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Summary

In the intracellular pathogen Brucella abortus, the general stress response (GSR) signaling system
determines survival under acute stress conditions in vitro, and is required for long-term residence
in a mammalian host. To date, the identity of the Brucella sensor kinase(s) that function to
perceive stress and directly activate GSR signaling have remained undefined. We demonstrate that
the flavin-binding sensor histidine kinase, LovhK (bab2_0652), functions as a primary B. abortus
GSR sensor. LovhK efficiently and specifically phosphorylates the central GSR regulator, PhyR,
and activates transcription of a set of genes that closely overlaps the known B. abortus GSR
regulon. Deletion of lovhK severely compromises cell survival under defined oxidative and acid
stress conditions. We further show that lovhK is required for cell survival during the early phase of
mammalian cell infection and for establishment of long-term residence in a mouse infection
model. Finally, we present evidence that particular regions of primary structure within the two N-
terminal PAS domains of LovhK have distinct sensory roles under specific environmental
conditions. This study elucidates new molecular components of a conserved signaling pathway
that regulates B. abortus stress physiology and infection biology.
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Introduction

The a-proteobacteria, Brucella spp., are intracellular pathogens that are particularly adept at
establishing long-term interactions with a range of mammalian cell types (Moreno &
Moriyon, 2006). The ability of these species to stably inhabit phagocytes and other host cells
facilitates successful evasion of the immune response and underlies the development of
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chronic infection. We have previously shown that the general stress response (GSR)
signaling pathway regulates Brucella abortus stress physiology, and chronic B. abortus
persistence in a mouse infection model (Kim et al., 2013). In this study, we identify and
characterize protein sensors that control activation and repression of the B. abortus GSR
pathway.

In the a-proteobacteria, the GSR is controlled by a hybrid signaling system that integrates
features of two-component signal transduction (TCS) and alternative o factor regulation.
This system is encoded from a conserved genetic locus that includes three main components:
phyR, nepR, and an EcfG-family o factor (annotated rpoE1 in B. abortus) (Figure 1A;
Figure S1). PhyR is a core GSR regulator that contains a o-like (SL) domain positioned N-
terminal to a TCS receiver domain. The current model of PhyR function, which has now
been investigated in a number of a-proteobacteria (Abromaitis & Koehler, 2013, Bastiat et
al., 2010, Correa et al., 2013, Francez-Charlot et al., 2009, Gourion et al., 2008, Gourion et
al., 2009, Herrou et al., 2010, Iguchi et al., 2013, Jans et al., 2013, Kaczmarczyk et al.,
2011, Kim et al., 2013, Lourenco et al., 2011), is that stress-dependent phosphorylation of
the PhyR receiver domain increases affinity of the SL domain for the anti-o factor NepR
(Francez-Charlot et al., 2009) (see Figure 1B). Thus, phosphorylation activates PhyR as an
anti-anti-o factor. Phospho-PhyR (PhyR~P) binding to NepR releases ECF o (Francez-
Charlot et al., 2009) (RpoE1, or oF1 in B. abortus) to directly regulate transcription.

Though the interactions between PhyR, NepR and ECF o are generally understood, the
identities of the stress sensor protein (or proteins) that phosphorylate PhyR, and thus activate
the GSR, remain largely uncharacterized. Exceptions include the PhyK sensor histidine
kinase of Caulobacter crescentus, which is proposed to phosphorylate PhyR during stress
(Foreman et al., 2012, Lourenco et al., 2011), the RsiC kinase of Sinorhizobium meliloti,
which is proposed to exert positive and negative control over the phosphorylation state of
two paralogous PhyR proteins (Sauviac & Bruand, 2014), and the LOV histidine kinase
EL368, which phosphorylates two receiver domains in the marine bacterium, Erythrobacter
litoralis, including PhyR (Correa et al., 2013). Additionally, PhyP of Sphingomonas str. FR1
(Kaczmarczyk et al., 2011) and the LovK kinase of C. crescentus (Foreman et al., 2012)
function as negative regulators of the GSR system, likely by dephosphorylating PhyR~P.
Notably, PhyK, RsiC, EL368, PhyP, and LovK are all related to an atypical subset of the
histidine kinase family known as HWE kinases, which lack a recognizable F box and
contain a signature HWE motif in the catalytic/ATPase domain (Karniol & Vierstra, 2004).

Given the emerging role of HWE-family kinases in the control of the a-proteobacterial
GSR, we sought to test whether these proteins function as GSR regulators in B. abortus. We
identified three HWE-related kinase genes in B. abortus, babl 1669, babl 1673, and lovhK
(bab2_0652), and characterized their function in the GSR. Two of these genes, babl 1673
and bab1_1669, directly flank the GSR locus on B. abortus chromosome 1 (Figure 1A). We
show that bab1 1669 does not function in GSR under our assayed conditions; babl 1673 is
essential under standard culture conditions, and functions as a negative regulator of
oxidative stress survival. We further demonstrate that the flavin-binding HWE kinase,
LovhK (Swartz et al., 2007), functions as a primary B. abortus GSR sensor in vitro.
Specifically, a) a AlovhK null strain has equivalent oxidative and acid stress survival
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phenotypes as a AphyR null, b) LovhK efficiently and specifically phosphorylates PhyR in
vitro, and c) LovhK activates transcription of a set of genes that closely overlaps the known
B. abortus GSR regulon. However, AlovhK, AphyR, and ArpoE1 null mutants have
incongruent phenotypes in our animal and cell-based infection experiments: unlike AphyR
and ArpoE1, B. abortus AlovhK exhibits reduced viability in THP-1 macrophage-like cells
and is attenuated at an early stage of infection in a mouse model. We conclude that the
regulatory output of B. abortus LovhK in the host may involve coordinate signal detection
and integration by multiple histidine kinases that engage more than one downstream
pathway. Indeed, our functional analysis of mutant strains with site directed changes in the
PAS sensory domains of LovhK, or in genes regulated downstream of LovhK provides
evidence that the B. abortus GSR system senses multiple environmental signals that can
affect multiple adaptive responses.

Functional analysis of two HWE-type kinases encoded at the B. abortus GSR genetic locus

a-proteobacteria commonly encode histidine kinases directly adjacent to, or near, the GSR
genetic locus containing the phyR, nepR, and ecfG-family (ECF o) genes (Figure S1). Three
of these GSR locus-proximal genes have been characterized: phyP of Sphingomonas str.
FR1, phyK of C. crescentus (Foreman et al., 2012, Kaczmarczyk et al., 2011, Lourenco et
al., 2011) and rsiC of Sinorhizobium meliloti (Sauviac & Bruand, 2014). B. abortus

babl 1669 and babl 1673 directly flank phyR-nepR-rpoE1 on chromosome 1, and each
encode putative HWE-type sensor histidine kinases (Figure 1A). Using functional assays we
previously established (Kim et al., 2013), we sought to test the role of these genes in stress
adaptation. We successfully deleted babl_1669 from the chromosome. Deletion of
babl_1673 required addition of an extra-chromosomal copy of babl1_1673 on a plasmid
(Figure 1D). Thus babl_1673 is essential under standard laboratory culture conditions.
However, the essential nature of babl 1673 requires a fully-intact set of GSR regulatory
genes, as babl 1673 could be deleted in strains lacking phyR or lovhK. We conclude that
babl 1673 genetically interacts with the GSR system; the functional implications of this
result are detailed in the discussion.

A Ababl 1669 null strain was not defective in oxidative or acid stress survival relative to
wild-type and the stress-sensitive AphyR strain. (Figure 1C); the essential nature of

babl 1673 precluded assessment of its null phenotype. However, overexpression of
babl_1673 from its native promoter from a multi-copy replicating plasmid reduced survival
of cells subjected to oxidative stress (Figure 1E). This suggests Bab1_ 1673 functions as a
negative regulator of the B. abortus GSR system, analogous to Sphingomonas phyP or C.
crescentus lovK. We further demonstrated that the purified kinase domain of Babl_1673
(MBP-Babl_1673(A1-227)) is an active autokinase in vitro (Figure 1F). While we do
observe a very low level of phosphoryltransfer from Babl_1673 to PhyR, the kinetics of this
process are not of a magnitude consistent with a typical cognate kinase/receiver pair
(Skerker et al., 2005). Attempts to radiolabel PhyR with [32P]acetyl phosphate were not
successful, and we were thus unable to test activity of Bab1l_1673 as a PhyR~P phosphatase.
We conclude that babl_ 1669 has no role in regulation of B. abortus GSR under our assayed
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in vitro conditions, while babl_1673 genetically interacts with the GSR system and can
function as a negative regulator of cellular stress survival.

LovhK is a PhyR kinase that regulates oxidative and acid stress survival in vitro

In C. crescentus, the flavin-binding HWE-kinase LovK functions together with the single
domain receiver protein LovR to repress GSR signaling (Foreman et al., 2012), and activate
cellular adhesion (Purcell et al., 2007, Fiebig et al., 2014). B. abortus also encodes a flavin-
binding HWE kinase, LovhK, which has been previously shown to function as a blue-light
regulated determinant of intracellular replication (Swartz et al., 2007). In Brucella
melitensis, the ortholog of LovhK known as BM-LOV-HK has recently been shown to
directly or indirectly modulate expression of genes involved in GSR, Type IV secretion, and
quorum sensing (Gourley et al., 2014). However, the direct molecular signaling partner(s) of
Brucella LovhK remain undefined. Inspection of the primary structure of the N-terminal
sensory region of B. abortus LovhK revealed a second PAS sensory domain that is not
present in C. crescentus LovK, which suggested that B. abortus LovhK may function
differently than C. crescentus LovK. Nonetheless, we tested the role of LovhK as a regulator
of the B. abortus GSR system as neither of the other two HWE-type kinases encoded in the
genome (babl_ 1669 and babl_1673) appear to phosphorylate PhyR and thereby function as
GSR activators.

A LovhK expression construct lacking the LOV domain (LovKA8-109) yields abundant,
stable protein which has autokinase activity in vitro and rapidly transfers phosphoryl groups
to equimolar PhyR; within 10 seconds we observed PhyR~P (Figure 2A and Figure S2). To
test the specificity of LovhK for PhyR, we cloned, expressed, and purified the receiver
domains of all 23 annotated response regulators encoded in the B. abortus genome.
Incubation of phosphorylated LovhKA8-109 (LovhK~P) with equimolar concentrations of
each of the 23 receiver domains revealed efficient phosphotransfer to a single substrate,
PhyR, during a 30 second incubation (Figure 2B). Given that histidine kinases generally
have a kinetic preference for phosphotransfer to their cognate substrate(s) (Skerker et al.,
2005), these data support a model in which PhyR is the primary receiver for LovhK in B.
abortus.

We next tested the functional role of lovhK in oxidative and acid stress survival in vitro. A
AlovhK null strain exhibits reduced survival in both oxidative (5 mM H,05) and acid stress
(pH 3.8) conditions relative to mock treated controls; this survival defect is statistically
equivalent to ArpoE1-nepR and AphyR null strains (Figure 2C and 2D). Replacement of the
AlovhK allele with the full-length wild-type lovhK allele (noted as AlovhK::lovhK) restores
cell survival to wild-type levels, confirming that this survival defect is due to the deletion of
lovhK. Double deletion strains in which the AlovhK null mutation is combined with either
ArpoE1-nepR or AphyR have equivalent survival phenotypes, providing genetic evidence
that lovhK, phyR, and nepR-rpoE1 function in the same stress response pathway. From these
data, we conclude that LovhK is a cognate sensor histidine kinase of PhyR, which functions
as a stress sensor (and GSR pathway activator) under oxidative and acid stress conditions.
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lovhK mediates cell survival inside THP-1 cells and is required for establishment of long-
term infection in a mouse model

We have previously shown that GSR mutant strains lacking either rpoE1 or phyR are
attenuated during the chronic phase of infection in BALB/c mice (> 1 month post-infection)
but exhibit no survival or replication defect in primary murine macrophages (Kim et al.,
2013). However, a B. abortus mutant lacking lovhK has been reported to exhibit a
replication defect in a J774A.1 murine macrophage cell line (Swartz et al., 2007). Our data
show that a AlovhK null mutant exhibits normal entry into terminally differentiated human
THP-1 macrophage-like cells, but has a survival defect between 1 and 24 hours post-
infection. After 24 hours, AlovhK replicates at a rate equivalent to wild-type (Figure 2E).
Consistent with previous observations in primary murine macrophages (Kim et al., 2013),
neither the ArpoE1-nepR nor AphyR strains exhibit any defect in growth or survival inside
THP-1 cells.

To extend our analysis of the functional role of lovhK in B. abortus infection biology, we
infected BALB/c mice and monitored bacterial load in the spleen over the course of 8
weeks. AlovhK was attenuated at an early stage of infection; viable colony forming units per
spleen were 2 logs below wild-type by 4 weeks post-infection and 3 logs lower by 8 weeks.
As observed previously (Kim et al., 2013), a AphyR null mutant exhibited no defect during
the early stages of infection, and was not significantly attenuated until >1 month post-
infection (Figure 2F). In both THP-1 infection experiments and mouse infection
experiments, replacement of the AlovhK allele with the wild-type allele complemented the
growth/replication defect of AlovhK (Figure 2E and 2F). These infection assays are distinct
from our functional assays of these GSR mutants in defined in vitro stress conditions, where
AlovhK, AphyR, and ArpoE1-nepR null strains have statistically equivalent cell survival
phenotypes. The implications of these genetic results as they relate to GSR signaling
complexity and specificity in B. abortus are discussed below.

lovhK and rpoE1 regulate a highly overlapped set of genes under in vitro stress conditions

Given the clear biochemical and genetic connection between lovhK and the GSR regulators,
phyR and rpoE1, we sought to define genes under direct and indirect transcriptional control
of LovhK and to compare this gene set to that controlled by the GSR sigma factor, RpoE1
(oF1). To this end, we subjected wild-type B. abortus, AlovhK, and ArpoE1 strains to an
equivalent oxidative stress (5 mM H,0,) and measured transcript levels in each strain by
RNA-seq. Genes that show statistically significant differences in expression when
comparing AlovhK or ArpoEL1 to the wild-type parent strain are highly similar; 93% of genes
exhibiting differential expression above the significance cutoff in the AlovhK dataset are
above the significance cutoff in the ArpoE1 dataset (Table S1). A direct comparison of the
AlovhK and ArpoEL1 transcript levels revealed only five genes with statistically significant
differential expression (Table 1 and Figure S3). However, all five of these genes are present
in both the AlovhK and ArpoE1 regulons; it is simply the magnitude of expression that
differs in the AlovhK and ArpoE1backgrounds. As &1 is the direct transcriptional regulator
in this system it is not surprising that a rpoE1 null show that largest magnitude changes in
transcription. Expression patterns of three of these genes were further validated by qRT-
PCR in AlovhK, AphyR and ArpoE1 (Figure 3B). Thus, the genes under direct and indirect
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transcriptional control of LovhK and o&1 during oxidative stress are, in statistical terms,
nearly identical. The strong statistical overlap between the AlovhK and ArpoE1 RNA-seq
datasets is further visualized in Figure 3A, in which log-transformed expression levels of all
genes (quantified in fragments per kilobase pairs of transcript per million fragments
mapped; FPKM) are presented. Together, these data support our model whereby LovhK
directly phosphorylates PhyR to regulate the B. abortus GSR.

A functional analysis of genes regulated downstream of LovhK/gF1

To test the functional role of a subset of genes in the lovhK/rpoE1 regulon, we generated
single deletion mutants of four different genes that are strongly induced under oxidative
stress by LovhK and oF1 (Table S1, Figures 2 and 3). These genes include bal4k
(bab2_0505) (Chirhart-Gilleland et al., 1998, Vemulapalli et al., 2006), rpoH1 (babl_1775)
(Delory et al., 2006), dps (babl_2150), and babl_1670. Only the ArpoH1 (c32-family gene)
null mutant was defective in oxidative stress survival; its survival phenotype is equivalent to
AlovhK (Figure 3C). Mutants lacking bal4K or the alternative sigma factor genes rpoH1
exhibit intracellular survival phenotypes in THP-1 cells that are similar to the lovhK null
(Figure 3D). Specifically, both of these single deletion mutants exhibit normal THP-1 entry,
but have a survival defect between 1 and 24 hours post-infection. After 24 hours, Abal4K
and ArpoH1 replicate at a rate equivalent to wild-type. Neither Adps nor Ababl 1670
exhibit defects in intracellular replication (Figure 3D). We further assessed one of these
mutants, Abal4K, in an animal infection model. Deletion of the conserved hypothetical gene
Abal4K results in significant attenuation in Balb/c mice as assessed by enumeration of CFU
per spleen; the number of CFU/spleen is 1.5 logs lower than wild-type at 4 weeks and 2.5
logs lower than wild-type at 8 weeks post-infection (Figure 2F). This animal infection
phenotype is intermediate between AlovhK and AphyR, and is consistent with previous
reports of Abal4K attenuation in a mouse model (Vemulapalli et al., 2006), though the
clearance kinetics and total bacterial load in the spleen differ. B. abortus Bal4K has been
previously described as an immunoreactive protein (Chirhart-Gilleland et al., 1998) that
affects LPS synthesis (Vemulapalli et al., 2006). Thus, Bal4K may play a role in
modulation of B. abortus interface with the host immune system. Collectively, the disparate
infection phenotypes of these null mutants provide evidence that genes regulated
downstream of the lovhK-phyR-nepR-rpoELl (i.e. GSR) system have diverse roles in the
regulation of stress adaptation and host infection.

Evidence for distinct sensory roles for the two PAS domains of LovhK

B. abortus LovhK (Swartz et al., 2007) is a cytoplasmic HWE kinase that contains two
sensory domains: an N-terminal flavin-binding PAS/LOV domain (Herrou & Crosson,
2011) followed by a second PAS domain that does not contain a clear cofactor binding
sequence (Henry & Crosson, 2011) (Figure 4A). We hypothesized that these domains
perceive distinct environmental stimuli or affect different regulatory outputs during specific
stress or infection conditions. LovhK residue C43 (previously annotated C69 (Swartz et al.,
2007)) is known to form a cysteinyl-C(4a) flavin adduct upon blue light absorption.
Replacement of this residue with alanine abrogates light-dependent adduct formation
(Rinaldi et al., 2012, Swartz et al., 2007) and light-regulated intracellular replication in a
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murine macrophage cell line (Swartz et al., 2007). To date, the function of the second PAS
domain of LovhK has remained undefined.

To identify important functional residues in the second undefined PAS domain, we
constructed a structural model based on an X-ray crystal structure of a homologous PAS
domain of Rhizobium meliloti FixL (Miyatake et al., 2000) (Figure 4B). We generated
LovhK point mutants in which we mutated residues in the putative ligand-binding pocket,
C160, H166, 1208, and 1212, to alanine (Figure 4A and B). We then replaced the wild-type
allele of lovhK with mutant alleles harboring these single point mutations, and assayed
oxidative stress survival of these lovhK(PAS mutant) strains. Of the five assayed PAS point
mutants, only lovhK(1212A) exhibited significantly reduced survival under oxidative stress
(Figure 4C). We further assayed this mutant in a THP-1 cell-based infection assay, but
observed no difference in infection, survival or replication relative to wild-type (Figure 4C
and 4D).

We next replaced the wild-type allele of lovhK with a point mutant allele in which the
conserved site of histidine phosphorylation was changed to alanine (lovhK(H262A)). As
expected, an intact LovhK phosphorylation site is required for oxidative stress adaptation
and intracellular survival and replication in THP-1 macrophage-like cells. Notably, mutation
of the photo-responsive C43 residue to alanine in the LovhK PAS/LOV domain
(lovhK(C43A)) has no effect on oxidative stress survival. However, consistent with a
previous report (Swartz et al., 2007), this mutation does reduce intracellular survival in
THP-1 between 1 and 24 hours post-infection (Figure 4C and D). Thus the defect in survival
of the lovhK(C43A) in THP-1 is likely not due to oxidative stress encountered during the
early phase of infection and intracellular trafficking.

To more clearly interpret our lovhK mutagenesis data, we assayed steady-state levels of full-
length LovhK and LOV, PAS, and kinase domain mutants in B. abortus cells by Western
blot using polyclonal LovhK antiserum. All LovhK variants except for LovhK(C160A) and
LovhK(I1212A) were expressed, within error, to wild-type levels (Figure 5B). While it is
possible that the oxidative stress survival defect of 1212A is due to low expression or poor
stability, we note that C160A expression is also reduced yet this mutant exhibits no defect in
oxidative stress survival. Moreover, 1212A is not defective in a THP-1 infection model,
which provides evidence that the level of expressed LovhK(1212A) is functional in the
context of LovhK signaling inside a mammalian host cell. These results demonstrate that
perturbation of regions of LOV and PAS sensor domain structure in B. abortus LovhK affect
specific features of either stress physiology and/or infection biology.

LovhK sensor domain mutations can affect autophosphorylation activity

Given the oxidative stress survival phenotype of lovhK(1212A), we postulated that this
sensor domain mutation may affect kinase activity. We assayed in vitro autophosphorylation
of purified LovhK(1212A) utilizing the active and stable lovhKA8-109 allele as the parent
construct. The steady-state phosphorylation level of LovhKA8-109(1212A) is significantly
reduced relative to LovhKA8-109 (5 uM concentration of each protein was assayed) (Figure
5A). The 1160A mutant, which has no defect under oxidative stress conditions (Figure 4C),
is more active than 1212A, though steady-state phosphorylation is still diminished relative to
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the parent protein LovhKA8-109 (5 UM concentrations; Figure 5A). We further demonstrate
that autophosphorylation of LovhK(C43A) is lower than wild-type (full-length) LovhK
(purified under dim red light), which is consistent with previous data (Swartz et al., 2007).
We conclude that particular lesions in the sensory domains of LovhK can affect both cellular
LovhK levels and autophosphorylation activity. However, we acknowledge that the effects
of these mutations on protein tertiary and quaternary structure remain undefined.

Discussion

HWE kinases are commonly located adjacent to a-proteobacterial GSR loci (Figure S1), and
have been recently implicated in GSR regulation in several species (Correa et al., 2013,
Foreman et al., 2012, Kaczmarczyk et al., 2011, Lourenco et al., 2011, Sauviac & Bruand,
2014). Here, we report the characterization of the three HWE-type histidine kinases encoded
in the genome of the intracellular pathogen, B. abortus. We have functionally and
genetically linked two of these kinases, Babl_1673 and LovhK, to B. abortus GSR
regulation.

Babl 1673 can only be deleted from the chromosome in the presence of a complementing
copy of the gene on a plasmid, or in a genetic background in which either phyR or lovhK are
missing. When overexpressed, babl 1673 functions as an inhibitor of stress survival (Figure
1E). The genetic properties of Babl 1673 are similar to Sphingomonas str. FR1 phyP
(Kaczmarczyk et al., 2011). PhyP is an essential HWE-like kinase encoded from a gene
adjacent to the Sphingomonas str. FR1 GSR locus; PhyP likely functions to remove
phosphoryl groups from PhyR~P, and thus repress GSR signaling (Kaczmarczyk et al.,
2011). Notably, PhyP and Bab1 1673 are reciprocal top BLAST hits; overall sequence
identity in the HWE-like domain is approximately 30%. It remains to be determined 1) why
repressive HWE kinase genes such as babl 1673 and phyP are essential in the context of an
intact GSR signaling system, and 2) the biochemical mechanism by which these proteins
function to repress stress adaptation. We note that the primary genetic repressor of GSR
signaling, the anti-o factor nepR, also cannot be deleted from a wild-type background in
other a-proteobacteria (Campagne et al., 2012, Herrou et al., 2010, Herrou et al., 2012,
Kaczmarczyk et al., 2011). It therefore seems that de-repression (or hyperactivation) of the
GSR in a-proteobacteria strongly inhibits cell growth or division.

The B. abortus HWE histidine kinase, LovhK, has been previously reported to function as a
light-regulated kinase that controls intracellular replication in a light-dependent manner
(Swartz et al., 2007). To date, the molecular pathway(s) through which this protein directly
functions have remained undefined. We present genetic and biochemical evidence that
LovhK is a cognate sensor histidine kinase of PhyR that functions as a stress sensor (and
GSR pathway activator) in B. abortus (Figure 2). Phosphotransfer experiments show that
LovhK stably phosphorylates only 1 of the 23 response regulator receiver domains encoded
in B. abortus: PhyR (Figure 2), though we cannot eliminate the possibility that LovhK may
phosphorylate other substrates to a level that is not detectable with our assay. Indeed, it is
established that the LOV histidine kinase, EL368, of E. litoralis phosphorylates two
different receiver domains, including PhyR (Correa et al., 2013). Nonetheless, the AlovhK
null phenotypes defined under in vitro stress conditions match the null phenotypes of AphyR
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and ArpoE1 mutants, and the LovhK and oF! transcriptional regulons defined under
oxidative stress are nearly equivalent (Figure 3), which suggests a linear signaling model in
which LovhK functions as the upstream molecular sensor of environmental stress that
phosphorylates PhyR and releases o&1 to drive transcription (see Figure 1B). However,
animal and cell-based infection experiments reported herein reveal additional complexity in
LovhK signaling. Specifically, the phenotypes of single AlovhK, AphyR and ArpoE1 null
mutants are not congruent between animal and cell-based infection models: AlovhK survival
is attenuated in THP-1 cells, while AphyR and ArpoE1 strains have no survival or replication
defect in primary murine macrophages (Kim et al., 2013) or THP-1 cells (Figure 2E).
Moreover, AlovhK is cleared from a murine host earlier than AphyR and ArpoE1 (Figure
2F). These results suggest that LovhK interfaces with another pathway in the context of a
mammalian host cell, or that signals present or absent in the host, e.g. light (Bonomi et al.,
2012, Correa et al., 2013, Purcell et al., 2007, Swartz et al., 2007) or other physicochemical
differences inside the host, modulate the signaling output of LovhK in unexpected ways.
Importantly, we show that regions of primary structure in each of the two PAS sensory
domains of LovhK have specific roles in signal perception and kinase regulation (Figures 4
5 and 6). It is possible to envision models in which multiple environmental signals can be
integrated via LovhK; the complexity of possible signaling logic is further increased when
one considers the role of the HWE sensor kinase Babl 1673 as a pathway repressor (and
perhaps Babl 1669, which may have functions in B. abortus GSR under conditions that
have not yet been explored) (Figure 6).

It is not clear what role the photo-responsive LOV domain of LovhK plays in GSR
activation under stress, or in natural B. abortus transmission and infection in the wild.
Residue C43 within the N-terminal LOV domain is certainly required for light-dependent
cysteinyl-flavin adduct formation and LovhK photoactivation in vitro (Swartz et al., 2007)
and for robust infection of mammalian phagocytic cells (Figure 4D) (Swartz et al., 2007).
However, this key LOV domain residue is not required for oxidative stress survival of B.
abortus in vitro (Figure 4C). In short, lovhK is required for oxidative stress survival, but
LOV domain photoactivity is not required in this in vitro context. There is evidence that
LOV domains may have a more complex sensory role in which both cellular redox state
and/or light are functional input signals (Bury & Hellingwerf, 2014, Metz et al., 2012, Noll
et al., 2007, Purcell et al., 2010). This putative redox-sensing feature of LOV domains may
also be involved in stress response regulation by the YtvA-family of LOV proteins, which
control B in Gram positive bacteria (Akbar et al., 2001, Avila-Perez et al., 2006, Gaidenko
et al., 2006, Suzuki et al., 2007, Tiensuu et al., 2013), though this area has not been fully
explored. To understand the role of the B. abortus GSR system in infection biology, it will
be necessary to identify relevant host signals to which LovhK responds, and to elucidate
how LovhK interfaces with Bab1l_1673 in cell signaling.

An additional layer of regulatory complexity to consider when interpreting infection
phenotypes of GSR pathway mutants is that low molecular weight phosphodonors such as
acetyl phosphate may participate in B. abortus GSR signaling inside the mammalian host. In
such a scenario, changes in the intracellular levels of acetyl phosphate could affect GSR
signaling in the absence of the lovhK gene via direct phosphorylation of the PhyR receiver

Mol Microbiol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al.

Page 10

domain (Wolfe, 2005). Indeed, it is known that the B. abortus GSR system strongly controls
transcription of genes that are predicted to control acetyl phosphate synthesis (Kim et al.,
2013).

Overall, our study underscores the importance of assaying multiple genetic-environment
combinations when assessing the function of environmental regulatory systems. Such
experiments on the B. abortus GSR regulatory system have shed light on the molecular
machinery required for adaptation to environmental stress conditions relevant to infection
biology, and for adaptation to the complex mammalian host environment. We have
identified key sensory residues in LovhK that are required for adaptation and survival in
vitro and in vivo and conclude that B. abortus utilizes LovhK and the GSR system in
nuanced ways to respond to specific conditions (and combinations of conditions)
encountered inside and outside its host.

Experimental Procedures

Bacterial strain culture and reagents

Escherichia coli strains used for cloning were maintained in Luria—Bertani (LB) agar at
37°C. Liquid cultures were grown in LB broth (Fisher scientific). Brucella abortus 2308 and
its derivative strains were grown in Brucella broth (BD Difco) or on Schaedler agar (BD
Difco) supplemented with 5% defibrinated bovine blood (SBA) at 37°C with 5% CO2.
Antibiotics were added as required at the following concentrations: 50 ug ml-1 of
kanamycin (Kan), 100 pg ml-1 of ampicillin (Amp). All studies on live B. abortus were
performed at biosafety level 3 (BSL3) as per CDC select agent regulations and standard
operating procedures at the University of Chicago Howard Taylor Ricketts Laboratory.

Plasmid and Strain Construction

To create gene deletion alleles, 500 to 700 bp regions flanking the target genes were PCR-
amplified from B. abortus 2308 using primers listed in Table S3. To create point mutation
alleles 500-700 bp regions flanking the site of interest were amplified with primers
containing the point mutations of interest. The flanking regions were joined by overlap
extension PCR to generate null or point mutant alleles which were then ligated into the
suicide plasmid pNPTS138. This plasmid encodes a kanamycin resistance marker to select
primary integrants and sacB for counterselection on 10% sucrose to identify clones in which
the plasmid has been lost in a second recombination event. Clones were screened by PCR to
identify those carrying the null alleles. Sequencing the PCR products identified clones
bearing point mutant alleles. All other plasmids were constructed by PCR amplification of
the target sequence, restriction digestion and ligation into the desired plasmid. All plasmids
were confirmed by sequencing. Plasmids were transformed into B. abortus 2308 by
electroporation. Strains, plasmids, and oligonucleotides used in this study are listed in
Tables S2 and S3.

Oxidative and acid stress assays

Stress assays were performed as previously described (Kim et al., 2013). Briefly, B. abortus
cells grown on SBA were harvested into Gerhardt’s minimal medium (pH 6.8) and then

Mol Microbiol. Author manuscript; available in PMC 2015 November 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kim et al. Page 11

adjusted to a cell density of 108 cfu/ml. Serial dilution of cultures after 60 or 90 min
treatments of H,O, (5 mM) or pH 3.8 were plated on SBA to measure viable colony
forming units.

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 (FCS) and 2 mM L-glutamine, and were differentiated
to macrophages by the addition of 40 nM phorbol 12-myristate 13-acetate (PMA) (Sigma)
for 24 h at 37°C in 5% CO,. For infection assays, 5 x 10* macrophages were infected with 5
x 10° brucellae 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 50
ug/ml gentamycin for 15 min. To determine the numbers of intracellular brucellae, cells
were washed three times with PBS and lysed with 0.1 ml of 0.1% Triton X-100. The lysate
was serially diluted, and plated on Tryptic Soy agar.

Experimental infection of BALB/c mice

Female BALB/c mice (4-5 weeks old) were purchased from Harlan Laboratories, Inc.
Animal studies on wild-type and mutant strains were conducted at the University of Chicago
under protocols approved by the institutional animal care and use committee and the
institutional biosafety committee. Specifically, animals used in this study were housed under
pathogen-free conditions in a BSL3 animal facility at the University of Chicago Howard
Taylor Ricketts Laboratory. Six-week-old, female BALB/c mice were infected with 5 x 10%
cfu of wild-type or mutant strains via the intraperitoneal route. Mouse spleens were removed
aseptically and homogenized in 1 ml of PBS, and serial dilutions of homogenized spleens
were plated on Schaedler blood agar to enumerate bacterial CFU at 2, 4, and 8 weeks
postinfection.

RNA isolation and qRT-PCR

Total RNA was extracted from cells growing exponentially (ODggg=0.15-0.2) in Brucella
broth at 37°C after 10 min of 5 mM H,0, exposure with a modified hot phenol-SDS
extraction method (Chuang et al., 1993) and the RNeasy kit (Qiagen). Reverse transcription
was performed with Superscript 111 cDNA kit (Invitrogen) and gPCR was carried out with
SYBR Green PCR kits (Applied Biosystems). Relative quantification of specific gene
expression was calculated with the 272ACt method, with rplK as the housekeeping reference,
and normalized against the B. abortus 2308 wild type. Each assay was performed at least in
triplicate on three independent cultures.

Transcriptome profiling by RNA-seq

For RNA sequencing analysis, identical culture conditions and RNA purification procedures
were used. rRNA was depleted using Ribo-Zero rRNA Removal (Gram-negative bacteria)
Kit (Epicentre). Libraries were prepared with Illumina TruSeq RNA kit according to
manufacturer’s instructions and were then quantified using a 2100 Bioanalyzer (Agilent) and
sequenced on a HiSeq2500 (Illumina). The obtained RNA-seq reads were aligned to the
genome sequence of B. abortus 2308 (RefSeq AM040265) using the short-read aligner
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Bowtie 2 (Langmead & Salzberg, 2012). Alignments were visualized using Integrative
Genomics Viewer (http://www.broadinstitute.org/igv/) (Robinson et al., 2011). To calculate
transcript abundances, Fragments Per Kilobase of transcript per Million mapped reads
(FPKM) values were assessed by using Cufflinks (http://cufflinks.cbcb.umd.edu/) with
appropriate parameters set for quartile normalization (Trapnell et al., 2012). Differential
expression analysis was carried out using Cuffdiff, with quartile normalization. A fold
change of greater than 1.5-fold and false-discovery rate cutoff of 0.05 was used to determine
significant differential expression between two different conditions. RNA-seq datasets are
available at PATRIC (Pathosystems Resource Integration Center, http://patricbrc.org/) and
the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus
(GEOQ) at accession number GSE59513.

Recombinant protein purification

Genes to be overexpressed and purified were amplified and cloned into pET overexpression
vectors. Expression of N-terminally His-tagged proteins was induced in E. coli BL21 (DE3)
by addition of 250 uM of isopropyl p-D-1-thiogalactopyranoside (IPTG) at 30° C. After cell
lysis in a French pressure cell and centrifugation, soluble recombinant proteins were
affinity-purified by using Ni2* Chelating Resin (GE Amersham Pharmacia) using a 250 to
500 mM imidazole gradient in 20 mM Tris buffer pH 7.5, 150 mM NacCl. Purity of the
proteins was assessed to be =95% by SDS/PAGE with Coomassie blue staining.

In vitro kinase and phosphoyltransfer assays

All kinase and phosphotransfer reactions were performed following previously published
methods (Willett & Kirby, 2012). For kinase reaction, 5 uM of purified LovhKA8-109 and
its variants was incubated in kinase buffer (25 mM Tris pH 7.5, 50 mM KCI, 1 mM of
CaCl, MgCl,, MnCl,, and DTT) and ATP mix (250 uM ATP, 0.3 uM [y-32P]ATP).
Reactions were quenched by addition of SDS/PAGE sample buffer. For phosphotransfer
from LovhK(A8-109) and MBP-1673(A1-227) to PhyR or the REC domain proteins of 23
Brucella response regulators, the 32P-LovhK(A8-109) and 32P-MBP-1673(A1-227) were
first generated by a 30-min autophosphorylation reactions and then mixed with equimolar (5
M) of the response regulator proteins. 32P-labeled products on SDS/PAGE gels were
quantified by using a Typhoon Imager.

Protein immunoblot analysis

Rabbit LovhK polyclonal antiserum (Josman, LLC) was raised against Hisg-LovHK.
Rabbits were immunized with purified LovhK on days 0, 21, 35, 49, and 63. Total B.
abortus protein from liquid cell culture was concentrated by precipitation with 10%
trichloroacetic acid, separated by 12 %fThe Brucella abortus virulence regulator, LovhK, is
a sensor kinase in the general stress response signaling pathway SDS/PAGE, and then
transferred to a PVDF membrane (Millipore). The membrane was probed with the primary
polyclonal anti-LovhK antiserum (1:1,000) followed by HRP-conjugated goat anti-rabbit
secondary antibodies (1:10,000) (Thermo Scientific). Blots were developed using
SuperSignal West Femto Substrate (Thermo Scientific). The signal intensity was measured
using Image Lab™ software in the ChemiDoc MP system (Bio-Rad).
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Two HWE-type histidine kinases adjacent to the general stress response (GSR) genetic
locus, babl_1669 and babl 1673, do not function as GSR activators.

(A) Arrangement of genes at the B. abortus GSR locus. (B) Core proteins of the
alphaproteobacterial GSR regulatory system. PhyR is phosphorylated under stress
conditions, and the general stress sigma factor, o1, is activated when phospho-PhyR binds
NepR and releases oL, (C) Survival of B. abortus cells subjected to either 5 mM hydrogen
peroxide or acid stress (pH 3.8) was assessed by enumerating colony forming units from
both stressed and mock treated cultures. Data represent mean + S.D. of three independent
replicates (* = p<0.0006 based on one-way ANOVA followed by Dunnett’s multiple
comparison test). (D) babl_1673 is essential in strains with an intact GSR locus. Using a
two-step double recombination strategy, we attempted to delete babl 1673 from several
genetic backgrounds including AphyR, AlovhK, and a background in which babl 1673 was
expressed from a complementing plasmid (pMT805-babl_1673). After the second
recombination step, colonies were screened by PCR to determine whether the chromosomal
babl 1673 locus was deleted or intact. The Table reports the number of recovered colonies
containing a bab1 1673 deletion in a given genetic background. (E) Oxidative stress
survival of cells overexpressing babl 1673 compared to an empty plasmid control strain.
Data presented as in C. (F) Assay of phosphoryl transfer from purified Babl _1673~P to

PhyR across a 60s timescale.
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Figure 2.

LovhK functions as a PhyR kinase and activates B. abortus GSR.

(A) Time course of in vitro phosphotransfer between phospho-LovhK and PhyR between 10
and 300s. The bands corresponding to the phosphorylated proteins are marked. The stable
LovhK(A8-109) variant, which lacks a LOV domain, was used in this phosphoryltransfer
assay. (B) Phosphotransfer profile (Laub et al., 2007) of LovhK against each of the 23
response regulator receiver domains encoded in the B. abortus genome; incubation for 30
seconds. (C) Oxidative and (D) acid stress survival as in Figure 1 (* = p<0.001 and
p<0.0005 based on one-way ANOVA followed by Dunnett’s multiple comparison test in
oxidative stress and acid stress, respectively). (E) Replication of wild-type and mutant B.
abortus strains (see key) within human macrophage-like THP-1 cells at 1 hour, 24 hours,
and 48 hours post-infection. Data represent mean + S.D. of three wells per time point; three
independent replicates (* = p<0.001 at 24 and 48 hours based on one-way ANOVA
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followed by Dunnett’s multiple comparison test). (F) Kinetics of BALB/c mouse spleen
colonization by wild-type and mutant B. abortus (see key) (* = p<0.001; ** p<0.0001 at 8
weeks based on one-way ANOVA followed by Dunnett’s multiple comparison test). Data
indicate mean £ S.D. of five mice per time point. Data represent two independent
experiments.
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LovhK regulates a set of genes that overlaps the oF1 GSR regulon.

(A) Transcriptome analysis of wild type, ArpoE1, and AlovhK deletion strains subjected to
oxidative stress. Pairwise comparison of log, transformed RNA-seq expression data
(FPKM) for 3,414 genes between ArpoE1 and AlovhK mutants (Pearson r = 0.99). (B)
Quantitative RT-PCR validation of expression levels of three transcripts (rpoH1, dps, and
bal4k) in ArpoE1l, AphyR, and AlovHK backgrounds relative to wild type. (C) Oxidative
stress survival as in Figure 1 (* = p<0.0001 by one-way ANOVA followed by Dunnett’s
multiple comparison test). (D) Intracellular replication of B. abortus strains in THP-1 cells at
1 hour, 24 hours, and 48 hours post-infection.
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Figure 4.
Point mutations in LovhK sensory domains result in distinct stress survival and infection
phenotypes.

(A) LovhK domain structure. Mutations were selected based on a structural homology
model and are indicated by an X with the corresponding amino acid residue; color-coding of
the marked mutation (X) corresponds to the graphs in panels C and D and in Figure 5B. (B)
Model of LovhK PAS domain based on a homologous structure of FixL-PAS of Rhizobium
meliloti (PDB: 1D06). Positions of mutated residues are marked. (C) Oxidative stress
survival of strains bearing mutant lovhK alleles as in Figure 1 (* = p<0.0005 by one-way
ANOVA followed by Dunnett’s multiple comparison test). (D) Intracellular survival and
replication of wild type and lovhK mutant strains in THP-1 cells at 1 hour, 24 hours, and 48
hours post-infection. Error bars, S.D. Data represent three independent experiments with
three wells per time point (* = p<0.001 by one-way ANOVA followed by Dunnett’s
multiple comparison test).
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Mutations in LovhK sensor domains affect in vitro kinase activity and steady state protein

levels in B. abortus cells.

(A) In vitro autophosphorylation assays with purified full-length LovhK and variants
carrying mutations in the N-terminal LOV (C43A) or PAS (C160A; 1212A) domains
(proteins labeled above each autoradiograph). (B) (top) Western blot of wild-type and
mutant LovhK alleles expressed from the native locus on the B. abortus chromosome.

Control is a non-specific band that cross-reacts with LovhK antiserum. (bottom) Mean
signal intensity (£S.D.) of LovhK mutant variants normalized to wild-type LovhK from

replicate Western blots.
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Figure 6.
Molecular model of the B. abortus General Stress Response (GSR) regulatory system.

CHASE is the predicted sensor domain (Zhulin et al., 2003) contained at the amino terminus
of Babl 1673.
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Table 1

Genes differentially expressed between AlovhK and ArpoE1 null strains under in vitro oxidative stress

conditions.
FPKM Log,
Gene ID (AlovhK/  Annotation
WT  ArpoEl AlovhK ArpoE1)

babl 1670 7333 211 690 171 Hypothetical protein

babl_1775 662 5 48 3.16 RNA p*olymerase factor sigma 32,
rpoH1

bab2 0505 5310 39 372 3.26 Immunfreactlve 14 kDa protein,
bal4K

bab2_0696 655 7 97 3.74 Hypothetical protein

babl 2150 4594 22 337 301 DNA starvation/stationary phase

protection protein, dps*
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*
Genes selected for confirmation with qRT-PCR. FPKM=Fragments Per Kilobase of transcript per Million mapped reads. Raw RNA-seq data from
replicate experiments is available at the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO), accession

number GSE59513.
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