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Abstract

NITROSATIVE STRESS SENSING IN PORPHYROMONAS GINGIVALIS: A
STRUCTURE AND FUNCTION OF THE HEME BINDING TRANSCRIPTIONAL
REGULATOR HCPR

By: Benjamin Ross Belvin, M.S.

A dissertation submitted in partial fulfilment of the requirements for the degree of Doctor
of Philosophy in Biochemistry at Virginia Commonwealth University.

Virginia Commonwealth University, 2017
Major Director: Janina P. Lewis Ph.D.
Professor
The Philips Institute for Oral Health Research

School of Dentistry, Virginia Commonwealth University

Porphyromonas gingivalis, a Gram negative anaerobe implicated in the progression of
periodontal disease, is capable of surviving and causing infection despite high levels of
reactive nitrogen species found in the oral cavity due to its efficient nitrosative stress
response. HcpR is an important sensor-regulator that plays a vital step in the initiation of
the nitrosative stress response in many Gram negative anaerobic bacteria. We employ a
combination of X-ray crystallography, SAXS, resonance Raman spectroscopy, UV-Vis
spectroscopy, and molecular biology techniques to better understand this key regulator.
Knockout of the hcpR gene in W83 P. gingivalis results in the inability of the bacteria to
grow in physiological concentrations of nitrite and complementation of hcpR using the
novel plasmid Pg108 rescues this phenotype. HcpR causes a drastic, dose dependent
upregulation of PG0893, a gene coding for a putative NO reductase, when exposed to

ix



nitrite or nitric oxide. Full transcriptome sequencing reveals that hcp is the only
significantly upregulated gene when P. gingivalis is exposed to nitrite and knockout of hcp
resulted in a phenotype that is similar to that of the hcpR deficient strain. HcpR directly
regulates the expression of hcp via direct binding to an inverted repeat sequence in the
promoter region of the hcp gene. We present a 2.6 A crystal structure of the N-terminal
sensing domain of HcpR and show that it is FNR-CRP regulator. A putative hydrophobic
heme binding pocket was identified in the junction between the N-terminal domain and
the dimerization helix. Mutation of two methionine residues (Met68 and Met145) in this
pocket abrogates activation of HcpR thus verifying the binding site. Heme bound to HcpR
exhibits heme iron as a hexa-coordinate system in the absence of nitric oxide (NO) and
upon nitrosylation transitions to a penta-coordinated system. Finally, Small Angle X-ray
Scattering experiments of the full length HcpR reveal that the C-terminal DNA binding

domain of HcpR has a high degree of interdomain flexibility.



Introduction

1.1 The Oral Microbiome in Health and Disease

The human oral cavity is home to a very diverse and active microbiome and is
composed of viruses, protozoa, fungi, archaea and bacteria. Specifically, the bacterial
community of the oral cavity is very complex with an estimated 1000 species present and
accounts for the majority of the oral microbiome (1). The mouth provides a variety of
surfaces for bacterial colonization: most are freely exposed however, there are a number
of protected “pockets” on the occlusal surfaces of teeth, gaps between teeth, and on the
gingival margin. Like a lock and key, the bacteria that call the oral cavity home have
evolved and adapted to the various niches of the mouth where they reside. Within a day
after birth Streptococcus mitis and Streptococcus salivarius begin to colonize the dental
mucosa and saliva. As teeth erupt, bacteria associated with the dental enamel such as
Streptococcus sanguinis begin to aggregate and colonize the mouth. As children grow
into adulthood, the microbiome continues to expand until it forms a mature microbiome
and the second most complex microbiome in the body behind the colon (2). It is estimated
that 50% of the bacteria present in the mouth have not been cultured or are unable to be
isolated thus making studying the microbiome difficult. Recent advancements in
metagenomics and transcriptomics techniques have helped to reveal this enormous
complexity and revolutionized what we know about the communities that call our bodies’
home (3). Beyond the complexity of composition, recent studies have also elucidated the
intricacy of the biogeography of the oral microbiome in the form of dental plague, adding

another layer of complexity to the picture painted by the oral microbiome (4).



The host-associated microbiome becomes intimately intertwined with the host at
both the micron scale and the host scale. The oral microbiome is capable of critically
influencing the promotion of health or disease thus it is very important to study the
composition, biogeography, and physiology of the microbiome. A notable amount of study
has gone into understanding the role of the healthy microbiome and how it is capable of
promoting oral and systemic health. The presence of commensal species in the oral cavity
plays a vital role in inhibiting the colonization of pathogens through colonization
resistance. Virtually every surface of the oral cavity is colonized by a commensal, leaving
few sites available for pathogens. Some bacteria have antagonistic relationships with
potential oral pathogens. One example is the competitive relationship between
Streptococcus mutans (a significant contributor to dental carries) and the commensal

bacteria Streptococcus sanguinis and Streptococcus gordonii (5).

One of the most interesting properties of the commensal oral microbiome is the
role it plays in nitrate metabolism. During and after a meal rich in nitrates, the commensal
oral bacteria will convert nitrate to the more reactive nitrite anion using their nitrate
reductase systems for respiration. Diet-derived nitrite is absorbed by the intestinal tract
into the blood where it will be recycled back to salivary ducts and accumulate in the mouth.
Roughly a quarter of the ingested nitrate/nitrite is returned to the oral cavity via this entero-
salivary circuit (6). This diet derived nitrite also has a significant effect on blood pressure:
nitrite that is taken up into the bloodstream is converted to nitric oxide via blood heme-
globins, and can act as an important regulator of vasodilation and blood pressure (7). This

effect is confirmed by the observation that use of an anti-microbial mouth-rinse partially



abolishes the increase in plasma nitrite following nitrate ingestions resulting in changes

in blood pressure (8).

Nitrate also has an effect on the composition of the oral microbiome. A prolonged
nitrate rich diet selects for certain species of bacteria that can utilize nitrate as a nutrient
and species that thrive in the nitrate/nitrite rich environment. This includes Neisseria
flavescens, Rothia mucilaginosa, and related species (9). These are also health-
associated microbes in the oral cavity. In a study of the biofilm community comparing
healthy mouths and those that are predisposed to caries, Neisseria species were heavily
associated with a caries-free status and even provided a protective effect against the
caries (10). Thus a nitrate rich diet and the microbes that utilize nitrate and nitrite not only

promotes cardiovascular health but oral health also.

Conversely, a significant amount of research has gone into understanding oral
diseases and the role the oral microbiome plays in the promotion of disease. Dental
caries, endodontic infections, gingivitis, and periodontitis are bacterial infections of the
oral cavity which have a significant impact on public health. It is estimated that from 1990-
2010, oral conditions affected 3.9 billion people worldwide and untreated carries of adult
permanent teeth was the most prevalent condition in the entire world. These numbers
imply an estimated loss of 224 years per 100,000 population of dis-ability adjusted life
years (11). Periodontal disease in particular is one of the most important oral diseases
(with dental caries) contributing to the global burden of chronic diseases and is prevalent
worldwide (12). In the United States, it is estimated the 46% of adults aged 30 and older
have some form of periodontal disease, including an estimated 64.7 million suffering from

periodontitis (13). This case is further complicated by the link between oral diseases and



other systemic diseases. As expected, a long-lasting but persistent periodontal infection
and the chronic inflammation it generates can have a large impact on long term health,
such as increasing the risk for cardiovascular diseases, chronic respiratory diseases, and

diabetes (14).

Periodontitis is an oral inflammatory infectious disease that affects the soft tissue
and bone that surround and support the teeth. It is defined by the presence of gingival
inflammation at sites where there has been a pathological detachment of collagen fibers
from the cementum and loss of the junctional epithelium. Put simply, it is an inflammatory
disease that affects the tissues that surround and support the teeth. It is characterized by
the loss of alveolar bone around the teeth which can lead to loosening and eventual loss
of teeth if left untreated (15). If the bacteria of the mouth are left uncontested, they begin
to aggregate into biofilms in the form of plaque and tartar. Bacterial plaque occupies the
periodontium and attaches to the tooth and root surfaces. Coupled with the production of
enzymes and toxins, bacteria penetrate the epithelium which leads to initiation and
sustainment of the inflammatory response (16). It is this sustained inflammation which
results in the bleeding and tissue loss which characterize periodontal disease.
Periodontitis is diagnosed via clinical examination of the tissue surrounding the teeth and

and radiographic examination to evaluate the bone loss surrounding the teeth (15).

1.2 Porphyromonas gingivalis and Dysbiosis

Under normal homeostatic conditions, there is a balance between the host immune
response and the normal oral flora. This equilibrium is not indiscriminate but a highly
evolved process: the dental bacteria have adapted to living and growing in the selective

conditions of the mouth and the host immune response limits growth via a combination of

4



innate and adaptive immune responses. When the balance between the oral flora and the
host response is upset the oral homeostasis is disrupted; the loss of this homeostatic
interaction leads to the development of periodontal diseases (17). The primary driver
behind this loss of homeostasis is the development of dysbiotic individual members of the
microbiota relative to their abundance in health. Current research implies that this altered
microbiota leads to changes in the host-microbe cross talk which is capable of disrupting
homeostasis and initiating a chronic inflammatory disease (18). Keystone pathogens,
such as Porphyromonas gingivalis, Tannerella forsythia, and Prevotella intermedia
promote community virulence despite their low abundance as members of the microbiota
(19). This suggests that periodontal disease is a polymicrobial disease and is not

dependent on a monoculture or single bacteria but rather a community of organisms.

P. gingivalis is a rod-shaped, non-motile, Gram-negative anaerobic, pathogenic
bacterium that forms black colonies on blood agar plates and is found almost exclusively
in the oral cavity. It is an asaccharolytic bacterium that does not use sugars as a source
of energy, instead it must acquire nutrients from host-derived substrates and metabolizes
peptides and other nitrogenous compounds as a source of energy making it dependent
on its proteolytic properties for energy. The proteases secreted by P. gingivalis,
specifically the lysine and arginine specific cysteine proteases (known as gingipains or
Rgp and Kgp) also play an important role in its pathogenic potential by directly degrading
structural proteins of the periodontal tissues, disrupting host signaling, and promoting
subversion of complement (20-22). Beyond its proteolytic potential, P. gingivalis employs

a number of virulence factors that are capable of interaction with and invasion of host



cells (fimbriae), manipulation of neutrophils, and disruption of macrophage responses

(23-25).

If the bacteria of the mouth are left uncontested, they begin to aggregate in biofilms
in the form of plaque and tartar. Under normal conditions, the host inflammatory-immune
response is capable of controlling overgrowth and overt pathogenicity. It is in these
biofilms that P. gingivalis inserts itself where, despite its low abundance, it helps to
orchestrate the dysbiosis between the host and its flora and elevate the pathogenicity of
the entire community using its abundance of virulence factors. Recent studies have
shown that P. gingivalis has evolved methods to evade components of the host immune
system and instead of acting directly as the sole pro-inflammatory bacterium, P. gingivalis
impairs innate immunity in ways that alter the growth of the entire oral biofilm. These
actions by the bacterium change the normally homeostatic host-biofilm cross talk,
promoting a destructive, inflammatory shift in the host-biofilm interaction eventually
leading to periodontal diseases. P. gingivalis alone is not sufficient to cause periodontal
disease, implying that the dysbiosis caused by P. gingivalis is the cause for the disease
(26). This suggests that removal or targeting of the keystone pathogen, while leaving the
commensal species intact, is a potential approach to restoring the normal host-biofilm

equilibrium and reducing inflammation, thereby treating periodontitis.

1.3 Oral N-oxides and Sources of Nitrosative Stress

The primary N-oxides in the oral cavity are nitrate (NO3’), nitrite (NO2’), and nitric
oxide (NO). The source of these inorganic molecules is dietary derived and the host
immune system. As previously mentioned, the commensal oral microbiome has the

potential of reducing the nitrate derived from our diet to nitrite, which can have profound
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effects on human physiology (Fig. 1). One side effect of this entero-salivary circuit of N-
oxides is an increase in concentrations of nitrite in the oral cavity that can exceed 2mM
after a nitrate rich meal, resulting in a high level of reactive nitrogen species in the oral
cavity. This increases the burden on the bacteria in the mouth making it necessary for

them to employ an efficient nitrosative stress response to survive.
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Figure 1 — Enterosalivary circuit and reactive oxygen species in the oral cavity



Nitric Oxide (NO) is a signaling and defense molecule in eukaryotic organisms. It is
most notable for its role in the regulation of vasodilation in the cardiovascular system
(1998 Nobel Prize in Physiology and Medicine) and its secretion by the immune system
as a means to combat bacterial infection. NO is a free radical and can stabilize its
unpaired electron two ways: reaction with species containing other unpaired electrons
and interaction with the d-orbitals of transition metals, such as iron. In its reaction with
iron, NO can form a rapid, stable, high-affinity coordination bond with a ferrous iron in a
heme group. NO is uncharged and highly soluble in hydrophobic environments — a
characteristic that allows it to freely diffuse through biological membranes. This not only

makes it an excellent signaling molecule but a potent antimicrobial agent (27).

Despite being a radical, NO is quite stable in biological environments depending on
the components of the solvent and the concentration of oxygen (despite the common
misconception that all free radicals are unstable and highly reactive); however, NO is still
guite capable of causing damage to biological systems (28). Sulphonic acids, disulfides
and S-nitrosothiols are some of the most abundant products arising from nitrosative
modifications of thiol groups and can modify and disrupt protein activity. Nitric oxide also
has a negative effect on iron-sulfur centers. Attack of NO on the [4Fe4S] centers of redox
enzymes and electron transport chains is well noted and can cause these iron centers to
break down resulting in loss of activity (29). As many bacteria rely heavily on iron based
metabolism, NO can act as a potent antimicrobial. Reactive nitrogen species act in
conjunction with reactive oxygen species to damage cells. NO will react very quickly with
other free radicals and most reactive oxygen species, forming highly reactive products

(Fig. 2). The reaction between superoxide and NO forms peroxynitrite, a very reactive,



powerful oxidant that can damage proteins, lipids and DNA. It has been reported that the
rate constant for the reaction of NO and Oz approaches the diffusion limit (30). Ultimately,
peroxynitrite is capable of degrading to the very reactive and highly toxic hydroxyl radical
(Fig. 2). NO will also react with O2 to form nitrite, nitrate, and nitrous anhydride. The
interconversion of these compounds can also be catalyzed by bacterial sources, of which
NO is an obligate step. When we eat a meal, bacteria in our mouth and gut can produce
nitrogen species as metabolic byproducts. Although not as reactive as peroxynitrite, high
concentrations of these products can be a source of nitrosative stress to hosts and
bacteria. NO is capable of reacting with ammonia to stimulate the creation of
hydroxylamine. Hydroxylamine is common mutagenic species that is capable of causing

base-pair point mutation, and must be cleared.
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Figure 2- Reactive oxygen species and reactive nitrogen species in biology.
Reactive oxygen species and reactive nitrogen species are generated by the host
immune system as an antimicrobial strategy and as a by-product of microbial metabolism.
These species are capable of reacting with each other and forming reactive species such

as peroxynitrite and the hydroxyl radical.
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One important aspect of nitrite is the capability of hemoglobin and other heme binding
“globins” to reduce it to nitric oxide (31). As oxygen tension decreases, nitrite reactions

with deoxygenated hemoglobin may generate NO through the following reaction:

(1) NOz + HbFe? + H* - NO + HbFe3 + OH-

(2) NO + HbFe?* - HbFe?*-NO

creating 1 mole of methemoglobin and 1 mole of NO. In the context of the periodontal
pockets, which are beset by a large amount of inflammation and bleeding (a hemoglobin
source), a largely anoxic environment at its base, and potential for high nitrite
concentrations, this chemical reaction is another potential source of NO and nitrosative
stress. Furthermore, the gingipains (Kgp and Rgp) play an important role in the binding
and degrading of erythrocytes in the acquisition of heme from hemoglobin, further
contributing to the hemoglobin levels present in the environment and periodontal pockets

(32).

NO is also synthesized intra-cellularly by eukaryotic cells through the action of NO
synthases or NOS enzyme. NOS enzymes catalyze the NADPH and O2 dependent
oxidation of arginine to citrulline and NO. The enzymatic synthesis of NO by the enzymes
is complex and is dependent on many prosthetic groups and cofactors (33). Two types of

NOS are relevant to bacterial infection:

(1) —eNOS (NOS3) — generates low levels of NO and is found in endothelial and epithelial

cells among other cells types (such as cardiac myocytes and neurons) (34).

(2) —INOS (NOSZ2) — inducible, generates the highest level of NO and is found in cells of
the immune system that stimulate the inflammatory response (35).
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Inducible Nitric Oxide synthase (iNOS) has been shown to play an important albeit
complicated role in periodontal diseases. Many of the etiological factors of periodontitis
such as inflammatory cytokines and the periodontal pathogens are responsible for
enhanced iINOS-derived NO production, however this increased NO burden can also lead
to tissue damage. Under normal homeostatic conditions iINOS is required for normal
development of the alveolar bone; however, it has also been shown to be vital for P.
gingivalis induced alveolar bone loss (36). Furthermore, it was demonstrated in a rat
ligature-induced periodontitis model, that iINOS inhibition prevents alveolar bone loss
implicating NO in the pathology of periodontitis, probably by stimulating osteoclast
differentiation and activity (37). Conversely, INOS and NO production are important
elements of the host innate immune defense against P. gingivalis and play an important
role in the modulation and signaling of leukocyte function. Mice lacking INOS show an
impaired killing of P. gingivalis in an abscess model, with abscess fluids from iINOS”- mice
possessing significantly more bacteria and an increase in the percentage of dead
leukocytes (38). Thus INOS is partially responsible for the pathology of periodontal
disease, however it also an important component of the hosts defense against the

bacteria implicated in periodontitis.

1.4 Transcription factors

Gene regulation and proper regulation of transcription is a central process in all
organisms. An increase in gene complexity requires the development of mechanisms for
gene regulation at the transcript level. Furthermore, for a single cell organism, these
mechanisms must be highly responsive due to how quickly the environment can change.

Transcription factors are regulatory proteins that bind to a specific sequence of DNA,
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thereby controlling the expression of a gene at the transcriptional level. Transcription
factors can promote, repress, or actively recruit RNA polymerase to an operon depending
on the state of the cell (39). A characteristic feature of transcription factors is the presence
of a DNA binding domain that is specific for a sequence of DNA. This domain allows them
to augment the flow of gene expression by binding directly to DNA of the genome (40).
The activities of many transcription factors are directly regulated by binding of a signal
cytoplasmically or indirectly regulated by binding of extracellular proteins and peptides to
cell-surface receptors. Structural analysis of many prokaryotic transcription factors has
revealed that most are homo-dimers that bind to palindromic DNA sites (41). Transcription
factors regulate cell development, growth, differentiation, and coordinate stress
responses. There are many transcription factors that are divided into families according
to their DNA binding motif (helix-turn-helix, zinc finger), cofactor binding, and role (42). In
addition, transcription factors may contain partner domains which are involved in protein-
protein interaction, ligand binding, or cofactor binding (43). In most cases certain classes
of partner domains are associated with certain types of DNA binding domains (43). These
domains are important in the activation and regulation of the transcription factors and can

enhance the diversity of regulatory functions that these proteins are responsible for.

Fumarate-nitrate regulator/cyclic-AMP receptor protein (FNR-CRP) regulators are
a class of bacterial transcriptional regulators that play essential roles in metabolism,
stress response, and virulence (44). Named after the first two characterized members of
the family, these regulators exist throughout the bacterial kingdom with the paradigm E.
coli cyclic AMP receptor (CAP or CRP) having attained text book status. In all cases,

these proteins are capable of sensing intra- or extra-cellular stimuli and inducing
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transcription of the appropriate response. Despite the diversity of stimuli and function in
bacteria, all members of the FNR-CRP family have a similar structural orientation: (i) -
barrel fold in the N-terminal sensing domain, (ii) form homo-dimers through the use of a
long helical domain, and (iii) are capable of binding to DNA using a C-terminal helix-turn-
helix domain (45-47). In general, binding of stimuli leads to a conformational change in
the protein that results in an increase in affinity to their promoter DNA sites. Beyond these
shared attributes, there are significant differences in sequence identity between
members, indicating potential differences in the allosteric mechanisms of activation. Most
variation between members of the family occurs in the N-terminal sensing domain, where

changes in sequence will accommodate different stimuli or the binding of cofactors.

1.5 Nitrosative Stress Response and P. gingivalis

Bacterial cells must develop methods to protect cellular components from damage
by reactive nitrogen species and pathogenic bacteria must withstand host environments
and responses during infection that incorporate release of reactive nitrogen species. An
efficient nitrosative stress response will not only allow a pathogenic bacterium, such as
P. gingivalis, to withstand stressful conditions but also express virulence associated
genes in an appropriate manner. Thus the stress response is an important aspect of the

virulence of bacteria and its capability to cause an infection (48).

Nitrosative stress responses detect increased concentrations of reactive nitrogen
species and modulate the expression of necessary genes to clear the toxic species,
usually through enzymatic means or the use of globins to consume NO (49). Several

enzymes have been implicated in the detoxification of RNS in microbial species: microbial
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heme proteins, nitric oxide reductases, hydroxylamine reductases, and peroxynitrite
reductases (50-52). Many bacteria upregulate globins, such as the flavin-hemoglobin
Hmp in E. coli and Salmonella species in response to NO stress. These proteins will
scavenge and capture NO using a heme cofactor and convert it to nitrate (53).
Furthermore, in some species these antioxidant methods are required for pathogenicity
and necessary for resistance to the host immune response and survival inside host cells

(52, 54, 55).

Despite the high levels of reactive nitrogen species in the oral cavity and
importance of NO in periodontal diseases, the mechanisms of denitrification in P.
gingivalis (and other oral pathogenic anaerobes) is not fully understood. Studies have
shown that a putative redox enzyme, hybrid cluster protein (Hcp) (Pg0893), plays an
important role in the response of P. gingivalis to NO (52). Hcp is found in other anaerobic
bacteria (Desulfovibrio) and facultative anaerobic bacteria (Escherichia coli,
Pseudomonas aeruginosa, Salmonella enterica) where it is induced by nitrate, nitrite or
nitric oxide indicating that it plays a role in nitrogen metabolism as a putative nitric oxide
reductase. However, in many of the facultative anaerobes, Hcp expression has been
shown to be regulated by OxyR (E. coli) or FNR as part of larger shift in metabolism (56).
In P. gingivalis, Hcp is upregulated in response to NO and nitrite and this upregulation is
dependent on the transcriptional regulator HcpR. A P. gingivalis strain deficient in the
hcpR gene (PG1053) does not grow in the presence of physiological concentrations of
nitrite (1-2mM) and nitrite and NO dependent upregulation of Hcp is abolished.
Furthermore, the knockout strain shows a decrease in the survival with host cells

indicating that the nitrosative stress response plays an important role in virulence. Finally,
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binding of recombinant HcpR to DNA of the Hcp promoter is heme dependent indicating

that heme potentially plays an important role in the nitrosative stress response (54).

It should be noted that HcpR has been implicated as necessary for the survival of
P. gingivalis in vivo. Using a transposon insertion library, an HcpR mutant was identified
as having reduced ability to colonize host cells as well as survive in mice thus indicating
that the regulator plays an important role in virulence of the bacterium and survival in the
host (57). Of the transcriptional regulators observed in the study, HcpR was one of the
most important genes and the loss of HcpR had the most dramatic effect on the

competitive index of the bacteria to survive in the mouse model.

1.6 Heme Proteins and Mechanisms of Heme Based Gas Sensors

The heme iron complex is one of the most important cofactors in biological
systems. Its primary function is to serve as a binding site for the diatomic gas molecules
most relevant to biology: carbon monoxide (CO), nitric oxide (NO), and diatomic oxygen
(O2). These gaseous molecules can have significant impact on many biological processes
and can also act as toxic molecules. Heme is most well-known for its role as the site of
O:2 binding in hemoglobin, allowing the protein to carry out a function (the binding and
transport of O2) that it would not be able to carry out with the use of the cofactor. An
important and novel role of the heme iron complex is its function as gas-sensing site and
heme-based gas sensor proteins. These sensor proteins allow for physiological

responses to the presence of these gases in the environment on a cellular level.

Most heme based gas sensors utilize an N —terminal heme bound sensing domain

and a C-terminal functional domain. This sensing domain must not only recognize a target

17



ligand but also discriminate against the other heme ligands (58). To achieve this goal the
sensing domains of these proteins utilize a combination of binding and allosteric factors
to discriminate between Oz, CO, and NO. Natively the affinity for each gas to heme is
different (NO << CO << Oz2). This creates a “sliding scale rule” where the affinity of one of
the gases can be predicted if the affinity for one of the other ligands is known (59). One
way the heme proteins distinguish between the gases is through the regulation of binding
affinity depending on the target gas. The environment of the heme binding pocket and the
residues that surround the pocket can enhance the binding affinity of one gas over the
other (i.e. Oz likes to make electrostatic interactions, CO and NO are repulsed by them)
(60). In addition, heme proteins can achieve greater selectivity through allostery that is
specific to one gas. Heme proteins can distinguish between the different gases through
their binding geometries to heme and the contacts they make with vital residues in the
pocket (i.e. sGC selects for a 5-coordinate heme geometry that is produced by NO when
bound, not the 6-coordinate geometry that is produced by CO or O2 binding) (58, 60).
These properties of heme binding proteins allow them to robustly respond to a stimulus

in a specific manner.

In heme-based sensor proteins, the ability to change the coordination state of the
heme-iron is utilized for signaling and allosteric activation. The innate affinity of NO for
heme is much higher than that of CO or Oz due in large part to its strong backbonding
with the iron. This increased affinity causes NO to exert a strong trans effect on Fe(ll),
resulting in a long and weak bond to an axial ligand (61, 62). This unique property of the
NO-Fe(ll) bond is used to the advantage of other heme based NO sensors. The primary

molecular event correlated with sGC activation is the dissociation of the heme-proximal
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histidine bond upon NO binding to the distal face of the heme. This event (loss of proximal
His coordination) triggers the structural allosteric changes within sGC that activate it (63,
64). CO and O2 do not apply a strong enough trans effect on the iron to break the His-
iron bond. This allows for the NO selective activation in both of these sensors. This effect
can also be seen in the binding of hemoglobin to Oz and NO (Fig. 3). In the a-subunit of
Oxy-hemoglobin His87 acts as an important axial ligand helping to stabilize the O2-Fe
bond. However, due to the higher affinity of NO for the heme iron, this axial bond is
dissociated from the iron complex. This is an important distinction that is utilized by heme

based NO sensors.

In general, all heme based gas sensors resemble bi-stable switch proteins with an
active and inactive state that is influenced by the binding or dissociation of a gas molecule
to the heme iron (65) (Fig. 4). This event induces a perturbation of the heme and the
surrounding residues that form the binding pocket in the sensor domain. This perturbation
extends through the protein to the functional domain, where functions such as catalysis
or DNA binding activity are modified. Typically, important residues act as axial ligands by
coordinating to the heme iron complex. Interaction of the gas with the heme iron
influences these residues causing changes in the heme iron coordination and mediating
allosteric activation of the protein (58). Thus, understanding the heme binding properties,
the residues involved in heme iron coordination, and the effects gaseous ligand has on

the coordination state is necessary for determination of the mechanism of action.
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Figure 3 — Binding of NO to heme creates a strong trans-effect on the heme iron.
A. Binding of oxygen to the alpha subunit of hemoglobin (PDB ID 2DN1). B. Binding of

NO to the alpha subunit of hemoglobin (PDB ID 4N8T).
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Figure 4 — General scheme of inter-protein signal transition of aheme sensor. Heme
based gas sensors act as bi-stable switch molecules with an on and off state that is

dependent on gas association/dissociation from the protein bound heme cofactor.
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The gas sensing members of the FNR-CRP family sense changes in the
environment through their cofactors, either iron-sulfur clusters (FNR) or heme
(CooA/DNR) (44, 66). In heme based gas sensors, the heme iron complex functions as
the binding site for gaseous molecules such as NO, CO, and Oz. Although not all HcpRs
utilize heme as a cofactor, a growing subset are being characterized as heme binding
proteins (67). The hypothesis that HcpR may use the heme co-factor is supported by
studies done with other sensor regulators and homologues of HcpR: DNR (NO sensing
in P. aeruginosa), and CooA (CO sensing in Rhodospirillum rubrum). CooA utilizes the
heme cofactor to bind to CO and induce transcription at operons coding for genes
necessary for the oxidation of CO to CO:2 (68). Although it is a CO sensor, CooA has
been shown to bind to NO under saturating conditions (69). DNR is a heme binding
transcriptional regulator that senses and binds NO, controlling expression of
denitrification gene clusters (70, 71). The full-length and sensing domain structures of
both CooA and DNR in the apo form and the heme bound form of CooA has been
determined by X-ray crystallography. Both proteins form a hexacoordinate heme system,
utilizing two axial bonds from the protein (70, 72). However, of the known structures of
bacterial heme binding sensor proteins (CooA, DNR), there are significant differences in
sequence: the residues involved in coordination of the heme iron are not conserved.
Furthermore, these proteins are derived from facultative anaerobic organisms; HcpR is
found in obligate anaerobes that grow under low oxygenated conditions. This creates a
very different oxidative environment and could play a significant role in the mechanism of

protein detection and activation.
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Aims and Goals of this study

In this study we aim to shed light on the molecular mechanisms by which P. gingivalis
HcpR is capable of sensing changes in the levels of reactive nitrogen species in the
environment, and how this mechanism differs or agrees with the known heme sensor
proteins. Furthermore, we aim to establish HcpR as the master regulator of the nitrosative
stress response in P. gingivalis and to further explore the role of the regulator. To achieve
these goals, the structure of the N-terminal sensing domain of HcpR has been solved and
the heme and NO binding properties of the protein have been characterized. The function
of HcpR in vivo has was also explored to better understand its role in the nitrosative stress
response and how it acts as a transcriptional regulator. As HcpR plays an important
regulatory step in the nitrosative stress response in many Gram negative anaerobes
these findings shed light on understanding of the mechanism not only in the periodontal
pathogen, P. gingivalis, but also in other anaerobic bacteria. Furthermore, this work
contributes to our knowledge of the mechanism of action of the growing family of FNR-

CRP heme-based regulators present in a variety of organisms.
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[l. Materials and Methods

Growth of Bacterial Strains

Bacterial strains grown in this study are listed in table 3. All strains of P. gingivalis
are derived from the W83 strain type. The bacteria were grown anaerobically in an
atmosphere consisting of 85% N2 10% CO2 and 5% Hz at 37 °C in an anaerobic chamber
(Coy Manufacturing). All P. gingivalis strains were maintained on TSA sheep’s blood agar
plates with appropriate antibiotic when needed. Liquid cultures of P. gingivalis were grown
in BHI broth supplemented with hemin (5.0 pg/mL) and vitamin K3 (1 ug/mL). Tetracycline

or clindamycin (both 0.5 pg/mL) were used to select for transformants.

Growth Studies

Overnight cultures of P. gingivalis grown in BHI broth were started from TSA blood
agar plates and allowed to grow to confluency. This overnight culture served to inoculate
growth studies carried out in mycoplasma broth supplemented with vitamin Kz (1 pg/mL).
All growth studies were started at an ODseo 0of 0.15 and time points were taken ever 3, 6,
and 24 hours or 2, 4, 6, and 24 hours. For growth studies and exposure studies in nitrogen
species, cultures were prepared in mycoplasma broth with the appropriate concentration

of nitrite, S-Nitrosoglutathione (GSNO), or Diethylamine (DEA) NONOate.

Generation of hcp Mutant Strain

A fragment of the P. gingivalis W83 genomic DNA coding for the Hcp protein
(PG0893) was PCR amplified using Pg0893F and Pg0893R primers. The PCR fragment
containing the hcp gene was digested and cloned into the m-pET21d vector using the
BamHI and Xhol restriction sites following a standard T4-ligase cloning procedure.
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Recombinant plasmids were transformed and screened in Escherichia coli DH5-a and
positive clones were subsequently sequenced to confirm and transformed into E. coli
BL21 (DE3) cells (Bioline) for protein expression. The ermF cassette was amplified using
the primers hcp-ermF-F and hcp-ermF-R; these primers were engineered to contain 15
base pair overlaps at the center of the hcp gene. The hcp-pET21 vector was amplified
using the primers p21lhcpKO-F and p21hcpKO-R; these primers amplify the plasmid
starting at base-pair 825 of hcp and extending out and around the plasmid. The two PCR
fragments were then joined using the NEB HiFi-assembly master mix (New England
Biolabs). The recombinant plasmid was then transformed and screened in E. coli DH5- a
and positive clones were subsequently sequenced to confirm the insertion of the ermF
gene into the center of the hcp gene creating the hcp-KO construct. The construct was
amplified using PCR and concentrated to approximately 1ug/puL. Ten pL of the
concentrated PCR product was then added to 50 uL of washed wild type P. gingivalis
cells and placed into an electroporation cuvette. The samples were electroporated using
a Gene Pulser Il electroporation system (BioRad). Immediately after electroporation, 500
pL of warm BHI broth was added to the cuvette and immediately placed in the anaerobic
chamber where the 550 L of sample was added to 2mL of anaerobic BHI broth. After
growing overnight, the samples were then plated on TSA-Blood agar plates with 0.5
pMg/mL of clindamycin for selection. Colonies appeared after approximately 1 week and
were re-plated. To screen, PCR was performed on the sample using primers specific for

the hcp gene. Strains positive for the insertion mutation were stored.
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Cloning and generation of mutant HcpR strains

The Pg108 vector is a shuttle vector derived from the pYHBA1 plasmid and confers
tetracycline resistance in P. gingivalis and an erythromycin resistance in E. coli (73). A
synthesized construct containing a wild-type copy of the hcpR gene down-stream of the
ermF promoter was PCR amplified and cloned into the Pg108 vector utilizing the BamHI
and Sphl restriction sites creating the Pg108-hcpR construct. The entire synthesized
construct is available in the appendix. The QuikChange Il Site-Directed Mutagenesis Kit
(Agilent Technologies) was utilized to create the M68A, M145A, and H149A mutations on
the Pgl1l08-hcpR construct following the manufacturers protocol. Subsequent PCR

generated plasmids were screened and sequenced.

26



Table 1 — Primers used in this study

Primers for Cloning

pET21-hcpR-Forward
PET21-hcpR-Reverse
pFC20K-hcpR-Forward
pFC20K-hcpR-Reverse
Pg108-hcp-Forward
Pg108-hcp-Reverse
Pg108-HcpR-Forward
Pg108-HcpR-Reverse

Primers for Mutagenesis

L156*-Forward
L156*-Reverse
H149A-Forward
H149A-Reverse
C33A-Forward
C33A-Reverse
H124A-Forward
H124A-Reverse
M68A-Forward
M68A-Reverse
M145A-Forward
M145A-Reverse
149HcpR_M145A-Forward
149HcpR_M145A-Reverse
Hcp-prom-del-Forward
Hcp-prom-del-Reverse

Primers for gPCR

hcp-Forward
hcp-Reverse
HcpR-Forward
HcpR-Reverse
P.g.16s-Forward
P.g.16s-Reverse
hcp-prom-Forward
hcp-prom-Reverse

CTTCCAGGGATCCCCAGAATTCGATCTTC
GCGCACTCGAGTTACTCCAGCCTCGACA
TTGTGTTTAAACCTCCAGCCTCGACAA
GCCGGCGATCGCCATGGATCCCGAAT
CGATGGATCCTGATTTTTCTCTGAATCCATACAAGTA
GATCCTGCAGTTATGCGATCAGCGTCC
CTGAAGGCATGCTTGCTCATCTGCAACTTTTTTTTCTTTGG
GATCAAGCTGCAGTTACTCCAGCCTCCACAATCG

ATCTTGCCCTGCTAACTTCGCAAGCTGAG
CAGCTCAGCTTGCGAAGTTAGCAGGGCA
CGCAAGCTGAGCTGAGCGATTTTCTTCAT
GTGCTTTCCTGATGAAGAAAATCGCTCAG
GCCCTGCTTGAGAGTGCTTCATACAGA
CCACTCTGTATGAAGCACTCTCAAGCA
GAAGAGTTCAAAGGGATGATGGCTAAGT
CCATCAGAGTAGGATACTTAGCCATCATC
CCGGAAGGCCCCACCGCCTCAGCACGAATCTC
GAGATTCGTGCTGAGGCGGTGGGGCCTTCCGG
TGAGCTGATGGATTTTCTTCGCCAGGAAAGCACTGATATCGG
CCGATATCAGTGCTTTCCTGGCGAAGAAAATCCATCAGCTCA
GAGCTGAGCGATTTTCTTCGCCAGGAAAGCACTGATATCG
CGATATCAGTGCTTTCCTGGCGAAGAAAATCGCTCAGCTC
CAAGAGTACCCGGATAGTTTCAGGCAGATAGCAG
CTGCTATCTGCCTGAAACTATCCGGGTACTCTTG

AAAGCTGTCATCGTCCTGCT
CGATCAGCGTCCGAATATCT
GCCCTGCTTGAGAGTTGTTC
GCAAACAGGGTAACGGGTAA
AGGCAGCTTGCCATACTGGC
ACTGTTAGCAACTACCGATGT
CCATACAAGTAAATAGAGAGTCGGACTCTTTCTTC
GATGACACAAAAGTAGAAGCTGCTATCTGCCTG
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Table 2 — Plasmids used in this study

Pg108

Pg108-hcpR
Pg108-hcpR-C33A
Pg108-hcpR-H124A
Pg108-hcpR-H149A
Pg108-hcpR-L156*
Pg108-hcpR-M68A
Pg108-hcpR-M145A
Pg108-hcpR-M145A/H149A
Pg108-hcpR-M68A/M145A
Pg108-hcpR-Flag
Pg108-hcpR-Flag_L156*
Pg108-hcp
Pg108-hcp-prom-mut
m-pET21-hcpR
m-pET21-hcpR-L156*
pFC20K-hcpR

P.gingivalis shuttle plasmid, derived from pYHBA1

Wildtype hcpR gene in Pg108, expressed via ermF promoter
Pg108-hcpR with the C33A mutation

Pg108-hcpR with the H124A mutation

Pg108-hcpR with the HL49A mutation

Pg108-hcpR with the L156* mutation — expressed truncated protein
Pg108-hcpR with the M68A mutation

Pg108-hcpR with the M145A mutation

Pg108-hcpR with the M145A/H149A double mutation
Pg108-hcpR with the M68A/M145A double mutation
Pg108-hcpR, has 3x FLAG tag on N-terminal
Pg108-hcpR-FLAG L156* - truncated HcpR with 3x FLAG tag
Wildtype hcp gene in Pg108, expressed via native promoter
Pg108-hcp-prom-mut — mutation at HcpR binding site
Expression of HcpR with 6x His tag in E. coli BL21
Expression of HcpR-SD with 6x His tag in E. coli BI21
Expression of HcpR with HALO tag in E. coli BL21
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Table 3 — Strains used in this study

P. gingivalis strains

V2802
V2807
V3226
V3227
V3228
V3237
V3211
V3263
V3265
V3268
V3269
V3243
V3237
V3239
V3242
V3246

P. gingivalis W83 wildtype strain

P. gingivalis hcpR (PG1053) insertional mutant strain (AhcpR) derived from V2802
V2807 complemented with Pg108-hcpR-C33A

V2807 complemented with Pg108-hcpR-H124A

V2807 complemented with Pg108-hcpR-H149A

V2807 complemented with Pg108-hcpR-L156*

V2807 complemented with Pg108-hcpR — wild type HcpR

V2807 complemented with Pg108-hcpR-M68A

V2807 complemented with Pg108-hcpR-M68A/M145A

V2807 complemented with Pg108-hcpR-M145A/H149A

V2807 complemented with Pg108-hcpR-M145A

V2807 complemented with Pg108-hcpR-FLAG

V2807 complemented with Pg108-hcpR-FLAG L156*

P. gingivalis W83 hcp (PG0893) insertional mutant strain (Ahcp) derived from V2802
V3239 complemented with Pg108-hcp

V3239 complemented with Pg108-hcp-prom-mut

E. coli strains

V3116
V3164
V3250

BL21 (DE3) m-pET21-hcpR for expression and purification via 6x His Tag
BL21 (DE3) m-pet21-hcpR L156 for expression and purification of the HcpR-SD
BL21 (DE3) pFC20K-hcpR for expression and purification via halo tag
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Transformation of Plasmids into P. gingivalis

The hcpR deficient mutant strain of P. gingivalis W83 (AhcpR) was generated as
previously described (54). The plasmids for transformation into P. gingivalis were purified
from E. coli and concentrated to approximately 500 ng/ pyL. Ten yL of the concentrated
plasmid was then added to 50 uL of washed wild type P. gingivalis cells and placed into
an electroporation cuvette. The samples were electroporated using a Gene Pulser I
electroporation system (BioRad). Immediately after electroporation, 500 uL of warm BHI
broth was added to the cuvette and immediately placed in the anaerobic chamber where
the 550 uL of sample was added to 2mL of anaerobic BHI broth. After growing overnight,
the samples were then plated on TSA-Blood agar plates with 0.5 ug/mL of tetracycline for
selection. Colonies appeared after approximately 1 week and were re-plated. To screen,
PCR was performed on the sample using primers specific for the genes on the plasmid.

Strains positive for transformation were stored.
RNA Isolation and cDNA Generation for qPCR analysis

For RNA isolation all strains were grown to an early logarithmic phase (ODsso 0.4-
0.6) in mycoplasma media supplemented with 0.25 pg/mL of tetracycline. Samples were
then treated with NaNO:2 for 15 minutes then harvested via centrifugation at 7000 x g RCF
at 4 °C. RNA was isolated from cell pellets using an RNeasy mini-kit (Qiagen) following
the manufacturer’s protocol. Residual DNA was removed using the DNA-free DNase kit

(Ambion) following manufacturer’s protocol.
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gRT-PCR analysis of gene expression

Real-time quantitative reverse transcriptase PCR (qRT-PCR) was performed using
a Syber green based detection system on an Applied Biosystems 7500 fast real-time PCR
system. Primers used in this study are listed in Table 1. The cDNA was generated using
a sensifast cDNA synthesis kit (Bioline) as per manufacturer's protocol. The qPCR
reaction was performed using a SYBR green gPCR mix (Applied Biosystems). The
equivalent of 10ng of cDNA was added to each reaction and experimental samples were

tested in triplicate. The samples were normalized to a probe specific for 16s rRNA.

RNA-seq Library Generation

Samples of wildtype and V2807 hcpR mutant P. gingivalis were grown in an
overnight culture of BHI media. The overnight cultures were used to inoculate cultures of
mycoplasma media starting at an ODeso Of approximately 0.15. Cultures were grown to
mid-log phase and then exposed to 200 uM nitrite for 1 hour before being centrifuged and
harvested. RNA isolation was carried out using the RNeasy mini-kit (Qiagen) following
manufacturers protocol. Residual DNA was removed using the DNA-free DNase kit
(Ambion) following manufacturers protocol. For RNA-seq library generation, the Ovation
complete Prokaryotic RNA-Seq DR multiplex kit (Nugen) was used. The library was
generated following the manufacturers protocol and subsequently sequenced by VCU

nucleic acid sequencing core.

HcpR in vivo activity assay

Growth studies utilizing the plasmid-complemented strains of V2807 were

performed in mycoplasma media in 0.25 pg/mL tetracycline plus/minus 2mM NaNO:2

31



(Sigma-Aldrich) with a starting ODeso of 0.15. The ODeso of each culture taken at the 3, 6,
and 24 hour mark. Simultaneously, 5 mL of culture was harvested at the mid-log phase

(ODe60 0.4 — 0.7) for RNA isolation and qRT-PCR studies.

HcpR in vivo ChIP

An HcpR construct that places a 3x FLAG tag on the N-terminus of HcpR
downstream of the ermF promoter was synthesized and cloned into the Pg108 vector at
the Sphl and BamHI sites to create the Pg108-hcpR-FLAG plasmid. The entire sequence
of the synthesized construct is located in the appendix. This plasmid was mutated using
the L156*-Forward and L156*-Reverse primers using the Quik-Change site directed
mutagenesis kit (Agilent Technologies) to create the plasmid Pg108-L156*-hcpR-FLAG.
This plasmid expresses a truncated FLAG-tagged HcpR lacking the DNA binding domain
that was used as a negative control. Both of these plasmids were electroporated into the
AhcpR knockout mutant strain (V2807) to create the strains V3243 (Pg108-hcpR-FLAG)

and V3237 (Pg108-hcpR-FLAG L156%).

Strains V3234 and V3237 were grown on blood plates with appropriate antibiotics
and used to inoculate an overnight culture of BHI media. The overnight culture was used
to inoculate a culture of 5mL mycoplasma media with 0.25 pg/mL tetracycline at ODsso Of
0.15. At mid-log phase the cultures were exposed to 2mM nitrite for 2mM. After nitrite
treatment formaldehyde was added to a final concentration of 1% to cross link and
incubated at room temp for 20 minutes. After incubation cross-linking was quenched via
the addition of glycine to a final concertation of 0.5 M. Cells were harvested via
centrifugation and washed with ice cold PBS. Washed cells were suspended in 1mL of

lysis buffer (50mM Tris HCI, pH 7.5, 150 mM NaCl 1mM EDTA, 1%-Triton X-100, plus
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protease inhibitor cocktail). Lysozyme was added to a final concentration of 1 mg/mL

along with Cell Lytic B (Sigma) to lyse cells. Cells were lysed at room-temp for 15 minutes.

After incubation, the lysis mixture was sheared on ice in a bath sonicator. After
sonication, insoluble material was removed via centrifugation at 13,000xg for 10 minutes.
The cleared lysates were added to ANTI-FLAG M2 magnetic beads. The samples were
incubated for 2 hours at room temp with gentle shaking. Resin was washed 5 times at
room temp with 20x packed gel volumes of TBS on a magnetic separator. Samples were
eluted from the resin using 5 packed gel volumes of 3x FLAG peptide elution buffer (TBS
containing 20 pg/mL of FLAG peptide). Samples were incubated with elution buffer for 30
minutes. After incubation the supernatant was removed and stored at -20°C. The samples
were de-crosslinked via treatment with 20 pg protease K at 65°C for 15 minutes and boiled

for 15 minutes.

Cloning and Expression of Recombinant Proteins

The hcpR gene (PG1053) was cloned into a modified pET21d vector (a TEV
cleavage site was added downstream of the N-terminal 6x His-tag for removal via TEV
protease digestion) using gene specific primers that added BamHI and Xhol sites to the
5" and 3’ end of the gene respectively. The PCR fragment containing the hcpR gene was
digested and cloned into the m-pET21d vector using these restriction sites following a
standard T4-ligase cloning procedure. As an alternative purification route the hcpR gene
was also cloned into the pFC20K vector (Promega) using the Sgfl and EcolCRI restriction
sites to add a C-terminal Halo tag. Recombinant plasmids were transformed and
screened in Escherichia coli DH5-a and positive clones were subsequently sequenced to

confirm and transformed into E. coli BL21 (DE3) cells (Bioline) for protein expression.
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The N-terminal sensing domain of HcpR (referred to as HcpR-SD) was made using
QuikChange 1l Site-Directed Mutagenesis Kit (Agilent Technologies). Primers were
designed to change Leucine 156 to a stop codon on the HcpR-pET21 plasmid.
Subsequent PCR generated plasmids were screened and sequenced. Plasmids positive

for stop codon insertion were transformed into BL21 (DE3) E. coli for protein expression.

Cells for expression of HcpR (full-length and SD) were grown overnight with
antibiotic in auto-induction media or in LB broth to an ODsso of 0.5-0.7 and induced using
1mM of IPTG. Cells that expressed HcpR from the m-pET21d plasmid were lysed via 10x
Cell Lytic B detergent mix. Benzonase nuclease (250 units) was used to degrade genomic
DNA. Samples were centrifuged at 25000xg to clear cell lysates. HcpR was purified using
Ni-NTA agarose (Qiagen) following manufacturer’s protocols and eluted in 50 mM NaPOa4,

300 mM NacCl, 250 mM Imidazole pH 8.0 buffer.

Cells that expressed HcpR from the pFC20K plasmid were frozen and lysed using
lysozyme (1 mg/mL) at room temp. Benzonase nuclease (250 units) was used to degrade
genomic DNA. Samples were centrifuged at 25000xg to clear cell lysates. HcpR was
purified using Halo Affinity agarose (Promega) and removed from the agarose via acTEV
(Thermo Fisher Scientific) protease digestion as per manufacturer’s protocol in 25 mM
HEPES, 150 mM NaCl, 1mM TCEP buffer. Recombinant HcpR from the m-pET21d vector
and purified from the Ni-NTA column was digested with TEV protease to remove the 6x
His-tag from HcpR; after digestion the sample was passed through a Ni-NTA column to

remove free tag, uncut protein, and TEV protease.
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Reconstitution of HcpR with Heme

To reconstitute with heme, a ~2.5 molar excess of heme was added to the purified
and digested HcpR. The sample was then dialyzed overnight in 1 L of a 20mM NaPOa4

(pH 7.5), 150mM NacCl, 1mM TCEP, and 5% glycerol buffer to remove excess heme.
Crystallization and Structure Determination

His-tagged purified HcpR-SD protein was dialyzed against 25mM Tris-HCI, pH 7.0,
0.1M NaCl, 1mM TCEP after TEV digestion and concentrated to 15 mg/ml. Crystallization
experiments were carried out using Crystal Gryphon robot (Art Robbins Instruments) at
20°C. A wide range of commercially available crystallization conditions were screened;
58 pl reservoir solution and 400nL crystallization drops were dispensed on 96 well
INTELLI-PLATES by Gryphon Dispenser. Small crystals were obtained in one week with
a number of different precipitants, and further refinement of conditions resulted in
diffracting crystals from ammonium sulfate as precipitant. Attempts to improve the quality
and size of crystals using sitting drop vapor diffusion method was performed up to
microliter range in 24 well VDX crystallization plates (Hampton Research). Two crystal
forms were obtained using 1.2-1.4 M ammonium sulfate, 0.2M NaCl, and 0.1M Na
Acetate, pH 4.5 as a reservoir solution. However, both crystal forms diffracted to 4-5 A
resolution. Crystal dehydration was applied to improve diffraction quality of crystals (74).
Prior to data collection, the crystals were first washed in 2.5 ul cryoprotectant solution
containing 0.1M Na Acetate, pH 4.5, 1.3 M ammonium sulfate, 0.2M NaCl and then
transferred stepwise to similar solutions containing 5, 10, 12.5, 15, 17.5, and 20%
glycerol. All steps were exposed to air and soaking time for each step was about 3-4

minutes. Also 2 additional annealing steps in cryopropectant solution (25% glycerol)
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improved diffraction quality of crystals. X-ray data sets of the tetragonal crystal form were
obtained at 100K on an R-axis IV++ image plate detector using CuKa X-ray (A = 1.5418)
from Rigaku Micro-MaxTM -007 X-ray source equipped with Varimax confocal optics
operating at 40 kV and 20 mA (Rigaku, The Woodlands, TX). Crystals diffracted to 3.15
A resolution and belonged to space group P4122 with typical cell constant of 145.30,
145.30, 77.93 A with 2 monomer per asymmetric unit. Intensity data were integrated,
scaled and merged using d*trek and converted to amplitudes with TRUNCATE in the
CCP4 suite (75). Heavy atom derivatives of HcpR was prepared by soaking of tetragonal
crystal for 2 hours in 0.1 M Na Acetate, pH 4.5, 1.3M ammonium sulfate, 0.2M NacCl
solution containing 0.5 mM Potassium tetrachloro palatinate (ll) (Kz2PtCls). The second
crystal form of HcpR belonged to the space group C2221 with unit cell dimensions 133.47,
138.85, and 44.55 A and diffracted to 2.24 A resolution . Diffraction data set was collected
at the Stanford Synchrotron Radiation Light Source (SSRL). The data was processed with
the program imosfilm (CCP4 suite). Diffraction data statistics for all three data sets are

shown in appendix.
Phasing, Model Building and Refinement

Phases were calculated to 3.5 A based on isomorphous and anomalous
differences for Pt derivative. Heavy atom sites were determined and phasing was done
by SOLVE following the density modification in RESOLVE (76). The optimal solution had
a BAYES-CC 35.1, FOM 0.39, map skew 0.12 with 2 Pt sites identified for derivative
K2PtCls. Auto Model building resulted in an initial model of 238 amino acids residues build
with Rwork 0.41 and Riee 0.47. Phases were transferred to the isomorphous native data

and extended to 3.15 A resolution. The model was refined by using phenix to a final R-
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work of 19.60 and R-free of 23.90. Crystal structure of orthorhombic form was determined
by molecular replacement method using tetragonal structure as a starting model and
refinement was accomplished in phenix followed manual rebuilding into 2mFodFc maps
in COOT (77). The structure was refined to 2.6 A resolution with final Rwork/Rfree
23.50/30.47. The final model consists of two monomers, while the biological dimer is

formed with other symmetry related molecules.
Small Angle X-ray Scattering (SAXS) experiments

Recombinant HcpR was purified and sent to the SIBYLS beamline at the Lawrence
Berkeley National Laboratory. A concentration gradient of 0.5 mg/ml, 1.0 mg/ml, and 2
mg/ml of Apo-HcpR was exchanged in 25 mM Tris, 100 mM NacCl, and 2 mM TCEP at
pH 7.5 buffer. Each form of the protein was dialyzed against 2 L of the buffer overnight
before being sent off. The matching buffer was sent with it. All SAXS data was collected
at the Advanced Light Source (ALS), a national user facility operated by Lawrence
Berkeley National Laboratory on behalf of the Department of Energy, Office of Basic
Energy Sciences, through the Integrated Diffraction Analysis Technologies (IDAT)
program, supported by DOE Office of Biological and Environmental Research. The
ATSAS software pack was used to analyze the scattering profiles and create the graphs
(78). DAMMIN was used to create the ab initio models (79). Rigid body modeling of the
homodimer chimeric model was performed using SASREF (80). The chimeric model was
superimposed on the ab initio model using SUPCOMB (81). EOM was use to evaluate

the conformational flexibility of full length HcpR (82).
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Sedimentation Velocity Experiments

Recombinant halo-purified HcpR was dialyzed into a 50 mM HEPES, 150 mM
NaCl, and 1mM DTT buffer and diluted to 0.2 mg/mL, 0.5 mg/mL, and 1.0 mg/mL. A
Beckman Optima XL-1 analytical ultracentrifuge was used to analyze the samples. The
sedimentation velocity experiment was run at 4000, 5000, and 7000 RPM in a four
position AN-60Ti rotor at 20 °C in aluminum double sector cells. Concentration profiles

were recorded using UV absorption (280nm).

Luminol Assay

HcpR-SD was reconstituted with heme and dialyzed into a 10mM Phosphate,
100mM NaCl, 1mM TCEP, pH 7.5 buffer. Approximately 10 ug was added to a native 4-
16% polyacrylamide gel and the protein was resolved under native conditions. P.
gingivalis OxyR reconstituted with heme was used as a negative control for the heme
binding study. The heme binding proteins were detected by soaking the gel in luminol
(Perkin-Elmer) for 5-10 minutes and then activating the heme with hydrogen peroxide

(3%). The luminescence signal marking the presence of heme was detected using film.

UV-Vis Spectrum Experiments

Spectrum of heme reconstituted HcpR or HcpR-SD was recorded on a Biomate
3S UV-Vis spectrophotometer (Thermo-Fisher Scientific) in a gas tight 1 cm quartz
cuvette in a 25 mM Tris 100 mM NaCl, 1mM TCEP pH 7.5 buffer or a 10mM Phosphate,
100mM NaCl, 1mM TCEP, pH 7.5 buffer. The ferrous form of heme was obtained by
adding an excess of sodium dithionite (1mM). An excess of S-Nitrosoglutathione (GSNO)

or NONOate (Sigma) was used to attain the nitrosylated forms of the protein.
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Resonance Raman Spectroscopy

Recombinant HcpR was dialyzed into a 25 mM Tris, 100 mM NaCl, and 1mM
TCEP buffer at pH 7 and concentrated to 20 mg/mL. An equimolar amount of heme was
added to the sample with 5 mM of dithionite to achieve ferrous heme. The sample was
then desalted through a PD-10 desalting column in an anaerobic chamber to remove
excess unbound heme and diluted to 10 mg/mL. The nitrosylated form of HcpR was
obtained by the addition of 100 uM of NONOate. The anaerobic samples were added to
glass melting point capillaries and sealed. The resonance Raman spectra was obtained
with a krypton ion laser at 406.7 nm (Spectra-Physics, model 171-01; Mountain View,
CA). The detection system used was a liquid N2 cooled 400 x 1340 CCD detector
(Princeton Instruments, Roper Scientific, Trenton NJ) and a 0.5 m spectrograph (Spex
model 1870; Horiba/Jobin-Yvon, Edison NJ). GRAMS/AI version 7.0 was used to perform
spectral baseline leveling by a fifth order polynomial routine. The mathematical peak
fitting module of Origin Pro version 7.5 was used to deconvolute band shapes and

generate the spectral graph.

Bioinformatics

All figures of structures were generated using UCSF Chimera or PyMOL (83).
InterproScan5 was used to match the sequence of HcpR against a number of databases
to predict conserved domains of HcpR (84). The buried solvent excluded calculations and
comparison overlays of homologues were calculated using UCSF Chimera. The volume
of the hydrophobic pocket was calculated using the CASTp server (85). The alignments
were made using Clustal omega (86). MODELLER was used to create the chimeric HcpR

model (87). The C-terminal domain was modelled using the DNA binding domain of the
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crystal structure of the full length DNR as a template (PDB ID 3DKW) (88). The Basic
Local Alignment Search Tool (BLAST) was used to find proteins similar to that of HcpR.
The structure of HcpR was compared to that of other heme binding FNR-like regulators:
the crystal structure of DNR from Pseudomonas aeruginosa is known (PDB 3DKW) and
the Crystal structure of CooA from Rhodospiridium rubrum is also known (PDB 4K8F).
Using the crystal structure of HcpR, the Backphyre program, part of the Phyre Il protein
folding server, was utilized to find structures related to HcpR (89). Using DNR as a
template and the one-to-one threading method of Phyre protein folding server, a 3-

Dimensional homology model of HcpR was constructed.
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. Results

Part 1. HcpR is necessary for the survival and response of P. gingivalis to reactive

nitrogen species

Previously it was reported that HcpR regulates the expression of hcp in response
nitrite and nitric oxide and was necessary for survival of P. gingivalis (54). To confirm this
the wild-type P. gingivalis and the AhcpR mutant strain (V2807) were grown in varying
concentrations of nitrite and the growth was monitored over time using ODeso (Fig. 1.1).
The wildtype strain is capable of growing in concentrations of nitrite of 4mM and exhibits
no significant loss of growth at 1mM concentrations of nitrite. It is not until the
concentration of nitrite reaches 8mM that the bacterium is incapable of growing. This is
in contrast to the V2807 knockout strain which shows a great decrease in the ability to
survive in nitrite. At 200 uM nitrite the bacterium is almost incapable of growing and at
1mM there is no growth at all. HcpR is not needed for growth in media if there is no
reactive nitrogen species present as there is no difference between growth of the wildtype
strain and the AhcpR knockout strain (V2807) at OmM nitrite. It should be noted that the
levels of nitrite in the oral cavity can exceed 2mM, especially after a meal rich in nitrates
(9). Thus HcpR is necessary for survival of P. gingivalis at physiological concentrations

of nitrite.
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Figure 1.1 - Growth of wildtype P. gingivalis and hcpR knockout strain in variable
concentrations of nitrite. A. Growth curve of the P. gingivalis wild type strain plus/minus
nitrite in mycoplasma media. B. Growth curve of the P. gingivalis hcpR knockout strain
(V2807). Without hcpR, the strain is not capable of growing in physiological

concentrations of nitrite.
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The exposure of P. gingivalis to reactive nitrogen species leads to the upregulation of
hcp at the transcript level. This response is elicited by both nitrite and nitric oxide and can
be observed through qPCR (Table 4). Exposing the wild type strain to 200 yM nitrite
results in an approximately 250 fold upregulation of hcp transcript. This upregulation is
not seen in the V2807 knockout strain and the levels of hcp stay at unstimulated levels.
HcpR is much more sensitive to nitric oxide stimulation as nM concentrations of NO are
capable of stimulating hcp expression. GSNO and DEA-NONOate are nitric oxide
generating species that both release the NO radical. As with nitrite, the V2807 knockout
strain is not able to upregulate hcp in response to the presence of these reactive nitrogen
species. GSNO releases NO at a 1:1 molar ratio and DEA-NONOate release NO ata 1:2
molar ratio (for every 1 mole of NONOate 2 moles of NO are released). Indeed, there is

a 2x increase in the hcp induction when comparing GSNO to NONOate.

It should be noted that previous studies have implicated Hcp as a putative
hydroxylamine reductase (52, 90). Hydroxylamine is a common intermediate in biological
denitrification cycles that is can also act as a mutagen so it is necessary for bacteria to
avoid hydroxylamine buildup (91). However, in our studies we do not see hcp
overexpression in response to hydroxylamine; there is no change in hcp transcript levels
in either the wildtype or AhcpR strains (V2807) when exposed to hydroxylamine. This is
in line with recent studies that suggest Hcp acts as a high affinity NO reductase in

anaerobic environments rather than a scavenger of hydroxylamine (92).
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Table 4 - HcpR is necessary for the expression of hcp (PG0893) in response to

nitrite.

Differential Expression of PG0893 (hcp) + / - nitrosative stress

W83 V2807
200 uM Hydroxylamine 0.66+0.1 0.93+0.2
200 pM Nitrite 250.5+24.9 1.6 +0.0
100 nM GSNO 150 + 20.2 0.97+0.1
100 nM DEA-NONOate 304.4 £ 25.2 1.07+£0.1
100 nM S-glutathione 0.71 1.14

*Standard deviations calculated for each value.

GSNO exhibits a dose-response relationship with hcp upregulation. Exposure of
P. gingivalis to an increasing amount NO results in a dose-dependent increase in the hcp

expression when measured by gPCR (Fig. 1.2). HcpR is capable of detecting low nM
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amounts of NO in the environment. For a 15 minute exposure time there is an
approximately 40 fold increase at 50nM GSNO. This attests to the sensitivity of HCpR to

detect these species and upregulate the expression of hcp quickly.
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Figure 1.2 — Dose dependent response of HcpR to nitric oxide. Increasing amounts
of the nitric oxide generating species results in an increase in the hcp transcript level in

response.
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The V2807 knockout strain was complemented using the Pg108-hcpR plasmid via
electroporation. When the wild type, V2807, and complemented strain are grown in 0 mM
nitrite there is no significant difference in the growth (Fig. 1.3A). This also indicates that
the plasmid is not exerting an effect on the growth rate. When the 3 strains are grown in
2mM nitrite, the plasmid is capable of complementing the loss of hcpR in the V2807 strain
(Fig. 1.3B). The wildtype and complemented strain grow at comparable rates and there

is no significant difference in the growth.

The cDNA of the wildtype, V2807, and complemented strain was purified and the
expression of hcpR was observed utilizing end-point PCR (Fig. 1.4A). The Pg108-hcpR
plasmid is capable of producing a stable hcpR transcript in the complemented strain. This
creates a functional HcpR protein in vivo that is capable of resuscitating upregulation of
hcp in response to nitrite (Fig. 1.4B). There is no significant difference in this upregulation

between the wildtype and complemented strains.
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Figure 1.3 - Complementation of the hcpR knockout mutant strain utilizing the
Pg108 vector. A. The wildtype, AhcpR knockout (V2807), and complemented strains
grown in mycoplasma media show no difference in growth rate. B. The wildtype and
complemented strains are capable of growing in 2mM nitrite, while the hcpR knockout

strain (V2807) is not capable.
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Figure 1.4 - Complementation of the hcpR knockout strain using the Pg108 vector
restores the ability of the strain to respond to nitrite. A. Expression of hcpR
transcript from the wild type strain, AhcpR knockout (V2807), and from the Pg108-hcpR
vector in the complemented V2807 strain. B. Expression of hcp via gPCR in the

wildtype, V2807 knockout strain, and the complemented strain.
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To better understand the role HcpR may play in the nitrosative stress response
and to identify other genes that could play a role in the nitrosative stress response a whole
transcriptome sequencing approach was taken. Libraries of the wildtype and hcpR
knockout mutant strains with and without exposure to 200 uM nitrite were generated and
then sequenced. The sequencing results were then compared and the top 20 most
upregulated and downregulated genes of each comparison are listed in tables 4-7. For
the comparison between samples, any gene with less than 10 reads was not analyzed

and genes that were differentially regulated ~2.5 fold were focused on.

First, the transcriptome of the wildtype with and without nitrite was compared
(Table 4). The most upregulated gene, by a large margin, is hcp (PG0893) at 144.15 fold
higher in the nitrite treated sample which agrees with previous gRT-PCR studies.
However, there is a significant drop off in genes upregulated. The second most up-
regulated gene is just upstream of hcp, PG0890 and is increased only 2.91 fold. This
gene codes for a putative radC protein, involved in DNA repair and is believed to be
required for repair of strand breaks and after recombination (93). However, the increase
of PG0890 may be artificial, due to its proximity to the very highly upregulated PG0893
(hcp). The next most up-regulated gene is PG1979 and is increased 2.59 fold. This gene
codes for a small hypothetical protein with unknown function that is found only in P.
gingivalis. After these 3 genes, there are no other genes that are up-regulated more than
2 fold. The presence of nitrite does not exert any change in the expression of HcpR at the
transcript level. This is in contrast to Desulfovibrio desulfuricans, where recent studies
have shown that one of its hcpR proteins (hcpR1) binds to its own promoter and regulates

itself in response to NO and nitrite (67).
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Of the downregulated genes, no major gene stands out significantly. PG1534 is
the gene that is most down regulated in W83 when exposed to nitrite, however it is only
regulated 1.67 fold. Nitrite does not have much of an effect on the down regulation of

genes via transcription.

Next we compared the genes most up-regulated and down-regulated in the
response to nitrite in the V2807 knockout mutant strain (Table 5). Two of the genes most
upregulated are both subunits of the cytochrome d ubiquinol oxidase, cydA and cydB.
These genes are up regulated comparably at 3.61 and 3.23 fold respectively. Both the
cydA and cydB genes are regulated and expressed as a transcriptional unit and this is
reflected in their similar fold changes. The other significantly down-regulated gene,
PG1222, codes for a hypothetical protein of unknown function that is well conserved

among P. gingivalis strains.

The 4 most significantly downregulated genes are PG2104, PG1167, PG0337, and
PG1840. When compared to the profile of the wildtype strain plus/minus nitrite, more
genes are down regulated in the profile of the V2807 strain plus/minus nitrite. However,
this could be because nitrite is arresting growth, thereby slowing metabolism and leading
a broad decrease in transcription. The most down regulated gene in the V2807 strain in
response to nitrite is PG2104 at -7.15 fold. This region of the genome codes for a small
hypothetical protein. This protein does resemble a partial domain of a hemoglobin found
in Pagothenia bernacchii. Thus although its function is unknown, it may play a role as a
heme binding protein. The next most significantly down regulated genes in the nitrite
treated samples are PG1167 at 6.39 and PG0337 at 4.85. Both genes code for

hypothetical proteins of unknown function that are well conserved across many P.
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gingivalis strains. PG1840 is down regulated 4.27 fold and codes for a well conserve

gene that bears resemblance to a zinc metalloprotease family.
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Table 5 — Genes most upregulated (left) and downregulated (right) when the

wildtype P. gingivalis is exposed to nitrite (+ Nitrite / - Nitrite).

W83 + Nitrite vs. W83

Upregulated by nitrite

Downregulated by nitrite

Gene Fld? pl Gene Fld P
hcp 144.1513 0.000591 PG1476 -1.41792 0.542104
PG0890 2.91208 0.013652 PG1457 -1.42356  0.503132
PG1979 2.591288 0.060828 PG1492 -1.43092  0.335521
groEL 1.604616 0.018719 PG2019 -1.44276 0.153225
htpG 1.509264 0.008476 PG0242 -1.4446 0.100372
dnal 1.483316 0.171433 PG0572 -1.45465 0.203872
groES 1.423766 0.078255 PG1487 -1.4576 0.45643
PG1811 1.418838 0.086747 PG1515 -1.48328 0.210173
PG2043 1.384237 0.392613 PG1556 -1.48837 0.505656
grpE 1.374339 0.095567 PG2046 -1.48902 0.415697
DnaK 1.374317 0.042703 radC -1.48906 0.407503
PyrH 1.350379  0.409306 PG0628 -1.49153  0.223338
PG0659 1.333261  0.083265 PG1827 -1.49197  0.120438
clpB 1.306898 0.510695 PG0901 -1.49899 0.014109
PG1778 1.297413 0.025267 tpr -1.51157 0.699076
PG1618 1.294029 0.345995 PG1514 -1.51415 0.291326
PG1649 1.278902 0.327177 PG2082 -1.56086 0.335778
PG0975 1.271526 0.344402 PG1570 -1.58889 0.464792
PGO0747 1.269849 0.434224 PG0556 -1.59319 0.079292
aroA 1.257298 0.450317 PG1534 -1.67076 0.308358

1P value calculated via t-test using 4 biological replicates

2F|d- fold change of transcript between conditions
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Table 6 - Genes most upregulated (left) and downregulated (right) when the V2807 hcpR

knockout strain of P. gingivalis is exposed to nitrite (+ Nitrite / - Nitrite)

V2807 + nitrite vs V2807

Upregulated by nitrite

Downregulated by nitrite

Gene Fld? pl Gene Fld P
cydA 3.610688 0.006042 rplS -1.98204 0.199748
PG1222 3.37876  0.115489 PG1484 -1.99588  0.030074
cydB 3.228729 0.001138 pruA -2.00158 0.08307
PG1869 1.896938 0.014896 PG0555 -2.02056  0.140401
htpG 1.894053  0.084675 PG1904 -2.03365 0.003426
groEL 1.824173 0.013915 rplO -2.05698 0.1466
PG0429 1.739138 0.134498 rpsP -2.07932 0.226307
sodB 1.734448 0.090886 PG1271 -2.08023 0.087042
hprA 1.714129 0.11633 PG0265 -2.1393 0.24387
PG1512 1.670446 0.165155 PG2046 -2.16475 0.082784
PG0778 1.633451 0.161092 rpll -2.17355 0.175355
etfB-1 1.632825 0.010516 PG2213 -2.17481 0.03522
clpB 1.631526 0.307977 rpmA -2.1749 0.35156
PG0901 1.629436 0.387775 PG0662 -2.18413 0.058576
clpC 1.585894 0.135537 PG1270 -2.19347 0.116656
4hbD 1.573836 0.089949 romG -2.22311 0.27426
dnakK 1.569741 0.079833 PGO0505 -2.34496 0.01291
PG0433 1.533124  0.143825 PG0985 -2.35585  0.305981
PGO0850 1.510975 0.226498 PG1421 -2.38897 0.176481
PG1868 1.505946 0.289821 rpmH -2.59136 0.171304

1P value calculated via t-test using 4 biological replicates

2F|d- fold change of transcript between conditions
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When comparing the number of the expression profiles of the wild type and V2807
strains, there is no significant difference that stands out. The most differentially regulated
genes are PG1555, PG0283, and PG1570 which are higher in the wildtype and PG1979
which is higher in the mutant. All 4 of these genes code for hypothetical proteins of

unknown function.

Finally, we compared the transcriptome of the wildtype and V2807 knockout
mutant strains when exposed to nitrite. The overall levels of transcription are higher in the
wildtype strain than they are in the V2807 strain. As with comparing the V2807 strain
plus/minus nitrite, the presence of nitrite is arresting the growth of the mutant strain,
thereby causing an overall decrease in the level of transcription. There appears to be 20
genes that are highly differentially regulated when comparing the wildtype to the mutant
strain. As expected, the hcp gene (PG0893) is 250 fold higher in the wildtype strain than
in the V2807 strain. This gene is by far the most drastically differentially regulated. The
2" most differentially regulated gene PG1556 is 5.43 fold higher in the wildtype than in
the mutant. This gene is a hypothetical protein that is conserved in P. gingivalis and
contains a very well conserved domain of unknown function. PG0524 is 4.39 fold higher
in the wildtype strain and codes for a conserved hypothetical protein found in P. gingivalis
with no known function. Beyond the 3 most upregulated genes, there appears to be a
higher overall level of transcription in the wild-type strain when compared to the mutant
strain as a number of hypothetical genes appear to be slightly upregulated in the wild type

strain.
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Table 7 — Genes most differentially regulated in the wildtype W83 strains and V2807

AhcpR knockout strain (Wild Type / V2807).

W83 vs. V2807

Genes highly expressed in WT

Genes highly expressed in Mut

Gene Fld! p1 Gene Fld P
PG1555 3.314837 0.321361 acpP -1.40072 0.040995
PG1570 2.72173 0.340616 pyrH -1.41012 0.196704
PG0283 2.617069 0.451883 PG2202 -1.41098 0.238494
PG1489 2.427553 0.427274 rpsT -1.42066 0.362186
PG0285 2.424748 0.48499 PG0482 -1.45354 0.084735
thiE 2.395568 0.465477 rho -1.46635 0.082446
PG0915 2.381308 0.456723 htpG -1.46937 0.299362
PG0524 2.363152 0.521246 rpsL -1.4932 0.138316
cas2-1 2.335153 0.149822 PG0723 -1.53632 0.018638
PG1179 2.279655 0.476292 PG2076 -1.54004 0.338469
PG0870 2.274541 0.476803 dnal -1.54131 0.130512
PG0682 2.259556  0.461247 grpE -1.56599  0.215825
thiG 2.235858 0.430072 romJ -1.5662 0.109376
PG1554 2.234359 0.344358 dnakK -1.56844 0.3907
PG0280 2.161234 0.452099 groEL -1.63244 0.113613
PG1975 2.154308 0.338492 clpC -1.69512 0.376672
PG1904 2.149993 0.496139 groES -1.81687 0.059147
PG1180 2.147853 0.501924 clpB -1.92152 0.506215
PG1984 2.105787 0.170539 PG1979 -3.50914 0.071445
PG1655 2.078442  0.431367 PG1053 -5.25083  0.021826

1P value calculated via t-test using 4 biological replicates
2Fld- fold change of transcript between mutant and wild type
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Table 8 — Genes most differentially regulated in the wildtype W83 strains and V2807

AhcpR knockout strain when both strains are exposed to nitrite (Wild Type / V2807).

W83 + Nitrite vs V2807 + Nitrite

Genes highly expressed in WT

Genes highly expressed in Mut

Gene Fld? p! Gene Fid P
hcp 250.636  0.000555 PG1015 -1.63675 0.038743
PG1556 5.432605 0.011271 PG1779 -1.65241  0.088599
PG0524 4.397573 0.00173 PG0723 -1.6554  0.134593
PG0915 3.490749 0.097521 PG0778 -1.66213  0.190018
PG1799 3.393247  0.094796 PG1317 -1.70054  0.063632
PG0890 3.347394  0.113834 grokESs -1.74311 0.206198
PG0732 3.346344  0.065161 dnaK -1.79146  0.138055
PG1489 3.330302 0.13541 PG0429 -1.80543  0.097497
PG1270 3.271221  0.114499 etfB-1 -1.81317 0.00571
PG0080 3.215698 0.141283 htpG -1.84398 0.190629
PG1630 3.166724  0.054824 groEL -1.85581 0.067195
PG1904 3.165124 0.063185 acpP -1.90602 0.027631
PG1461 3.16408 0.120871 sodB -1.94088 0.022038
PG2115 2.914874 0.16131 clpC -2.18764  0.112206
PG1480 2.904793 0.125562 PG1869 -2.23512  0.008077
topB-2 2.858075 0.040376 cydB -2.32466  0.000578
PG1655 2.784859  0.201573 clpB -2.39881  0.190658
PG0283 2.772278 0.154333 cydA -2.68268 0.003504
PG1861 2.764586  0.209749 PG1222 -2.7982  0.128974
PG0662 2.724927  0.159596 PG1053 -5.43299 0.017924

1P value calculated via t-test using 4 biological replicates
2FId- fold change of transcript between mutant and wildtype
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Since by far the most regulated gene in P. gingivalis is PG0893 (hcp), and no other
gene is close, we decided to create a knockout mutant of hcp and determine whether
the mutant has a similar phenotype to the hcpR knockout strain. Previously it was
reported that the hcp was important in the resistance of P. gingivalis to nitric oxide
stress where it played a role as a hydroxylamine reductase (52). We have shown that
HcpR is important for the survival of P. gingivalis in response to nitrite and nitric oxide
and regulates hcp in response to these chemicals but is not activated in response
hydroxylamine. We created an isogenic knockout using the V2802 strain and exposed it
to nitrite. Indeed, the hcp knockout strain V3242 is not capable of growing in

physiological concentrations of nitrite (2mM) (Fig. 1.5).

Previously it was shown that HcpR binds to the hcp promoter using an electro-
mobility shift assay (EMSA) (54). We confirmed the binding of HcpR to the hcp promoter
in vivo using a ChIP based approach (Fig. 1.6). The hcpR mutant strain V2807 was
complemented with the Pg108-hcpR-FLAG construct that produces a 3x FLAG tagged
HcpR in P. gingivalis. The FLAG tagged HcpR is active in vivo and is capable of
rescuing the nitrite sensitive phenotype of the knockout mutant. For a negative control,
a truncated FLAG tagged HcpR missing the DNA binding domain was utilized. PCR
using primers specific for the hcp promoter was performed utilizing the ChIP elutions. In
the lanes using the full length HcpR ChIP, a band indicating the presence of the hcp
promoter was found. This band is absent in the negative control lane. This result further
confirms the binding of HcpR to the hcp promoter in vivo and that this binding is

specific.

58



12 Ahcp + OmM nitrite
_I-E_ 1
E 0.8
E 0.6
E 0.4
) Ahcp + 2mM nitrite
o2 e — e ———— o — . — —_——
0
0 -+ B 12 16 20 24

Figure 1.5 — Growth of Ahcp knockout strain in nitrite. The Ahcp knockout strain
(V3242) was grown plus/minus 2mM nitrite. As with the hcpR knockout strain, the ahcp

knockout strain is not capable of growing in the presence of physiological

concentrations of nitrite.
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hcp promoter - PCR

hcp promoter

Figure 1.6 — PCR detection of the hcp promoter from HcpR ChIP. ChIP samples
were eluted from FLAG antibody magnetic beads using FLAG peptide. Samples were
digested with proteinase K and the samples were purified using Qiagen PCR

purification kit. PCR was performed using the hcp promoter specific primers.
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This and previous work have shown that HcpR regulates hcp through direct binding
to its promoter however, it is not confirmed where the exact binding site of the promoter
is located. In silico analysis of HcpR implicates it as a member of the FNR-CRP protein
family. Typically, these proteins will bind to inverted repeats upstream of the
transcription and translation start sites and the promoter region of hcp has one such site
(Fig. 1.7A). To confirm that this is the location that HcpR binds to, we utilized our hcp
knockout strain. We complemented this strain by simply cloning the hcp gene, including
its promoter, into the PG108 vector (creating the Pg108-hcp vector). The inverted
repeat sequence of the Pg108-hcp vector was deleted via site-directed mutagenesis to
create the Pg108-hcp-prommutation vector. Both vectors were transformed into the
Ahcp knockout mutant strain. Complementation with a wild-type copy of the promoter is
capable of rescuing the nitrite sensitive phenotype of the mutant strain (Fig. 1.7B).
However, the plasmid missing the inverted repeat sequence is not capable of rescuing

the growth the Ahcp mutant (Fig. 1.7B).
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Figure 1.7 Binding of HcpR to the hcp promoter occurs at an inverted repeat
upstream of the transcription start site of the gene. A. Overview of the hcp gene
and location of the inverted repeat that is the HcpR binding site. B. The Pg108-hcp
vector is capable of complementing the hcp knockout strain. When the inverted repeat
is deleted from the promoter of this Pg108-hcp vector, the complement is not capable of

growing in 2mM nitrite.
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Conclusion - Part 1

HcpR is an integral part of the nitrosative stress response in P. gingivalis. An
AhcpR knockout mutant strain cannot survive in physiological concentrations of nitrite
and loss of HcpR abolishes the up-regulation of hcp (PG0893). Complementation of
AhcpR strain using the Pg108-hcpR rescues the nitrite sensitive phenotype and restores
the capability to up-regulate hcp in response to nitrite. Whole transcriptome sequencing
reveals that hcp is by far the most differentially upregulated gene in P. gingivalis in
response to nitrite. The Ahcp knockout mutant strain is not capable of growing in
physiological concentrations of nitrite and has a similar nitrite sensitive phenotype.
HcpR directly binds to the hcp promoter at an inverted repeat to control gene

expression of hcp.
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Part 2: Heme and Nitric Oxide binding properties of HcpR

Previously it was shown that P. gingivalis HcpR requires heme to bind to DNA of the
hcp promoter in vitro, implicating heme as a potential cofactor (54). However, it is not
known if heme directly binds to HcpR and what the properties of the heme binding were.
To determine the heme binding properties of HcpR a number of different biochemical
techniques were employed. Furthermore, having a solid understanding of the heme
binding properties is necessary for understanding the gas sensing properties of heme

based gas sensors.

FNR-CRP family regulators utilize an N-terminal sensing domain to bind ligands
and small molecules. Binding of a ligand to this domain will cause allosteric activation of

the protein. The variability of this N-terminal domain allows these family members to
bind to different stimuli and incorporate different cofactors such as heme. To determine

the heme binding ability of HcpR, an equimolar amount of heme was added to a purified
sample of the HcpR Sensing domain (HcpR-SD). The binding of heme to the protein
was detected by resolving the protein on a native gel and visualizing the peroxidase
activity of heme through luminescence in a gel soaked in luminol and exposed to
peroxide. Excess heme ran down the gel and heme bound to HcpR migrated with the

protein and no heme binding was observed in the negative control sample (Fig. 2.1).
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HcpR-SD + heme

Unbound Heme

Luminescence

HcpR-SD Dimer

Coomassie stain

Figure 2.1 — Luminol heme binding assay of HcpR. All samples (Lane 1: HCpR-SD;
Lane 2: Negative Control — P.g.OxyR) were reconstituted with heme and run on a native
gel. Luminol was added to the gel and chemiluminescence indicates the presence of
heme after the addition of 3% H202. Excess heme ran down the gel whereas bound

heme migrated with the protein.

65



UV-Vis spectroscopy can be utilized to garner information about the properties of
heme binding. The Soret peak is an intense peak in the 400 nm region of the visible
spectrum. This region is sensitive to the 11 to T* transitions of the electron cloud typically
found in porphyrin compounds such as heme (Fe bound protoporphyrin 1X). The Soret
peak is sensitive to changes in binding to heme iron and studies of the wavelength shift
of this absorption band can give indications of the molecular mechanisms utilized by
heme based gas sensors. Furthermore, porphyrins also exhibit a region of weaker, but
still intense, Q bands that have absorption at the 500-750nm range of the spectrum.
The a and  absorption bands that are characteristic of heme appear in this region.

These bands can give information on the coordination and spin state of the heme iron.

The heme binding of HcpR was verified using UV-Vis spectroscopy under anaerobic
conditions (Fig. 2.2). The reduced derivative was obtained by adding excess of sodium
dithionite to the sample. Both the heme-bound form of the full length HcpR and HcpR-
SD were compared. Both forms of the protein give a large Soret peak at 425 nm. This is
consistent with 6 coordinate heme bound form in the non-gas bound state. In the upper
regions of the spectrum the a and B bands appear at 558nm and 535nm respectively
(Fig. 2.2 Inset). This is consistent with a low spin heme iron that has 6 coordinating

bonds.
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Figure 2.2 — UV-Vis spectrum of heme binding. Spectral properties of reconstituted
heme bound HcpR (1 mg/mL) under reduced, anaerobic conditions. Bound heme

reveals a Soret peak at 425 nm which is indicative of a ferrous 6-cooridnate heme.

Inset: a and B region of the heme bound HcpR.
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Binding of a gas to the heme iron will also cause changes in the UV-Vis
spectrum. To learn about the gas binding dynamics the heme bound protein was
nitrosylated using NONOate in both the Fe(ll) (ferrous reduced form) and Fe(lll) (ferric
oxidized form) of heme. The addition of NO to the reduced protein produces a spectrum
with a peak at 401 nm and a broad band in the visible region (~530 nm). This result
suggests a 5-coordiante, NO bound system, indicating that heme coordination in HcpR
goes from a 6-coordinate non-gas bound state, to a 5-Coordinate ligand bound system
when nitric oxide is added (Fig. 2.3A). This is similar to other characterized NO sensors
(94). Ferric heme added to HcpR under anaerobic conditions reveals a Soret band at
413 nm which suggests a 6-coordinate, ferric heme system. Interestingly, NO is capable
of converting the ferric form of the protein to what appears to be the ferrous form (Fig.
2.3B). This would suggest that NO is capable of reducing the heme found in HcpR

under anaerobic conditions.
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Figure 2.3 — Effects of NO binding on the UV-Vis spectrum of HcpR A. Spectrum of
reconstituted HcpR (10 uM) before (bold line) and after (dotted line) the addition of NO
under anaerobic conditions. After the addition of NONOate to the sample, Soret peak
shifts to 401 nm indicating the transition from a 6-coordinate to a 5-Coordinate state. B.
Spectrum of reconstituted HcpR (10 uM) with oxidized heme under anaerobic
conditions. Before the addition of NO, the Soret peak is positioned at 413nm indicating
a 6-Coordinate Ferric heme. After the addition of NO the Soret peak shifts to 425 nm

most likely due to the reduction of the Fe3* to Fe2* by NO.

69



Resonance Raman spectroscopy is a very important tool for the study of heme
binding proteins, since the porphyrin ring is a chromophore with a high electronic
absorbance at the ~400 nm band. This leads to large Raman enhancements for
vibrational modes of the Raman spectrum of heme. This allows for the monitoring of
heme structural changes which may be related to axial ligand coordination and gas
binding. Therefore, to learn more about the nature of the heme environment of HcpR
and the effects NO binding has on this environment we employed resonance Raman

spectroscopy at an excitation of 406.7 nm.

A series of resonance Raman spectra of heme bound HcpR before and after the
addition of NO is displayed in Figure 2.4 and the results are summarized in Table 9. In
the reduced HcpR sample, the most prominent band of the high frequency region is the
v4 band located at the 1362 cm™! position of the ferrous sample which is characteristic
of a hexa-coordinate ferrous heme. Other vibrational markers in the high frequency
region appear: v3 at 1492 cm 1, v2 at 1586 cm and v10 at 1625 cm which have
been shown to be sensitive to gas binding and confirm the hexa-coordinate, low spin
nature of the un-nitrosylated heme (Fig. 15A) (95, 96). When compared to the
prototypical NO sensor soluble guanylate cyclase (sGC), there are marked differences
in the vibrational spectrum (Table 9). In the un-nitrosylated state, sGC exists as a penta-
coordinate, high spin system (94, 97). The Raman spectrum of HcpR in the un-
nitrosylated state is more consistent with that of a hexa-coordinate system as seen in
Co0A (72). Although the large majority of the HcpR sample is in the hexa-coordinate
state, a small percentage of the sample appears to be in the penta-coordinate state.

The v3 region of the spectrum is sensitive to coordination state of the heme iron and the

70



1492 cm peak (indicating a hexa-coordinate system) is strongest in this part of the
spectrum, however a small portion of the sample appears to be in the penta-coordinate
state indicated by the shoulder at 1471 cm™. This is further confirmed by observing the
polarizing component of the Raman spectrum (Fig. 2.5). In the Raman spectrum the
1362 cm? (indicative of hexa-coordinate system) dominates the v4 frequency, however
by observing the polarizing component of the spectrum it allows us to see the hidden
1376 cm peak. This would imply that one of the axial side chain ligands responsible for
the sixth bond to the heme iron is a weak or moderate donor, forming a weak, transient

bond with the iron.

Upon NO binding, the heme skeletal markers exhibit a very similar spectrum to
that of SGC and CooA producing a 5-coordinate NO bound system with a high spin
factor. The v4 mode is shifted completely to 1376 cm-! upon the addition of NO.
Furthermore, v3 shifts to 1508 cm-?, v2 shifts to 1584 cm1, and v10 shifts to 1646 cm™!
(Fig. 2.4). These changes in the spectrum are indicative of heme binding and expected
range for a 5 coordinate, high spin Fe(Il)NO heme, as opposed to a 6 coordinate
Fe(ll)NO heme. Furthermore, the v (Fe-NO) is found at 535 cm* which is consistent

with 5-coordinate Fe-NO system.
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Figure 2.4- Resonance Raman Spectra of Reconstituted HcpR at 406.7nm
excitation. A. Reduced Heme bound HcpR (10 mg/mL) under anaerobic conditions
was excited at 406.7 nm at room temperature. The frequencies of the marker bands are
representative of a 6-coordinate system. B. Reduced heme bound HcpR (10 mg/mL)
plus NO under anaerobic conditions was excited at 406.7 at room temperature. The
frequencies of the marker bands are representative of a 5-coordiante NO bound

system. The v(Fe-NO) frequency appears at 535 nm.
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Table 9 - Heme vibrational markers and vibrational modes and Nitric Oxide

Binding
Protein Coord. Spin v, A A Vio v(Fe-NO)
Unligated
HcpR 6 Is 1586 1492 1362 1625
sGC 5 hs 1562 1471 1358 1606
CooA 6 Is 1580 1492 1361 1616
NO bound
HcpR 5 hs 1584 1508 1376 1646 535
sGC 5 hs 1584 1509 1375 1646 525
CooA 5 hs 1582 1506 1376 1641 523

All values are given in cm™; Is = low spin; hs = high spin
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Figure 2.5 — Polarizing and Depolarizing components — Polarizing (blue) and
depolarizing (red) complements of the resonance Raman spectrum (black) of the reduced

heme bound form of HcpR.
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Conclusion - Part 2

Using a combination of biochemical techniques, we show that the HcpR protein is
capable of binding the heme cofactor. The luminol shows that heme binds to the HcpR
sensing domain but not the negative control. Furthermore, the UV-Vis spectrum reveals
that both the HcpR-SD and full length HcpR protein bind heme in a specific manner with
a 6-coordinate, low spin heme. Binding of NO to the heme transitions the heme
environment to a 5-coordinate, nitrosylated system. The nature of heme binding is
confirmed through the use of resonance Raman spectroscopy, confirming that HcpR is
consistent with other heme based NO sensors. The resonance Raman spectroscopy also
reveals that the side chain responsible for the 6" axial ligand to the heme iron potentially

forms a weak, transient bond with the heme iron.
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Part 3 — Structure of the HcpR sensing domain: HcpR is a member of the FNR-CRP

family of regulators

Previously, in silico analysis of HcpR and its possible regulatory pathways
identified the protein as a potential member of the FNR (Fumarate-Nitrate reductase)/
CRP (cyclic AMP receptor protein) family of transcriptional regulators (98). The hcpR
gene codes for a 228 amino acid protein that is approximately 24 kDa in size with two
primary domains: an N-terminal sensing domain and a C-terminal helix-turn-helix
binding domain and a long alpha helical region that spans between them. The N-
terminal sensing domain spans residues 1 to 168 and contains most of the dimerization
helix and the DNA binding domain spans residues 169 to 228 (Fig. 3.1). Sequence
analysis of the N-terminal sensing domain reveals that it bears similarity to a cyclic AMP
receptor domain. It is in this domain that the heme binding would hypothetically occur.
Indeed, it was shown that the HcpR-SD (HcpR sensing domain) is capable of binding to
the heme cofactor (Fig. 12-13) however the environment heme binding pocket and key
residues involved in heme iron coordination are not known. To gain insight into the
heme-coordination and NO binding by HcpR the N-terminal sensing domain was
crystalized. The C-terminal DNA binding domain is highly dynamic, making the

determination of the full-length structure through crystallization difficult.

Initial crystals belonging to the space group P4122 diffracted to 3.5 A. A structure
was solved using Pt Single-wavelength Anomalous Diffraction (SAD) by soaking
crystals in a solution of potassium tetrachloroplatinate. A model from the tetragonal
crystal was refined to a final Rwork 0f 19.6 and Riree 0f 23.9 (Fig. 3.2). This HcpR model

was used for molecular replacement of a second crystal form that belongs to the space
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group C2221. This new model was refined to 2.6 A (Fig. 3.3). There is no significant
loss of electron density along the backbone of the tetragonal or orthorhombic crystal
structures. The full table of data collection details and refinement statistics can be found

in the appendix.

In the tetragonal crystal form there are two molecules in the asymmetric unit that
represents the biological dimer (Fig. 3.2). However, in the orthorhombic crystal form, the
biological dimer is formed between monomers of symmetry related molecules (Fig. 3.3).
To create the biological dimer of the higher resolution model (orthorhombic), the
orthorhombic crystal structure was overlaid using the tetragonal form as template. In both
crystal structures, no electron density accounting for the cofactor was found, therefore we

conclude that this is the apo-form of the protein.
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Figure 3.1 — Overview of the HcpR-SD. Schematic representation of the domain
organization of the full length HcpR (region of the protein that was not crystalized is

denoted by dash marks).
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Figure 3.2 - Crystal structure of the P41222 form of HcpR-SD at 3.5 A. Ribbon diagram

of the HcpR-SD dimer with subunit A in blue and subunit B in red.
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Figure 3.3 - Crystal structure of the C222: form of HcpR-SD at 2.6 A. Ribbon diagram

of the HcpR-SD dimer with subunit A in blue and subunit B in red.
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The ligand sensing domain of HcpR consists of 7 a-helices and 7 3-sheets. The 7
B-sheets form a beta-barrel like structure which is common in the sensing domain of other
CRP-like regulators (Figure 3.5). A small subdomain composed of a helical bundle is
located at the N-terminus. Additionally, the “flap”, a region shown to be important in the
allosteric activation of CRP and FNR-CRP proteins, is located between B-strands 5 and
6 (99). Located along residues 68-77 in HcpR, the flap is important for transmitting the
allosteric activation of the protein upon binding of a ligand to the sensing domain and has
been shown to play a role in both the interdomain and intersubunit interaction necessary
for transmission of a binding signal. The 7" alpha helix (o-7) forms a dimerization
interface that interacts with the corresponding helix of the opposing chain. The mainly
hydrophobic residues across the dimerization helix make hydrophobic contacts with the
opposing monomer (Fig. 3.6). The two dimerization helices interact over a buried solvent
excluded area of 258.4 A which acts to stabilize the dimer. A superposition of chains A
and B results in a RMSD of 0.413 A for the backbone atoms indicating no significant

deviation between the two backbone chains of the homodimer.
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Figure 3.4 — Overview of the N-terminal sensing domain. Ribbon diagram of the N-
terminal domain of HcpR side view (top) and bottom view (bottom) showing the tertiary
and quaternary orientation of the structure. Chain A is colored green and Chain B is
colored blue. The two chains form a homodimer through the interaction of the dimerization

helix.
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Figure 3.5 — Secondary structure orientation of HcpR-SD. HcpR contains 7 different
alpha helical regions (a-1 through a-7) that are shown in red. The a-7 is the dimerization
helix. There are 7 different beta sheet regions in HcpR (B-1 through B-7) that make up

the B-barrel structure. The flap region is labeled and is located in the loop region between

-4 and (3-5.
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Figure 3.6 — Hydrophobic interaction between the dimerization helices. Potential
contacts between the dimerization helices are highlighted by a yellow trace between

them.
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A CASTp search resulted in two well defined pockets that could incorporate a
heme molecule. The pockets are located in the space between the B-barrel motif and the
dimerization helix of the opposite chain. Thus the homodimer has two pockets on opposite
faces of the protein (Fig. 3.7A). The core of the cavity is surrounded by hydrophobic
residues derived from (-sheet 5, the helical region between B-5 and (-6, and the
dimerization helices of both chains with the opening lined by a ring of hydrophilic residues
derived from the lower part of the dimerization helix and Arg84 (Fig. 3.7B). Together these
residues form a pocket that is approximately 520 A3 in volume. Heme (protoporphyrin 1X)

has a volume of approximately 510 A3, thus it is possible for the pocket to dock heme.
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Figure 3.7 — Hydrophobic pocket of HcpR A. The location of the hydrophobic pockets
with respect to the full structure marked by a black box. The solid box indicates pocket
enlarged in B.; dotted box indicates the location of the pocket on the opposite side of
HcpR. B. The surface area of the pocket region of HcpR is denoted using Kyte-Doollitle
hydrophobicity scale where blue is more hydrophilic and red is more hydrophobic. In this

pocket is found an electron density consistent with glycerol.
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Identifying residues involved in heme binding and coordination is paramount in
understanding the mechanisms that govern their function and activation. Of interest were
residues that could possibly be involved in heme binding and iron coordination in and
around the hydrophobic pocket. Of the residues that are conserved in the N-terminal
domain of the HcpR sub-group many are clustered around this pocket (Fig. 3.8). The side
chain of methionine 68 is located prominently in the pocket and is conserved in all the
HcpRs that were analyzed. There is also a region of very high sequence conservation
that spans residues 84-94. The proline in this region (Pro89) forms a short helical region
that inserts itself into the top of the hydrophobic pocket. While it does not feature any of
the typical heme axial ligands (Cys, His), the high degree of conservation of this region
points to it potentially playing an important role in the allosteric activation of HcpR. There
are also a number residues located on the dimerization helix that are positioned in a
favorable position. Met122 is conserved in all sequences analyzed and is located at the
top of this pocket next to the extended loop region. Phel43 is also conserved across all
sequences and is located near the front of the pocket. Metl45 and His149 are not
conserved in all sequences, only those most closely related to P. gingivalis however their

positioning implicates them as potential axial ligands to the heme iron.

Met68, Met145, and His149 were of particular interest as methionine and
histidine side chains are commonly implicated in heme iron coordination. All 3 residues
are extended out into the pocket and are located on critical points of the structure that
could influence activity: Met68 is located near the loop that is known as the flap, a
region that is critical in the allosteric activation of FNR-CRP regulators; Met145 and

His149 are located on points on the dimerization helix that are typically involved in
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ligand binding in CRP like proteins and could influence the C-terminal domain
organization (Fig 3.9). Thus these 3 residues were chosen for mutational analysis in the
AhcpR knockout mutant. Of the 3 residues tested, only the double mutation of Met68
and Met145 inhibited growth of the bacteria grown in the presence of nitrite (Fig. 3A).
This is also seen in the regulation of hcp, with the M68A/M145A mutation resulting in a
complete loss in the ability of HcpR to upregulate hcp in vivo (Fig. 3B). However, the
single residue mutations of these residues resulted in no change in activity. This result
indicates that Met68/Met145 play an important role in activation of HcpR in response to

nitrosative stress but their function may be redundant between them.
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Figure 3.8 — Conserved residues of HcpRs of P. gingivalis and close relatives. An

asterisk (*) denotes a residue that is fully conserved, a colon (:) indicates a strongly

similar residues, and a period (.) indicates weakly similar residues.
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Figure 3.10 — Growth curve of V2807 complemented with HcpR mutants. Growth
curve of the complemented AhcpR strains (V2807) grown with 2mM nitrite in mycoplasma
media. Complementation with the wild type HcpR served as the positive control and

complementation with the L156* HcpR served as the negative control.
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Figure 3.11 — qRT-PCR of V2807 complemented with HcpR mutants. Comparative

gene expression of hcp in complemented strains in response to 2mM nitrite using qRT-

PCR. All mutations are compared to wild-type HcpR transcript levels.
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The best functionally and structurally characterized proteins bearing similarity to
HcpR are DNR (from P. aeruginosa) and CooA (from R. rubrum). Bioinformatics studies
revealed that HcpR shares 20% sequence identity to DNR, an FNR-CRP regulator found
in P. aeruginosa that plays a role in regulation of nitrite respiration. HcpR shares 18.4%
identity with CooA, an FNR-CRP regulator from R. rubrum that is important in the
regulation of a CO oxidizing system (100). Despite a relatively low sequence identity
between the 3 proteins there is a high similarity in the secondary and tertiary levels of
protein folding (Fig. 3.12-14). The CooA and HcpR sensing domains superimpose with
an RMSD of 0.958 A and the HcpR and DNR sensing domains superimpose with an
RMSD of 1.13 A. The core B-barrel fold of the sensing domains, a key property of FNR-
CRP family proteins, is maintained and is positioned alike in the structures. Likewise, all
3 of the proteins utilize the dimerization helix to stabilize the formation of a homodimer
and it is positioned with the B-barrel analogously. Furthermore, the flap region of HcpR

clearly aligns in the sequences and in the structural superposition of each protein.

In CooA the N-terminal proline residue (Pro2) of one subunit in the dimer directly
acts as an axial ligand for the iron in the heme cofactor of the opposite subunit. Binding
of CO to the heme iron displaces this proline leading to a substantial change in the
structure. This displacement is the initial event that sends the allosteric signal through the
protein thereby activating it. Although HcpR has a proline located at its N-terminus (Pro3),
its position is a large distance away from a potential heme binding site. Thus coordination
of the heme iron in HcpR occurs through residues that are not analogous to those in

Coo0A.

93



Despite not having the structure of a heme bound form solved, DNR shares a
slightly higher sequence similarity with HcpR than CooA. The opening of the hydrophobic
pocket in DNR is in a similar position in the superposition of HcpR and DNR (Fig. 4C). Of
the conserved residues found in the DNR subgroup, most are in contact with this cavity
or are part of the cavity wall however these residues are not conserved in HcpR (70). This
would imply that HcpR and DNR could bind to heme in a similar manner (the location of
the hydrophobic pocket is similar) but the exact mechanisms and coordination may differ.
His187, the crucial residue displaced in NO mediated activation of DNR, is not conserved
in HcpR. The other axial ligand believed to be involved in coordination of heme in DNR,
His139, is directly positioned over Met145 in the HcpR-DNR overlay. Similar to HcpR, a
single mutation in this residue is not capable of full inactivation DNR, thus Met145 may

serve an auxiliary role in heme binding and coordination in HcpR (101).
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Figure 3.12 - Sequence alignment of HcpR, DNR, and CooA sensing domains.
Secondary structure features are shown in red (a-helices) and blue (B-sheets). An
asterisk (*) denotes a residue that is fully conserved, a colon (:) indicates strongly similar
residues, and a period (.) indicates weakly similar residues. Residues known to
coordinate the heme iron in CooA are green. The sequence identity between HcpR and

Co0A is 18%; HcpR and DNR is 20%; DNR and CooA is 16%.
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Figure 3.13 — Structural comparison of HcpR and CooA sensing domains
Superposition of HcpR (green) and CooA (blue) (PDB ID 4k8f) monomers of the N-
terminal sensing domain showing the orientation of the dimerization helices and the heme
binding domain. The RMSD of the alignment of the backbone atoms (minus the first 12

residues of the N-terminus) is 0.958A.
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Figure 3.14 - Structural comparison of HcpR and DNR sensing domains
Superposition of the truncated DNR (red) (PDB ID 2z69) and HcpR (green) monomers
of the N- terminal sensing domain. The last 8 residues of the DNR dimerization helix are
unwound and lodged in the hydrophobic pocket of the opposite subunit of the dimer.

The RMSD between the two structures is 1.31 A.
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One of the properties that characterizes the FNR-CRP family of regulators is that
they form homo-dimers. The crystal structure forms a homodimer, however we wanted to
confirm the dimerization in solution of the full length protein. The sedimentation velocity
experiments yield a sedimentation coefficient of 3.2S, corresponding to a molecular
weight of ~48 kDa (Fig. 3.15). The hcpR gene encodes a protein with an estimated
molecular weight of 24kDa, thus the observed 48kDa product in our sedimentation
velocity experiments suggest that HcpR forms a dimer. Such data are in agreement with
the results obtained from our structural analysis making it consistent with other members

of the FNR-CRP family.
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Figure 3.15. Sedimentation Velocity experiments of HcpR. Range of concentrations
of full length rHcpR. The sedimentation coefficient of 3.2 Svedbergs indicate the HcpR

forms a 48 kDa homodimer.
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To gain an insight into the full length structure of HcpR, we performed small angle
X-ray scattering (SAXS) to model the missing domain. The SAXS structural parameters
are presented in Table 10. The SAXS data confirms the homodimerization of the full
length protein, revealing an estimated molecular weight of 47 kDa via calculation of the
Porod volume (Table 10). Using the DNA binding domain of DNR as template, a model
of the full length HcpR was generated. This model was then fitted to the ab initio model
generated and fitted to confirm the orientation of the 75 missing residues of the DNA
binding domain. Rigid body modeling using SASREF against the solution scattering data
revealed a slight change in the orientation of the two chains (Fig. 3.17-3.18) (80). To fit
the solution scattering the two chains are slightly tilted into each other around the
dimerization helix. This slight rotation creates the coiled-coil structure between the two
dimerization helixes that is found in the full-length FNR-CRP proteins and increases the

solvent excluded area between the two chains to 621.7 A2 (Fig. 3.18).
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Figure 3.16 — SAXS scattering profile A. Scattering data shown in the log(l) vs. q graph.
Error bars are shown on the graph for each data point. B. shows Guinier plot and the
linear fit (solid line) of the Guinier region. The first 6 points were subtracted from the
Guinier region. C. Kratky plot of the scattering data. This graph is characteristic of a

partially disordered protein.
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Figure 3.17 - Distance distribution graph and scattering profile of ab initio model A.
The distance distribution function (P(r) profile) of HcpR, indicates a max diameter of 96.2
A. B. Log(l) scattering curves of HcpR and the theoretical scattering curve of the rigid

body model. The Chi value between the two curves is 4.9.
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Figure 3.18 - ab initio model of HcpR. Rigid body modelling was performed using the

chimeric HcpR against the solution scattering data of HcpR. The homo-dimeric model is

superimposed onto the ab initio model (red) generated from the scattering curve
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Table 10: Structural Parameters from SAXS experiments

1(0) (from P(r)) 0.0637 £ 0.002
Rg (from P(r)) 28.7 A

[(0) (from Guinier) 0.064 + 0.003
Rg (from Guinier) 28.3 A

Dmax 99 A

Mr (Porod) 47 kDa

M: (from dimer sequence) 48 kDa
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The rigid body modeling also reveals a change in the orientation of the C-terminal
DNA binding domains with respect to the N-terminal domains. To fit the solution
scattering, the DNA binding domains of the chimeric model are rotated slightly with
respect to the N-terminal domains. This may have effects on the ability of the flap region
of the N-terminal to effect the C-terminal domain upon activation. Thus it would imply the
binding of heme may cause a slight rotation of the N-terminal domain around the
dimerization helices, repositioning the flaps. However, this model only fitted the
experimental data at the low g regions and with an overall y of 5.84 and an Rg of 26.85
(Figure 3.17). We use the Ensemble optimization method (EOM) to determine if a mixture
of multiple conformers fitted the data better. In this method, a random pool of 100,000
conformers of HcpR were generated where the N-terminal sensing domain dimer was
kept fixed and the DBD model was allowed to assume multiple conformations. The
distribution of Rg was calculated from the initial pool and compared to 100 sub-ensembles.
The best ensemble gave an average Rg of 28.62 and a y of 0.722 and is represented by
three main populations (Fig. 3.19). The conformations are among the possible that can
be attained and should be interpreted as showing that the full length apo-HcpR has a

significant degree of interdomain flexibility.
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Figure 3.19. Flexibility of the Full Length HcpR. A. Scattering curves of the HcpR
SAXS data overlaid with the experimental scattering curve of the EOM model. The curve
has a Chi value of 0.722 The black dots represent the Full length HcpR SAXS scattering
data and the red line indicates the best fit theoretical scattering curve of the EOM model.
B. Distribution of the C-terminal DNA binding domain orientations. The orientation of the

3 main subpopulations is shown. The Rg of the best ensemble is 28.62.
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To better understand the conformational changes involved in the activation of
HcpR, the structure of the HcpR-SD was completed by modeling the missing DNA binding
domain in the ON conformation using the structure of CRP as a template (PDB 1ciz). The
model of the DNA binding domain forms a winged helix turn helix motif formed by 3 a-
helical bundles and 3 B-strands in a a1-B1-a2-a3-B2-B3 arrangement where a3 is the
DNA recognition helix (Fig. 3.20). When comparing the structure of our chimeric model
developed from the rigid body modeling of the off form and the chimeric model of the on
form there is a dramatic re-arrangement to switch to the ON form. As seen in the EOM
modelling of the protein, the full length structure of HcpR appears to be very flexible in
the area around Leul56. This region, known as the hinge in other FNR-CRP regulators,
is important in the positioning of the DNA binding domain. In the modeled ON
conformation, this region allows for significant rotation of the DNA binding domain around
the N-terminal domain, positioning the DNA recognition helix in the correct orientation to
make contact with the major grove of DNA. The model hints at the possibility of the DNA
binding domain interacting with the heme directly. The loop region between a1 and 31 of
the DNA binding domain extends up into the hydrophobic pocket, indicating the possibility

for the residues to directly interact with the heme cofactor.
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Figure 3.20 — Chimeric model of HcpR in the ON state. The C-terminal DNA binding
of HcpR was modeled using the crystal structure of CRP bound to DNA as a template.

The model shows the orientation of the DNA binding domain and the movement of the

domain around the “hinge” region.

108



Conclusion - Part 3

HcpR is a member of the FNR-CRP family of regulators: the N-terminal sensing
domain consists of the secondary structural elements found in members of the family and
the protein forms homo-dimers that are stabilized through a long helical region. HcpR has
a hydrophobic pocket located between the dimerization helix and the B-barrel motif that
is a potential heme binding site. Mutation of two methionine residues (Met68 and Met145)
in this pocket abrogates activation of HcpR thus identifying the location of the binding site.
The homodimerization is confirmed through sedimentation velocity experiments and
SAXS experiments. Finally, Small Angle X-ray Scattering experiments of the full length
HcpR reveal that the C-terminal DNA binding domain of HcpR has a high degree of

interdomain flexibility.
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V. Discussion

Periodontal disease is one of the most prevalent infectious diseases in the world
and much effort has gone into understanding the complex relationship between the host
immune response and the bacterial pathogens which are responsible for the
dysregulation of the immune response. In recent years, much work has also gone into
studying the inter-microbial interactions and the cooperativity of members of the oral
microbiome in health and disease. In the complex environment of the periodontal pockets,
P. gingivalis is able to thrive despite the high levels of reactive nitrogen species that are
secreted by the host and by other bacteria, specifically the high levels of nitrite that can
be found in the oral cavity. Understanding the ability of P. gingivalis to adapt and survive
high levels of reactive nitrogen species has practical applications. Vegetables and fruits
that are high in nitrates are recommended for daily consumption but they may also have
added benefits to oral health. When these foods are eaten they drastically increase the
levels of nitrite found in the oral cavity which can promote the growth of health promoting
bacteria found in the oral cavity (10, 102). As shown in this work, P. gingivalis must have
a robust response to these reactive nitrogen species and without an appropriate response
it cannot survive. Thus, a nitrate rich diet not only promotes the growth of health
associated bacteria but is also detrimental to the growth of the periodontal pathogen P.

gingivalis.

With the exposure of P. gingivalis to nitrite or nitric oxide hcp is drastically up
regulated. The hcp gene encodes for a putative NO reductase, although the gene
product’s exact function(s) in P. gingivalis are still under much scrutiny, with other studies

claiming that it functions as a hydroxylamine reductase (52). In other obligate and
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facultative anaerobes, Hcp has been shown to play an important role in NO and
hydroxylamine reduction and detoxification however in the case of P. gingivalis,
hydroxylamine does not stimulate up regulation of hcp (103, 104). Concentrations as low
as 50nM of GSNO result in a 50 fold upregulation of hcp and concentrations as low as
200 uM of nitrite result in a 200 fold upregulation. These low thresholds indicate that HcpR
is very sensitive to reactive nitrogen species in the form of NO and NO2z in the
environment. The response time is also rapid. These fold changes are seen after a brief
exposure of 15 minutes. The sensitivity of HcpR combined with the rapid response time
allow P. gingivalis to respond to the rapid changes in reactive nitrogen species at
concentrations that can occur in the oral cavity and in the pockets that characterize

periodontal disease.

Despite the importance of the hcp gene in the response to reactive nitrogen
species in obligate and facultative anaerobes, the mechanisms of gene regulation are
only now being elucidated. The NsrR and FNR regulators have been shown to regulate
hcp in E. coli and other related species (105). Furthermore, recent studies have also
implicated the redox sensitive regulator OxyR in the regulation of hcp (106). However, the
role that these regulators play in hcp expression is not consistent with those found in
many Gram negative obligate anaerobes (specifically of the Bacteroidetes and ©-
proteobacteria phylums and related species). In P. gingivalis, OxyR has no observable
effect on hcp expression and regulation (54). Thus the study of HcpR will help to shed
light on the regulation of hcp and the nitrosative stress response in many Gram negative

obligate anaerobes.
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With exposure to nitrite, the hcp gene is the most up regulated gene in the RNA-
seq study and this up regulation is absent in the V2807 strain, confirming what is seen in
the qRT-PCR studies. Furthermore, hcp is by far the most upregulated gene in the study
at 144 fold; the next highest up-regulated gene is differentially regulated at 2.4 fold.
Furthermore, there is no significant change in the down regulation of any genes, indicating
the HcpR most likely plays a role as a transcriptional activator and does not act as a
repressor. This is consistent with other members of the FNR-CRP family, who almost
universally act as activators. There is no consistent difference in the transcriptome
between the V2807 knock out strain and the wild type strain when comparing the profiles
of both absent nitrite or plus nitrite. Furthermore, in the presence of nitrite, the overall
transcription in the V2807 knockout strain appears to be lower than that of the wildtype,

most likely due to the growth arrest brought on by the presence of nitrite.

Of note when comparing the transcriptional profiles of the V2807 knockout strain
plus/minus nitrite, two of the most upregulated genes are both subunits of the cytochrome
d ubiquinol oxidase, cydA and cydB. Under micro-aerophilic conditions, P. gingivalis has
been shown to express and utilize the cydAB operon to consume oxygen and mediate
oxygen based metabolism (107). Studies in the anaerobic bacteria Moorella
thermoacetica reveal that cytochrome bd ubiquinol oxidase helps to protect against
oxidative stress and contributes to oxygen tolerance (108). By decreasing the amount of
reactive oxygen species it generates it avoids producing the very potent peroxynitrite

anion.

The hcp knockout strain has a very similar phenotype to that of the hcpR knockout

strain and does not grow in similar concentrations of nitrite. Furthermore, it was confirmed
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that HcpR directly regulates the expression of hcp by binding directly to its promoter
region. From the ChIP experiment, the hcp promoter was pulled down and enriched when
compared to a negative control. Furthermore, complementing the hcp knockout strain
with the Pg108 plasmid rescues the nitrite sensitive phenotype. Deleting the inverted
repeat sequence in the hcp promoter results in a similar phenotype to the hcp knock out
strain, indicating that HcpR regulates hcp expression via directly binding to the hcp

promoter at an inverted repeat region upstream of transcription start site.

Here we report the structure of the sensing domain of HcpR (HcpR-SD). The
structure verifies the inclusion of HcpR in the FNR-CRP family of regulators: the N-
terminal domain forms the characteristic B-barrel structure and the homodimer
oligomerization is confirmed through SAXS and sedimentation velocity experiments. The
mechanism and exact location of heme binding is not immediately evident upon
observation of the structure. There are a number of hydrophobic residues that line the
space between the dimerization helix (a-7) and 2 of the B-sheets (-3 and B-5) forming
hydrophobic pocket. Of note, the hydrophobic pocket is in contact with the structural
elements important in the allosteric activation of FNR-CRP regulators, the dimerization
helix and the B-hairpin region known as the “flap” between B-sheets 5 and 6 (located
along residues 68-77 in HcpR). Studies with other FNR-CRP regulators have shown that
the flap plays an important role in transmitting the signal to the C-terminal helix-turn-helix
DNA binding domain and has been shown to play a role in both the interdomain and
intersubunit interaction necessary for transmission of a binding signal (109). The
mutational studies do implicate this pocket, as simultaneously mutating both Met68 and

Met145 produces an inert form of HcpR. However, single mutations of these two residues
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reveal no changes in the activity. This is not completely unexpected, as the plasticity of
heme binding receptors has been demonstrated in the past (100, 110-113). In many of
these cases, the sensing domain is flexible and capable of axial ligand switching and re-

arrangement, compensating for mutated residues.

FNR-CRP transcription factors are found in many species of anaerobic bacteria
and have been proven to play a role in the regulation of oxidative and nitrosative stress
responses (although they are not limited to these functions). In the presence of oxides
and N-oxides, they promote the expression of genes such as nir, nor, and nos which are
responsible for denitrification and nitrate/nitrite based respiration (71, 114). Thus
understanding how HcpR agrees with and differs with other members of the family is

important for elucidating the molecular mechanisms employed by HcpR.

Despite a relatively low sequence identity between HcpR, CooA, and DNR, the
overall structure of the proteins is similar, with a central B-barrel that is highly conserved.
The most significant change is the position of the N-terminal helix with respect to HcpR
N-terminus. In CooA this portion of the N-terminal domain has been shown to be important
in co-factor/ligand binding. The N-terminal proline residue directly acts as a ligand for the
coordination of the iron in the heme cofactor to the opposite subunit. In HcpR, the
conformation of the N-terminus makes this highly unlikely. Although HcpR has a proline
located at its N-terminus (Pro3), its position is a large distance away from a potential
heme binding site. Thus coordination of the heme iron in HcpR is likely to occur through
different residues and in a potentially different manner. Another important CooA heme
coordination residue, His77 located in the loop connecting -5 and p-6, is absent in HcpR.

As can be seen in the sequence overlays, the B5-p6 loop (residues 86-104) contains an
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8 residue extension in HcpR and DNR that blocks the Heme binding site (Fig 3A). This
region contains a hydrophilic loop region sandwiched in between two hydrophobic regions
of core beta barrel fold and is orientated in the middle of the CooA binding site in the
HcpR-Coo0A superposition. Thus to accommodate heme binding in a manner similar to
Co0A, this region would have to re-orientate itself to allow heme to occupy the site.
Furthermore, the opening of the hydrophobic pocket in HcpR is oriented on the opposite
face of the protein. In figure 3B, integration of heme into the CooA binding site occurs
through the proximal face of the protein; in HcpR the hydrophobic pocket is oriented on
the distal face of the protein. This would imply that binding of heme to HcpR would take

place on the opposite face of the protein when compared to CooA.

Despite not having the structure of a heme bound form solved, the structure of
DNR shares a slightly higher sequence similarity with HcpR and is believed to be a closer
relative. The major structural differences occur due to the orientation of the DNR
dimerization helix with respect to the sensing domain and not difference in overall fold.
In the crystal structure of the truncated form of DNR, a portion of the dimerization helix is
unwound and is lodged in the hydrophobic pocket that is composed of portions of the N-
terminal domain and the dimerization helix. To accommodate the formation of this pocket
the orientation of the dimerization helix is significantly different from that of HcpR (and
other members of the FNR-CRP family) as can be most evidently seen in the overlay. Of
note, the extended loop region in the proposed heme binding site is present in both DNR
and HcpR. Furthermore, the opening of the hydrophobic pocket in DNR is in a similar
position in the superposition. This would imply that HcpR and DNR could bind to heme in

a similar manner (the location of the hydrophobic pocket is similar) however the
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coordination and mechanisms of allosteric activation of the DNA binding and RNA
polymerase recruitment may differ (the core residues of the hydrophobic pocket are not

conserved).

In heme-based sensor proteins, the ability to change the coordination state of the
heme-iron is utilized for signaling and allosteric activation. Thus understanding and
identifying the residues involved in coordination is imperative to fully understanding the
mechanisms of these proteins. It is not immediately clear which residues are involved in
the coordination of heme iron in HcpR. The heme bound protein is stable and the spectral
and resonance Raman data suggests that the ferrous form is primarily hexacoordinate.
The primarily hexacoordinate nature of the heme bound form of HcpR transitions to a
penta-coordinate system with the addition of NO to form the holo-protein. This is not
uncommon, as a pentacoordinate system is observed in many heme binding proteins
when NO is bound (as seen in DNR, CooA, and sGC). The innate affinity of NO for heme
is much higher than that of CO or Oz due in large part to its strong back-bonding with the
iron. This increased affinity causes NO to exert a strong trans effect on Fe(ll), resulting in
a long and weak bond to an axial ligand (61, 62). This unique property of the NO-Fe(ll)
bond is used to the advantage of other heme based NO sensors. The primary molecular
event correlated with sGC activation is the dissociation of the heme-proximal histidine
bond upon NO binding to the distal face of the heme. This event (loss of proximal His
coordination) triggers the structural allosteric changes within sGC that activate it (63, 64).
A similar mechanism is also hypothesized to take place in DNR, where the dissociation
of an axial histidine residue (His187) is the key regulatory step of the NO-mediated

activation of DNR (110). In both cases, CO and O2 do not apply a strong enough trans
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effect on the iron to break the His-iron bond. This allows for the NO selective activation in
both of these sensors. It is probable that HcpR follows a similar mechanism. Hcp is not
upregulated in response to oxygen or oxidative stress and the Ahcp mutant of P. gingivalis
IS not sensitive to oxidative stress, thus HcpR is capable of selective activation in
response to NO in vivo (52). Furthermore, the transient nature of the 6™ axial ligand in the
un-nitrosylated state implies that the 5™ axial ligand may be the key regulator in the NO

activation of HcpR.

Interestingly, the binding of Fe(lll) heme to HcpR is possible and the addition of
NO to this sample yields a spectrum that is similar to that of the Fe(ll) hexa-coordinate
system. Unlike CO and Oz, NO is capable of binding to Fe(lll) and reducing it to Fe(ll)
heme (115). However, whether this subsequent hexa-coordinate system involves binding

of NO or just binding to the protein axial ligands still needs to be studied.

In CRP, binding of cAMP leads to substantial structural change of the homodimer
that is characteristic of FNR-CRP proteins (116). Likewise, in DNR, it is hypothesized the
protein undergoes a similar large structural change after NO binding (46). It is believed
that the sensor domain, dimerization helix, and DNA binding domain act as separate
bodies, changing their orientation with respect to each other upon ligand binding. In the
case of CRP, itis believed that cAMP binding in the space between the dimerization helix
and the B-barrel of the N-terminal domain causes the N-terminal domain to move around
the dimerization helices (99, 117). The movement of the N-terminal domain will influence
the orientation of the C-terminal DNA binding domain through direct interaction with the
“flap” region and the lower portion of the dimerization helix transitions from a disordered

coil to an ordered helix (116). For this to occur, cCAMP must make interactions with
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residues located on the dimerization helix (99). On the basis of its overall structure and
general folding with other FNR-CRP proteins, it could be assumed that NO binding to
HcpR allosterically promotes adoption of similar structural changes to promote activation
and DNA binding. For HcpR, binding of NO to the heme cofactor displaces 2 of the side
chains coordinating the heme iron. It is possible that this displacement would then yield
an allosteric transition. Although the identity of these residues are currently unknown, for
activation to occur in the same manner as CRP and DNR, one of these residues is most

likely located on the dimerization helix.

Understanding the complete structural basis for NO-induced allosteric activation in
HcpR will most likely require the structure of the full-length and heme-bound forms of the
protein. Our attempts at crystallizing the full-length HcpR have been unsuccessful thus
far probably due to the dynamic character of the DNA binding domain as shown by the
SAXS analysis. Our simplest working hypothesis of the mechanism is a two-state model,
with an “on” and “off” state. Binding of NO to the protein-bound heme prompts an allosteric
change to the on state of the protein via the dissociation of a key residue. The on state is
capable of interacting with RNA polymerase and inducing transcription at a target
promoter. While the on state of the protein may be dominated by a single conformer, the
apo and off state is not. SAXS reveals that the DNA binding domain of apo-HcpR has a
dynamic character. This would imply that the inactive, apo-form of the protein is an
assemblage of different conformers which may be the source of its lower affinity for DNA.
A possible mechanism of allosteric activation involves bound NO influencing the folding
equilibrium of the DNA binding domain, causing one conformer with a high affinity for

DNA to dominate. SAXS experiments using the heme bound and NO-bound form of the
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protein would shed light on this potential mechanism, however our attempts at obtaining
the solution scattering data of these forms of HcpR was unsuccessful due to aggregation

and precipitation.

Based on the structural and biochemical data a putative mechanism of HcpR
involves an “OFF” and “ON” state that involves allosteric activation by NO binding (Fig.
36) In the OFF state, HcpR is a 6-coordinate system with one of the bonds to the heme
iron being a weak axial bond. In the presence of reactive nitrogen species, specifically
NO, HcpR binds to the heme cofactor of HcpR. The binding of NO displaces the axial
bonds to the heme. Displacement of these axial bonds (“specifically the “non weak” bond)
is the molecular event that induces a perturbation that extends to the DNA binding
domain. Gas binding stabilizes the DNA binding domain in the “ON” state allowing to bind
to DNA and recruit RNA polymerase. Detoxification and removal of reactive nitrogen
species leads to a decrease in intracellular NO. Loss of gas binding allows the axial bonds

to reform switching the protein to the “OFF” state.
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Active protein
Recruit RNA
Polym.
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Figure 36 — Hypothetical model of HcpR activation. HcpR exists in a 6-coordinate
state in the un-gas bound state. Binding of nitric oxide displaces both axial ligands and
displacement of these axial bonds activates the protein. In the gas bound state HcpR is
a 5-coordinate system and is in the active form of the protein allowing it bind to DNA

and recruit RNA polymerase.
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Conclusion

HcpR is a transcriptional regulator that is necessary for P. gingivalis survival in the
presence of nitrite. Its functional purpose is to regulate the putative NO reductase Hcp,
and it does this via sensing intra-cellular levels of NO and binding directly to the hcp
promoter. Based on structural and biochemical data we show that HcpR is a member of
the FNR-CRP family of regulators and demonstrate that the N-terminal sensing domain
is capable of binding heme. We also have identified a hydrophobic pocket which may
accommodate heme binding and have confirmed the functionality of this pocket through
mutagenesis studies, implicating two methionine residues located in the pocket (Met68
and Met145) as important in the activation of the protein. Finally, the heme-bound form
of the protein is primarily a hexa-coordinate system which changes to a penta-

coordinate one after the addition of NO.
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VI. Appendix

Pgl08

10,343 bp

Figure A.1 - Pg108 Vector: full vector map

Pg0893 (hcp) knockout construct

TTGCTATCAATGCCAGGAAACAGCCGGCAATAAGGGATGTATCCTCAAAGGGGTATGCGG
TAAGGACTTTAGTACAGCTAATCTGATGGATTTGCTCGTCTTTAACCTCAAAGGTATTGC
CATCATAATGACTTCTATGAGGCGTGCCGGAGTGAAAGCCGATTACCGAAAGGCTGACAA
GGCGATCATGGAATCTCTATTTGCCACAATTACCAATGCCAACTTCGACTACTCTTCCAT
AGCCAAACGTGTAGAGAAAACGTTCGCACTCAAAGCGGAATTGTACAGTTTGGCTTTTAC
GGTACCCCCGATAGCTTCCGCTATTGCTTTTTTGCTCATCGGTATTTGCAACATCATAGA
AATTGCATACCTTTGTTCCTCGGTTATATGTTTGCTCATCTGCAACTTTTTTTTCTTTGG
ACGGACAATTAAAGCAAAGATAGCAAACTTTATCCATTCAGAGTGAGAGAAAGGGGGACA
TTGTCTCTCTTTCCTCTCTGAAAAATAAATGTTTTTATTGCTTATTATCCGCACCCAAAA
AGTTGCATTTATAAGTTGAACTCAAGAAGTATTCACCTGTAAGAAGTTACTAATGACAAA
AAAGAAATTGCCCGTTCGTTTTACGGGTCAGCACTTTACTATTGATAAAGTGCTAATAAA
AGATGCAATAAGACAAGCAAATATAAGTAATCAGGATACGGTTTTAGATATTGGGGCAGG
CAAGGGGTTTCTTACTGTTCATTTATTAAAAATCGCCAACAATGTTGTTGCTATTGAAAA
CGACACAGCTTTGGTTGAACATTTACGAAAATTATTTTCTGATGCCCGAAATGTTCAAGT
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TGTCGGTTGTGATTTTAGGAATTTTGCAGTTCCGAAATTTCCTTTCAAAGTGGTGTCAAA
TATTCCTTATGGCATTACTTCCGATATTTTCAAAATCCTGATGTTTGAGAGTCTTGGAAA
TTTTCTGGGAGGTTCCATTGTCCTTCAATTAGAACCTACACAAAAGTTATTTTCGAGGAA
GCTTTACAATCCATATACCGTTTTCTATCATACTTTTTTTGATTTGAAACTTGTCTATGA
GGTAGGTCCTGAAAGTTTCTTGCCACCGCCAACTGTCAAATCAGCCCTGTTAAACATTAA
AAGAAAACACTTATTTTTTGATTTTAAGTTTAAAGCCAAATACTTAGCATTTATTTCCTG
TCTGTTAGAGAAACCTGATTTATCTGTAAAAACAGCTTTAAAGTCGATTTTCAGGAAAAG
TCAGGTCAGGTCAATTTCGGAAAAATTCGGTTTAAACCTTAATGCTCAAATTGTTTGTTT
GTCTCCAAGTCAATGGTTAAACTGTTTTTTGGAAATGCTGGAAGTTGTCCCTGAAAAATT
TCATCCTTCGTAGTTCAAAGTCGGGTGGTTGTCAAGATGATTTTTTTGGTTTGGTGTCGT
CTTTTTTTAAGCTGCCGCATAACGGCTGGCAAATTGGCGATGGAGCGGAAACGTAAAAGA
CGCGTTCTCGATGCCGGACAGTGTAATGACAGTTATTCGCTGGCGGTAATTGCCCTGAAG
CTGAAAGAAGTAATGGGATTGGATGACATCAACAAACTACCGATCGTCTACAACATTGCA
TGGTACGAACAGAAAGCTGTCATCGTCCTGCTCGCTCTACTCAGCCTCGGTGTCAAGAAC
ATCCATGTAGGCCCTACCCTACCTGCATTCCTATCACCGAATGTAGCGAAAGTGCTGATC
GAAAACTTCGGTATAGCAGGTATCGGTACGGTCGAAGAAGATATTCGGACGCTGATCGCA

hcpR-ermF promoter construct

CAATGCAGTAGTACGATACATGACGTACGTATTGCTCATCTGCAACTTTTTTTTCTTTGG
ACGGACAATTAAAGCAAAGATAGCAAACTTTATCCATTCAGAGTGAGAGAAAGGGGGACA
TTGTCTCTCTTTCCTCTCTGAAAAATAAATGTTTTTATTGCTTATTATCCGCACCCAAAA
AGTTGCATTTATAAGTTGAACTCAAGAAGTATTCACCTGTAAGAAGTTACTAATGGATCC
CGAATTCGATCTTCTTCTGAAAGCCTGGAAAAGCAGCGGACTCTCTGTCGGTATGAAAGA
CGATGAGCTCTTAGCCCTGCTTGAGAGTTGTTCATACAGAGTGGAACGGCTGAAAGCCGA
AGAGCTATATGCTATCGGTGGAGACAAGCTCCAAGACCTGCGAATCGTGGGTGTAGGTGA
GATTCGTGCTGAGATGGTGGGGCCTTCCGGCAAGCAGATTCTGATAGATACTTTGGCGGT
CGGACGCATCTTGGCTCCGGCCCTTCTTTTTGCTTCGGAGAATATTTTACCCGTTACCCT
GTTTGCTAATGAGGACAGTGTTCTTTTCCGCATCGGGAAAGAAGAGTTCAAAGGGATGAT
GCATAAGTATCCTACTCTGATGGAGAATTTCATAGGCATGATTTCCGATATCAGTGCTTT
CCTGATGAAGAAAATCCATCAGCTCAGCTTGCGAAGTTTGCAGGGCAAGATCGGAGACTA
CCTGTTTCAGCTTTATACGAAAGATGGCAGCAATCGGATTGTTGTCGAATCTTCATGGAA
AGAACTTTCCGATCGATTTGGCGTGAACAGGCAATCACTGGCACGCAGTCTCTCTCAGCT
TGAGGAAGAGGGTATCATCCGTGTGGATGGTAAAAGCATAGAAATACTCCAGCCCAACCG
ATTGTCGAGGCTGGAGTAAGTACAGATTATGACATGACGCGGTAACTATG

hcpR Flag construct

CAATGCAGTAGTACGATACATGACGTACGTATTGCTCATCTGCAACTTTTTTTTCTTTGG
ACGGACAATTAAAGCAAAGATAGCAAACTTTATCCATTCAGAGTGAGAGAAAGGGGGACA
TTGTCTCTCTTTCCTCTCTGAAAAATAAATGTTTTTATTGCTTATTATCCGCACCCAAAA
AGTTGCATTTATAAGTTGAACTCAAGAAGTATTCACCTGTAAGAAGTTACTAATGGATTA
TAAAGATCATGATGGTGACTACAAGGACCATGACATTGATTATAAAGATGATGATGATAA
AATGGATCCCGAATTCGATCTTCTTCTGAAAGCCTGGAAAAGCAGCGGACTCTCTGTCGG
TATGAAAGACGATGAGCTCTTAGCCCTGCTTGAGAGTTGTTCATACAGAGTGGAACGGCT
GAAAGCCGAAGAGCTATATGCTATCGGTGGAGACAAGCTCCAAGACCTGCGAATCGTGGG
TGTAGGTGAGATTCGTGCTGAGATGGTGGGGCCTTCCGGCAAGCAGATTCTGATAGATAC
TTTGGCGGTCGGACGCATCTTGGCTCCGGCCCTTCTTTTTGCTTCGGAGAATATTTTACC
CGTTACCCTGTTTGCTAATGAGGACAGTGTTCTTTTCCGCATCGGGAAAGAAGAGTTCAA
AGGGATGATGCATAAGTATCCTACTCTGATGGAGAATTTCATAGGCATGATTTCCGATAT
CAGTGCTTTCCTGATGAAGAAAATCCATCAGCTCAGCTTGCGAAGTTTGCAGGGCAAGAT
CGGAGACTACCTGTTTCAGCTTTATACGAAAGATGGCAGCAATCGGATTGTTGTCGAATC
TTCATGGAAAGAACTTTCCGATCGATTTGGCGTGAACAGGCAATCACTGGCACGCAGTCT
CTCTCAGCTTGAGGAAGAGGGTATCATCCGTGTGGATGGTAAAAGCATAGAAATACTCCA
GCCCAACCGATTGTCGAGGCTGGAGTAAGTACAGATTATGACATGACGCGGTAACTATG
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X-ray Data collection and refinement statistics

Data collection statistics HcpR Derivative HcpR Native HcpR Native

Radiation Source Rigaku MMO007 Rigaku MMO0O07 SSRL

Space group P4122 C2221

Cell dimensions (A) a=b=145.30, c=77.93 a=b=144.97, c=77.97 a=133.47,
b=138.85
c=44.55

Monomers/AU 2
2

Resolution (A)

Measured reflections
Unique reflections
Redundancy

I/ol

Completeness (%)

Rmerge (%)a

39.58-3.50 (3.63-

10962 (1067)

99.7 (100.0)
13.5 (37.5)

29.93-3.15 (3.26-3.15)

92849
14801 (1429)
6.2 (6.1)
13.9 (4.2)
99.5 (99.3)
7.7 (36.7)

43.73-2.60 (2.70-
2.60)

93652
13182 (1544)
7.3 (7.5)
16.2 (5.5)
99.8 (99.4)
6.6 (26.4)

Structure refinement

Resolution limit (,&)
No. of reflections
Rwork (%)

Réree (%)°

R.m.s.d.standard geometry

Bond lengths (A)
Bond angles
Dihedral angles (%)
Most favored regions
Allowed regions
Average B-factors (A?)
All atoms
Protein alone

Water

28.99-3.15 (3.39-3.15)

14778 (756)
19.6 (28.8)
23.9(37.4)

0.010
1.25°

96.0
3.33

67.1
67.1
60.0

43.73-2.60 (2.70-
2.60)
13165 (1294)

23.50 (30.63)
30.47 (39.29)

0.009
1.23°

96.30
3.70

55.9
55.9
53.50

BRmerge = i/ Ihki - <Ihki>/ZnaZi<lnki>. °Rfree was calculated with 5% excluded reflection from the

refinement
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