic
activity.

WrpA crystal structures reveal a WrbA-like fold that can in-
teract with FMN in a noncanonical fashion. To address the ques-
tion of whether particular structural features of WrpA could ex-
plain the absence of flavin cofactor binding and oxidoreductase
activity in vitro, we solved structures of B. abortus WrpA in two
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tetragonal crystal forms: P452,2, with two monomers in the asym-
metric unit (ASU), and P4,22, with one monomer in the ASU. In
both crystal forms, WrpA monomers are arranged about crystal-
lographic symmetry axes in the same tetrameric configuration
(Fig. 5A). This oligomeric organization is consistent with the bi-
ological assembly described for WrbA-like proteins of other spe-
cies (31, 33, 38) and is congruent with our size exclusion chroma-
tography data (Fig. 4B). Monomers from both crystal forms are
highly similar (average RMSD of the C-a atomic coordinates =
0.35 A) (see Fig. S2A in the supplemental material) and are further
described below. Crystallographic data and refinement statistics
are presented in Table S3.

The overall tertiary structure of the WrpA monomer is most
closely related to that of E. coli WrbA (PDB ID 3B6M; ~50%
sequence identity; C-a RMSD = 0.5 A). B. abortus WrpA is com-
posed of 4 parallel B-strands organized into a B-sheet with 5 sur-
rounding a-helices (Fig. 5B). An additional a-helix (a; Y144 to
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G157) is present in the P4,2,2 crystal form (Fig. 5B; see Fig. S2A in
the supplemental material). In the P4,22 form, polypeptides span-
ning residues A115 to G119 and A145 to S172 are missing electron
density, likely due to disorder, and are therefore not modeled. The
electron density for the polypeptide spanning V42 to K53 is also
poor (see Fig. S2A). The FMN binding site in this crystal form does
not contain a flavin cofactor. However, a sulfate ion occupies the
position corresponding to the 5’ phosphate of FMN in the E. coli
holo-WrbA structure (Fig. 5C; see Fig. S2B).

The P4;2,2 crystal form also has missing density for polypep-
tides spanning V42 to K53, A115 to G119, and M163 to S172 (Fig.
5B; see Fig. S2A in the supplemental material). After soaking the
crystals in a solution containing FMN, we observed single bound
FMN molecules at the same position in each WrpA monomer
(Fig. 5A and B). However, the position of FMN was distinct from
that in E. coli WrbA: the flavin isoalloxazine ring was stacked be-
tween the tryptophan (W98) side chain of one monomer and the
tyrosine (Y80) side chain of the opposite monomer, approxi-
mately 11 A away from the FMN binding site in E. coli WrbA (Fig.
5C). Residue W98 has previously been described for E. coli WrbA
to be part of the hydrophobic active site, with the aromatic sub-
strates being stacked between the side chain of the tryptophan and
the FMN ring (33). In addition to this m-stacking interaction,
FMN also makes hydrogen bonds with the side chains of H134 and
E148, present in the opposite monomer and the adjacent mono-
mer, respectively (see Fig. S2C). A simulated annealing composite
omit map (contoured at 10 of this FMN molecule is presented in
Fig. S2C.

The location of FMN positions the terminal phosphate of its
ribityl tail outside the usual binding pocket. This pocket is instead
occupied by a Cl™ ion in this WrpA crystal form, which is in the
same position as the SO, ion in the P4,22 (apo) crystal form
(Fig. 5C; see Fig. S2D in the supplemental material). A chloride
ion has previously been described for the same position in the E.
coli apo-WrbA structure (PDB ID 2RG1) (38). Residue Y80,
which forms -stacking interactions with the FMN ring, also
makes close hydrogen bonds with residues D92 and Q131 of the
opposite monomer (Fig. 5C). A phenylalanine is present at the
same position in enzymatically active WrbA-like proteins (Fig.
6C). To test whether interaction of the Y80 hydroxyl moiety with
D92 and Q131 may constrain FMN binding in WrpA, we gener-
ated a Y80F mutant. However, WrpA(Y80F) also failed to bind
FMN or to exhibit oxidoreductase activity (Fig. 4C).

The phosphate group of FMN bound to the P4;2,2 crystal form
interacts with the side chain of Y12 (see Fig. S2C in the supple-
mental material), which has been described to participate in a
nonproductive NADH interaction in E. coli WrbA (PDB ID 3B6])
(33). However, an alternative view of NADH binding has been
reported for the flavodoxin-like EmoB protein (PDB ID 4LTN)
(77). In this structure, FMN and NADH molecules are stacked
through their isoalloxazine and nicotinamide rings; modeling
of these two molecules into the binding cavity suggests that B.
abortus WrpA could accommodate both FMN and NADH si-
multaneously (see Fig. S3A). With this stated, however, the
actual position of FMN that we observed in our crystal structure is
clearly not compatible with NADH (see Fig. S3B) or benzoquinone
(see Fig. S3C) binding.

The two crystal structures of B. abortus WrpA presented here
are highly homologous to those of WrbA from E. coli and other
species and do not easily explain why WrpA fails to bind FMN in
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solution. Indeed, the cofactor binding pockets of WrpA and WrbA
have equivalent volumes and very similar hydrophobic and elec-
trostatic characteristics, and it is clearly possible to model FMN
into the WrpA cofactor binding pocket (Fig. 5D) with an NADH
or benzoquinone substrate (see Fig. S3A in the supplemental ma-
terial). We note that unusual FMN interactions in flavodoxin-like
proteins have previously been reported in the literature: in the E.
coli SsuE (PDB ID 4PTZ) and Mesorhizobium spp. EmoB (PDB ID
4LTM) flavoproteins, two stacked FMN molecules are present in
the active site. The first FMN is in the typical binding site; the
second FMN occupies a position closer to the FMN binding posi-
tion we observed for WrpA (see Fig. S3D). However, in these
proteins, the second FMN is displaced by an NAD(P)H molecule
during the enzymatic reaction (76, 77).

The disordered regions of WrpA interact with the FMN co-
factor and substrates in WrbA. As discussed above, several re-
gions of polypeptide corresponding to loops that connect ele-
ments of secondary structure in E. coli WrbA (31, 33, 38) are
missing in both WrpA crystal forms, presumably due to disorder
(Fig. 6A). However, if we model the missing regions in the WrpA
active site and compare it to WrbA-like protein active sites, both
sites appear to be very similar (Fig. 6B). The loop containing V42
to K53 (connecting 32 and a2b) (Fig. 6A and C) has previously
been described for WrbA family proteins (31, 33, 38) and contains
a helical segment (a2a) that helps to form a hydrophobic groove
that accommodates the mispositioned NADH in E. coli WrbA
(33). Electron density for this loop is absent in the P452,2 crystal
form and is poorly modeled in the P4,22 form, suggesting that it is
dynamic (see Fig. S2A in the supplemental material). The hydro-
phobic loop containing A115 to G119, which connects 34 to a4
and makes important contacts with the FMN isoalloxazine ring in
WrbA (31, 33, 38), is also absent in both of our structures (Fig. 6A
and C). Lastly, the region spanning B5a-B5b-a5 in E. coli WrbA
(33, 38) is partially missing in our P4,22 (from A145 to S172) and
P4;2,2 (from M163 to S172) structures (Fig. 6A and C). This
region makes important contacts with FMN in WrbA (31, 33, 38).
Notably, the WrpA primary structure (Y144 to G157) corre-
sponding to insertion loop 2 in E. coli WrbA (Fig. 6C) is mostly
helical (o) in the WrpA P452,2 crystal form and protrudes out-
side the tetramer (Fig. 6A and C; see Fig. S2A). This conformation
is not favorable with the 35-strand formation and may explain the
absence of 35 in our structural models. Overall, the regions of
missing electron density in the B. abortus WrpA structures
presented here are similar to regions missing from the E. coli
apo-WrbA structure (PDB ID 2RG1) (38), suggesting that the
interactions with the cofactor and substrates stabilize these
portions of polypeptide.

DISCUSSION

PhyR phosphorylation by LovhK frees "' from an inhibiting in-
teraction with NepR and promotes the transcription of genes in-
volved in B. abortus stress adaptation and chronic infection (48,
49). B. abortus wrpA contains a consensus o' binding site, and its
transcription is strongly activated by o™ under oxidative condi-
tions (Fig. 1A and B) (48). Crystal structures of WrpA reveal a
flavodoxin-like protein that is closely related to known WrbA
NADH:quinone oxidoreductases (Fig. 5 and 6). While the tran-
scriptional and structural data suggest a role for WrpA in adapta-
tion to oxidative stress, deletion of wrpA had no significant effect
on the ability of B. abortus to survive acute peroxide stress in vitro,
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nor did deletion of wrpA compromise infection and replication of
B. abortus in cell-based or animal infection models (Fig. 1Cand 3A
and B). However, mice infected with the AwrpA strain did exhibit
elevated splenomegaly at week 4 (Fig. 3B), suggesting that WrpA
can modulate B. abortus interaction with the host. Notably, in-
creased splenomegaly did not correlate with an increase in the
number of CFU per spleen, providing evidence that the AwrpA
strain elicits a stronger inflammatory response than that seen with
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the wild type. The basis of this inflammatory response is not
known at this time, though it is possibly related to levels of [IFN-vy,
IL-12, or cyclic beta-1,2-glucan in the host, which are correlated
with the development of splenomegaly (78, 79).

The lack of an in vitro stress phenotype or attenuation of
infection for the AwrpA strain could also be due to functional
redundancy with other redox enzymes. Such cases have been
noted for P. aeruginosa, where flavodoxin-like proteins have no
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apparent protective effect unless the katA catalase gene is also
deleted (13).

Our functional analysis of purified WrpA revealed surprising
biochemical properties. Specifically, WrpA does not form a stable
complex with a flavin cofactor in solution (Fig. 4A and B), despite
high sequence and structural homologies with E. coli WrbA (Fig.
6C). While soaking one crystal form of WrpA with FMN did reveal
an atypical, and likely low-affinity, binding site (Fig. 5B and C), we
failed to observe NADH:quinone oxidoreductase activity under
several assay conditions (Fig. 4C). Notably, the FMN-protein in-
teraction we observed in the P4,;2,2 crystal form is analogous to
that of classic flavodoxins, with each side of the isoalloxazine ring
m-stacking with tryptophan and tyrosine side chains (see Fig. S3E
in the supplemental material) (14-16, 92), but is not compatible
with NADH or benzoquinone binding (see Fig. S3B and C). While
this cofactor interaction in WrpA is distal from the established
WrbA functional FMN binding site, we cannot exclude the possi-
bility that the FMN binding we observe in soaked crystals is func-
tionally relevant in the cell. The atypical FMN position in WrpA
evokes the second bound FMN cofactor that has been reported
outside the FMN binding site in EmoB and SsuE (see Fig. S3D),
though both of these proteins exhibit strong oxidoreductase ac-
tivity in vitro (76, 77, 80-82).

A careful comparison of the sequences and structures of WrpA
and related WrbA proteins failed to reveal differences that could
easily explain why WrpA does not bind a flavin cofactor in the
typical location (Fig. 5 and 6). Certainly, the archetypal FMN
binding pocket of WrpA is fully intact and closely resembles that
defined in E. coli and related WrbA crystal structures (Fig. 6; see
Fig. S3A in the supplemental material). Indeed, expression and
purification of E. coli WrbA by use of the same purification pro-
tocol (as a control for our enzymatic and binding assays) revealed
a clearly visible absorption signal for FMN and corresponding
NADH:quinone oxidoreductase activity (Fig. 4A and C). With
this stated, it is important that two crystal forms of B. abortus
WrpA grown in two distinct buffer conditions showed several
shared regions of missing electron density (Fig. 5B and 6A and C;
see Fig. S2A). These regions of protein structure are presumed
to be disordered under the assayed conditions and may have
positive or negative effects on the binding of the FMN cofactor
or other redox substrates. WrpA activity may also require as-
sociation with other accessory proteins that modulate the
structure of these regions, and hence the ability of WrpA to
function as an enzyme. As we present in Table 1 and as pre-
sented in previous studies (35, 76, 77), flavodoxin-like proteins
have very conserved three-dimensional folds but strongly dif-
fer at the amino acid sequence level and in their oligomeric
state in solution. These primary and quaternary structural dif-
ferences define the nature of the cofactors and substrates uti-
lized by these proteins. Thus, despite its clear homology to
WrbA-like proteins, we cannot exclude the possibility that
WrpA uses different cofactors and substrates and has a differ-
ent enzymatic function from those predicted using sequence-
based and structural bioinformatic approaches.
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