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ABSTRACT

Gonorrhea is a sexually transmitted infection, caused by the bacterial pathogen
Neisseria gonorrhea (Ngo) and affects millions of individuals of all age groups across the globe
every year. Infection with Ngo does not result in protection and no effective vaccine has been
developed, leaving antibiotics as the only treatment option. With the emergence of strains
showing high levels of antibiotic resistance, there is an urgent need for development of novel
therapeutics for disease prevention. During pathogenesis the host employs nutritional
immunity, to restrict important transition metals such as zinc away from Ngo. This process is
counteracted in Ngo by the production of highly efficient zinc import TonB-dependent
Transporters (TDTs) which are promising vaccine antigens and zinc shuttle ABC transporters
found to be important for intracellular survival. In Ngo zinc homeostasis and transport proteins
are regulated by the Zinc uptake regulator (Zur) which represses transcription in the presence
of zinc and activates transcription in the absence of zinc. In this study, we performed RNA
sequencing to identify the global profile of genes in Ngo under the control of Zur and found
that it differentially regulates 26 genes in response to zinc levels. We report the activity of Zur
activity as a global regulator, able to both repress and activate gene expression in the presence
of zinc and identified a consensus region on their promoters. We went on to further
characterize the promoter elements of the zinc import TDT, tdfJ, which results in dual
regulation by zinc and iron. We characterize specificity and binding affinities for regulation of
tdfJ by a second regulator, Ferric uptake regulator (Fur) in response to iron. The response of tdf/
to both iron and zinc and its potential to be an important invasin, makes it an attractive

candidate to investigate female genital tract infections. The female genital tract is a



conglomerate of these conditions and infections here are often asymptomatic. Taken together,
this research provides important knowledge on the regulation of virulence mechanisms in
response to zinc, which will aid in the development of therapeutics and an efficacious vaccine

against a gonococcal infection.
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CHARACTERIZATION OF THE NGO ZUR REGULON 1

CHAPTER 1. INTRODUCTION

I.  Family Neisseriaceae

The family Neisseriaceae comprises of the genus Neisseria and several heterogeneous
genera Moraxella, Kingella, Eikenella, Alysiella, Simonsiella, Acinetobacter among others
constituting a branch under the umbrella of B-proteobacteria (1). Upon repeated revision of this
taxonomy over the decades, Moraxella and Acinetobacter have now been classified as part of the
Moraxellaceae family based on 16SrRNA gene sequence analysis and whole genome sequencing
(2, 3). Members of Neisseriaceae are non-spore forming, gram-negative, aerobes or facultative

anaerobes rod-shaped or coccidal, oxidase positive and catalase positive organisms.

The members of Kingella and Eikenalla are predominately human commensals that
colonize the bowel and oral cavities, occasionally causing opportunistic infections of the joints
and bones (4). The genus Neisseria is named after Albert Neisser who discovered Neisseria
gonorrhoeae as diplococci within neutrophils in urethral exudates from patients in 1879. This
genus is comprised of several commensal species and two pathogenic members, N. gonorrhoeae
and N. meningitidis (5). Members of Neisseria are non-motile diplococci with flattened sides, that
have optimum growth temperatures in the range of 35-37°C, in the presence of sufficient CO;
(6). Characteristic features of majority of these human-associated Neisseria include utilization of
carbohydrates sugars glucose or maltose resulting in acid production, nitrite reduction to
produce nitric oxide except for the commensal N. mucosa which reduces nitrate to nitrite and

breakdown of sucrose to polysaccharides (7).
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Il.  Pathogenic Neisseria

N. meningitidis an agent of acute bacterial meningitis and N. gonorrhoeae the agent of
gonorrhea, are both human-specific pathogens. N. meningitidis can be carried asymptomatically
by healthy individuals where they colonize the nasopharynx (8). Severe cases of meningitis can
cause dissemination to the brain and meninges resulting serious complications and even death.
By contrast N. gonorrhoeae is always pathogenic and is never human associated commensally
like N. meningitidis. N. gonorrhoeae can colonize host urogenital mucosa, oropharynx, and
nasopharynx however dissemination to distal sites can occur (5). Although both N. gonorrhoeae
and N. meningitidis are similar at the genomic level they cause markedly difference diseases.
Though rare, the rest of the commensal Neisseria can occasionally cause opportunistic infections
in immunocompromised individuals resulting in endocarditis, septicemia, otitis and meningitis

(5,9).

lll.  Meningococcal Disease

A. Epidemiology

N. meningitidis frequently inhabit the human nasopharynx as colonization carriers
resulting in asymptomatic infections which constitutes 10% of individuals. Of this population,
25% can be colonized over several months, and about 40% are transiently colonized with a third
being intermediately colonized (10-12). Carriage rates are dependent on age with maximum
carriage in early adulthood (13). High rates of meningococcal carriage up to a 100% have been
reported in epidemic outbreaks and among university students and some military recruits in

several countries. As a result of this close contact, transmission is person to person through
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exposure to upper respiratory tract secretions (14). Besides age and direct contact, several risk
factors such as tobacco use, respiratory tract infections of viral or bacterial origin and
socioeconomic backgrounds influence carriage rates and risk of disease (15). Meningococcal
disease is also eminent and detrimental in individuals with defects in complement regulation and
are at an elevated risk for recurrent serious infections. Meningococcal disease incidence varies
from very rare at 1 to as high as 1000 cases per 100000 per year, with the highest rates occurring
the meningitis belt of sub-Saharan Africa (16). This is primarily believed to be from seasonal
variations with the “dry season” resulting in the highest number of cases ranging from Ethiopia
in the east to Senegal in the west (17, 18). The polarity between asymptomatic carriage and
occasional devastating disease is attributable to the variable capsular polysaccharide
composition, resulting in the different serogroups A, B, C, W-135, X and Y responsible for more
than 90% of the meningococcal cases worldwide (16). Currently in Europe, United States,
Australia and New Zealand, serogroups B, Y and C dominate, while serogroup A has emerged as

the primary source in Africa, causing epidemic outbreaks every 5- 10 years (19).

B. Disease

During pathogenesis initial attachment and invasion of N. meningitidis to the
nasopharyngeal mucosa, is facilitated by the type IV pilus and opa protein respectively (20).
Twitching motility of meningococci further aids in the penetration of mucsoa and attachment to
epithelial cells, which is required for colonization (20). After attachment, the meningococcal
adhesins further stimulate the epithelial cells of the nasopharynx to engulf the meningococci into
phagocytic vacuoles, enabling parasite induced endocytosis into the subepithelial membranes

(21).This can lead on to entry of meningococci into the bloodstream, causing disseminated
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infection and sepsis, which although more frequent is less clinically recognized (20, 22). The
dissemination can lead to meningococcal colonization and seeding of the meninges, pericardium,
and synovial joints, resulting in meningitis. Meningococcal meningitis progresses quickly with the
presentation of typical symptoms of fever, nausea, photophobia, stiffness of neck and sudden
onset of severe headache, which if not treated in a timely manner can result in life-threatening
disease progression (18) (23). Sepsis from meningococcal colonization, known as
meningococcemia, can lead to hypotension and a purplish rash which can then develop further
to a renal hemorrhage and organ failure. This form of sepsis is however rare, occurring in <20%
of the patients, of the 75% showing meningococcal bloodstream colonization (23). Pneumonia
can occur in up to 15% of the patients with invasive meningococcal meningitis, although

detection is minimal due the high number of asymptomatic carriers (23).

C. Treatment and Prevention

Early detection of meningococcal disease has proved to be a problem due to
asymptomatic carriage and overlap of symptoms with less life-threatening infections such as the
common cold. Typically, blood and cerebrospinal fluids are collected from patients for rapid
detection using nucleic acid amplification tests such as quantitative Polymerase Chain Reaction
(qPCR) for detection of N. meningitidis DNA (24). Following detection patients are treated with
antibiotic therapy based on information of antimicrobial resistance among N. meningitidis
subtypes (25, 26). During the early 1930s sulfonamides were prescribed for treatment of
meningococcal disease, however with the emergence of drug resistant strains and capsular
subtypes, penicillin became the preferred antimicrobial for treatment which continues to be in

use till date (27). Before antimicrobial therapy was available, meningococcal infection had a
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mortality rate of around 70%. Since the use of antibiotics and advanced medical technology,
these rates have significantly decreased to approximately 9-12% per infection, and up to 40% for
those with meningococcemia (28). Despite these improvements, convalescent patients still face
serious complications such as hearing loss, limb loss, and neurological disabilities in 11-19% of
cases (29, 30). Owing to how severe infections can be and easily spread with 5-10 days of direct
contact, containment and prevention strategies are crucial for meningococcal infection,
especially for caretakers and medical staff. To minimize the risk and spread of infection the
medical staff are often required to receive prophylactic antibiotics (27, 31, 32). Although
antibiotic resistance appears to be rare in meningococci, penicillin resistant strains have emerged
in the recent past. Due to this reason vaccinations has become the primary method for
preventing meningococcal infection globally. The MPSV4 vaccine, produced by Sanofi Pasteur,
targeting serogroups A, C, Y, and W-135 has been in use since 1981. However, its efficacy is
limited as it does not stimulate T-cells or provide long-term immunity forimmunological memory
being a polysaccharide only vaccine (33-35). The recent advent of protein conjugate vaccines like
MenACWY or Menactra have addressed these limitations and are now recommended for routine
vaccination (36, 37). This protein conjugate vaccine however, omits the N. meningitidis serogroup
B, which is responsible for 32% of the cases in the United States and 64% of the cases in Europe,
Australia and New Zealand (38). In serogroup B the capsule polysaccharide is made up of sialic
acid with the specific a2-8 linkage, that is found in several human tissues especially in the
developing central nervous systems of fetuses and children (39-41). This results in molecular
mimicry, reducing immunogenicity towards such a vaccine and the threat of autoimmune activity

against self-antigens. Therefore, serogroup B polysaccharide was removed from the conjugate
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vaccine Menactra. To overcome this issue with serogroup B immunotolerance, other outer
membrane components were targeted, resulting the 4-component vaccine containing factor H
binding protein (fHbp), Neisseria adhesion A (NadA), and Neisseria heparin-binding antigen
(NHBA) (42). These three protein components along with detoxified outer membrane vesicles
from the New Zealand outbreak strain NZ98/254 make up the 4-component vaccine, 4CMenB/
Bexero, licensed for use in the United States (43). Efficacy studies have found that 4CMenB is 80-
96% effective against target strains, if they express wither fHbp, NadA or NHBA or if they express
the P1.4 subtype of PorA (44, 45). Expression of more than one of these antigens directly affects
the efficacy of this vaccine (45). Another serogroup b vaccine Trumenba is also licensed in the
United States and consists of two distinct fHbp variants Both 4CMenB/Bexsero and Trumenba
have shown effectiveness against serogroup B with minimal safety concerns (46). Within the
United States 4CMenB is recommended at the age of 16, while MenACWY is recommended to

adolescents aged 11 to 12 years, with a booster at the age of 16 (47).

V. Gonococcal Disease

A. Epidemiology and Incidence

Gonorrhea is an STl and is the second most commonly reported infectious disease in the
United States caused by the human pathogen Neisseria gonorrhoeae (Ngo). It is a huge strain on
medical costs with cases soaring at 82.4 million globally each year, with the Center for Disease
Control and Prevention (CDC) estimating of over 700,000 cases here in the United States alone
as of 2022 (48, 49). Medical costs in the United States as of 2018 were estimated at about $271

million which is huge medical burden (50). The lack of protective immunity from a gonorrhea
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infection and spread due to lack of awareness and treatment options leads to these high
incidence numbers (51). Spread of gonorrhea is through direct sexual contact and is prevalent
among young adults in the age group of 15 to 24 years and factors such as socioeconomic
background, race and sexual orientation also influence the incidence groups (49, 50) For example
infections are higher in the category of men who have sex with men (MSM) due to co infections
with HIV which is higher incidence in individuals with gonorrhea (52-54). Other coinfections are
possible such as Chlamydia further increasing the risk of serious disease outcomes in these
individuals (55). About 50% of women present with asymptomatic gonorrhea, thereby making
them silent carries and also at risk of long term and rather severe consequences from the lack of

treatment (56, 57).

B. Disease

Gonorrhea is caused by the pathogenic Neisseria gonorrhoeae that primarily infects the
genital organs. They affect the mucosal and glandular epithelial surface of the genitourinary tract,
but can also colonize in the rectum, pharynges and conjunctiva (58). Using surface structures, the
infecting gonococci adhere to the mucosal epithelium thereby colonizing and replicating within
the cells (59). A small percent of this colonized Ngo are able to invade and transcytose into the
epithelial layer leading localized or disseminated infections (60). Localized inflammatory
response is a characteristic of gonococcal infections marked by the presentation of purulent
discharge, due to the recruitment of neutrophils and macrophages to the site. In men, Ngo
primarily causes symptomatic urethritis, which can ascend from lack of treatment to cause
prostatitis and epididymitis (61, 62). In women, Ngo primarily causes cervicitis, however, pose a

greater risk of ascension due to the prevalence of asymptomatic presentations as compared to
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men. Ascending infections in women lead to serious sequalae such as pelvic inflammatory
disease, salpingitis and infertility to name a few (56, 63). In symptomatic infections as seen in
90% of the cases for men, symptoms present within 2 to 5 days after exposure (62). However,
women don’t see symptoms 5 to 10 days post exposure and can go undetected for longer periods
of time in more than 50% of the cases in women (62). Dissemination is a prospect for infections
in both men and women, which results in endocarditis, meningitis, and septic arthritis (64-67).
Gonococcal infections can also be transmitted from mother to neonates during childbirth,

resulting in conjunctivitis that may even lead to blindness (68, 69).

C. Immune Responses to Gonorrhea

It is evident by now that there is no protective immunity or immunological memory from
a gonococcal infection and Ngo skew the immune response towards an innate Th17 response by
inducing tissue production of the transforming growth factor § (TGF-3) and interleukin 10 (IL-10).
These cytokine mediators limit the Th1 and Th2 mediated adaptive immune response that would
have developed protective immunity (70). The Th17 response induces neutrophil recruitment
mediated by the production of pro inflammatory cytokines IL-17 and IL-22 (71). Studies on lower
genital tract infection models in mice have recently shown evidence that mice immunizations
with gonococcal antigens in the presence of IL-12, which is a Th1 activating cytokine, allows faster
clearance and protection from re-infection in female mice (72). Another study showed promise
on administration of TGF-B blocking antibodies, that allowed for a Thl and Th2 mediated
adaptive response leading to long term protection in mice (73). However, there are several
limitations as Ngo is a human specific pathogen and mouse models do not mimic a human

infection, leaving treatment options not being straightforward.
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Despite the presence of profuse neutrophilic responses to symptomatic natural
gonococcal infections, revealed that cytokine and antibody responses to these uncomplicated
cervical and urethral infections were weak and short-lived (74). An experimental urethral
infection model limited to men, showed elevated levels of IL-8, IL-6, IL-1[3 and TNF inflammatory
cytokines in the plasma and urine samples (75). However, no evidence of enhanced protection
to re-infection was observed upon after 2 weeks of treatment to the first experimental infection.
Examination of antibody levels in male and female gonorrhea patients showed a local increase in
cervical and vaginal IgA1 and IgG levels in female patients, however only a modest increase in
serum IgAl in women alone (76). All these suggest that gonococci subvert the induction of
humoral immune response to uncomplicated infections through an unknown mechanism and
vaccine efforts should strategize mucosal and systemic immunizations using novel concepts.

Efforts focused on effective vaccine development have garnered some interest towards
Transferrin binding proteins (Tbps) due to promising immune response to meningococcal
infections (77). However, antibodies below limit of detection were observed against recombinant
Tbps, showcasing a lack of both systemic and local antibody response to these proteins during a
natural gonococcal infection (78). This study established the starting point and baseline response,
over which a robust antibody response needs to be induced to create an effective gonococcal

vaccine.

D. Treatment and Prevention

Unlike meningococcal disease, several challenges lie in successfully treating and
implementing prevention strategies for gonococcal disease. The virulence determinant of Ngo

which are ideal targets for a gonorrhea vaccine, undergo high frequency phase and antigenic
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variations, thereby making the target redundant and ineffective antibody responses to these
evolving antigens (79). Current treatment options are limited to antibiotic therapy in the absence
of a successful vaccine and the lack of protective immunity (51). Antibiotics have been used for
treatment of a gonorrhea infection for several decades. However, they have a penchant to
develop resistance to these antibiotics while maintaining these resistant determinants through
the years (80-85). The antibiotic rollout has been from sulfonamides to penicillin in the early
1900s, however since then Ngo strains have emerged that show resistance to all known antibiotic
classes (86-88). The most recent WHO and CDC updated recommendation for antimicrobial
therapy as of 2020 is a single intramuscular dose of 250mg of ceftriaxone for treatment of
uncomplicated gonorrhea (89). Alternative combinations of antibiotics of 2 g azithromycin and
either 240 mg gentamycin or 320 mg Gemifloxacin, have been recommended for treating
individuals with [ lactam sensitivity (90, 91). With dwindling antibiotic therapies, the emergence
of an untreatable Ngo is on the horizon and there is an urgent need for research and
development for the design and implementation of novel therapeutics and vaccines. Recently
there was evidence to show that the meningococcal OMV vaccine Bexsero, elicited cross
protective antibodies against gonorrhea and this may be considered with follow up research (92).
For detection of a gonococcal infection, specimens from urogenital mucosa are collected through
swabs and are examined either visually under a microscope for the presence of intracellular
gonococci within neutrophils or nucleic acid amplification testing (NAATs) which is a more
sensitive option for detection (86, 93). Today practicing safe sex and efficient screening among
populations at increased risk are recommended for contact tracing and limiting outbreaks among

groups.
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V. Virulence Factors of Neisseria gonorrhoeae

Ngo being a human host-adapted pathogen, has evolved along with the human host over
several centuries, displaying an impressive array of Ngo being a human host-adapted pathogen,
has emerged from and evolved along with commensals, retaining common features whilst also
developing unique characteristics that are critical for their pathogenicity. Ngo display an array of
impressive virulence factors that enable adhesion, invasion, nutrient acquisition, and immune
evasion. These virulence factors are typically surface structures that aid in colonization and
transmission. The genes that encode these virulence factors are subject to high frequency phase

and antigenic variation, contributing to the mechanism of immune evasion by the gonococcus.

A. Type IV Pilus

Type IV pili are outer membrane filamentous structures that are present universally in
gram-negative bacteria including N. gonorrhoeae (94). This filamentous pilin can extend several
microns from the bacteria cell surface and is about 6 nm in diameter (95). This filamentous
structure is made up of 15 proteins which play a role in biogenesis, assembly and disassembly
(96). Four steps are involved in pilin synthesis: assembly, functional maturation, counter
retraction and emergence on the cell surface which are completed by regulation of 23 genes (97).
Assembly of the pilus structure is complicated and involves the major pilus subunit called the PilE
with is a 20KDa protein. During pilus biogenesis several minor pilus subunits are involved aiding
in the maturation and these include PilD peptidase, PilQ pore-forming complex, PilC tip-
associated protein, PilF, PilG, PilT and PilP (98-100). In gonococcal pathogenesis the Type IV pilus

play primary roles as an adhesin enabling attachment to epithelial surfaces, microcolony
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formation, allowing bacterial twitching motility and DNA uptake for natural transformation (95,
101). During twitching motility, the PilT ATPase and PilC work together to rapidly assemble and
disassemble the pilus resulting in the twitching motions of N. gonorrhoeae (102, 103). The natural
competency of Type IV pilus allows uptake of naked DNA, allowing lateral transfer of genes, which
is a major contributor to the antigenic diversity among gonococcal strains and gain of
antimicrobial resistance determinants (104, 105). The gonococcal pilus is subject to high
frequency phase and antigenic variation. During antigenic variation, the promoter-less, silent pilS
gene is exchanged for the pilE gene by a non-reciprocal Rec-A dependent mechanism, resulting
in antigenically distinct gene chimeras, occurring at a frequency of once per 100 cells (106, 107).
The pilC gene expression is RecA-independent phase variation due to frameshift mutations
occurring within a homo-guanine tract occurring within the signal peptide region, turning the
gene on/off (108). A similar phase variated is noted in pile that contains a poly-C tract within the
coding region, allowing it to slip out of frame during DNA replication and causing decreased pilus

production (108).

B. Opacity Proteins

The gonococcal opacity proteins, also known as Opas are integral outer membrane
proteins that were originally named so as they cause gonococcal colonies to appear opaque,
when viewed by phase contrast microscopy (109, 110). A single gonococcal cell can possess up
to 11 opa genes which are constitutively expressed (111, 112). Each Opa contains conserved,
semi and hyper variable regions with the hyper variable regions of the protein located on the
outside of the outer membrane (111). The Opa protein structure constitutes an 8-stranded [3

barrel, generating 4 surface-exposed loops (95). Opa protein expression like the Type IV pilus
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undergoes high frequency phase and antigenic variation, by changing the number of pentameric
repeat units -CTCTT- located within its leader peptide region. This results in an on/off switching
of expression from slip-strand mispairing, allowing a single to express either none or several
different Opa proteins (113-115). Opa proteins play a major role in gonococcal infections which
is supported by the observation of recovery of opa expressing Ngo from patient exudates and
male urethral experimental infections (116, 117). They play a critical role in invasion of epithelial
cells and recognize two different human cell receptors to initiate invasion (118). They are the
OpaHS which recognize heparin sulphate proteoglycans and the OpaCEA which recognize the
carcinoembryonic antigen cell adhesion molecule (CEACAM) comprised of the various CD66
(119). They are the OpaHS which recognize heparin sulphate proteoglycans and the OpaCEA
which recognize the carcinoembryonic antigen cell adhesion molecule (CEACAM) comprised of
the various CD66 molecules (120-124). These specific interactions of Opas with host proteins
affects the disease outcome and invasive capacity. During vaginal colonization Opa association
with CEACAM 5, has been shown to enhance colonization for a longer period of time in the lower
genital tract, while association with CEACAM 1 was found to enable transcytosis through
epithelium and ultimately aid in dissemination (125). Binding of Opas to CEACAM 3 on
neutrophils initiates voluntary phagocytosis, however, more recent studies have suggested that
this interaction occurs minimally to alleviate the pressure on Ngo to survive the toxic oxidative
stresses of neutrophils (126, 127). CEACAM 1 interactions with Opa have been shown to have
effects on immune responses to infection by arresting activation of CD4+ T cells and death of B-
cells, thereby evading immune response with the loss of immunological memory (128, 129). A

second arm of immune evasion by Opas is in their ability to skew the immune response away
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from innate Th-1 and Th-2 responses, mediated by TGF-3 and IL-10 towards an adaptive Th-17

response which is favorable for Ngo survival (70, 130).

C. Porin

The outer membrane porin protein, Por is the most abundant protein in the gonococcus,
constituting approximately 60% of the total protein. Serological classification of gonococci are
based on Por, with 9 distinct serovars identified for Ngo (131). There are two different classes of
Por in Neisseria being PorA and PorB, with PorA being associated with disease complications
while PorB being associated with uncomplicated mucosal infections (132, 133). In Ngo however,
porA is a pseudogene which is not expressed (134). Only PorB is produced in gonococci and they
further produce two subtypes PorB1A and PorB1B (135). Within these subclasses PorB1A is
associated with dissemination phenotype and PorB1B is present in localized infections (136).
Porins aid in the survival of gonococci by allowing the transport of ions and nutrients across the
outer membrane (137). They can translocate into host cell membranes, disrupting cell signaling
and phagosome maturation to escape killing, thereby promoting the intracellular survival of
gonococci (138-140). Resistance to serum and classical and alternate complement pathway
mediated killing has been observed upon PorB1A binding to host Factor H and C4b binding

protein (141-143).

D. Lipooligosaccharides (LOS)

Like most other gram-negative bacteria, the gonococci also possess Lipopolysaccharides
(LPS) on their outer membrane, however unlike most LPS the gonococci lack the O antigens in

their polysaccharide core, and are designated as Lipooligosaccharide (LOS) (131). There is much
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variation in the type of LOS produced by gonococcal cells and this is due to the highly variable
composition of the oligosaccharide carbohydrate content and length, with specific compositions
being essential for pathogenesis (144). In addition to its role as an endotoxin, the gonococcal LPS
can mimic human glycosphingolipids and bind receptors such as asialoglycoprotein enhancing
invasion of urethral epithelia (145-147). During an infection, gonococcal sialyltransferase work to
deposit sialic acid from the host cytidine-5’-monophospho-N-acetylneuraminic acid (CMP-NANA)
onto certain variants of LOS, contributing to serum resistance (148-150). Resistance to
complement-mediated killing and bacteria antimicrobial peptides is attributed to the gonococcal
LOS masked by deposition of phosphoethanolamine (PEA) in addition to sialylation. Deposition
of PEA has a significant effect with strains lacking this phenotype showing lower colonization
rates in mouse infection models (151-154). As indicated previously, LOS is subject to phase
variation of the glycosyltransferase genes IgtA, IgtC and IgtD that contain a poly-G tract within
the coding region causing them to slip and vary in terminal sugars of the LOS polymer thereby
also resulting in antigenic variability (155, 156). Research shows that LOS allows the gonococcus
to fluctuate between being invasive and serum resistance, interfering with the invasion of certain

cell types (157).

E. IgA1 Protease

The human mucosa is the site for most infections including gonococcal colonization and
is enriched in the immunoglobulin IgA to combat infections. Ngo produce an IgA protease, which
upon release from the cell, undergoes endo and proteolytic cleavage, to produce the mature
form of IgA1 protease (158). This mature form of IgA1 protease targets proline-rich hinge region

of the IgAl heavy chain. This cleavage site is determined by the type of the IgAl protease
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expressed by gonococci and there are two classes of IgAl protease. The class 1 protease
recognized proline/serine bond at residue 237 and class 2 targets a proline/threonine bond at
residue 235 (159-161). The IgAl protease cannot cleave IgA2, however can cleave the
glycoprotein lysosome-associated membrane protein 1 (LAMP1) found within lysosomes and late
endosomes. Cleavage of LAMP1 accelerates lysosomal degradation thereby increasing the

intracellular survival rates of Ngo (162-165).

VI. Host Metal Restriction and Homeostasis

Neisseria like most bacteria require trace metals such as iron and zinc for survival and
pathogenesis. These transition metals are used by bacteria for important cellular and metabolic
functions. The host engages in protecting against infection by withholding free zinc or iron away
from Ngo by the process termed as nutritional immunity and this is effective against most

pathogens.

A. lIron

Iron is an essential micronutrient for all living organisms including humans and it plays
key roles in biochemical and physiological process such as energy metabolism, oxygen
transportation and DNA replication (166). It is critical for facilitating redox reactions and as a
cofactor for the functioning of several key enzymatic reactions, due to its redox oxidation states
as ferrous (Fe?*) and ferric (Fe3*) iron. Despite its advantageous roles, this redox potential of iron
can have adverse effects on biological molecules and cells due to the destructive nature of Fenton
chemistry. This reaction which involves Fe?* and hydrogen peroxide, generates reactive oxygen

species (ROS) capable of harming biomolecules such as lipids, proteins and DNA (167). To
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minimize the toxicity from this Fenton chemistry, majority of the iron in mammals is held within
intracellular compartments, complexed with hemoproteins and iron-storage proteins (166).
Therefore, the bioavailability of free iron is low in humans, which is further decreased during an

infection by the process of nutritional immunity (168).

1. Transferrin

Transferrin is a pivotal human iron transport protein that is an 80kDa glycoprotein. It is
abundant in human serum and facilitates iron transport to various tissues in the body (169).
Structurally, transferrin has a bi-lobed configuration comprising of N-terminal and C-terminal
domains with high-affinity iron-binding regions that coordinates a single Fe3* ion, with a
dissociation constant of approximately 10”7 to 10° M (170, 171). Within the spectrum of human
serum, transferrin concentrations accounts for approximately 25 to 50uM, with 30% of total iron
binding sites available harboring an iron atom at any given time, with a slight preference for the
N-lobe pocket (172-174). All cells with a metabolic requirement for iron, express transferrin, with
a preference for binding ferrated transferrin. Although diferric transferrin binds more tightly,
both monoferric forms establish stable complexes with the host cell receptor. Following binding
the transferrin-host receptor complexis engulfed and internalized into an endosome, where iron-
liberation occurs through acidification, leaving an apo-transferrin-receptor complex to be
recycled to the cell surface (169, 175, 176). Upon reaching the cell surface, a new ferrated-
transferrin molecule displaces the apo-transferrin, binding the receptor with higher affinity than

the apo form under neutral pH conditions (175, 176).
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2. Lactoferrin

Lactoferrin belonging to the transferrin family of the host iron binding and transport
proteins, is less abundant in serum as compared to transferrin, however, is it found in various
secretions including the saliva, semen, vaginal fluids, urine, bile, amniotic fluids, blood plasma
and specific leukocytes (177, 178). Within milk it ranks as the second most abundant protein after
casein (175, 179-181). Like transferrin, lactoferrin also has a bi-lobed structure and is an 80 kDa
glycoprotein, demonstrating a high affinity for iron binding (182, 183). However, unlike
transferrin lactoferrin has shown to bind metal ions other than iron, including, copper,
manganese, and zinc (184). It is also able to maintain its iron bound state over a broader range
of pH unlike transferrin which requires a neutral pH. This property along with lactoferrin’s
widespread presence across various anatomical sites makes it particularly effective in not only
maintaining iron homeostasis but also in restricting bacterial growth. This dual function is
achieved via two mechanisms, one through iron sequestration and second through
autoproteolysis of its N-terminus, which generates small antimicrobial compounds known as
lactoferricins (185-188). These compounds interact with bacterial surface receptors, disrupting

membrane integrity and ultimately leading to bacterial cell lysis (185-188).

3. Heme and Hemoproteins

Heme is a small porphyrin ring coordinating ferrous iron, stores about 70% of human iron
(189). Heme is essential for oxidative stress responses, oxygen storage and electron transport,
coordinating catalytic functions within the cell (190). However, this catalytic potential can also

lead to potential toxicity of the cell when heme is present in excess, much like most transition



CHARACTERIZATION OF THE NGO ZUR REGULON 19

metal ions, leading to the production of reactive oxygen species. To prevent this toxicity 95% of
the heme is kept bound within hemoproteins of which hemoglobin makes up 67% (191).
Hemoglobin is present as a tetramer made up of two a and two [3 subunits together binding four
heme molecules (191). Hemoglobin is abundant in erythrocytes, however, are subject to
hemolysis, releasing a3 dimers in the blood (192). To overcome toxicity Haptoglobin then binds
the dimers released and shuttling them to the liver to clear them (193-195). Albumin and
hemopexin also play a role in mitigating heme toxicity if heme is released from hemoglobin or

hemopexin during damage (193).

4. Ferritin

Ferritin is an iron storage and binding protein that binds to intracellular iron unlike
transferrin, lactoferrin and hemoproteins which bind extracellular iron (196, 197). Ferritin is
composed of a heteropolymer of 24 subunits, composed of heavy and light chains. The mature
protein at 450 kDa form a nearly spherical structure capable of accommodating 4500 iron atoms
(198-200). Ferritin is upregulated in macrophages during an infection, which is followed by an
inflammatory response. This causes the serum iron levels to drop and thereby increasing the
cellulariron concentrations and leading to holding of iron within ferritin (196, 197). This iron from
ferritin is released during iron-deplete conditions by the process of proteasomal degradation
(201, 202). The importance of this ferritin regulation has been shown to crucial for survival of

cells, with ferritin knockout mice showing a survival defect (203).
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B. Zinc

Zinc has gained focus on its role in cellular processes and is crucial for enzymatic, catalytic
functions, signaling and as a structural component of proteins much like iron has.
Metalloproteins and enzymes utilize zinc as structural or catalytic components (184, 204). Within
eukaryotic cells, the cytoplasm contains 50% of zinc, the nucleus contains 40% of total zinc and
the remaining 10% is present with membranes and cell walls (205). In prokaryotes, 80% of the
zinc is utilized in enzymatic components and only 6% is within bacterial proteins (205). Zinc due
to its catalytic propensity can be toxic to the cell in abundance and are tightly regulated and
stored within proteins much like iron storage and neutralization. Free zinc within the body is at
picomolar ranges because majority of the intracellular zinc which in total is at about hundreds of
micromolar in concentration is present in proteins functioning as zinc stores and within
nutritional immunity proteins (206). An example of excess zinc mediated toxicity is exhibited by
inhibition of clathrin-mediated insulin endocytosis, disrupting insulin clearance (207). This

highlights the need for a tight control of zinc within the cell.

1. 5100 Proteins

The S100 family of proteins play a central role in calcium signaling and homeostasis in
mammals. They are EF-hand containing proteins that exist as obligate dimers, with each four-
helix monomers combining to form a stable form of antiparallel dimer with 8 helices (208). With
more than 20 identified members of the S100 protein family, each of the S100 protein share a
common structural unit consisting of a helix-Ca* binding loop-helix motif, forming in pairs to

make a stable helix bundle (209). Although homodimerization is mostly preferred,
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heterodimerization is possible as seen in S100A8/S100A9 heterodimer which is an important
nutritional immunity zinc sequestration protein calprotectin (210). Beyond its involvement in
calcium regulation, they are integral to various intracellular processes including cell cycle
regulation, transcription, motility, cell growth and differentiation. S100 proteins are also
important biomarkers for disease, inflammation, and immune modulation. Anti- inflammatory
response regulation by S100 proteins involve scavenging of reactive oxygen species (ROS),
leading to apoptosis of tumor cells and endothelial cells (211). S100 proteins exhibit
characteristics akin to cytokines and chemokines due to their interaction with pattern recognition
receptors such as receptor for advanced glycation end products (RAGE) and Toll-like receptor 4
(TLR4) (211-213). Thereby triggering a range of responses, such as recruitment of inflammatory
cells neutrophils, macrophages, as well as the activation of proinflammatory cytokines via the
NF-kB and MAPK pathways (214, 215). Several S100 proteins are associated with inflammatory
disease such as S100A7’s immune modulatory effect in association with atopic dermatitis and
psoriasis and S100A8/A9 calprotectin in inflammatory bowel disease, cystic fibrosis, and
rheumatoid arthritis (216-219).

Owing to their zinc sequestration abilities, S100 protein function as nutritional immunity
protein preventing bacteria growth and pathogenesis. This has been demonstrated in various
pathogens such as Staphylococcus aureus, Helicobacter pylori, Candida albicans, Acinetobacter
baumannii, Escherichia coli, Pseudomonas aeruginosa, and Salmonella enterica serovar
typhimurium by using S100A7, S100A12 or calprotectin for antimicrobial effects by nutrient

limitation (220-224).
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2. Metallothioneins

Metallothioneins are small cysteine-rich proteins that aid in zinc homeostasis by sensing
intracellular zinc levels. A single metallothionein is able to coordinate up to 7 zinc ions (225, 226).
Between 5 and 15% of cytosolic zinc is bound by metallothioneins, while other zinc ions are

shuttled in and out of endosomes (227, 228).

VIl.  Metal Acquisition by Pathogenic Neisseria

Nme and Ngo have evolved sophisticated mechanisms to flourish within their obligate
human host environment, notable by hijacking critical trace metals for survival. Their primary
strategy involves synthesis of high affinity TonB-dependent outer membrane transporters (TDTs).
TDTs works alongside the Ton motor complex and specific high affinity ABC transporters for the
transport of metal ion from the outer membrane, through the periplasm and into the cytoplasm
(229). There are 8 known TDTs in Neisseria, majority of which have been characterized as iron

importers and 2 are known zinc import TDTs (229).

A. Two Component TDTs-

All known TDTs have 22-strands to make up the B-barrel spanning the outer membrane,
along with 11 flexible extracellular loops positioned between the barrel's antiparallel strands
(230-232). Additionally, there's a folded plug domain at the N-terminus, obstructing the barrel's
pore (230-232). To enhance transporter function, three gonococcal TdT systems employ a second
component: a lipid-modified accessory protein anchored to the outer membrane. The most well-
characterized of these is the transferrin-iron uptake system, which binds to the C-lobe of human

transferrin, extracting its iron (233, 234). The key component, transferrin binding protein A
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(TbpA), that binds apo- and Fe-transferrin, facilitating iron transfer through the outer membrane.
The second motif, found in all TdTs, is a short N-terminal amino acid sequence called the TonB-
box, interacting with the TonB protein from the Ton motor complex to power the transporter
(235). Mutations in this region abolished nutrient transport while having no effect on transferrin
binding (236). The third motif, situated in the plug domain, comprises the residues EIEYE. This
negatively charged motif is thought to transiently chelate the iron atom after from transferrin,
playing a crucial role in iron utilization (237).

The second component, TbpB, is a bi-lobed lipoprotein with specificity for Fe-transferrin,
binding exclusively to the N-lobe of TbpB. ThpB significantly enhances the efficiency of iron
import by TbpA although it is not necessary for transferrin binding (233, 238-242). tbpAB is
present in all gonococcal and meningococcal strains, organized into an iron-regulated bicistron
with tbpB preceding tbpA (243, 244). TbpA exhibits high degree of conservation among
gonococcal isolates, with over 95% sequence identity, while TbpB displays antigenic variability,
suggesting a potential role to protect TbpA (245, 246). The importance of iron piracy is evident
from an experimental urethral infection study in human males, where a gonococcal strain unable
to utilize transferrin failed to establish infection (247).

The lactoferrin-iron acquisition system, composed of the transporter lactoferrin binding
protein A (LbpA) and the lipoprotein LbpB, scavenges iron from human lactoferrin and shares
significant similarities with the transferrin system (248). IbpA and /bpB are organized in a
bicistronic operon with the B gene preceding the A gene (249, 250). Beyond iron acquisition, LbpB

also protects Neisseria from the lactoferrin-derived lactoferricin (251). Unlike the transferrin
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system, approximately half of gonococcal isolates express the lactoferrin system, and LbpB
expression is phase-off most times, through slipped-strand mispairing (250, 252).

The third system in Neisseria is the hemoglobin/haptoglobin (Hb/Hp) uptake system,
which comes in two forms: HmbR and HpuAB (253). While N. meningitidis can potentially express
both systems, all known N. gonorrhoeae strains are limited to HpuAB due to the absence of
functional hmbR (253-256). The hpuAB locus encodes two proteins: the lipoprotein HpuA and the
TonB-dependent transporter HpuB, essential for acquiring heme-iron from human hemoglobin
and hemoglobin-haptoglobin complexes. Unlike the transferrin and lactoferrin systems, both
HpuA and HpuB are indispensable for ligand binding and utilization (254, 255, 257). The HpuAB
system undergoes high-frequency phase variation due to a poly-G tract in hpuA, and its
significance during infection varies based on whether the host is male or female (258, 259).
Gonococcal isolates from women with localized infections generally harbor isolates lacking
HpuAB expression, however phase-on isolates have been recovered from women infected early
in their menstrual cycle (260). These findings imply that while HpuAB expression is not essential
for gonococcal colonization, the Hb/Hp system is favored during menstruation when hemoglobin

is abundant, likely due to increased ligand availability (260).

B. Single Component TDTs-

The remaining five TdTs function independently, and do not require an additional
lipoprotein. FetA (FrpB) binds to siderophores—small, non-ribosomal compounds produced by
other bacteria to obtain iron (261). Although Neisseria themselves don't produce siderophores,
they've developed a strategy to utilize those produced by other species, such as ferric

enterobactin, ferric salmochelin, and dihydroxybenzoic acid (262, 263). Like other receptors for
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hemoglobin and lactoferrin, Neisseria FetA undergoes phase variation through slipped-strand
mispairing, though in the promoter region rather than in the coding sequence (264).

The remaining four TdTs, collectively referred to as TonB-dependent function (Tdf) F, G,
H, and J, share similar names. Among them, TdfH and TdfJ are more extensively studied. TdfH
(CbpA) is found in both pathogenic Neisseria species but is less common in commensals. It binds
human calprotectin and extracts zinc from it with high affinity, possibly aiding in manganese
acquisition as well (265). TdfJ (ZnuD) is present in all Neisseria species and is crucial for zinc
uptake. Upon binding zinc, it undergoes structural changes facilitating zinc transport to the
periplasm (266). While TdfF and TdfG are less explored, their transcriptional regulation suggests
involvement in iron uptake, with TdfF potentially contributing to gonococcal survival in human
cervical epithelial cell culture (267). TdfF is found in both pathogenic Neisseria species, whereas

TdfG is specific to the gonococcus (268).

C. The Ton Motor Complex

The Ton motor complex energizes the transport of iron, iron chelates, heme and zinc and
consists of three proteins in the cytoplasmic membrane: TonB, ExbB and ExbD. TonB forms a
dimer in vivo, yet its exact role in physiological processes remains unclear (269). The interaction
dynamics between TonB and TdTs, from association and dissociation, are still not fully
understood (270, 271).

In terms of function, when a ligand binds a TdT, it triggers a structural change that exposes
the TonB-box, a short N-terminal amino acid sequence at the periplasm side. The C-terminal end
of TonB, located in the periplasm and extending from the cytoplasmic membrane, then binds to

the TonB-box, creating a stable complex that physically connects the TdT to the cytoplasmic
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membrane (272). However, the precise mechanism by which TonB facilitates transport after
forming this complex remains not fully understood. Several models have been proposed, all
suggesting that the complex utilizes the proton motive force to alter the conformation of the TdT
plug domain, possibly through pulling, rotation, or denaturation (230, 273, 274). For example
according to one model, the C-terminal end of TonB, bound to the TdT plug, drawing the plug
towards the periplasm and partially unfolds it, creating a channel in the TdT B-barrel for nutrient
traversal (230). Molecular dynamics simulations support the feasibility of such a model within

the constraints of the TonB/TdT binding interaction and proton motive force energy.

D. ABC Transporters

Iron or zinc atoms from the outer membrane, move across the periplasmic space, through
the cytoplasmic membrane, and into the cell's cytoplasm. This is facilitated by a dedicated ATP-
binding cassette (ABC) transporter. These transporters comprise of three components, which
include a periplasmic binding protein, which captures metal ions; a cytoplasmic permease,
forming a conduit for entry into the cell; and an ATPase, providing energy through ATP hydrolysis
(275, 276). The Neisseria genome harbors multiple genes that encode ABC transporters, with
three systems collectively serving the TdTs. Specifically, the FbpABC transporter supports the
transferrin and lactoferrin systems, FetA relies on the FetBCD system, and ZnuABC assists TdfH
and TdfJ (237, 262, 277, 278) (229, 279, 280). Despite the existence of diverse ABC transporters,
Neisseria lacks a dedicated transporter for heme. Additionally, while potential interactions
between TdfF and TdfG with ABC transporters are conceivable, they remain incompletely

understood.
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VIII.  Regulation of Gene Expression

Maintaining metal homeostasis is essential for Ngo’s survival and pathogenicity, so as to
overcome both metal ion sequestration and toxicity imposed by the host. To this end Ngo tightly
controls the regulation of its iron and zinc uptake systems depending on the availability of these
metal ions using two FUR family regulators, Ferric uptake regulator (Fur) that regulates iron
homeostasis and the Inc uptake regulator (Zur) that maintains zinc homeostasis (281, 282). The
FUR family regulators are abundant in prokaryotes and share a common winged-helix DNA
binding domain on their N-terminus and a dimerization metal binding domain at the C-terminus.
This dimerization domain is composed of histidine rich residues, HHHXHX2CX;X which are
characteristic for DNA-binding (283). Both Fur and Zur coordinate their cognate metal ions Fe2+
and Zn2+ respectively to bind promoter DNA during excess iron or zinc (228). In the absence of
metal during nutritional immunity, these regulators cannot bind DNA and therefore the genes
are transcribed, including expression of the above-mentioned Ngo TDTs, TonB motor complex
and ABC transporters (284, 285). Fur and Zur recognize conserved DNA sequences on the
promoter of genes known as Fur and Zur box to bind and regulate expression (283). These
consensuses are mostly conserved across families with both pathogenic Neisseria showing
conservation of the Fur and Zur box they recognize (282, 283, 285). The Fur family of regulators
control virulence, defense against ROS and transport of metal ions. In several pathogens such as
E. coli, Vibrio cholerae, a fur mutant results partial or complete loss of fitness in animal models
of infection, with a loss of critical metabolic and catabolic functions (286, 287). This further

signifies the critical contributions of these regulators in virulence and disease.
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IX. Research Objectives

The goal of the research study described in this dissertation is to understand the
multifactorial role the Zinc uptake regulator (Zur) plays in Ngo. We aimed to demonstrate a
comprehensive and experimentally validated analysis of transcriptomic responses to variation in
zinc availability by Ngo Zur. We pursued three objectives to address our overall goal. 1. We
performed transcriptomic RNA Seq analysis to get the big picture on all the genes Zur controls in
Ngo when faced with zinc starvation versus zinc excess and consolidated genes that were
paramount for virulence and homeostasis functions. 2. We then narrowed down our analysis of
Zur’s function as a global regulator able to both activate and repress gene expression and
evaluate genes and their promoter characteristics that allow activation in the presence of zinc.
We determined a conserved Zur-box that Ngo Zur recognizes to activate and repress gene
expression. 3. Next we explored the characteristic of the promoter of tdf/, coding for the zinc
uptake TDT TdfJ, an important vaccine antigen. We identified a key characteristic in the control
of tdfJ for its maximal expression owing to its dual control by iron and zinc. We determine
conserved regions and propose a mechanism that allows for the dual control of this virulence

gene.

CHAPTER 2 MATERIALS AND METHODS

l. Bacterial Strains and Routine Maintenance

Strains and plasmids used in this study are listed in Table 1. Plasmids were propagated in
Escherichia coli strains TOP10, DH5alpha or BL21 DE3 pLysE. E. coli strains were cultured in Luria-

Betrani (LB) broth media supplemented with antibiotics carbenicillin (100 pg/mL), kanamycin (50
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ug/mL) or erythromycin (34 ug/mL). Neisseria gonorrhoeae (Ngo) WT and mutant strains were
routinely maintained on GC medium (Difco) base agar plates with Kellogg’s supplement and 12
UM Fe(NOs)s (GCB Plates) at 36°C and 5% CO2 atmospheric conditions . For long-term storage,
strains were stored in either E. coli or GC freezing media at -80C. Ngo growth conditions for

specific regulation experiments are described below.
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Table 1. Strains and Plasmids
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Strain/ Plasmid Genotype/ relevant Reference
characteristics
E.coli
DH5-a F + endAl gInV44 thi-1 recAl relAl NEB
gyrA96 deoR nupG purB20
¢80dlacZAM15
A(lacZYAargF)U169, hsdR17(rkK—
mK+), \—
TOP10 F — mcrA A(mrr-hsdRMS-mcrBC) Invitrogen
$80lacZAM15 AlacX74 recAl
araD139 A(ara-leu)7697galU galK
rpsL (Strr ) endAl nupG
BL21 (DE3) pLysE F-ompT hsdSB (rs—, ms—) gal Invitrogen
dcm (DE3) pLysE(Cam")
N.gonorrhoeae
FA1090 Wildtype (AlbpA, HpuAB off) (288)
MCV964 FA1090 zur::kan (Kan") (289)
MCV404 FA1090 fur-1(Erm") Dr. Aminat T. Oki, (289)
Plasmids
pET-19b His-tag expression vector Novagen
pCR4-TOPO TOPO TA cloning vector Invitrogen
pCR2.1-TOPO TOPO TA cloning vector Invitrogen
pGSU606 pET19b + FA1090 fur This study
pGSU605 pCR4.TOPO+5'RACE tdf/ insert This study
(from FA1090 zur+Zn RNA)
pGSU611 pCR2.1 TOPO TA+5'RACE tdfJ This study
insert (from FA1090 WT+TPEN 2
RNA)
pGSU612 pCR2.1 TOPO TA+5'RACE tdfJ This study

insert (from FA1090 WT+TPEN 3
RNA)
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for scrambled Fur/Zur box- all Pty

pGSU613 pCR2.1 TOPO TA+5'RACE tdfJ This study
insert (from FA1090 WT+TPEN 5
RNA)

pGSU622 pCR4.TOPO+gbGSU014 gene block This study
for scrambled Fur box Puwps

pGSU623 pCR4.TOPO+gbGSUO015 gene block This study
for scrambled Fur/Zur box-1 Pp

pGSU624 pCR4.TOPO+gbGSUO016 gene block This study
for scrambled Fur/Zur box-2 Pp

pGSU625 pCR4.TOPO+gbGSU017 gene block This study
for scrambled Fur/Zur box-3 Pp

pGSU626 pCR4.TOPO+gbGSU018 gene block This study
for scrambled Fur/Zur box-4 Pp

pGSU627 pCR4.TOPO+gbGSU019 gene block This study
for scrambled Fur/Zur box-5 Pip

pGSU628 pCR4.TOPO+gbGSU020 gene block This study
for scrambled Fur box- all Pips

pGSU629 pCR4.TOPO+gbGSUO021 gene block This study
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Il.  Ngo Growth Conditions for Zur Regulation and RNA Sequencing Experiments

Ngo strains FA1090 WT and MCV964 (FA1090 zur::kan) (Table 1) (289), were grown under
zinc-restricted conditions as previously described (290). Briefly, non-piliated colonies were
selected and passaged onto GCB plates containing 5 uM N,N,N’ N’ -tetrakis-(2- pyridylmethyl)-
ethylenediamine (TPEN) (Sigma), a zinc-specific, to deplete any internal zinc stores of Ngo. Single
non-piliated gonococcal cells from GCB TPEN plates, were used inoculated into 50 mL chelex-
treated chemically defined media (CDM) at an initial ODego of = 0.9. The strains were grown at
36°C and 5% CO; with vigorous shaking at 225 RPM in acid-washed baffled flasks and allowed to
grow exponentially. After doubling of ODeoo (approx. 1.5 to 2 hours), the CDM was supplemented
with either 20uM Zn(S04)2 for excess zinc condition or 7 uM TPEN for zinc-deplete condition.
Both strains were allowed to grow to mid or late log phase (about 2.5 to 3 hours), with the ODgoo
being measured every 30 min to 1 hour, to track the growth curve. Whole cell lysates were
collected by normalizing the OD to 100,00KU (Klett units) at 600nm. The remaining sample was

used for RNA isolation, for subsequent RNA Sequencing, RT-qPCR or 5'RACE.

Ill.  RNA Isolation and Processing for Gene Regulation and Promoter Analysis

RNA was harvested from the 50 mL zinc-restricted growth cultures, at mid- to late- log
phase. The cultures were pelleted and resuspended in Nucleoprotect RNA (Macherey-Nagel)
according to manufacturer’s protocol (291). After complete permeation, samples were
centrifuged at 10,000 rpm for 2 minutes to remove RNA protect and pellets were stored at -80C
until RNA extraction. The stored pellets were thawed on ice on the day of RNA isolation under a

laminar flow hood. The hood was cleaned with 10% bleach, 70% ethanol, DNA ZAP (Invitrogen
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Cat: AM9890) reagent and water prior to use. The unit was sterilized under UV for at least 30
mins before RNA isolation. RNA isolation was performed using the NucleoMag RNA isolation Kit
(Macherey Nagel) in a semi-automated system using the Eppendorf EpMotion 5073 liquid
handler, according to manufacturer’s instructions (292). User intervention was added at the clear
lysate step to allow for external centrifugation of the samples to generate a lysate. The bench
spaces were cleaned thoroughly with DNA Zap, RNase Zap (Invitrogen Cat:AM9780) and 5%
bleach. Samples pellets were thawed on ice and placed in the EpMotion benchtop along with the
RNA isolation kit reagents, DNA and RNAse-free tips, and reservoirs, at their respective
designated positions, programmed in the EpMotion software. After isolation, RNA samples were
further treated with TURBO DNase (Invitrogen Cat: AM2238) according to manufacturer’s
protocol (293). cDNA was generated using the Superscript IV First-Strand Synthesis System
(Invitrogen Cat: 18091050), and quality of samples were validated through + and — reverse

transcriptase controls and bleach agarose gel electrophoresis (294).

Table 2. Primers and Gene Blocks used in this study.

Primer Sequence Purpose/Target

Zur regulation

tdfJ project

oGSU102 AGATACCGCCTTGTCGCAAC tdfJ forward RT-qPCR
oGSU103 TTGATGCCTGCGGATGTCAG tdfJ reverse RT-gPCR

oGSU104 ATCGACCCGTCAGGATGTGT tdfH forward RT-qPCR
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oGSU105 TGCCGTCCACCATCGTATTG tdfH reverse RT-qPCR
oGSU108 TCCGCAGTGCAAAACTCGTC znuA forward RT-gPCR
oGSU109 TGGTGGTGTCCTTCGTGGTC znuA reverse RT-qPCR
oGSU309 CAAAGACCGCCTGCACATCT ngo1049 forward RT-
gPCR
oGSU310 GCCTGTTTCCAGCCTGCTTT ngo1049 revrse RT-qPCR
tdfJ promoter
analysis
oGSU112 TGGTTCAATACTTTAAT tdfJ gene specific primer
(GSP1) -5'RACE -R
oGSU210 tdfJ gene specific primer
TGACCGCGAATAACGGGAGC 2 (GSP2) -5'RACE -R
oGSU211 tdfJ gene specific primer
ATTGCGAAGCGTGGATGCCC 3 (GSP3) -5'RACE -R
oGSU229 Abridged Anchor Primer
(AAP) -5'RACE- F,
GGCCACGCGTCGACTAGTACGGGIIGGGIIGGGIIG provided in kit
oGSU230 Abridged Universal

Amplification Primers
(AUAP) -5’RACE-F,

GGCCACGCGTCGACTAGTAC provided in kit
Fur DPI-ELISA
oGSU261 FA1090 fur forward-
CATGCCATATGATGGAAAAATTCAGCAACAT cloning into pET19b
oGSU262 FA1090 fur reverse
CATGCGGATCCTTAACGTTTGCCCTTGGCCT cloning into pET19b
0oGSU299 CGATAGCTAACATATAGCGGCGTTCG Pp forward
oGSU300 5’BIOTIN-TEG Ptap
/5BiotinTEG/AGTTTCATGCGCTTGGGCGA reverse
oGSU303 TTGCCGCAACTTGGAAAGTGC Piwps forward
oGSU304 5’BIOTIN-TEG Pipps
/5BiotinTEG/CAAGATCGAAACTGCCGCCT reverse

oGSU385 CAACGGCAATCGTGCGATATGG Prmpm forward
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oGSU386
RNA Seq
Project

oGSU397
oGSU398
oGSU399

oGSU400
oGSU403

oGSU404

oGSU405

oGSU406

Gene Blocks
gbGSU014

gbGSU015

gbGSU016

/5BiotinTEG/GAAGCGAGCAATGCAACGAA

TGGAATACGGCGAGGCATTG
TCACACCGTCGGCAACTTCT
CGCTTGGCCGATGAATACCG
GCGCTTCTTGGCTTGGCAAT

CAGGTTCTGTCTTCGCTCAA

CAGCGTTGGCGCGAT

AATGAAGGCTGGCTGATTCG

ATAGACGGGATGTGAGGAAGAG

Sequence
CTAAGGGAGTTTGGGAAAGATTGCCGCAACTTGGAAAGTGCCC
TCTCCCCAGCCCTCCGCCGCGCAGGGGAGGGAGCGGATTGCAG
CAGGTTTGGCGGTTGCAGGCGGTTTTAAAAGCAGCGCGGGAAT
GACGGTATTTTGGTTTATTTACGGGCCCGGGCCCAAAGCATTTG
CAAATTTTTTAAAAACGAAGGGCCCGGGCCCCCTTATCATTCTTT
AATTGAATCGGGTTTGTTATGAACAATCCATTGGTGAATCAGGC
TGCTATGGTGTTGCCTGTGTTTTTGTTGAGCGCTTGTCTGGGCG
GAGGCGGCAGTTTCGATCTTG
CGATAGCTAACATATAGCGGCGTTCGTGTTCACATCATTAACTT
CCCGGGAACTAGGGTTAATACAAATTAACGCCATTAAATATCAC
AACCGTGTCATTTGAAAAACTTTTGCCTATGCCCTCTGAGTATTC
TCAAAATCTTATGATAGGGCCCGGGCAATGTTAGGGAACGACA
AAATTTTGAAATGCGACGAGAAGCCAAAATGGCACAAATCACA
CTCAAACCCATTGTTTTATCAATTCTTTTAATCAACACACCCCTCC
TCGCCCAAGCGCATGAAACT
CGATAGCTAACATATAGCGGCGTTCGTGTTCACATCATTAACTT
CCCTAAAATTAGGGTGGGCCAAAGCCCACGCCATTAAATATCAC
AACCGTGTCATTTGAAAAACTTTTGCCTATGCCCTCTGAGTATTC
TCAAAATCTTATGATAGGGCCCGGGCAATGTTAGGGAACGACA
AAATTTTGAAATGCGACGAGAAGCCAAAATGGCACAAATCACA

35

5’BIOTIN-TEG Prmpm
reverse

adhP forward RT-gqPCR
adhP reverse RT-qPCR
norB forward RT-qPCR
norB reverse RT-qPCR
rpmJ2 forward RT-qPCR,
provided by Criss AK,
UVA

romJ2 reverse RT-qPCR,
provided by Criss AK,
UVA

romE2 forward RT-qPCR,
provided by Criss AK,
UVA

romE2 reverse RT-qPCR,
provided by Criss AK,
UVA

Purpose/Target
Scrambled Fur box Pisps-
1

Least Scrambled Fur and
Zur box Pigp-1

Scrambled Fur and Zur
box Piaf-2
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gbGSU017

ghbGSU018

gbGSU019

gbGSU020

gbGSU021

CTCAAACCCATTGTTTTATCAATTCTTTTAATCAACACACCCCTCC
TCGCCCAAGCGCATGAAACT
CGATAGCTAACATATAGCGGCGTTCGTGTTCACATCATTAACTT
CCCTAAAATTAGGGTTAATACAAATTAACGCCATTCCCGGGCAC
AACCGTGTCATTTGAAAAACTTTTGCCTATGCCCTCTGAGTATTC
TCAAAATCTTATGATAGGGCCCGGGCAATGTTAGGGAACGACA
AAATTTTGAAATGCGACGAGAAGCCAAAATGGCACAAATCACA
CTCAAACCCATTGTTTTATCAATTCTTTTAATCAACACACCCCTCC
TCGCCCAAGCGCATGAAACT
CGATAGCTAACATATAGCGGCGTTCGTGTTCACATCATTAACTT
CCCTAAAATTAGGGTTAATACAAATTAACGCCATTAAATATCAC
AACCGTGTCATTTGAAAAACTTTTGCCTATGCCCTCTGAGTATTC
CCGGGCCCGGGTGATAGGGCCCGGGCAATGTTAGGGAACGAC
AAAATTTTGAAATGCGACGAGAAGCCAAAATGGCACAAATCAC
ACTCAAACCCATTGTTTTATCAATTCTTTTAATCAACACACCCCTC
CTCGCCCAAGCGCATGAAACT
CGATAGCTAACATATAGCGGCGTTCGTGTTCACATCATTAACTT
CCCGGGAACTAGGGTGGGCCAAAGCCCACGCCATTCCCGGGCA
CAACCGTGTCATTTGAAAAACTTTTGCCTATGCCCTCTGAGTATT
CCCGGGCCCGGGTGATAGGGCCCGGGCAATGTTAGGGAACGA
CAAAATTTTGAAATGCGACGAGAAGCCAAAATGGCACAAATCA
CACTCAAACCCATTGTTTTATCAATTCTTTTAATCAACACACCCCT
CCTCGCCCAAGCGCATGAAACT
CTAAGGGAGTTTGGGAAAGCTTGCCGCAACTTGGAAAGTGCAC
TCTCCCAAGCCCTTCGCAGCGCAGGAGAGGGAGCGGACTGCAG
CAGGTTTGGCGGTTGCAGGCGGTTGGGAAAGCAGCGCGGGAA
GGACGGGGCCTTGGTTGCGTCACCCCAAAGGGCCGGAAGCAC
CCGCAAGCCCTTCAGGACCAAGCGAAACCCCAACCCTTCCCAGT
CTTGGCCTGAACCGGGTTTGTGGGGAACAACCCCTTGGTGAAC
CAGGCTGCTCGGGTGTTGCCTGTGTCGGTGTTGAGCGCTTGTCT
GGGCGGAGGCGGCAGTTTCGATCTTG
CGATAGCTAACATATAGCGGCGTTCGCGTCCACAGCCCCAACTT
CCAACCAAGGAGAGTGCGGACAAGGTCACGCCACCCAAGACCA
CAACCGTGTCAGGTGAACCACTTGGGCCCAGGCCCTCTGAGGA
GTCTCACAACCTTGGGACAGGGAAACTGCAAGGTCACCCAAGG
ACAACGTTCTGAACTGCGACGAGAAGCCAAAGCGGCACAAAGC
ACACTCAAACCCAGGGTTTGCTCAACTCTGGTCAGCAACACACC
CCTCCTCGCCCAAGCGCATGAAACT

36

Scrambled Fur and Zur
box Piap-3

Scrambled Fur and Zur
box Pdp-4

Scrambled Fur and Zur
box Ptap-5

100% Scrambled Fur box
Ptpr

100% Scrambled Fur and
Zur box Pgp
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IV.  Quality Control for RNA and cDNA

RNA isolated by EpMotion was treated with TURBO DNase (as mentioned in the previous
step) after a first round of concentration measurement. Approximately 2 pug of total RNA (200
ng/ulL) isolated from each condition and each replicate was treated with TURBO DNase according
to manufacturer’s protocol (293). A small portion of the DNase-treated RNA diluted to a final
concentration of 25 ng/uL was used to examine the quality of the RNA via a PCR. PCR reactions
with 5 ng RNA per reaction was setup using the GoTaqg 2x mastermix and RNAse- DNA-free water
for rmpM expression. The PCR reaction was run for 35 cycles in a BioRad thermocycler and the
products were analyzed using a 2% agarose gel electrophoresis in 1XTris-acetate EDTA (TAE)
buffer. The gel was run at constant voltage of 135V and imaged on a Chemidoc under UV trans
illumination. Presence of bands on the gel from the PCR products indicated contamination with
DNA resulting in further cleanup of RNA. Clear gel with no PCR products were desired results and
positive control FA1090 genomic DNA and negative no template controls were used to make
decisions on quality. Similarly, cDNA products of clean RNA + and — reverse transcriptase (RT)
were subject to quality control PCR with rmpM primers oGUS195 and oGSU196. These products
were analyzed on a Chemidoc after agarose gel electrophoresis and absence of products in — RT
samples were expected for clean RNA.

DNase-treated RNA samples were further controlled for their quality using a bleach gel
electrophoresis method for RNA Seq sample preparation (295). Total DNase-treated RNA at a
concentration of 500 ng to 1 ug was diluted with 6x DNA loading dye and loaded onto a 5% bleach
1% agarose gel and run in 1xXTAE at 135 V. The gel was imaged using a Chemidoc under a UV

transilluminator to visualize 5S, 16S and 23SrRNAs at 120bp, 14kb and 30 Kb respectively.
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V. Primer Design and Efficiency Testing

Prior to RT-gPCR, primers (Table 2) were carefully designed to be less than 25 bp in length,
amplify regions no greater than 200 bp and tested to have primer efficiencies between 90% and
95%. The primer sequence stability, hairpins and AG values were analyzed on the IDT website
prior to placing primer orders for testing (296). Primer efficiencies were tested in gradient
concentrations of primer ranging from 10 uM to 40 uM concentrations and gradient
concentrations of genomic FA1090 DNA from 1 ug serially diluted by a factor of 10. PCR was set
up for each primer set and each primer concentration with the SYBR Hi-ROX Sensimix (Bioline
Cat: QT60505) along with melt curve data to check for primer specificity. PCR program was setup
in the CFX96 BioRad thermocycler and standard curves for the range of DNA concentrations were
analyzed for primer efficiency. Primers with annealing temperatures at 60°C were chosen for
each gene, to match the annealing temperature of the rmpM reference gene primer set that was
determined after primer efficiency tests. Primers and concentrations that yielded efficiencies
between 90 and 95% were chosen for RT-qPCR analysis of target genes. Standard curve for these

efficiency tests were plotted using the BioRad CFX96 software.

VI.  RT-qPCR for Measuring Target Gene Expression

RT-gPCR was performed with the SYBR Hi-ROX SensiMix (Bioline Cat: QT60505)
polymerase on a Bio-Rad CFX96 thermocycler. RT-gPCR was set up for 35 cycles and normalized
expression of each target gene was calculated in biological and technical triplicates. The
specificity of the primers was checked by a melt curve (95°C for 1 min, 55°C for 1 min and an

increment in temperature to 95°C at 0.5°C/s rate for 10 s). Gene expression was normalized to
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the expression of the housekeeping reference gene rmpM. Expression was calculated using ACq
values with the E = 22%@ formula where E is the expression and ACq is the normalized threshold

cycle value for each gene (297).

VIl. 5’ Rapid Amplification of cDNA Ends (5’ RACE) for Identification of the Transcriptional

Start Site

The tdf/ transcript 5’ end was identified using the 5° RACE Version 2.0 Kit according to
manufacturer’s protocol (298). Two individually isolated RNA samples from either the FA1090
WT+ TPEN or FA1090 zur+ TPEN sample, were used to determine the transcriptional start site.
tdfJ gene specific primer 1 0GSU112 was used for making gene specific cDNA (Table 2). Gene-
specific primers o0GSU210 and oGSU211 (Table 2) were used for the amplification of 5' RACE gene-
specific PCR products with AAP provided in the kit (Table 2). Gene specific PCR was performed on
a Bio-Rad thermocycler using the Platinum Taq DNA polymerase (Invitrogen Cat: 15966005) and
10 mM dNTPs (299). The PCR products were cleaned and concentrated before cloning into the
pCR2.1-TOPO TA vector (Invitrogen Cat: K457502) and sequenced at Genewiz (300). Sequence
analysis was performed by aligning sequences from at least three different plasmids, after cloning
the RACE amplification products from each RNA sample in biological replicates. Sequence aligning

and comparison was done using ApE and SnapGene Viewer (301, 302).

VIIl.  SDS PAGE and Western Blotting Analysis

Whole-cell lysates of gonococci were harvested by pelleting cultures at a standardized
optical density and resuspending cells in 2x Laemmli solubilizing buffer (BioRad, cat number)

before storage at -20°C. Lysates were thawed and mixed with BME to a final concentration of
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5%. Samples were then briefly centrifuged and boiled for 2 min at 100°C. Protein samples were
separated on a precast 4-to-20% gradient polyacrylamide gel (BioRad, cat number) before
transfer to nitrocellulose. Prior to transfer, the SDS PAGE electrophoresis gel was analyzed by
stain-free method to ensure equivalent protein loading and separation. The blots were further
stained with Ponceau S after transfer, to verify equal protein sample loading. To detect TdfJ, TbpB
and Ngo1049, the blots were blocked in 5% (wt/vol) Bovine Serum Albumin (BSA) dissolved in 1x
High Salt-Tris Buffer Saline with 0.1% Tween 20 (HS-TBST). The blots were probed with peptide-
or protein-specific polyclonal antisera diluted in blocker or for 1 h at room temperature.
Polyclonal Rabbit anti-TdfH and -TbpB were diluted at 1:2500, Guinea Pig anti-Tdf) was diluted at
1:200, Guinea Pig anti-Ngo1049 was diluted at 1:500 and Guinea Pig anti ZnuA was diluted at
1:1000 in a 5% BSA blocker. The blots were washed three times with 1x HS-TBST and then probed
with AP-conjugated anti-host (guinea pig or rabbit) IgG secondary antibodies at 1:5000 in BSA
blocker for 1 h at room temperature. The blots were washed again after secondary antibody
incubation and developed using either nitroblue tetrazolium (NBT)-5-bromo-4-chloro-3-
indolylphosphate (BCIP) for AP-conjugated secondary antibodies or the ECL substrate (BioRad)
for the HRP labelled secondary antibody after incubating for about 10 to 15 mins at room
temperature with gentle shaking. To detect recombinant His-NgFur, the blots were blocked in 5%
(wt/vol) skim milk in 1x HS-TBST and probed with anti-His HRP antibody diluted at 1:1000 in
blocker for 1 hour at room temperature. The NgFur blots were developed using ECL substrate
from BioRad. Blots were imaged on a Bio-Rad ChemiDoc gel imaging system using the

Colorimetric or auto-ECL detection.
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IX. Coomassie Stain

To detect purified protein His-NgFur, which does not contain tryptophan residues, SDS-
PAGE gels of purification products of NgFur, were stained with Coomassie blue (0.25% Coomassie
R-250, 50% methanol, 10% glacial acetic acid). The stain free gel imaging system on the Chemidoc
gel imager only works for proteins that are rich in tryptophan and since NgFur has no tryptophan
we resorted to using the Coomassie staining of purified His- NgFur (303). The gel was stained for
1 hour at room temperature and de-stained in 20% methanol and 5% acetic acid overnight at 4°C
to minimize background. The stained gels were then imaged under the colorimetric setting in a

Chemidoc gel analyzer to look for purified Fur.

X.  Expression and Purification of Recombinant His-NgFur

The coding sequence for FA1090 fur was PCR amplified with primers oGSU261 and
0GSU262 (Table 2). The resulting PCR product was digested with EcoR1 and BamH1 and cloned
into the pET19b vector that contains a 10X polyhistidine tag at the N-terminus, to result in the
plasmid pGSU606 (Table 1). This plasmid after sequence confirmation was purified and
transformed into BL21(DE3 pLysE) competent cells. The His-NgFur protein was expressed in a
starter culture of the BL21 (pGSU606) plasmid in 5 mL Luria Bertani broth supplemented with
100 pg/mL of carbenicillin; this starter culture was sub-cultured into Terrific Broth (TB)
supplemented with 100 pug/mL carbenicillin. Expression culture was grown with 1 mM inducer-
isopropyl B- d-1 thiogalactopyranoside (IPTG) at 37°C for 4 hours. Cell pellets were harvested by
centrifugation and stored at -80°C before lysis. Cell pellets were re-suspended in lysis buffer (20

mM HEPES, 250 mM NaCl, pH 8.0, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 U/uL Pierce
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Universal Nuclease for Cell lysis) and lysed using a Dounce homogenizer, with 10 mL of buffer
used per gram of cell pellet (304). The resulting cell suspension was mechanically lysed by
sonication at 50% amplitude at Pulse-time mode, with sonication at 30 second intervals for 10
minutes. Insoluble fraction was removed by centrifugation at 12,500xg for 1 hour at 4°C and the
resulting clear supernatant was mixed with pre-equilibrated nickel-nitrilotriacetic acid (Ni%*- NTA)
resin, 10 mM 2-Mercaptoethanol (BME) and 1 mM PMSF at 4°C overnight. The Ni2*-NTA resin
was collected in a chromatography column and washed with 30 column volumes (cv) and eluted
with 10 cv total with wash buffer (20 mM HEPES, 150 mM NaCl, pH 8.0, 10 mM BME, 1 mM PMSF)
containing 50 to 500 mM imidazole. Clean His-tagged NgFur eluted with buffer containing 200-,
300- and 400-mM imidazole. These fractions were pooled together and dialyzed against 1x
Phosphate Buffer Saline (pH 8.0), overnight at 4°C to remove the imidazole. The purity of purified
His-NgFur was determined by SDS-PAGE electrophoresis followed by staining with Coomassie
blue. No reducers such as, Dithiothreitol (DTT) and BME were added to the dialyzed His-NgFur as
they would interfere with downstream assays. Protein concentration was measured and His-

NgFur was aliquoted, and flash-frozen at 80°C.

Xl.  DNA-Protein Interaction (DPI) ELISA

A biotinylated DNA probe was produced by PCR amplification of the promoter regions of
tbpB, ngo1049, tdf/ and rmpM, using 5’ BIOTIN-TEG tagged reverse primers, o0GSU300 (Ptqy),
0GSU302 (Pngo1049), 0GSU304 (Ptsps) and 0GSU386 (Prmpm). These primers were designed and
validated on IDT with HPLC purification prior to ordering. PCR amplified biotinylated DNA probes

were bound to a streptavidin-coated 96-well plate (Pierce High-Capacity Plates, Cat: 15500) and
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ELISA was carried out according to the protocol by Brand, L. H., et al/ (305) with the following
modifications. Biotinylated PCR DNA, diluted to 12.5 pmols in 1x Low- Salt Tris Buffer Saline (LS-
TBS) was bound (100 uL per well) to a pre-washed streptavidin-coated high-capacity plate (~125
pmol BIOTIN binding capacity) and incubated for 2 hours at room temperature with gentle
shaking. After 2 hours the plate was washed in a programmed plate washer 5 times at 300 pl
each with 1x phosphate buffer saline (PBS) pH 7.2. A5 % milk in 1x LS-TBS with 0.05 % Tween 20
blocker was added at 200 pL per well and incubated at 4°C overnight. His-NgFur at the highest
required concentration (20uM) was loaded with Mn?* from MnCl; in the molar ratio of 1:2
Fur:Mn2+ (40uM MnCI2) and left in a nutator at 4°C for 1 hour. Mn?*loaded His-NgFur was then
serially diluted in Fur dialysis buffer, 1xPBS at pH=8.0 to the desired gradient concentrations
ranging from 20uM to 10uM Fur and added to the DNA bound plate for 1 hour at room
temperature with gentle shaking. The plate was washed five times with 1X PBS supplemented
with 0.05% Tween 20 (PBS-T) in the plate washer. An anti-His HRP labelled antibody (BioLegend
Cat: J099B12) was diluted in blocker at 1:1000 and used to detect the DNA bound His-NgFur, by
incubating for 1 hour at room temperature with gentle shaking. The plate was washed after the
anti-His antibody step in 1x PBS-T and photometric detection was performed with the Slow TMB
substrate (Thermo Fischer Cat: 34024). The reaction was stopped with 0.18 M sulfuric acid and
the resulting absorbance was read at 450 nm in a plate reader. The binding affinity Kp was
determined through competition of biotinylated Pwps, Pngoi049, Pty and Prmpm with their
respective unlabeled 10x excess PCR promoter DNA counterparts. The binding curves were
plotted and His-NgFur Kp to P« was determined by a Linear regression model curve fitting with

the Hill equation plot in GraphPad PRISM (306). The specificity of His-NgFur to the promoters
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were determined through binding to biotinylated scrambled sequence of Pip Fur and Zur boxes
and Pps Fur box. The binding curves were generated by determining the pg of protein bound to
an ELISA plate through a standard curve plot for His-NgFur in biological triplicates and technical
qguadruplets. The Kp for the promoters were also done in biological triplicates and technical

duplicates to obtain statistical significance.

XIl. Fur Scrambled Promoter ELISA

For creating scrambled versions of Pt and Ptsps promoter Fur and or Zur binding regions,
we synthesized gene blocks through IDT. Gene blocks gbhGSU015 to gbGSU019 and ghGSU021
containing modified Fur and Zur box regions on P4p to varying capacity with sequence scarmbling
on gbGSUOQ15 being the least. gbGSU021 was made where 100% scrambling of Fur and Zur box
regions of P:p were achieved. Scrambling was done by modifying the consensus repeat regions
for Fur or Zur box, that is AT strings to G’s and C’s. A similar approach was taken to synthesize
gene blocks gbhGSU014 and ghGSUO020 for scrambled Fur box of P:ps, where gbGSUO020 is the
most scrambled P:ps Fur box. These gene blocks were prepared according to manufacturer’s
protocol (IDT) and then TOPO cloned using the Invitrogen Zero BLUNT TOPO cloning vector (Cat:
450245). Top 10 or DH5-a. E. coli were transformed with the TOPO cloned DNA and selected on
LB plates with Kanamycin at 50ug/mL overnight at 37°C. The transformed colonies were
confirmed through sequencing and resulted in plasmids pGSU623 to pGSU629 described in Table
1. pGSU623 and pGSU628 contain plasmid DNA with scrambled Pps and plasmids pGSU624 to
pGSU67 and pGSU629 contain plasmid DNA with versions of scrambled P:qs. Plasmid DNA from
these plasmids were isolated by growing them overnight in liquid LB media at 37°C and using the

Zymoresearch Plasmid Mini Prep Kit. Plasmid DNA were them amplified by PCR using labelled
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Biotinylated primers for DPI-ELISA (0GSU299-0GSU300 for P:4y and oGSU303 -0gUS304 for Pipa)
using the NEB Phusion Polymerase (Cat: M0530S) and 10mM dNTP. This resulted in biotinylated
scrambled versions of Pwps and P ready to be bound on the streptavidin ELISA Plates for a Fur
DPI-ELISA as described in the previous section (Section- 11). DPI ELISA was used to measure the

absorbance values for Fur binding and resulting values were plotted using Excel as bar graphs.

Xlll.  In Silico Promoter Analysis and Prediction

Online promoter prediction software such as BPROM (307) and PRODORIC- Virtual
Footprint (308) were used to identify the putative promoter elements and DNA Fur- and Zur-
binding sites, along with consensus sequences, through pattern recognition. In addition to online
prediction tools, predicted promoters from RNA Sequencing were analyzed using Geneious
Prime, Weblogo 3 and MEME Suite (309-312), to generate a consensus logo for Ngo FA1090 Fur

and Zur box using alignment to known sequences of consensus.

XIV.  Statistical Analysis

Mean with standard deviation (SD) was calculated for all data, wherever appropriate and
statistical significance was analyzed by Student’s t tests or one-way ANOVA. Significance was set
at p <0.05. For RNA sequencing differential gene expression p- adjusted values <0.05 were
considered as significant. Enrichment analysis for GO and KEGG were analyzed as significantly
enriched for pathways with p values <0.05. p-adjusted values were not considered here as
pathways and not individual genes were compared for enrichment. Prism software version 3.0
was used for graphing gene expression bar graphs and protein binding affinity Kp calculations

(306).
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CHAPTER 3. CHARACTERIZING THE DUAL REGULATION OF NEISSERIA GONORRHOEAE TDFIJ, IN

RESPONSE TO ZINC AND IRON

I.  INTRODUCTION

Neisseria gonorrhoeae (Ngo) causes the sexually transmitted infection gonorrhea, that
affects predominately younger adults, both men and women, worldwide. Ngo is a major public
health concern and the World Health Organization (WHO) estimates that there were 82.4 million
new cases as of the year 2020, a 118% increase since 2007 (313). There is no protective immunity,
no effective vaccine, and historically only antibiotics have been used to treat infection. The
current recommended treatment is a third-generation cephalosporin, ceftriaxone, due to the
increasing numbers of resistant strains to all the other classes of antibiotics used over the
decades (314). However, with the threat of untreatable Ngo, the Center for Disease Control and
Prevention (CDC) specified Ngo a superbug and an urgent threat pathogen (315). This is alarming
and there is an urgent need for vaccine and therapeutics to treat gonorrhea. Gonococcal
infection in men, primarily results in an inflammatory response that is accompanied by a purulent
discharge with polymorphonuclear leukocytes (PMNs), which leads to urethritis (316, 317). In
women, gonococcal infection primarily results in cervicitis, but is often asymptomatic or
accompanied by nonspecific symptoms (76). As a result of asymptomatic infection, untreated
infection can cause serious irreversible sequelae such as pelvic inflammatory disease (PID),
ectopic pregnancies, and even infertility (317, 318). This molecular difference in pathogenesis
and immune response to infection in men and women is not well understood and emphasizes a

gap in knowledge on the mechanisms by which Ngo adapt to these two distinct environments.
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The human host employs strategies for immune clearance of Ngo including a robust
inflammatory response with an influx of neutrophils or PMNs that entrap pathogens in neutrophil
NETs (317, 319). The gonococcus has, however, been shown to be escape the harsh neutrophil
NETs and in turn evade capture and phagocytosis. In fact, intact Ngo have been noted in these
purulent urethral or cervical exudates from patients presenting with gonorrhea. These host
immune cells also produce antimicrobial agents and proteins to limit essential nutrients for
bacterial survival by a process termed nutritional immunity (320). Ngo has developed highly
efficient transport systems, called TonB-dependent transporters (TDTs), to overcome this
nutrient limitation and scavenge for metals by metal piracy from host proteins, wreaking havoc
in the host. There are 8 known TDTs in Ngo of which 2 are characterized as zinc importers. Zinc
import and homeostasis is a key feature in maintaining virulence and pathogenesis in several
pathogens, including the gonococcus. The two, zinc import TDTs are TdfH and Tdf), which
function with an inner membrane ZnuABC transporter to cooperatively import zinc. TdfH binds
S100A8/A9 (calprotectin), which is enriched inside human neutrophils to hijack zinc, while Tdf)
binds S100A7 (psoriasin) secreted by mucosal epithelia, found inside the female cervical and
vaginal mucosa (229, 289, 321, 322). These TDTs are conserved across all strains of Ngo and have
been implicated as important vaccine antigens (323). ZnuA has also been demonstrated to be
essential for gonococcal survival in an epithelial infection model (321), suggesting zinc import is
crucial for survival. At the molecular level these zinc import proteins are regulated by the Zinc
uptake regulator (Zur) which senses internal and external cellular zinc levels in order to maintain
zinc homeostasis and overcome zinc starvation or toxicity imposed by the host (324). When faced

with zinc toxicity, Zur binds the excess Zn?* ions and blocks transcription of Zur regulated genes
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including tdfH, tdfJ/ and znuABC (282, 325). During zinc-starvation, Zur does not repress these
promoters and transcription and protein production is enhanced to combat the zinc stress. Zur
carefully modulates the expression of these genes by binding to specific regions on their

promoters, which is the subject of this study.

During pathogenesis, Ngo face different levels of metal environments, including zinc-
dependent toxicity and starvation depending on the host sex and tissue type (268,317, 326). The
female genital tract is more zinc starved than the male genital tract (327). Given the fact that
women tend to have a higher percentage of asymptomatic infections, coupled with the variation
in zinc levels between the male and female host, it is important to ask the question if Ngo utilize
one TDT over the other, and if this impacts disease progression between different hosts. In this
study, we sought to characterize the extent to which these virulence genes respond to zinc and
are regulated by Zur along with the promoter elements that modulate their expression levels.
We identify a candidate gene that has a dual regulatory mechanism and speculate its possible

role in gonococcal infections in women.

Il.  RESULTS

A. tdf] and znuA Show Significant Changes in Gene Expression by RT-qPCR

We previously demonstrated that the gonococcal zinc import TDTs, TdfH and TdfJ) and
their cognate ABC transporter, ZnuABC, are all regulated at the translational level by Zur, in a
zinc-dependent manner (289). However, the extent of transcriptional regulation by Zur on these
genes under excess and low zinc conditions has not been studied. Here we sought to quantify the

level of regulation by Zur on these tdf/ and tdfH by RT-gPCR. We grew the FA1090 (WT) and an
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isogenic zur mutant (zur) in chelex-treated defined medium (CDM), under excess zinc (20 uM
Zn,S04) or low zinc (7 uM TPEN) conditions. TPEN was added as a zinc-specific chelator to induce
zinc- starvation. Cells were collected during exponential phase and mRNA and whole cell lysates
were processed for gene expression and protein analysis. RT-gPCR was performed to measure
the log,-fold-change for gene expression for tdfH, tdfJ, and znuA. Gene expression levels for
ngol1049 and tbpB were also measured as a positive and negative control, respectively. RT-qgPCR
expression for these genes were normalized to rmpM expression levels, a house keeping gene
not regulated by zinc or Zur. tdf/ expression was 24-fold higher in the absence of zincin WT cells
as compared to the zur mutant (Figure 1b). tdfJ expression in the zur mutant under excess zinc is
comparable to the expression in the absence of zinc, indicating a Zur-dependent mechanism of
regulation. tdfH expression is increased 3-fold in the absence of zinc in WT cells, and periplasmic
zinc binding protein, znuA, was increased 38-fold, with no significant difference in the zur mutant
(Figure 1a and 1d, respectively). znuA is necessary for zinc assimilation during attachment of Ngo
(321), making its tight regulation by Zur important during infection. In WT cells, ngo1049
expression was increased 46-fold in the absence of zinc, which was not seen in the zur mutant
(Figure 1c). tbpB, however, showed no significant difference in the WT or zur mutant (Figure 1e).
Western blotting for whole cell lysates showed complementary protein expression levels to RT-
gPCR. Tdf] was only produced in the absence of zinc in the wildtype while having no qualitative
difference in protein levels in the zur mutant in the presence or absence of zinc (Figure 1a). TdfH
did not appear to be fully repressed in the presence of zinc in the wildtype, which was shown in
a previous study to be a result of strain-specific difference between FA1090 and FA19 Ngo (Figure

1b) (289). There was no difference in TdfH protein levels in the zur mutant in the presence or
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absence of zinc (Figure 1b). ZnuA protein levels were similarly expressed to complement the RT-
gPCR expression data. ZnuA was produces in the absence of zinc in the wildtype with no
difference in the zur mutant in protein levels for zinc abundance or zinc depletion (Figure 1c).
One thing to note is the small yet-significant difference in tdf/ and znuA expression in the zur
mutant between high and low zinc levels (Figure 1). This difference is however not visible in their
protein expression levels in the zur mutant, suggesting another layer to their transcriptional
regulation. This difference in the zur mutant was also seen in the positive control ngo1049
expression in the zur mutant which was further recapitulated in the western data with a visible
difference in the zur mutant Ngo1049 production between zinc-excess and low zinc conditions
(Figure 1d). The transcriptional and translational regulation by Zur, overall are complementary,

however suggesting a stricter transcriptional layer in regulation by Zur in response to zinc.
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Figure 1. tdfH (a), tdfJ (b), ngo1049 (c) and znuA (d) are all zinc-regulated by Zur. Gene
expression was normalized to rmpM before plotting bar graphs. tbpB (e) expression was also
computed as a negative control for zinc-regulated expression. Excess zinc condition is depicted
in blue while the zinc-restricted condition in the presence of TPEN is shown in orange. 2ACq
values from three individual biological replicates were averaged. Student’s t test was used to
calculate statistical significance. The corresponding western blots for protein expression of
TdfH, TdfJ, NGO1049, ZnuA and ThpB are shown below the respective RT-qPCR plots. *

p<0.05,** p<0.005, **** p<0.00005, ns- not significant, p>0.05.

B. Zur Binds a Consensus Region on the tdf] Promoter and Tightly Regulates its

Expression

Previously, a putative consensus sequence for Zur binding in Neisseria meningitidis (Nme)
was generated (282). Using the Nme predicted sequence in combination with RNA Seq promoter
prediction for zinc- and Zur-regulated genes an Ngo Zur consensus logo was generated using
WebLogo software (312) (Figure 2a). In silico promoter analysis of the putative promoters of tdfH,
tdfJ, znuA, and ngo1049, identified a perfect consensus Ngo Zur box in the tdf/ and ngo1049
promoters (Figure 2b). The predicted Zur-box upstream of tdfH has a 16 % match to the Ngo
consensus sequence and demonstrated less difference in expression between the zinc replete
and zinc deplete conditions. znuA showed a 92 % match for the consensus Zur-box sequence and
a much higher difference between zinc replete and zinc deplete conditions. Since tdf/ exhibited
both a bigger difference in expression between the zinc replete and zinc depleted condition and
a 100 % match to the Zur box consensus we further characterized its promoter elements using

BPROM and PRODORIC online webtools (307, 308) (Figure 3). Interestingly, the prediction
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software identified two potential translational starts with an ATG encoding for a methionine
within 15 base pairs of each other. There was no canonical Shine Delgarno-Ribosome Binding Site
(RBS)-like sequence (AGGAGG) in front of the first ATG, however, six nucleotides upstream of the
second ATG was a predicted RBS (GAGAAG) (Figure 3). To potentially identify which translational
start codon is being used, we determined the transcriptional start site (+1) for the tdf/ promoter.
We used 5’ Rapid Amplification of cDNA Ends (5’ RACE) (298) to identify the transcriptional start
site for tdfJ using mRNA isolated from the WT + TPEN cells or the zur mutant + Zn cells, to
maximize the tdf/ transcripts. Using gene specific tdf/ primers dC- tailed tdf/ cDNA was amplified
and TOPO cloned into DH5a competent cells. The location of the +1 was determined as the first
nucleotide preceding which the dC tailed ends from sequencing of transformed colonies. Multiple
sequences from three different biological replicates (either FA1090 WT +TPEN or FA1090 zur +
Zn 5’ RACE products) were aligned using ApE (301) and the +1 was identified as the adenosine,
25 base pairs upstream of the second ATG and 7 base pairs downstream from the predicted -10
region (Figure 3). The identified +1 is only 7 base pairs upstream of the first potential ATG
(without room for an RBS upstream), therefore, the second ATG was designated as the

translational start for Tdfl.
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ORF ID Gene name Zur box sequence % Similarity
Consensus TGTTATDNHATAACA
NGO0952 tdfH TTGATTGTTTATTGT 16
NGO1205 tdfJ TGTTATATAATAACA 100
NGO0168 ZnuA TGATATAACATAACA 92
NGO1049 ngo1049 TGTTATAGCATAACA 100

Figure 2 tdfJ and ngo1049 harbor an exact match to the predicted Zur-box consensus
sequence in their promoters.
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Figure 2. tdf/ and ngo1049 harbor an exact match to the predicted Zur-box consensus
sequence in their promoters. a) Graphical representation of the Ngo Zur-box was generated
from predicted Zur binding locations on zinc-regulated promoters using WebLogo 3. b) A
nucleotide sequence alignment of the predicted Zur-boxes in the promoters of the zinc-
regulated genes in Ngo. The conserved palindromic repeats separated by three nucleotides in
the middle are bolded and shown in red to signify complementarity to the Zur box consensus

sequence.

Ptde |_ Zur box —| |

TCTTATGATATAAAAAATGCAATGTTATATAATAACAAAATTTTGAAATGCGACGAGAAGCCAAAATG
-35 -10 +1 RBS

Figure 3. The tdfJ promoter elements from 5'RACE analysis.

Figure 3. The tdfJ promoter elements based on 5’RACE analysis. The tdf/ promoter map shows
the identified +1, predicted -10 and -35 regions and a Zur-box overlapping the -10 region. The
two predicted initiator codon ATG, -10 and -35 and the +1 regions are highlighted in blue, and
the Zur box palindrome is underlined and bolded in yellow. The canonical ribosome binding site

(RBS) sequence is highlighted in grey.
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C. Two Fur-binding Sites on the tdfJ Promoter Result in Iron-dependent Induction of tdfJ

Along with the repression of Tdfl by zinc, tdf/ expression is induced in the presence of
iron (229, 328). Yu. C, et al., showed that tdf/ expression was induced in wildtype cells in the
presence of iron, but not in the fur mutant (328). We showed that this iron induction of Tdf] is
further enhanced when zinc is absent (329). Additionally, our in silico promoter analysis of tdf/
revealed two putative Fur-binding sites upstream of the -10 and -35 (Figure 4a). This site
prediction was based on a compilation of known Neisseria Fur-box consensus sequences and our
RNA sequencing data for iron regulation in FA1090 (328, 330, 331). This Fur-box consensus
region was identified as a hexameric repeat of GATAAT-ATAATAATTATC-TTT (Figure 4b). On the
tdf/ promoter (P:qp), the first predicted Fur-box site (Fur Box-1) lies about 58 base pairs upstream
of the -35 region (Figure 4a). This region was included in the approximately 300 base pairs
potential Fur-box location established by Yu et al., however a Fur binding affinity to P was not
established from an EMSA (328). The second putative Fur-box site (Fur Box-2) was located
overlapping the -35, -10 regions and the Zur-box (Figure 4a). We hypothesized that the iron-
induction of tdf/ is mediated through Fur and that Fur occupies both site-1 and 2 of P, to
activate gene expression when the promoter is de-repressed. To test this, we used the DNA-
Protein Interaction ELISA approach (305). Briefly, biotinylated P was bound to streptavidin
coated ELISA plates along with positive control Pwps and negative control Pympnv DNA. Manganese
loaded, purified recombinant His-tagged NgFur was added to the ELISA plate, for detection of
DNA bound Fur using an anti-His antibody. The absorbance at 450nm (Ass0) was measured and
binding affinity Ko was calculated with respect to the pg of Fur bound to the bound DNA. 10x

excess unlabeled P« competed with bound biotinylated P:p on the ELISA plate, resulting in
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reduced signal. Specific binding of Fur was calculated as: Specific Binding = ug of Fur bound to
BIOTIN-tagged P - ug of Fur bound to 10x excess unlabeled Pp. Fur was calculated to have a
Kp of 2 for the positive control promoter, Pwps, and a Kp of 6 for P:p. A Kp was not able to be
established for the negative control Pmpwm as the binding curve never achieved saturation at the

concentrations tested (Figure 4c).

Figure 4. The tdfJ promoter contains two upstream Fur binding regions for iron regulation
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ORF ID Gene name Fur box sequence
Consensus GATAAT-ATAATAATCATC-TTT
NGO1496 tbpB AAAATAAATAAAATAATAATCCTTATCATT
Fur box-1 tdfJ GTTAATACAAATTAACGCCATTAAATATC
NGO1205
Fur box-2 tdf) GAAAACTTTTGCCTATGCCCTCTGAGTATTCTCAAA
NGO1205
Fur box-2 tdfJ GATATAAAAAATGCAATGTTATATAATAACAAA
NGO1205
NGO1779 fur GAAATTGCGTATTATAGCGTCTATTATTTT
c. Fur KD for Ptpr Fur KD for Ptde
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Figure 4. The tdf/ promoter contains two upstream Fur binding regions for iron regulation. a)
The two locations of predicted Fur boxes upstream of tdf/ are labelled along with the identified
tdf] promoter elements. b) Graphical representation of the Fur-box of Ngo from predicted Fur
binding locations was generated using WebLogo 3. The Ngo Fur box consensus sequence was
determined from RNA Sequencing analysis of iron regulated promoters and consists of
hexameric repeat regions. An alignment of the Fur box of Fur regulated promoters tbpB and fur
are depicted along with the tdfJ promoter predicted Fur box. c) Fur binding affinity (Kp) for
positive control promoter P:ps and Piapy promoter were calculated based on a linear regression
model on Graphpad PRISM 5.0. The respective Kds are depicted as the slope intercept on the x-
axis. The Kps are based on an average from three biological replicate ELISAs for Fur binding to

Piwps and P:ap. Prmpm Was used as a negative control, not depicted here.

D. Fur Binds the Specific Fur-box Consensus Sequence Regions 1 and 2 on Ptdf]

To establish the specificity of Fur for the two Fur-box sites on P:, we scrambled the
predicted Fur-box sequences by changing the ATAAT-ATAATAATTAT-TTT repeats to a string of G’s
and Cs (Figure 5a). We sequentially scrambled different portions of the 2 Fur-boxes and made 6
sets of scrambled P45, shown in Figure 5a from most to least scrambled. Biotinylated scrambled
promoter sequences were bound to streptavidin ELISA plates along with biotinylated wildtype
Pip and the level of 10 uM Fur binding measured. An increase in Py scrambling correlated with
a decrease in Fur binding absorbance values (Asso), with the most scrambled Pt (both Fur-box 1

and 2) showing a significant loss in Fur binding (Figure 5b).
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CCTATGCCCTCTGAGTATTCCCGGGCCCGGETGATAGGGCCCGGGCAATGTTAGEGCGAACGACAAAATTTTGAAATGCGACGAGAAGCCAAAATG
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CCTATGCCCTCTGAGTATTCTCAAAATCTTATGATAGGGCCCGGGCAATGTTAGCGGAACGACAAAATTTTGAAATGCGACGAGAAGCCAAAATG

TGTTCACATCATTAACTTCCCGGGAACTAGGGTTAATACAAATTAACGCCATTAAATATCACAACCGTGTCATTTGAAAAACTTTTG

CCTATGCCCTCTGAGTATTCTCAAAATCTTATGATAGGGCCCGGGCAATGTTAGGGAACGACAAAATTTTGAAATGCGACGAGAAGCCAAAATG

Figure 5. Fur binds specifically to the Fur box hexameric repeat regions on tdfJ
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Figure 5. Fur binds specifically to the Fur-box hexameric repeat regions on P.4p. a) A series of
scrambled sequences of the Fur-box locations 1 and 2 in tdf/ aligned to the wildtype tdf/
promoter. The scrambled nucleotides are denoted in red and the percentage of nucelotides
scrambled is listed to the left of each Tdf] promoter. b) Fur-binding ELISA of wildtype and
scrambled Pty and Pip promoters. The Aasp of Fur binding to promoters is on the x-axis, while
promoter sequences are across the y-axis. Wild-type Psps (light red) and scrambled Pups (dark
red) were used as positive and negative controls, respectively. Wild-type P:p promoter is in light
green and scrambled P:4py promoter sequences are denoted in dark green. Fold difference with
respect to wildtype promoters is denoted by arrows. A student’s t test was performed for

statistical analysis from three biological replicates. *, p<0.05; **, p<0.005; ***, p<0.0005.
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lll.  DISCUSSION

In this study, we show that tdfJ, tdfH and znuA are zinc-regulated by Zur at the
transcriptional level, with tdf/ and znuA showing high fold-changes for gene expression. The gene
expression results complement protein production. The gene expression levels in response to
TPEN are similar in the wildtype and zur mutant, however for tdfJ, znuA and ngo1049 the
expression in the zur mutant in response to excess zinc appeared to be further de-repressed than
from addition of TPEN alone. This was although not complementary in protein expression except
for in Ngo1049. This suggests a tight control by Zur at the transcriptional level which is not fully
derepressed upon addition of TPEN in this study. In theory we would have expected the zinc
excess levels in the zur mutant to look like the TPEN treated condition. We should consider the
effects of TPEN, as it not only restricts zinc but is able to chelate iron, and can disrupt cell

membrane integrity, which could add to the lack of full de-repression by TPEN.

This study is the first to indicate the correct translational start for TdfJ, based on in silico
and promoter characterization experiments, ending the long-standing debate on which ATG is
utilized by Ngo. tdf/ promoter analysis established the presence of both Fur and Zur boxes helping
explain a mechanism for dual regulation by iron and zinc. Through a novel DNA binding ELISA
approach, we were able to show that Fur binds the tdf/ promoter with a specific affinity. We also
show that Fur recognizes and binds more flexibly than possibly Zur. While Zur recognizes a much
smaller Zur-box region, the Fur box is a much larger sequence of at least 30 bp and is spread
across the tdf/ promoter (Figure 5a). Tdf) is unique among the TDTs for its ability to be dually
regulated by both zinc and iron metal ions. The Nme homologue of tdfJ, znuD has also been

shown to be induced by iron and repressed by zinc, with a speculation of being Fur- and Zur-



CHARACTERIZATION OF THE NGO ZUR REGULON 63

mediated respectively (332). Analysis of the znuD putative promoter elements implicates a
striking match to the tdfJ promoter characterized in this study. The mechanism that Fur utilizes
to activate gene expression here has not been characterized, however, based on existing
evidence Fur can activate tdf/ expression through a direct mechanism involving Fur binding to
Pip (328). The direct mechanism may involve competition between Fur and a repressor, for the
same site on the promoter. This has been previously demonstrated in the activation of Ngo norB,
by Fur, where Fur competes with a repressor, ArsR for binding the Fur-box, thereby resulting in
de-repression and increase in expression of norB (333). However, this mechanism in the context
of Pwp has not been considered because Fur, the activator, and Zur, the repressor, are not
competing for the same site on the promoter (Figure 5a). Based on the location of the Fur-box,
and evidence from other studies, the Fur-box is at a position optimal for RNA polymerase
recruitment (281, 328, 334). Zur as a repressor is not bound when zinc is absent, which is a
condition necessary for tdfJ expression (282, 289). TdfJ is unique among the TDTs for its ability to
be dually regulated by both zinc and iron metal ions. The Nme homologue of tdfJ, znuD has also
been shown to be induced by iron and repressed by zinc, with a speculation of being Fur- and
Zur-mediated respectively (332). Analysis of the znuD putative promoter elements implicates a
striking match to the tdf/ promoter characterized in this study. The mechanism that Fur utilizes
to activate gene expression here has not been characterized, however, based on existing
evidence Fur can activate tdf/ expression through a direct mechanism involving Fur binding to
P:ap (328). The direct mechanism may involve competition between Fur and a repressor, for the
same site on the promoter. This has been previously demonstrated in the activation of Ngo norB,

by Fur, where Fur competes with a repressor, ArsR for binding the Fur-box, thereby resulting in
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de-repression and increase in expression of norB (333). However, this mechanism in the context
of Py has not been considered because Fur, the activator, and Zur, the repressor, are not
competing for the same site on the promoter (Figure 5a). Based on the location of the Fur-box,
and evidence from other studies, the Fur-box is at a position optimal for RNA polymerase
recruitment (281, 328, 334). From the context of both Fur and Zur regulating tdf/, we need to
understand if they would act at the same time and which regulator has a greater affinity for the
promoter. This would depend on the signal, which is the presence or absence of their cognate
metal ions Fe?* and Zn?* respectively. Since Fur recognizes a larger area spanning from the
upstream of the -35 region to the -10 region (denoted Fur box 1 and 2) (Figure 5a), sterically it
would not be possible for Zur also to be bound at the same moment. We hypothesize that when
Zur is bound in the presence of Zn?*, the interaction between Zur and the tdfJ Zur box is of greater
affinity, preventing Fur-Fe?* from displacing Zur to act on tdfJ. However, the absence of Zn?* and
therefore Zur would allow room for Fur to bind in the presence of Fe?* to induce tdf/ expression
by recruiting RNA Polymerase. This hypothesis needs to be tested experimentally to determine:
1) the specificity and affinity of Zur to the tdf/ promoter and 2) competition between Fur and Zur
for the tdf/ promoter which acting at the same time at various Mn?* and Zn?* concentrations.
Preliminary efforts have been taken to address the binding affinity and specificity of Zur to P,
however, several obstacles were faced with obtaining a stable form of purified recombinant
NgZur for binding assays. Protein sequence analysis for Ngo Zur showed strain specific difference
in the length of Zur between FA1090 and FA19 with the latter from attaining stability during
crystallization efforts. Protein crystallization efforts are currently being carried out at Purdue

University’s Department of Biological Sciences by Dr. Nicholas Noinaj and Swati Mundre, to



CHARACTERIZATION OF THE NGO ZUR REGULON 65

obtain a recombinant form of FA1090 NgZur that is stable when purified to use in our DNA
binding ELISAs. Zur as a repressor is not bound when zinc is absent, which is a condition necessary

for tdfJ expression (282, 289).

In a recent study characterizing the Zur regulon in Neisseria meningitidis (Nme), Nme Zur
differentially regulated genes of the Zur regulon, by binding to a Zur-box that was identical to the
Ngo Zur-box identified here (Figure 2) (282). Nme homologues of tdf/ (nmb0964) and ngo1049
(nmb1475) also showed perfect matches to their predicted Nme Zur-box and showed high fold-
changes for gene expression in the presence of TPEN. This conservation of Zur-boxes among the
pathogenic Neisseria species, is interesting and illustrates the importance of evolutionary
conservation to maintain zinc homeostasis. However, whether this is specific to pathogenic
Neisseria has not been probed into. Since several of the host adaptations have been conserved
across both commensals and pathogenic species, it would not be surprising if Zur boxes were also
conserved among the Neisseria commensals. This conservation of Zur-boxes has been
investigated across several [-proteobacteria, including Bacillus subtillis, Yersinia pestis,
Pseudomonas aeruginosa, Escherichia coli, Acinetobacter baumanii and Salmonella typhimurium

and the conserved sequence was identified to be GAAATGTTATA-N-TATAACATTTC (324). All these

studies have showed the potential of Zur in pathogensis due to its importance in maintanence of
zinc homeostasis of several virulence genes, in Ngo these important zinc homeostasis virulence
genes are tdfH, tdf/ and znuA. Chapter 5 of this dissertation describes the paradigm of virulence

genes under the control of Zur and is discussed there in further detail.

Zur maintains zinc homeostasis by tightly controlling the level of expression of the genes

it regulates. Zinc-bound Zur dimerizes and represses transcription of genes by binding to a
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consensus Zur-box on the promoter of the gene, thereby blocking RNA polymerase transcription
initiation (325). In this study, we demonstrate a possible correlation between a consensus Zur-
box and higher a higher fold-change for gene expression. tdfJ, znuA and ngo1049 with a 90-100%
match to the Zur box also show a 24, 38 and 46-fold-change for expression respectively in the
absence of zinc, however tdfH with a 16% match to the Zur-box consensus shows only a fold-
change of 3. (Figures 1 and 2). Therefore, the strength of gene regulation by Ngo Zur is dependent
on the accuracy and length of the palindromic consensus sequence. Further, Tdf] has been
identified as an ideal vaccine antigen for the prevention of gonorrhea (229, 304). Its, tight
transcriptional regulation by Zur in response to zinc, demonstrate its potential to be a molecular
tool that will allow further investigation of its role during infection and enhance the
understanding behind creating an efficacious vaccine. This requires further characterization of

the tdf/ promoter elements that allow it to be regulated by Zur and zinc.

It is also important to consider the physiological relevance of the existence of an
environment that will allow for Tdf] expression particularly, that is iron enriched, and zinc
deprived. To answer this question, we would need to scope the availability of zinc and iron, or
their lack thereof, for the expression of tdf). Zinc is primarily secreted by the prostate and is
abundant in the male reproductive organs and human semen as compared to other body tissues
and secretions (335). In contrast, much less is known about the bioavailability of zinc in the
female reproductive tract, but is known to be more zinc starved with vaginal fluid comprising of
no zinc in daily secretions (336). SI00A7 and calprotectin zinc-sequestering proteins, are also
enriched in the ectocervix of the female reproductive tract, causing low levels of zinc (337).

Overall, the female reproductive tract is more zinc-starved compared to the male reproductive
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tract, making the female reproductive tract an ideal environment for the expression of tdf/ and
other Zur-repressed genes. In addition to low levels of zinc, iron enrichment occurs in the female
vaginal canal during the menstrual cycle when tissue and red blood cells lyse to release heme
and hemoglobin that are sources of iron. This provides a conducive zinc-starved iron-rich
surrounding for enhanced tdf/ expression. It is, however, unknown if Tdf] plays a role in the
asymptomatic nature of infections predominately seen in women. Preliminary studies on the
involvement of TDTs in invasion of ME180 cervical epithelial cells showed promising results for
Tdf) as a potential invasion, although the study concluded that only TdfF was important during
invasion. There is scope for further analysis of these results and can be revisited to explain Tdfl s
role during infection of cervical versus urogenital epithelium (267). There is much to be
understood on the nutrient metal bioavailability during gonococcal pathogenesis and the
combined effect of multifactorial players. Using the tdf/ promoter as a molecular tool to access
the environmental differences between the male and female genital tracts in terms of iron and
zinc, will expand the scope and knowledge on these multifactorial players and help parse out the

mechanisms of gene regulation that take place during gonococcal pathogenesis.

Collectively, our study is the first to lay out a dual mechanism of regulation of TdfJ, by
two distinct metal ions and regulators Fur and Zur. Future studies testing the tdf/ promoter as a
zinc and iron sensitive reporter in different pathological environments including neutrophils,
where Ngo survive phagocytosis, epithelial cells, and transgenic mice infection models, will be

valuable to the field and aid in deciphering targeted treatment options and outcomes.
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CHAPTER 4- RNA SEQUENCING ANALYSIS FOR THE ZINC AND ZUR-DEPENDENT

TRANSCRIPTOME OF NEISSERIA GONORRHOEAE FA1090

I.  INTRODUCTION

Zinc is an important transition metal and plays several structural, catalytic, and regulatory
functions in prokaryotes. The role of zinc has especially gained some interest among pathogens
for its importance in virulence and pathogenicity (338). For example, under zinc-starved
environments, bacterial cells use high affinity zinc transporters to increase their internal pool of
zinc, which is a critical response during severe host-induced nutritional immunity (221, 320). On
the other hand, high zinc concentrations can lead to highly toxic environments, increasing
oxidative stress and ultimately killing bacterial cells, a mechanism used by innate immune cells
such as PMNs and macrophages (339). Therefore, zinc homeostasis is extremely crucial to
bacterial pathogens in keeping internal levels of zinc in check while regulating the import and
export of metal ions for maintaining pathogenicity and survival in the host. This tight regulation
of import and export of zinc in the bacterial cell is maintained at the molecular level by the Zinc
uptake regulator (Zur) (325, 340, 341). The regulatory and mechanistic basis of regulation by Zur
on zinc regulated genes has been well characterized in many bacterial pathogens such as
Escherichia coli, Bacillus subtilis, Corynebacterium diphtheriae, Neisseria meningitidis (Nme),
Streptomyces coelicolor and Yersinia pestis (282, 341-344). The principal concept involves Zur
acting as a repressor; upon zinc binding the affinity of Zur to the cognate DNA sequence, the Zur
box, on gene promoters is enhanced. The increase in affinity, and therefore binding of Zur, blocks
RNA polymerase transcriptional initiation of the Zur responsive genes, carefully controlling the

internal level of zinc with respect to the environment.
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Neisseria gonorrhoeae (Ngo), a closely related pathogen to Nme, is responsible for
causing the sexually transmitted infection, gonorrhea in humans (345). A classical clinical
presentation of a gonococcal infection is a sustained inflammatory response accompanied by
purulent urethral or cervical exudates, consisting of human neutrophils and intact Ngo within
(346, 347). These neutrophils are enriched with the nutritional immunity protein calprotectin,
that has antimicrobial activity and chelates and restricts zinc away from pathogens (289, 320).
During mucosal colonization of the vaginal tissues, other strategies to restrict zinc are employed
as part of the innate immune response to gonorrhea. Psoriasin or S100A7, another innate
immune protein, is secreted by these mucosal surfaces to limit zinc availability to Ngo (321). Ngo
however does not succumb to these strategies and regulates genes to produce zinc import
proteins on their outer surface called TonB-Dependent Transports (TDT). Zinc import TDTs TdfH
and TdfJ bind to calprotectin and psoriasin, respectively, and allow for the import of the zinc
being withheld (229, 289). This zinc is then released into the periplasm where a zinc shuttle
protein, ZnuA, carries the zinc to a cytoplasmic ABC transporter to be internalized for utilization.
This coordinated effort of zinc acquisition by TDTs is mediated by the control of the zinc uptake
regulator Zur (289). In Nme a study focusing on the zinc-dependent transcriptome revealed 17
genes that were differentially regulated by Zur (282). Interestingly, 2 genes were induced by Zur
in the presence of zinc, shifting the focus of Zur as a repressor alone and towards its potential
activity as an activator (282). The homologue of several Nme Zur regulon genes in Ngo have
pathological significance, including the TDT genes, which are implicated in survival and virulence

of Ngo during host colonization and infection (282, 321).
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The Zur transcriptome of Ngo has not been characterized and in this work, we describe
the genes that are controlled by Ngo Zur by comparing zinc stress and zinc excess conditions
between wildtype FA1090 and an isogenic zur mutant strain. We use RNA sequencing to predict
the transcriptome of differentially regulated genes and describe 26 genes that fall under the Ngo
Zur regulon. Using promoter prediction analysis, we were able to validate and compare the Zur
binding sequence on the promoters and compare the extent of regulation by RT-qPCR fold
changes for expression. Much like the global regulator Fur, Zur, which is a FUR family regulator,
is also able to act as an activator to enhance gene expression by binding to Zur-boxes further
upstream on the promoter (281, 328). We also show an overlap of genes differentially regulated
by oxidative stress response and zinc starvation under the control of Ngo Zur. This is relevant
from the context of mimicking a host response to infection and will make key contributions in

evaluating essential virulence genes and zinc homeostasis in Ngo.

Importance: With no effective vaccine available to prevent gonorrhea and the high
number of multidrug resistant Ngo strains, effective use of antibiotics for treatment is a waining
option (348). This dictates an urgent need for effective therapeutic strategies to treat a
gonococcal infection which includes Ngo strategies to overcome nutritional immunity such as
zinc starvation. Our results provide the basis for understanding the Zur regulatory pathways and

molecular mechanisms used by Ngo to adapt to host zinc environments.
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Il.  RESULTS

A. Zinc- and Zur-dependent Genes in FA1090 are Repressed in Response to Zinc Excess

Gene expression profiles of the wildtype strain FA1090 and the FA1090 zur mutant were
compared under excess and low zinc conditions by RNA Sequencing. 26 genes were differentially
regulated of which 18 genes were down regulated and 8 genes were up regulated when zinc was
present (Figure 6). This suggests that Ngo Zur predominately acts as a repressor in the presence
of zinc much like the Nme Zur (282). Of the 18 repressed genes, ngo0952 (tdfH), ngo1205 (tdfJ),
ngo1049, ngo0168 (znuA) and ngo0170 (znuC) are zinc homeostasis genes, that are involved in
active zinc uptake from the outer membrane to the cytoplasm during zinc-limitation (229, 266,
289). In Ngo, the outer membrane transporters, TdfH and Tdf) have been characterized and bind
zinc-sequestering ligands, calprotectin and psoriasin, respectively, to release zinc into the
periplasm. ZnuA in the periplasm aids in the transfer of the zinc substrate to the ATP machinery
ZnuBC on the cytoplasmic membrane, ultimately releasing zinc into the cytoplasm of the zinc-
starved cell (265, 268, 289). These genes are important virulence genes that enable Ngo to over
zinc limitation during pathogenesis (284, 289). znuA, the gene encoding the zinc-substrate
binding periplasmic protein, that is involved in shuttling zinc from the periplasm to the cytoplasm
during zinc starvation, showed a high log, fold-change of -5 whereas, znuC encoding for the ATP
binding protein of the zinc ABC transport system, showed a lower log; fold-change value of <-2
(Figure 6). znuB, which is a part of the znuABC polycistronic operon and encodes the metal ABC
permease, although differentially regulated by zinc, showed a fold-change for zinc and Zur
regulated expression <-2 (Figure 6). In most pathogens ZnuA has been associated with the

primary means of overcoming calprotectin mediated zinc-limitation (221, 349, 350). The recent
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implication of znuA’s importance during growth and attachment further complement the high
transcript numbers from this study and the importance of this gene in overcoming zinc limitation
in Ngo (321). tdfH and tdf/ have log; fold-changes for gene expression of > -4, with tdf/ showing
higher transcript numbers and a higher fold-change of -4.6 (Figure 6). This observation is in line
with our understanding that tdfH is not as tightly regulated by zinc and Zur in FA1090 as
compared to tdf/ (289) (Figure 6). Another gene that exhibited a high log; fold-change value for
expression of >-4, was ngo1049, a poorly characterized zinc responsive gene encoding for a
hypothetical protein with unknown function and high affinity to zinc (Figure 6). The homologue
of ngo1049 in Nme was found to be the mostly highly zinc-regulated gene and was characterized
to have specificity only to the zinc substrate. Similar preliminary bioinformatic characterizations
and protein structure modeling in Ngo, have localized Ngo1049 in the periplasmic space much

like ZnuA and highlighted its specificity to zinc (Liyayi IK and Criss AK., unpublished results).

The two most highly zinc- and Zur-regulated genes in this study were ngo0930 (rpmE2)
and ngo0931 (rpmJ2) with the highest fold-change for expression at -6 and -7 respectively (Figure
6). romE2 and rpomJ2 are part of an operon and their expression is controlled by a single promoter
that harbors a Zur-box through which Zur regulates expression. romE2 and rmpJ2 code for the
50S ribosomal L31 and L36 proteins that contain a CxxC motif, that is a designated zinc-ribbon
signature. These ribosomal proteins are well described in E. coli, Y. pestis and B. subtilis and a
mechanism of zinc replacement in different paralogs of these proteins have been noted for gene
activation and ribosomal processing (351). It has been shown that Zur actively represses the L31p
and L36p paralog forms of L31 and L36 protein during the presence of excess zinc. These Zur-box

containing paralog forms are expressed during zinc-starvation and the L31p and L36p proteins
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bind to a hairpin like structure preventing translation of the zinc-binding L31 and L36 proteins.
When there is an abundance of zinc, the paralog forms are not made due to Zur repression and
zinc containing L31 and L36 are liberated from the ribosome for translation. In Ngo, rmpE2 and
rmpJ2 encode for the paralogous forms of L31 (RpmE) and L36 (RpmlJ) that potentially control
the ribosomal translation of these zinc-finger proteins. The zinc starvation response of replacing
the zinc containing RomE and RpmJ proteins with their non-zinc containing paralog forms RpmE2
and RpmJ2, could be a possible means of maintaining zinc homeostasis and enhance bacterial

survival in the host (342, 352).

Genes encoding hypothetical proteins ngo04165, a sulfate ABC transporter substrate
binding protein and ngo0165, defined as an integral membrane protein, were also differentially

repressed by Zur in the presence of zinc by fold changes of approximately -1.5 (Figure 6).
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Figure 6. List of differentially expressed genes by Zur in Ngo FA1090 in response to zinc

Figure 6. List of differentially expressed genes by Zur in Ngo FA1090 in response to zinc. Log>
fold-change for expression of genes repressed (orange) and activated (purple) by Zur in the
presence of zinc in WT FA1090. p values were normalized to padjusted Values and significant

expression with pagjusted <0.05 were considered as differentially expressed.

B. adhP and norB are Zn::Zur-activated Genes

ngol1442 (adhP), the gene that encodes the enzyme alcohol dehydrogenase in the family
of zinc-binding dehydrogenases, was the most Zur induced and demonstrated a log; fold-change

for expression of 3.4 in the presence of zinc. adhP is a propanol preferring alcohol dehydrogenase
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which may be involved during anaerobic respiration. However alcohol utilization and synthesis
pathways have not been defined in Neisseria sp (353). adhP was highly zinc induced in the Nme
Zur regulon study and was also induced in an RNA seq study on genes in Ngo that were
differentially regulated by Zur attachment to a surface (282, 321).The Ngo PerR regulon also
showed an induction of adhP expression, although Ngo PerR is now considered Zur (354). The

overlap between these different studies suggests an important role for adhP in zinc homeostasis.

ngo1275 (norB) is another gene induced in the presence of zinc and Zur with a log; fold-
change for expression of 1.8 (Figure 6). norB encodes for a nitric oxide reductase, which plays a
pivotal role in nitrite utilization and anaerobic growth (355). In Ngo, the gonococcal
denitrification apparatus consists of norB and a gene that precedes it aniA. aniA encodes for a
nitrite reductase (AniA) that catalyzes the conversion of nitrite to nitric oxide (NO), which is
subsequently reduced to nitrous oxide (N20) by NorB (356, 357). It has been shown that Ngo
norB expression is induced in the presence of nitrite in anaerobic environments and that it is not
regulated by the fumarate and nitrate regulator FNR or the nitrate/nitrite two component
system, NarQ/NarP, unlike the norB homologue in Nme (355). Ngo norB has been shown to be
directly regulated by NsrR, which acts as a repressor and binds to the norB promoter in the
absence of NO (358). Prors has been characterized in both Ngo and Nme, including the +1, -10, -
35 promoter elements and a NsrR binding site downstream of the -10 region, along with a
truncated FNR binding inverted repeat region (333, 355, 359). Adding to the list of regulators
involved in the control of norB expression, it was further determined that Fur activates norB
expression through an indirect mechanism and binds to a Fur-box upstream of the -35 sequence

(333, 360). Interestingly, preliminary bioinformatic promoter analysis from this study revealed a
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potential upstream Zur box, preceding the -35 region, that could explain the Zur induction of norB
expression. This is the first study where Zur has been observed to activate norB expression in the

presence of zinc and much is unknown regarding the Zur activation mechanisms in Neisseria sp.

ngo0967, a gene encoding a hypothetical protein was also found to be induced by Zur in
the presence of zinc, contributing to a log, fold-change for expression of 2.6 (Figure 6). Table 3
includes a comprehensive list of differentially Zur and Zinc regulated genes in Ngo FA1090, along

with their respective log, fold-change for expression.
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Table 3. List of differentially expressed genes by Zur in FA1090

Repressed

type B 50S ribosomal protein

NGO_0930 romE2 -6.564 (-) L31

TonB-dependent receptor

&& PF07715:TonB-

NGO_1205 tdf’ -4.667 -
- I ) dependent Receptor Plug
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Domain|PF00593:TonB

dependent receptor

TonB-dependent receptor
PF00593:TonB dependent
receptor|PF07715:TonB-

dependent Receptor Plug

NGO_0952 tdfH -2.190 (-) Domain

sulfate ABC transporter

substrate-binding protein
PF13531:Bacterial
extracellular solute-binding

NGO_04615 ngo04615  -1.937 () protein
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amino acid ABC transporter
permease PF00528:Binding-
protein-dependent transport
system inner membrane

NGO 2012 glnP -1.264 (-) component

amino acid ABC transporter
ATP-binding protein &&

NGO_2013 ngo2013 -1.393 (

) PFO0005:ABC transporter

Fic family protein

NGO_1503 ngo1503 -1.322 () PF02661:Fic/DOC family
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NGO_0125 ngo0125 -1.346 hypothetical protein

NGO_0554 ngo0554 -1.230 1.708 hypothetical protein

Induced

nitric-oxide reductase large

subunit &&
PF00115:Cytochrome C and

NGO _1275 norB 1.799 (-) Quinol oxidase polypeptide |

NGO_2143 ngo2143 1.462 ATP synthase subunit |
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SRNA00013 1.624 (-) -

very short patch repair
endonuclease &&
PF03852:DNA mismatch

NGO_0300 ngo0300 1.419 (-) endonuclease Vsr

NGO _0967 ngo0967 2.601 (-) hypothetical protein

preQ(1) synthase &&

NGO_1684 queF (-) -1.275 PF14489:QueF-like protein

NGO _0129 queC (-) (-)

Table 3. List of differentially expressed genes by Zur in Ngo FA1090 in response to zinc. Genes
are categorized into repressed and induced and their respective Log; fold-changes (L2FC) for
expression with padjusted <0.05 are listed. L2FC for differential expression in FA1090 WT under zinc
excess or TPEN condition and in CDM between a WT and zur mutant are displayed. Gene locus

ID and predicted computational functions of differentially regulated genes are listed.
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C. Comparison of Ngo Zur Regulon Genes with Other Transcriptomic Studies in Neisseria

Sp

The Zur regulon (also known as PerR in the context of Manganese regulation) has been
investigated in Ngo strain 1291 using a microarray analysis comparing a wildtype and a zur
mutant strain, that revealed 12 differentially regulated genes which included zinc homeostasis
genes znuA (mntC), znuB (mntB), znuC(mntA), tdfH, tdf]/, ngo1049 and the ribosomal L31 and L36
genes rmpJ2 and rmpE2, which were all up-regulated in the zur mutant as compared to the
wildtype and had fold-changes >2 (Table 4) (354). Only adhP was found to be downregulated in
the zur mutant (354). Similarly, a microarray analysis performed in Nme, between a wildtype
MC58 and zur mutant strain grown in CDM under zinc excess and zinc stress, also revealed a set
of 17 differentially regulated genes of which cbpA (tdfH), znuD (tdfJ) and znuA were greatly Zur
repressed and adhP was one of the two Zur-induced genes, the other a NosR-related protein
family gene with no known characterization (Table 4) (282). Interestingly, our RNA sequencing
study revealed norB as zinc- and Zur-induced apart from adhP, which has previously not been
identified as Zur or zinc regulated. Prior studies on norB have focused on its regulation with
respect to nitric oxide stress and regulation by the nitric oxide-sensitive repressor NsrR. NsrR
binding sites have been mapped on the aniA (a nitrite reductase) and norB promoters in the
gonococcal strain F62 (358). NsrR binds to a region downstream of the -10 region of the norB
promoter and represses transcription in the absence of NO (358, 359). norB is additionally
regulated by the Ferric uptake regulator (Fur) in F62, whereby, Fur activates norB expression in
the presence of iron and binds to a region upstream of the -35 region (360). The predicted Zur

binding site on the norB promoter lies about 20 base pairs downstream of the Fur-box and 1 base
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pair upstream of the -35 region, in an ideal location to facilitate RNA polymerase recruitment
activation when zinc is present. Currently the mechanism that facilitates this multi-regulatory
process has not been studied, and this finding could be attributed to strain specific differences
within Neisseria species, with norB Zur-activation being specific to FA1090. tdf/ is among the
current set of genes that also shows a multi-regulation mechanism where is it Zur repressed, and
zinc induced. tdfJ requires an iron enriched and zinc deficient environment, which is likely to be
present in the female reproductive tract. A study focusing on the transcriptomic profile of Ngo
during natural infection in men and women, showed that tdf/ expression was 5-fold higher in
female subjects as compared to male subjects and that norB was 4-fold induced in the male
subjects as compared to the female subjects (Table 4) (361). On the context of host relevant Ngo
transcriptomes, a recent study exploring the interactions between primary human neutrophils
and different strains of Ngo, unveiled differential regulation of several Zur-regulated genes and
primary human neutrophils. These included znuA, tdfJ, ngo1049 and romE2, with all four being

induced upon Ngo exposure to neutrophils (362).
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Gene locus
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Table 4. Comparison of Zur regulon studies in Ngo
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NGO_1205

NGO_1049

NGO_0952

NGO_0170

NGO_0169
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tdfJ
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(-) Zn

(+) Induced (+) Induced induced by

under under Zur and
NGO_1442 adhP 3.421 excess Zn  excess Zn adherence X
v
HO41 and
NGO_1275 norB 1.799 FA1090

Table 4. Comparison of differentially regulated genes in Ngo by Zur in other studies. Zur
repressed and induced genes that overlap with other studies in Ngo under zinc starvation are
listed. The conditions at which each of these Zur regulon genes are expressed in each of these
studies are listed under each column for comparison. Differentially regulated genes that were
differentially expressed in response to zinc or Zur in at least one of the 5 other studies were
considered for further validation in this study. Log> fold-changes (L2FC) for expression with

Padjusted <0.05 are listed for each gene.
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D. Ribosomal Genes romE2/J2 Show the Highest Fold Change for Expression by RT-qPCR.

Based on overlapping information from the differentially regulated genes list in Table 2,
we performed RT-gPCR for the six differentially expressed genes from this study. For zinc-
dependent Zur repression, we found the zinc homeostasis genes znuA, tdfJ, tdfH and ngo1049
were all significantly induced in the absence of zinc in the wildtype strain (Figure 7A). We found
that the ribosomal genes romE2 and romJ2 were also greatly expressed in the absence of zinc in
the wild type and showed the highest fold-changes for gene expression. znuA and ngo1049 were
23-fold and 31-fold higher expressed in the absence of zinc, respectively, in wildtype FA1090
(Figure 7A). tdf/ showed a 10-fold increase in the absence of zinc in the wildtype while tdfH
showed only a 3-fold increase in the absence of zinc in the wildtype strain (Figure 7A). romE2 and
rmpJ2 on the other hand each showed 81- and 85-fold increase in expression respectively in the
absence of zinc in the wildtype (Figure 7A). These expression and fold-changes are consisted with
the log; fold-change and FPKM values obtained from RNASeq analysis. adhP showed a 13-fold
increase in expression in the presence of zinc in the wildtype and no significant difference in the
zur mutant via RT-qPCR (Figure 7B). RT-qPCR for norB showed a 5-fold increase in the wildtype in
the presence of zinc and no significant change in the zur mutant (Figure 7B). All RT-gPCR
expression values were normalized to the expression of the house keeping gene rmpM and

significance was calculated from biological and technical replicates.
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Figure 7. romE2/J2 and adhP show high-fold change for expression among Zur repressed and
induced genes in Ngo

Figure 7. romE2/J2 and adhP show high fold-change for expression among Zur repressed and
induced genes in Ngo. A. RT-gPCR bar graph for Zur-repressed genes in a WT and zur mutant. B.
RT-qPCR bar graph for Zur induced genes in a WT and zur mutant. The zinc excess conditions are
shown in dark grey and the zinc-deplete conditions upon treatment with TPEN, are shown in light
grey. Gene expression normalized to the expression of rmpM is plotted in the bar graphs. Fold-
changes for expression in the WT are depicted. Student T-test was used for determining statistical

significance. *, p<0.05; **, p<0.005; ***, p<0.0005; ns, p>0.05
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E. Zur Binds to the Zur Box Sequence on the Promoters of the Differentially Regulated

Genes to Either Repress or Induce Expression

The Zur box consensus sequence has previously been established in Nme and further
confirmed in Ngo FA1090 (282, 363). We aligned the predicted promoter regions of the above 8
Zur regulated genes, tdfH, tdfl, znuA, znuB, ngo1049, adhP, norB and rmpE2/J2 and mapped the
extent of similarity or difference to the consensus. A consensus logo was prepared using the
WebLogo 3 online software (Figure 8A). Among the Zur-repressed genes, tdfH, ngo1049 and
romE2/J2 promoters had a 100% match to the established consensus Zur box of
TGTTATDNHATAACA (Figure 8B). Interestingly adhP, a Zur induced gene, also had an exact match
to this consensus, the difference being in the location of the Zur binding site with respect to the
-10 and -35 promoter elements. Based on available literature on transcriptional regulators and
their mechanism of regulation, genes with a Zur box overlapping the -10 and -35 region are
repressed by Zur whereas genes with a Zur box upstream of the -35 region are Zur induced. The
promoter region for norB, which is Zur induced, contains of a putative Zur box upstream of the -
35 region and had a 75% match to the consensus (Figure 8B). The Zur box of tdfH was only a 16%
match to the consensus while for the znuA promoter the Zur box was a 92% match with the
consensus Zur box, once again signifying the RT-qPCR fold change for expression for tdfH and

znuA (Figure 8B).
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A.
2.0
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1.0
1| . x]A|Ax<ATAACA,
oo lr—arl “Ayayy vL
3) 10 15
WebLogo 3.7.12
B.
ORF ID Gene name Zur box sequence % Similarity
Consensus TGTTATDNHATAACA
NGO00952 tafH TTGATTGTTTATTGT 16
NGO1205 tdfJ TGTTATATAATAACA 100
NGO0168 ZnuA TGATATAACATAACA 92
NGO1049 ngo1049 TGTTATAGCATAACA 100
NGO00930/31 rmpE2/J2 TGTTATGTTATAACA 100
NGO1442 adhP TGTTATAATATAACA 100
NGO1275 norB TGTTTGAACAAAACA 75

Figure 8. A Zur box consensus sequence for Ngo Zur

Figure 8. A Zur box consensus sequence for Ngo Zur. A. Consensus Ngo Zur box logo created
using WebLogo 3.7.12. The consensus is an inverted repeat of 6-3-6 with a total of 15 base pair
length. B. An alignment of Zur regulon genes predicted promoter region containing the Zur box.
The matching nucleotides are bolded and shown in red while the mismatched nucleotides are
bolded and depicted in black. The % similarity of the aligned Zur boxes to the consensus is

included in the alignment.
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F. Enrichment Analysis of Differentially Zinc Regulated Genes in the WT

A comparison of Ngo gene ontologies (GO) enriched in wildtype FA1090 under zinc
restricted conditions were analyzed using an enrichment analysis. Gene functions were classified
into three major processes, Biological Process (BP), Cellular Components (CC) and Metabolic
Function (MF) (Figure 9A). Differentially expressed genes classified as Cellular Components were
significantly enriched in membrane function in WT FA1090 under zinc starvation (Figure 4).
Membrane GO’s included genes involved in nutrient transport such as the TDTs, tdf/ and tdfH
and genes responding to oxidative stress such as norB (Figure 9A). Biological Process GO’s were
enriched in oxidation-reduction and cell redox homeostasis responses, including adhP, norB and
msrAB. msrAB encodes for the methionine sulfoxide reductase that reduces methionine sulfoxide
residues back to methionine to repair proteins damaged by oxidative stress (Figure 9A) (364). In
this study msrAB was differentially regulated by zinc and TPEN, but not by Zur and showed a log>
fold change of 1.5 in the presence of TPEN (Figure 7). msrAB was also found to exhibit the highest
fold change upon exposure to PMNs, which are an environment of high oxidative stress and low
zinc (362). Apart from the GO enrichment several KEGG pathways were enriched in the WT in
response to zinc starvation (Figure 9B). Those significantly enriched include, genes involved in
microbial metabolism, carbon metabolism, pentose phosphate pathway and pyruvate
metabolism (Figure 9B). The zinc and Zur regulated genes enriched in these KEGG pathways were
norB and a cysteine synthase gene (cysK) ngo0340, both of which are part of microbial and carbon
metabolism pathways (Figure 9B). The KEGG enriched pathways in the zur mutant however do
not include norB or cysK, suggesting that these two genes play an important role in Ngo

metabolism during zinc starvation (data not shown).
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Figure 9. GO and KEGG enrichment analysis for Zur regulated genes in WT Ngo
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Figure 9. GO and KEGG enrichment analysis for Zur regulated genes in WT Ngo. A. Gene
Ontology enrichment of pathways in Metabolic Function (MF), Cellular Components (CC) and
Biological Processes (BP). The Fold changes for enrichment in each pathway is on the X-axis.
Statistical significance was obtained using p values. *,p<0.05; **, p<0.005. B. KEGG analysis of
enriched pathways in the WT in response to zinc. The pathways and the number of genes involved
are displayed on the Y-axis and the fold-change normalized to padjusted Values are on the X-axis.

Here padjusted<0.05 were considered significant (*).

Ill.  DISCUSSION

It is known that iron- and Fur-regulation in Ngo FA1090 modulate key genes necessary
during Ngo pathogenesis (328, 361, 365). These genes include nutrient acquisition proteins such
as TbpAB, a transferrin binding iron and Fur regulated bi-partite Fe-transporter which is
important during infection and shows promise as a vaccine antigen (366). Other TDTs, including
zinc uptake proteins such as Tdfl] and TdfH, are also potentially valuable vaccine antigens.
However, there has been little focus on the zinc transcriptome of Ngo FA1090 and the
importance during pathogenesis. The male site for Ngo colonization is predominately zinc
enriched while the female reproductive tract is zinc starved, suggesting importance for zinc and

Zur regulation of genes in Ngo.

In this study we explored the global zinc and Zur transcriptome in FA1090 using RNA
sequencing in a WT and zur mutant strain under zinc excess and zinc starvation. It appears that
the present RNA seq analysis, exposes a primarily oxidative stress response in Ngo with Zur-

regulated nutrient transport genes being differentially regulated. norB expression has primarily
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been studied from the context of an oxidative stress response that involves nitric oxide and
anaerobic growth in Ngo (355). Given its response to oxidative stress, the growth media in this
study, CDM stimulates an oxidate stress within anaerobic conditions. CDM has been used in other
studies including the Zur regulon of Nme, and a peroxide stress was induced for a manganese-
dependent Zur (PerR) transcriptome in Ngo, however norB was not differentially expressed in
either of these two studies (282, 354). A possible explanation for the differential expression of
norB in this study could be the use of TPEN for zinc starvation. TPEN is a high affinity zinc chelator,
but it can also chelate other metal ions including iron, which could potentially have an influence
on overall transcriptional changes in Ngo. Studies have also shown that TPEN can affect
membrane integrity as it is membrane permeable and has been demonstrated to enter E. coli
cells which can cause the removal of not just extracellular but also intracellular metal ions (367).
Another study in E. coli evaluated the effects of transcriptional changes in the presence of TPEN
and noted a strong correlation with chelation of intracellular ions other than zinc and
transcriptomic responses, identifying a major Fur regulated response in the study (368). This
finding partially supports the norB regulation observed in this study as norB has been shown to
harbor a Fur box and is shown to be regulated by iron (333). Surprisingly, an RT-gPCR to validate
the norB zinc and Zur-dependent regulation, showed that it was indeed induced by zinc and Zur
in the WT. Further bioinformatic promoter analysis identified a putative upstream Zur box in
addition to an upstream Fur box in norB. This outcome of norB also has clinical relevance, because
norB was found to be induced in HO41, a multi-drug resistant clinical strain of Ngo, in the
presence of PMNs (362). This suggests a critical role for norB not just in oxidative stress, but also

zinc homeostasis which could be a strain specific or environment-based observation. This sheds



CHARACTERIZATION OF THE NGO ZUR REGULON 96

light on the results from this study and the hypothesis of dual and multi-regulatory effects on
certain genes in the context of host metal availability. There is evidence that the female
reproductive tract is more anaerobic than the male reproductive system, which may be
potentially contributing to the greater percentage of asymptomatic infections seen in women
(369). This is important to know because norB is involved in anaerobic respiration pathway which
includes aniA, through nitrite reduction (355). This observation along with the differential
regulation seen in women offer a potential critical role for norB in infections pertaining to

women.

Gene Ontology (GO) analysis of these differentially zinc regulated genes showed a
significant enrichment in cellular components in membrane function, among which are the TDT
genes tdfH and tdfJ. Biological process genes responsible for oxidation reduction activity showed
an enrichment of adhP, norB and msrAB, of which msrAB is only zinc or TPEN regulated but not
by Zur. msrAB in other bacteria such as Haemophilus influenzae, has been shown to play a major
role in virulence through the repair of damaged outer membrane and periplasmic proteins that
are involved in nutrient acquisition much like the Ngo TDTs (370). Ngo incubation with PMNs,
however, showed differential regulation of msrAB upon exposure (362). Once again, the effects
of TPEN on the Zur transcriptome seems increasingly important to understand separate from the
defined media (CDM) low in metals used in this study. Further investigation of several of the
oxidative response genes such as norB and msrAB and the effects of TPEN on the Ngo
transcriptome will be essential and important in understanding the host specific environmental

changes during a gonorrhea infection.
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From the context of natural infection there are the innate differences in disease
presentation and responses between men and women. One aspect being the asymptomatic
presentations of gonorrhea in women. Even if symptoms were present, they tend to be mild and
often go undetected until dissemination of disease into the upper genital tract and distal organs
(371). The reason for greater incidence of asymptomatic infections in women as compared to
men is poorly understood, but we can suspect anatomy, immune response differences and
nutrient availability as some of the factors. The lower genital tract, the site of primary infection,
is zinc enriched in men and acutely zinc starved in women. The mucosal epithelium surrounding
the female vagina, produces S100A7 (Psoriasin) that acts to restrict zinc availability, thereby
mimicking a CDM or TPEN condition of zinc starvation used in this study (327). Transcriptomic
analysis of these two sites during natural gonococcal infection, showed differential expression of
genes that also stood out in this RNA Seq, which included tdfJ (ngo1205), norB (ngo1275) and
msrAB (ngo2059), once again emphasizing an oxidative-stress and zinc starved response in the
female genital tract. Zur is a regulator of oxidative stress in Ngo and further characterization of
the genes overlapping a zinc and oxidative stress response, from the context of natural infection
such as neutrophil influx or simulant media (vaginal and semen simulants), will guide the
understanding of potential antigens for a vaccine and targets for therapeutics in the treatment

of gonorrhea.
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CHAPTER 5 THE ROLE OF THE GLOBAL REGULATOR ZUR AS AN ACTIVATOR AND REPRESSOR

OF GENE EXPRESSION IN NEISSERIA

I.  INTRODUCTION

Zinc is an important transition metal for enzymatic reactions, protein functions, DNA
damage repair or immune response modulations not just in eukaryotic biology, but also in
prokaryotes (372). Zinc was found to be essential for the survival of several bacterial pathogens,
where efficient zinc acquisition and zinc tolerance were necessary to maintain virulence and
pathogenicity (338). This ability of zinc to promote pathogenicity has been demonstrated in
Pseudomonas aeruginosa by aiding biofilm formation (373). To emphasize its role in bacterial
pathogenicity, zinc is required for the functional activity of metalloproteases that aid in the
breakdown of host physiological barriers during invasion (228). In this battle between the
pathogen and host, the host in turn mobilizes zinc through zinc -sequestration and withholding
by nutritional immunity and trafficking within immune cells to induce zinc toxicity. High zinc
concentrations within phagocyting macrophages and neutrophils may lead to mismetallation
resulting in loading zinc into non-zinc binding sites within bacterial proteins, thereby preventing

appropriate function and inducing zinc toxicity (374).

Pathogenic Neisseria, N. gonorrhoeae (Ngo) and N. meningitidis (Nme) have both been
shown to subvert neutrophil-mediated zinc toxicity and zinc restriction by scavenging zinc from
the host nutritional immunity protein calprotectin, enriched within neutrophils (229, 265, 289).
Tdf) and TdfH are outer membrane TonB-Dependent Transporters (TDT) that shuttle the zinc to

the periplasmic membrane where a zinc shuttle periplasmic protein ZnuA transports the zinc to
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the cytoplasm with the help of the ABC transport system (268). ZnuA can bind zinc with very high
affinity and has been identified as an important virulence protein necessary for survival in several
pathogens including Escherichia coli, Yersinia pestis and Salmonella enterica (321, 340, 375, 376).
During zinc excess these zinc shuttle and import proteins are downregulated and membrane
porins and efflux pumps are expressed to overcome zinc toxicity. These carefully orchestrated
graded expression of different set of proteins and systems to maintain zinc homeostasis within
pathogens is done through the zinc-sensing zinc uptake metalloregulator, Zur. In principle, Zur
functions by sensing and binding to free intracellular Zn2* that enables it to bind to DNA and
regulate gene expression of target genes. In low intracellular Zn%* levels, Zur is unable to bind
DNA, which modifies the set of target genes expressed (282, 325). These target genes that Zur
regulates form the Zur regulon and several such Zur regulons have been described in bacterial
pathogens. In this chapter, we review the structural and biochemical properties of Neisseria Zur
that allow it to function as a global regulator and the properties that distinguish it from other
bacterial Zur and their regulons, based on available crystallography and phylogenetic

information.

Ngo is the causative agent of the sexually transmitted infection gonorrhea and an urgent
threat pathogen. Ngo primarily infects the male and female reproductive organs, and upon a lack
of treatment, can lead to irreversible outcomes such as infertility (348, 377). With no effective
vaccine available and an increase in the number of antimicrobial resistant strains, it is imperative
to explore new targets for therapeutics and treatment. The importance of Zur in virulence has
been iterated among several pathogens in recent years and given its regulation of several

virulence genes in pathogenic Neisseria, Zur is a potential target for therapeutic strategies. Nme
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and Ngo Zur share a 100% protein sequence similarity and drive regulation of a similar set of
homologous genes. In this review, we delve into the sequence-based intricacies of Neisseria Zur,
examining their hypothesized structural makeup, properties, and typical mechanisms of action.
Furthermore, we provide a comprehensive analysis of the genes regulated, shedding light on the

potential dual role of Neisseria Zur as a transcriptional activator.

Il.  RESULTS

A. Structural and Mechanistic Insights into Neisseria Zur and its Conservation Among

Gram Negative Pathogens.

Zur is a FUR-family regulator that has shown to predominantly act as a transcriptional
repressor upon Zn%* binding by blocking RNA polymerase transcription initiation (325). Like other
FUR-family proteins Zur binds to a specific region on the DNA known as a Zur box, that often
overlaps the promoter region to repress transcription. This Zur box sequence is a conserved
sequence and consists of a 23 or 15 bp palindromic repeat (352). The Neisseria sp. Zur box is
made up of a 15 bp repeat with variation in 3 nucleotides in the middle: 5 TGTTATDNHATAACA
3’ (282). Zur binding to Zn?* alters its conformation and therefore aids in its binding to the Zur
box. The Zur protein crystal structure has been determined in a few gram-negative pathogens
including that of E. coli (341). Using x-ray crystallography, the structure of the E. coli Zur protein
complexed with the znuABC promoter was determined (341). E. coli Zur binds DNA as a dimer of
dimers (four Zur monomers) and consists of two distinct zinc-binding sites on each
monomer. Each monomer is made up of a helix-turn-helix (HTH) motif in the N-terminal DNA-

binding domain which is attached to a C-terminal dimerization domain via a characteristic
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winged-helix motif (341). At present, there is no available crystal structure of Ngo or Nme Zur
and structure prediction modeling platforms such as Alpha Fold (378, 379) make predictions for

Neisseria Zur based on the E. coli Zur structure (Figure 10A).

We performed a structure-based alignment of the Ngo and Nme Zur with the E. coli Zur
and 7 other structurally characterized Zur protein sequences from gram negative pathogens. The
sequence alignment showed a high degree of conservation of two C-X-X-C sulfur-rich motifs
characterized in E. coli Zur as the tight zinc-binding sites (Figure 10B)(341). In E. coli Zur, the CXXC
zinc binding site has been shown to flank the dimerization domain, thereby stabilizing the Zur
dimer formation upon Zn?* binding. The second zinc binding site is thought to stabilize the DNA-
binding conformation of Zur upon Zn?* occupancy (341). E. coli Zur in complex with DNA (Pznuasc)
was the first Zur to be crystallized with bound DNA. This structure has provided evidence on the
Zur residues that interact with DNA (325, 341). Figure 1B highlights the residues involved in DNA
binding and this appears to be conserved among majority of the Zur protein species from other

bacteria.
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Ng Zur HECNDHCHDHEEA

Nm Zur HECDDHCHDHEEA




CHARACTERIZATION OF THE NGO ZUR REGULON 103

Q00000000000 020Q0QQ00Q0Q: 200
1 10 29 30 19
N.gonorrhoeae  ............... KTNFKQKITIEQAR. ..|. REDLQVEALEIEQVIDIVILDOSGVIKEY
N.meningitidis ............... EKTNFKQKHIEQAR. . .SEGLQVALE|QVLDIVLQQSGVIK‘Y
E.coli = ... EKTTTQEL|LAQAEKICAQRNVRLPQLIEVLRLMSLQDGAIS*Y
S.enterica = @ ............... MEKTTTQEL|LAQAEKLCAQRNVRLE’QL|EVLRLMSLQQGAIS*Y
Y.pestis = ... .. .......... MNP INQ\EKLILAQAESLCQQRNVRLPQL|EVLRLM|AQQPGAIS'!Y
P.aeruginosa MYKIAPKTPLACQPHDHSQCV\STAILAEADALCARQGVRLELRRVLELVWQSHKPLG!Y
A.baumannii ...MHEHHDSLHGVHDHHN. V. SR!LAEAETLCTAVGARLPLK'EVLELILNASGPMG“Y
B.subtilis - oo e e | sMNVQEALNLLKENGY. . . - [KYRINKEIEDMLQLEAD SDRYLTLIK
S.coelicolor  ....... MGSSHHHH\HHSSGL\VER!GSHMTTAGPPVKGRARQA|AVSAALQEVEEFRS*Q
M.tuberculosis ............... e leilon. MSAAGV. .. . RSEROEAR T STLLETLDDIFRSED
. - *
RRQAQQOQ. Q0000000000
90 100
N.gonorrhoeae NVLS V| [C]sEA[QHECNDHCHDHEE
N.meningitidis NVLS V| C|[SHAQHECDDHCHDHEE
E.coli DLLD i GELED e e s 83 ¢ oot
S.enterica DLLD E CHLED|. « « o o v 0 v e n
Y.pestis DLLD F CHHFE. . oo ue...
P.aeruginosa DILA L CINN.P[. - v s veuuennn
A.baumannii DLLA L CCH.Pl....coov.un.
B.subtilis NVLS I REKC|.[. . ..o v
S.coelicolor ELHD E YRRC|.|e v e v v v e v ann
M.tuberculosis ELHD L| ¥RRC[.]. v v v e e e e e e v

o

N.gonorrhoeae AERAHHSAFILVMETEMGAADHOTLSHEWAALRAGVA i3] TIHIHMKKEHOK . . .
N.meningitidis A[EAHHSAFILV[ETEMGTADHQTLSHEWAALRAGVA E TEI[HKKEOK. . .
E.coli QP THTSAMF I[HDR[EGAVKAECAEGVED IMHTLAA N H{eL{4AASMVEVEA
S.enterica LoPTHSSAMF I[HMDR[EGVVKAECAEGVED IMHTLAA N H{e|L{PA[MVEVEA
Y.pestis LEPTHTSALFIMDRMEKIVT|ARP TVG|IEEALAQLAK S| HELIMTEMGVVEA
P.aeruginosa . E[ESHQGQFLIMRTMHTATI|ALEQPD|I SRAIVAGAN Q| VIE]LIMG[T&RD QKD
A.baumannii .REGHQAAFLIMMTE[MHTVKHASSQG[LTQQLDQLAA S S[EK[HOIOERTAR .
B.subtilis |S[F THHHHHF I[MLA[dGK TKAIESCPMDKLCDDL . .. H| Y| TIMPDETAENQ
S.coelicolor . STGﬂHHHHLVRAGKAVVEGPAVEKWLAEAIAA H| FIETIMADMAGASG
M.tuberculosis .|SEE.[HHHHHLV[§RS[§GSTI|4VGDHEVEAWAAEVAT B FlET[HYSDERS . . .

ik ok L ok, H . * * *

CXXC CXXC

Figure 10. Predicted secondary structure and model of Ngo Zur

Figure 10. Predicted secondary structure and model of Ngo Zur. A) Alpha Fold DB predicted
model of Ngo Zur monomer and homodimer based on the available E. coli Zur crystal structure
(model created by Nunnally, N.S.). The residues unique to Neisseria Zur are highlighted in red in
the drawing above the Alpha Fold model. B) A multiple sequence structural alignment of Zur
sequences from bacterial pathogens and secondary structure predictions for Neisseria Zur, made
with Clustal Omega. The conserved sequences are displayed in red and predicted a-helices and
B-sheets drawn above in blue. * represents perfectly conserved residues while : and . represent

well conserved residues.



CHARACTERIZATION OF THE NGO ZUR REGULON 104

B. Zur Box Consensus is Evolutionarily Conserved Across Pathogenic Bacteria

The protein sequence and structural similarities among the different Zur along with their
ability to tetrahedrally co-ordinate Zn?* also correlate with the DNA sequence (Zur box)
recognized by different Zur. Phylogenetic analysis of the 10 Zur protein sequences analyzed in
Figure 11, indicates how the Zur protein is distantly related in sequence identity. A study looking
into the DNA binding sequence recognized by a functional Zur monomer in y- proteobacteria,
identified a 23 base pair palindrome of GAAATGTTAT-AWT-ATAACATTTC (352). Despite
evolutionary and phylogenetic differences, the DNA-binding regions of these Zur proteins appear

to have remained conserved.

Zur-DNA interactions are highly cooperative in most characterized Zur proteins and are
thought to occur in two consecutive steps. WT E. coli Zur was found to consistently bind to the
DNA duplex as a dimer and no intermediates of a single monomer bound to the DNA (341). The
coordination for this mechanism involves a (Zns:Zurz), conformation, which refers to the
tetrahedral coordination of Zn?* by Zur. The first step involves a partially active state of a dimer
of Zur bound to DNA and the final formation of the dimer of dimers for active repression, which
presents the dissociation constant Kd for Zur. This cooperative binding has been partially
observed for Ngo Zur binding to Pngo1049in preliminary DNA binding ELISA assays, with a purified

form of recombinant His-tagged Zur bound to Zn** as Zn4:Zur, (Data not shown)
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Figure 11. Evolutionary relationship among different Zur and their conserved Zur boxes. A
circular tree showing grouping among proteobacteria from a multiple sequence alignment of
their Zur protein sequence. The conserved Zur box consensus identified by each group on the
target promoters is bolded and underlined for each closely related group of Zur. Zur consensus
identified by Neisseria Zur is shown in red. Phylogenetic analysis was conducted in COBALT-

NCBI.

C. Beyond the Role of Zur as a Repressor of Gene Expression- Mechanisms of Activation

The zinc-dependent Zur transcriptome of both Ngo and Nme Zur have identified Zur to
behave primarily as a repressor of gene expression (282, 380). The Zur regulon of Nme consists
of 17 genes of which 15 are Zur-repressed by zinc. The Zur regulon of Ngo consists of 18 genes
that are Zur-repressed of the 26 differentially regulated by zinc (285). The remaining 2 genes of
the Nme Zur and 8 genes of Ngo Zur were activated in the presence of zinc by their respective
Zur proteins. This activation by a FUR family protein is increasingly being recognized in bacterial
regulatory networks. Some factors that allow a repressor to activate gene expression include the
location of the conserved regulatory/ consensus sequence with respect to the promoter, indirect

activation in the form of repression of a secondary regulatory element and the activation signal.

An activator that activates via direct contact with RNA polymerase binds either upstream
or overlapping the -35 promoter element on the target DNA (381-383). In Ngo, a direct
mechanism of activation by the Ferric uptake regulator (Fur), among genes of the Fur regulatory
network has been studied. Ngo Fur has been shown to bind directly to Fur-box consensus

sequences found on the upstream region of at least six of the Fur-activated genes, including nspA
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encoding for an outer membrane protein and bfrA that encodes for an iron storage protein
bacterioferritin (277, 328). nspA has also been shown to be Fur-activated in Nme and Nme NspA
has shown clinical significance in the vaccine development against meningococcal disease by

eliciting an antibody response and protection against serogroup A, B and C (384).

The Genco study on mechanisms by Fur activates gene expression in Ngo, also noted that
the Fur-box consensus sequence that Fur bound to for activation was not well conserved among
the Fur-activated genes unlike the consensus Fur box for Fur repression, which was a well
conserved 19 bp inverted repeat sequence (281, 385, 386). For the known Zur-activated genes in
Neisseria, however, a well conserved 15 bp inverted repeat sequence that matches the Zur-box
for repression was observed. The direct binding of Zur to these Zur-activated promoters have,
however, not yet been demonstrated in vitro through binding assays. Neisseria adhP was the
most highly Zur-activated gene in both Ngo and Nme and contains a Zur-box upstream of its -35
promoter element, suggesting a possible direct interaction with RNA polymerase for

transcription initiation (282, 285).

The direct mechanism of activation by Fur described above is much less understood
compared to the activation that involves occlusion of a repressor from binding, thereby initiating
transcription. An example of this mechanism has been studied in the Fur-mediated activation of
Neisseria norB, where the Fur-box overlaps the binding of another repressor AsrR. The binding of
Fur to the Fur-box competes with ArsR binding, thereby resulting in de-repression of norB (333,
360). In Ngo, the Fur-box is located further upstream of the -35 region. Interestingly, Ngo norB is
also activated by Zur in the presence of zinc (285). The norB promoter consists of a putative Zur-

box just downstream of the predicted Fur-box, but upstream of and overlapping the -35 region
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(285). This suggests a possible mechanism for Zur activation involving competition with the ArsR
repressor, depending on the environmental signal. Due to its proximity to the -35 promoter
element, it is possible Zur would also employ a direct mechanism by recruiting RNA polymerase

to activate norB expression when the ArsR repressor is absent.

A third classical mechanism of indirect activation of gene expression can occur via
repression of a negative regulator such as with small RNAs (sRNAs). This has been studied in both
Ngo and Nme, where an sRNA nrrF is repressed by Fur, which in turn activates the genes sdhA
and sdhC that were repressed by nrrF (387, 388). This mechanism has been studied in several
other bacteria for Fur-mediated indirect activation including the repression of sSRNA rhyB of E.
coli and Vibrio cholerae and prrF of P. aeruginosa (286, 389-391). This form of indirect activation
is less understood involving Zur; however, such a process cannot be discounted as RNA
Sequencing analysis have revealed the presence of Zur regulated sRNAs in both Ngo and Nme

(282, 285).

A structural mechanism for Zur-mediated activation has been evaluated in Streptomyces
coelicolor Zur (ScZur). Crystal structure of ScZur bound to promoter DNA and RNA polymerase,
was evaluated via structural and biochemical assays and found that ScZur oligomers
cooperatively bind promoter DNA as a trimer of dimers and activates transcription via direct
contact with RNA polymerase subunit (392). This study provides a framework for understanding
activation of gene expression for not just Zur, but also other global regulators and will be

necessary to explore in Neisseria as well.
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D. Neisseria Zur is Not Self-regulated and is Transiently Expressed Under Zinc Restriction

Ngo zur was not found to be differentially regulated in the WT in the presence of zinc or
TPEN from RNA seq analysis (285). However, differential regulation of zur was seen in the WT
when grown in in a chemically defined medium that was chelex-treated to remove metals
including zinc. This observation signifies that Ngo zur does not self-regulate itself and is instead
regulated by another indirect and unknown mechanism to tightly maintain zinc homeostasis. In
several bacteria, zur is known to autoregulate itself and this comes down to its location on the
chromosome. In Bacillus anthracis, P. aeruginosa, Y. pestis and S. aureus, zur is in a polycistronic
operon with znuB and znuC which is a part of the znuABC transport system, which is an essential
zinc import machinery for the bacteria’s survival (393-396). This proximity to the promoter of an
ABC transporter allows zur to autoregulate its expression to allow strict control of zinc import
and export and maintaining zinc homeostasis in these systems. However, in Ngo and Nme and
other pathogens including E. coli, B. subtilis, S. coelicolor and A. baumannii, zur has its own
promoter (monocistronic) and is not transcribed through a polycistronic operon (340, 343, 397-
399). The Ngo zur promoter contains a Zur-box that is about a 50% match to the consensus and
no other obvious regulatory sequences were found upstream that would regulate the expression
of zur. It is possible that regulatory small RNAs play a role in shutting off and expressing zur in

response to stimulus post-transcriptionally.

In E. coli K-12, fur is negatively regulated by the small RNA ryhB where RyhB inhibits the
translation of fur under iron-rich conditions (400). This counterbalances the synthesis of fur
mRNA by metalated Fur, keeping Fur translation steady under low iron conditions, never lagging.

At present Zur-regulated small RNAs have been identified in Neisseria, however their role in
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mitigating the zinc load in the cell is unknown, even in other bacterial pathogens. It is not evident
if Zur bound to excess molar concentrations of zinc binds to itself to shut off expression and stays
transcribed at low zinc levels. Upon comparing the zur expression in Ngo WT under excess zinc
and CDM alone conditions, there is an increase in the log; fold-change, however, this was not
significant. Further experimental analysis is needed on the role of this transient expression of zur

and is necessary for understanding its pathological significance in disease.

E. Apo-Zur Regulation and Biochemical Properties of Metal Selectivity of Neisseria Zur

As described previously, the structural basis of Zur regulation has been elucidated by x-
ray crystallography of metal ion bound holo-Zur (active) form. Crystal structures of this zinc-
bound Zur have been determined in E. coli, S. coelicolor and M. tuberculosis and all of these
structures contain at least 3 zinc-bound sites on Zur (341, 392, 401). There is little-to-no evidence
on the existence of an apo-form of Zur that regulates expression unlike other FUR family
regulators like Fur that have shown to regulate gene expression even in the absence of metal
binding (281). In Helicobacter pylori and Vibrio vulnificus, apo-Fur has been characterized to
repress and activate gene expression respectively (402, 403). In the absence of iron, apo-Fur was
shown to bind to the -10 and -35 regions to occlude RNA polymerase binding and therefore
inhibit transcription. Whereas, in apo-Fur activation, the dimer was demonstrated to bind
upstream to recruit RNA polymerase for induction (402, 403). In both of these cases apo-Fur
forms a dimer to regulate gene expression. In the case of Zur, however, dimer formation has not
been seen in the absence of metal ion. Recombinant purified Ngo Zur has been found to be
unstable in laboratory conditions in the absence of zinc ions. Zur is stabilized after purified by

supplementation with zinc in the dialysis buffer. Apo-Zur forms have been analyzed for regulatory
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activity in B. anthracis and S. coelicolor Zur, and in both bacterial pathogens the apo-Zur is
incapable of DNA-binding (393, 404). It is therefore unlikely that apo-Zur regulation is possible in

Neisseria.

Neisseria Zur is expected to bind Zn?* specifically in its structural and regulatory sites from
the mutisequence alignment and modeling data (Figure 10). EMSA experiments with Nme Zur on
Zur regulated promoters have shown that binding occurs only in the presence of Zn?* (282).
Similar selectivity has been shown in Zur from Paracoccus denitrificans and Brucella abortus (405,
406). However, Zur from Corynebacterium glutamicum and Mycobacteria tuberculosis have
made Zur-DNA complexes in the presence of Mn and Cd (407, 408). Ngo Zur, also known as PerR,
was identified as a Mn regulator, that allows Mn import through znuABC in Ngo 1291(354).
However, preliminary RNA sequencing analysis, was inconclusive for Mn regulation of znuABC by
Ngo FA1090 Zur (data not shown). Therefore, it is possible that metal selectivity of Zur in

Neisseria is not conserved and is strain specific.

F. Physiological Significance of Zinc Availability and Zur in Pathogenesis

Zinc is the second most abundant transition metal in the host at 2 to 4 grams distributed
throughout the body (409). However, during inflammation and infection the bioavailability of
zinc drops as part of host induced nutritional immunity (410). This host-mediated zinc restriction
is both cell-mediated and extracellular. The cell-mediated zinc restriction occurs through zinc
transporters expressed by immune cells such as ZIP8 that restricts the lysosomal Zn?* levels for
pathogens phagocytosed (411). Extracellular restriction is carried out through S100 proteins,

such as Psoriasin and Calprotectin which are enriched within cells and epithelial mucosal
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surfaces, which are predominant sites of infection and pathogenesis (412). The mobilization of
zinc during pathogenesis is done not just to restrict the zinc availability, but to also to overload
the bacterial cells with zinc imparting zinc toxicity. This host-mechanism of combating
intracellular pathogens is especially seen in immune cells such as PMNs and neutrophils that are
enriched in zinc and trap pathogens in neutrophil extracellular traps (346). This makes zinc
regulation and homeostasis in pathogens extremely important for survival. Bacteria, including
Neisseria, employ strictly controlled strategies to overcome zinc toxicity and restriction by
regulating the genes in response to zinc availability (282, 289). Zn-dependent regulation involves
the zinc uptake regulator, Zur, which has been increasingly implicated as a global regulator that
not only regulates genes essential for maintaining zinc homeostasis but also crucial in the
regulation of virulence genes in several bacterial pathogens. Zur therefore, is essential for
maintaining the survival of pathogens within the host. An example of this regulation in Neisseria
is Zur regulation of virulence genes encoding for TDTs that are important vaccine antigens for the
prevention of both gonococcal and meningococcal disease (229, 266, 289, 304, 322, 329). Zur
regulates the expression of tdfH/cbpA, tdfl/znuD which are essential for overcoming zinc
restriction imposed by calprotectin and psoriasin respectively (229, 322). Zur also regulates the
expression of znuABC, and znuA has been demonstrated to be essential for Neisseria’s survival
within the host, where a znuA mutant has a survival defect in epithelial cell infections (285, 321,
380). Zur performs several moonlighting functions in other bacterial pathogens; in Salmonella
typhimurium, Zur was found to be necessary for regulating invasion genes such as filAZ and
disruption of Zur in the zur mutant lead to a 50% increase in the lethal for mice infections (376,

413). Similarly, in uropathogenic E. coli, Zur was shown to repress the expression of the hlyCABD
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operon which encodes for the important virulence factor a-hemolysin (414). A zur mutant in
Acinetobacter baumannii was unable to cause a disseminated pneumonia infection in a mouse

model, including the failure to upregulate several secreted proteins and virulence factors (398).

lll.  CONCLUSION

Zur is a major zinc sensing protein in both gram negative and gram-positive bacterial
pathogens and primarily functions to sense both intercellular and extracellular zinc and to
regulate genes in order to maintain zinc homeostasis and prevent metal toxicity. The peptide
sequence of Zur is conserved among pathogens investigated, with similar residues coordinating
DNA binding and dimerization (Figure 10). Protein structure modeling has allowed prediction of
sensory zinc binding sites for Neisseria Zur that lacks a crystal structure at present. The Zur-box
recognized by Zur for DNA binding is also evolutionarily conserved among these pathogens and
allows Zur to either repress or activate gene expression. The localization of the Zur-box on the
promoter of Zur-regulated genes, along with the ability of the protein to multimerize at high zinc
concentrations, appear to determine whether Zur functions as a repressor or an activator similar
to other regulators. Zur metal specificity in Neisseria appears to be restricted to Zn?* and DNA
binding occurs only upon zinc binding. With the absence of autoregulation of Zur in Neisseria, the
molecular mechanisms involved in regulating Zur need to be identified. This is especially
important as we have highlighted the crucial role Zur plays in virulence. There is much to be
understood on the molecular structure and dynamics of Zur regulation and this study provides a
microscopic view on Zur ‘s multifaceted role in pathogenic Neisseria. Due to its role in the
regulation of several virulence genes, Zur is an attractive candidate for antimicrobial and

therapeutic targets. Antimicrobial peptides and small molecule inhibitors have been developed
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against Fur in E. coli and these small peptide inhibitors show a reduction in ICso levels in a fly
infection model (415). Given the rise in the number of antibiotic resistant strains of Ngo, and the
lack of an effective vaccine, it is imperative to seek other strategies for therapeutics. These anti-
peptide inhibitors are a novel approach and can be applied to Zur to be used in the treatment of

gonococcal and meningococcal infections.
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CHAPTER 6 SUMMARY AND PERSPECTIVES

Neisseria gonorrhoeae (Ngo), the causative agent of the sexually transmitted disease
gonorrhea, is a public health concern and has evolved with the host for centuries, dating as far
back as 1550 BC (416). It is not surprising that Ngo have adapted so well to their only host,
humans; Ngo successfully evade immune clearance and don’t elicitimmunological memory (417).
The number of cases has only been rising over the years, with an estimated 106 million cases
reported each year across the globe (418). Prior obstacles of identifying effective vaccine
antigens against Ngo, have left antibiotics as the only option to combat uncomplicated
gonococcal infections. However, strains have emerged with increasing resistance to all available
classes of antibiotics ranging from sulfonamides to cephalosporins, currently leaving only a single
dose of ceftriaxone for treatment (348, 419). Soon we will be faced with untreatable gonorrhea
unless alternate strategies for identifying effective vaccine antigens to prevent gonorrhea are
developed. Due to the high incidence of disease and the dwindling treatment options, the World
health Organization (WHO) has elevated Ngo to the status of an urgent threat and a high priority
pathogen. This status calls for more research into therapeutic options and vaccine development,
and a greater vigilance on the correct use of antibiotic therapy (420). TonB-dependent outer
membrane transporters (TDTs) have received much attention in the recent past and fit the bid as
effective vaccine targets. Not only are they well conserved across all gonococcal strains, but they
are also not antigenically variable, surface exposed, and some are essential for nutrient
acquisition and bacterial survival (421). In Ngo, these TDTs are essential proteins in maintaining

transition metal homeostasis within the bacterial cell. In the gonococcus they function through
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metal piracy to hijack iron and zinc from host nutritional immunity proteins overcoming metal

limitation (268).

In our study, we focused on zinc limitation at the host-pathogen interface and the
regulatory pathways involved in maintaining zinc homeostasis. The zinc import TDTs have been
characterized in Ngo as TdfH and TdfJ which bind to their host ligands calprotectin (5100A8/A9)
and psoriasin (S100A7), respectively, to extract the bound zinc (289). This zinc is then shuttled
across the periplasm and through the cytoplasmic membrane via an ABC transporter (ZnuABC)
(290, 322). The expression of the genes in response to zinc concentration is controlled by the Zinc
uptake regulator (Zur) in Ngo. Here we show that Ngo Zur regulates gene expression by binding
to specific conserved sequences within the promoters of tdfH, tdf/ and znuABC to repress
expression in the presence of intracellular zinc. This conserved sequence is a 15 base pair inverted
repeat of TGTTAT-DNH-ATAACA which appears to be conserved between both pathogenic
Neisseria species (282). Previous studies in both Nme and Ngo have recognized that several
virulence genes are differentially regulated in response to zinc and oxidative stress and controlled
by Zur, also referred to as PerR in relation to regulation in response to Mn concentrations (282,

354).

Zur from Escherichia coli, Acinetobacter baumanii, Pseudomonas aeruginosa, Bacillus
subtilis, and others, regulates the expression of genes; the absence of Zur can be detrimental to
growth and survival due to oxidative stress from zinc toxicity (340, 343, 368, 398, 422). We
characterize the Zur regulon in Ngo and identified 26 genes that were differentially regulated
between a wildtype strain FA1090 and a zur mutant strain. We found that Zur, in addition to

functioning as a repressor, is also able to activate certain genes under high zinc environments.
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Among the several regulators known to function as a master regulator to both repress and
activate is the Ferric uptake regulator (Fur) (281). Fur is primarily a repressor of gene expression
and upon iron binding, dimerizes on target promoters at the consensus Fur-box region to repress
expression (423). Fur also functions to indirectly repress gene expression which involves small
RNAs like RhyB (424). The rhyB homologue nrrfin Ngo is repressed under iron-replete conditions,
thereby allowing Fur to indirectly activate genes, however in the absence of iron nrrf represse
Fur activity, finetuning mRNA turnover (425). The sequence to which Fur binds when
upregulating gene expression is not well conserved and is less specific, spanning about 30 bp
(328, 330). Upon analysis of the global regulatory circuit of Zur in our RNASeq dataset, we found
that Ngo Zur, binds to the same conserved sequence on target promoters when acting as an
activator or repressor of gene expression. The signal for activation versus repression, appears to
be dependent on the localization of this conserved Zur box with respect to the -35 and -10
promoter elements. Our RT-qPCR analysis of zinc- and Zur-dependent gene expression showed
that among the TDTs, tdf/ demonstrated high fold-changes for expression while also having a
100% match to the Ngo Zur box consensus, which was corroborated by the Western blotting
analysis. TdfJ protein production directly correlated with the gene expression data with TdfJ only

found under zinc deprivation conditions (380).

Ngo TdfJ, and the homologous protein in Neisseria meningitidis (Nme) ZnuD, has potential
as an important vaccine antigen (266). Disruption of the ability to acquire zinc from S100A7 via
Tdf) resulted in a survival defect in Ngo (304, 329). The same study found that TdfJ expression in
defined media low in both iron and zinc was further enhanced upon addition of excess iron. The

same increase in protein production upon addition of excess iron to the zinc restricted media was
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observed for Nme ZnuD (332). The dual regulation of Tdfl is significant from the context of site
of infection. The gonococcus is faced with varying levels of transition metals as it infects different
mucosal surfaces within the host. For instance, when Ngo enter the urogenital mucosa in men,
the cells are faced with a zinc-enriched environment due to the abundance of zinc in the seminal
fluid (426). This would suggest Zur repression of zinc import genes, including TdfJ, TdfH, and
ZnuABC. However, in the female genital tract, the mucosal epithelium lining the ecto-cervix, is
enriched in calprotectin and S100A7, zinc restricting nutritional immunity proteins (327, 427,
428). Additionally, cervical secretions are also abundant in calprotectin and S100A7, leaving the
female genital mucosa a zinc deprived environment, requiring the use of the TDTs TdfH and TdfJ
for zinc acquisition. Therefore, in this zinc-limited environment, Zur is expected to de-represses
the promoters of these TDTs to enhance protein production. Further, the female genital tract can
also be iron rich when the endometrium sheds during menstruation, allowing iron availability to
the gonococci. This culminates with the possibility for the female genital tract to be both Zinc-
starved and iron enriched, much like the observation for iron induced expression of tdfJ.
Preliminary studies in the lab have shown indications for the ability of TdfJ to also aid in invasion
of epithelial cells, especially ME180 cells that line the ecto-cervix (data not published) (429).
Taking together the dual regulation and invasion capabilities of Tdfl, we characterized the tdf/
promoter in response to iron and zinc to understand the molecular mechanism behind this

regulation (56).

Based on the iron-induction data, it was hypothesized that tdf/ is dually regulated by iron
and zinc, being induced through regulation by Fur-Fe?*, and repressed by Zur:Zn; however, prior

characterizations of this mechanism by measuring gene expression of tdf/ in a WT and fur mutant
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strain were not fruitful due to the lack of a complete fur deletion mutant of Ngo FA1090 (284).
In Ngo F62, this Fur activation of tdf/ was verified by DNA-binding EMSAs, which recognized a
large fragment upstream on the promoter, about 300 bp in length, while failing to determine a
binding affinity of Fur for the tdf/ promoter (328). We characterized the promoter elements of
tdf/ and mapped the +1, -10, -35 regions and the Zur box. Based on computational RNAseq
analysis of differentially iron regulated genes, we determined the Fur box consensus in Ngo
FA1090 for iron regulation. Using this information, we were able to map two regions on the tdf/
promoter with potential Fur-binding activity, one upstream of the -35 region and one overlapping
the Zur box. Through DNA binding ELISAs we determined the binding affinity (Kp) for Fur binding
to the tdf/ promoter. We also analyzed the specificity of Fur for the two Fur box regions and
found that the Fur box 1, the region upstream the -35, had the most substantial impact on binding
when the region was disrupted. This is the first study to determine the Fur-box consensus, and
its location on the tdf/ promoter, in Ngo FA1090. Although, disruption of Fur-box 1 had the
greatest fold-change for binding, disruption of Fur-box 2 showed a significant reduction in Fur

binding as well.

Through this study, we have uncovered a clue into the mechanism by which Fur regulates
gene expression, which may include weaker binding during induction of expression, and may not
be as sensitive to the recognition of the exact consensus Fur box. Due to the unstable properties
of the reduced form of iron in the Fe?* state, we tested a more stable Fur: Mn?* for Fur for binding
experiments (430). Zur on the other hand is known to bind the Zur box with high specificity and
only in the presence of Zn?* ions as seen in Nme Zur binding EMSAs (282). Future experiments

will involve characterizing the Ngo Zur binding affinities and specificity for the tdf/ promoter.
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Direct interaction of both Fur and Zur should also be tested using EMSAs or Surface Plasmon
Resonance (SPR) techniques to investigate how the two regulators act to dually regulate tdf/
expression. Crystallization of Ngo Zur will also determine the important Zn-binding residues and
a co-crystal structure with DNA, will reveal essential DNA-binding residues. At present, the
coordination by Ngo Zur is not well understand, but we can make informed conclusions from
available literature and secondary structure alignments that Zur tetrahedrally coordinates zinc in
Ngo and binds DNA as a dimer of dimers. This has been determined in the case of E. coli Zur that
was co-crystalized with promoter DNA (341). This information will be crucial for Ngo Zur
regulation of tdf/ and will inform us of the possibility of stearic hinderance if Fur coordinates iron

and tries to bind the tdfJ promoter simultaneously.

The scope of this study extends beyond the dual regulation of tdf/ and provides fruitful
information for vaccine and therapeutic development. Structure and function-based
characterization of the gonococcal vaccine candidate TdfJ, show specific loops and loop residues
within TdfJ are necessary for binding to human S100A7 and acquisition of zinc. Proline mutations
were especially significant in generating TdfJ non-binding mutants. Non-binding Tdf) may be
more visible to immune cells, because it is not masked by S100A7 and, therefore elicit adaptive
immune response to an infection and develop immunological memory (431). This was first
demonstrated in Heamophilus parasuis and the effectiveness of non-binding transferrin binding
protein TDT, TbpA (431). Similar efforts have since been carried out for gonococcal transferrin
binding TDT, TbpA (366), which is currently being tested in a transgenic mouse model of
infection. An observation detail that stemmed from the TbpAB and TdfJ characterizations is the

conservation of an extracellular loop that appears to be the most important for human ligand
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interactions signifying an evolutionary adaptation in gonococci, however this is not necessarily
true for all TDTs (304). The effectiveness of Tdf) has been evaluated in preliminary experimental
lower genital tract infection studies where hybrid loop antigens of Tdf) generated cross-reactive
antibodies with specific identifiable functions (329). These studies will be further evaluated in
transgenic S100A7 mouse models of infection for promise in generating correlates of protection
against gonorrhea. Monoclonal antibodies with blocking function against Tdf) have also showed

great promise as a therapeutic and treatment option (Stoudenmire, J., unpublished data).

Our tdf] promoter characterization combined with the functional studies on the
effectiveness of Tdf) as a vaccine antigen together iterate the importance of this TDT. Owing to
the dual control of the tdfJ promoter, P:p holds the potential to be an important molecular tool
in evaluation of the sites of colonization for metal restriction. A reporter using the tdf/ promoter,
could be useful in visualization of cellular metal content in animal models of infection with
Staphylococcus aureus (432). A reporter constituting the tdf/ promoter that holds both its
upstream Fur and Zur elements, would be powerful in investigating the difference in nutrient
availability, specifically iron and zinc availability, between a male and female urogenital tissue in
experimental transgenic mouse models of infection. Some questions that may be answered with
these tdfJ reporter studies would be whether Tdf) plays specific roles in infections between men
and women and whether Tdfl is an invasin and how it adapts or influence pathogenesis in the
female reproductive tract, prone to asymptomatic infections. At present experimental evidence
indicates only TdfF, a TDT with an unknown ligand and thought to import iron, is essential for
intracellular survival in ME180 cervical epithelial cells (267). Re-evaluation of these studies by

incorporating what we have identified from the context of zinc-restriction may change the
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outcome. A study focusing on differential expression of genes from male and female patients
with gonococcal infection showed that Tdf) was differentially expressed in women, highlighting

our framework for prospects of tdfJ reporter studies (361).

The main obstacle for vaccine development strategies in Ngo is whether protective
immunity and memory can be achieved from immunizations with promising TDTs. Ngo is a
facultative intracellular pathogen, and it readily skews immune response towards an innate
response rather than an adaptive one. This process involves immunomodulatory effects of the
gonococcus which include IL-10, TGF-$3 and Type 1 Treg dependent suppression of Thl and Th2 T
cell development (70, 130). Other factors contributing to immune evasion include NLRP3
dependent apoptosis of antigen presenting cells, induced by gonococci and inhibition of B-cell
proliferation upon Ngo opa binding to CEACAMs (129, 433). This would be one area to explore to
ensure development of TDT vaccines that can overcome these obstacles and induce
immunological memory. It is also essential to note that several TDTs expressed by Ngo import
the same nutrient, that is TbpA, HpuB, LbpA, TdfF, FetA all import iron, while both TdfH and TdfJ
import zinc within the same strain, causing potential redundancy between these systems when
only a single TDT is targeted. This was demonstrated in the sufficiency of lactoferrin utilization in
the absence of TbpA (252). It is therefore necessary to expand characterizations to multiple Ngo
TDTs for establishment of long-term protection. It is also important to remember that different
metal sources may be available at different locations. Therefore, targeting something that is only
localized in one infection site, will not protect at a different infection site, will not protect at a

different infection site.
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The effectiveness of a gonococcal vaccine hinges on various factors such as method of
delivery, the target demographic and timing of vaccination. Clinical trials would be one way to
provide valuable information on effective vaccine combinations, routes of delivery, etc.
Moreover, initial recipients of the gonococcal vaccine would play a pivotal role in shaping the
trajectory of disease incidence. For example, a recent study utilizing a site-specific mathematical
model predicted that immunizing 30% of a population of 10,000 men who have sex with men
(MSM) could result in a 62% reduction in disease prevalence within a span of 2 years (434). The
vaccine efficacy was estimated at 50% or 94% reduction with a fully protective vaccine. This study
also suggested that with access to vaccine boosters, gonorrhea could potentially be eradicated
provided the vaccine maintains a 50% efficacy or higher, with long-term protection of at least 2
years. These findings underscore the significant impact even a moderately protective vaccine can
have when strategically implemented and reduce the burden of gonorrhea. The timing of
administration would require focus on the disproportionate disease incidence rate among young
adults in the age group of 15-24 years. However, with recent focus on anti-vaccination groups
and policies in the light of the COVID-19 pandemic, evaluation of vaccine acceptance is necessary

to the successful roll out and precise predictions for gonococcal vaccines.

In summary, this study on tdf/ regulation in response to both iron and zinc and its
differentially expression in female gonorrhea patient samples, provides a clue for its possible role
in infecting the female reproductive tract. This is crucial information and shows the potential for
tdfJ to be a molecular tool to help assess the bioavailability of iron and zinc or both in various
niches. This will certainly expand our understanding towards vaccine development strategies

from the context of nutrient availability and possible targets for an effective gonococcal vaccine.
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Tdf) has demonstrated superior quality in its potential to be a vaccine antigen itself and future
transgenic mice experiments will shed light on the immunological determinants to consider for
long-term protection from gonorrhea. Apart from TdfJ, we have showed in this study that Zur is
a master regulator controlling the expression of several virulence and oxidative stress response
genes essential for survival of Ngo within neutrophils, macrophages, and zinc deprived
environments. Blocking the function of Zur using small molecule peptides has a potential role as
a therapeutic and added function in along with a vaccine to effectively combat and prevent the
spread of gonorrhea. Further understanding the role of Tdfl and NorB in contributing to
asymptomatic gonorrhea infections in women is crucial, which may aid in the development of

effective detection and treatment of infection in women.
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