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ABSTRACT 

Neisseria gonorrhoeae and its obligate human host require transition metals for biological 

functions including cell signaling and metabolism, gene regulation, enzymatic processing, and 

oxidative stress resistance. During infection, the host employs two innate immunity 

mechanisms: either starve the pathogen of metals or overload the pathogen with intoxicating 

amounts of metals, either resulting in bacterial growth inhibition. The mechanisms by which 

the host starves or overloads the pathogen with metal nutrients are termed nutritional 

immunity and metal overload, respectively. In response to nutritional immunity and metal 

overload, N. gonorrhoeae differentially expresses metal transport systems that allow it to 

maintain homeostatic metal concentrations within the cytoplasm. Such transporters include the 

high-affinity zinc importer, ZnuABC, which is regulated by the zinc uptake regulator Zur, and the 

manganese exporter, MntX. As the gonococcus acquires and maintains antibiotic resistance 

mechanisms, the necessity to develop novel therapeutics and treatments becomes more 

urgent. Metal transporters are attractive therapeutic targets as they are often required for 

survival and virulence. However, the precise mechanism by which zinc and manganese are 

transported, sensed by Zur, and impact the transcriptional response to maintain metal 

homeostasis have not yet been elucidated. Investigating the mechanism by which zinc and 

manganese are transported and sensed is crucial to characterizing gonococcal metal 

homeostasis in the face of host-employed nutritional immunity and metal overload. In this 

work, I hypothesized that Zur mounts zinc- and manganese-dependent transcriptional 

responses to metal limitation and metal overload and that this response maintains internal 

metal concentrations at homeostatic levels. RNA-sequencing, RT-qPCR showed that Zur is a 



 

zinc-dependent regulator of the genes encoding ZnuABC and that manganese-dependent 

regulation by Zur is strain-specific. ICP-MS, growth assays, and transporter complementation 

experiments showed that internal homeostatic manganese levels differ between gonococcal 

strains and that this difference can be attributed to the manganese exporter, MntX. Therefore, 

novel treatment strategies that target metal transporters as a means of starving or overloading 

and subsequently killing N. gonorrhoeae should be informed by the metal environment sensed 

by N. gonorrhoeae and the intracellular metal pools maintained by different gonococcal 

strains.    
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CHAPTER 1: INTRODUCTION 

I. The Neisseria Genus  

The Neisseria genus is composed of non-motile, oxidase- and catalase-positive, Gram-

negative, β-proteobacteria. The genus is composed of both commensal and pathogenic species 

with both human and non-human hosts (4). These bacteria are fastidious meaning they require 

media supplemented with growth factors. Growth for these capnophilic bacteria requires a 

moist, warm (35-37°C) environment supplemented with ~2-10% carbon dioxide (5, 6). 

Additionally, the Neisseria can utilize only some carbon sources for growth, those being 

glucose, lactate, pyruvate, and in some species, maltose (7-9). Growth of the Neisseria species 

is optimal under aerobic conditions and suboptimal but supported nonetheless under 

anaerobic conditions when nitrite serves as a terminal electron acceptor (10, 11).  

II. Commensal Neisseria 

The growth requirements of the commensal and pathogenic Neisseria are met within 

the host niches they occupy. Of the commensal species (spp.), Neisseria perflava, Neisseria 

mucosa, Neisseria flava, Neisseria cinera, Neisseria lactamica, and Neisseria sicca among other 

commensal Neisseria spp. are known to colonize the human nasopharynx (12, 13) and are a 

part of a healthy oral microbiome (14). Among the pathogenic Neisseria is Neisseria 

meningitidis which is carried asymptomatically by ~10% of children and young adults (15) but 

can cause disease only after crossing the nasopharyngeal barrier. Thus, N. meningitidis is both a 

commensal and a pathogenic species. Although, the transition from the carriage to disease 

state is poorly understood, limited horizontal recombination between N. meningitidis of 
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different clonal complexes due to clade-associated restriction modification systems (16) results 

in reduced exchange of virulence genes and thus limits the potential for transition from the 

commensal to the pathogenic state. Consequently, clonal complexes are reliable indicators of 

N. meningitidis virulence (16, 17). Infection by Neisseria gonorrhoeae , the other pathogenic 

Neisseria spp., can be asymptomatic in females. However, in contrast to carriage of N. 

meningitidis, asymptomatic infection by N. gonorrhoeae results in a disease state that often 

goes undetected; thus N. gonorrhoeae is considered strictly pathogenic.   

As a consequence of occupying the same niche, commensal and pathogenic Neisseria 

spp. likely compete for space and resources. This is evidenced by reduced epithelial cell 

association and microcolony formation of N. meningitidis in the presence of Neisseria cinera 

(18). When individuals were challenged with Neisseria lactamica (Nla), N. meningitidis carriage 

was reduced in N. meningitidis carriers (19). However, the reduction in N. meningitidis in the 

presence of Nla was due in part to cross-reactive antibodies against the pathogen rather than 

direct competition between bacteria. Similarly, in the presence of Neisseria elongata (Nel), N. 

gonorrhoeae exhibits reduced viability and is cleared more rapidly during murine vaginal 

infection (20). Despite the ability of the commensals to limit pathogenic Neisseria viability ex 

vivo, the pathogenic Neisseria establish a foothold at the colonization site. Established infection 

in the presence of commensal killing mechanisms could be in part attributed to the activity of 

type four secretion system (T4SS), which is present in the pathogenic Neisseria spp. but not the 

commensals and is able to export DNA (21).    

Due to their proximity at the site of colonization, natural competence (22) and DNA 

sequence homology, commensal and pathogenic Neisseria readily exchange DNA sequences 
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(23) which are maintained in the chromosome and contribute to antimicrobial resistance 

among the pathogenic Neisseria spp (24-26). Thus, the commensal Neisseria are a genetic 

reservoir for the pathogenic Neisseria. The commensal and pathogenic Neisseria species 

demonstrate a balanced tension between competition and cooperation that allows both groups 

to persist in a highly specific host niche. 

III. Pathogenic Neisseria  

The pathogenic Neisseria, N. meningitidis and N. gonorrhoeae, are human-specific 

pathogens with significant public health impacts. Although the DNA sequence similarity 

between these two strains is 80-90%, they cause quite different diseases (27). N. meningitidis is 

carried asymptomatically in the naso- and oropharynx of ~5-10% of the population (15), but 

transitions to the disease state once it crosses the epithelial barrier, can result in invasive 

meningococcal disease, bacterial meningitis, and sepsis (28). N. gonorrhoeae is a strictly 

pathogenic species meaning that infections should always be treated in human host. N. 

gonorrhoeae primarily infects the urogenital and oropharyngeal mucosa but can also infect 

rectal and ocular tissues. Disseminated gonococcal infections do occur and can result in septic 

arthritis and endocarditis, although these symptoms are less common.  

IV. Neisseria meningitidis 

A. Meningococcal Disease  

B. Etiology  

Invasive meningococcal disease (IMD) is caused by N. meningitidis and manifests as 

meningitis and/or septicemia (meningococcemia). N. meningitidis infection symptoms can 
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include fever, headache, stiff neck, nausea, vomiting, photophobia, and confusion. Symptoms 

of late infection include disseminated intravascular coagulation (29), which can lead to bleeding 

into the skin and organs, skin necrosis and limb amputation (30). Septic shock due to N. 

meningitidis infection is difficult to manage and can lead to death within hours (29).   

N. meningitidis is classified into serogroups based on differences in the capsular polysaccharide 

(28, 31). There are 12 characterized N. meningitidis serogroups, six of which (A, B, C, W135, X 

and Y) predominantly cause invasive meningococcal disease (31).  Unencapsulated N. 

meningitidis is rarely associated with disease (32). Meningococcal meningitis is a rapidly 

progressing disease with a case fatality rate (CFR) between 10% and 15% (33).  

C. Epidemiology  

Incidence of N. meningitidis infection in the United States had steadily declined since 

2006; however, in 2023 incidence reached ~0.06/100,000, a rate not seen since 2011 (34). This 

upward trend is due to increase in incidence of infection by N. meningitidis of serogroup Y. 

Rates of meningococcal disease are highest among infants and children under 1 year old. N. 

meningitidis infection is a significant public health concern on a national and global scale. In a 

portion of sub-Saharan Africa known at the “meningitis belt”, incidence rates of 1,000/100,000 

persons have been reported (33). Meningococcal meningitis is hyperendemic in the meningitis 

belt and this region experiences large-scale epidemics every 5-12 years (33). In the past 50 

years, 25 countries have experienced a deadly meningococcal meningitis outbreak with case 

fatality rates as high at 100% (35). 
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D. Treatment and Prevention 

The current recommended treatment for confirmed N. meningitidis infection is penicillin 

G, ampicillin, ceftriaxone or cefotaxime (36). Resistance to these antimicrobials has previously 

been uncommon. However, resistance to penicillin, rifampicin, cefotaxime, and ciprofloxacin 

has emerged in recent years (37). The most effective prevention for IMD is vaccination. 

Meningococcal vaccines have been generated using polysaccharide only, polysaccharide 

conjugated to proteins, outer membrane vesicles, and protein only antigens (38). Generally, 

effective N. meningitidis vaccines generate high levels of bactericidal antibodies that are 

maintained in the vaccinated individuals resulting in herd protection (38). Some serogroups 

however are more difficult to protect against through vaccination due to the sialylation state of 

the capsule which mimics host antigen (39). Additionally, the incidence of disease associated 

with certain N. meningitidis serogroups impacts the vaccine recommendations for each 

geographic location (38).   

V. Neisseria gonorrhoeae 

A. Gonococcal Disease 

B. Etiology 

N. gonorrhoeae is a human-specific pathogen that causes the sexually transmitted 

infection gonorrhea. N. gonorrhoeae infects mucosal membranes including those in the 

urogenital tract, conjunctiva (40), rectum and oropharynx (41). Gonococcal disease commonly 

presents as urethritis, cervicitis, proctitis, conjunctivitis, and pharyngitis (42). However, N. 

gonorrhoeae infection commonly presents asymptomatically in women (43), and thus increases 
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the risk of disseminated gonococcal disease. Infection sequelae is characterized by pelvic 

inflammatory disease, ectopic pregnancy and infertility (44). Disseminated infection is 

characterized by septic arthritis, endocarditis and dermatitis (45). N. gonorrhoeae lacks a 

capsule and therefore is not classified according to polysaccharide capsular composition like N. 

meningitidis. Instead, N. gonorrhoeae is serotyped according to the major outer membrane 

protein, porin (46, 47).  

C. Epidemiology  

In 2020, The World Health Organization (WHO) estimated over 80 million new cases of 

gonorrhea globally (48). Additionally, the WHO reported and incidence rate of 19/1,000 women 

and 23/1,000 men (48). In 2022, the Center for Disease Control and Prevention (CDC) reported 

over 600,000 cases of gonorrhea in the United States alone (49). Gonorrhea disproportionally 

affects young adults (15-24 y.o.), men who have sex with men (MSM), pregnant women, and 

racial/ethnic minority groups; of those minority groups, Black and African American people 

experience highest morbidity (50, 51). Additionally, individuals infected with N. gonorrhoeae 

are more likely to be infected with human immunodeficiency virus (HIV), and N. gonorrhoeae 

infection significantly increases HIV load and transmission (52).  

D. Treatment and Prevention 

Gonococcal infection is not associated with high mortality rates. However, as N. 

gonorrhoeae continues to acquire and maintain antimicrobial resistance determinants, 

morbidity is expected to increase as the infection becomes more challenging to treat. N. 

gonorrhoeae has acquired antimicrobial resistance determinants that protect it from all classes 

of antimicrobials including sulfonamides (53), penicillins (54, 55), tetracyclines, 
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fluoroquinolones, and cephalosporins (56). The mechanisms by which N. gonorrhoeae resists 

killing by these antimicrobials has been reviewed previously (57). Briefly, resistance is conferred 

through three primary mechanisms whereby mutations in the N. gonorrhoeae genome result in 

(a) change of the antimicrobial target, (b) change in the level of intracellular antimicrobials by 

controlling import or export, and (c) change in the antimicrobial itself that make it no longer 

harmful to the bacteria. Each of these mechanisms have been observe in N. gonorrhoeae. 

Resistances to sulfonamides, conferred through mutation in the target, folP (58, 59) emerged in 

the 1940s (60). Resistance to penicillins emerged in the late 1970s (61) and can be conferred 

through mutations in mtrR that results in upregulation of MtrCDE which effluxes those 

antimicrobials (62). Additionally, penicillin resistance can be conferred by the non-mobile 

plasmid, pbla, which encodes TEM β-lactamases that degrade β-lactams (61). Fluroquinolone 

resistance emerged in the late 90s and is confers through mutations in the topoisomerases, 

gyrA and parC (63). Resistance to cephalosporins emerged in the late 1980s (64) but increased 

resistance within the gonococcal population has been observed since the early 2000s (65, 66). 

Resistance to cephalosporins can be conferred through mutations in genes encoding the 

penicillin binding proteins (PBPs) (i.e. penA (64, 67) and ponA (68)), or porin (penB) (69), and 

pilQ (70). Each antimicrobial resistance determinant can be acquired through DNA uptake and 

maintained through homologous recombination into the gonococcal chromosome. This can 

result in a step-wise increase in multi-drug resistance as new determinants are shared between 

gonococci (68). In the past, the proportion of multi-drug resistant gonococci was proportionally 

lower resulting in the CDC recommendation of a dual antimicrobial treatment which included a 

dose of cephalosporin (i.e. cefixime or intramuscular ceftriaxone) and another antimicrobial 
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(i.e. azithromycin) (71). However, in 2012, the CDC ceased recommending cefixime for routine 

treatment of gonococcal infections due to increased cefixime resistance. Again, multi-drug 

resistance in the pathogen increased in 2015 causing the CDC to remove azithromycin from the 

recommended treatment regimen (72). The current recommended treatment is a single dose of 

intramuscular ceftriaxone (72). As the number of cases of multi-drug-resistant N. gonorrhoeae 

infections increases (73-75), the need for novel therapeutics and effective prophylactic 

treatments and vaccines becomes more urgent. Currently the only means of preventing 

gonococcal disease is abstaining from sexual intercourse. Condom usage can limit transmission 

if used correctly (76), but no prophylactic to prevent infection after exposure exists. 

There is currently no effective vaccine against N. gonorrhoeae due to high frequency variation 

of many surface-exposed proteins on the outer membrane of the gonococcus. Recent progress 

in the development of the meningococcal serogroup B vaccine, 4CMenB (Bexsero, GSK) 

provides a promising outlook for gonococcal vaccine development. Antigens in the Bexsero® 

vaccine include outer membrane vesicles (OMV) from MeNZB (GSK), Neisserial Adhesin A 

(NadA), and two fusion proteins - neisserial heparin binding protein (NHBA) fused to GNA1030 

and factor H binding protein (fHbp) fused to GNA2091. The immune response to Bexsero is 

characterized by production of cross-reactive, anti-N. gonorrhoeae antibodies (77). 

Additionally, retrospective and comparative studies correlated Bexsero vaccination with 

reduced N. gonorrhoeae infection prevalence in young adults (16-23 yo) (1, 78). However, the 

exact correlates of protection against N. gonorrhoeae remain poorly defined, and high 

bactericidal antibody titers alone are not correlated with protection (79). In spite of this, 

immunization of mice with Bexsero results in accelerated N. gonorrhoeae clearance (80) 
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suggesting that a protective immune response may be conferred via bactericidal antibody 

function in addition to another response such a cellular response, although such response 

remains to be uncovered. Thus, an effective gonorrhea vaccine should include antigens that are 

not subject to high-frequency variation, exhibit bactericidal activity, and confer long-lasting 

protection.  

Immune response to N. gonorrhoeae  

N. gonorrhoeae employs mechanisms of evading the host immune system. For example, 

sialylated gonococcal lipooligosaccharide (LOS) binds factor H and C4b irrespective of sialylation 

state. C4b is rapidly converted to iC4b on the gonococcal surface (81), inhibiting the 

complement cascade. The innate cellular response to N. gonorrhoeae is immune suppressive in 

that macrophages secrete predominately immune inhibitory cytokines such as interleukin-10 

(IL-10) rather than activating cytokines interleukin-6 (IL-6) (82). Additionally, presentation of N. 

gonorrhoeae to dendritic cells results in suppressed T cell activation (83). The T cell response 

that remains is skewed toward a T-helper 17 (Th17) response through production of 

interleukin-17 (IL-17) and transforming growth factor-β (TGF-β) and away from a T-helper 1 

(Th1) and T-helper 2 (Th2) response, resulting in an influx of neutrophils (84, 85). The 

neutrophil response to N. gonorrhoeae is essentially non-productive because N. gonorrhoeae 

suppresses oxidative burst in Polymorphonuclear leukocytes (PMN) (86) and produces catalase 

and peroxidases that allow it to propagate with PMNs (87). Fortunately, immunization of mice 

with N. gonorrhoeae OMVs in the presence of interleukin-12 (IL-12), which is involved in Th1 

response activation, resulted in higher IgG and IgA titers and more rapid clearance in a mouse 

model of infection (88). Thus, an effective vaccine will need to elicit antibodies that are 
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bactericidal to even serum-resistant, immune-camouflaged gonococcal strains, and also 

promote a Th1 and Th2 response.   

VI. Gonococcal Virulence Factors  

N. gonorrhoeae expresses a number of virulence factors that allow it to attach to and 

invade host cells while evading the immune system or driving non-productive immunological 

responses (Figure 1). Virulence factors discussed in this work include pilin, opacity proteins, 

porin, LOS, reduction modifiable protein (Rmp), and IgA protease. 
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Figure 1. The Surface of N. gonorrhoeae is Highly Variable 

N. gonorrhoeae expresses multiple virulence factors in the outer membrane (OM). AV indicates 

antigenically variable proteins. These proteins are encoded by multiple loci on the gonococcal genome; 

therefore different versions of the protein can be expressed simultaneously. PV indicates phase variable 

proteins. Expression of these proteins can be turned ”on” or “off.” Surface-exposed proteins not subject to 

AV or PV do not have this denotation (i.e. Porin, Rmp, and the Tdts). TonB and the proton motive force 

(pmf) which powers it are depicted in the cytoplasmic membrane (CM). Also depicted in the CM is ZnuABC, 

the zinc ABC transporter. In the cytoplasm is depicted the Zinc uptake regulator, Zur 
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A. Pilin  

The type IV pili (Tfp) of N. gonorrhoeae are hair-like, surface exposed projections 

required for attachment (89), twitching motility (90), and natural competency (91). The Tfp is 

extended by polymerization of the major pilin protein, PilE. Once in close proximity with host 

epithelial cells, PilC binds to an unknown host cell receptor on the epithelial surface (92, 93). 

Depolymerization of PilE helps to bring N. gonorrhoeae in close contact with the epithelial 

surface.  Attachment of pilin in conjunction with Opa cause microvilli formation and engulfment 

of N. gonorrhoeae by epithelial cells (94). PilE is antigenically variable in that multiple silent pilS 

loci can recombine into the pilE gene (95) result in the presence or absence of pilin on the 

surface (96). Pilin is also required for natural competence of N. gonorrhoeae and therefore 

plays a role in gene exchange and antimicrobial resistance determinant acquisition (97, 98).  

B. Opacity Proteins 

The opacity (99) proteins are phase and antigenically variable outer membrane invasins 

that bind to host carcinoembryonic antigen-related cell adhesin molecules (CEACAMs) on host 

epithelial cells, endothelial cells and neutrophils (95, 100). Phase variation occurs due to the 

CTCTT repeat within each opa gene, which results in slipped-strand mispairing that turns each 

gene on or off depending on the number of repeats (101). There are 12 separate opa loci in N. 

gonorrhoeae and each gene contains multiple hypervariable regions (101, 102). While pilin 

helps N. gonorrhoeae make initial contact with the host cells, Opa also mediates invasion once 

at the surface (103). The Opa-CEACAM interaction is particularly important in the neutrophil 

response to N. gonorrhoeae. Expression of different Opa variants impacts neutrophil binding 

and internalization. When human males were infected with a predominantly Opa- N. 
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gonorrhoeae inoculum, only Opa+ strains were recovered demonstrating that the Opa+ 

phenotype is selected for during infection in men (104).  

C. Porin 

Porin is an essential outer membrane protein that acts as an ion and small molecule 

channel (105, 106). N. meningitidis expresses both Porin A (107) (107) and Porin B (PorB), while 

N. gonorrhoeae expresses only PorB. N. gonorrhoeae PorB is variable in that it is encoded by 

two different alleles in the gonococcal population, those being PorB1A, and PorB1B, which is 

the basis of the gonococcal serotyping system (108, 109). Gonococcal porin has been shown to 

modulate the host immune response to N. gonorrhoeae. Porin binding to C4-binding protein 

(C4BP) and factor H inhibits the complement cascade and contributes to serum resistance in 

strains expressing the porB1A allele (110, 111). Additionally, LOS sialylation inhibits bactericidal 

antibody activity directed towards PorB (112). The porB1A allele is present more frequently in 

disseminated strains than urogenital strains (113), suggesting that Porin type may be a 

determinant of disseminated gonococcal infection (DGI). Complement deficiency is associated 

with increased risk of N. gonorrhoeae infection and recurrent infection (114). The cytotoxic 

activity of Porin can be attributed to its channel activity. During N. gonorrhoeae infection of 

macrophages, gonococcal PorB is hypothesized to be targeted to the mitochondrial membrane 

where it disrupts the membrane potential causing apoptosis (105). Porin has also been shown 

to inhibit dendritic cell-dependent activation of T cells (83).  

D. Lipooligosaccharide (LOS) 

LOS is anchored in the outer leaflet of the outer membrane by the hydrophobic lipid A moiety, 

which is endotoxin (115). Lipooligosaccharide also contains a core oligosaccharide and lacks the 



ZINC AND MANGANESE HOMEOSTATIS IN GC 14 

distal O-antigen of LPS (115). The core oligosaccharide is composed primarily of glucose, 

galactose, mannose, N-acetylneuraminic acid (Neu5Ac), 2-keto-3-deoxyoctulosonic acid (KDO), 

glucosamine, and galactosamine (116). Glycosyltransferase genes, lgtA, lgtC, lgtD, and lgtG, are 

responsible for LOS biogenesis and are themselves phase variable (117, 118). Phase variation in 

lgt genes results in distinct LOS structures on the gonococcal surface depending on the lgt 

genes expressed. 

Expression of lgtA is critical to N. gonorrhoeae invasion of epithelial cells (93) suggesting 

that N. gonorrhoeae strains expressing certain variants of LOS are more invasive than others. 

LOS also binds to asialoglycoprotein receptor (ASGP-R) on human urethral cells (119) and sperm 

cells demonstrating a role for LOS in both infection and transmission (107). Additionally, 

sialylation of LOS is a mechanism of immune evasion by preventing antibody and complement 

deposition and subsequent opsonic killing of N. gonorrhoeae (120). Despite the high levels of 

variation in LOS due to the phase variability of the lgt genes, a glycan epitope identified by the 

monoclonal antibody, 2C7, is highly conserved across N. gonorrhoeae strains (121). Antibodies 

against this epitope are bactericidal, and sialyation of LOS does not ablate bactericidal activity, 

although activity is reduced (121). Mice immunized with the GLA-SE-adjuvanted 2C7 epitope 

produced bactericidal antibodies and cleared N. gonorrhoeae infection quicker than mice 

immunized with the adjuvant alone (122). Taken together, the 2C7 epitope is a promising 

vaccine and therapeutic candidate.  

E. Reduction Modifiable Protein (Rmp)  

Rmp is a conserved outer membrane protein found in close association with Porin (123). 

In the case of most of the outer membrane virulence factors, phase and antigenic variation 
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protect N. gonorrhoeae from an immune memory response. In the case of porin, which is 

antigenically variable, Rmp acts as a second layer of protection in that it is an antibody sink of 

sorts. The antibody response to PorB, which promotes complement dependent killing, is 

blocked by the anti-Rmp response, and depletion of anti-Rmp antibodies restores the 

bactericidal activity of serum (124, 125). Moreover, antibodies against Rmp are associated with 

increased gonococcal infection rates (126). Mice actively immunized with Rmp or treated 

prophylactically with anti-Rmp antibodies remained colonized longer than those mice treated 

prophylactically with the 2C7 monoclonal antibody (mAb), which has been shown to increase N. 

gonorrhoeae clearance in a mouse model (122, 127). Rmp antibodies in the presence of the 2C7 

mAb block C3 complement deposition that would otherwise deposit in the presence of the 2C7 

mAb alone (127). Rmp exacerbates infection, distracts the immune system from a generating a 

productive response and thus confounds vaccine and therapeutic developments. 

F. Immunoglobulin A (IgA) Protease  

IgA is the predominant Ig isotype secreted by mucosal epithelial cells and is involved in 

neutralization, compliment activation, and opsonization for phagocytic cell targeting (128). 

Gonococcal IgA protease is secreted by a type Va secretion system (autotransporter) and 

cleaves IgA (129). This autotransporter consists of an N-terminal signal sequence, a passenger 

domain, which in the case of N. gonorrhoeae is an IgA protease, and a translocator domain 

which is the barrel that is inserted into the outer membrane so that the protease can be 

exported (130). IgA protease is variable in that it is encoded by two different alleles in the 

population, of which type 2 is antigenically variable in itself (131). Each isolate however only 

produces one type and the types differ according to the cleavage sequence (132). Type 1 IgA 
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protease cleaves synaptobrevin (133), a Soluble N-ethylmaleimide-sensitive factor Activating 

protein Receptor (SNARE) protein which mediates exocytosis and vesicle fusion (134). Type 2 

IgA protease cleaves human lysosome/late endosome-associated membrane protein 1 (h-

lamp1), which is an integral host membrane protein that is enriched in endosomes and 

lysosomes (135). N. gonorrhoeae IgA proteases inhibit exocytosis by preventing the membrane 

fusion event required for release of compartment contents (133) and thus promote 

intracellular survival (136). IgA proteases are not required for attachment and invasion of 

fallopian tube mucosal cells (137) nor is it required for human male urethral infection (138). 

Taken together, these data suggest that the functions of IgA proteases are expendable during 

human infection and that the protective characteristics of IgA protease may be redundant or 

compensated for by some other gonococcal virulence factor. IgA proteases help N. 

gonorrhoeae escape IgA-dependent neutralization and intracellular killing; however, its 

function is not critical to infection which is contrasted with the functions of other virulence 

factors such as Opa or Pilin.  

VII. Host Metal Homeostasis and Restriction 

The host goes to great lengths to transport and regulate metals for its own biological 

processes. Host metal-binding proteins discussed in this work include Hemoglobin (Hb), 

Transferrin (115), Lactoferrin (LF), ferritin (FT), Calprotectin (CP), and psoriasin (PS) (Figure 2).  

As free metals are highly insoluble and volatile, the host binds these metals with specific 

proteins to keep them inaccessible without harming the host.   
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Figure 2. The Mucosal Surface Inhabited by N. gonorrhoeae 

At the site of infection, the mucosal membrane, host nutritional immunity (NI) protein sequester 

metals away from the bacterial nutrient supply. NI proteins are shown as circles with abbreviated 

names. The key provides the full name of each abbreviated NI protein. The infected mucosal surfaces 

is depicted with and influx of neutrophils, some of which are degranulating, undergoing NETosis, or 

traversing the epithelial cell layer. 

 

 

 

 



ZINC AND MANGANESE HOMEOSTATIS IN GC 18 

A. Iron  

Iron (Fe) is essential for life in both pathogen and host. The redox potential of Fe makes 

it highly useful in fundamental host cell processes like respiration, erythrocyte biosynthesis, 

oxygen transport, cell signaling and host defense (139). Due to its ability to participate in 

Fenton chemistry resulting in damaging hydroxyl radicals (140), free soluble iron is relatively 

limited in the host. The host relies on Fe-binding proteins to solubilize and transport Fe safely 

throughout the organism.  

Transferrin (TF) 

TF is a bi-lobed Fe-binding protein composed of an N- and C- lobe (141). Each lobe can 

be subdivided structurally into 2-subdomains connected by a hinge region (142). TF binds two 

Fe3+ ions, one per lobe, with an affinity of 10-30 M (143, 144). TF is synthesized in the liver (145) 

and is 30% saturated in circulation. TF has a primary function of scavenging and transporting Fe 

to tissues in the body. TF is internalized by cells through binding to the TF receptor, and Fe is 

released upon exposure to the acidic endosome (146). This function of TF is critical to 

erythrocyte biogenesis (147). Although the Fe bound to TF only accounts for ~0.1% of total iron 

in the body, the percentage of Fe-saturated TF is a significant means of estimating plasma or 

serum Fe levels (148). Additionally, TF in present in cervical-vaginal fluid, a primary gonococcal 

infection site, and even more so when that fluid also contains PMNs (149).  

Lactoferrin 

Lf shares about 60% sequence identity with Tf (150) and is similarly composed of N- and 

C- lobes that bind two Fe3+ (151, 152). Consequently, it has been previously referred to as lacto-

TF (153). Lf is secreted by mucosal epithelial cells and is found in the associated exocrine fluids 
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such as vaginal secretions (~1 g/L)(154), milk (1-3 g/L)(155), saliva (~10g/L)(156), sweat (~0.021 

g/L)(157), tears (~3 g/L)(158), and digestive fluid (~33 µg/L) (159). The concentration of Lf in the 

serum is relatively lower (125-880 µg/L) than that found in secretions (160). Lf has an affinity 

for iron of 10-20 M. Unlike Tf, Lf does not release Fe in the low pH conditions of the endosome 

suggesting a primary role in Fe sequestration from pathogens once secreted as opposed to Fe 

delivery to cells (161).  

Heme and Hemoproteins 

Heme is an Fe-binding porphyrin that is essential in structure and function to many 

proteins such as oxidase, cytochromes, peroxidase and catalase, and Hb (162). The iron in heme 

binds oxygen, which allows for electron transfer in enzymatic reactions and for the transport of 

oxygen by Hb through the body (163). Hb is a heterotetramer of two alpha and two β chains. 

Each polypeptide chain binds one heme group and oxygen is coordinated via the Fe bound to 

each group (164). Hb in the human body can be found at concentrations of 12-18 g per liter.   

Ferritin 

FT forms a cage-like complex made of 24 subunits capable of binding 4500 Fe atoms 

(165). The primary role of FT is to store intracellular iron and maintain it in a redox-inactive 

state. During iron scarcity in the host cell, FT is targeted to the lysosome for degradation and 

subsequent Fe release (166). The role of FT in intracellular gonococcal growth and survival 

deserves further investigation considering FT is abundant in the serum and the male urethral 

tract (167). 
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B. Zinc, Manganese, and Copper 

Host allocation and homeostasis regarding Zn, Mn, and Cu are reviewed in detail in 

Chapter 3 of this work.  

VIII. Metal Acquisition by Pathogenic Neisseria 

A. Ton Motor Complex 

The outer membrane of Gram-negative bacteria is a barrier between the sensitive 

cytoplasmic contents of the cell and harmful extracellular molecules such as antimicrobials. 

However, the OM is not energized like the cytoplasmic membrane. Consequently, energy must 

be transduced from the cytoplasmic membrane to the outer membrane to allow active 

transport of vital nutrients across the outer membrane. Energization of the outer membrane is 

achieved through the Ton motor complex (TonB-ExbB-ExbD or TBD) (Figure 3).  
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Figure 3. N. gonorrhoeae Expresses High-affinity Metal Transporters 

The TonB-dependent transports (Tdts) expressed by N. gonorrhoeae are depicted in the outer membrane (OM) 

of the cell wall below their cognate ligands. Tdts with associated lipoproteins (i.e. HpuBA, LbpAB, and TbpAB) 

and Tdts without associated lipoproteins (i.e. FetA, TdfF, TdfG, TdfH, and TdfJ) are shown in the OM. Xs is 

Xenosiderophores. Hb is hemoglobin. LF is lactoferrin. TF is transferrin. CP is calprotectin. Ps is Psoriasin also 

known as S100A7. Question marks indicated unknown ligands. TonB is shown in the cytoplasmic membrane 

(CM) and is powered by the proton motive force (pmf) which utilizes the proton gradient across the CM. 

Electrons from the Tricarboxylic Acid (TCA) Cycle are used to oxidize or reduce complexes I-IV in the CM that 

are a part of the electron transport chain. The oxidation and reduction reactions result in the release protons 

into the periplasm which generates the proton gradient. These protons are hypothesized to travel through 

ExbB causing a ratcheting motion and allowing ExbD to rotate TonB so that it can energize the Tdts in the OM. 

FetBCD, FbpABC, and ZnuABC are ABC transporters in the CM. The periplasmic binding protein for each 

transporter in the in the periplasm. The permease is in the CM, and the ATPase is in the cytoplasm. Depicted in 

the cytoplasm are the Ferric uptake regulation (Fur) which binds iron (pink sphere) and the Zinc uptake 

regulator (Zur) which binds zinc (green sphere). 
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ExbB exists as a pentameric, alpha helical channel, within which an ExbD dimer is situated (168). 

TonB is composed of a folded, C-terminal, periplasmic-associated domain that is disordered and 

linked by a transmembrane domain within the cytoplasmic membrane (169). The 

transmembrane domain of TonB is closely associated with ExbB. TonB associates with TonB-

dependent transporters (Tdts) through a high-affinity (nanomolar) interaction between the C-

terminus of TonB and the TonB box at the N-terminus of the Tdt (170, 171). To achieve 

transport across the outer membrane, ExbB and ExbD work together to transduce the proton 

motive force (pmf) of the cytoplasmic membrane to the outer membrane through mechanical 

work. More frequently than not, ExbD occludes the ExbB channel (172). However, following an 

unknown regulatory signal, the ExbD “plug” binds to peptidoglycan in the periplasm allowing 

for protons to flow into the ExbB channel (172). The flow of protons into ExbB powers the 

ratcheting motion of ExbD within ExbB in a mechanism similar to that of flagella twirling. It is 

proposed that ExbD, powered by the pmf, pulls on the disordered linker of TonB, which is 

bound to the TonB Box of the Tdts, as it rotates thereby releasing the imported molecule into 

the periplasm. The “pulling” mechanical work of ExbB/D on TonB can be likened to a pully 

system where ExbB/D is the wheel and TonB is the rope that exerts force or “pulls” on the Tdts 

causing release of the molecule being transported.  

B. TonB-dependent Transporters (Tdts) 

Tdts are integral outer membrane proteins composed of C-terminal surface exposed 

loops, 22 transmembrane β-strands, periplasmic turns, and an N-terminal plug domain 

containing the TonB Box. The TonB Box is required for transport function (173, 174). Tdts 

transport small molecules such as metals, vitamins, and sugars and it is hypothesized that 



ZINC AND MANGANESE HOMEOSTATIS IN GC 23 

binding of these small molecules results in conformational changes in the Tdt structure 

culminating with the exposure of the TonB Box to the periplasm, making it accessible to TonB 

(171, 175). In N. gonorrhoeae, TonB is required for replication within epithelial cells (176). 

Additionally, TonB and the eight Tdts (Figure 3) play critical roles in survival of N. gonorrhoeae 

in the face of nutritional immunity (177-179).  

C. Tdts with Associated Lipoproteins  

The gonococcal TF-binding proteins A and B (TbpAB) are the Tdt and associate 

lipoprotein responsible for pirating and internalizing Fe from Tf. TbpA is the TonB-dependent 

component of the Tbp system and binds both holo- and apo-Tf with nanomolar affinity (180). Tf 

utilization through TbpA requires a structurally intact loop 3 helix which is responsible for 

stripping the Fe from Tf. The EIEYE motif located within the plug domain chelates iron once 

extracted from Tf. TbpB is a lipid-modified protein that is anchored to the outer leaflet of the 

outer membrane and binds specifically to the ferrated form of Tf, increasing the specificity of 

the receptor for iron-loaded Tf.  This specificity results in more efficient iron acquisition and 

ligand release subsequent to iron extraction. The tbpBA operon is Fur- and Fe-repressed as well 

as MisR-MisS (181) regulated. Although the locus is co-transcribed, twice the amount of tbpB 

transcript is made relative to that of tbpA suggesting multiple TbpB proteins service fewer TbpA 

proteins and further increasing the efficiency of Fe uptake. Ablation of a long noncoding RNA 

eliminates the difference in expression between the two genes, allowing them to be 

transcribed in a 1:1 ratio (182). Because TbpAB is required for infection and is not subject to 

high-frequency antigenic variation like Pilin or Opa proteins, this system is a promising vaccine 

target. Price et al. showed the portions of TbpA and TbpB when conjugated to cholera toxin 



ZINC AND MANGANESE HOMEOSTATIS IN GC 24 

subunit B are immunogenic and produce bactericidal antibodies in mice (183). They also 

showed that the anti-TbpAB antibodies could block gonococcal growth in vitro (183). The same 

group showed that TbpB is much more immunogenic than TbpA (184, 185). Taken together 

with the fact that TbpB is much more genetically variable than TbpA (186), the increased 

immunogenicity of TbpB suggests that it may act as an immune shield for TbpA allowing the 

antibody response to be directed instead toward TbpB, which can sustain more mutations.  

Human volunteers infected with the Tbp- mutant exhibited no signs or symptoms of urethritis 

(187). It is important to note that the strain used in this study was also unable to utilize LF as a 

sole iron source.  

The LF binding proteins, LbpAB, is similar to the Tbp system where LbpA is the Tdt and LbpB is 

the lipoprotein. LbpA contains the same essential functional motifs as TbpA (i.e. plug domain, 

TonB box, the Loop 3 helix, and the EIEYE motif), and is Fur- and Fe-repressed. In the absence of 

the LbpAB system, the TbpAB system can compensate for Fe transport (188). However, LbpB is 

phase variable and LbpA is produced in only ~50% of gonococcal strains and thus is not a 

promising vaccine target. Additionally, mutants lacking the Lbp system remain infective in an 

experimental human infection model (188).  

The Hb-binding proteins (HpuAB) are required for Hb utilization as an iron source. The Hpu 

system binds Hb and the Hb-haptoglobin complex and transports the associated heme. Both 

binding partners, HpuA and HpuB, are required for binding to Hb. The nomenclature for the 

Hpu system in reversed in that HpuA is the lipoprotein and HpuB is the Tdt. Interestingly, 

binding of HpuB to Hb is not human-restricted, meaning HpuB binds porcine and mouse Hb in 

addition to human Hb (189). The Hb structures are likely not significantly divergent between 
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species to confer a species-specific binding interaction. The Hpu system is phase-variable and is 

selected for in females during the first half of their menstrual cycle (190), suggesting that Hb is 

released during menstruation and selects for gonococcal strains that can use this Fe source.    

D. Tdts without Associated Lipoproteins  

N. gonorrhoeae does not produce siderophores like other bacteria and instead utilizes 

the siderophores of other bacteria (i.e. xenosiderophores). N. gonorrhoeae can utilize 

enterobactin, salmochelin, and dihydroxybenzoylserine acid (DHBS). These siderophores are 

transported through the ferric enterobactin Tdt, FetA (191). FetA forms a trimer in a manner 

similar to that of porins (192). Trimerization increases stability of the protein in the membrane 

and enhances pore function (193). FetA is encoded by the Fe-regulated fet operon, where fetA 

is the first gene in the operon and the downstream genes encode the associated ABC transport 

system. The Fet system is not only Fur-regulated but it is also regulated by the AraC-like 

regulator, MpeR (194). Another layer of regulation occurs through slipped strand mispairing in 

the promoter of fetA allowing for phase variation. This phase variability is not like that of the 

Hpu system where the system is either “on” or “off” but rather the slipped-strand mispairing 

event at the promoter results in gradient fet expression where expression can be likened to 

that under the control of a “rheostat”.  

TdfF and TdfG remain poorly characterized and the conditions under which these Tdts 

are expressed has not yet been clearly defined. However, TdfF is expressed in epithelial cells 

and is Fe-regulated. TdfF is homologous to iron-binding siderophore transporters such as FhuE 

in Esherichia coli (Ec) which binds coprogen, the pseudobactin transporter in Pseudomonas 

putida, and the ferric pyoverdine transporter of Pseudomonas aeruginosa. While tdfF is Fe-
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repressed, differential Fe conditions are not solely sufficient to alter tdfF expression in vitro 

(176). Expression of tdfF under Fe-limited conditions also required fetal bovine serum 

(FBS)(176). The TdfF ligand has not been identified. However, Hagen and Cornelissen showed 

that intracellular survival of N. gonorrhoeae requires both TonB and TdfF (176). Additionally, 

the intracellular growth defect of the tdfF mutant was overcome by excess Fe, suggesting that 

the ligand for TdfF is expressed in epithelial cells and binds Fe (176). It is not likely that the TdfF 

ligand is enterobactin or salmochelin because the tdfF mutant is able to grow to wild-type 

levels in the presence of both molecules (195). This evidence is well-aligned with that which 

shows that FetA, rather than TdfF, transports enterobactin and salmochelin (191, 195). TdfG is 

the least characterized of all the Tdts. However, we do know that this protein is Fe-regulated 

(196) and weakly peroxide regulated (197), but as with TdfF, the ligand as not been identified.  

The Zn-transporting Tdts, are TdfH and TdfJ, which bind CP and PS respectively. TdfH is required 

for growth when CP is the only available Zn source. While CP chelates Zn at both binding site 1 

and site 2, TdfH interacts exclusively near site 1 and acquires Zn only from this site (198). While 

site 1 binds both Zn and Mn, a role for TdfH in CP-dependent Mn utilization has not been 

established. ZnuD is able to bind free Zn (199), free Copper (Cu) (200) and PS (179). The affinity 

of TdfJ for PS is quite high (41 nM) (201). PS utilization in a TdfJ-dependent manner requires the 

high-affinity Zn ABC transporter, ZnuABC (179). Like TbpA, piracy of metal from the host ligand 

by TdfJ requires a similar alpha-helix in loop 3 (201). Both TdfH and TdfJ are repressed by the 

zinc uptake regulator (Zur) in a Zn-dependent manner and neither protein is subject to high-

frequency variation. Interestingly, TdfJ is also Fe induced (179) by Fur. The physiological niche in 
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which Zn stress and Fe replete conditions might be encountered by N. gonorrhoeae has been 

postulated (202) but not supported yet by empirical evidence.  

E. ABC Transporters  

ATP-Binding Cassette (ABC) transporters are critical to metal ion transport across the 

periplasm and the cytoplasmic membrane. They are composed of a periplasmic binding protein 

(PBP), a permease that traverses the cytoplasmic membrane and an ATPase associated with the 

cytoplasmic face of the inner membrane. The two nucleotide-binding domains of the ATPase 

allow for ATP hydrolysis while the two transmembrane domains of the permease confer 

substrate specificity (203). Two ABC transporters in N. gonorrhoeae have been well-

characterized, FbpABC and ZnuABC. FbpABC transports Fe and xenosiderophores (195), while 

ZnuA transports Zn and Mn (204, 205). The fbpABC operon is co-transcribed (206) and is Fur-

repressed in an Fe-dependent manner (207). FbpA is required for survival in the presence of 

nutritional immunity proteins, TF and LF (208). Unfortunately, the nomenclature for ZnuABC 

has been muddled in the literature. ZnuABC is encoded by the znuCBA locus with the gene tag 

numbers NGO_0170, NGO_0169, and NGO_0168, respectively. The Znu nomenclature was 

originally assigned by Chen and Morse in August of 2001 (204). The same locus was named 

mntABC by Wu et al. in December of 2001 when the contribution of these gene products to Mn 

transport was identified (209). Thus, ZnuABC and MntCBA are different names for the same 

proteins encoded by the same genetic locus where NGO_170 is named both znuC and mntA and 

encodes the ATPase. NGO_0169 is named both znuB and mntB and encodes the permease, and 

NGO_0168 is named both znuA and mntC and encodes the PBP. In this work, the system will be 

referred to using the Znu nomenclature for simplicity. The znuCBA locus is Zur-repressed in a 
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Zn-dependent manner in N. meningitidis (210) and is Mn-repressed in a Zur-dependent manner 

in N. gonorrhoeae strain 1291 (211). However, data presented in the current work show that 

znuCBA is not Mn-regulated in strain FA1090, indicating that Mn-dependent regulation of the 

locus depends on the N. gonorrhoeae strain and genetic background. More work is required to 

identify whether the Znu system is produced in response to Mn sequestration in multiple 

strains. This is of particular interest considering that CP binds to Mn in addition to Zn and 

potentially creates a Mn limited environment t for N. gonorrhoeae in vivo. Strains able to 

mount a Mn-dependent transcriptional response characterized by the upregulation of znuA 

may be more suited to withstand CP-dependent Mn sequestration. Although the role of ZnuA in 

response to CP-dependent Zn and Mn limitation has not been directly tested, it is known that 

ZnuA is required for utilization of PS and free Zn (179, 204). Thus, it is feasible that ZnuA is 

required for utilization of CP as a Zn source as well.  

Finally, the fetBCDE operon encodes an ABC transport system that is responsible for 

cytoplasmic membrane transport of xenosiderophores brought across the outer membrane by 

FetA and potentially TdfF (191). The PBP, FetB, is required for utilization of ferric enterobactin 

(191).  

F. Regulation and Gene Expression  

The gonococcal genome encodes two Fur-family regulators, Fur and Zur, which both 

adopt a similar mechanism of regulation but with respect to Fe and Zn. The gonococcal genome 

does not encode a manganese uptake regulator, Mur. Fur-family regulators form homodimers 

containing four metal binding sites per dimer. Under low metal conditions, only two of those 

sites are occupied resulting in an “open” conformation that is unable to interact with operator 
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sequences (“Fur boxes”) within the protomer of Fur-regulated genes. When metals are in 

excess, all four metal-binding sites are occupied resulting in a “closed” conformation capable of 

interacting with DNA (212).  

Fur  

Fur is a global regulator involved in transcriptional activation or repression of a variety 

of processes in N. gonorrhoeae such as transport, respiration, regulation, and metabolism in 

addition to the Fe-utilizing processing (207). Fur activity is Fe-dependent and necessary for cell 

viability. Fur null mutants have not been successfully isolated; however, a Fur missense mutant 

has been isolated. This mutation generates a less active Fur protein that cannot fully repress Fe-

regulated genes in the presence of excess Fe (213).  

Zur 

Zur is a global regular similar to Fur but with Zn-dependent regulatory activity. Zur is 

known to regulate various cellular processes as well including metabolism, transport, and Zn 

storage (210). Unfortunately, the nomenclature for Zur has been muddled due to its role in Zn, 

Mn, and peroxide stress regulation (211, 214, 215). Zur, which is encoded by the zur gene with 

gene tag NGO_0542, has been additionally named PerR for its connection to the Mn-dependent 

response to oxidative stress. For simplicity, the name Zur will be used throughout this work. Zur 

was shown to repress znuCBA in the presence of Mn, a reactive oxygen species (ROS) quencher. 

When the Zur mutant was grown in the presence of ROS, znuCBA was fully de-repressed 

allowing maximal import of Mn via ZnuABC and Mn-dependent ROS quenching (211). The Zur 

mutant was less sensitive to ROS-dependent killing than the WT, and growth of the Zur mutant 

in the presence of ROS was further enhanced by the addition of Mn (211). Thus, strains lacking 
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Zur are more resistant to ROS killing. In the absence of Zur, Zn import systems such as ZnuABC, 

TdfH, and TdfJ are derepressed. It would be interesting to know the impact of the Zur null 

mutation on survival of N. gonorrhoeae within neutrophils. It is feasible that a Zur null mutant 

would be more resistant to ROS-dependent killing in neutrophils. The absence of Zur would 

result in overexpression of TdfH, which could potentially import Mn from CP, thus quenching 

ROS and conferring resistance to ROS-dependent killing in neutrophils. To date, the impact of 

Zur on N. gonorrhoeae growth and survival in established cell models of infection has not been 

tested.  

G. Research Objectives 

N. gonorrhoeae is the human specific pathogen that causes the sexually transmitted 

disease, gonorrhea. The CDC reported over 600,000 cases of gonorrhea in 2022 (216) in the 

United States, while the WHO estimated approximately 80 million new cases globally in 2020 

(217). N. gonorrhoeae primarily infects the lower urogenital tract resulting in urethritis in men 

and cervicitis in women. However, infection can also present asymptomatically in women (218). 

If left untreated, gonococcal infections can ascend into the upper reproductive tract, where it 

can cause salpingitis, ectopic pregnancy, scarring, and infertility. Further dissemination of the 

infection to the synovial joints (219), blood stream (220) and meninges (221) can be life-

threatening.  

The ability of the gonococcus to acquire antimicrobial resistance genes has resulted in a 

rapid decline in effective antimicrobial treatments for infection (57). Recent development of 

azithromycin resistance has led the CDC to remove the drug from the recommended treatment 

regimen (72). The ever-present threat of untreatable gonorrhea calls for the development of 
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novel therapeutic and vaccine targets. Metal acquisition systems and the transcription factors 

that regulate them are promising targets for small molecule inhibitor and vaccine development 

as these import systems are often required for survival and virulence. Understanding the 

involvement of metal transporters and the proteins that regulate them in the coordinated 

response to nutritional immunity can inform development of novel therapeutic and vaccine 

studies.  

The overarching goal of this work is to characterize metal homeostasis in N. 

gonorrhoeae as it pertains to Zn, Mn, and to a lesser extent Cu, as the metal-dependent 

response of N. gonorrhoeae to nutritional immunity is directly related to internal metal 

homeostasis. Additionally, this work aims to identify the mechanisms through which metal 

homeostasis is maintained in N. gonorrhoeae. Specifically, the research objectives were to (1) 

characterize Zn, Mn, and Cu homeostasis in N. gonorrhoeae and the subsequent response to 

host-imposed nutritional immunity and metal intoxication through a comprehensive review of 

the literature, (2) identify the mechanisms by which N. gonorrhoeae senses metals, specifically 

Zn and Mn, through the transcriptional regulator Zur and alters global gene expression, and (3) 

identify the Mn conditions within the gonococcus and how the putative Mn efflux protein, 

MntX, contributes to Mn homeostasis in N. gonorrhoeae.   
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CHAPTER 2: MATERIALS AND METHODS 

I. Routine Maintenance of Bacterial Strains 

All bacterial strains and plasmids are listed in Table 1. Wild-type and mutant Neisseria 

gonorrhoeae (GC) strains were routinely maintained at 36°C with 5% CO2 on GC Medium Base 

(Difco™) agar supplemented with Kellogg’s supplements 1 (222)(40% (w/v) glucose, 1% (w/v) 

glutamine, 0.002% (w/v) thiamine pyrophosphate) and 2 (12.5 µM Fe(NO3)3) (GCB). When 

appropriate, GC was incubated on GCB containing antibiotic (1 µg/mL chloramphenicol or 50 

µg/mL Kanamycin) Escherichia coli strains were routinely maintained at 36°C in Luria-Bertani 

(LB) agar or broth containing antibiotic (carbenicillin 100 µg/mL, 34 µg/mL chloramphenicol, or 

50 µg/mL Kanamycin). For long-term storage, bacterial strains were stored in GC or E. coli 

freezing media containing glycerol at -80°C.  
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Table 1. Strains and Plasmids Used in this Study 

Strain/plasmid Genotype/relative characteristics Reference 

E. coli strains 

DH5α F + endA1 glnV44 thi-1 recA1 relA1 

gyrA96 deoR nupG purB20 

φ80dlacZΔM15 Δ(lacZYAargF)U169, 

hsdR17(rKmK+), λ– 

NEB 

BL21 (DE3) F–ompT hsdSB (rB–, mB–) gal dcm (DE3)  Invitrogen 

N. gonorrhoeae strains 

FA1090 Wildtype  (223) 

FA19 Wildtype (∆mntX) (224) 

1291 Wildtype (∆mntX) (225) 

MCV964 FA1090 zur::kan (KanR) Jean et al. (226) 

MCV951 FA19 znuA::Ω Maurakis et al. 

(179) 

RSC200 1291 zur::kan (KanR) This study, 

Reeham Victor 

RSC201 FA19 + ectopic FA1090 mntX This study 
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Plasmids 

pET19b- 10x N-terminal His-Tag followed by the 

enterokinase cleavage sequence and the 

multiple cloning site; AmpicillinR; T7 

promoter/terminator; lac operator, lacI 

promoter, and lacI 

Novagene 

pGSU061 10x His-Tagged Zur expression vector  This study  

pGSU066 FA1090 mntX inserted into pVCU234 This study 

pVCU234 pKH37 + Ribosome Binding Site Cash (227) 

pUC19 zur::Kan pUC19 containing zur disrupted by a 

Kanamycin cassette 

Jean et al. (226) 
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II. Bacterial Mutant Construction 

The plasmid used to generate MCV964, the Zur- isogenic mutant in the FA1090 genetic 

background, was previously generated by kanamycin cassette insertion in the zur gene and 

named pUC19 zur::Kan by Jean et al. (214). This plasmid was digested with ScaI and used to 

transform N. gonorrhoeae strain 1291. Colonies were selected on GCB plates containing 50 

µg/mL kanamycin, and the resulting strain was named RSC200. The full length mntX gene 

(ngo1768) was PCR amplified from the FA1090 genome using oligonucleotides oGSU463 and 

oGSU464. oGSU463 included 2 nucleotides between the start codon of mntX and the XmaI 

restriction site to generate an 8-nucleotide spacer between the ribosome binding site (RBS) and 

the start codon. oGSU463 included the XhoI restriction site. Using the In-fusion Cloning Kit 

(Takara) according to manufactures instructions, the mntX gene was inserted between the XmaI 

and XhoI restriction sites behind an isopropyl β-D-1-thiogalactopyranoside (IPTG)-inducible 

promoter in pVCU234 (228). The resulting plasmid, pGSU066, was used to transform DH5ɑ 

competent E. coli cells. Colonies containing pGSU066 were selected on LB agar containing 34 

µg/mL chloramphenicol. To generate the mntX complement in N. gonorrhoeae strain FA19, 

pGSU066 was first digested with PciI. The linearized plasmid was used to transform strain FA19. 

Gonococcal colonies that incorporated the pGSU066 DNA were selected on GCB containing 1 

µg/mL chloramphenicol and the resulting strain was named RSC201.  

To generate a gonococcal Zur-expressing strain of E. coli, the gonococcal zur gene 

(ngo0542) was PCR-amplified with primer oGSU017 and oGSU018 from the genome of N. 

gonorrhoeae strain FA1090 and inserted between the BamHI and NdeI restriction sites of 

pET19b-. The resulting plasmid, named pGSU061, encoded an N-terminal, 10x His-tagged 
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gonococcal Zur protein that was IPTG-inducible and transcribed from the T7 promoter. The zur 

gene was separated from the 10x His-tag by an enterokinase cleavage site. pGSU061 then was 

used to transform DH5α and BL21 E. coli strains. Colonies containing pGSU061 were selected on 

LB agar containing 100 µg/mL carbenicillin.  

III. N. gonorrhoeae Growth Conditions for Identifying Differential 

Gene Regulation 

N. gonorrhoeae strains FA1090 and MCV964 (Zur-) were incubated onto GCB agar at 

36°C with 5% CO2 for 14-16 hours before being passaged onto GCB supplemented with 5 µM 

N,N,N′,N′-tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN). Colonies from GCB-TPEN agar 

plates were used to inoculate 50 mL Chelex® 100-treated chemically defined media (CDM) (229) 

to an optical density at 600 nm (OD600) between 0.08-0.1. Cultures were incubated at 36°C, 5% 

CO2, with shaking at 225 rpm until early log phase (~2 hours). Once cultures reached early log 

phase, 7 µM TPEN was added to the zinc-deplete condition, and 20 µM ZnSO4 was added to the 

zinc-replete condition. Cultures were then incubated until late log phase at which point samples 

were taken for western blotting and RNA isolation. To characterize manganese dependent 

regulation, strains FA1090, 1291, and the isogenic Zur- mutants (i.e. MCV964 and RSC200) were 

used to inoculate 10 mL CDM to an OD600 between 0.08-0.1. Once in early log phase, cultures 

were back diluted 2x (1291 and RSC200) or 4x (FA1090 and MCV964). For the excess 

manganese condition, cultures were supplemented 10 µM (1291 and RSC200) or 15 µM 

(FA1090 and MCV964) MnCl2. For the manganese-depleted condition, chelator was omitted 

considering that no manganese-specific chelator is available. Cultures were then allowed to 
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grow to late log phase at which point culture densities were standardized and pelleted via 

centrifugation for generation of whole cell lysates.  

IV. RNA Isolation 

To isolate RNA from N. gonorrhoeae for RT-qPCR, RT-PCR, and RNA-sequencing, cultures 

were pelleted by centrifugation at max speed for 5 minutes at 4°C. Pellets were weighed to 

determine the appropriate volume of NucleoProtect RNA Reagent (Macher-Nagel) for 

stabilization and storage of tissues and cells. Pellets were resuspended in of NucleoProtect RNA 

Reagent and incubated on ice at 4°C for 1 hour. Cell suspensions were then pelleted by 

centrifugation at max speed for 5 minutes at 4°C. Cell pellets containing stabilized RNA were 

stored at -80°C until RNA isolation. Between processing steps, cultures and pellets were placed 

on ice.  

RNA was isolated using the epMotion® 5075 liquid handling tool (Eppendorf) and the 

NucleoMag RNA Isolation Kit (Machery-Nagel) according to manufacturer’s instructions, with 

the following exceptions: half of the suggested volume (175 µL) of Buffer MR1 with the addition 

of (3 µL) tris(2-carboxyethyl)phosphine (TCEP) was added to each cell pellet. Pellets were then 

removed from the liquid handling tool and vortexed briefly to homogenize the lysate. Lysates 

were cleared by centrifugation at max speed for 5 minutes and the supernatants were placed in 

a new tube which was then placed in the liquid handling robot. The remainder of the protocol 

proceeded according to manufacturer’s instructions. Following elution, 40 U Superase•InTM 

RNase Inhibitor (Invitrogen) was added to each RNA sample prior to measuring the 

concentration.  
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V. DNase-treatment of RNA and cDNA Synthesis 

Isolated RNA was DNase I digested using the TURBO DNA-free KitTM (InvitrogenTM) 

according to manufacturer’s instructions for vigorous digestion. DNase-digested RNA was used 

as template for a quality control PCR to test for DNA contamination. DNA-contaminated RNA 

was DNase-treated until all DNA contamination was removed. DNA-free RNA was used as 

template for cDNA (complementary DNA) synthesis using the SuperScript™ IV First-Strand 

Synthesis System (InvitrogenTM) according to manufacturer’s instructions. No template and no 

Reverse Transcriptase (RT) controls were included to ensure DNA-free RNA was synthesized 

into cDNA.  

VI. RNA-sequencing Analysis   

RNA sequencing and data analysis was completed using the Illumina large-scale 

sequencing platform by Novogene. Sequencing image files were transformed into raw 

sequence files in the form of FASTQ files. Each raw data file contained a sequence identifier and 

description, raw nucleotide sequences, and read quality values for each base. The sequencing 

error rate for each nucleotide was less than 0.05% per base. Sequences with higher error rates 

were filtered out. Raw sequencing reads containing uncertain nucleotides, low-quality 

sequences, or cDNA adapters were also filtered out. GC/AT content was analyzed for equal 

distribution of a stranded data set. Sequences that passed the quality controls were mapped to 

the FA1090 reference genome. Pearsons correlation between samples was used to identify 

comparable samples. Expression quantification analysis included differential expression analysis 

and functional analysis. The functional analysis included identification of GO, KEGG, and GSEA 
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enrichment and analysis of protein-protein interaction (230) networks. The gene structure 

analysis included operon and antisense transcript prediction, and single nucleotide 

polymorphism (SNP), untranslated region (UTR) and small RNA (sRNA) identification.  

VII. Primer Design and Primer Efficiency Testing for RT-qPCR  

Primers used to amplify cDNA of target transcripts were designed according the BIORAD 

qPCR assay design guide. Primers were designed to have a melt temperature between 50°C and 

60°C, GC content between 50 and 60%, and salt and oligonucleotide concentrations of 50 mM 

and 300 nM respectively. Secondary structures, long repeats (>3) of Gs or Cs and primer dimer 

formation were avoided. Where the genomic sequence allowed, Gs and Cs were placed at the 

end of the primer. Amplicons were designed to be between 75 and 200 nucleotides in length. 

Primers that formed secondary structures had a melt temperature of <40°C. Amplicons of long 

(>4) repeats of single nucleotides were avoided. GC content was maintained between 50 and 

60%. Primer efficiency tests were completed by generating a standard curve using serially 

diluted genomic DNA from N. gonorrhoeae strain FA1090, the SYBRTM SensiFAST®, Hi-ROX kit 

(Meridian Bioscience), and various primer concentrations. Only primer pairs with an efficiency 

of 95-100% were used in RT-PCR and RT-qPCR analysis of transcript levels.  

VIII. RT-qPCR and RT-PCR for Measuring Gene Expression and Co-

transcription  

For RT-qPCR reactions, cDNA was diluted to 1 ng/µL so that 2.5 µL (10% of the total 

reaction volume) could be added to 25 µL reactions. Each reaction contained diluted cDNA, 

gene-specific primers at various concentrations which had been optimized for efficiency, 2x 
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SYBR SensiFAST Hi-ROX, and diethylpyrocarbonate (DEPC)-treated water. Reactions were 

loaded into Hardshell PCR Plates (96-well, thin wall, BIORAD), sealed with the Microseal 'B' seal 

(BIORAD), and centrifuged briefly to bring the reaction contents to the bottom of the well. 

Plates were then loaded into the BIORAD 1000 Series Thermal Cycling Platform CFX96 Real-

Time System or the BIORAD C1000 Touch Thermal Cycler CFX96 Real-Time System. Cycle 

threshold (CT) values were measured by the BIORAD CFX-Maestro system. Target gene 

expression values were calculated relative to rmpM and normalized to the excess Zn condition 

using the ∆CT method. RT-PCR reactions were conducted the same as RT-qPCR reactions with 

the following exceptions. RT-PCR reactions included GoTaq® Green Master Mix (Promega) 

instead of SYBR, were loaded into individual 0.2 mL PCR tubes, and loaded into the T100 

Thermal Cycler. Qualitative expression was imaged by Ethidium bromide staining of samples 

run on a 1% agarose gel. All primers used in this study are listed in Table 2.  
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Table 2. Primers Used in this Study 

Primer Sequence  Description 

Zur expression vector construction 

oGSU017 CTAGCATATGAAAACAAATTTCAAACAGAAAATTATCGAACA 

 

zur forward; 

NdeI cut site for 

insertion into 

pET-19b-; paired 

with oGSU018 at 

55°C annealing  

oGSU018 CTAGGGATCCTCACTTCTGACATTTTTTACAGATTCCAGTT 

 

zur reverse; 

BamHI cut site 

for insertion into 

pET-19b-; paired 

with oGSU017 at 

55°C annealing  

 

MntX complementation vector construction  

oGSU463 TTAAAAGGAGCCCGGGCTATGAGTCTTTACGCTTTGCTCTTGG 

 

mntX forward;  

In-Fusion cloned 

with 8 nt space 

before RBS 

which includes 
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the XmaI site; 

paired with 

oGSU464 at °C 

annealing  

oGSU464 CGGGCCCCCCCTCGAGTCATTGAATCAAACCCAAATGCG 

 

mntX reverse;  

In-fusion cloned 

into XhoI site; 

paired with 

oGSU463 at 60°C 

annealing  

RT-qPCR/PCR 

oGSU195 GGAGCAGGCTCCTCAATATG 

 

rmpM forward; 

paired with 

oGSU196 at 60°C 

annealing; 95-

100% efficient at 

40 µM (202) 

oGSU196 TAAAGTCGGTATGGCCTTCG 

 

rmpM reverse; 

paired with 

oGSU195 at 60°C 

annealing; 95-
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100% efficient at 

40 µM (202) 

oGSU315 AACAGGCACGCAGAGAGGAC 

 

zur forward; 

paired with 

oGSU316 at 60°C 

annealing; 

100.1% efficient 

at 15 µM 

oGSU316 TGTAAAACGCCCTGATCCGC 

 

zur reverse; 

paired with 

oGSU315 at 60°C 

annealing; 

100.1% efficient 

at 15 µM 

oGSU397 TGGAATACGGCGAGGCATTG 

 

adhP forward; 

paired with 

oGSU398 at 60°C 

annealing; 95-

100% efficient at 

10 µM (202) 

oGSU398 TCACACCGTCGGCAACTTCT 

 

adhP forward; 

paired with 
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oGSU397 at 60°C 

annealing; 95-

100% efficient at 

10 µM (202) 

oGSU125 ATCGAAGCCAGAAACGGTCC 

 

tbpB forward; 

paired with 

oGSU126 at 60°C 

annealing; 95-

100% efficient at 

20 µM (202) 

oGSU126 ATATCTGTCGCCGGACTTCG 

 

tbpB reverse; 

paired with 

oGSU125 at 60°C 

annealing; 95-

100% efficient at 

20 µM (202) 

oGSU108 TCCGCAGTGCAAAACTCGTC 

 

znuA forward; 

paired with 

oGSU109 at 60°C 

annealing; 95% 

efficient at 10 

µM (202) 
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oGSU109 TGGTGGTGTCCTTCGTGGTC 

 

znuA reverse; 

paired with 

oGSU108 at 60°C 

annealing; 95% 

efficient at 10 

µM (202) 

oGSU421 GGGATTGCAGCCTATCGATACGG 

 

znuC forward; 

paired with 

oGSU422 at 60°C 

annealing; 90.3% 

efficient at 20 

µM 

oGSU422 TCATAGGCTGGGAACGGTCG 

 

znuC reverse; 

paired with 

oGSU421 at 60°C 

annealing; 90.3% 

efficient at 20 

µM 

oGSU425 CCACCCTGAAAGAAGATGCC 

 

znuB forward; 

paired with 

oGSU426 at 

61.1°C 
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annealing; 91.5% 

efficient at 10 

µM 

oGSU426 GCAAGCACAGATCCGAAAAG 

 

znuB reverse; 

paired with 

oGSU425 at 

61.1°C 

annealing; 91.5% 

efficient at 10 

µM 

oGSU423 GCAACCGAGACCATTCTGACAG 

 

znuC-B 

intergenic region 

forward; paired 

with oGSU424 at 

64.3°C annealing 

oGSU424 GCAGGTCGTAGAGGTTCATGGTG 

 

znuC-B 

intergenic region 

reverse; paired 

with oGSU423 at 

64.3°C annealing 

oGSU427 ATCCTCTGTTGCAGCGT 

 

znuB-A 

intergenic region 
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forward; paired 

with oGSU428 at 

55.7°C annealing 

oGSU428 GCCTGTTTGTTCAAGCG 

 

znuB-A 

intergenic region 

reverse; paired 

with oGSU427 at 

55.7°C annealing 
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IX. Sodium Dodecyl Sulfate (SDS)-PAGE and Western Blotting  

Cultures of N. gonorrhoeae were standardized to 100 klett units (KU) per mL of cells and 

pelleted by centrifugation. Pellets were resuspended in 2x Laemmli sample buffer (BIORAD) 

containing 0.7 M 2-Mercaptoethanol to make whole cell lysates. Whole cell lysates were boiled 

for 2 minutes and briefly centrifuged before being loaded into a 4–20% Mini-PROTEAN® TGX™ 

Precast Protein gel (BIORAD). Gels were run at 135 V for 72 minutes in Laemmli running Buffer 

(25 mM Tris, 192 mM Glycine, 3.47 mM SDS, pH 8.3). Protein was transferred to a nitrocellulose 

membrane (Amersham™ Protran®) in transfer buffer (20 mM Tris, 150 mM Glycine, 0.2% v/v 

Methanol) overnight at 28 mA. Membranes were ponceau stained, blocked with 5% bovine 

serum albumin (BSA) in high-salt tris buffer saline (TBS) containing Tween20 (20 mM Tris, 500 

mM NaCl, 0.1% Tween20, pH 7.5), and probed with guinea pig anti-ZnuA (project 4166, guinea 

pig #7, diluted 1:1000 in blocker) (generated by Stavros Maurakis of the Cornelissen lab at 

Virginia Commonwealth University), guinea pig anti-Ngo1049 (supplied by Ian Liyayi of the Criss 

lab at the University of Virginia), or rabbit anti-TbpB (project NC161-4, diluted 1:2500 in 

blocker)(231). Blots were washed three-times with high-salt TBS containing 0.1% Tween20 

before probing with anti-guinea pig or anti-rabbit antibody conjugated to alkaline phosphatase 

(AP) and diluted 1:5000 in blocker. Blots were developed with Pierce 1-Step™ NBT/BCIP 

Substrate Solution (Thermo Scientific) for 5 minutes before being rinsed with water. Blots were 

dried overnight and imaged.  
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X. Zur and MntX Protein Structure Modeling and Sequence Alignment 

The homology models of Zur and MntX from strain FA1090 were generated based on 

the open-source software plugin, ColabFold (v. 1.3.0) through the USCF ChimeraX (v. 

1.7rc202311302110) platform. The ColabFold: AlphaFold2 using MMseqs notebook was utilized 

to run AlphaFold. The algorithm employs the predicted Local Distance Difference Test (pLDDT) 

to rank the five structural models produced, and PYMOL was used for visualization. All Zur 

sequences used for sequence alignments are listed in Table 3.  
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Table 3. Zur Protein Sequences Used in this Study 

Zur protein sequences 

Species Accession No. or Reference 

Neisseria gonorrhoeae (232) 

Vibrio cholerae BER93739.1 

Bacillus subtilis WP_134991307.1 

Mycobacterium tuberculosis ALB19554.1 

Yersinia pestis TQD67718.1 

Pseudomonas aeruginosa QPV54142.1 

Acinetobacter baumannii SUU48413.1 

Corynebacterium diphtheriae WJY87927.1 

Xanthomonas campestris AAU06119.1 

Escherichia coli CAD6022841.1 

Neisseria meningitidis EJU79121.1 
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XI. Phylogenetic Tree Analysis of Zinc-dependent Regulators  

The phylogenetic trees of characterized Zur and manganese- or peroxide-related 

regulators were generated from the sequences in Table 3.  

The phylogenetic tree was generated using the Jukes-Cantor genetic distance model by the 

neighbor-joining tree building method with no outgroup. Pairwise distances were obtained 

from the multiple sequence alignment. The bootstrap resampling method with random seed of 

304,621 and 100 replicates was utilized to create a consensus tree with a support threshold of 

50% 

XII. Zur Protein Expression and Purification 

To express the His-tagged gonococcal Zur protein, BL21 E. coli containing pGSU061 was 

grown in LB containing 100 µg/mL carbenicillin overnight at 28°C with shaking at 225 rpm. The 

overnight culture was diluted 1:200 in Terrific Broth (TB) (24 g/L yeast extract, 20 g/L tryptone, 

8 mL/L 50% glycerol) containing 100 µg/mL carbenicillin and incubated at 37°C for 6 hours at 

225 rpm. Expression of the His-tagged Zur protein was then induced by the addition of 0.5 mM 

IPTG, and cultures were incubated at 20°C overnight. Cultures were pelleted by centrifugation 

for 5 minutes at 4°C and stored at -20°C until purification. To purify the His-tagged Zur protein, 

cell pellets from 200 mL expression culture was resuspended in 5 mL/g cold Lysis Buffer (50 mM 

Tris pH 8, 200 mM NaCl, 0.1 µL/mL (100 U/mL) nuclease, 100 µg/mL AEBSF). Cells were 

incubated in lysis buffer overnight at 4°C with stirring before being subject to three passages 

through a high-pressure homogenizer (Avestin Emulsiflex) at 17,500 psi. Cell debris was 

removed by centrifugation at 4°C, and His-tagged Zur was column-purified from the 
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supernatant by Fast Protein Liquid Chromatography (FPLC) (ÄKTA Go™). Washes were 

completed by passing 60 column volumes of 5% wash buffer (50 mM Tris, 200 mM NaCl, pH 8) 

over the column. Zur was eluted in 1 mL fractions with gradient elution buffer (50 mM Tris pH 

8, 200 mM NaCl, 1 M Imidazole) where the imidazole percentage increased 1% to 100% over 10 

column volumes. Fractions containing purified Zur were dialyzed into 10 mM Tris, 50 mM KCl, 

pH 8.3 overnight at 4°C with stirring to reduce the imidazole concentration. Reducing agent (i.e. 

1 mM Dithiothreitol (DTT) or 2 mM TCEP) was added to the Zur protein just prior to use.  

XIII. ICP Measurement of Metal Internalization 

For ICP analysis of internal manganese levels, N. gonorrhoeae strains FA1090 and FA19 

were incubated on GCB agar at 36°C with 5% CO2 for 14-16 hours. Single, non-piliated colonies 

were then passaged onto GCB agar containing 7 µM Ethylenediaminetetraacetic Acid (EDTA) 

and incubated for 14-16 hours. Single, non-piliated colonies were used to inoculate 15 mL CDM 

to an OD600 between 0.08-0.1 for each strain. Cultures were allowed to grow to early log phase 

at which point 10 mL culture was removed from each flask and divided evenly into 2 flasks. One 

of the two flasks contained 5 mL CDM only for the manganese-deplete condition and the other 

flask contained 5 mL CDM supplemented with 40 µM Mn so that the addition of 5 mL culture 

would dilute the manganese to a final concentration of 20 µM. The resulting cultures were 

allowed to grow to late log phase for 2-3 hours. Cultures were then pelleted by centrifugation 

at room temperature and washed with 40 mL of 20 mM Chelex-treated 2-[4-(2-hydroxyethyl) 

piperazin-1-yl] ethanesulfonic acid (HEPES) pH 7.4. Pellets were sent to the CAIS Plasma 

Chemistry Laboratory at the University of Georgia for Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) to measure internal manganese, iron, copper, and zinc concentrations. 
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Metal concentrations were reported as micrograms of metal per kilogram (µg/kg) or parts per 

billion (ppb).   

XIV. Growth of N. gonorrhoeae at Increasing Manganese 

Concentrations 

N. gonorrhoeae strains FA1090, FA19, the isogenic Zur- mutants (MCV963 and MCV964), 

the ZnuA- mutant in the FA19 genetic background (MCV951), and the mntX complement in the 

FA19 background (RSC201) were plated onto GCB agar containing 25 µM ZnSO4 and incubated 

overnight under routine maintenance conditions. Addition of ZnSO4 was required for growth of 

the ZnuA- mutant and was therefore included in agar plates for all strains. Strains were 

passaged onto 25 µM ZnSO4-GCB plates and used to inoculate CDM to an OD600 of 0.02 in a 96-

well flat bottom polystyrene non-pyrogenic plates (233). CDM contained 7.5 µM 30% iron-

saturated human TF (sigma), 25 µM ZnSO4, 5 mM D-mannitol, Kellogg’s supplement 1, 

phosphate buffer saline. For the excess manganese condition, 15 µM or 25 µM MnCl2 was 

added to the supplemented CDM. RSC201 was grown similarly but in the presence or absence 

of 1 mM IPTG. Cultures were incubated in the Agilent BioTek BioSpa 8 Automated Incubator for 

24 hours with OD600 measurements collected by the BioTek Cytation 5 Cell Imaging Multimode 

Reader (Cytation5) every 30 minutes. At each time-point, the Cytation5 mixed cultures at 225 

rpm for 30 seconds. Data was analyzed by plotting OD600 over time.  
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CHAPTER 3: ACCLIMATION TO NUTRITIONAL IMMUNITY 

AND METAL INTOXICATION REQUIRES ZINC, 

MANGANESE, AND COPPER HOMEOSTASIS IN THE 

PATHOGENIC NEISSERIAE 

I. Abstract  

Neisseria gonorrhoeae and Neisseria meningitidis are human-specific pathogens in the 

Neisseriaceae family that can cause devastating diseases. Although both species inhabit 

mucosal surfaces, they cause dramatically different diseases. Despite this, they have evolved 

similar mechanisms to survive and thrive in a metal-restricted host. The human host restricts, 

or overloads, the bacterial metal nutrient supply within host cell niches to limit pathogenesis 

and disease progression. Thus, the pathogenic Neisseria require appropriate metal homeostasis 

mechanisms to acclimate to such a hostile and ever-changing host environment. This review 

discusses the mechanisms by which the host allocates and alters zinc, manganese, and copper 

levels and the ability of the pathogenic Neisseria to sense and respond to such alterations. This 

review will also discuss integrated metal homeostasis in N. gonorrhoeae and the significance of 

investigating metal interplay. 
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II. Introduction - Pathogenic Neisseriae Cause Devastating yet Distinct 

Diseases to the Same Host 

Neisseria gonorrhoeae and Neisseria meningitidis are human-specific pathogens of 

significant public health concern. Despite high DNA and amino acid sequence identity, N. 

gonorrhoeae and N. meningitidis cause significantly different diseases (27, 234).  

N. gonorrhoeae is the causative agent of the second most common reportable infectious 

disease in the United States, gonorrhea, and predominantly colonizes the genital mucosal 

epithelium and oropharynx (235). Symptomatic gonococcal infection presents as urethritis, 

cervicitis, salpingitis, pharyngitis or conjunctivitis (235).  However, gonorrhea can present 

asymptomatically as well. Asymptomatic infection in women is of great concern as it enables 

the pathogen to ascend to the upper reproductive tract, where it can cause pelvic inflammatory 

disease. Pelvic inflammatory disease can lead to ectopic pregnancy, scarring, infertility, and 

chronic pelvic pain. In 2018, the incidence of gonococcal disease was 179.1 cases per 100,000, 

correlating with a total of 583,404 reported cases in the United States (235).  

N. meningitidis can inhabit the nasopharynx without eliciting symptoms; this carrier 

state can be found in 5-10% of the US population (236). The carrier state can transition to 

symptomatic disseminated infection, sometimes referred to as invasive meningococcal disease 

(IMD), which is characterized by nausea, vomiting, rash, stiffness of neck, fever, and diarrhea 

(236). While the incidence of meningococcal disease has decreased dramatically from ~1.50 per 

100,000 in 1980 to ~0.2 per 100,000 in 2018, IMD remains a severe threat to infants. Incidence 

of IMD in children younger than 1 year has averaged around 1.20 per 100,000 in the past 10 
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years (237). About 12% of infections result in death, and some survivors experience permanent 

brain damage, loss of limbs or hearing loss (237, 238).  

While the pathogenic Neisseriae pose a direct threat to human health, they also represent a 

substantial economic burden in the United States. In 2018, gonorrhea infections resulted in an 

estimated $85 million in direct medical costs in the United States (239). The estimated total 

cost of the response to an IMD outbreak at the University of Oregon Hospital (7 cases) and the 

Oregon State University Hospitals (6 cases) was $12.3 million (238).   

During neisserial infection, the host limits bacterial proliferation by modulating metal 

availability through two related mechanisms: nutritional immunity and metal intoxication. 

Nutritional immunity is characterized by host sequestration of free metals from the bacterial 

nutrient supply, limiting metals required for enzymatic and metabolic functions (240). Metal 

intoxication is the process by which the host overloads pathogens with toxic metal 

concentrations (241). Metal overload in bacteria contributes to reactive oxygen species (ROS) 

and reactive nitrogen species (RNS) cycling (242), protein mismetallation (243), and subsequent 

stalling of respiration (244). Pathogenic bacteria have evolved mechanisms to access restricted 

metals as well as limit metal overload.  

Metal availability within a biological niche dictates pathogen survival and the extent of 

pathogenesis. Although causing distinct disease presentations, pathogenic Neisseria share 

many mechanisms of responding to metal scarcity and overload to ensure survival and maintain 

virulence. This review aims to provide an overview of the neisserial response to nutritional 

immunity and metal intoxication with respect to zinc, manganese, and copper.  
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III. Zinc, Manganese, and Copper are Allocated to Specific Host Niches 

Transition metals, such as zinc, manganese, and copper, are essential to many host 

processes, including oxidative stress resistance (245-247), cell signaling and metabolism (248), 

immune modulation (249), post-translational modifications (250, 251), and structural 

maintenance and enzymatic processing (247, 251). These metals play similar roles in pathogens 

including Neisseria meningitidis (210, 252, 253) and Escherichia coli (254). 

Zinc within the human body is primarily localized to the bone and skeletal muscle, with 

moderate concentrations found in the kidneys and liver (255). Most zinc, however, is 

metabolically unavailable to the host due to slow zinc turnover with the exception being zinc 

found in the sperm (256). High levels of zinc- binding metallothioneins (257), which maintain 

zinc and copper homeostasis and limit heavy toxicity in host cells (258), can be found in male 

secretions (259). It is feasible that zinc-binding metallothioneins help create a zinc limited 

environment for the gonococcus during male urethral infection. The majority of zinc within the 

host is not easily accessible to pathogens due to a limited pool of labile zinc (260), which can be 

further restricted during infection by production of CP and other S100 proteins that act to 

sequester free zinc away from the pathogen (178). CP makes up 45% of the protein content in 

neutrophils (261) and is released following neutrophil death (262) and Neutrophil Extracellular 

Trap (NET) formation (263). Zinc sequestering protein, S100A7, is enriched in lower genital tract 

epithelial cells (264). In the case of mucosal infection by N. gonorrhoeae, a robust Th17 

response results in the influx of neutrophils (84). Thus, S100A7 and CP, which has been released 

by neutrophils, create a zinc limited environment for N. gonorrhoeae (265). The remaining zinc 

dispersed among the reproductive (256) and immune systems (260).  
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Within the human host, manganese exists as Mn2+ and Mn3+  (266). Mn2+ is found in the blood 

bound to albumin, ß-globulin, bicarbonate, and citrate, and in the cytosolic content of 

neutrophils bound to CP (265, 266). Within the cell, Mn2+ is found at the highest concentrations 

in the endoplasmic reticulum and mitochondria, where it plays an antioxidant role through Mn-

dependent superoxide dismutase (MnSOD) (247, 267). In neurons, Mn2+ is required for signal 

transduction and enzymatic function (251, 268). Excess Mn2+ accumulates in the liver, kidneys, 

bone, and pancreas, with higher levels bound to regulatory proteins in the brain and 

cerebrospinal fluid. Mn3+ can be bound to TF, which transports Mn3+ to neuronal cells in a 

mechanism similar to Fe3+ transport (268, 269). Many Gram-negative pathogens utilize Mn2+ 

(e.g. Acinetobacter baumanii, Salmonella enterica, E. coli, Helicobacter pylori, and N. 

gonorrhoeae), in the face of nutritional immunity, for oxidative stress resistance and 

metabolism (209, 270-274). During gonococcal infection of macrophages, the manganese 

transport protein Natural resistance-associated macrophage protein 1 (NRAMP1) (275), is 

upregulated on the phagosomal membrane (276, 277). NRAMP1 shuttles manganese from the 

phagosomal compartment to the cell cytosol to restrict pathogen access to manganese. 

Consequently N. gonorrhoeae may experience manganese limitation in the endolysosomal 

compartment following phagocytosis by macrophages (278).  

Copper is found primarily in the liver and plasma in free and ceruloplasmin-bound forms 

(279). Ceruloplasmin facilitates copper transport through the vasculature and possesses the 

ferroxidase activity necessary for the oxidation of Fe2+ to Fe3+ and subsequent iron loading of TF 

(280, 281). Ceruloplasmin is also transported to the urinary tract during human infection (280). 

Thus, N. gonorrhoeae may experience ceruloplasmin-dependent copper limitation in addition 
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to S100 protein-dependent zinc limitation at the mucosal surface. Copper can also be found 

within the cytosol of neutrophils, which are recruited to the gonococcal infection site (282, 

283), following import by CTR1 on the neutrophil membrane (284, 285).  

IV. Metal Acquisition by the Pathogenic Neisseriae in Metal-restricted 

Niches Requires Highly Specific Metal Import   

Metal import poses a particular challenge to Gram-negative bacteria, as it requires 

transport across a two-component cell wall. Outer membrane transport utilizes the proton 

motive force and requires energy transduction, via the Ton system, from the cytoplasmic 

membrane. Scarce metals (i.e., zinc, manganese, and copper) are transported into the 

cytoplasm in an ATP-driven mechanism and is often tightly regulated to avoid metal overload, 

protein mismetallation, and oxidative stress. Highly specific metal transport is required in a host 

that uses metal sequestration to restrict microbial growth and pathogenesis. 

In the human host, which allocates metals to specific niches, the pathogenic Neisseria, N. 

gonorrhoeae and N. meningitidis, have evolved mechanisms to acquire zinc, manganese, and 

copper in specific environments. Gonococcal TdfH  and TdfJ are zinc-specific TonB-dependent 

transporters that pirate zinc from CP (198) and S100A7 (179), respectively, to transport that 

zinc across the outer membrane to the periplasm (Figure 4).  
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Figure 4. Neisseria gonorrhoeae and Neisseria meningitidis Experience Host-driven Nutritional Immunity and 
Metal Intoxication. 

The host exerts nutritional immunity on the pathogenic Neisseriae by exposing the bacteria to 

calprotectin and S100A7. Calprotectin sequesters both zinc (Zn) and manganese (Mn) from the extracellular 

environment to limit Zn and Mn availability. N. gonorrhoeae in turn expresses TdfH, which has been shown to 

strip Zn from calprotectin and subsequently import the ion. TdfH is able bind Mn-loaded calprotectin suggesting 

a role for Mn import across the outer membrane. TdfH is referred to as CbpA in N. meningitidis. S100A7 also 

sequesters Zn from the extracellular environment. Gonococcal TdfJ binds S100A7 to pirate and import the Zn 

payload. Lipooligosaccharide (LOS) is shown in the outer membrane for reference. Once in the periplasm, Zn 

and Mn are chaperoned by the periplasmic binding protein, ZnuA (MntC) to the permease in the cytoplasmic 

membrane, ZnuB (MntB). Transport across the cytoplasmic membrane is energized by the ATPase, ZnuC 

(MntA). The host also exerts metal intoxication, specifically copper (Cu) intoxication on N. gonorrhoeae and Mn 

intoxication in N. meningitidis through unknown mechanisms. In response, these efflux proteins export excess 

cytoplasmic Cu or Mn from to the periplasmic space. 
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Gonococcal TdfH binds CP through a high-affinity bimodal interaction. TdfH interacts with a 

tetramer of CP, which itself is a heterodimer of S100A8 and S100A9 (286). Interestingly, 

gonococcal growth when CP is the sole zinc source requires the presence of zinc in site 1 of CP, 

the preferred zinc utilization site by gonococcal TdfH. Mutant CP unable to bind zinc at site 2 

fully supports gonococcal growth (198). The cryoEM structure of the CP:TdfH complex has been 

determined by Bera et al. (286). Since site 1 of CP is capable of binding both zinc and 

manganese (287) and gonococcal TdfH is able to bind manganese-loaded CP (286), it is feasible 

that TdfH may also be a manganese importer. The meningococcal TdfH homolog was renamed 

CP-binding protein A (CbpA); this protein has been shown to bind to zinc- or manganese-loaded 

CP (Table 4) with higher affinity than it does to unloaded CP, demonstrating a preference for 

metalated CP over the apo form (Figure 4) (288). Gonococcal TdfJ was shown to bind S100A7 

with high specificity and to use the human protein as a zinc source (179). Similarly, the 

meningococcal homolog of TdfJ is a zinc-specific importer required for zinc import during zinc 

limitation(289). 

After crossing the outer membrane, metals must be escorted across the periplasm to 

transporters in the cytoplasmic membrane. Metal chaperoning across the periplasm is often 

accomplished by periplasmic metal-binding proteins (PBP) of the Cluster A-I substrate-binding 

protein family. PBP transport precedes the ATP-dependent transport step through the 

cytoplasmic membrane (290, 291). Precise metal transport across the periplasm is required for 

acclimation to the specific metal environments encountered by Gram-negative pathogens (205, 

292-297). PBPs deliver specific metals to permeases at the cytoplasmic membrane, where an 

ATPase then hydrolyzes ATP to energize metal transport into the cytoplasm.  
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N. gonorrhoeae express a zinc import system encoded by znuCBA  (NGO_0170-_0168) (232) 

where the gene products, ZnuC, -B, and -A, are the ATPase, permease, and PBP, respectively 

(Figure 5 and Table 4). ZnuCBA transports zinc through the periplasm and across the 

cytoplasmic membrane. A znuA mutant was growth deficient in the presence of all 

supplemental metals (i.e. Mg2+, Mn2+, Cu2+, Ni2+,  Fe2+, Fe3+, Ca2+, and Cd2+) except Zn2+, 

demonstrating the specificity of this importer for zinc, over other metals, under these 

conditions (204). Growth only with supplemental zinc suggests that the gonococcus requires 

specific zinc import via ZnuA for cellular processes that cannot be completed with substituting 

metals under these conditions. 

A manganese-specific outer membrane importer has not been identified in pathogenic 

Neisseriae despite the requirement for manganese, rather than zinc, cobalt, or magnesium, to 

resist oxidative killing (209). However, the ability of TdfH to bind to manganese-loaded CP 

suggests the possibility for highly specific manganese import across the outer membrane in the 

pathogenic Neisseriae (Table 4) (286).  

  



ZINC AND MANGANESE HOMEOSTATIS IN GC 63 

 

 

 

Figure 5. The Genome of Neisseria gonorrhoeae and Neisseria meningitidis Encodes the znuCBA/mntABC 
Operon 

The znuCBA operon in N. gonorrhoeae is indicated by the locus numbers NGO_0170, NGO_0169, and NGO_0168. 

The operon is named in order of predicted transcriptional direction. NGO_0170 encodes an ATPase named ZnuC 

which provides energy from zinc (Zn) transport into the cytoplasm. NGO_0169 encodes a permease named ZnuB 

which serves as a channel for transporting Zn through the cytoplasmic membrane. NGO_0160 encodes ZnuA, 

which chaperones Zn from the periplasm and delivers it to ZnuB. A simplified image of the znuCBA gene products 

is depicted. The gene products of the NGO_0170, NGO_0169, and NGO_0168 have been implicated in both Zn 

and manganese (Mn) binding and transport. Thus, znuCBA is also referred to as mntABC in reference to Mn 

transport. znuCBA and mntABC are two different names to identify the same genetic sequence indicated by the 

locus numbers NGO_0170, NGO_0169, and NGO_0168. The znuCBA operon including the intergenic regions in N. 

gonorrhoeae is 92% identical to that in N. meningitidis (Accession number AE002098.2), in which znuCBA is also 

responsible for Zn and Mn import. 

 

 

 

 

https://www.ncbi.nlm.nih.gov/nucleotide/AE002098.2?report=genbank&log$=nucltop&blast_rank=1&RID=659REYK9016
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Table 4. Neisseria gonorrhoeae (Ng) and Neisseria meningitidis (Nm) Express Proteins Which 

are Potentially Involved in Integrated Metal Homeostasis 

Ng protein (Affinity [ligand]) Nm protein Integrated metals Reference 

TdfH (4 nM and 35 µM [CP]) CbpA Zn, Mn  

 

(198, 210, 214, 288) 

TdfJ (40 nM, (S100A7)) ZnuD  Zn, Cu, Fe  (179, 200, 201, 214) 

TbpB (7.4 nM[TF]) TbpB Mn, Fe (298-300) 

ZnuCBA/MntABC (100 ± 8 nM [Mn2+];  

104 ± 5 nM [Zn2+]) 

ZnuCBA/MntABC Zn, Mn (204, 209, 211) 

MntX (nk, [Mn2+]) MntX Mn, Fe (243) 

Zur/PerR (nk, [Mn2+]) Zur Zn, Mn (210, 211, 214) 

nk (not known) indicates the affinity for that ligand is not known 
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 The znuCBA operon is also referred to as mntABC in the context of manganese 

transport through the periplasm and across the cytoplasmic membrane (Table 4). MntA, -B, and 

-C are the ATPase, permease, and PBP, respectively. znuCBA and mntABC are different names 

for the same operon. znuCBA was used to describe the operon when the gene products were 

demonstrated to be involved in zinc import; somewhat confusingly, mntABC was deployed as 

the term to describe the operon when the gene products were involved in manganese import 

(Figure 5). The gene locus is the same for both systems and presumably encodes the proteins 

required for both manganese and zinc import.  

 ZnuA (Figure 5), from N. gonorrhoeae strain FA1090 (232) shares 96% amino acid 

identity with a zinc ABC transport PBP encoded by N. meningitidis. This high sequence similarity 

suggests that N. meningitidis also requires a PBP for zinc and manganese transport through the 

periplasm. A gonococcal mntC mutant imports 500-fold less manganese than the wild type, 

demonstrating a dual metal-binding capacity (209). MntC binds manganese and zinc with nearly 

equal affinity (100 ± 8 nM for Mn2+ and 104 ± 5 nM for Zn2+), suggesting that the gonococcus 

occupies niches during infection that are limited in both metals (204, 205). This import system 

may be required for growth and pathogenesis in N. meningitidis much like it is in N. 

gonorrhoeae.  

Calmettes et al. showed that the meningococcal TdfJ homolog, ZnuD, crystalizes with 

zinc and cadmium at distinct binding sites in the absence of a chelator, suggesting the ability to 

bind both ions in their free form (199). Hecel et al. defined the metal binding specificity of the 

flexible loop responsible for ion capture by ZnuD (200), noting that this flexible loop binds 

copper (Figure 4) with higher affinity and stability than it does zinc and that the loop undergoes 
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a substantial conformational change upon copper binding (200). The ability of ZnuD and likely 

TdfJ to bind copper suggests that this transporter may import copper in addition to zinc (Figure 

4, Table 4). 

 A periplasmic copper chaperone has not yet been identified in the pathogenic 

Neisseriae. However, the ability of ZnuD to bind free copper suggests that copper could be 

imported through the outer membrane to the periplasm and may require a chaperone for 

delivery to the cytoplasmic membrane. 

V. Metal Availability Sensors Regulate Metal Import Genes  

Metal-dependent regulation in bacteria is often accomplished by the ferric uptake 

regulator (3) -family proteins (3). Fur-family metalloregulators include Fur, PerR, Mur, Nur, Zur, 

and Irr, which are responsible for regulating iron uptake, peroxide stress sensing, manganese 

uptake, nickel uptake, zinc uptake, and heme-dependent iron uptake (301). These Fur-family 

regulators are responsible for sensing metal availability within microenvironments inhabited by 

pathogens and subsequently coordinating a transcriptional response.  

Pathogenic Neisseriae express two well-characterized metal dependent regulators: Fur 

and Zur (Zur has also previously been called PerR) (210, 211, 214, 226). In N. gonorrhoeae, Zur 

is hypothesized to repress zinc and manganese import genes in the presence of these metals 

and to de-repress zinc and manganese import genes in the absence of these metals (Table 4) 

(204, 211). Production of gonococcal proteins TdfJ and TdfH is zinc-repressed in a Zur-

depending manner (214). In the context of infection at mucosal surfaces and in neutrophils, N. 

gonorrhoeae requires a zinc sensor, such as Zur, to mount a transcriptional response to CP- and 

S100A7- mediated zinc limitation. Zur de-represses expression of high-affinity metal importers, 
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including znuCBA, tdfJ, and tdfH, so that the gonococcus can effectively and efficiently import 

Zn. Meningococcal Zur specifically binds to the promoter of znuD (PznuD) in the presence of Zn2+, 

but not Ca2+, Co2+, Cu2+, Fe2+, Mg2+, Mn2+, or Ni2+. Zinc-dependent binding of Zur to PznuD is 

abrogated with the addition of a zinc-specific chelator, N,N,N′,N′-tetrakis (2-pyridinylmethyl)-

1,2-ethanediamine (TPEN) (210), suggesting that Zur is responsible for sensing zinc availability 

and coordinating a transcriptional response that allows for zinc acquisition. Microarray and RT-

qPCR analyses also showed zinc-dependent regulation of 11 other genes, including cbpA, 

znuCBA, the high-affinity zinc ABC importer, and genes encoding multiple ribosomal proteins, 

nitrosative stress resistance proteins, and metabolic proteins (210, 288).  

Manganese-dependent regulation by gonococcal Zur (also referred to as PerR) was 

demonstrated by Tseng et al. and Wu et al. (Table 4) (209, 211, 215). Wu et al. established that 

znuCBA (mntABC) is manganese-repressed in a Zur-dependent manner. Manganese has also 

been shown to upregulate many ribosomal proteins, pilus assembly proteins, adhesion 

proteins, outer membrane proteins, the multidrug efflux pump protein channel, MtrE, and 

many metabolic proteins (298). Interestingly, the iron-repressed TF-binding protein A (TbpA) 

and the transport protein ExbB were also manganese-repressed (298, 299). These data suggest 

that gonococcal Zur senses manganese limitation during infection where CP and potentially 

other manganese-binding proteins sequester manganese.  

Copper sensing and regulation in bacteria are often accomplished by CueR, which is 

absent from the gonococcal genome (232, 302). The genome of N. meningitidis encodes a 

putative CueR regulator (accession number MBF1297094.1) that is 47.62% identical to that 

found in E. coli (accession number NP_415020). Although, it has not yet been empirically 
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characterized as a copper-dependent regulator. Neisserial MisR (accession number 

WP_002214312.1), the response regulator of the MisR-MisS two-component regulatory system 

is involved in cationic antimicrobial peptide resistance (181). Interestingly, MisR is 36% identical 

and 58% similar to Pseudomonas aeruginosa CopR, which is involved in regulation of copper 

homeostasis (303).  

 Much work is needed to characterize the ability of pathogenic Neisseriae to sense and 

regulate copper, considering that ceruloplasmin is found in the serum, which is a 

meningococcal infection site (304). Ceruloplasmin concentrations in the cerebrospinal fluid 

(0.8-2.2 µg/mL) are 100-500-fold lower than that in the serum (305). The gonococcus may also 

need to sense copper levels, considering the potential for copper to fluctuate following CTR1 

protein expression within neutrophils.  

VI. Transition Metals are Required for Survival and Virulence  

Bacteria utilize scarce metals for several mechanisms related to survival and virulence, 

such as resistance to reactive oxygen species (ROS) and reactive nitrogen species (RNS), 

metabolism, maintenance of cell structural integrity, and proper protein structure and function.  

Zn contributes to the function of biosynthetic pathways and virulence in N. gonorrhoeae and N. 

meningitidis as a cofactor for enzymes, enabling survival and virulence. For example, in both 

species, biosynthesis of lipid A, a potent immune activator (306, 307), involves a putative zinc-

dependent metalloamidase, UDP-3-O-(R-3- hydroxymyristoyl)-N-acetylglucosamine deacetylase 

(LpxC) (308-310). Lipid A anchors LOS into the bacterial membrane and can activate the 

immune system after its release from the bacterial cell wall during cell death (307). 

Additionally, it can be directly recognized by host Lipid-A binding protein (LPB), which plays a 

https://www.ncbi.nlm.nih.gov/protein/WP_002214312.1?report=genbank&log$=prottop&blast_rank=1&RID=60SMBUSC016
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role in sensing of pathogenic (311) and commensal species (307). Thus, LOS is a key virulence 

factor in N. gonorrhoeae and N. meningitidis. Similarly, the N. meningitidis protein, Ght, a zinc 

binding protein involved in LOS biogenesis, (312) is involved in LOS expression and outer 

membrane integrity (312). These observations implicate zinc in virulence and survival. 

Manganese contributes to oxidative stress resistance in the pathogenic Neisseriae and thus 

contributes to survival during infection at highly oxidative sites (209, 211). Manganese in 

bacteria cycles between the Mn2+ and Mn3+ states during MnSOD processing of reactive oxygen 

species (313). Interestingly, the pathogenic Neisseria do not express a MnSOD and instead use 

manganese directly as an ROS quencher (215). Wu et al. demonstrated a role for gonococcal 

mntC in the oxidative stress response under anaerobic rather than aerobic conditions (314). The 

vagina and cervix are normally oxygen-depleted, making anaerobic gonococcal growth 

conditions highly relevant (315). In vitro, growth of an mntC mutant under anaerobic conditions 

was inhibited by paraquat, an intracellular inducer of ROS, to an extent similar to that of the 

wild type (314). However, the mntC mutant was less competitive than the wild type during in 

vivo infection, which is characterized by both anaerobic and highly oxidative conditions (314). 

Reduced competition by the mntC mutant under anaerobic and oxidative conditions suggests 

that manganese is critical to gonococcal growth within the cervical niche. In contrast to the 

gonococcus, growth of the meningococcus in the presence of manganese does not enhance 

oxidative stress resistance (316). 

N. meningitidis is able to grow on manganese concentrations more than 50-100 times higher 

(>100 mmol/L) than N. gonorrhoeae, which suggest that manganese homeostasis differs 

between these species (209, 316). Despite the non-restorative effect of manganese during 
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oxidative conditions in the meningococcus, manganese is a vital cofactor in biosynthetic 

pathways within the bacterium. Meningococcal sialic acid synthase, NeuB, was shown to 

crystalize best with the addition of manganese, suggesting that this enzyme also requires a 

manganese cofactor (209, 317). NeuB is involved in sialylated capsule formation (317), and the 

sialylated surface of N. meningitidis has been shown to protect the bacterium from 

complement deposition (318) through molecular mimicry of host cell surface proteins (306). 

Due to the potential involvement of manganese in NeuB activity, and consequently capsule 

formation, the metal may play a role in protection from host complement deposition and thus 

in immune evasion. This mechanism of innate immune evasion is particularly useful to the 

pathogen during infection of the vasculature, a niche that is complement is enriched.  

In the pathogenic Neisseria, copper plays a role in resistance to extracellular RNS (215, 319, 

320). N. gonorrhoeae (321) and N. meningitidis (322) possess a surface-exposed lipid-modified 

azurin (294), which is a putative electron donor to peroxidases (215). This biological function is 

particularly relevant to macrophage infection because they are known to increase the 

expression of nitric oxide synthase (98) upon stimulation with LOS (323, 324). N. gonorrhoeae 

can survive in the harsh environment of macrophage phagosomes, potentially through a 

mechanism involving copper-bound Laz (325, 326). Interestingly, the gonococcal genome 

encodes a putative peptidase with a PepSy domain (Accession number WP_003702955.1). This 

peptidase is 34% identical and 51% similar to that produced by P. aeruginosa (NCBI Reference 

Sequence: NP_252478.1). The peptidase in P. aeruginosa has been shown to be copper-

repressed (327). A similar putative peptidase is predicted to be produced by the meningococcus 

(Accession number WP_079889394.1) and is 36% identical and 50% similar to that from P. 

https://www.ncbi.nlm.nih.gov/protein/WP_003702955.1?report=genbank&log$=prottop&blast_rank=1&RID=60RR2RMJ01R
https://www.ncbi.nlm.nih.gov/protein/WP_079889394.1?report=genbank&log$=prottop&blast_rank=1&RID=60S4EMRS013
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aeruginosa. The role of copper in the regulation and function of this peptidase in N. 

gonorrhoeae and N. meningitidis is a potential focus of future investigation.  

VII. The Response to Metal Overload Requires Sensing and Export of 

Intoxicating Metals 

The host applies metal intoxication strategies to limit bacterial growth and survival. 

Metal intoxication is the process by which the host floods the bacterial nutrient supply with 

metals. The consequences of metal intoxication for bacteria include electron transport chain 

(ETC) inhibition, protein mismetallation, and ROS and RNS accumulation (328). To limit these 

consequences, bacteria utilize mechanisms that store or export excess metal and repress metal 

import systems (328). Metal toxicity in N. gonorrhoeae has also been shown in reference to 

Mn2+, Co2+, Ni2+, and Zn2+(243, 329). However, specific responses to overload of each metal 

remain poorly characterized.  

While macrophages have not been shown to exert metal intoxication upon the 

pathogenic Neisseria species, these immune cells have demonstrated the ability to increase the 

concentration of zinc in the cytosol and the phagocytic vacuole via the SLC39A transporters 

(328, 330, 331) suggesting that host-induced zinc toxicity may be relevant to pathogenic 

Neisseria infection. Macrophages have been shown to increase phagosomal zinc concentrations 

to apply metal stress on invading Mycobacterium species (230, 332). In Streptococcus 

pneumoniae, excess zinc competes with manganese for binding to pneumococcal surface 

antigen A (PsaA), resulting in reduced manganese uptake, reduced oxidative stress resistance, 

and reduced resistance to PMN killing (333). In E. coli, high levels of manganese correlate with 
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reduced levels of Fe2+, iron-containing enzymes in the ETC and TCA cycle (iron-sulfur clusters 

and heme-containing enzymes), and consequently, reduced levels of NADH and ATP (254).  

Although not empirically tested in the gonococcus, manganese intoxication has been tested and 

shown to be relevant to meningococcal growth. Excess manganese in N. meningitidis results in 

protein mismetalation and subsequent dysregulation of Fur-regulated genes (Table 4) (243). 

Under excess manganese conditions, the meningococcus expresses mntX, the gene encoding a 

manganese export protein, which is critical to survival under high manganese conditions. MntX 

contains predicted transmembrane domains suggesting that this protein transports manganese 

from the cytoplasm to the periplasm (243). The mntX mutant exhibited a reduced ability to 

survive in the blood of infected mice relative to the wild-type strain (243). Additionally, the 

mntX mutant showed reduced resistance to human serum (243). Taken together, these data 

suggest that the meningococcus senses high manganese during septicemic infection and 

responds by expressing mntX. It is also feasible that the meningococcus requires a manganese 

exporter during infection in the cerebrospinal fluid. The blood and cerebrospinal fluid are body 

sites that are manganese-enriched and may be a hostile environment for a pathogen lacking a 

Mn exporter. Metal toxicity in N. meningitidis has also been shown in reference to Cu2+, Co2+, 

Ni2+, and Zn2+ (329). Conversely, mntX is frameshifted in 66% of sequenced N. gonorrhoeae 

strains. A N. gonorrhoeae strain, which was sensitive to manganese in this way, could be 

rescued through complementation with meningococcal mntX (243). Expression of mntX in 

certain gonococcal strains may enable dissemination to the blood and meninges.  

Copper intoxication is used by the host to limit bacterial infection. For example, copper influx 

into the phagosomal compartment of macrophages results in increased killing of an E. coli 
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strain deficient in a copper efflux protein, CopA, relative to the wild type (334). The gonococcus 

also produces a copper efflux protein, CopA, in the cytoplasmic membrane (242). CopA likely 

transports copper from the cytoplasm to the periplasm. A copA mutant exhibited higher 

concentrations of internal copper and was growth impaired under high copper conditions (242). 

Following copper supplementation, the copA mutant was limited in its ability to associate with 

and invade primary human cervical epithelial cells; it was also less resistant to killing by nitrite 

and S-nitrosoglutathione (GSNO), a nitric oxide generator (242). This data suggests N. 

gonorrhoeae experiences copper overload within cervical epithelial cells. Djoko and McEwan 

showed that high levels of copper increase gonococcal sensitivity to the RNS generator, sodium 

nitrite and suggested that copper-dependent inactivation of hemoproteins involved in 

intracellular RNS detoxification results in RNS-dependent killing of N. gonorrhoeae (244).  

While the concept of nutritional immunity has been thoroughly studied, the concept of metal 

intoxication requires further exploration. Expanded application of this concept to pathogenic 

Neisseriae infection will broaden our understanding of metal homeostasis and its role in 

pathogenesis.  

VIII. Next Steps - Comprehensive Characterization of Nutritional 

Immunity and Metal Intoxication Requires Insight into Integrated 

Metal Homeostasis 

Pathogens possess mechanisms of defense against metal starvation and metal 

intoxication exerted by the host, as these metals play integral roles in metabolism, 

maintenance of cell structural integrity, and ROS and RNS resistance. Metal involvement in 
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these processes is often studied in isolation, meaning only one metal (i.e., zinc, manganese, or 

copper) is considered at a time. However, it is improbable that pathogens encounter a single 

type of metal depletion or stress during infection of a host whose metal allocations and 

concentrations are heterogeneous.  

One of the most thoroughly investigated examples of metal interplay is that between 

manganese and zinc in S. pneumoniae. Cell-associated manganese in wild-type S. pneumoniae is 

substantially reduced in the presence of excess zinc, and zinc depletion of cellular manganese 

could be restored by the addition of excess manganese (335). Under high zinc conditions, zinc 

competes with and inhibits manganese binding to the manganese importer, PsaA, resulting in 

manganese starvation and zinc toxicity (335, 336). Zinc-induced manganese starvation leads to 

increased sensitivity to oxidative stress (336). Another example of metal interplay has been 

investigated in S. enterica Serovar Typhimurium. In this bacterium, mntH  encodes a manganese 

importer that is iron-repressed in a Fur-dependent manner and manganese-repressed in a 

manganese transport repressor (MntR) -dependent manner (337). Kehres et al. hypothesized 

that co-regulation of mntH maintains an equilibrated Mn2+/Fe2+ ratio in Salmonella (337). 

Helicobacter pylori expresses a metal efflux system, CznABC, which interacts with cadmium, 

zinc, and nickel and confers resistance to intoxicating levels of all three metals (338). 

Acinetobacter baumannii, when grown in the presence of CP that is able to simultaneously 

chelate zinc and manganese, exhibits reduced intracellular manganese and zinc but increased 

iron levels (339). In this case, CP treatment not only resulted in altered zinc, manganese, and 

iron homeostasis but also in reduced growth (339). In Klebsiella pneumoniae, the zinc efflux 

protein, ZntA, is responsible for exporting zinc from the cytoplasm (340). The zntA mutant was 
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shown to accumulate more manganese in addition to zinc and less iron than the wild type when 

subject to high zinc conditions, demonstrating integrated zinc, manganese, and iron 

homeostasis in wild type K. pneumoniae (340).     

Pathogenic Neisseriae sense metal concentrations in the environment and respond by 

altering the expression of metal import or export systems and allocating these metals to 

metabolic and biosynthetic processes to allow for survival and virulence. N. gonorrhoeae and N. 

meningitidis are similar pathogens, which respond similarly to metal limitation and overload 

within the same host, despite causing different physiological symptoms. It is unlikely that the 

pathogenic Neisseria experience zinc, manganese, and copper starvation or intoxication in 

isolation from other metals. Interaction with multiple metals by neisserial proteins suggests the 

need for complex and integrated metal homeostasis (Table 4). This is evidenced by the ZnuCBA 

manganese import system in N. gonorrhoeae, which is manganese-regulated in a Zur-

dependent manner but is also responsible for zinc import (Table 4) (204, 209, 211). More work 

needs to be done to characterize Zur metal sensing when zinc and manganese are present 

together. Gonococcal TdfJ is zinc-repressed in a Zur-dependent manner and is iron-induced 

(214). The zinc to iron ratio required for optimal TdfJ expression in the presence of S100A7 

should be addressed in future studies. Gonococcal TbpA is both iron- (182, 299) and 

manganese-repressed (298) (Table 4). TbpA is an iron-repressed (182, 299) TonB-dependent 

transporter that pirates iron from human TFg and transports it across the outer membrane 

(180, 341). Considering that TbpA is also manganese-repressed and that TF can transport 

manganese in a manner similar to iron, it would be interesting to determine whether TbpA can 

pirate manganese from manganese-loaded TF. Additionally, studies regarding the application of 
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this potential manganese transport system to a host niche would be informative. The 

manganese export protein, MntX, in N. meningitis is required for survival under high 

manganese and low iron conditions, and the absence of the gene encoding this system results 

in mis-regulation of iron-regulated genes (Table 4) (243). It would be informative to discern the 

exact manganese to iron ratio required for optimal mntX expression and consequent serum 

resistance in N. meningitidis. In-frame MntX is only present in a subset of gonococcal strains 

(243).  

The evolution of complex metal regulatory and import mechanisms suggests that the 

pathogenic Neisseriae possess a need for multifactorial metal homeostasis. Instances of overlap 

in different metal-related processes imply that the pathogenic Neisseriae may specifically 

require the integration of manganese and iron homeostasis and zinc and copper homeostasis. 

The exact mechanisms of integrated metal homeostasis and the host conditions under which 

they are relevant have not yet been fully deciphered. Further investigation into the complex 

metal environment sensed by the bacteria in the host could broaden our understanding of 

mixed metal homeostasis and the neisserial response to nutritional immunity and metal 

intoxication.  
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CHAPTER 4: STRUCTURAL AND FUNCTIONAL INSIGHTS 

INTO THE MECHANISM OF ZINC-DEPENDENT 

REGULATION BY THE ZINC UPTAKE REGULATOR (ZUR) IN 

NEISSERIA GONORRHOEAE 

I. Introduction 

Neisseria gonorrhoeae is the etiological agent of the sexually transmitted infection 

gonorrhea, an infection that impacted nearly 650,000 individuals in the Unites States alone in 

2022. In 2020, the World Health Organization (WHO) estimated over 80 million new cases of 

gonorrhea world-wide. Not only does gonorrhea impose a significant epidemiologic burden, but 

it also imposes a significant financial burden. Gonorrhea is estimated to cost Americans ages 

15-39 over $200 million in their lifetime (239, 342, 343). Infection by N. gonorrhoeae causes 

cervicitis in women and urethritis in men. If left untreated, the gonococcal infection can ascend 

to the upper reproductive tract causing massive inflammation in the fallopian tubes (salpingitis) 

and epididymis (epididymitis). Sequelae of disseminated infection in women is ectopic 

pregnancy and pelvic inflammatory disease. Further dissemination to the blood stream can lead 

to septic arthritis, skin rashes, and in rare cases endocarditis and meningitis. However, 

infections in females are often asymptomatic, leading to increased probability of sequalae. 

Because of the increased probability of sequelae in women, gonorrhea is expected to cost 

women three times as much in direct medical costs as men (342).  
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The current recommended treatment for gonococcal infection is a single intramuscular dose of 

ceftriaxone. The limited number of recommended antimicrobial treatments is the direct result 

of increased antimicrobial resistance in the gonococcus. Because the gonococcus so readily 

acquires and maintains antimicrobial resistance determinants, we are in urgent need of an 

effective vaccine. Unfortunately, vaccine efforts have been thwarted by high-frequency phase 

and antigenic variation of surface exposed vaccine targets. Surface exposed proteins that are 

conserved, like reduction modifiable protein (Rmp) and porin, are poor vaccine candidates 

because the immune response is non-productive and exacerbates infection. Thus, we are in 

urgent need of vaccine targets that are expressed in the multitude of gonococcal isolates, not 

subject to high-frequency variation, required for infection, and generate a protective immune 

response. The well-conserved TonB-dependent (Tdt) and ABC transporters produced by N. 

gonorrhoeae are promising targets because they meet many of these requirements. Disrupting 

these metal acquisition systems is a promising strategy for generating novel prophylactic 

treatments and vaccine-induced immunity. An immune response that could render these metal 

transport systems non-functional could starve and kill the pathogen. This starve and kill concept 

has also been demonstrated in the case of the Tdt TbpA where mutated TbpA is unable to bind 

the iron source TF thus killing N. gonorrhoeae in the absence of another iron source (344). 

Disruption of the function of the Tdts, TdfH and TdfJ, through mutagenesis prevents zinc uptake 

from the host zinc sources CP and PS respectively and kills N. gonorrhoeae when no other zinc 

source is supplied (179, 198, 201). Additionally, utilization of psorasin via TdfJ is dependent 

upon the high-affinity zinc transporter ZnuA. ZnuA is encoded by the znuCBA locus where znuC 

encodes an ATPase, znuB encodes the transmembrane protein and znuA encodes the 
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periplasmic binding protein. Survival at the site of infection likely requires TdfJ and ZnuA, 

making these proteins promising targets for novel therapeutic and vaccine developments. The 

genes encoding TdfJ and ZnuA are zinc-repressed by the zinc-uptake regulator, Zur (202, 214, 

226).  

In N. gonorrhoeae, ZnuABC has also been characterized as a manganese transporter that 

is manganese-regulated by Zur (205, 209, 211). As such, ZnuABC has been named MntCBA. 

These names have been used interchangeably to describe the same set of proteins encoded by 

the same genes. Unfortunately, when the transporter was characterized regarding manganese, 

the name order was reversed. Consequently, the gene with locus tag NGO0168 has been name 

znuA and mntC. Gene with locus tag NGO0169 has been named znuB and mntB, and gene with 

locus tag NGO170 was named znuC and mntA. For clarity and simplicity, hereon, the locus and 

encoded proteins will be referred to as znuCBA and ZnuABC respectively.  

Many Zur proteins have been characterized in other bacteria such as Bacillus subtilis, 

Xanthamonas campestris, Neisseria meningitidis, and Salmonella enterica. In B. subtilis, Zur 

binding to various levels of zinc results in conformational changes in the protein that result in 

an active, partially active or inactive form of Zur (345). Additionally in B. subtilis, the ability of 

Zur to repress gene expression is relative to the specific DNA sequence upstream of each gene. 

For example, Zur dependent repression of znuA requires more zinc than that of zinT. In X. 

campestris, zinc binds up to 4 binding sites on the Zur dimer. Zinc binding at two of these sites 

is required for structural maintenance, while binding at the other two regulatory sites results in 

a change in Zur to the active conformation (346). The Zur regulon and partial mechanism have 

been characterized in N. meningitidis. In N. meningitidis, Zur (NmZur) regulates genes encoding 
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the zinc transporters such as ZnuABC and ZnuD, which is homologous to gonococcal TdfJ. 

NmZur was shown to regulate these genes based on specific sequences within the promoter 

region termed Zur boxes. Mutation of the 3’ inverse repeat of the Zur box upstream of znuD 

resulted in reduced Zur binding to the promoter. Interestingly, in S. enterica, the zur and znuC 

mutants demonstrated a survival disadvantage relative to the wild type in a mouse model of 

infection (347), suggesting that Zur-dependent regulation and zinc acquisition may be critical to 

infection in S. enterica.  

The exact mechanism of both zinc and manganese-dependent gene regulation by N. 

gonorrhoeae Zur (NgZur) has not been fully characterized in N. gonorrhoeae. We tested the 

hypothesis that genes encoding ZnuABC are Zur-repressed in a zinc- and manganese-dependent 

manner and that regulation requires certain structural and functional Zur features to occur. 

Data acquired through Zur structure modeling, phylogenetic analysis, RNA-sequencing, and RT-

qPCR suggest that Zur is a zinc-specific global regulator in strain FA1090. Identifying the metal-

dependent mechanism through which Zur regulates the zinc importer, ZnuA, and other Zur-

regulated genes is critical to evaluating their potential as possible therapeutic targets.  
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II. Results  

A. N. gonorrhoeae Zur Resembles Other Zinc-dependent Regulators but is 

Phylogenetically Distinct 

To identify the amino acids involved in gonococcal Zur (NgZur) regulation, the NgZur 

sequence was aligned with those of Zur proteins which have been previously characterized in 

other bacteria (Figure 6). Fur family regulators like NgZur share a similar structure that is 

composed of an N-terminal DNA binding domain (DBD) and a C-terminal dimerization domain 

(DD) linked by a flexible hinge region containing the ligand binding domain (LBD) (Figure 6A). 

NgZur contains two predicted zinc coordination sites, a CXXC motif-containing site (CXXC site) 

and a histidine, cysteine, and glutamic acid-containing site (HCHE site) both of which are 

located in the ligand binding domain (LBD) (Figure 6A and 6B). These zinc binding sites have 

been shown to be critical to the structure and regulatory function of XcZur respectively where 

the CXXC site is required for Zur structural maintenance and the HCHE site is involved in 

differential gene regulation (346). Thus, structural maintenance and regulatory function of 

NgZur likely requires zinc coordination at these sites as well. Additionally, NgZur contains an 

arginine residue at amino acid position 24 (R24) (Figure 6A) located in the DNA-binding domain 

(DBD) which has been shown to be crucial for DNA binding in XcZur and is conserved across all 

analyzed Zur protein sequences (346). Predicted alpha helix 5 (H5) and β strand 5 (B5) contain 

highly-conserved, nonpolar and hydrophobic residues (i.e. V, A, L, I) (Figure 6B). These 

hydrophobic residues are likely involved in protein dimerization (348), and have been 

crystalized in X. campestris (346). Interestingly, NgZur and NmZur contain a unique DECH-rich 
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region from amino acid position 90-102 (Figure 6B). A similar HDH metal-binding motif has been 

identified in gonococcal ZnuA, suggesting that this region plays a role in metal-binding that is 

unique in the Neisseriae (204). Like other Fur family regulators, NgZur is predicted to form a 

dimer made up of 6 alpha helices and 4 β sheets per monomer (Figure 7). The predicted tertiary 

structure of NgZur resembles a clamp shape similar to E. coli Zur (EcZur) (349) and XcZur (346). 
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Figure 6. N. gonorrhoeae Zur Resembles Other Zinc-dependent Regulators 

The general structure of Fur-family regulators is given with symbols indicating predicted functional elements of 

the protein (A). The multi-sequence alignment of NgZur with other characterized Zur proteins was generated 

using Clustal Omega and imported into ESpirit 3.0 for visualization. The NgZur sequence from strain FA1090 was 

imported into Jpred 4 to generate a predicted secondary structure which is overlayed the sequence alignment.  

:, highly conserved DNA-binding residue, upside down carrot, HCHE regulatory zinc-binding; and *, CXXC motif-

containing structural zinc-binding site. The critical residues in the dimerization domain are predicted to be in 

alpha helix 5 (H5) and β strand 5 (B5). Red filled boxes indicates identical residues. Red text indicates similar 

residues, and blue open boxes indicate groups of similar residues. 
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Figure 7. N. gonorrhoeae Zur is Phylogenetically Distinct from Other Characterized Zur Proteins 

The homology model of gonococcal Zur from strain FA1090 was generated using the ColabFold: AlphaFold2 platform. The 

predicted structure of the monomer (A) and the dimer (B) is shown. The phylogenetic tree of characterized Zur proteins 

(C) was generated by multi-sequence alignment using Clustal Omega. The multi-sequence alignment was used to generate 

the phylogenetic tree with the RAxML, GAMMA WAG protein model and 1,000 bootstrap replicates. 

 

 

 

Figure 7. N. gonorrhoeae Zur resembles other zinc-dependent regulators. 

The multi-sequence alignment of NgZur with other characterized Zur proteins was generated using 

Clustal Omega and imported into ESpirit 3.0 for visualization (A). The NgZur sequence from strain 

FA1090 was imported into Jpred 4 to generate a predicted secondary structure which is overlayed the 
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Phylogenetic analysis revealed that NgZur and NmZur are distantly related to other 

characterized Zur proteins possibly due to the DECH-rich region and variation in the N- and C-

termi of the proteins (Figure 7C). The phylogenetic distance based on sequence differences 

suggests that the role of Zur in the Neisseriae may be different from that in other bacteria. 

B. RNA-sequencing and RT-qPCR Analyses Suggest that Zur is Not Zinc- regulated 

To characterize metal-dependent regulation of zur, wild-type N. gonorrhoeae and the 

Zur- mutant (MCV964) were grown in the presence or absence of zinc, and RNA was isolated for 

RNA-sequencing and RT-qPCR. The RNA-sequencing analysis showed that the Zur regulon 

includes genes that are both zinc-repressed and zinc-induced (Table 5). While transcription of 

gonococcal fur is repressed by the Fur metal cofactor, iron, (207), the data presented here 

suggests that zur is regulated differently in that the gene is not zinc-repressed (Table 5). This 

data correlates well with the absence of a clear Zur box upstream of the zur gene. RNA-

sequencing analysis was confirmed by RT-qPCR and showed no significant change in zur 

expression in the presence or absence of zinc (Figure 8A).  
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Table 5. RNA-sequencing and RT-qPCR Analysis of Zinc-dependent 

Gene Identifier L2FC (WT Zn vs. TPEN) 

Locus Tag Gene name  RNA-seq RT-qPCR 

NGO0168 znuA -4.96 -4.71 

NGO0169 znuB -1.96 -1.11 

NGO0170 znuC -2.04 -1.94 

NGO0542 zur ns ns 

NGO1049  ngo1049 -4.13 -4.76 

NGO1442 adhP  3.42 2.08 

NGO1496 tbpB  ns ns 

ns (not significant) indicates no statistical difference in expression under those conditions 

where significance is indicated by  Padj  < 0.05 (RNA-seq) or P < 0.05 (RT-qPCR)  
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Figure 8. The Gene Encoding the Zinc Uptake Regulator (Zur) is Not Zinc Regulated. 

Wild type N. gonorrhoeae (FA1090) and the isogenic zur mutant were grown in Chelex-treated defined media 

(CDM) in the presence of zinc (Zn) or N,N,N′,N′-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine (TPEN) until late 

log phase at which point, cells were pelleted and lysed for RNA isolation. Complementary DNA (cDNA) was 

made from DNAase-treated RNA and used for RT-qPCR. Expression was calculating using the 2ΔCT method, 

normalized to reduction modifiable protein (rmpM). Expression was calculated relative to the WT Zn condition. 

Depicted is expression data for zur (A), adhP (B), and tbpB (C). Statistical significance was calculated from the 

averages of three independent growth experiments using a Student’s T test (ns, not significant *, P < 0.05,  

**, P < 0.005). 
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This lack of zinc-dependent regulation of zur may allow for constitutive expression of zur so that 

the protein can regulate genes involved in critical processes such as metabolism. Such a gene is 

alcohol dehydrogenase P, adhP, which was highly zinc-induced in a Zur-dependent manner 

(Figure 8B). As expected, tbpB was neither Zur- nor zinc-regulated and was used as a negative 

control.  

C. Transcriptional Regulation of znuCBA is Both Zinc- and Zur-dependent.  

After identifying the protein sequences and gene regulation patterns that result in Zur 

production and function, we aimed to characterize Zur-dependent regulation of the genes 

encoding the high affinity metal transporter, ZnuABC. ZnuABC is a zinc ABC transporter that has 

been shown to be Zur-repressed in a zinc-dependent manner in N. meningitidis (210). Thus, the 

genes encoding this system were expected to be similarly regulated in the closely related 

pathogen, N. gonorrhoeae. After growing the wild-type and Zur- mutant in the presence or 

absence of zinc, the RNA-sequencing and RT-qPCR data showed that the genes encoding this 

system, znuC, znuB, and znuA are significantly repressed in the presence of zinc in a Zur-

dependent manner (Table 5, Figure 8).  
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Figure 9. Transcriptional Regulation of znuCBA is Zur-dependent 

Wild type N. gonorrhoeae strain FA1090 and the isogenic zur mutant were grown in Chelex-

treated defined media (CDM) in the presence of zinc (Zn) or N,N,N′,N′-tetrakis (2-

pyridinylmethyl)-1,2-ethanediamine (TPEN). Cultures were grown to late log phase then 

harvested for RNA isolation and western blot analysis. Complementary DNA was synthesized 

from DNA-treated RNA and used for RT-qPCR. Expression was calculated relative to the WT 

Zn condition. Depicted is expression data for znuC (A), znuB (B), znuA (C), and ngo1049 (D). 

Statistical significance was calculated from the averages of three independent growth 

experiments using a Student’s T test (ns, not significant *, P < 0.05, **, P < 0.005). The 

Western blot image shows protein expression of ZnuA (top panel) Ngo1049 (middle panel) 

and TbpB (bottom panel) in the presence of zinc (+) or TPEN (-) (E). 
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The fold-different in znuA regulation under differential zinc conditions (~20-40x) (Figure 9C) is 

much greater than that of znuC or znuB (~1.5-2.5x) (Figure 9A, 9B, and 9C), suggesting that znuA 

transcription is more sensitive to changes in zinc levels that znuC and znuB. The regulatory 

pattern of znuA is maintained at the protein level suggesting that no post-transcriptional 

modifications alter ZnuA protein levels (Figure 9E). Interestingly, Zur also represses a gene 

which encodes a protein of unknown function, ngo1049 (Figure 9D and 9E), in a zinc-dependent 

manner. Zinc-dependent repression of ngo1049 is comparable in fold-change to that of znuA 

(Figure 9B and 9D) suggesting that this protein may play a role in acclimation to differential zinc 

conditions.  

Considering the critical role of ZnuA in zinc uptake in the presence of PS (179), it was of 

interest to determine the level of transcription of the gene encoding this protein relative to 

other genes within the znuCBA operon. Fragments Per Kilobase of transcript per Million 

mapped reads (FPKM) of each gene in the znuCBA operon was quantified by RNA-sequencing. 

FPKM data showed that in the absence of zinc, znuC is transcribed at much higher levels than 

znuB. However, transcript levels of znuA are much higher levels that of znuC (Figure 10A), giving 

the following transcriptional profile of the operon – znuB < znuC < znuA.  
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Figure 10. The znuA Gene is the Most Expressed Gene in the znuCBA Operon 

N. gonorrhoeae strain FA1090 was grown in Chelehighly x-treated Defined Media (CDM). Cultures were grown 

to late log phase in the presence of N,N,N′,N′-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine (TPEN). Cultures 

were pelleted and RNA was isolated fro for RNA sequencing by Novogene (A) and RT-PCR (B). Expression data 

shows average expression levels of znuC, -B, and -A as Fragments Per Kilobase of transcript per Million mapped 

reads (FPKM) from 3 independent experiments. RT-PCR data shown is representative of there independent 

growth experiments. Statistical significance was determined by 1-way ANOVA with Bonferoni post-test.  

*,  P < 0.05. 
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These data suggest that a single transcript of znuA separate from the upstream genes is made 

which results in multiple ZnuA proteins service fewer ZnuB and ZnuC proteins and further 

highlights the importance of ZnuA under zinc limited conditions. However, RT-PCR data showing 

transcription of the intergenic regions between each gene in the operon demonstrates that an 

RNA message containing the znuC, znuB, and znuA co-transcript is also synthesized (Figure 10B). 

Together this data shows znuA is transcribed at high levels in response to zinc limitation being 

transcribed in two RNA messages, a polycistronic message and a single message. This evidence 

highlights the gonococcal emphasis on Zur- and zinc-dependent znuA transcription when faced 

with various zinc conditions. 

D. ZnuA is Mn-repressed in 1291 but Not FA1090 

To identify whether Zur regulates znuCBA in a manganese-dependent manner, wild-type 

FA1090 and the Zur- mutant were grown in the presence or absence of Mn and whole cell 

lysates were analyze for ZnuA protein production by western blotting. Unexpectedly, western 

blot data showed that ZnuA was not manganese regulated in a Zur-dependent manner (Figure 

11).  
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Figure 11. ZnuA Protein Levels are Manganese-repressed in FA1090 but Not 1291 

Wild types N. gonorrhoeae (FA1090) and 1291 and the zur mutant of each strain were grown in Chelex-treated 

defined media (CDM) in the presence of MnCl2 (Mn) or in CDM only to represent the manganese-deplete 

condition. Culture were grown until late log phase at which point, cells cultures were standardized to 100,000 

KU to generate whole cell lysates for western blotting. The western blot image depictes ZnuA and TbpB 

(negative control) protein levels in N. gonorrhoeae grown in the presence (+) or absence (-) of Mn in strain 

FA1090 (A) and 1291 (B). 
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This data was contradictory to that in the literature demonstrating the znuCBA was manganese 

regulated in a Zur-dependent manner. However, this transcriptional pattern was demonstrated 

in strain 1291, leading to the hypothesis that strain differences account for differential 

manganese-dependent regulation of znuCBA. Western blot data showed that ZnuA production 

is manganese-dependent in strain 1291 and that this difference is no longer appreciable in the 

Zur- mutant, supporting the hypothesis that there are strain-dependent differences in 

manganese-dependent regulation by Zur. Interestingly, TbpB is manganese-repressed in strain 

1291 in a Zur-independent manner, further supporting this hypothesis. Taken together this 

work demonstrates the Zur is a zinc- and manganese-dependent regulator. However, the metal 

specificity of Zur is strain dependent.  

III. Discussion 

The pathogen that causes gonorrhea, Neisseria gonorrhoeae, is both a public health and 

economic threat. The rapid increase of antimicrobial resistance genes in the gonococcal 

population has caused the number of effective treatments against the pathogen to decline 

rapidly. To address the very real threat of untreatable gonorrhea, novel therapeutics and 

effective vaccines need to be developed. A promising strategy of combating N. gonorrhoeae is 

termed “starve and kill” and aims to prevent N. gonorrhoeae from using host metal 

sequestration proteins as metal nutrient sources to kill the pathogen. Maurakis et al showed 

that mutagenesis of the gonococcal metal transporters TdfJ and ZnuA prevents N. gonorrheae 

from utilizing the host zinc sequestration protein, PS, a vital zinc source at the site of infection 

(264). The ZnuA- mutant is deficient for invasion of and survival within primary human cervical 

epithelial (pex) cells and forms thinner biofilms than the wild-type (205). ZnuA is also 
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responsible for importing manganese which directly quenches reactive oxygen species (ROS). 

This function is particularly vital in the context of neutrophil infection where ROS is high. Thus, 

ZnuA is a promising target for therapeutic development.  

The genes encoding ZnuABC are regulated by the zinc uptake regulator, Zur, which 

derepresses the gene in the absence of zinc and represses the gene in the presence of zinc. 

These genes have also been shown to be manganese-regulated in a Zur-dependent manner. 

However the mechanism through which Zur regulates these genes in a zinc and manganese-

dependent manner had not been elucidated. Therefore, we hypothesized that specific 

structural and functional elements of Zur are required for zinc- and manganese-dependnent 

regulation. Understanding the mechanism by which and the specific conditions under which Zur 

regulates znuCBA in N. gonorrhoeae is critical to evaluating its therapeutic potential.  

This work aimed to characterize the mechanism through which Zur regulation occurs by (1) 

comparing NgZur to characterized Zur proteins, (2) characterizing regulation of zur itself, and 

(3) characterizing zinc- and manganese-dependent regulation of Zur-regulated genes. We used 

Zur sequence analysis and homology modeling, RNA-sequencing, and RT-PCR to identify the 

following hypothetical model of the mechanism of Zur regulation. Under zinc limited 

conditions, the CXXC site of the Zur monomer is occupied by zinc to maintain Zur structure, and 

that in the absence of zinc, the HCHE regulatory site of the Zur monomer is unoccupied, 

resulting in an inactive Zur conformation and de-repression of Zur-regulated genes. This 

condition is met at the site of infection where CP and PS sequester zinc and create a zinc-

limited environment for the gonococcus. Conversely, in the presence of zinc, both the CXXC and 

the HCHE regulatory sites, which are within the LBD of Zur, are occupied by zinc resulting in 
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dimerization of monomers at the DD. The dimerized Zur protein thus forms an active 

conformation capable of repressing znuCBA and ngo1049, and activating adhP. While 

differential zinc conditions alter expression of Zur-regulated genes, it does not alter expression 

of the zur gene itself, resulting in a steady level of zur transcription potentially so that the 

protein which it encodes is always produced and ready to alter gene transcription when zinc 

levels are altered. However, this mechanism is strain-specific. This was confirmed by western 

blot data which showed that ZnuA protein levels change with the addition of manganese in 

strain 1291 but not FA1090. Similar metal-related strain differences have been previously 

reported. In contrast to gonococcal strain FA19, strain FA1090 does not encode a functional LF 

binding protein, Lbp, system which allows N. gonorrhoeae to utilize iron bound to LF (188, 350). 

TraD which is encoded by the gonococcal genetic island (GGI) in N. gonorrhoeae, is iron-, zinc-, 

and copper-regulated (351); however, the GGI itself is present in FA19 and MS11 but not 

FA1090 and F62 (21). The gene encoding the manganese exporter, MntX, is frame-shift 

mutated in ~66% of sequenced gonococcal strains (243), being found present in full-length in 

FA1090 but not FA19. Differences in metal-dependent regulation by Zur can be added to this 

list of metal-related gonococcal strain differences. 

Future studies will include crystallization and mutagenesis of NgZur in complex with 

DNA to confirm key residues involved in zinc- and DNA binding and protein dimerization. 

Further studies will also identify structural and functional elements of Zur that allow for 

manganese-dependent regulation in strain 1291. These future directions will give insight into 

the manganese-dependent transcriptional response to manganese limitation N. gonorrhoeae.  
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At first glance, the ability of Zur to turn critical genes “on” or “off,” makes it seem like a 

promising target for a small-molecule inhibitor. It is conceivable that locking Zur in the DNA-

binding conformation with a small-molecule inhibitor could turn ZnuA “off” preventing N. 

gonorrheoae from acquiring zinc from PS and thus starving and killing the pathogen. However, 

we show here that Zur can also activate adhP in the active conformation. Thus, it is also 

conceivable that the same small-molecule modifier could have unpredictable and undesirable 

off-target effects. Off-target effects of altering a global regulator have been demonstrated in 

MtrR, the MtrCDE efflux pump regulator. In the wild-ype, MtrR represses the MtrCDE efflux 

pump, preventing antimicrobials from being extruded from the cell. However, mutations in 

MtrR that lock the regulator in the inactive conformation cause over expression of MtrCDE, 

increased antimicrobial efflux, and therefore increased antimicrobial resistance (352). 

Mutations within the promoter regions of MtrR-repressed genes (i.e. mtrR and mtrCDE) results 

in similar impacts on gene expression (353). MtrR is also a global regulator, indirectly regulating 

genes involved in lactate utilization (lctP) (354) and glutamate biosynthesis (glnA)(355). 

Therefore, off-target effects of modifying Zur with a small-molecule inhibitor or activator need 

to be considered prior to pursuing Zur as a therapeutic target.  

Zur may be better considered as a tool for identifying zinc-regulated virulence factors 

such as ZnuA that are expressed and critical to survival. A small molecule inhibitor of Salmonella 

ZnuA has been identified from a chemical library of 36 zinc-binding compounds generated by 

Robert Di Santo et al. (233). This di-aryl pyrrole hydroxamic acid small molecule inhibitor limited 

growth and intracellular survival of Salmonella enterica serovar Typhimurium (233), 

demonstrating the antimicrobial activity of a ZnuA inhibitor.  
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The design of such a therapeutic would be informed by the mechanism described in this work. 

While Zur has not been shown to have a role in survival and virulence nor is the Zur- mutant 

growth deficient in vitro (data not shown), data showing the S. enterica Zur mutant as less 

infectious in a mouse model suggests that NgZur could potentially be involved in survival and 

virulence in a model of gonococcal infection. 
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CHAPTER 5: THE MANGANESE TRANSPORTER, MNTX, 

MAINTAINS MANGANESE HOMEOSTASIS IN NEISSERIA 

GONORRHOEAE  

I.  Introduction  

Pathogens and host require transition metals such as zinc, manganese, and copper to support 

biological functions such as modulation of gene expression, metabolism, enzymatic processing 

and structural maintenance of proteins. Because these metals are highly insoluble and volatile 

in their free state, the host goes to great lengths to stabilize these metals by keeping them 

bound to proteins. For example, free iron contributes to the Fenton chemistry, which generates 

damaging hydroxyl radicals (140). Human TF and LF bind iron, thus solubilizing and buffering 

the host iron pool. Other examples of metal binding proteins in the host include   which binds 

zinc and manganese and PS which binds zinc only.  

 In the context of infection, the binding of host proteins to transition metals in effect 

removes those metals from the bacterial nutrient supply. The process through which host 

proteins sequester metals from the bacterial nutrient supply is termed nutritional immunity. 

Nutritional immunity in the context of infection by the human-restricted pathogen, N. 

gonorrhoeae, has been thoroughly investigated and reviewed (177, 178). For example, CP can 

create a zinc and manganese limited environment (198). However, Kammerman et al. showed 

that N. gonorrhoeae can use CP directly as a sole zinc source which allows the pathogen to 

grow in the face of nutritional immunity (198). The ability of CP to limit manganese and 
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subsequently bacterial growth has not but demonstrated in N. gonorrhoeae but has been 

demonstrated in other bacteria such as Staphylococcus aureus (356).    

Conversely, the host can flood the bacterial nutrient supply with high amounts of metals 

resulting in reactive oxygen species turnover, protein mismetallation, and dysregulated gene 

expression in bacteria. The mechanism through which the host overloads the pathogen nutrient 

supply with metals is referred to as metal intoxication (210). An example of a gonococcal 

infection site in which the host can potentially overload the gonococcus with metal is the 

seminal fluid which is high in zinc (259). Additionally, the host can divert zinc to an E. coli-

infected vacuole of a macrophage, suggesting this is a site of metal overload as well. 

Manganese can be altered in the phagosome of macrophages through expression of the 

manganese transporter, natural resistance-associated macrophage protein 1 (NRAMP1), (357) 

on the phagosomal membrane (358). Unfortunately, there is controversy in the literature 

regarding the direction of NRAMP1 transport (359). However, it is feasible that dependent upon 

the direction of transport, NRAMP1 can generate a manganese intoxicating or manganese 

limiting environment within macrophages.  

In N. gonorrhoeae, manganese is an important transition metal involved in oxidative 

stress resistance (211). Instead of utilizing a manganese-dependent superoxide dismutase 

(SOD) (209), N. gonorrhoeae uses manganese directly as a quencher of reactive oxygen species 

(ROS) (215). Manganese-dependent resistance to oxidative stress depends upon the 

manganese ABC transporter, ZnuABC. In the absence of ZnuA, N. gonorrhoeae is unable to 

import manganese and resist oxidative killing (209). The genes encoding this system are 
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regulated by the zinc uptake regulator, Zur, where regulation is manganese dependent (211) in 

a strain-specific manner (this study). 

Too much manganese can have deleterious effects on the pathogen as well. N. gonorrhoeae 

lacking the putative manganese exporter, MntX, is more sensitive to high manganese 

concentrations than N. meningitidis expressing the homologous protein. However, only 34% of 

analyzed gonococcal strains encode a full-length MntX (243), suggesting that some strains may 

be more resistant to manganese overload than others. 

The ability of N. gonorrhoeae to overcome manganese overload and maintain 

manganese homeostasis through expression of MntX has not been thoroughly investigated. 

Therefore, we hypothesized that resistance to manganese overload and maintenance of 

manganese homeostasis in N. gonorrhoeae is strain-specific and dependent upon the putative 

MntX. Growth assays and protein homology modeling was used to gain insight into the role of 

MntX in manganese homeostasis in N. gonorrhoeae strains FA1090 and FA19. This work 

demonstrates that gonococcal strains are differentially adapted to maintain different internal 

metal levels although they occupy the same niche and suggests that different strains have 

different metal requirements for survival and virulence in the human host.  

II. Results  

A. The Wild-type Manganese Transport Gene, mntX, is Present Select Strains of 

Neisseria gonorrhoeae 

To elucidate the mechanism through which FA1090 is protected from manganese 

intoxication, we searched the FA1090 genome for a putative manganese efflux protein, MntX, 
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which has been characterized in the closely related pathogen, N. meningitidis. Sequence 

analysis revealed that the FA1090 gene with locus tag NGO_1768 encodes a protein that is 93% 

identical to meningococcal, MntX (Figure 12). The homology model of this protein shows that it 

is made up of 6 transmembrane alpha helices (Figure 12B) suggesting localization in the 

membrane. The gene which encodes this protein is frame-shift mutated in strains FA19 and 

1291 (Figure 12A), suggesting that MntX may play a role in resistance to manganese 

intoxication in FA1090 but not in FA19 and 1291. Sequence analysis of 159 gonococcal strains 

isolated between 2003 and 2022 demonstrated that 80% of these contemporarily isolated 

strains do not encode a full-length MntX, suggesting that many strains are sensitive to 

manganese overload.  

B. Sensitivity of N. gonorrhoeae to Manganese Overload is Strain-specific 

To identify whether manganese accumulation differed between gonococcal strains, we 

grew strains FA1090, the genome of which encodes full-length MntX, and FA19, the genome of 

which encodes a truncated MntX, in the chelex-treated media (CDM) in presence or absence of 

manganese. ICP analysis showed that strain FA19 accumulates more internal manganese than 

FA1090 and that this difference is independent of other metals such as iron and zinc, 

demonstrating specificity (Figure 13).  

  



ZINC AND MANGANESE HOMEOSTATIS IN GC 103 

 

 

 

 

 

  

 

Figure 12. The N. gonorrhoeae Strain FA1090 Genome Encodes and MntX Protein Similar to that in N. 
meningitidis 

The multi-sequence alignment of NgMntX with NmMntX was generated using Clustal Omega and imported into 

ESpirit 3.0 for visualization (A). Red filled boxes indicates identical residues. Red text indicates similar residues, 

and blue open boxes indicate groups of similar residues. The homology model of MntX from N. gonorrhoeae strain 

FA1090 was generated in AlphaFold (B). 
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Figure 13. Manganese Levels Fluctuate in FA1090 but Not FA19 

N. gonorrhoeae strains FA1090 (MntX+) and FA19 (MntX-) were passaged on GCB plates containing 7 µM 

EDTA grown in Chelex-treated defined media (CDM). Once cultures reached early log phase, cultures were 

diluted by half, and manganese was added to the manganese-replete condition (Mn). Manganese was 

excluded from CDM for the manganese-deplete condition (CDM). Cultures were washed with Chelex-treated 

HEPES and pelleted prior to inductively coupled plasma mass spectrometry (ICP-MS). Data shows µg 

manganese (A), copper (B), iron (C), and zinc (D) per kg pellet weight. 
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To identify whether manganese accumulation correlated with manganese sensitivity, 

FA1090 and FA19 were grown in CDM at increasing manganese concentration. As manganese 

concentrations increase, FA19 and the isogenic Zur- mutant experiences a growth deficiency 

while growth of FA1090 and the isogenic Zur- mutant remains unaffected (Figure 14A-D). This 

data demonstrates that FA19 experiences manganese overload and suggests that different 

gonococcal strains maintain different internal metal pools.  

C. ZnuA and Zur are Involved in Maintaining Internal Manganese Levels  

In N. gonorrhoeae, the Zur-repressed ABC transporter, ZnuABC, is responsible for the 

high affinity transport of manganese (205). Therefore, I hypothesized that the ZnuA- mutant 

would be less sensitive to manganese overload because this mutant lacks the ability to 

transport toxic levels of manganese. Growth of the ZnuA- mutant in the presence of high 

manganese concentrations is statistically significantly different from growth in the absence of 

manganese (Figure 14E and F), suggesting that manganese sensitivity is ZnuA-dependent. 

Because Zur represses znuA in a manganese-dependent manner (211), I hypothesized that, the 

Zur- mutant would be more sensitive to manganese intoxication than the wild type. When 

grown in the presence of intoxicating manganese concentrations, the Zur- mutant was more 

manganese-sensitive than the wild type (Figure 14D and F), suggesting a role for Zur-dependent 

regulation of internal manganese homeostasis.   
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Figure 14. Manganese Overload is Strain-specific and ZnuA- and Zur-dependent 

N. gonorrhoeae strains FA1090 (A), the FA1090 Zur- mutant (MCV964) (B), FA19 (C), the FA19 Zur- mutant (MCV963) 

(D), and the FA19 ZnuA- mutant (E) were passaged onto GCB containing 25µM ZnSO4 then grown in Chelex-treated 

CDM with the following supplements, 5 µM ZnSO4, 5 mM D-mannitol, 7.5 µM 30% saturate human transferrin, and 

Kelloggs’s supplement 1 with or without the addition of 15 µM or 25 µM MnCl2. Cultures were incubated for 24 hours 

under standard conditions. Growth of FA19 and the Zur- and ZnuA- mutants grown under the above conditions and 

15 µM MnCl2 is replotted in F. Statistical significance was calculated by two-way ANOVA with Bonferoni post-test. 

***, P < 0.001. 
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III. Discussion 

N. gonorrhoeae utilizes transition metals in various processes such as macromolecule 

biosynthesis (310, 312), regulation (211), and oxidative and nitrosative stress (209, 319). The 

metal nutrients required for these processes must be acquired from a sole source the human 

host, as N. gonorrhoeae is a human-restricted pathogen. Host innate immunity proteins bind 

transition metals, effectively sequestering them away from the bacteria in a process termed 

nutritional immunity. This metal sequestration by host nutritional immunity proteins can inhibit 

growth, survival, and pathogenesis of N. gonorrhoeae (179, 187, 198, 344). Conversely, the host 

can overload the pathogen with metals through a much less appreciated mechanism termed 

metal intoxication. Although little evidence demonstrates metal intoxication in N. gonorrhoeae, 

evidence for this innate immune mechanism has been demonstrated in the context of 

macrophage infection by Escherichia coli. Macrophages infected with Escherichia coli, 

upregulated copper transporter 1 (CTR1) and re-localize the transporter to the phagosomal 

membrane to mediate copper-induced killing of the bacteria (334). N. gonorrhoeae expressed a 

functional copper export protein, CopA (242). However, the conditions under which copper 

intoxication occurs in the context of gonococcal infection has not been investigated. In addition 

to copper-mediated killing mechanisms, macrophages utilize zinc-mediated killing mechanisms. 

Specifically, infected microphages divert zinc to E. coli-containing intracellular vesicles (360). In 

a mouse model of septicemia, N. meningitidis lacking the manganese efflux protein, MntX, 

exhibited reduced survival relative to the MntX-expressing strain, suggesting that the host 

overloads the pathogen with manganese in the blood (243).  
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Thus, the aim of this work was to identify the role of the putative manganese 

transporter, MntX, in N. gonorrhoeae. However, the genomes of only a subset of gonococcal 

strains encode the full-length MntX protein. Therefore, I hypothesized that resistance to 

manganese intoxication requires the manganese exporter, MntX, and that this resistance is 

strain-specific. Growth curve analysis suggests that in strain FA1090, the full-length MntX 

protein helps to maintain steady internal manganese levels, and this manganese does not 

impact growth. Conversely, in strain FA19, MntX is not produced, and manganese accumulates 

in the cytoplasm at higher levels and leads to manganese intoxication. In N. meningitidis, the 

deleterious effect of excess manganese can be attributed in part to the overlap in the iron and 

manganese regulons. The ferric uptake regulator, Fur, can bind manganese in addition to iron 

and can repress iron import genes in the presence of manganese (213). Consequently, under 

iron-limited conditions, mis-metallation of Fur by manganese can result in repression of iron 

import genes, leading to iron starvation when manganese is high. In the context of this study, 

the genome of both strains FA1090 and FA19 encode the iron importer, TbpAB. However, 

tbpAB is manganese repressed only in strain FA19, while the operon is not manganese 

regulated in strain FA1090. Therefore, I submit the following hypothetical model of manganese 

homeostasis in N. gonorrhoeae. During iron limitation, manganese-resistant strains (i.e. 

FA1090), resist Fur mis-metalation by removing manganese from the cytoplasm via MntX. This 

prevents repression of iron import genes and subsequent iron starvation. Conversely, in strains 

lacking MntX (i.e. FA19), manganese is able to accumulate in the cytoplasm allowing it to mis-

metallate Fur and repress iron import genes. This results in iron starvation under manganese 

intoxicating conditions. Future directions will test this model by growing FA19 in the presence 
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or absence of free iron or human TF and intoxicating manganese. Hypothetically, the 

supplementation of FA19 with free iron would properly metalate iron-binding proteins so that 

when manganese is added, the intoxicating effects of protein mis-metalation are mitigated and 

MntX is no longer essential.  

This study provides evidence for the existence of a novel manganese exporter, MntX, in 

N. gonorrhoeae and broadens our current understanding of gonococcal pathogenesis and the 

response to metal alterations in the host. This study also supports the exploitation of 

manganese overload as a novel therapeutic strategy.  

  



ZINC AND MANGANESE HOMEOSTATIS IN GC 110 

CHAPTER 6: ZINC-DEPENDENT REGULATION AND 

CARBON UTILIZATION OVERLAP IN N. GONORRHOEAE 

I. Introduction 

Neisseria gonorrhoeae causes the sexually transmitted infection, gonorrhea. Gonorrhea 

manifests as two major clinical presentations, those being urogenital infection and 

disseminated infection. Urogenital infection is the result of gonococcal invasion of mucosal 

epithelial cells and PMNs while disseminated infection is the result of infection ascension to the 

upper reproductive tract and to the blood stream where it is carried to disseminated niches 

such as the synovial joints, and in cases of severe infection, endocardial cells and the meninges. 

As a fastidious, obligate human pathogen, N. gonorrhoeae must acquire micronutrients 

for survival and virulence from its human host. Such nutrients include 5% CO2 (5, 6), 

oxaloacetate, hypoxanthine, uracil, B-vitamins, metals like magnesium, iron, zinc, and amino 

acids among others (179, 187, 198, 201, 214, 222, 344, 361). This bacterium is also a metabolic 

specialist, growing only in the presence of glucose, lactate, and pyruvate (7-9). Unless cultured 

in the laboratory under defined conditions, N. gonorrhoeae must acquire these micronutrients 

from the sole source, the human host. The pathogen is further restricted to specific host-cell 

niches that provide these micronutrients such as that within PMNs, mucosal epithelial cells, and 

disseminated niches. Each niche must supply the gonococcus with a highly specific set of 

nutrients. The epithelial surface which N. gonorrhoeae infects can be quite dynamic in nutrient 

availability. Epithelial cells are rich in PS (264) which sequesters zinc from the pathogen’s 
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nutrient supply. Additionally, the influx of PMNs to the site of infection contain CP which 

sequesters both zinc and manganese. Not only does the presence of PMNs impact zinc and 

manganese availability, but it also impacts sugar availability. In the case of gonococcal infection 

of PMNs, Potter et al. showed that a subset of genes involved in glycolysis were predicted to be 

non-essential when N. gonorrhoeae was grown in the presence of PMNs. This suggests that 

PMNs provide a carbon source for N. gonorrhoeae other than glucose that allows the pathogen 

to bypass glycolysis. Instead, N. gonorrhoeae ferments lactate produced by PMNs instead of 

relying on the glycolytic pathway (362). Interestingly, Pawlik et al showed that genes related to 

metabolism and protein synthesis such as alcohol dehydrogenase P (adhP), NADPH-dependent 

7-cyano-7-deazaguanine reductase (queF), and 7-cyano-7-deazaguanine reductase (queC) are 

zinc-regulated in the closely-related pathogen Neisseria meningitidis. Data from Potter et al. 

and Pawlik et al. together suggest that the zinc availability may impact metabolism. While N. 

gonorrhoeae is sure to face a complex milieu of nutrients like sugars and metals in the host, 

only few have investigated the interplay between micronutrients. Further, none have 

investigated the impact of metal availability on carbon utilization. Thus, I hypothesized that 

carbon metabolism genes are differentially regulated by zinc in Neisseria gonorrhoeae. RNA-

sequencing data showed that genes involved in glycolysis and pyruvate metabolism are 

significantly differentially regulated by zinc, suggesting that the zinc and carbon metabolism 

transcriptomes overlap in Neisseria gonorrhoeae. Understanding the link between metal 

homeostasis and essential carbon metabolism pathways within different host cell niches could 

give new insights into gonococcal pathogenesis. 
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II. Results  

A. Over 200 Genes are Differentially Regulated by Zinc in N. gonorrhoeae 

To identify zinc dependent regulation of carbon metabolism genes, N. gonorrhoeae was grown 

in chelex-treated defined media in the presence of zinc or the zinc chelator,  N,N,N,',N'-tetrakis 

(2-pyridylmethyl) ethylenediamine (TPEN). RNA-sequencing analysis showed that zinc alters the 

expression of over 200 genes in N. gonorrhoeae. Of the over 200 significantly differentially 

regulated genes, 89 genes were zinc-induced and 131 genes were zinc-repressed (Figure 15).  

B. Differentially Expressed Genes are Involved in Pyruvate Metabolism  

The Kyoto Encylcopedia of Genes and Genome (KEGG) analysis showed that 7 of those 

significantly zinc-regulated genes are involved in pyruvate metabolism (Figure 16). The gene 

encoding the L-lactate dehydrogenase, lldD, is significantly zinc-repressed (Table 6). LldD was 

shown to be required for growth in PMNs and in primary cervical epithelial cells under 

microaerobic conditions (363). The gene encoding the D-lactate dehydrogenase, ldhA, was also 

significantly zinc-repressed (Table 6).  LdhA was shown to be required for growth in 

polymorphonuclear leukocytes but not in primary cervical epithelial cells under either aerobic 

or microaerobic conditions. Interestingly, phosphate acetyltransferase (pta) and 

dihydrolipoamide dehydrogenase (dldH) were both zinc-repressed (Table 6). 
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Figure 15. Over 200 genes are Differentially Zinc-regulated 

N. gonorrhoeae strain FA1090 was grown in chelex-treated defined media (CDM) in the presence of 20 µM ZnSO4 

or 7µM N,N,N′,N′-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine (TPEN) to late log phase at which point cells 

were pelleted and RNA was isolated for RNA-sequencing by Novogene. Plotted is the Log2FoldChange of each 

significantly zinc-regulated gene by the –log10(pvalue) under these conditions. Gene dots indicate downregulated 

(zinc-pressed) genes and red dots indicate upregulated (zinc-induced) genes. Blue dots indicate non-differentially 

regulated genes that fall below the significance threshold (horizontal dashed line). The foldchange threshold is 

indicated by a vertical dashed line. 
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Figure 16. Significantly Zinc-regulated Genes are Involved in Pyruvate Metabolism. 

Wild-type strain FA1090 and the Zur- isogenic mutant of N. gonorrhoeae were grown in chelex-treated media 

(CDM) in the presence (20 µM ZnSO4) or absence (7 µM TPEN) of zinc and pelleted for RNA isolation. RNA was 

submitted to Novogene for RNA-sequencing and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment 

analysis. “Gene ratio” is the percentage of significantly differentially expressed genes in the given Gene Ontology 

(GO) term. The size of the dots indicate the number of genes that were enriched in that biological process. The 

color indicates heat mapped significance values. 
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Table 6. Differential Expression of Pyruvate Metabolism Genes is Zinc-dependent Regulation 

Locus Tag Gene name L2FC (WT Zn vs. TPEN) Gene description 

NGO0916 lpdA 1.41 dihydrolipoamide succinyltransferase 

NGO0639 lldD -0.8 lactate dehydrogenase 

NGO0848 lueA -0.76 2-isopropylmalate synthase 

NGO1336 ldhD -0.74 lactate dehydrogenase 

NGO0214 pta -0.72 phosphate acetyltransferase 

NGO1521 ackA 1.35 acetate kinase 

NGO0925 dldH -0.55 dihydrolipoamide dehydrogenase 

ns (not significant) indicates no statistical difference in expression under those conditions 

where significance is indicated by  P < 0.05 determined by RNA-sequencing 
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C. Genes Involved in Pyruvate Metabolism are Zinc Regulated in a Zur-

independent Manner 

Transcript quantification data expressed as fragments per kilobase of transcript per 

million mapped reads (FPKM) demonstrated that zinc-dependent regulation of these genes was 

independent of the zinc uptake regulator, Zur, (Figure 17). This was shown by zinc-dependent 

regulation of each gene in the Zur- mutant. Zur-independent regulation of pyruvate metabolism 

suggests that zinc-dependent regulation can occur through multiple mechanisms in N. 

gonorrhoeae.  
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Figure 17. Pyruvate Metabolism Genes are Zn and Zur Regulated 

N. gonorhoeae strain FA1090 and the Zur- isogenic mutant were grown in chelex-treated defined media (CDM) in 

the presence or absence of 20 µM ZnSO4 or 7µM N,N,N′,N′-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine (TPEN). 

At late log phase, cultures were pelleted for RNA isolation and RNA-sequencing. Expression of dldH (A) and pta (B) 

is shown as Fragments Per Kilobase of transcript per Million mapped reads (FPKM) in the presence (green) and 

absence (orange) of Zn. Statistical significance was calculated from the averages of three independent growth 

experiments using a Student’s T test (ns, not significant *, P < 0.05). 
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III. Discussion  

The human-restricted pathogen, N. gonorrhoeae, infects mucosal surfaces, 

polymorphonuclear leukocytes, and disseminated niches such as the blood and synovial joints. 

Each location must supply micronutrients including carbon sources and metals. PMNs are a 

host-cell niche of particular interest because N. gonorrhoeae survives the hostile phagosomes 

within these cells (364-367). These cells are hostile because they exhibit oxidative and non-

oxidative antimicrobial activity and contain high levels of the nutritional immunity protein, CP, 

which limits the zinc and manganese nutrient supply (261). However, N. gonorrhoeae can utilize 

PMNs as a lactate source and the CP released by these cells as a zinc source (198, 362). 

However, the transcriptional response to this dynamic nutrient environment has not been 

characterize. Thus, I hypothesized that the carbon- and zinc-regulated transcriptomes overlap 

in N. gonorrhoeae. To test this hypothesis, RNA-sequencing was conducted using samples 

collected from N. gonorrhoeae grown in the presence and absence of zinc.  

RNA-sequencing analysis demonstrated that over 200 genes are differentially regulated 

by zinc and that 7 of those genes are involved in pyruvate metabolism. Phosphate 

acetyltransferase, pta, and dihydrolipoamide dehydrogenase, dldH, were significantly zinc 

repressed. DldH is a part of the pyruvate dehydrogenase complex which oxidizes pyruvate to 

give acetyl-CoA. Acetyl-CoA is then converted into acetyl phosphate by Pta leading to acetate 

production. Interestingly, these two genes were predicted to be non-essential in N. 

gonorrhoeae when grown in the presence of PMNs compared with N. gonorrhoeae grown in 

the absence of PMNs (362). Other predicted non-essential genes under PMN+ conditions 

include pyruvate kinase (pyk), citrate synthase (glta), aconitase B (acnB), and isocitrate 
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dehydrogenase (idh). Additionally, flux through the pyruvate synthesis pathway and the 

Tricarboxylic Acid (TCA) Cycle were reduced when N. gonorrhoeae was grown in the presence 

of PMNs, which provide alternative carbon sources including lactate and pyruvate. In short, the 

TCA cycle and therefore zinc-dependent regulation of genes involved in the TCA cycle can be 

bypassed in N. gonorrhoeae if grown in the presence of PMNs producing lactate. One might 

speculate then that zinc-dependent regulation of TCA cycle genes helps N. gonorrhoeae adapt 

to changes in carbon conditions that correspond to different host-cell niches. For example, in 

the infected male urethra where the levels of zinc are high, pta, dldH, and other pyruvate 

metabolism genes are zinc repressed. At this infection site, N. gonorrhoeae relies on lactate and 

pyruvate as alternative carbon sources that are produced by PMNs which are often enrich in 

the infected male urethra. However, following transmission to female reproductive tract, N. 

gonorrhoeae experiences a zinc-depleted environment, which induces pyruvate metabolism 

genes (i.e. dldH and pta) allowing N. gonorrhoeae to utilize glucose as a primary carbon source. 

The female infection site which is commonly devoid of PMNs during asymptomatic infection. 

Therefore, further investigation of the role of zinc-dependent regulation in carbon utilization 

could shed light on gonococcal metabolism and pathogenesis in different host-cell niches 

including in localized infection niches (i.e. mucosal epithelial cells and polymorphonuclear 

leukocytes) and disseminated infection niches (i.e. blood stream and synovial joints).  
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CHAPTER 7: SUMMARY AND PERSPECTIVES  

I. Gonorrhea  

The Gram-negative bacterium, Neisseria gonorrhoeae, causes the sexually transmitted 

infection, gonorrhea. Each year, over 600,000 cases of gonococcal infection are reported to the 

CDC (49), and the World Health Organization (WHO) estimated over 80 million new cases of 

gonorrhea in 2020 (368). Symptoms of urogenital infection include cervicitis in women and 

urethritis in men. Disease sequelae include pelvic inflammatory disease, ectopic pregnancy, and 

infertility.  Disseminated gonococcal disease is characterized by synovial joint infection, and in 

severe but less frequent cases, septicemia and endocarditis. The gonococcus causes disease by 

first attaching to the mucosal epithelial surface via a surface-localized pilus and invading the cell 

through Opa (94). N. gonorrhoeae expressed multiple different variants of Opa, and variable 

expression determines host cell tropism. For example, N. gonorrhoeae expressing OpaI interact 

with CEACAM1 and CEACAM3 on neutrophils(100), and Opa52-expressing gonococci interact 

with epithelial cells (369). The immune response to the gonococcus is skewed away from a 

TH1/TH2 response and toward a TH17 response (84) resulting in an influx of polymorphonuclear 

leukocytes or neutrophils. This excess of neutrophils is the purulent exudate commonly 

observed in infected male patients.  

II. Gonorrhea Treatment and Prevention  

Previously, gonococcal infections could be treated effectively with multiple classes of 

resistance-free antimicrobials such as the sulfonamides and penicillins in the 1930s and 1940s. 

However, resistance to these antimicrobials arose soon after in the 1950s and 1960s. 
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Tetracyclines were then the first line of resistance-free antimicrobial defense against the 

pathogen until high-level resistance prevented its use in the 1990s. Similarly, the 

cephalosporins were recommended until high-level resistance limited their utility in the early 

2000s (370). The ability of the gonococcus to acquire and maintain antimicrobial resistance 

determinants, has created a bottleneck of effective antimicrobial treatments over time. 

Consequently, the last CDC-recommended line of defense against N. gonorrhoeae is a singular 

intramuscular dose of ceftriaxone (72). Thus, there is an urgent need for novel therapeutics and 

an effective vaccine.  

Vaccine efforts have been thwarted by the ability of the gonococcus to suppress the 

immune system, mimic host cell factors, and alter surface exposed structures through antigenic 

and phase variation. A great example of this is gonococcal porin which is antigenically variable, 

inhibits dendritic cell-activated T-cell proliferation (83), and is masked by LOS sialylation (112). 

Additionally, the antibody response against porin is blocked by the antibody response against 

RmpM (124, 125). The vast majority of other surface-exposed gonococcal proteins such as Opa, 

Pilin, LOS, Rmp, and IgA protease similarly contribute to immune evasion and complicate 

vaccine development. To date, the correlates of a protective and lasting immune response 

against N. gonorrhoeae are unknown. However, vaccines against the closely related pathogen, 

N. meningitidis, that are cross-protective against N. gonorrhoeae have shown promise. In 2008, 

a mass vaccination event occurred in New Zealand in which individuals ages 15-30 were 

vaccinated against N. meningitidis using the MenZB vaccine. This vaccine contained 

meningococcal outer membrane vesicles (OMVs). Petousis-Harris et al. hypothesized that the 

immunological response to meningococcal OMVs would be cross-protective against N. 
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gonorrhoeae due to the ~90% genetic similarity between N. meningitidis and N. gonorrhoeae 

(371). Following this vaccination event, gonorrhea cases decreased substantially, and 

meningococcal vaccine effectiveness against gonococcal infection was an estimated 31% (371). 

The meningococcus serogroup B vaccine, 4CMenB (Bexsero), contains the MenZB OMV 

antigens in addition to three recombinant proteins; Neisserial Adhesin A (NadA), factor H 

binding protein (fHbp) fused to genome-derived neisserial antigen 2091 (GNA2091), and 

Neisserial heparin binding protein (NHBP) fused to GNA1030 (372). The fusion GNAs, when 

used to passively immunize rats against N. meningitidis, elicit a protective response (373). 

4CMenB generates antibodies against N. meningitidis that are cross-reactive with N. 

gonorrhoeae due the high sequence identity of the homologous proteins between the species 

(77). Consequently, gonococcal OMV vaccines containing immunogenic proteins as well as 

passive immunization with antibodies raised against these proteins are currently being 

investigated as promising vaccine and therapeutic candidates respectively. Interestingly, the 

OMV protein antigens in 4CMenB include the high-affinity metal transporters known as TonB-

dependent transporters (Tdts) (77). The Tdts have been previously described as promising 

vaccine candidates because they are surface-exposed, highly conserved across strains, required 

for survival and virulence, and are not subject to high-frequency variation (177, 187). Another 

protein of interest included in 4CMenB are the high-affinity periplasmic metal transporter, 

ferric iron binding protein A (FbpA), which is required for iron transport following import via the 

Tdt, transferrin binding protein A (TbpA) (208). Novel vaccine an therapeutic efforts will target 

these metal transporters which are so crucial to gonococcal infection.  
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III. Research Objectives 

The pathogenic Neisseria require transition metals for various biological processes such 

as sugar (312) and lipid biosynthesis (310), oxidative and nitrosative stress resistance (209, 211, 

319), gene regulation, and metabolism (210). As a human-restricted pathogen, N. gonorrhoeae 

must obtain its critical metal nutrients from the host. However, host microenvironments 

effectively control the bacterial metal nutrient supply by either limiting metal availability or 

overloading the microenvironment with these metal nutrients. The mechanism through which 

host innate immunity proteins sequester and limit transition metals is termed nutritional 

immunity. Conversely, the mechanism through which the host overloads the bacterial nutrient 

supply with metals is termed metal intoxication. Thus, N. gonorrhoeae must maintain internal 

metal homeostasis. This can be achieved by altering metal import, export, and storage. 

Alterations in these processes maintain a homeostatic level of metal nutrients within the 

bacterial cell. Metal homeostasis and subsequent alterations in metal transport and storage is 

critical for expression of potential vaccine targets such as the Tdts and periplasmic metal 

transporters in OMVs. Therefore, the objective of this work was to characterize zinc, 

manganese and to a lesser extent copper homeostasis in N. gonorrhoeae. To accomplish this, a 

comprehensive literature review of Neisserial zinc, manganese, and copper homeostasis in the 

context of nutritional immunity and metal intoxication was conducted. The mechanism through 

which N. gonorrhoeae senses zinc and manganese specifically through the zinc uptake regulator 

Zur which alters global gene regulation was characterized, and the mechanism through which 

N. gonorrhoeae maintains manganese homeostasis via the putative manganese exporter, MntX, 

was identified.  
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IV. Project Summary 

During infection by N. gonorrhoeae, the host deploys nutritional immunity proteins, 

namely, PS and CP, to limit the bacterial nutrient supply of zinc and manganese. PS sequesters 

zinc while CP sequesters both zinc and manganese. CP is maintained at high levels within a 

neutrophil which is the primary immune cell type that responds to gonococcal infection (84, 

261). PS is enriched in epithelial cells of the lower genital (264). Therefore, N. gonorrhoeae 

experiences a zinc- and manganese-depleted environment during infection. In response, the 

Tdts, TdfH and TdfJ, bind to CP and PS respectively and utilize them directly as zinc sources 

(179, 198, 201). Utilization of PS as a sole zinc source requires the high-affinity zinc transporter, 

ZnuABC (179). ZnuA is the periplasmic zinc binding protein, ZnuB is the associated 

transmembrane protein, and ZnuC is the ATPase that provides energy for zinc transport. The 

genes encoding this system, znuCBA, are regulated by the zinc uptake regulator, Zur. In the 

presence of zinc, Zur represses znuCBA in a zinc-dependent manner, while in the absence of 

zinc, Zur de-repressed the znuCBA locus allowing for transcription of the operon. Confusingly, 

ZnuABC was named MntABC when it was implicated in manganese transport (205, 209), and 

Zur was named PerR when it was implicated in manganese-dependent response to peroxide 

stress (211). To clarify, both sets of nomenclature refer to a single genetic sequence identified 

by the locus tags ngo0168, ngo0169, ngo0170 (znuCBA/mntABC), and ngo0542 (zur/perR). For 

simplicity the operon and its gene products will be referred to using the znu nomenclature 

hereon. Unfortunately, the data implicating znuCBA as encoding a transporter that binds both 

zinc and manganese has been retrieved from multiple gonococcal strains under various metal 

conditions leading to confusion regarding metal specificity of the transporter itself and of the 
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protein that regulates it, Zur. This confusion begged the overarching research question of 

whether znuCBA is both zinc and manganese regulated in a single strain and more broadly, 

whether Zur is involved in both zinc and manganese homeostasis. To answer these questions 

and to clarify the nomenclature in the literature, the mechanism of Zur and zinc-dependent 

regulation of znuCBA was analyzed via Zur protein sequence analysis, reverse-transcriptase 

quantitative polymerase chain reaction (RT-qPCR), and RNA-sequencing. The Zur protein 

sequence analysis showed that the Neisseria produce a Zur protein which is much different 

from other characterized Zur proteins, containing a DECH-rich region of unknown function. 

Additionally, gonococcal Zur contains two putative zinc binding sites per monomer. Based on 

sequence identity with functionally characterized Zur proteins, it is feasible that zinc binding at 

the CXXC site of gonococcal Zur is required for structural integrity, while zinc binding at the 

HCHE site is required for regulatory function. The zinc binding domain which includes the CXXC 

site and the HCHE site is positioned between the dimerization domain and the ligand binding 

domain. Arginine at position 24 (R24) within the DNA-binding domain is likely required for the 

Zur-DNA interaction. The RT-qPCR data showed that znuCBA is Zur-regulated in a zinc-

dependent manner. The RNA-sequencing data showed that znuA is the most highly expressed 

gene within the operon under zinc limited conditions. Considering that znuA is the last of the 

three genes in the operon, this data also suggests that multiple messages are transcribed from 

the znuCBA locus. Multiple znuA transcripts with fewer znuC and znuB transcripts suggest that 

multiple ZnuA proteins service fewer ZnuB and ZnuC proteins, and emphasizes the critical role 

of ZnuA in zinc transport. The RNA-sequencing data also demonstrated that Zur is a global zinc-

dependent regulator, regulating genes involved in metabolism such as alcohol dehydrogenase P 
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(adhP) and genes of unknown function such as ngo1049 in addition to zinc transport genes such 

as znuCBA. Therefore, the following model of the mechanism of Zur-dependent regulation is 

proposed. To maintain structural integrity, the CXXC site is always bound to zinc. However, in 

the presence of excess zinc, the HCHE site is occupied by zinc, allowing dimerization of Zur at 

the dimerization domain. Zinc binding allows Zur to form a conformation that is capable of 

binding DNA and allows R24 to bind DNA. Zinc-bound Zur binds to promoters upstream of znuC, 

znuA, ngo1049, and adhP resulting in altered expression of these genes. Moving forward, the 

role of the DECH-rich region of Zur should be further investigated. Additionally, reporters using 

Zur-regulated promoters such as those upstream of znuA, tdfH and tdfJ should be generated to 

identify expression of these virulence factors in a cell model of infection. Identifying to what 

extent znuA, tdfH and tdfJ are expressed in a cell model of infection is critical to evaluating the 

effectiveness of a vaccine that aims to include these proteins.  

The zinc regulated genes, znuA, adhP, and ngo1049 were among a total of 200 genes 

that were differentially expressed in the presence and absence of zinc. Seven of those 

significantly differentially expressed genes are involved in pyruvate metabolism. Five genes 

were repressed in the presence of zinc and two genes were induced in the presence of zinc. 

Interestingly, two of the zinc-repressed genes, ngo0214 which encodes a phosphate 

acetyltransferase and ngo0925 which encodes a dihydrolipoamide dehydrogenase (DldH), have 

been previously predicted to be essential only in N. gonorrhoeae grown in the absence of 

neutrophils (362). Pta and DldH are involved in glucose metabolism and provide precursors that 

enter the tricarboxylic acid (TCA) cycle. They were also predicted to be non-essential when N. 

gonorrhoeae was grown in the presence of PMNs. Potter et al. showed that PMNs provide a 



ZINC AND MANGANESE HOMEOSTATIS IN GC 127 

carbon source that allows N. gonorrhoeae to bypass the tricarboxylic acid (TCA) cycle (362). 

Specifically, PMNs provide lactate for gonococcal fermentation. Take together, this data 

suggests that when glucose is the predominant carbon source, zinc-dependent expression of 

dldH and pta supports metabolism of N. gonorrhoeae. However, when lactate is the 

predominant carbon source, zinc-dependent expression of dldH and pta is non-essential 

because the TCA cycle which involves these genes is itself bypassed, and the nutritional need 

for carbon breakdown is met by lactate fermentation.  

The zinc-dependent regulation of dldH and pta may be linked to niche adaptation. Male 

seminal fluid is high in zinc (259) and neutrophil-rich during gonococcal infection (87) while the 

female genital tract is relatively limited in zinc (264) and PMNs during asymptomatic infection. 

In male seminal fluid, zinc-dependent repression of dldH and pta support more efficient growth 

in the presence of lactate secreted by PMNs. Conversely, the de-repression of dldH and pta in 

the female genital tract may support glycolysis where neutrophils are often not present to 

secrete high levels of lactate and where zinc is maintained at low levels due to the presence of 

the nutritional immunity protein PS. Future work will investigate the impact of zinc-dependent 

regulation of carbon utilization genes on gonococcal survival when grown in the presence of 

glucose, lactate and pyruvate, the only three carbon sources utilized by N. gonorrhoeae. It 

would be interesting to then identify the impact of zinc-dependent regulation of carbon 

utilization genes on gonococcal survival in different host-cell niches. 

To this point, characterization of zinc-dependent regulation and homeostasis in N. 

gonorrhoeae has been described. However, recall that an objective of this work was to 
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characterize the mechanism through which N. gonorrhoeae senses both zinc and manganese 

specifically through the zinc uptake regulator Zur in a single strain. 

To continue to address this aim, RT-qPCR was completed to identify whether znuCBA 

was Zur regulated in a manganese-dependent manner. Interestingly, znuCBA was not 

manganese regulated in strain FA1090. This is contradictory to the literature and begged the 

question as to whether the observed differences were due to the strain differences or 

suboptimal experimental conditions. To answer this question, strain 1291, which was shown in 

the literature to exhibit manganese-dependent regulation of znuCBA (211), was grown in the 

same metal limitation conditions under which strain FA1090 was grown. Under these 

conditions, in strain 1291, znuCBA was not regulated in a manganese-dependent manner. This 

confirmed that suboptimal experimental conditions were utilized. Experimental conditions 

were then optimized to further limit manganese so that when manganese was added in excess, 

a difference in regulation would be visible if it occurred. Following metal condition 

optimization, western blot data showed that ZnuA protein levels were reduced in the presence 

of manganese in strain 1291 in a Zur-dependent manner. The optimized experimental 

conditions were then used to characterize manganese-dependent production of ZnuA in strain 

FA1090.  Interestingly, ZnuA protein levels were not altered by the presence or absence of 

manganese, suggesting that manganese homeostasis in N. gonorrhoeae is different between 

strains. To identify the factors that could explain these differences, the sequences of 

manganese related genes were compared between strains FA1090, 1291, and FA19. Sequence 

analysis showed that the genome of strain FA1090 encodes a full-length putative manganese 

exporter, MntX. In strains 1291 and FA19, a nonsense mutation at position 67 results in a 
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truncated MntX protein. The sequence between 1291 and FA19 was identical. FA1090 was used 

to represent an MntX positive strain, and FA19 was used to represent an MntX negative strain 

therefore strain 1291 was omitted from further analysis. Considering that the host utilizes 

metal intoxication in addition to nutritional immunity, it was of interest to characterize 

manganese internalization and growth of these strains under intoxicating levels of manganese. 

ICP-MS data showed that the addition of manganese does not alter internal manganese pools 

in FA1090 while the excess manganese accumulates in FA19. Growth assay data showed that 

strain FA1090, the genome of which encodes a full-length MntX, is not sensitive to high 

manganese levels. However, strain FA19, the genome of which encodes a truncated MntX, is 

sensitive to high levels of manganese. The isogenic Zur- mutant was more sensitive to 

manganese intoxication than FA19, suggesting that in the absence of Zur, znuA is fully 

derepressed allowing high-affinity transport of excess manganese into the cell. This was 

supported by data showing that the ZnuA- mutant was not sensitive to manganese intoxication 

and suggests that the absence of ZnuA prevents high-affinity transport of intoxicating 

manganese. Together, this data suggests that manganese levels in N. gonorrhoeae differs 

between strains, and that manganese homeostasis may involve the manganese transporter, 

MntX. In N. meningitidis, the absence of MntX results in accumulation of manganese in the 

cytoplasm which leads to protein mismetallation and gene dysregulation (243). Specifically iron-

regulated genes become dysregulated when MntX is absent. Additionally, the MntX- mutant is 

more sensitive to iron limitation (243), suggesting that at intoxicating manganese levels, iron is 

replaced by manganese in iron-containing proteins causing protein dysfunction. In N. 

gonorrhoeae, the ferric uptake regulator, Fur, can bind manganese (213), which would repress 
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expression of iron import genes. Therefore, it is feasible that under iron-deplete but 

manganese-replete conditions, gonococcal strains lacking a full-length MntX (i.e. FA19) 

experience Fur mis-metalation with manganese which represses iron import under iron limited 

conditions resulting in iron starvation. Conversely, in strains expressing a functional MntX 

(FA1090), manganese is exported from the cytoplasm preventing Fur mis-metalation and 

subsequent repression of iron importers. This allows for growth under iron-limited and 

manganese-intoxicating conditions. This data generated from this study suggests a novel 

mechanism of defense against host-mediated metal intoxication.  

The data presented in this work demonstrates that N. gonorrhoeae maintains internal 

zinc homeostasis via transcriptional regulation that alters zinc transport and that homeostatic 

metal conditions may contribute to gonococcal carbon metabolism. Additionally, this works 

provides evidence for a novel mechanism through which manganese homeostasis in N. 

gonorrhoeae contributes to resistance of host-mediated metal intoxication. Take together, this 

work gives new insights into gonococcal adaptation to changes is micronutrients within the 

host.  

V. Future Perspectives 

As metal transports are often required for growth, highly conserved across gonococcal strains, 

and are not subject to high-frequency variation, they represent promising targets for the 

treatment and prevention of gonorrhea. However, understanding the mechanisms underlying 

their expression and when these targets are turned on or off is crucial to predicting therapeutic 

effectiveness. Specifically, the data presented in this work further uncovers the mechanism of 

Zur- and zinc-dependent regulation of metal transporters such as ZnuA, TdfH, and TdfJ. TdfH 



ZINC AND MANGANESE HOMEOSTATIS IN GC 131 

and TdfJ are currently being investigated as promising vaccine targets to be included in OMV-

based vaccine strategies. However, our understanding of the extent to which these transporters 

are expressed in different host cell niches is limited. Therefore, the opportunity remains to 

assess expression of these targets in cell culture via reporter assays. Additionally, our 

understanding of metal-dependent regulation of these genes is one-sided, only considering the 

concentrations of one metal at a time. It is more likely that the niches occupied by N. 

gonorrhoeae during infection contain various levels and ratios of multiple metals such as iron, 

copper, and cobalt in addition to zinc and manganese. This idea of metal interplay impacting 

gonococcal metal homeostasis and subsequent growth and survival has been reviewed more 

extensively by Branch et al. (374) (see also chapter 3).  

Although metal transporters are promising vaccine and therapeutic targets, N. 

gonorrhoeae retains the ability to acquire and maintain mutations that confer resistance to 

antimicrobials and assist in immune evasion. It is feasible that mutations that arise in these 

transporters could make them less susceptible to therapeutics or help N. gonorrhoeae evade 

the immune system. To make matters worse, antimicrobial treatment failures continue to occur 

(73, 375-377), and accurate and timely diagnosis of both symptomatic and asymptomatic 

patients is challenging. The most sensitive and widely used diagnostic test is nucleic acid 

amplification technologies (NAATs). However, NAATs do not provide information about 

antimicrobial susceptibility. Information about antimicrobial susceptibility requires viable 

culture testing which is time-consuming and quite difficult due to the fastidious nature of N. 

gonorrhoeae (378). Before 2020, presumptive treatment of N. gonorrhoeae included both oral 

azithromycin and intramuscular ceftriaxone. This inclusion of azithromycin was to treat 
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potential co-infections with Chlamydia trachomatis (379); however, the presumptive use of this 

dual therapy has led to increased azithromycin resistance in N. gonorrhoeae isolates (380). 

Presumptive treatment with the current CDC-recommended antimicrobial, ceftriaxone, can be 

effective if the strain with which the patient is infected is susceptible to ceftriaxone. Otherwise, 

treatment with ceftriaxone can lead to increased resistance in the gonococcal population (379, 

381).  

The ongoing genetic change of N. gonorrhoeae and subsequently dwindling number of 

effective treatment strategies calls for a novel approach of combating gonococcal infection. The 

evidence presented in this work that demonstrates the antimicrobial effect of manganese 

reveals an opportunity for the development of manganese intoxicating drugs for the treatment 

of gonorrhea. One possible treatment strategy includes the development of a prophylactic 

manganese-embedded intravaginal ring (IVR). An IVR is a ring-shaped medical device made of 

biocompatible, flexible, and permeable material that is inserted into the vagina for slow drug 

delivery over time. IVRs have been shown to be a safe (382) and effective (383) means of 

prophylaxis against human immunodeficiency virus (HIV). While safe and effective, women 

using these medical devices also tend to adhere to their use continuously over time and report 

the comfortability of the device (384).  

An IVR has been developed to limit growth of Candida albicans (385), and a separate 

nonspecific IVR has been developed to limit growth of bacterial vaginosis causing bacteria, 

Chlamydia trachomatis, N. gonorrhoeae, HIV and HSV-2 (386). The active ingredients in this IVR 

are zinc, copper, and lactide. The intended effect of copper and zinc in this IVR are not explicitly 

disclosed. However, copper and zinc can have intoxicating effect on bacteria such as E. coli 
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(334) and S Typhimurium (360); therefore, zinc and copper intoxication may be a likely intended 

effect of the active ingredients in the IVR. Evidence of copper intoxication has been 

demonstrated in N. gonorrhoeae (242), while evidence of zinc intoxication has not. 

Unfortunately, the gonococcal genome encodes a copper exporter, CopA (242), that can confer 

resistance to copper in the IVR. Inclusion of the antimicrobial manganese in this IVR could help 

avoid treatment failure due to production CopA, in N. gonorrhoeae. A gonococcal strain would 

need to express functional MntX, CopA, and potentially a zinc export protein to resist killing by 

this IVR. Fortunately, it is unlikely that a zinc exporter would be expressed in the vaginal tract 

considering that genes encoding zinc exporters are often zinc-induced (387, 388) and that the 

vaginal tract is a zinc-limited niche. Therefore, an IVR embedded with intoxicating manganese 

and copper is a multi-layered approach to prevent gonococcal infections, limit prevention 

failure, and potentially slow the development of antimicrobial drug resistance. 

 

  



ZINC AND MANGANESE HOMEOSTATIS IN GC 134 

LITERATURE CITED 

1. Wang B, Giles L, Andraweera P, McMillan M, Almond S, Beazley R, et al. Effectiveness and 
impact of the 4CMenB vaccine against invasive serogroup B meningococcal disease and 
gonorrhoea in an infant, child, and adolescent programme: an observational cohort and case-
control study. Lancet Infect Dis. 2022;22(7):1011-20. Epub 20220412. doi: 10.1016/s1473-
3099(21)00754-4. PubMed PMID: 35427492. 

2. Bremner I, May PM. Systemic Interactions of Zinc. Zinc in Human Biology. 1989:95. 
3. Taylor-Robinson D, Furr PM, Hetherington CM. Neisseria gonorrhoeae colonises the genital tract 

of oestradiol-treated germ-free female mice. Microbial Pathogenesis. 1990;9(5):369-73. doi: 
https://doi.org/10.1016/0882-4010(90)90071-W. 

4. Barrett SJ, Sneath PH. A numerical phenotypic taxonomic study of the genus Neisseria. 
Microbiology (Reading). 1994;140 ( Pt 10):2867-91. doi: 10.1099/00221287-140-10-2867. 
PubMed PMID: 8000550. 

5. Platt DJ. Carbon dioxide requirement of Neisseria gonorrhoeae growing on a solid medium. J 
Clin Microbiol. 1976;4(2):129-32. doi: 10.1128/jcm.4.2.129-132.1976. PubMed PMID: 823171; 
PubMed Central PMCID: PMC274412. 

6. Griffin PJ, Racker E. The Carbon Dioxide requirement of Neisseria gonorrhoeae. Journal of 
Bacteriology. 1956;71(6):717-21. doi: doi:10.1128/jb.71.6.717-721.1956. 

7. Smith H, Yates EA, Cole JA, Parsons NJ. Lactate Stimulation of Gonococcal Metabolism in Media 
Containing Glucose: Mechanism, Impact on Pathogenicity, and Wider Implications for Other 
Pathogens. Infection and Immunity. 2001;69(11):6565-72. doi: doi:10.1128/iai.69.11.6565-
6572.2001. 

8. Beno DW, Devine LF, Larson GL. Identification of Neisseria meningitidis carbohydrate 
fermentation patterns in Mueller-Hinton broth. J Bacteriol. 1968;96(2):563. doi: 
10.1128/jb.96.2.563-.1968. PubMed PMID: 4970654; PubMed Central PMCID: PMC252332. 

9. Knapp JS, Holmes KK. Modified oxidation-fermentation medium for detection of acid production 
from carbohydrates by Neisseria spp. and Branhamella catarrhalis. J Clin Microbiol. 
1983;18(1):56-62. doi: 10.1128/jcm.18.1.56-62.1983. PubMed PMID: 6885992; PubMed Central 
PMCID: PMC270744. 

10. Knapp JS, Clark VL. Anaerobic growth of Neisseria gonorrhoeae coupled to nitrite reduction. 
Infect Immun. 1984;46(1):176-81. doi: 10.1128/iai.46.1.176-181.1984. PubMed PMID: 6434425; 
PubMed Central PMCID: PMC261439. 

11. Kellogg DS, Crawford JA, Callaway CS. Cultivation of Neisseria gonorrhoeae under low-oxygen 
conditions. J Clin Microbiol. 1983;18(1):178-84. doi: 10.1128/jcm.18.1.178-184.1983. PubMed 
PMID: 6411763; PubMed Central PMCID: PMC270764. 

12. Knapp JS, Hook EW, 3rd. Prevalence and persistence of Neisseria cinerea and other Neisseria 
spp. in adults. J Clin Microbiol. 1988;26(5):896-900. doi: 10.1128/jcm.26.5.896-900.1988. 
PubMed PMID: 3384913; PubMed Central PMCID: PMC266482. 

13. Sáez Nieto JA, Marcos C, Vindel A. Multicolonization of human nasopharynx due to Neisseria 
spp. Int Microbiol. 1998;1(1):59-63. PubMed PMID: 10943342. 

https://doi.org/10.1016/0882-4010(90)90071-W


ZINC AND MANGANESE HOMEOSTATIS IN GC 135 

14. Zaura E, Keijser BJF, Huse SM, Crielaard W. Defining the healthy "core microbiome" of oral 
microbial communities. BMC Microbiology. 2009;9(1):259. doi: 10.1186/1471-2180-9-259. 

15. Claus H, Maiden MC, Wilson DJ, McCarthy ND, Jolley KA, Urwin R, et al. Genetic analysis of 
meningococci carried by children and young adults. J Infect Dis. 2005;191(8):1263-71. Epub 
20050315. doi: 10.1086/428590. PubMed PMID: 15776372. 

16. Budroni S, Siena E, Hotopp JCD, Seib KL, Serruto D, Nofroni C, et al. Neisseria meningitidis  
is structured in clades associated with restriction modification systems that modulate 
homologous recombination. Proceedings of the National Academy of Sciences. 
2011;108(11):4494-9. doi: doi:10.1073/pnas.1019751108. 

17. Mullally CA, Mikucki A, Wise MJ, Kahler CM. Modelling evolutionary pathways for 
commensalism and hypervirulence in Neisseria meningitidis. Microb Genom. 2021;7(10). doi: 
https://doi.org/10.1099/mgen.0.000662. 

18. Custodio R, Johnson E, Liu G, Tang CM, Exley RM. Commensal Neisseria cinerea impairs 
Neisseria meningitidis microcolony development and reduces pathogen colonisation of 
epithelial cells. PLOS Pathogens. 2020;16(3):e1008372. doi: 10.1371/journal.ppat.1008372. 

19. Deasy AM, Guccione E, Dale AP, Andrews N, Evans CM, Bennett JS, et al. Nasal Inoculation of the 
Commensal Neisseria lactamica Inhibits Carriage of Neisseria meningitidis by Young Adults: A 
Controlled Human Infection Study. Clinical Infectious Diseases. 2015;60(10):1512-20. doi: 
10.1093/cid/civ098. 

20. Kim WJ, Higashi D, Goytia M, Rendón MA, Pilligua-Lucas M, Bronnimann M, et al. Commensal 
Neisseria Kill Neisseria gonorrhoeae through a DNA-Dependent Mechanism. Cell Host Microbe. 
2019;26(2):228-39.e8. Epub 20190801. doi: 10.1016/j.chom.2019.07.003. PubMed PMID: 
31378677; PubMed Central PMCID: PMC6728082. 

21. Dillard JP, Seifert HS. A variable genetic island specific for Neisseria gonorrhoeae is involved in 
providing DNA for natural transformation and is found more often in disseminated infection 
isolates. Molecular Microbiology. 2001;41(1):263-77. doi: https://doi.org/10.1046/j.1365-
2958.2001.02520.x. 

22. Snyder Lori AS, Saunders Nigel J, Shafer William M. A Putatively Phase Variable Gene (dca) 
Required for Natural Competence in Neisseria gonorrhoeae but Not Neisseria meningitidis Is 
Located within the Division Cell Wall (dcw) Gene Cluster. Journal of Bacteriology. 
2001;183(4):1233-41. doi: 10.1128/jb.183.4.1233-1241.2001. 

23. Marri PR, Paniscus M, Weyand NJ, Rendón MA, Calton CM, Hernández DR, et al. Genome 
Sequencing Reveals Widespread Virulence Gene Exchange among Human Neisseria Species. 
PLOS ONE. 2010;5(7):e11835. doi: 10.1371/journal.pone.0011835. 

24. Spratt BG, Bowler LD, Zhang QY, Zhou J, Smith JM. Role of interspecies transfer of chromosomal 
genes in the evolution of penicillin resistance in pathogenic and commensal Neisseria species. J 
Mol Evol. 1992;34(2):115-25. doi: 10.1007/bf00182388. PubMed PMID: 1556747. 

25. Bowler LD, Zhang QY, Riou JY, Spratt BG. Interspecies recombination between the penA genes of 
Neisseria meningitidis and commensal Neisseria species during the emergence of penicillin 
resistance in N. meningitidis: natural events and laboratory simulation. J Bacteriol. 
1994;176(2):333-7. doi: 10.1128/jb.176.2.333-337.1994. PubMed PMID: 8288526; PubMed 
Central PMCID: PMC205054. 

26. Lujan R, Zhang QY, Sáez Nieto JA, Jones DM, Spratt BG. Penicillin-resistant isolates of Neisseria 
lactamica produce altered forms of penicillin-binding protein 2 that arose by interspecies 

https://doi.org/10.1099/mgen.0.000662
https://doi.org/10.1046/j.1365-2958.2001.02520.x
https://doi.org/10.1046/j.1365-2958.2001.02520.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 136 

horizontal gene transfer. Antimicrob Agents Chemother. 1991;35(2):300-4. doi: 
10.1128/aac.35.2.300. PubMed PMID: 2024965; PubMed Central PMCID: PMC244995. 

27. Tinsley CR, Nassif X. Analysis of the genetic differences between Neisseria meningitidis and 
Neisseria gonorrhoeae: two closely related bacteria expressing two different pathogenicities. 
Proc Natl Acad Sci U S A. 1996;93(20):11109-14. doi: 10.1073/pnas.93.20.11109. 

28. Hill Darryl J, Griffiths Natalie J, Borodina E, Virji M. Cellular and molecular biology of Neisseria 
meningitidis colonization and invasive disease. Clinical Science. 2010;118(9):547-64. doi: 
10.1042/cs20090513. 

29. Kvalsvig AJ, Unsworth DJ. The immunopathogenesis of meningococcal disease. Journal of 
Clinical Pathology. 2003;56(6):417. doi: 10.1136/jcp.56.6.417. 

30. Davies H, Pannu K, Edwards J, Pittman M, Mukherjee D. Fulminant Neisseria meningitidis 
septicaemia with purpura fulminans requiring limb amputation. IDCases. 2020;19:e00673. Epub 
20191128. doi: 10.1016/j.idcr.2019.e00673. PubMed PMID: 31879595; PubMed Central PMCID: 
PMC6920294. 

31. Peterson ME, Li Y, Bita A, Moureau A, Nair H, Kyaw MH, et al. Meningococcal serogroups and 
surveillance: a systematic review and survey. J Glob Health. 2019;9(1):010409. doi: 
10.7189/jogh.09.010409. PubMed PMID: 30603079; PubMed Central PMCID: PMC6304171. 

32. Johswich KO, Zhou J, Law DK, St Michael F, McCaw SE, Jamieson FB, et al. Invasive potential of 
nonencapsulated disease isolates of Neisseria meningitidis. Infect Immun. 2012;80(7):2346-53. 
Epub 20120416. doi: 10.1128/iai.00293-12. PubMed PMID: 22508859; PubMed Central PMCID: 
PMC3416473. 

33. CDC. CDC Yellow Book 2024: Health Information for International Travel (CDC Health 
Information for International Travel): Oxford University Press; 2023. 

34. CDC. Enhanced Meningococcal Disease Surveillance Report. Center for Disease Control and 
Prevention, 2024. 

35. van Kessel F, van den Ende C, Oordt-Speets AM, Kyaw MH. Outbreaks of meningococcal 
meningitis in non-African countries over the last 50 years: a systematic review. J Glob Health. 
2019;9(1):010411. doi: 10.7189/jogh.09.010411. PubMed PMID: 30937163; PubMed Central 
PMCID: PMC6441124. 

36. McNamara LA, Blain, A. . Manual for the Surveillance of Vaccine-Preventable Diseases2013. 
37. Willerton L, Lucidarme J, Walker A, Lekshmi A, Clark SA, Walsh L, et al. Antibiotic resistance 

among invasive Neisseria meningitidis isolates in England, Wales and Northern Ireland (2010/11 
to 2018/19). PLoS One. 2021;16(11):e0260677. Epub 20211129. doi: 
10.1371/journal.pone.0260677. PubMed PMID: 34843604; PubMed Central PMCID: 
PMC8629238. 

38. Pizza M, Bekkat-Berkani R, Rappuoli R. Vaccines against Meningococcal Diseases. 
Microorganisms. 2020;8(10). Epub 20201003. doi: 10.3390/microorganisms8101521. PubMed 
PMID: 33022961; PubMed Central PMCID: PMC7601370. 

39. Jarvis GA, Vedros NA. Sialic acid of group B Neisseria meningitidis regulates alternative 
complement pathway activation. Infect Immun. 1987;55(1):174-80. doi: 10.1128/iai.55.1.174-
180.1987. PubMed PMID: 3098684; PubMed Central PMCID: PMC260297. 

40. Lee JS, Choi HY, Lee JE, Lee SH, Oum BSS. Gonococcal keratoconjunctivitis in adults. Eye. 
2002;16(5):646-9. doi: 10.1038/sj.eye.6700112. 



ZINC AND MANGANESE HOMEOSTATIS IN GC 137 

41. Noble RC, Cooper RM, Miller BR. Pharyngeal colonisation by Neisseria gonorrhoeae and 
Neisseria meningitidis in black and white patients attending a venereal disease clinic. Br J Vener 
Dis. 1979;55(1):14-9. doi: 10.1136/sti.55.1.14. PubMed PMID: 106918; PubMed Central PMCID: 
PMC1045574. 

42. WHO. WHO Guidelines for the Treatment of Neisseria gonorrhoeae2016. 
43. Martín-Sánchez M, Fairley CK, Ong JJ, Maddaford K, Chen MY, Williamson DA, et al. Clinical 

presentation of asymptomatic and symptomatic women who tested positive for genital 
gonorrhoea at a sexual health service in Melbourne, Australia. Epidemiology and Infection. 
2020;148:e240. Epub 2020/09/28. doi: 10.1017/S0950268820002265. 

44. Tsevat DG, Wiesenfeld HC, Parks C, Peipert JF. Sexually transmitted diseases and infertility. Am J 
Obstet Gynecol. 2017;216(1):1-9. doi: 10.1016/j.ajog.2016.08.008. PubMed PMID: 28007229; 
PubMed Central PMCID: PMC5193130. 

45. Wang CH, Lu CW. Images of the month 2: Disseminated gonococcal infection presenting as the 
arthritis-dermatitis syndrome. Clin Med (Lond). 2019;19(4):340-1. doi: 10.7861/clinmedicine.19-
4-340. PubMed PMID: 31308120; PubMed Central PMCID: PMC6752240. 

46. Douglas JT, Lee MD, Nikaido H. Protein I of Neisseria gonorrhoeae outer membrane is a porin. 
FEMS Microbiology Letters. 1981;12(3):305-9. 

47. Knapp JS, Tam MR, Nowinski RC, Holmes KK, Sandström EG. Serological Classification of 
Neisseria gonorrhoeae with Use of Monoclonal Antibodies to Gonococcal Outer Membrane 
Protein I. The Journal of Infectious Diseases. 1984;150(1):44-8. doi: 10.1093/infdis/150.1.44. 

48. WHO. Multi-drug resistant gonorrhea 2023. Available from: https://www.who.int/news-
room/fact-sheets/detail/multi-drug-resistant-gonorrhoea. 

49. CDC. Sexually Transmitted Infections Surveillance, 2022. 2023. 
50. CDC. The State of STIs in the United States in 2022 2024. Available from: 

https://www.cdc.gov/std/statistics/infographic-html.htm. 
51. Akinboro MK, Mmaduabuchi J, Beeko PKA, Egwuonwu OF, Oluwalade OP, Akueme NT, et al. 

Epidemiological Trends and Factors Associated With the Morbidity Rate of Gonorrhea: A CDC-
WONDER Database Analysis. Cureus. 2023;15(8):e42981. Epub 20230805. doi: 
10.7759/cureus.42981. PubMed PMID: 37671232; PubMed Central PMCID: PMC10476233. 

52. Cohen MS, Hoffman IF, Royce RA, Kazembe P, Dyer JR, Daly CC, et al. Reduction of concentration 
of HIV-1 in semen after treatment of urethritis: implications for prevention of sexual 
transmission of HIV-1. AIDSCAP Malawi Research Group. Lancet. 1997;349(9069):1868-73. doi: 
10.1016/s0140-6736(97)02190-9. PubMed PMID: 9217758. 

53. Dunlop EM. Gonorrhoea and the sulphonamides. Br J Vener Dis. 1949;25(2):81-3. PubMed 
PMID: 18151908; PubMed Central PMCID: PMC1053635. 

54. Ashford WA, Golash RG, Hemming VG. Penicillinase-producing Neisseria gonorrhoeae. Lancet. 
1976;2(7987):657-8. doi: 10.1016/s0140-6736(76)92467-3. PubMed PMID: 60519. 

55. Phillips I. Β-lactamase-producing, penicillin-resistant gonococcus. Lancet. 1976;2(7987):656-7. 
doi: 10.1016/s0140-6736(76)92466-1. PubMed PMID: 60518. 

56. Latest data on Antibiotic Resistant Gonorrhea [Internet]. 2016. Available from: 
https://www.cdc.gov/nchhstp/newsroom/2016/data-on-antibiotic-resistant-gonorrhea.html 

57. Unemo M, Shafer WM. Antimicrobial Resistance in Neisseria gonorrhoeae in the 21st Century: 
Past, Evolution, and Future. Clinical Microbiology Reviews. 2014;27(3):587-613. doi: 
10.1128/CMR.00010-14. PubMed Central PMCID: PMC4135894. 

https://www.who.int/news-room/fact-sheets/detail/multi-drug-resistant-gonorrhoea
https://www.who.int/news-room/fact-sheets/detail/multi-drug-resistant-gonorrhoea
https://www.cdc.gov/std/statistics/infographic-html.htm
https://www.cdc.gov/nchhstp/newsroom/2016/data-on-antibiotic-resistant-gonorrhea.html


ZINC AND MANGANESE HOMEOSTATIS IN GC 138 

58. Fermer C, Kristiansen BE, Sköld O, Swedberg G. Sulfonamide resistance in Neisseria meningitidis 
as defined by site-directed mutagenesis could have its origin in other species. J Bacteriol. 
1995;177(16):4669-75. doi: 10.1128/jb.177.16.4669-4675.1995. PubMed PMID: 7642493; 
PubMed Central PMCID: PMC177231. 

59. Swedberg G, Fermér C, Sköld O. Point Mutations in the Dihydropteroate Synthase Gene Causing 
Sulfonamide Resistance. In: Ayling JE, Nair MG, Baugh CM, editors. Chemistry and Biology of 
Pteridines and Folates. Boston, MA: Springer US; 1993. p. 555-8. 

60. Dunlop EMC. Gonorrhea and the Sulphonamides. The British Journal of Venereal Diseases. 
1949;25(2):81. doi: 10.1136/sti.25.2.81. 

61. Percival A, Corkill JE, Arya OP, Rowlands J, Alergant CD, Rees E, et al. PENICILLINASE-PRODUCING 
GONOCOCCI IN LIVERPOOL. The Lancet. 1976;308(8000):1379-82. doi: 
https://doi.org/10.1016/S0140-6736(76)91919-X. 

62. Shafer WM, Balthazar JT, Hagman KE, Morse SA. Missense mutations that alter the DNA-binding 
domain of the MtrR protein occur frequently in rectal isolates of Neisseria gonorrhoeae that are 
resistant to faecal lipids. Microbiology. 1995;141(4):907-11. doi: 
https://doi.org/10.1099/13500872-141-4-907. 

63. Belland RJ, Morrison SG, Ison C, Huang WM. Neisseria gonorrhoeae acquires mutations in 
analogous regions of gyrA and parC in fluoroquinolone-resistant isolates. Molecular 
Microbiology. 1994;14(2):371-80. doi: https://doi.org/10.1111/j.1365-2958.1994.tb01297.x. 

64. Dougherty TJ. Genetic analysis and penicillin-binding protein alterations in Neisseria 
gonorrhoeae with chromosomally mediated resistance. Antimicrob Agents Chemother. 
1986;30(5):649-52. doi: 10.1128/aac.30.5.649. PubMed PMID: 3099639; PubMed Central 
PMCID: PMC176507. 

65. Lee H, Unemo M, Kim HJ, Seo Y, Lee K, Chong Y. Emergence of decreased susceptibility and 
resistance to extended-spectrum cephalosporins in Neisseria gonorrhoeae in Korea. J 
Antimicrob Chemother. 2015;70(9):2536-42. Epub 20150617. doi: 10.1093/jac/dkv146. PubMed 
PMID: 26084303; PubMed Central PMCID: PMC4539094. 

66. Ohnishi M, Golparian D, Shimuta K, Saika T, Hoshina S, Iwasaku K, et al. Is Neisseria gonorrhoeae 
initiating a future era of untreatable gonorrhea?: detailed characterization of the first strain 
with high-level resistance to ceftriaxone. Antimicrob Agents Chemother. 2011;55(7):3538-45. 
Epub 20110516. doi: 10.1128/aac.00325-11. PubMed PMID: 21576437; PubMed Central 
PMCID: PMC3122416. 

67. Dowson CG, Jephcott AE, Gough KR, Spratt BG. Penicillin-binding protein 2 genes of non-β-
lactamase-producing, penicillin-resistant strains of Neisseria gonorrhoeae. Molecular 
Microbiology. 1989;3(1):35-41. doi: https://doi.org/10.1111/j.1365-2958.1989.tb00101.x. 

68. Ropp PA, Hu M, Olesky M, Nicholas Robert A. Mutations in ponA, the Gene Encoding Penicillin-
Binding Protein 1, and a Novel Locus, penC, Are Required for High-Level Chromosomally 
Mediated Penicillin Resistance in Neisseria gonorrhoeae. Antimicrob Agents Chemother. 
2002;46(3):769-77. doi: 10.1128/aac.46.3.769-777.2002. 

69. Gill MJ, Simjee S, Al-Hattawi K, Robertson BD, Easmon CSF, Ison CA. Gonococcal Resistance to β-
Lactams and Tetracycline Involves Mutation in Loop 3 of the Porin Encoded at thepenB Locus. 
Antimicrob Agents Chemother. 1998;42(11):2799-803. doi: 10.1128/aac.42.11.2799. 

70. Zhao S, Tobiason DM, Hu M, Seifert HS, Nicholas RA. The penC mutation conferring antibiotic 
resistance in Neisseria gonorrhoeae arises from a mutation in the PilQ secretin that interferes 

https://doi.org/10.1016/S0140-6736(76)91919-X
https://doi.org/10.1099/13500872-141-4-907
https://doi.org/10.1111/j.1365-2958.1994.tb01297.x
https://doi.org/10.1111/j.1365-2958.1989.tb00101.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 139 

with multimer stability. Molecular Microbiology. 2005;57(5):1238-51. doi: 
https://doi.org/10.1111/j.1365-2958.2005.04752.x. 

71. CDC. Update to CDC's Treatment Guidelines for Gonococcal Infection, 2020. Center for Disease 
Control and Prevention, 2020. 

72. CDC. Update to CDC's Treatment Guidelines for Gonococcal Infection, 2020. Center for Disease 
Control and Prevention, 2020. 

73. Eyre DW, Sanderson ND, Lord E, Regisford-Reimmer N, Chau K, Barker L, et al. Gonorrhoea 
treatment failure caused by a Neisseria gonorrhoeae strain with combined ceftriaxone and high-
level azithromycin resistance, England, February 2018. Euro Surveill. 2018;23(27). doi: 
10.2807/1560-7917.Es.2018.23.27.1800323. PubMed PMID: 29991383; PubMed Central 
PMCID: PMC6152157. 

74. Golparian D, Vestberg N, Södersten W, Jacobsson S, Ohnishi M, Fang H, et al. Multidrug-resistant 
Neisseria gonorrhoeae isolate SE690: mosaic penA-60.001 gene causing ceftriaxone resistance 
internationally has spread to the more antimicrobial-susceptible genomic lineage, Sweden, 
September 2022. Euro Surveill. 2023;28(10). doi: 10.2807/1560-7917.Es.2023.28.10.2300125. 
PubMed PMID: 36892469; PubMed Central PMCID: PMC9999460. 

75. Maubaret C, Caméléna F, Mrimèche M, Braille A, Liberge M, Mainardis M, et al. Two cases of 
extensively drug-resistant (XDR) Neisseria gonorrhoeae infection combining ceftriaxone-
resistance and high-level azithromycin resistance, France, November 2022 and May 2023. Euro 
Surveill. 2023;28(37). doi: 10.2807/1560-7917.Es.2023.28.37.2300456. PubMed PMID: 
37707979; PubMed Central PMCID: PMC10687985. 

76. Holmes KK, Levine R, Weaver M. Effectiveness of condoms in preventing sexually transmitted 
infections. Bull World Health Organ. 2004;82(6):454-61. PubMed PMID: 15356939; PubMed 
Central PMCID: PMC2622864. 

77. Semchenko EA, Tan A, Borrow R, Seib KL. The Serogroup B Meningococcal Vaccine Bexsero 
Elicits Antibodies to Neisseria gonorrhoeae. Clinical Infectious Diseases. 2019;69(7):1101-11. 
doi: 10.1093/cid/ciy1061. 

78. Abara WE, Bernstein KT, Lewis FMT, Schillinger JA, Feemster K, Pathela P, et al. Effectiveness of a 
serogroup B outer membrane vesicle meningococcal vaccine against gonorrhoea: a 
retrospective observational study. Lancet Infect Dis. 2022;22(7):1021-9. Epub 20220412. doi: 
10.1016/s1473-3099(21)00812-4. PubMed PMID: 35427490; PubMed Central PMCID: 
PMC10227473. 

79. Waltmann A, Duncan JA, Pier GB, Cywes-Bentley C, Cohen MS, Hobbs MM. Experimental 
Urethral Infection with Neisseria gonorrhoeae. Curr Top Microbiol Immunol. 2022. Epub 
20220305. doi: 10.1007/82_2021_250. PubMed PMID: 35246736; PubMed Central PMCID: 
PMC9441470. 

80. Leduc I, Connolly KL, Begum A, Underwood K, Darnell S, Shafer WM, et al. The serogroup B 
meningococcal outer membrane vesicle-based vaccine 4CMenB induces cross-species 
protection against Neisseria gonorrhoeae. PLOS Pathogens. 2020;16(12):e1008602. doi: 
10.1371/journal.ppat.1008602. 

81. Edwards JL, Brown EJ, Uk-Nham S, Cannon JG, Blake MS, Apicella MA. A co-operative interaction 
between Neisseria gonorrhoeae and complement receptor 3 mediates infection of primary 
cervical epithelial cells. Cellular Microbiology. 2002;4(9):571-84. doi: 
https://doi.org/10.1046/j.1462-5822.2002.t01-1-00215.x. 

https://doi.org/10.1111/j.1365-2958.2005.04752.x
https://doi.org/10.1046/j.1462-5822.2002.t01-1-00215.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 140 

82. Ortiz MC, Lefimil C, Rodas PI, Vernal R, Lopez M, Acuña-Castillo C, et al. Neisseria gonorrhoeae 
Modulates Immunity by Polarizing Human Macrophages to a M2 Profile. PLoS One. 
2015;10(6):e0130713. Epub 20150630. doi: 10.1371/journal.pone.0130713. PubMed PMID: 
26125939; PubMed Central PMCID: PMC4488386. 

83. Zhu W, Tomberg J, Knilans KJ, Anderson JE, McKinnon KP, Sempowski GD, et al. Properly folded 
and functional PorB from Neisseria gonorrhoeae inhibits dendritic cell stimulation of CD4(+) T 
cell proliferation. J Biol Chem. 2018;293(28):11218-29. Epub 20180511. doi: 
10.1074/jbc.RA117.001209. PubMed PMID: 29752412; PubMed Central PMCID: PMC6052219. 

84. Liu Y, Russell MW. Diversion of the immune response to Neisseria gonorrhoeae from Th17 to 
Th1/Th2 by treatment with anti-transforming growth factor β antibody generates 
immunological memory and protective immunity. mBio. 2011;2(3):e00095-e11. doi: 
10.1128/mBio.00095-11. 

85. Liu Y, Islam EA, Jarvis GA, Gray-Owen SD, Russell MW. Neisseria gonorrhoeae selectively 
suppresses the development of Th1 and Th2 cells, and enhances Th17 cell responses, through 
TGF-β-dependent mechanisms. Mucosal Immunol. 2012;5(3):320-31. Epub 20120222. doi: 
10.1038/mi.2012.12. PubMed PMID: 22354319; PubMed Central PMCID: PMC3328619. 

86. Criss AK, Seifert HS. Neisseria gonorrhoeae suppresses the oxidative burst of human 
polymorphonuclear leukocytes. Cellular Microbiology. 2008;10(11):2257-70. doi: 
https://doi.org/10.1111/j.1462-5822.2008.01205.x. 

87. Johnson MB, Criss AK. Resistance of Neisseria gonorrhoeae to neutrophils. Front Microbiol. 
2011;2:77. Epub 20110413. doi: 10.3389/fmicb.2011.00077. PubMed PMID: 21747795; 
PubMed Central PMCID: PMC3128980. 

88. Liu Y, Hammer LA, Liu W, Hobbs MM, Zielke RA, Sikora AE, et al. Experimental vaccine induces 
Th1-driven immune responses and resistance to Neisseria gonorrhoeae infection in a murine 
model. Mucosal Immunology. 2017;10(6):1594-608. doi: https://doi.org/10.1038/mi.2017.11. 

89. Swanson J. Studies on gonococcus infection. IV. Pili: their role in attachment of gonococci to 
tissue culture cells. J Exp Med. 1973;137(3):571-89. doi: 10.1084/jem.137.3.571. PubMed PMID: 
4631989; PubMed Central PMCID: PMC2139381. 

90. Eriksson J, Eriksson OS, Maudsdotter L, Palm O, Engman J, Sarkissian T, et al. Characterization of 
motility and piliation in pathogenic Neisseria. BMC Microbiol. 2015;15:92. Epub 20150430. doi: 
10.1186/s12866-015-0424-6. PubMed PMID: 25925502; PubMed Central PMCID: PMC4449605. 

91. Aas FE, Wolfgang M, Frye S, Dunham S, Løvold C, Koomey M. Competence for natural 
transformation in Neisseria gonorrhoeae: components of DNA binding and uptake linked to type 
IV pilus expression. Molecular Microbiology. 2002;46(3):749-60. doi: 
https://doi.org/10.1046/j.1365-2958.2002.03193.x. 

92. Scheuerpflug I, Rudel T, Ryll R, Pandit J, Meyer Thomas F. Roles of PilC and PilE Proteins in Pilus-
Mediated Adherence of Neisseria gonorrhoeae and Neisseria meningitidis to Human 
Erythrocytes and Endothelial and Epithelial Cells. Infection and Immunity. 1999;67(2):834-43. 
doi: 10.1128/iai.67.2.834-843.1999. 

93. Song W, Ma L, Chen R, Stein DC. Role of lipooligosaccharide in Opa-independent invasion of 
Neisseria gonorrhoeae into human epithelial cells. J Exp Med. 2000;191(6):949-60. doi: 
10.1084/jem.191.6.949. PubMed PMID: 10727457; PubMed Central PMCID: PMC2193109. 

94. Griffiss JM, Lammel CJ, Wang J, Dekker NP, Brooks GF. Neisseria gonorrhoeae coordinately uses 
Pili and Opa to activate HEC-1-B cell microvilli, which causes engulfment of the gonococci. Infect 

https://doi.org/10.1111/j.1462-5822.2008.01205.x
https://doi.org/10.1038/mi.2017.11
https://doi.org/10.1046/j.1365-2958.2002.03193.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 141 

Immun. 1999;67(7):3469-80. doi: 10.1128/iai.67.7.3469-3480.1999. PubMed PMID: 10377128; 
PubMed Central PMCID: PMC116533. 

95. Kuespert K, Pils S, Hauck CR. CEACAMs: their role in physiology and pathophysiology. Current 
Opinion in Cell Biology. 2006;18(5):565-71. doi: https://doi.org/10.1016/j.ceb.2006.08.008. 

96. Haas R, Meyer TF. The repertoire of silent pilus genes in Neisseria gonorrhoeae: evidence for 
gene conversion. Cell. 1986;44(1):107-15. doi: 10.1016/0092-8674(86)90489-7. PubMed PMID: 
2866848. 

97. Obergfell KP, Seifert HS. The Pilin N-terminal Domain Maintains Neisseria gonorrhoeae 
Transformation Competence during Pilus Phase Variation. PLoS Genet. 2016;12(5):e1006069. 
Epub 20160523. doi: 10.1371/journal.pgen.1006069. PubMed PMID: 27213957; PubMed 
Central PMCID: PMC4877100. 

98. Cehovin A, Simpson PJ, McDowell MA, Brown DR, Noschese R, Pallett M, et al. Specific DNA 
recognition mediated by a type IV pilin. Proc Natl Acad Sci U S A. 2013;110(8):3065-70. Epub 
20130205. doi: 10.1073/pnas.1218832110. PubMed PMID: 23386723; PubMed Central PMCID: 
PMC3581936. 

99. den Hartog G, Chattopadhyay R, Ablack A, Hall EH, Butcher LD, Bhattacharyya A, et al. 
Regulation of Rac1 and Reactive Oxygen Species Production in Response to Infection of 
Gastrointestinal Epithelia. PLOS Pathogens. 2016;12(1):e1005382. doi: 
10.1371/journal.ppat.1005382. 

100. Alcott AM, Werner LM, Baiocco CM, Belcher DM, Columbus L, Criss AK. Variable Expression of 
Opa Proteins by Neisseria gonorrhoeae Influences Bacterial Association and Phagocytic Killing 
by Human Neutrophils. Journal of Bacteriology. 2022;204(4):e00035-22. doi: 10.1128/jb.00035-
22. 

101. Stern A, Brown M, Nickel P, Meyer TF. Opacity genes in Neisseria gonorrhoeae: Control of phase 
and antigenic variation. Cell. 1986;47(1):61-71. doi: https://doi.org/10.1016/0092-
8674(86)90366-1. 

102. Bos MP, Kao D, Hogan DM, Grant CC, Belland RJ. Carcinoembryonic antigen family receptor 
recognition by gonococcal Opa proteins requires distinct combinations of hypervariable Opa 
protein domains. Infect Immun. 2002;70(4):1715-23. doi: 10.1128/iai.70.4.1715-1723.2002. 
PubMed PMID: 11895933; PubMed Central PMCID: PMC127850. 

103. Makino S, van Putten JP, Meyer TF. Phase variation of the opacity outer membrane protein 
controls invasion by Neisseria gonorrhoeae into human epithelial cells. Embo j. 
1991;10(6):1307-15. doi: 10.1002/j.1460-2075.1991.tb07649.x. PubMed PMID: 1673923; 
PubMed Central PMCID: PMC452788. 

104. Jerse AE, Cohen MS, Drown PM, Whicker LG, Isbey SF, Seifert HS, et al. Multiple gonococcal 
opacity proteins are expressed during experimental urethral infection in the male. J Exp Med. 
1994;179(3):911-20. doi: 10.1084/jem.179.3.911. PubMed PMID: 8113683; PubMed Central 
PMCID: PMC2191399. 

105. Deo P, Chow SH, Hay ID, Kleifeld O, Costin A, Elgass KD, et al. Outer membrane vesicles from 
Neisseria gonorrhoeae target PorB to mitochondria and induce apoptosis. PLoS Pathog. 
2018;14(3):e1006945. Epub 20180330. doi: 10.1371/journal.ppat.1006945. PubMed PMID: 
29601598; PubMed Central PMCID: PMC5877877. 

106. Chen A, Seifert HS. Saturating mutagenesis of an essential gene: a majority of the Neisseria 
gonorrhoeae major outer membrane porin (PorB) is mutable. J Bacteriol. 2014;196(3):540-7. 

https://doi.org/10.1016/j.ceb.2006.08.008
https://doi.org/10.1016/0092-8674(86)90366-1
https://doi.org/10.1016/0092-8674(86)90366-1


ZINC AND MANGANESE HOMEOSTATIS IN GC 142 

Epub 20131115. doi: 10.1128/jb.01073-13. PubMed PMID: 24244002; PubMed Central PMCID: 
PMC3911144. 

107. Harvey HA, Porat N, Campbell CA, Jennings M, Gibson BW, Phillips NJ, et al. Gonococcal 
lipooligosaccharide is a ligand for the asialoglycoprotein receptor on human sperm. Molecular 
Microbiology. 2000;36(5):1059-70. doi: https://doi.org/10.1046/j.1365-2958.2000.01938.x. 

108. Carbonetti NH, Sparling PF. Molecular cloning and characterization of the structural gene for 
protein I, the major outer membrane protein of Neisseria gonorrhoeae. Proceedings of the 
National Academy of Sciences. 1987;84(24):9084-8. doi: 10.1073/pnas.84.24.9084. 

109. Mee BJ, Thomas H, Cooke SJ, Lambden PR, Heckels JE. Structural comparison and epitope 
analysis of outer-membrane protein PIA from strains of Neisseria gonorrhoeae with differing 
serovar specificities. J Gen Microbiol. 1993;139(11):2613-20. doi: 10.1099/00221287-139-11-
2613. PubMed PMID: 7506294. 

110. Ram S, Cullinane M, Blom AM, Gulati S, McQuillen DP, Monks BG, et al. Binding of C4b-binding 
protein to porin: a molecular mechanism of serum resistance of Neisseria gonorrhoeae. J Exp 
Med. 2001;193(3):281-95. doi: 10.1084/jem.193.3.281. PubMed PMID: 11157049; PubMed 
Central PMCID: PMC2195916. 

111. Ram S, McQuillen DP, Gulati S, Elkins C, Pangburn MK, Rice PA. Binding of complement factor H 
to loop 5 of porin protein 1A: a molecular mechanism of serum resistance of nonsialylated 
Neisseria gonorrhoeae. J Exp Med. 1998;188(4):671-80. doi: 10.1084/jem.188.4.671. PubMed 
PMID: 9705949; PubMed Central PMCID: PMC2213355. 

112. Elkins C, Carbonetti NH, Varela VA, Stirewalt D, Klapper DG, Sparling PF. Antibodies to N-terminal 
peptides of gonococcal porin are bactericidal when gonococcal lipopolysaccharide is not 
sialylated. Molecular Microbiology. 1992;6(18):2617-28. doi: https://doi.org/10.1111/j.1365-
2958.1992.tb01439.x. 

113. Cartee JC, Joseph SJ, Weston E, Pham CD, Thomas JCt, Schlanger K, et al. Phylogenomic 
Comparison of Neisseria gonorrhoeae Causing Disseminated Gonococcal Infections and 
Uncomplicated Gonorrhea in Georgia, United States. Open Forum Infect Dis. 2022;9(7):ofac247. 
Epub 20220513. doi: 10.1093/ofid/ofac247. PubMed PMID: 35855008; PubMed Central PMCID: 
PMC9280329. 

114. Petersen BH, Lee TJ, Snyderman R, Brooks GF. Neisseria meningitidis and Neisseria gonorrhoeae 
Bacteremia Associated with C6, C7, or C8 Deficiency. Annals of Internal Medicine. 
1979;90(6):917-20. doi: 10.7326/0003-4819-90-6-917. 

115. Raetz CRH, Whitfield C. Lipopolysaccharide Endotoxins. Annual Review of Biochemistry. 
2002;71(Volume 71, 2002):635-700. doi: 
https://doi.org/10.1146/annurev.biochem.71.110601.135414. 

116. Wiseman GM, Caird JD. Composition of the lipopolysaccharide of Neisseria gonorrhoeae. Infect 
Immun. 1977;16(2):550-6. doi: 10.1128/iai.16.2.550-556.1977. PubMed PMID: 405323; 
PubMed Central PMCID: PMC420991. 

117. Jennings MP, Hood DW, Peak IR, Virji M, Moxon ER. Molecular analysis of a locus for the 
biosynthesis and phase-variable expression of the lacto-N-neotetraose terminal 
lipopolysaccharide structure in Neisseria meningitidis. Mol Microbiol. 1995;18(4):729-40. doi: 
10.1111/j.1365-2958.1995.mmi_18040729.x. PubMed PMID: 8817494. 

118. Petricoin EF, 3rd, Danaher RJ, Stein DC. Analysis of the lsi region involved in lipooligosaccharide 
biosynthesis in Neisseria gonorrhoeae. J Bacteriol. 1991;173(24):7896-902. doi: 

https://doi.org/10.1046/j.1365-2958.2000.01938.x
https://doi.org/10.1111/j.1365-2958.1992.tb01439.x
https://doi.org/10.1111/j.1365-2958.1992.tb01439.x
https://doi.org/10.1146/annurev.biochem.71.110601.135414


ZINC AND MANGANESE HOMEOSTATIS IN GC 143 

10.1128/jb.173.24.7896-7902.1991. PubMed PMID: 1744044; PubMed Central PMCID: 
PMC212582. 

119. Harvey HA, Ketterer MR, Preston A, Lubaroff D, Williams R, Apicella MA. Ultrastructural analysis 
of primary human urethral epithelial cell cultures infected with Neisseria gonorrhoeae. Infect 
Immun. 1997;65(6):2420-7. doi: 10.1128/iai.65.6.2420-2427.1997. PubMed PMID: 9169783; 
PubMed Central PMCID: PMC175335. 

120. Gulati S, Shaughnessy J, Ram S, Rice PA. Targeting Lipooligosaccharide (LOS) for a Gonococcal 
Vaccine. Front Immunol. 2019;10:321. Epub 20190227. doi: 10.3389/fimmu.2019.00321. 
PubMed PMID: 30873172; PubMed Central PMCID: PMC6400993. 

121. Gulati S, McQuillen DP, Mandrell RE, Jani DB, Rice PA. Immunogenicity of Neisseria gonorrhoeae 
lipooligosaccharide epitope 2C7, widely expressed in vivo with no immunochemical similarity to 
human glycosphingolipids. J Infect Dis. 1996;174(6):1223-37. doi: 10.1093/infdis/174.6.1223. 
PubMed PMID: 8940213. 

122. Gulati S, Pennington MW, Czerwinski A, Carter D, Zheng B, Nowak NA, et al. Preclinical Efficacy 
of a Lipooligosaccharide Peptide Mimic Candidate Gonococcal Vaccine. mBio. 2019;10(6). Epub 
20191105. doi: 10.1128/mBio.02552-19. PubMed PMID: 31690678; PubMed Central PMCID: 
PMC6831779. 

123. McDade RL, Jr., Johnston KH. Characterization of serologically dominant outer membrane 
proteins of Neisseria gonorrhoeae. J Bacteriol. 1980;141(3):1183-91. doi: 
10.1128/jb.141.3.1183-1191.1980. PubMed PMID: 6767703; PubMed Central PMCID: 
PMC293807. 

124. Li G, Xie R, Zhu X, Mao Y, Liu S, Jiao H, et al. Antibodies with Higher Bactericidal Activity Induced 
by a Neisseria gonorrhoeae Rmp Deletion Mutant Strain. PLOS ONE. 2014;9(3):e90525. doi: 
10.1371/journal.pone.0090525. 

125. Rice PA, Vayo HE, Tam MR, Blake MS. Immunoglobulin G antibodies directed against protein III 
block killing of serum-resistant Neisseria gonorrhoeae by immune serum. J Exp Med. 
1986;164(5):1735-48. doi: 10.1084/jem.164.5.1735. PubMed PMID: 3095479; PubMed Central 
PMCID: PMC2188443. 

126. Plummer FA, Chubb H, Simonsen JN, Bosire M, Slaney L, Maclean I, et al. Antibody to Rmp 
(outer membrane protein 3) increases susceptibility to gonococcal infection. J Clin Invest. 
1993;91(1):339-43. doi: 10.1172/jci116190. PubMed PMID: 8423230; PubMed Central PMCID: 
PMC330031. 

127. Gulati S, Mu X, Zheng B, Reed GW, Ram S, Rice PA. Antibody to reduction modifiable protein 
increases the bacterial burden and the duration of gonococcal infection in a mouse model. J 
Infect Dis. 2015;212(2):311-5. Epub 20150116. doi: 10.1093/infdis/jiv024. PubMed PMID: 
25596304; PubMed Central PMCID: PMC4565997. 

128. de Sousa-Pereira P, Woof JM. IgA: Structure, Function, and Developability. Antibodies (Basel). 
2019;8(4). Epub 20191205. doi: 10.3390/antib8040057. PubMed PMID: 31817406; PubMed 
Central PMCID: PMC6963396. 

129. Halter R, Pohlner J, Meyer TF. IgA protease of Neisseria gonorrhoeae: isolation and 
characterization of the gene and its extracellular product. The EMBO Journal. 1984;3(7):1595-
601-601. doi: https://doi.org/10.1002/j.1460-2075.1984.tb02016.x. 

https://doi.org/10.1002/j.1460-2075.1984.tb02016.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 144 

130. Huang J, Zhang Q, Chen J, Zhang T, Chen Z, Chen Z, et al. Neisseria gonorrhoeae NGO2105 Is an 
Autotransporter Protein Involved in Adhesion to Human Cervical Epithelial Cells and in vivo 
Colonization. Frontiers in Microbiology. 2020;11. 

131. Lomholt H, Lind I, Kilian M. Neisseria gonorrhoeae IgA1 proteases share epitopes recognized by 
neutralizing antibodies. Vaccine. 1995;13(13):1213-9. doi: https://doi.org/10.1016/0264-
410X(95)00057-8. 

132. Mulks MH, Knapp JS. Immunoglobulin A1 protease types of Neisseria gonorrhoeae and their 
relationship to auxotype and serovar. Infect Immun. 1987;55(4):931-6. doi: 
10.1128/iai.55.4.931-936.1987. PubMed PMID: 3104208; PubMed Central PMCID: PMC260440. 

133. Binscheck T, Bartels F, Bergel H, Bigalke H, Yamasaki S, Hayashi T, et al. IgA Protease from 
Neisseria gonorrhoeae Inhibits Exocytosis in Bovine Chromaffin Cells Like Tetanus Toxin (∗). 
Journal of Biological Chemistry. 1995;270(4):1770-4. doi: 
https://doi.org/10.1074/jbc.270.4.1770. 

134. Duman JG, Forte JG. What is the role of SNARE proteins in membrane fusion? American Journal 
of Physiology-Cell Physiology. 2003;285(2):C237-C49. doi: 10.1152/ajpcell.00091.2003. 

135. Hauck CR, Meyer TF. The lysosomal/phagosomal membrane protein h-lamp-1 is a target of the 
IgA1 protease of Neisseria gonorrhoeae. FEBS Letters. 1997;405(1):86-90. doi: 
https://doi.org/10.1016/S0014-5793(97)00163-4. 

136. Lin L, Ayala P, Larson J, Mulks M, Fukuda M, Carlsson SR, et al. The Neisseria type 2 IgA1 
protease cleaves LAMP1 and promotes survival of bacteria within epithelial cells. Molecular 
Microbiology. 1997;24(5):1083-94. doi: https://doi.org/10.1046/j.1365-2958.1997.4191776.x. 

137. Cooper MD, McGee ZA, Mulks MH, Michael Koomey J, Hindman TL. Attachment to and Invasion 
of Human Fallopian Tube Mucosa by an IgA1 Protease-Deficient Mutant of Neisseria 
gonorrhoeae and Its Wild-Type Parent. The Journal of Infectious Diseases. 1984;150(5):737-44. 
doi: 10.1093/infdis/150.5.737. 

138. Johannsen DB, Johnston DM, Koymen HO, Cohen MS, Cannon JG. A Neisseria gonorrhoeae 
immunoglobulin A1 protease mutant is infectious in the human challenge model of urethral 
infection. Infect Immun. 1999;67(6):3009-13. doi: 10.1128/iai.67.6.3009-3013.1999. PubMed 
PMID: 10338512; PubMed Central PMCID: PMC96613. 

139. Wang C-Y, Babitt JL. Liver iron sensing and body iron homeostasis. Blood. 2019;133(1):18-29. 
doi: 10.1182/blood-2018-06-815894. 

140. Abe C, Miyazawa T, Miyazawa T. Current Use of Fenton Reaction in Drugs and Food. Molecules 
[Internet]. 2022; 27(17). 

141. Baker HM, Anderson BF, Baker EN. Dealing with iron: common structural principles in proteins 
that transport iron and heme. Proc Natl Acad Sci U S A. 2003;100(7):3579-83. Epub 20030317. 
doi: 10.1073/pnas.0637295100. PubMed PMID: 12642662; PubMed Central PMCID: 
PMC152964. 

142. Wally J, Halbrooks PJ, Vonrhein C, Rould MA, Everse SJ, Mason AB, et al. The Crystal Structure of 
Iron-free Human Serum Transferrin Provides Insight into Inter-lobe Communication and 
Receptor Binding*. Journal of Biological Chemistry. 2006;281(34):24934-44. doi: 
https://doi.org/10.1074/jbc.M604592200. 

143. Davis B, Saltman P, Benson S. The stability constants of the iron-transferrin complex. Biochem 
Biophys Res Commun. 1962;8:56-60. doi: 10.1016/0006-291x(62)90235-8. PubMed PMID: 
13883872. 

https://doi.org/10.1016/0264-410X(95)00057-8
https://doi.org/10.1016/0264-410X(95)00057-8
https://doi.org/10.1074/jbc.270.4.1770
https://doi.org/10.1016/S0014-5793(97)00163-4
https://doi.org/10.1046/j.1365-2958.1997.4191776.x
https://doi.org/10.1074/jbc.M604592200


ZINC AND MANGANESE HOMEOSTATIS IN GC 145 

144. Giometto B, Gallo P, Tavolato B. 7 - Transferrin Receptors in the Central Nervous System. In: 
Conn PM, editor. Methods in Neurosciences. 11: Academic Press; 1993. p. 122-34. 

145. Morgan EH. Factors Affecting the Synthesis of Transferrin by Rat Tissue Slices. Journal of 
Biological Chemistry. 1969;244(15):4193-9. doi: https://doi.org/10.1016/S0021-9258(17)36401-
3. 

146. Klausner RD, Ashwell G, van Renswoude J, Harford JB, Bridges KR. Binding of apotransferrin to 
K562 cells: explanation of the transferrin cycle. Proc Natl Acad Sci U S A. 1983;80(8):2263-6. doi: 
10.1073/pnas.80.8.2263. PubMed PMID: 6300904; PubMed Central PMCID: PMC393799. 

147. Levy JE, Jin O, Fujiwara Y, Kuo F, Andrews N. Transferrin receptor is necessary for development of 
erythrocytes and the nervous system. Nature Genetics. 1999;21(4):396-9. doi: 10.1038/7727. 

148. Abbaspour N, Hurrell R, Kelishadi R. Review on iron and its importance for human health. 
Journal of Research in Medical Sciences. 2014;19(2):164-74. PubMed PMID: 24778671; PubMed 
Central PMCID: PMC3999603. 

149. Tang L-J, De Seta F, Odreman F, Venge P, Piva C, Guaschino S, et al. Proteomic Analysis of Human 
Cervical-Vaginal Fluids. Journal of Proteome Research. 2007;6(7):2874-83. doi: 
10.1021/pr0700899. 

150. Wally J, Buchanan SK. A structural comparison of human serum transferrin and human 
lactoferrin. Biometals. 2007;20(3-4):249-62. Epub 20070111. doi: 10.1007/s10534-006-9062-7. 
PubMed PMID: 17216400; PubMed Central PMCID: PMC2547852. 

151. Sill C, Biehl R, Hoffmann B, Radulescu A, Appavou MS, Farago B, et al. Structure and domain 
dynamics of human lactoferrin in solution and the influence of Fe(III)-ion ligand binding. BMC 
Biophys. 2016;9:7. Epub 20161104. doi: 10.1186/s13628-016-0032-3. PubMed PMID: 
27822363; PubMed Central PMCID: PMC5095980. 

152. Anderson BF, Baker HM, Norris GE, Rice DW, Baker EN. Structure of human lactoferrin: 
Crystallographic structure analysis and refinement at 2·8 Å resolution. Journal of Molecular 
Biology. 1989;209(4):711-34. doi: https://doi.org/10.1016/0022-2836(89)90602-5. 

153. Legrand D, Pierce A, Elass E, Carpentier M, Mariller C, Mazurier J. Lactoferrin Structure and 
Functions. In: Bösze Z, editor. Bioactive Components of Milk. New York, NY: Springer New York; 
2008. p. 163-94. 

154. Cohen MS, Britigan BE, French M, Bean K. Preliminary observations on lactoferrin secretion in 
human vaginal mucus: variation during the menstrual cycle, evidence of hormonal regulation, 
and implications for infection with Neisseria gonorrhoeae. Am J Obstet Gynecol. 
1987;157(5):1122-5. doi: 10.1016/s0002-9378(87)80274-0. PubMed PMID: 3120589. 

155. Yang Z, Jiang R, Chen Q, Wang J, Duan Y, Pang X, et al. Concentration of Lactoferrin in Human 
Milk and Its Variation during Lactation in Different Chinese Populations. Nutrients. 2018;10(9). 
Epub 20180905. doi: 10.3390/nu10091235. PubMed PMID: 30189612; PubMed Central PMCID: 
PMC6163804. 

156. Bartolome F, Orive G, Carro E. Standardizing salivary lactoferrin measurements to obtain a 
robust diagnostic biomarker for Alzheimer's disease. Alzheimers Dement (Amst). 
2021;13(1):e12173. Epub 20210502. doi: 10.1002/dad2.12173. PubMed PMID: 33969170; 
PubMed Central PMCID: PMC8088590. 

157. Park J-H, Park G-T, Cho IH, Sim S-M, Yang J-M, Lee D-Y. An antimicrobial protein, lactoferrin exists 
in the sweat: proteomic analysis of sweat. Experimental Dermatology. 2011;20(4):369-71. doi: 
https://doi.org/10.1111/j.1600-0625.2010.01218.x. 

https://doi.org/10.1016/S0021-9258(17)36401-3
https://doi.org/10.1016/S0021-9258(17)36401-3
https://doi.org/10.1016/0022-2836(89)90602-5
https://doi.org/10.1111/j.1600-0625.2010.01218.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 146 

158. Zhang Y, Yan P, Tang H, Zhang J. Rapid detection of tear lactoferrin for diagnosis of dry eyes by 
using fluorescence polarization-based aptasensor. Scientific Reports. 2023;13(1):15179. doi: 
10.1038/s41598-023-42484-5. 

159. Troost FJ, Saris WH, Brummer RJ. Orally ingested human lactoferrin is digested and secreted in 
the upper gastrointestinal tract in vivo in women with ileostomies. J Nutr. 2002;132(9):2597-
600. doi: 10.1093/jn/132.9.2597. PubMed PMID: 12221215. 

160. Venge P, Foucard T, Henriksen J, Håkansson L, Kreuger A. Serum-levels of lactoferrin, lysozyme 
and myeloperoxidase in normal, infection-prone and leukemic children. Clinica Chimica Acta. 
1984;136(2):121-30. doi: https://doi.org/10.1016/0009-8981(84)90283-3. 

161. Mazurier J, Spik G. Comparative study of the iron-binding properties of human transferrins. I. 
Complete and sequential iron saturation and desaturation of the lactotransferrin. Biochim 
Biophys Acta. 1980;629(2):399-408. doi: 10.1016/0304-4165(80)90112-9. PubMed PMID: 
6770907. 

162. Sawicki KT, Chang HC, Ardehali Hw. Role of heme in cardiovascular physiology and disease. J Am 
Heart Assoc. 2015;4(1):e001138. Epub 20150105. doi: 10.1161/jaha.114.001138. PubMed 
PMID: 25559010; PubMed Central PMCID: PMC4330050. 

163. Poulos TL. Heme enzyme structure and function. Chem Rev. 2014;114(7):3919-62. Epub 
20140108. doi: 10.1021/cr400415k. PubMed PMID: 24400737; PubMed Central PMCID: 
PMC3981943. 

164. Marengo-Rowe AJ. Structure-function relations of human hemoglobins. Proc (Bayl Univ Med 
Cent). 2006;19(3):239-45. doi: 10.1080/08998280.2006.11928171. PubMed PMID: 17252042; 
PubMed Central PMCID: PMC1484532. 

165. Melino G, Stefanini S, Chiancone E, Antonini E. Stoichiometry of iron oxidation by apoferritin. 
FEBS Lett. 1978;86(1):136-8. doi: 10.1016/0014-5793(78)80115-x. PubMed PMID: 620821. 

166. Radisky DC, Kaplan J. Iron in cytosolic ferritin can be recycled through lysosomal degradation in 
human fibroblasts. Biochem J. 1998;336 ( Pt 1)(Pt 1):201-5. doi: 10.1042/bj3360201. PubMed 
PMID: 9806901; PubMed Central PMCID: PMC1219858. 

167. Migliari R, Mela Q, Ruggiero V, Scarpa RM, Migliari M, Pitzus F, et al. Serum and urine ferritin in 
patients with transitional cell carcinoma of the bladder. Arch Ital Urol Nefrol Androl. 
1991;63(1):141-5. PubMed PMID: 1830406. 

168. Celia H, Botos I, Ni X, Fox T, De Val N, Lloubes R, et al. Cryo-EM structure of the bacterial Ton 
motor subcomplex ExbB–ExbD provides information on structure and stoichiometry. 
Communications Biology. 2019;2(1):358. doi: 10.1038/s42003-019-0604-2. 

169. Chang C, Mooser A, Plückthun A, Wlodawer A. Crystal Structure of the Dimeric C-terminal 
Domain of TonB Reveals a Novel Fold *. Journal of Biological Chemistry. 2001;276(29):27535-40. 
doi: 10.1074/jbc.M102778200. 

170. Freed DM, Lukasik SM, Sikora A, Mokdad A, Cafiso DS. Monomeric TonB and the Ton Box Are 
Required for the Formation of a High-Affinity Transporter–TonB Complex. Biochemistry. 
2013;52(15):2638-48. doi: 10.1021/bi3016108. 

171. Gudmundsdottir A, Bell PE, Lundrigan MD, Bradbeer C, Kadner RJ. Point mutations in a 
conserved region (TonB box) of Escherichia coli outer membrane protein BtuB affect vitamin 
B12 transport. J Bacteriol. 1989;171(12):6526-33. doi: 10.1128/jb.171.12.6526-6533.1989. 
PubMed PMID: 2687240; PubMed Central PMCID: PMC210543. 

https://doi.org/10.1016/0009-8981(84)90283-3


ZINC AND MANGANESE HOMEOSTATIS IN GC 147 

172. Zinke M, Lejeune M, Mechaly A, Bardiaux B, Boneca IG, Delepelaire P, et al. Ton motor 
conformational switch and peptidoglycan role in bacterial nutrient uptake. Nature 
Communications. 2024;15(1):331. doi: 10.1038/s41467-023-44606-z. 

173. Kenney CD, Cornelissen CN. Demonstration and characterization of a specific interaction 
between gonococcal transferrin binding protein A and TonB. Journal of bacteriology. 
2002;184(22):6138-45. doi: 10.1128/JB.184.22.6138-6145.2002. PubMed PMID: 12399483. 

174. Cornelissen CN, Anderson JE, Sparling PF. Energy-dependent changes in the gonococcal 
transferrin receptor. Molecular Microbiology. 1997;26(1):25-35. doi: 
https://doi.org/10.1046/j.1365-2958.1997.5381914.x. 

175. Josts I, Veith K, Tidow H. Ternary structure of the outer membrane transporter FoxA with 
resolved signalling domain provides insights into TonB-mediated siderophore uptake. eLife. 
2019;8:e48528. doi: 10.7554/eLife.48528. 

176. Hagen TA, Cornelissen CN. Neisseria gonorrhoeae requires expression of TonB and the putative 
transporter TdfF to replicate within cervical epithelial cells. Molecular Microbiology. 
2006;62(4):1144-57. doi: https://doi.org/10.1111/j.1365-2958.2006.05429.x. 

177. Cornelissen CN. Subversion of nutritional immunity by the pathogenic Neisseriae. Pathogens 
and Disease. 2018;76(1):ftx112-ftx. 

178. Yadav R, Noinaj N, Ostan N, Moraes T, Stoudenmire J, Maurakis S, et al. Structural Basis for 
Evasion of Nutritional Immunity by the Pathogenic Neisseriae. Frontiers in microbiology. 
2020;10:2981-. doi: 10.3389/fmicb.2019.02981. PubMed PMID: 31998268. 

179. Maurakis S, Keller K, Maxwell CN, Pereira K, Chazin WJ, Criss AK, et al. The Novel Interaction 
Between Neisseria gonorrhoeae TdfJ and Human S100A7 Allows Gonococci to Subvert Host Zinc 
Restriction. PLOS Pathogens. 2019;15(8):e1007937-e. 

180. Noto JM, Cornelissen C. N. Identification of TbpA Residues Required for Transferrin-Iron 
Utilization by Neisseria gonorrhoeae. Infection and Immunity. 2008;76(5):1960-9. doi: 
10.1128/IAI.00020-08. 

181. Kandler JL, Holley CL, Reimche JL, Dhulipala V, Balthazar JT, Muszyński A, et al. The MisR 
Response Regulator Is Necessary for Intrinsic Cationic Antimicrobial Peptide and Aminoglycoside 
Resistance in Neisseria gonorrhoeae. Antimicrob Agents Chemother. 2016;60(8):4690-700. doi: 
10.1128/AAC.00823-16. PubMed PMID: 27216061. 

182. Vélez Acevedo RN, Ronpirin C, Kandler JL, Shafer WM, Cornelissen CN. Identification of 
regulatory elements that control expression of the tbpBA operon in Neisseria gonorrhoeae. 
Journal of bacteriology. 2014;196(15):2762-74. Epub 2014/05/16. doi: 10.1128/JB.01693-14. 
PubMed PMID: 24837286. 

183. Price GA, Masri HP, Hollander AM, Russell MW, Cornelissen CN. Gonococcal transferrin binding 
protein chimeras induce bactericidal and growth inhibitory antibodies in mice. Vaccine. 
2007;25(41):7247-60. Epub 20070806. doi: 10.1016/j.vaccine.2007.07.038. PubMed PMID: 
17720283; PubMed Central PMCID: PMC2225598. 

184. Price GA, Hobbs MM, Cornelissen CN. Immunogenicity of gonococcal transferrin binding 
proteins during natural infections. Infect Immun. 2004;72(1):277-83. doi: 10.1128/iai.72.1.277-
283.2004. PubMed PMID: 14688106; PubMed Central PMCID: PMC343986. 

185. Cornelissen CN, Anderson JE, Boulton IC, Sparling PF. Antigenic and sequence diversity in 
gonococcal transferrin-binding protein A. Infect Immun. 2000;68(8):4725-35. doi: 

https://doi.org/10.1046/j.1365-2958.1997.5381914.x
https://doi.org/10.1111/j.1365-2958.2006.05429.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 148 

10.1128/iai.68.8.4725-4735.2000. PubMed PMID: 10899879; PubMed Central PMCID: 
PMC98422. 

186. Cornelissen CN, Anderson JE, Sparling PF. Characterization of the diversity and the transferrin-
binding domain of gonococcal transferrin-binding protein 2. Infect Immun. 1997;65(2):822-8. 
doi: 10.1128/iai.65.2.822-828.1997. PubMed PMID: 9009351; PubMed Central PMCID: 
PMC176134. 

187. Cornelissen CN, Kelley M, Hobbs MM, Anderson JE, Cannon JG, Cohen MS, et al. The transferrin 
receptor expressed by gonococcal strain FA1090 is required for the experimental infection of 
human male volunteers. Molecular Microbiology. 1998;27(3):611-6. doi: 
https://doi.org/10.1046/j.1365-2958.1998.00710.x. 

188. Anderson JE, Hobbs MM, Biswas GD, Sparling PF. Opposing selective forces for expression of the 
gonococcal lactoferrin receptor. Molecular Microbiology. 2003;48(5):1325-37. doi: 
https://doi.org/10.1046/j.1365-2958.2003.03496.x. 

189. Awate OA. Structure-Function Relationships in HpuAB, the Gonococcal Bipartite TonB-
dependent Transport System: Georgia State University; 2023. 

190. Anderson JE, Leone PA, Miller WC, Chen C, Hobbs MM, Sparling PF. Selection for expression of 
the gonococcal hemoglobin receptor during menses. J Infect Dis. 2001;184(12):1621-3. Epub 
20011106. doi: 10.1086/324564. PubMed PMID: 11740741. 

191. Biegel Carson S, Klebba P, Newton S, Sparling P. Ferric Enterobactin Binding and Utilization by 
Neisseria gonorrhoeae. American Society for Microbiology Journal of Bacteriology. 
1999;181(9):2895-901. 

192. Saleem M, Prince SM, Rigby SEJ, Imran M, Patel H, Chan H, et al. Use of a Molecular Decoy to 
Segregate Transport from Antigenicity in the FrpB Iron Transporter from Neisseria meningitidis. 
PLOS ONE. 2013;8(2):e56746. doi: 10.1371/journal.pone.0056746. 

193. Niramitranon J, Sansom MSP, Pongprayoon P. Why do the outer membrane proteins OmpF from 
E. coli and OprP from P. aeruginosa prefer trimers? Simulation studies. Journal of Molecular 
Graphics and Modelling. 2016;65:1-7. doi: https://doi.org/10.1016/j.jmgm.2016.02.002. 

194. Hollander A, Mercante AD, Shafer WM, Cornelissen CN. The Iron-Repressed, AraC-Like Regulator 
MpeR Activates Expression of fetA in Neisseria gonorrhoeae. Infection and Immunity. 
2011;79(12):4764-76. doi: 10.1128/IAI.05806-11. 

195. Strange HR, Zola TA, Cornelissen CN. The fbpABC Operon Is Required for Ton-Independent 
Utilization of Xenosiderophores by Neisseria gonorrhoeae Strain FA19. Infection and Immunity. 
2011;79(1):267 LP-78. 

196. Turner PC, Thomas CE, Stojiljkovic I, Elkins C, Kizel G, Ala’Aldeen DAA, et al. Neisserial TonB-
dependent outer-membrane proteins: detection, regulation and distribution of three putative 
candidates identified from the genome sequencesThe GenBank accession number for the 
sequence of tdfH from meningococcal strain IR1074 reported in this paper is AF227418. 
Microbiology. 2001;147(5):1277-90. doi: https://doi.org/10.1099/00221287-147-5-1277. 

197. Quillin SJ, Hockenberry AJ, Jewett MC, Seifert HS. Neisseria gonorrhoeae Exposed to Sublethal 
Levels of Hydrogen Peroxide Mounts a Complex Transcriptional Response. mSystems. 2018;3(5). 
Epub 20181002. doi: 10.1128/mSystems.00156-18. PubMed PMID: 30320218; PubMed Central 
PMCID: PMC6172773. 

https://doi.org/10.1046/j.1365-2958.1998.00710.x
https://doi.org/10.1046/j.1365-2958.2003.03496.x
https://doi.org/10.1016/j.jmgm.2016.02.002
https://doi.org/10.1099/00221287-147-5-1277


ZINC AND MANGANESE HOMEOSTATIS IN GC 149 

198. Kammerman MT, Bera A, Wu R, Harrison SA, Maxwell CN, Lundquist K, et al. Molecular Insight 
into TdfH-Mediated Zinc Piracy from Human Calprotectin by Neisseria gonorrhoeae. mBio. 
2020;11(3):e00949-20. doi: 10.1128/mBio.00949-20. 

199. Calmettes C, Ing C, Buckwalter CM, El Bakkouri M, Chieh-Lin Lai C, Pogoutse A, et al. The 
molecular mechanism of Zinc acquisition by the neisserial outer-membrane transporter ZnuD. 
Nature Communications. 2015;6(1):7996. doi: 10.1038/ncomms8996. 

200. Hecel A, Rowińska-Żyrek M, Kozłowski H. Copper(II)-Induced Restructuring of ZnuD, a Zinc(II) 
Transporter from Neisseria meningitidis. Inorganic Chemistry. 2019;58(9):5932-42. doi: 
10.1021/acs.inorgchem.9b00265. 

201. Maurakis S, A., Stoudenmire J, L., Rymer J, K., Chazin W, J., Cornelissen C, Nau. Mutagenesis of 
the Loop 3 α-Helix of Neisseria gonorrhoeae TdfJ Inhibits S100A7 Binding and Utilization. mBio. 
2022;13(4):e01670-22. doi: 10.1128/mbio.01670-22. 

202. Padmanabhan S. Molecular Characterization of the Neisseria gonorrhoeae Zur Regulon in 
Response to Zinc Starvation: Georgia State University 2024. 

203. Akhtar AA, Turner DPJ. The role of bacterial ATP-binding cassette (ABC) transporters in 
pathogenesis and virulence: Therapeutic and vaccine potential. Microbial Pathogenesis. 
2022;171:105734. doi: https://doi.org/10.1016/j.micpath.2022.105734. 

204. Chen C-Y, Morse SA. Identification and characterization of a high-affinity zinc uptake system in 
Neisseria gonorrhoeae. FEMS Microbiology Letters. 2001;202(1):67-71. PubMed Central PMCID: 
11506909. 

205. Lim KHL, Jones CE, vanden Hoven RN, Edwards JL, Falsetta ML, Apicella MA, et al. Metal Binding 
Specificity of the MntABC Permease of Neisseria gonorrhoeae and Its Influence on Bacterial 
Growth and Interaction with Cervical Epithelial Cells. American Society for Microbiology Journal 
of Infection and Immunity. 2008. doi: 10.1128/IAI.01725-07. PubMed Central PMCID: 
PMC2493241. 

206. Khun HH, Deved V, Wong H, Lee BC. fbpABC gene cluster in Neisseria meningitidis is transcribed 
as an operon. Infect Immun. 2000;68(12):7166-71. doi: 10.1128/iai.68.12.7166-7171.2000. 
PubMed PMID: 11083849; PubMed Central PMCID: PMC97834. 

207. Yu C, McClure R, Nudel K, Daou N, Genco CA. Characterization of the Neisseria gonorrhoeae Iron 
and Fur Regulatory Network. J Bacteriol. 2016;198(16):2180-91. Epub 20160728. doi: 
10.1128/jb.00166-16. PubMed PMID: 27246574; PubMed Central PMCID: PMC4966432. 

208. Khun Heng H, Kirby Shane D, Lee BC. A Neisseria meningitidis fbpABC Mutant Is Incapable of 
Using Nonheme Iron for Growth. Infection and Immunity. 1998;66(5):2330-6. doi: 
10.1128/iai.66.5.2330-2336.1998. 

209. Tseng HJ, Srikhanta Y, McEwan AG, Jennings MP. Accumulation of manganese in Neisseria 
gonorrhoeae correlates with resistance to oxidative killing by superoxide anion and is 
independent of superoxide dismutase activity. Molecular Biology. 2001;40(5):1175-86. doi: 
https://doi.org/10.1046/j.1365-2958.2001.02460.x. 

210. Pawlik M-C, Hubert K, Joseph B, Claus H, Schoen C, Vogel U. The Zinc-Responsive Regulon of 
Neisseria meningitidis Comprises 17 Genes under Control of a Zur Element. Journal of 
Bacteriology. 2012;194(23):6594 LP-603. doi: 10.1128/JB.01091-12. 

211. Wu H-J, Seib K, Srikhanta Y, Kidd S, Edwards J, Maguire T, et al. PerR controls Mn-dependent 
resistance to oxidative stress in Neisseria gonorrhoeae. Molecular Biology. 2006;60(2):401-16. 
doi: 10.1111/j.1365-2958.2006.05079.x. PubMed Central PMCID: 16573689. 

https://doi.org/10.1016/j.micpath.2022.105734
https://doi.org/10.1046/j.1365-2958.2001.02460.x


ZINC AND MANGANESE HOMEOSTATIS IN GC 150 

212. Steingard CH, Helmann JD. Meddling with Metal Sensors: Fur-Family Proteins as Signaling Hubs. 
J Bacteriol. 2023;205(4):e0002223. Epub 20230403. doi: 10.1128/jb.00022-23. PubMed PMID: 
37010421; PubMed Central PMCID: PMC10127796. 

213. Thomas CE, Sparling PF. Isolation and analysis of a fur mutant of Neisseria gonorrhoeae. J 
Bacteriol. 1996;178(14):4224-32. doi: 10.1128/jb.178.14.4224-4232.1996. PubMed PMID: 
8763952; PubMed Central PMCID: PMC178181. 

214. Jean S, Juneau RA, Criss AK, Cornelissen CN. Neisseria gonorrhoeae Evades Calprotectin-
Mediated Nutritional Immunity and Survives Neutrophil Extracellular Traps by Production of 
TdfH. Infection and Immunity. 2016;84(10):2982-94. doi: 10.1128/IAI.00319-16. 

215. Seib KL, Wu H-J, Kidd SP, Apicella MA, Jennings MP, McEwan AG. Defenses against oxidative 
stress in Neisseria gonorrhoeae: a system tailored for a challenging environment. Microbiology 
and molecular biology reviews : MMBR. 2006;70(2):344-61. doi: 10.1128/MMBR.00044-05. 

216. CDC CfDCa. STI Surveillance Report. Center for Disease Control and Prevention 2022. 
217. Gonorrhoea: latest antimicrobial global surveillance results and guidance for vaccine 

development published [Internet]. World Health Organization; 2021. Available from: 
https://www.who.int/news/item/22-11-2021-gonorrhoea-antimicrobial-resistance-results-and-
guidance-vaccine-development 

218. Wallin J. Gonorrhoea in 1972. A 1-year study of patients attending the VD Unit in Uppsala. Br J 
Vener Dis. 1975;51(1):41-7. doi: 10.1136/sti.51.1.41. PubMed PMID: 1125748; PubMed Central 
PMCID: PMC1045109. 

219. Liebling MR, Arkfeld DG, Michelini GA, Nishio MJ, Eng BJ, Jin T, et al. Identification of Neisseria 
gonorrhoeae in synovial fluid using the polymerase chain reaction. Arthritis Rheum. 
1994;37(5):702-9. doi: 10.1002/art.1780370514. PubMed PMID: 8185697. 

220. de Campos FP, Kawabata VS, Bittencourt MS, Lovisolo SM, Felipe-Silva A, de Lemos AP. 
Gonococcal endocarditis: an ever-present threat. Autops Case Rep. 2016;6(2):19-25. Epub 
20160630. doi: 10.4322/acr.2016.037. PubMed PMID: 27547739; PubMed Central PMCID: 
PMC4982780. 

221. Oh S, Kim S-H, Baek Jy, Huh K, Cho SY, Kang C-I, et al. A case of gonococcal meningitis caused by 
Neisseria gonorrhoeae MLST ST7363 in a healthy young adult. Journal of Infection and 
Chemotherapy. 2020;26(9):995-8. doi: https://doi.org/10.1016/j.jiac.2020.04.002. 

222. Kellogg DS, Jr., Peacock WL, Jr., Deacon WE, Brown L, Pirkle DI. NEISSERIA GONORRHOEAE. I. 
VIRULENCE GENETICALLY LINKED TO CLONAL VARIATION. J Bacteriol. 1963;85(6):1274-9. doi: 
10.1128/jb.85.6.1274-1279.1963. PubMed PMID: 14047217; PubMed Central PMCID: 
PMC278328. 

223. Nachamkin I, Cannon JG, Mittler RS. Monoclonal antibodies against Neisseria gonorrhoeae: 
production of antibodies directed against a strain-specific cell surface antigen. Infect Immun. 
1981;32(2):641-8. doi: 10.1128/iai.32.2.641-648.1981. PubMed PMID: 6166560; PubMed 
Central PMCID: PMC351495. 

224. Jordan PW, Snyder LAS, Saunders NJ. Strain-specific differences in Neisseria gonorrhoeae 
associated with the phase variable gene repertoire. BMC Microbiology. 2005;5(1):21. doi: 
10.1186/1471-2180-5-21. 

225. Apicella MA. Antigenically Distinct Populations of Neisseria gonorrhoeaei Isolation and 
Characterization of the Responsible Determinants. The Journal of Infectious Diseases. 
1974;130(6):619-25. doi: 10.1093/infdis/130.6.619. 

https://www.who.int/news/item/22-11-2021-gonorrhoea-antimicrobial-resistance-results-and-guidance-vaccine-development
https://www.who.int/news/item/22-11-2021-gonorrhoea-antimicrobial-resistance-results-and-guidance-vaccine-development
https://doi.org/10.1016/j.jiac.2020.04.002


ZINC AND MANGANESE HOMEOSTATIS IN GC 151 

226. Jean S. Characterizarion of the Regulation and Function of Neisseria gonorrhoeae TonB-
dependent Transporters: TdfG, TdfH and TdfJ. Virginia Commonwealth University Scholars 
Compass: Virginia Commonwealth University; 2015. 

227. Cash DR. Drug and Vaccine development for Neisseria gonorrhoeae Virginia Commonwealth 
University: Virginia Commonwealth University; 2016. 

228. Dillard JP. Genetic Manipulation of Neisseria gonorrhoeae. Current protocols in microbiology. 
2011;Chapter 4:Unit4A.2-Unit4A.2. doi: 10.1002/9780471729259.mc04a02s23. 

229. Maurakis S, Cornelissen CN. Metal-Limited Growth of Neisseria gonorrhoeae for 
Characterization of Metal-Responsive Genes and Metal Acquisition from Host Ligands. JoVE. 
2020(157):e60903. doi: doi:10.3791/60903. PubMed Central PMCID: PMC7386066. 

230. Lefrançois LH, Kalinina V, Cardenal-Muñoz E, Hanna N, Koliwer-Brandl H, Appiah J, et al. Zn2+ 
Intoxication of Mycobacterium marinum during Dictyostelium discoideum Infection Is 
Counteracted by Induction of the Pathogen Zn2+ Exporter CtpC. bioRxiv. 2019:575217. doi: 
10.1101/575217. 

231. Cornelissen CN, Biswas GD, Tsai J, Paruchuri DK, Thompson SA, Sparling PF. Gonococcal 
transferrin-binding protein 1 is required for transferrin utilization and is homologous to TonB-
dependent outer membrane receptors. J Bacteriol. 1992;174(18):5788-97. doi: 
10.1128/jb.174.18.5788-5797.1992. PubMed PMID: 1325963; PubMed Central PMCID: 
PMC207106. 

232. STD Sequence Databases Neisseria gonorrhoeae FA1090 [Internet]. 1998. Available from: 
http://stdgen.northwestern.edu/. 

233. Ilari A, Pescatori L, Di Santo R, Battistoni A, Ammendola S, Falconi M, et al. Salmonella enterica 
serovar Typhimurium growth is inhibited by the concomitant binding of Zn(II) and a pyrrolyl-
hydroxamate to ZnuA, the soluble component of the ZnuABC transporter. Biochimica et 
Biophysica Acta (BBA) - General Subjects. 2016;1860(3):534-41. doi: 
https://doi.org/10.1016/j.bbagen.2015.12.006. 

234. Perrin A, Bonacorsi S, Carbonnelle E, Talibi D, Dessen P, Nassif X, et al. Comparative Genomics 
Identifies the Genetic Islands That Distinguish Neisseria meningitidis, the Agent of Cerebrospinal 
Meningitis, from Other Neisseria Species. Infection and Immunity. 2002;70(12):7063. doi: 
10.1128/IAI.70.12.7063-7072.2002. 

235. CDC. Sexually transmitted disease surveillance 2018. Atlanta, GA: 2019. 
236. CDC. VPD Surveillance Manual 8 Meningococcal Disease: Chapter 8.1. Atlanta, GA: 2019. 
237. CDC. Enhanced Meningococcal DiseaseSurveillance Report, 2018. Atlanta, GA: 2019 2019. 

Report No. 
238. The Response to and Cost of Meningococcal Disease Outbreaks in University Campus Settings: A 

Case Study in Oregon, United States [Internet]. Research Triangle Park (NC): RTI Press; 2019. 
Available from: https://www.ncbi.nlm.nih.gov/books/NBK565440/ 

239. Kumar S, Chesson H, Gift TL. Estimating the Direct Medical Costs and Productivity Loss of 
Outpatient Chlamydia and Gonorrhea Treatment. Sex Transm Dis. 2021;48(2):e18-e21. doi: 
10.1097/olq.0000000000001240. PubMed PMID: 33448729; PubMed Central PMCID: 
PMC7939516. 

240. Hennigar SR, McClung JP. Nutritional Immunity: Starving Pathogens of Trace Minerals. Am J 
Lifestyle Med. 2016;10(3):170-3. doi: 10.1177/1559827616629117. PubMed PMID: 30202269. 

http://stdgen.northwestern.edu/
https://doi.org/10.1016/j.bbagen.2015.12.006
https://www.ncbi.nlm.nih.gov/books/NBK565440/


ZINC AND MANGANESE HOMEOSTATIS IN GC 152 

241. Becker KW, Skaar EP. Metal limitation and toxicity at the interface between host and pathogen. 
FEMS microbiology reviews. 2014;38(6):1235-49. Epub 2014/09/29. doi: 10.1111/1574-
6976.12087. PubMed PMID: 25211180. 

242. Djoko KY, Franiek JA, Edwards JL, Falsetta ML, Kidd SP, Potter AJ, et al. Phenotypic 
characterization of a copA mutant of Neisseria gonorrhoeae identifies a link between copper 
and nitrosative stress. Infection and immunity. 2012;80(3):1065-71. Epub 2011/12/19. doi: 
10.1128/IAI.06163-11. 

243. Veyrier FJ, Boneca IG, Cellier MF, Taha M-K. A novel metal transporter mediating manganese 
export (MntX) regulates the Mn to Fe intracellular ratio and Neisseria meningitidis virulence. 
PLoS pathogens. 2011;7(9):e1002261-e. Epub 2011/09/29. doi: 10.1371/journal.ppat.1002261. 
PubMed PMID: 21980287. 

244. Djoko KY, McEwan AG. Antimicrobial Action of Copper Is Amplified via Inhibition of Heme 
Biosynthesis. ACS Chemical Biology. 2013;8(10):2217-23. doi: 10.1021/cb4002443. 

245. Girotto S, Cendron L, Bisaglia M, Tessari I, Mammi S, Zanotti G, et al. DJ-1 is a copper chaperone 
acting on SOD1 activation. J Biol Chem. 2014;289(15):10887-99. Epub 2014/02/24. doi: 
10.1074/jbc.M113.535112. PubMed PMID: 24567322. 

246. Jarosz M, Olbert M, Wyszogrodzka G, Młyniec K, Librowski T. Antioxidant and anti-inflammatory 
effects of zinc. Zinc-dependent NF-κB signaling. Inflammopharmacology. 2017;25(1):11-24. Epub 
2017/01/12. doi: 10.1007/s10787-017-0309-4. PubMed PMID: 28083748. 

247. Ganini D, Santos JH, Bonini MG, Mason RP. Switch of Mitochondrial Superoxide Dismutase into a 
Prooxidant Peroxidase in Manganese-Deficient Cells and Mice. Cell Chem Biol. 2018;25(4):413-
25.e6. doi: 10.1016/j.chembiol.2018.01.007. PubMed PMID: 29398562. 

248. Maares M, Keil C, Koza J, Straubing S, Schwerdtle T, Haase H. In Vitro Studies on Zinc Binding and 
Buffering by Intestinal Mucins. Int J Mol Sci. 2018;19(9):2662. doi: 10.3390/ijms19092662. 
PubMed PMID: 30205533. 

249. Hu Frisk JM, Kjellén L, Kaler SG, Pejler G, Öhrvik H. Copper Regulates Maturation and Expression 
of an MITF:Tryptase Axis in Mast Cells. J Immunol. 2017;199(12):4132-41. Epub 2017/11/10. 
doi: 10.4049/jimmunol.1700786. PubMed PMID: 29127151. 

250. Braiterman LT, Gupta A, Chaerkady R, Cole RN, Hubbard AL. Communication between the N and 
C termini is required for copper-stimulated Ser/Thr phosphorylation of Cu(I)-ATPase (ATP7B). J 
Biol Chem. 2015;290(14):8803-19. Epub 2015/02/09. doi: 10.1074/jbc.M114.627414. PubMed 
PMID: 25666620. 

251. Tidball AM, Bryan MR, Uhouse MA, Kumar KK, Aboud AA, Feist JE, et al. A novel manganese-
dependent ATM-p53 signaling pathway is selectively impaired in patient-based neuroprogenitor 
and murine striatal models of Huntington's disease. Hum Mol Genet. 2015;24(7):1929-44. Epub 
2014/12/08. doi: 10.1093/hmg/ddu609. PubMed PMID: 25489053. 

252. Persson K, Ly HD, Dieckelmann M, Wakarchuk WW, Withers SG, Strynadka NC. Crystal structure 
of the retaining galactosyltransferase LgtC from Neisseria meningitidis in complex with donor 
and acceptor sugar analogs. Nat Struct Biol. 2001;8(2):166-75. Epub 2001/02/15. doi: 
10.1038/84168. PubMed PMID: 11175908. 

253. Hecel A, Watly J, Rowinska-Zyrek M, Swiatek-Kozlowska J, Kozlowski H. Histidine tracts in human 
transcription factors: insight into metal ion coordination ability. JBIC, J Biol Inorg Chem. 
2018;23(1):81. 



ZINC AND MANGANESE HOMEOSTATIS IN GC 153 

254. Kaur G, Kumar V, Arora A, Tomar A, Ashish, Sur R, et al. Affected energy metabolism under 
manganese stress governs cellular toxicity. Scientific reports. 2017;7(1):11645-. doi: 
10.1038/s41598-017-12004-3. PubMed PMID: 28928443. 

255. Jackson MJ. Physiology of Zinc: General Aspects. In: Mills CF, editor. Zinc in Human Biology. 
London: Springer London; 1989. p. 1-14. 

256. Baer MT, King JC. Tissue zinc levels and zinc excretion during experimental zinc depletion in 
young men. The American Journal of Clinical Nutrition. 1984;39(4):556-70. doi: 
10.1093/ajcn/39.4.556. 

257. Suzuki T, Suzuki K, Nakajima K, Otaki N, Yamanaka H. Metallothionein in human seminal plasma. 
Int J Urol. 1994;1(4):345-8. doi: 10.1111/j.1442-2042.1994.tb00062.x. PubMed PMID: 7614399. 

258. Rahman MT, Karim MM. Metallothionein: a Potential Link in the Regulation of Zinc in Nutritional 
Immunity. Biological Trace Element Research. 2018;182(1):1-13. doi: 10.1007/s12011-017-1061-
8. 

259. Suzuki T, Yamanaka H, Nakajima K, Suzuki K, Kanatani K, Kimura M, et al. Immunohistochemical 
Study of Metallothionein in Human Seminal Vesicles. The Tohoku Journal of Experimental 
Medicine. 1992;167(2):127-34. doi: 10.1620/tjem.167.127. 

260. Brown KH, Wuehler SE, Peerson JM. The Importance of Zinc in Human Nutrition and Estimation 
of the Global Prevalence of Zinc Deficiency. Food and Nutrition Bulletin. 2001;22(2):113-25. doi: 
10.1177/156482650102200201. 

261. Edgeworth J, Gorman M, Bennett R, Freemont P, Hogg N. Identification of p8,14 as a highly 
abundant heterodimeric calcium binding protein complex of myeloid cells. J Biol Chem. 
1991;266(12):7706-13. Epub 1991/04/25. PubMed PMID: 2019594. 

262. Voganatsi A, Panyutich A, Miyasaki KT, Murthy RK. Mechanism of extracellular release of human 
neutrophil calprotectin complex. Journal of Leukocyte Biology. 2001;70(1):130-4. doi: 
https://doi.org/10.1189/jlb.70.1.130. 

263. Urban CF, Ermert D, Schmid M, Abu-Abed U, Goosmann C, Nacken W, et al. Neutrophil 
Extracellular Traps Contain Calprotectin, a Cytosolic Protein Complex Involved in Host Defense 
against Candida albicans. PLOS Pathogens. 2009;5(10):e1000639. doi: 
10.1371/journal.ppat.1000639. 

264. Mildner M, Stichenwirth M, Abtin A, Eckhart L, Sam C, Gläser R, et al. Psoriasin (S100A7) is a 
major Escherichia coli-cidal factor of the female genital tract. Mucosal Immunology. 
2010;3(6):602-9. doi: 10.1038/mi.2010.37. 

265. Zackular JP, Chazin WJ, Skaar EP. Nutritional Immunity: S100 Proteins at the Host-Pathogen 
Interface. J Biol Chem. 2015;290(31):18991-8. Epub 2015/06/08. doi: 10.1074/jbc.R115.645085. 

266. O'Neal SL, Zheng W. Manganese Toxicity Upon Overexposure: a Decade in Review. Current 
environmental health reports. 2015;2(3):315-28. doi: 10.1007/s40572-015-0056-x. 

267. Maynard LS, Cotzias GC. The partition of manganese among organs and intracellular organelles 
of the rat. J Biol Chem. 1955;214(1):489-95. Epub 1955/05/01. PubMed PMID: 14367406. 

268. Gunter TE, Gerstner B, Gunter KK, Malecki J, Gelein R, Valentine WM, et al. Manganese 
transport via the transferrin mechanism. Neurotoxicology. 2013;34:118-27. Epub 2012/11/09. 
doi: 10.1016/j.neuro.2012.10.018. PubMed PMID: 23146871. 

269. Chen JY, Tsao GC, Zhao Q, Zheng W. Differential cytotoxicity of Mn(II) and Mn(III): special 
reference to mitochondrial [Fe-S] containing enzymes. Toxicol Appl Pharmacol. 
2001;175(2):160-8. doi: 10.1006/taap.2001.9245. PubMed PMID: 11543648. 

https://doi.org/10.1189/jlb.70.1.130


ZINC AND MANGANESE HOMEOSTATIS IN GC 154 

270. Juttukonda LJ, Chazin WJ, Skaar EP. Acinetobacter baumannii Coordinates Urea Metabolism with 
Metal Import To Resist Host-Mediated Metal Limitation. mBio. 2016;7(5):e01475-16. doi: 
10.1128/mBio.01475-16. PubMed PMID: 27677795. 

271. Kehres DG, Janakiraman A, Slauch JM, Maguire ME. SitABCD is the alkaline Mn2+ transporter of 
Salmonella enterica serovar Typhimurium. Journal of bacteriology. 2002;184(12):3159-66. doi: 
10.1128/jb.184.12.3159-3166.2002. PubMed PMID: 12029031. 

272. Diaz-Ochoa VE, Lam D, Lee CS, Klaus S, Behnsen J, Liu JZ, et al. Salmonella Mitigates Oxidative 
Stress and Thrives in the Inflamed Gut by Evading Calprotectin-Mediated Manganese 
Sequestration. Cell host & microbe. 2016;19(6):814-25. doi: 10.1016/j.chom.2016.05.005. 

273. Anjem A, Varghese S, Imlay JA. Manganese import is a key element of the OxyR response to 
hydrogen peroxide in Escherichia coli. Molecular Microbiology. 2009;72(4):844-58. doi: 
10.1111/j.1365-2958.2009.06699.x. 

274. Lee M-J, Chien-Liang L, Tsai J-Y, Sue W-T, Hsia W-S, Huang H. Identification and biochemical 
characterization of a unique Mn2+-dependent UMP kinase from Helicobacter pylori. Archives of 
Microbiology. 2010;192(9):739-46. doi: 10.1007/s00203-010-0600-x. 

275. Jabado N, Jankowski A, Dougaparsad S, Picard V, Grinstein S, Gros P. Natural resistance to 
intracellular infections: natural resistance-associated macrophage protein 1 (Nramp1) functions 
as a pH-dependent manganese transporter at the phagosomal membrane. J Exp Med. 
2000;192(9):1237-48. Epub 2000/11/09. doi: 10.1084/jem.192.9.1237. PubMed PMID: 
11067873; PubMed Central PMCID: PMC2193348. 

276. Forbes JR, Gros P. Iron, manganese, and cobalt transport by Nramp1 (Slc11a1) and Nramp2 
(Slc11a2) expressed at the plasma membrane. Blood. 2003;102(5):1884-92. doi: 10.1182/blood-
2003-02-0425. 

277. Zughaier SM, Kandler JL, Shafer WM. Neisseria gonorrhoeae Modulates Iron-Limiting Innate 
Immune Defenses in Macrophages. PLOS ONE. 2014;9(1):e87688. doi: 
10.1371/journal.pone.0087688. 

278. Ivanov SS, Castore R, Juarez Rodriguez MD, Circu M, Dragoi A-M. Neisseria gonorrhoeae 
subverts formin-dependent actin polymerization to colonize human macrophages. PLOS 
Pathogens. 2022;17(12):e1010184. doi: 10.1371/journal.ppat.1010184. 

279. Dunn MA, Green MH, Leach RM, Jr. Kinetics of copper metabolism in rats: a compartmental 
model. Am J Physiol. 1991;261(1 Pt 1):E115-25. Epub 1991/07/11. doi: 
10.1152/ajpendo.1991.261.1.E115. PubMed PMID: 1858867. 

280. Hyre AN, Kavanagh K, Kock ND, Donati GL, Subashchandrabose S. Copper Is a Host Effector 
Mobilized to Urine during Urinary Tract Infection To Impair Bacterial Colonization. Infection and 
Immunity. 2017;85(3):e01041-16. doi: 10.1128/IAI.01041-16. 

281. Ramos D, Mar D, Ishida M, Vargas R, Gaite M, Montgomery A, et al. Mechanism of Copper 
Uptake from Blood Plasma Ceruloplasmin by Mammalian Cells. PloS one. 2016;11(3):e0149516-
e. doi: 10.1371/journal.pone.0149516. PubMed PMID: 26934375. 

282. Sintsova A, Sarantis H, Islam EA, Sun CX, Amin M, Chan CHF, et al. Global analysis of neutrophil 
responses to Neisseria gonorrhoeae reveals a self-propagating inflammatory program. PLoS 
pathogens. 2014;10(9):e1004341-e. doi: 10.1371/journal.ppat.1004341. PubMed PMID: 
25188454. 

283. Johnson MB, Criss AK. Resistance of Neisseria gonorrhoeae to neutrophils. Frontiers in 
microbiology. 2011;2:77-. doi: 10.3389/fmicb.2011.00077. PubMed PMID: 21747795. 



ZINC AND MANGANESE HOMEOSTATIS IN GC 155 

284. Cichon I, Ortmann W, Bednarz A, Lenartowicz M, Kolaczkowska E. Reduced Neutrophil 
Extracellular Trap (NET) Formation During Systemic Inflammation in Mice With Menkes Disease 
and Wilson Disease: Copper Requirement for NET Release. Frontiers in Immunology. 
2020;10(3021). doi: 10.3389/fimmu.2019.03021. 

285. Zhou B, Gitschier J. hCTR1: A human gene for copper uptake identified by 
complementation in yeast. Proceedings of the National Academy of Sciences. 1997;94(14):7481. 
doi: 10.1073/pnas.94.14.7481. 

286. Bera AK, Wu R, Harrison S, Cornelissen CN, Chazin WJ, Noinaj N. TdfH selectively binds metal-
loaded tetrameric calprotectin for zinc import. Communications Biology. 2022;5(1):103. doi: 
10.1038/s42003-022-03039-y. 

287. Gagnon DM, Brophy MB, Bowman SEJ, Stich TA, Drennan CL, Britt RD, et al. Manganese Binding 
Properties of Human Calprotectin under Conditions of High and Low Calcium: X-ray 
Crystallographic and Advanced Electron Paramagnetic Resonance Spectroscopic Analysis. 
Journal of the American Chemical Society. 2015;137(8):3004-16. doi: 10.1021/ja512204s. 

288. Stork M, Grijpstra J, Bos MP, Mañas Torres C, Devos N, Poolman JT, et al. Zinc piracy as a 
mechanism of Neisseria meningitidis for evasion of nutritional immunity. PLoS pathogens. 
2013;9(10):e1003733-e. Epub 2013/10/31. doi: 10.1371/journal.ppat.1003733. PubMed PMID: 
24204275. 

289. Stork M, Bos MP, Jongerius I, de Kok N, Schilders I, Weynants VE, et al. An Outer Membrane 
Receptor of Neisseria meningitidis Involved in Zinc Acquisition with Vaccine Potential. PLOS 
Pathogens. 2010;6(7):e1000969. doi: 10.1371/journal.ppat.1000969. 

290. Dintilhac A, Claverys JP. The adc locus, which affects competence for genetic transformation in 
Streptococcus pneumoniae, encodes an ABC transporter with a putative lipoprotein homologous 
to a family of streptococcal adhesins. Research in Microbiology. 1997;148(2):119-31. doi: 
https://doi.org/10.1016/S0923-2508(97)87643-7. 

291. Berntsson RPA, Smits SHJ, Schmitt L, Slotboom D-J, Poolman B. A structural classification of 
substrate-binding proteins. FEBS Letters. 2010;584(12):2606-17. doi: 
https://doi.org/10.1016/j.febslet.2010.04.043. 

292. Pederick VG, Eijkelkamp BA, Begg SL, Ween MP, McAllister LJ, Paton JC, et al. ZnuA and zinc 
homeostasis in Pseudomonas aeruginosa. Scientific Reports. 2015;5(1):13139. doi: 
10.1038/srep13139. 

293. Lewis DA, Klesney-Tait J, Lumbley SR, Ward CK, Latimer JL, Ison CA, et al. Identification of the 
znuA-encoded periplasmic zinc transport protein of Haemophilus ducreyi. Infection and 
immunity. 1999;67(10):5060-8. doi: 10.1128/IAI.67.10.5060-5068.1999. PubMed PMID: 
10496878. 

294. Desrosiers DC, Bearden SW, Mier I, Abney J, Paulley JT, Fetherston JD, et al. Znu Is the 
Predominant Zinc Importer in Yersinia pestis during In Vitro Growth but Is Not Essential for 
Virulence. Infect Immun. 2010;78(12):5163. 

295. Ammendola S, Pasquali P, Pistoia C, Petrucci P, Petrarca P, Rotilio G, et al. High-Affinity Zn2+ 
Uptake System ZnuABC Is Required for Bacterial Zinc Homeostasis in Intracellular Environments 
and Contributes to the Virulence of Salmonella enterica. Infection and Immunity. 
2007;75(12):5867. doi: 10.1128/IAI.00559-07. 

https://doi.org/10.1016/S0923-2508(97)87643-7
https://doi.org/10.1016/j.febslet.2010.04.043


ZINC AND MANGANESE HOMEOSTATIS IN GC 156 

296. Davis LM, Kakuda T, DiRita VJ. A Campylobacter jejuni znuA Orthologue Is Essential for Growth in 
Low-Zinc Environments and Chick Colonization. Journal of Bacteriology. 2009;191(5):1631. doi: 
10.1128/JB.01394-08. 

297. Davies BW, Walker GC. Disruption of sitA Compromises Sinorhizobium meliloti for Manganese 
Uptake Required for Protection against Oxidative Stress. Journal of Bacteriology. 
2007;189(5):2101. doi: 10.1128/JB.01377-06. 

298. Wu H-J, Seib KL, Srikhanta YN, Edwards J, Kidd SP, Maguire TL, et al. Manganese regulation of 
virulence factors and oxidative stress resistance in Neisseria gonorrhoeae. J Proteomics. 
2010;73(5):899-916. Epub 2009/12/11. doi: 10.1016/j.jprot.2009.12.001. PubMed PMID: 
20004262. 

299. Ronpirin C, Jerse AE, Cornelissen CN. Gonococcal genes encoding transferrin-binding proteins A 
and B are arranged in a bicistronic operon but are subject to differential expression. Infection 
and immunity. 2001;69(10):6336-47. doi: 10.1128/IAI.69.10.6336-6347.2001. PubMed PMID: 
11553578. 

300. Cornelissen CN, Sparling PF. Binding and surface exposure characteristics of the gonococcal 
transferrin receptor are dependent on both transferrin-binding proteins. Journal of bacteriology. 
1996;178(5):1437-44. doi: 10.1128/jb.178.5.1437-1444.1996. PubMed PMID: 8631722. 

301. Fillat MF. The FUR (ferric uptake regulator) superfamily: Diversity and versatility of key 
transcriptional regulators. Archives of Biochemistry and Biophysics. 2014;546:41-52. doi: 
https://doi.org/10.1016/j.abb.2014.01.029. 

302. Arguello J, Raimunda D, Padilla-Benavides T. Mechanisms of copper homeostasis in bacteria. 
Frontiers in Cellular and Infection Microbiology. 2013;3(73). doi: 10.3389/fcimb.2013.00073. 

303. Novoa-Aponte L, Xu C, Soncini FC, Argüello JM. The Two-Component System CopRS Maintains 
Subfemtomolar Levels of Free Copper in the Periplasm of Pseudomonas aeruginosa Using a 
Phosphatase-Based Mechanism. mSphere. 2020;5(6):e01193-20. doi: 10.1128/mSphere.01193-
20. PubMed PMID: 33361129. 

304. Osaki S, Johnson DA, Frieden E. The Possible Significance of the Ferrous Oxidase Activity of 
Ceruloplasmin in Normal Human Serum. Journal of Biological Chemistry. 1966;241(12):2746-51. 
doi: https://doi.org/10.1016/S0021-9258(18)96527-0. 

305. Irani DN. Cerebrospinal Fluid in Clinical Practice: saunders elsevier; 2008. 
306. Mandrell RE, Griffiss JM, Macher BA. Lipooligosaccharides (LOS) of Neisseria gonorrhoeae and 

Neisseria meningitidis have components that are immunochemically similar to precursors of 
human blood group antigens. Carbohydrate sequence specificity of the mouse monoclonal 
antibodies that recognize crossreacting antigens on LOS and human erythrocytes. The Journal of 
experimental medicine. 1988;168(1):107-26. doi: 10.1084/jem.168.1.107. PubMed PMID: 
2456365. 

307. Steimle A, Autenrieth IB, Frick J-S. Structure and function: Lipid A modifications in commensals 
and pathogens. International Journal of Medical Microbiology. 2016;306(5):290-301. doi: 
https://doi.org/10.1016/j.ijmm.2016.03.001. 

308. John CM, Feng D, Jarvis GA. Treatment of human challenge and MDR strains of Neisseria 
gonorrhoeae with LpxC inhibitors. J Antimicrob Chemother. 2018;73(8):2064-71. Epub 
2018/05/05. doi: 10.1093/jac/dky151. PubMed PMID: 29726994. 

https://doi.org/10.1016/j.abb.2014.01.029
https://doi.org/10.1016/S0021-9258(18)96527-0
https://doi.org/10.1016/j.ijmm.2016.03.001


ZINC AND MANGANESE HOMEOSTATIS IN GC 157 

309. Mochalkin I, Knafels JD, Lightle S. Crystal structure of LpxC from Pseudomonas aeruginosa 
complexed with the potent BB-78485 inhibitor. Protein Sci. 2008;17(3):450-7. doi: 
10.1110/ps.073324108. PubMed PMID: 18287278. 

310. Barb AW, Zhou P. Mechanism and inhibition of LpxC: an essential zinc-dependent deacetylase of 
bacterial lipid A synthesis. Curr Pharm Biotechnol. 2008;9(1):9-15. doi: 
10.2174/138920108783497668. PubMed PMID: 18289052. 

311. Knapp S, de Vos Alex F, Florquin S, Golenbock Douglas T, van der Poll T. Lipopolysaccharide 
Binding Protein Is an Essential Component of the Innate Immune Response to Escherichia coli 
Peritonitis in Mice. Infection and Immunity. 2003;71(12):6747-53. doi: 10.1128/IAI.71.12.6747-
6753.2003. 

312. Putker F, Grutsch A, Tommassen J, Bos MP. Ght Protein of Neisseria meningitidis Is Involved in 
the Regulation of Lipopolysaccharide Biosynthesis. Journal of Bacteriology. 2014;196(4):780. 
doi: 10.1128/JB.00943-13. 

313. Abreu IA, Cabelli DE. Superoxide dismutases—a review of the metal-associated mechanistic 
variations. Biochimica et Biophysica Acta (BBA) - Proteins and Proteomics. 2010;1804(2):263-74. 
doi: https://doi.org/10.1016/j.bbapap.2009.11.005. 

314. Wu H, Soler-García AA, Jerse AE. A strain-specific catalase mutation and mutation of the metal-
binding transporter gene mntC attenuate Neisseria gonorrhoeae in vivo but not by increasing 
susceptibility to oxidative killing by phagocytes. Infection and immunity. 2009;77(3):1091-102. 
Epub 2008/12/29. doi: 10.1128/IAI.00825-08. PubMed PMID: 19114548. 

315. Hill DR, Brunner ME, Schmitz DC, Davis CC, Flood JA, Schlievert PM, et al. In vivo assessment of 
human vaginal oxygen and carbon dioxide levels during and post menses. Journal of Applied 
Physiology. 2005;99(4):1582-91. doi: 10.1152/japplphysiol.01422.2004. 

316. Seib KL, Tseng H-J, McEwan AG, Apicella MA, Jennings MP. Defenses against Oxidative Stress in 
Neisseria gonorrhoeae and Neisseria meningitidis: Distinctive Systems for Different Lifestyles. 
The Journal of Infectious Diseases. 2004;190(1):136-47. doi: 10.1086/421299. 

317. Gunawan J, Simard D, Gilbert M, Lovering AL, Wakarchuk WW, Tanner ME, et al. Structural and 
Mechanistic Analysis of Sialic Acid Synthase NeuB from Neisseria meningitidis in Complex with 
Mn2+, Phosphoenolpyruvate, and N-Acetylmannosaminitol. Journal of Biological Chemistry. 
2005;280(5):3555-63. doi: 10.1074/jbc.M411942200. 

318. van Emmerik LC, Kuijper EJ, Fijen CA, Dankert J, Thiel S. Binding of mannan-binding protein to 
various bacterial pathogens of meningitis. Clin Exp Immunol. 1994;97(3):411-6. doi: 
10.1111/j.1365-2249.1994.tb06103.x. PubMed PMID: 8082295; PubMed Central PMCID: 
PMC1534846. 

319. Boulanger MJ, Murphy MEP. Crystal structure of the soluble domain of the major anaerobically 
induced outer membrane protein (AniA) from pathogenic Neisseria: a new class of copper-
containing nitrite reductases. Journal of Molecular Biology. 2002;315(5):1111-27. doi: 
https://doi.org/10.1006/jmbi.2001.5251. 

320. Mellies J, Jose J, Meyer TF. The Neisseria gonorrhoeae gene aniA encodes an inducible nitrite 
reductase. Mol Gen Genet. 1997;256(5):525-32. doi: 10.1007/s004380050597. PubMed PMID: 
9413436. 

321. Gotschlich EC, Seiff ME. Identification and gene structure of an azurin-like protein with a 
lipoprotein signal peptide in Neisseria gonorrhoeae. FEMS Microbiology Letters. 
1987;43(3):253-5. doi: 10.1111/j.1574-6968.1987.tb02153.x. 

https://doi.org/10.1016/j.bbapap.2009.11.005
https://doi.org/10.1006/jmbi.2001.5251


ZINC AND MANGANESE HOMEOSTATIS IN GC 158 

322. Woods JP, Dempsey JF, Kawula TH, Barritt DS, Cannon JG. Characterization of the neisserial lipid-
modified azurin bearing the H.8 epitope. Molecular Microbiology. 1989;3(5):583-91. doi: 
https://doi.org/10.1111/j.1365-2958.1989.tb00205.x. 

323. Blondiau C, Lagadec P, Lejeune P, Onier N, Cavaillon J-M, Jeannin J-F. Correlation between the 
capacity to activate macrophages in vitro and the antitumor activity in vivo of 
lipopolysaccharides from different bacterial species. Immunobiology. 1994;190(3):243-54. doi: 
https://doi.org/10.1016/S0171-2985(11)80272-X. 

324. Iovine NM, Pursnani S, Voldman A, Wasserman G, Blaser MJ, Weinrauch Y. Reactive Nitrogen 
Species Contribute to Innate Host Defense against Campylobacter jejuni. Infection and 
Immunity. 2008;76(3):986. doi: 10.1128/IAI.01063-07. 

325. Quillin S, Seifert H. Neisseria gonorrhoeae host adaptation and pathogenesis. Springer Nature. 
2018;16:226-40. doi: http://dx.doi.org/10.1038/nrmicro.2017.169. 

326. Château A, Seifert HS. Neisseria gonorrhoeae survives within and modulates apoptosis and 
inflammatory cytokine production of human macrophages. Cellular Microbiology. 
2016;18(4):546-60. doi: https://doi.org/10.1111/cmi.12529. 

327. Quintana J, Novoa-Aponte L, Argüello JM. Copper homeostasis networks in the bacterium 
Pseudomonas aeruginosa. J Biol Chem. 2017;292(38):15691-704. Epub 2017/07/31. doi: 
10.1074/jbc.M117.804492. PubMed PMID: 28760827. 

328. Chandrangsu P, Rensing C, Helmann JD. Metal homeostasis and resistance in bacteria. Nature 
reviews Microbiology. 2017;15(6):338-50. Epub 2017/03/27. doi: 10.1038/nrmicro.2017.15. 

329. Odugbemi T, McEntegart M, Hafiz S. Effects of various divalent cations on the survival of 
Neisseria gonorrhoeae in liquid media. Br J Vener Dis. 1978;54(4):239-42. Epub 1978/08/01. 
doi: 10.1136/sti.54.4.239. PubMed PMID: 98204; PubMed Central PMCID: PMC1045510. 

330. Stafford Sian L, Bokil Nilesh J, Achard Maud ES, Kapetanovic R, Schembri Mark A, McEwan 
Alastair G, et al. Metal ions in macrophage antimicrobial pathways: emerging roles for zinc and 
copper. Bioscience Reports. 2013;33(4):541-54. doi: 10.1042/BSR20130014. 

331. Begum NA, Kobayashi M, Moriwaki Y, Matsumoto M, Toyoshima K, Seya T. Mycobacterium bovis 
BCG Cell Wall and Lipopolysaccharide Induce a Novel Gene, BIGM103, Encoding a 7-TM Protein: 
Identification of a New Protein Family Having Zn-Transporter and Zn-Metalloprotease 
Signatures. Genomics. 2002;80(6):630-45. doi: https://doi.org/10.1006/geno.2002.7000. 

332. Wagner D, Maser J, Lai B, Cai Z, Barry CE, Höner zu Bentrup K, et al. Elemental Analysis of 
Mycobacterium avium, Mycobacterium tuberculosis, and Mycobacterium smegmatis Containing 
Phagosomes Indicates Pathogen-Induced Microenvironments within the Host Cell’s Endosomal 
System. The Journal of Immunology. 2005;174(3):1491. doi: 10.4049/jimmunol.174.3.1491. 

333. McDevitt CA, Ogunniyi AD, Valkov E, Lawrence MC, Kobe B, McEwan AG, et al. A molecular 
mechanism for bacterial susceptibility to zinc. PLoS pathogens. 2011;7(11):e1002357-e. Epub 
2011/11/03. doi: 10.1371/journal.ppat.1002357. PubMed PMID: 22072971. 

334. White C, Lee J, Kambe T, Fritsche K, Petris MJ. A role for the ATP7A copper-transporting ATPase 
in macrophage bactericidal activity. J Biol Chem. 2009;284(49):33949-56. Epub 2009/10/05. doi: 
10.1074/jbc.M109.070201. PubMed PMID: 19808669. 

335. Jacobsen FE, Kazmierczak KM, Lisher JP, Winkler ME, Giedroc DP. Interplay between manganese 
and zinc homeostasis in the human pathogen Streptococcus pneumoniae. Metallomics. 
2011;3(1):38-41. Epub 2011/02/01. doi: 10.1039/c0mt00050g. PubMed PMID: 21275153; 
PubMed Central PMCID: PMC3061551. 

https://doi.org/10.1111/j.1365-2958.1989.tb00205.x
https://doi.org/10.1016/S0171-2985(11)80272-X
http://dx.doi.org/10.1038/nrmicro.2017.169
https://doi.org/10.1111/cmi.12529
https://doi.org/10.1006/geno.2002.7000


ZINC AND MANGANESE HOMEOSTATIS IN GC 159 

336. Eijkelkamp BA, Morey JR, Ween MP, Ong C-lY, McEwan AG, Paton JC, et al. Extracellular Zinc 
Competitively Inhibits Manganese Uptake and Compromises Oxidative Stress Management in 
Streptococcus pneumoniae. PLOS ONE. 2014;9(2):e89427. doi: 10.1371/journal.pone.0089427. 

337. Kehres DG, Janakiraman A, Slauch JM, Maguire ME. Regulation of Salmonella enterica serovar 
Typhimurium mntH transcription by H2O2, Fe2+, and Mn2+. J Bacteriol. 2002;184(12):3151-8. 
Epub 2002/05/25. doi: 10.1128/jb.184.12.3151-3158.2002. PubMed PMID: 12029030; PubMed 
Central PMCID: PMC135095. 

338. Stähler FN, Odenbreit S, Haas R, Wilrich J, Van Vliet AHM, Kusters JG, et al. The novel 
Helicobacter pylori CznABC metal efflux pump is required for cadmium, zinc, and nickel 
resistance, urease modulation, and gastric colonization. Infection and immunity. 
2006;74(7):3845-52. doi: 10.1128/IAI.02025-05. PubMed PMID: 16790756. 

339. Hood MI, Mortensen BL, Moore JL, Zhang Y, Kehl-Fie TE, Sugitani N, et al. Identification of an 
Acinetobacter baumannii Zinc Acquisition System that Facilitates Resistance to Calprotectin-
mediated Zinc Sequestration. PLOS Pathogens. 2012;8(12):e1003068. doi: 
10.1371/journal.ppat.1003068. 

340. Maunders Eve A, Ganio K, Hayes Andrew J, Neville Stephanie L, Davies Mark R, Strugnell Richard 
A, et al. The Role of ZntA in Klebsiella pneumoniae Zinc Homeostasis. Microbiology Spectrum. 
2022;10(1):e01773-21. doi: 10.1128/spectrum.01773-21. 

341. Cash DR, Noinaj N, Buchanan SK, Cornelissen CN. Beyond the Crystal Structure: Insight into the 
Function and Vaccine Potential of TbpA Expressed by Neisseria gonorrhoeae. Infection and 
immunity. 2015;83(11):4438-49. Epub 2015/09/08. doi: 10.1128/IAI.00762-15. PubMed PMID: 
26351283. 

342. Kumar S, Chesson HW, Spicknall IH, Kreisel KM, Gift TL. The Estimated Lifetime Medical Cost of 
Chlamydia, Gonorrhea, and Trichomoniasis in the United States, 2018. Sex Transm Dis. 
2021;48(4):238-46. doi: 10.1097/olq.0000000000001357. PubMed PMID: 33492090; PubMed 
Central PMCID: PMC10440745. 

343. Chesson HW, Song R, Bingham A, Farnham PG. The Estimated Number and Lifetime Medical 
Cost of HIV Infections Attributable to Sexually Transmitted Infections Acquired in the United 
States in 2018: A Compilation of Published Modeling Results. Sex Transm Dis. 2021;48(4):292-8. 
doi: 10.1097/olq.0000000000001358. PubMed PMID: 33492098; PubMed Central PMCID: 
PMC10676007. 

344. Greenawalt AN, Stoudenmire J, Lundquist K, Noinaj N, Gumbart JC, Cornelissen CN. Point 
Mutations in TbpA Abrogate Human Transferrin Binding in Neisseria gonorrhoeae. Infect 
Immun. 2022;90(11):e0041422. Epub 20221102. doi: 10.1128/iai.00414-22. PubMed PMID: 
36321833; PubMed Central PMCID: PMC9670983. 

345. Shin J-H, Helmann JD. Molecular logic of the Zur-regulated zinc deprivation response in Bacillus 
subtilis. Nature Communications. 2016;7(1):12612. doi: 10.1038/ncomms12612. 

346. Liu F, Su Z, Chen P, Tian X, Wu L, Tang DJ, et al. Structural basis for zinc-induced activation of a 
zinc uptake transcriptional regulator. Nucleic Acids Res. 2021;49(11):6511-28. doi: 
10.1093/nar/gkab432. PubMed PMID: 34048589; PubMed Central PMCID: PMC8216289. 

347. Campoy S, Jara M, Busquets N, Pérez de Rozas Ana M, Badiola I, Barbé J. Role of the High-
Affinity Zinc Uptake znuABC System in Salmonella enterica Serovar Typhimurium Virulence. 
Infection and Immunity. 2002;70(8):4721-5. doi: 10.1128/iai.70.8.4721-4725.2002. 



ZINC AND MANGANESE HOMEOSTATIS IN GC 160 

348. Liu JY, Li Z, Li H, Zhang JT. Critical residue that promotes protein dimerization: a story of partially 
exposed Phe25 in 14-3-3σ. J Chem Inf Model. 2011;51(10):2612-25. Epub 20110927. doi: 
10.1021/ci200212y. PubMed PMID: 21870863; PubMed Central PMCID: PMC3322420. 

349. Gilston BA, Wang S, Marcus MD, Canalizo-Hernández MA, Swindell EP, Xue Y, et al. Structural 
and mechanistic basis of zinc regulation across the E. coli Zur regulon. PLoS Biol. 
2014;12(11):e1001987. Epub 20141104. doi: 10.1371/journal.pbio.1001987. PubMed PMID: 
25369000; PubMed Central PMCID: PMC4219657. 

350. Biswas GD, Sparling PF. Characterization of lbpA, the structural gene for a lactoferrin receptor in 
Neisseria gonorrhoeae. Infection and immunity. 1995;63(8):2958-67. doi: 
10.1128/iai.63.8.2958-2967.1995. PubMed PMID: 7622218. 

351. Callaghan MM, Klimowicz AK, Shockey AC, Kane J, Pepperell CS, Dillard JP. Transcriptional and 
Translational Responsiveness of the Neisseria gonorrhoeae Type IV Secretion System to 
Conditions of Host Infections. Infect Immun. 2021;89(12):e0051921. Epub 20210927. doi: 
10.1128/iai.00519-21. PubMed PMID: 34581604; PubMed Central PMCID: PMC8594608. 

352. Beggs GA, Ayala JC, Kavanaugh LG, Read TD, Hooks GM, Schumacher MA, et al. Structures of 
Neisseria gonorrhoeae MtrR-operator complexes reveal molecular mechanisms of DNA 
recognition and antibiotic resistance-conferring clinical mutations. Nucleic Acids Res. 
2021;49(7):4155-70. doi: 10.1093/nar/gkab213. PubMed PMID: 33784401; PubMed Central 
PMCID: PMC8053128. 

353. Zarantonelli L, Borthagaray G, Lee EH, Shafer WM. Decreased azithromycin susceptibility of 
Neisseria gonorrhoeae due to mtrR mutations. Antimicrob Agents Chemother. 
1999;43(10):2468-72. doi: 10.1128/aac.43.10.2468. PubMed PMID: 10508026; PubMed Central 
PMCID: PMC89502. 

354. Rouquette-Loughlin CE, Zalucki YM, Dhulipala VL, Balthazar JT, Doyle RG, Nicholas RA, et al. 
Control of gdhR Expression in Neisseria gonorrhoeae via Autoregulation and a Master Repressor 
(MtrR) of a Drug Efflux Pump Operon. mBio. 2017;8(2). Epub 20170411. doi: 
10.1128/mBio.00449-17. PubMed PMID: 28400529; PubMed Central PMCID: PMC5388806. 

355. Johnson Paul JT, Stringer Virginia A, Shafer William M. Off-Target Gene Regulation Mediated by 
Transcriptional Repressors of Antimicrobial Efflux Pump Genes in Neisseria gonorrhoeae. 
Antimicrob Agents Chemother. 2011;55(6):2559-65. doi: 10.1128/aac.00010-11. 

356. Damo SM, Kehl-Fie TE, Sugitani N, Holt ME, Rathi S, Murphy WJ, et al. Molecular basis for 
manganese sequestration by calprotectin and roles in the innate immune response to invading 
bacterial pathogens. Proc Natl Acad Sci U S A. 2013;110(10):3841-6. Epub 20130219. doi: 
10.1073/pnas.1220341110. PubMed PMID: 23431180; PubMed Central PMCID: PMC3593839. 

357. Gunshin H, Mackenzie B, Berger UV, Gunshin Y, Romero MF, Boron WF, et al. Cloning and 
characterization of a mammalian proton-coupled metal-ion transporter. Nature. 
1997;388(6641):482-8. doi: 10.1038/41343. PubMed PMID: 9242408. 

358. Gruenheid S, Pinner E, Desjardins M, Gros P. Natural resistance to infection with intracellular 
pathogens: the Nramp1 protein is recruited to the membrane of the phagosome. J Exp Med. 
1997;185(4):717-30. doi: 10.1084/jem.185.4.717. PubMed PMID: 9034150; PubMed Central 
PMCID: PMC2196151. 

359. Forbes JR, Gros P. Divalent-metal transport by NRAMP proteins at the interface of host–
pathogen interactions. Trends in Microbiology. 2001;9(8):397-403. doi: 
https://doi.org/10.1016/S0966-842X(01)02098-4. 

https://doi.org/10.1016/S0966-842X(01)02098-4


ZINC AND MANGANESE HOMEOSTATIS IN GC 161 

360. Kapetanovic R, Bokil NJ, Achard MES, Ong C-lY, Peters KM, Stocks CJ, et al. Salmonella employs 
multiple mechanisms to subvert the TLR-inducible zinc-mediated antimicrobial response of 
human macrophages. The FASEB Journal. 2016;30(5):1901-12. doi: 
https://doi.org/10.1096/fj.201500061. 

361. Griffin PJ, Rieder SV. A study on the growth requirements of Neisseria gonorrhoeae and its 
clinical application. Yale J Biol Med. 1957;29(6):613-21. PubMed PMID: 13443365; PubMed 
Central PMCID: PMC2603735. 

362. Potter AD, Baiocco CM, Papin JA, Criss AK. Transcriptome-guided metabolic network analysis 
reveals rearrangements of carbon flux distribution in Neisseria gonorrhoeae during neutrophil 
co-culture. mSystems. 2023;8(4):e0126522. Epub 20230630. doi: 10.1128/msystems.01265-22. 
PubMed PMID: 37387581; PubMed Central PMCID: PMC10470122. 

363. Atack JM, Ibranovic I, Ong CL, Djoko KY, Chen NH, Vanden Hoven R, et al. A role for lactate 
dehydrogenases in the survival of Neisseria gonorrhoeae in human polymorphonuclear 
leukocytes and cervical epithelial cells. J Infect Dis. 2014;210(8):1311-8. Epub 20140415. doi: 
10.1093/infdis/jiu230. PubMed PMID: 24737798; PubMed Central PMCID: PMC4215069. 

364. Ovcinnikov NM, Delektorskij VV. Electron microscope studies of gonococci in the urethral 
secretions of patients with gonorrhoea. Br J Vener Dis. 1971;47(6):419-39. doi: 
10.1136/sti.47.6.419. PubMed PMID: 5003649; PubMed Central PMCID: PMC1048252. 

365. Farzadegan H, Roth IL. Scanning electron microscopy and freeze-etching of gonorrhoeal urethral 
exudate. Br J Vener Dis. 1975;51(2):83-91. doi: 10.1136/sti.51.2.83. PubMed PMID: 805629; 
PubMed Central PMCID: PMC1045119. 

366. Simons MP, Nauseef WM, Apicella MA. Interactions of Neisseria gonorrhoeae with adherent 
polymorphonuclear leukocytes. Infect Immun. 2005;73(4):1971-7. doi: 10.1128/iai.73.4.1971-
1977.2005. PubMed PMID: 15784537; PubMed Central PMCID: PMC1087443. 

367. Criss AK, Katz BZ, Seifert HS. Resistance of Neisseria gonorrhoeae to non-oxidative killing by 
adherent human polymorphonuclear leucocytes. Cell Microbiol. 2009;11(7):1074-87. Epub 
20090312. doi: 10.1111/j.1462-5822.2009.01308.x. PubMed PMID: 19290914; PubMed Central 
PMCID: PMC2771623. 

368. Gonorrhoea (Neisseria gonorrhoeae infection) [Internet]. 2024. Available from: 
https://www.who.int/news-room/fact-sheets/detail/gonorrhoea-(neisseria-gonorrhoeae-
infection) 

 
369. Gray-Owen SD, Dehio C, Haude A, Grunert F, Meyer TF. CD66 carcinoembryonic antigens 

mediate interactions between Opa-expressing Neisseria gonorrhoeae and human 
polymorphonuclear phagocytes. Embo j. 1997;16(12):3435-45. doi: 10.1093/emboj/16.12.3435. 
PubMed PMID: 9218786; PubMed Central PMCID: PMC1169969. 

370. Lahra MM, Dillon J-AR, George CRR, Lewis DA, Wi TE, Whiley DM. From zero to zero in 100 
years: gonococcal antimicrobial resistance. Microbiology Australia. 2016;37(4):173-6. 

371. Petousis-Harris H, Paynter J, Morgan J, Saxton P, McArdle B, Goodyear-Smith F, et al. 
Effectiveness of a group B outer membrane vesicle meningococcal vaccine against gonorrhoea 
in New Zealand: a retrospective case-control study. The Lancet. 2017;390(10102):1603-10. doi: 
https://doi.org/10.1016/S0140-6736(17)31449-6. 

https://doi.org/10.1096/fj.201500061
https://www.who.int/news-room/fact-sheets/detail/gonorrhoea-(neisseria-gonorrhoeae-infection
https://www.who.int/news-room/fact-sheets/detail/gonorrhoea-(neisseria-gonorrhoeae-infection
https://doi.org/10.1016/S0140-6736(17)31449-6


ZINC AND MANGANESE HOMEOSTATIS IN GC 162 

372. Toneatto D, Pizza M, Masignani V, Rappuoli R. Emerging experience with meningococcal 
serogroup B protein vaccines. Expert Review of Vaccines. 2017;16(5):433-51. doi: 
10.1080/14760584.2017.1308828. 

373. Giuliani MM, Adu-Bobie J, Comanducci M, Aricò B, Savino S, Santini L, et al. A universal vaccine 
for serogroup B meningococcus. Proc Natl Acad Sci U S A. 2006;103(29):10834-9. Epub 
20060706. doi: 10.1073/pnas.0603940103. PubMed PMID: 16825336; PubMed Central PMCID: 
PMC2047628. 

374. Branch AH, Stoudenmire JL, Seib KL, Cornelissen CN. Acclimation to Nutritional Immunity and 
Metal Intoxication Requires Zinc, Manganese, and Copper Homeostasis in the Pathogenic 
Neisseriae. Frontiers in Cellular and Infection Microbiology. 2022;12. doi: 
10.3389/fcimb.2022.909888. PubMed Central PMCID: PMC9280163. 

375. Unemo M, Golparian D, Nicholas R, Ohnishi M, Gallay A, Sednaoui P. High-Level Cefixime- and 
Ceftriaxone-Resistant Neisseria gonorrhoeae in France: Novel penA Mosaic Allele in a Successful 
International Clone Causes Treatment Failure. Antimicrob Agents Chemother. 2012;56(3):1273-
80. doi: doi:10.1128/aac.05760-11. 

376. Allen VG, Mitterni L, Seah C, Rebbapragada A, Martin IE, Lee C, et al. Neisseria gonorrhoeae 
Treatment Failure and Susceptibility to Cefixime in Toronto, Canada. JAMA. 2013;309(2):163-70. 
doi: 10.1001/jama.2012.176575. 

377. Pleininger S, Indra A, Golparian D, Heger F, Schindler S, Jacobsson S, et al. Extensively drug-
resistant (XDR) Neisseria gonorrhoeae causing possible gonorrhoea treatment failure with 
ceftriaxone plus azithromycin in Austria, April 2022. Euro Surveill. 2022;27(24). doi: 
10.2807/1560-7917.Es.2022.27.24.2200455. PubMed PMID: 35713023; PubMed Central 
PMCID: PMC9205165. 

378. Meyer T, Buder S. The Laboratory Diagnosis of Neisseria gonorrhoeae: Current Testing and 
Future Demands. Pathogens. 2020;9(2). Epub 20200131. doi: 10.3390/pathogens9020091. 
PubMed PMID: 32024032; PubMed Central PMCID: PMC7169389. 

379. Llata E, Braxton J, Asbel L, Huspeni D, Tourdot L, Kerani RP, et al. Presumptive and Follow-Up 
Treatment Associated With Gonorrhea and Chlamydia Testing Episodes in Sexually Transmitted 
Disease Clinics: Impact of Changing Treatment Guidelines for Gonorrhea, Sexually Transmitted 
Disease Surveillance Network, 2015-2018. Sex Transm Dis. 2023;50(1):5-10. Epub 20220924. 
doi: 10.1097/olq.0000000000001714. PubMed PMID: 36194764; PubMed Central PMCID: 
PMC10147317. 

380. St Cyr S, Barbee L, Workowski KA, Bachmann LH, Pham C, Schlanger K, et al. Update to CDC's 
Treatment Guidelines for Gonococcal Infection, 2020. MMWR Morb Mortal Wkly Rep. 
2020;69(50):1911-6. Epub 20201218. doi: 10.15585/mmwr.mm6950a6. PubMed PMID: 
33332296; PubMed Central PMCID: PMC7745960. 

381. Subramonian A. XW, McGill SC. Timing of Antibiotic Therapy for Neisseria gonorrhoeae 
Infection. Canadian Agency for Drugs and Technologies in Health. 2024. 

382. Mascolini M, editor Safety of dapivirine vaginal ring and oral PrEP for HIV prevention in the 
second trimester. Conference on Retroviruses and Opportunistic Infections; 2024 March 3-6 
2024; Denver, Colorado. 

383. Baeten JM, Palanee-Phillips T, R. Brown E, Schwartz K, Soto-Torres LE, Govender V, et al. Use of a 
Vaginal Ring Containing Dapivirine for HIV-1 Prevention in Women. New England Journal of 
Medicine. 2016;375(22):2121-32. doi: doi:10.1056/NEJMoa1506110. 



ZINC AND MANGANESE HOMEOSTATIS IN GC 163 

384. van der Straten A, Panther L, Laborde N, Hoesley CJ, Cheng H, Husnik MJ, et al. Adherence and 
Acceptability of a Multidrug Vaginal Ring for HIV Prevention in a Phase I Study in the United 
States. AIDS Behav. 2016;20(11):2644-53. doi: 10.1007/s10461-016-1299-8. PubMed PMID: 
26837628; PubMed Central PMCID: PMC4970965. 

385. Tiboni M, Campana R, Frangipani E, Casettari L. 3D printed clotrimazole intravaginal ring for the 
treatment of recurrent vaginal candidiasis. International Journal of Pharmaceutics. 
2021;596:120290. doi: https://doi.org/10.1016/j.ijpharm.2021.120290. 

386. IMPT IfMPT. Novel Intravaginal Ring as a Non-Hormonal Contraceptive Multipurpose Prevention 
Technology (MPT). Available from: https://mpts101.org/novel-intravaginal-ring-as-a-non-
hormonal-contraceptive-mpt/. 

387. Sullivan Matthew J, Goh Kelvin GK, Ulett Glen C. Cellular Management of Zinc in Group B 
Streptococcus Supports Bacterial Resistance against Metal Intoxication and Promotes 
Disseminated Infection. mSphere. 2021;6(3):10.1128/msphere.00105-21. doi: 
10.1128/msphere.00105-21. 

388. Yamamoto K, Ishihama A. Transcriptional response of Escherichia coli to external zinc. J 
Bacteriol. 2005;187(18):6333-40. doi: 10.1128/jb.187.18.6333-6340.2005. PubMed PMID: 
16159766; PubMed Central PMCID: PMC1236622. 

 
  

https://doi.org/10.1016/j.ijpharm.2021.120290
https://mpts101.org/novel-intravaginal-ring-as-a-non-hormonal-contraceptive-mpt/
https://mpts101.org/novel-intravaginal-ring-as-a-non-hormonal-contraceptive-mpt/


ZINC AND MANGANESE HOMEOSTATIS IN GC 164 

VITAE 

Alexis Hope Branch was born in the flesh on October 19th, 1996, to Janet M. Branch and Paul M. 

Branch Jr. in Richmond VA. She attended Manchester High School in Midlothian, VA where she 

prepared for her undergraduate degree by taking courses such as Anatomy and Physiology, 

Physics, and Calculus. In 2018, Alexis began a fellowship as an NIH-funded Initiative for 

Maximizing Student Development (IMSD) undergraduate scholar under the direction of Dr. 

Sarah E. Golding at Virginia Commonwealth University in Richmond, VA. As an IMSD scholar she 

conducted research on the antimicrobial resistant pathogen, Neisseria gonorrhoeae, under the 

direction of Dr. Cynthia N. Cornelissen. In 2019, she earned her B.S. in Biology with a minor in 

Chemistry and honors in research from Virginia Commonwealth University in Richmond, VA. 

She then matriculated into the doctoral program at the Institute for Biomedical Sciences (IBMS) 

at Georgia State University in Atlanta, GA. She was born again of the spirit on January 29th, 

2023, when she accepted Christ as her personal Savior at First Baptist Church of Atlanta in 

Atlanta, GA. Alexis finished her PhD in the fall of 2024 and will begin a post-doctoral fellowship 

as an NIH-funded Seeding Postdoctoral Innovators in Research & Education (SPIRE) scholar at 

the University of North Caroline at Chapel Hill under the direction of Dr. Robert Nicholas. 


