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Summary

Corynebacterium glutamicum is extensively used for the commercial production of a
host of amino acids including lysine, glutamate, and threonine. Consequently, much
research has been directed at analyzing nitrogen metabolism in this bacterium. In
particular, our research focused on investigating the regulation of nitrogen assimilation.
Initially, we searched for homologs of the Streptomyces ginR, ginll, and ginE genes in
C. glutamicum. These studies, however, were met with limited success, and we
therefore decided to use promoter probe vectors in order to identify nitrogen-responsive
promoters. We isolated several promoters that were induced under low nitrogen. Some
of these sequences belonged to genes that were involved in nitrogen metabolism,

including glnA, but no novel nitrogen regulatory genes were identified.

As is the case in many bacterial systems, glutamine synthetase (GS) and glutamate
synthase (GOGAT) activities in C. glutamicum were dependent on nitrogen status.
Enzyme assays showed that the activities of both enzymes were significantly increased
during nitrogen limitation. Similarly, transcription of their encoding genes, gind and
gitBD, respectively, was also induced under these conditions. Experiments with snake
venom phosphodiesterase (SVPD) indicated the significance of posttranslational
modification in the control of GS activity. In parallel with these studies, we investigated
the effect of glucose (carbon) status on the activities of these enzymes and transcription
of their encoding genes. Low glucose concentrations resulted in reduced enzyme
activities, while high glucose stimulated g/nA4 but not gltBD transcription. These studies
showed that there is a definite link between nitrogen regulation and carbon metabolism
in C. glutamicum. Primer extension analysis identified the start of transcription of glnA,

and the promoter structure conforms to that of typical C. glutamicum promoters.

Having established the effect of nitrogen status on GS and GOGAT, we proceeded to
generate C. glutamicum disruption mutants of g/lnd. These mutants displayed no
detectable GS activity, and were unable to grow in minimal medium unless glutamine
was supplied. Sequence analysis of the C. glutamicum gltBD region revealed the

existence of an upstream open reading frame, which we designated Akm, that may

1



encode a sensor protein. The putative Hkm protein contains a conserved PAS domain
which is a motif involved in signal transmission in proteins that sense a variety of
conditions. In order to characterize this gene, we generated C. glutamicum hkm
disruption mutants via homologous recombination. The mutants were unaffected in their
GS activity profiles and grew well on various nitrogen sources. In contrast, GOGAT
assays demonstrated that the Zkm mutants had reduced induction of activity in response
to nitrogen starvation in comparison to the wild type. These results were confirmed by
RNA analyses that showed reduced transcription of g/tBD under the same condition.
Promoter activity studies revealed that hkm is most likely transcribed at a low,
constitutive level. The occurrence of a PAS domain in the putative Hkm protein and the
effect of hkm deletion on GOGAT expression suggest an involvement of Hkm in
sensing nitrogen status and controlling GOGAT activity. Amongst other possibilities,
we propose a putative interaction of Hkm with the C. glutamicum global nitrogen

repressor, AmtR.



Chapter 1

General Introduction

1.1 Introduction to Corynebacterium glutamicum

Corynebacterium glutamicum is an aerobic, Gram-positive soil bacterium that belongs
to the group of mycolic acid containing actinomycetes (Stackebrandt et al., 1997).
Although this bacterium is often rod-shaped (Fig. 1.1), the cells generally have an
irregular morphology (“coryneform”) and may even be club-shaped at times (Collins
and Cummins, 1986). While C. glutamicum itself is non-pathogenic, other members of
the genus, such as Corynebacterium diptheria, are associated with a number of human
diseases (Cummins et al., 1974). Indeed, the phylogenetic relatives of C. glutamicum

include pathogens such as Mycobacterium tuberculosis and Mycobacterium leprae.
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Fig 1.1 Phase contrast microphotograph of C. glutamicum. Bar = 10um. Taken from Liebl (2002).

A typical characteristic of members of the genus Corynebacterium is the relatively high
GC content of their DNA, where the base composition varies from 46 to 71 mol% G+C.
However, most species within the genus have DNA with between 51 and 68 mol% G+C
(Goodfellow and Minnikin, 1981). Members of Corynebacterium and closely related
genera have a cell wall structure that differs markedly form that of other Gram-positive

bacteria (Liebl, 2002).
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The cell wall structure of Corynebacterium contains directly-linked peptidoglycan type
Aly (Schleifer and Kandler, 1972) with meso-diaminopimelic acid as the crosslinking
amino acid, and the predominant cell wall sugars are galactose and arabinose. Mycolic
acids are also present (except in C. amycolatum), as well as straight-chain saturated or
monounsaturated fatty acids, 10-methyl-branched chain acids (in some cases), and eight

and/or nine isoprene unit dihydrogenated menaquinones.

1.1.1 Taxonomy of Corynebacterium

Corynebacterial nomenclature and taxonomy has been the subject of great dispute since
the genus Coryneﬁacz‘erz’um was first proposed by Lehmann and Neumann in 1896.
Initially, the genus was essentially defined in morphological terms to include Gram-
positive, non-acid-fast, non-sporeforming, nonmotile, nonbranching, pleomorphic
bacteria (Goodfellow and Minnikin, 1981). Consequently, a vast array of poorly-defined
Gram-positive bacteria that are not strictly coryneform were classified in the family
Corynebacteriaceae in the sixth and seventh edition of “Bergey’s Manual of
Determinative Bacteriology” (Breed et al., 1948; Breed e al., 1957). This included the
genera Listeria and Erysipelothrix, and was further extended to include Jensenia,
Mycobacterium and Nocardia (Davis and Newton, 1969). In the eighth edition of
Bergey’s Manual (Rogosa et al., 1974), the genera Cellulomonas, Corynebacterium,
Arthrobacter, and Kurthia (tentatively) were also classified in the section entitled
“Coryneform Group of Bacteria”. According to this system, Brevibacterium and
Microbacterium were listed as genera incertae sedis. It seems that at one time or
another the term coryneform has been applied to a myriad of genera including Arachnia,
Actinomycyes, Rothia, Qerskovia, Bifidobacterium, Bacterionema, Eubacterium,
Rhodoccocéus, and Propionibacterium (Goodfellow and Minnikin, 1981). Clearly,
bacterialk classification based primarily on morphology was not definitive, and the term

“coryneform” was used rather subjectively.

Other chemotaxonomic studies comparing cell wall composition and lipid profiles
indicated that members of the genera Nocardia, Rhodococcus and Mycobacterium are
close relatives of Corynebacterium, and these four genera were then combined into the

“CMN-group” (Barksdale, 1970). Several years later, these genera were placed together
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with Caseobacter (later transferred to Corynebacterium) into a group called
“Mycobacteriaceac” (Bousfield and Goodfellow, 1976). A different classification
system considered Corynebacterium and Mycobacterium separately, and grouped the
other mycolate-containing, cell wall type IV actinomycetes into the family
Nocardiaceae (Goodfellow, 1992). Unlike previous morphology-based classifications,
this systemn was also consistent with rigorous phylogenetic analysis, i.e. 16S tDNA
sequence comparison. It then became clear that the CMN-group, which we today
consider as including the genera Dietzia, Tsukamurella, Corynebacterium, Nocardia,
Gordona, Mycobacterium, Rhodococcus and the mycolate-less Turicella, forms a robust

monophyletic taxon (Liebl, 2002).

In 1997, Stackebrandt proposed a new hierarchal classification system for the
actinomycete subphylum, which is based solely on 16S rRNA/YDNA sequence data.
According to this classification system, the genera Corynebacterium and Turicella form
the family Corynebacteriaceae, which is one of six families within the suborder
Corynebacterinae which is within the order Actinomycetales. In addition to
Corynebacteriaceae, the suborder comprises Dietziaceae, Gordoniaceae,
Mycobacteriaceae, Tsukamurellaceae, and Nocardiaceac. The phylogenetic tree of
members of the suborder Corynebacerinae and genus Corynebacterium in particular is
show in Fig. 1.2. For indepth reviews regarding the history as well as current taxonomic
classification of Corynebacterium see Goodfellow and Minnikin (1981) and
Stackebrandt et al. (1997).

While Corynebacterium has now been firmly placed in terms of phylogenetic lineage, it
is important to hote that this genus is phenotypically diverse and contains both aerobes
and facultative anaerobes, both mycolate- and non-mycolate containing species, and
both pathogenic and nonpathogenic species (Liebl, 2002). Over 50 species of
Corynebacterium have now been identified, over half of them in the last decade.
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Fig. 1.2 Unrooted tree of the phylogenetic relationships of members of Corynebacterium and their close
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(Taken from Liebl, 2002).
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Some species of Corynebacterium have been more extensively studied than others. The
primary reason why C. glutamicum and related strains are so well-characterised, is
because they are used for the fermentative production of a host of amino acids,
including lysine, leucine, threonine, glutamate and aspartate (Patek ef al, 1994;
Malumbres and Martin, 1996; Leuchtenberger, 1996).

1.2 C. glutamicum and Amino Acid Fermentation

Coryneform bacteria have long been used in industrial fermentations that produce
amino acids (Kinoshito, 1985). Selected strains of C. glutamicum and closely-related
species are employed in large-scale fermentation processes, and supply the world
market with over 10° kg of amino acids per annum. Two of the most significant of these
are L-lysine and L-glutamate (Leuchtenberger, 1996). L-lysine is an important animal
feed supplement, while L-glutamate is used for the production of the food flavour
enhancer monosodium glutamate or MSG (Malumbres and Martin, 1996). South Africa
also contributes to international amino acid production, and AECI, a major South
African chemical company, scaled-up its commercial production in the mid-1990’s by
establishing a large lysine production plant on the outskirts of Durban, Kwazulu-Natal,
South Africa. Indeed, the research described here was, in part, funded by the research

and dévelopment division of AECIL.

C. glutamicum was first isolated in 1957 in the course of screening for efficient
glutamate producers (Kinoshito, 1985). It was subsequently found that under conditions
of biotin limitation, C. glutamicum excretes large amounts of glutamate into the growth
medium (more than 100g/L). In fact, in a typical fermentation, the molar yield of
glutamate from sugar is in the range 0.5 to 0.75 (Demain, 2000). Initial theories
regarding glutamate excretion by C. glutamicum suggested leakiness of the cells due to
membrane permeability (Kimura, 1963; Shiio et al., 1963). It was also proposed that
glutamate excretion is achieved by the reverse action of the glutamate uptake sysfem
(Clement et al., 1986). Furthermore, it was initially thought that the absence of the
enzyme o-ketoglutarate dehydrogenase was also a contributing factor in glutamate
excretion. This theory was abandoned when it was later discovered that this enzyme was

indeed present in C. glutamicum (Shiio and Ujigawa-Takeda, 1980). Subsequent
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research, however, has shown that a specific, energy-dependent transport system is
responsible for this glutamate excretion during biotin limitation (Hoischen and Kramer,

1989; Gutman et al., 1992).

Since industrial fermentations often utilise cheap, biotin-rich substrates (such as cane
molasses), alternative, biotin-independent processes had to be developed in order to
harvest ghltamate (Liebl, 2002). One approach involved the addition of penicillin during
logarithmic growth (Kinoshito, 1985). Although high yields were achieved by this
method, cell viability dropped rapidly. Alternative methods included the addition of
fatty acid derivatives such as Tween 20 or the use of glycerol-requiring auxotrophs
grown under glycerol starvation (Kinoshito and Nakayama, 1978). In small-scale
fermentations, high yields of glutamine could be achieved by the addition of amine

surfactants (Dupperay et al., 1992) or the antibiotic tetracaine (Krémer, 1994).

Although the commercial demand for glutamate is high, lysine is still considered the
most economically important amino acid produced by coryneform bacteria
(Leuchtenberger, 1996). While the industrial molar yields of lysine are generally lower
than those obtained for glutamate, the lysine concentration can reach up to 170 g/L in
the culture medium (Demain, 2000). In contrast to glutamate production, the high-yield
fermentation of lysine by C. glutamicum cannot simply be achieved by adjusting culture
conditions and genetically modified strains are required (Cremer ef al., 1988). In fact,
no wild-type strains of C. glutamicum secrete lysine (Cremer et al., 1991). Originally,
classical mutation and selection techniques were used successfully in the development
of many strains that overproduce and excrete amino acids (Malumbres and Martin,
1996). However, with the advent of recombinant DNA technology and transformation
systems, the activity of specific enzymes in C. glutamicum could be altered and tightly
regulated (Cremer ez al., 1991). The ultimate goal of these techniques was to direct the
flow of precursors along a defined route to maximize the rate and conversion into amino
acids. However, simply amplifying the genes involved in amino acid biosynthesis does
not always result in increased yields. This is because such gene amplification often
redirects carbon flux distribution at key branch points from the normal distribution

associated with balanced growth (Stephanopoulos and Vallino, 1991). In fact, it seems
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that flux distributions that result in the highest amino acid yield are usually significantly

divergent from wild-type flux distribution.

A major factor in lysine over-production by C. glutamicum is the lack of regulation of
the lysine-specific biosynthetic enzymes within the aspartate family (Yeh er al., 1998).
Lysine, together with threonine, methionine and isoleucine, belongs to the aspartate
family of amino acids, and, as seen in Fig. 1.3, several enzymatic steps lead to the
synthesis of these amino acids. The only point of regulation for the lysine-specific
enzymes occurs at aspartokinase, the first enzyme in the sequence for the synthesis of
the aspartate family amino acids. This is in contrast to other bacterial systems, such as
that of E coli, which has three different aspartokinase isoenzymes (Cohen, 1983). Two
of these aspartokinases are bifunctional proteins that also display homoserine
dehydrogenase activity, and each of these aspartokinases is regulated by a different end
product. In C. glutamicum, the single aspartokinase enzyme is subject to concerted
feedback inhibition by threonine and lysine (Fig. 1.3) (Malumbres and Martin, 1996).
Similarly, the flow from aspartate-B-semialdehyde to either homoserine or the lysine
~ pathway (see Fig. 1) is regulated solely at the level of homoserine dehydrogenase.
Homoserine dehydrogenase activity is repressed by methionine and partly by isoleucine
(Cremer et al., 1988).

Strains have been engineered where carbon flux has been redirected at branch points by
distrupting the genes involved in pathways that compete with lysine or threonine
production. For example, mutations in isopropylmalate dehydratase, an enzyme
involved in leucine biosynthesis, result in a Leu” phenotype and lysine overproduction
(Patek ez al., 1994). During the course of screening for efficient amino acid-producing
mutants of C. glutamicum, Kinoshito and coworkers (1958) isolated strains that
excreted lysine due to mutations in homoserine dehydrogenase. These strains were
auxotrophic for both methionine and threonine. Other lysine-producing strains include
regulatory muténts that display resistance to feedback inhibition. The isolation of C.
glutamicum mutants resistant to the lysine analogs S-2-aminoethyl-L-cysteine or O-2-
aminoethyl-L-serine lead to the discovery of strains with feedback-resistant

aspartokinase enzymes that over-produce lysine (Sano and Shiio, 1970). The C
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glutamicum strains currently employed in industrial fermentations are usually a

combination of both auxotrophic and regulatory mutations (Leuchtenberger, 1996).

ASPARTATE
-
P oo e . - > i lysC asd

Aspartokinase l l
E ASPARTYL- ~—&
el a8 PHOSPHATE Aspartate- @

' - P-semiatdahyde
L L ¢ dehydrogenase hom thrB
@ @ ASPARTATE-B- —_—

SEMIALDEHYDE

< |
Dihydradipicotinate ___.» L Homoserine — @
@ synthase DIHYDRO / dehydrogenase
\gﬂi:oéinicolinau DIPICOLINATE

reductase ot

}
]
i
i
|
i
|
i
i HOMOSERINE Homoserine
1 —r PIPERIDEINE- l Eipase
| ddn 2,6-DICARBOXYLATE \ "
' [ A o
! ¢ Diaminopimalate \Succinyhte HOMOSERINE Pt
i @ T"“dshydrogenase " pathway PHOSPHATE —
1 l L e Thesonine L
synthase - @
e it o WG
: arg S lysA D,L-DIAMINOPIMELATE l THREONINE
L Diaminspimsiinate
I l decarboxylase METHIONINE
.
: @ LYSINE . !
v Arginyi-tRNA ! ! 1soLeucing
synthetase i i
I ¢ 4o e e !

Fig 1.3 Organization and genetic control of lysine and threonine biosynthesis from aspartate in
Corynebacterium. Concerted feedback inhibition is indicated by the dashed line (taken from Malumbres
and Martin, 1996).

By similar genetic engineering, the various other amino acid biosynthetic genes can be
preferentially expressed to yield the desired product in high concentrations. Some more
recent, advanced techniques that are useful for studying amino acid metabolism include
mathematical modeling, metabolic flux analysis (using either in vivo-NMR or MALDI-
TOF mass spectrometry)(Tesch et al, 1999; Hermann et al., 2001), DNA chip
technology (Loos et al., 2001) and proteome analysis (Hermann ef al., 2001). These
modern analytical techniques in combination with genetic engineering are likely to

result in further improved amino acid-producing strains (De Graaf et al., 2001).

10
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1.3 Other Industrial Applications of Corynebacterium

Nucleotides and other metabolites are also produced by industrial fermentations of
Corynebacterium, although on a far smaller scale than amino acids (Komata, 1976).
Selected mutant strains are used to produce a number of food flavour-enhancers
including the ribonucleoside 5’-monophosphate 5’-inosinic acid (IMP), 5°-xanthylic
acid (XMP), and 5’~guanylic acid (GMP)(Demain, 1978). Wild-type Corynebacterium
ammoniagenes is ablé to convert hypoxanthine to IMP, guanine to GMP, GDP and
GTP, and adenine to AMP, ADP, and ATP by what are known as “salvage reactions”
(Liebl, 2002). In the case of IMP production, the concentration of the manganese ions is
an important factor affecting yields (Furuya et al., 1970). When Mn?* concentrations are
sufficient, nucleotide production can be achieved by the addition of certain antibiotics
or surfactants to the medium, or the use of mutant C. ammoniagenes strains that
accumulate IMP under conditions of Mn®" excess (Furuya ef al., 1969). An alternative
method of IMP synthesis involves the fermentative production of inosine by C.
ammoniagenes mutants, followed by chemical phosphorylation of the nucleoside by
phosphoryl chloride. A more recent method of IMP production involves conventional
inosine fermentation by C. ammoniagenes followed by enzymatic phosphorylation
using engineered guanosine/ inosine kinase-overexpressing E. coli cells (Mori et al.,
1997).

C. ammoniagenes has also been used to produce nicotinamide adenine dinucleotide
(NAD) when grown in medium which contains adenine and nicotinic acid or
nicotinamide (Liebl, 2002). More recently, Koizumi and colleagues (2000) reported
high yields of riboflavin (vitamin B;) by an engineered strain of C. ammoniagenes that
has enhanced activities of the riboflavin biosyntheﬁc enzymes.

In both small- and industrial scale cultures of C. glutamicum, nitrogen availability is a
critical determinant of amino acid as well as other product yields. Since nitrogen
metabolism and amino acid synthesis in particular are inextricably linked, a detailed
understanding of nitrogen assimilation is essential if further industrial strain

improvements are to be carried out. In this respect, extensive research during the past

11
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decade and the advent of specialised vectors and molecular techniques have greatly

aided elucidation of the relevant nitrogen pathways in C. glutamicum.

1.4 Bacterial Nitrogen Assimilation

1.4.1 Nitrogen sources

When bacteria are grown in a simple salts medium containing ammonia and glucose,
the organisms are required to synthesize all amino acids and nitrogen-containihg
compounds from ammonia and intermediate metabolites (Schreier, 1993). In addition to
ammonia, bacteria are also able to utilise a variety of nitrogenous compounds as sources
of cellular nitrogen (Reitzer and Magasanik, 1987). These compounds may be inorganic
in nature such as nitrate or diatomic nitrogen, or organic such as amino acids, urea,
amino sugars and nucleosides. In general, ammonia is the preferred nitrogen source for
bacterial growth since it supports a higher growth rate than any other nitrogen source.
However, in certain bacteria other nitrogen sources are preferred over ammonia. In
Bacillus subtilis, for example, glutamine is the preferred nitrogen source (Atkinson and
Fisher, 1991). The selective utilisation of certain nitrogenous compounds over others
depends on the available uptake systems and active enzymatic pathways as well as the

regulation of these systems.
1.4.2 Glutamine and glutamate biosynthesis

In most organisms that have been studied, glutamate formation seems to be the primary
route for nitrogen assimilation (Ertan, 1992b). Irespective of nitrogen source, bacteria
absolutely require ammonia for glutamine synthesis, and all nitrogen sources must be
catabolised to yield ammonia (Reitzer, 1998). The subsequent assimilation of ammonia
involves the action of three enzymes, namely glutamine synthetase (GS), glutamate
synthase (GOGAT) and glutamate dehydrogenase (GDH). GS and GOGAT catalyze the

formation of glutamine and glutamate, respectively, in the following reactions:
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GS
L-glutamate + NH; + ATP wesmmslp Iglutamine + ADP + P; (1)

L-glutamine * o-ketoglutarate + NAD(P)H + H*

GOGAT

el 7 | glutamate + NAD(P)" (2)

GDH, on the other hand, is able to catalyze the reversible reductive amination of o-

ketoglutarate in the following reaction:

. . GDH
a-ketoglutarate + NH; + NAD(P)H + H' mlpp-

L-glutamate + NAD(P)" + H,0 (3)

The GS/GOGAT and GDH pathways seem to be ubiquitous in bacteria, although the
contribution of each to the synthesis of glutamate may differ (Merrick and Edwards,
1995). For example, in microorganims such as Clostridium pasteurianum (Dainty,
1972) and Streptomyces clavuligerus (Brana at al. 1986), ammonia assimilation occurs
exclusively via the GS/GOGAT pathway. In contrast, GDH appears to be the sole
ammonia assimilatory enzyme in the ruminal bacterium Streptococcus bovis (Chen and

Russell, 1989).

When bacteria are grown in minimal medium with an ample supply of ammonia, the
nitrogen for all other nitrogen-containing compounds is derived almost exclusively from
glutamate and glutamine (Reitzer and Magasanik, 1987). Glutamate provides the o-
amino groups required for the synthesis of all the amino acids, and half the nitrogen for
the pyrimidine, purine, and imadazole rings. Glutamine, on the other hand, is a nitrogen
donor for the synthesis of amino sugars, p-aminobenzoate, and NAD, as well as the
remaining nitrogen required for purines, pyrimidines, histidine and tryptophan
(Wohlheuter et al., 1973). It is estimated that 1kg dry weight of E. coli contains up to
12g of nitrogen atoms. As seen in reaction (1) above, cells absolutely require ammonia
for the synthesis of glutamine, and, depending on the medium, may require ammonia

for the synthesis of all other nitrogen-containing compounds. This requirement depends
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on the nature and concentration of the nitrogen source as well as the products of its
catabolism. If the ammonia concentration is sufficiently high, the compound is
assimilated into glutamine and glutamate by GS and GOGAT, respectively (Helling,
1994). For nitrogen sources whose degradation produces glutamate, such as aspértate,
proline and y-aminobutyrate, ammonia is needed only for glutamine production
(Reitzer, 1998). For nitrogen sources such as serine, which generate ammonia but not
glutamate, the ammonia channeled into glutamine provides the nitrogen required for the
synthesis of glutamate by GOGAT. Therefore, the GS/GOGAT pathways form an
energy-dépendent ammonia assimilatory cycle such that all cetlular nitrogen is derived
from ammonia and the amide group of glutamine. The requirement for glutamate can

therefore be reduced but not eliminated.

1.4.3 Glutamine synthetase
1.4.3.1 Classes of GS enzymes

Clearly, the synthesis of glutamine by the action of GS is a major branch point in both
nitrogen and cellular metabolism. As a result, the GS enzyme has been extensively
studied and characterised in a large number of bacterial species (Backman et al, 1981,
Barros et al., 1986; Bhatnagar er al., 1986; Bohannon and Sonenshein, 1989; Brenchley
et al., 1975; Brown et al., 1994; Fisher and Wray, 1989; Fuchs and Keister, 1980).
According to rRNA sequence délta, there appear to be two major archael subdivisions of
GS: the Euryarchaeota, which includes halophiles, methanogens and some
thermophiles, and the Crenarchaeota, which includes hyperthermophiles (Brown et al.,
1994). Within the first division, four distinct forms of GS have been identified thus far,
namely GSI, GSII, GSIII and GInT. Each of these is considered below, although

particular emphasis is placed on GSI since this is the form found in C. glutamicum.

GSI: This is the most studied of all GS forms since its distribution is almost universal
within the prokaryotes (Merrick and Edwards, 1995). It generally consists of 12
identical subunits which are encoded by the gind gene. The glnd genes of many
bacteria have been cloned, and the primary amino acid sequence of GSI is highly
conserved across a wide range of genera (Woods and Reid, 1993). The GSI enzymes of

prokaryotes can be further subdivided into the GSI-o and GSI-B families (Brown ef al.,
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1994). GSI-a is found in the low G+C Gram-positive bacteria, such as members of
Bacillus (Deuel and Stadtman, 1970), Clostridium (Janssen ef al., 1988) and the
Euryarchaeota (which include methanogens, halophiles, and some thermophiles). GSI-
B, on the other hand, occurs in all other bacteria including the Enferobacteriaceae
(Brown et al., 1994), Vibrio alginolyticus (Bodasing et al., 1985), Thiobacillus
Sferrooxidans (Barros et al., 1986), Streptomyces cattleya (Streicher and Tyler, 1981),
and Streptomyces coelicolor (Wray and Fischer, 1988). In addition to primary sequence
differences, the subdivisions are generally based on two criteria: 1) the occurrence of a
specific 25 amino acid insertion, which is present only in GSI-B, and 2) the possible
presence of adenylylation control of the enzyme. Adenylylation occurs only in the GSI-
B form, which is characterised by the occurrence of a short stretch of conserved amino

acids. Regulation of GS activity by adenylylation is discussed in section 1.4.3.2.

GSII: This form of GS was originally identified in Rhizobium strains (Darrow and
Kunotts, 1977) and subsequently in Agrobacterium (Fuchs and Keister, 1980). This
enzyme is encoded by the ginil gene, and differs markedly from GSI in that it is an
octamer of identical subunits that are arranged in two discs (Carlson and Chem, 1986).
In terms of its holoenzyme structure, temperature lability, and lack of adenylylation
regulation, GSII is similar to the eukaryotic enzyme. The GSII subunits are
polypeptides 329 to 373 amino acids in length, which is approximately 100 amino acids
shorter than those of GSI (Woods and Reid, 1993) Despite the lack of an adenylylation
site, there is some evidence that GSII in Rhizobium leguminosarium may be subject to
some other form of posttranslational modification (Behrmann er al., 1990). GSII is
found in members of Rhizobiaceae, Frankiaceae, Streptomyces (Brown ef al., 1994),
and Mycobacterium (Harth and Horwitz, 1997), which are characterised by possessing
both GSI and GSII. Both GS enzymes from Rhizobiaceae and Framkiaceae are
regulated in response to nitrogen, and gl/n/l is expressed in response to nitrogen
starvation (Darrow and Knotts, 1977; Edmands et al., 1987).

GSHI: The GSII enzyme was initially identified in the Gram-negative aerobe
Bacteroides fragilis (Hill et al., 1989), and homologs have subsequently been found in
Butyrivibrio fibrisolvens (Woods and Reid, 1993) and Syrnechocystis strain PCC 6803
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(Reyes and Florencio, 1994). This GS is a hexamer with a subunit molecular mass of 75
kDa. The amino acid sequence of GSII differs from that of GSI and GSII, although
several conserved regions near the active site have been identified. The B. fibrisolvens
GS has a large subunit of 701 amino acids and shows 40% identity to that of B. fragilis
(Woods and Reid, 1993). Like ginAd, ginN, the gene encoding GSIII in Synechocystis, is
highly expressed in nitrogen-starved cells (Reyes et al., 1997).

For a detailed discussion of the evolutionary relationships of GSI, GSII and GSIII see
Brown ef al. (1994).

GInT: In addition to GSI and GSII, R. leguminosarium harbours yet another form of the
GS enzyme, which has variously been called GInT (Merrick and Edwards, 1995). This
enzyme has also been identified in R. meliloti and is encoded by the ginT gene. Like
GSII, GInT is an octamer, with a subunit molecular mass of 47 kDa. In contrast to GSII,
however, GInT is stable at elevated temperatures.

1.4.3.2 Regulation of GSI activity

Feedback inhibition: The activity of GS purified from E. coli grown in nitrogen-limited

medium is inhibited by a number of compounds including serine, histidine, tryptophan,
CTP, AMP, alanine, glycine, carbamyl-phosphate and glucosamine 6-phosphate
(Reitzer, 1998). Alanine, glycine and serine belong to the class I inhibitors since they
acquire their nitrogen from glutamate, which may obtain its nitrogen from glutamine
(Stadtman, 1990). The synthesis of the other six inhibitors, on the other hand, absolutely
requires glutamine, and these belong to class I1. It appears that class I and II inhibitors
affect GS activity by different mechanisms. It has been suggested that class I inhibitors
bind to a single site, while each class II inhibitor binds to a single allosteric site
(Ginsburg and Stadtman, 1973). Interestingly, the susceptibility to feedback inhibition is
affected by the nitrogen concentration of the medium (Kingdon and Stadtman, 1967).
GS obtained from nitrogen-starved cells is less sensitive to feedback inhibition than GS
from cells grown in nitrogen-rich medium. This differential inhibition is the direct result

of the covalent modification of the GS enzyme by adenylylation.
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Feedback inhibition is widespread in enzymes that are involved in amino acid synthesis
(Reitzer, 1998). For example, aspartokinase, an enzyme involved in the synthesis of
aspartate family amino acids in C. glutamicum, is inhibited by L-lysine and L-threonine
(Malumbres and Martin, 1996). Ertan (1992a) has shown that GS activity is indeed
regulated by cellular pools of alanine, glycine and serine in Corynebacterium callunae.
Presumably, similar regulation occurs in C. glutamicum. The cumulative inhibition by
various combinations of these amino acids indicates that these modifiers each have their
own binding site on the GS enzyme. Similar GS inhibitory patterns have been reported
for Chlorobium vibrioforme (Khanna and Nicholas, 1983).

Adenylylation: This posttranslational modification is the covalent addition of an AMP
moiety to a conserved tyrosine residue of each subunit of the GS enzyme (Woods and
Reid, 1993). Once adenylylated, that specific subunit is inactive such that the enzyme
can exist in a range of activity states within the cell (Stadtman, 1990). Adenylylation
occurs in response to high nitrogen conditions, and progressive deadenylylation occurs
as nitrogen becomes more limiting, thereby activating the enzyme. Both adenylylation
and deadenylylation are catalyzed by the monomeric adenylyltransferase enzyme
(ATase), which is around 130 kDa in size (Ebner et al, 1970.). In addition to ATase, the
adenylylation cascade of E. coli involves the bifunctional uridylyltransferase
(UTase)/uridylyl-removing enzyme (UR) and Py (Anderson and Stadtman, 1971). Py is
encoded by the ginB gene and is present in a uridylylated (Py-UMP) or a deuridylylated
state (Pp)(Fig. 1.4).

The interconversion between Py and Py-UMP is catalysed by UTase/UR which is
regulated in response to nitrogen levels. Py is present when nitrogen is sufficient (high
glutamine: a—ketoglutarate ratio) and stimulates the adenylylation reaction of ATase
(Brown et al., 1971). Conversely, when nitrogen is limiting (low glutamine:o—
ketoglutarate ratio), Py-UMP stimulates the deadenylylation activity of ATase which in
turn inactivates GS. This regulatory system is revisited in a later section dealing with

nitrogen control in E. coli (section 1.5)
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GS ﬂ GS(AMP), ,,
ATase
(adenylylation)

A

Py

inactive

UTase/UR

Py (UMP),3

\ 4

ATase
(deadenylylation)

GS(AMP), ., ﬁ GS  active

Fig. 1.4 Cyclic adenylylation of GS. Red arrows depict events that occur in response to high nitrogen
conditions, while green arrows depict events occurring during nitrogen starvation (adapted from Reitzer,
1998).

Despite the reversible nature of the adenylylation process, the deadenylylation reaction
is not chemically the reverse of the adenylylation reaction (Ebner et al., 1970; Ginsburg

and Stadtman, 1973). The adenylylation reaction is as follows:
GS + nATP —» GS-AMP, + nPP;
The phosphate-dependent deadenylylation reaction, on the other hand, is as follows:
GS-AMP, + nP; > GS + nADP
Apart from inactivating specific subunits, adenylylation also affects GS in other ways.
Firstly, partial adenylylation makes the unadenylylated subunits more susceptible to

feedback inhibition (Shapiro et al., 1967). Secondly, adenylylation affects metal ion
specificity and the pH activity profile of GS (Kindon and Stadman, 1967).

18



Chapter 1

Transcriptional regulation: In addition to covalent modification, GSI activity is often

regulated at the level of transcription, the classical case being that of enteric bacteria
(Merrick and Edwards, 1995). In general, nitrogen-rich conditions repress glnd
transcription in bacteria, while nitrogen starvation induces transcription (reviewed by
Reitzer, 1998). The exact manner in which ginA transcription is regulated in response to
nitrogen status differs among the various bacteria, and selected regulatory systems are

discussed in ‘scctions 1.4 and 1.5.

1.4.4 Glutamate synthase

The glutamate synthase enzyme, previously known as glutamine amide-2-oxoglutarate
amidotransferase (GOGAT), was initially discovered in Klebsiella aerogenes (Tempest
et al, 1970). Prior to this discovery, the only route of glutamate synthesis from
ammonia was by the GDH pathway (Meers ef al., 1970). GOGAT activity has since
then been discovered in a large variety of bacterial genera and higher organisms
including algae, fungi, yeast, and higher plants (Vanoni and Carti, 1999). This enzyme
is characterised as catalyzing the synthesis of two molecules of glutamate from one
molecule of glutamine and a-ketoglutarate (Castafio et al., 1992). This reaction places
the GOGAT enzyme at an important intersection of nitrogen and carbon metabolism. As’

is the case in GS, various classes of bacterial GOGAT enzymes can be distinguished.
1.4.4.1 Classes of GOGAT enzymes

The first class of GOGAT enzymes is dependent on the reduced pyrimidine nucleotides
NADH or NADPH. This enzyme consists of a large and small subunit, which are
encoded by the gltB and gltD bacterial genes, respectively. Strangely, the corresponding
genes have been designated git4 and gitB in B. subtilis (Bohannon et al., 1985). The
molecular weight of the small (B) subunit is around 55 kDa in all organisms, while the
large (o) subunit shows more variation and ranges from 135 kDa to 175 kDa (Reitzer,
1996). The o and B subunits together form the active protomer which is approximately
200 kDA in size (Vanoni and Curti, 1999). Some forms of GOGAT display a
quarternary structure of the type (a3)s asin E. coli and 4. brasilense, while others are of
the o conformation and do not aggregate to form a high MW species.
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Some studies suggest that purified GOGAT is an octamer, while others suggest it is a
dimer that aggregates during purification (Miller and Stadtman, 1972; Trotta et al.,
1974). The protomeric structure of GOGAT also seems to depend on the organism in
question. The purified bacterial enzyme contains one flavin adenine dinucleotide
(FAD), one flavin mononucleotide (FMN), and three different iron-sulfur clusters
(Vanoni and Curti, 1999). In Klebsiella aerogenes, the large subunit binds glutamine
and the ironsulfide flavin (Mantsala and Zalkin, 1976a; Mantsala and Zalkin, 1976b).
The rather large size of this glutamine-binding subunit probably stems from its
participation in electron transfer, which is considered an unusual property for an
amidotransferase. The large subunit displays glutaminase activity (Buchanan, 1973),
however a variety of treatments that inactivate or damage this glutaminase activity have
no effect on the ammonia-dependent activity (Geary and Meister, 1977; Mantsala and
Zalkin, 1976a-c). In E. coli, the purified small subunit can catalyze the ammonia-
dependent synthesis of glutamate (Mantsala and Zalkin, 1976a). In Salmonella
typhimurium, however, a gltB-gdh mutant, which has only the large GOGAT subunit
and no GDH, displays a phenotype characteristic of a GOGAT-deficient strain and
requires glutamate for growth (Madonna ef al., 1985). It scems, therefore, that the
GDH-like activity displayed by the small subunit is limited to in vitro conditions and is
not physiologically significant.

The reaction catalyzed by the GOGAT enzyme occurs in two distinct steps. First, the
enzyme-bound flavin is reduced by NAD(P)H, after which the reduced flavin reacts
with a-ketoglutarate to generate oxidized flavin and two molecules of glutamate (Geary
and Meister, 1977, Mantsala and Zalkin, 1976c). This reaction implies that both
subunits are necessary for the catalytic activity, consistent with the genetic evidence
mentioned above. Most bacteria posses an NADPH-dependent GOGAT, some an
NADH-dependent form, while others still posses a GOGAT that has dual cofactor
utilisation (Ertan, 1992). The GOGAT of C. callunae, for example, has such dual
cofactor utilisation, but NADH-dependent activity is only observed under certain
conditions and is substantially lower than NADPH-dependent activity.
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GOGAT enzymes belonging to the scéond class are found m plants (Avila et al., 1993;
Knaff et al., 1991) and photosynthetic cyanobacteria (Marques et al., 1992) and require
reduced ferredoxin as their electron donors. This particular form of GOGAT, which
shows significant homology with the bacterial a subunit, occurs as a homodimer where

the subunit size varies from 125 to 180 kDa.

The third class of GOGAT comprises the eukaryotic, pyridine-dependent form which is
found in fungi, yeast and non-photosynthetic tissues (nodules) of plants (Gregerson et
al., 1993). This form of the enzyme is composed of a single polypeptide approximately
200 kDA in size and appears to derive from the fusion of the bacterial a and  subunits.
In Saccharomyces cerivisiae, GOGAT exists as a homodimer comprising three 199kDA
polypeptide monomers (Congoni ef al., 1995). In plants on the other hand, the enzyme
is composed of four identical monomers of around 220 kDA (Anderson ef al., 1989).

1.4.4.2 Regulation of GOGAT activity

Regulation of GOGAT activity has been most extensively studied in E. coli
(Garciarrubio et al., 1983; Lozoya et al., 1980). The two GOGAT structural genes,
together with gitF, form the gltBDF operon, which is located at 69 min on the E. coli
chromosome (Garciarrubio er al., 1983). As is the case with GS, cellular GOGAT
activity is often dependent on a number of factors, including nitrogen and carbon status
(Reitzer ef al., 1998). In the Enterobacteriaceae, two primary regulatory phenomena
have been observed. Firstly, GOGAT activity is high in ammonia-containing medium
(Brenchley et al., 1975). Secondly, glutamate or compounds that generate glutamate,
repress gltBDF transcription in nitrogen-limited media (Brenchley er al., 1975; Miller
and Stadtman, 1972).

The product of the gltF gene was initially thought to be involved in the glutamate-
dependent repression of the gltBDF operon (Castano et al., 1992). However, the
subsequent generation of a non-polar gl/tF insertion mutant revealed that this strain was

not impaired in amino acid or methylammonium transport or utilization (Grassl ef al.,
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1999). Further investigation showed that GItF is in fact a periplasmic protein, and is not

involved in the transcriptional control of gltBDF or any other nitrogen metabolic genes.

Expression of the g/tBDF operon is not regulated by the global Ntr system (Reitzer and
- Magasanik, 1987). In contrast to other Ntr enzymes, GOGAT activity is greatly reduced
by growth in glutamate, yet enhanced to the same extent by growth in either excess
ammonia or a nitrogen-limiting source such as glutamine (Castafio ez al., 1988). Instead,
expression of the gltBDF operon in E. coli is positively regulated by the leucine-

responsive regulatory protein (Lrp)(Emsting et al., 1993).

Lrp positively regulates glnd and the gltBDF operon, as well as many other genes
involved in nitrogen metabolism (Emsting ef al, 1992). Pyridine nucleotide
transhydrogenase expression is also positively regulated, in keeping with the demand
for NADPH during amino acid biosynthesis and ammonia assimilation. However, Lrp
also negatively regulates several operons involved in amino acid catabolism and
nutrient transport. Lip exerts its control by binding directly to specific sites in the
promoter regions of the target genes. Leucine serves as a coregulator that modulates the
activation or repression of these genes (Calvo and Matthews, 1994). It has been
suggested that leucine affects the affinity of Lip binding to its target DNA without
apparently affecting the sequence specificity of binding (Emsting et al., 1993). The
extent of this effect is a function of 1) the intrinsic affinity of the specific target
sequence for Lrp, where leucine-insensitive genes, such as the gltBDF operon, exhibit a
higher affinity for the regulator than leucine-sensitive genes, and 2) the intracellular
concentration of the Lrp protein. The physiological significance of Lrp-mediated

regulation of GOGAT activity is discussed in detail by Reitzer (1998).

In addition to nitrogen regulation, GOGAT activity in the Enterobacteriaceae is also
affected by carbon availability, as well as the stringent response (Reitzer, 1998).
Furthermore, it has been shown that carbon limitation moderately represses GOGAT
synthesis, and, interestingly, a CRP-binding site overlaps the —35 RNA polymerase
binding site of the g/tBDF operon, suggesting CRP regulation (Oliver ef al., 1987).
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1.4.5 Glutamate dehydrogenase

GDH purified from E. coli and S. typhimurium revealed that this enzyme is a hexamer
of identical subunits. The encoding gene, gdhA, has been most extensively characterised
in these two organisms and is monocistronic and contains a single promoter (Reitzer,
1998). GDH activity in E. coli is high in cells grown in glucose-ammonia minimal
medium, and is low when glutamate or aspartate is present (Brenchley et al., 1975;
Halpern and Umbarger, 1976). In S. typhimurium, on the other hand, exogenous
aspartate, but not glutamate, represses GDH activity (Brenchley et al., 1975).

Carbon limitation in E. coli results in reduced GDH activity (Halpern and Umbarger,
1960). A CRP-binding site overlaps the —35 RNA polymerase binding site, which
implies that the regulation involves steric blocking of RNA polymerase binding. This
type of regulation may prevent removal of excessive a-ketoglutarate from the citric acid

cycle during growth under carbon limitation.

During nitrogen limitation, GDH syﬁthesis is strongly repressed in K. aerogenes
(Bender er al., 1976), moderately in E. coli (Riba et al., 1988) and not at all in S.
typhimurium (Brenchley et al., 1975). The Nac (nitrogen assimilatory control) protein 1s
the transcriptional regulator that is responsible for this control in K. aerogenes. Nac also
activates expression of the Ntr genes including those involved in proline, histidine and
urea utilization, while Nac itself is also synthesized as part of the Ntr response (Bender,
1991). The actual activity of the Nac protein, however, does not appear to be under any
form of control. Nac may function to buffer the control of some Nir genes from the
highly sensitive ;‘egulators of the Nir response, Py and UTase/UR. Thus, even when
nitrogen-starved cells are removed to a nitrogen-rich environment, Nac-dependent
regulation would persist until Nac is sufficiently diluted. Such insensitivity may be
desired once a commitment has been made to the Ntr reponse (Schwacha and Bender,

1993).

Several researchers have investigated the importance of GDH in C. glutamicum and

bacteria in general, since the GS/GOGAT pathway also generates glutamate. Many
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bacteria ﬁse both the GS/GOGAT and GDH pathway for ammonia assimilation, while
others have been found to use only one or the other (Ertan, 1992b). GDH-deficient
strains of E. coli, K. aerogenes and S. typhimurium display no discernible growth defect
in energy-rich medium (Brenchley and Magasanik, 1974), although E. coli mutants are
at a competetive disadvantage in energy-limited conditions (Helling, 1994). GDH
mutants also seem to have an enhanced sensitivity to glutamate analogs (Brenchley,
1973). In C. glutamicum ATCC 13032, the strain used in our studies, it seems that GDH
is employed under high ammonia and phosphate conditions and when the cell is
energy/carbon limited (Helling, 1994). Ertan (1992a) found that GDH activities in C.
callunae were not signiﬁcantiy affected by the type or concentration of the nitrogen
source. Interestingly, the GDH responses to nitrogen are both species- and strain-
specific. In C. glutamicum ATCC 13058, for example, GDH activity significantly
decreased with increasing ammonium concentrations. Similary, gdh transcription in C.
diptheriae has been shown to increase in response to nitrogen starvation (Nolden ef al.,
2002). In the case of C. glutamicum ATCC 13032, there seem to be conflicting reports
as to the effect of nitrogen status on the activity of GDH. Extensive metabolic flux
experiments performed by Tesch et al. (1999) demonstrate that GDH levels show only a
weak dependency on nitrogen or carbon status in C. glutamicum ATCC 13032, while
more recent unpublished experiments performed by Nolden (referred to in Nolden ef al,
2002), suggest that gdk transcription is significantly enhanced in this strain under
nitrogen starvation. Clearly, GDH regulation in C. glutamicum 13032 is not fully

understood at present.

In addition to being synthesized by the action of GDH and GOGAT, glutamate
production also occurs via two other pathways involving the enzymes glutaminase and
transaminase (Schreier, 1993).

1.4.6 Glutaminase

The production of glutamate by the catabolism of glutamine is catalysed by the enzyme

glutaminase, also known a