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ABSTRACT

The solventogenic Clostridium acetobutylicum strain P262 was used for the commercial
production of solvents in South Africa from 1945 to 1983 (Jones and Woods, 1986a). Our
laboratory has focused on understanding two fundamental aspects of its physiology, namely
nitrogen metabolism and electron transport pathways. The long term goal is the potential
genetic modification of nitrogen utilization and/or electron distribution in the cell, to
manipulate fermentation patterns for improved growth rate and solvent yields. The main aims
of this research project were to: extend the sequence analysis of the gin4 locus encoding the
glutamine synthefase (GS) enzyme (Janssen et al., 1990; Fierro-Monti et al., 1992); to identify
and characterize the locus encoding the structural genes for the glutamate synthase (GOGAT)
enzyme; and to determine the mechanisms and growth conditions which regulate the activity of
these two key enzymes of nitrogen assimilation. In addition, we were interested in
characterizing clone pMET13C1, which was isolated by a selection system developed to clone

genes involved in electron transport from C. acerobutylicum (Santangelo et al., 1991).

Sequence analyses revealed that the region downstream of g/nd and the putative regulatory
gene, ginR (Reid and Woods, 1995), encoded the structural genes for the large (o) and small '
(/) subunits of GOGAT, respectively. This is the first report in which the genes encoding GS
and GOGAT are genetically linked. The ¢ subunit was designated glt4, and the downstream f
subunit was designated gitB. All the likely cofactor and substrate binding sites identified in
GOGAT enzymes (Vanoni and Curti, 1999) were conserved in the deduced glt4 and gltB
polypeptides. The identity of the gltd and gltB genes were functionally confirmed by
complementation studies involving their co-expression from separate constructs in an E. coli
glutamate auxotroph (strain MX3004), which restored the ability of this mutant to grow with

ammonia as the sole source of nitrogen.

Physiological studies on the germination, growth and differentiation patterns of C.
acetobutylicum P262 were assessed in relation to different nitrogen conditions. Significantly,

organic nitrogen (casamino acids) was the preferred source of nitrogen, and not ammonia as



previously assumed. These studies led to the development of nitrogen limiting conditions
(0.025% casamino acids + 0.15% glutamine) and nitrogen rich conditions (0.2% casamino
acids) used for regulatory studies. GOGAT activity was optimised. It appeared to be sensitive
to oxygen and specific for the co-enzyme NADH. Both GS and GOGAT activities were
regulated by the nitrogen source in a similar way: induced in the nitrogen limiting conditions,
and repressed in the nitrogen rich conditions. Northern blot analyses, in conjunction with the
enzyme activity profiles and feedback inhibition studies, indicated that GS and GOGAT
activities were regulated primarily at the level of transcription. Furthermore, g/n4 and ginR, and
gltd and gltB are each transcribed as an operon under nitrogen limiting conditions. No
assimilatory GDH activity could be detected. The implications of these results, as well as
sequence features identified, are discussed in context with a proposed model for the regulation

of GS and GOGAT activity in C. acetobutylicum P262.

Analysis of plasmid pMET13C1 identified a gene whose predicted ~46 kDa product was
associated with an electron transport function. The deduced amino acid sequence was not
typical of electron transport proteins, but rather shared striking homology to bacterial GOGAT
/3 subunit polypeptides. This £ subunit-like gene was thus designated gitX. We were, however,
unable to relate it to GOGAT activity or nitrogen metabolism. Rather, it appears to belong to a
novel family of FAD-dependent NAD(P)H oxidoreductases suggested by Vanoni and Curti
(1999), and supported by an analyses of the evolutionary relationships of the GOGAT

subunits/domains from various sources.

iii
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CHAPTER 1

General introduction

1.1 Introduction to Clostridium acetobutylicum P262 and the solventogenic

clostridia

1.1.1 Clostridium acetobutylicum research in context

Acetone, butanol and isopropanol are important additives for the chemical industry besides
their traditional uses as solvents. For decades these chemicals were produced by a fermentation
process using strains of solventogenic clostridia, but are now manufactured more cost-
effectively from petroleum. However, the search to strengthen petroleum importing nations,
together with the increasing environmental awareness, has revived interest in the Clostridium
acetobutylicum acetone-butanol (AB) fermentation process. The bioconversion of agricultural
by-products into refined chemicals is an attractive alternative to the exploitation of fossil fuels.
However, the economic viability of this process depends on considerably improved product
yield and product selectivity. In the last two decades significant advances have been made
towards understanding the biochemistry and genetics of solvent production. With a draft
sequence of the C: acerobutylicum ATCC824 genome recently available (accession number
AE001438), and the development of genetic tools for the clostridia, genetic manipulation of

strains for industrial purposes is now becoming feasible.

1.1.2. History of the ABE fermentation

The outbreak of the First World War in 1914 resulted in a demand for acetone, a strategic
material required for the manufacture of munitions. This lead to the development of the first
large scale industrial fermentation, pioneered by Chaim Weizmann, for the production of
acetone and butanol (Jones and Woods, 1986a; Jones and Keis, 1995). Acetone was produced
from maize mash by a starch-utilizing strain of C. acetobutylicum, initially designated BY.
After the war, the Commercial Solvents Corporation (CSC, USA) acquired the patent rights for
the Weizmann acetone-butanol (AB) fermentation process. The early AB fermentations were

all based on corn mash, a substrate rich in starch, however with the abundant and cheap supply
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of molasses available in the 1930’s, the process switched to a molasses-based AB fermentation.
This necessitated the isolation of effective sugar-fermenting C. acetobutylicum strains (Jones
and Keis, 1995). The expiry of the CSC patent in 1935 saw the establishment of fermentation
plants worldwide and a renewed search for viable strains, The AB fermentation process served
as the main supply of industrial solvents until it was superseded in the 1960’s by the more
economical synthesis from petrochemicals (Jones and Woods, 1986a). Today, the AB
fermentation process is operated only in the People’s Republic of China. However, with the
revived interest in the production of solvents from renewable resources, and improved product
recovery techniques, a pilot plant-scale study using potato as the raw material is now underway
in Austria (Diirre, 1998).

1.1.3 Taxonomy of the solventogenic clostridia

The genus Clostridium comprises an extremely diverse group of Gram-positive, obligately
anaerobic, endospore-forming bacilli (Cato and Stakebrand, 1989). The best known solvent
producing bacterium is the Weizmann organism, Clostridium acetobutylicum. The majority of
industrial solvent producing strains isolated subsequently were named haphazardly according to
the specific patented process and were also referred to as C. acetobutylicum strains. However,
research on a number of the most commeonly studied solvent-producing strains, highlighted
significant differences in their biochemical, physiological and genetic properties (Wilkinson
and Young, 1993; Johnson and Chen, 1995). This prompted a detailed molecular study of the
taxonomic relationships of solventogenic strains and related organisms (Keis ef al., 1995;
Wilkinson ef al., 1995; Johnson et al., 1997). This work revealed that these “C.
acetobutylicum” strains belonged to four taxonomic groups (Fig. 1.1), each proposed to
represent a different species (Keis ef al., 1995; Johnson ef al., 1997). Group I is represented by
C. acetobutylicum ATCC 824, the C. acetobutylicum type strain, and includes strain DSM 792
(the DSM C. acetobutylicum type strain). Group 1I was represented by strains NRRL B643 and
NCP 262, an NCP production strain used in South Africa from 1945 to 1983 (Jones and
Woods, 1986a), and the laboratory strain used in this study. It was derived from Clostridium
saccharo-butyl-acetonicum-liguifaciens (patented by CSC), one of the main industrial
saccharolytic, solvent producing strains. It has been proposed that C. acetobutylicum NCP 262
and other members in this group should be referred to as C. saccharobutylicum in future,
however this is not yet official (Shaheen er af., 2000). For the purpose of this thesis we have
retained the name C. acefobutylicum NCP 262, or just simply C. acefobutylicum P262. The
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third group consisted of “C. saccharoperbutylacetonicum” strains represénted by N1-4, while
the C. beijerinckii strains, represented by strain NCIMB 8052, constituted Group IV.

€. acetobutylioum NCIMB 8052 Group IV
€. bejjerincid DSM 791

C. baferincki NCTMB 5362
‘. saccharopesbutyiacetonicum’ N1<{ xronin TTT

. aceto floum NCP 282
o Bostonuy Group IT

. butyricum DSM 2478
G, butyricum NCIMB 8082
. butyricurn ATCG 43755
€. bolullnum type B

. botsfinum type F

€. botdinm type B

| S C. tetanomorpingm

C. scatobutylicum ATCC 824 GTOUP 1
C. collagenovorang

C. sardinjense

C. celiulovorans

10.1

10 8 8 4 2 0

Fig. 1.1 Unrooted phylogenetic dendogram showing the taxonomic positions of: Group I representative C.
acetobutylicum ATCC 824; Group Il representative C. acetobusylicum NCP 262; Griup IIT representative C.
saccharoperbutylacetonicum N1-4 and Group IV representative C. befferinckii NCIMB 8052. The dendogram
was based on comparison of the 168 ribosomal RNA gene sequences (positions 100 to 1434 of the E. coli

numbering system). The scale bar indicates evolutionary distance (taken from Keis ef al. (1995)).

The historical background of the AB fermentation is reflected in these taxonomic relationships
(Johnson and Chen, 1995; Jones and Keis, 1995), with a clear division between the starch-
utilizing C. acetobutylicum strains (Group I) and the sugar utilizing strains (Group 1I-1V). This
indicates that the transition from a starch-based fermentation process to a sugar-based

fermentation process selected for organisms genetically distinct from, and only distantly related

to, C. acetobutylicum.
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1.1.4 Growth, solventogenesis and differentiation of the solventogenic clostridia.

Growth of the solventogenic clostridia, including C. acetobutylicum NCP 262, is associated
with two phases (Jones and Woods, 1986a; Woods, 1995). During the exponential growth
phase, typified by highly motile rod-shaped cells, the cells convert sugars to acids
(predominantly acetate and butyrate) with the concomitant production of carbon dioxide and
hydrogen. The acidogenic phase is followed by a metabolic switch to the solventogenic phase
as the culture enters stationary phase metabolism. This is typified by nongrowing, nonmotile,
clostridial (swollen cigar shaped) cells, which convert residual sugars and preformed acids into
acetone, butanol and ethanol, via reduction reactions. The solventogenic phase is terminated by
sporulation. The biochemical pathways of acidogenesis and solventogenesis in C
acetobutylicum are well formulated (Fig. 1.2) and many of the enzymes and/or corresponding
genes have been isolated and characterized from various solvent producing strains, including
NCP 262. These pathways have been reviewed by (Jones and Woods, 1986a; Rogers and
Gottschalk, 1993; Diirre ef al., 1995; Mitchell, 1998). The basic features are outlined below.

The central pathway intermediates acetyl-CoA, acetoacetyl-CoA, and butyryl-CoA, are the key
metabolites from which both solvents and acids are derived. During the acid producing phase,
acetate and butyrate are derived from acetyl-CoA and butyryl-CoA respectively, via a parallel
set of reactions (7, 8, 16, and 17; Fig. 1.2) yielding ATP. During solventogenic metabolism,
acetate and butyrate are reassimilated, primarily via CoA transferase (13; Fig. 1.2), yielding
predominantly central pathway intennediates, from which acetone, butanol and ethanol are
derived in a ratio of ~6:3:1. Excess NAD(PYH generated by glycolysis serves as the reducing
power. Small amounts of ethanol are produced constitutively throughout the fermentation
(Gerischer and Diirre, 1992). In some strains acetone is further reduced to isopropanol (15; Fig.
1.2). Thus the complex network of metabolic pathways in the solventogenic clostridia results in
the production of five major products from acetyl-CoA via three branch points in the
fermentation pathway. Although this metabolic variety is essential to the physiology and
adaptability of the organism, it would be commercially attractive if fermentation could be

directed towards the production of just one or two of these products.

There has been much interest in determining the physiological factors that influence the onset
of solventogenesis, and the mechanistic basis for the switch, as this is key for the optimization
of solvent production. Some of the factors that trigger solvent production include a decreased

pH, accumulation of undissociated acids, nutrient limitation and alteration of electron flow

5
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(Mitchell, 1998), however the complete mechanism of regulation of solvent production still
awaits elucidation. As discussed below, there is now evidence that the initiation of solvent

formation is subject to control mechanisms similar to other statiohary phase phenomena.

hexose =
2 K0P 2 WD
2 ATP

AL

mwm] N
NAD MADH Fd i

2

+2acetleaAW 3

Fig. 1.2 The acetone-butanol fermentation pathways in the solventogenic clostridia.

Hexoses are metabolized via the Embden-Meyerhof pathway yielding pyryvate, which is then metabolized to
acetyl-CoA by pyruvate-ferredoxin oxidoreductase, or to lactate by lactate dehydrogenase [4].

Numbers correspond to the appropriate enzyme names. [1] hydrogenase; [2] ferredoxin-NAD oxidoreductase;
[3] ferredoxin-NADP reductase.

Central pathways are catalyzed by: [9] thiclase; [10] fhydroxybutyryl-CoA dehydrogenase; [11] crotonase;
[12] butyryl-CoA dehydrogenase.

Acidogenic pathways are catalyzed by [7] phosphotransacetyldse;  [8] acetate kinase; [16]
phosphotransbutyrylase; [17] butyrate kinase.

Solventogenic pathways are catalyzed by: [5] acetyldehyde dehydrogenase; [6] ethanol dehydrogenase; [13]
acetoacetyl-CoA:acetate/butyraie:CoA  transferase; [14] acetoacetate decarboxylase; [15] isopropanocl
dehydrogenase; [18] butyraldehyde dehydrogenase; [ 19] butanol dehydrogenase.

Bold arrows indicate enzyme reactions at key branch points, and end-products formed at various stages in the
fermentation are boxed (Taken from Mitchell, 1998).
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The transition from exponential growth to stationary phase is also the point at which
sporulation is initiated and some strains have been shown to exhibit morphological and
structural changes at this stage. The onset of solventogenesis in C. acetobutylicum P262 is
strongly linked to endospore formation (Long et al., 1984a; Long et al., 1984b), however it is
not a sporulation-specific event since asporogenous solvent-producing mutants, and sporulating
asolventogenic mutants have been isolated (Jones ef al., 1982; Long et al., 1984a; Babb et al.,
1993). It is possible that both processes are initiated in response to acid stress. It is thought that
solventogenesis, provides a temporary mechanism to overcome the toxic effects of accumulated
acid end products by recycling them to form alcohols, until the time-consuming process of
sporulation is complete (Diirre er al., 1995). However, the simultancous loss of spore-forming
potential and solvent-production in several C. acetobutylicum mutants and degenerate strains
(Jones ef al., 1982; Long ef al., 1984a; Long et al., 1984b; Woolley and Morris, 1990) indicates

that solventogenesis and sporulation share common regulatory features.

Sporulation, viewed as an adaptive response which ensures survival of microorganisms under
unfavorable conditions, is well characterized in Bacillus subtilis which is recognized as a model
system for differentiation in bacteria. It involves 7 defined morphological stages (reviewed by
Errington, 1993). Sporulation in C. acetobutylicum proceeds via a similar sequence of
morphological changes (Long et al., 1983), however, it is not triggered in response to nutrient
deprivation as in Bacillus, but rather by cessation of growth in the presence of excess nutrients
(carbon and nitrogen) or exposure to oxygen. Despite their different induction patterns,
emerging evidence reveals basic similarities in the regulation of sporulation between Bacillus
and C. acetobutylicum. For example, a number of sporulation specific sigma factor homologues
have been identified in C. acetobutylicum (Sauer et al., 1994; Wong et al., 1995; Santangelo et
al., 1998). In B. subtilis, initiation of spore formation is controlled primarily by the SpoOA
protein, a phosphorylation-activated transcription factor involved in the regulation of stationary
phase metabolism (Brown ef al., 1994). Homologues have been identified in several other
Bacillus and Clostridium species (Brown et al., 1994), suggesting that it is a key regulator in
endospore-forming bacteria. Insertional inactivation of the C. beijerinckii spoOA gene resulted
in a strain unable to initiate solventogenesis or sporulation (Brown ef al., 1994). This provided
the first direct evidence that its gene product probably encoded a regulator of both sporulation
and solventogenesis (Wilkinson er al., 1995). Furthermore, identification of OA box motifs in

the upstream regulatory regions of several Clostridial genes concerned with fermentative
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metabolism, whose expression is modulated at the onset of solventogenesis (Wilkinson ef al.,

1995), strongly implicate the SpoA protein in regulation of the solventogenic response.

1.1.5 Nitrogen metabolism and solvent preduction.

When molasses, which is deficient in nitrogen, replaced the historical corn mash, the industrial
process became more complex because nitrogenous compounds had to be added to the sugar
based medium. Solvent yield was affected by the nitrogen source, however the effect could not
be further analyzed in a complex medium. Since both acid production and the consumption of
ammonia ions cause a decrease in pH of the medium, it had to be carefully maintained. The use
of soluble, chemically defined media for laboratory purposes makes pH control an even more
critical issue, because the buffering capacity of the medium is significantly reduced when

ammonia salts or amino acids replace less metabolizable proteins and peptides.

Varying results have been reported on the effect nitrogen (ammonia) limitation has on solvent
production. In chemically defined medium, under condition of high glucose and low ammonia
concentration, C. acetobutylicum ATCC 824 produced a high concentration of solvents at
pHS.0 (Monot et al., 1982; Monot and Engasser, 1983). Similarly, Andersch ef al. (1982) found
that strain DSM1731 produced both acids and solvents at low pH and under ammonia
limitation. The ratio between the carbon and nitrogen substrates, as well as the culture pH, has
been reported to have a significant effect on solvent productivity (Roos et al., 1985). On the
other hand, C. beijerinckii NCIMB 8052 and the closely related C. acetobutylicum NCP 262
did not produce solvents in ammonia limited cultures (Gottschal and Morris, 1981; Longeral,
1984a). This is consistent with the finding that C. beijerinckii required partially hydrolyzed
proteins or amino acids for solvent production, presumably reflecting a preference for these
amino acids as nitrogen sources. Thus a number of variables may combine to influence the

effectiveness of solvent formation under ammomia limited conditions.

1.1.6 Genetic manipulation of the solventogenic clostridia
Until recently, the solventogenic clostridia have lacked well developed genetic systems.
However, several plasmid vectors are now available, and methods have been developed for

gene transfer, overexpression and inactivation.

A number of shuttle vectors (e.g. pMTLS500E) have been constructed by combining Gram-

negative and Gram-positive replicons from broad host range plasmids, with appropriate
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antibiotic resistance markers, ¢.g. erythromycin, that are functional in Clostridia (Williams et
al., 1990; Minton et al., 1993). The B. subtilis/C. acetobutylicum shuttle vector pFNK 1, which
has been designed to avoid the restriction system of C. acetobutylicum ATCC 824, has been
successfully used for the overexpression of genes in strain ATCC824 (Mermelstein e al.,
1992). A system for complete in vive protective methylation of E. coli/C. acetobutylicum
shuttle vectors harboring the ColEl origins of replication (susceptible to the restriction
endonuclease Cac824I) have also been developed by including the $3T I methyltransferase

gene from B. subtilis phage ¢3T (Mermelstein and Papoutsakis, 1993).

Clostridia do not appear to be naturally competent, however protoplasting and electroporation
have both been successfully applied for plasmid transformation of several clostridial species
including C. acerobutylicum ATCC 824 and derivatives of N1-4 (Mermelstein er al., 1992,
Reysset and Sebald, 1993). Recently electroporation and plasmid isolation procedures were
optimised for C. acetobutylicum DSM 792 (Nakotte er al., 1998).

An alternative and successfully applied technique is the conjugative mobilization of plasmids to
C. acetobutylicum. This technique is based on the broad-host-range conjugation system
encoded by IncP plasmids, and relies on an IncP helper plasmid to provide conmjugation
functions in trans. It has been developed to mobilize non conjugative shuttle vectors (Williams
et al., 1990), and adapted for the targeted integration of non-replicative mobilizable plasmids
(e.g. pMTL30) into the C. beijerinckii genome (Wilkinson and Young, 1994). This is a
revolutionary development in the field of clostridial genetics. Integration appears to occur via a
Campbell-like recombination event between regions of clostridial target DNA cloned into the
vector, and the homologous regions present on the clostridial genome. Unfortunately these
approaches require a high transformation frequency to detect a low-frequency event such as
recombination, which limits its use in strains such as C. acetobutylicum 262 in which
acceptable transformation protocols and reliable genetic techmiques have not yet been

developed.

In addition, conjugative transposon mutagenesis is an effective way of producing mutations and
identifying the inactivated gene by cloning of adjacent DNA, and can be exploited for those
organisms which lack well-developed genetic systems such as C. acetobutylicum P262 (Babb et
al., 1993). While this approach has been used to generate an assortment of mutants, it is not
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ideal as the transposon was found to form multiple insertions and in some cases promoted

chromosomal rearrangements (Babb ef al., 1993).

The application of these new genetic techniques offers the opportunity to improve the
fermentation process by genetic manipulation of metabolic pathways, and to increase our
understanding of gene function. However, at present conjugative transposon mutagenesis is the

only system for DNA delivery in strain P262.

1.2 General aspects of bacterial nitrogen metabolism

Bacterial nitrogen metabolism is a vast field of research reflected in the enormous amount of
literature available. In preparing the following general discussion (Section 1.2) on the relevant
aspects of this broad topic, the reviews of Reitzer and Magasanik (1987), Schreier (1993),
Merrick and Edwards (1995) and Reitzer (1996) were extensively consulted.

1.2.1 Nitrogen sources

Bacteria can utilize a wide variety of nitrogen compounds as sources of cellular nitrogen. These
range from simple inorganic compounds such as diatomic nitrogen and nitrate to more complex
compounds including urea, amino acids, amino sugars and nucleosides. Endogenous ammonia
is an absolute requirement for the biosynthesis of at least some essential nitrogen-containing
compounds, thus the growth rate of bacteria on different nitrogen sources is generally limited
by the rate at which ammonia ions can be generated from them. It is not surprising then that in
the enteric (and many other) bacteria, ammonia supports the fastest cell growth rate, however
this is not always the case. In Bacillus subtilis and Corynebacterium callunae, glutamine and
glutamate are the preferred nitrogen sources, respectively (Atkinson and Fisher, 1991; Ertan,
1992). The expression of metabolic pathways involved in nitrogen metabolism, such as those
required for nitrogen fixation, for the transport, catabolism and conversion of nitrogenous
compounds to ammonia ions and other components, and for the assimilation of ammonia, are
generally regulated in response to nitrogen availability such, that under conditions of nitrogen
excess the cells utilize the preferred nitrogen source, and repress the mechanisms of utilization
of alternative nitrogen sources. However, when ammonia ions becomes limiting, these
alternative routes can be activated. The combination of pathways available and the regulatory

systems controlling the preferential use of nitrogen compounds, depends on the particular
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organism. Such a system of niirogen control has only been studied comprehensively in the

enteric bacteria, which will be discussed later.

1.2.2 The significance of glutamine and glutamate

In most bacteria, the major route for the assimilation of ammonia ions is through the amino
acids, glutamine and glutamate. These two compounds are key metabolites in bacterial
metabolism, serving as principal precursors for nearly all other nitrogen containing compounds.
The amidotransferases catalyze the transfer of the amide group of glutamine in the biosynthesis
of a variety of compounds including amino sugars, purines, pyrimidines, p-aminobenzoate,
tryptophan, histidine, asparagine and NAD. The transaminases catalyze the transfer of the

amino group of glutamate in the synthesis of practically all other amino acids.

In addition to the biosynthesis of amino acids, glutamate plays an important role in a number of
other functions, such as equalizing the external osmotic strength of the medium (Saroja and
Gowrishankar, 1996), and influencing the UV and heat resistance of spores (Schreier, 1993). In
Bacillus spp, the large glutamate pools provide carbon and nitrogen precursors, and possibly
energy, during spore formation (Schreier, 1993). Glutamine is an important regulatory

metabolite, signaling the intracellular nitrogen status in many bacteria.

1.2.3 Ammonia assimilation and biosynthesis of glutamine and glutamate

Two major pathways facilitate the incorporation of ammonia into glutamine and glutamate. The
most important pathway is the energy dependent glutamine synthetase-glutamate synthase (GS-
GOGAT) pathway, which is ubiquitous in bacteria. The enzyme glutamine synthetase (GS: EC
6.3.1.2) catalyses the amidation of endogenous glutamate to form glutamine (Reaction 1), the
only pathway for glutamine synthesis in the cell. It is worth mentioning here, however, that
glutamine may in some instances (e.g. in B.subtilis) be produced from glutamate via a
transamidation of glutamyl-charged tRNA®® (using asparagine, ammonia or glutamine as the
nitrogen donor). Glutamate synthase (glutamine amide 2-oxoglutarate aminotransferase, for
convenience designated GOGAT: EC 1.4.1.13) catalyzes the NAD(P)H-dependent transfer of
the amide group from glutamine to the C(2) carbon of 2-oxoglutarate, to produce two
molecules of glutamate (Reaction 2). The reactions can take place independently, but can also
be understood as a cycle in which every turn results in the net synthesis of one molecule of

glutamate from ammonia and 2-oxoglutarate (Reaction 3). The consumption of energy drives
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these coupled reactions strongly in a forward direction, making this essentially a

physiologically irreversible pathway.

GS
Reaction 1: NH; + L-glutamate + ATP — L-glutamine + ADP + Pi

GOGAT
Reaction 2: L-glutamine + 2-oxoglutarate + NAD(P)H + H" — 2L-glutamate + NAD(P)"

Reaction 3: NHj3 + 2-oxoglutarate + NAD(P)H + H + ATP — L-glutamate + NAD(P)" -+
ADP + Pi

The second route for ammonia assimilation is provided by glutamate dehydrogenase (GDH: EC
1.4.1.4). GDH catalyzes the reductive amination of 2-oxoglutarate to produce glutamate in a
reversible reaction in the presence of NAD(P)H (Reaction 4):

GDH
Reaction 4: NH; + 2-oxoglutarate + NAD(P)H+ H® «— L-glutamate + NAD(P)"

In the majority of microorganisms both the GDH and the GS-GOGAT pathways operate. The
relative contribution of these pathways to ammonia assimilation and glutamate synthesis varies
greatly depending on the organism and the nitrogen conditions (Section 1.2.4). However, in
some microorganisms just one of the pathways can be detected. The assimilation of ammonia
oceurs solely by the coupled GS-GOGAT pathway in B. subtilis (Fisher and Sonenshein,
1991), Clostridium pasteurianum (Dainty, 1972), C. thermoautotrophicum (Bogdahn and
Kleiner, 1986) and Strepromyces clavuligerus (Brana et al., 1986) under all nitrogen conditions.
On the other hand, GDH appears to be the sole enzyme in ammonia assimilation in the ruminal
bacterium Streptococcus bovis (Chen and Russell, 1989), and is the primary enzyme involved
in glutamate formation in Bacteroides fragilis (Yamamoto et al., 1984) and in many yeast and
fungi (Genetet e al., 1984; Bogonez et al., 1985; Kusnan et al., 1987). The GDH pathway is
also the prominent pathway of ammonia assimilation in some of the nitrogen fixing bacteria
including B. polymyxa (Kanamorni et al., 1987a) and B. macerans (Kanamori et al., 1987b) in
both ammonia grown and nitrogen fixing cells. However, this is not a general characteristic of

nitrogen fixing bacteria, since GDH activity is absent or barely detectable in other members of
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this group under nitrogen limiting or nitrogen excess conditions, including B. azotofixans and
the family Rhizobiacea, where the GS-GOGAT pathway predominates (Bravo and Mora, 1988;
Kanamori et al., 1988; Kanamori et al., 1989). Interestingly, S. cerevisice (Avendano ef al.,
1997) and B. fragilis (Abrahams and Abratt, 1998) possess a second assimilatory GDH activity.
In B. fragilis the GDH enzymes are differentially regulated with the dual cofactor NAD(P)H-
dependent enzyme being induced by ammonia conditions, and the NADH-dependent enzyme
being induced by organic nitrogen. Although GDH’s are mostly associated with an anabolic
role, they can also function in a catabolic capacity in some microorganisms. In B. subrilis, GDH
only works catabolically to release ammonia (Belitsky and Sonenshein, 1998). NAD(P)H-
dependent activity is generally associated with the anabolic function of the enzyme, while the
NADH-dependent activity is generally associated with the catabolic function (Joe et al., 1994).
The loss of both GOGAT and GDH in enteric bacteria and S. coelicolor, but not either enzyme
alone, or the loss of just GOGAT activity in B. subtilis, results in glutamate auxotrophy which
can be relieved either by glutamate or a compound that can be readily metabolized to glutamate
(Fisher, 1989).

Ammonia can also be assimilated via other routes, depending on the particular organism and
physiological conditions. For example, in E. coli and Klebsiella aerogenes, alanine
dehydrogenase (ADH; EC 1.4.1.1) may catalyze the reversible amination of pyruvate to form
alanine, while asparagine synthetase (EC 6.3.1.1) catalyzes the ammonia-dependent amidation
of aspartate to form asparagines (Reitzer, 1996). Ammonia-dependent asparagine synthetase
has also been identified in some thermophilic clostridial strains (Bogdahn and Kleiner, 1986).
In the presence of excess ammonia, ADH has an assimilatory function in S. clavuligerus (which
does not possess GDH activity) (Aharonowitz and Friedrich, 1980; Brana et al., 1986) and in
the actinomycete Norcadia mediterranei (Mei and Jiao, 1988). However, in S. coelicolor, C.
thermoautotrophicum and in Bacillus spp., ADH is involved in alanine catabolism, particularly
during germination and sporulation (Bogdahn and Kleiner, 1986; Fisher, 1989; Schreier, 1993).

While the biosynthesis of glutamine occurs solely via the action of GS and absolutely requires
ammonia, glutamate can be produced in additional ways to the GOGAT and GDH pathways,
depending on the organism. Glutamate can potentially be produced directly from the
degradation of a number of amino acids including glutamine, histidine, arginine and proline, or
indirectly via a transamination reaction involving the transfer of the a-amino group from one

amino acid e.g. aspartate to the keto group of 2-oxoglutarate. Glutamine can be degraded to
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glutamate and ammonia by glutaminases (L-glutaminase aminohydrolase, EC: 3.5.1.2). If
glutamate is a product of catabolism, ammonia is required only for glutamine synthesis, thus
sparing the need for the energy-consuming synthesis of glutamate via the coupled GS-GOGAT
pathway (Schreier, 1993). For nitrogen sources that generate ammonia but not glutamate (e.g.

serine), GOGAT is necessary for glutamate synthesis.

1.2.4. Physiological significance of the GS-GOGAT and GDH pathways in ammeonia
assimilation

The presence of multiple pathways (GS-GOGAT and GDH) for the biosynthesis of glutamate
in several microorganisms has been questioned. Because the GS-GOGAT pathway
characteristically has a high affinity for ammonia (reflected in the low Km values of <
~0.2mM), and GDH enzymes generally have a lower affinity for ammonia (reflected in high
Km values > ~3mM) (Merrick and Edwards, 1995), it was concluded that the role of the GS-
GOGAT pathway was that of ammonia assimilation under ammonia limiting conditions. This
was supported by an absolute requirement for GOGAT during nitrogen fixing conditions in a
number of bacteria (Merrick and Edwards, 1995), and during nitrogen limited growth of E. colj,
Klebsiella aerogenes and S. coelicolor, while GOGAT mutants grew like WT cells in ammonia
sufficient conditions due to induced GDH activities (Tyler, 1978; Fisher, 1989; Reitzer, 1996).
However, since GDH is often a dispensable enzyme, and since the GS-GOGAT pathway is
energy dependent, it was suggested that the GDH pathway may be important for the
assimilation of ammonia during growth of bacteria on low energy yielding, nitrogen rich
substrates. Indeed, E. coli strains deficient in GDH activity were at a competitive disadvantage
relative to WT strains in an energy limited environment (Helling, 1994).

However, while the proposed roles of the GDH and GS-GOGAT pathways under the different
nitrogen conditions can be applied to some microorganisms (Helling, 1594; Valenzuela er al.,
1995), this model does not held true for many other microorganisms studied. For example,
some organisms, including many nitrogen fixing bacteria, have GDH’s with low Km’s for
ammonia and can thus assimilate ammonia during ammonia limited conditions (e.g. during
nitrogen fixation). In Bacteroides spp ( Yamamoto ef al., 1984; Baggio and Morrison, 1996), S.
cereviseae (Folch et al., 1989) and Neurospora crassa (Lomnitz et al., 1987), GDH is used to
incorporate ammonia during either nitrogen limiting or nitrogen excess conditions, and in the
fungus 4. nidulans, the GDH and GS-GOGAT pathways operate concurrently (Kusnan ef al.,
1987). The choice of pathway may depend on the fermentation pathways used by the organism,
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and the generation of ATP and NADP)H (Kanamori ef al., 1989). For example, the
assimilation of ammonia through the GDH pathway without further expenditure of energy may

be more advantageous to those organisms having low energy yielding fermentation pathways.

For the purpose of this thesis, we will be focusing on the GS-GOGAT pathway in relation to
nitrogen metabolism in bacteria. Since glutamine and glutamate are central to nitrogen
metabolism, the regulation of GS and GOGAT activities are generally tightly controlled in
response to the levels of nitrogen source available. Thus, cells growing with preferred nitrogen
sources generally contain low levels of GS and GOGAT, whereas high levels of these enzymes
are present during nitrogen limited growth to ensure adequate supplies of these key metabolites.
Although the reactions catalyzed by the GS and GOGAT pathways are tightly coupled
processes and are highly conserved in bacteria from diverse ecological niches, the genes
encoding these enzymes are not linked, and no co-ordinate regulation has yet been documented.
Furthermore, the structure and regulation of these key enzymés of nitrogen assimilation vary
considerably, presumably reflecting different metabolic needs. Thus, we will now consider

each enzyme separately.

1.2.5 Characteristics of GS enzymes

Three main classes of GS enzymes have been described in bacteria, and discussed in the review
articles referred to at the beginning of this Section 1.2. GSI enzymes are the most typical type
of bacterial GS, and have been extensively studied in the Enterobacteriaceae, but are also
present in Gram-positive organisms Bacillus, Clostridium, and Streptomyces (Schreier, 1993).
The GS enzyme is a dodecamer composed of 12 identical subunits, ranging between 44 and 59
kDa, and are organized in two superimposed hexagonal rings. GSII enzymes are typical of
eukaryotes but are also found, together with GSI, in many symbiotic nitrogen fixing bacteria
including Agrobacterium, Rhizobium, Bradyrhizobium and Frankia species (Woods and Reid,
1993), and also evidently in the free-living Strepromyces, including S. coelicolor (Behrmann et
al., 1990; Kumada et ¢l., 1990). The GSII enzyme is characteristically a thermolabile octomer
of identical subunits arranged in two discs of four subunits (Carlson and Chelm, 1986). The
smaller GSII subunit (~36 kDa) lacks the C-terminal portion of the GSI subunit which includes
the adenylylation site involved in post-translational control of activity. Although the overall
amino acid similarity between the GSI and GSII subunits is low (~15% identity), five regions
associated with the GS active sites remain well conserved (Rawlings et al., 1987; Janssen ef al.,

1988). GSIII was first identified in the anaerobic rumen bacterium Bacteroides fragilis (Hill et
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al., 1989; Southern et al., 1989). It is a hexamer of six large identical subunits (75 kDa) and is
quite distinct from either GSI or GSII at both the amino acid and enzyme levels (Woods and
Reid, 1993). Homologous genes have since been identified in other bacteria as well (Goodman
and Woods, 1993; Reyes and Florencio, 1994). Additional GS isoenzymes have also been
identified in species of Rhizobium having a much lower biosynthetic activity (Merrick and
Edwards, 1995).

Very different regulatory mechanisms have evolved to control GS activities, both within and
between each class. In most cases the structural genes are regulated in response to nitrogen,
however, GSI type enzymes can be divided into two groups depending on whether they are
regulated post-translationally by covalent modification, resulting in a reduction of GS activity.
The subdivision is consistent with a phylogenetic analysis of GSI sequences (Tiboni ef al.,
1993) which revealed two main groups: one comprised of the cyanobacteria, proteobacteria and
Gram-positive S. coelicolor, all of which are regulated by reversible subunit adenylylation, and
the other group comprised of the GSI enzymes of archaea, and the Gram-positive Clostridia
and Bacillus spp, none of which have been shown to be regulated by subunit adenylylation. The
GSI and GSII activities are differentially regulated in some nitrogen fixing bacteria in response
to mitrogen conditions (Woods and Reid, 1993). For example, in members of the family
Rhizobiaceae, ginil (encoding GSII) is preferentially expressed during nitrogen-limited growth
and nitrogen-fixation, while g/n4 is expressed constitutively and the corresponding GSI activity
is controlled post-translationally (Carlson and Chelm, 1986). However, mutant strains lacking
GSII activity exhibit no obvious phenotype and still successfully associate with plants (de
Bruijn er al, 1989; Somerville et al., 1989). Thus the physiological and biochemical
significance of these GS isoforms, or the existence of multiple forms within the same organism

remains unclear.

1.3 Global nitrogen regulation in the enteric bacteria

1.3.1 The Ntr system
In the enteric bacteria, the transcriptional and post-translational regulation of GS activity is
intricately controlled by a global regulatory network (the Ntr system) that regulates nitrogen

metabolism in these organisms. Since the Ntr system serves as a well researched model
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(detailed in the reviews cited) against which other bacterial systems can be assessed, the
distinguishing features will be outlined.

The Ntr system consists of a complex regulon with its own sigma factor, sigma 54 (c>'), also
designated by o™, and a series of proteins able to recognize the nitrogen status of the cell. Its
primary function is to regulate ammonia assimilation from alternate sources of nitrogen
available in the environment when ammonia becomes growth rate limiting. Consequently, the
Nir regulatory system induces the expression of GS, and coordinates the expression of a
number of other nitrogen utilization systems that generate ammonia. These include gene
products required for the transport and catabolism of nitrogenous compounds such as the amino
acids arginine, histidine, proline, tryptophane, asparagine and glutamine, the transport of
ammonia, the degradation of urea by urease, the uptake and utilization of nitrate and nitrite by
the assimilatory reductases (reviewed by Lin and Stewart, 1998), and proteins required for the
regulation of nitrogen-fixation. In addition, the Ntr response activates genes that code for

secondary transcriptional activators.

The activity of the Nir response is controlled by a regulatory cascade (see Fig. 1.3), that senses
and responds to the availability of fixed nitrogen and carbon in the cell, as reflected in the
relative pool sizes of glutamine and 2-oxoglutarate. The intracellular nitrogen status is sensed
and transduced by a pair of proteins UTase/UR and Pu such that when cells are nitrogen limited
(low glutamine levels), UTase covalently modifies Pn by the addition of a UMP group on each
subunit, but when nitrogen is not limiting, glutamine stimulates the UR activity to remove
UMP from Pu-UMP, and prevents uridylylation of Pn. The overall uridylylation state of Puin
turn controls the activity of the primary Ntr regulators, NtrC and NtrB. They are members of
the two component family of bacterial regulatory proteins in which NtrB is typical of sensory
histidine kinases, and NtaC is typical of phosphorylatable response regulators. In the
nonuridylylated form (indicative of nitrogen excess conditions), Pn interacts with NirB to
stimulate the dephosphorylation and consequent inactivation of NtrC. In the uridylylated state
however, Pn does not interact with NtrB which, left to itself, is then able to catalyze the
phosphorylation and hence activation of NtrC. The phosphorylated form of NirC is required to
activate transcription of the gind gene and other Ntr responsive operons, through o which
directs RNA polymerase to ~12/-24 promoters, and by binding to upstream enhancer-like

sequences.
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In addition, the catalytic activity of GS is regulated post-translationally by a reversible
adenylylation/deadenylylation reaction, which is controlled primarily by the same regulators
that control the phosphorylation of NirC, UTase and Pn (Fig. 1.3). In the uridylylated form
(signaling nitrogen limitation), Pn interacts with ATase to promote the deadenylylation and
consequent activation of GS. In the unmodified form, Pn stimulates the adenylylation of GS by
ATase, resulting in its inactivation. In addition, adenylylation enhances the sensitivity of the| GS
enzyme to feedback inhibition by various end products of glutamine metabolism (Reitzer,
1696). Such a reversible covalent modification system enables cells to adapt much faster to
changes in nitrogen availability than adjustments that may result from altered levels of gene
expression, and it would protect them from metabolic imbalances that may occur during sudden
changes in the availability of ammonia in the environment (Kustu er al., 1984). Thus, Pu is a
pivotal protein in controlling the appropriate responses required under conditions of nitrogen
excess (i.e. inactivation of GS and inhibition of glnd transcription), and nitrogen limifing
conditions (i.e. activation of GS and transcription of ginA).

(JS( MP}, ., Ny =g [nactive forms
ATgse NyB
N /
M GS JuC-P High Nitrogen
3UMP UTP A
UTase/UR
\{
GS(AMP) > (UM P) Low Nitrogen
i
18
JATam ( ) *NtrB
ADP
[GS NiurC- P]——b» Active forms

Fig. 1.3. Model illustrating regulation of GSI and NirC in the enteric bacteria in response to nitrogen
availability, as described in the text. Adapted from Merrick and Edwards (1993).

1.3.2 Expression of the glndnfrBC operon in Escherichia coli (and related bacteria)
As mentioned above, the Ntr system controls the increased expression of GS in enteric bacteria
when nitrogen becomes limiting (Woods and Reid, 1993; Merrick and Edwards, 1995)
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(Reitzer, 1996). In E. coli, the glnd gene, which forms an operon with the downstream genes
encoding the Nir regulators NtrB (nr5) and NtrC (nfrC), can be expressed from either one of
two tandem promoters, glndpl or gindp2, depending on the nitrogen conditions (Fig. 1.4).
Under nitrogen sufficient conditions, two minor consensus ¢™-dependent promoters, glndpl and
nirBp, ensure basal levels of the three products of the gindnirBC operon. Transcription from
gindpl is activated by a cyclic AMP-cyclic AMP receptor protein complex formed upstream of
the promoter, and under these conditions most of the transcripts terminate at a Rho-independent
terminator downstream of gind. However, under nitrogen limiting conditions the enhancer
protein NtrC, binds to two sites overlapping the —35 region and the transcriptional start site of
gindpl respectively, repressing expression from this promoter, while activating transcription
from the stronger ginAp2 promoter. Expression from glndp2 is considerably elevated
(approximately 14 fold) and is dependent on the phosphorylated form of NtrC, and RNA
polymerase complexed with o”*. Under these conditions the downstream n##BC genes are
expressed by read through resulting in a high level of NtrB and NtrC necessary to stimulate the

transcription of other Nir genes.

High
» » | Nitrogen
conditions
ntr. B i m‘rC —————
gind s
GS NtrB NtrC

Low
p —Nitrogen
conditions

Fig. 1.4 Transcription of the E. coli glndnrBC operon under high and low nitrogen conditions, as described in
the text. Promoters are indicated by the hatched regions. NtrC binding sites are indicated by triangles.

1.3.3 The nac (nitrogen assimilation control) gene

Not all nitrogen-regulated genes are controlled directly by NtrC. In K aerogenes a subset of
genes in the Nir regulon are under the control of a secondary transcriptional regulator, Nac,
whose expression is dependent on the o**-RNA polymerase and NtrC (Macaluso ef al., 1990;
Schwacha and Bender, 1993a; Schwacha and Bender, 1993b; Goss and Bender, 1995). Thus,
under conditions of nitrogen limitation, Nac activates the expression of operons necessary for

the wutilization of histidine (huf), proline (pur), and urea (pur), and represses the synthesis of
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GDH (gdh) and GOGAT (gltBDF). Although nac is also present in E. coli and K. pneumoniae
(Bender, 1991), nac regulation appears to be less significant in . coli. The significance of Nac
appears to be in coupling the expression of a number of otherwise o”° dependent genes, to the

o**-dependent nr regulators (Bender, 1991).

Thus, Ntr contrel provides a highly flexible and coordinated response to nitrogen availability.
Furthermore, the expression of various Nitr genes are modulated by additional factors as well,
including the level of activator needed, the degree of phosphorylation and negative autogenous
regulation of Nac and NirC (Reitzer, 1996).

There is also growing evidence that the nfr system is more widely spread than just in the enteric
bacteria. Regulatory circuits resembling the Ntr system appear to function in other Gram-
negative bacteria (Merrick and Edwards, 1995), and a number of nfr homologues have been
identified in many other bacterial genera. Of particular note is the ubiquity of the ginB-like
genes encoding Pu homologs, suggesting that this component of nitrogen regulation is highly
conserved. In fact a second functional homologue has been identified in E. coli (encoded by
ginkK), which is itself regulated by the Nir system (van Heeswijk et al., 1995; van Heeswijk et
al., 1996), suggesting that nitrogen regulation in the enteric bacteria is even more sophisticated
than originally thought.

1.4 Nitrogen control in Gram-positive bacteria

The regulation of nitrogen metabolism in Gram-positive bacteria has not been as well
characterized as in the enteric bacteria. Evidence for a global regulatory network equivalent to
the Ntr system is lacking, although as discussed below, some homologues appear to exist in
Bacillus subtilis. There is also no indication of an alternative global regulatory system that
characterizes this group, although there is still not much information available on nitrogen
control of enzymes involved in the utilization of nitrogen sources. As discussed, the mechanism
of GS modification by adenylylation plays a key role in nitrogen control in enteric bacteria, but
apart from in Streptomyces, this does not occur in Gram-positive organisms, nor is there

apparently any other post-translational control mechanisms.
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1.4.1 Nitrogen control and the regulation of GS activity in Bacillus subtilis

In B. subtilis, amino acids (glutamine, arginine and possibly others) rather than ammonia are
the preferred nitrogen source in that they support the fastest growth rate (Atkinson and Fisher,
1991). While the synthesis of amino acid degradative enzymes is substrate inducible, with the
exception of asparaginase, their expression is generally not regulated in response to nitrogen
availability (Atkinson and Fisher, 1991; Fisher, 1993; Schreier, 1993). However, nitrogen
limitation stimulates the expression of other enzymes involved in nitrogen metabolism
including urease, asparaginase, GSI and enzymes involved in nitrate assimilation (Atkinson and
Fisher, 1991; Nakano et al., 1995). It was recognized that the GS protein played an important
role in transmitting information about nitrogen availability to these enzyme systems, as well as
in controlling its own synthesis (Schreier er al., 1985; Schreier and Sonenshein, 1986). Only
recently has a global system of nitrogen control begun to emerge in B. subtilis, which was the
subject of a review by Fisher (1999). It involves at least three independent global regulatory
proteins; GInR, a member of the dicistronic g/nRA operon (Fig. 1.5), TnrA and CodY. These
regulators function under different nutritional conditions, and their activities support a system
of control in which they direct the cell towards adaptive vegetative growth rather than towards

sporulation, when nitrogen becomes limiting (Fisher, 1999).

In response to nitrogen limitation, TnrA activates the expression of asparaginase, y-
aminobutyric acid permease (gabP), urease (ured4 BC), the nrgAB operon encoding a putative
ammonia permease (NrgA), a homologue of the E. coli Pu protein (NrgB), and the nitrate
assimilatory enzymes (nasABCDEF) (Wray, Jr. ef al., 1996; Fisher, 1999). In addition, TarA
positively regulates its own synthesis, and represses the expression of g/nRA and the genes
encoding GOGAT (Wray, Jr. et al., 1996; Fisher, 1999). In contrast, GInR represses the
expression of glmRA, tmrd and wreABC in cells growing with excess (preferred) nitrogen
sources (Wray, Ir. et al., 1997; Fisher, 1999). They are related proteins belonging to the MerR
family of DNA-binding regulatory proteins. Although they differ in their C-terminal signal-
transducing domains, their proposed N-terminal DNA-binding domains are almost identical.
Both proteins bind to similar DNA sequences (TGTNAN;TNACA), the GlnA/TnrA site
(Fisher, 1999), under the different nutritional conditions, presumably accounting for the cross
regulation observed in some instances. The fact that not all promoters are cross regulated by
both proteins suggests that additional regulatory factors must be required. Since all the
promoters positively regulated by TnrA contain a GInR/TnrA site upstream of their —35 region,
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it was suggested that TnrA may activate expression by facilitating the binding of RNA
polymerase (Wray, Jr. et al, 1997). Thus, GInR and TnrA not only regulate their own
synthesis, but also cross regulate each other’s expression, and both negatively regulate GS
activity (Schreier ef al., 1989; Wray, Jr. ef al., 1996).

The regulation of GS activity in B. subtilis has been reviewed by Schreier (1993) and Woods
and Reid (1993). The activity of the GS enzyme is controlled primarily at the level of
transcription in response to nitrogen availability (Fisher ef al., 1984; Schreier and Sonenshein,
1986; Strauch er al., 1988; Schreier ef o/, 1989). The regulation of GS activity is schematically
illustrated in Fig. 1.5. The ginRA operon is transcribed by the vegetative (cA-dependent) form
of RNA polymerase (Schreier, 1993). During growth with excess nitrogen, the g/nR product,
GloR, a small (135-amino acid) dimeric protein represses expression of the ginRA operon
(Strauch et al., 1988; Schreier er al., 1989). Regulation of transcription involves the co-
operative binding of GInR dimers to each of two operators, glnRAo and glnRAo1 containing the
GInA/TnrA site (Gutowski and Schreier, 1992; Brown and Sonenshein, 1996). The upstream
site, ginRAo1, is a symmetrical inverted repeat sequence whereas the ginkAo2 operator is only
partially symmetrical. TnrA negatively regulates glnRA expression by binding to the ginR4do
operator, which overlaps the —35 region of the promoter (Fisher, 1999). The binding of GInR to
the operators requires GS but the exact nature of the interaction between these two proteins is
not understood. Mutational analysis indicated that the last seven residues of GInR are part of a
domain involved in sensing nitrogen conditions (Schreier, 1993) since removal of these

sequences prevented derepression of GS expression under nitrogen limiting conditions.

The mechanisms by which nitrogen levels are sensed in B. subtilis is not known, but it does not
appear to depend on the intracellular concentrations of glutamine (and 2-oxoglutarate) as in the
enteric bacteria (Fisher, 1999, Hu ef al., 1999). Whatever the mechanism is, the GS protein is
required for the transduction of the nitrogen signals to the GInR and TnrA proteins (Schreier et
al., 1985; Schreier et al., 1989; Wray, Jr. et al., 1996; Fisher, 1999). Although the derepression
of gind under nitrogen limiting conditions may involve additional proteins (Gutowski and
Schreier, 1992; Schreier, 1993), based on the patterns of GInR and TnrA regulated gene
expression, and the phenotypes of mutants altered in these regulators, Fisher (1999) proposes
that, during nitrogen excess conditions, the nitrogen signal activates GInR and inhibits TnrA
activity. Thus, TnrA is only active during nitrogen-limited growth in which the excess nitrogen

22



Chapter 1

regulatory signal is not present. In addition, the GInR and TnrA proteins appear to have
different sensitivities to the GS dependent nitrogen-regulatory signal, suggesting a flexible and
fine-tuned system.

glnR = gind ?—E—-—'
>

Nitrogen limiting Nitrogen rich cenditions
conditions (Signal 7)
(Signal ?)

Fig. 1.5. Model for the control of the B. subrtilis glnR4 operon (adapted from Schreier, 1993). In response to an
undefined signal of nifrogen excess conditions, the glnR gene product GInR, in concert with the GS protein,
binds to the two g/nRA operators (glnidol and ginkAdo2) thereby repressing transcription from the glnRA
promoter, glnRApr. The operator sequences are present from 40 to —60 and ~17 to ~37 relative to the ginR start
codon, respectively. Nitrogen limiting conditions activate the global regulator TnrA, which represses expression

of the ginRA operon by binding to the ginR402 site which overlaps the ~335 region of the promoter.

CodY-dependent regulation responds to the total nutritional status of the cell. It represses the
expression of several genes involved in nitrogen metabolism, including the histidine
degradative operon (huf), the dipeptide transport operon dpp, the isoleucine and valine
degradative operon (bkd), ureABC and gabP, as well as genes involved in competence and
acetate metabolism (Fisher et al., 1996; Fisher, 1999). The highest levels of CodY-dependent
repression occurred in cells growing rapidly in a medium rich in amino acids. While the signal
regulating CodY activity is unknown, it is thought that the mechanism of transcriptional
regulation involves binding of CodY to a structure formed by AT-rich DNA sequences (Wray,
Ir. et al., 1996). When carbon or nitrogen become limiting, CodY-dependent regulation is
relieved. As pointed out by Fisher (1999), regulation of the utilization of carbon and nitrogen
sources in response to growth rate helps ensure that nutrients are still available for adaptation to
non-optimal growth conditions. This pattern of regulation was consistent with the observation
that a hierarchy of amino acid utilization occurs in B. subrilis with histidine, isoleucine,
threonine and valine not being used significantly until the onset of stationary phase (Liebs ef
al., 1988).
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The use of multiple systems and components to regulate gene products involved in nitrogen
metabolism in response to different nutritional conditions, allows for non-coordinate gene
expression, which may give the organism an adaptive advantage under diverse nutritional
conditions. In addition it has been suggested by Fisher (1999) that, since the catabolism of
amino acids plays an important role in the developmental life cycle of B. subrilis, providing the
cell with energy during sporulation and germination, the regulation of amino acid degradative
enzymes may have evolved to be present at high levels in spohﬂating cells and spores, rather
than being preferentially expressed during nitrogen-limited growth as in the enteric bacteria.
Although the genetic organization and GlnR-dependent regulation of the B. subtilis ginRA
operon is preserved in B. cereus and Staphylococcus aureus (Nakano and Kimura, 1991,
Gustafson ef al., 1994), as yet there is no evidence that a nitrogen-regulatory system analogous

to that of B. subtilis is present in any other bacteria.

1.4.2 Nitrogen control and the regulation of GS activity in Streptomyces spp.

In contrast to other Gram-positive prokaryotes, Streptomyces species synthesize both GSI and
GSII enzymes (Section 1.2.5 above), and the GSI activity, encoded by glnd, is regulated at both
the transcriptional and post-translational levels in response to nitrogen availability (Paress and
Streicher, 1985; Brana et al, 1986; Bascaran ef al., 1989a; Fisher and Wray, Jr., 1989;
Hillemann er al., 1993). An exception to this observation is S. venezuelae in which GSI is
constitutively produced (Shapiro and Vining, 1983). At present nothing is known about the
regulation of the g/nll genes encoding GSII subunits in Strepromyces spp., and the respective
roles of the two gin genes remains unclear. Neither gind nor ginll single mutants appear to
require glutamine for growth, and in 8. viridochromogenes, no differential regulation of the
expression of GSI and GSII in response to different nitrogen sources was observed, although
GSI activity was always dominant (Hillemann et «l., 1993). This is very different to the
differential expression of the two GS isoforms seen in the nitrogen fixing bacteria in which

GSII is only expressed under conditions of nitrogen starvation (Edmands et al., 1587).

In contrast to the E. coli glnAntrBC and B. subtilis ginRA operons, the S. coelicolor ginA
transcription unit is monocistronic, and does not contain any potential regulatory genes (Fisher
and Wray, Jr, 1989). Although the mechanisms regulating the expression of GSI in
Streptomyces in response to nitrogen availability are not known, transcription of g/nd in S.
coelicolor requires a positive regulatory gene, ginR, and in view of the Gln- phenotype
associated with g/nR mutants, may also be required for transcription of ginilf (Wray, Jr. ef al.,

24



Chapter 1

1991). The ginR gene encodes a 29-kDa polypeptide whose deduced amino acid sequence
showed significant homology to other response regulator proteins that are known fo act as

transcriptional activators (Wray, Jr. and Fisher, 1993).

As indicated above, GSI modification by adenylylation in response to ammeonia rich conditions,
occurs in several Strepromyces species (Fisher and Wray, Jr., 1989). Recently, a ginE
homologue encoding a putative adenylyltransferase, was characterized from S. coelicolor (Fink
et al., 1999). The ginE, and a ginB (Py) homologue, were localized between the gind and ginll
genes (Fink ef al., 1999). This is different from the situation in £ coli (van Heeswijk er al.,
1993) where glnE is separate from the GS gene, although in M. tuberculosis gind, ginE and
ginll are adjacent (Fink ef al., 1999). A g/nFE mutant lost the ability for covalent modification of
GSI by adenylylation, demonstrating for the first time that in S. coeelicolor a GinE-mediated
GSI medification takes place. Furthermore, Southern blot hybridizations suggest that glnFE is
ubiquitous in Strepiomyces. This is the first example of an Nir-like component in the Gram-
positive Streptomyces. Although it suggests a GS regulation system similar to that of
Enterobacteriacige, the pattern is unlike the enteric system since GS adenylylation is not

coupled to GS synthesis in 5. coelicolor (Fisher and Wray, Jr., 1989).

Investigation of several enzymes involved in assimilation of different nitrogen compounds in S.
clavuligerus indicated that, although there did not appear to be uniform regulation of catabolic
enzymes in this organism, at least four enzyme activities involved in nitrogen nutrition are
controlled according to the nitrogen source (Bascaran et al., 1989b). GS, urease, ornithine
aminotransferase and arginase were subject to ammonia repression and induced by poor
nitrogen sources, whereas enzymes involved in the catabolism of threonine, serine, proline and
histidine were not (Bascaran ef al., 1989a; Bascaran et al., 1989b). The characterization of S.
clavuligerus mutants simultaneously deregulated for GS, urease and arginase activities,
suggested that a system of nitrogen control may exist in the Streptomyces involved in the
preferential utilization of some nitrogen sources, and suggested that GS played a key role. The
lack of histidase repression in S. clavuligerus is also apparent in S. coelicolor (Kendrick and
Wheelis, 1982) and S. grisens (Kroening and Kendrick, 1987), suggesting that nitrogen control
is not involved in histidine utilization in the Streptomyces. In this regulatory aspect,
Streptomyces differ from other histidine-utilizing bacteria.
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1.4.3 Structure and regulation of C, acetobutylicum ginA region

The C. acetobutylicum glnA gene region was cloned by complementation of an E. coli
ginAntr BC mutant, and the enzyme activity was not regulated by adenylylation (Usden er al.,
1986). Sequence analysis revealed that the structural gene encoded a GS protein of 444 amino
acids, which was expressed from either of two promoter sequences, P1 and P2 (at positions —
124 to -95 and —65 to —37) respectively upstream from the gind start codon, which are
regulated by nitrogen (Janssen et al., 1988; Janssen ef al., 1990). In addition, an extensive
inverted repeat sequence (158 nucleotides) was located immediately downstream of glnA
suggesting a terminator-like element. Four regions exhibiting dyad symmetry are located
upstream of gind, three upstream of P1, and one overlapping P2 (Woods and Reid, 1995).

Some of these features are summarized in Fig. 1.7.

Evidence presented by Janssen et al. (1990) and Fierro-Monti et al. (1992) strongly suggests
the involvement of an antisense mRNA (AS-RNA) in the down-regulation of gind gene
expression. A functional promoter, P3, situated 227 to 257 nuclectides from the 3’ end of the
ginAd gene, and oriented towards the gind gene (Fig.1.7), has been shown to direct the synthesis
of a short mRNA transcript in C. gcefobutylicum, which is complementary to a 43 base region
at the start of the g/lnd mRNA, including the ribosome binding site and the gind initiation
codon. An up-promoter mutation in P3 resulted in reduced levels of GS activity when the glnd
region was expressed in £ coli (Janssen et al., 1990). In addition, the production of this AS-
RNA was differentially regulated by the nitrogen source, such that under nitrogen limiting
conditions, which result in elevated GS activity, the expression of the AS-RNA was repressed
while the expression of the glnd mRNA was induced; levels of gind mRNA exceeded that of
the AS-RNA by five fold. Under nitrogen rich conditions that repress GS activity, the situation
was reversed; there was ~1.6-fold more AS-RNA transcripts over glnd mRNA transcripts. In
addition the gind mRNA was regulated in the same way as GS activity in the nitrogen limiting
and nitrogen rich media, however, the relative levels of GS activity varied more than that of the
corresponding mRNA in the different media, compatible with a post-transcriptional regulatory
mechanism. Thus it was proposed that the AS-RNA hybridized to the sense mRNA, thereby
inhibiting translation of nascent GS during nitrogen rich conditions (Fierro-Monti et a/., 1992).

Although all three promoters are typical of Gram-positive extended —10 and -35 promoter
consensus sequences, their differential regulation by the nitrogen source suggested the

involvement of additional regulatory clements. A more recent analysis of the region
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downstream of gind revealed an ORF of 566 nucleotides, present in the same orientation as the
gind gene (Fig. 1.7) (Woods and Reid, 1995). A corresponding polypeptide of the predicted
size (21.4 kDa) was detected by im-vitro transcription-translation assays (Dr. L. Brown,
personal communication). An intriguing feature was that the 5 start region of the ORF
overlapped with the AS-RNA coding region, such that the glnd AS-RNA was complementary
to the ribosome binding site and the first eight codons of the ORF mRNA. This implied that
expression of the ORF must interfere with the expression of the AS-RNA and hence that of the
ginA gene.

Based on amino acid sequence homologies, Woods and Reid (1995) proposed that the ORF
represented a response regulator protein. The deduced amino terminal domain showed
sequence homelogy to the conserved amino terminal domains of known response regulatory
proteins which are members of the family of two-component signal transduction systems.
These proteins function in pairs to regulate transcription of genes in response to environmental
changes such as nutrient limitations. The predicted carboxy terminus shared similarity with the
carboxy terminal domain of the aliphatic amidase regulator, AmiR, of Pseudomonas
aeruginosa (18 identical residues over a region of 60 residues; Fig. 1.6)(Lowe ef al., 1989).
AmiR positively controls the expression of the amidase encoded amiE gene via an anti-
termination mechanism by allowing RNA polymerase to read through the rho-independent
terminator present in the region between the amiE promoter and the amiE structural gene
(Wilson ef al., 1993; O'Hara et al., 1999). The AmiR protein is an unusual member of the
response regulator family since its antitermination activity is controlled by sequestration rather
than by phosphorylation. Under repressing growth conditions, the activity of AmiR is silenced
by the formation of a complex with the ligand-sensitive negative regulator AmiC. However, the
presence of small inducer molecules results in ligand-induced release of the RNA binding
positive regulator AmiR, and the expression of the full-length amiE transcripts (O'Hara ef al.,
1999).

These homologies are supported by a more recent search of the data bases (Fig. 1.6). The ORF
shared significant homology over its entire length with two probable response regulators, one
from S. coelicor and the other from M tuberculosis, as well as to the response regulator protein
NasT from Azotobacter vinelandii (27% identity). NasT is required for the expression of the
assimilatory nitrite-nitrate reductase operon (nasAB) (Gutierrez et al., 1995). Tt forms an operon

with the upstream negative regulator gene »asS. In addition, the carboxy terminal region of the
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ORF showed significant homology to the carboxy terminal region of NasR (28 identical
residues over a region of 70 residues), the nitrite-nitrate responsive positive regulator of the
nasFEDCBA operon encoding the assimilatory nitrite and nitrate reductases of Klebsiella
oxytoca (Goldman et al., 1994). NasR, which is encoded immediately upstream of the nasF
operon, operates independently of Ntr control. Interestingly, the expression of the nasF operon
in K oxytoca (M5al) is also controlled by a transcriptional antitermination mechanism, in
which it is hypothesized that, in response to nitrate or nitrite, the NasR protein binds to a stem
loop structure in the nast leader region, thereby mediating transcriptional readthrough of an
adjacent downstream factor-independent terminator (Chai and Stewart, 1998; Lin and Stewart,
1998; Chai and Stewart, 1999). Several distinct RNA binding protein-dependent transcriptional
antitermination mechanisms have been described in various bacteria (Babitzke, 1997; Henkin,

1996; Switzer ef al., 1999; Weisberg and Gottesman, 1999).

Thus, based on these sequence data, and its proximity to the gfnd gene, it seems likely that the
ORF represents a response regulator protein in C. acetobutylicum that may positively control
gind expression via an antitermination mechanism. This is consistent with the presence of a
sequence of dyad symmetry in the region of P2, between promoter P1 and the g/nd structural
gene with the potential to form a stem-loop structure (AG = -11 kcal/mol) and act as a factor-
independent transcription terminator (Woods and Reid, 1995). It may also be significant that a
second inverted repeat sequence, part of the complex palindromic sequence previously
identified by (Janssen et al., 1990), lies immediately upstream of P1. In addition, deletion of the
region downstream of gind resulted in very low levels of GS activity in E. coli (Janssen et al.,
1990). However, the way that the ORF product may sense nitrogen conditions is unclear, since
it does not contain certain highly conserved residues (Fig. 1.6}, including the aspartate residue
which is the site of phosphorylation characteristic of this family of regulators (Stock er al.,
1989). Although the proposed function of the ORF has not been confirmed, we have designated
it g/nR for the purpose of this thesis.
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Fig. 1.6 Multiple sequence alignment of deduced protein sequences homologous to the C. acetobutylicum
putative regulator GlnR {CacetGInR, GenBank accession no. AAB47033). Sequences included, together with
the GenBank protein accession numbers (in brackets), are: ScoelReg? (T35758), probable response regulator
from Strepiomyces coelicolor; MtubeReg? (H70558), probable response regulator from Mycobacterium
tuberculosis; AvineNasT (852249), response regulator NasT from Azofobacter vinelandii; KpneuNasR
(A55859), NasR regulator from Klebsiello pneumoniae; PacruAmiR (503884), amidase regulator AmiR from
Pseudomonas aeruginosa. NasR and AmiR sequences were included from positions 309 and 118, respectively.
Residues that are conserved in 100%, >75% and >50% of the sequences aligned, are indicated by dark, medium
and light shading, respectively. The conserved Asp (*) and Lys (e) residues proposed to be involved in the
phosphorylation and signaling activities of the two component family of regulators, are also indicated. The
multiple sequence alignment was created using the DNAMAN sofiware package.

A model was proposed by Woods and Reid (1995) for the regulation of the C. acetobutylicum
gind gene by the gInR gene product and AS-RNA (Fig. 1.7). It is envisaged that under limiting
nitrogen conditions a signal transduction mechanism induces expression of g/nR, which acts as
a transcriptional antiterminator by interacting with the terminator-like structure in the upstream
region of the glnd gene, thereby promoting transcription of glnd mRNA. In response to a rich
nitrogen signal P3 is activated resulting in the production of gind AS-RNA which would
reduce the production of GS and the putative regulatory protein by interacting with the
complementary 5° regions of the respective mRNAs, thereby inhibiting transcription.
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" Nitrogen rich
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Fig. 1.7. Structure of the C. acerobutylicum P262 glnd gene region, and model for gind regulation by the
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--------

nitrogen content of the medium as discussed in the text. Arrows indicate direction of transcription and promdters
are indicated by black dots. In response to pitrogen limiting conditions, an unknown signal activates the putative
transcriptional anti-terminator GInR, to bind to a region of dyad symmetry overlapping promoter p2, thereby
activating transcription from the gind promoter pl. In response to a rich nitrogen signal, transcription from the
downstream promoter p3 is enhanced. It directs the synthesis of an antisense mRNA (AS-RNA) which binds to
complementary sequences present in both the 5 regions of the glnd mRNA and g/lnR mRNA transcripts, thus

reducing expression of the respective genes.

1.5 Glutamate synthase (GOGAT)

1.5.1 General introduction

Until the discovery of glutamate synthase (GOGAT) by Tempest et al. (1970), the only kndwn
route for the synthesis of glutamate from ammonia in bacteria was by the direct activity of
GDH. GOGAT activity was first discovered in ammonia limited cultures (< 0.5 mM) of
Klebsiella aerogenes (Meers et al., 1970; Tempest et al., 1970), in which GDH activity was
barely detectable, while GS levels became notably elevated. Since then, the GOGAT pathway
has been established in many groups of diverse bacteria, as well as in other microorganisms
including yeast, fungi, algae, higher plants and recently in the silk worm. As outlined in Section
1.2.3, it forms the major pathway for ammonia assimilation in several microorganism and is
characterized as catalyzing the synthesis of two molecules of glutamate from one molecule
each of glutamine and 2-oxoglutarate during which one molecule of coenzyme (NAD(P)H) is
oxidized. Thus, GOGAT catalyzes a reaction at the intersection of carbon and nitrogen

metabolism. It is worth bearing in mind, that although this study focuses on the role of GS and
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GOGAT in nitrogen metabolism, factors that affect the rate at which 2-oxoglutarate is
synthesized would also be expected to affect the activity of the GOGAT pathway.

Numerous GOGAT structural genes have been cloned and sequenced, and a number of
GOGAT enzymes have been purified to homogeneity from a variety of microorganisms
including £. coli (Miller and Stadtman, 1972), K aerogenes (Trotta et al., 1974), B. subtilis
(Matsuoka and Kimura, 1986), B. megaterium (Hemmila and Mantsala, 1978), B. licheniformis
(Schreier and Bemnlohr, 1984), Azospirillum brasilense (Ratti et al., 1985), the anaerobic
nitrogen fixing C. pasteurianum (Singhal ef al., 1989), Nocardia medeterranei (Mei and Jiao,
1988), Saccharomyces cerevisiae (Cogoni et al., 1995), and Medicago sativa (Anderson et al.,
1989). Analyses of their combined structural, biochemical and sequence characteristics has lead
to the identification of three classes of GOGAT.

1.5.2 Classes of GOGAT

The bacterial class of the enzyme is dependent on reduced pyridine nucleotides (NAD(PYH) for
their reducing equivalents (NAD(P)YH-GOGAT), and is composed of two dissimilar subunits, |
the large (&) subunit conserved around ~150 kDa, and the small (/) subunit conserved at ~50
kDa, that together form the active off protomer (~200 kDa) (Vanomi and Curti, 1999).
However, their oligomeric structures differ considerably. Some show a quaternary structure of
the type (/)4 as in E. coli and A. brasilense, while others are of the af type and do not form
an active higher MW species, thus accounting for the wide range of apparent molecular weights
observed. The only controversial report is that of GOGAT purified from C. pasteurianum
which apparently exists as a dimer of five distinctly different subunits (Singhal er al., 1989).
The second class of enzyme depends on reduced ferredoxin as its electron donor (Fd-GOGAT;
EC 1.4.7.1), and are found in photosynthetic cyanobacteria (Marques ef al., 1992), and in the
photosynthetic tissues of plants (Knaff ef al., 1991; Sakakibara ¢t al., 1991; Avila ef al., 1993).
Molecular characterization of these enzymes has revealed that they appear to exist as
homodimers composed of a single polypeptide chain varying in size from 125 to 180 kIDa. The
eukaryotic pyridine-dependent forms of the enzyme constitute the third class of GOGAT
(NADH-GOGAT; EC 1.4.1.14), found in yeast, fungi and non photosynthetic tissues (nodules)
of plants (Gregerson et al., 1993). They are composed of a single high molecular weight
polypeptide of approximately 200 kDa. S. cerevisiae GOGAT exists as a homotrimeric enzyme
composed of three 199 kDa polypeptide monomers (Cogoni et al., 1995), while in Neurospora
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crassa and in plants the enzyme is composed of four identical monomers with an estimated

molecular mass of ~220 kDa each (Hummelt and Mora, 1980; Anderson ef al., 1989).

In bacteria, the structural genes for the « and /5 subunit polypeptides are encoded by the gitB
and gltD genes respectively, except in B. subtilis where the corresponding genes have rather
been designated glt4 and gltB (Bohannon et al., 1985). In all cases so far the genes are
genetically linked. While the o subunit is generally encoded upstream of the /5 subunit, in A4.
brasilense this gene order is uniquely reversed; the £ subunit precedes the o« subunit, and the
two coding sequences are 141 nucleotides apart (Pelanda ef al., 1993). The gene encoding Fd-
GOGAT was first cloned from maize (Sakakibara ef al., 1991), and later from cyanobacteria
and plants (Temple et al., 1998). These genes have been given various names including gitF,
glsF and gitS, while the genes encoding the eukaryotic NADH-dependent enzyme have been
referred to as glsN. Indeed, it would be beneficial to adopt a consistent nomenclature which

would clearly distinguish between the different classes of enzyme, and avoid confusion.

Comparative analysis of the amino acid sequences of GOGAT from eukaryotes and bacteria
has revealed highly conserved region, both within and between each class of enzyme
(Sakakibara et al., 1991; Gregerson et al., 1993; Pelanda et al., 1993; Valentin er al., 1993).
Specifically, the a subunit of bacterial GOGAT is very similar to the single polypeptide chain
of Fd-dependent GOGAT, and to the amino terminal three quarters of eukaryotic NADH-
dependent GOGAT, while the bacterial / subunit shares significant homology with the C-
terminal one quarter of eukaryotic NADH-dependent GOGAT. The eukaryotic pyridine
dependent form of the enzyme appears to derive from the fusion of polypeptides corresponding
to the o and S subunits of bacterial GOGAT, linked by a short non-conserved polypeptide
chain. The Fd-GOGATsS lack a region corresponding to the bacterial # subunit.

1.5.3 The role of GOGAT in plants

The role of the pyridine-dependent plant enzyme seems to be similar to that of the bacterial
enzyme being involved in the primary assimilation of ammonia derived from the action of
symbiotic nitrogen fixing bacteria, and from the reduction of nitrates present in the soil
(Temple er al., 1998; Vanoni and Curti, 1999). In alfalfa nodules, a dramatic increase in
NADH-GOGAT gene expression occurred with the onset of nitrogen fixation in the bacteroid
(Gregerson et al., 1993). It appears that the role of Fd-GOGAT, localized in chloroplasts in

plants, is the secondary assimilation of ammonia derived either from the mobilization of
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nitrogen storage compounds, or from photorespiration (Curti et al., 1996). Although low
constitutive levels of NADH-GOGAT have been detected in green tissues, Fd-GOGAT
accounts for the major part of ammonia reassimilation in photosynthetic tissues, since Fd-glt
mutants were also photorespiratory mutants. The control of GOGAT m plants is poorly

understood, although Fd-GOGAT is induced by light.

1.5.4 Enzyme model ;
GOGAT is a complex iron-sulphur (Fe-S) flavoprotein, which was the subject of a recent
review by Vanoni and Curti, (1999). This review was extensively consulted in preparing the

following sections.

Early studies on the structural and biochemical properties of bacterial GOGATS purified from
E. coli (Rendina and Orme-Johnson, 1978), B. subtilis (Matsucka and Kimura, 1986) and A.
brasilense (Vanoni ef al., 1991; Vanoni et al., 1992) established that the o/ protomer contains
two flavin cofactors (one FAD and one FMN) and three distinct Fe-S centers: one [3Fe-48]%"
cluster (Center 1) and two [4Fe-4S])"**" clusters (Centers 1T and III). Based on kinetic and
spectroscopic studies on these enzymes, a scheme for the enzyme reaction was proposed, which

described three distinet catalytic sites carrying out partial reactions (Curti ef al., 1996).

Most of our biochemical knowledgé of the enzyme comes from studies conducted on the
enzyme from the Gram-negative nitrogen fixing bacterium Azospirillum brasilense. Recently, a
series of very elegant studies on the kinetic, spectroscopic and biochemical properties of the 4.
brasilense holoenzyme, as well as the individual recombinant dand /3 subunits overproduced
m £ coli (Vanoni et al, 1992; Pelanda er al., 1993; Vanoni ef ¢l., 1994a; Vanoni ef al., 1996;
Vanoni ef al., 1998), have consolidated the mechanistic model, and established the localization
and properties of the functional sites (Fig. 1.8). During catalysis, NAD(P)H binds to the first
active subsite, Site 1 of the enzyme, which lies in the /7 subunit, and reduces Flavin 1, identified
as FAD, located at this site. The electrons flow through a postulated intramolecular electron
transfer chain, formed by some or all of the Fe-S centers, leading to reduction of the second
enzyme flavin, identified as FMN. This is located in the « subunit at functional Site 2 of the
enzyme. Here, the reduced FMN cofactor is in turmn responsible for the reduction of an
iminoglutarate intermediate, formed from the addition of the amide group of L-glutamine to the
2(C) carbon of 2-oxoglutarate. This site thus catalyzes a GDH-like reaction in which ammonia

is derived from glutamine and reduced FMN is the electron donor. Steady state kinetic analysis
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of the GOGAT reaction demonstrated that glutamine binding and hydrolysis takes place at
another distinct site, Site 3, following 2-oxoglutarate binding to the reduced enzyme at Site 2.
Essentially, a glutaminase reaction must take place at Site 3, prior to the addition of ammonia
to 2-oxoglutarate to yield the postulated 2-iminoglutarate intermediate. Indeed, mutants have
been described that exhibit a glutaminase activity uncoupled from reductive amination (Donald
et al., 1988), and glutaminase activity was found associated with the purified o subunit (Vanoni
et al., 1998). Thus, it was concluded that the o subunit contains the site of glutamine binding
and hydrolysis, as well as the site where the actual glutamate synthesis takes place, and the f
subunit acts as a FAD dependent NAD(P)H oxidoreductase, which serves to input electrons
into the « subunit for reductive glutamate synthesis (Vanoni and Curti,, 1999), resulting in a

tight coupling of glutaminase and glutamate dehydrogenase activities.

This model is consistent with the finding that FAD is absent from Fd-dependent GOGAT, and
that they contained only one type of flavin, identified as FMN, and one type of Fe-S cluster, a
[3Fe-4S1™"! center (Knaff ef al., 1991; Marques et al., 1992; Hirasawa ef al., 1996)

L-Glutamate

2-Im inoglutarate

B subunit

o subunit

Fig. 1.8 Proposed model for the localization of cofactor and substrate binding sites, and the partial reactions that
take place at the three subsites within bacterial glutamate synthases. Adapted from Vanoni and Curti (1999).

In the proposed model, communication between Sitel and Site2 is established by the

intramolecular electron transfer chain. Reduction reactions established that Center 1, [3Fe-

481°*! center, and Center 2, a [4Fe-4S]"'* center, most likely participate in the intramolecular
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electron transfer process from FAD to FMN, however the role of Center 3, the second [4Fe-
481" center, is uncertain since its redox potential seems too low for it to be involved in the
electron transfer process (Vanomni ef al., 1992). Furthermore, while Center 1 was localized in
the o subunit (Vanoni ef al., 1998), the localization of Center 2 and 3 could not be assigned to
either of the individual bacterial subunits. The study of recombinant GOGAT from A.
brasilense indicated that correct folding of the two subunits to form the holoenzyme was
needed to assemble the two 4Fe-4S clusters, suggesting that the « subunit may provide the
correct environment for cluster formation and/or ligands to the clusters, and that these active
centers are probably at the interface between the subunits (Vanoni and Curti, 1999). In addition
it was concluded that the / subunit domain not only provides reducing equivalents for the
overall oxidoreduction reaction, but is also required to determine some of the properties of the
holoenzyme: i.e. electronic communication between the 3Fe-4S center and the FMN cofactor
within the ¢ subunit, and the tight coupling of ammonia release from glutamine to its addition
to 2-oxoglutarate and reduction of the iminoglutarate intermediate to form L-glutamate. Vanoni
and Curti, (1999) have suggested that the formation of Fe-S Centers Il and III may trigger the
conformational changes required to ensure coupling of the glutaminase and ghutamate synthase

activities and electronic communication between the redox centers.

Characteristically, GOGAT enzymes are very specific for their substrates and cofactors. Most
microbes possess a NADPH-dependent activity, although NADH-dependent activity has been
reported (Singhal et al., 1989), and Corynaebacterium callunae possesses an enzyme with dual
coenzyme specificity, although NADH was less effective (25% of NADPH activity) (Ertan,
1992). Reports exist on the ability of various bacterial GOGAT enzymes, to catalyze glutamate
synthesis from 2-oxoglutarate and free ammonia, however, the ammonia dependent activity is
usually only 2 to 5% of the glutamine-dependent activity, and it does not appear to be
physiclogically significant (Schreier, 1993). Tt has been suggested that it may reflect the
primitive aminase activity before modification by association of a glutamine amidotransferase
function.

1.5.5 Functional domains

The proposed catalytic model is consistent with the identification of strictly conserved domains
within the « subunit regions of GOGATs from all three classes. These could be assigned to
functional domains for the binding of FMN, for the 3Fe-4S center formation, and an N-terminal
domain for glutamine binding and activation (Fig. 1.9), which shared sequence similarity with
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the PurF-type class of glutamine amidotransferases whose prototype is the bacterial
phosphoribosyl pyrophosphate amidotransferase (PRPP-AT). The N-terminal Cysl residue of
PRPP-AT is involved in the nucleophilic attack of the carboximade of glutamine to initiate
amide transfer (Isupov et al., 1996; Kim e al., 1996). The finding that a conserved cysteine
residue forms the amino terminal amino acid in all mature Fd and Pyridine-dependent
GOGATS so far characterized (see Section 1.5.7 below), and that it is essential for glutamine
hydrolysis (Vanont et al., 1994a), suggests that the GOGAT enzymes use a similar catalytic
mechanism to the PurF-type amidotransferases to effect ammonia release from glutamine
(Vanoni and Curti, 1999).

Similarly, regions conserved within the bacterial £ subunit and the corresponding region of the
eukaryotic pyridine-dependent enzyme, could be assigned to NAD(P)H and FAD binding sites.
This was based on comparisons of the deduced amino acid sequences of GOGAT with well
characterized enzymes that use the same substrates and cofactors (Gosset ef al., 1989; Pelanda
et al., 1993; Curti et al., 1996; Filetici et al., 1996). Although the isolated f subunit gave no
signal that could be assigned to Fe-S clusters (Vanoni ef al., 1996), it has been suggested that
the two conserved cysteine rich clusters found in /£ subunits, although not typical of well
characterized Fe-S clusters, probably do represent sites for metal binding, but, as discussed
earlier, the « subunit may be required for their formation. These functional domains, which are
described in detail in Chapter 2, were supported by a series of limited proteolysis studies on the
A. brasilense enzyme (Vanoni et al., 1994b).

Frokaryatic
NAD(P)H-dependens N
GOGAT

o subumit

Fd-dependent
GOGAT

Bukaryotic
MADH-dependent N
GOGAT

Fig. 1.9 Localization of likely functional domains within GOGATS. GAT, PurF-type aminotransferase domain;
FMN, FMN binding domain; 3Fe4S, cystein rich region for the formation of a 3Fe-48 cluster; (ADP) possible
adenylate biildiﬂg domaine of unknown function; FeS, cystein rich regions that could be involved in the
formation of the two 4Fe-45 clusters; FAD-I and NAD(P)H, adenylate binding folds for the binding of the
respective flavin and pyridine nucleotides; FAD-I, a second FAD binding consensus sequence. Scales are

approximate. Taken from Vanoni and Curti (1999).
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1.5.6 Commeon model

The structural, biochemical and cofactor properties shared between GOGATs from various
sources, suggest a common function (and presumably catalytic mechanism) in which they all
share a common polypeptide harboring the glutamine amidotransferase and glutamate synthase
activities (the bacterial @ subunit, the single Fd-dependent polypeptide, or the corresponding
part of eukaryotic pyridine-dependent GOGAT), but differ in their eleciron donors; reducing
equivalents are either provided by reduced ferredoxin in photosynthetic tissues, or by a FAD-
dependent NAD(P)H oxidoreductase in the case of the pyridine nucleotide dependent enzymes,
which in eukaryotes is fused to the C-terminus of the glutamate synthase.

1.5.7 Post-translational processing

N-terminal sequencing of the GOGAT subunits has revealed that, in all GOGATSs so far
studied, post-translational processing occurs such that the mature N-terminus of the & subunit
domain is created by proteolytic cleavage of a presequence (e.g. 53 amino acids long in yeast
(Cogoni ef al., 1995) and 36 amino acids long in both E. coli and A. brasilense (Oliver et al.,
1987; Pelanda et al., 1993) to expose a strictly conserved cysteine residue as the first amino
acid. It is uncertain what the role of this presequence is. It is not characteristic of typical E. coli
post-translationally processed proteins (Oliver ef al., 1985). It has been suggested that it may
function as a transit peptide signal, targeting the protein to the mitochondria in yeast (Filetici ef
al., 1996), or, since both Fd- and pyridine-dependent enzymes are nuclear-encoded chloroplast
or plastid located proteins, the transit peptides may target the protein to these organelles in
plants (Suzuki and Rothstein, 1997). However, they do not share common characteristics of the
mitochondrial or chloroplast import signals. Another view is that since the conserved Cys-1
residue is within the glutamine amidotransferase domain and 1s essential for glutamine
hydrolysis and catalysis (Vanoni et al., 1994a), the presequence may be necessary in order to
have a reserve of inactive GOGAT in the cell that could be quickly activated by the cleavage of
the presequence and the consequent exposure of the amino-terminal cysteine residue. Nothing
is known about this process, and it has not been established whether it is due to an autocatalytic
property of the enzyme itself, or whether it requires a specific maturation enzyme. In addition,
the initial methionine residue of the / subunit is removed to produce the mature polypeptide

(Oliver et al., 1987; Pelanda et al., 1993).
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1.5.8 GOGAT evolution

It appears that during the course of eveolution, bacteria recruited an FAD-dependent NAD(P)H
oxidoreductase to input electrons into the glutamate synthase protein. However, clues on the
origins of the two subunits may come from studies on the Archaea bacteria. Analysis of the
sequence of the archae, Archaeoglobus fulgidus (Klenk et al., 1997) and Methanococcus
Jannaschii (Bult ef al., 1996) revealed the presence of genes encoding putative GltB-like
proteins (estimated to be 55.45 kDa). Although there is no biochemical evidence for the
function of these GltB-like proteins, based on sequence conservation of certain domains
including the FMN binding site, and the presence of cystein rich regions for Fe-S center
formation, it has been proposed that they may represent fully functional GOGAT enzymes
comprising the minimal features needed for glutamate synthesis (Vanoni and Curti, 1999).
Similarly, Jongsareejit ef al. (1997) have characterized a 481 amino acid protein, GItA, from
the hyperthermophilic archaebacterium Pyrococcus sp. KOD1, which is very similar to the
bacterial £ subunits (36.3% and 30.2% amino acid identity to and 4. brasilense and E. coli
enzymes respectively). Furthermore, they report that it is a fully functional GOGAT in the
absence of a « subunit, a result which is surprising in the light of the known properties of
bacterial GOGATSs. These findings led Jongsareejit ez al. (1997) to suggest that the archae
GltB-like proteins and Pyrococcus KOD1 GItA may represent ancestral prototypes of the ¢ and
/7 subunit domains of GOGAT respectively. The finding that in some bacteria, « and £ subunit
homologues do not lie adjacent to each other on the chromosome e.g. in the cyanobacterium
Synechocystis spp PCC1803 (Navarro et al., 1995) and in Aquifex aeolicus (Deckert et al.,
1998), may be further evidence for the separate evolution of the two subunits. In fact, the recent
emergence of a number of GOGAT / subunit-like proteins that are not associated with an «
subunit domain, as well as /4 subunit-like domains found within other proteins, has also led to
the suggestion that the f subunit of GOGAT is derived from a much larger family of FAD
dependent NADPH oxidoreductases discussed in Chapter 3 (Vanoni and Curti, 1999).

Despite the very different physiological roles of the Fd-dependent and pyridine-dependent
forms of the enzyme, the significant homology that they share suggests that they are
evolutionary related proteins. The fact that the pyridine-dependent form of GOGAT is present
in such a diverse number of organisms, suggests that it represents the ancestral form of the
enzyme, required for basic ammonia assimilation. The apparent fusion of the two subunits can

be regarded as characteristic of the evolution of eukaryotes. On the other hand, since Fd-
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GOGAT is only present in plants and the cyanobacteria, it may have originated from the «
subunit during the evolution of cyanobacteria in which the gene for the small subunit may have
got lost. In higher plants both forms of GOGAT are localized in the plastid, although the
proteins are encoded in the nuclear genome (Somerville and Ogren, 1982). It is generally
accepted that chlorophytic plastid genomes are the remnants of an endosymbiotic ancestral
organism believed to have been of cyanobacterial origin. The majority of genes required for
plastid metabelism have either been transferred to the nuclear genome, or their function taken
over by eukaryotic nuclear genes. Therefore, it seems possible that the plant Fd-GOGAT has an
endosymbiotic cyanobacterial origin. This is supported by the discovery of a plastid encoded
Fd-GOGAT homologue (sharing 55.1% similarity to maize) in the multicellular red algae
(Valentin ef al., 1993). Furthermore, these authors indicate that in the chromophytic algae,
proposed to have originated by secondary endosymbiosis of the red algae, the Fd-GOGAT
encoding genes have been transferred to the nuclear genome, thus paralleling the scenario in
chlorophytes. Hence, FA-GOGAT may represent another example of a conserved gene
transferred from a cyanobacteria-like organisms to plants, in this case to minimize the loss of

nitrogen due to photorespiration.

1.5.9 Regulation of GOGAT activity

Despite the central role GOGAT plays in nitrogen metabolism, regulation of expression,
translation and post-translational processes remain poorly understood. In general, GOGAT
activity was found to be repressed by glutamate, or a good source of glutamate, in most
bacteria. There is no evidence of regulation at the post-translational level, and generally it has
been found to be relatively insensitive to regulation by feedback inhibition (Schreier, 1993;
Merrick and Edwards, 1995). Specifically, L-glutamate had no significant inhibitory effect on
any GOGATs so far examined. Regulation of GOGAT activity has been shown to occur
primarily at the level of enzyme synthesis in several microorganisms including E. coli (Castano
et al., 1988), K. aerogenes (Senior, 1975) S typhimurium (Brenchley et al., 1975) R. phaseoli
(Bravo and Mora, 1988), S. coelicolor (Fisher, 1989), B. subtilis (Bohannon et af., 1985),
suggesting a regulatory role for this enzyme in biosynthetic pathways involving glutamate. The
genetic control of GOGAT expression has only been studied in E. cofi and B. subtilis to date

and will form the following discussion.
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1.5.9.1 GOGAT in E. coli

In E. coli, the two GOGAT structural genes (g/tB and g/tD) form an operon with a third gene
gltF (Castano et al., 1988), suggested to encode a putative regulatory protein (26.3 kDa)
(Castano er al., 1992). The gitBDF genes are cotranscribed on a single major 7.5 kb mRNA
(Castano ef al., 1988; Oliver et al., 1987), and g/tB mutants have been shown to exert polar
effects over the downstream genes of the operon (Bolivar et al., 1992). However, weak
promoter activity was detected in the region preceding the gitF initiation site (Grassl et «l.,
1999). In addition the long intercistronic region between gltD and gltF (561 bases) contains two
potential sequences of imperfect symmetry that could function as transcriptional termination
signals (Bolivar er al., 1992). However, as yet it has not been established whether, under
particular metabolic conditions, any of the transcripts initiated at the g/tB promoter terminate
downstream from g/tD. Interestingly only 12 nucleotides separate the termination codon of the
large (@) subunit from the translational start point of the small (£) subunit. This results in the
RBS of the £ subunit overlapping with the termination codon of the « subunit, and suggests
that both genes are translationally coupled. Such close proximity is thought to ensure the co-

ordinated expression of genes with related functions.

Expression of the g/tBDF operon is not regulated by the global Nir system (Reitzer and
Magasanik, 1987). Unlike other Nir enzymes, GOGAT expression is strongly repressed by
growth in glutamate, yet derepressed to the same extent by growth in either a nitrogen limiting
source such as glutamine or in excess ammonia (Castano et al., 1988). Instead, the expression
of the gltBDF operon in E. coli is positively regulated by the leucine-responsive global
regulatory protein, (Lrp) (Ernsting ef al., 1993).

1.5.9.1.1 Lxp ( leucine responsive regulatory protein )

Lrp has recently emerged as a global transcriptional regulatory protein in E. coli affecting the
expression of numerous unrelated genes and operons, either positively or negatively, in
response to leucine (reviewed by Calvo and Matthews (1994), and Newman ef al. (1996). Part
of the regulon consists of proteins with prominent roles in the regulation of nitrogen
metabolism: Lrp positively regulates gind and gltBDF genes, as well as genes involved in
amino acid biosynthesis. Pyridine nucleotide transhydrogenase (pnf) expression is also
positively regulated in keeping with the demand for NADPH during the biosynthesis of amino
acids and the assimilation of ammonia. On the other hand Lrp negatively regulates many

operons involved in amino acid catabolism and nutrient transport.
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Lrp regulates its target genes by binding directly to specific sites in the promoter regions, and
its coregulator leucine merely modulates the activation or repression of these target genes
(Calvo and Matthews, 1994). A model, proposed by Emsting ef al. (1993) and supported by
Borst ef al. (1996), to explain the broad range of sensitivities to leucine observed in Lrp
regulated operons, suggests that leucine affects the affinity of Lrp binding to its target DNA,
without apparently affecting the sequence specificity of binding (Cui er al., 1995). The extent
of this effect is a function of both the intrinsic affinity of the specific target gene for Lrp, with
leucine insensitive genes, e.g. the gltBDF operon, exhibiting a higher affinity for Lrp than

leucine sensitive genes, as well as the effective intracellular concentration of Lrp.

The /rp gene has been cloned and sequenced (Austin et al., 1989; Willins et al., 1991; Platko
and Calvo, 1993). Mutational analysis indicated that the protein contained three functional
domains: a DNA-binding domain within the N-terminal part of the protein which contained a
predicted helix-turn-helix (H-T-H) motif, a transcriptional activation domain within the middle
part, and a leucine response domain which mapped to the C-terminal one third of the protein. In

solution it exists as a dimer composed of two identical subunits of predicted size (18.8 kDa).

1.5.9.1.2 Regulation of the gltBDF operon in E. coli

The expression of the gltBDF operon is dependent on, and highly sensitive to Lrp levels
(Ernsting et al., 1992), with GOGAT activity being undetectable in an /rp strain. On the other
hand, expression of the reporter gene construct gitB::lacZ, was 44-fold higher in an /rp+ strain
compared to an isogenic /rp strain grown in minimal medium. The operon is relatively
insensitive to leucine with the addition of saturating concentrations of L-leucine to the growth

medium resulted in only a 2.2-fold decrease in transcriptional activation (Ernsting et al., 1993).

Details of the finer genetic control of the gif operon is provided by the recent studies of Wiese
et al. (1997), which form much of the following discussion. Transcription of the gltBDF operon
is regulated by Lrp binding specifically to at least three sites upstream, spanning the region
from -140 to -260 bp relative to the start of transcription. Maximum transcriptional activation
requires that Lip binds to all three sites and that these sites are properly phased with respect to
one another and with the start of transcription. The binding of Lrp to flanking sites 1 and 3 was
found to be highly co-operative with Lrp bound to site 2, which showed the highest affinity for
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Lrp. A similar pattern is observed in other Lrp activated operons (Gally ef al., 1994; Gazeau ef
al., 1994).

Analysis of the six Lrp binding sites in the flviH operons from E. coli and S. typhimurium
revealed that they are organized either as palindromic motifs or as half motifs (Wang ef al.,
1993), from which consensus sequences have been derived: 5°-AgaATTTTATtcT-3’and 5°-
TTATtcT-3" or 5’-AAATtcT-3") (Wang and Calvo, 1993; Cui ef al., 1995). The palindromic
nature of the consensus sequence, and the stoichiometry of binding, suggests that an Lrp dimer
binds to the DNA in such a way that each monomer binds to a half site (Cui et al., 1995; Cui et
al., 1996).

The central high affinity Lrp binding site of the gitBDF promoter region, site 2, shows clear
palindromic symmetry with a very good match to the consensus sequences. Site 3 is also
palindromic, while site 1 appears to only involve a half site interaction. Thus, the consensus-
like palindromic features of site 2 appear to be required to establish strong initial binding,
facilitating Lrp dimers to bind co-operatively to the flanking sites. The centers of site 1 and 2
are separated by 31 bp, effectively positioning the sites on the same face of the helix, which
presumably facilitates co-operative protein-protein interactions. The proposed nucleoprotein
activation complex so formed could then efficiently deliver Lrp to a critical proximal binding

site where it could directly interact with RNA polymerase, hence regulating transcription.

Although regulation of the gltBDF operon by Lrp was consistent with the model in that
mutations affecting the affinity of Lip for its target sites significantly decrease gltBDF
expression (Wiese ef al., 1997), this model was not sufficient to describe in vive regulation.
Leucine decreased the affinity of Lrp for gitBDF DNA, however it unexpectedly increased the
amount of transcription from Lrp-DNA complexes that did form. This led to a refinement to the
model which suggest that it is the difference between the positive effect leucine has on
transcriptional activation by whatever Lrp is bound, and the negative effect it has on binding
affinity, that determines the overall leucine sensitivity for a given operon. For the gltBDF
operon therefore, the 2.2-fold decrease in activation observed in the presence of leucine, is the
cumulative result of an ~8.8-fold decrease in the affinity of Lrp for DNA, and a ~3.6-fold
increase in the activation efficiency of bound Lrp. Since homologues of Lrp are conserved in a

number of other members of the family Enterobactereacea (Calvo and Matthews, 1994), it is
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likely that the mechanism by which gltBDF is regulated in E. coli will serve as a model for

Gram-negative bacteria in general.

1.5.9.1.3 Relationship between Lrp, the GOGAT operon and the Ntr network

The discovery that GOGAT mutants are unable to utilize any nitrogen sources that require
induction of the Nir response, and are unable to induce GS and other nitrogen regulated
proteins in response to nitrogen limitation, led to the conclusion that expression of the gltBDF
operon was required for induction of the Nitr response (Castano et al., 1988; Reitzer, 1996).
This inay also explain the dependence of the Nif phenotype (i.e. the ability to fix nitrogen in the
free living state) on GOGAT expression in many bacteria (Bani ef al., 1980; Donald et al.,

1988), since nitrogen fixation is controlled by the Ntr system in enteric bacteria.

One theory suggests that GOGAT activity is essential for induction of the Nir response because
it prevents the accumulation of intracellular glutamine. A second widely accepted hypothesis
suggested that the gltF gene encoded a regulator, GItF, which was required for induction of the
Ntr system, possibly by representing an alternative route for the phosphorylation of NtrC or
NtrB, since it shared similarity with protein kinases. However, the exact role of gltF remained
unclear (Castano ef al., 1988; Castano ef a/., 1992). Recent studies on the role of the gltF gene
product, argues strongly in favour of the first theory (Grassl e al., 1999). First, a non-polar gitF
insertion mutant was shown to have no detectable phenotype with respect to amino acid or
ammonia transport, or utilization of alternative nitrogen sources. Second, the GItF protein,
which is preceded by a signal peptide, is exported into the periplasmic space, an unlikely
location for the proposed regulator. These results led Grassl ef al. (1999) to conclude that GItF

is not involved in regulation of the nitrogen regulon genes as previously thought.

Lrp- strains were also shown to be functionally Ntr- (Emsting ef al., 1992). However, unlike
the direct regulation of the glt BDF operon, regulation of GS and other Nir enzymes by Lrp was
indirect, and depended on a functional signal transduction pathway. Because GOGAT activity
is undetectable in the absence of a functional Lrp protein, it appears that the effect of Lrp on the
Nitr regulon is due to its direct effect on gltBDF transcription (Calvo and Matthews, 1994).
Thus our understanding of Ntr regulation is broadened by the involvement of Lrp and the
GOGAT operon. Newman et al. (1992) conclude that Lrp is a sensor of general nutritional

conditions. Therefore, its levels will be high in a nutritionally poor environment, resulting in
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high expression of the gltBDF operon and induction of the Ntr regulon in response to the

availability of ammonia.

1.5.9.1.4 Additional aspects of GOGAT regulation

GOGAT levels are also controlled by other factors. Nac, which is itself controlled by the Ntr
system, is involved in the negative regulation of GOGAT expression in some Gram-negative
bacteria in the absence of ammonia (Bender ef al., 1983; Macaluso ef al., 1990). A cyclic AMP
receptor protein (CRP) binding site overlaps the —35 RNA polymerase binding site of gltBDF
operon in E. coli (Oliver et al., 1987), and since GOGAT expression is affected by the cyclic
AMP (cAMP) receptor protein-cAMP complex, it has been suggested that CRP dependent
repression may prevent GOGAT from draining 2-oxoglutarate from the citric acid cycle when
carbon or energy is limiting (Reitzer, 1996). However, in none of these cases is the mechanism
of regulation understood. Clearly, the relationship between the glr operon expression, GOGAT

activity, and nitrogen metabolism is complex in the enteric bacteria.

1.5.9.2 Regulation of GOGAT in B. subtilis

Not surprisingly, the mechanism of regulation of GOGAT activity in B. subtilis is very
different from the enteric bacteria, and GS and GOGAT do not appear to be regulated in a co-
ordinated manner in this bacterium either, since L-glutamine, ammonia, and glutamate affect
them quite differently (Pan and Coote, 1979). Glutamate (or good sources of glutamate)
represses GOGAT activity but induces GS activity. GS activity is repressed by L-glutamine and
ammonia, while L-glutamine only partially repressed GOGAT activity and ammonia
completely derepressed GOGAT activity. The ratio of GOGAT activity for cells grown in
glutamate, glutamine, and ammonia as the sole nitrogen source are approximately 1:3:7
respectively (Pan and Coote, 1979; Schreier et al., 1982). Bohannon ef al. (1985) demonstrated
that this nitrogen-source-dependent regulation of GOGAT activity was exerted primarily at the
level of transcription. Subsequently, it was shown that GOGAT gene expression (gltd and g{tB)
is dependent on a positive regulatory protein, GtC (Bohannon and Sonenshein, 1989),
unrelated to E. coli Lrp or GItF.

1.5.9.2.1 GItC belongs to the LysR family of bacterial regulators

Sequence analysis revealed that GItC belongs to the large LysR family of positive DNA-
binding transcriptional activators (Bohannon and Sonenshein, 15689), of which E. coli LysR
serves as the archetype (Henikoff ef al., 1988). The features that characterize this family of
regulators, reviewed by Schell (1993), are conserved in GItC: the gene encoding the regulator,
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ghtC, is linked to and transcribed divergently from its target gene, gltd, from overlapping
promoters; GItC negatively autoregulates its own expression (Bohannon and Sonenshein,
1989), and it is a small polypeptide (calculated molecular mass of 34 kDa) containing the
highly conserved amino terminal domain (~65 residues) which includes the characteristic H-T-
H motif (positions 18 to 37) associated with DNA binding activity (Belitsky er al., 1995). The
less well conserved C-terminal regions of the LysR-type regulators contain isolated domains
involved m coinducer recognition and response, and have been suggested to play a role in
subunit interactions and/or protein-DNA interactions necessary for transcription activation.
Studies on the mechanism of activation of target genes by LysR-type regulators has been
shown to depend on them binding to specific DNA regions of ~15 bp partially dyadic
sequences, which contain the proposed LysR consensus binding motif, T-Nj;-A (Goethals et
al., 1992). The primary recognition site is centered at ~-65 with respect to the transcription start

sites of the target genes.

1.5.9.2.2 Regulation of the gltAB and gltC genes by GitC

The transcriptional starts of the two divergent genes, gltd and glrC, are separated by
approximately 51/52 bases, and as illustrated in Fig. 1.10, the -10 and -35 regions of the two
promoters overlap extensively (Bohannon and Sonenshein, 1989). Two 15 bp dyad symmetry
sequences, BoxI and Boxll, conforming to the LysR consensus site, are present in the
intergenic region immediately upstream of the gltd promoter. BoxI, centered at position -64
with respect to the start point for glt4 transcription, is essential for both the GltC-mediated
activation from the g/t4 promoter, as well as for repression from the gitC promoter (Belitsky ef
al., 1995). BoxII, which is separated from BoxI by two DNA helical turns, and partially
overlaps the -35 region of the gltd promoter, is also required for full activation of glz4
transcription, but in contrast to Boxl, was not required for autorepression of the gltC gene
(Belitsky et al., 1995). The requirement for a second binding site situated closer to the promoter
of the target gene is a common feature of LysR-type gene regulation, although the extent of the
similarity between the two binding sites varies for different LysR-type proteins (Schell, 1993).
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Fig. 1.16 Regulatory features spanning the B. subrilis gltCA intergenic region. The g/fC and gltd -10 and -35
promoter sequences are indicated in boldface type, along with the transcription initiation sites (+1): there are
two potential initiation sites for gfC. Arrows denote the direction of transcription of the respective genes. The
underlined sequences highlight the regions of dyad symmetry within BoxI and Box!. The binding of GItC, the
product of gltC, to Boxl and BoxII is required for activation of transcription from the glt4p promoter (+ve
effect), however this resulis in the repression of its own promeoter (g/tCp) activity (-ve effect). Adapted from
Belitsky ef al. (1995).

Mutations in the H-T-H motif of GItC resulted in glutamate auxotrophy (Schreier, 1993),
confirming that this region was necessary for the expression of the GOGAT genes. Genetic
evidence supports the theory that GIC is the regulatory protein directly involved in interactions
with the BoxI-BoxII regulatory regions, rather than having some modulating effect on another
protein. Elaborate mutational studies by (Belitsky and Sonenshein, 1995) showed that
mutations in gltC could compensate for defects in glt4 expression caused by mutations in BoxI
and/or BoxIl, and furthermore that different g/tC mutants affected the expression of altered
versions of the gltC-gltA regulatory region to different extents.

1.5.9.2.3 Proposed model for the regulation of GOGAT activity

The recent advances in the genetic regulation of GOGAT activity by Belitsky et al. (1995) and
Belitsky and Sonenshein (1995}, has led them to propose a model for GOGAT regulation in B.
subtilis. Since the expression of g/t is not significantly regulated by the nitrogen source, it was
proposed that GIC binds to BoxI under all growth conditions, leading to low but constant

intracellular concentrations of g/tC message. Such coinducer independent binding to the BoxI-
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like primary binding site is characteristic of LysR-type proteins (Schell, 1993). Since BoxI is
located just downstream of the gltC transcriptional start site, and since GltC-mediated
autorepression is dependent on GItC being in a certain rotational orientation relative to RNA
polymerase, as well as in close proximity to the gitC promoter, it is predicted that GitC

interferes with its own transcription initiation.

It is envisaged that, under conditions of glutamate limitation, inducer molecules stimulate the
binding of GItC to Boxll, the activation site. Since both Boxes have similar sequences of dyad
symmetry, and because their relative spatial orientation is crucial for glt4 activation (altering
the spacing to a non integral number of helical turns reduced nitrogen dependent activation of
glt4), it was proposed that each site binds a dimer of GtC, and that the positive regulation of
gitd is dependent on co-operative dimer-dimer interactions. It is hypothesized that the
interaction of inducer with regulator confers a conformational change upon the protein-DNA
complex, which enhances the association of RNA polymerase with the promoter of the target
gene, resulting in increased levels of transcription of the target genes (Fisher and Long, 1993;
Schell, 1993). This dependence on a positive regulator may compensate for the particularly
poor -35 glt4 promoter sequence (Moran, Jr. ef @l., 1982). This model suggests that the
function of the nitrogen source dependent signal for gltd transcription is to promote GltC
dimer-dimer interactions, stabilizing GItC binding to the activation site. This was supported by
mutations, both in the gltC4 intergenic region and in the GltC protein, near a region identified
in LysR-type proteins to be involved in effector recognition and response (between positions 95
to ~173; Schell, 1993), which alleviate the requirement for a nitrogen source-dependent signal

in glt4 activation by apparently creating stronger dimer-dimer interactions.

The metabolic signals that inform GItC of the glutamate status inside the cell have not been
identified, however it has been observed that the intracellular concentration of glutamine is
involved in controlling GOGAT synthesis in B. subtilis (Deshpande and Kane, 1980;
Deshpande er al., 1981; Fisher and Sonenshein, 1984). Interestingly, there is no correlation
between levels of glutamine and GOGAT activity in cultures of B. licheniformis (Schreier et
al., 1982).

1.5.9.2.4 Additional regulatory aspects
The gene specific regulator, GItC, is not the only factor controlling the expression of the B.
subtilis GOGAT genes. GOGAT synthesis may also be regulated by a second LysR-type
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protein, GIR, encoded by gltR, which was isolated and characterized following observations
that the low level of gltd expression seen in a g/tC mutant, was further down regulated under
nonactivating conditions (Belitsky and Sonenshein, 1997). A single mutation in gltR (at
position 219) allowed the protein to activate transcription of glt4 B in the absence of GItC.
Furthermore, this mutant GltR-dependent activation of gltd required the BoxI and BoxII
sequences in the gltCA regulatory region. The significance of GlR is unclear since it is neither
necessary nor inhibitory for glt4 expression. However, as discussed by Belitsky and
Sonenshein (1997), it may require specific conditions to trigger its conversion from an inactive
to an active conformation. Since the GUR mutation lay within a region which produces
constitutively active proteins in other LysR family members, it may have enabled the protein to
gain its transcription-activating function in the absence of the otherwise required effector

molecules.

Regulation of the gltAB operon also appears to be linked to the global nitrogen regulatory
system involved in GS regulation described in Section 1.4.1. TnrA negatively regulates
GOGAT expression during nitrogen limited growth (Fisher, 1999). The mechanism by which
TnrA represses gltAB expression is not understood, but it does not involve GItC. Furthermore,
since no obvious TorA binding sites could be identified in the gltAB promoter region, TnrA
regulation of the gltAB operon is probably mediated indirectly (Fisher, 1999). Furthermore, it
has recently been established that expression of the glt4dB operon in B. subtilis is induced by
glucose, and that this induction depends on a functional catabolite control profein, CepA (Faires
et al., 1999). CcpA is a positive transcriptional activator of the ack gene encoding acetate
kinase (Grundy et al., 1993). However, since a catabolite responsive element (cre sequence)
could not be identified in the g/t4 B upstream region, it suggests that other factors controlled by
CcpA are involved in this regulation. Since the CcpA protein is central to the regulation of
carbon metabolism in Gram-positive bacteria, these findings provide a direct link between
carbon and nitrogen metabolism, and suggest that the role of the CepA protein in metabolic
regulation may be conserved in other Gram-positive bacteria as well. Interestingly, an Lrp-like
protein has recently been associated with branched chain amino acid transport in B. subtilis, but
so far no Irp-like homologues identified in B. subtilis have been shown to be involved in

GOGAT regulation (Belitsky ef al., 1997).

Given the pivotal role GOGAT plays in linking carbon and nitrogen metabolism, it is not
surprising that a number of global regulators affect the steady state level of GOGAT, and
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suggest that the regulation of GOGAT activity in B. subtilis, and possibly other Gram-positive

organisms, is more complex in its response to the nitrogen source than originally thought.

From the above discussion it is clear that the mechanisms of nitrogen regulation present in
those Gram-positive organisms so far studied are unique and distinct from the Gram-negative
enteric Ntr system, and that there is no unifying theme in the arrangement or regulation of
genes encoding GS and GOGAT.

1.6 Aims of this study

Although solventogenic clostridial strains were used extensively in fermentations for the
commercial production of solvents, fundamental aspects of their physiology remain poorly
understood. There is sparse information on the pathways involved in and the growth conditions
regulating the incorporation of ammonia into glutamine and glutamate, key metabolites from
which nearly all other cellular nitrogen containing compounds are derived (Reitzer, 1996).
Since genetic engineering can be used to improve growth rate and solvent yields in
fermentations, understanding the gene structure and regulation of enzymes involved in nitrogen
metabolism in C. acerobutylicum has fundamental and practical importance. This, together with
the obvious lack of information available on the mechanisms of nitrogen control in Gram-
positive organisms, provided the motivation for this study. The C. acefobutylicum P262 gind
gene was previously sequenced, however the regulation of GS activity was only assessed under
a limited set of conditions; (Janssen et al., 1988; Janssen et al., 1990; Fierrq-Monti et al.,
1992). Our aim was to extend the genetic characterization of the GS locus, to identify and
characterize the GOGAT locus, and to determine the conditions and factors regulating these
enzyme activities in this Gram-positive spore forming anaerobe. Furthermore, these studies

may contribute to our understanding of the conditions controlling cell differentiation.

In anaerobic microorganisms, the electron transport proteins that provide the source of
electrons for the reductive activation of the pro-drug metronidazole are involved in pyruvate
metabolism (Johnson, 1993). Previously in our laboratory, an E. coli F19 recA, nitrate
reductase-deficient mutant was developed as a selection system to clone genes from C.
acetobutylicum P262 which activate metronidazole and render the E. coli host strain sensitive
to the drug (Santangelo ef al., 1991). Our second aim was to characterize clone pMET13C1,

which rendered E. coli F19 highly sensitive to metronidazole, to increase our understanding of
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C. acetobutylicum electron/carbon flow, gene regulation and general physiology in this
organism, with the potential for future manipulation of fermentation patterns via changes in

electron distribution.
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CHAPTER 2

Cloning and molecular characterization of the genes encoding
glutamate synthasé (GOGAT) from Clostridium acetobutylicum
P262

2.1 Summary

The regions flanking the C. acetobutylicum P262 gind and gInR genes were analyzed. A
truncated ORF of 215 amino acid residues was located 640 bp upstream, and in the opposite
direction to glnd. It shared significant homology with the amino terminal regions of
aspartokinases. The 7.95 kb DNA region extending downstream from g/nR, was cloned and
sequenced, yielding two complete ORFs in the same orientation as gind and g/nR. The first
ORF (4554 bp) was separated by 108 bp from g/nR, and coded for a putative protein of 168.5
kDa. The second ORF (1473 bp) coded for a putative protein of 53.8 kDa. Sequence
comparisons of their deduced amino acid products identified them as the structural genes
coding for the large (@) and small (/) subunits of GOGAT respectively. The « subunit gene
was designated gltd, and the f subunit gene was designated g/tB. The gitB initiation codon was
located 12 bp downstream from the glt4 termination codon. A third truncated ORF of 280
residues was located 877 bp downstream from gitB, and shared homology to the amino
terminal regions of genes encoding isocitrate dehydrogenases. All three genes were preceded
by a conserved clostridial RBS, while putative promoter sequences were identified upstream of
the icd and gltA genes. Two inverted repeat sequences, with the potential to form
transcriptional terminators, were identified. The first one (AG = -12.1 kcal/mol) was located
downstream of the glnR gene, positioned between the putative glt4 promoter sequence and the
gltd structural gene. The second (AG = -23.7 kecal/mol) was located downstream of the gitB
gene. Likely binding domains for flavin cofactors (FAD and FMN) and NADH, a domain for
glutamine binding and activation, and cysteine clusters for iron-sulfur center formation were

identified in the deduced g/t4 and gltB amino acid sequences.
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2.2 Introduction

Plasmid pHZ200 was originally isolated from a C. acetobutylicum P262 genomic library by its
ability to complement the GS-deficient E. coli strain YMC11 (Usden et al., 1986). The glnd
gene, encoding the structural gene for GS contained on this 6.1 kb insert, has been the focus of
previous research by our laboratory (Janssen ef al., 1988; Janssen ef al., 1990; Fierro-Monti et
al., 1992)(Section 1.4.3). More recently, a second gene, ginR, associated with a 30 kDa protein,
was identified immediately downstream of gind, and has been proposed to code for a putative
response regulator protein that may regulate glnd transcription via an antitermination
mechanism (Woods and Reid, 1995). However, the ~1.4 and ~2.4 kb regions that lie upstream
and downstream of gind and glnR on pHZ200 respectively, have not been investigated. Since
genes encoding sensor and response regulators are generally located adjacent to one another
(Stock et al., 1989), and since a GS regulator is encoded upstream of the g/nd gene in B.
subtilis (Section 1.4.1), it was decided to initiate our study by characterizing this GS locus more
extensively with the aim of expanding our knowledge on nitrogen metabolism in this Gram-

positive bacterium,

2.3 Materials and methods

2.3.1 Babterial strains, plasmids, and culture conditions

The wild type C. acetobutylicum strain P262 was originally obtained from National Chemical
Products (NCP), Germiston, South Africa, and has been described by Jones er al. (1982). A
laboratory spore stock was maintained aerobically in sterile distilled water at 4 °C. Spores were
activated by heat shock treatment at 70 °C for 3 min, cooled on ice for 1 min, and used as the
primary inoculum, C. acetobutylicum was cultured in buffered Clostridium basal medium
(CBM) broth, as described by Allcock et al. (1982), at 34 °C in an anaerobic glove cabinet
(Forma Scientific Inc.) containing a gas atmosphere of 5% Hz, 10% COz and 85% Na.

E. coli strains IM105 and IM109 (Yanisch-Perron et al., 1985) were used interchangeably as
the cloning hosts. The Bluescript pSK vector (Stratagene) was used for all subcloning and

sequencing of C. acetobutylicum genomic DNA fragments. Fig. 2.1 describes subclones
derived from plasmid pHZ200 (Usden et al., 1986), as well as additional plasmids generated in
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this study. E. coli clones were routinely grown at 37 °C in 2xYT medium (Messing, 1983)
containing ampicillin (100 pg/ml) for plasmid selection, and where necessary solidified with
agar (1.5% w/v). Further details of the strains and vectors used are supplied in Appendices A
and B, respectively.

2.3.2 DNA extractions and general DNA manipulations

C. acetohutylicum genomic DNA was prepared from one liter of CBM grown culture,
according to the method of Marmur (1961), as modified by Zappe et al. (1986) to overcome the
high nuclease activity exhibited by this organism. RNA was removed by treatment with
ribonuclease A (Sigma), and the precipitated chromosomal DNA pellet was resuspended in
distilled water and stored at 4 °C. Large scale plasmid DNA preparations were isolated from E.
coli using the Nucleobond® AX kit (Macherey-Nagel), while the alkali-hydrolysis method of

Ish-Horowicz and Burke (1981) was used for small scale (miniprep) plasmid isolations.

Restriction endonuclease digestions were performed according to the manufacturer’s
recommendations. All cloning procedures and other routine DNA manipulations were as
described by Sambrook et al. (1989). Selected DNA fragments for subcloning were gel purified
using the Geneclean® I1I kit (Bio 101, Inc). All gel electrophoresis of DNA was conducted in
0.8% w/v agarose gels using a Tris-Acetate EDTA buffer.

2.3.3 Construction of size-selected genebanks of C, acetobutylicum

C. acefobutyilicum chromosomal DNA (50 pg) was digested to completion with the
appropriate restriction enzymes and the resulting fragments fractionated by gel electrophoresis.
DNA fragments of the required size, determined by Southern blot analyses, were recovered
from the gel using the Geneclean procedure, and ligated into the appropriately digested pSK
vector. The ligated species were transformed into £ coli, and transformants harbouring

recombinant plasmids were selected by colony hybridization.

2.3.4 Colony hybridization

E. coli colonies harboring recombinant plasmids with C. acetobutylicum insert DNA, were
duplicated onto a master plate and a positively charged Hybond N* membrane overlaid on
2xYT solid media containing ampicillin. After overnight incubation the resulting colonies were

lysed, their DNA fixed to the membrane filters, and the cell debris washed off according to
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Sambrook et al. (1989). This was followed by hybridization and detection as described for
Southern hybridization.

2.3.5 Southern hybridization

Southern hybridization was performed using the Boeringer Mannheim non-radioactive DIG
DNA labeling and detection kit, according to their instructions. Plasmid and chromosomal
DNA were digested to completion with the appropriate restriction endonucleases, and
fractionated by gel electrophoresis. The DNA was transferred by capillary action, in 0.4 M
NaOH, onto a Hybond N™ nylon membrane and fixed accordingly. DNA fragments selected as
probes were gel purified, and labeled with Digoxigenin-11-dUTP by the random primed
method. Hybridization was performed using 20 ng/ml of denatured DIG-labeled probes at 68
°C overnight. Membranes were washed under stringent conditions, followed by

chemiluminescent detection with Lumigen™ PPD.

2.3.6 Nucleotide sequencing

The complete sequence of 1308 bp upstream of glnA, and 7950 bp downstream of g/nR was
assembled from the sequences obtained from clones pHS1, pHS2, pHS4 and pHSS (Fig. 2.1).
To achieve this, nested deletions were generated of the two larger clones, pHS4 and pHSS,
using the Exonuclease ITI degradation technique of Henikoff (1984). Details of the strategy are
outlined in the legend to Fig. 2.1. The sequence downstream of glnR was submitted to

GenBank and assigned the accession number AF082880.

Double-stranded plasmid DNA templates were sequenced by the dideoxy-chain termination
method of (Sanger et al., 1977) using the Auto read sequencing kit (Pharmacia) and an
OmniGene thermocycler (Hyband). Depending on the strand to be sequenced, fluorescently
labeled M13 1212 forward or 1201 reverse primers were used, and the sequence was resolved

using an Alfexpress™ automated DNA sequencer (Pharmacia).

2.3.7 Sequence analysis

The sequence data were analyzed on a VAX 6000-330 computer using the Genetics Computer
Group (GCG) sequence analysis software package (Devereux ef al., V1984). In particular, the
BESTFIT component was used to calculate amino acid similarities and identities between
protein sequences, and the FOLD component was used to determine the minimum free energy
of stem-loop structures. Amino acid homology searches were carried out against the cumulative
non-redundant updated protein database at NCBI using the BLAST algorithm of (Altschul et
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al., 1997). DNAMAN (version 4.13) software was used to produce the multiple sequence
alignments (gap penalty of 3, length penalty weight of 0.1).

2.4 Results and discussion

2.4.1 Sequencing of the regions flanking the C. acetobutylicum P262 ginA and ginR genes.
A comprehensive restriction endonuclease map of plasmid pHZ200 (Usden et al., 1986) was
generated, and the ~1.4 kb Psfl-EcoRV fragment upstream of the gind gene was subcloned,
yielding plasmid pHS1 (Fig. 2.1). Sequence analysis of this fragment revealed a truncated open
reading frame of 215 amino acids transcribed in the opposite direction to gind, with the
putative initiation codon separated by 640 bp from the gind start codon (Fig. 2.2). Amino acid
homology searches of this truncated open reading frame revealed high homology to the amino-
terminal domain of aspartokinases.

Aspartokinases catalyze the first committing step in the utilization of L-aspartate for the
biosynthesis of the amino acids diaminopimelate, lysine, threonin and methionine (reviewed by
Paulus (1993)). Three isozymes of aspartokinase have been identified in B. subtilis which differ
in their feedback control mechanisms suggesting functional specialization. Our truncated ORF
showed the highest identity to the aspartokinase II isozyme from B. subrilis (38% identity),
encoded by the lysC operon. In B. subtilis, both the activity and synthesis of aspartokinase II
are regulated by lysine, suggesting that its primary function is to provide precursors for the
synthesis of lysine. The extensive 330 bp untranslated /ysC leader region plays an important
role in the regulation of aspartokinase Il synthesis by lysine, and is characterized by containing
5 inverted repeats. It may be significant that three inverted repeats were identified upstream of
the putative aspartokinase gene (Fig. 2.2). A unique feature of the aspartate pathway in B.
subtilis is that it also plays a critical role in sporulation during which it provides dipicolinate
from an intermediate in lysine biosynthesis, a major constituent of bacterial heat resistant
endospores. The finding of a putative aspartokinase gene adjacent to glnA is intriguing when

we consider that nitrogen levels are also critical for sporulation of C. acetobutylicum.

The 0.86 kb EcoRV-Xbal fragment immediately downstream of g/nR was cloned, generating
plasmid pHS2 (Fig. 2.1), and sequenced in both directions. The entire region yielded an open

reading frame transcribed in the same direction as g/nR. The deduced amino acid product
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showed striking homology to the large (&) subunit domains of glutamate synthases (GOGAT).
The highest similarity (49% identity over 261 residues) was to the Fd-dependent GOGAT from
the cyanobacteria Synechocystis (residues 28 to 286). In addition, sequence analysis of the last
335 bp of the pHZ200 insert, obtained from clone pHS3 (Fig. 2.1), confirmed that these
homologies extended to the end of the pHZ200 insert. These preliminary DNA sequence data
indicated that the ~2.4 kb region downstream of ginR encoded part of the C. acetobutylicum
GOGAT a subunit. Since the genes encoding the & and £ subunits of GOGAT have been found

to be genetically linked in bacteria, with the « subunit generally encoded upstream of the 5
subunit, we employed the chromosome walking technique to isolate the region extending

downstream of the pHZ20() insert.

2.4.2 Isolation of the chromosomal region extending downstream of glnR

Since the molecular mass estimates for the bacterial purified GOGAT protomer are in the range
of 200 kDa, the region coding for the two subunits should be at least 6 kb in length. Isolation of
the 4 kb chromosomal region extending downstream of the pHZ200 insert, was achieved in two
stages. First, probe 1 (Fig. 2.1), derived from plasmid pHZ200, was used to identify and clone a
~3.8 kb Xbal fragment of C. acetobutylicum P262 genomic DNA (Fig. 2.3) by colony
hybridization of a size selected Xbal genebank. This fragment contained an additional ~2.2 kb
of downstream sequence. Of the 550 recombinants screened, three were positive. All three
carried identical inserts, consistent with them overlapping with the 1.6 kb downstream region of
pHZ200. Southern hybridization with one plasmid, designated pHS4 (Fig. 2.1), confirmed that
the insert originated from C. acetobutylicum (results not shown), and was subsequently
subjected to sequence analysis. This clone extended to the end of the o subunit region of

bacterial GOGATSs.
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Fig. 2.1 Strategy for cloning and sequencing the region upstream of gind, and downstream of ginR from C.
acetobutylicum P262. Plasmid pHZ200 (Usden ef al., 1986) contains a 6.1 kb insert of chromosomal DNA
cloned into the unique B¢/l site of pEcoR251. Plasmids pHS1, pHS2 and pHS3 were derived by ¢loning the 1.3
kb PsfA-EcoRV(a) fragment, the 0.86 kb EcoRV(b)-Xbal fragment, and the 0.56 kb Hz‘ndﬂt(b)-l—]indﬂl(c)
fragments of pHZ200, into the corresponding unique sites in the Bluescript vector pSK, respectively. Plasmids
pHS4 and pHSS were isolated consecutively by chromosome walking. Probe 1, a 0.38 kb Hinglll fragment of
pHZ200, was used to isolate pHS4, a Bluescript clone containing a 3.86 kb Xbal fragment. Probe 2, a 0.67 kb
Accl-Xbal fragment, derived from pHS4, was used to isolate pHSS, a Bluescript clone containing a 3.5 kb Pvull
fragment cloned into the unique Smal vector site. The dashed horizontal lines represent vector sequence.
Restriction enzyme sites are included on the appropriate plasmid maps. The unique 3” and 5’ overhang
restriction sites, used to generate nested deletions clones of pHS4 and pHSS5 for sequencing, are included at the
vector-insert junction. The thin arrows indicate the polarities and extent of sequencing of the clones. The

relative positions of the identified genes, and their transcriptional polarities, are indicated below.
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1 ATCTTCCTTTETGTATTTTGCCATTTTACRACTCCCCCTTTACATTT T TARBAAAAGCGCACAATAGACARGTATARRCTTC TATCGAAS
TAGRAGGAARCACATAARACGGTAARATGT TGAGRGEGAARTGTARRAATTTT TTTCGCGEGTIATCTGTTCATATTTGARGATAGCTTG
D E KT Y K A2 M 4GS 5D -10 P2 -35
e e
a1 GCCTTTGCTCARTTCATATARTAACTARATTATACTTCCCTT T TT T T TAAGAAATCAAGTGAT TTT T T TAGTARATAARTATTTTCGTAC
CGGABACGAGTTAAGTATATTATTGAT T TAATATGAAGGGAARARARATTC T ITAGTTCACTARAARRATCATTTAT TTATRARRAGCATS
- -10 Pl -35
181 TAAARACTTTACARTATAAATAAT TTGATACGT TTTTCTTTAGAT IC TAAAGTTATCAGGAT TATT T TTCCATTTTAARBAT TTATAGTC
271 TCATTTTTTATTACAATATATATCCTTTATTATATARATTTTATTTAACATTATACTATGCTCCATTCTGTARTTTT GTATATAATATTG
361 'TAATGAAAAAATTTTATAAATAATGcATAAATTTACAAAAAAAACGAAGTCQCGAGACGGCGTACCTCTA;gACnggTTGTCAGCATAT
451 ATTTATCTGTACTTTATTATAAARGGTATGCTARATACTGTCARCTATCATATCICTTAGT TCARTT TTARGATATGCACARAARARART
~35 -10
541 TTTTATTCACAATATAATTCTACAATTAAATACTCTTT TATTATTAATAATTAT CTTGACAT TTTTAGAT ARATTGC TACRATCTTATAT
sD
631 ATARBATTTATAATATATTGEGEGCTATACT TATGAACACARTTATAACAARATTTGGTGGCAGCTCATTAGCTGATGCCAATCAATTCA
1 Aspartokinase——pMNTIITKFGGSSLRDANQF
721 GARRGGTTARAGACATAATTTATTCTARTGAT GCAAGAARATATGTAATACCTTCTGCGUCTGGARARAGAGACTCTARAGATTCARALG
20 R K VvV K DI I ¥ 8 N D &aA R KUY VI P S AP GIE KU RDTGSIEKDS K
811 TAACTGACTTATTATACCTTTGTCATGCTCATGTTGCTGCTGGARTCGCTTTAGATGATGTCTTTAATCACATAAGACRARGATATTCTG
50 vV T D L L Y L ¢ H A HV A AOGTIOU-BILODDV FHNHIIRUGOQTURY S
201 ATATAATARATGATTTARAATTAGATTTTAGTATAGAAGATCAATTAARTACAATAAAGRAAGACCTTGAAGCTGGT GCATC AAGTGATT
80 p I I ¥ DL KL D PF s I EDOCQILNTTI XK DILEA ATG ATS 8 D
391 ACGCTGCARGTAGAGGCGAAT AT TTARAT CGT T TAAT TC TTGCGAAATATTTAGAC T TTGAATTTGT TGATGCTAAAGATGT TATAGTTT
110 Y A A $ R G E ¥ L ¥ 6L I L AEKJYJILUDVFET FUYVY DAREKTDUVYV IV
1081 TTAAARAGGRTGGCTCATTAATAATGAATGCTACARACTGCGCTCTACACARCAGATTATCTAATGT TTCTARGGC TGTTAT TCCTGGAT
140 F K XK D G § L I M W 5 TN OCATILUHN SRKRTILSDNUV S K& VvV I P G
1171 TTIATGGTGCTGATARATCTGETARCATTGT TACAT TCTCARGAGGTGETTCTGATGTTACTGGAGCATTRGTTGCTGCAAGCATCAATG
170 F Y G A D K $ GG N I VTV F S ROSG 6 S DV T GAULUVAATZSTIN
1261 CARATCTTTATGARAATTGGACCGATGTTTCTGGTTTCTTARTGGCA
200 A N L Y E N WT DV S G F L M &

Fig, 2.2 Nucleotide and deduced amino acid (single letter code) sequence of the 1283 bp region upstream of the
C. acetobutylicum gind gene encoding GS. Putative promoter sequences (-35 and -10 regions), and a Shine-
Dalgarno sequence (SD), are indicated in bold type and overlined for the putative truncated aspartokinase
encoding gene. Inverted repeats are indicated by converging arrows. Also included are some of the gind
regulatory features (Janssen et al., 1990); two promoter sequences (P1 and P2) and the Shine-Dalgarno sequence
(SD).

A similar strategy was undertaken to further extend the region downstream from the pHS4
insert. Using probe 2 (Fig.2.1), a 3.5 kb Pvull fragment (Fig. 2.3) was isolated from a size-
selected genebank. This fragment was calculated to include an additional ~3 kb of downstream
sequence. The detection of two fragments for thé Pvull digest (Fig. 2.3) is consistent with this
restriction site occurring within the probe fragment, with the smaller band (1.13 kb)
corresponding to the size predicted from the restriction map of pHS4. One clone containing the
DNA of interest, was rgcovered from 300 recombinants screened, and the origin of the insert

confirmed. This plasmid was designated pHSS5 (Fig. 2.1), and subjected to sequence analysis.

59






Chapter 2

subunit gene gltB, as in B. subtilis, and will refer to their respective putative protein products as
GIA and GItB.

Downstream from g/tB, and separated by an intergenic region of 877 bases, a truncated ORF
was identified extending to the end of the sequence. Its deduced product showed striking
homology to the amino terminal regions of various isocitrate dehydrogenase (ICD) proteins,
particularly from eukaryotes: 53% identity to Schizosaccharomyces pombe ICDH over 284
residues extending from nt 7111-7950 (Fig. 2.4). This is significant since isocitrate
dehydrogenase catalyses the oxidative decarboxylation of isocitrate to form 2-oxoghutarate (and
C0»), the GOGAT substrate at the junction of carbon and nitrogen metabolism. No ORFs with
homology to gitF of E. coli (Castano et al., 1992), nor to any other sequences present in the
databases, could be assigned to the large intergenic region downstream of gitB, however, three
sets of short inverted repeats were identified. It remains to be established whether they are
significant. Certainly an understanding of how the putative icd gene is regulated is sure to
provide valuable insights into how carbon and nitrogen metabolism are interlinked in this

Gram-positive bacterium.

Although transcription initiation sites have not been determined, possible promoter regions
were identified upstream of the gltd and icd genes (Fig. 2.4), which showed homology to the
clostridial extended consensus promoter sequences (Young ef al., 1989). The first promoter
(TTGCTA-N13-TACAAT), present from -140 to -111 upstream of the proposed glt4 initiation
codon, overlapped the carboxy terminal 10 residues of ginR. This suggests that the expression
of glnR may compete with the expression of glt4. However, it is conceivable that the putative
gltAB promoter may, in fact, not be recognizable if its transcription requires an alternative
sigma factor, whose promoter recognition sequences have not yet been identified.
Alternatively, the promoter may not be obvious if it is a weak promoter and requires a positive
activator for expression. A putative promoter could not be identified upstream of the g/tB gene.
Two major inverted repeat sequences, with the potential to form stable stem-loop structures,
were identified (Fig. 2.4). One of these structures (AG = -23.7 kcal/mol), was located 18 to 62
bp downstream of the gitB termination codon, and is consistent with the proposal that it acts as
a transcriptional terminator. The possibility that the glt4 and g/tB genes are transcribed as an
operon is investigated in Chapter 5. The second region of dyad symmetry (AG = -12.1
kcal/mol) was located between the putative gltd promoter and the gltd structural gene,
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suggesting an operator-like structure. While it may act as a rho-independent terminator for the
ginR gene, we speculate that it could play a role in influencing the transcription of the gif genes.
As discussed in Chapter 1 (Section 1.4.3), a region of dyad symmetry was identified between
promoter 1 and the g/nd initiation codon. It was proposed that under certain metabolic
conditions, the putative response regulator, GInR, positively controls gind expression via an
antitermination mechanism (Woods and Reid, 1995). It is tempting to speculate that a similar
mechanism may be involved in regulating the expression of the gif genes, especially since
analysis of the sequence upstream of gltd, and within the g/lnR coding region, did not reveal
any other features that could be attributed to transcriptional regulation of the gif genes. No
sequence motifs characteristic of Lrp or LysR-type binding sites, (Section 1.5.9.1 and 1.5.9.2
respectively) could be identified, and there were no obviouse cre (catabolite responsive

elements) or cAMP consensus binding sequences.

The assumption that the translation initiation sites for the git4, g/tB and truncated icd genes, are
at the methionine residues located at nt positions 195, 4761 and 7111 respectively, is strongly
supported by two findings: first, all three are preceded by conserved clostridial RBS (Young et
al., 1989), and second, the deduced amino acid sequences align with residues conserved in
corresponding proteins (Section 2.4.4). The putative RBS are identical for all three genes, viz.
5’-AGGGGQE, and are present 7, 8 and 7 bp upstream of the putative gltd, ghtB and icd
initiation codons, respectively (Fig. 2.4). This is identical to the sequence identified upstream of
the C. acetobutylicum endo-B-1.4-glucanase gene (Zappe et al., 1988). These observations
imply that the TAG termination codon for the glf4 gene overlaps the RBS for the gltB gene,
and suggest that the two subunits are translationally coupled. This would ensure the production
of equimolar amounts of both subunits. The distance between the termination codon for gitd
and the translational start codon for glitB is 12 nucleotides. As pointed out for the E. coli
enzyme (Oliver er al., 1987), one could speculate that if a point mutation abolished this stop
codon, it might be possible to obtain a fusion protein of approximately 217 kDa. This is
interesting from an evolutionary point of view, since the eukaryotic pyridine-dependent
GOGAT enzyme consists of a single polypeptide of approximately 220 kDa (Hummelt and
Mora, 1980; Filetici et al., 1996).
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GinR (continued) -35 -10
1 CATTTAGATATATGCAGAABATARGCATGGATTCGCGEARARGAATGARAGATATTECTAGT TTAATATTAAGT GAAATACAATALATTA
F R ¥ M ¢Q K I s ¥ D 8§ G K R MEXKTDTIASTELTITUILSETIQg *
EcoRV
a1 TCAATTACAGCAGAATGCGAGTAATTATATCANAAARATAGATATATATTACTCGTTATTTTGCTATAAACARATATATTATTARLTTTC
Pt aleiteleiotel 4 &
SD

181 AAGEGEGAATTACAATGGARAATAATATTCCGAATCCTCARGGGTTATATGATCCATCTTTTGAGCATGATGC T TGTGGAATCGGAACTA

GtA—»4 E N N I P N A Q G L Y D P §$ F E R D A C G I G T
271 TAGTAAATATAGATGGTGAAAAATCACATGARATTGTATCAGATGGTTTARCAATCCTAGARRAATTAGAACATAGAGGCGGETACGGGAG
26 I v ¥ I D GEEXK S HETIUVS D GEL TITILETZEKTLETUHTZ RTGTEGTG
361 CTGATGAAALTACTGGAGATGECGCTGETATATTATPTAACATACCACATAAGTTC TP TAAGGAAGAGCTACARTCARAAGGTATARCAC
56 A D E N T G DG A G I L F W I P HETFFXETETLTG QSZEKTGTIT
451 TTGAAGAAGAGGEAGACTATGCAGTTGCARTGATG I TCTTACCTCARGATGAARACGCTAGARAAGALGCTGTCAGCCTTTTTGAAGATA
86 L EE E G D Y A V A M M F L P QDEZXK AU RIEKTEH ATUVSULFED
541 TATCRAAAGGAAGAAGGACTTGARCTTATTGGGTGGAGAGAAGTTCARACAARCCCTTCARTAC TTGGAAARGCATCTTTAGARGCTATGC
116 I S K &E E GL E L I GWRZETVOQQTHWH PGS IILGT KA STULEHB M
631 CATATATTATGCAGGCT P T TG TARAGAGACCTAATGGCACARARAAAGAAARAGRTTTTGARAGAARAT TATATATTGTTAGRAGARRCA
146 P ¥ T M Q AF V KR PN G T XK KZEEE KU DTFETZ RTIEKTLTZYTIUVZRZE RN
721 TAGARAAAAGAGCAGCGTGGAT AAGCARATTCTTARATGRARCT TTTTACATAGCATCTTTTTCGTCTARGACAATTGTATATALGGGAR
176 I E X R A AW JI S K F L NETTF Y I B S F S S KT IV Y K G
811 TGCTTTTATCTACTCAATTAAGAGTAT TTTACAAGGAT TTAGARGATGARAGAGTTGARACC TCTCT TGCATTAGTTCATTCAAGATATA
206 M L L 8 T ¢ L R V F Y XKD L EDEUSRTYETSLATLTVYVUHTSTZ R Y
901 GTACGRATACATTCCCAAGTTGGGARAGAGCTCATCCARATAGATTTTTGETTCATAATGECGARATTARTACT TTARGAGGARATGTTA
236 S T N T F P S WEHRAHUPUWNRTEFILVHNGETIUNTTILTZ RTGHNYV
591 ACARGGTTTCTAGAGTGCTIGGARARGACGTART TAGAGTAT TACCTATCATARATARAGAAGGATCAGACTCAGCAATTTTTGATAATA
266 N K VvV 8 R VLG XDV I RV LUPTITINIEKTETG GS®STDSOZZA2TITPTUDNHN
1081 ATTTAGAATTCTTATATATCAATGGT ATGCATTTACCTAGAGCTGTAATGATGGCARTTCCAGRACCATGETATARGAGTARAACTATGR
296 ¥ L E F L YMNGM¥DIL P R AV MMATITPTET PW Y K S KT M
1171 GCARAGAARAAAGAGATTTTTATGARTATAACGCTACACTAATCGAACCATGGGACGGTCCAGCAGCTATAGTATTTACAGATGETGAAA
326 S K E KR P F Y E Y NATTULMET P?®WD GPAAZTIU VTP FTDGE
1261 GAGTTGGTGCAGTTTTAGATAGRAATGG T TTAAGACCATCARGATATTATATAACTARAGATAGRAGACT TATACTTTCATCAGAAGTTG
356 - R V G AV L DR L R P S R Y Y I T XKDIXRURULTIULSSTZEV
1351 GRGCTTTAGATGTACCAGCAGARATTGTTGARRAGRRAGATAGAT TAATGCCAGETAGARTGT TACTTCTAGAT ACAGT TARAARGGARG
386 ¢ A L D V P A E I V E K KD R TULMUP G RMILILV DTV K XK E
1441 TTGTRAGTGATGAAGARCTAAAGGATACTTATGCARAAGARAATCCTTATGGTGAATGG T TAGAACARAATTTAGT TACTTTAGATARGR
416 v v sDETZETLTEXUDTYUSRARTE KTEDNWNUZPVYGGEWTILET QNWTILVTTLTDEK
1531 TGACAGACAGCARAACATTCACAATTGARTATGATARAGACACTAGALAGAGATTAGAARRAACTTTTGGATATACT TATGARGARGTAA
446 M T D S X T F T I EYDXKODTURTIEKT RTILTETEKTTE FGT YTTJYTETEV
1621 ACACARCAARTGCTTCCAATGGCTARGACTGGTGCAGACCCATTAGGCAGCATGGEGGTAGATACTCCGGTAGCAGTATTATCTARACART
476 K T T M L P M A KT G A D P L G S MGV DTPV AV L S K Q
1711 CTCAACCATTATTCAATTACTTTAAGCARTTATTTGCGCAAGTAACTAATCCGOCTATAGATGCGATTAGAGAAGARATAGTTACRAGCG
506 S ¢ P L F N Y F K QL F AV TDNU®PUZPIODUSBAZTIT®RETETIT VTS
1801 TCTTARTGTTTATCTTGEECCCAGARGGGRATATT T TAGAAGAT ARGT CTTCAAATTGT GARTTAATTAAGC TTGATTCACCAATAATCA
536 v L. M ¥ I L ¢ P E 66 N I L E D K 8 8§ N C E L I K L D S5 P I I
1891 ATAATCARGAATTAGCGARAATAAAAGAATACAATARAGARNATTTARAACCAAAGGTAATAGATATTGTATT TCATAANGGCGGATCTT
555 N ¥N E E L A K I K E Y N KE N L XK P KV I DI V F D K G G 5
1981 TAGARGATGCATTACATGARGTATTTGAAAAAGCACAAGRAGCATATGARANAGGATATACTATATTAATATTATCTGATAGARATGTAT
596 L E D AL HEVYV FEJ KA AG® QEH HZZYZ EZ KTGZ YTTILI L $DZRNV
2071 GCGARGCARAGGTTCCAATTCCTTCATTACTTGCAGTATCTGCACTTCATCAATATCTAGTTCAMAARCEAACAAGARCTTCAGT TGCAL
626 C E A KV 8 I P §$ L L AV S AL HOQJ YT LV QXSG TUZRT S V &
2161 TAATATTAGAAAGTGGAGAACCAAGAGAAGTACATCATTTTCCTACT T TAATTGGAT T TGETGCATCAGCTGTARATCCATATATGGCTT
656 I I L E S GE P R EV HHUPFATTILTITGT FEGSA S A& V N P Y M B
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ATGAAGCTTTAAGAGGATTARGGGAAGRAGGATTACTTGARTTAGAT TATGATAAGGCTGTTTATAATTATAACARAGCAGTTCTTARGG
Yy EA L R GL REZEGULULETULDY DK AUV Y NYNI KAV LK

GAATAATAAAALTACTTTCAAAGATGGGTATTTCAACAATACAATCTTACCAAGGAGCTCAAATATTTGAGGCTATAGGTATAGGTAAAG
¢ I I K I L 8 KM GG I s T I @ s ¥ Q GG A QQ I ¥ E A I G I G K

AAGTTATTGAARBATATTTTACTARATACCGTAAGCAGRAT TGGTGGAATAGGATTARBRAGRAAT TCARRGAGAAGCAGARATARATCACG
E vV I E K Y F T N T V¥ § R I G &I G L KETI g REAE I N H

ARBARGGATTTAATGATAAGACTTATGCTGCTGATTTTACRTTAGATTCACCAGGATATGARARACTTAGATCTIGGTGAGAATGGAGCAG
FE K G F N b K TYARBADTFTILD S P GY E KILERS G ENG A

AAGAGCATTTATATARTCCTTTRACAATTCATAARCTTCAAGAATCTACAARGACAGGAAATTATGART TATTTARAGAATACACTTCTT
E E H L ¥ N P L T I H X L g E ST X T GGDNYE L F K E Y T 58

TAATTGATAAAGRAGARGCTGRAATARATTTAAGAGGATTATTAGRATTCARCTATAATTCTAAAGARATTCCAATRGAGGARGT TGART
L I D K E BE A B ¥ ¥N L R G L L E F N Y N S K E I P I E E V E

CAGTTTCAGAGATAGTTAAGAGATTTAAAACAGGAGCTATGTCTTATGGATCAATTTCTAAAGARGCTCATGARGCTTTAGCTATTGCAR
s v 8§ 8B I V KR F KT G A M S ¥ 65 I 58 K EAHEM ATLDS-ARTI A

TGAACAGAATCGGTGGTAAATCTARCACTGGTGAAGGTGGAGAAGATAAAGARAGATGGACTTTAGATGCABATGGAGATTCAAGAAGAT
M W R I 6 6 K SN T GG E G G EUDIE K EURW®WTILDAUWNGTU DS R R

CTTCRAATARARCAAATTGCATCTGGTAGATTTGGAGTAACTTCAGAATATCTAGT TRATGCAGRTGRACTTCAARTTARATTAGCACAAG
$ 58 I K QI A S5 GRVF GV TS5 E YLV HNADETLZG QTITZ KTILHAZQ

GAGCRRAACCAGGAGAAGGTGGTCAATTACCTGCAACTAAGGTTTATCCATGGATAGCTAAGACTAGACAT TCARC TACAGGGGTTGGGET
G A K P G E G G QgL P ATI KV Y P WIAZKTRUHESESETTGV G

TAATATCGCCACCACCACATCATGATATTTACTCARTAGAAGATTTAGCACAATTAATATATGATTTARAGAATGCTAATACAGGTGCTA
L I § P P P HHKHDI Y S I EDL AQL I Y DL KNAWNTG A

GAGTATCTGTTAAGCTAGTTT CTGARTGTGGAGTTGGETACTGTTGCAGCTGGAGTT GCTAAAGGTGGAGCAGAAGTTATATTAATTTCAG
R vV 5 vV KL Vs EC GV G TV AAGVYV A K G GAUZEUV I L I s

GATATGATGGAGGGACAGGTGCATCACCTARGAACTCTATTARGRATGCAGGACTTCCTTGGGAAC TTGEGACT TGCAGRAAGCACATCAAR
G Y b 66 6 T G A S P KN S TI KWHNAUOGTILUPMWETLSGTULATEBAH Q

CATTACTTCTTAATGATTTGAGAGAAAGAGT TAGAGTTGARGT TGATGGTARGCTTATGAGTGGTCGTGAT GTTGCTGTTGCTGCACTTC
T L L L N DL REIRUV RY E VYV P G KL MM S G RUDB V AV A AL

TTGGAGCAGARGAATTTGGATTTGCARCTGCACCATTAGTAACTITAGGCTGTGTARTGATGAGAGTTTGTARCTTAGACACTTGCCCAG
L ¢ A E E ¥ G F AT AU®P ULV TL GCV MMU®BRYVYCNTILDTCP

TTGGTGTTGCGACTCARAATGRAGRAT TARGAAAAAGATTTAARGGARACCAGAATATGTTGTTAACTTTATGTATTTATAGCACARGAR
vV 6 v AT g N E E L R KRPF KGN QN MILILTILOCTI Y S TR

TTAGAGAAATCATGGCTAAGCTTGGATTTAGAAAGCTTGATGARATGAT TGGTAGAGTAGATRARCTTAAACARARAGRARATATTCATG
I REI MAIEKULOGFRIEKULUDU EMTIGH RUWVDIE KT LIEOQEKZEDNTIH

GTTGGAAAGCTAAGAACGTTGATTTAAGTGCGGTGCTTTATACTCCAGACARRTATARAGGTARRGTAGTTAAATT TGATGAAACTARGA
G W K A KNV DL § A V L ¥ TP DX Y K G KV V K F D E T K

ARTATGACTTTRAATTRARCARAGTARTAGATGARAARATATTCTTAGATAAATTTAAAGATGCCATAGARAATANRATARRGRCTAATT
K ¥ D F K L N KV I b EIKTI ¥ L DK F KD ATITUEWUNIZ KTII KTN

TTGAAATTGATGTAACTAATACTGACAGAGCTCTTGGARCTATACTAGGATCAGARRTRACTAGAGTTARTGGAACTGACGGATTACCAG
¥F E I D VT NTD RAILGTI LGS E I T RV N GTUD G L P

AAGATACTATARGTATARAATGTAATGGTGCGGCAGGACARAGT TTTGGAGCATT TATTCCARRAGGATTAACT T TTGAAGTTGAAGGAG
E b T I 8 I K CTWNGAAOGOQQS F G A F I P K GL T FEV E G

ATGCTAATGATTATTTTGGTAAGGGATTATCAGCTGGTAAGCTTATAGTATACCCTCCARAGRAATCTACATTTATTGCAGRAGATAACA
b ANDYV FGGK GGL § 666 KL I VY P P KK 3 TF I A E DN

TCTTARTTGGARATGTTGCTTTATACGGTGCAACTTCAGGRAARAGT ATTTATARACGGTAT TGCTGGGEAAAGATTCTGCGTTAGARATT
I . I ¢6 ¥ VAL Y G AT S G KV F I ¥ G I A GEU RV FCV R N

CAGGTGCAACTGCTGTTGTTGAAGGAGTAGGAGCTCATGGATTAGARTATATGACT GGTGGTARAGTTGTTGT TCTAGGTAAAACAGGAA
s G AT AV V E GV G &4 HGL EYMT GG KV V V L G KT G

TTARTTTTGCAGCTGGTATGAGTGGTGGAGTTGCTTACATTTATGAGGAAGATCCAAACTTCAGAATAAACTTARATGAAGRARTGATTT
I ¥ F A A G M S &G 66V A Y I Y EEDDPNVFRTINILWNEEMTI

TACTAGAAGAGT TAARCATAGATGATGAAGAAGARTTGAARGCTCTARTTGAAGAACAT GTARARGTTACTGGCTCTCCTAAAGCAAATA
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L L EE L W I D DEEETLIEXKUATULTIEEU HRUWV KWWY T GG S P K AN

AARTATTATATAACTTTGARACAGAAAAAGTTAAGTTCCATARAATAATTCCTAAGGAT TATAAGAAGGTATTAGAARCTGTT GRAAAGT
K I L ¥ ¥ F B T E K V K F H K I I P ED Y K KV L ET V E K

BTAAGAATCTTGGATCTGATGAAGAAGARGCGTTARPTARGAC TTTCCARGARATTARAGGALATATAGEGEGGCTAGRAGEATGGGTARAL
Yy K ¥ L 6 $ D EEGESATELTIZ KTT FOG QETIZ KSGI1I* GitBes M 6 K

CRACTGCATTTTTAGAGTATGATAGAGAAGTAGGCAGARATAGAGAACC TAARCARAGATTCARAGATTATARAGRGT TTCATCARRGGT
P T G F L E Y D R E V G R NI REUP K ERTLEK D Y KEVFH @ R

TTCCTCTAGAARAGCAATGCATTCAGGGCGCARGATGTATGGAT TGTGGTGTACCATTTTGCCARGCTGGAGTATTATTTTCAGGTATGG
L P L E K Q CI ¢ G A RCMDCGV P F CQQAU GV L F S G M

TATCAGGATGTCCGCTTCACAATTTAATTCCTGRATGGAACGATTTAGTATACAGAGGARAATGGGAATTAGCT TATGARAGATTARATA
vV § 6 C P L HN L I P EWNDILV Y R G KWEUL A Y EURTUL N

AGRCTAATCCATTCCCAGRATTTACAGGARGAGTATGTCCAGCACCTTGTGRAAGCTGGATGTACTGCAGGATTGAATGGTCCAGCARTAR
K T ¥ P F P E F T G R VvV C P A P CED AGTCTBAGILUNGUP A I

CTATTRAGGRRAARTGAARGATCTATAATAGATAATGCATTTGAARATGGATTTGTTAAAGCARATACACCTCTTAAGAGARACAGGARAGA
T I K EN ER S I I DNATFETDNKKGF V KANTPTULEKUZ RT G K

AAGTTGCAGTARTTGGTTCTGGTCCATCEGGEATTAGCGGTTGCTARTACGTTAAATAARTGTGGTCATAAGGTTACAGTAT T TGAARGAA
K v A VI GS5 6 PF 8 G L AV AZ2HNTTULUNI KT CSGHIE EKUVTV F E R

GTGATAGACCAGGTGGACTATTARTCTATGCAATTCCTAATATGAAACT TGATAARGAAGTTAT TTTAAGRAGAGTTCACCTTATGGCGE
S b R P G G L L M Y 6 I P M KL D KEV I L RRV HL MKA

AMGAAGGCATAAARATTTGTAAACAART GCARATGTTGGTGACAACTATGATGCARAGGRAARATTTTAGATGARTTTGATGCAGTAGTTCTTG
EE G I K F VN N KNV G DN Y DA KZETIULDETFUD-ARUV VL

CGACAGGRGCATCTCAGCCTAGAGATCTTCAAGCTGARGGARGAGATARTGTTRATGGTATCCATTTTGCTGTAGATTTCTTARRAGCTA
A T G A S5 @Q P R DL ¢ A EGR DNV VN GIHUFAWVDVF LKA

ATACTARGAGTCTTTTAGATTCAGATCATGAAGATAATRAT TACATTTCTGCARAAGATAAAAATGTAATTATTATTGGAGGTGGAGACA
N T K s L L b § D H E DN N Y I & A KD KNV I I I 6 G &G D

CAGGAACAGACTGCGTTGCAACATCTCTTAGRCATGGATGTARAT CAGTAGTTCAATTTGARATARTGGGTGAACCAGCTCACGRARGAR
T 6 T bCV AT S L RHEGCIEXK 8 VV QFEIMTGE P A HE R

CTGAARGCAACCCCATGCCAGRATGGCCTRAAGTTCT TARGGTTGATTATGGCCAAGAAGAATTTATAGRACTATATGGAARAGATCCTA
T E $ ¥ P M P E W P K V L K VDY G ¢ E E F I EL Y G KD P

GAGAATATTTAACAACAGTTACAGCAGTTCATTCAGATARAGATGGARATCTAGARRGCGTAGATACTGTARARCT TGAATGGARARLAC
R E Y L T T Vv T AV HS D XKD GWNILES V ETV KV E W KK

GTGACAATGGAAGAATGTTCCCAGCTCATGTTGARGGTTCGGAARAGAACTGGCCAGCAGARCTTATATTACTTGCAATGGGATTCACAG
G DN G R M F P A HV EG S E K NWPF A EUL I L L &AM GVF T

GTTCAGRAGATTATCTTAARAATGCCTTTGGTATTGAATCAGATGARAGAAGCARTGTAARAGCTGGTAATCTTGACTTTATGACTAATG
G § E b Y L K ¥ A F G I E 53 D BER S NV K ZAZG NV D F MTN

TACCGARAGTATTTGCAACAGGTGATGCAAGACGTGGTCAARTCATTAGTTGTARCAGCTATAAGTGARGGTATAGCAGCAGGAATAGCAG
v P K vV F AT GGDAURU RGOS 1L V V T ATISETZGTIDAHD-ATGTI A

TTGATAAATTCTTAAGAGCTTAAGGCGCATTCAGAAAAATAARGAARAAGTGGTGTTGARAAATTTTTAATACCACTTTTTCTTTTATAT

Yy

v D K F L R & * o

TGAATAGTATTACATATATTCAAAQGATAATAAATTAAGGAACAATCAACATTGTACATTE&QGCAGTGETRHTGTATAATAGBATAAGG
TACATGAAATTAATGAACGCAGAGGTTGATTATGATGARTARAGARTT TAMRAGATATATATATATAGCAGGAACAATTTGTGTAATATT
TCTAGCAGGTGCTTTATTTTTGCATCTTCTTCCGTTCCTITTRATGC TTGGAGTAATAGCTTATAT T GGRATARGARTTARCAGGTTTAT
TAAGAAGAAGAAAGCTGAAAAAAG?AATAGCCAATCTCAATATAATCATAATT TARAGATGAAAATAATTATGAGACTTCACCAGAAGA
ATATACAACCGGAGAAGTTATTGATGTCGAGTATGAGGACGTAGATAATAAATAAAATAACACATAAGATTTAATATGAATTTAAACTQ%
g;?CAATTGACTGAGTTTTTTTGT#GATTRATTRATCTACTAACTGTATATATGGTGCAATATGATTTATAAATTTATTTAGTTATACGG
TACATAGTTTTRATGTAGATTTCAATTTTTAACATATATATATTARTAAARRATGCGATTTGGGTARTTTGAGATTTTGCARTARRARTA
TAAGAGTGTTGCAGTAGTTGAGCTTATTTTGGCCT T TARATGAARATARRACTATAGARTTCTTTGATTTTGCARGAGTGARAATATAAT

~35 -10 SD
CATGCAARARRAGTTGATAARACTTAGRCGGTACTGTATARTCATTACTATARGTTTAAAATTTARATAGCAAT TTAAGGGEGCARAARA
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ATGGARRRAATARAARTGTCTAATCCAATAGTTGARATGGATGGAGATGAAATGACARGRATAGT TTGGGGCGARRTAARAAAGGAATTA

1 [CD—+»4 F X 1 K ¥ 8 N P I V EM D G D EMTR®RTIVWOGETIUZ KRKE L

7201 TTAARTCCTITTATTGAATTAAATACAGAATATTATGATCTTGGATTAGAGCATAGARATAATACTARTGATCARGTTACTGTTGATGCA
31 L ¥ F F I E L ¥ T E Y ¥ D L G L EHRUNNTDNDOQV TV D A
7291 GCGGAAGCTATTARAAAGCATRARGTAGGAGTARRGTGTGCARCTATTACACCTAATGGGGCAAGRAATGARAGAATATARTC TARALAGAR
61 A E A I K K H KV GV EKCaAaTI T P NGAzURMMIEKEYNL K E
7381 ATGTGGARARGTCCTAATGGTACTATTAGAGCGATATTAGATGGCTACTGTTT TTAGAATGCCAATAACTGTGGACTGCGTAAAGCCATAT
91 M W K § P ¥ 6T I R AI LD GTTV FRMPITTUVDCV KPP Y
7471 GTTAGATCATGGGAAAGTCCAATTACAATAGCAAGACATGCTTAT GGGGATATATATARGGCTGTAGAAATGARGGTAGRAGGARARRGT
121 vV K § W E s P I T I A R H A Y G B I ¥ K A V EMEK VY E G K S8
7561 ARATGTGAACTTGTACTTACTACTGAARACGGTGRAGARARAAGGGAATTAATACACARCTTTTCAGATGATGGTGITGTTATGGGGATG
151 K ¢ L v L T T E N G E E KR E LI HNUF S DD GV V M G M
7651 CATARATTTARACARRATCCATAGRAAGCTTTGCARGARCGCTGTTTTAGT TTTGCATTAGATGT TAAGCAGGART TTATGGTTTGCARGTARL
181 H ¥ L N K § I E S F ARSCUF S F AL DV KOQDTILW F A 5 K
7741 GATACAATATCAAAAARATATGATCATACT TTTAAAGATGTATTTCARGAATTATATGATAATGAATATAARACAARATTTGARGAGGCA
To211 b T I 5 K K Y p H T F K DV F @ E L ¥ B N E Y KT K F E E A
7831 GGRATTARATATATATATACATTAATAGACGCTGCCGTAGCGAATATTATGARATGTARAGGGT GGAATAATCTGGGCTTGTAAAARATTAT
241 ¢ I K ¥ I ¥ T L I D A AV A NI M XCI KGGGTI I W AR CIEKWNY
7921 GATGGTGATGTAATGAGTGATATGGTAGCR
271 oL ¢ b VvV M S5 D M V A

Fig. 2.4 Nuclectide and deduced amino acid (single letter code) sequence of the C. geetobutylicum gltA, gitB
and truncated jcd genes. Putative promoters (-35 and -10 regions) and ribosome-binding sites (SID) are indicated
in bold type and overlined. Stop codons are marked with an asterisk. Converging arrows highlight inverted
repeat sequences. For completeness, 133 bp of sequence including the end of the glnR gene (Woods and Reid,
19935), has been included upstream of the EcoRV resiriction site, which marked the start of the region sequenced

in this project.

2.4.4 Protein analysis of the deduced GltA and GitB products

The gltd and gltB genes code for proteins of 1517 amino acid residues (GItA) and 490 amino
acid residues (GltB), with predicted molecular weights of 168.5 kDa and 53.8 kDa,
respectively. Comparative sequence analyses of the deduced GItA and GIB proteins revealed
striking homology to GOGAT proteins from both prokaryotic and eukaryotic organisms (Table
2.1 and 2.2), and clearly showed that both subunits shared the extensive, highly conserved
domains found in pyridine- or Fd-dependent forms of the enzyme (Appendix C and Fig 2.6).
Specifically, GlitA was more similar to the B. subtilis ¢ subunit protein (GkA) (56.4% identity),
and to the cyancbacterial proieins; the deduced Fd-dependent GltB polypeptide from
Synechocystis (56.0% identity), and the NADH-dependent « subunit (GitB) from Plectonema
boryanum (55.2% identity), than to the « subunit homologue identified in the genome sequence
of C. acetobutylicum ATCC824 (51.9% identity). Interestingly, a second Fd-dependent form of
the enzyme has been identified in Synechocystis (g/tSy (Navarro et al., 1995), but homology to
this deduced protein, and to the Fd-protein (GIsF) from P. boryanum, is noticeably lower
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(45.7% identity). For the remainder, the C. acetobutylicum P262 ¢ subunit generally appears
more homologous to the fused NADH polypeptide from yeast and plants, and to the Fd-
dependent forms of the enzyme, than to the other bacterial o subunits (Table 2.1). Overall,
these results suggest that the  subunit domain is well conserved along the evolutionary scale,
irrespective of whether it exists as a fused polypeptide (as in fungi and plants), or whether it is
dependent on pyridine or ferredoxin as its electron donor. Indeed, Navarro ef al. (1995) found
that the deduced GItB protein from Synechocystis, was more similar to alfalfa NADH-GOGAT
than to corresponding Fd-GOGATs from higher plants, the red alga Antithamnion, or to
NADPH-dependent enzymes from bacteria.

Homologies to the C. acetobutylicum [ subunit, GltB, were less conserved, ranging from
56.6% identity to 35.1% identity (Table 2.2). Again, /3 subunit proteins from P. boryanum and
B. subtilis showed the highest homology (56.6% and 53.4% identity, respectively), together
with the / subunit domain from M sativa (53.9% identity). The C. acetobutylicum ATCC824 [
subunit homologue shared 51.2% identity. Furthermore, the fused polypeptide from yeast was
more homologous to GltB than the remainder of the bacterial / subunits. As expected, no
regions of similarity were found between GltB and the single polypeptide chain of Fd-
dependent enzymes. Interestingly, GItB showed the highest homology scores (58.8% identity)
to the deduced GHD polypeptide identified in Syrechocystis (accession number dbj:D90900),
yet the gene encoding this protein (gftD)) does not lie adjacent to a o subunit gene, criteria we
used to define GOGAT « and /2 subunits. This raises the question of whether GOGAT activity
can be constituted from the separate expression of the two subunit genes. The Syrnechocystis
gltD gene belongs to an interesting class of £ subunit-like genes, which includes the gene
encoding the Pyrococcus KOD1 GOGAT protein (GltA), that will be discussed in detail in
Chapter 3.
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TABLE 2.1 Comparison of the deduced C. acetobutylicum P262 GItA protein sequence to
known pyridine (Py)- and ferredoxin (Fd)-dependent GOGAT| sequences. Sequences were
compared between the conserved amino-terminal cystein residue, and the carboxy-terminal

proline residue, corresponding to Cys21 and Pro1483 of the C. acetobutylicum GItA

polypeptide (Appendix C).
Organism Name Cllass of Protein | Abbre- Accession .
and designated | viation number acetobutylicum
MName GltA
Py-dependent & | - %ID | %SIM
subunit
Bacteria Bacillus subiilis GltA Bsub-L emb:£99113 564 | 65.7
Bacteria C. acetobutylicum {GItAy* Ca824-L | ghlAE001438° | 51.9 | 60.5
ATCCE24
Bacteria Pseudomonas GHB* gh:UB1261 455 1 55.0
Qeruginnsa
Bacteria Azospirillum GiB Abra-L spQ05755 450 | 544
brasilense
Bacteria Rhodobacter GhB emb:Y 12482 44.8 | 541
sphaeroides
Bacteria Escherichia coli GlItB Ecol-1. spiPO9831 447 | 552
Cyanobacteria Plectonema GitB Pbor-L dbj:D85230 552 | 653
boryanum
Fd-dependent
CHZYIES
Cyanobacteria Synechocystis GItB Syne-F spiP35037 56.0 | 658
sp. PCC6803
Cyanobacteria Synechocystis GItS emb: X92480 457 {552
sp. PCC6803 .
| Cyanobacteria Plectonema GisF dbj:DB5735 457 1559
boryanum
Eukaryota Antithamnion GlsF sp:(J06434 447 | 543
Eukaryota Zea mays Zmay-F | spiP23225 47.0 | 56.4
Eukaryota Arabidopsis embY (9667 46.1 55.5
thaliana
Py-dependent «
subunit domain
Eukaryota Saccharomyces GLT1 Scer-L’ sp:Q12680 47.9 {589
cerevisioe | '
Eukaryota Medicago sativa Msat-L” | sp :‘Q0346D 51. 610

The sequences can be retrieved from the GenBank (gb), EMBL (emb), SwissProt (sp) and DDBJ (dbj) databases
using the accession numbers supplied.
a: The identity of these deduced proteins is based on sequence homology alone.

b: This GenBank accession number references the unfinished genome sequence of C. acetobutylicum ATCC824.
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TABLE 2.2 Comparison of the deduced C. acetobutylicum P262 GIB protein sequence to
known pyridine (Py)-dependent GOGAT sequences.

Organism Name Class of Protein | Abbre- Accession C.
and designated | viation number acetobutylicum
Name GUB
Py-dependent S %ID | %SIM
subunit
Bacteria Bacillus subtilis GItB Bsub-8 | emb:Z99113 534 623
Bacteria C. acetobutylicum (GuBy Ca824-S | gb:AE001438° | 51.2 | 35.1
ATCC824
Bacteria Azospirillum GHD Abra-S sp:Q05756 39.7 493
brasilense
Bacteria Escherichia coli » GlitD Ecol-5 sp:PO9832 384 | 483
Bacteria Pseudomonas GUD® gb:U81261 37.8 | 481
aeruginosa
Bacteria Rhodobacter GItD emb:Y 12481 36.8 | 480
sphaeroides
Bacteria Thiobacillus GhD Tfer-S pir:JC5184 351 1474
Jferrooxidans
Cyanobacteria Plectonema GID Pbor-5 dhj:D8S230 56.6 | 659
boryanum
Py-dependent
subunit domain
Eukaryota Saccharomyces GLT1 Scer-8” | sp(Q12680 476 | 56.6
cerevisiae
Eukaryota Medicago sativa Msat-S* | sp:Q03460 339 1639

The sequences can be retrieved from the GenBank (gb), EMBL (emb}, SwissProt {sp), DDBIJ (dbj) and PIR (pir)
databases using the accession numbers supplied.
a: The identity of these deduced proteins is based on sequence homelogy alone.

b: This GenBank accession number references the unfinished genome sequence of C. acetobutylicum ATCCE24.

2.4.5 Sequence identification of functional domains in the deduced C. acetobutylicum GItA

and GItB proteins

2.4.5.1 Glutamine amidotransferase domain

Sequence analyses revealed that the N-terminal ~390 residues of the mature bacterial a subunit
of GOGAT was similar to the glutamine amidotransferase (GAT) domain of Pur-F type
amidotransferases (provided allowances are made for a ~120 residue insert in GOGAT
sequences) (Vanoni and Curti, 1999). Indeed, the N-terminal domain of the deduced C.
acetobutylicum GIA protein contains all eleven invariant amino acids identified by Mei and
Zalkin (1989) and Kim ef al. (1996) to be involved in glutamine binding and catalysis in PurF-
type glutamine amidotransferases (Fig. 2.5a). These residues, which were strictly conserved in
all the GOGAT sequences aligned, correspond to positions Cys21, Gly22, Arg51, Gly52,
Asp62, Arg 234, His254, Asn255, Gly256, Asp289, and Gly365 in the C. acetobutylicum GltA
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protein (Fig. 2.5a). In addition, residues involved in the formation of the glutamine binding site
in the E. coli PRPP-AT (Vanoni and Curti, 1999), were also conserved in GltA. These analyses
substantiate the classification of the GOGAT class of enzymes as PurF-type amidotransferases,
and imply that the first 20 residues of the C. acetobutylicum GRA are post-translationally
removed to expose the conserved Cys21 as the N-terminal nucleophile of the mature « subunit
peptide. Although autocatalytic excision of a propeptide to expose the N-terminal nucleophile
has been proposed to occur in Pur-F-type hydrolases (Vanoni and Curti, 1999), nothing is
known about post-translational processing in GOGAT enzymes.

2.4.5.2 FMIN-binding domain

As discussed in Chapter 1, the FMN binding domain was shown to reside in the bacterial a
subunit. Analysis of bacterial and plant GOGATs (Sakakibara et al., 1991; Gregerson et al.,
1993; Pelanda et al., 1993) revealed that they contained a central region within the o subunit
domain which was very similar to the carboxy-terminal part of the FMN-binding domain of the
flavocytochrome b2 family, rather than to bacterial flavodoxins. Fig. 2.5b shows that this
region is also conserved in GhA (residues 1065 to 1119). In addition, Asp-419 of yeast
flavocytochrome b2, which interacts with the ribityl side chain of FMN (Pelanda ef al., 1993),
is conserved in C. acetobutylicum GRtA (Asp-1091). These features, together with the glycine-
rich nature of the extended highly conserved region (see also Appendix C) which is usually
indicative of a characteristic conformation of the protein, supports its involvement in FMN

binding as propoesed for other GOGATSs (Vanoni and Curti, 1999).
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Pbor-L
Syne-F
Bsub-L
Caz262-L
Msat-L'
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Fig. 2.5 Alignment of the deduced C. acetobutylicum P262 GItA protein (Ca262-L) with Fd-dependent
GOGATs (-F), bacterial a subunits (-L), and eukaryotic a subunit domains (-L.’), to illustrate the glutamine
amidotransferase domain (boxed region in A), and the FMN and Fe-S binding domains (B). A full description of
the abbreviated protein sequence names, together with their accession numbers, are supplied in Table 2.1. The
black, gray and light shading represent residues conserved in 100%, > 75% and >50% of the sequences aligned,
respectively. Residues conserved in purF-type glutamine amidotransferases are indicated by A Mei and Zalkin
(1989) and & Kim et al. (1996) below the sequence. Residues which in PRPP-AT are involved in the formation
of the glutamine binding site (Vanoni and Curti, 1999) are indicated by - above the sequences. The symbols +
and * highlight identical and conserved substitutions (in at least 8 of the sequences aligned), respectively,
corresponding to residues conserved in the FMN-binding domains of flavocytochrome b2 proteins from the
fungi Saccharomyces cerevisiae (SwissProt accession number P00175), Hansenula anomala (SwissProt
accession number P09437) and Rhodotorula graminis (EMBL accession number AJ001431). The conserved

cysteine residues proposed to form the 3Fe-4S cluster are indicated with a C
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2.4.5.3 FAD- and NAD(P)H-binding domains

Vanoni ef al. (1996) and demonstrated conclusively that the binding sites for NADPH and FAD
are within the £ subunit of bacterial GOGAT, and that FAD is the flavin co-factor which
receives electrons directly from NADPH during catalysis.

The adenylate portion of FAD or NAD(P)H is known to interact with a glycine-rich region, part
ofa (o secondary structure [GXGXX(G/A/P)] (Wierenga et al., 1985; Karplus et al., 1991).
Two such glycine-rich motifs were found in the C. acetobutylicum GIB protein (Fig. 2.6):
residues 159-164 and 300-305. The first region satisfies all 11 positions of the consensus
sequence defined by Wierenga et al. (1985) for the binding of FAD or NAD. The second
region was not as well conserved.(6 out of 11), however, the five conserved residues; Gly-300,
Gly-302, Gly-305, Gly-316 and Glu-324, were identified by Scrutton et al. (1990) as distinctive
features of NADH-binding domains. This is consistent with NADH being the required
coenzyme for GOGAT activity in C. acetobutylicum (Chapter 5). Furthermore, these five
residues are conserved in M. sativa and S. cerevisiae-both of which use the same coenzyme. On
the other hand, E. coli, T. ferrooxidans and A. brasilense, which all use the NADPH cofactor,
contain features that confer specificity for this reducing coenzyme: the third glycine residue is
substituted by alanine, and a positively charged arginine residue, possibly involved in the
binding of the phosphate group, is conserved at the C-terminus of the domain (Fig. 2.6). These
features, together with recent site-directed mutagenesis of the A. brasilense £ subunit region
corresponding to the second glycine rich region of GItB which implicated it in NADPH binding
(Morandi et al., 2000), support the interaction of the first glycine-rich region of C.
acetobutyicum GltA with FAD, and the second glycine-rich region with NADH. In addition, a
region in the carboxy-terminus, amino acids 452 to 462, match all 7 positions of a second FAD

consensus sequence defined by Eggink et al. (1990).
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Fig. 2.6 Alignment of the deduced C. acetobutylicum P262 GItB protein (Ca262-S) with GOGAT £ subunits (-
S), and B subunit domains (-S), from bacteria and eukaryotes, respectively. A full description of the abbreviated
protein sequences presented, together with their accession numbers, are supplied in Table 2.2. The M. sativa
(Msat-S’) and S. cerevisiae (Scer-Sv’) fused polypeptides were included from residue positions 1676 and 1635,
respectively. Identified cofactor-binding domains are labeled above the relevant regions. The pattern of
conserved cysteine residues are indicated with a C. The regions that match the consensus sequence for the
formation of an adenylate binding fold are marked with +. The symbol # indicates the proposed acidic residue
which is absent in NADPH-dependent enzymes, and the arrow indicates the proposed basic residue which may
favor NADPH binding (Vanoni and Curti, 1999). Residues that match the second FAD consensus sequence
defined by Eggink et al. (1990) are marked with a *. The black, gray and light shading represent residues
conserved in 100%, > 75% and >50% of the sequences aligned, respectively.

2.4.5.4 Iron-Sulfur centers

Bacterial GOGATSs contain three distinct iron-sulfur (Fe-S) centers, one 3Fe-4S center located
within the « subunit, and two 4Fe-4S centers (Section 1.5.4). Analysis of both the deduced
GltA and GItB protein sequences showed that only three regions contained clusters of cysteine
residues that could be involved in the formation of Fe-S centers: one region in GItA (residues
1123-1134), and two regions at the N-terminus of GItB (residues 46-68 and 106-114). The
cysteine cluster found in GItA, CXsCXaC, is invariant in all the GOGAT sequences aligned
(Fig. 2.5b). As pointed out by Pelanda et al. (1993), the cysteine spacing is similar to other
enzymes containing the 3Fe-4S cluster, supporting the assignment of these cysteines to the
[3Fe-4S]"""° center. In contrast, the two cysteine-rich regions in G1tB are not strictly conserved

(Fig. 2.6). In fact, deper.ding on the organism, the first cysteine-rich region can be defined as

75

481
483
482
4584
478
467
466
459
465

492
518
493
490
510
479
472
465
481



Chapter 2

CXeCXaCX2653CP, while the second cluster can be divided into pattems CX3CPXaCX3C or
CPX2CX3C, none of which are typical of cysteine clusters involved in the formation of 4Fe-4S
centers. Surprisingly, analysis of the properties of the recombinant S subunit of 4. brasilense
GOGAT failed to detect the presence of Fe-S clusters (Vanoni et al., 1996). As suggested by
Vanoni and Curti (1999), the cysteine clusters present in the /7 subunits are probably involved
in the formation of the two 4Fe-4S clusters (Centers 2 and 3), however these clusters may be
formed at the interface of the two subunits and require the correct interaction of the two
subunits. This model could account for the variability seen within the two cysteine clusters.
Interestingly, the pattern of the second cysteiné cluster domain correlates with whether the
particular protein is specific for NADH or NADPH, and with the different patterns of identities
and similarities observed in the region following the NAD(P)H binding domain. Although the
significance of these observations are unclear, it suggests a division of the £ subunit into two
subclasses: one comprising proteins from the first six organisms C. acetobutylicum, P.
boryanum, B. subtilis, M. sativa, and Saccharomyces, and the other class including the

remainder of the proteins from E. coli, T. ferrooxidans, and A. brasilense.

In addition, all the other highly conserved regions of unknown function identified in GOGAT
proteins (Vanoni and Curti, 1999) are also conserved in the putative GItA protein (Appendix
C). Presumably some of these regions are important to ensure interdomain coupling and

efficient electron transfer for catalysis.

2.5 Conclusion

The cloning and sequence analysis of the regions flanking the C. acetobutylicum P262 ginA and
ZinR genes, enabled the identification and characterization of the git gene cluster. Immediately
downstream of g/nR lie the structural genes encoding the a (gitd) and £ (gltB) subunits of
GOGAT. Their arrangement is typical of that found in bacteria in which the large subunit
precedes the small, however unique with respect to their arrangement in the chromosome; this
is the first report in which the structural genes coding for the two key enzymes of ammonia
assimilation, GS and GOGAT, are tightly linked (separated by a putative regulator). Indeed,
even in C. acetobutylicum ATCC824, the o subunit gene, which is similarly separated by 12 bp
from the downstream £ subunit gene, is preceded by an ORF coding for a probable ATP-
dependent helicase (accession no. gh:AE001438). Only ORFs with homology to hypothetical
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proteins could be identified in the ~2.2 kb region downstream of the / subunit. The sequence
analyses also suggest a novel mechanism of regulation of gif gene expression in this Gram-
positive anaercbic bacterium, and were essential for providing a background against which a

physiological analysis of nitrogen metabolism could be conducted.

Since the proposed functional domains that have been described for other GOGAT enzymes are
also conserved in the deduced amino acid sequences of the C. acetobutylicum gltA and gltB
genes, we conclude that these genes must represent the structural genes for the @ and /7 subunits
of GOGAT, respectively. These sequence analyses also support the model proposed by Vanoni
and Curti, (1999) for the A. brasilense GOGAT enzyme (Section 1.5.4).
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CHAPTER 3

Characterization of gitX, a second GOGAT [ subunit-like gene in
C. acetobutylicum P262

3.1 Summary

Plasmid pMET13C1 was isolated due to its ability to make E. coli strain F19 (Santangelo et al.,
1991) susceptible to the drug metronidazole. It contained a 4.8 kb mnsert of C. acetobutylicum
P262 chromosomal DNA cloned into the vector pEcoR251. The region responsible for
metronidazole sensitivity was localized on a 1.5 kb segment, sequencing of which revealed an
ORF (ORFA) 0f 1245 bp. A corresponding protein product of the predicted size (~46 kDa) was
identified, and correlated with an increased capacity to reduce the drug to its active bactericidal
form. Amino acid homology studies revealed that ORFA coded for a protein with striking
homology to GOGAT f subunit domains, and was thus designated gl/tX. All the functional
domains proposed for GOGAT 2 subunits (discussed in Chapter 2) were conserved. However,
glitX differs from bacterial GOGAT subunits at its amino terminus, and by the absence of
certain conserved residues, features that are conserved in a highly homologous gene identified
in the C. acetobutylicum ATCC824 genome (77.5% identity), and apparently also in C.
beijerinckii. The DNA regions flanking gltX were cloned, sequenced and putative gene
products identified. A second GOGAT « subunit homologue did not lie adjacent to g/tX, which

was independently transcribed, nor apparently anywhere else on the chromosome.
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3.2 Introduction

Metronidazole (5-nitroimidazole) is a broad spectrum antimicrobial drug. It is a pro-drug which
is activated by chemical or enzymatic reduction of the S-nitro group to generate the toxic
intermediate(s) which cause cell death mainly via DNA damage (Edwards, 1993; Dachs et al.,
1995). Metronidazole is selectively toxic to anaerobic organisms since it requires the activity of
electron transport prbteins with sufficiently negative redox potential for drug activation
(Edwards, 1993; Johnson, 1993).

Clostridial electron transport proteins which have been reported to provide the source of
electrons for the reductive activation of metromidazole include pyruvate-Fd-oxidoreductase
(PFOR) (Narikawa, 1986), reduced ferredoxin (Fd) (Lindmark and Muller, 1976), and
hydrogenase (Church et al., 1988; Church er al., 1995). These proteins and enzymes are
involved in the phosphoroclastic breakdown of pyruvate to acetyl CoA - an important pathway
for carbohydrate metabolism in anaerobic organisms (Johnson, 1993). Flavodoxin, a functional
counterpart of Fd, has also been reported to transfer electrons to metronidazole (Chen and
Blanchard, 1979). As part of a study on the molecular characterization of genes from C
acetobutylicum involved in the electron transfer system which are able to activate the drug
metronidazole in E. coli (Santangelo ef al., 1991), our laboratory has been investigating genes,
isolated by screening of the C. acetobutylicum gene bank, which make E. coli sensitive to

metromdazole,

The aim of this work was to characterize plasmid pMET13C1, which rendered E. coli highly
sensitive to metronidazole, for two reasons. First, the study of electron transport genes is
important for the understanding and future manipulations of solvent pathways in this
industrially important C. acetobutylicum strain (Jones and Woods, 1986). Second, since
metronidazole susceptibility is often associated with altered carbon metabolism, it may
contribute to our understanding of this process. In Helicobacter pylori, resistance to
metronidazole correlates with repression of the activity of various Krebs cycle enzymes
including isocitrate dehydrogenase (Hoffiman ef al., 1996). Genes that affect the rate at which
2-oxoglutarate is synthesized will also affect the activity of the GS/GOGAT pathway.
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3.3 Materials and methods

3.3.1 Bacterial strains and plasmids

The nitrate reductase deficient E. coli strain F19 was derived from the recd E. coli strain
CC118 (araD139A(ara, leu)7697AlacX74 phoAA20 galE galK thi rpsk rpoB argEam recAl)
{Manoil and Beckwith, 1985) by transposon mutagenesis (Santangelo et a/., 1991). This mutant
is highly sensitive to the reduced toxic intermediates of metronidazole due to a deficient DNA
repair system, vet it hz;s increased tolerance to the drug (20 pg/ml in CC118 versus >35 pg/ml
in F19) because it lacks nitrate reductase activity involved in the reduction of metronidazole to
its toxic derivatives in E. céli‘ Thus F19 was used as a screening system for the isolation of
genes on recombinant plasmids which activate metronidazole and render F19 sensitive to the
antibiotic. Plasmid pMET13C1 was isolated using this system (Santangelo et al., 1991). It
contained a 4.8 kb Sau3Al fragment of C. acetobutylicum P262 chromosomal DNA cloned

into the positive selection vector pEcoR251.

C. acetobutylicum P262 wild type (Jones et al., 1982), C. beijerinkii NCIMB 8052 (laboratory
stock) and E. coli IM105 were used as the source of chromosomal DNA. RNA was extracted
from C. acetobutylicum P262 and E. coli F19 harbouring the relevant plasmid constructs. £.
coli strains LK111 (Zabeau and Stanley, 1982), IM105 and JM109 (Yanisch-Perron et al.,
1985) were used interchangeably as the cloning hosts. The origins of the plasmid constructs
generated in this study are illustrated in Fig. 3.1 and 3.7.

3.3.2 Media and growth conditions

Section 2.3.1 describes the conditions and media used to grow C. acetobutylicum P262, C.
heijerinckii 8052, and E. coli clones. Anaerobic growth of E. coli was carried out in an
anaerobic glove cabinet (Forma Scientific). LB, supplemented with 0.2% (w/v) NaNO3 and
0.1% (w/v) glucose to support anaerobic respiration of E. coli was used for MIC

determinations

3.3.3 DNA extractions and general DNA manipulations
E. coli genomic DNA was prepared according to Sambrook et al. (1989). The preparation of
Clostridium genomic DNA, extractions of E. coli plasmids, as well as other general DNA

manipulations are as described in Section 2.3.2.
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3.3.4 Determination of metronidazole MIC’s

The minimal inhibitory concentration (MIC) of metronidazole (Sigma) was determined for E.
coli F19 harbouring various plasmid constructs under strict anaerobic conditions. E. coli
transformants (5 ml) were grown aerobically overnight. The cultures were then processed in the
anaerobic glove cabinet. Each culture was washed and diluted 10 in Ringers solution. A 100
ul of each sample dilution was plated in duplicate onto agar medium containing increasing
concentrations of metronidazole, typically 0, 5, 10, 15 and 20 pg/ml. The MIC was defined as
the lowest concentration of the drug that inhibited growth after overnight incubation at 34 °C.

Al solutions and media were equilibrated anaerobically for at least 24 hours prior to use.

3.3.5 Metronidazole reduction assay

Cell-free extracts were prepared in an anaecrobic glove cabinet as follows. E. coli F19
transformants were harvested from overnight cultures (200ml), washed, and resuspended in 10
ml of 50 mM Tris-Cl (pH 8.0). Cells were lysed using the French-press method detailed in
Chapter 5 (Section 5.3.3), centrifuged at 10 000 x g for 10 min, and the supernatant retained.

Protein concentrations were determined using the Bio-Rad method.

Metronidazole reduction assays were adapted from the hydrogenase-linked assay for ferredoxin
and flavodoxin from C. pasteurianum as described by Chen and Blanchard (1979). Assays
were conducted at room temperature in the anaercbic glove cabinet. The reaction mixture
comprised 50 mM Tris-Cl (pH 8.0), 0.5 mM metronidazole and cell-free extracts containing 2
mg/ml protein. The reactions were initiated by addition of the cell-free extract. Metronidazole
irreversibly loses its absorption peak at 320 nm upon reduction, and so the rate of reduction was
measured spectrophotometrically. Because of the strong absorption of metronidazole at 320
nm, the assays were monitored at 360 nm as specified by Chen and Blanchard (1979) for
metronidazole concentrations of 0.5 mM. An anaerobic atmosphere was essential for this assay

as the slightest exposure to oxygen resulted in loss of metronidazole-reducing activity.

3.3.6 In vitro transcription-translation

[**S] methionine-labelled proteins were produced from shortened constructs of pSKMETS by
in vitro cell-free transcription-translation using the prokaryotic DNA-directed translation kit
from Promega. The resulting translation products were separated on a SDS polyacrylamide gel
(4% stacking and 15% resolving phases) according to Laemmli (1970) and visualized by
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autoradiography. Molecular weight markers obtained from Pharmacia were stained with PAGE
83 blue (BDH) prior to autoradiography.

3.3.7 RNA extractions and Northern hybridizations

Strict RNAse-free conditions were employed during all RNA handling procedures as detailed
in Chapter 5. Total mRNA was isolated using the hot phenol extraction protocol described by
(Aiba et al., 1981). C. acetobutylicum RNA was extracted from cells grown in CBM media at
various growth stages as described in the text. E. coli cultures were extracted from YT media

after overnight growth. RNA was stored in water at - 70 °C in the presence of RINAse inhibitor
(Sigma).

Northern blots were performed using the non-radioactive digoxigenin (DIG) Labeling and
Detection kit according to the manufacturer’s instructions (Boehringer Mannheim). RNA was
separated by electrophoresis in 1.5% denaturing formaldehyde agarose gels (Fourney et al.,
1988), transferred by capillary action to Hybond N' nylon membranes and fixed. The ~850 bp
RNA probe was synthesized by in vifro transcription of the gel-purified 1.42 kb Sspl fragment
of construct pSKMETS31 (Fig. 3.1), using T7 polymerase to produce a run-off transcript
antisense to the ORFA mRNA (illustrated in Fig. 3.10). The probe includes 64 bp upstream of
the presumptive ATG start codon. Hybridization was performed at 65 °C using a probe
concentration of approximately 100 ng/ml. RNA markers were obtained from Gibco BRL.

3.3.8 Construction of size-selected genebanks
Size-selected genebanks of C. acetobutylicum P262 chromosomal DNA were generated in the
Bluescript vectors as described in Chapter 2, Section 2.3.3.

3.3.9 Colony hybridization
Colonies harbouring recombinant plasmids with C. acetobutylicum insert DNA were processed

for hybridization as described in Section 2.3.4.

3.3.10 Southern hybridization

Routine Southern hybridization was performed as described in Section 2.3.5.
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3.3.11 Southern hybridization using a synthetic oligonucleotide and the
Tetramethylammonium chloride (TMA) procedure

A region of low codon redundancy, ProProHisHisAsplleTyrSer, found strictly conserved in all
bacterial and eukaryotic GOGAT & subunit domains (corresponding to amino acid positions
990-997 of C. acetobutylicum GItA (Appendix C)), was used to design a degenerate 23-mer
oligonucleotide probe pool. Based on the codon preference usage of C. acetobutylicum (Young
et al., 1989), which strongly favors A or T in the third position, eight 23-mer oligonucleotides
CCXCCXCATCAT.GAT.ATX-TAT.TC (where X indicates an equal mixture of A and T)
were synthesized by D. Botes (Department of Biochemistry, University of Cape Town), and
radioactively end-labeled using [y-32PJATP and bacteriophage T4 polynucleoctide kinase.

The Tetramethylammonium chloride (TMA) oligonucleotide hybridization procedure (Wood et
al., 1985; Dilella and Woo, 1987) was used to control the stringency of the hybnidizations, and
increase the overall sensitivity of the probes. It is often unsuitable to use the empirically
determined Td (temperature of dissociation) for oligonucleotide probes rich in AT content as
the resulting background is high. TMA eliminates the influence of base bonding strengths by
causing a stronger interaction of AT bp comparable to GC bp such that at 3 M MesNCl, the
melting temperature of AT bp is shifted to that of GC bp (Wood et al., 1985). The resulting Td
value becomes a function of probe length only. For the degenerate 23-mer oligonucleotide the

Td was 66 °C in 3M MesNCl solution.

E. coli and C. acetobutylicum chromosomal DNA was appropriately digested (see Fig. 3.11)
and the fragments separated electrophoretically. Gels were loaded in triplicate. The DNA
fragments were capillary transferred in 0.4 M NaOH onto HybondN" membranes as outlined
for Southern blotting. The subsequent hybridization and TMA wash conditions were according
to the protocol of Wood ef al. (1985). The membranes were hybridized overnight under non-
stringent conditions (37 °C) with the pool of radiolabeled oligonucleotide probes (each at
approximately 2 X 10° cpm probe/ml of solution). Each of the membranes were washed in 3 M
MeaNCl solution at different temperatures; 62 °C (recommended wash stringency is 2-4 °C
below the Td in 3M MesNCl), 56 °C, and 48 °C. Bound probe was detected atter seven days of
autoradiograph exposure at -70 °C.
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3.3.12 Nucleotide sequencing and analysis

The ~3.5 kb EcoRI-Hindlll DNA insert of plasmid pSKMETS, was sequenced in stages in both
directions by generating overlapping deletion clones by exonuclease III digestion of
appropriately restricted DNA fragments, according to the method of Henikoff (1984)(Fig. 3.1).
Sequencing of the 5.4 kb Clagl-EcoRlI(a) region of C. acetobutylicum chromosomal DNA,
extending upstream of pSKMETS, was similarly achieved in two stages (the sequencing
strategy is shown in Fig. 3.7). First, the 1.4 kb EcoRI DNA insert of plasmid pSKMETSUP2
was sequenced on one strand. Second, the DNA sequence of the 4 kb Clal-EcoRI(b) fragment
of plasmid pSKMETSUP3 was obtained in both directions by creating a deletion construct
ApSKMETSUP3, and generating exonuclease Il shortenings from the gel purified ~6.7 kb
EcoRI(b)-Pstl-restricted fragment, followed by subcloning of the Clal-EcoRI(b) fragment in
pSK and generating nested deletion clones from Clal-4pal-restricted DNA.

DNA templates were manually sequenced by the dideoxy-chain termination method of Sanger
et al. (1977) using [*S]dATP and the Sequenase® version 2 kit (Biochemical Corp.). A 16-mer
oligo primer (5’-TGGGAGATACAAGATG-3") was synthesized by D. Botes (Department of
Biochemistry, University of Cape Town) to sequence over the EcoRI(b) junction (Fig.3.7).
Sequence analysis was as described in Section 2.3.7, except that the Genedoc program was

used to format the multiple sequence alignments generated in GCG.

3.4 Results and discussion

3.4.1 Localization and sequencing of the region on plasmid pMET13C1 responsible for
sensitivity to metronidazole in E. coli F19

Plasmid pMET13C1 was isolated using the E. coli F19 screening system developed for the
isolation of electron transport genes that activate metronidazole and render F19 sensitive to the
drug (Santangelo et al., 1991). The minimum concentration of metronidazole that inhibited
growth of E. coli F19 transformed with pMET13C1 under anaerobic conditions was established
to be <5 pg/ml (Table 3.1). This groups it with the most metronidazole-sensitive class of
recombinant plasmids isolated from screening of the C. acetobutylicum gene bank. A restriction
map was generated for the plasmid (Fig. 3.1), and MIC assays performed on various subclones
(not shown) indicated that the region associated with metronidazole sensitivity was contained
on the 2.1 kb EcoRI-Hincll fragment (Fig. 3.1). '
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The ~3.4 kb EcoRI-Hindlll fragment was cloned in opposite orientations into the pBluescript
vectors pSK and pKS generating plasmids pSKMETS (Fig. 3.1) and pKSMETS, Both

constructs displayed an MIC to metronidazole of 5 pg/ml, equivalent to that of the parent
plasmid pMET13CI (Table 3.1). Since the orientation of cloning did not affect the level of

metronidazole susceptibility, it suggested that the putative gene¢(s) responsible for this

phenotype were being expressed in E. coli from their own promoters. By performing MIC

assays on E. coli F19 harbouring nested deletion clones of pSKMETS (summarized in Fig. 3.1)
a ~1.5 kb region, located between deletion clones pSKMETS8| and pSKMETS98, was

identified as the minimum region responsible for metronidazole susceptibility.

Table 3.1 Metronidazole minimum inhibitory concentrations (MIC) of E. coli strains

harbouring various plasmid constructs.

E. coli strain Plasmid MIC” (ug/ml)
CC118 20
F19 35
F19 pEcoR251C* 35
F19 pMET13Cl1 <5
F19 pSK 35
F19 pSKMETS <5
F19 pKSMETS <5
AN3001 150
AN3001 pSK 150
AN3001 pPSKMETS 100

E. coli strain genotypes and references are presented in Appendix A. Note: strain AN3001 is not recA - and

therefore can tolerate higher concentrations of metronidazole.

a: Plasmid pEcoR251C contains a ~0.4 kb fragment of non-coding C. longisporum chromosomal DNA cloned

into the Bg/ll site of vector pEcoR251, and served as a vector control.

b: MIC determinations are described in Section 3.3.4.
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Fig. 3.1 Localization of the C. acetobutylicumt chromosomal DNA region (thick lines) associated with
nmetronidazole sensitivity in E. coli F19. Plasmid pSKMETS was derived by subcloning the 3.47 kb EcoRI-
Hindlll fragment from pMET13Cl1 into the corresponding sites in the Bluescript vector pSK. Nested deletion
clones of pSKMETS, generated from both ends of the mnsert, are represented below. Their corresponding
minimumm inhibitory concentration (MIC) values for metronidazole are indicated on the RHS. The vertical
dashed lines demarcate the minimum region associated with metronidazole sensitivity. Vector sequence is
represented by the dashed horizontal lines. Arrows reflect the extent of sequencing of the respective clones. The
position of the resulting open reading frame (ORFA) is shown at the bottom, together with the transcriptional
polarity.
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This region (1516 bp) was sequenced in both directions. Six-phase translation revealed one
major open reading frame, designated ORF4, of 1245 bp, with a coding capacity of 414 amino
acids. The loss of metronidazole sensitivity observed for constructs pSKMETS107 (in which
the amino terminal 76 bp of ORF4 are deleted), and pSKMETS92 (in which the carboxy
terminal 39 bp are truncated), confirms a direct correlation between ORFA and metronidazole
susceptibility. Furthermore, these results imply that the carboxy terminal 13 amino acids of
ORFA are necessary for the metronidazele phenotype observed.

3.4.2 Identification of the ORFA gene product

An ORFA gene product was identified in a coupled transcription-translation assay (Fig. 3.2). A
protein of the predicted size for the ORFA gene product (46.1 kDa) was synthesized in vitro
from plasmid pSKMETS (lane c¢), pSKMETSS (lane d), which contains 84 nucleotides .
upstream of ORFA, and pSKMETS98 (lane f), which contained an additional 101 bp of
sequence downstream of ORFA (refer to Fig. 3.1 for plasmid constructs). No product could be
identified for pSKMETS107 (lane €) in which the amino terminal 76 bp of ORFA are deleted.
In contrast, plasmids pSKMETS92 (lane g), pSKMETS31 (lane h), pSKMETS78 (lane 1) and
pSKMETS80 (lane j), which contain the ORFA gene truncated at the 3’ end to various extents,
produced translational products consistent with these polypeptides being generated by
transcriptional read-through into the Bluescript SK vector sequence. These results are
consistent with ORFA producing a product responsible for the metronidazole phenotype

observed.

3.4.3 Metronidazole reduction

Susceptibility to metronidazole in anaerobic bacteria correlates with the ability to reduce the
drug to its active form. However, it could also be the result of increased permeability to the
drug, or decreased tolerance to the drug’s cytotoxic effects, as has been observed in DNA repair
deficient strains of E. coli (Jackson et al., 1984; Yeung et al., 1984). Since it is generally
assumed that metronidazole enters the cell by a simple passive diffusion process in which the
rate of uptake is controlled by the rate of intracellular drug reduction (Muller, 1983), the other

two mechanisms were investigated to account for susceptibility associated with ORFA.
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nitrate and chlorate reductase systems have been shown to reduce metronidazole (Yeung et al.,
1984)

OD}60

Time (min)

Fig. 3.3 Spectrophotometric analysis of metronidazole reduction by cell free extracts from F19 cultures
harbouring plasmid pSKMETS98 (¢) and the control vector pSK ([I), containing equivalent amounts of protein.
The straight line (A) represents reaction mixture without cell free extract added.

3.4.4 Nucleotide sequence analysis of ORFA

The nucleotide and deduced amino acid sequences for ORFA and flanking regions are shown in
Fig. 3.4. The gene encoded by ORFA presumably initiates at the ATG codon at nucleotide
position 85, and terminates in TAA at nucleotide 1329. The ATG start is preceded by a putative
Shine-Dalgarno (SD) sequence (5’-GAGGA-3’) positioned 8 bp upstream, and matches the
prototype E. coli binding site. A similar value (7 +/- 2 nucleotides) has been deduced for the
optimal spacing in E. coli ribosome binding sites (Young et al., 1989). As mentioned earlier,
cloning of ORFA in both orientations with respect to vector DNA, indicated that ORF4 is
transcribed from a promoter present on the insert. A sequence similar to o* Gram-positive
consensus-type promoters (TTGAAA[17 bp]TAGTAT) (Graves and Rabinowitz, 1986) is
located 34 bp upstream of the presumptive start codon, andcontains a reasonable match to an
extended -10 recognition sequence suggested for Clostridial promoters (Young et al., 1989).
However further transcriptional studies are necessary to determine promoter activity in both .
coli and C. acetobutylicum. An inverted repeat sequence with the potential to form a stem-loop
structure (AG = -12.8 kcal/mol) is located 121 bp downstream of the TAA stop codon which

can be implicated in factor-independent transcriptional termination.
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. . . f . . . ORFA .
ATTTGTTTTTTTAGGATAATATTGAAAAATAATAATARCTAAGTTAGTATACTATATATATATARAAGAARATGAGGAATTTTAAGATGACATGTARCGACA
M T C N D I

TACAATTATTAGATGAAGCAGATAGATGTTTATTGTGCAAGARACCARGATGTAAGGARRATTGTCCAATACAAACATCTATTCCAGAGATTATATCTCT
Q L L D EADU RTCILULTCI K KU PR RT CI KT ENDNT C?PTIOQOQTSTIUPETITI S L

TTATAAAGAAAATAGATTAAGAGAAGCAGGAGAAATTTTATTTAATAACAATCCACTTCCAGCAGTTTGTTCACTAGTATGTATTCATGAAGATCAATGT
Y K E NR L REAGE I L F NNNUPULUPAUVV C S LV CTIUHETDSZGQQSOC

GARGGTAACTGTATARAGGGAATTAAAGGGGAACCAATARGATTTCATGATATAGAATATGAGATATCAGAGAAGTATTTAGAAGAGGTGAGATTTGARA
E G NCI KGI K G E P I RVF HDIEYETI S EIKYULETEVURTF FEN

ATTTACCAARAGATAAAGATAGAATAGCAATAATTGGTGGAGGTCCGGCAGGAATAACAATTGCATTCATATTAGCTARTARAGGTTATGATGTTACTAT
L P KD KD RTIOATITIGGSG?PA AGTITTIATV FTIULANIEKGYUDUVTTI

TTTTGATGCACACGTGARAATAGGTGGAGTACTTAGATATGGTATACCAGAATACAGATTGCCTARARARAATACTAGATACAATTGAAGATAGACTTGTT
F DAHV K I GGV L RY G I P EYRULUPI K KTIULDTTIEUDT RULYV

GAATTAGGAATTARAATTAGACCTAATACTCTTATTGGGCCAGTAATAACTCT TGATAGATTGTATGAGGATGGATATAAGGCTATATTTATTGGGACTG
E L 6 I K I RPNTUL I GPVITULDI RULYEDSGYZ K ATITFTIUGT G

GAGTATGGARTCCTAAGACTTTGAATATARAGGGAGARACTAGAGGAAATGTACATTTTGCTATAGATTATTTARAGTCTCCAGARGCGTATAGATTAGG
V WNUPKTUL NI K G ETW RGNV HVFATIDYULEK S PE AYRTILG

ARARAAAGTTGCAGTTATAGGAGCTGGAAATGTTGCAATGGATGCAGCARGAAGTGCARGGAGAAATGGTGCTARAGAAGTARCTGTACTTTATAGARAR
K K vA VI GAGNUVAMDA AR AR RSA ARI RNGA AIKEUV TV L Y R K

GGCTTTGATGAAATGAGTGCGACCAARCAAGAAATAAT GGAAGCTAAGGAAGATGGAGTTATATTCAATTATTTCARATCACCTATTGAAATARCAGAAA
G F DEM S AT KOQETIMEA AI KEDGV I FNZYT FE KS P I ETITE K

BAAGGTATTAGATTATCATCTACAGAAAATGTAACAGATGAAAATGGTARGATAAGAACTAAGGTTATTGAAGGARAAGAGGAATTTTTTGAATGTGATTC
G I R L $ ST ENVTDENGI KTIRTZ KV I E G KEEVFFETCD 8§

AATAATAATTGCTGTAAGCCAAACTCCTAAAACARATATAGTATCTAATACAARAGAACTTAACACTAATARATGGGGATTARTTATTACAGATGARARAA
I I I AV S QTUPIKTNTIV S NTI KEULNTNIKWSGILTITITDE K

GGAAATACAACTAGARAAGGTACATTCGCATCTGGAGATGTAGTCACAGGAGCCAAAACAGTTGTTGAAGCAGTAGTTCAAGCTARAACTGTAGCAAATA
G NT TR K GTF A S GDV VT GAI KTV V EA AV V QA KTV ANT

CTATAGAAGAATATTGTRAARATAATTAAGAATTTGCGTARATTGAATARACTAAARGTTCGARATTAAAGTTTTAGTTAGAGAAATATTTTACGAGARA
I E E Y C K N N »

AGTGTTGAATTTTTGATAAATTATGAATATATTTGCATTAATGTATTCATARTARAACCTAGAAGTGTATTC TTCTAGGTTTTATTTATATACTACATTA
—_— —

TTATATATTGTACTTC 1516

Fig. 3.4 Nucleotide and deduced amino acid sequence (single letter code) of the C. acetobutylicum P262 ORFA
structural gene and flanking regions. The -35 and -10 regions of the putative promoter (underlined) are double
underlined, and the putative SD sequence is indicated in boldface type. The stop codon is indicated by an

asterisk. The terminal inverted repeat sequence is marked with converging arrows.
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3.4.5 Deduced amino acid sequence of ORFA

The results of a search of the protein databases for sequences with homology to the 414 amino
acid sequence predicted for ORFA were surprising: they revealed that the ORFA product
shared a striking degree of homology over its entire length with numerous GOGAT /S subunits
and g subunit-like genes, ranging from approximately 30 to 44% identity (Table 3.2). The §
subunit-like genes include several putative proteins which show a striking similarity to
GOGAT f subunits, but which do not lie adjacent to a putative ¢ subunit gene on the
chromosome, and/or have not been identified biochemically. These are the criteria we used to

define GOGAT / subunits consistent with Vanoni and Curti (1999).

We designated the gene encoded by ORFA gltX, to indicate its similarity to GOGAT encoding
genes. The deduced gltX product, GltX, shared 32.5% identity (46.3% similarity) with the C.
acetobutylicum P262 GOGAT S subunit protein, GtB. Although the two proteins shared
similar homologies to a number of S subunits (for example those from Pseudomonas,
Thiobacillus and E. coli), the homology trends appeared different. Whereas GltB shared the
highest homology with the two cyanobacterial GOGAT genes (58.8 and 56.6% identity), GItX
showed the highest degree of homology to proteins from the hyperthermophilic archaebacteria
Pyrococcus; 41.5% identity (55.8% similarity) to the GOGAT GItA protein characterized from
Pyrococcus sp KODI, and approximately 42% identity to the two S subunit-like proteins
identified at separate loci in the genomes of both P. horikoshii OT3, and P. abysii (Table 3.2).
Furthermore, GItX showed higher homology to the single £ subunit-like homologues present in
the hyperthermophilic bacteria Thermotoga maritima (41.7% identity) and Aquifex aeolicus
(39.1% identity), indicating that gltX appears most closely related to genes found in the
hyperthermophilic archaebacteria.
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Table 3.2 Percentage identity (ID) and similarity (SIM) of the deduced amino acid sequences
of the gltX and gltB genes from C. acetobutylicum P262 to GOGAT J subunit-like sequences,

and to known GOGAT f subunits.
Organism Name Protein Accession Length C. acetobutylicum P262
(abbreviation) Number (aa)
GItX GitB
(414 aa) (491 aa)
|8 subunit- %ID  [%SIM (%ID |%SIM
like”
\Archaea \Pyrococcus horikoshii OT3 Gltx1 bj:AP000004 472 434 564 | 300 41.0
Phori)
haea ococcus horikoshii OT3 GitX2  dbj:AP000007 476 41.5 558 [ 300 40.7
\Archaea \Pyrococcus abysii GitX1  |emb:AJ248288 475 420 555 302 411
(Pabys)
Archaea \Pyrococcus abysii GitX2 mb:AJ248286 474 423 53.5 328 44.1
ﬁrchaea ﬁyrococcus sp KOD1 GltA dbj:D86223 481 414 55.8 339 46.0
KPKOD1)
Facten'a IC. acetobutylicum ATCC824 GhX AE001438)° 411 77.5 852 322 449
Ca824)
Bacteria Thermotoga maritima GlitX b AE001806 468 41.7 534 338 428
(Tmari)
Bacteria Uquifex aeolicus Glix —Igb :AE000770 476 39.1 503 | 31.6 | 412
Aaeol)
acteria Treponema pallidum b:AE001245 518 359 483 386 488
(Tpall)
acteria ISynechocystis sp PCC6803 GItX bj:D90900 494 358 478 58.8 66.1
(Synec)
acteria i scherichia coli GleX :AE000303 412 324 440 303 38.2
Bacteria \Rhodobacter capsulatus GltX b:AF031406 443 279 38.1 333 400
subunit
Bacteria \Bacillus subtilis GitB emb:Z99113 493 37.8 488 534 623
subt)
Bacteria \Plectonema boryamum GlitD kdbj:D85230 492 373 483 56.6 659
(Pbory)
Bacteria |Pseudomonas aeruginosa GID b:U81261 477 35.0 474 | 378 48.1
Bacteria Thiobacillus ferrooxidans GItD irJC5184 465 34.1 479 35.1 474
ferr)
acteria \dzospirillum brasilense GItD @5756 48] 33.6 473 39.7 49.3
Abraz)
Bacteria scherichia coli GltD p:P09832 472 333 46.2 384 483
coli)
J subunit
domain
Eukaryota \Medicago sativa GlsN p:Q03460 2194 36.8 486 | 539 639
at)
Eukaryota \Saccharomyces cerevisiae GLT1 ir:$61041 2145 332 437 | 476 56.6
KScere)

The sequences can be retrieved from the GenBank (gb), EMBL (emb), SwissProt (sp), DDBJ (dbj) and PIR (pir)
databases using the accession numbers supplied.

a: Deduced protein sequences of genes that share significant homology to GOGAT g subunits, but which do not
lie adjacent to an « subunit homologue, have been labeled GlItX, with the exception of the Pyrococcus sp KODI
GItA protein for which GOCAT activity has been demonstrated.

b: The accession number AE001438 refers to the unfinished genome sequence of C. acetobutylicum ATCC824,
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3.4.6 Identification of conserved domains within gitX

Analysis of the deduced gltX amino acid sequence revealed that the proposed functional
domains characteristic of GOGAT /£ subunits, and discussed in detail in Chapter 2 (Section
2.4.5), were also conserved within this B subunit-like protein (Fig. 3.5). Two N-terminal
cysteine clusters CX2CX4CX3CP (residues 15-27) and CX3CXsCX3C (residues 62-76),
matched the conserved patterns of cysteine-rich regions proposed to be involved in the
formation of [4Fe4S] clusters. Similarly, two regions matched the conserved sequence
requirements for the formation of an ADP-binding fold for the binding of FAD (residues 113-
141) and NAD(P)H (residues 241-271), respectively.

The second conserved ADP-binding fold has been confirmed to bind the cofactor NADPH in
the A. brasilense GItD protein (Morandi et al., 2000). Since GltX shares features with the A4.
brasilense GItD protein that have been proposed to confer specificity for the reducing
coenzyme NADPH, rather than NADH (the presence of an A instead of a G in the last position
of the motif GXGXX(G/A/P) and an arginine residue at position 271) (Pelanda et al., 1993), it
suggests that this may be a functional site for NADPH binding in GitX. Furthermore, a region
in the COOH-terminus (residues 375-385), matches 6 out of 7 positions the second FAD
binding consensus sequence, however, the mismatch, viz., a T in the second position of the
motif (TX4/VFAGGD), also occurs in the S. cerevisige sequence. Interestingly, in these
pileups (Fig. 3.5), GItX groups with the E. coli/A. brasilense/T. ferrooxidans subclass of
subunit proteins proposed in Chapter2, as do the f subunit-like proteins.
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Fig. 3.5 Comparison of the deduced amino acid sequence of the C. acetobutylicum P262 gitX gene (Ca262-X)
with bacterial GOGAT fsuounits (-B), eukaryotic GOGAT £ subunit domains (-B”) and S subunit-like proteins
(-X). A full description of the abbreviated protein sequences presented, together with their accession numbers,
are supplied in Table 3.2. The Cys residues that are proposed to participate in the formation of 4Fe-4S clusters
are indicated by a C above and/or below the sequences. The proposed FAD and NAD(P)H binding domains are

described in the legend to Fig. 2.6. The black and gray backgrounds represent conserved residues in a minimum
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of 80 % and 50 % of the sequences aligned, respectively.

Thus, it seems reasonable to suppose that GltX also binds NADPH and FAD, and is involved in
an electron transfer mechanism similar to GOGAT g subunits. This is supported by the results
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Chapter 3

that metronidazole is reduced by E. coli F19 cells specifically expressing the gltX gene, and the
fact that loss of the C-terminal 13 amino acids of GltX (construct pPSKMETS92 in Fig. 3.1),
which disrupts the conserved C-terminal FAD binding region, correlates with loss of
metronidazole sensitivity. It is not evident, however, whether GItX is capable of direct
enzymatic reduction of metronidazole, as reported for pyruvate:Fd oxidoreductase (Narikawa,
1986), or whether it occurs indirectly via other low potential electron carriers. Whatever the
mechanism, it does not appear to require a GOGAT « subunit, since a similar metronidazole
sensitive phenotype was observed when gltX was introduced into E. coli strain AN3001, which

is unable to synthesize either of the GOGAT subunits (Table 3.1).

The question arose of whether g/tX represented a second GOGAT J subunit protein in C.
acetobutylicum that may function under different growth and/or substrate conditions to GltB;
e.g. GlItB appears to be reduced by NADH, and GItX by NADPH. However, there are three
noticeable features that distinguish it from the rest of the £ subunit proteins aligned in Fig. 3.5.
First, the protein is approximately 27-33 amino acids shorter at its amino terminus, resulting in
the loss of three strictly conserved residues; two arginine residues and one glutamine residue.
Second, some residues within the second cysteine cluster domain are not conserved. Third, g/tX
contains three gaps at positions 95, 237 and 303. Although they do not lie within highly
conserved regions, it results in the absence of certain residues conserved in some of the
subunits. It remains to be established whether these differences would distinguish it from
functioning as a GOGAT p subunit. It is worth remembering here that the B subunit is
important for modulating the properties of the ¢ subunit and the holoenzyme. Whatever the
biochemical function of this S subunit-like protein is, these uncharacteristic features are
completely conserved in a homologous similar-sized gene (coding for a putative 411 amino
acid protein) identified in the unfinished genome sequence of C. acetobutylicum ATCC824,
which shares 77.5% identity (85.2% similarity) with the gltX gene (Fig. 3.5). Furthermore, its

homologue has been identified in C. beijerinckii.

3.4.7 glitX homology in C. beijerinckii

Southern blot analysis indicated that the gl/tX gene from C. acetobutylicum P262 is highly
conserved in the genome of C. beijerinckii NCIMB 8052 (Fig. 3.6), which is representative of a
group of related strains widely used in molasses-based ABE fermentations (Keis et al., 1995).
As expected, a gltX-specific DIG-labeled probe detected C. acetobutylicum P262 chromosomal
fragments overlapping with the g/tX gene locus; a ~ 4.7 kb EcoRI fragment (lane 3) and a ~3.9

97






Chapter 3

3.4.8 Cloning and sequencing of the chromosomal DNA regions flanking gltX

The existence of a second GOGAT £ subunit-like géne raised the question of whether another
a subunit homologue may also exist. Since in bacteria the genes encoding the a and £ subunits
are located adjacent to each other, we sought to identify the regions flanking gl/tX to define it in
context with its neighbouring genes, and possibly gain further insight as to its function.

To isolate the flanking regions, we employed the chromosome walking technique discussed in
Chapter 2, and graphically presented in Fig. 3.7. A ~9 kb Ps{I-Clal fragment which included
approximately 6 kb of DNA upstream of gitX, and a ~1.4 kb EcoRI fragment which extended
upstream from pSKMETS, were isolated by colony hybridization of appropriate size-selected
genebanks of C. acetobutylicum chromosomal DNA, using the 0.52 kb PstI-EcoRI DIG-labeled
fragment of plasmid pSKMETSUP1. Two positive clones were recovered out of 550
recombinants screened from each of the genebanks. These clones were confirmed by Southern
blot hybridization (Fig. 3.8); they all contained the common 1.4 kb EcoRI fragment. Two
plasmids designated pSKMETSUP2 (harbouring the ~1.4 kb EcoRl fragment) and
pSKMETSUP3 (harbouring the ~9 kb PsiI-Clal fragment)(Fig. 3.7), were selected for
subsequent sequencing analysis. The majority of the 5.4 kb region extending upstream of the
pSKMETS insert was sequenced on both strands, however two small gaps (estimated to be
~150 bp each) remain near to the EcoRI(b) border. Furthermore, the 1.5 kb region downstream
of gltX, and the 0.5 kb region immediately upstream of g/tX, was sequenced in both directions,
using deletion clones previously generated for pSKMETS (Chapter 2).
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pMETI3Cl pEcoR251 —]—M—
pSKMETS  pSK
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pSKMETSUP2 pKS

pSKMETSUP4 pSK

ORFE ORFD  ORFC ORFB giX ORFF !
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Fig.3.7 Strategy for cloning and sequencing the C. acetobutylicum chromosomal DNA regions flanking gltX.
The 0.52 kb Pstl-EcoRl(a) fragment, containing the terminal 300 bp of the pMET13Cl insert DNA, and
including 220 bp of vector sequence, was subcloned into the corresponding unique sites in the vector pSK to
yield plasmid pSKMETSUPI, from which the probe (indicated by a hatched bar) was derived. This probe was
used to isolate the two Bluescript clones, plasmid pSKMETSUP2 containing a 1.4 kb EcoRI fragment, and
plasmid pSKMETSUP3 harbouring a 9 kb Clal-Ps¢I fragment. For sequencing purposes, a deletion derivative of
pSKMETSUP3 was created (ApSKMETSUP3), and the 4 kb Clal-EcoRI(b) fragment of pSKMETSUP3 was
subcloned into the corresponding sites in pSK to yield plasmid pSKMETSUP4. The thin horizontal lines
represent vector sequence. Relevant restriction enzyme sites are indicated. The unique 3’(Apal, Pstl) and
5°(Clal, EcoRI) overhang restriction sites used to generate nested deletion clones for sequencing are included
diagonally below the respective plasmids at the vector-insert junctions. The thin horizontal arrows indicate the
direction and extent of sequencing obtained from the various deletion clones. The hollow arrow indicates the
region sequenced using an oligonucleotide primer. The relative positions of identified ORFs are indicated

below, together with their transcriptional polarities.
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ATCC 824 genome sequence (57.4% identity)(accession no. AE001438). Interestingly, ORFB
appears to comprise two domains, both of which show similarity to enzymes from the vitamin
B12-dependent methionine biosynthesis family. The amino terminal ~280 residues shared
striking homology to the amino terminal regions of metH genes encoding methionine synthase
(5-Methyltetrahydrofolate—Homocysteine methyltransferases); e.g. 32% identity to the
terminal 280 amino acids from Mycobacterium leprae MetH (SwissProt accession no.
Q49775). This region may be involved in binding either methyltetrahydrofolate or
homocysteine (Drummond et al., 1993). The latter half of ORFB consistently showed
homology to MetF proteins (5,10-methylenetetrahydrofolate reductase) e.g. the carboxy
terminal 278 amino acids shared 30% identity to the metF gene (296 aa) from A. aeolicus
(accession number AE000740). MetF catalyses the synthesis of N-methyl tetrahydrofolate
which is the donor of the methyl group of methionine. Situated 507 bp downstream of the gltX
stop codon, lies the truncated ORFF (~1145 bp). According to amino acid homology searches

this appears to code for the amino terminal region of an amino acid transport protein.

The gitX locus does not show any similarity to sequences present adjacent to S subunit or S
subunit-like genes present in the databases, including that of the glt4 gene from Pyrococcus sp
KOD1 (Jongsareejit et al., 1997) and the highly homologous gltX-like gene from C.
acetobutylicum ATCC824 (Fig. 3.9). This suggests that the gitX gene from C. acetobutylicum
P262 may not be associated with any other genes of related function.
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located adjacent to a gene encoding a ¢ subunit homologue. Similarly, a GOGAT £ subunit-
like gene is not located adjacent to either of the two Fd-dependent enzymes in Synechocystis
(accession no. dbj:D90900), yet in the closely related P. boryanum, the o and g subunits of the
pyridine dependent enzyme are encoded adjacent to each other, and separate from an Fd-
depehdent GOGAT (Okubara et al., 1999). In the light of the evolution of the bacterial enzyme,
we were interested to know if a second ¢ subunit homologue existed elsewhere on the C.

acetobutylicum P262 chromosome.

A synthetic degenerate 23-mer oligonucleotide probe pool was synthesized to a strictly
conserved region (ProProHisHisAsplleTyrSer) found in all GOGAT ¢ subunit domains
(corresponding to amino acid positions 990-997 of C. acetobutylicum GtA, see Appendix C),
and used to probe C. acetobutylicum chromosomal DNA (Fig. 3.11) using the TMA method
described in Section 3.3.11. As expected, the probe, which was specific for clostridial DNA,
hybridized to chromosomal bands that correspond to regions spanning the git4 gene; a 2.6 kb
EcoRI fragment (lane 2) and a 2.36 kb EcoRI-Pstl fragment (lane 3), diagramatically presented
in Fig.3.11B. These resuits reflect a moderate TMA wash stringency of 56 °C. However, even
at less stringent conditions (48 °C, results not shown), no other hybridization signals were
detected, suggesting that it is very unlikely that a second GOGAT « subunit homologue exists
elsewhere on the chromosome. This is consistent with the literature to date that the only

. bacteria which posses two glutamate synthase domains are the unicellular cyanobacteria
(Navarro ef al., 1995).
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and the amino terminal regions of the highly conserved eukaryotic dihydropyrimidine
dehydrogenase (DPD) enzyme, another complex iron-sulfur flavoprotein involved in
pyrimidine base degradation. From the structural and functional properties of the DPD enzyme,
it was concluded that the S subunit-like domain most likely serves to input electrons from
NADPH into the dihydrorotate-like domain for uracil reduction (Vanoni and Curti, 1999).
Characterization of the aeg4 gene (Cavicchioli ef al., 1996) revealed that it lies adjacent to, and
in the opposite direction from narQ, which encodes a second nitrate/nitrite-responsive sensor-
transmitter protein in E. coli (Chiang et al., 1992). Although the function of the aegA gene is
unclear, its expression and regulation suggest that it is involved in either fermentation or
anaerobic respiration (Stewart, 1993; Gunsalus and Park, 1994), and the N-terminal domain
contains four sets of cysteine clusters suggestive of iron-sulfur centers associated with
oxidoreductase activities. Similar sequence analyses, and the finding that the putative f
subunit-like proteins clustered with the £ subunit-like domains found in larger proteins, rather
than with GOGAT p subunits, led Vanoni and Curti (1999) to propose that the GOGAT S
subunit is a member of a novel family of FAD and iron-sulfur containing oxidoreductases,
which serve to transfer electrons between a reduced pyridine nucleotide and a second protein or
protein domain. In the case of GOGAT, this would be the compatible & subunit. According to
this hypothesis, GltX (and other £ subunit-like proteins including those from A4. aeolicus and
Pyrococcus sp.) would represent members of this novel family of oxidoreductases, unrelated to

GOGAT activity.

However, an alternative hypothesis that must be considered is that, since GItX is most closely
related to B subunit-like genes found in the archaebacteria Pyrococcus, it may represent a
functional homologue of the GItA protein (480 aa) from Pyrococcus sp KOD1. GItA has been
reported to encode the smallest known fully functional GOGAT, capable of both glutamine-
dependent and ammonia-dependent synthesis, in the absence of a o subunit homologue
(Jongsareejit ef al., 1997). No a subunit homologue could be identified adjacent to glt4, nor
anywhere else on the chromosome. This is consistent with there being no & subunit homologue
in either P. horikoshii strain OT3, or P. abysii, for which the complete genomes have been
sequenced (Kawarabayasi ef al., 1998; Heilig, 1999,unpublished). It is also interesting to note
that in the syphilis spirochete Treponema pallidum (Fraser et al., 1998), in which catabolic and
biosynthetic activities are minimized, only a single GOGAT A subunit homologue can be
identified which shows the highest homology (50% identity) to the KOD1 GltA protein. As
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3.5 Conclusion

The C. acetobutylicum P262 gitX gene (1245 bp in length) encedes a produdt, GltX, n
agreement with the predicted molecular weight of 46.1 kDa, which is responsible for the
reductive activation of metronidazole. Although it is not apparent whether GltX is involved in
the direct or indirect reduction of metronidazole, we conclude that since its deduced amino acid
sequence showed significant homology to GOGAT £ subunits, and contained the conserved
domains proposed to be functional FAD and NADPH binding sites, GltX is probably involved
in an electron transport mechanism similar to that proposed for GOGAT f subunits. Thus, this
study serves to highlight additional interesting genes encoding proteins not| previously
considered to be involved in metronidazole reduction. An understanding of the mechanisms
involved in activation of the drug is important for the development of improved analogues for

use in medicine

The gltX gene, which appears conserved in the clostridia, is independently transcribed. It does
not form part of a typical GOGAT operon as a second @ subunit homologue does not lie
adjacent to it (nor anywhere else on the chromosome). Since the deduced amino adid sequence
of gltX is most closely related to isolated S subumit-like genes found in the archaebacteria
Pyrococcus, it may represent an ancestral GOGAT enzyme similar to the CthA protein
characterized from Pyrococcus sp KOD1. This possibility is investigated in the following
chapter. Alternatively, GItX may represent a member of a much more general family of FAD-

~ dependent NAD(P)H oxidoreductase unrelated to GOGAT activity.
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CHAPTER 4

Expression studies on the C. acefobutylicum P262 gltA, gitB and
gltX genes in an E, coli GOGAT mutant

4.1. Summary

The C. acetobutylicum P262 gitd gene, identified in Chapter 2 as the GOGAT « subunit, was
cloned into the pACYC184 vector yielding construct pHS9. Similarly, the gltB gene, identified
as the GOGAT J subunit was cloned downstream of the lambda promoter in pEcoR251
yielding construct pHS7, and downstream of the lucZ promoter in the Bluescript vector
yielding construct pHS6 Expression of gltB, from either pHS6 or pHS7, m an . coli glutamate
auxotroph (strain MX3004) that is a mutant in the GOGAT / subunit, failed to complement the
E. coli oo subunit, and restore growth of MX3004 on minimal medium containing ammonia|as
the sole source of nitrogen. However, the co-transformation of MX3004 with both pHS7 and
pHS9 enabled the E. coli strain to grow, under anaerobic conditions, on the minimal medium,
indicating that GOGAT activity had been restored. RNA and protein analysis confirmed the
expression of the C. acetobutylicum glid and gitB genes in E. coli. Expression of the |C.
acetobutylicum gltX gene, identified in Chapter 3 as a GOGAT fsubunit-like gene, either alone
(constructs pMET13C1 or pSKMETS) or in combination with pHS9, failed to restore the
ability of MX3004 to grow using ammonia as the sole source of nitrogen. Nor could it
complement a B. subtilis GOGAT £ subunit mutant (strain 1A490), and restore GOGAT

activity.
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4.2. Introduction

The isolation and molecular characterization of the glid and gltB genes, identified by sequence
homology as the structural genes encoding the « and /7 subunits of GOGAT respectively, was
described in Chapter 2. Similarly, the g/tX gene, identified as another GOGAT / subunit-like
gene, was described in Chapter 3. The aim of this Chapter was twofold: to functionally confirm
the identity of the gltd and gltB genes, and to try and elucidate the role of the gltX gene, by

complementation studies.

Since C. acetobutylicum P262 lacks a transformation system, the physiological characterization
of these genes was limited to a heterologous host. There are several reports of the heterologous
expression of GOGAT genes in E. coli glutamate auxotrophs which carry mutations in the gltB
(@ subunit) or ghtD (/3 subunit) genes. (In E. coli, the gltB and gliD genes form an operon with a
downstream gene, gitF). For example, £. coli GOGAT mutants have been complemented by
the yeast glutamate synthase gene (Gonzalez et al., 1992), the gltBD region of A. sesbaniae
chromosomal DNA (Hilgert et al., 1987; Donald et al., 1988) and the git locus from Rhizobium
meliloti 1021 (Lewis et al., 1990). Furthermore, the GOGAT £ subunit from Thiobacillus
Jerrooxidans complemented the E. coli o subunit, and restored GOGAT activity in an E. coli
¢ltD mutant strain (Deane and Rawlings, 1996). This chapter focuses on the expression of the
C. acetobutylicum P262 gltB, gitD and gitX genes in an E. coli glutamate auxotroph (strain
MX3004) that is a mutant in both the GOGAT £ subunit gene (g/tD), and the gene (gdh)
encoding the GDH enzyme.

4.3. Materials and methods

4.3.1. Bacterial strains and media

E. coli strain MX3004 (thi-1, gdh 1, pro+A(lacU169)huC, g¢itD227::MudlIPR13)(Castano et
al., 1992), is a mutant in both the GDH and GOGAT pathways and thus is a glutamate
auxotroph (Berberich, 1972). It is unable to synthesize the GOGAT J/ subunit, and hence was
used to test for plasmids that could complement for GOGAT activity. MX3004 transformants
were screened for their ability to grow on NN minimal medium (Covarrubias et al., 1980)

solidified with agar (1.5% w/v) and containing ammonia (0.5 mM (NHa4)2S04) as the sole
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source of nitrogen, under both aercbic and anaerobic conditions. Control plates contained
monosodium glutamate (MSG, 0.2% wi/v, Merck). For anaerobic screening, NN minimal media
was supplemented with 0.5% w/v glucose, and was carried out in an anaerobic glove cabinet
(Forma Scientifica inc.) with a gas phase of 5% Hz, 10% CO2 and 85% N2. All media and
solutions were equilibrated under anaerobic conditions prior to use. MX3004 cultures were
grown with Cm (50 pg/ml) selection, and supplemented with ampicillin (100 pg/ml), and/or
tetracycline (50 pg/ml) for the appropriate plasmid selection.

Similarly, B. subtilis 1A490 (gltB-, leu38, metB10) is a glutamate auxotroph due to a mutation
in the f subunit (B. subtilis does not posses assimilatory GDH activity), and was also used n
complementation studies. Transformants were screened on M9 minimal medium (Harwood and
Cutting, 1990) containing chloramphenicol selection (15 pg/ml), 0.5 mM (NH4)2804 as the
nitrogen source, and supplemented with 5 mg/ml of the amino acids L-leucine, L-methionine,

and in the control plates, MSG.

E. coli IM109 (Yanisch-Perron et al., 1985) was used as the host for cloning purposes, and
cultures were grown at 37 °C in 2xYT broth or on 2xYT agar (Messing, 1983), containing the

appropriate antibiotic selection.

4.3.2. General DNA manipulations

Plasmid DNA was isolated from E. coli either by the alkaline hydrolysis method of Ish-
Horowicz and Burke (1981), or using the Nucleobond® AX KIT (Macherey-Nagel). Routine
DNA cloning and transformation procedures were as described by Sambrook ef al. (1989).
Restriction endonucleases, T; DNA ligase and Klenow were used according to the
manufacturer’s recommendations. DNA fragments were gel-fractionated (0.8% w/v agarose)
using Tris-Acetate (EDTA) buffer, and selected fragments for subcloning were purified using
the Gene Clean kit (Amersham). B. subtilis was transformed using the DM3 regeneration
protocol (Harwood and Cutting, 1990).

4.3.3. Plasmid constructs

Plasmid constructs used in this study to test for GOGAT complementation in E. coli MX3004
are illustrated in Fig. 4.1. Plasmids pMEXP1 and pKS2, which have been described by Deane
and Rawlings, (1996), both harbour the same 2.4 kb fragment of 7. ferrooxidans ATCC 33020
DNA. This fragment includes the terminal 309 nucleotides of the GOGAT « subunit gene,
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gltB, immediately upstream of the 1.694 kb / subunit gene, gitD. They are positioned
downstream of the lambda promoter in the pEcoR251 vector construct pMEXP1, and

downstream of the lacZ promoter in the Bluescript vector construct pKS2.

Similar plasmids were constructed containing the C. acefobutylicum [ subunit gene, gltB. The
C. acetobutylicum glt locus is presented schematically in Fig. 4.1(B). The 3.53 kb PvuIl
restriction fragment was cloned into another blunt-ended restriction site, Smal, within the
multiple cloning cassette of the high copy number Bhuescript vector pSK (Stratagene), to yield
plasmid pHS6. This fragment included the terminal 326 nucleotides of the glt4 gene upstream
of the 1.47 kb g/tB gene, and the orientation of cloning determined that they lay downstream of
the lacZ promoter. Plasmid pHSS (see Fig. 2.1) is identical to pHS6, except that the insert is
present in the opposite orientation, Plasmid pHS7 was derived from pHSS5 by subcloning the
insert from the adjacent EcoRI and BamHI vector sites, into the unique Hindlll and BamHI
sites of the low copy number vector pEcoR251 (Zabeau and Stanley, 1982). The EcoRI and
Hindlll sites were made compatible by blunt-ending them. This directional cloning ensured that
the gltB gene was positioned downstream of the lamnbda promoter.

Plasmid pHS9, harbouring the C. acetobutylicum gltd gene, was constructed in two stages.
First, the purified 3.86 kb Xbal fragment was subcloned into the unique Xbal site of pHS2 (Fig.
2.1) to generate plasmid pHS8. Restriction digestion and sequence analysis confirmed the
correct orientation of cloning, and that tﬁe Xbal junction site had been correctly reconstituted.
The second stage involved subcloning the entire reconstructed glt4 gene, 1.e. the EcoRV-Notl
fragment of pHS&, into the unique EcoRI site of pACYC184 (Rose, 1988), such that g/t was
read in the same direction as the disrupted Cm gene. This was achieved by blunting the Nofl
and FEcoRI restricted sites. The EcoRV restriction site, which lies 65 bp upstream of the
predicted gltd translation initiation codon, disrupts the inverted repeat sequence (see Fig. 2.4)
identified in Chapter 2 as a potential transcriptional terminator. Plasmid pACYC184, is able to
co-exist with vectors that carry the CelEl origin of replication such as pEcoR251.

Plasmids pMET13C1 and pSKMETS have been described in Chapter 3 and are illustrated in
Fig. 3.1. Plasmid pCMX (obtained from Dr. V. Mittendorf, University of Cape Town) served
as the pEcoR251 vector control. It harboured a ~0.5 kb insert of non coding Clostridium

longisporum genomic DNA cloned into the unique Bg/ll site of the EcoRI endonuclease gene.
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Plasmid Vector

PMEXPI  peoR2Sl

pHS7 pEcoR251
pHSS | PSK

pHS6 K

pHS2 pSK

piIss PSK
pHS9 pACYC184

Fig.4.1. Hlustration of the clones constructed to test for the complementation of GOGAT activity in E. coli
M2(3004. Restriction sites used for the respective cloning events are| joined by dotted lines. Regions
representing T. ferrooxidans (A) and C. acetobutylicum (B) chromosomal DNA are indicated by thick hatched
bars. Vector DNA is represented by thin horizontal lines except where the EcoR1 endonuclease gene of vector
pEcoR251, and the chloramphenicol resistance gene of vector pACYC184, are included (thick solid bars). The
lacZ promoter is indicated by piac, and the lambda promoter by Apr. Arrows below the hatched bars indicate the
extent and direction in which the genes are encoded. Arrows above the hatched bars depict the length and

direction in which RNA probes were synthesized for Northern blots. Double arrow heads indicate an incomplete

coding sequence.

To investigate B. subrtilis GOGAT complementation with the g/tX gene, the 3.0 kb PsrI-EcoRI
insert fragment from pMET13Cl1, was cloned into the corresponding sites in the E. coli/B.
subtilis shuttle vector pEB1 (Anaerobe laboratory, University of Cape Town). In addition, the
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3.4 kb EcoRI-Hindlll fragment from pMET13C1 was cloned into the corresponding sites in the
Bacillus chromosomal integration vector pDG364 (Harwood and Cutting, 1990). This vector is
designed for the targeted integration of a single copy of the region/gene of interest, into the
amyE locus. Transformants are identified as being chloramphenicol resistant, and having lost
the ability to produce hallows on 2xYT media containing 1% starch. Vector details are supplied
in Appendix B.

4.3.4. GOGAT complementation assays

E. coli MX3004, transformed with the relevant plasmid constructs, were cultured in 50 ml of
2xYT broth, containing the appropriate antibiotic selection, at 37 °C, to ODsoo of ~1.5. Samples
(5 ml} were harvested in duplicate from each culture for separate processing. The two samples
were processed in the following way, one under aerobic and the other under anaerobic
conditions: each pellet was washed twice with an equal volume of saline (0.15 M NaCl) and
resuspended in 2ml of the solution. Ditutions of 107, 10™ and 10° were made in saline and
100ul of each were plated on NN minimal medium with and without glutamate, in duplicate.
One set of plates were incubated at 37 °C, and the other set at 30 °C in the event of a less stable
hybrid GOGAT protein being reconstituted. Selected B. subtilis 1A490 transformants were
processed in a similar way, except that transformants were screened on M9 minimal media
containing chloramphenicol.

4.3.5. RNA extractions and Northern blots

To prevent RNA degradation, strict RNAse-free conditions were emploved during all RNA
handling procedures: glassware was heat treated, only Milli-Q water (Millipore water
purification system) and RNAse-free chemicals were used, and plastic-ware and suitable

solutions were subjected to two cycles of autoclaving.

Total mRNA was isolated using the hot phenol extraction protocol described by Aiba ef al.
(1981). MX3004 cultures harbouring the relevant plasmid constructs were extracted after
overnight growth at 37 °C in 2xYT medium containing the appropriate antibiotic selection.

Purified mRNA was resuspended in water and stored at -70 °C in the presence of RNAse
inhibitor (Sigma).

Northern blots were performed using the non-radioactive digoxigenin (DIG) Labeling and
Detection Kit according to the manufacturer’s protocol (Boehringer Mannheim). RNA was
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separated by electrophoresis in 1.5% denaturing formaldehyde agarose gels, and Boehringer
Mannheim RNA molecular weight markers were included. RNA was transferred to a positively
charged nylon membrane (Boehringer Mannheim) by capillary blotting for 10 hours at room
temperature, and was subsequently fixed onto the membrane by UV exposure (340 nm for 5

min).

DIG-labeled homologous RNA probes to glt4 and gitB were synthesized from plasmid pHS2,
and a shortened derivative of plasmid pHS5, respectively (illustrated in Fig. 4.1). The T,
polymerase-specific promoter was used to direct the synthesis of both probes, and their lengths
(798 bp for glt4 and ~1.1 kb for gltB) were defined by lincarization of the template DNA at the
respective Sspl and Psil restriction sites. The template fragments were gel-purified prior to
labeling. Probes were used at a concentration of 100 ng/ml, and hybridized at 68 °C for 12
hours, followed by stringent washing conditions. Probevbound to the membrane was detected
using the chemiluminescent substrate AMPPD (Boehringer Mannheimy).

4.3.6. Protein analysis of cell free extracts (CFE)

MX3004 transformants, harbouring the relevant plasmids, were grown overnight at 37 °C in
100 ml of LB, containing the appropriate antibiotic selection, and where indicated, 0.5 mM of
IPTG. The cultures were harvested, washed with an equal volume of Tris-HCl buffer (0.1 M
pH 8), and resuspended in 5ml of buffer, prior to sonication (Soniprep 150). The BIO-RAD
protein assay was used for the quantitation of proteins in the CFE, with BSA fraction V
(Boehringer Mannheim) serving as the standard. The proteins were resolved by SDS-PAGE on
a 10% gel according to Laemmli (1970), and visualized by staining with PAGE Blue 83
(BDH). The molecular weight standards were obtained from Pharmacia.

4.4. Results and discussion

4.4.1 Expression of the C. acetobutylicum gltB gene in E. coli MX3004

E. coli MX3004 is a mutant in both the ammonia assimilatory pathways viz. the GDH and the
GS-GOGAT pathway. The latter is due to insertional inactivation of the GOGAT £ subunit.
Hence it is unable to use ammonia as a nitrogen source, but grows like wild type E. coli when
glutamate is supplied (Table 4.1). Since the T. ferrooxidans GOGAT f subunit gene, gltD, was
shown to complement the MX3004 ¢ subunit (Deane and Rawlings, 1996), we\sought 1o
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functionally confirm the identified C. acetobutylicum glt locus by similar complementation
studies. Two plasmids carrying the 7. ferrooxidans gltD gene, pKS2 and pMEXP1 (Deane and
Rawlings, 1996) (Fig. 4.1A), served as our positive controls for heterologous complementation.
Both were able to restore growth of MX3004 on NN minimal medium containing ammonia
(Table 4.1), although as reported, complementation was less efficient with pKS2 than with
pMEXP1. This difference is thought to be due to gltD being expressed from the stronger A
promoter in the case of pMEXP1, and the weaker lacZ promoter in pKS2, suggesting that high

levels of g/tD expression are required for efficient complementation.

Two plasmids, carrying the same 2.5 kb fragment of C. acetobutylicum chromosomal DNA
containing the gl/tB gene, were constructed very similar to pKS2 and pMEXP1, respectively, as
described in Section 4.3.3: in pHS6 the g/tB gene was cloned downstream of the JacZ promoter
of the Blueécript vector pSK, and in pHS7 the gltB gene was cloned downstream of the lambda
promoter of pEcoR251. However, unlike the results obtained with pKS2 and pMEXPI,
transformation of MX3004 with either of these plasmids, failed to restore growth of the E. coli
mutant on minimal media contaiming ammonia. This result remained unchanged by incubation

at lower temperatures (~ 18 °C and 30 °C), or under anaerobic conditions (Table 4.1).

An observation that emerged from these studies however, was that in the presence of glutamate,
the size of the E. coli colonies harbouring the f subunit genes from either T. ferrooxidans
(constructs pKS2 or pMEXP1) or C. acetobutylicum (constructs pHS6 or pHS7), were
significantly smaller than the corresponding controls (MX3004 transformed with the relevant
vector control constructs). Since the regions downstream of either the 7. ferrooxidans gitD gene
(~ 675 bp) or the C. acetobutylicum gltB gene (1.717 kb) are dissimilar, it is unlikely that they
are exerting this growth phenotype. Rather, it suggests that the GOGAT f subunit, in the
presence of glutamate, has an effect on E. coli metabolism, and supports the assumption that
the C. acetobutylicum £ subunit is being expressed in E. coli. This observation may be related

to glutamate-dependent repression of the glt operon reported for E. coli (Castano et al., 1992).
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TABLE 4.1. The effect of various plasmid constructs on the ability of E. coli MX3004 to grow
on NN minimal media containing ammonia as the sole source of nitrogen, in the presence and

absence of glutamate, and under aerobic or anaerobic conditions.

MX3004 transformed AEROBIC ANAEROBIC
with: with without with without
glutamate glutamate glutamate glutamate
(IM109 untransformed) + + + +
MX3004 untransformed + —_— + —
pSK + - + —
pKS2 + + + +
pHS6 + — + —
pCNfX + — + L
pMEXP1 + + + +
pHS7 -+ — + o
pACYC184 + —_ + -
pHS7 and pHS9 + — + +
pMET13C1 + —_ + —
pSKMETS + —_— + —
pHSY and pMET13C1 + _— + —

These results are representative of two independent experiments. Each construct was tested in duplicate at 30 °C
and 37 °C under both aerobic and anaerobic conditions. Growth is indicated by the positive symbol +, which
represents 200-300 colonies per plate, and corresponds to 100 ul of a 10™ dilution of the original culture
(Section 4.3.4). No growth is indicated by the symbol ~—. These trends were the same at both 30 °C and 37 °C

incubation temperatures.

4.4.2. Complementation of E. coli MX3004 with both the C. acetobutylicum glt4 and gitB
genes together

If complementation of E. coli MX3004 with the C. acetobutylicum gitB gene failed to
reconstitute GOGAT activity due to incompatibility of the subunits from these two
heterologous bacteria, then expression of both homologous subunits of C. acetobutylicum
would be expected to reconstitute GOGAT activity in MX3004. To test this assumption the C.
acetobutylicum gltA gene was cloned into vector pACYC184 to yield plasmid pHS9 (Section
4.3.3). Indeed, co-transformation of MX3004 with both plasmids pHS7 and pHS9 enabled the
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mutant to grow on the defined NN minimal medium containing ammonia as the sole source of
nitrogen, but notably only under anaerobic conditions (Table 4.1). Growth was, however,
delayed by approximately two days relative to the controls, and the colonies remained small,
regardless of the incubation period or temperature (30 °C or 37 °C). While these results imply
that functional recombinant GOGAT enzyme is produced in MX3004, under anaerobic
conditions, from the separate expression of the glt4 and gltB genes, they also indicate that these
conditions are not optimal for the efficient production of mature enzyme. In C. acetobutylicum,
gltd and gltB are co-transcribed (Chapter 5) and probably translationally coupled, however,

attempts to clone the complete g/t locus into a high expression vector was unsuccessful.

4.4.3. Expression of C. acetobutylicum gitA and gitB genes in E. coli MX3004

Northern blot analysis using homologous RNA probes (Section 4.3.5) confirmed that both the
gltA and gitB genes, are transcribed in the £. coli MX3004 host (Fig. 4. 2). The glt4 specific
probe detected a transcript size of approximately 4.6 kb in lane D, which contained RNA
isolated from the MX3004(pHS9) transformant. Since the glt4 gene was calculated to be 4.554
kb long (Chapter 2), this result suggests that transcription of the gitd gene may be initiated
from a promoter-like sequence in the AT-rich region preceding the start of the gene, rather than
from the promoter for the chloramphenicol gene. However, the accurate sizing of the RNA
transcript is limited by the quality of these RNA species in E. coli. We deduce that the non-
specific signals detected in the control lanes (Panel I- lanes A, B and C) are due to heterologous
detection of the equivalent conserved region of the E. coli « subunit that has got tangled in the
168 and 23S rRNA bands. The g/t4 probe was made to the N-terminal 12-810 nucleotides.

In contrast, the gitB probe, which did not overlap the region corresponding to the N-terminal
225 bases of the truncated MX3004 gltD gene, was very specific for the C. acetobutylicum gitB
gene (Fig.4.2, Panel II). In the lanes representing RNA extracted from E. coli MX3004
transformed with either pHS7 (lane E), or pHS7 and pHS9 (lane F), a transcript of
approximately 2.4 kb was detected. This transcript size is consistent with transcription initiating
at the pEcoR251 A promoter of plasmid pHS7, and reading through the terminal 326 bases of
£lt4, to a transcriptional terminator sequence identified downstream of the gitB gene (Section
2.4.3). The faint signal detected in the pEcoR251 vector control (lane B) may be due to

contamination of the probe with vector sequence common to both pSK and pEcoR251.
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Fig. 4.2. Northern blot detection of C. acetobutylicum gitA (Panel 1) and g/tB (Panel I1) transcription in E. coli
MX3004 using gitd and gltB specific RNA probes respectively. Each lane contains 30 pg of the respective RNA
samples. Lane A represents RNA isolated from MX3004. Lanes B, C, D, E, and F represent RNA isolated from
MX3004 transformed with pCMX, pACYC184, pHS9, pHS7, and pHS9 + pHS7, respectively.

4.4.4. Detection of the C. acetobutylicum git gene products in E. coli MX3004

Cell free extracts of MX3004 transformants were analyzed by SDS-PAGE to determine
whether polypeptides corresponding to the C. acetobutylicum GOGAT « and £ subunits could
be detected (Fig. 4.3). Sequence data revealed that both glt4 and gltB are preceded by the
identical RBS, present 7 and 8 nucleotides upstream from the initiation codons respectively.
This is similar to the value (7 +/- 2 nucleotides) that has been deduced for the optimal spacing
in E. coli in which expression of clostridial genes has been documented (Cary et al., 1988;
Youngleson et al., 1988; Young et al., 1989). Indeed, a polypeptide of approximately 50 kDa,
which is consistent with the calculated size of the GOGAT g subunit (53 kDa), was clearly
identified in the protein products of MX3004 transformed with either pHS6 (lanes B), or pHS7
(lane E). Furthermore, protein bands of a similar size were detected in the positive controls
(lanes C and F) which represented CFE from MX3004(pKS2) and MX3004(pMEXP1),
respectively. No corresponding bands were detected in the negative controls (lanes A and G).
These results show that the C. acerobutylicum gitB gene is efficiently translated in E. coli
MX3004, and thus support the notion that the C. acetobutylicum [ subunit cannot functionally
complement the E. coli GOGAT a subunit.
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expressed in E. coli (strain F19) from either the pEcoR251 construct pMET13Cl1, or the
Bluescript construct pSKMETS.

The gltX gene was introduced into E. coli MX3004 on plasmids pMET13C1 and pSKMETS,
and g/tX specific mRNA was detected by Northern dot blots (results not shown). However,
neither MX3004(pMET13C1) nor MX3004(pSKMETS) transformants were able to grow on
NN minimal medium containing ammonia as the sole source of nitrogen (Table 4.1).
Furthermore, MX3004 co-transformed with both gitX (construct pMETI13C1) and gitA
(construct pHS9) was also unable to complement for GOGAT activity (Table 4.1).

Since B. subtilis is more closely related to C. acetobutylicum, we also investigated the
expression of gltX in the B. subtilis [ subunit mutant 1A490 (g/tB-, leu38-, metB10-). As
described in Section 4.3.3, the g/tX gene was introduced into strain 1A490 on the shuttle vector
pEBI1, and by integrating it into the chromosome using the pDG364 integration vector (Fig.
4.4). Neither constructs restored the ability of B. subtilis 1A490 to grow on M9 minimal

medium containing ammonia as the nitrogen source.

Although the expression of gltX was not demonstrated in B.subtilis, these results tentatively
suggest that it is unlikely that gltX codes for an enzyme with GOGAT activity such as the
Pyrococcus KOD1 GltA, or that it encodes a second functional GOGAT g subunit, since it was

unable to complement either the E. coli, B. subtilis or C. acetobutylicum P262 « subunits.

4.4.6. Considerations for the production of functional enzyme

As discussed in Chapter 1, the f# subunit not only serves to input electrons into the «a subunit,
but is also important for determining some of the properties of the & subunit and for the
formation of the two 4Fe-4S centers, Center 2 and 3. Vanoni and Curti (1999) have suggested
that the formation of these Fe-S centers occurs at the interface between the two subunits
requiring their correct interactions and folding, and may be responsible for triggering the
conformational changes required for the production of active holoenzyme. It is interesting to
note that the cysteine cluster domains, proposed to be involved in the formation of these Fe-S
centers (Section 2.4.5.4), are very similar in the £ subunit polypeptides from E. coli and T.
Serrooxidans, which both form NADPH-dependent GOGATS, however, differ distinctly in the
C. acetobutylicum B subunit polypeptide, which specifies a NADH-dependent enzyme. If the
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Indeed, Vanoni and Curti (1999) found that there was a correlation between the lack of activity
of recombinant GOGAT with the absence of Fe-S content. Also, activation of GOGAT is
thought to depend on the exposure of the catalytically critical Cys-1 residue following cleavage
of the leader peptide (Chapter 2). While these results imply that the GItA propeptide is
correctly processed in E. coli, at present nothing is known about this process. It is interesting to
note however, that the amino acid sequence around the Cys] residue is well conserved in all
types of GOGAT enzymes (Appendix C), and thus may be sufficient to determine correct
protein maturation in such heterologous hosts. Cofactor dependency may also be a
consideration. Ideally, we would like to optimise the overexpression and purification of active
recombinant holoenzyme, as reported for the A. brasilense GOGAT overproduced in E. coli
(Stabile er al., 2000), to conduct more detailed analyses, however, the finding that the enzyme

appears to be sensitive to oxygen (see Chapter 5) imposes serious limitations to this work.

4.5. Conclusion

From these E. coli complementation studies, we conclude that the C. acetobutylicum P262 gltd
and gitB genes are the structural genes encoding the « and / subunits of GOGAT respectively,
and furthermore that the enzyme is sensitive to oxygen. These results imply that functionally
mature C. acetobutylicun GOGAT enzyme can be produced in this heterologous host from the
separate expression of the two subunit genes, although clearly the conditions we have used are

not optimal.

In spite of the overall high degree of homology shared between bacterial GOGAT subunits, the
C. acetobutylicum [ subunit cannot complement the E. coli « subunit. This suggests that there
are critical subunit interactions required to produce functional enzyme which are satisfied
between the E. coli a and the T ferrooxidans £ subunits. On the other hand, the £ subunit of C.
acefobutylicum appears to share a common property with the £ subunits from E. coli and T,

ferrooxidans, since expression of these polypeptides in the presence of glutamate resulted in
down-regulated F. coli growth.

The inability of the gitX gene to restore GOGAT activity in . coli MX3004 or B. subtilis

1A490, as well as the failure to complement the C. acetobutylicum GOGAT « subunit in
MX3004, strongly suggests that it does not encode an independent GOGAT enzyme, nor an
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alternative functional form of the fJ subunit. The fact that it does not exert the down-regulated
growth phenotype in E. coli in the presence of glutamate, further suggests it has a function
different from that of GOGAT /£ subunits.
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CHAPTER 5

Regulation of GS and GOGAT activity from C. acetobutylicum
P262

5.1 Summary

Spore germination, growth profiles and cell differentiation of C. acetobutylicum P262 cultures
were assessed in relation to different combination of nitrogen sources, Organic nitrogen (in the
form of casamino acids) was the preferred source of nitrogen, while ammonia appeared to
retarded spore germination and cell development. These studies, in conjunction with GS
indicator assays, led to the definition of nitrogen limiting conditions (0.025% casamino acids
and 0.15% glutamine, also referred to as the inducing conditions), and nitrogen rich conditions
(0.2% casamino acids, also referred to as the non-inducing conditions) which were used

subsequently for enzyme regulatory studies.

GOGAT assay conditions were established and optimised. GOGAT activity was found to be
specific for the cofactor NADH, and sensitive to oxygen. Both GS and GOGAT activities were
regulated by the nitrogen source i a similar way, being most induced by the defined nitrogen
limiting conditions, and repressed by the defined nitrogen rich conditions. At early exponential
phase (ODeoo 0.3), a 6.9 and 5.6 foid difference was recorded between the inducing and non-
inducing nitrogen conditions for GS and GOGAT activities, respectively. No assimilatory GDH
activity could be detected.

Quantitative Northern blot analyses and feedback inhibition studies, indicated that the GS and
GOGAT activities were regulated by the nitrogen conditions primarily at the level of
transcription. Furthermore, during growth in the nitrogen limiting canditions, glnA and glnR,
and glt4 and gltB were each transcribed as an operon. Expression of the second 4 subunit-like

gene gltX, was not regulated by the nitrogen source.
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5.2 Introduction

Although the mechanism of regulation of solvent production in C. acetobutylicum is not fully
understood, studies showed that efficient sporulation was required for the maintenance of high
levels of solvent production. In C. acefobutylicum P262, ammonia Jevels were reported to be
important for solventogenesis and the initiation of sporulation (Long et al., 1984; Jones and
Woods, 1986). However, while ammonia is the preferred source of nitrogen for most
microorganisms, C acetobutylicum P262 grew poorly when ammonia salts, either alone or in
combination with glutamine and/or glutamate (at 0.1 or 0.2% w/v) served as the nitrogen
source (maximum ODsoc = 0.4) (Fierro-Monti ef al., 1992)(Dr L. Brown, unpublished results).
On the other hand, C. acetobutylicum grows well in CBM media which is a rich source of
organic nitrogen. In order to study the regulation of the key enzymes of nitrogen assimilation,
GS, GOGAT and GDH, it was first necessary for us to establish what nitrogen conditions
defined a nitrogen-rich versus a nitrogen-poor environment in relation to the different stages of
cell differentiation. Marked differences have been observed in the utilization and assimilation
of nitrogen sources in the few clostridiél strains that have been studied (Kleiner, 1979; Bogdahn
et al., 1983; Bogdahn and Kleiner, 1986; Kanamori ef al., 1989; Amine et al., 1990).

The regulation of bacterial GS and GOGAT enzymes has been discussed in Chapter 1. GS
activity was not regulated by adenylylation in C. acerobutylicum P262 (Usden et al., 1986), and
in B. subtilis, GS was regulated primarily at the transcriptional level (Fisher et al., 1984). In C.
acetobutylicum, antisense RNA complementary to the 5° end of the gind mRNA, has been
implicated in the post-transcriptional regulation of the gind gene (Fierro-Monti et al., 1992).
The mechanism by which GOGAT genes are regulated by nitrogen availability appears to
differ from one microorganism to another, although in general, GOGAT activity has been
found to be repressed by glutamate, or a good source of glutamate. In B. subrilis, expression of
the gltAB operon is positively regulated by the divergently transcribed girC product (Bohannon
et al., 1985; Bohannon and Sonenshein, 1989). In C. acetobutylicum P262, the structural genes
encoding the GS and GOGAT enzymes are separated by a gene (glnR) coding for a putative
response regulator protein, GInR, which has been suggested to act as a positive regulator of
gind expression (Woods and Reid, 1995).
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In addition, since the C. acetobutylicum gitX gene (described in Chapter 3) shared striking
homology with GOGAT /£ subunits, we wished to establish whether its expression was
regulated by nitrogen.

5.3 Materials and methods

5.3.1 Bacterial strains

C. acetobutylicum P262 wild type strain (Jones et al., 1982) was used in these growth and
enzyme activity studies, and served as the source of total RNA. Bacreroides fragilis strain Bfl
(Abrahams and Abratt, 1998) served as the positive control for the GDH assays.

5.3.2 Media, growth conditions and culture analysis

Growth of C. acetobutylicum P262 was iitiated from a spore stock maintained aerobically at
4°C in sterile water. Spores were activated by heat shock treatment (5 min at 70 °C), chilled on
ice for 2 min, and allowed to de-oxygenate in the anaerobic glove cabinet for appfoximately 5
min prior to being used as the primary inoculum. All cultures were grown anaerobically at 37
°C in either buffered CBM (Allcock ef al., 1982), or in glucose-mineral salts-biotin minimal
medium (GSMM, see Appendix E) (Holdeman et al., 1977) modified by containing varicus
combinations and concentrations of carbon (1 or 2% glucose), organic nitrogen (casamino acids
(DIFCO), ghutamine and monosodium glutamate (MSG)) and/or inorganic nitrogen
(predominantly NH4OAc), as discussed in the text.

The growth profile, pH and cell morphology of cultures of C. acetebutylicum grown in these
various modified GSMM media, was analysed in duplicate at various growth stages on both
cell line and spore line cultures grown in 10 ml Hungate tubes. Spore line refers to cultures
grown directly from 5 pl of heat shocked spores. The cell line cultures were initiated from cells
germinated in 10 ml of CBM, grown to ODsoo 0.3, resuspended in an equal volume of sterile
distilled water and used at a 5% moculum volume. At selected time intervals during the growth
cycles, 100 pl aliquots were withdrawn, mixed with 900 pl of 0.4% formalin, and 5 pl of these
suspensions counted microscopically using a Thoma counting chamber. Counts were done to
differentiate between the percentage of phase-bright spores (endospores) and cells. The latter
included a wide variety of morphology types; mobile and immobile rods, chains, granular and
non granular cells, and phase-dark spores.
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In addition to these physiological analyses, GS activity was determined on cultures of C.
acetobutylicum grown with these various combinations of nitrogen sources (2% glucose), as a
further indicator of nitrogen conditions. GSMM media containing 0.025% casamino acids and
0.15% glutamine as the sole nitrogen source was selected to represent nitrogen limiting
conditions (also referred to as GSMM inducing media). GSMM media containing 0.2%
casamino acids as the sole nitrogen source was selected to represent nitrogen rich conditions (or
GSMM non-inducing media). These media (and modifications thereof as discussed in the text)
were used for studying the regulation of GS, GOGAT and GDH activity.

B. fragilis Bfl was grown anaerobically in 10 ml of BHI broth (Holdeman er al., 1977) in
Hungate tubes incubated overnight at 37°C in a shaking water bath.

5.3.3 Preparation of crude cell free extract (CFE)

Crude CFE was prepared from cultures of C. acetobutylicum P262 and B. fragilis under strictly
anaerobic conditions. All solutions and equipment used were pre-equilibrated in the anaerobic
glove cabinet. At selected growth stages, approximately 300 mg of cells (equivalent to ~430 ml
of culture at ODsoo 0.3) were harvested from the relevant media, and washed twice in 60 ml
20mM KH2POs-K2HPO4 buffer at pH 6.5 (except during enzyme pH studies when different pH
buffers were used) in sealed centrifuge tubes. The pellets were resuspended in 6 ml of the
buffer, and immediately disrupted in a French pressure cell. The lysate was collected under an
anaerobic atmosphere in a sealed Hungate tube on ice, and transferred back to the glove cabinet
for processing. The lysate was clarified (15 min spin in an Eppendorf micro centrifuge) at room
temperature. The efficiency of lysis was routinely greater than 95% (as estimated
microscopically), and was independent of the growth stage. This consistently yielded
approximately 2.5 mg of protein per ml of CFE. If not used immediately for enzyme studies,
the CFE was stored anaerobically at -70 °C.

5.3.4 Protein concentration determination

Protein concentrations were determined by the Bio-Rad micro protein assay sysiem as
suggested by the supplier (Hercules), using bovine serum albumin (fraction V) as the standard.
Assays were always performed in duplicate. Protein samples were diluted in KH2PO4-KoHPO4
buffer pH 7, such that the absorbance did not exceed 0.55, since this corresponds to the upper

limit of linearity for this method.
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5.3.5 Enzyme assays

GOGAT and GDH assays were performed in the anaerobic glove cabinet (Forma Scientific
Inc.). All solutions and equipment required for these experiments were equilibrated in the
cabinet prior to use. Due to the restrictions imposed by working in the glove cabinet, the

number of samples which could be processed was limited.

5.3.5.1 GOGAT assay

CFE prepared from selected cultures of C. acetobutylicum were assayed for GOGAT activity
by spectrophotometrically measuring the rate of NADPH or NADH oxidation according to the
procedure of (Meister, 1985). The peak absorbance of NAD(P)H is 340 nm. However, due to
the requirement for anaerobic assay conditions (see Section 5.4.3.3), we were restricted to
monitoring the reaction on a Spectronic 20 (Bausch and Lomb) spectrophotometer at 366 nm in

the glove cabinet, which may account for the initial lag phase observed during the assays,

Due to these modified conditions and the use of crude enzyme preparations, Km values were
not determined, however substrate, cofactor and enzyme concentrations were selected such that
the rate of cofactor oxidation was always linear between ODsss 0.4 and 0.1, and proportional to
the quantity of protein added. The standard reaction mixture contained 20 mM potassium
phosphate (KH2POs-K2HPO4) buffer, 5 mM each of the substrates L-glutamine and 2-
oxoglutarate, 0.4 mM of cofactor NADH or NADPH), and appropriate amounts of the enzyime
source, CFE, in a final volume of 5 ml. The reaction was initiated by the addition of cofactor.
Unless otherwise specified, the standard assay conditions employed were 37 °C, pH 6.5,
Specific activity, calculated from the linear stage of the reaction, was expressed as umoles of
NAD(P)H oxidized (determined from a standard curve) per min per mg of protein. NADPH
was naturally less stable than NADH.

For the pH optimum studies, all assay components were resuspended in the respective
KH2PO4-K2HPO+4 pH buffers. To study feedback inhibition of GOGAT activity, the CFEs were
incubated in the presence of various concentrations of test compounds for 15 min at 37 °C,
before the reaction components were added and the reaction initiated. For these experiments,

CFE which had been stored at -70 °C was used under the standard reaction conditions.
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5.3.5.2 GDH assays

Assimilatory GDH activity assays were conducted on C. acetobutylicum CFE essentially as
described for the standard GOGAT assay, except that 100 mM NH4«Cl replaced glutamine, and
2-oxoglutarate was used at a 10 mM concentration. Both cofactors were tested over a range of

pHs. CFE, prepared from overnight cultures of B. fragilis Bfl, served as the positive control.

5.3.5.3 GS assays

GS activities were measured by the y-glutamyl transferase (GGT) assay described by Shapiro
and Stadtman (1968). This assay has no requirement for ATP activation and is less subject to
interference by contaminating enzymes than the biosynthetic reaction. The assays were
performed on whole cell suspensions, from various cultures of C. acerobutylicum, made porous
by pre-treatment with C-Tab (hexadecyltrimethyl-ammonium bromide): under anaerobic
conditions, 25 ml of culture at the desired growth stage, was mixed with 0.01% C-Tab for 10
min, harvested in sealed centrifuge tubes, and washed in an equal volume of saline (0.8%
NaCl). The pellets were resuspended in 0.5 ml of GGT resuspention buffer, and the assays

performed immediately, in duplicate, under aerobic conditions.

Transferase activity was followed by measuring the formation of y-ghitamyl hydroxamate in
the reaction mixture (0.5 ml): 0.1 ml cell suspension, 148 mM mmidazole-HCI buffer pH 7.15,
19.5 mM hydroxylamine, 0.3 mM MnCh, 28 mM potassium arsenate, 0.4 mM NADP. The
reaction was initiated by the addition of 50 pl of L-glutamine (0.2 M), and allowed to proceed
for 15 min at 37 °C, after which it was stopped by the addition of 1 ml of GGT termination
mix. The reaction mix was clarified (10 000 rpm for 1 min in an Eppendorf micro centrifuge),
and the absorbance of the supernatant read immediately at 540 nm. The amount of y-glutamyl
hydroxamate formed was determined from a standard curve. Enzyme specific activity was

expressed as pumoles of y-glutamyl hydroxamate produced per min per mg of protein.

For the feedback inhibition studies, CFE served as the enzyme source, and was pre-incubated in
the presence of the test substances for 15 min at 37 °C prior to the assay. Resulis were

interpreted relative to a control.

5.3.6 RNA methods
To prevent RNA degradation, strict RNAse-free conditions were employed during all RNA
handling procedures. All glassware was heat treated. Only Milli-Q water (Millipore water
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purification system) and RNAse-free chemicals were used. Plastic ware and suitable solutions

were subjected to two cycles of autoclaving.

5.3.6.1 RNA extractions

C. acerobutylicum total mRNA was extracted from cultures grown in the GSMM inducing,
GSMM non-inducing and CBM media at various growth stages as described in the text, using
the hot phenol extraction protocol described by Aiba er al. (1981). RNA was stored in water at -
70 °C in the presence of RNAse inhibitor (Sigma).

5.3.6.2 Northern blots

Northern blots were performed using the non-radioactive digoxigenin (DIG) Labeling and
Detection kit according to the manufacturer’s protocol (Boehringer Mannheim). RNA was
separated by electrophoresis in 1.5% denaturing formaldehyde agarose gels according to
Fourney er al. (1988). RNA molecular weight markers (Gibco BRL) were included. The RNA
was transferred to a positively charged nylon membrane (Boehringer Mannheim) by capillary
blotting for a duration of 10 hours at room temperature. For the dot blots, RNA was transferred
directly onto the membrane using a dot blot suction apparatus. A 50 ul volume, containing the
relevant concentration of RNA, was loaded per well. RNA was fixed onto the membranes by
UV exposure. Probes were hybridised at 68 °C at a coﬁcentration of approximately 100 ng/ml,
followed by stringent washing conditions. Probe bound to the membrane was detected by the

chemiluminescent reaction using the substrate AMPPD.

5.3.6.3 RNA probes

DIG labelled homologous RNA probes were synthesized, from template clones constructed in
the Bluescript vector pSK, according to the protocol supplied by Boehringer Mannheim.
Information about the respective probes is illustrated in Fig. 5.1. The gind-specific probe was
synthesized from a clone containing an internal 0.82 kb EcoR1-HindllI gind fragment derived
from pHZ200 (Fig. 2.1). Similarly, the g/nR probe was synthesized from a clone harbouring the
internal 0.31 kb EcoRV-Xbal fragment. Probes specific for the gltd and gltB genes were
synthesized from plasmid pHS2 and a shortening of construct pHSS, respectively (Fig. 2.1).
The crientation of the individual cloning events determined whether the Ty or T3 polymerase
specific promoter was used to direct probe synthesis. The probe lengths were defined by
linearization of the respective template DNAs at an appropriate restriction site downstream of

the promoter. The template fragments were gel-purified using Gene Clean (Amersham) prior to
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probe synthesis. The gitX-specific gene probe used in these studies is described in Section
3.3.7.

Fig. 5.1 Origin of the RNA probes synthesized to the gind, ginR, gltd and gltB genes. The thin horizontal lines
represent vector sequence (Bluescript pSK) of the respective template clones, and the arrows below each clone
indicate the relative size of the RNA probes and the direction in which they were synthesized. The respective

template linearization sites are indicated in boldface type.

5.3.7 Software analysis of dot blots

The software program Gel Trak (D. Maeder, Department of Biochemistry, University of Cape
Town} was used to quantitate the relative intensities of signals obtained in the RNA dot blot
experiments. It supports a densitometer which scans a defined set of data interpreting each

signal relative to a specified maximum and minimum background intensity.

5.4 Results and discussion

5.4.1 Growth and differentiation in relation to nitrogen source

With the assistance of Dr. L. Brown (University of Cape Town post-doctorate) and Prof. D.
Jones (University of Otago, New Zealand; personal communication), the growth and
morphology of both spore and cell line cultures (see Section 5.3.2) of C. acetobutylicum P262,
grown in a defined medium containing a variety of organic and/or inorganic nitrogen sources,
were ¢xamined. Growth was found to be proportional to the concentration of organic nitrogen
added in the form of casamino acids (Fig. 5.2A), with growth of the cell line culture containing
0.2% w/v casamino acids being almost equivalent to that of the CBM culture for the first ~18
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hours. Further addition of the organic nitrogen sources glutamine or glutamate (at (.2% w/v)
made no significant difference (results not shown). In the absence of casamino acids no growth
occurred initially, however, after 27 hours highly motile spindle shaped cells were detected in
the cell line cultures, and by 90 hours growth was significant. This raised the possibility that C.
acetobutylicum P262 could fix nitrogen from the atmosphere, consistent with the fact that
organisms switch on their nitrogen fixing systems under nitrogen starved conditions. The
ability to fix nitrogen has been reported in several clostridia (Merrick and Edwards, 1995), and
a cluster of nif genes have been identified in the unfinished genome sequence of C.
acetobutylicum ATCC824 (accession number AE(001438).

When ammonia acetate (0.2% w/v NHaOAc) was added to the media containing various
concentrations of casamino acids, no significant differences were observed in the cell line
cultures, however, growth of the equivalent spore line cultures were notably retarded during the
first 24 hours (results not shown). Interestingly, NH4OAc (present as the sole source of
nitrogen), could not support cutgrowth of the spore line, however, it supported steady growth of
the cell line after an initial lag phase (Fig. 5.2A1), reaching an ODsoo of 1.5 by 90 hours.
Together these results indicated that organic nitrogen is essential for spore germination and is
clearly the preferred source of nitrogen, and that ammonia appears to affect the germination of
spores. It is worth noting here that partially hydrolyzed proteins or amino acids were required
by C. beijerinckii for solvent production (Prescott and Dunn, 1959), and that glutamine is the
preferred source of nitrogen for B. subtilis (Fisher and Sonenshein, 1991) and glutamate is the

preferred source of nitrogen for Corynebacterium caliurae (Ertan, 1992).

The retarding effect of ammonia acetate was more closely examined in the spore line cultures
in the presence of 0.2% w/v casamino acids (Fig. 5.2B). Repression of growth was proportional
to the NH4OAc concentration added above 0.05% w/v. This effect was not related to acetate,
and was also observed with alternate sources of ammonia including NH4Cl, NHaNOs3, and
(NH4)2S04 at 0.4% w/v (results not shown). Morphological analyses confirmed that ammonia
affected spore germination and early cell growth. However, a positive correlation was observed
between the percentage sporulation and the concentration of ammonia; at 24 hours 66% spores
were recorded in media containing 0.2% w/v ammonia, whereas in media containing no
ammonia only 3% spores were recorded. This phenotype has been previously observed (Long
et al., 1984), which led to the conclusion that ammonia played an important role later on in the

growth cycle for sporulation and the onset of solventogenesis. However, by increasing the
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glucose concentration from a standard 1% to 2% wi/v, the growth profiles were improved up to
40 hours, sporulation was delayed, and the trend was no longer proportional to the
concentration of ammonia. The percentage sporulation recorded in cultures containing 0.1%
w/v NH4OAc or less (including no NH4OAc) was between 60 and 80 percent. In all cases
sporulation efficiency correlated with increased pH of the culture medium, consistent with the
conversion of acids to solvents. These observations were however dependent on a minimum
concentration of 0.2% w/v casamino acids; at lower concentrations the growth cycle became
progressively retarded and spore development impeded. The addition of glutamine or glutamate
to yield a final organic nitrogen concentration of 0.2% w/v, was unable to compensate. This
indicated that growth and differentiation of C. acefobutylicum P262 was dependent on specific
amino acids within the casamino acid cocktail, and not just on the total organic nitrogen

content.

Taken together, these results suggest that ammonia is neither critical nor necessary for growth
or sporulation as previously thought, and in fact may actually inhibit the uptake of casamino
acids in the medium. Rather, carbon limitation was the cause of the low sporulation efficiency
associated with low concentrations of ammonia. It is propose that ammonia affects the
efficiency of spore germination and growth so that, at high concentrations of ammonia, carbon
is less likely to be limiting, enabling more of the germinated cells to proceed to the sporulation
stage. In addition, organic nitrogen limitation retarded growth and impeded sporulation. Thus it
is reasonable to suppose that the organism regulates its metabolism according to the availability
of carbon and nitrogen, and that high organic nitrogen levels represent nitrogen rich conditions,

and ammonia and/or low organic nitrogen availability represent a nitrogen poor status.
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Fig. 5.2 The cffect of carbon, inorganic and organic nitrogen sources on the growth of C. acefobutyliciem P262
monitored at an absorbance of 600nm. (A) illustrates the growth profiles of cell line cultures (1) and spore
germinated cultures (2) grown in GSMM media containing 1% w/v glucose and either 0.2% w/v NH,OAc (=} or
various concentrations of casamino acids (w/v): 0.2% (@), 0.1% @), 0.05% (x), 0.01% &) and no casamine acids
). A CBM culture control was included in A2 (+). (B} illustrates growth profiles for spore germinated cultures
in GSMM media containing 2% w/v glucose, 0.2% w/v casamino acids, and various concentrations of NH4OAc
(w/v): 0.4% @), 0.2% @), 0.1% @) and 0.05% @) .
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5.4.2 GS activity as an indicator of nitrogen metabolism

In conjunction with these physiology results, GS activity assays, which have been optimised for
C. acetobutylicum and can be conveniently performed aerobically, were used as an indicator of
general nitrogen metabolism in order to select nitrogen-rich conditions (associated with
repressed GS activity), and nitrogen-limiting conditions (associated with induced GS activity)
for enzyme regulatory studies. Table 5.1 summarizes the GS activities measured from cultures
grown with various combinations of nitrogen sources (2% w/v glucose). Only media that could
support a steady state culture at ODsoo ~0.3, equivalent to early exponential phase and typified

by elongated highly motile non granular cells, were considered.

As expected, GS activity was inversely proportional to the concentration of casamino acids
present in the medium. Neither ammonia nor glutamate appeared to significantly affect GS
activity in any predictable way. However, GS levels were unexpectedly clevated in the
presence of its product, glutamine, a result which is counter-intuitive to the role for enzyme in
anabolism. It is possible that glutamine is being cleaved on its way into the cell by a
membrane-bound glutaminase activity which could have the eftect of raising the intracellular
glutamate and ammonium concentration, which in term would result in inducing GS activity.
Perhaps C.acetobutylicurm can only assimilate ammonium as part of an organic compund. Thus,
the highest levels of GS recorded were for cultures grown in 0.025% casamino acids containing
0.15% glutamine. These nitrogen conditions were selected to represent the nitrogen-limiting
conditions {(and referred to subsequently as the GSMM inducing media). Conversely, a distinct
repression of GS activity was observed in cultures grown with a high level of casamino acids
(0.2%). This media was thus selected to represent the nitrogen-rich conditions (referred to
subsequently as the GSMM non-inducing media). These induced and non-induced trends were
most pmnouhced at early exponential growth phase (ODeoo 0.3), during which GS levels varied

as much as 9.2 fold.

In contrast, the biosynthesis of GS from C. acetobutylicum ATCC 824 was regulated by the
ammonia concentration in the culture medium, although, as in C. acetobutylicum P262, the
addition of high concentrations of casamino acids (1% w/v) also repressed GS biosynthesis
(Amine et al., 1990).
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Table 5.1. GS activity trends determined for spore germinated cultures of C. acetobutylicum
P262 grown in GSMM media containing 2% w/v glucose and various combinations of nitrogen
sources, at early (ODggo 0.3) and late (ODggp 0.5) exponential growth phase. Each sample was
assayed in duplicate. GS activity is expressed as pmoles of y-glutamyl hydroxymate

produced/min/mg of protein.
Nitrogen source | Growth stage | Sample size | Average GS | Std deviation
(ODsoo) activity
CBM 0.3 4 0.088 0.013
0.2% casaa 0.3 8 0.125 0.016
0.5 3 0.058 0.021
0.2% casaa -+ 0.3 4 0.155 0.045
0.2% NHaOAc 0.5 4 0.185 0.019
0.05% casaa 0.3 2 0.359
0.5 2 0.515
0.05% casaa + 0.3 2 0.363
0.2% NH4OAc
0.05% casaa + 0.3 3 0.540 0.074
0.2% NHsOAc 0.5 2 0.38
+0.15% gln
0.05% casaa + 0.3 2 0.322
0.2% NH10QAc + 0.5 2 0.41
0.15% MSG
0.05% casaa + 0.3 10 0.536 0.036
0.15% gin 0.5 6 0.34 0.112
0.05% casan + 0.3 2 0.323
0.15% MSG 0.5 2 0.544
0.025% casaa + 0.3 10 0.806 0.097
0.15% gln

Abbreviations: glutamine (gln), monosodium glutamate (MSG), casamino acids (casaa) and ammonia acetate

(NH,0Ac).

Percentages (%0) imply wiv.

5.4.3 Characterization of GOGAT activity from C. acetobutylicum P262
Having established a pattern of nitrogen source dependent regulation of GS activity, we were
interested to know whether the closely coupled and genetically linked GOGAT pathway was
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regulated by similar conditions. To achieve this we first needed to develop a suitable GOGAT
assay system for this obligate anaerobic bacterium (see Section 5.3.5.1), and define the
optimum enzyme conditions. For this purpose we used CFE from mid exponential phase
(ODsoo 1.5) CBM cultures.

GOGAT activity was detected using a variation of the conditions described by (Meister, 1985)
Under anaerobic conditions, 1.5 mg of mid exponential phase CFE protein was capable of
oxidizing 98.04 uM of NADH cofactor in 9.2 min at 37 °C at pH 7.0 (Fig. 5.3). This converts
to a specific activity of 17.43 pM of NADH oxidized per min per mg of protein. The exclusion
of either one of the substrates in the reaction, resulted in no measurable NADH oxidation,
confirming that the assay was specific for GOGAT activity. The enzyme was also specific for
its substrates. Substitution of NADH with NADPH decreased the activity to almost zero, and
ammonium chloride (100 mM) could not be substituted for glutamine. The enzyme activity
remained stable when stored on ice for up to one hour under anaerobic conditions, and only lost
approximately 10% activity after anaerobic storage of the CFE for 48 hours at -70 °C. To
account for any non-specific coenzyme oxidation, assay results were interpreted relative to a

control containing only CFE and coenzyme.

5.4.3.1 Optimum pH

The production of solvents by the clostridia is influenced by the pH, and the pH of the culture
was shown to modify the level of some enzyme activities (O'Brien and Morris, 1971), In
general GOGATSs have been reported to act optimally in the neutral and/or basic range (Meers
et al., 1970; Meister, 1985). In C. callunae, both NADPH and NADH-dependent GOGAT
activity has been reported which show different pH optimums (Ertan, 1992). Mid exponential
phase cultures of C. acetobutylicum displayed a broad pH range for the NADH-dependent
GOGAT activity in KH2PO4-KaHPO4 buffer, with a pH optimum between 6.3 and 6.5 (Fig.
5.4). There was only a difference of 14.6% between the two extremes tested, 5.8 and 7.9. A
broad pH profile is consistent with the enzyme being able to function efficiently within a
constantly fluctuating pH environment. No measurable NADPH-dependent GOGAT activity
could be detected over this pH range, and it thus seems highly unlikely that this cofactor is
involved in GOGAT activity. These results support the proposal stated herein, that C.
acetobutylicum codes for a NADH-dependent enzyme based on analysis of the functional
domains within the £ subunit (Section 2.4.5.3).
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Fig. 8.3 C. acetobutylicum P262 GOGAT activity determined spectrophotomeirically by the rate of cofacior
oxidation. Represented is the complete system containing the NADH cofactor and freshly prepared CFE @), or
CFE stored at -70 °C for 48 hours @). Also included is the complete system with NADPH (%), or NADH mirus
either L-glutamine or 2-oxogharate (x). NADH and CFE only are represented by (a). In all cases 1.5 mg of

CFE protein was used.
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Fig. 5.4 pH profile of C. acetodutylicum P262 NADH-dependent GOGAT activity measured at 37°C. The
results represent a trend from three experiments using mid exponential phase (ODw 1.5y CFE prepared from

CBM grown cultures.
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5.4.3.2 Temperatare optimum

The rate of the GOGAT reaction increased significantly with temperature up to 48 °C (Fig.
5.5), reflecting an increase of 2.5 units from 37 °C, and a thermostable enzyme. However, if the
CFE was incubated for 10 min at 48 °C prior to initiation of the reaction, no activity could be
detected initially, although after 60 minutes at room temperature (18 °C), GOGAT activity
gradually increased (data not shown). This supports a subunit assembly model in which the
disrupted subunits may be capable of reconstituting the active enzyme again under these
conditions. When the reaction was initiated at 48 °C immediately, the activity was not disrupted
after a 10 minute period (equivalent to approximately half way through the linear stage of the
reaction). Presumably the enzyme complex was stabilized by the interaction with cofactor and

substrates. No GOGAT activity could be detected at 52 °C.

-t -2 %] B
] 441 [« 44}
i H |

u M of NADH oxidized/min/mg prt
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Fig. 5.5 C. acerobutylicum F262 GOGAT activity as a function of temperature, These results represent a trend
from three experiments using CFE from mid exponential phase (ODsw 1.5) CBM grown cultures assayed at pH
6.5.

5.4.3.3 Oxygen sensitivity

Unlike C. acetobutylicum GS activity, GOGAT activity was very sensitive to oxygen (Table
5.2). A 10 minute exposure of the CFE to oxygen resulted in a 79% loss of activity. No
GOGAT activity could be detected after a 30 min exposure to oxygen, and it was not
reconstituted after two hours of anaerobic equilibration. Oxygen sensitivity may also account

for the very low and unstable GOGAT activities reported from studies on C. acetobutylicum
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ATCC 824 (Amine et al., 1990). The implication of these results is that research on the enzyme

will have to be restricted to experiments that can be performed in the anaerobic glove cabinet.

Table 5.2 Effect of oxygen on C. acetobutylicum P262 GOGAT activity determined on CFE
from CBM grown cultures (ODsoo 1.5) at 37 °C, pH 6.5.

Anaerohic GOGAT activity (uM
Exposure of CFE to O, | equilibration of of NADH oxidized % Activity
CFE /min/mg protein)
0 min by default 17.51 100
10 min 5 min 3.68 21
30 min 5 min 0 0
30 min 120 min 0 0
Aerobic assay none 0 \ 0

From these enzyme studies the following optimal conditions were selected to investigate
GOGAT regulation; pH 6.5, 37 °C, NADH and strict anaerobic conditions. However, we

cannot rule out the possibility that the nitrogen source may influence some of the properties.

5.4.4 Comparison of GS and GOGAT activity levels

Both GS and GOGAT activities were measured simultaneously on the same spore germinated
cultures of C. acetobutylicum grown in 400 ml of the nitrogen limiting medium (GSMM
inducing media; 0.025% casamino acids + 0.15% glutamine) and the nitrogen rich media
(GSMM non-inducing media; 0.2% casamino acids), to determine their relative patterns of

regulation.

As illustrated in Fig. 5.6, both enzyme activities were significantly indilced and repressed by
the same nitrogen conditions. At early exponential growth phase (ODsoo 0.3), there was a 5.6
fold difference in GOGAT activity between the inducing (111.30 pM of NADH
oxidized/min/mg prt.) and non-inducing growth media (159.92 pM of NADH oxidized/min/mg
prt.). Similarly, a 6.9 fold increase was measured in GS activity between the inducing media

(1.161 uM y-glutamyl hydroxymate produced/min/mg prt.) compared to the non-inducing
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growth media (0.167 pM y-glutamyl hydroxymate produced /min/mg prt.). Both induced
enzyme activity profiles decreased towards late exponential phase, however, whereas a gradual
decrease was recorded for the GOGAT activity, the GS levels dropped a significant 3.5 fold
between ODsoo 0.6 and 0.8. The drop in enzyme activity towards stationary phase has also been
observed in B. subtilis (Schreier, 1993), and suggests that neither enzyme is required at high
levels during late stationary phase or sporulation. This may be explained by the fact that amino
acids are produced by degradative pathways during sporulation in Bacillus spp, and suggests
that the same may be true of C. acetobutylicum. Neither of the enzyme activity levels fluctuated
nmuch throughout growth in the non-inducing medmum.

These results suggest that GS and GOGAT activities are regulated by similar nitrogen source
availability, with the effect being most pronounced at early exponential phase. It would be
interesting to determine whether glitamine also plays a specific role in the regulation of
GOGAT activity as it does for GS activity. In C. pasteurianum, an increase in the glutamine
pool levels correlated with increased GOGAT activity (Kleiner, 1979) while in B. subtilis an
inverse relationship existed between GOGAT specific activity and the intracellular pool of
ghitamine (Deshpande ef al.,, 1981). In addition, it was investigated whether growth in
glutamate affected GOGAT activity since it is known to repress the expression of the gir
operon in B. subtilis, E. coli and Saccharomyces (Bohannon et al., 1985; Castano ef af., 1988;
Fisher, 1989; Valenzuela et al., 1998). Growth in either the inducing or non-inducing media
with various concentrations of glatamate (0.1%, 0.5% or 1% (53 mM)), had no effect on either
GOGAT or GS activity, although since C. acefobutylicum is unable to grow with glutamate as
the sole nitrogen source (results not shown), it was suspected that it cannot be taken up

effectively by the cells.

The levels of enzyme activities measured are representative of the total amount of functional
enzyme present in the cell at any given stage. However, these activities may not necessarily
reflect the true amount of physiologically active enzyme present, since the assay procedure may

dilute out the effect of any potential feedback regulators.
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Fig. 5.6 C. acetobuvlicum P262 GOGAT activity (A) and GS activity (B), measured from culiures grown in
GSMM inducing media @) and GSMM non-inducing media (@), as a function of the prowth stage. Each
individual result is the average of at least three independent experiments in which the growth stages were

selected within 2 maximum range of 0.03 absorbance units.

5.4.5 Feedback regulation of GS and GOGAT activity

Feedback inhibition is generally important for organisms with no post-translational

modification systems. To investigate the role feedback inhibition may play in the regulation of
C. acetobutylicum GS and GOGAT activities, CFE was prepared from cultures grown in
GSMM inducing media at mid exponential growth (ODeoo 0.4), and incubated in the presence
of selected compounds for 15 min at 37 °C, prior to initiation of the respective reactions. The

results are illustrated in Table 5.3 and 5.4 respectively.
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A number of compounds have been shown to regulate GS activity by feedback inhibition.
However, in C. pasteurianum GS displayed only weak feedback inhibition properties
associated with a few amino acids (Schreier, 1993). A concentration of (0.25% w/v casamino
acids (equivalent to the GSMM non-inducing growth conditions) exerted a partial inhibitory
effect on the GS transferase activity of approximately 20%. This was increased to more than
30% by 0.5% w/v casamino acids. Neither L-glutamine, monosodium glutamate (MSG) or L-
aspartic acid showed any effect on GS activity, although GS activity appeared to be sensitive to
L-alanine, L-glycine and L-serine, with L-alanine exerting the largest effect: activity was
inhibited by approximately 33% by 5 mM, and 68% by 15 mM. A mixture of these three amino
acids appeared to have a cumulative effect, resulting m only 42.5% GS activity, and may
suggest that these modifiers act independently. Although these test concentrations are probably
not physiologically significant, these results give a general indication that GS activity is
probably sensitive to a pattern of feedback regulation. Furthermore, the induced GS activity
associated with cultures grown in the presence of glutamine is not due to glutamine mediated

enzyme activation,

Table 5.3 Effect of various amino acids on C. acetobutylicum P262 GS activity. The 100%
control value (no additives) was equivalent to 0.88 pM of y-glatamyl hydroxamate

produced/min/mg protein.
Amino acid tested Concentration Y% GS

Activity
Casamino acids 0.5 % wiv 66.4 %
Casamino acids 0.25% wiv 80.1 %
Casamino acids 0.025 % wiv 99.1 %
MSG 5 Mm 94 %
MSG 30 mM 932 %
L-glutamine 30 mM 96.0 %
L-alanine 15 mM 32.0%
L-alanine 5 mM 67.4 %
L-aspartic acid 30 mM 92.5%
L-aspartic acid 5mM 54.8%
L-glycine 15 mM 65.9 %
L-glycine 5mM 86.2%
I-serine 15 mM 65.3 %
L-serine 5 mM 83.4%
L-ala, L-gly, L-ser 5 mM each 42.5 %
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For Bacillus spp and most other bacteria, GOGAT has been shown to be relatively insensftive
to regulation by feedback inhibitioﬁ (Miller and Stadtman, 1972; Schreier and Bernlohr, 1984;
Matsuoka and Kimura, 1986; Cabellero ef al., 1989). A variety of amino acids, citric acid dycle
intermediates, adenosine-containing nucleotides (Stabile er al., 2000) and other metabollites
have been examined for inhibitory capabilities and very few displayed significant inhibition at
concentrations that were physiologically relevant. Apart from a few amino acids, L-malate was
shown to be a potent effector in B. subtilis, yielding 70% inhibition at a 10 mM concentration
(Schreier and Bernlohr, 1984). The coenzyme products NAD(P)" have been reported to show
some measure of effective inhibition in C. callunae, B. licheniformis and N. mediterrianei
(Schreier and Bernlohr, 1984; Mei and Jiao, 1988; Ertan, 1992), although it is questionjable
whether these results were physiologically significant (Schreier and Bemnlohr, 1984)] As
illustrated in Table 5.4, no significant regulation of GOGAT activity was observed by anly of
the compounds tested with the exception of glutamate. Although a marginal effect was exdrted
by L-serine, L-methionine and L-alanine at 30 mM concentrations, this was not considerdd to
be physiologically significant. The only notable inhibition was caused by the profluct
glutamate: concentrations of 15 and 5 mM resulted in approximately 20% and 15% actjvity
inhibition, respectively. Glutamate has also been reported to inhibit C. pasteurianum enzyme
activity. These results indicate that feedback inhibition is not likely to play a significant role in
the regulation of GOGAT activity in C. acetobutylicum, although glutamate may be important.
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Table 5.4 Effect of some compounds on C. acetobutylicum P262 GOGAT activity. The 100%
control value (no additives) was 87.95 pM of NADH oxidized/min/mg of protein. These results

reflect a trend from three independent experiments performed in duplicate.

%

Metabolite tested Concentration GOGAT

Activity
Casamino acids 0.5 % wiv 92.2 %
L-serine 30 mM 89.4 %
L-valine 30 mM 100 %
L-methionine 30 mM 90.2 %
L-alanine 30 mM 87.3 %
L-leucine 30 mM 98.9 %
MSG 15 mM 79.4 %
MSG 5mM B85.6 %
NAD" 1 mM 100.8 %
NAD* , 0.5 mM 102.1 %
Fumarate 30 mM 102 %
Malate 30 mM 101.7 %
Mg2* 30 mM 96.2 %

5.4.6 GDH activity assays

While both the GOGAT and GDH pathways are found in most microorganisms, others
including B. subtilis, and C. pasteurianum assimilate ammonia solely by the coupled GS-
GOGAT pathway (Dainty, 1972; Deshpande and Kane, 1980). No assimilatory GDH activity
could be detected in C. acetobutylicum cultures grown in either CBM, GSMM inducing or non-
inducing media. Since it has been suggested that the GDH pathway may be important for the
assimilation of ammonia during growth on low energy yielding nitrogen rich substrates, GDH
assays were also conducted on cultures grown in the nitrogen rich medium (GSMM non-
inducing media) restricted in the carbon source (0.5 and 0.25% w/v glucose), and supplemented
with ammonia (100 mM NH,Cl). Assays were performed at mid exponential growth phase with -
both coenzymes, NADH and NADPH, at 37 °C and varying the pH between 5.8 and 7.9. Still
no significant cofactor oxidation could be detected. B. fragilis strain Bfl provided a positive
control. At 37 °C and pH 7.0, addition of 1 mg of CFE protein from overnight cultures grown
in BHI broth (a rich organic nitrogen source), caused a rapid oxidation of NADH (>81.7 uM of
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cofactor oxidized/min/mg prt.), while NADPH was oxidized at approximately a 15 fold lower
rate (5.4 puM/min/mg prt.) (Fig. 5.7). From these results we predict that, like C. acetobutylicum
ATCC 824 (Amine et al., 1990) and C. thermoautotrophicum (Bogdahn and Kleiner, 1986), C.
acetobutylicum P262 does not contain an assimilatory GDH activity, and that the energy
dependent GS-GOGAT pathway is the primary route for ammonia assimilation. For obligate
anaerobes such as C acetobutylicum, development of high energy yielding fermentation

pathways was probably crucial for their survival.
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Time (min)

Fig. 5.7 GDH activity determined spectrophotometrically by the rate of cofactor oxidation from: overnight
cultures of B, fragilis Bfl grown in BHI and assayed using NADH (*) or NADPH (g) at 37 °C pH 7; or from
mid exponential phase cultures of C. acefobutylicim P262 grown in modified GSMM non-inducing media
(containing 0.05% glucose and 100 mM NH,Cl) and assayed using NADH @) or NADPH (e) at 37 °C, pH 6.5.

In all cases 1 mg of crude CFE protein was used.

5.4.7 Transcriptional regulation of the ginA, ginR, gitA and gitB genes.

To investigate the regulation of GS and GOGAT activity at the level of transcription, total
RNA was extracted from cultures of C. acetobutylicum grown in GSMM inducing and non-
inducing media to early and late exponential phase, and hybridised with probes specific for
gind, ginR, gltd and gltB (Fig. 5.8). These Northern blots showed pronounced mduction and
repression in the expression of all four genes under the defined nitrogen limiting (GSMM

inducing) and nitrogen rich (GSMM non-inducing) growth conditions, respectively.

Both the gind and ginR-specific gene probes detected a single band of approximately 2.3 kb
(panel A and B, respectively). Since the sizes of the gind and g/nR genes are 1.332 kb and
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(0.566 kb respectively, and are separated by an intergenic region of 200 bp, these results imply
that under these nitrogen limiting conditions, glnd and g/nR are transcribed as an operon, and
the inverted repeat sequence identified downstream of glnd (Janssen et al., 1988) does not
function as a transcriptional terminator. It also follows that, under these nitrogen limiting
conditions, expression of the regulatory g/ind antisense RNA would be repressed. Similarly,
these results confirm that the @ and / subunits of GOGAT are co-transcribed. If the two
subunits were independently transcribed, we would expect to detect a transcript of
approximately 4.45 kb for the glt4 probe (panel C), and a much smaller ~1.55 kb transcript for
the gltB probe (panel D). Clearly neither are present, and a common ~6.2 kb hybridisation
signal was detected for both the gltd and gltB-specific probes. This result agrees with the
estimated transcript size of 6.24 kb which includes both genes, and the inverted repeat sequence
downstream of gltB. The co-transcription of the gltd and glitB genes would ensure that
equimolar amounts of the two subunits are synthesized. This is further suggested by the close
proximity of the two genes (separated by a 12 bp intergenic region), since it has been observed
that if the mRNA molecule is polycistronic and the AUG codon initiating the second
polypeptide is not too far away from the stop codon of the first, the 70S ribosome does not
always dissociate, but can reform an initiation complex with the second AUG codon (Goodrich

et al., 1996).

Several attempts failed to yield less degraded RNA preparations, in spite of procedures to
minimize nuclease activity. Since a similar RNA extraction procedure was used for the
detection of the distinct 1.4 kb g/tX transcript (Fig. 3.10), one possibility is that these transcripts
inherently have a short half life, making the detection of large transcripts more problematic.

This would ensure that regulation at the level of transcription was very sensitive.
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By comparing these resuits with the GS and GOGAT activity profiles, it was evident that the
changes in the gind, gltA and gltB mRNA levels in relation to the nitrogen source was reflected
in the corresponding levels of GS and GOGAT activities (Fig. 5.10). This reconfirmed that the
glt4 and gltB genes code for the GOGAT enzyme, and led to the conclusion that both GS and
GOGAT activity are regulated by the nitrogen source primarily at the level of transcription.
There was no indication to suggest that GOGAT was regulated at the post-transcriptional or
post-translational level by proteolytic cleavage of a pre-sequence as discussed in Chapter 2.
However, these results do suggest that GS activity was regulated post-transcriptionally to some
degree. Specifically, at late exponential phase (~ODs0o 0.7), the drop in the level of GS activity
in the inducing media (~3.5 fold) was not reflected in the corresponding levels of RNA (which
decreased by 1.6 fold). This is unlikely to reflect feedback regulation since the enzyme
preparation is significantly delimited, but may reflect a post-transcriptional regulation by
antisense RNA, which would presumably be induced under these conditions. Antisense RNA
was shown to be differentially regulated by nitrogen conditions in comparison with the gin4d
mRNA and GS activity (Fierro-Monti et al., 1992).

o, glnA

%] GS

7 gltA

6 gltB  GOGAT
5 |
4 |

ginR

o = N W
L 1 I

T T T T T T

OD600 0-3

Fig 5.10 Graphic representation of the induction ratios observed for the gind, ginR, gltA and gltB gene
expression (open bars), and for GS and GOGAT enzyme activities (shaded bars). They were calculated by
dividing the respective RNA intensity signals, or enzyme activities, detected in nitrogen limiting cultures
(GSMM inducing media) by that detected in nitrogen rich cultures (GSMM non-inducing media), at early
exponential phase (ODe00 0.3).
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and non-inducing media, at early and late exponential phase, gltX expression remained at a low
constitutive level. The only difference observed was towards late log phase in CBM grown
cultures, where there was a gradual increase in the level of g/tX transcription. This confirmed
previous results, and indicated that its product probably plays an enhanced role in stationary
phase metabolism.

5.5 Conclusion

Nitrogen metabolism of C. acefobutylicum P262 shared features with other Clostridia, but also
displayed marked differences. Significantly, organic nitrogen is critical for the germination of
C. acetobutylicum P262 spores, and is clearly the preferred source of nitrogen for growth and
differentiation. However, it remains to be elucidated which amino acids are important at what
stage of growth, and this will be the focus of future research. In contrast inorganic nitrogen
(ammonia) appeared to retard the efficiency of spore germination and early cell development, a
perplexing result that cannot simply attribute to lack of systems for ammonia sensing and/or
uptake. The nitrogen status of the cells appeared to be primarily determined by the levels of

organic nitrogen available, which was reflected in the activity of GS.

Another significant conclusion was that both GS and GOGAT activities were regulated in a
similar way by the same defined nitrogen limiting (0.025% w/v casamino acids + 0.15% w/v
glutamine) and nitrogen rich (0.2% w/v casamino acids) conditions. Furthermore, these enzyme
activities were regulated by the nitrogen source primarily at the level of transcription, and that
under nitrogen-limiting conditions at least, glnd and g/nR, and gltd and gltB were each
transcribed as an operon. These results suggest that the genetically linked loci share a common
mechanism of regulation, or at least components thereof, which sense and respond to the level
of certain organic nitrogen metabolites. However, these conditions cannot be interpreted as the
maximum induction or repression conditions for GOGAT activity, and a more elaborate study
of the effect of different nitrogen sources on GOGAT activity should still be undertaken. For
example, it will be important to determine whether glutamine has any effect on GOGAT
activity. The intracellular glutamine concentration inversely controls GOGAT activity in B.
subtilis (Deshpande er af., 1981).

It was concluded that the C. acetobutylicum P262 GOGAT enzyme is sensitive to oxygen, has a
broad pH range, and, unlike most other GOGATSs characterized, is specific for the cofactor
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NADH. Furthermore, since assimilatory GDH activity was undetectable, the GS-GOGAT
pathway appears to be the primary route for ammonia assimilation as in C. acetobutylicum
ATCC 824 (Amine ef al., 1990).

Finally, it was concluded that gltX is not involved in nitrogen metabolism, but since its
expression is increased towards late log growth phade, it may be important during

solventogenesis and/or sporulation.
The results presented in Chapters 2 to 5 are consolidated in|Chapter 6, and the implications of

these findings are discussed in context with a proposed model for the regulation of GS and
GOGAT activity in C. acetobutylicum P262, and proposed research for the future.
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CHAPTER6

General conclusions

6.1 The gitA and gltB genes and their deduced protein products

Cloning and comparative sequence analysis of the regions flanking the C. acetobutylicum P262
gind and ginR genes has enabled the characterization of this GS locus in context with its
neighbouring genes on the chromosome. A truncated (215 aa) aspartokinase (equivalent to the
aspartokinase II isozyme in B. subtilis) was located 640 bp upstream, and in the opposite
orientation to gind. A short distance (108 bp) downstream from ginR, and in the same
orientation, lay the gif operon encoding the ¢ and £ subunits of GOGAT. The gene encoding
the a subunit (g/tA) was separated from the downstream /5 subunit gene (g/tB) by 12 bp. A third
truncated ORF of 280 residues, encoding an isocitrate dehydrogenase, was located 877 bp
downstream from gltB.

Proposed GOGAT substrate and cofactor binding domains were conserved in the deduced GItA
and GItB protein products. From these comparative analyses it was predicted that the first 20
residues of the a subunit are post-translationally cleaved to expose the conserved Cys-21 as the
first amino acid residue of the mature o subunit, and concluded, both from sequence analysis
and physiological evidence, that the enzyme is specific for the NADH cofactor. Furthermore,
the highly conserved spatial localization of these functional domains in prokaryotic and
eukaryotic enzymes, suggests the importance of the structural orientation of the domains, and
of the GS-GOGAT pathway in nitrogen metabolism.

The identity of the gltd and gltB genes was functionally confirmed by complementation studies
in which the independent expression of the two subunit genes enabled weak growth of an E.
coli ghitamate auxotroph under anaerobic conditions, using ammonia as the sole source of
nitrogen. The significance of these results suggests that functionally mature C. acetobutylicum
GOGAT enzyme can be produced in this heterologous host from the separate expression of the
two subunit genes, and that the enzyme is sensitive to oxygen. To our knowledge this is the first

159



Chapter 6

report in which the genes coding for the two key enzymes of nitrogen assimilation, GS and
GOGAT, are tightly linked on the chromosome.

All GOGAT ¢« subunit domains and /4 subunit domains share a basal identity of approximately
30%, indicating a common origin of the different classes of enzymes. However, close sequence
inspection of the pyridine-dependent f# subunit domains suggested a division into two
subclasses which correlated with the patterns of cysteine clusters proposed to be involved in
Fe-S binding, and with the cofactor binding specificity. This prompted a phylogenetic study.
Indeed, two main branches of / subunit domains appear to have evolved (designated I and 11 in
Fig. 6.1B) which were consistent with the designated subclasses. Furthermore, these two
subclasses are also reflected in the phylogenetic analysis of the & subunit domains (designated 1
and II in Fig. 6.1A), suggesting that the two subunits have co-evolved within each group of
organisms. These results confirm the amino acid homology studies which indicated that the
deduced GltA and GItB proteins from C. acetobutylicum P262 were more closely related to the
corresponding proteins from B. subtilis and the cyanobacteria, followed by the fused

polypeptides from yeast and plants, than to the remainder of the bacterial proteins.

These phylogenetic divisions within the o and /4 subunits support the argument that the ability
of the T. ferrooxidans £ subunit to functionally complement the E. coli o subunit and restore
growth of the E. coli glutamate auxotroph on minimal medium containing ammonia, yet the
inability of the C. acetobutylicum £ subunit to do likewise, is due to subunit compatibility and
incompatibility, respectively. This also supports the proposal by Vanoni and Curti (1999), that
the correct interaction of the two subunits is required for the fermentation of the Fe-S centres 2
and 3, which are involved in communicating the partial reactions that take place at the three

active site sub centres.
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6.2 The gltX gene and deduced product GItX

The search for genes involved in electron transport in C. acetobutylicum resulted in the
identification of a second, independently transcribed, # subunit-like gene designated gftX. The
deduced product, GItX, (~46 kDa) shared striking homology with GOGAT £ subunits, and
contained all the functional domains characteristic of these polypeptides. In fact, sequence
homology searches highlighted the emergence of a number of other genes coding for putative
proteins similar to GOGAT / subunits, but which are not associated with a & subunit
homologue. However, phylogenetic analysis clearly showed that these f subunit-like genes
form an independent evolutionary branch (designated III in Fig. 6.1B). The one exception is the
GHD protein from Symechocystis which is more homologous to the GOGAT / subumit
polypeptides in branch L. In this context, it is also intriguing that Syrechocystis possesses two
Fd-dependent enzymes of which one is most related to the pyridine dependent enzymes in
branch I of Fig. 6.1A. These results confirm that GItX is most similar to putative proteins from
the hyperthermophilic archaebacteria, Pyrococcus.

It has been reported that the f subunit-like protein, GItA, from Pyrococcus KODI1, is a
functional GOGAT in the absence of a & subunit homologue. In the light of the properties of
GOGAT enzymes, this certainly represents a very unique enzyme. The results indicated that
GltX was involved in an electron transport mechanism, presumably similar to that of GOGAT
/3 subunits. However, it was concluded that it does not represent an independent GOGAT
enzyme similar to the archaebacterial-type GltA protein, nor an alternate functional form of the
[ subumit, since its expression failed to complement GOGAT activity in / subunit mutants of
either E. coli or B. subtilis, or to complement the C. acetobutylicum GOGAT « subunit. In
addition, C. acetobutylicum CFE was incapable of oxidizing NADPH (for which GItX contains
the consensus binding domain) in the GOGAT assay, further suggesting that glutamine and 2-

oxoglutarate are not its substrates. Finally, its expression was not regulated by the nitrogen
source. It will be interesting to see if GOGAT activity can be associated with any other f

subunit-like proteins.

The presence of the GOGAT /4 subunit domain within a diverse group of much larger proteins,
clearly quite different from GOGAT, was also highlighted. Thus, it was concluded that GitX
represents a member of a much more general family of FAD-dependent NAD(P)H
oxidoreductases, that has been proposed by Vanoni and Curti (1999), in which the £ subunit
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domain serves to mediate electron transfer between a reduced pyridine nucleotide and a second
protein, or protein domain. Although the function of GItX remains unclear, the finding that its
expression was induced during stationary phase growth, and that it is highly conserved in both
C. beiferinckii and C. acetobutylicum ATCC 824, has led to the suggestion that it may be
significant during stationary phase metabolism in the Clostridia.

6.3 Regulation of the GS-GOGAT pathway

From the physiological studies it was concluded that organic nitrogen is critical for the
germination of C. acetobutylicum P262 spores, and is the preferred source of nitrogen for
growth and differentiation - a result which was deduced to depend on the presence of specific
amino acids rather than on the total organic nitrogen content. In contrast, ammonia appeared to

delay spore germination and early cell development.

Regulatory studies showed that both the GS and GOGAT enzyme activities, and the expression
of their corresponding genes (gind and gltd and gltB, respectively), were regulated in a similar
way, being induced by the defined nitrogen limiting conditions (0.025% casaminoc acids and
0.15% glutamine) and repressed by the selected nitrogen rich conditions (0.2% casamino
acids). Under nitrogen limiting conditions, gln4 and g/nR were transcribed as an operon, and
glt4 and gltB were transcribed as an operon. By comparing the repression ratios of enzyme
activities and corresponding mRNA levels in the different nitrogen media, it was concluded
that these enzymes are regulated by the nitrogen source, primarily at the level of transcription,
and that feedback inhibition was not likely to play a significant role. These results, in
conjunction with the basic molecular analysis of the g/t gene cluster which revealed 1) the lack
of a complex regulatory region upstream of the gltAB operon, 2) its close proximity to the gin®
gene (108 bp), itself a putative transcriptional regulator of gind, 3) the identification of a
putative gltd promoter overlapping the carboxy-terminal region of the g/nR gene, and 4) the
presence of an inverted repeat sequence with the potential to form a transcriptional terminator
between the putative gltd promoter and structural gene, suggested that the GS and GOGAT
enzymes share some common regulatory mechanism. This allowed for the development of
hypotheses about nitrogen regulation in this Gram-positive organism, despite the limited

evidence available.

163



Chapter 6

Based on these results, a simple working model was proposed that is based on two nutritional
conditions (Fig. 6.2). However, it is possible that other conditions might lead to a different
relationship between glnd/glnR and gltAB. As discussed in Chapter 1, it has been proposed that
the glnR product, GInR, represents a response regulator component and may positively control
glnA transcription via an anti-termination mechanism by binding to the putative termination
structure present between promoter 1 and the gind initiation codon (Woods and Reid, 1993),
however the mechanism is uncertain. Anti-termination as a mechanism of regulation of this
nitrogen assimilatory locus is also supported by the fact that the gind and glnR genes are
transcribed together under nitrogen limiting conditions, implying that, under these conditions,
the inverted repeat sequence identified downstream of gind (Janssen et af., 1988) does not
function as a transcripticnal terminator. The most obvious explanation is that GInR regulates
transcriptional read through of this terminator-like structure, thus positively regulating its own
expression during nitrogen limitation. Furthermore, the position of a putative transcription
terminator between a likely g/t4 promoter sequence and the glt4 structural gene, suggested that,
in addition to acting as a transcriptional terminator for ginR, it may influence the expression of
the gltAB operon. Thus, in the absence of further evidence, it is tentatively proposed that GInR
may also acts as a transcriptional anti-terminator for the expression of the glt4AB operon. It is
envisaged that under nitrogen limiting conditions, a signal transduction mechanism activates
residual GInR protein to promote the transcriptional induction of the glndR and g/t4B operons,
by allowing RNA polymerase to read through the terminator-like structures. On the other hand,
quantitative analysis suggested a low level of differential glnd and glnR mRNA expression,
which would presumably ensure that sufficient GIrR protein was always available should

nitrogen become limiting.

Under nitrogen rich conditions, gind anti-sense RNA (AS-RNA) has been implicated in the
negative regulation of GS expression by binding to a 43 bp complementary sequence spanning
the Shine-Dalgarno and start codons of the glnd mRNA (Fierro-Monti ef al., 1992). In addition,
since it is transcribed off the opposite DNA strand in the 5° start region of the ginR gene, it
would reduce the production of GInR. This is consistent with the model in which expression of
AS-RNA would be preferentially achieved under nitrogen rich conditions, when glnd and g/nR
expression is repressed. The involvement of a post-transcriptional regulatory system is also
compatible with the results that, at late exponential phase, the decrease in GS activity (3.5 fold)
in nitrogen limiting media was not reflected in the decrease in mRNA levels (1.6 fold).

Possibly, at this growth stage, conditions are starting to favour the expression of AS-RNA
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resulting in the inhibition of g/nd and glnR mRNA translation. In any case, it was concluded
that AS-RNA only represents a fine tuning system of regulation. Although the AS-RNA also
showed complementarity to a 20 bp region spanning the Shine-Dalgarno and ATG start codon
of glt4 (Fig. 6.3), no comment can be made on its possible involvement in the expression of the

gltAB operon.

Low N signal

7 iransducing
mechanism

v

Rich N signal

Fig. 6.2 Hypothetical model for the regulation of the C. acetobutylicum P262 gind, ginR, gltd and gliB penes by
nitrogen content of the medium (N). The two gind promoter sequences are indicated by P1 and P2 The putative
gltAB promoter js indicated by P4. Promoter P3 is situated in the 5” region of the ginR gene, and directs the
synthesis of the antisense RNA (AS-RNA) which has the potential to bind the 5 regions (indicated with open
boxes) of the glnd, g/nR (and possibly glt4) mRNA transcripts, reducing expression of the respective genes in
response to a nitrogen rich signal. (The respective transcript sizes have not yet been determined under nitrogen
rich conditions). GInR may act as a transcriptional anti-terminator by interacting with the terminator-like
structure, i response to a low nitrogen signal transduction mechanism, thereby inducing expression of the

gimAR and glt4B operons. This diagram is not drawn to scale.
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Fig. 6.3. Hypothetical RNA-RNA hybrid formation between gitA mRNA and anti-sense RNA, blocking the
putative Shine-Dalgamo sequence (8D} and the AUG start codon.

More work needs to be done to understand the preference for organic nitrogen, and explain the
poor growth with ammomnia. These studies showed that the presence of glutamine specifically
induced C. acetobutylicum P262 GS activity. However, this effect was not due to glutamine
mediated enzyme activation, and therefore probably acts at the transcriptional level. Thus
glutamine, or a metabolite derived from it (e.g. glutamate), may represent one of the regulatory
metabolites signalling nitrogen conditions, and the regulatory activity of other amino acids may
partly be related to the rate at which they contribute to the intracellular glutamine (or
glutamate) pool It is conceivable that genes encoding amino acid transport and degradative
pathways are co-ordinately regulated with the GS and GOGAT operons via a sensory
transduction system which may cause the phosphorylation of positively acting transcriptional
regulators such as GInR. In B. subtilis, mutations in the CepA gene affect the expression of
GOGAT and catabolic operons (Faires ef al., 1999). Interestingly, a CepA-like gene, regd,
which is able to partly complement a B. subtilis ccpA mutant (Davison ef al., 1995), has been
identified and sequenced from C. acefobutylicum P262. Also, in R. meliloti, disruption of the
glt locus appeared to be linked to the degradation of certain amino acids (Lewis ef al., 1990).
This mode of nitrogen regulation may be independent of regulation by inorganic nitrogen
sources. However, it cannot be ruled out that intracellular ammeonia levels may be a regulatory

factor, but that ammonia may not be effectively transported into the cells.
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Finally, the failure to detect assimilatory GDH activity, leads to the conclusion that the GS-
GOGAT pathway is the primary route for ammonia assimilation. The arrangement of the genes,
and the regulatory features observed for this pathway, are distinct from the Ntr system or any
other bacterial system so far described, implying that C. acefobutylicum uses a novel
mechanism of nitrogen regulation. This may reflect a more primitive origin, and the apparent
co-ordinated regulation of GS and GOGAT, at least under these conditions, seems to suggest
less metabolic flexibility. It remains to be seen whether this proposed model is unique to C.

acetobutylicum strain P262.

6.4 Future research

These studies provoke a lot of questions for future research. Ultimately it would be nice to
decipher the signal transduction system which communicates the cellular nitrogen status to the
relevant transcriptional machinery. The isolation and characterization of C. acetobutylicum
mutants modified in GS and/or GOGAT activity by gene disruption techniques would be
expected to identify factors involved in their regulation. However, a major stumbling block in
these, and related studies, is the lack of a transformation and plasmid integration system for C.
acetobutylicum P262. This is an area of research which needs to be developed. However, since
the closely related C. beijerinckii strain is relatively amenable to genetic manipulation

(Wilkinson and Young, 1994), it may provide a suitable alternative host for functional studies.

Of primary interest is to establish the pattern of amino acid utilization, to determine the
regulation of amino acid catabolic enzymes by the nitrogen source, and find out whether a
relationship exists between amino acid catabolic pathways and GS and GOGAT activity, A
modified control of catabolic enzymes would be expected in a GS or GOGAT mutant if a
regulatory relationship exists with these enzymes. As evident from Chapter 1, there is no
unifying control of amino acid catabolic pathways in the Gram-positive bacteria. In B. subrilis,
the synthesis of amino acid degradative enzyme is generally not nitrogen regulated, although a
hierarchy for amino acid utilization is present in cells growing with mixtures of amino acids
(Fisher, 1999). Specifically, the importance of glutamine as a regulator of nitrogen metabolism
should be investigated, and whether it is also involved in the regulation of GOGAT activity.

To support the regulatory model, it is important to investigate phosphorylation of GInR, and
demonstrate its binding to the proposed regions of dyad-symmetry upstream of the g/nd and
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. gltA genes by gel shift experiments. The determination of the glt4 transcription initiation sites
would also help put the proposed transcriptional regulatory features in perspective. In addition,
the development of a promoter probe system to quantitate the gind and glt4 promoter activities
in relation to different nitrogen growth conditions would be useful. Deletion derivatives would
enable the definition of the promoter regions more specifically, which could then serve as a
foundation for base substitutions or deletions to determine the critical features of the ammonia

assimilatory promoters in this organism.

In addition, it would be interesting to establish the effect of different carbon sources on the
levels of GS and GOGAT enzymes, to determine whether carbon catabolic mechanisms are
involved in their regulation. In this respect it is intended to investigate the role of the C.
acetobutylicum P262 CcpA homologue, regd. Conversely, it will be interesting to know if the
isocitrate dehydrogenase gene is regulated by the nitrogen conditions, as reported in the
cyanobacteria (Muro-Pastor et al., 1996).

Finally, the present study has provided a better understanding of this Gram-positive solvent
producing bacterium, and enabled the first steps to be made towards elucidating the mechanism
of ammonia assimilation. These studies should provide a sound base from which to design
future experiments aimed at better understanding the physiology of C. acetobutylicum P262,

and may help towards more effective and economic control of the solvent fermentation process.
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E. coli strains, genotypes and references

Strain

Genotype

Reference

JM105

IM109

LK111

CC118

F19

MX3004

AN3001

thi pps endd sbcB15 hspR4 A(lac-
proAB)[F’ traD36 proAB lacIP*ZAMI5]

recAl endAl gyrA96 thi hsdR17 supE44
reldl A-Allac-proAB)[F’ traD36 proAB
lac"ZAM]15]

thrl leuB6 thil supE44 tonA21 re-my"
lacY" lacIPZAM15

araD13%9  A(ara, lew)7697 AlacX74
phoAA20 galE galK thi rpsE rpoB
argEam recAdl

ntr phod A20, otherwise as CC118

thi-1  gdhl  pro*A(lacU169)hutC
ghtD227::MudIIPR13

gltB31 gdh::Mud

Yanisch-Perron et al., 1985

Yanisch-Perron et al., 1985

Zabeau and Stanley, 1982
Manoil and Beckwith, 1985
Santangelo et al., 1991
Castano et al., 1992

Donald et al., 1988
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Plasmid vectors

al

Epnl Xhol cClal EcoRV .
GGTACCOEECCCCCCCTCOAGEILGACCETTATCCATAAGCTIGATATCGAATIC i
Drall BEil Hindiiz EcoR1
Accl
HincIY
Pstl| BamHl Xbal Eagl Sacll Saecl
W CTGLAGCCCEEGGEATCCACTAGTIC T AGAGL GOCCBCCACCELGGTEEAGE TG
Smal Spel NotI

BstXI

BlueScript SK (2959 bp; Stratagene, San Diego, CA). This high copy number E. coli
cloning vector is specifically designed for exonuclease III shortening. The nucleotide
sequence of the multiple cloning site polylinker (in the lacZ gene) is shown below the
circular plasmid map. BlueScript KS differs from BlueScript SK in the orientation of
the multiple cloning site polylinker.

170



Appendix B

© BeoRT1
Esp3 14027 BspE 1 5
Dro 1 3988 183
Msc 1 3980 Poull 103
Sty 1 - Neo T 3544 ‘BsaA L 310
e !Ss?gé 3935, Esp3 1324
0 Puu il 515
BstB 13716 Nhe 583
Tthill I 3698 Acel 534
Drd I 3695 Bst1i07 1 504
Bsu36 I 3501 Xmn 1635
Bel a541 Bsg 1665
BsoB 1 3716
BsfY 1 3440
BspE 1 34374
Bsg 13423 Sae II 832
Tth111 1872 @
Beg ] 3296
Hinc 11 3211
Eam1i0B I 3203
Drd I 3175
Eco57 I 3150
BsaA 13141
Pl
s BsiB 1
PpuM 12932 Asellaos
Ava 12919 Sspl1418
Siy 12863 Xbal 1424
Ear1 1446
] EcoS7 11463
Bgl 1 2657 Tthl1l i 1501
Sfel 1632 Clal/BspD 1 1
Bsphd I 255 e V 16870 Hind I 1523

EcoR
Nhel 1723

Mru I 2466
Eag ¥ 2433 T Bamil I - BstY 1 1869
Bgl12423 Bon I 1979,1965

Beg 12202 BspE 1 1983
Hinc 1 2145 Sph 1 - Nspl 2056
Accl12145 | EcoM 12116
Ball2145

pACYC184 (4244 bp; Rose, 1988). This is a small low copy-number E. coli cloning
vector. It carries the origin of replication (Ori) from plasmid p15A, which enables it to
co-exist with vectors that carry the ColE1 origin of replication e.g. pEcoR251. It carries
the chloramphenicol-resistance gene (Cm) from Tn9, and the tetracycline-resistance
gene (Tc) from pSC101. Unique restriction sites are shown in bold type.
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hp?OOJ / @‘ Hindil

E00 / Styl
< D \ s
o %)
o I 5‘ ) N
Fapl :g- E Barml
2213"3 pEcoR251 : ]
ﬁ: Asull

pEcoR251 (3349 bp; Zabeau and Stanley, l982). This is a relatively low copy number

positive |selection vector, used routinely by insertional inactivation of the EcoRI

endonuclease gene by cloning into either the Bg/lI or Hindll site.
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Drofl <« vl < Posl < Ecol <8287
| Apal) € HglM <

pEB1 (6267 bp; Anaetobe laboratory, University of Cape Town) is an E. coli/B. subtilis
shuttle plasmid derived from the fusion of the positive selection vector pEcoR252
(identical to pEcoR25] except that it does not contain the second Psfl site in the beta
lactamase gene), and pC194. It contains the chloramphenicol resistance marker (CAT)
for selection in B. subtilis.
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clonsd

amy(back) cat Insert amy(front)

pDG364 (6257 bp; Harwood and Cutting, 1990). This plasmid was designed to
integrate into the amyE locus of B. subtilis. It contains three unique restriction sites (E,
EcoRl; H, Hindlll; B, BamHI) for cloning DNA fragments of interest, an ampicillin
resistance gene (bla) and an E. coli origin of replication (ori) for propagation in E. coli,
Pstl sites for linearization, and the car gene for selection (Cm®) in B. subtilis.
Disruption of the amy gene will result if car (and the adjacent cloned DNA) has
integrated by a double-crossover recombination event (marker replacement) between
the amyE locus and the homologous regions of DNA in amy (front) and amy (back).
The resulting structure of an AmyE", Cm® transformant is illustrated below the circular

map.
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Appendix C

Alignment of the deduced C. acetobutylicum P262 GItA (Ca262-L) protein with Fd-dependent
GOGAT enzymes (-F), and the a subunit (-L) and & subunit domains (-L.") of bacterial and
eukaryotic pyridine dependent GOGATS, respectively. A full description of the abbreviated
protein sequences included, together with their accession numbers, are supplied i Table 2.1.
The black, gray and light shaded regions represent residues conserved in 100%, > 75% and
>50% of the sequences aligned, respectively.

180



101

201

301

401

501

601

701

801

901

1001

1101

1201

1301

1461

1501

APPENDIX D

Section A

CREE . . . . “ . . . .
GTAAGTGATARAAAAGATACATATGRAT TAGRGT TGGCAAAGATATATTATTTARATGARAAAAT TARATGCGTGATATTAAGRAAATTGCARATTCARRAG
v 8§ D XK K DT Y E L EUL G K I ¥ Y L N E XK L NG DI EKZXTIANTGSKE

ARRCAATATCARATGCATTAGARAAGTTGRATGARATTGATGAARACAATAGTGAGATTCCTARARAATTTARTGGTAGGCTAAGGGATTATCAGATAAR
T I 8 ¥ A L E K L ¥ E I D E N K § E I P K K F N G R L R D Y Qg I K

AGGGTATRATTGGTTTGAARATTTARGCTATTTAGGCCTTGGAGGAATCTTGGGCGATGRAATGGGGCTTGGARARACAATTCARRCTATTGTATTTTTA
G Y N W FENIL S5 Y L 6L G &IILGDEMGTILGIXKXTTIOQTTIVTFEFEL

GCATCTRAGCAAGGAAARACGATTCTCATATTATGCCCAACCTCTCTTATATATARTTGGARAGRAGAGTTCAATAAGTTTGCTCCAAGTTTAAGCGTAG
A 358 K p 6 KT3I L I L C P T S L I ¥ N W EKEETFW®HNIE KT FAUP S L 3 V G

GTATTGTACAIGGARATAAAAATGAAAGAAAAAAAGTATTGGATAATATTGAGGAATATGATGGTTTGTTAACCACTTATGGAACATTAAGARATGATTG
I vV H 6 N K N E R KXV LDUNTIZETET YT DSGTILULTTZ<YSGETTULRUMNDC

TTTAGRATATGAGAATATTAAATTTGATTACTGTATTTTAGATGRAGGTCAABATATAAATAATCCTAAAGCTGAARCTACARAGATAGTARAATATATA
L B ¥ E N I K F I ¥ CI L D EGQNTIWNWWU®PZ K aAZETTIEKTIVEKTYTI

AMTTCAAAGAGTAGATTTATATTARCAGGACCTCCTATAGARRATAATTTATTAGARTTATGGTCATTATTTGATTTTATRAATGCCAGGATATCTTTATA
K 8 K 8 R ¥F I L T GP P I ENNILILEILWS L FDF I MPGY YL Y §

GTAAAGAAGAATTTTCAAATARATTTATTTTTT TGGATARGGAARATT TAGATGAT CTTAARATTCTGATTAGACCATATATATTAAGAAGACTTARARAR
K E E F 8 ¥ K ¥ I F L D K ENILDUDUILI XK I L I R P ¥ I L R R L K K

AGATGTRAATAAARGAATTGCCAGATARAATAGAGAAGARRTTTTTTGT TGARTTATCCTTAGAACRARAGARATTATATAGAAGTTTTATRARAGATGTT
rp v I K EL P D K I E K K F F V EL S L E Q@ K KL ¥ R S5 F I K D V

CARAGCARATTACAARATGCAGARACACGAGGARATARATATGACTATATTTTCTTATTTGACAAGBCTTCGTCAAAT TTGTTTAGATCCATCTATARTAA
g S K L Q ¥ A E TR G N NM T I F 5 Y L TRUL R I CL D P S I I I

TTGATGATTACTTAGGGGAARGTTCTARAT TARATTTAGCARAGGCCTTAATAAT TAARATATATATAGACACARATTTAATATTCTCACAATTTACTAC
D b Y L ¢ E § §$ K L ¥ L A KAULI I KI Yy Il pTNULIU F®SQUPF TT

AGTATTAAAAAGARTGGAARAATCAGTTGAATCTTGTGGAART TCAT TATTGTTATATAGATGGARGTACTTCCTCTAATGATAGRATTARAATTGTTGAT
vV L K R M EN ¢ L NLV EI DY CYTIODGS TS S§ NTDRTIKTITVD

B

GAGTTTAATACAAAGATCAARRAGAGTGTCTTTTTGATATCACTCTTAGCTGGAGGGACTGGACTTAATT TAACAGGCGCAGATATGCTAATTCATTTTG
E F ¥ T K I K K S$ VvV F LT I 5L L A6 6 T GGL NL T GAUDMHMV I HF D

ATCCTTGGTGGAATCCATCAGTGGAAGAGCAAGCTACTGATAGAGGACATAGAATAGGACAAAAGCATATAGTTGRAGTAATTAAGCTAATRGCTRAAGA
F W W N P S5 VE E Q A TD R G H R I G Q K H I VEV I KLTI A KD

TACAATTGRAGAARAAATAATGCTTCTTCAGGAAGATARAAAAATACTTATARAATAATATAATARCTGAAGAGCTTGARGATATTRATATTACAAGTGCA
T I E E K I ¥ L L ¢ ED KK I L I NNI I TEZET LEWDTIWUNTIT S B

TTAAAAAGTGAAGAATTGT TAGATTTACTTTTARAT TAATAAGGCACATGARAGARRACAGCTAGTCCARAATAAGATTGGCAGATGGRACTTGTCATTTT
L K 8§ EE L L DL L L N *
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TGTGAATGTGGCTAATCTRAAATTTATGTTAAGT TRGET TATAARBAATAARACATARTARTTARRATATGGAGTATAGAATTTTTTATAAATTARAGARA

o

TTCTATACTCCATATTTTAATTT TTARATACGATARATTACTATARGRATATATARTAGCTACTTATAGTATARTAT AACAGGRCARCARTAATTATCGA

P

ATAARATTGCAGCARTGCTTET T T T TACACCARGTCTTGT TACT T TATTARGCARATTATGATARTATATATGTATGTGTGGARTACATARGTTARGTTT

ABRGAAAATTTTTCTATAARTTAATTATGTATTTATTARAAACAGTACCARRAATTATARGTTTTTTTGTATATARTARTGACCGCGGARGGEAGUGCAGA

ORFD . . B . o . . . .
TATGCTCGAATGTGTTTTAGTAGATTTAAATATTAATGARCACRCAAGTGTTARATGARCTAATTGAARATCATATGCCATTTATART TARAARGTATTTCT
M L E €C VL V DL NI NEUHTS V ¥ ETLIEUN HM©®PUFI I KSE I S

GACGTCACAGGTAGETATGTATC TTGTGARRAATGATCBAGAAT TARGCGT TGGARTGCTTGGAT TTAGTGAAGC TATTGAGAGATATGATARTGARARAG |
D v T G R Y V 5 ¢C E ¥ D EZEILS V 6M 1L 6 F 5 E A I ERY DUNE K G

GTCACTTTTTGTCCTT TGCTARGC T TGTTATAGGRAGTAGARTTAAGARTTATCTARRAGCAGARAATAGACATCAACATTCATCACTTGRRAGAGTTGTT
H F L 8 F A KL VI GSURTIE KU N YL XA AREWZRUEAOQGQHUSSULETETLTL

GGRACARGGGTTTAGARATTARAGATGAATATT TAGAGCARAARAGAAGATAATAGCTTGCTGGTGGARGAGATARATAGATTARARRTCTGARRTARGCTCC
D K 66 L E I K b E Y L E Q KEDWU¥®¥¥ s L L ¥V E E-I N R L K S5 ETI 8 8

TTTGETTTTACATTAGAGGATTTAGTGAATGAAGCTCCTAARCARCAGGCAACGAGACARAATGCAATAAATTTATCAGAAAAARTARGCAACGARGARG
F 6 F T L ED LV ¥ E AP X R QAT RQUN B BTIWNILSEIZE KTISHNIEZEE

AARTTTACTTCTTT TATGTATTTGAAARRARAGATTACCTAT TAAGAGAAT TGTTTTARAATTCTCTGTITACGGAARAGCTARTTARARAGARGTAARRARTT
F T s FM ¥ L K K R L P I KRR I VL KVF 8§ VT EI KUV I KIJRZGSI KZEKF

.

CATAATTTCTGTTGTAATARTACTTGATAAARATCTTATTGCT T TGAAAARTTGCATCAGGAAGTAGGT GATARTAATGAATARGGGRATARTAATGGAG
I 1 8§ v v I I L p K N L I A L KUNW®W I R K *

ATTAATAARRAARTTATGCCGTAGTGCTARATCAACAGGGGTAATGGAAMATACAATCCAAAGAAACATGARARTTGGCAARAATATTTTACTITGAGGATCA

TATTTGGTCCAATTCACCTATARANNNNNNNNNNNNNNNN NN NN NN NNNNNNNNNNN NN NN NN NN NN NN N NN NN N NN NN NN NN NN NN
CREC .

NNNNNNN NN NN N NN N N NN R NN NN N NN NN N NN NN N N N NN NN NN N NN NN NN NN NN N T T CACC TTCCTTCCTTTABCTCGCGA
" H L P 8 F N 5 R

CAACATARAGTGTATGCAGTTGTTAGCCTTAGTATTAATCCAGTAT TCARTTGARAGCAGTAGTAAT CARRGT TAT TARAGT TGATGGAATTARATGCTGATG
Q H K CMOQL L ALWVIL I Y S I EAaAV V I KV I XK VDGTINWA ATDG

GCCCRAGTATAGATTTTAGTGATGTTARAGGTGARAATATAGATGATGGAAT TGAGARRATAANAGAGARGCTAGT TGAAGAAAAATATTTAGACARTRAR
P $ 1 D F 5 b V K G EUNTI DD I E XK I KE KL V EEI K Y L DN N

B

TARRGAAGTATTGGITGCTTTTGCATTTGTTCARRATGATGGGAATAGTAATTATGAAGAAGAAGT ARRAGATGC TAT TCARTCAACATTTAAGTCAGAG
K E v L. v a F A F V QQ ND GHN 5 N Y EEE V KD ATIGQSTF K 5 E

AARRATAACATATGTAAAAGCAGATAAARATGCTGTTGATCAAGCTAAGACTGAGGGCAT ARG TTTAGGTAGATATGAAGTAGCTATTAATGCTGATGAAG
K I T ¥ v K A p KN AV D QAI KT EGI S L GR Y EV A IUNADEE

AARACARAGAGTARAATAGATAARGCACCAGTTARAAGATATTACT TCAATAAT AANNNNNNNNNNN NN N NNNNNNNMN NN NN NNNIDONN NN NN NN NN
T K 8§ K I D K A P V KDP I T S I 1

HNNNNNNNNNNNNNNNNNNNN NN NN N NN NN N NN NN NN NN NN NN NN NN NN NN N NN N NN NN RN RN NN NN RN NNNEN

NNNNTTACTCATATCTATATAGAGGATCAAGATAAARACTAGAGT TATGTGTNATNATATGC TTCCTTATAGAAARCGGTTARAGTAATARRACTGTETLT
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ATAARGtGtGCATATATTATGAATAAAARARGTARCGACTATATTGAARAGTCATAGTATARTACTATCRaGATAT T TARAARATAATTATAATGAAGTTAR 3800

. . . . . . . . . ORFB
ATTATTARAATTGGGAGATACARGATGATARGAGAATATTTAAARAATAATTATAATGAAGTTARATTATTARRATTGEGGAGATACRAGATGATARGAG 3500
M I R E

AATATTTARAAAATAATGTATTAATATCTGATGETGCAATGGGAACATAT TATTCAGRAT TARCAGGTAATGATATAACT TATTGTGARTTTGGGTATAT 4060
Yy L K N NV L I CDP AMOGTY Y S ELTGHNDTITDYTZ CEVFOGTI

BRAATAATARRGATATTATCARAAGARTTCATGAAGARTATATTAATGCAGGGGCTAAGT TAATAAGGACTAATACTTTTT CAGCGRATAGATATGATTTA 4100
¥N N K D I I K R I B EE Y I N A GAI KULTIURTMNTF S A2NU RYDIL

GGRATTTCATTTGATAAACT TARAGACATARTARCTTTAGGTATARATAT TGCTAAAGAAGTAACAGAAAATACAGCTGTATTCATTGGAGCARGTATTG 4200
¢ I s F LD R L K piI1I I TULOGIWMNTIRBMIEKEWUVTUEWNTAWVEIGH RS STISG

GCCCTATAAGAGAAGARAGCATAGATGAATGTGATARTGATATTTTAGAT GAATATAAGT I TATTGTTGATTGTT TTATAGARAACARCATAGATATCTT 4300
P I R E E 5 I » §E C D ND I L D EY K VF I VP CTF I ENWDNTIUDTITF

TATTTTTGARACATTGAGTAARTTACAACTATTTAGRAGAAATATGTGGCTATATTAAATTGAARRATCCTAATAGTTTCATATTATCTCAGTTCGCAGTG 4400
I F ETL S N Y N Y L E E I C G Y I KL K ¥ P NS F I L S5 Q F AV

ARCCAGGATGGGTTTACARGAGATGGATTGAGTGTRRCTRATATTAATAATGT TAAGGGAATAARTCARATTGATGCATATGGATTTAATTIGTGGATCTG 4500
N @ D 66 F T R D 6L § V TN I N NUVKGIDNGQTIUDAZYGVFNC G 5 G

GRCCARCTCATATATATGATATAATTAAARAAATTAATATACGATGGTGATATAGTTTCAGCTCTTCCTAATGCTGGATAT CCRGARATARTTCATGARAG 4600
r T H I ¥ p I I K K I NI P GD I V 38 A L P NOAGGY P ETITIHE R

ARCTGTATATCCTAATAATCCAGTATACTTTGCTCAARRAGTTAACRRAATARAATCTTTAGGAACATCAATTATTGGTGGATGTTGTGGTACAAATCCT 4700
T v Y P NN P V Y F A Q KV N KI K S$ L GG T 5§ I I 66 G C C G TN P

GTTTATATARAAGAATTAGCTAATTTAGTTAATARGAATGTTAATGTTGTTRATACATTAACGAAGAATGAGCAAGARAC TAATARATTTGARARCARGC 4800
v ¥y I K E L A NL ¥V N K NV NV V N TIL T K BB E E E TN K F E N K Q

.

AAGAGAATAGTTTTAAARATARGTTGGATAATAATGAGTT TGTRAATTGCARTTGAGTTGTCATCACCARCARATACTGATATATCARAGCTTATGCRAGG 4900
E N 5 F K N KL DNWNUEUPF VY aI L S8 5 P THNTUIDTIS KL DIQT®G

*

TGCTAARATTATGCAAAGARAATAATATAGATTTGGTTACRATTCCAGATTCGCCGATGTCARGGGTARARGCTGAATCTACARTTATATCCGCAAABATT 5000
A K L C K ENNIDDPULV TI PDS P M S RV K aES5TTI I S a K I

AARAGAGARATAGGGATTGRAGCTATGCCTCATATTTGTTGCAGAGATARARATATTAAT GCTAT AAGAT CAGGTTTGAT AGGTGCTCATATTGARRATA 5100
K R E I 6 I EA M P HI CCU RDI EKU N IUNATLIRSGTILTIG S3AHTIEWNTI

TAAGRAATGTGCTTGCAAT TACAGGAGATCCTATATCAGATGCTAGTAAAGT TGARACARAGAGT GTGTT TAATTTAAACTCTTTTARAT TAATAGAGCT 5200
R W VL AITOGDUP I 5 D A S KV ETZ K SV F NL NS F KIL I EL

TATAGATGATATGAATAGTGRRGTTTTTAATAATGATRATATTTTAATTGGTGGAGCATTGRATT TAAATGTATTARATAAAGARGTAGAATTTARTCGT 5300
I bbb M N S E V F N NDUN I L I GGG AULMNILWNUVLNIZ KEV E F N R

ATGATGAARRAGATAGARAAGGGAGCARATTTCTTTTTRACTCRACCTATATATGATGATGATGC TATAGAATTCTTAARARAGRTRAARAGRRAGRACTA 5400
M M K K I E K G ANV F F L T g P I ¥ D DD AaTIEFUL X K I KEUR TN

ACGTGAAGATACTTGCTGGATTGCTTCCAATTGTGAGTTATAGRAATGCAATGT TTTTARATARCGRATTACCTGGTGTTACTATACCGGRAARAATATAT 5500
vV K I LAMOGILTULPIV S ¥ RN AMPF L NN EL P GV T I P E K Y I

BARTATGTTTTCAGAGGATATGACTAAAGAAGAGGGACAGCAARGT TGGAATAGATATATCAGTGGARATAGGAAGRARAATTARRGGGGCTTIGCGATGGR 5600
N M F &8 E D M T X E E G (Q ¢V G I DI SV ETIGZRI XILIE KGTLCD G
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.

TTGTATTTTGTAACGCCATTTARTAGAGT TAATATGCTTATAGAAATTATARATAAGATAARGGGATARGATATTCTTTATATTTARAAGARGTGCAT: 5700
L Y F vV TP F NN RV KM L I BE I I N X I KG *

»

AATGTGGTTGATTTTARACATATCARCCACATTTTTATTTTGATATARARATARGGAGTATGTGTATATATGTGGTAARAATATGTTAARAAAAAGRCAR 55800

Section B

gltx . . . . . . . .
TARAAATARTTRAAGAATTTGCGTARATTGARTARACTAAAAGTTCGARATTARAGTTTTAGT TAGAGAAATATTTTACGAGAARAGTGTTGAATTTTTGA 100
K W N * ’

TAAATTATGAATATATTTGCATTAATGTATTCfTAATRAAACCTAGAAGTGTATTCTTCTAGGTTTTATTTATATACTACATTATTATATATTGTACTTC 200
TATTAAATTGATTAT TATARATGAT TGTGTAGARRATAT T TTTATTATAT T TAAT TAGCATTGGGCATAATATATACTATAAAAATGTARAAATAACARG 300
CAATATGTAGAACGTTAGATAATATTTTTATATAAGGGACCAATTARATACTAARAAGATARATARAGTCAAATTTTTGGCTTAARATACTTTTARATAT 400

AATTTCTTTACTTTATCAGACTGTTARCATCTIGCTAAT TATTATTAARATATGATAATATATTAATGAGTTTATTGTGTTTTTAARANTTETTTCGGTAA - 500

. . . . . . N .OREF . .
ATATAATAGTATGCTATGTCATTAGCACATTAARACGGART TTTTAACGAATGGATTARATAAT CARATAGGEAGGATTTTTATGARCATTTTTAAGAAR 600
M N I F K K

AARTCATTAGAACAGATGTTGCAAGGTGCACAARAGACAGATTTAAAGAAARATCTTARAGCTABAGATATAGCAGCATTTGGTATTGGAGCAGTTGTAG 740
K 8 L E @ M L ¢ GG A Q KT DL K KENT1L KA KUDIAAUFGI G A V V G

GTGTTGGTATCTTTGTCGCAACAGGAGAAGGGGCACATGCAGCTGGACCAGCAGTAATAGTTTCAT TTATTATCGCAGGTATRATANNNNNNNNNNNNNN 800
v ¢ I F v A T G E G A HAAG P ARV I V 5 F I I A G I I

NHNNNE NN NN NN NN NN NN NN N NN NN NN NN N NN N NN NN NN N N NN NN NN N NN N NN NN N NN NN NN NN NN NN NI NN NN NN NN NNN 900

NNNNNNNNNNNNNENENNNNNNNNNNENNENNENNIN NN NN NN NN NN NN NN NNN N NN NN NN NN NN NN NN NI MNNNNNN -1000

.

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN NN NN NN NN NN NN NN NN NN ATATTARTARCTGCGGTAATAACARTRATGCTATATTATGGARTGAR 1100
I L. I T A& Vv I T I M L Y ¥ G M K

GGAARGTGCARRAGTTARTAACATAATTGTAGGTATARRAATTTCTATAATCGT TATATTTGTAATACT TGGAGTARCACATATARRGTCCACTRAATTAT 1200
E S A K VvV N N I I VvV GG I K I 1 1 Vv I P V I L GV THTII KS TNY

ARACCTTTCGCTCCATTTGGAT T TAATGGAATTTTTGCGGCAACAGC TGCTATATTCTTCTCATTTATAGGTT T TGATGCARTATCARCAGC TGCAGARG 1300
K P F AP F G F KN GI F AATA AUSBARTILITZ F¥UFSSF I G FDATIUSTH AUBATEE

"

AAGCTGRARATCCTAARAGAGATATTCCATTAGGAATTATAAT TTGTTTAATAGCAGTTACAGTACTTTATGTTGCAGTTGCAGTTGTACTTACAGGRAT 1400
A E N P K R DI P?PL I I I €CL I AV TV L Y V A VYV AV VL T G M

*

GGTTCCTTTCCAAGAARTAATTT CTGAAAATGCAGTANNNNNNNNNNNNNNNNNNNNNNNHNNNNENNNNN NN R NN RN N ENNNNGEAGCAGTA 1500
vV P FQ E I I 58 E NN AV ’ G a4 V

CTTGGAATGATTTCTACTAT TATGGTAGTACTT TATGGTCAAGT TAGARTATTCATGGT TATGTCARGAGAT GGACTTTTACCAAAGATATTTTCARRRG 1600
L 6 M I 8 T 1 M Vv VL ¥ G Q V R I FM VM S R DG L L P KTIF &KV

TACATCCTAAACACAAAACACCATACTTCTCAACTTTAATAACTGGTACTATAGCAGCRATAATAGCTGGATTTTTACCATTAGATATTATTGTTCAATT 1700
H P K H KT ?P Y F §TDL I T & T I & aI I G F L P L DI I V g F
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1701 TTTAAGTATAGGARCATTATTAAGCTT 1727
L 8§ I 67T 1L L 8

Nucleotide sequence of the ~5.8 kb C. acetobutylicum P262 chromosomal DNA region present
upstream of the gltX gene (Section A; base no. 5800 corresponds to the first base in Fig. 3.4),
and the ~1.7 kb region present downstream of the g/tX gene (Section B) which includes the
terminal three amino acids, K N N of gltX.. The deduced amino acid sequences of ORFB,
ORFC, ORFD, ORFE and ORFF are shown in|the single letter code. The -35 and -10 regions
of putative promoter sequences (underlined) are double underlined. Putative Shine-Dalgarno
sequences are indicated in boldface type, and stpp codons by an asterisk. Inverted repeats with
the potential to form stable stem-loop structures are highlighted by converging arrows.
Estimated gaps in the sequence are indicated by|the symbol N.
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APPENDIX E

Standard GSMM minimal medium recipe
The following GSMM base components were combined and made up to the appropriate
volume with distilled water and autoclaved. Typically, C. acetobutylicum was cultured
in 400 ml volumes of GSMM media for the study of glutamine synthetase and
glutamate synthase activities at various growth stages.

GSMM base medium

D-glucose 2% wiv
L-cystein hydrochloride 0.05% wiv
Sodium hydrogen carbonate (NaHCO3) 0.1% wiv
Resazurin 4x10° wiv

Salt stock 25 fold dilution

Salt stock solution:

Calcium chloride (CaClk, anhydrous) 0.2 gl
Magnesium sulfate (MgS04.7H20) 0.2¢/1
Potassium phosphate (KzHPO4) 1.0 g/l
Potassium phosphate (KH2PO4) 1.0 g1
Sodium hydrogen carbonate (NaHCO3) 10.0 g/l
Sodium chloride (NaCl) 2.0¢g/

The CaClz and MgSQO4 was first dissolved in 300 ml of distilled water before the

remainder of the salts were added, and the solution made up to 1.0 liter and autoclaved.

Once the GSMM base medium had equilibrated in the anaerobic glove cabinet, the
following media stock components (made in distilled water) were either autoclaved or
filter sterilized as appropriate, reduced, and added aseptically in the box to yield the

indicated final concentrations.
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GSMM additives

Magnesium sulfate (MgSQ04.7TH20) 0.02% wiv

Manganese sulfate (MnSO4,.H20) 5x107* wiv

Iron sulfate (FeS04.7H20) 5x107 wiv

Zinc sulfate (ZnSO4.7H20) 2.5x107 wiv

Sodium molybdonate (Na2MoQ4.2H20) 2.5x107 wiv
p-aminobenzoic acid (p-ABA) 5%107 wiv

Thiamin hydrochloride 5x107° wiv

Biotin 5x10° wiv

Vitamin B cocktail 4000 fold dilution
Vitamin B cocktail:

Components Stock solution Quantity mixed
Thiamin hydrogen chloride 10 mg/ml 2ml
Calcium D-pantothenate 10 mg/ml 2 ml
Nicotinamide ‘ 10 mg/ml 2ml
Riboflavin 10 mg/ml 2 ml
Pyridoxine hydrogen chloride 10 mg/ml 2ml
p-Amino benzoic acid 1 mg/ml 1 ml
Biotin 1 mg/ml 0.25 ml
Folic acid I mg/ml 0.25 ml
Vitamin Biz 1 mg/ml 0.1 ml
Water 88.4 ml

All components were filter sterilized separately prior to mixing, and the cocktail was

stored in the anaerobic box.

Finally, the appropriate volume of sterile anaerobic stock solutions of glutamine

(freshly prepared) and/or casamino acids were added in the box to give the final desired

nitrogen rich (GSMM non-inducing) or nitrogen poor (GSMM inducing) conditions.
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Appendix E

GSMM non-inducing conditions:

Casamino acids (Difco) 0.2% wiv
GSMM inducing conditions:

Casamino acids (Difco) 0.025% wiv
L-glutamine {Sigma, stored at 4 °C) 0.15% wiv

In addition, this standard recipe was modified (as indicated in the text) when the effect
of different concentrations of carbon and organic and/or inorganic nitrogen were

mvestigated i relation to the growth and physiology of C. acetobutylicum.
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