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Summary

Glutamate is the central amino group donor fonditbgen containing compounds
in the cell. In the Gram-positive soil-dwelling badum Bacillus subtilisglutamate is
exclusively synthesized by the combined reactidnth@ glutamine synthetase and the
glutamate synthase. Since the synthesis of glumeuires 2-oxoglutarate that is
derived from the tricarboxylic acid cycle, glutamametabolism is an important
intersection between the carbon and the nitrogetalmoésm. Thus, the expression of
the biosynthetic enzymes of the glutamate metainakshighly regulated. The opposite
reaction, the degradation of glutamate to 2-ox@ghte is catalyzed by the glutamate
dehydrogenase RocG. This enzyme is not capabléuténgate synthesis probably due
to its low affinity for ammonium. In addition tositenzymatic function, RocG triggers
the activity of the transcriptional regulator Gltat is essential for the expression of
thegItAB operon encoding the glutamate synthase.

In this work, mutant variants of the RocG proteiprev isolated and analyzed.
Single amino acid exchanges uncoupled the two imetof the RocG protein. One
class of mutants is severely impaired in its cai@lgctivity but strongly inhibits the
GItC protein, thus preventing the expression of ¢gltéB operon. The second class
completely lost the ability to inhibit GItC but eéted full enzymatic activity. The data
provide an insight into the regulatory mechanisnthefRocG-GItC interaction.

B. subtilisencodes a second glutamate dehydrogenase, GudBe liaboratory
strain 168 theyudBgene is cryptic due to a direct repeat of nineehzgrs leading to a
duplication of three amino acids in the active eemtf the enzyme. In BocG mutant
strain thegudB allele is readily decryptified upon growth on cdeypmedium by the
precise deletion of one half of the direct repeat.

This work shows that thgudB mutation occurs at an extremely high rate of.10
Evidence was provided that a perfect direct repgatcrucial for the rapid
decryptification ofgudB Moreover, by using an artificial mutagenesis eysit turned
out that transcription is involved in the high ntida rate of thegudBgene. Indeed, the
transcription repair coupling factor Mfd is requirfor the decryptification of thgudB
gene

The results of this work emphasize the importancglatamate homeostasis in
B. subtilis.
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Zusammenfassung

Glutamat ist der zentrale Aminogruppendonor flre aktickstoffhaltigen
Verbindungen in der Zelle. In dem Gram-positivendBobakteriumBacillus subtilis
wird Glutamat ausschlief3lich in den gekoppeltenk®eaen der Glutaminsynthetase
und der Glutamatsynthase synthetisiert. Da flrAlgibau von Glutamat 2-Oxoglutarat
aus dem Citrat Zyklus benttigt wird, stellt die @Glmatsynthese einen wichtigen
Knotenpunkt zwischen dem Kohlenstoff- und Stickistoffwechsel dar. Deshalb ist
die Expression der beteiligten Enzyme streng regulDer Abbau von Glutamat wird
von der Glutamatdehydrogenase RocG katalysiertcliDudie geringe Affinitat zu
Ammonium kann dieses Enzym nicht die Synthese viuta@at katalysieren. Neben
der enzymatischen Funktion reguliert RocG die Atdivdes Transkriptionsregulators
GItC, der bedeutend fiir die Expression der Glutaymdhase ist.

In dieser Arbeit wurden mutierte RocG-Variantenliesv und charakterisiert.
Durch einen Aminosaureaustausch wurden die beidektlon von RocG voneinander
getrennt. Eine Klasse von Varianten inaktiviert@Gkehr stark und ist in ihrer zeigt
enzymatischen Aktivitat schwer beeintrachtigt. Bieeite Klasse kann GItC nicht mehr
inhibieren, zeigt aber enzymatische Aktivitat. Ridsrgebnisse geben einen Einblick in
den regulatorischen Mechanismus der RocG-GItC aktam.

B. subtilis 168 kodiert fir eine zweite GlutamatdehydrogenaSedB. Im
Laborstamm 168 ist dagudBGen durch eine direkte Wiederholung von neun
Basenpaaren kryptisch. Beim Wachstum eineG-Mutante auf Komplexmedium wird
das gudBAllel schnell dekryptifiziert, wobei immer eine Ht# der
Sequenzwiederholung deletiert wird.

In dieser Arbeit wurde gezeigt, dass digdB-Mutation mit einer extrem hohen
Rate von 10 auftritt. AuRerdem wurde bewiesen, dass eine kierfeBasen-
wiederholung fur die hohe Mutationsrate notwendig Darliber hinaus zeigte sich in
einem artifiziellen Mutagenese-System, dass die nskiaption fur die hohe
Mutationsrate desgudBGens notwendig ist. Das Mfd Protein, welches die
Transkription mit der DNA Reparatur koppelt, spielhe entscheidende Rolle bei der
Dekryptifizierung degudBGens

Die Ergebnisse dieser Arbeit unterstreichen diealmmagende Bedeutung der

Glutamathomoostase B subtilis
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1. Introduction

Prologue

Bacillus subtilisis a rod-shaped bacterium that was first descriagibrio
subtilisby C. G. Ehrenbergn 1835 but renamed iBacillus subtilisby J. F. Cohen in
1872 (Gordoret al, 1981).B. subtilisbelongs to the phylum of the Firmicutes with low
GC content and has become famous as a model amgdoisGram-positive spore-
forming bacteria. Naturally, the bacterium is conmmo the soil. In this environment
the bacterium has to cope with fluctuating condgiavhich probably have led to its
ability to adapt rapidly to stress conditions (Baoykt al, 1993; Helmanret al, 2001;
Heckeret al, 2007). These survival strategies as well as libgeaelation to pathogens
such asB. anthracisdirected the interest of research Bnsubtilis The secretion of
proteases, attractive for the industry, the pradacof antibiotics and the development
of competence are only a few aspects worth memigpii the complex reactions to
unfavorable growth conditions &. subtilis(Hamoenet al, 2003). The mechanism of
DNA uptake and integration of this DNA in its genenreferred to as competence,
allows genetic manipulation oB. subtilis (Harwood, 1990).The whole genome
(4.2 Mbp) ofB. subtiliswas sequenced in 1997 (Kumrgtal, 1997) and a resequencing
approach in 2009 provides even more reliable sagperformation now (Barbet al,
2009). As the knowledge oB. subtilis has rapidly grown, new platforms were
developed to manage all present and upcoming irdfoom Recently, two
complementary online databases namely SubtiWiki SuotiPathways were published
(Florez et al, 2009; Lammerset al, 2010). These tools represent a compact

accessibility of data which will benefit to the floer research oB. subtilis
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1.1. The general role of glutamate in life

The amino acid glutamate plays an important rolealh domains of life.
Glutamate fulfills a great variety of functions @l organisms. It serves as the major
amino group donor for all nitrogen containing compds of the cell. Glutamate is the
most important amino group shuttle for the synth@$iamino acids, amino sugars and
nucleotides (lkedat al, 1996; Reitzer, 2003). IBscherichia coli 88% of the nitrogen
in the biomass is derived from glutamate mainly tvémsamination reactions and only
12% is supplied by glutamine (Reitzer, 1996; Ge$sal, 2001). Also in other
microorganisms e.g. the yeaSaccharomyces cerevisjaglutamate is the source of
about 80% of the cellular nitrogen (Magasanik, 200®e importance of glutamate in
physiological processes is reflected by its highralance. IrE. coli, glutamate is the
most abundant metabolite with over 40% of the totigtectable intracellular
metabolome (Benneét al, 2009). Furthermore, glutamate is also presetiteahighest
concentration of all metabolites in the opportunistuman pathogefseudomonas
aeruginosa(Frimmersdorfet al, 2010). Although glutamate seems to be needédym
amounts in the cell, its synthesis has to be tghtigulated as it provides the link
between carbon and nitrogen metabolism. F® novo glutamate synthesis
2-oxoglutrate is required. This carbon backbondesved from the tricarboxylic acid
(TCA) cycle, which is a part of the carbon metatmli Therefore, the need for
glutamate and the energy state of the cell habe tooncerted.

From bacteria to archaea, glutamate is also of itapoe if the cell has to cope
with external osmolarity changes. During high emérosmolarity the outflow of water
is prevented by the influx of potassium ions. Giudide counteracts as an anion for the
positively charged potassium. To mention only a,feame Archaea or Enterobacteria
like E. coli are known to accumulate glutamate as a so cabedpatible solute in
response to sudden hypersalinity of the environrfieainpf & Bremer, 1998; da Costa
et al, 1998). InB. subtilis glutamate is not the main osmoprotectant, bistrieeded in
high amounts during osmotic stresB. subtilis accumulates proline in molar
concentration as main compatible solute and prdbngynthesized with glutamate as
precursor (Kempf & Bremer, 1998).

For food industry, glutamate has to be producedaige scale to serve as an
additive in a variety of products. Besides otheyamisms likeBrevibacterig especially

the Gram-positive bacteriur@orynebacterium glutamicuns used for L-glutamate
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production, with an output of about 1.5 million soper year (Sano, 2009; Rehm &
Burkovski, 2010). Glutamate enhances the flavaresfain products e.g. potato chips or
sauces. The effect on the human gustative nen@lied “umami” (Japanese) also
referred to as savoriness (Kondoh & Torii, 2008hisTterm means that glutamate
brings the flavor of a savory product such as mefagéese or sea food to mind, foods
that contain a lot of proteins. Nowadays, the ajgpion of glutamate is controversial as
it is supposed to trigger a variety of symptoms thg “Chinese restaurant syndrome”,
but this has not been directly supported by clingtata yet (Williams & Woessner,
2009; Jinap & Hajeb, 2010).

1.1.1. Glutamate metabolism inBacillus subtilis

Bacteria prefer different nitrogen sources for ithegllular processesE. coli
favors the inorganic molecule ammonium as nitrogemirce (Reitzer, 2003). In
contrast,B. subtilisutilizes the organic compound glutamine as théepred source of
nitrogen (Detsch & Stilke, 2003).

In the absence of glutamin8, subtiliscan also assimilate ammonium that is
together with 2-oxoglutarate converted to glutam@isher, 1999). At high external
concentrations of ammonium, a small fraction of anm is present due to the
chemical equilibrium. As an uncharged molecule, amia can freely diffuse into the
cell. At low ammonia concentration or if the pHwaldrops, the positively charged ion
ammonium has to be actively taken up by the ceidéy this condition the ammonium
transporter NrgA is expressed that allows ammonipiake (Wrayet al, 1994; Detsch
& Stilke, 2003). Furthermore, within the cell ammuwon is formed by the degradation
of amino acids and nucleotides (Fisher & Débarléu002).

In B. subtilis glutamate is exclusively synthesized via two tieas in the
GOGAT cycle (Deshpande & Kane, 1980; Fisher 199%e two reactions in the
GOGAT cycle are performed by the glutamine syntetéGS) and the glutamate
synthase [GOGAT (glutamine-oxoglutarate-aminotrarage)] which is a heterodimeric
enzyme encoded in thglitAB operon. In the first step of the cycle, ammoniwn i
transferred to glutamate catalyzed by the GS irA&R-dependent manner (see Fig.
1.1). This reaction leads to the formation of ghiitge. In the following reaction, the

GOGAT catalyzes the transfer of themino group of glutamine to 2-oxoglutarate that
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is derived from the TCA cycle. In this reactione tho-factor NADPH is oxidized and
two molecules of glutamate are produced. One mtdeoti glutamate is needed to
balance the cycle and the other one can be useitragen donor for the anabolism of
the cell. As described above, the biosynthesiduthmate consumes 2-oxoglutarate as
carbon backbone. That is why glutamate synthesasvisry important link between the
carbon and the nitrogen metabolism in the cell.

The opposite reaction, the deamination of glutam@ate2-oxoglutarate and
ammonium allows the cell to utilize glutamate asoarce of carbon. This reaction is
catalyzed by the glutamate dehydrogenase (GDH) ih@&ocG inB. subtilis (see
Fig.1.1). This enzyme is only capable of catalyzihg degradation of glutamate and
not of its synthesis (Belitsky & Sonenshein, 19%&pbably, RocG lacks the ability to
perform the reverse reactiamvivo due to its low affinity for ammonium (kvalue for

ammonium of 18 mM).

#NH,"
ADP ATP \
glutamine glutamate
: NADPH NADP* j
2-oxoglutarate glutamate
cycI /
NAD* NADH
“NH,*

Fig. 1.1 — The GOGAT cycle irB. subtilis.

In B. subtilis glutamate is exclusively synthesized by the comdineactions of glutamine synthetase
(GS) and the glutamate synthase (GOGAT). In contoasther organisms, e.g. colior C. glutamicum
the glutamate dehydrogenase (GDH) is only capabigutamate degradation and not of its synthesis.
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It was shown that th&. subtilis GDH can synthesize glutamate with the excess of
ammonium in vitro, thus it is hypothesized that the intracellular ammm
concentration ifB. subtilisis not sufficient to facilitate this reaction.

In E. coli,the GDH can catalyze the anabolic reaction anoh$oglutamate in a
reductive amination of 2-oxoglutarate with ammonigReitzer, 2003). This enzyme
exhibits a higher affinity for ammonium than the BDf B. subtilis (i, for ammonium
of 2.5 mM and 18 mM, foE. coli GDH andB. subtilisRocG, respectively; Sharkey &
Engel, 2008; Gunkat al 2010). Thereforek. coli GDH is only active at high cellular
concentrations of ammonium. Under ammonium exdes$iS is poorly expressed and
furthermore inhibited by a covalent modificationdaglutamate is produced by the
GDH (Arcondéguyet al, 2001; Reitzer, 2003; Ninfa & Jiang, 2005). If go@monium
levels drops in the cell, glutamate is synthesimedhe GOGAT cycle. Switching
between these two pathways, the GOGAT cycle andstbel reaction, depending on
the ammonium supply is very common in microorgasisiilso C. glutamicumcan
circumvent the energy-consuming reaction of theaGBigh ammonium concentrations
and forms glutamate catalyzed by the GDH (Rehm &Bwuski, 2010).

1.1.2. The regulation of glutamate metabolism irB. subtilis

As mentioned above, the glutamate metabolism isrg important intersection
between the carbon and the nitrogen metabolisrardar to assure that the carbon and
nitrogen metabolisms are balanced, glutamate sgisthes to be tightly regulated.

In B. subtilis, this regulation is achieved by a complex networkluding the
action of transcriptional regulators, protein-pimotenteractions and the impact of
metabolites on enzyme activities and protein comnfdemation.

The GS is encoded in tlggnA gene that is part of thfgnAR operon (Gardner &
Aronson 1984; Straucét al, 1988). The expression of the GS is regulatectsponse
to nitrogen availability by the two transcriptioneggulators TnrA and GInR (see
Tab. 1.1 for an overview on regulation; Schraieal, 1989; Wrayet al, 1996; Fisher,
1999; Fisher & Débarbouillé, 2002).
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Tab. 1.1 - Regulation of the key enzymes of glutarteametabolism inB. subtilis.

Target genes Regulator Regulation and effectors

Negative, in complex with feedback

ginA SR inhibited GS by glutamine

Positive in the absence of glutamine; in the
TnrA presence of glutamine inactivated by
interaction with feedback inhibited GS

gltAB TnrA Activation in the presence of ammoinum

Activation by 2-oxoglutarate;

GitC inhibition by glutamate
Inhibition of GItC by protein-protein
RocG . .
interaction in the presence of glutamate
Inhibition by CcpA in complex with HPr
rocG CepA phosporylated at serine 46
Activation in the presence of arginine,
RocR e . . .
ornithine, citrulline or proline
SigL Activation dependent on RocR
AhrC Activation, requires arginine
AbrB Inhibtion

TnrA is a global regulator of nitrogen metabolisBuring nitrogen limitation, TnrA
activates among other genes that are requirechéutilization of alternative nitrogen
sources, the expression of tiggnA gene, whereas under nitrogen excess, the GS
expression is repressed by GInR (Wraty al, 1996; Wrayet al, 2001). The GS
influences both, TnrA dependent activation undtthascriptional repression exerted by
GInR. At high concentration of glutamine, the GSsishject to feedback inhibition
(Deuel & Prusiner, 1974). The feedback inhibited@&ents TnrA from DNA binding
by a protein-protein interaction thus inhibitings ibwn expression if glutamine is
available (Wrayet al, 2001). Moreover, the feedback inhibited GS attisahe DNA
binding activity of GInR and stabilizes GInR-DNAtémaction which represses tgmA
expression (Fisher & Wray, 2008). Due to this ragah, the GS is only expressed at
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high level, if nitrogen is limiting and glutamatadto be synthesized. In this regulation
mechanism the GS acts as a trigger enzyme thabot®its own synthesis.

ThegItAB operon codes for the GOGAT B subtilis(Deshpande & Kane, 1980).
The big subunit (168 kDa) encoded in tgA gene is involved in glutamine
deamination. ThgltB gene codes for the small subunit (55 kDa) tha¢sponsible for
NADPH binding and catalyzes the transfer of the rmmgroup to 2-oxoglutarate
(Matsuoka & Kimura, 1986). The expression of the @J depends on both, the
carbon and the nitrogen sources (see Tab. 1.gjutiose and ammonium are present,
the gItAB operon is highly transcribed (see Fig. 1.2A). Hxpression is low in the
presence of a poor carbon source or if glutamaiés @recursor arginine, ornithine or
proline is available (Bohannomt al, 1985; Wackeret al, 2003; Belitsky &
Sonenshein, 2004). In the absence of ammoniumessignof the glitAB operon is
mediated by the global regulator TnrA (Belitsidyal,, 2000). Thus, the GOGAT is only
expressed, if ammonium is present and can be adilimn the GOGAT cycle.
Furthermore, folgltAB expression the activity of the transcriptional ulagor GItC is
required (Bohannon & Sonenshein, 1989; Belitsky &né&hshein, 1995). The GItC
protein is encoded directly upstream of thAB operon in divergent orientation,
whereas the promoter regionsgfC andgltAB are overlapping (Belitskgt al, 2000).
GItC is a member of the LysR transcription reguidémnily that are characterized by a
conserved structure with an N-terminal helix-tuadih motif, necessary for DNA
binding, and a C-terminal co-inducer-binding dom@ohannon & Sonenshein, 1989;
Maddocks & Oyston, 2008). In addition to the adiwa of thegltAB operon, GItC is a
negative autoregulator of its own synthesis. T#AB locus exhibits three GItC
binding boxes referred to as Box I, Il and Il (Beky et al, 1995; Belitsky &
Sonenshein, 1995; Picosi al, 2007). Binding of GItC to Box | is responsible the
negative autoregulation, whereas binding to Boaffects both the autoregulation as
well as the activation of thgltAB transcriptionIn vitro analyses showed the impact of
low-molecular weight effectors on GItC binding. Athigh glutamate concentration
GltC binds to the Boxes | and Il leading to th@ression of the GOGAT expression
(see Fig. 1.2B). In the presence of 2-oxoglutar@#C binds to Box | and Box Il
resulting in a high transcription level of tigtAB operon (Picosset al, 2007). This
regulation by low-molecular weight effectors mighontribute to a coordinated

expression of the GOGAT in dependence of glutaraaddability.
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Fig. 1.2 — GOGAT expression in response to the cash and nitrogen source.

(A) In the presence of glucose and ammonium Glt@ibito the Boxes | and 1l which results in GOGAT

expression. Moreover, TnrA can induce the transiorpof the gltAB operon. (B) In the absence of
glucose and the presence of glutamate, GItC biodke Boxes | and lll leading to an inhibition bt
transcription of thegltAB operon. (C) In the presence of Arginine RocG igresgsed and prevents GItC

by protein-protein interaction from the activatiofithe GOGAT expression.
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The expression pattern of the GOGAT and the GDH®R@cmutually exclusive.
This is physiologically important in order to avadutile cycle of glutamate production
and subsequent glutamate degradation. Furtherntbee, GOGAT is constitutively
expressed in aocG mutant strain implying that the RocG protein pragegltAB
transcription (Wackeet al, 2003; Commichatet al, 2007b). By anin vivo cross-
linking approach it was demonstrated that the Rpa2ein directly interacts with GItC
thus inhibiting the capacity of GItC to activad#AB transcription (Commichaat al,
2007a). The inhibition of GItC by RocG seems tofbehermore dependent on the
presence of the low-molecular weight effector ghaite (Gunkaet al, 2010). It has not
been analyzed yet, how RocG inhibits the bindingacéty of GItC to the promoter
regions.

The expression of theocG gene coding for the catabolically active glutamate
dehydrogenase is also subject to a complex regula&xkerted by both the carbon and
the nitrogen sources (see Tab. 1.1). TéeG gene is induced by arginine, ornithine,
citrulline or proline (Belitsky & Sonenshein, 1998)herefore,B. subtiliscan utilize
arginine as the sole source of carbon. Argininelagraded in several reactions to
glutamate that can be consumed by RocG to form dfotarate (Caloger@t al,
1994). The transcription of thecG gene depends on the alternative sigma factor L
(SigL) as well as the two transcription regulatBiecR and AhrC (Débarbouillét al,
1991; Calogeroet al, 1994; Gardaret al, 1995). Besides theocG gene the two
operonsrocABC androcDEF are part of the RocR regulon that is responsibiettie
uptake and utilization of arginine. The RocR prnotects together with SigL in the
activation of RocG expression (Belitsky & Sonenahedi999; Ali et al, 2003). The
inducers of RocR were identified to be ornithineatrulline (Gardanet al, 1997).
AhrC is a global regulator of the arginine metadolithat induces theocABC and
rocDEF genes for arginine utilization but represses tkaegproducts for arginine
synthesis (Klingeét al, 1995; Milleret al, 1997). It was shown that also tteeG gene
is positively regulated by AhrC but the bindingesitf AhrC to the promoter region has
not been analyzed yet (Commichat al, 2007b). Recently, theocG gene was
identified as a target of AbrB that is a repredbat is active during exponential growth
phase (Chumsakett al, 2010).

In addition to this complex regulation exerted lilyagen sources thecG gene

is subject to carbon catabolite repression (Bsgliték Sonenshein, 2004). In the
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presence of a preferred carbon source e.g. glutose&;cpA protein (catabolite control
protein A) interacts with the HPr protein phosphat®d at a serine 46 residue. This
complex represses the transcription ofrth&G gene (Belitskyet al, 2004).

As mentioned above, the RocG protein is involvedlitin the complex regulation
of the glutamate metabolism B subtilis.Additionally to its function as the glutamate
dehydrogenase it controls GItC activity in the prese of glutamate or a precursor of it
(see Fig. 1.2C) (Commichaat al, 2007a). Therefore, RocG is classified as a ¢ngg
enzyme that controls gene expression in respongeetmitrogen level of the cell to
avoid a futile cycle of glutamate synthase and aeation (Commichau & Stulke,
2008).

In addition to theocG gene B. subtilispossesses a second geneglB,that codes
for a glutamate dehydrogenase. Both proteins sharedentity of 74% and were
crystallized as homohexamers (Gurdtaal, 2010). In the laboratory strain 168, only
the product of theocG gene is enzymatically active (Belitsky & Sonenshei998).
The gudB gene is characterized by a direct duplication iokrbase pairs in the open
reading frame. This direct repeat of nine base lpaitls to a direct duplication of three
amino acids directly located in the active sitéhaf enzyme, which results in an inactive
protein. In contrast to the RocG expression thdtighly regulated, thgudB gene is
constitutively transcribed at a high level (Belits& Sonenshein, 1998; Gunlet al,
subm.).

The cultivation of arocG mutant strain on rich medium or the presence of
glutamate as single carbon source provokes théivaton of thegudBgene (Belitsky
& Sonenshein, 1998; Commichaet al, 2008). The gain of function process is
characterized by the precise excision of nine Ipages of the direct repeat leading to
the expression of an active glutamate dehydrogedasgnated GudB1. The GudBl1
protein can fully replace the trigger enzyme RoGRdB1 is not only able to take over
the function of RocG in glutamate degradation sualso capable of controlling GItC

activity (Commichatet al, 2007b).

1.1.3. Impact of glutamate metabolism on phenotypical featres of B. subtilis

The enzymes involved in glutamate metabolism arteomdy important for the

appropriate supply with glutamate of the cell dgrgrowth. The loss of the GOGAT
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has a severe impact on cell physiology in terms ddferentiation processes,
emphasizing the pivotal role of glutamate for th#.c

A survival strategy ofB. subtilisis the formation of biofilms. Biofilms are
multicellular communities that are surface assedgtlLopezet al, 2010). Wild strain
isolates oB. subtilisform biofilms that are highly differentiated inchitecture whereas
domesticated strains can only form relatively ufedé@ntiated biofilms (Brandat al,
2004).

In the laboratory strain 168, the loss of the GOGA3ults in a strong defect on
biofilms formation. This defect cannot be supprddsgthe addition of glutamate to the
medium, indicating that not the capacity of the GOGo produce glutamate is the
factor needed for normal biofilms assembly (Chagn&aSaier, 2004). However, the
detailed influence of the GOGAT on biofilms fornmatihas not been characterized yet.

Interestingly, it was shown that the GOGAT affeeteen more differentiation
processes imB. subtilis Sporulation is a survival strategy that is indlicender
starvation and high cell density. The dormant celh overcome nutrient limitation
allowing the survival even under the most advemaditions (Claverys & Havarstein,
2007). A GOGAT deficienB. subtilisstrain is impaired in sporulation and germination.
Moreover, the resistance of the spores in a GOGATant strain is reduced (Ruzal &
Sanchez-Rivas, 2003). The addition of glutamattores the spore resistance partially
in a GOGAT mutant strain but the outgrow of the rggois still strongly impaired
(Ruzal & Sanchez-Rivas, 2003). Spores contain satadl soluble proteins (SASP) in
high abundance. These SASPs mainly contribute déoesgesistance to UV, heat and
osmotic strength (Hackett & Setlow, 1988). The defef a gitAB mutant in spore
resistance properties linked to SASPs implies ittt GOGAT activity is very
important for the biosynthesis of SASPs (Ruzal &@eez-Rivas, 2003). Moreover, the
GOGAT is needed for the return to a vegetativestifie of B. subtilis (Ruzal &
Sanchez-Rivas, 2003).

The loss of the GDH RocG results in a severe gralefiect ofB. subtilison rich
medium (see Fig. 1.3). This is probably causechbyaiccumulation of toxic metabolites
that are formed during the degradation of argirfiBelitsky & Sonenshein, 1998). This
growth defect is suppressed by the activation efdtyptic glutamate dehydrogenase
genegudB (Belitsky & Sonenshein, 1998, Gun&hal, subm.).
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wild type

ArocG

Fig. 1.3 — The growth defect of 8. subtilisrocG mutant on rich medium.

B. subtiliswild type grows well on rich medium (upper parttoé agar plate). In contrastecG mutant
forms translucent colonies and shows an impairexvtr (lower part in the background). By the
decryptification of thegudB allele, coding for the second glutamate dehydragen this defect is
suppressed. ThgudBlmutants grow as well as the wild type (papilla¢hi@ lower part).

1.1.4. The importance of glutamate homeostasis

The rapid decryptification of thgudB allele in arocG mutant is probably the
most extensively studied suppressor mutation obseadter perturbating the glutamate
homeostasis iB. subtilis In addition to thegudB1mutation a set of other mutations
concerning other genes involved in glutamate méisthovere observed iB. subtilis

A rocG gudBdouble mutant strain that is obviously not abladtivate thegudB
gene upon cultivation on rich medium accumulatégiomutations that restore growth.
A mutant was isolated that had acquired a framestutation in theyltB gene resulting
in the expression of a truncated protein and glatamauxotrophy of this strain
(Commichauet al, 2008). The loss of a functional GOGAT seems &tathce the
glutamate homeostasis of a GDH deficient strainrich medium. Additionally to
mutations affecting the catabolic part of glutamatetabolism, also mutation events
occur concerning the anabolic branch of glutamagéabolism inB. subtilis A mutant

defective in the transcription activator GItC isxatrophic for glutamate, as the
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expression of the GOGAT cannot be induced. Howawertants were found that show
an elevated expression ghA in the absence of the GItC protein. These mutaats h
acquired a gain of function mutation in the LysRdyregulator GItR (Belitsky &
Sonenshein, 1997). This mutation allows GItR tdaep GItC in the activation @fitAB
transcription.

As described above, eocG gudB suppressor mutant was isolated that had
accumulated a frameshift mutation namely a two hzese deletion in thegltB gene.
The cultivation of this glutamate auxotrophic mudtamn minimal medium with
ammonium as nitrogen source resulted in the rest@iv of a functionagltB gene by a
third base pair deletion that restores ¢t reading frame (Commichaet al, 2008).
These examples clearly demonstrate the robustdafatamate metabolism according
to the availability of the nitrogen source.

Not only inB. subtilisbut also in Enterobacteria, suppressor mutati@atesnising
the glutamate homeostasis are known. In 2007, Yarned out an intensive study on
the maintenance of the glutamate poaBaimonella typhimuriurandE. coli. By using
mutant strains defective in the GOGAT enzyme aeseadf suppressor mutants were
isolated. In the absence of the GOGAT the glutanpiresluced by the GS cannot be
converted to glutamate. In this strain glutamate caly be synthesized by the GDH,
which has a lower affinity for ammonium comparedtb@ GS. This results in an
increase of the cellular glutamine and a drastiget®n of the glutamate pool of the
cell. The disproportion is balanced by several seggor mutations. One kind of
suppressor mutation affected the GDH activity. 6oe mutant it was shown that the
mutation was located in thgdhA promoter region leading to a high level of GDH
expression. Another mutation affected gieA gene and reduced the activity of the GS.
Both suppressor mutations compensate the absentee cBOGAT and restore the
glutamate/glutamine ratio to wild type level (Y&007).
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1.2. The controversy of adaptive mutations

In order to maintain genomic stability, deleteriounsatations have to be avoided
by the cell. Mutations are changes in the nucleosequence including base pair
substitutions, deletions or insertions. Nevertrel@sthout the occurrence of beneficial
mutations the process of evolution would not hagenbpossible. Natural selection as a
driving force in evolution was first described byiin in 1859 (Darwin, 1859). The
classic experiment of Luria and Delbriick, the fliation test, showed that mutations
are even spontaneously acquired without selectiesspre (Luria & Delbriick, 1943).
They incubated bacteria cells over a certain pednd plated the culture on media
treated with bacteriophages. If the presence ofpteges would induce mutations in
terms of resistance of the bacteria, it would bheeeted to find almost the same number
of resistant bacteria on each plate. Strikinglg thumber of resistant bacteria varied
extremely on each plate. This experimental setupotestrated that mutations occur
permanently. Before the contact with the phages, lhcteria in the cultures have
already randomly acquired mutations that led testasce. If the mutation event occurs
early in the culture, resistant bacteria are higklyresentative, whereas a late mutation
results in only a small number of resistant baateBased on this experiment Lea and
Coulson derived a distribution, named Luria—DelbBriistribution that considers the
observed variance and allows the determinatiorhefrmhutation rate (Lea & Coulson,
1949).

However, experiments with. coli lacmutants challenged the model proposed by
Luria and Delbriick (Cairnet al, 1988). In contrast to Luria and Delbriick who lsgap
lethal selection, the Cairns system imposes naallettness on cells. Ak. coli strain
deficient in thelacZ gene cannot utilize lactosE. coliwas shown to possess a cryptic
gene that is capable of the hydrolysis of lactgsenudecryptificationThe experiment
demonstrated that activation of this cryptic geneuns much faster in the presence of
lactose than in its absence. Based on this rasidttempting to speculate, that bacteria
might control which mutation occurs in responsesétective pressure (Cairmes al,
1988). In 1991, Cairns and Foster modified thigesysand used aB. coli strain that is
chromosomallylacZ negative but harbors a plasmid which encodkesz gene with a
frameshift mutation. The gene product exhibitsraaming hydrolysis activity of 2% of
the wild type enzyme and allows poor growth of éset Under unrestricted growth, a

gain of function mutation occurred at a rate of® Mhereas with lactose as carbon
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source the mutation rate increased hundred foldrif€& Foster 1991; Rothet al,
2006). This experiment suggests the generatiordaptave mutations during selection

and argues the statement given by Luria and Détbriic

1.2.1. The frequency of mutations

The impact of mutations on the organism can beeexty different. The
mutation can be deleterious, silent or can everease the fitness. . coli,the chance
of acquiring a beneficial mutation is about®lOvhereasthe rate of deleterious
mutations is in range of T0to 10° (Denamur & Matic, 2006). Most of the deleterious
mutations are purged from the population whereagefi@al mutations increase the
overall fitness (Imhof & Schlttterer, 2001). StuslienE. coli revealed a mutation rate
in the range of 10to 10° during replication (Kunkeét al 2004). Most of the errors are
eliminated by the DNA mismatch repair system (MMIRY are repaired in favor of the
base on the template strand. The MMR is evolutibnhighly conserved. The process
involves recognition of the mismatch, incision, leatide removal and strand
resynthesis (Polosina & Cupples, 2010).Hncoli, recognition of mismatches in the
hemimethylated DNA is carried out by the MutS pimeteSubsequently, the MutL
protein binds to the MutS:DNA complex in an ATP-dagent manner but without ATP
hydrolysis. The UvrD helicase is recruited to separthe strands. By complex
formation with MutSL the endonucleolytic activity the MutH protein is activated and
MutH excises the mismatch (Modrich & Lahue, 1998)e resulting gap is filled in by
DNA polymerase lll, and the DNA ligase carries th ligation (Polosina & Cupples,
2010). B. subtilispossesses a functional equivalent of Enecoli MMR system with
some striking differencesB. subtilis lacks MutH and UvrD homologues and
discrimination between the parental and the newhtesized strand is not mediated by
the methylation state but by the presence of sisgbnd breaks (Rossolillo &
Albertini, 2001).

Another cellular pathway, transcription, turned tmube important for the emergence of

mutations.
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1.3. Transcription-associated DNA repair

Besides DNA replication, the process of transasiptiis important for
mutagenesis. During transcription, the nontransdribktrand is subject to mutations.
The phenomenon is called transcription-associatedagenesis. When the RNA
polymerase forms a complex with the transcribednsty the nascent nontranscribed
strand is not protected by base pairing anymorebmmdmes vulnerable to mutagens.
The mutations that arise are not expressed uiicegion (Kim et al, 2010). A study
on E. coli suggests that actively transcribed genes acquie roytosine to thymine
mutations due to deamination in the nontranscritexh in the transcribed strand
(Beletskii & Bhagwat, 1996). Moreover, an increasenutations that changed a TGA
stop codon in the non-transcribed strand to a seos®dn was observed at high
transcription (Klapacz & Bhagwat, 2005).

Another mechanism that is supposed to generatetiongaduring transcription is
the transcription-coupled nucleotide excision reg@iCR) that acts selectively on the
transcribed strand. TCR is a subpathway of nudeogixcision repair (NER) in which
DNA lesions are recognized that interfere with pineceeding of the RNA polymerase
in a transcribed gene (Hanawalt & Spivak, 2008gr€&hs evidence that the mechanism
of TCR is widespread among bacteria and eukanfmie# has not been demonstrated
in archaea yet (Eisen & Hanawalt, 1999; FousteM@llenders, 2008). The process of
TCR was first described for eukaryotes by demotisyathat pyrimidine dimers were
preferentially removed by nucleotide excision repaitranscribed regions (Bolet al.,
1985).

1.3.1. The role of Mfd in cellular physiology

The Mfd protein is the driving force in TCR andhighly conserved in microbial
genomes (Selby & Sancar, 1993; 1994). Mfd standsfttation frequency decline due
to its originally identified effect on mutagene$Witkin, 1956; 1966). Later on, Mfd
was shown to mediate TCR and has been called tiptisn repair coupling factor
(TCRF) that provides the continuation of transeoiptafter DNA lesions (Selby &
Sancar, 1993; 1994; 1995a; 1995b). Mfd recognitadked RNA polymerase caused by
a DNA lesion. After displacing the RNA polymeraselats transcripts, Mfd recruits the

DNA excision repair machinery that resolves theiolesand allows the restart of
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transcription (Roberts & Park, 2004; Borukhetval, 2005; Deaconescet al, 2006).
Evidence was provided that Mfd operates with thelentide excision repair system
(NER). In vitro analysis showed that Mfd stimulates the UvrABCtelys (Selby &
Sancar, 1993). The UvrABC system cleaves damaged DNan ATP-dependent
manner. The UvrA protein initially recognizes a DN@sion and forms an ATP-
dependent heterodimer with the UvrB protein. ThePAilydrolysis is performed by the
ATPase activity of the UvrB protein that is stinteld upon contact with UvrA (Truglio
et al, 2006). In the TCR pathway, Mfd is supposed trui UvrA to the damaged
DNA (see Fig. 1.4). For the recruitment, the N-termhpart of the Mfd protein seems to
be necessary as it has a high homology to themegithe UvrB protein that is essential
for the UvrA-UvrB interaction (Selby & Sancar, 1998senmacheet al. 2006). After
loading UvrB onto the damaged DNA, UvrA dissociatesl UvrB forms a stable
complex with the DNA. Subsequently, UvrC binds ke tUvrB:DNA complex and
initiates the cleavage of the 3’ as well as therid of the DNA (Truglicet al, 2006). In

E. coli, the UvrD protein, a helicase Il, removes the eetiaucleotides and displaces
UvrC. Then, the gap is filled in by the DNA polyrase | and ligated by a DNA ligase
(Sancar, 1994). The genome®fsubtilis encodes also the UvrABC proteins but lacks
an UvrD homologue (Smitkt al, 2001; 2002). Besides the Mfd protein, other girest
are supposed to modify RNA polymerase activity. THamscription elongation factors
GreA ad GreB suppress RNA polymerase arrest. WBIikA can only prevent RNA
polymerase from pausing, GreB can even reactivates¢ription after RNA polymerase
arresting at a roadblock (Borukh@t al, 2005). NusA is an essential transcription
termination factor and fulfills a variety of roledlusA can facilitate transcription
termination caused by hairpin-structures. Moreoiteis necessary to synchronize the
process of transcription and translation by indgciRNA polymerase pausing
(Borukhovet al, 2005). With the exception of Mfd, the other sarption factors have

not been proven to be involved in the TCR.
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Fig. 1.4 — The role of Mfd in NER (Guocet al., 2010).
The TCRF, Mfd, recognizes a stalled RNA polymeraisa DNA lesion and recruits the NER system to

solve the lesion. (The figure is reprinted withkipermission of Elsevier.)

In B. subtilis the role of Mfd in mutagenesis was subject to ristee
investigations in the last two decades. First eweefor the role of Mfd in TCR was
provided by showing thaB. subtilis Mfd can displace the RNA polymerase vitro
(Ayora et al, 1996). Furthermore, Mfd was shown to be involvadthe carbon
catabolite repression by displacing RNA polymeratdled at downstrearare sites
(Zalieckas, 1998). Additionally, the role of Mfd the phenomenon called adaptive or
stationary phase mutagenesis Bn subtilis was discovered. The stationary phase
mutagenesis means the occurrence of a hypermutsibbpopulation, when a
nondividing population has to cope with e.g. amaead starvation pressure or as in the
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Cairns system with carbon end energy starvatiomdS Yasbin, 2002). Mfd turned
out to be involved in the generation of mutantsrduamino acid starvatiom8. subtilis
strains that are auxotrophic for certain amino @eigre incubated on medium lacking
one of the required amino acids. In a short peabtime mutants prototrophic for the
previously required amino acid were isolated, iatiy the occurrence of stationary
phase mutagenesis. Wfd mutant strain was strikingly diminished in its aeafty to
generate prototrophic revertants in stationary ehagplying an important role of the
Mfd protein in the process of mutagenesis (Raissl, 2006). Recently, the importance
of transcription in the stationary phase mutagenesis pointed out iB. subtilis In
this study, a strain that bore a missense mutatioan allele for the synthesis of a
particular amino acid was used. Under selectionigh mumber of prototrophic
revertants were found, but only if the gene wassabed (Pybust al 2010). This is
in agreement with studies on the ye&8sterevisiadhat showed a high frequency of
mutations according to high transcription levelrkét al, 2007). In an isogenimfd
mutant strain not only the transcription level bé trespective gene was reduced but
moreover, the rate of revertants was significaddgreased (Pybwest al 2010). This
result strongly suggests an important role of Midhe stationary phase mutagenesis
and the accumulation of adaptive mutations.

Recently, another role of the Mfd protein En coli was demonstratedn vitro
analysis showed that Mfd is necessary to clearctmdlict between the DNA and the
RNA polymerase in a head-on collision. The Mfd pmtarranges to solve this conflict

in favor of replication by pausing transcriptioro(ferantz & O’Donnell, 2010).
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1.4. Aims of this work

In B. subtilis the glutamate dehydrogenase RocG is a bifundttagger enzyme
(Commichauet al, 2007a). On the one hand, RocG catalyzes theadaton of
glutamate. On the other hand, RocG directly intisragth the transcriptional regulator
GItC, thus controlling the ability of GItC to indecthe expression of the glutamate
synthase. The region in the RocG protein that eessary for interaction with GItC and
the direct mechanism of regulation have not beanf@d yet. In order to study the
mechanism of RocG-GItC interaction it was intendedsolate mutant RocG proteins
that lack the ability to control GItC activity. Tee mutant proteins would be an
appropriate subject for analyzing the mode of axtéon between RocG and GItC.

The inactive glutamate dehydrogenase GudB is reatditryptified in arocG
mutant strain upon growth on complex medium. Thippsessor mutation always
occurs as the precise deletion of nine base péitiseodirect repeat in thgudB gene
and complements the severe growth defect ofdh& mutant on complex medium. To
understand whether this mutation is acquired withngreased rate compared to other
mutations, the occurrence of this mutation has @¢ogbantified. In the case of an
increased rate it would be of interest to analymwerhechanism and the requirements for

the decryptification of thgudBallele.
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2. Chapter 2

Functional dissection of a trigger enzyme: Mutatioof the Bacillus
subtilis glutamate dehydrogenase RocG that affect diffexknt its
catalytic activity and regulatory properties

The work described in this chapter was published in

Gunka, K., Newman, J. A., Commichau, F. M., Herzbgy, C., Rodrigues, C.,
Hewitt, L., Lewis, R. J. & Stulke, J. (2010) Functional dissection of a trigger enzyme:
Mutations of the Bacillus subtilis glutamate dehydrogenase RocG that affect
differentially its catalytic activity and regulatoproperties. J. Mol. Biok00: 815-827.
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Abstract

Any signal transduction requires communication leetw a sensory component
and an effector. Some enzymes engage in signaép@wo and transduction, as well as
in catalysis, and these proteins are known asg#rigenzymes. In this report, we detalil
the trigger properties of RocG, the glutamate dettyehase oBacillus subtilis RocG
not only deaminates the key metabolite glutamatdoton o-ketoglutarate but also
interacts directly with GItC, a LysR-type trans¢ign factor that regulates glutamate
biosynthesis froma-ketoglutarate, thus linking the two metabolic pedks.

We have isolated mutants of RocG that separatéwtbefunctions. Several mutations
resulted in permanent inactivation of GItC as lasga source of glutamate was present.
These RocG proteins have lost their ability to lsaliae glutamate due to a strongly
reduced affinity for glutamate. The second classmoftants is exemplified by the
replacement of aspartate residue 122 by asparagiie.mutant protein has retained
enzymatic activity but has lost the ability to cmhtthe activity of GItC. Crystal
structures of glutamate dehydrogenases that peanmtolecular explanation of the
properties of the various mutants are presentedcifigally, we may propose that
D122N replacement affects the surface of RocG. @ata provide evidence for a
correlation between the enzymatic activity of Roa@l its ability to inactivate GItC,
and thus give insights into the mechanism that lssuthe enzymatic activity of a

trigger enzyme to its regulatory function.
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Introduction

All signal transduction processes require a compbtieat senses environmental
change, and this task can be fulfilled by regulafmoteins that bind directly to specific
effector molecules. Signal perception and regwatmutput, however, are frequently
determined by individual proteins. This mode ofnsigtransduction is arguably best
exemplified by two-component signaling systems.cBytrast, metabolism is regulated
ultimately by the availability of metabolites, atite players that have direct access to
this information are the metabolic enzymes. A stib6éhese enzymes is able to engage
in signal transduction and to perform in catalysisd these are collectively termed
“trigger” enzymes (Commichau & Stulke, 2008).

We are interested in the regulation of nitrogenahelism in the Gram-positive
soil-dwelling bacteriumBacillus subtilis whose preferred sources of nitrogen are
glutamine and ammonium. Ammonium is assimilatedhgysynthesis of glutamine by
glutamine synthetase, encoded bygh®A gene. Glutamine is subsequently used for the
reductive amination of 2-oxoglutarate by glutamsyathase, encoded by the genes of
the gltAB operon (see Fig. 2.1A) (Fisher, 1999). Expressiotiis operon is controlled
by two transcription factors. First, TnrA proteiepresses thgltAB operon in the
absence of ammonium (Wray al, 1996; Belitskyet al, 2000; Yoshidaet al, 2003).
Second, the LysR-type regulator GItC activates scaption of the operon in the
presence of sugars and in the absence of argidobagnon & Sonenshein, 1989;
Commichauet al, 2007b). The activity of these two transcriptibregulators can be
controlled by trigger enzymes. GInA interacts withrA, and the catabolic glutamate
dehydrogenase RocG interacts with GItC (Wedyal, 2001; Belitsky & Sonenshein,
2004; Commichaet al, 2007a; Commichaet al, 2007b) (see Fig. 2.1B). In addition,
GItC is modulated by metabolites of the glutamaghydirogenase reaction: 2-
oxoglutarate and glutamate stimulate and inhibé& #ctivity of GItC, respectively
(Picossiet al, 2007).

Thus, the information available to the enzymes hftagnine synthesis and
glutamate degradation is shared with transcripteciors in the modulation of their
activities. The use of trigger enzymes in the tcaipsional regulation of metabolic

genes allows direct feedback between metabolitdadiiety and gene expression, thus
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maintaining a pool of key metabolic intermediates the cell at a constant

concentration.
(A)
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Fig. 2.1 -Glutamate metabolism inB. subtilis and its regulation

Fig. legend see next page.
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Fig. 2.1 -Glutamate metabolism inB. subtilis and its regulation

(A) Glutamate is synthesized in the GOGAT cycletbg combined reactions of glutamine synthetase
(GS) and glutamate synthase (GOGAT). The degradatiglutamate to 2-oxoglutarate and ammonium
is catalyzed by the strictly catabolic glutamatéytiogenase RocG. (B) In the absence of arginime, t
transcriptional activator GItC (light-gray ovalsiinsulates the expression of tlygtAB operon. In the
presence of arginine, RocG (dark-gray ovals) diydoteracts with GItC, leading to inactivation thfe

transcription factor. Moreover, the activity of Glis affected by 2-oxoglutarate and glutamate.

Glutamate is one of the major metabolites in avingdj cell and is either taken up
directly from the environment, generated from pagxior amino acids such as arginine
and proline, or synthesized from 2-oxoglutarateEscherichia coli glutamate accounts
for as much as 40% of the cellular metabolite g¥olanet al, 2009). In the absence of
organic nitrogen sources, glutamate is synthesibgd glutamate synthase, as
summarized above. In many organisms, includingoli, glutamate dehydrogenase is
capable of directly generating glutamate by thenation of 2-oxoglutarate. However,
glutamate dehydrogenase has a low affinity for amom; therefore, this reaction can
take place only at high ammonium concentrationsa¥at al, 2009). Glutamate
synthase is the only enzymeBn subtilisthat can produce glutamate; by contrestG-
encoded glutamate dehydrogenase has an exclusaliolic activity in this organism
(see Fig. 2.1A) (Belitsky & SonensheitD98).

Glutamate would thus appear to be a particularlyartant cellular metabolite in
B. subtilis and other organisms. For instance, glutamate rolsai is very tightly
controlled by at least five different transcriptidactors: TnrA and GItC control the
biosynthetic operorgltAB; the expression ofocG is subject to carbon catabolite
repression exerted by CcpA; and synthesiga@iG in the presence of arginine is
mediated by the transcription activators RocR ahdCA(Klingel et al, 1995; Belitsky
& Sonenshein, 1999; Belitskgt al, 2004). Moreover, bottB. subtilis and E. coli
respond to any perturbation in glutamate homeastagih spontaneous suppressor
mutations that bring the glutamate pools back batance (Yan, 2007; Commichati
al., 2008).

Glutamate metabolism . subtilisis, unusually, characterized by the presence of
a second glutamate dehydrogenapalB (Belitsky & Sonenshein, 1998). The enzyme
encoded by this gene is active in wild-type isdatd B. subtilis but is cryptic in

laboratory strain 168 due to an insertion of trae@no acids close to the active site of



Chapter 2 28

the enzyme (Zeiglegt al,, 2008). IndeediocG mutant strains readily recover glutamate
homeostasis by decryptification gfidB (Belitsky & Sonenshein, 1998; Commichelu
al., 2008).

Hence, RocG appears to have a dual role in gluamatabolism. It is involved
in glutamate catabolism but, if glutamate is avdéa interacts with GItC, the
transcription activator of thgItAB operon, and this interaction is inhibitory to GItC
However, in the absence of arginine or in the presef glucose, either of which leads
to a reduction in RocG expression, free GItC atéisdranscription of thgltAB operon,
resulting in the biosynthesis of glutamate (Comratcét al, 2007b). Some variants of
GItC are constitutively active as a transcriptiarivator, suggesting that these GItC
proteins cannot be inactivated by RocG (BelitskyS&nenshein, 1995). Indeed, a
reduction in the interaction between RocG and ohethese GItC variants was
previously observeth vivo (Commichatet al, 2007b).

In this study, we have isolated and characterized@variants whose ability to
control GItC activity is affected. Several aminoidasubstitutions in RocG cause
permanent inactivation of GItC in media containglgtamate or its precursor, arginine.
These enzymes are, on the other hand, stronglyiietpa catalysis, and the affinity for
glutamate is severely reduced. One of the RocGantwithat we have isolated has
retained its enzymatic activity but has lost thditglto inactivate GItC. We have also
determined the crystal structures of both the mgjatamate dehydrogenase and the
secondary glutamate dehydrogenase fRnsubtilis(RocG and GudB1, respectively).
These structures have allowed us to analyze thectefif RocG variations at the
molecular level and to gain insights into the natof the interaction between RocG and
GItC.
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Materials and Methods

Bacterial strains and growth conditions

The E. coli strains DHb, (Sambrooket al, 1989) XL1-Red (Stratagene,
Amsterdam, Netherlands), and BL21/DE3 (pLysS) (Mmva Darmstadt, Germany)
were used for cloning experiments, random mutagenesd protein expression,
respectively. The B. subtilis strain GP28 t(pC2 rocG:Tnl0 spc AgudB:cat
amyE:gltA'-’lacZ aphA3 (Commichauet al, 2007a) was used for the screening and
characterization ofocG mutants.B. subtilis GP27 {rpC2 AgudB:cat amyE:gItA'-’
lacZz aphA3 (Commichau et al, 2007a) was used to estimate the level of
overexpression of RocG in the screening syst®nsubtiliswas grown in C minimal
medium containing ammonium as the nitrogen soues® 5 g/l glucose (C-Glc
medium), 5 g/l arginine (CR medium), or 8 g/l gluwte (CE medium) as the carbon
source (Wackeet al, 2003). CR-Glc medium is C minimal medium conitagn5 g/l
glucose and 5 g/l arginine. CS-Glc contains 6 gdism succinate and 5 g/l glucose.
CSE-Glc medium is CS-Glc with 8 g/l glutamate. Thedia were supplemented with
tryptophan (50 mg/l).E. coli was grown in LB medium, and transformants were
selected on plates containing ampicillin (1@§ml). LB and SP plates were prepared

by addition of 17 g/l Bacto agar (Difco, LawrentisA) to the medium.

DNA manipulation

Transformation ok. coliwas performed using standard procedures (Samlabok
al., 1989). The NucleoSpin Plasmid kit (Macherey &@bel, Diren, Germany) was
used to isolate plasmid DNA frof. coli andB. subtilis Prior to plasmid purification,
B. subtiliscells were incubated with 3 mg/ml lysozyme (Seidaidelberg, Germany)
dissolved in buffer 1 of the NucleoSpin Plasmid kitincrease the yield of plasmid
DNA recovery. Chromosomal DNA @. subtiliswas isolated as described previously
(Kunst & Rapoport, 1995). Restriction enzymes, THADligase, and, for PCR,
Phusion™ DNA polymerase (New England Biolabs, Ffartkam Main, Germany)
were all used as recommended by the manufactubdg fragments were purified
using the QIAquick PCR Purification kit (Qiagen,Id¢in, Germany), and all DNA
sequences were determined using the dideoxy chaimrtation method (Sambroak
al., 1989).
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Random mutagenesis ofocG

To study the effect of point mutations in RocG tladfiect GItC activity, we
generated plasmid pGP529, which allows the exprassirocG in B. subtilisunder the
control of the strongleg@B6 promoter (Martin-Verstraetd al, 1994) as followstocG
was amplified using the primers IW18'AAAAGGATCCGCGCTTACATTACAG)
and W19 (BAAACTGCAGTCATTAGACCCATCCGCGGAAACG), and the
resulting PCR product was digested with BamHI astl Before cloning into similarly
restricted pBQ200 to yield pGP529. Plasmid pGP528s vsubjected to random
mutagenesis using tHe. coli mutator strain XL1-Red. For this purpose, pGP52% w
used to transfornk. coli XL1-Red, and the cells were plated on 40 LB platsslting
in approximately 80 colonies per plate. The colsrirem each plate were resuspended
in 1 ml of LB medium, and 100l of each suspension was used to inoculate 100-ml
flasks containing 10 ml of LB medium. The cultumgere grown for 48 h at 37°C to
allow the emergence of mutations. Plasmid DNA freach culture was isolated
individually and used to transform the indicatoast B. subtilisGP28, which contains
a translationabltA—lacZ fusion to monitor the effect of mutant RocG progebn the
activity of GItC. Transformants were selected on @Btes containing Zug/ml

erythromycin plus 2mg/ml lincomycin.

Plasmids for the expression ofocG and gudB alleles

Plasmid pGP902 was used for the overexpressiotrep-$agged wild-type RocG
(Commichawet al, 2007a). All plasmids used in this study areelisin Tab. S2. For the
expression of GudB1, the active variantBfsubtilis GudB, we constructed plasmid
pGP864 by cloning a PCR fragment obtained with prsn KG20
(5 AAAGAGCTCGATGGCAGCCGATCGAAACACCG) and KG21 (5TTTGGA
TCCTCATTATATCCAGCCTCTAAAACGCGAAGCTT), which have esl the
chromosomal DNA of thgudB1 mutant strain GP801 (Commichau al, 2008) as
template. For overexpression of Strep-tagged Roa@amh proteins, the plasmids
pGP856, pGP857, pGP858, pGP865, and pGP866 westrecied. The corresponding
rocG mutant alleles were amplified with the primer p@i¥5/PT6, (Commichaat al,
2007a) using plasmids pGP852, pGP853, pGP854, pLRIRI pGP933 as template
DNAs (see Tab. 2.1). All PCR products were digestatth Sacl and BamHI, and
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cloned into the vector pGP172 (Merzbackerl, 2004) cut with the same enzymes.

The identity of the cloned inserts was verifiedddyA sequencing.

Protein purification

E. coli BL21/DE3 (pLysS), transformed by plasmids encodihg appropriate
glutamate dehydrogenases, was used as host foovdrexpression of recombinant
proteins. Cultures were grown in 1 | of LB mediuhB@°C; expression was induced by
the addition of IPTG (final concentration, 1 mM) lagarithmically growing cultures
(ODggo = 0.8), and the cells were harvested 2 h after dtidn. The pellets were
resuspended in 30 ml of disruption buffer (100 mksF¥HCI, 150 mM NacCl, and 10
mM ethylenediaminetetraacetic acid, pH 8.0). Thésceere disrupted by using a
French Press (20,000 psi, 138,000 kPa; Spectrawituiments, Garforth, UK). The
extracts were passed over a 1-ml Strep-Tactin®nenl{IBA, Gottingen, Germany),
and the bound material was washed with 6 ml ofugison buffer before being eluted
with 3.5 ml of disruption buffer containing 2.5 miesthiobiotin (IBA, Gottingen,
Germany). The Bio-Rad dye-binding assay was used détermine protein

concentrations, with bovine serum albumin as stahda

Western blot analysis

For Western blot analyses of Rock, subtiliscrude extracts were separated by
SDS-PAGE and transferred to a polyvinylidene diflde membrane (Bio-Rad,
Munich, Germany) by electroblotting. RocG was detdcwith rabbit polyclonal
antiserum raised againBt subtilis RocG (Commichau et al., 2007a). The anti-RocG
antibodies were visualized with anti-rabbit IgG-ABcondary antibodies (Chemikon
International, Temecula, USA) with the CDP* detentisystem (Roche Diagnostics,

Basel, Switzerland).

Enzyme assays

The amination reaction catalyzed by RocG was assayeoom temperature by
measuring the decrease in NAPHbsorption at 340 nm (Ultrospec 2100 pro; GE
Healthcare, Munich, Germany) under the followingditions: 10 mM 2-oxoglutarate,
0.1 mM NADH,, and 0.1 M ammonium chloride in 100 mM Tris—HCffieu (pH 7.3).
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The deamination reaction was assayed by measuminmtrease in NADFabsorption
at 340 nm in a mixture of 0.1 mM NADand 20 mM monosodium L-glutamate in 50
mM potassium phosphate buffer (pH 7.7). For themeination of K, values, a wide
concentration range of the relevant substrategdiglate and ammonium for catabolic

and anabolic reactions, respectively) was used.

Crystallization and structure determination

RocG(E93K) and GudB1 proteins were purified as desd above, with the
exception of an additional purification step of d#éfration using a Superdex 200
column (GE Healthcare, Buckinghamshire, UK) andhwte elution profile of both
proteins being consistent with a hexameric assemblye proteins were buffer
exchanged into 10 mM Tris—HCI (pH 8.0) and 100 mMOWN and concentrated for
crystallization at 10 mg/ml using a Millipore 30-&Dcutoff centrifugal concentrator.
RocG(E93K) crystals were grown by hanging-drop vagiffusion using a mother
liquor of 20% (wt/vol) PEG 3350 and 20% (vol/volycerol. Single crystals were loop
mounted and flash cooled in liquid nitrogen. Gudiystals were grown from solutions
containing 20% (wt/vol) PEG 3350 and 0.15 M sodionmalonate. Crystals were
transferred for approximately 1 min to a cryoprtdet of crystallization buffer
supplemented with 25% (vol/vol) glycerol beforermeioop mounted and flash cooled
in liquid nitrogen. Data collection for both Roc®EK) and GudB1 was performed on
beamline 102 at the Diamond light source, with mittion extending to maximum
resolutions of 2.3 and 2.4 A, respectively. Dats seere processed using XDS (Leslie,
1992) then scaled and merged using SCALA (Evan83)1¢h the CCP4 suite of
programs (CCP4, 1994). Both structures were sobsedholecular replacement using
the program MOLREP (Vagin & Teplyakov, 1997) anck tRyrococcus furiosus
glutamate dehydrogenase (1GTM) as search model €ivgd, 1995). Manual model
building in Coot (Emsley & Cowtan, 2004) was infessed with rounds of refinement
until convergence. The RocG(E93K) structure wameef using the program REFMAC
(Murshudovet al, 1997) toR-factorRye. values of 0.19/0.24, whereas GudB1l was
refined with PHENIX REFINE (Adamst al, 2002) to R-factorRye. values of
0.25/0.28.
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Results

Isolation of rocG mutant alleles

Plasmid pGP529 carrying tmecG gene under the control of a strong constitutive
promoter was subjected to random mutagenesis uag. coli mutator strain XL1-
Red, and the plasmid pools obtained were used aosfiorm the indicator strain
B. subtilisGP28 as described in Materials and Methods (Colmaiet al, 2007a). To
identify rocG mutant alleles, we transferred the transformant® @R and CR-Glc
minimal media containing 40ug/ml 5-bromo-4-chloro-3-indolyp-D-galacto-
pyranoside (X-Gal). Cells expressing wild-type Row@n pale blue colonies on CR-
Glc-X-Gal plates. In our system, RocG is conswiily expressed under the control of a
glucose-insensitive promoter. The RocG amountsepitas the cell in this system were
about 20-fold increased as compared to a wild-stpEn expressingpcG from its own
promoter B. subtilisGP27; data not shown). The arginine present imtedium can be
converted into glutamate, the substrate of theagtate dehydrogenase RocG. The
catalytically active RocG inhibits GItC, thus rethg the expression ofltA—lacZ
fusion. A reasonable explanation for the residuaivay of GItC is that glucose is
converted into 2-oxoglutarate, which is a positfiector of GItC (Picosst al, 2007).
As a result, GItC cannot be fully inhibited by RodGhe bacteria grow on CR-Glc-X-
Gal plates due to sources @ketoglutarate. By contrast, wild-type RocG comgliet
inhibits GItC activity on CR-X-Gal plates, resulyiin the formation of white colonies.
In the absence of glucose, a&ketoglutarate is formed by the tricarboxylic acigtle,
and GItC cannot be stimulated by 2-oxoglutarate eadnot activate thgltA—lacZ
fusion.

CR-Glc-X-Gal medium was used to screen for RocGawss that permanently
inhibited GItC, resulting in white colonies. Abos® white colonies were obtained, and
permanent inhibition of GItC due to theocG mutant allele was verified by
retransformation for 10 candidates. These plasmitbmcG alleles encode so-called
“superrepressor” variants of RocG.

Since catalytically competent glutamate dehydrogeria required foB. subtilis
to utilize arginine as carbon and nitrogen souvee,used CR-X-Gal plates to isolate
monofunctional RocG variants that are catalyticalltive but are unable to inhibit

GItC. Strain GP28 expressing wild-type RocG formkitev colonies on CR-X-Gal
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plates due to the complete inactivation of GItCRncG. By contrast, cells expressing
monofunctional RocG proteins were expected to fdark-blue colonies on CR-X-Gal
plates. This expectation was further supportedrbin ailico analysis of the regulatory
network of glutamate metabolism, which highlightad possibility of using CR-X-Gal
medium to screen for monofunctional RocG varialmdeed, two darkblue colonies on
CR-X-Gal plates were obtained after the transfoiomabf B. subtilis GP28 with the
pool of mutant plasmids. The plasmids of these ¢andidates were isolated and used
to retransfornB. subtilisGP28. These transformants were able to grow wgmme as
the sole carbon and nitrogen source, and forme#-ldae colonies on CR-X-Gal
plates. Thus, thesecG alleles encode active glutamate dehydrogenasespipear to
have lost the ability to inhibit the transcriptiaativator GItC.

Mutations of the superrepressor and monofunctione® alleles were identified
by sequencing. In all cases, changes in RocG piepavere caused by single base-pair
exchanges resulting in single amino acid substitgti Superrepressor mutations are
scattered throughout the entimecG sequence, whereas the two monofunctionals
alleles carried the same mutation. The positiorthef mutations in the amino acid
sequence of RocG is shown schematically in Fig. &2 the plasmids containing the

rocG mutant alleles and the corresponding mutationdistesl in Tab. 2.1.

NH, - - COOH

K80 K104 D156

*

S161IN
S234R | *
M2771
A302T
A303T
1308T
A333T

E93K | %
A102T

D122N 3
Y158H | %
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50 150 250 350 . .
| I A | I T I B N | I I | I I A Y RV | 1 | [amlno aCldS]

Fig. 2.2 -Mutations found in RocG that affect the regulationof GItC activity by
RocG.

Amino acid exchanges leading to a superrepressnqiiipe are shown in empty boxes. The mutation of
the monofunctional RocG variant is depicted bylkedi box. RocG mutant variants that were further
analyzed are indicated by asterisks. Amino acidelired in glutamate binding at the active site ocB

are indicated below the primary sequence.
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Tab. 2.1 - Mutations affecting the inhibition of GIC by RocG

Plasmid Allele Mutation Amino acid Corresponding

substitution  expression vector

pGP85: rocG-SR1 T923C 1308T pGP85(
pGP853  rocG-SR2 C702A S234R pGP857
pGP854 rocG-SR3 G277A E93K pGP858
pGP855 rocG-SR4 G997A A333T

pGP933 rocG-SR5 T472C Y158H pGP866
pGP86 rocG-SR¢ G907A A303T

pGP868 rocG-SR7 G904A A302T

pGP869 rocG-SR8 A304G A102T

pGP870 rocG-SR9 A479G S161N

pGP871 rocG-SR10 G831A M277I

pGP93: rocG-MF G364A D122N pGP86!

For further analyses, we selected four superrepresautants and one
monofunctional RocG variant. To exclude the poéigjtthat the observed effects result
from altered cellular levels of the mutant RocGtenus in comparison to the wild-type
protein, we determined the RocG concentration bystéfe blot analysis. Strains
carrying plasmid pGP529 (wild-type RocG) and pBQ2&Mpty vector) were used as
controls. The strain carrying pBQ200 did not systhe any protein that was recognized
by the anti-RocG antibodies, indicating that anynumodetection is specific for RocG
(Fig. 3.2). The cellular concentrations of all Roe&iants were similar to that of the
wild-type protein (see Fig. 2.3). Thus, theeG phenotypes are directly attributable to

changes in the biochemical properties of the mwtanymes.
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RocG

SR1 SR2 SR3 SR5 MF
1308T S234R E93K Y158H D122N WT  Empty vector

Fig. 2.3 - Expression of RocG mutant proteins

Crude extracts were isolated from. subtilis strain GP28 rocG4gudB expressing the RocG
superrepressor (SR) proteins SR1, SR2, SR3, and &Rbthe monofunctional (MF) RocG protein
grown in CSE minimal medium. Strain GP28 eitherresping the RocG wild-type (WT) protein or
carrying the empty vector pBQ200 served as conTriok proteins were detected using rabbit polyclonal

antibodies raised agairBt subtilisRocG. Samples (1ig) of crude extract were applied per lane.

Impact of RocG mutant proteins on GItC activity

The impact of RocG mutations on the activity of Glivas quantified after the
growth of B. subtilisGP28 carrying relevant plasmids in minimal media.shown in
Tab. 2.2B. subtilisGP28 carrying thempty vector pBQ200 exhibited constitutigiA
expression because of the absence of a functglnodmate dehydrogenase to inhibit
GItC. The straincarrying pGP529, encoding wild-typecG, showedlittle promoter
activity on media containing argininBy contrast,gltA—lacZ activity was high in the
absence of arginine (presumably reflecting dbgvity of GItC). This suggests that the
inhibition of GItC by RocG did not occur under thesenditions. This is in good
agreement with previougports indicating that RocG does not inhibit GéQivity in
the absence of arginine everrdkcG is overexpressed. Moreover, the effect of arginine
cannot be due to any effect of RocG expresdiahsome other role of arginine, such as
acting as asource of glutamate, must be involved (Belistky &n&nshein, 2004;
Commichatet al, 2007b).

The plasmids encoding the superrepresso6 alleles all caused very low GItC
activity in CR medium containing glucose. These Ra@ariants did not support growth
with arginine as the single carbon source, sugggdhiat their enzymatic activity was
affected by the mutations (see the text below). GHE activity of the strains carrying
the superrepressor RocG variants was very low iB @8dium containing glucose. By

contrast, these RocG variants had only a minoitdry impact on GItC activity in a
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medium that did not contain glutamate, or a sowfcé (i.e., CS medium containing
glucose). This observation suggests that the peesard glutamate facilitates the
inhibition of GItC by RocG. Moreover, the mutant d®@ proteins are still capable of
responding to the presence of glutamate. The moetiinal RocG protein did not
inhibit GItC activity under any condition tested tims study, and th8. subtilisstrain
expressing this mutant protein was able to utidieginine as the single carbon source,
suggesting that RocG-D122N was enzymatically adhvglutamate degradation. Thus,
the D122N mutation appears to have uncoupled the fumctions of RocG and
converted it from a trigger enzyme into a convamioenzyme with just a metabolic

role.

Tab. 2.2 -Effect of the different RocG variants on GItC actiuty

Plasmic RocG variar® gltA-lacZ expressio®

CR CR-Glc CS-Glc CSE-Glc
pBQ200 none NG 211 +£11 509 + 44 321 +£80
pGP529 wild type 74 26+8 562+85 423 +100
pGP852 RocG-SR1, I308T NG 9+2 207 £ 24 15+5
pGP85. RocC-SR2, S234| NG 5+2 164+ 31 9+6
pGP85: RocC-SR3, E93t NG 9+2 140+ 42 18+ 11
pGP933 RocG-SR5, Y158H NG 84 187 £ 25 17+2

pGP932 RocG-MF, D122N 277 + 23 505 + 58 650 +62 08434

& SR and MF denote the superrepressor and monadmattRocG variants,
respectively.

b gltA expression is expressed in units per milligrarprotein. All measurements were
performed at least three times. Average values stihdard deviations are shown.

¢ NG, no growth.
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Enzymatic activities of mutant glutamate dehydrogeases

When we determined the activity of GItC in the stsaexpressing the mutant
alleles ofrocG, we observed that strains expressing the supess@r variants were
unable to grow with arginine as the single carboarese. This might result from a
reduced or absent enzymatic activity of these Reaf&ants; consequently, we studied
the enzymatic activity of RocG and its mutant vatsain more detail.

First, we analyzed the growth &. subtilis GP28 carrying the differentocG
alleles on CR minimal medium in the presence othi absence of glucose. Strains
bearing the empty vector pBQ200 or pGP529 (wilcetfgncG) were used as controls.
Both strains grew well on a medium containing bgiticose and arginine. Similarly, all
strains expressing the mutant RocG proteins grelvomethis medium, suggesting that
these strains also have full biosynthetic capaoitguired for growth on minimal
medium (see Tab. 2.3). The strain expressing wi@-tRocG was also able to grow
with arginine as the only source of carbon and ggneBy contrast, the strain carrying
the empty vector did not grow on this medium beeatigacks a functional glutamate
dehydrogenase required for the last step of argimatabolism, the conversion of
glutamate into 2-oxoglutarate (Commichau al, 2008). The strains expressing the
superrepressor RocG variants were unable to usiligaine as the only carbon source,
suggesting that these RocG variants are severgigired in their enzymatic activity.
The monofunctional RocG protein that was originafiglated on CR plates allowed
arginine utilization, suggesting that this protsinzymatically active.

Next, we purified recombinant RocG variants, arglrtenzymatic activities were
determined. Wild-type RocG exhibited catabolic amdbolic activities of 3.9 and 39.7
U/mg protein, respectively. The catabolic actiwtief all superrepressor proteins were
severely reduced (see Tab. 2.3), in agreement tiwéhinability of the corresponding
B. subtilisstrains to grow with arginine as the only carbonrse. In addition to their
reduced activities, these enzymes have a drasticatireased kK for glutamate
(between 23 and 75 mM, compared to 2.9 mM for tid-type protein), indicating a
reduced affinity for the substrate. Similarly, withe exception of the RocG(E93K)
variant, the anabolic activities and theg Kalues for ammonium of the superrepressors
were reduced and increased, respectively, albedt lEsser extent (see Tab. 2.3). The
monofunctional RocG variant had a 4-fold highex #r glutamate than for the wild-

type enzyme; however, this variant still enablee parent strain GP28 to grow with
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arginine as the single carbon source. Similarlg, #mabolic properties of this RocG
mutant are not significantly altered in comparisothe wild-type enzyme, and confirm
that the D122N substitution in RocG predominantfges the inhibitory interaction of

RocG with GItC, but not its enzymatic properties.
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Tab. 2.3 - Enzymatic activities of the RocG variard.

Plasmic RocG variar Growth on plate catabolic activity Ky (glutamate) anabolic activity Ky (ammonium)
CR-Gle CR  (Uimg of proteinf (mM)® (U/mg of proteiny (mM)®
pBQ200 none +++ - NA NA NA NA
pGP529 wild type +++ + 3.9+0.67 29+1.25 39.4.52 18+5
pGP852 RocG-SR1, 1308T +++ - D ND ND ND
pGP853 RocG-SR2, S234R +++ - 0.12 £0.03 74.7+7 3 +41.28 58.7 £ 1.53
pGP854 RocG-SR3, E93K +++ - 0.4 +£0.06 46.3 £4.16 36 +7.54 40+ 3
pGP933  RocG-SR5, Y158H +++ - 0.69 £0.17 23+361 14.3+ 351 38.7 £ 3.60
pGP932 RocG-MF, D122N +++ + 2.27 £0.32 12 +2.65 7 +3.61 10.3+2.52

@ These plasmids were used for the growth experisnent

® The experiments were performed in triplicate. Ageraalues with standard deviations are shown.

“NA, not applicable.

9 ND, not determined due to low stability of thisfsin.

Note that the assays for catabolic and anabolivites were performed with an excess of ammoniumd glutamate, respectivelin vivo,

RocG is unable to perform the anabolic reactiontrikaly due to its low affinity for ammonium.
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Crystal structures of RocG(E93K) and GudB1

In an attempt to gain a better molecular understgnaf structure—function
relationships among the different mutant RocG edleive have determined the crystal
structures of the superrepressor RocG(E93K) mutant the decryptified secondary
glutamate dehydrogenase GudB1. This protein lalo&sthree-amino-acid insertion in
the active site that renders the GudB protein cetspl inactive (Belitsky &
Sonenshein, 1998; Commichatial, 2007b). During the crystallographic aspect g th
study, a number of RocG variants were purified anbjected to crystallization trials.
The wild-type enzyme and most of the mutants stugieduced comparatively small
crystals that diffracted to 4 A at best, whereasRocG(E93K) crystals diffracted to a
resolution of 2.3 A and belonged to space grou2R2 GudB1 crystals diffracted to
2.4 A and belonged to space group,.PRoth structures were solved by molecular
replacement with six subunits in the asymmetrict uand were refined until
convergence. The final RocG(E93K) model contain®R24ut of a possible 2544
residues with 5 polyethylene glycol (PEG) ions &28 water molecules, whereas the
GudB1 model contains 2354 out of a possible 253Rives and 414 water molecules.
Both structures have been restrained to standand bengths and angles, with over
99% of residues lying in the most favored and aaolddtly allowed regions of the
Ramachandran plot, (Ramachandran al, 1963) as calculated by the program
PROCHECK (Laskowskiet al, 1993). A full summary of the data collection,

processing, and refinement statistics can be faufi@b. 2.4.

RocG(E93K)

Overall, the electron density for RocG(E93K) ishajh quality throughout all six
molecules, with the exception of the N-terminalr&Sidues that were not visible in the
electron density, have been omitted from the modehains B, C, D, E, and F, and are
only partially included in chain A. Similarly, thentire length of chains A and B could
be traced in the electron density with high coniitee whereas in the regions
corresponding to residues 215-342 in chains C—&,ethctron density is of poorer
overall quality, and residues 274-276 in chain &sidues 270-286 in chain E, and

residues 270-285 in chain F have been omitted fhenfinal model.
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Tab. 2.4- Data collection and refinement statistics.

RocG(E93K)

GudB1

Data collection
Space group

Unit cell parameters

a, b, c(A)
a, By (%)
Wavelength (A)
Resolution (A)
Rmerge(%)a
I/ol
Completeness (%)
Redundancy
Refinement
Resolution (A)
No. reflections
Rwork/ Riree (%0)
No. Atoms
Protein
Water
Ligand/lon
B factors
Protein
Water
Ligand/lon

R.m.s. deviations

P12:12;

137.6, 143.1, 162.6
90, 90, 90

0.98
20 — 2.3 (2.42 — 2.30)
6.3 (44.5)
16.0 (3.1)
99.8 (100.0)

4.2 (4.3)

20.0-2.3
142264

19.1/24.3

19609
824

35

56.0
48.1

56.0

P2

86.1, 158.0, 193.8
90, 118.7, 90

0.98
50.0 — 2.462- 2.40)
7.0 (38.0)
11.6 (3.2)
97.8 (97.8)

3.6 (3.7)

50.0-24
98133

24.7/27.8

15594

414

45.5

40.2
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RocG(E93K) GudB1
Bond lengths (A) 0.014 0.003
Bond angles(°) 1.44 0.82
PDBid 3K92 3K8Z

Values in parentheses are for the highest-resolstiell.
% RmergeZnkiZilli=Iml/ZniiZili, wherel; andl, are the observed intensity and mean

intensity of related reflections, respectively.

The structure of RocG(E93K) is very similar to thasf a number of glutamate
dehydrogenases studied to date, being hexameric &itsubunit comprising two
domains separated by a cleft, which forms the adite (Yipet al, 1995; Bakeet al,
1997; Knappet al, 1997; Brittonet al, 1999; Nakasaket al, 2001). Domain |
comprises residues 1-193 at the N-terminus anéirthk17 residues at the C-terminus,
and forms a typical amino acid dehydrogenase fald & central six-stranded mix¢d
sheet (strand ordertab|, df, ct, ef, f1) flanked by twoa-helices on one side and by
one a- helix on the other side. Domain Il is composedaotentral seven-stranded
parallelp-sheet (strand order m, I, k, g, h, i, j) flankedfbur a-helices on one side and
by threea-helices on the other side, and forms a varianthef common NAD(P)-
binding Rossmann fold (Rossmaanal, 1974). The two domains are connected by a
number of longa-helices that converge upon a single hinge regalgwing for
relatively large domain motions to occur (up toA)4Indeed, these domain motions are
critical to the catalytic mechanism of this enzyi&illman et al, 1999) and are
believed to allow the nicotinamide ring of the raatide cofactor to come into contact
with the C' of the glutamate substrate in order for hydrid@sfer to occur.

The six subunits in the asymmetric unit form a Ergpmpact homohexamer with
32-point group symmetry, and the vast majorityraérsubunit interactions around the
2-fold and 3-fold axes are provided by domain leBix chains in the asymmetric unit
represent, to varying degrees, the open and climsets of glutamate dehydrogenase.
Chain A represents a more closed conformation,ctiachs B, C, D, E, and F are more
open, with maximal displacements of 14 A in comganmito chain A . These differences

in domain architecture can be explained in parttystal contacts within the lattice,
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with domain Il of chain A making extensive contaafith a symmetry-related copy of
chain C. Furthermore, the absence of crystal ctsmcchains C, D, E, and F may
account for the disordered residues at the penpbiedomain Il. While the closed form
of the enzyme is usually associated with glutanbateing (Stillmanet al, 1999), this
kind of intersubunit variation has already beeneobsd in the apo form of the
homologous enzyme froifhermococcus profundifblakasakeet al, 2001

Neither glutamate nor any other substrate was atlolébde RocG crystals, and
examination of the 2fsFcac and FBps—Fcarc €lectron density maps in the active site did
not reveal any significant unexplained density.

The superrepressor E93K variant of RocG describeave is, we believe,
virtually identical in structure to the wild-typenzyme. The mutation, which changes a
glutamate into a lysine, is located within thetfingrn of the third helix of domain I,
within an acidic stretch of amino acids. The los&lucture reveals no significant
differences when compared to other bacterial glatendehydrogenases or to GudB1.
Indeed, the high overall level of structural simtlabetween RocG(E93K) and GudB1
(r.m.s.d., 0.95 A) indicates that the RocGE93Kddtite is an appropriate template with
which to investigate the other mutants describedvab Wild-type RocG could be
crystallized under the same conditions as RocG(BE93aKd although the diffraction
obtained from these morphologically identical caystwas limited to 4 A, their growth
indicates that the structural differences arisiognf the mutation are minor.
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Fig. 2.4 -Structural organization of RocG/GudB1 variants

(A) Stereo view of the RocG monomer shown in cartdormat, with superrepressor mutations
highlighted in red and with the single monofunctibwariant highlighted in blue. For reference, the
nucleotide cofactor and the glutamate substrateshosvn in green in their expected positions in the
active site based on structural superpositions withC. symbiosunglutamate dehydrogenase—NAD
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complex (Stillmanet al, 1993) and theP. islandicumglutamate dehydrogenase—glutamate complex,
(Bhuiya et al, 2005) respectively. Direct interactions betwedle superrepressor mutants and the
substrate are shown as dotted lines. (B) The GudBdomer, viewed in the same orientation as RocG in
(A). The three residues that are directly repeatetie B. subtilis168 strain but are present only once in
the “wild type” are highlighted in red. (C) The farge of the RocG hexamer viewed along the 2-fold,ax
with each chain colored individually. The monofuaotl D122N mutation is shown in blue and locates
to a possible interaction surface centered on tbkeenlar 2-fold axis. (D) Analysis of the effect thie
D122N substitution on the surface electrostaticRaéG. The left panel shows wild-type RocG, while t
right panel shows the D122N-substituted varianthba@riants are shown in the same orientation as in
Fig. 4c, with electrostatic calculations perfornigdthe program APBS (Baket al 2001) and contoured

at K, T/e..

The majority of the mutated residues of the othec@® variants isolated in this
study, are surface exposed and cluster to the inatgedurroundings of the active-site
cleft. Superposition of the structures of glutamatehydrogenase from
Clostridium symbiosur(Stillmanet al, 1993) andPyrobaculum islandicunBhuiya et
al., 2005) has allowed us to model the expected iposivf the substrate and the
nucleotide cofactor, respectively. Six out of 10 tbhese mutants (Glu93, Tyrl58,
Ser234, Met277, Ala302, and Ala303) are within ®fthe expected position of the
nucleotide cofactor (with respect to the closednfaf the enzyme), and three of these
(Ala302, Ala303, and Met277) are in positions whirey are able to make direct van
der Waals interactions (Fig. 2.4A) On the otherchaihe D122 residue, at which a
mutation to asparagine increases thg fr glutamate, is not within the active-site
groove; instead, it is over 12 A away from eithecleotide or substrate and solvent
exposed, facing towards a shallow depression tiabsnds the molecular 2-fold axis
(Fig. 2.4C).

GudB1

Similarly, the GudB1 variant used in this studyaisnutant with respect to the
laboratory strairB. subtilis 168, but this allele is found in environmentallages and
can thus be regarded as “wild type” (Zeigi¢ml, 2008). The laboratory strain contains
an insertion of the three-residue repeatkdeAg7, Which is located within the third
helix of domain | (Fig. 4b). This insertion presushacauses severe destabilization of
the fold of the protein, leading to an inactive yane that is very quickly degraded,;

consistent with this premise, recombinant GudB fi&nsubtilis168 cannot be purified
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in our hands. This is supported by the extremghydraroteolytic degradation of GudB
in B. subtilis (Gerth et al, 2008). By contrast, GudBl is an active glutamate
dehydrogenase with enzymatic activities of 6.7 aad U/mg of protein for catabolic
and anabolic reactions, respectively. Thg Walues were found to be 17.9 mM for
glutamate and 41 mM for ammonium.

Both the open form and the closed form of GudBlewevident in the six
molecules in the asymmetric unit (two closed sutsuand four open subunits), which
associate to form the same compact homohexameweS.Rrhis variation indicates
that the closed conformation is quite readily addptnder different crystal forms. As
would be expected given the 74% sequence idengitwden RocG and GudB1, their
structures are very similar: the ‘open’ conformeas be superimposed on 409 aligned
residues to yield an r.m.s.d. of 0.95 A. A compariof the ‘closed’ conformers of
RocGE93K and GudB1 yields an r.m.s.d. of 1.2 A, rehs that between the ‘open’

form and the ‘closed’ form yields an r.m.s.d. & A.

Discussion

In this study, we have isolated and characterizesbtaof RocG variants that
uncouple the enzymatic and regulatory activitiestlit trigger enzyme. Several
mutations result in loss of enzymatic activity aack accompanied by permanent
substrate-independent inactivation of GItC. A secolass, exemplified by one mutant
protein, has retained enzymatic activity but has the ability to inactivate GItC. It has
been shown that the catalytically active glutan@géydrogenases RocG and GudB1
are able to inactivate GItC and thereby preventstaption activation of glutamate
biosynthetic genes (Belitsky & Sonenshein, 2004;m@uchau et al, 2007a;
Commichauet al, 2007b). Moreover, the cofactor glutamate is negluto elicit the
formation of the inhibitory forms of RocG or GudBCommichauet al, 2007a).
Similarly, theB. subtilisglutamine synthetase binds the transcription factarA and
GInR if the enzyme is feedback inhibited by glutaen{Wrayet al, 2001; Wray &
Fisher, 2005).

The separation of enzymatic and regulatory actisithas already been observed

for other trigger enzymes such as Biesubtilisglutamine synthetase. As shown in this
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study for RocG, many of these mutations clustahregion of the active site of the
glutamine synthetase (Wray & Fisher, 2005; Fisha/&y, 2009). We showed that the
mutations causing the superrepressor phenotypeeeithe catalytic activity of RocG
(see Tab. 2.3). Thus, one could assume that thiormoation of these RocG variants
required for GItC inhibition is more stable tharatitof the wild-type RocG enzyme.
These variants might require less glutamate tatehe “inhibitory” conformation of
glutamate dehydrogenase. By contrast, the monadbtmadt RocG enzyme is
enzymatically active, but glutamate does not inddlee inhibitory conformation
required to inactivate GItC activity.

Dual effects on regulatory interactions have alserb observed for sugar
permeases of thé. subtilis phosphotransferase system, which phosphorylate and
thereby inactivate transcriptional anti-terminataaed activators that control the
expression of the permeases. Mutations that resuttomplete inactivation of the
permeases (such as deletion of corresponding gesms) in the constitutive activity of
the corresponding transcription factors. Similarlynutations affecting the
phosphorylation of the anti-terminators or activatby the sugar permeases (such as
mutations of the phosphorylation sites) lead tav@arent activity of the transcription
factors and concomitant loss of sugar transpoivigct By contrast, mutations that
affect the membrane-bound transport domain lockptiteneases in the phosphorylated
state, since the phosphoryl group can never bsfgeed to the incoming sugar. These
permease variants phosphorylate and thereby irzetiheir cognate regulator proteins
even in the presence of the normally inducing sugahe medium. Such mutations
have been intensively studied for tBesubtilisfructose permease (LevDEFG) and the
glucose permease PtsG, which control the activifethe transcription activator LevR
and the transcriptional anti-terminator GIcT, retpely (Stilkeet al, 1997; Bachem
& Stulke, 1998; Matrtin-Verstraetet al, 1998; Schmalisclet al, 2003). InE. coli,
proline dehydrogenase acts as the repressor fomtstranscription in the absence of
the substrate proline. In this case, the link betwthe two activities of the protein is
more intricate, and mutations that lead to permamepression ofputA expression
result from loss of proline binding and, thus, enayic activity (Muro-Pastor & Maloy,
1995).

Mutations affecting the control of gene expresdigntrigger enzymes have not

only been found in the genes encoding the triggezymes. Similarly, mutations
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affecting the controlled transcription factors mayerfere with their productive

interaction with the cognate trigger enzyme. Suditations have been isolated for
GItC, and reduced interaction with RocG has beemamstrated for one of these
variants (Belitsky & Sonenshein, 1995; Commickaal, 2007hb).

An interesting result of this study is the idemw#fiion of 10 different
superrepressor variants of RocG, while only one ofurctional protein incapable of
inhibiting GItC was found. Originally, we would havexpected to find more
monofunctional proteins than superrepressors. Thallsnumber of monofunctional
RocG variants isolated might indicate that the Git@raction surface is relatively large
and involves multiple side chains, and that theranttion between the two proteins and
the inhibition of GItC by RocG cannot be easilyrdied by single amino acid
substitutions in RocG. The location of Asp122 oa surface of the enzyme, close to a
shallow depression that surrounds the 2-fold akRaxG (Fig. 2.4C), suggests that this
region may be involved in the interaction of Roc@hwWGItC. Indeed, it could be
envisaged that this 2-fold axis is coincident vatte of the 2-fold axes of GItC, which,
based on structural studies of other LysR-typestaptional regulators, is believed to
be a tetramer with two 2-fold axes (Maddocks & ©pst2008). Furthermore, the fact
that the substitution of this residue with an isdstasparagine is capable of disrupting
the inactivation of GItC by RocG(E93K) indicatesattithe charge properties of this
residue are more important than its shape and §ts. may be explained by the fact
that in the RocG(E93K) structure, Aspl22 forms an pair with Argl24; this
interaction would most likely be disrupted in th&Z2N mutation, perhaps causing a
larger alteration in the surface properties of #meyme than would otherwise be
expected. Analysis of the impact of this substitution the surface electrostatics of
RocG using the program APBS (Baletral, 2001) reveals a significant increase in the
basic character of the region surrounding the shatiepression, perhaps indicating
how an isosteric substitution could cause a laigtudance in an interaction surface
(Fig. 2.4D). On the other hand, any mutation thaerferes with enzymatic activity
without drastic changes in the overall structurehef protein might lead to permanent
inhibition of GItC. This idea is supported by th&ustering of the superrepressor
mutations around the position of the nucleotideactdr (Fig. 2.4A) and is also in good

agreement with the large number of such mutations.
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In most bacteria, glutamate dehydrogenase is reduifor ammonium
assimilation. InE. coli, the enzyme can synthesize glutamate at high anmumon
concentrations due to the low affinity for this strate (Reitzer, 2003). IB. subtilis
the glutamate synthase encoded bygh&B operon is the only enzyme for ammonium
assimilation. Even the decryptified GudB1 protesn unable to catalyze glutamate
formationin vivo (Commichauet al, 2008). The reason for this difference between th
glutamate dehydrogenase Bf coli and the glutamate dehydrogenaseBofsubtilis
remains opaque. The data presented herein do, kowmwvide an explanation for the
exclusive catabolic activity of th®. subtilis enzyme: glutamate dehydrogenase of
E. coli, with a Ky, of 2.5 mM for ammonium (Sharkey & Engel, 2008)pidy active at
high ammonium concentrations (Reitzer, 2003). Hawewhe kK, values of the
B. subtilisenzymes are even higher (18 and 41 mM for RocGGaudB1, respectively).
The ammonium concentration in the cell is restdddg an active transport system. At
high extracellular ammonium concentrations, they\@nall fraction that is present as
ammonia diffuses freely into the cell, whereasoat Bmmonium concentrations, the
ammonium transporter NrgA is expressed, and ammongutaken up from external
sources (Wragt al, 1994; Detsch & Stllke, 2003).

Thus, even high external ammonium concentrationsnob result in high internal
concentrations that would be sufficient for sigrafit glutamate biosynthesis by the
glutamate dehydrogenase.

The results presented in this study support tha mfean inhibitory interaction
between the glutamate dehydrogenase RocG and #mesctiption factor GItC.
Moreover, they provide new insights into the reatbetween the enzymatic activities
and the regulatory activities of the trigger enzyRecG. The identification of the
monofunctional RocG variant that has lost its raguly function but has retained
enzymatic activity is in excellent agreement witte tprevious conclusion that the
enzymatic activity of RocG is important but notfgiént for the control that it exerts
on GItC. The availability of mutations in both peets that interfere with the inhibition
of GItC by RocG will be of great value in the eld&iion of the molecular details

behind this regulatory interaction.
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Abstract

In the glutamate metabolism &. subtilisthe glutamate dehydrogenase RocG
fulfills two functions. First, RocG catalyzes theeasnination of glutamate to 2-
oxoglutarate that serves as a source of carbormn8e®ocG acts as a trigger enzyme
by controlling the activity of the transcriptionadgulator GItC. The activity of GItC is
essential for the expression of tigtAB operon, encoding the glutamate synthase
(GOGAT). In the presence of glutamate or its precursomarg RocG prevents GItC
from the induction of GOGAT expression, thus aléutiycle of glutamate synthesis and
degradation is avoided. Two classes RocG variaate wharacterized. The first class is
drastically diminished in enzymatic activity butastgly inhibits GItC. The second class
consists of a mutant RocG protein that lost theaceyp to control GItC activity but
remained enzymatically active.

This study provides information about the intemactibetween the glutamate
dehydrogenase RocG and the transcriptional activattC. It is suggested that the
mode of interaction involves more factors. Moregtbe capacity of the mutant RocG
variants to physically interact with GItC was tekta B. subtilis. The monofunctional
RocG protein that was shown to fail in inhibitifgetGItC protein still interacts with
GItC. This result leads to the assumption thatradgon is not the equivalent of
inhibition and the mechanism of RocG to trigger tBEC activity might be more

complex.

Introduction

In B. subtilisglutamate metabolism is one of the most tighttyutated pathways.
Briefly, glutamate is exclusively synthesized bye tltombined reactions of the
glutamine synthetase and the glutamate synthasgg¥in the GOGAT cycle (see Fig.
1.1A) (Fisher, 1999). The catabolic reaction, tk&lative deamination of glutamate to
2-oxoglutarate and ammonium is performed by theéaghate dehydrogenase (GDH),
RocG (Belitsky & Sonenshein, 1998). This enzymeomdy capable of glutamate
degradation (Belitsky & Sonenshein, 1998, Commicétzal, 2008). The expression of
the gItAB operon and theocG gene is mutually exclusive (Commichau et al., 2007

In the absence of arginine and in the presencduabge, theocG gene is subject to
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catabolite repression. Under this condition gt&\B operon is expressed due to the
activation by the transcriptional regulator Glt@. the absence of glucose and the
presence of arginine, thcG gene is strongly transcribed. Then, the RocG prote
sequesters the transcriptional regulator GItC & pthesence of its substrate glutamate
which prevents the expression of @leAB operon (Commichau et al., 2007a) (see Fig.
2.1B). Besides the positive effect of GItC on thAB expression, GItC exerts
autorepression on thgtC gene that is divergently transcribed with resped¢hegltAB
operon (Belitskyet al, 1995; Belitsky & Sonenshein, 1995). This autatagon has
not been shown to be dependent on the nitrogertad¢Belitsky & Sonenshein, 1995).

In this work mutant variants of the trigger enzyRwecG were isolated, that show
a different inhibition pattern concerning the Gib@tein (Chapter 2). Two classes of
variants were isolated. Firstly, the so called sigpressor RocG proteins (RocG-SR)
were characterized. These RocG-SR proteins stranbipit GItC if glutamate or its
precursor arginine is available but show lower ematjc activity than the wild type
protein. Secondly, a monofunctional RocG proteirod®-MF) was isolated. This
protein is fully active as a glutamate dehydrogeras lost the capacity to inhibit GItC.
All mutant proteins are based on a single amind asichange that alters the trigger
enzyme RocG in a protein with only one function. the RocG-SR proteins the
enzymatic activity is abolished but they still réage GItC activity, whereas the RocG-
MF protein completely lost the ability to controltG but this protein is still active as a
glutamate dehydrogenase.

In this study, mainly two questions are addressed.the one hand it was
analyzed whether the RocG-GItC interaction candtealed in the bacterial two-hybrid
system. This approach might give information alibetmode of interaction. The result
can provide hints whether the interaction is birarywhether other factors are involved.
On the other hand the ability of the mutant RocGigins to interact with Glt@ vivo

was investigated in a SPINE approach.
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Materials and Methods

Bacterial strains and growth conditions

E. coli DH5a and BTH101 (Sambrooé&t al, 1989; Karimoveet al, 1998) were
used for cloning experiments and bacterial two-liyi{B2H) analyses, respectively.
The E. coli strains were grown in LB medium. Tlige subtilis strains GP717ti(pC2
AgudB::cat rocG:Tn10 spc amyE::(gltA-lacZ aphA3) gltB1 ansR-C1p{@ommichau
et al, 2008) and GP28rpC2 rocG:Tn10 spc AgudB:cat amyE:gltA'—'lacZ aphA3
(Commichauet al, 2007b) were grown in SP medium, LB medium oCirminimal
medium supplemented with tryptophan (at 50 mg/lafRéret al, 2003). CSE medium
is C minimal medium supplemented with sodium suatein(6 g/l) and potassium
glutamate (8 g/l). C-Glc is C minimal medium suppénted with glucose (5 g/l), and
CS is supplemented with sodium succinate (6 g/lagkéret al, 2003). CR medium is
supplemented with 5 g/l arginine. LB and SP andewsepared by the addition of 17 g
Bacto agar/l (Difco, Lawrence, USA) to LB or SP nued, respectively.

In vivo detection of protein—protein interactions

The isolation of protein complexes froB1 subtilis cells was performed by the
SPINE technology (Herzbergt al, 2007). To express the RocG protein and its
derivatives fused to an N-terminal Strep-tag, tlfent rocG alleles were amplified
(for primers see Tab. S1) and the resulting PCRdymts were cloned into the
expression vector pGP380. The PCR products werestig with BamHI and Hindlll
and ligated to vector pGP380 (Herzbest al, 2007). The resulting plasmids are
pGP1708 (RocG), pGP1709 (RocG-MFD122N). These ptismand pGP652 (RocG-
SR3 E93K) (Tholen, 2008) were used to transf@nsubtilisGP717 (Commichaet
al., 2008). For cultivation one liter culture was éatated to an O, of 0.1 with an
overnight culture. This culture was grown at 37 ¥@iluODgg 0.9—1.0 and divided. One
half and aliquots of 1.5 ml for tHacZ assay were harvested immediately, and the other
was treated with formaldehyde (6 g/l, 20 min) toilfate the cross-linking (Herzbery
al., 2007). After cross-linking, the cells were alsrvested and washed with a buffer
containing 50 mM Tris—HCI (pH 7.5) and 200 mM NaThe pellets were lysed using a
French press (20,000 p.s.i., 138,000 kPa; Spectiosiruments, Garforth UK). After
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lysis the crude extracts were centrifuged at 10D.§0or 1 h. For purification of the
Strep-tagged proteins the resulting supernatants passed over a Streptactin column
(IBA, Gottingen, Germany; 0.5 ml bed volume). Tleeombinant proteins were eluted
with desthiobiotin (IBA, Géttingen, Germany, finedncentration 2.5 mM). Aliquots of
the different fractions were subjected to SDS-PAGHor to electrophoresis, the
protein samples were boiled for 20 min in Laemnulifér to reverse the cross-links. As

a control, theB. subtilisstrain GP717 carrying the empty vector pGP380 wsasl.

B2H assay

The bacterial two-hybrid (B2H) assay was used talyme the protein—protein
interactions between RocG and GItC (Karimetal, 1998). The B2H system is based
on the interaction-mediated reconstruction of atlgaycyclase (CyaA) activity from
Bordetella pertussisn E. coli. The CyaA enzyme consists of two complementary
fragments T18 and T25 that are not active whenipalyg separated. Fusion of these
fragments to interacting proteins results in fumetil complementation between the T18
and T25 fragments and the synthesis of cCAMP. cAMRIpction can be monitored by
measuring the3-galactosidase activity of the cAMP-CAP-dependeminmter of the
E. coli lacoperon. Thus, a high-galactosidase activity reflects the interactiotwaen
the hybrid proteins. Plasmids pUT18 and p25-N altbes expression of proteins fused
to the N-terminus of the T18 and T25 fragmentshef €yaA protein, respectively, and
the plasmids pUT18C and pKT25 allow the expressbrproteins fused to the C-
terminus of the T18 and T25 fragments of the Cyadtein, respectively (Karimovat
al., 1998; Claesseat al, 2008). The plasmids pKT25-zip and pUT18C-zipvedras
positive controls for complementation. These plasmexpress T18-zip and T25-zip
fusion proteins that can associate due to therdeumipper motifs resulting in an active
CyaA enzyme and a hightgalactosidase activity. DNA fragments of tioeG andgltC
genes were obtained by PCR and digested with tlzgnees Kpnl and Xbal (for
primers, see Tab. S1). The PCR products were cloriedhe four vectors of the two-
hybrid system digested with the same enzymes, césply. The resulting plasmids
(see Tab. S2) were used for cotransformation&.afoli BTH101 and the protein—
protein interactions were then analyzed by platimg cells on LB plates containing
ampicillin (100 mg/ml), kanamycin (50 mg/ml), X-G@0 mg/ml) (5-bromo-4-chloro-
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3-indolyl-B-D-galactopyranoside) and IPTG (0.5 mM) (isoprofyb-thiogalacto-

pyranoside), respectively. The plates were incubBiea maximum of 48 h at 30°C.

Materials and Methods Summary

Western blot analysis

Western blot analysis of GItC was performed as rilesd previously (Gunkat
al., 2010). GItC were detected with rabbit polycloaatiserum raised agairt subtilis
GlItC (Commichatet al, 2007a).

Activity of the gltA-lacZ fusion

Quantitative assays ¢dcZ expression irB. subtiliswere performed as described

in Gunkaet al, subm.

DNA manipulation

All primer sequences are provided in Tab. S1. Mdshaised for DNA

manipulation were performed as described previo(Glynkaet al, 2010).
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Results

RocG-GItC interaction in the bacterial two-hybrid assay: Limits of this method

A variety of experiments were performed to chamdmtethe Roc-GItC interaction
in more detail. But none of the methods used @igace plasmon resonance (SPR),
electrophoretic mobility shift assay (EMSA) data shown) was successful in giving
new insights into the mechanism of interaction AJ.Newman, R. J. Lewis, F. M.
Commichau, C. Herzberg, pers. comm.).

To test whether the protein-protein interactionwsstn RocG and GItC can be
reconstructed heterologously . coli, both protein were fused to the C- and N-
terminus of the T18 and T25 domain of the adenylkeyelase ofB. pertussis
respectively. Different combinations of the GltCdathe RocG fusions were co-
expressed in the. coli strain BTH101. If a direct interaction between Boand GItC
occurred, the domains of the adenylate cyclase dvget in close proximity leading to
the production of cAMP (Karimoveet al, 1998). The cAMP production was
gualitatively monitored on plates containing IPT@daX-Gal (see Fig. 3.1). Thus, a
strong interaction between the respective protsineflected by the formation of dark
blue colonies on plates. The leucine zipper of yhast GCN4 served as the positive
control in this experiment.

As shown in Fig. 3.1, the GItC as well as the Rpe@ein tended to perform self-
interaction indicated by blue colored colonies.sThesult is in good agreement with
previous data for the RocG protein. Like many othletamate dehydrogenases RocG
assemblies as a hexamer consisting of two triméskaet al, 2010). The GItC
protein has not been successfully subjected totadhgstion until now. But it was
shown for other members of the LysR family thatthet as tetramers consisting of two
dimers (Picosset al, 2007; Maddocks & Oyston, 2008). The observetiisdraction
of both proteins implies that all fusions were egsed and active in the bacterial two-
hybrid assay. However, a clear interaction betw#enRocG and GItC protein could
not be observed in this assdy. coli cells expressing T18-GItC and RocG-T25 were
only light-blue colored. As the co-expression of8GItC and leucine zipper control
T25-zip resulted in an even more intensive bluemrdhe interaction between T18-GItC

and RocG-T25 was defined as non specific.
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Although all used fusions of the RocG and GItC eimtwith domains of the
adenylate cyclase seemed to be expressed and antiteis assay, no specific
interaction between RocG and GItC was detecteds,Tinis method is not appropriate

to analyze this protein-protein interaction.

pUT18/pUT18C derivatives

«© ]
= 2 = 3 o
e o ) @ N
e % g & 37
o - @ ~ ~
D | Glte-T25
=
g
-= | T25-Gltc
@
©
uZ-) RocG-T25
N
o
re)
AN | T25-RocG
|_
X
o
T25-zip

Fig. 3.1 — Bacterial two-hybrid assay of the RocG-IBC interaction.

Both genes were cloned into the plasmids pUT18, 18C] p25-N and pKT25. As illustrated, different
combinations of the plasmids were co-expressdl itoli. The transformants were incubated for 48 h at
30°C. Degradation of X-Gal (blue color) indicatde tformation of a functional adenylate cyclase

resulting from the interaction of the fused progein

SPINE approach with RocG variants

The expression of superrepressor RocG (RocG-SRgipsoinB. subtilisresults
in a strongly abolishedltA-lacZ expression in medium containing glutamate or its
precursor arginine. Furthermore, the presenceefrtbnofunctional RocG (RocG-MF)
does not repress GItC activity indicated by a higfid-lacZ expression (Gunkat al,
2010). ThegltA-lacZ expression reflects the capacity of the RocG wisiao control
GItC. However, these data do not provide evidendeether the RocG variants,
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especially the RocG-MF protein, have an altere@ratdtion pattern with the GItC
protein in comparison to the wild type RocG.

In order to get a snapshot of the GItC interacteerted by the mutant RocG
variants, a SPINE experiment was performed. In #pproach the RocG protein was
expressed with a Strep-tag Bh subtilis By using formaldehyde, the status of the cell
was fixed and the RocG protein could be purified the Strep-tag with ité vivo
interaction partners

The B. subtilis strain GP717 was used in this study. This straickd both
glutamate dehydrogenase genes and begtg\dacZ fusion to monitor GItC activity.
GP717 was transformed with plasmids containingrtioé wild type, therocG-SR3 or
therocG-MF allele (Gunkeet al, 2010). All alleles were constitutively expressemn
the plasmids. The empty vector pGP380 served asdbative control. The strains were
grown in C minimal medium, containing 5 g/l glucas® 5 g/l arginine, to an QR of
1.0. One half was harvested and the other half weated with 6 g/l (final
concentration) formaldehyde and incubated for 268 mmder agitation and harvested.
Prior to the formaldehyde treatment small aliquetse taken for measurirgjtA-lacZ
activity just in time of the cross-linking. Afteheé Strep-tag purification, the elution
fractions were boiled to resolve the cross-linkiagd separated by SDS-PAGE.
Additionally, a Western blot experiment with antildes raised against the GItC protein
was performed (see Fig. 3.2A).

As shown in Fig. 3.2A there was no GItC proteinedétd in the elution fraction
of the empty vector pGP380. After cross-linkinghwibrmaldehyde, GItC was detected
in the elution fraction of the RocG wild type priotethe superrepressor protein (RocG-
SR3) and even the monofunctional RocG protein (RbtE}. This result demonstrates
that all used RocG proteins interact with the GitGtein under the condition tested.

Fig. 3.2B shows thgltA-lacZ activity of the strain GP717 transformed with the
plasmids as indicated just prior to cross-linkinghwformaldehyde. As expected, in
absence of any RocG protein GItC was fully actemmty vector pGP380) resulting in
a high activity of thegltA-lacZ fusion with 443 Miller units. The strain expreggitne
RocG wild type protein showed a lowgltA-lacZ activity with 56 Miller units.



Chapter 3 61

(A) (B) gltA-lacZexpression
-FA +FA (Miller Units)

pGP380

Empty vector ! 443
pGP1708
RocG WT - 56
pGP652

RocG-SR3 R 13
(E93K)
pGP1709
RocG-MF - 561
(D122N)

Fig. 3.2 — Detection of the RocG-GItC interaction.

(A) 15 pl of each elution fraction were separatgdabSDS-PAGE. The SDS-PAGE was blotted on a
PVDF membrane. For detection of GItC polyclonalilzodies raised against the GItC protein were used.
(B) gltA-lacZ expression in crude extracts of tBesubtilisstrain GP717 transformed with the respective

rocG alleles cultivated in C minimal medium with glueo® g/l) and arginine (5 g/l).

The presence of the RocG SR3 protein decrease@lt@eactivity even stronger
than the wild type RocG resulting in only 13 Millenits of thegltA-lacZ fusion. This is
in line with previously results (Guniat al, 2010). Due to these logltA-lacZ activities
it was tempting to speculate that the RocG wilcetgnd SR3 protein interact with GItC
under this condition. The presence of the RocG Métgin does not lead to an
inhibition of the GItC activity. TheltA-lacZfusion is highly expressed with 561 Miller
units. However, this abolished inhibition cannot bgplained by an eliminated
interaction of RocG MF with GItC as shown in Fig2&. This result suggests that the
pure physical interaction between RocG and Gli@oissufficient for GItC inactivation.
Actually, the RocG MF protein still interacts wi@itC but is not capable of exerting a

negative effect on the GItC activity anymore.
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Mutant RocG variants have no impact on the GItC praein level

In order to exclude that the effect of the mutamic&® variants orgltA-lacZ
expression is based on an altered GItC protein,|léve GItC expression was analyzed

in a Western blot experiment (see Fig. 3.3).

GItC
SR1 SR2 SR3 SR5 MF WT
1308T S234R E93K  Y158H D122N Empty vector
R e - e Y T i PN R

Fig. 3.3 — Expression of GItC in the context of R@& mutant proteins.

Crude extracts were isolated from. subtilis strain GP28 rocG AgudB expressing the RocG
superrepressor (SR) proteins SR1, SR2, SR3, and &Rbthe monofunctional (MF) RocG protein
grown in CSE minimal medium. Strain GP28 eitherresping the RocG wild-type (WT) protein or
carrying the empty vector pBQ200 served as coriraompare GItC protein level. GItC was detected
using rabbit polyclonal antibodies raised agaBissubtilisGItC. Samples (1fg) of crude extract were

applied per lane.

As shown in Fig. 3.3 the expression of the mutamt@® variants had no impact
on the GItC expression. Therefore, it can be asduthat the effect of these RocG

variants orgltAB expression is not linked to an altered GItC protevel.
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Discussion

To the best of our knowledge, every method to rstant the RocG-GItC
interactionin vitro has failed until now. Although the fusions of Roa@d GItC protein
seemed to be expressed and active in the badigadlybrid assay as indicated by self-
interactions, no specific interaction between Rae@ GItC was detected. Even though
it is accepted that every individual method to gtydotein—protein interactions can
detect only about one third of the actual intemaxgi(Brauret al, 2009), the question
remains why also approaches like SPR have faileshowing the interaction (J. A.
Newman., pers. comm.) The most obvious explanatibg the bacterial two-hybrid
assay was not successful in showing the RocG-Git€raction is that a factor is
missing inE. colithat is present iB. subtilis In principle, there are different classes of
factors possible that facilitate protein-proteitenactions.

First, low-molecular weight factors are known to io&olved in a particular
interaction. A well studied example is the glutaenisynthetase iB. subtilis In the
presence of glutamine the glutamine synthetaseaicite with the transcription regulator
TnrA inhibiting the DNA binding activity of TnrA (\Way et al, 2001). Moreover, the
glutamine synthetase also regulates the activityaldther important transcription
regulator of nitrogen metabolism, GInR, in a glutaeadependent manner (Fisher &
Wray, 2008). In analogy to this regulation it cam lypothesized that the interaction
between RocG and GItC is triggered by glutamatthidsamino acid is the substrate of
the glutamate dehydrogenase RocG and can thereyoeasily sensed by RocG. This
idea is supported by the observation that RocG ardy repress GItC activity in the
presence of glutamate or its precursor argininenkawet al, 2010). But as it was
demonstrated that glutamate is one of the mostddninmetabolites also iB. coli
(Bennettet al, 2009) it is unlikely that glutamate is limitimig the bacterial two-hybrid
assay. Thus, the availability of glutamate canmothe only requirement for the RocG-
GItC interaction.

The second possibility is that a third protein ntiga involved in the formation of
the RocG-GItC complex. But if the interaction of d& with GItC is not direct but
mediated by another protein we would have expetddthd an additional interaction
partner in a SPINE approach in relevant amountsni@chauet al, 2007a). However,

this possibility cannot be completely excluded.
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Third, an obvious difference between the bactewalhybrid assay compared to
the situation irB. subtilisis the presence of tigtAB promoter region that is the target
of GItC binding. In this promoter region GItC caimd to multiple locations (Bohannon
& Sonenshein, 1989; Belitsket al, 1995; Picossiet al, 2007). The ratio of
2-oxoglutarate to glutamate is supposed to reguElt€ binding capacity to the
different locations. At high 2-oxoglutarate concatibn GItC activates th@gltAB-
expression whereas at higher glutamate concenistie GItC conformation is altered
and the expression of thgtAB genes is not activated (Picosgial, 2007). In this
complex model of regulation it is tempting to spate that RocG modulates the GItC
activity by binding to GItC which has to be assteibwith its target promoter region.
Perhaps GItC does not assemble in such a confamétat can be bound by RocG
until it is located at its promoter region. Thisployhesis would explain why the RocG-
GItC interaction cannot be detected in the badtesia-hybrid assay.

Moreover, the cross-linking experiment with the anitRocG protein implies that
interaction is not the equivalent of inhibition. Was demonstrated that all RocG
proteins interact with GItC, although the RocG-Mi€Kks the ability to repress GItC
activity. This result supports the idea that the®d5ItC interaction is a very complex
regulation mechanism. The interaction between RaaGGItC seems to have different
effects on the GItC activity. Perhaps the effectinfluenced by the presence of
metabolites e.g. glutamate and 2-oxoglutarate.hEurtore, it was demonstrated that
the RocG mutant variants specifically influence BEC activity in terms ofgltAB
transcription activation and not the autoregulajveperties of GItC. To get a more
precise insight into the interaction mechanisns tbpic needs to be subject or further

investigation.

Future perspectives

As discussed above, alternative evidence to thélSRkperiment for the RocG-
GItC interaction is still missing. To test the hyipesis, whether the protein-protein
interaction between RocG and GItC depends on theepice of the target promoter
region of the transcription activator GItC, theidetli DNA sequence can be introduced
in the background of the bacterial two-hybrid assHyis can be simply achieved by
cloning the promoter region into one of the vectéws the RocG and GItC co-

expression. If thegltAB promoter is necessary to facilitate the right comiation of
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GItC and enables RocG to interact with GItC, thigiaction should be detected in the
bacterial two-hybrid assay in the presence of thenpter sequence.

Furthermore, a SPINE experiment in the absencdutmgate or a source of it
can provide more insights into the mechanism ofcGkgulation by RocG. If RocG
also interacts with GItC in the absence of glutanthis would support the idea that the
impact of the interaction on GItC activity depenols other factors e.g. the ratio
glutamate to 2-oxoglutarate. A barrier in perforgthis experiment is that the RocG
protein is naturally not expressed under this dmrdiBelitsky & Sonenshein 1999). In
order to circumvent this problem RocG could be tarms/ely expressed from a
plasmid and serve as the bait to catch GItC. Armatipportunity to test the interaction
in the absence of glutamate is to express GItC wiBtrep-tag in 8. subtilis gudB1
mutant strain. The active glutamate dehydrogenas#BG was shown to interact with
GItC and is expressed under this condition (Comauadt al, 2007a, Gunkaet al,
2010 subm.).
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4, Chapter 4

A high-frequency mutation irBacillus subtilis Requirements for the

decryptification of thegudBglutamate dehydrogenase gene

The work described in this chapter was submitteghdblication in:
Gunka, K., Tholen, S. Neme, R., Freytag, B., Comntiau, F. M., Herzberg, C. &
Stilke, J. A high-frequency mutation irBacillus subtilis Requirements for the

decryptification of the gudB glutamate dehydrogengesne. Mol. Microbiol. submitted
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Abstract

Bacillus subtilisencodes two glutamate dehydrogenases, the enzathatctive
protein RocG and the cryptic enzyme GudB thatagiive due to a duplication of three
amino acids in its active centre. The inactivatmithe rocG gene results in poor
growth of the bacteria on complex media likely dwethe accumulation of toxic
intermediates. ThereforaocG mutants readily acquire suppressor mutations that
decryptify thegudBgene. This decryptification occurs by a precislettn of one part
of the nine base pair direct repeat that causearttiro acid duplication. This mutation
occurs at the extremely high rate of“10utations affecting the integrity of the direct
repeat result in a strong reduction of the mutataia; however, the actual sequence of
the repeat is not essential. The mutation ragudBwas not affected by the position of
the gene on the chromosome. When the direct repaatplaced in the completely
different context of an artificial promoter, theepise deletion of one part of the repeat
was also observed, but the mutation rate was relddbgethree orders of magnitude.
Thus, transcription of thgudB gene seems to be essential for the high rate eof th
appearance of thgudB1l mutation. This idea is supported by the findingttlthe
transcription-repair coupling factor Mfd is requréor the decryptification ofjudB
The Mfd-mediated coupling of transcription to mwgagsis can be regarded as a built-in
precaution that facilitates the accumulation of aions preferentially in transcribed

genes.

Introduction

As the central amino group donor for nearly allshiathetic pathways in any
living cell, glutamate plays a key role in the kbiemistry and physiology of all
organisms (Commichaet al, 2006). Investigations witBscherichia colidemonstrate
that glutamate is by far the most abundant metabaii these bacteria accounting for
about 40% of the internal metabolite pool (Yuetral, 2009). Moreover, glutamate is
one of the most highly embedded metabolites: In @mam-positive soil bacterium
Bacillus subtilis at least 37 reactions make use of this amino (&icet al, 2007).

In B. subtilis glutamate is exclusively synthesized from 2-oxtaylate and

glutamine by the activity of glutamate synthaséxglutarate is replenished in the
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citric acid cycle, whereas glutamine can be syritlkeelswith ammonium as the nitrogen
source and one of the two molecules of glutamat¢ #ine generated by glutamate
synthase as the acceptor. Glutamate does also sexva precursor for proline
biosynthesis, and under conditions of osmotic stresolar concentrations of proline
have to be produced (Kempf & Bremer, 1998). Thuis not surprising that glutamate
synthesis has to be a highly efficient process,iad€éed, interactions between enzymes
of the branch of the citric acid cycle that genesaR-oxoglutarate and glutamate
synthase have been reported (Mesfeal, 2011). Glutamate can also serve as source of
carbon and nitrogen. Its utilization is initiateg &n oxidative deamination catalyzed by
the glutamate dehydrogenase. The expression of gdmes encoding glutamate
biosynthetic and catabolic enzymes is subject togtex control mechanisms that allow
the adjustment of the intracellular glutamate comegion to the actual requirement
(Belitsky & Sonenshein, 1999; Belitsket al, 2004; Commichaet al, 2007b; Picossi
et al, 2007; Sonenshein, 2007).

B. subtilisencodes two glutamate dehydrogenases, GudB an@ Mlitsky &
Sonenshein, 1998). However, tlgeidB gene experienced an inactivating mutation
during domestication, resulting in an inactive mkeyene in the laboratory strai
subtilis 168. In contrast, thgudBgene encodes an active enzyme in wild isolatesrand
non-domesticated strains such as NCIB3610 (Zeifleal, 2008). The inactivation of
gudBis caused by a duplication of nine base pairhefcoding sequence resulting in a
duplication of three amino acids in the active cerdf the protein. The glutamate
dehydrogenase RocG catalyzes the final step ofc#tabolic pathway for arginine,
ornithine and citrulline. Accordingly, its expressiis strongly induced in the presence
of arginine (Belitsky & Sonenshein, 1998). Interegiy, the glutamate dehydrogenases
are not only required for glutamate utilizationt bhey are also involved in the control
of glutamate biosynthesis: In the presence of giate they inhibit the transcription
activator GItC that is necessary for the expressibthe glutamate synthase operon,
gltAB (Commichauet al, 2007a; Commichau & Stilke, 2008; Guriaal, 2010). In
the active state, the two glutamate dehydrogerargegery similar to each other, both at
the level of the amino acid sequence and also comgetheir structures. In contrast,
the inactive GudB protein seems to misfold andilgexct to rapid degradation (Gegh
al., 2008; Gunkat al, 2010).
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The importance of glutamate for the cellular phixiy is underlined by the
observation that any mutation that disturbs thdaghate homoeostasis results in the
accumulation of suppressing mutations. This is toudothE. coliandB. subtilis(Yan,
2007; Commichaet al, 2008). In the laboratory strain Bf subtilis the inactivation of
the rocG gene encoding the only active glutamate dehydm@ggenresults in the
appearance of mutants with an active GudB enzymesét alleles are designated
GudB1) (Belitsky & Sonenshein, 1998). Moreovey¢G gudBdouble mutants easily
acquire suppressive mutations affecting the glutansynthase (Commichaet al,
2008). TherocG gudBdouble mutants are unable to utilize glutamatéhassource of
carbon and nitrogen. However, cultivation of sualtants in the presence of glutamate
or its precursors such as arginine results in #lecion of suppressor mutants that
catabolize glutamate by a pathway that is not djweran wild type bacteria. The
analysis of one such mutant revealed constituti@ression of the aspartase pathway
due to the inactivation of the repressor of theraspondingansAB operon, AnsR
(Flérezet al, subm.).

The accumulation of mutations that restore grovitmotants or that allow faster
growth is a common phenomenon in bacteria. Sewsualies suggest that mutations
that overcome the specific limitation are prefeadht acquired (Cairnset al, 1988;
Barrick et al, 2009); however, the underlying mechanisms hate/et been elucidated.

Mutations can be acquired during replication. Mafsthe errors are eliminated by
DNA mismatch repair, including the MutSL system w@hicontributes to genome
stability (Modrich & Lahue, 1996; Fukui, 2010). Sererrors can escape from repair
and may be beneficial for the organism. Many béatarcluding B. subtilis possess
systems for the induction of mutations in the etary phase (Sung & Yasbin, 2002).
The emergence of these mutations is associatednaiilcription rather than with DNA
replication and plays an important role in the gathen of diversity in nondividing
populations ofB. subtilis The process of transcription-coupled DNA repairciucial
for the accumulation of mutations in the stationguyase, and this involves the
transcription repair coupling factor Mfd (Ayost al, 1996). The Mfd protein targets
DNA lesions during transcription that provoked aadblock of transcription.
Subsequently, Mfd may displace the RNA polymerarsd &ecruit the nucleotide

excision repair system to resolve the lesion (Bbowet al, 2005; Truglicet al, 2006).
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It was suggested that this process favors the sitigni of beneficial mutations of
highly transcribed genes (Rossal, 2006; Pybust al, 2010).

We are interested in the mechanism by which theygétication of thegudB
gene occurs inocG mutants. ThgudBlmutation appears during growth and requires a
deletion of nine base pairs. TherefogeidB provides a unique system to study the
emergence of mutations. Our results suggest tieati¢leryptification ofgudB requires
the presence of a perfect direct repeat. More@vegrt of this repeat is only deleted in
the context of a transcribed gene, and this deleeguires the Mfd transcription repair

coupling factor.
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Materials and Methods

Bacterial strains and growth conditions

All B. subtilisstrains used in this work are derived from theofalory wild type
strain 168. They are listed in Tab. &.coli DH5a (Sambrooket al, 1989) was used
for cloning experimentsB. subtiliswas grown in SP medium, LB medium or in C
minimal medium supplemented with tryptophan (atrigl) (Wackeret al, 2003). CSE
medium is C minimal medium supplemented with sodisoctcinate (6 g/l) and
potassium glutamate (8 g/l). C-Glc is C minimal med supplemented with glucose (5
g/l), and CS is supplemented with sodium succirfétey/l) (Wackeret al, 2003).
Additional sources of carbon and nitrogen were ddake indicatedE. coli was grown
in LB medium and transformants were selected oteplaontaining ampicillin (100
pg/ml). LB, SP and CS plates were prepared by déian of 17 g Bacto agar/l (Difco,
Lawrence, USA) to LB, SP or CS medium, respectively

DNA manipulation, transformation and phenotypic andysis

Transformation of. coli and plasmid DNA extraction were performed using
standard procedures (Sambraatkal, 1989). Restriction enzymes, T4 DNA ligase and
DNA polymerases were used as recommended by thefadarers. DNA fragments
were purified using the QIAquick PCR Purificatioit kQiagen, Hilden, Germany)
Phusion™ DNA polymerase (New England Biolabs, Ffartkam Main, Germany) was
used for the polymerase chain reaction as recometemy the manufacturer. All
primer sequences are provided as supplementaryrigiaf€ab. S1). DNA sequences
were determined using the dideoxy chain terminati@thod (Sambrookt al, 1989).

All plasmid inserts derived from PCR products weezified by DNA sequencing.
Chromosomal DNA oB. subtiliswas isolated as described (Kunst & Rapoport, 1995)

E. coli transformants were selected on LB plates contgimmpicillin (100
pg/ml). B. subtiliswas transformed with plasmid or chromosomal DNAaading to
the two-step protocol described previously (KunsRé&poport, 1995). Transformants
were selected on SP plates containing kanamycim (K& pg/ml), chloramphenicol
(Cm 5 pg/ml) spectinomycin (Spec 150 pg/ml) or lemytnycin plus lincomycin (Erm 2
pg/ml and Lin 25 pg/ml).



Chapter 4 72

In B. subtilis amylase activity was detected after growth orteglacontaining
nutrient broth (7.5 g/l), 17 g Bacto agar/l (Difd@awrence, USA) and 5 g hydrolyzed
starch/l (Merck, Darmstadt, Germany). Starch deafiad was detected by sublimating
iodine onto the plates.

Quantitative studies dacZ expression irB. subtiliswere performed as follows:
cells were grown in CSE medium supplemented wiffedint carbon and nitrogen

sources as indicated. Cells were harvested g}, (b 0.6 to 0.8 for cultures in CSE

medium and 0.8 to 1.0 for cultures in CSE mediunisugarp-Galactosidase specific
activities were determined with cell extracts olal by lysozyme treatment as
described previously (Kunst & Rapoport, 1995). @né of 3-galactosidase is defined

as the amount of enzyme which produces 1 nmolmfrophenol per min at 28° C.

Ectopic expression ofyudB variants

To express thegudB gene at an ectopic site, we used plasmid pAC5
(Martin-Verstraeteet al, 1992). This plasmid allows integration of theorwd
fragments into thamyEsite of theB. subtilischromosome. Briefly, thgudBgene was
amplified with its natural promoter using the olgmleotides ST1 and KG92 using
chromosomal DNA oB. subtilis168 as the template. The PCR product was digested
with EcoRI and BamHI and cloned into pAC5 lineadzagith the same enzymes. The
resulting plasmid pGP900 was used to introduceytiiBallele into the chromosome.

The direct repeat ofjudB present in pGP900 was subjected to site-directed
mutagenesis by a modified PCR protocol, the contbickain reaction (Bi &
Stambrook, 1998). Primers ST1 and KG92 were usedugs primers. The primers
KG119, KG120, and KG133 were used to introduce tpoiatations into thegudB
coding region. These primers were phosphorylatateat 5 end and allowed ligation
of the nascent elongation product initiated fromlSThe resulting products carrying
the mutations were cut with EcoRI and BamHI andhetbinto pAC5 digested with the
same enzymes. The resulting plasmids were pGPIG3% G9T), pGP1715 (G3T GOT
G12T G18T), and pGP1721 (G12T G18T). The plasmidseinearized with Pstl and

used to transform. subtilis(see Tab. S2).
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Design and construction of a mutagenesis reportelystem

In order to analyze the occurrence of the deletibthe repeat in a non-related
sequence context, we developed a reporter systeohvugbased on a promoter that is
only active upon deletion of one part of thedBderived direct repeat. This artificialf
promoter controls the expression of genes coding fkanamycin resistant determinant
(aphA3 andE. coli B-galactosidase (see Fig. 4.2). To obtain the repattain, we first
constructed plasmid pGP655 as follows: The pronegsaphA3gene was amplified
from pDG780 (Guérot-Fleunet al, 1995) using the primer pair ST4/ST9. These
oligonucleotides attached restriction sites for Bcand BamHI (ST9) and for Bglll
(ST4) to the PCR product. The fragment was digesitdd EcoRI and Bglll and cloned
into the integration vector pAC6 (Stulk¢ al, 1997) linearized with EcoRI and BamHI.
The resulting plasmid pGP653 contained a promasdehA3-lacZoperon. Thealf
promoter fragment was obtained by hybridization d¢fe complementary
oligonucleotides ST7 and ST8. It was cloned betwienEcoR| and BamHI sites of
pGP653, resulting in plasmid pGP655.

Construction of mutant strains

The AgudBandAmfd mutant strains were obtained by applying the Idagking
homology PCR (LFH-PCR) technique (Waehal, 1996). For the construction of the
AgudBmutant, amraphA3resistance cassette was first amplified from pldgpDG780
using the primer pair kan-fwd/kan-rev (Guérot-Fleat al, 1995). DNA fragments of
about 1,000 bp flanking thgudB region at its 5' and 3' end were amplified usimg t
primer pairs KG100/KG101 and KG102/KG103. ChromoabBNA of B. subtilis168
served as the template. The 3' end ofuihgtream fragment as well as the 5' end of the
downstream fragments extendedo the respective geneegion, in a way that all
expressiorsignals of genes up- and downstream remaimtedt. The joining of the two
fragments to the resistance cassette was perfdmaedecond PCR. In this reaction we
used the primer pair KG100/KG103 for the deletidngadB The PCR product was
directly used to transfornB. subtilis 168. The integrity of the regions flanking the
integrated resistance cassette was verified byesming PCR productsf about 1,000
bp amplified from chromosomal DNA of the resultmmgtant GP1160.
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The Amfd mutant GP1167 was obtained in a similar way. Briefhe ermC
resistance gene was amplified from pDG647 with gneners mls-fwd(kan)/mls-
rev(kan) (Guérot-Fleurgt al, 1995), and the regions flankingfdwere amplified using
the primer pairs KG86/KG87 and KG88/KG89. The jomiPCR was performed with
the primer pairs KG86/KG89. The PCR product wagusetransfornB. subtilis168.

As described above, the integrity of the DNA fragiseflanking the resistance cassette
in GP1167 was verified by sequencing.

Construction of agudB-lacZ fusion

To determine the activity of thgudBpromoter, a translational fusion of thedB
promoter to a promoterledacZ gene encoding-galactosidase was constructed as
follows. A DNA fragment containing thgudB promoter region was generated by PCR
using the primers ST1 and ST2, digested with Bamitl EcoRI and cloned into the
plasmid pAC5. The plasmid pAC5 contains a prometstacZ gene and allows the
introduction of translational fusions intdhe amyE locus of B. subtilis
(Martin-Verstraeteet al, 1992). The resulting plasmid pGP651 was useidttoduce

the fusion into differenB. subtilismutants (see Tab. S3).

Determination of mutation rates

All rocG mutant strains were plated on CS medium to vehié presence of the
cryptic gudB wild type allele in the respective strains. TleeG mutants were able to
grow on this medium as long as thedB gene had remained inactive (Commicledu
al., 2007b). Mutation rates were determined by thehow of the median (Lea &
Coulson, 1949). Briefly, eleven cultures in CSE-@fere inoculated to a density of 100
cells/ml with an overnight culture grown in the sammedium. The cultures were
incubated at 37°C to an Q§ of 2.0. For the analysis of culture titers appiaigr
dilutions of four cultures were plated on SP meduontaining glucose to allow growth
of therocG mutant strains. To screen fgudB1lmutations, appropriate dilutions of each
culture were plated on SP medium. After 24 h c@srshowing thgudB1phenotype
(wild type-like colonies on SP plates) were countEd be sure of the identity of the
mutations, thegudB allele was sequenced for at least three indepérsigypressor

mutants in each experiment. In every single cdmecorrect excision of one part of the
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repeat (i.ethe gudB1lmutation) was observed. For the determination ofation rates
of the alf promoter present in the strains GP1123 and GP1hé&acteria were plated
on SP medium containing kanamycin (60 pg/ml) an@2{-(80 pug/ml).

Northern blot analysis

Preparation of total RNA and Northern blot analysese carried out as described
previously (Ludwiget al, 2001). Digoxigenin (DIG) RNA probes were obtalrgy in
vitro transcription with T7 RNA polymerase (Roche Diaspits, Basel, Switzerland)
using PCR-generated DNA fragments as templates.pfinger pairs used to amplify
DNA fragments specific fogudBandgapAare listed in Tab. S1. The reverse primers
contained a T7 RNA polymerase recognition sequemcevitro RNA labelling,
hybridization and signal detection were carried attording to the instructions of the
manufacturer (DIG RNA labelling kit and detectiohemicals; Roche Diagnostics,
Basel, Switzerland). To determine the size ofghdB mRNA, we used the transcripts
observed with @apA probe as the standard. RNA stability was analyzedescribed
previously (Meinkenet al, 2003). Briefly, rifampicin was added to logantically
growing cultures (final concentration 100 pg/mldasamples were taken at the time
points indicated. The quantification was performesing the ImageJ software v1.42
(Abramoffet al, 2004).

Western blotting

For Western blot analysis, proteins were separbaied2.5% SDS-PAGE and
transferred onto polyvinylidene difluoride (PVDF)embranes (Bio-Rad, Munich,
Germany) by electroblotting. Rabbit anti-RocG (10®) (Commichatet al, 2007b)
served as the primary antibody. The antibodies w&sealised by using anti-rabbit
immunoglobulin G-alkaline phosphatase secondarybadies (Promega, Madison,
USA) and the CDP* detection system (Roche DiagnsstBasel, Switzerland), as

described previously (Commichatial, 2007a).



Chapter 4 76

Results

The gudB1 suppressor mutation appears at an extremely highate

In our previous studies we observed that ¢helB gene readily acquired the
gudB1lsuppressor mutation if threcG gene was inactivated (Commichetual, 2007b;
Commichauet al, 2008). In order to describe this mutation everd quantitative way,
the rate of thegudB reversion was determined. For this purpose, elévdapendent
cultures of therocG mutant strain B. subtilis GP747 were inoculated with
approximately 100 cells/ml to reduce the likelyhaddrery early mutants. The cultures
were grown under non-selective conditions (in CSEdimm supplemented with
glucose) for 20 generations and plated on compledinm (SP medium) which is toxic
for the rocG mutant but not for emergingpcG gudBlsuppressor strains. Suppressor
mutants were recognized since they grew as sol@hes (like the wild type straiB.
subtilis 168) whereas theocG mutant strain GP747 formed only very small opaque
colonies on complex medium. To ascertain that tlwation had appeared during the
cultivation and not as a result of selection on plates, only suppressor mutants that
were present after 24 hours were taken into corside. The mutation rate was 1 X
10“. To the best of our knowledge, such a high mutatite has never been observed

before inB. subtilis

The role of chromosomal location and the direct reat for the high reversion rate
of gudB

The extremely high rate of reversiongidB might result from the presence of a
direct repeat of nine base pairs. However, thermmbsmmal arrangement might play a
role as well. To distinguish between these postds| we decided to address the role
of the chromosomal location of thgudB gene first. For this purpose, we used the
B. subtilisstrain GP1163. In this strain, the chromosomadB gene was deleted and
another copy ofudBunder the control of its own promoter was insedetbpically at
the amyE site of the chromosome. The mutation rate of gtiain was 0.49 x 1D
Sequence analysis of three randomly selected ssgpremutants revealed that all
contained thgudBlmutation. This observation suggests that the chsmmal location
has no major impact on the occurrence of gelB1 suppressor mutation (see Fig.
4.1A).
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The direct repeat igudBis a common feature irrespective of the chromosoma
location of thegudBallele. Therefore, we attempted to address theabthis repeat by
a mutation analysis. Since the direct repeat iatémt within the coding sequence of
gudB any mutation to be introduced into the directesgphad to conserve tlgudB
open reading frame. In order to destroy the diregeat, we replaced two G residues by
T (position 3 and 9 of the repeat, correspondingvtioble bases of the codons for
valine and alanine). This mutation was introduc#d both the first and the second part
of the direct repeat; the corresponding strains Baresubtilis GP1179 and GP1197,
respectively. Moreover, we restored a direct repaaeit with a sequence that deviates
from the original repeat by introducing the sameatians in both parts of the repeat.
This strain was GP1180 (see Fig. 4.1A).

A 168 (gudB) ... GTG AAG GCG GTG AAG GCG...
Val Lys Ala Val Lys Ala
168 (gudB1) e GTG AAG GCG...
- - - Val Lys Ala
GP1179 (gudB,,.,) ... GTT AAG GCI GTG AAG GCG...
GP1180 (gudB,,.,) ... GTT AAG GCT GTT AAG G(CT...
GP1197 (gudB, ,;2) ... GTG AAG GCG GT AAG G(CT...
B
GP1179 (QUdBpyy) ... === === === GTG AAG GCG... 11 x
- - - Val Lys Ala
GP1197 (QUdBl, ;)  --- === === === GT T AAG GCT... 9x
- - - Val Lys Ala
GP1197 (QudBlye) ... GTG --- --- --- AAG GC T... 5x
Val - - - Lys Ala

Fig. 4.1 - The crucial role of the direct repeat fothe decryptification of gudB.
(A) The wild typegudB sequence was mutated without changing the amiitbsaguence. In GP1179

two G residues were replaced by T in the first ludlthe repeat (position 3 and 9 of the repeat). In
GP1197 theses mutations were introduced in thensiggart of the direct repeat (position 12 and T8¢
perfect direct repeat was restored in the straiaX8B. This study served to analyze the role ofréepe
direct repeat in the rapid decryptification of thedBallele. (B) Destroying of the direct repeat letals
15-fold decrease of mutation frequency. In@ldBlmutants derived from the strain GP1179, the first
part of the imperfect repeat was excised. In nuteod 14gudBlmutants derived from the strain GP1197
also the first half of the imperfect repeat wastl whereas in fivgudB1mutants an internal excision

had occurred.
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A comparison of the mutation rates revealed that perfect repeat was a
prerequisite for efficient accumulation gdB1suppressor mutants. In the absence of a
perfect direct repeat, the mutation rate was redibiyea factor of about 15 (0.036 x40
and 0.034 x 16 for GP1179 and GP1197, respectively vs. 0.49 % stfain GP1163
carrying the wild type repeat). The introductioncoimpensatory mutations that restore
the direct repeat did also restore the high ratth@fappearance of tlgeidB1 mutation
(0.89 x 10" for GP1180). These results clearly demonstrate ttre presence of the

direct repeat is the decisive factor for the hygidB1mutation rate.

Selective excision of the first part of the directepeat

In all experiments to determine mutation rates, avealyzed the nucleotide
sequence of thgudB suppressor mutations. As stated above, a preeistiah of the
direct repeat was observed in all cases. HoweWer,presence of a perfect repeat
precluded the identification of the nucleotidestthad actually been excised. This
guestion became tractable with the availabilityttef suppressor mutants Bf subtilis
GP1179 and GP1197 in which the repeat is not perfde sequence analysis of the
gudBlalleles of eleven suppressor mutants derived 1@#1179 (mutated in the first
part of the repeat) revealed that the first halthef repeat was deleted in all cases (see
Fig. 4.1B). This strong bias might indicate thaher the first part of the repeat is
preferentially excised or that the naturally ocmgr sequence is retained with
preference. This question was addressed by thgsasaf suppressor mutants derived
from GP1197 (mutations in the second part of theag). In this case, of 14 analyzed
mutants, nine had a deletion of the first part leé tepeat. Moreover, five mutants
exhibited internal deletions of the repeat thataresl a sequence coding for the active
GudB protein (see Fig. 4.1B). Thus, none of theamist derived from GP1197 restored
the original nucleotide sequence of the remaindah® repeat. Instead, we observed
again a strong bias towards deletion of the fiest jpf the repeat suggesting that this

selective deletion is inherent to the mutagenesisgss that decryptifies tigeidBgene.
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Construction and analysis of a deletion reporter ssgtem

The results presented above demonstrate that tbgodeof one part of thgudB
repeat occurs at a very high frequency both innttéve and in a non-related genomic
context as long as the repeat is intact. Thesenfysdprompted us to ask whether the
deletion would also take place as efficiently incempletely different sequence context
as it does in thegudB gene. For this purpose, we constructed a repagstem
consisting of anaphA3-lacZ operon encoding a resistance to kanamycin and
B-galactosidase under the control of an artifical)(promoter. This promoter was
designed to have perfect recognition sequenceabéonousekeeping sigma factor of the
RNA polymerase (-10 and -35), however the spacielgvéen the two boxes was 26
rather than the canonical 17 to 18 base pairsp€hiect repeat of thgudBgene should
be a part of this spacer. This promoter is notlyike be recognized by the RNA
polymerase unless one part of the repeat is dekatedthe optimal 17 bp spacing is

restored (see Fig. 4.2).

—
kan©FF  |acZOFF

— . .
_350pt | _100pt

v
v

26 bp

kan©N lacZON

-350pt -100kt

17 bp

Fig. 4.2 - The mutagenesitest system.

The direct repeat originating from tlyridB allele of B. subtiliswas placed as the spacer between an
optimal -10 and -35 region (upper part). An opeconsisting of a kanamycin resistance geaghA3

and theB-galactosidase genéa€¢Z) was placed under the control of the artificiabmpoter. Due to the
long spacer, the promoter is not active. By thecigee deletion of nine bp in the spacer region the
promoter gains function and the kanamycin resigamed thef3-galactosidase are highly expressed

(lower part).

Such a reporter system was constructed as descrildddterial and Methods and
introduced into the genome @& subtilis resulting in strain GP1123 (see Tab. S3).

B subtilisGP1123 was unable to grow in the presence of kgcianand formed white
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colonies on plates containing X-Gal suggesting tiegther kanamycin resistance rfter
galactosidase was expressed by these bacteriae Tindings demonstrate that thé#
promoter was inactive, as expected. However, wergbd the sporadic appearance of
kanamycin-resistant blue colonies that might ref$tdtm the activation of thealf
promoter. Indeed, a sequence analysis of the pearhat several colonies revealed the
deletion of one part of the repeat resulting i@ pter @lfl) with perfect -10 and -35
regions separated by the preferred distance ofplThus, the deletion of one part of
the repeat occurs also in a non-related sequemtexto

Next, we asked whether the deletion of the repeabéalf promoter took place
with a similar high frequency as observed for tleergptification ofgudB For this
purpose, the rate of appearance of kanamycin-aesisuppressor mutants of GP1123
was determined. It was found to be 1.3 Xx’1This mutation rate is in the range
typically observed in bacteria (Kunkel, 2004), bute orders of magnitude lower than
the rate found for the deletion event in th&lBgene context. Thus, there seems to be a
relevant difference between the sequence conteixttheogudB gene and thealf
promoter that results in drastically changed matatates.

Expression of thegudB gene and stability of the cryptic and active glutmate

dehydrogenases

While the direct repeat is part of a putatively exgsed coding region in tigeidB
gene, it is present in the non-transcribed spacethé artificial alf promoter. This
difference might contribute to the different mutatirates observed in the two sequence
contexts. Therefore, we decided to study firstakpression of thgudBgene to some
detail. Previous studies have shown thadBexpression is not modulated by the source
of nitrogen present in the medium (Belitsky & Sostegin, 1998). We have studied the
activity of thegudB promoter by determining the expression ajuaB-lacZfusion in
wild type, ArocG andgudBlgenetic backgrounds. As shown in Tab. 4.1, thefugas
expressed constitutively irrespective of the genbaickground or medium analyzed.
The expression level of about 500 units/mg of proie quite high as compared to other
lacZ fusions based on the same reporter system (Sahdtial, 2007). Thus, even the
cryptic gudB gene coding for an inactive protein is constapttpressed at high levels
in B. subtilis
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To allow the action of selective pressure on therygsification of gudB the
accumulation of the active protein is required. ldg@r, the inactive GudB protein was
reported to be one of the most unstable proteirB. afubtilis(Gerthet al,, 2008). In
contrast, preliminary evidence suggested that ttiwea GudB1 protein is much more
stable (Gunkat al, 2010). The issue of stability might apply notyoat the level of the
protein, but may also be relevant for tngdB mRNA. To address these problems, we
first determined the stability of trgudB mRNA of B. subtilisGP747 and the isogenic
gudB1lmutant GP753 by a Northern blot analysis. As showifig. 4.3A, we detected a
single transcript of about 1,300 bp fgudB This corresponds to a monocistronic
transcript and is in good agreement with previaggestions based on genome analysis
(Belitsky & Sonenshein, 1998). The quantitative leation of the mRNA stability
revealed a half-life of about 4 min. The stabildl the mRNA was similar in both

strains, demonstrating that it is not affectedhm®y ppresence of the direct repeat.

Tab.4.1 - Analysis ofgudB expression.

B-Galactosidase activity

Strain  Relevant genotype C-Glc CE CE-Glc CR CR-Glc
GP110: wild type 357 NG 504 572 41¢
GP110: gudB! 182 384 26¢ 41¢ 24z
GP1104 rocG::Tn10 422 NG 557 NG 394
GP1105 rocG::Tn10 gudB1 225 658 478 410 295

& Bacteria were grown in C minimal medium. Gluco€&c], glutamate (E), and
arginine (R) were added to final concentrationssaj/l (Glc and R) or 8 g/l (E).
B-Galactosidase activities are given as units/mgrofein. Experiments were carried
out at least threefold. Representative results foamseries are shown.

NG = no growth.

The accumulation of the glutamate dehydrogenaseBGwds studied by
Western blot analysis. For this purpose, we usedc#ll extracts of theocG mutant
GP747 and its isogenigudBl derivative GP753 that were prepared for the
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determination of the mRNA stability (just prior tdampicin addition, ¢ in Fig. 4.3A).
To detect the GudB protein, we used an antibodethagainst RocG. Both proteins are
very similar and the antibody recognizes GudB al. \B&nce both strains used for this
experiment areocG mutants, the only signal is obtained with GudBr{@uichauet al.,
2007b).

A GP747 GP753
+ RIif tO t5 t15 tO t5 t15
23S RNA T T T . —
16S rRNA
B
GudB1 purified GP747  GP753

Fig. 4.3 - Expression of theggudB gene and the GudB protein level.

(A) Northern blot analysis was performed to deternihe stability of theyudB mRNA of B. subtilis
GP747 and the isogenigudB1 mutant GP753. Both mRNAs do not differ in stabiland half-life,
implying that the direct repeat does not influemoBNA levels. (B) A Western blot analysis was
performed to compare the protein levels of GudBhwiite level of GudB1. Crude extractsBif subtilis
GP747 and the isogengudBl mutant GP753 were used and the GudB protein wiestéel by using

antibodies raised against RocG that cross-reabttivt GudB protein.
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As shown in Fig. 4.3B, the active enzyme GudB1 dcug detected in the extract of
GP753. In contrast, no signal was observed forctlyptic GudB protein. Since the
MRNA amounts are similar for both strains (see Bi§A), we may conclude that the
inactive GudB protein is highly unstable, as sutggby a previous study (Genth al.,
2008). In contrast, the active glutamate dehydragernGudBl is a stable protein that
accumulates in the cell. Thus, the decryptificatidrgudB is sufficient for the cell to
obtain immediately an active glutamate dehydrogernthat may help to overcome the

metabolic imbalance of thecG mutant.

Implication of repair and recombination proteins in the decryptification of gudB

The extremely high frequency at which tipedB decryptification occurs and the
fact that the rate is much higher in tipedB locus as compared to tladf mutagenesis
reporter system suggest the involvement of protginhe mutagenesis process. The
sequence of the direct repeatgndBis somewhat similar to thehi sequence that is
recognized and bound by the AddAB helicase/nucleasecomponent of the
recombination machinery of the cell. Since the nelsimation protein RecA is also
involved in the generation of mutations, we deteedi thegudB mutation rate of the
addAB and recA mutant strains GP1107 and GP1103, respectivelg. Hes were
similar to those observed with the isogericG mutants (0.9 x 16and 1.1 x 17 for
theaddABmutant and the wild type GP754; 0.3 X*1&. 1.3 x 10 for therecAmutant
and the wild type GP747). Therefore, ADdAB and RelwAnot seem to play a major
role in the deletion of the direct repeat in thelBgene.

If AddAB and RecA would have played a role in thededion of the direct repeat
in gudB we would have expected that they are not sekedtiv thegudB gene context
as compared to the context of th# promoter. Thus, the genetic context plays a
decisive role in the decryptification @fudB As shown above, thgudB gene is
constitutively expressed. In contrast, the coremmi@r of the mutagenesis reporter
system is a non-transcribed region. The transonptepair coupling factor Mfd might
therefore participate in the deletion of tnedBrepeat. To test this idea, we constructed
the mfd deletion mutant GP1169 and compared the mutagitin this strain to that of
the isogeniaocG mutant GP747. In this case, we detected a hurfdtddeduction of
the frequency ofjudBlmutants (1.25 x I®vs. 1.3 x 1d). Next, we investigated the

impact of themfd mutation on the deletion of the repeat indffgpromoter. In this case,
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the mutation rates of the wild type (GP1123) aralifogenianfd mutant GP1168 were

very similar (1.3 x 10 vs. 2.3 x 10). Thus, thenfd mutation affects the deletion of the
direct repeat only in the context of the transatitgene. This observation strongly
supports the idea that transcription of th&B gene is essential for obtaining the high

rate of decryptification.

Discussion

In bacteria, mutations occur with a frequency obwhl0’ and the frequency of
beneficial mutations is estimated to be even twder of magnitudes less frequent
(Imhof & Schlétterer, 2001; Kunkel, 2004). ThedB1mutation studied in this work
appeared with a rate of about™0ro the best of our knowledge, this is the highest
mutation rate for a specific allele that has everbobserved in bacteria.

Since the pioneering work of Darwin it was thoughat the occurrence of a
mutation is a stochastic event that may affect emteotide with the same probability
and that natural selection provides the choice éetwdifferent variants (Darwin, 1859).
However, research in the last few years suggeatss#iective pressure may somehow
favor the appearance of beneficial mutations (Gaetral, 1988; Rothet al, 2006). A
recent long-term study witlEe. coli suggested that early during starvation the cells
acquire the most beneficial mutationg (those mutations that have the highest positive
impact on fitness) and that independent bactetiilies are likely to accumulate the
same beneficial mutations (Barriek al, 2009). The high frequency and the high
precision of thegudB decryptification have two implications: First, pesific selective
pressure seems to stimulate the occurrence ofgtidB1 mutation. Second, the
molecular tools to generate the mutation must begt inB. subtilis

Previous work has shown that glutamate homoeostasisportant for both
E. coli and B. subtilis (Yan, 2007; Commichaet al, 2008). To any mutation that
affects glutamate metabolism, the bacteria resp@adlily with the emergence of
suppressor mutations. In the lab strairBofsubtilis the inactivation ofudB seems to
be very stable under laboratory growth conditiondeed, a derivative of the strain 168
with an active GudB glutamate dehydrogenase coulg be selected on minimal
medium with glutamate as the single carbon souBwmitéky & Sonenshein, 1998;

Commichauet al, 2008). The situation is completely different wiberocG gene that
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encodes the final enzyme of the arginine degradgbathway is inactivated. These
bacteria form only small translucent colonies omptex medium and rapidly acquire
the gudB1 mutation. The occurrence of tigeidB1 mutation at such a high frequency
suggests the existence of a strong selective peesxerted on theocG mutant. The
rocG gene product, the glutamate dehydrogenase, cenglertmate to 2-oxoglutarate.
This suggests that glutamate or one of its precsiréo the arginine degradation
pathway might accumulate in tliecG mutant and this might be problematic for the
cell. We have tested the growth of mutants affeatethe different steps of arginine
degradation on complex medium; however, the stgnogvth defect was unique to the
rocG mutant (our unpublished results). Thus, the acdation of glutamate may be
toxic for the cell. This idea is in good agreemwith the observation that a strain with
a constitutive high-level expression of the glutéengynthesizing enzyme glutamate
synthase acquired a mutation that inactivatesehiyyme when grown in the presence
of glutamate (Commichaet al, 2008). This leaves us with the question whyaghadte
should be toxic for the cell when it is the mosumadant metabolite anyway. The
enzyme glutamate racemase (encoded by the esseeti racE in B. subtilig
catalyzes the conversion of L-glutamate to D-glatanthat is a building block for
peptidoglycan biosynthesis (Kimurat al, 2004; Spieset al, 2009). Indeed, the
accumulation D-glutamate was shown to be toxicBosubtilis(Kimura et al, 2004).

In the presence of very high intracellular amounitd_-glutamate due to the strong
induction of the enzymes of the arginine degradapathway, RackE probably generates
higher concentrations of D-glutamate than tolerdigdhe cell. The activation of the
normally cryptic glutamate dehydrogenase GudB mititen bring the glutamate
concentration to a level that does not longer tesuthe accumulation of harmful D-
glutamate.

A mutation can only be beneficial for a bacteriunit iconfers the cell with an
immediate selective advantage. This was observéfteicase of long-term evolution of
E. coli most of the mutations that were fixed after 5,@@Merations resulted in an
increased fitness of the cells (Barrriekal, 2009). In the case of GudB, a mutation has
two solve two problems at the same time: first, ékremely unstable protein needs to
be stabilized and, second, the stable enzyme miigj bn advantage for the cell. As
shown in this work, the decryptification of GudBascompanied by drastic increase of

the stability of the protein as judged from ther@ased amounts of the protein while the
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expression of the gene is not affected by the nautafhe active GudB protein may
than participate in reducing the cellular glutampt®l as outlined above. Thus, the
decryptification ofgudBmeets both requirements.

A particular feature of thgudBgene is the presence of a perfect direct repeat. T
our knowledge, this is a unique situation in thaagyae ofB. subtilis As shown in this
work, the repeat is essential for the high ratguadB decryptification. Tandem repeats
in bacteria are usually instable and multiple medras are involved in their
contraction or expansion (Bichaet al, 2006). However, the well-studied tandem
repeats such as thgtC repeat inHaemophilus influenzaer the nadA repeat in
Neisseria meningitidigonsist of five to 36 repeats of tetranucleoti(i@ayliss et al,
2001; Martinet al, 2005). In those cases, the instability is nokeéd to transcription
(Bicharaet al, 2006). ThegudB repeat is unique in possessing a large repeat (uni
repeat of nine nucleotides) that is present in awy copies. In contrast to the well-
studied tandem repeats thadB repeat is very stable in a non-related, non-tnansd
genomic context. Our work provides first insighttoi the mechanism of the deletion of
one part of thegudB repeat: The Mfd protein is essential for the Hhigiguency
decryptification ofgudBif the repeat is located in a transcribed regéond then the first
part of the repeat is preferentially deleted. Tdhentification of the particular enzymes
that are required for the decryptificationgafdBwill be the subject of further analyses.

The Mfd-mediated coupling of transcription to DN&pair and mutagenesis can
be regarded as a built-in precaution that facdgathe accumulation of mutations
preferentially in transcribed genes. This has sdvenplications: (i) The coupling
allows that the mutations occur in genes that amressed at the given timepoint;
therefore the mutant variants of the encoded prsteiight help to overcome the actual
limitation. (ii) Non-transcribed genes that may feguired under different conditions
are in this way protected from potentially harmulitations. Both effects facilitate the
adaptation of bacteria to all kind of challengeat timit their growth and are therefore

crucial for bacterial evolution.
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5. Chapter 5

Further factors involved in the Mfd-dependent detfication of

thegudBallele inBacillus subtilis
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Abstract

In the laboratoryBacillus subtilisstrain 168 thegudB gene encoding an inactive
glutamate dehydrogenase is rapidly decryptifiedugeletion of theocG gene coding
for the active glutamate dehydrogenase. This défiogiion occurs at a high mutation
rate of about 16. In the decryptifiedjudBallele, designategudB1, nine base pairs of a
direct repeat in the coding region are preciselyised, leading to the production of an
active enzyme. A recent study showed that the hagdn ofgudB1lmutation in arocG
mutant background depends on the perfect diredategnd the presence of the Mfd
protein. The involvement of Mfd, which is a traription repair coupling factor, in the
gudB1 mutations implies the contribution of other prateithat are part of the DNA
repair system to the mutation event. In order emidy these putative factors, mutants
that are deficient in the nucleotide excision repmind the DNA repair mismatch
systems were constructed. Both, the loss of théAldwnd UvrB proteins and the MutS
and MutL proteins do not reduce tlgudBl1 mutation rate as much as the Mfd
deficiency. These results support the idea thatroffictors may operate together with

Mfd in thegudB1ldecryptification.

Introduction

The genome oB. subtiliscodes for two glutamate dehydrogenases, RocG and
GudB. In the laboratory strain 168 only the Roc®t@in is active in degrading
glutamate to 2-oxoglutarate and ammonium (Belit&kponenshein, 1998), whereas
thegudBgene encodes a cryptic glutamate dehydrogenaseahnot utilize glutamate
as a source carbon (Belitsky & Sonenshein, 1998jlefeet al, 2008). The inactivity of
the GudB protein is caused by a duplication of rbase pairs in the coding region of
thegudBgene leading to the duplication of the three anaicids in the active site of the
protein (Belitsky & Sonenshein, 1998; Commicledwal 2007b; Gunkat al, subm.).

In the absence of the active glutamate dehydrogeRaxG,B. subtilisis not
capable of utilizing glutamate anymore which result a severe growth defect of a
rocG mutant on medium containing glutamate and a warnidétits precursors. This
growth defect is rapidly suppressed by a mutatidrckv activates the cryptigudB

allele. It was demonstrated that the suppressoationt always occurs as the precise
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deletion of nine base pairs of the direct repedh@gudBgene (Belitsky & Sonenshein,
1998, Commichawet al, 2007a). The decryptification of tlgudB allele occurs at an
extremely high rate (1.3 x TP (Gunkaet al, subm.). By this mutation trgudBallele,
designated agudBl gains function and codes for a stable and acghgamate
dehydrogenase (Belitsky & Sonenshein, 1998).

As shown, there are at least two requirementshi®rapid decryptification of the
gudB allele. (i) The presence of a perfect direct ré@eal (i) and the transcription
repair coupling factors Mfd are crucial for the tnignutation rate (Gunket al, subm.).
The lack of one of these requirements reduces thiatan rate about hundred-fold,
respectively.

The Mfd protein is evolutionarily highly conservadd belongs to the group of
transcription repair coupling factors (TCRF). Thdsetors recognize stalled RNA
polymerase caused by a DNA lesion. TRCFs displaeeRNA polymerase and its
transcripts and recruit the DNA excision repair hiaery that resolves the lesion and
allows the restart of transcription (Roberts & RaB¥04; Borukhovet al, 2005;
Deaconescet al, 2006). Until now, little is known about the moldar mechanism of
the detailed recruitment of the DNA excision repgaachinery by the TCRF Mfd. But
evidence was provided that Mfd directly interactghwthe UvrA subunit of the
UvrABC nucleotide excision repair system (Selby &ngar, 1993; Selby & Sancar
1995a).

Furthermore, it was shown that the Mfd proteimiglved in the phenomenon of
stationary phase mutagenesisBn subtilis (Rosset al, 2006; Robletcet al, 2007,
Pybus et al, 2010). Indeed, in &. subtilis strain lacking the Mfd protein the
accumulation of beneficial mutations is diminish&tis is in good agreement with our
findings that the frequency @udB1 mutations is decreased innafd mutant strain
(Gunkaet al, subm.).

Recently, it was demonstrated that another rolhn@fMfd protein is to clear the
conflict between the DNA and the RNA polymeraseaihead-on collision itfE. coli
The Mfd protein arranges to solve this conflict favor of replication by pausing
transcription (Pomerantz & O’'Donnell, 2010).

To further elucidate the molecular mechanism of Mfd-dependent rapigudB
decryptification, it was studied which factors atsntribute to the generation gtidB

suppressors. Therefore, mutants of componentseofJitABC DNA excision repair
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system and the MutSL proteins that participate iea DNA repair mismatch were
generated. Experimental evidence cannot be prowitdany of the proteins analyzed
is involved in the case of thgudB1 mutation. Thus, it is still an open question with

which DNA repair machinery Mfd operates in thedBdecryptification.

Materials and Methods

Bacterial strains and growth conditions

All B. subtilisstrains used in this work are derived from theofalory wild type
strain 168. They are listed in Tab. $3.subtiliswas grown in SP medium, LB medium
or in C minimal medium supplemented with tryptoph@an 50 mg/l) (Wackeet al,
2003). CSE medium is C minimal medium supplememigld sodium succinate (6 g/l)
and potassium glutamate (8 g/l). C-Glc is C minimadium supplemented with
glucose (5 g/l), and CS is supplemented with sodsuecinate (6 g/l) (Wackest al,
2003). LB, SP and CS plates were prepared by tiiti@a of 17 g Bacto agar/l (Difco,

Lawrence, USA) to LB, SP or CS medium, respectively

Construction of mutant strains

The AmutSL and AuvrAB mutant strains were obtained by applying the long
flanking homology PCR (LFH-PCR) technique (Waet al, 1996). For the
construction of thaivrAB mutant,ermC resistance gene was amplified from pDG647
with the primers mls-fwd (kan)/mls-rev (kan) (Guekdeury et al, 1995). Internal
DNA fragments of about 1,000 bp flanking therAB region at its 5' and 3' end were
amplified using the primer pairs KG114/KG115 and K®/KG117. All primer
sequences are provided in Tab. S1. Chromosomal BIN&\ subtilis168 served as the
template. The 3' end of thpstream fragment as well as the 5' end of the dtream
fragments extendedto theuvrAB generegion, in a way that all expressisignals of
genes up- and downstream remain@dct. The joining of the two fragments to the
resistance cassette was perfornmed second PCR. In this reaction we used the prime
pair KG114/KG117 for the deletion of thewrABregion. The PCR product wesectly
used to transform. subtilis168 resulting in the mutant GP1175.
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The AmutSImutant GP1190 was obtained in a similar way. Brjghe aphA3
resistance gene was amplified from pDG780 with gheners mis-fwd (kan)/mls-rev
(kan) (Guérot-Fleuryet al, 1995), and the regions flanking theutSL geneswere
amplified using the primer pairs KG127/KG128 and K8/KG130. The joining PCR
was performed with the primer pairs KG127/KG130eTPCR product was used to
transformB. subtilis168. The integrity of the regions flanking the gr&ted resistance
cassette was verified by sequencing. PCR prodicébout 1,000 bp were amplified
from chromosomal DNA of the resulting strain GP1190 using the primer pairs
KG131/kan-check rev and KG132/kan-check fwd.

Determination of mutation rates

The gudBmutation rates of th8. subtilisstrains GP1176, GP1191 and GP1192

were determined as previously described in Guatkad, subm.

DNA manipulation

B. subtiliswas transformed with chromosomal DNA or PCR praéslaccording
to the two-step protocol described previously (Kulaskapoport, 1995). Transformants
were selected on SP plates containing kanamycin @eapg/ml), spectinomycin (Spec
150 pg/ml) or erythromycin plus lincomycin (Erm 8/ml and Lin 25 pg/ml).
Chromosomal DNA oB. subtiliswas isolated as described (Kunst & Rapoport,
1995). DNA sequences were determined using theosydehain termination method
(Sambroolet al, 1989).
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Results

Involvement of the UvrAB proteins in thegudB mutation

We observed a hundred-fold decrease inghdB decryptification in themfd
mutant strain GP1169 (Gunlea al, subm.). This suggests that the nucleotide extisi
repair NER system might also be involved in thecie excision of the nine base pairs
in thegudBallele. The Mfd protein does not possess nuclaasety but is required for
recruiting the NER machinery to a certain DNA lesiin the process of the
transcription coupled nucleotide excision repai€Rl) (Selby & Sancar, 1993; 1994,
Deaconescet al, 2006).

As a potential candidate for the excision systeperating with the Mfd protein in
thegudBdecryptification, the UvrABC system was chosenElrcoli, the UvrA protein
is able to interact with transcription repair conglfactors (TCRFs) like Mfd leading to
the repair of the damaged DNA (Truglet al, 2006). Thus, theivrAB operon was
deleted in aocG mutant strain (GP1176) and tedB mutation rate was determined
(Gunkaet al, subm.). The mutation rate of therAB mutant strain was similar to those
observed with the isogeniocG mutant GP747 (0.1 x T0and 1.3 x 17, respectively).

If UvrABC would be involved in the excision of thene base pairs in thgudB
allele, we would expect a more striking effect nfuarAB deletion on the mutation rate.
In conclusion, the UvrABC system does not seenptrate with Mfd in the generation

of gudBsuppressors.

Effect of amutSL gene deletion on thgudB mutation

In order to gain further insights into the molecutaechanism of theyudB
decryptification, we looked for other interactioarfmers of the Mfd protein that could
have the capacity to repair DNA damage. Eocoli it was shown, that the deletion of
the DNA repair mismatch genesutSandmutL selectively abolishes DNA repair in the
transcribed DNA strand to the same extent agddeletion does (Melloet al, 1996).
Therefore, both thenutSand themutL gene were deleted and it was tested whether
these deletions have an impact on the mutationafatiee gudB allele. We determined
the mutation rate of theocG mutSLdouble mutant (GP1191) in comparison to its
isogenicrocG parent GP747. The mutation rate was 0.2 X fd) the mutSLmutant
strain GP1191 which is similar to the rate of theG mutant GP747 (1.3 x 1. Thus,
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the deletion ofmutSandmutL has no significant effect on the precise excisibithe
nine base pairs in trgudBallele.

To exclude the possibility that the UvrAB and theut8IL proteins can replace
each other in the transcription coupled nucleotigteision repair, we constructed a
B. subtilisstrain lacking theivrAB and themutSLgenes (GP1192). The mutation rate of
thegudBgene in this strain was 0.13 x“1@hich is similar to its isogeni®cG mutant
strain GP747 (1.3 x 1Y). This result leads to two conclusions: Firstan be assumed
that the UvrA and the UvrB proteins cannot be d@isptl by the proteins MutS and
MutL and vice versa in the processgeidB decryptification. Secondly, we propose that
neither the nucleotide excision repair proteins AJand UvrB nor the DNA repair

mismatch protein MutS and MutL contribute to thedviiediatedyudBmutation.

Discussion

The data presented herein, imply that in the cdsbeqgudB1 mutation the Mfd
protein does not act in concert with the UvrABCthe MutSL systems. Even the
simultaneous inactivation of both systems doedewaat to a significant decrease in the
gudBlmutation rate.

Mfd possess structural characteristics which agéliiiconserved (Deaconeset
al., 2006). Allowing six gaps, the amino acids 1318 of the Mfd protein oB. subtilis
share a 19% identity with the N-terminal regionbfrB protein ofB. subtilissee (Fig.
5.1). This region in the UvrB protein is supposedontain residues necessary for the
interaction with the UvrA protein. Therefore, thet&tminal part of the Mfd protein
seems to be necessary for the recruitment of the Biistem by interacting with UvrA
(Selby & Sancar, 1993). As the very last C-termeait of UvrB was shown to interact
with the UvrC protein and this part is not homologdo any part of the Mfd protein, it
is unlikely that Mfd itself can interact with UvrQt was demonstrated that the Mfd
protein interacts with the RNA polymerase (see Bid) and is therefore sufficient to
recognize a stalled transcription complex (Ayetaal, 1996). The C-terminal domain
of Mfd is supposed to block the UvrA interactiotesintil a stalled RNA polymerase is
recognized by the RNA polymerase interaction domaimd displaced by the

translocation domain (Deaconesztial, 2006).
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Fig. 5.1 — Domain structure of theB. subtilis Mfd protein.

Characteristic and conserved domains of TCRFs agped on the primary structure of Besubtilis
Mfd protein (lllustration adapted tDeaconescet al, 2006). Each domain is highlighted in a different
color. The domains were determined by using a plal&lignment of Mfd homologues to (Deaconestu
al., 2006) (RNA pol = RNA polymerase).

It is obvious that the Mfd protein can neither ecitvrC nor can it perform
nucleotide excision itself. Therefore, it is tempgtito speculate that the Mfd mediated
generation of thegudB1 mutation occurs in yet unknown mechanism and we®l
proteins that have not been linked with the trapson coupled nucleotide excision

repair until now.

Future perspectives

In order to gain insights into the Mfd-mediated getion ofgudB1lmutations a
SPINE experiment usingracG mutant strain can be performed (Herzbetrgl, 2007).
By thisin vivo cross linking approach potential interaction parsnof the Mfd protein
can be identified. To increase the chance of dioksig Mfd in complex with its
potential target, thgudBgene, and additional interaction partners,ghéBgene has to
be enriched. Besides the analysis of the eluti@etifitn by mass spectrometry to
identify Mfd interaction partners, a Northern bleith a gudB probe can be performed.
This experiment might demonstrate whether g¢elB transcript can be specifically

cross-linked with the Mfd protein.
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6. Chapter 6

SPABBATS: A pathway-discovery method based on Baolgatisfiability

that facilitates the characterization of suppressotants

The work described in this chapter was submitteg@blication in:

Flérez, L. A., Gunka, K., Polania, R., Tholen, S. &Stilke, J. SPABBATS: A
pathway-discovery method based on Boolean satikfjabthat facilitates the

characterization of suppressor mutants. BMC Systimisgy submitted
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SPABBATS algorithm. KG and JS developed the stiatedor the experimental
validation of the method. ST contributed to thefgenance of the experiments. LAF,
KG, and JS wrote the manuscript and created théeTaaid Figures. All authors read
and approved the final manuscript.
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Abstract

Background

Several computational methods exist to suggesinaltigenetic interventions that
improve the productivity of industrial strains. Naheless, these methods are less
effective to predict possible genetic responsethefstrain after the intervention. This
problem requires a better understanding of poteraiternative metabolic and

regulatory pathways able to counteract the targetedvention.

Results

Here we present SPABBATS, an algorithm based ore@wmosatisfiability (SAT)
that computes alternative metabolic pathways betweput and output species in a
reconstructed networkThe pathways can be constructed iteratively in orde
increasing complexity. SPABBATS allows the accurtiala of intermediates in the
pathways, which permits discovering pathways missgdnost traditional pathway
analysis methods. In addition, we provide a prdafancept experiment for the validity
of the algorithm. We deleted the genes for theaghsite dehydrogenases of the Gram-
positive bacteriunBacillus subtilisand isolated suppressor mutant strains able W gro
on glutamate as single carbon source. Our SAT apprproposed candidate alternative

pathways which were decisive to pinpoint the exatation of the suppressor strain.

Conclusion

SPABBATS is the first application of SAT techniguesnetabolic problems. It is
particularly useful for the characterization of af®tlic suppressor mutants and can be
used in a synthetic biology setting to design nathways with specific input-output

requirements.
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Background

A holistic understanding of cellular metabolisncentral to systems biology and
metabolic engineering: In order to amplify the flthrough production pathways in
industrial strains we have to understand how théabwdic network responds to our
interventions.

Several methods can suggest rational interventibas may lead to favorable
industrial phenotypes (Feist & Palsson, 2008). Teal is to optimize the distribution
of metabolic fluxes towards the product of interegther directly (e.g. FBA, MOMA or
ROOM) or indirectly by coupling it to another cheteristic (e.g. OptKnock) that
facilitates further strain improvements via mutatand screening.

While these methods can predict a final flux disttion, they do not predict the
range of genetic and metabolic responses of thenesm after the targeted mutation. At
the same time, it would be highly desirable to hawels that may predict these
responses, since they can suggest ways to gemeoagestable strains, or accelerate the
adaptation to an intended optimal flux. The chakmf the question is the need to
understand why particular genetic responses maksesg an evolutionary setting.
Thus, the ultimate question is: Which parallel patis - that were not active
previously - result in an adaptive advantage utfiescreening conditions?

Pathway analysis has received increased attentiental the reconstruction of
genome scale metabolic networks for many organidihese methods can be divided
into two categories: stoichiometric and path oeen{Planes & Beasley, 2008). The
first approach generates all pathways that confdonthe pseudo-steady-state
assumption for internal metabolites. However, @ésents two problems: the number of
predicted pathways is in the order of millions ffggnome scale models, making the
approach totally intractable for the question ahchgdKlamt & Stelling, 2002). Its
second shortcoming is the constraint imposed by#eedo-steady-state assumption for
internal metabolites. This assumption may rule featsible pathways or (in case we
include a large number of "freely available" metébs) result again in a combinatorial
explosion of pathways. The alternative approach athp oriented pathway
reconstructions - is advantageous since it usggherates a small (and thus tractable)
set of possible pathways. This is due to the chofcstarting and ending metabolites

and heuristics on the characteristics of the "oakinpathway. However, the path-
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oriented approach may result in unrealistic patsaawat consume internal metabolites
not present in sufficient quantities inside thd.cel

What is needed is an algorithm that reconstruatéctsbmetrically balanced
pathways in increasing order of complexity, withaxed mass-balance constraints in
comparison to the traditional pseudo-steady-s&ggiction.

A solution based on mixed-integer linear programgniMILP) has been
suggested by de Figueiredbal, but it has not been used in an evolutionary cdrge
far (de Figueiredcet al, 2009). Here we describe the use of Boolean fedikty
(SAT) for the reconstruction of alternative pathway metabolic networks (Claessein
al., 2009). Given a set of basal metabolites (thatcansidered freely available) and a
set of target metabolites (whose concentratioost increase), our SAT method
constructs the hortest_athway letween the #sal and arget_sts (SPABBATS) of
metabolites that is stoichiometrically balancedjlevallowing the concentration of the
intermediate metabolites to increase, if neede@ ddnstraints are more relaxed than
the ones for e.g. flux balance analysis, thus matgi the metabolically significant
pathways. Using the algorithm iteratively, we obtai prioritized list of pathways,
whose elements can be tested individually by commolecular biology techniques.

To demonstrate the power of this concept, we aglie SPABBATS algorithm
to a complex physiological problem, which is a fesfi an evolutionary experiment.
We have elucidated a novel pathway of glutamateadizgion present in the metabolic
network of B. subtilis that had been decryptified upon inactivation oé thormal
glutamate catabolic genes. By using our SAT appgroae proposed four different new
pathways that could be present in the mutant tlizeitiglutamate as single carbon
source. These predictions were experimentally deated revealed that one of these
pathways was indeed active in the mutant strain #wad this novel “suppressor”
pathway is required and sufficient for glutamatéiaattion. This proves that the results

of our approach correspond to valid metabolic aigves for living cells.
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Materials and Methods

Algorithm for finding short pathways between a bass and a target set of
metabolites(SPABBATS)

Our approach draws inspiration from flux-balancalgsis (FBA) (Orthet al,
2010) in the sense that it searches the flux sphaemetabolic network for fluxes that
comply with a set of stoichiometric constraintseThajor difference to FBA lies in the
optimality criterion; in FBA the value to optimize the target flux. In our case we
change from optimization to satisfiability: we sdarfor a flux that satisfies all the
constraints, including a maximum number of alloweactions.

Another important difference, that is a consequenfcsatisfiability approach, is
that we use two variables for each flux insteadmé. The first variable is a positive
integer, which is a relative measure of the countrdn of that particular flux to the total
pathway. The second variable is Boolean and defirfether or not the particular flux
takes part in the solution.

As in FBA, we defineS as the stoichiometric matrix of the network with
reactions andmn compounds. Reversible reactions are split into twidirectional
reactions. We divide the set of compounds intoetltisjoint sets:

i) B is the set of basis compounds that are considiesdly available,
either because they are provided in the mediunbesause they are
“currency metabolites”, whose concentration is ergtl by the whole
system (e.g. ATP, ADP, NADH, etc.)

i) T is the set of target compounds, the ones consttdmée produced in
the pathways of interest

iii) | is the set containing all other compounds, that loa intermediates of
the resulting pathway

We use different constraints for each of these 3éis compounds in the $tare

left unconstrained. For each compound in thél's@te write a constraint in the form:
Y. $ah >0, (1)
i=1

wheres; is the stoichiometric coefficient of compoujpth reactioni, anda; and

b are the integer and Boolean valued variables attmen i, respectively. These
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constraints mean that in the solution pathway theral flux to these metabolites
should be positive.

For the compounds in the sktwe use a constraint similar to (1), with the
difference that we use a “greater than or equa(*0) sign. In FBA, an equality sign is
used here, to constraint the fluxes to the stetateg-sspace. We purposely do not
constrain the pathway to the steady-state spanee gshe candidate solutions to the
problem will not be the only pathway active in thell and the intermediates that are
accumulated in our pathway can be used by othémwaats operating in parallel in the
system. We require the total flux to these compsutwd be non-negative, since the
supposition is that they are not present in swdfily high amounts to allow sustained
growth on their consumption.

Next, we add constraints that limit the directigtyabf reversible reactions. This

is done with constraints in the form:
b +b, <2, 2)

where by and b, are the Boolean variables of two reactions thajetioer
characterize a reversible reaction. These constramean that no two directions of a
reversible reaction can appear in the final pathataye same time.

Last, we add a constraint for the total lengthhef $olution. This constraint is:

bk, 3)

where k is a positive integer value that determines the<iimam number of
reactions that can appear in the pathway. Thistcing does not immediately find the
best solution, but it puts successively strictgpargbounds to the maximum number of
reactions that are allowed. Thus, it is able tad fthe shortest solution after some
iterations by choosing successively smaller numfuerk.

The constraints for the compoundsTirandl are not linear, since each term in the
sum is composed of two variables instead of one.ltie reason, a linear optimization
strategy cannot be used directly. This limitatismbt present when we use the SAT-
solver HySAT (Franzlet al, 2007). It is able to find assignments to thdaldes that
satisfy all the constraints in the system, evenmthese are non-linear. It is also able to

detect if no such assignment exists.
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If the shortest solution has been found, the béstoptimal solution can be found

by adding an additional constraint in the form:
2.0 <k, 4
ioK

whereky, is the number of reactions in the shortest sauiodK is the set of
indices for the reactions in the shortest solutlarother words, we constrain the sum of
all the Boolean variables of the optimal solutiorbe less thaky, thus leaving out the
shortest solution from the solution space. By tiagathis process with the Boolean
variables of the sub-optimal pathway, we can fiothons with successively higher
number of reactions.

The particular implementation of this algorithm tbe problem mentioned in the
Results section is as follows: we used the genarake seconstruction d@. subtilis(Oh
et al, 2007). We removed the biomass “reaction”; itumseful for FBA, since it
describes the target flux to cellular growth, bstmeaningless in our context. In
addition, we removed the reaction “glutamate debgdnase” (R_GLUDXxi) to simulate
the conditions of the strain GP717. We also scalex non-integer stoichiometric
coefficients of the model to integer values (andiddid by the greatest common
denominator). In our case, the ®tcontained the metabolites ATP, ADP, NAD
NADH, FAD, FADH,, H:0, H', NH,", and glutamate. These “currency metabolites”
were chosen due to their participation in mostlmalia pathways in the cell. The skt
contained just 2-oxoglutarate. The remaining conmgsuvere assigned to the seWe
set the interval for the; to [1, 1000]. The calculations were done usingrael Core2
Duo processor at 2.66GHz, with 3.25GB of RAM. Thetfpathway (the one involving
leucine as intermediate) was found after 28 secohltlsther pathways took less than 8

minutes each to calculate.

Bacterial strains and growth conditions

All B. subtilisstrains used in this work are derived from theotalory wild type
strain 168. They are listed in Tab. $3.coli DH5a (Sambrooket al, 1989) was used
for cloning experimentsB. subtilis was grown in C minimal medium containing
ammonium as basic source of nitrogen (Waekel, 2003). Glutamate and/ or glucose

were added as carbon source as indicated. The medias supplemented with
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auxotrophic requirements (at 50 mg/le. coli was grown in LB medium and
transformants were selected on plates containingiaiim (100 pg/ml). LB, SP and
CSE plates were prepared by the addition of 17 gdagar/l (Difco, Lawrence, USA)
to LB, SP or CSE medium, respectively.

DNA manipulation and transformation

Transformation ofE. coli and plasmid DNA extraction were performed using
standard procedures (Sambraakal, 1989). Restriction enzymes, T4 DNA ligase and
DNA polymerases were used as recommended by theifaarers. DNA fragments
were purified from agarose gels using the Nuclaogpitract kit (Macherey and Nagel,
Duren, Germany). Phusion™ DNA polymerase was useditfe polymerase chain
reaction as recommended by the manufacturer (NeglaBd Biolabs, Frankfurt am
Main, Germany). All primer sequences are providedsapplementary material (Tab.
S2). DNA sequences were determined using the didetwin termination method
(Sambrooket al, 1989). All plasmid inserts derived from PCR prog were verified
by DNA sequencing. Chromosomal DNA Bf subtiliswas isolated as described (Kunst
& Rapoport, 1995).

E. coli transformants were selected on LB plates contgirampicillin (100
pag/ml). B. subtiliswas transformed with plasmid DNA or PCR produatscading to
the two-step protocol described previously (KunsR&poport, 1995). Transformants
were selected on SP plates containing tetracy€lieé 10 pg/ml), or erythromycin plus
lincomycin (Erm 2 pg/ml and Lin 25 pg/ml).

Plasmid and mutant strain construction

To express a plasmid-borransR gene inB. subtilis we constructed plasmid
pGP873. For this purpose tleesRgene was amplified with the primers KG18 and
KG19 using chromosomal DNA @. subtilisas a template (all primer sequences are
provided in Tab. S1). The PCR product was digestithl BamHI and Sall and cloned
into the overexpression vector pBQ200 (Martin-Viersteet al, 1994).

Deletion of theansABandansRgenes was achieved by transformation with PCR
products constructed using oligonucleotides to #n@NA fragments flanking the

target genes and an intervening erythromycin atrddgcline resistance cassettes from



Chapter 6 104

plasmids pDG647 and pDG1514, respectively (Guékbertry et al, 1995), as
described previously (Wach, 1996). The PCR prodwetse used to transform GP717
and GP28 for the deletion of thasABandansR respectively.

Reverse transcription-real-time quantitative PCR

For RNA isolation, the cells were grown to an &fof 0.5 — 0.8 and harvested.
Preparation of total RNA was carried out as descripreviously (Ludwiget al, 2001).
cDNAs were synthesized using the One-Step RT-PECRBkiRad, Munich, Germany)
as described (Rietkéttet al, 2008). Real time quantitative PCR was carriedoouthe
iCycler instrument (BioRad, Munich, Germany) follomy the manufacturer's
recommended protocol by using the primers KG26/KG2Y the ansA gene,
KG38/KG39 for theald gene and KG40/KG41 for thiecd gene, respectively. Their
recommended data analysis procedure was also TisedosE andrpsJ genes encoding
constitutively expressed ribosomal proteins wereduas internal controls and were
amplified with the primerspsERT-fwd/ rpsERT-rev and rpsJRT-fwd/ rps3RT-rev,
respectively. The expression ratios were calculaasdfold changes as described

(Rietkotteret al, 2008). RT-PCR experiments were performed inidaf#.
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Results

Isolation of a mutation that allows a bypass of thglutamate dehydrogenase for the

utilization of glutamate

Glutamate is the most abundant metabolite in aebiattcell. Although its exact
concentration irB. subtilisis unknown, it is known to account for about 40%ttee
internal metabolite pool of a&scherichia colicell (Yuanet al, 2009). Glutamate
serves as an osmotic regulator (Whatmeteal, 1990), as well as universal amino
group donor in anabolism thus linking carbon artdogen metabolism (Commichat
al., 2006). InB. subtilis at least 37 reactions make use of glutamate &ctoo for
transamination (Okt al, 2007).

The key reactions of glutamate biosynthesis andadiegion inB. subtilis are
summarized in Fig. 6.1 2-oxoglutarate, an interratdiof the citric acid cycle, is
aminated by the glutamate synthase, encoded bygltAeand gltB genes. Glutamate
degradation to 2-oxoglutarate requires the glutamatehydrogenase RocG.
Additionally, the laboratory straiB. subtilis168 harbors a cryptic gengudB coding
for an inactive glutamate dehydrogenase. This geneeadily decryptified inrocG
mutants (Belitsky & Sonenshein, 1998; Commicledual, 2008). In addition, RocG
controls the expression of thgltAB operon and therefore prevents glutamate
biosynthesis in the presence of arginine (Belitd&k$onenshein, 2004; Commichai
al., 2007b).
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Fig. 6.1 — Key reactions for glutamate biosynthesis and degradation B subtilis.

Glutamate is the universal amino group donor in all living cells and in that way links the carbon and
nitrogen metabolisms. IB. subtilisthe synthesis of glutamate depends on the glutamate synthase GItAB.

In addition, the genome encodes two glutamate dehydrogenases, RocG and GudB, although the latter is
inactive in the laboratorB. subtilisstrain 168 (see text). The synthesis and degradation of glutamate are

tightly regulated in response to the availability of carbon and nitrogen sources.

Inactivation of both theocG and thegudB gene results in loss of any glutamate
dehydrogenase activity and concomitant inability of the bacteria to utilize glutamate
(Belitsky & Sonenshein, 1998; Commichaual, 2008). TheocG gudBdouble mutant
strain GP28 grows poorly on SP medium (an amino acid-rich medium) due to the
accumulation of degradation products of arginine metabolism (Commiehal,
2007a). However, cultivation of GP28 on SP plates eventually resulted in the isolation
of a mutant (GP717) that carries a mutation inactivatingglti® gene, encoding a
subunit of the glutamate synthase (Commicégal, 2008). ThiggltB1 mutation leads
to glutamate auxotrophy and might therefore prevent the accumulation of intermediates
of arginine degradation. We have observed that toxic intermediates of arginine
degradation result in poor growth of mutants lacking a functional glutamate
dehydrogenase (our unpublished results). If intrinsic glutamate synthesis is blocked by a
mutation, such an accumulation of toxic intermediates might be reduced. A careful

analysis of the mutant strain revealed that it had acquired the ability to utilize glutamate
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as the only source of carbon and energy. This nhighie resulted from a re-activation
of therocG or gudB genes or from the establishment of a novel pathieaglutamate
utilization. We tested therefore tlmecG andgudB alleles by PCR analysis. Both the
transposon insertion inrocG and the replacement of thgudB gene by a
chloramphenicol resistance gene were identicah& garent strain GP28. Clearly, a
new pathway of glutamate degradation was activatdlis suppressor mutant that was

not active in the wild type andcG gudBmutant cells.

Development of a pathway-finding algorithm

The most reasonable hypothesis to explain the sgpjmn was that the mutation
had activated a redundant pathway that is inactiide wild type strain in a medium
with glutamate as single carbon source. Since glata is a highly abundant metabolite
and is involved as a substrate in 20 reactionB.isubtilis it was not obvious which
mutation could have lead to glutamate utilizatioofigiency inB. subtilisGP717.

To address this problem by use of the power ofnifidematics, we developed an
approach that harnesses the strengths of Booleasfiadality (SAT) to find valid
pathways (see Materials and Methods). It is abkntb short pathways between a basis
and a target set (SPABBATS) of metabolites that @a@rate in a sustained way. It is
convenient for its focus on short pathways andféee that it can calculate pathways
that comply with the steady-state constraint. Koahllows the relaxation of this

constraint, by allowing some metabolites to accateuif necessary.
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Figure 6.2 - Predictions of alternative pathways foglutamate utilization based on

SAT techniques.

Fig. legend see next page.
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Figure 6.2 - Predictions of alternative pathways foglutamate utilization based on

SAT techniques.

A B. subtilisstrain (GP28) was constructed that lacks the glata dehydrogenases. An evolutionary
adaptation resulted in a strain (GP717) that aequihe capacity to grow on glutamate as singleararb
source. Using a SAT based search algorithm (seerftt and Methods) we predicted four alternative
pathways that could be activated in the GP717. géees coding for the enzymes in orange were
analyzed further (see text). 4-m-2-o0-p-ate = 4-iyle?hoxo-pentanoate; 3-m-2-o0-b-ate = 3-methyl-2-oxo
butanoate.

The first four pathways suggested by our algoridwm presented in Fig. 6.2 In
each case, the first step is a transamination icgathat leads to the production of 2-
oxoglutarate. The substrate for transaminationhentreplenished via the remaining
reaction(s) of the pathway. The first pathway (F6gRA) involves transamination to
form alanine and subsequent oxidative deaminatibnalanine by the alanine
dehydrogenase Ald resulting in the net formation2edxoglutarate. The next two
pathways (Fig. 6.2B) are very similar and involvezygmes of branched amino acid
metabolism. In the transamination step, both payswee the transaminases YbgE and
YwaA. The branched chain amino acid dehydrogenaseé B then used for the
oxidative deamination of the transamination produeline or leucine. Again, the net
result of this pathway is the production of 2-oxdgrate from glutamate. The last
pathway (Fig. 6.2C) requires four steps, (i) thect®mn of the aspartate amino-
transferase AspB, (ii) the deamination of aspatatBumarate by the aspartase AnsB,
(i) the fumarase reaction (CitG) of the citrid@cycle, and finally (iv) the oxidation of
malate by the malate dehydrogenase Mdh. As destiitiethe other pathways, this
reaction sequence results in the net formation-oxdlutarate from glutamate. Since
the original mutant GP28 did not grow with glutasas the single carbon source, it is
obviously not able to use any of these proposetwmts suggesting that they were

activated by a suppressor mutation in GP717.

Experimental validation of the predictions

Our experiments were performed in minimal mediummgasting that the activity
of transaminases was not limiting. Similarly, teetenzymes of the citric acid cycle
(CitG and Mdh) are constitutively expressed (Jirb&nenshein, 1994; Feavessal,
1998; Blenckeet al, 2003). Thus, the mutation may have affectecettpgession of one
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of the deaminases Ald, Bcd or AnsB. This hypothesias tested by reverse
transcription-real-time quantitative PCR. As shawirig. 6.3, the levels dadld andbcd
MRNA are comparable for the original mutant GP28 tre suppressor strain GP717.
In contrast, a strong increase of the expressiothefansAB operon encoding the
asparaginase and aspartase was observed for tpeessgr mutant that was able to
utilize glutamate. This observation suggests thist he high-level expression of AnsB

that allows glutamate utilization in GP717.

35
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Fig. 6.3 — Comparison of gene expression patternetfween mutant and parental
strains, based on the predictions of the SPABBATS Igorithm for pathway

analysis.

The predictions of the SPABBATS algorithm (see E®) were further characterized by transcription
analysis. The expression of tlé&l and bcd genes remains constant between the mutant (GRafi)
parental (GP28) strains, suggesting that thesesgare not involved in the newly activated catabolic
pathway. In contrast, the expression of éineABoperon is strongly increased in the mutant. Thigsho

a gain of function in the mutant strain that waalgzed further.
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Fig. 6.4 - Requirement of the aspartase gene in the alternative pathway for

glutamate utilization.

The SPABBATS algorithm (see Fig. 6.2) and the transcription analysis (see Fig. 6.3) suggested that the
overexpression of the asparaginase and aspartase gares5(is the cause for the metabolic gain of
function of the mutant strain GP717. To prove this,aheABoperon was deleted in the GP717 strain.

The resulting strain GP1154 lost the capacity to utilize glutamate as single carbon source. This strongly
indicates that the induction of the aspartase gene is required and sufficient for the newly activated
catabolic pathway. CE = Minimal medium containing 8 g/l glutamate, CE-Glc = CE medium with an

addition 5 g/l glucose.

The involvement of the aspartase AnsB in the novel glutamate utilization pathway
was verified by analyzing the effect of a deletion of éinsABoperon. Growth of the
original strain GP28, the suppressor mutant GP717 and its isofyensAB mutant
derivative GP1154 in minimal medium with glutamate or with glutamate and glucose
was recorded. As shown in Fig. 6.4, all three strains were able to grow with glutamate
and glucose. In contrast, the deletion of 2insABoperon reverted the capability of the
suppressor strain of using glutamate as the single carbon source, Aad4A8 mutant
GP1154 was unable to grow with glutamate as was the original strain GP28. This
finding strongly supports the idea that the activity of the aspartase AnsB is the reason
for the ability of the suppressor strain GP717 to utilize glutamate.

The ansAB operon is induced in the presence of asparagine due to inactivation of
the AnsR repressor (Sun & Setlow, 1991; Sun & Setlow, 1993; Fisher & Wray, 2002).
A comparative analysis odnsAB expression revealed about 30-fold induction by
asparagine in GP28, whereas the expression levels were unaffected by the availability of

asparagine in the suppressor mutant GP717 (data not shown). The observed induction in
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the wild type strain is in good agreement with jpwas reports. The loss of regulation in
GP717 and the high expression of the operon as amdpgo GP28 suggest constitutive
ansABexpression that might be the result of an inatitveof theansRrepressor gene.

To test the hypothesis that inactivation of the Rnepressor allowed glutamate
utilization by GP717, we performed two tests: Figé deleted thansRgene of the
parental strain GP28 and tested the ability ofrdmilting strain GP811 to grow with
glutamate as the single carbon source. Unlike G&&8 strain GP811MansR grew in
CE minimal medium. Thus, inactivation of thasRgene is sufficient to open a new
pathway for glutamate catabolism. In a complemgntgproach, we complemented
B. subtilisGP717 with a plasmid-borne copy of #wesRgene (present on pGP873) and
tested the ability of the transformants to useaghadte. While the control strain (GP717
transformed with the empty vector pBQ200) grew veell CE medium, expression of
AnsR from the plasmid completely blocked growthhis medium, i.e. the utilization of
glutamate. This result confirms that a mutationthie ansRgene must be present in
GP717 and that it is this mutation, which conférs bacteria with the ability to utilize
glutamate via the new aspartase pathway.

To identify the mutation iransR we sequenced thensRalleles of the parental
strain GP28 and the glutamate-utilizing suppressatant GP717. While the wild type
allele ofansRwas present in GP28, a C-to-A substitution at tposil07 of theansR
open reading frame was found in GP717. This mutativanges codon 36 from UCA
(Ser) to UAA (stop) and results in premature tratish termination and the formation
of an incomplete and non-functional AnsR repregsotein.

Taken together, these experiments confirmed tha&t mhetabolic pathway
predicted by the SPABBATS algorithm corresponds tealid metabolic state of the
rocG gudB ansRnutant strain GP717.
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Discussion

Comparison of SPABBATS with other methods for metablic analysis

Flux balance analysis and the majority of methoelsvéd from it are based on
constraining the admissible intracellular flux spao steady-state and choosing an
adequate optimality criterion to calculate intrdder fluxes (Orthet al, 2010).
Commonly used optimization criteria are biomassdpotion and the maximization of
energy output.

Although these methods predict the essentialitgasfes with high accuracy (Oh
et al, 2007), they are less suited for the characteoizaof alternative metabolic
pathways in viable mutants. On the one hand, byicdag the admissible intracellular
flux to steady-state, they discard pathways wherebyaproduct accumulates.
Nonetheless, the cell is still viable if this byeduct is consumed by other pathways in
the cell, not directly related to the process tisastudied. SPABBATS solves this
problem by allowing a larger flux-space, where lintediate products can accumulate,
if necessary.

On the other hand, the optimality criterion can dwificial. For instance,
maximizing cellular growth might lead to a theocatimaximum growth rate, or a flux
distribution that is as close to the wild-type flag possible, but it is hard to argue that
the regulatory network of the strain is directedtihe same target. The pathways
discovered by SPABBATS are a structural propertyhef network and do not depend
on an extrinsic optimality criterion (beyond thenmber of reactions of the resulting
pathway). For this reason, the resulting pathwayshe interpreted objectively.

Other methods for structural decomposition (e.gireeme pathways and
elementary flux modes, [Planes & Beasley, 2008]y @en the same steady-state
restriction of FBA related methods and for this s@a share some of their
disadvantages. Moreover, SPABBATS does not redtieecalculation of all possible
pathways. Instead, it can be used iteratively toutate pathways of increasing length,
which results in a dramatic improvement in perfongefor finding relevant pathways
in large networks.

An advantage over the method of de Figueiredal (de Figueiredet al) is that
we do not make use of an optimization framework, dmlect for satisfiability instead.

Similar problems in other areas of computationaldgy (e.g. Gracat al, 2007) show
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a performance improvement of SAT methods over ti@thl mixed-integer linear

programming methods.

Future perspectives

So far, our analysis of networks using SAT has bessiricted to metabolic
networks. Nonetheless, since SAT is especiallyeduitor problems that involve
Boolean constraints, it is possible to expand thalysis to regulatory networks. For
B. subtilis this implies the reconstruction of the metabalgtwork together with its
regulatory complement. This reconstruction is irogress (Goelzert al, 2008;
Lammerset al, 2010).

In parallel, we envision the development of nov&llolvers that are optimized
for the solution of metabolic constraints. Thislwésult in the adoption of SAT based
methods for metabolic engineering as well as ferdasign of synthetic circuits that are
able to perform computations in the same way ais flecon-made counterparts (Lou
et al, 2010).

Conclusions

In this contribution we have shown the use of SAEhniques to discover
alternative pathways that connect sets of stamind target species. In addition, we
provided a proof of concept for the applicability tbhe algorithm. We started with a
complex physiological problem iB. subtilis the need to characterize a suppressor
mutation that allowed growth on glutamate withouutgmate dehydrogenases.
SPABBATS predicted four potential pathways for ghatate utilization that were
decisive to suggest target genes for experimentalibese experiments confirmed the
validity of the SPABBATS’ prediction, closing theyade between modelling and wet
lab experimentation.

SPABBATS relies on Boolean satisfiability (SAT) tmnstruct the metabolic
pathways. SAT has been used for the determinatiohaplotypes from sequenced
genotypes (Gracat al, 2007), the analysis of genome biology networRhkif et al.,
2008), the understanding of myogenic differentiatig®iran et al, 2009), and the

characterization of steady states of regulatorgudis (Tiwariet al, 2007; de Jong &
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Page, 2008). Here we report the first applicatidnSAT techniques to metabolic
problems.

The SPABBATS algorithm was applied here to a sjpepifoblem, the analysis of
glutamate metabolism iB. subtilis However, the solution strategies are applicable t
broad spectrum of metabolic problems. For instaé@ABBATS can be particularly
useful in the characterization of suppressor mstavibreover, SPABBATS can also be
useful in synthetic biology. Although used herdital pathways in a reconstruction of
the metabolism oB. subtilis it is also possible to use a database of enzyamethe
starting model. In this way, it can be used to tms synthetic pathways that satisfy

specific input-output and mass-balance requirements
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7. Discussion

7.1. The emergence of suppressor mutations in responseo tglutamate

imbalance

In the absence of the active GDH RocGHn subtilis the cryptic GDH GudB1 is
rapidly decryptified upon growth on complex mediuhhe rate of thigudBlmutation
is 10* (Gunkaet al, subm.). Compared to rates of beneficial mutationbacteria that
are in a range of IDthe gudB decryptification occurs with an extremely higherat
(Imhof & Schlétterer, 2001). The gain of functiorutation in thegudB gene allows a
rocG mutant to degrade glutamate and to overcome theresegrowth defect of this
mutant (see Fig. 1.3).

Previous results revealed thar@G gudBdouble mutant can also accumulate
suppressor mutations that facilitate good growthtte$ mutant when incubated on
complex medium (Commichaet al, 2008). One mutation was found to inactivate the
GOGAT leading to the loss of glutamate synthesighis mutant. Furthermore, this
strain had acquired a second suppressor mutatirablows the utilization of glutamate
as carbon source even in the absence of a glutadedigdrogenase (Florezt al,
subm.). This mutation is located in the gene foe trepressor AnsR of the
aspartase/asparaginase opeamsAB (Sun & Setlow, 1991)A nonesense mutation
inactivated the repressor AnsR resulting in a dtriste expression of thensAB
operon. This alternative pathway was discoveredubing a Boolean satisfiability
(SAT) method that constructs thbostest_athway letween the &sal and d@rget_gts
(SPABBATS) of metabolites that is stoichiometrigatlalanced (Fl6reet al, subm.).
Both mutations, the inactivation of the GOGAT am& tactivation of an alternative
pathway for the glutamate degradation, probablyltes a decrease of the glutamate
level of the cell. It was also reported for Entaacteria that the perturbation of
glutamate homeostasis results in the accumulafiGugpressor mutations that balance
the glutamine to glutamate ratio to wild type le@®¢an, 2007). Taken together with the
gudB1 suppressor mutation, it is tempting to speculdtat tthe accumulation of
glutamate might be highly problematic fBr subtilis although glutamate is the most
abundant molecule in the cell anyway. The complexiionm contains beef extract and

is therefore composed of a variety of nitrogen aonbg compounds such as arginine
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and glutamate but the medium lacks sugareods mutant is not capable of converting
glutamate to 2-oxoglutarate. Perhaps the lack ofitaghate degradation is
disadvantageous upon cultivation on complex medameh might lead to a decrease in
TCA intermediates. By the activation of GudB thisttleneck might be resolved.
Another possibility that could explain the growtéfect of arocG mutant is that toxic
metabolites accumulate in the cell in the absehes @ctive GDH.

The enzyme glutamate racemase (encoded by the tiessgane racE in
B. subtilig catalyzes the conversion of L-glutamate to D-afuate that is a building
block for peptidoglycan biosynthesis (Kimueaal, 2004; Spie®t al, 2009). Indeed,
the accumulation D-glutamate was shown to be téaicB. subtilis (Kimura et al,
2004). In the presence of very high intracellularoants of L-glutamate due to the
strong induction of the enzymes of the argininerddgtion pathway, RacE probably
generates higher concentrations of D-glutamate tibl@nated by the cell. The activation
of the cryptic glutamate dehydrogenase GudB, thaalization of an alternative
pathway to degrade glutamate and the inactivaticthe@ GOGAT might then bring the
glutamate concentration to a level that does nogdo result in the accumulation of
harmful D-glutamate. This hypothesis has to beextitgf further investigation.

Additionally to the suppression of the growth défea complex medium, the
ansRmutation is also sufficient to provide growth ofstimutant strain with glutamate
as single carbon source (Fléretzal, subm.). ThegudB1lmutation also facilitates the
growth ofB. subtiliswith glutamate as sole source of carbon (Commigtal, 2008).
Interestingly, theansRmutant strain was isolated on complex medium asrized.
Thus, the activation of the alternative pathway dgtutamate degradation is not only
beneficial for the growth of this mutant on rich dnen but is also essential for a

condition to which the mutant was not exposed duisolation.

7.2. The cryptification of the gudB gene

It is well established that cellular processes laghly regulated. The expression of
genes required for the utilization of a nutritiosalurce is induced as a response to the
availability of this particular source. Moreovemzgmes for the biosynthesis of a
certain metabolite are only expressed when the boéta is limiting. Actually, the

accumulation of a metabolite often represses thestription of genes, needed for its
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synthesis (Sonenshein, 2007). This regulation guiees the utilization of a particular
compound and the supply with a particular metabddit a defined point of time. This
can be regarded as efficiency, since a waste afgraad resources is prevented.

In this context the presence and most notably tkgression of the cryptic
glutamate dehydrogenase seem paradoxicaB.irsubtilis This inactive enzyme is
highly expressed even in the absence of its subsgltamate and moreover it is
rapidly degraded (Chapter 4; Geehal, 2008). An in depth analysis of a variety of
laboratoryB. subtilisstrains and wild type isolates revealed that @tionalgudBallele
naturally occurs in the two wild Marburg strains\asll as in Burkholder and Giles
strain 122 (Zeigleret al, 2008). The presence of a functiorgldB allele in the
ancestors of the laborator3. subtilis strains has two implications. First, the
domestication oB. subtilismight have caused tlgudB cryptification and second, the
active GudB enzyme might be the main glutamate diefgenase in wild type isolates.

It is well established that the cultivation in tleboratory can have a striking
impact on bacteriaB. subtiliswild type isolates form highly differentiated miaéllular
communities whereas the laboratory strain can ofdym thin and relatively
undifferentiated biofilms (Brandaet al, 2001; Kearns & Losick, 2003). In the
B. subtilis strain 168, not only biofilm formation is affectduit also the swarming
motility. The strain 168 is unable to swarm dueatérameshift mutation in thewrA
gene (Patrick & Kearns, 2009).

Interestingly, cultivation of bacteria in the labhtory does not always lead to loss
of function mutations but also to gain of functiarutations. In naturally occurring
E. coli strains thébgl operon is cryptic. Under selective conditionsha taboratory, the
transcription of thebgl operon is enhanced by the acquisition of a mutatind this
enablesk. coli cells to utilize-glucosides (Hall & Betts, 1987). It is tempting to
speculate that cryptic genes might encode unusuatibns that can be activated upon
selective pressure (Tamburini & Mastromei, 2000).

The hypothesis that GudB is the original enzymeglatamate degradation is not
only supported by the fact that GudB is an activgagnate dehydrogenase in wild type
isolates ofB. subtilis Moreover, the expression of the glutamate delyeinase RocG,
the active enzyme iB. subtilis168, is not induced by its substrate glutamatehyut
arginine, ornithine and citrulline as indicateditsyname RocG for the abbreviations of

arginine R), ornithine ), citrulline () (Belitsky & Sonenshein, 1998). Moreover, the
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rocG gene is chromosomally clustered with other gendwchvare necessary for
arginine utilization (RocABC). These observationigm support the idea that GudB is
responsible for glutamate utilization and RocG egaed when precursors of glutamate
are available. In biochemical analyses the enzyorfarameters of RocG and GudBl1
were determined (see Chapter 2). The GudB1l prataimbits a higher enzymatic
activity in carrying out glutamate degradation ththe RocG protein (6.7 U/mg of
protein and 3.9 U/mg of protein, respectively).cbntrast, the GudB1 protein shows a
lower affinity for its substrate glutamate compatedRocG (k, values of 17.9 mM and
2.9 mM, respectively). These data might supportfétiewing idea: During glutamate
excess, GudBLl is relatively active in degradingaghate and therefore supplies the cell
with 2-oxoglutarate. Subsequently, 2-oxoglutarede be used in the TCA cycle for
energy supply and other biosynthetic steps. Bgtutamate is limiting in the cell, the
high k, value for glutamate might prevent that the low amoaf glutamate is readily
catabolized by GudB1, which is constitutively exgsed irrespective of glutamate
availability. The higher affinity of the RocG pratgor glutamate might support growth
with precursors of glutamate e. g. arginine. Dudtdobiochemical properties RocG
might carry out glutamate degradation already atdéutamate concentrations.

The gquestion remains why the crypgadB allele is highly stable iB. subtilis
168 upon cultivation in the laboratory but is sad#y decryptified upon growth on
complex medium in @aocG mutant. It is possible that both glutamate dehgdrmases
are redundant upon cultivation in the laboratowy tlee medium contains all nutrients
required for growth, implying that the presenceRoicG is sufficient to support growth
on the mediunB. subtilisis faced in the lab. But the absence of RocG jmpesed to
provoke a fast reactivation of GudB on complex madias well as upon growth with
glutamate as single carbon source (Belitsky & Seheim, 1998; Commichaet al,
2008).

Based on the fact that tlypidB allele is not cryptic in the ancestorsBf subtilis
168, it should be taken into account to renameattede in the 168 strain. It would be
easier to understand to ugedBfor the functional gene argldB1for the cryptic gene

in B. subtilis.
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7.3. The Mfd protein is required for the gudB decryptification

The work revealed that trgudBL mutation occurs with a rate of 10To the best
of our knowledge, this is an extremely high mutatrate not only inB. subtilis A
striking feature of thegudB allele is the direct repeat of nine base pairstational
analysis of the nine bp direct repeat showed thagréect direct repeat is essential for
the high decryptification rate of thgudB allele (see Chapter 4). It is well established
that repeated sequences are common in a variegermdmes. This feature is highly
abundant in particular in eukaryotic genomes but alao found to be a major factor for
genomic rearrangement in bacteria (Viguetal, 2001; Michel, 2000). The instability
of tandem repeats is supposed to be linked withcagn. If the DNA polymerase is
arrested at a repeated DNA sequence a deletiomn oexpansion of the repeated
sequence can occur. The arrest of the DNA polyreeaithe first part of the repeat can
lead to a deletion whereas the arrest to the sepandmight result in an expansion
(Michel, 2000). This model was termed as replicatslippage. Especially tandem
repeats are highly unstable and often undergo #&amion as well as an expansion
(Bichara et al, 2006). Well-studied tandem repeats such as Igh€ repeat in
Haemophilus influenzaer thenadArepeat inNeisseria meningitidisonsist of five to
36 repeats of tetranucleotides (Baykgtsal, 2001; Martinet al, 2005). In those cases,
the instability is linked to replication rather th&o transcription (Bicharat al, 2006).
The gudBrepeat is unique in possessing a large repedtr@meat of nine nucleotides)
but this sequence is only repeated in two unitsm@ared to the length of well
characterized repeats, two units are relativelytsho

If a replication slippage mechanism would be theilg force for the rapigyudB
decryptification, we would have expected to obthi@ same high mutation rate of this
repeat in a non-related genomic context. HoweVer,use of the artificial mutagenesis
promoter system revealed that the deletion of the hp of the direct repeat can occur
in a different context but the mutation rate wasumed by three orders of magnitude.
The artificial promoter system is located in a manscribed genomic region. Therefore,
only replication can be involved in the emergentenatations. This implies that the
high mutation rate of thgudB allele needs another pathway than replication ¢aat
generate mutations. Indeed, the transcription-reqmipling factor Mfd turned out to be
required for the high mutation rate of thedBallele (see Chapter 4). Innafd deficient

background the mutation rate of tlgaidB allele was reduced hundred fold. Mfd
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mediates the transcription-coupled DNA repair teahduced by the arrest of the RNA
polymerase at a DNA lesion during transcription.dMfisplaces the RNA polymerase
and recruits the nucleotide excision repair systeraolve the lesion (Roberts & Park,
2004). Other studies have suggested that Mfd i®sseey for the accumulation of
mutations in transcribed genes during the statiopduase inB. subtilis (Rosset al,
2006; Pybuset al, 2010). The Mfd-mediated coupling of transcriptim DNA repair
and might facilitate the accumulation of mutatigmeferentially in transcribed genes.
This has several implications: (i) The couplingai$ that the mutations occur in genes
that are expressed at the given time point; theeetfoe mutant variants of the encoded
proteins might help to overcome the actual limatati(ii) Non-transcribed genes that
may be required under different conditions arehis way protected from potentially
harmful mutations. Both effects facilitate the a@dipn of bacteria to all kind of
challenges that limit their growth and are thereforucial for bacterial evolution. As
shown, thegudBallele is highly expressed. Thus, tpedBallele fulfills the prerequisite
to be subject of transcription-coupled DNA repair.

Furthermore, this work addressed the question wbillA repair system acts in
concert with the Mfd protein in thgudB decryptification. The loss of the UvrABC as
well as the MutSL system does not decreasgytidB mutation rate (see Chapter 5).
Even the simultaneous deletion of timerAB and themutSLgenes does not influence
the gudB decryptification. Therefore, the repair systemttbperates with the Mfd
protein in thegudBlmutation has not been identified yet and mighsuigect to further

investigation.

7.4. A perfect direct repeat is required for the efficient gudB decryptification

Evidence was provided that a perfect direct refgeetucial for the high mutation
rate of thegudBallele. Destroying the direct repeat by introdgcimutations in the first
half as well as in the second half led to a fiftéeld decrease in the mutation rate and
also the occurrence gudBlrevertants upon long time incubation on complexion
was significantly diminished (our unpublished dafE)ese results emphasize the
importance of the nine bp direct repeat for thadaecryptification of thegudB gene.

Since compensatory mutations in both parts of iinectrepeat did not decrease the
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mutation frequency, the wild type sequence of tinectl repeat is not necessary for the
high mutation rate.

As shown, the process of transcription coupled Di¢pair is involved in the
decryptification ofgudB Therefore, it is important whether tgadB sequence exhibits
a particular feature that could cause the arrestthef RNA polymerase during
transcription. One feature could be the formatibsecondary structures in the coding
strand.

An analysis of the direct repeat DNA sequence & genomic context of the
gudB allele in the transcribed strand (30 bases) whth ihfold web server revealed a
putative secondary structure (see Fig. 7.1) (Zuck@®3). The predicted structure has a
free energy of -2.85 kcal/mol (see Fig.7.1A). Thiscondary structure might be
involved in the Mfd-mediated mutation in tlgadB allele. During transcription the
DNA is single stranded which might favor the foribatof secondary structures. The
replacement of two G residues by T in the first dhe second half of the repeat
(position 3 and 9 of the repeat) leads to a fifteed decrease of mutation frequency.
This might correlate to a weaker secondary strectarmation of these sequences. The
free energy of putative secondary structures afdtsequences is -0.88 kcal/mol for the
mutations in the first half and -0.65 kcal/mol the mutations in the second part of the
direct repeat (see Fig. 7.1BC). A weaker secons@ugcture might reduce the chance of
a roadblock during transcription. Moreover, the udea non perfect direct repeat
allowed us to address the question which half efdhect repeat has been excised. It
turned out that the first part of the direct repsapreferentially excised. However, in
the minority of the sequenced mutants an intermdétobn occurred (see chapter 4).
Restoring the perfect direct repeat with T substihs in both parts of the direct repeat
leads to a mutation rate that is in the range efwiid type rate. Indeed, the calculated
energy for a secondary structure of this DNA segaeis roughly comparable to the
wild type structure (see Fig. 7.1.A and Fig. 7.1-243 kcal/mol for the mutant perfect
repeat and -2.85 kcal/mol for the wild type perfegeat, respectively).
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Fig. 7.1 — Putative DNA secondary structures of thgudB direct repeat and its

mutant derivatives.

Fig. legend see next page.



Chapter 7 124

Fig. 7.1 — Predicted DNA secondary structures of #hgudB direct repeat and its

mutant derivatives.

For the secondary structure prediction the mfolt werver was used (Zucker, 2003). As the temptate f
prediction 30 bases of the coding strand were usethining the direct repeat. The first and the base

of the direct repeat are marked with an asterisle DNA sequence used for prediction is shown above
the structure and the repeat is indicated by leitéds (A). The calculated free energy of the stmecfor

the wild type sequence is -2.85 kcal/mol. Preditiof the secondary structures of the imperfectctlir
repeats are (B) -0.88 kcal/mol and (C) -0.65 koail/ (D) Recovery ofthe direct repeat with the itiesd
substitutions in the first and the second half itesno a predicted free energy of -2.43 kcal/mol.

This result implies that the deletion might dependa stable secondary structure
rather than on the wild type sequence. The secgraiarcture prediction might support
the idea that the rapid decryptification of tgadB allele is induced by an RNA
polymerase arrest caused by a DNA lesion in thengostrand and requires the Mfd
protein.

The formation of secondary structures might be alsossible in the
nontranscribed strand. It was demonstrated thahdiéranscribed strand is also subject
to mutations during transcription that are not ragztl by Mfd (Kimet al, 2010). In the
case of thegudB mutation, this mechanism of mutagenesis is egtioginceivable.
Possibly, further mechanisms of mutagenesis mightribute to thegudB mutation. In
agreement with this hypothesis is that after tiss lof the Mfd protein, the mutation rate
is in fact hundred fold decreased but the acquaisitf the mutation is not completely
abolished and upon long term incubation of thiel rocG double mutant on complex
mediumgudB1lrevertants still occur. Although the mutation rafethe mfd mutant is
drastically reduced, a mutation rate in the ranfjd@ is still striking compared to
other observed mutation rates that are in the rafiged® (Kunkel, 2004). This result
implies that further factors are involved in thegse deletion of the 9 bp in the direct

repeat of thgudBgene. This topic has to be subject of further stigation.
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7.5. The separation of enzymatic and regulatory activies of RocG

In this work, two classes of mutant variants of @@H RocG were isolated and
characterized. Both classes uncouple the enzynaawit regulatory activities of this
trigger enzyme RocG. Several single amino acid axghs result in loss of enzymatic
activity and are accompanied by permanent substidependent inactivation of GItC.
This class of RocG variants was designated supesspr RocG proteins (RocG-SR).
A second class, exemplified by one mutant protdesignated monofunctional RocG,
RocG-MF) has retained enzymatic activity but has the ability to inactivate GItC.

The mutations leading to the RocG SR phenotypelarstered in the active site
of the enzyme. The separation of enzymatic andlasgny activities has already been
observed for other trigger enzymes such asBhsubtilis glutamine synthetase (GS).
The GS is regulated by glutamine feedback inhihitidhe feedback inhibited GS
triggers the DNA binding activity of two nitrogemahscriptional factors TnrA and
GInR (Wrayet al, 2001; Fisher & Wray, 2005). GS mutants that lbst capacity to
regulate the activity of TnrA and GInR also showtations clustered to the region of
the active site of the glutamine synthetase andmapaired in their enzymatic activity
(Wray & Fisher, 2005; Fisher & Wray, 2009; Wray &sker, 2010). Mutations causing
the RocG superrepressor phenotype reduce the tatabtivity and the affinity for
glutamate (see Tab. 2.3). Thus, it can be assuhadhe conformation of these RocG
variants required for GItC inhibition is more stlihan that of the wild-type RocG
enzyme. These variants might require less glutamateelicit the “inhibitory”
conformation of glutamate dehydrogenase. By contrde® monofunctional RocG
enzyme is enzymatically active, but glutamate dowd induce the inhibitory
conformation required to inactivate GItC activity.

Mutations affecting the control of gene expresdigntrigger enzymes have not
only been found in the genes encoding the triggezymes. Similarly, mutations
affecting the controlled transcription factors mayerfere with their productive
interaction with the cognate trigger enzyme. Suadhtations have been isolated for
GItC, and reduced interaction with RocG has beematfestrated for one of these
variants (Belitsky & Sonenshein, 1995; Commiclkaal, 2007a).

An interesting result of this work is the identdton of 10 different
superrepressor variants of RocG, while only one ohamctional protein incapable of

inhibiting GItC was found. The small number of mantctional RocG variants isolated
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might indicate that the GItC interaction surfacedkatively large and involves multiple
side chains, and that the interaction betweenweproteins and the inhibition of GItC
by RocG cannot be easily disrupted by single araitid substitutions in RocG.

The results presented support the idea of an itonibinteraction between the
glutamate dehydrogenase RocG and the transcrigtotor GItC. Moreover, they
provide new insights into the relation between #mzymatic activities and the
regulatory activities of the trigger enzyme RocGheT identification of the
monofunctional RocG variant that has lost its ratady function but has retained
enzymatic activity is in excellent agreement withe tprevious conclusion: The
enzymatic activity of RocG is important but not fatiént for the control exerted on
GItC.

7.6. A new model of RocG-GItC interaction

An in vivo cross-linking approach revealed that the RocG-MbBtgin still
interacts with the transcriptional regulator Gleven though the inhibitory effect of this
interaction on GItC is completely abolished. Thtusan be assumed that the interaction
itself is not sufficient to regulate GItC activityloreover, it is tempting to speculate that
the mode of inhibition is based on a particularfoomation of the RocG-GItC complex
that might be excluded due to the mutation in tlLe@®@MF protein. The amino acid
exchange of an aspartate to an asparagine at sigopol22 is surface located. The
surface exposed location of the mutated residuéduwave two implications. First, the
aspartate residue could be essential for bindiyet anknown factor that mediates GItC
regulation by RocG. Second, the aspartate resi@2eof the RocG protein is in the
interface of the interaction and is essential amgmit an inhibitory signal to GItC. The
hypothesis that a third protein or an unknown losigoular weight factor is involved
in the regulation is supported by the failure toomstruct the RocG-GItC interactiam
vitro (our unpublished results). Other examples showaetl ttie reconstructions of a
particular regulatory protein-protein interacticandoe a challengi vitro. The concept
of carbon catabolite repression (CCR) has beentansively studied subject B coli
There is strong evidence that the phosphorylatedrstiof the glucose permease exerts

a regulatory role in the CCR by stimulating thehaist of the adenylate cyclase (Gorke
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& Stilke, 2008). Nevertheless, this model has néesm provenn vitro (Parket al,
2006).

In addition to the involvement of a third factorthre regulation of GItC by RocG
it should be taken into account that the conforamatf GItC might be important for
regulation. GItC binds to different promoter siiesresponse to the presence of the
low-molecular weight effectors, glutamate and 2giuytarate (Picosset al, 2007).
High 2-oxoglutarate level favors the binding to Bexes | and lin vitro which induces
expression of the GOGAT. In the presence of glutan@tC preferentially binds to the
Boxes | and Il leading to a loss of transcriptiaativation. In vivo, this model is
entirely conceivable to elucidate the regulatiorGtC activity in the absence of RocG.
But when RocG expression is induced, the RocG promight be additionally
responsible for sensing the glutamate to 2-oxoghigaratio and for transmitting this
information to the GItC protein. This hypothesigghti be explained with the following
model (see Fig. 7.2). RocG interacts with GItC thas$ to bind previously to its target
promoter region. It cannot be excluded that an tamdl protein is involved in the
RocG-GItC interaction. In the model it is hypotleesl that GItC has to be available in a
particular quaternary structure that is formed um@MA binding. Previous results
suggest that GItC binds the DNA in a dimer-of-dirfeeshion (Picosset al, 2007). This
assumption is supported by the observation thatRLysgulators are functional as
tetramer consisting of two dimers (Maddocks & Owpst®008) If the glutamate level is
high reflected by catalytic performance of Roc@& Hinding capacity of GItC might be
altered leading to a lack of induction of the GOG@AXpression (see Fig. 7.2A). The
depletion of glutamate might facilitate a conforrnaél change in the interaction that
allows GItC activity (see Fig. 7.2B). This modelpaoyhesizes that RocG triggers a
switch in GItC activity dependent on the glutamedacentrationn vivo. This idea is in
agreement with the previous observations concertiegimpact of RocG on GItC
activity (Commichatet al, 2007a; 2007b).
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Fig. 7.2 — Model for the regulatory impact of RocGon GItC.

(A) RocG is capable of interacting with the tramsional regulator GItC. In the presence of glutéena
RocG carries out the degradation of glutamate toxdglutarate. The catalysis might favor a
conformational change of GItC that does not alldhwe expression of thgltAB operon. (B) If the
glutamate level drops, RocG might be no longer ébléorce GItC in an inhibitory conformation. This

leads to the transcription of tigdtAB operon.
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The model is also supported by the result thaRibeG-SR proteins exert a strong
inhibition on GItC in the presence of glutamate atnot influence GItC activity in the
absence of glutamate. The activity in terms of ajhdte degradation of the RocG-SR
proteins is severely impaired and not sufficienatiow growth with arginine as sole
carbon source. Nevertheless, they are still capableatalyzing the reaction very
slowly. This result leads to the hypothesis th& RocG-SR proteins are frozen in a
glutamate bound state and therefore mediating engeent strong inhibition of GItC
activity. The RocG-MF protein is still capable dfi@ent glutamate utilization but lost
the capacity to switch GItC activity. It is possbthat RocG-MF cannot process an
impact of an additional factor that might influentlee effect of the RocG-GItC
interaction. Another explanation might be that Rdd& cannot transmit the
information to GItC that leads to a conformatiochhnge of GItC multimers. These

hypotheses have to be subject of further investigat
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7.7. Perspectives

The results revealed the requirement of the Mfdtganoin the rapidgudB
decryptification. However, the DNA repair systematttoperates with Mfd in the
mutagenesis has not been identified yet. In ordeyain further insights into the Mfd-
mediated generation gudBl mutations a SPINE experiment usingaG mutant
strain can be performed (Herzbergal, 2007). By thisn vivo cross linking approach
potential interaction partners of the Mfd proteinght be identified. To increase the
chance of cross-linking Mfd in complex with its patial target thegudB gene and
additional interaction partners, tgedBgene has to be enriched and transcribed at high
level. This might be of importance as a high traipsion rate is supposed to enhance
the transcription coupled DNA repair mediated bydM&Gunkaet al, subm.). Besides
the analysis of the elution fraction by mass specétry to identify interaction partners
of Mfd, a Northern blot with gudB probe can be performed. This experiment might
demonstrate whether tlgridB transcript can be specifically cross-linked wille tMfd
protein.

To test the hypothesis that the protein-proteiaraattion between RocG and GItC
depends on the presence of the target promoteorregfi the transcription activator
GltC, the defined DNA sequence can be introducethénbackground of the bacterial
two-hybrid assay. This can be simply achieved loyiclg the promoter region into one
of the vectors for the RocG and GItC co-expressibthe gltAB promoter is necessary
to facilitate the right conformation of GItC andadates RocG to interact with GItC, this
interaction might be detected in the bacterial twbrid assay in the presence of the
promoter sequence.

A new SPINE approach might be of interest to idgrithe putative interaction
partner that mediates the RocG-GItC interactionthWa newly developed mass
spectrometry method the complete elution fractiefisthe co-purification can be
analyzed very sensitively (E. Hammer, pers. comm.).

Furthermore,in vitro studies on the RocG-GItC interaction would be ofag
value to understand the regulatory mechanism. tleroto check whether the RocG-
GItC interaction influences the binding properi¢sGItC to its target promoter region,
DNA footprint analysis would be an appropriate agwh. For this approach RocG-SR
variants could be used in comparison to the RocGgwitein, that was shown to lack
GItC inhibition.
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9. Appendix

9.1. Oligonucleotides

Oligonucleotides were purchased from Eurofins MW@efon (Ebersberg, Germany)

and Sigma Aldrich (Munich, Germany).

Tab. S1 - Oligonucleotides

Name Sequence (5> 3')%¢ Description
CD13 5 AAACATATGGCTAGCTGGAGCCACCCGC sequencing of pGP172
AGTTC constructs, fwd
FC146 5 CGATGCGTTCGCGATCCAGGC sequencing of pUT18
constructs
FC147 5 CCAGCCTGATGCGATTGCTGCAT sequencing of gR5-
constructs
FC148 5 GTCACCCGGATTGCGGCGG sequencing of pUT18C
constructs
FC149 5 GCTGGCTTAACTATGCGGCATCAGA sequencing of pLBC
constructs,
FC150 5 GATTCGGTGACCGATTACCTGGC sequencing of pkr2
constructs
FC151 5'CGCCAGGGTTTTCCCAGTCACG sequencing of pKT25
constructs
HL47 5 CTAATACGACTCACTATAGGGAGACATA gapAprobe, rev,
GCGGGACATATAATG contains T7 promoter
HL48 5 TATTCGAAAGAACCAAGTCAG gapAprobe, fwd

HMB 5 CGCGGATCCAGAAGATTCTAGGAGGTTA sequencing ofjudB

74 AC

IR3 5" CGCGGATCCACGCCGATTCAGAAGACGA sequencing @fidB

IR6 5" AAACGCGTCGACCTCCGATTTCGAGCTTT sequencing ofjudB
TCA

JL7 5 TTTGGATCGSTTCCCCCAGTTGTCAACAT ansA-lacZfusion, rev
CAATAATTTTT (BamHI)
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Name Sequence (5> 3')*° Description
JS39 5 TCTATCAACAGGAGTCCAAGC Sequencing of
pWHB844 constructs,
rev
kan- 5' CAGCGAACCATTTGAGGTGATAGG LFH-PCR,
fwd amplification ofaphA3
from pDG780, fwd
kan- 5" CGATACAAATTCCTCGTAGGCGCTCGG LFH-PCR,
rev amplification ofaphA3
from pDG780, rev
kan- 5" CTGCCTCCTCATCCTCTTCATCC LFH-PCR, sequencing
check of the up-fragment
rev
kan- 5" CATCCGCAACTGTCCATACTCTG LFH-PCR, sequencing
check of the down-fragment
fwd
KG3 5’AAAGGATCCCTGGTTCCGCGTGGTTCCAT cloning ofrocG into
GTCAGCAAAGCAAGTCTCGAAAGATGAAG pWHB844, fwd (BamHI)
with thrombin cleavage
site
KG4 5 TTTAAGCTTTCATTAGACCCATCCGCGG  cloning ofrocGinto
AAACGCGAT pWH844, rev (Hindll)
KG5 5 ATCAATCGAAGAGCAGAGGCATCTTCG LFH-PCRocG
(fwd up-fragment)
KG6 5'CCTATCACCTCAAATGGTTCGCTGGCTTCC LFH-PCRrocG
TTAATGATTGTTTGGGTAGACAG (rev up-fragment)
KG7 5" CCGAGCGCCTACGAGGAATTTGTATCGGC LFH-PCRrocG
GTTTGGCGGCTTACATGACGG (fwd down-fragment)
KG8 5" GGATGCAGCAAGGTCAAGATCAGCG LFH-PCRocG
(rev down-fragment)
KG9 5' CCGTGGGATGATGAGACGATCGG LFH-PCRrocG

(fwd up-fragment,

sequencing)
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Name Sequence (5> 3')*° Description
KG10 5 GCGGGAGCCCGCAGAACACT LFH-PCRrocG
(rev down-fragment,
sequencing)
KG1l 5 CGCGAGCTTGACGGGGGAG amplification ahsR
region
KG12 5 CCTATCACCTCAAATGGTTCGCTGGATGG LFH-PCRansR
CC AGCCGCTGAGTGAAG (rev up-fragment)
KG13 5'CCGAGCGCCTACGAGGAATTTGTATCGCC LFH-PCRansR
GAGAAGGTCAGCTGTATATTGAAGC (fwd down-fragment)
KG14 5 ACCTCGTAAATGCTCATGTCTTCGCC LFH-PCRansR
(fwd up-fragment)
KG15 5 CCGGAAGTCATTCTAGAGCTTGAGGA LFH-PCRansR
(rev down-fragment)
KG16 5 CTAGCGCCCACATCAATTTTGGCAC LFH-PCRansR
(fwd up-fragment,
sequencing)
KG17 5 GAAAGCCGGAGGAGGAGGAACC LFH-PCRansR
(rev down-fragment,
sequencing)
KG18 5’AAAGGATCCCAGCTCAAGGTGAAAAAGG cloning ofansRinto
AGCGGAA pBQ200, fwd (BamHI)
KG19 S5TTTGTCGACICATTAACTCAGTTCCTCCTG cloning ofansRinto
TACTTTTCTTTTTGTG pBQ200, rev (Sall)
KG20 5’AAAGAGCTCGATGGCAGCCGATCGAAAC cloning ofgudBinto
ACCG pGP172, fwd (Sacl)
KG21 5 TTTGGATCCICATTATATCCAGCCTCTAAA cloning ofgudBinto

ACGCGAAGCTT

pGP172, rev (BamHI)
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Name Sequence (5> 3')*° Description
KG22 5 AGAAAAGGTTCGCGCTCGGCAC sequencing ofur
KG23 5 CCTTATTCTTATTTATATGAGCAGGACG  sequencing ofsrA fwd
KG24 5 TTTGCAGCCGTGTGATGATACCC sequencing A rev
KG25 5 TTGAAGGGGAAAATGGGCTG RT PCRnsA fwd
KG26 5 CTATTTCCACCCAGTATTCAGG RT PCRinsA rev
KG27 5 AAAGAATTCGCTGGCCATCAACAGAAA translationabnsA-lacZ
TG fusion, fwd (EcoRlI)
KG28 5 ATGGCTTGGACCCGTTATTGGGG LFH-PCBnsAB
(fwd up-fragment)
KG29 5 CCTATCACCTCAAATGGTTCGCTGGAGC LFH-PCRansAB
CA GCCCATTTTCCCCTTC (rev up-fragment)
KG30 5 CCGAGCGCCTACGAGGAATTTGTATCG LFH-PCRansAB
CGGCGCTGATCATCTTGTTGATG (fwd down-fragment)
KG31 5 AAGTCGGCACAACGCCTCCGG LFH-PCRansAB
(rev down-fragment)
KG32 5 GCGCATTCGTTGGGGAAAATCGG LFH-PCRansAB(fwd
up-fragment,
sequencing)
KG33 5 GCCGGCAGTTCCGACTGTTCC LFH-PCa&nsAB
(rev down-fragment,
sequencing)
KG34 5'AAATCTAGAGATGGAGGTGCGCCAACTGC cloning ofgltC into
GTTAT B2H vectors, fwd
(Xbal)
KG35 S5TTTGGTACCCGTTGATACTGCTCCAGCTTA cloning ofgltC into

GAGAAAAATTG

B2H vectors, rev
(Kpnl)
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Name Sequence (5> 3')*° Description
KG36 5 AAATCTAGAGATGTCAGCAAAGCAAGTC cloning ofrocG into
TCGAAAGATGAAG B2H vectors, fwd
(Xbal)
KG37 5 TTTGGTACGCGGACCCATCCGCGGAAAC cloning ofrocG into
GCGAT B2H vectors, rev
(Kpnl)
KG38 5 CCGTGTCGCATTAACACC RTPCRald, fwd
KG39 5 ACCTGCTTCGGATCAGCA RTPCRald, rev
KG40 5 TAAACCTTGGCGGCGGAA RTPCRbcd fwd
KG41 5 CCATATCCTCGACCGTTG RTPCRbcd rev
KG42 5 GAAACGGCAAAACGTTCTGG RTPCRrpsJ fwd
KG43 5 GTGTTGGGTTCACAATGTCG RPCRrpsd rev
KG44 5 GCGTCGTATTGACCCAAGC RPCRrpsE fwd
KG45 5 TACCAGTACCGAATCCTACG RTPCRrpsE rev
KG46 5 AAGAATTCGATAAACCCAGCGAACCATT aphA3from pDG780,
TG fwd (EcoRlI)
KG47 5 TTTCCCGGATCGATACAAATTCCTCGTA aphA3from pDG780,
GGC rev (Smal)
KG48 5 AAAGAATTCGATCCTTTAACTCTGGCAAC ermCfrom pDG647,
CcC fwd (EcoRI)
KG49 5 TTTCCCGGGCCGACTGCGCAAAAGACA ermCfrom pDG647,
TAAT rev (Smal)
KG50 5 TTTATCGATGCGGCCGBATGGTTTCTTA amplification ofbla
GACGTCAGGTG andori from pUC18,
rev (Clal, Notl)
KG51 5 AAAGAATTCGCTGTTTCCTGTGTGAAATT amplification ofbla
GTTAT andori from pUC18,
fwd (EcoRlI)
KG52 5 GGTTATTGTCTCATGAGCGGAT sequencing of pGP882,
fwd in bla gene
KG53 5 GCGCAACGCAATTAATGTGAG sequencing of pGP882,

revinori
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Name Sequence (5> 3')*° Description

KG54 5 AAAATCGATCGTCGGTCTATTCAATTTAG amplificationlacA5’,
TGAAT fwd (Clal)

KG55 5 TTTGTCGACGGATCAGCTGATGGCATC  amplificationlacA5’,
GACATGCTT rev (BamHlI, Sall)

KG56 5 AAAGTCGACCCCGGEACCATATAAACT  amplificationlacA3’,
GCTGATCGTC fwd (Sall, Smal)

KG57 5 TTTCAATTGATCATACGGGTGATTCCAGA amplificationlacA3’
TG rev (Mfel)

KG58 5 AAAAGATCTATCTTACATTGTAATCATGT amplificationxylR,fwd
CCAGAAAATGATC (Bglll)

KG59 5 TTTCAATTGCCCGGGGTCGACGGATCA T amplification RylA
GATTGTTTCCTCCTTTCAGATGCATTTTATTC containsgapA
ATATAGTAAGTAC SD-sequence and ATG,

rev (BamHl, Sall,
Smal, Mfel)

KG60 5 AAAAGATCTTCTAGAGGATCCGGTACCG amplificationyfP
AATTCAGGTGGATCAGGCTCGGGATCTGGT C-terminal fragment,
TCAATGGCCGACAAGGAGAAGAACG fwd (Bglll, Xbal,

BamHI, Kpnl, EcoRlI)

KG61 5 TTTGTCGACITATCACTTGTACAGCTCGT amplificationyfP
CCATGCC C-terminal fragment,

rev (Sall)

KG62 5 AAAAGATCTCATGGCAGTAAAAGTCGGT amplificationyfP
ATTAACGGTTTTGGTCGTATGGCCGACAAG C-terminal fragment,
GAGAAGAACG containsgapASD-

sequence, fwd (Bglll)

KG63 5 TTTGTCGACICATTATGAATTCGGTACCG amplificationyfP
GATCCTCTAGAGAACCAGATCCCGAGCCTG C-terminal fragment,
ATCCACCTGACTTGTACAGCTCGTCCATGCC rev, (Sall, Xbal,

BamHI, Kpnl, EcoRlI)
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Name Sequence (5> 3')*° Description

KG64 5 TATCAGGGCCTCGACTACA sequencing of pGP882
derivatives, fwd in
lacA5’

KG65 5 CGCTGATTAAATACAGCATCGG sequencing of pGP882

derivatives, revacA3’

KG66 5 GAAAATACTGACGAGGTTATATAAGATG  sequencing of pGP884,
A pGP885 derivatives,

fwd in PxylA

KG67 5 CTCGATGTTGTGGCGGATCTT sequencing of pGP888,

rev inyfp C-terminal
fragment

KG68 5 ATCACATGGTCCTGCTGGAG™ sequencing of pGP889,

fwd in yfp-C- terminal
fragment

KG69 5’AAAAGATCTAGCGATATCCACTTCATCCA amplification FylA,

CT fwd (Bglll)

KG70 5 AAAATCGATAGCTGTACGGAGAGGACAT amplificationxkdEs’,
TAT fwd (Clal)

KG71 5 TTTGTCGACGGATCOTTCTAGCAGTATC amplificationxkdEs’,
CGCTGTC rev (BamHI, Sall)

KG72 5 AAAGTCGACCCCGGQACAGGCTGACATT amplificationxkdE3’,
AAAAGGACC fwd (Sall, Smal)

KG73 5 TTTCAATTGCAAGCATGTCTTCAACGAGC amplificationxkdE3’,
TT rev (Mfel)

KG74 5 AAAAGATCTTCTAGAGGATCCGGTACCG amplificationyfP
AATTCAGGTGGATCAGGCTCGGGATCTGGT N-terminal fragment,
TCAATGGTGAGCAAGGGCGAGGA fwd (Bglll, Xbal,

BamHI, Kpnl, EcoRlI)

KG75 5 TTTGTCGACITATCACATGATATAGACGT amplificationyfP

TGTGGCTGTTG

N-terminal fragment,
rev (Sall)



Appendix

161

Name Sequence (5> 3')*° Description

KG76 5 AAAAGATCTCATGGCAGTAAAAGTCGGT amplificationyfP
ATTAACGGTTTTGGTCGTATGGTGAGCAAG C-terminal fragment,
GGCGAGGA containsgapA

SD-sequence, fwd
(Bglll)

KG77 5 TTTGTCGACICATTATGAATTCGGTACCG amplificationyfP
GATCCTCTAGAGAACCAGATCCCGAGCCTG N-terminal fragment,
ATCCACCTGACATGATATAGACGTTGTGGC rev, (Sall, Xbal,
TGTTG BamHI, Kpnl, EcoRlI)

KG78 5 GCAGAAATAAGCTGCGTTCC sequencing of pGP883

derivatives, fwd in
XkdES5’

KG79 5 GAGCACCTTCGCAATCTCAA sequencing of pGP883

derivatives, rexkdE3’

KG80 5 TCCAGCTCGACCAGGATGG sequencing of pGP886,

rev inyfp N- terminal
fragment

KG81 5 GGGCACAAGCTGGAGTACAA sequencing of pGP887,

fwd in yfp N-terminal
fragment

KG82 5 CCTTGGCGTCAAAGACCACG sequencing tag, rev

KG83 5 ACGACGAGCTGGTCCTCGAG sequencing teig, fwd

KG84 5 AAAAGATCTATGGAATTCGGGATGCTGC cloning oftaqginto
CcC pWH844, fwd (Bglll)

KG85 5 TTTGTCGAGCTATCACTCCTTGGCGGAGA cloning oftaqginto
G pWH844, rev (Sall)

KG86 5 AGGATTCGCCATGCTTGTGA LFH-PCRnfd

(fwd up-fragment)

KG87 5 CCTATCACCTCAAATGGTTCGCTGCCTCG LFH-PCRmfd
TGTAAACCGTTGATG (rev up-fragment)

KG88 5 CCGAGCGCCTACGAGGAATTTGTATCGG LFH-PCRmfd

GCATGCTGAAGGGCTTAAA

(fwd down-fragment)
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Name Sequence (5> 3')*° Description

KG89 5 ATCCAACATCGCCGACAATG LFH-PCRnfd
(rev down-fragment)

KG90 5 GCGGTTACGTCTTTTGTGCT LFH-PCRnfd
(fwd up-fragment,
sequencing)

KG91 5 GAAATCCTGATGTGGACAGCA LFH-PCRmfd(rev
down-fragment,
sequencing)

KG92 5 TTTGGATCCTCATTATATCCAGCCTCTAA  cloning ofgudBinto

AACGCG pAC5 (BamHI)
KG93 5’AAAGGATCCCTCGCAGGAAACAGAGAGG cloning ofmfdinto
A pBQ200, fwd (BamHI)
KG94 5 TTTGTCGACICATTACGTTGATGAAATG cloning ofmfdinto
GTTTGCTTTTTC pBQ200, rev (Sall)

KG95 5 GTGGATTCAATCCGCAGCTT sequencing offd, fwd
(base 600)

KG96 5 GGAACGTACGCAGAAATTGTC sequencing offd, fwd
(base 1251)

KG97 5 GCTCCGTTCTATTCACGAAATC sequencing offd, fwd
(base 1884)

KG98 5 GTAGAGGACATTGAGCGGAA sequencing ofd, fwd
(base 2524)

KG99 5 TTCGCTGTGTCTCCTTTACG sequencingrofd rev
(base 3045)

KG100 5 GCAGCAATAACACCGGCAATAA LFH-PCRgudB
(fwd up-fragment)

KG101 5 CCTATCACCTCAAATGGTTCGCTGGCTG LFH-PCRgudB

GATATAAGTTGATGATTTGCAT (rev up-fragment)

KG102 5 CCGAGCGCCTACGAGGAATTTGTATCGG LFH-PCRgudB

CTGAAATCAGCAGTTTTCCGT (fwd down-fragment)
KG103 5 GCCATAATCCGGAGATTCATG LFH-PCRyudB

(rev down-fragment)
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Name Sequence (5> 3')*° Description
KG104 5 CGATTTCCGCTGCGATATGC LFH-PCRBudB
(fwd up-fragment,
sequencing)
KG105 5 GGTTGATGATATCAGGATGGAG LFH-PCRyudB
(rev down-fragment,
sequencing)
KG106 5' AAAGGATCCATGTGGGAAAGTAAATTTT  cloning ofguaBinto
CA AAAGAAGG pGP380, fwd (BamHI)
KG107 5'TTTCTGCAGCATTATGAAATTGTATAGT  cloning ofguaBinto
TAGGTGATTCTTTTG pGP380, rev (Pstl)
KG108 5 AAAAGATCTGCGGTAGTACAGTAAGGAA cloning ofgltB into
GGGGA pGP1460 fwd, contains
SD-sequence (Bglll)
KG109 5 TTTGTCGACGGATCOCATTACGGAAGA  cloning ofgltB into
ACTGAACTCCCCATCAA pGP1460, rev, contains
stop codon (BamHi,
Sall)
KG110 5 AAAGGATCCATGGTTACATAAAAAGGGA cloning ofyerDinto
GGCTGAGAG pGP1460, fwd,
contains SD-sequence
(BamHI)
KG111 5 TTTCTGCAGCATTATGAAACAAATTGAT cloning ofyerDinto
GGATCAGGTTGTCG pGP1460, rev, contains
stop codon (Pstll)
KG112 5 TTTGTCGAOGAAACAAATTGATGGATC cloning ofyerDinto
AGGTTGTCGATA pGP1331 (Sall)
KG113 5 GCGAGAAGCCATTTTATGTGAAGG sequencing gérD
KG114 5 AGTCTCGAAATATCAGCCCCAG LFH-PCRuvrAB
(fwd up-fragment)
KG115 5 CCTATCACCTCAAATGGTTCGCTGAAGC LFH-PCRuvrAB(rev

GTATACGGCGTTGAACCT

up-fragment)
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Name Sequence (5> 3')*° Description
KG116 5 CCGAGCGCCTACGAGGAATTTGTATCGA LFH-PCRuvrAB
AG TGAATGCCAAGTTCCCGCT (fwd down-fragment)
KG117 5 CAAGAGCGATTTCATGCGTGTT LFH-PCRivrAB
(rev down-fragment)
KG118 5 GCGGCTAAGAAGAGAGGCATCGATA gudBprobe, fwd

KG119 5 P-GAACGTAACAGAAAAAGAGGTTAAGG mutagenesiggudBnun
CTGTGAAGGCGCTTTCAATTTGG
KG120 5 P-GAACGTAACAGAAAAAGAGGTTAAGG mutagenesiggudBnur
CTGTTAAGGCTCTTTCAATTTGGATGAGTTT
AAAATGC
KG121 5 TATCCAGCCTCTAAAACGCGAAGCTTC amplificatioof gudB
rev, without stop codon

for C-terminal fusiorto

yfp
KG122 5 GAAGCTTCGCGTTTTAGAGGCTGGATA  amplification ofyfp,
TGGTGAGCAAGGGCGAGGAGCT fwd, for N-terminal

fusion togudB
(contains
complementary
sequence tgudB
KG123 5 CTAATACGACTCACTATAGGGABACGCC gudBprobe, rev,

G ACCATATATGCAGCGAG contains T7 promoter
KG124 5 AAAGGATCGCGGGCATCCTGAAGAATTGC cloning ofyerD into
ATGAGC pGP1331, fwd
(BamHI)
KG125 5 AAAGGATCGOGCAAAAGTTGTCGGCATCT cloning ofgudBinto
CAGATGC pGP1331, fwd
(BamHI)
KG126 5 TTTGTCGAOATCCAGCCTCTAAAACGC  cloning ofgudBinto
GAAGCTTC pGP1331, rev (Sall)
KG127 5 TCTAAACACGGTGCCTTTACAGGCC LFH-PCRhutSL

(fwd up-fragment)
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Name

Sequence (5> 3')*°

Description

KG128

KG129

KG130

KG131

KG132

KG133

M13
pucC
fwd
M13
pucC
rev
mls
fwd
(kan)
mls rev
(kan)

mls-
check
rev
mls-
check
fwd

5" CCTATCACCTCAAATGGTTCGCTGGGCAT
CCTGGTGCTCTGCCTTT

5" CCGAGCGCCTACGAGGAATTTGTATCGG
CACATCAGACCCATTTACATGCCC

5" GGCTGATTCAAGGGTGCTGTTTGTAT

5" CATCACATCAACCGGAGGCGAC

5" TCCCCAGTGGAAAGGGCCTTTTTTG

5’ P-CAGAAAAAGAGGTGAAGGCGGTAAG
GCTCTTTCAATTTGGATGAGTTT
S’GTAAAACGACGGCCAGTG-

5" GGAAACAGCTATGACCATG

5" CAGCGAACCATTTGAGGTGATAGGGATC
CTTTAACTCTGGCAACCCTC

5" CGATACAAATTCCTCGTAGGCGCTCGGG
CCGACTGCGCAAAAGACATAATCG

S'GTTTTGGTCGTAGAGCACACGG

S5'CCTTAAAACATGCAGGAATTGACG

LFH-PCRmutSL
(rev up-fragment)
LFH-PCRmutSL
(fwd down-fragment)
LFH-PCRwutSL
(rev down-fragment)
LFH-PCRutSL
(fwd up-fragment,
sequencing)
LFH-PCRwtSL(rev
down-fragment,
sequencing)

mutagenesiggudBnus

sequencing of puC

derivatives, fwd

sequencing of puUC

derivatives, rev

LFH-PCR,
amplification ofermC
from pDG647, fwd
LFH-PCR,
amplification ofermC
from pDG647, rev
LFH-PCR, sequencing

of the up-fragment

LFH-PCR, sequencing

of the down-fragment
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Name Sequence (5> 3')*° Description

NP20 5 GCAGCAGCCAACTCAGCTTCCTTTCGGGC sequencing of pGP172

constructs, rev

PAC 5" GCGTAGCGAAAAATCCTTTTC sequencing of pAC

5F constructs, fwd

PAC 5" CTGCAAGCGATAAGTTGG sequencing of pAC

5R constructs, fwd

PTO5 5 AAACGAGCTCGATGTCAGCAAAGCAAGT cloning ofrocG into
CTCG pGP172, fwd (Sacl)

PTO6 5 CGCGGATCTCATTAGACCCATCCGCGGA cloning ofrocG into
AAC pGP172, rev (BamHI)

PT12 5" CCCAAGCTTCATTAGACCCATCCGCGGA cloning ofrocG into
AAC pGP380, fwd (Hindlll)

pWH 5 TATGAGAGGATCGCATCACCAT sequencing of pWH844

844 constructs, fwd

fwd

rpst 5" GAAACGGCAAAACGTTCTGG RT PCRpsJfwd

RT-

fwd

rpst 5 GTGTTGGGTTCACAATGTCG RT PCRpsJrev

RT-

rev

rpsk 5 GCGTCGTATTGACCCAAGC RT PCRpsE fwd

RT-

fwd

rpskE 5" TACCAGTACCGAATCCTACG RT PCRpsErev

RT-rev

ST1 5 AAAGAATTCCATTCAGCTTTCAGAAAGC  gudB-lacZfurion, fwd
TTACAGCGAATC (EcoRl)

ST2 5 AAAGGATCCCCCAATTTTTCCAGAGCCT  gudB-lacZfurion, rev
TATGTATTACG (BamHI)

ST3 5" AAAGGATCCATGTCAGCAAAGCAAGTCT cloning ofrocGinto

CGAA

pGP380, fwd (BamHl)
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Name Sequence (5> 3')*° Description
ST4 5" AAAAGATCTCTACTAAAACAATTCATCC  construction of thalf
AGTAA promoter fusion,

amplification ofaphA3
from pDG780, rev
(Bglll)
ST7 5 AATTCTTGACAAGTGAAGGCGGTGAAGG construction of thalf
CGCGCTATGCTATAATACAGCTTGGAAATG promoter fusion, fwd
(EcoRlI)
ST8 5' GATCATTTCCAAGCTGTATTATAGCATA  construction of thalf
GCGCGCCTTCACCGCCTTCACTTGTCAAG promoter fusion, rev

(BamHI)
ST9 5'AAAGAATTCCCGGGGATCOAATGTTAGA construction of thealf
AAAGAGGAAGGAAATAA promoter fusion,

amplification ofaphA3
from pDG780, (EcoRl,

BamHI)
Tc 5'CAGCGAACCATTTGAGGTGATAGGGCTTA LFH-PCR,
fwdl T C AACGTAGTAAGCGTGG amplification oftet
(kan) from pDG1514, fwd
Tc 5 CGATACAAATTCCTCGTAGGCGCTCGGG LFH-PCR,
rev AACTCTCTCCCAAAGTTGATCCC amplification oftet
(kan) from pDG1514, rev
Tc- 5" CGGCTACATTGGTGGGATACTTGTTG LFH-PCR, sequencing
check of the up-fragment
rev
Tc- 5'CATCGGTCATAAAATCCGTAATGC LFH-PCR, sequencing
check of the down-fragment

fwd

@Restriction sites are underlined.
® The “P” at the 5’ end of primer sequences indegtieosphorylation.
¢ Base pair exchanges in bold.

417 promoter sequence in italic.
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9.2. Plasmids
Tab. S2 - Plasmids
Name Relevant characteristic Used Reference
restriction sites
pAC5 allows translationdaZ promoter Martin-
fusions, homologous recombination Verstraeteet
into theamyEsite ofB. subtilis al., 1992
(Cm’); E. coli Amp®
pAC6 allows transcriptiond&dZ promoter Stulkeet al,
fusions, contains SD-sequence and 1997
ATG of sacB homologous
recombination into thamyEsite of
B. subtilis(CnT); E. coli Amp®
pBlueskript cloning vector Stratagene,
SK(-) Amsterdam,
Netherlands
pBQ200 allows the overexpression of proteins Martin-
in B. subtilis E. coli (Amp"), Verstraeteet
B. subtilis(ErnT) al., 1994
pDG647 template for erythromycin resistance Guérout-
(ern®), E. coli (Amp®) Fleuryet al,
1995
pDG780 template for kanamycin resistance Guérout-
(aphA3) E. coli (AmpF) Fleuryet al,
1995
pDG1514 template for tetracycline resistance Guérout-
(tet®), E. coli (AmpF) Fleuryet al,
1995
pGP172 allows expression of proteins Merzbacheet
carrying a Strep-tag at their al., 2004

N-terminus inE. coli
BL21(DE3)/pLysS (Amf)
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Name Relevant characteristics Used Reference
restriction sites
pGP380 Allows overexpression of N-terminal Herzberget
Strep-tag fusion proteins in al., 2007
B. subtilis(Erm’); E. coli (Amp®);
pGP526 translationgltA-lacZ fusion in Wackeret al,
pAC7 2003
pGP529 pBQ200ecG Commichatet
al., 2008
pGP651 translationgudBlacZ fusion in BamHI/EcoRl Gunkaet al
pAC5 (ST1/ST2) subm.
pGP652 pGP380acG-SR3 G277A BamHI/Hindlll  Tholen, 2008
(ST3/PT12)
pGP653 promoterlesphA3gene in pAC6  Bglll/EcoRl Gunkaet al
(ST9/ST4), allows promoter fusion subm.
to aaphA3-lacZoperon
pGP655 artificiablf promoter system in EcoRI/BamHI Gunkaet al
pGP653 (ST7/ST8) subm.
pGP852 pBQ200rocG-SR1(T923Q, Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP853 pBQ200ecG-SR2(C702A Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP854 pBQ200ecG-SR3(G277A Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP855 pBQ200ecG-SR4(G997A Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP856 pGP1726cG-SR1(T923Q Sacl/BamHI Gunkaet al,
2010
pGP857 pGP172ocG-SR2(C702A Sacl/BamHI Gunkaet al,
2010
pGP858 pGP1726cG-SR3(G277A Sacl/BamH Gunkaet al,

2010
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Name Relevant characteristics Used Reference
restriction sites
pGP859 pGP1720cG-SR4(G997A Sacl/BamHI Gunkat al,
2010
pGP860 pWH844ecG (KG3/KG4), contains BamHI/Hindlll  This work
thrombin cleavage site
pGP861 pWH844e0cG-SR3(G277A BamHI/Hindlll  This work
(KG3/KG4), contains thrombin
cleavage site
pGP862 pWH844ecG-MF (G364A BamHI/Hindlll  This work
(KG3/KG4), contains thrombin
cleavage site
pGP863 pGP178udB(KG20/KG21) Sacl/BamHI Gunket al,
2010
pGP864 pGP173udB1(KG20/KG21) Sacl/BamHI Gunket al,
2010
pGP865 pGP1726cG-MF (G364A Sacl/BamHI Gunkaet al,
(PT5/PT6) 2010
pGP866 pGP1726cG-SR5 T472Q Sacl/BamHI Gunkaet al,
(PT5/PT6) 2010
pGP867 pBQ200ecG-SR6(G907A Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP868 pBQ200ecG-SR7(G904A Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP869 pBQ200ecG-SR8(A304G Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP870 pBQ200ecG-SR9(A479G Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP871 pBQ200ecG-SR10(G831AA Gunkaet al,
mutagenesis of pGP529 in XL1-Red 2010
pGP872 ansAdlacZ fusion in pAC5 BamHI/EcoRl This work

(KG27/IL7)
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Name Relevant characteristics Used Reference
restriction sites
pGP873 pBQ20@nsR(KG18/19) BamHlI/Sall This work
pGP874 pUT1&tC (KG34/KG35) Xbal/Kpnl This work
pGP875 pUT18GHC (KG34/KG35) Xbal/Kpnl This work
pGP876 p25-N3ItC (KG34/KG35) Xbal/Kpnl This work
pGP877 pKT25ItC (KG34/KG35) Xbal/Kpnl This work
pGP878 pUT180cG (KG36/KG37) Xbal/Kpnl This work
pGP879 pUT18CeocG (KG36/KG37) Xbal/Kpnl This work
pGP880 p25-NocG (KG36/KG37) Xbal/Kpnl This work
pGP881 pKT250cG (KG36/KG37) Xbal/Kpnl This work
pGP882 ori-bla from pUC18 (KG50/51), * This work
lacA5* (KG54/KG55),
lacA3(KG56/KG56);E. coli Amp®
pGP883 ori-bla from pUC18 (KG50/51), * This work
xkdE5{KG70/71),
xkdE3{KG72/KG73);E. coli Amp®
pGP884 pGP882yIR+PxylA (KG58/KG59) * This work
aphA3(KG46/47):E. coli AmpR
pGP885 pGP883-IA (KG69/59)ermC * This work
(KG48/49);E. coli Amp®
pGP886 pGP88%fp N-terminus for Bglll, Sall This work
C-terminal fusions (KG74/KG75),
allows homologous recombination
into thexkdEsite ofB. subtilis
(Erm%)
pGP887 pGP883yfp N-terminus for Bglll, Sall This work

N-terminal fusions (KG76/KG77),
allows homologous recombination
into thexkdEsite ofB. subtilis
(ErmR)
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Name Relevant characteristics Used Reference
restriction sites

pGP888 pGP88%fp C-terminus for Bglll, Sall This work

C-terminal fusions (KG60/KG61),

allows homologous recombination

into thelacA site ofB. subtilis

(Kan®)
pGP889 pGP882¢fp C-terminus for Bglll, Sall This work

N-terminal fusions (KG62/KG63),

allows homologous recombination

into thelacA site ofB. subtilis

(Kan®
pGP890 pGP88giHC Xbal/Kpnl This work
pGP891 pGP88giC Xbal/Kpnl This work
pGP892 pGP88¢iC Xbal/Kpnl This work
pGP893 pGP88giHC Xbal/Kpnl This work
pGP894 pGP886ecG Xbal/Kpnl This work
pGP895 pGP888scG Xbal/Kpnl This work
pGP896 pGP887ecG Xbal/Kpnl This work
pGP897 pGP88%ecG Xbal/Kpnl This work
pGP898 pGP884fp for C-terminal Sall/Mfel This work

(KG61/KG74) fusions allows

homologous recombination into the

lacA site ofB. subtilis(Kar®)
pGP900 gudBin pAC5 (ST01/KG92) EcoRI/BamHI Gunk al,

subm.
pGP901 pGP38@uaB(KG106/107) (BamHI/Pstl) This work
pGP919 gltA-lacZfusion in pAC5 Commichaet
al., 2007b

pGP932 pBQ200ecG-MF (G364A Gunkaet al,

mutagenesis of pGP529 in XL1-Red 2010
pGP933 pBQ200ecG-SR5(T472Q Gunkaet al,

mutagenesis of pGP529 in XL1-Red 2010
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Name Relevant characteristics Used Reference
restriction sites
pGP1331 pUS19-3xFLAG, integrate by single Lehnik-
crossing-over int@®. subtils Habrinket al,
chromosome; allows fusion to a 2010
3XFLAG at the C-terminu<. coli
(Amp®), B. subtilis(Spe€)
pGP1702 pBluescript (SK-)-rocG-SR3 Xbal/Kpnl This work
(G277A
pGP1703 pBluescript (SK-)-rocG-MBB64A Xbal/Kpnl This work
pGP1708 pGP38cG-MF (G364A BamHI/Hindlll  This work
(ST3/PT12)
pGP1709 pGP380bcG (ST3/PT12) BamHI/Hindlll  This work
pGP1714  gudBpmuyin pACS EcoRI/BamHI Gunkat al,
(STO1/KG119/KG92) subm.
pGP1715 gudBmur in pAC5S EcoRI/BamHI Gunkaet al,
(STO1/KG120/KG92) subm.
pGP1720 pGP133GudB (3xFLAG) BamHlI/Sall This work
(KG125/KG126)
pGP1721  gudBmysin pACS EcoRI/BamHI Gunkaet al,
(STO1/KG133/KG92) subm.
pIYFP template foyfp gene B. subtilis Veeninget
(Cm®), E. coli (Amp®) al., 2004
p25-N P|ac—mcscyaA(KanR) Claessert al.,
2008
pKT25 Pac-cyaAmcs (Karf) Karimovaet
al., 1998
PKT25::zip  Pjac-CyaA-zip(Kan®) Karimovaet
al., 1998
puUT18 Plac-mcseyaA(AmpY) Karimovaet
al., 1998
pUT18C  Piac-cyaAmces (Amp) Karimovaet

al., 1998
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Name Relevant characteristic Used Reference
restriction sites

pUT18C::  Pac-cyaA-zip(Amp") Karimovaet

zZip al., 1998

puC18 cloning vector Yanisch-
Perron.et al,
1985

pWH844 allows expression of proteins Schirmeret

carrying a His tag at their N-terminus al., 1997

in E. coli (Amp®)

% Resistance abbreviations as follows: Amp, ampigilim, chloramphenicol; Erm,

erythromycin; Kan, kanamycjrspec, spectinomycin

* constructed by three fragment ligation
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9.3. Strains

Tab. S3 - Strains

Strain Genotype? Reference/Construction

Bacillus subtilis

168 trpC2 Laboratory collection

BD3349 BD3349 trpC2 ypbH::spc Persethal 2002

GP28 trpC2 AgudB::cat rocG:Tn10 spc Commichauwet al, 2007a
amyE::(gltA-lacZ aphA3)

GP655  trpC2 drocF::aphA3 Commichau, 2006

GP656  trpC2 drocD::aphA3 Commichau, 2006

GP669 trpC2 amyE::(gltA"-"lacZ cat) Commichatet al, 2006

GP717 trpC2 AgudB::cat rocG:Tn10 spc Commichatet al, 2008
amyE::(gltA-lacZ aphA3) gltB1 ansR(C107A)

GP738 trpC2 gltC::Tnl0 spc Commichau, 2006

GP747 trpC2 rocG:Tnl0 spc Commichatet al, 2007b

GP753 trpC2 rocG:Tnl0 spc gudB1 Gunkaet al, subm.;

spontaneous mutation of
GP747 on SP

GP754 trpC2 rocG::.cat amyE::(gltA-lacZ aphA3) Commichatet al, 2007a

GP801 trpC2 rocG::cat gudB1 amyE::(gltA-lacZ Commichatet al, 2008
aphA3)

GP804 trpC2 gudB1 amyE::(gltA-lacZ aphA3) Commichatet al, 2008

GP807  trpC2 AgltAB::tet LFH-PCR-> 168

GP808  trpC2 amyE::(gltA-lacZ aphA3)JgltAB::tet  pGP526-> GP807

GP809 trpC24gudB::catdrocG::tetansR(C107A) LFH-PCR-> GP717
gltB(AT101\1011) amyE::(gltA-lacZ aphA3)

GP810 trpC2 ArocG::tet LFH-PCR> 168

GP811 trpC2 AgudB::cat rocG:Tn10 spc Florezet al, subm.;
amyE::(gltA-lacZ aphA3) ansR::tet LFH-> GP28

GP812 trpC2 ypbH::spec amyE::(gltA-lacZ cat) This work;

BD3349> GP669



Appendix

176

Strain Genotype® Reference/Construction
GP815 trpC2 amyE::(gltA-lacZ aphA3) lacRtn10  This work;
spc gudB1 transposon mutagenesis
plC333-> GP804
GP816 trpC2 gudB1 gltC(C578T) amyE::(gltA-lacZ This work;
aphA3) spontaneous mutation of
GP804 on C-Glc
GP817 trpC2 gudB1 gltC(C578T) proJinl0 spc This work;
amyE::(gltA-lacZ aphA3) transposon mutagenesis
plC333> GP816
GP819 trpC2 gudB1 amyE::(gltA-lacZ cat) This work,
pGP919>GP804
GP1101 trpC2 amyE::(gudB-lacZ cat) Gunkaet al, subm.;
pGP651> 168
GP1102 trpC2 gudB1 amyE::(gudB-lacZ cat) Gunkaet al, subm.;
pGP651> GP804
GP1103 trpC2 rocG:Tnl0 spcrecA:.erm cat Gunkaet al, subm.;
IRN444 > GP747
GP1104 trpC2 rocG:Tn10 spc amyE::(gudB-lacZ cat)Gunkaet al, subm.;
pGP651> GP747
GP1105 trpC2 rocG:Tnl0 spc amyE::(gudB-lacZ cat)\Gunkaet al, subm.;
gudB1 spontaneous mutation of
GP1104 on SP
GP1106 trpC2 daddAB::spc Gunkaet al, subm.;
HVS666-> 168
GP1107 trpC2 daddAB::spc rocGcat amyE (gltA- Gunkaet al, subm.;
lacZ aphA3 GP1106~> GP754
GP1123 trpC amyE::(alf-aphA3 lacZ cat) Gunkaet al, subm.;
pGP655> 168
GP1127 trpC2 amyE::(alfl-aphA3 lacZ cat) Gunkaet al, subm.;

spontaneous mutation of
GP1123 on SP-Kan
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Strain Genotype® Reference/Construction
GP1152 trpC2 dansR::tet This work;
GP811>168
GP1153 trpC2 AansAB::ern This work;
LFH->168
GP1154 trpC2 AgudB::cat rocG:Tn10 spc Florezet al, subm.;

amyE::(gltA-lacZ aphA3)ansR (C107A )gltB LFH>GP717
(AT101Q\1011)dansAB::ernf

GP1155 trpC2 amyE::(ansA-lacZ cat) This work;
pGP872>168
GP1156 trpC2 dansR::teamyE:(ansA-lacZ cat) This work;
pGP872>GP1152
GP1157 trpC2 rocG::cat This work;
GP754>168
GP1158 trpC2 gltC::Tn10 spc rocG::cat This work;
GP738>GP1157
GP1159 trpC2 dhtpG::cat This work;
SV01>GP168
GP1160 trpC24gudB::aphA3 Gunkaet al, subm.;
LFH-> 168
GP1161 trpC2 AgudB::aphA3 rocGTnl10 spc Gunkaet al, subm.;

GP1166> GP747
GP1162 trpC2 AgudB::cat rocG:Tn10 drocF::aphA3 This work;

GP655>GP1199
GP1163 trpC2 4gudB::aphA3 rocGTnl10 spc Gunkaet al, subm.;
amyE::(gudB lacZ cat) pGP906>GP1161
GP1164 trpC2A4gudB::cat rocG:Tn10 drocD::aphA3 This work;
GP656>GP1199
GP1165 trpC2 AgudB::aphA3 rocGTnl10 spc This work;
amyE::(gudB1-lacZ cat) spontaneous mutation

of GP1163 on SP
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Strain Genotype® Reference/Construction
GP166  trpC2 rocG:Tn10 spcdhtpG::cat This work;
GP747>GP1159
GP1167 trpC2dmfd::ermC Gunkaet al, 2010 subm.;
LFH-> 168
GP1168 trpC2dmfd::ermC amyE::(alf-aphA3 lacZz  Gunkaet al, 2010 subm.;
cat) GP116»GP1123
GP1169 trpC2 rocG:Tn10 spcdmfd::ermC Gunkaet al, 2010 subm.;
GP116A~»GP747
GP1171 trpC2 xkdE:(N-yfp ermC) This work;
pGP886~> 168
GP1172 trpC2 xkdE:(N-yfp emrC) This work;
pGP887-> 168
GP1173 trpC2 lacA::(C-yfp aphA3) This work;
pGP888-> 168
GP1174 trpC2 lacA::(C-yfp aphA3) This work;
pGP889> 168
GP1175 trpC2AuvrAB::ermC This work;
LFH-> 168
GP1176 trpC2 rocG:Tnl0 spcAuvrAB::ermC This work;
GP1175. GP747
GP1177 trpC2AgudB::aphA3 amyE::(gudRilacZ Gunkaet al, subm.;
cat) pGP1714> GP1160
GP1178 trpC2AgudB::aphA3 amyE::(gudR.lacZ Gunkaet al, subm.;
cat) pGP1715 GP1160
GP1179 trpC2AgudB::aphA3 rocGTnl0 spc amyE:: Gunkaet al, subm.;
(gudByunlacZ cat) GP74P» GP1177
GP1180 trpC2AgudB::aphA3 rocGTnl10 spc amyE:: Gunkaet al, subm.;
(gudByu2lacZ cat) GP74» GP1178
GP1188 trpC2 4gudB::aphA3 rocGTn10 spc amyE:: This work;

(gudBZLnuelacZ cat)

spontaneous mutation of
GP1180 on SP
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Strain Genotype® Reference/Construction
GP1189 trpC2 duvrAB::ermCrocG::Tn10 spc gudB1 This work;
spontaneous mutation of
GP1176 on SP
GP1190 trpC2AmutSL::aphA3 This work; LFH> 168
GP1191 trpC2 rocG:Tnl0 spcAmutSL::aphA3 This work;
GP1191> GP747
GP1192 trpC2 rocG:Tnl0 spc This work;
AmutSL::aphAAuvrAB::ermC GP1176~> GP1191
GP1193 trpC2 rocG::cat gudB1 This work;
spontaneous mutation of
GP1157 on SP
GP1194 trpC2 gudB -3xFlag spc This work;
pGP1720> 168
GP1195 trpC2 gudB1 -3xFlag spc This work;
pGP1720> GP804
GP1196 trpC2 rocG::Tn10 spadrocF::aphA3 This work;
GP747-> GP655
GP1197 trpC2 AgudB::aphA3 rocGTn10 spc amyE:: Gunkaet al, subm.;
(gudByuslacZ cat) pGP172 GP1161
GP1198 trpC2 gudB::aphA3 rocGTnl0 spc amyE:: Gunkaet al, subm.;
(gudBLnu3 lacZ cat) spontaneous mutation of
GP1197 on SP
GP1199 trpC2 AgudB::cat rocG:Tn10 This work;
GP28> 168
GP1200 trpC2 rocG::Tn10 spadrocD ::aphA3 This work;
GP747-> GP656
HVS666 trpC2 daddAB::spc Gunkaet al, subm.;
Chédinet al, 1998
IRN444  trpC2 recA::ermC cat Lemonet al, 2001
SVo1 leuA8 metB5 trpC2 hsrMahtpG::cat Versteeget al, 1999
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Strain Genotype® Reference/Construction

Escherichia coli

BL21 F- lon ompT rBmB hsdS gal (clts857ind1 ~ Sammbroclet al, 1989

(DE3)/  Sam7 nin5 lacUV5- T7 genel)
pLysS

BTH101 F- cya-99 araD139 galE15 galK16 rpsL1  Karimovaet al.,2005
(StrR) hsdR2 mcrAl mcrB1

DH5a  recAl endAl gyrA96 thisdR17x - mk trelAl Sammbroclet al, 1989

SUpE44d80AlacZAM15 A(lacZY A
argF)u169

XL1-Red endAl gyrA96 thi- 1 hsdR17 supE44 relAl |&&reener & Callaharl994
mutD5 mutS mutTn10 (tet)

& Resistance gene abbreviations as folloap$1A3 kanamycingat, chloramphenicol;
ermGC erythromycin;spc, spectinomycintet, tetracycline.

P Arrows indicate construction by transformation.
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