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CHAPTER 1
Literature Review
1.1 General Introduction

Bacteroides spp. are gram negative, rod-shaped bacteria which do not form spores. This
genus belongs to a diverse group which includes the Bacteroides-Flavobacierium-
Cytophaga subphylum (Gherna and Woese, 1992). As a class, bacteroides are amongst the
most common culturable bacteria found in the intestinal microflora (Kuwahara ez a/., 2004).
These strictly-anaerobic colonizers live symbiotically with their host, assisting in
fermentation of carbohydrates, production of essential nutrients such as Vitamin K,
competition with micro-organisms for colonic resources, as well as biotransformation and
enterohepatic circulation of bile acids (Hylemon et al., 1977; Pomare ef al., 1985). However,
when bacteroides are allowed to leave their colonic abode, they become severe opportunistic
pathogens and have been found to be responsible for anaerobic septicaemia and the

formation or aggravation of abscesses (Gibson er al., 1998).

Infections caused by enteric bacteria usually occur in the following pattern: Following
disruption of the intestinal wall and infiltration of the intestinal flora into a sterile body part,
aerobic bacteria first engage in tissue destruction thereby reducing the redox potential of the
tissues (first or acute stage of infection). Once enough oxygen has been depleted from the
tissues, anaerobic growth is favoured and bacteroides proliferation occurs, eventually
leading to their domination of the infection (second or chronic stage of infection) (Brook
2000).

Diagnosis and treatment of these infections can be intricate because of the slow growth of
bacteroides and their resistance to many antibiotics (Brook 2002). In a 12-year study
isolating anaerobic bacteria from clinical specimens, Bacteroides spp. accounted for 43% of
anaerobic clinical isolates (Brook, 1988). When untreated, bacteroides infections used to be
associated with high mortality rates of up to 50% (Brook 1988 & 2002). However, the
mortality rate has greatly decreased due to early identification and administration of the

proper antimicrobial treatment.






polysaccharides did not contribute equally to abscess formation, but that PSA synthesis was
crucial to initiate abscess formation (Coyne ef al., 2001) and that it was the main player in

the cell-mediated immune response (Tzianabos et al., 1995).

Tzianabos et al. (1993) showed that the capsular polysaccharides were arranged in repeating
units, each of which had exposed positively and negatively charged side-chains (zwitterionic
charge motifs). The capsule is similar in charge, but not structure, to the capsular
polysaccharide of Streptococcus pneumoniae type 1. Remarkably, vaccination with
S. preumoniae polysaccharide also prevented intraperitoneal abscess formation subsequent
to B. fragilis instillation, and this protection was not conferred if the charged groups were

altered on the capsular vaccine (Tzianabos, 2000).

Recent studies on the newly sequenced B. fragilis genome, have revealed interesting
discoveries. For example, Cerdeno-Tarraga et al. (2005) demonstrated that B. fragilis has a
unique phase variation system composed of more than 30 enzymes involved in site-specific
DNA inversions. DNA inversions are believed to control gene expression by on-off
switching, mediating the construction of hybrid proteins, reorganising operons and by
shuffling domains (Kuwahara et al., 2004). The general belief concerning phase variation is
that it enables proliferation of the bacteria even under stressful conditions, yet many of these
phase variable genes showed no apparent function in stress survival (van der Woude, 2006).
In B. fragilis, it was shown that antigenic variation of the polysaccharide capsular types
occured. Patrick et al. (2003) showed that these specific inversions were related to S
typhimurium H flagellar antigen invertase (Hin) inversions. Furthermore, Kuwahara ef al.
(2004) reported that B. fragilis had the ability to evade the host immune response by
employing the multiple DNA inversion systems. These systems could also be linked to the

ability of B. fragilis to invade and colonize various tissues (Cerdeno-Tarraga ef al., 2005).

b. Catalytic activity
Another factor that may be significant to B. fragilis virulence is its production of a number

of enzymes. Proteases produced by the bacteria degrade host structural proteins as well as
various substances which help with infection containment (Gibson, 1988). Metalloproteases

have emerged as important virulence factors in a number of diverse pathogenic organisms,



including bacteria and fungi, and B. fragilis enterotoxin (fragilysin) was shown to be a zinc-
dependent metalloprotease with two distinct isoforms (Moncrief et al, 19995).
Enterotoxigenic strains of B. fragilis, associated with diarrheal disease, produced only one of
the isoforms which changed the morphology of human epithelial cells in the intestine
(Franco ef al., 1999). It was also discovered that proteases were regulated by the level of
nitrogen available to the organism and that with excess nitrogen, protease activity was
reduced (MacFarlane, 1992). Other enzymes such as neuraminidase and elastase also
degrade host structural components during bacteroides infections (Berg, 1983).
Neuraminidase has been suggested to be essential for B. fragilis growth in vivo, which may
help in proliferation of the bacteria subsequent to infection (Godoy e al., 1993). It was
proposed that the ability of this enzyme to make sialic acid available as a carbon source may
be what endorses growth in nutrient-limited conditions (Godoy ef al., 1993 and Byers ef al.,
1996).

¢. Aerotolerance
Although anaerobic, B. fragilis can survive for several days in an oxygenated environment

without actively growing. This aerotolerance is believed to contribute to virulence,
especially in the first (aerobic) stage of infection. The aerotolerance has also been suggested
as resulting from the presence of the enzymes superoxide dismutase (SOD) and catalase
(Kat) which inactivate toxic products of oxygen metabolism (Rocha ef al, 1995). In
addition, an operon, appropriately named “batl” (bacteroides aerotolerance), has been
reported to be involved in B. fragilis aerotolerance (Tang ef al., 1999). The batl mechanism
is believed to act by generating or exporting reducing power equivalents, such as NADH, to
the periplasm of B. fragilis cells (Tang ef al., 1999). In addition, during bacterial infections,
bacteria are known to attach to phagocytes and activate oxidase leading to a respiratory burst
producing reactive oxygen species such as hydrogen peroxide, superoxide and hydroxyl
radicals (Yoneda ef al., 1989). Using two-dimensional gel electrophoresis techniques, Rocha
et al. (1996) showed that B. fragilis synthesized 28 new proteins when shifted from an
anaerobic to an oxygenated environment. They also showed that catalase (KatB) is a key
enzyme needed for survival in the presence of hydrogen peroxide (Rocha ef al, 1996). A
few years thereafter, another gene named ahpCF (alkyl hydroperoxide reductase) was also

identified as playing a role in H,O,- scavenging (Rocha and Smith, 1999).



1.2.2 Antimicrobial Resistance

Yet another important factor in this organism’s dominance is its resistance to a wide range
of antimicrobial agents. Bacteroides spp. are inherently resistant to aminoglycosides such as
streptomycin and gentamicin, since taking in these aminoglycosides requires energy from a
nitrate- or oxygen- dependent electron transport system which appears to be absent in
Bacteroides species (Bryan, 1979). These drugs are, therefore, not taken in and do not reach
their targets. Most bacteroides are also resistant to 3-lactam antibiotics because they produce
enzymes ([3-lactamases) that hydrolyse the antibiotic, such as B. fragilis metallo-p3-

Lactamase CcrA (Yang et al., 1992).

In addition, many bacteroides display resistance to tetracycline and erythromycin (Cooper et
al., 1995). Of the three modes of tetracycline resistance (tetracycline modification, ribosome
protection, tetracycline efflux), ribosome protection is the most common and it is found in
various bacterial species (Nikolich, 1992). Many of the Bacteroides spp. antibiotic
resistance genes can be found on plasmids or transposons. The fefQ) gene, for example, is
associated with conjugative transposon TC' (tetracycline resistance) elements. These TC
elements are located on the chromosome from which they excise and transfer themselves by

conjugation to a recipient (Bass and Hecht, 2002).

A major contributor to antibiotic resistance in Gram-negative bacteria is the presence of
multidrug efflux pumps (Ueda ef al, 2005). These pumps, made up of a periplasmic
lipoprotein, an inner membrane transporter and an outer membrane channel, function by
recognizing and expelling substances from the cell, without any build-up of the drugs in the
periplasm (Zgurskaya and Nikaido, 2000). These efflux systems act on a broad range of
antimicrobial agents such as biocides, detergents, dyes, organic solvents and antibiotics,
among others (Poole, 2001). The work of Pumbwe et al. (2006) on the resistance nodulation
division (RND) family of efflux pumps in B. fragilis confirmed the mutant selection window
hypothesis. This hypothesis proposes that when antimicrobials are administered, selection of
resistant bacterial mutants occur primarily in the window defined by the minimum inhibitory
concentration (MIC) of the cells at the lower margin and at the higher margin, the mutant
prevention concentration (drug concentration blocking the growth of the least vulnerable

mutant) (Cui et al., 2006). However, bacterial resistance to antimicrobials is dependent on a



synergy between active efflux pumps and the outer membrane barrier, as neither is fully
effective without the other (Li ef a/., 2000). The drug of choice used in treating B. fragilis
infections is metronidazole (a S-nitroimidazole derivative), which acts by causing DNA
damage (Diniz, 2004). The mode of action of metronidazole occurs by a chemical reduction
event of the nitro group, forming an active intermediate which oxidizes DNA, causing strand
breaks (Edwards, 1993). In cases of resistance, three mechanisms have been identified: The
first involves an inability to form the reduced, reactive intermediate (Cederbrant ef al,
1992). The second mechanism entails a decrease in intracellular buildup of the drug (or
increased efflux) (Kui er al, 2001) and the third mechanism involves the action of

nitroimidazole resistance genes (nim genes) (Haggoud ef al., 1994).

1.2.3 Genetic manipulations

Members of the Cytophaga-Flavobacterium-Bacteroides phylum are as distinct from other
Gram-negative enterics as they are from Gram-positive ones. As a result, genes from
bacteroides are not frequently expressed in other Gram-negative organisms and vice-versa
(Smith et al., 1992). This explains why cross expression of genes between Escherichia coli
(£. coli) and Bacteroides tends to be restricted. However, expression of bacteroides genes in
E. coli generally occurs because of the fortuitous recognition of E. coli-like promoter

sequences (Tancula ef @/., 1992; Nikolich et al., 1992).

Analysis of B. fragilis promoter regions for several genes has led to the finding of a unique
promoter recognition sequence which, instead of the common hexameric sequences at -10
and -35 relative to the transcription initiation site, an octamer centered at -7 and a tetramer at
-33 define the polymerase recognition sites for many B. fragilis genes (Bayley ef al., 2000).
In addition, it has been found that certain insertion sequences (IS) can also act as promoters
of B. fragilis genes. It was discovered that a rare resistance gene {(cfid) in B. fragilis can be
found downstream of two insertion sequences (IS) (Podglajen ef al., 2001). It was further
discovered that these two IS had inserted within 90-bp upstream of this gene in the same
region of the chromosome, in all strains. This led Podglajen et al. (2001), to map the
transcription start site of this gene using the S’RACE system. In addition to the B. fragilis
octameric motif, they discovered that this motif overlapped with a putative consensus 6"
promoter at the -10 position and the TTG triplet (-33) overlapped with the -35 position

(Podglajen ef al., 2001). This led to the speculation that the range of consensus sequences
9
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In Bacteroides species, regulation of the ammonia assimilation enzymes occurs differently
to other bacteria (Baggio and Morrison, 1996). In the Bacteroides spp., GDH enzymes can
be subdivided further into anabolic or catabolic, depending on their cofactor specificity
(NADP[H]- or NAD[H]- dependent, respectively). While the NADP[H]-dependent GDH
(gdhA) of B. fragilis is induced by low ammonium in the growth medium, Abrahams and
Abratt (1998) showed that the NADH-dependent GDH (gdhB) of B. fragilis is induced when
high concentrations of peptides are present in the growth medium. It is worth noting that, in
B. fragilis, the GS pathway is the only mechanism for glutamine synthesis and that there is,
as yet, no evidence in the literature, of a gene coding for the GOGAT large subunit. The

focus of this project is on the GS pathway, specifically on the glutamine synthetase enzyme.

1.4 Glutamine Synthetase

Glutamine synthetase is an enzyme which catalyses the production of glutamine. There are

four families of GS enzymes: GSI, GSII, GSIIl and GInT (Merrick and Edwards, 1995).

GSI, the most common form of GS in prokaryotes, is encoded by the g/nd gene. It is
characterized by a dodecameric structure consisting of identical subunits, about 55kDa each,
arranged in two superimposed hexagonal rings. GSII enzymes are octamers of identical
subunits, each with a molecular weight of about 36kDa. Interestingly, GSII can be found in
eukaryotes as well as prokaryotes (Merrick and Edwards 1995). The hypothesis for this
phenomenon is that the gene originated in preprokaryotes (organisms prior to prokaryotes-

eukaryote division) through gene duplication (Kumada et al., 1993).

GSII was first identified by Hill ez al. (1983) in B. fragilis and has since also been identified
in the following species from different taxonomic groups: Synechococcus, Pseudanabaena
sp., Butyrivibrio fibrisolvens, Synechocystis and Ruminococcus albus, Prevotella bryantii B4
(Sauer et al., 2000; Crespo et al., 1998; Goodman et al., 1993; Garcia-Dominguez ef al.,
1997, Amaya et al., 2005 and Wen ef al., 2003 respectively). The GSIII in B. fragilis was
previously shown to have a subunit molecular weight (M;) of about 82 kDa and to be
hexameric in structure (Hill et al., 1989). However, electron microscopy (EM) and single-

particle reconstruction techniques have recently shown that this GSIII has a subunit
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molecular weight of about 75 kDa and is composed of two superimposed hexagonal rings,
forming a dodecameric structure, similar to S. typhimurium GSI enzyme (van Rooyen et al.,
2006). GSII is encoded by the g/nNV gene, although the gene has been named g/nd in some
case in B. fragilis (Southern et al, 1986 & 1987; Abratt ef al., 1983). However, it has most
recently been described as g/lnV (van Rooyen ef ai., 2006) which will be its nomenclature

used in this study.

Van Rooyen ef al. (2006) further studied the relationship between GSIII and the other GS
enzymes, taking into account conserved regions, active site residues, an N-terminal motif
and secondary structure packing interactions, among others. It was previously shown that
the difficulty in obtaining a confident prediction of the structure of GSIII resided in the low
mentioned methods and electron microscopy, van Rooyen ef al. (2006) were able to provide
the first GSIII structure, confirming the presence of the predicted barrel fold (site of the
active site) as well as deriving the hypothesis that this enzyme can be found in two different

states: an active hexamer or an inactive dodecamer.

The fourth GS enzyme has been identified in Rhizobium leguminosarum and Rhizobium
meliloti. It is named GInT and is an octamer, like GSII, with a subunit molecular mass of
47kDa. Despite their differences, GS enzymes have five conserved regions, which are
associated with the GS active sites. Garcla-Dominguez ef al. (1997) have reported similar
enzymatic properties, such as K, and V.. values, for the GSI and GSII] enzymes of
cyanobacterial species, while van Rooyen ef al. (2006) have shown that two highly-

conserved GSIII regions are also conserved in all GS enzymes.

1.5 Regulation of the nitrogen assimilation pathways

The regulation of enzymes in the two primary pathways mentioned above tends to be
complex due to the importance of nitrogen assimilation for cellular metabolism. Cells have
mechanisms to ensure maximum utilization of resources at a minimum energetic cost. Of the
two pathways, the GS/GOGAT pathway seems to be more energetically demanding (with
the hydrolysis of ATP) (Bruggeman et al., 2005). Therefore, the reaction tends to be almost
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irreversible. In addition, GS has a relatively high affinity for ammonia, making it effective in

absorbing ammonia even under nitrogen scarcity (Miller, 1972).

The topic of nitrogen regulation has been extensively studied in a few model bacterial
systems. In B. fragilis, however, a regulatory system or regulatory genes have yet to be
identified. Below are a few examples of the main nitrogen regulatory systems in bacteria,

followed by a review of the current knowledge regarding B. fragilis.

1.5.1 Nir

Control of the nitrogen assimilatory pathways can be mediated at the transcriptional level
(by expression or hindering expression of certain genes) and the gene products can also be
mediated post-translationally. It is believed that apart from the primary cellular nitrogen
signal (glutamine), the cell senses and adapts to intracellular nitrogen and carbon reflected
by the levels of glutamine and 2-oxoglutarate (Maheswaran and Forchhammer, 2003). This
well-studied regulation in E. cofi has been organized into a system called the nitrogen

regulatory (n#r) system, which is reviewed below,

E. coli produces numerous proteins for the uptake and subsequent metabolism of
nitrogenous compounds. The synthesis and activities of these proteins are tightly regulated
in concert with the availability of their intracellular substrates (Merrick and Edwards 1995).
The E. coli gind is part of a complex, transcriptionally-regulated operon named gindntrBC.
The gene order is glnd, ntrB and ntrC (Figure 1.2A). The genes ntrB and nirC encode an
archetypal bacterial two-component regulatory system comprising the sensory histidine
protein kinase (NtrB) and the phosphorylatable response regulator (NtrC}, which is a DNA-
binding protein (Chen ef al., 1995). The ginA gene is expressed from two promoters ginApl
and glnAp2 (Figure 1.2A). When cells are growing in a good supply of nitrogen, gln4 is
expressed from promoter ginApl, which is transcribed by RNA polymerase with the sigma
factor 670 (Hirschman et al., 1985). Transcription from this promoter produces only basal

levels of the transcripts.

Under nitrogen-limiting conditions, however, NtrC binds to sites that overlap glnApl

thereby repressing expression from this promoter. At the same time, NitrC activates
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1.5.2 nac

Another notable nitrogen control gene in enteric bacteria is the nac (nitrogen assimilation
control) gene. The gene product, Nac, is a dimer with a subunit molecular weight of 32 kDa
and it belongs to the LysR family of regulators (Schwacha and Bender, 1993). Nac
expression is regulated by NerBC. Therefore, it is only synthesized under nitrogen-limiting
conditions. The exact need for Nac in a regulatory sense is not very clear, but it seems to
provide a way of linking the expression of a number of genes that are dependent on o70
with the nitrogen-dependent ntr system (Pomposiello and Bender, 1995). Although, the nac
gene was initially discovered in Klebsiella aerogenes (Goss and Bender, 1995), a functional
nac gene has also been found in £. coli (Muse and Bender, 1998). Interestingly, when Muse
and Bender truncated the Nac protein by introducing stop codons in the open reading frame,
they discovered that all of the known functions of Nac are determined by the 100 amino

acids of the N-terminal region (1999).

1.5.3 ntcA

A third nitrogen control gene is nfcd, encoding a protein homologous to the cAMP receptor
protein (CRP) family of bacterial transcription regulators. Garcia-Dominguez et al. (2000)
showed that in Synechocystis strain PCC 6803, the GSI structural gene (g/nA) was regulated
by NtcA. NicA can act as activator and repressor (Jiang et al., 1997). It acts as activator of
ginA, ginN, nird (first gene of nitrate assimilation operon), nicA itself, as well as others
(Garcia-Dominguez et al., 2000). Therefore, NtcA appears to be a global nitrogen regulator
which acts as the NirC of Cyanobacteria (Merrick and Edwards 1995). The nicA gene has
been identified in more than 11 cyanobacterial species and homologous genes have been
sequenced from Synechocystis and Anabaena (Frias et al, 1993; Ramasubramanian ef al,
1996).

Evidence has been presented that suggests that this control by NtcA occurs via an NtcA-like
binding motif upstream of the transcription start point, such as is the case for giuN in
Synechococcus (Sauer et al., 2000). The NtcA binding site is meant to substitute for the £.
coli 6'° consensus box located at position -35 relative to the transcription start site in all
NtcA-regulated promoters (Herrero ef al., 2001). However, gel retardation experiments
failed to show binding of NtcA to this sequence (Reyes et al., 1997). Therefore, it is
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believed that this DNA sequence is a weak NtcA binding motif and that additional factors
are required for strong binding (Sauer et al., 2000). In this respect, P was proposed but is
an unlikely candidate because the phenotype of a g/nB mutant in Cyanobacteria is very
distinct from that of an nfcA mutant. If P was indispensable for NtcA activation, the
phenotypes of the mutants would have been similar. Therefore, it is believed that there must
be some pathways that control nitrogen assimilation in cyanobacteria, following an
unidentified primary nitrogen sensor (Merrick and Edwards 1995). Recent studies have
revealed that a protein named pipX interacts with NtcA to induce g/n/V and other NtcA-
induced genes (Espinosa ef af., 2007). In addition, two peptides, named inactivating factor 7
(IF7)y and 17 (IF17), were shown to be responsible for GS inactivation by protein-protein
interaction in cyanobacteria {Garcia-Dominguez ef al., 1999). This mechanism is proven to
be different to the adenylylation system in the complete inactivation of GS without any
evidence of feedback inhibition and both peptides are needed for this inactivation {(Garcia-

Dominguez et al,, 1999).

1.5.4 Nitrogen regulation in gram positive bacteria

Nitrogen regulation in gram-positive bacteria occurs differently to the systems described for
gram-negative organisms. In Bacillus subtilis, for example, nitrogen metabolism is
controlled by the GInR and TnrA peptides. Activation of GS transcription by TnrA occurs
during nitrogen limitation while repression of GS transcription by GInR takes place in
excess nitrogen (Fisher, 1999). The GS of B. subtilis is not known to be post-translationally
modified (Hu et al, 1999). Wray ef al. (1996) observed that a tnr4 mutant impaired
expression of at least five nitrogen-regulated genes, which led to their conclusion that B.
subtilis also possesses a global nitrogen regulatory system, the first depicted in a gram-

positive organism.

It was discovered that the structure and function of GInR in Streptomyces is different from
the GInR in Bacillus (Burkovski, 2003). While GInR acts as a repressor of GS transcription
in B. subtilis, functional complementation analysis of a glutamine autotrophic mutant in S.
coelicolor has shown that GInR is required for the transcription of gind (Wray ef al., 1991).
Streptomyces sp. generally have both GSI and GSII enzymes. Surprisingly, when gind or

ginil are disrupted in S. coelicolor, no glutamine auxotrophic phenotype is observed (Fink es
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extracts remains a mystery but the involvement of an enzyme is unlikely since the cell

extracts were boiled (Southern et al., 1987).

No nitrogen regulatory system has, as yet, been identified in B. fragilis and there is no
evidence of an nfr system of regulation nor of post-translational modification by
adenylylation (Southern ef al., 1986; Southern et al., 1987). There has also been no study to

determine whether GSIII is the only enzyme responsible for glutamine biosynthesis in B.

fragilis. .

1.7 Project aims

Glutamine synthetase is a key enzyme in nitrogen metabolism. The importance of this enzyme
is evident by its intricate transcription and regulation control in most organisms. It is also not
surprising that many prokaryotes possess multiple glutamine synthetase genes, encoding
enzymes which have diverse roles under different growth conditions. In B. fragilis, GSIl1 is the
sole glutamine synthetase identified to date. This GSIII enzyme has been well studied and

characterized.

The aims of this project were, therefore:
e To identify additional GS orthologues in B. fragilis through genomic analysis, and to
perform genetic and functional characterization of the possible candidates.
e To identify possible glutamine synthetase regulatory proteins and functionally

determine their contribution to glutamine biosynthesis.
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CHAPTER 2
Construction and characterization of a B. fragilis ginN mutant

2.1 Introduction

Glutamine synthetase (GS) is one of the key enzymes involved in nitrogen metabolism. It is
responsible for the conversion of glutamate to glutamine, providing the nitrogen donor for the
synthesis of amino acids and nucleic acids (Robinson ef al., 2001). GS enzymes are categorized
into 4 types: GSI, GSII, GSIlI, and gInT (see Chapter 1). Glutamine synthetase is the only
enzyme able to manufacture glutamine and, therefore, its importance is universally evident. In
Streptococcus thermophilus (a lactic acid bacterium), glutamine synthetase is required for
growth in milk, regardless of the presence of glutamine as peptides and caseins in the milk
{(Monnet er al, 2005). An unusual role for glutamine synthetase is seen in Mycobacterium
tuberculosis, which requires the glutamine synthetase gene for virulence (Tullius ef al., 2003).
In view of its importance, it is not surprising that many prokaryotes such as Synechocystis,
Ruminococcus albus 8 and Mycobacterium tuberculosis possess multiple glutamine synthetase
genes to help adapt to changing environments. (Garcia-Dominguez ef al., 1997 ; Amaya et al.,
2005, and Harth ef af., 2005, respectively).

In the cyanobacterium Syrnechocystis sp. PCC6803, the glnA gene product (GSI) accounts
for 97% of GS activity when the bacterium is grown in nitrate or ammonium, as nitrogen
sources (Reyes and Florencio, 1994; Reyes et al., 1997). However, when this
cyanobacterium is grown in conditions of nitrogen shortage, g/n/N (GSIH) transcription is
strongly stimulated and the total GS activity increases (Reyes ef al., 1997; Garcia-
Dominguez ef al., 1997). Ruminococcus albus 8§ also possesses both GSI and GSII
enzymes. However, only the GSIII enzyme is active when expressed in E. coli, although
both are transcribed (Amaya et al., 2005). Mycobacterium tuberculosis possesses four
glutamine synthetase encoding genes (Cole ef al., 1998). When each of these genes was
expressed in a heterologous host, the gene products were all shown to have GS activity
(Harth et al., 2005). However, only one of these genes, glnA/, appears to be essential for the

growth of M. tuberculosis in vitro (Tullius ef al., 2003).
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To date, GSIIT is the only GS enzyme known to be present in Bacteroides fragilis. The ginN
gene (formerly called g/nA4) and its product have been extensively studied and well
characterized (Abratt e/ al., 1983; Hill et al., 1983 & 1989; Southern et al., 1986 & 1987,
van Rooyen e al., 2006). The prevalence of Bacteroides fragilis in intra-abdominal
infections coupled to the importance of glutamine synthetase for growth and in some cases,
virulence, have led to the hypothesis that B. fragifis may possess more than one GS

orthologue.

Investigating the metabolic role of GS genes products can be done by examining the regulation
of the expression of the gene as Reyes e al. (1997) did for the two GS genes products of
Synechocystis sp. PCC 6803. An alternative approach is the creation of a mutant which enables
a direct, phenotypic investigation of the gene function, especially when dealing with a gene
which is required for viability, such as the gin¥N. There are various genetic tools available to
manipulate Bacteroides spp., in order to investigate the roles of individual genes. These tools
include the use of conjugation and vector systems. Random transposon mutagenesis with the
Bacteroides transposon Tn4351, as well as insertional gene targeted mutagenesis or deletions
by means of mating have been exploited to transfer cloned genes from E. coli to Bacteroides

with the use of suicide vectors and mobilizing strains (Genco er ¢/, 1995; Lepine ef al.,, 1996).

It was decided that the approach used in this study to determine whether gfn/ is the only
gene coding for glutamine synthetase in B. fragilis, would be to inactivate this gene by
insertional mutagenesis using the Bacteroides suicide vector pPGERM (Salyers ef al., 2000)
and the E. coli S17 mobilizing strain (Simon ef al, 1983). In this system, insertional
mutagenesis is achieved by constructing a plasmid in E. coli, containing the target DNA
fragment, which cannot replicate in the B. fragilis recipient strain. Mating is then carried out
between the E. coli donor containing the plasmid and the recipient. The selectable marker on
the plasmid and failure of the plasmid to replicate allows the selection of transconjugants
which have integrated the plasmid into the chromosome by homologous recombination

between the cloned fragment and the corresponding region in the chromosome.

Inactivating a gene by inserting a large fragment of DNA within the coding region leads to
translation of a non-functional protein. The effects caused by the lack of the gene product
under study can then be observed functionally and phenotypically. The purpose of

inactivating the functional g/nNV will be to determine if any growth occurs in the presence of
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B. fragilis 638R was grown on supplemented Brain Heart Infusion (BHIS) broth or agar
(Holdeman er al, 1972) at 37°C, in a Forma Scientific anaerobic chamber with an
atmosphere of oxygen-free N (85%), H, (5%) and CO, (10%). When required, the medium
contained one or more of the following antibiotics: gentamicin, 200 pg/ml; rifampicin, 20
ug/ml. Growth studies for B. fragilis 638R and the ginN (GSIlI) mutant were conducted in
glucose minimal medium (Van Tassell and Wilkins, 1978) with ammonium chloride as the
sole nitrogen source. High and low nitrogen conditions were generated with 50 mM and
0.5 mM NH4CI, respectively. When needed, 10 pg/ml erythromycin and 200 pg/ml
gentamicin were used to select for insertion mutants. £. coli S17-1 was the donor in
conjugation experiments. £ coli S17-1 was grown at 37 °C in Luria-Bertani (LB) agar or
broth (Sambrook et af, 1989). When necessary, ampicillin, 100 pug/ml was added to the

medium for selection.

2.2.2 General recombinant DNA procedures

All DNA manipulations were performed according to standard procedures (Sambrook ez al.,
1989). Chromosomal DNA was isolated from B. fragilis using the method of Wehnert ef al.
(1990). Restriction enzymes were used according to the manufacturers’ specifications
(Fermentas; Roche Diagnostics). Agarose gel electrophoresis, ligations with T4 DNA ligase
and transformation were carried out by standard procedures (Sambrook et al, 1989).
Competent E. coli S17-1 cells were prepared using the rubidium chloride method (Armitage
et al., 1988). Plasmid DNA was isolated using the alkali lysis method (Ish-Horowicz &
Burke, 1981) or using the Qiaprep Spin Miniprep kit (Qiagen).

2.2.3 Construction of plasmid pGERM-intGSII1

A 550 bp internal fragment of glnN (GSIII structural gene) was amplified by PCR, using
primers GS3iF (5'-AATGGCCGACCTGATAGCC-3") and GS3iR (5'-
AGCTGGCATACTTCGGTAGC-3". Blunt ends were created on these amplicons, using T4
DNA polymerase (Fermentas) according to the manufacturer’s instructions. The Bacteroides
spp. suicide vector pGERM (described in Table 2.1) was digested with Smal. Vector and
insert DNA were ligated with T4 ligase, according to the manufacturer’s instructions, to

produce the pGERM-intGSIII construct, as shown in Fig. 2.1.
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2.2.4 Construction of B. fragilis 638QgInN

E. coli §17-1 was transformed with the above recombinant construct pGERM-intGSIII,
using techniques described in section 2.2.2. E coli S17-1 containing the vector pGERM-
intGSIII was used as the donor strain in a mating with B. fragilis 638R (the recipient).
Standard filter mating techniques were used to transfer the plasmid, according to the
procedure outlined by Shoemaker ef al. (1989). Fresh broth subcultures of each strain,
grown to an ODggo of 0.2, were mixed using a donor to recipient volume ratio of 1:5. Filters
containing mating mixture were incubated on BHIS agar plates for 12-16 hours, aerobically,
at 37°C. Following incubation, the cells were washed off the filters, incubated for | hour
anaerobically and plated on BHIS agar containing 200 pg/ml gentamicin (to select against E.
coliy and 10 pg/ml erythromycin to obtain transconjugants which acquired resistance
through a chromosomal insertion of pGERM-intGSIll in the g/nN gene (B. fragilis
638QgInN). The plates were subsequently incubated at 37°C anaerobically, for three days.

2.2.5 Southern blot analysis

Chromosomal DNA (10 pg) from B. fragilis 638R and B. fragilis 638QgInN was digested
for 12-16 hours with Hindlll and fractionated by electrophoresis on a 0.8 % (w/v) agarose
gel. The DNA was then transferred to nitrocellulose paper and probed using standard
Southern blot protocol (Sambrook ef al., 1989). The ginN internal fragment described in
section 2.2.3 was used as a probe and labelled with Digoxigenin-11-dUTP (DIG) and
exposed to X-ray film for visualization, according to manufacturer’s instructions (Roche).
As a positive control, 75 ng of plasmid pJS139 (containing the ginN gene- Table 2.1) was
digested with X#Aol and subjected to electrophoresis and transfer onto the same membrane as

the genomic DNA.

2.2.6 DNA sequencing and analysis of B. fragilis 638Q2gInN

PCR was done using primers RealGSIIF 5-TGGGACGATTGGTCTGAGG-3' and
RealGSINIR 5-GTTGACAGACGCTGGGATG-3' (which amplify the full-length gln/V gene)
in conjunction with MI3F 5-CGCCAGGGTTTTCCCAGTCACGAC-3' and MI3R 5'-
GAGCGGATAACAATTTCACACAGG-3' primers (sites in the pGERM vector) (Fig.
2.2A). The PCR products obtained for both the wild-type and mutant strains of B. fragilis
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were purified and nucleotide sequences were determined using the M13 forward and reverse
primers. Sequencing was done using the Big Dye terminator v3.1 Cycle sequencing kit
(Applied Biosystems) run on a MegaBACE (MegaBACE 500; Amersham Biosciences),

using the dideoxynucleotide chain termination chemistry (Sanger e al., 1977).

2.2.7 Preparation of cell-free extracts

B. fragilis 638R and B. fragilis 638QgInN were grown anaerobically at 37°C, in glucose
minimal medium broth with 0.5 mM (fow) or 50 mM (high) ammonium chloride, as the sole
nitrogen source. After six hours of growth, the cultures were harvested by centrifugation at
15000 x g in a Beckman J2 — 2] centrifuge for 20 minutes at 4°C. The cell pellets were
resuspended in 12.5 mM imidazole buffer. The resuspended cells were disrupted by
sonication on ice with a Virsonic 50 (Virtis, USA) cell disrupter, using pulsed cycles of 30
seconds with 20 second intervals between the cycles, for a total time of 4 minutes. Cell
debris were removed by centrifugation at 8000 x g for 10 min. The amount of total protein
in the cell-free extract was determined using a commercially available diagnostic reagent

based on Bradford’s standard assay (Bio-Rad protein assay; Bradford, 1976).

2.2.8 Glutamine synthetase assays

The glutamine synthetase forward and transferase assays were done according to the method
of Bender et al. (1977) modified so that the scale of the assays was reduced to microplate
levels. These assays were based on measuring the formation of y-glutamyl-hydroxamate

spectrophotometrically at 540 nm in a microplate reader (Titertek Multiskan Plus MKII).

Forward assay mixture, prepared daily from stock solutions, contained: 94 mM imidazole
(pH 7.15), 47 mM hydroxylamine-HCI, 168 mM monosodium L-glutamate, and 56 mM
MgCl,. The final pH was adjusted to 7.4 with KOH or HCI as required. Twenty microlitres
of cell-free extract were added to the assay mix and equilibrated at 37°C for 5 min. The
reaction was initiated by the addition of 16 pl of 120 mM ATP in a total reaction volume of
100 pl. The reaction was terminated after 25 minutes with the addition of 200 pl of “stop
mix” (55 g FeCl;-6H,0, 20 g trichloroacetic acid, 21 ml concentrated HC| and distilled

water to 1 L).
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After 6 hours of growth, the mutant reached an optical density of 0.33 under low NH4Cl-
containing media compared to the wild type whose growth was more than twice that of the
mutant (Fig 2.5). This trend was maintained after 24 hours of growth, with the mutant
reaching an ODggo of 0.35, compared to the wild-type ODgo of 0.7. Under high ammonia
broth conditions, the mutant and the wild-type B. fragilis grew equally well initially (Fig
2.5). At the 24 hours time point, however, there was a significant difference between the two
strains: The mutant gave an average ODggp of 1.0 versus 1.6 for the wild-type. The
insertional-inactivation of the g/inN gene which leads to the translation of a non-functional

GSIII protein results in a Jack of growth under low ammonia-containing medium.

These results strongly imply that the g/nN product is the main contributor for growth under
nitrogen-limiting conditions. Similarly, the Synechocystis strain PCC 6803, glnN is known
to be strongly induced only under nitrogen-limiting conditions (Reyes ef al, 1997). The
results obtained here are in agreement with previous published data showing up-regulation
of GSIII, under nitrogen shortage, both transcriptionally (Abratt et al., 1993) and at the
protein level (Southern er al, 1987). Interestingly, B. fragilis 638QgInN growth in
conditions of ammonium sufficiency reveals that an unidentified gene is enabling glutamine

biosynthesis and subsequently, the growth of the bacterium under these conditions.
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2.4 Conclusions

The creation of B. fragilis 638QgInN is described here. This mutant was created with the
aim of inactivating the functional g/nN gene in order to establish if it is the only gene coding
for glutamine synthetase in B. fragilis. Glutamine synthetase is a central enzyme in nitrogen
metabolism, being the only enzyme able to produce glutamine. Since glutamine acts as the
precursor for the production of many secondary metabolites, the lack of a functional GS-
encoding gene generally results in a failure of the bacterium to proliferate under certain
conditions, such as the growth of Streptococcus thermophilus (a lactic acid bacterium) in

milk (Monnet et a/,, 2005).

Inactivating B. fragilis ginN revealed a lack of growth in conditions of nitrogen shortage, as
seen from the plates and growth curves (Fig. 2.4B & Fig. 2.5). However, in excess nitrogen,
the mutant clearly displayed some growth although the growth was visibly reduced,
compared to the wild-type (Fig. 2.4A & Fig. 2.5). Ammonium chloride was the nitrogen
source used in these experiments because ammonia is the preferred nitrogen source for
enteric bacteria (Merrick and Edwards, 1995). The growth in high ammonium conditions
was interesting as it revealed that the mutant was able to synthesize glutamine in the

absence of the g/nV gene product.

Further characterization of B. fragilis 638QgInN with regards to GS enzymatic activity was
also done. Because glutamine synthetase functions as one of the main enzymes for the
assimilation of ammonia, its synthesis and activity is expected to be strictly regulated in
response to the available environmental nitrogen. Southern e/ al. (1987) showed, using
western blots on crude extract from B. fragilis grown under different nitrogen conditions,
that GSII production in B. fragilis was regulated by nitrogen. They specifically showed up-
regulation under nitrogen-limiting conditions (Southern et @/, 1987). Likewise, the work
reported here confirms that GSIII is vital for growth under nitrogen-limiting conditions, as
observed by the lack of growth of B. fragilis 638QgInN under these conditions. However,
higher total GS activity was observed, using the GS forward assay, when B. fragilis was
grown in high nitrogen conditions (Fig 2.7). The fact that this elevated activity was absent in
the mutant grown under the same conditions, led to the conclusion that GSIIT contributes to

the higher GS activity observed.
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Initial efforts were made to harvest cells for the assays at the mid-exponential phase of
growth, however, many factors made such an attempt extremely difficult. Some of the
constraints were the relative slow growth of B. fragilis, the vast difference in growth
between wild-type and mutant strains, as well as the difference in growth even within each
strain in different concentrations of nitrogen. For this reason, the cells were harvested at two

time points (6 hours and 24 hours), which gave the same GS activity pattern.

Future work should be directed at the creation of a complemented strain of B. fragilis
638Q¢gInN, by cloning the full-length, functional glnN into B. fragilis 638QgInN. The
phenotype of the complemented strain should be identical to the wild-type phenotype
concerning growth and GS enzymic activity. Initial attempts were made at creating the g/nN
complemented strain of B. fragilis 638CQgInN, however, time contraints did not allow for the
successful completion of this strain. Additional future work could also be directed at
analyzing relative g/nN expression in the wild type, using real time quantitative PCR (RT-
qPCR), which would help to detect the correlation between the increase in activity seen at
the protein level and the expression of the gene. This would determine whether the observed

changes in enzyme activity were due to transcriptional and/or post-translational regulation.

In addition, since the B. fragilis 638QgInN mutant was generated by introducing the
pGERM suicide plasmid into the B. fragilis genome, the recovery of the original gene
through a loss of the construct is a possibility. This mutant reversion may result in a mixed
strain having residual GS activity. Selection using the plasmid-borne antibiotic resistance
may not be helpful in the case where the pGERM vector may have randomly recombined
elsewhere in the genome. Therefore, in order to monitor new colonies for the proper
construct, PCR reactions using a primer external to the disrupted gene together with the M13
primer docked in the vector, should give a specific amplicon for the mutant and none for
strains that have lost the construct. Similarly, colony PCR done with two primers flanking
the gene of interest should give an amplicon the size of the gene for the wild-type and either
no amplicons or a very large fragment (depending on the polymerase and PCR conditions

used) where the construct is intact.
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Alternatively, antibodies may be raised against the GS of interest which would allow
localization of the protein in western blotting (immunoblotting). Antibodies may also be
helpful in determining whether the residual activity observed belongs to this GS and not

another enzyme, by testing the active fractions during GS purification.

The results presented at this juncture suggest that B. fragilis may possess an additional gene
coding for a glutamine synthetase enzyme. With the use of the recently annotated genome of
B. jfragilis, a genomic analysis and search of the open reading frames (ORFs) of this
organism was, therefore, conducted with the aim of finding a gene fitting the profile

(Chapter3).
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CHAPTER 3

Identification, Cloning and Characterization of a putative B.
Sragilis Glutamine Synthetase type I gene.

3.1 Introduction

The recently annotated genome of B. fragilis has allowed for the rapid and efficient study of
the genetic make-up of this opportunistic pathogen. The published genome of this organism
made it possible to undertake a global search of the possible nitrogen metabolic genes in this
organism, with an emphasis on genes that could be encoding glutamine synthetase enzymes.
The objective of the search was to identify genes of interest which would then be subjected
to bioinformatic analysis in order to determine their nucleotide sequences, homology to
other genes, conserved domains, deduced protein sequences and predicted biochemical
functions. The candidates of interest would be experimented on further, to unravel the exact
biological function of these genes in the cellular context. These experiments would include,

but not be Jimited to, complementary cloning of the genes for functional characterization.

A glnN gene, encoding a GSIII protein, had previously been identified in B. fragilis and its
product well-characterised (Hill es al, 1989, Southern ef al, 1987; van Rooyen, ef al.,
2006). Inactivation of the B. fragilis ginN, reported in this work (Chapter 2), resulted in
reduced ability of the B. fragilis mutant to grow in ammonium deficiency. However, this
same mutant exhibited growth in excess ammonium chloride as the only nitrogen source,
which led to the hypothesis that the presence of another GS-encoding gene in B. fragilis was
responsible for glutamine biosynthesis and the growth of the bacterium under these
conditions. Analysis of the B. fragilis genome sequence revealed an ORF, annotated as
Bf2343, encoding a putative GSI enzyme. This putative gene may be a likely candidate
coding for a second GS orthologue and it may help to further elucidate the mechanisms by

which B. fragilis incorporates ammonia.

It is not unusual for a bacterium to carry more than one of the glutamine synthetase isoforms as

can be observed in Synechocystis sp PCC6803 (Reyes et al., 1994 and Garcia-Dominguez ef
al., 1997), Ruminococcus albus 8 (Amaya et al., 2005) and Streptomyces hygroscopicus
(Kumada et al., 1990). The presence of multiple isoforms is usually to the advantage of the

bacterium as it adapts to diverse environmental conditions, where resources can change
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dramatically and certain nutrients can become scarce. In the above-mentioned Synechocystis,
for example, gind is constitutively expressed while g/nN is only active under nitrogen
deficiency (Reyes ef af, 1997). Another bacterium carrying many GS isoforms is
Mycobacterium tuberculosis, which possesses a glnAl gene similar to E. coli gind in its
transcriptional and post-translational regulation, as well as g/lnA2, glnA3 and glnA4 (Harth et
al., 2005). 1t was also shown that the g/nd/ gene is required for virulence in M. tuberculosis

(Tullius et al., 2003).

The experimental approach that allowed for the discovery of B. fragilis gInN involved the
cloning, expression and characterization of the gene in a heterologous E. coli system
(Southern et al., 1986). It was decided that a similar approach would be used in this study to
investigate the functionality and metabolic contribution of the putative GSl-encoding gene
in B. fragilis. The full length gene, including its upstream region to include any native
promoter, was cloned onto a vector which includes an £. ¢oli recognised promoter, to ensure
expression of the gene. An E. coli ginA” mutant was used to test for functionality by the
gene’s ability to complement the glutamine auxotrophy, thereby allowing the E. coli strain
to use ammonia as the sole nitrogen source and therefore grow on minimal medium.
Glutamine synthetase assays were also performed to determine the activity of the cloned

gene.

3.2 Materials and Methods

3.2.1 Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in this study are described in Table 3.1.
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The PCR amplicons were purified using the QlAquick PCR Purification Kit (Qiagen)
according to the manufacturer’s instructions. This DNA fragment was then directly cloned
into the pGEM-T Easy vector (Table 3.1), to create plasmid pGEMT2343, and transformed
into competent F.cofi DH5a cells (Sambrook er al., 1989). Single white colonies were
randomly chosen and subjected to colony PCR (Plourde-owobi ef /., 2005), using primers
BF2343F and BF2343R (Table 3.2), to screen for plasmids containing the full-length gene
insert. Plasmid was extracted from positive colonies and subjected to restriction enzyme
analysis. Constructs giving the correct, predicted band pattern were sequenced. Nucleotide
sequencing was performed using primers BF2343F, BF2343R and LastR, which is an
internal primer to the gene {1.47 kb from the start codon). Sequencing was carried out using
the Big Dye terminator v3.1 Cycle sequencing kit (Applied Biosystems) and the samples’
were run on a MegaBACE (MegaBACE 500; Amersham Biosciences), using the
dideoxynucleotide chain termination chemistry (Sanger ef al., 1977). The Chromas sequence
analysis package was used to assemble and analyse the sequences
{(www.technelysium.com.au/chromasPro.html). Multiple sequence alignment, sequence
identity and analysis were performed with the DNAman software package (Version 4.13,

Lynnon Biosoft, Canada).

3.2.5 Transformation and complementation of E.coli YMC11

E. coli YMCI1I1 (Table 3.1) was transformed with pGEMT2343. Following growth on LB
agar with ampicillin, these transformants were tested for the plasmid’s ability to complement
the glutamine auxotrophy of E. coli YMCI11 by plating these colonies onto CSH minimal
medium with 0.25 mM or 50 mM NH4Cl. E. coli YMC11 (pJS139) was used as a positive

control while E. coli YMCI11(pSK) was used as negative control.

3.2.6 Transcriptional expression of g/nA.

Total RNA was extracted, using the method of Aiba ef al (1981), from mid-exponential
phase cultures of E.coli YMCI11 (pGEMT2343) grown in glucose minimal medium with
differing ammonium chloride concentrations. RNA extracted from £ coli YMCIlI

transformed with pSK was used as a control. Total RNA was also extracted from B. fragilis
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638R and B. fragilis 638QglaN grown for 6 hours in glucose minimal medium with
0.25 mM (low) or 50 mM (high) ammonium chloride, as the sole nitrogen source. The RNA
samples were checked for integrity on 1.5 % denaturing agarose gel containing 5%
formaldehyde and quantified by spectrophotometric methods. Dot blot analysis was then
performed as follows: 3 ug of total RNA in a 3 ul volume was spotted onto a nylon
membrane (Hybond N*; Amersham). The membrane was crosslinked using UV light at 100
pw/em?® with a Hoefer UVCS00 Crosslinker (Amersham Biosciences). A DNA probe was
prepared by amplification of an internal fragment of ORF2343 using specific primers ProF
and ProR (Table 3.2). This probe was labelled by the DNA random priming digoxigenin
(DIG) method (Roche). The E. coli and B. fragilis 16S rRNA gene probes were generated
using the universal primers F27 and RS

(http://'www.mcb.uct.ac.za/Sequencing%20Service%20web/index_files/Page903.htm)  and
labelled as described. The membranes were hybridized with probes at 50°C overnight in the
Dig Easy Hyb solution (Roche), followed by washes at 68°C, and chemiluminescent

detection was done by exposure to X-ray films.

3.2.7 Preparation of cell-free extracts

E. coli YMCI11 (pGEMT2343) was grown at 37°C, with aeration, in LB broth. The cells
were grown until late exponential phase, harvested by centrifugation at 13000 x g in a
Beckman J2 — 21 centrifuge for 20 minutes at 4°C. The cell pellets were resuspended in 12.5
mM imidazole buffer. The resuspended cells were disrupted by sonication on ice, with a
Virsonic 50 (Virtis, USA), using pulsed cycles of 30 seconds with 20 second intervals
between the cycles, for a total time of 4 minutes. Cell debris was removed by centrifugation
at 8000 x g for 10 min. The amount of total protein in the cell-free extract was determined
using a commercially available diagnostic reagent based on Bradford’s standard assay (Bio-

Rad protein assay; Bradford, 1976).

3.2.8 Glutamine synthetase assays

The glutamine synthetase forward and transferase assays were done as described in section
2.2.8.
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Comparison of the deduced amino acid sequence of the putative GSI with the amino acid
sequences of the GSI enzymes belonging to Salmonella typhimurium and Escherichia coli
revealed low identities- 28.5% and 29% ID to S. fyphimurium and E. coli, respectively.
However, the five highly conserved regions of GS enzymes, corresponding to the critical
o/ barrel fold that forms the active site, showed significant conservation of regions 1, 3 and
4 but not regions 2 and 5 in the putative GSI (Fig. 3.2). The conserved regions 1, 3 and 4
represent the N-terminal latch, the ATP-binding domain and the glutamate binding domain,
respectively (van Rooyen ef al, 2006). In contrast, regions 2 and 5 are not very well
conserved in the putative GSI of B. fragilis. It is believed that region 2 may contribute to the
second site for ammonium binding while region S appears to participate in hydrophobic
stacking of residues (van Rooyen ef al., 2006). The tryptophan residue of highly-conserved
region |, involved in completing the active site formed between adjacent subunits, tends to
be substituted for phenylalanine in the GS belonging to Gram-positive bacteria such as
Streptomyces coelicolor, Mycobacterium tuberculosis, Corynebacterium glutamicum and
others (Peng et al., 2006). Interestingly, the putative GSI of B. fragilis has a phenylalanine
residue instead of tryptophan in that position (Fig. 3.2). This observation may be significant

in relation to the evolution of B. fragilis.

It was also observed that the two histidine residues at positions 4 and 12 in E. coli are not
conserved in the B. fragilis putative GSI (Fig. 3.2). These histidine residues correspond to
distinct metal binding sites in the £. coli GS, which are responsible for the “stacking” effect
of this GS leading to their forming hollow tubes in the presence of divalent metal ions
(Schurke ef al., 1999). There is, therefore, no reason to believe that this putative GSI in B.
Jfragilis would exhibit the same phenotype. Similarly, the tyrosine residue (Tyr-397) which
is the site of adenylylation of £. coli GS is not conserved in the putative GSI of B. fragilis,
neither are the amino acids flanking this region (Fig. 3.2). Since this region is highly
conserved in all GS enzymes which undergo regulation via adenylylation, it may be deduced

that the putative GSI of B. fragilis is probably not regulated by adenylylation.

In addition to the five conserved GS regions, Crespo ef al. (1998) found 4 regions which are
conserved in all GSIII enzymes. Van Rooyen ef al. (2006) further showed that two of these
regions were also conserved in every GS families. Of the two regions, only one seemed to
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3.4 Conclusions

A search of the B. fragilis genome was undertaken to identify potential genes encoding
glutamine synthetase enzymes. This search was done in order to identify the gene whose
enzyme is responsible for the growth and GS activity observed in the B. fragilis ginN mutant
constructed and characterized in this work (Chapter 2). The discovery of an additional gene
coding for a glutamine synthetase enzyme in B. fragilis would also be of interest because of

the implications to the overall understanding of the nitrogen metabolism of B. fragilis.

An ORF (Bf2343) coding for a putative GSI enzyme was identified, however, an amino acid
alignment of this gene to other characterized GSI genes revealed little homology. For
example, the putative B. fragilis GSI showed only 20 % identity to Ruminococcus albus 8
GSI and 27 % to the GSI of Synechocystis sp. PCC 6803 at the amino acid level. When
BF2343 was overexpressed in E. coli, it was unable to complement glutamine synthesis in
the £. coli auxotrophic mutant. Amaya ef al. (2005) similarly showed that, of the two GS
present in Ruminococcus albus 8, GSIII is active in E. coli but GSI, although transcribed,
was not active. In addition, the GS assays in their study failed to show any significant
activity conferred by the cloned GSI. Similarly, the cloned B. fragilis putative ginA failed to
show GS activity.

The lack of activity combined with the failure of the gene to complement glutamine
biosynthesis under high or low ammonium, demonstrated that this gene lacked significant
functionality in E. coli. Due to the complex nature of proteins, glutamine synthetase being
no exception, the results obtained in the heterologous £. coli cannot be interpreted as
indicating that Bf2343 does not function as a GS in B. fragilis. E. coli YMC1] was used to
express the putative ginAd, specifically because this strain has a deletion in its own ginA4
gene. However, the genes expressing the regulatory components nfrB and ntrC are also
deleted in £. coli YMCI1. The E. coli GS is known to be regulated post-translationally by
the reversible covalent addition of AMP to each subunit of GS, a process also known as
adenylylation (Maheswaran and Forchhammer, 2003). The components of the ntr genes
linked to this post-translational modification are the uridylyl- transferase/removing enzyme

(UTase/UR) and the g/nB gene product: a small signal transducing protein called Py which
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senses the carbon and nitrogen status of the cell (Forchhammer and Tandeau de Marsac,
1995). In B. fragilis, however, none of the nir genes seem to be present and there is no
evidence of post-translational modification via adenylylation (Yamamoto ef al,, 1984 &
1987, Southern et al., 1986 & 1987).

In addition, it was shown in the bioinformatic analysis of Bf2343 conducted in this work,
that the tyrosine residue responsible for adenylylation was not conserved in the putative
gind gene (Fig. 3.2). This suggested that adenylylation is not likely to be the mechanism by
which the protein is regulated. Nevertheless, there are numerous and complex nitrogen
regulatory systems existing and although no system has yet been described in Bacteroides,
the possibility of one being present cannot be ruled out. Therefore, despite the care taken to
express this gene from an E.coli-recognised promoter, the translated protein may still require
some external trigger such as a unique cofactor or some form of post-translational
modification in order to be fully active. This could be one reason for the lack of

functionality seen in this putative GS| enzyme.

Another possibility for the lack of functionality seen in the ginA of B. fragilis may be due to
the use of the wrong substrates. Ammonium chloride was chosen as the nitrogen source in
these experiments because ammonia was proven to be the preferred source of nitrogen for
enteric bacteria as it sustains a higher bacterial growth rate than any other nitrogen source,
due to its reduced form and therefore, rapid assimilation (Merrick and Edwards, 1995).
Therefore, experimenting with different nitrogen sources may reveal that the putative GSI

enzyme of B. fragilis might be active in a different nitrogen source.

A further possibility for the lack of functionality of this enzyme may be related to the low
homology to other GS enzymes and the lack of preservation of the highly-conserved regions
2 and 5 as deduced from the amino acid alignment of the putative GSI to other characterized
GSI enzymes (Fig 3.3). If this is the case, it may simply mean that this enzyme is not

functional at all and that it is merely a vestigial gene from some evolutionary ancestor.

It was previously observed that B. fragilis 638QgInN (Chapter 2), the mutant defective in
gin, still had residual GS activity when grown in ammonia (Fig 2.7). The above-mentioned

possible reasons for the apparent lack of functionality of this putative glnA, result in an
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inability to completely eliminate this gene as the candidate responsible for the GS activity
observed. Therefore, further experiments need to be conducted to derive more conclusive
answers. One suggestion would be the inactivation of Bf2343 in B. fragilis, as well as the
creation of a gind" ginN =~ double mutant. A Bf2343 mutant would help in determining
whether the residual GS activity can be attributed to the gene product of this ORF. The
double mutant would reveal the presence of other GS encoding genes if the mutant can grow
in minimal medium with ammonium as the only nitrogen source, as this would imply that
some other GS enzyme is allowing for glutamine biosynthesis. In addition, the search for
other GS candidates can be conducted using proteomics or micro-array techniques by

selecting for nitrogen responsive proteins or genes, respectively.

The quest to elucidate the types, functions and capacities of glutamine synthetase genes and
their relevant enzymes in B. fragilis would not be complete without an understanding of the
regulation of nitrogen metabolism in general and of these enzymes in particular. The fact
that no regulatory system has yet been described for this organism made this endeavor even
more significant. The work described in the following chapter attempted to shed some light

on a possible nitrogen regulatory mechanism in B. fragilis.
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CHAPTER 4
Identification of a putative nitrogen regulator in B. fragilis 638R

4.1 Introduction

Nitrogen metabolism in prokaryotes is a complex process involving the incorporation of
available nitrogen from the environment as well as the production of nitrogen-containing
compounds (Merrick and Edwards, 1995). It is no surprise then, that the regulation of
glutamine synthetase (one of the main enzymes in ammonia incorporation) is highly

specialized and well characterized in most organisms:

In most enterobacteria, for example, GS regulation takes place through the concerted action
of transcriptional regulation from multiple promoters (Merrick and Edwards, 1995) and an
adenylylation-deadenylylation system to alter the enzyme activity (Stock et al, 1989).
Sensing of external nitrogen, in these species, usually occurs through the internal shortage of
glutamine (Jiang ef al., 1998). In addition, the adenylylation-deadenylylation involves a
trimeric Pll-like signal protein and includes cumulative feedback inhibition by seven

different glutamine metabolism end products (Stadtman, 2001).

In Bacillus subtilis, a gram-positive, spore-forming bacterium, GS is regulated by the
products of glnR and ntrd (Hu et al., 1999). Activation of GS transcription in B. subtilis
occurs through the action of TnrA only during nitrogen limitation while repression of GS
transcription by GInR takes place in excess nitrogen (Fisher, 1999). Unlike the regulation of
E. coli GS activity by adenylylation, B. subtilis GS is subject to feedback inhibition, which
regulates the activities of GinR and TnrA (Fisher and Wray, 2006).

In eyanobacterium spp, such as Anabaena sp. strain PCC 7120 and Synechococcus sp. strain
7942, regulation of GS occurs via selective transcription from different promoters which are
regulated based on the nitrogen composition of the growth media (Valladares er al., 2004).
In these cyanobacteria, sensing of nitrogen occurs by assessing the internal 2-oxoglutarate
level (Muro-Pastor ef al., 2001). Cyanobacterium spp. possess a global nitrogen regulatory
transcription factor named NicA, belonging to the CAP (catabolite activator protein)- family

of bacterial transcriptional regulators. The Crp-Fnr regulators, of which NtcA is a member,
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are named after the first members of this family identified in £ coli: the cyclic AMP
receptor protein-CRP or catabolite activator protein-CAP and the fumarate and nitrate
reductase regulator-Fnr (Korner et al., 2003). In Synechococcus, 2-oxoglutarate levels, the
cellular signal indicative of the level of ammonium present, are signaled to NtcA which then

regulates expression of nitrogen-dependent genes, such as g/n4 (Tanigawa et al., 2002).

NtcA, which is a DNA binding protein, directly binds to the promoters of nitrogen regulated
genes at the palindromic sequence GTANGTAC (Luque ef al., 1994). When ammonium is
absent, NtcA induces the transcription of genes which are required for the assimilation of
alternative sources of nitrogen (Su ef al., 2005). It is interesting that in Synechocystis sp.
PCC 6803, although g/nN is regulated by the nitrogen levels and an NtcA binding site has
been identified upstream of this gene, yet mobility shift assays have shown that £ coli-
expressed NtcA does not binds to this site (Reyes ef al., 1997). In Pseudanabaena sp. PCC
6903, another cyanobacterium spp., NicA does bind to the promoter region of ginN (Crespo
et al., 1998). It is suggested that this is due to the lack of a g/nd gene in this bacterium, in
other words, it is an adaptation that enables NtcA to control the only available GS structural

gene (Crespo ef al., 1998).

In Synechococcus PCC 7942, gluN is indirectly regulated by NtcA, via a regulatory factor
called PipX (Espinosa et al., 2006). Under conditions of nitrogen shortage (or high 2-
oxoglutarate levels), PipX was shown to activate NtcA-dependent promoters ginB (Py) and
ginN (GSII) (Espinosa ef al, 2006). The phenotype of a Synechococcus PipX™ mutant
ressembled that of a less severe NtcA™ mutant, which Jed to the conclusion that PipX must
play an auxillary role to NtcA (Espinosa ef al., 2007). In addition, the Synechococcus PipX
mutant difficulty at assimilating nitrate compared to the WT strain (or the complete inability
of NtcA™ mutant to assimilate nitrate) suggested that PipX is needed for the rapid adaptation

to a lack of ammonium (Espinosa ef al., 2007).

In B. fragilis, there is, as yet, no evidence of a global system of nitrogen regulation.
Investigations were carried out by Southern ef al. (1986) to determine whether B. fragilis
possessed an E. coli-like regulatory system. Both E.coli strains YMC-10 (wild type) and
YMC-11 (ginA'ntr’) carry a Klebsiella aerogenes hut operon which has a surC mutation that

results in high basal levels of histidase. It was shown that histidase levels increase in YMC-

62



10 by the regulatory actions of NtrB and NtrC on the hut operon under low glutamine
concentrations. However, this was not observed with either £. coli YMC-11 gind ntr B ntrC
nor E. coli YMC-11 (pJS139) (£. coli YMCI11 transformed with a plasmid containing the B.
fragilis glnN insertion) (Southern er al., 1986). Therefore, the cloned B. fragilis ginA gene
product failed to activate histidase kinase activity in an £. coli gind ntrB ntrC deletion
mutant (Southern et al., 1986). However, these results could simply mean that the cloned

fragment only carried GSIII and not the specific B. fragilis genes responsible for regulation.

In addition, Southern ef al. (1987) showed that the activity of the cloned GS from B. fragilis
was not inhibited by AMP (adenylylation). They also demonstrated that the B. fragilis gind
gene cloned into an E. coli ginA™ deletion mutant was repressed by glutamate while the gin4
of E.coli in the WT strain was expressed in the presence of glutamate (Southern er al,
1986). Therefore, it was suggested that some nitrogen regulatory activities located on the
vector they used (pJS139) was the cause of this regulation but these activities were not
directly analogous to the NtrB and NtrC system. This evidence that the nitrogen regulation
in B. fragilis is atypical of the enteric bacterial paradigms, combined with the knowledge
that the Synechococcus GSI1I structural gene (g/nlV) is regulated by NtcA, has led to the
hypothesis that the GSHI of B. fragilis could also be regulated at the genetic level by an
NtcA-like protein.

An ORF in the B. fragilis genome, locus Bf0954, was located directly downstream of glaN.
This ORF encodes a putative FNR-type family transcriptional regulator. The position and
putative identity of this ORF renders it a possible candidate as a nitrogen regulator, one
resembling the Nic4 family of regulators. As a result, it was decided to study the possible
function of. this gene in nitrogen regulation by inactivating the gene in B. fragilis and
observing the behavior of this mutant with regards to its growth and GS activity under

different ammonium conditions.
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regulated promoters (Herrero et al., 2001). In Cyanobacteria, the typical -10 pribnow-like
box of E. coli 6’ consensus promoter (TAN;T) is usually present, resulting in the following
sequence: GTANGTACN, TAN;T (Fig 4.2). However, no NtcA consensus sequence was

identified upstream of the putative regulator nor the g/nd and g/nN genes in B. fragilis.

Cyanobacterial nir i AAMAGTTGTAGTTTCTGTTAC :MTFGC

Cyanobacterial nir it AMMAAGTATCAATGATITACT TAAATGTTTGTTCTGCGCAA
Synechococcus glna TTCTLTAACAAAGACTACRAAACTGTCTAATGTTTAGAATCTACGATATTTCA
Synechococcus NicA TTGGGTATCATTATQAAQAAAT ..., TATTOITAGGTA
Consensus GTA...(8Bbp)... TAC TA{3bp)T

NicA binding site -10 promoter hexamer

Fig 4.2 Palindromic sequence of NtcA in the promoter region of genes regulated by NicA in different
species. The wir gene is the gene encoding nitrite reductase, gind encodes glutamine
synthetase. | and Il differentiate between the two NicA binding sequences for the air gene,
with I being proximal and 1 being more distal to the nir gene. Consensus NtcA binding site
and -10 hexamer sequences are boxed.

4.3.2 Construction and analysis of targeted insertional mutation of a putative

regulator of nitrogen metabolism in B. fragilis

A gene disruption of locus Bf0954 of B. fragilis was constructed, as described in section
4.2.4. Analysis of the transconjugant DNA was done by sequencing and PCR (Fig 4.3). PCR
using primers RegF and the vector-borne M13R primer revealed no band in the wild-type B.
fragilis 638R but amplified a 880bp fragment in the regulator mutant (Fig. 4.3). Similarly,
the combination of RegR and M13F generated a 720bp band from the mutant and none from
the wild-type (Fig 4.3). When both primers external to the gene (RegF and RegR) were
used, a | kb fragment was amplified in the wild-type (Fig 4.3). No fragment is observed
from the mutant using the same primer set because of the plasmid insertion in the gene
which increases its size from | kb to 5.6 kb, therefore, PCR under these conditions (Taq
polymerase and 1-minute elongations) could not amplify this large fragment (Fig 4.3). These
results together confirmed the insertion in the putative regulator gene of the mutant. In other
words, this gene has been inactivated in a way that will result in the translation of a non-

functional protein.
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that this gene might encode a nitrogen regulator similar to the Cyanobacterial NtcA. An
insertional inactivation of this putative regulator is reported here. The resulting mutant
displayed the same reduced growth pattern (Fig. 4.4) seen in the g/nN mutant (Fig. 2.5).
Similarly, the GS forward assay revealed similar residual GS activity in the regulator mutant
when grown in high or low nitrogen conditions, and a lack of increased GS activity in high
ammonium (Fig. 4.5) as observed in the g/nV mutant (Fig. 2.7). Therefore, if this regulator
is involved in modulating B. fragilis ginN gene expression, inactivating this gene in B.
Jfragilis ought to have a similar phenotype to a B. fragilis glnN mutant. This was, in fact,
observed. The decrease in growth and GS activity observed in the mutant, led to the
conclusion that the protein possibly acts as a positive regulator. The majority of CRP/FNR
regulators work as positive transcriptional activators, however, some have been identified

which have repressor functions (Korner et ai., 2003).

Another reason for the observed phenotype may be due to possible co-transcription of the
GS and the putative regulator. If this is the case, then inactivation of the regulator alone may
lead to changes in transcript as well as mRNA stability for gln¥, thereby giving the same
phenotype as a g/nN mutant.

It was interesting to see that NtcA-binding sites could not be found in the promoter regions
of either g/n4 or glnN. Aldehni ef al. (2003) have shown that, under conditions of nitrogen
deficiency, regulation by NtcA requires the Py signal transduction protein. A search of the
published B. fragilis genome, however, showed no evidence of Py, or its structural gene in B.
Jragilis (this study). Therefore, it would not be surprising if the modes of action of this
putative regulator are different from NtcA. This is the first evidence of a protein with

potential nitrogen regulatory activity in B. fragilis.

Since the mechanisms of action of this regulator are not yet clarified, additional experiments
need to be conducted for further understanding its role. Crp/Fnr regulators are DNA-binding
proteins and a possible helix;turn-helix domain via which binding to DNA occurs was
identified in this regulator. Further studies should involve purification of the protein, and
performance of DNA binding studies and electrophoretic mobility shift assays to determine
whether the putative regulator gene product actually binds to a DNA region upstream of
ginA, ginN and itself, and consequently determine what the binding site is. Quantitative RT-
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PCR could also help in determining the various nitrogen conditions under which this gene is

induced.
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CHAPTER 5

General Conclusions

Glutamine is vital in nitrogen metabolism. It serves as a precursor to many secondary
metabolites, providing nitrogen for the synthesis of nitrogen-containing compounds (Reitzer,
2003). Glutamine synthetase (GS) is the only enzyme known to produce glutamine in cells,
it catalyzes the ATP-dependent reductive transfer of an amido group from ammonium to
glutamate, to produce glutamine. Therefore, GS enzymes are generally tightly regulated
transcriptionally as well as translationally, in response to the availability of nitrogen in the
growth medium. In addition, many prokaryotes possess two or more isoforms of the
enzyme, which have different roles in under different growth conditions. To date, a single
GS encoding gene (g/nN) has been identified in the opportunistic pathogen, Bacteroides
fragilis. The aims of this project were to idenfify additional GS orthologues in B. fragilis and
characterize any candidates genetically as well as functionally. An additional aim was to
identify possible regulatory proteins and to determine their functional contribution to

glutamine biosynthesis.

The construction of B. fragilis 638QgInN, a mutant strain in which the g/n/N gene has been
inactivated by an insertion in its coding region, is reported here. The g/nN gene codes for
glutamine synthetase [l (GSHI). Due to the importance of glutamine in nitrogen
metabolism, inactivating the gene coding for GS usually results in a lack of viability of the
bacterium due to a lack of glutamine synthesis. The ability of B. fragilis 638QgInN to grow
in minimal medium with ammonium as the only nitrogen source was investigated. |t was
observed that the mutant grew very poorly when the ammonium concentration was limiting,
however, the mutant grew well in high ammonium levels (Figs 2.4 and 2.5). An assay of GS
activity in B. fragilis 638QglnN confirmed that the mutant had some residual GS activity,
although there was no change in GS activity level in the mutant under high or low
ammonium growth conditions (Fig. 2.7). Although these results established that ginN is
essential for growth in nitrogen deficiency, the growth of this mutant in high ammonium
concentrations led to the conclusion that either an unknown additional pathway for
glutamine biosynthesis exists or a gene (other than g/nN) might be responsible for glutamine
synthesis.
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A search for Open Reading Frames (ORFs) coding for possible GS candidates was
conducted using the B. fragilis 638R genome lodged at the Sanger Institute

(http://'www.sanger.ac.uk/Projects/B_fragilis/). Locus Bf2343 was identified, which encodes

a putative glutamine synthetase 1 (GSI). Although this putative g/n4 was only 20-30%
similar to other characterized g/n4 genes, the deduced amino acid sequence of this gene
revealed that three out of the five highly conserved GS regions pertaining to the active site,
were preserved in this gene (Fig. 3.2). Of the two recently-identified, additional regions
conserved in all GS enzymes (van Rooyen ef al., 2006), one seems to be conserved in this
gene. In addition, all GS enzymes which undergo post-translational modification by
adenylylation possess a tyrosine residue (Tyr-397) associated with the adenylylation site of
these enzymes. This tyrosine residue was not found in the putative GSI of B. fragilis (Fig.

3.2), therefore, this gene product is not expected to be modified by adenylylation.

BF2343 coding for the putative g/n4 was cloned in the pGEMT vector (pGEMT-2343) (Fig.
3.4) and expressed in E. coli YMC11 (gin4 'n#r’), a strain defective in the g/n4 gene and
regulatory components associated with this gene. When expressed in E. coli YMC11, this
gene failed to complement glutamine auxotrophy, as seen by the inability of YMC1]
(pGEMT2343) to grow on minimal medium with ammonium as the sole nitrogen source
(Fig. 3.5). Molecular and biochemical analyses were conducted on the recombinant protein,
which revealed that although the gene was transcribed in E. coli (Fig. 3.6), the recombinant
putative GSI did not display significant GS activity in the E. coli clone (Fig. 3.8). In B.
fragilis, glnA was also transcribed and no variation in transcript levels could be detected in
B. fragilis grown in either low- or high- ammonium containing minimal medium (Fig. 3.7).
In addition, RNA hybridization studies in B. fragilis 638QgInN revealed that the inactivation
of glnN did not seem to affect the levels of transcripts of the putative gind (Fig. 3.7). The
reasons for the inactivity of the cloned putative glnA could that the protein requires some
post-translational modification, that the wrong substrates were tested here, or it could simply
be that this ORF does not encode a GS enzyme. In order to prove conclusively whether it is

a functional GS, it would be essential to create a g/n4 mutant,

The presence of an additional GS in B. fragilis was of further interest because of a trend

observed in Rhizobiaceae and Synechocystis sp. Strain PCC 6803, among others (Carlson ef
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al., 1987). In both Rhizobiaceae and Synechocystis sp. PCC 6803, ginAd is constitutively
expressed whereas glnN (Synechocystis) and glnll (Rhizobiaceae) undergoes strict
regulation based on the nitrogen availability (Reyes ef al., 1997). The pattern seemed to be
consistent with the findings reported here, as it is observed that in B. fragilis there appears to
be a constitutive expression of the putative glnd, seen by the lack of change in transcript
levels (Fig. 3.7) as well as the same amount of residual GS activity (Fig. 2.7), regardless of
the growth conditions. Conversely, the ginN of B. fragilis is regulated transcriptionally
(Abratt et al., 1993) and results in increased GSIII protein (Southern ef al., 1987).

Studies conducted by Southern et al. showed, using western hybridizations, that GS levels in
B. fragilis varied according to nitrogen availability (Southern et al., 1987). Abratt et al.
(1993), using a reporter gene vector made of a promoterless gene fused to the ginA (now
ginN) promoter region, further showed that the regulation occurred at the level of
transcription. Both of these reports demonstrated increased transcription (Abratt ef al., 1993)
and protein levels (Southern et al., 1987) of GSIII, under low nitrogen. The creation of B.
Sfragilis 638Q¢gInN, reported here, showed no induction of GS activity under high ammonia
conditions in this g/aN mutant, compared to the wild-type B. fragilis which displayed twice
as much GS activity in high ammonia (Fig 2.7). This implies that the GSIII of B. fragilis is
also involved in contributing GS activity under high ammonia although there is no evidence
of a greater amount of protein present as shown by Southern et al. (1987). It is possible that
some post-transiational modification mechanism could be activating the available GSIII
when the cells are subjected to high nitrogen conditions thus explaining the increase in
activity. This hypothesis could be tested by doing some activation/inactivation studies on the
purified protein, in parallel with western hybridization. An interesting discovery was made
by van Rooyen et al. (2006), showing evidence of two structural forms of GSII1 in B.
fragilis; the hexameric form believed to be a less active intermediate to the most active

dodecamer.

No regulatory system or genes involved in nitrogen regulation have been identified in
Bacteroides species prior to this study. It was previously shown that the GSIII enzyme of B.
Jfragilis is not adenylylated. The GDH enzyme of Bacteroides thetaiotaomicron also does
not shows evidence of adenylylation (Baggio and Morrison, 1996). In addition, none of the

atr genes have been found in Bacteroides genomes. The work reported in this thesis has
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identified a putative regulator located directly downstream of gfnN (GSIII structural gene)
and belonging to the CRP/FNR family of transcriptional regulators. This gene is believed to
be a possible candidate for a nitrogen regulator because of its close proximity to g/nN and its
membership to the same family as NtcA, the cyanobacterial nitrogen regulator. This
hypothesis was tested by inactivating the gene and conducting physiological studies to
determine the effects of the mutation on B. fragilis grown in various nitrogen environments.
The regulatory mutant revealed similar growth pattern (Fig. 4.4) as well as GS enzymatic
activity (Fig. 4.5} as the g/nN mutant (Figs. 2.5 and 2.7). These results indicate that this gene
may, directly or indirectly, act as a positive regulator for glnN, therefore supporting the

hypothesis that this gene could be a nitrogen regulator.

Despite the family-association with NtcA and the predicted helix-turn-helix motif associated
with the DNA binding domain (Fig. 4.1) found in this putative regulator, the gene does not
appear to be an ntcA homologue because no NtcA-binding motifs could be detected in the
promoter regions of g/n/N or the regulator itself. Future research directions should be aimed
at elucidating the exact role and mode of action of this regulator, as well as the genes it
regulates. The use of 2D gels and quantitative rt-PCR would help to visualize changes in
protein and transcript levels, respectively under different nitrogen growth conditions or
when one or more of the genes under study is inactivated. DNA binding studies should also
be performed to determine whether this putative regulator binds to regions upstream of the

nitrogen-regulated genes.

The Mycobacterium tuberculosis ginAl mutant was shown to be avirulent (Tullius ef af,
2003). For this reason, it would be interesting to test the pathogenicity of the different B.
fragilis mutants constructed in this study. The results obtained could assist in furthering our
understanding of the pathways of nitrogen assimilation and possibly help in finding novel

drug targets for this opportunistic pathogen.
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