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ABSTRACT 

Neisseria gonorrhoeae (Ng) encounters different microenvironments during its 

life-cycle. Some of these niches have different concentrations of oxygen, which 

influences the rate of Ng growth; as well as iron, an element essential for Ng survival. 

Differential expression of several proteins allows the bacteria to adapt to the diverse 

conditions it comes encounters. One protein affected by environmental changes during 

Ng growth is Gcp, a tRNA-modification enzyme essential for protein synthesis. To study 

the regulation of expression of Gcp, we first analyzed the sequence of its ORF, gcp. 

Orthologs of this gene are found in all kingdoms of life. In silico analysis shows that 

among Neisseria species, gcp ranges in homology from 76% to 99%, at the nucleotide 

level. Reverse transcription PCR indicates that gcp is expressed as part of an operon, 

together with three cytochrome-associated genes cyc4, resB and resC. Rapid 

amplification of complementary DNA ends determined the start of transcription of cyc4 

(and possibly of the cyc4-gcp operon) at 95 nucleotides from the gene start codon. 

Transcriptional fusions determined that the promoter region upstream of cyc4 is the 

strongest promoter in the operon. However, the region directly upstream of gcp also 

has low level of promoter activity, suggesting that the gene may be expressed from two 

different promoters. Semi-quantitative determination of the concentration of gcp mRNA 

indicates that the transcription of the gene is significantly repressed when Ng is grown 

under low iron or low oxygen conditions. Analysis of an fnr mutant, grown under the 
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same conditions as its parental wild type, indicates that the FNR transcriptional 

regulator is involved in the repression of gcp in low iron or low oxygen conditions. 

Contrary to expectation, the cyc4 promoter is upregulated when Ng is grown under low 

oxygen or low iron conditions. However, these results cannot be compared to the 

original promoter strength. Determination of which was performed on bacteria grown in 

liquid medium. Coregulation of gcp with cytochrome genes can guarantee low levels of 

protein synthesis when Ng encounters adverse microenvironments and needs its energy 

redirected to the expression of genes that would allow it to survive. 
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INTRODUCTION 

Neisseria gonorrhoeae  

Neisseria gonorrhoeae (Ng) is a Gram-negative diplococcus that causes 

gonorrhea, one of the most transmitted sexually transmitted diseases (STD) in the 

world. Ng only infects humans; it not only causes gonorrhea but can trigger serious 

complications, especially in women, as well as live as a commensal in the human body 

(86). Gonorrhea is a disease that has accompanied humans for thousands of years. The 

advent of the antibiotic era decreased the rates of the disease in the world. Ng is 

becoming resistant to all antibiotics recommended for its treatment (26). Therefore it is 

vital to improve our understanding of the bacteria to increase our chances of finding 

better prophylactic and therapeutic strategies. One vital system in all bacteria 

metabolism is protein synthesis. In this work we purified and studied the regulation of 

expression of a protein essential for protein synthesis in all bacteria and possibly in all 

living organisms. 

Epidemiology 

Gonorrhea is currently the second most commonly reported STD in the US, with 

309,341 cases reported during 2010 (37). Despite being an ancient disease, gonorrhea is 

still a major health problem. DNA analysis performed in the city of Baltimore, MD 

determined that 5% of the population is a carrier of Ng (242). Up to 60% of infected 
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women can become asymptomatic carriers and disseminate the disease (86). Women 

can have severe complications after Ng infection, including ectopic pregnancy, pelvic 

inflammatory disease and disseminated gonococcal infection that can lead to death 

(86).  

A key feature for Ng survival in modern days is its ability to develop antibiotic resistance. 

Since the early days of antibiotic treatment, gonorrhea was treated with penicillin. 

However, strains resistant to that antibiotic appeared and disseminated worldwide, 

rendering the treatment completely ineffective (35). Fluoroquinolones like ciprofloxacin 

were used in the 1990’s to treat gonorrhea. Resistance to this antibiotic appeared in less 

than 10 years; first in Hawaii and then in the continental US and worldwide. In 2006 the 

CDC recommended stopping the use of fluoroquinolones as sole treatment of 

gonococcal disease (38). Currently, the recommended treatment against the disease is 

cephalosporins. The Gonococcal Isolate Surveillance Project (GISP) closely follows the 

susceptibility to ceftriaxone, the most used antibiotic to treat the disease. Japan was the 

first country to report a ceftriaxone-resistant Ng (161, 188). More recently European 

countries have also reported multi-drug resistant Ng strains (77, 238, 245, 246). 

Dissemination of those strains has guaranteed a place for Ng in the group of the so-

called superbugs: bacteria without effective vaccines or alternative treatments (26, 

237). 
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Virulence factors 

Neisseria possesses several virulence factors that aid it in survival on infected 

cells. Type four pili (Tfp) help the bacteria attach and crawl on the epithelial surface 

(163). Other virulence factors are thought to increase intracellular survival and 

transcytosis, i.e. IgA-protease (46). Moreover, antigenic variation of some of these 

virulence factors allow the bacteria to escape recognition and elimination by the 

immune system (91). Preliminary data from our lab indicated that Gcp was able to 

modify pilin, one of the mayor virulence factors in Ng. Modification of Tfp, possibly by 

Gcp, affected the strength of the pili, as well as the ability of the bacteria to invade 

epithelial cells. To describe how Gcp could affect Ng pathobiology some of Neisseria’s 

virulence factors, their biogenesis and functions are discussed below. 

Type four pili 

Biogenesis 

Several proteins are involved in the biogenesis of the type four pilus (Tfp). From 

the main subunit PilE, to the motors that drive assembly and retraction. Some of the 

proteins are necessary only for assembly, others are essential for the Tfp function but 

not for its biogenesis (Table 1). Figure 1 depicts the model of Tfp assembly and 

retraction, showing the proteins essential for both processes. 
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Table 1. Summary of Proteins Involved in Assembly and Function of Tfp in 

Neisseria 

 

Protein Function 

PilC 

Adhesin. Two copies of the pilC gene are present in both Nm and 
Ng. In Ng both copies are functionally interchangeable. In Nm, PilC1 
is involved in pilus biogenesis and adhesion while PilC2 is only 
involved in piliation. 

PilD Prepilin peptidase; cleaves signal peptide of the immature pilin. 

PilE 
Pilin; mayor pili subunit. Synthesized with signal peptide that needs 
to be cleaved before the protein is polymerized into pilus. 

PilF ATPase. Provides energy for pilus assembly 

PilG Involved in pilus assembly. 

PilH Cleaved by PilD. Essential for DNA uptake. 

PilI Cleaved by PilD. Essential for DNA uptake. 

PilJ Cleaved by PilD. Essential for DNA uptake. 

PilK Cleaved by PilD. Essential for DNA uptake. 

PilL Cleaved by PilD. Involved in DNA uptake. 

PilM Involved in pilus assembly. 

PilN Involved in pilus assembly. 

PilO Necessary for DNA uptake. 

PilP Lipoprotein. Required for PilQ function. Involved in pili biogenesis. 

PilQ 
Secretin; outer membrane protein, 12 subunits polymerize forming a 
ring for pilus translocation across the outer membrane. 

PilT 
ATPase. Provides energy for pilus disassembly. Indispensable for 
twitching motility and pilus retraction. 

PilU 
Homologous to PilT. Promotes bacterial aggregation. Required for 
twitching motility. 
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PilV 
Possible minor pilin. Necessary for Tfp-mediated adherence to 
human cells, dispensable for Tfp biogenesis. 

PilW Stabilizes the PilQ ring. Essential for Tfp function. 

PilX Minor pilin. Essential for Tfp-mediated adherence to human cells 

For more details on the function of Tfp biogenesis proteins see text below (33, 163, 260, 

263). 

 

 

Figure 1. Model of Tfp assembly and retraction. Assembly of the pilus requires PilE, 
processed by PilD, PilF to provide the energy for assembly and PilQ the 
transmembrane pore through which the pilus protrudes from the surface of the 
bacterium. PilT drives Tfp retraction in an ATP-dependent manner. Modified from 
(263). 
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Structural proteins 

PilD, E and F are absolutely essential for Tfp formation. PilE, the main Tfp 

subunit, is produced as a pre-pilin that can be assembled into pilus only after cleavage 

of its leader sequence by PilD, a pre-pilin peptidase (80, 139). PilF is homologous to PilB, 

an ATPase that provides the energy to assemble pilin subunits into a pilus filament in 

Pseudomonas aeruginosa (42, 139). Mutation in any of the genes that encodes for these 

proteins renders a non-piliated strain, confirming their importance in Tfp biogenesis (80, 

175). 

The pore through which Tfp is extruded from the outer membrane is formed by 12 

subunits of PilQ (10). PilQ is not essential for Tfp formation but for its translocation 

across the outer membrane (263). Point mutations on pilQ affect not only piliation, but 

also DNA transformation and adherence of Ng to epithelial cells (62, 99). The 

importance of PilQ in DNA uptake does not lie solely on its involvement in Tfp 

functionality, but also on its ability to bind DNA (11). PilQ has higher affinity for single-

stranded DNA than double-stranded, and this affinity is independent of the neisserial 

DNA-uptake sequence (DUS) (1). PilW, a protein involved in Tfp functionality but not in 

assembly, stabilizes PilQ multimers (34, 240). PilP is an inner membrane lipoprotein (61). 

Drake, S. et al., suggested that this protein is involved in stabilization of the PilQ pore in 

Ng after they found reduced amounts of this multimer in a pilP mutant (61). However, 

Balasingham et al. proved that this phenotype is due to the co-transcription of the pilP 
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and pilO genes (15). These authors also proved that in Nm, PilP interacts with PilQ and 

that the latter is required for the proper membrane localization of the former (15). 

PilM, N, O, P and Q are transcribed as an operon whose expression is repressed by MtrR, 

a regulator of an antibiotic efflux pump (78). Carbonnelle et al., found that mutations in 

pilM, N, O or P totally abolish the production of Tfp in Nm (34). The author therefore 

hypothesized that PilM-P form the necessary machinery for pilus assembly in these 

bacteria (34). More studies are required to determine the exact role of PilM-P in pilus 

assembly and/or functionality.  

Proteins involved in retraction 

PilT is an ATPase that provides the energy for Tfp retraction; it forms a hexamer 

localized on the inner membrane (79, 156). A functional pilT gene is required to induce 

effects on epithelial cells such as formation of cortical plaques, cytoprotection and 

activation of the PI-3 kinase pathway (108, 109, 145, 172). Bacteria with PilT deficiencies 

are impaired in twitching motility, DNA uptake, aggregation and adherence to epithelial 

cells (261, 262). The pilU gene is co-transcribed with pilT (192). PilU is not involved in 

pilus assembly, as indicated by the presence of functional pili on Ng pilU mutants (192). 

Unlike the pilT mutants, the PilU-defective strains present a decreased level of 

autoagglutination, raising the possibility that PilU is an antagonist of PilT (192). PilV is 

not required for twitching motility, DNA uptake or agglutination, but it is involved in 
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adherence of Ng to epithelial cells and essential for Nm microcolonies resistance to 

shear stress (177, 259). 

Adhesin and minor pilins 

Neisseria meningitidis (Nm) and Ng express two distinct PilC proteins; the genes 

that encode them are designated pilC1 and pilC2 (123, 186). In Nm both proteins are 

involved in Tfp biogenesis, while only PilC1 plays a role in the bacterial adhesive 

properties (180, 186). PilC1 and PilC2 have interchangeable roles in adhesion/Tfp 

biogenesis in Ng (123, 202). N400 strains with mutations within the pilG gene, or 

immediately upstream of it, produce pilin with a different migrating pattern compared 

to that of the wild type strain and these subunits cannot be assembled into a Tfp (244). 

Lang et al. found that PilG binds DNA with no preference for the single or double 

stranded form of the molecule and independently of the neisserial DNA-uptake 

sequence (154). Ng strains mutated in pilH-L express less pili and the effect of these 

mutations can be suppressed by mutating pilT (31). Wild type Ng produces short, 

peritrichous pili, while the pilH-L mutants present long filaments. pilH-L mutants are less 

motile and have impaired DNA uptake, compared to their parental strain. Winther-

Larsen, H. et al., determined that PilH-L influence pili retraction by affecting pilin 

polymerization (260). In Nm PilL is called PilX. This protein is a minor pilin involved in 

bacterial aggregation and adherence to epithelial cells (98, 112). 

 



21 
 
 

 
 

Type four pili functions 

Tfp have several functions in the life cycle of Ng, from its ability to crawl on 

surfaces to maintaining infected cells integrity by dampening their apoptotic proteins. 

The observation that aflagellated bacteria are still motile led to the discovery of the 

phenomenon called “twitching motility” (100). This type of movement is mediated by 

Tfp and is present in both Gram-negative and –positive bacteria (100, 101, 247). 

Organisms from the kingdom Archaea possess a specialized flagellum that utilizes 

several components from the Tfp to allow them to swim (5, 117). In all organisms 

rendered motile by Tfp, the energy necessary for the fiber function is provided by PilT 

and its homologs (162, 261). Cooperative retraction of several Tfp is necessary for 

constant bacteria movement. The average velocity a diplococcic moves on abiotic 

surfaces is 1.2-1.6 µm/sec (103, 167). The mechanism used for Ng movement has been 

defined as tug-of-war, where pili bind in several directions and the direction with the 

stronger pull-force is the direction the bacteria moves to (103). Microcolonies of Ng can 

also coordinate their Tfp to allow for the whole aggregate to move over epithelial cells 

at a speed of 1.1±1.7x10-3 µm/sec (102). 

Non-pilliated gonococci are not able to adhere to epithelial cells, abiotic surfaces or to 

aggregate with each other (196, 233). PilC has been proposed as an adhesin localized on 

the tip of the Tfp; however, other studies found that the protein localizes to the surface 
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of the cell and found no correlation between PilC and levels of Ng adherence (122, 126, 

197, 202, 206).  

CD46, complement regulator 4B-binding protein and I-domain-containing integrins, like 

complement-receptor 3 (CR3), have been defined as Tfp receptor proteins on epithelial 

cells (24, 67, 118, 134). CD46 clusters underneath sites of Ng attachment as part of the 

cortical plaques. Ng also induces phosphorylation of CD46 and cleavage of its exo-

domain by presinilin/γ-secretase (144, 256, 257). There are several isoforms of CD46, 

but the BC isoform seems to be required for Ng adherence, as well as the cytoplasmic 

tail of the protein (133). CR3-binding of Tfp allows the bacteria to overcome the 

repulsion caused by the contact of the bacterial and cell membranes to guarantee an 

intimate attachment (68). Glycosylation of Tfp is necessary for its attachment to I-

domain-containing integrins, including CR3. Changes in the carbohydrates linked to the 

Tfp or complete removal of them prevents binding to CR3 and adherence of Ng to the 

epithelial layer (118). Retraction of Tfp pulls the cell membrane with forces ranging from 

100 pico-Newtons (pN) exerted by a pilus, to more than 1 nN when several pili bundle 

and retract together (17, 156). These forces stimulate signaling cascades within the 

infected cell that allow for the accumulation of Bid and Bam, two anti-apoptotic 

proteins (108, 109). Strains defective in Tfp retraction are unable to induce Bid and Bam. 

On the contrary, they induce pro-apoptotic proteins, leading to the death of the 

infected cells (102, 108, 109).  
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Ng is naturally transformable or able to take-up homologous DNA. Early studies on Ng 

observed a dramatic reduction in transformation efficiency in strains or clones of Ng 

with certain colony morphologies, now known to be non-piliated strains (222). Mutation 

in Tfp biogenesis proteins that affect fiber formation or retraction also impair DNA 

uptake by Ng (21, 261). Several minor pilins or Tfp-associated proteins have been 

associated with transformation efficiency (41, 73, 203, 264). PilV, a Tfp-biogenesis 

protein has been proposed as a transformation inhibitor. Strains lacking pilV show a 

great increase in transformation efficiency (1). While there is a lot of research 

supporting the role of Tfp in Ng transformation, the exact mechanism of DNA uptake by 

aid of Tfp remains to be elucidated. 

Early studies with a strain mutated in the gcp gene (MS11gcp::erm) by miniTransposon-

insertion showed that pili purified from this mutant migrates at a higher molecular 

weight compared to its parental wild-type strain. These results pointed to the possibility 

that Gcp cleaves PilE. Due to these results, the strain was further investigated and the 

strength of pili retraction was measured using an elastic micropillars assay. Using this 

assay, it was found that the MS11gcp::erm strain is able to produce larger bundles of pili 

and these are able to retract with a force twice as high as the force exerted by the pili 

from the wild type strain. 
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IgA protease 

First identified in supernatants of Ng grown in GC broth, IgA protease is found in 

2 isotypes. Both cleave human IgA antibodies but have different specificities for its hinge 

region (22, 182, 194). This activity is dependent on divalent cations and is lost upon heat 

inactivation (22, 90). IgA protease is only present in the two pathogenic Neisseria 

species and so is directly correlated with virulence (160). Early infection of human 

fallopian tubes by an IgA protease-deficient strain showed that the protein is not 

necessary during this part of the Ng life cycle (46). However, during later stages of 

infection in epithelial cells, IgA protease is required for Ng intracellular survival. Several 

proteins within late endosomes and lysosomes are affected by IgA protease;  LAMP-1 

(lysosomal-associated membrane protein) glycoprotein that has an IgA-like hinge region 

is recognized by the enzyme, as well as LAP, lysosomal acid phosphatase (13, 94, 151). 

An iga mutant is unable to reduce the cellular levels of LAMP-1, LAMP-2 or LAP and its 

intracellular survival is greatly reduced compared to its parental WT strain (13, 151). Tfp 

induces Ca2+ fluxes within infected cells that increase LAMP-1 localization to the surface 

of the cell, accelerate its turn-over time and increasing its availability for cleavage by IgA 

protease (12). LAMP-1 and 2 function in maturation of phagolysosomes; therefore, 

reducing the levels of these proteins would allow intracellular survival of Ng, even 

within the phagosome (19, 71, 111, 204).  

 



25 
 
 

 
 

Iron uptake 

Iron is an element essential for life. However, it is mostly found bound to carrier 

proteins or to enzymes that require it for their activity. Therefore, many organisms 

express proteins capable of hijacking the iron bound to their hosts’ proteins. Ng is no 

exception.  Incapable of producing siderophores, Ng can utilize the ones produced by 

other bacteria (255). FetA, an Ng outer membrane protein, serves as receptor for 

enterobactin and aerobactin, siderophores secreted by E. coli (18, 254). FetA is iron-

repressed and phase variable (36, 239). TdfF is another single component TonB-

dependent siderophore receptor produced by Ng. This receptor is necessary for survival 

of the bacteria within epithelial cells (89). This iron-repressed receptor is one of the few 

Neisseria proteins present in the pathogenic species of the genus but absent from all the 

commensal species (115, 160). Growth of Ng in vitro, in iron-limited media, is stimulated 

by the addition of enterobactin, aerobactin and salmochelin, a Salmonella siderophore. 

Utilization of xenosiderophores by Ng can occur during co-infection with enterobacteria 

or during rectal infections (18, 231, 254).  

TonB is a periplasmic protein that aids in the transport of iron from several outer-

membrane receptors across the periplasmic space (29, 47). Acquisition of iron from 

human lactoferrin, transferrin, heme or hemoglobin is essential for Ng survival within 

epithelial cells (136). TonB and the accessory proteins ExbB and ExbD work in 

conjunction with the outer membrane receptors for each form of iron-binding protein. 
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Although the precise mechanism through which TonB facilitates iron transport has not 

been elucidated, it is known that the protein physically interacts with a region of the 

iron-binding protein receptor called the “TonB-box” (32). Mutations in the TonB-box 

don’t affect binding of the receptor to the iron-binding protein but completely prevent 

the transport of iron to the cytoplasm of the bacteria (32, 125). 

Transferrin-binding protein A (TbpA) and B (TbpB) form the TonB-dependent transferrin 

receptor in Ng. Both proteins are expressed from a bi-cistronic mRNA and up-regulated 

under iron-limited conditions in a Fur-dependent manner (4, 201). TbpA is a 45 kDa 

outer-membrane protein that binds transferrin, removes the bound iron and transfers it 

to the periplasm (47, 125).  The C-terminal part of the protein forms a 22 strand β-barrel 

that anchors the protein to the outer membrane; whereas the N-terminus forms a plug 

domain that is essential for TbpA interaction with both transferrin and TbpB (187, 212).  

TonB provides the energy necessary for removal of iron from transferrin (53). TbpB is an 

85 kDa lipoprotein that seems so be a link between transferrin and TbpA. Mutations in 

TbpB reduce binding of transferrin to TbpA but do not prevent iron transport to the 

periplasm (7). TbpB is also able to help overcome defects in the plug domain of TbpA 

suggesting that TbpA and B have some redundant functions (187). Antibodies against 

both TbpA and B have been found in the sera of men with urethral infection by Ng. 

These results not only suggest that Ng expresses TbpA and B in vivo but that the 

bacteria are subjected to low-iron conditions during infection (4).  
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Ng is also able to acquire iron from human lactoferrin (165, 176). The lactoferrin 

receptor is composed of two proteins: Lbp, for lactoferrin-binding protein, A and B. As 

the transferrin receptor, the lactoferrin receptor is TonB-dependent (20, 23, 209). 

Despite the similarities between the transferrin and lactoferrin receptors, both of these 

complexes have high specificities for their substrates (143). LbpA and B are not essential 

for Ng infectivity and they are only produced by half of all the bacteria clinical isolates 

(8). Both LbpA and B are translated from a bicistronic mRNA where only lbpB is 

subjected to phase-variation. However, in the cases were lbpB is not expressed, 

expression of lbpA is not affected (20). Hemoglobin is another protein that carries iron 

throughout the human body. Neisseria can hijack the iron bound to hemoglobin by the 

use of hemoglobin-binding proteins (64, 142). The hemoglobin receptor is also a two-

protein TonB-dependent system, highly similar to the lactoferrin and transferrin systems 

(57, 229, 230).  

Carriage of iron, acquired via the transferrin, lactoferrin or hemoglobin receptors, across 

the periplasm is facilitated by FbpA, for ferric-binding protein A (40, 75). FbpB and C 

form a complex in the inner membrane that allows transport of the acquired iron to the 

cytoplasm of the cell (75). FbpC is an ATPase that provides the energy for the passage of 

iron across the inner membrane (138). FbpA and the FbpB-C complex are also involved 

in the utilization of iron from xenosiderophores in vitro (231).  
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Models of Neisseria gonorrhoeae infection 

Male human volunteers 

Ng is an obligate human pathogen. Adaptation to its human host occurred during 

the evolutionary split between monkeys and apes (164). Because of the Ng human 

adaptation, development of animal models to study these bacteria has been very 

difficult. Studies in women are not feasible due to the possibility of severe 

complications. Male volunteer studies are occasionally performed; however, due to 

ethical regulations they can only evaluate short-term Ng infection (44). Effectivity of 

infection is directly related to the amount of bacteria inoculated and men present the 

hallmark of Ng infection, a purulent exudate, 2-6 days post-infection (44). Another male 

urethral-challenge study determined that Ng is able to express different variants of PilE, 

the main pili subunit (211). Neisserial lipooligosaccharide (LOS), a component of the 

bacterial cell wall, can be modified with sialic acid during infection in men, allowing the 

bacteria to mimic the cells of its human host (10, 208). Ng is able to express different 

outer membrane proteins (Opas) in vivo, by phase and antigenic variation (119). Some 

of the Opas allow the bacteria to invade the epithelium in a more efficient way and that 

prevents attack by the immune system (93). Pro-inflammatory cytokines, like IL-1β, IL-6, 

IL-8 and TNF-α, are observed in the urine and plasma of infected male volunteers. IL-1β 

levels peak right at the onset of symptoms and diminish 48 hours after antibiotic 

treatment (198). Despite the intense immune response mounted against Ng, re-
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infection with the same strain is still possible. Over 40% of male volunteers infected 

with Ng presented symptoms upon re-inoculation with the same strain (207). 

The few mouse models currently available are limited as they do not closely resemble all 

the characteristics of the disease Ng causes in humans. Despite this, valuable 

information has been gathered from Ng-infected mice, especially on the immunological 

response to the bacteria (see Immunology of Ng infection). Mice have to be conditioned 

with estradiol to be susceptible to Ng infection (120). Continuous treatment with 

estradiol increases the duration of Ng infection in mice (221). Opas are important for 

adherence to and invasion of epithelial cells in vitro and in a human male-challenge 

model (27). However, they don’t seem to be required for Ng pathogenesis in the murine 

model as both Opa+ and Opa- strains can infect the conditioned mice (45, 120). 

Fallopian tube organ culture (FTOC) 

The ability to culture snippets of Fallopian tubes has provided substantial 

information on the characteristics of Ng infection in its natural environment. Ng binds to 

non-ciliated cells but damages the adjacent cells, causing them to slough off the 

epithelial layer (56). Death of ciliated cells is a consequence of the release of 

peptidoglycan fragments from the Ng cell wall by action of the bacteria 

transglycosylases (39). Differences in adhesion to and invasion of the Fallopian cells are 

seen when the epithelia is infected with different Opa variants of Ng (56). However, 

CEACAM- cells can also be infected with Ng, suggesting that the bacteria uses the Opa-
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CEACAM route of invasion when it is available, but is not necessary for bacteria 

infectivity (234).  Damage to infected cells can be semi-quantified by the amount of TNF-

α produced by the epithelium, which directly correlates to the amount of sloughing of 

ciliated cells (166). TNF-α is not the only cytokine up-regulated by Fallopian cells upon 

challenge with Ng, as IL-1α and β are also observed. Surprisingly IL-6 levels are similar in 

un-infected and infected cells suggesting an active role of Ng in preventing the release 

of this pro-inflammatory cytokine (157). TNF-α is a potent inducer of apoptosis; 

however, it has been observed in Fallopian tube organ culture as well as in immortalized 

epithelial cell lines that cells infected with Ng are protected from apoptosis, a 

phenomenon called cytoprotection (108, 109, 179, 200). 

Immortalized epithelial cells 

Ng is able to attach, reproduce and invade a variety of immortalized epithelial 

cell lines. Their ease of maintenance, versatility and the possibility of polarization make 

epithelial cell lines the preferred model to study Ng in vitro. Using this model, it has 

been shown that the first contact of Ng with epithelial cells is mediated by Tfp, via their 

proposed receptor, CD46 (134). Tfp retraction also triggers the formation of cortical 

plaques, clustering of several eukaryotic proteins (172).  Actin, ezrin, caveolin-1, ICAM-1, 

EGFR, PI3K/Akt, CD46 and CD44 variant 3 (CD44v3) are all part of the cortical plaques 

(25, 172, 257) (see also “cortical plaques” section). Proteins of the Opa family, located 

on the bacterial outer membrane, are necessary for closer attachment of the bacteria to 
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the cell. Some of the Opas are also important for the ability of the bacteria to invade the 

epithelial monolayer (172). IgA1 protease favors intracellular survival of Ng by cleaving 

LAMP1 (151). Tfp induces Ca2+ flux in the cell and, this process changes the distribution 

of LAMP1 from the lysosomes to the cell surface, allowing its cleavage by IgA1 protease 

(12). Upon invasion, the bacteria can traverse the monolayer and exit through the basal 

side; this process is dependent on host cell cytoskeletal proteins (156, 172). 

Transepithelial trafficking in human tissue explants has been shown for both Neisseria 

meningitidis (Nm) and Ng (226). Furthermore, in vitro studies on polarized T84 colonic 

epithelial cells showed that Ng is able to traverse the epithelial layer after 24 hours 

without disrupting its integrity (173). Non-piliated Ng are delayed in trafficking through 

this cell line (173). Other bacterial proteins involved in this process are FitA and IgA 

protease (104, 105, 173). Cellular actin and the motor proteins myosin, kinesin and 

dynein are not required for Ng attachment to T84 cells but essential for intracellular 

trafficking (251). Tfp is not essential for Ng attachment to epithelial cells. However, the 

invasion index of bacteria unable to retract their Tfp is greatly reduced (145). 

Cortical plaques 

Changes in epithelial cells and formation of cortical plaques can be observed 

after 5 minutes of inoculation with Ng (144). The bacteria are able to form 

microcolonies atop of the infected cells that can move along the surface (102). The 

formation of the cortical plaques is dependent on Tfp retraction; therefore, the 
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structures are only observed directly underneath sites of Ng attachment and quickly 

disappear when the microcolony migrates (102). Actin dynamics are essential for 

cortical plaque formation, as treatment with cytochalasin D abolishes the clustering of 

proteins underneath Ng microcolonies (172). As mentioned above, it is not only 

cytoskeletal proteins are components of the cortical plaques. Other classes of cell 

proteins also cluster underneath sites of Ng attachment. CD44 comprises a group of 

transmembrane glycoproteins involved in several processes in epithelial and immune 

cells. CD44’s variant specificity is conferred through alternative splicing of its transcript 

and by post-translational modifications of the extracellular domain, mainly differential 

glycosylation (195). These proteins localize to caveolin-rich microdomains on the plasma 

membrane and acts as a link between the extracellular matrix and the cell’s 

cytoskeleton by binding to ezrin, radixin and moesin (ERM) proteins and interacting with 

proteins from the Src family of tyrosine kinases (113, 114, 185). CD44 proteins have 

been implicated in the ability of some bacteria to invade epithelial cells, e.g. Group A 

Streptococcus (51). IpaB-CD44 complex is essential for Shigella to trigger cytoskeleton 

rearrangements that allow it to enter epithelial cells (217). Depletion of CD44 inhibits 

intracellular growth of Listeria monocytogenes (70). Another feature of CD44 proteins is 

the ability of their intracellular domains (ICD) to act as transcriptional regulators (190). 

CD44 undergoes sequential cleavage; first, the extracellular domain is cleaved by matrix-

metalloproteases (MMPs), then Presinilin cleaves the transmembrane domain. This 

cleavage frees the intracellular domain, which in turn enters the nucleus, where it up-
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regulates the expression of CD44 in epithelial cells (183, 190) and NF-B in 

macrophages (50). CD46 has been proposed to be a receptor for several organisms, Ng 

among them (65, 134, 189, 205). Upon infection with Ng, CD46 is phosphorylated, 

cleaved and released from the eukaryotic cell in membrane vesicles (87, 144, 256). Data 

from our lab indicates that CD44 is also shed from epithelial cells upon infection with Ng 

(Weyand, N., personal communication). Analysis of MS11gcp::erm indicates that 

cleavage and release of CD44 might be in part due to Gcp. 

Proteins important in cell signaling are also part of the cortical plaques; EGFR, PI3K and 

c-Yes. The epidermal growth factor (EGFR) is a basolateral dimeric receptor with several 

ligands. Proteins produced by Helicobacter pylori (Hp) stimulate EGFR activation; this 

eventually leads to severe gastric acid production, one of the hallmarks of Hp 

pathogenesis (218).  Blockage of EGFR reduces adherence of Enteroaggreagative E. coli 

to epithelial cells (130). Activation of the EGFR signaling cascade increases invasion of 

gastric epithelial cells by Campylobacter jejuni (132). Similarly, Ng upregulates the 

cellular levels of EGFR, induces its redistribution and activates a signaling cascade that 

increases its ability to invade the epithelium (235). Other signaling cascades within 

epithelial cells are also affected by Ng. Howie et al. determined that about 50 eukaryotic 

genes are regulated in a pilT-dependent manner upon Ng infection (108). This regulation 

reduces the levels of Bim and Bam, two pro-apoptotic proteins (109). The end result of 

the signals induced by Tfp retraction is the survival of the infected cell and the 
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elongation of its microvilli (102, 108, 109). Retraction of Tfp and the force it exerts on 

the cell are therefore essential mechanisms in Ng pathogenesis. 

Immunology of Neisseria gonorrhoeae infection 

As mentioned above, one of the hallmarks of Ng infection in both men and 

women is a copious amount of purulent discharge composed mainly of 

polymorphonuclear leukocytes (PMNs). Ng is not only able to survive within PMNs but it 

actually prevents their oxidative burst (49, 228). Simons, et al. found that Ng within 

PMNs are able to replicate and maybe use the leukocytes as a hiding place (215). 

Attachment of type four pili to the uropod of PMNs might allow Ng to transverse the 

mucosal epithelial layer (236). Ng is also able to diminish the damage caused by the 

oxidative burst of PMNs thanks to the production of catalase. However, the enzyme is 

not required for Ng infectivity or survival inside PMNs, but it might play a role in the 

survival of the bacteria against the resident Lactobacillus of the feminine genital tract 

(181, 219, 224, 265). Ng interacts with other components of the immune system as well 

as PMNs. Studies in estradiol-treated mice indicate that the main immunological 

response against the bacteria is Th17 with production of IL-17 and IL-23 by immune cells 

(74). Deletion of the IL-17 receptor prolongs Ng infection, suggesting a protective role 

for the Th17 CD4+ cells against the bacteria. Recently it was found that humans infected 

with Ng have higher levels of plasma IL-17 and 23 (83, 225). Individuals with 

disseminated gonococcal disease present lower levels of pro-Th17 cytokines when 
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compared to individuals with localized Ng infection (83). Interaction of Ng with dendritic 

cells causes their activation and production of IL-23 which in turns activates CD4+ 

leukocytes to produce IL-17 (225). Binding of Opas to their receptor CEACAM 

(carcinoembryonic antigen–related cellular adhesion molecule) on either CD4+ 

leukocytes or B cells inhibits their activation and proliferation, effectively down-

regulating the immune response against Ng (28, 191). 

Transcriptional regulation in Neisseria gonorrhoeae 

Ng survives in very different microenvironments inside the human body. On the 

surface of cervical epithelial cells it can attach as single diplococcus or form micro-

colonies. It can survive within the intracellular compartment of epithelial cells. It can 

travel all throughout the body within the cardiovascular system, causing disseminated 

gonorrhea, as well as colonize the nasopharynx in a commensal fashion. Survival in 

these different niches requires differential protein expression. Transcriptional regulators 

aid in controlling levels of gene expression and, consequently, protein concentration. 

The Ferric uptake regulator (Fur) controls all the genes necessary for iron uptake as well 

as other diverse metabolism genes. The Fumarate and Nitrate Reduction transcriptional 

regulator (FNR) allows the bacteria to survive in low oxygen conditions. 

Transcription regulators can affect the rate of expression of individual genes or operons. 

Operons are defined as clusters of genes that are co-transcribed and usually co-

regulated (116). Other elements within operons are the promoter and the operator 
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regions. The promoter is a region of DNA upstream of the gene or genes to be 

transcribed that serves to initiate transcription (30, 148). RNA-polymerase recognizes 

sequences in the promoter region but cannot initiate transcription unless it binds a σ 

factor (148). σ-factors are necessary to give the RNA-polymerase holoenzyme specificity 

of binding to the promoter region (148). Different σ-factors are present in bacteria, 

depending on their stage of growth or nutrient availability. Most promoters contain 

recognition sequences for only one σ-factor; however, some promoters can be 

expressed using different σ-factors depending on the bacteria requirements (148). RpoD 

or σ70 is often called the “housekeeping” σ-factor, as it is responsible for the 

transcription of most essential genes in all bacteria (147, 148). σ32 controls the 

expression of genes necessary for survival under stress conditions (128, 184). RpoN or 

σ54 initiates transcription of genes when bacteria grow under low oxygen conditions 

(171). Despite having σ54-binding sequences in several promoters, pathogenic species of 

the Neisseria genus have lost the activity of RpoN through the deletion of a fragment of 

the rpoN gene (137). Finally, σ28 controls the expression of genes involved in flagella 

production, but because Neisseria is unable to produce flagella therefore σ28 is not 

present in this genus (148). 

The operator is a region upstream of the operon genes that usually contains sites for 

binding of regulatory proteins (116). Transcriptional regulators can activate, repress or 

retard expression of individual genes, operons or groups of genes located in different 

parts of the chromosome. When a transcriptional regulator controls several genes, the 
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group of genes under its control is called a regulon. Two of the most important 

transcriptional regulators in bacteria control the expression of genes when bacteria 

grow under different iron and oxygen conditions. 

Ferric Uptake Regulator (Fur) 

Iron is an element essential for life. However, high concentrations of the metal 

are lethal for most organisms. Bacteria can fine-tune the concentration of iron within 

them by regulating the expression of iron-uptake proteins, as well as iron-containing 

proteins. Under high-iron conditions the ferric uptake regulator (Fur) represses genes 

that code for iron transporters (14). This regulator can also activate the expression of 

genes involved in anaerobic growth like aniA and norB (88, 266). Fur binds directly to a 

DNA sequence found in promoter regions called “Fur-boxes” (270). The Fur-box found in 

iron-repressed genes is very well conserved and the consensus sequence consists of 

three repetitions of a NATWAT motif (270). Fur-activated genes, on the other hand, do 

not have a very well conserved Fur-box. Yu & Genco analyzed all the Fur-activated genes 

in Ng and determined that their Fur-boxes are much shorter than the Fur-repressed 

genes and consist of a T-ATAAT-ATTATCA motif (266). Deviations from the consensus 

sequence in Fur-boxes can sometimes account for the differential affinity of Fur to 

specific promoters; therefore, to its ability to repress or activate them (88).Fur can also 

indirectly regulate genes by means of a small non-coding RNA (sRNA). First found in Nm, 

nrrF (for neisserial regulatory RNA responsive to iron) is a Fur-regulated sRNA that can 
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affect the expression of genes when the bacteria grows under low-iron conditions (170, 

174). In Ng nrrF is not only Fur-repressed under high-iron conditions but it is temporally 

regulated as well (63). 

Fumarate and Nitrate Reduction Transcriptional Regulator (FNR) 

Most bacteria are able to grow in diverse environments that contain different 

oxygen concentrations. From the highly aerated nasopharynx, to the microaerophilic 

cervical region, Ng is able to thrive by expressing specialized proteins that can utilize 

nitrite or nitric oxide in place of oxygen as final electron acceptors in the respiratory 

chain (72, 220). The fumarate and nitrate reduction transcriptional regulator (FNR) 

controls the expression of genes under oxygen-limited conditions (258). As does Fur, 

FNR also binds to specific boxes found in promoter regions. FNR-boxes are more 

variable than Fur-boxes and consist of an inverted repeat of sequence 

TTGATN1N2N3N4ATCAA where N1-4 is the non-conserved motif NCT (210). The best 

characterized FNR-regulated gene in Ng is aniA; the product of this gene is AniA, a 

protein that allows Ng to survive under oxygen-limited conditions by utilizing nitrite in 

the respiratory chain (107). FNR also up-regulates the transcription of a cytochrome c 

peroxidase (CCP), a protein essential for respiration (152). According to the literature, 

there is an intrinsic correlation between the Ng respiratory chain and FNR. Therefore it 

is feasible to think that there are a number of other components of the chain, or genes 

co-regulated with them, that are yet to be described as FNR-regulated. 
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Respiration in Neisseria gonorrhoeae 

Ng produces 7 cytochromes that are involved in oxidative respiration and nitrite 

reduction (243). The final electron acceptors in the respiratory chain of both Ng and Nm 

are cbb3 for aerobic conditions, and NorB and AniA for anaerobic conditions (54, 169). 

Regulation of production of these cytochromes allows Ng to survive under diverse 

micro-environments.  

Aerobic respiration 

The cytochrome-c encoded by cyc4, also called cycA, is a 22kDa protein involved 

in electron transport from the bc1 complex to the terminal cytochrome oxidase cbb3 

during oxygen respiration (55, 149, 152, 243). Nm mutants in cyc4 grow poorly under 

aerobic or microaerobic conditions if nitrite is not present (55). From mutation 

experiments in Ng, it is not clear if cyc4 is essential for aerobic growth or if cyc5 and cyc4 

have redundant roles in the respiratory chain (149). Not much is known about the 

accessory proteins of the Neisseria cytochrome complexes. However, studies in other 

bacteria can shed some light into the functions of their orthologs in this genus. Bacillus 

subtilis expresses homologs of resB and C as part of an operon with the gene 

homologous to the Neisseria cyc4 (141). Mutations in resB or C in these bacteria are 

lethal. Prediction of secondary structure of ResB and C indicates that both proteins are 
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located in the bacterial membrane, thanks to their several transmembrane domains 

(141).  

Anaerobic respiration 

AniA 

AniA is an outer membrane nitrite reductase essential for Ng growth under 

microaerophilic conditions (169). The protein might have dual functions, not only being 

a final acceptor of electrons in the respiratory chain but it also might contribute to 

protect Ng from reactive oxygen and nitrogen species (243). Antibodies against this 

protein can be found in people infected with Ng suggesting that the protein is expressed 

in vivo (43). Expression of aniA is regulated by the NarP/Q two component system and 

by the FNR (107). 

NorB 

The nitric oxide reductase (NorB), produced in Ng and Nm, converts the nitric 

oxide byproduct of the reduction of nitrite by AniA to nitrous oxide (106). Nitric oxide 

can be toxic to bacteria and it is also produced by immune cells (227). Therefore, NorB 

might be also important for protection against attacks of the immune system and not 

only for anaerobic survival (9, 106, 227). Mutations in norB prevent Ng from surviving 

under low-oxygen conditions (106). 
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Glycoprotease 

In the process of analyzing a miniTransposon-insertion library in Ng, a strain was 

found with a mutation that suggested the presence of a glycoprotease with activity on 

Tfp and also possibly eukaryotic substrates. Bioinformatic analysis revealed that the Ng 

glycoprotease is part of the top 10 universal proteins of unknown function (85). 

Orthologs of the gcp gene are found in most of the organisms sequenced to date; from 

Bacteria to Eukaryotes, including Archaea. Mutagenesis studies in Bacillus, 

Staphylococcus, E. coli, Pseudomonas and Francisella have demonstrated that in those 

bacteria, the gcp gene (BSUW23_03040, MS7_2061, NC_000913.2, PA0580 and 

FTN_1565 respectively) is essential for viability (84, 92, 110, 150, 268). All Gcps belong 

to the M22 family of proteins, they are defined as metallo-glycoproteases (121). Until 

recently only two of the Gcp homologs had been defined. More recent studies have 

uncovered a different function for the Gcp family as will be described below. 

Bacteria 

Mannheimia haemolytica 

M. haemolytica (Mh) is a Gram-negative coccobacillus that causes severe 

pneumonia in cattle, sheep and goats. The species is classified into 12 serogroups, based 

on 16S RNA sequencing (267). Some of the virulence factors of Mh are its adhesins, a 

leukotoxin and the O-sialoglycoprotease (MhGcp) (267). MhGcp is a 35kDa protein 

found in the supernatant of Mh grown in liquid. All serogroups of Mh produce MhGcp 
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and animals infected with the bacteria show antibody titers against the protein (2, 140). 

MhGcp cleaves only proteins that are O-glycosylated (3). Known in vitro substrates of 

the MhGcp are human glycophorin A, CD34, CD43, CD44 and CD45 (2, 232). Removal of 

the O-glycans by neuraminidase completely abolishes MhGcp cleavage of these proteins 

(232). MhGcp substrates in vivo are unknown. The discovery and characterization of 

MhGcp led to the definition of a new family of proteins, M-22. The family has been 

defined as metallo-proteases that possibly bind Zinc, with an unknown active site (121). 

They have been no attempts to mutagenize the gcp gene in Mh. 

Staphylococcus aureus 

Gcp in Staphylococcus (StGcp) is involved in cell-wall maintenance and autolysis. 

Down-regulation of gcp increases resistance of Staph to lysis by Triton X-100, hydrolases 

and β-lactamases (269). Yeast-two-hybrid and pull-down assays revealed that StGcp 

interacts with another protein named YeaZ (from the E. coli nomenclature) (146). Both 

gcp and yeaZ (sa1856) genes are transcribed from the same operon, as is the Staph yjeE 

homolog (sa1857), a proven Gcp-interactive partner in E. coli (146). The C-terminus of 

StGcp is essential for its interaction with YeaZ and to contribute to its role in Staph 

viability (146). 

Escherichia coli 

The first studies on YgjD, the E. coli homolog of MhGcp, discovered that the 

protein interacts with YeaZ, another essential protein (31, 92). YeaZ appeared to cleave 
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YgjD, but it was not confirmed. Another essential protein, YjeE, interacts with YeaZ and 

it appear to act as a molecular switch for YgjD activation (92). The phenotype of E. coli 

depleted of any of these three proteins is that of aminoacid-starved bacteria that are 

defective in protein synthesis (92). Progressive depletion of YgjD causes a decrease in 

cell elongation time during bacterial division causing the average cell size to decrease 

after consecutive generations (16). Decrease in YgjD causes the accumulation of 

(p)ppGpp (guanosine-penta/tetra-phos- phate), a compound that inhibits RNA synthesis 

during aminoacid shortage (16). These results suggested that YgjD might be involved in 

synthesis of modified tRNAs. Complementation of the defects in E. coli during YgjD 

depletion is only accomplished when both YgjD and YeaZ are provided in trans (69). 

Srinivasan et al determined that depletion of YgjD in E. coli causes a 40-fold drop in the 

amount of t6A-tRNA. The t6A modification (N6-threonylcarbamoyl adenosine) of tRNAs 

that recognize ANN codons is essential for protein synthesis in all forms of life (223). 

Bioinformatical analysis of YgjD and its homologs determined that this family of proteins 

has three highly-conserved motifs, two of these motifs form an metal-binding pocket, 

whereas the other motif is an ATP-binding site (69). Studies performed in yeast brought 

to light the fact that t6A biosynthesis requires multiple enzymes; YgjD, YeaZ, YjeE and 

YrdC, another ATPase (69). The proposed biochemical pathway of t6A tRNA synthesis 

suggests that YgjD catalyzes the transfer of a phosphate group from ATP to bicarbonate, 

yielding carboxyphosphate and ADP (69). Reaction between carboxyphosphate and a 

threonine amine, also catalyzed by YgjD, then produces N-carbamoylthreonine. YrdC 
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would then catalyze the transference of N-carbamoylthreonine to the adenine at 

position 37 of the tRNA (58). Even though it is known that YeaZ and YjeE are required for 

t6A tRNA synthesis their role in the biochemical pathway is not yet defined (58, 69). 

Archaea 

Kae1 (kinase-associated endonuclease), the archaeal homolog of MhGcp, has 

been defined as an Iron-binding protein. It is also able to bind single- and double-

stranded DNA and has apurinic-endonuclease activity in vitro (96). The crystal structure 

of the Pyrococcus abyssi Kae1 has been solved. Structural comparison with the protein 

database determined that Kae1 belongs to a phosphotransferases family of proteins 

named ASKHA, for; Acetate and Sugar Kinases, Hsc70 and Actin. Kae1 is composed of 

two subdomains with five anti-parallel β-sheets and α-helices in between each β strand. 

The iron atom in Kae1 is in direct contact with ATP, a feature unique to this family of 

proteins (96). Kae1 forms a complex with Bud32 in vitro, a kinase present only in 

Archaea and Eukarya (97). The interaction between Kae1 and Bud32 diminishes the 

kinase activity of the latter (97). Kae1 is able to autophosphorylate in the presence of 

ATP. However, high concentrations of ATP inhibit its ability to bind DNA (95, 96). Binding 

of Kae1 to Bud32 inhibits the autophosphorylation of both proteins (95, 96). The 

function of Kae1 in Archaea has not been determined; however, recent studies in yeast 

point to a role for the protein in tRNA modification (52). 
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Eukaryotes 

As mentioned above, homologs of gcp are found in almost all organisms 

sequenced to date, including Eukaryotes. From yeast to humans, homologs of Ykr038c 

(locus tag for the yeast KAE1 homolog) are found as part of a protein complex named 

KEOPS (for kinase, putative endopeptidase and other proteins of small size) (60, 127). 

This large protein complex is involved in telomere uncapping and elongation. KAE1 

cannot be deleted, as it is essential, but observations on kae1 loss-of-function mutants 

show that those strains have defects in telomere length (60, 158). Kae1 is localized in 

the nucleus and its activity depends on its metal-binding properties (127). According to 

the atomic structure of the KEOPS complex, it functions as a dimer and it is organized in 

a linear fashion. A PCC1-dimer binds to subdomain I of Kae1, then Kae1 subdomain II 

binds Bud32 which in turn binds Cgi121 (158). The active site of Kae1 is localized 

between the two subdomains and its activity is dependent on ATP and iron-binding. 

Bud32 phosphorylates Kae1 on the Threonine at position 369 (158). The relevance of 

this phosphorylation or its function in Kae1 activity is not known. 
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RESULTS I 

Neisseria gonorrhoeae-Glycoprotease Purification 

In the process of studying Tfp, a mutant in the gene NG0104 was obtained by 

mini-transposon insertion (168). Sequence analysis determined that the gene was a 

homolog of the MHA1559 gene from Mannheimia haemolytica. The gene was first 

reported by Abdullah, et al. (2) and the protein expressed from it was later defined as an 

O-sialoglycoprotein endopeptidase (232). The MHA1559 gene was then renamed gcp. 

Analysis of the strain MS11gcp::erm revealed that pili purified from it run at a higher 

molecular weight compared to the pili from its parental strain. This result suggested that 

the pili from the parental strain had been processed or cleaved by the Neisseria 

homolog of Gcp (NgGPCP). The Mannheimia Gcp (MhGcp) cleaves only proteins that 

contain O-linked carbohydrates and its preferred cleavage site is an RD motif (3). It is 

known that the Neisseria Tfp are glycosylated at Serine 63 (Ser63) by O-linkage (159). 

The Tfp primary amino acid sequence revealed that the protein contains an RD motif at 

its C-terminus. Reviewing the 3D structure of Tfp indicated that, on the fully formed 

fiber, the RD motif is in close proximity to the glycosylation site (48). This result 

suggested that both the RD motif and the glycosylation site would be accessible to 

NgGcp for cleavage. Changes in Tfp can affect one, or more, of its functions. Pili 

retraction can exert great forces on the membrane of the cell that trigger cell-signaling 

cascades with the end result of allowing the infected cell to survive (102, 108, 109). 
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Testing the force of MS11gcp::erm on elastic micro-pillars, it was found that this strain is 

able to pull pillars, by Tfp retraction, with twice the force as the wild type. One of the 

most important roles of Tfp is in Ng adherence. MS11gcp::erm adheres at the same level 

as MS11 wild type; however, it shows an increased ability to invade epithelial cells. 

These results indicated the possibility that the NgGcp might be cleaving one, or more, 

eukaryotic proteins to prevent Ng invasion. The invasion phenotype could not be 

complemented by a strain carrying gcp under the control of an IPTG-inducible promoter.  

To test the hypothesis that NgGcp cleaves eukaryotic proteins, as well as its effect on pili 

(or pilin), it was necessary to purify an active recombinant NgGcp (rNgGcp). Purification 

of an active rNgGcp would allow me to perform protein-protein interaction studies in 

which I would determine the substrates of NgGcp, both bacterial and eukaryotic. The 

purified protein would also be used in exogenous complementation of the 

MS11gcp::erm strain during invasion assays. To purify an active rNgGcp several 

strategies were tried and are described below. 

NgGcp-Chitin Binding Domain expressed in Neisseria gonorrhoeae 

The IMPACT system (New England Biolabs) is commonly used to create proteins 

fused to a chitin-binding-domain (CBD) with an intein-tag linker that is cleavable by a 

thiol-induced reaction. The presence of the CBD facilitates purification on chitin 

columns, whereas the intein tag allows for the purification of un-tagged proteins. To 

obtain CBD-fused proteins, the system uses E. coli as host for over-expression. Ideally, 
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proteins of interest should be expressed in their natural host. Therefore, the IMPACT 

plasmid pTYB2 was used as a base to obtain an NgGcp-CBD fusion to be induced in Ng. 

To over-express and purify NgGcp from Ng, the gcp gene was PCR-amplified using 

primers DRH15-DRH16. The resulting PCR product had a SacI restriction site on the 5’-

end, as well as a complementary region to the intein tag and the CBD gene on the 3’-

end. The cbd gene, including the intein tag, was PCR amplified from pTYB2 using primers 

DRH17-DRH18. The resulting PCR product had a PstI restriction site at the 3’-end and a 

complementary region to gcp on the 5’-end. Following PCR purification, both products 

were used in a SOEing-PCR reaction using primers DRH15-DRH18 (199). The gcp-cbd 

product was then cloned into pCR-Blunt (Invitrogen) (pDRH1). Double digestion of pCR-

Blunt with SacI and PstI was performed to excise the gcp-cbd fragment and clone it into 

the corresponding sites in pKH37 (pDRH2). Upon insertion in pKH37 the gcp-cbd fusion 

was under the control of an IPTG-inducible promoter (Plac). Two clones of pKH37-gcp-

cbd (pDRH3 and pDRH4) were sequenced prior to being transformed into Ng MS11 by 

spot transformation (59). The obtained clones were grown overnight on GCB-VCN agar 

with or without IPTG at 0.5, 1 or 2mM. After incubation the bacteria were collected, 

suspended in PBS and lysed with lysozyme (Sigma). The soluble fraction was separated 

from the pellet (bacterial bodies) by centrifugation. The total protein in each sample 

was measured by BCA (Thermo-Scientific) and the samples were adjusted to 

100ng/100μl in Laemmli sample buffer. 30ng of each sample were run on 15%-

acrylamide gels and stained with Coomassie (249). Parallel gels were processed for 
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Western blotting using anti-CBD antibody (New England Biolabs). A PilT-inducible strain 

was used as positive control for over-expression. After several trials using this over-

expression method, the NgGcp-CBD fusion was never evident on Coomassie-stained gels 

or on anti-CBD western blots, even after confirming that the over-expression protocol 

was working with an inducible PilT plasmid.  

MS11 clones harboring pDRH3 or pDRH4 were then grown in GCB broth, with or without 

IPTG at 0.5, 1, 2 or 4mM final concentration, to over-express the NgGcp-CBD fusion. 

After 1 or 3 hours of induction, the bacteria were collected by centrifugation and lysed 

in PBS with lysozyme (Sigma). After centrifugation, to separate the soluble and insoluble 

fractions, protein concentrations were adjusted to 100ng/100μl in sample buffer. 30ng 

of each sample were run on 15%-acrylamide gels and stained with Coomassie. Parallel 

gels were processed for Western blot using anti-CBD antibody. None of the clones 

showed over-expression of NgGcp-CBD (Figure 2).  

To confirm that the clones were transcribing the gcp-cbd fusion, reverse-transcription 

PCR was performed. The NgGcp-CBD clones were grown in GCB broth, as previously 

described, and bacteria were collected in RNAprotect (Qiagen). RNAeasy Mini-kit 

(Qiagen) was used to purify RNA from the obtained samples. In-column DNase 

treatment (RNase-Free DNase Set, Qiagen) was used to remove DNA contamination. 

After confirming, by PCR, that the RNA was DNA-free, cDNA was synthesized using 

SuperScript II (Invitrogen), following the manufacturer’s instructions. Figure 3 shows 
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that transcripts, corresponding to the full length gcp-cbd fragment, were present in 

MS11 only upon induction with IPTG. After several trials to over-express the NgGcp-CBD 

fusion in Ng, it was evident that there was a problem with the translation of the gcp-cbd 

transcript and the bacteria could not produce large enough amounts of the fusion 

protein to warrant a large-scale purification. 

 

Figure 2. Lack of production of NgGcp-CBD by MS11 clones harboring pDRH3 or 
pDRH4. Clones were grown in GCB broth to mid-log phase. IPTG was added at 4mM 
final concentration and induction was carried for 3h. Bacteria were collected by 
centrifugation, mixed with sample buffer and run on a 10% acrylamide gel. Proteins 
were transferred to a nitrocellulose membrane and blotted for CBD. Empty pKH37 
was used as negative control. The NgGcp-CBD expected molecular weight was 
around 92kDa. At the time of the experiment, no positive control was available to 
confirm over-expression of the fusion protein. 
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As mentioned before, purification of proteins is ideally done from their natural host. 

However, expression of tagged proteins in E. coli is of common use and usually renders 

protein of good quality for protein-protein interaction experiments. 

NgGcp-CBD expressed in E. coli 

Plasmids pDRH3 and pDRH4 were transformed into E. coli BL21(DE3)pLysS by 

heat shock. A plasmid containing just CBD, pET20 (courtesy of Dr. Bentley Fane) was 

used as positive control for over-expression. After confirming that the strains harbored 

the right plasmids, the bacteria were induced for NgGcp-CBD production with 4mM of 

IPTG in LB Miller for 3h. After incubation, bacteria were harvested by centrifugation, 

lysed with lysozyme and sonicated. The soluble and insoluble (pellet) fractions were 

separated by centrifugation. After adjusting the total protein in each sample, 30ng of 

total protein were run per lane on a 10% acrylamide gel. Proteins were transferred onto 

Figure 3. MS11 clones harboring pDRH3 or pDRH4 showed transcription of the gcp-
cbd fusion. RT-PCR with primers DRH22-DRH23 was used to amplify a 3kb product 
corresponding to the full length gcp-cbd fragment inside pKH37. Empty pKH37 was 
used as negative control. 
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nitrocellulose and probed with anti-CBD. Figure 4 shows that the majority of the NgGcp-

CBD protein remained associated with the bacterial bodies. In some circumstances, 

fusion proteins are transported to the periplasmic space in between the inner and outer 

membrane of the bacteria. It is possible to purify proteins in the periplasm by isolating 

this compartment of the cell by fractionation.  

 

Figure 4. Anti-CBD showing NgGcp-CBD expression in E. coli. Clones were grown in 
LB Miller to mid-log phase. IPTG was added at 4mM final concentration and induction 
was carried for 3h. Bacteria were collected by centrifugation, lysozyme-treated and 
sonicated to separate the soluble fraction (supernatant) from the bacterial bodies 
(pellet). Proteins were run on a 10% acrylamide gel and then transferred to a 
nitrocellulose membrane to be blotted for CBD. pET20 was used as a positive control 
of expression of CBD. 
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The method published by Filip et. al. (76) was used to fractionate E. coli after over-

expression of NgGcp-CBD or just CBD. Briefly, after harvesting bacteria by 

centrifugation, the pellets were washed and the bacteria lysed with lysozyme. After 

centrifugation, a soluble fraction was obtained (supernatant). Sonication was then used 

to break the cells apart. After centrifugation, the proteins in the supernatant were 

pelleted by ultracentrifugation at 50,000xg; this was considered the cytoplasmic 

fraction. The remaining pellet was then treated with Sarkosyl (Sigma) to solubilize the 

inner membrane of the cells. The two membrane fractions were separated by 

ultracentrifugation at 50,000xg for 1h. The supernatant of this centrifugation 

corresponded to the periplasm fraction of the cells. The pellet, containing the outer 

membrane fraction was then solubilized with SDS and the fractions were prepped for 

SDS-PAGE. Figure 5 shows that the NgGcp-CBD fusion was not separated from the 

original pellet and that the amount in any of the soluble fractions was too small to be 

able to obtain the protein in high quantity. These led us to believe in the possibility that 

the fusion was forming inclusion bodies.  
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To confirm that the NgGcp-CBD fusion was forming inclusion bodies, bacterial pellets 

obtained from an induction experiment were treated with different detergents; SDS, 

CHES, Deoxycholate and Sarkosyl. After detergent treatment, samples were centrifuged 

to separate the soluble and insoluble fraction and run on acrylamide gels. Western blot 

with anti-CBD was used to test if the NgGcp-CBD fusion had been solubilized. None of 

the detergents had any effect on solubilizing NgGcp-CBD which led us to conclude that 

the fusion was aggregating in inclusion bodies. These amorphous aggregates are often 

formed when proteins are not properly folded. Several procedures are known to 

increase proper protein folding. Induction in LB with different pH, LB buffered with 

different regulators, expression at low temperature, different time points and IPTG 

Figure 5. Anti-CBD showing NgGcp-CBD expression in E. coli fractions. Clones were 
grown in LB Miller to mid-log phase. IPTG was added at 4mM final concentration and 
induction was carried for 3h. Bacteria were fractionated by lysozyme lysis, 
sonication, ultracentrifugation and Sarkosyl treatment. Proteins were run on a 10% 
acrylamide gel and transferred to a nitrocellulose membrane to be blotted for CBD. 
pET20 was used as a positive control of expression of CBD. 
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concentrations were tried. After every change in the induction protocol, NgGcp-CBD 

solubility was assessed. None of the adjustments to the induction procedure helped to 

avoid the accumulation of insoluble NgGcp-CBD. 

Inclusion bodies can be denatured and the proteins in them refolded into their proper 

secondary structures. Use of the chaotropic agent guanidine hydrochloride and a high 

concentration of urea helps to denature proteins in inclusion bodies. Slow removal of 

urea helps to refold the proteins. Refolding can be a very low efficiency procedure, for 

that reason 8L of LB Miller were used to induce the expression of NgGcp-CBD. After 

collection of the bacteria, the pellets were suspended in 10mM Tris-HCl pH 8.5, frozen 

and thawed. Sonication was used to break the cells apart (8 cycles of 30 sec sonication 

at maximum amplitude with 30 sec rest in ice, in between sonications). Soluble material 

was separated by centrifugation at 13,200xg and the pellet was resuspended in 10mM 

Tris-HCl pH 8.5 containing 1% deoxycholate (DOC). The same procedure was repeated 3 

times after which the pellet was incubated overnight at 37°C. The centrifugation-

sonication cycle was repeated once more to finally obtain clean inclusion bodies (216). 

36.5g of inclusion bodies were obtained following this protocol. These were then 

dissolved and denatured in 7M guanidine hydrochloride. After 1h of incubation at 4°C, 

with constant stirring, the solution was centrifuged to eliminate the insoluble material. 

The supernatant was then loaded onto a dialysis tube. The denatured inclusion bodies 

were dialyzed against a gradient of urea as follow: 8M urea, 6M urea, 4M urea, 2M urea 

containing reduced and oxidized glutathione (twice) and 0M urea with reduced and 
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oxidized glutathione (twice). All the buffers contained 20mM Tris-HCl and 0.5M NaCl. 

Each dialysis step was carried out for at least 3h at 4°C with constant stirring. After 

refolding, the sample was centrifuged at 15,000xg for 30min to remove any debris and 

insoluble protein that aggregated again. The refolded NgGcp-CBD was then bound to a 

chitin column (New England Biolabs) following the manufacturer’s instructions. Figure 6 

shows samples of the fractions obtained during NgGcp purification from a chitin column. 

It is to be noted that NgGcp was auto-cleaving from the CBD tag, even during the 

binding and washing phases of the procedure. Complete cleavage of NgGcp from the 

CBD tag was obtained by adding DTT to the elution buffer and incubating the column 

overnight at 4°C. The elution fractions containing NgGcp were pooled and concentrated 

with 30kDa centricon columns (Millipore). The concentrated NgGcp showed other 

degradation products. To raise antibodies it is better to have a pure preparation, 

therefore, the concentrated NgGcp was run on preparative 10% acrylamide gels that 

were stained with Gel Code Blue (Pierce). The 37kDa band corresponding to NgGcp was 

cut out of the gel and electroeluted. After confirmation, by mass spectrometry, of the 

origin of NgGcp, 2μg of protein were sent to Thermo Scientific to be injected into rabbits 

for antibody production. The obtained IgG fraction was tested for reactivity to whole 

MS11 bacteria and the recombinant NgGcp used to raise the antibodies (rNgGcp) 

(Figure 7). After analysis of the different dilutions of antibody used it was determined 

that 1:1000 should be the working dilution of the anti-NgGcp. 
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Figure 6. Double Western blot anti-CBD (green) and anti-Gcp (red) showing NgGcp-
CBD purification fractions in chitin column. Inclusion bodies were refolded by 
denaturization in guanidine-HCl and refolding against a gradient of Urea. A) Soluble 
NgGcp-CBD was bound to a chitin column and unbound material was washed out. B) 
After DTT treatment, rNgGcp was eluted out of the chitin column in semi-pure form. 
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Glycoprotease assay of purified NgGcp 

The concentrated rNgGcp was used in a glycophorin A (GPA) cleavage assay. GPA is a 

known substrate of the MhGcp and it is commonly used to test glycoprotease activity. 

MhGcp (Cedarlane) was used as a positive control for GPA cleavage. Zinc chloride is 

known to inhibit MhGcp activity and, as such, it was used to inhibit rNgGcp activity. 2μg 

of GPA and 4μg of each Gcp, in 50mM HEPES, were used per reaction. Reactions were 

incubated overnight at 37°C. After incubation, the reaction was stopped with Laemmli 

sample buffer and run on 6% acrylamide gel. Proteins were transferred to a 

nitrocellulose membrane and probed with anti-GPA (Thermo Scientific). Figure 8 shows 

the lack of glycoprotease activity exhibited by rNgGcp. It is known that refolding of 

Figure 7. Antibody titration using the IgG fraction raised against a recombinant 
NgGcp. MS11 whole bacteria and recombinant NgGcp (rNgGcp) were run on a 10% 
acrylamide gel. Proteins were transferred onto nitrocellulose membranes and 
probed with the indicated concentrations of adsorbed IgG fraction. 
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inclusion bodies can, sometimes, inhibit the activity of biological enzymes (248). We 

hypothesize that the refolding protocol inactivated the rNgGcp. 

 

Maltose Binding Protein-NgGcp 

To purify an active form of rNgGcp it was essential to obtain a soluble form of 

the protein. To accomplish this, the full length gcp (DRH43-DRH44), as well as gcp 

lacking the first 27bp (to account for a possible signal sequence) (DRH45-DRH44) were 

cloned into the EcoRI-KpnI sites of pMAL-c5E (New England Biolabs). This allowed me to 

Figure 8. Anti-GPA showing lack of GPA cleavage by semi-pure Gcp. 2μg of GPA and 
4μg of Gcp (Mh or Ng) were used per reaction. All reactions were carried in 50mM 
HEPES at a final volume of 20μl. After 3h of incubation at 37°C, the reaction was 
stopped with sample buffer. Samples were boiled and run on a 6% acrylamide gel. 
Proteins were transferred onto nitrocellulose and blotted for GPA. + indicates 
presence of the indicated reagent on the specified reaction. – indicates absence of the 
indicated reagent in the reaction. ZnCl2 was used as inhibitor of the cleavage reaction. 
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obtain Maltose-binding-protein (MBP) N-terminal fusions (pDRH5 and pDRH6). MBP is 

known to help in folding proteins properly, and its presence at the N-terminus also 

favors proper folding. Expression of MBP-NgGcp was achieved using E. coli 

BL21(DE3)pLysS grown in LB Miller with 1mM IPTG. After 3h of incubation, the bacteria 

were collected by centrifugation, lysed and sonicated. Over-expression and solubility of 

MBP-NgGcp was assessed by SDS-PAGE followed by Gel Code Blue (Pierce) staining or 

Western blot with anti-NgGcp. Both the long and the short versions of MBP-Gcp were 

found in the soluble fraction of the preparations. 4L of bacterial cultures were used to 

over-express either the long or the short version of MBP-NgGcp. The soluble fraction 

was then obtained and loaded onto an amylose column (New England Biolabs) and 

purified according to the manufacturer’s instructions. Figure 9 shows the presence of 

MBP-NgGcp in the different fractions during the purification process. This cloning 

strategy allowed for the expression of a soluble MBP-NgGcp, as well as a cleaner prep of 

tagged NgGcp. The pMAL-c5E system also allows for cleavage of the MBP tag from the 

fused protein by enterokinase. Several concentrations of both MBP-NgGcp and 

enterokinase were tried to get an un-tagged NgGcp (Figure 10). The long MBP-NgGcp 

was completely un-cleavable, whereas the short version was only minimally cleavable. 

The lack of cleavage of the MBP tag from the fused NgGcp was probably due to the 

folding of the protein, as this might have made the enterokinase-cleavage site 

unreachable to the enzyme. 
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Despite the lack of cleavage by enterokinase both the long and short MBP-NgGcp were 

tested for GPA activity. Figure 11 shows the GPA assay performed with the short MBP-

NgGcp. As before, MhGcp was used as positive control and ZnCl2 was used to inhibit the 

reaction. Boiled MhGcp and MBP-NgGcp were used as negative controls. As observed in 

the figure, the short MBP-NgGcp lacked glycoprotease activity. Even after overnight 

incubation, degradation products of GPA were only observed in the reaction containing 

MhGcp. The same results were obtained with the long fusion (not shown). It can be 

speculated that the lack of glycoprotease activity by MBP-NgGcp was due to the 

presence of the tag. However, it was not possible to remove the tag to test that 

hypothesis. 
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Figure 9. Purification of MBP-NgGcp in amylose column. Soluble fraction of induced 
MBP-NgGcp, long or short version, was loaded onto an amylose column. Purified 
MBP-NgGcp was eluted with Tris-HCl buffer. Aliquots of each purification fraction 
were mixed with sample buffer, boiled and run on 10% acrylamide gels. Gels were 
stained with Gel-code blue reagent and scanned. 
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Figure 10. Enterokinase treatment on purified MBP-NgGcp. 4μg of MBP-NgGcp long 
or short fusion were treated with 0.5μg of enterokinase for 18h at 37°C. An aliquot 
was run on a 10% acrylamide gel, transferred onto nitrocellulose and blotted with 
anti-NgGcp. 
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GST-NgGcp 

As mentioned above, one of the possible reasons for improper folding of 

recombinant proteins is the fact that they are expressed in a different host. To try to 

overcome this problem, codon usage can be adjusted to match that of the expression 

host. For this purpose, gcp was modified by the company DNA 2.0 and cloned into an 

expression vector that would produce a Glutathione-S-transferase (GST)-tagged NgGcp 

(pGEX-gcp). The expression vector was transformed into E. coli BL21(DE3)pLysS. 

Different concentrations of IPTG and different incubation times were tried to optimize 

the expression of GST-NgGcp. As with the MBP-Gcp fusion, the GST-fusion was found in 

Figure 11. Anti-GPA showing lack of GPA cleavage by semi-pure Gcp. 2μg of GPA and 
4μg of Gcp (Mh or Ng) were used per reaction. Boiled MhGcp or NgGcp were used as 
negative controls, far left and far right lanes. All reactions were carried in 50mM 
HEPES at a final volume of 20μl. ZnCl2 was used as inhibitor of the cleavage reaction. 
After the indicated time, the reaction was stopped with sample buffer. Samples were 
boiled and run on a 6% acrylamide gel. Proteins were transferred to a nitrocellulose 
membrane and blotted for GPA. 
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the cytoplasmic fraction of the bacteria when 0.1mM of IPTG were used for 3h (Figure 

12).  

To purify the GST-Gcp fusion, 1L of bacterial culture was induced as described before 

and the cytoplasmic fraction was collected. This prep was loaded on a glutathione 

column (New England Biolabs) and the manufacturer’s instructions were followed to 

purify the GST-NgGcp fusion protein. Figure 13 shows samples obtained from every step 

in the purification process. As shown, the GST-NgGcp protein was not able to bind the 

column. After the previous experiences trying to purify NgGcp it can be assumed that 

the lack of binding of the GST fusion was probably due to a folding problem. As the GST-

NgGcp was not able to bind the glutathione column it was not possible to purify it.  
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Figure 12. Production of GST-NgGcp. Clones were grown in LB Miller to mid-log 
phase. IPTG was added at 0.1mM final concentration and induction was carried for 1 
or 3h. Bacteria were lysed and the cytoplasmic fraction run on 10% acrylamide gels. 
One gel was stained with Coomassie (left panel) and the other was transferred to 
nitrocellulose and probed with anti-NgGcp (right panel). 
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Figure 13. Purification of GST-NgGcp. Clones were grown in LB Miller to mid-log 
phase. IPTG was added at 0.1mM final concentration and induction was carried for 1 
or 3h at room temperature. Bacteria were lysed and the cytoplasmic fraction run on 
10% acrylamide gels. Fractions were loaded as follows: insoluble fraction (I), flow 
through (FT), washes (W) and elution (E). One gel was stained with Coomassie (left 
panel) and the other was transferred to nitrocellulose and probed with anti-NgGcp 
(right panel).  
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DISCUSSION 

The study of Gcp started with its definition in Mannheimia haemolytica. The 

MhGcp is secreted into the media during bacterial growth, making it very easy to purify 

from its natural host (232). The main goal of the study of MhGcp was to use it as a 

vaccine candidate against Mannheimia. Obtaining a recombinant MhGcp would 

accelerate the production of the possible vaccine antigen. Different strategies to purify 

an active rMhGcp were followed, however; it was found that recombinant versions of 

MhGcp had no glycoprotease activity or it was very minimal, compared to the MhGcp 

purified from Mannheimia supernatants (153, 252, 253). Later studies in Staphylococcus 

aureus determined that, in that species, the gcp homolog is essential for viability (268). 

Studies that determined essential genes in Bacillus subtilis also found the gcp homolog 

to be required for the bacteria viability (110, 129). Bioinformatic analysis revealed that 

homologs of gcp are present in the 3 domains of life (131). Neither the Staph Gcp nor 

the Pyrococcus homolog have glycoprotease activity (96, 268). Kae1, the eukaryotic 

homolog of Gcp, is part of the KEOPS (for kinase, putative endopeptidase and other 

proteins of small size) complex, a set of proteins that regulate telomere capping and 

elongation (60). The archaeal homolog of the protein (ar-Kae1) is defined as an ATP-

binding-metalloprotein with apurinic-endopeptidase activity (96). The recombinant ar-

Kae1 was also tested for glycoprotease activity by GPA-cleavage assays and no cleavage 

products were found (96). Recently it was proposed that ar-Kae1 is part of a complex 

that adds a threonylcarbamoyl-6-adenosine (t6A) to tRNAs that recognize codons with 
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adenine in the first position (except for fMet tRNA in bacteria) (223). Furthermore, El 

Yacoubi et al. confirm the activity of Gcp as a tRNA-modification enzyme in yeast and 

bacteria (69). Deutsch et al. elucidated the biochemical pathway through which 

bicarbonate and threonine are added to adenosine, with the use of ATP, by a complex 

that includes YgjD (Gcp homolog in E. coli), YeaZ and YjeE (58). 

These recent publications have made the scientific community take a second look at the 

definition of the M22 family of proteins. Many of the homologs of the MhGcp, including 

NG0104, have been re-annotated in the NCBI database as “putative DNA-binding/iron 

metalloprotein/AP endonuclease”. The E. coli strain K-12, substrain MG1655 ygjD gene 

is now annotated as “t(6)A tRNA modification protein; glycation-binding protein; 

genome maintenance protein” (271). Deutsch et al. hypothesized that the glycoprotease 

activity of MhGcp is probably due to a different enzyme present in the semi-pure 

preparations used in previous studies (58). However, more research is necessary to 

confirm that hypothesis. 

Analysis of the primary sequence of NgGcp based on the findings by El Yacoubi et al. 

show the presence of the metal-binding parts, as well as the ATP-binding site (Figure 14) 

(69). These results help explain the lack of glycoprotease activity found in every rNgGcp 

described above. They also help explain why it was not possible to use the MBP-Gcp 

fusions to complement the invasion phenotype of MS11gcp::erm exogenously (data not 
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shown). It is very possible that the NgGcp is, in fact, a tRNA-modification protein and not 

a glycoprotease as originally hypothesized.  

 

  

MLVLGIESSCDETGVALYDTERGLRSHCLHTQMAMHAEYGGVVPELASRDHIRRLVPLTEGCLA

QAGASYGDIDAVAFTQGPGLGGALLAGSSYANALALALDKPVIPVHHLEGHLLSPLLAEEKPDFPF

VALLVSGGHTQIMAVRGIGDYELLGESVDDAAGEAFDKTAKLLGLPYPGGAKLSELAESGRPEAF

VFPRPMIHSDDLQMSFSGLKTAVLTAVEKVREANGSETIPEQTRNNICRAFQDAVVEVLEAKVKK

ALLQTGFRTVVVAGGVGANRKLRETFGNMTVQIPTPKGKPKHPSEKVSVFFPPMAYCTDNGAM

IAFAGAMHLGKGREVGAFNVRPRWSLSEIVK 

Figure 14. Primary sequence of NgGcp showing the metal-binding sites (red) and 
the ATP-binding site (green). 
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RESULTS II 

Regulation of expression of gcp 

 Reverse-transcription PCR performed with primers specific to the region 

upstream of gcp as well as internal to the gcp gene suggested that gcp is co-transcribed 

with at least one gene upstream. I also had Western blot evidence that indicated that 

the amount of Gcp produced by Ng fluctuates depending on the iron content in the 

media. These preliminary studies led me to search for possible regulatory sequences 

within predicted promoters for the gene, perform semi-quantitative RT-PCR to 

determine the levels of the gcp transcript under different iron conditions and map the 

promoter that controls the expression of gcp. 

Analysis of the cyc4-gcp operon 

To test the hypothesis that gcp is co-transcribed with genes upstream, I first 

sought to analyze the sequence upstream of the gene with bioinformatic tools. Analysis 

of the intergenic region immediately upstream of gcp did not identify a possible 

promoter or ribosomal-binding-site in the 115 nucleotides (nt) located between resC 

and gcp. This led me to hypothesize that the expression of gcp is controlled further 

upstream, either within resC or even farther from these two genes. The ATG codon for 

resC overlaps with the stop codon for resB, a characteristic of genes transcribed in 

polycistronic mRNAs (Figure 15). 
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Promoter prediction of the sequence expanding from the region upstream of resB to the 

stop codon of resC indicates the presence of two putative -10 boxes. One of the 

probable -10 boxes is located upstream of resB and the other one within resC. The 

putative -10 box within resC is located 617 nt from the start of the gene and 568 nt from 

the stop codon (Figure 16, panel A), whereas the -10 box upstream of resB is found 66 

nt upstream of the ATG codon for the gene (Figure 16, panel B). 

 

ResB and C are predicted to be involved in the formation of one of the cytochrome c 

complexes found in Neisseria. The gene upstream of resB is cyc4, a cytochrome essential 

for aerobic respiration in both Ng and Nm (55, 243). The fact that these highly related 

genes are organized in this fashion led me to contemplate the possibility that cyc4, resB, 

AATCCGTTTTGCTATGTCTTCGGCCCGCAGCGAACGGGATTTGCAGAAGGAATTTCCAAAA

CACGTCGAGAGCCTGCAACGGCTCGGCAAGGACTTGAATCATGACTGAACACTATAAAAC

CCTTCCGGAAC 
Figure 15. Start codon of resC (ATG) overlapping with stop codon of resB (TGA). 
resB is shown in mauve; resC is shown in purple; overlapping codons are highlighted 
in green and red. 

Figure 16. Putative -10 boxes upstream of resB and within resC. A) Intergenic region 
upstream of resB is shown in black, putative -10 box is highlighted in blue. Green 
highlight indicates the start codon of resB. resB sequence is shown in mauve. B)  resC 
sequence is shown in purple, putative -10 box is highlighted in blue. 

ACCGCGCTGATGTATTTGTATTACGAGGGTAAATTTGCCGTGCAGAAATTGGGCGGCTTCG
TGTTCGGC 

TAAAAAGCATCAAGACAGTAGAATCGGGACGTTGTTTTCTGTCTGCCCAATTCTGCTTTCCCA
TATTCCTGATGGCGGAATAAACACACAATGAGTAAATCCCGTATATCCCCCACACTTCTTTCCC
GTCCGTGGTTCGCTT 

A 

B 
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resC and gcp form an operon. Figure 17 shows the organization of the putative cyc4-gcp 

operon. 

 

 

The region upstream of cyc4 has three putative -10 boxes as well as other promoter-like 

features (figure 18). The first putative -10 box is located 115 nt from the cyc4 start 

codon (marked as 1 in figure 18). Putative -10 box #2 is located 417 nt upstream of the 

cyc4 ATG. Finally, the predicted -10 box #3 is found 539 nt from the start of the gene. 

Overlapping -10 box #1 are a Fis-binding site (TGTAAATT) and a binding site for the 

histone-like nucleoid structuring protein (HNS) (TAATTTAAA). Both Fis and H-NS are dual 

global regulators that have been best studied in E. coli, Salmonella and Vibrio cholerae 

(193, 241, 250). The DNA sequences of Fis and H-NS from E. coli were blasted against 

the Neisseria genomes. No significant homologs of these genes were found in the 

Neisseria genus. Also, within the predicted promoter #1 there is a putative FNR-binding 

site (TTAATCGGGTCAA, in yellow in figure 18). All of these features support the 

hypothesis that promoter #1 is driving the expression of cyc4 and possibly of resB, C and 

gcp. 

Figure 17. Organization of the cyc4-gcp operon. Genes and intergenic regions are 
drawn to scale. 



74 
 
 

 
 

From the cyc4 promoter region to the predicted Rho-independent terminator at the end 

of gcp, the cyc4-gcp operon expands almost 6 kb of the Ng chromosome. The putative 

operon also features seven canonical DNA-uptake sequences (DUS) throughout the 

sequence. Six of these DUS are paired at the end of cyc4, resC and gcp in an inverted-

repeat fashion. It has been proposed that inverted repeats of DUS can function as 

transcriptional terminators (6). However, researchers have found this DUS pairs in 

cotranscribed genes suggesting that these sequences can function as anti-terminators or 

attenuators of transcription (7, 47). 

Genome analysis of the Neisseria genus shows that the cyc4-gcp operon is highly 

conserved throughout pathogenic and commensal human species (figure 18).  As 

AAAACAGCTGTACGCTGATGTTTTGCCTGTCGGAATAAGGTTTGAGCAGTTTTTTGACTTGGG

ACAGGGTTTTTATCTGTTCGTTTTTGGATAATTTGTCGGCTTTTGACAGCAGGATGTGAACCGG

TCTGCCGGTCGTGTGGAAAAAGTCCAGCATACGGATGTCGAGTTCTTTTAAAGGATGGCGGG

CATCCATAAT
3
CAAAACCAGCCCGATAAGCTGTTTCCGATGGCGGAGGTAGTCGCCGAGCAGA

TTGACCCAATGTGCGCGTACCGCTTCGGGGACTTGGGCATAACCGTAGCCGGGCAAATCGAC

CATAAAAT
2
TGCCGTTCTGCAGCTCGAAGAAGTTGATATGCTGTGTCCGTCCCGGTGTTTTTGA

AACGTAGGCAAGACGGACATGGTTGGTCAGGGTATTGATGGCACTGGATTTTCCGGCATTGC

TCCTGCCGACAAAGGCAATTTCGAGCGGTGTGTCCGGCAGGTCTTTGAGATGGTTTACCGTC

GTGAAGAATTTGGCGTTTTGAAAAAGGTTCATGGGCATATCCTTGTTTTCCGCCGCCGTTTGT

CCGACAGCAAAAATATGCGGTTGGTTTTATGTGAAACACAGTGGTAATTTAATGTAAATT
1
TAG

TATAGAATAACACGTTTACAGAATCATCGGTTTTAATCGGGTCAAAAATCCCATATTTGAATATA

AAAAAGAGCATTGTTGCGTTATCCAATGCTGTAATCAGGAGCACTCCATGAGTAAATCCCGTAT 

Figure 18. Promoter region upstream of cyc4. Intergenic region sequence is shown in 
black. Green highlight indicates the start codon for cyc4. Blue highlight indicates 
predicted -10 boxes. A predicted HNS-binding site is featured in grey. Underlined is a 
putative Fis-binding site. Highlighted in yellow is the putative FNR-binding site. cyc4 
sequence is shown in mauve. Also featured is the end of engB, the gene upstream of 
cyc4 in teal writing. 
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mentioned in the previous section, homologs of gcp are found in almost every species 

sequenced, and the genus Neisseria is no exception. All the species in the genus have a 

gcp ortholog with high homology to the Ng gcp. N. elongata (Ne), the most ancestral 

human species of the genus has a gcp gene with 71% identity, at the nucleotide level, to 

its Ng counterpart; this gcp homolog has the higher divergence from the reference 

gene. All the animal Neisseria species possess gcp orthologs with 72-76% homology to 

Ng gcp. As was expected, the Nm orthologs of gcp have the highest homology to the Ng 

gcp, ranging from 92 to 96% homology depending on the strain. According to the 

phylogenetic tree of the Neisseria genus, N. lactamica (Nla) should have a gcp gene 

highly related to the pathogenic Neisseria homologs. However, this is not the case as the 

average homology between Nla and Ng gcp is only 86.5%. On the other hand, the gcp 

ortholog of N. polysaccharea (Npol) has an average of 95% DNA-correspondence to the 

reference gene. The other commensal Neisseria have gcp orthologs with homologies 

ranging from 76 to 90% compared to the Ng gene.  Comparison of the other genes in the 

putative cyc4-gcp operon reveals that they have the same levels of homology compared 

to the Ng references as does the gcp gene. The synteny of the putative cyc4-gcp operon 

is highly conserved across the Neisseria genus. Figure 19 depicts the synteny and 

homologies of the cyc4, resB, resC and gcp genes in the Neisseria genus. It can be 

observed that N. sicca doesn’t have the same synteny observed in the other Neisseria 

species, despite having all the genes present in the genome. BLAST analysis of the N. 

elongata genome did not reveal orthologs of cyc4, resB or resC.  Next I sought to search 
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for the putative FNR-binding site in the promoter region upstream of cyc4 in all the 

Neisseria genomes. Interestingly this regulatory sequence was only found in Ng, Nm, 

Npol and N. sicca. 

gcp is co-transcribed with resC 

 To determine if the putative cyc4-gcp operon is actually transcribed as a poly-

cistronic RNA, I performed RT-PCR with combinations of primers to expand all along the 

operon sequence. Figure 20 shows the RT-PCR results. Primers DRH85 and DRH90 were 

used to obtain a product that covers the last 177nt of cyc4 to the first 638nt of resB. This 

product indicates that cyc4 and resB are co-transcribed. Primer DRH85 was also used in 

combination with DRH94, a primer that binds at nucleotide 1130 of resC. The product 

from this reaction expands from cyc4, going through resB and into resC. Primer DRH89 

binds at nucleotide 424 of resB. Used in combination with DRH94 I were able to obtain a 

product that confirms that resB and C are co-transcribed. Finally, primer DRH74 binds to 

nucleotides 20-39 of gcp. Used in an RT-PCR reaction with DRH93 primer that binds 

305nt from the stop codon of resC, I was able to determine that gcp is co-transcribed 

with resC. It can be observed that I obtained fragments of transcript that cover the 

entire operon sequence. The cyc4-resC fragments, as well as the resB-resC fragments 

overlap with the resC-gcp fragment. However, I were unable to obtain any product with 

gcp in it, other than the resC-gcp product. 
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Figure 19. Synteny conservation of the cyc4-gcp operon. The gradient intensity of a 
gene is proportional to its homology to the Ng ortholog. Arrows are drawn to scale. 
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Pcyc4 is the strongest promoter in the cyc4-gcp operon 

Bioinformatic analysis suggests that one of the putative promoters upstream of 

cyc4 (Pcyc4) is the one that drives the expression of the cyc4-gcp operon. To test the 

strength of that and the other putative promoters of the operon I cloned fragments of 

different sizes to lacZ, utilizing pLES94 (213). The constructs were confirmed by 

Figure 20. gcp is co-transcribed with resC. RT-PCR was performed with total RNA 
obtain from MS11 grown in GCB broth to exponential phase. Arrowheads depict 
sites of primer-binding. Lines between arrowheads depict the size of the expected 
product after PCR. Line 1 shows a product that expands from the end of cyc4 to the 
middle of resB. Line 2 shows a product that covers from the end of cyc4 to the end 
of resC. Line 3 confirms that resB and resC are co-transcribed. Line 4 shows that gcp 
is co-transcribed with resC. 



79 
 
 

 
 

sequencing and introduced into MS11. The obtained strains were grown on GCB agar 

overnight and then suspended in GCB liquid. The optical density at 600nm was 

measured and the β-galactosidase activity measured as previously reported (213). The 

experiment was performed in triplicate every day for three consecutive days for a total 

of nine technical replicates and three biological replicates. The fragment corresponding 

to 228nt upstream of cyc4 showed the highest level of β-galactosidase activity (figure 

21). However, longer fragments from the same region showed weaker promoter 

activity, suggesting the presence of regulatory sequences not found in our bioinformatic 

analysis. None of the fragments from the intergenic region between cyc4 and resB 

showed significant β-galactosidase activity. The fragment corresponding to the 

intergenic region between resC and gcp showed a moderate β-galactosidase activity. 

This result suggests that gcp expression might be driven, not only by the cyc4 promoter, 

but also by a highly-divergent promoter found directly upstream of the gene. A 

fragment of the same size as the strongest cyc4 promoter, but in the opposite direction, 

was used as one negative control for the β-galactosidase assay. The other negative 

control used was a promoter-less pLES94.  
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Figure 21. Promoter strength of the cyc4-gcp operon. Promoter regions of different lengths were fused to lacZ and β-
galactosidase activity was measured from strains grown on GCB plates. Promoter fragments are represented by 
colored bars; purple for cyc4, blue for resB and green for gcp. White bars represent lacZ. Blue lines within promoter 
fragments represent putative -10 boxes. Yellow lines within Pcyc4 fragments represent the putative FNR-binding site. 
Error bars represent standard error from the mean, N=9. 
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gcp is down-regulated under low-iron and low-oxygen conditions 

 I wanted to determine if FNR had a role in the regulation of expression of gcp. To 

do this, I created an fnr mutant in an MS11 background (wild type strain of Ng), by 

replacing the entire fnr gene with a kanamycin cassette. The MS11Δfnr strain grows at 

the same rate as its parental wild type (WT) strain. I did notice, however, that the strain 

appears almost non-piliated when looking at the colony morphology. Also, when grown 

in GCB broth it does not form as many aggregates as does the wild type strain. 

I hypothesized that FNR has an effect in regulating the expression of gcp. To test this 

hypothesis I grew MS11 WT and MS11Δfnr in GCB broth to exponential phase. After 

incubation, I switched the cultures to high or low-oxygen conditions and incubated them 

for 3 hours. After incubation, I collected the bacteria and extracted their RNA. The total 

RNA extracted was retro-transcribed to cDNA and the product used in RT-PCR reactions 

for gcp and dnaK, the latter was used as a loading control. The experiment just 

described was repeated 5 times to semi-quantitate the concentration of gcp produced 

under the two different conditions. Figure 22 shows the relative concentration of the 

gcp transcript measured with ImageJ (NCBI) and normalized to the loading control. The 

gcp concentration under high-oxygen concentration was set as 100 to compare the 

change under the low-oxygen condition. As shown in the figure, the concentration of 

gcp in the WT strain grown under low-oxygen is significantly lower (p= 0.0098) when 

compared to the high-oxygen condition. Even though the gcp concentration in the 
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MS11Δfnr strain under the low-oxygen condition appears to be lower than the high-

oxygen condition, it is not statistically significant (p= 0.0501). These results suggest that 

FNR represses the expression of gcp when Ng grows under low-oxygen conditions. 

Preliminary data from our lab suggested that expression of gcp might also be influenced 

by the concentration of iron in the media. To confirm this result, I grew MS11 WT and 

MS11Δfnr to exponential phase in GCB broth without supplement II (124). After the 

incubation time I divided the cultures. One half of the culture received iron nitrate and 

the other half Desferal to chelate the iron present in the media. The iron-replete or 

depleted cultures were incubated for 3 hours. After incubation, the bacteria were 

collected by centrifugation and the RNA was extracted. Total RNA was used in RT-PCR 

Figure 22. Relative concentration of gcp transcript under different oxygen 
concentrations. gcp mRNA levels were measured from bands on agarose gels using 
ImageJ. Bands were normalized to a loading control. gcp transcript levels from strains 
grown under high-oxygen conditions were set to 100 and compared to levels from 
strains grown under low-oxygen conditions. Statistical significance was set at p<0.05 
after paired 2-sided t-test, N=5. 
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reactions for gcp and dnaK. Five replicates of the experiment were run on agarose gels 

and the bands measured with ImageJ (NCBI). GraphPrism was used to compare the gcp 

concentration in the iron-replete or depleted condition. The relative concentration of 

gcp in the two iron conditions is depicted in figure 23. As shown, the relative 

concentration of gcp when iron is chelated from the media is significantly reduced (p= 

0.0389) when compared to the iron-replete condition. The change observed in the 

relative concentration of gcp in the MS11Δfnr grown under the different conditions is 

not statistically significant (p= 0.5735). This indicates that FNR or possibly another 

regulator represses the expression of gcp when the bacteria encounter low-iron 

conditions. 

 

Figure 23. Relative concentration of gcp transcript under different iron 
concentrations. gcp mRNA levels were measured from bands on agarose gels using 
ImageJ. Bands were normalized to a loading control. gcp transcript levels from strains 
grown under iron-replete conditions were set to 100 and compared to levels from 
strains grown under iron-depleted conditions. Statistical significance was set at p<0.05 
after paired 2-sided t-test, N=5. 
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Deutsch et al. (58), have reported that Gcp is only active when all its interactive partners 

are also present. To test if the Gcp interactive partners YeaZ, YrdC and YjeE and are also 

regulated by changes in the iron and oxygen concentration in the media, I performed 

RT-PCR with primers specific to each gene. None of the genes appeared to be regulated 

by the iron and oxygen conditions in the media under the conditions tested (data not 

shown). 

To test which of the putative promoters that drives gcp expression is affected under the 

different iron and oxygen conditions, strains containing the lacZ fusions were grown as 

described above for high and low-oxygen concentrations and iron-replete or depleted 

conditions. β-galactosidase activity was measured after the cultures were incubated for 

3 hours under the different conditions. Surprisingly, no difference was seen on the β-

galactosidase activity of the small fragment of the cyc4 promoter when the strain was 

grown under iron-depleted conditions (figure 24). However, a significant increase in β-

galactosidase activity was observed from the medium-sized fragment of the same 

operon when the bacteria grew without iron. These results suggest the presence of a 

repressor that binds upstream of the sequence that corresponds to the small Pcyc4 

fragment under iron-replete conditions. No other differences in promoter strength were 

detected using this approach.  

Strains were also grown under different oxygen concentrations to test the promoter 

strength and their regulation under these conditions. The short and medium fragments 
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of the Pcyc4 were up-regulated under low-oxygen conditions (figure 25). This result 

suggests that the Pcyc4 is either repressed under high-oxygen concentrations or 

activated under low-oxygen conditions, possibly by FNR. No significant differences were 

found in the β-galactosidase activity of any of the other promoters investigated under 

these conditions. 
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Figure 24 Promoter strength of the cyc4-gcp operon, under different iron conditions. Promoter regions of different lengths 
were fused to lacZ and β-galactosidase activity was measured from strains grown in GCB broth to mid-log phase and switched 
to iron-replete or depleted conditions for 3 hours. Promoter fragments are represented by colored bars; purple for cyc4, blue 
for resB and green for gcp. White bars represent lacZ. Blue lines within promoter fragments represent putative -10 boxes. 
Yellow lines within Pcyc4 fragments represent the putative FNR-binding site. Error bars represent standard deviation from the 
mean, N=3. 
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Figure 25. Promoter strength of the cyc4-gcp operon, under different oxygen concentrations. Promoter regions of 
different lengths were fused to lacZ and β-galactosidase activity was measured from strains grown in GCB broth to mid-
log phase and switched to different oxygen conditions for 3 hours. Promoter fragments are represented by colored bars; 
purple for cyc4, blue for resB and green for gcp. White bars represent lacZ. Blue lines within promoter fragments 
represent putative -10 boxes. Yellow lines within Pcyc4 fragments represent the putative FNR-binding site. Error bars 
represent standard deviation from the mean, N=3. 
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5’ mapping of the products of the cyc4-gcp operon 

To determine the start of transcription for the products of the cyc4-gcp operon I 

first purified total RNA from MS11 grown to exponential phase in GCB broth with 

Kellogg’s supplements (124). 10µg of total RNA were enriched for mRNA using a 

MicrobExpress kit (Ambion) according to the manufacturer instructions with some 

modifications. Rapid amplification of complementary DNA ends (81) was used to map 

the 5’ ends of the transcripts from the cyc4-gcp operon, as follows; the obtained pellet 

from the mRNA enrichment was suspended in 10µl of RNA-storage solution (Ambion) 

and 2.75µl were used to synthesize RACE-ready cDNA using the SMARTer RACE cDNA 

amplification kit (Clontech) in a 10µl final volume reaction. The obtained cDNA was 

diluted with 20µl of Tris-EDTA buffer (Clontech) and 2.5µl/per reaction of this solution 

were used in a touch-down PCR with gene-specific primers: DRH169 for cyc4, DRH170 

for resB, DRH171 for resC, DRH172 for gcp and DRH180 for pilE, the latter was used as 

positive control for RACE. Products of the touch-down PCR were run on a 0.8% agarose 

gel stained with ethidium bromide. A product of about 300bp was observed for the cyc4 

RACE reaction, as well as a product of about 200bp for the pilE reaction. Both bands 

were gel-purified using a gel-purification kit (Qiagen) and the products cloned into 

pGEM-T Easy vector (Promega). The clones obtained were sequenced with M13 primers 

and the start of transcription determined. Figure 26 depicts the start of transcription for 

the cyc4 gene, as well as, the experimentally determined -10 and -35 boxes. The -10 box 

was found 3nt downstream of the predicted -10 box #1 and the start of transcription is 
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located 94nt upstream of the ATG codon. The obtained products from the pilE RACE 

reaction gave back both of the published starts of transcription for the MS11 pilE gene 

(82, 175). Unfortunately I was unable to obtain products for the other cyc4-gcp genes. 

This was possibly due to RNA fragmentation and/or the low abundance of these 

transcripts. 

 

  

CATGGGCATATCCTTGTTTTCCGCCGCCGTTTGTCCGACAGCAAAAATATGCGGTTGGTTTATGT
GAAACACAGTGGTAATTTAATGTAAATTTAGTATAGAATAACACGTTACAGAATCATCGGTTTTA
ATCGGGTCAAAAATCCCATATTTGAATATAAAAAAGAGCATTGTTGCGTTATCCAATGCTGTAATC
AGGAGCACTCCATGAGACGATTGACTTTATTGGCCTTTGTTTTGGCTGCCGGTGCGGTTTCCG
CATCTCCCAAA 
Figure 26. Start of transcription of cyc4. The 5’ end of cyc4 was mapped by RACE and 
the start of transcription determined. Sequence of cyc4 is shown in blue. Start codon 
is highlighted in green. The start of transcription is shown in bold green writing. 
Experimental -10 box is shown in bold orange and the -35 box in bold purple. 
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DISCUSSION 

 Regulation of protein synthesis is essential for all bacteria to adapt to the 

different environments they encounter. A protein at the core of this process is the tRNA-

modification enzyme Gcp. It was first described as a glycoprotease and, as such it was 

hypothesized to have both bacterial and eukaryotic substrates. It is now known that the 

protein forms part of a complex that modifies tRNA for optimal recognition of codons 

with Adenine in the first position. Therefore studying the regulation of expression of this 

protein can provide insights into one of the most basic processes in life. In Neisseria 

gonorrhoeae the gcp gene is transcribed as part of an operon. The other genes that are 

part of the operon form a cytochrome complex essential for aerobic respiration; cyc4, 

resB and resC. The synteny of the cyc4-gcp operon is highly conserved among species of 

the Neisseria genus. Transcriptional fusions revealed that the promoter sequence 

directly upstream of cyc4 is the strongest promoter in the cyc4-gcp operon. It is to be 

noted that the intergenic region between resC and gcp also possesses promoter activity 

albeit lower than that of the Pcyc4. Unfortunately I was unable to obtain a 

transcriptional fusion with sequence further upstream from the stop codon of resC to 

test for possible regulatory sequences within the gene. Determination of the start of 

transcription was only successful for cyc4. Using RACE I was able to determine that 

transcription of cyc4, and possibly of the cyc4-gcp operon, starts 94nt upstream of the 

ATG codon for the gene. In silico analysis of the operon sequence predicts the presence 

of an FNR-binding site, a transcriptional regulator that functions mainly when bacteria 
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grow in anoxic conditions, near the start of transcription of cyc4. Other regulatory 

sequences were also found in the operon; however, the transcriptional regulators that 

bind those sequences have not been shown to be active in Ng. The presence of the FNR-

binding sequence suggests an active regulation of the operon when Neisseria grows in 

microaerophilic or anaerobic conditions. Growth of bacteria under low-iron conditions 

also affects the transcription of several genes across the genome. This iron-dependent 

regulation is mediated by Fur, another transcriptional regulator, and its intermediaries. 

Semi-quantitative analysis of the concentration of gcp mRNA when Ng is grown under 

different iron or oxygen conditions suggests an interplay between Fur and FNR (figure 

27). I found that the levels of gcp transcript are significantly reduced when the iron in 

the media was chelated, as well as when the bacteria were grown under microaerophilic 

conditions. cyc4 and resC have been reported to be upregulated under high-iron 

conditions in Nm with an element of temporality of expression also present (88). 

Growth of Nm in blood, which translates to a low oxygen-high iron environment, 

increases the concentration of cyc4 mRNA, in an FNR-dependent manner (66). These 

results suggest that more than one transcriptional regulator controls the expression of 

cyc4 and possibly of gcp. Neither of these authors found significant changes in the 

concentration of gcp mRNA under the conditions tested. However, this could be due to 

the low amounts of gcp mRNA produced in Neisseria, as I uncovered when performing 

RT-PCR analysis. The low amounts of RNA used in the micro-array assays could have 

prevented the authors from detecting differences in the transcription of gcp. The 
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authors also worked with Nm and not Ng and the regulation of expression of these 

genes could differ among Neisseria species. Even though no putative Fur-box has been 

found in the sequence of the cyc4-gcp operon, the upregulation of gcp under high iron 

conditions suggests an involvement of the transcriptional regulator possibly by means of 

an intermediate activator (see figure 27). I did not test my strains under complete 

anaerobiosis, when FNR is most active; however, I did observe the presence of fnr 

transcript under the conditions tested (data not shown). I hypothesize that the 

formation of microcolonies, or aggregates, by Ng can potentially decrease the oxygen 

tension of some of the bacteria within them, allowing for expression of FNR. 

Measurement of promoter strength under the different conditions used for RT-PCR 

analysis seems to contradict my previous findings, as the Pcyc4 is more active under 

both low-iron and low-oxygen conditions. However, it is to be noted that some of my 

data, as well as previously published research, suggests a temporal regulation of 

expression for the cyc4-gcp operon. The promoter activity measured without varying 

iron or oxygen was performed from strains grown on GCB agar plates. The experiments 

done with different concentrations of iron and oxygen were done in GCB liquid, where 

bacterial growth is mostly synchronized. On agar plates, however, colonies contain 

bacteria in all stages of their life, from lag phase, to exponential growth to stationary 

phase. If my hypothesis is correct and gcp transcription is temporally regulated, by an 

unknown mechanism, it could account for the results I observed in our promoter 

strength measurements. Future studies can help in confirming the hypothesized 
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regulators involved in gcp transcription or in finding other regulators that have not been 

considered. It would be very interesting to confirm the relationship between FNR and 

Fur as this has never been shown and could have a much broader implications on our 

knowledge of bacterial life. 
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Figure 27. Model of gcp transcriptional regulation. Under high-iron conditions I predict 
that Fur activates a protein that then significantly increases the transcription of gcp. 
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Whereas under low-iron conditions Fur is not able to increase the concentration of the 
activator and transcription of gcp is reduced. I also hypothesize that FNR directly binds 
to the cyc4 promoter when Ng grows under low-oxygen conditions repressing the 
expression of gcp. High concentrations of oxygen prevent the expression of FNR, 
therefore preventing repression of gcp expression. Feedback between Fur and FNR is 
very plausible as the promoter region of fnr contains a putative Fur-box. However, the 
direct relationship between these transcriptional activators is not known. 
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CONCLUSIONS 

In this study I attempted to purify an active form of NgGcp, a protein that in early 

studies was hypothesized to have glycoprotease activity on both prokaryotic and 

eukaryotic proteins. Later literature reports indicate that Gcp is a tRNA-modification 

enzyme essential for protein synthesis. I purified NgGcp alone, as well as in fusion forms 

with different tags. None of the purified NgGcp analyzed showed glycoprotease activity 

when tested for glycophorin A cleavage. Purified EcGcp shows activity for adding a 

threonine to a tRNA molecule that recognizes RNA codons with adenine on the first 

position. The enzyme is only active when it is in the presence of three interactive 

partners (YeaZ, YjeE and YrdC). Analysis of the Ng genome revealed the presence of 

homologs of the three interactive partners. RT-PCR reactions indicate the presence of 

transcript from the genes of all the Gcp companions. Therefore my approach to observe 

an active form of NgGcp would have to be re-designed to include the other three 

proteins part of the tRNA-modification complex.  

Bioinformatic analysis of the DNA sequence upstream of gcp revealed the 

absence of a putative promoter sequence directly upstream of the gene. However, 

several putative promoters that might be responsible for the transcription of the gene 

were found further upstream and linked to the expression of three other genes: cyc4, 

resB and resC, all part of the cytochrome-forming complex. This led me to hypothesize 

that gcp might be co-transcribed with the three genes upstream of it. The best 
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candidate to drive expression of the putative cyc4-gcp promoter was located at 115nt 

upstream of the cyc4 ATG codon. The putative promoter also contains binding 

sequences for three transcription regulators: FNR, Fis and H-NS. Sequence analysis on 

the genomes of other Neisseria species indicates that the synteny of the putative cyc4-

gcp operon is highly conserved. N. sicca conserves the synteny of cyc4-resB-resC but its 

gcp gene is located elsewhere in the chromosome. I was unable to find highly similar 

orthologs of cyc4, resB and C in N. elongata. However, the gcp gene was located at the 

end of a contig which might indicate a failure in the sequencing process that prevented 

the homologs from being detected. The putative FNR-binding site on Pcyc4 was 

conserved only in the DNA sequences of pathogenic Neisseria, the highly homologous N. 

polysaccharea and, surprisingly, in the more divergent N. sicca.  

RT-PCR confirmed that cyc4, resB and resC are co-transcribed in a single 

polycistronic RNA. I also detected a transcript that overlaps the cyc4-resC mRNA which 

includes resC and gcp suggesting that the transcript for this gene also forms part of the 

polycistronic RNA. However, I was unable to confirm that gcp is co-transcribed with any 

other gene in the cyc4-gcp operon. Measurement of promoter strength by β-

galactosidase assays revealed that the region directly upstream of cyc4 (Pcyc4) has the 

strongest promoter activity in the cyc4-gcp operon. Fragments with extra sequence 

upstream of Pcyc4 showed significantly less β-galactosidase activity. This suggests the 

possibility of transcription factors regulating the activity of Pcyc4 from sequences 

upstream of it.  Further studies are required to determine which, if any, transcription 
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factors regulate the activity of Pcyc4. I successfully mapped the start of transcription of 

cyc4 and possibly the whole operon and determined that the experimentally-

determined promoter features a conserved RpoD-binding sequence. Using a semi-

quantitative approach I found that levels of gcp transcript are significantly reduced 

when the iron in the media was chelated, as well as, when the bacteria were grown 

under microaerophilic conditions. These results are highly suggestive of a tight control 

of expression of the cyc4-gcp operon in a Fur and/or FNR-dependent manner. However, 

further studies are necessary to confirm that both FNR and Fur are involved, and if so, if 

their regulation is direct or mediated through other regulators. 

Bacteria use a battery of transcriptional regulators that control the expression of 

several genes depending on the environmental conditions the bacteria encounters. The 

Ng network of transcriptional regulation is very complex, with over 60 of these proteins 

predicted to be expressed. These regulators can act directly on promoter sequences or 

indirectly through the activation of repressors and/or activators, in the form of proteins 

or non-coding RNAs. Control of protein synthesis is essential for any bacteria. 

Diminishing the general pathway of protein synthesis by repressing a protein central to 

it, as it is the tRNA-modification enzyme Gcp, could be a way for bacteria to preserve 

energy when they encounter adverse environments. Therefore, regulation of the cyc4-

gcp operon can be vital for Ng survival. 
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MATERIALS AND METHODS 

Bacterial cultures 

Neisseria strains were grown in GCB agar or broth, with or without supplements I 

and II at 37°C with 5% CO2. For these cultures chloramphenicol was used at 10mg/l and 

kanamycin at 50mg/l, when necessary. Escherichia coli strains were grown in LB Miller 

agar or broth at 37°C; liquid cultures were shaken at 250rpm. Chloramphenicol, 

ampicillin or kanamycin was added, when necessary, at 25mg/l, 100mg/l or 50mg/l 

respectively.  

Iron chelation experiments 

Overnight cultures were suspended in GCB broth with supplement I, bacterial 

counts were adjusted to 1x108 CFUs/ml. Bacteria were grown to mid-log phase (around 

3h), then the cultures were divided into a 6-well plate, 5ml per well. Half of the wells 

were treated with Desferal to a final concentration of 150µM. The other half of the wells 

received ferric nitrate to a final concentration of 100 μM. Incubation continued for 3h 

and bacteria were collected for RNA extraction and/or Western blotting. 

Oxygen tension experiments 

Overnight cultures were suspended in de-gassed GCB broth with supplements I 

and II, bacterial counts were adjusted to 1x108 CFUs/ml. Bacteria were grown to mid-log 

phase in 15cm Petri dishes at 37°C with 5% CO2 and shaking at 100rpm. After incubation 
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cultures were divided into 15ml tubes as follow: tubes with bacteria under low-oxygen 

concentration were filled to maximum capacity (15ml) and the cap was sealed; 5ml of 

culture in 15ml tubes were used as high-oxygen concentration. Incubation continued for 

3h and bacteria were collected for RNA extraction and/or Western blotting. 

Western blots 

Bacterial pellets were resuspended in 200μl of sterile PBS. Total protein 

concentration was measured by performing a bicinchoninic acid assay (Thermo-

Scientific) following the manufacturer’s instructions. Pellets were mixed with 5X Laemli 

sample buffer and boiled for 10min (135). 30ng of total protein were loaded per well on 

10% Tris-tricine gels. Gels were run at 90V for 24h. Proteins were transferred to 

nitrocellulose membranes overnight at 25V. After transference membranes were 

blocked with 5% milk or 5% BSA in TBST for 1h. Primary antibodies were added at 

1:1000 dilutions in 5% milk or 5% BSA in TBST for 3h. After washing with TBST secondary 

antibody was added at a 1:12000 dilution in 5% milk or 5% BSA in TBST for 1h. After 

washing membranes were scanned using an Odyssey infra-red scanner. 

NgGcp Purification 

Gcp-CBD produced in Neisseria 

PCR products corresponding to gcp, from MS11, and the chitin-binding-domain 

(CBD) gene, from pTYB2 (New England Biolabs) were used in a SOEing-PCR reaction. The 
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obtained PCR product was cloned into pGEM-T (Promega). The gcp-cbd fusion gene was 

digested out of pGEM-T using SacI and PstI. The digested gcp-cbd gene was ligated into 

pKH37, a Neisseria specific plasmid. Expression of the Gcp-CBD from pKH37, in both 

Neisseria and E. coli, was achieved by using 4mM IPTG. pET20, a CBD-expressing 

plasmid, was used as control for protein expression. 

Bacterial fractionation 

Gcp-CBD produced in Neisseria gonorrhoeae was found associated with the 

bacteria bodies. To determine if the protein could be recovered from the periplasm 

bacterial fractionation was performed as follow; after Gcp-CBD over-expression bacteria 

were collected by centrifugation. The bacterial pellet was washed with cold PBS, 

centrifuged and resuspended in Tris-HCl-sucrose buffer (50mM Tris and 20% w/v 

sucrose) with protease inhibitors (Complete, Roche). Bacteria were then  lysed with 

lysozyme (Invitrogen) for 10min. After centrifugation, a soluble fraction, corresponding 

to the protoplasm, was obtained and saved for further analysis. The remaining pellet 

was resuspended in Tris-HCl buffer and sonicated to break the bug bodies apart. After 

centrifugation, two fractions were obtained; a fraction corresponding to the insoluble 

material and, a fraction containing the bacterial cytoplasm, as well as, the inner and 

outer membranes. The cytoplasm-membrane fraction was subjected to ultra-

centrifugation at 100,000xg for 1h to separate the soluble cytoplasm. After 

centrifugation, the membrane fraction was treated with Sarkosyl to dissolve the inner 
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membrane. Ultra-centrifugation at 100,000xg for 1h was used to separate the inner 

from the outer membrane. 

Gcp-CBD produced in Escherichia coli 

The gcp gene from MS11 was cloned into the NheI and XhoI sites of pTYB2 (New 

England Biolabs) to create a Gcp-CBD fusion. The obtained plasmid was transformed 

into BL21(DE3)pLysS for overexpression. Maximum overexpression was obtained using 

1mM IPTG, for 3h at 37°C. Inclusion bodies formed by Gcp-CBD, were purified and the 

protein was re-folded by denaturation in guanidine hydrochloride and dialysis in a urea 

gradient (see below) (155). After refolding, Gcp-CBD was bound to a chitin column (New 

England Biolabs). Dithiothreitol was used to cleave the intein linker between Gcp and 

the CBD. Gcp was eluded and ran in a 12% Acrylamide gel and stained with Coomasie, to 

check for purity. A 37kDa band was confirmed to be Gcp by mass spectroscopy. The Gcp 

band was cut from the gel and the protein was eluted out. After dialysis, Gcp was 

concentrated and sent to Thermo Scientific for antibody production in rabbits. The IgG 

fraction of the anti-NgGcp serum was purified and used for Western blotting at a 

dilution of 1:1000 in 5% milk in TBST.  

Purification and refolding of inclusion bodies 

The protocol for purification and refolding of inclusion bodies was modified from 

the one published by Singh and Panda, (216). After induction of Gcp-CBD production in 

E. coli, using 1mM IPTG, cells were centrifuged at 6,000 rpm for 20 min, at 4C. The 
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resulting pellet was dissolved in 10mM Tris-HCl pH 8.5. The pellet was then sonicated at 

maximum amplitude (59-69W) for 8 cycles of 30 sec/each with 10sec rest in ice in 

between each sonication. The sample was centrifuged at 8,000 rpm for 20 min, at 4°C. 

The obtained pellet was resuspended in Tris-HCl + 1% Deoxycholate. The sample was 

then sonicated as before and centrifuged at 8,000 rpm for 20 min, at 4C. 1% 

Deoxycholate was used to dissolve the pellet and the sample was incubated overnight at 

37°C. Sample was submitted to a third round of sonication and centrifuged at 8,000 rpm 

for 20 min, at 4C. The pellet was resuspended in 10mM Tris-HCl pH 8.5 and incubated 

at room temperature for 30 min. After incubation, the sample was centrifuged at 8,000 

rpm for 20 min, at 4C to obtain pure inclusion bodies. Inclusion bodies were dissolved 

in 100ml of Breaking Buffer (20mM Tris-HCl, 0.5M NaCl and 7M Guanidine-HCl) by 

stirring for 1h at 4°C. To get rid of the remaining cell debris the sample was centrifuged 

at 15,000xg at 4°C, for 30 min. The supernatant was loaded into a dialysis tube and 

dialyzed against 1L of renaturation buffers A (20mM Tris-HCl, 0.5M NaCl and 8M urea), 

B (20mM Tris-HCl, 0.5M NaCl and 6M urea), C (20mM Tris-HCl, 0.5M NaCl and 4M urea), 

D (20mM Tris-HCl, 0.5M NaCl and 2M urea), and twice in E (20mM Tris-HCl, 0.5M NaCl, 

0.1mM oxidized glutathione, 1mM reduced glutathione). Each dialysis step was 

performed for 3h at 4°C, with stirring. The solution containing the renatured protein was 

centrifuged at 15,000xg, at 4°C for 30 min, to remove any remaining impurities or 

incorrectly folded protein. 
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Gcp-CBD purification and cleavage 

Chitin beads (New England Biolabs) were packed in a chromatography column 

and equilibrated with column buffer (20mM Na-HEPES, 500mM NaCl and 1mM EDTA, 

pH 8.5). Refolded Gcp-CBD was loaded onto the chitin column and washed with 100ml 

of column buffer. The bound protein was quickly flushed with cleavage buffer (20mM 

Na-HEPES, 500mM NaCl, 50mM DTT and 1mM EDTA, pH 7.4) to evenly distribute DTT 

throughout the column. The flow was stopped and left overnight for cleavage of the 

CBD to occur. Pure Gcp was eluted out of the column using cleavage buffer without DTT. 

Fractions were collected and checked for protein concentration by spectroscopy on a 

Nanodrop spectrometer. Purity of the protein was checked with SDS-PAGE followed by 

Western blot with anti-CBD antibody. CBD from pET20 was used in a parallel purification 

reaction as positive control. Semi-pure rNgGcp was run on 10% acrylamide gels and 

stained with Coomassie, the band corresponding to 37kDa was cut out of the gels and 

electroeluted in SDS-PAGE running buffer. Purified rNgGcp was sent to Thermo Scientific 

to produce antibodies in rabbits. 

Anti-NgGcp titration 

IgG fraction from plasma of rabbits injected with rNgGcp was used in Western 

blots (as shown above) to probe purified rNgGcp in concentrations of 1:500, 1:1000, 

1:2000, 1:5000 and 1:10000.  
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Glycophorin A assay 

2μg of Glycophorin A and 4μg of each Gcp (rNgGcp or MhGcp) were combined in 

50mM HEPES per reaction. Reactions were incubated different times at 37°C. After 

incubation, the reaction was stopped with Laemmli sample buffer and run on 6% 

acrylamide gel. Proteins were transferred to a nitrocellulose membrane and probed 

with anti-GPA (Thermo Scientific). 

Maltose Binding Protein-NgGcp Purification 

Full length gcp was amplified with primers DRH43 and DRH44. Primer DRH45 was 

also used in combination with DRH44 to amplify a shorter version of gcp. The products 

of the PCR reactions were cloned into the EcoRI-KpnI sites of pMAL-c5E (New England 

Biolabs). Expression of MBP-NgGcp was achieved using E. coli BL21(DE3)pLysS grown in 

LB Miller with 1mM IPTG. After 3h of incubation the bacteria were collected by 

centrifugation, lysed and sonicated. Over-expression and solubility of MBP-NgGcp was 

assessed by SDS-PAGE followed by Gel Code Blue (Pierce) staining or Western blot with 

anti-NgGcp. Both the long and the short versions of MBP-Gcp were found in the soluble 

fraction of the preparations. 4L of bacterial cultures were used to over-express either 

the long or the short version of MBP-NgGcp. The soluble fraction was then obtained and 

loaded onto an amylose column (New England Biolabs) and purified according to the 

manufacturer’s instructions.  
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Enterokinase cleavage 

Following manufacturers’ instructions 0.5µg of enterokinase were used to cleave 

4µg of the short or long version of MBP-NgGcp, at 37°C for 18h. After incubation the 

products were mixed with sample buffer and run on 10% acrylamide gels. Proteins were 

transferred to nitrocellulose and probed with anti-rNgGcp. 

Glutathione-S-Transferase-NgGcp 

The expression vector obtained from DNA 2.0 containing the GST-NgGcp fusion 

was transformed into E. coli BL21(DE3)pLysS. Different concentrations of IPTG and 

different incubation times were tried to optimize the expression of GST-NgGcp, as 

described above for the Gcp-CBD fusion protein. 

gcp Regulation 

RNA purification 

 Total RNA was purified from strains grown to mid-log phase, or after iron and 

oxygen experiments, using Trizol (Invitrogen), according to manufacturers’ instructions. 

DNAse treatment was performed using DNAfree kit (Ambion). mRNA enrichment was 

achieved utilizing MICROBExpress (Invitrogen). 
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cDNA synthesis 

 200U of M-MLV (Promega) were used to retro-transcribe total RNA using 0.5µg 

of random primers (Invitrogen), 25U of Recombinant RNasin® Ribonuclease Inhibitor 

(Promega) and 10µM dNTP mix (Promega). The reaction was carried at 42°C for 1 hour. 

The obtained cDNA was diluted to a final volume of 40µl prior to its use in RT-PCR 

reactions. 

RACE-ready cDNA synthesis 

SMARTer™ RACE cDNA amplification kit (Clontech) was used to obtain RACE-

ready cDNA from mRNA-enriched RNA, using random primers (Clontech), at 42°C for 90 

minutes. RACE-ready cDNAs were diluted with 20µl of Tris-EDTA buffer (Clontech) prior 

to RACE touchdown PCR. 

RT-PCR 

 Primers used in RT-PCR reactions can be found in the list of primers. Green 

Master Mix (Promega), or Phusion Enzyme Master Mix (Thermo Scientific), was used to 

carry the reactions. After PCR products were run on 0.8% agarose gels containing 

ethidium bromide. Bands pixel density was measured using ImageJ (NCBI). 

Rapid Amplification of Complementary DNA Ends (RACE) 

 RACE-ready cDNA was used in touchdown PCR reactions with gene-specific 

primers (list of primers) using the Advantage GC 2 PCR kit (Takara) to obtain the 5’-end 
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of the transcribed genes from the cyc4-gcp operon, as well as, pilE (used as positive 

control). The touchdown PCR was programmed as follows: 

- 5 cycles: 

o 94°C, 30 sec 

o 72°C 10min 

- 5 cycles: 

o 94°C, 30 sec 

o 70°C 30sec 

o 72°C 10min 

- 20 cycles: 

o 94°C, 30 sec 

o 68°C 30sec 

o 72°C 10min 

- 5 cycles: 

o 94°C, 30 sec 

o 65°C 30sec 

o 72°C 10min 

- 72°C 10min final extension 

- 4°C ∞ 
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RACE products were run on 0.8% agarose gels with ethidium bromide or in 6% 

Acrylamide gel and stained with SYBR-Green. The obtained products were cut out of the 

agarose gel, purified using Qiagen Gel-purification kit and ligated into pGEM-T-Easy 

Vector (Promega) for sequencing. 

lacZ-fusions 

 Putative promoter fragments were amplified using Phusion enzyme master mix 

(Thermo Scientific) and primers listed in the primer list. Each fragment was ligated into 

pCR-Blunt (Invitrogen). The resulting plasmid was transformed into E. coli DH5α. BamHI 

(New England Biolabs) was used to digest the fragments contained in pCR-Blunt. 

Fragments with BamHI overhangs were ligated into BamHI-treated pLES94 (214) and 

transformed into E. coli DH5α. Purified pLES94 containing the putative promoters-lacZ 

fusions were transformed into MS11 to measure β-galactosidase activity. 

β-galactosidase assays 

 Bacteria grown on plates, or from iron and oxygen experiments, were lysed and 

tested for ONPG cleavage as previously published (178). After stopping the cleavage 

reaction the bacterial bodies were pelleted by centrifugation and the supernatant was 

transferred to 96-well plates to read the adsorbance at 420nm. Assays were performed 

in triplicates and adsorbances read in triplicates, as well. 
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Statistical Analysis 

GraphPrism was used for statistical analysis. Comparison of gcp mRNA concentration 

was performed using a 2-sided paired t-test at a confidence level of 95%. P-values under 

0.05 were considered statistically significant. 

 

  



111 
 
 

 
 

APPENDIX A: LIST OF PRIMERS 

Primer Sequence 
Restriction 
site Use 

DRH15 CGCGAGCTCGGAGGACAGACCATGTTGGTATTAGGAATC SacI gcp cloning 

DRH16 CTTGGCAAAGCATTTGACGATTTCGGACAACGAGCACCA   gcp cloning 

DRH17 GAAATCGTCAAATGCTTTGCCAGGGGTACCAATGTTTTAATG   gcp cloning 

DRH18 CGCCTGCAGTCATTGAAGCTGCCACAAGGCAGGAAC PstI cbd cloning 

DRH43 GTACCGTTGGTATTAGGAATCGAATCTTCT KpnI gcp cloning 

DRH44 GAATTCTTTGACGATTTCGGACAACGA EcoRI gcp cloning 

DRH45 GTACCGTGCGACGAAACCGGCGTT KpnI gcp cloning 

DRH62 TCATTTGACGATTTCGGACA   gcp RT-PCR 

DRH74 GGATCCGGTTTCGTCGCAAGAAGATT BamHI gcp RT-PCR 

DRH83 CGAGCTGCTGATTCAGAAAT   resC RT-PCR 

DRH84 CCCACAACATGACCGTTTC   resC RT-PCR 

DRH85 GGAAGCGAAATTCAGGCTTA   cyc4 RT-PCR 

DRH86 CTTCTGAAGCAGACCCTTGG   cyc4 RT-PCR 

DRH87 GCTGCTTTGGATGAAACCAT   resB RT-PCR 

DRH88 CAACAATACCGAGCCGAGAT   resB RT-PCR 

DRH89 TTTCAGGGAAAAACCGTCAG   resB RT-PCR 

DRH90 GGCTTGAAATCCTTGGCATA   resB RT-PCR 

DRH91 GTATTTGCCGTGCTGGTTTT   resC RT-PCR 

DRH92 TAATGTTGCCGCCATACAGA   resC RT-PCR 

DRH93 CATTGATCGACGAGGTGATG   resC RT-PCR 

DRH94 AATGCGGTTACGAACAAACC   resC RT-PCR 

DRH95 CGAGCTGCTGATTCAGAAAT   resC RT-PCR 

DRH96 CACTCGCCCACAACATGAC   resC RT-PCR 

DRH101 GGTGTGTGTGCGGTTTTATG   
To confirm fnr 
mutation 

DRH102 TGCGCAGCGATACTTATTTG   
To confirm fnr 
mutation 

DRH121 GTTTTACGACGAGACGCACA   tbpA RT-PCR 

DRH122 GGCGTGCAGTCCGTATAAGT   tbpA RT-PCR 

DRH123 CGGGCGTGTTTTACGACG   tbpA RT-PCR 

DRH124 AATCGCGGTAGGCATTGTTG   tbpA RT-PCR 

DRH125 GTGGAATACCGCTACTGGA   aniA RT-PCR 

DRH126 GACGTGGAAGGAAGACAC   aniA RT-PCR 

DRH127 GGATCCTGGGCATATCCTTGTTTTCC BamHI 
To clone Pcyc4 into 
pLES94 

DRH129 GGATCCTGCAGGCTGTCTTCATTGTC BamHI 
To clone PresB into 
pLES94 

DRH133 GGAGCCTTTACCTCGCTCTT   fnr RT-PCR 

DRH134 AACTCGCATACCTCGCTGTT   fnr RT-PCR 

DRH150 GGATCCCGGGCATCCATAATCAAAAC BamHI 
To clone Pcyc4 into 
pLES94 
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DRH151 GGATCCTGTTTTGCCTGTCGGAATAA BamHI 
To clone Pcyc4 into 
pLES94 

DRH152 GGATCCGCCAAAACAAAGGCCAATAAA BamHI 
To clone Pcyc4 into 
pLES94 

DRH153 GGATCCCATCCAAGGGTCTGCTTCAG BamHI 
To clone PresB into 
pLES94 

DRH154 GGATCCGTGGGGGATATACGGGATTT BamHI 
To clone PresB into 
pLES94 

DRH155 GGATCCGCATTCTATGCCAAACAGCA BamHI 
To clone PresB into 
pLES94 

DRH156 GGATCCATAAAACCCTTCCGGAACAC BamHI 
To clone Pgcp into 
pLES94 

DRH157 GGATCCGTTTCGTCGCAAGAAGATTCG BamHI 
To clone Pgcp into 
pLES94 

DRH169 CGTCGCGGATGCCGATAGTTTGATG   cyc4 RACE 

DRH170 ATTTCGCGCCAAAACGGCGGAAC   resB RACE 

DRH171 CCGATTGGCTGCTGAGGAAATACCG   resC RACE 

DRH172 CCTGCGTAAAGGCAACCGCGTCAAT   gcp RACE 

DRH173 GGCCTCTTCGCTATTACGC   pLES94 sequencing 

DRH174 TTATGGCTTGGGGTGTCTTC   yrdC RT-PCR 

DRH175 CGCCAGATTTAGCCAACAAT   yrdC RT-PCR 

DRH176 ATGGGCGAAGTGTTTTATGC   yeaZ RT-PCR 

DRH177 GTTGCGGACGTAGAGCAGTT   yeaZ RT-PCR 

DRH178 CAGTCAAAAGCCCGACCTAC   yjeE RT-PCR 

DRH179 GTCAATGTTGCGGTGATGTC   yjeE RT-PCR 

DRH180 CGCGCGGGCGGTGTAGTCTT   pilE RACE 
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