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ABSTRACT

Biofilms are multicellular bacterial populations encapsulated in a self-
produced or host-derived opaque matrix composed of polysaccharides, proteins,
and extracellular DNA. They help bacteria persist, resist and evade host immune
response. In Bordetella, the Bordetella polysaccharide (Bps) is a crucial
polysaccharide component of a mature biofilm. Bps production is controlled by
the bps locus. This locus contains genes bpsA-D whose expression is necessary
for appropriate Bps function. The bpsA promoter is under repressive regulation
by a MarR-family transcription factor Bordetella polysaccharide regulator, BpsR.
BpsR binding inhibits expression of the bps locus, and leads to a decrease in
polysaccharide available for biofilm formation. The goal of this thesis was to
evaluate BpsR regulation at two surface exposed cysteine residues, as well as
analyze residues within the (winged) Helix-turn-Helix DNA binding domain likely
to confer BpsR affinity for the bpsA promoter. Sequence alignment of BpsR-like
proteins revealed a novel CxxxxxxxC motif in BpsR that contributes to regulation
of DNA binding. Additionally, it was found that glutathione acts as a positive
allosteric effector for DNA binding. Mutational analyses of BpsR also reveal a

role for residues Q75, R79, and R101 in DNA binding.
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CHAPTER 1

Introduction



1.1 BordetellaGenus
Bordetella is a gram-negative, rod-shaped genus of bacteria composed of

nine species capable of surviving a multitude of environments and infecting a
wi de range of host s. Oof the nine, Bfour n
bronchiseptica c | u s B.énorichiseptica, B. pertussis, B. parapertussiShuman(u),
and B. parapertussiSovine(ov)-- B. bronchiseptica most commonly afflicts the upper
respiratory tracts of mammals other than humans.? It is known for causing the
illness kennel cough in cats and dogs.™® B. pertussis is an obligate-human
pathogen. It is the primary causative-agent of whooping cough or pertussis. B.
parapertussishumanhuy) 1S also a human-restricted pathogen strain capable of
initiating similar upper respiratory symptoms seen in whooping cough. Its
pathogenesis occurs through a slightly different mechanism than B. pertussis and
the disease-state is considered less severe.! The limited genetic diversity
between these species, excluding B. parapetussisyy, has led to the classification
that the st-spenonbeatfestemming from one spec
adaptations, as opposed to individual species. It is likely that a B.
bronchiseptica-like ancestor was the progenitor from which B. pertussis and B.
parapertussisy, evolved, individually diverging into separate human host-specific
descendants.*

Genetic analysis performed on each of the three genomes, RB50 (B.
bronchiseptica, 5.34Mb), Tohama 1 (B. pertussis, 4.09Mb), and strain 12822 (B.
parapertussisyy, 4.77Mb) shows a substantial loss of DNA from B. pertussis and

B. parapertussisn, compared to B. bronchiseptica.* Parkhill et al. determined that



this genetic loss, along with other mutations, deletions, and insertions likely
confers the human host-specific adaptation found in B. pertussis and B.
parapertussis,, with large portions of the lost DNA containing genes necessary
for survival outside of a host organism.* Many of the genes responsible for
conveying virulence are still found to be intact though, with only slight
modifications between the strains.’ The authors further suggest that it is
through these slight modifications and loss of some phenotypic markers, such as
flagella and O-antigens, that B. pertussis is allowed to be the more flourishing
human-pathogen of the two human strains because, in the absence of such

features, B. pertussis is less detectable by the host immune system.

1.1.1 Pathology ofB. bronchisepca andB. pertussis
B. brochiseptica infection is responsible for a myriad of disease in mammals.

Disease caused by B. bronchiseptica is often very contagious and is highly
transmittable to animals housed in close quarters. Consequently, swine, canines,
and laboratory animals are particularly affected. In swine, B. bronchiseptica
causes atrophic rhinitis and pneumonia. Infection leads to insufficient weight
gain, swelling and atrophy of nasal passages, and snout deformation. In canines
and felines, tracheobronchitis, also known as kennel cough, is the result of B.
bronchiseptica infection. Symptoms include excessive mucus production and
discharge, reverse sneezing, frequent and persistent coughing, vomiting, and
weight loss. Infection clearance can take weeks and consequently, secondary
infections often follow leading to pneumonia. Similar symptoms are experienced

by mammals typically employed in a laboratory environment. Millions of dollars



are spent and lost each year trying to battle B. bronchiseptica infection. While
vaccinations do exist, B. bronchiseptica is able to persist months after infection or
vaccination. This characteristic enhances host-to-host transmission as many
animals become asymptomatic, though they are still active carriers of infection.*?

B. pertussis is the bacterial pathogen responsible for whooping cough
(pertussis). Recently, whooping cough has resurfaced as an epidemic in recent
years. According to the Centers for Disease Control and Prevention, as of
December 31,2014, 28,660 cases of pertussis had been reported in the United
States, with predictions of numbers increasing as records were further reviewed.®
Worldwide there are about 195,000 pertussis-related deaths per year, with cases
spanning the millions.® Symptoms of whooping cough can span from those
resembling the common cold to the namesake whooping cough, which can lead
to more serious ailments.*® Commonly, the severe symptoms, such as the
cough, present in infants and the elderly, although recent reports suggest a trend
beginning to encompass adolescence as well."**® Adults that have been
vaccinated, though they can be carriers of the illness, often only display cold-like
symptoms, decreasing the likelihood of pertussis detection and increasing the
chance of transmission, via respiratory droplets. Transmission is also increased
due to the slow presentation of symptoms during the contagious period.! Though
there are vaccines in place that have aided in significantly decreasing the
prevalence of pertussis, issues such as vaccine inefficiency, public ignorance,
and the unavailability of vaccines in developing countries have led to the current

resurgence.>™* These deficiencies have regenerated interest in developing a



better understanding of B. pertussis virulence factors and host-evasion

mechanisms, leading to possible vaccine targets.

1.1.2 BordetellaVirulence Genes
Bordetella virulence is regulated, in phases, by a two-component

phosphorelay system consisting of Bordetella virulence genes (Bvg) BvgA
(activator) and BvgS (sensor), together referred to as the BvgAS system.>*2°
Extracellular stimuli activate the BvgAS phosphorylation cascade, which results
in corresponding gene activation and/or repression. Differential gene regulation is
associated with the transition of Bordetella between avirulent and virulent
phenotypes, and is chronicled through three distinct phases, Bvg’, Bvg®, and Bvg'
(intermediate).t"19:21-23

BvgS is a transmembrane sensor kinase. It behaves as a sensor for
environmental changes, and employs a HDHD phosphorylation cascade to relay
such changes™®?*; the first histidine (H729) autophosphorylates following
environmental stimulation. The signal is then relayed through the BvgS protein;
H729 phosphorylates D1023 of the receiver domain which phosphorylates H1172
of the histidine phosphotransfer domain. H1172 phosphorylates D54 of the BvgA
receiver domain leading to Bvg activation.'":1922

BvgA is a DNA-binding response regulator composed of a receiver domain
and a C-terminal helix-turn-helix ~ (HtH) DNA-binding domain.>*"°
Phosphorylation of D54 triggers BvgA activation of virulence activated genes, or
1,17,19,21,22

vag genes, while repressing vir repressed genes, or vrg genes. .

Expression of these genes results in Bordetella entering the Bvg*-phase, or



virulence-associated phase. (Auto)Dephosphorylation of H729 of BvgS in
response to environmental ques ultimately deactivates BvgA and often returns

the bacterium to a more avirulent phenotype.*

1.1.2.1Bvg Phases
BvgA and BvgS work in concert to modulate three different phases of

Bordetella gene expression: Bvg-negative (Bvg), Bvg-intermediate (ngi), and
Bvg-positive (Bvg*).}'"1*?7* |n the Bvg™ phase, Bordetella is mostly avirulent
and is considered to be in the Bvg-repressed state. Depending on the
environmental stimulant available, Bordetella can transition from Bvg™ to either
Bvg® or Bvg' as each phase is responsible for coordinating specific yet different
responses. Bvg' allows for a subset of virulence genes to be activated without
requiring full virulence provocation. The Bvg® phase results in more robust
virulence gene activation.

In the Bvg phase, vrg genes are not repressed. For B. bronchiseptica, this
phase is associated with motility and starvation resistance.>'*? In B. pertussis,
Bvg  phase corresponds with expression of outer membrane associated and
secreted proteins currently of unknown function.>*® The Bvg' phase provides an
intermediate phenotype for Bordetella. Transition into this phase is characterized
by the production of adhesins, but the lack of toxins. Cotter and Miller also
describet he presemgeaiacf pohypiepti des” that are
Bvg or Bvg® phases.”® They found that there additionally exists a set of Bvg*
genes that are maximally expressed under more intermediate environmental

conditions.? Notably, various studies have determined that biofilm formation is



also initiated during the Bvg' phase.'®?*% Finally, in the Bvg® phase, Bordetella
promote maximal virulence by activating vag genes encoding various adhesins
and toxins.'%2* Mishra et al. provides evidence that Bordetella biofilm production

is also promoted during the Bvg* phase.®

1.1.2.2BordetellaVirulence Factors
All three Bordetella subspecies share a common core of virulence factors

used to infect and persist in their host while also resisting immune responses and
limiting potential medical intervention. Key virulence factors include filamentous
haemagglutinin (FHA), pertactin, tracheal cytotoxin (TCT), dermonecrotic toxin
(DNT), and adenylate cyclase (AC). FHA is an adhesin maximally expressed in
both Bvg' and Bvg* phases.! It is present on the cell-surface and secreted in
order to promote ciliated-epithelial attachment, as well as interaction with
neighboring bacterium.>*"?*2” FHA also induces a strong immune response in
Bordetella hosts and has since been employed as a vaccine component for
whooping cough.***31® pertactin is another outer membrane-associated and
secreted adhesin found in Bordetella. Though its exact adherence mechanism
has yet to be discovered, it has been identified as a strong stimulant of host
immune response, and has since been included in acellular vaccines. 1341617
Interestingly, FHA- and pertactin-negative isolates of B. pertussis have started
being identified. These strains maintain the virulence and persistance seen in
wild-type strains.***3'* This suggests that B. pertussis is adapting to current

medical interventions, which will result in decreased efficacy in prevention and

treatment.



While the primary core virulence factors appear to be maintained there are
some mentionable differences between the species, notably in B. pertussis.
B.pertussis readily expresses pertussis toxin (PT). The gene encoding PT in B.
bronchiseptica and B. parapertussisy, is either non-functional or interrupted so
neither bacterium is capable of producing the toxin.* Another major difference in
B. pertussis virulence is that it lacks the signature O-antigen present on the cell
surface of its two subspecies. The O-antigen often becomes a target for host
immune response initiation.™* Its absence in B. pertussis is believed to delay
detection of the bacterium within its host allowing it to persist and extend possible

transmission.

1.2 Biofilm
In addition to the factors more frequently associated with virulence, the

production of biofilm is also a critical contributor to microorganism virulence and
survival. Biofilms are multicellular bacterial populations encapsulated in a self-
produced or host-derived opaque matrix composed of polysaccharides, proteins,
and extracellular DNA.?4%%2430 They help bacteria persist, resist and evade host
immune response and medical intervention.™ Stressful situations triggering
biofilm production range from exposure to reactive oxygen species (ROS), a
change in temperature or pH, the presence of antibiotics, starvation, and
sporulation.®* There are four main stages to biofilm development: 1)

Attachment, 2) Proliferation, 3) Maturation, and 4) Detachment (Figure 1).243334



Attachment Proliferation Maturation Detachment

Figure 1 Stages of Biofilm Development. Planktonic bacteria (blue)
attach to surface following environmental stimulation. The activation
or repression of different genes promotes adherence (red). Bacterial
populations expand horizontally, while secreting biofilm components
(light orange). Maturation establishes the three-dimensional
architecture signature of a mature biofilm (orange). Removal of
environmental stimulation promotes detachment and release of the

Environmental cues alert bacterial populations to some type of stressor
resulting in corresponding, regulated changes to gene expression.'®33353¢ The
planktonic bacteria adhere to a surface such as epithelial tissue. This surface
attachment often triggers loss of mobility components such as flagella and pili

which allows the bacteria to establish the necessary contacts with cell-surface

proteins and the target surface.?*

Once attached, the bacteria proliferate in order to produce a more substantial
population. This new population will be able to persist and recolonize the host
following relief of the environmental stressor. An increased population also allows
for the bacteria to surmount a more profound response. As the population grows

the bacteria begin to excrete the critical components that constitute their specific



biofilm. The excreted materials result in a glue-like matrix surrounding the
surface-adhered colonies. Water and small-molecules are able to dispel through
the biofilm matrix but it becomes much more difficult for antibiotic-like molecules
and larger host immune cells to penetrate.*® This barrier subsequently causes
medical intervention and immune responses to become less effective in
clearance.

As the colonies become more established they enter maturation. In this
phase the biofilm takes on a more three-dimensional architecture and structure
growing upward from the adhered surface. During this time many of the bacteria
enter a more dormant or stationary state. This reduces energy expenditure and
nutrient usage while providing additional protection from host and medical
interventions. Many antibiotic treatments depend on active bacteria to induce
bactericidal or bacteriostatic responses for clearance. With most of the bacteria
dormant even the antibiotics that can penetrate the biofilm are typically rendered
ineffective. Bacteria are often able to exist in this state for extended periods of
time. This feature becomes extremely important for soil-dwelling types of bacteria
or for those needing to persist outside of a potential host.

Importantly, not all of the cells lie dormant. Select colonies remain active in
order to monitor the changing environment. Once the stressor is relieved the
active bacteria potentiate signals to the dormant colonies triggering their
reactivation. The stimulated populations then enter the final phase of biofilm
development, detachment. The bacteria secrete enzymes and molecules that

break down the biofilm from the inside. Weakening of the architecture allows the
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bacteria to then disperse and detach from the original target surface as
planktonic microorganisms capable of establishing new colonies elsewhere in the

host system.

1.2.1 BordetellaBiofilm
The Bordetella subspecies are known to employ biofilm as a key defense

mechanism against host-immune responses. Bordetella biofilm is composed of
the common factors found in most matrices: polysaccharides, proteins, and
extracellular DNA?®. In B. bronchiseptica, B. pertussis, and B. parapertussis the
leading polysaccharide is Bordetella polysaccharide, Bps. Bps is a poly-3-1, 6-N-
acetyl-glucosamine (poly-B-1, 6-GlcNAc)-like polysaccharide.>® Even though
there is a substantial decrease in the genome size between each subspecies?,
multiple studies have established that all three subspecies maintain a functional
bps locus.”” Studies of B. bronchiseptica and B. pertussis, grown on abiotic
surfaces or in vivo, verify that Bps production corresponds with biofilm
maturation.>®%” The primary role of Bps in Bordetella is to stabilize and maintain

5-7,37,38 In B

the three-dimensional architecture of a maturing biofilm.
bronchiseptica, this stabilization allows the bacteria to persist within the upper
respiratory tract of its host.>"" In one study, five out of six mice 38 days post-
inoculation with B. bronchiseptica continued to have a strong bacterial presence
within the nasal cavity, as well as in the lungs.?’ In B. pertussis, Bps acts as a

nasal adhesin.® It is critical for initial colonization of the nose and trachea of the

upper respiratory tract, but not the lungs.® Bps in B. pertussis was also shown to

11



provide protection from complement-mediated killing, which is crucial for
establishing the early stages of B. pertussis infection.®

The bps locus consists of four cotranscribed genes, bpsA, bpsB, bpsC, and
bpsD.> Strains lacking these genes become deficient at establishing three-
dimensional pilar architecture, a signature biofilm feature.” %" These genes are
homologous to the loci encoding the polysaccharides vital in Staphylococcus
spp. (ica locus) and Escherichia coli (pga locus). BpsA is predicted to assist in
cell-surface translocation or docking of Bps.>’ BpsB is a poly-B- 1, 6- N- acetyl-
D-glucosamine deacetylase required for biofilm formation, as studied in B.
bronchiseptica.®® BpsC is likely a glycosyltransferase, shown to be homologous
to members of the glycosyltransferase 2 family.>’ bpsD does not appear to be
homologous with icaD or pgaD and, therefore, its predicted role has yet to be
determined.>’ Expression of these genes is not required for initial attachment of
Bordetella to a selected surface, nor are they necessary for biofilm initiation.
They are required for post-attachment phases of biofilm development.>’ In the
absence of the bps locus, both B. bronchiseptica and B. pertussis are still able to
adhere to abiotic surfaces and epithelial tissue of mice models.>*’ Interestingly,
when B. pertussis is inoculated using human-derived nasal epithelium cell-line
RPMI 2650, lack of bpsA-D does diminish mutant strain adherence.® This
suggests that in B. pertussis Bps behaves as a cell-specific adhesin, and when
inoculated within tissue from its specific host, Bps plays an important role in early
nasal colonization.® The bpsA-D locus is mainly Bvg-independent, though various

other aspects of biofilm formation are regulated by the BvgAS genes.” Conover
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et al. provided evidence that transcription of bpsA does not significantly vary
between a B. bronchiseptica RB50 wild-type strain and a Bvg phase-locked
strain. They also show that both bpsA and bpsD transcription increase during
biofilm development.” This offers additional support that bpsA-D confer Bps
production.

The bps locus contains multiple palindromic and psuedo-palindromic
sequences, which consist of inverted, complementary inverted, mirror-like, and
direct repeats.” A transcriptional +1 start site has been proposed at Ag; within the
bpsA promoter. Ag; lies between an inverted repeat pair.” Alignment of the open-
reading frame (ORF) for the bps promoter of the three Bordetella subspecies
identified only three mismatched nucleotides, none of which occurred with any of
the DNA repeat elements.’ In addition, Conover et al. uncovered the existence of
a protein, BB1771, upstream, and in the opposite orientation, of the bpsA-D
operon. This protein shared 42% amino acid similarity and 27% identity with
MarR of the multiple antibiotic resistance regulator (MarR) protein family.” They
also identified that amino acid residues 45 to 138 shared similarity with the highly
conserved (winged) Helix-turn-Helix (wHtH) DNA-binding motif common amongst
MarR proteins and established that the bps locus was repressed by BB1771.”
This protein was subsequently renamed Bordetella polysaccharide regulator,

BpsR.’

1.3 Multiple antibiotic resistance rgulator (MarR) family proteins
Microorganisms employ numerous defense mechanisms in response to

changes in their surrounding environment. Many of these environmental triggers
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alter an existing bacterial phenotype by influencing gene expression. The up- or
down-regulation of genes is typically regulated by transcription factors. A
phenotype of increasing interest is the multiple antibiotic resistance (mar)-
phenotype that is confered by the multiple antibiotic resistance regulator (MarR)
protein family.

Various bacterial MarR proteins repress or activate genes encoding efflux
and influx pumps that function to disrupt harmful antibiotics treatments. The
antibiotics are either direct ligands for the MarR protein or they indirectly
modulate protein activity through by-product formation or downstream
effectors.*®** Others are critical in regulating the effects of reactive oxygen
species such as hydrogen peroxide (H2O;) and organic hydroperoxides (OHP).
Many of the MarR proteins interact with their modulating effectors through
binding pockets located within the protein surface or through cysteine oxidation
and modification. Structures determined for MTH313 (Methanobacterium
thermoautotrophicum), MarR (Escherichia coli; Staphylococcus aureus), ErmR
(Escherichia coli), and HucR (Deinococcus radiodurans) identified a primary,
high-affinity binding pocket between the dimerization and (winged) Helix-turn-
Helix (wHtH) domains likely conserved to some extent throughout all MarR
proteins.’®*?° These structures also identify a second, low-affinity binding
pocket that may interfere with DNA-binding through interactions near the wHtH
motif, though the physiological relevance is still under investigation. Binding of
the high-affinity pocket for these repressor proteins induces a conformation

change that expands the distance between the DNA-binding lobes releasing the
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protein from DNA. Derepression of these genes results in antibiotic resistance.
Ligand-binding additionally disrupts the cooperative nature of the affected
proteins.** OhrR (Bacillus subtilis; Xanthomonas campestris) and MgrA
(Staphylococcus aureus) are examples of MarR proteins regulated through
cysteine oxidation and modification.***~>® Following exposure to OHP, one to
two cysteine residues are oxidized to sulfenic acid (S-OH). The sulfenic acid
group is then capable of interacting with LWM thiols such as bacillithiol (BSH) or
forming intermolecular disulfide bonds with a cysteine from the other monomer.
Modification of cysteine residues induces a conformation change which results in
derepression of the target genes. The expression of these target genes becomes
influenti al i n the bacterium s defense and
MarR transcriptional proteins are critical in bacterial resistance and have
evolved various regulatory mechanisms to sense danger. An additional threat
stems from the fact that many of the MarR proteins are dual-regulators. They are
capable of repressing and activating different sets of genes under different
conditions. With all of this in mind, the current understanding of MarR protein

regulation and influence on resistance is still in its infancy.

1.3.1 General Characteristics
While this is an expansive family of proteins, found in Gram-negative and

Gram-positive prokaryotes as well as archaea, most MarR proteins share a
series of common characteristics that group them together.*® As the family name
suggests, most of the MarR proteins confer some type of resistance. Many of the

genes for MarR proteins lie adjacent to, and are transcribed in the opposite
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orientation as genes they regulate. They also often regulate their own
transcription.*? Amino acid sequence identity is not strongly conserved within the

MarR proteins. Therefore, classification is often dependent on the secondary and

tertiary structural characteristics of a protein. MarR proteins have a secondary
structure composecdedfi ceisx and ssleete iheya t hr e e
embody a pyramidal-tertiary conformation and encode a wHtH DNA-binding

motif, which is discussed in greater detail below. Each protein is a homodimer.

The dimer consists of two domains: the dimerization domain and the DNA-

binding domain. The dimerization domain is made up of helices from the N- and
Ctermini. These helices are typically al/
to one monomer and a’ refers to the seco
interdigitate in solution and stabilize the dimeric nature of the protein through

multiple hydrophobic interactions. This region is highly flexible®*® which
contributes to the affinity and cooperativity of the proteins. Alterations within the
dimerization domain often manipulate the distance between the DNA-binding

lobes of each monomer.***%%>9 This manipulation can result in the lobes being

brought in closer proximity to allow for more efficient DNA-binding. An increase in

proximity can also inhibit DNA-binding due to the decrease in space between the

lobes. A decrease in space impedes access to the protein interface where DNA

would normally interact. Dimerization domain manipulation can additionally result

in a widening of the lobes. This can remove the protein from DNA because the

distance between the lobes no longer allows the protein to associate. Finally,

widening can promote DNA binding by expanding the gap between the lobes
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enough for DNA to interact with the protein interface. The critical nature of this
domain suggests why many allosteric or oxidative effectors interact within or
close to this region.

In contrast with the interdigitation of the N- and C-termini of the dimerization
domain, the DNA-binding lobes of each monomer, which contain the wHtH motif,
have very little to no interaction.”® Salt bridges have been observed between
these lobes in some MarR proteins®, but the presence of salt bridges is not
consistent throughout the MarR family.**®

MarR proteins bind palindromic and pseudo-palindromic sequences that
typically overlap the -35 and/or -10 promoter elements*, and often with relative
specificity. This sequence specificity, also refered to as direct readout®, is
commonly observed in singular-function proteins, or proteins that behave as
either a repressor or an activator.”? Members of the MarR family maintaining
repressor and activator functionality are known as global regulators. The function
of these proteins is dependent on the target gene. These proteins often depend
more on DNA-shape®® and indirect readout®® mechanisms for sequence
identification, observed with Salmonella enterica global regulator SlyA%*, and less
on the direct readout associated with sequence specificity. Some MarR proteins

distort DNA-shape to establish optimal binding**>®

, in addition to being highly
flexible themselves.®® Regardless of how the protein recognizes DNA, all MarR
proteins employ a conserved wHtH DNA-binding motif in order to interact with a

particular promoter sequence.®>°®
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1.3.2 (winged) Helixturn-Helix motif

The WHtHDNA-bi ndi ng mot i f cloelsiicsdss aorfd tthweoe et m

sheet s ..shTeheet s are often antiparall el

of the motif. The o/ B c o nowing ardert H1-ShH2e
H3-S2-W1-S3-W2, where H1-H3 d e s i dalices, €1-S03 a r e -shedtse
and W1 and W2 i dénNotiall wHtHt phoins“cantain both”wing

features.*?

“H3” is c¢classi fi ed.Itpsmarlyhmakes ceticab gnd often o n

specific, nucleotide contacts within the major groove of double-stranded
DNA.**®1 The residues found within the recognition helix are often not highly
conserved. This lack of conservation within the recognition helix helps to
establish the hypothesis that variation within this region confers specificity for one
promoter over another, within a species and between members of a protein
family.

The winged structure immediately following the C-terminal end of H3 i s -a
strand hairpin formed by S2-W1-S3.%>° |t most commonly binds within the minor
groove and establishes important sugar-phosphate backbone contacts.**°"% In
MarR family proteins, the winged structure, as well as the C-terminal end of the
recognition helix, is relatively electropositive, consisting of multiple positively-
charged residues, such as arginine. Futhermore, structures of apo-SlyA and
SlyA-DNA complex demonstrate that upon binding, the minor groove of the DNA
fragment narrows®*, while the major groove widens.®* This is the result of SIyA-

induced DNA-bending.®* Minor groove narrowing and major groove widening was

also observed in Bacillus substilis OhrR in complex with the ohrA promoter.®?
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Narrowing forces the minor groove to become more electronegative due to the
number of negatively-charged phosphates trying to exist within a small area.®*
This electronegativity is what makes the minor groove more likely to interact with
the electropositive wing, and eventually forming vital, but mostly non-specific
interactions between protein and DNA.®* MarR proteins additionally contain a
conserved amino acid signature for the winged-structure of the wHtH motif,

DXRXXXXX(L/NTXXG.™

1.3.3 Allosteric Ligand Binding
Allosteric regulation occurs when a potential ligand is capable of interacting

within a protein at a site other than the active site. This interaction results in
modification of protein function. Multiple MarR proteins are allosterically
regulated by anionic lipophilic (often phenolic) compounds, metal ions, and small
peptides.***%’®1 A conserved deep ligand-binding pocket, often referred to as
SAL-A, where “SAL” r ef er,shas tbeen dishogered fallowingy | at e
structure determination of select MarR repressor proteins, notably MarR,
MTH313, and HucR. The pocket is positioned between the dimerization and
DNA-binding domains of each monomer.*** Ligand-binding within this pocket
induces a conformational change resulting in derepression of the target gene.

Due the high-affinity of this pocket, often only one of the available pockets needs

to be allosterically bound t -bindmpafiinity8t e t he

Additionally, in the absence of modulating ligand, MarR repressors bind their
target promoters in a cooperative manner. *“** This cooperativity likely stems

from the dimer structure of MarR proteins, where DNA-binding of one monomer
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promotes DNA-binding of the second monomer. Following ligand binding, these
repressors lose this cooperativity.***> Notably, there is a large amount of
variability between the amino acid residues that constitute this high-affinity
binding pocket between the MarR proteins. This is likely due to the diverse
nature of ligands this expansive family of proteins has been observed interacting
with.*°

A second shallow binding pocket, referred to as SAL-B, has also been
identified in crystallized MarR proteins, though the biological relevance
associated with it is unclear. Ligand-binding within this pocket is not believed to
impart a significant conformational change capable of conferring

derepression.**°

1.3.3.1MarR
The multiple antibiotic resistance regulator (MarR) is the point of origin for the

MarR protein family. Identified in E. coli, MarR functions as a repressor of the
marRAB operon, specifically binding to the marO promoter. MarR affinity is

60,70,73’ and

negatively-regulated in the presence of various antibiotics’?, salicylate
copper (I)* through allosteric binding. Derepression of MarR allows for the
transcription of marA. MarA expression subsequently confers increased
resistance and decreased susceptibility to multiple antibiotics.’® ">

Initial crystallized structures of MarR identified the presence of two allosteric
binding sites bound to salicylate.®® These binding sites were named SAL-A and

SAL-B. Salicylate has been shown to cause MarR derepression at high

concentrations.”® It was determined that the binding of salicylate to MarR was
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likely an artifact of the crystallography conditions and the high concentration of
salicylate present. Though salicylate is likely not a biologically relevant allosteric
effector for MarR, it became a useful tool in identifying a binding-pocket similar to

SAL-A conserved throughout MarR repressor proteins.*>%°

1.3.3.2MTH313
MTH313 is a MarR homolog found in  Methanobacterium

thermoautotrophicum, where it functions as a repressor of the A-box TTTAWA

motif. Structural determination of MTH313, in the presence of salicylate,

identified two binding pockets within the dimer, similar to MarR.** Saridakis et al.
established that the primary binding pocke
was located between the dimerization interface and the wHtH domain.***° They

al so suggest t hat this site is biological
binding site” or both being capable of sig
salicyl ate to t hiaductsfa cordotmatibnalnchdange,gmpedest e ”
further salicylate binding within the other pocket. These changes cause a loss of
cooperativity, and subsequently results in the derepression of MTH313 from its

promoter sequence.®

1.3.3.3HucR
The hypothetical uricase regulator HucR was identified in Deinococcus

radiodurans as a repressor, where it represses a gene encoding a predicted
uricase. HucR derepression occurs in the presence of uric acid, a known
substrate for uricase.*” The structure of HucR revealed the existence of two

binding pockets within the dimer exhibiting unequal ligand-binding affinity.*®
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Similar to MTH313, uric acid binding causes a significant conformational change
in the HucR dimer. This results in a loss of cooperativity and attenuation of HucR

DNA-binding.***"

1.3.4 Redox Regulation
The presence of reactive oxygen species (ROS) with a host system can be a

major source of stress on a pathogenic bacterium. MarR family proteins often
mediate the effects experienced under such oxidative conditions through direct
modification by ROS such as hydrogen peroxide (H.0,), organic hydroperoxides
(OHP), and/or hypochlorous acid (NaOCI).*>+52%5"> Oxidation of the protein
most commonly occurs at a cysteine residue, though methionine has also

demonstrated oxidation modification potential.”

1.3.4.1Cysteine Modification and Oxidation
Cysteine is a rare, often highly-reactive amino acid residue.”” The potential

reactivity of a cysteine can be significantly impacted by neighboring residues and
overall environmental conditions.”®’® This property makes it a key site for

modification due to environmental changes’’®°

, commonly those that are
unfavorable for bacterial survival. ROS, such as H,O,, OHP, and NaOCI, are
strong inducers of cysteine modification. Under oxidative stress, these molecules
attack the thiol, or thiolate, of a reactive cysteine residue resulting in sulfenic acid
formation (Figure 2). Sulfenic acid, being a relatively unstable intermediate,
reacts further to generate more stable compounds and protein structures, which

ultimately results in protein activation or repression.®* Examples of modifications

following sulfenic acid include reversible interaction with low molecular weight
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(LMW) thiols®, such as glutathione (GSH)**®° or bacillithiol (BSH)**®, or

neighboring cysteine residues*®’, or additional ROS attack leading to

irreversible hyperoxidation to sulfinic (SO,) or sulfonic (SOs) acids.”®888-91
Interaction with LMW thiols typically generate a mixed disulfide bond between the
sulfur atom of the protein and the sulfur of the LMW thiol. Enzymatic removal of
the LMW thiol by glutaredoxin, thioredoxin, or homologous enzymes returns the
protein to a reduced thiol state. Disulfide bonds are additionally able to form
between neighboring cysteine residues following oxidation of one of the residues.
These bonds can be formed between cysteines within the same monomer,

known as an intramolecular disulfide, between different subunits of the same

protein, referred to as intermolecular disulfide bonds, or between the origin

fS-S-R

S-thiolation/ Mixed-disulfide

o, with a LWM thiol

AV

Py

&

Y- o s . '5-0,/-5-0,
’S-(H) >

4

0@"? Irreversible Hyperoxidation
J,‘S, Sulfinic/Sulfonic Acid

Cysteine Thiol Sulfenic Acid

(thiolate, 5)

7N

Inter- or intramolecular
disulfide bond

Figure 2 Cysteine Oxidation and Modification. The thiol group (-SH) of cysteine
can react with ROS to form sulfenic acid (S-OH). This sulfenate can then
become irreversibly hyper-oxidized by additional ROS to form sulfinic (-SO5) or
sulfonic (-SO3) acid, form a reversible mixed disulfide with a LWM thiol through
S-thiolation (-S-S-R), or generate a reversible inter- or intramolecular disulfide
bond (R-S-S-R).
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protein and a completely separate protein.

MarR family protein organic hydroperoxide resistance regulator (OhrR),
identified in both Bacillus subtilis and Xanthomonas campestris, is regulated
through cysteine oxidation. B. subtilis OhrR forms a mixed-disulfide with BSH

following exposure to OHP*® and NaOCI**

. In X. campestris, OHP cysteine
oxidation results in the formation of an intermolecular disulfide bond.**?> MarR
family global transcriptional regulator A (MgrA) is also responsive to oxidation
from OHP and H,0..*"%* MgrA additionally undergoes post-translational

modification (PTM) through phosphorylation of cysteine®, as well as a serine and

threonine®. Both OhrR and MgrA are described in more detail below.

1.3.4.2Glutathione and Other Low Molecular Weight Thiols
Low molecular weight (LMW) thiols are small molecules containing a

cysteine thiol group.®> Many Gram-negative and Gram-positive bacteria are
capable of producing some form of a LMW thiol. Those lacking this function are
still able to either acquire the necessary free-form components, or utilize
available host-derived LWM thiol molecules.

In Gram-negative bacteria, as well as eukaryotes, glutathione (GSH) is an
abundant LWM thiol tripeptide, L-y-glutamyl-L-cysteinyl-glycine.®>%* Together
with its oxidized form GSSG, GSH behaves as a critical redox buffer. The
GSH:GSSG ratio is a strong indicator of the homeostatic state of a cell.#%
Under normal conditions, high GSH levels help maintain a reduced intracellular
environment. During times of oxidative stress, the conversion of GSH to GSSG

results in an equilibrium shift and subsequently triggers various stress-mediated
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responses. The GSH:GSSG ratio becomes additionally skewed due to an overall
decrease in available GSH.®*® GSH acts as a protectant against hyperoxidation
of sensitive proteins through direct binding and modification of oxidized cysteine
residues. Following the initial oxidation event of a cysteine from —S(H) to —S-OH
(Figure 2), GSH replaces the —OH group, releasing H,O, and forming —S-S-G,
also known as a mixed disulfide.®® A protein covalently bound to GSH is
considered “ g P'u Ghtattionybation | eomraothly . induces a
conformational change which modifies protein function. It is the activation or
repression of various proteins, such as transcription factors that then ultimately
signal the appropriate actions for the exposed stressor, ie restoring homeostasis
or triggering apoptosis.®® In the event that the environmental threat is diffused,
proteins are returned to a reduced state through enzymatic processing by
glutaredoxins and thioredoxins. ¥

In addition to its role in protein regulation through covalent modification,

Reniere et al. discovered that GSH can also behave as an allosteric effector.

They identified the non-c oval ent association of GSH wi

r e gul atlListeria manaocytogenes, transcription factor positive regulatory
factor A (PrfA).*°*1% PrfA requires GSH for proper activation.*®*

In Gram-positive bacteria, alternative LMW thiols are employed. Firmicutes
such as B. subtilis, generate bacillithiol (BSH), while Actinomycetes such as
Corynebacterium glutamicum, use mycothiol (MSH).%¢:8286.106.107 1 B “guptilis, the

MarR transcription factor OhrR is regulated via BSH modification.>*>°
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1.3.4.30hrRredox regulation
OhrR is a MarR repressor.®? In B.subtilis, OhrR negatively regulates the ohrA

promoter, which encodes for a cysteine-dependent peroxidase.'® In the
presence of OHP and NaOCI, the single cysteine residue Cysl5 becomes
oxidized to sulfenic acid.>>% Cys15 then futher reacts with free BSH to form the
mixed disulfide OhrR-S-S-B.>**®# Covalent modification by BSH causes a
conformational change leading to derepression of the ohrA promoter. Similar to
the enzymatic cycling associated with GSH, bacillithiolation is enzymatically
modulated by bacilliredoxins.*'°

In X. campestris, OhrR represses the organic hydroperoxide resistance (ohr)
gene.”®!! Dissimilar to B. subtilis OhrR, X. campestris OhrR contains two
cysteine residues, Cys22 and Cys127, that are important for proper regulation. "
Cys22 is the reactive cysteine and is oxidized in the presence of OHP.}*12
Cys22-SOH then reacts with Cys127 of the interdigitated monomer to form an
intermolecular disulfide bond.”**? This disulfide bond induces a conformational
change resulting in derepression of ohr. OhrR is returned to its reduced state by

biological reductants.?*

1.3.4.4MgrA
MgrA is a global regulator MarR protein most frequently studied for its role as

a repressor in S. aureus.*? Similar to OhrR, MgrA encodes for a single reactive
cysteine Cysl12. Cysl2 becomes oxidized by H,O, and OHP*%? and
consequently, MgrA is derepressed. It is hypothesized that oxidation disrupts
crucial hydrogen bonding between neighboring residues and Cys12.** In addition

to redox regulation, MgrA also undergoes post-translational modification via
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phosphorylation. Phosphorylation of MgrA has been reported for a serine
161/threonine 109 pair.”® Cys12 has also been shown to be phosphorylated,
notably in the reduced state.”® These various modes of regulation highlight the
versatility of global regulators in their responses to fluctuating environmental

conditions.

1.4 Statement of Purpose
The discovery that Bordetella biofilm is negatively regulated by BpsR’

afforded a more comprehensive understanding into Bordetella pathogenesis and
virulence. This knowledge becomes critical when evaluating current medical
interventions and potential therapeutics. The primary question still exists though
on how BpsR is regulated at the bps locus. The work in this thesis aims to
answer the following questions relative to BpsR regulation at the bpsA promoter:
1 Is BpsR redox regulated? Multiple MarR repressors are

regulated through modification of cysteine. The presence of

ROS oxidizes reactive cysteine residues, which then often

form inter- or intramolecular disulfide bonds or mixed

disulfides with LWM thiols. It is unclear whether BpsR is

responsive to ROS, as well as what path potential cysteine

oxidation may pursue.

1 What specific residues within BpsR are responsible for DNA
recognition? BpsR has sequence specific affinity for the
bpsA promoter. However, the residues conferring specificity

are unknown.
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In order to answer the first question, the affinity of wild-type BpsR for the
bpsA promoter was established. DNA-binding of BpsR in the absence of each
cysteine residue was then analyzed. H,O, was employed as the model ROS,
while GSH and GSSG were assessed for potential glutathionylation. The results
are presented in Chapter 2. BpsR binds bpsA in a cooperative manner. It does
not undergo detectible oxidation, nor do the cysteine residues form an inter- or
intramolecular disulfide; H,O, does not oxidize either cysteine. BpsR is not
glutathionylated, but is instead positively regulated by GSH and GSSG.

The second question was answered following determination of the BpsR
structure. The superimposition of BpsR onto the MepR-DNA complex structure,
combined with sequence alignment identified GIn75, Arg79, and Argl0l as
potential targets. BpsR affinity for bpsA was determined in the absence of each
residue. The results are presented in Chapter 2. R101 and R79 are required for
BpsR binding. Q75 helps confer BpsR cooperativity.

The experiments and results reported within this thesis provide valuable
insight into the regulation of BpsR at the bps locus in response to varying
environmental conditions. Further analysis of biologically relevant conditions and
ligands will allow us the opportunity to ascertain the exact mechanism BpsR
employs to repress biofilm formation and under what conditions its derepression
is favored. Enhancing the understanding of biofilm regulation will assist in
determining the most efficient methods for treatment, not only in Bordetella but in

all biofilm-producing microorganisms.
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2.1 Introduction

Many MarR-like proteins are controlled by either allosteric or redox
regulated mechanisms. Many of the identified allosteric effectors are known to
derepress repressor proteins. When bound, the proteins undergo a conformation
change that expands the distance between the DNA-binding lobes, releasing the
protein. MarR (Escherichia coli; Staphylococcus aureus) is known to be
inactivated by a diverse set of compounds from dissimilar antibiotics to salicylate
to copper (I)*™*%. It is hypothesized that this versatile protein actually responds to
a single effector molecule that is influenced by the presence of the various
modulating compounds.’* MTH313 (Methanobacterium thermoautotrophicum)

10,12

was found to be derepressed by hydrogen bonding salicylate while urate

inhibits the repressor function of HucR (Deinococcus radiodurans).****° Ligand-
binding additionally disrupts the cooperative nature of the affected proteins.*®*?
OhrR  (Bacillus subtilis; Xanthomonas campestris) and MgrA
(Staphylococcus aureus) are MarR proteins regulated through cysteine oxidation
and modification.'”?® Following exposure to organic hydroperoxides (OHP) one
or two cysteine residues are oxidized to sulfenic acid (S-OH). The sulfenic acid
group is then capable of interacting with low molecular weight (LWM) thiols such
as Bacillithiol (BSH) or forming intermolecular disulfide bonds with a cysteine
from the other monomer. Modification of cysteine residues induces a

conformation change which results in derepression of the target genes. These

target genes expression become influenti al
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Biofilm formation is also a critical defense mechanism regulated by some

24-30 Bijofilms are extracellular matrices that encapsulate bacterial

MarR proteins.
populations during times of stress; composed of polysaccharides, proteins and
extracellular DNA*!, they help bacteria persist, resist and evade host immune
response and medical intervention. Bordetella polysaccharide (Bps) is an
essential matrix component of Bordetella biofilm and necessary for the persistent
respiratory tract colonization of B. bronchiseptica and for early colonization of the

nose and trachea for B. pertussis®’%°

, making it an important virulence factor.
We have previously identified the transcription factor Bordetella polysaccharide
regulator, BpsR, as a negative regulator of Bps production and biofilm
development.?® Formation o f  t-h6eGIcRAc polymer of Bps is controlled by
the gene products of the bpsABCD operon.*® BpsR is a MarR family global
regulator acting as a transcriptional repressor of the bpsABCD operon and as an
activator of its own transcription. 2°

Here, we determined the crystal structure of BpsR to 2.75A resolution.
The structure has revealed a novel cysteine motif CxxxxxxxC which is conserved
in BpsR homologs. Additionally, DNA-binding assays identified glutathione (GSH)
as a positive effector molecule increasing BpsR-DNA binding. Interestingly, GSH
increases the cooperative nature of BpsR unlike ligand binding observed for
other MarR proteins, such as B. subtilis OhrR.?*?* We determined that neither
cysteine residue is oxidized or covalently modified in the absence or presence of

GSH or H,0,. We provide additional evidence that oxidized glutathione (GSSG)

positively modulates BpsR binding. These results suggest that GSH is likely
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modulating BpsR affinity through an unknown mechanism. We propose this
mechanism takes shape of a ligand-binding pocket similar to those of other MarR
proteins. Finally, we identified three residues within the winged-Helix-turn-Helix

(wHtH) motif critical for DNA-binding.

2.2 Results and Discussion
Overall BpsR structure. We crystallized B. bronchiseptica BpsR and

determined the structure (Figure 1, Table I) by molecular replacement. The
crystallographic model of BpsR has been refined to a final R-factor of 23.5%
(Rfree=26.4%) using all X-ray data to a limit of 2.75 A resolution. The structure
reveals the dimeric nature of the transcription factor (Figure 1A). The interface of
the dimer is created by a series of interactonsinh el i ces al, ab,
monomer, and buries a total of 4224 A? of surface area. Similar to other MarR
family members, the winged Helix-turn-Helix (wHtH) motifs are located distal
from the dimer interface with the recognition helices situated about 30 A apart
(Figure 1B). Two BpsR dimers are contained within the asymmetric unit of the
crystal lattice. One dimer contains all residues from 13 to 151 in both
protomers. The second dimer has one protomer that is nearly complete with
amino acids 20-151, but missing density for 98-100, and the other protomer only
having electron density for amino acids 16-41 and 123-151. The unstructured
amino acids 42-151 in this protomer encompass the wHtH domain and indicates
potential flexibility in this region of the protein.

A superimpositioning of the BpsR dimer onto the structure of the MarR

family member, S. aureus MepR bound to DNA (pdbid:4LLN;1.8 A rmsd)
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helices

Figure 1 Structure of BpsR, 2.75A. A) BpsR homodimer (monomer A, blue;
monomer B, red). B) BpsR homodimer with wHtH DNA-binding domain (HtH,
gol d; “wing” structure, purple).

Table | X-ray Crystallography Data

BpsR

Data collection
Space group pP212121
Cell dimensions

a b c(A) 71.9,90.5 1031

aBy (%) 90.0, 90.0, 90.0
Resolution (A) 50-28(29-28y
Rowse 4.9% (57.5%)
Mean |/ al 35 )
Completeness (%) 90 8 (99)
Redundancy 7(7
Refinement
Resolution (A) 50-28
No. reflections 16882

Rucrk | Ries 23.6% /26.4%

Average B-factor 55.7

rm.s. deviations
Bond lengths (&) 016

Bond angles (%)
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provides a model for BpsR interaction with DNA and insight into potential
mechanisms of recognition (Figure 2). Amino acid residues R79 and Q75 on the
DNA recognition helix are positioned within the major groove and adjacent to the
DNA bases. The conserved residue R101 is located at the tip of the -harpin
that forms the wing motif and in close proximity to the phosphodiester backbone
of the DNA, further supporting a role for this amino acid in DNA
binding. Interestingly, the DNA recognition helices in BpsR are about 4 A closer
together than in MepR suggesting that BpsR is not in an optimal conformation to

bind DNA.

.'\); 48\

.~‘)

[
/v,

7

€

Figure 2 BpsR superposition on MepR-DNA. Apo-BpsR (blue and red dimer) was
superimposed onto the MepR-DNA complex (MepR, gray; DNA, gold) (1.8A
rmsd). Residues within the wHtH motif of BpsR were identified for a possible role
in DNA-binding, R101, R79, and Q75 (light blue).

A molecule of 1,4-butanediol was modeled into electron density located
within a pocket between monomers A and B. 1,4-butanediol was used because
of the high concentration in the crystallization condition and because it is the

correct size and shape to fit the density (Figure 3). The bound ligand makes
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hydrogen bond interactions with H32 and T126 in monomer A and G22 and R26
in monomer B, and its position is consistent with allosteric regulator binding sites
in similar locations observed in structures of other MarR family transcriptional

regulators such as PcaV*?, AdcR*, TcaR**, and HcaR*.

Figure 3 Electron density of 1, 4-butanediol in BpsR. 1, 4-butanediol (yellow)
was modeled into electron density (green) existing between monomer A (blue)
and monomer B (red). The ligand forms hydrogen bonds H32 and T126 in
monomer A and G22 and R26 in monomer B.

BpsR has a novel conserved cysteine motif. The BpsR protein contains two
Cys residues, C54 and C62 that are solvent exposed (Figure 4A). The two
cysteines are located 12.2 A apart, adjacent to the wHtH domain and distal from
the dimerization interface (Figure 4A). This is different than the location of the
Cys residues in the redox regulated OhrR protein from X. campestris (pdbid:
2PFB).>® The two Cys in OhrR, C22 and C127, are located at the protein-protein

interface of the dimer with the reactive sulfur atoms about 15.5 A apart. Oxidation
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of the OhrR Cys residues forms an intermolecular disulfide bond between C22 of

one monomer and C127 of the other monomer in the dimer, resulting in a 28°

R101

CrExxxxXC

B.bronchiseptica 1-MPASQDKLDVPPGPYHFSEQVGHLLRRAYQREVAIFQQTIPDSKLTAAQFVVLCALRDQGACS 63
B.pertussis ettt MPPGPYHFSEQVGHLLRRAYQRHVAIFQQTIPDSKLTAAQFVVLCALRDQGACS 54
Cupriavidus 1MPSSSDQPAG-SDTGYDFTEQVGHLLRRAYQRHVAIFQQTIPDSQLTAAQFVVLCAVRDRQPCS 63
Ralstonia 1MPQPSDPPSGKTAADYDFTEQVGHLLRRAYQRHVAIFQQOTIPDSQLTAAQFVVLCAVRDRQPCS 64
Burkholderia l=—————= MPSSRDSYDFHDQIGHLLRRAYQRHVAIFQEAIPDSDLTAAQFVTLCTVKETRGCS 56
Actinomyces L o e o s MADSTAYLLTRALRVSARLAHDEFGREPLRFAHYATLCWVEHLGPCS 47
Mycobacterium 1-~MRGRRPPQVLGVGAGDRHRGDDDSRHEDPHGRVENTVESDRRRQAGSESGEKQCHWSHGQRCH 62
Haliscomenobacter 1-MTHSVFDLNDQHHSLEAKITLNFGQIALALRTMLWQQCFSINLSPIQGQILIFCLNHPPQRCR 63
Paenibacillus 1o MNRDAKTLIERYIAAEFTVMKELENEIGEAIPNHLTIDQYQIMCVLQQRGQCT 53
Pelobacter | MTSQNYSILEDSLGYLISFVGQRYKNEAWRRLRSFGITLEQWLVLNCLAVDEGICQ 56

lostridium I R T it MELKECINFLLTTAQHTVFQYLSQRLAPYDITPSQYGILNCLWINDGTCL 50
Bacillus l-mrm e e ee——— MDDSKIEQFLTHWRFINRHLREGRLINGDKKITRLOWTLLCHVGKSERCT 50
Streptomyces e e MHGKPRPPATAGEAIARMDQYVALGLVGQRREVAQLLGINVTDLTCLAHILAACD 54
Deinococcus ] s e e i e e e e e v e MTQDPTGLLRRMTRLHETVLQQRTANACGLQSLARCQ 36
Caldicoprobacter ) e MENRASDYLHELIRVLVRNLGILEKNDANCCGVTISQCH 39

* *

B.bronchiseptica 64~ LVDVVKATAIDQATVRGVIERLKARKLLAVSHDPADRRKVLVTLTPDGRALVE 116
B.pertussis 55 ~=—rm——————— LVDVVKATAIDQATVRGVIERLKARKLLAVSHDPADRRKVLVTLTPDGRALVE 107
Cupriavidus 64— LNEVVRATAIDQATVRGIIERLKARKLISVSHDPNDRRKVVVTVTDDGLALID 116
Ralstonia 65 nn—— MNEVVRATAIDQATVRGI IDRLKSRELIAVSHDPTDRRKVVVTVTPDGLALID 117
Burkholderia Slmemccecanscws LNDIVKVTAIDQATIRGVVERLKVRSLVEVLPDPSDGRKLLVRATATGLALID 109
Actinomyces 4-mmmmmnnnana QIELATAMGIDPSDLVTVLQALEAEGALRRSVDAADRRRRILDVTDDGRRWLR 101
Mycobacterium 63=mmnnnn= RLLRASEVVSTTLLSGASITKIADSLARRDLLVRQKSERDGRVVLLALTDAGRTVTD 119
Haliscomenobacter 64------------ IGYLAKEFSLTKPTISDAVKTLERKQLLSKKNDPDDQRSFDLILTPKGVETAQ 116
Paenibacillus 54-——mmmm e STDLAAVFKVVKSSITAI INRLVDHGYVERTPAEEDRRVIELSLTEEGQKVYE 106
Pelobacter §Tmrmmmmmm————— RALAQRIDKEQPNTTRILDNMERKELIRRTPDPADRRAFLVFLTEKGKGFLE 108
lostridium Sl--m=mmrmmn—— PRQIAELLCLETSTVSGILDRMQKKDLIDRVINPENRREILVMITPKGEALKA 103
Bacillus Sl-wmemmmeeee—— MGNLADHFNVNMSTVSQMIDRLEKWGYVERGTSARDARVKIVSLTEKGETIIK 103
Streptomyces SS=rmmmen= KPLSAGDLAGLVNLTTGAVTGVLNRLEKAGYARRQPDPADRRRVRVVADPEAAARVI 111
Deinococcus 37ILTLLEREGTLTLAEVSRQLGTDKAWMSRNIEALVRDGLVHKQSQALDRRTVALTLTEQGQAQAQ 101
Caldicoprobacter 104

40AIVEIGRSGEVSLSELAELLALDKSTMSRT INNLVEDGLVIRELHPEDRRYVKIKLTDKGMKVFK
. . P . . .

Figure 4 Conservation of CxxxxxxxC motif and R101. A) Structure of BpsR (blue
and red dimer) highlighting the two solvent-exposed cysteine residues, Cys54 and
Cys62 (green), and R101 (orange). B) Sequence alignment of BpsR-like proteins
identified a highly conserved CxxxxxxxC motif (Cys54/Cys62, red), as well as a
highly conserved R101 (green).
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rotation of each wHtH motif in the dimer and DNA dissociation.*® In contrast,
neither Cys residue in BpsR is located near a Cys in the opposing protomer. We
examined sequences of MarR-like proteins to determine if there are additional
members of this family containing a CxxxxxxxC motif similar to BpsR, and we
identified a number of proteins with this sequence (Figure 4B). The proteins are
present in both Gram positive and Gram negative organisms. Individually, the
proteins have between 24% and 95% sequence identity with BpsR, but when
aligned there are only three completely conserved amino acids among all of
them; C54, C62 and R101, strongly implying a function for these residues in
BpsR function.

Glutathione promotes BpsR binding at the bpsA promoter. Many MarR
protein family members are subjected to allosteric regulation by small molecules
or cellular metabolites.’® We have found that glutathione positively affects DNA
binding by BpsR. DNA binding affinity of BpsR was measured using
fluorescence anisotropy (Figure 5). A plot of the anisotropy as a function of
increasing BpsR concentration shows cooperative binding, consistent with our
previous observations and in line with many MarR family proteins.**** Data were
fit to a sigmoidal curve in order to determine the Hill number. With cooperative
binding models binding affinity is a function of ligand concentration, complicating
the calculation of actual binding affinities. Apparent DNA binding affinities were
calculated by plotting the log [Y /-] versus the log [BpsR] to determine the
log[BpsR] intercept.*"* The apparent K4 for BpsR alone is 6.9 pM. Addition of

500 uM GSH to the binding reaction BpsR shows a positive shift in the curve

55



towards higher affinity with an apparent K4 of 3.2 pM and increase in Hill

number from 1.7 to 2.1 (Table II).
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Figure 5 BpsR"' Binding Affinity for bpsA. The DNA-binding affinity and
cooperativity of BpsR (black circles) were analyzed in the absence and
presence of 500 y MGSH (purple squares), 200 p M G S @@y upside-down
triangles), and 100 y M @b (blue triangles). BpsR has an apparent Kg= 6.9
UM. GSH-, GSSG-, and H,O,-treated BpsR show an increase in binding affinity
(Kg= 3.2 UM, 2.2 u M, angdM,4 . 6e s .6\l vaiiante resylt in positive
cooperativity.

We have additionally found that oxidized glutathione (GSSG) also promotes
BpsR binding to the bpsA promoter. BpsR DNA-binding assays conducted in the
presence and absence of 200 uM GSSG show an increase in BpsR affinity and

cooperativity, with an apparent Kq of 2.2 uM and a Hill value of 2.0 (Figure 5;

Table II). Binding assays performed with cysteine mutants BpsR****, BpsR®%°
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and BpsR“**®%° with and without GSSG maintain an increased binding affinity

and positive cooperativity (Table II).

Variant Condition [um] Hill Coefficient Ka (uM)
BpsR"T MNA - 1.7 6.9
BpsR"T Hz0z 100 2.2 4.6
BpsR"™ GSSG 200 2.0 2.2
BpsR™"" GSH 500 2.1 3.2
BpsR&52 NA - 2.3 5.8
BpsR=5= Hz0: 100 2.4 4.0
BpsRE4E2 GSSG 200 1.6 3.5
BpsR=Y GSH 500 0.9 5.6
BpsR&* MNA - 2.8 4.4
BpsR™=* Hz0z 100 2.8 4.5
BpsR&=* G556 200 1.8 2.0
BpsR™* GSH 500 2.0 2.5
BpsR™> NA - 1.6 8.9
BpsR™= Hz0z 100 2.3 5.6
BpsR&= GSSG 200 2.4 1.9
BpsR™* GSH 500 0.6 3.6
BpsRY™A NA - 1.0 14.8
BpsRY GSH 500 0.6 7.1
BpsR*™* MA - 1.5 uD
BpsRT®* GSH 500 1.7 uD
BpsRRMA MNA - 1.3 uD
BpsR™ ™A GSH 500 1.7 uD

Table Il BpsR variant hill coefficients and apparent dissociation constants.

In order to determine if BpsR is forming a covalent modification in the
presence of GSH or GSSG, electrospray ionization mass spectrometry (ESI-MS)
was performed. The results show a BpsR MW=17, 994.07 Da. In the presence of
GSH and GSSG, BpsR has a MW= 17,994.19 Da and 17.994.18 Da, respectively
(Figure 6). GSSG was also added to BpsR then filtered to remove any non-
covalently bound molecules. Size exclusion chromatography removes the effect
of GSSG resulting in a decrease in BpsR binding (Appendix A). The affinity of
BpsR with the addition of iodoacetamide (IAM) prior to the presence of GSH or

GSSG also demonstrates increases in DNA-binding for both molecules
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(Appendix B). These data indicate neither GSH, nor GSSG covalently interact

with BpsR.
17994.07 17994.19 17994.18 17994.1
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Figure 6 BpsR mass spectrometry. ESI-MS of BpsR (MW=17994.07 Da) in
the presence of GSH (MW= 17,994.19 Da), GSSG (MW=17,994.18 Da), or
H,O, (MW=17,994.13 Da).

Hydrogen Peroxide Influences BpsR Repressor Activity. Various MarR
proteins are redox regulated through cysteine oxidation and modification by
ROS. 1 Addition of 100 uM hydrogen peroxide (H,O,) to BpsR results in an
increased binding affinity for the bpsA promoter, shifting from an apparent Ky of
6.9 yuM t o uM4(Figure 5; Table II). H,O,-BpsR also has an increase in
cooperativity, with the Hill value increasing from 1.7 to 2.2. Additionally, ESI-MS
did not detect any changes in the MW of BpsR with the addition of H,O,
(17,994.13 Da; Figure 6). This suggests that the increase in binding affinity is not
due to direct modification of either cysteine residue. Binding assays performed
with cysteine mutants BpsR“>*°, BpsR“®?® and BpsR“**®2° further confirm that

H,0O, is not modulating BpsR binding affinity by way of cysteine modification. All
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mutants result in an increased binding affinity and cooperativity for the bpsA
promoter similar to BpsR (Table I1).

C54 and C62 modulate BpsR DNA binding. In order to test the roles of the
conserved Cys residues in DNA binding affinity we performed site directed
mutagenesis and measured the DNA binding affinity of the mutants. Mutation of
C54 to serine results in an increase in apparent binding affinity to 4.4 uM
comparedto 6.9 y M i n ttype proteinlarl cooperativity (Figure 7.A). The
presence of GSH increases the affinity of BpsR®>*® for the target sequence from
3.2y M 25yuM (Figure 7.B). The C62A mutant BpsR has a reduced affinity
compared to WT Bps RV). Aditich of GEH to the BpsRy®*®
mutant decreases the cooperativity (Figure 7.B).

These data suggest a role for residues C54 and C62 in modulating the
ability of BpsR to bind DNA. Additionally, the data support a role for C62 in
coordinating GSH interaction with BpsR. Without C62 GSH is unable to positively
modulate BpsR affinity and cooperativity like we see with BpsR"" (Figure 7.B).
When C62 is available in the BpsR®“*** mutant GSH does contribute to the
binding success of BpsR.

Taken together, we propose that the newly identified CxxxxxxxC motif
forms a key structural component for BpsR regulation. C54 supports
derepression of BpsR from DNA while C62 strengthens BpsR repressor function
through GSH interaction. The highly conserved nature of this motif (Figure 4),
which spans Gram- negative and positive bacteria, underscores the importance

of these residues in the regulation of BpsR binding.
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Figure 7 Cysteine Mutant Binding Affinity for the bpsA Promoter A) Single
cysteine mutants, BpsR“**® (blue diamond) and BpsR“®*® (orange hexagon)
compared to BpsR"' (black circle). The apparent dissociation constants (Kg)
were calculated: BpsR®**®, Kg= 4.4 pM; BpsR“®%®, K4= 8.9 uM; BpsR"", Kq=
6.9 pM. All variants display positive cooperativity. B) BpsR®*** (blue
diamonds), BpsR“®?® (orange hexagons), and BpsR"" (purple squares) in the
presence of 500 pM GSH. Calculated apparent Kq: GSH-BpsR“***, Kq= 2.5 uM:
GSH-BpsR"", K4= 3.2 uM; GSH-BpsR"" and GSH-BpsR“**° convey positive
cooperativity. GSH-BpsR“®*® resulted in a loss of cooperativity. C) BpsR®>*62°
(dark blue downward triangles) and GSH-BpsR“**®%® (purple squares)
compared to BpsR" (black circles). BpsR“**®*® apparent K4= 5.8 UM, positive
cooperativity. Addition of GSH resulted in a loss of cooperativity. 5 nM bpsA
promoter DNA was used for all experiments.
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Residue R101 is essential for DNA binding. The conservation of residue
R101 in our sequence alignment of BpsR-like proteins (Figure 4) and its position
within the wing of the wHtH motif suggests it has a role in DNA recognition and
binding. To test this hypothesis we mutated R101 to alanine and measured the
DNA binding affinity of the mutant protein. The loss of R101 completely
attenuates DNA binding (no measurable affinity) even in the presence of GSH
(Figure 8.A). It is likely that R101 helps stabilize the DNA binding motif by making
critical contacts within the minor groove.®'°*** The electronegative potential
associated with the minor groove of B-DNA often promotes such interactions with
positive arginine residues.** *°

Residues R79 and Q75 contribute to BpsR DNA binding. Our modeling of
BpsR bound to DNA (Figure 2) suggests roles for R79 and Q75 in DNA
recognition and binding. Located wit
(H3) of the wHtH motif, the model suggests they make key contacts within the
major groove promoting binding and possibly specificity. To investigate our
hypothesis we tested the DNA binding affinity of BpsR containing R79 mutated to
alanine. Removal of R79 completely attenuates DNA binding and addition of
GSH does not moderate the loss of affinity (Figure 8.B). These data support the
hypothesis that R79 promotes DNA binding through key interactions within the
major groove. Unlike R101, R79 is not conserved (Figure 4). Variation of
residues within the recognition helix of homolog proteins has been found to
convey differences in sequence specificity.** The variability of this residue is

consistent with a possible role specific to BpsR recognition and binding.
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Figure 8 Recognition Site Mutant Binding Affinity for the bpsA Promoter. Single
mutants within the wHTH motif of BpsR. Residues were mutated to alanine. A)
Mutation of R101 results in attenuated binding regardless of GSH presence;
BpsR"" (black circles), BpsR"**# (gray diamonds), and GSH-BpsR™%#
(purple squares). BpsR"' apparent Kg= 6.9 pM; values were unable to be
calculated for BpsR™* and GSH-BpsR™****. B) Loss of R79 attenuates BpsR
DNA binding without or with GSH; BpsR"' (black circles), BpsR?"** (pink
downward triangles), and GSH-BpsR?"** (purple squares). Apparent Kq values
were unable to be calculated due to lack of binding. C) BpsR®"** reduces the
binding affinity and cooperative capacity of BpsR in the absence and presence
of GSH; BpsR"" (black circles), BpsR°"* (dark purple upward triangles), and
GSH-BpsR®™* (light purple squares). Both cysteine residues were present. 5
nM bpsA promoter DNA was used for all experiments.

Like R79, residue Q75 is located at the N-terminal end of the recognition
helix and appears to make contacts within the major groove. Its location and lack
of conservation (Figure 4) also suggest that Q75 may play a role in sequence

specificity.>** The BpsR Q75A mutant shows a reduced DNA-binding affinity
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combined with a loss in cooperativity (Figure 8.C). Interestingly, the presence of
GSH does appear to improve the reduced affinity of the Q75 mutant, from 14.8
g M t oy Mputldoes not modulate the cooperative nature of the protein. The
data suggest that the presence of Q75 is important for appropriate BpsR binding.

Taken together, we propose that all three residues provide critical support for

BpsR to bind DNA efficiently and appropriately.

2.3 Conclusion
BpsR has been previously identified as a global regulator in Bordetella.?

6
BpsR represses the bpsABCD locus critical for Bps production and subsequent
biofilm formation in B. bronchiseptica.?®?%* Here, we determined the crystal
structure of BpsR to 2.75A resolution (Figure 1). The 1, 4- butanediol electron
density suggests the presence of a ligand-binding pocket conserved in many
MarR proteins (Figure 3). BpsR forms a homodimer and contains a wHtH DNA-
binding motif, similar to other MarR proteins. A sequence alignment of BpsR-like
proteins (Figure 4) identified a novel, conserved CxxxxxxxC motif spanning both
Gram-negative and Gram-positive bacteria. Mutagenesis of each cysteine
suggested possible roles in BpsR regulation (Figure 7). We propose that Cys54
supports BpsR dissociation from DNA while Cys62 promotes BpsR repression
through interaction with GSH. The positive BpsR modulation in the presence of
GSH is the first to be seen with a MarR repressor protein. Upon ligand binding
most MarR repressors undergo a conformational change that inhibits DNA-

binding and causes a loss of cooperativity.>****'® An amino acid sequence

alignment also identified a highly conserved Arg residue (R101) located within
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the conserved DXRXXXXX(L/'TXXG sequence found in many wHtH motifs.® We
found that R101 is necessary for BpsR to bind DNA. Mutational analysis and
DNA affinity data provided further evidence of two additional non-conserved
residues, Q75 and R79, critical for proper BpsR DNA-binding and cooperativity
(Figure 8).

Future work will be done to obtain the DNA-bound structures of BpsR in the
presence and absence of GSH. Understanding BpsR regulation will provide
better insight as to how one of the key defense mechanisms of Bordetella is
regulated. This and future data will likely be applicable to many other MarR

proteins as well as other biofilm producting bacteria.

2.4 Materials and Methods
Cloning, expression, and purification of BpsR. The gene fragment encoding

BpsR was inserted into a modified pET19 expression vector (Novagen) which
encodes an N-terminal poly-Histidine tag, followed by a Rhinovirus 3C protease
cleavage site, which permits the removal of the affinity tag (PreScission
Protease, GE Healthcare). The pET19-bpsR vector was transformed into E. coli

strain C41(DE3) cells for expression. One liter of LB-Broth (Luria-Bertani)

supplemented with 50 pg/ ml of ampicillin

overnight culture of the C41 cells containing the pET19-bpsR vector. The cells
were grown at 37 °C to an ODggp = 0.5, and induced with 1 mM isopropyl b-D-
thiogalactopyranoside (IPTG) at 16 °C for 20 hours. Prior to induction with IPTG,
cells were rapidly cooled on ice to 20 °C to bring the temperature of the culture

close to the induction temperature. Induction of the cells at low temperature was
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necessary for protein solubility during overexpression. Cells were harvested by
centrifugation, resuspended in lysis buffer (100 mM Tris pH 7.5, 500 mM NacCl,
5% glycerol, 40 mM Imidazole), and lysed using an EmulsiFlex C-5 cell
homogenizer (Avestin). Cell debris was removed at 30,000 x g and the
supernatant was passed over a 20 ml Ni-NTA (Qiagen) column equilibrated with
lysis buffer. This column was washed with 5 column volumes of wash buffer
(200 mM Tris pH 7.5, 500 mM NaCl, 5% glycerol, 40 mM imidazole). Bound
BpsR was eluted with wash buffer containing imidazole (100 mM Tris pH 7.5, 500
mM NaCl, 5% glycerol, 500 mM imidazole), treated with PreScission Protease
according to the manuf ayzddovereightas4 °dagainstct i on s
100 mM MES pH 6.0, 200 mM NacCl, 5% glycerol, 1 mM dithiothreitol (DTT), and
0.5 mM EDTA. BpsR was further purified using a heparin cation exchange
column, and eluted with a 0.1 M — 1.5 M gradient of NaCl. Purity of the peak
fractions were verified by SDS-PAGE, and fractions containing pure BpsR were
pooled together. For crystallization experiments, BpsR was dialyzed against 100
mM Bis-Tris pH 5.5, 100 mM NacCl, 2% glycerol, while for DNA binding assays,
BpsR was equilibrated with a buffer containing 100 mM MES pH 6.0, 100 mM
NaCl, 0.5mM EDTA, 5% glycerol. BpsR was concentrated to 10 mg/ml for
crystallization experiments, or 13 mg/ml for DNA binding assays, aliquoted, flash
frozen in liquid nitrogen, and stored at -80 °C. Buffers were made in bottled,
deionized H,0 and filtered prior to use. All mutant BpsR proteins were purified as

described for wild-type BpsR.
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Crystallization of BpsR. Crystallization of BpsR was carried out using the sitting
drop vapor diffusion method with equal volumes of 10 mg/ml protein and
reservoir solution. Initial crystals were identified in the PEG-ION screen
(Hampton Research) and our PEG-DNA screen®. Optimized crystallization
conditions contained 18% PEG 3350, 0.2 M Potassium formate, and 15%
butanediol in the reservoir solution. Crystals were transferred to a drop
containing 50% mineral oil, 50% parabar oil (Hampton Research) prior to
cryocooling in liquid nitrogen stream.

Data collection and refinement of the BpsR structure. Diffraction data for crystals
of BpsR were collected in house on
radiation from a Micromax007 generator and VariMax optics (Rigaku). Indexing,
integration and scaling of the data were performed using HKL2000 program
suite.*” Phasing of the structure was performed by molecular replacement with
the program Phaser, using the structure of a probable MarR transcriptional
regulator from Pseudomonas aeruginosa as the search model (pdbid: 2NNN).
The search model was identified using BLAST (blast.ncbi.nlm.nih.gov) as having
the highest sequence identity with BpsR (36%). Manual model building was
performed in the program Coot*® and refinement was carried out using simulated
annealing and composite omit procedures using the program Phenix*’. Further
model validation and refinement was performed with PDBRedo.*® Data collection

and refinement statistics are listed in Table I.

BpsR DNA-binding assays. Fluorescence anisotropy was used to determine the

DNA-binding affinity of BpsR to a fluorescently labeled 22bp segment of the bpsA
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promoter (6FAM-AAGATGGCCTCCACCCCATCAA).BpsR was pretreated with
10 mM DTT and 5 mM Tris (2-carboxyethyl) phosphine (TCEP) (Thermo-Fisher)
at 25°C for 30 minutes and filtered through illustra Microspin G-25 columns (GE
Healthcare Life Sciences) to remove excess reducing agents. Binding reactions
were performed in 20mM Tris pH 7.0, 150 mM NaCl, 5 mM MgCl,, 0.02 U/mL
poly didC, 100 pg/mL BSA, 5% glycerol. 200 pM hydrogen peroxide (H2Oy;
Sigma-Aldrich), 1 mM glutathione (GSH; Sigma-Aldrich), or 400 uM oxidized
glutathione (GSSG; Sigma-Aldrich) was added to protein solutions when
specified, and allowed to react for 30 minutes at 25°C. 15 pL of protein was
combined with 15 pL of 10 nM 6-FAM-labeled DNA to obtain a final volume of 30
ML. The final solutions were chilled on ice for 20 minutes. Anisotropy
measurements were obtained with an excitation wavelength of 470nm and an
emission wavelength of 525 nm using an Infinite® M1000 Pro (Tecan) microplate
reader. All assays were performed in triplicate. The final protein concentrations
were [0 nM, 125 nM, 500 nM, 1 pM, 2 pM, 4 pM, 5 pM, 6 pM, 8 uM, 10 uM, 15
MM, 20 uM], where the [0 nM] solution contained 15 pL of binding buffer (x H2O»,
GSH, or GSSG) and 15 pyL 6-FAM-labeled DNA. Final H,O,, GSH, and GSSG
concentrations were 100 pM, 500 pM, and 200 pM, respectively. The final 6-
FAM-labeled DNA concentration was 5nM. Anisotropy data were averaged and
corrected by subtracting background. The data were then normalized to the
maxi mum value (Y), plotted as a function o
were calculated by fitting data to the Hill equation using SigmaPlot. Apparent

dissociation constants were determined by using the linearized Hill equation:

67



l og-W/4 nl ognlo§ds R]

and plottYi nnger¥ius | og[ BpsR] to determine
Assays including iodoacetamide (IAM) were prepared as described above with

two additions: following DTT/TCERP filtration, 1 mM IAM was incubated with BpsR

at 25°C for 30 minutes and filtered through illustra Microspin G-25 columns to

remove excess |IAM.

BpsR Mass Spectrometry. Mass spectrometry data analysis was performed by
Proteomics and Metabolomics Shared Resource of the Wake Forest

Comprehensive Cancer Center.
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As more bacteria are presenting with increased antibiotic resistance and
posing greater risk to human health, understanding biofilm regulation is crucial.!
The resurgence of B. pertussis, along with the decrease in vaccine efficacy
against the evolving bacterium, and an increase in medical and industrial costs
associated with Bordetella infection have all generated a rising desire to
understand how Bordetella persist, resist, and evade host immune responses
through biofilm formation. This study provides critical information concerning not
only Bordetella biofilm regulation, but will likely correspond to biofilm
development across various bacteria.

When this project began, two primary questions were asked: 1) Is BpsR
redox regulated, and 2) What specific residues within BpsR are responsible for
DNA recognition? An amino acid sequence alignment of BpsR-like proteins
reveals a highly conserved CxxxxxxxC motif. In BpsR, both cysteine residues are
surface exposed which suggested possible redox regulation. According to mass
spectrometry and under the in vitro DNA-binding conditions described (see
Chapter 2), the cysteine residues of BpsR are not oxidized in the presence H,0,.
BpsR does not appear to generate inter- or intramolecular disulfide bonds and is
not derepressed when H,O; is available, dissimilar to redox regulated MarR
repressor proteins in the presence of ROS.? Furthermore, BpsR is not
glutathionylated, but BpsR affinity for the bpsA promoter is positively regulated
with the addition of GSH or GSSG under the in vitro conditions presented. The
increased binding of BpsR in the presence of a modulating ligand is unlike ligand

binding observed for other MarR repressors, which become derepressed
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following ligand introduction.>® DNA-binding and mass spectrometry data,
combined with the 1,4- butanediol electron density within a pocket in the BpsR
structure suggest that GSH modulates BpsR through an allosteric binding pocket
similar to HucR® and MTH313%,

Sequence alignment also detects a highly conserved arginine residue, R101,
within the wing structure of the wHtH DNA-binding motif. Modeling of BpsR onto
MepR-DNA complex led to the additional identification of Q75 and R79 within the
recognition helix as possible residues contributing to DNA recognition. Under the
in vitro DNA-binding conditions used, R101 and R79 are necessary for BpsR to
bind the bpsA promoter. Loss of either residue results in complete attenuation of
BpsR binding. The data futher suggest that Q75 also supports proper BpsR
binding, possibly by promoting cooperativity.

Future endeavours will aim to further develop how BpsR is regulated, as well
as how it interacts with DNA and the bpsA promoter. Future work should include
obtaining a crystal structure of the BpsR-DNA complex, and BpsR in the
presence of GSH. Obtaining these structures will provide insight as to where
R101, R79, and Q75 are making critical contacts along the bpsA promoter.
Employment of mutations at Q75, R79, and R101 for future analysis of BpsR
affinity at different promoters will provide valuable insight into the critical roles of
these residues as well. Structures will also afford an evaluation of how BpsR
binding to DNA affects the conformation and shape of both BpsR and DNA. This
information may provide additional understanding towards the selectivity of BpsR

as a global regulator.® The introduction of GSH within a crystal structure will
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reveal the location of interaction within BpsR, what residues it may be contacting,
and how GSH impacts the conformation of BpsR to promote an increase in
binding affinity.

Additionally, DNA-binding assays and mass spectrometry in the presence of
additional oxidants such as cumene hydroperoxide (CHP), tert-butyl
hydroperoxide (t-BHP), and sodium hypochlorite (NaOCI) will test the possible
reactivity of the BpsR cysteine residues to ROS other than H,0,. Multiple MarR
proteins contain cysteine residues that are more responsive to OHP, while
presenting a reduced reactivity to H,O, in comparison.®™*?

In vivo analysis of the cysteine mutants will provide vital information
regarding the physiological effects loss of either cysteine residue conveys.
Through transcriptional analysis of the bpsABCD locus, along with biofilm
formation evaluation, the understanding for the role of the conserved CxxxxxxxC
motif will continue to be developed.

Furthermore, BpsR affinity will be tested in the presence of various metal
ions, such as iron (Fe [II/IN])*, nickel (Ni [II]), copper (Cu [I/I))*?, and Zinc (Zn
[I)*°. In 2014, Hao et al. proposed that the diverse set of antibiotics and small
ligands that modulate MarR binding to the marRAB operon act through Cu [ll]
metal ions.*? Their data suggest that introduction of an antibiotic, such as
norfloxacin or ampicillin, or a small ligand such as salicylate, trigger elevated
ROS and copper within the cell. As a result, it is the increasing amounts of
available Cu [ll] that directly oxidize Cys80 on MarR. They further demonstrate

that Cys80 oxidation by Cu [ll] leads to tetramerization of MarR with another
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MarR dimer. Tetramerization is accomplished through two disulfide bonds, which
form between the Cys80 residues of all four monomers.'”> Analysis of BpsR
affinity in the presence of metal ions, combined with the absence or presence of

GSH will allow for a more developed insight into BpsR regulation.
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Appendix A

BpsR affinity with GSSG filtration

BpsR WT FA Assay- IVT22
Pre-treated w 10mM DTT/5mM TCEP

200uM GSSG

350

300 - * .

250 4 1
- i
2
S 200
w
T
<

150 4

100 4 .

50 T T T T T

0 5 10 15 20 25

BpsR WT Concentration {(uM)

BpsR WT 200uM GSSG (Pre-treated w DTT/TCEPR)
—— BpSR WT GSSG (PT) (sigmoidal)

BpsR WT (Pre-treated w DTT/TCEP; Pre-treated w 200ulM G55G)
—— Bpsk WT (PT) (sigmuoidal)

Figure A.1 BpsR affinity is reduced following removal of GSSG
by size exclusion chromatography (SEM). 200p M GS S G
added to reduced BpsR. One sample (black) continued in the
presence of GSSG for the entirety of the assay. The other
sample (blue) removed non-covalently bound GSSG through
SEM prior to DNA-binding.
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Appendix B

BpsR affi

Anisotropy

nity with IAM, GSH, and GSSG

BpsR WT FA Assay- IVT22
Pretreatment w 10mM DTT/5mM TCEP
Pretreatment w 1TmM [AM

200uM GSSG vs 500uM GSH
300
250 -
200 4
150 4 i
100 - A
50 . . . . .
0 5 10 15 20 25

BpsR WT Concentration (uM)

BpsR WT (Pretreated-DTT/T CEP) (Pretreated-1AM)
—— BpsR WT (PT-DTT/TCEPR) (PT-1AM) (sigmoidal)
BpsR WT 200ulM GS5G (Pretreated-DT T/TCEP) (Pretreated-1AM)
BpsR WT GSSG (FT-DTT/TCER) (PT-IAM) (hilly
¢« BpsRWT 500uM GSH (Pretreated-DTT/T CEP) (Pretre ated-IAM)
BpsR WT GSH (PT-DTT/TCEP) (PT-1AM) (sigmaidal)

Figure B.1 Addition of GSH and GSSG increase BpsR
affinity in the presence of IAM. lodoacetamide was incubated
with reduced BpsR then filtered to remove excess (black).
500y M G Hotirple) or 200y M G S @réen) was added to
samples. Affinity of BpsR for the bpsA promoter was then
analyzed.

86



Appendix C

Cooperative Binding

A-AD/Amax

12

1.0

0.8 -

0.6 -

0.4 -

0.2 -

0.0 T T T T
0 5 10 15 20 25

BpsR Concentration (uM)

Figure C.1 Cooperative binding of BpsR. Cooperative
binding occurs when the binding of one site promotes or
decreases the ability of an additional site to be filled. This
type of binding can be represented by a sigmoidal, or S-
shaped, binding curve. For BpsR, cooperativity exists
between the two subunits of the dimer. When BpsR exhibits
positive cooperativity, where the hill coefficient n>1, the
binding of the first monomer to DNA promotes binding of the
second monomer to an additional binding site on DNA.
BpsR has a positive cooperativity of 1.6 (black line). As the
protein concentration increases, the first monomer binds
DNA with a stronger affinity. The inflection point, where the
curve begins to round like the top of an “S”, indicates the
point where the binding of the first sight begins to strongly
promote binding of the second. In BpsR, this event likely
occurs following a conformational change in the first
monomer induced by binding. The tighter binding of the first
monomer stimulates binding of the second monomer to
DNA. When BpsR exhibits negative cooperativity, as seen
in Figure 8.C wh e r #1, thp strong binding of the first
monomer decreases the ability of the second monomer to
interact with DNA.
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Species.” Youth Technology and Sc
Field. Detroit, Michigan.

September 28-29, 2012 McNair and SSS Senior Retreat. Chula Vista Resort.
Wisconsin Dells, Wisconsin.

August 2-5, 2012 “ D NBarcoding Identifies Unknown Bird Blood Samples to
Speci es™ "Annud 0 California McNair  Scholars
Symposium. University of California, Berkeley, California.

T Received “Certificate of Achi e

July 19-21, 2012 “ D NBarcoding Identifies Unknown Bird Blood Samples to
Speci es" Annual 8Jniversity of Buffalo McNair
Undergraduate Research Conference. Niagara Falls, New
York.

T Received “Certificate of Achi e
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June 21-24, 2012 *“ D NBarcoding Identifies Unknown Bird Blood Samples to
Speci e . Annuall BAEOPP McNair/SSS Research
Conference. Atlanta, Georgia.

March 22-24, 2012 “ D NBarcoding Identifies Unknown Bird Blood Samples to
Sp e ci Mishigdn Bird Conservation Initiative (MiBCI).
Kettunen Center. Tustin, Michigan.

T Received “Outstanding Student

April 14, 2011 “ D NBarcoding ldentifies Unknown Bird Blood Samples to
Speci &€slebration of Student Research. Northern
Michigan University. Northern Michigan University, Ml

1T Received *“Outstanding Environm

Professional Affiliations
1 American Chemical Society (ACS), Member, January 2016- Present

1 Students for the Upper Michigan Brain Tumor Center (SUMBTC),
Member, September 2011- April 2013

1 AED (Alpha Delta Epsilon): Michigan Delta Chapter, Member, April 2011-

Present
1 Sigma Xi: The Scientific Research Society, Member, March 2011-
September 2013

1 Northern Michigan University Pre-medical Club, January 2011- April 2013

1 Beta Beta Beta Biological Honors Society: Omega Chi Chapter, Member,
April 2010- Present

1 Phi Sigma Sigma Fraternity: Theta Alpha Chapter, Alumni, April 2009-
Present; Oct. 2008-April 2009

Service

January 2016 Science Fair Judge. Arts Based School. [k-8]
January 2015 Science Fair Judge. Arts Based School. [k-8]
October 2013 — June 2014 Volunteering, Forsyth Humane Society
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