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ABSTRACT

Carbamoylphosphate synthetase (CPS) catalyses the formation of carbamoylphosphate from
CO,, ATP, and glutamine; the first committed step in the arginine and pyrimidine biosynthetic
pathways. Initial interest in the CPS enzyme of Neisseria gonorrhoeae steramed from the natural
occurrence of CPS deficiencies in 10-20% of clinical isolates. This property, causing a concurrent
citruiline and uracil auxotrophy, is employed in a typing scheme and there have been some indications
that this auxotrophy may be beneficial to the gonococcus.

CPS has been studied in many prokaryotes as a model for investigations of gene and enzyme
regulation. In all of the prokaryotes examined, CPS is a heterodimer encoded by two genes commonly
called car4 and carB. These genes are separated by up to 24 bp and are co-transcribed in most of the
prokaryotes examined. However, recently it was reported that Psendomonas aeruginosa card and
carB are scparated by 682 bp, though they are still co-transcribed.

I have now determined the complete sequence of the card and carB genes from N.
gonorrhoeae CH811. carA (1125 bp) and carB (3237 bp) are similar in size to other prokaryotic CPS
genes, and encode all the highly conserved regions present in other CPS’s. However, these genes in
strain CH811 are separated by a 3287 bp intergenic sequence which has no similarity to the
corresponding sequence in P. aeruginosa, and putative transcription terminators are found downstream
of both genes. Northern blot analysis has demonstrated that these gonococcal CPS genes are separately
transcribed, a gene organisation unlike that observed in any other prokaryote. Several neisserial
repetitive sequences were identified within the 9 kb sequenced, as well as novel 120 and 150 bp repeats

(designated RS6 and RS7) which were found within the intervening sequence between car4 and carB,



To determine whether the intervening sequence observed in N. gonorrhoeae CHS811 was
typical of gonococcal isolates, the sequence between card and carB was PCR amplified from 30
isolates of N. gonorrhoeae. The intervening sequence was found to vary in size, from approximately
2.2 to 3.7 kb, although the card and carB genes themselves did not vary in size in isolates with
functional CPS. A similar large, variably sized, intervening sequence was also found between the card
and carB genes of 12 isolates of Neisseria meningitidis and 18 commensal Neisseria isolates
comprising 9 species. This unexpected organization of the CPS genes in N. gonorrhoeae is therefore
widespread throughout the genus Neisseria. This work suggests that CPS gene organization may be
much more variable within the prokaryotes then was previously assumed.

The variably sized intergenic sequence was further studied in more gonococcal isolates using
PCR and restriction enzyme analysis (REA), to evaluate the utility of this sequence for typing of
gonococci. PCR-REA of the intergenic sequence was able to discriminate between many isolates of the
same A/S/P class and had a level of discrimination analogous to ribotyping and chromosomal REA
typing methods. Hybridization studies indicated that the RS6/RS7 repeats present in the intergenic
sequence of N. gonorrhoeae CH811 may also be diagnostic for gonococei.

The presence of a variable sequence near card and carB, and the numerous repetitive
sequences found in this area in strain CH811, suggests that this region may be a hotspot for
recombination and may in part explain the high frequency of occurrence of CPS mutants. I have begun
a preliminary investigation of the naturally occurring CPS mutants in gonococcal isolates: PCR
amplification of car4 and carB from CPS deficient isolates indicates that more than one mutation is
responsible for this phenotype. Transformation of a gonococcal CPS mutant with the cloned

gonococcal CPS genes has demonstrated that other mutations are present in the arginine and
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pyrimidine biosynthetic pathways of this isolate, which are hidden by the CPS deficiency. This study
also suggests that isolates of auxotype CUH and OQUH are closely related.

I also report an analysis of the first CPS gene sequence from an archaeon (Suifolobus
solfataricus P2; supplied by R.L. Charlebois). This analysis indicates that the archaeal CPS is
similar in function, size and gene organization to other prokaryotic CPS’s, contrary to a previous
study of an archaeal CPS protein. This demonstrates that many features of CPS were present in
the progenote. Internal similarity previously observed within other CPS enzymes was also
observed in this archaeal CPS, confirming that this internal similarity was probably the result of an
ancient gene duplication which preceded the divergence of Bacteria, Archaea and Eukarya.

A comprehensive phylogenetic analysis of all known CPS genes, including the gonococcal and
archaeal sequences, was performed. Using the internal duplication as a root for phvlogenetic tree
construction, I was able to determine a branching order for the tree of life and provide support for
the theory that this archaeon is more related to eukaryotes than bacteria. This is the first report of
confirmation of this theory using a metabolic gene and is the first use of an internal duplication
within a gene to root the tree of life. This analysis also showed that at least two, and possibly even
three, separate gene duplication events led to the formation of the two CPS enzymes present in
Gram-positive bacteria and most eukaryotes. Comparisons of the branching order with the
organization of CPS genes in different organisms further indicated that the evolution of CPS has

been complex, involving multiple deletions and insertions.



RESUME

La carbamoylphosphate synthétase (CPS) catalyse la formation du carbamoylphosphate a
partir de CO-, d’ATP et de glutamine, ce qui constitue la premiére étape engagée dans les sentiers
biosynthétiques de I’arginine et des pyrimidines. L’intérét initial pour la CPS de MNeisseria
gonorrhoeae a dérivé de I'incidence naturelle de déficiences en CPS chez 10-20% des isolats
cliniques. Cette propriété, causant simultanément des auxotrophies & la citrulline et a 'uracile, est
employée dans un systéme de typage et il y a eu des indications que cette auxotrophie pourrait
étre bénéfique au gonocoque.

La CPS a été étudiée chez de nombreux procaryotes en tant que modéle de recherche sur
la régulation génétique et enzymatique. Chez tous les procaryotes examinés, la CPS est un
hétérodimére encodé par deux génes communément désignés card et carB. Ces génes sont
séparés par jusqu’a 24 paires de bases (pb) et sont co-transcrits chez la plupart des procaryotes
examinés. Cependant, il a été récemment rapporté que carA et carB étaient séparés par 682 pb
chez Pseudomonas aeruginosa mais qu'ils étaient tout de méme co-transcrits.

Jai maintenant déterminé la séquence compléte des génes card et carB de N.
gonorrhoeae CH811. carA (1125 pb) et carB (3237 pb) ont une taille semblable a celle des autres
CPS bactérienes et codent pour toutes les régions conservées présentes chez les autres CPS.
Cependant, les génes de la souche CH811 sont séparés par une séquence intergénique de 3287 pb
n’ayant aucune similarité avec les séquences correspondantes de P. aeruginosa, et de présumés
terminateurs transcriptionnels ont été identifiés en aval de chacun des deux génes. L'analyse par
hybridation Northern a montré que ces génes CPS gonococcaux sont transcrits séparément, ce qui

constitue une organisation génétique différente de celle observée chez tout autre procaryote.
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Plusieurs séquences répétitives neisseriales ont été identifiées a I'intérieur des 9 kilobases (kb)
séquenceés, avec en plus des nouvelles séquences répétées de 120 et 150 pb (désignées RS6 et
RS87) qui étaient présentes dans la séquence intervenante entre carA et carB.

Afin de déterminer si la séquence intergénique observée chez N. gonorrhoeae CH811 était
typique d'isolats gonococcaux, la séquence entre car4 et carB fut amplifiée par la PCR i partir de
30 isolats de N. gonorrhoeae. 11 fut établi que que la séquence intergénique était de taille variable,
environ 2.2 & 3.7 kb malgré que les génes card et carB eux-mémes ne changeaient pas de taille
chez les isolats ayant une CPS fonctionnelle. Une large et similaire séquence intergénique de taille
variable fut aussi trouvée entre les génes card et carB chez 12 isolats de N. meningitidis et 18
isolats commensaux comprenant 9 espéces de Neisseria. Cette organisation inattendue des génes
CPS chez N. gonorrhoeae est donc répandue a travers le genre Neisseria. Ce travail suggére que
I’organisation des génes CPS puisse étre beaucoup plus variable que précédemment assumée chez
les procaryotes.

La séquence intergénique de taille variable fut également examinée chez d’autres isolats
gonococcaux par la PCR et ’analyse de fragments de restriction (REA) afin d’évaluer I'utilité de
cette séquence pour typer les gonocogues. Le PCR-REA de la séquence intergénique parvint a
discnminer de nombreux isclats de méme classe A/S/P et avait un niveau de discrimination
analogue & celui obtenu avec d’autres méthodes de typage telles le ribotypage et I’analyse de
restriction chromosomale. Des études par hybridation ont indiqué que les répétitions RS6/RS?
présentes dans la séquence intergénique de N. gonorrhoeae CH811 pourrait aussi étre

diagnostiques pour les gonocoques.
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La présence d'une séquence variable prés de card et carB et des nombreuses séquences
répétitives trouvées dans ce secteur dans la souche CH811 suggérent que cette région pourrait
étre un point chaud pour la recombinaison et pourrait en partie expliquer la fréquence élevée de
mutants CPS. J’ai débuté une étude préliminaire des mutants CPS rencontrés naturellement dans
des isolats gonococcaux: I’amplification par la PCR de car4 et de carB & partir d'isolats & CPS
déficiente indique que plus d’une mutation est responsable de ce phénotype. La transformation
d’un mutant CPS gonococcal avec les génes CPS gonococcaux a montré que d’autres mutations
sont présentes dans les sentiers biosynthétiques de 1’arginine et des pyrimidines chez cet isolat, et
ces mutations sont cachées par la déficience en CPS. Cette étude suggére également que les
isolats d’auxotypes CUH et OUH sont étroitement liés.

Je rapporte également une analyse de la premiére séquence archébactérienne d’un géne
CPS (fournie par RL. Charlebois). Cette analyse indique que la CPS archébactérienne est
semblable en fonction, en taille et en organisation génétique aux autres CPS procaryotiques,
contrairement a une étude antérieure sur une protéine CPS archébactérienne. Une similarité
interne observée antérieurement chez d’autres enzymes CPS fut aussi observée dans cette CPS
archébactérienne, confirmant que cette similarité interne était probablement le résuitat d’une
ancienne duplication génique ayant précédé la divergence des eubactéries, des archébactéries et
des eucaryotes. Une analyse phylogénétique détaillée de tous les génes CPS connus, incluant les
séquences gonococcale et archébacterienne, fut effectuée. En utilisant la duplication interne
comme racine pour la construction d’un arbre phylogénétique, je suis arrivée & déterminer un
ordre de ramification pour I'arbre de la vie et 4 appuyer la théorie voulant que les archébactéries

soient liées de plus prés aux eucaryotes que le sont les eubactéries. C’est la premiére confirmation
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de cette théorie en utilisant un géne métabolique et c’est la premiére fois qu’une duplication
interne a un géne est utilisée pour enraciner ’arbre de la vie. Cette analyse a également démontré
qu'au moins deux et peut-étre méme trois duplications génétiques séparées ont mené a la
formation des deux enzymes CPS présentes chez les eubactéries Gram-positives et chez la plupart
des eucaryotes. Des comparaisons de I'ordre de ramification avec I'organisation des génes CPS
dans différents organismes indiqua encore davantage que I’évolution de la CPS a été complexe,

impliquant de multiples délétions et insertions.

ix



TABLE OF CONTENTS

ACKNOWLEDGMENTS ...t esssssss s sssssssnsosenans i
ABSTRACT ...ttt b e b s sa s st s iii
RESUME......ooiiiiii s bsssess s st sessssbasssssssasssonssesssssssssssssnsenns vi
TABLE OF CONTENTS..........cooorinnce s ssss st s st seseas X
LIST OF TABLES..........cooinnnee s issses st sessssss s sssssesssssssssens xvi
LIST OF FIGURES..........coooi ettt esses s e ss s ssnns xviii
LIST OF ABBREVIATIONS..........ooooiimsneessinssssss s stassssssssssssssssssenss xxi
1. INTRODUCTION.......cooonimreemmnesesemessecsssessssssssssssssssessssasssssssssasesrsssssssssssessssss 1

1.1  THE NEISSERIACEAE AND NEISSERIA GONORRHOEAE. OVERVIEW AND

IMPORTANCE IN DISEASE..........c.occniiimiiiiiiisiniesesncssssnss s snerss 1
1.2 THE GONOCOCCUS: HETEROGENEITY AND GENE STRUCTURE.................ccccco.. 3
1.3 NATURALLY OCCURRING ARGININE-REQUIRING GONOCOCCIL............cccourvreurnne 7

14  GENETIC STUDIES OF ARGININE BIOSYNTHESIS AND CPS IN THE
GONOCOCCUS.........coootcit ettt e 10

1.5 OVERVIEW OF ARGININE BIOSYNTHESIS AND THE UREA/ORNITHINE CYCLE:
COMPARISONS BETWEEN SPECIES...........ococomiiimmiisrsi i 12

1.6 OVERVIEW OF PYRIMIDINE BIOSYNTHESIS...........ccooenmeiriimisisinisiirsininns 17

1.7 CARBAMOYLPHOSPHATE SYNTHETASE: ENZYME FUNCTION AND



1.8 CPS GENE ORGANIZATION AND REGULATION IN THE BACTERIA.................. 26
19  CPS GENES IN THE EUKARYOTES: FEW STUDIES OF REGULATION................. 29
1.10 PHYLOGENETIC ANALYSIS OF CPS: ROOTING THE TREE OF LIFE AND THE

NEED FOR AN ARCHAEAL SEQUENCE.........oveecoosssoreeessesssrecmessesseesssssseeneeense s 31
1.1 OBJECTIVES AND RATIONALE...........oococccoreeessssecsesmeessssssseeessesssssseessesesssssseceee 35
1.11.1 Raticnale for initial SUAY........coceeieiirreicrr e 35
LIL2 OBJEEHVES.....occocnvressssessosseessseossssessesseneenesesemsesesesssssssssseeeesssseseeseseeseemses 36
MATERIALS AND METHODS..............oeeeeeeere s ssssesesssesssssssssssessons 38
21  BACTERIAL STRAINS, PLASMIDS AND PHAGES...........ooooooccccrrrrsesseecsnnnssnnessee 38
22 MEDIA, GROWTH CONDITIONS AND STRAIN TYPING........seccocoeeesressssesmeennrees 43
23 DNA PURIFICATION, RESTRICTION ENDONUCLEASE DIGESTION, AND
ELECTROPHORESIS............coossoesceeeeessssossssssseseessesssmmeessessssmeesssesesssssenssesesssessere 45

24 SUBCLONING OF DNA FRAGMENTS. ..o e e ssesesees s 46
2.5  SOUTHERN HYBRIDIZATION STUDIES...........ooooorsrssreeoosecesseeeessssessssessssssssssssssnn 47
2.6  GENERATION OF PLASMIDS WITH NESTED DELETIONS............coooesssssmmereeeren 48
27  DNA SEQUENCING AND SEQUENCE ANALYSIS..........oooc..oocooocrveessssccnmesssssssn 49
28  POLYMERASE CHAIN REACTION (PCR)..........cc.omeeoemrreesssssssossmeessesesssessssessssssesess 50
29  RNAEXTRACTION AND ANALYSIS BY NORTHERN BLOT.........ccconsvmrrencrnnrenn. 53



2.10 TRANSFORMATION OF MUTANT GONOCOCCAL ISOLATES WITH CPS

GENES.........ooceii et e e bbbtk e e s b s nn s 55

2,11 PHYLOGENETIC ANALYSIS........cooomiiereeieeirenssssnaressssssssssssesssssasssnsssses 56

2111 DNA SEQUENCES........cvveriecemiesmensesesirasasmsasesasasssassebsssssssesssersassasssesssssessrssssens 56

2.11.2 Alignment Of SBQUENCES........c...ccvririreereeisstnressascesssssesisssssessssssesssssaasassssssens 57

2.11.3 Phylogenetic tree CONSIIUCHON..........c.ccccciirmriiitirneiesesisnssiesensssesssmssassssssrsases 58

3. RESULTS ..ot siss st s b basss b s bbb s s s b b s b aasaren 59
3.1 LOCATING AND SUBCLONING GONOCOCCAL DNA FRAGMENTS CONTAINING

CARA AND CARBL.........cooonenreimenniesienestret st st sss ittt st bt en s 59

3.2  ANALYSIS OF THE SEQUENCE OF PFL50 AND PFL35: CARA AND CARB ARE

SIMILAR TO OTHER CPSIl GENES, BUT ARE SEPARATED BY A UNIQUE
INTERGENIC SEQUENCE AND SURROUNDED BY MANY REPETITIVE

3.2.1 card and carB in N. gonorrhoeae CH811 encode a protein very similar to
previously characterized CPSII enZymes............o.evvveererecrererecsnsensecssenessscnseees 68
3.2.2 carA and carB in N. gonorrhoeae CH811 are separated by a unique, large
intervening sequence and, unlike other prokaryotes, putative transcription
terminators are found downstream of both genes............cccocvrverennirecerenennnes 72
3.2.3 Numerous previously characterised repetitive sequences are found close to
carA and carB in Neisseria gonorrhoeae CHS811, particularly upstream of
3.24 Novel repetitive sequences are found in the sequence between car4 and carB

in Neisseria gonorrhoeae CHB11............cvcconiivnininsrsicscnninines 76

xii



3.3

34

35

NORTHERN  ANALYSIS: C4R4 AND CARB ARE  SEPARATELY
TRANSCRIBED......couiiiieibiei it eseesbs b ssbnee b sasaessesnesssbanesosbst st sbasbssisssnesbenns 79

A VARIABLY-SIZED INTERGENIC SEQUENCE IS PRESENT BETWEEN C4R4 AND
CARB IN N. GONORRHOEAE AND OTHER NEISSERIA SPECIES..........ccooeiceinennae 81

3.4.1 PCR amplification of the mtergenic sequence fiom gonococcal isolates: it
VATIES I SIZE......cuvriecreesieseeiiseusessisssstss st tas b s s s bap bt enest s b aanenss 81

3.4.2 PCR amplification of the intergenic sequence from other Neisseria species: a
similar large, variable sequence is present between car4 and carB................. 84

3.4.3 Comparison of the intergenic sequences between car4 and carB from different
Neisseria species by Southem Hybridization: similarities exist, but RS6 and
RS7 may be gonococcal-Specific...........ccoeiiereecririeeeeeneieseresnenesesssssnssssasensens 85

344 Comparison of the neisserial intergenic sequences by restriction enzyme
analysis (REA) reveals more variability between the intergenic sequences,
though a conserved region is present in the gonococcal intergenic
SEQUEIICES.......oiiiiiiiirisieiisbtemsbeie s eaessr st sesssasasstaeasasseassbarassasssssbtsesbenasnnns 91

345 Investigating the variable intergenic sequence from more closely related
gonococcal isolates: possible utility for typing of N. gonorrhoece................. 94

3.46 Comparison of the gonococcal intergenic sequences by PCR amplification of
selected sub-regions: changes in the number of RS6/RS7 repeats explains
some, but not all, changes in the size of the intergenic sequences................... 99

STUDIES OF NATURALLY OCCURRING GONOCOCCAL CPS MUTANTS: CAUSED
BY MORE THAN ONE MUTATION AND HIDING OTHER MUTATIONS.............. 101

3.5.1 carA and carB are conserved in size in wild type isolates but not in CPS
deficient isolates: more than one mutation led to the formation of CPS
deficiencies in gon0COCCAL ISOJALES..........c.ecvrsvrsveeresisieseereemmseeseeseemeseesessssens 101

xiii



36

3.5.2 Transformation of gonococci deficient in CPS using cloned car4 and carB:
multiple mutations are present in the arginine and pyrimidine biosynthetic
pathways of CUH 8UXOITOPhS........cccivrriiiemiienrieeeceessssss e isesesssssessesenns 102

PHYLOGENETIC ANALYSIS OF CPS GENES: COMPLEX EVOLUTIONARY
HISTORY INCLUDES AN INTERNAL DUPLICATION WITHIN A GENE WHICH CAN
ROOT THE TREE OF LIFE..........cccoooieneoreeeasonssssnnssrsssssssens 106

3.6.1 The phylogenetic analysis includes analysis of the first CPS genes from an
archaebacterium: Sulfolobus solfataricus CPS is found to be encoded by
overlapping genes and contain protein motifs consistent with a CPSII

3.6.2 Phylogenetic analysis of complete CPS genes: at least two separate gene
duplication events led to the formation of the two CPS enzymes found in
Gram-positive bacteria and in eukaryotes.............ccceveeeeeneceinninneenercnnsenen. 107

3.6.3 Phylogenetic trees constructed using the intemal duplication within the
synthetase domain of CPS: rooting the tree of life groups Archaea with
EUKATYOUES.......c.cucueureccseereinrerinnsistn e snss s sessse e sessesesesesasesassasnssaasensesssssen 110

3.6.4 Evolution of the organization of CPS genes: the intervening sequence between
the amidotransferase and synthetase domains of heterodimeric CPS involved
multiple deletions and INSETHONS.............cooueverecermecerirnmcesrrerteeeeceens 113

4. DISCUSSION.........omvtrrrioesississnesssessisessisessecsrisessinssmssassasesssessmssessssissssssmensisssies 115

4.1

NOVEL GENE ORGANIZATION FOR CARA AND CARB IN N. GONORRHOEAE:
SEPARATE TRANSCRIPTION OF CAR4 AND CARB, AND THE PRESENCE OF A
VARIABLE INTERGENIC SEQUENCE, LEADS TO MANY NEW HYPOTHESES
REGARDING GONOCOCCAL CPS GENE REGULATION............ccccooemnimmnvicrnrnenns 115

xiv



42  CARA AND CARB MAY RESIDE WITHIN A HOTSPOT FOR RECOMBINATION:
PARTIAL  EXPLANATION FOR  NATURALLY OCCURRING CPS
DEFICIENCIES ..ot se st sese st sssbssanasnas 120

43 COMPARISON OF THE SEQUENCE BETWEEN CARA AND CARB IN NEISSERIA
SPECIES: REVEALING SEQUENCES WHICH MAY BE DIAGNOSTIC FOR N.
GONORRHOEAE. ...ttt bbbt ebe s 123

44  UTILITY OF THE VARIABLE INTERGENIC SEQUENCE FOR TYPING OF
GONOCOCCAL ISOLATES.........ociiiicesensessenn s iesssasasasssessbarsesssanssssns 125

45  STUDIES OF THE CPS DEFICIENT MUTANTS REVEAL NEW RELATIONSHIPS
WITHIN AND BETWEEN AUXOTYPES..........coconiiiiinniaaenneeseesnssssssnsessssans 126

46  PHYLOGENETIC ANALYSIS OF CPS GENES: ROOTING THE TREE OF LIFE AND
REVEALING A COMPLEX HISTORY FOR CPS GENE EVOLUTION..................... 127

47  CONCLUSIONS AND IMPACTS........ooitoiericenenereiienirssssensse s sesesssssssssssssssssassesens 136

REFERENCES..............ooooireeeesnescsesssssss s ssssssasssssssssssssssssssssnsnnen 138

APPENDIX .........ooooomommiimmeamimmessmssssssssesssssssssssssssssssssssesssssssssssssssssssssssssssssssresssssssssees 165



TABLE 1.

TABLE 2.

TABLE 3.

TABLE 4.

TABLE 5.

TABLE 6.

TABLE 7.

TABLE 8.

LIST OF TABLES

N. gonorrhoeae isolates selected for their varying A/S/P class, date of isolation and
8EORIAPhIC OTIGIN.... ..ot e rs et e ren e 40

Isolates of N. gonorrhoeae selected for their similar A/S/P class (P/1A-6/2.6,4.5),
but varying date of isolation and geographic origin within two Canadian
PTOVITICES. ... veueieesueeereaeseereetesesseseesbessesassbeseeseaaesaasabessersthessersabastossesnearsonsas 41

Two clusters of isolates of N. gonorrhoeae with an A/S class similar to isolates
associated with two separate outbreaks: 1) isolates of A/S class NR/IA-S,
associated with an outbreak in Toronto; 2) isolates of the A/S/P class NR/IB-
3/2.6/24.5 associated with an outbreak in Winnipeg which spread to Toronto.... 42

N. meningitidis and commensal Neisseria species isolates............ccoccevvrenccnenne 44

Accurate location of the priming sites for primers used in PCR amplifications, based on
the total sequence obtained from pFLS0 and pFL35..........cccoccvniecnimneieninneninennnns 51

Amplicon size and REA pattern for the intergenic sequence between card and
carB from isolates of N. gonorrhoeae of varying A/S/P class, and location and
date of 1SOIAtION........ccvieiiiiiier e st e e 83

Amplicon size and REA pattern for the intergenic sequence between car4d and
carB from isolates of N. meningitidis and commensal Neisseria species............. 86

Summary of hybridization studies comparing portions of the intergenic sequence
from N. gonorrheae CH811 with the intergenic sequences from other Neisseria
species and with chromosomal DNA from E coli and P
THOGIUS.......oooveoveeveeevenereraressirsersesasssesesssonsissasssasessesasnssssessansesesssensrssesasessessonsesses 90



TABLE S.

TABLE 10.

Amplicon size and REA pattern for the intergenic sequence between car4 and
carB from N. gonorrhoeae isolates of similar A/S/P class (P/1A-6/2.6,4.5), but
varying date of isolation and geographic origin within two Canadian
PTOVITNICES. .....veiutitrersaneesensaneesesseranseeeesaneeaesnasataassaeansess e basean s eaeemeencesstheeaneensensan 95

Amplicon size and REA pattern for the intergenic sequence between card and
carB from N. gonorrhoeae isolates of similar A/S/P class, date of isolation, and
geographic location as isolates associated with two outbreaks of gonorrhea....... 98



FIGURE 1.
FIGURE 2.
FIGURE 3.

FIGURE 4.
FIGURE 5.

FIGURE 6.

FIGURE 7.
FIGURE 8.

FIGURE 9.

FIGURE 10.

FIGURE 11.

FIGURE 12.

LIST OF FIGURES

The arginine and pyrimidine biosynthetic pathways............c..ccoviieververinieiien, 9
Physical map of the chromosome of N. gonorrhoeae FA1090...............cooevcorernnnnnee. 14
Schematic diagram of the insert from pMC50 which contains E. coli cardB............. 22

Schematic diagram of the organization of CPS genes from all organisms in which CPS
gene sequence data has been obtained.... ..o 27

Location of card and carB in the gonococcal inserts of phage and plasmid

Hybridization of gonococcal clones with an E coli cardB

Confirmation of the origin of the insert in pFL50 including hybridisation of this insert to

a specific fragment of gonococcal chromosomal DNA...........ccoooiivininiiins 65
Hybridization of deletion derivatives of pFL50 with E. coli carA.................cccu...c..... 66

The complete sequence of pFL50 and pFL35, comprising the car4 and carB genes of
N. gonorrhoeae CHE11............eoicineritncisssieennnssssssssonnsssssssssssssssssssisssnereses 6%



FIGURE 13.

FIGURE 14.

FIGURE 15.

FIGURE 16.

FIGURE 17.

FIGURE 18.

FIGURE 19.

FIGURE 20.

FIGURE 21.

FIGURE 22.

FIGURE 23.

Deduced amino acid sequence of the CPS subunitz encoded by N. gonorrhoeae
CHB11 €ard anG CarB.............oooovoveiieeeeeeeee e ee st es s e 71

Alignment of the four copies of RS6 and the three copies of RS7 found in the sequence
between carA and carB of N. gonorrhoeae CHB11............cocooovvooivvonieeeeeeeeeseens 78

Northern blot analysis of N. gonorrhoeae CH811 total RNA, using probes comprising
cloned gonococcal card and carB Enes..............oveeveeereeeeeceeee e 80

Electrophoresis and Southern blot analysis of PCR amplicons of the intergenic
sequence from gonococcal isolates of varying A/S/P class............ccoeeerveneeeesensenenens 82

Electrophoresis and Southern blot analysis of PCR amplicons of the sequence between
card and carB from 17 commensal Neisseria species isolates comprising 8
Hybndization of the RS6/RS7 repeats with amplicons of the sequence between card

and carB from a selection of Neisseria species iSOlates............ccovvvvervrerercesneesesies 89

Composite of all the different REA patterns of the intergenic sequence identified
from a total of 60 Neisseria species iSOlates...............cccovververreerersesrererersone, 92

REA of amplicons of the intergenic sequence from two groups of isolates with
similar A/S class as isolates associated with two outbreaks of

BONOITREA........ooiiiiiii ittt ee s e et e s et ee st 97

PCR amplicons of subregions of the intergenic sequence between car4 and carB from
selected gonococeal isolates which have varying intergenic sequence size................ 100

PCR amplification of car4 and carB from 11 gonococcal isolates.................o.o...... 103

Xix



FIGURE 24.

FIGURE 25.

FIGURE 26.

FIGURE Al.

FIGURE A2.

FIGURE A3.

FIGURE A4.

FIGURE AS.

FIGURE AS6.

Phylogenetic tree constructed from alignments of deduced amino acid sequences of
complete CPS genes, using the Fitch distance matnx

Phylogenetic tree constructed from alignments of the deduced protein sequence of
the the first and second thirds of the synthetase domain of CPS’s, using the
Neighbor-joining distance matrix method............ccoiiiiiii 111

A rooted phylogenetic tree, constucted using the method of maximum parsimony, with
schematic representations of the organization of the CPS genes shown beside each
OFZAMISING NMBITIE. ......c.citiireetiaresssnieriaseressrssatesarsrasesssesssssebasssasssssisssaserassssssransssssssnanses 114

Alignment of all currently known CPS sequences of the amidotransferase
OMBINL.....cvirirei e e s bbb 166

Alignment of all currently known CPS sequences of the synthetase domain............. 167

Phylogenetic tree constructed from alignments of deduced amino acid sequences of
amidotransferase domains of CPS, using the Neighbour-joining distance matrix
MELHOA..... vt e 168

Phylogenetic tree constructed from alignments of deduced amino acid sequences of
amidotransferase domains of CPS, using the method of maximum
PATSIIMIONY ....0vtievererereeetasrnieeseestesesssasssaneasnaessessessseaseesesensssnesassnssanesnsessessesnnens 169

Phylogenetic tree constructed from alignments of deduced amino acid sequences of
synthetase domains of CPS, using the Neighbour-joining distance matrix
MELHOM...c..o i 170

Phylogenetic tree constructed from alignments of deduced amino acid sequences of
synthetase genes/domains of CPS, using the method of maximum
PATSIIIONY.......coveitirrrersrernerreersasaeresssensersnessasseaseaessnsssssssssssnessssssessessnsssssnsennes 171



LIST OF ABBREVIATIONS

A/S/P auxotype/serotype/plasmid content
ATC aspartate transcarbamylase

ATP adenosine triphosphate

C citrulline-requiring

cfu colony forming units

CMP-NANA CMP-N-acetylneuraminic acid

CPS carbamoylphosphate synthetase

CPS(Arg)  carbamoylphosphate synthetase (arginine-specific)
CPS (Pyr) carbamoylphosphate synthetase (pyrimidine-specific)
C-terminal  carboxyl-terminal

CTP cytidine triphosphate

dATP deoxyadenosine triphosphate

dCTP deoxycytidine triphosphate

dNTPs deoxynucleotides triphosphate

DEPC diethylpyrocarbonate

DHO dihydroorotase

DNA deoxyribonucleic acid

ET electrophoretic type

GCMB GC medium base

GMP guanosine monophosphate

GTP guanosine triphosphate



LB

LOS

MOPS

N-terminal

OAT

ORF

OTC

PCR

PFGE

PID

PPRP

REA

SDS

10xSSC

STD

1xTAE

hypoxanthine-requiring
inosine monophosphate
Luteina Bertani

lipooligosaccaride

200mM 4-morpholinopropanesulfonic acid, S0mM sodium acetate, 10mM EDTA

amino-terminal

non-requiring

omnithine-requiring

omithine acetyitransferase

open reading frame

ornithine transcarbamylase
proline-requiring

polymerase chain reaction

pulsed field gel electrophoresis

pelvic inflammatory disease
5’~phospho-a-D-ribosyl 1-pyrophosphate
restriction enzyme analysis

nbonucleic acid

sodium dodecylsulfate

3 M sodium chloride, 0.3 M sodium citrate
sexually transmitted disease

0.04 M Tris-acetate, 0.001 MEDTA

xxii



TSA tryptic soy agar

U uracil-requiring
UMP uridine monophosphate
X-gal 5-bromo-4-chloro-3-indoyl-B-D-galactoside

xxiii



1. INTRODUCTION

Neisseria gonorrhoeae is an important pathogen for which no vaccine has yet been developed.
Research in gonococcal genetics has therefore been extensive, revealing many interesting mechanisms
of genetic variation, however these studies have focused primarily on the study of the genes encoding
pili and surface proteins. Few studies of gonococcal housekeeping genes have been reported.
Carbamoylphosphate synthetase (CPS), which catalyses the first committed step in both the arginine
and pyrimidine biosynthetic pathways, has been studied in other organisms as a model for gene and
enzyme regulation, and so represents a good starting point for studies of gonococcal housekeeping
genes, It is also often mutated in the gonococcus, a feature which some have suggested confers a
benefit to this organism’s survival. Just why or how this common CPS deficiency is occurring is as yet

unclear.

1.1 THE NEISSERIACEAE AND N. GONORRHOEAE: OVERVIEW AND IMPORTANCE IN

DISEASE

The Neisseriaceae comprise a group of Gram-negative bacteria (Proteobacteria) of the f3-
subdivision which are usually diplococcal in morphology (Vedros, 1984). The majonity of Neisseria
species are non-pathogenic and are frequently found in human nasal passages, however within this
genus are also found the pathogens Neisseria meningitidis and N. gonorrhoeae. Both of these
pathogens are noted for their more complex nutritional requirements relative to the commensal
Neisseria species (Catlin, 1973; Vedros, 1984). They have also been found to be very closely related

(over 98% similarity between housekeeping gene sequences from the two organisms; Zhou and Spratt,



1992) and are each others closest relative based on phylogenies determined from electrophoretic
typing, DNA hybnidisation, and rRNA sequence analysis (Chun et al., 1985; Hoke and Vedros, 1982;
Wolff ef al., 1993). They are both obligate human pathogens and share many structural features
including pili (McGee and Stevens, 1984). The meningococcus is however notably different in having a
capsule, which is not present on the gonococcus or any other commensal Neisseria species (Chen ef
al., 1989).

Meningococci are considered endemic, with approximately 15% of the world population as
carriers and 90% antibody positive. They are noted for causing asymptomatic infection in the
nasopharyngeal environment, however, under certain unknown conditions they can rapidly penetrate
the basal membrane and blood/brain barrier, causing life-threatening meningococcal meningitis or
septicemia (DeVoe, 1982). On the other hand, the majority of gonococcal infections remain limited to
the mucosa of the urogenital tract, and they rarely cross into the bloodstream (Hook and Holmes,
1985). N. gonorrhoeae much more frequently causes disease, though asymptomatic infections are
common in women and are thought to represent an important reservoir of infection (Biro ef al,, 1995;
Hook and Holimes, 1985).

Though gonococcal infections are treatable, N. gonorrhoeae is still a significant health concern.
It can cause a spectrum of disease of varying severity, ranging from asymptomatic infection to
gonococcal arthritis to rare cases of bacteremia and meningitis (Kerle et al., 1992), Complications
of gonococcal disease are disproportionately borne by women; 15-30% of those with
uncomplicated urogenital infections may develop pelvic inflammatory disease (PID) which can
cause serious sequelae such as infertility and ectopic pregnancy (Padian and Washington, 1994).

The total health care costs of all PID infections in Canada alone are estimated to be $140 million



annually; gonococcal infections represent a substantial portion of these costs (World Health
Organization, 1995). Gonococcal infections, primanly of urogenital origin, are the fourth most
prevalent disease reported to Health Canada (Health Canada, 1993). The World Health
Organization (WHO) estimates that the global burden of new cases of gonorrhea is 62 million for
(World Health Organization, 1995). The WHO also estimates that treating 100 women with
gonorrhea successfully will avert 25 cases of PID; similarly, the prevention or cure of 100 cases of
gonorrhea is predicted to prevent 425 cases of HIV in core groups (World Health Organization,
1995). Gonorrhea can facilitate the transmission of HIV (Wasserheit, 1992). The growing
resistance of N. gonorrhoeae to antibiotics is also a problem. The incidence of gonococci with high-
level resistance to penicillin and/or tetracycline is so high that most countries, including Canada, no
longer use these drugs for treatment (Dillon and Yeung, 1989; Easmon, 1990; Health Canada, 1991;
Whittington and Knapp, 1988). Resistance is also now emerging against commonly used quinolone
antibiotics (Centers for Disease Control and Prevention, 1994). As mentioned previously, a vaccine has
yet to be successfully developed. All of these concerns have been the driving factor stimulating the

study of the gonococcus and its genetics.

1.2 THE GONOCOCCUS: HETEROGENEITY AND GENE STRUCTURE

Studies of gonococcal genetics have revealed a complex array of mechanisms which this
bacterium uses to manipulate its genetic information (Meyer, 1990 and Seifert and So, 1991). The
gonococcus has been found to be highly heterogenous, such that it has been classified as a non-clonal

bacterium (O’Rourke and Spratt, 1994; O'Rourke and Stevens, 1993).



The genetic variation characteristic of gonococci is thought in part due to its natural
competence for DNA uptake and transformation, when piliated (Sparling, 1966). Transformation
frequencies of as high as 10 are frequently observed (Sparling, 1966). Competent gonococci
specifically take up linear DNA containing a 10 bp sequence 5’-GCCGTCTGAA-3’, commonly called
the gonococcal or neisserial uptake sequence (Elkins ef al,, 1991; Goodman & Scocca, 1988). This
sequence is found frequently within the gonococcal genome (approximately once every 1 kb; Goodman
& Scocca, 1991), and is also present in the genomes of other Neisseria species (Dougherty et al,,
1979). This therefore results in a genus-specificity for the DNA which can transform the gonococcus
(Dougherty et al,, 1979; Goodman & Scocca, 1991). Other bacteria, such as species of Bacillus,
Streptococcus, and Haemaphilus, also show a similar natural competence for transformation (Stewart,
1986), and some, such as Haemaphilus species, have been shown to contain an analogous DNA
uptake sequence, though the consensus sequence is different from the gonococcal/neisserial sequence
(Kroll et al., 1992; Smith et al,, 1995).

A reflection of this high propensity for transformation, gonococcal genes are often mosaic in
structure, containing regions of DNA with higher similarity to certain Neisseria species (Halter ef al.,
1989; Zhou and Spratt, 1992). Numerous cases of horizontal transfer between the Neisseria species
have been documented (Kroll ef al., 1992; Smith et al,, 1995).

Gonococci are also noted for the high frequency of antigenic and phase variation which occurs
in many of its surface antigens, most of which are required for host cell attachment and invasion
(Seifert and So, 1991; Swanson ef al,, 1992). The mechanisms for this heterogeneity have been
determined in many cases. For example, antigenic variation in pili occurs when a variant pilin sequence

from a silent locus recombines into an expression locus by a predominantly unidirectional, homologous



recombination which can be intrachromosomal or transformation mediated (Hagblom ef al., 1985;
Segal ef al., 1985). Variation in pilin expression can also occur by the on/off switch in expression of
PilC, a pilus biogenesis protein which has a stretch of G residues within the signal peptide-encoding
region which can undergo slip-strand mispairing (Jonsson et al,, 1991). Interestingly, both PIIC and
pilin have been found to be essential for transformation competence in N. gonorrhoeae and are thought
to possibly play a role in DNA recognition and/or outer membrane translocation (Rudel. et al., 1995).
As studies of gonococcal genetics accumulate, trends in gonococcal gene organisation and
structure have been revealed. For one, there are few operonic gene structures found in the gonococcus
(Lawson ef al., 1995, West and Clark, 1989; this work). Genes involved in similar pathways which are
co-ordinately regulated are often located in different regions of the chromosome (Dempsey and
Cannon, 1994). Another observation has been that gonococcal uptake sequences are commonly found
as part of inverted repeats which flank gonococcal genes (Elkins ef al., 1991; Goodman & Scocca,
1988). These inverted repeats have been recently been shown to act as rho-independent transcription
terminators in Escherichia coli (Barber et al.,1994). Regulation of gonococcal genes is only now
beginning to be adequately studied. No review of promoters involved in gonococcal gene expression
has yet been reported, however, many of the consensus sequences for promoters commonly observed
in other Proteobacteria are found upstream of transcription start sites for gonococcal genes. For
example, promoters of the g-70 type, with and without the -35 consensus sequence,- have been
identified upstream of pild, pilB, and pilE genes (Meyer et al., 1984; Taha ef al,, 1988) and &-54 type
consensus sequences have been identified upstream of pilC loci (Jonsson ef al, 1995). Gearbox
promoter sequences, thought to regulate genes active during the stationary phase of growth, have been

identified upstream of surface protein-encoding genes expressed during anaerobic growth and also the



uvrB gene involved DNA repair (Black e al,, 1995; Hoehn and Clark, 1992). In some cases, for
example in the expression of the pilE gene, promoter expression has been shown to be different in
gonococcal backgrounds verses E. coli or other bacteria, a cause for concem for regulatory studies
performed outside of the gonococcal environment (Fyfe e al., 1995),

Of the few housekeeping genes which have been studied in the gonococcus, most have many
of the features typical of gonococcal gene structure. Namely, the presence of gonococcal uptake
sequences as part of inverted repeats flanking the genes, a lack of operonic gene organisation, and a
mosaic gene composition. However, as previously mentioned, few studies of gonococcal housekeeping
genes have been performed. The only amino acid biosynthesis genes which have been sequenced from
the gonococcus to date are the argF, and arg. genes of the arginine biosynthetic pathway (Martin e
al,, 1990; Martin and Mulks, 1992b). Preliminary studies of the proline and aromatic amino acid
biosynthetic pathways in the gonococcus have been reported, however this work did not involve the
use of any DNA sequence data Berry et al, 1987, Stein e al, 1984; Subramaniam et al, 1994).
Studies of the tricarboxylic acid cycle, glucose metabolism, and respiratory chain of N. gonorrhoeae
have been reported, but again these studies did not include the study of any DNA sequences (Hebeler
and Morse, 1976, Morse et al,, 1974; Winter and Morse, 1975). A glutamine synthetase gene has been
reported in GenBank, however, the only report of its use has been in studies of gonococeal
heterogeneity through restriction enzyme digestion of the gene’s sequence (O'Rourke and Spratt,

1994). No significant regulatory studies have been performed on any gonococcal housekeeping genes.



1.3 NATURALLY OCCURRING ARGININE-REQUIRING GONOCOCCI

Initial interest in the metabolic genes of the gonococcus stemmed from the high natural
occurrence of auxotrophic strains in clinical isolates of N. gonorrhoeae (Catlin, 1973). There have been
some indications that this auxotrophy may be advantageous to the gonococcus: Kenyon (1978) found
that a gonococcal proline-requiring strain passaged through mice gained genetic defects resulting in
arginine and uracil auxotrophy. In human populations around the world, the prevalence of specific
auxotypes changes, indicating selective pressures may play a role (Dillon ¢¢ al, 1990; Dillon and
Carballo, 1990, Dillon and Pauzé, 1984). Analysis of N. gonorrhoeae from the pre-penicillin era has
revealed that arginine- and uracil-requiring strains first appeared after penicillin was introduced (Catlin
and Reyn, 1982). It has been proposed that the resulting slower growth of strains of certain auxotypes
enables them to evade the penicillin (Mayer ef al., 1977). Another hypothesis has been that these
slower-growing isolates could be causing lower grade infections and therefore causing patients to delay
seeking treatment (Whittington et al., 1993).

There have also been indications that auxotrophy is beneficial, or at least selected for, in other
species of bacteria when pathogenic. In one study, 18% of Pseudomonas aeruginosa isolates from
cystic fibrosis patients, or patients with bronchiectasis, had requirements for methionine, proline,
arginine, thiamine or multiple requirements, while P. aeruginosa isolates from other sources showed no
such auxotrophy (Taylor et al., 1992). Staphylococcus species which are niche-specific and/or host-
specific often require arginine for growth, while those showing a wide host range have no such
auxotrophy (Emmett and Kloos, 1979). Many other species of bacteria, including N. meningitidis,

Laciobacillus species, Shigella species, Campylobacter species, and Streptococcus species, also have



naturally occurring nutrient requirements (Ahmed ef al,, 1988; Bringel, 1994, Tenover and Patton,
1987).

Gonococci are relatively unique, however, in that their varying nutrient requirements are
monitored frequently through a very widely used typing scheme, auxotyping, which is used to type
gonococcal isolates (Carifo and Catlin, 1973; Hendry and Stewart, 1979). Auxotypes most frequently
observed with N. gonorrhoeae are non-requiring (NR), proline-requiring (P), proline, citrulline, and
uracil-requiring (PCU), omithine, uracil and hypoxanthine-requiring (OUH), and citrulline, uracil
and hypoxanthine-requiring (CUH; Dillon et al., 1990). PCU isolates are particularly prevalent in
Canada and have been found to be relatively clonal in comparison to other gonococcal isolates
(Dillon et al., 1990; Ng and Dillon, 1993). CUH and OUH isolates have been of notable interest
because of their association with cases of disseminated gonococcal infection in population studies
(Brunham et al,, 1985). Since citrulline and ornithine are precursors of arginine (Figure 1), these
isolates of auxotype PCU, CUH, and OUH all require arginine and are sometimes referred to as
PAU and AUH isolates.

In total, approximately 40-60% of clinical isolates of N. gonorrhoeae are auxotrophic for
arginine (Catlin and Nash, 1978; Dillon ef al,, 1990; Picard and Dillon, 1989a). Further biochemical
characterisation of these arginine-requiring strains has shown that the vast majority of them have gene
defects involving omithine acetyltransferase (OAT; ~55%), or carbamoylphosphate synthetase (CPS;
~45%) and that a deficiency in omithine transcarbamylase (OTC) is extremely rare (Figure 1; Picard
and Dillon, 1989a; Shinners and Catlin, 1982; Li, 1993). The deficiency in OAT results in an ornithine-
requirement, while the CPS deficiency results in a duel requirement for citrulline and uracil (Figure 1).

OAT deficient isolates have been further characterised at the molecular level by Martin and
Mulks (1992a). In strains requiring ornithine, uracil, and hypoxanthine, a defect in the gene encoding

8



FIGURE 1. The arginine and pyrimidine biosynthetic pathways. Carbamoylphosphate synthetase
(CPSase) and the genes which encode its subunits (card and carB) are highlighted in red. Other
enzymes frequently referred to, namely omithine acetyltransferase (OAT), omithine transcarbamylase

(OTC), aspartate transcarbamylase (ATC), and dihydroorotase (DHO), are also labeled.
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OAT (argJ/) was identified, which is the result of one clonally derived mutation. This defect, a 3 bp
deletion, results in the loss of a seemingly crucial alanine residue (Martin and Mulks, 1992a). Other,
less common, arg/ defective strains seem to have a different mutation which has not been fully
characterised (Martin and Mulks, 1952a).

Preliminary studies using genetic complementation have revealed that there are likely between
two and four different mutations causing CPS deficiencies (Copley, 1987, Mayer et al., 1977).
Unfortunately, the exact number of different mutations is hard to determine since these studies did not
adequately differentiate between arginine-requirements satisfied by ornithine (possible QAT defect),

and arginine-requirements not satisfied by ornithine (possible CPS defect).

1.4 GENETIC STUDIES OF ARGININE BIOSYNTHESIS AND CPS IN THE GONOCOCCUS
Though initial interest in the arginine biosynthetic pathway of the gonococcus was due to the
appearance of naturally occurring mutants, studies of the organisation and regulation of the arginine
biosynthesis genes would give the first detailed knowledge of a housekeeping gene family in the
gonococcus. Currently, seven arginine biosynthesis genes have been cloned from the gonococcus
(Picard, 1990; Picard and Dillon, 1989b). Genes encoding OTC (argF) and OAT (arg/) have been
sequenced (Martin ef al., 1990; Martin and Mulks, 1992b) and found to have typical gonococcal gene
structure: they are separately transcribed and unlinked and are flanked by inverted repeats containing
the gonococcal uptake sequence. argF has been shown to have a mosaic gene structure (Zhou and
Spratt, 1992). The regulation of these arginine pathway genes has not been studied, however “arg-box”
sequences, indicative of regulation by a repressor similar to that of £. coli (see next section) are not

present upstream of either gene (Martin ef a/., 1990; Martin and Mulks, 1992b).
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Since CPS catalyses the first committed step for both the arginine and pyrimidine pathways,
and is highly regulated in many organisms, this enzyme forms a good starting point for the study of the
arginine biosynthetic pathway in the gonococcus. A single glutamine-dependent CPS enzyme was
previously demonstrated in N. gonorrhoeae (Shinners and Catlin, 1982). Two experiments regarding
CPS regulation have been reported, in which CPS levels were determined for prototrophic gonococci
grown on defined media with and without arginine and uracil (Catlin and Nash, 1978; Shinners and
Catlin, 1982). In the first study, repression of CPS activity was detected, however in the second study
they deduced that no repression was in fact occurring. However, the media used was one commonly
used for auxotyping (Catlin, 1973) which contains other amino acids which may be contaminated with
arginine. No further studies have been performed to confirm whether repression of gonococcal CPS
does occur, however, a study of CPS repression has been reported for the closely related species N.
meningitidis, reporting incomplete repression (20% reduction in activity) of CPS by arginine and uracil
(Jyssum, 1983). There have been no reports examining the allosteric effectors of gonococcal CPS.
There have been no reports examining the size and structure of CPS, which in other bacteria is a
heterodimer.

A study of the genes encoding CPS has been initiated in our laboratory. A phage clone
(EFP10), complementing E. coli CPS mutants, was isolated (Picard and Dillon, 1989b). A 5 kb EcoRI
fragment from EFP10 was found to hybridise at high stringency to a probe consisting of the . coli

CPS genes car4 and carB (Picard, 1990).
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1.S  OVERVIEW OF ARGININE BIOSYNTHESIS AND THE UREA/ORNITHINE CYCLE:

COMPARISONS BETWEEN SPECIES

The arginine biosynthetic pathway has been studied extensively in many organisms. This is in
part due to its historical significance: Genetic control of arginine biosynthesis was the earliest example
of the one gene, one enzyme theory in Newrospora crassa (Srb and Horowitz, 1944). The term
“repression” was first coined soon after studies of the arginine pathway began in E. coli (Vogel, 1957),
The term “regulon” was also developed through arginine pathway studies when the existence of a
repressor was first discovered (Maas and Clark, 1964). Studies of this pathway have continued at a
steady pace as the complexity of the regulatory mechanisms unfolded and today this pathway has
become a paradigm for studies of basic enzyme function and gene regulation.

Arginine biosynthesis proceeds from glutamate in eight enzymatic steps (Figure 1; Cunin et al.,
1986). The first five steps involve N-acetylated intermediates leading to the production of ornithine.
Ornithine is then converted to arginine in the final three steps, utilising carbamoylphosphate which is
synthesised by CPS in a step also critical for pyrimidine production (Figure 1).

The enzymatic steps involved in the arginine biosynthetic pathway are similar in most bacteria,
with the exception of the fifth step which deacetylates acetylomithine to form omithine, In
Enterobacteriaceae the pathway proceeds in & linear fashion, with the fifth step catalysed by the
hydrolytic enzyme acetylornithinase (encoded by argk; Udaka, 1966). In these bacteria the enzyme
catalysing the first step of the pathway, encoded by arg4, is subject to feedback inhibition. In contrast,
a variety of other bacteria including pseudomonads, Bacillus spp., Micrococcus spp., cyanobacteria,
and Thermus spp., recycle the acetyl group back to glutamate through a transacetylation reaction

catalysed by OAT (encoded by arg./; Cunin et al., 1986; Udaka and Kinoshita, 1958). In these species
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the enzyme catalysing the second step of the pathway, encoded by argB, often undergoes feedback
inhibition. N. gonorrhoeae has also been shown to recycle the acetyl group in this way (Picard and
Dillon, 198%b; Shinners and Catlin, 1978).

Chromosomal organisation of the arginine biosynthesis genes varies significantly in different
genera of Bacteria. In Bacillus subtilis, the first six genes involved in the formation of citrulline are
clustered together in an operon, while the other two, involved in the formation of arginine from
citrulline, form a separate operon (Mountain et al, 1984). In Escherichia coli, these genes are
organised into four operons, including an argECBH cluster which contains two divergent promoters
for argCBH and argE (Bachmann, 1983). In Pseudomonas aeruginosa, the arginine biosynthesis genes
are scattered around the chromosome (Haas et al,, 1977). N. gonorrhoeae seems most similar to the
pseudomonads, since both co-complementation and chromosome mapping experiments indicate that
most of the arginine biosynthesis genes in the gonococcus are unlinked (Figure 2; Bihlmaier et al.,
1991; Dempsey and Cannon, 1994; Picard and Dillon, 1989b).

The regulation of arginine biosynthesis genes has also been found to vary significantly between
different bacterial genera. E. coli, Salmonella typhimurium, B. subtilis, and P. aeruginosa have been
the most well studied. In E coli and S. typhimurium, the genes involved in this pathway are subject to
repression by arginine though the repressor ArgR (Lim et al,, 1987, Lu ef al,, 1992; Maas, 1995). Th's
repressor binds to two “arg boxes”, two 18 bp operator sequences found in the promoter regions
upstream of @gECBH, argD, argF, and car4B. A copy is also found upstream of the gene encoding
the repressor itself, argR. The arginine repressor is unique in that it is a hexemer and not a dimer like
other characterised repressors (Lim et al., 1987, Lu et al., 1992). This difference is thought to explain

why this repressor usually binds two operator sequences rather than one (Maas, 1995).
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FIGURE 2. Physical map of the chromosome of N. gonorrhoeae FA1090 (obtained from Dempsey
and Cannon, 1994). The location of the card and carB genes is highlighted in red, and other genes

involved in arginine biosynthesis are boxed.
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In B. subtilis, a similar repressor is found and sequences analogous to the “arg-boxes™ are
present upstream of the main arginine biosynthesis operon (Notth et al., 1989; Smith et al., 1989). This
repressor can regulate the E. coli arg genes, however, curiously the £. coli repressor cannot repress
the B. subtilis genes (Smith et al., 1989). Bacillus species are relatively unique in that they have two
CPS enzymes, one repressible by arginine and encoded within the cluster of genes involved in arginine
biosynthesis, and the other repressible by uracil and encoded within an operon of pyrimidine
biosynthetic genes (Ghim et al., 1994; Mountain ef al., 1984; Paulus and Switzer, 1979; Quinn et al.,
1991). All other bacteria studied to date contain one CPS enzyme utilised in both pathways.

Neither the Enterobacteriaceae nor Bacilliaceae show any evidence of attenuation for control
of arginine pathway genes. However, in P. aeruginosa and Pseudomonas stutzeri attenuation seems to
be an important factor in the control of cardB (Kwon et al., 1994). The arginine pathways in these
organisms show no indications of a repressor analogous to the enterics and no arg-box sequences are
found upstream of any genes (Wong and Abdelal, 1990). The focus of studies of the arginine
biosynthesis pathway in P. aeruginosa has been primarily on the CPS enzyme. This is due not only to
CPS’s entry level position in the pathway, but because P. aeruginosa also contains a carbamate kinase
enzyme which can degrade carbamoylphosphate, essentially performing the reverse reaction of CPS
(Abdelal et al,, 1982). Questions regarding the organism’s ability to avoid a futile cycle have been the
primary reason for the study of CPS enzyme in this organism (Abdelal et al., 1982; Kwon et al., 1994).

De novo arginine biosynthesis can also occur in some eukaryotes, however the number of
different organisms with this ability, and the distribution of such organisms throughout the eukaryotes,
is notably lacking in the literature. The arginine biosynthesis pathway has, however, been extensively

studied in the two fungi Saccharomyces cerevisiae and Neurospora crassa (Davis, 1986). In these
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organisms, two CPS enzymes are present as i the Bacilliaceae, one for the arginine biosynthetic
pathway and the other for pyrimidine biosynthesis. Compartmentalisation of the pathway plays a role
and actually differs between the two eukaryotes: In S. cerevisiae the steps leading to the production of
omithine occur in the mitochondrion, while biosynthesis of arginine from omithine proceeds in the
cytosol. In V. crassa the steps leading to the production of citrulline are mitochondrial and the last two
steps are cytosolic. This is important in the context of the CPS enzyme because in both cases the
pyrimidine-specific enzyme is cytosolic. This difference in compartmentalisation of the arginine
pathway enzymes therefore results in S. cerevisiae having both its arginine- and pyrimidine-specific
CPS enzymes m the cytosol, while in N crassa the two CPS enzymes are separately
compartmentalized. Stark differences in the regulation of this pathway are seen between the two
organisms, in part a reflection of these compartmentalisation differences; In S. cerevisiae, a general
amino acid control system is involved, along with an arginine-specific repression system mediated by at
least three ARGR proteins (Béchet et al., 1970; De Rijcke et al, 1992; Qiu et al., 1990). In N. crassa
compartmentalisation and enzyme inhibition play more prominent roles, and no ARGR repression
system is present (Davis, 1986).

In the vertebrates and some other eukaryotes, the first 5 enzymes of the arginine biosynthetic
pathway leading to the synthesis of ornithine have been lost and these organisms cannot synthesise
arginine de rnovo. However, these organisms all produce large amounts of the enzyme arginase which
cleaves urea from arginine and regenerates omithine, This forms the basis of the urea/omithine cycle
which enables the organism to convert ammonia to urea. Unlike studies of arginine biosynthesis in
eukaryotes, the distribution of the urea cycle in organisms is relatively well studied (Mommsen and

Walsh, 1989; Morris, 1992; Paulus, 1983). This cycle seems to have developed early in evolution since
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a functional ornithine cycle has been identified in the primitive flatworm Bipalium kewense (Campbell,
1965). The function of this cycle vanes significantly in different organisms: In manne elasmobranchs
(sharks, skates and rays) and the coelacanth, urea is used as an osmolyte, whereas in lungfishes and
amphibians urea is synthesised to detoxify ammonia during periods of water stress (Mommsen and
Walsh, 1989). Most mammals synthesise urea to detoxify ammonia, though some hibernating mammals
and ruminents use urea to recycle nitrogen between the liver and the gut (Mommsen and Walsh, 1989).
Like the fungi described earlier, the vertebrates studied all have two CPS enzymes, one specific for
pyrimidine biosynthesis and the other specific for the urea cycle. The urea cycle-specific CPS is
mitochondrial in all cases and the pyrimidine-specific CPS is cytosolic (Anderson, 1980; Lusty, 1578).
Arginase, however, changes in location, being mitochondrial in the elasmobranchs and being cytosolic
in the amphibians and mammals (Anderson, 1980; Lusty, 1978). This change in location of arginase
correlates with a change in the properties of CPS (from being glutamine dependent to ammonia
dependent - discussed further below) and with a change in function of the urea cycle from that of

osmolyte production to ammonia detoxification.

1.6  OVERVIEW OF PYRIMIDINE BIOSYNTHESIS

The CPS enzyme is not only critical for arginine biosynthesis, but also forms an entry level step
in the biosynthesis of pyrimidines (Figure 1). Though gonococcal isolates with uracil auxotrophy are
frequently observed (an attribute tested for in auxotyping), no studies of pyrimidine biosynthesis have
yet been performed in N. gonorrhoeae. Studies performed in other organisms, however, have yielded
some interesting resuits regarding gene regulation and enzyme evolution.

De novo synthesis of UMP, the precursor of all pyrimidines, is accomplished in six enzymatic
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steps (Figure 1). Though these same six reactions occur in all organisms studied, the number of genes
encoding these functions decreases from prokaryotes to eukaryotes, as some genes became fused over
the course of evolution (Davidson er al, 1993), These fusions occurred within the first three enzymes
of the pathway, and so these three enzymes have been the most studied: carbamoylphosphate
synthetase (CPS), aspartate transcarbamylase (ATC), and dihydroorotase (DHO), The regulation and
gene organisation within the bacteria also varies as discussed below.

The genetics of £. coli pyrimidine biosynthesis has been the most extensively studied, and its
six enzymes are encoded by six unlinked loci which are non-coordinately regulated by the levels of
various nucleotides pools (Neuhard and Nygaard, 1987). In this organism ATC is a dodecamer
composed of two different subunits, a catalytic subunit encoded by pyrB, and regulatory subunit
encoded by pyr/ (Pauza et al, 1982). These genes comprise an operon, pyrB/, which undergoes
regulation through a well studied UTP-sensitive attenuation mechanism and also through an as yet
unidentified attenuator-independent mechanism (Liu and Tumbough, 1989). Dihydroorotase is
encoded by pyrC, a gene regulated by the ratio of intracellular concentrations of CTP and GTP
through a novel mechanism involving 2 bp changes in the location of initiation of transcription resulting
in varying hairpin formation and translational initiation (Wilson et al, 1992). pyrD and pyrE are
regulated by other attenuation mechanisms, and the mechanisms controlling pyrF have yet to be
elucidated (Bonekamp ef al,, 1984). The regulation and organisation of pyrimidime biosynthetic genes
i S. fyphimurium is similar (Neuhard and Nygaard, 1987).

Pseudomonas species also have unlinked loci for pyrimidine biosynthesis, however the ATC
and CPS which have been studied show significant differences from their enteric counterparts. ATC

has been shown to be a dodecamer composed of two different subunits which differ significantly from
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those of enterics (Bergh and Evans, 1993). The pyrB-encoded subunit is bigger than its counterpart in
E. coli, and it contains both the catalytic and regulatory activities of the enzyme (Schurr ef al., 1995),
The second subunit is an inactive dihydroorotase which is transcribed from a gene which overlaps pyvr8
called pyrC’ (Schurr ez al., 1993). This second subunit seems to have no enzymatic activity, yet seems
to be required for the dodecameric assembly of the ATC enzyme (Schurr ef al, 1995). Auother
unlinked pyrC gene, encoding a functional dihydroorotase, is located elsewliere on the chromosome
(Schurr er al,, 1995). The regulation of these genes has not yet been studied and little is known about
the other pyrimidine biosynthetic genes. The CPS genes of P. aeruginosa and P. stutzeri undergo a
different mode of regulation from the enterics, as described below in the section (Section 1.8)
discussing CPS gene organisation and regulation.

In B. subtilis, these genes are organised in a gene cluster of the order pyrR, pyrP, pyrB, pwrC,
PyrAA, pyrdAB, pyrD, pyrF, and pyrE, where pyrdAA and pyrAB encode the pyrimidine-regulated CPS
(Quinn et al,, 1991) and pyrR and pyrP encode a regulatory protein and uracil permease, respectively
(Tumer et al, 1994). These genes are co-ordmately regulated by uracil through a complex
attenuation/repression mechanism involving the protem expressed fiom pyrR,  three
terminator/antiterminator structures, and the availability of pyrimidines (Turner et al, 1994). In this
mechanism, the PyrR protein binds to a particular sequences in the pyr mRNA and disrupts the
antiterminator hair-pin formation, allowing transcription termination (Tumer et al., 1994). B.
caldolyticus has the same gene organisation for its pyrimidine biosynthetic genes (Ghim et al., 1994).

Most of the eukaryotes examined possess multifinctional enzymes for catalysis of the early
steps of pyrimidine biosynthesis, These multifinctional complexes presumably arose as a result of

ancient gene fusions (Jones, 1980). There are differences between fungi and other higher eukaryotes,
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however some interesting similarities are observed: In the slime mold Dictyostelium discoideumn, as
well as Drasophila melanogaster and Syrian hamster, the first three steps of the pyrimidine pathway
are encoded together in a trifunctional protein containing the enzymes in domains of the order NH.-
CPS-DHO-ATC-COOH (Davidson er al,, 1993; Jones, 1980). In S. cerevisiae and N. crassa the first
two steps of the pathway (CPS and ATC) are encoded by one gene, wra2, which contains an inactive
DHO-like domain between the CPS and ATC domains of the protein (Souciet et al, 1989). A
functional DHO enzyme is encoded by another. gene, ura4, which is present on a separate chromosome

(Gyonvarch et al., 1988)
While most eukaryotes studied contain multifunctional proteins for catalysing early pyrimidine
biosynthesis, exceptions are found within the apicomplexan protozoan’s Plasmodium falciparum,
Plasmodium berghei, and Babesia dovis. In these organisms the enzymatic activities for each step of
the pathway can be separated and a monofunctional CPS gene has been characterised for both P.
Jalciparum and B. bovis (Chansiri and Bagnara, 1995; Flores et al, 1994), These protozoan’s are,
however, also different from the-other eukaryotes studied in that they have only one CPS enzyme
instead of two. The enzymes of the pyrimidine biosynthetic pathway, including CPS, are of particular
interest to researchers studying these protozoan parasites, most notably the malarial parasite P.
Jalciparum, because these protozoans can only synthesise pyrimidines de novo and do not have any
salvage pathways (Sherman, 1979; Gero ef al, 1983). The enzymes involved in this pathway are
therefore attractive targets for antiparasitic/antimalarial drugs (Krungkrai et al, 1992; Seymour ef ai.,

1994),

While the organisation of the pyrimidine biosynthetic genes is well known in eukaryotes,

transcriptional regulation of these genes has not been well studied. Genes encoding the multifunctional
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proteins undergo regulation involving low level repression/derepression by pyrimidines by an as yet
unknown mechanism (Brustilow ez al,, 1989). The transcriptional regulation of pyrimidine genes in the

protozoans has not yet been studied.

1.7 CARBAMOYLPHOSPHATE SYNTHETASE: ENZYME FUNCTION AND STRUCTURE

The majority of studies of arginine and pyrimidine biosynthesis have focused on the CPS
enzyme. This enzyme is the first committed step for both pathways and so is often subject to multiple
levels of regulation.

In bacteria, CPS catalyses the formation of carbamoylphosphate from CQ., ATP, and
glutamine. The enzyme is a heterodimer, consisting of a small subunit of approximately 40 kDa and a
large subunit of approximately 120 kDa (Trotta et al, 1974). The small, or amidotransferase subunit,
binds glutamine and releases an amide group which is subsequently shuttled to the large subunit, The
large, or synthetase subunit, then uses this amide group and bicarbonate in a complex reaction,
involving two phosphorylations, to form a molecule of carbamoyiphosphate (Anderson and Meister,
1966; Trotta et al., 1974).

The structural organisation and finctional domains of CPS have been most extensively studied
i E coli. In E. coli the genes encoding the small and large subunits are named card and carB,
respectively (Nyunoya and Lusty, 1983; Piette et al., 1984). These genes are depicted in Figure 3 with
the location of functional domains for the encoded protein, described below, mapped on these genes.

The small subunit, encoded by card, contains what is commonly called the amidotransferase
domain of CPS and is thought to have evolved from an ancestral amidotransferase (Wemer et af,
1985). The C-terminal end of this subunit contains features m common with other glutamine
aminotransferases (#rpG-type), including residues known to bind glutamine and/or be reactive
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FIGURE 3. Schematic diagram of the 6.3 kb insert from the clone pMC50, which contains the cardB
operon from E. coli, showing the location of functional domains in the resulting CPS protein. Note that
these genes were originally isolated in the phage clone AdcarAB37-9 and so some A sequences
(indicated by thick black lines) are present in this clone (HindII restriction enzyme sites within the
phage sequence were used to subclone the 6.3 kb fragment into pBR322 to produce pMC50; Piette et
al., 1984). Boxes denote the location of the card and carB genes which are co-transctibed and
separated by a smalt (17 bp) intervening sequence. Functional domains encoded by these genes are
indicated as follows: glutaminase domain (checkered), domains of subunit interaction (solid), ATP-CO,
domains (lightly shaded), and allosteric binding domain (striped). Restriction enzyme sites relevant to

this work are noted.
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n glutamine/amide transfer (Mullins ef al,, 1991; Miran et al, 1991). The most studied residue of this
protein has been cysteine-269 (of the £. coli protein) which when substituted with a serine or glycine
results in a CPS enzyme unable to utilise glutamine but able to utilise ammonia as a substrate (Rubino
ef al, 1986). The N-terminal region of this subunit is thought to be involved in small subunit/large
subunit interactions, since deletion of this region abolishes any interactions between subunits (Guiliou
etal., 1989).

The large subunit (encoded by carB) contains what is commonly called the synthetase domain
of CPS. This subunit/domain contains intemal similarity between the first and second thirds of the
protein (Nyunoya and Lusty, 1983). Since these similar regions both contain an ATP binding site (Kim
et al, 1991; Post et al., 1990), they are thought to have evolved from an ancient duplication of an
ancestral kinase gene (Nyunoya and Lusty, 1983). ATP and CO; binding regions have not yet been
accurately mapped, and there has been some controversy regarding their exact location, but the general
location is known (Figure 3; Guillou ef al, 1989) and glycine rich regions consistent with ATP binding
sites have been noted in these two homolsgous regions of the protein (Post ef al,, 1990). Interactions
with the small subunit are thought to occur at the N-terminal of the pro.tein and within the central
region of this synthetase subunit (Guillou ef al,, 1989; Figure 3). The terminal third of the protein has
been defined as the regulatory region, where all allosteric effectors have been found to bind (Rubio et
al, 1991). Interestingly, while the activators and inhibitors of CPS vary sipnificantly between
organisms, they all bind in the same regulatory region, even in the eukaryotic enzymes (Rodriguez-
Aparcio et ai., 1989).

All other studied bacteria have a similar CPS, based on sequence analysis and enzymatic

activity studies. Even the two CPS enzymes identified in Bacillus species are similar in structure and

23



activity (Paulus and Switzer, 1979). The only major differences noted are the allosteric effectors which
control each enzyme. The CPS of E. coli is activated by IMP (inosine monophosphate) and omithine
and inhibited by UMP (Meister and Powers, 1978), while the CPS of P. aeruginosa is activated by N-
acetylorithine and omnithine and feedback inhibited by UMP (Abdelal er a/., 1983). This difference is
likely due to P. aeruginosa’s capacity for both catabolic and anabolic arginine pathways. In B. subtilis,
the CPS encoded by genes found in the arginine biosynthetic operon is not subject to allosteric
effzctors, howsver the CPS encoded within the pyrimidine biosynthetic operon is severely inhibited by
uridine nucleotides and activated by PRPP (5’-phospho-a-D-ribosyl 1-pyrophosphate) and GMP
(Paulus and Switzer, 1979).

In most eukaryotes the arginine-specific CPS enzyme is a monomer, the result of a proposed
ancient gene fusion (Nyunoya et al., 1985). S. cerevisiae and N. crassa are the only currently known
exceptions to this rule, they both have an arginine-specific CPS which is heterodimeric (Davis ef al.,
1980; Lacroute ef al., 1965). The pyrimidine-specific CPS’s of eukaryotes are usually part of
multifinctional proteins as mentioned previously (Davidson et al, 1993; Jones, 1980). The
protozoan’s, which do not have a multifunctional protein, have a monomeric CPS, however, this CPS
is quite unusual in that it contains large translated insertions within functional domains of the protein
(Chansiri and Bagnara, 1995; Flores et al., 1994).

Variation in enzyme substrate specificity is observed within the arginine-specific CPS enzymes
of eukaryotes, as this pathway evolved from that of arginine biosynthesis to ammonia detoxification. In
eukaryotes such as S. cerevisiae, which can synthesise arginine de novo, tue arginine-specific CPS is
similar to bacterial CPS, however in the ureotelic organisms studied such as human and rat, the

corresponding CPS has lost the ability to bind glutamine and instead uses ammonia as a primary
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substrate (Marshall, 1976). This forms one of the critical pieces of the urea cycle since this CPS
enzyme is now used to harvest ammonia for conversion inte urea. In this CPS, commonly called CPSI,
the reactive cysteine residue known to play a role in the glutamine binding/amide transfer is replaced
with a serine (Nyunoya et al,, 1985). This was originally proposed to be the sole factor goveming this
enzymes use of ammonia over glutamine as a substrate. However, recently the CPSI gene from the
bullfrog Rana catesbeiana was sequenced and the deduced protein sequence found to contain this
reactive cysteine residue (Helbing and Atkinson, 1994). This would suggest that other residues have
also played a role in the loss of glutamine utilisation. In ureosmotic organisms such as the spiny dogfish
shark, Squalus acanthias, another CPS is used in the urea cycle called CPSIII. This enzyme uses
glutamine as a substrate and contains the reactive cysteine residue, however it still seems closely related
to CPSI in that its role is similar (i.e. it is part of the urea cycle) and that it is subject to the same
activator (Hong et al., 1994). This activator, N-acetylglutamate, is an absohte requirement for CPSI or
CPSHI activity (Anderson, 1980). All the other CPS enzymes found in eukaryotes (and bacteria) have
up until now been given the name CPSI. CPSII enzymes do not requirc N-acetylglutamate for
activation.

Within the CPSI group, however, there are some differences in the presence of other
activators and inhibitors, suggesting that this group is not so homogeneous, even within the
eukaryotes. For example, in S. cerevisiae, the arginine-specific CPS has no allosteric effectors and is a
heterodimeric protein, yet it is grouped with the same name (CPSII) as the pyrimidine specific CPS’s of
cukaryotes which are inhibited by UTP and often part of multifunctional proteins.

Clearly, there is a need to organise these different CPS enzymes to clarify relationships between

the many different CPS’s and to unravel the evolution of this enzyme.

25



1.8 CPS GENE ORGANISATION AND REGULATION IN THE BACTERIA

For reference, a schematic diagram is shown in Figure 4 summarising the organisation of CP'S
genes for all organisms in which CPS gene sequences have been obtaimed. CPS genes have been fully
or partially sequenced in 6 bacteria, and i all instances are found to be co-trmscribed in the order
card-carB. Tn most prokaryotes examined these genes overlap or are separated by a small intervening
sequence. In E. coli, S. typhimurium, and P. stutzeri the genes are separated by 17, 18, and 24 bp,
respectively (Piette et al, 1984; Kilstrup et al, 1988, Kwon et al, 1994). The corresponding
pyrimidine-specific CPS genes in Bacillus caldolyticus, and pyrimidine and arginine-specific CPS genes
of B. subtilis, overlap by between 8 and 11 bp (Ghim et al., 1994; Mountain et al., 1984; Quinn ef al.,
1991). CarA and carB in P. aeruginasa, however, are separated by an intervening sequence of 682 bp
which contains an unidentified open reading frame (Kwon et al., 1994).

Regulation of CPS differs significantly in the bacteria studied. In £. coli and S. typhimurium,
for which most information is available regarding the regulation of these genes (Cunin ef al., 1986),
carAB is cumulatively repressed by arginine and uracil (Piette et al., 1984; Kilstrup et al., 1988) from
two promoters named P1 and P2. P1, which is upstream of P2, is repressed by pyrimidine nucleotides
by an as yet incompletely defined complex which involves use or the integration host factor and a
regulatory protein CarP (Charlier ef al., 1995). The carP gene has recently been cloned and sequenced
and shown to be identical to the xerB/pepA gene encoding the protein aminopeptidase A which is
involved in Xer site-specific recombination in ColEl-type plasmids. CarP was found to undergo
negative self-regulation and had no effect on any of the other genes involved in pyrimidine biosynthesis

(Charlier er al, 1995). The second promoter, P2 is repressed by arginine through the
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FIGURE 4. Schematic diagram of the organization of CPS genes from all organisms in which CPS
gene sequence data has been obtained. Regions encoding the common amidotransferase and synthetase
domains of CPS shown as shaded and white boxes, respectively. Introns are not included. Note that the
N. crassa, S. cerevisiae and T. cutaneum arginine-specific CPS genes are encoded by unlinked genes,
and that the CPS genes in B. subfilis and B. caldolyticus overlap. These amidotransferase and
synthetase domains have fused in the urea cycle-specific CPS enzymes (CPSI/CPSIN) of S. acanthias,
bullfrog, rat and human. Checkered boxes denote a portion of the dihydroorotase domain which is
fused to the pyrimidine-specific CPS genes of eukaryotes. Striped boxes denote large translated
sequences which are present between functional domains of the CPS of P, Jalciparum and B. bovis,
The black box represents an unidentified open reading frame found between the P. aeruginosa CPS

genes.
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arginine repressor, which binds to two arg-boxes which overlap P2 (Piette er a/,, 1984). Interestingly,
the arginine repressor has been shown to play an obligate role in the same site-specific recombination
for ColEI plasmids as XerB/PepA and is therefore necessary for stable plasmid inheritance (Stirling et
al,, 1988). This is apparently a completely unrelated finction of this protein from its arginine pathway
repressing abilities. The arginine repressor’s effect on P2 is also affected by the levels of pyrimidines,
such that the presence of both pyrimidines and arginine represses P2 more efficiently than arginine
alone (Charlier et al., 1988; Lu et al., 1989). Pyrimidines have been shown not to directly interact with
the arginine repressor, however it is possible that another factor mediates this contact (Lu et al., 1992).
The CPS of P. aeruginosa on the other hand, undergoes only partial cumulative repression by
arginine and uracil (Abdelal et al., 1983; Wong and Abdelal, 1990). Studies of the regulation of car4B
i this organism have demonstrated that these genes are transcribed from just one promoter which is
controlled by both arginine and pyrimidines (Wong and Abdelal, 1990; Kwon et al., 1994). Arginine
seems to control expression at the level of transcription initiation., while there is strong evidence to
suggest that pyrimidines exert their control through an attenuation mechanism (Kwon ef al,, 1994).
This putative attenuation mechanism shows possibly significant differences from the attenuation
mechanism known to control the well characterised pyrBI operon (Kwon ef al., 1994). No repressor
similar to the arginine repressor of the Enteric bacteria has been found in P. aeruginosa and no arg-
boxes are present in ihe sequence upstream of these CPS genes (Wong and Abdelal, 1990). Between
the car4 and carB genes of P. aeruginosa lies an ORF of unknown function which encodes a protein
of 216 amino acids (Kwon et al, 1994). In P. stutzeri the CPS genes are very similar but are not

separated by an ORF (Kwon e/ al,, 1994). Similar structural features found upstream of card in P,
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stutzeri suggest that its CPS genes are also regulated by a similar attenuation mechanism (Kwon et al.,
1994).

As mentioned earlier, B. subtilis contains two CPS's, one repressible by arginine and encoded
withiu a cluster of genes involved in arginine biosynthesis, and the other regulated by uracil and
encoded within an operon of pyrimidine biosynthetic genes (Paulus and Switzer, 1979; Mountain et al,,
1984; Quinn et al., 1991). An arginine repressor, analogous to the repressor found in Enteric bacteria,
is found in B. subtilis (North ez al., 1989; Smith et al, 1989). This repressor binds to a promoter
region upstream of argC, the first gene of the arginine biosynthetic gene operon which contains cardB,
and so does not specifically act on the CPS genes. The same applies for the pyrimidine-pathway CPS
genes, which are also contained within the pyrimidine biosynthetic operon and so are not subject to any
sort of unique regulation. Because these two CPS enzymes are present in the same environment (ie.
are not separately compartmentalised as in most eukaryotes) this system is somewhat unique in that
each CPS can act i both pathways and the total pool of CPS is actually a mixture of the two (Paulus

and Switzer, 1979).

1.9  CPS GENES IN THE EUKARYOTES: FEW STUDIES OF REGULATION

CPS genes have currently been sequenced from 12 eukaryotes. As mentioned previously, all
cukaryotes examined contain two CPS enzymes, with the exception of the apicomplexan protozoans
studied (Chansiri and Bagnara, 1995; Flores ef al,, 1994). For these organisms studied which have two
CPS enzymes, most are compartmentalised so that pyrimidine-specific CPS is located in the nucleus,
and arginine-specific CPS is located in the mitochondrion. The only confirmed exception found so far is

in S. cerevisiae where both CPS’s are cytoplasmic (Urrestarazu et al., 1977; Lusty et al., 1983). In all
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cases the CPS genes are chromosomally encoded - no CPS genes have been found on mitochondsial
genomes,

The pynimidine-specific CPS of eukaryotes seems to be fairly conserved in structure in the
cukaryotes examined. It is usually part of a multifunctional protein catalysing the first two or three
steps of the pynimidine biosynthetic pathway (Shoaf and Jones, 1973; Mori et al., 1975; see section
1.6). Few regulation studies have been performed on these pyrimidine-specific multifinctional
complexes, and no studies of regulation have been reported for the monofunctional, monomeric CPS’s
of the protozoans. A transcription start site has been mapped for the hamster multifunctional protein
containing CPS, called CAD. Regulation involves low level repression/derepression by pyrimidines
(Kollmar et al, 1994). The focus of studies of CAD, however, were directed at elucidating the
boundaries of functional domains and determining the ability of these domains to act as discrete
enzymes (Rubio, 1993).

The arginine-specific CPS’s vary quite significantly in structure, and even function, within the
eukaryotes. In S. cerevisiae and N. crassa, the arginine-specific CPS is a CPSI-type enzyme, with a
functionality similar to the pyrimidine-specific enzymes of eukaryotes and the bacterial CPS’s utilised
for both pathways. This fungal CPS is a heterodimer encoded by two uniinked genes similar in size to
bacterial CPS genes (Wemer et al., 1985; Orbach et al,, 1990). In S, cerevisiae, the gene encoding the
synthetase subunit seems to be constitutively expressed, while the gene encoding the amidotransferase
subunit is regulated by a complex arginine repression system comprising at least three arginine
repressor proteins (Béchet e al., 1970; De Rijcke et al,, 1992; Qi ef al., 1990). This essentially results
in the small subunit behaving like a rate limiting co-factor for the large subunit. There have been

mdications in yeast that the large subunit becomes active when arginine is not present, but only when it
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aggregates with the small subunit (Piérard ef al., 1979). In all other eukaryotes studied, the arginine-
specific CPS (CPSI or CPSIII) is monomeric (Nyunoya er al., 1985) but no significant studies of
regulation have been performed. Significant functional differences have been noted for these enzymes:
i.e., the arginine-specific CPS of ureotelic vertebrates, CPSI, has lost its ability to bind glutamine and
instead utilises ammonia directly (Marshal, 1976; Nyunoya et al., 1985). Studics on CPS enzymes
involved in the urea cycle has primarily involved gene sequencing to examine structural similarities
between CPSL, CPSH and CPSIH enzymes (Hong et al, 1994; Nyunoya et al, 1985), ad
characterisation of naturally occurring CPSI mutants in humans, which cause a genetic disease leading

to hyperammonemia (Haraguchi et al., 1991).

1.10 PHYLOGENETIC ANALYSIS OF CPS: ROOTING THE TREE OF LIFE AND THE NEED

FOR AN ARCHAEAL CPS SEQUENCE

Clearly the organization and regulation of CPS in different organisms varies significantly.
Organisms may contain one or two CPS enzymes, the enzymes may be heterodimeric or monomeric,
and the heterodimeric enzymes can be encoded by genes which are co-transcribed or on separate
chromosomes. Phylogenetic investigations of CPS sequences could help order these complex findings
and with respect to the evolution of CPS.

Because of a duplication within the synthetase domain of CPS genes, phylogenetic trees
constructed from CPS sequences could also be rooted. Within the synthetase domain of CPS an
internal homology has been postulated to have evolved from an ancient duplication of a kinase gene
(Nyunoya and Lusty, 1983). This internal homology has been found in the CPS genes of all the bacteria

and eukaryotes examined so far, and has led to suggestions that the original gene duplication occurred
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before the divergence of the main domains of Bacteria, Archaea and Eukarya (Nyunoya er af., 1985).
Genes which duplicated in the progenote before the divergence of the three domains, have previously
been used to root phylogenetic trees (lwabe e al, 1989; Gogarten et al, 1989; Brown and
Doolittle, 1995) and so this duplication within the synthetase domain could be used in a similar
manner,

Rooting a tree constructed from CPS genes has obvious benefits including the ability to
determine branching order within the low branching organisms. However, if an archaeal sequence were
also included in this analysis, the initial branching order for Bacteria, Archaea and Eukarya could also
be determined, essentially finding a root for the tree of life. The tree of life was first rooted using
elongation factors Tu/la and G/2 in addition to ATPase o and B subunits (Iwabe et al., 1989;
Gogarten et al., 1989). Both analyses suggested that t.hé Archaea are more related to the Eukarya
than Bacteria. However, the statistical reliability of the trees produced using the elongation
factors has been criticized (Creti ef al., 1994). Also there has been concern that the full family of
genes has not yet been clearly determined for the ATPases, and that horizontal gene transfer
cannot be discounted (Forterre et al, 1993; Hilario and Gogarten, 1993). Subsequently,
aminoacyl-tRNA synthetase genes were used to root the tree of life and also showed the
“sistership” of the eukaryotes and Archaea (Brown and Doolittle, 1995). However, there is a need
to further confirm this rooting using other genes. In particular there is an interest in rooting the
tree of life using genes involved in functions other than transcription/translation since the
similarity of the archaeal genes with their eukaryotic counterparts may be in part a reflection of
the similarity in the transcription/translation machinery between these two organisms (J.R. Brown,

personal communication). Archaea are noted for having a transcription/translation system which
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shows many similarities to eukaryotes (Keeling ef al., 1995; Keeling and Doolittle, 1995; Langer
et al., 1995),

No complete archaeal CPS gene sequence has yet been obtained. Obtaining an archaeal CPS
sequence is also of interest to determine if these organisms have a CPS structure similar to those of'
Bacteria and Eukarya. Recently a CPS protein was studied from the archaeon Pyrococcus furiosus and
found to be much smaller in size than any other CPS previously characterized (Mr 70,000; Legrain et
al., 1995). This CPS was also found to utilize ammonia and not glutamine as a substrate (Legrain ef
al., 1995). A partial DNA sequence of the synthetase domain of CPS was also obtained from the
archacon Methanosarcina barkeri dusing the course of sequencing an argG gene (Morris and Reeve,
1988). Schofield (1993) was then able to extend this sequence by PCR. The results show that the
internal duplication present in other CPS genes is also present in the M. barkeri sequence. This
sequence is unavailable, so determination of a complete archaeal CPS gene sequence is still a hot issue,

Simmer ef al. (1990) performed a limited evolutionary analysis of CPS genes by constructing
dendrograms using a selection of CPS gene sequences. This paper, which focused on the
characterization of a mammalian CPS sequence, was unable to come to any strong conclusions from
this analysis because of the limited number of CPS sequences available at the time, The authors did
suggest that the arginine-specific or CPSI enzymes of eukaryotes could have evolved by diffusion from
the pyrimidine-specific CPS which is part of a multifunctional protein.

A phylogenetic analysis of CPS genes was also recently reported by van den Hoff ef al. at the
end of 1995. They used a selection of previously reported CPS sequences to primarily perform an

analysis of introns in eukaryotic CPS genes, suggesting supporting evidence for the “introns early”
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theory. Their analysis, which included some bacterial sequences, demonstrated that two separate gene
duplications led to the formation of the two CPS enzymes in Gram-positive bacteria and eukaryotes.

Recently released sequences (i.e., the apicomplexan protozoan sequences) now enable more
conclusions to be made on the evolution of CPS genes through a phylogenetic analysis. There is also a
need to include an archaeal sequence in such an analysis, to not only root the tree of life, but to aid in
demonstrating which aspects of CPS are conserved in all living organisms,

Currently a project is underway to sequence the entire genome of the Crenarchaeote
Sulfolobus solfataricus, strain P2 (Sensen et al,, in press). During the course of their investigations,
they happened to come across a CPS gene sequence and agreed to give me prior access to it as part of
a collaboration with Dr. Robert L. Charlebois. This sequence, combined with the other recently
obtained protozoan and bacterial sequences, including the gonococcal sequence reported in this work,

forms the basis for a comprehensive phylogenetic analysis of all currently known complete CPS genes.
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1.11  OBIJECTIVES AND RATIONALE
1.11.1 Rationale for initial study

Initial interest in the CPS genes of N. gonorrhoeae stemmed from the high prevalence of
naturally occurring mutants, and a possible pathogenic advantage that these mutations may conter.
However, I also realised that these genes are an excellent candidate for primary studies of gonococeal
biosynthetic gene structure and regulation. Few housekeeping genes have been studied in the
gonococcus and no significant studies of the organisation or regulation of gonococcal housekeeping
genes have been reported. CPS has been studied as a model for gene and enzyme regulation in many
other bacteria such as E. coli, S. typhimurium, P. aeruginosa, B. subtilis, S. cerevisiae, spiny dogfish
shark, hamster, rat and human (Cunin et al, 1986; Maas, 1991; Hong et al., 1994). This is in part
because regulation of the CPS genes and the CPS enzyme is complex in most organisms, duc to the
enzyme’s effect on both arginine and pyrimidine biosynthesis and its entry level position in cach
pathway. The regulation and organisation of CPS genes varies significantly between different genera,
and Neisseriaceae are on a different evolutionary branch than other well studied Gram-negative
bacteria (Woese, 1987), therefore the regulation of CPS genes in N. gonorrhoeae may be different,
Studies of the gonococcal CPS genes may also give insight into why these genes are so often mutated
in the gonococcus.

As suggested in reports by Copley (1987) and Mayer ef al. (1977), more than one mutation
may be causing the CPS deficiencies seen in gonococcal isolates. Evaluation of the gonococcal CPS
mutants at a genetic level could resolve this question. If different mutations could be distinguished,
subclassification of the auxotrophs would be possible. In the long term, these naturally occurring CPS

mutants could also be usefitl for learning more about the function and regulation of CPS.
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No archacal CPS genes have previously been isolated. Analysis of an archaeal CPS sequence
would complete a characterisation of CPS from all three domains of life and provide insights into what
featwres of CPS were present in the progenote before the divergence of Bacteria, Archaea, and
Eukarya. Phylogenetic analysis of all CPS sequences, including an archaeal sequence, could provide
new insights into the evolution of this enzyme. The intemal duplication within CPS covki be used for
rooting phylogenetic trees and verifying previously postulated theories on earty evolutionary
relationships. The tree of life has not been previously rooted using a duplication internal to a gene or by

using a “metabolic” gene,

1.11.2 Objectives

The first two objectives were initially proposed, with an aim to begin studies of CPS gene
regulation in the gonococcus. However, as unexpected results were obtained, most notably the
discovery of a unique CPS gene organisation in the gonococcus and a variable sequence with possible
diagnostic/typing applications, the initial objectives were modified and new additional objectives were

proposed, as listed below.

1. To confirm the existence of, and deternine the primary sequence for, the car4 and carB genes of
Neisseria gonorrhoeae CH811. To analyse the sequence for known regulatory elements, gorococcal
uptake sequences, significant repeats and any other notable motifs, and to perform comparisons with
the CPS genes found in other organisms. Hypotheses: Gonococcal CPS genes are present and have

significant sequence similarity to those of E. coli. They have similar gene organisation to other Gram-
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negative bacteria, but have different regulatory sequences and have the uptake sequences charactenistic

of gonococcal genes.

2, To characterise, at the molecular level, the CPS defects found naturaliy in the gonococcal
population. Hypothesis: There are at least two different defects causing CPS deficiencies. The CPS
defective gonocacci can be transforined with cloned, fimctional CPS genes to produce isolates with

functional CPS and novel auxotypes.

3. To characterise the unique intervening sequence between card and carB in N. gonorrhoeae CH811,
investigating its prevalence in other isolates of N. gonorrhoeae, and other Neisseria specics.

Hypothesis: A similar unique intergenic sequence is present in other isolates of N, gonorrhoeae.

4, To perform a comprehensive phylogenetic analysis of all CPS genes, including the use of the intemal
similarity within CPS to root trees. To perform an analysis of an archaeal CPS sequence, looking for
features in common with cther CPS genes. Hypotheses: The evolution of the CPS genes is complex.
Two separate gene duplications led to the formation of the two CPS enzymes in Bacillus spp. and
eukaryotes. The intemal duplication can be used to root trees. Organisms with a similar gene
organisation and regulation will branch in an order consistent with other previously determined
phylogenetic relationships. The archaeal CPS sequence will have some features common to other CPS

enzymes, such as an internal duplication within the synthetase domain.
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2. MATERIALS AND METHODS

2.1 BACTERIAL STRAINS, PLASMIDS AND PHAGES

The carA and carB genes were previously cloned from N. gonorrhoeae strain CHS11
[auxotype/serotype/plasmid content class (A/S/P class): non-requiring/IB-2/plasmid free; Moreno ef
al., 1987] into EMBLA4 to produce clone EFP10 (Figure 5; Picard and Dillon, i989b). A 5 kb EcoRI
fragment from this clone had been previously subcloned into pBR329 to produce pSTD18 (Dillon and
Bigelow, unpublished data; Figure 5). Both EFP10 and pSTD18 were used for subcloning DNA
fragments containing carA and carB. pMC50, a plasmid containing the £. coli carAB operon on a 6.3
kb Hindlll fragment, was used for comparative studies and was provided by R. Cunin (Vrje
Universiteit Brussel, Brussels, Belgium; Figure 3). The vector used for all cloning experiments was the
plasmid pBluescriptll KS(+) (Stratagene, LaJolla, California). E. coli NM539 (F-, supF, hsdR, lacy,
(P2)) was used for phage propagation. E. coli IM83 (ara, Alac, pro, thi, strA, f80AlacZAM15) was
used in all transformation experiments to select recombinants. Chromosomal DNA from E. coli
IM240, E. coli HB101 and Peptostreptococcus magrus ATCC 53516 (the latter supplied by J. Ng of
our laboratory) were used as controls in hybridisation experiments. N. gonorrhoeae strain FS62 (StrY)
was used as a control in the gonococcal transformation experiments (Sparling, 1966; West and Clark,
1989, Dillon, unpublished data).

Other strains of N. gonorrhoeae, which were used for PCR-based studies of the intergenic .
sequence between card and carB, are listed in Tables 1, 2 and 3 (Reasons for their use are discussed
below). All isolates were chosen from the culture collection of the National Laboratory for Sexually

Transmitted Diseases (NLSTD), Laboratory Centre for Disease Control (LCDC), Ottawa, Canada,
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FIGURE 5. Location of card and carB in the gonococcal inserts of phage and plasmid clones. Arrows
indicate the progression in the isolation of each clone, which all orginate from EFP10. Relevant
restriction enzyme sites are indicated above each clonal insert. The relative position of car4 and carB,

determined by complete DNA sequencing of pFL50 and pFL35, is shown below the clones in blue.
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TABLE 1. N. gonorrhoeae isolates selected for their varying auxotype®, serotype, plasmid

content” (A/S/P class), date of isolation and geographic origin.

:olate A/S/P class Date of isolation Geographic Source
CHS11 NR/IB-2/ plasmid free 1982 Chile

NS466 NR/IB-5/2.6 88/03 Manitoba, Canada
NS2117 NR/IB-5/2.6 88/08 Manitoba, Canada
NS568 NR/IB-7/2.6 88/04 British Columbia,Canada
NS1095 NR/IB-7/2.6,24.5 88/06 New Brunswick, Canada
MS11-ms NR/IB-9/2.6 1976 North Carolina, USA
11110 NR/IA-1/2.6,25.2 92/07 Nova Scotia, Canada
9228 NR/1A-2/2.6,3.2,25.2 92/03 Ontario, Canada

11844 NR/1A-2/2.6,3.2,25.2 92/11 Ontario, Canada

9345 NR/IA-5/2.6,3.2,24.5 92/03 Ontario, Canada

9881 NR/IA-5/2.6,3.2,24.5 92/04 Ontario, Canada

9257 P/1A-6/2.6,4.5 92/03 British Columbia,Canada
10830 P/IA-6/2.6,4.5,25.2 92/08 British Columbia,Canada
11860 P/1A-6/2.6,3.2,25.2 92/11 Ontario, Canada
FA1090 P/IB-3/2.6 1970 New York, USA
NS4702 P/IB-5/2.6,24.5 89/01 Ontario, Canada
NS5846 P/IB-5/2.6,24.5 90/06 Ontario, Canada

NS667 P/IB-7/2.6 88/05 Ontario, Canada
NS3019 P/IB-7/2.6 89/01 Ontario, Canada
NS8318 P/IB-7/2.6 91/11 Québec, Canada

9073 OUH/IA-2/2.6 92/02 Alberta, Canada

9315 OUH/MA-2/2.6 92/03 Ontario, Canada
continued.,..



TABLE 1. continued...

Isolate A/S/P class Date of isolation Geographic Source
NS§303° CUH/IA-2/2.6 88/04 Ontario, Canada
NS686° CUH/A-2/2.6 88/05 Nova Scotia, Canada
NS716° CUH/IA-2/2.6 88/05 Québec, Canada
NS§1061° CUH/IA-2/2.6 88/06 Yukon, Canada
NS§791° PCU/IB-3/2.6 88/05 Saskatchewan, Canada
NS2152°  PCU/IB-2/plasmid free 88/10 Alberta, Canada
NS384° PCU/IB-2/plasmid free 88/05 Nova Scotia, Canada
NS348° PCU/IB-7/plasmid free 88/04 Alberta, Canada

* The following abbreviations have been used for auxotype: NR, non-requiring; P: proline-requiring;

OUH: omithine-, uracil-, and hypoxanthine-requiring; CUH: citrulline-, uracil-, and hypoxanthine-

requiring; PCU: proline-, citrulline-, and uracil-requiring.
® Plasmid sizes are given in MegaDaltons.
“Isolates previously shown by enzyme assays to be CPS deficient (Li, 1993).



TABLE 2. Isolates of N. gonorrhoeae selected for their similar A/S/P class (P/IA-6/2.6,4.5)

but varying in date of isolation and geographic origin within two Canadian provinces.

Isolate A/S/P class Date of isolation Province of Isolation
709 P/IA-6/2.6,4.5 84/11 Ontario

767 P/1A-6/2.6,4.5 85/01 Ontario

1114 P/1A-6/2.6,4.5 86/02 Ontario

2082 P/1A-6/2.64.5 87/10 Ontario

2318 P/1A-6/2.64.5 88/04 Ontario

4165 P/1A-6/2.6,4.5 89/12 Ontario

4555 P/1A-6/2.6,4.5 90/02 Ontario

5988 P/1A-6/2.6,4.5 91/01 Ontario

6384 P/IA-6/2.6,4.5 91/04 Ontario

6769 P/1A-6/2,6,4.5 91/06 Ontario

7121 | P/NIA-6/2.6,4.5 91/08 Ontario

8266 P/IA-6/2.6,4.5 91/12 Ontario

1537 P/1A-6/2.6,4.5 86/10 British Columbia
2525 P/1A-6/2.6,4.5 88/07 British Columbia
5774 P/1A-6/2.6,4.5 90/12 British Columbia
5788 P/IA-6/2.6,4.5 91/01 British Columbia
6339 P/IA-6/2.6,4.5 91/05 British Columbia
7921 P/1A-6/2.6,4.5 91/09 British Colurnbia

7944 P/1A-6/2.6,4.5 %1/10 British Columbia
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TABLE 3. Two clusters of isolates of N. gonorrhoeae with an A/S class similar to isolates
associated with two separate outbreaks: 1) isolates of A/S class NR/IA-5, associated with an
outbreak in Toronto; 2) isolates of the A/S/P class NR/IB-3/2.6/24.5 associated with an
outbreak in Winnipeg which spread to Toronto.

Isolate A/S/P Class Year Isolated Geographic Source
3523 NR/IA-5/2.6,24.5 1989 Toronto, Ontario
2852 NR/IA-5/2.6,3.2,24.5 1988 Toronto, Ontario
3735 NR/1A-5/2.6,3.2,24.5 1989 Toronto, Ontario
3928 NR/IA-5/2.6,3.2,24.5 1989 Toronto, Ontario
4020 NR/IA-5/2.6,3.2,24.5 1989 Toronto, Ontario
5265 NR/IA-5/2.6,3.2,24.5 1990 Toronto, Ontario
5707 NR/IA-5/2.6,3.2,24.5 1990 Toronto, Ontario
6525 NR/IA-5/2.6,3.2,24.5 1991 Toronto, Ontario
6595 NR/IA-5/2.6,3.2,24.5 1991 Toronto, Ontario
5283 NR/IA-5/2.6,3.2,25.2 1990 Toronto, Ontario
88-1286 NR/IB-3/2.6,24.5 1988 Winnipeg, Manitoba
88-1919 NR/IB-3/2.6,24.5 1988 Winnipeg, Manitoba
88-2351 NR/IB-3/2.6,24.5 1988 Winnipeg, Manitoba
88-2802 NR/IB-3/2.6,24.5 1988 Winnipeg, Manitoba
88-3482 NR/IB-3/2.6,24.5 1989 Winnipeg, Manitoba
88-3511 NR/IB-3/2.6,24.5 1989 Winnipeg, Manitoba
3644 NR/IB-3/2.6,24.5 1989 Toronto, Ontario
3648 NR/IB-3/2.6,24.5 1989 Toronto, Ontario
4743 NR/IB-3/2.6,24.5 1990 Toronto, Ontario
5837 NR/IB-3/2.6,24.5 1990 Toronto, Ontario
5840 NR/IB-3/2.6,24.5 1990 Toronto, Ontario
5855 NR/IB-3/2.6.24.5 1990 Toronto, Ontario
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with the exception of isolates MS11-ms and FA1090 which were obtained from J. Cannon (University
of North Carolina). Isolates listed in Table 1 were chosen to vary in their geographic source in Canada,
isolation site, A/S/P class, and date of isolation from 1988 to 1992. Exceptions include isolate CH811
which was first isolated in Chile in 1982 (Moreno ef al., 1987), and isolates FA1090 and MS11-ms
which are described by West and Clark (1989). Isolates listed in Table 2 were selected to have the
same A/S/P class, but still vary in location within two provinces and also vary in date of isolation from
1984 to 1991. Isolates listed in Table 3 comprise clusters of more closely related isolates which have a
similar A/S/P class, location of isolation, and date of isolation as isolates associated with two gonorrhea
outbreaks (Li, 1993). One outbreak comprised isolates of A/S ¢lass NR/IA-3 and occurred in Toronto,
Ontario. The other unrelated outbreak comprised isolates of A/S/P class NR/IB-3/2.6/24.5 which were
first isolated in Winnipeg, Manitoba, and later noted in Toronto, Ontario,

The sequence between card and carB was also investigated from 12 N. meningitidis isolates
and 18 commensal Neisseria isolates (comprising 9 species) listed in Table 4. Chromosomal DNA from
these species was kindly provided by Dr. Craig Strathdee (National Laboratory for Special Pathogens,
LCDC). These isolates had been speciated using standard identification criteria (Vedros, 1984) at the

National Laboratory for Bacteriology (LCDC, Canada).

2.2 MEDIA, GROWTH CONDITIONS AND STRAIN TYPING
Confirmation of speciation of N. gonorrhoeae isolates was performed by visual identification of
the pure culture combined with the oxidase test, and were previously speciated at the NLSTD (LCDC,

Ottawa, Canada). N. gonorrhoeae isolates were stored frozen at -70°C in Brain-Heart Infusion
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TABLE 4. N. meningitidis and commensal Neisseria species isolates.

Isolate Species Serovar Isolate Species Serovar
1503 N. meningitidis A 4Pl19 1685 N. mucosa N/A
1504 N. meningitidis A4P19 1686 N. mucosa N/A
1500 N. meningitidis B 4:P1.15 1687 N. lactamica N/A
1501 N. meningitidis B 2b:P1.2 1688 N. lactamica N/A
1514 N. meningitidis C 2a:P1.2" 1689 N. lactamica N/A
1518 N. meningitidis C 2aP1.2* 1690 N. perflava/sicca N/A
1525 N. meningitidis C 2aP1.1* 1691 N. perflava/sicca N/A
1526 N. meningitidis C2aP1.0? 1692 N perflava‘sicca  N/A
1527 N. meningitidis C 2a:P1.1® 1693 N. flavescens N/A
1339 N. meningitidis WI135 1694 N flavescens N/A
1497 N. meningitidis Y 1695 N. polysacchareae  N/A
1498 N. meningitidis Y 1696 N. polysacchareae N/A
1682 N. flava N/A 1697 N. polysacchareae  N/A
1683 N. subflava N/A 1698 N. cinerea N/A
1684 N. elongata N/A 1699 N. cinerea N/A
*ET-15 (clectrophoretic type 15) isolates.

"non-ET-15 isolate.



containing 20% glycerol. Except where indicated they were subcultured for 18-24 hours on GC
medium base (Difco) supplemented with Kellogg's defined supplement, as modified by Dillon (1983),
in the presence of 5% CO,, in a humid environment, at 35°C. For some transformation experiments,
gonococeal isolates were grown on GC medium base (GCMB) supplemented with 500 mgA
streptomycin under the same conditions. For auxotyping and some other transformation experiments,
the isolates were grown on chemically defined media as described by Hendry and Stewart (1979). For
RNA analysis, gonococci were grown on a modified form of this chemically defined media (as further
described in Section 3.3). E. coli strains were grown on tryptic soy agar (TSA) at 37°C, for 18-24
hours, with supplements added at the following final concentrations: ampicillin, 100 mg/L; tetracycline,
10 mg/L; X-gal 80 mg/L. LB broth was used for all liquid cultures with final concentrations of 10mM
MgSO, and 0.2% maltose used in phage propagations.

The auxotype of each gonococcal isolate listed in Tables 1, 2, and 3 was determined at the
NLSTD using a modified method (Dillon, 1983) of the method developed by Hendry and Stewart
(1979). The serotype and plasmid content of each gonococcal isolate was also determined at the
NLSTD using the methods of Knapp et al (1984), and Dillon et al, (1985), respectively. N.
meningitidis isolates were typed by the National Laboratory for Bacteriology (LCDC) using methods

reviewed by Frasch et al. (1985).

23 DNA PURIFICATION, RESTRICTION ENDONUCLEASE DIGESTION, AND
ELECTROPHORESIS
DNA was extracted from N. gonorrhoeae and E. coli as described by Dillon et al. (1985) and

Bimboim and Doly (1979), respectively,. DNA was purified by caesium chloride density gradient
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ultracentrifugation (Sambrook et al., 1989), except for small scale multiple plasmid isolations, where
DNA was purified using the Magic Minipreps™ DNA purification system of Promega (Fisher
Scientific, Ottawa, Ontario), or for some PCR reactions where purification entailed a
rhenol:chloroform extraction followed by ethanol precipitation (Sambrook et al., 1989). However, for
most PCR reactions involving N. gonorrhoeae isolates, the template DNA was not purified and instead
overnight cultures of N. gonorrhoeae were simply suspended in water to a MacFarlands 0.5 standard
(supplied by Unipath, Nepean, Ontario) and samples for PCR were directly obtained from this crude
lysate. Phage DNA was isolated from polyethylene glycol-precipitated phage stocks using the method
described by Sambrook ef al. (1989). Restriction endonucleases were obtained from Boehringer
Mannheim (Laval, Québec) or GIBCO BRL (Gaithersburg, Maryland) and used according to the
manufacturer’s instructions. DNA was electrophoresed in 1% agarose gels in TAE buffer (40mM
Tris-acetate/ImM EDTA) using a constant voltage of 50 Volts, with the exception of the restriction
enzyme digestions of PCR amplicons which were electrophoresed in a 1.5% agarose gels under the
same conditions (Sambrook et al., 1989). DNA was visualised in the agarose gel by ethidium bromide
staining (1mg/l), and photographed using the GelPrint 2000i digital imaging system (BIO/CAN
Scientific, Mississauga, Ontario). Fragments of DNA from restriction endonuclease digestions were

purified from agarose gels using the QIAEX gel extraction kit (Qiagen, Chatsworth, CA).

24 SUBCLONING OF DNA FRAGMENTS
A portion of the carB gene was initially subcloned from pSTDI8 into pBluescriptIl KS(+)
producing the plasmid pFL35 as follows (Figure 5). pSTD18 (Amp®, Tet®) and pBluescriptTf KS(+)

(Amp"®) were digested with EcoRI and Xhol, co-precipitated with ethanol, and ligated with T4 DNA
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ligase (Boehringer Mannheim) at 16°C ovemight. E. coli JM83 was transformed using the calcium
chleride method described by Sambrook er al. (1989), and clones which were ampicillin resistant,
tetracycline sensitive, and unable to utilise X-gal, were selected. Plasmid DNA from the selected
clones was then screened by gel electrophoresis for plasmid size, and putative positive clones were
confirmed by high stringency Southem lybridisation with the fragment of interest (sec section 2.5 tor
high stringency conditions).

The car4 gene, and the rest of carB, were subcloned from EFP10 into pBluescriptll KS(+)
producing the plasmid pFL50 (Figure 5): EFP10 and pBluescriptll KS(+) were digested with £coRl
and Xbal, and treated as described above for the subcloning from pSTD18, with the exception that

screening for tetracycline resistance was not performed.

25 SOUTHERN HYBRIDIZATION STUDIES

Probes were prepared by either PCR amplification, or isolation of DNA fragments from an
agarose gel using the QIAEX gel extraction kit (Qiagen, Chatsworth, CA). Probes were labelled with
digoxigenin by the random priming method using the Genius™ kit (Bochringer Mannheim, Laval,
Québec). DNA electrophoresed in an agarose gel as described above was transferred to positively
charged nylon membrane (Boehringer Mannheim) by the method of Southem (1975) or by using the
BioRad Model 785 Vacuum Blotter (BioRad Laboratories, Hercules, California) as per the
manufacturer’s instructions. Hybridisation with labelled probe at high stringency was completed at
68°C in 5x SSC ovemight, followed by two 15 minute washes at 68°C in 0.1x SSC, 0.1% SDS.

Hybridisations at lower stringencies were done using the same solutions and incubation times but with
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lower hybndisation and washing temperatures ranging from 55 to 66°C as indicated. Blots were

visualised using the colourimetric method of the Genius™ kit protoco! (Boehringer Mannheim).

2.6 GENERATIGN OF PLASMIDS WITH NESTED DELETIONS

Deletion derivatives of pFL.50 and pFL35 were prepared, in both directions, using the Erase-a-
base™ kit of Promega (Fisher Scientific, Ottawa, Ontario). First the plasmid DNA was digested with
either Sacl or Kpnl (depending on the direction of the deletions) to generate one DNA end protected
from Exonuclease III digestion. Restriction enzymes with sites corresponding to ends of the insert of
pFL50 (Xbal or EcoRI) or pFL35 (LcoRI or Xhol) were used to generate an end susceptible to
Exonuclease III. Exonuclease III digestion was performed at 30°C and aliquots were taken from the
reaction mixture at 30 second intervals for a total of 20 time points. The remainder of the protocol was
followed as per the manufacturers instructions. Clones containing deletions of pFL35 from the EcoRI
site were named EB1-1 to EB1-10 for those obtained from the first time point, EB2-1 to EB2-10 for
those obtained from the second time point, and so on until the last time point in which colonies were
obtained, which was time point 17. Clones containing deletions of pFL35 from the Xhol site were
named EBBI1-1 etc.. in a similar fashion and colonies were obtained up until time point 16. A strong
correlation was not observed between the size of the deletion and the time point from which the clone
was obtained, and so subsequent deletion clones obtained were just numbered consecutively. Clones
with deletions of pFL50 from the EcoRI site were named EBCI to EBC228. Clones with deletions of
pFL50 from the Xbal site were named EBD1 to EBD41. All clones were used for sequencing of

pFL50 and pFL35 and so the exact nature of the deletion in each case has been determined.
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2.7 DNA SEQUENCING AND SEQUENCE ANALYSIS

DNA sequences were determined by the dideoxynucleotide-chain termination method of
Sanger et al. (1977) using a combination of the nested deletion clones described above and synthetic
oligonucleotide primers prepared by General Synthesis and Diagnostics (Toronto, Ontario). Primers
were selected using the PrimerDesigner computer program (Scientific and Educational Software).
Both manual and automated DNA sequencing methods were used. For manual sequencing,
Sequenase™ (United States Biochemical, Cleveland, Ohio) and TaqTrack™ (Promega, Fisher
Scientific, Ottawa, Ontario) DNA sequencing kits were used with **S-dATP purchased from Dupont
(Mississauga, Ontario). Electrophoresis was performed using the Model S2 sequencing gel apparatus
of GIBCO BRL with 6% polyacrylamide denaturing gels. For automated sequencing, the PRISM
Ready Reaction DyeDeoxy Terminator Cycle Sequencing kit (Applied Biosystems Canada Inc.,
Mississauga, Ontario) and Centri-Sep Spin Columns (Princeton Separations, Adelphia, New Jersey)
were used to prepare reactions for the Applied Biosystems Model 373A DNA Sequencing System.
Enough sequence was obtained for a coverage redundancy of 2 in all regions (both strands of the DNA
were completely sequenced), with some regions having a coverage redundancy of three. DNA
sequences were compiled and analysed using the Microgenie™ (Beckman Instruments, Palo Alto,
California) and PC Gene (IntelliGenetics Inc., Geneva, Switzerland) computer programs. Alignments
of the deduced protein sequences from the CPS gene sequences were obtained using the ClustalV
multiple sequence alignment method of the GDE (genetic data environment) version 2.2 computer

program. Default settings were used with the exception that a fixed gap penalty of 40 was used.
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2.8 POLYMERASE CHAIN REACTION (PCR)

Primers were selected and synthesised as described for DNA sequencing. A list of primers used
to amplify portions of the sequence comprising card and carB is given in Table 5, and the priming
location for each is shown schematically in Figure 6. The sequence between card and carB was
amplified (using primers 61 and 62) from all Neisseria species isolates listed in Tables 1, 2, 3 and 4.
Amplification of card (primers 38 and 71), and carB (primers 78 and 22) was performed with the
following 11 N. gonorrhoeae isolates: CH811, MS11-ms, FA1090, 11860, 9345, NS791, NS384,
NS303, NS716, NS1061, NS686. A portion of the intergenic sequence containing RS6/RS7 sequences
(primers 66 and 72) was amplified from the following five N. gonorrhoeae isolates; CH811, MS11-ms,
FA1690, 11860, and 9345. Five gonococcal isolates used for amplification of other portions of the
intergenic sequence (primers 53 and 74, and primers 75 and 63; see Table 5 for details) were: CHS1 1,
FA1090, 11110, NS5846, and 9315. PCR amnplification of a 299 bp portion of arg/ was performed on
isolates CH811, 9315, NS686 and NS686C", using the primers 5>~ ACCGTCGGTGCAGTCTTCA-3’
and 5-TCGTTCCAGAAGGCAGGCT-3’ (not listed in Table 5) which are homologous to positions
135-154 and 414-433 of the argJ/ gene (co-ordinates start at the beginning of the gene sequence
reported by Martin and Mulks [1992b]).

The GeneAmp™ PCR kit (Perkin Elmer Cetus, Norwalk, Connecticut) was used for all PCR
experiments with the following reaction conditions: Ix PCR Bufferli, 200 mM dNTPs, 1.5 mM
MgCl;, 2.5 U/100ml 7aq polymerase, 0.2 mM primer, and 0.1 mg template DNA in a 100 ml total
volume. Note that for PCR ampliﬁcatidns from most gonococcal isolates, the DNA. was not purified
and instead 10 pl of a crude lysate (described above in Section 2.3) was used as a template DNA

source. For all other amplifications. the template DNA had been purified by either CsCl density
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TABLE 5. Accurate location of the priming sites for primers
used in PCR amplifications, based on the total sequence obtained
from pFL50 and pFL35.

Primer Priming location Complementary strand
coordinates®

7 5965-5982 no
22 8575-8592 yes
23 8467-8484 yes
32 - 1530-1546 yes
38 651-666 no
41 923-940 no
53 2104-2120 no
61 1908-1927 no
62 5342-5365 yes
63 4965-4984 yes
66 2981-2999 no
71 2063-2081 yes
72 3921-3940 yes
74 2879-2897 yes
75 3966-3984 no

78 5290-5309 no

* coordinates were determined based on the top strand of the total
sequence of pFL50 and pFL35 (shown in Figure 12),
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FIGURE 6. Schematic diagram of the sequence comprising card and carB from N. gonorrhoeae
CHS11, showing the priming location for each primer used for PCR amplifications (small arrows).
Additional restriction enzyme sites relevant for the production of some probes are also indicated.
Yellow and purple boxes denote copies of the newly identified repetitive sequences, RS6 and RS7,

respectively. Thick vertical bars mark the location of gonococcal uptake sequences.
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gradient centrifugation or phenol:chloroform/ethanol precipitation (Section 2.3). For the PCR
reactions, all components were kept at'4°C (i.e. "cold start" method) until placed in the thermocycler
that had been preheated to 94°C. The following thermal profile was performed in a Perkin-Elmer 9600
Thermocycler unless otherwise described: An initial hold at 94°C for 3 min.; 35 cycles of 94°C for 15
sec., 60°C for 15 sec., and 72°C for 3 min. 30 sec,; a final hold at 72°C for 5 min.. All amplifications
were done in duplicate. Isolates not producing amplicons of the intergenic sequence using the thermal
profile described above were further investigated by using the same protocol with a lower primer
annealing temperature (45°C). A negative control comprising all components except the template

DNA (which was replaced by water) was included with all PCR experiments.

2.9  RNA EXTRACTION AND ANALYSIS BY NORTHERN BLOT

N. gonorrhoeae cultures were grown on specially formulated chemically defined media (see
results Section 3.3) under the conditions described in Section 2.2, with the exception that the cultures
were only incubated for 9 to 12 hours. Total RNA was extracted from this culture using RNeasy Totat
RNA Extraction Kit (Qiagen, Chatsworth, California) as per the manufacturers instructions. This kit
uses guanidinium isocyothianate in the initial cell lysis buffer, followed by a patented column
purification method. The RNA was stored at -70°C in RNase-free water until use, RNase-free water
was prepared by adding 1 ml of diethylpyrocarbonate (DEPC) to 1 L of sterile distilled water,
incubating at 37°C overnight, and then autoclaving for 30 minutes to remove all traces of the DEPC.

Immediately before electrophoresis of the RNA, 4 volumes (12 pl) of sample preparation buffer
was added to the RNA sample (3 pl), and the RNA was denatured at 65°C for 10 minutes. This sample

preparation buffer comprised a freshly prepared stock of 250 pl of formamide, 83 i of formaldehyde,
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50 wl 10xMOPS (200mM 4-morpholinopropanesulfonic acid, 50 mM sodium acetate, 10 mM EDTA,
pH 7), 8 ul of 0.08g/ml bromophenol blue, and 9 ul of 10 mg/m! ethidium bromide. Electrophoresis of
the RNA was performed in a 1% agarose gel prepared with 1xMOPS and 6% formaldehyde as
described by Sambrook et al. (1589) and the RNA visualized directly under UV light (due to the
presence of ethidium bromide in the sample preparation buffer). The gel was then rinsed with RNase-
free water for at least one hour to remove the formaldehyde prior to Northemn transfer. The RNA was
then transferred to positively charged nylon membrane (Boehringer Mannheim) using the BioRad
Model 785 Vacuum Blotter (BioRad Laboratories) as per the manufacturer’s instructions but using a
longer transfer time of 2.5 hours,

Probes comprising portions of the card and carB genes of N. gonorrhoeae CH811 were
prepared by PCR amplification from the plasmid clones pFL50 and pFL35 using primers 41 and 32
(card) and prnimers 7 and 23 (carB; Figure 6). For further purification, the PCR amplicons were
electrophoresed on a 1% agarose gel, and the bands excised. These amplicons were then labelled by the
random prime method using the rediprime DNA labelling system of Amersham International
(Buckinghamshire, England). Their protocol was followed for the labelling of DNA fragments in low
melting point agarose, and Redivue [«’*P]dCTP, 250 pCi (Amersham) was used in the labelling
reaction.

The blots were prehybridised for 15 minutes, and then hybridized for 2 hours with freshly
denatured labeled probe, at 65°C, using the Rapid-Hyb buffer of Amersham. The blots were then
washed for 20 minutes in 5xSSC, 0.1%SDS at room temperature, followed by two 15 minutes washes

in 0.1xSSC, 0.1% SDS at 65°C.
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2,10 TRANSFORMATION OF MUTANT GONOCOCCAL ISOLATES WITH CPS GENES

The following method, modified from Janik ef al. (1976), was developed. First pure cultures of
gonococci with the T2 colony phenotype were obtained by repeated selective subculturing (T2
colonies contain piliated gonococci which are naturally competent for DNA uptake): After primary
growth of the culture, colonies of phenotype T2 were visually identified according to descriptions by
Kellogg ef al. (1963). These colonies were selectively subcultured onto GCMB every 18 to 20 hours
until a pure culture with this phenotype was obtained.

Then approximately 10° cfu of each strain (the cfu was approximated by determining the OD of
a sample) was cultured onto a final plate of non-selective media (GCMB) and the plate divided into 6
regions. To each region was added 5 pg of the different DNA treatments such as pFL35 and pFL50
DNA, and positive and negative controls (see below). After 6 hours, the DNA-treated cultures were
transferred to selective media comprising the chemically defined media used for auxotyping (lacking
citrulline or uracil or other nutrients as controls). After 24 and 48 hours the plates were scored for
growth, and any growth was subcultured onto fresh selective media, to confirm the positive result.
Controls included checking: 1. DNA sterility by plating the DNA solutions alone; 2. culture purity by
plating each culture on non-selective media; 3. auxotyping by the method of Hendry and Stewart
(1979), 4. ability to be transformed to streptomycin resistance using chromosomal DNA from the
streptornycin resistant gonococcal strain FS62 (to investigate this transformation to streptomycin
resistance, both treated and untreated cultures were plated onto GCMB plus streptomycin as the
selective media); 5. ability to be transformed by DNA from the prototrophic gonococci strain CH811;
6. lack of spontaneous mutation by plating the cultures alone without DNA treatment; .and finally 7.

accuracy of the selective media by plating control strains of known auxotype.
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Test strains initially examined included the CPS deficient isolates NS303, NS686, NS716,

NS348, and NS2152.

2.11 PHYLOGENETIC ANALYSIS
2.11.1 DNA sequences

21 completely sequenced CPS genes were used for the phylogenetic analysis, including the
sequence I had obtained from N. gonorrhoeae CH811. The P. stutzeri and P. aeruginosa synthetase
protein sequences were kindly supplied by Dr. A.T. Abdelal (Georgia University, Atlanta, Georgia)
before publication or submission to GenBank. The S. solfataricus P2 CPS gene sequences were
included as part of a collaboration with Dr. Robert L. Charlebois of the Sulfolobus Genome Project.
Under this collaboration, Dr. Charlebois supplied the sequence which I analyzed for notable CPS
sequence motifs and also included in my phylogenetic analysis. All other sequences were obtained by
screening the GenBank and EMBL databases (as of August 1995) for all sequences reported to contain
complete CPS genes,

In total, 20 sequences from the following organisms were used (accession numbers in
brackets). Note that for organisms in which there are two CPS enzymes, the particular CPS gene
sequence obtained is designated as either CPSI, CPSIIL, Arg (CPSII-arginine-specific), or Pyr (CPSII-
pyrimidine-specific). For organisms in which there is only one CPS enzyme, no such designation is
given: Escherichia coli (J01597), Salmonella typhimurium (X13200), Pseudomonas stutzeri
(U04993), Pseudomonas aeruginosa (U04992), Neisseria gonorrhoeae (U11295), Bacillus
caldolyticus (Pyr, X73308), Bacillus sublilis (Arg and Pyr; Z26919, M59757), Sulfolobus solfataricus

(U33768), Plasmodium falciparum (L32150), Babesia bovis (U18792), Saccharomyces cerevisiae
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(Arg and Pyr; K02132, K01178, M27174), Neurospora crassa (Arg; J05512), Trichasporin cutaneum
(Arg, LO896S), Dictyostelium discoideum (Pyr, X14533, X55433), Squalus acanthias or spiny dogfish
shark (CPSIII; L31362), Rana catesbeiana or bullfrog (CPST; U05193), Syrian hamster (Pyr; J05503),
rat (CPSI; M11710, M12318-28), and human (CPSI; D90282),

Note that only the amidotransferase gene has been sequenced from N. crassa and S
typhimurium (Davis et al, 1980; Kilstrup et al, 1988) and only the synthetase gene has been
sequenced from 7. cutaneum (Reiser, 1994). For organisms with two CPS enzymes, S. cerevisiae and
B. subtilis are the only organisms with twe CPS enzymes from which both CPS genes sequences have
been obtained. The sequence from Drosophila melanogaster was not included due to possible mistakes

noted by Simmer et al. (1990). No partial sequences were included in this study.

2.11.2 Alignment of sequences

Deduced protein sequences from the DNA sequences obtained were aligned using the ClustalV
multiple sequence alignment method of GDE version 2.2, using the identity matrix or PAM 250 matrix
with a fixed gap penalty of 40, and a floating gap penalty of 10. After initial alignment of the sequences,
the central amidotransferase and synthetase domains were determined and used for subsequent
phylogenetic analysis. These domains correspond to residues 38 to 367 of the deduced protein from
the E. coli carA sequence (amidotransferase domain) and residues 12 to 916 of the deduced protein
from E. coli carB (synthetase domain). The synthetase domain has internal similarity (Nyunoya and
Lusty, 1983), and so additional alignments were also performed using the two similar regions of this

synthetase domain. These regions correspond to residues 12 to 333 in the N-terminus, and residues
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563 to 875 in the C-terminus, of the deduced protein from £ coli carB. All protein alignments

generated were used as a template to produce a corresponding alignment of the DNA sequences,

2.11,3 Phylogenetic tree construction

Phylogenetic trees were produced using Phylip (Phylogeny Inference Package) version 3.5
i Felsenstein, 1993). Parsimonious trees were compiled using the dnapars and protpars mathods of
Phylip. Distance matrices were developed using dnadist with the Kimura 2-parameter model, and
protdist using the categories model of Hall. Trees were constructed from distance matrices using Fitch,
Kitsch and Neighbor-joining methods. All bootstrap analysis was done using 100 multiple data sets
with a jumbling factor of 1 (J=1). A jumbling factor of 50 was used when no bootstrapping was
performed. The maximum likelihood method was also employed, using Molphy (maximum likelihood
inference of protein phylogeny) version 2.1.2 (protml version 1) with automatic default settings

(Adachi and Hasegawa, 1993).
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3. RESULTS

3.1 LOCATING AND SUBCLONING GONOCOCCAL DNA FRAGMENTS CONTAINING
CARA AND CARB

EFP10, a lambda clone containing DNA from N. gonorrhoeae strain CH811, was previously
shown to complement E. coli card and carB mutants (Picard & Dillon, 1989b). A 5 kb EcoRI
fragment from EFP10 was also shown to hybridise at high stringency to a clone (pPMCS50) containing
the £. coli carAB genes (Picard and Dillon, 1989b). This 5 kb fragment was cloned into pBR329 to
produce pSTD18 (Dillon and Bigelow, unpublished data; Figure 5).

In order to locate the card and carB genes on these clones, direct sequencing was the
preferred method, however EFP10 and pSTD18 were not suitable templates for sequencing and so
further subcloning of DNA fragments was necessary. pBluescriptll KS(+) was chosen as a suitable
vector and initially it was thought that the 5 kb EcoRI fragment from pSTD18 would be the best
candidate for subcloning. However, there was concern that cloning of this 5 kb fragment would be
difficult, both because of its size and the fact that its ends were generated using one restriction enzyme.
So restriction enzyme digests of pSTD18 were probed with E. coli carAB (a 6.3 kb HindIII fragment
from pMC50 which contains the cloned E coli genes; Figure 3) in the hopes of finding a smaller
fragment which may still contain car4 or carB gzene sequences.

One such fragment was found. A 3.5 kb EcoRI Xhol fragment hybridised to the probe
comprising E. coli carAB at 62°C (Figure 7). However, card and carB in other prokaryotes are
approximately 1.1 kb and 3.2 kb in size, respectively, and the remaining 1.5 kb fragment from the insert

of pSTD18 did not hybridise (Figure 7), therefore this was the first indication that maybe not all of
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FIGURE 7. Hybridization of restriction enzyme digestions of gonococcal clones with an E. coli cardAB
probe. Figure 7A: Electrophoresis of the following DNA: Lane 1, A-HindIll; Lane 2, pMC50-Hindlll;
Lane 3, pSTD18-EcoRI; Lane 4, pSTD18-EcoRI/Xhol. Figure 7B: Southem blot of 7A probed with
the 6.3 kb Hindlll fragment from pMCS50 which contains the £ coli car4B operon (hybridization
temperature: 62°C). Note that some hybridization with lambda sequences was observed, This is
because the insert in pMC50 actually originated from a lambda clone and, as a result of the cloning

procedure used, small segments of lambda DNA are still flanking the cloned E. coli DNA in the

pMCS50 clone.






carAB was present in the 5 kb insert of pSTD18. Nevertheless, obtaining some DNA sequence would
indicate exactly where the genes were located on this fragment and within EFP10, and so the 3.5 kb
fragment was subcloned into pBluescriptll KS (+) for sequencing. The resulting clone was named
pFL35 (Figure 5). Concurrent attempts were also made to subclone the remaining 1.5 kb EcoR1 Xhol
fragment of pSTD18 into pBluescriptIl KS(+) as well, however this was not pursued once the location
of carB was confirmed, because this 1.5 kb fragment was then deduced to have no sequences of
interest. The pFL35 clone was verified by checking that its insert hybridised at high stringency to the
fragment in pSTD18 which it came from (Figure 8). The 3.5 kb insert of pFL35 hybridised to the probe
containing the E. coli carAB genes at 62°C but not at 68°C, and hybridised at 68°C to gonococcal
chromosomal DNA, but not E. coli chromosomal DNA. (data not shown).

After initial sequence from pFL35 was obtained at the EcoRI end of the insert, alignment of
this sequence with E. coli carB revealed that pFL35 (and pSTD18) was missing approximately the first
146 bp from the 5’ end of carB, and all of card. pFL35 was completely sequenced in both directions,
and shown to contain 3091 bp of the gonococcal carB gene. In order to obtain the remaining ~146 bp
of carB, and the card gene, hybridisations were performed at lower stringency between the original
clone EFP10 and a probe containing the E. coli carA gene (a 1.4 kb Apal Nsil fragment from pMC50;
see Figure 3 for location of restriction enzyme sites in the E. coli clone). It was found that at a lower
stringency (55°C instead of 62°C) the E. coli card gene did hybridise to another fragment within
EFP10 (a 7.5 kb EcoRI fragment; Figure 9) which according to restriction enzyme mapping was
adjacent to the 5 kb EcoRI fragment which was known to contain carB sequences. Again there was
concern that cloning of such a large fragment (7.5 kb) would prove difficult and so fusther restriction

enzyme digests of EFP10 were probed with E coli carAB. An approximately 5 kb Xbal FcoRI
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FIGURE 8. Confirmation that pFL35 contains the 3.5 kb EcoRUXhol fragment of pSTD18. Figure
8A. Electrophoresis of the following: Lane 1, A-HindIll; Lane 2, pSTD18-EcoRI; Lane 3, pSTD18-
EcoRUXhol, Lane 4, pBluescriptll KS(+)-EcoRI/Xhol; Lane 5, pFL35-EcoRUXhol. Figure 8B.
Southern blot of 8A probed with the 3.5 kb EcoRIXhol fragment of pSTDI8 (hybridization

performed at high stringency: 68°C).
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FIGURE 9. Hybridization of restriction enzyme fragments from the gonococcal clone EFP10 with k.
coli carA. Figure 9A Electrophoresis of the following: Lane 1, A-HindIII; Lane 2, EFP10-£coR], Lane
3, EFP10-EcoRl/Xbal. Figure 9B. Southem blot of 9A probed with the 1.4 kb Apal/Nsil fragment

from pMC50 which contains E. coli card (hybridisation performed at 55°C).
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fragment, which hybridised to the £. coli genes, was found to be the smallest suitable fragment for
cloning (Figure 9). This fragment was successfully cloned into pBluescriptll KS(+) to produce clone
pFL50 (Figure 5). This clone was verified by checking that its insert hybridised at high stringency to
both the fragment it came from and to N. gonorrhoeae CH811 chromosomal DNA (Figure 10).
Notably, the 5 kb Xbal EcoRI insert from pFL50 hybridised to a fragment of the same size from
gonococcal chromosomal DNA digested with Xbal EcoRI (Figure 10). This 5 kb fragment hybridised
to the probe containing the E. coli car4 genes at 55°C but not at 60°C (data not shown).

Initial DNA sequencing of pFL50 revealed that the first 146 bp of carB were found on this
clone. However, sequences directly upstream of this region had no homology with E. coli card. This
was surprising because in all prokaryotes examined at the time (E. coli, S. typhimurium, P. stutzeri, and
B. subtilis), card and carB overlapped or were separated by up to 24 bp. In order to facilitate locating
the card gene on pFL50, deletion derivatives of pFL50 were constructed in both directions and probed
with the DNA fragment containing E. coli carA. Hybridisation of clones containing deletions from the
EcoRI end is shown in Figure 11. In this case, clones with inserts of 1.1 kb or larger did hybridise with
the E. coli carA probe (Figure 11, lanes 3 to 13), while clones with inserts 0.5 kb or smaller did not
hybridise (Figure 11, lanes 14 to 19). This would suggest that one end of car4 is between 0.5 and 1.1
kb from the Xbal end of the insert of pFL50. All clones containing deletions from the X3al end did not
hybridise (data not shown), The smallest deletion obtained in this direction (from the Xbal end) was
almost 2 kb, suggesting that car4 was located within 2 kb of the Xbal end of the insert. Initial
sequencing in that region did confirm the presence of car4 sequences. The precise location of car4
relative to carB was determined when the complete DNA sequence of both strands of pFL50 were

completed (Figure 5; see below). Restriction enzyme digests of pFL50 and pFL35 were done using



FIGURE 10. Confirmation of the origin of the insert in pFL50 including hybridisation of this insert to a
specific restriction enzyme fragment of gonococcal chromosomal DNA. Figure 10A. Electrophoresis
of the following: Lane 1, A-Hindlll; Lane 2, EFP10-EcoRI; Lane 3, EFP10-EcoRI/Xbal; Lane 4,
pFL50-FcoRl/Xbal; LaneS, Chromosomal DNA from N. gonorrhoeae CH811-EcoRI/Xbal, Lane 6,
pFL35-£coRI/XAol. Figure 10B. Southern blot of 10A probed with the 5.0 kb EcoRI/Xbal fragment

from pFL50 ¢high stringency: 68°C).
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FIGURE 11. Hybridization of restriction enzyme digestions of deletion derivatives of pFL50 with E.
coli carA. Clones shown are deletions from the EcoRI end of the insert of pFL50. Note that the clones
were digested with: Pvull which releases the insert, plus an additional 0.4 kb of vector, therefore the
sizes of the inserts are actually 0.4 bp smaller then indicated by this digestion. Figure 11A: .
Electrophoresis of the following: Lane 1, 1 kb ladder; Lane 2, pFL50-Pvull; Lane 3, EBC206-Pwull;
Lane 4, EBC214-Pwull; Lane 5, EBC217-Pvull; Lane 6, EBC211-Pvull; Lane 7, EBC203-Pwvull;
Lane 8, EBC234-Pvull; Lane 9, EBC215-Pvull; Lane 10, EBC216-Pvuil; Lane 11, EBC189-Pvull;
Lane 12, EBC205-Pvull; Lane 13, EBC228-Pvull; Lane 14, EBC227-Pvull; Lane 15, EBC219-Pvull;
Lane 16, EBC232-Pvull; Lane 17, EBC231-Pvull; Lane 18, EBC204-Pvull, Lane 19, EBC209-Pwvull;
Lane 20, 1 kb ladder. Figure 11B. Southern blot of 11A probed with the 1.4 kb Apal/Nsil fragment

from pMC50 which contains E. coli carA (hybridisation performed at 55°C).
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vanious enzymes to help confirm the obtained DNA sequence for these clones. All restriction enzyme
digests produced fragment sizes as predicted by the DNA sequence obtained (data not shown).

I supplied DNA fragments containing these cloned car4 and carB genes to two different
research groups who mapped these genes to Neisseria spp. chromosomes. carB was mapped to the
chromosome of M. gonorrhoeae strain MS11-N198 by Dr. Carol Gibbs (Bihlmaier ef al., 1991; Gibbs,
personal communication), and both card and carB were mapped to the chromosome of M.
gonorrhoeae strain FA1090 and N. meningitidis strain Z2491 (hybridisation stringency: 60°C) by Ms,
Jo-Anne Dempsey and Dr. Janne Camton (University of North Carolina; Dempsey and Cannon, 1994;
Dempsey et al. , 1995; Dempsey, personal communication; Figure 2), In all cases the genes mapped to
the same single area, and they did not map close to any previously mapped biosynthetic genes, notably

any other arginine biosynthesis genes (Figure 2).
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3.2 ANALYSIS OF THE SEQUENCE OF pFL50 AND pFL35: CARA AND C4RB ARE

SIMILAR TO OTHER CPSI1 GENES, BUT ARE SEPARATED BY A UNIQUE

INTERGENIC SEQUENCE AND SURROUNDED BY MANY REPETITIVE SEQUENCES

The complete DNA sequence of pFL50 and pFL33, containing the complete sequence of the
card and carB genes of N. gonorrhoeae CH811, was submitted to GenBank (accession number
U11295) and is shown in Figure 12. In this sequence, car4 (1125 bp) and car;? (3237 bp) are found in
the same orientation and are separated by 3290 bp. An additional 876 bp upstream of car4 and an
additional 456 bp downstream of carB has been sequenced from these clones. A schematic diagram of

the complete sequence has also been illustrated in Figure 6.

3.2.1 carA and carB in N. gonorrhoeae CH811 encode a protein very similar to previously

characterized CPSI enzymes.

DNA sequence analysis of the card and carB genes of N. gonorrhoeae CH811 shows they
have a GC content and codon usage similar to the other gonococcal genes (West & Clark, 1989)
notably argJ/ (Martin & Mulks, 1992) and argF (Martin et al., 1990; data not shown). Also primary
sequence analysis indicates that these gonococcal CPS genes are similar in size and sequence to the
corresponding genes of other prokaryotes. Car4, with an ATG start codon and TAA stop codon,
encodes a protein of 375 amino acids (predicted molecular weight: 40551). CarB, with an ATG start
codon and TGA stop codon, encodes a protein of 1079 amino acids (predicted molecular weight:
119614). Alignment of the deduced protein sequence from car4 with deduced CPS sequences from
the corresponding genes fiom other prokaryotes shows that the gonococcal sequence is equidistantly

related to the pseudomonad and enteric homologues, having approximately 65% similarity with P.
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FIGURE 12. The complete sequence of pFL50 and pFL35, comprising the car4 and carB genes of N.
gonorrhoeae CH811. The sequence of the carA and carB genes is highlighted in blue text and putative
ribosome binding sites upstream of these genes are circled. Relevant restriction enzyme sites are in bold
black text, with the exception of the EcoRI site at the border between pFL50 and pFL35 which is
specially highlighted in dark blue. Gonococcal uptake sequences with no more than one mismatch with
the consensus sequence are surrounded by yellow boxes, with mismatches indicated in dark/bold text.
Arrows denote inverted repeats. One inverted repeat which contains an intemal inverted repeat within
it (at 448-547 bp), is marked with different arrowheads for clarity. Copies of the RS3 repeat sequence
are highlighted in green text and copies of RSS and RS2 are shown in black italics and yellow (non-
italics), respectively. A polyT region upstream of carA is underscored with a dotted line, Copies of the
novel repeats RS6 and RS7, found in the intergenic sequence between card and carB, are marked in

pink and purple text, respectively.
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R33

1 TCTAGACATT CAATGCTAAG GCAATTTATC GGGAATGACT GAARCTCARA AAACCGGATT

RS3

61 CCCASTTTCQ TGGGAATGAC GAATTTTAGG TTTCTGATTT TGGTTTTCTG TTITCGTGGS
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AATGACGGTT
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GTATAGGCAC
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ATTTTATTAR
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TCAATACTTC
TCGTTACCCT
GCCGCACGGT
TCCGCGCCTC
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TGGTCGGCAA
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CCGTCGTCCC
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ATGCCGACAC
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GCCCGGGETCC
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GCTGGAAATG
ARCCATCGCG
HindIII
TRARGCTTTG
GCCTAACGCG

CCACTGGAAR

AACCGGTTCG
CAACCCGTAC
CCGCCAATCT
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CCCGGETGCTT GGGCGCCTTA GGRAATCGTT

CGGRITTTAT TAATCCGCTA TAMAAGGCGG
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CGTCAATTTC
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CGGGAAT

CCCGCGCAGG

TTCCCATAGT
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AAAqaag;T
CCACHSEHCA

GATGACCGGC
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ACGGCCCGGC
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ADATCGGGTA
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ATGCCCCCTG
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CCCATCATGA
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TATCAGGAAA
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GTTGAAAAAG
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o
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ATTTCCGTTT
TGTTTCGTCT
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ACACCCCCGC
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ATGCCGGCAC
TCCGCGACCT
TGGTACGCAA
TGCGCGAARM
CGCAAGAACT
CCTGCACGGA
CCCCTGACAA
TGCGTATCTC
ACGTGTTGGC
CTTGCACCTA
GCATCTGCTT
GCTTCAGCCA
TTACCAGCCA
TTACCCACAA
TGTTCTGTTT
TCGACAAATT

ATAATGATUT TCAGACGGC,, ACAGTATGCT

BRARRTTAGCG CACTCGACCA TCTAGTACTG

TTTTACACAC AAGTTTTGGG CATGGRAGAA

TTGTTTGGCA GTCAGRAART CAACCTACAC

CRACACGCCG CCTGCGGCAC AGCGGATTTA

CGGTTTTACA GGAATTATCC GCARCACGGCA

ARATGCGTAA
TCGCGCGAAC
TAARMTATGC
TGCGCGGCGT
TTCAGACGGC

CCTCCTCGTC
GGCTTCCGGC
CCCGTCCTAC
CAACGCCGRA
GCCGCTCTTG
CGAAACCGTC
AGGCCAAGGC
CATCGCCGCA
AACTTACGAA
ACAGCCTTAC
GCCTCGCGGC
ACTCAATCCC
CGCCATCGAA
GGGACACCAG
CCACGGTGCG
AAACCACGGT
ATCCTTGTTC
CCAAGGACAC
CATTGRCAAT

GCLICCGICT,
ACTGTTGCCG
GTTTCATTTG
GGGCGCGETE
TGCCTGCTGA

TCAAACCTTT
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3301
3361
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TCCCCTCTCC
CAGCAACCCG
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GCGCGCATGC GGTGGGTTGG GGTTACAGGG ARRATGAAGA
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GGCCCGTTTC

GTCATTTTGG
ACCTACATCG
GATGCGATTC
GGTAACGGCG
GACAAGGCGG
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CCCGGCGTGA TGAARATATC GGTGTCGCCC
Xhol

GCGGCAGACT
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aeruginosa, P. stutzeri, E. coli and S. typhimurium CPS. The pseudomonad and enteric sequences also
show approximately 65% similarity with one another. The gonococcal sequence shows 44% similarity
with B. subtilis CPS (pyrimidine-regulated enzyme).

Alignment of deduced proteins from carB genes reveals that the gonococcal sequence has
approximately 66% similarity with E. coli, and 46% similarity with B. subtilis (pyrimidine-regulated).
The last 342 bp of carB, however, is notable for its lack of conservation between species and the
gonococcal sequence is no exception: the deduced protein sequence of this region of the gene shares
only 49% similarity with the corresponding E. coli sequence, while the remaining sequence from this
gene actually shares 70% similarity with the E. coli sequence. Internal similarity is found between the
first third and second third of the gonococcal carB gene (34% similarity at the protein level), similar to
the initial report for E. coli carB (Nyunoya & Lusty, 1983).

Figure 13 shows the deduced sequence of gonococcal CPS with conserved domains I have
identified by alignment with 6 prokaryotic and 7 eukaryotic CPS sequences. Simmer et al. (1990) also
identified conserved domains, however they did not look at conserved domains using complete CPS
gene sequences, since they were missing the 5' end of the hamster CPS gene sequence they were
primarily investigating. In my analysis, highly conserved domains present in other CPS's, including the
conserved domains reported by Simmer ef al (1990), are conserved in gonococcal CPS. The
conserved residues include those previously found reactive in the catalysis of glutamine amide transfer
which are found in all CPSII enzymes (Amuro ef al., 1985; Rubino ef al., 1986; Miran ef al,, 1991;
Figure 13). Regions of sequence thought to be involved in ATP binding (Post et al., 1990), and present

in all CPS enzymes, are also present in the deduced gonococcal sequence (Figure 13). Cysteine
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FIGURE 13. Deduced amino acid sequence of the CPS subunits encoded by N. gonorriiveae CH811
carA (Figure 13A) and carB (Figure 13B). Residues of groups of three or more which are conserved
or are conservative substitutions in all known CPS sequences are boxed. Residues implicated in
glutamine binding and found in all glutamine-dependent CPS enzymes (CPSII) are marked in red text.
Red italics highlight the cysteine residue thought critical for formation of the y-glutamyl thioester
intermediate. Regions proposed to contain the two ATP binding sites are shown in blue text, and
regions with similarity to glycine rich loops found important for catalysis in other ATP binding proteins
are shown in green text. The two cysteine residues conserved in acetylglutamate-dependent CPS’s
(CPSI, CPSIH) are not present in the gonococcal CPS: residues in their corresponding location are

marked in yellow,
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residucs implicated in acetylglutamate binding, which are found in CPSI and CPSII enzymes

(Geschwill and Lumper, 1989), are not present (Figure 13).

3.2.2 card and carB in N. gonorrhoeae CH811 are separated by a unique, large intervening
sequence and, unlike other prokaryotes, putative transcription terminators are found
downstream of both genes.

Although the CPS genes of N. gonorrhoeae CH811 are simiilar in size and sequence to those of
other prokaryotes, their organization is quite different. Firstly, these genes are separated by an
unusually large intervening sequence of 3290 bp. Most other prokaryotic CPS genes either overlap, or
are separated by, up to 24 bp. Only P. aeruginasa PAOI is an exception, having card and carB genes
which are separated by a 682 bp sequence which contains an unidentified open reading frame (Kwon et
al., 1994). However, there is no significant similarity between this 682 bp intervening sequence and the
corresponding itervening sequence of N. gonorrhoeae CH811, according to a similarity search using
Microgenie’s “databank search” algorithm (set to recognize 7 or more similar nucleotides). In fact, the
gonococcal intervening sequence has no significant similarity to any sequences found in GenBank and
EMBL (as of December, 1995), according to a search using the program blastn.

One unusual and surprising exception was however identified. A 211 bp region of the
gonococcal sequence near the end of car4 was found to have 99% similarity to a region within a
GenBank sequence (accession no. NGOFUSAA). This was further investigated and it was found that
the sequence reported in NGOFUSAA actually comprised a composite of three gonococcal sequences
previously shown to be in separate regions of the chromosome. This GenBank sequence

(NGOFUSAA) is apparently the result of an error by Genbank staff who accidentally fused two

2



separate sequence submissions together in a mosaic fashion (Robert Belland, personal communication).
This will not be mentioned further since the identity of the similar sequence region has not yet been
confirmed. Recently another sequence of card from N. gonorrficeae has been submitted to GenBank
by an independent group which confirms the sequence that I obtained (Rudel, 1995).

Ten ORFs, ranging in size from 75 to 560 bp, were identified in this gonococcal intervening
sequence (only ORFs of 75 bp or more were considered for analysis), however, based on primary
sequence analysis, no obvious fimction could be determined for these ORFs and none had a codon
usage consistent with a gonococcal gene. The codon usage iticonsistency is likely a reflection of the
significantly lower GC content of this region; card and carB both have a GC content of 57% while the
sequence between car4 and carB is 43% GC.

Not only is the intervening sequence between card and carB in N, gonorrhoeae CH811 quite
unique, but in all other previously characterized prokaryotes no transcription terminators are found
between card and carB. 1 have identified putative transcription terminators downstream of both the
carA and carB genes of N. gonorrhoeae CH811. These terminators consist of inverted repeats
containing the gonococcal uptake sequence with additional A or T residues (Figure 14). The
terminators have an estimated AG of -27 (downstream of carA) and -24 (downstream of carB). Similar
inverted repeats are often found downstream of other gonococcal genes, and they resemble the Rho-
independent transcription terminators identified in £. coli (Elkins ef al,, 199 1).

No obvious similarities are seen between the sequence upstream of carB and the sequence
upstream of card where promoter sequences may reside, No obvious similarities are also found
between these sequences upstream of card and carB, and sequences obtained upstream of the
gonococcal argF and argJ genes which are involved in the same biosynthetic pathway. However, one
mteresting feature noted 88 bp upstream of carA4 was a string of 9 thiamine bases which would become
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FIGURE 14. Proposed transcription terminators downstream of card (Figure 14A) and carB (Figure

14B) in N. gonorrhoeae CH811. Gonococcal uptake sequences are boxed.
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uracil’s if transcribed (Figure 12). It is enticing to hypothesise that they could be involved in regulation
by pyrimidines. No inverted repeats were found i this region, however, so no indications of an
attenuation mechanism could be identified. A few possible 6-70 consensus promoter sequences were
identified upstream of both card and carB, however mapping of the transcription start site(s) is needed

before any functional promoter sequences are identified.

3.2.3 Numerous previously characterised repetitive sequences are found close to card and
carB in N. gonorrhoeae CH811, particularly upstream of carA.

Three different previously characterised repeats (RS3, RS2 and RS5), commonly found near
genes encoding gonococcal surface proteins and pilin, were identified in the 876 bp of sequence
obtained upstream of car4. Some of these repeats contained significant secondary structure. The
sequence 5-GGGAAT-3’, part of the RS3 class of repeats proposed by Haas and Meyer (1986), is
found in no less than 10 copies upstream of car4, and often as part of inverted repeats (Figure 12).
RS2, also initially identified by Haas and Meyer (1986), is found at position 462 to 510 of the sequence
shown in Figure 12, surrounded by 21 bp inverted repeats. These 21 bp repeats each contain 8 bp
inverted repeats containing copies of the 6 bp sequence of RS3. At position 200 to 352 of the sequence
shown in Figure 12 is found a copy of the 152 bp repeat first reported by Correia et al, (1988). This
sequence has been subsequently given a number of names including NR and Ng-rep. For more
consistency with the naming of repeats found in N. gonorrioeae, the name RSS5 is proposed for this
sequence (there are already currently repeats designated RS1 to RS4). This RS5 sequence contains 19

bp inverted repeats and one copy of the RS3 sequence.
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Nine copies of the 10 bp gonococcal uptake sequence were identified within the complete 9 kb
of sequence comprising card and carB. Eight more copies containing one mismatch {these mismatches
are not necessarily in the same location) were also found. Upstream of car, at position 137 to 171 of
the sequence shown in Figure 12, two copies of the gonococcal uptake sequence were found as part of
16 bp inverted repeats, a possible transcription terminator for an upstream gene. These gonococcal
uptake sequences each contain one mismatch which are complementary so that the inverted repeat is
conserved. Copies of the gonococcal uptake sequence were also associated with the putative
transcription terminators found downstream of card and carB as mentioned above. Most of the other

copies of the gonococcal uptake sequence surround the novel repeats found in the interg. nic sequence,

as described below.,

3.2.4 Novel repetitive sequences are found in the sequence between card and carB in N.
gonorrlioeae CHS811.

Complex, novel, direct repeats, designated RS6 and RS7, were found in this sequence between
carA and carB (Figure 6; Figure 12). RS6 is approximately 130 bp and RS7 is approximately 150 bp.
Both RS6 and RS7 showed no significant homologies with sequences from GenBank or EMBL. A
single copy of RS6 (copy 1 in Figure 12) was found 450 bp downstream of carA, associated with a
gonococcal uptake sequence that is on the complementary s:rand and which has one mismatch, Three
more copies of RS6 (copies 2, 3 and 4 in Figure 12) are found further downstream, each associated
with a copy of RS7 (RS7 copies are designated A, B, and C in Figure 12). These three units of
RS6/RS7 are each flanked by gonococcal uptake sequences and are grouped together. Note that these

flanking gonococcal uptake sequences are not found on the complementary strand, as is seen with the
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single copy of RS6 (copy 1). These gonococcal uptake sequences also have one mismatch, however it
is not the same mismatch seen in the uptake sequence associated with copy 1 of RS6.

Complex secondary structure may form within these RS6/RS7 repeats. Within copies 2, 3 and
4 of RS6 are found 9 bp inverted repeats (AG= -15). Within the copies of RS7 are seen inverted
repeats of 14 bp (copy A) or 15 bp (copies B and C). These repeats are GC rich, with estimated AG’s
of -24. These 9 bp and 14/15bp inverted repeats found within RS6/RS7 actually form part of a larger
imperfect 40 bp inverted repeat (74% similarity, AG= -69). In fact, these copies of RS6/RS7 are even
roughiy inverted repeats with themselves (59% similarity): the RS6 (copy 2), RS7 (copy A), and RS6
(copy 3) form one half of the inverted repeat, while RS7 (copy B), RS6 (copy 4) and RS7 (copy C)
form the other half.

Alignment of the four copies of RS6 (Figure 15) shows that the isolated copy of RS6 (copy 1),
which is closest to card, shows the least similarity with the determined RS6 consensus sequence
(88.9%). The other three RS6 sequences further dowrnstream from card (copies 2, 3 and 4) show
increasing levels of homology with the consensus (98.3%, 99.2%, 99.2%, respectively), The last two
copies of RS6 are identical except for a single change of an adenine to a guanine. The three copies of
RS7 show a similar trend when aligned. Copy A, which is closest to car4 (and associated with RS6
copy 2), shows 92.9% similarity with the RS7 consensus sequence, while copies B and C are identical.

These RS6/RS7 repeats were provided to Ms, Jo-Anne Dempsey (University of North
Carolina) for mapping to the chromosome of N. gonorrhoeae strain FA1090 and N. meningitidis strain
22491 (bybridisation stringency: 60°C). In both cases they mapped only in one location and to the

same area as car4 and carB (Dempsey, personal communication).
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FIGURE 15. Alignment of the four copies of RS6 (Figure 15A) and the three copies of RS7 {Figure
15B) with the derived consensus sequence. Mismatches are highlighted in red text and arrows mark the
inverted repeats found within these sequences. Note that the copies were numbered according to the

order in which they appeared when proceeding from car4 to carB.
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3.3 NORTHERN ANALYSIS: CARA AND CARB ARE SEPARATELY TRANSCRIBED

In order to maximize the amount of RNA produced containing card and carB transcripts, it
was first necessary to develop a minimal media which lacked the end products and intermediates of the
arginine and pyrimidine biosynthetic pathway which may repress transcription of these CPS penes.
Also, since many amino acids are contaminated with other by-products (i.e. omithine is usually
contaminated with citrulline and arginine), it was decided that a very minimal media, which was devoid
of all amino acids except those needed for growth, would be most suitable. Various formulations
adapted from the chemicaily defined media used for auxotyping were evaluated and it was determined
that auxotyping media Iacking all amino acids except for cysteine would effectively support growth, V.
gonorrhoeae CH811 was grown on this media for total RNA extraction.

Northern blots of the RNA were separately probed with DNA fragments containing card
(fragment produced using primers 41 and 32; see Figure 6) and carB (primers 7 and 23; Figure 6). As
seen in Figure 16, the car4 and carB probes hybridized to differently sized RNA transcripts. The
migration of these bands was compared with the migration of the ribosomal RNA bands which were
visualized on the corresponding ethidium bromide stained gel. Based on the known sizes of these
gonococcal ribosomal RNA bands (2.9 kb and 1.5 kb), the size of carA transcript was estimated to be
about 1.3 kb, and size of the carB transcript was found to be approximately 3 kb. These sizes
correspond approximately to the size of each gene, suggesting that promoters are located immediately ”
upstream of both genes. This is particularly notable for carB because it indicates that there are no other

products within the intergenic sequence which are co-transcribed with this gene.
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FIGURE 16. Northern blots of N. gonorrhoeae CH811 total RNA, probed with fragments of the
cloned gonococcal card (Figure 16A) and carB (Figure 16B) genes (see text for details of probe
production and bactenial growth conditions). Computer enhanced contrasting of the same figure,
shown to help discern the bands, is displayed in Figures 16A' and 16B'. Size markers indicate the
location of the 2.9 kb and 1.5 kb ribosomal RNA bands which were visualized in the corresponding

ethidium bromide stained gel (not shown).
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34 A VARIABLY-SIZED INTERGENIC SEQUENCE IS PRESENT BETWEEN C4R4 AND

CARB IN N. GONORRHOEAE AND OTHER NEISSERIA SPECIES

J4.1 PCR amplification of the intergenic sequence from gonococcal isolates: it varies in size.

In order to determine the universality of the intervening sequence between card and carB in
other gonococcal isolates, a PCR protocol was developed to amplify this sequence using primers
homologous to the end of card and the beginning of carB (Primers 61 and 62). The amplicons
produced from a template of pFL50 DNA and N. gonorrhoeae CH811 chromosomal DNA were
found to be the same size, approximately 3450 bp, corresponding with the size (3473 bp) predicted
from the DNA sequence of pFL50 (Figure 17A, lanes 3 and 4). Restriction enzyme analysis of these
amplicons with Ddel/Hinfl produced 7 similar fragments of predicted size (Figure 17A, lanes 5 and 6).
Both amplicons hybridized at high stringency with a 3 kb HindIII/EcoRI probe from pFL50 (restriction
enzyme sites shown in Figure 6) containing sequences from between card and carB from N.
gonorrhoeae CH811 (Figure 17B, lanes 3 and 4).

When 29 other gonococcal isolates of varying A/S/P class (Table 1) were examined, the
resulting amplicons were found to vary in size from approximately 3.8 to 2.4 kb (Table 6). These
amplicons contain an estimated 74 bp of the 3' end of car4, and 111 bp of the 5' end of carB, therefore
the size of the intervening sequences for the isolates is estimated to vary from between 3.7 and 2.2 kb.
All of the amplicons produced hybridized at high stringency to the 3 kb HindI/EcoRI probe
containing sequences from tetween car4 and carB from pFL50. As an example, Figure 17 shows

amplicons produced from isolates of auxotype NR and P.
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FIGURE 17. Electrophoresis and Southern blot analysis of PCR amplicons of the intergenic sequence
from gonococcal isolates of varying A/S/P class. Figure 17A. Electrophoresis of the following: Lane 1:
pFL50-HindII/EcoRI; Lanes 2, 7, 18 and 29: 1 kb DNA ladder; Lane 3: amplicon from pFL50; Lane
4: amplicon from isolate CH811; Lane 5: amplicon from pFL50-Ddel/Hinfl; Lane 6: amplicon from
isolate CH811; Lanes 8 to 17: amplicons from isolates NS466 (lane 8), NS2117 (lane 9), NS568 (lane
10), NS1095 (lane 11), MS11-MS (lane 12), 11110 (lane 13), 9228 (lane 14), 11844 (lane 15), 9345
(lane 16), 9881 (lane 17); Lane 19: Negative control (no DNA template); Lanes 20 to 28: amplicons
from isolates 9257 (fane 20), 10830 (lane 21), 11860 (lane 22), FA1090 (lane 23), NS§4702 (lane 24),
NS5846 (lane 25), NS667 (lane 26), NS3019 (lane 27), and NS8318 (lane 28). Figure 17B. Southern
blot of 17A probed with a 3 kb HindII/EcoRI from pFL50 which contains sequences from between
carA and carB from N, gonorrhoeae CH811. Note that only the results obtained from isolates of

auxotype NR and P are shown here.
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TABLE 6. Amplicon size and REA pattern for the intergenic sequence between card and

carB from isolates of N. gonorrhoeae of varying A/S/P class, and location and date of

isolation,

Isolate A/S/P class Estimated amplicon size (kb) REA pattern
type*

CHs811 NR/IB-2/ plasmid free 34 G2
NS466 NR/IB-5/2.6 34 G4
NS2117 NR/IB-5/2.6 34 G4
NS568 NR/IB-7/2.6 32 G5
NS1095 NR/IB-7/2.6,24.5 2.7 G9
MS11-ms NR/IB-9/2.6 3.4 G3
11110 NR/IA-1/2.6,25.2 29 Go6
9228 NR/TA-2/2.6,3.2,25.2 29 Go6
11844 NR/A-2/2.6,3.2,25.2 29 G6
9345 NR/A-5/2.6,3.2,24.5 2.7 G9
9881 NR/IA-5/2.6,3.2,24.5 2.7 G9
G257 P/IA-6/2.6,4.5 34 G4
10830 P/1A-6/2.6,4.5,25.2 34 G4
11860 P/1A-6/2.6,3.2,25.2 29 G7
FA1090 P/IB-3/2.6 3.2 G6'
NS4702 P/IB-5/2.6,24.5 29 G6
NS5846 P/IB-5/2.6,24.5 2.7 G8
NS667 P/IB-7/2.6 34 G2
NS83019 P/IB-7/2.6 34 G3
NS8318 P/IB-7/2.6 34 G3
9073 OUH/1A-2/2.6 3.5 Gl
9315 OUH/IA-2/2.6 3.8 G1*

continued.....
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TABLE 6. continued.....

Isolate A/S/P class Estimated amplicon size (kb) REA pattern
type"

NS§303° CUH/A-2/2.6 3.5 Gl
NS686"° CUH/TA-2/2.6 s n/a
NS716° CUH/IA-2/2.6 -¢ n/a
NS1061° CUH/IA-2/2.6 .* n/a
NS§791° PCU/B-3/2.6 2.4 G10
NS2152° PCU/IB-2/plasmid free . n/a
NS384° PCU/IB-2/plasmid free -c n/a
NS348° PCU/IB-7/plasmid free -c n/a

* REA patterns were developed by Ddel/Hinfl digestion of the PCR amplicons. Each pattem type is

illustrated in Figure 20,

* Isolates known to be CPS deficient (Li, 1993),
* PCR amplicons not produced, even when a lower stringency PCR was performed (see Mcthods).
Amplicons were produced of a portion of the carB gene, indicating the template DNA was of suitable

quality.

¢ Isolates which according to REA with Ddel/Hinfl produce pattems similar to those of other isolates with a
different amplicon size. These isolates’ intergenic sequences do produce different, unique patterns when

digested with other restriction enzymes.



While amplicons were obtained from all isolates which are known to have a functional CPS
enzyme (auxotype NR, P, and OUH), only 2 out of 8 isolates with CPS deficiencies (auxotype CUH
and PCU) produced amplicons (Table 6). These isolates which did not produce amplicons of the
intergenic sequence, did produce an amplicon when a portion of the carB gene was amplified,
indicating the template DNA was of acceptable quality. A lower primer annealing temp. of 45°C was
also used and still no amplicon of the intergenic sequence was obtained. Of the two CPS deficient
isolates which did produce amplicons, one isolate, of auxotype PCU, had an atypical serotype (IB-3)
and plasmid content (2.6) for a PCU isolate. However the other isolate, auxotype CUH, was of a
common A/S/P class and the same A/S/P class as the another 3 isolates. This group is therefore being
further discriminated by this analysis.

No obvious correlations were seen between the size of the amplicons produced and the date of
isolation, isolation site, or geographic origin of the isolate. There was a possible correlation between
amplicon size and A/S/P class, however the sample size within each A/S/P class was not large enough
to make any definitive conclusion. Some isolates of the same A/S/P class could be further discriminated

by amplicon size, for example the two isolates of A/SP class P/IB-5/2.6,24.5 had different amplicon

sizes.

3.42 PCR amplification of the intergenic sequence from other Neisseria species: a similar
large, variable sequence is present between car4 and carB.
In order to determine whether the large intervening sequence observed in gonococcal isolates
was also present in other Neisseria species, the protocol used to amplify the intervening sequence from

gonococcal isolates was also used to investigate 12 isolates of Neisseria meningitidis and 18 isolates of



commensal Neisseria which comprise 9 species. Amplicons were found to vary in size, from
approximately 1.4 to 4.1 kb (Table 7).

All twelve isolates of N. meningitidis, comprising 5 different serovars, produced amplicons,
ranging in size from 2.8 to 3.3 kb (Table 7). Though the sample size was small, amplicon size was
associated with serogroup, except for 2 isolates from serogroup B, which produced differently sized
amplicons of 2.8 and 3.3 kb. Seventeen of the eighteen commensal Neisseria isolates examined
produced amplicons of twelve different sizes, ranging from 1.4 to 4.1 kb (Figure 18A; Table 7). The
one isolate not producing an amplicon was the only isolate of V. elongata examined, a species that is
significantly different from the others in that it is a rod and not a diplococcus (Vedros, 1984).
Intraspecies variation in amplicon size was noted in all species where more than one isolate had been
examined. A single amplicon was produced from each isolate with the exception of N. perflava/sicca
1690 which produced an amplicon of 3.0 kb and an amplicon of lesser intensity of 2.8 kb in size
(Figure 18A, Lane 8). Amplicons produced from commensal Neisseria species isolates were in geners!
more variable in size then those from the pathogenic Neisseria isolates, however, more species were

examined in the commensal group.

3.4.3 Comparison of the intergenic sequences between car4 and carB from different Neisseria
species by Southern hybridization: similarities exist, but RS6 and RS7 may be
gonococcal-specific sequences.

The 3 kb HindIll EcoRI probe comprising most of the intervening sequence from N
gonorrhoeae CH811 was also used to investigate the degree of similarity of this sequence with the

intergenic sequences of the various Neisseria species. This probe hybridized at high stringency to all
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TABLE 7. Amplicon size and REA pattern for the intergenic sequence between card and carB

from isolates of N. meningitidis and commensal Neisseria species.

Isolate Species Serovar Estimated amplicon REA pattern type'
size (kb)
1503 N. meningitidis A4P19 33 Mi
1504 N. meningitidis A4P19 33 Ml
1500 N. meningitidis B 4:P1.1§ 28 MS5
1501 N. meningitidis B 2b:P1.2 33 M2
1514 N. meningitidis C 2a:P1.2* 3.0 M3
1518 N. meningitidis C 2a:P1.2* 3.0 M3
1525 N. meningitidis C2aPL.1* 3.0 M3
1526 N. meningitidis C2aPL.1 3.0 M3
1527 N. meningitidis C2aPl.1® 3.0 M4
1339 N. meningitidis W135 2.8 M5
1497 N. meningitidis Y 2.3 MS
1498 N. meningitidis Y 2.8 M5
1682 N. flava N/A 2.8 C4
1683 N. subflava N/A 2.7 C5
1684 N. elongata N/A > na
1685 N. mucosa N/A 28 C4
1686 N. mucosa N/A 24 C7
1687 N. lactamica N/A 3.0 C3
1688 N. lactamica N/A 2.4 C8
1689 N. lactamica N/A 24 C8
1690 N. perflava‘sicca N/A 3.0(2.8)f° C3
1691 N. perflavasicca  N/A 4.1 Cl
1692 N. perflava/sicca N/A 1.6 C10
continued...



TABLE 7. continued...

[solate Species Serovar Estimated amplicon REA pattern type®
size (kb)

1693 N. flavescens N/A 3.0 C2

1694 N. flavescens N/A 25 C6

1695 N. polysacchareae  N/A 2.1 C9

1696 N. polysacchareae  N/A 1.7 Cl10

1697 N. polysacchareae  N/A 1.8 nd.

1698 N. cinerea N/A 1.5 Cl1

1699 N. cinerea N/A 1.4 Cl12

*  REA pattems were developed by Ddel/Hinf] digestion of the PCR amplicons. Each pattem type is illustrated
in Figure 20,

®  PCR amplicon not produced, even when a lower stringency PCR was performed (see Methods).

¢ A second less intense amplicon was produced by this isolate of approximately 2.8 kb in size (sec Figure 18).

nd. not done,



FIGURE 18. Electrophoresis and Southem blot analysis of PCR amplicons of the sequence between
card and carB from 17 commensal Neisseria species isolates comprising 8 species. Figure 18A.
Electrophoresis of the following: Lane 1 and 20, 1 kb ladder; Lane 2, amplicon from pFL50 template
DNA; Lanes 3 to 19 contain amplicons from a template of chromosomal DNA from the following
different isolates: Lane 3, N. flava 1682; Lane 4, N. subflava 1683; Lane 5, N. mucosa 1685; Lane 6,
N. mucosa 1686; Lane 7, N. lactamica 1687, Lane 8, N. lactamica 1688; Lane 9, N. lactamica 1689,
Lane 10, N. perflava/sicca 1690; Lane 11, N. perflava/sicca 1691; Lane 12, N. perflava/sicca 1692,
Lane 13, N. flavescens 1693; Lane 14, N. flavescens 1694; Lane 15, N. polysacchareae 1695, Lane
16, N. polysacchareae 1696; Lane 17, N. polysacchareae 1697, Lane 18, N. cinerea 1698, Lane 19,
N. cinerea 1699. Figure 18B. Southern blot of 18A probed with the 3.0 kb HindIIl EcoRI fragment
from pFL50 which contains most of the intervening sequence from N. gonorrhoeae CH811. The

hybridization was performed under conditions of low stringency (60°C).

87



A 123456 7891011121314151817181920

< '

£t Ll

B 23456 78910111213141516171819

kb
3.4 -fuy




the amplicons of the interpenic sequence produced from the N. meningitidis isolates, however a lower
stringency (60°C) was required for hybridization with any amplicons produced from commensal
Neisseria species. At this lower stringency, 13 out of the 17 amplicons produced from the commensal
Neisseria isolates strongly hybridized to the probe, while the remaining 4 out of 17, all with the
smallest amplicon sizes, weakly hybridized (Figure 18B).

A 0.7 kb Pvull Sphl fragment from pFL50 (see restriction enzyme sites in Figure 6) was also
used to probe the amplicons of the intergenic sequence in a similar fashion. This probe only contains
copies of the RS6/RS7 repeats and was used to look at the species specificity of these sequences. Since
none of the intergenic sequences from the commensal Neisseria species isolates hybrdized to the
whole intergenic sequence at high stringency, there was no need to attempt to hybridize the RS6/RS7
repeats at high stringency to these isolates, however all of the N. gonorrhoeae and N. meningitidis
isolates were investigated. The RS6/RS7 probe hybridized to the intergenic sequences from all the
gonococcal isolates at this high stringency, but did not hybridize to any of the corresponding sequences
in the meningococcal isolates (Figure 19). This indicates that these repeats may be species-specific
for N. gonorrhoeae at this stringency. At a lower stringency (60°C) these RS6/RS7 sequences did
hybridize to the amplicons of the meningococcal intergenic sequences indicating there were some
analogous sequences present (data not shown). The commensal Neisseria species isolates were
not investigated at this lower stringency. These RS6/RS7 repeats did not hybridize at high
stringency to chromosomal DNA from two E. coli strains (JM240 and HBI101) and one
Peptostreptococcus magnus strain (ATCC 53516), though they hybridized with the expected
fragment from Xhol/Xbal digested gonococcal chromosomal DNA (data not shown). These

hybridization studies are summarized in Table 8.
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FIGURE 19. Hybridization of the RS6/RS7 repeats with amplicons of the sequence between card and
carB from a selection of N. gonorrhoeae and N. meningitidis isolates. Note that some lanes have been
omitted from the gel for brevity. Figure 19A. Electrophoresis of the following: Lanes 1, 8 and 14, 1 kb
ladder;, Lane 2, pFL50 template DNA; Lane 3, negative control; Lanes 4 to 7, N. gonorrhoeae
chromosomal DNA template from the following isolates: Lane 4, NS5846; Lane 5, NS4702; Lane 6,
FA1090; Lane 7, MS11-ms; Lanes 9 to 13, N. meningitidis chromosomal DNA template from the
following isolates: Lane 9, 1500; Lane 10, 1501; Lane 11, 1504; Lane 12, 1497; Lane 13, 1525. Figure
19B. Southern blot of 19A probed at high stringency with the 0.7 kb Pyvull Sphl fragment from pFL50
which predominantly contains copies of the RS6/RS7 repeats found between card and carB in N,

gonorrhoeae CH811,
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TABLE 8. Summary of hybridization studies comparing portions of the intergenic sequence from
N. gonorrhoeae CH811 with the intergenic sequences from other Neisseria species and with
chromosomal DNA from E. coli (strain HB101 and JM240) and P. magrnus (ATCC 53516).

Species Proportion of isolates with sequences hybridizing to the following

probes under conditions of high (68°C) or low (60°C) stringency.

N. gonorrhoeae CH811 intergenic  RS6/RS7 repeats probe®

sequence probe”
High Str. Low Str. High Str. Low Str.
N. gonorrhoeae 24/24 nd. 24/24 nd.
N. menigitidis 12/12 nd. 0/12 12/12
Commensal Neisseria spp. 0117 13/17 0/17 nd.
E. coli nd. nd. 0/2 nd.
P. magnus nd. nd. 0/1 nd.

*  Probe consists of a 3.0 kb HindIll EcoRI fragment from pFL50 which contains most of the intervening
sequence from N, gonorrhoeae CHS11.

®  Probe comprises a 0.7 kb Pvull Sphl fragment from pFL30 which predominantly contains copies of the
RS6/RS7 repeats found in the intergenic sequence of N. gonorrhoeae CHS11.

nd. not done.



3.4.4 Comparison of the neisserial intergenic sequences by restriction enzyme analysis
(REA) reveals more variability between the intergenic sequences, though a
conserved region is prr:ent in the gonococcal intergenic sequences
Restriction enzyme analysis of the amplicons containing the intergenic sequences was

performed using the enzymes Ddel and Hinfl. These enzymes were initially chosen based on their

ability to produce a pattern of suitable complexity for gonococcal isolates,

In the 24 gonococcal isolates (of varying A/S/P) examined, 10 different REA patterns
(Figure 20, lanes G1 to G10; Table 6) were observed. Many PCR amplicons of similar size
produced different REA patterns (i.e. either patterns G2, G3, or G4 are produced from isolates
with amplicons of 3.4 kb in size), indicating that these amplicons are more variable in sequence
than can be observed just by amplicon size. No less than 4 out of the 7 different amplicon sizes
observed could be further discriminated by the REA analysis. Isolates even of the same A/S/P
class and same amplicon size could be further discriminated by this REA analysis, for example the
three isolates of A/S/P class P/IB-7/2.6 could be further subgrouped into patterns G2 or G3.

However, conversely, isolates with patterns G1 were found to have either a 3.5 or 3.8 kb
amplicon size. A similar observation was made within the group which produced pattern G6
(comprising isolates with an amplicon size of either 2.9 or 3.2 kb ). Analysis using other
restriction enzymes (data not shown) showed that this was due to the presence of co-migrating
bands in the isolates with the larger amplicon size (i.e. the isolates with amplicon sizes of 3.8 and
3.2 kb). Interestingly, the extra co-migrating bands found in the 3.8 kb/pattern G1 isolate and the
3.2 kb/pattern G6 isolate were of the same size (just under 300 bp) which corresponded to the

size of the RS6/RS7 repeat unit.
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FIGURE 20. Composit of all the different REA patterns of the intergenic sequence identified from
a total of 60 Neisseria species isolates (using the restriction enzymes Ddel and Hinfl). REA was
performed on PCR amplicons of the sequence between card and carB, using the restriction
enzymes Ddel and Hinfl. A total of 10 patterns were identified from the 30 N. gonorrhoeae
isolates examined (patterns G1 to G10), a total of 6 patterns were identified within the 12 N.
meningitidis isolates examined (patterns M1 to M6), and a total of 12 patterns were identified in a
group of 17 commensal Neisseria isolates which comprise 8 species (patterns C1 to C12). Lanes

containing 100 bp DNA ladders are marked with L.
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When looking at all of the patterns in general, the patterns did have some bands in
common between them, in particular one band corresponding to a fragment of approximately 1 kb
in size, which was present in all patterns. Mapping of the Ddel and Hinfl restriction enzyme sites
showed that this 1 kb band is a conserved fragment which is located immediately downstream of
carA. According to this REA study, the variability in the intergenic sequence in gonococcal
isolates seems to reside within the middle of the intergenic sequence and within the end closest to
carB.

In the 12 meningococcal isolates examined, 6 different REA patterns were observed
(Figure 20, lanes M1 to M6; Table 7). These patterns were clearly different from those of the
gonococcal isolates. Single restriction enzyme digests also confirmed that the patterns were quite
different between the two species. Several bands were common to most meningococcal isolates,
however there was no band conserved in all isolates. Identical patterns were found within, but not
between, different serogroups. Some serogroups could be further discriminated. Notably, within
the serovar C group, the non-ET-15 type isolate (Figure 20 pattern M4) was differentiated from
the ET-15 type isolates (Figure 20, pattern M3), the latter of which have been associated with
some significant outbreaks of meningitis in Canada (Ashton et al., 1991; Strathdee et al., 1993).

In 16 commensal Neisseria species isolates examined, 12 patterns were observed (Figure
20, lanes C1 to C12; Table 7). These patterns were also very different from those of the
gonococci and meningococci. Virtually all isolates produced completely different REA patterns,
indicating that this group is quite heterogenous. Identical patterns were only seen between 2
isolates of N. lactamica, an isolate of N. lactamica and N. perflava/sicca, and an isolate of N.

mucosa and N. flava.
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Overall, interspecies variability was greater than intraspecies variability for this REA of the

sequence between card and carB in Neisseria species.

3.4.5  Investigating the variable intergenic sequence from more closely related gonecoceal
isolates: possible utility for typing of N. gonorrhoene.

REA patterns of the sequence between card and carB were also obtained from sets of
gonococcal isolates of similar A/S/P class (Tables 2 and 3), to examine the degree of variation in
this sequence and to evaluate whether this sequence may be useful for epidemiological typing of
N. gonorrhoeae.

Isolates of similar A/S/P class (P/IA-6/2.6,4.5), but varying in date and location of
isolation were found to have an intergenic sequence REA pattern of predominantly type G2
(Table 9). Exceptions included four isolates obtained from Ontario, of which three clustered
together when the isolates were ordered by date of isolation (Table 9; isolates 2082, 2318, and
4165; pattems G6, G3, and G6, respectively). The last isolate within this Ontario group (when
ordered by date of isolation) also had a different pattern (isolate 8266; pattern G8). Of the isolates
obtained from British Columbia, only one isolate had a pattern different from G2 and this isolate
appeared second when ordered by date of isolation (Table 9, isolate 2525; pattern G3). In general
the variability of the intergenic sequence within this group was less ‘than that of the group of
isolates of varying A/S/P class discussed above, though some variability was observed, indicating
these isolates were not homogeneous.

Two other sets of isolates were also examined which had a similar A/S class, date of

isolation and location of isolation as isolates associated with two outbreaks of gonorrhea. Note
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TABLE 9. Amplicon size and REA pattern for the intergenic sequence between car4 and carB
from N. gonorrhoeae isolates of similar A/S/P class (P/1A-6/2.6,4.5), but varying date of

isolation and geographic ongin within two Canadian provinces.

Isolate Date of isolation Estimated amplicon size (kb) REA pattern type®
709 84/11° 34 G2
767 85/01° 34 G2
1114 86/02° 3.4 G2
2082 87/10° 29 G6
2318 88/04° 3.4 G3
4165 89/12° 29 G6
4555 90/02° 3.4 G2
5988 91/01° 3.4 G2
6384 91/04° 3.4 G2
6769 91/06° 3.4 G2
7121 91/08"° 34 G2
8266 91/12° 2.7 _ G8
1537 86/10° 3.4 G2
2525 88/07° 3.4 G3
5774 90/12°¢ 3.4 G2
5788 91/01°¢ 3.4 G2
6339 91/05°¢ 3.4 G2
7921 91/09°¢ 3.4 G2
7944 91/10° 3.4 G2

* REA pattems were developed by Ddel/Hinfl digestion of the PCR amplicons. Each pattern type is illustrated
in Figure 20. |

® Isolated in Ontario.

“Isolated in British Columbia.
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that these isolates were obtained from population studies and not patient-pair epidemiological
studies. One cluster was of A/S class NR/IA-5 and the other unrelated cluster was of A/S class
NR/IB-3 (Table 3). These isolates had been previously typed by ribotyping, chromosomal REA
using the enzyme Smal, and pulsed field gel electrqphoresis (PFGE) using the enzyme Spel (Li,
1993; Li, personal communication). |

The isolates of A/S class NR/IA-5 produced amplicons of the same size with the sanie
REA pattern for 9/10 isolates (Table 10; Figure 21, lanes 2 to 10; pattern G9), One isolate
produced a different amplicon size and REA pattern (Figure 21, lane 11; pattern G6). This isolate
is notably different from the others in that it contains a 25.2 MDa tetM-containing plasmid (verses
a 24.5 MDa plasmid found in the other isolates). When these isolates were characterised using
ribotyping and chromosomal REA (using Smal), all isolates were found to be of the same type
(Li, 1993). Therefore REA of the sequence between carA and carB from these isolates was more
discriminatory than these previously published molecular methods. PFGE, however, separated
these isolates into 5 groups and so was the most discriminatory (Li, personal communication),

The isolates of A/S class NR/IB-3 were actually all of the same A/S/P class (plasmid
content: 2.6,24.5). When arranged in chronological order by date of isolation, the first 8 isolates
produced PCR amplicons of ome size, while the following 4 isolates produced amplicons of
another size (Table 10). The REA patterns from these amplicons were correspondingly different
(patterns G2 and G8), as shown in Figure 21 (lanes 13 to 24). This grouping of isolates correlated
exactly with what was observed previously by the chromosomal REA method (Li, 1993).
Ribotyping classified the first 6 isolates as one type and the remaining 6 isolates as another (Li,

1993). PFGE differentiated these isolates into 5 groups (Li, personal communication).
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FIGURE 21. REA (using restriction enzymes Didel and Hinfl) of amplicons of the intergenic
sequence from two groups of isolates with similar A/S class as isolates associated with two
outbreaks of gonorrhea. Lane 1, 1 kb ladder;, Lanes 2 to 11, chromosomal DNA template from
the following isolates which are all of A/S class NR/IA-5: Lane 2, 3523; Lane 3, 2852; Lane 4,
378S5; Lane 5, 3928; Lane 6, 4020; Lane 7, 5265; Lane 8, 5707; Lane 9, 6525; Lane 10, 6595;
Lane 11, 5283; Lane 12, 100 bp ladder; Lanes 13 to 24, chromosomal DNA template from the
following isolates which are all of A/S class NR/IB-3: Lane 13, 88-1286; Lane 14, 88-1919; Lane
15, 88-2351; Lane 16, 88-2802; Lane 17, 88-3482; Lane 18, 88-3511; Lane 19, 3644; Lane 20,

3648, Lane 21, 4743; Lane 22, 5837; Lane 23, 5840; Lane 24, 5855.
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TABLE 10. Amplicon size and REA pattern for the intergenic sequence between car4 and carB
from N. gonorrhoeae isolates with a similar A/S/P class, date of isolation, and geographic
location as isolates associated with two outbreaks of gonorrhea (one outbreak comprised
isolates with A/S class NR/IA-5 and the other outbreak involved isolates of A/S class NR/IB-3).

Isolate A/S/P Class Year Isolated Estimated amplicon REA pattern
size (kb) type*
3523 NR/IA-5/2.6,24.5 1989 27 G9
2852 NR/IA-5/2.6,3.2,24.5 1988 2.7 G9
3735 NR/IA-5/2.6,3.2,24.5 1989 2.7 Go
3928 NR/IA-5/2.6,3.2,24.5 1989 2.7 G9
4020 NR/TA-5/2.6,3.2,24.5 1989 2.7 G9
5265 NR/TA-5/2.6,3.2,24.5 1990 2.7 G9
5707 NR/A-5/2.6,3.2,24.5 1990 2.7 G9
6525 NR/IA-5/2.6,3.2,24.5 1991 2.7 G9
6595 NR/TA-5/2.6,3.2,24.5 1991 2.7 G9S
5283 NR/IA-5/2.6,3.2,25.2 1990 34 G6
88-1286 NR/IB-3/2.6,24.5 1988 34 G2
88-1919 NR/IB-3/2.6,24.5 1988 34 G2
88-2351 NR/IB-3/2.6,24.5 1988 34 G2
88-2802 NR/IB-3/2.6,24.5 1988 34 G2
88-3482 NR/IB-3/2.6,24.5 1989 34 G2
88-3511 NR/IB-3/2.6,24.5 1989 3.4 G2
3644 NR/IB-3/2.6,24.5 1989 3.4 G2
3648 NR/IB-3/2.6,24.5 1989 3.4 G2
4743 NR/IB-3/2.6,24.5 1990 2.7 G8
5837 NR/IB-3/2.6,24.5 1990 2.7 G8
5840 NR/IB-3/2.6,24.5 1990 2.7 G8
5855 NR/IB-3/2.6.24.5 1990 2.7 G8

* REA pattemns created by Ddel/Hinfl digestion of the PCR amplicons, Paitern types are shown in Figure 20.
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In general, REA of the sequence between card and carB showed analogous levels of
discrimination as compared to the chromosomal REA and ribotyping methods, and was not as
discriminatory as PFGE. Amplicon size correlated with REA vattern for all of these closely
related isolates. The degree of variation was less within these sets of isolates in comparison to the

other sets of isolates examined which had been obtained over a wider period of time and are

thought to be less related.

3.46 Comparison of the gonococcal intergenic sequences by PCR amplification of selected
sub-regions: changes in the number of RS6/RS7 repeats explain some, but not all,
changes in the size of the intergenic sequences.

In order to preliminarily investigate the cause of the variation in the intergenic sequence
between the card and carB genes, and attempt to narrow down or confirm the location of the variable
region, selected portions of the intergenic sequence were amplified by PCR. A selection of 5
gonacoccal isolates (see Methods Section 2.8 or Figure 22 legend for details) whose intergenic
sequences represented a range of sizes, were used for these studies,

When a portion of the intergenic sequence immediately downstream of card was amplified
using primers 53 and 74 (see Figure 6 for primer binding sites) all amplicons were of the same size, 0.8
kb, and this size correlated exactly with the size predicted from the sequence of pFL50 (Figure 22A).
This provided further indication that this region of the intergenic sequence immediately downstream of
car4 is conserved in gonococcal isolates,

When a portion of the intergenic sequence immediately upstream of carB was amplified in a

similar manner using primers 75 and 63, amplicons were only obtained from pFL50 and the isolate

99



FIGURE 22. PCR amplicons of subregions of the intergenic sequence between card and carB from
selected gonococeal isolates which have a varying intergenic sequence size. Regions were chosen
based on the sequence of pFLSO (see Figure 6 for primer-binding locations). Figure 22A.
Electrophoresis of PCR amplifications using primers 53 and 74 which amplifies a portion of the
intergenic sequence immediately downstream of car4 pFL50: Lanes 1 and 8, 1 kb ladder; Lanes 2 to 7,
PCR amplicons obtained from a template of the following plasmid DNA or organism’s chromosomal
DNA: Lane 2, pFL50; Lane 3, CH811; Lane 4, FA1090; Lane 5, 11110; Lane 6, NS5846; Lane 7,
9315. Figure 22B: Electrophoresis of PCR amplifications using primers 75 and 63 which ampiifies a
portion of the intergenic sequence immediately upstream of carB in pFLS50. Lanes are the same as
described for Figure 22A. Figure 22C: Electrophoresis of PCR amplifications using primers 66 and 72
which amplifies a portion of the intergenic sequence containing the RS6/RS7 sequences in pFL50.
Lanes are the same as described for Figure 22A with the exception of a few changes in the isolates

examined in Lanes 4 to 7: Lane 4, MS11-ms; Lane 5, FA1090; Lane 6, 11860; Lane 7, 9345.
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CHB8I11 (Figure 22B, lanes 2 and 3). Some faint bands were detected for isolate FA1090 and NS5846
(Figure 22B, lanes 4 and 6). This lack of amplicon production suggested that the sequence where these
primers were binding in pFL50 was either somewhat different or not present at all in the other isolates.
When a central portion of the intergenic sequence was amplified from isolates with a varying
intergenic sequence size (using primers 66 and 72; amplifies the region containing the RS6/RS7 repeats
in pFL50), amplicons were produced from all isolates, most of which varied in size (Figure 22C), The
variation observed correlated closely with changes in size predicted from changes in the number of
RS6/RS7 sequences. However, there was also some indication that changes were occurring elsewhere
in the intergenic sequence. For example, two isolates which had different amplicon sizes for the whole
intergenic sequence (CH811 and FA1090), produced similar amplicon sizes when primers 66 and 72
were used (Figure 22C, lanes 4 and 6). Since the size of the sequence immediately upstream of card
seemed to be conserved in these isolates (Figure 22A, Lanes 3 and 4), this would therefore suggest that

the remaining changes would be occurring in the region close to carB.

3.5  STUDIES OF NATURALLY OCCURRING GONOCOCCAL CPS MUTANTS: CAUSED BY

MORE THAN ONE MUTATION AND HIDING OTHER MUTATIONS

3.5.1 carA and carB are conserved in size in wild type isolates but not in CPS deficient
isolates: more than one mutation led to the formation of CPS deficiencies in gonococeal
isolates.

In order to determine whether the card and carB genes varied in size like the intergenic

sequence did, and to examine these genes in the naturally occurring gonococcal CPS mutants, primers
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were selected to amplify these genes from 11 gonococcal isolates. Five were selected that vary in
A/S/P class and intergenic sequence size, and 6 were selected because of their CPS deficiencies (see
Methods Section 2.8 or Figure 23 legend for details). Of the 5 isolates known to have functional CPS,
all produced amplicons containing card of similar and predicted size (1431 bp; Figure 23A, lanes 3 to
7), and all amplicons containing carB were also of similar, predicted size (3303 bp; Figure 23B, lanes 3
to 7). Therefore, the size of the card and carB genes seems to be conserved, though the intervening
sequence between these genes varies. Of the 6 isolates known to be CPS deficient, all produced an
amplicon of predicted size containing carB (Figure 23B, lanes 9 to 14). However, when amplifying
card (Figure 23A, lanes 9 to 14), amplicons from the CPS deficient isolates varied from either no or
faint amplicons of predicted size (isolates NS716, NS1061, and NS686; Figure 23A, lanes 12 to 14), to
a smaller amplicon (approximately 850 bp; isolate NS303; Figure 23A, lane 11), to an amplicon of
expected size and intensity (NS791 and NS384; Figure 23A, lanes 9 and 10). This variability indicates

that more than one mutation may be responsible for causing the CPS deficiency in these isolates,

3.5.2 Transformation of gonococci deficient in CPS using cloned card and carB: multiple
mutations are present in the arginine and pyrimidine biosynthetic pathways of CUH
auxotrophs.

A modified version of the method reported by Janik ef al. (1976) was developed to transform
competent gonococci with ligated pFL50/pFL35 DNA fragments containing the cloned card and carB
genes. The gonococcal isolates were first selectively subcultured to enrich for the T2 colony type
(which comprises piliated gonococci which are naturally competent for linear DNA uptake) and then
the DNA was mixed with the bacteria on a plate of non-selective media. The bacteria were then
transferred to selective media and putative transformants were isolated. Note that allowing the
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FIGURE 23. PCR ampiification of card (Figure 23A; primers 38 and 71) and carB (Figure 23B;
primers 78 and 22) from 11 gonococcal isolates. 5 gonococcal isolates were selected for their varying
intergenic sequence size (Lanes 3 to 7) and another 6 isolates were selected because they have known
CPS deficiencies (Lanes 9 to 14). PCR amplicons were obtained from the same isolates in both cases:
Lane 3, CHS811; Lane 4, MS11-ms; Lane 5, FA1090; Lane 6, 11860; Lane 7, 9345; Lane 9, NS791;
Lane 10, NS384; Lane 11, NS303; Lane 12, NS716; Lane 13, NS1061; Lane 14, NS686; Lane 15,
NS686C". Lanes 1, 8 and 17, 1 kb ladder; Lane 2, pFL50; Lane 16, no DNA template control. Note
that for the amplification of carB, one of the primers lies outside the sequence contained in pFL50 and

so no amplicon was produced in this control as expected.
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transformants to grow on non-selective media for 6 hours before selection is applied, instead of the 3-4
hours previously reported, greatly increased the number of transformants, Initial experiments were
performed with 6 gonococcal isolates known to be CPS deficient (and from which T2 colonies could
be obtained), as well as the control strains (see Section 2.10). All control strains produced the expected
results, and preliminary results showed that isolates NS686 and NS716 could be transformed to
streptomycin resistance (a control) and transformed with the pFL50/pFL35 DNA. The other 4 CPS
deficient isolates were not transformed by any DNA, and were not further pursued since this lack of
transformation was most likely due to problems with obtaining the T2 phenotype and therefore
competent gonococci (gonococcal isolates when grown in vitro rapidly lose this phenotype if it has not
been selected for; Kellogg et al, 1963). Isolates NS686 and NS716 (which are known by auxotyping
to be citrulline, uracil and hypoxanthine requiring) were therefore used as the main test strains. In the
controls, these isolates were successfully transformed to prototrophy using chromosomal DNA. from
strain CH811 and also could be transformed to streptomycin resistance using chromosoral DNA from ‘
strain FS62 (Str™). These isolates did not change in auxotype in a negative control where they were
exposed to pBluescriptIl KS(+) DNA which had been purified from E. col; cells in the same manner as
the pFL35/pFL50 DNA.

When the ligated mixture of pFL50/pFL35 DNA was mixed with the competent cells of each
isolate (NS686 and NS716), some cells successfillly grew on mediz not containing citrulline indicating
successful transformation. No transformants were obtained using uracil’ media for the selection for
both isolates. Selected colonies of transformants which did grow on the citrulline’ media were
auxotyped and surprisingly all were of auxotype OUH (omithine, uracil, and hypoxanthine requiring).

That is, the uracil requirement was still present and transformation to cirulline* had revealed a hidden
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ornithine requirement in both isolates (see Figure 1 for the relationship between omithine and citrulline
biosynthesis). PCR amplification of car4 and carB, and the intergenic sequence between these genes,
was performed on isolate NS686 and the transformant which was named NS686C". Isolate NS686
produced a faint amplicon of expected size for card (Figure 23A, lane 15), no amplicon for the
intergenic sequence (data not shown), and a strong amplicon of expected size for carB (Figure 23A,
lane 15). The transformant, NS686C", produced amplicons of expected size (as would be predicted
from the sequence of pFL50 and pFL35) for car4 (Figure 23A, lane 16), carB (Figure 23B, lane 16).
and the intergenic sequence (data not shown).

This transformation of isolates of auxotype CUH, to an auxotype OUH, suggests a possible
close relationship between these auxotypes. Previously a 3 bp deletion in the arg/ gene had been found
to cause the omithine requirement in most OUH isolates (Martin and Mulks, 1992a), and so the
isolates NS686 and NS686C" were further investigated to see if they contained this same mutation in
argJ. PCR amplification of a 299 bp portion of argJ/, using primers homologous to positions 135-154
and 414-433 in the gene, was performed and the resulting amplicon sequenced in both directions using
the PCR primers. The resulting sequence clearly showed the presence of the 3 bp deletion within arg/
at the expected location (307 bp downstream of the start of the gene) in both isolates NS686 and
NS686C", as well as a control strain, 9315, which is of OUH auxotype (data not shown). Another
control, the prototrophic strain CH811, did not contain this mutation when analyzed in a similar

manner. This further indicates a close relationship between CUH and OUH isolates.
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3.6 PHYLOGENETIC ANALYSIS OF CPS GENES: COMPLEX EVOLUTIONARY HISTORY

INCLUDES AN INTERNAL DUPLICATION WITHIN A GENE WHICH CAN ROOT THE

TREE OF LIFE

3.6.1 The phylogenetic analysis includes analysis of the first CPS genes from an archaeon:
Sulfolobus solfataricus CPS is found to be encoded by overlapping genes and contain
protein motifs consistent with a CPSII enzyme,

Initially, phylogenetic trees were constructed using the gonococcal sequence and all other
known CPS genes which at the time did not include an archaeal sequence. However, as part of a
subsequent collaboration, Dr. Robert L. Charlebois (Dept. of Biology, University of Ottawa) supplied
an archaeal CPS gene sequence, which he had obtained from S. solfataricus as part of the Sulfolobus
genome project, for the phylogenetic analysis. This DNA sequence was analyzed by me and a brief
description of my findings is presented below.

The amidotransferase and synthetase domains of the S. solfataricus CPS were found to be
encoded by two genes, card and carB, of sizes 1101 and 3153 bp, respectively. These genes are
similar in size to those encoding heterodimeric CPS in other organisms, with the deduced protein
sequences showing approximately 37% and 43% identity with E. coli and bullfrog (CPSI) sequences,
respectively (as reference, E. coli and bullfrog CPS share 37% identity, and E. coli and P. aeruginosa
CPS share 68% identity). The S. solfataricus CPS genes were found to be transcribed in the same
direction in the order car4-carB and overlap by 4 bp.

Analysis of the deduced protein sequences from this heterodimeric CPS of §. solfataricus
showed that it contained conserved domains found in other CPS enzymes. Alignment of the

amidotransferase and synthetase domains with all other known CPS sequences is shown in Figures
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Al and A2, respectively. Within the synthetase domain of the CPS, two cysteme residues implicated
in acetylglutamate binding, which are found in the synthetase domain of CPSI and CPSII enzymes
(Geschwill and Lumper, 1989), are not present. The location where these residues would be located is
highlighted in Figure A2, Within the amidotransferase domain, residues which have been implicated in
glutamine binding for CPSII, in particular the reactive cysteine residue (Rubino ef al, 1986; Miran et
al,, 1991), are present, suggesting that this enzyme is most similar to CPSII (see Figure Al for the
location of the reactive cysteine residue). The residues thought to be imvolved in ATP binding, and
found in the synthetase domain of all CPS’s (Post et al., 1990), are present.

Notably, this archaeal enzyme contained intemal similarity between the first and second thirds
of the synthetase domain, as has been observed in all bacteria and eukaryotes. The presence of this
internal similarity in the archaeal sequence confirms that the synthetase domain likely evolved from an
ancient gene duplication and shows that this duplication event occurred before the divergence of

Bacteria, Eukarya and Archaea.

3.6.2 Phylogenetic analysis of complete CPS genes: at least two separate gene duplication
events led to the formation of the two CPS enzymes found in Gram-positive bacteria and
in eukaryotes.

A total of 40 phylogenetic trees were constructed using five different methods (maximum
parsimony, f(itsch, Fitch and neighbour-joining distance matrix methods, and maximum
likelihood) to amalyze both protein and DNA sequences of four different alignments (the
amidotransferase domain of CPS, the synthetase domain of CPS, complete CPS sequencés, and

the duplication within the synthetase domain). Alignments of the deduced protein sequences of all
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the amidotransferase and synthetase domain sequences are shown in Figures Al and A2,
respectively.

Trees constructed using complete CPS sequences (i.e. combined amidotransferase and
synthetase domain) showed high confidence in branching order for almost all organisms with 9
out of 14 nodes consistently showing bootstrap values of 100. An example of one tree,
constructed using the Fitch distance-matrix method with protein sequences, is shown in Figure 24,
In this tree the organisms grouped into six clusters comprising the Proteobacteria (P. stutzeri, P.
aeruginosa, E. coli, N. gonorrhoeae), Gram-positive bacteria (B. caldolyticus, B. subtilis), Archaea
(S. solfataricus), Apicomplexa (P. falciparum, B. bovis), eukaryotic CPSII arginine and
pyrimidine-specific enzymes (S. cerevisiae Arg, S. cerevisiae Pyr, D. discoideum Pyr), and
eukaryotic CPSI and CPSIII enzymes (S. acanthias CPSIL, bullfrog CPSI, human CPSI). Similar
branching order was noted in all trees constructed, with some exceptions which are illustrated in
some examples of trees constructed using just the amidotransferase or just the synthetase domain
of CPS (Appendix, Figures A3 through A6). These exceptions included the B. subtilis arginine.
specific (Arg) CPS sometimes forming its own monophyletic group (Figure A3 and A4), the
arginine-specific (Arg), pyrimidine-specific (Pyr) and urea cycle-specific (CPSI, CPSIII) CPS’s of
eukaryotes forming three separate clu<ters which varied in branching order relative to one another
(Figure A3 and A6; discussed further in Section 3.6.3), and a variable branching order for the
pyrimidine-specific CPS enzymes of eukaryotes (Figure A5 and A6). These figures shown in the
Appendix were specifically chosen to illustrate some of these differences in branching order and
do not reflect the most common branching orders observed. Other variations were specifically

observed in trees constructed from DNA sequences rather than protein, which were directly
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FIGURE 24. Phylogenetic tree constructed from alignments of deduced amino acid sequences of
complete CPS genes, using the Fitch distance matrix method. Bootstrap values {out of 100
replicates) are shown at each node with the scale for branch lengths shown below the figure. For
organisms which contain two CPS enzymes, the sequence is identified by the letters “Arg™ (for

arginine-specific CPSII), “Pyr” (for pyrimidine-specific CPSII), “CPSI”, and “CPSIII",
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attributable to differences in GC content among organisms.

When trees were constructed using just the amidotransferase or synthetase domains of
CPS, other sequences could be included such as the N. crassa (Arg) sequence and the 7.
cutaneum (Arg) sequence, which both clustered with S. cerevisiae (Arg) as a monophyletic
group. Similarly, S. fyphimurium clustered with E. coli, and rat (CPS!) grouped with human
(CPSI), as expected.

Of particular interest in all phylogenetic trees constructed is that the two CPS's present in
the Gram-positive bacteria and eukaryotes did not cluster together, confirming that separate gene
duplication events led to the formation of two CPS enzymes in these organisms. Furthermore, the
eukaryotic CPS enzymes used in arginine-biosynthesis (Arg) and the urea cycle (CPSI, CPSHI)

never clustered together, suggesting a possible separate evolutionary origin for the two.

3.6.3 Phylogenetic trees constructed using the internal duplication within the synthetase
dom..:n of CPS: rooting the tree of life groups an Archaea with eukaryotes.

Internal similarity is observed within the first and second thirds of the synthetase domain
of all CPS sequences studied to date, including within the newly reported archaeal sequence.
Phylogenetic trees were constructed using alignments of these two similar regions of the synthetase
domain and an example is shown in Figure 25. Sequences corresponding to the first half of the
duplicated region clustered together as one monophyletic group and the sequences corresponding to
the second half of this region formed a similar cluster. This demonstrates that the duplication which
formed the ancestral synthetase domain preceded divergence of the Bacteria, Eukarya, and Archaea,
and shows that this duplication could be used to root the tree of life. Within all trees constructed using
this duplication, the archaeal sequence grouped with high confidence with the eukaryotes, and always
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FIGURE 25. Phylogenetic tree constructed from alignments of the deduced protein sequence of the
the first and second thirds of the synthetase domain of CPS’s, using the Neighbor-joining distance
matrix method. Bootstrap values (out of 100 replicates) are shown at each node with the scale for
branch lengths shown below the figure. The number preceding the name of each organism
indicates whether that sequence was derived from 1: the first third of the synthetase domain or 2.
the second third of the synthetase domain. For organisms which contain two CPS enzymes, the
sequence is Swther identified by the letters “Arg” (for arginine-specific CPSII), “Pyr” (for
pyrimidine-specific CPSII), “CPSI”, and “CPSIII”. Note that the branching order determined
from both thirds of the synthetase domain are similar, with the exception that the eukaryotic “Pyr”
sequences cluster together in one case (second third of the synthetase domain) and in the other
case (first third) they branch separately from one another. This branching order determined from
the first third of the synthetase domain is not observed using any other method of tree

construction, although the branching order for these eukaryotic “Pyr” sequences still varies.
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as the deepest branch in the clade. The eukaryotes clustered together, with the apicomplexan
protozoans branching at the deepest point in most trees. This is notable since these protozoans have
only one CPS enzyme, while all other eukaryotes have two. For the eukaryotes which contain two CPS
enzymes, three clusters were commonly found within this group as previously described {the arginine-
specific CPS’s, the urea cycle-specific CPS’s (CPSI, CPSIII), and the pyrimidine-specific enzymes).
The branching order within these groups varied such that sometimes the urea cycle-specific CPS’s
would form the deepest branch within this group and sometimes the pyrimidine-specific or arginine-
specific CPS’s would form the deepest branch. A more variable branching order was sometimes
observed for the eukaryotic pyrimidine-specific sequences of the first third of the synthetase domain, as
shown in Figure 25, however, this was not observed in the trees constructed from the second third of
the synthetase domain. Also, even when the branching order for these pyrimidine-specific sequences
was variable, the eukaryotic arginine-specific CPS’s and CPSI/CPSII enzymes never clustered
together.

This duplication within the synthetase domain of CPS was also used as a root for determining
phylogenetic relationships among bacteria. Gram-positive bacteria and Proteobacteria formed two
distinct groups and branching order for the Proteobacteria reflected previously determined
phylogenetic relationships between organisms (Woese, 1987) suggesting that the proteobacterial CPS
genes evolved from a common ancestor. The branching order for the two Gram-positive bacteria
suggests that an isolated gene duplication occurred after the divergence of the Gram-positives from the

proteobacteria to form the two CPS enzymes found in these organisms.
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3.64 Evolution of the organization of CPS genes: the intervening sequence between the
amidotransferase and synthetase domains of heterodimeric CPS involved multiple
deletions and insertions.

The general organization of CPS genes, not including introns, is shown schematically in Figure

26 alongside one of the phylogenetic trees constructed. Comparison of the intervening sequences

between the amidotransferase and synthetase domains of CPS in different organisms shows that this

sequence has varied significantly over time, particularily within the Proteobacteria examined so far.

Now confirming the branching order for these lineages, one can see that multiple deletions and

insertions must have occurred in this intervening region. For example an insertion event likely led to the

formation of an open reading frame between the amidotransferase and synthetase genes of P.

aeruginosa, since the corresponding E. coli and P. stutzeri genes have a similar structure comprising a

very small intervening sequence. The unlinked amidotransferase and synthetase genes of the S

cerevisiae, and T. cutaneum arginine-specific CPS’s were likely due to a separate gene duplication or

translocation event since all the other CPS genes in eukaryotes, including the single CPS enzymes in
the apicomplexan protozoans which branch lower on the tree, are fused. A few other different
scenarios for the evolution of the organizaton of CPS genes and the intervening sequence between

them is possible, but all involve multiple deletions and insertions.
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FIGURE 26. Phylogenetic tree constucted from alignments of the deduced protein sequence of the first
and second thirds of the synthetase domain of CPS’s, using the method of maximum parsimony. Only
the branching order determined from the second third of the protein is shown, with the first third used
as 4 root. Bootstrap values (out of 100 replicates) are shown at each node. For organisms which
contain two CPS enzymes, sequences are further identified by the letters “Arg” (arginine-specific
CPSII), “Pyr (pyrimidine-specific CPSII), “CPSI” and “CPSIII”. The organization of the CPS
genes in each organism is also shown schematically, with regions encoding the common
amidotransferase and synthetase domains of CPS shown as shaded and white boxes, respectively.
Introns are not included. Note that the S. cerevisiae (Arg) and T. cutaneum (Arg) amidotransferase
and synthetase domains are encoded by unlinked genes, and that the corresponding genes in S.
solfataricus and Bacillus species overlap. Checkered boxes denote a portion of the aspartate
transcarbamylase domain which is fused to the pyrimidine-specific CPS genes of eukaryotes. Striped
boxes denote large translated sequences which are present between functional domains of the CPS of
P. falciparum and B. bovis. The black box represents an unidentified open reading frame found
between the P. aeruginosa CPS genes. The arrow denotes a variable intergenic sequence present in
isolates of N. gonorrhoeae. Note that the N. gonorrhoeae CPS genes are separately transcribed, while

all other bacterial CPS genes are part of operons.
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4. DISCUSSION

4.1 NOVEL GENE ORGANIZATION FOR CARA AND CARB IN N. GONORRHOEAE:
SEPARATE. TRANSCRIPTION OF C4R4 AND CARB, AND THE PRESENCE OF A
VARIABLE INTERGENIC SEQUENCE, LEADS TO MANY NEW HYPOTHESES
REGARDING GONOCOCCAL CPS GENE REGULATION
Initially 1 hypothesised that the CPS genes of N. gonorrhoeae would be similar in gene

organisation and structure to that of the other bacteria which had been examined at the time (namely E.

coli, 8. typhimurium and P. stutzeri), though the regulation of these genes would be different.

However, some surprising findings were made over the course of this project with respect to

gonococcal CPS gene organisation, somewhat changing the focus of this study.

While the size and sequence of'the card and carB genes in N. gonorrhoeae are similar to those
of other prokaryotes and encode protein motifs consistent with a prokaryotic CPSII enzyme, the
organisation of the car4 and carB genes in N. gonorrhoeae is significantly different from that of other
previously ch;racten'sed prokaryotes. The presence of the 3.7 to 2.2 kb intervening sequence between
carA and carB i the gonococcal isolates examined, contrasts with the 17, 18, and 24 bp of sequence
seen between these genes in E. coli, S. typhimurium, and P. stutzeri, respectively (Piette et al., 1984;
Kilstrup er al., 1988, Kwon et al., 1994). The 3290 bp intervening region sequenced from N,
gonorrhoeae CH811, with its novel complex repeats, differs noticeably from the 682 bp intervening
sequence recently found in P. aeruginosa (Kwon et al., 1994), which has no comparable secondary
structure and no significant sequence similarity to the gonococcal sequence. In P. aeruginosa, and all

other prokaryotes, car4 and carB are co-transcribed (Piette et al., 1984; Kilstrup et al., 1988, Kwon et
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al., 1994; Quinn e al., 1991; Ghim e/ al., 1994). Based on DNA sequence and Northem blot analysis,
I have shown that car4 and carB are separately transcribed in N. gonorrhoeae CH811.

This separate transcription of car4 and carB leads to many interesting hypotheses. The size of
the RNA transcripts encoding card and carB in N. gonorrhoeae CH811 do not seem to be much
bigger than the size of the genes they encode. More accurate mapping of the transcription start sites is
needed, and a clearer Northern blot is desirable, however the size of the transcripts estimated from the
Northern blot analysis performed does suggest that the main promoter and terminator for each gene is
located immediately upstream and downstream of each gene, respectively. Indeed, according to the
sequence obtained from pFL50 and pFL35, strong putative transcription terminators are found
immediately downstream of both genes, These putative transcription terminators contain gonococcal
uptake sequences with additional A or T residues. Similar inverted repeats are found downstream of
other gonococcal genes, and they resemble the Rho-independent transcription terminators identified in
E. coli (Elkins et al,, 1991). Recently, it has been demonstrated that these inverted repeats containing
the gonococcal uptake sequence can terminate transcription in E. coli in an orientation independent
manner (Barber et al., 1994).

The location of the carB promoter(s) is of particular interest, since promoters could have been
located further upstream within the intergenic sequence between the two genes. If the main promoter is
not located significantly further upstream of carB, no other products may be co-transcribed with this
gene. It is possible, in fact, that no products are produced at all from this sequence between car4 and
carB since sequence analysis of this region does not indicate the presence of any open reading frames
which have codon usage’s consistent with a gonococcal gene, and there is nb significant sequence

similarity between this region and any other currently known genes (with the exception of the unusual
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region of sequence found in GenBank sequence NGOFUSAA, see Section 3.2.2). Furthermore,
preliminary in vitro transcription-translation studies of the plasmid pFL50 performed in our laboratory
(Bematchez and Dillon, unpublished data) indicate that no products are produced from the gonococcal
sequence between card and carB in an E. coli background (though a product of approximately 40
kDa, corresponding to the size of card, was produced). However, these studies may not be able to
detect very small products or the products may only be expressed in a gonococcal background.
Northem blots of gonococcal RNA probed with the intergenic sequence may help resolve this issue.
This intergenic region varies significantly in sequence between the different gonococcal isolates, and so
it is possible that products are produced from this region in other gonococcal isolates, My REA and
PCR amplification studies indicate that the region directly upstream of carB is significantly different in
some gonococcal isolates from the sequence obtained from pFL50. The promoter for carB may
therefore be correspondingly varying in location in these other isolates, or there may be selection for
different promoters in different isolates.

Another point worth investigating would be whether there are one or two (or more) promoters
upstream of car4 and/or carB. In E. coli and S. typhimurium there are two promoters upstream of
card, one regulated by pyrimidines and the other regulated mostly by arginine but also by pyrimidines
to a lesser degree (Kilstrup et al., 1988; Lu et al., 1989; Piette et al, 1984). In P. aeruginosa there is
only one promoter, with a proposed attenuation mechanism which regulates expression by pyrimidines
(Kwon et al., 1994). Preliminary primer extension experiments which I recently performed suggested
the presence of a transcription start site immediately upstream of card, however it was not clear
whether there were one or two promoters present, due to unoptimal reaction conditions. Without

conclusive primer extension experiments to map transcription start sites, no promoters could be
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conclusively identified in the gonococcal sequence, however the lack of similarity between the
sequence upstream of car4 in the gonococcus and these other organisms suggests that the regulation
of the gonococcal CPS genes is different from other bacteria. Notably, no arg-boxes are present
upstream of the gonococcal card gene, or carB, indicating that an arginine repressor analogous to that
found in the enterics and B. subtilis is not present in the gonococcus. One interesting feature noted
upstream of card, however, was a string of 9 thymidine residues which would be uracil nucleotides if
transcribed. No significant inverted repeats could be found in this region and so no possible attenuation
mechanism has been identified, however, this poly-T region may still be involved in the regulation of
card by some other mechanism. For example, if these thymidines varied in number close to a promoter,
they could affect the promoter’s expression. Recently, the Opc outer membrane protein of N.
meningitidis has been shown to undergo phase variation in this way, through size-variation of a poly-
cytidine region associated with a promoter (Sarkari ef al,, 1994). If this polyT region is transcribed and
translated, a slip-strand mispairing mechanism could be involved. Many gonococcal genes encoding
virulence factors undergo phase variation via slip-strand mispairing of a repetitive sequence at the 5’
end of the gene; most notably this occurs in the opacity surface-protein genes (variation in the number
of CTCTT repeats), in the pilus biogenesis factor gene pilC (varation in a polyG region), and in
lipooligosaccharide genes (variation in a polyG region; Gotschlich, 1994; Murphy et al, 1989;
Belland ef al., 1989). Interestingly, my preliminary primer extension experiments did suggest that
a transcription start site was located in the vicinity of this polyT region.

The separate transcription of gonococcal CPS genes shows similarities with the yeast and
Neurospora crassa arginine-specific CPS genes, which are the only other documented cases of

separate transcription of CPS (Lacroute ef al.,, 1965; Davis, 1986). In these fungal CPS's, the small
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subunit is repressible by arginine while the large subunit is not, and the small subunit essentially behaves
as a rate-limiting co-factor for the large subunit (Cybis and Davis, 1975; Piérard et al., 1979). It would
be interesting to see if, in the gonococcus, different promoter sequences are present upstream of card
and carB, and possibly a similar asymmetrical regulation of the subunits is occurring. Asymmetric
regulation of subunits is seen with other enzymes which, iike CPS, contain glutamine amidotransferase
subunits. The glutamine aminotransferase encoded by #pG s amphibolic, being utilised as part of
enzymes involved in both tryptophan and folate biosynthesis (Kane et al., 1972; Slock ez al., 1990).

Clearly, there is mounting evidence that studies of the expression and regulation of the CPS
genes in N. gonorrhioeae could prove interesting. This first documented case of separate transcription
of CPS genes in a prokaryote suggests that CPS gene organisation may be even more variable than
previously thought. The separate transcription of gonococcal CPS genes could, however, also be a
reflection of a general lack of operonic structures seen in the gonococcal genome. The gonococcus is
known for its heterogeneity (O’Rourke and Spratt, 1994; O’Rourke and Stevens, 1993), and it could
be advantageous to the gonococcus to have compact genetic units so that recombination in the genome
would be less likely to have a deleterious effect.

Recently in our laboratory, Billowes ef al. (unpublished) sequenced the intergenic sequences
between carA and carB from gonococcal isolates MS11 and FA1090 and also sequenced this region
from a meningococcal and a commensal Neisseiia species isolate. Putative transcription terminators
were found downstream of car:4 in all of these organisms. The sequence immediately upstream of carB
was found to be significantly different, while the sequence downstream of car4 was found to be almost

identical in the gonococcal isolates, as has been indicated in this work.
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4,2 CARA AND CARB MAY RESIDE WITHIN A HOTSPOT FOR RECOMBINATION:
PARTIAL EXPLANATION FOR NATURALLY OCCURRING CPS DEFICIENCIES
Numerous novel and previously characterised repetitive sequences are found around the CPS

genes of N. gonorrhoeae CH811, and the size of the intervening sequence between these genes varies

in gonococcal isolates, suggesting that this region of the gonococcal genome may be a hotspot for
recombination. This could explain in part why CPS deficiencies are so often found in the gonococcus.

The repeats found around these genes include copies of RS2 and RS3, sequences previously found

around silent and expressed pil loci. They are thought to confer more homology between these sites,

possibly aiding in their recombination (Haas and Meyer, 1986). My cloned car4 and carB genes map

near pil loci on both N. gonorrhkoeae MS11 and N. gonorrhoeae FA1090 physical maps (Gibbs, 1991;

Dempsey and Cannon, 1994), and according to recent sequence submissions to GenBank there is a

pilC locus located directly upstream of card in N. gonorrhoeae MS11 (Rudel et al,, 1995).

The repetitive sequences found around card and carB also show significant secondary
structure, A copy of RS2 found upstream of the car4 in N. gonorrhoeae CH811 is flanked by complex
inverted repeats, reminiscent of a mobile element. A copy of RS5, also found upstream of car4,
contains 19 bp inverted repeats at either end. Gonococcal uptake sequences are found throughout the
sequence containing card and carB, most prominently as inverted repeats upstream and downstream
of carA and downstream of carB. Notably, goﬁococcal uptake sequences flank the novel direct
repeats, RS6 and RS7, found in the sequence between card and carB. RS6 and RS7 contain multiple
inverted repeats, adding to their complexity. Mapping of these repeats suggests that they are not
located elsewhere on the gonococcal genome and so these repeats may be an isolated string of

duplications. Alignment of the repeats does show a possible succession of origin for these repeats, as if
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the repeats were formed due to successive recombination events which resulted in sequence
duplications. These repeats are likely candidates for explaining most of the variability seen in the
intervening sequence between card and carB in different gonococcal isolates. The size of the variation
in the intergenic sequence in most cases corresponds to the size of these repeats. The mechanism for
this variation in the number of repeats can not be conclusively determined at this time, however large-
scale slip-strand mispairing, unequal cross-over between newly replicated DNA strands, or
transformation and recombination with DNA from another strain could have led to these changes. Slip-
strand mispairing, though most commonly used to explain delctions of very short repeats, has been
postulated to occur between repeats which are within as much as 400 bp of each other (Chédin er al,,
1994). Palindromic sequences immediately flanked by direct repeats strongly stimulate deletion
formation (Glickman and Ripley, 1984) and RS6 and RS7 both contain inverted repeats and are
flanked by direct repeats of the gonococcal uptake sequence. The inverted repeats are thought to aid in
bringing the ends of the repeats together. Transformation and recombination with DNA from anoiher
strain is also a likely mechanism, since gonococci are naturally competent for DNA containing the
gonococeal uptake sequence, and so frequently undergo recombination by this mechanism (Halter et
al, 1989; Zhou and Spratt, 1992).

Interestingly, somé variation also seems to occur in the region directly upstream of carB which,
in gonococcal isolate CH811, does not contain these repeats. The degree of this variation is unknown
and could be a fairly inflequent occurrence relative to the frequency of changes in the number of
RS6/RS7 repeats. It could be that RS6/RS7 repeats are present in this region in some isolates or it

could be that other repeats are responsible for this variation.
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Nevertheless, if this sequence region is a hotspot for recombination, one could see how
variations in the intergenic sequence could have occurred and the RS6/RS7 repests could have
evolved. One could also see how CPS deficient mutants could have naturally occurred. PCR
amplifications have provided preliminary evidence that more than one mutation occurred to form the
naturally occurring CPS deficiencies.

Though this region of the gonococcal genome seems to be a hotspot for recombination, it
should be noted that many studies have indicated that there is more involved in the occurrence of CPS
deficiencies in the gonococcus. That is, that there is a selective advantage for the productions of these
CPS deficiencies in gonococcal isolates. Gonococcal isolates passaged through mice develop nutrient
requirements consistent with a CPS deficiency (Kenyon, 1978). Clinical isolates of N. gonorrhoeae
with auxotypes consistent with a CPS deficiency did not start to appear until after penicillin was first
used for treatment of gonorrhea (Catlin and Reyn, 1982). These isolates with CPS deficiencies grow
slower and it is thought that this slower growth may help them evade the effects of penicillin (Mayer et
al., 1977). Isolates with auxotypes consistent with a CPS deficiency have also been found in one study
to cause a lower grade infection (Whittington et a/., 1993). Whittington ef al. propose that there may
be selection of these gonococcal auxctrophs because patients with a lower grade infection will delay
seeking treatment and therefore the chances of its spread to others are higher. In 1995, Rudel
submitted a card sequence to GenBank (accession no. Z54242) with an attached unpublished
publication reference entitled “The Neisseria gonorrhoeae carA gene: Generation of mutants and
implication of pyrimidine biosynthesis for the infection of epithelial cells,” Unfortunately, the results of

this study are not yet known,
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4.3 COMPARISON OF THE SEQUENCE BETWEEN CARA AND CARB IN NEISSERIA
SPECIES: REVEALING SEQUENCES WHICH MAY BE DIAGNOSTIC FOR N
GONORRHOEAE
This is the first investigation of CPS gene organization from multiple isolates of the same

species, and it has produced the first report of intraspecies variation in a sequence proximate to CPS

genes. This variable sequence is not limited to gonococcal isolates, but is also present in other

Neisseria species.

Hybridization studies have demonstrated that this variable intergenic sequence is somewhat
conserved between the Neisseria species. Using portions of the intergenic sequence of N. gornorrhoeae
CHB811 as a basis for comparison, gonococcal intergenic sequences were found to be the most similar,
followed by meningococcal sequences, followed by the commensal Neisseria species intergenic
sequences. The meningococcal sequences all seemed to have a region of sequence which had
significant similarity with CH811’s sequence, since hybridization between the two did occur at high
stringency. This similar region did not comprise the RS6/RS7 repeats, however, since the repeats only
hybridized with the meningococcal intergenic sequences at a lower stringency. The commensal
Neisseria species had no highly similar region in their intergenic sequence when compared against
CHBI 1, however at lower stringency some hybridization was observed with most isolates, Commensal
Neisseria isolates with a small intergenic sequence size showed little to no similarity between their
sequence and that of CH811, however that does not discount them having similarity with the intergenic
sequences of other gonococcal isolates or other Neisseria species.

The hybridization studies also indicated that the RS6/RS7 repeats found in N
gonorrhoeae CH811 may be species-specific for N. gonorrhoeae under conditions of high

stringency. This combined with the fact that RS6 and RS7 have no significant similarity to any
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other sequences in GenBank, and did not hybridize at high stringency to chromosomal DNA from
E. coli or P. magnus, provides preliminary evidence that these sequences may be diagnostic for N.
gonorrhoeae. Other genera need to be screened, though, to confirm this species specificity. The
hybridization studies do suggest that the meningococcal isolates have analogous sequences,
however, these sequences are likely an isolated series of repeats, since RS6/RS7 only map to one
location (with car4 and carB) on both the gonococcal and meningococcal chromosome maps (at
a low stringency). I would predict that other Neisseria species isolates could have analogous
repeats, however, it is still possible that these repeats (or analogous ones) are limited to the
Neisseriaceae.

While the hybridization studies showed that some similarities existed between the intergenic
sequences of the different neisserial species, REA of these amplicons (using Ddel and Hinfl) revealed
noticeable differences between the species. Similar banding patterns were seen within species, however
no similar patterns were seen between species. There were however a couple of notable exceptions
within the commensal Neisseria group: Identical patterns were seen between an isolate of N,
lactamica and N. perflava/sicca, and an isolate of N. mucosa and N. flava. The production of
identical patterns from these different species, when in all other cases the patterns showed no
interspecies similarity, suggests that these isolates may be more related than is indicated by
classical speciating criteria and in fact could be being misclassified. As mentioned, similarities in
REA patterns were observed within species. In particular a common band was found in all gonococcal
isolates examined, which mapping and PCR experiments revealed comresponds to a 1 kb fragment
which is located immediately downstream of card. Just why this sequence is conserved in the

gonococcal isolates is unknown.
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44 UTILITY OF THE VARIABLE INTERGENIC SEQUENCE FOR TYPING OF

GONOCOCCAL ISOLATES

The size of the amplicons of the intergenic sequence, and the REA patterns produced from
these amplicons, has further elucidated relationships between gonococcal isolates. For example,
according to amplicon size, isolates of A/S/P class CUH/1A-2/2.6 and P/1B-5/2.6/24.5 are not
homogeneous. Both amplicon size and REA were in fact able to significantly further discriminate many
isolates of the same A/S/P class, even isolates associated with outbreaks of gonorrhea which may be
closely related. This method of PCR-REA of the intergenic sequence would not likely be useful for
typing of very unrelated isolates, since pattern reversion is probably common, however it could be
useful for typing of more closely related isolates, such as isolates associated with an outbreak or within
a small geographic location. It could also be useful as an additional marker when confirmation of
similarity between isolates is needed. Sets of patient-pair, epidemiologically linked, isolates would be
worth investigating. Levels of discrimination using this PCR-REA method seem to be analogous to
that of the chromosomal REA and ribotyping methods performed by Li (1993), since the two sets of
isolates examined by all three methods were often discriminated into a similar number of groups. This
PCR-REA of the intergenic sequence is, however, more easy to interpret than the chromosomal REA
method and ribotyping is a longer procedure to perform. PFGE was more discriminatory than the
PCR-REA method, separating the isolates into more groups in all cases, however there have been
reports that the level of discrimination with PFGE is so high that isolates which only have one to two
band differences in their PFGE patterns should still be considered to be very closely related and from

the same outbreak (Li and Dillon, 1995; Tenover et al., 1995).
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REA of this intergenic region using other restriction enzymes may also be worth investigating,
[ have also found preliminary evidence that the variable portion of the intergenic sequence may be
amplified from all gonococcal isolates, including isolates with CPS deficiencies, by using other primer
pairs.

Interestingly, REA of the intergenic sequence of meningococcal isolates discriminated between
ET-15 isolates and non-ET-15 isolates of N. meningitidis serovar C. Though the sample size is small,
this may be worth further study, since electrophoretic typing is cumbersome and the serovar C/ET-15
isolates are noted for causing significant outbreaks of meningitis in Canada (Ashton ef al,, 1991;
Strathdee et al, 1993). The REA also suggested there were significant similarities between some
commensal Neisseria species, which are often hard to speciate. This method could also be useful for
investigating relationships within and between these other pathogenic and commensal Neisseria

species,

4.5 STUDIES OF THE CPS DEFICIENT MUTANTS REVEAL NEW RELATIONSHIPS

WITHIN AND BETWEEN AUXOTYPES

PCR amplification of the car4 and carB genes themselves revealed heterogeneity within the
CPS deficient mutants, More than one mutation seems to have caused gonococcal CPS deficiencics.
This contrasts with studies of gonococcal OAT (argJ) mutants, which seem to have evolved clonally
from one mutation (Martin and Mulks, 1992a). This could be a consequence of selection for CPS
mutations but, regardless, is Jikely a reflection of the proposed hot spot for recombination present in
this region. This occurrence of multiple mutations causing CPS deficiencies could enable certain

auxotypes of gonococci to be further differentiated.
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Transformation of a CPS mutant with the cloned CPS genes also revealed relationships
between auxotypes. The addition of functional CPS genes to CPS deficient isolates of auxotype CUH
(isolates NS686 and NS716) converted their auxotype to OUH. Previously the C and U components of
the CUH auxotrophs were thought to be caused solely by the CPS deficiency. With this scenario the
auxotype would have become just H after transformation. However, these studies have revealed that
other mutations are hidden by this CPS deficiency and that in fact the CUH isolates examined have
another mutation in the uracil biosynthetic pathway and also in the arginine biosynthetic pathway
(before the biosynthesis of omithine). This leads to the question of just how many other mutations may
be hidden in these pathways. This also suggests a possible close relationship between isolates of
auxotype OUH and CUH (both common auxotypes as opposed to auxotype H which has never been
identified). The mutation in arg/ thought responsible for the ornithine-requirement in most OUH
isolates (Martin and Mulks, 1992a), has also been found to be present in the arg/ gene of both isolate
NS686 (CUH) and the same isolate transformed with CPS genes, NS686C'(OUH). This further

indicates a close relationship between the CUH and OUH auxotrophs.

4.6 PHYLOGENETIC ANALYSIS OF CPS GENES: ROOTING THE TREE OF LIFE AND
REVEALING A COMPLEX HISTORY FOR CPS GENE EVOLUTION
After initial studies of gonococcal CPS gene structure were completed, I realized that no
comprehensive phylogenetic analysis of all known CPS genes had yet been performed, even
though the synthetase domain of CPS had an internal duplication which could be used to root the
trees constructed. A phylogenetic analysis was performed using all available complete CPS gene

sequences, including my gonococcal sequence and the S. solfataricus sequence, described below.
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As part of this study I performed an analysis of the sequence containing the S. solfataricus
CPS genes. This represents the first analysis of a complete CPS gene sequence from an archaeon.
The analysis shows that this archaeal CPS is heterodimeric and encoded by overlapping genes
(carA-carB), which are likely co-transcribed. Charlebois (personal communication) has also
observed that immediately upstream of car4 are genes encoding the final two steps of arginine
biosynthesis (argG and argH) in an arrangement suggesting co-transcription with cardB.

These S. solfataricus CPS genes are similar in size to those of other organisms with
heterodimeric CPS, encoding an amidotransferase subunit of predicted Mr 41,480 and a
synthetase subunit of Mr 118,204. This is notable since Legrain et al. (1995) recently
characterized the CPS enzyme from the archaeon Pyrococcus furiosus, and found it to be atypical
in size (Mr 70,000). They also found that this P. furiosus CPS uses ammonia and not glutamine as
its nitrogen donor. My analysis of the deduced protein sequence from the §. solfataricus genes
.shows the existence of the reactive cysteine residue known to be involved in glutamine binding for
glutamine-dependent CPS enzymes, along with other nearby histidine residues also known to play
a part (Rubino ef al, 1986; Miran e al, 1991). However, without further study of the S.
solfataricus CPS protein, few conclusions can be made at this point regarding its ability to bind
glutamine, especially since recent findings (the CPSI of bullfrog contains the cysteine residue
known to bind glutamine and et is ammonia-dependenf) have shown that other as yet
unidentified residues must also play a part in glutamine-binding (Helbing and Atkinson, 1994).
However, all CPSI and CPSIII enzymes have an acetylglutamate binding site and an absolute
requirement for acetylglutamate in order to function, and the S. solfataricus sequence does not

contain this acetylglutamate binding site. Therefore, even though there is controversy regarding all
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the residues needed for glutamine-utilization by CPS, the S. solfataricus CPS seems to be most
similar to CPSII enzymes, since it does contain residues found in CPSII which are known to be
involved in glutamine binding and does not contain residues involved in acetylglutamate binding
which are not found in CPSII enzymes.

One of the most notable features of this archaeal CPS sequence is the presence of internal
similarity between the first and second thirds of the synthetase domain, encoded by carB. This
confirms a previous report by Schofield (1993), who obtained enough partial sequence of a CPS
gene from the archaeon Methanosarcina barkeri to determine that this internal similarity was
present. This, combined with my phylogenetic trees constructed with this duplication,
demonstrate that the synthetase domain of CPS evolved from an ancient gene duplication which
occurred before the divergence of Bacteria, Eukarya and Archaea. My phylogenetic analysis
further shows, with high confidence, that the archaeal S. solfataricus sequence is more related to
those of the eukaryotes than the bacteria.

This is the first use of a gene involved in a metabolic pathway to root the tree of life, and
so represents an important confirmation of these ancient phylogenetic relationships. Previously,
the tree of life has been rooted using elongation factors (Iwabe er al., 1989), ATPases (Gogarten
et al., 1989) and aminoacyl-tRNA synthetase genes (Brown and Doolittle, 1995), however there
has been concern that the full family of genes has not yet been clearly determined for the
ATPases, and that horizontal gene transfer and comparisons between paralogs cannot be
discounted (Forterre ef al., 1993; Hilario and Gogarten, 1993). Also the statistical reliability of
the trees produced using the elongation factors has been criticized (Creti et al, 1994). My

phylogenetic trees, however, are rooted by a duplication which occurred not to form separate
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genes, but to form one gene. Therefore, since horizontal transfer of part of a gene (i.e. encoding
the first third of the synthetase domain) to fuse with another part of a gene (i.e. encoding the
second third of the synthetase domain) is far less likely, this means that I know I am at least
comparing orthologous sequences. Also, this use of an internal duplication may mean mutation
rates are very similar between the two sets of sequences. This is reflected in the level of
congruence between the two halves of the trees constructed from the synthetase domain of CFS.
This phylogenetic analysis also confirms the recent report by van den Hoff et al. (1995)
that separate gene duplications led to the formation of the two CPS enzymes found in Gram-
positive bacteria and in eukaryotes. The branching order shows that the duplication event which
formed two CPS enzymes in the Gram-positives occurred after their divergence from the
Proteobacteria. Only two Gram-positive bacteria have been examined so far, both of the genus
Bacillys, and so it will be interesting to see if all Gram-positive bacteria have two enzymes, or if
this feature is limited to certain genera. There have been preliminary reports that Lactobacillus
species, which are Gram-positive, have two CPS enzymes (Bﬁngel, 1994), however CPS genes
from these organisms have not yet been cloned. Within the eukaryotes themselves, separate gene
duplications may also have formed the two CPS enzymes found in this group, since the arginine-
specific CPS’s of S. cerevisiae, N. crassa, and T. cutaneum do not cluster together with the urea-
cycle specific CPS’s of human, rat, bullfrog, and S. acanthias. However, these enzymes do
perform fairly different functions, one involved in biosynthesis of an amino acid and the other
involved in ammonia detoxification, and so it cannot be discounted that the separate clusters for
these sequences are a consequence of functional divergence. In general, more CPS gene

sequences need to be acquired before a clear picture can be obtained regarding the number of
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duplication events which formed two CPS enzymes in eukaryotes. However, with an enzyme like
CPS being utilized for two metabolic pathways, one can see how advantageous it would be for an
organism to have two CPS enzymes, and therefore for a gene duplication event such as this to
occur a few times in evolution.

van den Hoff er al (1995) have propesed that the duplication of CPS genes in the
cukaryotes occurred between the branching off of plants and fungi, since yeasts contain two CPS
enzymes and there has been a report supgesting the pea plant Pisum sativum contains only one
CPS (Doremus, 1986). However, to date no conclusive genetic studies have yet been performed
on any plant to confirm the number of CPS enzymes in these organisms. Further study of plant
CPS is needed. Further study of the CPS enzymes of other eukaryotes is in fact also needed, since
the organisms studied do not currently reflect the true diversity present within the eukaryotes, Of
the “microbial” eukaryotes, only 5. cerevisiae and N. crassa have been confirmed to have two
CPS enzymes, and only P. falciparum and B. bovis have been confirmed to have one CPS
(Chansiri and Bagnara, 1995; Davis, 1986; Flores ef al., 1994). Based on the present evidence it is
concluded that a gene duplication forming the two CPS’s seen in eukaryotes probably occurred
after the divergence of the apicomplexan protozoans and that possibly more than one duplication
event was involved.

Other theories regarding CPS evolution are supported by my phylogenetic analysis. For
example, recently it was determined through comparisons of percent sequence similarity for CPS
genes that the glutamine-dependent CPSII of the spiny dogfish shark, S. acanthias, is more
related to the ammonia-dependent CPSI of ureotelic vertebrates than to the glutamine-dependent

CPSII used in pyrimidine biosynthesis in eukaryotes (Hong ef al., 1994). This relationship is also
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observed in all phylogenetic trees 1 constructed, where the CPSIII sequence clusters closely with
the CPSI sequences. The position of the CPSIII sequence also supports the theory that CPSI
evolved from CPSIII (Houng et al,, 1994),

Comparison of the branching order determined from CPS sequences with the organisation of
the CPS genes in the different organisms reveals that multiple deletions and insertions were involved in
the evolution of the CPS genes and in particular the sequence between the regions eucoding the
amidotransfeiuse and synthetase domains. Based on the branching order, the sequence between the P.
aeruginosa CPS genes likely evolved as an insertion event. It still cannot be determined, however,
whether the original CPS genes of bacteria were in an operonic structure or were separately transcribed
genes. Most bacterial CPS genes are co-transcribed, and the archaeal genes are co-transcribed;
however, the N. gonorrhoeae sequence is the first branch off the tree for the Proteobacteria examined
and I have found that these gonococcal genes are separately transcribed, CPS gene sequences need to
be obtained from more organisms before & clear pattern can emerge. However, all organisms branching
lowest on the phylogenetic trees have a heterodimeric CPS rather than monomeric CPS, and CPS
genes clustered together are always found in the order card-carB, and so it is likely that the ancestral
CPS was a heterodimer which was encoded by genes closely linked in this order. Eukaryotes are the
only organisms found to have monomeric CPS and that is more consistent with the general observation
that the genes became fused in eukaryotes during the transition from prokaryotic to eukaryotic
translational machinery as the old prokaryotic signals were no longer recognized. The branching order
and gene organisation within the mkarydtes also indicates that the arginine-specific CPS genes of yeast
were probably initially fiused and then re-divided and translocated to form the unlinked

amidotransferase and synthetase genes now observed. A similar unlinked gene organization for the
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arginine-specific CPS genes of N. crassa and 7. cutaneum has also been observed, though ouly the
amidotransferase gene has been sequenced from N. crassa (Orbach ef al,, 1990) and the synthetase
gene sequenced from 7. cutaneum (Reiser et al, 1994). Previously, van den Hoff er al, (1995)
concluded that separate gene fusion events led to the monomeric eukaryotic enzymes CPSI1 and CPSII
However, they did not have access to the data showing that apicomplexan protozoan CPS is
monomeric. In light of these recent findings, the more likely hypothesis is that a single genc fusion
event occurred in eukaryotes before the divergence of the apicomplexan protzoans, forming a
monomeric CPS, and then a subsequent re~division of these genes occurred in the fungal lineage. The
apicomplexan protozoan CPS’s do have the unusual feature of containing large translated insertions
between functional domains of the CPS (Flores ef o/, 1994; Chansiri and Bagnara, 1995). However
this is likely just a reflection of these particular organisms, which arc noted for having large
polypeptide insertions between the functional domains of other enzymes (Flores et al., 1994). The
pyrimidine specific CPS enzymes of eukaryotes have fused with other enzymes of the pyrimidine
biosynthetic pathway, and based on the branching order observed in most trees constructed, this is
likely due to a gene fusion event which occurred after the duplication of the CPS genes in
eukaryotes.

I therefore propose the following summary for the description of the evolution of the CPS
genes, based on this phylogenetic analysis and the studies of others (such as Nyunoya and Lusty,
1983; Nyunoya ef al., 1985; Hong et al., 1994). First an amidotransferase gene became associated
with a kinase gene which duplicated to form the synthetase domain, or the kinase gene duplicated
and then associated with the amidotransferase gene, in either case resulting in genes encoding the

first primeval heterodimeric CPS. Then, within the Bacteria, the Proteobacteria and Gram-positive
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bactena diverged and a gene duplication event led to the formation of two CPS enzymes in the
Gram-positives. Significant insertions and deletions later occurred in the sequence between the
genes encoding the heterodimeric CPS of the Proteobacteria. Meanwhile, significant evolution of
CPS was occurring in the eukaryotes after the Archaea diverged: First there was a fusion of the
amidotransferase and synthetase genes to form a monomeric CPS in the eukaryotes. Then, after
the divergence of the apicomplexan protozoans, the first gene duplication event occurred within
the eukaryotes to form the two CPS enzymes present in these organisms. Whether one or two
gene duplications led to the formation of the arginine-specific and urea-cycle-specific CPS’s is as
yet unclear, however, each subsequently underwent significant change: The arginine-specific CPS
senes of S. cerevisiae, N. crassa, and T. cutaneum re-divided to encode a heterodimeric CPS
enzyme once again, and the arginine-specific CPS of human, rat, bullfrog, and S. acanthias
obtained acetylglutamate binding ability to become similar to CPSIII. Then in human, rat and
bullfrog, glutamine-binding ability was lost and this CPS became the CPSI used to harvest
ammonia for the urea cycle. During this evolution of the eukaryotes, the pyrimidine specific CPS
was relatively unchanged, though it did undergo a fusion with other enzymes involved in the
pyrimidine biosynthetic pathway to become part of a multifunctional protein. This fusion occurred
early in the evolution of the eukaryotes, since the multifunctional enzyme in D. discoideum is the
same as that found in D. melanogaster and hamster. The same structure is also found in S.
cerevisiae, although the central DHO enzymatic domain has become inactive.

In conclusion, the evolution of CPS has involved gene duplications, gene fusioas, re-
division of previously fused genes, gene translocations, deletions and insertions in sequence

surrounding the genes, and mutations within the genes resulting in changes in function. Further
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investigations of this enzyme and its gene sequence(s) in other organisms should continue to
prove interesting. In particular, it would be beneficial to examine the placement of other Archaca
in trees rooted by the internal gene duplication, to help resolve the debate over the monophyletic
or polyphyletic origin of the Archaea. Also CPS needs to be examined in more eukaryotes to help
pinpoint when the gene duplication(s) occurred leading to the formation of arginine- and
pyrimidine-specific CPS’s in eukaryotes, and to help determine when fusion of the
amidotransferase and synthetase domains of CPS occurred.

In general, CPS genes seem amenable to phylogenetic analysis: they show a branching
order consistent with other phylogenetic analyses for genes which are related in function, they
reveal gene duplications which have occurred through clustering of these genes within the trees,

and they have formed from an initial ancient gene duplication which can be used to root the tree

of life.
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4.7 CONCLUSIDNS AND IMPACTS

This work shows that the organization of card and carB in Neisseria gonorrhoeae is
significantly different from that of other previously characterized prokaryotes. A unique, large, variably
sized intervening sequernce separates the two genes, and the genes are separately transcribed. A similar
gene organization seems to be present in other Neisseria species. This provides notable evidence that
the CPS gene organization in prokaryotes is more variable than previously assumed. This identification
of a variable sequence further demonstrates the genetic heterogeneity of the gonococcus. There are
many indications that studies of the regulation of gonococcal CPS genes could prove interesting, for
example because there is a variable sequence in the region where a promoter for carB may. reside.

The variable sequence between the CPS genes has been found to be useful for the typing
of gonococcal isolates, and possibly other Neisseria species. Relationships between isolates have
been confirmed, or new relationships have been suggested. This variable sequence could have
particular use in the typing of fairly closely related isolates. Novel repetitive sequences have also
been identified in this region (RS6 and RS7) which seem to be species-specific for M.
gonorrhoeae and so could possibly be used for diagnostic purposes.

The gonococcal CPS genes seem to reside within a hotspot for recombination which may
explain the high rate of naturally occurring CPS deficiencies which are observed in the gonococcus.
Initial characterization of natural CPS mutants indicates that more than one mutation may have caused
this deficiency. This property could enable certain auxotypes to be further differentiated.
Transformation of one CPS mutant with functional CPS genes has also demonstrated a link between

gonococcal isolates of auxotype CUH and isolates of auxotype OUH.
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This work also reports the first characterisation of a complete CPS gene sequence from an
archaeon, showing that the size and sequence of these genes is quite conserved with those of ihe
bacteria and eukaryotes, in particular the heterodimeric CPSII genes. This provides significant evidence
that CPS structure and function in the progenote was most like heterodimeric CPSII.

Phylogenetic analysis of all known CPS genes was performed and revealed further complexity
in the series of duplications, deletions and insertions which have played a role in the evolution of these
genes. I was also able to root the tree of life and support the theory that the archaeon S. solfataricus is
more related to Eukarya than Bacteria. This was the first support of this theory using a “metabolic”
gene and also the first use of an internal duplication within a gene to root the tree of life. It will be of
interest to determine the CPS gene sequences from more Archaea to further investigate hypotheses

regarding the tree of life, and also from other orgarﬁsms to further unravel the complex story behind the

evolution of CPS genes.
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6. APPENDIX

165



FIGURE Al. Alignment of all currently known CPS sequences of the amidotransferase domain,
showing the region used for phylogenetic tree construction (corresponding to residues 36 to 367 of the
deduced protein from E. coli car4). For organisms which contain two CPS enzymes, the sequence
is identified by the letters “Arg” (for arginine-specific CPSII), “Pyr” (for pyrimidine-specific
CPSII), “CPSI”, and “CPSIII”. A row of stars denotes where there is a large insertion of
approximately 200 residues within the P. falciparum and B. bovis sequences. The location where

a reactive cysteine residue has been found necessary for glutamine-binding is highlighted in pink.
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FIGURE A2. Alignment of all currently known CPS sequences of the synthetase domain, showing the
region used for phylogenetic tree construction (corresponding to residues 12 to 916 of the deduced
protein from E. coli carB). For organisms which contain two CPS enzymes, the sequence is
identified by the letters “Arg” (for arginine-specific CPSII), “Pyr” (for pyrimidine-specific CPSII),
“CPSI”, and “CPSIII”. A row of stars denotes where there is a large insertion of approximately
600 residues within the P. falciparum and B. bovis sequences. The location where two cysteine
residues are present in CPS enzymes which bind acetylglutamate (CPSI and CPSIII-type

enzymes) is highlighted in blue.
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DMITALTNNN
AWSSDVNLRK
SWSDDFDLQK
VSDVELETPT
EWPSNLDLRK

LGYELHEVIN
VGFTLDELRN
VGYTLDELMN
VGYTLDELQN
VGYTLDELQN
VGYTLDELKN
VGLSLDEMMN
VGLTLDEMIN
LGYTLPELPN
LNIPLNEVKN
LGYDLAALRN
LGYDLISLKN
LGFDLVQMRN
LGHTLRELPN
LGIPLPEIKN
LGIPLPDIKN
LGIPLPELRN
LGIPLPGIKN

MMSVGEVMSI
MKSVGEVMEM
MKSVGEVMAI
MKSVGEVMATX
MKSVGEVMAL
MKATGEVMAT
MKATGEVMAI
MKATGEVMAI
MKSVGEVMAI
MKSVGEVMSI
MKSVGEVMSI
MKSVGEVMSI
MKSVGEVMSI
MKSVGEVMAI
MKSVGEVMAI
MKSVGEVMAI
MKSVGEVMGI
MKSVGEVMAT

YLKERRPYWF
ELANPGPERM
ELKDAGADRI
ELTVPSAERV
ELTVPGADRI
LAITPDDRRF
RIKKAGDERL
RIRKAGDERL
DRRVLAIGQA
DMRVEAIANA
NNRILVLASA
ELKNPSPKRI
ALRHPTPDHV
DRRLFAIAHA
EMAEPTSTRM
DLSVPSIHRI
DKRIFVVABA
ELSEPSSTRI

KVSG~RTCAC
DITGRRTPAS
DITGGRTPAS
DITGGRTPAS
DITGGRTPAS
PLTG-STYAS
PVTG-KTYRA
PVTG-KTYAC
PITK-TTVAN
SVTK-STCAC
TITK-KTTAC
SITK~-KTTAC
AITL-VTTAC
AVTK-STTAC
VVSG-KTTAC
AVSG-KTTAC
SVIG-GTAA-
VVSG-KTSAC

GRSFEESLQK
GRTIQESFQK
GRTQQESLOK
GRTFQESVQK
GGPSQESVQK
ERNLEBAIQK
GRTLEESLLK
GRTFEESLLK
GRNYEEAFQK
GRTFEEAIQK
GRKFEERIQK
GRTFEESIQK
GRTFEEAMOK
GRTFEESLOK
GRTFEESFQK
GRTFEESFCK
GRSFEEAFQK
GRTFEESFQK

LYAAKAFKEG
LFVGKAFRAA
WYTADAFRAG
WYVADAFRAG
WYVADAFRAG
FVVMELLSRS
FYLAEAYRRG
FYIAEALRRG

DATHQAFHLN
ARIARAFELG

YSMAKATIQSG
YSLAKALHSG

YATAKARIDDN

FEPSLDYIVT
FEPSIDYVVT
FEPSIDYVVT
FEPAIDYVVT
FEPAIDYVVT
FEPALDYVIV
FEPALDYVVS
FEPALDYVVT
FEPSLDYIVA
FEPSLDYCVV
FEPSLDYLVV
FEPSLDYITT
FEPSLDYIVV
FEPSLDYIVT
FEPSLDYMVT
FEPSLDYIVT
FEPSLDYCVV
FEPSLDYMVT

AIRMLDIGEP
ALRGLETGEV
ALRGLEVGAT
ALRGLEVGAT
ALRGLEVGAT
AGASLELKNI
AVRSLERDVY
AVRSLEIGVH
ALRQVDPSLL
AIRSTEYANL
ATRMVMDGAV
SLRCIDDNYL
ALRM--=--QV
AIRQVDPNFA
ALRMCHPSVD
ALRMCHPSVE
ALRMVDENCV
ALRMCHPSIE

ATINEVYEVT
FTPEEIHEIS
LSVDGVFNLT
KSVEEVFELT
KSIDDVFALT
VSIDDIHEKT
YTVEDLHEFS
VIVETLHEWS
YTVERVNELS
YSVDKVWEMT
YSIDRVHQLT
MPMDKIHELT
MTVSDIHGLT
YSVDYLHDLT
ISLDEINKLT
ISVDEIYDLT
YSVERLYELT
MSLDEIEKLT



5. sclfataricus

N. gonerrhoeae

E. coli

P. aeruginosa

P. stutzeri

B. subtilis(Arg)

B, subtilis(Pyr)

B. caldolyticus(Pyr)
S. cerevisiae (Arg)
S. cerevisiae (Pyr)
D. discoideum (Pyr)
P. falciparum

B. bovis

T. cutaneum (Arg)

R. catesbieana (CPSI)
S. acanthias (CPSIII)
Hamster (Pyr)

Human (CPSI}

5. solfataricus

N. gonorrhoeae

E. coli

P. aeruginosa

P. stutzeri

8. subtilis(Arq)

B. subtilis(Pyr)

B. caldolyticus{Pyr)
S. cerevisiae (Arg}
5. cerevisiae (Pyr}
D. discoideum ({Pyr)
P. falciparum

B. bovis

T. cutaneum (Arg)

R. catesbieana (CPSI)
S. acanthias (CPSIII)
Hamster (Pyr)

Human (CPSI)

S. solfataricus

N. gonorrhoeae

E. coli

P. aeruginosa

P. stutzeri

B. subtilis(Arg)

B. subtilis(Pyr)

B, caldolyticus(Pyr)
5. cerevisiae (Arg)
S. cerevisiae (Pyr)
D. discoideum (Pyr)
P. falciparum

B. bovis

T. cutaneum (Arg)

R. catesbieana (CPSI)
S. acanthias (CPSIII}
Hamster (Pyr)

Human (CPSI)

GINEFFLNKI
AIDPWFLAQI
NIDRWFLVQI
RIDEWFLVQI
KIDRWEFLVQI
KIDPFFLHTF
AIDVFFLHKL
QIDRFFLHKI
KIDKWFLYKC
RIDKWFLNKL
KIDKWFLTKL
HIDYWFLHKF
KIDPWFLHRL
KIDKWFLYKL
AIDKWFLYKM
AIDKWFLYRL
RIDCWFLHRM
YIDKWFLYKM

LSENTSDNVT
IVKST---V5

TEDDIE-*SQ
EECRIPS*PD
EECEANP*TD
EECEANP*-3
EECEANP*~G
ETDGDIS*KE
EEENESV*TD
EEENESI*TE
TENDV--*FN
DSHDL~-~*FD
ETNDV--*IN
QEHDVLP*EK
IESDVLP*VS
TITHDV-=-*F-
QEHDI-~*FD
LEHDL--*FN
NTHDL-~*FR
QEHDV--*FD

KGLVDFYETL
EDLMKEEKSV
EELVRLEEKV
EDLVKDEERKV
EDLVKEEEQV
DNIIKLENRL
FGIVQFEKEL
ONIIEMETVL
MNIVNIYKEL
HDLVQFAEKI
KAIIDLENHL
YNIYNLONKL
HHLHILNAHL
ENIVAVHKQL
QGILNMEKTL
KQIVNLEKEL
KRIVTHAQLL
RDILNMEKTL

TEYVRKIRYE
EKEVRETRTP
EAETIRKLRDQ
EKNLRSHRHK
EKNLRSHRHK
EEEVRRLRKE
ESELYSLRKQ
ERDIYAVRRQ
ELEIRSLRKT
EVATRRLRKE
ELNVRDYRKK
ENDVMKYREK
EDDVRELRKS
EAEVRTLRKQ
ETQTRELRLN
ELDARKLRIS
ELAVRKLRQE
EAQTRELRLK

GNKLLIIGAG
RKKVMILGAG
REKIMVLGGG
REKIMILGGG
RDKIMILGGG
KKRALIIGSG
KKSVMVLGSG
KPSVIVLGSG
ENGMLVLGSG
DHGVMVLGSG
EKSYITLGSG
KKCFIVLGCG
ATSIVVLGCG
DNGTMVLGSG
DHGMMVLGCG
DHGIMVLGCG
TPHVLVLGSG
DHGMMVLGCG

RKLK---EID
SDGQO-~LQDLD
AEVG-ITGLN
KTLG-LSSID
KTLG-LSSID
MEAG-~SDLS
KANA--GDT~
KNHP-~GDL-
ESVKSLSDLS
SSFGTKEELP
STYKEPSQIP
KTLK~LEQLS
SILPSLSSFT
RSTP~FEQLD
KGSR~-SESVP
TKQN-SETIT
EQHR-GQPLS
KGLN-SESMT

TNTIPVVKLI
VKLDPVYKPV
YDLHPVYKRV
LKVLPVYKRV
LEVLPVYKRV
MGITPSFKIV
AGIAPVFKMV
RGIMPVYKMV
LGITPFVKRI
YGITEFVKQI
MGIIPCTKHI
LGLFPHIKVI
WGIVPFVKVI
FGVTPFVKRI
KNVKPWVKQTI
RNIKPQIKQI
LGICPAVKQI
KNTHPWVKQI

GFRIGVSVEF
PNPIGQGIEF
PNRIGQGIEF
PNRIGQGIEF
PNRIGQGIEF
PIRIGQGVEF
PIRIGQGVEF
PIRIGQGIEF
VYRIGSSVEF
VYRIGSSVEF
SYRIGSSVEF
CYRIGSSVEF
PYRIGSSIEF
VYRIGSSVEF
PYHIGSSVEF
PYHIGSSVEF
VYRIGSSVEF
PYHIGSSVEF

KRETLKLAKRKL
YAALHRLKRK
ADFLRQLKRK
RELMYKLKRK
RDRMYKLKRK
FELLKKAKEK
-DVLRRAKEL
~DVLKKAKGL
KDLLORAKKL
SLVLRQAKQL
SEILKFSKQQ
FNDLKYFKKH
BAMMRY YKVY
KELVMTAKKT
EETLRRAKQI
DELLLKAKQD
QDLLHQAKCL
EETLKRAKEL

DTLAGEWPAV
DTSAJEFATE
DTCAAEFATD
DTCAREFATD
DTCAAEFATD
DTCAAEFDAK
DTCAAEFESE
DTCAAREFTSE
DTLAAEFPAQ
DTVAAEFPAY
DTVAAEFPAQ
DTLSAEFPAL
DTMAAEYPAK
DTLAAEFPAY
DTLAAEYPAI
DTLAREYPAT
DTVAAEWPAQ
DTLAREYPSV

DWSVXSLMEA
DYCSVHAALP
DYCCVHASLA
DYCCVHAALA
DYCCVHAALA
DYSAVHGVLT
DYATVHSVWA
DYATVHCVWA
DWCAVNTAKT
DWCAVTAVRT
DWCAVSCIRT
DWSAIHCVKT
DWVCCSCVKR
DWCAVTCSRA
DWCAVSSIRT
DWCAVSSIRT
DWCAVGCIQQ
DWCAVSSIRT

GFSDEQISKA
GFSDRRLAQL
GFADPARLAKL
GFSDARLAKL
GFSDARLAKL
GEFSDATIASL
GFSDQYISRE
GFSDARAIAAL
GFSPEQIAVT
GFDDRQ1ARE
GFSDKQIARA
GFSDKQIAHY
GFSDRQISRE
GFSDLQIAQL
GFSDRYIGKC
GFSDRQIGDC
GFSDKQIALA
GFSDKQISKC

TNYMYLTYNG
TAYLYSTY-E
TAYMYSTY-E
TAYMYSTY~E
TAYMYSTY-E
TNYFYSTYFG
TPYFYSTY~~
TPYYYSTY=-=-
TNYLYTTYNA
TNYLYMTYNA
NNYLYMTYNG
TNYLYLTYQG
ITNYCYLTYNG
TNYLYTSYNA
TNYLYLTYNG
TNYLYSTYHG
TNYLYLTYWG
TNYLYVTYNG

GSKYXDEVAV
LRESGFETIM
LREDGYETIM
MREDGYETIM
MREDGYETIM
LQELGFETIM
IKQAGYEAII
IKQAGYEATI
LRDQGKKTIM
LRANNIKTIM
LRSLGLKSIM
IRKLNHKAIL
LRSLGHAAVT
IRDLGKKTIM
LREVCKKTVV
LROQLGKKTVV
LREMGYKTIM
LROQLGKKTVV
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solfataricus
gonorrhoeae

coll

aeruglnosa
stutzeri
subtilis(Arg)
subtilis{Pyr)
caldolyticus(Pyr)
cerevisiae (Arg)
cerevisiae (Pyr)
discoideum (Pyr)
falciparum

bovis

cutaneum {Arqg)
catesbieana (CPSI)
acanthias (CPSIII)

Hamster (Pyr)

Human

5.
N.
E.
b,
P.
B.
B.
B,
S.
S.
D.
P.
B.
T.
R.
S.

(CPSI)

solfataricus
gonorrhoeae

coll

aeruginosa
Stutzeri
subtilis(Arg)
subtilis(Pyr)
caldolyticus{Pyr)
cerevisiae (Arq)
cerevisiae (Pyr)
discoldeum (Pyr)
falciparum

bovis

cutaneum ({(Arqg)
catesbieana (CPSI)
acanthias ({CPSIII)

Hamster (Pyr)
Human (CPSI)

mmmE G

. « s »

AAWOTOoONnNDDWw

5.

. catesbieana

solfataricus
gonorrhoeae

colli

aeruginosa
stutzerd
subtilis({Arqg)
subtilis{Pyr)
caldolyticus{Pyr)
cerevisiae (Arg)
cerevisiae (Pyr)
discoideum (Pyr)
falciparum

bovis

cutaneum (Arg)
(CPSI)

acanthias (CPSIII)

Hamster (Pyr)
Human (CPSI)

LNYNPETVST
VNCNPETVST
VNCNPETVST
VNCNPETVST
VNCNPETVST
INNNPETVST
VNNNPETVST
INNNPETVST
INYNPETVST
VNYNPETVST
INFNPETVST
INCNPETVST
VNCNPETVST
INYNPETVST
VNCNPETVST
VNHNPETVST
VNYNPETVST
VNCNPETVST

IGNSIAKELE
TPLKLANALV
TPLKLARALE
TPLKLCRALE
TPLKICRALE
TAINAAEALE
TAINLADELS
TAINLAAELE
LPQNIALKLY
TSNNIAMTLH
IPNNLAIPLS
TSNNLVFSLY
TANNLALQFH
LPONIALRLK
IPNNLAVPLY
IPNNLAVPLY
LPNNMAMALH
IPNNLAVPLY

TSLGEIKKFA
HNEEEALVKA
TAIEMAVEKA
RSEDEALARS
RSEEEAIAAS
YTKEEAASKA
TSVNQAVSIA
VSVEEAVAIA
TSVEEAKLFA
TSMDEAESFA
TSVSDTKDFC
TKLSKAIQFA
TSFEGAKQFC
SSLASRAKEFA
NSLDDALQFT
NTLDDALSFA
SDLESARQFC
NTLNEALEFA

DWDIARKLYL
DEDTSDRLYF
DYDTSDRLYF
DYDTSDRLYF
DYDTSDRLYF
DYEIADRLYF
DFSISDKLYF
DFSTSDKLYF
DFDEVDRLYF
DYDEADRLYF
DYDECDYLYF
DYDESDRLYF
DYDVRDRLYF
DFDEADRLYF
DFPECDKLYF
DFDECDRLYF
DYDMCDRLYF
DFDECDKLYF

ENGVRLLGTS
ENGVNIIGTS
ARGVPVIGTS
EAGVPIIGTS
EAGVPIIGTS
KAGITLLGTS
ARGVKILGTS
ARGVRLLGTT
DNGCNIMGTN
RENVKILGTS
RCNVKVLGTH
KNNVNILGSV
SLGLPILGTS
RAGVQVLGTD
KNGVKIMGTS
KYGVNILGTN
RQQCRVLGTS
KNGVKIMGTS

NEVGFPVLVR
EEIGYPLVVR
KEIGYPLVVR
KAIGYPLVVR
KAIGYPLVVR
SEIGYPVLIR
SDIGYPVLVR
EEIGYPVLVR
SKVNYPVLIR
EKVGYPVLVR
ESVGFPCLVR
NEVKFPVLVR
TKVSFPVLVR
NRVGYPVLIR
KTVGYPCLLR
ETVGYPCLLR
QTVGYPCVVR
KSVDYPCLLR

DEISVERVLD
EPLTLEDVLE
EPVTLEDVLE
EFVTLEDVLE
EPVTLEDVLE
EPMTTEHIVN
EPLTIEDVMH
EPLTAEDVMH
EELSYERVMD
ETINLERVLD
EELSLERVLD
DEITTEVIKF
DELTVEIVDA
EELGFERVMD
EELSQERIMD
EELSLERILD
DEISFEVVMD
EELSLERILD

GSSVDIAENR
ADSIDRAEDR
PDAIDRAEDR
PDAIDRAEDR
PDAIDRAEDR
FOTLDVLEDK
LEDLDRAEDR
LEDLDRAEDR
PNDIDRAENR
PDMIDSAENR
PDMIDSAENR
HKVLIVVKIG
VESIDSCEDR
PEMIDSAEDR
PMQIDRAEDR
PMQIDRAEDR
PEAIDSAENR
PLQIDRAEDR

PSYVLSGSSM
PSYVLGGPAM
PSYVLGGRAM
PSYVLGGRAM
PSYVLGGRAM
PSYVIGGMGM
PSYVLGGRAM
PSYVLGGRAM
PSYVLSGAAM
PSYVLSGARM
PSYVLSGARM
PSYVLSGARM
PSYVLSGASM
PSYVLSGRAM
PSYVLSGSAM
PSYVLSGSAM
PSYVLSGAAM
PSYVLSGSAM

LIKKEKFRY-
IVRTENPHW-~
IVRIEKPK-~-
IVRVEQPK=--
IVRVEQPK--
VREQENID--
IIDLEQPM--
ViDLEQPI-~-
IYELEQSE~--
IYEIENSS-~
IYERGGPNSN
IYNFENSN=~~
IYHFENPK~--
IYDLEGAS--
VEQLEQCD~--
IYEQEGCK~~
IYELENPD-~-
IYHQEACG-~

EKFSKLLDKL
ERFQKVLNDL
ERFQHAVERL
ERFQQMVORL
ERFOQOMVQRL
DQFYQLLDEL
DKFEQALGEL
DKFEQALSEL
HKFSSILDSI
YKFSRMLDQI
YKFSRLLDTI
INFRTYV-IL
YSFSEVVCSF
HKFSSILDSI
SIFSAVLDEL
AVFSAVLDEL
FKFSRLLDTI
SIFSAVLDEL

KIAYSEEELY
QIVHSAEALQ
EIVYDEADLR
EIVYQEEELK
EIVYDEEELK
IIVDSQAQLS
EIVYHEEELL
EIVYNRGELL
SVVNNEEELK
NTVYSKNDLE
NVVHSSQDLE
RVVNCFEELK
RVIVSFEELE
NVVWDEAQLE
NVVYGEEELK
NVAHDAVEMK
NVAYTDGDLE
NVVFSEDEMK

--VATFSGGQ
~GVIVHYGGQ
-GVIVQYGGQ
-GVIVQYGGQ
~GVIVQYGGQ
~FAIVQFGGQ
=GVVVQFGGQ
=-GVIVQFGGQ
~GCIISVGGO
~GVVVSMGGQ
HGVILSVGGQ
~GVIIAFGGQ
-GIVISVGGQ
-GVVVSVGGQ
-GCIISVGGQ
-GSIISVGGQ
=GVILSMGGQ
~GCIISVGGQ

GISQPDWISA
GLRQPPNRIA
KLKQPANATV
NLRQPANATA
NLRQPQNATA
GLKHAKGEIA
GVPQPLGKTA
GIPKPAGKTA
DVDOPEWSEL
GVDQPAWKEL
GIDQPLWKEL
KIDQPKWNKF
GHDQTCMEEF
GVDQPRWTER
QIAQAPHWKAV
QVSQAPHTAV
GISQPQWREL
KVAQAPWKAV

EYVRRATEIS
KYMREPVQVS
RYFQTAVSVS
RYMREAVQVS
RYMREAV VS
QLLNDEDSM-
HYMKNAVKIN
HYMEHAVRVN
AKLTLASDVS
SYLNQAVEVS
TFLTEARAAVS
NFLMKAAIVS
KYLQTSAVVN
HNLTLATNVS
TFLAEATRVS
KFLAEARRVS
RFLSSAAAVS
KFLEEATRVS



-

mm»—awmcmmmmm:ujugu_zfn

solfataricus

gonorrhoeoanm

coll
asruginosa
stutzeri

subtilis{Arg)
subtilis{Pyr)
caldolyticus{Pyr)

cerevisiae
cercvisiae
discoideum
falciparum
bovis

(Arg)
{Pyr)
{Pyr)

cutaneum (Arg)
catesbieana (CPSI)

acanthias

Hamster (Pyr)
Human {(CPSI)

P

.

VoBmoTRZG®

5.
D.
P.
B.
T.
R.
S.

mwm Ny

-

o ww
PR

P.
B.
T.
R.
S.

(CPSIII)

solfataricus

gonorrhoeae

coli
aeruginosa
stutzeri

subtilis{Arg)
subtilis{Pyr)
caldolyticus{Pyr)

cerevisiae
cerevisiae
discoideum
falciparum
bovis

(Arq)
(Pyr)
(Pyr)

cutaneum {Arg)

catesbieana

(CPSI)

acanthias (CPSIII)
Hamster (Pyr)
Human (CPSI)

solfataricus

gonorrhoeae

coli
deruginosa
stutzeri

subtilis(Arg)
subtilis(Pyr)
caldolyticus (Pyr)

cerevisiae
cerevisiae
discoideum
falciparum
bovis

{Arg)
(Pyr)
{Pyr)

cutaneum (Arg}
catesbieana (CPSI)
acanthias (CPSIII)
Hamster (Pyr)
Human (CPSI)

PRYPVVISKY
EDSPVLLDFF
NDAPVLLDHE
NDSPVLLDHE
NDSPVLLDHF
~PYPILIDQY
PQHPVLIDRY
PQHPVLVDRY
PDHPVVMSKFE
RDYPVVITKY
RDHPVVISKF
KDNPVVISKF
REHPVVISKE
PDHPVVISQF
QEHPVVITKF
QEHPVVITKE
KEHPVVISKF
QATPVVLTKF

SIPFRKLSEN
SLPPYSLSEE
SLPAYTLSQE
SLPPYSLPQH
SLPRYSVEPQH
ILPGPSITSG
VYPPQSLTED
VYPPQTLSAE
VLPPQHLSDD
IVPPQDLAPE
VCPAQDLDLA
ILPAQNIYVE
ILPAQNIFVG
VLPPFSVNQH
MIPTQSISQG
ILPTQTISQG
VTEPQDITPK
MLPTQTISQG

IIELNLRASR
VLEVNPRATR
LIEVNPRAAR
VIEVNPRASR
VLEVNPRASR
VLEVNPRASR
VLEVNPRSSR
VLEVNPRSSR
VIECNIRASR
VIECNVRASR
VIECNLRCSR
IIECNLRASR
~=-ICNLRASR
VIECNLRASR
VIECNLRASR
VIECNLRASR
VIECNVRVSR
VNECNLRASR

IENAIEAERID
LNNAIEVDVD
LDDAVEVDVD
LNCAIEVDID
LNCAIEVDVD
VS5~GKEVEID
LT-GKEIEVD
IT-GKEVEVD
IEGRQEIDVD
IENAKEIEMD
IQEAKEIEID
IENAKEIEID
IEKANEVEVE
IDNAQEIDVD
IEGAREVEMD
IEGAREVEVD
IQEAKEIDVD
VEGAREVEMD

NVNEMRENVL
IQDEIRRQTK
IQDVMRQQV(Q
IQDEIREQVK
IQDEIREQVR
LQQOGMKDAAQ
IKKKIEQYTI
VIDKIADYTI
VKIALKDIAD
TVDRIVVATA
TILKVEETAR
THRKIKKISE
THRAVKKITR
DLGRLKTIAE
AIEKVKIATK
RLEKVKIATR
TLERIKAIVH
RIEKVKDATR

SMPFSSKARKG
TVPEVSKATG
TVPEVSKATG
TVPEVSKCVG
TVPFVSKCIG
TVPVVSKVMG
TVPFLSKITG
TVPFLSKITG
SFPFVSKVLG
SFPFISKVVG
SFPEFVSKTLN
TFPFISKALN
TLPF-~-~LN
SFPEVSIVLG
SFPEVSKTLG
SCPFVSEKETIG
SFPEVSKTLG
SFPSVSKTLG

GVSDGNKVLG
CVS-DGKDVV
AIC-DGEMVL
AVC-DGEIVV
AVC-DGEQVV
LIS-DGEEVF
AVS~DGETVV
AIA~DGETVV
BVAYNGNVLV
AVARNGELVM
AVADNGRIVL
CVSKNGKIIN
TVWHLGYYTE
AVAHKGKLLV
AVGKEGRVIS
AVSKDGKVLA
AVACDGVVSA
AVGKDGRVIS

NTIARXLNIKG
AMAYALGLVG
KLAFELQVRG
KMALELGVVG
EMALELDVIG
KIARKLSFKG
ALAKGLNIVG
RLARGLHIVG
KVAKAWKITG
KIGKALKITG
KIAEALNVSG
KISKSLNISG
EFSRYLNYDG
KVRQAFQISG
KIATAFAISG
KISEAFEISG
AVGQELQVTG
KIAKAFAISG

INLINESMKA
QRLAKVGARC
VPLAKVARRV
ESLAKVAARV
ESLAKVAARRV
VPRATRLLAG
IPMANLATKI
VPMANLATKA
VNFIEIAVKA
VNLIELATKA
INFIELATKI
LNFIDLATRI
VNFIDQATRV
HNFIDTASAA
VDFIDVATKV
VDLINVATRV
VDLVALATRI
VDFIDVATKV

IT--LEHIEE
IGGIMQHVEQ
IGGIMEHIEQ
IGAIMQHIEQ
IGGIMQHIEQ
IPTYTEHIER
IPGIMEHIER
IPGIMEHIER
HA-ISEHVEN
HV-VSEHVEN
FA-ISEHVEN
YA-ISEHVEN
TTPLVEHVEH
HA-VSEHVEN
HA-ISEHVED
HA-ITEHVED
IA~-ISEHVEN
HA-ISEHVED

PXNVQXVVK-
LMNVQFAVQ~
LMNVQFAVK-
LMNVQMAVQ-
LMNVOMAVQ-
IMNIQFVID-
LLNIQFVLS-
LLNIQFVVS-
PEFNMQIIKD-
PYNIQFIAK~
PENIQFIAK-
PFNIQFICH-
PFNVQYLCK~-
PENMQI IRKP
PFNVQELVR-
PFNVQFLVK-
PENLQLIAK-
PENVQFLVK-

IFDGLDFSED
MAGISLKEQG
MAGKSLAEQG
MAGKTLAEVG
MAGKTLAEVG
ASLKDLNPAV
ILGOKLAAFG
ILGTKLAEMG
FLGGDIVPKP
IMGLPLTPYP
IIKHQYD-LP
LMGYDVKPIN
MVGSPARVHN
IMDTNVPAPI
MIGEKIDESS
MTGESIDESS
IMGEKVEPIG
LIGENVDEKH

AGVHSGDATM
AGIHSGDSGC
AGVHSGDSAC
AGVHSGDSAC
AGVHSGDSAC
AGVHSGDSFA
AGVHSGDSIA
AGVHSGDSIA
AGVHSGDASL
AGVHSGDATL
AGVHSGDATI
AGVHSGDATL
AGTHSGDATL
AGVHSGDATL
AGVHSGDATL
AGVHSGDATL
AGVHSGDATL
AGVHSENATL

----- ENTPY
————— DAVVE
————— NNEVY
----- GEDIF
————— GEDIY
————— NGNIL
----- QGEVY
----- GSDVY
----GEHTLK
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FIGURE A3, Phylogenetic tree constructed from alignments of deduced amino acid sequences of
amidotransferase genes/domains of CPS, using the Neighbour-joining distance matrix method. For
organisms which contain two CPS enzymes, the sequence is identified by the letters “Arg” (for

arginine-specific CPSII), “Pyr” (for pyrimidine-specific CPSII), “CPSI", and “CPSIII",
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FIGURE A4. Phylogenetic tree constructed from alignments of deduced amino acid sequences of
amidotransferase genes/domains of CPS, using the method of maximum parsimony. For
organisms which contain two CPS enzymes, the sequence is identified by the letters “Arg” (for

arginine-specific CPSII), “Pyr” (for pyrimidine-specific CPSII), “CPSI", and “CPSIII”.
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FIGURE A5. Phylogenetic tree constructed from alignments of deduced amino acid sequences of
synthetase genes/domains of CPS, using the Neighbour-joining distance matrix method. For
organisms which contain two CPS enzymes, the sequence is identified by the letters “Arg” (for

arginine-specific CPSII), “Pyr” (for pyrimidine-specific CPSII), “CPSI”, and “CPSIII”.

170 -



B. bovis

P. falciparum
T. cutaneum (Arg) B. subtilis (Pyr)
B. caldolyticus (Pyr)
Yeast (Arg)
B. sublilis (Arg)
Yeast (Pyr)
Hamster(Pyr)
P. stutzen
P, aeruginosa
D. discoideum (Pyr) E. coli

S. acanthias (CPSIII)

bullfrog (CPSI)

human (CPSl) N: gonorrhoeae

S. soffataricus



FIGURE A6. Phylogenetic tree constructed from alignments of deduced amino acid sequences of
synthetase genes/domains of CPS, using the method of maximum parsimony, For organisms
which contain two CPS enzymes, the sequence is identified by the letters “Asg” (for arginine-

specific CPSII), “Pyr” (for pyrimidine-specific CPSII), “CPSI”, and “CPSIII".
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