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A ABSTRACT

A Abstract

Escherichia coli is a highly adaptable bacterium, which can utilize diverse carbon and nitro-
gen sources. In aerobic growth, the L-Asp transporter DcuA and the aspartate ammonia-
lyase AspA catalyze a collaborative nitrogen shuttle in which L-Asp is transported into the
bacterial cell and directly deaminated to form ammonium and fumarate. Ammonium is
assimilated in the GS-GOGAT pathway, while fumarate is exported. In anaerobic growth,
fumarate can be used to drive fumarate respiration, which transforms L-Asp to an electron
acceptor and nitrogen source, emphasizing the importance of L-Asp. AspA was stimulated
by GInB saturated with either 2-oxoglutarate and ATP, a bound UMP, or both. GInB stimu-
lates AspA deamination activity twofold, providing ammonium under nitrogen-limited
conditions to supply the bacterial cell with a nitrogen source. The DcuA-AspA-GS-GOGAT
pathway is able to produce L-Asp, L-GlIn, L-Glu, and ammonium, which completely satisfies
the nitrogen requirement of E. coli. L-Asp was found in millimolar concentration in the
mouse intestine, which highlights its physiological relevance.

DctA is an aerobic Cy-dicarboxylate transporter which has a high affinity for succinate.
Reporter gene assays of aspAp and dctAp expression, demonstrated a high sensitivity of the
expression to the presence of different carbon sources, such as sugars, sugar alcohols, and
Cs-dicarboxylates. CAMP-CRP fine-tunes the expression of genes involved in the catabolism
of substrates other than glucose, including aspA and dctA, in response to carbon availability.
Bioinformatics revealed a mutation of the CRP-binding site in the dominant first half site of
dctAp, explaining the higher repression in the presence of glycerol and D-xylose. In addition,
DctA showed interaction with EIIA®" of the glucose:phosphotransferase system, which is
supposed to inhibit Cs-dicarboxylate uptake in aerobic growth when upper and lower
glycolytic substrates are available.

Enzymes that catalyze sequential reactions in metabolic pathways can be organized into
sequential complexes (‘metabolons’) capable of channeling metabolic intermediates and
increasing metabolic efficiency. Interaction between DcuA-AspA, DcuB-AspA, and DcuB-
FumB was demonstrated and was suggested to drive nitrogen assimilation and fumarate
respiration.

The sensor histidine kinase DcuS was modeled using various bioinformatic tools to investi-
gate the interaction between the DcuS linker region and DctA helix 8b. The interaction
model postulated a salt bridge between two residues to stabilize the interaction. In addition,
the DcuS model, multiple sequence alignment, and current research indicated an L-Proline

hinge in the N-terminal a-helix of the cytoplasmic PAS domain.
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B ZUSAMMENFASSUNG

B Zusammenfassung

Escherichia coli ist ein anpassungsfahiges Bakterium, das verschiedene Kohlenstoff- und
Stickstoffquellen verwerten kann. Bei aerobem Wachstum katalysieren der L-Asp-Trans-
porter DcuA und die Aspartase AspA einen Stickstoff-Shuttle, bei dem L-Asp in die Bakte-
rienzelle transportiert und direkt zu Ammonium und Fumarat deaminiert wird. Ammonium
wird Uber den GS-GOGAT-Weg assimiliert, wahrend Fumarat exportiert wird. Bei anaero-
bem Wachstum wird Fumarat fiir die Fumarat-Atmung verwendet, wodurch L-Asp einen
Elektronenakzeptor (Fumarat) und eine Stickstoffquelle (Ammonium) liefert. AspA wird
durch GInB stimuliert, das entweder mit 2-Oxoglutarat und ATP oder UMP oder beidem
gesattigt ist. GInB steigert die AspA-Desaminierungsaktivitat zweifach, wodurch unter
Stickstoff-limitierten Bedingungen Ammonium bereitgestellt wird, um die Bakterienzelle
mit einer Stickstoffquelle zu versorgen. Der DcuA-AspA-GS-GOGAT-Weg ist in der Lage,
L-Asp, L-GIn, L-Glu und Ammonium zu produzieren, was den Stickstoffbedarf von E. coli
vollstandig deckt. L-Asp wurde in millimolarer Konzentration im Méausedarm gefunden, was
seine physiologische Relevanz unterstreicht. Der aerobe C4-Dicarboxylat-Transporter DctA
hat eine hohe Affinitat fir Succinat. Reportergen-Tests von aspAp und dctAp zeigten eine
hohe Sensitivitat der Expression gegeniiber verschiedene Kohlenstoffquellen. cAMP-CRP
reguliert die Expression von Genen, die am Katabolismus von nicht-PTS Substraten beteiligt
sind, wie im Fall von aspA und dctA. Die bioinformatische Analyse zeigte eine Mutation der
CRP-Bindungsstelle in der dominanten ersten Halbseite von dctAp, was die hohere Repres-
sion in Gegenwart von Glycerin und D-Xylose erklart. Dartiber hinaus zeigte DctA eine
Interaktion mit EIIA®", was vermutlich die Aufnahme von C4-Dicarboxylaten im aeroben
Wachstum hemmt, wenn obere und untere glykolytische Substrate verfiigbar sind. Enzyme,
die aufeinanderfolgende Reaktionen in Stoffwechselwegen katalysieren, konnen in sequen-
tiellen Komplexen (‘Metabolons’) organisiert sein, die eine effiziente Weiterleitung von
Intermediaten und dementsprechend die metabolische Effizienz erhohen. Eine Interaktion
zwischen DcuA-AspA, DcuB-AspA und DcuB-FumB wurde nachgewiesen, die Metabolons
zur effizienten Bildung von Fumarat aus Cs-Dicarboxylaten fir die Fumarat-Atmung
vermuten lasst. Die Sensor-Histidin-Kinase DcuS wurde mit bioinformatischen Methoden
modelliert, um die Interaktion zwischen der DcuS-Linker-Region und der DctA-Helix 8b zu
untersuchen. Das Interaktionsmodell postuliert eine Salzbriicke zwischen zwei Resten zur
Stabilisierung der Interaktion. Das DcuS-Modell, multiple Sequenz-Alignments und experi-
mentelle Daten weisen auf ein L-Prolin-Scharnier in der N-terminalen a-Helix der cytoplas-

matischen PAS-Domane hin.
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1 INTRODUCTION

1 Introduction

Gram-negative and facultatively anaerobic Escherichia coli is a model organism belonging
to the phylum Proteobacteria. E. coli has high adaptability and can obtain energy for growth
from a variety of substrates in the presence or absence of the electron acceptor oxygen.
Efficient utilization of the available substrates requires gene regulation in response to exter-
nal environmental factors. Aerobic and anaerobic respiration or fermentation use electron
acceptors that allow metabolism with significantly different energy yields. Based on the
energy Yield, the expression of the genes of the respective enzymes is regulated hierarchi-
cally (Gunsalus 1992). The ubiquitous electron donor with a low redox potential is hydrogen
(E°®=-0.413 V). Oxygen has the highest redox potential (E°=+0.82 V) and allows the highest
energy yield. In the absence of oxygen, anaerobic respiration uses alternative electron
acceptors according to their redox potential, which in turn defines the energy yield. The
redox potential decreases from nitrate (E°= +0.43 V) to dimethyl sulfoxide (DMSO, E°=
+0.16 V), trimethylamine oxide (TMAO, E°= +0.13 V) and fumarate (E°= +0.03 V).

The regulatory system for the transition between aerobic or anaerobic respiration and fer-
mentation involves the global sensor FNR (fumarate nitrate reductase) and the two-compo-
nent system ArcB-ArcA (anoxic redox control) (Spiro and Guest 1990; Green et al. 1991,
luchi and Lin 1992). ArcB indirectly detects the redox status of the cell via the redox state
of the quinones and represses genes involved in aerobic respiration. FNR is a transcriptional
regulator that controls hundreds of genes, mainly repressing genes involved in aerobic me-
tabolism while inducing genes involved in anaerobic metabolism. FNR is a dimeric protein
containing a [4Fe-4S] cluster that decays to a [2Fe-2S] cluster in the presence of oxygen.
FNR with a [2Fe-2S] cluster loses the ability to dimerize and bind to DNA (Khoroshilova
et al. 1995). Apart from ArcBA and FNR, there are other regulatory mechanisms of alterna-
tive electron acceptors. The two-component systems, consisting of a sensor histidine kinase
and a response regulator, NarX-NarL and NarQ-NarP, stimulate nitrate respiration genes in
the presence of nitrate and nitrite. Both repress genes involved in anaerobic respiration of
alternative electron acceptors (Rabin and Stewart 1993; Stewart et al. 2003). The utilization
of the electron acceptor TMAO is regulated by the two-component system TorS-TorR
(Jourlin et al. 1996). The presence of fumarate is detected by DcuS-DcuR (Cs-dicarboxylate
uptake sensor/regulator), which induces the expression of genes involved in fumarate respi-
ration, such as terminal fumarate reductase and associated transport proteins (Zientz et al.
1998).




1 INTRODUCTION

1.1 Interplay of carbon and nitrogen metabolism

The main objective of carbohydrate metabolism is to provide ATP for energy-dependent
reactions and carbon skeletons for biosynthesis and assimilation purposes. E. coli is a
glycolytic bacterium in which glucose is the preferred substrate. Besides glucose, regulation
Is based on the available carbon source, which is usually organized according to energy
density (Stulke and Hillen 1999; Leuze et al. 2012). The energy density is defined by how
early a carbon source is introduced into the central metabolic pathway (Fig. 1), which
consists of several sections: First, the glycolysis with the main task of hexose degradation.
Glycolysis can be divided into the upper and lower glycolytic pathways, with the fructose-
bisphosphate aldolase reaction representing the boundary. Second, the pentose phosphate
pathway channels pentoses into the upper and lower glycolytic pathways, and third, the
tricarboxylic acid (TCA) cycle, including pyruvate dehydrogenase, which links the reactions
of glycolysis and the TCA cycle. The TCA cycle provides a plethora of precursors for
different biosynthetic pathways. One of the most important intermediates of the TCA cycle
is 2-oxoglutarate (2-OG) (Fig. 1). This substrate is not only a central indicator of the nitrogen
and carbon status of E. coli but also the precursor of nitrogen assimilation and an emerging
master regulator (Yuan et al. 2009; van Heeswijk et al. 2013; Huergo and Dixon 2015).
Nitrogen assimilation revolves around 2-OG and the amino acids L-Glu and L-GIn. All three
substrates have the same Cs-carbon skeleton derived from the TCA cycle. The nitrogen
metabolism is dependent on the carbon metabolism, as this provides the carbon skeleton to
assimilate ammonium. Both metabolisms are very closely linked in E. coli, and accordingly
their regulation, which will be explained in more detail in the following sections. Another
important intermediate is oxaloacetate, which together with PEP can be considered as the
starting point of gluconeogenesis and is crucial for the synthesis of amino sugars for the

lipopolysaccharide layer of the outer membrane in E. coli.
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Glucose 6-phosphate <«
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Glyceraldehyde 3-phosphate <
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Fig. 1: Central metabolic pathway of E. coli. Glycolysis can be divided into the upper and lower
glycolytic pathways, with pentoses being introduced via the pentose phosphate pathway. Phosphoe-
nolpyruvate is the phosphoryl group donor of the phosphotransferase system. The TCA cycle provides
various precursors for nitrogen assimilation (2-oxoglutarate) and gluconeogenesis (oxaloacetate).

Abbreviations: Gluconeo.: gluconeogenesis.
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1.2 C4-dicarboxylate metabolism in E. coli

1.2.1 Aerobic Cs-dicarboxylate metabolism in E. coli

E. coli is a glucophilic bacterium, but can additionally use a variety of different sugars, sugar
alcohols, and Cy-dicarboxylates, such as L-malate, fumarate, succinate, oxaloacetate,
L-tartrate, and L-Asp as an energy and carbon source (Unden et al. 2016). Cs-dicarboxylate

metabolism differs according to oxygen availability.

In the presence of oxygen, Cs-dicarboxylates are transported

inside the bacterial cell and introduced into the TCA cycle ::::,f

of E. coli (Fig. 2) (Maloney et al. 1974). In general, C4-di- tmap' oMl
carboxylates are gluconeogenic substrates and provide little

energy, requiring the pyruvate/phosphoenolpyruvate (PEP) L\ o ylr\’COZ
bypass to serve as a carbon source (Hermsen et al. 2015; TC A“&no2
Surmann et al. 2020). The major aerobic Cs-dicarboxylate l

transporter is DctA at neutral pH and is replaced by DauA n €O, +m[H]

under acidic conditions (pH 5) (Kay and Kornberg 1971; Ja-  Fig. 2: Stylized aerobic
Cs-dicarboxylate metabolism.

nausch et al. 2001; Karinou et al. 2013). In recent years, = Modified according to Unden et
DcuA was identified as the main L-Asp transporter in aero- 2l (2010).

bic growth. DcuA-AspA catalyze a nitrogen shuttle in which L-Asp is deaminated to release
ammonium and fumarate, while fumarate is excreted in an antiport against L-Asp (Fig. 3)
(Strecker et al. 2018). Ammonium is assimilated in the glutamine synthetase (GS, GInA)
glutamine 2-oxoglutarate aminotransferase (GOGAT, GItBD) pathway. Cs-dicarboxylates
are completely oxidized to carbon dioxide in two consecutive TCA cycles. Oxidation of
these substrates produces reducing equivalents in the form of ubiquinol (QH2) and reduced
nicotinamide adenine dinucleotide (NADH), both of which are subsequently used as electron
donors in the aerobic respiratory chain. Succinate has the highest energy yield of the
Cs-dicarboxylates. Immediately after succinate uptake, succinate dehydrogenase oxidizes
succinate to fumarate, producing a QH> (Fig. 3). The oxidation of reducing equivalents is
coupled with the translocation of protons across the membrane, establishing an electrochem-
ical proton motive force. This electrochemical gradient is used to synthesize ATP by ATP
synthase or to drive other proton potential-dependent reactions such as the electrogenic up-

take of Cs-dicarboxylates.
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Fig. 3: Aerobic Cs-dicarboxylate metabolism in E. coli. Abbreviations: Glc: glucose; Gluconeo.:
gluconeogenesis; PEP: phosphoenolpyruvate; Pck: phosphoenolpyruvate carboxykinase; OA: oxalo-
acetate; Lpd/AceFE: pyruvate dehydrogenase; AcCoA: acetyl-CoA; CS: citrate synthase; MaeB:
NADP*-dependent malate dehydrogenase; Mdh: malate dehydrogenase; FUmA: fumarase A; AspA:
aspartate ammonia-lyase; C4-DC: C.-dicarboxylate; Q/QHa: ubiquinone/ubiquinol; Sdh: succinate de-

hydrogenase SAdhABCD.

1.2.2 Anaerobic Cs-dicarboxylate metabolism in E. coli

In the absence of oxygen, Cs-dicarboxylates can be used as the electron acceptor in fumarate

respiration. In general, Cs-dicarboxylates are converted
either directly to fumarate in a one-step reaction or to
fumarate via oxaloacetate (Fig. 4). However, E. coli re-
quires additional substrates such as Hy, glycerol, or glucose
for fumarate respiration. The latter two provide glyceralde-
hyde 3-phosphate and NADH, which is an electron donor
for fumarate respiration (Guest 1979). Fumarate reductase

Succ
Fum

L-Mal L-Tart
D-Mal D-Tart
L-Asp Citrate
l FrdABCD +—MKH,
OAéix ///,———\\\x
Fum Succ

Fig. 4: Stylized anaerobic
Ca-dicarboxylate metabolism.
Modified according to Unden et
al. (2016).
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(FrdABCD) reduces fumarate to succinate with menaquinol as the electron donor. The
fumarate reductase reaction itself does not translocate protons. Due to the absence of
succinate dehydrogenase (SdhCDAB) under anaerobic conditions and the division of the
TCA cycle into the oxidative and reductive branches, succinate is not further metabolized.
Accordingly, succinate is exported as the end product of fumarate respiration (Fig. 5) (Spiro
and Guest 1991, Park et al. 1995; Prohl et al. 1998), preferentially by the succinate exporter
DcuC (Zientz et al. 1996; Zientz et al. 1999). The main anaerobic Cs-dicarboxylate
antiporter for fumarate respiration with externally supplied Cs-dicarboxylates is DcuB, cat-
alyzing a Cs-dicarboxylate:succinate antiport (Engel et al. 1992; Kleefeld et al. 2009).
L-Malate is dehydrated by fumarase B (FumB) to fumarate. L-Asp is deaminated by aspar-
tase (AspA), producing ammonium and fumarate. The main objective of anaerobic Cs-dicar-
boxylate metabolism is the conversion of Cs-dicarboxylates to fumarate (Fig. 5). In aerobic
and anaerobic growth, Cs-dicarboxylates can be used as a carbon source. Anaerobic metab-
olism is optimized to convert Cs-dicarboxylate to fumarate, which drives fumarate respira-
tion (Fig. 4 and Fig. 5) (Unden et al. 2016).

L-Mal
L-Asp
Fum L-Mal Succ
FumB Succ
Succ
Fum H,0 L-Asp
Succ Succ
A A
AspA
NH,*
Fum
+2 H*
<
M, \y)
KHz —ET— N\\L >

Fig. 5: Anaerobic Cs-dicarboxylate metabolism in E. coli. Abbreviations: L-Mal: L-malate; Fum:
fumarate; Succ: succinate; FumB: fumarase B; Frd: fumarate reductase FrdABCD; MKH; mena-
quinol.
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1 INTRODUCTION

1.2.3 Aerobic and anaerobic respiratory chain of E. coli

The main function of central metabolism, consisting of glycolysis and the TCA cycle, is to
oxidize carbon sources to carbon dioxide and provide building blocks for biosynthesis and
reducing equivalents. The most important reducing equivalents are NAD" and ubiquinone
(Q) or menaquinone (MK). NADH+H" and QH2 or MKH; serve as electron donors to drive
electron transport to the terminal electron acceptor to establish an electrochemical proton
motive force across the cytoplasmic membrane. Electron transport is coupled with translo-
cation of protons, against a concentration gradient into the periplasmic space. An electro-
chemical potential is defined by the concentration difference and the charge equilibrium of
the hydrogen protons. The proton gradient is used to drive proton potential-dependent
transport and ATP synthesis. This principle applies to both the aerobic and anaerobic respir-
atory chain (Fig. 6A and B).

Ndh SdhABCD CyoABCD AtpA-H
4 H* 4 H*
4 H*
— AN T+
QH, Q 2Q de
_ | e Q /"gQH2 2 QH, \v
. Nahe B
2H
NADH+H* NAD* 2e 0, 2H,0 l ;
+2H +2H (aTP)
+(p) +H,0
Succ Fum +H'
B +2 H*
NuoA-N FrdABCD HybCOAB AtpA-H
H, 2H*
4 H* 4 H*
2 e
- ) +
| —»MKH, MKH,  MKH ]/
2e P=MK fgwu( MK —4
) C— \ —/ _
2 H* 2 H* 2 H* W
2e
e an
+(p) +H,0
NADH+H* NAD* Fum Succ + H*

+2 H*

+2 H

Fig. 6: Aerobic (A) and anaerobic (B) respiratory chain of E. coli. Abbreviations: Ndh: NADH:quinone
oxidoreductase Il; SAhABCD: succinate dehydrogenase; CyoABCD: cytochrome bos ubiquinol oxidase;
AtpA-H: ATP synthase; e electron; Q/QH.: ubiquinone/ubiquinol; MK/MKH,: menaquinone/mena-
quinol; NuoA-N: NADH:quinone oxidoreductase |; FrdABCD: fumarate reductase; HybCOAB: hydrogen-

ase 2.
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In the presence of oxygen, cytochrome boz oxidase is expressed and reduces O» with four
H* and four electrons derived from two QHp, releasing two H2O molecules. This redox
reaction is coupled to the translocation of eight H™ (Fig. 6A). The electrons originate from
NADH dehydrogenase | and Il (NuoA-N and Ndh) and succinate dehydrogenase
(SdhABCD), which oxidize either NADH or succinate. The electrons are transferred to the
redox mediator ubiquinone (Q), forming ubiquinol (UQH:). Ubiquinol is lipophilic and
therefore can freely diffuse in the cytoplasmic membrane and carry electrons to the
cytochrome boz oxidase (Fig. 6A). Under oxygen-limited conditions, cytochrome bd oxidase
is active, which does not couple the reduction of O to the translocation of protons, but the
redox loop with QH>/Q is still present (Cotter et al. 1990).

Similarly, there are two forms of NADH dehydrogenase NADH-1 (NuoA-N) and NADH-II
(Ndh). NADH 1 translocates four H* per two electrons across the cytoplasmic membrane,
while NADH-I1 does not couple electron transport to proton translocation (Calhoun and
Gennis 1993). NADH dehydrogenase 1 is active in aerobic and fumarate respiration, whereas
NADH dehydrogenase 1l is involved in nitrate and aerobic respiration (Tran et al. 1997).
ATP synthase catalyzes the synthesis of ATP (Fig. 6A and B) by the free energy resulting
from the proton motive force (Senior 1990). The proton motive force generates subunit ro-
tation by driving conformational change at each of the three catalytic sites. This mechanical
force is coupled to the synthesis of ATP, the ubiquitous energy source in all life. During
fermentation, ATP synthase can function as a H* pump which couples the hydrolysis of ATP
with the translocation of protons across the membrane (Trchounian 2004). NADH-I is active
in fumarate respiration, which couples electron transport with proton translocation and
represents the only site for proton translocation in NADH-fumarate respiration (Fig. 6B).
The redox mediator ubiquinone is replaced by menaquinone, which has a more negative
standard redox potential. In addition, a hydrogenase (HybCOAB) that converts molecular
H, into two H* in the periplasmic space reduces MK to MKH>, establishing a proton
gradient. Electrons derived from MKH: are used to reduce fumarate by fumarate reductase
(FrdABCD), producing the end product succinate, which is subsequently exported by Dcu
transporters (Fig. 5 and Fig. 6B).
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1.3 Two-component systems in E. coli

Two-component systems (TCS) consist of a sensor histidine kinase (HK) and a response
regulator (RR). Due to a significant diversity in bacterial and archaeal genomes, TCS and
RR are found in large abundance in sequence databases (Ortet et al. 2015). Furthermore,
TCS are also present in eukaryotes, predominantly in unicellular organisms. They are not

present in the animal kingdom, making TCS an interesting target for antibiotics.

In a prototypical TCS, HK and RR serve as a link between the detection of an environmental
stimulus or a cellular signal and an appropriate cellular response. The communication
between HK and RR is based on a phosphoryl group transfer, whereby the phosphoryl group
of the conserved L-His residue of the HK is transferred to the L-Asp residue of the RR. Some
HKs may also have a phosphatase function that transforms the RR in a dephosphorylated
state under non-inductive conditions (Igo et al. 1989). Due to the great diversity of input
signals and cellular responses, there is a significant variability at the signal input and signal

output domains.

A membrane bound TCS has different domains

for the functions of signal detection, signal trans- ZZ";C;TK PDC
mission, and catalysis (Fig. 7). The sensor do- i
main is located in the periplasm. PDC domains ‘ HAMP/
are characterized according to the sensor domains trar?;iﬁilﬂon STAC
of the sensor-histidine kinases of PhoQ, Dcus, domain F(’;SF/
and CitA (PDC) (Janausch et al. 2002). Mem- e M e
brane bound TCS are anchored in the membrane DHT;:,::M o H {4 e
v
D

by transmembrane helices. On the cytoplasmic

side, signal transduction domains follow, e.g.,

. . . Fig. 7: Model of a prototypical mem-
a HAMP domain, as in the chemotaxis sensor Aer  ,ane bound sensor histidine Kinase.

The course of autophosphorylation and
transphosphorylation is indicated by dot-

main, which is used for signal transmission. In  ted lines. Modified according to Zschie-
drich et al. (2016).

(Garcia et al. 2016) or a cytoplasmic PAS do-

the case of DcusS, the cytoplasmic PAS domain

acts as a signal integration domain that receives input from the sensor domain and the coreg-
ulator (Witan et al. 2012a; Witan et al. 2012b; Monzel et al. 2013). The catalytic domain
(cat. domain) autophosphorylates the DHp domain (dimerization and histidine
phosphotransfer), following the transphosphorylation of the RR (Fig. 7). In some systems,

the kinase domain may have additional phosphatase activity (Casino et al. 2010; Cheung

15



1 INTRODUCTION

and Hendrickson 2010; Zschiedrich et al. 2016). The genome of E. coli encodes 36 two-
component systems (Blattner et al. 1997; Oshima et al. 2002), 21 of which are annotated in

EcoCyc (Keseler et al. 2017) and 14 of which are further characterized.

1.3.1 The Cy-dicarboxylate-sensitive two-component system DcuS-DcuR

The DcuS-DcuR two-component system (TCS) consists of the membrane-anchored sensor
histidine kinase DcuS and the response regulator DcuR. DcuSR controls the expression of
genes involved in the catabolism of Cs-dicarboxylates, e.g., fumarate, L-malate, succinate,
L-tartrate, and L-Asp, in aerobiosis and anaerobiosis. Under aerobic conditions, the expres-
sion of dctA is induced, whereas in absence of oxygen, the expression of frdABCD (fumarate
reductase operon), the citrate-sensitive two-component system citA-citB, and the colocalized
genes dcuB and fumB is stimulated (Fig. 8) (Zientz et al. 1998; Golby et al. 1999; Abo-Amer
et al. 2004; Janausch et al. 2004). The expression of dcuS and dcuR is negatively regulated
by NarX-NarL and positively regulated by cAMP-CRP (Goh et al. 2005; Oyamada et al.
2007). DcuS-DcuR is the only TCS where the HK and RR have independent promoters
(Olivera et al. 2010). DcuS has two coregulators, DctA and DcuB, which convert DcusS to
the Cy4-dicarboxylate-responsive state. Under aerobic conditions, DcuS and DctA form sen-
sor complexes, while DcuB replaces DctA during anaerobic growth. In the absence of coreg-
ulators, DcusS is constitutively active, with DcuR-controlled genes induced in a stimulus-
independent manner (Davies et al. 1999; Janausch et al. 2004; Kleefeld et al. 2009; Witan
et al. 2012a; Steinmetz et al. 2014; Worner et al. 2016). Proteomics and reporter gene assays
revealed additional DcuR targets induced in response to fumarate, such as aspA (Surmann
et al. 2020). C4-dicarboxylates bind to the periplasmic PAS domain (PASp). PASp is mem-
brane anchored by two transmembrane helices (TM1 and TM2). The signal is transduced
across the membrane to the cytoplasmic PAS domain (PASc) which controls the autophos-

phorylation activity of the kinase domain (Fig. 8).

Previous studies have already resolved functional and structural aspects of the signal trans-
duction pathway. One of these was a compaction of the substrate binding pocket of PASp
confirmed by crystallization and NMR studies (Cheung and Hendrickson 2008; Salvi et al.
2017). This compaction is transferred via PASp-06 to TM2 resulting in a piston type
displacement towards the periplasm (Monzel and Unden 2015). The incoming conforma-
tional shift is converted by PASc to a different structural rearrangement, controlling the

kinase activity. Biochemical data revealed that the linker region, connecting TM2 and the
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N-terminal a-helix of PASc, is essential for signal transduction and conversion (Stopp 2021;
Stopp et al. 2021).

Mass spectrometry revealed the cellular concentrations of DcuS, which was present at
approximately 10-20 molecules per cell. The copies per cell of the coregulators DctA and
DcuB significantly exceed those of DcuS (Worner et al. 2017). Both DcuB and DctA had at
least a copy number of 200 molecules per cell, which was increased 12.7-fold and 2.7-fold,
respectively, in the induced state (Worner et al. 2017). For the cellular concentration of
DcuR, copy numbers per genome were also quantified. When E. coli is cultured in LB-me-
dium, DcuR is estimated to reach copy numbers of about 100 molecules per genome
(Ishihama et al. 2014). Considering that E. coli cultivated in LB medium can have approx.
eight fully replicated chromosomes (Liu et al. 2014), it can be assumed that DcuR reaches a

copy number of several hundred copies per cell.

Anaerobic Aerobic

FrdABCD

Fum Succ

— fumB = dcuB
—jrdABCD
—< CitA K citB |—

Fig. 8: Functionality of the DcuS-DcuR two-component system. The PASp domain senses Cs-dicar-
boxylates (red star) in the periplasmic space, resulting in compaction of the binding pocket and subse-
quent conformational changes and structural rearrangements that relay the signal to the kinase domain,
leading to autophosphorylation of the DHp domain. The phosphoryl group is transferred to DcuR and
DcuR-regulated genes are stimulated.
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1.4 The phosphoenolpyruvate:glucose phosphotransferase system

The phosphoenolpyruvate (PEP):carbohydrate phosphotransferase system (PTS) carries out
both catalytic and regulatory functions (Deutscher et al. 2014). The PTS catalyzes the
transport and phosphorylation of a variety of sugars and sugar derivatives, but also divers
regulatory functions related to carbon metabolism. E. coli is a glucophilic bacterium and the
PTS is therefore optimized for glucose uptake. The PTS transfers a phosphoryl group from
the donor phosphoenolpyruvate (PEP) via El, HPr and EIIA®'® to the glucose transporter
EIIBC (Fig. 9). The phosphorylation status of EIIAC'® depends on the availability of glucose.
In the presence of glucose, phosphorylated EIIA®' transfers the phosphoryl group to EIIB,
which immediately phosphorylates glucose to glucose-6-phosphate (G6P) upon entry, a pro-
cess known as group translocation (Fig. 9). In this state, EIIA®" is predominantly
dephosphorylated and can inhibit transporters of secondary metabolism such as the lactose
permease LacY. In the absence of glucose, EIIAC' is primarily phosphorylated and can stim-
ulate cCAMP production by adenylate cyclase (CyaA) (Fig. 9). cCAMP is the allosteric effector
of the transcriptional regulator CRP, cAMP-CRP complexes can induce metabolic genes of
secondary metabolism, such as lacZYA operon for lactose catabolism. In general, sugars and
sugar derivatives are divided into PTS sugars that are transported by the PTS, e.g., glucose,
mannitol, and mannose, while non-PTS sugars are not. PTS-sugars other than glucose have
different transport enzymes, whereas the phosphoryl group donor PEP is the same, high-
lighting the PEP/pyruvate ratio as an important indicator of carbon metabolism (Deutscher
et al. 2006).

In arecent study, the PTS was shown to involve bacterial metabolic status in quorum sensing
(QS) regulation via an HPr-LsrK interaction (Fig. 9) (Ha et al. 2018). The autoinducer-2
(Al-2) kinase LsrK phosphorylates Al-2, which is essential for internalization and seques-
tration (Roy et al. 2010; Pereira et al. 2012). The in vivo ratio of HPr and HPr-P is closely
related to the rate of sugar uptake, similar to EIIA®'® and EIIA®'-P. HPr is predominantly
unphosphorylated in the exponential growth phase. In this state, HPr interacts with LsrK and
decreases the phosphorylation of Al-2 up to 25-fold, which inhibits the expression of the Isr
operon (Ha et al. 2018). The phosphorylation state of HPr directly links metabolic state to
QS of bacteria, which is critical because QS accompanies transitions between planktonic and
sessile growth (Ha et al. 2018).
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Fig. 9: The phosphoenolpyruvate:glucose phosphotransferase system PTS of E. coli. Abbreviations:
PEP: phosphoenolpyruvate; EI: enzyme | ptsl; HPr: phosphocarrier protein HPr ptsH; EIIA: enzyme [1A
crr; EIIBC: glucose specific PTS permease ptsG; P: phosphoryl group; 2-OG: 2-oxoglutarate; LsrK: auto-
inducer-2 (Al-2) kinase; CyaA: adenylate cyclase; LacY: lactose permease.

2-oxoglutarate (2-OG) is an important substrate in the nitrogen regulatory system of E. coli.
Intracellular 2-OG levels indicate either nitrogen-limited or nitrogen-saturated conditions
(van Heeswijk et al. 2013). Variations in the nitrogen source can lead to drastic changes in
intracellular 2-OG levels (Yuan et al. 2009; Doucette et al. 2011). 2-OG has been shown to
bind competitively with a Km of approximately 2.2 mM to the C-terminal domain of El at
the binding site of PEP (Fig. 9). This feedback inhibition reduces the intracellular EI-PEP
complexes and limits sugar uptake by the PTS (Venditti et al. 2013) and maintains homeo-
stasis and maximizes nutrient utilization by limiting excess carbon uptake (Goyal et al. 2010;
Doucette et al. 2011). Both examples show that PTS is a central regulatory system in E. coli
that not only controls carbon uptake but also integrates information from other regulatory

systems, such as QS.

1.4.1 The cAMP-CRP signal transduction pathway

The transcriptional regulator CRP (CAMP receptor protein) regulates the expression of over
180 genes in E. coli (Grainger et al. 2005). The majority of these genes are involved in
catabolism of secondary carbon sources, such as lactose, glycerol, and maltose. Additionally,

CRP is involved in a multitude of other processes, e.g., nitrogen assimilation (Mao et al.
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2007), osmoregulation and virulence (Balsalobre et al. 2006). CRP is activated via binding
of the allosteric effector CAMP and can subsequently bind to DNA (Deutscher et al. 2014).

Hl-A 7Z-C

5-End

Fig. 10: Simplified presentation of a CRP-binding site. Specific regions within the CRP-binding site
are highlighted and annotated: (A) conserved TGTGA motif, (B) flanking sequence proximal to the
conserved TGTGA motif, (C) flanking sequence distal to the conserved TGTGA motif, (D) and inverted
repeat motif. Modified according to Pyles et al. (1998).

CRP is a homodimer and belongs to the CRP-FNR superfamily of transcription factors
(Green et al. 2000; Korner et al. 2003). The C-terminal domain of CRP carries a helix-turn-
helix (HTH) motif for DNA-binding. Upon binding of cAMP, the C-terminal helix and
DNA-binding domain are elongated and reorganized, freeing the DNA recognition helix
(Popovych et al. 2009; Sharma et al. 2009), followed by insertion of the HTH recognition
helices into two adjacent DNA major grooves (Kim et al. 1992). In the case of the consensus
sequence, CRP induces a nucleic acid bend of 87° (Ebright et al. 1989; Parkinson et al.
1996). The introduced bend is either symmetric (e.g., lac promoter) or asymmetric (e.g., gal
promoter) depending on the symmetry of the DNA-binding sites and the flanking sequences
(Fig. 10) (Pyles et al. 1998; Pyles and Lee 1998; Lin and Lee 2003). The nucleotide sequence
and the location of the CRP-binding site are the key factors for determining gene expression.
The DNA association constant for CRP without cAMP is 100 pM, and for the cAMP-CRP
complex in the range of 100 nM and 100 pM, highly dependent on the CRP-binding site
(Giraud-Panis et al. 1992; Harman 2001). Promoter activation by cAMP-CRP can be
clustered into three classes (Busby and Ebright 1999; Fic et al. 2009). Class | promoters have
a single CRP site located upstream of the RNA polymerase (RNAP) binding site and require
only CRP to activate transcription. Class 1l promoters differ from class | promoters in that
the CRP-binding site and the RNAP-binding site are shared (-35 promoter sequence).
Class Il promoters require additional transcriptional activators, either two or more CAMP-
CRP complexes or one cCAMP-CRP complex and an additional transcriptional activator that
synergistically activates transcription (Fic et al. 2009).

20



1 INTRODUCTION

1.5 The nitrogen regulatory system in E. coli

Nitrogen accounts for approximately 14% of the dry weight of bacteria. The carrier molecule
of nitrogen is ammonium (NH4"), which is assimilated to a carbon skeleton, usually L-Glu
or 2-oxoglutarate (2-OG) (Fuchs and Schlegel 2006). E. coli has two pathways that catalyze
ammonium assimilation. First, the glutamate dehydrogenase (GDH) pathway, which ami-
nates 2-OG to L-Glu, without consuming ATP yet has a low affinity for ammonium
(Fig. 11). Second, the glutamine synthetase (GS, GInA) and glutamate 2-oxoglutarate ami-
notransferase (GOGAT, GItBD) pathway, which assimilates ammonium to L-Glu, produc-
ing one net L-Glu molecule. However, this pathway consumes one ATP for each ammonium
assimilated, while it has a relatively high affinity for ammonium (Fig. 11). Both pathways
produce one L-Glu molecule, although the GS-GOGAT pathway is the dominant route under

physiological conditions (van Heeswijk et al. 2013).

GDH pathway GS-GOGAT pathway
Low affinity for NH,* High affinity for NH,*
Ky = 1.0 mM Ky = 0.1 mM
+P
NH,*
NH,* GInA

L-GIn

2-0G

> R el

NADPH NADP
2-0G

NADP NADPH

Fig. 11: Nitrogen assimilation by the GDH and the GS-GOGAT pathway of E. coli. The glutamate
dehydrogenase (GDH) catalyzes the reductive amination of 2-OG, producing one net L-Glu; GDH has a
relatively low affinity for ammonium (NH4*); no ATP is required. The glutamine synthetase (GS, GInA)
and glutamate 2-oxoglutarate aminotransferase (GOGAT, GItBD) also produces one net L-Glu by reductive
amination of L-Glu and subsequent transamination of 2-OG. However, ATP is consumed in the process
and NH.* affinity is high. Modified according to van Heeswijk et al. (2013).

In the center of this regulatory network is the GInB protein (alternative name PII). GInB is
known from enteric bacteria but is also present in many other bacteria, archaea, and eukary-
otes (Son and Rhee 1987; Arcondeguy et al. 2001; Leigh and Dodsworth 2007; Selim et al.
2020). GInB has two important functions in the regulation of the nitrogen assimilation: First,
the transcriptional regulation of assimilation genes via the two-component system NtrB-
NtrC (Jiang and Ninfa 2007, 2009) and second the regulation of GS at the post-transcrip-
tional level (van Heeswijk et al. 2013). GInB can bind ATP or ADP and 2-OG, both indica-

tors of the carbon and nitrogen state of the bacterial cell, respectively. In addition, GInB can
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be chemically modified via uridylylation catalyzed by the bifunctional uridylyltransfer-
ase/uridylyl-removing enzyme GInD (Ninfa and Magasanik 1986; Atkinson et al. 1994; Liu
and Magasanik 1995; van Heeswijk et al. 2013). Under nitrogen-limited conditions, the in-
tracellular 2-OG levels are increased, while L-GlIn levels are decreased. In this state, GInD
uridylylates GInB, abolishing the stimulation of NtrB phosphatase activity. Phosphorylated
NtrC levels rise, leading to a higher expression of genes involved in nitrogen assimilation,
e.g., glnA (GS) (Fig. 12).

2-0G P
N{ L-GIn ¢

Uridylyltransferase
Gin

Uridylyl-cleaving enzyme

)
o= s
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@ \ NT Lgin 1

glnA HglnL HginG |>

Fig. 12: Transcriptional control of the gInALG operon of E. coli by the NtrB-NtrC two-component
system. The gInALG operon encodes the glutamine synthetase (GS, GInA) and the two-component
system NtrB-NtrC consisting of the sensor histidine kinase NtrB (gInL) and the response regulator NtrC
(gInG). The uridylyltransferase (GInD) perceives the nitrogen status of the bacterial cell and controls
the uridylylation of PIl (GInB). Modified according to Fuchs und Schlegel (2006).

Under nitrogen-saturated conditions, the 2-OG level are decreased and the L-GIn levels are
increased, resulting in the deuridylylation of GInB. GInB induces NtrB phosphatase activity,
thereby reducing phosphorylated NtrC and hence the induction of genes involved in nitrogen
assimilation (Fig. 12) (Ninfa and Magasanik 1986; Keener and Kustu 1988; Jiang et al. 2000;
Pioszak et al. 2000; Huergo et al. 2013). A similar principle applies to the indirect regulation
of GS by GInB. Under nitrogen-saturated conditions, GInB induces the adenylyltransferase
activity of GInE, leading to adenylylation of GS and subsequent inactivation of ammonium
assimilation (Son and Rhee 1987; Rhee et al. 1989; van Heeswijk et al. 2013). Under nitro-
gen-limited conditions, GInB-UMP induces the deadenylase activity of GInE, resulting in
the activation of ammonium assimilation by GS (Fig. 13). GInD and GInE are bifunctional
proteins that catalyze a reversible covalent modification of either GInB or GS in response to
the intracellular levels of 2-OG, ATP, L-GIn, or to the uridylylation state of GInB
(Garcia et al. 1980; Garcia and Rhee 1983). GInB is at the center of the nitrogen regulatory
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network of E. coli. The GInB effector molecules ATP, ADP, and 2-OG, as well as the UMP
moiety, make GInB unique in its ability to translate diverse signaling inputs into adequate
cellular responses. This versatility allows E. coli to adapt rapidly to changing nitrogen and

carbon availability.

active . .
Fig. 13: Regulation of gluta-
mine synthetase by GInB and
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H,0 ferase (GInE). Modified ac-
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1.5.1 Nitrogen regulator GInB

GInB has a central role as an energy and nitrogen sensor in E. coli. The binding of the effec-
tor molecules ATP or ADP and 2-OG enables GInB to directly sense the current metabolic
state of the bacterial cell. Binding of effector molecules leads to a conformational change
within GInB, modulating its interaction with various target proteins (Fokina et al. 2010;
Radchenko and Merrick 2011; van Heeswijk et al. 2013; Forchhammer and Liddecke 2016).
The intracellular indicator of the energy state is ATP or ADP. Both molecules bind compet-
itively to the same binding site. 2-OG is an intermediate of the TCA cycle and the carbon
skeleton for ammonium assimilation. 2-OG represents the carbon and nitrogen status of the
bacterial cell (Fokina et al. 2010; van Heeswijk et al. 2013; Oliveira et al. 2015; Forchham-
mer and Liddecke 2016). The Mg-ATP-dependent 2-OG binding to GInB triggers a confor-
mational change at the surface exposed T-loop, influencing interactions between GInB and
target proteins, e.g., NtrB, NagB, or ACCase (Ninfa and Magasanik 1986; Jiang and Ninfa
1999; Gerhardt et al. 2015; Rodionova et al. 2018). GInB is a trimer and has three binding
sites, each located in an inter-cleft of the three subunits. The binding of the effector mole-

cules is anti-cooperative to sense different cellular concentrations of ATP or ADP and 2-0OG
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(Fokina et al. 2010; Ma et al. 2014). Saturation of the first binding site in a GInB trimer
continuously leads to small conformational changes in subsequent binding sites, resulting in
a decrease in binding affinity and corresponding increase in Kp (Fokina et al. 2010; Ma et
al. 2014; Zeth et al. 2014). The binding affinity for ATP is higher than for ADP, additionally
2-OG increases the binding affinity of ATP, which counteracts ADP binding (Fokina et al.
2010; Gerhardt et al. 2012; Oliveira et al. 2015). In addition to direct binding of effector
molecules, GInB can also be covalently modified. The Tyr51 residue undergoes uridylyla-
tion under nitrogen-limited conditions catalyzed by the bifunctional enzyme GInD.
Uridylyltransferase and uridylyl-removing activity is dependent on the intracellular L-GIn
levels. Under nitrogen-saturated conditions, L-GIn levels are increased, leading to the induc-
tion of uridylyl-removing activity. Under nitrogen-limited conditions, GInB is saturated with
ATP and 2-OG and is uridylylated (Fig. 12) (Atkinson et al. 1994; Jiang et al. 1998; van
Heeswijk et al. 2013; Forchhammer and Liddecke 2016).

1.5.2 GInK regulation of the ammonium transporter AmtB

The ammonium transporter AmtB facilitates the uptake of NH3/NH4*. The GInB paralogous
GInK (alternative name P11-2) and AmtB are expressed in the same operon. The glnK-amtB
operon is induced under nitrogen-limited conditions by the two-component system NtrB-
NtrC (van Heeswijk et al. 1995; van Heeswijk et al. 1996; Javelle et al. 2004). Ammonium
uptake is tightly regulated by GInK in response to nitrogen status of the bacterial cell (Javelle
et al. 2004). Under nitrogen-limited conditions, ginK-amtB are expressed, while AmtB cat-
alyzes ammonium uptake. The uridylyltransferase GInD recognizes small amounts of L-GlIn
and uridylylates GInK (UTase), while ATP and 2-OG are also bound to GInK, abolishing
the inhibition of AmtB by GInK (Coutts et al. 2002; Radchenko et al. 2010). Under nitrogen-
saturated conditions, GInD removes the UMP moiety of GInK (UR). In this state, GInK is
bound to ADP and inhibits ammonium uptake by AmtB (Fig. 14) (Javelle et al. 2004). As a
result, E. coli is able to rapidly adjust ammonium uptake to meet the nitrogen requirement

of the cell.
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Fig. 14: GInK (PI1-2) regulation of the ammonium transporter AmtB of E. coli. Under nitrogen-
limited conditions, intracellular 2-OG levels are high and L-GlIn levels are low which induce the uri-
dylyltransferase activity of GInD (UTase). P1I-2 (GInK) is uridylylated and the effector molecules ATP
and 2-OG are bound. In this state, PII-2 is unable to inhibit ammonium uptake by AmtB. Under nitro-
gen-saturated conditions, the intracellular L-GIn levels are high which induce the uridylyl-removing
activity of GInD (UR). PI1-2 is deuridylylated and ADP is bound. In this state, PII-2 inhibits ammonium
uptake by AmtB.

1.5.3 The GInB targets: NagB and ACCase

In recent years, additional GInB targets were identified such as the glucosamine 6-phosphate
deaminase NagB and the acetyl-CoA carboxylase (ACCase) (Gerhardt et al. 2015;
Rodionova et al. 2018). GInB is a versatile regulator because GInB has several signaling
inputs (ATP, ADP, 2-OG, and uridylylation) that represent the metabolic state of the bacte-
rial cell. The signal input causes a conformational change in the surface-exposed signal out-
put domain, which is the T-loop. Acetyl-CoA carboxylase catalyzes the two-step reaction
and produces malonyl-CoA, which serves as a building block for fatty acid elongation. The
first half reaction comprises of the ATP-dependent carboxylation of biotin, which is cova-
lently attached to ACCase. The second half reaction is the transfer of the carboxyl group
from carboxybiotin to acetyl-CoA producing malonyl-CoA (Tong 2013; Gerhardt et al.
2015). Previous work showed that GInB can inhibit ACCase, which is abolished by uri-
dylylation of GInB (Fig. 15) (Gerhardt et al. 2015). Amino sugars are present in many pol-
ysaccharides in all kingdoms, e.qg., cell surface mucus (Koropatkin et al. 2012). NagB cata-
lyzes the last step in the amino sugar catabolic pathway, converting glucosamine
6-phosphate to ammonium and fructose 6-phosphate (Fru-6P). Ammonium is assimilated in
the GS-GOGAT pathway, while Fru-6P is introduced into glycolysis. GInB-UMP stimulates
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NagB deaminase activity more than tenfold (Rodionova et al. 2018). Both examples empha-
size the versatility of GInB regulation in E. coli. Involvement in the regulation of carbon and
nitrogen metabolism establishes GInB as a ubiquitous post-transcriptional regulator of

E. coli carbon and nitrogen metabolism.

Fig. 15: GInB stimulation of
ACCase activity. Acetyl-CoA
carboxylase (ACCase) first as-

> similates hydrogen carbonate
(HCO3) to  enzymatically
bound biotin under ATP con-
Acetyl-CoA Acetyl-CoA sumption. Second, the carboxyl
group (COy) is transferred to ac-

etyl-CoA to form malonyl-
@ @ @ CoA, the building block of fatty
acid biosynthesis (not shown).
- @m - @ m@ Under nitrogen-saturated con-
6 6 Gop  ditions, PIl (GIB) is bound to
ATP and inhibits ACCase via

protein-protein interaction with

the BCCP subdomain. Under

Uridylyltransferase (UTase)

Malonyl-CoA Malonyl-CoA nitrogen-limited conditions, PlI
is uridylylated and saturated
ACC-PII Free ACC with ATP and 2-OG, abolishing

repression. Abbreviations: BC:
biotin carboxylase; CT: carbox-
yltransferase; BCCP: biotin car-
boxyl carrier protein.

less active more active

1.6 The physiological habitat of E. coli

The E. coli K-12 strain was predominantly used in this work. K-12 was isolated from feces
of a convalescent diphtheria patient at Stanford University in 1922. Subcultures and deriva-
tives of this strain were reported starting in 1936 (Clifton and Morrow 1936; Clifton 1937;
Gray and Tatum 1944). Since then, E. coli K-12 evolved into an unprecedented model
organism in microbiology, because K-12 strains are unable to colonize the human gut, ren-
dering K-12 harmless (Smith 1975). Contrary to the pathogenic relative enterohaemorrhagic
Escherichia coli (EHEC), the K-12 strain has lost the genes for virulence factors, which
makes it ideal for molecular biology work (Muhldorfer and Hacker 1994). E. coli K-12 lacks
the O antigen which is part of the lipopolysaccharide. The O antigen consists of repeating
units of four to five hexoses that are partially branched and is encoded by the rfb gene cluster
(Liu and Reeves 1994). Additionally, the O antigen plays a major role in the immunogenicity
of gram-negative bacteria. EHEC is a zoonotic foodborne pathogen characterized by the
ability to produce shiga toxin. Shiga toxins are cytotoxic, bacterial exotoxins that act as

translation inhibitors. In humans, EHEC can cause hemorrhagic colitis, hemolytic uremic
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syndrome (HUS), or central nervous system failure (Kaper and O'Brien 2014). The intestine
is a complex environment in which bacteria are competing against limited resources.
Pathogenic E. coli must outcompete the gut microbiota for colonization (Kamada et al.
2012). Approximately 500 bacterial species are present in the mammalian gut (Moore and
Holdeman 1974). Miranda and coworkers (2004) showed that the EHEC reference strain
EDL933 colonizes the intestinal mucus layer and utilizes glycolytic substrates for initial
growth and maintenance (Wadolkowski et al. 1990). The carbon nutrition for pathogenic
and commensal E. coli strains in the mouse intestine slightly differ. EDL933 and MG1655
both utilize L-arabinose, fructose, and N-acetylglucosamine. Additionally, EDL933 uses
galactose, hexuronates, mannose, and ribose, whereas MG1655 utilizes gluconate and N-
acetylneuraminic acid (Fabich et al. 2008). Ethanolamine in the bovine intestine was identi-
fied as a source of nitrogen, which is used by EDL933 to gain a competitive advantage over
the gut microbiota. Ethanolamine is converted intracellularly to acetyl-CoA, yielding
ammonium which is assimilated in the GS-GOGAT pathway (Bertin et al. 2011). Acetyl-
CoA is either introduced into the TCA cycle or converted to acetate via acetyl phosphate
under energy limitation, yielding ATP (Stojiljkovic et al. 1995; Brinsmade and Escalante-
Semerena 2004; Starai et al. 2005). Bovine small intestine contents (BSIC) contains the
majority of proteinogenic amino acids in millimolar concentrations (Bertin et al. 2018).
It was shown that E. coli EDL933 strain utilized L-Asp and L-Thr in BSIC (Bertin et al.
2018). qPCR-RT revealed that genes involved in L-Asp metabolism, respectively, aspA and
dcuA are significantly up-regulated in BSIC (Bertin et al. 2018). Fumarate respiration is
essential for E. coli to colonize the gastrointestinal tract of mice (Jones et al. 2007; Jones et
al. 2011). Cs-dicarboxylates, with exception of L-Asp, are found in low micromolar concen-
trations in the BSIC (Bertin et al. 2018). Fumarate can be generated endogenously from
carbohydrate degradation via glycolysis, reductive branch of the TCA cycle, and L-Asp
(Unden et al. 2016). The utilization of L-Asp by AspA provides an electron acceptor and
nitrogen source in a one-step reaction, highlighting the significant role of L-Asp as a physi-
ological nutrient (Jones et al. 2011; Bertin et al. 2018). Kinetics of L-Asp consumption and
comparison of gene expression revealed that pathogenic EDL933 is able to metabolize
L-Asp much faster than commensal E. coli, presumably due to the upregulation of aspA and
dcuA transcripts in BSIC, compared to M9 glucose (Bertin et al. 2018).
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1.7 Research questions and objectives
Four main topics of Cy-dicarboxylate metabolism and regulation of E. coli were studied in

this work:

1. Recently, L-Asp was shown to be an important amino acid for E. coli strains (Bertin et al.
2018) and that E. coli contains DcuA, a nitrogen shuttle for L-Asp uptake (Strecker et al.
2018). Here, we characterized the physiological role of L-Asp for bacteria, the pathway of
nitrogen assimilation, and the transcriptional and post-transcriptional levels of regulation,

including regulation by the nitrogen regulator GInB.

2. DctA represents the major transporter for the uptake of Cs-dicarboxylates by E. coli under
aerobic conditions. The regulation of dctA (and aspA) expression and the role of the phos-
photransferase system and cCAMP-CRP in transcriptional regulation were analyzed by ex-
pression studies, biochemical and bioinformatic approaches, and protein interactions be-
tween DctA and EIIAC,

3. Metabolons are assumed to coordinate metabolic pathways, including integration of
transport with sequential metabolic reactions. The metabolon concept was investigated by
measuring the interaction of the carriers DcuA, DcuB and AmtB with aspartase AspA and

fumarase FumB.

4. DcuS of DcuS-DcuR requires the transporters DcuB or DctA as coregulators. Available
structural and biochemical data were used by manual modeling and sequence comparison to
model the DcuS-DctA interaction, namely the DcusS linker region and DctA helix 8b. Struc-
tural analysis revealed that a conformational change through an L-Pro hinge during signal
propagation in DcusS is similar to signal transduction observed in other membrane integral

SEeNsors.
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2 Materials and Methods

2.1 Bacterial strains, plasmids, and oligonucleotide primers

Tab. 1: Bacterial strains and plasmids used in this study

Strain/Plasmid

Genotype

Reference

JM109

recAl supE44 endAl hsdR17 gyrA96 relAl
thiA(lac-proAB) F’[traD36 proAB+, laclq
lacZAM15]

Yanisch-Perron et al. (1985)

XL1-Blue F-, recAl-, (mk+, rk-) supE44, endAl, thi-1, A-, Stratgene

gyrA96, relAl, (lac-) [F-, proAB, laclq, ZAM15

Tn10 (TetR)]

lacZ-reporter gene assays

MC4100 F- araD139 A(argF-lac)U169, rpsL150, (Alacz), Silhavy et al. (1984)

relAl flbB530 deoC1 ptsF25 rbsR
IMW385 MC4100, dctAp-lacZ, AmpR Kleefeld (2006)
IMW386 IMW385 but dctA::SpcRk, AmpR Kleefeld (2006)
IMW670 IMW385 but glpK::KanR®, AmpR This study
IMW671 IMW385 but glpD::Kan®, AmpR This study
IMWG672 IMW385 but glpR::KanR, AmpR This study
IMWG676 IMW386 but glpK::Kan®, AmpR This study
IMWG677 IMW386 but glpR::KanR, AmpR This study
IMW678 IMW385 but xyIB::KanR, AmpR This study
IMW679 IMW385 but xyIR::Kan®, AmpR This study
IMW669 IMW385 but cyaA::KanR, AmpR Best (2018)
IMW680 IMW386 but xyIB::Kan®, AmpR This study
IMW681 IMW386 but xyIR::KanR, AmpR This study
IMW665 IMW386 but cyaA::KanR , AmpR Best (2018)
MC41001J100 MC4100, frdAp-lacZ, AmpR Gunsalus (1992)
IMW682 MC41001J100 but Irp::Kan®, AmpR This study
IMW237 MC4100, dcuBp-lacZ, AmpR Zientz et al. (1998)
IMW683 IMW237 but Irp::KanR, AmpR This study
IMW503 MC4100, dcuBp-lacZ, AdcuB, AmpR Zientz et al. (1998)
IMW684 IMW503 but Irp::KanR, AmpR This study
IMW240 MC4100, dcuCp-lacZ, AmpR Zientz et al. (1999)
IMW691 IMW240 but Irp::KanR, AmpR This study
IMW642 MC4100, but aspAp-lacZ, AmpR Schubert (2016)
IMWG675 IMW642, but Irp::Kan®, AmpR Schubert et al. (2020)
IMW687 IMW642, but ntrC::Kan®, AmpR Schubert et al. (2020)
IMW688 IMW642, but rpoS::KanR, AmpR Schubert et al. (2020)
IMW690 IMW642 but crp::Kan®, AmpR Bohn (2019)

Keio collection strains and mutants

BW25113 F- cya-99, araD139, galE15, galK16, rpsL1 (StrR), | Baba et al. (2006)

hsdR2, mcrAl, mcrB1
JW3896 BW25113 but AglpR::KanR Baba et al. (2006)
Jw3897 BW25113 but AglpK::Kan® Baba et al. (2006)
JW3389 BW25113 but AglpD::KanR Baba et al. (2006)
JW3536 BW25113 but AxylB::Kan® Baba et al. (2006)
Jw3541 BW25113 but AxyIR::Kan® Baba et al. (2006)
JW0872 BW25113 but Alrp::Kan® Baba et al. (2006)
JW3496 BW25113 but AdctA::KanR Baba et al. (2006)
JW5735 BW25113 but AdcuA::KanR Baba et al. (2006)
JW4084 BW25113 but AdcuB::Kan® Baba et al. (2006)
JW4099 BW25113 but AaspA::Kan® Baba et al. (2006)
JW0872 BW25113 but Alrp::Kan® Baba et al. (2006)
JW3839 BW25113 but AgInG::KanR Baba et al. (2006)
JW5437 BW25113 but ArpoS::KanR Baba et al. (2006)
JW0911 BW25113 but AaspC::Kan® Baba et al. (2006)
JW2537 BW25113 but AgInB::KanR Baba et al. (2006)
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JWO0440 BW25113 but AgInK::KanR Baba et al. (2006)

AN387 K-12 wild type Wallace and Young (1977)

JRG2814 AN387 but dcuB::KanR and dcuA::SpcR Six et al. (1994)

BACTH strains and plasmids

BTH101 F- cya-99, araD139, galE15, galK16, rpsL1 (StrR), | Karimova et al. (1998)
hsdR2, mcrAl, mcrB1

pUT18 N-Terminal T18 protein fusion plasmid, pUC19 de- | Karimova et al. (2001)
rivative, AmpR

pUT18C C-Terminal T18 protein fusion plasmid, pUC19 de- = Karimova et al. (2001)
rivative, AmpR

pKT25 C-Terminal T25 protein fusion plasmid, pSU40 de- = Karimova et al. (2001)
rivative, Kan®

pKNT25 N-Terminal T25 protein fusion plasmid, pSU40 de- | Karimova et al. (2001)
rivative, Kan®

pUT18C-Zip T18Z1p expression plasmid, pUT18C derivative, Karimova et al. (1998)
AmpR

pKT25-Zip T25Zip expression plasmid, pKT25 derivative, Kan® | Karimova et al. (1998)

pMW2781 DctArig expression plasmid, pUT18 derivative, Schubert and Unden (2021)
AmpR

pMW2782 T18DCtA expression plasmid, pUT18C derivative, Schubert and Unden (2021)
AmpR

pMW2783 T25DCtA expression plasmid, pKT25 derivative, Schubert and Unden (2021)
KanR®

pMW2784 DctArzs expression plasmid, pKNT25 derivative, Schubert and Unden (2021)
KanR®

pMW2785 ElIA%" 5 expression plasmid, pUT18 derivative, Schubert and Unden (2021)
AmpR

pMW2786 T18E11A® expression plasmid, pUT18C derivative, | Schubert and Unden (2021)
AmpR

pMW2787 125sE1IA® expression plasmid, pKT25 derivative, Schubert and Unden (2021)
KanR

pMW2788 ElIA®" 1,5 expression plasmid, pKNT25 derivative, | Schubert and Unden (2021)
KanR

pMW2367 AspAris expression plasmid, pUT18 derivative, Schubert et al. (2020)
AmpR

pMW2368 T18ASPA expression plasmid, pUT18C derivative, Schubert et al. (2020)
AmpR

pMW2373 AspArzs expression plasmid, pKNT25 derivative, Schubert et al. (2020)
KanR

pMW2774 125ASPA expression plasmid, pKT25 derivative, Schubert et al. (2020)
KanR

pMW2771 125GINB expression plasmid, pKT25 derivative, Schubert et al. (2020)
KanR

pMW?2773 118GINB expression plasmid, pUT18C derivative, Schubert et al. (2020)
AmpR

pMW3050 118GINB (PMW2773), but A49P expression plas- Schubert et al. (2020)
mid, pUT18 derivative, AmpR

pMW3051 125GINB (pMW2771), but A49P expression plas- This study
mid, pKT25 derivative, Kan®

pMW3052 118GINB (pMW?2773), but Y51F expression plas- Schubert et al. (2020)
mid, pUT18 derivative, AmpR

pMW3053 125GINB (pMW2771), but Y51F expression plas- This study
mid, pKT25 derivative, Kan®

pMW2775 125GINK expression plasmid, pKT25 derivative, Schubert et al. (2020)
KanR

pMW?2776 GInKr2s expression plasmid, pKNT25 derivative, Schubert et al. (2020)
KanR

pMW2777 118GINK expression plasmid, pUT18C derivative, Schubert et al. (2020)

AmpR
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pMW2778 GInKr1g expression plasmid, pUT18 derivative, Schubert et al. (2020)
AmpR

pMW3091 125ASPC expression plasmid, pKT25 derivative, This study
KanR

pMW3092 AspCras expression plasmid, pKNT25 derivative, This study
KanR®

pMW3093 T18ASpC expression plasmid, pUT18C derivative, This study
AmpR

pMW3094 AspCrig expression plasmid, pUT18 derivative, This study
AmpR

pMW3095 AmtBrzs expression plasmid, pKNT25 derivative, This study
KanR

pMW3096 AmtBris expression plasmid, pUT18 derivative, This study
AmpR

pMW3086 FumBr1s expression plasmid, pUT18 derivative, Schubert and Unden (2021)
AmpR

pMW2376 Expression of DcuCi-229-T25-DcuCa3p-461, Strecker (2018)
(DcuCswrzs) pPKNT25 derivative, KanR

pMW1028 Expression of DcuBi1-211-T25-DcuBy13-446 Worner et al. (2016)
(DcuBswr2s), PKNT25 derivative, KanR

Expression plasmids and strains

BL21(DE3) F- ompT, gal, dcm, lon, hsdSB(rB- mB-) Studier and Moffatt (1986)
MDE3[lacl lacUV5-T7 gene 1 ind1 sam7 nin5])

C43(DE3) Mutant of BL21(DE3), for expression of membrane | Miroux and Walker (1996)

proteins

pASK-IBA3plus

Expression plasmid with tet promoter and C-termi-
nal Strep-tag, Amp®

IBA lifesciences

pMW3049 pASK-IBA3plus-aspA-Strep, AmpR Schubert et al. (2020)
pMW3055 pASK-I1BA3plus-gInB-Strep, AmpR Schubert et al. (2020)
pMW3056 pASK-IBA3plus-gInK-Strep, AmpR Schubert et al. (2020)
pBAD18 expression vector; pBR322 ori, L-arabinose-induci- | Guzman et al. (1995)
ble pBAD promoter, Kan®
pMW577 pBAD18 DcuA-PhoA, KanR Bauer et al. (2011)
pET28a Expression vector, pBR ori, T7 promoter, Hiss-tag, | Guzman et al. (1995)
KanR
pMW3054 PET28a-Hiss-gInB-Hiss, KanR Schubert et al. (2020)
pMW3069 pMW3054 but Y51F, KanR Schubert et al. (2020)
pMW3071 PET28a-Hiss-gInK-Hiss, Kan® This study
pMW3070 pET28a-Hiss-gInD-Hiss, KanR Schubert et al. (2020)
pMW3097 PET28a-Hiss-aspC-Hisg, Kan® This study
Phage
Plyc ' Bacteriophage for E. coli infection ~ Miller (1992)

I Appendix 2.1 Oligonucleotide primers and sequencing primers

2.2 Chemicals

I Appendix 2.2 Chemicals

2.3 Media, solutions, and buffer

I Appendix 2.3 Media, solutions, and buffers
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2.4 Growth of E. coli
The appropriate antibiotic was added to all cell cultures. If two antibiotics were added, the

final concentration was halved (Tab. 8).
Molecular genetic methods

E. coli strains used for molecular genetic work were cultured overnight in test tubes contain-
ing 5 ml LB medium at 37°C with shaking (180 rpm, EXCELLA E24, New Brunswick Sci-
entific). SOC medium was used as recovery medium after electroporation and heat shock

transformation.
Bacterial two-hybrid (BACTH) system

Plasmids to study a protein-protein interaction with the BACTH system were cotransformed
into E. coli BTH101 (AcyaA), plated out, and grown for 40 h at 30°C on LB agar plates
containing IPTG (500 uM) and antibiotics. Pre-cultures were grown aerobically overnight
at 30°C in 500 pl LB medium in 48-well plates (Sarstedt). Main cultures were inoculated
with 4% (v/v) inoculum and grown to an AODszg 0f 0.5 - 0.7 at 30°C. Expression of bacterial
T18 and T25 fusion proteins were induced in both pre- and main cultures with IPTG
(500 pM).

Aerobic reporter gene assays

Aerobic reporter gene measurements of E. coli containing the dctAp-lacZ and aspAp-lacZ
fusions were performed in 48-well plates. Bacteria were grown aerobically in 500 ul M9
medium with glycerol (50 mM) or LB medium and different effectors (20 mM). Effectors
were added as indicated in the experiment and NH4Cl (20 mM) was present in the M9
medium unless otherwise stated. Pre-cultures were incubated overnight at 37°C with shaking
(1150 rpm, Titramax 1000, Heidolph). Main cultures were inoculated at different percent-
ages depending on growth rate and cultivated at 37°C with shaking (1150 rpm) to an AODs7s
of 0.5 - 0.8 (exponential growth phase) or > 1.2 (stationary growth phase).

Anaerobic reporter gene measurement

Anaerobic reporter gene measurements of E. coli containing the dcuBp-lacz, frdAp-lacZ and
dcuCp-lacZ fusions were performed in 96-deep-well plates. Bacteria were grown anaerobi-
cally in 500 pl enriched M9 medium with glycerol (50 mM) and an electron acceptor

(20 mM). Additional effectors were added as indicated in the experiment. Pre-cultures were
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grown semi-anaerobically for at least 24 h at 37°C. Main cultures were inoculated at differ-
ent percentages depending on growth rate. The main cultures in the 96-deep-well plates were
degassed in anaerobic chambers for 15 min. Afterwards, the anaerobic chamber was gassed
with nitrogen gas (1.2 atm, purity 99.999%, Westfalen AG). Main cultures were incubated
for at least 16 h at 37°C to an AODs7g of 0.5 - 0.8 (exponential growth phase).

Growth studies

Aerobic and anaerobic growth experiments were performed in M9 or enriched M9 medium
with a carbon source (50 mM) and effectors (20 mM). NHsCl (20 mM) was present in the
M9 medium unless otherwise stated. In aerobic growth studies, the main cultures were inoc-
ulated with 2-4% (v/v) of 5 ml pre-cultures grown aerobically overnight at 37°C in test tubes
with shaking (180 rpm, EXCELLA E24). Main cultures were grown in baffled Erlenmeyer
flasks containing 20 ml medium with shaking (120 - 140 rpm, EXCELLA E24). Pre-cultures
for anaerobic growth studies were grown in test tubes semi-anaerobically in standing
conditions. The main anaerobic cultures were cultured in gas-tight Mller-Krempel flasks
containing 20 ml of medium inoculated with 2-8% (v/v) pre-culture. Cultures were then
degassed for 15 min and air was replaced with nitrogen gas (1.2 atm; purity >99.999%,

Westfalen AG). The AODs7g was measured hourly or at an endpoint.

2.5 Molecular genetic methods

2.5.1 Polymerase chain reaction (PCR)

The high-fidelity DNA polymerase Phusion® (Thermo Fisher Scientific) was used for in
vitro gene amplification and site-directed mutagenesis. The primers were synthesized by
either Eurofins MWG Operon or Sigma-Aldrich (Tab. 5). The PCR reaction and cycle

instructions were applied according to the manufacturer's instructions.

2.5.2 Isolation of plasmids
Plasmids were isolated using the GeneElute HP Plasmid Miniprep Kit (Sigma-Aldrich)

according to manufacturer's instructions.
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2.5.3 Isolation of genomic DNA
Genomic DNA was isolated using the Bacterial Genomic DNA Kit (Sigma-Aldrich) accord-

ing to manufacturer's instructions.

2.5.4 Determination of the concentration and purity of DNA samples

The concentration and purity of the DNA samples were determined using a NanoDrop.

2.5.5 Sequencing of DNA samples
The sequencing of DNA samples was carried out by LGC Genomics (Berlin). The sequenc-
ing primers (Tab. 6) were synthesized by either Eurofins MWG Operon or Sigma-Aldrich.

2.5.6 Gel electrophoresis

Gel electrophoresis was used to analyze the molecular size of DNA fragments to determine
the success of gene amplification or mutagenesis. DNA samples were loaded onto an agarose
gel (1% wi/v) and separated in 1x TAE buffer at 90 V for 45 min. Addition of Red-Safe™
nucleic acid staining solution (0.0025% v/v, iINtRON Biotechnology) to the agarose gel
visualized DNA molecules by intercalation in DNA double helices, resulting in fluorescence
emission under UV light. DNA samples were mixed with 1x loading dye (Thermo Fisher
Scientific).

2.5.7 Production of competent cells

For electrocompetent and heat shock competent cells, either E. coli and glycerol-MOPS
buffer, or E. coli XL1-Blue and TSB buffer were used, respectively. The pre-culture was
grown aerobically at 37°C overnight. The main culture was inoculated with 1-2% (v/v)
inoculum and cultivated in baffled Erlenmeyer flasks at 37°C with shaking (120 — 140 rpm,
EXCELLA E24) to an AODs7g of > 0.5. Cells were harvested by centrifugation (6000 x g,
4°C, 10 min) and washed with buffer (10% of the culture volume), which was repeated twice.
The cell pellet was resuspended in buffer to the final concentration (1% of the culture vol-

ume) and stored at -80°C.
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2.5.8 Electroporation

Plasmid DNA (1-5 ul) and electrocompetent cells (50 ul) were mixed in a sterile electro-
poration cuvette (2 mm electrode gap) and then subjected to a pulse of 2500 V (Eporator®,
Eppendorf). The bacterial solution was transferred to 1 ml of prewarmed SOC medium and
incubated for at least 1 h at 37°C with shaking (1000 rpm, Thermomixer comfort, Eppen-
dorf). The bacterial solution (25-200 pul or the entire batch) was plated out onto selective LB

agar plates and incubated overnight at 37°C.

2.5.9 Heat shock transformation

Heat-competent XL1-Blue cells (50 ul) were mixed with FastDigest (FD) Dpnl-digested
plasmid DNA (3 ul) on ice. Heat shock was performed at 42°C followed by incubation on
ice for 2 min. 1 ml of prewarmed SOC medium was added to the bacterial solution and
incubated at 37°C for 90 min with shaking (1000 rpm, Thermomixer comfort, Eppendorf).
The entire batch was plated out on selective LB agar plates and incubated aerobically at 37°C

overnight.

2.5.10 Site-directed mutagenesis

Site-directed mutagenesis was performed in analogy to the New England BioLabs protocol
(Kunkel 1985). Mutations were introduced by PCR using the high-fidelity polymerase
Phusion® and mutagenesis primers (Tab. 5). Template DNA was digested for 30 min with
the restriction enzyme FD Dpnl (Thermo Fisher Scientific) and transformed into XL1-Blue

cells by heat shock.

2.5.11 Cloning

The PCR products were purified and digested with restriction enzymes (FasDigest, Thermo
Fisher Scientific) according to the manufacturer’s instructions. The digested vector was
dephosphorylated by fast alkaline phosphatase (FastAP, Thermo Fisher Scientific) to pre-
vent religation. The digested PCR products and vector were ligated in a 1:1 ratio, not
exceeding 5 pl of each component. Ligation was performed overnight at 16°C in a reaction

volume of 20 ul with T4 DNA ligase (Thermo Fisher Scientific). The ligase was inactivated
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at 70°C for 5 min. Then, 5 pl of the ligation solution was transformed in JM109 by electro-
shock. Individual colonies were picked and grown in an overnight culture at 37°C. The plas-

mid was isolated and sequenced to verify the success of the cloning procedure.

2.5.11.1 Cloning of the BACTH constructs

The bacterial two-hybrid system (BACTH) consists of the two T18 and T25 subunits of an
adenylate cyclase from Bordellia pertussis, which in combination with a C- and N-terminal
fusion protein yield a total of four fusion proteins (Fig. 16) (Karimova et al. 1998; Karimova
et al. 2001). Vectors pUT18C and pUT18 are ampicillin-resistant (Amp®), whereas pKT25
and pKNT25 are kanamycin-resistant (Kan®). In pKNT25 and pUT18, the proteins are
N-terminally fused to the fragments, while in pKT25 and pUT18C they are C-terminally
fused. As an example, the possible fusion proteins with aspA are shown (Fig. 16). The cor-
responding genes were amplified from genomic DNA derived from E. coli BW25113. The
oligonucleotide primers (Tab. 5) contained restriction sites in the overhanging regions that
were used to clone the genes into the multiple cloning site of the respective expression plas-

mid. All operons are controlled by an IPTG-inducible plac-promoter.

plac

ouTisC L 118 > aspA AmpR ColE1 ori |—
plac

outis —L| aspA > 118 AmpF ColEL ori {—
plac

pKT25 e T25 >aspA KanR pl5ori [—
plac

PKNT25 T aspa > 125 Kan® plSori [—

Fig. 16: Schematic representation of the adenylate cyclase-based bacterial two-hybrid (BACTH) con-
structs.

2.5.11.2 Cloning of the expression plasmids

For in vitro studies with isolated proteins, genes were cloned in expression plasmids. pET28a
has a kanamycin resistance (Kan®), an IPTG-inducible T7 promoter, pBR322-origin, and an
N- and C-terminal Hises-tag (Rosenberg et al. 1987; Studier et al. 1990). pASK-IBA3plus
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has an ampicillin resistance (Amp®), an AHT-inducible tet promoter, ColE1-origin, and a
C-terminal Strep-tag. Exemplary the pET28a and pASK-IBA3plus constructs of aspA are
shown (Fig. 17). Genes were amplified using chromosomal DNA from E. coli BW25113 as
atemplate, with restriction sites introduced in the overhanging regions of the oligonucleotide

primers. DNA fragments and plasmids were cloned as previously described.

T7

oET28a  — IHis,| aspA > His > Kan® PBR322 oril—
tet

pASK-IBA3plus —L aspA >Strep AmpR ColEl ori —

Fig. 17: Schematic representation of the pET28a and pASK-IBA3plus constructs.

2.5.12 Strain construction

In E. coli, the nonspecific transducing phage Pl can be used to transfer regions of the
genome up to a size of 80 kBp from a donor strain to a recipient strain. The exchange is
accomplished by homologous recombination between the recombinant phage Plk. and the
recipient strain. Successful transduction is usually verified qualitatively by antibiotic

resistance.

An overnight aerobically grown culture of the donor strain in 5 ml LB medium was centri-
fuged (6000 rpm, 4°C, 5 min), the supernatant was discarded, and the cell pellet was resus-
pended in 5 ml MC buffer and incubated at 37°C for 30 min. The bacterial suspension
(100 ul) was infected with P1ic phage (100 pl, plague forming unit, PFU = 10°) for 15 min
at 37°C. Infected cells were then mixed with 3 ml of liquid R-top agar (prewarmed, 50°C)
and poured evenly onto an R-agar plate. The plates were incubated for 10 min at room tem-
perature (RT) and afterwards incubated at 37°C until confluent lysis (5-7 h). LB medium
(2 ml) was added and incubated for 10 min. The R-top agar and LB medium were transferred
to a centrifuge tube, and 500 pl chloroform was added to lyse the remaining bacterial cells.
The solution was incubated for 10 min at RT followed by centrifugation (6000 x g, 4°C,
5 min) to separate lysed bacterial cells and the recombinant P1ly. lysate. The clear phage
lysate was aliquoted into 1.5 ml reaction tubes, 50 pl chloroform was added per 1 ml phage
lysate. The clear lysate had a titer of approximately 10%° P14 phages and is stable for several
months at 4°C.
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For transduction, an overnight aerobically grown culture of the recipient strain in 5 ml LB
medium was centrifuged (6000 rpm, 4°C, 5 min), the supernatant was discarded, and the cell
pellet was resuspended in 3 ml MC buffer. The bacterial suspension was shaken for
30 min at 37°C, then centrifuged (6000 rpm, 4°C, 5 min.) and resuspended in 1 ml LB me-
dium. The bacterial solution (100 pul) was mixed with dilutions of 100 pl recombinant P1c
lysate (107, 108, and 10°) and CaCl, (10 pl, 0.01 M) and then incubated at 37°C for 30 min.
After 1 h at 37°C the infection was stopped by adding Nas-Citrate (200 ul, 0.1 M) and
500 ul LB medium. The mixture was plated out on selective LB agar plates and incubated
overnight at 37°C. Individual colonies were streaked out on selective LB agar plates and
incubated overnight at 37°C. The success of Pl transduction was qualitatively verified by
growth on selective agar plates or genomic DNA was isolated, amplified, and sequenced

with primers of the respective genomic region.

2.6 Biochemical methods

2.6.1 Adenylate cyclase-based bacterial two-hybrid system (BACTH)

The BACTH system is used for the in vivo analysis of protein-protein interactions, based on
the successful reconstitution of an adenylate cyclase which restores cCAMP-CRP signaling
(Karimova et al. 1998; Karimova et al. 2001; Karimova et al. 2005). The adenylate cyclase
is derived from the gram-negative bacterium Bordellia pertussis and is composed of two

fragments T18 and T25, which form the catalytic center of the cyclase (Fig. 18A).

A

Hﬁ

cAMP cAMP

< lacZ 4—l cAMP-CRP

Fig. 18: Schematic representation of the bacterial two-hybrid system (BACTH). (A) Wild-type
adenylate cyclase from Bordellia pertussis which converts ATP to cAMP. (B) Individual T25 and T18
domains (C) Reconstitution of adenylate cyclase activity by the interaction between fused proteins X
and Y. Modified according to Karimova et al. (1998).
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Individually, both fragments are inactive (Fig. 18B). The fragments can be fused to potential
interacting proteins. When proteins X and Y interact under in vivo conditions, the adenylate
cyclase is reconstituted and the lacZ reporter gene is induced, allowing the activity to be

determined in a quantitative or qualitative B-galactosidase assay (Fig. 18C).

2.6.2 Quantitative measurement of p-galactosidase activity

Expression of aspA, dctA, dcuB, dcuC, and frdA was studied in a transcriptional promoter-
lacZ fusion (e.g., aspAp-lacZ) where p stands for promoter. The promoter fragment included
the intergenic region between the first three codons of the respective gene and the beginning
of the adjacent upstream gene. Bacteria containing the aspAp-lacZ and dctAp-lacZ reporter
gene fusion were grown aerobically for expression studies, whereas bacteria containing
dcuBp-, dcuCp-, and frdAp-lacZ fusions were grown anaerobically. Cells for BACTH meas-
urements were grown aerobically in LB medium. Quantitative measurement of B-galacto-
sidase activity was performed with o-nitrophenol-p-D-galactopyranoside (ONPG). The en-
zyme [-galactosidase hydrolyzes ONPG to galactose and o-nitrophenol. When sodium
carbonate (NaCOs) is added, the pH shifts to the basic range and o-nitrophenol
(Amax = 352 nm) is deprotonated to o-nitrophenolate (Amax = 420 nm), while B-galactosidase
Is inactivated. Both products show a yellowish coloration, but o-nitrophenolate is predomi-
nantly detected photometrically at 415 nm. The B-galactosidase activity was determined in
Miller-Units (MU) (Miller 1992) and calculated according to the following equation (Eq. 1).

Eq. 1: Calculation of the B-galactosidase activity

(1000 * (AE4;5 — AODs70after))
(t[min] * V[ml] * AODS70before)

B — galactosidase activity [MU] =

For the measurement of B-galactosidase activity in microtiter plates (MTP) a modified pro-
tocol was used (Griffith and Wolf 2002; Monzel et al. 2013). Bacteria (315 ul) were trans-
ferred to a MTP and AODs7g (AODs7onefore) Were measured (EL808, Biotek). Chemical cell
disruption was performed by adding 200 ul bacterial solution to 800 ul B-galactosidase
buffer in a 96-deep-well plate and mixing with a mechanical pipette (E4 XLS Rainin, Met-
tler-Toledo). Lysed cells (150 ul) were aliquoted ina MTP and incubated for 10 min at 30°C.
The assay was started by addition of ONPG (30 pul, 4 mg/ml) and stopped after 20 min incu-
bation at 30°C by addition of Na,COs (70 ul, 1 M). Finally, extinction at 415 nm (AEa1s)
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and AODs70 (AODs7oafter) Were measured photometrically (EL808, Biotek). The collected
data were used to calculate the MU (Eq. 1).

2.6.3 Membrane Strep protein interaction experiment (MSPINE)

E. coli strain C43 was cotransformed with plasmids, pMW3049 and pMW577, which en-
coded the fusion proteins AspA-Strep and DcuA-PhoA, respectively. The bacteria were
grown aerobically in 400 ml LB medium to an AODs7g of 0.5. Protein expression was in-
duced for 3 h with L-arabinose (100 uM) and anhydrotetracycline (AHT, 100 uM). To cross-
link the proteins in vivo, the bacteria were incubated with formaldehyde (0.6% w/v) for
15 min at 37°C with shaking. Next, the bacteria were harvested with centrifugation
(11,300 x g, 10 min), and the sediment was washed in Tris-HCI buffer (pH 8, 50 mM). For
Strep-Tactin purification, cells were disrupted with a French Press (1,260 psi) in a buffer
that contained lauryldimethylamine oxide (LDAO, 0.05% (v/v)). The cell homogenates were
clarified by centrifugation (39,100 x g, 30 min, 4°C) and subjected to Strep-Tactin chroma-
tography, 10% SDS-PAGE, and Western blotting. Western blots were probed with anti-Strep
fused to HRP and anti-PhoA antisera (IBA Lifesciences, Sigma-Aldrich) (Scheu et al.
2010b; Graf et al. 2014; Worner et al. 2016).

2.6.4 Transport measurement of radioactive labeled L-[U'*C]aspartate

The bacteria were grown to the stationary growth phase, sedimented with centrifugation,
washed in aerobic buffer containing sodium potassium phosphate buffer (100 mM, pH 7)
and MgSO. (1 mM), and resuspended in the same buffer at an AODs7s of 7.0 - 8.0. For the
uptake assay, initial transport rates were determined by adding L-[U*C]aspartate (100 pM)
to the medium (Strecker et al. 2018). After 1 min, 100 ul of sample was stopped with cold
LiCl (900 ul, 0.1 M) and then dried via vacuum filtration (Hoefer FH225V ten-pore Mani-
fold filter, Pharmacia Biotech) on a cellulose mixed ester filter (ME24, @25 mm, pore size
0.2 um, Schleicher & Schuell) with two LiCI (1 ml, 0.1 M) wash steps. The filters were
dissolved in 4 ml scintillation liquid (Rotiszint ecoplus, Roth) and measured in the scintilla-
tion counter (Liquid Scintillation System, LS 6000SC, Beckman). Uptake was calculated,
based on the accumulated radioactivity in the bacteria, per gram of dry weight (an AODs7s
of 1 corresponded to 281 mg/l) per minute, and the specific radioactivity (Eq. 2) (Engel et
al. 1992; Zientz et al. 1996).
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Eqg. 2: Calculation of the uptake rate
Adpm * 10000
dpm
2000 [ﬁ] « AODg, * 281 [mg dw]

umol
Uptake rate [? * dw] =

2.6.5 Purification of His- and Strep-tagged Proteins

E. coli BL21(DE3) that carried expression plasmids (Tab. 1) for the overproduction of
AspA-Strep (pMW3049), GInB-Strep (pMW3055), GInK-Strep (pMW3056), Hise-AspC-
Hiss (pMW3097), Hise-GInB-Hisse (pMW3054), Hise-GInK-Hiss (pMW3071), and
Hise-GInD-Hiss (pMW3070) were cultivated in 400 ml LB at 37°C to an AODs7s of 0.5. All
proteins or genes were derived from E. coli BW25113, a K-12 derivative. Expression was
induced by incubation with either anhydrotetracycline (AHT, 100 uM) or isopropyl-p-d-1-
thiogalactopyranoside (IPTG, 250 uM) for 2.5 h. After expression, the bacteria were sedi-
mented with centrifugation (11,300 x g, 10 min). The pellet was resuspended in buffer
containing Tris-HCI (50 mM, pH 8), NaCl (500 mM), glycerol (10% v/v), and imidazole
(20 mM) for Ni-NTA purification. Alternatively, the pellet was resuspended in buffer
containing Tris-HCI (50 mM, pH 8), NaCl (150 mM), and EDTA (1 mM) for Strep-Tactin
purification. Cells were disrupted with a French Press (1,260 psi). Cell homogenates were
clarified with centrifugation (39,100 x g, 30 min, 4°C). Proteins were purified on Ni-NTA
agarose (Macherey-Nagel) or with a streptavidin affinity column (IBA Lifesciences), as
recommended by the suppliers. Strep-tagged proteins were eluted with a Strep buffer
containing D-desthiobiotin (2.5 mM) and His-tagged proteins with increased imidazole
(250-500 mM) concentration in the buffer. The peak fractions of His-tagged GInB, GInK,
and GInD were dialyzed in buffer for Ni-NTA purification without imidazole. Protein
concentrations were determined with the Bradford assay, with bovine serum albumin as
standard (Bradford 1976).

2.6.6 Protein copurification with His magnetic beads

The in vitro interaction between AspA-GInB and AspA-GInK was tested with His magnetic
beads (Promega) (Huergo et al. 2007; Gerhardt et al. 2015). All reactions were conducted
as suggested by the supplier (Promega). The buffer contained Tris-HCI (50 mM, pH 8), NaCl
(0.1 M), glycerol (10% v/v), MgCl. (5 mM), and imidazole (50 mM). Reactions, equilibra-

tion, washing, and elution were conducted in the presence or absence of 2-oxoglutarate

41



2 MATERIALS AND METHODS

(5 mM) and ATP (3.5 mM). Briefly, His magnetic beads (5 pl) were equilibrated with
100 pl buffer. Then, Hise-GInB-Hise or Hise-GInK-Hiss (each 12 pg) was added as bait, and
55 ng AspA-Strep was added as prey. The proteins were mixed in a 500 pl reaction volume
and preincubated at 30°C for 10 min. After preincubation, the samples were mixed with the
equilibrated beads and incubated for 5 min at 30°C under agitation (800 rpm, Thermomixer
comfort, Eppendorf). The beads were washed twice with 300 ul reaction buffer, and the
proteins were eluted with 20 pl reaction buffer containing imidazole (0.5 M) for 5 min.
Eluted samples were mixed with sample buffer and analyzed with 15% of SDS-PAGE and
Western blotting. Western blots were probed with anti-Strep fused to HRP and anti-His fused
to HRP antisera (IBA Lifesciences, Roth)

2.6.7 Uridylylation of GInB

GInB was uridylylated with purified GInD of E. coli by a modified procedure (Rodionova et
al. 2018). Purified Hise-GInD-Hisg (2 uM) and Hiss-GInB-Hiss (50 uM) were incubated in
buffer containing Tris-HCI (50 mM, pH 7.5), KCI (100 mM), MgCl2 (10 mM), DTT (1 mM),
uridine-5’-triphosphate (UTP, 2 mM), 2-oxoglutarate (5 mM), and ATP (1 mM) at 37°C for
3 h. Then, the mixture was incubated at 60°C for 10 min followed by centrifugation
(12,295 x g, 10 min) to separate denaturated GInD and GInB-UMP. GInB uridylylation was
verified by native gel electrophoresis (Fig. 24).

2.6.8 Gas chromatography-mass spectrometry (GC-MS) of mouse samples

The preparation of the mouse intestinal samples of conventional Swiss Webster was per-
formed by Maria Winter (University of Texas). The gut was removed from the abdominal
cavity. Subsequently, the intestinal lumen contents in the distal part of the Jejunum (proxi-
mal part of the small intestine), the lleum (distal part of the small intestine) as well as cecum
and colon were collected (Fig. 28). The contents of each intestinal section were transferred
to an Eppendorf reaction tube containing 500 pl TBS buffer and weighed. The samples were
then vortexed for 2 min to break up the pellet. The solids and cells were centrifuged
(6,000 x g, 5 min, benchtop centrifuge, Eppendorf). The supernatant was aliquoted and deep-
frozen at 80°C until use. The metabolites of the lyophilized sample were extracted with
methyl tert-butyl ether (MTBE) and methanol and analyzed with a mass spectrometer (Ag-

ilent Technologies) consisting of an electron impact ionization source (EI) and a time of
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flight (TOF) mass analyzer. The measurement and sample preparation were performed by
MetaSysX GmbH according to a modified protocol (Salem et al. 2016).

2.6.9 In vitro activity of AspA in a coupled enzymatic AST assay

AspA activity was monitored with isolated protein by determining the L-Asp consumed or
produced in a discontinuous enzymatic assay. Samples (50 ul) were taken at different time
points, and enzymes were inactivated by incubating at 95°C for 10 min. Then, the L-Asp
concentration was quantified with a coupled enzymatic L-Asp:2-OG aminotransferase
(AST) assay at RT (Bergmeyer et al. 1983). For testing the effect of GInB or GInK, purified
AspA (350 nM) and GInB or GInK (1 pM) were mixed in 500 pl of assay buffer. For the
amination reaction, this assay buffer consisted of Tricin (50 mM, pH 8.5), L-Asp (1 mM),
NH4CI (20 mM), fumarate (10 mM), MgClz (5 mM), and dithiothreitol (DTT, 1 mM). For
the deamination reaction, the assay buffer contained HEPES (50 mM, pH 8), L-Asp (5 mM),
MgCl, (5 mM), and DTT (1 mM). Reactions were initiated by adding L-Asp or NH4CI.

NADH NAD*
L-Asp + 2-0G — L-Glu + OA LZ» L-Mal
AspC Mdh

Fig. 19: Reactions of the coupled enzymatic AST assay. Abbreviations: 2-OG: 2-oxoglutarate; AspC:
L-Asp:2-OG aminotransferase AST; OA: oxaloacetate; Mdh: malate dehydrogenase; L-Mal: L-malate.

The coupled reaction of AspC and malate dehydrogenase Mdh consumes NADH (Fig. 19).
NADH (Amax = 340 nm) and NAD™ (Amax = 260 nm) have distinct absorption peaks, allowing
quantification according to the Beer-Lambert law (Beer 1852).

Determination of L-Asp in the medium or buffer

Bacteria were grown aerobically to the stationary phase at 37°C in minimal M9 medium,
with or without NH4Cl, supplemented with glycerol (50 mM) and L-Asp (20 mM). After
centrifugation, the supernatant was analyzed for L-Asp in an AST enzymatic assay (Berg-

meyer et al. 1983).

2.6.10 SDS-PAGE and semi-dry Western blotting
SDS-PAGE (sodium dodecyl sulfate polyacrylamide gel electrophoresis) is an analytical
method for the separation of proteins on an electric field. The Mini-PROTEAN system (Bio-
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Rad) was used for SDS-PAGE at a constant voltage of 150 V for approx. 90 min. Proteins
were transferred to a nitrocellulose membrane (Whatman, GE Healthcare) by semi-dry
Western blotting. For semi-dry Western blotting, two layers of filter paper, nitrocellulose
membrane, SDS gel, and two layers of filter paper were placed between the anode and
cathode on a semi-dry blotter (Bio-Rad). All components were soaked in transfer buffer.
Transfer was performed under 45 mA for 90 min per nitrocellulose membrane. The proteins
are chemically denatured by the SDS and thus acquire a negative charge, causing the
denatured proteins to diffuse from the cathode to the anode and consequently transfer to the
nitrocellulose membrane. For native-PAGE, SDS was omitted from each buffer and the pro-

tocol according to Atkinson et al. (1994) was used.

2.6.11 Antibody staining

After semi-dry Western blotting, free binding sites on the nitrocellulose membrane were
saturated by incubation in blocking buffer (3% w/v BSA, 0.1% v/v Tween 20) on a tumbling
shaker overnight at 4°C (Polymax 1040, Heidolph). The nitrocellulose membrane was incu-
bated for 1 h with the antibody buffer (1% w/v BSA, 0.1% v/v Tween 20) containing the
respective antibody at a dilution of 1:10,000. Unbound antibody was then removed via three
5 min wash steps with wash buffer (0.1% v/v Tween 20). If necessary, this step was repeated
with the secondary antibody. During the incubation phases, the nitrocellulose membrane was
shaken on a tumbling shaker (Polymax 1040, Heidolph). Immunostaining was performed
with horse-radish peroxidase (HRP)-coupled anti-His, anti-Strep, and anti-lgG-mouse
polyclonal antiserum (Roth, IBA Lifesciences, Sigma-Aldrich) or with anti-PhoA antibodies
produced in mouse (Sigma-Aldrich). For visualization, a chemiluminescent substrate was
applied (Immobilon Western HRP substrate, Merck Millipore), followed by exposure to an

X-ray film (Advansta).
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2.7 Bioinformatics

2.7.1 Programs and servers

Tab. 2: Programs and servers used in this study

Program/Server Description Reference
EggNOG v5.0 Database for orthologous (Huerta-Cepas et al. 2016)
groups and functional annota- | http://egg-

UCSF Chimera

tions
Visualization of protein struc-
tures

nog5.embl.de/#/app/home
(Pettersen et al. 2004)
https://www.cgl.ucsf.edu/chi-
mera/

NCBI Blast Comparison of nucleotide and | (Altschul et al. 1990)
protein sequences https://blast.ncbi.nlm.nih.gov/Blas
t.cgi
OligoCalc Calculation of melting temper- = (Kibbe 2007)

atures and much more

http://biotools.nubic.northwest-
ern.edu/OligoCalc.html

RCSB Protein Database

Database with protein struc-
tures

(Berman et al. 1999)
https://www.rcsb.org/

Unipro UGENE

Bioinformatics software with

(Okonechnikov et al. 2012)

different alignment functions http://ugene.net/
EcoCyc Database of the E. coli genome | (Keseler et al. 2017)

with functional annotations https://ecocyc.org/
BRENDA A comprehensive enzyme in- (Jeske et al. 2019)

formation system https://www.brenda-enzymes.org/
Regulon DB E. coli K-12 transcriptional (Gama-Castro et al. 2016)

regulatory network

http://regulondb.ccg.unam.mx/

GRAVY Calculator

Grand average of hydropathy
(GRAVY) value for protein
sequences

http://www.gravy-calculator.de/

Sequence massager

Nucleic acid sequence ‘mas-
sager’

http://bio-
model.uah.es/en/lab/cybertory/ana
lysis/massager.htm

UniProt

The Universal Protein Re-
source (UniProt) is a compre-
hensive resource for protein
sequence and annotation data

(UniProt Consortium 2019)
https://www.uniprot.org/

Clone Manager

Cloning and amplification
planning

http://www.scied.com/index.htm

FinchTV Chromatogram viewer https://digitalworldbiol-
ogy.com/FinchTV
Translation DNA translation https://web.expasy.org/translate/

Protein MW calculator

Molecular weight calculator

http://www.sciencegate-
way.org/tools/proteinmw.htm

Heatmapper

Web-enabled heat mapping

(Babicki et al. 2016)
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3 Results
3.1 The physiology and regulation of L-aspartate metabolism in E. coli

3.1.1 L-Asp is an optimal nitrogen source for E. coli

L-Asp is an important precursor for numerous biosynthetic pathways, including biosynthesis
of UMP and NAD" and of various amino acids (Jensen et al. 2008; Osterman 2009). The
degradation of L-Asp requires only one step compared to other amino acids, producing free
ammonium and fumarate catalyzed by AspA. Ammonium is assimilated in the glutamine
synthetase (GS, GInA) and glutamine 2-oxoglutarate aminotransferase (GOGAT, GItBD)
reaction, producing L-Glu (van Heeswijk et al. 2013). Fumarate is excreted in a
L-Asp:fumarate antiport by DcuA under aerobiosis (Strecker et al. 2018), whereas fumarate
can be used as an electron acceptor in anaerobic growth (Six et al. 1994). The quality of
L-Asp as a nitrogen source was investigated by comparing aerobic E. coli growth in response
to ammonium and amino acids, including L-Asp, as the sole nitrogen source. The bacteria
were grown in minimal M9 medium with glycerol as the carbon source. The selection of
amino acids was based on their physiological significance and turn-over rates in the refer-
ence enterohaemorrhagic E. coli (EHEC) strain EDL933, and other microbiota found in the
bovine small intestine contents (BSIC) (Bertin et al. 2018). The growth rates for the nitrogen
source ammonium, L-Asp, L-Asn, and L-GIn were very similar (Fig. 20A). L-Asn is deam-
inated to L-Asp in the periplasm of E. coli by asparaginase AnsB (Cedar and Schwartz 1967;
Willis and Woolfolk 1974). L-GIn was used as a reference because of its central role in
nitrogen metabolism. However, in BSIC, L-GIn is found only at low concentrations and is
therefore of minor significance for E. coli. L-Ala compared to L-Asp has a similar fast
degradation pathway. L-Ala can be converted directly to ammonium and pyruvate, though
the growth rate was inferior to L-Asp. L-Ser and L-Thr which are also degraded by EDL933
and the bovine small intestine microbiota (Bertin et al. 2018), supported growth rate with
only one-third of optimal nitrogen sources such as ammonium, L-Asp, L-GlIn, and L-Asn
(Fig. 20A).

In a previous work, it was shown that ammonium is a preferred source of nitrogen and
represses the utilization of L-Asp (Strecker et al. 2018). In similar competition experiments,
the effect of other amino acids on L-Asp utilization was tested. Bacteria were grown in min-
imal M9 medium and glycerol with either L-Asp as the sole nitrogen source or paired with
L-Ala, L-GIn, or L-Thr. The presence of L-Ala had no effect on L-Asp consumption. L-GIn
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and L-Thr lowered L-Asp consumption by 39% and 37%, respectively (Fig. 20B). Interest-
ingly, L-Thr did not support growth as, for example, L-GIn did, but still lowered L-Asp
consumption (Fig. 20A and B). Both L-Asp and L-GIn supported rapid growth as high-
quality nitrogen sources, with L-GIn being used preferentially over L-Asp. Overall, L-Asp

Is a high-quality nitrogen source that supports rapid growth of E. coli.

The utilization of L-Asp as the nitrogen source can be via two pathways. In the first pathway,
ammonium is released from L-Asp by the deamination reaction of AspA. The free ammo-
nium is assimilated by the GS-GOGAT pathway, producing L-Glu. In the second pathway,
the amide group of L-Asp can be transferred directly to 2-oxoglutarate, producing L-Glu and
oxaloacetate, which is catalyzed by the aspartate aminotransferase AspC. To differentiate
between these two pathways, bacteria were cultured aerobically in minimal M9 medium with
L-Asp as the sole nitrogen source. Additionally, genes involved in the degradation of L-Asp
were genetically inactivated. The dcuA-deficient mutant showed the highest growth reduc-
tion, whereas the aerobic Cs-dicarboxylate transporter DctA had wild-type growth
(Fig. 20C), confirming previous findings that DcuA is the main L-Asp transporter in E. coli
(Strecker et al. 2018). aspA-deficiency halved growth, while aspC-deficiency had a minor
effect (Fig. 20C). In conclusion, DcuA is essential for growth on L-Asp, while AspA is an

important enzyme for the effective degradation of L-Asp as a nitrogen source.

07 - A g . B g . C
1 le I
06 IIII = _L T
T o5 - E6 1 ®1 ]
= c
104 .25*
[J] A o 0
IS €4 - g4
£03 2, °
gOZA 8
G %2 A 2 1
<
0.1 A S D
0 D, . L L 0 0 \.TVT(ITVT}‘
v E 25 Sy = BRI QR ¢
e 220 HE bs X © N ¢ & ¥ O
g'gjj_l_l_ll_ll A xY x xY v % v v
3 -
ZE L-Asp
o
< <
2

Fig. 20: Growth of E. coli with different amino acids as the nitrogen source. (A) E. coli BW25113 (wild
type) was grown in NH4Cl-deficient M9 medium with glycerol (50 mM) and the indicated amino acids or
NH.CI (20 mM), as the nitrogen source. Growth rates (u, h™) were calculated from growth curves. (B)
BW25113 were grown aerobically to an ODsyg of 2 in NH4Cl-deficient M9 medium with glycerol (50 mM)
and L-Asp as the sole nitrogen source or paired with either L-Ala, L-GIn, or L-Thr (20 mM). L-Asp in the
supernatant was measured before and after growth with the aspartate aminotransferase (AST) assay
(Bergmeyer et al. 1983). The difference is shown. (C) Wild type (Wt) and mutant BW25113 bacteria were
grown for 24 h to the stationary growth phase in NH4Cl-deficient M9 medium with glycerol (50 mM) and
L-Asp (20 mM) as the sole nitrogen source. Growth is expressed in terms of optical density at 578 nm
(ODs7s). Gene deficiency (A) abbreviations: aspA: aspartase; aspC: aspartate aminotransferase; dcuA:
L-Asp/succinate antiporter; dctA: Cs-dicarboxylate transporter.
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3.1.2 aspAp-lacZ expression is independent of nitrogen regulators

Previous work showed that the expression of aspA depends on cAMP-CRP activation (Tsai
et al. 2018; Surmann et al. 2020). Furthermore, aspA is negatively regulated by NarL of the
NarX-NarL two-component system and positively regulated by DcuR and FNR (Golby et
al. 1998b; Goh et al. 2005; Surmann et al. 2020). The aspA and dcuA genes colocalize on
the E. coli genome. An aspA-dcuA cotranscript is produced, but it is of minor significance
for the expression of the genes (Golby et al. 1998b). Transcription of dcuA is constitutive
(Golby et al. 1998b; Strecker et al. 2018). The utilization of L-Asp as the nitrogen source
was influenced by the presence of other amino acids (Fig. 20B). To investigate whether this
effect can be explained by transcriptional regulation of aspA, the effect on aspAp-lacZ
expression by different nitrogen sources and compositions of growth medium as well as
transcriptional regulators of nitrogen metabolism was tested. The aspA promoter was fused
to the reporter gene lacZ encoding the -galactosidase. Bacteria containing the chromosomal
aspAp-lacZ reporter gene fusion were grown aerobically in minimal M9 medium and glyc-
erol in presence of different effectors to the exponential growth phase (ODs7s = 0.5).
In addition, bacteria were grown in nitrogen deficient M9 medium and glycerol with differ-
ent nitrogen sources as the effector. Overall, the aspAp-lacZ expression was not significantly
affected by the presence of effectors (Fig. 21A).

In addition, the response regulator NtrC of the NtrB-NtrC two-component system (alterna-
tive name GInL-GInG), the transcriptional regulator Lrp, and the alternative o-factor RpoS,
involved in general stress response, were tested. The transcriptional regulators were genet-
ically inactivated in the aspAp-lacZ reporter strain. Bacteria were grown in minimal M9
medium and glycerol with either NH4ClI or L-Asp as the sole nitrogen source to the expo-
nential growth phase (ODs7g = 0.5). In both cases, the Irp- and ntrC-deficient mutants
showed wild-type growth, while an increase of aspAp-lacZ expression was observed in the
rpoS-deficient mutant (Fig. 21B). Overall, alteration of transcriptional regulators involved
in nitrogen metabolism had no effect on aspAp-lacZ expression, whereas the o-factor of the
general stress response negatively affected expression in the exponential growth phase. Prior
work has shown that aspA transcription is regulated by Lrp. These data were based on global
transcriptional analyses, for example, using chromatin immunoprecipitation (ChlP)-
sequencing (Hung et al. 2002; Cho et al. 2008; Kroner et al. 2019). This observation could
not be confirmed by direct testing in the aspAp-lacZ expression analysis (Fig. 21B).

48



3 RESULTS

1500 1 A 2500 - B
=) | =)
S 1250 I S 2000 A
= I I c I
S 1000 | I I S
2 2 1500 |
S 750 S
N N 1000
N N 4
S 500 A 3
2 g
3 250 | S 500 |
o} o]
O T T T T T T T T 0 T T
O 5 RSP BRSO SR e P
F XN NS ARSI\ LRSS
N E L& N e & e v v DR
P TS KE PR S
& x X\f X x X*Q:b x\«' X x‘\QJ’b

Fig. 21: aspAp-lacZ expression in response to varying carbon and nitrogen sources (A), and
transcriptional regulators (B). Bacteria were grown in M9 medium (gray bars) and NH4Cl-deficient M9
medium (black bars) and glycerol (50 mM) to the exponential growth phase (ODsz = 0.5). The p-galacto-
sidase activity was measured and is expressed in Miller-Units (MU). (A) aspAp-lacZ expression were meas-
ured in E. coli strain IMWG642. The indicated nutrients were added, at the following concentrations: suc-
cinate (20 mM), L-Asp (20 mM), fumarate (20 mM), acid hydrolyzed casein (AHC, 0.1 % w/v) with L-Trp
(0.005 % wi/v), yeast extract (5 g/l), and lysogeny broth (LB, 5 g/l). (B) L-Asp (20 mM) was used as the
sole nitrogen source (black bars). IM642 were rendered deficient (A) in the following genes: Irp: leucine-

responsive transcriptional regulator; ntrC: response regulator of NtrB-NtrC; and rpoS: the general stress
response o-factor.

3.1.3 L-Asp consumption of E. coli is influenced by GInB

Since neither dcuA nor aspA were transcriptionally affected by nitrogen availability or by
transcriptional regulators, L-Asp transport and utilization were tested. Previous work iden-
tified DcuA as the main L-Asp transporter in E. coli (Strecker et al. 2018). At the center of
the E. coli nitrogen regulatory network is the protein GInB (PII) by controlling the activity
of glutamine synthetase (GS) of the GS-GOGAT pathway through regulating the
adenylyltransferase/adenylyl-removing enzyme GInE (van Heeswijk et al. 2013). The GInB
homolog GInK (PI1-2) regulates the ammonium transporter AmtB via protein-protein inter-
action (Javelle et al. 2004). The utilization of L-Asp as the nitrogen source was influenced
by the presence of other amino acids (Fig. 20B). In this context, it was investigated whether
L-Asp uptake by DcuA is affected by GInB or GInK. The initial rates of L-[U**C]Asp uptake
in E. coli and mutants lacking gInB and gInK were measured. Bacteria were cultivated aero-
bically in minimal M9 medium and glycerol with L-Asp as the sole nitrogen source or paired
with ammonium. The advantage of initial rate measurements is the minimized interference
of transport by cellular metabolism of the substrate and by other cellular parameters. The
uptake rates of L-[U*C]Asp did change slightly in the wild type in response to ammonium,
whereas in the gInB and gInK mutant the uptake rates remained similar in both conditions
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(Fig. 22A). Overall, GInB and GInK had no effect on L-Asp uptake by DcuA, indicating that
AspA is the likely candidate for regulation.

E. coli wild type and mutants lacking ginB and gInK were grown in nitrogen-deficient M9
medium and glycerol with L-Asp as the sole nitrogen source or paired with ammonium to
the stationary growth phase (ODs7gs = 2). The supernatant was collected and L-Asp consump-
tion before and after growth was measured using the aspartate aminotransferase (AST) assay
(Bergmeyer et al. 1983). The wild type consumed 5.4 mM L-Asp, whereas the presence of
ammonium decreased L-Asp consumption to 3.8 mM. In the gInB mutant, L-Asp consump-
tion in the presence of ammonium was wild-type, whereas L-Asp consumption increased
significantly in the absence of ammonium. The glnK-deficient mutant had no significant
effect on L-Asp consumption; the amounts of L-Asp consumed were wild-type (Fig. 22B).
In conclusion, the L-Asp consumption rates of E. coli revealed that the nitrogen regulatory
protein GInB affects L-Asp utilization, whereas GInK had no impact. These results suggest
that the target of GInB regulation is the aspartase AspA.
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Fig. 22: Effect of GInB and GInK on L-Asp uptake and consumption. Bacteria were grown aerobically
in NH4Cl-deficient M9 medium and glycerol (50 mM) with L-Asp (20 mM; gray bars) or paired with NH4Cl
(20 mM each; black bars).(A) E. coli BW25113, and E. coli deficient (A) in GInB (JW2537; AgInB) or
GInK (JW0440; AgInK) were washed and resuspended, then incubated with 100 pM L-[UC]Asp for
1 min. L-Asp uptake was determined with rapid filtration. (B) L-Asp consumption by E. coli BW25113
(Wt), IW2537, and JW0440 was measured in the supernatant before and after growth (ODs7g = 2) using the
AST assay, the difference is given (Bergmeyer et al. 1983).
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3.1.4 AspA-GInB interaction is dependent on effector molecules

L-Asp utilization was affected by the regulatory protein GInB, whereas L-Asp uptake was
not affected by DcuA (Fig. 22A and B). L-Asp serves as a direct precursor for numerous
amino acids, NAD" und UMP biosynthesis (Michal 1999; Jensen et al. 2008; Osterman
2009). This diversity of L-Asp metabolism complicates the interpretation of the previous
experiments as to what type of regulation GInB exerts. For this reason, the interaction
between AspA and GInB were tested in vivo and in vitro. GInB controls its target proteins,
such as GInE, NtrB, NagB, and ACCase, through direct protein-protein interaction (Jiang
and Ninfa 1999; van Heeswijk et al. 2013; Gerhardt et al. 2015; Rodionova et al. 2018).
Therefore, the interaction between AspA and GInB were tested in a bacterial adenylate
cyclase-based two-hybrid system (BACTH). Fusion proteins of AspA and GInB with either
T25 or T18 domains of Bordetella pertussis adenylate cyclase were constructed. In this
system, restoration of cyclase activity requires interaction between the fused proteins, lead-

ing to cCAMP production that ultimately induces the lacZ reporter gene.
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Fig. 23: Interaction of AspA with GInB and GInB mutants in vivo (A) and in vitro (B). (A) E. coli
BTH101 (AcyaA) was cotransformed pairwise with plasmids encoding fusions of T25 to AspA (t25AspA)
and fusions of T18 to GInB and GInB mutants (t1sGInB, A49P and Y51F). The combinations are shown on
the x-axis. The leucine zipper pair t1sZip and t25Zip are applied as a positive control (Karimova et al. 1998;
Karimova et al. 2001), the pair t1sZip/T2sAspA as the negative control for background B-galactosidase
activity. The corresponding plasmids are derivatives of pUT18C and pKT25 (Tab. 1). The strains were
grown aerobically in LB medium. B-Galactosidase activities were quantified in Miller-Units (MU).
(B) Purified AspA-Strep (55 pg) and Hise-tagged GInB (He-GInB-Hg), either GInB (Wt) or GInB (Y51F)
or uridylylated GInB-UMP (each 12 pg) were incubated in buffer, with or without 2-oxoglutarate (2-OG,
5 mM) and ATP (3.5 mM). He-GInB-Hs was precipitated with the addition of His magnetic beads. The
(co)purified proteins were separated with SDS-PAGE and identified in Western Blots, with antisera against
the Strep-tag and Hisg-tag. The bands corresponding to AspA-Strep (56.0 kDa) and Hg-GInB-Hg (16.2 kDa)
are indicated.

51



3 RESULTS

The strains showed high activities of -galactosidase for the strain that produced AspA and
GInB, indicating interaction of the proteins (Fig. 23A). The GInB mutants A49P and Y51F
are located in the T-Loop, which plays a crucial role in the protein-protein interaction with
target proteins (Gerhardt et al. 2015). GInB A49P is known to cause loss of interaction with
the sensor histidine kinase NtrB (Martinez-Argudo and Contreras 2002; Zhang et al. 2007).
The strain that expressed the GInB mutant A49P showed a much weaker interaction with
AspA compared with wild-type GInB (Fig. 23A). Residue Trp51 of GInB represents the site
for GInB uridylylation (Rhee et al. 1989; Jaggi et al. 1996). The GInB mutant Y51F showed
almost a complete loss of interaction compared with GInB A49P (Fig. 23A). These results
confirm that the interaction between AspA and GInB involves the T-Loop.

The interaction between GInB and target proteins is dependent on the effector molecules
ATP, ADP, and 2-OG. Moreover, GInB can be chemically modified via uridylylation by
GInD (Jiang et al. 1998). GInB is a homotrimer, whereby each monomer harbors three char-
acteristic T-, B-, and C-loops. The B- and C-loops are involved in the binding of effector

molecules. Ligand binding induces conformational changes in the T-loop that modulate in-

teraction with target proteins. Thus, GInB is able to modulate Q;?“" 0®Q
\Q ’
the enzyme activity of target proteins to the current metabolic Q\Q;(’ Q\KS’

state and requirement of E. coli (Huergo et al. 2013; van Hees-

wijk et al. 2013). To verify this interaction, Strep-tagged AspA “
== 70 kDa

and Hise-tagged GInB were purified and examined in vitro in a
copurification experiment using His magnetic beads. The inter-

action was assayed in presence of the known GInB effector
.. . Fig. 24: Native PAGE of
molecules, ATP and 2-oxoglutarate (2-OG). In addition, uri- G|gnB after  uridylylation.
Native-PAGE of GInB after
uridylylation by GInD. Uri-
tested against AspA-Strep. When His magnetic beads were dylylated GInB runs lower
than non-uridylylated GInB in

treated with Hiss-tagged GInB in the absence of effector mole- a non-denaturing PAGE (At-
L. o kinson et al. 1994)
cules, AspA-Strep was not detected in immunostaining. AspA-

dylylated GInB and the uridylylation mutant GInB Y51F were

Strep was copurified with His magnetic beads pretreated with He-GInB-He when ATP and
2-OG were present. In the absence of effector molecules and He-GInB-Hs, Strep-tagged
AspA did not bind to His magnetic beads (Fig. 23B). Moreover, AspA-Strep did not copurify
when His magnetic beads were pretreated with the uridylylation mutant GInB Y51F, similar
to the BACTH results where a strong reduction of the interaction was observed (Fig. 23A
and B). GInB was uridylylated by GInD in vitro. The successful uridylylation was confirmed

by the electrophoretic mobility shift of GInB-UMP in native protein electrophoresis
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(Fig. 24). AspA-Strep copurified with uridylylated GInB-UMP in an effector molecule-
independent manner (Fig. 23B), and for both situations, high levels of copurified AspA-
Strep were detected in immunostaining. These results suggest that the interaction between
AspA and GInB depends on the presence of either ATP and 2-OG or uridylylated GInB or
both.

3.1.5 AspA activity is positively regulated by GInB

The previous experiments have shown that GInB interacts with AspA in the presence of ATP
and 2-OG or when GInB is uridylylated. There are several examples in which GInB modu-
lates the enzyme activity of target proteins via protein-protein interaction depending on
effector molecules and uridylylation state (Gerhardt et al. 2015; Rodionova et al. 2018).
These different signal inputs lead to conformational changes in the T-loop that defines the
signal output, resulting in positive or negative regulation of the target protein (Huergo et al.
2013). The effect of GInB on AspA was measured with purified AspA and GInB proteins in
vitro. AspA catalyzes either an amination of fumarate (ammonium + fumarate — L-Asp), or
in reverse, the deamination of L-Asp (L-Asp — ammonium + fumarate). Both types of re-

action were assayed in presence of GInB, uridylylated GInB-UMP, and effector molecules.

Addition of 2-OG paired with ATP or ADP alone had no effect on the amination and deam-
ination activity (Fig. 25B). However, the deamination reaction was significantly stimulated
by 2.27-fold in the presence of GInB paired with ATP and 2-OG (Fig. 25A). Comparatively,
ATP alone showed a minor effect on the latter activity (1.3-fold). The presence of ADP alone
and paired with 2-OG marginally increased the AspA deamination activity. Uridylylated
GInB-UMP stimulated the deamination reaction of AspA twofold both in the presence and
absence of 2-OG and ATP (Fig. 25A). The amination reaction remained largely constant or
was slightly inhibited in presence of ATP (0.8-fold). Overall, GInB in presence of ATP and
2-0G, or GInB-UMP stimulate ammonium formation by AspA (Fig. 25A). These data are
consistent with the copurification assay in which either GInB in the presence of ATP and
2-0G, or GInB-UMP were able to copurify Strep-tagged AspA (Fig. 23B). Under nitrogen-
limited conditions, intracellular 2-OG levels are high and GInB is predominantly
uridylylated (van Heeswijk et al. 2013). In this metabolic state, GInB-UMP stimulates the
AspA deamination reaction twofold, releasing ammonium, which is then assimilated in the
GS-GOGAT pathway to produce L-Glu.
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Fig. 25: The effects of GInB on AspA activity in vitro. (A) The activity of purified AspA-Strep was
measured with the coupled AST assay (Bergmeyer et al., 1983) in the presence or absence of purified GInB
or GInB-UMP paired with the effectors 2-oxoglutarate (2-OG, 5 mM), ATP (3.5 mM), and ADP (3.5 mM).
The activities are normalized to the activity of AspA alone (100% activity). AspA activity is shown for
both amination (fumarate + ammonium > L-Asp, gray bars) and deamination (L-Asp > fumarate +
ammonium, black bars) reactions. (B) AspA activity in the presence with 2-OG paired with ATP or ADP
as control.

3.1.6 AspA-GInK interaction had no regulatory effect

The GInB paralog protein GInK showed interaction with AspA in the adenylate cyclase-
based BACTH system, although no effect could be measured on L-Asp utilization in vivo
(Fig. 22B & Fig. 26A). GInB in presence of 2-OG and ATP or uridylylated GInB-UMP
stimulated the AspA deamination reaction by twofold (Fig. 25A). The same type of experi-
ment was performed with purified GInK and AspA. When His magnetic beads were treated
with Hise-tagged GInK, Strep-tagged AspA weakly copurified in the absence of effector
molecules. Obviously, interaction between AspA and GInK is present, but much weaker than
with GInB. In contrast to the AspA-GInB interaction, which was dependent on 2-OG and
ATP, an AspA-GInK interaction can only be detected in the absence of ATP and 2-OG. In
the presence of effector molecules, no Strep-tagged AspA can be detected in immunostain-
ing (Fig. 26B). GInK alone, as well as paired with 2-OG and ATP showed no significant
effect on either the amination or deamination reaction of AspA (Fig. 26C). Thus, the weak
interaction observed between AspA and GInK had no regulatory effect on either AspA
activity. This resembles the GInB target acetyl-CoA carboxylase ACCase, where GInK in-
teracted with the protein without affecting the ACCase activity (Rodrigues et al. 2014;
Gerhardt et al. 2015).
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Fig. 26: Interaction of AspA and GInK in vivo (A), copurification to demonstrate the interaction
between AspA and GInK in vitro (B), and the effects of GInK on AspA activity in vitro (C). (A) E. coli
BTH101 (AcyaA) was cotransformed pairwise with plasmids encoding fusions of T25 to ASpA (t25AspA)
and fusions of T18 to GInK (11sGInK). The combinations are shown on the x-axis. The leucine zipper pair
T18Zip and T2sZip are applied as a positive control (Karimova et al. 1998; Karimova et al. 2001), the pair
T18Zip/T25ASPA as the negative control for background B-galactosidase activity. The corresponding plas-
mids are derivatives of pUT18C and pKT25 (Tab. 1). The strains were grown aerobically in LB medium.
[B-Galactosidase activities were quantified in Miller-Units (MU). (B) AspA-Strep (55 pg) and He-GInK-Hs
(12 pg) were incubated in buffer, with or without 2-oxoglutarate (2-OG, 5 mM) and ATP (3.5 mM).
He-GInK-Hg was precipitated with the addition of HisMagnetic beads. The (co)purified proteins were sep-
arated with SDS-PAGE and identified in Western Blots, with antisera against Strep and Hiss. (C) The
activity of purified AspA was measured with the coupled AST assay (Bergmeyer et al. 1983) in the presence
or absence of GInK, without or with the effectors 2-oxoglutarate (2-OG, 5 mM), ATP (3.5 mM), and ADP
(3.5 mM). The activities are normalized to the activity of AspA alone (100% activity). ASpA activity is
shown for both amination (fumarate + ammonia - L-Asp, gray bars) and deamination (L-Asp > fumarate
+ ammonia, black bars) reactions.

3.1.7 Aspartate aminotransferase AspC interacted with GInB

The aspartate aminotransferase AspC catalyzes one of the two L-Asp degradation pathways,
which was of minor significance (Fig. 20C). AspC is a multifunctional enzyme that catalyzes
the synthesis of L-Asp, L-Phe, L-Tyr, and other substrates. AspC catalyzes the reversible
transfer of the amide group from L-Asp to 2-oxoglutarate, yielding L-Glu and oxaloacetate
(Powell and Morrison 1978). The products of the AspC reaction are at the interface of carbon
and nitrogen metabolism. L-Glu can be used to incorporate ammonium in the GS-GOGAT
pathway (van Heeswijk et al. 2013), whereas oxaloacetate can be utilized for gluconeogen-
esis through the PEP/pyruvate bypass (Sauer and Eikmanns 2005). The reversible reaction
of AspC provides a rapid pathway for the production of L-Asp, an important precursor for
UMP biosynthesis, under nitrogen upshift (Jensen et al. 2008; Yuan et al. 2009). Both AspA
and AspC catalyze reactions of interest for nitrogen and carbon metabolism in E. coli. GInB
stimulation of AspA deamination activity in the presence of ATP and 2-OG or uridylylated
GInB-UMP was demonstrated (Fig. 25A). Accordingly, an AspC-GInB interaction was

55



3 RESULTS

tested using the adenylate cyclase-based BACTH system. Similar to the BACTH experi-
ments with AspA-GInB, two GInB mutants, GInB A49P and Y51F, were used (Fig. 23A).
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Fig. 27: Interaction of AspC with GInK and GInK mutants. E. coli BTH101 (AcyaA) was cotrans-
formed pairwise with plasmids encoding fusions of T25 to AspC or GInB (125AspC, 125GInB) and
fusions of T18 to AspC or GInB (118AspC, 11sGInB). The combinations are shown on the x-axis. The
leucine zipper pair 118Zip and 125Zip are applied as a positive control (Karimova et al. 1998; Karimova
et al. 2001), the pair 118Zip/T2sAspC as the negative control for background B-galactosidase activity.
The corresponding plasmids are derivatives of pUT18C and pKT25 (Tab. 1). The strains were grown
aerobically in LB medium. $-Galactosidase activities were quantified in Miller-Units (MU).

The strains producing the AspC and GInB fusions showed high activities of f-galactosidase
for both pairs, indicating an interaction of the proteins (Fig. 27). The GInB A49P mutation
is located in the T-loop and showed in one combination wild-type interaction, while the
alternation of the T25 and T18 fragments caused a twofold increase in interaction.
In contrast, GInB A49P caused a decrease in interaction with AspA. The uridylylation mu-
tant GInB Y51F showed a twofold decrease in interaction with AspC, a similar observation
was made for interaction with AspA (Fig. 23A and Fig. 27) (Rhee et al. 1989; Jaggi et al.
1996). The data showed that the AspC-GInB interaction also involves the T-loop and is
presumably specific. In addition, the GInB paralog GInK was tested for interaction with
AspC in the adenylate cyclase-based BACTH system. The B-galactosidase activity was
significantly lower than with GInB and AspA-GInK, but still some combinations exceeded

the background activity of the negative control (I. Appx. 3.1.7).
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3.2 L-Asp as a nitrogen source and electron acceptor in the mouse intestine

3.2.1 GC-MS of primary metabolites in the mouse intestine
The intestine is a highly complex and competitive environment in which E. coli must com-
pete with the gut microbiota for efficient colonization (Miranda et al. 2004; Kamada et al.

2012). Analysis of the bovine small intestine con-

tents revealed high levels of proteinogenic amino Proximal
small intestine

acids (Bertin et al. 2018). A similar analysis was Distal
1sta

performed for the mouse model of conventional small intestine

Swiss Webster mice. Intestinal contents of mice )
Proximal

were collected at four distinct position by collabo- colon

rator Maria Winter (University Texas) (Fig. 28). Distal

Samples were dissolved in TBS buffer and vor- colon

texed, then the mixture was centrifuged, and the su-
pernatant was removed, aliquoted and deep-frozen. Fig. 28: Schematic overview of the mouse
The metabolites of the lyophilized sample were ex- intestine and sampling ares

tracted with methyl tert-butyl ether (MTBE) and methanol. Samples were analyzed for their
content of primary metabolites using gas chromatography-mass spectrometry (GC-MS) by
MetaSysX (Potsdam). The metabolites were quantified relatively in normalized intensities,
with exception of the Cs-dicarboxylates fumarate, L-malate, and succinate. These were
determined in absolute concentrations using a calibration curve. With this set of reference
substrates and the assumption that the extraction and detection of the remaining substrates,
especially amino acids, are comparable to Cs-dicarboxylates, the extrapolation of their
absolute contents was performed. Absolute contents were calculated in mmol kg? dry
weight; concentrations are shown for simpler presentation. The regions for sampling were
divided into proximal and distal part of the small intestine (Pl and DI), cecum (CE) and colon
(CO) (Fig. 28).

3.2.1.1 Aminogram of the mouse intestine

The bovine gastrointestinal tract contains high amounts of proteinogenic amino acids.
Previous work showed that L-Asp is a preferentially utilized substrate for enterohemorrhagic
E. coli strain EDL933 in bovine small intestinal contents, with DcuA and AspA being the
key enzymes involved in L-Asp utilization (Bertin et al. 2018). Analysis of the intestinal

contents of conventional Swiss Webster mice revealed similarly high levels of proteinogenic
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amino acids (Fig. 29). In addition, about 40 substrates were found, of which amino acids
represent the largest group. Four regions of the gastrointestinal tract were examined, the
proximal and distal parts of the small intestine (PI and DI), the cecum (CE), and the colon
(CO) (Fig. 28). A total of 127 mM amino acids in the proximal part and 77 mM in the distal
part of the small intestine were quantified. The cecum and colon parts are largely negligible
with 11 mM and 10 mM amino acids, respectively (Fig. 29A). Most amino acids are found
in the proximal and distal parts of the small intestine in the range of 4 to 17 mM, L-Ala
showed the highest levels, whereas L-Cys and L-Asn were present in very low amounts
(Fig. 29B). In addition to L-Ala; L-Pro, L-Val, and L-Leu also showed high concentrations
in both sections of the small intestine. Amino acid concentrations decreased continuously
from the proximal part through the distal part of the small intestine to the cecum and colon,
with the lowest amount of amino acids observed in the colon (Fig. 29A). The concentration
of L-Asp in the proximal part was 4 mM, which decreased to 2 mM in the distal part of the
small intestine. In the cecum and colon, 1.3 and 0.4 mM were measured, respectively
(Fig. 29B). These results are similar to the L-Asp levels found in bovine small intestine,
where approximately 3.8 mM L-Asp was quantified. Similar to what has already been shown
for the bovine small intestine (Bertin et al. 2018), the mouse intestine exhibited a similar
amino acid-rich environment, with amino acid levels exceeding those of the bovine small
intestine. In the proximal and distal parts of the small intestine in mice, 127 mM and 77 mM
amino acids were found, respectively, compared to 41.3 mM for the bovine small intestine.
This discrepancy can be explained by the initial dilution of the bovine intestine samples,

which halves the concentrations presented (Bertin et al. 2018).
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Fig. 29: Heatmap of the intestinal amino acids (A) and aminogram of the proximal and distal part of
the small intestine (B). (A) Heatmaps were prepared with the online tool Heatmapper (Babicki et al. 2016)
of the proximal part (PI) and the distal part (DI) of the small intestine, cecum (CE), and colon (CO).
(B) Aminogram of the proteinogenic amino acids quantified in the proximal (black bars) and distal part
(gray bars) of the small intestine. Four samples from different male mice were analyzed for each section of
the mouse intestine.
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The availability of different nitrogen sources and the competition with other microorganisms
in the animal gut makes it even more essential to specialize in the degradation of single

amino acids in order to coexist with other bacterial species (Freter et al. 1983).

3.2.1.2 Distribution of intermediate substrates in the mouse intestine

The aminogram revealed an amino acid-rich environment, especially in the proximal and
distal part of the small intestine (Fig. 29B). In addition, many intermediates or end products
were found in the small intestine. A total of 20 mM in the proximal and 28 mM substrates
in the distal part of the small intestine were quantified (Fig. 30A and B). The most abundant
substrate in all sampling areas of the mouse intestine is L-lactate, accounting for 77% of the
total in the proximal part and 80% in the distal part of the small intestine. L-Lactate concen-
trations significantly exceeded L-Ala levels in the distal part of the small intestine at
22.5 mM (L-Ala = 15.7 mM) (Fig. 30B). Substrates in the low single-digit millimolar range
were quantified for the cecum and colon. The high amounts of L-lactate found in the small
intestine were presumably produced by lactic acid fermentation from Lactobacillaceae and
excreted as an end product. Lactobacillaceae are by far the most common family in the small
intestine (Yang et al. 2019). In the cecum and colon, L-lactate levels collapsed severely due
to butyrate fermentation of L-lactate and acetate by Clostridia (Bourriaud et al. 2005;
Detman et al. 2019). Clostridia are only found in these sections of the mouse intestine
(Yang et al. 2019). Short chain fatty acids (SCFA), such as butyrate, acetate, and propionate,
are assimilated by the mammalian host and provide high portions of total energy gained from
the diet, especially in ruminants (Mortensen and Clausen 1996; Scheppach et al. 2001).
In humans, SCFA are implicated as a preferred energy source for colonic mucosa and
protection against colitis and colorectal cancer (Mclntyre et al. 1993; Archer et al. 1998;
Wachtershduser and Stein 2000; Pryde et al. 2002). In addition, D-glyceric acid and urea are
found in low millimolar range. Urea is one of the three most important nitrogenous waste
products in humans, along with creatine and uric acid. A total of 3.5 mM urea, 0.14 mM
creatine, and 0.27 mM uric acid were quantified in all four intestinal sections combined.
Urea is degraded by microorganisms in the intestine, releasing ammonia that can be utilized
as a nitrogen source (Wrong 1978). The remaining substrates were measured only in very

low micromolar concentrations (Fig. 30A).
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Fig. 30: Distribution of intermediate substrates and end products in the mouse intestine. (A) Absolute
concentrations of intermediate substrates and end products in the proximal (black bars) and distal part (gray
bars) of the small intestine. (B) L-Lactate concentrations in the mouse intestine. Four samples from different
male mice were analyzed for each section of the mouse intestine. Abbreviations: proximal (PI) and distal
part (DI) of the small intestine, cecum (CE), and colon (CO).

3.2.1.3 Distribution of Cs-dicarboxylates in the mouse intestine.

E. coli uses nitrate and fumarate in the intestine as electron acceptors for growth. However,
the nitrate concentration in the intestinal cecal mucus is limited, rendering fumarate respira-
tion more essential (Jones et al. 2007; Jones et al. 2011). Analysis of the intestinal samples
revealed that L-Asp is by far the most abundant Cs-dicarboxylate, with 4 mM measured in
the proximal and 2 mM in the distal part of the small intestine. In the cecum, L-Asp is still
present in the millimolar range (1.3 mM), and only in the colon did L-Asp levels drop into
the micromolar range (0.4 mM) (Fig. 31A). The L-Asp levels found are comparable to those
from bovine small intestine contents (Bertin et al. 2018). In contrast, fumarate and L-malate
were quantified only in the low micromolar range. The highest succinate concentration was
measured in the distal part of the small intestine (410 puM), assuming that fumarate,
L-malate, and L-Asp are converted by microbial fumarate respiration to succinate. However,
the increase in succinate did not reflect the decrease in L-Asp, L-malate, and fumarate. Most
likely, the decrease in succinate levels in the cecum and colon may be caused by host intes-
tinal gluconeogenesis, bacterial succinate fermentation, or oxidative degradation using low
levels of diffused oxygen (Jones et al. 2007; Jones et al. 2011; VVadder et al. 2016; Connors
et al. 2018). DcuA has a Km of 43 uM for L-Asp, consequently the L-Asp levels found are
sufficient to saturate transport by DcuA. The Km value for fumarate uptake by DcuB is
100 uM (Engel et al. 1994). Therefore, DcuB is suitable for the uptake of L-malate in the
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proximal and distal parts of the small intestine. The Km of DcuB for L-Asp is not known,
but the high L-Asp levels suggest that DcuB is also involved in L-Asp uptake. The approx-
imate Km for induction of DcuS-dependent genes is in the millimolar range (Unden et al.
2016), suggesting that L-Asp is likely the Cs-dicarboxylate that is predominantly detected
under physiological conditions in the mouse intestine. Overall, L-Asp is by far the most
abundant Cs-dicarboxylate found in the mouse intestine, possibly rendering L-Asp the most
important Cs-dicarboxylate for E. coli under physiological conditions. Fumarate respiration
is essential for E. coli for intestinal colonization (Jones et al. 2007; Jones et al. 2011); based
on the available data, it can be assumed that L-Asp is the main fumarate source for commen-
sal and pathogenic E. coli.
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Fig. 31: Concentration of Cs-dicarboxylates L-Asp (A), L-malate, fumarate, and succinate (B) in the
mouse intestine. (A) L-Asp concentration in the intestinal contents of mice. (B) L-Malate, fumarate, and
succinate concentrations of the mouse intestine. Four samples from different male mice were analyzed for
each section of the mouse intestine. Abbreviations: proximal (P1) and distal part (DI) of the small intestine,
cecum (CE), and colon (CO).
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3.2.2 Lrp regulation of genes involved in fumarate respiration

In the absence of oxygen, E. coli can use fumarate respiration for anaerobic growth, and the
succinate formed is excreted as the end product of fumarate respiration. Any Cs-dicarbox-
ylate can be converted to fumarate in a few enzymatic steps, including L-Asp by aspartase
AspA (Guest 1979; Unden et al. 2016). L-Asp is an important intermediate step for various
amino acid biosynthetic pathways, as well as their degradation pathways. Thus, the intracel-
lular production of fumarate is closely linked to amino acid degradation via L-Asp (Michal
1999). The animal gut is an amino acid-rich environment that provides E. coli with several

possibilities to produce fumarate (Fig. 29) (Bertin et al. 2018). Lrp is a global transcriptional
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regulator for one third of the E. coli genome, responding to L-Leu, L-Met, L-Ala, and other
amino acids (Tani et al. 2002; Hart and Blumenthal 2011; Kroner et al. 2019). These genes
are involved in amino acid biosynthesis and catabolism, and other cellular functions
(Brinkman et al. 2003). Lrp may act as a repressor or activator that can be potentiated or
antagonized by L-Leu binding, or L-Leu binding may has no effect at all (Lin et al. 1992;
Platko and Calvo 1993; Newman and Lin 1995). A global gene expression profile for Lrp
showed that the expression of dcuB (factor -2.23), frdA (factor -1.63), and dcuC
(factor -1.44) was reduced in a Irp-deficient strain (Hung et al. 2002). The involvement of
Lrp in the expression of dcuB, frdA, and dcuC was investigated using lacZ reporter gene
fusions to determine whether an Lrp-dependent effect on expression could be observed.

3.2.2.1 dcuB and frdA are positively regulated by Lrp

Under anaerobiosis, C4-dicarboxylates are used for fumarate respiration, in which fumarate
is reduced to succinate by the fumarate reductase FrdABCD (Guest 1979; Unden et al.
2016). The transport of Cs-dicarboxylates is catalyzed by DcuB, which couples Cs-dicar-
boxylate uptake with the export of succinate (Engel et al. 1992; Engel et al. 1994). dcuB and
frdA are both anaerobically expressed and positively regulated by the transcriptional regula-
tor FNR and the DcuS-DcuR two-component system in response to Cs-dicarboxylates
(Golby et al. 1998b; Zientz et al. 1998; Golby et al. 1999). The animal intestine is an amino
acid-rich environment, which means that the supply of fumarate to the cell is not limiting
(Jones et al. 2007; Jones et al. 2011; Bertin et al. 2018). Thus, the extent to which the ex-
pression of dcuB and frdA is influenced by the transcriptional regulator Lrp was investigated.
Both promoters were fused to the reporter gene lacZ, with additional genetic inactivation of
Irp. Bacteria were cultured anaerobically in minimal M9 medium and glycerol as the carbon
source with fumarate as the electron acceptor. Lrp responds to different amino acids, so the
expression was tested in the presence of lysogeny broth (LB) which is an undefined complex
medium containing a mixture of amino acids. Expression of dcuBp-lacZ was examined in
two reporter gene strains IMW237 (dcuBp-lacz) and IMW503 (dcuBp-lacZ, AdcuB), both
of which contain a chromosomal dcuBp-lacZ fusion and in IMW503 dcuB is additionally
genetically inactivated. Deficiency of dcuB leads to constitutively activated DcusS, resulting
in fumarate-independent induction of dcuBp-lacZ (Kleefeld et al. 2009; Steinmetz et al.
2014).
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As expected, a fumarate-dependent induction of dcuBp-lacZ is observed in IMW237, which
is lost in IMW503 (AdcuB). Throughout the experiment, a decrease in dcuBp-lacZ expres-
sion was observed when Irp was genetically inactivated (Fig. 32A). The reduction in dcuBp-
lacZ expression ranges from a factor of -1.37 to -3.45. These results are in agreement with
data from the global gene expression analysis of a Irp mutant (factor -2.23) (Hung et al.
2002). In summary, the dcuBp-lacZ expression analysis revealed positive regulation by the
global transcriptional regulator Lrp.
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Fig. 32: dcuBp-lacZ (A and B) and frdAp-lacZ (C) expression of Irp mutants in presence LB.
Bacteria were grown anaerobically at 37°C in minimal M9 medium and glycerol (50 mM) with fumarate
(20 mM). LB was added as an effector (5 g/l), and at increased concentrations (5/10/20/40 g/l).
(A) Shown are the control activities of IMW237 (dcuBp-lacZ) and IMW503 (dcuBp-lacZ, AdcuB)
(black bars) and dcuBp-lacZ expression in the Irp mutant (gray bars). (B) Shown are control activities
of IMWS503 (black bars) and dcuBp-lacZ expression in the Irp mutant (gray bars). (C) Shown are control
activities of MC4100AJ100 (frdAp-lacZ) (black bars) and activities of Irp-deficient IMW682 (frdAp-
lacZ, Alrp) (gray bars). The B-galactosidase assay was performed in the stationary growth phase
(ODs7s = 1.5). Activities were quantified in Miller-Units (MU).

In addition, dcuBp-lacZ expression was measured in the presence of increased LB concen-
trations. Bacteria were cultured anaerobically in minimal M9 medium and glycerol with
different LB concentrations, which were gradually increased. When LB concentrations be-
yond 5 g/l were added, a strong repression of dcuBp-lacZ expression was observed in
IMW503 (AdcuB) (Fig. 32B). However, in the Irp-deficient dcuBp-lacZ reporter strain, ex-
pression was similar under the elevated LB concentrations, except at 5 g/l LB, where expres-
sion was twofold higher. Altogether, dcuB shows a clear Lrp-dependent induction by amino
acid-containing media, which, however, turns into repression at elevated concentrations.
This transition from induction to repression depending on the amino acid concentration is

consistent with the character of Lrp (Lin et al. 1992; Platko and Calvo 1993; Newman and
Lin 1995).
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The same type of experiment was performed for frdA without using a dcuB-deficient reporter
gene strain, because the fumarate-dependent induction of frdAp-lacZ is significantly lower
than in dcuBp-lacZ (Zientz et al. 1998). Similar to dcuBp-lacZ, an Lrp-dependent reduction
in frdAp-lacZ expression is observed, although noticeably less (Fig. 32C). The reduction in
frdAp-lacZ expression ranges from a factor of -1.2 to -1.54, which is comparable to data
from a global gene expression analysis of a Irp mutant (factor -1.63) (Hung et al. 2002).
Thus, both dcuB and frdA showed an Lrp-dependent phenotype, indicating activation of
dcuB and frdA transcription in response to the amino acid-rich environment in the animal

gut.

3.2.2.2 dcuC is not regulated by Lrp
DcuA, DcuB, and DcuC are Cs-dicarboxylate trans- 250 -
porters expressed under anaerobiosis. DcuA and B control
DcuB catalyze a Cs-dicarboxylate:succinate antiport 200 { O Alrp

during fumarate respiration, with DcuA preferen-
tially transporting L-Asp and DcuB catalyzing the 150 1
uptake of L-malate or fumarate. DcuC is responsible
for succinate efflux during glucose fermentation 1001
(Engel et al. 1992; Engel et al. 1994; Six et al. 1994;

Zientz et al. 1996; Janausch et al. 2002; Strecker et

dcuCp-lacZ activity [MU]

w
o

al. 2018). Therefore, dcuC is not subject to catabolite

repression by glucose, in contrast to dcuB (Zientz et - Fum

al. 1998; Zientz et al. 1999). Irp was genetically in-  Fig. 33: dcuCp-lacZ expression under

. . . Irp-deficiency in presence LB. Bacteria
activated in the dcuCp-lacZ strain. The dcuC expres-  \ere cultivated anaerobically at 37°C in
M9 medium and glycerol (50 mM) with
LB (5 g/l). Shown are control activities

was used (Zientz et al. 1999). In contrast to dcuB and  (Plack bars) and dcuCp-lacZ expression in
the Irp mutant (gray bars). The B-galacto-

frdA, dcuCp-lacZ did not show a Lrp-dependent phe-  sidase test was performed in the stationary
] ) ) o growth phase (ODsz;s = 1.5). Activities
notype in expression (Fig. 33). In addition, expres-  were quantified in Miller-Units (MU).

sion is independent of DcuSR, hence no fumarate

sion of dcuCp-lacZ was largely independent on LB availability. The observation from the
global gene expression profile for Lrp that dcuC expression is decreased (factor -1.44) in a
Lrp-deficient strain could not be confirmed by dcuCp-lacZ reporter gene assays (Hung et al.
2002).
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3.2.3 L-Asp as a nitrogen source for anaerobic growth

E. coli is a facultative anaerobic bacterium that uses fumarate respiration for anaerobic
growth (Guest 1979). L-Asp can serve as a substrate for fumarate respiration (Six et al.
1994), which requires uptake and conversion to fumarate by DcuA and AspA. DcuA cata-
lyzes an L-Asp:fumarate antiport under aerobiosis, L-Asp is deaminated by AspA to ammo-
nium and fumarate, with fumarate being excreted. This system serves as a nitrogen shuttle
to supply nitrogen to the cell without net carbon supply (Strecker et al. 2018). It was inves-
tigated whether L-Asp can supply E. coli with sufficient nitrogen for anaerobic growth, while
fumarate respiration is saturated. Bacteria were grown anaerobically in nitrogen-deficient
M9 medium and glycerol. Fumarate served as an electron acceptor and either L-Asp or am-
monium were supplied as nitrogen sources. The wild type was rendered deficient in either

aspA, dcuA or dcuB, and additionally a dcuAB double mutant was tested.
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Fig. 34: L-Asp supplied as a nitrogen source in aspA and dcuAB-deficient strains in anaerobic growth.
Bacteria were grown anaerobically in nitrogen-deficient M9 medium and glycerol (50 mM) with either
NH4CI or L-Asp (each 20 mM) or fumarate (20 mM). E. coli wild type (BW25113) is applied as reference
for anaerobic growth (black bars). (A) JW4099 (AaspA) (gray bars). (B) JW5735 (AdcuA) (gray bars) and
JW4084 (AdcuB) (white bars). (C) JRG2814 (AdcuA AdcuB) (gray bars). Bacteria were grown for 24 h,
and growth is expressed as optical density at 578 hm (ODsvs).

In the absence of an electron acceptor, virtually no growth was observed (Fig. 34). Strong
growth of the wild type was measured only in the presence of fumarate, with the growth of
the aspA mutant being slightly reduced (Fig. 34A). When the nitrogen source (ammonium)
was replaced by L-Asp, a minor decrease in wild-type growth was observed, while growth
of the aspA mutant collapsed. The addition of fumarate did not change this observation
(Fig. 34A). Overall, L-Asp could serve as a nitrogen source and as an electron acceptor
(Fig. 34A). Thus, L-Asp can aerobically and anaerobically saturate the nitrogen consumption
of E. coli. In addition, AspA is anaerobically required to utilize L-Asp for nitrogen metabo-

lism and fumarate respiration.
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DcuA and DcuB share a high sequence similarity and therefore catalyze similar transport
reactions (Six et al. 1994). Bacteria deficient in either dcuA or dcuB showed similar growth
compared to the wild type, even when L-Asp was used as a nitrogen source instead of am-
monium (Fig. 34B). These data suggest that both DcuA and DcuB can compensate for
L-Asp uptake when either is deficient, consistent with previous results (Six et al. 1994). The
dcuAB double mutant still showed considerable growth with ammonium and fumarate,
suggesting that fumarate uptake may be taken over to some extent by DcuC, as shown
previously (Six et al. 1994; Zientz et al. 1999). However, when ammonium was replaced by
L-Asp as a nitrogen source, growth in the dcuAB double mutant decreased, whereas slightly
higher growth was observed in the presence of fumarate (Fig. 34C). This indicates that DcuC

can substitute for fumarate uptake more efficiently than for L-Asp uptake.

Overall, the data showed that L-Asp can also be used anaerobically as a nitrogen source in
addition to its role in fumarate respiration. For L-Asp to fulfill this role, one of the two Dcu
transporters and the aspartase AspA are required. Both are responsible for the L-Asp uptake
and the efficient release of ammonium and fumarate. Interestingly, aspA deficiency is more
severe than deletion of dcuA or dcuB, implying that, at least under anaerobic conditions,
there is redundancy in the L-Asp uptake, since both Dcu transporters are capable of L-Asp
uptake at a rate that stimulates E. coli growth. This is not the case under aerobic conditions,
where dcuA-deficiency is much more severe than aspA deletion (Fig. 20C) (Strecker et al.
2018). L-Asp is uniquely positioned to saturate both nitrogen metabolism and fumarate
respiration in E. coli, highlighting the physiological importance of L-Asp as a nitrogen

source in the bovine (Bertin et al. 2018) and mouse (Fig. 31 and Fig. 34) intestine.

3.3 DcuA-AspA, DcuB-AspA, and AmtB-AspA interaction network
3.3.1 AspA and DcuA copurified in mSPINE

Previous work has shown that DcuA and AspA catalyze a nitrogen shuttle that supplies am-
monium to the bacterial cell while excreting fumarate (Strecker et al. 2018). This shared
function implies a protein-protein interaction between AspA and DcuA for the benefit of this
collaborative metabolic pathway. DcuA is a membrane transporter, with both C- and N-
termini located in the periplasm (Golby et al. 1998a). This eliminates the use of the adenylate
cyclase-based BACTH system to study the interaction, since the adenylate cyclase requires
cytoplasmic formation. In an alternative approach, DcuA was fused to the bacterial alkaline

phosphatase PhoA, which can be used as a tag for immunodetection of membrane proteins
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(Bauer et al. 2011). PhoA fused to a membrane protein like DcuB, a DcuA paralog, mostly
retains its activity (Bauer et al. 2011). The DcuA-PhoA fusion allows specific immunode-
tection with anti-PhoA antisera. In this experiment, Strep-tagged AspA and PhoA-tagged
DcuA were simultaneously overexpressed and crosslinked in vivo with formaldehyde.
E. coli strain C43 was cotransformed with plasmids containing AspA-Strep and DcuA-PhoA
fusions. Bacteria were grown aerobically in LB medium and expression was induced by the
addition of either anhydrotetracycline (AHT) or IPTG. The intact cells were treated with
formaldehyde to stimulate protein crosslinking (Sutherland et al. 2008). Bacteria were then
homogenized and treated with the detergent lauryldimethylamine oxide to solubilize mem-
brane proteins. In extracts from bacteria that produced both, DcuA-PhoA and AspA-Strep
comigrated during purification on the Strep-Tactin column. This comigration, or retention
of DcuA-PhoA on the column was only observed when the bacteria produced AspA-Strep
as well; without AspA-Strep, DcuA-PhoA did not comigrate (Fig. 35). Comigration was
observed only when cells were treated with the crosslinking reagent formaldehyde. The data
suggested that DcuA-PhoA and AspA-Strep are in close proximity to promote crosslinking,
indicating a protein-protein interaction. This interaction would benefit metabolic coupling

to promote nitrogen shuttling.
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Fig. 35: Copurification to demonstrate the interaction between AspA and DcuA. Constructs were cre-
ated to produce Strep-tagged AspA (pMW3049) and PhoA-tagged DcuA (pMW577). These plasmids were
expressed individually or coexpressed in E. coli C43. To crosslink the proteins, bacteria were treated with
formaldehyde (0.6% wi/v) for 15 min; then bacteria were homogenized and treated with lauryldimethyla-
mine oxide (0.05% v/v). The cell homogenate was applied to a Strep-Tactin column. The D-desthiobiotin
(2.5 mM) eluate was subjected to SDS-PAGE and Western blotting. Western blots were probed with anti-
bodies against PhoA (upper panel) and Strep-tag (lower panel). Protein standards are shown on the right-
hand side. The calculated molecular masses of AspA-Strep and DcuA-PhoA are 56.0 kDa and 95.2 kDa,
respectively.

3.3.2 DcuB-AspA and DcuB-FumB interaction in the BACTH system

The mSPINE experiment indicated protein-protein interaction between DcuA and AspA that
would allow efficient nitrogen shuttling (Fig. 35). The aspA dcuA and dcuB fumB genes are
colocalized on the E. coli genome and can be cotranscribed (Golby et al. 1998b). DcuB
anaerobically catalyzes an L-malate:succinate antiport, while L-malate is dehydrated to
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fumarate by fumarase B (Six et al. 1994; Janausch et al. 2002). Similar to DcuA-AspA, an
interaction between DcuB and FumB would be beneficial for this metabolic pathway. DcuA
and DcuB are paralogous and share a high sequence similarity. Therefore, the adenylate
cyclase-based BACTH system was used to investigate whether AspA or FumB show inter-
action with DcuB. In addition, DcuC was also tested against AspA and FumB to serve as a
control, since the sequence similarity between DcuC and DcuAB is much lower (Janausch
et al. 2002). The N- and C-termini of DcuA, DcuB, and DcuC are located in the periplasm,
which theoretically excludes the use of the adenylate cyclase-based BACTH system. To
overcome this problem, the T25 fragment of the adenylate cyclase were fused in a cytosolic
loop of the Dcu transporters, called a sandwich construct (SWT25) (Bauer 2010; Worner et
al. 2016; Strecker 2018). Unfortunately, DcuA was not functional in this construct, but DcuB
and DcuC were (Worner et al. 2016; Strecker 2018).
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Fig. 36: Interaction between DcuB and DcuC with AspA and FumB in the BACTH system. E. coli
BTH101 (AcyaA) was cotransformed pairwise with plasmids encoding T25 sandwich constructs with DcuB
and DcuC (DcuBswrzs) and fusions of FumB or AspA to T18 (FumBris). The combinations are shown on
the x-axis. The leucine zipper pair r18Zip and r2sZip are applied as a positive control (Karimova et al. 1998;
Karimova et al. 2001), the pair tisZip and T2sAsSpA as the negative control for background
B-galactosidase activity. The corresponding plasmids are derivatives of pUT18 (FumBT1s and ASPATig) and
pKNT25 (DcuBswr2s) (Tab. 1). Bacteria were grown anaerobically in LB medium. B-Galactosidase activi-
ties were quantified in Miller-Units (MU).

Bacteria producing DcuBswr2s and FumBr1s or AspAr1g showed high -galactosidase activ-
ity exceeding the negative control of t18ASpA and t2sZip (Fig. 36). This observation was

largely independent of the added effectors, L-malate, and L-Asp (data not shown). This
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indicates a protein-protein interaction between DcuB-FumB and DcuB-AspA, which is in-
dependent of effector molecules. Bacteria producing DcuCswr2s and FumBr1s or ASpAris
showed a significantly lower B-galactosidase activity than before, which was only slightly
higher than background activity in the combination of DcuCswt2s and AspAris (Fig. 36).
Therefore, the data suggested that there is no interaction between DcuC and FumB or AspA.
Overall, an interaction between DcuB-FumB and DcuB-AspA was observed. The interaction
of AspA with DcuA and DcuB is consistent with their high sequence similarity and the
transport of L-Asp by DcuB at rates that support E. coli growth (Fig. 34B) (Six et al. 1994).
Metabolic coupling between a transporter and a cytosolic enzyme would increase the effi-
ciency of the respective pathway. Coupling between DcuA-AspA, DcuB-AspA, and DcuB-
FumB would provide the cell with a rapid and efficient metabolic chain to saturate fumarate

respiration in anaerobic growth.

3.3.3 AmtB-AspA interaction in the BACTH system

Previous experiments have focused on the deamination reaction of AspA to supply nitrogen
to the cell. However, the amination reaction is of equal interest as it incorporates ammonium
into fumarate without ATP consumption. The ammonium transporter AmtB is encoded in
the glnK amtB operon, the expression of which is strongly induced under nitrogen limitation.
Under nitrogen excess, GInK is deuridylylated and blocks ammonium uptake via protein-
protein interaction with AmtB (van Heeswijk et al. 1996). Normally, nitrogen assimilation
is performed via the GS-GOGAT pathway, where ammonium is incorporated into 2-oxoglu-
tarate (2-OG) with consumption of ATP (van Heeswijk et al. 2013). In previous work,
a metabolic coupling between AmtB and GS has already been postulated with some experi-
mental support (Kleinschmidt and Kleiner 1978; Javelle et al. 2005). Metabolic coupling
between AmtB and AspA would allow an alternative pathway of nitrogen assimilation that
does not consume ATP. AspA and AmtB were tested for interaction in the adenylate cyclase-
based BACTH assay. AspA and AmtB were genetically fused to the T25 and T18 domains
of Bordetella pertussis adenylate cyclase. The BACTH system requires that N- and
C-termini are in the cytoplasm to restore adenylate cyclase activity. The N-terminus of AmtB
is located in the periplasm, precluding constructs in which T18 and T25 are fused
C-terminally to AmtB.

69



3 RESULTS

Bacteria producing AspA and AmtB showed high -galactosidase activity, with two of four
combinations exceeding the background activity of the negative control (Fig. 37A). There-
fore, the data suggest an interaction between the ammonium transporter AmtB and AspA,
which may provide an energy-saving alternative pathway for ammonium assimilation, com-
pared with the GS-GOGAT pathway. AmtB-AspA catalyze ammonium uptake and incorpo-
ration producing L-Asp, which is an important precursor for numerous biosynthetic path-
ways, including UMP and NAD™ biosynthesis (Fig. 37B) (Jensen et al. 2008; Osterman
2009).
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Fig. 37: Interaction of AspA with the ammonia transporter AmtB. (A) E. coli BTH101 (AcyaA)
was cotransformed pairwise with plasmids encoding fusions of T25 to AspA or AmtB (12sAspA) and
fusions of T18 to AspA or AmtB (r18AspA). The combinations are shown on the x-axis. The leucine
zipper pair t18Zip and 2sZip are applied as a positive control (Karimova et al. 1998; Karimova et al.
2001), the pair t18Zip and 12sASpA as the negative control for background B-galactosidase activity. The
corresponding plasmids are derivatives of pUT18C (11sAspA), pUT18 (AspAris and AmtBris),
pKNT25 (AspArzs and AmtBrzs), and pKT25 (125AspA) (Tab. 1). The strains were grown aerobically
in LB medium. B-Galactosidase activities were quantified in Miller-Units (MU). (B) Model of the
metabolic pathway of AmtB-AspA to supply the cell with L-Asp, an important precursor.
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3.4 cAMP-CRP signaling fine-tunes dctA and aspA expression

The transcriptional regulator CRP regulates the expression of over 100 genes, many of which
are involved in the catabolism of secondary substrates other than glucose (Zheng et al. 2004;
Grainger et al. 2005). CRP was the first purified transcriptional regulator and the first protein
for which the protein structure was determined (Zubay et al. 1970; McKay et al. 1982).
Following the binding of the allosteric effector cAMP, CRP is able to bind specific DNA
sites near the promoter. CRP is a true global transcriptional regulator in E. coli and is directly
linked to the availability of PTS sugars through its activation via CAMP. In the absence of
PTS sugars, CAMP production of the adenylate cyclase CyaA is stimulated and cAMP-CRP
induces genes of alternative metabolic pathways to enable the continued growth of E. coli
(Deutscher et al. 2006; Deutscher et al. 2014). Previous work has shown that intracellular
CAMP levels in E. coli fluctuate under different carbon sources (Bennett et al. 2009). This
allows E. coli to continuously fine-tune the expression of cAMP-CRP-dependent genes
based on the available carbon source. The role of cAMP-CRP for the transcriptional regula-
tion was studied in more detail for dctA, encoding the aerobic Cs-dicarboxylate transporter,

and aspA, encoding the aspartate ammonia lyase.

3.4.1 dctAp-lacZ expression is strongly influenced by carbon sources

DctA is a proton potential stimulated Cs-dicarboxylate transporter, which is responsible for
the uptake of fumarate, succinate, L- ,and D-malate, while serving as a coregulator of DcuS
(Kay and Kornberg 1969; Kay and Kornberg 1971; Janausch et al. 2002; Steinmetz et al.
2014). The transcription of dctA is controlled by the two-component system DcuS-DcuR.
Furthermore, dctA is subject to the strong transcriptional control of CRP and ArcBA (Gosset
et al. 2004; Goh et al. 2005). The dctA promoter was genetically fused to lacZ, encoding the
B-galactosidase. The dctAp-lacZ expression was examined in the presence of various
pentoses, hexoses, disaccharides, sugar alcohols, and Cs-dicarboxylates. The two reporter
strains IMW385 (dctAp-lacZ) and IMW386 (dctAp-lacZ, dctA::SpcR) were used. Similar to
the previous experiment, where the Lrp regulation of dcuBp-lacZ was elucidated, the dctA-
deficient reporter strain renders DcusS constitutively active. As a result, DcuSR continuously
induces the expression of DcuR target genes, such as dctA (Davies et al. 1999; Janausch et
al. 2002; Janausch et al. 2004; Kleefeld et al. 2009; Steinmetz et al. 2014). Bacteria were

grown aerobically in LB medium in presence of different carbon sources.
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Fig. 38: dctAp-lacZ expression in the presence of different carbon sources. Both reporter strains,
IMW385 (dctAp-lacZ) and IMW386 (dctAp-lacZ, AdcuB), were cultivated aerobically at 37°C in LB
medium in presence of different carbon sources (20 mM, gray bars). Control activities in absence of an
effector are given (black bars). The B-galactosidase assay was performed in the late exponential growth
phase (ODszs = 1.5). The B-galactosidase activity is quantified in Miller-Units (MU).

As expected, dctAp-lacZ activity is fivefold higher in the dctA-deficient reporter strain than
in IMW385. In the absence of a coregulator, DcuS cannot be converted to the Cs-dicarbox-
ylate-responsive state, leading to the observation that only IMW385 shows Cas-dicarbox-
ylate-dependent induction of dctAp-lacZ (Fig. 38). Starting with lactose, the repression of
dctAp-lacZ expression in reporter strain IMW385 increased continuously, with glucose
showing maximal repression. The dctAp-lacZ expression is significantly higher and inde-
pendent of Cs-dicarboxylate-dependent induction via DcuSR in the reporter strain IMW386
(AdctA), leading to the interesting observation that even Cs-dicarboxylates repressed dctAp-
lacZ expression compared to growth in LB (Fig. 38). In general, dctAp-lacZ expression is
decreased in IMW386 (AdctA) among all carbon sources tested, suggesting that the
Cs-dicarboxylate uptake by DctA is repressed by many substrates in aerobic growth.
Notably, the order in which carbon sources repress dctAp-lacZ expression in both strains is

quite similar.

When the activities of the experiment of Fig. 38 were normalized to the activity in LB and
plotted for IMW385 and IMW386 (AdctA) against each other, it becomes evident that the
dctAp-lacZ activity in IMW386 (AdctA) was more repressed under each carbon source than
in IMW385 (Fig. 39). Interestingly, among each carbon source tested, a 20-40% stronger

repression was observed in IMW386 (AdctA) than in IMW385. This observation indicates
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that cAMP-CRP regulation is superior to DcuR regulation, and even a higher basal activity
of dctAp-lacZ could not counteract this hierarchy.
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Fig. 39: Repression of dctAp-lacZ activity of IMW385 and IMW386 in comparison. The activities of
both reporter strains, IMW385 (dctAp-lacZ, gray) and IMW386 (dctAp-lacZ, AdcuB, black) were plotted
in %. The activities are normalized to the activity of LB medium in absence of an effector (100% activity).

For better understanding, the carbon sources from Fig. 38 are arranged according to their
repression of dctAp-lacZ in IMW385 and IMW386 (AdctA) (Fig. 40). The hexoses, glucose,
and mannitol that are transported by the phosphotransferase system (PTS sugar) showed the

highest repression of dctAp-lacZ. Maltose, glycerol, and D-xylose stood out as non-PTS

sugars in direct comparison (Fig. 40). The PTS sugar f”“;“;;atze
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on the other hand, ranked slightly above them (Fig.

73



3 RESULTS

and the pentose D-xylose were conspicuous. In general, carbon sources can be divided into
upper and lower glycolytic substrates based on repression. Upper glycolytic substrates are
introduced before the fructose 1,6-bisphosphate aldolase reaction, catalyzing the reversible
aldol cleavage of fructose 1,6-bisphosphate, producing dihydroxyacetone phosphate and
D-glyceraldehyde 3-phosphate. Lower glycolytic substrates and the gluconeogenic sub-
strates showed much weaker repression. Gluconeogenic substrates are Cs-di-/tricarboxylates
which require gluconeogenesis to serve as a carbon source via the PEP/pyruvate bypass
(You et al. 2013; Hermsen et al. 2015; Surmann et al. 2020). Glycerol is a lower glycolytic
substrate, whereas the pentose phosphate pathway by which D-xylose is degraded produces
both an upper and a lower glycolytic substrate as end products (Mayer and Boos 2005).
Interestingly, D-xylose and glycerol cluster among the PTS sugars by repression intensity
and both showed excessively strong repression of dctAp-lacZ compared to more character-
istically similar substrates, for instance, L-arabinose and pyruvate (Fig. 40). To further
elucidate D-xylose- and glycerol-mediated repression of dctAp-lacZ, both were studied in

mutants deficient in transcriptional regulation and degradation of the respective substrate.

3.4.1.1 dctA is repressed by glycerol 3-phosphate

Glycerol is a sugar alcohol that is extensively used as a carbon source in minimal M9 me-
dium because of its low cost and low impact on transcriptional regulation (da Silva et al.
2009). Glycerol uptake is catalyzed by GlpF and phosphorylation by GlpK, producing glyc-
erol-3-phophate. Glycerol dehydrogenase GlpD oxidizes glycerol 3-phosphate to dihydrox-
yacetone phosphate and shuttles electrons via cofactor FAD to reduce ubiquinone (Schryvers
etal. 1978; Yeh et al. 2008). Dihydroxyacetone phosphate is then further metabolized in the
lower glycolytic part of glycolysis. Most likely, an intermediate of the glycerol metabolism
is responsible for dctAp-lacZ repression. Thus, the metabolic genes of glycerol catabolism,
namely the glycerol kinase glpK, glycerol 3-phosphate dehydrogenase glpD, and the tran-
scriptional regulator glpR were genetically inactivated in both dctAp-lacZ reporter strains.

Bacteria were cultivated aerobically in LB medium with glycerol added as an effector.
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Fig. 41: dctAp-lacZ expression of glpK and glpR deficient mutants. Bacteria containing the dctAp-
lacZ fusion (IMW385 and IMW386 (AdctA)) and mutants were cultivated aerobically at 37°C in LB
medium (black bars) and in presence of glycerol (20 mM, gray bars) to the late exponential growth
phase (ODszg = 1.5). The B-galactosidase activity is quantified in Miller-Units (MU).

The glpD mutants could not be cultured under the growth conditions used (data not shown).
It is possible that intracellular accumulation of the intermediate glycerol 3-phosphate is toxic
to E. coli. The dctAp-lacZ expression decreased 1.5-fold and 4.5-fold in the presence of
glycerol in IMW385 and IMW386 (AdctA), respectively. The glpR mutants showed a similar
phenotype as the parent strains IMW385 and IMW386 (AdctA). This phenotype is absent
when glpK is genetically inactivated. The glycerol-dependent repression of dctAp-lacZ is
largely resolved in the glpK mutants (Fig. 41). The data suggested that glycerol-dependent
repression of dctAp-lacZ is not mediated by the transcriptional regulator GIpR but is caused
by glycerol 3-phosphate. This type of glycerol 3-phosphate-dependent repression has
already been observed for the transcriptional regulator of the maltose operon malT (Eppler
et al. 2002).

3.4.1.2 dctA is possibly regulated by the transcriptional regulator XyIR

D-Xylose is an aldopentose and the main component of hemicellulose, xylan. It is found in
the cell wall of plants and grasses (Mellerowicz and Gorshkova 2012). D-Xylose enters the
cell either through proton motive force or a high-affinity, ATP-driven transport system. The
isomerase XylA converts D-xylose to D-xylulose and subsequently the xylulokinase XyIB
phosphorylates it to D-xylulose 5-phosphate, an intermediate of the pentose phosphate
pathway (Mayer and Boos 2005). The pentose phosphate pathway is one of the three main

pathways of central metabolism and provides E. coli with various precursors for vitamins

75




3 RESULTS

and amino acids (Sprenger 1995; Mayer and Boos 2005). This pathway produces fructose
6-phosphate and D-glyceraldehyde 3-phosphate as end products, which are fed into the
upper and lower part of glycolysis. Analogous to the experiments on glycerol-dependent
repression of dctAp-lacz, the xylulokinase xylB and the transcriptional regulator xyIR were
genetically inactivated in both reporter strains. Bacteria containing the dctAp-lacZ fusion
were grown aerobically in LB medium with D-xylose added as an effector.
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Fig. 42: dctAp-lacZ expression of xylB or xyIR deficient mutants. Bacteria containing the dctAp-lacZ
fusion (IMW385 and IMW386 (AdctA)) and mutants were cultivated aerobically at 37°C in LB medium
(black bars) and in presence of D-xylose (20 mM, gray bars) to the late exponential growth phase (ODs7s
= 1.5). The B-galactosidase activity is quantified in Miller-Units (MU).
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D-Xylose-dependent repression is observed in IMW385 but is lost in the AxylB and AxyIR
mutants. This observation is confirmed by IMW386 (AdctA), where dctAp-lacZ expression
is reduced 5.7-fold in the presence of D-xylose, however genetic inactivation of xyIB and
xyIR alleviates D-xylose-dependent repression (Fig. 42). In both cases, glycerol and
D-xylose repression of dctAp-lacZ is lost in the respective kinase mutant (Fig. 41 and
Fig. 42). In addition, xyIR inactivation also mitigates the D-xylose repression of dctAp-lacZ.
Based on the present observations, the transcriptional regulator XyIR, bound to D-xylose,
negatively regulates dctA. Equivalently, the product of XylIB, xylose 5-phosphate, or a
subsequent intermediate showed repression of dctAp-lacZ. These data suggest that both
XyIR and xylose 5-phosphate repress dctA, unlike glycerol, where glycerol 3-phosphate was
identified as the substrate responsible for repression (Fig. 41). XyIR is a transcriptional
regulator that induces genes involved in the degradation of D-xylose, such as the xylAB
operon (Song and Park 1997). XyIR-dependent repression was also observed for the rbs

operon, while the xylAB operon is the target of AraC regulation, the transcriptional regulator
76




3 RESULTS

of the L-arabinose catabolism (Desai and Rao 2010).The rbs operon codes for genes that are
important for the degradation of D-ribose (Kang et al. 1998). D-Xylose repression of dctAp-
lacZ could not be characterized in more detail. Nevertheless, these data further elucidated
the relationship between pentoses and Cs-dicarboxylate metabolism, especially since pen-
toses are carbon sources and fumarate respiration is essential under physiological conditions
in the animal gut (Jones et al. 2007; Fabich et al. 2008; Jones et al. 2011). This indicates that
the aerobic Cs-dicarboxylate transporter DctA is of minor significance even in the presence
of oxygen in the animal gut (Levitt 1970; He et al. 1999).

3.4.2 aspAp-lacZ expression is susceptible to different sugars

The aspartate ammonia-lyase AspA is a cytosolic enzyme which catalyzes the reversible
deamination of L-Asp, forming fumarate and ammonium. The expression of aspA is posi-
tively regulated by cAMP-CRP and FNR, and repressed by NarL (Spiro and Guest 1991;
Golby et al. 1998b; Goh et al. 2005). NarL is the response regulator of the NarX-NarL two-
component system, which senses nitrate (Egan and Stewart 1990). aspA and dcuA are colo-
calized, and cotranscripts are possible but not common (Golby et al. 1998b). Recent data
suggested a positive regulation by the DcuS-DcuR two-component system (Surmann et al.
2020). The promoter of aspAp was fused to lacZ coding for the B-galactosidase. The expres-
sion of aspAp-lacZ was examined in minimal M9 medium and glycerol in presence of dif-

ferent carbon sources.
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Fig. 43: aspAp-lacZ expression in presence of different carbon sources. Bacteria containing the
aspAp-lacZ fusion (IMW642) were cultivated aerobically at 37°C in M9 medium and glycerol (50 mM)
with different effectors (20 mM) to the exponential growth phase (ODszs = 0.5). The p-galactosidase
activity was quantified in Miller-Units (MU).
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A similar pattern as for dctAp-lacZ (Fig. 38) is observed for aspAp-lacZ expression
(Fig. 43). A clear distinction between PTS (mannitol and glucose) and non-PTS sugars
(lactose, D-xylose, and D-ribose) is evident (Fig. 43). Notably, glycerol and D-xylose
showed much weaker repression than for dctAp-lacZ (Fig. 38). Expression analysis of
aspAp-lacZ and dctAp-lacZ shows a hierarchical gene regulation based on the available car-
bon source, which is regulated by cCAMP-CRP. The aspA and dctA expression is reliant on
CAMP-CRP activation. To investigate the extent to which the expression of dctA and aspA
is dependent on cAMP-CRP, the reporter strains were rendered deficient in cCAMP-CRP
signaling.

3.4.3 aspA and dctA expression is dependent on cAMP-CRP activation
CAMP-CRP is essential for the activation of genes involved in catabolism of substrates other
than glucose (Kolb et al. 1993; Deutscher et al. 2006; Fic et al. 2009). Both PTS and non-
PTS sugars affect the phosphorylation status of EIIA®' and thus cAMP production via the
adenylate cyclase CyaA (Hogema et al. 1998). Consistent with this, CAMP levels were
shown to fluctuate in the presence of PTS sugars as well as non-PTS sugars (Bennett et al.
2009). These properties give CAMP-CRP the ability to continuously fine-tune regulation of
genes involved in alternative metabolic pathways in response to available carbon sources.
The reliance of aspAp-lacZ and dctAp-lacZ expression on cAMP-CRP activation was inves-
tigated. In IMW385 (dctAp-lacZ), IMW386 (dctAp-lacZ, AdctA), and IMW642 (aspAp-
lacz), either the gene encoding CRP or the adenylate cyclase CyaA was genetically inacti-
vated. CAMP-CRP activation is impaired in both mutants. As a comparison, expression of
the parent strain was tested in the presence of glucose.

The presence of glucose or interference of the cAMP-CRP signaling pathway led to a drastic
reduction in reporter gene activity (Fig. 44). aspAp-lacZ expression decreased 6.5- and
8.3-fold, while dctAp-lacZ declined 6.3- and 6.2-fold in presence of glucose and in the crp
or cyaA mutant, respectively (Fig. 44A and B). Under dctA-deficiency, dctAp-lacZ activity
decreased 13.4-fold in presence of glucose and 13.8-fold in the cyaA mutant (Fig. 44C). The
dctAp-lacZ expression is increased 5.56-fold in the dctA-deficient strain, this value is halved
to 2.6-fold in the presence of glucose (Fig. 44B and C). The expectation was to observe a

comparable ratio of dctAp-lacZ expression with and without glucose in both reporter strains.
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Fig. 44: Dependence of aspAp-lacZ and dctAp-lacZ expression on CAMP-CRP activation. Bacteria
were cultivated aerobically at 37°C in LB medium and glucose (20 mM) to the late exponential growth
phase (ODs7s = 1.2). p-Galactosidase activity was quantified in Miller-Units (MU). (A) IMW642 (aspAp-
lacZ) and IMWG690 (IMW642, Acrp); (B) IMW385 (dctAp-lacZ) and IMW669 (IMW385, AcyaA); (C)
IMW386 (dctAp-lacZ, AdctA) and IMW665 (IMW386, AcyaA).
However, significantly stronger repression by interference of cAMP-CRP activation is
observed in the strain with the higher basal activity, IMW386 (AdctA). This indicates that
Cs-dicarboxylate-dependent induction by DcuS-DcuR is inferior to cCAMP-CRP activation.
Overall, transcription of dctA and aspA is highly dependent on cAMP-CRP, suggesting that
the variability in expression is due to fine-tuning of the cAMP-CRP signal transduction
pathway in response to carbon source availability. When cAMP-CRP complexes are not
present in sufficient amounts, dctA and aspA are transcribed very poorly. Both dctA and aspA
showed similar expression in presence of glucose and cAMP-CRP-deficiency, indicating

similar CRP-binding sites in the promoter region.

3.4.4 Distribution matrix of the conservations of CRP-binding sites

The expression of aspA and dctA are affected by numerous carbon sources. The level of
repression correlates roughly with the energy density of the carbon source (Fig. 38 and
Fig. 43). When a carbon source is fed into the upper part of glycolysis, a stronger repression
of reporter gene activity was observed than when a carbon source is fed into the lower part
of glycolysis (Fig. 40). This gradual transcriptional regulation in response to different carbon
sources is mainly regulated by the cAMP-CRP pathway (Fig. 44). Both the promoter region
of aspAp and dctAp contain only one CRP-binding site (Golby et al. 1998b; Davies et al.
1999). The CRP-binding sites of aspAp and dctAp were aligned against the CRP consensus
sequence (Fig. 45B) (Ebright et al. 1989). The CRP-binding site of aspAp and dctAp showed
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a conservation of 68% and 59%, respectively (Fig. 45B). In order to contextualize both
values, all known CRP-binding sites from E. coli were aligned against the CRP consensus

sequence in a multiple sequence alignment (MSA) (Fig. 45A).
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Fig. 45: Conservation distribution of CRP-binding sites in E. coli (A) and alignment of dctAp and
aspAp CRP-binding sites against the consensus (B). (A) 312 CRP-binding sites from RegulonDB
were acquired and aligned using Unipro UGENE (Okonechnikov et al. 2012; Gama-Castro et al. 2016).
The degree of conservation was plotted against the number of times occurred. (B) A section of the
multiple sequence alignment showing the CRP-binding sites of aspAp, dctAp and the consensus
(Ebright et al. 1989).

A total of 312 CRP-binding sites from E. coli were obtained via RegulonDB and used for
the MSA, whereby duplicates and shortened binding sites were removed from the data set
(Gama-Castro et al. 2016). The similarity of all CRP-binding sites to the CRP consensus
sequence was calculated. The conservation values were visualized via a distribution matrix
(Fig. 45A). The distribution of the conservation values of the CRP-binding sites resembles
a Gaussian curve. Surprisingly, both CRP-binding sites of aspAp and dctAp are located either
near or at the peak. This observation is not surprising, as expression analysis showed that
both dctA and aspA are similarly dependent on cCAMP-CRP activation. Overall, the conser-
vation of the CRP-binding sites and dependence on transcriptional activation by cAMP-CRP
were similar (Fig. 44 & Fig. 45B), however, conservation of the CRP-binding site is only

one factor; another key factor is the position on the promoter region (Fic et al. 2009).

3.4.5 Classification of aspAp and dctAp CRP-binding sites

The transcriptional regulator CRP binds to a 22-bp symmetrical site and, similar to the inte-
gration host factor IHF, induces a DNA bend upon binding (Ebright et al. 1989; Parkinson
et al. 1996). The association constant for CRP without cAMP is approx. 100 uM (Giraud-
Panis et al. 1992). When cAMP binds to CRP, the association constant for DNA of the
CAMP-CRP complex increases drastically between 100 nM to 100 pM, depending on the

specific DNA sequence (Harman 2001; Fic et al. 2009). cAMP-CRP signaling is one of the
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regulatory pillars of carbon catabolite repression (CCR) (Mdller-Hill and Oehler 1996;
Deutscher et al. 2006; Narang and Pilyugin 2007), enabling E. coli to gradually utilize
carbon sources and thus grow diauxically (Kolb et al. 1993; Busby and Ebright 1999). The
expression of dctA and aspA showed a high susceptibility to different carbon sources
(Fig. 38 and Fig. 43). Both are reliant on cCAMP-CRP activation, hence low levels of expres-
sion were observed in mutants lacking cCAMP-CRP signaling (Fig. 44).
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Fig. 46: Schematic model of the aspAp (A) and dctAp (B) promoter regions. The positions of
transcription start, and binding sites of transcriptional regulators are indicated in reference to the +1
transcription start. Binding sites are based on sequence deduction (dashed lines) and experimental data
(continuous lines). The region of the E. coli genome is noted in the top left and bottom right corner.
Coordinates are from EcoCyc and previous data (Golby et al. 1998b; Davies et al. 1999; Keseler et al.
2017).

There are two classes of CRP-dependent promoters: Class | promoters require only CRP
activation and have a single binding site in the promoter region, located upstream to which
the RNA polymerase (RNAP) binds. Class Il promoters differ in this respect, the CRP-bind-
ing site is the same as the RNAP site, generally the -35 promoter sequence (Busby and
Ebright 1999; Tebbutt et al. 2002; Fic et al. 2009). Based on the location, dctAp as well as
aspAp can be characterized as class | CRP-dependent promoters. The CRP-binding sites are
located upstream of the RNAP-binding site and centered near position -90.5 and -81.5,
respectively (Fig. 46A and B). The expression data showed that DcuR regulation of dctA is
hierarchically inferior to cAMP-CRP activation (Fig. 44B and C). DcuR-binding site is
upstream of CRP, indicating that the cCAMP-CRP induced DNA bend is essential for positive
DcuR regulation. This is consistent with reporter gene analysis, which showed a drastic
reduction in IMW386 (AdctA, AcyaA) dctAp-lacZ activity, despite DcuS being constitutively
active (Fig. 44C). Comparing the binding sequences of aspAp and dctAp with the consensus
sequence of CRP, no clear assignment of symmetry is possible. Most likely, DNA bending
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may be asymmetric, similar to the gal promoter. Expression analysis of aspAp, especially
dctAp, showed fine regulation by cAMP-CRP in response to availability of carbon sources.
The CRP-binding sites are positionally and sequentially very similar, which was also con-

firmed in part by the similar experimental results.

3.4.6 DctA-EllA® interaction in BACTH system

Transcription of the Cs-dicarboxylate transporter dctA is dependent on activation by cAMP-
CRP (Fig. 44B and C) (Davies et al. 1999). Nevertheless, analysis of the cellular concentra-
tions of DctA and DcusS revealed that DctA is always present in several hundred copies per
cell to convert DcusS to the Cs-dicarboxylate-responsive state (Worner et al. 2017). This may
allow Cs-dicarboxylate uptake by DctA in aerobic growth. The possibility of interaction
between DctA and EIIAC was investigated using the adenylate cyclase-based BACTH
system. Both proteins were genetically fused to the T25 and T18 domains of Bordetella
pertussis adenylate cyclase. Bacteria producing the pairs DctA and EIAC'® were tested in all
combinations of fusions. Several combinations showed high [-galactosidase activity in

excess of the negative control, suggesting an interaction (Fig. 47).

DcuA catalyzes an L-Asp:fumarate antiport in which AspA deaminates L-Asp to produce
ammonium and fumarate, with fumarate being excreted (Strecker et al. 2018). Cs-dicarbox-
ylates are energetically poor carbon sources in aerobic growth because they are fed relatively
late into the central metabolic pathway. In addition, Cs-dicarboxylates are gluconeogenic
substrates, since growth on these substrates is not possible without gluconeogenesis via
PEP/pyruvate bypass (Miranda et al. 2004; Surmann et al. 2020). Based on current under-
standing, DcuA would excrete Cs-dicarboxylates, predominantly fumarate, and DctA would
reuptake these Cs-dicarboxylates (Unden et al. 2016; Strecker et al. 2018). This situation
would be suboptimal and unnecessary in aerobic growth, especially in the presence of carbon
sources, which are fed in the upper and lower part of the glycolysis. It is known that EIHAC,
from the phosphoenolpyruvate:glucose phosphotransferase system, post-translationally
inhibits transporters of secondary metabolism such as the lactose permease LacY via protein-
protein interaction (Osumi and Saier 1982; Nelson et al. 1983; Deutscher et al. 2006).
Noteworthy, post-translational inhibition of DctA by EIA®" would not be a classical

inducer exclusion since Cs-dicarboxylates are sensed periplasmically via the two-component
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system DcuS-DcuR. Normally, EHAS' inhibits the uptake of substrates that bind cytoplas-

mically to specific transcriptional regulators, inducing genes of alternative metabolic path-
ways (Deutscher et al. 2006).
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Fig. 47: DctA-EIIAS" interaction in vivo using the BACTH system. E. coli BTH101 (AcyaA) was
cotransformed pairwise with plasmids encoding fusions of T25 to DctA or EHNA®'® (1sDctA) and fusions
of T18 to DctA or EIA®"® (113DctA). The combinations are shown on the x-axis. The leucine zipper pair
T18Zip and T25Zip are applied as a positive control (Karimova et al. 1998; Karimova et al. 2001), the pair
m18Zip and 12sDCtA as the negative control for background B-galactosidase activity. The corresponding plas-
mids are derivatives of pUT18C (11sDctA), pUT18 (DctAris), pKT25 (r25DctA), and pKNT25 (DctArzs)
(Tab. 1). The strains were grown aerobically in LB medium at 30°C to the exponential growth phase (ODszg
= 0.5). The B-galactosidase activities were quantified in Miller-Units (MU).

3.5 The DctA and DcuS interaction model

The DcuS-DcuR two-component system in E. coli is membrane integral and represents an
extracytoplasmic sensing histidine kinase (Mascher et al. 2006). DcuSR periplasmically
senses Ca-dicarboxylates (fumarate, succinate, L-malate, and L-Asp) and induces genes
involved in Cs-dicarboxylate metabolism. DcuS-DcuR and CitA-CitB belong to the CitA
family of sensor kinases, whereby the two-component system CitA-CitB is specialized for
the detection of citrate (Yamamoto et al. 2009). Contrary to DcuSR, CitAB does not require
a coregulator for its functionality (Scheu et al. 2012). DctA or DcuB are required to convert
Dcus to a responsive state by protein-protein interaction, in which Dcus is able to sense the
presence of Cs-dicarboxylates. The binding of Cs-dicarboxylates to the periplasmic sensor
domain results in autophosphorylation of the kinase domain, followed by the transfer of the
phosphoryl group to the response regulator DcuR. In the absence of a coregulator, DcusS is
constitutively active and does not require further Cs-dicarboxylate binding for activation.

83



3 RESULTS

The interaction between DcuS and its coregulators DctA or DcuB is essential for function-
ality (Davies et al. 1999; Janausch et al. 2002; Kleefeld et al. 2009; Witan et al. 2012a;
Scheu et al. 2014; Worner et al. 2016). The periplasmic sensory part and the cytoplasmic
part are connected by a continuous a-helical structure, consisting of multiple domains, which
are essential for signal transfer across the membrane (Stopp et al. 2021). The signal input
site consists of a periplasmic PAS domain (PASp) anchored to the membrane by transmem-
brane helices 1 and 2 (TM1, TM2), while the signal output site comprises the kinase domain.
The input and output sites are connected by a long a-helical structure consisting of TM2, the
linker region (LR), and the N-terminal a-helix of the cytosolic PAS domain (PASc) (Stopp
et al. 2021).

The bioinformatic approach had two objectives: First, to model a full-length structure of
Dcu$S and second, to study the interaction between DcuS and DctA on a sequence basis. The
objective was to define relevant residues for the DcuS-DctA interaction by multiple
sequence alignments (MSA). Previous work suggested that domains involved in the DcuS-
DctA interaction are presumably the DcuS LR and DctA helix 8b (H8b) (Witan et al. 20123;
Witan et al. 2012b; Gropper 2013; Stopp 2021; Stopp et al. 2021).

3.5.1 Structural modeling of DcuS

The sensor histidine kinase DcusS is a multidomain protein of 543 amino acids and ranges
across the peri- and cytoplasm. DcuS consists of a periplasmic sensory Per-ARNT-Sim
(PASp) domain that is anchored to the membrane by transmembrane helices TM1 and TM2,
a linker region (LR), a cytoplasmatic PAS domain, and the C-terminal histidine kinase A
(HisKA)-ATPase domain (Pappalardo et al. 2003; Kneuper et al. 2005; Cheung and Hen-
drickson 2008; Sevvana et al. 2008; Scheu et al. 2010a). Dcus is found as dimeric or tetram-
eric, independent of the presence of an effector (Scheu et al. 2010b). Modeling of the DcuS
structure is challenging, as few structural data are available from similar sensor histidine
kinases, which also complicates biochemical studies. To simplify the modeling of DcusS, the
protein was subdivided into several domains. The annotation of the individual domains was
taken from the UniProt database and recent data (Stopp et al. 2021). DcuS was subdivided
into the following domains: N-terminal coil, TM1, PASp, TM2, LR, PASc, and kinase
(Fig. 48). Different methods were used to build a structural model of each section. For the

periplasmic sensing domain PASp, the cytoplasmic signal transduction domain PASc, and
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histidine kinase, either structural data or data from similar structurally resolved proteins were
available (Sevvana et al. 2008; Podgornaia et al. 2013; Salvi et al. 2017).

DcuS E. coli
MRHSLPYRMLRKRPMKLSTTVILMVSAVLFSVLLVVHLIYFSQISDMTRDGLANKALAVARTLADSPEIRQGLQKKPQESGIQAIAEAVRKRNDLLFIVVTDMQSLRYSHPEAQ
N-terminal coil ™M1 PASp

RIGQPFKGDDILKALNGEENVAINRGFLAQALRVFTPIYDENHKQIGVVAIGLELSRVTQQINDSRWSIIWSVLFGMLVGLIGTCILVKVLKKILFGLEPYEISTLFEQRQAML

PASp T™™2 Linker

QSIKEGVVAVDD RGEVTLINDAAQELLNYRKSQDDEKLSTLSHSWSQVVDVSEVLRDGTPRRDEEITIKDRLLLINTVPVRSNGVIIGAISTFRDKTEVRKLMQRLDGLVNYA

PASc

DALRERSHEFMNKLHVILGLLHLKSYKQLEDYILKTANNYQEEIGSLLGKIKSPVIAGFLISKINRATDLGHTLILNSESQLPDSGSEDQVATLITTLGNLIENALEALGPEPG

histidine kinase

GEISVTLHYRHGWLHCEVNDDGPGIAPDKIDHIFDKGVSTKGSERGVGLALVKQQVENLGGSIAVESEPGIFTQFFVQIPWDGERSNR

histidine kinase

Fig. 48: DcuS sequence with annotated domains. The DcuS sequence (UniProt ID: POAECS) is
annotated with the section used in modeling based on UniProt topology and structural data (Stopp et al.
2021).

The N-terminal coil was modeled ab initio using I-TASSER (Yang and Zhang 2015). The
structural models of PASp and PASc were modeled as a homology models of CitA PASp of
Klebsiella pneumoniae (PDB ID: 2V9A) (Sevvana et al. 2008) and CitA PASc of Geobacil-
lus thermodenitrificans (PDB ID: 5FQ1) (Salvi et al. 2017) using Swiss-Model (Bordoli et
al. 2009). TM1, TM2, and the LR were modeled manually in UCSF Chimera (Pettersen et
al. 2004). The kinase domain was modeled by I-TASSER, using the structurally similar ki-
nase domain HK853 of Thermotoga maritima (Podgornaia et al. 2013; Yang and Zhang
2015). The individual structural models were loaded collectively into the molecular
modeling program UCSF Chimera and assembled manually (Pettersen et al. 2004). Struc-
tural data were available for PASp, PASc, and the kinase domain that allowed modeling of
the dimeric structures (Sevvana et al. 2008; Podgornaia et al. 2013; Salvi et al. 2017). For
the continuous a-helix connecting PASp and PASc, biochemical crosslinking data were
available that identified residues involved in the homodimerization interface (Monzel and
Unden 2015; Stopp et al. 2021). For simpler structural representation, DcuS was assumed to
be a dimer (Scheu et al. 2010b). The DcuS model spans a length of 1.9 nm (190 A), with a
highest width of 0.6 nm (64 A) in the periplasmic part and 0.75 nm (75 A) in the cytoplasmic
part (Fig. 49A). The continuous a-helix connecting PASp and PASc extends over a length
of 0.84 nm (84 A), with the first third being transmembrane (Fig. 49B).
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Fig. 49: Structural model of dimeric DcuS (A) and of the continuous transmembrane a-helix (B).
UCSF Chimera was used to assemble the structures obtained by homology modeling (PASp, PASc, and
Kinase), predicted structures (N-terminal coil), and manual modeling (TM1, TM2, and LR). The PASp
dimer was obtained using the structure of DcuS homolog CitA as a template (PDB 1D:2V9A) (Sevvana
et al. 2008). The PASc dimer was modeled using the structure of CitA as a template (PDB ID: 5FQ1)
(Salvi et al. 2017). The kinase domain was modeled using a histidine kinase of T. maritima (PDB ID:
4JAU) (Podgornaia et al. 2013). The cytoplasmic N-terminal coil were predicted by the server
I-TASSER (Yang and Zhang 2015). TM1, TM2 and the LR were manually modeled using UCSF Chi-
mera (Pettersen et al. 2004).
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3.5.2 Multiple sequence alignment of DcuS

Dcus belongs to the CitA family of sensor histidine kinases consisting of the citrate specific
sensor CitA and the Cs-dicarboxylate specific sensor DcuS (Scheu et al. 2010a). The CitA-
CitB two-component system induces expression of genes involved in citrate fermentation in
K. pneumoniae and E. coli in presence of citrate. DcuS and CitA are paralogous and share a
sequence identity of 27%. The two sensors are structurally similar with a significant
functional difference: CitAec does not require accessory proteins to function (Scheu et al.
2012). DcusS requires for function and detection of Cs-dicarboxylates, one of the two coreg-
ulators. Either DctA or DcuB convert DcuS into the Cs-dicarboxylate-responsive state
through protein-protein interaction. In the absence of coregulators, DcuS would be constitu-
tively active and induce genes involved in Cs-dicarboxylate metabolism, independent of the
presence of Cs-dicarboxylates (Davies et al. 1999; Kleefeld et al. 2009; Witan et al. 2012b;
Worner et al. 2016). Previous work has experimentally narrowed down the DcuS LR as a
putative interaction site for DctA (Gropper 2013; Stopp et al. 2021). In this work, an LR-
PASc construct showed interaction with the isolated DctA H8b region, with genetic modifi-
cation, such as truncation, causing weaker interaction (Grépper 2013). In a resulting model,
the downstream PASc domain would act as a signal integration domain, combining the sig-
nals from PASp compaction (mediated by TM2 and LR), and DctA H8b interaction and
converting them into a conformational change of the kinase, thereby driving autophosphor-
ylation. DcuS and CitA are structurally and functionally similar with a significant difference
that CitA does not require accessory proteins. Based on this fact, the hypothesis was formed
that residues involved in DcuS LR-DctA H8b interaction could be changed in CitA. This

hypothesis would help in the interpretation and identification of residues of interest.

In total, 6 DcuS and 6 CitA sequences were selected and 141, 3. ON type characterization

aligned, whereby the LR and the cytoplasmic PAS domain g: :V"’e f:::‘R“e Location
are shown. In a previous work, DcuS homodimerization |[oN! | N24sD PAS core
ONIIA E233G
and signal transduction within PASc was investigated [onua |[r321a B-Scaffold
. . R ONIIB L228A PAS core
(Monzel et al. 2013). Mutations were introduced within oy Thzom
ONIB |R322A P-Seaffold

PASc and screened for phenotypes in homodimerization
and signal transduction. Based on the different phenotypes, ON and OFF mutants were
defined. An ON mutant shows effector-independent activity of the kinase, whereas the OFF
mutant shows no activity even in the presence of an effector. Three subgroups were defined

due to the diversity of ON mutants (Tab. 3). Type I ON mutations showed a significant
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restructuring of the PASc homodimer (assayed as a decrease in homodimerization) and a
decrease in interaction with DctA. Type 1A ON mutations showed a slight restructuring of
the homodimer and a reduced interaction with DctA. Type 1IB ON mutations showed no
significant restructuring of the homodimer and no decrease in interaction with DctA (Monzel
et al. 2013). The ON mutants that were characterized in more detail are listed in Tab. 3. The
mutations are annotated in the MSA and structural model of DcuS LR-PASc (Fig. 50 and
Fig. 51).

The DcuS LR (C199lLVKVLKKILFG211) shows no conserved amino acid residue higher
than 80% between Dcu$S and CitA. Within the LR of DcuS, an L-X3-L-X3-L sequence motif
is moderately conserved, providing evidence for an a-helical structure that has already been
studied in more detail biochemically (Fig. 50) (Stopp et al. 2021). L-Xs-L motifs are often
involved in the interaction between proteins that control various cellular functions (Plevin et
al. 2005). Overall, the LR is a relatively hydrophobic region with grand average of hydro-
pathicity index (GRAVY) of + 1.7 (positive = hydrophobic; negative = hydrophilic).
GRAVY represents the hydropathicity value of a peptide which is calculated from the sum
of all hydropathy values of all amino acids of a sequence divided by the sequence length.
GRAVY was calculated with the hydropathy values of Kyte and Doolittle (1982). Several
positively charged amino acids, K203, K206, and K207 and two OFF (L209A and F210A)
and one ON mutant (K206A) are located in the LR (Monzel et al. 2013). However, based on
the hypothesis, no promising residues can be identified (Fig. 50).

The L-Xs-L-X3-L motif of the LR forms a homodimerization interface of DcuS, based on
biochemical crosslinking data (Stopp et al. 2021). Accordingly, the L2oo-X3-L204-X3-L208
motif should not have accessibility for protein-protein interaction, although residues outside
this motif can be exposed. This assumption would allow the following residues to be con-
sidered (underlined) for interaction with DctA H8b:
C1991200LV202K203V204L K206 K 2071 208LLF210G211. €199 and 1200 are unlikely due to their prox-
imity to the membrane. Similarly, residues F210 and G211 are atypical for a protein-protein
interaction. Residues K203 and K207 would be the most promising, due to a spacer residue,
resulting in both residues theoretically being located opposite of the homodimerization
interface (L-VK203V-L and L-KKzo71-L).
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Fig. 50: Multiple sequence alignment of the LR-PASc region of DcuS and CitA. The full length DcuS
and CitA sequences were obtained from UniProt (UniProt Consortium 2019) and aligned via the bioin-
formatics tool Unipro UGENE (Okonechnikov et al. 2012) using the MUSCLE algorithm in default
settings (Edgar 2004). In a previous work, annotated mutations were characterized (Monzel et al. 2013).
ON-phenotypes (green), OFF-phenotypes (red), and ON/OFF-phenotype depending on the mutation
(yellow). Detailed specification of some ON mutations are given in Tab. 3.

89



3 RESULTS

Noteworthy, an exchange for L-Ala for K206 rendered DcuS constitutively active, which
makes this residue equally interesting (Monzel et al. 2013). K203 showed moderate conser-
vation of the positive charge characteristic for DcuS in the MSA, while this tendency is
considerably enhanced in K206 and K207 and even conserved in CitA (Fig. 50). Overall,
based on the chemical and structural properties of the LR the three L-Lys residues, K203,
K206, and K207 are promising candidates for the interaction with DctA H8b.
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Fig. 51: Amino acid conservation (A) and ON/OFF mutations (B) mapped on the LR-PASc model.
The structural model of LR-PASc is based on the crystal structure of PASc from CitA of Geobacillus ther-
modenitrificans (PCB ID: 5FQ1) modeled as a homology model with SWISS-Model. The LR is manually
modeled in UCSF Chimera. (A) Amino acid conservation (Fig. 50), (B) ON, and OFF phenotypes (Monzel
et al. 2013) were mapped on the LR-PASc model.

In the PASc region, it is noticeable that the ON and OFF mutants cluster in the N-terminal
a-helix, the first half of the PAS core, and the second half of the B-scaffold, whereas only
isolated mutants are found in the other regions. Interestingly, OFF mutations cluster pre-
dominantly in the N-terminal a-helix (Fig. 50 and Fig. 51). For the first half of the PASc
sequence, it can be observed that an exchange to L-Ala often led to an OFF phenotype,
whereas an exchange to the negatively charged amino acid L-Asp led to an ON phenotype.
This assumption is no longer valid towards the end of the PASc region, at the transition from
the B-scaffold to the kinase domain, where both L-Ala and L-Asp caused ON phenotypes.
Structurally, a high conservation is observed in the N-terminal a-helix of PASc. Comparison
of this observation with the mutants identified shows that the majority of ON and OFF
phenotypes are located in the homodimerization interface (Fig. 50 and Fig. 51). Additional
conservation and mutant clusters included the B-sheet structures in the PAS core and the
[-scaffold, which C-terminally transitions into the kinase domain (Fig. 51 A and B). In these
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domains, both a high degree of conservation and numerous mutations, especially ON muta-

tions, are observed.

3.5.3 Structural modeling of DctA

DctA is a Cs-dicarboxylate transporter expressed under aerobic conditions and is one of the
two coregulators of DcuS. DctA converts DcusS into a Cs-dicarboxylate responsive state. The
protein-protein interaction between DcuS and DctA is essential for the functionality of DcusS.
DctA-DcusS sensor complexes are able to induce genes involved in C4-dicarboxylate metab-
olism (Davies et al. 1999; Kleefeld et al. 2009; Witan et al. 2012a; Worner et al. 2016). Glt
from Thermococcus kodakarensis is a sodium-dependent L-Asp transporter and orthologous
to DctA. Numerous Glt crystal structures are available that allow structural prediction of
DctA by homology modeling (Boudker et al. 2007; Jensen et al. 2013). DctA and Glt differ
in two regions, namely DctA helix 3b and helix 8b, which are found only in DctA (Witan et
al. 2012b). Homology modeling of DctA and ab initio modeling of DctA H3b and H8b were
performed by Christiane Ziegler (Universitat Regensburg) (Fig. 52A).
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. cloacae  VKEEBHKKLDBTENNRQ-SDSKTPGLSS
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Fig. 52: Structural model of the DctA monomer (A) and DctA H8b (B) and MSA of the H8b region
(C). (A) The homology model of DctA was modeled by Christiane Ziegler (Universitat Regensburg) based
on the crystal structure of Glt from T. kodakarensis (PCB ID: 4KYO0) (Jensen et al. 2013). H8b region and
the DctA trimeric interface are annotated. (B) Structural model of the H8b region, wherein the residues of
the a-helical structure are annotated. (C) The MSA of DctA H8b was performed with full-length sequences
using Unipro UGENE (Okonechnikov et al. 2012) with the MUSCLE algorithm in default settings (Edgar
2004). The threshold value for the color representation is > 50% (light gray) and > 80% (dark gray).
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Previous work suggested that DctA H8b is essential for the DcuS-DctA interaction (Witan
et al. 2012a; Witan et al. 2012b; Gropper 2013). Helix 8b is an amphipathic a-helix with a
LD-Xs-L-X3-L motif (LsosD-HKK-Ls10-DDV-L414) (Fig. 52B) (Witan et al. 2012b).
Multiple sequence alignment was performed with full-length sequences of DctA; the region
containing DctA H8b is shown. The motif, with exception of L410, is highly conserved
(Fig. 52C). The L-Leu residues show a spacing of 3-4 residues, indicating an a-helical
structure. This LD-Xs-L-Xs-L motif could form a hydrophobic surface to allow a tilting
mechanism in which H8b is repelled by the membrane (Witan et al. 2012b). Based on this
assumption, residues located on the opposite side of the LD-X3-L-X3-L motif would be
candidates. Another limitation is the selection of residues on the side of DcuS LR. Here, the
positively charged, and hydrophilic amino acid L-Lys was selected in positions K203, K206,
and K207. Only D406, D411 and D412 are qualified due to their chemical characteristics
(LaosDaos-HKK-L410-Da11D412V-La14). Structurally, D412 would be most interesting, since
one residue serves as a spacer between L410 and L414, so theoretically D412 should be
located on the opposite side of the hydrophobic LD-X3-L-X3-L motif (Fig. 52B).

3.5.4 The interaction model between DcuS and DctA

The aerobic Cs-dicarboxylate transporter DctA converts DcuS into the Cs-dicarboxylate-
responsive state. Previous work has tested the interaction between DcuS and DctA in either
full-length constructs or, in some cases, single domain and truncated constructs. DctA H8b
(Witan et al. 2012a; Witan et al. 2012b; Gropper 2013) and DcusS linker region (LR) (Stopp
et al. 2021) were established as essential for DcuS functional conversion. The signal trans-
duction of DcusS is propagated by a piston-type displacement, starting from PASp a-helix 6,
through transmembrane helix 2 (TM2). This piston-type displacement is a parallel shift
towards the periplasm of 4-6 A upon activation (Monzel and Unden 2015). Biochemical data
obtained from in vivo L-Cys crosslinking experiments, revealed a different crosslinking
pattern for the LR that suggests partial resolution of the bi-helical structure of TM2 in this
region. For the L-Leu residues in the L2o1-Xs-L2os-X3-L2os motif, a higher crosslinking
efficiency was observed in the absence of fumarate (Stopp et al. 2021). These observations
implicate that stronger DcuS homodimerization is encountered in the OFF state. The parallel
piston-type displacement from PASp a6 and TM2 is translated into a different conforma-
tional change in the LR, presumably in cooperation with DctA. Similar crosslinking experi-

ments showed that the crosslinking efficiency of the LR, apart from TM2 and the N-terminal
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a-helix of PASc, is significantly changed in a dctA-deficient strain. The crosslinking
efficiency in the LR in the dctA-deficient strain is almost non-quantifiable, whereas TM2
and PASc ol are largely unchanged (Stopp 2021). Based on these observations, DcuS LR
and DctA H8b represents a presumed interaction site, which is essential for signal transduc-
tion (Witan et al. 2012a; Witan et al. 2012b; Gropper 2013; Stopp et al. 2021).

Bioinformatic analysis selected DcuS K203, K206, and K207 of the DcuS LR and DctA
D411 and D412 of H8b as possible interacting residues. L-Lys and L-Asp are hydrophilic
and oppositely charged residues that have the potential to form a salt bridge. Due to the
comparatively small contact area of the interaction, a salt bridge would be advantageous.
Salt bridges occur between the positively charged amino acids L-Lys/L-Arg and the nega-
tively charged amino acids L-Asp/L-Glu. Salt bridges are a combination of non-covalent

hydrogen and ionic bonding (Anslyn and Dougherty 2006).

A

Fig. 53: Interaction model between DcuS LR and DctA H8b. The interaction between DcuS LR (light blue and
light red) and DctA H8b (dark gray) was modeled based on the selected residues, DcuS K203 and DctA D412.
DcuS LR is modeled in dimeric form. Important residues for interaction are annotated. The atoms are color coded
as follows: carbon (yellow), oxygen (red), and nitrogen (blue).

The interaction between DcuS LR-PASc and DctA H8b were modeled based on the selected
residues in UCSF Chimera. For simpler presentation, interaction between DcuS LR and
DctA H8b was modeled based on DcuS K203 and DctA D412 (Fig. 53A). The salt bridge
between K203 and D412 would span a distance of 2.61 A. Structurally, K203, K206, and
K207 are similarly exposed and therefore potential interaction points. For the two DctA res-

idues D411 and D412, the selection only specifies how far H8b must be angled in order to
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be in contact with K203. D411 as an interaction point would rotate the hydrophobic

LD-X3-L-X3-L motif of DctA more toward the membrane, which would theoretically pro-

mote the tilting mechanism to repel H8b from the membrane (Witan et al. 2012b). Based on

this interaction model, DctA H8b would interact with one DcuS monomer by a salt bridge.
The salt bridge can be formed on the side of DctA H8b with D411 and D412 between DcuS
LR K203, K206, and K207. Present bioinformatic and biochemical data did not allow a more

precise classification between the selected residues.

To better frame the magnitude of both structural mod-
els, the interaction between full-length DcusS in dimeric
form and full-length DctA in monomeric form was
modeled (Fig. 54). The presumed interaction between
H8b and the LR is small compared to the possible in-
teraction regions in the transmembrane and periplas-
mic domains. Structurally, TM2, which is essential for
transmembrane signal transduction, is shielded from
DctA by TM1, suggesting that TM1 could serve as an-
other interaction surface for DctA (Fig. 54). Neverthe-
less, biochemical studies with truncated constructs
showed that DctA H8b is essential for an interaction
between DcuS and DctA (Witan et al. 2012a). Overall,
based on the structural modeling and the close proxim-
ity of DcuS and DctA under physiological conditions,
multiple domain-specific interactions can be assumed.
Bioinformatic and structural analysis suggested that a
salt bridge between DctA H8b and DcuS LR might be
important due to the small interaction surface in this

region.
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Fig. 54: Interaction model between full-
length DcuS and DctA. The DcuS-DctA in-
teraction was assembled manually. The in-
teraction between DctA H8b and DcuS LR
is highlighted (red box). Only the interacting
DctA monomer is shown.

3.5.5 DcusS signal transduction and involvement of DctA

The membrane-anchored sensor histidine kinase DcuS perceives Cs-dicarboxylates in the

periplasm. This stimulus is transmitted across the membrane via conformational changes

involving multiple domains such as TM2, the LR, and PASc. Ultimately, this leads to a

conformational change in the kinase domain that results in autophosphorylation of the
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catalytic domain and transphosphorylation of the DHp domain. Cs-dicarboxylates bind to
the periplasmic PASp domain of Dcu$S, resulting in compaction of the binding-pocket in
PASp and uplifting of TM2 via PASp a-helix 6 (Pappalardo et al. 2003; Kneuper et al. 2005;
Kramer et al. 2007). The uplift and related structural conformational changes were shown
for the homologous citrate-specific sensor histidine kinase CitA (Sevvana et al. 2008; Salvi
et al. 2017). This conformational change lifts the periplasmic part of TM2, which is propa-
gated through the membrane, resulting in a piston-like motion of 4-6 A (Monzel and Unden
2015). Biochemical data from in vivo L-Cys crosslinking experiments revealed a parallel
shift in DcuS dimer (Monzel and Unden 2015; Stopp et al. 2021). Recent biochemical data
suggested a change in the mode of signal transduction in the continuous a-helical structure,
primarily in the LR. The piston-like motion propagating from PASp a-helix 6 and TM2
transitions to destabilization of the a-helices in the LR. Structural changes in the LR lead to
reorganization of the PASc dimer, controlling kinase activity (Etzkorn et al. 2008; Monzel
and Unden 2015; Stopp et al. 2021). The multiple biochemical and structural data were used
for structural modeling of an ON and OFF dimeric DcuS model in the structural modeling
tool UCSF Chimera. To simplify modeling, the kinase domain was removed in the signal

transduction models (Fig. 55).

lateral movement

vertical movement

Fig. 55: Signal transduction model of DcuS in ON and OFF state. The ON (solid coloring) and OFF
state (transparent) of dimeric DcuS was modeled based on numerous structural and biochemical data
(Etzkorn et al. 2008; Sevvana et al. 2008; Monzel and Unden 2015; Salvi et al. 2017; Stopp et al. 2021).
The kinase domain of DcuS was excluded to simplify modelling.

The compaction of the PASp binding-site upon Cs-dicarboxylate binding, triggers via PASp
a-helix 6 and TM2 a parallel vertical movement (piston-like motion) in the direction of the
periplasm (Fig. 55B) (Sevvana et al. 2008; Monzel and Unden 2015; Salvi et al. 2017).
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Therefore, the ON and OFF states differ only minimally in crosslinking efficiency (Monzel
and Unden 2015; Stopp et al. 2021) and, accordingly, in modeling. The structural difference
between ON and OFF states is that the TM2 and PASp a6 is displaced upwards about one
helical turn, which corresponds to 4-6 A (Fig. 55B) (Monzel and Unden 2015). This confor-
mational change presumed to provoke a lateral movement in the LR (Fig. 55C). The OFF
state shows more efficient dimerization in the LR according to the L-Cys crosslinking data
(Stopp et al. 2021). This observation is lost when DctA is absent in the deletion strain (Stopp
2021). In the ON state after C4-dicarboxylate stimulation, the opposite is observed with a
strong decrease of the crosslinking efficiency (Stopp et al. 2021). The decrease was inter-
preted as a lateral movement in the structure (Fig. 55C), possibly associated with rotation of
the LR. The lateral movement causes according to Fig. 55C, tilting of the PASc domain and
a vertical uplift. Incremental changes in PASc conformation are supposed to result in signif-
icant structural reorganization. The absence of a coregulator renders DcuS constitutively
active, referred to as the ON state (Davies et al. 1999; Janausch et al. 2002; Kleefeld et al.
2009; Steinmetz et al. 2014). Assuming that the ON state in the absence of a coregulator has
the same structural arrangement as in the presence of fumarate, the homodimerization of the
LR should be destabilized. This implies that DctA H8b should stabilize the dimerization of
LR, leading to the OFF state. DctA H8b acts as a kind of counterbalance that is sufficient to
convert and maintain DcuS in the OFF state but does not prevent activation by binding

Cs-dicarboxylates.
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4 Discussion
4.1 L-Asp metabolism

4.1.1 L-Asp is a high-quality nitrogen source of E. coli

L-Asp is a proteinogenic amino acid and a Cs-dicarboxylate. Growth studies revealed that
L-Asp is a high-quality nitrogen source that saturates nitrogen metabolism in E. coli.
Assimilation of L-Asp requires the Cs-dicarboxylate transporter DcuA and aspartate ammo-
nia-lyase AspA. These results are consistent with previous work identifying L-Asp as an
ecological niche and DcuA-AspA as essential for exploitation for the enterohemorrhagic
E. coli reference strain EDL933 in bovine small intestine contents (BSIC) (Bertin et al.
2018). Analysis of the amino acid composition in BSIC revealed high millimolar concentra-
tions of proteinogenic amino acids, including L-Asp. Furthermore, it was shown that only
L-Asp and L-Thr are degraded by EDL933 (Bertin et al. 2018). In growth studies with either
L-Asp or L-Thr as the sole nitrogen source of E. coli, L-Asp provided a significantly higher
growth rate than L-Thr, suggesting that L-Asp is a more important nitrogen source in the
animal intestine. In addition, L-Asp is able to provide the nitrogen requirement for all
nitrogen-containing compounds in E coli (Strecker et al. 2018). The significance of L-Asp
Is also prevalent by its high intracellular concentrations (4.2 to 9.3 mM); second highest,
next to L-Glu (44.8 to 149 mM), of all amino acids (Bennett et al. 2009). L-Asp is a precursor
of nucleic acid biosynthesis and of amino acids L-Asn, L-Lys, L-Met, L-Thr and L-Arg,
which explains the necessity of a higher intracellular concentration (Fig. 56A) (Jensen et al.
2008; Yuan et al. 2009). pyrBIl encoding aspartate carbamoyltransferase converts L-Asp to
carbamoyl-aspartate the precursor for uridine monophosphate (UMP) biosynthesis, provid-
ing the cell with pyrimidines for nucleic acid synthesis (Fig. 56A). Metabolomics-driven
quantitative analysis of ammonia assimilation in E. coli revealed that L-Asp production must
considerably increase after nitrogen upshift to saturate protein and nucleic acid synthesis,
underlining the importance of L-Asp (Yuan et al. 2009). In addition, L-Asp is a precursor
for NAD™ biosynthesis (Osterman 2009), numerous amino acids (Michal 1999), and a source
of ammonium (Fig. 56A and B). Amino acids where L-Asp serves as a precursor include:
L-Lys, L-Met, L-Thr, L-Arg, and L-Asn (Fig. 56A) (Michal 1999). The role of AspA and
DcuA in L-Asp utilization was also confirmed by real-time gquantitative PCR (RT-g-PCR)
and competition assays in BSIC (Bertin et al. 2018). Consistent with growth studies of dctA-
and aspC-deficient strains, DcuA-AspA was shown to be the main assimilation pathway for

L-Asp. The aspA-deficient strain showed residual growth under aerobiosis when L-Asp was
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the sole nitrogen source, which can be explained by the Krebs-Henseleit metabolic pathway,
as discussed previously (Strecker et al. 2018). This pathway converts L-citrulline and L-Asp
to L-Arg (Goux et al. 1995), while L-Arg is degraded via the arginine N-succinyltransferase
(AST) pathway, releasing two ammonium and one L-Glu molecule (Schneider et al. 1998).
The intracellular L-Asp is closely linked to the tricarboxylic acid (TCA) cycle via the
reactions of AspA and AspC, producing fumarate and oxaloacetate, respectively. Thus, in a
one-step reaction, E. coli can either produce or degrade L-Asp to supply precursors to the

biosynthetic pathways or supply the cell with a nitrogen source (Fig. 56B).

A B
Aspartyl-P NAD*
(L-Lys, L-Met and L-Thr AspA
biosynthesis) L-Asn L-Asp &——— Fumarate + NH,*
[ nadg asnA [ ansB AspC
lysC asnB L-Asp + 2-0G &———= L-Glu + Oxaloacetate

Adenylosuccinate _ purA |
(AMP biosynthesis) aspA  Fumarate

L-Asp «———
Carbamoyl-Asp _ pyr8! [ P (TCA cycle)
(UMP biosynthesis)

L-Arg argG_ || aspC . Oxaloacetate
(TCA cycle)

Fig. 56: L-Asp metabolism in E. coli (A) and reactions of AspA and AspC (B). Abbreviations: lysC:
aspartate kinase I11; nadB: aspartate oxidase; asnAB: asparagine synthetase A and B; ansB: asparaginase I;
pyrBl: aspartate carbamoyltransferase; argG: argininosuccinate synthetase; aspC: aspartate aminotransfer-
ase; aspA: aspartate ammonia-lyase; purA: adenylosuccinate synthetase.

In general, free ammonium is assimilated in E. coli via the glutamine synthetase (GS, GInA)
and glutamine 2-oxoglutarate aminotransferase (GOGAT, GItBD) pathway, yielding L-Glu
(van Heeswijk et al. 2013). Ammonium, and the amino acids L-Asp, L-Glu, and L-GIn that
are involved in the DcuA-AspA-GS-GOGAT pathway can saturate the nitrogen requirement
of E. coli (Michal 1999). In addition to ammonium, the B-elimination of L-Asp by AspA
produces fumarate, which is of minor relevance in aerobic growth because it is excreted via
an L-Asp:fumarate antiport by DcuA (Strecker et al. 2018). However, fumarate can be used
for fumarate respiration under anaerobiosis, providing E. coli with an alternative electron
acceptor for growth (Six et al. 1994). The required nitrogen for purine and pyrimidine bio-
synthesis is also derived from the precursor amino acids L-Asp, L-Glu, and L-GIn (Jensen
et al. 2008). This is consistent with increased expression levels of aspartate carbamoyltrans-
ferase pyrBl and orotidine-5'-phophate decarboxylase pyrF, which are involved in UMP
(pyrimidine) biosynthesis, a direct precursor for UTP and CTP (Jensen et al. 2008; Bertin et
al. 2018). L-Asp is also involved in ATP biosynthesis. Inosine monophosphate (IMP) and
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L-Asp are ligated through a carbon-nitrogen bond to form adenylosuccinate, a direct precur-
sor of AMP, which is catalyzed by adenylosuccinate synthetase PurA (Jensen et al. 2008).
Amino sugars, such as glucosamine 6-phophate which are major components of murein and
the bacterial cell wall, are produced by the amination of fructose 6-phophate, with L-GIn as
the ammonium donor (Michal 1999; Barreteau et al. 2008). L-Asp is involved in numerous
biosynthetic pathways, with the most important role in nucleic acid synthesis, specifically
UMP biosynthesis (Jensen et al. 2008; Yuan et al. 2009; VVogel-Scheel et al. 2010; Bertin et
al. 2018). Overall, L-Asp can directly provide nitrogen for numerous biosynthetic pathways,
including amino acids, nucleic acid synthesis, and NAD" (Fig. 56A). The DcuA-AspA-GS-
GOGAT pathway with L-Asp, L-GlIn, and L-Glu can provide the nitrogen precursors for all
major nitrogen-containing compounds in E. coli, highlighting L-Asp as a high-quality nitro-

gen source.

4.1.2 AspA is stimulated by uridylylated GInB bound to 2-OG and ATP

L-Asp supplies all the necessary precursors (ammonium, L-Asp, L-Glu, and L-GIn) for
nitrogen assimilation in E. coli. In vitro enzymatic assays of isolated AspA showed a GInB
stimulation of the deamination reaction when the GInB-binding pocket was either saturated
with Mg-ATP and 2-OG or GInB was modified with a UMP moiety or both. GInB is a ubig-
uitous regulatory protein found in the three domains of archaea, bacteria, and eukaryotes
(Son and Rhee 1987; Arcondéguy et al. 2001; Leigh and Dodsworth 2007; Selim et al.

2020). GInB regulation of glutamine syn- 60 -
thetase (GS) was characterized in more 5 | ——L-GIn
detail as the first GInB target in E. coli. = o | 206
GInB modulates the adenylyltransfer- é 20 |
ase/adenylyl-removing enzyme GInE in é o ]
response to the intracellular nitrogen and S 1 1
energy state, resulting in either adenylyla- L
tion (inactive) or deadenylylation (active) 20 10 ’ 0 10 20 30 40
of the GS (Anderson and Stadtman 1971, Time [min}
Nitrogen limitation Nitrogen upshift

Brown et al. 1971; van Heeswijk et al. Fig. 57: L-GIn vs. 2-OG levels under nitrogen upshift.

2013). The indicator of the intracellular ni- Measured and modeled dynamics of L-GIn and 2-oxoglu-
trate (2-OG) under nitrogen limitation and upshift,
trogen state is 2-oxoglutarate (2-OG), obtained from metabolomics-driven quantitative analysis

L . . of ammonia assimilation in E. coli (Yuan et al. 2009).
which is an intermediate of the TCA cycle
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and provides the carbon skeleton for ammonium assimilation. Elevated 2-OG levels and low
L-GlIn levels represent nitrogen-limited conditions. Under nitrogen upshift, 2-OG levels
decline and L-GIn levels rise, representing nitrogen-saturated conditions (Fig. 57). ATP and
ADP are indicators of the energy state of the bacterial cell, although ATP has a more
important role in GInB regulation. Previous work showed that ATP concentration did not
vary with the growth rate of E. coli (Schneider and Gourse 2004). Intracellular ATP concen-
tration is largely constant, leaving 2-OG as the decisive substrate in nitrogen regulation
(Fig. 57).

Nitrogen-limited conditions

L-Asp Fum

P ¥

DcuA)

e

L-Asp  _Fum + NH,*
2-0G 1
NJ L-GIn 4
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Uridylyl-cleaving enzyme
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@ L-Glu L-Glu L-GIn
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Fig. 58: GInB-stimulation of AspA deamination reaction. Abbreviations: N|: nitrogen-limited condi-
tions; N1: nitrogen-saturated conditions; 2-OG: 2-oxoglutarate; UTP: uridine-triphosphate; PP;: diphos-
phate; Pi: phosphate ;UMP: uridine-monophosphate; GInD: uridylyltransferase/uridylyl-removing enzyme;
Fum: fumarate; PII: nitrogen regulator GInB; DcuA: aerobic L-Asp transporter; AspA: aspartate ammonia-
lyase; GS: glutamine synthetase GInA; GOGAT: glutamine 2-oxoglutarate aminotransferase GItBD.

GInB is a homotrimer and contains three characteristic T-, B- and C-loops. The B- and C-
loops are involved in effector binding and modulate conformational changes in the
T-loop, which is important for interaction with target proteins (Huergo et al. 2013). The
prerequisite for 2-OG binding is the saturation of the B- and C-loop binding pocket with
Mg-ATP (Huergo et al. 2013). In addition to binding effector molecules, GInB can be chem-
ically modified. GInB Tyr51 is uridylylated by the uridylyltransferase/uridylyl-removing
enzyme GInD in response to L-GIn (Garcia et al. 1980; Garcia and Rhee 1983; Huergo et al.
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2013; van Heeswijk et al. 2013). Under nitrogen-limited conditions GInB is uridylylated and
the binding pocket is saturated with Mg-ATP and 2-OG (Fig. 58). These different signaling
inputs modulate conformational changes of the surface-exposed T-loop, allowing GInB to
positively or negatively regulate target proteins. GInB targets in E. coli are involved in both
nitrogen and carbon metabolism or regulation, such as NtrB of the NtrB-NtrC two-compo-
nent system (Jiang and Ninfa 1999).

In recent years, the glucosamine-6-phosphate (GICN6P) deaminase NagB and the acetyl-
CoA carboxylase ACCase, or AccABCD, have been identified and characterized as GInB
targets (Gerhardt et al. 2015; Rodionova et al. 2018). NagB catalyzes the deamination of
GIcNG6P, generating ammonium and fructose 6-phosphate for glycolysis, which can serve as
the sole carbon source for E. coli (Alvarez-Afiorve et al. 2009). The utilization of GICN6P
as the nitrogen and carbon source via NagB, was stimulated up to tenfold by uridylylated
GInB (Rodionova et al. 2018). ACCase catalyzes the carboxylation of acetyl-CoA to
produce malonyl-CoA, the building block for fatty acid elongation, which is the rate-limiting
step in fatty acid biosynthesis. GInB inhibits ACCase activity twofold, but after uridylylation
of GInB, this inhibition is abolished (Gerhardt et al. 2015).

Under nitrogen-limited conditions, GInB stimulates the AspA deamination reaction twofold
and increases ammonium formation, which is assimilated via the GS-GOGAT pathway
(Fig. 58). Only uridylylated GInB or GInB bound to Mg-ATP and 2-OG or both were able
to stimulate AspA deamination activity. The amination reaction of AspA was not signifi-
cantly influenced by GInB. NagB and AspA catalyze a similar reaction, providing both a
carbon and nitrogen source for E. coli stimulated by uridylylated GInB under nitrogen-

limited conditions.

Mutations in the GInB T-loop region, namely Ala49 and Tyr51, affected the interaction with
AspA. The GInB Ala49 residue was previously identified as important for GInB-NtrB inter-
action (Martinez-Argudo and Contreras 2002), whereas Tyr51 is the site of uridylylation
(Jaggi et al. 1996). Consistent with the in vitro interaction studies, the uridylylation mutant
of GInB severely suppressed the interaction with AspA. Initially, GInK had no effect on
L-Asp utilization when deleted but showed considerable interaction in the BACTH system
and negligible copurification of Strep-tagged AspA. However, GInK had no effect on either
AspA amination or deamination activity.
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ACCase is comprised of three modules, one of them is the biotin carboxyl carrier protein
(BCCP) (Alix 1989). Previous work indicated a Mg-ATP-dependent interaction between
BCCP and GInK of E. coli, however, neither GInK or GInK-UMP affected the ACCase
activity (Rodrigues et al. 2014). Contrary to ACCase activity of A. thaliana, which was
reduced by GInK up to 50% (Bourrellier et al. 2010), GInB of E. coli reduced ACCase
activity by 50%, with uridylylation abolishing this repression (Gerhardt et al. 2015). This
situation resembles the AspA-GInK interaction, where an interaction but no regulatory effect
was observed. This may provide indications that in other organisms GInK may exert

regulation on AspA.

Overall, AspA regulation by GInB resembles that of other GInB-targets such as NagB
(Rodionova et al. 2018). GInB stimulates AspA activity when GInB was either bound to Mg-
ATP and 2-OG, uridylylated, or both. This regulation controlled the use of L-Asp as an
important source for all amino acids, nucleic acid synthesis, amino sugars, and ammonium
(Fig. 56A). The L-Asp degradation was induced under nitrogen-limited conditions, releasing
ammonium which is assimilated in the GS-GOGAT pathway. However, AspC showed
interaction with GInB and GInK, whereas functional evidence for an effect of GInB or GInK
on AspC activity is not available. Nevertheless, AspA and AspC in combination with GInB
regulation would provide E. coli with an interesting set of tools to efficiently utilize the
intracellular L-Asp pool to meet nitrogen requirements under both nitrogen-limited and
nitrogen-saturated conditions. The GInB involvement in carbon and nitrogen regulation con-

tinues to expand the role of GInB beyond nitrogen regulation in E. coli.

4.1.3 Interplay between AspA and AspC in L-Asp metabolism

Aspartate aminotransferase AspC is of minor significance for L-Asp utilization in aerobic
growth. The transaminase reaction by AspC is located at the interface of the TCA cycle and
nitrogen metabolism, producing either L-Glu and oxaloacetate (OA), or L-Asp and 2-OG
(Powell and Morrison 1978). AspC interacts with GInB and GInK in the adenylate cyclase-
based BACTH assay. The GInB T-loop mutant A49P shows a twofold increase in interac-
tion, whereas the uridylylation mutant suppresses the AspC-GInB interaction, similar to
AspA-GInB. AspC-GInK interaction was noticeable weaker compared to AspC-GInB. In
general, these findings would indicate a specific interaction between AspC and GInB.
Consistent with the BACTH results, AspC and GInB were clustered in a global analysis of
putative interactions of E. coli (Hu et al. 2009).
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Recent analysis of ammonia assimilation in E. coli emphasized the importance of the
intracellular L-Asp pool as a precursor and nitrogen donor for protein and nucleic acid syn-
thesis (Yuan et al. 2009). Metabolomics-driven simulations revealed the change in L-Glu,
L-GlIn, 2-OG, and L-Asp levels under nitrogen upshift. Intracellular L-Asp levels increased
up to fivefold under nitrogen-saturated conditions (Tab. 4). The authors concluded that this

observation is caused by net L-Asp production catalyzed by AspC (Yuan et al. 2009).

Tab. 4: Concentration (mM) of important metabolites under nitrogen limitation and upshift.
The concentrations are based on metabolomics simulation and experimental data from Yuan et al.
(2009).

N-limitation N-upshift
Metabolites [mM]/ -15 0.5 1 4 8 30
time [min]
L-Glutamate 76.6 £11.6 483+73 |87.4%13.2 |163.3+£24.7 [141.9+215 |169.5%25.6
L-Glutamine 1.9+0.3 39.1+6.1 455+7.0 158+24 122+21 10.5+1.7
2-Oxoglutarate 11.6+2.7 35+1.2 1.7+0.5 0.6+0.1 0.7+0.2 0.7+0.2
L-Aspartate 1.8+0.4 21+0.6 15+0.6 58+2.1 89+2.0 59+1.9

The AspA K values for L-Asp and ammonium are 1 mM and 20 mM, respectively (Suzuki
et al. 1973). This indicates that under physiological conditions AspA preferentially
deaminates L-Asp, while the amination of fumarate is of minor importance. Oxaloacetate
(OA) is an unstable intermediate of the TCA cycle. Intracellular L-malate levels range from
1.70 to 3.45 mM, and under equilibrium conditions, OA levels should be similar. The Km
values for AspC are saturated under physiological conditions (Bennett et al. 2009): L-Glu
(Km = 15 mM), OA (Km = 0.01 mM), L-Asp (Km = 1.3 mM), and 2-OG (Km = 0.24 mM)
(YYagi et al. 1985). Under nitrogen-limited conditions, ammonium formation by AspA is
stimulated by uridylylated GInB bound to Mg-ATP and 2-OG. Under nitrogen-saturated
conditions, intracellular 2-OG levels severely drop, while L-Glu, L-GIn, and L-Asp levels
rise (Tab. 4) (Yuan et al. 2009). L-Glu outcompetes 2-OG for the active site of AspC, inhib-
iting reflux and shifting the reaction to L-Asp production. The intracellular L-Glu pool
(44.8 mM — 149 mM, Bennett et al. 2009) is used to synthesize L-Asp to supply nucleic acid
synthesis (Jensen et al. 2008; Yuan et al. 2009). GInB could stimulate net L-Asp production
by AspC, preferably under nitrogen-saturated conditions, when GInB is non-uridylylated,
and in the apo-form (Fig. 59).
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Fig. 59: GInB regulates the intracellular L-Asp pool. Abbreviations: GS: glutamine synthetase GInA;
GOGAT: glutamine 2-oxoglutrate aminotransferase GItBD; PII: nitrogen regulator GInB; AspA:
aspartate ammonia-lyase; AspC: aspartate aminotransferase; 2-OG: 2-oxoglutarate; OA: oxaloacetate;
PyrBI: aspartate carbamoyltransferase; biosyn: biosynthesis.

The postulated GInB stimulation of AspC, would lead to a beneficial interplay between the
anabolism and catabolism of L-Asp. Under nitrogen-limited conditions, the intracellular
L-Asp pool would be degraded, releasing ammonium (Fig. 59). Under nitrogen-saturated
conditions, L-Glu and OA are utilized to produce L-Asp for protein and especially for nu-
cleic acid synthesis (Fig. 59). GInB could stimulate either the increase or decrease of the
intracellular L-Asp pool in response to the nitrogen and energy status of the bacterial cell,
thereby fine-tuning L-Asp utilization to provide the required nitrogen precursors in expo-
nential growth. Previous work has shown that net L-Asp production must increase signifi-
cantly after the nitrogen upshift to provide E. coli with the required amount of L-Asp for
nucleic acid synthesis to support an increased growth rate (Yuan et al. 2009). The interplay
of AspA and AspC to efficiently utilize the intracellular L-Asp pool in response to the nitro-
gen state of the bacterial cell would emphasize the importance of L-Asp metabolism for
E. coli.
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4.2 Physiological role of L-Asp in the mouse intestine

4.2.1 The microbiota and substrate composition of the mouse gut

Mouse has long been established as a mammalian model organism for biological studies due
to its small size, short generation time, and low cost (Carter 2007; Parker et al. 2018). The
microbiome of the mammalian gut is also known as the second genome and shapes the
development of the immune and metabolic system of the host (Round and Mazmanian 2009;
Lee and Mazmanian 2010; Cani 2014). It comprises a complex community of microorgan-
isms belonging to archaea, bacteria, eukarya, and viruses that have the potential to influence
host physiology, immunity, and development (Fraune and Bosch 2010; Colombo et al. 2015;
Bonder et al. 2016; Colston and Jackson 2016). The mouse intestine harbors at least several
hundred bacterial species, a complex community dominated by anaerobes with essentially
no aerobes (Ley et al. 2006; Antonopoulos et al. 2009; Turnbaugh et al. 2010). The dominant
phyla are Bacteroides (class Bacteroidia) and Firmicutes (class Clostridia), while the phyla
Actinobacteria, Fusobacteria, Verrucomicrobia, and facultative anaerobic Proteobacteria
typically constitute minor populations in healthy adults (Hughes et al. 2017; Yang et al.
2019). The primary objective of the gut microbiota is the digestion of indigestible nutrients
(Gentile and Weir 2018). In the large intestine, comprising of cecum and colon, the microbial
community compete for limiting carbon and energy sources, mainly complex polysaccha-
rides from the host diet (Martens et al. 2014; Cockburn and Koropatkin 2016; Hughes et al.
2017). In contrast to the small intestine, which contains relatively few bacteria, the majority
of the microbiome resides in the large intestine (Conway et al. 2004), and accordingly, so is
E. coli (Poulsen et al. 1994; Miranda et al. 2004). Nutrients derived from foods are mostly
absorbed in the small intestine, while in the large intestine water and inorganic salts are
ingested (Conway et al. 2004).

Intestinal inflammation is accompanied by a change in the composition of the intestinal
microbiota called dysbiosis. Several biological mechanisms are known to cause the
development of dysbiosis leading to the growth of facultative anaerobic bacteria such as
E. coli and S. Typhimurium. This includes the change of the redox potential in the intestine
(Albenberg et al. 2014), the host production of alternative electron acceptors like nitrate
(Winter et al. 2013b; Winter et al. 2013a), and the nitrogen metabolism may play a role in
the development of dysbiosis and thus intestinal inflammation (Lewis et al. 2015; Ni et al.
2017). Bacterial dysbiosis is characterized by the expansion of proteobacteria, especially

members of the Enterobacteriaceae family, for instance the genera Salmonella and
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Escherichia (Winter et al. 2013a; Shin et al. 2015). The generation of reactive nitrogen spe-
cies (RNS) and reactive oxygen species (ROS) is an important component of the host
inflammatory response (Lundberg et al. 1994; Winter et al. 2013b). Nitric oxide radicals
(NO-) and superoxide radicals (O2-") can yield peroxynitrite (ONOQO") which can generate
nitrate (NO3"), an important electron acceptor for facultative anaerobic bacteria (Szabo et al.
2007). In addition, E. coli requires cytochrome bd oxidase for aerobic respiration to compete
successfully in the mouse intestine, indicating that the intestine is not a strictly anaerobic
environment (Levitt 1970; He et al. 1999; Jones et al. 2007). Previous work has shown that
oxygen is able to diffuse from the intestinal epithelium into the mucus layer (Saldefa et al.
2000). Presumably, facultative anaerobes such as E. coli scavenge oxygen in the gut to create
an anaerobic environment for the numerically dominant anaerobes (Jones et al. 2007).
Competition assays with streptomycin-treated mice revealed that E. coli uses nitrate and
fumarate in the intestine, although fumarate is the more important electron acceptor because
nitrate is limiting in the mouse intestine (Jones et al. 2011). In anaerobiosis, the TCA cycle
is converted to a non-cyclic form, with the reductive branch producing fumarate, which fuels
fumarate respiration in E. coli (Guest 1992). In general, fumarate can be generated endoge-
nously from carbohydrates via glycolysis, reductive branch of the TCA cycle, and L-Asp
(Unden et al. 2016). Analysis of mouse intestinal contents revealed an amino acid-rich
environment containing almost all proteinogenic amino acids, consistent with data from
bovine small intestinal contents (Bertin et al. 2018). C4-dicarboxylates were only quantified
in low micromolar concentrations, except for L-Asp. Competition experiments with
S. Typhimurium mutants lacking DcuR or DcuS showed less efficient colonization of the
murine gut lumen than the wild type. To successfully colonize the mouse intestine,
S. Typhimurium utilizes Hz as an electron donor, while Cs-dicarboxylates, predominantly
L-Asp, are used as electron acceptors in fumarate respiration (Maier et al. 2013; Nguyen et
al. 2020).

Besides the amino acid-rich composition of the mouse intestine, L-lactate was by far the
most abundant substrate quantified. L-Lactate is produced by lactic acid fermentation from
Lactobacillaceae, which are the most common family in the small intestine (Yang et al.
2019). In the large intestine, L-lactate and acetate are utilized for butyrate fermentation by
Clostridia (Bourriaud et al. 2005; Detman et al. 2019). Short chain fatty acids (SCFA), such
as butyrate, acetate, and propionate, have numerous host-beneficial roles. In ruminants,
SCFA are assimilated and provide high portions of total energy gained from the diet

(Mortensen and Clausen 1996; Scheppach et al. 2001). SCFAs are considered as a preferred
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source of energy for the colon mucosa in humans and are reported to provide protection
against colitis and colorectal cancer (Mclintyre et al. 1993; Archer et al. 1998; Wéchtershéu-
ser and Stein 2000; Pryde et al. 2002). In general, SCFAs have diverse physiological roles
in humans and can affect the production of lipids, energy, and vitamins, and can influence
the appetite and cardiometabolic health (Brody 1998; Byrne et al. 2015; Canfora et al. 2015;
Mueller et al. 2020). Urea, creatine, and uric acid are important nitrogen waste products, and
urea was found in millimolar concentrations in the mouse intestine. In E. coli, for instance,
urea is generated by agmatinase SpeB during L-Arg degradation (Satishchandran et al.
1990). E. coli is urease negative; urea is excreted into the environment and serves as an
ammonium source for urease-positive organisms (Morris and Koffron 1967). Ammonium as
the byproduct of urea hydrolysis is a major nitrogen source for bacteria in the mammalian
gut. Recent data demonstrated that the presence of urease-positive microorganism led to a
dysbiotic microbiota, enhancing the Proteobacteria population and a reciprocal decrease in
SCFA-producing Clostridia (Shen et al. 2015; Ni et al. 2017).

4.2.2 L-Asp is a nitrogen source and electron acceptor for anaerobic growth

Analysis of the bovine and mouse intestinal contents revealed L-Asp levels in the range of
2 t0 4 mM (Bertin et al. 2018). In the mouse intestine, L-Asp was by far the most abundant
Cs-dicarboxylate present. Previous work highlighted the importance of fumarate respiration
for the colonization of Proteobacteria such as E. coli and S. Typhimurium, while L-Asp is
the major exogenous source of fumarate for respiration (Jones et al. 2011; Nguyen et al.
2020). DcuA and AspA were identified as essential for L-Asp utilization by EHEC strain
EDL933 in bovine small intestinal contents (BSIC) (Bertin et al. 2018). Competition assays
showed a severe growth defect for EDL933 AaspA (Bertin et al. 2018). Fumarate can be
generated endogenously from carbohydrates via glycolysis, the reductive branch of the TCA
cycle, and L-Asp, eliminating the need for exogenous fumarate (Unden et al. 2016). Amino
acid degradation is ultimately linked to central metabolism including pyruvate and (under
anaerobic conditions) to the reductive TCA cycle; thus, under anaerobic conditions an amino
acid-rich environment supports endogenous fumarate production. Lrp is a global transcrip-
tional regulator that responds to several amino acids, including L-Leu, L-Met, and L-Ala
(Tani et al. 2002; Hart and Blumenthal 2011; Kroner et al. 2019). Lrp regulation is highly
versatile; L-Leu binding can either potentiate or antagonize repression or activation by Lrp,

or in some cases has no effect at all (Lin et al. 1992; Platko and Calvo 1993; Newman and
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Lin 1995). Reporter gene analysis demonstrates positive Lrp regulation of DcuB and FrdA.
DcuA is constitutively expressed under aerobic and anaerobic conditions (Golby et al.
1998b; Strecker 2018), whereby ChlIP-seq analysis showed Lrp-binding in the promoter
region of aspA (Kroner et al. 2019). Quantification of AspA under different growth condi-
tions confirmed an increase in AspA molecules in response to an amino acid-rich environ-
ment (Schmidt et al. 2016). Lrp regulation of key genes involved in fumarate respiration
would be beneficial because of the abundance of exogenous fumarate sources in the

mammalian gut.
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Fig. 60: L-Asp metabolism in anaerobic growth. Abbreviations: Succ: succinate; Fum: fumarate;
MK/MKH;: menaquinone/menaquinol; GS: glutamine synthetase GInA; GOGAT: glutamine 2-oxoglu-
tarate aminotransferase GItBD; 2-OG: 2-oxoglutarate; Frd; fumarate reductase;

L-Asp can serve as an electron acceptor in anaerobic growth, while both DcuA and DcuB
can compensate for each other in L-Asp uptake (Six et al. 1994). These results were con-
firmed in growth studies with wild-type E. coli deficient in DcuA and DcuB. In addition,
L-Asp can also serve as a nitrogen source, thus combining both a nitrogen source and an
electron acceptor in one molecule. In aerobiosis, growth experiments with dcuA- and aspA-
deficient E. coli strains showed that DcuA is aerobically more important than AspA. This
observation is reversed in anaerobic growth, where an aspA mutant showed no noticeable
growth when L-Asp was either the nitrogen source, electron acceptor, or both. The primary
sequence of DcuA and DcuB share a high sequence similarity of 43%, while DcuC only
shares 18% similarity to DcuA. The dcuA dcuB double mutant demonstrated that DcuC can
compensate to some extent for fumarate uptake but not for L-Asp uptake. DcuA has a Kuv of
43.3 UM for L-Asp, (Strecker et al. 2018), whereas DcuB has an approximate Ky of 100 uM
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for fumarate (Engel et al. 1994). Low micromolar concentrations of L-malate and fumarate
were quantified in the proximal and distal part of the small intestine, while levels in the large
intestine were negligible. Commensal E. coli resides in the large intestine of the mammalian
intestine (Poulsen et al. 1994; Conway et al. 2004; Miranda et al. 2004), in which L-Asp is
the only Cs-dicarboxylate available in the millimolar range. DcuA would be the main L-Asp
transporter, while DcuB participates also in L-Asp uptake (Fig. 60). This would result in a
redundant L-Asp uptake system for E. coli to efficiently utilize the ecological niche of
L-Asp. In addition, it is reasonable to assume that the Km for L-Asp of DcuB is higher than
that of DcuA, as the evolutionary gene duplication of the Dcu transporters and subsequent
development of substrate specificity would suggest.

L-Asp as the main source of exogenous fumarate was further investigated by the interaction
studies with DcuA-AspA, DcuB-AspA, and DcuB-FumB in the adenylate cyclase-based
BACTH assay and in the membrane Strep protein interaction experiment (mSPINE). aspA
dcuA and dcuB fumB are colocalized on the E. coli genome, while dcuB fumB cotranscripts
are more common than aspA dcuA cotranscripts (Golby et al. 1998b). Both gene pairs
catalyze complementary reactions to supply E. coli with the alternative electron acceptor
fumarate. In the mSPINE experiment, significant amounts of PhoA-tagged DcuA copurified
when Strep-tagged AspA was also expressed. The interaction was only observed after chem-
ical crosslink with formaldehyde. In the BACTH assay, bacteria expressing both DcuB-
AspA and DcuB-FumB showed high p-galactosidase activity which confidently exceeded
the background activity. Overall, both DcuA and DcuB interacted with their respective
colocalized gene product; additionally, DcuB showed interaction with AspA. The DcuA-
AspA, DcuB-AspA, and DcuB-FumB metabolons would channel Cs-dicarboxylate uptake
into fumarate production to efficiently drive fumarate respiration during anaerobic growth
(Fig. 60).

4.2.3 The ecological niche of E. coli in the mammalian intestine

Environmental stimuli such as amino acids are perceived via sensory complexes consisting
of a transmembrane chemoreceptor, an adaptor protein CheW, and a kinase CheA (Sourjik
2004; Hazelbauer et al. 2008; Yang et al. 2015). E. coli possesses two major amino acid
receptors Tar and Tsr, which have the highest affinity for L-Asp and L-Ser, respectively.
Recent work has shown that amino acids that attract E. coli, such as L-Asp, are also prefer-

entially utilized during growth (Yang et al. 2015). L-Asp is by far the most effective
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chemotactic ligand, which showed attractant response at 0.5 uM (Yang et al. 2015).
Chemotaxis is essential for bacteria to maximize nutritional uptake, even in a highly com-

petitive environment such as the mammalian gut (Celani and Vergassola 2010).

Comparison of the carbon sources of commensal and pathogenic E. coli revealed that
L-arabinose, fucose, and N-acetylglucosamine are used by both in the mouse intestine.
In addition, E. coli EDL933 utilized galactose, hexuronates, mannose, and ribose, whereas
commensal E. coli utilized gluconate and N-acetylneuraminic acid (Fabich et al. 2008).
Comparative genomics of EDL933 and commensal E. coli revealed no major difference in
the metabolic genes involved in carbon source utilization (Perna et al. 2001). E. coli has the
ability to utilize up to six sugars simultaneously in a chemostat environment, as present in
the intestine (Lendenmann et al. 1996; Lendenmann et al. 1999; Flores et al. 2005; Ihssen
and Egli 2005). This metabolic flexibility provides both commensal and pathogenic E. coli
with a competitive advantage in the intestine (Fabich et al. 2008). In addition to L-Asp,
ethanolamine was identified as a nitrogen source in the bovine small intestine at a concen-
tration of 2.18 mM (Bertin et al. 2011). Ethanolamine-ammonia lyase converts ethanolamine
to acetaldehyde and free ammonium, and acetaldehyde dehydrogenase converts acetalde-
hyde to acetyl-CoA, which then enters the TCA cycle (Bertin et al. 2011). Similar to the
DcuA-AspA pathway, free ammonium is generated and assimilated in the GS-GOGAT path-

way.

L-Asp is a high-quality nitrogen source for E. coli found in the mammalian intestine. Recent
and current work specified the ecological niche of commensal and pathogenic E. coli that
utilize a variety of different sugars, ethanolamine, and L-Asp for growth in the mammalian
intestine. The L-Asp specific chemotaxis sensor Tar highlights the significance of L-Asp
metabolism in E. coli. Interestingly, pathogenic E. coli is more efficient in L-Asp utilization,
as aspA and dcuA showed higher fold-change (BSIC vs. M9-Glc) in expression than com-
mensal E. coli (Bertin et al. 2018). Consistent with the importance of L-Asp, pyrimidine
synthesis is a prerequisite for bacterial colonization, in which L-Asp is the precursor (Jensen
etal. 2008; Vogel-Scheel et al. 2010). Overall, L-Asp is the most important Cs-dicarboxylate

and vital for E. coli colonization in the mammalian intestine.
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4.3 Metabolons of DcuAB and their colocalized genes aspA and fumB

Enzymes catalyzing consecutive reactions in metabolic pathways can be organized in weak
sequential complexes (‘metabolons’). The genes encoding the enzymes of metabolons are
often encoded in polycistronic operons. Metabolons are beneficial for efficient channeling
of metabolic intermediates, minimize the release of toxins or labile intermediates, increase
metabolic efficiency, and provide an additional layer of regulation via protein-protein inter-
action of enzymes involved in the metabolon (Moraes and Reithmeier 2012).The intracellu-
lar concentrations of the proteins are orders of magnitude higher than in a typical in vitro
experiment (Srere 1967), suggesting that metabolons between a transporter and a cytosolic

enzyme are more abundant in E. coli than functional data would suggest.

dcuA aspA and dcuB fumB are colocalized on the E. coli genome (Golby et al. 1998b) and
catalyze complementary reactions. The interaction between DcuA-AspA, DcuB-AspA, and
DcuB-FumB was demonstrated in the adenylate cyclase-based BACTH assay and in
mMSPINE. DcuA-AspA was investigated in a previous work, revealing a nitrogen shuttle to
provide the bacterial cell with a nitrogen source without net carbon supply (Strecker et al.
2018). DcuB catalyzes a Cs-dicarboxylate:succinate antiport, providing the cell with an elec-
tron acceptor for fumarate respiration (Six et al. 1994). Fumarase B is one of five isozymes
in the TCA cycle and catalyzes the reversible dehydration of L-malate to fumarate (Woods
et al. 1988a). Akin to DcuA-AspA, DcuB-FumB would catalyze the uptake and conversion
of L-malate to fumarate, driving fumarate respiration (Fig. 60). In total, E. coli contains five
fumarases, FumA, FumB, FumC, and the recently discovered FumD and FumE (Woods et
al. 1988b; Sévin et al. 2017). Presumably, DcuB is not able to interact with all fumarases
present. It is more likely that DcuB interacts with some isoenzymes, while the rest are
predominantly involved in the TCA cycle. Due to the high sequence similarity of DcuA and
DcuB, it is possible that DcuA can also interact with FumB. In addition to Cs-dicarboxylate
transporters, the major ammonium transporter AmtB showed interaction with AspA. AspA
catalyzes the reversible B-elimination of L-Asp, forming ammonium and fumarate.
Theoretically, an AmtB-AspA interaction would facilitate ammonium assimilation without
consuming ATP. This would constitute an interesting extension of ammonium assimilation
by the GS-GOGAT pathway. AspA has a relatively low affinity for ammonium (Km = 20
mM, Suzuki et al. 1973), preventing amination of fumarate under physiological conditions.
The AmtB-AspA metabolon could locally increase ammonium concentration, allowing

ammonium assimilation by AspA and decreasing free ammonium concentration (Fig. 61A).

111



4 DISCUSSION

Data on interactions between transporters and cytosolic enzymes are scarce. Previous work
was done for a postulated AmtB-GS and GIpF-GIpK interactions in E. coli. AmtB is the
main ammonium channel and is neither dependent on ATP nor on the membrane potential
(Javelle et al. 2005). Ammonium uptake is tightly regulated by the nitrogen regulatory pro-
tein GInK, an orthologous of GInB (Javelle et al. 2004). It was shown that significant
amounts of GS are membrane-bound, although irrespective of AmtB (Javelle et al. 2005).
Similar observation was made for GS of A. vinelandii, where 30% of GS activity was found
to be membrane-associated (Kleinschmidt and Kleiner 1978). AmtB-GS interaction would
be beneficial for ammonium assimilation to minimize free ammonium (Fig. 61B). Similarly,
interaction between the glycerol facilitator GlpF and the glycerol kinase GlpK is postulated.
It was demonstrated that both enzymes occur in soluble and membrane-bound forms (Seltzer
and McCabe 1984), but the definitive proof of a GIpK-GIpF interaction awaits biochemical
confirmation (Voegele et al. 1993). GlpF is a member of the major intrinsic protein (MIP)
family and passively facilitates glycerol diffusion across the inner membrane. This reaction
is concentration-dependent, presumably GIpK catalyzes the phosphorylation of glycerol to
trap glycerol 3-phosphat in the bacterial cell to inhibit flow back (Fig. 61C). It was assumed
that the glycerol kinase GlpK is activated by interaction with the glycerol facilitator GlpF
(Voegele et al. 1993). More biochemical data was obtained for a mitochondrial glycerol
kinase, where the Km for glycerol was lowered, and the Vmax was increased upon interaction
with the porin (Seltzer and McCabe 1984; Kaneko et al. 1985).

A B
NH,* NH,*
AmtB AmtB
/
f NH *
L-Glu
ATP ADP + H*
L Asp L GIn ADP +P; Gly3 P

[ Protein and nucleic ] Protein and nucleic Lower part of
acid synthesis acid synthesis glycolysis

Fig. 61: Metabolic coupling between a transporter and a cytosolic enzyme. Abbreviations: NH4*:
ammonium; Fum: fumarate; GS: glutamine synthetase GInA; GIpF: glycerol facilitator; GlpK:
glycerol kinase; Gly: glycerol; Gly 3-P: glycerol 3-phosphate.
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Most of the known interactions between a transporter and a cytosolic enzyme are regulatory
in E. coli. For instance, the inhibition of the uptake of secondary metabolites other than
glucose by EIIAC' of the phosphotransferase system (Deutscher et al. 2014), or the afore-
mentioned GInK-regulation of ammonium uptake by AmtB (Javelle et al. 2004). Recently,
small proteins have been discovered which regulate the activity of large transport proteins
(Hobbs et al. 2012). These examples have in common that one of the two interaction partners
undergoes a change in activity that was measured. For the AmtB-GS and GlpF-GlpK inter-
actions of E. coli, this characteristic could not be determined experimentally. Similarly, func-
tional data for DcuA-AspA, DcuB-AspA, DcuB-FumB, and AmtB-AspA awaits to be
obtained. In the case of DcuA-AspA, an aspA-deficiency did not change the formation of
extracellular fumarate which is generated by the DcuA-AspA nitrogen shuttle (Strecker et
al. 2018). In general, an improvement in metabolic reaction in metabolons compared with
two independent reactions are difficult to demonstrate and has not been verified for most
metabolons. AmtB-GS would not require modulation of activity to have a function, as this
interaction would theoretically minimize free ammonium. The problem arises as to how such
a function can be demonstrated experimentally. For DcuA-AspA, DcuB-AspA,
DcuB-FumB, and AmtB-AspA only the interaction could be shown. However, if this inter-
action does not modulate the transport rate or turnover rate, biochemical verification will be
difficult.

Overall, DcuA-AspA, DcuB-AspA, DcuB-FumB, and AmtB-AspA show interaction, and
each pair catalyzes two consecutive reactions that could optimize the respective metabolic
pathway. Interactions with Dcu transporters would efficiently supply the cell with fumarate
and drive anaerobic respiration. AmtB-AspA, on the other hand, would provide an energy-

saving alternative for ammonium assimilation in E. coli.
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4.4 Cs-dicarboxylate metabolism is tightly regulated by cAMP-CRP signaling

E. coli can grow on a mixture of sugars and other carbon sources, but consumes the available
substrates in sequential order through a process known as catabolite repression (CR) (Gorke
and Stllke 2008). The order is based among others on which substrate has the highest growth
rate (Stilke and Hillen 1999; Leuze et al. 2012). This ensures that bacterial cells adapt their
metabolic resources to the preferred carbon source, which in turn optimizes the growth rate.
CR is a central regulatory mechanism that is involved in regulation of 5-10% of all genes
(Stulke and Hillen 1999; Bruckner and Titgemeyer 2002; Gorke and Stiilke 2008; Aidelberg
et al. 2014). The classic example of CR is the biphasic growth (diauxie) of E. coli on a
glucose and lactose-containing medium, with the bacteria initially using glucose and then
lactose (Monod 1941; Loomis and Magasanik 1967). This regulation is achieved by the
glucose:phosphoenolpyruvate phosphotransferase system (PTS) and cAMP-CRP signaling.
Substrates, e.g., glucose and mannitol, that are transported and phosphorylated by the PTS
are called PTS substrates, which affect the phosphorylation state of EIIA®', The phosphor-
ylation state determines the regulatory output. In presence of glucose, EIIAC is predomi-
nantly unphosphorylated due to the phosphoryl group translocation to the glucose transporter
EIIBC®'®, which produces glucose 6-phosphate. Unphosphorylated EINAC inhibits transport
of secondary metabolites such as lactose. In the absence of PTS substrates, EIIA®' is phos-
phorylated; in this state EIIA®" is able to stimulate cAMP production by the adenylate
cyclase CyaA. The increase in intracellular cAMP leads to the formation of CAMP-CRP
complexes and subsequent induction of genes involved in the catabolism of substrates other
than PTS substrates. In addition, non-PTS substrates, e.g., glycerol, maltose, and melibiose,
also have an effect on the phosphorylation state of EIIA® and thus on cAMP (Hogema
et al. 1998; Eppler and Boos 1999; Eppler et al. 2002). CR acts at transcriptional and post-

transcriptional levels to fine-tune carbon metabolism in E. coli.

4.4.1 dctA and aspA are class | CRP-dependent

aspA and dctA were identified as class | CRP-dependent promoters, requiring only cAMP-
CRP for transcriptional activation, which is consistent with the reporter gene analysis in
cyaA- and crp-deficient strains. Class | promoters are defined by the interaction between the
activation region 1 of the CRP dimer with the a-C-terminal domain of the RNA polymerase
(RNAP) (Zhou et al. 1994), which increases the affinity of RNAP for promoter DNA
(lgarashi and Ishihama 1991; Ebright 1993; Savery et al. 1996) by proper positioning for
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open complex formation (Browning et al. 2019). When cAMP-CRP signaling was impaired,
the expression of aspAp-lacZ and dctAp-lacZ was drastically reduced. In the case of dctA,
DcuR-dependent induction was not observed when cAMP-CRP signaling was interfered,
indicating an inferior role in transcriptional regulation. CRP induces a nucleic acid bend of
87° for the consensus sequence (Ebright et al. 1989; Parkinson et al. 1996), the degree of
the bend depends on the nucleotide sequence of the CRP-binding site. The CRP and DcuR
binding sites of dctA are located at -81.5 and -105.5 upstream of the transcription start,
respectively (Fig. 62B) (Davies et al. 1999; Abo-Amer et al. 2004). Expression data implies
that DcuR induction is dependent on interaction between CRP, DcuR, and RNAP (Fig. 62B).
DcuR and CRP sites for the aspA promoter region are inferred by sequence comparisons
with known binding sites (Tsai et al. 2018; Surmann et al. 2020). Previous work observed a
2.5-fold increase in aspAp-lacZ expression in the presence of fumarate (Surmann et al.
2020). Two DcuR binding sites are located at -75 and -161, with the CRP site in between at
-90.5 (Fig. 62A). Theoretically, a similar dependence on CRP for DcuR induction could be
possible for the -161 site (Fig. 62A).

A
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dcuA*I aspA 'FNR| 'DcuR| | CRP | NarL|  'DcuR

+1 -40.5 -75 -90.5 -112 -161
B
3.683.440 3.683.620
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dctA CRP DcuR
+1 -81.5 -105.5

Fig. 62: Promoter region of aspA (A) and dctA (B). Binding sites are annotated based on sequence com-
parison (dashed lines) and on experimental data (continous lines). (A) LRP: Kroner et al. (2019); Fnr: Spiro
and Guest (1991); DcuR: Surmann et al. (2020); CRP: Golby et al. (1998b) and Tsai et al. (2018) NarL:
Goh et al. (2005). (B) CRP: Davies et al. (1999); DcuR: Abo-Amer et al. (2004).

Glycerol is often used as a carbon source because of its presumed low impact on transcrip-
tional regulation compared to glucose and other PTS substrates. This may be the case for
some genes, but in general, any carbon source, PTS sugar, or non-PTS sugar, has an impact
on transcriptional regulation via cAMP-CRP signaling. Moreover, it has been shown that
limitation of nitrogen, phosphorus, and other elements also negatively affects CAMP levels
(Mandelstam 1962; McFall and Magasanik 1962; Clark and Marr 1964). Proteomic data
from E. coli cultured under different carbon sources in minimal M9 medium showed that
CRP was at a similar level of 2943 (£535) copies per cell (Schmidt et al. 2016). Quantifica-

tion of absolute metabolite concentrations in E. coli showed that cAMP concentrations
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varied widely in the presence of glucose (35 uM), glycerol (83 uM), and acetate (146 uM)
(Bennett et al. 2009), resulting in a 4.2-fold increase in cCAMP between the PTS substrate
glucose and the gluconeogenic substrate acetate. This would indicate that the determining
factor of CAMP-CRP signaling is primarily the intracellular cAMP concentration. In addition
to the molecular concentrations of the components involved in cAMP-CRP signaling, the
quality and quantity of the CRP binding site is also critical. Quality refers to the nucleotide
sequence of the CRP-binding site, whereas quantity reflects the frequency of CRP-binding

sites before a transcription start.

Bacterial transcription factors (TFs) are often dimeric, requiring a palindromic or symmetric
TF binding site. The consensus sequence of CRP (5'-AAATGTGATCTAGATCACATTT-
3') is palindromic, with the consensus half site 5'-A1A2A3T4GsTeG7AsToC10T11-3 (Busby
and Ebright 1999; Leuze et al. 2012). The first half site of the CRP-binding site is dominant
in TF binding and most conserved. CRP directly interacts with Gs, G7 and As in the core

motif of the first half (Schultz et al.

1991 Chen et al. 2001 Leuze et al. CONs- 100% AAATRG,TEG,A,TCTAGATEAGATTT
’ ’ aspAp 68% ATTIG. TG, A;AATAGATCACCGCT
2012). Mutations in the CRP site to- dctAp 59% AAGE,T,TgG,A;GCTGGCTEGEACAA

wards the consensus lead to an enhanced Fig. 63: Alignment of the aspAp and dctAp CRP-bind-

. . ing-site. The CRP consensus binding site (Ebright et al.
ability of CRP to activate the promoter 1989) was aligned against aspA and dctA CRP-binding
sites. CRP-binding sites were acquired via RegulonDB
(Gama-Castro et al. 2016). The nucleotides in direct con-
tact with the CRP protein are annotated (yellow) (Leuze
et al. 2012).

and thereby reprogram the hierarchy in
sequential carbon utilization (Narang et
al. 1997; Kovarova-Kovar and Egli
1998; Aidelberg et al. 2014). Glycerol and D-xylose had an unexpected strong repression on
dctAp-lacZ activity compared to aspAp-lacZ. Appropriately, Gs of the first half of CRP-
binding site in dctAp is mutated to Ts, which presumably weakens the interaction with CRP
(Fig. 63). This observation would explain why glycerol, and to some extent D-xylose,
exerted much weaker repression on aspAp-lacZ. Both aspA and dctA, showed a mutation in
the second half of the CRP-binding site, which is less important for CRP interaction (Schultz
et al. 1991; Chen et al. 2001; Leuze et al. 2012). In addition, to the quality of the CRP-
binding site, the total number of CRP-binding sites are an important characteristic in gene
regulation (Leuze et al. 2012). The mannitol-specific PTS enzyme Il MtlA transports and
simultaneously phosphorylates mannitol, while mannitol-1-phosphate 5-dehydrogenase
MtID converts mannitol-1-phosphate to fructose-6-phosphate, which enters glycolysis
(Mayer and Boos 2005). The mtlIAD operon contains five CRP-binding sites (Ramseier and

Saier Jr 1995) with a conservation level between 58% and 75% compared to the consensus
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sequence (Ebright et al. 1989). However, a large fraction of CRP-controlled genes have only
one CRP-binding site, consistent with aspA and dctA (Gama-Castro et al. 2016). 75.5% of
all CRP binding sites are distributed on the peak of the Gaussian curve of sequence conser-
vation, which represents the conservation level of all known CRP-binding sites in E. coli.
This approach may be overgeneralized, although the CRP binding sites of aspA (68%) and
dctA (59%) correspond to some extent to experimental observations. Bacteria do not have a
sophisticated nucleosome structure like eukaryotes, which controls gene expression via
DNA packaging. Global regulators such as CRP and IHF (integration host factor), which
induce DNA bending to alter the accessibility of binding sites, mimic eukaryotic gene
expression to some extent. Overall, aspA and especially dctA are unique examples of CAMP-
CRP activation, which emphasize fine- tuning in response to available carbon sources and
Cs-dicarboxylates which is transmitted by cAMP-CRP and specific transcriptional

regulation by DcuR.

Feed-forward loops (FFL) are important regulatory networks in E. coli that contain two tran-
scription factors (TF) and one or more genes. In FFL, a distinction is made between coherent

and incoherent types. If the direct effect (positive or negative) of TF1 on the gene is the same

astheindirecteffectof TF1viaTF2onthe A B

) Coherent type 1 Coherent type 4
gene, the FFL is termed coherent (Shen- CRP-FFL FFL
Orr et al. 2002; Mangan and Alon 2003; CRP | ENR |——
Yang et al. 2018). CRP directly activates -
aspA, dctA, and dcuR transcription, while [ocur] [N;rL]
DcuR positively regulates aspA and dctA. -
Thus, this network motif is characterized —

[ospa ]

as a CRP-FFL of coherent type 1 (Fig. Fig. 64: Feed-forward loops of aspA and dctA regula-

64A) (Yang et al. 2018). In addition, Lrp, tion. Abbreviations: FFL: feed-forward loop; NarL:
) ) ] response regulator of the NarX-NarL two-component

NarL, and FNR are involved in transcrip- system; FNR: transcriptional regulator

tional regulation of aspA but neither of

them is CRP-regulated. FNR directly activates aspA while repressing narL. This network

motif is characterized as a coherent type 4 FFL (Fig. 64B). In conclusion, aspA is regulated

by two FFLs and Lrp, while dctA is only regulated by one FFL.
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4.4.2 dctA is (post-)transcriptionally regulated by cCAMP-CRP and the PTS
Analysis of dctAp-lacZ expression showed a need for cAMP-CRP activation. Upper and
lower glycolytic substrates and gluconeogenic substrates exhibited different levels of repres-
sion. When the capacity for CAMP-CRP activation was low, DcuR could not induce expres-
sion of dctA since both cAMP-CRP and DcuR-P are required for transcriptional activation.
In addition, an interaction between DctA and EIASC of the PTS was observed in the
BACTH assay. EIIAC can inhibit transporter of secondary metabolism via protein-protein
interaction in the unphosphorylated state (Deutscher et al. 2006). This mechanism is referred
to as inducer exclusion because inhibition of the secondary transporters prevents binding of
the substrate to the respective transcriptional regulator and thus induction of the associated
metabolic genes. LacY is a proton-potential symporter that drives the uptake of several
[-galactosides such as lactose (Kaback 1997; Kaback et al. 2001). LacY was identified as
the first EIIA®' target (Dills et al. 1982; Misko et al. 1987). EIIA® binds strongly to LacY
only in the presence of a B-galactoside, this inhibits lactose uptake and subsequently prevents
transcription of the lac operon, as allolactose is not available to abolish repression by Lacl
(Lewis 2005). The DctA-ElIAC! interaction would be a special case since Cs-dicarboxylates
are detected periplasmically by DcuS (Zientz et al. 1998; Golby et al. 1999). Therefore,
inhibition of DctA by EIIA®" would only affect uptake of the Cs-dicarboxylates as the
substrate but not as an inducer. If the activity of DctA is indeed inhibited by binding of
EIA®", DctA would be regulated at transcriptional and post-transcriptional levels by cAMP-
CRP and EIIAC’ of the PTS, respectively (Fig. 65).

DcuA catalyzes an L-Asp:Cy-dicarboxylate (primarily fumarate) antiport, while AspA con-
verts L-Asp to fumarate and ammonium (Strecker et al. 2018). Unphosphorylated EIIAS'
would inhibit the Cs-dicarboxylate uptake by DctA, in presence of upper or lower glycolytic
substrates. Additionally, intracellular cAMP levels are low, resulting in basal expression of
dctA, whereas DcuR is phosphorylated but fails to stimulate expression of dctA (Fig. 65A).
In presence of Cs-dicarboxylates, EINAC' would be predominantly phosphorylated, stimu-
lating the cAMP production by CyaA. The inhibition of DctA would be relieved and
Cs-dicarboxylates could enter the bacterial cell. Moreover, sufficient amounts of CAMP-
CRP would stimulate expression of dctA together with phosphorylated DcuR and RNAP
(Fig. 65B). Cs-dicarboxylates are introduced into the TCA cycle and oxidized to COa. In
general, Cs-dicarboxylates are gluconeogenic substrate, requiring the PEP bypass to serve
as a carbon source (You et al. 2013; Hermsen et al. 2015) in addition to the pyruvate bypass
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for feeding the TCA cycle. Under both conditions, the nitrogen shuttle of DcuA-AspA is

active and supplies the cell with ammonium (Fig. 65).
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Fig. 65: Cs-dicarboxylate metabolism in aerobic growth. Cs-dicarboxylate metabolism in aerobic growth
in presence (A) and in absence of upper and lower glycolytic substrates (B). Abbreviations: DctA: aerobic
Cs-dicarboxylate transporter; DcuA: aerobic L-Asp transporter; Cs,-DC: Cg-dicarboxlate; N-shuttle:
nitrogen shuttle catalyzed by DcuA-AspA; RNAP: RNA-polymerase; CyaA: adenylate cyclase; EIIA: en-
zyme I1ACkC

Overall, aspAp-lacZ was similarly dependent on cAMP-CRP activation as dctA. A clear
distinction was observed between PTS and non-PTS sugars, while D-xylose and glycerol
exerted a significantly lower repression of aspAp-lacZ. This hierarchical fine-tuning of genes
involved in secondary metabolism via CAMP-CRP signaling allows E. coli to optimize me-

tabolism in response to carbon source availability.

4.4.3 Sugar phosphates affect c(AMP-CRP signaling
The dctAp-lacZ expression analysis emphasized that each carbon source has an effect on
CAMP-CRP signaling, resulting in continuous fine-tuning of CRP-dependent genes.

In general, a distinction was observed between upper and lower glycolytic substrates and
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gluconeogenic substrates, with the exception of the pentose D-xylose (D-xyl) and the sugar
alcohol glycerol, which showed stronger repression of dctAp-lacZ than expected.

The dctA repression in the presence of glycerol was abolished in the glpK-deficient strain.
GIpK catalyzes the magnesium-dependent phosphorylation of glycerol to glycerol 3-phos-
phate (G3P), which is the rate-limiting step for glycerol utilization (Hayashi and Lin 1967,
Zwaig et al. 1970). GlpK is inhibited by fructose 1,6-bisphosphate in a negative feedback
loop (Zwaig and Lin 1966; Thorner and Paulus 1973) and by EIIA® in the presence of
glycerol, causing glycerol dissimilation to halt (Boer et al. 1986; Hurley et al. 1993; Feese
et al. 1994). Complete inhibition of GIpK occurs when four EIIA®' molecules are in contact
per GlpK tetramer (van der Vlag et al. 1994; Deutscher et al. 2006). The transcriptional
regulator GIpR had no effect on dctAp-lacZ expression. These observations were similar to
those obtained for malTp-lacZ expression (Eppler and Boos 1999). The transcriptional reg-
ulator MalT is the central regulator of the maltose metabolic pathway (Cole and Raibaud
1986). malT is subject to glycerol repression, which is G3P-specific (Eppler and Boos 1999).
A cyaA-deficient mutant containing a mutant CRP protein that stimulates expression inde-
pendently of cAMP abolished glycerol repression of malT (Eppler and Boos 1999). Accord-
ingly, G3P-specific repression of malT was due to cCAMP-CRP, suggesting a similar mech-

anism for dctA.

A similar observation was made for D-Xyl, where genetic inactivation of the xylulokinase
XyIB resolved dctA repression. XylIB catalyzes the phosphorylation of D-xyl to xylulose
5-phosphate (X5P). Interestingly, the XyIR-deficient mutant showed the same effect. Previ-
ous work has shown that xylR-deficiency abolished the expression of the xylAB and
xylFGHR operons (Song and Park 1997), suggesting that this phenotype is due to the
inability of the xyIR-deficient strain to express xylB. This would indicate a X5P-specific
repression, like G3P before. Sugar phosphates such as G3P and X5P affect cCAMP-CRP
signaling, however the exact mechanism is not known. Previous work postulated that sugar
phosphates may alter the ability of phosphorylated EIIA® to stimulate CyaA (Eppler et al.
2002). Together with the mutation in the first half site of the CRP-binding motif (Fig. 63),
which lowered the binding affinity of cCAMP-CRP in the promoter region of dctA, the
repression of D-xyl and glycerol on dctAp-lacZ expression is due to CAMP-CRP signaling

and not to specific transcriptional regulation.
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4.5 DcuS-DctA signal transduction complex

4.5.1 Modeling of the DcuS-DctA interaction

Microorganisms are in constant interaction with their environment. The ability to sense en-
vironmental parameters, such as concentrations of nutrients is essential for survival and
colonization. Bacteria have evolved periplasmically exposed signal transduction systems
that pass the signal across the membrane via transmembrane helices to initiate an adequate
intracellular response. Classical two-component systems (TCS) consist of a membrane-
bound sensor histidine kinase (HK) and a cytosolic response regulator (RR) that stimulates
gene expression upon phosphorylation (Hoch et al. 1995; Inouye and Dutta 2002). The main
biological function of TCS-mediated signal transduction is manifested in input (signal per-
ception) and output (e.g., differential gene expression) (Mascher et al. 2006). The DcuS-
DcuR two-component system in E. coli is transmembrane and represents an extracytoplas-
mic sensing histidine kinase (Mascher et al. 2006). DcuS and the citrate-specific histidine
kinase CitA of the CitA-CitB TCS belong to the CitA family of sensor kinases (Bott et al.
1995). CitAB induces the expression of genes involved in citrate fermentation in
K. pneumoniae and E. coli (Bott et al. 1995; Bott 1997). DcuS periplasmically senses
Cs-dicarboxylates, such as L-Asp, L-malate, fumarate, and succinate, whereas DcuR induces
genes involved in their metabolism (Unden et al. 2016). DcuS consists of a periplasmic
sensory Per-ARNT-Sim (PASp) domain that binds Cs-dicarboxylates and is anchored to the
membrane by the transmembrane helices TM1 and TM2 (Kneuper et al. 2005; Cheung and
Hendrickson 2008). In the cytoplasm, TM2 is connected to a cytoplasmic PAS domain
(PASC) via a short linker region (LR) (Stopp et al. 2021). The C-terminal histidine kinase A
(HisKA)-ATPase consists of a DHp domain and catalytic active (CA) domain. The periplas-
mic sensory part and the cytoplasmic part are connected by a continuous a-helix, consisting
of PASp a-helix 6, TM2, LR, and N-terminal a-helix 1 of PASc (Stopp et al. 2021).
In contrast to the citrate-specific CitA-CitB TCS, DcusS requires accessory proteins to func-
tion (Scheu et al. 2012). Under aerobic conditions, DctA converts DcusS to the C4-dicarbox-
ylate-responsive state, while DcuB performs this task in the absence of oxygen. When
neither DctA nor DcuB are present, DcusS is constitutively active, resulting in stimulus-in-
dependent phosphorylation of DcuR (Davies et al. 1999; Janausch et al. 2004; Kleefeld et
al. 2009; Witan et al. 2012a; Steinmetz et al. 2014; Worner et al. 2016). A structural model
of DcusS was created using homology and manually created models that were joined in UCSF
Chimera (Pettersen et al. 2004). The dimeric structures of PASp, PASc, and the kinase

domain were modeled based on similar crystal structures (Sevvana et al. 2008; Podgornaia
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et al. 2013; Salvi et al. 2017). Biochemical data of in vivo L-Cys crosslinking were available
for the continuous a-helical structure consisting of PASp a6, TM2, LR, and PASc a1, which
identified residues involved in homodimerization (Monzel and Unden 2015; Stopp et al.
2021). This information was used to identify residues that were exposed and thus accessible

for interaction.

The interaction between Dcu$S and its coregulators DctA and DcuB are essential for function
(Davies et al. 1999; Kleefeld et al. 2009; Witan et al. 2012a; Waorner et al. 2016). Previous
work has identified DctA helix 8b (H8b) and DcuS LR as important for interaction (Witan
et al. 2012b; Gropper 2013; Stopp 2021).The combination of a structural model and multiple
sequence alignment (MSA) was used to suggest residues involved in the interaction between
DctA H8b and DcuS LR (Fig. 53). On the side of DcusS, the positively charged K203, K206,
and K207 residues were selected, which predetermined the selection for DctA. For DctA,
the negatively charged D411 and D412 residues were selected. The chemical properties
indicate a salt bridge combining non-covalent hydrogen and ionic bonds. The amphipathic
DctA H8b interacts with the hydrophilic head of phospholipids, initiating a tilting
mechanism toward the cytoplasm, which in turn allows interaction with the LR of DcuS
(Witan et al. 2012b). The interaction model of H8b and LR was modeled with a smaller tilt
angle than theoretically possible (Fig. 53). In principle, H8b can be tilted considerably more
to increase the interaction area with LR. In the current model, the interaction between H8b
and LR is crossed so that only one residue can interact in each region (Fig. 53). A larger tilt
angle would increase the interaction surface and therefore increase the number of residues
that could be involved in a DcuS LR-DctA H8b interaction.

4.5.2 DcusS signal transduction and involvement of DctA

TCS are employed by bacteria to perceive and transmit environmental information and ini-
tiate an adaptive cellular response according to the stimulus. The ON and OFF states are two
thermodynamically stable structural states in which stimulus perception shifts the equilib-
rium from the OFF state to the ON state. This initiates a signal cascade from the signal input
to the signal output site that changes the probability of each domain switching to the alter-
native state (Molnar et al. 2014; Lesne et al. 2017). NarQ and NarX are paralogous sensor
histidine kinases that respond to nitrate and nitrite and, together with the response regulators

NarP and NarL, induce genes involved in nitrate respiration (Rabin and Stewart 1993).
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NarQ consists of a periplasmic sensor domain, TM1 and TM2, a HAMP domain, a signaling
helix (S-helix), a GAF-like domain, and a kinase domain (Stewart 2003; Stewart and Chen
2010; Gushchin et al. 2017). The sensor domain of NarQ is connected to the cytoplasmic
HAMP domain via TM2. The intracellular HAMP domain, which controls the kinase
activity, is connected to TM2 via a flexible L-Pro hinge (Fig. 66A). Binding of the effector
to the sensor domain induces a displacement of 0.5-1 A, resulting in a rearrangement and
piston-like displacement of TM1 by 2.5 A (not shown) and of TM2 relative to TM1. The
L-Pro hinge preceding the HAMP domain translates the incoming conformational change
into a lever-like rotation that results in a 7 A displacement of the membrane distal ends of
the HAMP domain (Fig. 66B) (Gushchin et al. 2017). The HAMP domain essentially acts

as a signal amplifier and transducer for the rearrangement of TM2.
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Fig. 66: Mechanism of NarQ and DcuS membrane signaling. (A and B) Binding of nitrate (NO3") trig-
gers a piston-like displacement of TM1 (not shown). The TM2-AS1 hinge (Pro179) transmits the piston-
like displacement of TM1 relative to TM2 via a lever-like rotation of the HAMP domain. The lever-like
rotation causes a displacement of AS2, resulting in a conformational shift of 7 A and destabilizing the
S-helix (Gushchin et al. 2017). (C and B) Binding of Cs-dicarboxylates (C4-DC) triggers compaction of
the PASp-binding domain, resulting in a piston-like displacement of TM2 via PASp a-helix 6 (a6) (Monzel
and Unden 2015). The piston-like displacement destabilizes the linker region (LR), leading to a conforma-
tional rearrangement in the cytoplasmic PAS domain (PASc) (Stopp et al. 2021).

A different type of signal amplification is suggested for the cytoplasmic PAS domain of
DcuS. The PASc a-helix 1 is connected to the periplasmic PAS domain via a continuous
a-helix, comprising of PASp a6, TM2, and the LR (Fig. 66C) (Stopp et al. 2021). Crosslink-
ing experiments for PASp a6 and TM2 showed a symmetric, piston-like displacement of
3-4 A toward the periplasm upon effector binding (Monzel and Unden 2015; Stopp et al.

2021). Crosslinking data for the LR indicated fumarate-induced structural rearrangement,
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including helical separation in the presence of fumarate (Fig. 66D) (Stopp et al. 2021).
However, the LR is predicted to convert the piston-like displacement into a lever-like tilting
of the PASc domain (Stopp et al. 2021). The lever-like rotation of the membrane distal ends
of the NarQ HAMP domain is caused by a L-Pro hinge at position 179, which triggers a

kinking mechanism of HAMP-AS1, amplifying the signal perceived in the sensor domain
(Fig. 66B). Interestingly, at the interface of LR and PASc al, there is an L-Pro residue at
position 214 that is suitable for a similar kinking mechanism (Fig. 67). This conformational
change would be analogous to NarQ, in which an L-Pro residue at the interface between the
TM2-LR domain and PASc converts the piston-like displacement into a lever-like rotation
of theC-terminal end of PASc, amplifying the conformational change and thus activating

autophosphorylation of the kinase domain.
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Fig. 67: Model of DcuS signal amplification via the postulated L-Pro hinge (A and B) and
conservation of Pro214 in a MSA (C). (A and B) Model of LR-PASc al signal transduction via the
predicted L-Pro hinge at the position 214. Cs-dicarboxylate (C4-DC) binding initiates a piston-like dis-
placement of TM2, leading to helical separation in the LR and lever-like rotation of the C-terminal end
of PASc via the postulated L-Pro hinge. (C) The full length DcuS and CitA sequences were obtained
from UniProt (UniProt Consortium 2019) and aligned via Unipro UGENE (Okonechnikov et al. 2012)
using MUSCLE in the default settings (Edgar 2004). The region between linker and PASc a-helix 1 are

shown (199-230).
L-Proline can induce special conformational characteristics to proteins, in which the back-

bone and sidechain are fused to a five-membered pyrrolidine ring (Senes et al. 2004).
A database of L-Pro-induced kinks showed an average kinking angle of 21° £ 11° (Cordes
et al. 2002). In general, L-Pro-induced kinks are more often observed in transmembrane
helices than in water-soluble helices. L-Pro is not required to kink helices but L-Pro residues

which are considerably conserved in helical domains are very likely kinked (Fig. 67C)
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(Senes et al. 2004). The L-Pro hinge of NarQ is located in close proximity to the membrane
(Gushchin et al. 2017), whereas the L-Pro residue of Dcus is presumably accessible to water.
Nevertheless, both L-Pro residues are located in a similar position, upstream of a signal
transducing domain that controls the autophosphorylation activity of the kinase domain.
Fumarate-induced helical separation in the C-terminal part of the LR is used for a presumed
lever-like rotation of the C-terminal end of PASc by a L-Pro hinge at position 214, control-
ling kinase activity (Fig. 67A and B). Pro214 is the only L-Pro residue in the continuous

a-helix, which connects the periplasmic sensor domain to the cytoplasmic PAS domain.

DcusS and CitA are paralogous sensor histidine kinases with the main difference that DcuS
requires coregulators, DctA and DcuB, for proper function (Kleefeld et al. 2009; Witan et
al. 2012a; Steinmetz et al. 2014; Worner et al. 2016). In absence of either one, the thermo-
dynamical OFF state is not stable, leading to a constitutively active DcuS and effector-
independent stimulation of DcuR regulated genes. The coregulator is necessary to convert
and stabilize the DcuS OFF state. CitA signal transduction is present without any known
accessory proteins that could affect the signal transduction process (YYamamoto et al. 2009;
Scheu et al. 2012), suggesting that DctA is not actively involved in the signal transduction
process but rather is required to transition DcusS to the OFF state. This differentiation would
specify the role of DctA in signal transduction to a scaffolding function. Theoretically, it
should be feasible to convert the mode of signal transduction to a CitA-like mode, in which

interaction with a coregulator would be redundant.
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4.6 Outlook

L-Asp is an important physiological nitrogen and electron acceptor source for commensal
and pathogenic E. coli. Moreover, the intracellular L-Asp pool is the second highest, next to
L-Glu. L-Asp is the nitrogen source for UMP (pyrimidine) biosynthesis and various other
biosynthetic pathways. Recent work already postulated that the L-Asp pool must increase
significantly to fuel the UMP biosynthesis in exponential growth (Yuan et al. 2009). The
key enzyme for L-Asp production is AspC. AspC-GInB showed an interaction in the
BACTH assay but functional data still awaits to be obtained. In vitro enzymatic assays
should be performed with AspC in the presence of GInB and effector molecules to investi-
gate whether a similar regulation to AspA-GInB is observed. The expectation would be that
GInB without effector molecules or a UMP moiety would induce L-Asp production by
AspC. Under nitrogen-saturated conditions, GInB could induce L-Asp formation to boost
UMP biosynthesis, allowing higher bacterial growth.

Another interesting topic would be the comparison of L-Asp metabolism of commensal and
pathogenic E. coli. The EHEC reference strain EDL933 is able to metabolize L-Asp faster
than commensal E. coli (Bertin et al. 2018). gPCR has already suggested that aspA and dcuA
are more strongly induced in pathogenic E. coli. Whether this is sufficient to explain the
increased efficiency of L-Asp degradation or whether there are additional differences, such
as mutations in AspA and DcuA, or additional enzymes that increase L-Asp degradation,
needs to be addressed in the future. This information would improve the understanding of
L-Asp metabolism to potentially generate probiotics that minimize L-Asp concentration in

the mammalian gut to counteract EHEC colonization.

Signal transduction in DcuS has been studied biochemically and structurally, and data are
available for some aspects of signal transduction across the membrane. Recently, the
involvement of the linker region (LR) has been elucidated, which undergoes helical separa-
tion and decrease in homodimerization in contrast to the piston-like displacement of TM2
(Monzel and Unden 2015; Stopp et al. 2021). The question remains which conformational
change causes the LR in the cytoplasmic PAS domain. Bioinformatics and structural analysis
of the model implicated a possible L-Pro hinge to induce a lever-like rotation at the
membrane distal end of PASc. Electron paramagnetic resonance (EPR) spectroscopy exper-
iments are currently underway to investigate the conformational state in ON and OFF
mutants of a PASc-Kinase construct. These experiments will reveal whether a lever-like

rotation of PASc is a viable mode of signal transduction.
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I Appendix

2.1 Oligonucleotide primers

Tab. 5: Oligonucleotide primers used for site-directed mutagenesis and PCR amplification. Restrictions
sites and amino acid exchange positions are red.

Primer Sequence (5°—3°) Amino acid ex-
change/re-
striction site
BACTH experiments
pKT25 pUT18C aspA for CGCGTCTAGAAGCCATGTCAAACAAC Xbal
pKT25 pUT18C aspA rev CGTTCCCGGGTCTGTTCGCTTTC Smal
PKNT25 pUT18 aspA for GCTTGAAAAAGAG- BamHI
GATCCACATGTCAAACAAC
PKNT25 pUT18 aspArev | GTACTGAGCTCTTCGAT- Sacl
TCCTGTTCGCTTTC
BACTH fumB for CATCATGGATCCGATGTCAAACAAACCC BamHI
BACTH fumB rev GTAGTAGGTACCTTCTTAGTGCAGTTCG  Kpnl
BACTH aspC for CCCGGGGAGCTCATGTTTGA- Sacl
GAACATTAC
BACTH aspC rev GTAGTAGGATCCCAGCAC- BamHI
TGCCACAATCGC
BACTH gInK for GCTATAGGATCCCATGAAGCTGGTGAC- BamHI
CGTG
BACTH gInK rev GATATAGGTACCGG- Kpnl
CAGCGCCGCTTCGTC
BACTH gInB for GCGCGCGGATCCTATGAAAAA- BamHI
GATTGATGCG
BACTH gInB rev GCTATAGGTACCGGAATT- Kpnl
GCCGCGTCGTCC
ginB A49P for CTGTACCGCGGCCCGGAGTATATGGTG | A49P
ginB A49P rev CACCATATACTCCGGGCCGCGGTACAG | A49P
ginB Y51F for GCGGCGCGGAGTTTATGGTGGATTTTC Y51F
ginB Y51F rev GAAAATCCACCATAAACTCCGCGCCGC | Y51F
Expression plasmids
pASK IBA3plus aspA for  CATCATGAGCTCATGTCAAACAACATTC | Sacl
pASK IBA3plus aspArev | GTAGTAGGATCCCTGTTCGCTTTCATC BamHI
pASK IBA3plus gInB for | CGCGCGGGTACCATGAAAAAGATTGATG | Kpnl
pASK IBA3plus ginBrev | GTTTAAGGATCCAATTGCCGCGTCGTC BamHI
pASK IBA3plus gInK for | CATCATGGTACCATGAAGCTGGTGAC Kpnl
pASK IBA3plus ginKrev | CAAAAAGGATCCCAGCGCCGCTTCG BamHI
pET28a gInD for CATCATGGATCCATGAA- BamHI
TACCCTTCCAGAAC
pET28a gInD rev GTAGTAAAGCTTCCCTTTATCGTTT- Hindlll
GGATTG
pET28a aspC for CGCGCGGGATCCATGTTTGA- BamHI
GAACATTAC
pET28a aspC rev GTAGTAAAGCTTCAGCAC- Hindlll
TGCCACAATCGC
pET28a gInB for GAAAGGGGATCCATGAAAAA- BamHI
GATTGATG
pET28a gInB rev GTAGTAAAGCTTAATTGCCGCGTCGTC Hindlll
pET28a gInK for GAAAGGGGATCCATGAAGCTGGTG BamHI
pET28a gInK rev GTAGTAAAGCTTCAGCGCCGCTTC Hindlll
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Tab. 6: Oligonucleotide primers used for sequencing.

Primer Sequence (5°—37)
BACTH Seq for GGAAACAGCTATGACCAT
pKT25 Seq rev GGATGTGCTGCAAGGCGATT
IBA3plus Seq rev CAGTAGCGGTAAACGGCAGAC
pET28a Seq for CCGCGAAATTAATACGACTCACTATAG
pET28a Seq rev GTTATGCTAGTTATGCTCAGC

2.2 Chemicals

Tab. 7:Chemicals
Chemicals Manufacturer
2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid (HEPES) Roth
30% Acrylamide / 0,8% bis-acrylamide (37,5:1) Roth
3-Morpholinopropane sulfonic acid (MOPS) Roth
Acid hydrolyzed casein (AHC) Gibco

Adenosine diphosphate (ADP)

Adenosine triphosphate (ATP)

Agar agar, Kobe |

Agarose NEEO Ultra Quality

Albumin Fractone V, (Bovine Albumin Serum, BSA)
Ammonium chloride (NH4CI)
Ammonium persulfat (APS)

Ampicillin sodium salt

Bacto-Trypton

Bromphenol blue

Calcium chloride (CaCly)

Chloroform
Cetyltrimethylammoniumbromid (CTAB)
Citrate

Coomassie® brilliant blue G 250
D(+)-Xylose

D-Desthiobiotin

Dimethyl sulfoxide (DMSO)

Disodium hydrogen phosphate (NazHPO,)
Dithiothreitol (DTT)

D-Maltose

dNTP Mix

D-Xylose

Ethanol (100%)
Ethylenediaminetetraacetic acid (EDTA)
GBX developer/replenisher

GBX fixer/replenisher

Glycerol (100%)

His magnetic beads

Hydrochloric acid, > 37 % (HCI)
Immobilon Western Chemiluminescence HRP Substrate
Isopropyl p-D-1-thiogalactopyranoside (IPTG)
Kanamycin sulfate

L-[U*C]Aspartate (40 Bg/nmol)

Lactose

L-Alanine

Thermo Fisher Scientific
Thermo Fisher Scientific
Roth

Roth

BioFroxx

Fluka

Sigma-Aldrich

Roth

BD

AppliChem

AppliChem

Roth

Serva

Roth

Serva

Fluka

Sigma-Aldrich

Roth

Roth

Sigma-Aldrich

Fluka

Thermo Fisher Scientific
Fluka

Sigma-Aldrich

Roth

Carestream Healthcare
Carestream Healthcare
Roth

Promega

Sigma-Aldrich

Millipore

Thermo Fisher Scientific
Roth

Hartmann Analytics
Fluka

Roth
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L-Arabinose

L-Asparagine

LB-Medium

L-Glutamine

L-Glycine

Lithium chloride (LiCl)

L-Malate

L-Serine

L-Threonine

L-Tryptophan

Magnesium chloride (MgCl.)

Magnesium sulfate (MgSO.)

Mannitol

N,N,N’,N’- Tetramethylethylenediamine (TEMED)
Na,-Fumarate

Nas-Citrate
ortho-Nitrophenyl-B-galactoside (ONPG)
Polyethylene glycol (PEG) 6000
Polysorbate 20 (Tween 20)

Potassium chloride (KCI)

Potassium dihydrogen phosphate (KH2PO4)
Pyruvate

Red-Safe™ Nucleic Acid Staining Solution
Rhamnose

Rotiszint Ecoplus

SOB-Medium

Sodium carbonate (Na;COs3)

Sodium chloride (NaCl)

Sodium deoxycholate (SDC)

Sodium dodecyl sulfate (SDS)

Sodium lactate

Sorbitol

Succinate

Tricin
Tris(hydroxymethyl)aminomethane (Tris)
Uridine-5'-triphosphate (UTP)

Yeast extract

D(+)-Glucose

Roth
Sigma-Aldrich
Sigma-Aldrich
Fluka

Roth

Roth

Fluka

Roth
Sigma-Aldrich
Serva

Roth

Roth

Roth

Fluka

Roth

Roth

Roth

Roth

Roth

Roth

Roth

Fluka

iNtRON Biotechnologies
Fluka

Roth

Roth

Fluka

Roth

Fluka

Roth
Sigma-Aldrich
Roth

Roth

Roth

Roth

Thermo Fisher Scientific
Roth

Roth

2.3 Media, solutions, and buffers

2.3.1 Media and buffers

All media were autoclaved, or filter sterilized prior to use.

Lysogeny broth (LB)-medium (Sambrook et al. 1989)

Finished mixture (Sigma-Aldrich):
10 g/l Casein
5 g/l Yeast extract
5 g/l Sodium chloride (NaCl)
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LB agar
LB medium with 15 g/l Agar agar Kobe |

SOC-medium
26.64 g/l Super optimal broth (SOB)-medium
20 mM Glucose

Glycerol-MOPS-buffer
1 mM 3-(N-Morpholino)-Propansulfaonsdaure (MOPS)
15% (v/v) Glycerol

TSB-buffer
LB-Medium with
100 g/l Polyethylene glycol (PEG) 6000
2,46 g/l MgS0O4 x H20
2,03 g/l MgCl2 x 6 H2.0
100 ml/l DMSO

The components were dissolved in H20 and sterile filtered.

10x M9-Medium (Miller 1992; Kim and Unden 2007)
10x stock solution: 75 g/l NaHPO4 x 2 H20
30 g/l KH2PO4

5 g/l NaCl
10 g/l NH4CI
pH value adjusted to 7.0
Supplements: 10 ml/I 10 mM CacCl;
1 ml/l 2 M MgSOa4
Enriched: 10 mi/1 10 % AHC

5 ml/l 1% L-Tryptophan
As stated in the experiment:

Carbon sources: 50 mM
Electron acceptors: 20 mM
Effectors: 20 mM
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Agarose gel

1% (w/v) Agarose solubilized in 1x TAE-Puffer

25 ul/l RedSafe™ nucleic acid staining solution

2.3.2 Antibiotics
Tab. 8: Antibiotics

Antibiotic Stock solution Final concentration
Ampicillin 50 mg/ml in H.0O 100 pg/ml
Kanamycin 50 mg/ml in H20 50 pg/ml

2.3.3 p-Galaktosidase assay (Miller 1992)
B-Galaktosidase-Puffer (Monzel et al. 2013)
100 mM Potassium phosphate buffer, pH 7.0

10 mM KCI
1 mM MgCl,

0.005% (w/v) Cetyltrimethylammonium bromide (CTAB)
0.0025% (w/v) Sodium deoxycholate (SDC)
8 mM Dithiothreitol (DTT)

Solutions for the p-Galaktosidase assay

4 mg/ml ortho-Nitrophenyl-B-galactoside (ONPG)
1 M NaxCOs

2.3.4 SDS-PAGE and semi-dry Western blotting

according to Laemmli (1970), Towbin and Gordon (1984)
Resolving gel buffer
1.5 M Tris-HCI, pH 8.8

Stacking gel buffer
0.5 M Tris-HCI, pH 6.8
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Resolving gel:
Resolving gel | Stacking gel

10% 15% 4%
H20 1.978 ml 1.145 ml 1.191 ml
30% Acrylamide, 0,8% bis-acrylamide mix 1.667 ml 2.5 ml 0.267 ml
Gel buffer 1.25 ml 1.25 ml 0.5 ml
SDS (10% w/v) 50 pl 50 pl 20 pl
TEMED 5ul 5ul 2 ul
APS (10% wi/v) 50 pl 50 pl 20 ul

SDS running buffer (10x)
250 mM Tris base
1.92 M L-Glycine
1% (w/v) SDS

SDS sample buffer (2x) (Laemmli 1970)
100 mM Tris-HCI, pH 7.7
200mM DTT
4% (w/v) SDS
0.2% (w/v) Bromophenol blue
20% (w/v) Glycerol

Tris-glycine transfer buffer
25 mM Tris base
192 mM L-Glycine
20% (v/v) Ethanol

10x PBS, pH 7.5
1.37 M NaCl
27 mM KCI
100 mM NazHPO4
20 mM KH2POg4
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Buffer for immunostaining

Blocking Washing Antibody
BSA (w/v) 3% 1%
Tween 20 (v/V) 0.1% 0.1% 0.1%

solubilized in 1x PBS

Primary antibodies (Dilution 1:10,000)

Anti-Strep, fused to HRP (IBA-Life-Sciences)
Anti-His, fused to HRP (Roth)
Anti-PhoA produced in mouse (Sigma-Aldrich)

Anti-lIgG-mouse-HRP polyclonal (Sigma-Aldrich)

Developer solution

Millipore Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore)

2.3.5 Isolation of His-tagged Proteins

Component Resuspension Equilibration/Wash Elution
Tris-HCI, pH 7.7 50 mM 50 mM 50 mM
MgCl; 10 mM
NaCl 500 mM 500 mM
Imidazole 20 MM 250-500 mM
Glycerol (10% wi/v) 10% 10%
2.3.6 Isolation of Strep-tagged Proteins
Component Resuspension Equilibration/Wash Elution
Tris-HCI, pH 7.7 20 mM 100 mM 100 mM
NaCl 150 mM 150 mM
EDTA 1mM 1 mM
D-Desthiobiotin 2.5 mM

2.3.7 Transport assay

Transport buffer

100 mM NaxHPO4/KH2POs-buffer, pH 7
1 mM MgSO4, pH 7

Solutions
0.1 M LiCl
1 M Glucose
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Rotiszint Ecoplus (Roth)
L-[U*C]-Aspartate (40 Bg/nmol, Hartmann Analytics)

2.3.8 Strain construction
R-Agar
10 g/l Bacto-Tryptone
1 g/l Yeast extract
8 g/l NaCl
1 g/l Glucose
12 g/l Agar agar Kobe |
After autoclaving add sterile CaClz (2 mM)

R-Top agar
6.5 g/l Agar-Agar
solubilized in LB medium.
After autoclaving CaClz (5 mM) and MgSO4 (10 mM) were added.

MC buffer
5 mM CacCl,
10 mM MgSOq4
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3.1 Results
3.1.7 AspC-GInK interaction in BACTH assay
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Fig. 68: Interaction of AspC with the nitrogen regulator proteins GInK. E. coli BTH101 (AcyaA) was
cotransformed pairwise with plasmids encoding fusions of T25 to AspC or GInK (125AspC) and fusions of
T18 to AspC or GInK (118AspC). The combinations are shown on the x-axis. The leucine zipper pair t1sZip
and t25Zip are applied as a positive control (Karimova et al. 1998; Karimova et al. 2001), the pair t1sZip
and 125AspC as the negative control for background B-galactosidase activity. The corresponding plasmids
are derivatives of pUT18C (118AspC), pUT18 (AspCris), pKT25 (125AspC), and pKNT25 (AspCras)
(Tab. 1). The strains were grown aerobically in LB medium at 30°C. 3-Galactosidase activities were quan-
tified in Miller-Units (MU).
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