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ABSTRACT

The bacterial cell envelope is a multi-layered structure that serves as a barrier between
the interior of cells and the exterior environment. Accordingly, the envelope protects the cells from
different physical and chemical stressors in the environment. Two-component signal transduction
systems (TCS) are a common regulatory mechanism that bacteria use to control expression of
genes that determine the cell envelope structure and function. A typical TCS consist of a histidine
kinase that can sense certain signals from the environment and a response regulator that can
bind to DNA and regulate gene expression. To identify TCS genes that are important for cell
envelope regulation in the intracellular ovine pathogen, Brucella ovis, | generated a library of TCS
mutants where | made in-frame deletions of all non-essential TCS genes and subjected the
mutant library to several cell envelope stressors. Through this initial screen, | identified 9 TCS
genes that are important for different aspects of cell envelope regulation.

Three of these TCS genes had similar phenotypes on all stress conditions tested. Through
genetic, biochemical, and multi-omics analyses, | determined that CenR, a known cell envelope
regulator, and EssR-EssS, a previously uncharacterized TCS pair, function in the same pathway
and depend on one another for function and protein stability to regulate cell envelope integrity
and support B. ovis replication in the intracellular niche. The two response regulators, CenR and
EssR, interact via their receiver domains. This interaction is important for the protein stability of
both proteins and serves to regulate the phosphorylation of EssR by its cognate histidine kinase,
EssS. This is a novel regulatory mechanism for cross-regulation between TCSs.

My TCS mutant screen further revealed an uncharacterized HWE histidine kinase —
BOV_1602 - that strongly impacted resistance to the detergent, SDS. Though, the cognate
response regulator(s) of this kinase are unknown, RNA-seq studies and proteomic analysis of
outer membrane protein fractions revealed that BOV_1602 regulates many genes with cell
envelope functions and influences the outer membrane protein composition of B. ovis. | have

further shown that BOV_1602 deletion influences cell shape and size. Combining genetics with



proteomics, | further present evidence that genes encoding the type IV secretion system and an
SPFH protein, which are commonly found in lipid rafts, are regulated by BOV_1602 in a post-

transcriptional manner and that both classes of these proteins contribute to detergent resistance.



ACKNOWLEDGEMENTS

First and foremost, | would like to thank Sean and Aretha for taking me in as a student,
training me, and giving me the freedom to decide which TCS genes that | wanted to work on,
which led to the discovery the CenR-EssRS system. | also want to thank them for always believing
in me and for sharing their words of encouragement, especially Sean’s famous quotes. | would
like to give Aretha a special thanks for guiding me through the Next-generation sequencing and
my first attempt at radioactive experiments.

| want to thank my thesis committee, Rob, Teresa, Steph, and Yann for their thoughtful
inputs at every committee meeting. Their excitement for my project is such a good validation and
motivation that helped me through my thesis work. Their suggestions have made me a better
scientist and | am grateful for their support outside of committee meetings as well.

| could not have finished this thesis work without my wonderful and talented lab mates.
They have answered so many questions and helped me with experiments over the years. | want
to give especial thanks to my lab siblings, Hunter, Tom, and Sergio. We joined the lab around the
same time and have gone through the same challenges together. Being in the office with all of
you has been one of my favorite moments in graduate school.

| also have a network of friends outside of lab that | need to give thanks to. | could not
have gone through graduate school without my roommate, Ana. For the past five years, we have
shared so much personal growth and memories together. | also want to thank Ana’s family for
inviting me to their home when | couldn’t go back to China during the pandemic. Christophe, |
want to thank you for sharing so many adventures, long conversations, helping me taking care of
Coco, and believing in me always. | want to thank my best friend, Roseann. Thank you for opening
your farm to me and letting me live my farm girl dream. | also owe you many thanks for helping
me throughout the last five years. | also want to thank my friends Morgen, Marcela, Noah, Morgan,
Mackenzie, David, Jab, and Josh and many others for being good friends over the years,

especially this last year. | also want to say a big thank you to MMG/MGI at MSU for letting me



grow and providing many opportunities for me to develop my organization skills and all the help
and support from Jessica and Jessie.

| want to give a big shoutout to my dog and biggest supporter, Coco. She joined my PhD
journey in the second year and has witnessed all my big milestones and breakdowns. She is a
constant motivation and source of joy for me. She is also the one that forces me to take breaks
and go for a walk, no matter the weather.

Lastly, | want to thank my family. Being literally on the other side of the world from all my
family members is hard. It is even hard to not be able to go home for the first four years of graduate
school. However, their constant support and love, despite the difficult time difference, made this
journey less hard. | can’'t express enough how grateful | am and how lucky | am tohave them as

my family. | love you all.



TABLE OF CONTENTS

Chapter 1: Introduction

Chapter 2: A system-level approach to discover cell envelope regulatory TCS genes in Brucella
OVLS . ettt e et oottt e e e e e e ettt eta—aeeeeeeeetetttaa—aeeeeeetetetttta—aaeeaetetetttttaaaaetterrttaaaaaaarerrrrrns 18

Chapter 3: Cross-regulation in a three-component cell envelope stress signaling system of

BIUCEIIA ...ttt ettt et e e e e e e e e e e e 31
Chapter 4: B. ovis HWE kinase is important for detergent resistance ...........ccccocooceiiiiiiinnen. 69
Chapter 5: Discussion and future dir€CtioN .............ooiiiiiiiiiiiiee e 94
REFERENGCES ... ottt e et e e e sttt e e e e e e e e e nnneeens 102
F N =1 | PP PPP 115

vi



Chapter 1: Introduction

Bacteria, either free living or inside a host, are constantly encountering different signals
from the environment and responding to them. For example, they need to sense nutrient level,
pH, temperature, attacks from the host immune system, and many more. A common molecular
mechanism that bacteria use to sense and respond to different signals is through the two-
component signal transduction systems (TCS). In this dissertation, | specifically focus on TCSs
that are important for maintaining the cell envelope in the facultative intracellular pathogen,
Brucella ovis, as the cell envelope acts as a physical barrier between the bacterium and its outside
environment. In this introductory chapter | will describe the genus Brucella and its unique cell
envelope structure, different variations of TCS in Brucella, and will describe cell envelope stress
regulatory systems that have been identified in other Gram-negative bacteria. In chapters two,
three, and four | will describe the previously uncharacterized TCS genes that | have identified and
demonstrated to be important for cell envelope regulation in B. ovis.
The genus Brucella

The genus Brucella are Gram-negative, intracellular pathogens that belong to the
Alphaproteobacteria class. Brucella was first isolated by Sir David Bruce in 1877 as the causative
agent of Malta Fever in humans (1), which now is referred to as Brucellosis. Symptoms of the
disease often include fever, joint pain, weight loss among others. In severe cases, arthritis,
endocarditis, and swelling of the liver and spleen can also occur. The genus Brucella consists of
an evolving list of subspecies as new species are constantly being discovered. The six Brucella
species that were first identified in animals are referred to as “the classical Brucella group.” They
are determined based on their specific host tropism: Brucella melitensis (sheep and goats),
Brucella abortus (cattle), Brucella suis (pigs), Brucella ovis (sheep), Brucella canis (dogs), and
Brucella neotomae (desert rats). In recent years, at least seven more Brucella species have been

isolated in infected animals including dolphins, seals, primates, and frogs, as well as human



breast implants (2). This shows how adaptable Brucella are at infecting a wide variety of hosts.
Despite having specific host preferences, Brucella species have very high genome similarities,
between 85-97% DNA similarity between species (3). How exactly the Brucella’s host preference
is determined despite the highly similar genome Is not yet known, but researchers believe that
differences in genome degradation, insertion/deletion due to mobile elements, SNPs (single
nucleotide polymorphisms), and VNTR (variable number of tandem repeats) may play a role in
host preference (3-5).

In my graduate work, | used the ovine facultative intracellular pathogen, Brucella ovis, as
a model system to study TCS regulatory systems that regulate the Brucella cell envelope. B. ovis
are only found in sheep and are the etiological agents of ovine epididymitis in rams and can also
cause abortion in pregnant ewes. B. ovis can be transmitted sexually, through birth or contact
with infected aborted fetus and placenta (Buddle, 1956). Infections in ewes are usually less
persistent than in male sheep. It has been noted that infections usually do not last longer than a
pregnancy or two months in the vagina while they are much harder to clear in rams and usually
leave life-long effects on fertility.

Even though B. ovis shares a large portion of its genome with the other Brucella species,
it stands out as an outlier for a few reasons. At the time of its discovery in the 1950s in New
Zealand, B. ovis was thought as a “Brucella mutant” due to its “non-smooth type,” which we now
know is due to the lack of the O-chain on its lipopolysaccharide (LPS). B. canis is the only other
Brucella species that also do not have an O-chain, making it and B. ovis the only two naturally
“rough” species of Brucella. This is an important distinction because the O-chain is an important
virulence factor in other smooth Brucella species. In fact, rough mutants of naturally smooth
Brucella strains have shown high attenuation in infection models and show clinical potential as
vaccine candidates (6-8). Additionally, B. ovis along with B. neotomae are the only two non-
zoonotic species among the classical Brucella group while the other ones are considered either

highly or moderately zoonotic and can infect humans (9-11). The third reason for B. ovis being an



outlier is that it shows a high level of genome degradation compared to the zoonotic Brucella
species. There are 244 pseudogenes, 38 IS711 mobile elements, and 4 large deletions identified
specifically in the B. ovis ATCC 25840 genome. Many of the pseudogenes encode various
transporters, outer membrane proteins, enzymes involved in a range of metabolic processes (3,
12). Rearrangement of IS711 mobile elements lead to some gene disruption and a 25-kb genomic
island on chromosome Il in B. ovis that is not found in the any other classical Brucella species.
Among the genes in the deletion regions are ones encoding glycosyltransferases that are
essential for LPS biosynthesis, which is the cause for the rough LPS phenotype in B. ovis, which
| will discuss more in detail below. Overall, despite sharing high genome similarity with the other
classical Brucella species, B. ovis is an outlier due to its rough LPS, non-zoonotic capability and
its high genome degradation.
The Intracellular life cycle of Brucella

The classical Brucella species infect domestic animals and the major routes of
transmission include sexual intercourse, exposure to aborted fetus, semen from infected males,
vaginal secretion from infected females, consumption of contaminated milk and in utero (13).
Once inside the host, Brucella reside in professional and non-professional phagocytes through
phagocytosis (14). Upon entry into a host cell, Brucella reside in Brucella-containing vacuoles
(BCVs), which interact with the early endosome, late endosome, and partially fuse with the
lysosome to eventually form endosomal BCVs (eBCVs). As the BCVs mature to eBCVs, which is
within the first 8 hours of infection, pH decreases to around pH 4-4.5, which induces expression
of the type IV secretion system (T4SS) in Brucella (15). Brucella does not start its replication
Inside the eBCVs. The development of T4SS promotes further maturation of the BCV into the
replicative BCVs, (rBCVs) which interact with endoplasmic reticulum and has a slight acidic to
neutral pH. This occurs around 8-12 hours post entry and is where Brucella replicates (16). Lastly,
autophagic BCVs (aBCVs) form from rBCVs and promotes the last step of the Brucella

intracellular life cycle through bacterial egress (13, 14, 16).



The Brucella LPS

The LPS of Gram-negative bacteria is made of three components: lipid A, core
oligosaccharide, and O-polysaccharide chain. Lipid A contains various lengths of fatty acids and
is the LPS anchor to the outer membrane due to its hydrophobicity. It is also referred to as
endotoxin and it is the component recognized by Toll-like receptor 4 (TLR-4) (17). In many
bacteria, such as Escherichia coli, lipid A is composed of C12-C14 fatty acids and glucosamine
backbone sugars. However, the Brucella lipid A is made of diaminoglucose backbones and very
long chain fatty acids (VLCFAs), ranging from C16 to C28 (18, 19). This unique structure makes
it bulkier than lipid A In other bacteria and It Induces less host Innate Immune response than other
gram-negative bacteria (20). The core oligosaccharide is made of sugars that covalently link lipid
A and the O-polysaccharide chain. Although there are variabilities in the core polysaccharide
among different species and strains in gram-negative bacteria, the 3-deoxy-D-manno-2-
octulosonic acid (Kdo) sugar has been discovered as essential for Gram-negative bacterial
viability and therefore highly conserved (21). Brucella has two Kdo sugars connecting to lipid A.
Unlike other bacteria, Brucella has two branches in its core oligosaccharide stemming from each
of the Kdo sugars, one connects to the O-PS and a side branch that does not (22). It has been
shown that the side branch is important for hindering host immune recognition (23), survival inside
the host, and resistance to complement and antimicrobial peptides (24). Lastly, the presence or
absence of O-PS is what differentiates the smooth and rough species. In Brucella, unlike other
bacteria, the smooth strains share high similarity in their O-PS composition, possibly due to their
niche in the host (25). The Brucella O-PS is composed of N-formyl-perosamine (26). The genes
involved in O-PS biosynthesis are in wbo and wbk genetic regions. wboA and wboB encode two
O-PS glycosyltransferases and they are on a 15kb-genomic island on chromosome | that B. ovis
lacks (3, 27). However, B. canis, the only other naturally rough Brucella species, has wboA and
wboB. The wbk region includes genes that encode for perosamine synthesizing enzymes, O-PS

glycosyltransferases, and genes for bactoprenol priming and O-PS translocation (28). Both



naturally rough strains have mutations in gene(s) involved in bactoprenol priming, but in different
ways. B. ovis has a frameshift mutation in wbkF while B. canis has a deletion that expands
between wbkF and wbkD (29). This difference in mutation(s) suggests that B. ovis and B. canis
evolved into rough strains independently. Multiple studies have shown that the O-PS is an
important component for protection in smooth strains against host complement and antimicrobial
peptides as well as inhibition of fusion with lysosomes which is important for survival inside the
host (30-32). Interestingly, the naturally rough strains have also shown resistance to complement
and antimicrobial peptides (33), suggesting a different mechanism of resistance. Moreover, there
have been instances where smooth strains spontaneously turn “rough” in both lab settings and
infected animals (34, 35). This suggests that sometimes there are extra advantages for not having
the O-PS, likely for energy conservation and lower detection from the host immune system.
The Brucella outer membrane proteins

Another key component of the cell envelope is the outer membrane proteins. As the name
suggests, these are proteins located on the outer membrane of gram-negative bacteria. These
proteins differ vastly in size and functions, and many have been studied for decades. It is known
that they are important for outer membrane stability and some also provide protection against
host immune system (36). It is also important to note that the composition of outer membrane
proteins is different in each Brucella species, regardless of their LPS. In fact, outer membrane
protein composition is used as a serological identification tool. A current hypothesis in the Brucella
field is that the different outer membrane protein profiles could be a reason for different host
preferences and difference in virulence. Martin-Martin and colleagues analyzed the major outer
membrane proteins, Omp25 and Omp31, in the six classical Brucella species and found that the
expression pattern is different in each of the six Brucella species. Moreover, they found that the
composition of the outer membrane proteins does not depend on the presence or absence of the
O-PS (33). For example, B. ovis and B. canis show different banding patterns for omp31, omp25,

and omp25c, despite both being naturally rough strains (37). Additionally, not all outer membrane



proteins are expressed in each Brucella species. For example, in the conditions they tested, B.
ovis does not express omp25b, B. abortus does not express omp31, and B. canis has very
minimal expression of omp31b, omp25¢c, omp25d, and omp22.

In B. ovis, due to its lack of the O-polysaccharide chain, the outer membrane proteins are
more exposed at the bacterial surface and to the extracellular environment. In the Martin-Martin
et al. study from 2011, they showed that the six classical Brucella species have different outer
membrane-related properties. For example, B. ovis is more sensitive to detergents whereas B.
abortus is more sensitive to polymyxin B (33), which is a cationic antimicrobial peptide that targets
the outer membrane. There are also differences in sensitivity to acidic pH, non-immune human
serum, and hydrogen peroxide among the six species. The sensitivity does not correlate with their
LPS phenotype, suggesting that these cell membrane-related phenotypes are not related to the
O-PS presence or absence (33).

The outer membrane proteins are not only Important for membrane Integrity and stability
but also virulence. Studies have shown that Omp22 and Omp25d are required for entry and
replication in murine macrophage for rough Brucella spp. (38) while they are not required in
smooth strains (39). B. ovis omp25d and omp22 mutants also have reduced spleen colonization
in mice. Omp22 is also important for fithess during the stationary phase and protection to
nonimmune serum (40).

B. ovis has mutations in two outer membrane protein-encoding genes: omp2a and omp31
(3). Omp2a is one of the two Omp2 porins, along with Omp2b. omp2a and omp2b are the most
variable outer membrane protein genes among the classical Brucella species and have been
used for species identification (41). In B. abortus and B. melitensis, omp2a has around 100bp
deletion in the middle of the gene, compared to omp2b. omp2b has been reported to be the only
expressed gene of the two in lab settings (42). In B. ovis, instead of a deletion in the middle of the
gene, ompZ2a has an early stop due to a nonsense mutation, making it 63-bp shorter than omp2b.

The mutation in omp317 is also a nonsense mutation that leads to a truncated protein.



Two-component signal transduction systems

Two-component signal transduction systems (TCSs) are a major mechanism that bacteria
use to sense their environment and respond to them quickly and accordingly. In canonical TCS,
there is a sensor histidine kinase (HK) and a response regulator (RR) (Figure 1.1). The HK usually
autophosphorylates at the conserved histidine residue through ATP hydrolysis upon sensing an
environmental cue. Next, it will transfer the phosphoryl group onto its cognate RR at a conserved
aspartate residue. This phosphorylation of RR leads to its homodimerization and a switch to its
active form. The homodimer of RR then binds to the target DNA and regulates gene expression
in response to the stimulus.

Bacteria have evolved with their TCS genes. Almost all bacterial genomes encode some
TCS proteins, ranging from just a few to hundreds. Oftentimes the RR and its interacting HK are
encoded adjacent to each other on the genome, which makes it easier to identify cognate pairs.
When surveying a large number of bacterial species, there seems to be a correlation between
genome size and the number of TCS genes encoded (43). The bioinformatician, Michael Galperin
has used the number of signal transduction proteins that a bacterial genome encodes as a
measure for “bacterial 1Q” (43). Due to the critical role that TCS plays in environmental sensing
and regulation, it is not surprising that if a bacterium encounters constantly changing
environments, it possesses more TCS genes in its genome. For example, Myxococcus xanthus
is a soil bacterium with a complex life cycle that ranges from motile single cells to fruiting bodies
and sporulation. Because soil are highly heterogenous and often have limited nutrients, M.
xanthus also needs to sense nutrient levels and signals from its surrounding cells (44) to know
when to become dormant. Due to its complex need to sense different signals and adjust to
different lifestyles, M. xanthus has over 200 TCS genes in its genome (45), one of the highest
number of TCS genes in a bacterial genome. In contrast, bacteria that tend to have a more
constant and restricted environment have fewer TCS genes. For example, Rickettsia 7ickettsia is

an obligate intracellular pathogen and only has less than 10 TCS genes. As a facultative



intracellular pathogen, B. ovis contains 47 TCS genes in its genome (Genbank accessions
NC_009504 and NC_009505). 20 of those encode genes encode histidine kinases, 22 encode
response regulators, one encodes a histidine kinase-response regulator hybrid, one encodes a
histidine phosphotransferase, and three are pseudogenes due to either a frameshift or nonsense
mutation. Notably, 9 of the 47 TCS genes in B. ovis are considered essential based on TN-seq
data from our lab (46). These make up about 20% of the TCS genes and most of them are
important for Brucella cell cycle and development and pathogenesis.
Histidine kinases

The overall role for a histidine kinase is to sense a specific signal and either activated or
inactivated the cognate response regulator. A typical HK has a sensor domain, a dimerization and
histidine phosphotransfer (DHp) domain, and a catalytic ATP-binding (CA) domain (47). Usually,
HK proteins function as homodimers. Upon sensing a signal in the sensor domain, each of the
two HK monomers will induce phosphorylation at the conserved histidine residue in the DHp
domain, in either a cis- or frans- manner. This process is called the autophosphorylation of HK
and it is regulated by ATP hydrolysis of the terminal phosphate group, the y-phosphate (48). The
HK will then transfer the phosphate onto its cognate RR at the conserved aspartate residue and
triggers downstream gene regulation. It is important to note that most HKs have both phosphoryl
transfer and phosphatase activities. The ability to do both is critical for turning on and shutting off
the system quickly.

Most but not all of the orthodox HKs have periplasmic membrane bound sensor domains.
In fact, in B. ovis, 15 out of 20 HKs are membrane bound (Table 1). There are some HKs that
possess additional transmembrane and cytoplasmic sensory domains for their specific functions.
For example, putative-ligand sensing (PAS) domains are a common accessory domain in HKs.
Depending on the specific types of PAS domains, they can sense changes in light, redox potential,
oxygen, and other small ligands (49). In B. ovis, 5 HKs (PleC, NtrY, PdhS, DivL, LovhK) and a

hybrid HK-RR (CckA) each has a PAS domain.



There are also some extracellular sensory domains found in many types of receptor
proteins, including HKs. One common one is the CHASE (cyclase/histidine kinase-associated
sensing extracellular) domain. Zhulin and colleagues have discovered and subcategorized
different classes of CHASE domains based on their amino acid sequences (50). In B. ovis, PhyT
has a CHASE3 domain, which is commonly found in HKs and adenylate cyclase (50). Studies
done in another Alphaproteobacterial species, Sphingomonas melonis, and in the
Gammaproteobacterium Pseudomonas putida have shown that CHASES is a salt sensor (51, 52).
However, studies have yet to be done on CHASES in PhyT to examine whether it is also a salt
sensor. Another common extracellular sensory domain in HKs is CACHE (Ca2+ channel,
chemotaxis receptors) domain. In B. ovis, BOV_0357 has a CACHE domain but its function is
unknown.

Another atypical HK family that are found in B. ovis is the HWE (histidine- tryptophan-
glutamine) HK family. HWE HKs share similarities with typical HKs as they also contain DHp and
CA domains. However, there are conserved motifs that are unique to HWE HKs — Histidine (H) in
the N-box and tryptophan-glutamine (WE) near the G1 box of the CA domain (53, 54). Studies on
multiple HWE HKs in different species have shown that these HKs form unusual oligomeric state;
some function as monomers while some function as hexamers (55, 56). It is also believed that
HWE HKs usually do not follow the typical phosphorylation and direct downstream gene
regulation pathway. Instead, the pathways are usually multi-component and the RRs involved
tend to have non-DNA binding functions, such as binding to anti-sigma factor (PhyR), which | will
describe more in detail below. Lastly, many of the HWE HKs found in Alphaproteobacteria are in
the general stress response (GSR) regulatory pathway (53, 57, 58). There are three HWE HKs in
B. ovis: BOV_1602, BOV_1607, and LovhK. LovhK is shown to be part of the GSR and
phosphorylates PhyR (59). BOV_1602 and BOV_1607 were not characterized/ their pathways
are unknown. In chapter 3 | will discuss how BOV_1602 is important for detergent resistance in

B. ovis.



Response Regulators

The overall role of a response regulator is to regulate gene expression according to the
upstream signal from its cognate HK (60). A typical RR catalyzes the phosphoryl transfer from its
phosphorylated cognate HK. Once phosphorylated, the RR is in its active state and undergoes a
conformational change that promotes homodimerization. The homodimers bind to its target DNA
and regulate downstream gene expression, which usually is the last step of the two-component
signal transduction system. Dephosphorylation of RRs is important for turning off the response
when needed. Usually, the phosphate group gets transferred to water (61). Sometimes,
phosphatases also facilitate the dephosphorylation of RRs.

A typical RR is cytoplasmic and has a receiver domain and a DNA binding domain.
Typically, phosphates are transferred from the histidine residue on HKs onto the aspartate residue
in the receiver domain of the cognate RRs. This reaction usually happens within seconds between
cognate pairs. However, sometimes RRs can also be phosphorylated by small molecule phosphor
donors, such as acetyl phosphate, carbamoyl phosphate, imidazole phosphate, and
phosphoramidate (62).

Some RRs do not have a DNA-binding domain and therefore, do not directly regulate gene
expression. In B. ovis, there are four single-domain RRs (SDRRs) (BOV_0099, PhyR, CpdR,
DivK), and PleD has a receiver domain and a diguanylate cyclase (GGCEF) domain instead of a
DNA binding domain. DivK is involved in the CckA-CtrA multi-component master cell cycle
regulatory system. When phosphorylated, DivK sequesters DivL and prevents it from interacting
with CckA (63) and initiating the phosphorelay, which | will discuss further below. CpdR is also a
part of this system. Instead of binding to DNA, CpdR binds to two other proteins, PopA and RcdA,
and regulates CtrA proteolysis. PhyR is another SDRR in B. ovis and it is a key component of the
alphaproteobacterial general stress response. It possesses a sigma-like domain. Upon activation,
PhyR sequesters the anti-sigma factor, NepR, and releases the sigma factor, RpoE1 and allows

it to regulate gene expression (64).
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Overall, RRs have diverse activities and functions. In Chapter 3 of my thesis, | describe a
novel interaction between two RRs, CenR and EssR, along with detailing the mechanism of their
interaction and exploring the impact of this interaction on gene regulation in B. ovis.

Hybrid histidine kinase and phosphotransferase

As | mentioned above, some signal transduction systems require more than two
components and sometimes there are phosphorelays between the proteins. Hybrid histidine
kinases (HHKs) and phosphotransferases (HPTs) are often found in these multi-component signal
transduction systems. HHKs as the name suggests, is a hybrid between histidine kinase and
response regulator and has features of both proteins. In B. ovis, there are two HHKs, PrlS and
CckA, though priS is a pseudogene due to a frameshift mutation that leads to an early stop codon
in the sequence.

HPTs usually act as a shuttle that transfers phosphate groups from one protein to another.
They can either act as monomers, such as ArcB in E. coli (65), or dimers that resemble histidine
kinases, such as Spo0B in Bacillus subtilis (66). Even though some HPTs contain a CA domain,
no ATP binding activities have been observed from any HPTs (67). In B. ovis, there is only one
HPT, ChpT, which is part of the CckA-CtrA system (68).

The CckA-CtrA pathway is the master cell cycle regulatory system that is conserved in the
Alphaproteobacteria family, and it requires phosphorelays with multiple players. DivL is a histidine
kinase and upon localization to CckA, it activates the kinase activity of CckA. CckA is an HHK
that has both a kinase domain and a receiver domain. CckA first autophosphorylates in the DHp
domain and transfers the phosphate onto its receiver domain. Then the phosphate gets passed
on to the DHp domain of an HPT, ChpT. ChpT then transfers the phosphate group to two RRs,
CtrA and CpdR (63, 68).

Cell envelope stress regulation in Gram-negative bacteria
The Gram-negative cell envelope is a powerful structure that protects the cells from toxins,

antibiotics, and many environmental stresses. The bacteria also are equipped with many other
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regulatory systems to respond to various kinds of cell envelope stresses, such as changes in
temperature, pH and osmolarity, antimicrobial peptides, toxic metals, oxidative stress, and
intrinsic stresses that affect the cell envelope. There have been extensive studies on the
mechanism of these regulatory systems, and | will provide a brief summary of 5 major systems,
RpoE, Cpx, Rcs, Psp, and OmpR/EnvZ.
The RpoE response

of, also known as the envelope stress sigma factor, responds to the outer membrane
stress from misfolded OMPs and mutated LPS (69, 70). In the absence of misfolded OMPs in the
periplasm, of is bound to the cytoplasmic domain of its anti-sigma factor, RseA, and is inhibited
from interacting with RNA polymerase (71). RseA is an inner membrane protein, with a
periplasmic domain, a transmembrane domain, and a cytoplasmic domain. In the non-activating
state, RseA also binds to RseB in the periplasm, and this complex prevents another protease,
RseP from degrading RseA (72, 73). In the presence of misfolded OMPs, the inner membrane-
bound protease, DegS undergoes a conformational change after sensing the unfolded proteins.
This will cause DegS to cleave the periplasmic portion of RseA and RseP to cleave the
transmembrane portion of RseA, which then releases of. The free of can then bind to RNA
polymerase to upregulate OMP folding pathways, genes encoding periplasmic protease to
increase protein degradation of unfolded OMPs, LPS biogenesis and transportation, and repress
OMP translation to halt more OMP production before homeostasis is restored.
Cpx response

CpxAR (conjugative plasmid expression) is a canonical two-component system that
responds to inner membrane stresses (74) and it is important for resistance to many antibiotics
(75, 76). CpxAR is activated through a variety of stresses, such as unfolded IMPs (inner
membrane proteins), changes in osmolarity (77), pH (78), and phospholipid composition (79),
exposure to ethanol and copper, defects in peptidoglycan synthesis, etc.. CpxA, the histidine

kinase, detects the stress signal(s) and activates its cognate response regulator, CpxR through
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phosphorylation. Next, CpxR binds to promoters of genes and regulates gene expression. Studies
have shown that CpxAR upregulates genes involved in protein folding and degradation of
misfolded proteins, peptidoglycan modification, efflux pumps to pump out toxins (80, 81). On the
other hand, CpxAR represses expression of non-essential IMPs, such as the respiratory proteins,
NADH dehydrogenase | and cytochrome bo3 for better adaptation of envelope stresses (82).
Rcs response

Rcs (regulator of capsule synthesis) is a TCS that senses and responds to changes in
membrane structure and biogenesis (83). Unlike traditional TCS, Rcs has multiple components.
RcsF, a lipoprotein, is bound to the outer membrane and can detect membrane defects. RcsC,
the histidine kinase, can then phosphorylate the response regulator, RcsB. RcsB can either form
a homodimer or a heterodimer with RcsA and regulate transcription. The regulons are different
for the homodimers and heterodimers. RcsB-RcsB homodimer upregulates a small RNA, RprA,
which increases the translation of the stationary-phase sigma factor, RpoS (84). RcsB-RcsA
heterodimer upregulates genes involved in EPS and represses genes involved in motility (85).
Psp response

The Phage Shock Protein (Psp) response is a multi-protein system that responds to inner
membrane damages, which could be a result of many different stresses, such as heat shock,
ethanol exposure, detergent treatment, and increase in pH and osmolarity (86) or mislocalized
secretins (87). PspB and PspC form an inner membrane complex and once they detect inner
membrane damages, PspA is sequestered to the inner membrane complex and PspF upregulated
psp operon. Unlike the other ESR systems, Psp response only induces expression of the psp
operon and has no major effect on other genes. Studies have shown that PspA, PspB, and PspC
are important for maintaining the proton motive force and relieving the toxicity from mislocalized

secretins, though the exact mechanisms are unknown (88).
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OmpR-EnvZ response

OmpR-EnvZ are a canonical TCS pair that respond to osmolarity and pH changes in the
outer membrane in the environment. At high osmolarity or low pH, EnvZ phosphorylates OmpR
and OmpR increases ompC expression and represses ompF expression. At low osmolarity or
neutral pH, OmpR represses ompC expression and induces ompF expression. OmpC and OmpF
are both outer membrane porins and they differ in pore sizes and the flow rates. This
transcriptional change leads to either OmpC or OmpF being the major outer membrane protein
and ultimately, balancing the osmolarity in the cell (89).
Conclusion

The facultative intracellular pathogen Brucella ovis is a globally important ovine pathogen
that stands as an outlier among the classical Brucella species due to its rough LPS, distinct outer
membrane protein composition, and high level of genome degradation relative to other Brucella
species. In this introductory chapter, | have covered some known mechanisms that bacteria use
to respond to cell envelope stresses. In this thesis, | will first describe my system-level analysis
of all non-essential TCSs in B. ovis (Chapter 2). From this initial screen, | then uncovered the
molecular mechanisms of a novel three-component system that is important for cell envelope
maintenance and intracellular replication (Chapter 3) and a histidine kinase that is important for

detergent resistance (Chapter 4).
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Figure
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Figure 1.1: schematic of a canonical two-component signal transduction system. The
homodimer of HK (pink) is membrane bound and once it senses signals, the homodimers will
autophosphorylate via ATP hydrolysis. Then the HK homodimer will transfer the phosphoryl group
onto its cognate response regulator (blue). This phosphorylation of RR results in the
homodimerization of RR and the RR homodimer bind to its target DNA and regulate gene
expression.
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Table

Table 1.1: Two-component system (TCS) genes in Brucella ovis ATCC 25840

NCBI RefSeq |Gene Mutants
BOV locus |locus name(s) [Domains Essential' |generated?
BOV_0099 |[BOV_RS00485 |- REC N Y
BOV_0128 |BOV_RS00640 |regB/prrB |[TM-HK N N
BOV_0131 BOV_RS00655 |regA/prrA |REC-DBD N Y
oo BOCRSERNlpemeree |y |
BOV_0289 [BOV_RS01475 |- TM-HK N Y
BOV_0312 [BOV_RS01585 |phoR TM-HK N Y
BOV_0331 BOV_RS01685 [priR REC-DBD N Y
BOV 0332 |[BOV_RS16185 |priS e Y Y
BOV_0357 |[BOV_RS01805 | TM-Cache-HK N Y
BOV 0358 |[BOV_RS01810 |- REC-DBD N Y
BOV_0577 [BOV_RS02880 |divJ TM-HK N Y
BOV_0603 |BOV_RS03015 |feuP REC-DBD N Y
BOV_0604 |BOV_RS03020 [feuQ TM-HK N Y
BOV_0611 BOV_RS03055 [ REC-DBD N Y
BOV_0612 [BOV_RS03060 |- TM-HK N Y
BOV_0615 |BOV_RS03075 |pleC TM-PAS-HK N Y
BOV_1004 [BOV_RS04980 |cckA TM-PAS-HK-REC Y N
- +
BOV_1073 |[BOV_RS05335 |ntrX ISR Y N
BOV_1074 [ BOV_RS05340 |ntrY TM-PAS-HK N N
- +
BOV_1075 |BOV_RS05345 |ntrC IR N Y
BOV_1076 [BOV_RS05350 |ntrB HK N Y
BOV_1472 [BOV_RS07250 |essR REC- DBD N Y
BOV_1473 | BOV_RS07255 |essS TM-HK N Y
BOV_1541 BOV_RS07590 [chpT HPT Y N
BOV_1542 BOV_RS07595 |ctrA REC-DBD Y N
BOV_1549 [BOV_RS07630 |pdhS PAS-HK Y N
BOV_1602 [BOV_RS07885 |- HWE-HK N Y
BOV_1604 |BOV_RS07895 |phyR REC N Y
BOV_1607 |BOV_RS07910 |phyT LI\\//IVEJ:'?(SE?’ N N
BOV_1929 [BOV_RS09460 |cenR/otpR |REC-DBD N Y
BOV_2010 [BOV_RS09885 |bvrR REC-DBD Y N
BOV_2011 BOV_RS09890 |bvrS TM-HK Y N
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Table 1.1: (Cont’d)

BOV 2016 |BOV_RS09915 [divL PAS-HK Y N
BOV 2058 |BOV_RS10125 |phoB REC-DBD N Y
BOV_A0037 |BOV_RS10530 |nodV TM-HK N Y
BOV_A0038 [BOV_RS10535 |nodW REC-DBD N Y
BOV_A0040 |BOV_RS10545 |cpdR REC N N
Pseudo REC-
BOV_A0077 |BOV_RS107302 AAA+ ATPase- N N
DBD
BOV_A0209 |BOV_RS11400 | TM-HK N Y
BOV_A0210 |BOV_RS11405 | REC-DBD N Y
BOV_A0358 |BOV_RS12165 | REC-DBD N Y
BOV_A0412 |BOV_RS124352| Pseudo HK N Y
BOV_A0413 |BOV_RS12440 | REC-DBD N Y
BOV_A0554 |BOV_RS13160 |lovhK PAS-HWE-HK N Y
BOV_A0575 |BOV_RS13265 |pleD REC-GGDEF N Y
BOV_A0576 |BOV_RS13270 (divK REC Y N
BOV_A1045 |BOV_RS15645 |ftcR REC-DBD N Y

Abbreviation keys:

TM: transmembrane HWE-HK or HK: histidine kinase

REC: response regulator receiver domain  DBD: DNA-binding domain

AAA+ ATPase: sigma 54 activated domain GGDEF: diguanylate cyclase domain
PAS/CHASE3/CACHE: sensory domains  HPT: histidine phosphotransferase

'Essential genes based on Gumbel and HMM essential gene calculations in TRANSIT(90),
using the Tn-Himar sequencing data available at accession SRR19632676 in the NCBI
Sequence Read Archive. Genes called essential using both the Gumbel and HMM approaches
are noted.

2Annotated as pseudogene in RefSeq based on the presence of insertion/deletion or nonsense
mutations relative to other Brucella species.
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Chapter 2: A system-level approach to discover cell envelope regulatory
TCS genes in Brucella ovis

Preface

The content of this chapter was modified and adapted from its published form:
Chen X, Alakavuklar MA, Fiebig A, Crosson, S. mBio (2023).

Introduction

The Brucella ovis genome contains 47 genes encoding protein components of two-
component signal transduction (TCS) systems. The primary structure of some B. ovis TCSs have
high identity with previously studied TCSs in other species, and it is assumed that they perform
similar functions in B. ovis. However, many of TCSs’ physiological roles in the cell remain
unknown. There also had not been a system-level analysis of all the TCSs in any Brucella species.
To overcome this lack of knowledge, | performed a system-level analysis of all the non-essential
TCSs in B. ovis, with the goal of discovering TCSs that regulate cell envelope functions.

The primary strategy involved the creation of mutant strains harboring in-frame deletions
of all the non-essential TCS genes and testing the fitness of these mutants under different cell
envelope stress conditions. Due to the large amount of cloning that this approach required, and
the knowledge that adjacently encoded TCS genes often function together, | chose to delete both
response regulator (RR) and histidine kinase (HK) together if they are directly adjacent to each
other on the chromosome. For the genes that stand alone on either chromosome, | made single
deletions strains.

To focus my directed gene deletion effort, | defined non-essential TCS genes using
previously published transposon Tn-seq data in B. ovis from our lab (46). Using Hidden Markov
model and Bayesian-based analysis (90),9 TCS genes were defined as essential. These include
cCkA, ntrX, chpT, ctrA, pdhS, bvrR, bvrS, divL, divK, and | did not attempt to make deletions of
any of these genes. cpdR was not considered essential based on the essentiality threshold, but

it had fewer insertion counts relative to other non-essential genes. Given the transposon insertion
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data and the fact that this gene has been previously studied in Brucella | chose not to create a
cpdR deletion strain due to unlikelihood of success. ntrX and ntrY are adjacent to each other on
the chromosome, and because nirX is essential, | did to not attempt at making either a AntrX-ntrY
double mutant or a AntrY single mutant. BOV_07190 and BOV_A0077 have primary structure
features of TCS regulators but are both pseudogenes so | also did not make mutants of these
genes. Lastly, even though phyT and regB are considered non-essential based on the Tn-Seq
data, | was not able to generate in-frame deletions of these two genes. Altogether, | did not include
15 out of the 47 TCS genes in B. ovis in my analysis.

I made deletion mutants of 32 TCS genes (24 strains total), using a double crossover
recombination method. The entire mutant panel consists of eight double mutants where | deleted
both the RR and HK, and 16 single gene deletion mutants (Table 1.1). To assess the impact of
these TCS genes on cell envelope stress responses, | examined various stressors targeting
different aspects of the cell envelope. The three stressors | chose were: carbenicillin, NaCl, and
sodium dodecyl sulfate (SDS). Carbenicillin is a beta-lactam antibiotic that targets the cell wall.
High salt concentration is known to induce osmotic stress. SDS is a detergent, which disrupts the
cell membranes. Due to the lack of previous studies of on B. ovis in the presence of these
stressors, | first needed to determine the concentration at which each of the compounds began
to impact B. ovis growth. The ideal concentration of stressors for my assay is where WT has a
slight growth defect when grown on tryptic soy agar supplemented with 5% sheep blood (TSAB)
plates containing the stressor compounds relative to WT grown on plain TSA plates. The final
concentrations that | identified for each condition were: 2 ug/mL carbenicillin, 0.004-0.0045% SDS,
and 200 mM - 225 mM NaCl. It is important to note that the appropriate concentration may change
depending on the mutant’s phenotype. For example, at 200 mM NaCl, it is easier to distinguish
mutants that are more sensitive than WT. However, at 225 mM NaCl, it is easier to distinguish

mutants that are more resistant than WT.
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Results
Nine cell-envelope regulatory TCS genes identified from the system-level analysis

Out of the 24 mutants, seven of them harboring deletion of 9 TCS genes showed different
growth phenotypes in at least one stress condition compared to WT. The remaining mutants did
not have any different growth phenotypes compared to WT on all three stress conditions tested.
The 9 TCS genes are: BOV_0577, BOV_0615, BOV_1602, BOV_0311, BOV_0611-0612,
BOV_1472-1472, and BOV_1929 (Figure 2.1). BOV_0577 and BOV_0615 encode the cell cycle
regulators, Divd and PleC respectively. Both proteins have been studied extensively in the context
of cell cycle regulation in Caulobacter crescentus and other related Alphaproteobacteria. However,
there has not been any previous studies on the importance of Divd and PleC to cell membrane
maintenance and integrity. From my screen, | observed that deletion of divJ leads to a slight
sensitivity to carbenicillin and deletion of pleC leads to an 100-fold growth defect on 200 mM NacCl
plate compared to WT (Figure 2.1). The deletion of BOV_1602 (ABOV_1602) resulted in
sensitivity to NaCl and a 4 log1o unit growth enhancement on SDS plates. BOV_0311 encodes a
prlS (91) homolog and deletion of the gene resulted in minor salt sensitivity. BOV_0611-0612 is
an uncharacterized TCS RR/HK pair and deletion of the operon resulted in sensitivity to
carbenicillin but had no effect on NaCl or SDS plates. BOV_1929 has high sequence identity (80-
83%) to cenR (cell envelope regulator) in C. crescentus and Rhodobacter sphaeroides. In both
species, it was shown that cenR is important for maintaining cell envelope integrity and cell shape
(92, 93). The B. ovis AcenR mutant had a 10-fold growth defect on plain TSAB, 1000-fold growth
defect on TSAB containing 2 ug/mL carbenicillin, and a 10-fold growth defect on TSAB containing
0.0045% SDS. Lastly, the BOV_1472-1473 locus encodes an uncharacterized TCS gene pair in
which BOV_1472 is the RR and BOV_1473 is the HK. Interestingly, deletion of this pair resulted
in very similar phenotypes as AcenR on all conditions tested. In Chapter 3 | will describe in detail

of the molecular connection between CenR and BOV_1472-1473, which will help explain the
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congruence in the plate stress phenotype results. In Chapter 4, | will explore the mechanism of
detergent resistance in ABOV_1602 mutants.

High throughput screening using barcoded TCS transposon library and Biolog
phenotype Microarray

My initial screen successfully identified TCS genes that are important for cell envelope
stress responses, which were previously unknown. However, there remain several TCS genes in
B. ovis that are completely uncharacterized, and it is usually very difficult to identify the signals of
each TCS. To leverage the mutant library that | generated and advance efforts of finding possible
signals that regulate Brucella TCS genes, | decided to transform the initial cell envelope stressor
screen into a more high-throughput screening approach that can test all the mutants against
hundreds of chemical compounds. Biolog phenotype MicroPlates are a powerful and useful tool
to test the phenotype of bacteria in different conditions (94), including various antibiotics, acids,
pH, osmotic stress inducers, metal containing compounds, etc. Biolog MicroPlates can also test
for growth in different carbon, nitrogen, sulfur, and phosphorous sources. However, because there
is currently no minimal media that supports B. ovis growth, | was not able to use those Biolog
MicroPlates to investigate TCSs that may be important for nutrient uptake and regulation.

Given the large scale of this screen, the initial approach of plating each strain on different
plates is not suitable. Instead, | generated a barcoded mutant library in which each of the mutants
has a unique barcode integrated at the g/mS locus using the Tn7 transposon (95). The library has
25 mutants harboring deletion of 32 TCS genes, all of the mutants are the same as in the initial
screen, except for A1472-1473. Instead of using the double mutant, | barcoded A71472 and A1473,
each as a single mutant. | also have included two WT strains with different barcodes as controls.
In total, the library contains 27 strains in equal part, each with a unique around 30 bp barcode
(Table 2.1). | grew the library in seven different Biolog MicroPlates, which are PM9, PM10, PM11C,
PM12B, PM13B, PM18C, and PM19. Most of these plates contain a variety of compounds.

Additionally, | also grew the library in a plain 96-well plate as a control. | performed PCR on each

21



well that had growth and amplified the barcodes. To measure the fitness of each mutant strain in
each condition, | performed lllumina Next-Generation Sequencing (NGS) on the barcoded region
and quantified the reads of each barcode. The script for counting raw reads is attached in the
appendix.

There was notable unevenness of amplification of the barcodes in this experiment. For
example, the two WT strains should have similar read counts in all conditions. However, barcode
36 was amplified much less than barcode 37. Another concern of this barcoded library is the
variability in strain survival during the freezing of the library. All strains should have similar barcode
read counts in the no stress condition given that | mixed in equal concentrations of each strain.
However, it was obvious that AcenR, AessR, and AessS did not survive during the one-month
freezing period which was between when the library was made and when the experiment was
conducted. All three strains had very minimal reads of their barcodes in any of the conditions
tested. However, many more reads were detected during a trial run a few days after the library
was frozen at -80°C.

Despite the shortcomings of this barcoded library, the results still provided new insights
on the possible signals of some TCSs. With a stringent cut-off for significance, 15 TCS mutants
showed either sensitivity or resistance to at least one compounds (Table 2.2). There are also
some interesting patterns between different TCSs. For example, ABOV_A0209-0210,
ABOV_A0575, AphyR, ABOV_2058, ABOV_0577, and ABOV_0611-0612 all showed resistance
to penicillin G, oxacillin, and pheneticillin. There are consistent results between the barcoded
library high throughput assay and my initial agar stress assay. For example, in both assays, ApleC
and ABOV_1602 showed sensitivity to NaCl (Figure 2.1; Table 2.2).

This barcoded library approach has potentials for identifying potential signals for different
TCSs. However, more extensive optimization is needed to improve reproducibility of the results.

As | mentioned earlier, the two main areas that future students should focus on for optimization
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are 1) how to improve the evenness of amplification 2) how to preserve the viability of certain
strains before running the experiment.
Conclusion

| have generated two libraries, the non-essential TCS mutant library and the barcoded
transposon mutant library. By screening the mutant library against three cell envelope stressors,
I have identified 9 TCS genes that are important for resistance to SDS, carbenicillin, and/or NaCl,
some of which are previously uncharacterized TCSs. This mutant library is a useful tool for
discovering targets of unknown TCSs or new functions of known TCSs. Although the barcoded
transposon library requires more optimization, it has already shown potential for discovering TCSs
with similar functions and possibly similar regulatory roles. It also has the potential for identifying
sensory signals for TCSs with unknown signals.

Method

Bacterial strains and growth conditions

All Brucella ovis ATCC25840 and derivative strains were grown on Tryptic soy agar (BD
Difco) + 5% sheep blood (Quad Five) (TSAB) or in Brucella broth at 37°C with 5% CO.
supplementation. Growth medium was supplemented with 50 ug/ml kanamycin, 2 pg/mL
carbenicillin, 0.0045% sodium dodecyl sulfate (SDS), or 215 mM NaCl when necessary.
All Escherichia coli strains were grown in lysogeny broth (LB) or on LB solidified with 1.5% w/v
agar. E. coli Top10 and WM3064 strains were incubated at 37°C. WM3064 was grown with 30
MM diaminopimelic acid (DAP) supplementation. Medium was supplemented with 50 pg/mL
kanamycin. Primer, plasmid, and strain information are available at

(https://doi.org/10.1128/mbio.02387-23; Table S5).

Chromosomal deletion strain construction

The double-crossover recombination method was used to generate all B. ovis strains

bearing in-frame, unmarked gene deletions. Approximately 500 base pair (bp) upstream or

23


https://doi.org/10.1128/mbio.02387-23

downstream of the target gene, including 9-120 bp of the 3’ and 5’ ends of the target gene, were
amplified by PCR using KOD Xtreme polymerase (Novagen) using primers specific to these
regions and the B. ovis genomic DNA as template. The DNA fragments were then inserted into
the sacB-containing suicide plasmid pNPTS138 either through Gibson assembly or restriction
enzyme digestion and ligation. The ligated plasmids were first chemically transformed into
competent E. coli Top10. After sequencing confirmation, plasmids were transformed into
chemically competent E. coli WM3064 (strain originally produced by W. Metcalf), a DAP
auxotroph conjugation-competent donor strain. Plasmids were transferred to B. ovis through
conjugation. Primary recombinants were selected on TSAB supplemented with kanamycin. After
outgrowth in non-selective growth in Brucella broth for 8 hours, clones in which a second
recombination removed the plasmid were identified through counter selection with 5% sucrose.
Colony PCR was performed on kanamycin-sensitive colonies to distinguish clones bearing the
deletion allele from those bearing the WT allele.

Barcoded strain construction

Plasmids containing the barcodes were extracted from the E. coli strains carrying the
plasmids. Each of the plasmids was transformed into chemically competent E. coli WM3064 cells.
These plasmids were co-conjugated into B. ovis strains with a Tn7 integrase expressing suicide
helper plasmid, pTNS3. B. ovis colonies carrying the integrated mTn7-barcode constructs were
selected on TSAB containing kanamycin.

Agar plate growth/stress assays

After 2 days of growth on TSAB or TSAB supplemented with kanamycin, B. ovis cells were
collected and resuspended in sterile phosphate-buffered saline (PBS) to an ODeoo = 0.3. Each
strain was serially diluted in PBS using a 10™ dilution factor. 5 ul of each dilution was plated onto
either TSAB, TSAB containing 0.0045% SDS, 2 ug/ml carbenicillin, or 200 mM NacCl. After 3 days
of incubation for TSAB, 4 days for TSAB + 0.0045% SDS and 5 days for TSAB + 2 ug/ml

carbenicillin and 215 mM NaCl, growth was documented photographically.
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Barcoded mutant library construction

Brucella strains carrying the integrated mTn7-barcode constructs were grown on TSAB
containing kanamycin for 2 days. Cells were resuspended in Brucella broth and ODesgo were
adjusted to 1. Five hundred microliter of each normalized culture were mixed together, and a final
concentration of 25% glycerol was added to the mixture. The library was stored in 500 uL aliquots
at-80°C.

Biolog Phenotype MicroPlate assay

One aliquot of the barcoded mutant library was thawed on ice and cells were centrifuged
at 11,000 x g at room temperature. The supernatant was discarded, and fresh Brucella broth was
added. Each well on Biolog plates was resuspended in 100 pL of Brucella broth. The barcoded
library was added to each well to a final concentration of ODego = 0.001. For the no stress control,
100 pL of Brucella broth to each well of a 96-well plate. Cells were added to the same
concentration as the Biolog plates. Plates were incubated statically at 37°C with 5% CO:
supplementation for 4 days. ODsoo was measured on a Tecan to determine growth after 4 days.

llumina Next-Generation sequencing amplification of Tn7 barcodes

From the wells that had growth, 2 uL of cell culture was used as DNA template for the first
round of Q5 PCR. After PCR program was done, 3 uL of each reaction was mixed with 2.5 uL
dH>0O + 0.5 uL ExoSAP to clean up. After the ExoSAP program was done, 2 uL of each ExoSAP
reaction was used as DNA template for the second round of Q5 PCR with P5 and P7 indexed
primers. Each indexed primer pair is assigned to a specific well on the Biolog Plates. The same
ExoSAP step was repeated. The cleaned-up product was quantified using Qubit double stranded
DNA kit on a Qubit Fluorometer. DNA sample was diluted to 500 pL of 10 nM in H>O and then to
100 pL of 1 nM in Resuspension buffer (RSB; lllumina). 5 uL of 1 nM DAN sample was mixed
with 5 yL 0.1 N NaOH to denature the DNA; 4 uL 4 nM phiX (lllumina) was mixed with 4 uL 0.1 N
NaOH; both mixtures were incubated for 5 minutes at room temperature. 200 pyL Tris pH 7 was

added to the denatured DNA mixture to neutralize the sample. 985 uL prechilled hybridization
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buffer (lllumina) was added to the neutralized DNA sample to dilute the sample. The sample was
mixed and quickly centrifuged. PhiX was diluted to 20 pM and the DNA sample was diluted to 5
pM, both with prechilled hybridization buffer. 375 yL 5 pM DNA sample was mixed with 125 pL
20 pM PhiX and the 500 pL mixture was loaded to lllumina reagent cartridge and sequenced
using lllumina MiniSeq.

llumina Next-Generation sequencing analysis

A sequencing result file was generated from each reaction using a unique indexed primer
pair, which was associated with a specific compound from the Biolog Plates. All the sequencing
files from lllumina Next-Generation sequencing were run through a script for counting barcodes
(attached in Appendix) to get the raw counts of each barcode/mutant in each culture condition.
Log2 (raw reads with stress / raw reads without stress) of each barcode/mutant in each condition
was calculated. Due to the noise of the data and uneven amplification of the barcodes, a threshold
of significance was set as such: a mutant is considered to be sensitive to a compound if log:
(mutantsyressed/ Mutantunstressed ) = 1092 (W Tstressed/ W Tunstressed ) < -2; @ mutant is considered resistant

to that compound logz (mUtantstressed/mUtantunstressed) - logz (WTstressed/WTunstressed ) > 5.
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Figure 2.1: system-level analysis of non-essential TCS in B. ovis on three cell envelope
stressors. Strains harboring in-frame unmarked deletions (A) of B. ovis TCS gene loci BOV_0577
(divd), BOV_0615 (pleC), BOV_A0544 (lovhK), BOV_1604 (phyR), BOV_1602, BOV_0603-0604
(feuPQ), BOV_0311, BOV_0611-0612, BOV_1472-1473, BOV_1929 (cenR), BOV_0357-0358,
plated in logi dilution series on plain TSA blood agar (TSAB), TSAB containing 2 pg/ml
carbenicillin (+carb), TSAB containing 0.0045% SDS (+SDS), or TSAB containing 200 mM NacCl
(*NaCl). Dilution plating experiments were repeated at least three times for all strains, and one
representative experiment is shown.
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Tables

Table 2.1: Mutant strains in the barcoded mutant library and their corresponding

BOV_0131 Barcode #3 TGCGTAACTAGTTTAGTGGTCATGTTTTAA
BOV_0331 Barcode #5 GGAAACATTCTACGCAAGTCTTCCTCCCCA
BOV_0099 Barcode #8 GGATTTTTTTCAATCTGCACGGGGATTTTT
BOV_0577 Barcode #9 CTCGGTGATGTCTCGAATATGGGCGCTTGG
BOV_0615 Barcode #10 | CTTATATCTCAGTTCGCGGTGGCTAACCTC
BOV_0357-0358 Barcode #11 | TCCCATCGTCATTTCCGGTTAAGGTCTCTA
BOV_0603_0604 | Barcode #13 | TAGGGCTCTCCGGCAGTCGCGCTGTATCCC
BOV_1075-1076 Barcode #14 | CCGATGGTCTCCTAGTCCTTGCCCCGGAGC
BOV_1602 Barcode #15 | ACCAGCTAATGGACCGGTGCCGAGTCGATT
BOV_A0037-0038 | Barcode #16 | CTTAACCCCGTCGGTATGGCCATTTCGATT
BOV_A0412-0413 | Barcode #17 | CCTATCTCTACCGCGATAAACTCCTGTCTA
BOV_2058 Barcode #18 | GACTTAGCGAATCGACGCGATTGCGGATGC
BOV_A0554 Barcode #20 | GCGTCCGTCGCGCTGCCCCCTTATTAACTC
BOV_A0209-0210 | Barcode #21 | TCTTCATGACTCATGGTCAAGGAGAATCC
BOV_A1045 Barcode #22 | TTCTTATGTGACTGTCACTACCTTCGCGTC
BOV_1604 Barcode #23 | ACTTTAACAGCCATGGGCTTCTCGATTCAT
BOV_0611-0612 Barcode #24 | GAAACATTTGGTGCATTTTGTGCCCCTCGG
BOV_1929 Barcode #25 | TACGGCGTACCACGACCATGTAATTCCACT
BOV_A0575 Barcode #26 | ACTTCACGTAAAGGCGACTCCGGTGCTCCG
BOV_0289 Barcode #27 | AGCGTCTAAGGTTTGACTTGGTGATTACTC
BOV_1472 Barcode #28 | CTATCGCTTTCTTGCCCCGCCGTCTGTCTG
BOV_1473 Barcode #30 | CCTTGATTGGCGTTGCGCGCTTACATCTTA
BOV_3012 Barcode #33 | CGTATCTCGAATCTGCCAATATGTGCTAAG
BOV_0332 Barcode #34 | TGCTGCTCGCAATCATACTCGCGGTACCCT
WT #1 Barcode #36 | ACTTAATATGGTTCTCCGCATATGCCCTAA
WT #2 Barcode #37 | TCTAAAGTTTGTCATTCCTACTCGTACTGC
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Table 2.2: Biolog phenotype MicroPlate results using barcoded mutant library. Numbers

in the parentheses are logz (mutantsiyessed/ Mutantunstressed ) = 1092 (WTstressed / W T unstressed )

Mutant

Resistant compounds

Sensitive compounds

ABOV_A0209-0210

Penicillin G (9.85), oxacillin
(9.83), pheneticillin (6.27)

Sodium sulfate 4% (-3.80)

(10.02), pheneticillin (6.8)

ABOV_A0575 Penicillin G (9.54), oxacillin
(9.75), pheneticillin (5.79)

AphyR Penicillin G (9.88), oxacillin Gallic acid (-3.96)
(9.81), pheneticillin (5.91),
penimepicycline (8.65)

ABOV_2058 Penicillin G (10.20), oxacillin Cloxacillin (-2.43), gallic acid
(10.53), pheneticillin (5.24), (-2.09), chlortetracycline (-
penimepicycline (6.62) 3.05)

ABOV_0577 Penicillin G (9.91), oxacillin NaCl 2% (-2.48), gallic acid

(-2.11), sodium sulfate (-
4.24)

ABOV_0603-0604

NaCl 2% (-2.48), sodium
sulfate (-2.73)

ABOV_A0412-0413

Sodium sulfate (-4.00)

ABOV_1075 Cytosine-1-beta-D-
arabinofuranoside (-3.07),
semicarbazide (-2.07),
sodium sulfate (-5.62)

ABOV 0331 sodium sulfate (-3.51)

ABOV 0289 sodium sulfate (-3.31)

ABOV_0611-0612

Penicillin G (9.53), oxacillin
(9.58), pheneticillin (4.51)

Demeclocycline (-2.08),
rolitetracycline (-2.00), gallic
acid (-7.84), sodium bronate
(-2.18)

ABOV_A0037-A0038

sodium sulfate (-3.58)

ABOV_A0358

NaCl 2% (-2.04)

ABOV_0131

Cobalt chloride (-2.69),
azathioprine (-4.03),
sulfisoxazole (-5.22),
tinidazole (-3.13), 2-
phenylphenol (-4.09), gallic
acid (-9.84)

ABOV_1602

Bleomycin (-2.25), Cytosine-
1-beta-D-arabinofuranoside
(-3.90), Cobalt chloride (-
2.03), NaCl 1% (-4.20), NaCl
2% (-6.75), sodium sulfate
2% (-5.01), gallic acid (-
4.50), sodium sulfate 4% (-
5.03)

ABOV_0099

Sodium sulfate 2% (-3.13),
sodium sulfate 4%, (-6.21),
semicarbazide (-2.01)
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Table 2.2 (Cont’d)

ABOV_0615

Chlortetracycline (-3.86),
bleomycin (-4.44), NaCl 1%
(-4.95), NaCl 2% (-4.77),
sodium sulfate 2% (-4.29),
umbelliferone (-5.76),
sodium sulfate 4% (-5.86)

ABOV_0312

Chlortetracycline (-3.41),
cloxacillin (-2.24), sodium
sulfate 4% (-7.19)
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Chapter 3: Cross-regulation in a three-component cell envelope stress
signaling system of Brucella

Preface

The content of this chapter was modified and adapted from its published form:

Chen X, Alakavuklar MA, Fiebig A, Crosson, S. mBio (2023).

Note: MAA performed the Tn-seq experiment. | performed all the other experiments in this
manuscript.

Data sets Table S1-S5 are available online at https://doi.org/10.1128/mbio.02387-23.

Introduction

Among the 24 TCS mutant strains that | generated (Table 1.1), strains lacking the RR
encoded by locus BOV_1929 (BOV_RS09460; cenR) or the RR and HK encoded by locus
BOV_1472-73 (BOV_RS07250-55; essR-essS) had similar phenotypes under the tested
conditions. Through a series of genetic, genomic, and biochemical experiments, | uncovered
evidence for direct cross-regulation between these three TCS proteins, which control transcription
of a common gene set to support B. ovis replication under envelope stress conditions and in the
host intracellular niche. Specifically, the conserved alphaproteobacterial cell envelope regulator,
CenR (92, 93, 96), stimulates phosphoryl transfer between the cognate RR-HK pair, EssR-EssS,
while CenR and EssR regulate the steady-state levels of each other in B. ovis. Our results expand
understanding of molecular mechanisms of two-component signal transduction and define an
unusual mode of TCS cross-regulation in Brucella that controls gene expression to support
envelope stress resistance and intracellular replication.

Results

Tn-seq identifies a set of candidate essential TCS genes in Brucella ovis
Several histidine kinases and response regulators are reported to be essential in Brucella
spp. based on previously published Tn-seq data in B. abortus (97) and we sought to

comprehensively define the essential set of TCS genes in B. ovis using himar transposon
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sequencing. Analysis of Tn-himar insertion sites in a collection of approximately 200,000 B. ovis
mutants revealed ~ 54,000 unique TA dinucleotide insertions in the B. ovis genome (98). We used
Hidden Markov Model and Bayesian-based approaches (90) to identify candidate essential genes
based on this Tn-seq dataset (Table S1). As expected, many of the known TCS regulators of
Brucella cell cycle and cell development (99) are defined as essential using this approach
including ctrA, cckA, chpT, pdhS, divL, and divK. Though insertion counts were lower in the
developmental/cell cycle regulator cpdR relative to local background, this gene did not reach the
essential threshold by our analysis. The bvrS-bvrR two-component system, which is homologous
to the chvG-chvl system of other Alphaproteobacteria (100), is also essential. This result is
consistent with a report by Martin-Martin and colleagues that the bvrSR genes cannot not be
deleted in B. ovis (101). Notably, the bvrSR system is not essential in the smooth strains, B.
melitensis (100) and B. abortus (102). Finally, the nitrX regulator is also essential. Considering a
recent report of strong genetic interactions between ntrX, chvG, and chvl in Caulobacter (103),
the essential phenotypes of bvrS-bvrR and nirX may be related.

As this study is focused on cell envelope regulation in a rough Brucella species, we note
that several genes with cell envelope functions were identified as essential in B. ovis that are not
essential in the smooth species, B. abortus (35), including a putative L,D-transpeptidase
(BOV_0757) and a putative D-alanyl D-alanine carboxypeptidase (BOV_1129). Additionally, a
DegQ-family serine endoprotease (BOV_0610), hydroxymethylpyrimidine phosphate kinase ThiD
(BOV_0209), the putative magnesium transporter MgtE (BOV_A0822), the iron sulfur cluster
insertion protein ErpA (BOV_0886), and the RNA chaperone Hfq (BOV_1070) are essential in B.
ovis but not in B. abortus (35).

A genetic connection between BOV_1472-1473 (essRS) and BOV_1929 (cenR)

There was notable congruence in the agar plate growth defects of the ABOV_1929 and

ABOV_1472-1473 strains across the tested conditions, though ABOV_1929 was more sensitive

to carbenicillin than ABOV_1472-1473 (Figure 3.1). BOV_1929 has high sequence identity to
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CenR, which is a known regulator of cell envelope structure in the Alphaproteobacteria (92, 93):
BOV 1929 and Caulobacter crescentus, Rhodobacter sphaeroides, and Sinorhizobium meliloti
CenR are reciprocal top-hit BLAST pairs (ranging from 65-80% identity over the full length of the
protein). We have thus named BOV_1929, cenR. Consistent with our data, Brucella melitensis
cenR (also known as otpR) has a reported role in beta-lactam tolerance (104) and acid stress
response (105). Studies in C. crescentus and R. sphaeroides have identified the histidine kinase
CenK as the cognate regulator of CenR (92, 93), but the B. ovis genome does not encode a
protein with high sequence identity to Caulobacter or Rhodobacter CenK. This is consistent with
a previous report that B. melitensis does not encode an evident CenK ortholog (106). The B. ovis
sensor HK most closely related to C. crescentus and R. sphaeroides CenK is encoded by gene
locus BOV_0289 (33-37% amino acid identity). BOV_0289 encodes the most likely HK partner
for CenR based on a Bayesian algorithm to predict TCS HK-RR pairs (107). However, the
ABOV_0289 deletion mutant grew the same as WT in the tested stress conditions and a
ABOV_0289 AcenR double mutant phenocopied the AcenR single mutant (Figure 3.1). These
data indicate that BOV_0289 is not an activator of CenR in these conditions.

Given the envelope stress survival phenotypes of the ABOV_1472-1473 double deletion
mutant, we hereafter refer to the DNA-binding response regulator gene BOV_1472 as essR and
the sensor histidine kinase gene BOV_1473 as essS. To our knowledge, EssS and EssR have
not been functionally characterized, though EssS is 68% identical to the RL3453 sensor kinase
that has been functionally linked to Rhizobium lequminosarum plant root attachment (108). EssR
is an OmpR-family response regulator, while the EssS sensor kinase has two predicted
transmembrane helices and primary structure features that resemble the well-studied CpxA and
EnvZ cell envelope regulators (89, 109, 110). To assess phenotypic relationships between the
AessR-essS and AcenR mutants, we generated B. ovis strains harboring in-frame deletions of
either essR or essS and a AcenR AessR-essS triple mutant and evaluated growth of these strains

on TSAB containing SDS or carbenicillin as above. The AessR strain phenocopied the AessR-
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essS double mutant in all conditions. The AessS mutant was indistinguishable from WT in the
presence of 0.0045% SDS, however, at a lower SDS concentration (0.004%) AessS showed an
intermediate sensitivity phenotype (Figure 3.2). AessS also showed an intermediate carbenicillin
sensitivity phenotype. The AcenR AessR-essS triple mutant phenocopied the AcenR and AessR
single mutants (Figure 3.1A & 3.2B). We further evaluated AcenR, AessR, and AessS mutants
in three additional stress conditions that perturb the cell envelope in different ways:
ethylenediaminetetraacetic acid (EDTA) is a divalent cation chelator that can destabilize the outer
membrane (111); polymyxin B is a cationic antimicrobial peptide that targets the outer membrane;
and NaCl can function as an osmotic stressor that disrupts envelope integrity. AcenR and AessR
again phenocopied each other in all three treatment conditions. Both response regulator mutants
were more sensitive to EDTA and polymyxin B, and both were more resistant to NaCl compared
to wild type. These results provide further support that CenR and EssR function in the same
pathway. Like the RR mutants, AessS was sensitive to EDTA and polymyxin B. However, AessS
was not NaCl resistant (Figure 3.3). From these results, we hypothesize that the EssS sensor
kinase has distinct regulatory roles in different stress conditions. The sequence relatedness
between EssR and CenR is moderate when compared to pairings of all B. ovis response
regulators with DNA binding domains, with 32% identity and 50% similarity. Specific regions of
identity and similarity in their primary structures are presented in Figure 3.2C.
Contribution of the CenR and EssR aspartyl phosphorylation sites to stress survival
CenR and EssR are both DNA-binding response regulator proteins, which are typically
regulated by phosphorylation of a conserved aspartic acid residue in the receiver domain. To
assess the functional role of the CenR aspartyl phosphorylation site (D55), we tested whether
expression of non-phosphorylatable (cenRpssa) or putative phosphomimetic (cenRpsse) alleles of
cenR could genetically complement the defects of the AcenR strain in the presence of SDS or
carbenicillin. Both mutant alleles of cenR restored AcenR growth/survival to WT levels, indicating

that the CenR phosphorylation site does not impact CenR function under these conditions (Figure
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3.4). We conducted the same experiment for EssR, testing whether essRpssc and essRpesa could
genetically complement the AessR growth defects. essRpsse expression restored wild-type like
growth to AessR on plain TSAB and TSAB-SDS plates but resulted in a strain that was even more
sensitive than AessR to carbenicillin. Expression of essRpesa failed to complement AessR under
all conditions (Figure 3.4). We conclude that EssR phosphorylation at D64 contributes to in vitro
stress survival of B. ovis.
cenR and essR mutants have equivalent cell size defects

Previous studies of CenR in C. crescentus and R. sphaeroides have shown that depletion
or overexpression of cenR leads to large defects in cell envelope structure and/or cell division (92,
93). Considering these results and the sensitivity of B. ovis AcenR to SDS and carbenicillin, we
inspected AcenR, AessR, and AessS cells by phase contrast light microscopy and cyro-electron
microscopy for defects in cell envelope structure or cell morphology. Deletion of cenR, essR or
essS did not result in apparent changes in cell morphology or cell division as assessed by phase
contrast microscopy at 630x magnification (Figure 3.5A). However, an analysis of cell size
revealed that both AcenR and AessR mutant cells were larger than WT; the average area of the
mutant cells was approximately 12% greater than WT in 2D micrographs (p<0.0001) (Figure
3.5B). Again, the parallel phenotype of AcenR and AessR supports a model in which these two
genes execute related functions. An intact phosphorylation site was not required for CenR or
EssR to affect cell size, as expression of either phosphorylation site mutant allele of cenR(D55)
or essR(D64) restored cell size to WT levels (Figure 3.5B). We did not observe major cell
membrane defects in AcenR and AessR mutant cells by cryo-EM (Figure 3.5C). We conclude
that the SDS and carbenicillin resistance defects we observe in the AcenR and AessR strains are

associated with a defect in cell size control.
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B. ovis AcenR, AessR, and AessS strains have equivalent fitness defects in a
macrophage infection model

As B. ovis is an intracellular pathogen, we sought to examine the importance of cenR,
essR and essS in the intracellular niche. The interior of mammalian phagocytes more closely
models conditions encountered by the bacterium in its natural host, and many mutants with
defects in cell envelope processes are attenuated in infection models (36). AcenR, AessR, and
AessS strains had no defect after entry (2h post-infection (p.i.)) or at early stages of infection (6h
& 24h p.i.) of THP-1 macrophage-like cells relative to WT. By 48h p.i., recoverable CFU of WT B.
ovis increased, consistent with adaptation and replication in the intracellular niche; CFU of AcenR,
AessR, and AessS did not increase appreciably between 24 and 48h. The 1 log1o unit intracellular
replication defect of the AcenR, AessR, and AessS strains at 48h was complemented by
expression of the deleted gene(s) from an ectopic locus (Figure 3.6). Thus, we conclude that
cenR, essR, or essS do not affect macrophage entry or early survival but all three genes similarly
affect replication and/or survival after 24h. These results indicate that essS, essR, and cenR
contribute to B. ovis fitness after the establishment of the replicative niche inside the Brucella-
containing vacuole.

Additionally, we tested the infection phenotypes of strains harboring alleles of essR and
cenR in which the conserved aspartyl phosphorylation site was mutated. Expression of cenRpssa
or cenRpsse partially - and equivalently - complemented the 48-hour infection defect of AcenR
(Figure 3.6). Expression of either essRps4e or essRpesa failed to complement AessR in this assay
(Figure 3.6). We conclude that an intact aspartyl phosphorylation site in both the CenR and EssR
receiver domains is required for WT levels of replication in a THP-1 macrophage infection model.
cenR, essS and essR mutants are not sensitive to low pH

The Brucella containing vacuole (BCV) is acidified at early time points after infection (1 to
10 hours) in J774 murine macrophages and HelLa cells (112, 113). We observed no defect in

recoverable CFU of our mutants at the 2h time point in THP-1 macrophage-like cells (Figure 3.6),
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which suggested that acid tolerance was not perturbed in AcenR, AessR, or AessS. Nonetheless,
we sought to more rigorously test whether sustained exposure to acid impacted the survival of
AcenR, AessR, and AessS strains. The acidified BCV has a pH in the 4.0-4.5 range (14), so we
tested whether exposure to acidified Brucella broth (pH 4.2) for 2 hours differentially impacted
mutant viability. We did not observe significant differences in viability between WT and mutant
strains after in vitro acid exposure (Figure 3.7) and conclude that sensitivity to acid in the BCV
cannot alone explain the intracellular defects of cenR, essS and essR mutants. The slower growth
rates of cenR and essRS mutants, which are evident on solid media (Figures 3.1-3.4) and in
broth (k =0.0028 min™" for WT, 0.0021 min™ for AcenR, and 0.0022 min™ for AessRS), could be
the primary determinant of their replication defect after 24h. Nonetheless, the more severe defect
of the AessS strain between 24 and 48 hours relative to the other TCS mutants provides evidence
that intracellular defects of these TCS mutants are likely complex and multifactorial.
EssR and CenR regulate a common gene set

Considering that TCS proteins typically function to regulate transcription, we used RNA
sequencing (RNA-seq) to assess the relationship between EssRS- and CenR-regulated gene
sets. The global transcriptional profiles of AcenR and AessRS mutant strains were highly
correlated (Figure 3.8). Filtering genes based on a minimum fold change |2| (FDR p-value < 10
*) revealed 46 transcription units, containing 53 genes, that were regulated by essR-essS. Fifty-
two transcription units, containing 61 genes, were regulated by cenR (Figure 3.8; Table S3).
These gene sets largely overlap: thirty-eight (38) are differentially expressed in the same direction
in both datasets. With few exceptions, genes that met the criteria for differential regulation in only
one strain showed similar, but more modest, changes compared to WT in the other strain. These
results indicate a high degree of functional overlap of EssRS and CenR, with respect to gene
expression. One potential explanation for the observed regulatory overlap is that EssR and CenR
transcription depend on each other. However, transcript levels of essR-essS in a AcenR

background, and cenR in AessR-essS background do not differ significantly from WT (Table S3).
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We conclude that neither response regulator significantly affects the transcription of the other.
Rather, CenR and EssR either independently or coordinately regulate transcription of an
overlapping set of B. ovis genes.

To further investigate the connection between CenR- and EssR-dependent transcription,
we performed chromatin-immunoprecipitation (ChIP)-seq with both EssR and CenR. To promote
RR binding to chromosomal target sites, we expressed putative phosphomimetic alleles (D>E)
of each RR from their native promoters integrated at the g/mS locus in each mutant strain; genes
were fused to a C-terminal 3xFLAG tag. ChIP of EssRpese-3XFLAG yielded 65 significant peaks
across two biological replicates, and ChIP of CenRpsse-3XFLAG yielded 47 significant peaks
across three biological replicates. Thirty-three peaks were shared between CenRpsse and
EssRpese (Figure 3.8B and Table S4) providing additional support for a model in which CenR and
EssR regulate transcription of a shared gene set, functioning either separately or as a heteromeric
complex. We did not observe CenR binding to the essRS promoter or EssR binding to the cenR
promoter in the ChlP-seq data. This is further indication that CenR and EssR do not regulate each
other transcriptionally, consistent with the RNA-seq results.

Genes with cell envelope functions are abundant in the CenR-EssRS regulon

The CenR/EssR regulon prominently features genes encoding membrane transport
proteins, several of which are contained in co-regulated clusters (Figure 3.8). The largest of these
clusters encodes carbohydrate metabolism enzymes (BOV_A0354-A0355), transporter subunits
(BOV_A0347-A0348; BOV_A0350-A0352), a DapA-family dihydrodipicolinate synthase/N-
acetylneuraminate lyase (BOV_A0349), Gfo/ldh/MocA family oxidoreductases (BOV_A0345-
A0346), and a FadR-family transcription regulator (BOV_A0353). Transcription of this entire
cluster is significantly reduced following cenR or essRS deletion (Figure 3.8; Table S3).
Expression of B. melitensis orthologs of these genes is highly upregulated in supramammary
lymph nodes of goats, specifically at late stages of infection (114) suggesting a role in long-term

colonization of animal hosts. Homologs of these genes are also regulated by CenR in R.
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sphaeroides (92) (Table S$3), providing evidence for conservation of CenR-dependent
transcription across Alphaproteobacterial genera.

Other genes with reduced expression upon cenR or essRS deletion include a third
Gfo/ldh/MocA family oxidoreductase (BOV_0234) and the secreted BA14K protein (BOV_A0688),
which is required for normal spleen colonization in a mouse model of B. abortus infection (59).
Transcripts of three genes immediately adjacent to the general stress response regulator, PhyR,
also decreased upon cenR or essRS deletion including the previously discussed HWE-family
sensor kinase, BOV_1602, which impacts B. ovis SDS resistance (Figure 1). Additionally, the
predicted sulfate ABC transport operon, cysWTP, decreased significantly in both deletion mutant
strains (Figure 3.8A; Table S3). Nine genes had significantly higher transcription in AcenR and
AessRS (Figure 3.8A; Table S3) including a site-specific DNA integrase (BOV_0631), an ABC
transporter (BOV_A0247), a C-type lysozyme inhibitor (BOV_0447) and LysM-domain protein
(BOV_0448), envelope integrity protein B (eipB; BOV_1121), and BOV_1296, which is directly
regulated by the virulence regulator VjbR under select conditions (115). BOV_1296 encodes acid
shock protein 24 (Asp24), which contributes to virulence in later stages of infection in B. abortus
and B. melitensis (116, 117).

BOV_1399, encoding a periplasmic soluble lytic murein transglycosylase (SLT) enzyme,
exhibited the most significant expression difference in our RNA-seq datasets. The promoter of
BOV_1339 is directly bound by CenR and EssR (Table S4) and transcript levels were
approximately 48 times lower than WT in both AcenR or AessRS RNA-seq datasets (Figure 3.8;
Table S3). To test whether loss of this predicted cell wall metabolism enzyme contributed to the
stress survival phenotypes of AcenR and AessRS, we deleted BOV_1399 and subjected this
strain to the same agar plate growth assays described above. However, the phenotypes of
ABOV_1399 in these assays were indistinguishable from WT. Notably, the promoters of several
genes with known cell envelope functions are bound by CenR, EssR, or both but do not exhibit

differential transcription in AcenR or AessRS. For example, EssR binds to the promoter of
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BOV_0115 (Omp25d), which contributes to cell envelope integrity (118, 119), and B. ovis-host
interaction (38). The outer membrane autotransporters, bmaA and bmaC, which are important for
protein translocation to the cell surface (120) and for host cell adherence (121) are also bound by
CenR/EssR but do not change in expression upon cenR or essRS deletion. Additional studies are
necessary to determine what CenR/EssR-bound or regulated genes determine B. ovis cell size
and support B. ovis fitness under envelope stress and in the intracellular niche.

CenR and EssR physically interact via their REC domains in a heterologous system

Genetic, transcriptomic, and ChIP-seq data all indicate that the response regulators EssR
and CenR directly control expression of a common gene set in B. ovis to enable growth in the
presence of SDS and carbenicillin. While the molecular processes that determine signaling via a
particular TCS pathway are typically insulated from other TCS proteins (122), we postulated that
the congruent genetic and molecular phenotypes of AcenR and AessR strains could arise through
direct molecular interactions of CenR with either EssS, EssR, or both. In fact, in a systematic
analysis of B. abortus TCS protein interactions, Hallez and colleagues previously reported the
surprising observation that EssR (then, generically annotated as TcbR) and CenR interact in a
yeast two-hybrid assay (123). EssR and CenR were the only two B. abortus RRs that showed
interaction in their genome-scale screen. To test EssR and CenR protein-protein interaction in a
heterologous system, we used a bacterial two-hybrid approach based on the T18 and T25
domains of the split adenylate cyclase enzyme (124). CenR and EssR showed strong interactions
when fused to either adenylate cyclase domain, while the homomeric CenR-CenR and EssR-
EssR combinations showed no evidence of interaction (Figure 3.9A).

To test the contribution of the conserved aspartyl phosphorylation sites of CenR and EssR
to the observed two-hybrid interaction, we fused putative phosphomimetic (D->E) or non-
phosphorylatable (DaA) alleles of either CenR or EssR to the T18 and T25 fragments of adenylate
cyclase. Both EssRpesa and EssRpese interacted with CenR to the same extent as WT EssR

(Figure 3.9B). CenRopsse had significantly reduced interaction with EssR, while CenRpssa
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interaction with EssR was not significantly different. These results provide evidence for a model
in which CenR phosphorylation attenuates its interaction with EssR. Homomeric CenR-CenR or
EssR-EssR interactions were again not observed in our two-hybrid assay for either the D>A or
D->E mutants (Figure 3.9B).

We used the neural network models of AlphaFold2 (125), as implemented in AF2Complex
(126), to develop hypotheses about the structural basis of CenR-EssR interaction. The results of
this computation predicted that these two response regulators interact primarily through their
receiver (REC) domains rather than their DNA-binding (DBD) domains (Figure 5C). Predicted (1:1)
CenR:EssR complex structures showed parallel REC domain heterodimers with significant buried
surface area in a region of similar primary structure of CenR and EssR corresponding to the a4-
B5-a5 structural face of each protein (Figure 3.2C); this is a well-established REC domain
interaction interface (127). To test if CenR and EssR interact via their REC domains, we again
used a bacterial two-hybrid assay. The measured interaction of the isolated CenR and EssR REC
domains was comparable to that of the full-length proteins (Figure 3.9D). None of the other DBD-
DBD or DBD-REC combinations had significant interactions.
CenR and EssR interact in B. ovis

Given that CenR and EssR strongly interact via their REC domains in a heterologous
system, we sought to test whether these two proteins interact in B. ovis cells by co-
immunoprecipitation. Briefly, we expressed a cenR-3xFLAG fusion from the native cenR promoter
on a low-copy plasmid in strains lacking either endogenous CenR (AcenR) or lacking both
response regulators (AcenR AessR) and applied the crosslinked lysates to anti-FLAG magnetic
beads. After multiple washing steps we eluted bound protein, reversed the crosslinks, and
resolved the eluate by SDS-PAGE. Western blot using polyclonal EssR antiserum revealed clear
EssR bands in the lysates of both AcenR / cenR-3xFLAG and AcenR vector control strains, but
not in AcenR AessR / cenR-3xFLAG. Among the three eluate fractions, only the strain expressing

both cenR-3xFLAG and endogenous essR yielded a strong EssR band on the Western blot
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(Figure 3.9E). These results provide evidence that the CenR-EssR interaction demonstrated by
bacterial two-hybrid assay occurs in B. ovis cells.
CenR enhances the rate of phosphoryl transfer from EssS to EssR

The related phenotypes of cenR and essR mutants and the fact that these two response
regulators physically interact in cells raised questions about the biochemical consequence(s) of
EssR/CenR interaction on histidine kinase autophosphorylation and phosphoryl transfer. The data
presented to this point do not clearly establish the identity of a sensor kinase in this system,
though we considered EssS to be a strong candidate based on genomic proximity of essS and
essR, and largely overlapping phenotypes between AessS and AessR strains. To test this
hypothesis, the cytoplasmic kinase domain of EssS (aa 191-488) and full-length EssR and CenR
response regulators were purified. The EssS kinase domain autophosphorylated in vitro;
incubating EssS kinase domain with EssR resulted in rapid loss of phospho-EssS (EssS~P) signal
and a concomitant increase in phospho-EssR (EssR~P) signal within 30s, indicating phosphoryl
transfer (Figure 3.10A). Incubation of EssS with CenR resulted in no detectable phosphoryl
transfer by 600s, even when CenR was added in 50 molar excess. We conclude that EssS is the
cognate kinase for EssR, and that EssS does not directly phosphorylate CenR.

Though EssS does not phosphorylate CenR in vitro, we postulated that CenR may
influence activity of the EssS-EssR TCS. To test this idea, we first mixed equimolar EssS and
EssR with increasing concentrations of CenR. Supplementing an EssS-EssR reaction mixture
with CenR at a 1:1:1 molar ratio resulted in a 20% increase in EssS~P dephosphorylation after
20s relative to a 1:1 EssS-EssR reaction (Figure 3.11). Adding CenR to the reaction mixture at
5x molar excess (1:1:5), further enhanced EssS~P dephosphorylation (Figure 3.11). The
reduction in EssS~P upon addition of CenR coincides with an increase in RR~P. The effect of
CenR addition on EssS~P levels (at 20 s) saturated at a 1:1:5 ratio (Figure 3.11). Taken together,
the data indicate that phosphoryl transfer from EssS to EssR is accelerated by addition of CenR.

To further investigate the effect of CenR on the kinetics of phosphoryl transfer between EssS and
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EssR, we measured both EssS~P and EssR~P signal over a 1-minute time course. EssS to EssR
phosphoryl transfer reactions containing 5-molar excess CenR had an enhanced rate of EssR~P
production and an enhanced rate of EssS~P loss compared to reactions with EssS and EssR only
(Figure 3.10B-D); these experiments do not rule out the possibility that CenR is phosphorylated
by EssS when EssR is present as EssR and CenR have similar molecular weights. In the absence
of CenR, we observed maximal EssR~P signal after 45-60s. When CenR was present, levels of
the band we attribute to EssR~P were maximal by 15s. These results provide evidence that CenR
stimulates phosphoryl transfer from EssS to EssR.
EssR and CenR determine protein levels of each other via a post-transcriptional
mechanism

Stimulation of phosphoryl transfer from EssS to EssR by the non-cognate CenR protein
provides one explanation for the related phenotypes of the AcenR, AessS and AessR mutants.
We sought to test whether the CenR protein may have other regulatory effects on the cognate
EssS-EssR TCS pair in B. ovis. EssR and CenR do not regulate each other’s transcription (Table
S3) but do physically interact (Figure 3.9). We hypothesized that CenR interaction with EssR
could impact steady-state EssR protein levels through a post-transcriptional mechanism, and vice
versa. To test this hypothesis, we measured EssR protein by Western blot in WT and AcenR.
Deletion of cenR resulted in a significant reduction (~70%) of EssR protein levels. The AessS
strain also had significantly reduced EssR levels, though the effect was not as large as AcenR
(Figure 3.12). The impact of EssS on EssR protein levels is not apparently a consequence of
phosphorylation as steady-state levels of EssR, EssR(D64A) and EssR(D64E) did not differ
significantly. The mechanism by which CenR affects EssR protein levels is not known, but
reduced EssR levels in a AcenR background provide an additional explanation of the phenotypic
congruence of the AcenR and AessR strains. The intermediate level of EssR protein in the AessS
strain is consistent with the intermediate phenotype of this mutant in plate stress assays. We

further tested whether CenR protein levels are impacted by essR by measuring CenR-3xFLAG in
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AcenR / cenR-3xFLAG and AcenR AessR / cenR-3xFLAG strains. CenR-3xFLAG was »60%
lower in a strain lacking essR. We conclude that CenR and EssR regulate each other’s protein
levels through a post-transcriptional mechanism.
Conclusion

Multiple TCS genes are typically present in bacterial genomes, and the proteins they
encode most often function separately to regulate distinct transcriptional responses (122). My
systematic analysis of B. ovis TCS genes revealed two DNA-binding response regulators, cenR
and essR, that had related morphological, stress resistance, and infection phenotypes when
deleted. These results informed the hypothesis that CenR and EssR work together to execute
their functions in the cell. RNA-seq and ChlP-seq studies revealed that CenR and EssR regulate
similar sets of genes and share many direct binding targets. Contrary to the typical model, co-
immunoprecipitation and bacterial two-hybrid experiments provide evidence that CenR and EssR
proteins interact both in vivo and in a heterologous system. Lastly, through in vitro kinase assay,
we observed that CenR facilitates a faster phosphoryl transfer between EssS and EssR, though
CenR is not directly phosphorylated by EssS. Overall, the data support a model in which CenR
and EssRS work together as cell envelope regulators and modulate B. ovis intracellular replication
and reveal a novel connection between CenR, and a previously uncharacterized TCS in B. ovis.
Materials and Methods

Bacterial strains and growth conditions

All Brucella ovis ATCC25840 and derivative strains were grown on Tryptic soy agar (BD
Difco) + 5% sheep blood (Quad Five) (TSAB) or in Brucella broth at 37°C with 5% CO.
supplementation. Growth medium was supplemented with 50 pg/ml kanamycin, 30 ug/ml
oxytetracycline, 2 pg/ml carbenicillin, 0.004%-0.0045% sodium dodecyl sulfate (SDS), 2.75 mM

EDTA, or 215 mM NaCl when necessary.
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All Escherichia coli strains were grown in lysogeny broth (LB) or on LB solidified with 1.5% w/v
agar. E. coli Top10 and WM3064 strains were incubated at 37°C and BTH101 strains were
incubated at 30°C. WM3064 was grown with 30 uM diaminopimelic acid (DAP) supplementation.
Medium was supplemented with 50 pg/ml kanamycin, 12 ug/ml oxytetracycline or 100 pg/ml
carbenicillin when necessary. Primer, plasmid, and strain information are available in Table S5.

Essential gene calculations using B. ovis Tn-himar sequencing data

We constructed a library of B. ovis transposon mutants as described previously (128).
Briefly, the E. coli strain APA752, harboring the pKMW3 mariner transposon library, was
conjugated into WT B. ovis and transposon bearing strains were selected on TSAB supplemented
with 50 pg/ml kanamycin. Following an outgrowth of pooled mutants in 250 ml Brucella broth to
ODesoo = 0.6, cells were frozen in 25% glycerol in 1 ml aliquots. An aliquot was thawed for gDNA
extraction and subsequent insertion site mapping, as described (129). The library contained
insertions at over 50,000 unique sites in the genome. Insertion site sequencing data is available
in the NCBI sequence read archive under accession SRR19632676. Using the insertion site
mapping data from this Tn-seq dataset, we applied the HMM and Gumbel algorithms in the
TRANSIT (90) software package to identify candidate essential genes (see Table S1).

Chromosomal deletion strain construction

Same as described in Chapter 2

Complementation strain construction

To engineer genetic complementation constructs, target genes were amplified by KOD
polymerase, including ~300 bp upstream and ~50 bp downstream of each target gene. The PCR
products were purified and inserted into plasmid pUC18-mTn7 by restriction enzyme digestion
and ligation, followed by chemical transformation into E. coli TOP10 cells. After sequence
confirmation, the mTn7 plasmids were transformed into chemically competent E. coli WM3064.

These plasmids were co-conjugated into B. ovis strains with a Tn7 integrase expressing suicide
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helper plasmid, pTNS3, which is also carried by WM3064. B. ovis colonies carrying the integrated
mTn7 constructs at the gImS locus were selected on TSAB containing kanamycin.

Agar plate growth/stress assays

After 2 days of growth on TSAB or TSAB supplemented with kanamycin, B. ovis cells were
collected and resuspended in sterile phosphate-buffered saline (PBS) to an ODesoo = 0.3. Each
strain was serially diluted in PBS using a 10" dilution factor. 5 ul of each dilution was plated onto
either TSAB, TSAB containing 0.004%-0.0045% SDS, 2 ug/ml carbenicillin, 2.75 mM EDTA, or
215 mM NaCl. After 3 days of incubation for TSAB, 4 days for TSAB + 0.004%-0.0045% SDS and
5 days for TSAB + 2 pg/ml carbenicillin, 2.75 mM EDTA, and 215 mM NaCl, growth was
documented photographically.

Polymyxin B stress assay

After 2 days of growth on TSAB supplemented with kanamycin, B. ovis cells were collected
and resuspended in 1 mL of Brucella broth at an ODgoo =0.3. Cells were split and one portion was
treated with 1 mg/mL polymyxin B, and the other was untreated. Both treated and untreated
groups were incubated at 37°C with 5% CO; supplementation for 80 minutes. Each culture was
then 10-fold serially diluted in PBS and 5 pl of each dilution was spotted onto TSAB. After 3 days
of incubation for untreated group and 4 days for treated group, growth was documented
photographically.

Macrophage infection assay

THP-1 cells were grown in Roswell Park Memorial Institute Medium (RPMI) + 10% heat
inactivated fetal bovine serum (FBS) at 37°C with 5% CO; supplementation. Three days prior to
infection, THP-1 cells were seeded in a 96-well plate at a concentration of 10°® cells/ml in 100
pl/well of fresh RPMI + 10% FBS with an addition of 50ng/ml phorbol 12-myristate-13-acetate
(PMA) to induce differentiation. After three days at 37°C in 5% CO B. ovis cells were
resuspended at a concentration of 1028 CFU/mI (ODgoo = 0.15) in RPMI + 10% FBS and added to

THP-1 cells at a multiplicity of infection (MOI) of 100. The 96-well plate containing B. ovis and
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THP-1 cells was centrifuged at 150 x g at room temperature for 5 minutes and incubated at 37°C
with 5% CO; for 1h. Media was removed and fresh media containing 50 pg/ml gentamicin was
added to kill extracellular B. ovis that were not internalized. The plate was incubated for another
hour at 37°C with 5% CO.. Media was removed and fresh media containing 25 ug/ml gentamicin
was added to each well except for 2h-p.i. wells. A 2h, 6h, 24h, and 48h post-infection, B. ovis
were enumerated by removing the media and washing the cells with PBS once and incubating at
37°C for 10 minutes. Then PBS was removed and 200 pl dH,O was added to each well and the
plate was incubated at room temperature for 10 minutes to lyse the THP-1 cells. B. ovis cells were
collected and serial diluted with a 10 dilution factor in PBS and plated on TSAB. Plates were
incubated for 3 days and CFU were enumerated.

Acid stress assay

As previously described (64), Brucella cells were grown on TSAB for 2 days before being
inoculated into 5 mL Brucella broth and shaken for 24h. ODeoo was adjusted to 1.5 and 50 pl of
cells were added to either 5 mL plain Brucella broth or 5 mL Brucella broth pH 4.2 (final ODeoo =
0.015). After 2h of shaking incubation, cells were serially diluted and plated onto plain TSAB. After
3 days of incubation, CFU/mI were enumerated.

Phase contrast microscopy

Samples of B. ovis cells were grown on TSAB supplemented with kanamycin and
incubated for 2 days. Cells were resuspended in milliQ H-O and 1 pl of cells were spotted on an
agarose pad on a cover slide and imaged on a Leica DMI 6000 microscope in phase contrast with
an HC PL APO 63x/1.4 numeric aperture (NA) oil Ph3 CS2 objective. Images were captured with
an Orca-ER digital camera (Hamamatsu) controlled by Leica Application Suite X (Leica). Cell
areas were measured from phase contrast images using BacStalk (130).

Cryo-electron microscopy

B. ovis cells were grown on TSAB for 2 days and resuspended in PBS to a ODsoo= 1. Five

ul of cells were placed on a glow-discharged R 3.51 grid (Quantfoil), blotted for 3.5 s, air dried for
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20 s, and plunged into liquid ethane using the Vitrobot robotic plunge freezer (Thermo). Samples
were stored in liquid nitrogen before imaging. Cells were imaged on a ThermoScientific Talos
Arctica Cryo-EM (Thermo) with a -10.00 um defocus and 17,500x magnification. Images were
captured with a Ceta camera (Thermo) with 2.0 s exposure time.

RNA extraction and sequencing

B. ovis strains were grown in Brucella broth at 37°C in 5% CO- overnight. The next day,
cultures were back diluted to ODeoo = 0.05 in 12 ml Brucella broth and incubated on a rotor at
37°C with 5% CO- for 7h. 9 ml of each culture was harvested by centrifugation, and the pellets
were immediately resuspended in 1 ml TRIzol. Samples were stored at -80°C until RNA extraction.
To extract the RNA, samples were thawed and incubated at 65°C for 10 minutes. 200 pl of
chloroform was added to each sample and mixed by vortexing for 15 seconds. Samples were
then incubated at room temperature for 5 minutes. Phases were separated by centrifugation at
17,000 x g for 15 minutes at 4°C. The aqueous layer was transferred into a fresh tube. Sample
was mixed with 500 ml of isopropanol and stored at -20°C for 2h. After thawing, samples were
centrifuged at 13,000 x g for 30 minutes at 4°C to pellet the RNA. Supernatants were discarded
and the pellets were washed with 1 ml of ice cold 70% ethanol. Samples were centrifuged at
13,000 x g at 4°C for 5 minutes. Supernatants were discarded and pellets were air dried. Pellets
were resuspended in 100 ul RNAse-free H,O and incubated at 60°C for 10 minutes. RNA samples
were DNase treated using RNeasy Mini kit (Qiagen). RNA samples were sequenced at Microbial
Genome Sequencing Center (Pittsburgh, PA) on an lllumina NextSeq 2000 (lllumina). RNA
libraries for RNA-seq were prepared using lllumina Stranded RNA library preparation with
RiboZero Plus rRNA depletion.

RNA-seq analysis

All RNA-seq analysis was conducted in CLC Genomics Workbench 21.0.4 (Qiagen).
Reads were mapped to reference genome (Brucella ovis ATCC 25840, Genbank accessions

NC_009504 and NC_009505). Differential expression for RNA-seq default settings were used to
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calculate the fold change of all annotated genes in mutant strains versus WT. Raw and
processed RNA-seq data are publicly available in the NCBI GEO database at accession
GSE229183.

ChIP DNA extraction and sequencing

To build the constructs for ChIP-seq analysis of strains expressing CenRpsse and EssRpsae,
regions containing each gene (including ~300 bp upstream) were PCR amplified from the B. ovis
cenRpsse and essRpesse mutant strains with KOD polymerase. Amplified fragments were purified
and inserted into plasmid pQF through restriction enzyme digestion and ligation to yield a 3xFLAG
fusion at the 3’ end of each gene. This C-terminal FLAG fusion plasmid construct was conjugated
into B. ovis mutants using WM3064 as described above.

Cells were grown on TSAB plates supplemented with 30 mg/ml oxytetracycline for three days and
resuspended in Brucella broth. Formaldehyde was added to a final concentration of 1% (w/v) to
crosslink, and samples were incubated for 10 minutes on shaker. Crosslinker was quenched by
adding 0.125 M glycine and was shaken for an additional 5 minutes. Cells were then centrifuged
at 7,196 x g for 5 minutes at 4°C and pellets were washed 4 times with cold PBS pH 7.5 and
resuspended in 900 ul buffer [10 mM Tris pH 8, 1 mM EDTA, protease inhibitor cocktail tablet
(Roche)]. 100 pl of 10 mg/ml lysozyme was added to each sample, which were then vortexed and
incubated at 37°C for 30 minutes before adding a final concentration of 0.1% SDS (w/v) to each
sample. The samples were then sonicated on ice for 15 cycles (20% magnitude, 20 seconds
on/off) and centrifuged at 15,000xg for 10 minutes at 4°C. Supernatants were collected, Triton X-
100 was added to a concentration of 1%, and lysates were added to 30 pl SureBead Protein A
magnetic agarose beads (BioRad) equlibrated with binding buffer [10 mM Tris pH 8, 1 mM EDTA
pH8, 0.1% SDS, 1% Triton X-100] and incubated for 30 minutes at room temperature; this step
has empirically improved signal for our FLAG IP protocols. Beads were collected on a magnetic
stand, the supernatant was transferred to a fresh tube, and 5% of each sample supernatant was

removed as the input DNA samples. 100 ul of a-FLAG magnetic agarose beads were then washed
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three times with binding buffer and incubated overnight at 4°C shaking in 500 ul binding buffer
plus 1% BSA to equilibrate the beads. The following day, a-FLAG beads were washed four times
in binding buffer and cell lysates were added to the pre-washed beads and gently vortexed.
Samples were incubated for 3h at room temperature with mixing and a-FLAG beads were
collected on a magnetic stand and serially washed in 500 pl low-salt buffer [50 mM HEPES pH7.5,
1% Triton X-100, 150 mM NacCl], 500 ul high-salt buffer [50mM HEPES pH 7.5, 1% Triton X-100,
500 mM NacCl], and 500 pl LiCl buffer [10 mM Tris pH 8, 1 mM EDTA pH 8, 1% Triton X-100, 0.5%
IGEPAL® CA-630, 150 mM LiCl]. To elute the protein-DNA complex bound to the beads, 100 pl
elution buffer [10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, 1% SDS, 100 ng/ul 3x FLAG peptide] was
added to the beads and incubated at room temperature for 30 minutes with mixing. The eluate
was collected, and the elution step was repeated. Input samples were brought to the same volume
as output samples with elution buffer. For RNase A treatment, a final concentration of 300 mM
NaCl and 100 ug/ml RNase A were added to each input and output sample and incubated at 37°C
for 30 minutes. Proteinase K was added to a final concentration of 200 ug/ml and the samples
were incubated overnight at 65°C to reverse crosslinks. ChIP DNA was purified with Zymo ChIP
DNA Clean & Concentrator kit. The ChIP-seq library was prepared using lllumina DNA prep kit
and IDT 10bp UDI indices; DNA samples were sequenced at SeqCenter (Pittsburgh, PA) on an
Illumina Nextseq 2000.

ChlP-seq analysis

Output and input DNA sequences were first mapped to the reference genome (Brucella
ovis ATCC 25840, Genbank accessions NC_009504 and NC_009505) in Galaxy using bowtie2
(131). ChIP-seq enriched peak calls from the mapping output data were carried out in Genrich
(https://github.com/jsh58/Genrich) with parameters maximum g-value = 0.05, and minimum AUC
(area under the curve) = 20; PCR duplicates were removed. bamCoverage (132) was used to

create bigwig file tracks for each replicate, and peaks were visualized in IGB (133). Raw and
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processed ChlIP-seq data are publicly available in the NCBI GEO database at accession
GSE229183.

Bacterial two hybrid B-galactosidase assay

The DNA fragments of the full-length, point mutant, and specific domains of cenR and
essR were PCR amplified by KOD polymerase and cloned into split adenylyl cyclase plasmids
(either pKT25 or pUT18c) (124) through restriction digestion and ligation. Each pair of pKT25 and
pUT18c plasmids were co-transformed into chemically competent E. coli BTH101 cells. BTH101
strains carrying both pKT25 and pUT18c plasmids were grown in LB and incubated at 30°C
overnight while shaking. Fresh LB + 500 uM IPTG was inoculated with 100 pl of overnight culture
and incubated at 30°C until ODeoo = 0.3-0.4. To assess two-hybrid interaction via reconstitution of
adenylyl cyclase activity, 100 ul of culture was mixed with 100 pl chloroform and vortexed
vigorously. 700 pl Z buffer (0.06 M Na;HPO4, 0.04 M NaH>PO4, 0.01 M KCI, 0.001 M MgSOQO.) and
200 pl ortho-nitrophenyl- B-galactoside (ONPG) was added to each sample. The reactions were
stopped with 1 ml of Na;CO; after 7.8 minutes and colorimetric conversion of ONPG was
measured at 420 nm (As20) was measured. Miller Units were calculated as MU = A4z x 1000 /
(ODeoo x time x volume of cells).

Structure prediction

The heterodimeric structure of CenR and EssR was predicted using the protein complex
prediction package AF2Complex (126), which utilizes the neural network models of AlphaFold2
(125). Computations were carried out on the Michigan State University high-performance
computing cluster.

EssR-CenR co-immunoprecipitation assay

Strain construction, lysate production, and a-FLAG magnetic agarose beads preparation
were the same as described above for ChlP-seq sample preparation. After preparation and
centrifugation of the lysates, the supernatants were collected and 50 pl of each sample was mixed

with equal amount of SDS loading buffer and stored at -20°C. For FLAG IP, remaining lysates
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were applied to pre-washed a-FLAG beads and incubated at room temperature for 3h with
shaking. Beads were washed and eluted as described above, eluate from each sample was
incubated at 65°C overnight to reverse crosslinking, and samples were then mixed with equal
volume of SDS loading buffer. All samples collected were heated to 95°C for 5 minutes before
resolving on a 12% mini-PROTEAN precast gel (BioRad). A Western blot using polyclonal EssR
antiserum was conducted following the protocol outlined in the Western blot method section below.
The membrane was imaged using BioRad ChemiDoc Imaging System (BioRad).

Protein purification

DNA fragments that encode full length CenR and EssR, and EssS residues 191-488 (EssS
for short) were PCR amplified by KOD polymerase and inserted into a pET23b-His6-SUMO
expression vector through restriction digestion and ligation. Vectors were transformed into
chemically competent E. coli BL21 Rosetta (DE3) / pLysS. All strains were grown in LB medium
at 37°C and induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) at ODgoo = 0.5.
Cell pellets were harvested after 2h of induction at 37°C and stored at -80°C until purification.
For protein purification, cell pellets were resuspended in 25 ml of lysis buffer (25 mM Tris pH8,
125 mM NaCl, 10 mM imidazole) with the addition of 1mM phenylmethylsulfonyl fluoride (PMSF)
and 5 ug/ml DNase |I. Samples were lysed through sonication on ice (20% magnitude, 20 seconds
on/off) until the lysates were clear. Lysates were centrifuged, and the supernatant was added to
3 ml of Ni-nitrilotriacetic acid (NTA) superflow resin (Qiagen) and the mixture was applied onto a
gravity drip column. The resin was washed with 20 ml of lysis buffer, 50 ml of wash buffer (25 mM
Tris pH8, 150 mM NaCl, 30 mM imidazole) and the proteins were collected in 20 ml of elution
buffer (25 mM Tris pH8, 150 mM NaCl, 300 mM imidazole) at 4°C. For CenR and EssR, the elution
was dialyzed and the His6-SUMO tags were cleaved with ubiquitin-like-specific protease 1 (Ulp1)
overnight at 4°C in dialysis buffer (25 mM Tris pH8, 150 mM NaCl). The next day, the digested

protein was mixed with NTA superflow resin. The mixture was applied onto a gravity column and
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the purified and cleaved protein was collected from the flow through. His6-SUMO-EssS was
dialyzed in dialysis buffer overnight at 4°C and collected. All proteins were stored at 4°C.

In vitro EssS-EssR phosphoryl transfer assay

Purified His-SUMO-EssS(191-488), CenR, and EssR were diluted to 5 yM with 1x kinase
buffer (250 mM Tris pH8, 50 mM KCI, 10 mM MgClz, 10 mM CaClz, 1 mM DTT). 5 ul of ATP mix
(4.5 pl 250 uM ATP, pH 7, 0.5 pl [32P]-ATP (10 pCi/ul) was added to 45 pl of 5 yM His-SUMO-
EssS and the protein was allowed to autophosphorylate for 1h at room temperature. 5 pl of His-
SUMO-EssS~P was mixed with 5 pl 1x kinase buffer and SDS loading buffer as the
autophosphorylation control. To assess phosphoryl transfer, His-SUMO-EssS~P was mixed with
equimolar of CenR, EssR, or a CenR/EssR mixture at various CenR:EssR molar ratios. Each
phosphoryl transfer reaction was quenched with equal volume of SDS loading buffer. Reaction
samples were loaded onto a 12% mini-PROTEAN precast gel (BioRad) and resolved at 180V at
room temperature. The dye front of the gel was cut off and the rest of the gel was exposed to a
phosphoscreen for 1-2h at room temperature. The phosphoscreen was imaged on a Typhoon
phosphorimager (Cytiva), and gel band intensity was quantified using ImageQuant TL (Cytiva).

Western Blotting of EssR protein

B. ovis strains were grown on plain TSAB or TSAB supplemented with kanamycin for two
days. Cells were collected and resuspended in sterile PBS to equivalent densities (measured
optically at 600 nm). Cell resuspensions were mixed with an equal volume of SDS loading buffer
and heated to 95°C for 5 minutes. 10 ul of each sample was loaded onto a 12.5% SDS-PAGE gel
and resolved at 180V at room temperature. The proteins were transferred to a PVYDF membrane
(Millipore) using a semi-dry transfer apparatus at 10V for 30 minutes at room temperature. The
membrane was blocked in 20 ml Blotto (Tris-buffered saline Tween-20 (TBST) + 5% milk) for 1h
at room temperature. The membrane was blocked in 10 ml Blott + polyclonal rabbit a-EssR
antiserum (1:1,000 dilution), and the membrane was incubated for 1h at room temperature. The

membrane was washed three times with TBST. Goat a-rabbit IgG poly-horseradish peroxidase
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secondary antibody (Invitrogen; 1:10,000 dilution) was added to 10 ml Blotto and the membrane
was incubated for 1h at room temperature. The membrane was washed three times with TBST,
developed with ProSignal Pico ECL Spray (Prometheus Protein Biology Products) and imaged
on a BioRad ChemiDoc Imaging System. Bands were quantified using ImageLab Software
(BioRad).

Western Blotting of CenR-3xFLAG protein

B. ovis strains carrying pQF plasmids were grown on TSAB supplemented with 30 ug/mi
oxytetracycline for three days and samples for Western blot were collected and and prepared as
described above. 10 pl of each sample was loaded onto a 12.5% SDS-PAGE containing 0.5%
2,2,2-Trichloroethanol (TCE) and resolved at 180V at room temperature. The gel was imaged on
a BioRad Chemi-Doc Imaging system using the stain-free protein gel setting to activate TCE and
visualize total proteins in the gel. The proteins were then transferred to a PVDF membrane
(Millipore) using a semi-dry transfer apparatus at 10V for 30 minutes at room temperature and
imaged under the stain-free blot setting on Chemi-Doc to visualize the total transferred proteins.
The membrane was blocked in 20 ml Blotto (Tris-buffered saline Tween-20 (TBST) + 5% milk) for
1h at room temperature, then incubated in 15 ml Blotto + monoclonal a-FLAG antibody (Thermo;
1:10,000 dilution) for 1h at room temperature. The membrane was subsequently washed three
times with TBST and goat a-mouse IgG poly-horseradish peroxidase secondary antibody
(Thermo; 1:10,000 dilution) was added and incubated for 1h at room temperature. Membrane
incubated with secondary antibody was subsequently washed three times with TBST, developed
with ProSignal Pico ECL Spray (Prometheus Protein Biology Products) and imaged on ChemiDoc

Imaging System. Bands were quantified using ImageLab Software (BioRad).
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Figure 3.1: Genetic analysis of cenR, BOV_0289, and essRS. (A) Strains harboring in-frame
unmarked deletions (A) of B. ovis TCS gene loci BOV_1929 (cenR), BOV_0289, BOV_1472
(essR), BOV_1473 (essS), alone and in combination plated in log+o dilution series on plain TSA
blood agar (TSAB), TSAB containing 2 pug/ml carbenicillin (+carb) or TSAB containing 0.0045%
SDS (+SDS). Genetic complementation of panel B strains using a lower SDS concentration is
shown in Figure 3.2. Dilution plating experiments were repeated at least three times for all strains,
and one representative experiment is shown. (B) (top) Cartoon of the cenR and essR-essS
genetic loci with bov gene locus numbers. (bottom) Protein domain models of CenR, EssR, and
EssS with number of amino acid residues in each protein. Domains are labeled as follows: REC
- receiver domain; HTH - helix-turn-helix DNA binding domain, sensor - extracellular sensor
domain, HK - histidine kinase domain. Predicted transmembrane helices flanking the sensor
domain are indicated by heavy black lines.
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Figure 3.2: Genetic complementation of AessRS and AcenR mutants; SDS sensitivity assay
at a reduced SDS concentration, and CenR-EssR sequence alignment. (A) Genetic
complementation of AessRS and AcenR carbenicillin and SDS phenotypes. Complementing
copies of the deleted genes were inserted into the ectopic gImS locus using Tn7. Dilution plating
experiments were repeated at least three times for all strains. One representative experiment is
shown. (B) SDS resistance phenotypes of strains harboring in-frame unmarked deletions (D) of
B. ovis TCS gene loci BOV_1929 (cenR), BOV_0289, BOV_1472 (essR), BOV_1473 (essS),
alone and in combination show a larger dynamic range at an SDS concentration of 0.004%
compared to 0.0045% (as presented in Figure 1). Dilution plating experiments were repeated at
least three times for all strains, and one representative experiment is shown. (C) Amino acid
sequence alignment of CenR and EssR. Amino acids highlighted in yellow show the primary
structure of the a4-B5-a5 protein-protein interaction interface predicted by AFComplex2 (see
Figure 5C). Protein secondary structure is presented above the alignment (helix in orange; strand
in green).
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Figure 3.3: cenR, essR, and essS contribute to cell survival in the presence of diverse
envelope stressors. Strains harboring in-frame unmarked deletions (D) of cenR, essR, essS,
carrying integrated empty vectors (EV) or genetic complementation vectors (::gene locus number)
were plated in log+o dilution series on plain TSA blood agar (untreated), TSA-B containing 2.75mM
EDTA (+EDTA), TSA-B containing 215 mM NaCl (+NacCl), or were cells treated with 1 mg/mL
polymyxin B for 80 minutes before being plated on TSA-B (polymyxin B treated). Dilution plating
experiments were repeated three times for all strains, and one representative experiment is
shown.
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Figure 3.4: Functional analysis of the conserved aspartyl phosphorylation sites of the
CenR and EssR response regulators. Test for genetic complementation of DcenR and DessR
envelope stress phenotypes by expression of either non-phosphorylatable alleles of cenR (D55A)
and essR (D64A) or putative phosphomimetic alleles (D55E / D64E). Conditions and dilution
plating as in Figure 1; Plain TSA blood (TSAB) plates, TSAB + 2 pg/ml carbenicillin (+carb) and
TSAB + 0.0045% SDS (+SDS). DcenR and DessR each carry an empty vector as control (EV).
Experiments were repeated at least three times for all strains and one representative experiment
is shown.
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Figure 3.5: Deletion of cenR and essR results in increased cell area. A) Phase-contrast
micrographs (630x magnification) of WT B. ovis, DessS, DessR, and DcenR in-frame deletion
mutants; DessR complemented with essRpesa and essRpese; DcenR complemented with cenRpssa
and cenRpsse. B) Cell area analysis of WT (n=113), DessS (n=173), DessR (n=242), and DcenR
(n=535) empty vector control strains (EV), DessR complemented with essRpssan (N=478) and
esSRpesse (N=466) alleles and DcenR complemented with cenRpssa (n=908) and cenRpsse (N=180)
alleles. Mean is shown as a horizontal line in the box (25"-75" percentile); whiskers capture from
10th-90™ percentile. Statistical significance was calculated using one-way ANOVA, followed by
Dunnett’'s multiple comparison test to WT empty vector control (WT::EV) (p < 0.001, ***; p <

0.0001, ****). C) Representative cryo-EM images of WT B. ovis, AessR, and AcenR in-frame
deletion mutants.
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Figure 3.6: B. ovis AcenR, AessR, and AessS deletion strains have reduced fithess in the
intracellular niche of mammalian macrophage-like cells; intact CenR and EssR aspartyl
phosphorylation sites contribute to B. ovis fitness in the intracellular niche. Log:o colony
forming units (CFU) per well of wild-type B. ovis carrying an integrated empty vector (WT::EV)
(blue), AcenR, AessR, and AessS carrying an EV (red), or AcenR, AessR, and AessS expressing
the missing gene from an integrated vector (green). Brucellae were isolated from infected THP-1
cells and enumerated at 2, 6, 24 and 48 hours (h) post infection. The contribution of the conserved
aspartyl phosphorylation sites of CenR and EssR to intracellular fithess was assessed by testing
for genetic complementation of DcenR and DessR phenotypes by integration of either non-
phosphorylatable alleles of cenR (D55A) and essR (D64A) (purple) or putative phosphomimetic
alleles (D55E / D64E) (orange). Infections were repeated 3 times; error bars represent standard
deviation of the three biological replicates. Statistical significance was calculated at 48h p.i. using
one-way ANOVA, followed by Dunnett’s multiple comparisons test to WT::EV control (p < 0.001,
** p < 0.0001, ***).
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Figure 3.7: AcenR, AessS, and AessR are not sensitive to acidic pH. Strains harboring in-
frame deletions of cenR, essS, and essR were incubated in Brucella broth at pH 7.0 or Brucella
broth at pH 4.2 for 2 h before being serially diluted and plated on TSAB. CFU of treated cultures
(pH 4.2) were normalized to CFU of untreated cultures (pH 7). Error bars represent the mean +
standard deviation of the four replicates. Statistical significance was calculated using one-way
ANOVA, followed by Dunnett’'s multiple comparisons test to WT (n.s. = non-significant, p > 0.05).
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BOV_1399 transglycosylase SLT domain-containing protein
BOV_0791 hypothetical protein

BOV_A0345 Gfo/ldh/MocA family oxidoreductase
BOV_A0346 Gfo/ldh/MocA family oxidoreductase
BOV_A0347 ABC transporter ATP-binding protein
BOV_A0348 ABC transporter ATP-binding protein
BOV_A0349 dihydrodipicolinate synthase family protein
BOV_A0350 ABC transporter permease

BOV_A0351 ABC transporter permease

BOV_A0352 ABC transporter substrate-binding protein
BOV_A0353 FadR family transcriptional regulator
BOV_A0354 N-acetylmannosamine-6-phosphate 2-epimerase
BOV_A0355 N-acetylneuraminate epimerase

BOV_A0365 glycosyltransferase

BOV_A0688 BA14K family protein

BOV_A0653 hypothetical protein

BOV_0400 hypothetical protein

BOV_0401 hypothetical protein

BOV_0402 hypothetical protein

BOV_1968 enoyl-CoA hydratase/isomerase family protein
BOV_A0309 glutamate decarboxylase

BOV_A0067 outer membrane beta-barrel protein
BOV_1241 DUF882 domain-containing protein

BOV_0234 Gfo/ldh/MocA family oxidoreductase
BOV_A0584 hypothetical protein

BOV_0965 glucan ABC transporter ATP-binding protein
BOV_1602 PAS domain-containing sensor histidine kinase
BOV_RS16910 hypothetical protein

BOV_1603 DUF1328 domain-containing protein
BOV_0822 extensin family protein

BOV_1649 OpgC family protein

BOV_0292 dihydropyrimidinase

BOV_0089 thioredoxin family protein

BOV_0250 SANT/Myb domain-containing protein
BOV_RS16610 hypothetical protein

BOV_1328 pyridoxamine 5'-phosphate oxidase family protein
BOV_0098 hypothetical protein

BOV_0755 MarR family transcriptional regulator
BOV_RS03650 SH3 domain-containing protein
BOV_RS16945 hypothetical protein

BOV_0418 hypothetical protein

BOV_0361 TRAP transporter substrate-binding protein
BOV_1757 chorismate mutase

BOV_1728 GntR family transcriptional regulator
BOV_1729 MarR family transcriptional regulator
BOV_1445 NUDIX domain-containing protein

BOV_1288 sulfate ABC transporter permease subunit CysW
BOV_1289 sulfate ABC transporter permease subunit CysT
BOV_1290 ABC transporter substrate-binding protein CysP
BOV_1047 LLM class flavin-dependent oxidoreductase
BOV_A0016 cytochrome b/b6 domain-containing protein
BOV_A0015 molybdopterin-binding protein

BOV_1621 hypothetical protein

BOV_A0553 BA14K family protein

BOV_1431 antifreeze protein

BOV_RS11420 PepSY domain-containing protein
BOV_A0800 NAD(P)-dependent oxidoreductase
BOV_A0801 EamA family transporter

BOV_A0267 SCP2 domain-containing protein

BOV_0448 LysM peptidoglycan-binding domain protein
BOV_0447 MIiC family protein

BOV_A0247 ABC transporter ATP-binding protein/permease
BOV_1474 tRNA-binding protein

BOV_A0007 BMP family ABC transporter protein
BOV_0255 abortive infection protein

BOV_1121 cell envelope integrity protein EipB
BOV_RS16795 hypothetical protein

BOV_RS13005 hypothetical protein

BOV_A0893 LysR family transcriptional regulator
BOV_A0915 hypothetical protein

BOV_0631 site-specific integrase

BOV_A0211 PepSY domain-containing protein
BOV_A0212 DUF2271 domain-containing protein
BOV_2030 DUF2852 domain-containing protein
BOV_1281 hypothetical protein

BOV_1296 CREC EF-hand Ca binding protein
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Figure 3.8: CenR and EssRS regulate an overlapping set of genes and have a correlated
ChIP-seq profile. (A) Heat map of log. fold change in gene expression in AcenR and AessRS
deletion strains relative to wildtype (WT). Genes presented have a fold change * |2| with an FDR
p-value < 10**. Genes highlighted in orange are adjacent on the chromosome. (B) EssR and CenR
chromatin immunoprecipitation (ChlP)-seq peaks (g-value £ 0.05; minimum AUC = 20) along
chromosomes 1 and 2. Red lines mark significant DNA peaks that are immunoprecipitated by
CenR and EssR. Blue lines indicate peaks that are unique to either CenR or EssR.

62



>
w

Fekdek

4000 4000

EssR-REC
CenR-REC

3000 3000

2000 2000

1000 1000

B-galactosidase activaity
Miller Units
B-galactosidase activity
Miller Units

0

PUT18c  zip EssR EssR CenR CenR EV pUT18c  zip EssR EssR EssR EssR EssR CenR CenR EssR EssR EV
pKT25 zip EssR CenR EssR CenR EV D64A D64E DS5S5A DSS5E D64A D64E
pKT25 zip CenR CenR CenR CenR CenR CenR CenR EssR EssR EV
D55A DS55E D55A D55E D64A D64E
4000 — .
— lysate \ Lysate Elution
3000 — cenR A A A A A A
essR + A + + A +

2000 — a-FLAG

beads

cenR-  cenR-
3xFLAG 3xFLAG

cenR- cenR-

3xFLAG 3xFLAG Ev Ev

plasmid

1000 —

B-galactosidase activity
Miller Units

0
pUT18c zip EssR EssR EssR EssR EssR EV

Western blot
a-EssR

elution

EssR

n.s.

- - -

Rec DBD DBD Rec
zip CenR CenR CenR CenR CenR EV
Rec Rec DBD DBD

Figure 3.9: CenR and EssR physically interact in a heterologous system and in B. ovis.
(A,B) Measurement of homomeric and heteromeric interactions between EssR and CenR (and
their aspartyl phosphorylation site mutants; D®A & D®E) using an E. coli bacterial two-hybrid
assay. Proteins were fused to split adenylate cyclase fragments in vectors pUT18c and pKT25.
Positive control (zip) and empty vector (EV) negative controls are shown. (C) CenR:EssR
heterodimer structure showing interaction at the a4-B5-a5 structural face of each protein as
predicted by AFComplex2 (126); CenR (green) and EssR (blue) (D) Test for interactions between
DNA-binding domain (DBD) and receiver domain (Rec) fragments of EssR and CenR by bacterial
two-hybrid. Error bars represent the standard deviation of 4 biological replicates. Statistical
significance was calculated using one-way ANOVA, followed by Dunnett’s multiple comparisons
test (p < 0.0005, ***; p < 0.0001, ****) to EV control or WT CenR-EssR interaction. (E) Co-
immunoprecipitation of EssR and CenR-3xFLAG from B. ovis lysate. (left) CenR-3xFLAG was
captured using anti-FLAG beads, which were washed before elution. (right) EssR association with
CenR-3xFLAG in the eluate was monitored by Western blot using polyclonal antiserum to EssR
(a-EssR). Non-specific (n.s.) cross-reactive band is shown as an indicator of loading.
Representative blot from three biological replicates.
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Figure 3.10: EssS specifically phosphorylates EssR; CenR stimulates phosphoryl transfer
from EssS to EssR. (A) EssS autophosphorylation and phosphoryl transfer assay. Phosphoryl
transfer from EssS to either EssR or CenR was assessed at 30s and 600s timepoints. 50x molar
excess of CenR was added to phospho-EssS to test kinase specificity. Lower molecular weight
band corresponds to phospho-EssR. B) Phosphoryl transfer kinetics from EssS to EssR at a 1:1
molar ratio and at a 1:1:5 (EssS:EssR:CenR) molar ratio. C) Normalized EssS-P
dephosphorylation kinetics at a 1:1 molar ratio of EssS to EssR and at a 1:1:5 (EssS:EssR:CenR)
ratio. D) Normalized EssR phosphorylation kinetics at the same molar ratios as panel C. Points
and error bars represent the mean + standard deviation of three replicates.
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Figure 3.11: CenR enhances dephosphorylation of EssS~P in the presence of EssR. A) In
vitro phosphoryl transfer assay with purified EssS kinase domain and EssR (1:1) and increasing
ratiometric amounts of CenR. All reactions were stopped after 20s. B) Quantification of EssS~P
levels; mean EssS~P band intensity is set to 1 in the EssS~P only reaction. Normalized EssS~P
levels 20s after addition of EssR and CenR in varying ratios is plotted. Error bars represent the
standard deviation of three biological replicates.
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Figure 3.12: CenR and EssR proteins levels are influenced by each other. (A) a-EssR
Western blot of lysate from WT B. ovis and B. ovis expressing EssR(D64A), EssR(D64E), and in
strains lacking essS (DessS), cenR (DcenR) or essR (AessR). (B) a-FLAG Western blot of lysate
from B. ovis strains lacking cenR (AcenR) or cenR and essR (AcenR AessR) and expressing
cenR-3xFLAG from pQF plasmid. (C) Quantification of EssR band intensities normalized to the
EssR intensity from WT on each blot. Error bars represent the mean * standard deviation of six
replicates. Statistical significance was calculated using one-way ANOVA, followed by Dunnett’s
multiple comparisons test to WT (p < 0.05, *; p < 0.0001, ****). (D) Quantification of CenR-3xFLAG
band intensities normalized to the average intensity from AcenR / cenR-3xFLAG on each blot.
Error bars represent the mean * standard deviation of nine samples assayed on three
independent blots. Statistical significance was calculated using an unpaired t test (p < 0.005, **).
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Figure 3.13: CenR, EssR, and EssS are widely distributed in the class Alphaproteobacteria.
A) Representative Alphaproteobacterial genomes were queried for reciprocal top BLAST hits of
CenR, EssR, and EssS. A gene was determined as present (colored box) if a reciprocal top-hit
pair was found, and as absent (white) if no such pair was found. The color of the boxes reflects
the percent amino acid (AA) identity (over the full protein length) to the corresponding B. ovis
sequences. B) A phylogenetic tree based on the amino acid sequence of EssS orthologs. Global
alignment with free end gaps was used as the alignment type and Blosum62 as the cost matrix.
Jukes-Cantor was used as the genetic distance model and neighbor-joining was the tree build
method with no outgroup.
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Figure 3.14: Model of EssS-EssR-CenR-dependent gene regulation in B. ovis. Upon
detection of host signals, EssS (pink) autophosphorylates and transfers a phosphoryl group (P)
to EssR (blue). CenR (green) supports EssS-EssR signal transduction by directly stimulating
phosphoryl transfer from EssS and EssR via a receiver domain interaction. Loss of CenR results
in diminished EssR levels (light blue with dashed outlines) and loss of EssR results in diminished
CenR levels (light green with dashed outlines), via a post-transcriptional mechanism. CenR and
EssR directly interact with an overlapping set of promoters, and three possible modes of
transcriptional regulation by EssR and CenR are shown: EssR-EssR homodimer, EssR-CenR
heterodimer, and/or CenR-CenR homodimers binding to target promoters. Genes regulated by
the EssS-EssR-CenR system impact B. ovis cell size, contribute to growth/survival during cell
envelope stress in vitro, and support intracellular replication in a macrophage infection model.
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Chapter 4: B. ovis HWE kinase is important for detergent resistance

Introduction

In the initial system-level screen presented in Chapter 2, ABOV_1602 was the only mutant
that was more resistant to SDS than WT. Since little is known about BOV_1602 and to better
understand the mechanism of this resistance phenotype, | used genetic and biochemical
approaches to explore the impact of BOV_1602 in resistance to other detergents and membrane
stressors, regulation of cell size, and intracellular survival inside macrophages. In this chapter, |
demonstrate that deletion of BOV_1602 leads to an altered outer membrane protein composition
through its effects on gene regulation, both transcriptionally and post-transcriptionally. | also
provide a partial mechanism of the detergent resistance phenotype of ABOV_1602 through a
connection with the type IV secretion system and a SPFH (stomatin/prohibitin/flotillin/HfIKC)
protein.
Results
The sensor histidine kinase gene BOV_1602 influences detergent resistance in Brucella
ovis

BOV_1602 encodes a cytoplasmic HWE kinase. As mentioned earlier, HWE kinases are
a group of kinases that possess the unique sequence HWE motif, and that are reported to form
unusual oligomeric complexes (53, 54). Many HWE kinases in Alphaproteobacteria are involved
in general stress response (58, 134). BOV_1602 is not encoded adjacent to a response regulator
and no studies have shown its interacting partners. Therefore, BOV_1602 is considered an
orphan HK. Notably, BOV_1602 is adjacent to the nepR-ecfG-phyR general stress response
(GSR) locus (59) in B. ovis. Although it was reported that orthologs of BOV_1602 do not regulate
Brucella spp. GSR in vitro or in vivo (64, 135), the GSR regulation is complex and there may be
conditions where BOV_1602 is involved. As presented in Chapter 2, deletion of BOV_1602 leads

to significant increase in resistance to the detergent, SDS. SDS is an anionic detergent, and |
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sought to test whether BOV_1602 also influenced resistance to detergents with different chemical
properties. To do this, | performed the same agar stress assay with four additional detergents:
the anionic bile acid detergent deoxycholate, the non-ionic detergent Triton, the cationic detergent
cetyltrimethylamonium bromide (CTAB), and the zwitterionic detergent 3-((3-cholamidopropyl)
dimethylammonio)-a-propanesulfonate (CHAPS). Similar to SDS, the ABOV_1602 strain was
also highly resistant to deoxycholate, Triton, and CHAPS (Figure 4.1A). Specifically, this strain
was approximately 4-logio units more resistant to deoxycholate, 3-logio units more resistant to
Triton, and 4-log1o units more resistant to CHAPS. Conversely, ABOV_1602 was more sensitive
to CTAB than WT. There is no apparent similarity between the chemical structures of all the
detergents that ABOV_1602 is resistant to (Figure 4.1B). However, CTAB is the only detergent
with a positive charge. To test whether ABOV_1602 is sensitive to other cationic molecules, |
tested the mutant against polymyxin B, which is a cationic antibiotic that targets the outer
membrane of Gram-negative bacteria (Figure 4.2). Similarly, ABOV_1602 is more sensitive to
polymyxin B than WT. This suggests that ABOV_1602 may be more sensitive to positively
charged compounds than WT.
Deletion of BOV_1602 does not impact the growth rate of B. ovis in broth culture

One hypothesis as to why ABOV_1602 is resistant to SDS, deoxycholate, Triton, and
CHAPS is that the mutant has a different growth rate than WT under no stress or detergent-stress
conditions. Indeed, slow growth can often enhance survival of bacteria under stress conditions
(136, 137). To test this hypothesis, | grew WT and mutant strains in Brucella broth and calculated
the growth rate of each strain. Over the course of 24 hours, | did not observe any significant
differences in growth rate or terminal culture density between ABOV_1602 and WT (Figure 4.3A).
These results provide evidence that the detergent-resistant phenotype is not a consequence of

differences in growth rate between strains.
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SDS treatment induces large transcriptional changes in WT but not in ABOV_1602

BOV 1602 encodes a sensor histidine kinase and is therefore predicted to impact
detergent resistance through its effects on the regulation of gene expression. To uncover possible
mechanisms underlying ABOV_1602 SDS resistance, | therefore used RNA-seq to define
transcriptional differences between ABOV_1602 and WT that may explain the agar detergent
resistance phenotype. To compare the transcriptome of WT to that of ABOV_1602 mutant in
unstressed and SDS stressed conditions, | grew strains on both TSAB and TSAB supplemented
with SDS and extracted RNA from cells cultured in both conditions.

The transcriptional profile of the ABOV_1602 strain differed significantly from that of the
wild type (WT). When considering a fold change threshold of at least |2| and a false discovery
rate (FDR) P-value < 0.0001, over 800 genes showed differential expression as a result of
BOV_1602 deletion in conditions without stress (Table S$6). Notably, the transcriptional profiles
of ABOV_1602 cultivated on plain TSAB agar versus SDS agar are remarkably similar; only 261
genes exhibit differential expression between these conditions using the same criteria. In contrast,
for WT, over 1000 genes are differentially expressed when comparing growth on SDS agar to
growth on plain agar. This constitutes approximately one-third of all genes in the B. ovis genome.
Many of the most highly differentially regulated genes upon BOV_1602 deletion (in unstressed
conditions) are also highly ranked in WT cultivated on SDS agar relative to plain agar, (Figure
4.4; Table S6). In fact, the set of genes dysregulated upon BOV_1602 deletion contains over 400
of the same genes that change expression upon treatment of WT with SDS. In other words, the
transcriptional profile of ABOV_1602 in plain media strongly parallels that of WT under SDS stress
conditions. From these results, one may infer that BOV_1602 deletion transcriptionally “pre-
adapts” B. ovis to SDS stress conditions. Specific classes of dysregulated genes that may be
functionally relevant for the detergent resistance phenotype are described in the next sections

below.

71



ABOV_1602 does not have stationary phase survival defect

Several genes encoding ribosomal proteins had reduced transcript levels in ABOV_1602
relative to WT (Table S6). Downregulation of ribosomal proteins expression is a hallmark of the
stringent response, which is a highly conserved starvation response in bacteria (138) that can
impact cell survival in stationary phase (139). To test whether BOV_1602 deletion influences B.
ovis fitness in stationary phase, | measured cell viability in stationary phase. To do this, | grew
WT and ABOV_1602 in Brucella broth and plated for CFU/mL every 12 hours for 60 hours. |
observed no difference in CFU between the mutant and WT at any time during the 60 hours
(Figure 4.3B).
SDS treatment induces expression of Type IV secretion system genes

The virB operon encodes the Brucella type IV secretion system, which is a trans-envelope
protein complex required for survival inside mammalian hosts(14, 140, 141). There are 12 genes
in the virB operon, each encodes a component of the T4SS apparatus. In WT and ABOV_1602
cells grown on SDS plates, all 12 virB genes were upregulated. Expression of most of these genes
remain unchanged in ABOV_1602 on plain TSAB agar, with the exception of virB2, virB3, and
virB4 which had increased expression upon BOV_1602 deletion (Table 4.1). Many of the known
regulators of the virB operon are also differentially expressed in all three groups, though virB
operon itself did not show major changes in ABOV_1602 grown on plain plates. For example,
both the alpha and beta subunits of integration host factor (IHF) are upregulated in all three groups.
IHF is known to bind to the promoter of virB operon and activate its transcription (142). The
quorum sensing protein vjbR — a major type IV regulator (143, 144) - is also upregulated in all
three groups. BIxR/BabR, another quorum sensing protein and a repressor of the virB operon
(145), is downregulated in WT and ABOV_1602 grown on SDS plates while being upregulated in

ABOV_1602 grown on plain plates.
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Deletion of BOV_1602 leads to dysregulation of several outer membrane protein genes

Outer membrane proteins (OMPs) are important for cell membrane stability and changes
in OMP composition could lead to differences in sensitivity to cell membrane disturbance. Since
SDS is a detergent that targets the membrane, | postulated that BOV_1602 deletion may result
in compositional changes in OMPs as a result of transcriptional and/or post-transcriptional
dysregulation. Indeed, my RNA-seq data revealed several genes encoding outer membrane
proteins that were differentially expressed in ABOV_1602 compared to WT (Table 4.2),
regardless of treatment, as well as in WT cultured on SDS agar plates. For example, omp25
(BOV_0692), omp31 (BOV_A0366), omp2a (BOV_0632), omp2b (BOV_0634), and ompW
(BOV_1510) were all downregulated in ABOV_1602 grown on plain agar plates. On the other
hand, omp22 (BOV_1247), omp28 (BOV_1430), and omp1/bamA (BOV_1112) were upregulated
in ABOV_1602. ABOV_1602 cultured on plain plates and WT cultured on SDS plates have similar
transcriptional changes of these omp genes.
Outer membrane proteins and transporters protein levels are different in ABOV_1602

Given the changes in transcript levels of outer membrane protein genes, | predicted that
the protein levels of some of these regulated OMPs may also differ in ABOV_1602 relative to WT.
To measure changes in protein levels, | isolated outer membranes from both ABOV_1602 and
WT grown on plain TSAB plates and used mass spectrometry (LC/MS/MS) to identify and quantify
the proteins. The most abundant protein in the WT B. ovis outer membrane was Omp2b
(BOV_0634). Levels of this protein were reduced by approximately 50% in ABOV_1602 (Table
S7). Omp1/BamA (BOV_1112) was another abundant outer membrane protein in WT and, similar
to Omp2b, its levels were lower in ABOV_1602. Omp28, as mentioned previously, had higher
transcript levels in ABOV_1602 (plain). Congruent with this observation, protein levels of Omp28
were approximately 50% higher in ABOV_1602.

BhuA, a TonB-dependent transporter encoded by the gene BOV_A1093, is yet another

abundant OMP that has reduced levels in the ABOV_1602 mutant (Table S7). Among the three
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TonB-dependent transporters in Brucella, BhuA is unique as the sole heme transporter, crucial
for sourcing iron, which Palluey et al. have demonstrated to be essential for sustaining chronic
infections in mice (146). The TonB-dependent transporter, Cir (BOV_1306), showed a 40%
decrease in abundance in ABOV_1602. Cir functions as an iron transporter, specifically mediating
the uptake of iron chelated by Brucella-produced catechol siderophores, namely 2,3-
dihydroxybenzoic acid (DHBA) and brucebactin (147). ExbB (BOV_1612) forms part of the
membrane proton channel complex that powers TonB-dependent transporters using the proton
motive force (148). In contrast to BhuA and Cir, the protein levels of ExbB were increased by
approximately 60% in ABOV_1602. Likewise, the lipoprotein chaperone, LolA (BOV_1926), was
also elevated in ABOV_1602. The complete list of differently synthesized OMPs in ABOV_1602
are presented in Table S7.
Proteins involved in cell division and envelope biosynthesis are dysregulated in
ABOV_1602

Approximately 20 proteins involved in cell division or cell envelope biosynthesis were
differentially expressed in ABOV_1602. These include three proteins from the Tol-Pal system,
TolB, TolQ, and Pal. This multi-protein complex spans the periplasm to the outer membrane, and
it is essential for constricting the outer membrane and cell division in Gram-negative bacteria. The
core components of Tol-Pal are made of TolA, TolB, TolQ, TolR, and Pal. My proteomic data
show that TolB, TolQ, and Pal proteins are significantly elevated in ABOV_1602 though the
transcript levels were unchanged. This result provides evidence that post-transcriptional layers of
regulation impact envelope composition when BOV_1602 is deleted. There are six proteins in a
20-kb cell division/PG synthesis region on chromosome 1 that have different expression levels in

ABOV_1602 compared to WT.
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Proteins associated with detergent resistant membranes are differentially expressed in
ABOV_1602

Detergent-resistant membranes (DRMs) are lipid rafts on the cell membrane that are
resistant to non-ionic detergent. They differ in lipid and protein composition from the rest of the
cell membrane. Czolkoss et al. (149) reported proteins that are associated with DRMs in
Agrobacterium tumefaciens, which is closely related to Brucella spp. Several proteins in A.
tumefaciens DRMs were differentially expressed in ABOV_1602. SPFH
(stomatin/prohibitin/flotillin/HfIKC) proteins are markers of DRMs as they often co-purify with
DRMS. Two SPFH proteins, HfIC (BOV_1352) and SPFH/band 7/PHB domain protein
(BOV_A0070), both have significantly higher protein expression levels in ABOV_1602 than WT
(Table S7). Both proteins are reported to be modulators of the zinc metalloprotease, FtsH (150).
PpiD, peptidyl-prolyl cis-trans isomerase (BOV_0675), is a periplasmic chaperon for outer
membrane proteins (151) and is a substrate of FtsH (152) and it also has an elevated protein
level in ABOV_1602 (Table S7).

T4SS (Type IV secretion system) components were also reported to be enriched in DRMs
in A. tumefaciens. | observed upregulation of VirB3 (2.4-fold +), VirB4 (1.6-fold +), VirB9 (5-fold
+), VirB10 (3-fold +), and VirB11(2-fold +) in ABOV_1602. VirB9 and VirB10 are part of the outer
membrane core while VirB3 and VirB4 are on the inner membrane (Figure 4.5). VirB4 and VirB11
are the ATPases that supply energy for the system. Notably, levels of type IV proteins were not
entirely congruent with transcripts: transcript levels of virB3 and virB4 were upregulated in
ABOV_1602 while there were slightly lower levels of virB9, virB10, and virB11. Other possible
detergent resistance proteins include TatB (BOV_0874), a twin-arginine-targeting protein
translocase, SipF (BOV_0653), signal peptidase I, and MotB (BOV_1656). All of these proteins
were found exclusively in DRMs in A. tumefaciens and all have increased expression in
ABOV_1602. The cell division protein FtsA (BOV_0803) was only found in DSM (detergent-

sensitive membranes) in A. tumefaciens and its protein level is lower in ABOV_1602 than in WT.
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Elevated VirB and SPFH contribute to detergent resistance

Considering the notably enhanced levels of proteins known to be present in DRMs in B.
ovis ABOV_1602, | next sought to test whether the changes in these DRM-associated proteins
play a role in the detergent resistance phenotype of ABOV_1602. To this end, | constructed in-
frame deletions of the Type IV secretion system (T4SS) membrane components, specifically
virB8-virB11, since they are in an operon, as well as one SPFH protein, BOV_A0070, in the
ABOV_1602 background. These mutants were then subjected to the same agar stress assay to
assess their phenotypes. The double deletion strains, ABOV_1602 AvirB8-12 and ABOV_1602
ABOV_A0070, were more sensitive to Triton, CHAPS, and deoxycholate compared to the
ABOV_1602 single mutant, though these strains remained more resistant to detergent than the
WT. The ABOV_1602 ABOV_A0070 double mutant is more sensitive to Triton and CHAPS than
ABOV_1602 AvirB8-11. | conclude that the VirB system and BOV_A0070 contribute to the Triton,
CHAPS, and deoxycholate resistance phenotype of ABOV_1602. However, both double mutants
had detergent resistance profiles similar to that of the ABOV_1602 single mutant in SDS and
CTAB (Figure 4.6). This indicates that factors other than VirB or BOV_A0070 contribute to the
SDS resistance and CTAB sensitivity in ABOV_1602. Additionally, ABOV_1602 appears to have
denser colony than the double and triple mutants on TSAB containing Triton, CHAPS,
deoxycholate, and SDS, even though all four mutants have similar CFU on SDS agar plate.
Notably, the deletion of virB8-12 and BOV_A0070 in the ABOV_1602 background resulted in a
pronounced increase in sensitivity to NaCl. | also made a triple mutant, deleting BOV_1602, virB8-
virB11, and BOV_A0070. The triple mutant phenocopied the double mutant ABOV_1602 AvirB8-
1.in all the tested conditions (Figure 4.6).
ABOV_1602 has cell size defect

Given the changes in levels of proteins associated with cell division processes in
ABOV_1602, | hypothesized that the mutant cells would have morphological differences from WT.

| inspected the mutant cells by phase contrast microscopy and did not observe major
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defects/differences in cell shape (Figure 4.7A). However, careful measurements of cell size
showed that deletion of BOV_1602 results in longer and wider cells compared to WT (Figure
4.7B). Interestingly, though ABOV_1602 AvirB8-11 and ABOV_1602 ABOV_A0070 partially
rescued the detergent resistance phenotype, they did not complement the cell size defect
phenotype. Similar to the single mutant ABOV_1602, the double mutants ABOV_1602 AvirB8-11
and ABOV_1602 ABOV_A0070 also have bigger cell size than WT.
ABOV_1602 does not display differences in fitness in macrophage infection

The Type IV secretion system (T4SS) is an important virulence determinant for Brucella
spp. Given my observations of transcriptional upregulation and increased protein levels in of the
Type IV (VirB) system in ABOV_1602, | tested whether ABOV_1602 displayed any fitness
differences relative to the wild type (WT) in a macrophage infection model. However, deletion of
BOV_1602 did not result in any significant defect or advantage in fitness or survival following entry
(2 hours post-infection), during the early stages of infection (6 and 24 hours post-infection), or
throughout the later stages of infection (48 and 72 hours post-infection) as compared to WT
(Figure 4.8).
Conclusion

Maintaining cell envelope integrity is critical for bacterial survival. Regulating the outer
membrane composition is important for resistance to different envelope stressors. In this chapter,
| have provided experimental evidence that the orphan HWE HK, BOV_1602, impacts resistance
to different cell envelope stressors, especially detergents. RNA-seq, mass spectrometry of outer
membrane fractions and cell size analysis revealed that BOV_1602 regulates composition of
membrane proteins, cell size, and cell shape in B. ovis. My analysis of RNA-seq data from
ABOV_1602 revealed that deletion of BOV_1602 primes the cells to a “detergent-ready” state
(Figure 4.9), where the cells are transcriptionally primed to resist detergent assault. Lastly,
combining proteomic data and genetic manipulation, | have shown that deletion of BOV_1602 led

to elevated protein levels of type IV secretion system and SPFH proteins, which both contribute
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to the detergent resistance phenotype. Overall, this study sheds light on a previously unknown

regulatory role of a HWE HK and a link between T4SS and SPFH and detergent resistance.
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Figure 4.1: Analysis of BOV_1602 deletion strain to different detergents. (A) (left) Cartoon
of the BOV_1602 S genetic locus. (right) Protein domain models of BOV_1602 with number of
amino acid residues in each protein. Domains are labeled as follows: sensor - extracellular sensor
domain, HWE-HK — HWE histidine kinase domain. (B) Strains harboring an in-frame deletion of
BOV_1602, carrying integrated empty vector (EV) or genetic complementation vector (::1602)
were plated in log10 dilution series on plain TSA blood agar (TSAB), TSAB containing SDS,
sodium deoxycholate, Triton X-100, CHAPS, or CTAB. Dilution plating experiments were
repeated at least three times, and one representative experiment is shown. (C) Chemical
structures of each detergent used in panel B.
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untreated

polymyxin B treated

Figure 4.2: ABOV_1602 is sensitive to polymyxin B treatment. Strains harboring in-frame
unmarked deletions (A) of BOV_1602, carrying integrated empty vectors (EV) or genetic
complementation vectors (::7602) were plated in logo dilution series on plain TSA blood agar
(untreated), or cells treated with 1 mg/mL polymyxin B for 80 minutes before being plated on TSA-
B (polymyxin B treated). Dilution plating experiments were repeated three times for all strains,
and one representative experiment is shown.
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Figure 4.3: deletion of BOV_1602 does not lead to growth rate defect or long-term
stationary survival defect. (A) Growth curve of WT and ABOV_1602 in Brucella broth over the
course of 24h. The growth rate of ABOV_1602 is 0.00307 min™" and of WT is 0.002775 min™. (B)
Recovered CFU/mL of cultures grown in Brucella broth over the course of 60h. All experiments
were repeated three times; error bars represent standard deviation of the three biological

replicates.

81



BOV_1629 phosphoglycerate dehydrogenase
BOV_A0786 hypothetical protein
BOV_RS16610 hypothetical protein
BOV_A1102 hypothetical protein
BOV_A0829 organic hydroperoxide resistance protein
BOV_A0840 hypothetical protein
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BOV_0043 cytochrome o ubiquinol oxidase subunit |
I~ BOV_0284 urease subunit alpha
I~ BOV_A0661 hypothetical protein
- BOV_A1078 ATP-binding cassette domain-containing protein
[ |- BOV_RS18015 helix-turn-helix domain-containing protein
- BOV_2048 YifB family Mg chelatase-like AAAATPase
- BOV_1631 phosphoserine transaminase
- BOV_0599 C40 family peptidase
=: BOV_0194 aldehyde dehydrogenase family protein
BOV_RS03650 SH3 domain-containing protein
- BOV_1510 OmpW family protein
|- BOV_A0033 magnesium-translocating P-type ATPase
- BOV_A0922 2-hydroxyacid dehydrogenase
|- BOV_A0077 sigma-54 dependent transcriptional regulator
|- BOV_1460 acyl-CoA thioesterase
— BOV 1628 GNAT family N-acetyltransferase
|- BOV_ ~0167 ribonuclease PH
I~ BOV_0692 porin family protein
- BOV RS11435 hypothetical protein
|- BOV_, “A0335 cytochrome P450
| o BOV 1850 MAPEG family protein
—BOV 0173 cobA_1
m-t BOV_0045 cytochrome o ubiquinol oxidase subunit IV
cBOV 0044 ytochrome o ubiquinol oxidase subunit IIl
- BOV_0597 phage tail tape measure protein
|- BOV_0586 DNA-packaging protein
- BOV_A0367 putative colanic acid biosynthesis acetyltransferase
- BOV_A0297 hypothetical protein
I~ BOV_0334 large conductance mechanosensitive channel protein MscL
|- BOV_2049 transglutaminase-like cysteine peptidase
|- BOV_0313 GerA family cell cycle regulator
- BOV_0271 DUF2948 family protein
|- BOV_0077 hypothetical protein
- BOV_0939 PopZ family protein
|- BOV_A1056 xylose ABC transporter ATP-binding protein
|- BOV_1572 dihydroxyacetone kinase subunit DhakK
|- BOV_1573 D-threitol dehydrogenase
- BOV_1691 DUF2312 domain-containing protein
— BOV_2062 DNA starvation/stationary phase protection protein Dps
- TBOV_0360 RAP transporter large permease subunit
|- BOV_{ 0256 helix-turn-helix domain-containing protein
— BOV RS18245 hypothetical protein
- BOV_A0293 class 1b ribonucleoside-diphosphate reductase subunit beta
I~ BOV_0996 dihydroneopterin aldolase
- BOV_A0648 carbohydrate ABC transporter substrate-binding protein
|- BOV_0576 hypothetical protein
- BOV RS07135 cold-shock protein
- BOV_0941 hypothetical protein
- BOV_A0504 ABC transporter substrate-binding protein
- BOV_1962 GFA family protein
|- BOV_RS10785 hypothetical protein
|- BOV_2094 hypothetical protein
|- BOV_1518 Lrp/AsnC ligand binding domain-containing protein
- BOV_1574 substrate-binding domain-containing protein
I~ BOV_A1055 D-xylose ABC transporter substrate-binding protein
|- BOV_A0301 ABC transporter ATP-binding protein
|- BOV_A0292 class 1b ribonucleoside-diphosphate reductase subunit alpha
|- BOV_1475 YbjN domain-containing protein
|- BOV_RS11805 glutaredoxin-like protein NrdH
I~ BOV_0359 TRAP transporter small permease subunit
I~ BOV_A0291 class Ib ribonucleoside-diphosphate reductase assembly flavoprotein Nrdl

e

4 0 -4
Figure 4.4: deletion of BOV_1602 with or without SDS treatment leads to similar
transcriptional changes as WT treated with SDS. Genes presented have a log: fold change
either > 2.5 or < -2; all genes have an FDR P-value < 10™.
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Figure 4.5: cartoon model of the T4SS in Brucella. Figure is adapted from published figures
(153, 154). The external pilus is composed of VirB2 (orange) and VirB5 (green). The outer
membrane core is composed of VirB7 9 (lime green), VirB9 (red), and VirB10 (dark blue). VirB1
(brown) locates in the periplasm. The inner membrane core is composed of VirB6 (light blue),
VirB8 (light blue), VirB3 (pink), and VirB4 (purple). VirB11 (teal) is in the cytoplasm but its exact
interaction with the rest of the T4SS apparatus is still unclear.
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Figure 4.6: VirB8-11 and BOV_A0070 are important for detergent resistance. Strains
harboring in-frame unmarked deletions of B. ovis TCS gene loci BOV_1602 (A1602) alone and in
combination of BOV_A0054-A0057 (AvirB8-11), and BOV_A0070 (AA0070) were plated in logio
dilution series on plain TSA blood agar (TSAB), TSAB containing 0.09% Triton (+Triton), 0.1%
CHAPS (+CHAPS), 0.11% CTAB (+CTAB), 0.08% deoxycholate (+deoxycholate), 0.045% SDS
(+SDS), or 215 mM NaCl (+NaCl). Dilution plating experiments were repeated at least three times,
and one representative experiment is shown.
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Figure 4.7: cell size analysis of B. ovis A1602, A1602 AvirB8-11, and A1602 AA0070. (A)
Representative phase contrast micrographs (630x magnification) of WT B. ovis, A1602, A1602
AvirB8-11, A1602 AA0070 in-frame deletion mutants. (B) Cell area, length and width analysis of
WT (n=267), A1602 (n=425) empty vector control strains (EV), A1602 complementation strain
(n=522), A1602 AvirB8-11 (n=230), A1602 AA0070 (n=403). Mean is shown as a horizontal line
in the box (25th-75th percentile); wiskers capture from 10th-90th percentile. Statistical
significance was calculated using one-way ANOVA, followed by Dunnett’'s multiple comparison
test to WT empty vector control (WT::EV) (p<0.005, **; p<0.0001, ****).
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Figure 4.8: deletion of 1602 does not affect fitness during infection in human macrophage-
like cells. Log10 CFU per well of wild-type B. ovis carrying an integrated empty vector (WT::EV)
(blue, circle), A1602 carrying an EV (A1602::EV) (red, square), and A1602 carrying an integrated
vector with 1602 under its native promoter (green, triangle). Brucellae were isolated from THP-1
cells and enumerated at 2, 6, 24, 48, and 72 h post-infection. Infections were repeated four times;
error bars represent standard deviation of four biological replicates.
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Figure 4.9: model of ABOV_1602 detergent resistant mechanism. In WT Brucella cells, there

are more Omp2b (green) and cation efflux (pink) proteins and less SPFH (blue) and T4SS (orange)
proteins on the cell membrane. In ABOV_1602 mutant cells, there are more T4SS and SPFH

proteins and less Omp2b and cation efflux proteins. This differences in outer membrane protein

composition may lead to the difference in sensitivity to detergents and cationic compounds.
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Tables

Table 4.1: transcriptional changes of virB operon and its regulators

Log2

Log2

Gene name Locus tag (A1602/ (A1602- IS_Bgsz /(\\//VV-I.I-.)
WT) SDS / WT)

virB1 BOV_A0063 -0.17 -0.59 1.21
virB2 BOV_A0062 1.26 1.98 3.00
virB3 BOV_A0061 1.84 3.00 3.75
virB4 BOV_A0060 0.92 2.31 3.37
virB5 BOV_A0059 -0.52 0.40 0.67
virB6 BOV_A0058 -0.66 0.73 1.38
virB7 BOV_RS10630 -0.14 2.13 2.66
virB8 BOV_A0057 0.07 1.58 2.81
virB9 BOV_A0056 -0.87 0.37 1.68
virB10 BOV_A0055 -0.87 0.36 2.07
virB11 BOV_A0054 -0.58 1.04 2.05
virB12 BOV_A0053 -0.06 1.24 1.90
VjbR BOV_A0110 0.90 2.04 1.53
hutC BOV_A0869 0.06 0.32 -0.09
IHF a subunit | BOV_0771 1.47 1.18 1.91
IHF b subunit | BOV_0148 1.77 1.06 1.15
BvrR BOV_2010 -0.22 -0.38 -0.99
BIXR BOV_0183 0.73 -0.85 -2.44
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Table 4.2: transcriptional changes of outer membrane protein genes

Log2 Loge
gene name locus tag (A1 302 (A1 6%2- ;%982 §V\>/V-I.-I:)
/ WT) SDS / WT)
omp25 BOV_0692 -2.22 -2.34 -2.36
omp25¢ BOV _0115 -0.29 -0.42 -0.26
omp25d BOV 0116 0.29 -0.07 -0.30
omp31 BOV_A0366 -1.15 -1.62 -0.52
omp22 BOV 1247 1.16 2.15 3.82
omp19 BOV_1858 -0.40 -0.70 0.44
omp10 BOV_A0072 -0.74 -0.59 -1.13
omp16 (pal) BOV_1638 0.07 0.32 1.35
omp1 (bamA) BOV_1112 1.65 1.66 1.65
Putative outer
membrane protein | BOV_A0863 0.19 -0.11 0.31
Putative outer
membrane protein | BOV 1633 0.03 0.66 0.27
omp2a BOV 0632 -1.00 -0.28 -1.15
omp2b BOV_0634 -0.70 -0.51 -0.98
omp28 BOV_1430 1.00 1.00 1.40
ompW BOV_1510 -2.35 -5.03 -3.11
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Material & Methods

Chromosomal deletion strain construction and complementation strain construction

Same as described in Chapters 2 and 3.

Agar plate growth/stress assays

After 2 days of growth on TSAB or TSAB supplemented with kanamycin, B. ovis cells were
collected and resuspended in sterile phosphate-buffered saline (PBS) to an ODesoo = 0.3. Each
strain was serially diluted in PBS using a 10™ dilution factor. 5 ul of each dilution was plated onto
either TSAB, TSAB containing 0.0045% SDS, 0.008-0.009% deoxycholate, 0.0065-0.008% Triton,
0.1% CHAPS, 0.011% CTAB, or 215 mM NaCl. After 3 days of incubation for TSAB, 4 days for
TSAB + 0.0045% SDS, 0.008-0.009% deoxycholate, 0.0065-0.008% Triton, 0.1% CHAPS, 0.011%
CTAB, and 5 days for TSAB + 215 mM NaCl, growth was documented photographically.

Polymyxin B stress assay

Same was previously described in Chapter 3.
Growth curve

Strains were grown on TSAB plates for two days. Cells were inoculated in 8 mL Brucella
broth and incubated on rotor overnight. The next day, cells were back diluted to ODsgo = 0.05 in
9 mL Brucella broth at time = 0 h. Optical density at 600 was measured every hour for the first 9
hours and once at 24 h.

Long-term stationary survival assay

After 2 days of growth on on TSAB supplemented with kanamycin, B. ovis cells were
collected and resuspended in 8 mL Brucella broth and incubated on rotor overnight. The next day,
cells were back diluted to ODeoo = 0.05 in 9 mL Brucella broth at time = 0 h. 100 uL of culture was
taken to be serially diluted in PBS using a 10" dilution factor. 5 ul of each dilution was plated onto
TSAB. Plates were incubated for 3 days and CFU were enumerated. The same step was repeated

every 12 h for 60 h.
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RNA extraction and sequencing

B. ovis strains were grown on either TSAB for 2 days. Cells were collected in Brucella
broth and OD600 was adjusted to 0.3 x 10*-3. 200 uL of cells were plated onto either TSAB or
TSAB + 0.004% SDS and spread evenly with sterile cotton swabs. WT and ABOV_1602 grown
on TSAB and ABOV_1602 grown on TSAB + 0.004% SDS were incubated for 3 days. WT grown
on TSAB + 0.004% SDS were incubated for 4 days. Cells were collected from plates and
resuspended in 1 mL TRIzol. Samples were stored at -80°C until RNA extraction. The extraction
process was the same as described in Chapter 3.

RNA-seq analysis

All RNA-seq analyses were conducted the same as described in Chapter 3. Raw and
processed RNA-seq data are publicly available in the NCBI GEO database at accession
GSE262183.

Outer membrane preparation

B. ovis strains were grown on TSAB for 3 days. Cells were collected in Tris 7.3 and OD600
was adjusted to 40 in 40 mL of Tris pH7.4. Cells were centrifuged at 7197 x g for 10 minutes at
4°C. Pellets were collected and suspended in 1mL 10 mM Tris pH 7.4 and stored at -80°C
overnight to weaken the cell wall and membrane. Pellets were thawed on ice. 1 yL DNase, 10
mg/mL lysozyme, and 1 mM PMSF were added to each sample. Samples were sonicated on ice
for 5 cycles (20% magnitude, 20 s on/off) and centrifuged at 17,000 x g for 10 minutes at 4°C.
The supernatants were transferred to an ultra tube and centrifuged at 100,000 x g for 1h at 4°C
to separate the cytoplasm and the membranes. The supernatants were removed, and the pellets
were resuspended in 1.5 mL 10 mM Tris pH 7.4 + 2% Triton x-100. Samples were mixed at room
temperature for 30 minutes and centrifuged at 100,000 x g for 1h at 4°C to separate the inner
membrane and the outer membrane. The supernatants were removed, and the pellets were
resuspended in 1.5 mL 10 mM Tris pH 7.4 + 2% Triton x-100. Samples were mixed at room

temperature for 30 minutes and centrifuged at 100,000 x g for 1h at 4°C. Supernatants were
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removed and the pellets were resuspended in 1.5 mL 10mM Tris pH 7.4. Samples were
centrifuged at 100,000 x g for 1h at 4°C. The supernatants were removed, and the pellets were
resuspended in 50 yL SDS loading buffer.

Proteolytic Digestion

Two biological replicates of outer membrane isolation samples from B. ovis WT and B.
ovis ABOV_1602 were heated at 95°C for 5 minutes before resolving on a 12% mini-PROTEAN
precast gel (BioRad) at 180V for 5 minutes. About 5 mm area around the dye front was cut out
and added to 100 pL 5% acetic acid. Gel bands were digested in gel according to Shevchenko,
et. al. with modifications (155). Briefly, gel bands were dehydrated using 100% acetonitrile and
incubated with 10mM dithiothreitol in 100mM ammonium bicarbonate, pH ~8, at 56°C for 45
minutes, dehydrated again and incubated in the dark with 50 mM chloroacetamide in 100 mM
ammonium bicarbonate for 20 minutes. Gel bands were then washed with ammonium
bicarbonate and dehydrated again. Sequencing grade modified trypsin was prepared to 0.005
Mg/pL in 50 mM ammonium bicarbonate and ~100 pL of this was added to each gel band so that
the gel was completely submerged. Bands were then incubated at 37°C overnight. Peptides
were extracted from the gel by water bath sonication in a solution of 60% Acetonitrile (ACN) /1%
Trifluoroacetic acid (TFA) and vacuum dried to < 2 pL.

DIA (Data independent acquisition) LC/MS/MS sample analysis

An injection of 5 pL was automatically made using a Thermo (www.thermo.com)
EASYnLC 1000 onto a Thermo Acclaim PepMap RSLC 0.1 mm x 20 mm C18 trapping column
and washed for ~ 5 minutes with buffer A [99.9% Water/0.1% Formic Acid]. Bound peptides were
then eluted over 35 minutes onto a Thermo Acclaim PepMap RSLC 0.075 mm x 250 mm resolving
column with a linear gradient of 5% buffer B [80% Acetonitrile/0.1% Formic Acid/19.9% Water] to
28% buffer B in 24 minutes. After the gradient the column was washed with 90% buffer B for the

duration of the run at a constant flow rate of 300 nL/min. Column temperature was maintained at
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a constant temperature of 50°C using an integrated column oven (PRSO-V1, Sonation GmbH,
Biberach, Germany).
Eluted peptides were sprayed into a ThermoScientific Q-Exactive mass spectrometer for

data independent acquisition (www.thermo.com) using a FlexSpray spray ion source. Survey

scans were taken in the Orbi trap (35000 resolution, determined at m/z 200) over mass range of
395-905 m/z. Fixed windows of 30 m/z (50 total) were sequentially scanned and fragmented by
HCD acquired in the Orbitrap at a resolution of 35,000 (determined at 200 m/z).

LC/MS/MS DIA Data Analysis

Acquired spectra were processed using DIA-NN (156), v1.8.1, using the Robust LC (high
precision) quantitation strategy with RT-dependent cross-referencing and Deep Learning enabled
in library-free mode against a FASTA of all B.ovis protein sequences available from NCBI

(downloaded 2023-04-20 from www.ncbi.nim.nih.gov). Search parameters were optimized by

DIA-NN and results filtered at a precursor FDR of 1%.

Only proteins that were identified in both biological replicates of both strains were selected.
The average spectra count of each protein in each strain was calculated. The fold change of
(ABOV_1602 /| WT) for each protein was calculated using the average spectra counts. Proteins
have a fold change of < 0.9 or > 1.1 were selected and presented in Table S7.

Macrophage infection assay

Same as previously described in Chapter 3.

Phase contrast microscopy

Same as previously described in Chapter 3.
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Chapter 5: Discussion and future direction

Preface
The content of this session was modified and adapted from its published form:
Chen X, Alakavuklar MA, Fiebig A, Crosson, S. mBio (2023).
Discussion
Discovery of a cell envelope regulatory system in Brucella

TCS proteins play a key role in the regulation of cell envelope biogenesis and homeostasis
in the bacterial kingdom (157-159). The function of the EssR-EssS TCS protein pair had not been
defined in any species prior to this study, though this system is conserved in many
Alphaproteobacteria. Our data provide evidence that these two proteins play an important role in
Brucella resistance to cell envelope disruptors in vitro, and in regulating processes important for
intracellular replication in a macrophage infection model. Apparent orthologs of the sensor kinase,
EssS, are present in select genera across the orders Hyphomicrobiales, Caulobacterales,
Rhodobacterales, Rhodospirillales, and Rickettsiales; EssR has a similar phylogenetic distribution
(Figure 3.13). The functional importance of EssR-EssS in Alphaproteobacteria is evidenced by
the fact that it is 1 of only 5 TCS signaling pairs (NtrXY, PhoBR, RegBA, ChvGI/BvgRS, & EssRS)
in the highly streamlined SAR11 genome (Pelagibacter ubique). The HK domain of EssS has low
sequence identity to other well-studied Gram-negative envelope regulators (e.g. CpxA and EnvZ),
but multiple sequence alignment models in the conserved domain database (CDD) (109) suggest
that the EssS, CpxA, and EnvZ HKs have common ancestry (e-value < 10*°). Likewise, EssR is
most closely related to the OmpR sequence family in the CDD (e-value < 107°). OmpR functions
as the cognate regulator of the EnvZ kinase in enteric bacteria (89).

EssS and EssR clearly form a cognate signaling pair in vitro as evidenced by specific
phosphoryl transfer from the EssS kinase domain to EssR on a fast time scale (Figure 3.10).

However, the phenotypes of the AessS and AessR strains are not equivalent in an in vitro model
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of cell envelope stress. Under most challenges (SDS, carbenicillin, EDTA, and polymyxin B) the
defect of AessR was more severe than AessS (Figure 1, S1 and S2), and these mutants have
opposite phenotypes when exposed to high NaCl: the essR mutant is NaCl resistant while the
essS mutant is sensitive compared to WT (Figure 3.3). The mechanism underlying the opposing
NaCl phenotypes of these strains merits further investigation. The phenotypes of AessS and
AessR are equivalent in a macrophage infection model (Figure 3.6). This result provides evidence
that EssS-dependent phosphorylation (or dephosphorylation) of EssR is more important for
system function in the complex environment of the intracellular niche than it is in a simple in vitro
agar plate assay.
An unexpected functional role for the conserved cell envelope regulator, CenR

The result that B. ovis CenR confers resistance to SDS and carbenicillin (Figures 3.1 &
3.4) was not unexpected considering the phenotypes of cenR mutants in other
Alphaproteobacteria. CenR was first described as an essential RR in C. crescentus, where it
functions to regulate cell envelope structure (93), and is now known to be conserved in many
alphaproteobacterial orders (92). Recent work has shown that cenR is essential in R. sphaeroides,
where it controls transcription of the Tol-Pal outer membrane complex and other cell envelope
genes (92), and in Sinorhizobium meliloti where it mediates osmotolerance and oxidative stress
resistance (96). In all three of these species, CenR is regulated by a cognate histidine kinase,
CenK. Our data show that cenR is not essential for B. ovis growth or division under standard
culture conditions and indicate that it may be an orphan response regulator, which is consistent
with a previous report in B. melitensis (106). B. ovis cenR (and essR-essS) do not function to
mitigate acid stress in vitro. Though a B. melitensis cenR mutant was previously reported to be
acid sensitive (105), the treatment protocol and measured pH range differ substantially between
our B. ovis study and the B. melitensis study. The possibility that a Brucella HK phosphorylates
(or dephosphorylates) CenR under certain conditions cannot be conclusively ruled out from our

data. Indeed, there is some evidence that the conserved CenR aspartyl phosphorylation site can
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impact CenR-EssR interaction (Figure 3.9) and replication in the intracellular niche (Figure 3.6).
Nonetheless, both cenRpssa and cenRpsse alleles fully complement the agar plate stress
phenotypes of AcenR. And unlike R. sphaeroides and C. crescentus, where cenR depletion
results in major defects in cell envelope structure, the impact of cenR deletion on B. ovis cell
morphology is small: B. ovis AcenR mutants are slightly (but significantly) larger than WT (Figure
3.5), but the morphology of the mutant cells otherwise appears normal. These results indicate
that CenR function in Brucella ovis differs somewhat from Caulobacter, Rhodobacter, and
Sinorhizobium.
CenR is a post-transcriptional regulator of the EssS-EssR two-component system

Cross-regulation between TCSs is uncommon, though there is experimental support for
direct interactions between otherwise distinct TCS HK-RR protein pairs for limited number of
systems (122). For example, the NarXL and NarQP systems of Escherichia coli cross-
phosphorylate to tune nitrate and nitrite respiratory processes (160), and in C. crescentus, a
consortium of sensor kinases that coordinately regulate cell adhesion in response to a range of
environmental cues physically interact in cells (161). In chapter 3, we present evidence for a mode
of TCS cross-regulation in which a non-cognate RR (CenR) directly stimulates the phosphoryl
transfer activity of a cognate HK-RR protein pair (EssS-EssR) (Figure 3.10 and Figure 3.14). We
further demonstrate that CenR and EssR reciprocally regulate their protein levels in B. ovis cells
via a post-transcriptional mechanism (Figure 3.12). EssR and CenR physically interact via their
receiver domains (Figure 3.9), and it seems most likely that CenR and EssR protect each other
from proteolytic degradation in the Brucella cell though we cannot rule out other post-
transcriptional models at this time. The positive effect of CenR on EssS-EssR phosphoryl transfer
activity and the positive effect of EssR and CenR protein levels on each other are consistent with
the congruent phenotypes of strains lacking cenR and essR.

However, CenR does not simply control the activity and levels EssS-EssR. CenR is itself

a DNA binding protein, and we have presented evidence that EssR and CenR both directly and
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indirectly regulate transcription of a highly correlated set of genes that includes multiple
transporters and cell wall metabolism genes (Figure 3.8). These two transcriptional regulators
directly bind shared and unique sets of sites on B. ovis chromosomes 1 and 2. It is possible that
CenR and EssR bind DNA as heterodimers, which has been described for the BldM and Whil
response regulators of Streptomyces (162), and the RcsB regulator of E. coli with GadE (163)
and BglJ (164). These heterodimeric regulators are competent to control different classes of
promoters depending on oligomeric state; a similar mechanism may exist for EssR and CenR
though we have not identified distinct promoter classes in our data. It is plausible that CenR and
EssR bind as homodimers and heterodimers considering the pattern of unique and overlapping
genes/promoters in the transcriptomic and ChlP-seq datasets. Future studies aimed at
deciphering molecular features of environmental signal detection by the EssS sensor kinase,
allosteric regulation of TCS activity by CenR, and transcriptional control by the CenR and EssR
regulators will generally inform our understanding of the evolution of cell envelope regulatory
systems in bacteria. More specifically, investigation of these proteins will illuminate mechanisms
by which Brucella replicate in the intracellular niche and spread from cell to cell in face of harsh
immune stresses encountered within the host.
Discovery of a HWE histidine kinase that impacts B. ovis detergent resistance

Deletion of the HWE-family sensor histidine kinase, BOV_1602, results in resistance to
anionic and zwitterionic detergents and sensitivity to cationic detergent (Figure 4.1 and 4.6).
ABOV_1602 also is more sensitive to another positively charged peptide, polymyxin B (Figure
4.2). It is possible that deletion of BOV_1602 results in sensitivity to positive charged compounds
in general, and not just CTAB and polymyxin B. Additionally, ABOV_1602 is slightly sensitive to
high NaCl and carbenicillin treatment (Figure 2.1 and Figure 4.6). The sensitivity and resistance
profile of ABOV_1602 to different cell envelope disruptors suggests that the cell envelope of this
mutant differs from WT. Indeed, RNA-seq and proteomic studies provides support that deletion

of BOV_1602 leads to an altered outer membrane protein composition. In my proteomic data,
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Omp2b was the most abundant outer membrane protein in WT and deletion of BOV_1602

resulted in a 50% reduction of its protein levels. Even though omp2b is considered not essential

according to our Tn-seq data, | was not able to make a deletion mutant of Aomp2b in WT B.ovis
after several attempts. Since Omp2b is a highly abundance protein in WT B. ovis (Table S7),
deletion of the gene may lead to drastic changes in the cell. Additionally, since the processes of
transposon insertion and making a deletion mutation are different, it is possible that omp2b is
important during the counter selection step in generating the mutant. Even though | did not
examine the effect of Omp2b on the resistance to cell envelope stressors specifically, it seems
likely that it contributes to one or more of the cell envelope phenotypes of ABOV_1602. Since
deletion of virB genes and SPFH gene partial restored the detergent phenotypes of ABOV_1602
to WT levels, it is possible that the altered levels of Omp2b also play a role in detergent
interactions with the cell.

Several cell envelope proteins with predicted resistance/sensitivity functions that have
altered protein levels in my proteomic data set. For example, LptA (BOV_1874) is the lipid A
phosphate-ethanolamine transferase and is known to be important for resistance against
polymyxin B (165). Deletion of BOV_1602 led to reduced protein levels of LptA and
downregulation of its transcript, which could explain the polymyxin B sensitivity phenotype.

Other proteins known to be associated with detergent resistant membranes also have
increase expression in ABOV_1602, such as signal peptidase | (SipF, BOV_0653), TatB
(BOV_0874), and peptidyl-prolyl cis-trans isomerase (BOV_0676) (Table S7). Although the exact
mechanism remains unclear, | have confirmed that T4SS and an SPFH protein contribute to the
resistance phenotype of ABOV_1602 on TSAB containing Triton, CHAPS, and deoxycholate.
Though the double mutants have similar CFU on SDS agar plates, colonies of ABOV_1602 are
denser and whiter than that of the double mutants. Whether this difference represents a difference

in response to SDS requires further investigation. The fact that deleting virB8-virB11 and
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BOV_A0070 in ABOV_1602 resulted in significant increase in sensitivity to NaCl suggests that
these proteins are important for cell envelope maintenance and stress response.
Transcription and detergent resistance

The RNA-seq analysis surprisingly revealed that SDS treatment has less of an effect on
the transcriptome of ABOV_1602 than WT. Approximately 200 genes were differentially
expressed in ABOV_1602 cultured on unsupplemented agar plates compared to cells cultured on
plates supplemented with SDS. In contrast, in WT, transcript levels of over 800 genes were
affected by SDS treatment. These results provide evidence that WT is transcriptionally more
sensitive to SDS treatment than ABOV_1602. This is an interesting phenomenon given that
ABOV_1602 mutant is highly resistant to SDS and other detergents. It is plausible that deletion of
BOV_1602 primes the cells to be “detergent-ready.”

Proteomic data collected on outer membrane tractions also provided evidence of altered
protein levels of around 400 proteins. However, with few exceptions, the protein level changes
did not correspond with the transcript level changes. For example, VirB8-VirB11 protein levels
were elevated in ABOV_1602, though the transcript level were either slightly repressed or
unchanged. This could be due to autorepressive regulation where the increased protein levels
repress the transcription of the genes. The impact of post-transcriptional regulatory processes on
Brucella outer membrane regulation is an interesting area of future investigation.

Future Directions
CenR, EssRS, and BOV_1602

This thesis focused on three TCSs in B. ovis — CenR, EssRS, and BOV_1602. There are
still many features that we do not understand regarding how these signaling systems function.
For example, | have not explored what signals regulates the activation of EssS. Also, it remains
undetermined whether CenR has a HK partner or if CenR is phosphorylated by EssS in the
presence of EssR. In Chapter 4, | provided the first genetic and physiological analysis of

BOV_1602, but there are still many things to be learned about this HWE-family sensor histidine
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kinase. We do not know the exact signals that BOV_1602 senses or its mechanism of activation,
nor do we know which response regulator(s) or other proteins that BOV_1602 interacts with.
Though macrophage infection assays show that deletion of BOV_1602 does not result in an
intracellular survival defect, it remains undetermined whether deletion of BOV_ 1602 will result in
any fitness defect in an animal model. All of these unanswered questions will need further
investigation for better understanding of these important cell envelope regulatory TCSs that | have
characterized.
Other TCSs

My system-level genetic analysis defined 9 TCS genes to be important for cell envelope
regulation in B. ovis, which are BOV_0577 (divJ), BOV_0615 (pleC), BOV_1602, BOV_0311,
BOV_0611-0612, BOV_1472-1472 (essRS), and BOV_1929 (cenR) (Figure 2.1). This thesis only
focused on four of these genes and the other five will need more detailed research to understand
their direct or indirect roles in cell envelope regulation in B. ovis. For example, even though DivJ
and PleC have been studied in the context of cell cycle regulation, little is known about their cell
envelope regulatory functions in Brucella. BOV_0611-0612 is another previously uncharacterized
system that deserves more investigation.
Utilizing the genetic libraries for future studies

During my thesis work, | have generated two useful genetic resources: the library of non-
essential TCS mutants and the barcoded transposon TCS mutant library. Mutant libraries are a
robust and reliable genetic tool for screening TCSs that are important for sensing different signals
and responding to different stressors. The majority of the mutants did not have different
phenotypes that differed from WT in my initial cell envelope screen. This calls for future studies
to use this library to identify different signals that these TCS may sense and respond to.
Additionally, further effort may be required on generating mutants of the few non-essential TCS

genes that | was not able to/ did not attempt to generate.
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The barcoded transposon library as mentioned in Chapter 2, requires more optimization
for better results. However, | believe that once the library is optimized for more even amplification
of the barcodes and better recovery after freezing, this library will be a powerful tool for high
throughput screening. It can be used for identifying TCS genes that are important for many more

conditions and discovering potential connections between different TCSs.
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APPENDIX

Script for counting barcode sequencing reads

Note: this script is written as a bash file and all the fasta files from lllumina sequencing should
be in the same directory.

read -p "Enter the directory:" directory

if [ -d "$directory" ]; then
for file in "$directory"/*; do

| we -w)

WC -W)

WC -W)

| we -w)

$file | we -w)
$file | we -w)
| we -w)

| we -w)

| we -w)

$file | we -w)
| we -w)

| we -w)

| we -w)

$file | we -w)
$file | we -w)
| we -w)

| we -w)

$file | we -w)

WC -W)

echo "Processing file:$file"
count_barcode19=$(grep -0 'CATTTTCACAGTCGAGACACGTCATGCGAT $file

count_barcode5=%(grep -0 'GGAAACATTCTACGCAAGTCTTCCTCCCCA:' $file |
count_barcode37=$(grep -o ' TCTAAAGTTTGTCATTCCTACTCGTACTGC' $file |
count_barcode24=$(grep -0 'GAAACATTTGGTGCATTTTGTGCCCCTCGG' $file
count_barcode15=$(grep -0 '"ACCAGCTAATGGACCGGTGCCGAGTCGATT'
count_barcode13=$(grep -0 ' TAGGGCTCTCCGGCAGTCGCGCTGTATCCC'
count_barcode30=$(grep -0 'CCTTGATTGGCGTTGCGCGCTTACATCTTA' $file
count_barcode25=%(grep -0 ' TACGGCGTACCACGACCATGTAATTCCACT" $file
count_barcode10=$(grep -0 'CTTATATCTCAGTTCGCGGTGGCTAACCTC' $file
count_barcode20=$(grep -0 'GCGTCCGTCGCGCTGCCCCCTTATTAACTC'
count_barcode9=%(grep -0 'CTCGGTGATGTCTCGAATATGGGCGCTTGG' $file
count_barcode27=$(grep -0 'AGCGTCTAAGGTTTGACTTGGTGATTACTC' $file
count_barcode11=$(grep -o 'TCCCATCGTCATTTCCGGTTAAGGTCTCTA' $file
count_barcode18=$(grep -0 'GACTTAGCGAATCGACGCGATTGCGGATGC'
count_barcode14=$(grep -0 'CCGATGGTCTCCTAGTCCTTGCCCCGGAGC'
count_barcode16=$(grep -0 'CTTAACCCCGTCGGTATGGCCATTTCGATT' $file
count_barcode23=$(grep -0 '"ACTTTAACAGCCATGGGCTTCTCGATTCAT' $file
count_barcode26=$(grep -o '"ACTTCACGTAAAGGCGACTCCGGTGCTCCG'

count_barcode8=%(grep -0 'GGATTTTTTTCAATCTGCACGGGGATTTTT $file |
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| we -w)
| we -w)
WC -W)

| we -w)
WC -W)

| we -w)
| we -w)

| we -w)

done
else

count_barcode28=$(grep -0 'CTATCGCTTTCTTGCCCCGCCGTCTGTCTG' $file
count_barcode22=$(grep -0 'TTCTTATGTGACTGTCACTACCTTCGCGTC' $file
count_barcode21=$(grep -o 'TCTTCATGACTCATGGTCAAGGAGAATCC' $file |
count_barcode17=$(grep -o 'CCTATCTCTACCGCGATAAACTCCTGTCTA' $file
count_barcode3=%(grep -0 ' TGCGTAACTAGTTTAGTGGTCATGTTTTAA' $file |
count_barcode33=$(grep -0 'CGTATCTCGAATCTGCCAATATGTGCTAAG' $file
count_barcode34=%(grep -0 ' TGCTGCTCGCAATCATACTCGCGGTACCCT' $file
count_barcode36=%(grep -0 '"ACTTAATATGGTTCTCCGCATATGCCCTAA' $file

echo "the results for $file are:" >> result.txt
echo "$count_barcode19" >> result.txt
echo "$count_barcode5" >> result.txt
echo "$count_barcode37" >> result.txt
echo "$count_barcode24" >> result.txt
echo "$count_barcode15" >> result.txt
echo "$count_barcode13" >> result.txt
echo "$count_barcode30" >> result.txt
echo "$count_barcode25" >> result.txt
echo "$count_barcode10" >> result.txt
echo "$count_barcode20" >> result.txt
echo "$count_barcode9" >> result.txt
echo "$count_barcode27" >> result.txt
echo "$count_barcode11" >> result.txt
echo "$count_barcode18" >> result.txt
echo "$count_barcode14" >> result.txt
echo "$count_barcode16" >> result.txt
echo "$count_barcode23" >> result.txt
echo "$count_barcode26" >> result.txt
echo "$count_barcode8" >> result.txt
echo "$count_barcode28" >> result.txt
echo "$count_barcode22" >> result.txt
echo "$count_barcode21" >> result.txt
echo "$count_barcode17" >> result.txt
echo "$count_barcode3" >> result.txt
echo "$count_barcode33" >> result.txt
echo "$count_barcode34" >> result.txt
echo "$count_barcode36" >> result.txt

echo "Directory doesn't exist"

fi
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