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Knowledge is light, ignorance but despair,
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Summary

Summary

Amino acids are considered as some of the earliest organic molecules to form on Earth.
Serving as the building blocks of proteins, they are intricately connected to nearly every
life process. Therefore, amino acid metabolism needs to be precisely regulated in any
living organism. Amino acid metabolism includes the biochemical pathways responsible
for the synthesis, degradation, and utilization of amino acids. Most of the bacteria,
particularly the Gram-positive model bacterium Bacillus subtilis, have the capability to
synthesize all proteinogenic amino acids or, if available, import them from the
environment. Throughout evolution, different metabolic pathways have emerged to
maintain metabolites level inside the cells. Some biosynthetic pathways are unknown as
they are not primary routes or are typically inactive under normal conditions. However,
they may become active under specific circumstances. Two very important pathways,
previously not known to be substituted by alternative routes, involve de novo
biosynthesis of glutamate, which is an essential amino group donor in every cell. Many
bacteria can synthesize glutamate using a NADPH + H*-dependent glutamate
dehydrogenase (GDH). Alternatively, glutamate can be produced by the combined action
of the ATP-dependent glutamine synthetase (GS) and the NADPH + H*-dependent
glutamate synthase (GOGAT). B. subtilis only employs the GS-GOGAT pathway for de
novo synthesis of glutamate. In the context of this work, it was shown that a B. subtilis
deficient for the GS-GOGAT pathway may employ the aspartase AnsB and aspartate
transaminase AspB for the synthesis of glutamate in biologically significant amounts.
Genetic analyses revealed that the aspartase AnsB converts ammonium and the
tricarboxylic acid cycle intermediate fumarate to aspartate. Subsequently, the aspartate
transaminase AspB transfers the amino group from aspartate to oa-ketoglutarate,
resulting in the production of L-glutamate and oxaloacetate. This observation challenges
the well-established point of view of whether the GS-GOGAT-dependent pathway is
indeed the only route for de novo synthesis of glutamate in nature. It was also set out to
explore which amino acids could serve as the sole sources of carbon and nitrogen in the
background of a B. subtilis strain that is a genetically stable glutamate auxotroph. The
aim was to understand the conversion of the amino acids into glutamate and further to
o-ketoglutarate, a reaction that is facilitated by the enzymatic activity of the GDHs
RocG/GudB. It turned out that some of the amino acids are toxic for B. subtilis. However,
B. subtilis can quickly develop resistance by the acquisition of mutations that result in
reduced and enhanced amino acid uptake and export, respectively. Moreover, the
toxicity of some amino acids may be reduced by increased degradation of glutamate.
Furthermore, with focus on the toxicity of asparagine, it could be demonstrated that
AimA, which has been characterized as a general amino acid importer, serves as a low
affinity asparagine transporter in B. subtilis. Finally, AzICD, which was previously
described as an exporter for histidine and branched-chain amino acids, also exports
asparagine. Thus, B. subtilis can adapt to amino acid toxicity in various ways.
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Zusammenfassung

Aminosauren gehoren zu ersten organischen Molekilen, die sich auf der Erde gebildet
haben. Als Bausteine von Proteinen sind sie eng mit nahezu jedem Lebensprozess
verbunden. Daher muss der Aminosaurestoffwechsel in jedem lebenden Organismus
genau reguliert werden. Der Aminosaurestoffwechsel umfasst die biochemischen Wege,
die fur die Synthese, den Abbau und die Nutzung von Aminosauren verantwortlich sind.
Die meisten Bakterien, insbesondere das Gram-positive Modellbakterium Bacillus
subtilis, besitzen die Fahigkeit, alle proteinogenen Aminosauren zu synthetisieren oder,
sofern verflgbar, aus der Umwelt zu importieren. Im Laufe der Evolution haben sich
verschiedene Stoffwechselwege herausgebildet, um den Metabolitenspiegel in den
Zellen aufrechtzuerhalten. Einige Biosynthesewege sind unbekannt, da sie keine
primaren Wege sind oder unter normalen Bedingungen typischerweise inaktiv sind.
Unter bestimmten Umstanden kdnnen sie jedoch aktiv werden. Zwei sehr wichtige Wege,
von denen bisher nicht bekannt war, dass sie durch alternative Wege ersetzt werden
kénnen, umfassen die de novo-Biosynthese von Glutamat, einem essenziellen
Aminogruppendonor in jeder Zelle. Viele Bakterien kdnnen Glutamat mithilfe einer
NADPH + H™-abhangigen Glutamatdehydrogenase (GDH) synthetisieren. Alternativ kann
Glutamat durch die Zusammenarbeit der ATP-abhangigen Glutamin-Synthetase (GS)
und der NADPH + H*-abhangigen Glutamat-Synthase (GOGAT) hergestellt werden. B.
subtilis nutzt ausschlieBlich den GS-GOGAT-Weg fur die de novo-Synthese von
Glutamat. Im Rahmen dieser Arbeit wurde gezeigt, dass ein B. subtilis, dem der GS-
GOGAT-Weg fehlt, die Aspartase AnsB und die Aspartat-Transaminase AspB fur die
Synthese von Glutamat in biologisch signifikanten Mengen nutzen kann. Genetische
Analysen ergaben, dass die Aspartase AnsB Ammonium und das Zwischenprodukt des
Tricarbonsaurezyklus, Fumarat, in Aspartat umwandelt. AnschlieBend Ubertragt die
Aspartat-Transaminase AspB die Aminogruppe von Aspartat auf a-Ketoglutarat, was zur
Produktion von L-Glutamat und Oxalacetat fuhrt. Diese Beobachtung stellt die etablierte
Sichtweise in Frage, ob der GS-GOGAT-abhangige Weg tatsachlich der einzige Weg fur
die de novo-Synthese von Glutamatin der Natur ist. AuBerdem sollte untersucht werden,
welche Aminosauren als einzige Kohlenstoff- und Stickstoffquellen fur eine genetisch
stabilen Glutamat-bedurftigen B. subtilis-Stamm dienen. Ziel war es, die Umwandlung
der Aminosauren in Glutamat und weiter in a-Ketoglutarat zu verstehen, eine Reaktion,
die durch die enzymatische Aktivitat der GDHs RocG/GudB katalysiert wird. Es stellte
sich heraus, dass einige der Aminosauren fur B. subtilis toxisch sind. Allerdings kann B.
subtilis durch den Erwerb von Mutationen, die zu einer verringerten
Aminosaureaufnahme bzw. einem verstarkten Aminosaureexport fuhren, schnell eine
Resistenz entwickeln. DarUber hinaus kann die Toxizitat einiger Aminosauren durch
einen erhohten Glutamat-Abbau verringert werden. Darlber hinaus konnte mit Fokus auf
die Toxizitdt von Asparagin gezeigt werden, dass AimA, das als allgemeiner
Aminosaureimporteur charakterisiert wurde, in B. subtilis als Asparagin-Transporter mit
niedriger Affinitat fungiert. SchlieBlich exportiert der AzICD-Komplex, der zuvor als
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Exporter fur Histidin und verzweigtkettige Aminosauren beschrieben wurde, auch
Asparagin. Somit kann sich B. subtilis auf verschiedene Weise an die
Aminosauretoxizitat anpassen.
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Introduction

Amino acids were among the initial organic molecules to emerge on Earth (Kvenvolden
et al.,, 1970), and they are fundamental components of macronutrients, alongside
carbohydrates and fatty acids, in all living organisms. They serve as the building blocks
of proteins, which are critical to the structure and function of cells and tissues. Beyond
their role in protein synthesis, amino acids participate in various metabolic pathways,
influencing growth, repair, and overall physiological homeostasis (Wu, 2009). Among the
amino acids, L-glutamate stands out due to its multifunctional roles in all life kingdoms,
especially in all organisms. While it is best known for being a key player in protein
synthesis, L-glutamate also acts as a pivotal neurotransmitter in the central nervous
system and plays a significant role in cellular metabolism and the regulation of nitrogen
balance (Meldrum, 2000, Brosnan, 2003). L-Glutamate is classified as a non-essential
amino acid in human, as it can be synthesized endogenously through transamination
reactions; However, its demand can rise under certain physiological conditions such as
rapid growth or stress, making dietary intake beneficial (Reeds, 2000). L-Glutamate-rich
foods, including meat, fish, and certain fermented products, contribute significantly to
dietary protein quality and flavor enhancement, as this amino acid is also recognized for
its role as a flavoring agent due to its umami taste (Yamaguchi & Ninomiya, 2000). The
increasing global population necessitates sustainable and efficient methods for
producing amino acids like L-glutamate to meet rising nutritional and industrial
demands. Advances in biotechnology, particularly microbial fermentation, have
revolutionized L-glutamate production, enabling large-scale synthesis with reduced
environmental impact compared to chemical methods (lkeda, 2003; Wendisch, 2016).
Microbial production, predominantly utilizing strains of Corynebacterium glutamicum, is
now a cornerstone of the amino acid industry, and lots of worldwide researches focus
on optimizing metabolic pathways to further improve yields and sustainability (Eggeling
& Bott, 2005; Becker et al., 2013).

The model bacterium Bacillus subtilis

B. subtilis, a Gram-positive bacterium, holds a prominent position as one of the most
extensively studied organisms after Escherichia coli (Sonenshein et al., 2002). The ease
of cultivation and well-characterized genetics of B. subtilis have established it as an
invaluable model organism for studying various biological processes (Stulke et al., 2023).
B. subtilis which was initially described as Vibrio subtilis by Christian Gottfried Ehrenberg
in 1835, was later renamed to Bacillus subtilis by Ferdinand Julius Cohn in 1872
(Ehrenberg, 1833; Hoppe, 1983). This bacterium gained scientific interest due to several
reasons: Primarily, the sporulation cycle, initially documented by Cohn, offers a
straightforward model for investigating processes related to cell differentiation and
development. Secondly, the nonpathogenic nature, versatile metabolism, and ease of
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cultivation of B. subtilis render it valuable for various applications (L. Sonenshein et al.,
1993). These applications span from the traditional food production in Asia through the
fermentation of soybeans, such as Natto in Japan, to the synthesis of vitamins, amino
acids, and enzymes for detergent formulations (Moir, 1990; Stulke et al., 2023). Thirdly,
B. subtilis shares lineage with several important Gram-positive pathogens, including
Bacillus anthracis, Staphylococcus aureus, and Listeria monocytogenes. B. subtilis
serves as the prototype organism for these pathogens and all other Firmicutes
(Nakamura, 1989; Ivanova et al., 2003). Lastly, B. subtilis exhibits rapid growth and is
amenable to genetic manipulation, facilitated by its capacity to uptake foreign DNA and
integrate it into its own genome (Borriss et al., 2018).

Also, B. subtilis’s adaptability and resistance to elevated temperatures happens through
the formation of spores (Hoppe, 1983). Cohn's pioneering work on B. subtilis and its
ability to form spores played a pivotal role in the establishment of pasteurization, a
critical method in the food industry for ensuring food safety (Stulke et al., 2023).

Ecology of B. subtilis

B. subtilis is also known as the hay bacillus or grass bacillus because of its historical
association with hay and its common occurrence in hay and straw (Priest, 2014; Stulke,
2023). It can be frequently found in decomposing plant material, including haystacks,
silage, and soil rich in organic matter (Ehrenberg, 1833). The term "hay bacillus" was
likely used informally by early microbiologists and researchers to describe B. subtilis
based on its common occurrence in hay and straw samples. However, the specific
individual who first used this term is not well-documented in scientific literature. B.
subtilis is not limited to environmental sources such as hay and straw; it can also be
found and isolated from the gastrointestinal tracts of diverse organisms, including
ruminants, humans, and marine sponges (Rahman et al., 2020; Paul et al., 2021). In a
study conducted in 2009, the density of B. subtilis spores in soil was compared to that in
human feces. The findings revealed approximately 106 spores per gram in soil,
contrasting with approximately 104 spores per gram in human feces (Hong et al., 2009).
However, it is categorized as a non-pathogenic bacterium with a low likelihood of
causing disease in humans (N. K. Lee et al., 2019). Interestingly, in certain bee habitats,
scientists could also find and isolate B. subtilis from the gut flora of honeybees
(Sudhagar et al., 2017).

Morphology of B. subtilis

The morphology of B. subtilis is characterized by its rod-shaped appearance, which
resembles a symmetrical cylinder with rounded ends. The bacterium typically measures
around 4-10 pum in length and 0.25-1.0 um in diameter (Liu et al., 2022). B. subtilis
possesses a thick cell wall, primarily composed of a dense peptidoglycan layer. During
the Gram staining process, the bacterium retains the crystal violet dye even after the
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washing step then appears purple under optical microscope. This retention of the dye is
a characteristic feature of Gram-positive bacteria (Hoppe, 1983).

Lifestyle of B. subtilis

B. subtilis exhibits two modes of division: symmetrical division, yielding two daughter
cells through binary fission, and asymmetrical division, resulting in a single endospore
(Errington & Wu, 2017). These endospores have the remarkable ability to remain viable
for extended periods, enduring adverse environmental conditions such as drought,
salinity, extreme pH, radiation, and exposure to solvents. Endospore formation occurs
during periods of nutritional stress, facilitated by hydrolysis, enabling the organism to
endure in the environment until conditions become favorable once again (Stephens,
1998; Higgins & Dworkin, 2012; Riley et al., 2021;). While sporulation in B. subtilis is
triggered by nutrient deprivation, the initiation of the sporulation developmental program
does not occur immediately when growth slows due to a lack of nutrients (Riley et al.,
2021). Various alternative responses may unfold, such as activating flagellar motility to
search for new food sources through chemotaxis, producing antibiotics to eliminate
competing soil microbes, secreting hydrolytic enzymes to scavenge extracellular
proteins and polysaccharides, or inducing 'competence' for the uptake of external DNA,
occasionally resulting in the stable integration of new genetic information (Dubnau,
1991; Aizawa, 2001; Schallmey et al., 2004; Stein, 2005; Lépez & Kolter, 2010).
Sporulation, serving as a last-resort response to starvation, remains suppressed until
alternative responses are deemed insufficient (Stephens, 1998; Higgins & Dworkin,
2012; Riley et al., 2021).

The genome of B. subtilis

In the nascent stages of the genomic revolution during the 1990s, there arose a
considerable interest in the comprehensive sequencing of the B. subtilis genome. This
monumental endeavor was undertaken through a robust collaboration between
European and Japanese laboratories (Kunst et al., 1997). After this pivotal achievement,
the focus shifted towards the delineation of a core ensemble of essential genes. This
initiative aimed to ascertain the expression dynamics of the complete spectrum of B.
subtilis genes across an expansive array of 104 distinct conditions (Nicolas et al., 2012)
and also, contributing to the formulation of an initial genome-reduced strain that was
devoid of all prophages (Kobayashi et al., 2003). The genome of B. subtilis encompasses
an estimated 4.2 kilo base pairs, encompassing a repertoire of 4,100 protein-coding
genes (Kunst et al., 1997). Characterized by a low GC content, this bacterium's genome
constitutes 43.5% GC content (Piggot, 2009). Out of 4,100 protein-coding genes, only
192 coding genes were proven to be indispensable, while an additional 79 were
anticipated to be essential. Most of these essential genes were concentrated in a
relatively small number of cell metabolism domains. Approximately half of them were
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associated with information processing, one-fifth were engaged in the synthesis of the
cell envelope and the regulation of cell shape and division, and one-tenth were linked to
cell energetics (Barbe et al., 2009; ReuB et al., 2017).

Amino acids

Amino acids are organic compounds which possess two functional groups: amino and
carboxylic acid (Boyle, 2005). Among more than 500 discovered amino acids in nature,
only 22 of them exclusively manifests within the universal genetic code (or genetically
encoded) which they are called “proteinogenic” (Koonin & Novozhilov, 2009).

In the early 1800s, French chemists Louis-Nicolas

Vauquelin and Pierre Jean Robiquet made a H H O
groundbreaking discovery by extracting the first amino ',‘ /

acids from asparagus. This newly identified 'N H
compound was subsequently named asparagine /

(Vickery & Schmidt, 1931). After that, cystine was
discovered in 1810 (Wollaston, 1810), although its ¢:
monomer, cysteine, remained undiscovered until R H
1884 (Baumann, 1884). The final one among the 20

common amino acids, threonine, was discovered in  Figure 1. General structure of L-
1935 by William Cumming Rose (Simoni et al., 2002).  a-amino acids.

Amino acids typically exhibit a generic formula of H,NCHRCOOH, where R denotes an
organic substituent referred to as a "side chain" (Fig. 1). Classification of amino acids is
contingent upon the location of this side chain, resulting in designations such as alpha
(a-), beta (B-), gamma (y-) amino acids, etc. Furthermore, their categorization is
influenced by factors like polarity, ionization, and the type of side chain group like
aliphatic, acyclic, aromatic, polar, etc. (Boyle, 2005).

Concerning the stereoisomers of the alpha carbon, all chiral proteogenic amino acids
exhibit the “L” configuration, signifying "left-handed" enantiomers (McNaught &
Wilkinson, 1997). However, there are exceptions, with a limited number of D-amino acids
("right-handed") observed in nature. Instances include their presence in bacterial
envelopes (Thorne et al.,, 1955; Van Heijenoort, 2001; Leiman et al.,, 2013), as a
neuromodulator (D-serine) (Wolosker et al., 2008), and in certain antibiotics (Michal &
Schomburg, 2013). On rare occasions, D-amino acid residues are identified in proteins,
typically arising through post-translational modifications from the L-amino acid form
(Genchi, 2017).
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Amino acids are monomers of proteins

Standard or canonical amino acids encompass a set of 20 amino acids directly encoded
by the codons within the universal genetic code. In certain biological contexts, a
modified form of methionine known as N-formylmethionine is commonly used as the
initial amino acid in proteins, especially in bacteria, mitochondria, and chloroplasts
(Arnold, 1977; Pelley, 2012). Beyond this standard set, there exists another category
termed nonstandard or non-canonical amino acids. The majority of these are non-
proteinogenic, meaning they cannot be incorporated into proteins during the translation
process. However, it is noteworthy that two among this group are proteinogenic,
indicating their ability to be translationally integrated into proteins by utilizing
information not explicitly encoded in the universal genetic code (Boyle, 2005).
Selenocysteine, which is found in many non-eukaryotes as well as most eukaryotes but
is not directly coded by DNA (Johansson et al., 2005), and pyrrolysine, which is present
in certain archaea and some bacteria (Rother & Krzycki, 2010), are the two nonstandard
proteinogenic amino acids. For instance, selenocysteine is present in the primary
structure of 25 proteins from human body (Johansson et al., 2005). Pyrrolysine and
selenocysteine are encoded through variant codons. Notably, selenocysteine is
encoded by a stop codon and a SECIS element. The SECIS element is an RNA element
approximately 60 nucleotides long, adopting a stem-loop structure. This structural motif
guides the cell to translate the stop codon UGA as selenocysteines (Walczak et al., 1996;
Xie & Schultz, 2005; Elzanowski & Andrzej, 2010).

Non-protein functions of amino acids

Amino acids serve not only as precursors for proteins but also fulfill various other
biological functions, encompassing both proteinogenic and non-proteinogenic amino
acids. In many bacteria, such as B. subtilis, amino acids can function as the sole sources
of carbon, nitrogen, and even energy (MeiBBner et al., 2022; Warneke et al., 2023). To
uphold osmotic balance under hyperosmotic conditions, certain archaea and bacteria,
such as B. subitilis, generate elevated quantities of proline as an osmoprotectant (Gunka
& Commichau, 2012; Hoffmann et al., 2017). Within the human body, specific amino
acids like tryptophan and tyrosine (along with its precursor phenylalanine) play roles as
precursors for neurotransmitters. Tryptophan contributes to the synthesis of serotonin,
while tyrosine participates in the production of dopamine, epinephrine, and
norepinephrine (Cuevas, 2019). Furthermore, gamma-aminobutyric acid (GABA), a
nonstandard amino acid, and glutamate serve as neurotransmitters in the human brain
(Petroff, 2002). Additionally, nucleotides, vital components of nucleic acids, are
synthesized from aspartate, glycine, and glutamine (Berg et al., 2002). Another
noteworthy application is the use of L-dihydroxyphenylalanine (L-DOPA), derived from
phenylalanine, in the treatment of Parkinson's disease (Kostrzewa et al., 2005).
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Application of amino acids in industry

On an industrial scale, amino acids have long been utilized across various sectors,
spanning from human and animal nutrition to pharmaceuticals and cosmetics. Within
this multibillion-dollar market, the production of amino acids from the L-glutamate
family (GFAAs), including L-glutamate, L-arginine, L-citrulline, L-ornithine, L-proline, L-
hydroxyproline, y-aminobutyric acid, and 5-aminolevulinic acid, predominantly relies on
microbial fermentation. This process involves the use of genetically modified strains of
Corynebacterium glutamicum and its related subspecies, Corynebacterium crenatum
(Sheng et al., 2021).

In the animal feed industry, amino acids are incorporated into feed formulations to
compensate for the depletion of essential amino acids like tryptophan, threonine, lysine,
or methionine (Leuchtenberger et al., 2005). Amino acids have also been employed
extensively in the production of herbicides and pesticides. For instance, glyphosate, the
most widely known and used herbicide globally, is originally synthesized from glycine
(Chenier, 2002). Furthermore, aztreonam, a B-lactam antibiotic with selective activity
against Gram-negative aerobic bacteria, can be derived from threonine (Floyd et al.,
1982; Slusarchyk et al., 1984).

It comes as no surprise that the primary consumption of amino acids occurs in the food
industry, with particular emphasis on glutamic acid. This amino acid is widely utilized as
a flavor enhancer (Garattini, 2000). Additionally, the well-known artificial sweetener
Aspartame (aspartylphenylalanine 1-methyl ester) is a major player in the beverage
industry. Aspartame, approximately 200 times sweeter than sucrose but significantly
lower in calories, is derived from a combination of aspartic acid and phenylalanine
(Magnuson et al., 2007). Amino acids also find common use as preservatives in various
food and beverage products. Cysteine, for instance, is frequently employed as an
antioxidant in fruit juices (Montgomery, 1983; lyidogan & Bayindirli, 2004). Furthermore,
in the context of extending the shelf life of milk powder, a combination of tryptophan and
histidine is utilized as an antioxidant compound (Samtiya et al., 2022). One of the
interesting utilizations of arginine involves its incorporation as an additive in toothpaste
and various dental products to alleviate tooth sensitivity. Arginine, functioning similar to
dentin (a crucial regulator of tooth sensitivity), serves as a mineral with the potential to
provide relief in this context (Chakraborty & Burne, 2017; Ayad et al., 2018).

Chemical synthesis of amino acids

The commercial-scale production of amino acids typically involves the use of engineered
bacteria, which consume glucose as a carbon source to produce individual amino acids.
However, some amino acids are manufactured through the conversion of synthetic
intermediates utilizing enzymes. For example, the production of aspartic acid entails the
addition of an ammonium group to the carbon backbone of fumarate, facilitated by a
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lyase enzyme (Tosa et al., 1974). Another illustration involves the industrial utilization of
2-aminothiazoline-4-carboxylic acid to produce L-cysteine (Takumi et al., 2017).

Biosynthesis of amino acids

Organisms have the capability to internally synthesize amino acids, rendering them
“prototrophic” for those specific amino acids. In contrast, if an organism lacks the ability
to synthesize certain amino acids, it is termed “auxotrophic”. The majority of members
in the plant and bacterial kingdoms exemplify prototrophic organisms, proficient in
synthesizing all 22 amino acids utilizing glucose as a carbon source and ammonium as
a nitrogen source. Conversely, mammalian cells are classified as essential amino acid
consumers, necessitating the uptake of specific amino acids from their dietary intake
(Naylor et al., 1976; Seif et al., 2020). Most plants and bacteria exhibit the capacity to
assimilate ammonia into amino acids via the reductive amination of a-ketoglutarate and
producing glutamate (Gunka & Commichau, 2012). Conversely, ammonia poses a
considerable toxicity risk to mammalian cells. Therefore, glutamine assumes a pivotal
role as the carrier molecule for ammonia in this context (Amorim & Blanchard, 2017).

Biosynthesis of amino acids in B. subtilis

The majority of bacterial species exhibit the capability to uptake all 22 amino acids from
the environment if available, employing an array of specific and non-specific
transporters developed over the course of evolution. Additionally, they possess the
ability to digest or degrade amino acids from external sources such as peptides and
proteins. Furthermore, in environments devoid of amino acids, such as minimal media,
many bacteria, including B. subtilis, demonstrate the capacity to systematically utilize
glucose and ammonium as the sole sources of carbon and nitrogen, respectively, to
synthesize all 22 proteinogenic amino acids (ReuB et al., 2016; Warneke et al., 2023;
MeiBner et al., 2024).

Biosynthesis of glutamate in B. subtilis

Across all life kingdoms, glutamate assumes the most critical role as a primary nitrogen
contributor, constituting approximately 80 to 88 percent of the nitrogen allocated for the
biosynthesis of the entire biomass, encompassing other amino acids, as well as building
blocks for DNA and RNA. Also, it can be directly integrated into proteins. In contrast,
glutamine, another significant amino donor, contributes only around 20 percent of the
nitrogen supply (Magasanik, 2003; Oh et al., 2007; He et al., 2023). From an anabolism
perspective, in B. subtilis, glutamate serves as an amino group donor in more than 37
cellular reactions (Gunka & Commichau, 2012). This is particularly significant because
the standard free energy for these transamination reactions is almost zero. Therefore, to
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propel these reactions forward, it is imperative to maintain a high intracellular glutamate
concentration (Goelzer et al., 2008; Oh et al., 2007; Bennett et al., 2009). Despite the
significant role of glutamate in anabolism, it also plays a crucial role as an
osmoprotectant in some archaea and bacteria. In hyperosmotic environments, cells
produce a substantial amount of glutamate, on a molar scale, to prevent the outflow of
intracellular water (Csonka et al., 1994; Saum et al., 2006; Frank et al., 2021). In B.
subtilis, proline assumes the role of an osmoprotectant, originating from the conversion
of glutamate to proline while cells sense a hyperosmotic condition (Gunka &
Commichau, 2012; Bremer & Kramer, 2019; Stecker et al., 2022). Furthermore, to uphold
electric neutrality within the intracellular space, glutamate, with its negative charge, acts
as a counterion for potassium, the most positively charged ion inside the cells
(McLaggan et al., 1994; Epstein, 2003; Gundlach et al., 2018; Krliger et al., 2020, 2021).

Given the numerous crucial functions of glutamate, maintaining high levels of this
compound within the cell is essential. To achieve this, bacteria primarily attempt to
uptake glutamate from their surroundings if available. Through evolution, B. subtilis has
developed two specific glutamate transporters, GUItT and GltP, both characterized as
glutamate symporters. GUT serves as the primary high-affinity Na*'-coupled
glutamate/aspartate symport protein, playing a role in the uptake of glyphosate' as well
(Zaprasis et al., 2015). On the other hand, GltP functions similarly to an H*/glutamate
symporter and serves as a minor transporter for glyphosate but is not necessary for
glutamate transport (Tolner et al., 1995). Furthermore, there exists a nonspecific
transporter known as AimA, which, besides facilitating the import of other amino acids
such as serine and asparagine, also functions as a low-affinity symporter for glutamate.
(Krtiger et al., 2021; MeiBBner et al., 2024).

Nevertheless, in a medium devoid of glutamate or any other amino acids convertible to
glutamate, bacteria, including B. subtilis, endeavor to synthesize glutamate
autonomously. In nature, two prominent glutamate biosynthesis pathways have been
documented: 1) the conversion of a-ketoglutarate to glutamate via GDH, involving an
NADPH,-dependent ammonium reduction reaction, and 2) the amino transformation
from glutamine to a-ketoglutarate facilitated by the Glutamine Oxoglutarate
Aminotransferase (GOGAT), vyielding one molecule of L-glutamate. The required
glutamine for this reaction is derived from an ATP-dependent process that incorporates
ammonium into glutamate through the activity of GS (Commichau, et al., 2006;
Sonenshein, 2007). It is intriguing to consider that the reason many bacteria maintain
both distinct pathways for glutamate synthesis lies in the fact that the GS-GOGAT-
dependent pathway necessitates ATP, while the GDH reaction does not. Specifically, GS
exhibits a higher affinity for ammonia compared to GDH (Reitzer, 2003; Rehm &
Burkovski, 2011). This implies that GDH is only active at high intracellular ammonia
concentrations (Reitzer, 2003). Consequently, bacteria retain the advantage of
synthesizing glutamate in diverse media with varying nitrogen concentrations; In

" glyphosate is the most frequently used herbicide worldwide (O Duke & B Powles, 2008).
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nitrogen-limited conditions, bacteria prefer the GS—-GOGAT pathway, despite the energy
expenditure of breaking an ATP molecule in each reaction. Conversely, in energy-poor
environments with high external ammonia concentrations, the bacteria favor the GDH
pathway for glutamate synthesis due to its greater energy efficiency (Helling, 1998;
Reitzer, 2003; Gunka & Commichau, 2012). In summary, the presence of two distinct
glutamate biosynthesis pathways provides bacteria with the flexibility to maintain a high
glutamate pool, subsequently high growth rate, in various environmental conditions.

Although, many bacterial species are able to employ both pathways to synthesize
glutamate, B. subtilis exclusively uses the ATP-dependent GS-GOGAT cycle to assimilate
ammonium to L-glutamate due to the low affinity of the GDH enzymes GudB/RocG to
ammonium (Commichau et al., 2008). The entire process of L-glutamate biosynthesis in
B. subtilis involves the proficient conversion of glucose to pyruvate through the glycolysis
pathway, followed by the entry of acetyl-CoA into the TCA cycle to generate a-
ketoglutarate, the precursor to L-glutamate. Subsequently, in an amino transformation
reaction independent of energy consumption, a-ketoglutarate acquires an amino group
from one molecule of glutamine through the action of GOGAT. This complex enzyme
comprises two subunits encoded by an operon consisting of gltA, gltB, and a
transcription activator, gltC (Bohannon & Sonenshein, 1989; Belitsky & Sonenshein,
1995; Jayaraman et al., 2022). This reaction results in the production of two molecules
of glutamate, one of which is utilized by GS (encoded by glnA) to synthesize a molecule
of L-glutamine. In this process, one molecule of ammonium is assimilated into L-
glutamate to produce one molecule of L-glutamine, requiring energy for its execution.
This energy is derived from the conversion of ATP to ADP (Schreier et al., 1989; Travis et
al., 2022). In conclusion, a cycle is established through the collaboration between
GOGAT and GS, referred to as the GS-GOGAT cycle. Also, it can be asserted that
glutamate biosynthesis serves as a crucial metabolic intersection, functioning as a
bridge between carbon metabolism and nitrogen metabolism (Fig. 2; Sonenshein, 2007;
Commichau et al., 2008; Gunka & Commichau, 2012). It is important to note that all
enzymes involved in the biosynthesis and degradation of L-glutamate in B. subtilis exhibit
bifunctionality. This dual functionality allows these enzymes to contribute to the
dynamic regulation of glutamate homeostasis (Commichau, Forchhammer, et al.,
2006b; Commichau, Wacker, et al., 2006; Gunka & Commichau, 2012; Stannek et al.,
2015).
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Figure 2. L-Glutamate biosynthesis pathways in B. subtilis linking carbon and nitrogen
metabolism.

L-Glutamate biosynthesis occurs through two main pathways: the GS-GOGAT pathway and
the AnsB-AspB route (discovered in this study). In the GS-GOGAT pathway, L-glutamine acts
as the amino group donor, while in the AnsB-AspB route, L-aspartate fulfills this role. GDH
enzymes RocG and GudB in B. subtilis are strictly catabolically active. L-Glutamate can be
transported into the cell through various L-glutamate transporters such as GltT, GltP, and
AimA. Alternatively, it can be generated through the degradation of other amino acids in the
glutamate family, such as L-arginine and L-proline. These amino acids are transported into the
cell via specific transporters: RocC and RocE for L-arginine, and PutP for L-proline. AnsA and
AnsZ, asparaginases; AnsB, aspartase; AspB, aspartate transaminase; CitG, fumarase; GDH,
glutamate dehydrogenase encoded by gudB or rocG; GOGAT, glutamate synthase encoded by
gltAB; GS, glutamine synthetase encoded by glnA; TCA, tricarboxylic acid (Figure adapted from
Mardoukhi et al., 2024)
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Mechanisms of controlling L-glutamate metabolism in B. subtilis

As elaborated in the preceding section, the GOGAT-GS cycle stands as the primary and
fundamental pathway for glutamate synthesis in B. subtilis. The expression of the gltAB
genes, which encode for GOGAT, is regulated by signals originating from carbon and
nitrogen metabolism. These signals are mediated by the LysR-type transcription
activator GltC and the global regulatory protein TnrA, respectively (Belitsky et al., 2000;
Belitsky & Sonenshein, 2004; Bohannon & Sonenshein, 1989). The gltC gene encodes for
GltC, which serves as both a transcriptional activator and repressor of the gltAB operon
(Bohannon & Sonenshein, 1989; Picossi et al., 2007; Gunka & Commichau, 2012). In the
presence of glucose, GltC activates the transcription of gltAB genes to facilitate
glutamate production and satisfy the glutamate demand. Conversely, in the absence of
glucose and when glutamate serves as the sole carbon source, GltC represses the gltAB
operon (Fig. 3A, B; Belitsky et al., 2004; Commichau et al., 2007; Picossi et al., 2007).
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The regulation of gltAB expression via the ammonium metabolism sighal, mediated by
TnrA, relies on the availability of glutamine or glutamate and ammonium, which can be
converted to glutamine through the enzymatic activity of GS, GlnA (Wray et al., 2001;
Fedorova et al., 2013). In the absence of glutamine, GOGAT becomes unnecessary since
the ammonium required to combine with a-ketoglutarate for the production of two
glutamate molecules is absent (Fig. 2). Consequently, GltC is unable to activate the
transcription of gltAB genes because TnrA binds to and obstructs the downstream region
of the gltAB promoter (Belitsky et al., 2000; Commichau et al., 2006b). However, in the
presence of excess nitrogen, GlnA deactivates TnrA, thereby restoring the expression of
the gltAB genes (Wray et al., 1996, 2001). Thus, it can be deduced that GOGAT synthesis
is contingent upon the availability of both of its substrates: a-ketoglutarate derived from
glucose catabolism and glutamine (Gunka & Commichau, 2012).

B. subtilis harbors two NADPH,-dependent GDHs, GudB and RocG, encoded by the gudB
and rocG genes, respectively. In the commonly used laboratory strains, 168 and SP1,
which are specifically employed in this study, only RocG exhibits enzymatic activity
(Belitsky & Sonenshein, 1998). GudB remains cryptic due to the presence of a perfect
direct repeat of 9 base pairs (G279-C287), resulting in the duplication of 3 amino acids
within its active site. This duplication induces instability in its structure, leading to rapid
proteolytic degradation (Gunka et al., 2012). When B. subtilis 168 or SP1 strains lacking
functional RocG are cultured on either a complex medium or a minimal medium
supplemented solely with L-glutamate or amino acids, such as L-proline and L-arginine,
which can be catabolized to L-glutamate, a pronounced growth impairment is observed
(Commichau, et al., 2006; Gunka et al., 2012). These strains swiftly acquire activating
mutations in the gudB gene at a remarkably high frequency, approximately 10* (Gunka
et al., 2012). This mutational event leads to the expression of GudB1 protein, an active
variant of the GDH GudB. GudB1 plays a crucial role in preventing the accumulation of
glutamate to potentially toxic levels by catalyzing its conversion to a-ketoglutarate,
thereby restoring metabolite homeostasis (Fig. 3A, B; Commichau, et al., 2006; Gunka
et al., 2012).

Both GDH enzymes possess a notably low affinity for ammonium in the low intracellular
ammonium concentrations, rendering them strictly catabolically active (Commichau et
al., 2008; Noda-Garcia et al., 2017). The activity of RocG, the sole active GDH in B.
subtilis 168/SP1, is subject to intricate regulation stemming from signals originating in
carbon and nitrogen metabolism (Belitsky & Sonenshein, 1998; Commichau et al., 2007).
In the presence of amino acids or other nitrogen sources that can be metabolized to
glutamate, such as arginine and proline, the transcription factors RocR and AhrC activate
the expression of RocG (Fig. 3B; Gardan et al., 1997; Miller et al., 1997; Commichau et
al., 2007).

Furthermore, for the expression of the rocG gene, the RNA polymerase depends on
another type of sigma factor known as sigma factor o, encoded by the sigL gene
(Débarbouillé et al., 1991). However, in the presence of glucose in the media, the
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pleiotropic transcription factor CcpA strongly represses the rocG promoter and the sigl
gene (Belitsky et al., 2004; Choi & Saier, 2005). This meticulous and complex regulation
of the rocG gene ensures that the catabolic activity of the GDH RocG, involved in
glutamate degradation, is only activated when metabolic demands necessitate
glutamate degradation (Fig. 3A; Gunka & Commichau, 2012).

A recent study, conducted in vivo and in vitro, has revealed that under conditions of
glutamate limitation, the GOGAT, GltAB, associates with GDH, GudB to form a counter-
enzyme complex. This complex effectively inhibits the activity of GudB, thereby
preventing depletion of the glutamate pool (Fig. 3A). In this configuration, six monomers
of GudB are being covered by six monomers of GltA and GltB. This arrangement prevents
the active site of GudB from interacting with free glutamate (Jayaraman et al., 2022).

In the wild-type B. subtilis strains like B. subtilis NCIB 3610, which expresses both GDHs,
GudB and RocG, in their active version, under conditions where glutamate serves as the
sole carbon and nitrogen source, GudB interacts with GltC, inhibiting its ability to
activate the transcription of GOGAT, gltAB genes. This inhibition leads to a metabolic
shift in the cell from glutamate anabolism to catabolism, resulting in the degradation of
glutamate to a-ketoglutarate and its subsequent utilization in carbon catabolism
pathways (Fig. 3A). In B. subtilis 168 and SP1 strains, which express the RocG as the only
active GDH enzyme, it has been reported that RocG, like GudB, can also deactivate the
GltC protein (Commichau et al., 2007; Stannek et al., 2015).
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Figure 3. Regulation of L-glutamate biosynthesis in B. subtilis.
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A) Induction and repression of the GOGAT, gltAB genes, by glucose and glutamate,
respectively. B) Repression of the GOGAT, gltAB genes, by arginine. (Figure adapted from
Mardoukhi et al., 2024)

Mechanisms of controlling L-arginine metabolism in B. subtilis

In B. subtilis, L-arginine transport is primarily mediated by two types of transport
systems: the ATP-binding cassette (ABC) transporters and amino acid-polyamine-
organocation (APC) superfamily. These transporters facilitate the uptake of L-arginine
across the bacterial membrane (Lorca et al., 2007). The ABC transporters responsible
for L-arginine uptake in B. subtilis comprise ArtP, ArtQ, and ArtR, which exhibit a high
affinity for L-arginine and harness the energy derived from ATP hydrolysis for its uptake
(Quentin et al., 1999; Yu et al., 2015). Conversely, within the APC superfamily, L-arginine
uptake is facilitated by RocC and RocE, selective symport systems capable of
transporting arginine, ornithine, and citrulline alongside protons (Gardan et al., 1995;
Klingel et al., 1995).

The rocC and rocE genes, encoding the permeases RocC and RocE respectively, are
integral components of the rocABC and rocDEF operons, which play pivotal roles in the
uptake and metabolic utilization of arginine, ornithine, and citrulline. Within the rocABC
operon, in addition to the permease RocC, RocA is encoded, facilitating the final
conversion step of arginine degradation from L-glutamate-semialdehyde to glutamate
(Calogero et al., 1994). Furthermore, RocB, which was recently characterized, serves as
an enzyme catalyzing the conversion of citrulline to ornithine (Warneke et al., 2023). In
parallel, the rocDEF operon, beside coding for the permease RocE, encodes enzymes
responsible for the initial steps of arginine utilization. Specifically, RocF mediates the
conversion of arginine to ornithine, while RocD catalyzes the subsequent conversion of
ornithine to L-glutamate-semialdehyde (Gardan et al., 1995).

Both arginine degradation operons, rocABC and rocDEF, are under the control of two
transcriptional regulators, RocR and AhrC (Calogero et al., 1994; Gardan et al., 1995;
Klingel et al., 1995; Miller et al., 1997). The initiation of transcription for these operons is
orchestrated by the RNA polymerase employing an alternative sigma factor SigL which
relies on the ATP-hydrolyzing transcription activators RocR and AhrC. In the presence of
ornithine or L-arginine, with the latter being converted into ornithine through a single
enzymatic step, RocR stimulates the expression of both operons (Gardan et al., 1997;
Warneke et al., 2023). Additionally, AhrC, in the presence of L-arginine, serves as a
transcriptional activator for genes involved in arginine degradation while simultaneously
acting as a repressor for genes associated with arginine biosynthesis (Garnett et al.,
2007). The allocation of diverse types and a multitude of transporters and genes
dedicated to arginine uptake and degradation underscores its pivotal role in numerous
cellular processes, peptide and protein production and etc. Furthermore, the
degradation of arginine yields reducing power in the form of NADH + H*, which can be
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harnessed for ATP synthesis during cellular respiration (Warneke et al., 2023). This dual
functionality highlights the multifaceted significance of arginine metabolism in cellular
energetics and metabolic homeostasis.

Mechanisms of controlling L-proline metabolism in B. subtilis

PutP serves as a high-affinity proline permease, facilitating the uptake of proline coupled
with the influx of sodium ions. This transporter is encoded by the putP gene, which
resides within the putBCP operon (Fig. 4; Atkinson et al., 1990; Belitsky, 2011; Moses et
al., 2012). Alongside PutP, this operon encodes two additional enzymes, PutB and PutC,
crucial for L-proline degradation. PutB functions as a FAD-dependent proline
dehydrogenase, catalyzing the conversion of L-proline into A'-pyrroline-5-carboxylate
and alongside producing one molecule of FADH.. This intermediate is highly unstable
and spontaneously undergoes conversion to y-glutamate-5-semialdehyde.
Subsequently, y-glutamate-5-semialdehyde undergoes enzymatic transformation to L-
glutamate with the aid of 1-pyrroline-5-carboxylate dehydrogenase PutC. This enzyme
relies on NAD" as a cofactor for its activity, facilitating the conversion of the intermediate
to L-glutamate and production of one NADH, thereby completing the degradation
pathway of L-proline. Indeed, the catabolism of proline serves dual purposes,
contributing not only to metabolic homeostasis but also to energy production within the
cell. During the hydrolase of one molecule of L-proline to one molecule of L-glutamate,
the enzymatic reactions involved generate one molecule of FADH, and NADH (Fig. 4;
Belitsky, 2011; Huang et al., 2011; Moses et al., 2012).

The expression of the L-proline utilization putBCP operon is facilitated by a SigA-type
promoter and depends on the presence of the proline-responsive activator protein PutR.
Even atvery low concentrations external sources of L-proline (submillimolar levels), PutR
triggers the activation of putBCP transcription. However, this activation can be
counteracted by an active form of the negatively acting CodY regulatory protein,
particularly in medium containing a mixture of other amino acids. CodY, a global
transcriptional regulator in B. subtilis, responds to branched-chain amino acids such as
isoleucine, leucine, and valine. Its regulatory influence extends to genes involved in
amino acid and nitrogen metabolism. Acting as a master regulator, CodY governs cellular
metabolism, particularly under conditions of nutrient excess. The PutR binding site is
positioned within the promoter region of the putB gene, overlapping with the CodY-
binding site. In the repression of the putBCP operon, CodY's role involves diminishing
operon activation by competitively inhibiting PutR from binding to the putB promoter.
Thus, CodY plays a pivotal role in modulating the expression of putBCP in response to
environmental nutrient availability (Belitsky, 2011; Huang et al., 2011; Moses et al.,
2012).
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Osmotically controlled synthesis of the compatible solute proline in B. subtilis

In response to high osmolarity environments, B. subtilis employs cellular defense
mechanisms, including the accumulation of specific water-attracting ions, primarily
potassium (Holtmann et al., 2003; Whatmore & Reed, 1990), and organic compounds
referred to as compatible solutes (Bremer, 2014; Kempf & Bremer, 1998). Among these
solutes, L-proline stands out as the sole compatible solute that B. subtilis can synthesize
de novo (Kuhlmann & Bremer, 2002; Whatmore et al., 1990). Its osmotically regulated
production plays a pivotal role in enabling effective cellular adaptation to sustained high-
osmolarity conditions (Hoffmann et al., 2012, 2017).

To maintain physiological hydration levels within the cytoplasm, B. subtilis employs
three distinct strategies involving L-proline: Firstly, it imports L-proline via the OpuE
transporter, an osmotically inducible symporter that facilitates the co-transport of L-
proline alongside sodium ions (Fig. 4; Spiegelhalter & Bremer, 1998; Von Blohn et al.,
1997). Expression of opuE which codes for OpuE transporter is induced by glucose via
the global regulator CcpA (carbon catabolite protein A) and recognized by the sigma
factor Aand B (Marciniak et al., 2012; Spiegelhalter & Bremer, 1998). Secondly, B. subtilis
synthesizes L-proline de novo through the osmostress adaptive L-proline biosynthetic
pathway, involving the sequential action of ProJ, ProA, and ProH enzymes (Brill et al.,
2011). It's noteworthy that B. subtilis has evolved an additional anabolic pathway for L-
proline synthesis, facilitated by the ProB-ProA-Prol enzymes. However, unlike the
osmostress adaptation response system, this pathway is not directly involved in the
cellular response to osmotic stress due to differences in the mechanisms governing their
expression (Fig. 4; Brill et al., 2011). Thirdly, B. subtilis facilitates the generation of free
proline by uptaking proline-containing peptides and subsequently breaking them down
through proteolysis. This process involves several ABC-type peptide transporters,
including App, Dpp, and Opp (Koide & Hoch, 1994; Mathiopoulos et al., 1991; Perego et
al., 1991; Rudner et al., 1991), as well as DtpT, which is a predicted peptide uptake
system (Caldwell et al., 2001).

As discussed above, the de novo synthesis of L-proline entails two distinct pathways:
ProB-ProA-Prol and ProJ-ProA-ProH, which share an identical enzymatic cascade for the
conversion of L-glutamate to L-proline (Brill et al., 2011; Hoffmann et al., 2012;
Kuhlmann & Bremer, 2002; Stecker et al., 2022). Notably, ProA plays a pivotal role in both
pathways, while the final step of the pathway is executed by different enzymes, Prol,
ProH, and ProG, in response to varying environmental conditions. The genes proB and
proA are typically co-located within a single operon, while proJ and proH genes reside in
another operon. The prol and proG genes, on the other hand, are typically single genes.
In each pathway, the initial conversion is catalyzed by glutamate 5-kinase, ProB or ProJ,
utilizing L-glutamate and ATP to yield L-glutamyl 5-phosphate and ADP. Subsequently, L-
glutamyl 5-phosphate undergoes transformation into L-glutamate 5-semialdehyde
through the enzymatic activity of glutamate-5-semialdehyde dehydrogenase, ProA. L-
glutamate 5-semialdehyde, being an unstable intermediate, spontaneously converts to
1-pyrroline-5-carboxylate, serving as the substrate for the final step in L-proline
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synthesis. In this last step, pyrroline-5-carboxylate reductase, Prol, ProH or ProG,
catalyzes the conversion of 1-pyrroline-5-carboxylate to L-proline (Fig. 4; Forlani et al.,
2017; Hoffmann et al., 2012). Indeed, ProG and Prol contribute to providing the
necessary building blocks for protein synthesis, whereas ProH facilitates the enhanced
production of proline as a compatible solute (Forlani et al., 2017). It's hoteworthy that
the last two conversion steps to synthesis L-proline require one NADPH molecule as a
cofactor for each step (Hoffmann et al., 2012).

The regulation of the proAB operon and prol gene is under the control of the T-box
element. When L-proline is absent, uncharged tRNA molecules engage with the T-box
region situated within the leader sequence of the mRNA of the regulated gene or operon,
thereby impeding the formation of a transcription terminator (Brill et al., 2011).
Consequently, gene expression proceeds for the target gene even in the absence of L-
proline. Conversely, the proHJ operon's expression mechanism diverges, lacking a T-box
element. Instead, its transcription is initiated by the sigma factor A, and it undergoes
robust upregulation in response to heightened osmolarity/salinity, and antibiotic stress
(Brill et al., 2011; Morawska et al., 2022).
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Figure 4. L-Proline metabolism in B. subtilis in normal environment and osmotic stress.

B. subtilis employs HutP to facilitate the uptake of L-proline, subsequently metabolizing it to
L-glutamate through the sequential action of PutB and PutC enzymes (highlighted in gray).
Under normal conditions and in environments devoid of salinity stress, B. subtilis synthesizes
L-proline from L-glutamate via the enzymatic cascade involving ProB, ProA, and Prol enzymes
(highlighted in red). In high salinity environment, B. subtilis elevates the intracellular
concentration of L-proline, serving as a compatible solute to maintain cellular hydration. This
can be achieved either by uptaking L-proline from the medium, if available, through the OpuE
transporter, or by endogenously synthesizing it via the ProJ-ProA-ProH enzymatic pathway
(highlighted in blue).
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Mechanisms of controlling L-aspartate/asparagine metabolism in B.
subtilis

L-Aspartate and L-asparagine are both amino acids belonging to the glutamate family. L-
aspartate can be directly converted into L-glutamate, while the conversion of L-
asparagine to L-glutamate requires an intermediate step, where L-asparagine is first
converted into L-aspartate before being further transformed into L-glutamate. When L-
aspartate is present in the growth medium, B. subtilis exhibits a preference for its uptake
via GlT, the primary high-affinity Na*-coupled glutamate/aspartate symport protein. A
previous study has revealed that elevated levels of L-glutamate in the medium can
impede the uptake of L-aspartate, predominantly through competitive inhibition
mechanisms. This inhibition arises because GltT exhibits comparable affinities for both
amino acids (Zhao et al., 2018). Specifically, the K, values of GUT for L-glutamate is
approximately 37 +/- 5 yM and for L-aspartate, it is about 41 +/- 9 uM (Zaprasis et al.,
2015). L-aspartate can be subsequently converted to L-glutamate through a reversible
pyridoxal 5 -phosphate (PLP)-dependent transamination reaction facilitated by
aspartate transaminase AspB. In this process, an amino group from L-aspartate is
transferred to 2-oxoglutarate, yielding L-glutamate and oxaloacetate (Dajnowicz et al.,
2017). Oxaloacetate will later enter the TCA cycle. Despite the auxotrophy of B. subtilis
AspB mutant for L-aspartate and L-asparagine, this study will later elucidate that this
dependency can be circumvented. This bypass can be achieved either through the
derepression of the ansA-ansB operon (by inactivating of the ansR gene), or by the
amplification of the ansA-ansB operon (Mardoukhi et al., 2024). Additionally, it has been
reported that the ansR mutation enables the utilization of L-glutamate as a carbon
source in a B. subtilis rocG gudB mutant. This serves as further evidence for the
degradation pathway of L-glutamate to L-aspartate and subsequently to fumarate (Florez
etal., 2011).

In B. subtilis, L-aspartate can also be synthesized via nitrogen assimilation, involving the
enzymatic conversion of fumarate and NH," to L-aspartate by L-aspartase AnsB. The
ansB gene encodes L-aspartase AnsB and is situated within an operon upstream of ansA.
This operon, ansA-ansB, is under the control of the transcriptional repressor AnsR,
encoded by the ansR gene, which is located upstream of the ansA-ansB operon with a
shared promoter region in the reverse direction (Sun & Setlow, 1991). In the presence of
L-asparagine, AnsR disengages from the promoter site of the ansAB operon,
consequently leading to the transcriptional activation of ansA and ansB genes (Fisher &
Wray, 2002). This regulatory mechanism helps maintain the homeostasis of L-
asparagine by degrading L-asparagine to L-aspartate, which is further converted to
fumarate and utilized in the TCA cycle as a carbon source.

Despite various strategies employed to identify specific L-asparagine transporters, only
the broad-spectrum amino acid importers AimA and BcaP have been reported to be
responsible for the uptake of L-asparagine. Additionally, in the same study, which
encompasses a portion of the results discussed herein later, it was demonstrated that
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at toxic concentrations of L-asparagine, AzICD, known as an amino acid exporter for L-
histidine and 4-azaleucine, also functions as an exporter for L-asparagine (MeifBner et al.,
2022, 2024). Subsequently, L-asparagine undergoes degradation into L-aspartate,
facilitated primarily by the pivotal enzyme AnsZ, alongside AnsA serving as a secondary
L-asparaginase, releasing a single ammonia molecule. Although this reaction is
reversible, the catabolism of L-asparagine exhibits a higher K,. Expression of ansZ is
elicited by TnrA under conditions devoid of favorable nitrogen sources, such as L-
glutamine or ammonium, highlighting its role in nitrogen metabolism regulation (Fisher
& Wray, 2002). Conversely, the expression of ansA is subject to negative regulation by
the transcriptional repressor AnsR, whose activity is contingent upon the presence of L-
asparagine (Sun & Setlow, 1993, Fisher & Wray, 2002; Mardoukhi et al., 2024;).

Asparagine biosynthesis occurs in B. subtilis, as evidenced by its ability to thrive in a
minimal medium without the supplementation of L-asparagine, indicating efficient
biosynthesis of L-asparagine (MeiBBner et al., 2024). In nature, asparagine biosynthesis
involves enzymatic reactions catalyzed by asparagine synthetase enzymes, utilizing
either free ammonium or L-glutamine as a nitrogen source to convert L-aspartate to L-
asparagine. The reactions can be described as follows: 1) L-aspartate + ATP + H,O + NH,*
— L-asparagine + AMP + PP; + H* and, 2) L-aspartate + L-glutamine + ATP + H,O — L-
asparagine + L-glutamate + AMP + PP; + H*. The first reaction, which utilizes ammonia as
a nitrogen source, is found in prokaryotes such as E. coli and Klebsiella aerogenes
(Humbert & Simoni, 1980; L. J. Reitzer & Magasanik, 1982). The second reaction, which
employs L-glutamine as a nitrogen source, is found in both prokaryotes and eukaryotes
(Van Heeke & Schuster, 1989; Scofield et al., 1990; Hughes et al., 1997;). B. subtilis, a
natural prototroph for L-asparagine, possesses three asparagine synthetases AsnO,
AsnB, and AsnH, all of which are glutamine-dependent (Yoshida et al., 1999).

B. subtilis exhibits a remarkable capacity for L-asparagine synthesis throughout various
stages of growth, facilitated by the presence of three asparagine synthetases (Yoshida et
al., 1999). The expression of the asnB gene predominates during the exponential growth
phase. Conversely, during the transition from exponential growth to stationary phase,
heightened expression of the asnH gene is noted. Notably, expression of the asnO gene
becomes evident exclusively during the sporulation stage. This orchestrated regulation
of enzyme expression underscores the adaptability and resilience of B. subtilis in
ensuring continuous L-asparagine synthesis across diverse growth stages (Yoshida et
al., 1999).

Mechanisms of controlling L-histidine metabolism in B. subtilis

In B. subtilis, the transport of L-histidine is facilitated by the histidine permease HutM.
Notably, all components responsible for both the uptake and degradation of L-histidine
are encompassed within a single operon, HUtPHUIGM (Wray & Fisher, 1994). Given the
pivotal role of histidine, its catabolic pathway exhibits a remarkable degree of
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conservation across bacterial species. The initial three enzymatic steps involved in the
conversion of L-histidine to formiminoglutamate constitute a fundamental sequence:
histidase HutH catalyzes the deamination reaction to produce urocanate, which is
subsequently hydrated to imidazolone propionate by urocanase HutU. Following this,
imidazolone-5-propionate hydrolase Hutl facilitates the cleavage of the imidazolone
propionate ring, yielding formiminoglutamate (Wray & Fisher, 1994; Bender, 2012;). This
triadic process appears to be universal among bacterial taxa. Subsequently, the fate of
formiminoglutamate diverges among bacterial genera. In certain bacteria such as
Bacillus and Klebsiella, formiminoglutamate undergoes direct hydrolysis to L-glutamate
and formamide via the enzymatic action of formiminoglutamate hydrolase HutG, with
formamide subsequently excreted as a metabolic waste product (Magasanik & Bowser,
1955; Kaminskas et al., 1970). Conversely, in other bacteria such as Pseudomonas and
Streptomyces, an additional step takes place, wherein an additional ammonium group
is released from formiminoglutamate to yield formylglutamate, which is then converted
to glutamate (Tabor & Hayaishi, 1952; Kendrick & Wheelis, 1982).

The regulation of the HutPHUIGM operon is under the control of HutP, an RNA-binding
protein encoded by the hutP gene and acts as an anti-terminator by attaching to the hutP
acting site located between hutP and hutH genes (Oda et al., 1988; Wray & Fisher, 1994;
Yoshida et al., 1995). In conditions of low L-histidine concentration, an intrinsic stem-
loop configuration emerges within the RNA transcript, particularly within a CG-rich
domain area between hutP and hutH genes, functioning as a terminator and impeding
the progression of RNA polymerase through the rest of the operon. Additionally, under
low L-histidine levels, residual expression (uninduced) of histidase HutH degrades
histidine availability, thereby does not allow significant induction of the hut operon (Fig.
5). Conversely, abundant and sustained L-histidine presence prompts operon induction.
X-ray crystallography elucidates that six monomers of HutP aggregate to form a
hexameric structure. Upon binding with L-histidine and a magnesium ion, this complex
undergoes a conformational alteration. The resultant 6xHutP-His-Mg? complex then
interfaces with the stem-loop structure (terminator) of the RNA transcript situated
between the hutP and hutH genes. This interaction facilitates the progression of RNA
polymerase, enabling uninterrupted transcription throughout the hut operon (Fig. 5;
(Wray & Fisher, 1994; Oda et al., 1988, 2000; Bender, 2012; Babitzke et al., 2019).

The operation of the hut operon expression is intricately governed by two distinct global
regulators: CodY, responsible for monitoring amino acid availability and overall
nutritional status (Slack et al., 1995), and CcpA, tasked with assessing the quality of the
carbon source (Henkin, 1996). Positioned just downstream of the hutP gene within its
promoter site lies a binding site for CodY (Fig. 5). In response to fluctuations in amino
acid levels, CodY binds to this site, thereby exerting repression on the transcriptional
initiation of the hut operon. Concurrently, located within the midsection of the hutP gene
resides a cre site, serving as a recognition site for CcpA, particularly in the presence of
glucose (Fig. 5). Upon CcpA's binding to the cre site, a block is imposed upon the
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transcriptional machinery, impeding the full expression of HutP as well as the remaining
components of the hut operon (Oda et al., 2000; Bender, 2012).
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Figure 5. L-Histidine metabolism in B. subtilis.

In presence of low concentration of L-histidine, a stem-loop structure forms in the RNA
transcript in the noncoding region between hutP and hutH genes functioning as a terminator
and blocking the progression of RNA polymerase through the rest of the operon. In the
presence of high concentration of L-histidine, a complex of 6xHutP-His-Mg* binds to the stem-
loop structure and allows the RNA polymerase to read through the rest of the operon. CodY
and CcpA binding site also is depicted within the promoter site and middle region of hutP gene,
respectively.

While amino acids are indispensable for cellular growth, maintaining their concentration
within a precise range is crucial, as excessive levels can prove toxic to cells. Amino acids
can exert toxicity through various mechanisms, including misloading onto non-specific
tRNAs, resulting in their erroneous incorporation into proteins, or interference with
enzymatic pathways due to chemical and structural similarities among amino acids (de
Lorenzo et al., 2015; MeiBner et al., 2022). To address these challenges, bacteria have
evolved specific or serendipitous solutions, often through mutations, to uphold amino
acid homeostasis. For instance, mutations in uptake systems for certain amino acids
(e.g., glutamate, threonine, alanine, proline, serine) and non-amino acid compounds
(e.g., glyphosate) have been observed in B. subtilis, preventing or reducing their uptake
when grown in media supplemented with toxic levels of these substances (Zaprasis et
al., 2014; Belitsky, 2015; Commichau et al., 2015; Wicke et al., 2019; Klewing et al.,
2020; Kruger et al., 2021; Sidig et al., 2021;). Additionally, enhancing the activity of export
systems, as demonstrated for glutamate and 4-azaleucine, offers another mechanism
to counteract amino acid toxicity (Ward & Zahler, 1973; Kruiger et al., 2021). Furthermore,
mutations facilitating the degradation or detoxification of toxic amino acids to non-toxic
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metabolites have been documented, particularly for glutamate and serine (Belitsky &
Sonenshein, 1998; Commichau et al., 2008; Klewing et al., 2020; Krtuger et al., 2021).
Alterations in target proteins via mutations leading to the protein modification confer
potential resistance against some compounds like glyphosate (Comai et al., 1983).
Lastly, increasing the expression levels of target proteins can mitigate inactivation or
suppression by toxic amino acids or compounds, as evidenced for serine and glyphosate
(Wicke et al., 2019; Klewing et al., 2020).

Numerous studies have documented the inhibitory effect of histidine on the growth of B.
subtilis (Comai et al., 1983; Lachowicz et al., 1996; Klewing et al., 2020; MeiBner et al.,
2022). Notably, research indicates that inactivation mutations in the az(B gene confer
tolerance to histidine toxicity. The AzlB protein serves as a transcriptional repressor of
the azlB-azIlC-azID-brnQ-yrdK operon, encoded by the azlB gene. Within this operon, the
azlCD genes encode the branched-chain amino acid exporter, comprising the large
subunit AzIC and the small subunit AzID. Inactivation of AzIB leads to a significant
upregulation of azICD gene expression, facilitating the detoxification of histidine by
translocating it out of the cell (MeiBner et al., 2022). Interestingly, our study reveals that
AzICD is also capable of exporting L-asparagine, aiding B. subtilis in detoxifying elevated
concentrations of this amino acid (MeiBner et al., 2024). Additionally, we demonstrate
another strategy for mitigating histidine toxicity: decriptification of the gudB gene,
resulting in enhanced degradation of glutamate, a byproduct of histidine degradation, by
the GDH GudB1.

Degradation pathways of other amino acids

Given the lower emphasis and fewer experiments conducted with other amino acids in
this study, their degradation pathways are presented in tabular form. It is worth noting
that there is limited information regarding the degradation of certain amino acids in B.
subtilis. Additionally, for some amino acids such as L-tryptophan, L-tyrosine, L-
phenylalanine, and L-methionine, there is no available data to confirm whether B. subtilis
can degrade them.

Table 1. Degradation pathway of other amino acids

Amino acid Enzymes Degradation pathway Reference
L-Glutamine GlsA, YlaM H,0 + L-glutamine - L-glutamate + (Satomura et
NH,* al., 2005; Brown
et al., 2008)
L-Serine SdaAA- L-serine 2 NH," + pyruvate (S.Chenetal,,
SdaAB 2012; X. L. Xu &
Grant, 2013)
L-Alanine Ald H,O + L-alanine + NAD* = H* + NADH + (Siranosian et

NH," + pyruvate al., 1993)
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L-Glycine GcevH glycine + H+ + N°-lipoyl-L-lysyl = (6R)-  (Mandal et al.,
GcevPA- 5,10-methylene-5,6,7,8- 2004;
GcvPB-GevT tetrahydrofolate + (R)-N8-dihydrolipoyl-  Abendroth et
L-lysyl + NH,* al., 2010)
L-Valine IWVE/IlvK, Becd, L-valine 2 methylacrylyl-CoA + NADH  (Debarbouille et
BkdB/BkdAA/ + CO, al., 1999)
BkdAB/LpdV
L-Leucine IWVE/IlvK, Bed, L-leucine = 3-methylcrotonyl-CoA + (Debarbouille et
BkdB/BkdAA/ NADH + CO, al., 1999)
BkdAB/LpdV
L-Isoleucine IWVE/IlvK, Becd, L-isoleucine 2 (E)-2-methylcrotonoyl-  (Debarbouille et
BkdB/BkdAA/ CoA + NADH + CO, al., 1999)
BkdAB/LpdV
L-Threonine Tdh, Kbl L-threonine + NAD* - glycine + acetyl- (Schmidt et al.,
CoA + NADH 2001; Zhang et
al., 2019)
L-Lysine KamA L-lysine = (3S)-3,6-diaminohexanoate  (Chen et al.,
2000)
Cysteine Metl, L-cysteine + H,O = Homocysteine + (Oudega et al.,
MetC/PatB pyruvate + NH,* 1997; Auger et
al., 2002, 2005)
L-Tryptophane Unknown
L-Methionine Unknown
L-Phenylalanine Unknown
L-Tyrosine Unknown

Aim of this study

The primary objective of this study was to investigate the unexpected emergence of
suppressor mutations in B. subtilis gltAB mutants, which were presumed incapable of
growing on minimal medium without external L-glutamate supplementation due to their
glutamate auxotrophy. This study aimed to explore how this genetic lesion, widely
believed for more than eight decades to be insurmountable, could be bypassed.

To achieve this, the following main steps were undertaken:

1. Genome Sequencing of Suppressor Mutants: The first step was to perform genome
sequencing of the suppressor mutants to identify the genetic basis of this phenomenon.

2. Verification of Bypassing Route: After identifying the genetic alterations responsible
for the bypass, gene deletions were conducted to verify the possible bypassing routes.

3. Metabolome Analysis: To gain a deeper understanding of the potential pathways and
compare metabolite levels with wild-type conditions, metabolome analysis was

performed.
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4. Ammonium Dependency Assessment: The study also aimed to compare the
ammonium dependency of the new possible pathway with the general glutamate
biosynthesis pathway to understand the efficiency of ammonium assimilation.

5. Response to Hyperosmotic Conditions: It was important to evaluate how the new
glutamate pathway responds to hyperosmotic conditions, particularly in producing
sufficient proline (derived from glutamate) as an osmoprotectant.

6. Adaptation to Toxic Levels of Amino Acids: Another objective was to investigate
whether the new pathway can adapt to toxic levels of amino acids, such as L-arginine,
which can be degraded to glutamate, or to complex media like LB, which contains all
amino acids.

7. Conversion of Other Amino Acids: Finally, the study aimed to determine whether a B.
subtilis strain, with both glutamate biosynthesis pathways inactivated and ensured to be
a genetically stable auxotroph for glutamate, can convert other amino acids into
glutamate and restore growth.

These main steps were desighed to provide comprehensive insights into the
characterization, metabolic flexibility and regulatory mechanisms underlying the new
possible glutamate biosynthesis pathway in B. subtilis.
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All chemicals, utilities, equipment, commercial systems, enzymes, and oligonucleotides

utilized in the study are listed in the appendix.

Bacterial strains and plasmids

Bacterial strains and plasmids are detailed in the appendix.

Growth media

The media were dissolved in deionized water and autoclaved for 20 minutes at 121°C.

Chemicals that are not thermostable were dissolved and filtered. Agar plates were

obtained by supplementing the media with agar to a final concentration of 1.5% (w/v).

LB medium

BHI medium

C medium

C-Glc medium

CE medium

5x C salts

10g
S8
10g
Ad to 1000 ml

37¢
Ad to 1000 ml

20 ml

Tml

Tml

Ad to 100 ml

Final con. 0.5% w/v

20 ml

1Tml

Tml

2ml

1Tml

Ad to 100 ml

0.232¢g
12.3¢g

Tryptone
Yeast extract
NaCl

H.O

BHI powder
H.O

5x C salt

" salts

Iron Ferric Ammonium Citrate (CAF; 2.2 mg/ml)
H,O

C medium
Glucose

5x C salt

" salts

Iron Ferric Ammonium Citrate (CAF; 2.2 mg/ml)
Potassium Glutamate (40 % w/v)

Tryptophan (5 mg/ml)

H.O

MnSO, - 4 H,O
MgSO4 -7 H,O



11" salts

SM medium

5x SM base medium

100x Trace elements

100x Iron-Citrate

10x MN

1x MNGE medium

Ad to 1000 ml

20g
80g

16.5¢g

Ad to 1000 ml

200 ml
10 ml
10 ml
10 ml
10 ml
Ad to 1000 ml

175¢

75¢

12.5¢

25¢g

Adjust the pHto 7.0
Ad to 2000 ml

0.55¢g

0.1g

0.17 g

0.033¢g

0.06g

0.06g

Ad to 1000 ml
Sterile filtration!

0.0135¢g

0.1g

Ad to 100 ml
Sterile filtration!

136 g
60 g
10g
Ad to 1000 ml

1ml
400 pul
50 ul

Materials and Methods

H.0

KH,PO.,
K;HPO, - 3 H,0
(NH.)2SO4

H,0

5x SM base medium

100x Trace element solution
100x Fe-Citrate-Solution
Glucose (50% w/v)
(NH4)2S0, (20% w/v)

H,O

Ko:HPO,

KH,PO,
Nas-Citrate - 2 H,O
MgSO4 -7 H,O

H.0

CaCl,

MnCl, - 4 H,0O
ZnCl,

CuCl;- 2 H,0
CoCl, -6 H,0O
Na;MoO, - 2 H,O
H,0

FeCls -6 Hzo
Nas-Citrate - 2 H,O
H,O

KoHPO,4 x 3 H,O
KH,PO,

Sodium citrate - 2 H,O
H,O

10x MN medium
Glucose (50% w/v)
Potassium glutamate (40% w/v)

25



Expression mix

CGXIl medium

CGXIl Basic solution

Trace elements solution

Starch medium

Materials and Methods

50 ul Iron Ferric Ammonium Citrate (CAF; 2.2
mg/ml)

100 ul Tryptophane (5 mg/ml)

30 ul MgS04 (1 M)

100 pl Casaminoacids (10% w/v)

Adto 10 ml H,O

500 pl Yeast extract (5%)

250 pl Casaminoacids (10% w/v)

50 ul Tryptophan (5 mg/ml)

250 ul H,O

Can be used for 10 samples

1 ml MgS04 - 7 H20 (12.5 g/50 ml dH,0)

1 ml CaCl, - 2 H,0 (665 mg/ 50 ml dH»0)

Tml PCA 300 mg/10 ml (dissolve 300 mgin 3
ml of 1 M NaOH, add H,O to 10 ml)

1 ml Biotin 0.02g/100 ml dH,O

1T ml Trace elements solution

40 ml Glucose (50% w/v)

Ad to 1000 ml with CGXIl Basic Solution

20g (NH4) 2SO,

5g Urea

18 KH,PO,

1g K,HPO,

42 g MOPS

Adjust the pH to 7 with KOH or NaOH
Ad to 1000 ml H.0
Autoclave!

1g FeSO, -7 H,O
1g MnSO, - H,O
0.1g ZnS0O, -7 H,O
0.02g CuSO,
0.002¢g NiCl- 6 H.O
Adjust the pH to 1 with concentrated HCL
Ad to 100 ml H,O

Sterile filtration!

758 Nutrient broth
5g Starch
15¢g Agar-agar / Bacto-agar

Ad to 1000 ml H.O
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To select for bacterial strains or plasmids, antibiotics were prepared as 1000-fold stock
solutions, sterile-filtered (0.22 um pore size), and stored at -20°C. After cooling down the

autoclaved medium to approximately 50°C, the antibiotics were added.

Selective concentration (pug/ml)

Antibiotic Solvent Stock (mg/ml) E. coli B. subtilis
Ampicillin H20 100 100 -

Kanamycin H.O 10 50 10

Lincomycin' H.0 25 - 25
Spectinomycin H,O 150 100 150 (250 for LB)
Tetracycline 70% ethanol 12.5 - 12.5
Erythromycin’ 70% ethanol 2 5 2
Chloramphenicol 70% ethanol 5 15 5

' A mixture of erythromycin and lincomycin is used for selection of strains carrying ermC cassette

(L. J. Griffith et al., 1965).

Other buffers and solutions

Saline 0.9%
X-Gal 80 mg/ml
Adto 1 ml

NaCl in deionized H,O

5-Bromo-4-Chloro-3-Indoxyl-B-D-
Galactopyranoside
DMF (N, N-Dimethylformamide)

Stored in the dark, covered by aluminum foil and frozen in -20°C!

5x Lugol solution 100 g
50g
Ad to 1000 ml

RNase A 20 mg/ml
Lysis Buffer 50 mg/ml
50 pl
10 pl
Adto 2.5 ml

Tris-HCLpH 8.0 (1 M) 121.14 ¢

K-lodide
lodine
H,O

dissolved in deionized H,O

Lysozyme

Tris-HClpH 8.0 (1 M)

Na-EDTA - 2 H,O, pH 8.0 (0.5 M)
H,O

Tris-base



50x TAE buffer

5x DNA loading dye

Agarose

6x SDS loading dye

10x ZAP

10x Buffer W

Buffer E

10x Buffer R

Materials and Methods

Add 800 ml deionized H,0O
Adjust the pH to 8.0 with HCl

Ad to 1000 ml deionized H,0O

242 g Tris-Base (2 M)
57.1 ml Acetic Acid (100%)
100 ml Na;EDTA x 2 H,O pH 8 (0.5 M)
Ad to 1000 ml H.0

5ml Glycerol (100%)
0.2 ml TAE buffer (50x)

10 mg Bromophenol blue
4.8 ml H,O

1% In 1x TAE buffer
3.15ml Tris-HClpH 6.8 (1 M)
600 ul B-Mercaptoethanol
1.2¢g SDS

6 ml Glycerol

6 mg Bromophenol blue
0.25 ml H,0

60.57 g Tris-base

116.9¢ NaCl
Adjust the pH to 7.5 with HCl

Ad to 1000 ml H20

121.14 g Tris-base

87.7¢g NaCl

3.72¢g Na,EDTA - 2 H,O
Adjust the pH to 8 with HCl

Ad to 1000 ml H20

0.027 g D-Desthiobiotin
50 ml Buffer W (1x)
121.14 g Tris-base

87.7¢g NaCl

3.72¢g Na,EDTA - 2 H,O
2.42¢g HABA

Adjust the pH to 8 with HCL
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10x Phosphate-buffered

saline (PBS)

10x PAGE Buffer

Fixation solution

Staining solution

De-staining solution

Silver-Fixation

Silver-Developer

Silver-Impregnator

De-staining solution

Materials and Methods

Ad to 1000 ml H20

80¢g NaCl

2g KCl

14.24 g Na,HPO,
2.72¢g KH2PO,4
Adjust the pH to 6.5 with HCL

Ad to 1000 ml H.0

144 g L-Glycine
30.3g Tris-base
10g SDS

pH should be 8.3 without adjustment
Ad to 1000 ml H.0

10 % Acetic acid
50% Methanol
Ad to 1000 ml H,O

Sg
10%
45%

5%
20%

50%
12%
100 pl

6¢g

2ml

50 ul

Ad to 100 ml

0.2g
37 ul
Ad to 100 ml

20 mg
Ad to 100 ml

Coomassie Brilliant blue R-250
Acetic Acid
Methanol

Acetic acid
Ethanol

Methanol
Acetic acid
Formaldehyde (37%)

Na,COs;

Thiosulfate solution
Formaldehyde (37%)
H,O

AgN03
Formaldehyde (37%)
H,0

Na25203 -5 HQO
H,O
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Silver-Stop solution

LD-Mix

Z buffer
(freshly prepared)

ONPG

PNPX

Stop solution

Quenching solution

Storage buffer

Materials and Methods

18.612 ¢ Na,EDTA - 2 H,O
pH should be 8.0 without adjustment

Ad to 1000 ml H,O

100 mg Lysozyme

10 mg DNase |

Ad to 10 ml H.0O

Store 500 pl aliquots at -20°C

0.534¢g Na,HPO, - 2 H,0O

0.276¢g NaH.PO,

0.037 g KCl

50 pl MgSO0O. (1 M)

175 pl B-Mercaptoethanol

Ad to 50 ml H.O

4 mg o-Nitrophenyl-B-D-Galactopyranoside (ONPG)

Ad 1 ml Z buffer without B-Mercaptoethanol

4 mg p-Nitrophenyl-B-D-Xylopyranoside (PNPG)
Ad 1 ml Z buffer without B-Mercaptoethanol

26.5¢g Na,CO;

Ad to 250 ml H,O

40% V Acetonitrile
40% V Methanol

20% V H20

35ml CaCl, (120 mM)

10 ml Glycerol (50%)
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Methods

The basic methods were taken, and some parts are adapted from the method
collection of Sambrook, Fritsch, and Maniatis 1989.

Cultivation of Bacteria

To start bacteria cultivation, a fresh colony from a plate or material from a cryo-culture
were used for inoculation. If not otherwise specified, E. coli and B. subtilis strains were
cultivated in Lysogeny Broth (LB) medium (Sezonov et al., 2007), while C. glutamicum
was cultured in Brain Heart Infusion (BHI) (Rosenow, 1919), all at 30°C with agitation (160
rpm).

To monitor and analyze bacterial growth in liquid media, a fresh colony was used to
inoculate 4 ml of LB or BHI medium supplemented with appropriate antibiotics. After
overnightincubation, the cell material was collected by centrifugation for2 min at 13,000
rem and washed twice with saline solution to remove any remaining traces from the
complex medium. Subsequently, a pre-culture was established in the desired medium
and grown until the ODgoo reached approximately 0.5 to 0.8. Then, 200 pl of fresh medium
with a starting ODsoo Of 0.1 was inoculated into a 96-well plate reader. The growth was
monitored by measuring ODgo at 10 to 15 min intervals at 37°C with medium orbital
shaking at 237 cpm (4 mm) using a Synergy H1 plate reader (Agilent, USA) equipped with
Genb software (version 3.12.2008; BioTek).

To evaluate growth on solid plates, two distinct methods were employed depending on
the experiment's objectives. Initially, an overnight culture underwent centrifugation at
13,000 rpm for 2 minutes and was subsequently resuspended in saline solution,
followed by two washes. After this washing step, the ODgoo was adjusted to 1, and 100 pl
of the cell material was spread onto plates using a sterile inoculating loop. Alternatively,
bacterial strains obtained from either cryo-culture or a colony from a plate were streaked
onto fresh plates. Lastly, the cultivated plates were incubated at 37°C for up to two days
for typical strains exhibiting normal growth, and for additional days to allow for the
emergence of suppressor mutants in unfavorable media conditions.

Images of bacterial strains were captured using either the EPSON scanner (EPSON
PERFECTION V700 PHOTO) or smartphone camera iPhone 12.

Storage of bacteria

For long-term storage, 700 ul of liquid bacterial culture were mixed with 300 pl of glycerol
(50% w/v) and stored at -80°C. Additionally, since B. subtilis produces spores, it can be
preserved on SP agar at room temperature. E. coli, on the other hand, can be stored for
up to 4 weeks on agar plates at 4°C.
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Transformation of E. coli

Preparation of competent cells

The CaCl, method was employed to prepare competent E. coli cells. Initially, 50 ml of LB
medium were inoculated with an overnight LB culture in a 500 ml shake flask, starting
with an ODsgo Of approximately 0.1. The culture was then grown at 37°C with agitation
until reaching an ODgoo of around 0.6 — 0.8. Following cell harvest at 5000 rpm at 4°C for
8 minutes in a 50 ml Falcon tube, the cells were resuspended in 25 ml of ice-cold CaCl,
solution (100 mM). Subsequently, the cells underwent another round of harvest at 4°C,
5000 rpm for 8 minutes, followed by resuspension in 6 ml of ice-cold storage buffer. The
cells were then ready for transformation or could be aliquoted into 1 ml Eppendorf tubes
(220 yl each) and stored at -80°C for future use.

Transformation

To initiate the transformation process, 100 ul of competent E. coli cells were combined
with 5 ng of DNA and placed on ice for 10 minutes. Following this incubation, the cells
underwent heat shock at 42°C for 60 seconds, after which they were promptly returned
to ice for an additional 10 minutes to facilitate the uptake of DNA induced by heat shock.
Subsequently, 800 ul of LB medium were added to the cells, which were then incubated
for 30 minutes at 37°C with agitation. Finally, the transformed cells were plated onto LB-
agar plates containing appropriate antibiotics for selection.

Transformation of B. subtilis

Preparation of competent cells

An overnight culture of the desired B. subtilis strain was first grown in LB medium. Then,
10 ml of MNGE medium, supplemented with 0.1% CAA, was inoculated with the
overnight culture to achieve an initial ODgoo of approximately 0.1. The culture was
allowed to grow in 37°C with agitation until the ODego reached approximately 1.3. To
induce competence gene expression in B. subtilis, a nutritional starvation step (Hamoen
et al., 2003) was initiated by diluting the culture 1:1 with 10 ml of MNGE medium (without
CAA). After 1 hour of further incubation at 37°C, the cells were ready for transformation
or long-term storage. For long-term storage, 15 ml of the culture was harvested by
centrifugation at 5000 rpm for 5 minutes. The resulting pellet was resuspended in 1.8 ml
of the supernatant and mixed with 1.2 ml of glycerol (50% w/v). The competent cells were
then aliquoted into 300 ul portions and stored at -80°C.
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Transformation

To begin the transformation process, a 300 ul aliquot of competent cells was thawed on
ice. Subsequently, it was mixed with 1.7 ml of MN-medium (1x), which was
supplemented with 43 ul of glucose (20% w/v) and 34 pl of MgSO, (1 M). Following this,
either 0.1 - 1 pug of genomic DNA or 2 pg of plasmid DNA was added to 400 pl of the
competent cell mixture. The mixture was then incubated for 30 minutes at 37°C. After
incubation, 100 ul of expression mix was added to the cells, and they were further
incubated at 37°C with agitation for 1 hour. Finally, the transformed cells were plated on
LB plates containing appropriate antibiotics.

Isolation of plasmid DNA from E. coli

To prepare the plasmid DNA, 3 - 5 ml of bacterial overnight culture were first harvested
at 13000 rpm. The harvested cells were then treated according to the manufacturer's
manual using the Monarch™ Plasmid Miniprep Kit from New England Biolabs (NEB). After
the appropriate treatment steps, the plasmid DNA was eluted using deionized water
instead of an elution buffer. This eluted plasmid DNA was subsequently used in the
transformation process described earlier.

Isolation of chromosomal DNA from B. subtilis

To prepare the chromosomal DNA, 3 - 5 ml of an overnight culture of the target strain
were first harvested by centrifugation at 13000 rpm for 2 minutes. The resulting pellet
was then resuspended in 100 pl of TE buffer mixed with 10 ul of Lysozyme (10 mg/ml).
This mixture was incubated at 37°C for 30 minutes and then centrifuged again for 2
minutes at 13000 rpm. Following this, 100 pl of TL Buffer and 20 pL of Proteinase K
Solution (20 mg/ml) were added to the pellet, and the mixture was thoroughly mixed by
vortexing. Subsequently, the mixture was incubated at 55°C in a shaking water bath for
1 hour to complete bacterial lysis. After incubation, 5 uL of RNase A (20 mg/ml) was
added to the tube, and it was inverted several times to mix. The tube was then allowed
to sit at room temperature for 20 minutes to remove RNA. Following another
centrifugation step at 13000 rpm for 2 minutes, the supernatant was treated with BL
buffer and ethanol in two different steps to inactivate all enzymes and remove any
residues remaining from cell debris. Finally, cDNA was eluted from a spinning column
using deionized water instead of an elution buffer, following the instructions provided in
the manufacturer's manual for the peqGOLD Bacterial DNA Kit from VWR, which
includes all the materials and solutions mentioned above.
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Determining DNA concentrations

To determine the DNA concentration of a sample, one can utilize a UV-Vis
Spectrophotometer (Nanodrop), which requires only very small volumes, typically 1 - 2
pl. This device measures the optical density at wavelengths of 260 nm (OD2g), 280 Nnm
(ODasgo), and 230 nm (OD.30) relative to the solvent in which the sample is diluted (as a
blank). The accompanying software then calculates the DNA concentration and
assesses the purity of the DNA, taking into account potential contamination from RNA,
proteins, and other impurities that may remain from the DNA extraction process. The
spectrophotometer used in this study is the NanoDrop™ 2000/2000c¢ spectrophotometer
from ThermoFischer Scientific™.

Agarose gel electrophoresis

Agarose gel electrophoresis is a technique used to separate DNA and RNA molecules
based on their size. Agarose, a polysaccharide made up of D-galactose and 3,6-anhydro-
L-galactose monomers, forms a gel matrix that acts as a molecular sieve for nucleic
acids. Samples are loaded into wells on the gel, and when an electric field is applied,
negatively charged nucleic acid molecules migrate through the gel towards the positive
electrode. Smaller molecules move faster, resulting in separation by size. The
concentration of agarose in the gel is critical for achieving optimal resolution. Typically,
1% (w/v) agarose gels are used, capable of separating molecules ranging from 0.2 to
10,000 kbp in size. Agarose powder is dissolved in 1x TAE buffer, boiled briefly, and
supplemented with a DNA stain such as Ethidium Bromide (EtBr) fromm ThermoFischer
Scientific™. The mixture is then poured into a gel chamber, and as it cools, hydrogen
bonds form between agarose monomers, solidifying the gel. A comb is inserted into the
gel before solidification to create wells for sample loading, and a mixture of sample and
loading dye is added to each well. Additionally, a DNA ladder marker is loaded to provide
reference sizes. Once the gelis set, it is covered with 1x TAE buffer, and an electric field
is applied (~120 V) to induce nucleic acid migration. As the samples migrate through the
gel, they separate according to size. After sufficient separation, the gelis visualized using
a GelDoc™ XR system (Biorad). The Ethidium Bromide in the gel binds to nucleic acid
molecules, allowing for detection under UV light which fluoresces in orange-red range in
the wavelength of 590 nm (P. Y. Lee et al., 2012).

Polymerase chain reaction (PCR)

The polymerase chain reaction (PCR) is a technique used to amplify DNA fragments
exponentially in a short period of time (Saiki et al., 1985). This process requires two
primers that define the region to be replicated. PCR consists of three main steps, each
occurring at different temperatures in a thermocycler. Firstly, during the denaturation
step, the DNA strands are separated by breaking the hydrogen bonds between the bases.
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This step typically occurs at temperatures between 95 and 98°C. Subsequently, during
the annealing step at approximately 60°C, the primers bind to their complementary
sequences on the DNA strands. The annealing temperature is determined based on the
primers' characteristics, particularly their length and GC content. Usually, an annealing
temperature is chosen that is 5°C below the primer's melting temperature (Tm). Once
the primers are bound, the temperature is raised to around 72°C for the elongation step,
allowing the DNA polymerase to synthesize the complementary strand. These three
steps are repeated in cycles until the desired amount of DNA product is obtained.
Additional steps are often included in the PCR program to optimize its efficiency. These
include an initial denaturation step to melt the cDNA, a final elongation step to complete
polymerase activity, and a "hold" step to terminate the reaction and protect the product
from degradation. For cloning purposes, it is crucial to ensure that the PCR product is
identical to the template DNA to avoid mutations. Therefore, a high-fidelity polymerase
such as Phusion® polymerase (ThermoScientific), derived from Pyrococcus furiosus and
engineered for low error rates, is used. Additionally, the PCR products are cleaned and
purified using the Monarch® PCR & DNA Cleanup Kit (NEB) to remove contaminants and
ensure high-quality DNA for downstream applications.

Table 1. Pipetting scheme of a Phusion®-PCR (50 pl)

Volume Compound
[ut]

10 5x Phusion®HF Buffer

1 dNTPs (10 mM)

1.5 DMSO (100%)

1 Fwd primer (5 pmol)

1 Rev primer (5 pmol)

2 Template DNA (1 ng/pl)
0.25 DNA Phusion® Polymerase (2 U/pul)
33.25 H.O

Table 2. Cycler program Pfusion® PCR

Step Temp. [°C] Time [s]

Initial denaturation 98 180
Denaturation 98 30

Annealing Primer Tm - 5°C 35 x 35
Elongation 72 30/ kbp

Final elongation 72 600

Hold 20 i
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Colony PCR with B. subtilis

Gram-positive bacteria such as B. subitilis possess a thicker cell wall compared to Gram-
negatives, necessitating cell lysis through a process involving detergent (Triton X-100)
and heat to release the free DNA template prior to PCR amplification.

Initially, a fresh single colony or 10 pl of an overnight culture is combined with 30 pl of
Triton buffer (0.5% w/v Triton X-100) and subjected to boiling at 99°C for 10 minutes.
Subsequently, the mixture is centrifuged for 10 minutes at 13,000 rpm, after which 10 pl
of the supernatant is utilized for a 50 yl PCR reaction.

Table 3. Pipetting scheme of a B. subtilis colony PCR (50 pl)

Volume [pul] Compound

5 5x Phusion®HF Buffer

2 dNTPs (10 mM)

2 Fwd primer (5 pmol)

2 Rev primer (5 pmol)

10 Cell mix as template
0.25 DNA Phusion® Polymerase (2 U/ul)
27.75 H.O

Table 4. Cycler program B. subtilis colony PCR

Step Temp. [°C] Time [s]

Initial denaturation 98 180

Denaturation 98 30

Annealing Primer Tm - 5°C 35 x 30 - 35
Elongation 72 30/ kbp

Final elongation 72 600

Hold 20 o0

Long-flanking homology PCR

The Long-flanking homology (LFH) PCR is a method used to generate gene mutations or
deletions, which can then be introduced into B. subtilis. This method originated from
cloning in Saccharomyces cerevisiae and is employed to amplify deletion cassettes,
facilitating gene knockouts through homologous recombination (Wach, 1996). To delete
a gene, it is replaced by a deletion cassette containing an antibiotic resistance marker.
This process involves two main steps: Firstly, the deletion cassette and
upstream/downstream fragments are amplified from a plasmid or chromosomal DNA,
respectively. The upstream and downstream fragments are approximately 1 kbp in
length, flanking regions of the gene of interest, thereby enabling double homologous
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recombination in the bacterium. It is essential that the inner primers of the

upstream/downstream fragments have a complementary region with the ends of the
deletion cassette, typically around 25 bp long. This ensures that in a second PCR step,
all three fragments align to each other, allowing them to be fused together. To facilitate
this, the LFH-PCR mixture is prepared, but the oligos are added after a brief pause,

allowing for better mixing and pre-annealing of the fragments. Following verification of

the product by gel electrophoresis, it is used for transformation of B. subtilis.

Table 5. Pipetting scheme for a LFH PCR (100 pul)

Volume [ul]
20

X X X 0 0 M

2
Ad to 100

Compound

5x Phusion®HF Buffer

dNTPs (10 mM)

Fwd primer (5 pmol)’

Rev primer (5 pmol)

100 ng upstream fragment

100 ng downstream fragment

150 ng resistance cassette

DNA Phusion® Polymerase (2 U/ul)
H.O

Table 6. Cycler program Pfusion® PCR

Step Temp. [°C] Time [s]

Initial 98 180
denaturation

Denaturation 98 30

Annealing Primer Tm - 5°C 35 x10
Elongation 72 30/ kbp

Hold 15 600

Addition of oligos

Denaturation 98 30

Annealing Primer Tm -5°C 35 X 25
Elongation 72 30/ kbp

Final elongation 72 600

Hold 20 °0

" Do not add until the hold step!
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Restriction digestion of DNA

The DNA digestion is performed using FastDigest restriction endonucleases
(ThermoFischer), which recognize a 4 - 10 bp palindromic sequence and cleave it in a
specific manner. The resulting ends can then be ligated with a vector backbone (which
is plasmids here) that has been cut with the same enzymes. The reaction utilizes buffers
and concentrations specified in the manufacturer's manual.

Table 7. Pipetting scheme for DNA digestion

Volume [pul] Compound

4 10x FD buffer
4 Enzyme 1

4 Enzyme 2

X DNA (1 pg)

Ad to 40 H.O

Ligation of DNA

After digesting the insertion segment and the vector, the DNA fragments were cleaned
and purified using a PCR purification Kit (NEB) and subsequently, ligated using T4 DNA
ligase (ThermoFischer). After ligating the fragments for two hours at room temperature
or overnight on ice, the entire sample was used for transformation of the competent
bacteria.

Table 8. Pipetting scheme for a ligation

Volume [ul] Compound

1 T4 DNA ligase (5 U/ul)
2 10x ligation buffer

X 150 nginsert

X 50 ng plasmid

Adto 20 H.O

DNA sequencing

DNA sequencing is a method used to determine the base sequence of a DNA strand. This
process is outsourced and performed by Microsynth Seqlab GmbH in Gottingen,
Germany. At SeglLab, the DNA sequence is determined using the chain termination
method known as Sanger sequencing (Sanger et al., 1977).
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Table 9. pipetting scheme for sequencing sample

Volume [pul] Compound
6 Primer
X Plasmid (0.7 - 1.2 ng)?
Adto 15 H.O

Genome sequencing

To identify mutations, amplifications, and gene deletions in suppressor mutants, cDNAs
underwent whole-genome sequencing. Genome library preparation and sequencing
were conducted by GENEWIZ in Leipzig, Germany, utilizing the Illumina NovaSeq X
method for next-generation sequencing of bacterial genomes. Unless otherwise
specified, the reads were paired-end (2 x 150 bp) and aligned to the B. subtilis SP1
reference genome NC_000964 from GenBank (Barbe et al., 2009), following established
protocols (Widderich et al., 2016) using the Geneious software package (Geneious Prime
2024.1.1) (Kearse et al., 2012). Single nucleotide polymorphisms (SNPs) were
considered significant when the total coverage depth exceeded 30 reads with a
frequency variance of = 90%. SNPs were validated by Sanger sequencing. The
amplification level of a genomic region was determined by dividing the average coverage
of the amplified region by the average coverage of the entire genome.

Calculating mutation frequency

To calculate the mutation frequency in bacterial strains exhibiting different phenotypes
or growth advantages compared to their parental strain, three cultures of 4 mleach were
prepared from an overnight culture of the specific strain in a complex medium such as
LB. The following day, the cells were collected by centrifugation and washed twice with
saline solution to remove any remaining traces of the complex medium. The optical
density at 600 nm (ODsoo) of each culture was adjusted to 1.0. Subsequently, 100 pl
aliquots of each culture were separately plated on media that either allowed for selection
or screened for suppressor mutations. The plates were then incubated at 37°C for a
defined period. After incubation, the number of colonies appearing on each plate was
counted visually, and the mutational frequency was estimated as the average of the
colony numbers from all three plates. The mutational frequency is estimated based on
the concentration of B. subtilis cells, which can vary depending on the strain and growth
conditions. A commonly used estimate is that an optical density at 600 nm (ODsgoo) Of 1
corresponds roughly to 10 x 107 colony-forming units (CFUs) per milliliter. This estimation
is derived from the relationship between the optical density of a bacterial culture at 600

2For PCR product (18 ng per 100 bp) is recommended
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nm and the number of viable cells present in the culture (D. E. Lea & Coulson, 1949;
Gunka et al., 2012).

B-Galactosidase assay

This enzyme assay is a quantitative method used to measure the activity of a promoter
in vivo. This method involves the fusion of the promoter with a reporter gene, typically the
lacZ gene. When the fused promoter is activated, it drives the expression of -
galactosidase, an enzyme that catalyzes the hydrolysis of lactose or chromogenic
substrates such as o-nitrophenyl-B-D-galactopyranoside (ONPG). The enzymatic
reaction results in the formation of o-nitrophenol, which absorbs light at a wavelength of
420 nm. The amount of o-nitrophenol produced within a specific time period is directly
proportional to the activity of the promoter (Griffith & Wolf, 2002). Single colonies of the
desired B. subtilis strains were used to inoculate 4 ml of SM minimal medium
supplemented with appropriate antibiotics and histidine (final concentration 0.1%) as
the sole source of carbon and nitrogen. The inoculated cultures were then incubated
overnight at 28°C with agitation to establish a pre-culture. The following day, 10 mlof the
same medium were inoculated using the pre-culture, with an initial ODggo of 0.1, and
incubated at 37°C for several hours with agitation until reaching an ODg of 0.5 — 0.8.
Subsequently, cells from 1.5 to 2 ml of the main culture were harvested by centrifugation
at 4°C, and the B-galactosidase activity was determined as described in the literature
(Kunst & Rapoport, 1995; Stannek et al., 2015).

Determination of a-amylase activity

The a-amylase, encoded by the amyE gene, hydrolysis of a bonds in large, a-linked
polysaccharides, such as starch, resulting in the production of shorter chains, dextrins,
and maltose. The activity of a-amylase can be assessed using the iodine-starch test,
where iodine reacts with starch to produce an intensely blue-black color. The amyE
locus, located on the B. subtilis chromosome, can serve as a site for the integration of
promoter-reporter gene fusions via double-homologous recombination at the 5’ and 3’
ends. To achieve this, the desired promoter or gene is fused to a reporter gene presentin
plasmids such as pAC5 and pAC7 (Weinrauch et al., 1991; Martin-Verstraete et al., 1994;
Stulke et al., 1997). Integration of these plasmids into the B. subtilis chromosome leads
to disruption and inactivation of the amyE gene, resulting in the absence of a-amylase
activity. To detect a-amylase activity, a single colony of the B. subtilis transformants and
a positive control (wild-type strain SP1) were streaked in separate lines on top of the
starch-agar plates and incubated overnight at 37°C. The next day, 5 ml of diluted Lugol
solution (1x) was applied on the surface of the plates. Strains harboring the amyE gene
exhibit a-amylase activity, leading to the hydrolysis of starch and the formation of a halo
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around the bacteria. Conversely, strains lacking the amyE gene do not hydrolyze starch
and consequently do not exhibit halo formation.

Preparation of samples for metabolome analysis

To quantify the concentration of metabolites in a specific B. subtilis strain, the cells were
initially cultured in the 4 ml of SM minimal medium. After culturing overnight at 37°C with
agitation, a pre-culture is inoculated the next day using the overnight culture in 10 ml of
SM medium with a starting ODsoo 0f 0.1. This pre-culture is then incubated for 6 hours at
37°C and 200 rpm. Following incubation, a small sample of the culture is taken to
measure the ODgo0, Which is used to calculate the volume of culture required to collect
approximately 0.5 mg of biomass (625 ul of culture with an ODgy of 1.0 is roughly
equivalent to 0.5 mg of biomass). Subsequently, 0.5 mg of biomass from each strain is
loaded separately onto Durapore® 0.45 uym PVDF membrane filters and filtered to
remove the medium and collect the cells. The filters are then immediately transferred
with tweezers into pre-cooled quenching solution in glass vials, ensuring the filters are
fully submerged. The vials are kept at -20°C for at least 30 minutes. Afterwards, 1 ml of
the mixtures is transferred to 1.5 ml reaction tubes and centrifuged at -9°C and 13000
rpm for 15 minutes to remove remaining particles from cell disruption. Finally, 400 pl of
the supernatants are stored in a new 1.5 ml tube at -80°C until LC-MS analysis is
performed.

Overexpression of recombinant proteins in E. coli

To produce proteins on a large scale, expression plasmids were introduced into suitable
E. coli strains (E. coli BL21). To perform this task, plasmids pGP172 for N-terminally
Strep-tag fusion and pGP574 for C-terminally Strep-tag fusion were used, as described
by Jonathan Rosenberg in his PhD thesis (2018), to construct pBP641 and pBP642,
respectively. Both plasmids share the same vector backbone and are controlled by a lac-
inducible promoter, which prevents protein expression in the absence of the artificial
inducer IPTG. Following introduction of the expression plasmid into E. coli BL21, 50 ml
LB medium supplemented with appropriate antibiotics were inoculated with a fresh
colony and cultured overnight at 37°C with agitation. The following day, 500 ml of
preheated LB medium were inoculated with the overnight culture to achieve a starting
ODsoo of 0.1. The culture was then incubated until reaching an ODgy of 0.8 — 1.0.
Subsequently, IPTG was added to a final concentration of 1 mM to initiate protein
expression. After 2 — 3 hours of induction, the culture was harvested by centrifugation at
5000 rpm for 15 minutes at 4°C. The cells were briefly washed with 15 ml of Buffer W (1x)
and pelleted again by centrifugation at 8500 rpm for 15 minutes at 4°C. The resulting
pellets were stored at -20°C until further processing.
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Cell Disruption

The French pressure cell, often referred to as the French press, was named after its
inventor Charles Stacy French from the Carnegie Institution of Washington. It is a widely
used method for cell disruption, necessary for subsequent experiments such as protein
purification or protein-protein interaction studies. In this method (using French press
machine from G. HEINEMANN HTU-DIGI-Press), cells were first resuspended in an
appropriate buffer and poured into a pre-cooled cylinder, sealed on the top with a
movable piston. At the bottom, there is a narrow hole with a valve through which the cell
suspension is pressed. This process generates a pressure of approximately 18,000 psi,
causing the cells to disrupt as shear forces occur due to the smaller release opening.
The resulting cell lysate was collected, and the process was typically repeated at least
once for Gram-negative bacteria and twice for Gram-positive bacteria to ensure
thorough disruption. The lysed bacteria were then centrifuged at 8,500 rpm for 15
minutes at 4°C, followed by a subsequent centrifugation at 35,000 rpm for 1 hour at 4°C
using an ultracentrifuge. Finally, the supernatant containing the desired proteins was
separated from the cell debris and stored at 4°C for further experiments.

Affinity chromatography

There are various methods for protein purification, with affinity chromatography being
one of the most widely used. In this method, affinity tags, which are specific sequences
of amino acids that exhibit binding specificity for certain materials, are fused to one end
of the target protein (either the N- or C-terminal). To perform affinity chromatography,
the bacterial crude extract containing the tagged protein is applied to an affinity column
filled with immobilized affinity molecules. Only proteins containing the specific amino
acid sequence bind to the column, while others remain in the liquid phase and are
washed away. Once the protein is bound to the column, elution is achieved by adding a
ligand with higher affinity to the stationary phase, allowing the protein to be released and
collected for further use.

Purification of Strep-tagged proteins by affinity chromatography

The Strep-tag Il is a short peptide (8 amino acids, WSHPQFEK) that can be fused to one
end of a target protein, allowing it to bind with high specificity to Strep-Tactin®, an
engineered form of streptavidin. According to the manufacturer, the binding affinity of
Strep-tag Il to Strep-Tactin® (KD = 1 mM) is nearly 100 times higher than its affinity to
streptavidin. Additionally, Strep-tagll is more resistant to SDS and proteases. The natural
ligand for streptavidin is biotin, but a biotin derivative, desthiobiotin, is used for eluting
the protein. Desthiobiotin offers reversible binding, allowing for easy elution under mild
conditions by competing with free desthiobiotin. Furthermore, using desthiobiotin helps
reduce nonspecific or background binding that may occur with biotin, as desthiobiotin
does not bind as tightly to endogenous biotin-binding proteins. To perform affinity
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chromatography, an affinity column was filled with 1 ml of 50% Strep-Tactin® (IBA
Lifescience) suspension per 1 liter of cell culture and equilibrated with 5 ml of buffer W.
The crude extract (CE), obtained after cell lysis, was loaded onto the column, and the
flow-through was collected (FT). The column was then washed five times with 1.25 ml of
buffer W (W1 — W5) before elution commenced by adding four times 0.5 ml of buffer E
(E1 - EA4).

Protein-pulldown experiment

The protein-pulldown experiment is a method used to study in vitro protein-protein
interactions. In this experiment, specific amounts of a purified protein were added to the
crude extract of a B. subtilis strain, which may contain unknown interaction partners. The
mixture is then incubated at 37°C for 30 minutes and loaded onto a Strep-Tactin® affinity
column. Subsequently, the column is washed as described in the respective purification
protocol. Finally, after elution, the different elution fractions are checked using an SDS
gel with subsequent silver staining.

Determination of protein concentration

One fast and simple method to measure the concentration of proteins is the Bradford
assay. The Bradford reagent can be used for solutions, and the mechanism relies on the
formation of a complex between Coomassie brilliant blue G-250 and the proteins
(Bradford, 1976). The absorption increases with increasing protein amount and vice
versa. This assay can be used for the determination of protein concentrations ranging
from 0.1to 1.4 mg.

In this assay, 1 ml of Bradford reagent (1x) is mixed with 2-20 ul of protein solution, and
the ODses is measured in relation to a blank containing only Bradford reagent and elution
buffer/dialysis buffer. A calibration curve is then plotted, showing the linear relation
between the amount of protein and the absorption at ODsgs. The slope of the calibration
curve is typically around 0.0536 and is used as the standard value for further
measurements.

To calculate the amount of protein in the sample, the following equation is used:

L ODsys
V' % 0.0536

Where V is the volume of the protein solution in microliters used for the measurement
and c is the protein concentration in the tested solution. The resultant unit is pug/ul.

SDS polyacrylamide gel electrophoresis

Polyacrylamide gel electrophoresis (PAGE) is a method developed to separate proteins
by their molecular weight. It employs a discontinuous polyacrylamide gel composed of
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two distinct regions: a stacking gel and a running gel. Both gels contain acrylamide,
water, Tris-HCL buffer, ammonium persulfate (APS), and N,N’-Methylenebisacrylamide,
with the addition of the radical initiator TEMED. The inclusion of APS and TEMED initiates
radical polymerization, causing acrylamide molecules to crosslink with N,N’-
Methylenebisacrylamide. This results in the formation of the gel matrix. Similar to the
agarose gels, the percentage of acrylamide in the gel determines the size range of
proteins that can be separated. In this study, 12% gels were used to separate proteins
ranging from 10 to 180 kDa.

SDS-PAGE is a specialized variant of polyacrylamide gel electrophoresis (PAGE) that
utilizes sodium dodecyl sulfate (SDS), an anionic, negatively charged detergent, to
denature and linearize proteins (Laemmli, 1970). SDS coats the proteins uniformly,
imparting a negative charge to each protein molecule and disrupting the native protein
structure. When an electric field is applied, the negatively charged proteins migrate
towards the positively charged electrode. The rate of migration is determined by the size
of the protein molecules, with larger proteins moving more slowly through the gel matrix
due to increased steric hindrance.

In SDS-PAGE, the gel consists of two parts: the stacking gel and the running gel. The
stacking gel, which has a lower percentage of acrylamide and a pH near 7, allows
proteins to concentrate and form a tight band at the interface between the stacking and
running gels. The running gel, with a higher pH (usually around 8.8), provides the
appropriate environment for protein separation based on size.

To prepare the gel, the running gel solution was poured into a gel casting apparatus, such
as a Mini-PROTEAN® system (Bio-Rad), and overlaid with isopropanol (or simply water)
to exclude oxygen and facilitate polymerization. Once polymerized, the stacking gel was
applied, and a comb was inserted to create sample wells. After removing the comb,
protein samples (up to 15 ul) mixed with 2.5 pl of 6 x loading dye were incubated for 10
minutes at 95°C. This step helps to denature and linearize the protein samples, ensuring
uniform binding of the SDS detergent and facilitating accurate protein separation during
electrophoresis. Subsequently, the mixtures were loaded into the wells along with a pre-
stained protein marker for size reference. The gel was then subjected to electrophoresis
at a constant voltage, typically around 160 V, until the bromophenol blue dye in the
loading buffer reaches the bottom of the gel, indicating that the smallest proteins have
migrated sufficiently.

Table 10. Pipetting scheme of a 12% SDS running gel

Volume [ml] Compound

3.3 H20
4 Acrylamide
2.5 Tris-HCLlpH 8.8 (1.5 M)

0.1 SDS (10% w/v)
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0.1 APS (10% w/v)
0.010 TEMED

Table 11. Pipetting scheme of a separation gel

Volume [ml] Compound

6.83 H.0
1.5 Acrylamide

0.87 Tris-HClLpH 8.8 (1.5 M)
0.1 SDS (10% w/v)

0.1 APS (10% w/v)

0.010 TEMED

Coomassie staining

Tofix and visualize the separated proteins by gel electrophoresis, the Coomassie Brilliant
Blue staining method was employed in this study. This method is fast, easy, and
commonly used for detecting proteins. Initially, the gel was immersed in a fixation
solution and incubated for at least 10 minutes at room temperature with gentle agitation.
Following fixation, the gel was covered with Coomassie Brilliant Blue staining solution
for 10 to 20 minutes at room temperature with gentle agitation. Finally, to remove
background staining from the SDS gel, it was incubated overnight in a destaining
solution.

Silver staining

Since silver staining is a highly sensitive technique, capable of detecting even small
amounts of proteins (sensitivity 5 - 30 ng per protein band), it is commonly used for
applications such as pull-downs or protein-protein interaction experiments. In this
technique, amino acid residues such as glutamate, aspartate, and cysteine form
complexes with silver ions, leading to the reduction of silverions to metallic silver. Unlike
Coomassie staining, silver staining cannot be used for quantitative determination of
proteins because the level of staining depends heavily on the amount of these specific
residues present (Winkler et al., 2007). The silver staining procedure follows the method
described by Nesterenko, Tilley, and Upton (Nesterenko et al., 1994).

Table 12. Protocol of silver protein staining

Step Solution Time
Fixing Fixation solution 1-24h
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Washing EtOH (50% w/v) 20 min 3x
Reduction Thiosulfate 1.5 min
solution

Washing Deion. H,O 20s 3x
Staining Impregnator 15-25min
Washing Deion. H,0O 20s 3x
Development Developer Until sufficient

stained
Washing Deion. H,O 20s 2X
Stop Stop solution 5 min

Dialysis

To remove unnecessary molecules and salts from elution fractions containing Strep-
tagged proteins, dialysis is performed. This process involves placing the elution fraction
into a dialysis tube, such as the Thermo Scientific™ SnakeSkin™ Dialysis Tubing with a
molecular weight cutoff (MWCO) of 10 KDa and an inner diameter of 22 mm. This tubing
consists of a semi-permeable membrane that allows the passage of smaller molecules
and ions while retaining larger molecules like proteins.

Before placing the protein solution into the dialysis tube, the tube is boiled in deionized
water for 10 minutes to ensure proper sterilization. Once sterilized, the protein solution
is transferred into the dialysis tube, and both ends are sealed with clips to prevent
leakage. The sealed tube is then submerged in dialysis buffer (buffer W), which is the
desired buffer for subsequent reactions, at a ratio of 1000-fold excess of buffer volume
to protein solution volume. The tube is left to dialyze overnight with gentle stirring to
facilitate the diffusion of small molecules through the semi-permeable membrane and
achieve equilibration. After dialysis, the protein is free from excess molecules and salts
and is ready for further experimentation.
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Restoration of glutamate prototrophy of a gltAB mutant by genomic
adaptation

At the outset of the present PhD thesis, the concept was to establish an interspecies
cross-feeding community to identify novel players in vitamin B6 metabolism. In this
community, the B. subtilis gltAB mutant and the C. glutamicum pdxST mutant were
positioned on opposite ends, while B. subtilis presumed to produce and release vitamin
B6 required by C. glutamicum, and C. glutamicum reciprocating by producing and
releasing L-glutamate to feed B. subtilis. For this purpose, C. glutamicum required its
specialized minimal medium called CGXII, which is also compatible with the growth of
B. subtilis.

The role of the GOGAT, GltAB, as the primary enzyme responsible for glutamate
biosynthesis in B. subtilis was elucidated in 1989 (Bohannon & Sonenshein, 1989). It was
widely believed that GOGAT-GS was the sole pathway for glutamate production in the
cell. Therefore, we decided to delete the gltAB genes, which encode GOGAT, in the
background of the B. subtilis SP1 (a strain derived from the laboratory-commonly used
B. subtilis 168 (trpC2) but not auxotrophic for tryptophan like its parental strain).

To achieve this, competent B. subtilis SP1 cells were transformed with cDNA from B.
subtilis GP807 (trpC2 gltAB::tet), a 168-derivative strain with gltAB deleted and replaced
with a tetracycline resistance cassette (tet cassette). The transformants were screened
on LB agar plates supplemented with tetracycline.

To confirm that the newly obtained transformant, named BP261, was only auxotrophic
for glutamate and not tryptophan, it was cultivated alongside B. subtilis SP1, 168, and
GP807 as controls. This was done on plates of C-Glc medium supplemented with and
without tryptophan (0.5% w/v), as well as CE glucose medium supplemented with and
without tryptophan. The results revealed that unlike the other named strains, BP261,
regardless of the presence of tryptophan, was able to grow only when glutamate was
present in the medium (Fig. 6A).

BP261 (gltAB) was then propagated on CGXIl plates, a medium commonly used for
growth and maintenance of C. glutamicum, containing glucose as a sole carbon source
and ammonium/urea as a nitrogen source (Keilhauer et al., 1993). After leaving the plates
at room temperature for one week, several single colonies of potential suppressor
mutants emerged. Several suppressor mutants were isolated, but it was decided to
proceed with only two of them, designated as BP364 (M1) and BP365 (M2), for further
studies. They were propagated on the same medium supplemented with tetracycline,
alongside their parental strain BP261 as a control. Incubation at 37°C for 48 hours
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revealed that only the suppressor mutants BP364 and BP365 were able to grow, while no
growth was observed for BP261 (Fig. 6B).

To confirm the clean deletion of the gltAB genes by the tet resistance cassette, a PCR
was performed using primers targeting the tet gene (FC363) and gltC (the upstream gene
of the gltAB locus) (MD56) on the cDNA of BP364 (M1) and BP365 (M2), compared to
GP807 (trpC2 gltAB::tet) as a control. Results of the gel electrophoresis confirmed that
the gltAB genes were completely replaced by the tet resistance cassette (Fig. 6C).
Additionally, to investigate if there was a genetic link between the suppressor mutations
and the gltAB locus, competent cells of B. subtilis SP1 were separately transformed with
cDNA from both suppressor mutants BP364 and BP365. The growth of the resulting
transformants, T1 and T2, was compared to M1 and M2 on CGXII plates with and without
glutamate. The inability of the transformants to growth on CGXIl plate without
supplementation with glutamate indicated that there was no genetic connection
between the gain of prototrophy in M1 and M2 and the gltAB locus (Fig. 6D).

B BP261
(gltAB::tet)

48h incubation

<
CGXIl+ Tet CGXIl+ Tet

Chromosomal DNA of + B. subtilis SP1 ‘ Transformant T1
BP364 (M1)
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Figure 6. Serendipitous mutations relieve glutamate auxotrophy of a gltAB mutant and are not
linked to the gltAB locus.

A) Growth experiment of BP261 (gltAB) alongside the parental strain GP807 (trpC2 gltAB), SP1
and 168 (trpC2) on C-Glc medium and CE glucose medium with and without tryptophan at
37°C for 48h. B) Emergence of serendipitous suppressor mutants from BP261 on CGXII
medium after 48h incubation at 37°C and comparing the growth of 3 of them (M1, M2, M3) with
their parental strain on the same medium. C) Verification PCR on cDNA of BP364 (M1), BP365
(M2) and GP807 (trpC2 gltAB) using the primers binding to the tet and gltC genes. D) Comparing
the growth of transformed SP1 with cDNA of BP364 and BP365, T1 and T2, with BP364 and
BP365 on plates of CGXIl and CGXIl plus glutamate. (Figure adapted from Mardoukhi et al.,
2024)
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Mutations in ansR and citG genes are responsible for relieving
glutamate auxotrophy of a g{tAB mutant

After confirming that the mutants were not linked to the gltAB locus, the cDNA of both
suppressor mutants BP364 and BP365 was extracted and sent for whole-genome
sequencing. Analysis of the data revealed that in both cases, the ansR and citG genes
are affected (Tab. 13). The ansR gene encodes AnsR, a transcriptional repressor of an
operon consisting of two other genes, ansA and ansB. This operon is involved in the
degradation of L-aspartate and L-asparagine. The ansA gene encodes L-asparaginase
AnsA, which, along with the main L-asparaginase enzyme AnsZ, catalyzes the
degradation of L-asparagine to L-aspartate and a released ammonium group. The ansB
gene codes for L-aspartase AnsB, which degrades L-aspartate to fumarate (Sun &
Setlow, 1991; Fisher & Wray, 2002).

Mutations in ansR, which appear to lead to the expression of a non-functional protein
due to amino acid replacements close to the turn-helix-turn motif responsible for DNA
attachment and the dimerization domain, essential for the functional activity of AnsR
(C57R in BP364 and L101P in BP365, respectively), disrupt its capability to bind to the
promoter of ansAB (Fig. 7A). Consequently, the ansAB operon is de-repressed which
allows fumarate from the TCA cycle to be converted to L-aspartate by the enzymatic
action of AnsB. This reaction, which is energy-free, assimilates nitrogen. Subsequently,
through a transamination reaction catalyzed by aspartate transaminase AspB, the
ammonium group is transferred from aspartate to a-ketoglutarate, resulting in the
synthesis of one molecule of L-glutamate and one molecule of oxaloacetate. The
oxaloacetate can then enter the TCA cycle. The transamination reaction mediated by
AspB is also energy-free (Dajnowicz et al., 2017).

In the suppressor mutant BP364 (M1), a deletion of approximately 10.7 kbp region
(coordinates 3381391 to 3392113) results in the removal of a significant portion of the
citG gene, which encodes the TCA cycle enzyme fumarase CitG, responsible for
conversion of fumarate to malate (Moir et al., 1984; Miles & Guest, 1985; Feavers et al.,
1988). Similarly, in suppressor mutant BP365 (M2), a single nucleotide insertion at
position 62 causes premature termination of translation, resulting in a truncated and
non-functional protein. In both cases, the inactivation of fumarase leads to the
accumulation of fumarate. This accumulation likely exerts further pressure to channel
fumarate through aspartase, resulting in the synthesis of L-aspartate. Subsequently, L-
aspartate can be converted to glutamate through the action of aspartate transaminase.

Based on the mutations observed in M1 and M2, it can be inferred that B. subtilis lacking
the gltAB gene can overcome glutamate auxotrophy through just two genomic
alterations. Firstly, the loss of DNA-binding activity in AnsR allows B. subtilis to
synthesize glutamate via the reversible reactions catalyzed by AnsB and AspB (Toney,
2014; Viola, 2000). These enzymes convert fumarate and ammonium to L-aspartate,
which is then further converted to L-glutamate. In addition, the metabolic flux from the
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TCA cycle to the newly established aspartase-aspartate transaminase glutamate
biosynthesis bypass is enhanced by the inactivation of fumarase CitG (Fig. 7B).

Table 13. Identified mutations in the BP261 (g{tAB) mutants by NGS

Strain Mutant Phenotype Affected gene, Amino acid exchanges, effect
mutations on the protein
BP364 M1 Growthon ansRT302C, 10.7 kbp AnsR L101P, CitG not
CGXll deletion including citG synthesized
BP365 M2 Growthon ansRT169C, citG A62G  AnsR C57R, CitG AC43
CGXIl
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Figure 7. Only two genomic alterations in the ansR and citG genes relieve glutamate auxotrophy
from the B. subtilis gltAB strain.

A) AnsR, a transcriptional repressor of the ansAB operon, has its repressive effect nullified by
single point mutations in the DNA binding domain and dimerization domain. This leads to the
deactivation of AnsR, allowing for the expression of the ansAB operon (the structural homology
model of AnsR was constructed by SWISS-MODEL server based on EspR structure from
Mycobacterium tuberculosis, (PDB-id: 3QF3) (Blasco et al., 2011). B) The B. subtilis gltAB mutant
overcomes glutamate auxotrophy by acquiring inactivating mutations in the citG and ansR genes,
enabling the production of glutamate through a non-canonical pathway (aspartate-aspartate
transaminase pathway).

Design a screening system for identifying and classifying of the gltAB
suppressor mutants

To determine if inactivation of ansR is sufficient to overcome glutamate auxotrophy in
the gltAB mutant, a selection and screening system was established. For this reason, it
was decided to fuse the promoter of ansAB to the lacZ gene and insert the constructed
translational P.nsas-lacZ into the gltAB mutant (Fig. 8A). Subsequently, the newly
constructed strain designated as BP265 (gltAB P.nsas-lacZ) was grown on CGXIl agar
plates supplemented with the chromogenic substrate X-Gal.
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First, the promoter region of ansAB was amplified by PCR from the cDNA of B. subtilis
168 using Foigo SM1 and Rqigo SM2 primers, which carry the EcoRIl and BamHlI restriction
sites, respectively. Subsequently, the promoter segment was fused to the lacZ gene
inside plasmid pAC7. This plasmid is designed for constructing translational lacZ fusions
and can be integrated at the amyE locus. Also, it does not replicate in B. subtilis and so
needs to be first cloned inside E. coli (Weinrauch et al., 1991). Both the PCR product and
the plasmid were digested with the respective enzymes and then ligated together. The
ligation sample was used to transform E. coli XL1-Blue. The resulting construct,
designated as pBP1110 (Pansas-lacZ), was then transformed into competent E. coli XL1-
Blue and selected on LB plates supplemented with ampicillin and X-Gal. To confirm the
correctinsertion of the ansAB promoter segment into the pAC7, plasmids were extracted
from blue colonies of E. coli and subjected to Sanger sequencing using primer IS37.

After confirming the correct construction of the plasmid, competent cells of BP261
(gltAB) were transformed with pBP1110 and selected on LB agar supplemented with
kanamycin and X-Gal. Afterward, a starch assay was performed with 4 single blue
colonies of the newly constructed strain BP265 (gltAB P.nsas-lacZ) to ensure the correct
integration of the plasmid into the amyE locus.

Next, BP265 was cultured overnight in LB. The following day, cells were washed two
times with saline solution and propagated on CGXIll plate supplemented with X-Gal. After
3 days of incubation at 37°C, several blue colonies appeared, indicating inactivation
mutations in ansR. Further incubation led to the emergence of white suppressor
mutants, which could arise from either loss-of-function mutations in citG or
amplification of the genomic segment containing the ansAB locus, as reported in other
studies (Dormeyer et al., 2017; Richts et al., 2021).

Analysis of gltAB blue suppressors

First, to identify and characterize the blue suppressor mutants, two separate colony PCR
experiments were conducted on 10 of the isolated blue colonies, designated as BP281
to BP290 (Fig. 8B). In the first PCR, primer pairs SM2 and SM18 were used to amplify the
ansR gene and its promoter region, while in the second PCR, primers SM3 and SM4 were
employed to amplify the citG gene. Subsequently, the PCR products were subjected to
Sanger sequencing (Tab. 14). The results confirmed our hypothesis, as all 10 suppressor
mutants exhibited mutations related to ansR. Among these mutants, 8 showed
insertions at the same position (A36), which could be considered a mutational hotspot
leading to truncated and non-functional proteins. Additionally, one mutant displayed a
large deletion (365 bp), and another exhibited a mutation in the ribosome-binding site of
the ansR promoter. Regarding suppressor mutations in citG, only 4 of the mutants
showed alterations in this gene.

In conclusion, the inactivation of ansR or reduced expression of ansR is necessary to
relieve repression on the ansAB genes and open up the AnsB/AspB pathway for
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glutamate synthesis. Furthermore, mutations in citG that inactivate fumarase activity or
decrease its activity likely contribute to redirecting metabolic flux toward the aspartate-
dependent pathway.

Table 2. Identified mutations in the BP265 (gltAB P..sas-lacZ) by Sanger sequencing

Strain Mutant Phenotype Affected gene, Amino acid exchanges,
mutations effect on the protein
BP281 B1 Growth on CGXII, ansR +A36, citG AnsR AC11, CitG AC310
blue colony +G917
BP282 B2 Growth on CGXII, ansR A2456934- AnsR AC16
blue colony 2457298
BP283 B3 Growth on CGXII, ansR +A36, citG AnsR AC11, CitG A409E
blue colony C1226A
BP284 B4 Growth on CGXII, ansR +A36 AnsR AC11
blue colony
BP285 B5 Growth on CGXII, ansR +A36 AnsR AC11
blue colony
BP286 B6 Growth on CGXII, ansR +A36 AnsR AC11
blue colony
BP287 B7 Growth on CGXII, Pansas (G-10A), citG Enhanced ansAB
blue colony T876A expression, CitG D292E
BP288 B8 Growth on CGXII, ansR +A36 AnsR AC11
blue colony
BP289 B9 Growth on CGXII, ansR +A36 citG, AnsR AC11, CitG not
blue colony A3390211-3390276  synthesized
BP290 B10 Growth on CGXII, ansR +A36 AnsR AC11
blue colony

i AnsR Repression

BP265 (GItAB Popsas-lacZ)

- ;. 10 Blue colonies

CGXIl + X-Gal

CGXIl + X-Gal

CGXIl + X-Gal
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Figure 8. Schematic illustration of the screening system and emergence of blue suppressor
mutants derived from BP265 (gltAB Pansas-lacZ) on CGXII plates supplemented with X-Gal.
A) Screening-reporter system constructed from the fused of ansAB promoter to lacZ reporter
gene. B) Emergence of blue suppressor mutants from BP265 (gltAB P.nsas-lacZ) by cultivation
on CGXII plates supplemented with X-Gal for 3 days at 37°C.

Analysis of gltAB white suppressors

To identify and characterize the white suppressor mutants, incubation of the CGXII
plates carrying BP265 (gltAB P.nsas-lacZ) was extended to 8 days at 37°C, resulting in the
anticipated appearance of numerous small white suppressor mutants. One such single
white colony, designated as BP298, was isolated (Fig. 9A) and subsequently propagated
three times on CGXIl + X-Gal plates. Then, cDNA from BP298 was extracted and
subjected to Illumina sequencing. Analysis of the sequencing data revealed a substantial
amplification within a genomic segment approximately 25.3 kbp in size, encompassing
the ansAB locus (Fig. 9B). By evaluating the average coverage of the amplified region
compared to the entire genome, revealing a 5-fold increase in amplification dosage, it
becomes apparent that despite the persistent activity of AnsR within the cell, these
findings suggest that enhancing the expression of ansAB could provide an alternative
mechanism for B. subtilis to alleviate glutamate auxotrophy in the gltAB mutant strain.
This may be accomplished by upregulating the expression of the ansAB locus to a degree
where its entire promoter region is no longer susceptible to repression by AnsR.

BP298 white suppressor
BP265 derivative (gltAB P, . 5-lacZ)

9200

800

700 A

600

500 4

400 A

5-fold amplification of ansB gene@@g_

300

Coverage/nucleotide

200 A
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2,432,733 2,457,004
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Figure 9. White suppressor mutants derived from BP265 (gltAB P.nsas-lacZ) carrying lacZ fusion.
A) Extended incubation of CGXIl plates containing BP265 at 37°C up to 8 days resulted in the
appearance of small white colonies. Blue and white arrows point to the blue and white colonies,
respectively. B) a 5-fold amplification in a region approximately 25.3 kbp in size where ansAB
genes are located enhances 5 times more expression of ansAB genes. (Figure adapted from
Mardoukhi et al., 2024)
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Effect of additional copy of ansR on the genomic stability of the gltAB mutants

Following the characterization of blue and white suppressor mutants of BP265 (gltAB
Pansas-lacZ), an investigation was conducted to determine whether the presence of an
additional copy of ansR alongside the native copy would alter the mutational frequency
and distribution of blue and white colonies. For this purpose, PCR amplification was
performed on the cDNA of B. subtilis SP1 using Foig SM36 and Roige SM2 primers, which
contain EcoRl and BamHI restriction sites, respectively. This PCR targeted the ansR gene
and its promoter region. Subsequently, the purified and digested PCR product was
ligated into the pAC7 plasmid, which had been digested with the same restriction
enzymes. The newly constructed plasmid, designated as pBP1111, was initially cloned
using E. coli XL1-Blue. Following plasmid extraction, it was introduced into competent B.
subtilis BP261 (gltAB), resulting in the construction of the new strain BP294 (gltAB ansR-
PansAB'laCZ)-

Subsequently, cells from overnight cultures of BP265 and BP294 grown in LB medium
were washed twice with saline solution, and their ODgoo was adjusted to 1.0. Finally, 100
pl of each cell suspension was spread onto three plates of CGXIl supplemented with X-
Gal and incubated at 37°C for up to 12 days. The number of suppressor mutants was
enumerated based on their color in the subsequent days.

Observations suggest that B. subtilis strain BP294 (gltAB ansR-Paxsas-lacZ), harboring two
copies of the ansR gene (one native and one integrated into the amyE locus), exhibited
decreased mutational frequency in ansR (which is already reported in the previous
experiment that typically leads to the emergence of blue color colonies). This reduced
mutational frequency is attributed to the decreased likelihood of mutations occurring
simultaneously in both copies of ansR, compared to the scenario where only one copy is
present (BP265 (gltAB Pansas-lacZ)) (Fig. 10A). Consequently, BP294 predominantly forms
fewer and only white suppressor mutants (Fig. 10B). Thus, it can be inferred that
inactivation of ansR is pivotal in facilitating the utilization of the AnsB-AspB glutamate
synthesis pathway, thereby retaining glutamate prototrophy in gltAB mutants.
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Figure 10. Blue-white colony screening with the B. subtilis gltAB mutant
strains carrying one or two copies of ansR gene.

A) BP265 (gltAB P.nsas-lacZ), with only one copy of the ansR gene, is more
susceptible to loss-of-function mutations in ansR, leading to the emergence of
numerous blue and white suppressor mutants. B) BP294 (gltAB ansR-P.nsas-lac”),
possessing two copies of ansR, predominantly forms white colonies only in
significantly lower numbers. After an overnight cultivation in LB and 2 time washing
the cells, 100 ul of both strain with ODgy = 1.0 were cultured on CGXIl plates
supplemented with X-Gal and incubated at 37°C for up to 12 days. All the
experiments were carried out three times independently (N = 3). (Figure adapted
from Mardoukhi et al., 2024)

Inactivation of ansR alleviates aspartate dependency of an aspB
mutant

In B. subtilis, L-aspartate is synthesized through amino transformation from L-glutamate
to oxaloacetate, yielding a-ketoglutarate and L-aspartate facilitated by the enzymatic
activity of aspartate transaminase AspB. A study in 2018 demonstrated that B. subtilis
lacking aspB is auxotrophic for aspartate and asparagine (H. Zhao et al.,, 2018).
Additionally, examination of Fig. 2C in the mentioned paper revealed some heterogeneity
in colony morphology in the aspB-deficient strain, suggesting potential genetic instability
when growing on a plate without supplementation of L-aspartate. It is hypothesized that
this genetic instability may be related to the inactivation of ansR and the restoration of
aspartate prototrophy through ammonium assimilation via the reversible activity of L-
aspartase AnsB, converting fumarate to L-aspartate. To test this hypothesis, the aspB
gene was first replaced with the spectinomycin resistance cassette aad9 in the genome
of B. subtilis SP1 using LFH-PCR resulting in a new strain named as BP270 (aspB::aad?9).
Subsequently, the strain BP264 (Pansas-lacZ), carrying the lacZ fusion was transformed
with cDNA from BP270 which resulted in the construction of a new strain designated as
BP279 (aspB Pa.nsas-lacZ).
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Analysis of aspB blue suppressors

After overnight incubation of BP279 (aspB Pasas-lacZ) in LB medium, the cells were
washed twice and the ODgoo was adjusted to 1.0. Subsequently, 100 pl of the cells were
spread onto three CGXIl plates supplemented with X-Gal and incubated for 3 days at
37°C. As anticipated, blue colonies emerged. cDNA was extracted from these colonies,
and two PCR reactions were performed on them. One PCR utilized primers SM2 and
SM18 to amplify the ansR gene and its promoter site, while the other PCR employed
primers SM3 and SM4 to amplify the citG gene. Subsequently, the PCR products
underwent Sanger sequencing, revealing loss-of-function mutations in ansR in all three
suppressor mutants, leading to the de-repression of ansAB operon (Tab. 15).
Interestingly, none of the three suppressor mutants exhibited mutations in citG,
suggesting that the inactivation of only ansR appears to be sufficient to overcome the
auxotrophy in the aspB-deficient strain.

Analysis of aspB white suppressors

Further incubation of the plates led to the emergence of white color suppressor mutants,
two of which were designated as BP296 (W1) and BP297 (W2). Their cDNA was
subsequently sent for whole-genome sequencing. The results revealed mutations in ¢citG
in both suppressors, apparently resulting in lower expression of CitG and accumulation
of fumarate. This accumulation of fumarate may act as a force to direct metabolites
towards the aspartase pathway. Additionally, both mutants exhibited amino acid
replacements in the L-asparaginase AnsA, which likely serve as an ansA activity reducer
affecting the production of L-asparagine from L-aspartate (Tab. 16). This production of L-
asparagine is necessary for the aspB mutant to regain aspartate prototrophy.

Table 15. Identified mutations in the BP279 (aspB P.nsas-lacZ) by Sanger sequencing

Strain Mutant Phenotype Affected gene, Amino acid exchanges,
mutations effect on the protein
BP366 B1 Growth on CGXII, ansR C171A AnsR AC56
blue colony
BP367 B2 Growth on CGXII, ansR G3A AnsR M1l
blue colony
BP368 B3 Growth on CGXII, ansR G94C AnsR A32P
blue colony

Table 16. Identified mutations in the BP279 (aspB P.nsas-lacZ) by NGS

Strain Mutant Phenotype Affected gene, Amino acid exchanges,
mutations effect on the protein
BP296 W1 Growth on CGXII, ansA T43A, citG AnsA S15T, CitG A229V
white colony Cce86T
BP297 W2 Growth on CGXII, ansA T43A, citG AnsA S15T, CitG N104K

white colony C312G
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Effect of additional copy of ansR on the genomic stability of the aspB mutants

Following the same experimental procedure as with BP294 (gltAB ansR-Pansas-lac2)
(harboring 2 copies of ansR in a background of a deleted gltAB strain), it was decided to
introduce an additional copy of ansR into the background of an aspB-deleted strain to
observe the effect. Initially, B. subtilis SP1 was transformed with plasmid pBP1111
carrying the promoter of ansR and the ansR gene fused into the front of lacZ, which
integrated at the amyE locus. The resulting strain was named BP282 (ansR-Pansas-lac”).
Subsequently, the cDNA of BP270 (aspB) was introduced into competent BP282 cells,
resulting in a new strain designated as BP283 (aspB ansR-P.nsas-lacZ), which carried one
native ansR copy and one additionally-introduced copy of ansR in the background of
aspB deletion.

In the next step, cells from overnight cultures of BP279 (aspB Pasas-lacZ) and BP283
(aspB ansR-Pansas-lacZ) in LB were collected and washed twice. The ODgoo was adjusted
to 1.0 and 100 pl of the mixture of both strains was separately propagated onto three
plates of CGXIl + X-Gal. The plates were then incubated for up to 12 days at 37°C, during
which colony numbers were counted.

The results clearly indicate that the number of colonies in BP283 (Fig. 11B), containing 2
copies of ansR, is much lower than in BP279 (Fig. 11A), which has only one native copy
of ansR. Most of the colonies derived from both strains are white. Based on these data,
it can be concluded that the chance of mutations occurring simultaneously in both
copies of ansR is much lower than for one copy alone. Furthermore, this provides further
evidence that a strain lacking aspB requires inactivation of ansR to remove the
repression force on ansB and overcome the auxotrophy for L-aspartate by allowing to
conversion of fumarate to L-aspartate.
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Figure 11. Blue-white colony screening in B. subtilis strains carrying one or two
copies of ansR gene in a strain lacking aspB gene.

A) The significantly higher number of blue and white colonies in BP279 (aspB Pansas-
lacZ) B) compared to BP283 (aspB ansR-P.nsas-lacZ) can be attributed to the difference
in the copy number of ansR in each strain. After an overnight cultivation in LB and 2
time washing the cells, 100 pl of both strain with ODge = 1.0 were cultured on CGXII
plates supplemented with X-Gal and incubated at 37°C for up to 3 days. All the
experiments were carried out three times independently (N = 3). (Figure adapted from
Mardoukhi et al., 2024)

Analyzing additional or externally-introduced copies of ansR on the
regulation of the P.nsas promoter

As part of this study, investigating the impact of additional copies of the ansR gene on
the activity of the P.nsas-lacZ screening system, Janina Berg conducted an analysis in her
master's thesis (2022) titled "Functional characterization and analysis of the Xre-family
transcription factor AnsR from B. subtilis." The activity of the ansAB promoter was
examined in three different strains: BP264 (Pansas-lacZ), BP271 (ansR Pansas-lacZ), and
BP293 (ansR ansR-Pansas-lacZ), under three different conditions: C-Glc minimal medium,
C-Glc minimal medium supplemented with 0.5% (w/v) L-glutamate, and C-Glc minimal
medium supplemented with 0.5% (w/v) L-asparagine. It is important to note that the
ansR gene was introduced into the chromosomal amyE locus in strain BP293 (Fig. 12A).

Berg performed a B-galactosidase assay on all samples and observed that strain BP271
(ansR-deleted strain) exhibited approximately a 48-fold increase in promoter activity
compared to the wild-type BP264 (carrying ansR in the native locus) and approximately
a 39-fold increase compared to the constructed complementation strain BP293 (carrying
one copy of ansR in the amyE locus) when grown in C-Glc minimal medium without
supplementation. Under the same condition, BP293 showed a similar value compared
to the wild type BP264, with 10 and 8 U/mg of protein, respectively (Fig. 12A).
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The results of the B-galactosidase assay for growth in media supplemented with
glutamate showed almost similar outcomes and ratios as in the non-supplemented
condition, with only slightly higher values observed in all strains: BP264 (19 U/mg), BP271
(570 U/mg), and BP293 (17 U/mg) (Fig. 12A).

In conditions supplemented with L-asparagine, the promoter activity in all strains,
specifically BP264 (Pa.nsas-lacZ) and BP293 (ansR ansR-Pasas-lacZ), dramatically
increased to 204 and 104 U/mg, respectively. This indicates the inducer effect of L-
asparagine on the ansAB promoter, suggesting that the transcriptional repressor effect
of AnsR on the P.nsas-lacZ is removed in the presence of L-asparagine. This result is
entirely consistent with a previous study published in 2002 (Fig. 12A; Fisher & Wray,
2002).

Subsequently, the effect of the presence of a non-integrated ansR gene in the
chromosome of B. subtilis on the activity of the P.sas-lacZ screening system was
analyzed in this study. Plasmid pGP873 (constructed in the Jorg Stulke’s lab), which
contains ansR inserted into the backbone of plasmid pBQ200 (Martin-Verstraete et al.,
1994), was used to introduce one copy of ansR into BP271 (ansR Pansas-lacZ), creating a
strain designated as BP295 (ansR* ansR P.nsas-lacZ). In parallel, the empty pBQ200
plasmid was introduced into BP271, resulting in the construction of a new strain named
BP300 (BP271 + pBQ200) as a negative control strain. These two newly constructed
strains, BP295 and BP300, along with the wild-type strain BP264 (Pansas-lac”Z), were
cultured in two different media: SM minimal medium and SM minimal medium
supplemented with L-asparagine to a final concentration of 0.5% (w/v). This process was
independently repeated three times. The activity of the promoter was measured using
the B-galactosidase assay, and the average of all three measurements was calculated
(Fig. 12B).

The results indicated that the promoter activity in BP264 (Pansas-lacZ) and BP295 (ansR*
ansR Paysas-lacZ), grown in medium without supplementation, was close to zero (2 and 3,
respectively), indicating the repressor activity of AnsR, irrespective of the location of the
ansR gene, whether integrated into the chromosome or present on a non-integrated
plasmid. As expected, the promoter activity in BP300 (ansR Pansas-lacZ) in the same
medium was high, at 383 U/mg of protein (Fig. 12B).

When cultivated under supplementation with L-asparagine, BP300, which lacks ansR,
showed almost the same promoter activity as observed in SM medium without
supplementation, at 387 U/mg and 383 U/mg, respectively. However, the promoter
activity in BP264 increased to 200 U/mg, and in BP295, it rose to 226 U/mg of protein.
Although the promoter activity in BP264, which harbors an ansR copy in the native
chromosomal locus, is slightly lower than in BP295, which carries an ansR copy on a
non-integrated plasmid, it could be assumed that there is no meaningful relationship
between the location of ansR and the promoter activity of the lacZ fusion. This slight
difference may arise from the possibility that during growth, some of the BP295 cells lost
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their plasmid carrying ansR, resulting in a lower copy number of ansR (Fig. 12B;
Leonhardt & Alonso, 1991; Inoue, 1997; Wein et al., 2019).
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Figure 12. Analyzing the effect of additional copies of ansR, whether integrated or
non-integrated, on the expression level of the P.nsas-lacZ reporter system.

A) The results of the B-galactosidase assay conducted by Janina Berg for three B. subtilis
strains, BP264 (P.nsas-lacZ), BP271 (ansR Pansas-lacZ), and BP293 (ansR ansR-Paysas-lacZ) under
three different conditions: C-Glc minimal medium, C-Glc minimal medium supplemented with
0.5% (w/v) glutamate (Glu), and C-Glc minimal medium supplemented with 0.5% (w/v)
asparagine (Asn). B) The results of the B-galactosidase assay performed in this study for three
B. subtilis strains, BP264 (P.nsas-lacZ), BP295 (ansR* ansR Pansas-lacZ), and BP300 (ansR Papsas-
lacZ) under two different conditions: C-Glc minimal medium, and C-Glc minimal medium
supplemented with 0.5% (w/v) asparagine. All the experiments were carried out three times
independently (N = 3).

Reconstruction and characterization of the AnsB-AspB pathway

To investigate the newly discovered glutamate pathway and how L-glutamate
biosynthesis is accruing through it, it is imperative to delete essential genes involved in
both the GS-GOGAT and AnsB-AspB pathways and observe the resulting consequences.
To achieve this, a series of mutant strains were constructed, each carrying different
arrangements of gene deletions, and their ability to grow in liquid and on solid minimal
medium with and without supplementation of L-glutamate, L-aspartate and L-
asparagine, were assessed.

In the background of the SP1 strain, gene deletions were performed using LFH-PCR (the
oligo primers used in this section are listed in the primer list in the appendix).
Specifically, citG and ansAB were replaced with the ermC (erythromycin resistance
cassette), while ansR was replaced with the cat (chloramphenicol resistance cassette).
These deletions were combined with BP265 (gltAB P.nsas-lacZ) and BP279 (aspB Pansas-
lacZ) mutations from previous experiments mentioned before to generate the strains
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outlined in Tab. 17. Subsequently, the growth behavior of all mutant strains was
monitored on CGXIl plates supplemented with X-Gal, with and without L-glutamate, L-
aspartate and L-asparagine, during incubation for 2 days at 37°C (Fig. 13A). For liquid
culture experiments, the strains were initially grown overnight in LB medium.
Subsequently, the following day, the cells were washed twice and inoculated into
minimal medium supplemented with or without L-glutamate, L-aspartate, and L-
asparagine. Incubation was carried out for 24h at 37°C (Fig. 13B).

Comparing the growth behavior of all strains on CGXIl plates where ammonium serves
as the sole nitrogen source, inactivation of ansR appears to be pivotal for mutant strains
to utilize the aspartase-aspartate transaminase pathway, thereby overcoming glutamate
auxotrophy in BP273 and BP276, as well as aspartate auxotrophy in BP292, in contrast
to their parental strains BP265, BP274, and BP279, respectively. Even in liquid medium
under the same conditions, growth is observed upon inactivation of the ansR, citG, and
ansR genes in strains lacking gltAB and aspB, respectively. Notably, comparison of
BP273 (gltAB ansR P.nsas-lacZ) and BP274 (gltAB citG Pansas-lacZ) reveals that deletion of
citG in a gltAB ansR strain enhances growth due to the redirection of metabolites into the
AnsB-AspB pathway. Addition of L-glutamate to the medium enables growth in all strains
except for BP279 (aspB P.nsas-lacZ), which is aspartate auxotrophic. However, its
derivative strain BP292 (ansR aspB P.nsas-lacZ), lacking the ansR gene, regains aspartate
prototrophy. Although supplementation with both L-aspartate and L-asparagine
supports growth in all strains, it appears that L-aspartate serves as a superior nitrogen
source compared to L-asparagine in both solid and liquid media which later will be
discussed in more detail. It is worth mentioning that although strains BP274 (gltAB citG
Pansas-lacZ) and BP276 (gltAB ansR citG P.nsas-lacZ), both lacking the citG gene, exhibited
a growth defect on a plate supplemented with L-asparagine, BP276 displayed normal
growth in liquid medium (Fig. 13B).

Table 17. Constructed strains

Strain genotype

BP265 gltAB Pansas-lacZ

BP273 gltAB ansR P.nsas-lacZ
BP274 gltAB citG Pansas-lacZ
BP276 gltAB ansR citG P.nsas-lacZ
BP278 gltAB ansR citG aspB Pansas-lacZ
BP279 aspB Pansas-lacZ

BP280 gltAB ansAB

BP291 ansR citG aspB P.nsas-lacZ
BP292 ansR aspB Pansas-lacZ
BP395 ansAB aspB
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Figure 13. Growth
characterisation of the
strains lacking citG, ansR or
both genes.

A) The growth of all
constructed mutant strains
was monitored on CGXIl
plates supplemented with X-
Gal, both with and without L-
glutamate, L-aspartate, and
L-asparagine at the final
concentration of 0.5% (w/v).
Plate were incubated for 2
days at 37°C. B) The growth
of all strains was evaluated in

liquid CGXIll medium
supplemented with and
without L-glutamate, L-

aspartate, and L-asparagine
at the final concentration of
0.5% (w/v). The growth was
monitors for 24h at 37°C. All
the experiments in liquid
media were carried out three
times independently (N = 3).
(Figure adapted from
Mardoukhi et al., 2024)

In the final stage, based on the outcomes of previous experiments, it was hypothesized
that a strain lacking essential genes for both L-glutamate and L-aspartate biosynthesis
pathways should not be able to grow without an additional source of L-glutamate and L-
aspartate. In other words, these strains should be genetically stable and auxotroph for
L-glutamate and L-aspartate.

So, with the combination of the deleted genes, new strains designated as BP386 (gltAB
ansAB P.nsas-lacZ) and BP278 (gltAB citG ansR aspB) were constructed, which were
expected to be auxotroph for L-glutamate, and BP395 (ansAB aspB) for L-aspartate.
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Subsequently, they were cultivated on plates with and without supplementation of L-
glutamate and L-aspartate, separately and incubated at 37°C for up to 15 days. The
results clearly demonstrated that none of the strains were capable of growth without
external supplementation of L-glutamate and L-aspartate, thus confirming the
hypothesis (Fig. 14). As observed, BP278 is unable to grow without supplementation with
L-glutamate because there is no pathway available to convert L-aspartate to L-
glutamate, unlike its parental strain BP276 (Fig. 14A). Furthermore, BP386 can only grow
in the presence of L-glutamate or L-aspartate in the medium because the aspartate
transaminase AspB in its background is intact and can convert L-glutamate or L-
aspartate to one another (Fig. 14B). Considering BP395, it exhibits a dependency on the
supplementation with L-aspartate for growth. This reliance stems from its capability to
synthesize L-glutamate; however, it remains incapable of converting L-glutamate into L-
aspartate. (Fig. 14B, C).
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CGXIl + Glutamate SM + Glutamate
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{
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Figure 14. Deletion of key genes in both glutamate biosynthesis pathways GS-GOGAT
and AnsB-AspB, resulting in genetically stable auxotrophy for L-glutamate and L-aspartate.
A) BP276 (gltAB ansR citG P.nsas-lacZ), utilizing the fumarate-aspartate dependent pathway, is
capable of growth on minimal medium CGXIl, whereas BP278 (gltAB ansR citG aspB Pansas-
lacZ), with an additional deletion in aspB, exhibits auxotrophy for L-glutamate. B) BP386 (gltAB
ansAB) demonstrates an inability to grow without external supplementation of L-glutamate or
L-aspartate, while BP395 (ansAB aspB) requires only L-aspartate for growth. C) Comparison
of the growth of BP395 (ansAB aspB) with its parental strains and wild-type SP1. All the plates
were incubated at 37°C for 2 days.
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High amount of nitrogen is toxic for the gl{tAB mutant

After the initial discovery in 1989 by Bohannon and Sonenshein that the gltAB genes
encode for GOGAT in B. subtilis (Bohannon & Sonenshein, 1989), most laboratories that
work with B. subtilis have utilized TSS and specially C-Glc medium as a minimal medium.
However, despite several days of incubation of a gltAB-deficient strain, no suppressor
mutants had been reported prior to this study, suggesting the absence of an alternative
glutamate biosynthesis route.

As elucidated in the beginning of the results section, owing to the establishment of a
cross-feeding community between B. subtilis and C. glutamicum, the decision was made
to employ CGXIl minimal medium. The CGXIl medium, frequently employed for C.
glutamicum cultivation and upkeep, incorporates glucose as the carbon source and
either ammonium or urea as the nitrogen source (Keilhauer et al., 1993). Upon the initial
observation of suppressor mutant emergence of BP261 (gltAB) on CGXI|, it raised the
question of why CGXII supports the emergence of suppressor mutations but not C-Glc
medium. To address this question, all components of CGXIl, with the same exact
amounts, were separately added to C-Glc medium. BP265 (gltAB P..sas-LacZ) cells,
cultured overnight in LB and washed twice with saline solution, were then propagated
onto the plates supplemented with X-Gal for better visualization of the emergence of
possible suppressor mutants.

Comparison of the ammonium sulfate content in both media revealed that CGXII
contains 0.134 M ammonium sulfate, whereas C-Glc has only 0.025 M (5.36 times more
ammonium sulfate in CGXIl compared to C-Glc). Furthermore, only CGXIl contains urea,
with a concentration of approximately 0.074 M. The remaining components present in
both media are in micro and nanomolar amounts, which do not have a considerable
effect on growth (Fig. 15A). As depicted in Fig. 15B, after 3 days of incubation at 37°C,
suppressor mutants appeared on plates supplemented with ammonium sulfate, urea,
and CGXIl basic solution. In contrast, even after up to 8 days of incubation, there was no
growth observed on C-Glc and C-Glc plus biotin plates. Notably, the highest number and
largest colonies were observed on the CGXII plates including CGXII basic solution which
contains urea and ammonium sulfate as a standard amount in the CGXIl medium. Thus,
based on the growth experiment on plates and calculation of the ingredient
concentration, it can be concluded that the excessive amount of nitrogen in CGXII
medium acts as a driving force for gltAB-deficient strains to form suppressors with
mutations in ansR and citG genes, thereby recovering from auxotrophy for L-glutamate.
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Comparison of the components present in CGXll and C glc media
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Figure 15. The comparison of CGXIl and C-Glc minimal media.

A) The amount of each component in each medium is illustrated based on a 100% stacked
diagram, with the actual amount of each component also shown in molar units in a table on
the X-axis. B) By systematically adding each individual component of CGXIl medium to C-Glc
medium, it becomes evident that plates containing urea, ammonium sulfate, and basic
solution showed the emergence of suppressor mutants of BP265 (gltAB Pa.nsas-lacZ). All the
plates were incubated up to 8 days at 37°C. (Figure adapted from Mardoukhi et al., 2024)

Assessment of the efficiency of ammonium assimilation in gltAB citG
ansR and aspB ansR strains

To assess the efficiency of ammonium assimilation by the L-aspartase AnsB in strains
BP276 (gltAB ansR citG Pansas-lacZ) and BP292 (aspB ansR Pansas-lacZ), it is required to
use a medium which the amount of nitrogen source could be easily manipulated.
Therefore, it was decided to utilize SM minimal medium, which contains ammonium
sulfate as the sole source of nitrogen. Both strains, along with the wild-type strain BP264
(Pansas-lacZ) as a control, were initially incubated overnight in 4 ml LB at 28°C. The
following day, a pre-culture was prepared by inoculating 4 ml of SM medium
supplemented with ammonium sulfate with 200 pl of the overnight cultures, then
incubated at 37°C for several hours. Using 96-well plates and a plate reader machine,
the growth behavior of the three strains were monitored for 24 hours in SM medium
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supplemented with increasing amounts of ammonium sulfate, ranging from 0.0% to
4.0% w/v (0-302.7 mM). Each measurement was assessed three times independently.

The results indicated that, in the absence of a nitrogen source, there was no growth
observed in all strains, as expected. Strains BP264 (P.nsas-lacZ) and BP292 (aspB ansR
Pansas-lacZ) showed minimal differences in growth with increasing amounts of
ammonium, while the growth behavior of strain BP276 (gltAB ansR citG Pansas-lac2)
clearly changed from low to high with increasing ammonium concentration in the
medium (Fig. 16A). This suggests a greater dependency on ammonium in BP276.
Additionally, based on growth rate calculations, it can be concluded that the efficiency
of ammonium assimilation by AnsB is limited and lower than that of ammonium
assimilation via the GS-GOGAT pathway (Fig. 16B). Furthermore, the reduced reliance on
ammonium observed in strain BP292 could be attributed to the fact that ammonium
assimilation catalyzed by L-aspartase may only be necessary for the de novo synthesis
of L-aspartate and L-asparagine in this genetic background of an AspB-deficient strain.
In contrast, ammonium assimilation in the background of the gltAB mutant (BP276) is
required not only for the biosynthesis of L-glutamate, the most abundant and major
amino group donor in the cell, but also for L-aspartate and L-asparagine production (Fig.
24A).
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Figure 16. Ammonium dependency of B. subtilis
strains using GS-GOGAT and AsnB-AspB for the L-
glutamate and L-aspartate synthesis.
A) Strains BP276 (gltAB citG ansR Pasas-lac2),
BP292 (aspB ansR P.nsas-lacZ), and wild-type strain
BP264 (P.nsas-lacZ) were cultured in SM medium
supplemented with an elevating range of
ammonium concentrations. B) Correlation between
ammonium concentration and growth rate (W)
: " e P indicates that at an ammonium concentration of
Time[h] 151.3 mM, all three strains achieved their maximum
10 T ep276 (E1tAB ansR oG P uwtacZ) growth. The growth was monitors for 24h at 37°C. All
07 the experiments were carried out three times
independently (N = 3). (Figure adapted from
Mardoukhi et al., 2024)
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Growth of gltAB citG ansR and aspB ansR strains under hyperosmotic
conditions

As discussed in the introduction section, L-proline serves as the compatible solute for
B. subtilis, aiding in its ability to withstand hyperosmotic pressure in varying growth
conditions. L-proline is synthesized from L-glutamate as a precursor. Therefore, it can
be inferred that a higher capacity to adapt to salt stress reflects a greater synthesis of L-
proline and, consequently, higher production of L-glutamate.

To investigate this hypothesis, strains BP276 (gltAB ansR citG Pasas-lacZ) and BP292
(aspB ansR P.nsas-lacZ), alongside the wild-type strain BP264 (P.nsas-lacZ), were cultured
overnightin LB at 28°C. The following day, all strains were transferred and cultured in SM
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minimal medium supplemented with increasing amounts of sodium chloride (NaCl)

within a 96-well plate. Their growth was monitored by a plate reader at 37°C for 48 hours.

Each measurement was independently assessed three times.

Comparing the growth of both mutant strains with the wild-type, they exhibited

significant tolerance against elevated salinity in the medium; however, there was a slight
difference observed (Fig. 17A). Despite experiencing considerable salt stress at higher
concentrations of NaCl which led to growth impairment, both BP276 and BP292 strains
synthesized a considerable amount of L-glutamate (Fig. 17B).
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Figure 17. Assessment of hyperosmotic tolerance
in B. subtilis strains utilizing different pathways for
the biosynthesis of L-glutamate and L-aspartate.
A) The strains BP276 (gltAB ansR citG Pa.nsas-lacZ),
BP292 (aspB ansR Pasas-lacZ), and wild-type
BP264 (P.nsas-lacZ) were cultivated in SM medium
supplemented with an increasing range of NaCl
(0.0 to 2.0 M). B) Correlation between the growth
rate (1) and the sodium chloride concentration. The
growth was monitors for 24h at 37°C. All the
experiments were carried out three times
independently (N = 3). (Figure adapted from
Mardoukhi et al., 2024)
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Metabolite synthesis via GS-GOGAT and AnsB-AspB routes

To investigate how the levels of metabolites change when utilizing the fumarate-based
ammonium assimilation pathway to overcome L-glutamate and L-aspartate/L-
asparagine auxotrophy of BP276 (gltAB citG ansR Pansas-lacZ) and BP292 (aspB ansR
Pansag-lacZ) compared to the native GS-GOGAT pathway in the background of the wild-
type B. subtilis BP264 (P.nsas-lacZ), metabolome analysis was performed. Samples were
prepared in triplicate and sent for LC/MS analysis at the group of Professor Dr. Hannes
Link (Interfaculty Institute for Microbiology and Infection Medicine Tubingen, University
of Tubingen, Tubingen, Germany). The analysis reported the levels of L-glutamate, L-
glutamine, L-aspartate, L-asparagine, and TCA cycle intermediates citrate, succinate,
and malate. Then, the data was normalized based on the concentration levels of
metabolites in the wild-type BP264, with the threshold zero line indicating the
concentration of metabolites in the BP264 strain. As shown in Fig. 18, the concentration
levels of citrate, L-glutamate, L-glutamine, and L-asparagine were almost the same in
the strains BP276 and BP292. Considering the succinate concentration, which was
higher in BP276 compared to BP292, it could be the result of deficient fumarase CitG,
leading to the accumulation of fumarate and, consequently, succinate as well. The
alteration in cellular aspartate concentration, observed to diminish in BP292 while
augmenting in BP276, suggests that the deletion of citG and the subsequent
accumulation of fumarate indeed forces the metabolite to serve as a substrate for L-
aspartase AnsB, facilitating its conversion into L-aspartate. This observation is
consistent with the reduction of malate due to the deficient conversion of fumarate to
malate.

In conclusion, although the metabolite levels changed in both strains compared to the
wild-type native status, the assimilation of ammonium via L-aspartase AnsB appears to
be sufficiently efficient to support growth.
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Figure 18. The concentration of metabolites in BP276 (gltAB citG ansR Pa.sas-lacZ) and BP292
(aspB ansR P.nsas-lacZ), utilizing the L-aspartase AnsB for ammonium assimilation to
synthesize L-glutamate and L-aspartate, was compared to the wild-type GS-GOGAT pathway
in BP264 (Pansas-lacZ). Initially, metabolome samples were prepared from disrupted cells
obtained from the cultivation of all strains in SM minimal medium at 37°C, repeated three
times independently. Subsequently, the concentration of metabolites was measured using
LC/MS, and the log,-fold changes were calculated relative to the wild-type strain BP264 (zero
threshold). (Figure adapted from Mardoukhi et al., 2024)

Evolution of strains lacking fumarase CitG in rich medium

During the initial stages of construction, it was noted that strains lacking fumarase CitG,
such as BP275 (citG ansR Pansas-lacZ) and BP276 (gltAB citG ansR P.nsas-lacZ), exhibited
poor growth on rich media like LB agar. To elucidate the underlying cause of this
phenotype and ascertain whether it is linked to the biosynthesis of L-glutamate and L-
aspartate/L-asparagine through the newly discovered fumarate-aspartate bathway, or
simply due to the deletion of the c¢itG gene, reconstituted strains BP276 (gltAB citG ansR
Pansas-lacZ) and BP292 (aspB ansR Papsas-lacZ) comparing with wild-type BP264 (Papsas-
lacZ) were cultivated in liquid LB and BHI with and without glucose supplementation
(0.5% w/v). Their growth behavior was then monitored at 37°C for 24 hours.

As depicted in Fig. 19, the only strain exhibiting a growth defect in both LB and BHI media
was BP276. However, this growth defect was relieved upon the addition of glucose.
Hence, it can be inferred that the deactivation of fumarase CitG is the primary reason for
the growth defect observed in BP276. This phenomenon may arise due to a block in the
TCA cycle, potentially impeding the efficient consumption of other amino acids present
in the rich media by the cells.
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In the subsequent experiment, it was aimed to assess whether strains lacking c¢itG could
adapt to rich medium conditions. To this end, strains BP275 (citG ansR Pansas-lacZ) and
BP276 (gltAB citG ansR P.sas-lacZ), along with the wild-type BP264 (Pa.nsas-lacZ),
underwent a short-term evolution test in LB medium. Initially, 10 ml LB medium was
inoculated separately with fresh colonies of all three strains. After exactly 24 hours
incubation at 37°C with agitation, the ODgoo was measured. Subsequently, a fresh LB
medium was inoculated with 100 pl of the culture from the measured culture, and this
process was repeated for 10 days (Fig. 20A). Cells from the final day were then cultivated
on LB plates and compared to their parental strains. Additionally, cDNA from the evolved
strains, designated as BP384 (BP264 derivative), BP369 (BP275 derivative), and BP370
(BP276 derivative), were extracted and sent for whole genome sequencing analysis.

A comparison of the growth of the evolved strains with their parental strain on LB plates
and LB liquid revealed that the evolved strain BP384 showed the same phenotype like
the parental strain BP264. However, both evolved CitG-deficient strains, BP369 and
BP370, formed larger and more stable colonies compared to their parental strains.
Notably, the growth deficiencies observed in the parental strains BP275 and BP276 were
no longer apparent in the evolved strains, which exhibited the ability to thrive on LB
medium (Fig. 20B, C).

Furthermore, the results of whole genome sequencing from the evolved strains indicated
that in strains lacking the citG gene, bacteria had reactivated the cryptic version of GDH,
gudBCR, by deleting an exact 9 bp sequence, which is tandemly repeated in the open
reading frame of the gudB gene and effectively deactivate the expressed protein (Belitsky
& Sonenshein, 1998; Gunka et al., 2012) (Tab. 18). This suggests that the growth defect
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observed in strains lacking fumarase CitG can be partially overcome by the increased
activity of GDH. This likely leads to enhanced degradation of glutamate-family amino
acids and more efficient utilization of these amino acids by the cells which later will be
examined and discussed.

Table 6. Identified mutations in the evolved BP275 (citG ansR P..sas-lacZ) and
BP276 (gltAB citG ansR P.nsas-lacZ) in LB by NGS

Strain Mutant Phenotype Affected gene, Amino acid exchanges,
mutations effect on the protein
BP384 LBW Growth on LB - -
BP369 LB1 Growth on LB gudB AG279-C287  Synthesis of GudB1
BP370 LB2 Growth on LB gudB AG279-C287  Synthesis of GudB1
A
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Figure 20. Adaptation of the B. subtilis strains synthesis L-glutamate and L-aspartate through
GS-GOGAT and AnsB-AspB pathways.

A) Measured ODgqo every 24h from the evolution test in LB medium for 10 days at 37°C with
strains BP264 (Pansas-lacZ), BP275 (citG ansR Pansas-lacZ) and BP276 (gltAB citG ansR Pansas-
lacZ). B) Comparing the growth of strains BP264, BP275 and BP276 with their evolved
derivatives strains BP384, BP369, and BP370, respectively on LB agar at 37°C for 24h. C)
Monitoring the growth of BP264, BP275 and BP276 and their derivatives BP384, BP369, and
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BP370 in liquid LB medium for 24h at 37°C. Experiments in section C were carried out three
times independently (N = 3). (Figure adapted from Mardoukhi et al., 2024)

Adaptation of fumarase mutants to toxic levels of L-arginine

As mentioned in the introduction, arginine is a member of the glutamate amino acids
family, which can be degraded to glutamate in catabolic process. However, in B. subtilis
strains lacking the ability to degrade L-glutamate due to inactivation of genes rocG and
gudB, arginine becomes toxic due to L-glutamate accumulation (Belitsky & Sonenshein,
1998). L-arginine uptake occurs through permeases RocC and RocE, followed by
conversion to L-glutamate by the series enzymatic activity of RocF, RocD and RocA
(Calogero et al., 1994; Gardan et al., 1995; Belitsky & Sonenshein, 1998). This study
aimed to assess whether a functional TCA cycle is crucial to prevent the accumulation
of L-glutamate and TCA cycle intermediates in the presence of L-arginine.

To investigate this, the growth behavior of various B. subtilis strains was monitored on
media containing L-arginine. Strains wild-type BP264 (Pansas-lacZ), BP265 (gltAB Pansas-
lacZ), BP271 (ansR P.nsas-lacZ), BP275 (citG ansR Pa.sas-lacZ), BP276 (gltAB citG ansR
Pansag-lacZ), BP279 (aspB Pansas-lacZ), and BP292 (aspB ansR P.nsas-lacZ) were cultivated
on SM minimal medium supplemented with glucose, only L-arginine (0.5% w/v), glucose
plus L-arginine (0.5% w/v), and LB agar as a control, then incubated for 24 hours at 37°C.

As also shown in previous experiment (Fig. 20), strains BP275 and BP276 lacking
fumarase CitG exhibited a growth defect on LB plates (Fig. 21A). These strains also failed
to grow on SM plates containing only L-arginine as the sole source of nitrogen and
carbon, presumably due to L-glutamate or TCA cycle intermediate accumulation.
However, the addition of glucose to the media eliminated the toxicity of L-arginine,
allowing both strains to grow normally. Glucose serves as a preferred carbon source,
facilitating faster growth and increased demand for L-glutamate derived from L-arginine
degradation, thereby mitigating L-arginine toxicity (Fig. 21A; Belitsky & Sonenshein, 1998;
Commichau, Wacker, et al., 2006).

In the subsequent experiment, SM plates containing only L-arginine were further
incubated for up to 10 days at 37°C to observe whether strains lacking the citG gene
(BP275 and BP267) would evolve to adapt to the arginine toxicity. Surprisingly, among all
strains, only these mentioned strains produced suppressor mutants with two distinct
phenotypes: small and large colonies (Fig. 21B). Subsequently, two small and two large
colonies from each strain were selected and cultured on SM plates containing glucose
and L-arginine (0.5% w/v), as well as plates containing only L-arginine, alongside their
parental strains BP275 (citG ansR Pansas-lacZ), BP276 (gltAB citG ansR Pansas-lacZ), and
wild-type BP264 (P..sa5-lacZ) as controls. After 48 hours of incubation at 37°C, while all
strains grew well as expected on SM media supplemented with glucose and L-arginine,
derivative suppressor mutants designated as BP371-BP374 (derived from BP275) and
BP375-BP378 (derived from BP276) exhibited slight but significant growth on minimal
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media containing only L-arginine. "S" stands for small colonies and "B" for big colonies,

based on their morphology (Fig. 21C).
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Figure 21. Adaptation of fumarase mutants to toxic levels of L-arginine.
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A) Growth monitoring of BP264 (P,nsas-lacZ), BP265 (gItAB Pansas-lacZ), BP271 (ansR Passas-lac?),
BP275 (citG ansR Pansas-lacZ), BP276 (gltAB citG ansR Pansas-lacZ), BP279 (aspB Pansas-lac2),
and BP292 (aspB ansR Pansas-lacZ) on LB and SM minimal media supplemented with glucose,
both glucose and L-arginine, and only L-arginine (final concentration of glucose and arginine =
0.5% (w/v)) for 24h at 37°C. B) Popping up of suppressor mutants derived from BP275 and
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BP276 on SM media supplemented with L-arginine as the sole source of carbon and nitrogen
compared with BP264 and BP271, which did not exhibit any mutations during 10 days of
incubation at 37°C. C) Comparison of the growth of BP275 and BP276 with their derivative
suppressor mutants BP371-BP374 and BP375-BP278, respectively, alongside BP264 as the
wild-type positive control. Plates were incubated at 37°C for 48h. (Figure adapted from
Mardoukhi et al., 2024)

In the subsequent step, cDNA from all derivative suppressor mutant strains BP371-
BP378 was extracted and subjected to whole-genome sequencing (Tab. 19). Next-
generation sequencing analysis revealed that in three of the big colonies, BP371, BP372,
and BP376, a genomic region containing the aspB gene was amplified, likely resulting in
increased expression of aspB. This suggests higher levels of aspartate transaminase
within the cells, leading to increased degradation of L-glutamate derived from L-arginine
catabolism and reducing the toxic levels of L-glutamate (Fig. 22A). In strain BP375, a
single point mutation occurred in the promoter region of the dinG gene, which is also
located upstream of the ypmA, ypomB, and aspB genes. This mutation may enhance the
expression of all these genes, particularly aspB, resulting in increased AspB levels.
Consequently, there is more conversion of L-glutamate and oxaloacetate to L-aspartate
and a-ketoglutarate, thereby preventing the accumulation of L-glutamate to toxic levels.
Interestingly, in 2011, Florez et al. demonstrated that glutamate can serve as the sole
source of carbon and nitrogen for a strain lacking GDH activity and AnsR, utilizing the
catabolic activity of aspartate transaminase AspB (Flérez et al., 2011). Two of the small
suppressor mutants, BP373 and BP374 (derived from BP275), exhibited mutations in the
rocC gene, which encodes the L-arginine permease RocC. In BP373, a proline-to-leucine
substitution occurred at amino acid position 411 within the RocC structure, situated in
the transmembrane helix. This alteration likely reduces the permease activity of RocC.
In BP374, a single nucleotide insertion caused a frameshift mutation in rocC, resulting in
the production of an inactive-truncated protein (Tab. 19; Fig. 22C). Hence, it can be
inferred that in bacteria with an inactivated citG background, two distinct solutions can
be adopted to counteract the toxic effects of L-arginine: 1) overexpression of aspB,
leading to increased L-glutamate degradation, and 2) reduction in L-arginine uptake via
RocC permease activity.

In suppressor mutant BP373, it remains unclear why the acpA gene, responsible for
encoding an essential protein involved in fatty acid biosynthesis, harbored a mutation
(Schujman et al., 2003). Additionally, in the small suppressor mutants BP377 and BP378
(both derived from BP276), mutations associated with odhA were identified (Tab. 19). In
BP377, a 176 bp deletion within the odhA gene resulted in its inactivation, consequently
affecting the activity of the entire 2-oxoglutarate dehydrogenase complex (PdhAB-PdhD)
(Fig. 22D; Resnekov et al., 1992). Conversely, in BP378, a mutation in the promoter site
of odhA likely reduced the expression of the odhA gene. However, it is worth noting that
a 2017 study demonstrated that the growth of a strain lacking odhA significantly
improved during growth in minimal medium (Koo et al., 2017). Therefore, the inactivation
or alteration of odhA expression may not be directly relevant to the adaptation to L-



Results

arginine toxicity. Additionally, mutations affecting the essential pyrH gene, which codes
for uridylate kinase PyrH, were observed in both strains BP377 and BP378 (Tab. 19; Fig.
22E; Quinn et al., 1991). Although these mutations may seem irrelevant to bacterial
tolerance to toxic levels of L-arginine based on current knowledge, further investigation

into the effects of odhA and pyrH gene mutations is warranted in future studies.

Table 19. Identified mutations in the BP275 (citG ansR P.nsas-lacZ) and BP276 (gltAB
citG ansR Pnsas-lacZ) on SM plates supplemented with L-arginine (0.5% w/v) by NGS

Strain Mutant Parental Phenotype Affected gene, Amino acid
strain mutations exchanges, effect
on the protein
BP371 B1 BP275 (citG Growth on 5.2 kbp Enhanced AnsB
ansR Pansas- SM+Arg, big amplification synthesis
lac2) colonies including aspB
BP372 B2 BP275 (citG Growth on 5.2 kbp Enhanced AnsB
ansR Pansas- SM+Arg, big amplification synthesis
lac2) colonies including aspB
BP373 $1 BP275 (citG Growth on acpA G55T, rocC AcpAD19Y, RocC
ansR Pansas- SM+Arg, C1232T P411L
lacZ) small
colonies
BP374 S2 BP275 (citG Growth on rocC +T698 RocC AC270
ansR Pansas- SM+Arg,
lacZ) small
colonies
BP375 B1 BP276 (gltAB Growth on Pudinc (C-63T) Enhanced AspB
citG ansR SM+Arg, big synthesis
Pansas-lacZ) colonies
BP376 B2 BP276 (gltAB Growth on 34.7 kbp Enhanced AnsB
citG ansR SM+Arg, big amplification synthesis
Pansas-lacZ) colonies including aspB
BP377 S1 BP276 (gltAB Growth on odhA AT175- OdhA not
citG ansR SM+Arg, A351, pyrH synthesized, PyrH
Pansas-lacZ) small A433C T145P
colonies
BP378 S2 BP276 (gltAB Growth on Podna (G-189A), changed odhA
citG ansR SM+Arg, pyrH A433C expression? PyrH
P.nsas-lacZ) small T145P

colonies
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Figure 22. Adaptation of fumarase-deficient B. subtilis strains to toxic levels of L-arginine at
the genomic scale and localization of the amino acid exchanges in the structure of RocC,
AcpA-AcpS complex and PyrH.

A) Coverage of the reads of the genomic segment containing amplification regions from
2,319,000 to 2,358,000 bp. Based on the comparison of the reads coverage of the whole
genome and the reads coverage of the amplified region, it can be observed thata 5.2 kbp and
34.7 bp region were 4-times amplified, which includes the ansB gene. This indicates that
suppressor mutants BP371 (derived from BP275), BP372 (derived from BP275), and BP376
(derived from BP276) harbor 4 copies of any genes located in the amplified region,
specifically the aspB gene. B) Deleted genes and affected (mutated) genes in the suppressor
mutants emerging from L-arginine adaptation are depicted as black crosses and red circles,
respectively, compared to the parental strains. C) Location of P411L exchange in RocC
structure belongs to the suppressor mutant BP373. The topology model for RocC was
constructed with Protter (Omasits et al., 2014). D) & E) Location of amino acid exchanges in
the 3D-structure model of the AcpA-AcpS complex and of PyrH, respectively. The models
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were generated using Swiss-model server for homology modeling of protein structures
(Waterhouse et al., 2018) based on the structures of B. subtilis AcpA-AcpS (PDBid: 1F80)
(Parris et al., 2000) and the E. coli UMP kinase (PDBid: 2V4Y) (Meyer et al., 2008) as
templates. (Figure adapted from Mardoukhi et al., 2024)

Presence of fumarase-based ammonium assimilation in other bacteria

To investigate the prevalence of the newly discovered ammonium assimilation pathway
via AnsB-AspB in other bacterial species, two distinct approaches were taken. The first
method was laboratory experiments which were conducted with C. glutamicum,
representing another Gram-positive bacterial species (constructed and delivered from
the Institute of Bio- and Geosciences (IBG) - Jllich). These bacterial strains pose a clean
deletion of GOGAT, GHD, and potential homologous genes encoding proteins similar to
L-aspartase AnsB and aspartate transaminase AspB. Subsequently, the ability of the
modified strains to grow in minimal media both with and without supplementation of L-
glutamate was tested. These experiments aimed to determine whether the ammonium
assimilation pathway mediated by AnsB-AspB is present and functional in this organism;
The second method was bioinformatics analysis which was conducted on bacterial
genomes available in public databases to identify strains harboring enzymes involved in
the AnsB/AspB-based ammonium assimilation pathway.

Investigation of the fumarase-based ammonium assimilation route in C. glutamicum

Previous studies have demonstrated that a C. glutamicum strain lacking GOGAT/GDH
still is able to grow on a minimal medium containing only glucose and ammonium as the
sole sources of carbon and nitrogen, respectively (Rehm et al., 2010). According to the
FASTA alignment, the potential protein homolog for AnsB in C. glutamicum is the
aspartate ammonia-lyase (aspartase, AspA). This protein exhibits an overall sequence
identity of 46.9% with the L-aspartase AnsB from B. subtilis. Moreover, AspA catalyzes
the same reaction as AnsB, which involves the degradation of L-aspartate to fumarate
while releasing one molecule of ammonium, and vice versa (Galperin et al., 2021).
Additionally, the aspartate transaminase in C. glutamicum is referred to as AspT.

A growth test was conducted on CGXIl minimal medium plates with and without
supplementation of L-glutamate (0.5% w/v) and casamino acid (CAA, 0.1% w/v) using
the following C. glutamicum strains: WT (ATCC13032), gltB gdh, gltB gdh aspA, and gltB
gdh aspT. The plates were incubated at 30°C for 48 hours. Results in Fig. 23 indicate that
wild-type strain and gltB gdh double deletion could grow on all plates as expected, so it
must be another pathway for assimilation of ammonium and synthesis of L-glutamate.
The strain lacking gltB gdh aspT was unable to grow under any of the conditions tested.
This suggests that this strain is likely auxotrophic not only for L-aspartate and L-
asparagine but also maybe for L-glutamate. However, the triple deletion strain gitB gdh
aspA, which was expected not to grow on the CGXIl plate without any supplementation,
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surprisingly exhibited growth. This suggests that AspA may not be involved in the
fumarate-based ammonium assimilation pathway in C. glutamicum. It is possible that
there is an alternative ammonium assimilation route in C. glutamicum that is yet
unknown. Alternatively, there may be other homologous enzymes capable of fulfilling the
role of AspAinits absence (Fig. 23).

Mo supplement + Glutamate + CAA
Wild type Wild type Wild type
w ' = ' = '
3 < = < 3 <
= = w =
o = o = o 5
7] Bl @ ] 7]
o
§ § 2 -
gitB gdh aspT gitB gdh aspT gltB gdh aspT

Figure 23. Monitoring the growth of C. glutamicum WT, gltB gdh, gltB gdh aspA,
and gltB gdh aspT on CGXIl minimal medium plates with and without
supplementation of glutamate (0.5% w/v) and casamino acid (CAA, 0.1% w/v) for
48h at 30°C. (Figure adapted from Mardoukhi et al., 2024)

Bioinformatics analysis to identify bacterial strains using the AnsB-AspB pathway
for ammonium assimilation

Nowadays, genomic databases contain a vast number of whole genome sequences from
various bacterial species, facilitating investigations into the prevalence of the newly
discovered ammonium assimilation pathway via the AnsB-AspB enzymes across
bacterial taxa. Two potential pathways for the synthesis of L-glutamate, L-aspartate, and
L-asparagine were considered: one involving the general pathway of L-glutamate
synthase-L-glutamine synthetase (GOGAT-GS), and the other involving the AnsB-AspB
pathway facilitated by CitG, AnsB, and AspB enzymes (Fig. 24A).

A dataset comprising all available bacterial genomes was retrieved from RefSeq, totaling
14,954 genomes as of April 13, 2022. Subsequently, BLASTP analysis was employed to
identify genomes lacking the GItAB subunits (required for the GlnA-GltAB cycle) but
possessing CitG, AnsB, and AspB enzymes (required for the alternative ammonium
assimilation route via fumarate). Bacterial genomes were queried using the GUtAB
subunits from B. subtilis, considering the enzyme to be absent if neither subunit yielded
a significant BLASTP hit. An e-value threshold of e®° was applied, validated through
testing on various bacterial species.

Among the analyzed genomes, 2,791 lacked GIltAB and were subsequently screened to
identify CitG, AnsB, and AspB homologs using B. subtilis protein queries (e-value < e-50).
Ultimately, 1,642 genomes were identified as lacking GItAB but possessing CitG, AnsB,
and AspB homologs. The taxonomic lineage of these genomes was determined using
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taxonomic identification numbers (taxIDs) obtained from NCBI and analyzed using ETE3
(Fig. 24B).
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Figure 24. Bioinformatics analysis on the prevalence of bacteria relying on the fumarate-
dependent pathway for biosynthesis of L-glutamate, L-aspartate, and L-asparagine.

A) Two possibilities of ammonium assimilation: Possibility 1. a-ketoglutarate-dependent
biosynthesis of L-glutamate and oxaloacetate/L-glutamate-dependent biosynthesis of L-
aspartate/L-asparagine; Possibility 2. fumarate-dependent biosynthesis of L-glutamate, L-
aspartate, and L-asparagine. B) Taxonomic distribution of bacterial species lacking GltA and
GltB homologs while possessing AnsB, AspB, and CitG homologs suggesting a possible
fumarate-based ammonium assimilation bypass. (Figure adapted from Mardoukhi et al.,
2024)

Amino acids that support growth of the gitAB ansAB mutant

As described above, B. subtilis lacking gltAB is genetically unstable and acquires the
ability to synthesize L-glutamate either by citG ansR inactivation or by amplification of
the ansAB genes which rewire the metabolic flux. Strains harboring combinations of gene
inactivation involving gltAB ansAB, gltAB aspB, or ansB aspB demonstrate an incapacity
to proliferate in the absence of exogenous supplementation with either L-glutamate, L-
glutamate and L-aspartate, or solely L-aspartate, respectively. Consequently, the
selection of BP386 (gltAB ansAB Pa..sas-lacZ) was undertaken due to its singular
auxotrophic requirement solely for L-glutamate. This choice was made to elucidate the
capacity of the twenty proteinogenic amino acids to serve as only nitrogen sources, or
both carbon and nitrogen sources, thereby facilitating the restoration of L-glutamate
prototrophy.

For the initial experiment, the objective was to delineate the amino acids capable of
solely serving as a nitrogen source. Accordingly, strain BP386 was cultured overnight in
4 ml of LB liquid with agitation at 30°C. Subsequently, the following day, the cells
underwent two rounds of washing with saline solution, after which the growth
experiment commenced. This experiment was conducted in two distinct SM minimal
media: one containing ammonium sulfate and the other lacking it. Each medium was
supplemented individually with one of the twenty L-amino acids at a final concentration
of 0.5% (w/v). Subsequent growth kinetics were monitored for 24h and 37°C in a 96-well
plate utilizing a plate reader machine.

The data obtained from the experiment reveals that amino acids belonging to the
glutamate family, encompassing L-glutamate, L-glutamine, L-arginine, L-proline, and L-
aspartate, exhibit the ability to support bacterial growth irrespective of the presence of
ammonium in the media. This suggests their capacity to be degraded to L-glutamate by
B. subtilis, thereby serving as proficient nitrogen sources (Fig. 25; Gunka & Commichau,
2012; Zhao et al., 2018; Stecker et al., 2022; Warneke et al., 2023; Mardoukhi et al.,
2024). Conversely, the remaining amino acids fail to sustain bacterial growth, likely due
to their inability to be degraded to glutamate or potentially reaching a toxic concentration
of 0.5% (w/v) for the cells, a hypothesis requiring further experimental validation.

Upon consideration of amino acid degradation pathways and growth test results, two
amino acids exhibited noteworthy characteristics. Firstly, L-asparagine demonstrated
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toxicity towards the gltAB ansAB double mutant. As depicted in Fig. 13, its growth-
supporting capability was inferior to that of L-aspartate or L-glutamate, potentially
attributed to its degradation to L-aspartate by L-asparaginase AnsZ and subsequent
accumulation, rendering it toxic for the cells (Fisher & Wray, 2002). Intriguingly, after
approximately 20 hours of incubation in both SM media, whether supplemented with or
without an ammonium source but including L-asparagine, a resurgence of growth was
observed towards the end of the growth curve (indicated with yellow arrow) (Fig. 25). This
resurgence probably hints at the emergence of adaptive suppressor mutations, a
phenomenon warranting further exploration.

Secondly, L-histidine displayed unusual behavior, as hypothesized to support the growth
of BP386, yet not reflected in the growth data. This discrepancy may stem from the
cryptic nature of GDH, GudB, which, within the genetic background of B. subtilis 168 or
SP1 (the parental strain for all B. subtilis strains utilized in this study), only allows for the
activity of RocG (Belitsky & Sonenshein, 1998; Gunka et al., 2012). This single enzyme
may not suffice for the efficient degradation of L-glutamate, leading to its accumulation
and subsequent cellular toxicity (Gunka & Commichau, 2012). Alternatively, repression
by CcpA, because of the presence of glucose in the media, on the hut operon and rocG
gene, responsible for histidine degradation to glutamate and eventually to a-
ketoglutarate, could contribute to the observed phenomenon (Wray & Fisher, 1994;
Belitsky et al., 2004). Moreover, it is noteworthy that further investigation into the effects
of L-histidine, which has been conducted in subsequent sections, merits detailed study.
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Figure 25. Growth experiment to identify a set of amino acids capable of restoring growth to
the genetically-stable glutamate auxotroph strain BP386 (gltAB ansAB P.nsas-lacZ).

BP386 was cultivated in SM minimal medium with and without ammonium, supplemented
individually with one of the twenty proteinogenic L-amino acids at a final concentration of 0.5%
(w/v). Cells were incubated at 37°C for 24h. Each experiment was independently repeated as
triplet (N =3).
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Adaptation of the glutamate auxotroph strain gitAB ansAB to toxic
levels of L-asparagine

Initially, the aim was to evaluate the toxic impact of L-asparagine on the genetically-
stable auxotrophic strain for glutamate, BP386 (gltAB asnAB P.nsas-lacZ), when cultivated
with L-asparagine, a condition previously observed to be detrimental for BP386 as
depicted in Fig. 25. To achieve this objective, BP386 was cultured in both LB broth (as a
complex medium) and SM minimal medium, with and without supplementation of L-
asparagine at a final concentration of 0.5% (w/v) equal to 38 mM. Incubation was carried
out at 37°C for 48 hours with agitation. The choice of an extended incubation period was
made to facilitate a clearer observation of potential emergence of adaptive suppressor
mutants throughout the growth curve. For comparative purposes, the growth of the wild-
type SP1 strain and the parental strains BP265 (gltAB Pansas-lacZ) and BP269 (ansAB) were
concurrently monitored alongside BP386.

The results of the growth test revealed distinct outcomes between LB medium
supplemented with L-asparagine and without supplementation. In LB medium
supplemented with L-asparagine at the final concentration of 0.5% (w/v), all strains
failed to grow due to the toxic effects of L-asparagine, but in the LB medium without L-
asparagine, growth was observed in all strains except BP269 (ansAB), which exhibited
growth later after 37 hours incubation, indicating the emergence of suppressor mutants.
With prolonged incubation, it is likely that other strains could also develop suppressor
mutants (Fig. 26A).

In the SM minimal medium, wild-type SP1 and BP269 (ansAB) demonstrated immediate
growth owing to their non-auxotrophic nature. BP265 (gltAB), an unstable glutamate
auxotroph, exhibited slow growth after approximately 10 hours of incubation, highly likely
due to mutations in ansR or citG or amplification in the ansAB operon as previously
discussed. In SM medium supplemented with L-asparagine, SP1 and BP265 (gltAB) grew
without issue, while BP269 (ansAB) and BP386 (gltAB asnAB) exhibited delayed growth
after about 20 hours, suggesting the occurrence of mutations (Fig. 26B).

It can be inferred that the toxic effects observed in LB medium were likely exacerbated
by the presence of traces of L-asparagine or other amino acids capable of degradation
to L-asparagine or L-glutamate, surpassing the final concentration of 0.5% (w/v),
particularly impacting SP1 and BP269 (Fig. 26A). However, a higher tolerance was
observed in the SM medium plus L-asparagine (Fig. 26B). Furthermore, the emergence
of suppressor mutations in SM medium supplemented with L-asparagine, specifically in
strains where ansAB is deleted (BP269 and BP386), suggests a potential association with
the ansAB gene, warranting further detailed investigation.
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Figure 26. Assessment of the toxic effect of asparagine.

Monitoring the growth of BP264 (WT), BP265 (gltAB), BP269 (ansAB) and
BP386 (gltAB asnAB) at 37°C for 48 hours in A) LB with and without
supplementation of L-asparagine at the final concentration of 0.5% (w/v); and
B) SM minimal medium with and without supplementation of L-asparagine at
the final concentration of 0.5% (w/v) = 38 mM. Each experiment was
independently repeated as triplet (N = 3).

Determination of L-asparagine toxicity level in complex and minimal medium

To investigate the tolerance threshold of B. subtilis strains to asparagine and to
determine the point at which it becomes toxic for the double deletion strain BP386 (gltAB
ansAB P.nsas-lacZ) compared to the BP264 (P.nsas-lacZ) as wild-type strain, a growth
experiment was conducted in LB complex medium and SM minimal medium with varying
concentrations of L-asparagine. Both strains were cultured overnight in 4 ml LB at 30°C,
followed by two washing steps with saline solution. Subsequently, the cells were
inoculated into LB and SM media supplemented with L-asparagine at concentrations
ranging from 0% to 4.0% (w/v) and incubated at 37°C for 48 hours.

The growth graph revealed that although both strains tolerated up to 0.12% (w/v) (9.1
mM)of L-asparagine in LB medium without issues, the growth curve in 0.25% (w/v) (19
mM) concentration indicated the emergence of suppressor mutants with a delay of
approximately 10 hours and 30 hours for BP264 and BP386, respectively (Fig. 27A). In SM
minimal medium, the wild-type BP264 demonstrated greater tolerance to L-asparagine,
up to 1.0% (w/v) (76 mM), beyond which no growth was observed within the 48-hour
experiment. Interestingly, in the SM medium, BP386 exhibited the emergence of adaptive
mutations between 20 to 30 hours of incubation, enabling tolerance to L-asparagine
concentrations of up to 1.0% (w/v) (76 mM), similar to BP264 (Fig. 27B). It is worth noting
that the BP264 strain does not require L-asparagine for growth in LB and SM media as it
is a prototrophic strain. In contrast, BP386 (gltAB ansAB P.nsas-lacZ), being a strain
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auxotrophic for glutamate, relies on asparagine intake from minimal medium and its
subsequent degradation to glutamate to support growth.

In conclusion, the highest tolerated concentration of asparagine by both strains was
1.0% (w/v), coinciding with the emergence of suppressor mutants. Additionally, it is
evident that traces of asparagine or other amino acids capable of degradation to
asparagine or glutamate in LB media contribute to increased toxicity with additional
asparagine supplementation.
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Figure 27. Assessment of L-asparagine toxicity levels in complex and minimal
medium.

Growth experiment with B. subtilis wild-type BP264 (P.nsas-lacZ) and BP386
(gltAB asnAB P.nsas-lacZ) at 37°C for 48 hours in A) LB; and B) SM minimal
medium, with and without supplementation of L-asparagine at the final
concentration of 0%, 0.06%, 0.12%, 0.25%, 0.5%, 1.0%, 2.0% and 4.0% (w/v).
Each experiment was independently repeated as triplet (N = 3).

Mutations in az(B and aimA are responsible for tolerating the toxicity of L-asparagine

After conducting several growth experiments in both complex and minimal media
supplemented with L-asparagine, it became evident that L-asparagine exerts a toxic
effect on B. subtilis, prompting the formation of suppressor mutants as an adaptation
mechanism (Fig. 26, Fig. 27). Consequently, it was decided to culture BP264 (as wild
type), BP269 (ansAB) and BP386 (gltAB ansAB Pansas-lacZ) on plates in order to isolate
these suppressor mutants and elucidate the genomic basis of the adaptation process.
LB and SM plates supplemented with L-asparagine at final concentrations of 0.25% and
0.5% (w/v) were utilized to cultivate cells that had been grown overnight and washed
twice. The incubation process was conducted for 7 days at 37°C. Suppressor mutants
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that emerged from each strain were isolated and subsequently subjected to next-
generation sequencing for genomic analysis (Fig. 28A).

Whole-genome sequencing analysis, reported in Tab. 20, unveiled inactivation
mutations in the azlB gene among all four suppressors of BP386, designated as BP387
to BP390. As elucidated in the introduction section, az(B functions as a transcriptional
repressor for the azlB-azIlC-azID operon, responsible for encoding the AzICD amino acid
exporter complex. This complex facilitates the export of various branched-chain amino
acids, histidine, and 2,3-diaminopropionic acid (MeiBner et al., 2022).

Furthermore, in the BP390 derivative of BP386, a 58.8 Kbp long deletion was identified,
including aimA, which encodes AimA, a general amino acid importer with low affinity
symporter for H" with glutamate, serine, glycine, 2,3-diaminopropionic acid, alanine, and
B-alanine (Errasti-Murugarren et al., 2019; Klewing et al., 2020; Kruger et al., 2021;
Warneke et al., 2024). Moreover, the BP269 (ansAB) suppressor mutants, denoted as
BP291 and BP292, exhibited insertions in aimA, resulting in the deactivation of the final
product through truncation and alteration of the amino acid sequences.

In both suppressor mutants BP393 and BP394 derived from the wild-type BP264, the
malP gene displayed a point mutation and elongation in the final expression product,
respectively. MalP acts as a maltose-specific permease facilitating the diffusion of
maltose molecules into the cell (Yamamoto et al., 2001; Schonert et al., 2006). While
direct evidence linking MalP to L-asparagine tolerance is lacking, investigating its effects
remains imperative for future research, especially considering the potential overlap with
other permeases and transporters in amino acid transport.

Additionally, srfAA and srfAB, encoding surfactin synthetase, are part of a larger regulon
responsible for surfactin synthesis (Nakano et al., 1991; Y. Xu et al., 2023). Given the
mutations observed in srfAA and srfAB genes in only one of the suppressor mutants
(BP387) and their role in surfactin synthesis, their involvement in adapting to L-
asparagine toxicity seems improbable.

However, the genome sequences of BP388 and BP391 also revealed point mutations in
yrhJand yetL, respectively, whose functions are not fully characterized yet. Itis proposed
that their products may act as an NADPH-cytochrome P450 reductase and a
transcriptional repressor of the YetL regulon, respectively (Palmer et al., 1999; Hirooka
et al., 2009), although the complete role of the YetL regulon remains unclear (Palmer et
al., 1999; Hirooka et al., 2009).

In all four mutants BP387 to BP390, derived from BP386, a point mutation (C-44T)
occurred in the downstream region of the reoM gene. ReoM functions as an effector
protein in MurAA degradation, contributing to peptidoglycan precursor biosynthesis
(Kock et al., 2004; Wamp et al., 2020). It was intriguing to investigate whether this point
mutation enhanced the expression of reoM and if it had any effect on the adaptation to
L-asparagine toxicity in B. subtilis. To address this, a reporter system was designed and
constructed to assess the impact of the mutation in the reoM downside. The
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downstream regions of the wild-type version and the reoM with the C-44T point mutation
were amplified by PCR from cDNA of BP387 and SP1 as templates, using oligo primers
SM68 and SM69, containing EcoRl and BamHI cutting sites, respectively. Subsequently,
the PCR products were separately inserted into plasmid pAC7 in front of the lacZ gene.
The resulting plasmids, namely pBP1122 (P.om-lacZ) and pBP1123 (Preom (c-aa1-lacZ), were
then introduced into B. subtilis SP1 and newly constructed strains designated as BP574
and BP575, respectively. Finally, both strains were cultivated on LB plates supplemented
with X-Gal, but no blue-colored colonies were observed, indicating two potential
reasons. First, it is possible that the promoter of reoM is not situated in the region where
the point mutation occurred, as the exact location of the reoM promoter is unclear. It is
conceivable that reoM shares its promoter with alaS, the first downstream gene after
reoM. Second, the observed point mutation may not affect the expression of reoM. Thus,
it can be inferred that the mutation downstream of reoM likely occurred spontaneously
and may not be directly correlated with L-asparagine detoxification, suggesting that this
mutation can be disregarded.

In mutants BP393 and BP394, derived from the wild-type strain BP264 (P.nsas-lacZ),
inactivation mutations in cpaA and the promoter of sigG were also observed. CpaAis a
well-studied K*/H" antiporter, and it is highly unlikely to be involved in facilitating the
tolerance of L-asparagine toxicity (Lee et al., 2013; Stulke & Kruger, 2020). However,
further studies in the future may be necessary to fully elucidate its role. On the other
hand, sigG, which encodes the sigma factor SigG, aids RNA polymerase in transcribing
sporulation genes during the late forespore phase (Wang et al., 2006). The correlation
between SigG and tolerating toxic levels of L-asparagine can be excluded due to the
different phases of expression and growth of the host bacteria.

As afinal conclusion depicted in Fig. 28B, it can be inferred that the inactivation mutation
in azlB, resulting in continuous expression of the azICD operon, not only facilitates the
detoxification of L-histidine by exporting it to the extracellular space, as previously
reported, but also assists in detoxifying high concentrations of L-asparagine. This is
because AzICD functions as a broad-spectrum amino acid exporter. Conversely, the
inactivation of AimA, observed in several suppressor mutants as a means to tolerate
toxic levels of L-asparagine, serves to reduce the import of L-asparagine through a non-
specific or promiscuous amino acid transporter. These findings have been reported in
recently published collaboration with Jorg Stllke's group (MeiBner et al., 2024).
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Table 20. Identified mutations in the BP264, BP269 (ansAB) and BP386 (gltAB ansAB)
on LB and SM plates supplemented with asparagine (0.5% and 0.25% w/v) by NGS

Strain Mutant Parental Phenotype Affected gene, Amino acid
strain mutations exchanges, effect

on the protein

BP387 S3 BP386 (gltAB Growthon  srfAA AG9236- SrfAA is deactivated,
ansAB Pansas- SM+Asn 10764A, SrfAB is not
lacZ) srfAB AA1-T9059, synthesized, AzIB

azlB T194G, 165S, changed ReoM
Preor C-44T expression?

BP388 S5 BP386 (gltAB Growthon  azlBT194G, AzIB I165S, YrhJ
ansAB Pansas- SM+Asn yrhJ C461T, T154M, changed
lacZ) Preom C-44T ReoM expression?

BP389 S7 BP386 (gltAB Growthon azIBT194G, AzIB 165S, changed
ansAB Pansas- SM+Asn Preom C-44T ReoM expression?
lacZ)

BP390 S14 BP386 (gltAB Growth on  58.8 Kbp deletion AimA is not
ansAB Papsas- SM+Asn N225622-284415 synthesized,
lacZ) including aimA, AzIB is deactivated,

azlB A139G, Preom changed ReoM
C-44T1 expression?
BP391 S1 BP269 (ansAB) Growthon aimA +CTA194, AimA is deactivated,
LB+Asn yetl G287T YetL AS6E
BP392 S2 BP269 (ansAB) Growthon aimA+G213 AimA is deactivated
LB+Asn

BP393 S1 BP264 (P.nsas- Growthon malP A194C, MalP Q65P, Changed
lac2) LB+Asn Psigc G+78A SigG expression?

BP394 S2 BP264 (P.nsas-  Growthon  cpaA +T153, CpaA is deactivated,
lac2) LB+Asn malP +A1571 MalP is deactivated
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Figure 28. Asparagine detoxification via mutation in az(B and aimA.

A) B. subtilis strain wild-type BP264 (P.nsas-lacZ), BP269 (ansAB), and BP386 (gltAB ansAB
Pansas-lacZ) were cultivated overnight, washed twice, and then propagated on LB and SM
minimal medium supplemented with 0.25% and 0.5% (w/v) L-asparagine. The cultures were
then incubated for 7 days at 37°C. B) Schematic illustration depicting mutations in az(B and
aimA, which contribute to the tolerance of toxic levels of L-asparagine.

Adaptation of the gltAB ansAB mutant to toxic levels of L-histidine

Another amino acid with surprising results was L-histidine Fig. 25. Previous research and
the catabolic pathway discussed in the introduction section indicate that B. subtilis can
uptake L-histidine from the environment via histidine permease HutM and degrade it to
L-glutamate through the enzymatic reaction of four enzymes: HutH, HutU, Hutl, and
HutG, encoded by genes located in a single operon, hutHUIG, controlled by
transcriptional antiterminator HutP (Wray & Fisher, 1994; Bender, 2012). Therefore,
cultivation of the double deletion strain BP280 (gltAB ansAB) in a minimal medium
supplemented with L-histidine would be expected to result in growth. However, as
shown in Fig. 25, this was not the case.

To investigate this further, it was decided to determine if L-histidine could serve as the
sole source of carbon and nitrogen and restore growth to the glutamate auxotroph strain
BP280 (gltAB ansAB). Initially, BP280 (gltAB ansAB) and wild-type SP1 were incubated
overnight in 4 ml LB broth. The following day, after washing the cells twice, they were
inoculated into two different minimal media supplemented with L-histidine at a final
concentration of 0.5% (w/v). In one medium, histidine was the only source of nitrogen,
while in the other, histidine served as the sole source of carbon and nitrogen. The growth
of both strains was monitored in both media for 48 hours at 37°C.
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In the medium containing glucose (Fig. 29A), L-histidine was solely required as a nitrogen
source. Consequently, the wild-type strain began to grow immediately. However, after
approximately 25 hours of incubation, BP280 underwent mutation and suddenly initiated
growth, unlike in the medium where L-histidine was expected to serve as both a carbon
and nitrogen source, in which BP280 did not grow in 48 hours of the test at all (Fig. 29B).
SP1 was indeed capable of growth without glucose supplementation but exhibited initial
struggle, possibly indicating the emergence of suppressor mutants adapting to the L-
histidine concentration of 0.5% (w/v) after about 12 hours and ultimately failing to reach
high levels of growth (Fig. 29B).

A + Histidine + Glucose B + Histidine

—- SP1

BP280 (gltAB ansAB)

ODggy
ODggo

0.09 4 0.09
0 10 20 30 40 50 0 10 20 30 40 50

Time [h] Time [h]

Figure 29. Growth experiment in minimal medium supplemented with L-histidine.
Wild-type SP1 and BP280 (gltAB ansAB) were cultivated for 48 h at 37°C in SM
minimal medium supplemented with A) glucose and L-histidine (0.5% w/v) and B)
only L-histidine (0.5% w/v). Each experiment was independently repeated as
triplet (N = 3).

Determination of L-histidine toxicity level in minimal medium

Previous experiment raises the question of whether the wild type and gltAB ansAB strains
are capable of utilizing L-histidine as a nitrogen source but not as a carbon source until
mutation occurs. To address this question, it was necessary to evaluate the toxicity level
of L-histidine in the minimal medium. Subsequently, conducting long-term growth
experiments on solid media and isolating potential suppressor mutants would likely
provide insights and answers to the question at hand.

After incubating overnight in LB liquid and washing twice with saline solution, cells of SP1
and BP280 (gltAB ansAB) were cultured in SM minimal medium supplemented with a
spectrum of L-histidine concentrations ranging from 0 to 1.0% (w/v), both with and
without glucose. The growth experiment was conducted at 37°C for 48 hours.

Results clearly indicated that as the concentration of L-histidine in the media increased,
SP1 exhibited a longer lag phase regardless of the presence of glucose. However, when
grown with glucose, SP1 was able to reach the log phase and achieve higher ODgo values
more quickly. Interestingly, even at the lowest L-histidine concentration, 0.005% (w/v),
SP1 demonstrated growth, but delays in growth were observed at concentrations of 0.5%
and 1.0% (w/v), possibly due to the emergence of suppressor mutants (Fig. 30).
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Analyzing the growth curve of BP280 (gltAB ansAB) revealed that without glucose
supplementation, L-histidine could not serve as both a carbon and nitrogen source for
the bacteria. Minimal growth was observed within 48 hours of incubation, suggesting that
this strain either cannot effectively uptake and utilize L-histidine as a carbon and nitrogen
source, or the uptake and degradation processes are insufficient to support growth (Fig.
30B). Conversely, when L-histidine served as the sole nitrogen source, the growth curves
of BP280 remained relatively constant at concentrations higher than 0.005% (w/v), with
no significant differences observed (Fig. 30B). This suggests that the process of releasing
the amino group from L-histidine during catabolism is more efficient, and that glucose is
a superior carbon source compared to L-histidine.

SP1 in + Histidine + Glucose SP1 in + Histidine
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BP280 in + Histidine + Glucose =— 0.25% BP280 in + Histidine
1.50
= 0.5% 150
—— 1.0%
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Figure 30. Assessment of histidine toxicity level minimal medium. Growth
experiment with wild-type SP1 and BP280 (gltAB asnAB) at 37°C for 48
hours in SM minimal medium supplemented with histidine at the final
concentration of 0%, 0.005%, 0.05%, 0.1%, 0.25%, 0.5%, 1.0% (w/v), A)
with glucose; and B) without glucose. Each experiment was independently
repeated as triplet (N = 3).

Mutations in gudB and hutP are responsible for tolerating the toxicity of histidine

Based on the preceding experiment, it became evident that both strains of B. subtilis,
namely SP1 (wild type) and the glutamate auxotroph BP280 (gltAB ansAB), which exhibits
genetic stability, are capable of generating suppressor mutants to thrive in liquid minimal
medium supplemented with 0.5% (w/v) L-histidine (Fig. 29, Fig. 30). To isolate these
suppressor mutants, each strain was cultured separately on plates of SM minimal
medium supplemented with L-histidine at a final concentration of 0.5% (w/v), both with
and without glucose. Incubation of the plates was conducted at 37°C for 7 days to allow
for the emergence of mutant colonies.
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Following the 7-day incubation period, it was observed that while SP1 produced mutants
in the form of conspicuously large colonies on SM medium containing L-histidine and
glucose, on the SM plates supplemented solely with L-histidine, a bacterial lawn
developed without the formation of distinct colonies. Consequently, it was only feasible
to isolate colonies from the glucose-containing medium (Fig. 31A). Conversely, BP280
yielded suppressor mutants on both media, with and without glucose, albeit in
significantly fewer numbers compared to SP1. It is noteworthy that the BP280 mutants
appearing on the SM plates containing only L-histidine as the sole source of carbon and
nitrogen exhibited diminutive size. Furthermore, upon isolation and subsequent
recultivation on the same medium, suppressor mutants displayed poor growth.
However, after an extended incubation period, it became evident that these mutants
were unstable and gave rise to forward mutants. Four of these forward mutants were also
isolated, and intriguingly, they exhibited robust and stable growth on the same medium
(SM + histidine) in comparison to their parental strain (Fig. 31A).

After isolation of the emerged colonies from the suppressor mutants, following three
rounds of propagation to ensure the purity of the mutants, cDNA from two suppressor
mutants in each case was extracted and subjected to next-generation sequencing (Tab.
21).

Table 21. Identified mutations in the SP1, and BP280 (gitAB ansAB) on SM plates
supplemented with L-histidine (0.5% w/v) by NGS

Strain Mutant Parental Phenotype Affected gene, Amino acid
strain mutations exchanges, effect
on the protein
BP581 H2 SP1 (wild type) Growth on yhxA -T346, cwlO YhxA is deactivated,
SM+His+Glc G535A, CwlO E179K,
hutP C174T HutP (no effect)
BP582 H4 SP1 (wild type) Growth on yhxA -T338, YhxA is deactivated,
SM+His+Glc hutP C174T HutP (no effect)
BP583 E1 BP280 (gltAB Growth on ansR C107A, AnsR is deactivated,
ansAB) SM+His+Glc hutP C174T HutP (no effect)
BP584 E4 BP280 (gltAB Growth on ansR C107A, AnsR is deactivated,
ansAB) SM+His+Glc hutP C174T HutP (no effect)
BP585 D3 BP280 (gltAB Growth on Pppsa C+81T, Changed PpsA
ansAB) SM+His ansR C107A, expression?, AnsR is
hutP C174T deactivated, HutP
(no effect)
BP586 D4 BP280 (gltAB Growth on ansR C107A, AnsR is deactivated,
ansAB) SM+His hutP C174T HutP (no effect)
BP587 FD2 BP280-D2 Growth on Pppsa C+81T, Changed PpsA
(gltAB ansAB)  SM+His ansR C107A, expression?, AnsR is
hutP T162C, deactivated, HutP

gudB AG279-C287

(no effect), Synthesis
of GudB1
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BP588 FD4 BP280-D4 Growth on rpoC C3038T, RpoC A1013V,
(gltAB ansAB)  SM+His Psiian C+415T, Changed SrfaA
ansR C107A, expression?, AnsR is
hutP C174T, deactivated, HutP
gudB AG279-C287  (no effect), Synthesis
of GudB1

Interestingly, all the suppressor mutants, derived from different parental strains, showed
single point mutation C174T in hutP gene except mutant strain BP587, which showed
mutation in the same gene but different position (T162C).

Surprisingly, based on the codon sequence table, none of these mutations in hutP have
any effect on the final expressed protein but still cannot be easily excluded because the
mutation could possibly affect RNA stability and thus HutP synthesis. Also, HutP is an
RNA-binding protein that exists as a hexamer and binds to cis-acting regulatory
sequences of the transcript in response to the presence of L-histidine and Mg?*. The
mechanism of HutP acting model proposed in which HutP prevents the transcription
termination of the hut operon by binding to the anti-terminator on the hut mRNA, thus
stabilizing the anti-terminator, which then inhibits the formation of the downstream
terminator (Oda et al., 2000). Given that the anti-terminator sequence resides upstream
of the hutP gene, it is plausible to assume that a single point mutation in hutP could
potentially affect the structural formation of the anti-terminator. Consequently, this
could facilitate or hinder the read-through of RNA polymerase and transcription of the
entire upstream hut operon. Given that glucose is a preferred carbon source of B. subtilis
and many other bacteria, the hut operon is subject to carbon catabolite repression (CCR)
by CcpA (Wray & Fisher, 1994). Therefore, the point mutations identified in suppressor
mutants BP581 to BP584 (Tab. 21), which exhibit growth on SM minimal medium
supplemented with L-histidine and glucose, where the hut operon is already repressed,
can theoretically be interpreted as facilitators or enhancers of hut operon expression.
This enhanced expression could lead to increased uptake of L-histidine, which serves as
the sole source of nitrogen in this condition. Additionally, the emergence of suppressor
mutants BP585 to BP588 on SM medium supplemented solely with L-histidine as the
sole source of carbon and nitrogen can be viewed as secondary evidence supporting the
necessity for L-histidine uptake, which is likely augmented by the point mutation in the
hutP gene.

Forward mutant strains BP587 (FD2) and BP588 (FD4), derived from BP280-D2 (not
sequenced, only depicted in Fig. 31A) and BP586 (D4), respectively, exhibit a 9-bp
deletion (AG279-C287) in the gudB gene encoding GDH, GudB, leading to its decryption
into a functional variant, GudB1 (Belitsky & Sonenshein, 1998; Gunka et al., 2012; Gunka
& Commichau, 2012), alongside an apparent nonsense mutation in hutP. The
comparison of the increased stability and faster growth rate observed in BP587 and
BP588 compared to their parental strain on minimal medium plates suggests that the
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mutation in hutP, although not resulting in any alteration to the protein product, likely
influences the expression of the hut operon. This modulation appears to enhance the
expression of the entire hut operon by affecting the stabilization of the anti-termination
structure, thereby shifting it from a stable to an unstable state. Consequently, this
instability leads to higher expression levels of the entire hut operon (Fig. 31A). Also, the
uptake of L-histidine, in order to be used as the only source of carbon and nitrogen, may
increase due to the higher expression level of histidine permease HutM. Furthermore, in
the subsequent genomic adaptation level, in the forward mutants BP587 (FD2) and
BP588 (FD4), the decryption of GudB facilitates the degradation of accumulated L-
glutamate resulting from L-histidine catabolism via HutHUIG, thereby channeling it into
the TCA cycle as 2-oxoglutarate. This process aids in the detoxification of L-glutamate
accumulation arising from elevated L-histidine concentrations (Fig. 31B). Notably, it has
been previously reported that the function of GDH, GudB is essential for facilitating the
growth of B. subtilis NCIB 3610 in minimal media wherein L-histidine or other amino
acids metabolized through glutamate, serve as the sole carbon source. (Jayaraman et
al., 2022).

To assess the impact of the observed point mutations in hutP on the expression level of
the hut operon, a reporter system was devised. This involved placing both the native and
mutated versions of the hutP gene, along with its upstream region (encompassing the
promoter of the hut operon and the region where the terminator stem-loop structure
forms), in front of the lacZ gene within the integrative plasmid pAC5. These constructs
were then introduced separately into the B. subtilis SP1 (wild-type) and the hutP-deleted
strain BP396 (hutP::aphAlll). Subsequently, B-Galactosidase activity, indicative of any
alterations in hut operon expression, could be measured.

To accomplish this, segments comprising the hutP gene and its upstream region
(between hutP and hutH) were amplified via PCR using oligo primers SM76 and SM77,
utilizing cDNA templates from B. subtilis SP1, BP581 (C174T), and BP587 (T162C). These
amplifications were employed to construct plasmids designated as pBP1126, pBP1127,
and pBP1128, respectively. Subsequently, all constructed plasmids were introduced to
B. subtilis SP1 and BP396 (hutP) to construct the final strains BP397 (hutP Phue-hutP-
lacZ), BP398 (hutP hutP°'7¢"-P, »-lacZ), BP399 (hutP hutP%2°)-p, -lacZ), BP578 (hutP-
Phur- lacZ), BP579 (hutP©7"-P, p-lacZ) and BP580 (hutPT'20)-p, «-lacZ). In the next step,
initial B-Galactosidase measurements from all strains growing in SM minimal medium
supplemented solely with L-histidine as the sole source of carbon and nitrogen indicated
the functionality of the system (data not shown). However, further investigations are
warranted to delve deeper into this experiment and narrow down its scope.

In addition to the mutations in hutP and gudB, which exhibit the highest relevance to the
phenotype of the suppressor mutants, whole-genome sequencing has revealed
additional mutations (Tab. 21). Among these, a nucleotide alteration in the ansR gene is
consistently observed in all suppressor mutants derived from BP280 (gltAB ansAB),
resulting in the C-terminal truncation of AnsR and deactivation of the encoded protein.
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However, it is established that AnsR functions as a transcriptional repressor of the ansA-
ansB operon. Given that the ansAB gene is already replaced with an ermC cassette in the
genome of the parental strain BP280, it can be inferred that mutations in ansR do not
exert any discernible effect on the emergence of suppressor mutants.

Furthermore, inactivation mutations in yhxA, which shares similarity with
adenosylmethionine-8-amino-7-oxononanoate aminotransferase, although its precise
function remains elusive, along with amino acid replacements in CwlO, an autolysin
involved in cell wall synthesis, mutations in the promoter site of the ppsA gene encoding
the antibacterial compound plipastatin, single nucleotide changes in the rpoC gene
encoding the RNA polymerase beta' subunit, and mutation in downstream of srfAA,
responsible for the production of surfactin synthetase enzyme, have been identified
through whole-genome sequencing analysis.

In theory, while mutations in hutP and gudB are the primary candidates conferring B.
subtilis with the ability to detoxify L-histidine and utilize it as a sole source of nitrogen or
both carbon and nitrogen, further experimentalinvestigation is warranted to conclusively
elucidate the impact of the remaining mutations.
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Figure 31. L-Histidine detoxification through mutation in hutP and decryptification of gudB.
A) The B. subitilis strains SP1 and BP280 (gl{tAB ansAB) were incubated overnightin LB medium,
followed by two rounds of cell washing and propagation on SM minimal medium plates
supplemented with L-histidine and glucose, as well as plates containing histidine alone. Then,
plates were incubated at 37°C for 7 days. B) Genomic-based schematic illustration of
mutations in hutP and gudB which enable the detoxification of L-histidine and its utilization as
a sole source of carbon or both carbon and nitrogen.
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Amino acids serving as a carbon and nitrogen source for the gltAB
ansAB mutant

Based on previously published studies and growth experiments involving L-arginine and
L-histidine in this investigation (Belitsky & Sonenshein, 1998; Gunka & Commichau,
2012; Jayaraman et al., 2022; Mardoukhi et al., 2024), it has been deduced that in B.
subtilis laboratory strain SP1 or 168, wherein one of the two GDH enzymes is inactivated,
experiences insufficient degradation of L-glutamate, leading to its toxic accumulation
from certain amino acids degradation. Consequently, the reactivation/decryptification
of the gudB gene becomes imperative to alleviate this toxicity. So, it was decided to
engineer two new strains wherein the GDH, GudB, is functional. These strains are
intended to be constructed in the genetic backgrounds of both wild-type SP1 and the
glutamate auxotroph strain BP280 (g{tAB ansAB). Subsequently, all twenty amino acids
can be introduced into minimal medium, and the growth of B. subtilis strains can be
monitored to ascertain their capability to serve as sources of carbon and nitrogen,
thereby supporting bacterial growth.

To construct strains harboring both active GDHs, GudB and RocG, B. subitilis strains SP1
and BP280 (gltAB ansAB) were first incubated overnight in LB medium. Subsequently,
after two rounds of cell washing, the cells were inoculated onto the surface of C minimal
medium plates where L-glutamate served as the sole carbon source. In this setup, L-
glutamate needed to be degraded by GDH into 2-oxoglutarate, which could then enter
the TCA cycle to be used as a carbon source and support bacterial growth. However, the
activity of the GDH, RocG, alone was found to be insufficient for adequate L-glutamate
degradation. Hence, the decryptification of the second GDH gene, GudB1, provides
significant benefits. Strains harboring both active forms of GDH were characterized by
the formation of larger colonies and faster growth on media containing amino acids from
the glutamate family (Belitsky & Sonenshein, 1998; Gunka et al., 2012; Gunka &
Commichau, 2012). Following a 4-day incubation period at 37°C, several colonies
emerged, a subset of which was isolated and subjected to three consecutive rounds of
propagation on the same medium to obtain pure suppressor mutant colonies.
Subsequently, cDNA was extracted from two isolated colonies of each strain. PCR
amplification of the gudB gene was then performed using oligo primers LS64 and MD86.
The PCR products were expected to reveal a 9-bp deletion indicative of gudB
decryptification in the suppressor mutants. Sanger sequencing of the PCR products
confirmed the precise deletion.

In the subsequent step, B. subtilis strains SP1 and BP280, now harboring the functional
GudB1 enzyme, were designated as BP576 (gudB1) and BP577 (gltAB ansAB gudB1),
respectively. Concurrently, their parental strains were included for comparison
purposes. Growth experiments involving all twenty proteinogenic amino acids were
conducted, wherein the amino acids served as the sole source of carbon, nitrogen, or
both. Initially, all four strains were cultured overnight in 4 ml of LB medium. Following
two rounds of washing, the cells were inoculated into SM minimal medium
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supplemented with each of the twenty amino acids individually, at a final concentration
of 0.1% (w/v). Each growth experiment was replicated three times and conducted at 37°C
for 48 hours.

As anticipated, amino acids belonging to the glutamate family consisting L-glutamate,
L-glutamine, L-aspartate, L-proline, and L-arginine, could serve as nitrogen sources for
both the SP1 (wild type) and BP280 (gltAB ansAB) strains when glucose was present in
the media, thereby serving as the nitrogen source (Fig. 32A, C). Furthermore, these amino
acids were capable of supporting the growth of BP576 (gudB7) and BP577 (gltAB ansAB
gudB1) strains when employed as the sole source of carbon. This can be attributed to
the activity of GudB1, which efficiently degrades L-glutamate to a-ketoglutarate (Fig.
32B, D).

In accordance with findings from a previously published study (Jayaraman et al., 2022),
B. subtilis strains harboring both active GDHs, BP576 and BP577, exhibited the ability to
utilize L-histidine as the sole source of both carbon and nitrogen (Fig. 32B, D).
Conversely, their parental strains, SP1 and BP280, were incapable of doing so.

The growth data with L-asparagine, as also depicted in Fig. 27B, further supports the
notion that at a final concentration of 0.1% (w/v), L-asparagine is insufficient to sustain
the growth of BP280 (gltAB ansAB), likely due to inadequate conversion of L-asparagine
to L-aspartate, and subsequently to L-glutamate, or due to an insufficient final pool of L-
glutamate to alleviate glutamate auxotrophy and support growth. Conversely, in the
presence of the active version of GudB (GudB1) in the background of the same strain,
BP577 (gltAB ansAB gudB1) exhibited slight growth when L-asparagine served as the sole
source of carbon or both carbon and nitrogen. This suggests that L-asparagine could be
converted into L-aspartate, and subsequently into L-glutamate, which could then enter
the TCA cycle as a-ketoglutarate, facilitated by the enzymatic activity of GudB1 and RocG
(Fig. 32C, D). It should be mention that, both the wild-type strain SP1 and its derivative
BP576 (gudB1) were able to utilize L-asparagine as a single source of carbon or both
carbon and nitrogen, although the growth rates did not reach high levels (Fig. 32A, B).

Examining the growth graphs of L-cysteine and L-alanine reveals that both amino acids
could sustain the growth of SP1 and BP576 (gudB7) strains as a single source of carbon,
nitrogen, or both carbon and nitrogen (Fig. 32A, B). This suggests a possible mechanism
wherein L-cysteine is taken up by B. subtilis in its cystine form, the oxidized dimer and
more stable variant of cysteine. Subsequently, through the action of an unidentified
enzyme, cystine may be cleaved into two molecules of L-cysteine. These molecules then
undergo enzymatic transformations via O-succinylhomoserine lyase Metl and
cystathionine beta-lyase MetC/PatB, ultimately leading to the synthesis of homocysteine
and later L-methionine. During this process, one molecule of pyruvate and one molecule
of ammonium are released (Auger et al., 2002, 2005; Oudega et al., 1997). Pyruvate can
serve as a source of carbon, while the ammonium group contributes to the nitrogen pool.
However, no growth was observed in the case of glutamate auxotroph strains BP280
(gltAB ansAB) and BP577 (gltAB ansAB gudB®), indicating a lack of capability to convert
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L-cysteine to L-glutamate. This inference is supported by a long-term growth experiment
on SM minimal medium plates supplemented with L-cysteine as the sole source of
carbon, nitrogen, or both carbon and nitrogen in final concentrations of 0.1%, 0.25%,
0.5% (w/v), which did not result in growth or the emergence of suppressor mutants (data
not shown). Similar growth patterns were observed when using L-alanine, suggesting that
the action of L-alanine dehydrogenase Ala releases one molecule of pyruvate and one
molecule of ammonium (Siranosian et al., 1993). These compounds subsequently enter
the TCA cycle and nitrogen pool, supporting the growth of wild-type strains but not the
glutamate auxotroph strains (Fig. 32).

Other amino acids, including L-valine, L-leucine, L-isoleucine, L-lysine, L-serine, L-
tyrosine, L-tryptophan, L-glycine, L-phenylalanine, L-threonine, and L-methionine, were
unable to support the growth of any of the strains when applied as the sole source of
carbon or both carbon and nitrogen. For wild-type strains SP1 and BP576 (gudBT7), it
appears that these amino acids cannot efficiently enter the TCA cycle and be utilized as
a carbon source. In the case of glutamate auxotroph strains BP280 (gltAB ansAB) and
BP577 (gltAB ansAB gudB1), the inability of these amino acids to support growth
suggests that they are not directly or indirectly (but insufficiently) converted to L-
glutamate to alleviate glutamate auxotrophy. It is noteworthy that these amino acids,
except L-serine which seems to be toxic in this concentration, surprisingly could serve
as the sole source of nitrogen for wild type strains when glucose was provided as the
carbon source. This finding presents a challenge, as it implies the presence of enzymatic
activity capable of releasing nitrogen from the amino acids, a phenomenon not reported
in existing literature. Hence, further investigation is imperative to determine whether the
nitrogen source supporting growth originates from the catabolism of the mentioned
amino acids by B. subtilis or results from the breakdown of amino acids in the media due
to pH or temperature changes or other unidentified factors. Clarifying this aspect of the
study and refining its scope in future research is essential.
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Figure 32. Monitoring the growth of B. subtilis SP1 (wild type), BP576 (gudB17), BP280 (gltAB
ansAB) and BP577 (gltAB ansAB gudB1) in minimal medium supplemented with all 20
proteinogenic amino acids, separately. Following overnight incubation in LB medium, cells
were subjected to two rounds of washing and subsequently inoculated into SM minimal
medium supplemented separately with glucose and ammonium, glucose only, and
ammonium only. Additionally, all twenty amino acids were provided each as supplements at
the final concentration of 0.1% (w/v). The growth of the cultures was monitored for 48 hours at
37°C. Each experiment was independently repeated as triplet (N = 3).
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As previously explained, glutamate serves a critical metabolite/substrate in all living
cells as a primary nitrogen donor/an amino group provider, an osmoprotectant, and a
counterion (Magasanik, 2003; Saum et al., 2006; Gunka & Commichau, 2012; Mardoukhi
et al., 2024). Given these indispensable functions, maintaining elevated intracellular
levels of glutamate is essential. This can be achieved either through environmental
uptake, if available, or through biosynthesis via a highly efficient and tightly regulated
pathway. Since the discovery of the responsible gltAB genes, for glutamate biosynthesis
in B. subtilis in 1989 (Bohannon & Sonenshein, 1989), it has been widely accepted that
the GS-GOGAT pathway is the principal and sole route for glutamate biosynthesis in B.
subtilis (Fig. 2; Commichau et al., 2008). This study, however, demonstrates that the
inactivation of the ansR and citG genes or overexpression of ansB gene enables B.
subtilis lacking GOGAT activity to overcome glutamate auxotrophy by re-routing
ammonium assimilation through a non-canonical fumarate-based pathway (Tab. 13, 22;
Fig. 7B; Mardoukhi et al., 2024). Inactivation of ansR results in the de-repression of L-
aspartase ansB gene, while inactivation of ¢citG gene redirects the metabolic flux towards
L-aspartate production, which is subsequently converted to L-glutamate by the
enzymatic activity of aspartate transaminase AspB. Besides, overexpression of the ansB
gene, achieved through the amplification of its copy humber on genome, effectively
counteracts the repressive effects of the ansR regulatory protein. This de-repression
facilitates the robust expression of L-aspartase AnsB, enabling the enzymatic conversion
of fumarate to L-aspartate to proceed efficiently. Then, L-aspartate, as explained above,
will be converted to L-glutamate (Fig. 7B).

A

Canonical glutamate-based 2-Oxoglutarate + NHa* + ATP + NADPH, > Glutamate + ADP + P; + NADP*
ammonium assimilation pathway

Non-canonical fumarate-based Fumarate + 2-Oxoglutarate + NHs* = Glutamate + Oxaloacetate
ammonium assimilation pathway

Figure 33. Ammonium assimilation in canonical and non-canonical glutamate biosynthesis
pathways.

A) In the GOGAT-GS pathway, ammonium is assimilated with 2-oxoglutarate to produce one
molecule of L-glutamate. This process requires energy in the form of ATP and NADPH,. B) In
the AnsB-AspB pathway, ammonium is assimilated with fumarate to generate L-aspartate.
Subsequently, the ammonium group from L-aspartate is transferred to 2-oxoglutarate,
ultimately yielding one molecule of L-glutamate and one molecule of oxaloacetate. Notably,
this pathway does not require energy input.
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Moreover, the inactivation of ansR alone is sufficient to alleviate the aspartate
auxotrophy of an aspB mutant (Mardoukhi et al., 2024). It should be noted that this newly
identified pathway compensates not only for glutamate auxotrophy but also for aspartate
and asparagine auxotrophy. It is plausible to hypothesize that the absence of AnsR alone
permits the growth of the aspB mutant strain, which is an aspartate auxotroph, whereas
overcoming the glutamate auxotrophy in a strain lacking active gltAB genes requires the
combined inactivation of AnsR and CitG. This is likely because the cell demands
significantly less aspartate than glutamate. This hypothesis is supported by the fact that
glutamate is indeed the predominant cellular metabolite in both prokaryotes and
eukaryotes (Bennett et al., 2009).

Numerous studies have demonstrated that when a genetic alteration results in the
glutamate auxotrophy in B. subtilis, the bacterium can adapt genomically to resolve the
issue and restore prototrophy. In 1997, Belitsky and Sonenshein revealed that glutamate
auxotrophy resulting from the inactivation of the gltC gene can be restored by a gain-of-
function mutation in the gltR gene (Belitsky & Sonenshein, 1997). As already explained,
the gltC gene encodes the transcriptional regulator GltC, which is essential for activating
the transcription of gltAB genes in the absence of glutamate (Fig. 3A). Therefore, in the
absence of glutamate and inactive GltC, the active LysR-type transcription factor
GlUR (specifically, GltR24) of unknown function initiates the transcription of gltAB
genes, thereby restoring glutamate prototrophy (Tab. 22; Belitsky & Sonenshein,
1997). Additionally, a 2017 study by Dormeyer et al. demonstrated two alternative
mechanisms in three different classes of mutants by which the same glutamate
auxotrophy, caused by inactivation of the gltC gene, can be restored (Tab. 22). In one
class of mutants, a mutation in the promoter region of the gltAB operon led to GltC-
independent initiation of transcription of the gltAB genes. In the second class of
mutants, they found another gain-of-function mutation in the gltR gene encoding the
transcription factor GltR24. In the third class of mutants, a genome amplification of
the region containing the gltAB genes resulted in an increased copy number of these
genes, despite their poor expression (Dormeyer et al., 2017).

Another example is inactivating mutations in the ccpA gene, which encodes carbon
catabolite control protein (CcpA), result in glutamate auxotrophy in B. subtilis (Reu et
al., 2018). CcpA is crucial in regulating glucose metabolism. In the presence of glucose,
CcpArepresses the GDH, rocG gene, thereby preventing glutamate degradation (Wacker
et al., 2003; Belitsky et al., 2004; Commichau, et al., 2006). However, when the ccpA
gene is inactivated through a mutation or deletion, rocG is de-repressed. The resulting
RocG protein binds to and inactivates GltC, leading to insufficient expression of the glitAB
genes, which are responsible for synthesizing glutamate to support bacterial growth
(Belitsky et al., 2004). Under these conditions, B. subtilis restores glutamate prototrophy
by accumulating mutations in the topA gene, which encodes DNA topoisomerase |
(TopA) (Tab. 22; ReuB et al., 2018). TopA is involved in relaxing negatively supercoiled
DNA behind RNA polymerase (Dasgupta et al., 2020). These suppressor mutations result
in TopA variants with enhanced activity, improving DNA relaxation and reducing
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supercoiling. This enhancement boosts the expression of the gltAB operon, thereby
increasing the production of GOGAT. This adaptation involves a substantial
reorganization of the global transcription network and a re-routing of metabolic
pathways. Ultimately, the expression of the gltAB genes leads to the inactivation of GDH
(ReuB et al., 2018).

Table 22. Mutations compensating for the lack of gltAB expression or gltAB genes.

Genotype parental strain | Suppressor mutations Mechanism of suppression

gltC gltR24 Constitutive gltAB expression
achieved by GltR24

Pgia* Constitutive gltAB expression

due to promoter-up mutation
Amplification of gltAB genes | Increased dosage of gltAB genes

CCpA topA* Constitutive gltAB expression
due to altered DNA topology
gltAB ansR citG Glutamate biosynthesis via

aspartase AnsB and aspartate
transaminase AspB
Amplification of ansB gene | Increased dosage of ansB gene

Wild-type B. subtilis 168 is unable to grow on a minimal medium supplemented with
ammonium and succinate as the sole sources of nitrogen and carbon, respectively. This
condition leads to glutamate limitation, which can eventually be alleviated by
spontaneous inactivating mutations in the rocG gene (Commichau et al., 2007). These
mutations result in the deactivation of the strictly catabolically active GDH, RocG. In
these suppressor mutants, the synthesis of RocG, a glutamate-degrading enzyme, is
halted. Consequently, the transcription regulator GltC can constitutively activate the
transcription of the GOGAT, gltAB genes, thereby restoring glutamate synthesis, refill the
glutamate pool and allowing the bacteria to grow under these restrictive conditions
(Commichau et al., 2007; Commichau et al., 2008; Dormeyer et al., 2017).

As previously noted, when grown in minimal medium supplemented with glutamate or
arginine (amino acids that are part of the glutamate family) as the sole sources of carbon
and nitrogen, B. subtilis 168/SP1 promptly activates the cryptic GDH gene, gudB,
synthesizing the enzymatically active GudB1 (Belitsky & Sonenshein, 1998; Gunka et al.,
2012). The gudB gene is cryptic due to a perfect direct repeat of 9 base pairs (G279-C287)
in its coding sequence, causing a duplication of three amino acids within its active site.
This duplication destabilizes the protein's structure, leading to rapid proteolytic
degradation (Gerth et al., 2008; Gunka et al., 2012). Precise deletion of these 9 base pairs
results in the activation of the gene (Belitsky & Sonenshein, 1998; Commichau et al.,
2006; Gunka et al., 2012; Dormeyer et al., 2017). The reactivated GudB1, alongside the
existing GDH, RocG, facilitates the degradation of glutamate, releasing its amino group
to be used as a nitrogen source and providing the carbon backbone as a-ketoglutarate
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to the TCA cycle for use as a carbon source. Thus, even high concentrations of a critical
metabolite like glutamate, which can be toxic to the cell, can be managed through
genomic alterations in B. subtilis.

Furthermore, a similar decryptification of the gudB gene was observed in another study
involving a B. subtilis strain lacking the rocG gene grown in rich media (Belitsky &
Sonenshein, 1998). In this case, the decryptified gudB gene encodes the functional GDH,
GudB1, which completely compensates for the absence of RocG and prevents the
accumulation of glutamate during growth (Stannek et al., 2015).

Not only B. subtilis, but also other bacterial species like E. coli respond to fluctuations in
glutamate homeostasis at the genomic level. Studies have shown that an E. coli strain
lacking the GOGAT, gltBD genes, is unable to synthesize sufficient glutamate for rapid
growth in a nitrogen-limited medium. However, mutations in the promoter region of the
GDH, gdhA gene, compensate for the deficiency by enhancing the anabolic activity of
GDH, resulting in increased expression. It is important to note that in many bacterial
strains, such as E. coli and C. glutamicum, GDH functions both catabolically and
anabolically in vivo, unlike in B. subtilis (Reitzer, 2003; Yan, 2007).

Rewiring of the metabolism pathways was also reported in the other microorganism. A
recent study conducted in 2022 aimed to investigate potential bypasses for the Embden-
Meyerhof-Parnas (EMP) glycolysis pathway in E. coli (lacometti et al., 2022). By deleting
the enzymes that block the pathway, the researchers identified two alternative routes:
one proceeding via methylglyoxal and the other via serine biosynthesis and degradation.
Furthermore, they demonstrated which of these routes is favored by natural selection.
The results showed that evolved mutants preferentially used the serine shunt (lacometti
et al., 2022). This finding highlights the flexible repurposing of metabolic pathways,
wherein enzymes from different metabolic pathways are recruited to create new
metabolite links, effectively rewiring central metabolism.

Under stressful conditions, bacteria adapt by modulating their cellular metabolism to
mitigate the adverse effects. In E. coli, loss-of-function mutations in specific genes can
enhance ethanol tolerance through metabolic alterations. For example, the inactivation
of the slt gene, which encodes a soluble lytic transglycosylase involved in the recycling
of peptidoglycan, enhances ethanol tolerance by restructuring the bacterial cell wall
(Engel et al., 1991; Goodarzi et al., 2010; Hottes et al., 2013). This demonstrates how
reorganization of metabolic pathways enables cellular adaptation to ethanol-enriched
environments.

One potential solution to compensate for a lesion in a metabolic pathway is enzyme
promiscuity (Khersonsky & Tawfik, 2010). This phenomenon occurs when enzymes
exhibit activities other than those for which they originally evolved. So, enzymatic
reaction that is absent due to a gene deletion can be circumvented by recruiting a
promiscuous enzyme that catalyzes the missing reaction. For example, in B. subtilis, L-
proline, which serves as a building block or compatible solute during osmotic stress, is
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synthesized from L-glutamate through two distinct pathways. One pathway (ProB-ProA-
Prol) operates under non-osmotic stress conditions, while the other pathway (ProJ-ProA-
ProH) is active under salinity stress (Fig. 4; Bremer & Kramer, 2019). In both pathways,
the enzyme glutamate-5-semialdehyde dehydrogenase ProA plays a central and crucial
role. Inactivation of ProA results in strict proline dependency. However, when a ProA-
deficient strain is propagated in minimal medium without any external proline source,
suppressor mutants eventually emerge. These mutants overexpress the rocD gene,
which encodes ornithine transaminase RocD. Interestingly, despite the lack of sequence
similarity between the proA and rocD genes, both enzymes catalyze the same reaction
product (Zaprasis et al., 2014, Stecker et al., 2022).

Another example of enzyme promiscuity in B. subtilis has been observed where the
overexpression of threonine synthase ThrC enables the growth of an ilvA mutant, which
lacks the major threonine dehydratase IlvA (Rosenberg et al., 2016). Due to sequence
homology and similar catalytic mechanisms, it has been suggested that threonine
dehydratase and threonine synthase evolved from a common ancestral enzyme (Parsot,
1986). However, since ThrC possesses only minor threonine dehydratase activity, a B.
subtilis ilvA mutant overexpressing the thrC gene can grow only in the presence of
threonine (Rosenberg et al., 2016).

Another study conducted on Pseudomonas aeruginosa revealed that the loss of a key
enzyme in the TCA cycle, citrate synthase GltA, which typically prevents cell growth, can
be rapidly mitigated through enzyme promiscuity and regulatory network rewiring (Dolan
et al., 2022). P. aeruginosa can swiftly adapt to the loss of GltA function by acquiring
loss-of-function mutations in a transcriptional repressor, leading to the de-repression of
prpC gene and synthesize 2-methylcitrate synthase PrpC, which can substitute for GltA.
The PrpC, an enzyme involved in the propionate pathway, shares significant structural
similarity with GltA. It is noteworthy that P. aeruginosa is known for its exceptional
metabolic flexibility, allowing it to thrive in diverse environments (Dolan et al., 2022). This
metabolic plasticity also contributes to its resistance to antibiotics and drugs targeting
central metabolic pathways, complicating efforts to combat this bacterium (Gil-Gil et al.,
2020; Lopatkin et al., 2021).

Recent advancements in understanding the biosynthesis pathway of vitamin B6 in E. coli,
facilitated by bioinformatics predictions and subsequent experimental validation, have
revealed that overexpression of thiG in a ApdxB mutant effectively suppresses growth
defects observed on minimal medium. Furthermore, mutations in the predicted active
site residues of ThiG abolish this suppressive effect. The enzyme 1-deoxy-D-xylulose 5-
phosphate:thiol sulfurtransferase ThiG is involved in the synthesis of the thiazole moiety
of thiamine, while erythronate-4-phosphate dehydrogenase PdxB catalyzes the second
reaction in the pyridoxal 5'-phosphate (vitamin B6) biosynthesis | pathway (Vander Horn
et al., 1993; G. Zhao et al., 1995). These findings highlight the promiscuous activity of
ThiG, allowing it to compensate for the genetic disruption in the vitamin B6 biosynthesis
pathway (Oberhardt et al., 2016).
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In a study conducted on Acinetobacter baylyi in 2022, the bacterium was engineered to
lack the panD gene, disabling its canonical pathway for synthesizing B-alanine, an
essential precursor for coenzyme A biosynthesis. Novel enzymatic intermediates
synthesized by 2,4-diaminobutyrate aminotransferase Dat and 2,4-diaminobutyrate
decarboxylase Ddc compensated for the lost function of panD gene. Remarkably,
through adaptive evolution, the A. baylyi developed compensatory mechanisms to
reroute this biosynthetic pathway. These changes included mutations that activated
alternative enzymes capable of catalyzing novel steps in B-alanine synthesis. The
adaptations showcased the organism's ability to exploit the inherent flexibility of its
metabolic network, using previously untapped enzymatic functions to bypass genetic
disruptions (Perchat et al., 2022). This work highlights the evolutionary capacity of
bacteria to sustain essential metabolic functions under genetic constraints and
emphasizes the role of enzyme promiscuity in facilitating such adaptations.

In the present study, the results demonstrate that ammonium assimilation for L-
glutamate biosynthesis in B. subtilis is achievable not only through the GOGAT-GS
pathway but also via a non-canonical fumarate-based pathway (Fig. 33; Mardoukhi et al.,
2024). This prompts inquiry into whether the GOGAT-GS pathway predominates in
glutamate biosynthesis across nature and the prevalence of the novel pathway among
other organisms, particularly noting that the non-canonical fumarate-based ammonium
assimilation pathway operates independently of ATP and NADPH, (Fig. 33B). Recent
findings indicate thatin E. coli, similar to B. subtilis, overexpression of native L-aspartase
facilitates ammonium assimilation through the fumarate-based pathway, potentially
substituting for the canonical glutamate-based pathway in GOGAT/GDH-deficient E. coli
strains (Schulz-Mirbach et al., 2022). Furthermore, a 2010 study demonstrated the
viability of a GOGAT/GDH-deficient C. glutamicum strain to grow using glucose and
ammonium as sole sources of carbon and nitrogen, respectively (Rehm et al., 2010).

The remarkable growth capability of the C. glutamicum triple deletion strain gltB gdh
aspA on minimal medium supplemented with glucose and ammonium as the only source
of carbon and nitrogen, respectively, suggests the presence of an additional, yet
unidentified route for glutamate biosynthesis in this organism (Fig. 23). Despite the fact
that L-aspartase AspA, sharing 46.7% overall sequence identity with AnsB from B.
subtilis, is not implicated in the fumarate-based ammonium assimilation pathway, the
possibility of an alternative ammonium assimilation route in C. glutamicum remains
plausible. Alternatively, there may exist other homologous or promiscuous enzymes
capable of assuming the role of AspA in its absence which needs to be discovered.

In this study, employing bioinformatics analysis, | aimed to identify bacterial strains
utilizing the AnsB-AspB pathway for ammonium assimilation (Mardoukhi et al., 2024).
Ultimately, genome data analysis revealed 1,642 genomes lacking GItAB but harboring
homologs of CitG, AnsB, and AspB (Fig. 24B). It would be intriguing to further investigate
experimentally whether the AnsB-AspB pathway serves as the primary glutamate
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biosynthesis pathway in these identified species and how efficient this pathway is in
order to produce glutamate in comparison to the GOGAT-GS pathway.

Considering the energy expenditure associated with the biosynthesis of a single
molecule of L-glutamate via the conventional GOGAT-GS pathway, starting from one
molecule of pyruvate as the initial substrate entering the TCA cycle, as detailed below:

1) Conversion of pyruvate to acetyl-CoA by pyruvate dehydrogenase complex (Patel et
al., 2014):
Pyruvate + CoA + NAD* — Acetyl-CoA + CO, + NADH

2) Conversion of isocitrate to a-ketoglutarate by isocitrate dehydrogenase enzyme
(Singh et al., 2002):
Isocitrate + NAD* — a-Ketoglutarate + NADH + CO,

3) Conversion of a-ketoglutarate to L-glutamate by GOGAT-GS (Gunka & Commichau,
2012; Mardoukhi et al., 2024):
a-Ketoglutarate + NH,* (Glutamine) + ATP + NADPH, — Glutamate + ADP + P; + NADP*

Conversely, for the biosynthesis of one molecule of glutamate via the non-canonical
fumarate-based pathways, starting from one molecule of pyruvate as the initial
substrate, the steps mentioned in 1 and 2 (above) remain consistent. However, the TCA
cycle progresses three steps further to generate fumarate (as the precursor for L-
aspartate which is the ammino doner to synthesis of L-glutamate), as described below:

4) Conversion of a-ketoglutarate to succinyl-CoA by 2-oxoglutarate dehydrogenase
complex (Rex Sheu & Blass, 1999; Blencke et al., 2003):
a-ketoglutarate + NAD* + CoA — Succinyl CoA + CO, + NADH

5) Conversion of succinyl-CoA to succinate by succinyl-CoA synthetase complex
(Blencke et al., 2003):
Succinyl CoA + P; + GDP — Succinate + CoA + GTP

6) Conversion of succinate to fumarate by succinate dehydrogenase complex
(Hederstedt, 2002):
Succinate + FAD — Fumarate + FADH,

From fumarate to L-aspartate and ultimately L-glutamate, there is no additional energy
expenditure involved in the glutamate biosynthesis process (Mardoukhi et al., 2024):

7 and 8) Fumarate + a-ketoglutarate + NH,* — Glutamate + Oxaloacetate

The biosynthesis of one molecule of L-glutamate from pyruvate via the GOGAT-GS
pathway results in the production of 2 NADH, while consuming 1 ATP and 1 NADPH..
Each NADH molecule can subsequently yield approximately 2.5 ATP through the electron
transport chain (ETC) and oxidative phosphorylation (Dill, 1991). Although NADPH; is
primarily generated through other metabolic pathways, such as the pentose phosphate
pathway (PPP), its utilization in this context represents an energy cost, as NADPH; serves
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as a crucial reducing equivalent for biosynthetic reactions (Zamboni, 2003; Shimizu,
2013; Stincone et al., 2015). In many bacteria including B. subtilis, NADPH, is
predominantly produced via the PPP, with an associated indirect ATP cost of
approximately 0.5 ATP per NADPH, molecule synthesized (Zamboni, 2003).

In summary, the net potential ATP yield for the biosynthesis of one molecule of L-
glutamate via the GOGAT-GS pathway is approximately 3.5 ATPs. Conversely, for the
biosynthesis of one molecule of L-glutamate via the non-canonical fumarate-based
pathways, 1 GTP (equivalent to 1 ATP), 3 NADH, and 1 FADH, are produced. The FADH,
molecule further yields approximately 1.5 ATP through the ETC and oxidative
phosphorylation (Lodish, 2013; Shimizu, 2013). This pathway does not incur any
additional energy consumption, leading to a total potential ATP yield of approximately 10
ATP molecules. Overall, a general comparative analysis of ATP synthesis from the
different L-glutamate biosynthesis pathways reveals that the AnsB-AspB pathway is
more energy-efficient than the GOGAT-GS pathway, producing 2.5 times more ATP
molecules (10 ATP versus 3.5 ATP).

This study also reveals that B. subtilis strains relying on the non-canonical fumarate-
based pathway for glutamate biosynthesis exhibit growth defects on both rich medium
and minimal medium supplemented with L-arginine (an amino acid from the glutamate
family) (Fig. 22). This growth inhibition can be mitigated by reducing the uptake of L-
arginine (through deactivation of the arginine transporter RocC), increasing the
degradation of glutamate derived from arginine catabolism (via increasing synthesis of
AspB synthesis), and decreasing flux through the TCA cycle (by inactivating 2-
oxoglutarate dehydrogenase OdhA) (Tab. 19).

Growth experiments with all 20 amino acids in this study demonstrate that amino acids
from the glutamate family including glutamate, glutamine, arginine, proline, and
aspartate can serve as sole nitrogen sources for both wild-type and gltAB ansAB mutant
strains when glucose is present as the preferred carbon source (Fig. 32A, C).
Additionally, these amino acids supported the growth of gudB1 and gltAB ansAB gudB1
strains when used as sole sources of carbon and nitrogen. This growth is attributed to
the activity of GDH, GudB1, which efficiently degrades L-glutamate to a-ketoglutarate,
feeding into the TCA cycle and preventing toxic accumulation of glutamate (Fig. 32B, D).
Moreover, B. subtilis strains with active GDHs, RocG/GudB1, demonstrated the ability to
utilize L-histidine and L-asparagine (albeit to a lesser extent) as sole sources of both
carbon and nitrogen (Fig. 32B, D). In contrast, without GudB1, both amino acids were
toxic to wild-type and gltAB ansAB mutant strains (Fig. 32A, C).

This study also shows that B. subtilis employs novel strategies to combat the toxicity of
certain amino acids. In the case of L-asparagine toxicity, two new approaches were
observed for the first time (Fig. 28): 1) Deactivation of AzIB: This leads to continuous
expression of the azICD operon. The AzICD complex functions as a broad-spectrum
amino acid exporter, capable of exporting not only L-histidine but also L-asparagine to
the extracellular space, thereby detoxifying excessive intracellular concentrations of L-
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asparagine (MeiBBner et al., 2024). 2) Deactivation of AimA: In several suppressor
mutants, the promiscuous amino acid transporter AimA was found to be deactivated. By
reducing the import of L-asparagine, B. subtilis lowers its intracellular concentration,
thereby reducing toxicity (MeiBner et al., 2024).

Regarding L-histidine toxicity, B. subtilis uses two distinct strategies in this study (Fig.
31): 1) Mutation in the hutP gene: This mutation probably alters the regulatory
mechanism of HutP (transcriptional antiterminator of the hut operon), facilitating higher
expression of the hut operon. The enhanced expression may lead to increased uptake of
L-histidine by the histidine permease HutM, allowing L-histidine to serve as the sole
source of carbon and nitrogen in the minimal medium (Oda et al., 2000; Wray & Fisher,
1994). However, this hypothesis requires further experimental validation. 2)
Decryptification of the gudB gene: This leads to the expression of an active version of the
GDH, GudB1 (Commichau et al., 2008; Gunka et al., 2012), which can effectively
degrade the glutamate derived from the catabolism of histidine, thereby mitigating L-
histidine toxicity.

At the beginning of this study, the use of a different minimal medium, CGXIl minimal
medium instead of C-Glc medium, with a much higher concentration of nitrogen source
led to the discovery of the glutamate synthesis pathway through AnsB-AspB (Fig. 15). It
would be intriguing to investigate how this new route could evolve under varying
concentrations of nitrogen sources and demonstrate robust growth under both nitrogen-
limited and nitrogen-excess conditions. Understanding the adaptability and efficiency of
the AnsB-AspB pathway in different nitrogen environments could provide insights into its
evolutionary potential and practical applications in optimizing bacterial growth and
glutamate production. Also, given that the entry points of carbon sources for glutamate
synthesis differ between the two glutamate biosynthesis pathways, GOGAT-GS and
AnsB-AspB, one potential approach could be to test various carbon sources to observe
their effects on the glutamate synthesis yield of the AnsB-AspB pathway. Additionally,
examining the further evolution of this pathway with different carbon sources could
provide valuable insights.

Similar to B. subitilis, in plants, GDHs are not significantly involved in the biosynthesis of
glutamate (Lea & Miflin, 2003; Commichau et al., 2008). Instead, plants possess two
types of GOGATs: one dependent on NADH; and the other dependent on ferredoxin (Fd).
These enzymes play distinct roles in various plant tissues and are expressed during
different phases of growth and development (Suzuki & Knaff, 2005). It has been reported
that under non-photorespiratory conditions, overexpression of the Fd-dependent
GOGAT in Arabidopsis thaliana results in higher synthesis of glutamate and several other
amino acids (Ishizaki et al., 2010). This indicates that manipulating the expression levels
of these enzymes could potentially enhance amino acid production in plants. From the
present study, it is understood that deactivating AnsR in B. subtilis lifts the
transcriptional repression on the ansAB genes (specifically ansB), thereby allowing
ammonium assimilation. In other words, the deactivation of AnsR is crucial for activating
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the new glutamate pathway via the L-aspartase/L-aspartate transaminase-dependent
route (Mardoukhi et al., 2024). One potential experiment could involve deactivating AnsR
in the background of the wild-type strain, thereby activating both glutamate synthesis
pathways. Additionally, placing a high-expression promoter, such as the artificial
promoter P, (Gundlach et al., 2017; Kohm et al., 2023), in front of the ansAB operon
could be explored. By conducting metabolome analysis, it could be determined whether
this genetic modification leads to an increase in glutamate synthesis due to the
importance of glutamate as a major amino group donors for all nitrogen-containing
compounds. It holds significant potential for biotechnological applications aimed at
increasing the production of glutamate. This approach could also offer valuable insights
into the regulation and optimization of glutamate production in B. subtilis due to the fact
that the cell maintains amino acid homeostasis by tightly regulating intracellular amino
acid concentrations. As is well established, the excessive accumulation of certain amino
acids can have toxic effects on the cell (MeiBner et al., 2024; Warneke et al., 2024).
Therefore, it is plausible that B. subtilis employs previously unidentified mechanisms to
counteract the overproduction of glutamate, in addition to the regulatory pathways
already known (Gunka & Commichau, 2012; Mardoukhi et al., 2024). Understanding
these regulatory mechanisms could inform strategies to enhance glutamate production
while preventing toxicity. Additionally, exploring these potential mechanisms could
reveal novel strategies for maintaining cellular homeostasis under conditions of elevated
glutamate synthesis.

One critical avenue for future research is to investigate the activity of the non-canonical
ammonium assimilation pathway in B. subtilis under native environmental conditions
regulated by the nitrogen regulatory system. To explore this, a system could be designed
in which the gltAB genes are replaced with the ansB-aspB operon at their native locus.
This replacement would enable the study of glutamate biosynthesis regulation through a
Pawas-lacZ fusion. By monitoring the expression levels of this reporter, it would be possible
to assess the cellular response to the gene replacement and potential glutamate
limitation. If the ansB-aspB operon fails to fully compensate for glutamate biosynthesis,
the activity of the Pgws-lacZ fusion should increase compared to the wild-type strain. This
is because under glutamate-limited conditions, gltC expression would rise, activating
the Pgws promoter and thereby increasing lacZ expression (Commichau et al., 2008;
Gunka & Commichau, 2012; Mardoukhi et al., 2024). This activity can be quantified using
a B-galactosidase assay, providing a direct measure of the operon's functional efficiency
and regulatory impact (Mardoukhi et al., 2024).

Since the ansB-aspB operon is placed under the control of Pgg, its expression will also
be influenced by environmental conditions. For example, in a medium where glucose is
the sole carbon source, expression of ansB-aspB genes is expected to increase,
promoting glutamate biosynthesis. Conversely, in the presence of glutamate family
amino acids, such as L-arginine, the rocG gene would be expressed. The active GDH,
RocG, could bind to GltC, inhibiting its transcriptional activation of the Pgwus-ansB-aspB
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operon, thereby suppressing glutamate production (Commichau et al., 2006; Gunka &
Commichau, 2012; Stannek et al., 2015).

Moreover, examining this regulatory mechanism in the context of the wild-type strain
versus the B. subtilis SP1 strain, which natively lacks active GudB, could provide
additional insights. In the wild-type strain, where both GDHs, RocG and GudB, are
functional, replacing gltAB with the ansB-aspB operon would remove the repressive
effect of GItA on GudB, potentially resulting in enhanced glutamate degradation.
However, in the B. subtilis SP1 background, where GudB is inactivated, such an effect is
not expected, as RocG would remain the sole active GDH (Commichau et al., 2007;
Gunka & Commichau, 2012; Jayaraman et al., 2022; Mardoukhi et al., 2024).

Based on this rationale, it might be helpful to performe the gene replacement in the SP1
background, where only one functional GDH is present. This approach would simplify the
regulatory network, facilitating clearer interpretation of the non-canonical pathway's role
and the regulatory influence of ansB-aspB under different environmental and metabolic
conditions.

This study suggests that enabling the fumarate-based glutamate biosynthesis pathway
in a gltAB-deletion background requires overcoming the repressive effects of AnsR on
ansAB gene expression. This could be achieved by either deactivating the ansR gene or
amplifying the ansAB locus to bypass AnsR-mediated repression (Mardoukhi et al.,
2024). Therefore, it could be interesting to implement the replacement of the gltAB genes
with the ansB-aspB operon in an ansR-deleted strain. This strategy would eliminate the
repression of ansB expression, facilitating the conversion of fumarate to L-aspartate by
AnsB, and subsequently to L-glutamate by the aminotransferase activity of AspB. This
approach would optimize the utilization of the fumarate-based pathway for efficient L-
glutamate biosynthesis.
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Enzymes
Enzymes Supplier
T4 DNA ligase Thermo Scientific (Germany)
Phusion DNA polymerase Thermo Scientific (Germany)
Lysozyme Merck (Germany)

Restriction endonucleases

ThermoFischer (Germany)

Appendix

Equipment
Device Manufacturer
Synergy H1 plate reader Agilent (USA)
Centrifuge 5424 Eppendorf (Germany)
Thermomixer 5436 Eppendorf (Germany)

Genesys 10S UV-Vis Spectrophotometer

Thermo Scientific (Germany)

T3 Thermocycler

Biometra (Germany)

PowerPac HC

Bio-Rad (USA)

Electronic scale Sartorius universal

Sartorius (Germany)

French pressure cell

G. Heinemann (Germany)

Nanodrop ND-1000

ThermoFischer (Germany)

SDS-PAGE glass plates

Bio-Rad (USA)

Water desalination plant

Commercial systems

System

Millipore (Germany)

Supplier

peqGOLD Bacterial DNA Kit

Peqglab (Germany)

PCR purification kit

Qiagen (Germany)

Monarch Plasmid Miniprep Kit

New England Biolabs (USA)

PageRulerTM Plus Prestained Protein Ladder

Bacterial strains

ThermoFischer (Germany)

Strain Bacterium, mutant Genotype Reference,
construction®

168 B. subtilis trpC2 Laboratory strain
collection

SP1 B. subtilis Prototrophic derivative of strain 168 Richts et al., 2020

GP807 B. subtilis trpC2 gltAB::tet LFH — 168

GP1153 | B. subtilis trpC2 ansAB::ermC LFH — 168

BP234 B. subtilis trpC gltP::cat Wicke et al., 2019

BP261 B. subtilis gltAB::tet cDNA GP807 — SP1

BP262 B. subtilis gltAB::tet amyE::(Pau-lacZ cat) pBP164 — BP261

BP263 B. subtilis amyE::(Pars-lacZ cat) pBP164 — SP1

BP264 B. subtilis amyeE::(Pansas-lacZ aphA) pBP1110 — SP1

BP265 B. subtilis amyE::(Pansas-lacZ aphA) gltAB::tet pBP1110 —» BP261
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BP266 B. subtilis ansR::cat LFH — SP1

BP267 B. subtilis citG::ermC LFH — SP1

BP268 B. subtilis sdhA::aad9 LFH — SP1

BP269 B. subtilis ansAB::ermC cDNA GP1153 — SP1

BP270 B. subtilis aspB::spc LFH — SP1

BP271 B. subtilis amyE::(Pansas-lacZ aphA) ansR::cat cDNA BP266 — BP264

BP272 B. subtilis amyeE::(Pansas-lacZ aphA) citG::ermC cDNA BP267 — BP264

BP273 B. subtilis amyE::(Pansas-lacZ aphA) ansR::cat cDNA BP266 — BP265
gltAB::tet

BP274 B. subtilis amyekE::(Pansas-lacZ aphA) citG::ermC cDNA BP267 — BP265
gltAB::tet

BP275 B. subtilis amykE::(Pansas-lacZ aphA) ansR::cat cDNA BP271 — BP272
citG::ermC

BP276 B. subtilis amyE::(Pansas-lacZ aphA) ansR::cat cDNA BP273 — BP274
citG::ermC

BP277 B. subtilis gltAB::tet amyE::(Pansas-lacZ aphA) cDNA BP268 — BP276
ansR::cat citG::ermC sdhA::aad9

BP278 B. subtilis gltAB::tet amyE::(Pansas-lacZ aphAlll) | cDNA BP270 — BP276
ansR::cat citG::ermC aspB::aad9

BP279 B. subtilis amyE::(Pansas-lacZ aphA) aspB::spc cDNA BP270 — BP264

BP280 B. subtilis gltAB::tet ansAB::ermC cDNA BP269 — BP261

BP281 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36 citG +G917

BP282 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR A2456934-2457298

BP283 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36 citG C1226A

BP284 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36

BP285 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36

BP286 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36

BP287 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
Pansas(G-10A) citG T876A

BP288 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36

BP289 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36 citG A3390211-3390276

BP290 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR +A36

BP291 B. subtilis amyE::(Pansas-lacZ aphA) ansR::cat cDNA BP270 — BP275
citG::ermC aspB::aad9

BP292 B. subtilis amyE::(Pansas-lacZ aphA) ansR::cat cDNA BP270 — BP271
aspB::spc

BP293 B. subtilis amyE::(ansR-Pansr-lacZ aphA) pBP1111 — BP266
ansR::cat

BP294 B. subtilis amyE::(ansR-Pansr-lacZ aphA) pBP1111 — BP261
gltAB::tet

BP295 B. subtilis amyE::(Pansas-lacZ aphA) ansR::cat BP271 + pGP873
ansRermC

BP296 Suppressor of BP279 | amyE::(Pansas-lacZ aphA) aspB::spc Selection
citG C686T ansA T43A

BP297 Suppressor of BP279 | amyE::(Pansas-lacZ aphA) aspB::spc Selection

citG C312G ansA T43A
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BP298 Suppressor of BP265 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
citG A1033T 25.2 kbp amplification
including ansAB

BP300 B. subtilis amyE::(Pansas-lacZ aphA) ansR::cat BP271 + pBQ200
ermC

BP364 Suppressor of BP261 | gltAB::tet ansR T302C 10.7 kbp Selection
deletion including citG

BP365 Suppressor of BP261 | gltAB::tet ansR T169C citG AG62 Selection

BP366 Suppressor of BP279 | amyE::(Pansas-lacZ aphA) aspB::spc Selection
ansR C171A

BP367 Suppressor of BP279 | amyE::(Pansas-lacZ aphA) aspB::spc Selection
ansR G3A

BP368 Suppressor of BP279 | amyE::(Pansas-lacZ aphA) aspB::spc Selection
ansR G94C

BP369 Derivative of BP275 amyE::(Pansas-lacZ aphA) ansR::cat Selection
citG::ermC gudB AG279-C287

BP370 Derivatives of BP276 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR::cat citG::ermC gudB AG279-
C287

BP371 Suppressor of BP275 | amyE::(Pansas-lacZ aphA) ansR::cat Selection
citG::ermC 5.2 kbp amplification
including aspB

BP372 Suppressor of BP275 | amyE::(Pansas-lacZ aphA) ansR::cat Selection
citG::ermC 5.2 kbp amplification
including aspB

BP373 Suppressor of BP275 | amyE::(Pansas-lacZ aphA) ansR::cat Selection
citG::ermC rocC C1232T

BP374 Suppressor of BP275 | amyE::(Pansas-lacZ aphA) ansR::cat Selection
citG::ermC rocC + T698

BP375 Suppressor of BP276 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR::cat citG::ermC Puainc (G-63A)

BP376 Suppressor of BP276 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR::cat citG:;:ermC 34.7 kbp
amplification including aspB

BP377 Suppressor of BP276 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR::cat citG::ermC odhA AT175-
A351

BP378 Suppressor of BP276 | amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansR::cat citG::ermC Podna (G-189A)

BP279 B. subtilis gltAB::tet ansR::cat BP261 — BP266

BP280 B. subtilis gltAB::tet ansR::cat citG::ermC BP267 — BP379

BP281 B. subtilis ansR::cat aspB::aad9 BP270 — BP266

BP382 B. subtilis amyE::(ansR-Pansr-lacZ aphA) pBP1111 — SP1

BP383 B. subtilis amyE::(ansR-Pansr-lacZ aphA) cDNA BP270 — BP382
aspB::spc

BP384 Derivative of BP264 amyE::(Pansas-lacZ aphA) Selection

BP385 B. subtilis amyeE::(Pansas- ansR-His(C)-lacZ pBP1120 — BP266
aphA) ansR::cat

BP386 B. subtilis amyE::(PansAB-lacZ aphA) gltAB::tet | pBP1110 — BP280
ansAB::ermC

BP387 Derivative of BP386 amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansAB::ermC srfAA AG9236-10764A
srfAB AA1-T9059 azIB T194G Preom (C-
44T)

BP388 Derivative of BP386 amyE::(Pansas-lacZ aphA) gltAB::tet Selection

ansAB::ermC azIB T194G yrhJ C461T
Preom (C'44T)
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BP389 Derivative of BP386 amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansAB::ermC azIB T194G Pieom (C-
44T)
BP390 Derivative of BP386 amyE::(Pansas-lacZ aphA) gltAB::tet Selection
ansAB::ermC 58.8 kbp deletion
0225622-284415 azIB A139G Preom
(C-44T)
BP391 Derivative of BP269 ansAB::ermC aimA +CTA194 yetlL Selection
G287T
BP392 Derivative of BP269 ansAB::ermC aimA +G213 Selection
BP393 Derivative of SP1 malP A194C Psjgs (G+78A) Selection
BP394 Derivative of SP1 cpaA +T153 malP +A1571 Selection
BP395 B. subtilis ansAB::ermC aspB::aad9 cDNA BP270 — BP269
BP396 B. subtilis hutP::aphA cDNA BKK39340 — SP1
BP397 B. subtilis amyeE::(Prur-hutP-lacZ cat) pBP1126 — BP396
hutP::aphA
BP398 B. subtilis amyeE::(Prur-hutP(C176T)-lacZ cat) pBP1127 — BP396
hutP::aphA
BP399 B. subtilis amyeE::(Prur-hutP(T162C)-lacZ cat) pBP1128 — BP396
hutP::aphA
BP574 B. subtilis amyeE::(Preom-lacZ aphA) pBP1122 — SP1
BP575 B. subtilis amyE::(Preom(C-44T)-lacZ aphA) pBP1123 — SP1
BP576 B. subtilis gudB AC279-G287 Selection
BP577 B. subtilis gltAB::tet ansAB::erm gudB AC279- Selection
G288
BP578 B. subtilis amyeE::(Prur-hutP-lacZ cat) pBP1126 — SP1
BP579 B. subtilis amykE::(Prur-hutP(C176T)-lacZ cat) pBP1127 — SP1
BP580 B. subtilis amykE::(Prur-hutP(T162C)-lacZ cat) pBP1128 — SP1
BP581 Derivative of SP1 yhxA -T346 cwlO G535A hutP C174T | Selection
BP582 Derivative of SP1 yhcX G648A yhxA -T338 hutP C174T Selection
BP583 Derivative of BP280 ansR C107A hutP C174T Selection
BP584 Derivative of BP280 ansR C107A hutP C174T Selection
BP585 Derivative of BP280 Pppsa (C+81T) ansR C107A hutP Selection
C174T
BP586 Derivative of BP280 ansR C107A hutP C174T Selection
BP587 Derivative of BP280 Pppsa C+81T ansR C107A hutP T162C Selection
gudB AG279-C287
BP588 Derivative of BP280 rpoC C3038T Psiaa C+415T ansR Selection
C107A hutP C174T gudB AG279-
C287
BP647 B. subtilis trpC2 recN::ermC LFH — 168
BP1303 | B. subtilis trpC gdpP::spc Schwedt et al., 2023
XL1- E. coli XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17 Stratagene
Blue supE44 relA1 lac [F proAB,
laclgZAM15Tn10 (Tet")]
Wild C. glutamicum - Abe et al., 1967
type ATCC13032
Agdh C. glutamicum Agdh AgltB This study
AgltB ATCC13032
Agdh C. glutamicum Agdh AgltB AaspA This study
AgltB ATCC13032
AaspA
Agdh C. glutamicum Agdh AgltB AaspT This study
AgltB ATCC13032

AaspT
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Primers
Primer | Description® Purpose
FC75 5-CGAGCGCCTACGAGGAATTTGTATCGGAAGTGGC | Construction of the strain GP807
GCGTGAAGTGGATC
FC76 5-GGTTCTGACGGCGCGGGTATC Construction of the strain GP807
FC350 | 5‘-CAGCGAACCATTITGAGGTGATAGGCGGCAATAGT | Amplification of the cat gene
TACCCTTATTATCAAG
FC352 | 5‘-CGATACAAATTCCTCGTAGGCGCTCGGTTATAAAA | Amplification of the cat gene
GCCAGTCATTAGGCCTATC
FC356 | 5‘-CAGCGAACCATTTGAGGTGATAGGGATCCTTTAA Amplification of the ermC gene
CTCTGGCAACCCTC
FC357 | 5‘-CGATACAAATTCCTCGTAGGCGCTCGGGCCGACT | Amplification of the ermC gene
GCGCAAAAGACATAATCG
FC359 | 5‘-CAGCGAACCATTITGAGGTGATAGGGACTGGCTCG | Amplification of the spc gene
CTAATAACGTAACGTGACTGGCAAGAG
FC361 | 5‘-CGATACAAATTCCTCGTAGGCGCTCGGTTTCCACC | Amplification of the spc gene
ATTTTTTCAATTTTTTTATAATTITTIT
FC363 | 5‘-CGATACAAATTCCTCGTAGGCGCTCGGGAACTCTC | Verification of the integration of
TCCCAAAGTTGATCCC the tet gene
KG1 5-CCTATCACCTcaaatggttcgggccgattccgea Construction of the strain GP807
tgcatcatgttc
KG2 5‘-cattcgcggaaggcgecaagctc Construction of the strain GP807
KG28 5-ATGGCTTGGACCCGTTATTGGGG Construction of the strain
GP1153
KG29 5‘-CCTATCACCTCAAATGGTTCGCTGGAGCCAGCCC | Construction of the strain
ATTTTCCCCTTC GP1153
KG30 5-CCGAGCGCCTACGAGGAATTTGTATCGCGGCGCT | Construction of the strain
GATCATCTTGTTGATG GP1153
KG31 5-AAGTCGGCACAACGCCTCCGG Construction of the strain
GP1153
MD56 5‘-AAAGTCGACTTATTGATACTGCTCCAGCTTAGAGA Verification of the integration of
AAAATTGAATG the tet gene
MD119 | 5‘-CCTATCACCTCAAATGGTTCGCTGGACTTAACGAA | Construction of strain BP267
ACGCCATGC
MD120 | 5‘-ACCCGATTCTGTATTTGCCTTCT Construction of strain BP267
MD121 | 5‘-CCGAGCGCCTACGAGGAATTTGTATCGCCGCGTT | Construction of strain BP267
CAAAAGAAACCGT
MD122 | 5‘-AATCACGGGAGGAGACGGA Construction of strain BP267
mls 5‘-CAGCGAACCATTTGAGGTGATAGGGATCCTITAAC | Amplification of the ermC gene
fwd TCTGGCAACCCTC
(kan)
mls rev | 5‘-CGATACAAATTCCTCGTAGGCGCTCGGG Amplification of the ermC gene
(kan) CCGACTGCGCAAAAGACATAATCG
SM1 5-TTTGAATTCGAACTTCCGCTCCTTTTTCACC Construction of pBP1110
SM2 5-TTTGGATCCATACCATGCACCTCTTCACTGTATC Construction of pBP1110,
pBP1111, pBP1120
SM3 5-TTTATGGAATACAGAATTGAACGAGAC Amplification of citG
SM4 5-TTTTACGCCTTTGGTTTTACCATG Amplification of citG
SM5 5-TTTCTAGCGCCCACATCAATTTTGGC Construction of strain BP266
SM6 5-TTTTCTTCGCCTTCTTCAAGACATTG Construction of strain BP266
SM7 5‘-CCTATCACCTCAAATGGTTCGCTGGAACTTCCGCT | Construction of strain BP266
CCTTTTTCACCTTGAG
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SM8 5-CCGAGCGCCTACGAGGAATTTGTATCGATCTTTAG | Construction of strain BP266
CTCACGGTTTAATTTTA

SM9 5-TTTTCATCTGGAAAATATCGCGAGCTTGACG Construction of strain BP266

SM10 5-TTTCGCCAAAACATTAACGCTGGACAGAAT Construction of strain BP266

SM11 5-TTTCCACACGGCCGTTAAACAGGG Construction of strain BP267

SM12 5-TTTGCTGGATATTTTTAAGCCGCGCC Construction of strain BP267

SM13 5-CCTATCACCTCAAATGGTTCGCTGTTATGTATCCC Construction of strain BP267
TCCATAACGGTTGCTTC

SM14 5-CCGAGCGCCTACGAGGAATTTGTATCGATAGGAA Construction of strain BP267
GAACGGCTGCTTTTTAAG

SM15 5-TTTTGGTCATATCCTAGCAGGCCTCCG Construction of strain BP267

SM16 5-TTTCGTCCAATTCTCTCATTCTAGATTCACCCT Construction of strain BP267

SM18 5-TTTGGATCCTTAACTCAGTTCCTCCTGTACTITTCTT | Amplification of ansR
TTG

SM19 5-TTTCAAGAGGAAACTTACGGGCGAG Construction of strain BP268

SM20 5-TTTGCGTTCATTTCAATTTCTTTTAGGTTGTC Construction of strain BP268

SM21 5-CCTATCACCTCAAATGGTTCGCTGGATAGCCCCT Construction of strain BP268
CTCCCTCTAGTAAT

SM22 5-CGAGCGCCTACGAGGAATTTGTATCGCCATACGA Construction of strain BP268
TTTATTATCACACGTCAAGATAC

SM23 5-TTTGCTTTTTAAAATAAGAAATCCGCACCTCC Construction of strain BP268

SM24 5-TTTTCACATAGATGCGCAACTCTTCATAAGG Construction of strain BP268

SM25 5-TTTAAATGTGAGCTTGCCCGCAAAAAAG Construction of strain BP270

SM26 5-TTTAGACAAGGGAACGATTATTATATTGGACA Construction of strain BP270

SM27 5-CCTATCACCTCAAATGGTTCGCTGCTTGAACTCC Construction of strain BP270
CCCTAATTCGTCTTAAG

SM28 5-CGAGCGCCTACGAGGAATTTGTATCGACAGATCA Construction of strain BP270
AAAAGCGGCTGACAGAAAAG

SM29 5-TTTTACGTAATTCTTGGGAACGGGGCT Construction of strain BP270

SM30 5-TTTGTGATGAATACCGGTTTGTCATAATGTTC Construction of strain BP270

SM36 5-TTTGAATTCTCATTAACTCAGTTCCTCCTGTACTTTT Construction of pBP1111
CTTTTTGTG

SM37 5-GTAAAACGACGGCCAGTG Check forward pBQ200

SM38 5‘-GGAAACAGCTATGACCAT Check reverse pBQ200

SM40 5-TTTGGATCCATGAATCTAGATCGTTTAACTGAATTG Construction of pBP1112
AGAAAAAAG

SM41 5-TTTAAGCTTTTAACTCAGTTCCTCCTGTACTTTTCTT Construction of pBP1112,
TTG pBP1118

SM42 5-TTTGGATCCATTAAAGAGGAGAAATTAACTAATGAA Construction of pBP1113
TCTAGATCGTTTAACTGAATTG

SM43 5-TTTGGTACCACTCAGTTCCTCCTGTACTTTTCTTTTT Construction of pBP1113
GG

SM44 5-AAAGAATTCTTGACAAGTGAAGGCGCGCTATGCTA | Construction of pBP1116
TAATACAGCTTGGTTTAAAGGAGGAAACAATCATGGTG
AGCAAGGGCGAGG

SM45 5-AAAGGATCCCTACTTGTACAGCTCGTCCATGCCGC | Construction of pBP1116
CGG

SM46 5-AAAGAATTCTTGACAAGTGAAGGCGCGCTATGCTA | Construction of pBP1117
TAATACAGCTTGGTTTAAAGGAGGAAACAATCATGGTG
AGCAAGGGCGAGG

SM47 5-AAAGGATCCTTACTTGTACAGCTCGTCCATGCCG Construction of pBP1117

SM48 5-TTTGTCGACATTAAAGAGGAGAAATTAACTATGAGA | Construction of pBP1118,

GG

pBP1119
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SM49 5-TTTAAGCTTTTAGTGATGGTGATGGTGATGGGTACC | Construction of pBP1119
AC
SM50 5-TTTGAATTCTTAGTGATGGTGATGGTGATGGGTACC | Construction of pBP1120
ACTCAGTTCCTCCTGTAC
SM51 5‘-ATTAAAGAGGAGAAATTAACTATGAGAGGATC Construction of pBP1121
SM52 5-TTTGAATTCTTAACTCAGTTCCTCCTGTACTTTTC Construction of pBP1121
SM53 5‘-GAGTATCAATTAAAGAGGAGAAATTAGAACTTCCG Construction of pBP1121
CTCCTTTTITCAC
SM54 5-TTTAGATCTACCATGCACCTCTTCACTG Construction of pBP1121
SM55 5-TTTGGATCCTTACAGGACAACGTCATCAGC Amplification of the ansA gene
and Pansas
SM56 5-TTTCAATTGGAACTTCCGCTCCTTTTITCACC Amplification of the ansA gene
and Pansas
SM60 5-TTTGAATTCACTTTCTGTTTTGCGAATTTTAACAATTTT | Amplification of the Paus
CG
SM61 5-TTTGGATCCATTTCACAACCCCCAATACAACTTAAC | Amplification of the Paus
AG
SM62 5-TTTCATATTTGATATTGAAAGAAAGAACAACCGC LFH-PCR on the azlB gene
SM63 5-TTTGCGATTTCCACCTTATTACGCCG LFH-PCR on the az(B gene
SM64 5-CCTATCACCTCAAATGGTTCGCTGTTCACAACCCC | LFH-PCR on the azlB gene
CAATACAACTTAACAG
SM65 5‘-CCGAGCGCCTACGAGGAATTTGTATCGGAGGTTGT | LFH-PCR on the az(B gene
TGATTTGAATAAAAATAAAGAATCG
SM66 5-TTTACCAATTCAGGAATGCCATGACTTC LFH-PCR on the az(B gene
SM67 5-TTTCCAATTGCACCAAAACCATATAAACAACG LFH-PCR on the az(B gene
SM68 5‘-AAAGAATTCTTCGCCCATGTAGTGTAGAATGATG Construction of pBP1122,
pBP1123
SM69 5-TTTGGATCCATCGAGCTCACCGTTITTGCACC Construction of pBP1122,
pBP1123
SM70 5-TTTAGGCAACGTGGAAGCAGGAGCAATC Check forward the reoM gene
SM71 5-TTTTCCAGCCCATTTCATCGCTCAGAG Check reverse the reoM gene
SM72 5-AAAGACTTTCTGTTTTGCGAATTTTAACAATTTTCG Check forward the azlB gene
SM73 5-AAAGCTAAATCCCAAAGAATGCATAAAGATC Check reverse the azlB gene
SM74 5-AAAATGGCAGCCGATCGAAACACC Check forward the gudB gene
SM75 5-AAATTATATCCAGCCTCTAAAACGCGAAG Check reverse the gudB gene
SM76 5-AAAGAATTCTTCGTTGTCGGCGTTTTTTAAGATG Construction of pBP1124,
pBP1125, pBP1126, pBP1127,
pBP1128
SM77 5‘-AAAGGATCCGTCACCATAAGCCCAACTCC Construction of pBP1124,
pBP1125, pBP1126, pBP1127,
pBP1128
Tc 5‘-CAGCGAACCATTTGAGGTGATAGGGCTTATCAAC Amplification of the tet gene
fwd1 GTAGTAAGCGTGG
(kan)
Tcrev | 5'-CGATACAAATTCCTCGTAGGCGCTCGGGAACTCT Ampilification of the tet gene
(kan) CTCCCAAAGTTGATCCC
KG201 | 5‘-AAACAATTGAAAGGAGGAAACAATCATGGATTCAAT | Construction of pBP1114
AGAAAAGGTAAGCGAATTTGC
KG208 | 5-TTTAGATCTtcattaCTTGTACAGCTCGTCCATGCCGA | Construction of pBP1114
KG199 | 5-AAACAATTGAAAGGAGGAAACAATCATGGTTTCAAA | Construction of pBP1115
AGGCGAAGAACTGTTTACG
KG206 | 5-TTTAGATCTtcattaCTTATAAAGTTCGTCCATGCCAA | Construction of pBP1115

GTGTAATG
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Plasmids

Plasmid Description Reference, construction

pBQ200

pAC7 For the construction of translational lacZ fusions, Weinrauch et al., 1991
integration into the amyE locus

pAC5 For the construction of translational lacZ fusions, (Martin-Verstraete et al.,
integration into the amyE locus 1992)

pWH844 For the fusion of a His(6) tag to the N-terminus of the Schirmer et al., 1997
expressed protein in E.coli

pBP1110 PAC7::Pansas Mardoukhi et al., 2024

pBP1111 pAC7::ansR-Pansas Mardoukhi et al., 2024

pBP1112 pWH844::ansR This study

pBP1113 pCHis::ansR This study

pBP1114 pAC7::yfp This study

pBP1115 pAC7::cfp This study

pBP1116 pAC7::Pari-mCherry This study

pBP1117 pAC7::Pari-mVenus(SYFP2) This study

pBP1118 pBQ200::RBS-spacer-His(N)-ansR This study

pBP1119 pBQ200::RBS-spacer-ansR-His(C) This study

pBP1120 PAC7::Pansr-ansR-His(C) This study

pBP1121 pAC7::Pansr-RBS-His(N)-ansR This study

pBP1122 pPAC7::Preom This study

pBP1123 PAC7::Preom (C-44T) This study

pBP1124 pAC7::Phur-hutP This study

pBP1125 pAC7::Phur-hutP (C174T) This study

pBP1126 pACS5::Phur-hutP This study

pBP1127 pPACS5::Phur-hutP (C174T) This study

pBP1128 pACS5::Phur-hutP (T162C) This study

pDG647 Template for the amplification of the ermC gene Guérout-Fleury et al., 1995

pDG1514 Template for the amplification of the tet gene Guérot-Fleury et al., 1995

pDG1726 Template for the amplification of the spc gene Guérot-Fleury et al., 1995

pGEM-cat Template for the amplification of the cat gene Laboratory collection

pBP26 For the integration of a constitutively expressed yfp, Gunka et al., 2013
integration into the amyE locus

pBP27 For the integration of a constitutively expressed cfp into | Gunka et al., 2013
the amyE locus

pJGO08 For the integration of a constitutively expressed Greenwich et al., 2019
mCherry into the amyE locus

pJG09 For the integration of a constitutively expressed Greenwich et al., 2019

mVenus (SYFP2) into the amyE locus
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Figure S1. Monitoring the growth of B. subtilis SP1 (wild type) in SM minimal medium
supplemented with L-serine at the final concentration ranging from 0% to 5% (w/v), A) with

glucose and ammonium; B) with glucose;

C)

with ammonium; and D) without

supplementation. Following overnight incubation in LB medium, cells were subjected to two
rounds of washing and subsequently inoculated into SM minimal medium. The growth of the
cultures was monitored for 48 hours at 37°C. Each experiment was independently repeated as

triplet (N = 3).
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Figure S1. Expression analysis of YtoQ proteinin E. coliBL21 on SDS-PAGE.
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Expression levels of YtoQ protein were analyzed using two constructs:
pBP641 (Strep-tagged YtoQ at the N-terminus) and pBP642 (Strep-tagged
YtoQ at the C-terminus). Samples were collected from E. coli BL21 cultures
at various time points—prior to induction (0 h) and post-induction at 1 h, 2
h, and 3 h—to evaluate the temporal expression profile. Visualization
performed on SDS-PAGE 15%, followed by Coomassie staining.

_ kDa

| =270

YtoQ (N - Strep-tag) e
| ~95

Con. = 2.457 mg/ml | .,
~37

A280 = 2.935 -30

A280/280 = 0.54 |
18.8 KDa

YtoQ (C - Strep-tag)
Con. = 2.485 mg/ml
A280 = 3.101

A280/280 = 0.62

17.9KDa

Figure S3. Purification of YtoQ protein by affinity chromatography.

YtoQ protein, expressed with A) an N-terminal Strep-tag (pBP641) or B) a C-terminal
Strep-tag (pBP642), was purified using affinity chromatography. The purified
proteins were subsequently dialyzed overnight against 1,000 volumes of Buffer W
(1x). The purity of the samples was assessed by SDS-PAGE 15%, followed by
Coomassie staining for visualization.
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YtoQ (N - strep)

-2
E]
f wl 294 kDa
310 kDa, 145 kDa ‘
- Octamer
151 kDa ‘
I
I | “
tirme (mind

Normal conformation

Injected mass (ug) CHMCGTated mass (ig) Mass recovery (%)  Mw (kDa)  Injected mass (ug) Calculated mass (ug) Mass recovery (%) Muw (kDa)

M (kDa)

20230421_YTOQ N terminal 151.3 (£0.3%) J112.00 14.91 133 310.5 (£0.1%) 112.00 12.24 109 479.5 (0.0%)
20230421_YTOQ C terminal_Experiment6 \145.3 (£0.1%)/112.00 51.53 46.0 2940 (+0.2%) 112.00 9.94 89 757.1 (£0.2%)
Average 112.00 33.22 29.7 3023 112.00 11.09 99 6183
Standard deviation 42 0.00 25.89 231 1.7 0.00 1.63 15 196.3
% Standard deviation 29 0.00 T1.95 780 3.9 0.00 147 147 317
Minimum 145.3 112.00 1491 133 2940 112.00 9.94 29 4795
Maximum 151.3 112.00 51.53 46.0 310.5 112.00 12.24 109 7571
Peak 3 Peak4
Mw (kDa)  Injected mass (ug) | Calculsted mass (ug) Massrecovery (%)  Mw (kDa)  Injected mass (ug) Calculated mass (ug) Mass recovery (%)

479.5 (+0.0%) 112.00 8.16 73 1153.3 (x0.1%) 112.00 4295 384

757.1 (£0.2%) 112.00 1831 163

618.3 112.00 13.24 18 11533 112.00 42.95 384

19.3 0.00 718 64 n/a n/a n/a nfa

37 0.00 5423 542 nfa n/a n/a n/a

479.5 112.00 8.16 73 11533 112.00 42.95 384

757.1 112.00 1831 163 11533 11200 42.95 384

Figure S4. SEC-MALS Analysis of YtoQ Protein.

Size exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) was
utilized to evaluate the molecular mass, hydrodynamic radius, and interaction properties of
the YtoQ protein. A total of 500 g of purified YtoQ protein was analyzed from two constructs:
A) YtoQ with an N-terminal Strep-tag and B) YtoQ with a C-terminal Strep-tag. The experiments
were conducted using a SEC-MALS-HPLC system with Buffer W (1x) as the mobile phase. The
molecular characteristics were determined by measuring the intensity of scattered light.
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Figure S5. Size Exclusion Chromatography and Fraction Analysis of YtoQ Protein.
Size exclusion chromatography was used to separate fractions of YtoQ protein.
Fraction 14, from both the N-terminal Strep-tagged and C-terminal Strep-tagged
constructs, was identified as the octameric and native functional form of the

YtoQ protein.
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Peak 1

| Mw (kDa)  Injected mass (ug) Calculated mass (ug)
{ ‘ 20230504_YTOQ N-terminal 14 |139.5 (+0.2%) 0.00 15.30
/ ‘ 20230504_YTOQ C-terminal 14 | 136.8 (£0.1%) 0.00 227
' N ‘ \ Average 138.1 0.00 23.78
‘ A ’ Standard deviation 20 0.00 1199
| \‘-\ | \ % Standard deviation 14 n/a 5043
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Figure S6. SEC-MALS Analysis of Fraction 14 (Octameric YtoQ Protein).

Fraction 14, representing the octameric form of the YtoQ protein, was analyzed using SEC-
MALS to confirm its molecular mass. Both N-terminal Strep-tagged (pBP641) and C-terminal
Strep-tagged (pBP642) constructs were assessed to provide a second validation of the
molecular mass of the correctly assembled octameric format. Additionally, fraction 14 from
both constructs was resolved on SDS-PAGE to evaluate protein purity and confirm the

expected molecular weight.
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Figure S7. Identification of Potential YtoQ Interaction Partners Using B. subtilis Crude Extracts.
A total of 200 pL of fraction 14, containing the N-terminal Strep-tagged variant of YtoQ protein,
was mixed with 15 mL of cell-free crude extracts from B. subtilis SP1. The mixture was
incubated at 37°C for 30 minutes. After incubation, the samples were subjected to SDS-PAGE
analysis and visualized using silver staining to identify potential interaction partners of the YtoQ

protein.
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