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Abstract 

ABC (ATP-bindhg cassette) transporters are involved in import and export processes in 

ail living cells. These transporters couple ATP hydrolysis to the translocation of a specific 

substnite across the cellular membrane. ABC transporters cany substrates ranging fiom ions to 

proteins. They are composed of two core domains, the ATP-binding domain that binds and 

hydrolyzes ATP, and a membrane domain that serves as  a membrane anchor for the ATP-binding 

domain. 

Ce11 division is an essential process in any living cell. In Escherichia d i ,  the majority of 

ce11 division genes are clustered at two loci on the chromosome. The frsY, fisE and frsX genes 

constitute one of these clustea. FtsY has k e n  shown to be involved in protein transport, but there 

is no experimental evidence to Iink FtsE and FtsX in this process. The statu offtsE as a ce11 

division gene is controvenial as the filamentous phenotype of an E. coliflsE thermosensitive (Ts) 

mutant was observed only in nch medium at the restrictive temperature, while Ts mutants of 

other ce11 division genes filamented both in rich and in minimal media 

The Gram-negative bacterium Neisseria gonorrhoeae is the causative agent of the 

sexually-transrnitted disease (STD) gonorrhoea Most of the research efforts on Al gonorrhoeae 

have been directed at the study its mechanisms of infection and pathogenicity. Other cellular 

processes such as ce11 division remain uncharacterized. A project involving the molecular 

characterization of ce11 division genes in N. gonorrhoeae was initiated in our laboratory. The 

hypothesis of this Ph.D. research project was that the fsY, ftsE and /IsX genes are present and 

clustered in N. gonorrhoeae, and that their gene products are involved in an uncharacterized 

aspect of ce11 division. 

The plasmid pSB19 was isolated while screening a genornic library of N. gonorrhoeue 

strain CH8 1 1. The analysis of the DNA sequence of the insert of pSB 19 showed a complete 

open-reading fiame (ORF) showing sequence similarity with thefisX gene of E. coli. Two other 

partiai ORFs respectively encoding a protein similar to 3-phosphogiycerate kinase and a protein 

similar E. coli FtsE were identified downstream and upstmm offtsX. The pariialfsE homologue 
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overIappedffsXby 4 base pairs (bp). To WIy characterize the gonococcalftsE andfisX genes, the 

complete #SE gene was required. A DNA hgment containing the S'-section of fisE with 2.3 

kilobases of sequence upstream offsE was amplified by inverse PCR, cloned and sequenced. 

The gonococcal$sE gene comprised 65 1 bp and encoded a polypeptide of 216 amino acid 

(aa) residues. The gonococcal FtsE protein s h e d  60 to 71% similarity and 32 to 49% identity 

with other known bacterial FtsE homologues, and shared significant aa sequence similarities with 

numemus other ATP-binding domains of ABC transporters. The gonococcal fia gene included 

91 8 bp encoding a protein of 305 aa residues that shared 47 to 55% similarity and 19 to 29% 

identity with its bacterial homologues, and did not share significant similarity to other protein 

sequences included in the public databases. Sequence analyses performed on N. gonorrhoeae 

FtsE and FtsX and on the five other known bacterial homologues of FtsE and FtsX predicted that 

FtsE did not contain trammembrane segments while FtsX was predicted to contain four of them. 

The size of FtsX varied between bacterial species and this variation appeared attributable to the 

amino-temiinal section of the protein. This section of FtsX codd fulfill a species-specific 

function. N gonorrhoeae FtsX was predicted to adopt a membrane topology that would locate 

both its amino- and carboxy-terminal ends in the cytopiasm. Identical topologies were predicted 

for the other known FtsX homologues. 

The presence of a cat cassette inside the chromosomal copy offisX did not affect the 

viability of N. gonorrhoeae, indicating thatfrsX was not an essential gene. The morphology of N.  

gonorrhoeae was not affected by the presence of an insertion inflsX, suggesting thatflsX was not 

a ce11 division gene. The minimal inhibitos, concentrations of the antibiotics tested on the frsX 

mutant were identical to those of its wild-type parent, suggesting that FtsX was not part of a 

membrane system to extrude antibiotics fiom gonococci. Viable counts of N. gonorrhoeae CS19, 

the j?sX mutant, were 6.5 to 10 times lower than those of the parental strain CH8 1 1 on GCMB 

medium containing 100 mM KCl or 400 mM sucrose. These results suggested that the putative 

FtsEX transporter may be involved in a process of maintenance of the osmotic balance in balance 

in the gonococcus. 



The presence offfsE and #sX was verified in ten other Neisseria species by Southem 

hybri-on. fisE a n d m  probes hybridized restriction fragments in each species, suggesting 

thatjfsE and fia were prescnt in each species tested. The presence offisE andfisX in the same 

ten species was also verified by PCR amplification.JsE amplicons of 282 bp, the size of thefsE 

amplicon in N. gonorrhoeae, were generated fiom five of the ten species. frsX amplicons were 

generated in ai l  ten species but their size varied fkom 894 bp, the size of thefisX arnplicon in N.  

gonorrhoeae, to 1.6 Kb. The five fisE amplicons hybridized the gonococcal #SE amplicon, 

suggesting that these amplicons were indeed fisE amplicons. The 894 bp frsX amplicons alone 

hybridwd the gonococcalfisXarnplicon, suggesting that only those were genuinefrsX amplicons. 

Taken together, these results indicated that the frsE and fisX genes were present in various 

Neisseria species but that their nucleotide sequence may diverge fiom that of N. gonorrhoeae. 

The 4 bp overlap observed between fisE and fisX suggested that these genes were CO- 

transcnbed. The CO-transcription of fisE and fsX was c o h e d  by in vitro 

transcription/rnuislation experiments. A polypeptide of the expected molecular weight (MW) for 

FtsX was synthesized only if a promoter was provided upstream offsX. Proteins of the expected 

MW for FtsE and FtsX were synthesized if a promoter was provided upstream offisE whctherfisE 

andfisX were present on a plasmid or on an amplicon. These resdts confirmed that3sE andfsX 

were CO-transcribed. These genes would hereafter be referred to asjrsEX. 

Overproduction of the gonococcal FtsE, FtsX aione or together had no effect on the 

morphology of E. coli in nch or minimal media Overexpression of other ce11 division genes have 

been s h o w  to cause filamentation in E. coli. However, the absence of filamentation could not 

suffice to dismissJsEX as ce11 division genes as overexpression of other ce11 division genes did 

not have morphological effects in E. coli. 

The fisX gene of N. gonorrhoeae could not complement E. coli JS 1 O, a fisX Ts mutant. 

This result wuld be attributable to the fact that FtsX contained species-specific attributes absent 

fkom its homologues h m  other species. 



The gonococcal FtsE protein was purified as a fusion protein with six histidinyl residues 

at its amino-terminal end (6MSFtsE) using the QIAexpressionist system h m  QIAGEN. The 

pure 6HISFtsE protein will be used to raise polyclonal sntidHISFtsE antibodies. 

The tlpA gene, encoding a thioredoxin-like protein, msC, encoding arsenate reductase, 

and g M ,  enwding glutamy17RNA synthetase were identified upstream 0ff i~E-  The six genes 

identified in this projet displayed an identicai genetic organization in N. gonomhoeae strain 

FA1090. Contrary to what had been observed in E. coli and Haemophiluî influemue, a 

homologue offisY was not present immediately upstream of@E in N. gonomhoeae. 

Together, the results obtained suggest that FtsE and FtsX respectively constitute the ATP- 

binding and membrane domains of a putative ABC transporter that transports an unidentified 

substrate fiom the cell. It cannot be excluded that this transporter participates in the ce11 division 

process, but it appears not to be essential since a mutant in whichfisX had been disrupted was 

viable while other ceIl division genes were shown to be essential. 



Résumé 
Les transporteurs ABC (ATP-binding cassette) sont impliqués dans des processus 

d'importation et d'exportation dans toute cellule vivante. Ces transporteurs associent l'hydrolyse 

d'ATP à la translocation d'un substrat spécifique pardelà la membrane de la cellule. Les 

transporteurs ABC transportent des substrats variés allant d'ions jusqu'à des protéines. Ils sont 

constitués de deux domaines principaux, un domaine qui lie et hydrolyse I'ATP, et un domaine 

rnembranaire servant d'ancre membranaire au domaine liant I'ATP. 

La division cellulaire est un processus essentiel pour toute cellule. Chez Escherichia coli, 

la majorité des gènes de division cellulaire sont groupés en deux loci sur le chromosome. Les 

gènesffsY,ffsE etfisX constituent l'un de ces amas. Il a été démontré que FtsY était impliqué dans 

le transport protéique mais il n'existe aucune preuve expérimentale impliquant FtsE et FtsX dans 

ce même processus. Le rôle defisE en tant que géne de division cellulaire est controversé parce 

que le phénotype filamenteux d'un mutant thennosensible (Ts) de jirE chez E. coli n'était 

observable qu'en milieu riche à température restrictive, contrairement à des mutants Ts d'autres 

gènes de division cellulaire qui formaient des filaments en milieu riche ou minimal. 

La bactérie Gram-négative Neiîseria gonorrhoeae est l'agent causal de la gonorrhée, une 

maladie transmise sexuellement (MTS). La majorité des recherches sur N. gonorrhoeae sont 

concentrées sur l'étude des mécanismes d'infection et de pathogénicité. D'autres processus 

cellulaires tels la division cellulaire n'ont pas été caractérisés. Un projet sur l'étude des gènes de 

division cellulaire de N gonorrhoeae a été lancé dans notre laboratoire. L'hypothèse de ce projet 

de doctorat est que les gènesfsY,ftsE etfisXsont présents et regroupés chez N. gonorrhoeae, et 

que les protéines codées par ces gènes sont impliquées dans un aspect non caractérisé de la 

division celiulaire. 

Le plasmide pSB19 fut isolé au cours du criblage d'une banque d'ADN de la souche 

CH81 1 de N. gonorrhoeae. L'analyse de la séquence d'ADN de I'insert de pSB19 révéla la 

présence d'un cadre de lecture ouvert (CLO) complet présentant une similarité de séquence avec 

le géneftsX de E. coli. Deux autres CLOS incomplets, codant respectivement pour une protéine 
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similaire A FtsE de E. coli et à une protéine similaire à la 3-phosphoglychte kinase, furent 

identifiés en amont et en aval defisx. il y avait un chevauchement de 4 paires de bases @b) enm 

le gène fisE incomplet et le gène Pour pouvoir caractériser les gènes fisE et fisX du 

gonocoque, le g6neftsE complet devait être disponible. Un m e n t  d'ADN contenant la partie 5' 

defisE et 2.3 Kb en amont dejisE fut amplifié par PCR inverse, cloné, et séquencé. 

Le gène #SE de N. gonomhoeae comprend 651 pb codant pour un polypeptide de 216 

acides aminés (aa). La protéine FtsE du gonocoque partage 60 à 71% de similarité et 32 à 49% 

d'identitd de séquence avec les autres homologues bactériens connus de FtsE, et partage une 

similarité significative avec de nombreux domaines liant I'ATP chez les transporteurs ABC. Le 

gènefisXde N. gonorrhoeae comprend 91 8 pb codant pour une protéine de 305 aa partageant 47 

à 55% de similarité et 19 à 29% d'identité de séquence avec ses homologues bactériens sans 

partager de similarité significative avec aucune séquence protéique présente dans les bases de 

données publiques. Les analyses des séquences de FtsE et FtsX de N.  gonorrhoeae et des cinq 

homologues bactériens connus prédisent que FtsE ne contiendrait pas d'hélices 

transmembranaires tandis que FtsX en contiendrait quatre. La taille de FtsX varie entre espèces 

bactériennes et cette variation semble due a la taille de la section amino-terminale de la protéine. 

Cette partie de FtsX pourrait remplir une fonction spécifique à chaque espèce bactérienne. Il fut 

prédit que FtsX de N. gonorrhoeae adoptait une topologie membranaire telle que ses extrémités 

amino- et carboxy-terminales étaient situées dans le cytoplasme. Une topologie identique à celle 

prédite pour le FtsX gonococcal est prédite pour les autres FtsX bactériens. 

La présence d'une cassette cat a l'intérieur de la copie chromosomale de n'affecte pas la 

viabilité de N. gonorrhoeae, indiquant quefrsX n'était pas un gène essentiel. La morphologie de 

AL gonomhoeae n'est pas affectée par la présence d'une insertion dansfisX, suggérant quefrsX 

n'est pas un g h e  de division celldaire. Les concentrations minimales d'inhibition du mutantfisX 

&aient identiques h celles de la souche parentale, sugghnt  que FtsX ne faisait pas partie d'un 

système d'extrusion d'antibiotiques. Les comptes de cellules viables Des comptes de cellules 

viables de la souche CS19, le mutant flsx, étaient 6.5 à 10 fois inférieurs a ceux de la souche 



parentale, CH8 1 1, en milieu de culture contenant du KCl 100 mM ou du sucrose 400 mM. Ceci 

indique que le présumé transporteur FtsEX pourrait être impliqué dans un processus de maintien 

de l'équilibre osmotique dans le gonocoque. 

La prksence des gènes JsE et frsX chez dix autres espèces de Neisseria fut vérifiée par 

hybridation moléculaire Southem. Les sondes fisE et frsX s'apparièrent à des fragments de 

restriction chez chacune des espèces, suggérant que les gènes fisE et ftsX étaient présents dans 

chaque espèce étudiée. La présence des gènesjsE e t f a  chez ces mêmes espèces fut également 

vérifiée par PCR Des ampliconsJsE de 282 pb, la taille de I'ampliconfsE chez N. gonorrhoeae, 

furent générés chez cinq des dix espèces étudiées. Des ampliconsfrsX furent générés chez les dix 

espèces testées, mais leur taille variait de 894 pb, la taille de I'ampliconfrsXchez N. gonorrhoeae, 

a 1.6 Kb. Les cinq ampliconsftsE hybridèrent I'ampliconftsE de N. gonorrhoeae, suggérant que 

ces arnplicons sont effectivement des amplicons ftsE. Seuls les arnplicons jisX de 894 pb 

hybridèrent la sonde ftsX de N. gonorrhoeae, suggérant que seuls ces amplicons étaient 

d'authentiques amplicons fisX. Pris ensembles, ces résultats indiquent que les gènes fisE et ftsX 

sont présents chez diverses espèces de Neisseria mais que leur séquence nucléotidique peut 

diverger de celle de N. gonorrhoeae. 

Le chevauchement de 4 pb observé entre fisE et frsX suggère que ces gènes sont CO- 

transcrits. La CO-transcription de frsE et frsX fut confirmée par la réalisation d'expériences de 

transcri ptiodtraduction in vino. Un polypeptide ayant le poids molécuiaire (Pm) attendu pour 

FtsX ne fut synthétisé que si un promoteur était présent en amont du gènePa. Des protéines 

ayant les Pm attendus pour FtsE et FtsX furent synthétisées si un promoteur était présent en 

amont defisE, quefisE etfisX étaient présents sur un plasmide ou sur un amplicon. Ces résultats 

confirment donc queftsE etfisXsont CO-transcrits. Ces deux gènes furent donc désignésPsEX. 

La surproduction de FtsE et\ou de FtsX de N. gonorrhoeae n'a aucun effet sur la 

morphologie cellulaire de E. coli en milieu riche et en milieu minimal. La surexpression d'autres 

de gènes de division cellulaire causait la filamentation chez E. coli. Cependant, l'absence de 

filamentation ne pouvait suffire pour conclure que PsEX n'étaient pas des gènes de division 



ceilulake car la surexpression d'autres gènes de division cellulaire était sans effet sur la 

morphologie cellulaire de E. coli. 

Le gène fisX de N. gonorrhoeae ne put complémenter E. coli JSIO, un mutant 

thermosensible d e m .  Ce résultat pounait être dû au fait que FtsX possède des caractéristiques 

propres a chaque bactérie, lesquelles seraient absentes chez ses homologues d'autres espèces 

bactériennes. 

La protéine FtsE de N.  gonorrhoeae fût purifiée sous forme d'une protéine de fusion 

comprenant six résidues histidinyl à son extrémité amino-terminale (6HISFtsE) en utilisant le 

système "the QIAexpressionist" de la compagnie QIAGEN. La protéine 6MSFtsE purifiée sera 

utilisée ulterieurement pour provoquer la formation d'anticorps polyclonaux anti-6HISFtsE. 

Les génes tlpA, codant pour une protéine ressemblant à la thiorédoxine, arsC, codant pour 

I'arsénate réductase, et gZH, codant pour I'ARNTsynthétase furent identifiés en amont defsE. 

Les six gènes identifiés dans ce projet présentaient une organisation génétique identique dans la 

souche FA1090 de N. gonorrhoeae. Contrairement à ce qui fut observé chez E. coli et 

Haernophilus iniuenzae, un homologue de JsY n'est pas présent immédiatement en amont de 

frsE. 

Pris ensembles, les rdsultats obtenus suggèrent que FtsE et FtsX seraient respectivement le 

domaine liant I'ATP et le domaine membranaire d'un transporteur ABC transportant un substrat 

nonoidentifié vers l'extérieur de la cellule. Il n'est pas exclus que ce transporteur participe au 

processus de division cellulaire, mais il ne serait pas essentiel vu qu'un mutant dans lequel fisX a 

été inactive est viable alors que les autres gènes de division cellulaire sont essentiels. 
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questions et de provisoire, cette chasse à une réponse toujours reportée au lendemain, c'était 
l'euphorie. Je vivais au fùtur. J'attendais le résultat du lendemain. Mon anxiété, j'en avais fait mon 
mdtier. 

François Jacob, La statue intérieure, pp. : 14- 15 Folio, 1987. 

Every moming 1 ran to the labonitory to set up my experiments. It was a sort of bulimia; of 
delirium; like a kid unwrapping an unexpected toy. In the moming, 1 prepared the bactena and the 
vimes 1 was working on and ran the experiments in the aftemoon. The next moming 1 got the 
results just in time to put together a M e r  experiment to nui later the same day, and so on. A 
fiendish pace. A race without end. The mad pursuit of the day after this one. What mattered more 
than the m e r s  were the questions and how they were formulated; for in the best of cases, the 
answer led to new questions. It was a system for concocting expectation; a machine for making 
the fiiture. For me, this world of questions and the provisional, this chase after an answer that was 
always put off to the next &y, al1 that was euphonc. 1 lived in the fùture. 1 always waited for the 
resdts of tomorrow. 1 had tumed my anxiety into my profession. 

François Jacob, The statue within, pp. 8-9. Basic Books, Inc., Publishen. New York, 1988. 
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PART 1. INTRODUCTION 



1.1. PREAMBLE TO THE INTRODUCTION 

The scope of this research project is the identification and characterization of thefrsE and 

ftsX cell division genes in Neisseria gonorrhoeoe strain CH8 1 1 and their flanking genes. In other 

bacteria, the protein encoded by one of these genes, FtsE, displays features specific to the ATP- 

binding domain of ABC (ATP-binding cassette) transporters, which is not the case for other ceil 

division proteins. FtsE shares amino acid (aa) sequence sirnilarity with the ATP-binding domain 

o f  ABC transporten, while FtsX has been predicted to contain transmembrane segments, 

suggesting it is an integral membrane protein. Because of these features of FtsE and FtsX, the 

introduction has been divided into three sections that respectively review ABC transporters, 

bacterial ce11 division, and aspects of N. gonorrhoeae. 

ABC transporters are discussed in the h t  section (section A). Their biological function, 

the genetic organization of their genes and the geneml organization of the domains of ABC 

transporters are reviewed. The two core domains of ABC transporters, the ATP-binding and 

membrane domains are also reviewed. This section ends with the description of the two ABC 

transporters identified to date in the Neisseriaceae. 

Bacterial cell division, with a focus on the Escherichia coli model, is reviewed in the 

second section (section B). The isolation o f j s E  and~sXthemosensitive (Ts) mutants in E. coli 

to the characterization of the genes, their overall genetic organization and the features of their 

gene product is first described. The genetic organization of the main cluster of ce11 division genes 

is also briefly reviewed, followed by a description of ce11 division in E. coli. This section is 

completed with the current understanding of ce11 division in N.  gonorrhoeae denved fiom 

electron microscopic observations and the putative cell division genes that have been identified. 

In the last section of the introduction (section C), a short historical account of gonorrhea is 

presented, followed by the importance of N. gonorrhoeae as  a bacterial pathogen world-wide and 

in Canada. A description of the disease, and a summary of the continual problem caused by its 

acquisition of novel antibiotic resistance are provided. The current knowledge of the gonococcal 



chromosome is also reviewed as the detemiination of the nucleotide sequence of the chromosome 

of N. gonorrhoeae is almost completed. 

A. ABC transporters 

1.2. ABC transporters 

Memben of the ATP-binding cassette (ABC; Hyde et al., 1990) family are present in 

prokwotes as well as eukaryotes (Higgins, 1992). From the initial observation that a few 

bacterial proteins contained the Walker A and B nucleotide-binding motifs (section 1.2.2.; 

Higgins et al., 1988, 1986; Gill et al., 1986; Higgins, 1 W ) ,  a number of proteins have now been 

found to contah these motifs (Boos and Lucht, 1996; Fath and Kolter, 1993; Higgins, 1992). 

More than 50 members of this farnily have been identified in prokaryotes (Boos and Lucht, 1996; 

Fath and Kolter, 1993; Higgins 1992), and at Ieast 25 eukaryotic ABC transporters have been 

identified (Dean and Allikrnets, 1995). 

ABC transporten are also designated trafEc ATPases (Doige and Ames, 1993; Ames et 

al., 1992). They couple ATP hydrolysis to the irnport or export of a specific ion or molecule to or 

nom the cell. The substrates transported by these transporters are varied (Fath and Kolter, 1993; 

Higgins, 1992). In bacteria, ABC transporten for ions such as ~ a + ,  ~ e 3 +  and ~ ~ 2 +  have been 

identified (Cheng et al., 1997; Adhikari et al., 1996; Bartsevich and Pakrasi, 1996). They may 

also transport srna11 molecules: aa (e.g., histidine and arginine), sugars (e.g., maltose), 

bacteriocins (e.g., colicin V; Wissenbach et al., 1995; Fath et al., 1992; Dassa and Honiung, 

1985a; Froshauer and Beckwith, 1984; Gilson et al., 1982; Higgins et al., 1982). Even 

rnacromolecules may be transported by ABC transporten: antibiotics in Streptomyces species, a- 

hemolysin in E. coli and other bacteria, capsular polysaccharides in E. coli and Neisseria 

meningitidis (Bliss and SiIver, 1996; Femindez et al., 1996; Olano et al., 1995; Fath and Kolter, 



1993; Frosch et al., 199 1). ABC transporters may be involved in more complex functions such as 

plant attachent in Agmbacterium turnefariens (Matthysse et al., 1 996). 

The human ABC transporter ABC1 is expressed in macrophages engaged in the 

engulfment and clearance of dead cells (Luciani and Chimini, 1996). The smdl number of 

eukaryotic ABC transporters identified have been associated with clinically relevant phenotypes 

(Luciani and Chimini, 1996). The P-glycoprotein in humans is amplified andlor overexpressed in 

ce11 lines selected for resistance to cytotoxic dnigs. They are also overexpressed in certain human 

tumors, most comrnoniy those that relapse following chemotherapic treatments (Dean and 

Allikmets, 1995). P-glycoprotein expression is enhanced following infection with the human 

immunodeficiency virus (HIV), which could contribute to the resistance of HTV-infected cells to 

antiviral dmgs (Gupta and Gollapudi, 1993). P-glycoproteins homologues are overexpressed or 

their gene is even amplified in certain dmg-resistant parasites (Dean and Allikmets, 1995). Pghl, 

an ABC transporter of the malarial parasite Plasmodium falciparurn, is linked to chloroquine 

resistance (Higgins, 1995). Mutations in the CFTR gene encoding the cystic fibrosis conductance 

regulator protein (CFTR) cause cystic fibrosis (Riordan et al., 1 989; section 1.2.2.). Other 

diseases that have k e n  linked to human ABC transporters include adrenoleukodistrophy and 

Zellweger's syndrome, two diseases linked to the function or the formation of peroxisomes (Dean 

and Allikmets, 1995). The receptor of sulfonylureas, oral hypoglycemics used to treat non- 

insulin-dependent diabetes mellitus to stimulate insulin release fiom pancreatic islet f3 cells, is an 

ABC transporter (Aguilar-Bryan et al., 1995). 

1.2.1. Organization of ABC transporters 

ABC transporters are typically composed of two ATP-binding domains and two 

hydrophobic membrane domains (Higgins, 1992). The individual domains of ABC transporters 

are often expressed as separate polypeptides, particularly in prokaryotes, for instance in the 

oligopeptide permease and in the histidine pemease of Salmonella typhimurium (Fig. 1A and B; 

Higgins, 1992). However, al1 possible organizations of the domains have been obsewed (Fig. 1): 



Figure 1: Organization of the domains of selected ABC transporters. The membrane domains 

are represented by blue boxes, the ATP-binding dornains are represented by red circles. Other 

components of some ABC transporters such as the periplasmic substrate-binding proteins (in A, 

B, D and E) are represented by green circles; the accessory factor (in C) is represented by a purple 

box, and the outer membrane protein (in C) is represented by a black box. The cytoplasmic 

membrane (CM) and the outer membrane (OM) are represented by double black lines. The ABC 

transporters appearing in this figure are (A), the oligopeptide permease of S. typhimurium; (B), 

the histidine permease of S. typhimurium; (C), the a-hemolysin exporter of E. coli; (D), the iron- 

hydroxamate transporter of E. d i ;  and (E) ,  the ribose transporter of E. coli. This figure is based 

on Fath and Kolter (1 993), and Higgins (1 992). 





HlyB, a component of the a-hemolysin exporter of E. coli has one ATP-binding domain fùsed to 

a single trammembrane domain (Fig. IC); the membrane domains are fused in the iron- 

hydroxamate transporter FhuB of E. coli (Fig. ID); the two ATP-binding dom- are expressed 

as  a single polypeptide in the ribose transporter protein RbsA in E. coli (Fig. 4E). In other ABC 

transporten, al1 four domains are fused such as  in the human multidrug resistance P-glycoprotein 

and in the CFTR protein (Fath and Kolter, 1993; Higgins, 1992; Higgins et al., 1990). 

Transporten involved in import processes also include a third component, a penplasmic 

protein that binds specifically to the ion or molecule to be imported in the cell (Boos and Lucht, 

1996; Doige and Ames, 1 993; Higgh,  1992). Such periplasmic substrate-binding proteins 

include OppA fiom the oligopeptide transporter of S. îyphimurium (Fig. lA), H id  fiom the 

histidine importer of S. typhimurium (Fig. IB), FhuD fiom the iron-hydroxarnate importer of E. 

c d i  (Fig. ID), and RbsA fiom the ribose transporter of E. coli (Fig. 1 E). 

Many ABC exporten require an additional protein for proper function, the accessory 

factor (AF), and the gene encoding the AF is aiways linked to the genes encoding the domains of 

the ABC transporter (Fath and Kolter, 1993). For exarnple, HlyD is the AF for HlyA export in E. 

coli (Fig. 1C; Fath and Kolter, 1993). Other Gram negative bacterial ABC exporters, especially 

those involved in the export of nonprotein substrates, do not include an AF (Fath and Kolter, 

1993). In such systems, the ultirnate destination of the exported product is the periplasmic space 

or the outer membrane. 

Some ABC transporters require an additional component in the form of an outer 

membrane protein (OMP) to complete the translocation of the product (Fath and Kolter, 1993). 

For exarnple, the TolC protein facilitates the passage of HlyA and colicinV through the outer 

membrane (Figure 1 C; Fath and Kolter, 1993; Fath et al., 1992). The gene encoding the OMP can 

be tightly linked to the other genes encoding the domains of the ABC exporter, as is the case for 

the priF gene (encoding the OMP) that is linked with prtD and prtE (encoding the domains of the 

ABC transporter) in the protease synthesis and export system of Envinia chrysanthemi (Fath and 

Kolter, 1993). Altematively, it may not be linked, as is the case with the TolC protein that is 



involved in colicinV and a-hemolysin export while tolC (encoding the OMP TolC) is unlinked 

with either cvaAB (encoding the domains of the ABC exporter for colicin V, Fath et al., 1992) or 

the hlyCABD genes (encoding the domains and the AF of the ABC exporter for a-hemolysin, 

Fath and Kolter, 1993). 

1.2.2. The ATP-binding domain 

The ATP-binding domains of ABC transporten contain two nucleotide-binding motifs 

known as the Waiker motifs A and B (Fig. 2; Walker A consensus: G&GKS/T, Walker B 

consensus: W 8 L H y d 4 D ;  Waiker et al., 1982). These motifs were initiaily idenîified in the a- 

and P-subunits of ATP synthase, myosin, phosphofnctokinase and adenylate kinase (ADK; 

Waker et al., 1982). The importance of both Walker motifs for the activity of the ATP-binding 

domain has been demonstrated by site-directed mutagenesis in several ATP-binding domains 

such as HisP from S. ryphimurium (Shyarnala et ai., 1991), HlyB of E. coli (Koronakis et al., 

1993,  KpsT of E. coli (Pavelka et al., 1 994), MalK of E. coli (Panagiotidis et al., 1993), OleB of 

Streptomyces antibioticus (Aparicio et al., 1996), CFTR (Logan et al., 1994; Anderson and 

Welsh, 1992; Cheng et al., 1 WO), and murine MDRl (Azzaria et al., 1989). The results obtained 

for these studies indicated that the ABC transporter, regardless of its domain organization or if it 

was an importer or an exporter, was always disabled when an invariant or highly-conserved aa 

residue was altered in any of the conserved motifs (Walker motifs A and B or the linker peptide; 

Koronakis et al., 1995). 

A model for the three-dimensional structure of the ATP-binding domain of ABC 

transporters was developed based on similarities between the predicted secondary structures of 

ATP-bonding domains and the known three dimensional structure of ADK (Fig. 2; Hyde et al., 

1990). The core of the model was a nucleotide-binding fold involving five hydrophobie B-sheets 

(PA-BE, Fig. 2) and the Walker motif A properly positioned to interact with ATP (Fig. 2). Two 

loops (loops 2 and 3, Fig. 2) constituted the differences between the predicted structure of the 

ABC proteins and that of ADK. Loop 2 (Fig. 2) had no equivalent in ADK and was thought to 



Figure 2: AIipment of the amino acid sequences of the ATP-binding domains of ABC 

transporters. The a-helices and P-sheets are identified afier Hyde et al. (1 990) and are predicted 

to f o m  the nucleotide-binding fold (Hyde et al., 1990). The Wdker motifs A (WA) and B (WB) 

are indicated on the figure, and the linker peptide is indicated as loop 3. OppF and OppD are part 

of the oligopeptide importer of S. ryphimurium, HisP is part of the histidine importer of S. 

typhimurium, MalK is part of the maltose importer of S. ryphimuriurn, PstB is part of the 

phosphate importer of E. coli, HlyB is part of the hemolysin exporter of E. coli, MDR (N) and 

MDR (C) are the arnino- and carboxy-terminal domains of the murine multidmg resistance 

protein, CFTR (N) and CFTR (C) are the amino- and carboxy-terminal domains of the human 

CFTR protein, and FtsE is a putative E. coli ce11 division protein (section 1.3.2.). The aa sequence 

of CFTR is fiom by Riordan et al. (1989), the one of E. coli FtsE is nom Gill et al. (1986). See 

Higgins (1992) and Hyde et al. (1990) for references for the other sequences. This figure was 

taken fiom Higgins (1 992). 
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assume a role specific to the ABC domain rather than to be involved in ATP binding. Loop 3 

(Fig. 2) was also believed to serve an ABC domain-specific function as its sequence was 

conserved between ABC domains. A well-conserved motif rich in glycine and glutamine, the 

linker peptide, has been identified in loop 3 (Fig. 2; prokaryotic consensus: LSGGQQQ; Ames et 

al., 1992). This motif was proposed to serve as a linker to join separate domains within proteins 

(Doige and Ames, 1993; Ames et al., 1992; Argos, 1990). The ATP-binding domains of ABC 

transporters were predicted to have a tightly folded core stnicture that bound and hydrolyzed ATP 

while their loops 2 and 3 were proposed to couple ATP-dependent conformational changes to the 

transport process, possibly through an interaction with the membrane domains of the transporter 

(Higgins, 1 992; Hyde et al., 1 990). 

Amino acid substitutions in the linker peptide of E. coli FtsE were responsible for ce11 

filamentation at 42°C (Gibbs et al., 1992). Several of the mutations inside the CFTR protein were 

identified in the linker peptide (Cheng et al., 1990; Cutting et al., 1990), again suggesting a role 

for this sequence motif. Other aa residues than those of the linker motif may be involved in the 

process of joining the two Walker motifs. The aa residues preceding the linker motif in the first 

nucleotide-binding domain of the murine MdD protein were proposed to serve a transporter- 

specific structural role, perhaps with the linker domain (Beaudet and Gros, 1995). 

The distinguishing feature of the ATP-binding domains of ABC transporten over ATP- 

binding proteins is that the sequence similarity between the ATP-binding domains of ABC 

transporters extended over the whole length of the domain (about 200 aa residues; Higgins, 

1992), whereas ATP-binding proteins s h e d  sequence similarities around the nucleotide-binding 

motifs oniy, narnely around the Walker motifs A and B (Higgins, 1992). 

1.2.3. The transmembrane domain 

The transmembrane domain of ABC transporters typically contains six transmembrane 

segments (for a totai of twelve trammembrane segments per transporter). However, transporters 

in which the transmembrane domain did not confonn to the "two-tirnes-six" structure have been 



identified: the ArtQ and ArtM of the arginine importer of E. coli were respectively predicted to 

contain four and three trammembrane segments; the MalF protein of the maltose transporter in E. 

coli contains eight transmembrane segments; the HisQ and HisM proteins from the histidine 

transporter of S. tphimurium were each predicted to contain five transmembrane segments 

(Wissenbach et al., 1995; Froshauer et al., 1 988; Higgins et al., 1982). 

Whereas the ATP-binding proteins contained highly conserved aa motifs (section 1.2.1 .), 

little or no aa sequence sirnilarities were found among the trammembrane domains of the 

transporters, suggesting that many aa combinations could satisQ the constraints required for the 

proper function of the transmembrane domains (Higgins, 1992). Subsequent analyses revealed the 

presence of a conserved sequence in the membrane domain. This short sequence, designated the 

EAA loop (consensus sequence: EAA(?QG(X)9IXLP, where X represents any amho acid; 

Dassa and Hohung, 1985a), was identified in the 1st cytoplasmic loop of several membrane 

domains of ABC importes, between 95 to 1 14 positions fiom the carboxy-end of the polypeptide 

(Boos and Lucht, 1996; Saurin et al., 1994; Dassa and Hofhung, 1985a, 1985b). The EAA Ioop 

appeared to be absent from the membrane domains of ABC exporters (Saurin et al., 1994). Based 

on the sequence similarities between various membrane domains, the proteins could be 

subdivided in groups (Saurin et al., 1994). Transporters specific for a group of similar substrates 

such as certain sugars, ions or iron-siderophores shared more sequence similarities in the region 

of the EAA loop, and consensus sequences were deduced (Saurin et al., 1994). These consensus 

sequences will be useful to help characterize other membrane proteins and the substrate of ABC 

transporters. The EAA loop has been proposed to constitute a recognition site for a ligand or a 

partner common to protein-binding dependent permeases @assa and Hofnung, l985b), which 

codd be the most conserved component in such permeases, narnely the ATP-binding proteins 

(Kerppola and Ames, 1992). Mutations in the EAA loop of the MalG and MaiF proteins fiom the 

maltose importer of E. coli were shown to affect the formation of the transporter, indicating that 

the EAA loop of the membrane domain functionally interacted with the nucleotide-binding 

domain (Le., MalK; Mourez et al., 1997). 



The mechanisms of transport by ABC transporters, their substrate specificity, and al1 other 

aspects have been the subject of several reviews (Boos and Lucht, 1996; Dean and Allikmets, 

1995; Doige and Ames, 1993; Fath and Kolter, 1993; Arnes er al., 1992; Higgins 1992; Higgins 

et al., 1990) and will not be discussed here . 

1.2.4. ABC transporters in Neisseria species 

Ody  two ABC transporten have been identified in the Neisseria: an importer of femc 

ions in N. gonorrhoeae (Adhikari et al., 1996), and an export complex involved in the export of 

capsdar polysaccharides in N. meningitidis (Frosch et al., 1991). The femc ions importer 

complex is encoded by the j6pABC genes that respectively encode a periplasmic femc-iron- 

binding protein, a membrane domain containhg 1 1 predicted membrane-spanning segments and 

an ATP-binding domain (Adhikari et al., 1 996). The capsular polysaccharides export complex 

comprises the COABCD genes, with ctrA encoding a putative lipoprotein involved in export 

across the outer membrane, ctrB and crrC encoding membrane proteins, and clrD encoding the 

ATP-binding domain (Frosch el al., 199 1). 

It is to be expected that rnany other ABC transporters will be identified in AL gonorrhoeae 

and in Al meningitidis once their respective genome projects are completed. in the genome of E. 

coli, 80 ABC transportes have been identified (Blattner et al., 1997); in Mycoplasmu 

pneumoniae, 34 genes encoding predicted domains of ABC transporters have been identified 

(Himmelreich et al., 1996). 

B. BACTERIAL CELL DMSION 

13. Overview of the current state of knowledge on ce11 division in Escherichia coli 

The bacterial ce11 cycle c m  be divided in two steps (Rothfield and Justice, 1997). The first 

step includes the replication of the bacterial chromosome and chromosome segregation. The 



second step comprises ce11 division, which culminates in cytokinesis (the separation of the 

cytoplasm Uito two compartments bounded by the cytoplasmic membrane (Donachie, 1993), and 

the separation of the daughter cells. During cell division, the ce11 must identie the midcell site at 

which division will later occur, differentiate this site in preparation for cytokinesis, and fïnaily 

f o m  the division septum by the coordinated growth of the cytoplasmic membrane, the cell wall, 

the synthesis of septal peptidoglycan and the outer membrane in Gram-negative bacteria (section 

1 .o.; Lutkenhaus and Addinall, 1 997; L utkenhaus and Mukhe j ee, 1 995). 

C e 1  division genes are considered essential for two reasons: fh t ,  ceil division is a vital 

process for any cellular organism; second, ce11 division genes were identified by the isolation of 

conditionally lethal temperature sensitive (Ts) mutant. in E. coli (Bi and Lutkenhaus, 1 99 1 a). 

Such conditional lethal Ts mutants were phenotypically normal at their permissive temperature 

but presented a different phenotype at their restrictive temperature (Bi and Lutkenhaus, 199 1 a). 

Some of these Ts mutants of E. coli formed filaments at their restrictive temperature but were not 

affected in DNA segregation as they contained regularly distributed nucleoids, while other 

filamentous mutants had defects in DNA replication or DNA partitionhg (Lutkenhaus and 

Mukherjee, 1 995; Hirota et al., 1968). Filamentation without any visible noticeable ef5ect on 

DNA segregation suggested that such mutants were specifically afEected in septum formation and 

the mutated genes in such mutants were designated frs (filamentation temperature sensitive; 

Lutkenhaus and Mukherjee, 1995; Bi and Lutkenhaus, 1 99 1 a). 

In most of the bacteria examined to date, the ce11 division genes were found to share a 

similar overail genetic organization. Most ce11 division genes were clustered at two loci on the 

bacterial chromosome: the frs Y W l  cluster, and the morphogene (or d m ,  for division-ce11 wall 

(Sinchez et al., 1994)) cluster. The genes contained in each cluster and the function of their gene 

products is reviewed in the following sections. 



1.4. The ftsYEX cluster 

This gene cluster includes three genes: fisY, fisE andPsX. The three gene products, FtsY, 

FtsE and FtsX are associated with the b e r  membrane in E. coli (Gill and Salmond, 1987), and 

FtsY is also present in the soluble ce11 Fraction (Luirink et al., 1994). These three proteins are 

believed to be involved in a transport function that is imporîant for ce11 division (Gill and 

Salmond, 1990, 1987; Gill et al., 1986), perhaps as part of  the septalsome (a multiprotein 

complex responsible for ce11 septation and ce11 separation; Holland and Jones, 1985). There has 

been more interest in the biological fùnction of FtsY since it was shown to share sequence 

similarity with the a-subunit of the mammalian signal recognition particle (SRP, a 

ribonucleoprotein complex involved in protein transport; Appendix 1) docking protein (SRa, the 

endoplasmic reticulurn membrane receptor of the SRP; Appendix 1). The E. coli FtsE shares aa 

sequence sirnilarity with the ATP-binding domain of ABC transporters while FtsX is predicted to 

contain four transmembrane segments (sections 1 S. 1. and 1.5.2.). 

As was the case for other E. coli fis genes, frsE and frsX were first identified by the 

characterization of Ts mutants following ultraviolet mutagenesis of E. coli cells (Sturgeon and 

Ingram, 1978; Ricard and Hirota, 1973% 1973b). The first fisE Ts mutant to be examined (strain 

MFT1181) had an irnmediate block in septation following a shift to the restrictive temperature, 

and the block was not due to the arrest of DNA or RNA synthesis (Ricard and Hirota, 1973a). 

The strain m l 1 8  1 showed no increased sensitivity to sodium deoxycholate at the permissive or 

the restrictive temperatures, and did not exhibit increased resistance to penicillin G when 

compared to its parental strah (Ricard and Hirota, 1973a). These observations suggested that 

there was no alteration in the integrity of the ce11 envelope. The block in ce11 division was RecA- 

independent (Eücard and Hirota, 1973a). 

ThefrsX locus of E. coli was also identified following ultraviolet mutagenesis of E. coli 

cells, but the culhues were enriched for long cells by repeated cycles of bacterial growth in liquid 

medium, filtration of the cultures to isolate filamentous cells, and using these filamentous cells to 

grow a new bacterial culture (Sturgeon and Ingram, 1978). The mutant strain JS 10 was cold- 



sensitive: the bacteria appeared as short rods at 37OC but fonned filaments at 30°C (Sturgeon and 

Ingram, 1978). The filamentous cells of the strain JSlO did not show constrictions, suggesting 

that the block in ce11 division in strain JS 10 occurred at a point preceding the assembly of the 

septum (Sturgeon and Ingrarn, 1978). The presence of constrictions in the filaments would have 

indicated that the early events of ce11 division occurred normally and the defect would have k e n  

in a gene involved in the late stages of ce11 division. Compared to the parental strain ~ 4 6 2 ,  the 

mutant strain JS IO showed excessive sensitivity to sodium deoxycholate (as opposed to what had 

been observed in E. coli MFT 1 1 8 1, a fsE Ts mutant), displayed increased sensitivity to several 

antibiotics (including penicillin) that Sfected ce11 wall biosynthesis or protein synthesis at its 

restrictive temperature, and released ribonuclease fiom the penplasm. All these observations were 

indicative of alterations of the ce11 envelope (Sturgeon and Ingram, 1 978), which was unafTected 

in E. coli MFT118 1. JS 1 O did not display any impairment in DNA or RNA synthesis at either 

temperature (Sturgeon and Ingrarn, 1978). The locus conferhg the temperature sensitive 

phenotype was mapped between 74 and 79 minutes on the chromosome (Sturgeon and Ingram, 

1978). It was considered possible that the mutation in strain JS 10 could be allelic toftsE, or that it 

could be in a new ce11 division gene (Sturgeon and Ingram, 1978). 

Through the use of generalized transduction and transducing lambda phages, the mutation 

in shain  JSlO was subsequentiy mapped to frsE and the mutation was designated JsE2000 

(Salmond and Plakidou, 1984). These analyses aiso identified a new ce11 division locus that was 

namedJsS (Salmond and Plakidoq 1984). The two genes mapped at approximately 76 minutes 

on the E. coli chromosome (Salmond and Plakidou, 1984). 

A 4.5 kilobase (Kb) HindIII fragment of the wild-type E. coli chromosome was able to 

complement strain MFT118 1. The complete nucleotide sequence of this fragment was detemined 

and the analysis of its DNA sequence revealed the presence of four genes in this region: fisS,ftsY, 

ftsE and frsX, with frsS king divergently transcribed from fts Y, fsE and fsX (Gill et al., 1986). 

fisY andfrsE were separated by two base pairs (bp), #SE and ftsX overlapped by seven bp, and 

fisY and@ were separated by 150 bp (Fig. 3; Gill et al., 1986). 



Figure 3: Genetic organization of f&Y, frîE and ffsX in selected bacteria. The cluster of H. 

influemae (Fleischmann et al., 1993, E. coli (Gill et al., 1986), H pylori (Tomb et al., 199T), M. 

tuberculosis (Devlin et al., 1997, Tyagi et al., 1996), and M. leprae (Parkhi11 er al., 1997, 1997b) 

are represented. Each gene is represented by a colored box with the size (in bp) indicated 

undemeath. The number above the boxes indicates the spacing (in bp) between the genes 

(negative nurnbers indicate overlaps, and zero indicates that the genes are contiguous without 

overlapping). 
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Insertions of TnlOOO inflsY orfsE abolished complementation of strains MIT1 181 and 

JS 10 while an insertion inside of flsX allowed complementation of strain m l 1 8  1 but not of 

strain JS 10 (Gill et al., 1986). These observations indicated that the mutation in strain JS 10 was 

located within the fsX gene. These data also showed that fsY, )SE and frsX Iikely formed an 

operon in E. coli because of the polar effect of the insertion of TnlOOO on the genes dowllsfream 

(Gill et al., 1 986). Further charactexktion of fs Y showed that one of the Tnl 000 insertions 

initially believed to be infsY (Gill et al., 1986) was actually in the fint codon offisE (Gi11 and 

Salmond, 1990), and it was found that an insertion infisY, preventing synthesis of FtsY, did not 

abolish the synthesis of FtsE and FtsX as the strains MFT118 1 and IS 10 could be complemented 

(Gill and Salmond, 1990). Thus, an insertion injisE has a polar effect onflsX, but the polar effect 

of an insertion inftsY onftsE andftsX is less clear, and more investigation is required to show the 

polar eEect of a mutation in fisY on $SE and ftsX. The fisY, fisE and fisX genes were located at 

77.6 minutes on the most recent map of the E. coli chromosome (Berlyn et al., 1995). 

Through genome projects,frsE,#sX andjsY have been identified in severai other bactena 

and there is variability in their genetic organization (Fig. 3): JsY, #SE and fisX are also clustered 

in Haemophilus influeme: fisY lies 9 bp upstrearn offtsE which lies 13 bp upstream fiomfisX 

(Fleischmann et al., 1995). In Helicobacter pylori, jisE and fisX overlap by 1 bp but f i s Y  is 

located 10 Kb downstream fiom fsX (Tomb er al., 1997). A homologue of f s Y  has been 

identified in Mycobacteriurn leprae but is not within 26.8 Kb upstrearn offisE (Parkhill et al., 

1997% 1997b). A homologue offisY remains to be identified in Mycobacterium tuberculosis, and 

it is not located within 25 Kb upstream of#sE andfisX (Devlin et al., 1997). Homologues offisE 

and frsX have k e n  identified in M. tubernrlosis and in M. leprae and they are immediately 

contiguous in each bacterium (Parkhill et al., 1997a; Tyagi et al., 1996). Only fsY is present in 

the genomes of Mycoplasmn genitalium, M. pneumoniae, and the cyanobacterhm Synechocystis 

sp. 6083 (Hhnelreich et al., 1996; Kaneko et al., 1996; Fraser et al., 1995). f isY has been 

identified in Mycoplasma mycoides, in which it is followed by a gene encoding a protein involved 

in transport (Macao et al., 1997). None of the three genes is present in the methanogenic archaeon 



Methanococcus jannaschii (Bult et al., 1996). A homologue of FtsY has been identified in the 

genome of another archaea, Su&olobm soifiatarias (Ramirez and Matheson, 199 1). This putative 

S. solftarimjisY gene homologue is flanked by genes encoding proteins that do not share aa 

sequence sirnilarity with FtsE and FtsX (Ramirez and Matheson, 1991). The presence offrsE and 

ftsX has not been verified in this archaea 

There has been little work done on the regulation of the expression of thejsY,ftsE and 

frsX genes. There are differences in the regulation of the expression of these genes between E. 

coIi and M. tuberculosis. Two promoters whose exact location has not been determined have been 

identified for ftsY, #SE and fsX in E. d i :  a fint promoter (Pu) located upstream of PsY fiom 

which al1 three genes were expressed, and a second promoter located upstream offsE in the 3'- 

section offisY (Pd from which ftsE and fi& were expressed (Gill and Salmond, 1990). A fisX- 

specific promoter has k e n  identified in M. tuberculosis (Tyagi et ai., 1996; section 1.5.2.). The 

regulation of the expression offsY,frsE andfisX has not been investigated in other bacteria. 

1.5. The FtsE, FtsX and FtsY proteins 

1 S. 1. The FtsE protein 

The FtsE protein is associated with the inner membrane in E. coli (Gill and Salmond, 

1987). Based on the sizes of the known FtsE polypeptides, the average size of FtsE is 224 aa, 

which is smaller than FtsY and FtsX (Table 1). The first FtsE homologue to be characterized was 

nom E. coli (Gill et al., 1986). Sequence similarity searches indicated it shared similarity with 

other proteins invoived in transport processes and that the similarities were the highest around 

two regions of the polypeptides, which were presumed to be nucleotide-binding motifs (Gill et 

al., 1986; Higgins et al., 1986). These two motifs, the Walker motifs A and B, have since been 

recognized to be the signature sequence of the members of the ABC protein family (sections 1 -2. 

and 1.2.1 .). Based on these resuits, FtsE was considered to be an ATP-binding protein involved in 

an uncharacterized aspect of ce11 division (Gill et al., 1986.). Studies of E. colî FtsE by random 



mutagenesis showed the importance of the linker peptide for FtsE function, as mutations of aa 

residues part of the Linker peptide rendered the bacteria Ts (Ga et al., 1992; section 1.2.2.). 

Table 1. Reported sizes in amino acids of the FtsY, FtsE and FtsX proteins in bacteria 

Bacterium FtsY FtsE FtsX Reference 

( aa) (aa) (aa) 

E. coli 

H. inyuenzae 

H. pylori 

M genitalium 

M. leprae 

M. mycoides 

Ad pneurnoniae 

M. tuberculosis 

S. soyataricus 

Gill et al., 1986 

FIeischmann et al., 1995 

Tomb et al., 1997 

Fraser et al., 1995 

Parkhi11 et al., 1997a, 1997b 

Macao et al., 1997 

Himmelreich et al., 1996 

Devlin et al., 1997; Tyagi et al., 1996 

Ramirez and Matheson, 199 1 

Kaneko et al., 1996 

'NP: w t  present in this organisrn. In ail cases, the complete genome sequence of the 

organism has k e n  detennined through a genome project. 

2 ~ ~ :  not determined. 

The status offfsE as a cell-division gene is controversial since it has been shown that the 

filamentous phenotype of E. coli strain MFT1181, a ftsE Ts mutant, was mediumdependent 

(Tascher et al., 1988). Indeed, MFT118 1 cells could only form filaments in rich medium at their 



restrictive temperature; in minimal medium of low osmolarity, they formed small chahs of 

swollen cells. This swelling was suppressed in minimal medium of higher osmolarity but failed to 

restore the filamentous phenotype. In contrast, Ts mutants of other known ce11 division genes 

(fsz, jhQ, fisA and PSI) al1 forrned filaments at theû restrictive temperature in either type of 

culhw medium (Tascher et ai., 1988). However, two E. coli mutants blocked in the earliest 

stages of ce11 division were found to be mutated in $SE (Begg et al., 1995). Also, FtsE and FtsX 

were found to interact with the SRP (Appendix 1) in E. coli (Ulbrandt et al., 1997). Since it had 

k e n  shown that disruption of the SRP pathway by  preventing the expression o f f i  (encoding the 

fifty-four homologue protein (Ffh), the bacterial homologue of SRP54, R6misch et al., 1989; 

Appendix 1 )  led to ce11 filamentation in E. coli (Patel and Austen, 1995; Phillips and Silhavy, 

1992), it suggested that both genes encoded ce11 division proteins. 

1.5.2. The FtsX protein 

The FtsX protein is also associated with the inner membrane in E. coli (Gill and Salmond, 

1987). FtsX encodes a protein larger than FtsE but is more heterogeneous in size, the largest 

consisting of 352 aa residues (E. coli] and the shortest compnsing 268 aa residues ( H  pylori), 

with an average size of 305 aa residues, based on the sizes of the known FtsX polypeptides (Table 

1). The biological function of FtsX has not been investigated. From aa sequence analyses, the 

FtsX proteins fiom M. tuberculosis and E. coli were predicted to contain four transmembrane 

segments, suggesting they were located in the bacterial membrane (Tyagi et al., 1996). These 

results correlated well with the membrane-associated location for FtsX observed in E. coli (Gill 

and Salmond, 1987). ThefisE/$sX gene products interact with the SRP, like many other integral 

membrane proteins (Ulbrandt er al., 1997). FtsX homologues do not share significant arnino acid 

sequence similarities with oiher protein sequences in the databases. 

In M. tubercuZosis, the expression of fisX was found maximized in the log phase of 

growth in liquid cultures and was negligible in a 20 day stationary culture, correlating well with 

the division state of the bactena in each case (Tyagi et al., 1996). The possible correlation o f f a  



expression with the growth 

phenotype of E. coli JSlO, 

phase hzs oot k e n  investigated in other bacteria The filamentous 

the frsX Ts mutant, has not k e n  investigated in different types of 

culture media as has been done with E. co li MFT 1 1 8 1 (section 1 S .  1 .). 

1.5.3. The FtsY protein 

The size of FtsY varies between bactena, from 293 aa residues in H. pylori to 504 aa 

residues in the S'echocystis sp. 6083 (Table 1). The size difference between the bacterial FtsY 

homologues was attributed to the size of its amino-terminal portion (Macao et al., 1997): the 

amino-terminal portion of FtsY compnsed 197 aa residues in E. coli, compared to 100 aa residues 

in M. mycoides and about 40 aa residues in M. genitolium and M. pneumoniae. The amino- 

terminal region of FtsY was characterized by an abundance of charged aa residues: they 

accounted for as much as 50% of the aa residues in M. mycoides FtsY (Macao et al., 1997), and 

30% of the aa residues in E. coli FtsY were acidic (Gill and Salrnond, 1990). 

A putative nucleotide-binding site was identified in the carboxy-terminal region of E. coli 

FtsY (Gill et al., 1986). E. coli FtsY was later found to share aa sequence similarity with SRa, 

suggesting that FtsY may have a role in protein transport (Bernstein et al., 1989; Romisch et al., 

1989). The region of FtsY containing the nucleotide-binding motif was located within the region 

sharing the highest aa sirnilarity with SRa (Bernstein et al., 1989; Romisch et al., 1989). E. coli 

FtsY shared aa sequence sirnilarity with members of the GTPase superfamily, and was found to 

be closest in aa sequence to proteins involved in protein transport such as a 54 KiloDalton (Kda;) 

polypeptide (SRP54, a component of the eukaryotic SRP; Appendix 1) identified in mice, and E. 

coli Ffh. Based on aa sequence similarities with other memben of the GTPase farnily, four 

regions of FtsY were predicted to be important for GTP binding; the fim of which corresponded 

to the nucleotide-binding motif initially identified by Gill et al. (1986) (Bourne et al., 1991). The 

introduction of mutations in the nucleotide-binding motifs of E. coli and M. mycoides FtsY 

aitered or abrogated GTP binding (Macao et al., 1997; Ulbrandt et al., 1997; Kusters et al., 1995). 



FtsY is now considered to be a component of the bacteriai SRP receptor &uirink and 

Dobberstein, 1994; Wolin, 1994). FtsY was predicted to lack transmembrane segments (Gill and 

Salmond, 1990) and is therefore associated with the imer membrane through interactions with 

another protein. 

Powers and Walter (1 997) proposed that the function of the NH2-terminai domain of FtsY 

was to increase the association of FtsY with the cytoplasmic membrane. The amino-terminal 

domain of FtsY serves to target the nucleotide-binding domain of FtsY to the membrane of the 

ce11 (Zelamy et al., 1997); this was shown by the inability of FtsY mutants with deleted amino- 

terminal domains to support bacterial growth. Sirnilar results were obtained by using TrpE-FtsY 

fusions, in which the nucleotide-binding domain of FtsY was fused to the arnino-terminai domain 

of the cytoplasmic protein TrpE (Zelazny et al., 1997). In contrast, LacY-FtsY fusions, in which 

the nucleotide-binding domain of FtsY was fused to the amino-terminal domain of the membrane 

protein LacY, were able to support bacterial growth (Zelazny et al., 1997). Al1 these data also 

showed that FtsY was required to be located at the imer membrane to properly perform its 

biologicai function. 

Evidence for the involvement of FtsY in protein transport was provided when E. coli FtsY 

was shown to bind a complex formed by Fth and 4.5s  RNA, two other components of a protein 

transport pathway in bacteria (Miller et al., 1994; Appendix 1). This interaction between FtsY, 

Ffh and 4.5s RNA was s h o m  by affinity chromatography and was dependent on GTP hydrolysis 

(Miller et al., 1994). The GTP hydrolysis activity of E. coli FtsY was shown to be dependent on 

the formation of a complex between FtsY and F M S S  RNA (Miller et al., 1994). Sirnilar results 

were obtained with M. mycoides FtsY (Macao et al., 1997). Other studies showed that FtsY had 

interactions with the SRP in E. coli, which fit in well with the role of FtsY in protein transport 

(Ulbrandt et al., 1997). FtsY fiom E. coli b o n d  GTP, and while FtsY could bind F W S S  RNA 

in the presence of a GTP analogue, FtsY mutants with a lowered affinity for GTP could only bind 

F M S S  RNA with reduced efficiency or not at al1 (Kusten et al., 1995). Other studies showed 

that FtsY and Ffh-4.5s RNA stimulated each other's GTPase activity if both proteins were in a 



GTP-bound state (Powea and Walter, 1995), and that protein targeting by FtsY and Ffh-4.5s 

RNA took place only if GTP was available (Powers and Walter, 1997). 

Also supporting a role for FtsY in protein transport, FtsY was s h o w  to affect the 

transport of some proteins in E. coli although the evidence was contradictory in some cases: 

overproduction of FtsY caused an accumulation of pre-B-lactamase but not of pre-OmpA ( L W  

et al., 1994). Depletion of FtsY in E. coli in a strain where ftsY was under the control of an 

inducible promoter abolished the translocation of the ribose-binding protein (RBP), p-lactamase, 

and OmpF without affecthg the processing of pre-OmpA, pre-OmpC and pre-MBP (maltose- 

binding protein; Luirink et al., 1994). In contrast, OmpA and RBP export were not afTected and 

export of p-lactamase was only delayed in cells that overproduced a FtsY mutant with a dominant 

lethai phenotype (Lnbrandt et al., 1997). FtsY was shown to be essential in E. coli for the 

expression of SecY and lac permease, two membrane proteins; FtsY affected only weakly the 

synthesis of p-lactamase and had no effect on P-galactosidase, a cytoplasrnic protein (Seluanov 

and Bibi, 1997). Since lac permease and P-galactosidase are encoded by genes part of the sarne 

operon, Seluanov and Bibi (1997) deduced that the difference in their expression pattern was a 

reflection of post-translational, FtsY-related events. 

1.6. The dcw cluster 

The so-called dcw cluster contains the majority of the ce11 growth and ce11 division genes. 

This cluster includes sixteen genes located at two minutes on the chromosome of E. coli (Fig. 4; 

Berlyn et al., 1995; Donachie, 1993). A similar cluster was found on the chromosome of H. 

Nfluemae but the spacing between the genes was different to that in E. coli (Fig. 4; Fleischmann 

et al., 1995). Thete were more differences in the genetic organization of this cluster in N. 

gonorrhoeae (Fig. 4) as found through analyses of the DNA sequences generated through the 

Gonococcal Genome Project @yer et al., 1996) conducted in our laboratory (section 1.8.1 .; Radia 

et al., unpublished data). This genetic organization was not ubiquitous among microorganisms. 



Figure 4: Genetic organization o f  the dcw gene cluster in selected bacteria. The dcw clusters 

of N. gonorrhoeae (Radia et al., unpublished data), H. injuenzae (Fleischmann et al., 1 993, E. 

coli (Blattner et al., 1997), H pylori (Tomb et al., 1997) and M. genitalium (Fraser et al., 1995) 

are represented. Each gene is represented by a box with the size in bp indicated undemeath. 

Genes encoding proteins that have been shown to participate in ce11 division are in red, and other 

genes are in black. The nurnber above the boxes indicates the spacing between the genes 

(negative numbers indicate overlaps, and zero indicates that the genes are contiguous without 

overiapping). hyp indicates hypothetical genes. The size of the gonococcal mure and mwC 

genes, and the intergenic spaces between murG and mwC and between murC and ddlB couid not 

be determined with the available data, and are indicated by question marks (?). On this figure, 

gene sizes of murG and murC and intergenic spaces between murG and murC and between murC 

and ddZB were detemined arbitrady by using the gene size and intergenic spaces fiom E. coli 

and H. infuenzae and calculating the average. 





For instance H. pylori did not contain dl the ce11 division genes identified in E. d i  and H. 

influenzae and those present were not clustered (Fig. 4; Tomb et al., 1997). Only ftsA andftsZ 

were found clustered in H pylori (Fig. 4), whilefrsl,,fsK andf i s l  were located elsewhere on the 

chromosome (Tomb et al., 1997). Only thefrsZ gene was present in the genomes of M. genitalium 

(Fig. 4; Fraser et al., 1995) and M. pneumoniae (not shown; HMmelreich et al., 1996). The 

complete 3s-mur locus has been studied in Pseudomonm aeruginosu, and its organkation 

appeared very similar to that of E. coli and other bacterial species (not shown; Sanschagrin et al., 

1997). A cluster of ce11 division genes in C. crescentus appeared similariy organized as their 

homologues in E. coli (not shown; Ohta et al., 1997). Only a few ce11 division genes have been 

identified in S. tphimurium: divA, divC, divD,flsZ, 1kyD and min (not shown; Sanderson et al.. 

1995). In S. typhimurium, the divC gene that is involved in septum initiation and fis2 were 

iocated close on the genetic map (not shown; Sanderson et al., 1995). The other ce11 division 

genes were found scattered on the chromosome (Sanderson et ai., 1995). 

A similar genetic organization to that found in E. coli and H influerzzue was obsemed in 

Gram-positive bacteria In Bacillus subtilis, the putative ce11 division genesFsL,frsA, fisZ, 4 mur 

genes, and mraY are clustered between 130 and 135 minutes on the genornic map (not shown; 

Biaudet et al., 1996). The genes yllB, yllC, ylZD, frsL, pbpC, mra Y, murD, rnurG, div l B, fisA and 

frsZ were clustered in Enterococcus faecalis and in Staphylococcus aureus (not shown; Pucci et 

al., 1997). Preliminary indications suggest that several ce11 division genes are clustered in 

Streptococcur pneumoniae and Streptococcus pyogenes (Pucci et of., 1 997). 

In Synechoqstis sp.6083,ji.Z and other putative ce11 division genes, minCDE (section 

1.7.5.), mof, and one other uncharacterized ce11 division gene have been identified, but al1 were 

scattered over the genome (not shown; Kaneko et al., 1996). In the archaeon M jannaschii, the 

cell division gene were not clustered aithough homologues offsZ, Pd, and three homologues of 

minD have been identified (not shown; Bult et al., 1996). 

The zipA gene that encodes the membrane receptor for FtsZ (see section 1.7.1 .) lies 

outside of the morphogene ciuster, at 52 minutes on the E. coli chromosome (Hale and de Boer, 



1997). Similarly, the H injuenzae zipA gene was not located close to the cluster of ce11 division 

genes (Hale and de Boer, 1997). A zipA homologue was identified in S. typhimurium, but none 

was found in M. genitalium or in M. jannarchii (Hale and de Boer, 1997). Similarity searches 

done in our laboratory on the gonococcal genome data base could not identiQ a zipA homologue 

in N.  gonorrhoeae strain FA1 090 (Victor and Dillon, unpublished data). 

1.7. E. coli cell division occurs in four stages 

According to the latest models, cell division in E. coli may be divided in four stages (Fig. 

5, RotMeld and Justice, 1997): binding of F U  to its membrane anchor ZipA (Stage l), 

formation of the F U  ring (Stage 2), assembly of the cytokinesis machinery (Stage 3), and 

cytokinesis (Stage 4). Each of the four steps are bnefly described in this section. The putative ce11 

division proteins FtsE and FtsX proteins are not part of this model, as the exact role of each 

protein in ce11 division has not been determined. 

1.7.1. FU-ZipA binding (Stage 1) 

The early events of ce11 division (Fig. 5, Stage 1) involve the localization of FtsZ to the 

inner membrane, where it remains associated with the invaginating septum during cytokinesis 

(Rothfield and Justice, 1997). ZipA, the probable membrane receptor for FtsZ, was predicted to 

be a bitopic membrane protein, with its amino-terminal end crossing the imer membrane once 

with the rest of the protein in the cytoplasm, and was shown essential for septum formation (Hale 

and de Boer, 1997). zipA is an essential gene, and its overexpression caused the formation of 

unconstricted filaments, suggesting that ZipA acted early in ce11 division. The filamentous 

phenotype caused by zipA overexpression was relieved by frsZ overexpression, suggesting 

interactions between ZipA and F U .  ZipA was found to be distributed in a ring at the site of ce11 

division; this ring was always located at the site of constriction. It remains unclear as  to which 

protein recruits the other to the future septation site (Hale and de Boer, 1997). 



Figure 5: Proposed sequence of events during ce11 division in E. cofi (hm Rothfield and 

Justice, 1997). OM: outer membrane, LP: lipoprotein, Mur: murein layer @eptidoglycan, CM: 

cytoplasmic (imer) membrane. 





1.7.2. FtsZ and the FtsZ ring (Stage 2) 

The level of F U  was found critical for ce11 division in E. coli, as overproduction by two 

to seven-fold caused the formation of minicells whereas l o w e ~ g  the levels of FtsZ either by 

limitation of fisZ expression using antisense RNA or by growing nul1 mutants of ftsZ in which 

fisZ was carried on a plasmid with a Ts replication defect inhibited ce11 division and caused the 

formation of filaments (Tétart et al., 1992; Dai and Lutkenhaus, 199 1; Ward and Lutkenhaus, 

1985). FtsZ proteins fkom E. coli and from other microorganisms bind GTP andor possess a 

GTPase activity (Wang et al., 1997; Wang and Lutkenhaus, 1996a, 1996b; Mukhe rjee et al., 

1993; de Boer et al., 1992; RayChaudhuri and Park, 1992). Associated with the inner membrane 

through interactions with ZipA (section 1.7.1 .), FtsZ molecules form an annular structure, the 

FtsZ ring (Bi and Lutkenhaus, 1991b), extending around the circumference of the ce11 (Fig. 5, 

Stage 2). The F U  ring is believed to be formed by polymerization of FtsZ molecules in a GTP- 

dependent fashion, and may consist of one or more polymers extending completely around the 

ce11 up to twenty times, or alternatively could be a series of shorter polymers organized to form a 

continual annulus (Rothfield and Justice, 1997; Erickson et al., 1996; Mukherjee and Lutkenhaus, 

1994). FtsZ contains a highly conserved sequence motif (GGGTGTG) that is similar to the 

tubulin signature motif ((G/A)GGTG(S/A)G; Mukhe rjee and Lutkenhaus, 1994; Mukhe rjee et al., 

1993; de Boer et al., 1992a; RayChaudhuri and Park, 1992): FtsZ polymers were remarkably 

sirnilar to tubulin polymen (Enckson et al., 1 W6), and FtsZ was assembled in filaments and 

tubules (Lutkenhaus and Addinall, 1997; Erickson, 1995). The constriction of the F U  ring plays 

a central role in t r i g g e ~ g  cytokinesis events (section 1.7.4.). The FtsZ ring may serve as a 

cytoskeletal element that provides the energy for the constriction of the cytoplasmic membrane 

and/or to act as a mooring to recruit other ce11 division proteins to the division site (Lutkenhaus 

and Addinall, 1997). 



1.7.3. Assembly of the cytokinesis machinery (Stage 3) 

The other ce11 division proteins (PBP3 (FtsI), FtsA, FtsL, FtsN, FtsQ, FtsW, FtsK) are 

thought to assemble at the fiiture division site following the formation of the FtsZ ring (Fig. 5, 

stage 3). This is at least tme for FtsA, FEI, FtsQ and FtsN, as the FtsZ ring was shown to fom in 

#sA(Ts), j M ( T s )  andftsQ(Ts) mutants (Addinall and Lutkenhaus, 1996a) and in cells in which 

the FtsN level was severely reduced (Addinall et al., 1997). These observations indicated that 

FtsA, FtsI, FtsQ and FtsN were not required for the formation of the F U  ring (Addinall et al., 

1997; Addinall and Lutkenhaus, l996a). 

The functions of other proteins involved in cytokinesis have been determined: FtsA may 

act as a link between FtsZ and other ce11 division proteins or may enhance the dynamics of the 

F U  ring (Addinall and Lutkenhaus, 1996b), or rnay link the FtsZ ring to septai specific 

peptidoglycan synthesis (Lutkenhaus and Mukhe jee, 1995). PBP3, the product of theftsl gene, is 

specifically required for the synthesis of septal peptidoglycan (Botta and Park, 198 1 ; Spratt, 1977, 

1975). Bitopic membrane proteins such as FtsQ, FtsL and FtsN are potential candidates for 

signalhg molecules that could coordinate periplasmic processes such as peptidoglycan assembly 

to cytoplasmic events such as DNA synthesis or chromosome segregation (Guzman et al., 1992). 

FtsW was proposed to be involved in the stabilization of the F U  ring (Boyle et al., 1997). FtsK 

rnay be directly involved in the completion of the septa and to be a peptidoglycan-modifying 

enzyme (Begg et al., 1995). 

1.7.4. Cytokinesis (Stage 4) 

The last stage of ce11 division involves the invagination of the septum (Fig. 5, Stage 4). 

This complex process involves the circumferential ingrowth of three layers of the ce11 envelope 

and is currently explained by two models (Rothfield and Justice, 1997). In the fmt model, the so- 

called PUSH model, the ingrowth of the peptidoglycan layer (perpendicdar to the long axis of the 

bacte-) is triggered by a ce11 cycle signal transmitted via the division machinery at the 

rnidpoint of the cell (Rothfield and Justice, 1997). This ingrowth of the peptidoglycan then 



"pushes" the inner membrane inward. In the second model, the PULL model, the constriction of 

the FtsZ ring "pulls" on the cytoplasmic membtane, thereby initiahg the synthesis of septal 

murein by sending a signal to the septal murein-synthesizing machinery (Rothfield and Justice, 

1997). F U  is present in bacteria with and without a ce11 wall (Mycoplarma species) and in 

archaea, in which the cell wall is chemicaily different that of Gram-negative bactena (Madigan et 

al., 1997). If F U  plays the same role in ce11 division apparatus in these organisms as it does in E. 

coli, it would imply that constriction of the F U  ring can occur independently of the ingrowth of 

the peptidoglycan, thus favonng the PULL model (Rothfield and Justice, 1997). The constriction 

of the FtsZ is likely an important triggering event in septum formation, with ingrowth of septal 

murein king a secondary or maybe parallel process responding to the same signal that activates 

the constriction of the FtsZ ring. 

1.7.5. Other events of ce11 division 

The selection of the proper site at midcell for the formation of the division septum 

requires three gene products: MinC, MinD and MinE. MinC and MinD act together to fonn the 

MinCD cell division inhibitor. The MinCD division inhibitor is required to prevent septation at 

the potential division sites at the ce11 poles, since loss of either MinC or MinD leads to the 

production of minicells (de Boer et al., 1989). MinE is an anti-MinCD factor thai provides 

topologicai specificity to the MinCD division inhibitor as it is capable of suppressing the activity 

of MinCD at midcell but not at the ce11 poles (Zhao et al., 1995). The selection of the division site 

through MinCDE has recently been reviewed (Lutkenhaus and Addinail, 1997). 

Other events of ce11 division (DNA segregation, peptidoglycan synthesis, ce11 separation) 

have not been reviewed here but have k e n  reviewed elsewhere (van Heijenoort, 1996; 

Lutkenhaus and Mukhe jee, 1995; Donachie, 1993). 



1.8. Cell division in Neisseriu gonorrhoeae 

N gonorrhoeae is a pathogenic bacterium causing the sexually transrnitted disease 

gonorrhea (section 1.9.). The majority of the research efforts have been directed at elucidating the 

mechanisms of infection and pathogenicity (e.g., pi2 and opa genes, lipooligosaccharide (LOS) 

biosynthesis genes; Seifert, 1996; van Putten and Robertson, 1 995; Koomey, 1994; Meyer et al., 

1994; Robertson and Meyer, 1992; Seifert, 1992; Meyer, 1990% 1 WOb) and identifjmg a suitable 

candidate for the development of a vaccine (section 1.10.). The rnajority of other cellular and 

metabolic processes remain largely uncharacterized. Ce11 division is one major cellular event that 

has not received much attention. 

1.8.1. Gonococcai ce11 division genes 

Three ce11 division genes nom N.  gonorrhoeae, fisZ, penA and rpc, have been identified 

and charactenzed by conventional cloning methods (see below). The genes flankingfisZ and al1 

the other ce11 division genes clustered withfrsZ in N. gonorrhoeae have been identified in our 

laboratory through the analysis of the N gonorrhoeae sequences generated through the 

Gonococcd Genome Project (section 1 6). The analyses done in our laboratory showed that the 

gene order of the main ce11 division cluster in N. gonorrhoeae was similar to that in E. coli and H. 

influeme (Fig. 4; section 1.6.). The same analyses also showed that in N.  gonorrhoeae, there 

were no overlaps between genes, and the spacing between genes was greater than what had k e n  

observed in E. coli and H. influenzae (Fig. 4; section 1.6.). In addition, thefisl homologue was 

missing in the cluster in N. gonorrhoeae, there was a hypothetical gene (Ml)  inserted between 

murE and murF, and emA, the last gene of the cluster in E. coli and H infuenzae, was replaced 

by a hypotheticai gene (hyp2; Fig. 4; Radia et al., unpublished data). 

The gonococcai homologue of/rsZ has been cloned and characterized in our laboratory 

(Radia et al., unpublished data; Radia, 1997). The gonococcai flsZ gene comprised 1 179 bp 

encoding a protein of 392 aa with a predicted molecular weight (MW) of 41 542 Daltons (Da) and 

contained the conserved motifs important for GTP binding (Radia, 1997). It shared 72% 



similarity with the other known prokaryotic FtsZ proteins (Radia 1997). Overexpression of the 

gonococcal fsZ caused filamentation in E. coli as it had been observed when ftsZ fkom other 

bactena was overexpressed in E. coli (Radia, 1997). The frsZ gene is probably essential in the 

gonococcus as it is in other bacteria as d l  attempts to constnict isogenic mutants offrsZ failed 

(Radia, 1997). However, direct evidence of the participation of the gonococcal F U  protein in 

ceIl division in this bacterial species remains to be demonstrated. 

Another putative gonococcal ce11 division gene, penA, encodes the PBP2 protein (Spratf 

1988). This protein is the gonococcal homologue of E. coli PBP3. PBP2 displayed 40% amino 

acid sequence sixnilarity with PBP3 (Spratt, 1988). The p e d  gene was not located within the 

large cluster of ce11 division and ce11 growth genes identified in our laboratory (see above, and 

Fig. 4), contmy to #SI that was located in this cluster in E. coli and H Niflueme (section 1.6.). 

This gene is likely to be widespread in the Neisseriaceae as  it has been identified in Neisseria 

perflava/sicca (Perez-Castillo et al., 1994) and in N. meningitidis (Spratt et al., 1 992, 1989). The 

penA gene has only been investigated as part of projects pertaining to antibiotic resistance and the 

role of PenA in gonococcal ce11 division remains to be demonstrated. 

The third putative gonococcal ce11 division gene is the tpc (tetrapac) gene (Fussenegger et 

al., 1996a). It is an ORF of 1040 bp encoding a protein of 346 aa with a predicted MW of about 

37 KDa (Fussenegger et al., 1996a). The aa sequence of Tpc did not display any similarity to 

protein sequences available in the public databases (Fussenegger et al., 1996a). Its only notable 

feature was a leader sequence that showed perfect identity with lipoprotein leader sequences. This 

leader sequence was shown to be essential for export and fünction of the Tpc protein although the 

lipoprotein nature of Tpc was unclear. pc mutants showed diminished murein hydrolase activity, 

suggesting that Tpc might be a murein hydrolase, therefore the primary defect of tpc mutants 

likely relates to disfûnction of bacterial ce11 division and ce11 separation. tpc mutants also 

appeared tetracoccal in shape (Fussenegger et al., 1996a; section 1.8.2.). The p c  gene is preceded 

by the folC gene that encodes folylpoly-(y)-glutamate-dihydrofolate synthetase, an enzyme 



hvolved in the metabolism of one carbn molecules (Fussenegger et al., 1996% 1996b). It is 

possible that folC and p c  fonn a transcriptional unit (Fussenegger et al., 1996b). 

1.8.2. Electronic microscopie observations 

Early investigations on gonococcal ce11 division were conducted by electron microscopy 

(EM) of dividing gonococci (Westling-HiiggstrOm et al., 1977; Reyn et al., 1970; Fitz-James, 

1964). The earliest indications of division was a hemispherical constriction deeper on one side 

than the other (Fitz-James, 1964). These folds were present at the division plane. Observation of 

gonococci on agar slides indicated that the fm expansion occurred perpendicular to the division 

plane, then ceased, and that subsequent growth occurred parallel to the existing septum to Iinally 

produce a tetrad of cells (Westling-Haggstrom et al., 1977). Expansion of individual gonococci 

proceeded in only one dimension throughout virtually the entire ce11 cycle, but expansion in two 

dimensions was observed in some cells at the end of the division period. Growth in the second 

dimension began slightly before the distance fiom one pole to the division plane equaled ce11 

width. 

Active growth occuned in the septal region as treatment of growing gonococci with 

penicillin caused distortions in the septal region (Westling-HâggstrBm et al., 1977). N. 

gonorrhoeae was observed to divide by septation rather than by constriction. Ce11 division was 

initiated by an ingrowth of cytoplasmic membrane enclosing a fold of peptidoglycan that gave 

rise to complete septal structures. Septal peptidoglycan was often visualized as two separate 

layers (Westling-HHggstr6rn et al., 1977). The completion of the ce11 wall was observed to occur 

much later in ce11 development (Fitz-James, 1964). Microscopie observation suggested that the 

ce11 wdl material between two daughter cells matured slowly as it was not as dense as the ce11 

wall smunding the cell. Hence, a delay in separation of already divided cells accounted for the 

high propcrtion of apparently dividing duplex forms seen in cultures of gonococci (Fitz-James, 

1964). This pattern of bidimensional growth was also observed for other Neisseria species such 

as N. meningitidis and Neisseria pharyngitis (Westling-HiiggstrOm et al., 1977). 



N gonorrhoeae strains with an inactivated rpc gene, encoding a protein involved in late 

stages of gonococcd ce11 division were also observed by EM (Fussenegger et al., 1996a; section 

1.8.1 .). Gonococci nom such strains appeared tetracoccal in shape (Le., two diplococci connected 

by a double murein layer at their interface). The inner membrane was separated and the outer 

membrane was continuous around the whole tetrapac. The outer membrane also appeared to 

bulge out and form blebs because invagination at the septum was blocked by the double murein 

layer. Tetrapacs were observed to use a third possible division plane and divided through an 

octapac intermediate; these octapac intermediates were rarely observed in cultures of rpc mutants. 

The comL gene, involved in cornpetence for transformation, is also believed to encode a murein 

hydrolase (Fussenegger et al., 1996~). Unlike tpc mutants, comL mutants had a diplococcal 

morphology but the cells are approximately two times smailer than wild-type gonococci 

(Fussenegger et al., 1 996~) .  

C. Nekseriu gonorrhoeae 

1.9. A brief history of gonorrhea 

Gonorrhea is a disease that has been long known to man; there are references to 

gonococcal infection in old Chinese, Japanese, Egyptian and Vedic sources, as well as in the 

Bible (Kiple, 1993; McGrew, 1985). The first scientific observations on gonorrhea were made by 

Hippocrates (460-355 B.C.), who associated the infection with "the pleasures of Venus" (Palella 

et al., 1997). Gonococcal infections were also described by the Greek physician Galen (120-200 

A.D.) who coined the term gonorrhea ("flow of seed"), which originates from two greek words, 

"gonos" (seed), and "rheîn" (flow) (Jephcon, 1990). The term "clap", a colloquialism sometimes 

used to designate a gonococcal infection, fîrst appeared in 1378 A.D. and probably referred to Les 

Clappiea or Clappoir, a district of Paris where prostitutes commonly worked at the tirne (Palella 

et al., 1997). Following the great syphilis endemic that began in the 1s t  decade of the meenth 



century, gonorrhea and syphilis were regularly confused and gonorrhea was widely considered to 

be the omet stage of syphilis (Kiple, 1993; McGrew, 1985). In 1767, the Scottish surgeon John 

Hunter inoculated hirnself with pus~ la r  discharge of a patient believed to have gonorrhea but 

developed syphilis (Kiple, 1993; McGrew, 1985); this experiment postponed scientific 

understanding of the two diseases by decades. In 1838, gonorrhea was finally shown to be a 

separate disease fiom syphilis by Philippe Ricord in Paris through a series of clinical observations 

and direct experiments (Kiple, 1993; McGrew, 1985). The bactenum responsible for the sexuaily 

transmitted disease gonorrhea was isolated in 1879 by Albert Neisser at the University of Breslau 

in Germany (Kiple, 1993). Ernst von Bumm, one of Neisser's research associates, later cultivated 

the bactenum, named Neisseria gonorrhoeae, and inoculated human volunteers to prove its 

pathogenicity in pure culture (Kiple, 1993). 

1.10. N. gonorrhoeae is a pathogen of world-wide importance 

The World Health Organization (WHO) estimated that there would be 250 million new 

cases of sexually transmitted diseases (STD) occumng throughout the world in 1995, and that 25 

million of these would be cases of gonorrhea (Pan Arnerican Health Organization, 1994). 

Gonorrhea is an STD of world-wide importance and is extremely common in developing areas of 

the world (Morse, 1991). The incidence in some Afncan countries was estimated to be between 

3000 and 10 000 cases per 100 000 population (Kiple, 1993; Morse, 1991). Such rates were much 

higher than those observed in industnalized countries; for instance there were 21 cases per 100 

000 population in Canada in 1994 (Canada Communicable Disease Report, 1996.), 14 cases per 

100 000 population in Sweden in 1989 (Danielsson, 1990) and 168 cases per 100 000 population 

in the United States in 1994 (Division of STD Prevention. Sexually Transmitted Disease 

Surveillance, 1994). Nonetheless, gonorrhea remains one of the most important bacterial STDs in 

indusûialized countries (Gillespie, 1994). 

In Canada in 1994, gonococcal infections ranked sixth among the forty-six reportable 

infections and were ranked the second-most cornrnon bacterial sexually transrnitted infection 



(Canada Communicable Disease Report, 1996). The number of reported cases has been steadily 

decreasùig in Canada: fkom more than 56 000 reported cases in 1982 to 6 167 reported cases in 

1994 (Canada Communicable Disease Report, 1996). The incidence has decreased almost eight- 

fold since 1985, kom 162.1 cases per LOO 000 population in 1985 to 21 cases per 100 000 

population in 1994 (Canada Communicable Disease Report, 1996). The incidence of gonorrhea is 

the highest among females aged between 15 to 24 years old and men aged between 20 to 24 years 

old (Canada Communicable Disease Report, 1996). 

Humans are the oniy natural host for N. gonorrhoeae; gonococcal infections are acquired 

almost exclusively by sexual contact. It therefore depends entirely on human behavior for 

successhil transmission. This becomes especially important considering that up to 50% of males 

and females with gonococcal infections may be asymptomatic (Canada Communicable Disease 

Report, 1992). The consequences of these asymptomatic infections can be a chronic carrïage of 

the bacterium and sexual contacts will also be more likely to be asymptomatic (Canada 

Communicable Disease Report, 1992). 

The incubation time of the disease varies between two to seven days (Canada 

Communicable Disease Report, 1992; Jephcon, 1990). In men, the most common symptom of 

uncomplicated gonorrhea is a discharge that rnay range from scanty, clear or cloudy fluid to one 

that is copious and purulent and often accompanied by difficulty or pain in urination (Mone, 

1991). The infection rnay spread to the prostate, the seminal vesicles and Cowper's glands; the 

epididymes rnay also become infected and in such cases, inflammation rnay result in sterility 

(Jephcott, 1990). Endocervicai infection is the most common form (Le., that does not spread 

beyond the c e ~ x )  of gonorrhea in wornen. Such infections are usually characterized by discharge 

and sometimes dysuria (Morse, 1991). Gonococci in women rnay ascend foxm the endocarvical 

canal through the endometnum to the fallopian tubes and finally to the pentoneum, causing 

complications such as endometritis, sdpingitis or peritonitis (Morse, 1991). These infections can 

cause pelvic and abdominal pain, fever, chills, and cervical motion tendemess, ail which are 

symptoms of pelvic inflammatory disease (PID; Mone, 1991). More senous complications rnay 



&se fiom P D  such as tubo-ovarian abscesses, pelvic pentonitis, or the Fitz-Hugh and Curtis 

syndrome (FHCS), an inflammation of Glisson's capsule of the liver (Lopez-Zeno et al., 1985). 

FHCS is an extrapelvic manifestation of P D .  Ultimately, P D  rnay Iead to involuntary idertility 

or ectopic pregnancy (Salyers and Whitt, 1994; Morse, 1991). The importance of bacterial STDs 

as human pathogens rests in part on their adverse effects on reproductive health (Sparling et al., 

1994), and the brunt of these adverse effects is borne by women (Adimora et al., 1994). 

Bacterial STDs, including gonorrhea, facilitate the heterosexual transmission of HIV 

(Wasserheit, 1992; Aral and Holmes, 199 1 ; Cameron et al., 1989). Gonococcal infections are 

believed to increase HTV transmission by a factor of 3.5 to 8.9 among women and by less than a 

two-fold factor in homosexual men (Wasserheit, 1992). STDs may increase the heterosexual 

transmission of HIV by producing genital inflammation in HIV-infêcted people, thereby 

increasing the shedding of HIV in genital secretions, or by producing genitd inflammation in 

individuais who are sexually exposed to HIV, thus enhancing susceptibility to HIV acquisition 

(Holmes, 1994; Sparling et al., 1994). These observations led the WHO to conclude that an 

effective strategy to control HIV should include the development of effective programs to achieve 

the control of bacterial STDs (Sparling et al., 1994). Long lasting effective strategies will require 

the availability of vaccines to prevent bacterial STDs (Sparling et al., 1994). 

N. gonorrhoeae isolates constantly develop novel antibiotic resistance. The first h g s  

used to treat gonococcal infections were sulfonamides, and these were replaced by penicillin 

when it became widely available, because gonococcal isolates had rapidly developed resistance to 

sulfonamides (Kiple, 1 993). By the early 1 970s, strains with low-level chromosomally-mediated 

penicillin resistance were observed in may parts of the world, especially in Southeast Asia 

(Palella et al., 1997). Penicillinase-producing isolates of N. gonorrhoeae (PPNG) were first 

reported in 1976 in s h n s  onginating fiom Afnca and the Far East (Elwell et al., 1977; Roberts 

et al., 1977). PPNG isolates were subsequently reported worldwide (Sehgal and Snvatsava, 

1987). This penicillin resistance is caused by a farnily of severai structurally related plasmids 

(Aman, 1994; Dillon and Yeung, 1989). Tetracycline resistance, emerging resistance to 



ciprofloxacine, and reduced susceptibility to ceftnaxone have k e n  observed in dinical isolates of 

N. gonomhoeae. 

Gonococcal infections are matable with several new antibiotics (flumquinolones such as 

ciprofloxacin or 3d genemtion cephalosporins such as ceftriaxone), but the ever-evolving 

resistance of N gonorrhoeae to antibiotics constantly necessitates newer, more expensive 

antibiotics, which are ofien unavailable in developing countries (Sparling er al., 1994). The 

development of vaccines against bacterid STDs has thus been advocated by the WHO as a 

necessary tool for an effective strategy against HIV since bacterial STDs sornetimes play an 

accessory role in the spread of HIV. The development of a vaccine against N gonorrhoeae has 

received the greatest attention over the years because of its importance as a pathogen (Adimora et 

al., 1994), and the need for this vaccine was frst  recognized in 1963 (WHO expert cornmittee on 

gonococcal infections, 1963). However, since the first immunization attempts using autolyzed 

gonococci (Greenberg et ai., 1971) and many efforts in the foilowing years, there is still no 

vaccine to cure or prevent gonococcal infections (Blake and Wetzier, 1995; Adimora et al., 1994; 

Sparling et al., 1994). The principal cause of failure to develop a successful vaccine is partly due 

to the choice of targets for vaccine development. It was discovered that the gonococcal proteins 

chosen as vaccine targets were subject to intense antigenic variation, pilin proteins being a good 

exarnple (Seifert, 1996; Koomey, 1994; Meyer et al., 1994; Robertson and Meyer, 1992a; Seifert, 

1992; Meyer, 1990% 1990b). Attempts were made to raise a vaccine against the LOS but it was 

discovered that the genes encoding components of the LOS were regulated by mechanisms 

allowing the expression of variants (van Putten and Robertson, 1995), as is the case for pilin 

protek. Few attempts have been made to create vaccines raised fiom Opacity (Opa) proteins, as 

they are subject to antigenic variation as well (Meyer et al., 1994; Sparling et al., 1994; 

Robertson and Meyer, l992a; Seifert, 1992; Meyer, 1990% 1990b)). 



1.1 1. Characterization of the chromosome of N. gmorrhoeae 

The structure and organization of the gonococcal chromosome has been under 

investigation for several years. The initial work was a liteniture review of the 75 known loci that 

had been identified by mutationai analysis with phenotypical changes and complementation, and 

of gene products that had been well characterized by other means than mutagenesis (West and 

Clark, 1989). Later, macrorestriction maps of N. gonorrhoeae strains FA 1090 (40 loci) and MS 1 1 

(with over 60 loci) were constmcted and genes were localized on this map by means of 

hybridizations (Dempsey and Cannon, 1994, 199 1; Biihmaier et al., 1991). The 1s t  genetic map 

of N. gonorrhoeae FA1090 to be published included 68 mapped loci (Dempsey and Cannon, 

1994). However, these macrorestriction maps will soon be obsolete for the purpose of mapping 

genes as the determination of complete nucleotide sequence of the genome of N. gonorrhoeae 

strain FA1090 was undertaken. The complete revised sequence of the gonococcal genome is 

expected to be completed at the end of 1997 (Dyer et al., 1996). 

The gonococcal uptake sequence (US) is a well-known important sequence feature of N. 

gonorrhoeae. The gonococcal US is a 10 bp sequence (5'-GCCGTCTGAA-3') that was proposed 

to play a significant role in the regdation of gene expression (Goodman and Scocca, 1988). The 

US are ofien located downstream of genes in the form of inverted repeats, and may form a stem 

structure that could act as a transcriptional terminator (Barber et al., 1994; Goodman and Scocca, 

1988). The gonococcal US was proposed to be present at one copy per Kb of chromosomal DNA 

(Goodman and Scocca, 1991). The gonococcal US was also shown to be important for bacterial 

transformation, as double- and single-stranded DNA, as well as circular or linear plasmid DNA 

could be transformed in to N gonorrhoeae as long as they contained the gonococcal US (Stein, 

1991). Only DNA molecules containing the gonococcal US were specifically intemalized by 

gonococci (Elkins et al., 199 1 ; Goodman and Scocca, 1988). 



D. Hypotheses and goals 

The molecular biology of gonococcal ce11 division remains largely uncharacterized and 

the ce11 division process in coccal bacteria has not received much attention with the focus being 

on E. coli (section 1.7.). The gonococcal fsZ gene was characterized in our laboratory and we 

used the data generated by the gonococcal genome project (Dyer et al., 1996) to identify most of 

the ce11 division genes in N. gonorrhoeae by performing similarity searches using the sequences 

of known ce11 division genes fiom other bactena (Radia et al., unpublished data; section 1.8.1 .). 

The presence in N. gonorrhoeae of the majority of the ce11 division genes identified in E. coli and 

their similar overall organization suggests that the overall process of ce11 division in N.  

gonorrhoeae and E. coli is similar. 

In the initial stages of this project, we sequenced plasmid clones selected fiom a N.  

gonorrhoeae genomic bank and one of these contained a complete homologue of the E. colifisX 

gene. BecausefisX had been proposed to be involved in ce11 division, and a project involving the 

molecular characterization of gonococcal ce11 division genes was being initiated in our laboratory, 

the identification and molecular charactenzation of the gonococcal homologues of the E. coli 

fsYmgenes became the focus of this study. 

This project was initiated before the gonococcal genome project was launched, when only 

penA had been identified as a putative ce11 division gene in N. gonorrhoeae (section 1.8.1 .). The 

starting hypothesis is thus that the BsY, /rsE and #sX genes are present and clustered in N. 

gonorrhoeae as in E. coli and I3 iinfuenzue, and that the gene products of these three genes are 

involved in an uncharacterized aspect of ce11 division (section 1.4. and 1 S.). FtsE fiom E. coli 

was found to share aa sequence similarities with the ATP-binding domaùis of ABC transporten 

(section 1.2.1 .); based on the existing knowledge on the organization of genes encoding ABC 

transporters, it is also hypothesized that frsY, fsE and frsX encode the subunits of an ABC 

transporter. FtsY could be a protein peripherally associated with this putative ABC transporter, as 

there is considerable evidence for the role of FtsY in protein transport (section 1.5.3.). 



The £ k t  goal of this project is to identq  and characterize the putativefisY,fsE andj?sX 

ce11 division gene cluster in the gonococcus and to study their expression. 

The biological function of FtsE and FtsX has not k e n  determined (section 1.5.). The 

second goal of this project is to determine the biologicai function of these proteins, and to 

confirm their involvement in ce11 division. Mutations in @SE or frsX in E. coli render the 

bactenum thermosensitive and they fom filaments at their restrictive temperature (section 1.4.). 

The fisX gene will be insertionally inactivated in N.  gonorrhoeae to veriq if it is an essential 

gene. The mutation in E. coli JSlO altered the antibiotic resistance of the strain. The effect of 

inactivatingfisXon the antibiotic resistance profile of N. gonorrhoeae will ais0 be venfied. 

ThefsE andfisXgenes are not present in ail bacteriai genera (section 1.4.). The third goal 

of this project is to investigate the prevalence of thefisE andfrsX genes in the Neisseriaceoe. 

As a last objective, the genes flanking #sY, ,SE and JfrsX will be identified and 

characterized. 



PART 2. MATERIALS AND METHODS 



2.1. Bacterial strains, growth conditions, plasmids and DNA 

The bacterial sirains and plasmids used in this work are Listed in Table 2, and their 

construction is described in the appropriate section of the methods. E. coli DHSa was used for 

the construction of a bank of N. gonorrhoeae CH8 1 1 DNA. E. coli ligATor cells (R&D Systems, 

Abingdon, United Kingdom) were used as hosts for ail constructs made using the pTAg plasmid 

unless otherwise specified. E. coli W a F '  was used as the host strain for al1 other cloning 

procedures. 

Al1 N. gonorrhoeae isolates were grown on half-strength GC medium base (GCMB; Difco 

Laboratories, Detroit, Michigan) supplemented with modified Kellogg's Defined Supplement for 

18-24 hours at 35°C in a humid environment supplemented with 5% CO2 (Picard and Dillon, 

1989a). GCMB was supplemented as needed with 100 mM KCI, 400 mM sucrose or 300 m M  

urea GCMB with varyhg concentrations of NaCl (0-2%) was prepared fiom its basic 

components as described (Difco Manual, 1990) and the required amount of NaCL. The pH of the 

GCMB was adjusted as needed using 5 N NaOH or 10 M HCI when needed. N. gonorrhoeae 

strains CH81 1 and CS19 were grown anaerobically on GCMB with Kellogg's defined 

supplement ont0 which a sterile disk (Schleicher & Schuell, Keene, NH) inoculated with 40 pL of 

2.4 M NaN02 had k e n  centrally placed. Plates were incubated overnight in a humid environment 

consisting of 5% COz, 7% Hz, and 88% N2 at 3S°C in an anaerobic chamber (Forma Scientific, 

Marietta, OH). The strains were subcultured twice before king used for colony counts, and al1 

subculturing was performed within the anaerobic chamber to ensure that no residual oxygen was 

present. GCMB and N. gonorrhoeae chemicdly defined medium (Hendry and Stewart, 1979) 

plates were pre-reduced for at least 24 h in the anaerobic chamber before use. 



Table 2. Bacterial strains and plasmids used in this work 
Characteristics SourceIRef. 

Strain or plasmid 

N. gonorrhoeae CH8 1 1 prototrophic nrainkmvar IB-Uplasmid fitt Garcia-Moreno et al. ( 1 987) 

N. gonwrhueae CH81 lsoR denvative of N. g o n o r r h m  CH8 I 1 that is mistant to Li and Dillon (unpublished 

streptomycin dm) 

E coli AT3 141 

E coli DHS4  

E. coli GY3428 

E coli H 1230 

derivative o f  CH8 1 1. itsfigenc is disruptcâ by a 2.9 This work 

Kb blunted AccI-Aval fiagment containhg cor h m  

pACYC184 cIoned in the Nml site 

H fi rhr- l leuB6 proA3O lacZ4 glnV44 LAM' rpsL8 Taylor. 1970 

argD37 [hi-l Mu+ 

F-deoR endA l gyrA96 hrdR 1 7 (rk- rm+) recA l relA 1 V.N. Iyer 

nipE44 ihi- l k U  1 69 ( b o l a c ~ ~  1 5) 

gfnV44? A- recA43 1 &43 refA 1 ? ThyA6 1 lysA22 M.K. Berlyn; Morand et ol.. 

rps~2339(specR) mafI-l(hR) @A7 mdA2 1 977 

th-20 leu-32fhuA48 proA35 argF58 A' relA I spoTl M.K. Berlyn 

argI60 

E coli W M F '  F* endA 1 recA l hrdR 17 (rk- rm+) supE44 [hi- 1 gyrA96 Invitmgen Corp. 

relA 1 @01ucZ~ I 5 

E coli IigATor cells endA 1 Ml 7 (r , 2- r1 2+) supE44 rhi- l recAl gyrA96 M D  Sysrcms 

R relA 1 l o c [ ~ ' ~ r o ~ +  B+ ~ C I ~ Z A M  I5::Tn lO(Tet )] 

E coli JS 10 ara leu mi ronA proA lac2 rpsL xyi mtl merE [hi S turgeon and Ingram. 1 978 



Table 2 (continued) Bacterial strains and plasmids used in this work 
Straui or Characteristics Sowe/Ref. 

E coli KI46 fiuA2? LacY 1 or lacZ4 or lac-20 &Y-7 glnV44? gal-6 A? hisG I recA 1 rpsL8 M.K. Berlyn 

or rpsL9 or rpsL 1 7 maf ï l  ( A ~ )  kdgK 1 mec6 1 W H  1 chi- 1 

E coli KL723 th- 1 ara- 14 leuB6 A(gpt-proA)62 lacY 1 m-33 glnV44 gaK.2 A' race hisG4 M.K. Beriyn; 

rjbD 1 mgl-5 1 ncA 13 rpsW 1 (s#) Mg5 1 xyIA5 mil- 1 argE3 thi- l 
Low, 1972 

E coli 

30SOMA4 

Hfi lacZ43 LAM' relA 1 argB62 chi- l Glansdorff. 1965 

E coli UQ27 F argG75 pros 1 27 l a d 4  

E coli W342 1 F gufiï3 W a m  1 M(rrnD-mnE) 1 

E coli W3678 gafI23 X M(rrnû-rrnE) 1 argH56 

E coli W3679 F gaK23 LAM' M(rrnD-rrnE) 1 argC24 

E col!' X462 ara leu a 5  ronA proA lacZ rpsL xyl mrt merE chi nonlysogen 

Bohmann and 

Isaksson. 1980 

BJ. Bachmann 

M.K. Berlyn 

B.J. Bachmann 

Sturgeon and 

Ingram. 1978 

New England 

Biolabs 

pTAg with a N. gonorrhoeaefiz amplicon under lac promoter control Rzidia 1997 

cloning v a t m  (hnpR) Srratagene 

cloning vmor for amplicons (&npR) Invitmgen Corp. 

cloning veftor for amplicons (AnpR) Promega Corp. 

pGEM-T containing the amplificdfiEXgenes h m  N. gonorrhwae with thcir Li, unpublishcd 

upstream region data 



Table 2 (continued) Bacterial strains and   la sr nids used in this work 
Strain or Characteristics Source/Ref. 
plasmid 

PQE30 cloning vcctor used to generate histidine-mggcd pmieins (hnpR.  ~ 1 r 3  QIAGEN 

pREP4 pACYC184 daivative overcxprcsing the lac rep-r (Kan9 QIAGEN 

pSB 19 pKS+ containing a 1.8 Kb Sau3AI DNA fragment o/N. gonorrhwae This work 

containing partial /isE and pgk genes and a complete frsX gene; flsX and the 

vectorbornc lac prornoter are in opposite orientations 

pKS+ containing the blunted EcoRI-XbaI hgrnen t  h m  pSB 19 subcloned in This work 

the S m 1  site of pKS+; N. gonorrhueaej?sX is under lac promotcr conml  

derivative o f  pSB19 in which t h e w g e n e  is disrupted by a 2.9 Kb blunted This work 

Rccl-AvaI Fragment containing car from pACYC 184 cloned in the unique ,Vml 

site o f w  

derivative of pSB 19 in which thefisXgene is disrupted by a 2.9 Kb blunted This work 

AccI-AvaI fragment conmining car €rom pACYC 184 cloned in the unique Sryi 

site offisX 

pSB1900 pCRII containing a 2.8 Kb amplicon of gonococcal DNA including the 5'- This work 

section of/isE and cornpletc rlp.4. arsC and a partial glrX 

pSBI9 IO pTAg with a N. gonorrhoeae f i E  ampticon under lac promoter convol This work 

pSB1911 pTAg with a N. gonorrhoeaefisE amplicon and the lac promoter fiom pTAg in This work 

opposite orientations 

pSB 1931 pQE30 containing a uuncated N. gonowhoeae fuE gene cloncd in the BamHI- This work 

Pst1 site o f  the vcctor 

pTAg clonign vector for amplicons (Anp=,  an^) R&D Systcms 



E coli strains were grown in Luria-Bertani (LB) broth (Sambrook et al., 1989), in Luria 

(L) broth (Miller, 1972) or in minimal medium M9 (Sambrook et al., 1989) with shaking or on 

tryptic soy agar (TSA; Difco) at 37°C unless othenvise indicated. The arginine defect of arginine 

mutants of E. coli were confinned by growth on M9 medium containhg the product (positive 

growth control) or the substrate (negative growth control) of the enzymatic reaction catalyzed by 

each arg gene product (Fig. -42-1). While confirming arginine biosynthesis gene defects, al1 other 

nutritionai requirements for the strains tested were added to the M9 medium. M9 medium was 

supplemented with thiamine to a final concentration of 50 pg rn~- ' ,  arnino acids and 

intermediates of arginine biosynthesis were added as needed to a final concentration of 100 ug 

mL1. 

Al1 N.  gonorrhoeae strains were verified by Gram staining and by colony morphology on 

GCMB. E. coli strains were verified by the confirmation of their growth requirements on 

minimal medium M9. AI1 bacterial strains were stored at -70°C in bovine heart infusion (BHI; 

Difco) with 20% glycerol. 

When required, antibiotics were added to LB broth and TSA plates at the following 

concentrations: 100 pg milliliter (mL)-' for ampicillin (Arnp), 30 pg mL-' for chloramphenicol 

(Clr), 15 pg mL-1 for kanamycin (Kan), 100 pg m ~ - '  for streptornycin (Strep), and 15 pg mL-f for 

tetracycline (Tet). For the growth of N. gonorrhoeae with arsenical compounds, sodium arsenate 

(Na(AsM); dibasic heptahydrate, Na2HAs04-7H20; Sigma Chemical Co., St-Louis, MO) was 

used at 512 pg r d /  and sodium arsenite (Na(As[TII]); NaAs02; Sigma Chemical Co.) was used 

at 2 pg m ~ "  . When required, arginine was supplernented at 1 00 pg rn~- ' .  

DNA h m  Neisseria rneningitidis 1527, Neisserio fravu 1682, Neisserio subfava 1683, 

Neisseria elongafa 1 684, Neisseria mucosu 1 6 8 5, Neisseria luctamica 1 6 8 8, Neisseria 



pe flavolsicca 1 69 1 , Neisseria flavescenr 1 693, Neisseria polysacchareae 1 696 and Neisseria 

cinerea 1699 was purined as descnbed elsewhere (Lawson et al., 1995). The DNA preparations 

used throughout this work were stored in water at -20°C. 

2.2. Determination of minimal inhibitory concentration, auxotype. and viable counts of N. 

gonorrhoeae 

The minimal inhibitory concentrations (MC) to penicillin ( Wyeth-Ayerst Canada hc., 

St-Laurent, Québec), tetracycline (Pfizer Canada, Pointe-Claire, Québec), specthornycin 

(Upjohn Co. of  Canada, Don Mills, Ontario), cefiaxone (Hofian-LaRoche, Mississauga, 

Ontario), ciprofloxacin (Bayer Leverkusen, Leverkusen, Germany), azithromycin (Pfizer Canada, 

Pointe-Claire, Québec) of N. gonorrhoeae strains CH8 1 1 and CS 19 were determined following 

the agar dilution method using GC medium base (Difco) supplemented with 1 % Kellogg's 

defined supplement and serial twofold dilutions of antibiotic (NCCLS, 1997). Bacterial inocula 

were prepared in auxotyping minimal medium (Dillon et al., 1987). The same procedures were 

followed for the detemination of the MIC to Na(AsM) and Na(As[III]). Control strains 

included WHO III, WHO V, WHO VI1 (Reyn el al., 1980), ATCC 49226 (NCCLS, 1997) and 

the PPNG strain GCI-182 from our strain collection. MIC interpretative cntena for each 

antimicrobial were those recomrnended by the National Cornmittee for Clinical Laboratory 

Standards (NCCLS, 1997). The MIC for an antibiotic or an arsenic compound was defined as  the 

lowest concentration of a compound at which there was no bacterial growth. Al1 MICs were done 

in duplicate. 

The auxotype of N. gonorrhoeae CH81 1 and CS 19 was determined by a method (Dillon, 

1983) based on the procedure of Hendry and Stewart (1979). To determine viable counts, N. 



gonorrhoeae cells h m  ovemight cultures were resuspended in auxotyping diluent (Hendry and 

Stewart, 1979) to a McFarland Equivalence Turbidity Standard of 0.5 (Oxoid hc., Nepean, Ont-). 

The bactena were vortexed for 30 seconds (sec.) to remove clumps. Serial tenfold dilutions (1  O-' 

to IO-') were prepared and mixed in auxotyping diluent, and 25 PL From each dilution and fkom 

the undiluted bacterial suspension were spotted in duplicate on supplemented GCMB plates. The 

plates were incubated as descnbed in section 2.1. The number of colony forming units ( c h )  was 

d e t e d e d  after 18-24 hours on GCMB or d e r  48 hours on minimal (awotyping) medium. 

These experiments were repeated twice (four counts). 

23. Microscopy techniques 

For Iight microscopy to observe bacterial morphology, E. coli cells were recovered by 

centrifugation (5 min./6000 rotations per minute (rprn) using a F28/Micro rotor (Sorvall)/4*C), 

resuspended and fixed in 2% glutaraldehyde for 30 minutes (min.) at room temperature. The 

fixed bacteria were then pelleted by centrifugation (5 min./0000 rpm (F28IMicro rotor)/4OC) and 

resuspended in the same volume of 0.9% NaCl. Aliquots of fixed cells were subsequently 

observed using a Leitz Laborlux K light microscope (Wild Leitz, Willowdale, Ont.). 

For electronic microscopy (EM), Neisseria gonorrhoeae cells fiom a fresh ovemight 

culture were collected (1/4 loopful) and resuspended in sterile PBS to a McFarland Equivalence 

Turbidity Standard 0.5 ( 1 . 5  IO* bacteria r n ~ - ' ;  Oxoid Inc.). The bacteria were vortexed during 

resuspension to remove clumps. One &op of the bacteria in solution was placed on a piece of 

parafilm. Fomvar coated grids (M400; for grid preparation, see below) were used to lift the 

bacteria, followed by staining in uranyl acetate (Marivac Ltd., Halifax, Nova Scotia; 10 pL of 

21.2% uranyl acetate in 0.5 M HC1 [made in 90% EtOH] to 10 mL 90Yo EtOH). The grids were 



air dried before viewing under the electmn microscope. h some instances, the grids were Nised 

by dipping in 90% EtOH for 10 sec. before air drying. Altemately, the bactena were stained in 

10% phosphotungstic acid (PTA; Marivac Ltd.) before rinsing and air drying. The grids were 

viewed using a Philips EM2Ol microscope. Pictures were taken using a 1 sec. exposure, and the 

plates (negatives) were developed on Ilford MGX-O. 1 M (glossy finish) paper. 

The copper grids (300 and/or 400 mesh; Marivac Ltd.) were coated using a novel procedure 

(B. Luck, personai communication). A tissue (Optical Lens Tissue; Marivac Ltd.) cleaned 

microscope slide (VWR Scientific, Media, PA) was dipped into 30 mL of formvar solution 

(0.3% in ethylene dichloride; Formvar and Ethylene Dichloride obtained from Marîvac Ltd.) and 

dlowed to dry. The edges of the slide were etched using cleaned forceps to cut the formvar layer. 

The slide was then carefully placed into a Petri dish containhg sterile water at a 45O angle to float 

the formvar layer ont0 the water phase. The copper grids were placed ont0 the fomvar layer, and 

the layer was collected using a piece of parafilm (i.e. the lift was done with the side of parafilm 

which contains the paper). Once dried, the parafilm was placed in a Petri plate. 

2.4. DNA manipulations 

2.4.1. DNA restriction and other manipulations 

Restriction enzymes were purchased from Boehringer Mannheim (Laval, Québec), 

Promega (Madison, Wisconsin) or Pharmacia Biotech Inc. (Baie d'Urfé, Québec); T4 DNA ligase 

and T4 DNA polymerase were purchased from Pharmacia Biotech Inc., and al1 enzymes were 

used according to the instructions of the manufacturers. DKA was electrophoresed through 1% 

agarose gels unless othenvise specified and visualized by staining in 0.5 pg ethidium bromide 

mL-l followed by exposure to ultraviolet 1 ight (Mode1 3 -3 000 transilluminator, Fotodyne Inc., 



New Berlin, Wisconsin), rinced 5- 10 min. in double-diailled water and photographed using the 

GelPrint 2000i digital imaging system (Bio Photonics Corp., Ann Arbor, Michigan). DNA 

fhgments were purified from agarose gels using the GlassMAX DNA isolation matrix systern 

(Gibco BRL). Preparation of competent E. coli for transformation was done using the calcium 

chlonde method (Sambrook et al., 1989). When E. coli transfonnants were selected on M9 

medium, the cells were pelleted by centrifugation (12 000g/30 sec./4"C in a Sorvall MC12V 

centrifuge) following the 1 hou growth in nch medium. The cells were carefully resuspended in 

1 mL of liquid M9 medium and centrifuged again and resuspended in 200 uL of Iiquid M9, and 

were spread on the plates. N. gonorrhoeae was transformed as described in section 2.13.2. 

2.4.2. Plasmid DNA purification 

Plasmid DNA used for cloning, manual sequencing or for in vitro transcription/translation 

studies was purified on cesium chloride gradients (Sambrook el al., 1989). Plasmid DNA used 

for automated sequencing was purified using QIAGEN-tip 20 columns (QIAGEN, Chatsworth, 

California), and plasmid DNA used for routine procedures such as restriction digests was 

puri fied using W izard Mini preps columns (Promega). 

2.5. Construction of the library of Neisseria gonorrhoeae CH811 DNA and isolation of 

plasmid clones 

Genomic DNA fiom N gonorrhoeae CH81 1 was purified as previously described (Ng 

and Dillon, 1993). This DNA was partially digested with Sau3AI and hgments up to 6 kilobases 

in size were fractionated by ultracentrifugation (50 000 rpm.1 0°C/20 hours in a Vti5O. 1 rotor) on 

sucrose gradients (Ausubel et al.. 1989; Sambrook et al., 1989). Fragments between 2 and 4 



kilobases (Kb) were recovered, dephospholylated and ligated into the BamHI site of pBluescript 

KS+. Ligation mixtures were tramformed into E. coli DHSa following a procedure previously 

described (Chung et al., 1989) and transforrnants were selected on TSA + Amp. plates containhg 

75 pg 5-bromo-4chloro-3-indolyl-P-D-galactoside (X-gai) mL1.  Recombinant clones were 

restreaked twice on the same type of medium and were then pooled in groups of f i e  and stored 

at -70°C as described in section 2.1. Aliquois from these pools were grown in liquid cultures and 

the plasmids were purified following a minilysis procedure (Brun et al., 1991). The purified 

plasrnids weR transformed in E. coli UQ27, a strain containing a mutation in the mgG gene 

which encodes argininosuccinate synthetase (Table 2). Transformants capable of growing in the 

absence of arginine were selected on M9 medium for 2 days at 37OC. As a transformation 

control, E. coli UQ27 was transformed with pYN87, a plasrnid containing the wild-type argG 

gene of E. coli (Table 2). Transformants were selected on M9 medium; E. coli UQ27 was also 

grown on M9 supplemented with arginine as a viability control. 

2.6. Construction of deletion clones and DNA sequencing procedures 

Deletion clones of pSB 1 9 were constmcted using the Erase-a-Base System (Promega) 

following the instructions of the manufacturer. The nucleotide sequences of the inserts of pSB19 

and pSB1900 were determined in both directions using a combination of manual and automated 

procedures using dideoxynucleotides (Sanger et al., 1977). T3 and T7 primers were obtained 

£tom Promega. Other primers used for primer extension to fil1 in sequence gaps were selected 

using the Primer Designer program and were purchased fiom the University of Ottawa 

Biotechnology Research institute. The oligonucleotides used as pnmen for DNA sequencing are 

Iisted in Table 3. 



Table 3. Oligonucleotides used in this work 
Oligonucleotide Sequence Coordinates on Figure 

6B 

4D 1 5'-GGTTGAACATCGGCTGGCGT-3' 3 769-3789 

6ALIR S'KGCGTTCmGAGTTCTTGG-3' 43 80-436 1 

9Cl 5'-TTCTACGTCGGCGTAACTCG-3' 3793-38 12 

9C2R 5'-ACAAGCCACGCGCCGAATAC-3' 3863-3844 

9C3 5'-AGTAGAAGGCGACGGACACC-3' 4058-4077 

9C4R 5'-GTCCGTCGCCTTCTACTCG-3' 4074-4055 

19-1 5'CGTATCCTGTGCCTCTCGAA-3' 2954-2973 

19-2R 5'-GACGACGATGACGGTGGTTC-3' 29 17-2898 



Table 3 (continueci). Oligonucleotides used in this work 
Oligonucleotide Sequence Coordinates on Figure 6B 

Primer containing a S'-extension. In al1 cases the extension is between brackets. 

Primer coordinates exclude the 5'-extension. 

Extension contains a BomHI restriction site. 

Extension contains a Pa1 restriction site. 

2.6.1. M a n d  sequencing 

For manuai sequencing, the sequencing reactions were prepared using [dS]d.ATP (1000 

Ci/mrnol) as described for the Taqtrack Sequencing system (Promega). The reactions were 



electrophoresed on denaturing 8% polyacrylarnide gels as indicated in the 1118i1ufachuer's 

instructions. Polyacrylamide gels were dried in a Model 583 Gel Dryer (BIO-RAD, Hercules, 

California) following the instructions of the manufacturer. Kodak X - O M A F  AR films were 

exposed overnight to the dried gel and were developed. 

2.6.2. Automated sequencing procedures 

For automated sequencing, the Taq DyedeoxyTM and AB1 Prismm Terminator Cycle 

Sequencing kits (PE Applied Biosystems, Mississauga, Ontario), and Centri-Sep Spin Columns 

(Princeton Separation, Adelphia, New Jersey) were used as per the manufacturer's instnictions. 

The sequencing reactions were electrophoresed using an Automated DNA Sequencer System 

Model 373 (MI). 

2.7. Nucleotide and amino acid sequence analysis 

Nucleotide and amino acid sequence similarities and features were investigated using the 

software package (version 7) of the Genetics Cornputer Group (Madison, Wisconsin) and Blast 

(Altschul et al., 1989). Predictions of integral membrane protein helices and membrane- 

associated alpha helices were done using PSORT (Nakai and Kanehisa, 1991) through the 

Intemet (http://psort.nibb.ac.jp) as well as  the algorithrns available in the PC Gene software 

package (Intelligenetics, Mountain View, California). The program TopPredII 1.3 (Claros and 

von Heijne, 1994; von Heijne, 1992) used for predictions of membrane protein topology was 

downloaded h m  an anonymous ftp site (ftp.ebi.ac.uk) and used fiom a Apple Mcintosh IIci 

wmputer. Al1 multiple aa sequence alignments were done with Clustal W 1.7 

(http://dot.imgen.bcrn.tmc.edu:933 l/multi-align/multi-alignhtml). Al1 the programs used for 



sequence analysis during this work were used at their default settings udess otherwise specified. 

The DNA sequence of the genome of N.  gonorrhoeae strain FA1090 was accessed through the 

site of the University of Oklahoma Neisseria gonorrhoeae Genome Blast Server 

(http://dnal .chem.uoknor.edu/gonottPbIastthtrnl). 

The complete nucleotide sequence of ftsEX from N. gonorrhoeae CH81 1 and their 

flanking genes is available in Genbank under the accession number U76418. 

2.8. DNA transfers and hybridizations 

2.8.1. Labeling of DNA fragments and oligonucleotides 

Al1 probes used in this work were labelled with digoxygenin Gonococcal DNA and any 

W e a t  larger than 100 bp were labeled using the Nonradioactive DNA Labeling and Detection 

Kit (Boehnnger Mannheim) and oligonucleotides were labeled with the DNA Tailing Kit 

(Boehringer Mannheim) according to the instructions of the manufacturer. 

2.8.2. Southem transfers of DNA to nylon membranes 

DNA was first separated on 1% agarose gels and was subsequently transferred to nylon 

membranes (Boehringer Mannheim) by Southem tmnsfer (Sarnbrook et al., 1989). Vacuum 

transfers were done using a Model 785 Vacuum Blotter (BIO-RAD) following the 

manufacturer's instructions and overnight al kaiine capil lary transfers were done following the 

method of Chomcynski and Qasba (1984). in which NaOH 0.4 N is used as a transfer solution. 

Following vacuum or capillary transfers, the DNA was crosslinked to the nylon support by 

exposure to ultraviolet light for I min. using a Model 3-3000 transilluminator (Fotodyne inc.). 



2.8.3. Hybridizations and detection 

Hybridizations to codirm the gonococcai origin of DNA hgments were done at 68OC. 

The meiting temperature (Tm(OC)) of oligonucleotides was detemined according to the formula 

of Suggs et al. (1981; Tm(OC) = 2x(A+T) + 4x(G+C)) and hybridizations using labelled 

oligonucleotides were done at five degrees below its TmrC). Hybridizations to Neisseria DNA 

usingj9.sE andfrsXamplicons from N. gonorrhoeae as probes were first done at 60°C (Lawson et 

al., 1995) and ai 50°C. Hybridizations using oligonucleotide probes were done for 2 hours at the 

hybndization temperature while hybndizations using any other types of probes @NA hgments 

f?om plasrnids, genomic DNA, amplicons) were performed for 12- 16 hours at the hybndization 

temperature. Al1 hybridizations were done in hybndization solution (5x SSC, 0.02% SDS, 0.1% 

N-lauroylsarcosine, 1% blocking reagent) at the appropriate temperature. Post-hybridization 

washes consisted in two washes in 2x SSC and 0.1% SDS of 5 min. at room temperature and in 

two washes in 0 . 1 ~  SSC and 0.1% SDS for 15 min. at the hybridization temperature. Non- 

radioactive detection was done by colorimetry using the Nonradioac tive DNA Labeling and 

Detection Kit (Boehringer Mannheim) as described by the manufacturer. 

2.9. Polymerase chain reaction procedures and cloning of amplicons 

2.9.1. Amplification procedures to generate amplicons for cloning and other procedures 

The polymerase chah reaction (PCR) Core Kit (Boehringer Mannheim) with the 

following reaction conditions was used for al1 amplification reactions: 1 x PCR buffer containhg 

1.5 rnM MgCl,, 0.2 mM dNTPs, 1 PM of each primer and 2.5 U of Taq DNA polyrnerase per 

100 pL reaction Al1 the oligonucleotide pnmers used for amplification procedures are listed in 



Table 3. Al1 amplifications were done in a Perkin-Elmer 9600 Thermocycler (Perkin-Elmer 

Corp., Nonvalk, Connecticut). 

The PsEX ampficon used for in vitro transcriptiodtnuislation was amplified ushg the 

primers 1900-1 1 and 19-8 with the following thermal profile: 3 min. at 94OC, 30 cycles 

consisting of 15 sec. at 94*C, 15 sec. at 57OC, 2.5 min. at 72OC; 5 min. at 72OC. The resulting 

amplicon was cleaned using the QiAquick PCR Purification Kit (QLAGEN) and was used 

directly in in vitro transcription/translation experiments (section 2-10.). frsm without its 

upstream region was amplified using the primers 1900-28 and 19-8 with the following thermal 

profile: 3 min. at 94OC, 30 cycles consisting of 15 sec. at 94OC, 15 sec. at SOC, 2 min. at 72OC; 5 

min. at 72OC. The amplicon was cleaned as described and was cloned in pTAg and one plasmid 

containing flslX in the same onentation as the vectorbome lac promoter was designated 

pSB5696. The amplicon was resequenced to assure sequence integrity. 

A promoterlessfrsE was generated using the prirnen 1900-28 and 19-7 with the following 

themai profile: 30 cycles consisting of 15 sec. at 94"C, 15 sec. at 55*C, 1 min. at 72OC; 5 min. at 

72°C. The resulting arnplicon was cleaned as described above and was cloned in pTAg. One 

plasmid containingfrsE in the sarne orientation as the vectorbome lac promoter was designated 

pSB 19 10, and another plasmid containing fisE and the lac promoter in opposite orientations was 

called pSB 191 1. To ver@ the orientation of the insert in each plasmid, the inserts were 

amplified using pnmen T7 and 19-7 and T7 and 1900-28 with a thermal profile consisting in 30 

cycles of 15 sec. at 94OC, 15 sec. at 44T, 1 min. at 72OC; 5 min. at 72OC. 

frsE and fisX amplicons fiom Neisserio species were generated using the primer pairs 

ffsEA and 1900-10 for #SE or M A  and #sXB for fisX. The thermal profile consisted of 30 

cycles of 15 sec. at 94OC. 15 sec. at SOC. 1 min. at 72OC; 5 min at 72OC. 



An amplicon containing a tnincated fisE gene fiom N.  gonorrhoeae was generated using 

the primers 6HISFtsEl and 6HISFtsE2. The thermal profile consisted of 30 cycles of 15 sec. at 

94OC, 15 sec. at 51°C, 1 min. at 72°C; 5 min. at 72OC. This amplicon was subsequently 

processed as described in section 2.1 3.1. to consmct the plasmid pSB 193 1. 

The insertion of the blunted 1.9 Kb AccI-AvaI fragment in the chromosome of N. 

gonomhoeue strain CS 19 was verified by using the primers @XA and JsXB in a thermal profile 

consisted of 35 cycles of 15 sec. at 94T,  15 sec. at 60°C, 3.5 min. at 72OC; 5 min. at 72OC. Ln 

these experiments, cells fiom an ovemight culture N. gonorrhoeae CS 19 were grown on GCMB 

with streptomycin and chlorarnphenicol were resuspended in water and used directly in the 

amplification reaction. 

2.9.2. Inverse PCR 

Inverse PCR (iPCR; Hartl and Ochman, 1994; Silver, 199 1 ; Ochman et al., 1990) was 

used to ampli@ the DNA upstream of the partial firE cloned in pSB 19. DNA from N 

gonomhoeue CH81 1 was digested to completion with Pst1 and N . 1 ,  the ends of the DNA 

fragments were blunted with T4 DNA polymerase and ligated o h  at 16OC in a final volume of 

500 1iL containing 0.08 U of T4 DNA ligase PL-'. Ligations were done with 0.2,0.3 and 0.5 pg 

of DNA mL-l to favor the circulariuition of monomenc molecules (Hartl and Ochrnan, 1994; 

Silver, 1991; Ochrnan et al., 1990). The religated DNA was subsequently cleaned by organic 

e~n.actions, precipitated, resuspended in stenle water and used for the PCR. The thermal profile 

for the PCR using the religated DNA was as follows: 3 min. at 94OC, 30 cycles consisting of 30 

sec. at 94OC, 15 sec. at 62OC, 4 min. at 72OC; 3 min. at 72OC using the prirners SA-3 and SA-4. 

This amplicon was purified on low-meltuig agarose, cleaned using the Glassmaxm Isolation 



Ma& System (Gibco BRL, Bethesda, Maryland) and was cloned in p C W  to generate the 

plasmid pSB 1900. 

2.9 3. Reverse transcriptase PCR 

For reverse transcriptase PCR (RT-PCR), total RNA was isolated h m  gonococci using 

the RNeasy Total RNA kit (QIAGEN). Any residual traces of DNA were removed using RQ1 

DNase (Promega). This RNA was reverse transcribed using SuperscnptTM II reverse transcriptase 

(Gibco BRL) with the primer 1900-9 (rlpA) or 1900-15 (arsC). The cDNA was then used in 

subsequent PCR reactions. The thermal profile consisted of 30 cycles of 15 sec. at 94OC. 15 sec. 

at 57"C, 1 min. at 7Z°C to generate a ~lpA-specific amplicon with the primers 1900-9 and 1900- 

12. To generate the arsC-specific amplicon, the themal profile comprised 30 cycles of 15 sec. at 

94OC, 15 sec. at 57"C, 1 min. at 72OC using the prirners 1900-1 5 and 1900-21. 

2.10. In vitro transcription/translation 

The E. coli S30 Extract System for Circular DNA Templates (Promega) was used with 

undigested plasmid DNA and the E. coli S30 Extract System for Linear DNA Templates was 

used with amplicons according to the manufacturer's instructions. [35~]-rnethionine (15 mCi 

mL-l) (Amenham Canada, Oakville, Ontario) and 1 PL of RNAguard (Pharmacia Biotech inc.) 

were also added to each reaction. The reaction products were prepared for electrophoresis and 

were separated on denaturing 1 0% polyacrylamide-SDS gels (section 2.15.1 .). Gels were dried in 

a Mode1 583 Gel Dryer (BIO-RAI)) and Kodak X - O M A T  AR films were exposed ovemight to 

the dried gel and developed. 



2.11. Overexpression of goaococcal genes in E. cofi 

Overexpression offs genes fiom N. gonorrhoeae in E. coli DHSa was done in two types 

of culture media: LB broth was used for growth in rich medium and minimal medium M9 

(Sambrook et al., 1989) supplemented with 0.2 % casamino acids (Difco) was used for growth in 

minimal medium. Fresh cultures of E. coli W a F '  cells containing pSB 19, pSB 190 or pSB5696 

were inoculated in fresh culture medium fiom ovemight cultures and were grown four hours (six 

hours in Mg) at 37°C with shaking. Each culture was then divided in two, the inducer 

isopropylthiogaiactoside (IPTG) was added to one of the cultures to a final concentration of 1 

rnM, and were grown for another four hours (six hours in Mg) at 37OC with shaking. In each 

experiment, W a F  cells containing pAR2, a plasmid containing the fisZ gene fiom N. 

gonorrhoeae under the control of the lac promoter (Table 2) was included as a filamentation 

positive control. 

2.12. Filamentation assay and complementation of E. coli JSlO 

Cultures of E. coli JS10 and ~ 4 6 2  (Table 2) were grown in LB and L broth at 30°C and 

37OC and aliquots of cells were taken d e r  1, 2, 4 and 6 hours of growth. The cells were 

harvested, fixed and observed using the light microscope as described in section 2.3. 

For complementation of JS 1 O, duplicate cultures of E. coli JSI O,  E. coli ~ 4 6 2  and E. coli 

JS lO+pSB 190 (Table 3) were grown in LB medium at 30°C and 37OC. AAer one hou. of growth, 

the cells fkom one culture were induced with IPTG to a final concentration of 1 mM. Aliquots of 

cells from the cultures were taken immediately before induction, and 1, 3 and 5 hours after 

induction. The cells were subsequently harvested, fixed and observed using the light microscope 

as described in section 2.3. 



2.13. Insertion of a cat gene in the f i  gene of N. gonorrhoeae CH81 1 

2.13.1. Construction of the plasmid pSB 193 

The plasmid pACYC 184 containing a cat gene (encoding chloramphenicol 

acetyltransferase; Table 2) was digested with AccI and AvaI. The 1919 bp fiagrnent containing 

the cat gene was recovered and purified, blunted with T4 DNA polymerase, and cloned in the 

Elru1 site (positions 3095-3100, Fig. 6A and 6B) of pSB19, 1 1  1 base pairs (bp) fkom the 5'-end 

of the ftsX gene. E. coli transformants were selected on ampicillin and chlonimphenicol. The 

plasmids were isolated and confirmed by their EcoRI, HincII, ScaI, and Sv1 digestion patterns. 

One recombinant plasmid with the car gene inserted in the same orientation as ftsX was 

designated pSB 193. The plasrnid pSB 195 was generated following the sarne cloning procedure, 

except that the blunted 1.9 Kb AccI-AvaI fragment was inserted in the SPI site (positions 3740- 

3745, Fig. 6A and 6B) of pSB 19, 756 bp fkom the S'-end of thefisX gene, and the plasmid was 

verified by its HhcII, ScaI and XbaI restriction profile. 

2.13.2. Construction of N. gonorrhoeae strain CS 19 

A streptomycin-resisuuit derivative of N. gonorrhoeae CH8 1 1 was first obtained by 

growing the isolate on GCMB supplemented with streptomycin using the gradient plate 

technique (Carpenter, 1967). One streptornycin-resistant colony, designated strain CH8 1 1 strR 

was used for M e r  manipulations. 

Pure cultures of T2 colonies of strain CH8 1 1 strR were subsequently obtained by repeated 

subcuiture every 18 to 20 hours on GCMB plates supplemented with streptomycin. N. 

gonorrhoeoe was ~ransfonned using the method of Janik et al. (1976): cells fiom a h s h  

ovemight culture of CH81 1 strR were harvested and restreaked on a supplemented GCMB plate. 



Thirty microgram of pSB 1 93 in 3 5 pL of water were spread on the inocdum and the plate was 

incubated for six hours at 35°C in a humid environment with 5% CO2. Following the incubation 

period, the cells were harvested with a sterile loop and spread on GCMB plaie supplemented 

with streptomycin and Ch and incubated overnight. One transformant was designated CS 1 9. The 

presence of the cal gene within thefrsX gene on the gonococcal chromosome was continned by 

PCR (section 2.9.1 .). 

2.14. Purification of the gonococcal FtsE protein 

A histidine-tagged gonococcal FtsE protein was generated and purified. This pure protein 

will be used to generate rabbit polyclonal anti-6HISFtsE antibodies. The strategy of purification 

involved the construction of a fusion gene that would encode the gonococcal FtsE protein 

preceded by six consecutive histidines using the QXAexpress type IV kit fkom QIAGEN (The 

QLAexpressionist, 1992). The fusion protein, 6HISFtsE, will contain seventeen additional amino 

acids; eleven will precede the FtsE sequence, and seven more will follow it. The fusion protein is 

overproduced and purified by affinity chromatography using Ni-NTA resin (The 

QIAexpressionist, 1 992). 

2.14.1. Construction of pSB 193 1 expressing a histidine-tagged FtsE (6HISFtsE) 

A truncated ftsE gene was generated by PCR using the pnmers j?sEHISl and PsEHIS2 

that respectively contained a BamHI and a PstI site (section 2.9.1.). This arnplicon was 

subsequently restricted with BamHi and PstI, ligated in the BamHI and Pst1 sites of the plasmid 

pQE30 (QIAGEN; see Table 2), and transformed in E. coli Ml5 (pREP4). Transformants were 

selected using ampicillin and LaMmycin. 



The plasmids fiorn ampicillin- and kanarnycin-resistant colonies were purified and their 

size was verified by electrophoresis. Positive clones were confimed by amplification of the 

truncated8sE gene using the primers 6HISFtsE-1 and 6HISFtsE-2, and also by BamHI and Pst1 

restriction patterns. One plasmid was designated pSB193 1 and was used for d l  subsequent 

manipulations. 

2.14.2. Small-scale expression of 6HISFtsE 

This protocol is described in the QIAexpressionist user's manual (The QIAexpressioniît, 

1992). A 10 mL culture of E. coli Ml 5 @SB 193 1, pREP4) inoculated with 500 pL of cells from 

ao overnight culture was grown in LB containing ampicillin and kanamycin at 37°C with shaking 

until the OD, reached 0.7-0.9, and IPTG was added to a final concentration of 2 mM. The 

culture was grown for five more houe  and 1 mL aliquots of cells were taken at every hour and 

kept on ice. A 1 mi, aliquot was taken just before the addition of the IPTG to serve as an 

uninduced control. The cells were harvested by centrifugation for 3 minB000 rpm/4OC using a 

F-28MCRO rotor). 

The celis were resuspended in 200 ul of buffer B (8M urea, 0.1 M Na-phosphate, 0.01 M 

Tris-HCl, pH %O), and the cells were lysed by gentle vortexing and avoiding fiothing. The lysate 

was then centrifuged (10 min115 000 rpd4OC using a F-28MICRO rotor) to pellet the cellular 

debris. The supernatant was collected and 50 PL of a 50% slurry of nickel- nitrilo-tri-acetic acid 

(Ni-NTA) resin which was added to each tube, and incubated for 30 min. at room temperature. 

The solution was centrifuged (10 secJlSOOO rprn/4"C using a F-28/MICRO rotor) and the 

supernatant was discarded. The m i n  waç then washed three times with 1 rnL of bufZer C (8M 

urea, 0.1 M Na-phosphate, 0.01 M Tris-HCI, pH 6.3). The bound proteins were eluted fiom the 



resin by addimg 20 PL of buffer CEDTA 100 rnM followed by incubation of 2 min. at room 

temperature with gentle rnixing. The resin was pelleted by centrifugation (1 0 secJ15000 rpm/4*C 

using a F-28/MICRO rotor), and the supernatant was collected in a clean tube. The eluate was 

venfied by electro phoresis on sodium dodec y 1 sulfate (S DS) polyacry lamide gels (see section 

2.15.). 

2.14.3. Large-sde expression and purification of 6HISFtsE 

The procedure described in section 2.14.2. was scaled up to accommodate cultures of 50 

mL. induction was done with 2 mM of IPTG and the cultures were grown for three hours d e r  

induction. The ceils were collected by centrifugation (10 min/4000rpm/4°C in a SS-34 rotor). 

Ce11 pellets were frozen in a mixture of dry ice and ethanol and were stored at -70°C until use. 

Ce11 pellets were slowly thawed on ice pnor to use. 

The 6HISFtsE proteins eluted f h m  the Ni-NTA resin were separated on large SDS- 

polyacrylarnide gels using a PROTEMJ@II xi Ce11 apparatus (BIO-RAD). To elute 6HISFtsE 

fiom the SDS-polyacrylamide gel, the method of Hager and Burgess (1980) was used: following 

electrophoresis, the gel was rinsed with water and was stained 5 min. in ice-cold 0.25 M KCl and 

1 mM dithiothreitol @TT), rinsed again with water and destained for 60 min. in water with 1 

mM DTT. The gel was cut to separate the band of 6HISFtsE, and the pieces of gel were soaked 

twice for 15 min. in water with 1 rnM DïT. The slice of gel was then cut in smail pieces and the 

pieces were incubated in 1 rnL of elution buffer (Tris-HCl 0.05 M pH 7.9, 0.1 % SDS, 0.1 mM 

ethylenediamine tepaacetate (EDTA), 5 mM DTT, 0.1 mg/mL BSA, 0.1 5 M NaCI) for 12 hours 

at mom temperature. The solution was centrifuged (10 minJlO 000 rpm/4OC in a SS-34 rotor) to 

pellet the gel pieces, and the su pet na tan^ was recovered in a clean tube. The eluted 6HISFtsE was 



precipitated for 30 min. in a dry-ice ethanol bath or ovemight at -20°C with four volumes of cold 

(-20°C) acetow. The 6HISFtsE proteins were pelleted by centrifugation (10 rninJlO 000 

rpm/4OC in a SS-34 rotor). The 6HISFtsE proteins were washed with a solution of 80% ice-cold 

acetone and 20% elution buffer to remove the last traces of SDS, and were dried at room 

temperature. The 6HISFtsE pellet was resuspended in 20 ul of 6 M guanidine-HCl in dilution 

buffer (Tns-HC10.05 M pH 7.9,20% glycerol, 0.1 mg/mL bovine s e m  albumin (BSA), 0.15 M 

NaCl, 1 mM DTT, 0.1 rnM EDTA). Following resuspension, the 6HISFtsE proteins were left at 

m m  temperature for 15 min., and were then diluted 50 times with dilution buffer. The eluted 

6HISFtsE was left at room temperature 12 hours to dlow renaturation. Purified stocks of 

6HISFtsE were always verified on polyacrylamide gels before being used for other 

manipulations. 

2.15. Gel electrophoresis of proteins 

Sample buffer (20% glycerol, 2% SDS, 125 m M  Tris pH6.8, 0.025% (w/v) bromophenol 

blue, 715 rnM P-mercaptoethanol) was added to the sarnples and they were heated for 3 min. in 

boiling water. The samples were then bnefly centrifuged and kept on ice until they were loaded 

on the SDS-polyacrylamide gels Proteins were separated on 1 0% SDS-polyacrylarnide gels using 

a M~~-PROTEAN@ ï i  apparatus (BIO-RAD) for 45 min. at 200 V in ninning buf5er (25 mM 

Tris, 192 m M  glycine, 1 % SDS, pH8.3) unless otherwise specified. SDS-PAGE standards Broad 

Range molecular weight (BIO-RAD) were electrophoresed alongside the samples for size 

estimation of polypeptides. 

Separated proteins were visualized by staining with Coomassie blue or SYPROTM 

ORANGE (BK)-W) .  For visualization using Coomassie Bhe, the SDS-polyacrylamide gel 



was stained in 0.25% (w/v) Coomassie blue R250,25% isopropanol, 10% glacial acetic acid and 

stained ovemight with gentle agitation. The proteins were subsequently visualized by destaining 

the gel in the destaining solution (7% acetic acid in water). For visualization using S Y P R O ~  

ORANGE, the gel was stained in a 1 5000 dilution of S Y P R O ~ ~  ORANGE in 7.5% (vh) acetic 

acid for 30 min. and was exarnined under ultraviolet light (Mode1 3-3000 Transilluminator, 

Fo todyne Inc.). 



PART 3. RESULTS 



3.1. Isolation of the plasmid pSB19 and cloning of theftûYgene. 

The plasmid pSB19 was isolated while screening a genomic bank of A! gonorrhoeae 

CH8 1 1 and its insert characterized by DNA sequencing (Appendix 2). The complete nucleotide 

sequence of the insert of pSB19 comprised 1789 bp (positions 2779-4526, Fig. 6B). One 

complete open reading h e  (ORF) and two partial ORFs were identified in the insert of pSB 19. 

The complete ORF (positions 2986-3903, Fig. 6B) s h e d  55% aa sequence similarity with the 

FtsX protein of E. coli (section 3.3.2.). One of the partial ORFs shared 71% aa sequence 

similarity to the FtsE protein of E. coli, and was in the same orientation as the putat ivew gene 

and overlapped it by 4 bp (positions 2779-2989, Fig. 6B). The other partial ORF (positions 4526- 

4296, Fig. 6B) shared 83% aa sequence similarity 3-phosphoglycerate kinase (Pgk; section 

3.10.4) of E. coli. Together, these data suggested that the insert of pSB 19 contained a complete 

gonococcal homologue of the E. co l i f sX gene, and that this fisX homologue was flanked by 

partial ftsE and pgk gene homologues (Fig. 6A). It further showed that the frsE and /isX genes 

were overlapping on the gonococcal chromosome as had been found at the time in E. coli (Gill et 

al., 1986). The 4 bp overlap observed betweenfisE andfrsX in N.  gonorrhoeae suggested these 

genes were CO-transcribed. These gonococcal homologues of E. coli frsX and JsE were M e r  

investigated as part of the research project of ce11 division genes in our laboratory. 

3.2. Cloaing of the 5'-section of the gonococcal f&E gene and its upstream region. 

The 5'-region of thefrsE gene was cloned using an iPCR strategy (Hartl and Ochrnan, 

1994; Silver, 1991; Ochman et al., 1990; Fig. 7). The h t  step involved the identification of a 

DNA hgment of a size amenable to ligation preceding the other steps of iPCR. Genornic DNA 

from N gonorrhoeae CH81 1 was digested ovemight with the restriction enzymes ACCI, EcoRI, 

Hindm, PstI, San and SmI, as the analysis of the nucleotide sequence of the insert of pSB19 

showed that it contained no recognition sites for any of these restriction enzymes. The restricted 

DNA was subsequently hybndized at 5S°C with the labeled oligonucleotide 194R (positions 



Figure 6. (A) Genetic and physical map of thefiEX region of N. gonorrhwtze CH811. (B) 

The complete nucleotide sequence of the f&EX genes and their flanking regions as 

genernted from the plasmids pSB1900 (positions 1-2778) and pSB19 (positions 2779-4526). 

(A) Each gene is indicated by an arrow whose orientation indicates the direction of transcription. 

Some restriction enzyme sites are also indicated. Gene names appear in italics. (B) The initiation 

codon for each gene is boxed in green, with a green anow extending h m  the box indicating the 

direction of transcription, and the stop codon is boxed in red. When identified, ribosome-binding 

sites (RBS) are circled. Gonococcal uptake sequences (US) and the putative -10 box of promoters 

(-10) are boxed in black. Mismatches in the US from the consensus sequence are Uidicated by 

asîerisks. The stems of the predicted transcriptional terminators are indicated by arrows. Relevant 

restriction enzyme sites are indicated. 
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Figure 7. Inverse PCR strategy to clone the 5'-region of the N. gonorrhoeaemE gene and 

the region upstream of f2sE. The thin black line represents the gonococcal chromosome, the 

thick black line represents the 1.8 Kb Sau3AI fiagrnent cloned hto pSB19, and the thick green 

line symbolizes the region to be amplified by iPCR The blue arrow represents thefisX gene; the 

red arrow represents the partialfrsE gene cloned in pSB19 and the dotted red Line represents the 

section offsE to be amplified by iPCR. The Pst1 and NmI restriction sites used for the iPCR are 

indicated by red arrows, and other Pst1 and N . 1  restriction sites are indicated by black arrows 

with asterisks. The primen SA-3 and SA-4 used for the amplification are indicated by yellow 

arrows. The drawing is not to scale. 
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3578-3559, Table 3), one of the oligonucleotides used as a primer for the sequencing of the 

gonococcaiftsX gene (Table 3). 

Restriction fragments of sizes fiam 6.9 Kb to 8.5 Kb hybridized the probe 19-4R (data not 

shown). the 6.9 Kb restriction m e n t  king obtained h m  the PstI digestion. As a control, the 

insert of pSB19 also hybridized the probe (data not shown). Because the 6.9 Kb PstI fragment 

was the smallest of those identifie this PstI fragment was used for the next step of the strategy 

to clone the gonococcalfrsE gene. 

Restriction enyme analyses of pSB19 and cornputer analyses of its nucleotide sequence 

showed that PstI did not restrict the 1 789 bp insert (Fig. 6A). It was inferred that the 6.9 Kb Pst1 

fragment that hybridized the 19-4R oligonucleotide probe (data not shown) contained the 1.8 Kb 

insert of pSB19 together with 5.1 Kb of flanking sequences. Since only the sequence containing 

the S'-section of theflsE gene was needed, the cloning strategy was optimized to amplify only the 

region upstream of the partialfsE gene already cloned in pSB 19. 

Based on the analysis of its DNA sequence, a unique NruI site is present in the insert of 

pSB 19 in the 5' region offisX (positions 3095-3 100, Fig. 6A, B). It was reasoned that the 6.9 Kb 

PstI hgment would be smaller if it was also reseicted with NruI. A shorter hgment would 

facilitate the circularization step that precedes the amplification step of iPCR To test this, 

gonococcal DNA was digested with NmI and PstI and was probed with the oligonucleotide SA-2 

(positions 3098-3079, Table 3; Fig. 8), designed fiom the sequence immediately 5' to the NruI 

restriction site. in the PstI digest, the 6.9 Kb PstI chromosomal fiagrnent hybridized the probe as  

had been observed in the fïrst hybridization using the probe 19-4R (Fig. BB, lane 3). Two large 

NmI fkagments also hybridized the probe (Fig. 8B, lane 5). Since one restriction fiagrnent per 

digest was expected to hybridize the probe, the presence of two signals for this digest suggested 

the NruI digest was not complete. Similar to what had been obtained with the N d  digest, two 

Nd-Pst1 fragments of 2.8 and 3 .O Kb hybridwd the probe (Fig. 8B, lane 4). The presence of two 

signais h m  both the PstI-NmI and the NruI digests, but not h m  the Pst1 digest, suggested again 

that the NruI digest was incomplete. As for the hybridization to pSB19 (Fig. 8B, lane 2), 



Figure 8. Hybridization of the oligonucleotide probe SA-2 to gonococcal DNA digested with 

PstI, NruI, and PstI-Nrul. (A) Restriction enqme digestions of the chromosomal DNA, (B) 

hybridization of the DNA from (A) with the oligonucleotide SA-2. Lane 1, 1 Kb ladder; lane 2, 

pSBl9 digested with BssHII; lane 3, N.  gonorrhoeae DNA digested with PstI; lane 4, N 

gonorrhoeae DNA digested with Pst1 and N d ;  lane 5, N. gonorrhoeae DNA digested with NmI. 

The sizes (in bp) of the size markers and the size of the fragments having hybridized the probe are 

indicated are indicated to the lefi and to the right of the figure, respectively. 





two hgments  of 0.5 Kb and 1.1 Kb were expected to hybridize the probe as both contained insert 

sequences. The other hybridization signals present above the 1 Kb hybridization signal could du, 

be due to an incomplete digestion of pSB 19. 

The 2.8 Kb PstI-NruI hgment was used as a template for iPCR Gonococcal DNA was 

digested with PstI-NruI and the digested DNA was used in the steps of iPCR (Fig. 7; section 

2.9.2.). The amplification generated a 2.8 Kb amplicon that was ligated with the plasmid 

p C W ,  a vector designed to efficiently clone amplicons generated with Taq DNA polymerase, 

to generate the plasmid pSB 1900 (Fig. 7; section 2.9.2.). 

The gonococcal origin of the amplicon cloned in pSB1900 was c o n f i e d  by 

hybridization at 68OC to N. gonorrhoeae CH81 1 DNA restricted with EcoRI, HindIII, Pd, and 

NmI-Pst1 (Fig. 9). Two NruI-Pst1 hgments hybridized the insert of pSB1900 (Fig. 9B, lane 6) 

the expected 2.8 Kb NruI-Pst1 fragment and a 7 Kb fiagrnent that was likely the Pst1 m e n t  

that had not been restncted with Nd. This was likely due to the small amount of NmI that had 

been used in the restnction digest. There was aiso hybridization with a 6.9 Kb Pst1 fragment (Fig. 

9B, lane 9, the sarne size as the larger fragment fiom the NruI-Pstl digest (Fig. 9B, lane 7), 

confimiing that this fiagrnent had probably not been digested by NmI in the double digest. The 

6.9 Kb NruI-Psrl hgment  (Fig. 9B, lane 5) was of identical size to the Pst1 fragment initially 

identified in the first set of hybridizations using the probe 19-4R. In addition, an EcoRI restriction 

hgment  of 8.0 Kb (Fig. 9B, lane 3), and a Hindm restriction hgment of 8.2 Kb (Fig. 9B, lane 

4) also hybridized the insert of pSB1900. The size of these EcoRI and HindIIl fragments were the 

same as those that had hybridized the oIigonucleotide probe 194R in the initial hybridization 

(data not shown). The insert of pSB 1900 hybridized the probe (Fig. 1 OB, lane 2), but there was 

also a signal with the vector part of pSB 1900. 

The nucleotide sequence of the Uisert of pSB1900 was determined in both directions. The 

analysis of the DNA sequence of the insert of pSB 1900 indicated that the arnplicon was 2778 bp 

in size (positions 1-2778, Fig. 6B), and that it contained the nucleotide sequence of the 5'-end of 

fisE (positions 2339-2778, Fig. 6B) as well as 2338 bp of sequence upstream of BsE. This 



Figure 9. Hybndhtion of the insert of the plasmid pSB1900 to digested AL gonorrhoeae 

DNA. (A) Restriction enzyme digestions of  the chromosomal DNA, (B) hybnht ion of the 

DNA fiom (A) with the amplicon cloned in pSB1900. Lane 1, XIHindm; lane 2, pSB1900 

digested with EcoRI; lane 3, N gonorrhoeae DNA digested with EcoRI; lane 4, N gonorrhoeae 

DNA digested with H m ;  lane 5, N. gonorrhoeae DNA digested with PstI; lane 6, 

gonorrhoeae DNA digested with Pst1 and NmI. The sizes (in bp) of the size markes and the size 

of the hgments having hybridized the probe are indicated are indicated to the left and to the nght 

of the figure, respectively. 





analysis indicated that no fisY gene was located close upstream offfsE in N. gonorrhoeae (Fig. 

6A). Instead, complete tlpA and arsC gene homologues as well as a partial gI&X gene homologue 

were identified upstream upstream of #SE (Fig. 6A; sections 3.10.1. to 3.10.3 .). The complete 

4526 bp nucleotide sequence of pSB 1900 and pSB 19 including the fisE a n d m  genes and their 

flanking regions was subrnitted to Genbank and is available under the accession number U764 18. 

33. Analysis of thefiEX genes of N. gonorrhoeae strain CH811 

3 -3.1. ThefisE gene 

The complete gonococcal PsE gene comprised 651 bp (positions 2339-2989, Fig. 68). It 

was preceded by a putative consensus RBS (AGGA, positions 2329 to 3232, Fig. 6B) located 7 

bp upstream from the ATG initiation codon. A perfectly conserved -10 box (TATAAT, positions 

2244 to 2249, Fig. 6B) was identified at positions -95 to -90 fbmfisE and could be part of a 

promoter controllhg the expression of#sE. The stem-loop of a putative transcriptionai tenninator 

could not be located immediately d o m  fiom p. The nucleotide sequence of fisE 

encoded a protein of 216 aa with a predicted MW of 23 885 D a  Alignments using BESTFIT 

showed that the gonococcal FtsE displayed varying degrees of sequence sirnilarity to other 

prokaryotic FtsE proteins available in Genbank (Fig. 10). The gonococcal FtsE was more similar 

to its homologues fiom other Gram negative bacteria than those h m  Gram-positive bactena It 

shared 71% similarity and 49% identity with FtsE h m  E. coli (Gill et al., l986), 66% similarity 

and 45% identity with FtsE h m  H. influernue (Fleischmann et al., 1995), 54% similarity and 

32% identity with FtsE firom H. pylori (Tomb et al., 1997), 62% similarity and 41% identity with 

FtsE fkom M. l e p e  (Parkhill et al-, 1997a), and 60% similarity and 39% identity with the FtsE 

h m  M. tuberculosis (Devlin et al., 1997). The important motifs in ABC hansporters, namely the 

Walker motifs A and B involveci in ATP binding and the linker peptide (section 1.2.2.), were 

well-consemd in the gonococcal FtsE (Fig. 10). Other predicted structural features of the ATP- 

bindhg domain were also well conserved between the gonococcal FtsE and the other FtsE 

homologues (Fig. 10). It also shared high similarity (over 60% h m  Blast similarity searches) 



Figure 10. Alignment of the amino acid squence of the N. gonorrhoeae FtsE with other 

prokaryotic FtsE proteins. Positions perfectiy consewed in al1 six proteins are boxed. The 

sequences of the Walker A and B motifs and of the linker motif are boxed in gray, other positions 

identical between the sequences show are boxed. The a-helices, the P-sheets and the loops are 

identified as in Fig. 2 based on Higgins (1992). 
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with other members of the ABC protein family, with the sequence similarities centered around 

the ATP-binding domains and the linker peptide (&ta not shown). 

Cornputer predictions of the amino acid sequence of N. gonomhoeue FtsE showed that it 

did not contain membrane-spanning helices, and identical results were obtained for FtsE h m  the 

other five bactend FtsE proteins (data not shown). These r e d t s  suggested that if FtsE was 

located to the inner membrane as is the case in E. coli (section 1.2.), it would require an 

association with another protein. 

3 -3.2. ThefisX gene 

There was a 4 base pair overlap between ftsE and fisX, the ORF located immediately 

downstream of ffsE (section 3.1 .). The fisX ORF contained 9 1 8 bp (positions 2986-3903 in Fig. 

6B) and was preceded by a consensus putative RBS (AGGA, positions 2974 to 2977, Fig. 6B) 

located 8 bp upstream of the ATG initiation codon. Two inverted copies of the gonococcal US 

(positions 39 19-3928 and 3935-3944, Fig. 6B) were identified downstrearn of t h e w  ON. They 

were predicted to be part of the stem of a predicted transctiptional terminator (positions 3919- 

3944, Fig. 6B) located dowmtream offisX. Both copies of the US contain one mismatch with the 

consensus sequence: in the first US, a guanosine was replaced by a thymidine (position 391 9, Fig. 

6B), and in the second US, a guanosine was replaced by an adenosine (position 3944, Fig. 6B). 

The gonococcal US had k e n  show to be essential for efficient uptake of DNA by gonococci and 

had been identified as a transcriptionai terminator for gonococd genes (section 1.1 1 .). 

The nucleotide sequence offtsXtnuislated into a polypeptide of 305 aa with a predicted 

MW of 34 213 Da. Alignrnents using BLAST and BESTFIT showed the gonococcal FtsX 

displayed similar degrees of sequence similarity with only the five hown prokaryotic FtsX 

proteins (Fig. 11). Similarly to what had been observed for the gonococcal FtsE, the gonococcai 

FtsX shared a lower degree of similarity with FtsX h m  M. tuberculosis and M. lepme. The 

gonococcal FtsX shared 55% sUnilarity and 29% identity with FtsX h m  E. coli (Gill et al., 

l986), 55% similmity and 26% identity with FtsX h m  H inJuenrae (Fleischmann et al., 1993, 



47% similarity and 23% identity with FtsX f b m  H pylori (Tbmb et al., 1997), and 52% 

similarity and 20% identiîy with FtsX h m  M. tuberculosis (Devlin et al., 1997; Tyagi et al., 

1996), 49% similady and 19% identity with FtsX fiom M. leprae (Devlin et d., 1997a). No 

significant sirnilarity was detected with other protein sequences in the databases. 

There were only six perfectly cooserved positions in the six FtsX sequences (Fig. 1 1): Pro 

124, Leu1 91, Leu2 12, Gly214, Ala215 and Le325 (positions in iV gonowhoeue FtsX). Five of 

the six conserved positions were located closer to one another (Leu 19 1, Leu2 12, Gly214, Ma2 15 

and Leu225, Fig. Il), between the end of the second transmembrane segment and the beginning 

of the third trammembrane segment. This is the first report on the identification of conserved 

positions in FtsX homologues as alignments of multiple FtsX sequences had not been possible 

until recentiy. Several other positions were also conserved in three or four proteins. The 

alignment of the six FtsX proteins presented in Fig. 11 shows the diversity in sue of this protein. 

With 305 aa residues, the n! gonorrhoeae FtsX was 47 and 2 aa residues shorter than FtsX f?om 

E. coli and H influeme, respectively. It was also 8 aa residues longer than M tuberdosis FtsX 

(297 aa), 1 8 residues longer than M leprae FtsX (287 aa) and 3 7 aa residues longer than if pylori 

FtsX (268 ad. 

Analyses of the aa sequence of the gonococcai FtsX using the algorithm available in 

PCGene, PSORT and TopPredII predicted it contained four transmembrane segments (Fig. 11). 

Each FtsX homologue was also predicted to contain four trammembrane segments, and these 

segments were identified at similar locations on the aiignment of the six FtsX aa sequences (Fig. 

11). This suggested that FtsX was an integral membrane protein with four ûansmembrane 

segments, and that despite the size differences between species, there were structural similarities 

between the bacterial FtsX proteins. Tyagi et al. (1996) performed shi lar  computer-based 

predictions on M. tuberculosis and E. coii FtsX, but this report constitutes the fht analysis of 

multiple FtsX homologues. The present predictions and those of Tyagi et al. (1996) corroborate 

well with the results of Gill et al. (1987) that showed that FtsX was an integral membrane protein 

in E. d i .  



Figure 11. Alignment of the amino acid sequence of the ïK gonorrhwoe FtsX with other 

prokaryotic FtsX proteins. Positions perfectly conserved in dl six proteins are boxed. The aa 

residues predicted to be part of a transmembrane segments are indicated in bold type, and each of 

the four transmembrane segments is identified. 



Transmb. segment 1 

MYLGXQSGQSVLGKL NESPQITVYMETAAA QSDSDTVRSUTRDK ---RLDN--1RFIGK EDGLAELQSNLDQN- LIBMLDGNP 
CYMWKWNQAATQY YPSPQITWLQKTLD DDRAAmrVAQfrQAEQ --O-- GVEXVNïLSR EDALGEFRNWSGE'GG A L W P  
S-TTQF YPESELTIYMKNLS EENWLVVEKIRQQK ----- GWSWJYVSR QEBLKEFKSWSGFGE ELEILDDNP 

IEQKEKKLIEDYSVV LASTQKLNLELLRQÈI ---FSEIIALKEIDP NYSLEPLQKTLûIffi LKELRKN-- 
VVRLhPSSRAIYLDR VES-QVE'LTEWSAN DSSCM"rACKA]CIREK IETRSDVnAVRE'LNR QQAYDDAIRKFFQE'K DVAûKJIS-- 
VVRLAIllNSRSfYLDR VET-QVFLTDDISAN DLTCNTNU=KALRGK IEARDDVRSWLNR QMYDMIRKFPQYR DVAGKDS- 

Transmb. segment 2 
VTPDPATTP-1 YRD-ITXLPHVEBAS MM'EOOVQTLTQINEF 1- 
VIPKLDFQGTESLNT LRDRITQINGIDEVR MDDSWARLMLTGL V-OlTUrmU 
VKPTSEFNVSEKRDE LRTNLNKIKGVQEVR LDNWMBKLTALSWL IAHV1U- 
WS-TFPTQERLEN ZKEKLLKIPûVQKVE VFAKTYMQVYDLLSF I K T A V Y f ~ ~  
VKLE---NPEQHKDF DTA-MKGQPGVLDVL NQKELIDRLFAVLDG L S M W t t O U Q  
IKLA---WVQHKEF MA-TQGQPGVLSVL NQKELXDRLFAVLM U W à W Z U t m  

Tranemb. aegment 3 Tranemb. segment 4 

SFIRRP S IIl'SU- 8WWLVMIFKPYG LNIG99RFFYVGELGL A!i'!i'QHLLCEWWK 305 NgoFtsX (305) 
-V LRLSSAVAEVAQVFG TKFDINGLSFDECLL tXLt=t#VAUL ATVQiWüïFTPE 352 EcoFtsX (352) 

QFILRP Y1 --$RI 8YFISAVKYWDIFA VQFSWGLGVGEnn UVOQgOnrmSII MTRHIMMNCE 310 HinFt8X (310) 
SFLW-G ( m L I 8 W - - Y  TTSQKGFEKTMDTW; 1-IGûAEVLN-HEW -W8WSVI& 91#R-TREW 268 ElpyFtsX (268) 
Umm? 'PIOiPOX1V-tmYP VRALFZENALNQFYQ ANLUUNDYA-DW -L TAYLTLRLYVIRR 297 MtuFtsX (297) 
#Y!l!QLP n V I U I - - w V  -QFYQ ANLIARVPYA-DV&Y TGYATLRfYVRR 287 MleFt8X (207) 



The alignment shown on Fig. 11 also suggested that the length of the amino-temiinal 

domain of FtsX varied considerably. E. coli FtsX had the longest do- temi ina l  domain (71 aa 

residues) compared to the other FtsX sequences. Any possible structural andor bctional 

implications for this clifference are unknown at this tirne. The M e r  between the first and second 

trammembrane segments in all four bacterial FtsX was much larger tban the other linkers and 

couid be a bctional domain. Five of the six perfectly conserved positions are located at the end 

of the second transmembrane segment and in the second linker between the second and third 

predicted transmembrane domains. These regions, especially the second linker domain, may have 

structurai or functional importance. 

ABC transporters typically comprise two ATP-binding domains and two hydrophobic 

domains containing membrane-spanning helices that can be encoded by different genes (section 

1.2.1 .). The present analysis suggested that FtsE was an ATP-binding protein and that FtsX was 

the transmembrane protein of a putative ABC transporter. Since the Iinker between the first and 

second transrnembrane domaios was predicted to be larger, this domain could be the site of 

interactions between FtsE and FtsX. 

To test this hypothesis, the membrane topology of the FtsX protein h m  N. gonomhoeue 

was predicted by using TopPredI? 1.3 (section 2.7.). N. gonomhoerre FtsX was predicted to 

contain four transmembrane segments by TopPredII, which correlated perfectly with our previous 

analyses of FtsX. It was predicted to have its amino- and carboxy-terminal termini on the 

cytoplasmic side of the membrane. This implicated that the large linker domain between the first 

h v ~  transmernbme segments was periptasrnic, and could not serve as the site of FtsE-FtsX 

interactions. For cornparison, the membrane topologies of the other five known FtsX homologues 

were also predicted with TopPredII. Al1 five FtsX homologues were predicted to present a 

membrane topology identical to that predicted for N. gonorrhoeae FtsX. 

A schematic representation of the putative ABC transporter fomed by FtsE and FtsX is 

shown in Fig. 12, with its two ATP-binding domains and two hydrophobic domains each 

containing 4 transmembrane segments. 



Figure 12. Schematic representation of the putative ABC transporter fomed by FtsE and 

FtsX The membrane domain (FtsX) is represented in blue with the four predicted transmembrane 

segments as boxes. The arnino- and carboxy-temllnal ends as well as the LLGA conserved motif 

are shown. The ATP-binding domain that binds and hydrolyses ATP (FtsE) is represented in red. 

The putative FtsEX transporter is proposed to export an unidentified substrate out of the bacterial 

cytosol, as indicated. 





3.4. frsX is not an essential gene 

3.4.1. Construction of afisX mutant of A? gonorrhoeae 

A strah of N. gonorrhoeae in which the ftsX gene was insertionally inactivated was 

constructed to verify iffisX was an essential gene. The strategy consisteci in inserting a cat 

cassette within the coding sequence offisX, wwhich would dimpt the c d i g  sequence offtsX. The 

construction of N gonorrhoeae strain CS 19 is described in section 2.13.2. If no CP colonies 

were obtained following transformation, it would indicate thatfisX was an essential gene. 

Foliowing the transformation of N. gonorrhoeae CH8 1 1 S@ with pSB 193, chR colonies 

were obtained. The presence of the car gene withinfsX in the strain CS19 were c o b e d  by 

PCR (section 2.9.1 .). The expected amplicon of 894 bp was generated h m  the strain CH8 1 1, 

showing that t h e w g e n e  was intact (Fig. 13, lane 2). In N. gonorrhoeae CS19, an arnplicon of 

2.8 Kb was generated fiom 2 colonies of N.  gonorrhoeae CS19 (Fig. 13, lanes 3 and 4). This 

comesponded to the size offisX containing an insertion of 2.9 Kb, the size of the blunted ACCI- 

AvaI m e n t  containing the cat gene. The viability of the strain CS 1 9 and the confumation of an 

insertion withinfsX stmh indicated thatfisX was not an essential gene. 

3.4.2. Morphology of N. gonorrhoeae strain CS 19 

Cell division mutants of E. coli may exhibit aberrant morphologies (section 1.3.). N. 

gonorrhoeae rpc mutants have also been shown to present abnormal morphologies (section 

1.8.2.). Cells fiom N. gonorrhoeae strain CS 19 were observed by electroa microscopy and their 

morphology was compared to that of N.  gonorrhoeae seain CH8 1 1, its wild-type parent. 

The cells shown in Fig. 14 are representative of each of the three strains observed (strains 

CH8 1 1, CH8 1 1 s#, and CS1 9). Cells f?om N gonorrhoeae strains CH8 1 1 and CH8 1 1 strR 

appeared as round, non piliated diplococci (Fig. 14A and B). N. gonomhoeae CS19 cells also 

appeared as round, non piliated diplococci (Fig. 14C and D). The cells prrsumably lost their pili 

during the vortexing step of sample processing prior to the microscopie observation (section 2.3.); 

free pili are visible on the pictures presented in Fig. 14. The dimensions of the individual 



Figure 13. PCR amplification of the cat gene inserted in thefLûY gene in N. gonorrhoeae 

CS19. Lanes 1 and 6, 1 Kb ladder; lane 2, N. gonorrhoeae CH81 1; lanes 3 and 4, N. gonorrhoeae 

CS19; lane 5,  negative control. The sizes of the MW marker and of the jfsX amplicons are 

indicated to the lefi and nght of the figure, respectively. 





Figure 14. Morphological observation of N. gonorrhoeae strains by electron microscopy. 

(A), N gonorrhoeae CH8 1 1 ; (B) ,  h! gonorrhoeae CH8 1 1 strR; (C and D), N. gonorrhoeae CS 19. 

Al1 observations were done at a magnification factor of 22 550X. The sale (in nanometers (MI)) 

is indicated to the lower right corner of the figure. 





cocci fiom the three strains were then measured (Table 4). 

Table 4. Dimensions of iodividual gonococci h m  different strains 
N. gonorrhoeae strainl Length (m) Width (m) 

1 The number in parentheses following each strain indicates the number of gonococci whose 
dimensions were measured. 

When the dimensions of individual gonococci were measured, no differences were found 

between N. gonomhoeue CH8 1 1 ,  CH8 1 1 ~ t ?  and the fisX mutant CS 19. The dimensions 

measured in Table 4 correspond with the published dimensions of N. gonorrhoeae cells (600 to 

1 O00 nm in diameter; Gillespie, 1994; Wilfert et al., 1992) 

3.4.3. MICs, auxotype and viable counts of N. gonorrhoeae strains CH8 1 1 and CS 19 

In E. coli JSlO, the Ts mutant of fisX, the sensitivity to several antibiotics including 

peaicillin was increased at the restrictive temperature when compared to its parent strain (section 

1.4.). To ver@ if this was also the case between N. gonorrhoeae strahs CS 1 9 and CH8 1 1, the 

MIC of both strains for penicillin and other antibiotics were determined (Table 5). 

Table 5. Minimal inhibitory concentrations of various antibiotics on 

N. gonorrhoeae CH8 1 1 and CS 19 
( P ~ W  of 

Antibiotic N. gonovhoeae CH8 1 1 N. gonorrhoeae CS 19 
penicillin 0.063 0.063 
tetracyclin 0.5 
spectinom yc in 16.0 
ceftriaxone 0.004 
ciprofloxacine 0.004 
azithromycin 0.5 



The data shown in Table 5 indicated there was no difference between the MIC profiies of 

N. gonomhoeae strains CS 19 and CH81 1 for the six antibiotics tested. 

AL gonorrhoeae CS 19 was found to be a nonorequiring strain, as had been shown to be the 

case with N. gonorrhoeae CH81 1 (Lawson et al., 1995). To ver@ if the presence of the cut 

insertion within fisX affected the growth of N. gonomhoeue CS 19 compared to CH8 1 1, the two 

were grown on GCMB plates containing various supplements and the c h  were determined 

(Table 6). 

Table 6. Colony fonning units of N gonorrhoeue CH81 1 and CS19 in various environmental 

conditions 

N. gonorrheae CH8 1 1 N. gonorrhoeae CS 19 

NaCl 0% 2.04 x 10'10.91 x IO' 6.65 x 10~16.35 x 10' 

025% 5.40 x lo'i3.88 x 10' 1.46 x 10'1 1.32 x 10' 

0.50% 4.15 x 10'12.39 x 10' 223 x 10'*0.90x 10' 

2.0% O O 

PH 8.0 2.85 x 10'12.85 x 10' 8.4 x 10'16.7 x 1 O' 

10.0 5.3 x 107* 1.2 x 107 1.31 x 107* 1.35 x 107 

KCI' 1 O0 mM 6.2 x 10'1 1.4 x 10' 5.4 x 106* 1.98 x 106 

SUC~OS~ 400 m~ 2-39 107* 1.4 x 10' 2.1 x 1 0 ~ ~ 1 . 1  x 106 

~naerobiosis~ GCMB 1.7 x 10'10.76 x 10' 1.2 x 10~10.3 1 x 10' 

minima1 medium O O 

Based on two readings. 

The bacterial suspensions used to prepare the dilutions under anaerobiosis are different fiom 

those used to prepare the dilutions under aerobiosis, but both suspensions were adjusted to a 

McFariand Equivalence Turbidity Standard of 0.5 (section 2.2.). 



Both strains grow up to a NaCl concentration of 1%. There were no significant differences 

observed between CH8 1 1 and CS 19 when grown with varying concentrations of NaCl or at pH 

8.0 or pH 10.0, suggesting that the insertion in ffsX did not affect the growth of strain CS 19 in 

these conditions (Table 6). More important differences were noted on GCMB with LOO mM KCI 

(6.5-foid) or with 400 mM sucrose (IO-fold) between the two strains in these conditions (Table 

6). Under anaerobiosis the two strains had similar viable counts on GCMB, but neither ssain 

grew on minimal medium (Table 6). These results suggested that thefrsX gene product was not 

important under anaerobiosis. 

3.5. Prevalence off&E aadJtEX in the Neisseriaceue. 

3 .S. 1 . Investigation of the fis= genes by hybridkation 

The presence offisE a n d N i n  ten Neisseria species (and in N. gonon-hoeae as a positive 

controol) was investigated by Southem blotting. Labeled #SE and ftsX amplicons h m  N 

gonorrhoeae were hybridized to PstI-digested genomic DNA fkom Neisseria species at 60°C 

(data not shown). Under these conditions, the #SE and ftsX probes hybridized to restriction 

hgments in N. rneningïtidis, N. lactamica and N. cinerea. The fisX probe hybr ihd  to a 

restriction fiagrnent in N. subflava and N flavescens, while theflsE probe did not hybridize any 

Pst1 restriction fragment in the same species (data not shown). Both probes hybridized a 7 Kb 

fiagrnent of N gonorrhoeae DNA as expected (data not shown). These resdts suggested 

sequence divergence among theflsE and#& genes between Neisseriu species. The hybridization 

was then repeated at lower stringency (50°C), and in these conditions Pst1 m e n 6  h m  al1 

species hybndized both probes (Fig. 15 and 16). 



In N. gonorrhoeae, a 7 Kb PstI restriction fiagrnent hybdized thejisE probe (Fig. 15B, 

lane 2), which was the same size a s  the PstI fragment identified following the h y b r i ~ t i o m  done 

prior to the cloning of the S'-section of the gonococcalfisE gene and its upstream region (section 

3.2). The @SE probe hybridized DNA fÎagments of high MW (higher than 16 Kb) in N. 

rneningiîidis, (Fig. 15B, lane 3), N. elongata (Fig. 15B, lane 6), N lactamica (Fig. 1 SB, lane 8), 

N. perj?lava/sicca (Fig. 15B, lane 9) and N. polysacchmea (Fig. 15B, lane 1 1). In N. fluva and in 

N. rnucosa, theflsE probe hybridized restriction fragments of 6 Kb, (Fig. 15B, lanes 4 and 7). In 

AL subjuvu the JsE probe hybridized a restriction fiagrnent of 2.6 Kb (Fig. 15B, lane 5); and it 

hybndized a restriction hgment of 9 Kb in N. flavescens (Fig. 15B, lane 10). Finally, the ftsE 

probe hybndized a restriction fiagrnent of 7 Kb in N. cinerea (Fig. ISB, lane 12). in seven of the 

eleven species tested, thefisX probe hybridized a -ent of the sarne size as that hybridized by 

the #SE probe (Fig. 16B, lanes 2, 3, 6, 8, 9, 1 1, 12). In N. gonorrhoeae and Al cinerea, the fsX 

probe hybridued to a 7 Kb restriction fiagrnent (Fig. 16B, lanes 2 and 12). The ftsX probe 

hybridized DNA hgments of high MW (higher than 16 Kb) in N. meningitidis, (Fig. 1 6B9 lane 3), 

N. elongata (Fig. 16B, lane 6), N lactamica (Fig. 16B, lane 8)- N. perfmdsicca (Fig. 16B, lane 

9) and N. po&.wccharecl (Fig. 168, lane 1 1). ThefisXprobe hybridized a restriction fragment of a 

different size in the remaining Neisseria species: in N. flma and N. mucosa, the flsX probe 

hybridized a restriction fiagrnent of 5 Kb (Fig. 168, lanes 4 and 7). In N. subflava, it hybridized a 

restriction fragment of 10 Kb (Fig. 16B, lane 5). Finally, thefrsXprobe hybridized a restriction 

hgment of 6 Kb in N flavescens (Fig. 16B, lane 10). 

For N. Java and in A? mucosa, the observed size difference between the hgments that 

hybridized each probe were minor, and are probably in fact of the same size. Taken together, 

these data suggested that the ftsE and ftsX gens were present in al1 nine Neissericr species 

investigated. However, no conclusion could be drawn regarding the genetic organization of these 

genes. 



Figure 15. Identification of the fbE gene in the Neisserkeae by Southern blotting at 50°C. 

(A), Pst1 restriction enzyme digests of chromosomal DNA from al1 species. (B), hybridization of 

theftsE probe to the restricted DNA fiom (A). Al1 lanes are identified above the lane number. 

The sizes of the molecular wei&t marker are indicated to the Ieft of the figure. 
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Figure 16. IdenMication of the fiX gene in the Neisseriaceae by Southern blotting nt 50°C. 

(A), Pst1 restriction enzyme digests of chromosomal DNA from al1 species. (B), hybridization of 

thefrsX probe to the restricted DNA fkorn (A). Al1 lanes are identified above the Iane number. 

The sizes of the molecular weight marker are indicated to the left of the figure. 





3.5.2. Investigation of thePsEXgenes by PCR 

In addition to the investigation by Southem blotting of Neisseria DNA, the presence of 

fisE and PsX was investigated in the sarne ten Nefiseria species (and in N. gonorrhoeae as a 

positive control) by PCR as describeci (section 2.9.1 .). 

PsE amplicons were detected in six of ten Neisseria species tested (Fig. 17A). The frsE 

amplicons were generated fiom N. gonowhoeae, N. meningitidis, N.  luctamicu, N. perfavdsic~a~ 

N. polysocchrrrea, and nd cinerea (Fig. 1 7A, lanes 3, 8,9,  1 1 and 12). The amplicons were of the 

same size (282 bp; Fig. 17A). The absence of ffsE amplicons in N. f l rn~,  N. subflma, N.  

elongata, mucosa and N. flavescens was amibuted to sequence divergence and not to the 

absence offisE because the resuits h m  the preceding experirnent suggestedfisE was present in 

each of these Neisseria species (section 3 S. 1 .). 

ThefisX amplicons were obtained in al1 eleven species tested but were heterogeneous in 

size: the arnplicons h m  iV gonorrhoeae, N. meningiîidis, N. lactamica, N. perjavdsicca, N.  

polysccchmea, and nd cinereu were of the same size (894 bp; Fig. 18A, lanes 2, 3, 8, 9, 1 1 and 

12); N. subfluwa and N flovescens generated amplicons of 1.4 Kb (Fig. 1 8 4  lanes 5 and 10); N. 

flava and N. rnucosa generated amplicons of 1.5 Kb (Fig. 18A, lanes 4 and 7), and N. elongatu 

produced a 1.6 Kb amplicon (Fig. 18A, lane 6). These results suggested that thefrsX gene varied 

in size between Neisseria species. The five Neisseria species fkom whichfisX amplicons 894 bp 

were obtained were the same that generatedffsE amplicons. These results suggested that thejtsE 

a n d m  genes h m  these five species had nucleotide sequences more similar to those from N. 

gonorrhoeae. However, M e r  investigation was necessary as the absence of /SE amplicon 

mdor the variability in size of the fLFX amplicon in some species could be attributable to the 

conditions of the PCR assay. 

The #SE and jisX arnplicons fiom the Neisseria species were M e r  investigated by 

hybridization with the samefisE-andfisX-specific probes used for the hybridizations describexi in 

section 3.5.1. The five ffsE amplicons hybridized the #SE probe at 60°C (Fig. 17B), which 

provided additional evidence that these amplicons were #SE-specific. In the case of the #sX 



Figure 17. Prevalence of the frîE gene in the Neisserioeae as investigated by PCR (A)ffsE 

amplicons generated from Neisseria species. (B), hybridization of the fisE amplicon fiom n 

gonorrhoeae to thefsE amplicons fiom (A). AU lanes are identified above the lane number, and 

the hybridization signal correspondhg to thefisE amplicon is indicated on the right side of (B). 

The sizes of the molecular weight marker are indicated to the left of the figure. 





Figure 18. Prevalence of the ftrX gene in the Neisseriaceae as investigated by PCR. (A)fisX 

amplicons generated fiom Neisseria species. (B), hybridization of the ffsX amplicon nom n. 

gonomhoeae to thefisXamplicons fiom (A). Al1 lanes are identified above the lane number, and 

the hybridization signal correspondhg to t h e w  amplicon is indicated on the right side of (B). 

The sizes of the molecular weight marker are indicated to the left of the figure. 
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amplicons, only the six amplicons of 894 bp hybridued thefisXpmbe at 60°C (Fig. 18B). Sirnilx 

results were obtained when the hybridizations were performed at 50°C (data not shown). These 

results suggested that the amplicons obtained in meningitidis, N N.actamica, N. perfravdsicca, 

N. polysocchareu and N.  cinerea were more likely fisX-specific. The other amplicons might be 

ftsXspecific, but their nucleotide sequences would be more divergent to that of N. gonorrhoeae. 

3.6. Transcription of f&E and f&X. 

The 4 bp overlap between frsE and jtsX and the presence of a putative transcriptionai 

terminator downstream offsX but not downstream of&E suggested that the two genes were CO- 

transcribed (sections 3.3.1. and 3.3.2.). If this was the case, the promoter regulating the 

expression offsE andfisX would be located within the 194 bp intergenic region betweenflsE and 

tIpA, since the presence of a putative transcriptionai temüaator downstream of tlpA (section 

3.10.1 .) suggested that tlpA andfisE were independently transcribed. 

Experimental evidence for CO-transcription offlsE andfrsX was obtained by conducting in 

vitro transcription/translation experiments using the plasrnids pSB 19 and pSB 1 90. The plasmid 

pSB 19 contains the completefrsX gene with partial #SE and pgk genes (section 3.1. and Table 2) 

while pSB 190 contained the insert of pSB19 cloned in the opposite orientation to that in pSB19 

so thatfisX was under the control of the vectorborne h c  promoter (Table 2). It was hypthesized 

that ifjisE a n d m  were CO-transcribed, a prornoter would be located upstream offtsE and not 

upstream offisX., in these conditions, the FtsX protein would not be synthesized nom pSB 19. On 

the other hand, if fisE and frsX were separately transcribed, there would be a promoter located 

upstream off& and this promoter could be present in the 3'-section of thefisE gene. 

When the synthesis of FtsX was monitored fiom pSB19 and pSB190, a polypeptide of the 

expected MW for FtsX (34 KDa) was synthesized 6om pSB190 in the in vitro 

transcription/translation systern (Fig. 19A, lane 3). In cornparison, this 34 KDa protein was not 

synthesized Erom pSB19, suggesting that FtsX could not be spthesized h m  pSB19 (Fig. 1 9 4  



Figure 19. Identifkation of the gonococcal FtsE and FtsX proteins in vitro. (A) Identification 

of FtsX in vitro. Lane 1, pB1uescnpt KS+; lane 2, pSB19; lane 3, pSB190. (B) Identification of 

FtsE and FtsX fiom pSB5696. Lane 1, molecular weight marker, lane 2, pSB5696. The sizes of 

the MW markers are indicated on the left side of each figure, and the protein bands are identified 

to the right of each figure. 





lane 2). As expected, this 34 KDa protein was not synthesized from pKS+ (Fig. 19A, lane 1). A 

polypeptide with a MW of 3 1 KDa corresponding to the vectorbome p-lactarnase was synthesized 

nom al1 three plasmids (Fig. 19A, lanes 1-3). Collectively, these resdts indicated that, as 

expected,ftsXdid not possess its own promoter. 

To ver@ if ffsE and ffsX could be CO-transcribed fiom a promoter located upstream of 

#SE, a second in vitro transcriptionltranslation experiment was performed using the plasmid 

pSB5696. This plasmid contains the gonococcai fsE and frsX genes under the control of the 

vectorbome lac promoter (Table 2). Proteins of the expected MW for FtsE and FtsX, 23 and 34 

KDa respectively, were synthesized h m  pSB5696 (Fig. 19B, Iane 2). Vector-encoded proteins of 

3 1 and 28 KDa corresponding to P-lactarnasc and kanamycin nucleotidyltransferase, respectively, 

were also synthesized (Fig. 19B). These results indicated thatfsE andfrsX were CO-transcribed if 

a promoter was provided upstrearn offsE. This result provided more evidence favoring the CO- 

tmnscription offsE andfrsX. 

Finally, to verifi if FtsE and FtsX were synthesized whenfisE andfisX were transcnbed 

from a promoter located in the intergenic region between frsE and tIpA, another in vitro 

transcriptiodtranslation experiment was accomplished using a 201 4 bp amplicon that contained 

complete PsE and frsX genes, the 194 bp intergenic space between fsE and tlpA and the last 85 

nucleotides of tlpA (positions 2060-4074, Fig. 6B; section 2.9.1 .). As expected, polypeptides of 

the expected MW for FtsE and FtsX were synthesized (data not shown). These results also 

supported the CO-transcription of&E andfisX. 

Taken together, ail these data indicated thatfsE andjirX were CO-transcnbed becausefrsX 

did not possess its own promoter, and that both genes could be tmnscnbed together if a promoter 

was provided upstream of #SE. The results M e r  indicated that a promoter controlling the 

expression of flsE and ftsX lies within 279 bp upstrearn of #SE, more likely within the 194 bp 

tlpA-frsE intergenic region. A possible promoter for these genes could be the TATAAT box 

located within thejisE-tlpA intergenic region (section 3.3.1 .). These expenments also indicated 

that at least one type of gonococcal promoter was recognized by the E- coli transcriptional 



apparatus. These two genes therefore constitute an operon in the gonococcus and will be hereafter 

be designatedflsEX. 

3.7. Overexpression of the gonococcal f&E,,/tUY and f&EX genes in E. coli. 

The gonococcalftsEXgenes were overexpressed in E. coli to investigate if they could cause 

morphological changes such as filamentation, as it has been observed following overexpression 

of other bacterial cell division genes in an E. coli background (Margolin and Long, 1994; 

Quardokus et al., 1996). INVaF' cells overexpressing ftsX fiom the plasmid pSB19O in which 

fisX was under the control of a lac promoter, overexpressing ftsE h m  the plasmid pSB1910 in 

which #SE was under the control of a lac promoter, or overexpressing PsEX h m  the plasmid 

pSB5696 in whichjisEX were under the control of a lac promoter (Table 2) were grown in nch 

medium. In al1 cases, the cells presented a typical, short rod-like morphology in the absence or 

presence of IPTG (Fig. 20A-C). In contrast, WaF' containing pAR2, a plasmid in which the N 

gonorrhoeae fis2 gene is under lac promoter control (Table 2), formed filaments following 

induction with IPTG (Fig. 20D). In minimal medium, INVaF' cells overexpressing fisE, fisX or 

ftsEX from the plasmids pSB 1 9 1 1 ,  pSB 1 90 or pSB5696 had again a typical, short rod-like 

morphology (Fig. 20E). Col lectively , these data suggested that overexpression of the N. 

gonorrhoeaefsE,frsXorftsEX genes did not cause morphological aberrations in E. coli. 

3.8. Functional complementation of an E. coli f&X mutant 

The ability of the gonococcal frsX gene to complernent the fisX defect in E. coli strain 

JS 1 O was verified. E. coli JS l O is a derivative of ~ 4 6 2  that contains an uncharacterized mutation 

in its frsX gene; JSlO cells present a normal rnorphology at 37OC but form filaments at 30°C 

(section 1.4.). If JSI O cells containing the gonococcalflsX gene on a plasmid presented a normal 

morphology at 30°C, this would indicate that the gonococcalftsX was capable of complementing 

thejMdefect of the host strain. 



Figure 20. Overexpression of the N. gonorrhoeaeftîE,,prX and@= genes in El coli in rich 

(A-D) or minimal (E) culture media. (A), E. coli DHSa+pSB190 (overexpressing N 

gonorrhoeae PsX); (B),  E. coli DHSa+pSB 191 0 (overexpressing N.  gonorrhoeae PsE); (C and 

E), E. coli DH5a+pSB5696 (overexpressing N gonorrhoeae fsEX); @), E. coli DHSa+pAR2 

(overexpressing N gonorrhoeue j isZ).  





First, proper culture conditions in which JSlO ceUs formed filaments needed to be 

established. E. coli strains JSlO and ~ 4 6 2  were grown in L and LB broths, harvested, fixeci and 

observed as indicated (section 2.12.). As expected, E. coli ~ 4 6 2  did not form filaments in either 

type of culture medium at either temperature (Fig. 21, A-D). E. coli JSlO produced a few 

filaments in L broth but generated more filaments in LB broth (Fig. 21, E-H). E. coli JSlO 

produced filaments at both temperatures, but there were more filaments at 30°C than at 37°C 

(Fig. 21, F and H). An important observation noted during this work was that the filamentous 

phenotype of E. coli JS 10 was lost over tirne so that bacteria presented a normal, short rod-like 

morphology after six hours of growth. Therefore, to ver* if the gonococcal ftsX gene would be 

capable of complementing thefisX defect of E. coli JS 1 O, the bacteria were to be grown at 30°C 

in LB broth and the morphology of the cells wodd be verified d e r  two hours of growth, or one 

hour after induction. 

The E. coli strains ~ 4 6 2 ,  JS 1 O and JS 1 O+pSB 1 90 were then grown in LB broth with or 

without induction at 30°C and 37OC as indicated in the section 2.12. ~ 4 6 2  cells, senting as a 

control, presented a normal morphology and were likewise unafkted by the presence of IPTG in 

the culture medium (data not shown). JSlO cells formed filaments as previously observed, 

regardless of the presence of inducer (data not shown). As expected, uninduced JSlO cells 

containing pSB190 presented a filamentous morphology (Fig. 22A), and induced JSlO cells 

containing pSB 190 exhibited a similar morphology (Fig. 228). These results suggested that the 

induction of the expression of the gonococcal fisX could not complement the mutation in t h e w  

gene of E. coli JS 1 O despite the induction of the gonococcal ftsX gene fiom the plasmid. 



Figure 21. Morphology of E. coli strains ~ 4 6 2  and JSlO foiiowing 2.5 hours of growth in 

liquid culture. (A) E. coli ~ 4 6 2  in L broth at 37OC; (B), E. coli ~ 4 6 2  in LB broth at 37OC; (C), E. 

coli ~ 4 6 2  in L broth at 30°C; (D) ,  E. coli ~ 4 6 2  in LB broth at 30°C; (E), E. coli JS10 in L broth at 

37°C; ( F )  E. coli JS 1 O in L brodi at 3 7°C; (G) E. coli JS 1 O in L broth at 30°C; 0, E. coli JS 1 O in 

LB broth at 30°C. 







Figure 22. Complementation of E. coli JSlO with the fM gene of N. gonorrhoeae in LB 

medium at 30°C. The cells were observed after 2.5 hours of growth, (A), 1.5 hour following the 

addition of inducer and (B), without addition of inducer. 





3.9. Production of a histidine-labelled FtsE protein. 

There currently is no available anti-FtsE antibody. The availability of such mtibodies 

would be useful for subcellular studies of FtsE. 

3.9.1. Contruction of the plasrnid pSB 193 1 

The )SE gene fiom Al gonomhoeae lacking its initiation and tennination codons was 

amplified by PCR and cioned in pQE30 to generate the plasnid pSB193 1 as described in section 

2.1 4.1. In pSB 1 93 1, the ftsE gene is under the contml of a vectorbome lac promoter (Table 2) 

and was therefore inducible by IPTG. The JsE gene on pSB193 1 encoded a protein with 

predicted MW of 26 040 Da cornprising 233 aa, 214 aa h m  the original N. gonorrhoeae FtsE 

(positions 2-2 14), preceded by an arnino-terminal extension of 12 aa including six consecutive 

histidinyl residues, and followed by a carboxy-temllnal extension of 7 aa. The plasmid pSB193 1 

was c o b e d  by PCR (Fig. 23), and by its Pst1 and BamHI restriction pattern (data not show). 

The pnmers JsEHISl and ftsEHIS2 amplified a DNA fragment of the expected size h m  the 

plasrnid purified fiom one of the bacterid clones (Fig. 23, lme 3), and this amplicon was of the 

same size as the fi-agrnent amplified from N. gonorrhoeae DNA using the same primer pair (Fig. 

23, lane 4) the expression of the histidine-tagged FtsE protein (6HISFtsE) was verified through a 

small-sale expression procedure (section 2.14.2.). The purification strategy was based on the 

selective binding of proteins containing six consecutive histidinyl residues to Ni-NTA resin. 

Following the binding to the Ni-NTA resin, the bound proteins were eluted by washing the resin. 

A protein of the expected MW for 6HISFtsE (26 Kda) was purified through this procedure 

(Fig. 24). A small amount of protein purified fiom cells harvested one hour following induction 

was visible on the gel (Fig. 24, lane 4), and greater amounts of this protein were present in ceils 

harvested two to four hours after induction (Fig. 24, lanes 5-7). Less protein was purified fiom 

cells harvested five hours following induction (Fig. 24, lane 8). No protein with a MW of 26 KDa 

was purified fiom uninduced cells harvested after one or six h o m  of growth (Fig. 24, lanes 2-3), 

confirming that the puified protein had k e n  produced h m  an induced gene. Together, these 



Figure 23: Amplification of the insert of pSB1931 by PCR Lanes 1 and 6,100 bp MW marker; 

lane 2, plasmid purified fkom another colony; Ianes 3, pSB193 1 ; lane 4, N. gonowhoeae CH8 1 1 

DNA; lane 5, negative control. The sizes of the MW marker and of the tnincated#sE amplicon 

are indicated to the lefi and nght of the figure, respectively. 





Figure 24. Purification of the histidine-labeled gonococcal FtsE (6HISFtsE) from El coli. 

The bacterial cultures were grown and 6HISFtsE was purified by afinity binding to the Ni-NTA 

resin as descnbed, and the protein fractions were examined on a 10% polyacrylamide-SDS gel 

colored with S Y P R O ~ ~  ORANGE. Lanes 1 and 9, broad range MW marker; lane 2, uninduced 

cells after 1 hour of growth; lane 3, uninduced cells after 6 hours of growih; lane 4, induced cells, 

1 hou d e r  induction; lane 5, 2 hours after induction; lane 6, 3 hours afler induction; lane 7, 4 

hours after induction; lane 8, 5 hours &er induction. The sizes of the MW markers are indicated 

to the left side of the figure, and position of 6HISFtsE is indicated to the right side of the figure. 





data indicated that the synthesis of a protein of 26 KDa, the expected MW for GHISFtsE, could be 

induced h m  the plasmid pSB 193 1, and that maximal amounts of protein were synthesized two 

to four hours aiter induction. From these results, it was decided that for al1 subsequent 

manipulations, the cells would be harvested after three hours of induction. 

To puri@ larger amounts of 6HISFtsE that wiil be used later to raise polyclonal anti- 

6HISFtsE rabbit antibodies, the purification procedure was scaled up as describeci in section 

2.13.3. No other proteins were present with the purified 6HISFtsE protein (data not shown). 

3.10. Analysis of the genes flanking f i  in N. gonorrhoeae CH811 

3.10.1. The tlpA gene 

The first gene identified in the region upstream offisE lay 193 bp up- and in the 

sarne orientation asfrsE (Fig. 6A and 6B). This gene contained 483 nucleotides (positions 1665- 

2145, Fig. 6B) encoding a protein of 160 aa with a predicted MW of 17.5 KDa that s h e d  

significant aa sequence sirnilarity with the thioredoxin-like protein (TlpA) of Brdyrhizobium 

japonicum (Loferer et al., 1993). The gene was accordingly narned tlpA. This gonococcal tlpA 

gene homologue was preceded by a putative RBS (positions 1652-1655, Fig. 6B). Also located 89 

bp upstream of the start codon of tlpA was a putative -10 box that could be part of the promoter of 

tlpA (TATTAAT, positions 1569-1 574, Fig. 6B). The gene was followed by a sequence capable 

of forming a stem-loop structure (positions 2 155-2 179, Fig. 6B) containing inverted repeats of the 

gonococcal US (positions 2155-2164 and 21 70-2179, Fig. 6B). The first US contained one 

mismatch from the consensus sequence: a guanosine was replaced by a thymidine (position 21 61, 

Fig. 6B). This stem-Ioop could be part of the transcriptional temiinator of the tlpA gene. The 

presence of a putative transcriptional terminator downstream of tlpA suggested that it was 

transcribed separately fiom fisE. A third, perfectly consend, copy of the gonococcal US 

(positions 2270-2279, Fig. 6B) was located in the intergenic region between tlpA and frso. NO 

ORF was identified in the region between tlpA andfsm 



The polypeptide encoded by N. gononhoeae tlpA shared 53% aa sequence similarity and 

31% aa sequence identity with TlpA nom B. japonicum but it was 61 aa shorter than the B. 

japonicurn TlpA (predicted MW of 23.2 KDa). Other similarity analyses with B. japonicum TlpA, 

with bacterial thioredoxins and other thioredoxin-like proteins ( ' e x  CycY) as well as 

experimental evidence for the transcription of tlpA are presented in Appendix 3. 

3.10.2. The arsC gene 

arsC, the second gene located in the region upstream of B s m ,  was located 123 bp 

upstream and in the opposite orientation to that of tIpA (Fig. 6A and 68).  The gonococcal arsC 

gene contained 309 bp (positions 1539- 123 1 ,  Fig. 6B) encoding a putative polypeptide of 102 aa. 

No consensus RBS was identified upstrearn of the initiation codon but a purine-rich region 

(positions 1547-1 552, Fig. 6B) located 8- 10 bp upstream of the initiation codon may contain the 

RBS. No sequences capable of forming the stem-loop structure of a transcriptional temiinator, 

and no gonococcal US were identified downstream of arsC. A partial gltY gene was located 8 17 

bp downstream and in the opposite orientation to that of msC (section 3.10.3.). No ORF was 

identified in the 8 17 bp intergenic region between msC and glK The only distinctive feature of 

the 8 17 bp spacer is the presence of a copy of the gonococcal US (positions 479-488, Fig. 6B) 

containing one mismatch from the consensus sequence, a substitution of a thymidine by a 

cytosine (position 485, Fig. 6B). These results indicated that N. gononhoeae msC was not 

located within an ars operon, similar to what was found in H. influenrae Rd and Synechocystis 

PCC6083 (Fleischmann et ai., 1995; Kaneko et al., 1996). 

The gonococcal ArsC was closest in size and in aa sequence similady to ArsC h m  H. 

infuenzae ( 1  16 aa); the two polypeptides shared 66% similanty and 50% identity. The 

gonococcal ArsC also shared between 45% and 64% similarity and between 18% and 39% 

identity with other bacterial arsenate reductases (Neyt et al., 1997; Bruhn et al., 1996; Kaneko et 

al., 1996; Diorio et al., 1995; Fleischmann et al., 1995; Ji and Silver, 1992; Roseastein et al., 

1992; Chen et al., 1986). Data on the sequence sirnilarities between the gonococcal ArsC and its 



bacterial homologues, the expression of the msC gene and the M C  of N. gonorrhoeae for 

Na(AsM) and Na(AsW) are presented in Appendix 4. 

3.10.3. The glrXgene 

A partial g2fl gene was identified 8 17 bp and in the opposite orientation to msC (Fig. 6A; 

positions 413-1, Fig. 6B). A consensus RBS could not be identified upstream of gltY. This partial 

ORF compnsed 4 13 nucleotides (positions 4 13- 1, Fig. 6B) encoding the amino-terminal 138 aa 

of a protein sharing significant similarity with glutamyl-$NA synthetase (GluRS). A brief 

analysis of the partial N. gonorrhoeae GluRS sequence and an alignment with other GluRSs is 

presented in Appendix 5. 

3.1 0.4. The pgk gene 

A partial homologue of pgk was Iocated 391 bp and in the opposite orientation to ftsEX 

(Fig. 6A; positions 4526-4296, Fig. 6B). The 321 bp of the pgk gene encoded the carboxy- 

terminal 76 aa of a protein that shared sirnilarity to Pgk. Inverted copies of gonococcal US were 

identified downstrearn of the pgk gene (positions 4260-4269 and 4280-4289, Fig. 6B). The Pgk 

enzyme catalyzes the revenible conversion of 12-diphosphoglycerate to 3-phosphoglycerate with 

production of one molecule of ATP (Mayes, 1985). The pariid sequence of the gonococcal Pgk 

shares high aa sequence similarity with other Pgk enzymes from al1 kingdoms. The analysis of the 

partial aa sequence of N.  gonorrhoeae Pgk and an alignment of the partial gonococcal Pgk 

enzyme with other Pgk enzymes are presented in Appendix 6. 

3.11. Genetic organization of the gifZpgk region in N. gonomhoeae strnin FA1090 

The determination of the complete sequence of the genome of N. gonorrhoeue strain 

FA1 090 is currently in its Iast stages but is not yet completed (section 1.1 1 .; Dyer et al., 1996). 

The most recent release of the genome of Al gonorrhoeae strain FA1090 was investigated to 

ver@ if the genetic organization of the gltx-WSC-tlpA-ftsE-fisX-pgk genes would be similar to 



what had been detemiined in N. gonorrhoeae strain CH8 1 1. The gene order gIHkrsC-tlpA-@E- 

f-gk was a i s  found in the strain FA1090 (data not shown). 

#en the aa sequences of the proteins encoded by these genes were compared, the FtsX 

proteins were found to share 96% identity and 97% similarity; the npA proteins shared 96% 

identity and 98% similarity; the ArsC proteins shared 100% identity. The partial GluRSs shared 

99% identity and 100% similarity, the partial Pgks shared 98% identity and 100Y0 ssimilarity. The 

sequence of the frsE gene frorn the strain FA1090 is not completed, but partial aa sequence 

cornparisons indicated that the first 32 aa residues were identical between FtsE in the two strains, 

and that there was 98% identity and 99% similarity over the positions 81-216. The two FtsE 

proteins can be expected to be highly similar, as was the case for the other polypeptides identified 

during this work. 

The presence of a gonococcal/rsY gene in the vicinity offrsE andftsX was investigated by 

identifjing the genes located downstrearn of glLY and upstream of pgk. In N. gonorrhoeae 

FA1090, a gene encoding a hypothetical protein was located downstrearn of g M  (data not 

shown). A homologue of the mur2 gene was located upstream of pgk (data not shown). In E. coli, 

the mur2 gene encodes UDP-N-acety Ig lucosamine enolpyruvyl~ferase, a protein hvolved in 

murein biosynthesis (Marquardt et al., 1 992). The polypeptide showing the closest similarity to 

FtsY was PilA (data not shown), a GTP-binding protein part of a putative two component 

transducer system (Taha et al., 1991, 1988). The similarity between FtsY and PilA was the 

strongest in the region of the nucleotide-binding site, and little amino acid similarity was found 

between the amino-terminal domains of the polypeptides (data not shown; Taha et al., 1991). The 

presence of a gonococcal JsY gene remains to be verif'ied, as the nucleotide sequence of the 

genome is not completed. However, PilA has already been proposed to be the gonococcal 

homologue of FtsY (Fyfe and Davies, 1996). 



PART 4. DISCUSSION 



This work is among the first devoted to the identification and chanicterization of ce11 

division genes in N. gonorrhoeae. This important ceii process remains largely uncharacterized in 

the gonococcus as most research has focused on its pathogenicity and vinilence processes. 

Recently, the cloning and initial characterization of the ftsZ gene of AL gonorrhoeae has been 

reported in our laboratory dong with the identification of the other genes of the dcw cluster 

(section 1.8.1 .; Radia, 1997). The determination of the complete sequence of the genome of N 

gonorrhoeae (Dyer et al., 1996) has already greatly fhcilitated the initial identification of ce11 

division homologues in the gonococcus (section 1.8.1 .), but the regdation of the expression of 

these genes as well as the characterization of the biologicai bc t ion  of the ce11 division protellis 

will still be required. Once their function in the cell division process is understwd, the potential 

of each protein to become a potential therapeutic target will be considered. The present work 

reports the identification and biological characterization of two genes, frsE and fisX, that were 

initially believed to participate in ce11 division (Gill et al., 1 986). These genes are now proposed 

to encode the domains of an ABC transporter, and they are not involved in ce11 division. 

From the analysis of the aa sequences, the gonococcal FtsE was found to contain the 

Walker A and B motifs and the linker peptide, three aa motifs characteristic of the ATP-binding 

domain of ABC transporten. Besides its sequence similarities to other known FtsE homologues 

and other ATP-binding domains of ABC transporters, other polypeptides have been reported to 

share sequence similarity with FtsE. A protein designateci ORF-C containing the two conserved 

Walker motifs and that shared 36% identity with FtsE b m  E. coli was identified in Buchnera 

qhidicola, a prokaryotic endosymbiont of the aphid Schizaphis graminum. The orjC gene of B. 

clphidicola was not followed by a gene encoding a FtsX homologue (Kolibachuk and Baumann, 

1995). ORF-C shared 59% aa sequence similarity and 35% aa sequence identity with N. 



gonorrhoeae FtsE, and between 57-61% aa sequence and between 3437% aa sequence identiiy 

with the other bacterial FtsE homologues (data not shown). The absence of afisX homologue 

downsîream of of-C argued against orf-C encoding a FtsE homologue, sincePsE andfisX have 

k e n  found clustered in other bacteria A putative homologue of FtsE (designated B65F) was 

likewise identified in B. subtiiis (Yoshida et al., 1994), but the poor aa sequence similarity shared 

between the ORF following that of B65F and FtsX sheds doubt on the status of B65F as a 

legitimate FtsE homologue (see below). 

The linker peptide of the ATP-binding domains of ABC transporters has been proposed to 

serve as a hinge bringing the two Walker motifs together to form the ATP-binding pocket (section 

1.2.2.). The aa residues preceding those of the linker domain are not conserved among the ATP- 

binding domains of ABC transporters (Fig. 2), and those positions are not perfectly conserved 

between the known FtsE sequences with the exception of a prolyl residue (Pro136 in N. 

gonomhoeae FtsE; Fig. 10). Prolyl residues are often breakers of regular secondary structures (cc- 

helices and p-sheets), and occur in hims, in non-repetitive structures and at the end of strands and 

helices (Richardson and Richardson, 1989). Considering these properties of proline, the 

conserved prolyl residue in FtsE could also contribute to the function of the linker domain. Other 

evidence supporthg the potential importance of this prolyl residue is that its substitution by a 

seryl residue in E. coli FtsE rendered the bacteria Ts (Gibbs et al., 1992). FtsE was shown to be 

associated with the inner membrane in E. coli (Gill and Saimond, 1987), but the anaiyses of N. 

gonomhoeae FtsE and the other known bacterial FtsE sequences suggested that they did not 

contain transmembrane segments. Therefore, for FtsE to be associated with the membrane as in E. 

d i ,  it necessarily required an interaction with a membrane protein. Further investigation is 

required to determine the nature of the association of FtsE with the d e r  membrane. 



Other polypeptides were reported to share sequence similarity with FtsX h m  E. coli. The 

gene located immediately downstream of the gene encoding B65F. the putative FtsE in B. subtilis 

(see above), encoded a protein designated B65G that shared sequence similarity with FtsX 

(Yoshida et al., 1994). However, our analyses indicated B65G is predicted to contain at least 7 

predicted trammembrane helices and that it showed no sipnincant similarity to N. gonorrhoeae 

FtsX (data not shown). The genetic organization of the genes encoding B65F and B65G was 

suggestive of an ABC transporter although they may not constitute FtsE and FtsX homologues, 

mainly because B65G did not share the predicted orgmization of the six known bacterial FtsX 

polypeptides. The NS3-2 gene of the plasmid pOAD2 of Flavobacterium sp. was reported to 

encode a polypeptide of 293 aa residues that shared 22% similarity with El coli FtsX (Kato et al., 

1995). Further investigation would be required to confhn that the NS3-2 protein is a genuine 

FtsX homologue, as it is less similar to E. coli FtsX than other bacterial FtsX homologues, and 

also because the NS3-2 gene is not flanked by a gene encoding a FtsE homologue. 

The results fiorn this work suggest that FtsX protein is an obvious candidate to anchor 

FtsE to the cytoplasmic membrane. FtsE fiom N. gonorrhoeae and other bacteria shared aa 

sequence similarity with the ATP-binding domain of ABC transporters (section 3.3.1 .), and FtsX 

fiom N. gonomhoeae and other bactena were to be predicted to be integral membrane proteins 

(section 3.3.2.; Tyagi et al., 1996). The involvement of the FtsE and FtsX polypeptides in the 

same cellular process was also suggested by the CO-tnuiscription of their genes in N. gonorrhoeae 

(section 3.6.). Our model in which FtsE and FtsX are the domains of a putative ABC transporter 

correlated well with the experirnental results of Gill and Salmond (1987) showing that FtsE and 

FtsX were associated with the inner membrane in E. coli. 



The binding site for FtsE on the FtsX polypeptide remains to be identified. The linker 

domain between the first two transmembrane segments of FtsX could have been a good candidate 

to be the FtsE binding site because of its larger size compared to the other linkers. However, the 

topological predictions of FtsX done using the TopPredII program predicted that the amino- and 

carboxy-tenninal ends of the FtsX polypeptide were cytoplasmic. Consequently, the linker 

domain between the fïrst two transmembrane segments of FtsX is periplasmically located and 

cannot be involved in binding FtsE. Since the correct membrane topology of 23 out of 24 (96%) 

prokaryotic membrane proteins were correctly predicted using TopPredII (von Heijne, 1992), the 

predicted topology of FtsX could well be what occurs in vivo. If this prediction is tme, FtsE could 

not bind FtsX through interactions with this linker, as  FtsE is cytoplasmically located. 

A possibly important site for FtsE-FtsX interactions is the LLGA sequence identified in 

this work. This sequence was found extremely conserved among the six FtsX protein sequences 

examined (section 3.3.2.). According to the topological mode1 for FtsX predicted by the 

TopPredIl algorithm, this conserved sequence would be cytoplasmicdly located, inside the linker 

between the second and third transmembrane domains, at an average 87 positions fiom the 

carboxy-terminal end of the polypeptide. Thus, Iike the EAA loop, the LLGA sequence is 

cytoplasmically Iocated and lies approximately 100 positions fiom the carboxy-terminai end of 

the polypeptide. The LLGA motif could fi11 a fiinction analogous to that of the EAA loop in the 

FtsX protein, and could be important for FtsE-FtsX interactions. 

The fisX gene was found non-essential in N.  gonomhoeue, as gonococci with a disrupted 

fisX gene were viable (section 3.4.1). Prelimbry observations of N. gonorrhoeoe CH8 1 1, 

CH8 1 1 S# and CS 1 9 by electronic microscopy showed that CS 1 9 did not exhibit a different 

morphology fiom that of its parental strain. The dimensions of the individual gonococci fiom 



each strain indicated that there were no ciifferences between the strains (Table 4). The bactena 

h m  the straîns CH8 11 and CH81 1 S@ appear symmetrical (Fig. 14 (A) and (B)), which is not 

the case with N. gomrrhoeae CS19 (Fig. 14 (C) and (D)). The possible signincance of this 

difference cannot be assessed with certainty with the available data because of the mail number 

of bactena observed for the strain CS 19. More cells fiom each strain will need to be observed and 

their dimensions measured to ver@ the observations reported here, Le., the similar sizes of 

gonococci fiom the strains CS19 and CH81 1, and a h  to verify if the asymmetry of the 

diplococci of the 6 CS19 is a characteristic of this strain. 

The filamentous phenotype of some E. colifisE andfisA Ts mutants was found reversible 

by altering the concentration of sodium chlonde in the cuiture medium (Ricard and Hirota, 1973a, 

19734 1969). The variation in the concentration of sodium chioride was proposed to help the 

mutated protein to maintain its three-dimensional structure (Ricard and Hirota, 1973b). This 

indicated that the mutation in fisE or @A in these strains (MFT99 and MIT123 forfisE; MFT1, 

MFT96, MFT1182, PAT84 forfsA; Ricard and Hirota, 1973% 1973b) in such strains was likely a 

point mutation. The mutation in fisX in E. coli JS 10 is likely a point mutation as well, as the 

bacteria were initially irradiated with ultraviolet light before the isolation of long cells (section 

1.4.; Sturgeon and Ingram, 1978). The fuding f?om the present work that the concentration of 

sodium chloride affected the filamentous phenotype of E. coli JS 1 O as it formed more filaments in 

LB medium (0.5% NaCl) than in L medium (0.05% NaCl) also suggested that the mutation 

af5ectingfisX in E. coli was a point mutation (section 3.8.). It would be interesthg to identiw the 

mutation in ftsX of E. coli JS 1 O to see if its location and nature could be correlated with the 

analyses and specuiations on the structure of the FtsX protein developed in this discussion. For 

instance, if the mutation caused a change in one of the six consewed positions, or more 



specificaily in the LLGA motif, this would indicate that it was indeed important for the proper 

structure-function of F M .  Compared to the culture conditions of E. coli JSlO, Al gonorrhoeae 

CS 1 9 was grown on half strength GC medium base (section 2.1 .) which contained 0.25% NaCl 

(Difco Manual, 1990). To verify the effect of the salt concentration on the bacterial morphology 

of thefisX insertionai mutant of N gonorrhoeae, the strain CS 19 could be verified in cells grown 

with various concentrations of sodium chloride in the culture medium, starting at 0.5% NaCl, the 

concentration at which more filaments were observed in E. coli JS10. However, it can be 

predicted that the salt concentration shodd not affect the morphology of N. gonorrhoeae CS 19 

cells as the#sXwas inactivated by an insertion, effectively dismpting the reading fnime offlfi 

The MICs of N. gonorrhoeae CS 19 were identical to those of N. gonorrhoeae CH8 1 1 for 

six antibiotics tested (Table 5). This indicated that FtsX, and by extension the ABC transporter 

fonned by FtsE and FtsX, was not involved in a transport process of antibiotics fkom the cytosol, 

contrary to the case with the Mdr or P-glycoproteins. Sturgeon and Ingram (1978) found that E. 

coli JS 1 O displayed increased sensitivities to antibiotics interferhg with synthesis of the ce11 wall 

(bacitracin, penicillin), protein synthesis (kanarnycin, neomycin) or with DNA gyrase (nalidixic 

acid). The antibiotics tested in this study had similar modes of action to those used by Sturgeon 

and Ingram (1978): penicillin and ceftriaxome both interfere with ce11 wall biosynthesis; 

tetrac ycline, spectinomycin and azi thromycin interfere with protein synthesis, and ci pro floxacine 

inhibits nibunit A of DNA gyrase. 

The non-requiring auxotype of strain CS19 indicated that FtsX was not essential for the 

synthesis of precursors during gonococcal growth. Men the viable counts of the strain CS19 

were compared to those of d n  CH81 1 in various environmental conditions, no signifiaint 

differences were observed when the strains were grown on GCMB with various concentrations of 



NaCl, at alkaline pH (8.0 and 10.0), or on GCMB mder anaerobiosis (Table 6). However, the 10- 

fold difference observed on GCMB with 400 m M  sucrose and the 6.5-fold clifference on GCMB 

with 100 mM KCl indicated that the strain CS 19 was aEécted under these conditions (Table 6). 

The growth of N. gonorrhoeae under various environmental conditions bas not k e n  much 

investigated. Other investigators have reported that high osmolarity (300 mM NaC1(1.75%), 300 

rnM KCI, or 600 mM sucrose), iron depletion, 400 mM urea, increased temperature &om 37°C to 

41°C, and pH 6.0 reduced the growth of N. gonorrhoeae MSI 1 and derivatives by approximately 

90% while anaerobic growih or temperatures between 30°C and 37°C reduced growth by 50% 

(Lanlbe et al., 1997). In t h i s  work, it was found that acidic pH (pH 6.0), 150 m M  KCI, 1.5% 

NaCl and 500 mM sucrose inhibited growth of both strains (data not shown). in addition, growth 

trials indicated that 350 m M  urea reduced growth significantiy. The results presented in this work 

are diEerent fiom the findings reported by Lmibe et al. (1997). N. gonorrhoeae strains rnight 

possess varying degrees of tolerance to any of these substances, which could explain the 

discrepancies noted here. 

The ciifferences in the viable counts between the two strains on GCMB containing KCI 

and sucrose suggest that FtsX, and by extension the FtsEX transporter might be involved in 

processes related to osmotic equilibrium. The putative transporter could be involved in the 

transport of a solute to the outside of the cell. 

The effect of prevailing environmental conditions on the expression level offisEX could 

be examined, which may help to understand the biologicd fiinction of FtsE and FtsX. For 

example, the level of transcription ofjtsEX couid be measured in N. gonorrhoeae grown on 100 

mM KCl or 400 rnM sucrose, the conditions found to afféct the viable cowits the most. If FtsX 

(and by extension the FtsEX transporter) is required for p w t h  in these conditions, it is possible 



that the level of transcription of- will be higher. Primer extension analyses done using RNA 

purified nom anaerobically grown N. gonorrhoeae CH81 1 indicated that fisEX were expressed 

under anaerobiosis (Francis, 1998), but possible differences in expression levels were not 

investigated. 

The genomes of other Neisseria species were investigated for the presence of thefisE and 

flsX genes (section 3.5.). Hybridizations done on the whole genome of Neisseria species 

suggested that fsE and fa genes were present in al1 the species tested (section 3.5.1 .). There 

were variations as to the sizes of the restriction fragments that hybridized each probe (section 

3.5.1 .). WhenfrsE andfawere investigated by PCR, the sixfisE amplicons obtained were of the 

same size, while there was more variation in amplicon size (section 3.5.2.). The fsX 

amplicon obtained fiom five Neisseria species were larger than that obtained fkom N. 

gononhoeae (section 3.5.2.). However, only t h e f a  amplicons that were of the same size as the 

N. gonorrhoeaeftsX amplicon hybridized thefisX probe (section 3.5.2.), suggesting that the larger 

amplicons were not ffsX amplicons. The determination of the nucleotide sequence of these larger 

amplicons wouid confirm whether or not they were partialjZsX homologues. Other primer pairs 

could also be used to venfy if amplicons would be generated in al1 these species, and also if those 

amplicons would aiso have various sizes as was observed in the present work. In this study, the 

species in which the/rsE a n d m  probes hybridized restriction fragments of similar sizes in the 

hybridization with chromosomal DNA were the same as those in which the ftsE and fisX 

amplicons were of the same size as that fiom N. gonorrhoeae. 

No conclusions can be drawn regarding the genetic organization offisE andftsX b d  on 

these data, but sioce fisE and f.sX are overlapping in N gonomhoeae, they can reasonably be 

expected to be overlapping in other Neisseria as well. The $SE and fisX probes hybridized 



restriction £kgmen& at higher sîringency (60°C) in N. meningitidis, AL Zactamicc~ and N. cinerea, 

and the amplicons produced for each gene in these three species were the same size as those nom 

N. gonorrhoeae. The result was not surprishg in the case of N. meningitidis, shce N. 

meningitidis and N. gonomhoeae are closely rdated as shown by the very high (over 98%) 

similarity between their housekeeping genes (Zhou and Spratt, 1992). The results obtained in 

these studies suggest that N. lactamica and N. cinerea are also more closely related to N. 

gononhoeae. 

ThefisE aodfrsX genes were shown to be CO-transcribed in N. gonomhoeae, as both gene 

products were synthesized when a promoter (the lac prornoter or the native &EX promoter) was 

provided upstream offisE (section 3.6.). FtsX was synthesized only if a promoter was provided 

upstream ofPsX,  indicating that fisX did not possess its own promoter (section 3.6.). The CO- 

transcription of PsEX has dso been demonstrated by RT-PCR (Francis, 1998). The CO- 

transcription o f f a  withfrsE in N. gonorrhoeae implied t h a t f d  did not have its own promoter. 

This differed fkom the observations in M. tuberculosis, in which a weak promoter for fisX was 

identified (Tyagi et al., 1996). The TATAAT sequence identified as a possible promoter forfrsEX 

in N gonorrhoeae (section 3.3.1 .) was recently shown to be part of the first (PEl) of two 

promoten forfrsEX (Francis, 1998). The second prornoter (PE2) forfislX appeared weaker than 

PEl and was located inside the tlpA gene. The curent hypothesis to explain the difference in 

promoter strength is that the sequences of the -10 box of PE2 was more divergent fiom the 

consensus promoter sequences than that of PEI (Francis, 1998). In addition, a putative -35 box 

was identified in PEI while none could be identified for PE2 (Francis, 1998). The rnechanisms 

that regulate the expression offsEX fiom PEl and PE2 are currently under investigation (Francis, 

1998). 



The overexpression in rich or minimal medium of N. gonorrhoeaefisX, fisE orfisEXin E. 

coli did not cause ceIl filamentation (section 3.7.). In cornparison, overexpression of N 

gonorrhoeaeflsZ caused ce11 filamentation in similar conditions (this work; Radia, 1997; Radia et 

al., unpubLished data). Although overprcxiuction of FtsE a d o r  FtsX was not confirmed by 

examining the protein profiles of ceil lysates on polyacrylamide gels, the in vitro 

tninscriptiodtransiation data indicated that the proteins were synthesized h m  pSB190 and 

pSB5696 (Fig. 19). In addition, the vector pBluescnpt KS+ has a high copy number, implying 

that there is a much higher number of copies of #SE, jfsX or BsEX from N. gonorrhoeae in the 

cells, compared to the chromosornal copy of the host cell. 

The absence of filamentation following overexpression of the gonococcal #SE and fisX in 

E. coli does not exclude them as ce11 division genes. When overexpressed in E. coli, ce11 division 

genes may have different effects on the cellular morphology. Overexpression of E. colifisQ or 

f r d  had no effect in nch medium and caused filamentation in minimal medium @ai et al., 1996, 

1 993; Gumian et al., 1 992; Carson et al., 1 99 1 ; Storts et al., 1 989). Overexpression of#sZ fiom 

E. coli and other species in rich medium caused filamentation (sections 1.6.2.; Quardokus et al., 

1996; Margolin and Long, 1994; Margolin et al., 1991; Ward and Lutkenhaus, 1985) and 

overexpression of E. coli caused short filamentation and ce11 lysis @ai et al., 1993). 

Filamentation c m  be induced by blocking the expression of genes such as f i  (encoding Fh; 

Appendix 1) or g s  (encoding 4.5s RNA; Appendix 1) in E. coli (Phillips and Silhavy, 1992; 

Ribes et al., 1990). Expression of a negative-ciorninant mutant of k p T ,  which encodes the ATP- 

binding domain of the ABC exporter for capsuiar polysaccharide in E. coli KI also caused cell 

filamentation (Bliss et al., 1996). Neitherm, ffs or kpsT are ce11 division genes, but interestingly 

enough, each gene encodes a protein involved in a transport process. 



E. coli JSlO produced more filamentous cells in LB than in L medium (LB contains 0.5% 

NaCl while L medium contains 0.05% NaCl; Sambrook et al., 1989; Miller, 1972). This 

observation has not k e n  previously documented, as the ce& were ody grown in L medium in the 

previous study on this mutant strain (Sturgeon and Ingram, 1978). in addition, the phenotype of 

JSlO was not observed beyond two hours of growth in L broth. The disappeanuice of the 

filamentous phenotype of E. coli JS 10 over time also constitutes a novel observation. 

ThefisXgene fiom N.  gonorrhoeae could not complement the unknownfisXdefect in E. 

coli JS 1 O (section 3.8.). The faiiure of the complementation could not be attributed to the absence 

of expression of the gonococcalPsXgene under the experimental conditions since the gonococcal 

fisX was expressed fkom the plasmid pSB190 as  shown by in vitro transcription/tnuislation 

(section 3.6.), but the production of the gonococcal FtsX could have been verified in ce11 extracts 

fiactionated on polyacrylamide gels. interestingly, atternpts to complement E. coli JS 10 withfrsX 

from M. tuberculosis have likewise k e n  unsuccessful (Tyagi et al., 1996). So far, E. coli JS 1 O 

has only k e n  successfully complemented with the wild-type E. coli fisX (Gill et al., 1986). 

Together, these data suggeaed that FtsX possessed species-specific characteristics; this was 

hypothesized as a possible explanation for the failed complementation of E. coli JS 10 with BsX 

gene fkom M. tubercuZosis (Tyagi et al., 1996). The cornparison of the aa sequences of the six 

known FtsX polypeptides has shown considerable size variation between the FtsX homologues, 

and the analyses done in this thesis suggest that this size variability was attributable to the size of 

the amino-terminal region of the protein. The M. tuberdosis FtsX comprises 268 aa residues 

(Tyagi et al., 1996) compared to 352 in E. coli (Gill et al., 1986) and 305 in N. gonorrhueue 

(section 3.3.2.). Based on the analyses presented in the section 3.3.2.. the size of the amino- 

terminal dornain of M. tuberculosis FtsX is 17 aa, compared to 74 in E. coli, and 28 in N 



gonorrhoeae. It cm be speculated that the size of this region varies between homologues to serve 

a species-specific fimction. The importance of the amino-termiaai region of FtsX could be 

verified by constnicting a series of deletions in the 5'-region of the E. colij?.sZ gene and to use 

these deletions to attempt relieving the filamentous phenotype of E. coli JSlO at its restrictive 

temperature. The carboxy-termiml region of FtsX also appears important for proper fiinction of 

F t S ,  as E. coli FtsX tnincated by its 3 8 carboxy-terminal aa residues (starting at IIe3 15 of E. coli 

FtsX; Fig. 1 l), effectively removing 9 aa residues fiom the linker between the third and fourth 

predicted trammembrane segments, the fourth transrnembrane segment and the carboxy-terminal 

domain, was incapable of cornplementing the defect in E. coli JS IO (Gill et al., 1986). 

The purified 6MSFtsE protein will be used to geoerate anti-6fiLFtsE polyclonal 

antibodies. These antibodies will then be used for subcellular localization studies of FtsE in N. 

gonorrhoeae by immunoelectron rnicroscopy as has been done for FtsZ in E. coli (Bi and 

Lutkenhaus, 1 99 1 b). These antibodies could also be used to confimi any interaction between FtsE 

and FtsX: in a wild-type N. gonorrhoeae strain, FtsE is predicted to be located to the inner side of 

the cytoplasmic membrane by binding FtsX; therefore anti-6HISFtsE polyclonal antibodies would 

aiso be located to the inner side of the cytoplasmic membrane. If the same experiment was done 

using N. gonorrhoeae CS 19, in which frsX has been disrupted, the hypothesized consequence 

would be that FtsE could not be located close to the membrane and the polyclonal antibodies 

would be located in the cytosol. If FtsE was found to be locaiized to the inner membrane despite 

the absence of FtsX, this would be indicative of the existence of at least another possible 

membrane anchor for FtsE. 

The absence of@sY immediately upstream ofjisE and ftsX was unexpected (sections 3.2. 

and 3.1 1 .). At the tirne the genetic organization of frsE and j?sX was king determined in N. 



gonorrhoeae, these genes had only been identined and characterized in E. coli and H influeme 

andftsY,fisE andfisX were clustered in both bacteria (section 1.4.; Fleischmann et al., 1995; Gill 

et al., 1986). N. gonorrhoeae became the first bacterium in which fisY, flsE and BsX were found 

not to be clustered (Bernatchez et al., 1996). The genetic organization of fsEX in N 

gonorrhoeae, combined with the infornation available on the genetic organization offisY, firE 

and ftsX fiom M. tubercülosis (Devlin et al., 1997), M. Ieprae (Parkhill et al., 1 9974 1997b), H. 

pylori (Tomb et al., 1997), M. pneumoniae (Himmelreich et al., 1996), H. influenzale 

(Fleischmam et al., 1999, M. genitalium (Fraser et al., 1993, and E. coli (Gill et al., 1986) has 

now indicated that the genetic organization of these genes varies between bacterial species (this 

work; section 1.4.). 

The presence of)sY and the absence of)sE and&% in M. genifalium and M pneumoniae 

(Himmelreich et al., 1 996; Fraser et al., 1 995) suggested that f lsY was essential in bacteria while 

#SE andfisX were not. This hypothesis was supported by the observation thatfisY was found 

essential in E. coli, whilefrsE orfrsXmutants of E. coli were viable (Luirink et al., 1994; Gibbs et 

al., 1992; Gill and Salmond, 1 990; Sturgeon and Ingram, 1978). 

The pilA gene has been proposed to be the gonococcal homologue of /rsY (Fyfe and 

Davies, 1996). This hypothesis was based on significant amino acid sequence similarity between 

PilA and FtsY in their carboxy-terminal sections and on the fact that both pilA and fisY are 

essential genes (Fyfe and Davies, 1996; Taha et al., 199 1, 1988). The similarity between PilA and 

FtsY started at position 12 1 in the PilA aa sequence; its amino-temiinal domain (positions 1-1 20) 

contains 32% of charged aa residues (including 21% of acidic aa residues, data not shown), which 

was less than the ratio of charged aa residues observed in the amino-terminal domains of E. coli 

FtsY (section 1.5.3.). PiiA was show to hydrolyze GTP (AMdson and So, 1995a). as does FtsY 



(section 1.5.3.). The amino-tenninal domain of PilA was predicted to contain an a-helix-turn-cx- 

helix motif characteristic of a DNA-bhding site (Taha et ai., 1988). PilA was shown to bind 

DNA containing the promoter region of the pilE gene and to be involved in the regulation of the 

pilE gene in N. gonorrhoeae (Arvidson and So, 1995b; Taha et al., 1995). Although FtsY was 

s h o w  to be involved in protein transport in E. coli (section 1.5.3.), the available experimental 

evidence for PilA argued against its involvement in protein transport in N. gonorrhoeae: while 

FtsY of E. coli was s h o w  to interact with 4.5 S RNA (section 1 S.3 .), no interaction between PilA 

and the gonococcal homologue of the 4.5s RNA could be detected (Taha et al., 1992). PilA has 

been proposed to be a pleiotropic regulator involved in the modulation of growth rate in response 

to various environmental stimuli (Lanibe et al., 1997; Taha et al., 1992). More investigation on 

the biologicai function of PilA is required to resolve the controversy conceming its role. In this 

work, the similarity searches in the N. gonorrhoeae FA 1090 genome database ushg FtsY fiom E. 

coli only detected PilA sequences (section 3.1 1 .). From these analyses, it appeared that no frsY 

gene was present in the genome of N gonorrhoeae. The question conceming the presence of a 

gonococcal homologue of thefisY gene in the chromosome of N gonorrhoeae will be resolved on 

M e r  investigation of the entire sequence of the genome and of PilA function. 

The effect of inactivatingfrsE in IV gonorrhueae remains to be assessed. Point mutations 

in fisE that rendered E. coli Ts have been characterized (section 1.2.2.; Gibbs et al., 1 992). It 

would be interestkg to selectively inactivatefrsE without aEectingfisX expression, and ais0 to 

inactivatefisEX to verify the effect of disabling the putative transporter formed by FtsE and FtsX 

on the viability and rnorphology of N. gonorrhoeae. SincefisX is not an essential gene (section 

3.4.), it can be supposed that jisE is not essential, and that the putative FtsEX transporter itself 

may not essential. The MIC profile of the fisE mutant should also be determined for cornparison 



to that of AL gonomhoeae CS 19. The MIC for ampicillin of both mutant strains when they contain 

a plasmid containing a bla gene (encoding p-lactamase) should be verifid These resuits would 

then be compared with the observations of Luirink et al. (1994) who found that p-lactamase 

translocation was not affected in an E. coli#sE Ts mutant, suggesting that FtsE was not involved 

in the translocation process. This observation on the non-involvement of FtsE in p-lactamase 

translocation cm be predicted to be also valid for FtsX and for the putative FtsEX transporter. 

The classincation offtsE as a ce11 division gene has b e n  previously questioned since 

filamentation of a#sE mutant of E. coli was medium-dependent (section 1 S. 1 .; Tascher et al., 

1988). However, two mutants of E. coli blocked at the eariiest stage of ce11 division were found to 

be mutated in fisE (section 1 S. 1 .; Begg and Donachie, 1995). This suggested that FtsE, and by 

inference the ABC transporter formed by FtsE and FtsX, could be involved in early stages of ce11 

division, perhaps in the translocation of ce11 division proteins. Further characterization of the 

function of FtsE will be required to determine its role. FtsX was believed to be involved in ce11 

division in M. tuberdosis based on the observation thatfisXexpression was correlated with the 

division status in this bacterkm (section 1.5.2.; Tyagi et al., 1996). As with FtsE, M e r  

characterization of FtsX is needed to determine its biologicd function. 

The only ABC transporters identified so far in the Neisseriaceae have k e n  a transporter 

involved in iron uptake in N. gonorrhoeae and a transporter involved in export of the capsule 

polysaccharide in N.  meningitidis (section 1.2.4.). The membrane proteins of each of these ABC 
. 

transportes were also predicted to differ fiom the standard structure: FbpB h m  the gonococcal 

iron importer was predicted to have 11 trammembrane segments (Adhikari et al., 1996), while 

CtrB and CtrC fiom the meningococcal liposaccharide exporter were predicted to be hydrophobic 

proteins (Frosch et al., 199 1 )  containing 2 and 5 trammembrane segments, respectively (data not 



show). As was determineci in this work forfrsEX, thefipABC and the ctrABCD genes encoding 

the domains of these two other transporters are organized in operons (Adhikari et al., 1996; 

Frosch et al., 199 1). No additionai protein is expected to be part of the putative ABC transporter 

identified in the present work as only fisE and PsX were found to be part of the same 

transcriptional unit. 

ABC transportes are involved in import or export processes (section 1.2.). Based on the 

data gathered from this work, the putative ABC transporter formed by FtsE and FtsX is predicted 

to participate in an export process. This prediction is based on two observations. First, ABC 

importers always comprise a third protein (the periplasmic substrate-binding protein; section 

1.2.1 .), encoded by a gene clustered with the genes encoding the domains of the ABC transporter 

(Fath and Kolter, 1993). By contrast, some ABC exporters require an AF, but the gene encoding 

that third protein may be linked or not linked with those encoding the domains of the ABC 

transporter (section 1.2.1.). No other gene appears to be transcribed with fis=, but the putative 

FtsEX transporter may require a third protein encoded by an unlinked gene. Second, the EAA 

loop is absent fiom the aa sequence of the FtsX protein. This sequence is present in a cytoplasrnic 

loop of the membrane domain of ABC irnporters (section 1.2.3.). in addition, earlier sequence 

cornparisons showed that FtsE belonged to a group comprishg ABC exporters and importen in 

which the ATP-binding and membrane domains were found on separate polypeptides (Fath and 

Kolter, 1993; Fath et al., 1992). 

A plethora of questions need to be answered to confirm the existence of the ABC 

transporter formed by FtsE and FtsX. Experimental evidence WU be required to show that FtsE 

binds ATP. This constitutes a vital question, as binding and hydrolysis of ATP by the ATP- 

binding domain is intimately linked to the mechanism of substrate transport by the transporter. 



FtsE and FtsX will need to be shown to interact. This interaction could be verified by using 

polyclonai anti-FtsE antibodies as described once they are available (see above), or by using the 

yeast two-hybrid system which has already been used to show interactions between FtsA and FtsZ 

(Wang et al., 1997) and also between MinC and M i  (Huang et al., 1996). An experimental 

approach similar to that followed by Haie and de Boer (1997) to identify ZipA, the membrane 

receptor for F U  (section 1.7.1 .) could also be used to i d e n w  FtsX. In this experiment, FtsE (or 

6HISFtsE) would be labeled with a radioactive isotope and used to probe the proteins of a 

membrane fraction of N. gonorrhoeae. 

The topological predictions of N. gonorrhoeae FtsX need to be experimentally venfied. 

There are several systems to determine the membrane topology of a membrane protein by means 

of fusions with alkaline phosphatase (AP), P-gaiactosidase or P -lactamase (Froshauer et al., 

1 98 8; Broome-Smith and S pratt, 1 986; Manoil and Beckwith, 1 985). Fusions between FtsX and 

AP would be preferred in the present case as there is a system allowing the determination of the 

AP activity of the fusion in N. gonorrhoeae (Boyle-Vavra and Seifert, 1995). The importance of 

the LLGA motif for FtsX-FtsE interactions could be assessed by mutating the aa residues and 

verif@ng if FtsE and FtsX are still able to form a complex using a yeast two-hybrid system. In 

addition, an extensive search of the aa sequence of the membrane domains of other ABC 

exporters will be required to veriQ if the LLGA motif is present and conserved. 

One of the main unanswered questions is the nature of the ion or molecule transported by 

FtsE/FtsX. An interesting possibility would be that one of the murein biosynthesis proteins that 

need to be periplasmicaily located as a substrate for FtsE and FtsX. This possibility is especially 

interesting considering the absence offrsE andfisX in M. pneumoniae &d M genitalium, two 

bacteria that do not have ceIl walls, and that are consequently devoid of the mur genes 



(Himmelreich et cd., 1996; Fraser et al., 1995). However, the mur genes are present in 

S'echocystis PCC6803 nohvithstanding the absence of @SE and fisX in this cyanobacterium 

(Kaneko et al., 1996). Gill er al. (1 986) suggested ca2+ or M ~ ~ +  cations as potential candidates for 

the FtsEX transporter. The results of the viable counts under various environmental conditions 

(section 34.3.) suggest that the FtsEX transporter could be involved in osmotic equilibriurn so 

that more investigation in that direction could be worthwhile. The participation of a possible third 

protein (like TolC for colicinV or a-hemolysin export; section 1.2.1 .) in the process in which the 

FtsE/FtsX transporter is involved will also need to be verified. 

FtsY has k e n  shown to be involved in protein transport in E. coli (section 1 -5.3.). Based 

on the clustering of their genes withfrsY, FtsE and FtsX were proposed to be part of the same 

cellular process with FtsY; however, in con- to what had k e n  observed following FtsY 

depletion in E. coli, there was no accumulation of p-lactamase in an E. coli #SE (Ts) strain 

(Luirink et al., 1994; section 1.5.3.). Results fkom the present work argue against a role for FtsE 

and FtsX in the SRP pathway: other known components of the SRP pathway (FtsY, Ffh, 4.5s 

RNA; Appendix 1) have been shown to be essential for ce11 viability (Luirink et al., 1994; 

Phillips and Silhavy, 1 992; Brown and Fournier, 1984); in conaast the viability of the&% mutant 

N. gonorrhoeoe CS 19 indicated that ftsX was not an essential gene. Morphologicd aberrations 

were caused by overexpression offsY in E. coli (Luiri.uk et al., 1994; whüe the overexpression of 

the gonococcalfisE,fisX orfrsEX in E. coli had no observable effect (section 3.7.). 

The genetic organization of the other gene homologues identified in this study varied 

between bacterial species. In E. coli, msC was located at 78.6 minutes (Berlyn et al., 1995) and is 

the closest toflsYEX among the other gene homologues identified in this work; pgk and glM are 

located elsewhere on the chromosome while no tZpA gene has k e n  identified (Berlyn et al., 



1995). In H. infuenzae, arsî, gltX and pgk were not linked between themselves or withfisYEY 

(Fleischmann et al., 1995). It is however noteworthy that msC is alone on the chromosome of H 

infuemae, as is the case in N. gonomhoeue. The msC gene is part of the ms operon that 

comprises genes involved in arsenic resistance in E. d i ,  and plasmids of diverse bacteria such as 

E. coli, Yersinia, and Staphylococci species (Berlyn et al., 1995; Fleischmann et al., 1995). in H 

pylori, there was no msC gene, and glrXand pgk were uniioked between themselves and were not 

linked with fisE and PsX (Tomb et al., 1997). In M. genitaliurn, pgk and fisY were separated by 

4.1 Kb (Fraser et al., 1995); glrX was located elsewhere on the chromosome while arsC and !&A 

were not present (Fraser et al., 1995). In M. jannaschii, oniy gltY and pgk were present and they 

were not linked (Bult et al., 1996). 



PART 5. CONCLUSIONS 



TheffsE and/tsXgenes of N. gonorrhoeae and their flanking genes have been cloned and 

characterized The gonococcal FtsE contained the Walker A and B domains characteristic of the 

ATP-binding protein domains of ABC tramporters. The gonococcal FtsX only shared significant 

aa sequence similarity with its hown bacterial homologues. Analyses of the aa sequence of the 

six known bacterial FîsX showed that the size of the amino-terminal region varied between FtsX 

homologues and that it contained four putative transmembrane heiices. These results suggested 

that FtsE and FtsX were the ATP-binding and transrnembrane domains of an unchanicterized 

ABC transporter. The putative FtsEX transporter was predicted to be involved in an export 

process; first because no other gene was part of thefrsEX transcription unit, and also because the 

EAA loop was not present in FtsX. 

ThefrsX gene was shown to be nonessential for bacterial viability since N.  gonorrhoeae 

was viable following the disruption of the fisX reading fiame. The size of gonococci fiom the 

mutant strain did not differ from that of the wild-type parental strain, and no morphological 

aberrations were observed. Since the absence of other known ceil division genes in E. coli has 

been s h o w  to be lethal, this suggested thatfsx, and by inference the FtsEX transporter, was not 

involved in cell division. 

ThefrsE andftsX genes were identified in ten other Neisseria species by Southem blotting 

and PCR, suggesting that they were ubiquitous in the Neisseriaceae. The )SE and ftsX genes 

overlapped by 4 bp suggesting CO-transcription. fisE andfisX were shown to be CO-transcnbed, as 

synthesis of the FtsE and FtsX proteins occurred when a prornoter was present upstream offsEX, 

but FtsX was not synthesized fiom frsX alone if no promoter was provided. A putative -10 

sequence identified upstream offsE codd be part of thePsEXprornoter. 

While overexpression of some ce11 division genes caused morphological aberrations in E. 

coli, overexpression offisE, ftsX orftsEX had no observable effect. Complementation attempts of 

the E. coli JS 10 frsX Ts mutant were not successful. This may be due to species-specific features 

of the FtsX protein, particularly in its amino-temillial kgion. However, the absence of 

morphological aberrations upon overexpression of PsEX does not constitute sufficient 



experimental evidence to dismiss JsEX as cell division genes, as other genes caused 

morphological aberrations if their regular pattern of expression was altered. 

Contrary to the case in E. coli and H. influeme, a homologue of thefrsY was not present 

immediately upstream offisEX. Gonococcal genes encoding a putative thioredoxin-like protein, 

arsenate reductase and glutamylTRNA synthetase were identified upstrearn ofPsEX, and a gene 

encoding 3-phosphoglycerate kinase was identified downstream offis= Similady searches in 

the genome database of N gonorrhoeae FA1090 using FtsY from E. coli failed to identiQ a 

gonococcal FtsY homologue. 

The putative FtsEX transporter, or any ABC tramporters, are not included iri the current 

mode1 of bacterial ce11 division. The viability of the#& mutant of N. gonomhoeae suggested that 

fia, and by extensionfrsE, were not cell division genes. A role for the FtsEX transporter in the 

SRP pathway is also unlikely, again based on the viability of the fisX insertion mutant while the 

depletion of other known components of the SRP pathway (F£h, 4.5s RNA, FtsY) in E. coli were 

ultimately lethal. The biological hc t ion  of the FtsEX transporter remains to be detennined, but 

may be linked to osmotic equilibriurn since the fsX mutant had colony counts 6.5 and iO times 

lower than those of the wild-type parental strain on media containhg 100 mM KCI or 400 mM 

sucrose. 

Additional investigation of FtsE and FtsX will necessitaie the characterbtion of the 

FtsEX transporter, starting with the identification of the substrate of the transporter. The 

identification of the substrate would confimi the role of FtsE and FtsX in transport and would 

also allow to understand the biological hc t i on  of the FtsEX transporter. However, since the 

inactivation offisX did not affect ce11 viability, suggesting jisX and the FtsEX transporter were not 

essential, the identification of the substrate codd be difficult, Based on the resdts h m  the viable 

counts, the first series of possible substrates to investigate would be molecules involved in the 

maintenance of osmotic equilibrium. The nature of the substrate may also help to detemine if 

there is an additionai component to the transporter, such as an OMP. 
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PART 7. APPENDICES 



Appendix 1. The SRP pathway of protein transport. 

There are two pathways for protein transport across or integration into the membrane of 

the endoplasmic reticulum (ER) in eukaryotic cells (Rapoport et al., 1996). In the CO-translational 

pathway, the transport takes place while the polypeptide is king synthesized on a ribosome 

bound to the ER membrane, while in the pst-translationai pathway, the synthesis of the 

polypeptide is completed before it is transported (Rapoport et d., 1996). 

The CO-translational pathway begins as the signal sequence of a nascent polypeptide 

emerges h m  the ribosome and is bound by the signal recognition particle (SRP). The SRP is a 

ribonucleoprotein complex consisting of one RNA molecule, 7s RNA, and six polypeptides with 

Mws of 9, 14, 19, 54, 68 and 72 KDa (Lütcke, 1995). The nascent polypeptide is bound through 

one of the domains of the 54 KDa polypeptide of the SRP (SRP 54; Rapoport et al., 1996; 

Lütcke, 1995). The binding of the SRP to the signal sequence causes a temporary arrest in the 

elongation of the polypeptide (Lütcke, 1995). The complex formed by the SRP and the ribosome 

then binds the SRP receptor (SR also called the docking protein) located on the membrane of the 

E R  The SR is constituted by two subunits (SRa and SRP, both of which possess a GTPase 

activity; Lütcke, 1995); the interaction of SR with the SRP occurs thmugh SRa. The SRP is then 

released fiom the signal sequence and the ribosome, and the nascent polypeptide is tnuisferred 

into the lumen of the ER (Rapport et al., 1996). The release of the SRP fiom its receptor occurs 

through hydrolysis of GTP, and once the SRP is free in the cytosol once more, a new cycle can 

begin. 

In bacteria, protein transport is mostly handled through the general secretory pathway 

(Arkowitz and Bassilana, 1994; Pugsley, 1993). However, several bacterial gene products have 

been identified as homologues of components of the marnmalian SRP, suggesting the existence of 

a SRP pathway in bactena (Ltitcke, 1995; Dobberstein, 1994; Luirink and Dobberstein, 1994; 

Wolin, 1994; Rapport, 1991). For instance, the product of the ffs gene, a 4.5s RNA, was found 

to possess a structure similar to that of 7s RNA (Poritz et al., 1988); Ffh, a 48 KDa polypeptide 

encoded by thefi gene shared signifiant aa sequence similarity with the 54 KDa polypeptide of 



the mammdian SRP (Bernstein et al., 1 989; Romisc h et al., 1 989); the FtsY protein was found to 

share sequence similarity with SRa (Bernstein et al., 1989; R6misch et ai., 1989; section 1.5.3.). 

Following the identification of these homologues of the constituents of the SRP in E. d i ,  

F f i  and 4.5s RNA were shown to form a complex, with Uidicated that a SRP existed in E. coli 

(Pontz et al., 1990; Ribes et al., 1990). This bacterial SRP would only consist of the Fth 

polypeptide and of the 4.5s RNA. The Ffh polypeptide was shown to be essential for bacterial 

viability and for the efficient export of severai proteins in E. coli (Phillips and Silhavy, 1992). 

The evidence involving FtsY in protein transport, more specifically in the SRP pathway, is 

reviewed in section 1.5.3. Also similar to the eukaryotic SRP, the E. coli SRP was show to act 

co-translationally (Powers and Walter, 1 997). 

It is believed that the SRP pathway increases the targeting eficiency of a subset of E. coli 

presecretory proteins in an uncharacterized process (Schatz and Dobbentein, 1996; Wolin, 1994). 



Appendix 2. The initial isolation of the plasmid pSBl9. 

A strategy to clone gonococcal arginine biosynthesis genes consisted of the 

genetic complementation of E. coli arginine auxotrophs on mulima1 medium. Lytic 

complementation of E. coli arginine auxotrophs with genes fiom N.  gonorrhoeae had 

previously k e n  accomplished using the recombinant h bacteriophages from a bank of N. 

gonorrhoeae CH81 1 DNA (Picard and Dillon, 1989a). For the present work, the strategy 

involved transfonning the plasmid pools from the genomic bank constructed in the 

plasmid pBluescript KS+ (section 2.5.) into E. d i  strain UQ27, which barbors a 

defective mgG gene (Table 2). This gene encodes the enzyme argininosuccinate 

synthetase, which catalyzes the seventh step of the arginine biosynthetic pathway 

(GlansdoB, 1996; Fig. A 2 4  .). The transfomants were selected on minimal medium 

lacking arginine as described in section 2.5. The growth of E. coli UQ27 on minimal 

medium lacking arginine required the presence of a gonococcal gene able to compensate 

the fùnction of the defective argG gene of the E. coli host strain. Twenty-five bacteriai 

colonies (bacterial clones SB1 to SB25) were obtained following the genetic 

complementation experiment, and the ability of each colony to grow in the absence of 

arginine was confimed by restreaking on minimal medium lacking arginine. 

The plasmids fiom these 25 clones were purified @lasrnid clones pSBl to pSB25) 

and divided in eight groups based on their banding pattern and on the size of their insert. 

The plasmid groups comprised fiom one to seven plasmids (Table A24 .). The rationale 

for the grouping of the plasmids was that al1 inserts of the sane size were expected to be 

identical since d l  the plasmids had complernented the arginine defect of E. coli UQ27 on 

minimai medium lacking arginine. 

Since the groups 4, 5,6 and 8 included 20 of the 25 bacterial clones obtained fiom 

the complementation experiment, the plasmids fiom these four groups were the first ones 

to be investigated. One or several plasmid clones h m  each of the groups 4, 5, 6 and 8 

were randomiy selected for M e r  characterization (nine plasmid clones in total; Table 



A24 .). The plasmids were restricted with PvuII to fke the inserts fiom the vector and the 

gonococcal origin of the insert of each of the nine plasmid clones was successfully 

confkmed by hybridhtion with gonococcai DNA at 68OC (data not shown). 

Table A2-1. Plasrnids complementing the arginine requirement of E coli strain UQ27 on 

minimal medium M9 lacking arginine. 

- - 

Plasmid Number of plasmi& insert size Plasmid clones 1 
€WUP in the group (Kb) 

1 1 I .9 pSB 1 

2 1 2.2 pSB2 

3 1 1.6 pSB 16 

4 4 1 .O pSB3, pSB4, pSB 13, pSB25 

5 7 1.9 pSBS, pSB14, pSB17, pSB18, 

pSB22, pSB23, pSB24 

6 4 1.8 pSB6, pSB11, pSBI5, pSB19 

7 2 1 .O pSB7, pSB8 

8 5 1.6 pSB9, pSB 10, pSB 12, pSB20, pSB21 

The plasmids in bold are those that were chosen for M e r  characterization. 

The presence of the argG gene in the nine plasmids was then investigated by 

hybridization using the argG gene f'iom E. coli as a probe. The urge gene fiom E. coli 

was present on a 5.3 Kb Safi-Bgm hgment that had been originally cloned in the 

plasnid pYN87 (Table 2; Kurihara and Nakamura, 1983), and the complete nucleotide 

sequence of argG had b e n  determined (Van Vliet et al., 1990). The ptasmid pYN87 

contained a hc t i ond  argG gene since it could complement E. coli UQ27 on minimal 



medium lacking arginine. Of the nine plaunids investigated (Table A24 .), only the insert 

of pSB19 weakly hybrïdized the E. coli urge gene probe at 60°C (data not shown). This 

result suggested that only the insert of pSB 19 s h e d  nucleotide sequence similarity with 

the mgG gene nom E. d i .  The hybridization signal was stronger at SO°C, but was still 

weak (data not shown). The results of these hybndizations, combined with the fact that 

the plasmid pSB19 allowed growth of E. coli UQ27 on minimal medium lacking 

arginine, suggested that the insert of the plasmid pSBl9 contained the gonococcal argG 

gene. However, the weak hybridization signal was obtained between the two DNA 

fragments even at relatively low stringency (SO°C) suggested that the nucleotide sequence 

of the putative gonococcal argG gene would be divergent firom that of E. coli. The 

complementation of E. coli UQ27 with pSB19 was successfdly repeated once more 

before proceeding with the determination of the nucleotide sequence of the insert of 

pSB 19. The plasmid pSB19 was digested with Sac1 and Ba1 to liberate the insert and 

nested deletions were constnicted to facilitate the sequencing step, and the insen of 

pSB 1 9 was completely sequenced in both orientations. 

The analysis of the nucleotide sequence of the insert of pSB19 showed it 

contained one complete gene sharing sequence similarity to the fisX gene from E. coli. 

Two other partial genes that respectively shared nucleotide sequence similarity to thefisE 

and pgk genes were also identi fied (section 3.1 .). There was no sequence similarity wi th 

the argG gene of E. coli or of other bacteria. 

The possible complementation of any other step of arginine biosynthesis by the 

gonococcalfisXgene was venfied by transfomiing pSB19 into E. coli strains with defects 

in arginine biosynthesis (Fig. A 2 4  and Table 2). Before the mutants were transformed 

with pSB19, the defective step of arginine biosynthesis was confirmed by nutritional 

requirements as described in section 2.1. The defects in first two steps of arginine 

biosynthesis (strahs W3421 and GY3428 for argA, strain 30 SOMA 4 for argB) could 

not be cunfimied in the strains used as they did not grow on M9 medium supplemented 



with N-acetylglutamate and ornithine, respectively. The defects in arginine biosynthesis 

were confinned for saains mutated in each of the other six steps of the biosynthetic 

pathway (6, mgQ argE, argF, wgG and mg& Fig. A2-14, and the corresponding 

mutant strains were tmnsformed with pSB 19 and pHL 1 (a pGEM-T derivative containing 

amplified fism genes fiom N. gonorrhoeae with the upstream region containing the 

promoter; Table 2). None of the seven arginine mutants tested (Fig. A2- 1 .) grew on 

minimal medium supplemented with the substrate of each defec tive enzyme fol10 wing 

transformation with pSB19 or pHL1, including strain UQ27. The fact that the initial 

complementation of E coli UQ27 by pSB19 couid not be reproduced, combined with the 

absence of complementation of other arginine auxotrophs of E. coli by pSB 19, indicated 

that fisX plays no role in arginine biosynthesis and that the initial observation was a 

spurious result. Together, the results fiom the complementation attempts indicated that 

thej?sE andfagene  products played no role in the 3d ( a m ,  4" (a@), 5" (argE), 6" 

(a&) and 7' (urgH) steps of the arginine biosynthesis pathway. Also, based on these 

results, it can be predicted that pSB 19 and pHLl would not complement the defects in 

mutants of the ln (urgA) or 2"d (argB) steps of arginine biosynthesis. Thus,fisX (andfSsE) 

have no role in this pathway. 



Figure A2-1.: The pathway of arginine biosynthesis in E. coli. The astensks 

accompanying some of the intermediates indicate they were used for the confirmation of 

the defect in arginine biosynthesis in the mutants. For instance, the defect in strain 

AT3 14 1 was confirmed by growth on M9 medium with ornithine, and the absence of 

growth of AT3 141 was confimied on M9 containhg N-acetylglutamate. The strains used 

for each gene are indicated in parentheses next to each gene; green charactea indicate the 

strain was tested, red characters indicate the strain was not tested. 





Appendu 3. Otber analyses of the fipA gene. 

Besides the aa sequence similarities with B. japonicum TlpA (52.6% similarity and 3 1.2% 

identity), the gonococcal TipA had other similar features to B. juponicum Tlpk  The two 

polypeptides were predicted to have alkaline isoelectric points @I): the predicted pI for N. 

gonorrhoeae TlpA was 9.63, compared to a predicted pI of 8.97 for B. juponicum TlpA (Loferer 

et al., 1993). Also, a putative transmembrane segment was identified near the amino-terminal end 

of the gonococcal polypeptide (positions 2 to 20, Fig. A3-l), as is the case in B. japonicum TIpA 

(Fig. A3-1; (Loferer et al., 1993)). This putative transmembrane segment contained two 

positively charged amho acid residues at its beginning, suggesting that its amino terminus is 

located in the cytoplasm and that it contained a large periplasmic domain, as had been reported 

for B. japonicum TlpA (Loferer et al., 1993). However, the gonococcal TlpA was 61 aa shorter 

than the B. japoninrm TlpA. 

B. japonicum T1pA was reported to share about 30% identity with various bacterial 

thioredoxins (Loferer and Hemecke, 1994; Loferer et al., 1993). In cornparison, N. gonorrhoeae 

strain CH811 TlpA shared between 46.7% and 52.5% aa similarity and between 23.6% and 

27.6% aa identity with the thioredoxins nom E. d i ,  Rhodobacter sphaeroides, S. typhimurium, 

M. genitalium, and Synechocystis sp. 6083. An alignment of TlpA from N. gonorrhoeae and B. 

juponicum with the thioredoxins fiom E. coli, S. typhimurium and M. genitalium is shown in Fig. 

Al-1. The amino acid residues of the active site of bacterial thioredoxins (consensus sequence: 

WCGPC (Loferer and Hemecke, 1994)) are perfectly conserved in the gonococcal TlpA 

(positions 52 to 56, Fig. A3-1). As had k e n  observed with B. japonicum TlpA (Loferer et al., 

1993), the aa residues forming P-sheet 2 and a-helix 2 that precede and follow the cysteinyl 

residues of the active site in the thioredoxins (Ellis et al., 1992) are well conserved in the 

gonococcal TlpA. There are eleven identities and three cowrvative changes between the 

gonococcal and B. japonicum TIpA polypeptides over the nineteen amino acid residues part of P- 

sheet 2 and a-helix 2 (Fig. A3-l). This suggests there exist some structural similarities between 

N. gonorrhoeae TlpA, B. japonicum TlpA and the thioredoxins. 



Figure A3-1. Alignment of the amino acid sequences of bacterial thioredoxin-like proteins 

and thioredoxins. Included in this a l i m e n t  are the thioredoxin-like proteins of N.  gonorrhoeae 

(NgoTlpA; this work) and B. japonicum (BjaTlpA; Loferer et al., 1993), the CycY protein £iom 

B. japnicum (BjaCycY; Fabianek et al., 1997), and the thioredoxins of R. sphueroides 

(RspTrxA, Genbank accession number M33806), Synechocystis PCC6083 (SynTrxA, Genbank 

accession number X80486), E. coli (EcoTrxA; Genbank accession number M10424), and M. 

genitalium (MgeTM, Genbank accession number U39691). The active site of thioredoxin 

enymes (WCGPC) is boxed in gray. Amino acid residues conserved in al1 five enzymes are 

boxed, and those conserved between N. gonorrhoeae and B. japonicum are in bold. The strand 

and cc-helix 2 are also indicated based on Ellis et al., 1992. The transmembrane regions of TlpA 

nom N. gonorrhoeae and TlpA and CycY fkom B. japonicum are underlined. 





The N. gonorrhoeae TipA also shared 48.3% and 53.1% aa sequence similarity and 25.5% 

and 24.5% aa sequence identity with CycY, a protein that has been identified in B. japonicurn 

(Fabianek et al., 1997) and in Rhuobium Ieguminosamrn (Vargas et al., 1994) and is related to 

TlpA. There were five identities and 5 conservative changes between N. gonorrhoeae TlpA and 

either CycY protein among the nineteen aa residues fonning P-sheet 2 and a-helix 2. 

The expression of tl'A was venfied by reverse transcriptase PCR (RT-PCR; section 

2.9.3.). An arnplicon of 415 bp was generated fiom gonococcd RNA (Fig. A3-2, lane l), and an 

amplicon of the same size was generated from gonococcal DNA (Fig. A3-2, lane 2). These results 

indicated that the tlpA gene was hanscribed in N. gonorrhoeae. The presence of a putative 

transcription terminator in the fom of two inverted copies of the gonococcal US irnmediately 

dowmtream of tlpA suggested that it constituted a single transcription unit. 



Figure A3-2. Reverse trPnscriptase PCR of the tlpA gene. The expected amplicon for tlpA was 

415 bp in size. Lane 1, gonococcal RNA, lane 2, gonococcal DNA (positive control), Lanes 3, 

100 bp molecular weight marker (Gibco BRL). The tZpA-specific amplicon is indicated on the lefi 

of the picture, and sizes of the molecular weight marken are indicated to the right. 





Appendu 4. Other analyses of the a d  gene. 

The aa sequence similarity and identity scores between the gonococcal ARC, which 

encodes a putative arsenate reductase enzyme and its homologues h m  other bacteria was 

variable (Fig. A4-1). Similarity scores varied between 63% and 66% and identity scores varied 

between 37% and 50% with the enymes fiom Gram-negative bacteria Comparatively, similarity 

(45% and 47%) md identity (19% and 20%) scores were lower with arsenate reductases of the 

plasmids pSX267 and pI258 f?om staphylococcal species. These observations were consistent 

with the results of other investigators that showed low similarity scores between arsenate 

reductases h m  Gram-negative and Gram-positive bactena (Neyt et al., 1997; Bnihn et al., 1996; 

Diono et al., 1995; J i  and Silver, 1992; Rosenstein et al., 1992). Lower similarity (5  1%) and 

identity ( 1  8%) scores were also observed with ArsC from S'echocystis PCC6083. One of the 

few positions conserved in dl nine enzymes on the alignment presented in Fig. A2-1 is the 

cysteinyl residue at position 12 that has been shown essential for catalysis (Liu et al., 1995) 

N. gonorrhoeae CH81 1 was shown to have sodium arsenate and sodium arsenite minimal 

uihibitory concentrations W C )  of 1024 pg/rnL and 4 pg/mL, respectively (Table A4-1). The 

MIC for arsenate was considerably higher than that measured in Staphylococcus carnosus (61 

g/mL; Rosenstein et al., 1992) and Yersinia enterolitica (94 &IL; Neyt et al., 1997) and was in 

the range of the concentrations that inhibited E. coli IM109 @UC 19) (936 &mi,; J i  and Silver, 

1992). The MIC for arsenite was in the same range than what was measured in Y. enterolitica and 

S. carnosus (9 pg/mL,; Neyt et al., 1997; Rosenstein et al., 1992), but was much lower than what 

had been measured in E. coli (400 pg/mL for E. coli 40 and 194 pg/mL for E. coli JM109 

(pUC19) ; Diono et al., 1995; J i  and Silver, 1992), Bacillus subtilis (260 pg/mL) and 

Staphylococnrs aurem ( 1  04 pg/mL; Ji and Silver, 1992). This large difference between the MICs 

for the two arsenical cornpounds couid be a reflection of the higher toxicity of arsenite over 

arsenate. It also suggested that N. gonorrhoeae may not possess the arsenite pump (ArsB) to 

exclude arsenite ions fkom the ceils since it is much more sensitive to arsenite than to arsenate. 



Figure A4-1. Alignment of the amino acid sequences of bacterial arsenate reductase 

enzymes. Included in this alignment are the enzymes from N. gonorrhoeae CH81 1 (NgoArsC), 

H. infuenzae (Fleischmann et al., 1995), E. coli (EcoArsC; Diono et al., 1999, plasmid R773 

(R773ArsC; Cheo et al., 1986), plasmid R46 (R46AnC; Bruhn et al., 1996), pSX267 of S. 

xylosus (pSX267ArsC; Rosenstein et al., 1992), plasmid pi258 from S. aurem (pI258ArsC; Ji 

and Silver, 1992), plasrnid p W of Yeniniae species (YspArsC; Neyt et al., 1997), and 

Synechocystis PCC6083 (SynArsC; Kaneko et al., 1996). Amino acid residues consewed in al1 

nine enzymes are boxed, those conserved in eight enzymes are indicated by bold asterisks, those 

conserved in six or seven enzymes are indicated by an asterisk. Amino acid residues in bold are 

identical in the enymes of N. gonorrhoeae and H injluenzae. The conserved cysteinyl residue 

essential for enzyme activity (Liu et al., 1995) is also identified. 



Cys 12 
I 

TSRNTLEMI 

TSRNTLEMI 

E----------- IL 
E----------- IL 
EPTVIYYLETPPTH 

E SARGMMR-DLYKELGLDNPDLDNDALLWADH 

DDVRQMMRTKDELYKSLNmNLDLSQAELFKAI SEH 
-SVRALLRKNVEPYEELGLAEDKFTDDRLI DE'MLQH 
-SVRALLRKNVEPYEQLGLAE DKFTDDQLI DFMLQH 
-SVRALLRKNVEPYEELGLAEDKFTDDQLI DFMLQH 

ET-HGVNPKAIEAMKEVDIDISNHTSDLIDNHILKQ 
ET-HGVNPKAIEAMKEVDIDISNHTSDLIDNDILKQ 
-TVRALLRKNVEPYEELGLAEGT FSDEQLIGFMLEH 

* * *  ** * * * ***  + * *  * * * * * * *  

-----------_-------- LGKR------------------------- 

GDKAKIGR--PPET----- VLEIL------------------------- 
PLGTRLCR--PSEV----- VLE I LPDAQKGAFSKE DGEKVVDEAGKRLK 
PLGTRLCR--PSEV----- VLDILQDAQKGAFTKE DGEKVVDEAGKRLK 
PLGTKLCR--PSEV----- VLDILPDAQKAAFTKEDGEKVVDDSGKRLK 
SDADDNCPILPPNVKKEHWGLEDPAGKEWSEFQRVRDEIKLAIENFKLR 
SDADNNCPILPPNVKKEHWGFDDPAGKEWSEFQRVRDEIKLAIEKFKLR 
PLGTRLCR--PSEV----- VLDILPEPQQGAFTKEDGEKITDESGKRLK 

NgoArsC 
HinArsG 
EcoArsC 
R773ArsC 
R46ArsC 
pSX2 67ArsC 
pI258ArsC 
pYVArsC 



Table A4-1. Minimal inhibitory concentrations (pg/mL) of arsenic compounds on N. 

~onorrhoeae CH8 1 1 and CS 1 9 

sodium arsenate 1 024 1 024 

sodium arsenite 4.0 4.0 

1 Wild-type parent stralli 

Strain with an insertion in i t s w g e n e .  

The products of theftsEX genes are predicted to form a membrane complex involved in 

transport (section 3.3.2.), and the ion or molecule transported by the putative FtsEX transporter 

has not been identified (section 4.). ThefisEY genes were located close to arsC on the gonococcal 

chromosome (sections 3.2. and 3.10.). To ven@ iffrsEX is linked to arsenic extrusion £iom the N. 

gonorrhoeae cytoplasm, the MICs of the wild-type N. gonorrhoeae CH8 11 and N. gonorrhoeae 

strain CS 19, which contained an insertion in its ftûY gene, for sodium arsenate and sodium 

arsenite were determined. The MICs of the strain CS19 are identical to those of its wild-type 

parent, strain CH8 1 1, for both arsenic compounds (Table A44 .). These results indicated that 

FtsX and by extension the JsEX genes, are not involved in the transport of arsenite or arsenate 

fiom the cels. 

With 102 aa, the putative gonococcal ArsC is the smallest of the known arsenate 

reductases. In cornparison, the H influenzae enzyme includes 1 16 aa (Fleischmann et d, 1999, 

those from the plasmids pI .58  and pSX267 of StaphyIococn*~ species and that of Synechocystis 

PCC6083 comprise 13 1 aa (Kaneko et al., 1996; Rosenstein et al., 1992; Ji and Silver, 1 W2), and 

those h m  E. coli, E. coli plasmids R46 and R773, and Yersinia al1 contain 141 aa (Neyt et ol., 

1997; Bnihn et al., 1996; Diono et ni., 1995; Chen et al., 1986). ArsC codd be a truncated 

enzyme or msC could be an inactive gene since the putative ArsC polypeptide is shorter than its 

known homologues and there are no clair regdatory elements (RBS, transcription temiinator) 



flanking arsC (section 3.10.2.). To verify if the gonococcal arsC gene was transcnbed, its 

expression was investigated by RT-PCR (section 2.9.3.). An amplicon of 275 bp was genemted 

fkom RNA isolated fkom gonococci grown in the absence of sodium arsenate or sodium arsenite 

(Fig. A4-2, lane 2). This result indicated that the gonococcal arsC gene was expressed. 

Expression of the arsC gene in the absence of arsenic had k e n  previowly observed in E. coli 

(Carlin et al., 1995). When the RT-PCR was repeated using RNA isolated f?om Al gonomhoeue 

grown in the presence of sodium arsenate or sodium arsenite, the msC gene was aiso expressed 

(Fig. A4-2, lanes 3 and 4). In E. d i ,  arsenite has been shown to be an inducer of ms gene 

expression (Cai and DuBow, 1996; Carlin et al., 1995). in the present case, the level of induction 

was not measured as the amount of RNA used in each RT-PCR reaction was not quantified. 

The presence of the other known ars genes in N. gonorrhoeae FA1 090 was investigated 

using the known bacterial ArsR, ArsD, ArsA, ArsB and ArsH protein sequences. No other ars 

gene was identified in the strain FA1 090, suggesting that N gonorrhoeoe contains only an arsC 

gene, as is the case in H influenzae and Synechocystis (Kaneko et al., 1996; Fleischmann et al., 

1995). When these analyses were made, about ninety percent (88.9%) of the genome sequence 

was available so the presence of the other ars genes in N. gonorrhoeae carmot be excluded. 

However, the possible absence of arsB, which encodes the arsenite pump, would explain the low 

MIC for arsenite in N. gonorrhoeae. 



Figure A4-2. Reverse transcriptase PCR of the arsC gene. The expected size of the msC 

amplicon was 275 bp. Lanes 1 and 5,  100 bp molecular weight rnarker, lane 2, N. gonorrhoeae 

RNA, lane 3, N. gonorrhoeae RNA (isolated fiom cells grown on sodium atsenate), lane 4, N. 

gonomhoeue RNA (isolated fkom cells grown on sodium menite), lane 5 ,  N. gonorrhoeae DNA 

(positive control). Sizes of the molecular weight marken are indicated to the lefi of the picture, 

the orsC-specific arnplicon is indicated on the right. 





Appendix 5. Other analyses of the gltY geue. 

The Fend of the g M  gene encoding the NH2-temiinal 138 aa residues of GluRS was 

cloned during the characterization of the region upstrearn offisEX in N. gonorrhoeae (sections 

3.2. and 3.10.3.). The catalytic attachment of an amho acid to its cognate TRNA by the 

aminoacyl-@NA syntheîase (aaRS) takes place in a two-step reaction (Soli and Schimmel, 

1974): 

aaRS + amino acid + ATP o aa.RS*aminoacyI-AMP + PPi (1) 

aaRSuninoacyl-AMP + TRNA o aminoacyl-TRNA + AMP + aaRS (2) 

GluRS belongs to the k t  class of aaRSs due to the presence of the signature sequence of 

class 1 aaRS in its primary sequence (consensus His-Ile-Gly-His; Schimmel, 1987). The signature 

sequence His-ne-Gly-Gly was identified at positions 16 to 19 in the amino-terminal section of the 

gonococcal GltX, (Fig. 6B). The partial gonococcal GltX possesses the a and b motifs identified 

and conserved in several bacterial arninoacyl-TRNA synthetases that have k e n  proposed to 

participate in glutamate binding (Fig. A5- 1 ; Breton et al., 1990). 

An alignrnent of the 138 aa residues of the gonococcal GluRS with five other GluRSs is 

presented in Fig. AS-1. The similarity of N. gonorrhoeae GluRS with other GluRSs was more 

important over the fint 75 aa residues (that contains the signature sequence and the conserved 

motif A). Among these sequences included in Fig. A5-1 for the first 75 aa residues, the 

gonococcal GluRS shared the least identity (52%) with Bacillus siearotherrnophilur GluRS, the 

highest identity (69%) was shared with the enzyme from E. coli. Similarity scores ranged fiom 

75% (Hordeum vulgare, B. stearothermophilur) to 86% (H. pylori). A second region of similarity 

covering positions 75 to 120 (containing the conserved motif B) of the gonococcal enzyme; the 

identity ranged h m  41 % (B. stearotherrnophilus) to 60% (E. colt') and the similarity ranged fiom 

56% (B. stemothennophilur) to 82% (H. pylori). 

Besides the GluRS sequences displayed in Fig. A M ,  the N. gonorrhoeae GluRS also 

shared aa seqwnce similarities with other GluRS enzymes. Most of the sequences were of 



Fipre A5-1. Aliprnent of the amino acid sequences of bacterial and eukaryotic glutamyl- 

&NA synthetases. Included in this dignment are the GluRSs fiom N. gonomhoeue, B. 

stearothennophilus, H. vulgure, E. coli, H. influenzae, and H. pylori. The total number of amino 

acid residues of each GluRs homologue is indicated in parentheses. The motifs A and B are 

indicated, and the sequence signature of class 1 aaRSs is boxed in gray. 



Motif A Motif B 



bacterial origin, but significant similarïty was also noted with the enzyme fkom barley (H. 

vuIgure). 



Appendix 6. Other analyses of thepgk gene. 

The 321 bp fkom the partial ORF located downstream and in the opposite orientation to 

that of flsX in pSBl9 could be translated into 76 aa residues that shared considerable aa 

sequence similarity with prokaryotic and eukaryotic 3-phosphoglycerate kinases (section 

3.10.4.). Pgk catalyzes the following reaction (Mayes, 1985): 

1,3-diphosphoglycerate + ADP o 3-phosphoglycerate + ATP 

With its important role in the catabolism of glucose, and based on its importance in dl 

living organisms, the structure of Pgk was expected to be very conserved during evolution (Mon 

et al., 1986). The aa sequence of Pgk is highly conserveci, as is indicated by the dignment of the 

partial gonococcal Pgk with the same region of ten other Pgk sequences (Fig. A6-1). Among the 

partial Pgk sequences presented in Fig. A6- 1, the gonococcal Pgk shared the least identity (49%) 

with the M jannoschii enqme; in al1 other cases the identity was at least 56% (Gallus gallus). 

up to 72% (E. coli) and 76% (Alcaligenes eutruphus). The similarity scores between the 

gonococccal enzyme and the other sequences displayed in Fig. A64 was at least 69% (G. 

gdlu) ,  up to 83% (E. col0 and 93% (A. eutruphus). The extent of sequence conservation of 3- 

phophoglycerate spans d l  kingdoms: prokaryotes (Gram-negative bactena (A. eutrophus, E. 

coli, H influeme) and Gram-positive bactena (Bacillus stemthermophilus)), archaeae (M. 

jannarchii); eukaryotes (yeast (Saccharomyces cerevisiae), fungi (Trichuderma viride), higher 

plants (wheat, Triticum aestiwrn), mamrnals (mouse, Mus musculus), and birds (chicken, G. 

g d u ) .  Amino acid sequence similarity was observed with a great number of other Pgk 

sequences for al1 kingdoms when the similarity search was conducted (data not shown). 

The structure of Pgk frorn several organisms has k e n  resolved, and the structure is found 

to be very consemed. Pgk is a symmetrical two-domain protein with each domain mainly 

consisting in six repeats of a a/p structurai motif (Mori et al., 1986). Upon combining the 

primary sequence Somat ion with the three-dimensional structure of Pgk fiom mouse, human, 

horse, yeast and two trypanosomes, it was observed that most of the conserved positions were 



part of twelve P-sheets and adjacent peptide regions that formed the inner loops smomding the 

ATP and 3-phopho@ycerate-bindhg cleft (Mori et al., 1 986). The carboxy-terminal domain, 

more conserved, serves as the ATP-binding domain, and the 3-phosphoglycerate-binding site is 

Iocated in a-helix 14 (a 14; Watson et al., 1982). The conserved P-sheets 1 1 and 12 (p 1 l and P 

12) and a 1 3  and a14 are part of the substrate-binding cl& in the carboxy-terminal end of the 

enzyme and they are conserved in the partial N. gonorrhoeae Pgk sequence (Fig. A6-1). 



Figure A6-1. Alignment of the amino acid sequences of bacterial and eukaryotic 

phosphoglycerate kinases. Included in this alignment are the enzymes fiom N. gonomhoeue 

(this work, U76418), A. eutrophus (I39554), E. coli 0(14436), H influeme (U32734), S. 

cerevisiae (X59720). T. viride (S25381), M. musculus (M17299), G. gallus (L37101), T. 

aestnium @15233), B. stearofherrnophihs 0(58059), and M. jannaschii (U67512). The 

numbers in parentheses are the Genbank accession number of  each sequence displayed. The 

numbers in parentheses on the figure indicate the total number of amino acids of the Pgk 

homologue. The beta helices 1 1 and 12 (P 1 1,  p 12), and the a-helices (a 13, a14) part of the 

substrate-binding cleft o f  Pgk are also indicated (Mori et al., 1986). 
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