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Abstract

Abstrac t

Bacteria are remarkably adaptable, allowing them to survive and grow in every imaginable niche.
In addition, they have to adapt to unfavorable environmental conditions in their natural habitats,
such as oxidative stress, heat or cold stress, osmotic stress, nutrient limitation, anaerobic
conditions, and antibiotic exposure. These adjustment processes are often mediated by the
interaction of different regulatory networks that enable the bacteria to perceive extracellular
chemical and physical stimuli and convert these into a specific response. At the end of this
process, there is a targeted change in gene expression, enzyme activity and/or motility.
Myxobacteria have evolved extraordinary strategies to adapt to their environment, including two
motility systems, a complex life cycle, and interactions with other cells of the same species,
predation, the production of secondary metabolites, and a large genome with nhumerous gene
duplications. The Gram-negative, rod-shaped bacterium Myxococcus xanthus is the model
organism for myxobacteria. In recent years, many of the systems used by M. xanthus have been

deciphered; however, little is known about how it responds to DNA damage.

Using whole-cell proteomics, | have characterized the response of M. xanthus to the DNA-
damaging agent mitomycin C (MMC). Remarkably, | found that several proteins involved in this
response are upregulated independently of the LexA repressor, an almost universally conserved
bacterial transcriptional regulator of genes encoding proteins of pathways involved in repairing
DNA damage. Following up on these findings, | identified several DNA-binding proteins that were
upregulated in response to MMC independently of LexA. Among these proteins, we focused on
MXAN_0633 (from here on ddiA (DNA damage inducible protein A)). According to our proteomics
data, DdiA specifically upregulates the error-prone trans-lesion DNA polymerase DnaE2.
Furthermore, | demonstrated that the production of an active DdiA-mCherry fusion protein occurs
heterogeneously. In the absence of exogenous DNA damage, only approximately 20% of cells
expressed the fusion protein. However, upon DNA damage, the proportion of DdiA-mCherry
positive cells increased dramatically, even without LexA. These findings strongly support the
conclusion that DdiA is a component of the LexA-independent DNA damage response in M.

xanthus.

While significant progress has been made in understanding the DNA damage response (DDR) in
M. xanthus, many key questions remain unresolved. Although LexA and DdiA have been
identified as important players, our findings suggest that additional transcription factors, yet to be

characterized, contribute to the LexA-independent arm of the DDR. Identifying these regulators
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Abstract

and their specific target genes will be essential for reconstructing the complete regulatory logic of
the M. xanthus DDR.
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Zusammenfassung

Zusammenfassung

Bakterien zeichnen sich durch eine aul3ergewdhnliche Anpassungsfahigkeit aus, die es ihnen
ermdglicht, in nahezu jeder erdenklichen 6kologischen Nische unseres Planeten zu Uberleben
und sich zu vermehren. Dariiber hinaus muissen sie sich an verschiedene unginstige
Umweltbedingungen in ihren natirlichen Lebensrdumen anpassen, darunter oxidativen Stress,
Hitze- oder Kaltestress, osmotische Belastungen, Nahrstoffmangel, Sauerstoffarmut sowie die
Einwirkung von Antibiotika. Ihr Uberleben sichern sie durch gezielte Veranderungen der
Genexpression im Rahmen einer sogenannten Dbakteriellen Stressantwort. Dieser
Anpassungsprozess wird durch das komplexe Zusammenspiel verschiedener regulatorischer
Netzwerke gesteuert, die es den Bakterien erlauben, chemische und physikalische Signale aus
ihrer Umgebung wahrzunehmen und in spezifische zellulare Antworten umzusetzen
(Signaltransduktion). Das Resultat sind prézise Veranderungen in der Genexpression oder der
Aktivitat bestimmter Enzyme.

Myxobakterien haben dabei aulRergewdhnliche Strategien entwickelt, um sich ihrer Umwelt
anzupassen. Dazu zahlen unterschiedliche Bewegungsmechanismen, ein komplexer
Lebenszyklus, kooperative Interaktionen mit Artgenossen, rauberisches Verhalten, eine
ausgepragte Produktion sekundarer Metabolite sowie ein groRes Genom mit zahlreichen
Genkopien. Das gramnegative, stabchenférmige Bakterium M. xanthus gilt als Modellorganismus
fur Myxobakterien. In den letzten Jahren konnten viele der von M. xanthus genutzten Systeme
entschlisselt werden; weitgehend unbekannt ist jedoch, wie dieses Bakterium auf DNA-Schaden

reagiert.

Unter Verwendung einer ganzzellularen Proteomik-Analyse wurde die Antwort von M. xanthus
auf das DNA-schadigende Mittel MMC untersucht. Dabei konnte gezeigt werden, dass mehrere
Proteine dieser Antwort unabhangig vom LexA-Repressor induziert werden. LexA ist ein nahezu
universell konservierter Transkriptionsfaktor, der in Bakterien die Expression von Genen reguliert,
die an DNA-Reparaturprozessen beteiligt sind. Aufbauend auf diesen Ergebnissen wurden
mehrere DNA-bindende Proteine identifiziert, die in Reaktion auf MMC ebenfalls LexA-
unabhangig induziert werden. Im Zentrum der weiteren Analyse stand das Protein MXAN_0633,

im Folgenden als DdiA (DNA damage inducible protein A) bezeichnet.

Die Proteomik-Daten deuten darauf hin, dass DdiA einerseits gezielt die Expression der
fehleranfélligen, translesionalen DNA-Polymerase DnaE2 induziert und die Expression von recX

reprimiert. Dartiber hinaus konnte gezeigt werden, dass die Synthese eines funktionalen DdiA-
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mCherry-Fusionsproteins heterogen erfolgt. Unter Standardbedingungen wird es in ca. 20 % der
Zellen exprimiert. Nach Induktion von DNA-Schéaden steigt der Anteil DdiA-mCherry-
produzierender Zellen hingegen deutlich an, und zwar auch in Abwesenheit von LexA. Diese
Ergebnisse sprechen dafir, dass DdiA ein Bestandteil einer LexA-unabhangigen SOS-Antwort in

M. xanthus ist.

Obwohl in den vergangenen Jahren erhebliche Fortschritte im Verstdndnis der DNA-
Schadensantwort von M. xanthus erzielt wurden, bleiben zentrale Fragen weiterhin ungeklart.
Neben LexA und DdiA, die als wichtige Regulatoren identifiziert wurden, deuten unsere
Ergebnisse darauf hin, dass weitere, bislang nicht charakterisierte Transkriptionsfaktoren zur
LexA-unabhangigen Komponente der DNA-Schadensantwort beitragen. Die Identifizierung
dieser Regulatoren sowie ihrer spezifischen Zielgene wird entscheidend sein, um die vollstandige

regulatorische Logik der DNA-Schadensantwort in M. xanthus zu rekonstruieren.
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1. Introduction

1. Introduction
1.1 Bacterial stress response

Bacteria are exposed to a variety of stresses that challenge their survival. In addition to DNA
damage caused by replication errors, oxidative stress, UV radiation, or toxic substances, other
types of stress require specific protective mechanisms (Kreuzer 2013; Khan and Kuzminov 2012).
For instance, heat stress leads to protein denaturation and is counteracted by heat shock proteins
and chaperones (such as DnaK and GroEL), which repair or degrade misfolded proteins (Maleki
et al. 2016). In contrast, bacteria respond to cold stress by producing cold shock proteins and
undergoing a phase of several hours (hrs) during which they do not grow but instead attempt to
adapt to the environment (Weber and Marahiel 2003). Osmotic stress, caused by high salt
concentrations or drought, is mitigated by the accumulation of compatible solutes (such as proline
or trehalose) (Kultz and Burg 1998). Acid and pH stress activate proton pumps and acid resistance
systems (such as the glutamate-dependent system) (Hirshfield, Terzulli, and O'Byrne 2003;
Mitchell 1961). Nutrient limitation triggers a global metabolic adaptation, regulated by the stringent
response ((p)ppGpp), to optimize resource utilization (Ferenci 1999; Harder and Dijkhuizen 1983).
Cell envelope stress responses are critical for maintaining the barrier between the intracellular
space and the harsh external environment, as well as for detecting perturbations in the envelope
and responding to damage (Guo and Sun 2017; Wall, Majdalani, and Gottesman 2018). Finally,
antibiotic stress poses a significant threat and drives bacteria to develop resistance mechanisms,
which can vary greatly depending on the type of antibiotic and the organism affected (Munita and
Arias 2016) (Figure 1). Bacterial stress responses are regulated at the transcriptional,
translational, and post-translational levels and are highly regulated, leading to changes in gene
expression, protein activity, cellular metabolism and motility. This regulation is essential for

survival in dynamic and often hostile environments (Giuliodori et al. 2007).
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Osmotic stress Temperature stress Acid stress

Nutrient depivation

Envelope stress - ROS - Oxidative stress

Antibiotic stress

Figure 1. Schematic representation of typical stressors encountered by bacteria. Bacteria are
exposed to various stressors in their natural environment, which can influence their survival and adaptation.
These stressors include, for instance, osmotic stress, temperature stress, acid stress, nutrient deprivation,
oxidative stress, envelope stress, and antibiotic stress. In response, bacteria have developed complex

regulatory mechanisms to counteract these challenges and maintain cellular homeostasis.

1.2. Bacterial response to DNAd amage

DNA is constantly exposed to harmful influences. Additionally, errors can occur during DNA
replication and repair processes, potentially leading to detrimental changes in the genome. To
counteract these effects, cells have developed several protection systems, including DNA repair
mechanisms, damage tolerance pathways, cell cycle checkpoints, and cell death pathways.
These systems enable cells to repair or tolerate damage, thereby ensuring their functionality and

survival.

1.2.1. Environmental factors or normal processes in cells can cause DNA damage

To maintain genome integrity, it is crucial to detect and repair DNA damage. DNA damage can
result from external or internal factors and may lead to mutations that disrupt normal cell function.
Based on its origin, DNA damage can be classified into two types: endogenous (caused by

internal factors) and exogenous (caused by external factors) (Hoeijmakers 2009).

A major cause of endogenous DNA damage is the production of ROS during cellular respiration.

Molecules such as superoxide (OF JgHFOF, and hydroxyl radicals (OHA can oxidize DNA bases
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and cause strand breaks (Imlay 2009; Hoeijmakers 2009). Additionally, errors introduced by DNA
polymerases during replication can lead to the incorrect insertion, deletion, or mismatching of
nucleotide bases within the DNA strand (Bichara et al. 2009; Khan and Kuzminov 2012; Kreuzer
2013). To counteract endogenous damage, bacteria have developed efficient DNA repair

systems.

Living in dynamic and often hostile environments, bacteria must contend with a range of
exogenous influences that can compromise their DNA unless promptly repaired. One of the most
significant sources of exogenous DNA damage is ultraviolet (UV) radiation. UV light induces the
formation of pyrimidine dimers, which alter DNA structure and disrupt replication and transcription.
If these lesions are not repaired, they can lead to mutations or cell death (Khan and Kuzminov
2012; Quillardet, Rouffaud, and Bouige 2003; Courcelle et al. 2001). Similarly, ionizing radiation
(such as X-rays and gamma rays) causes severe DNA damage by generating ROS and directly
inducing single-strand (SSB) and double-strand breaks (DSB) in the DNA (Cox and Battista 2005;
Ghosal et al. 2005). Another major factor is chemical exposure, including mutagenic agents
present in the environment (Fitzgerald, Hastings, and Rosenberg 2017; Fitzgerald and Rosenberg
2019). For example, alkylating agents can add methyl or ethyl groups to DNA bases (Samson
and Cairns 1977). Additionally, intercalating agents, such as certain antibiotics or industrial
pollutants, can result in DNA damage (Chatterjee and Walker 2017; Samson and Cairns 1977).
Heavy metals like mercury or arsenic can also compromise DNA integrity by inducing oxidative
stress or binding directly to DNA and proteins involved in replication and repair (Kreuzer 2013;
Markkanen 2017). Furthermore, certain toxins and metabolic byproducts from other organisms
can cause DNA damage in bacteria (Dwyer et al. 2007; Dorr, Vulic, and Lewis 2010; Handel et
al. 2013). Some antibiotics, such as quinolones, target DNA gyrase and topoisomerase, leading
to DNA breaks, while others, like nitrofurans, cause direct DNA modifications (Cirz et al. 2005;
Hoeijmakers 2009; Kreuzer 2013; Chatterjee and Walker 2017; Markkanen 2017; Maslowska,
Makiela-Dzbenska, and Fijalkowska 2019) (Figure 2). To counteract these threats, bacteria have
evolved several DNA repair mechanisms. These mechanisms are essential for bacterial survival.
By employing these repair systems, bacteria can withstand the damaging effects of exogenous
DNA damage and maintain genomic integrity, ensuring their ability to survive and evolve in

diverse ecological niches.
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damage
® w 0® &0
TT T T, TT1 Trri T 111 1 T oI /sTTrd
Base mismatch Single-strand break Bulky adducts & Interstrand crosslinks &
Interstrand crosslinks Double-strand break

Replication Oxygen lonizing ’ Chemo- Polycyclic aromatic

stress @ radicals @ radiation Q UV light therapeutics hydrocarbons
Figure 2. Schematic representation of various factors that can cause DNA damage. The different

types of DNA damage that can occur in a bacterial cell and examples of the factors that trigger them are

shown. The lower part of the figure shows a legend of the DNA-damaging factors.

1.2.2. Bacteria have diverse mechanisms to detect and repair various types of
DNA damage

Bacterial cells have developed multiple DNA damage repair pathways to maintain genome
stability and prevent harmful mutations caused by environmental factors, cellular stress,
replication errors, or metabolic by-products. Key repair mechanisms include Nucleotide Excision
Repair (NER), Base Excision Repair (BER), Mismatch Repair (MMR), Homologous
Recombination (HR), and Non-Homologous End Joining (NHEJ). Each pathway is specialized to
address specific types of DNA lesions, ensuring the integrity and functionality of the genetic
material (Chatterjee and Walker 2017).

The BER mechanism repairs DNA damage caused by oxidation, deamination, or alkylation of
individual bases (Kow 1994; Wallace 2014). Such damage can result in incorrect base pairing
and, if left unrepaired, may lead to mutations. The process begins with a DNA glycosylase, which
specifically recognizes the damaged base and removes it from the DNA strand. This creates an
abasic site, known as an AP site (apurinic/apyrimidinic). An AP endonuclease then cleaves the

sugar-phosphate backbone at this position to fully remove the damaged region. DNA polymerase
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1. Introduction

| subsequently replaces the missing base with the correct nucleotide. Finally, DNA ligase seals
the strand, restoring its integrity. This mechanism is crucial for maintaining DNA stability and
protecting bacteria from harmful mutations (Kow 1994; Lindahl 1974; Mullins et al. 2019; Wallace
2014) (Figure 3).

The NER system is one of the most important mechanisms in bacteria for repairing extensive
DNA damage caused by external factors such as UV radiation or chemical agents (Quillardet,
Rouffaud, and Bouige 2003; Hoeijmakers 2009). Such damage can significantly alter the DNA
structure, for example, by forming pyrimidine dimers or bulky DNA adducts (Baharoglu et al. 2010;
Quillardet, Rouffaud, and Bouige 2003). To facilitate repair, the UvrAB complex recognizes and
binds to the damaged site (Bertrand-Burggraf et al. 1987). UvrB then slightly unwinds the DNA,
while UvrC acts as an endonuclease. UvrD subsequently removes the DNA segment, and DNA
polymerase | fills the gap with the correct nucleotides (Baharoglu et al. 2010). Finally, DNA ligase
seals the strand, restoring DNA integrity. (Quillardet, Rouffaud, and Bouige 2003; Van Houten
and McCullough 1994) (Figure 3).

Base excision repair Nucleoide excision repair
T TT1T.1 T 11 'I_I_I_I, \I_I'
l Glycosylase
—_—
T T 11 T 1 UvrAB

lAP endonuclease % , Uv,rcé/varD
Short I ¥ I 1 L L] lLong
DNA polymerase l
L by

TT T T1TT T TTTTI1 T T T
l Endonuclease l l DNA polymerase
& DNAligase & DNA ligase

rrrrrrria rrorrrrri rrrrrrnri

Figure 3. SSBs in bacterial DNA are efficiently repaired by BER for minor damage and NER for more

extensive lesions. SSBs in DNA are repaired through two essential mechanisms: BER and NER. BER is
initiated by DNA glycosylases that recognize and remove damaged or inappropriate bases, resulting in the
formation of apurinic/apyrimidinic (AP) sites. These sites are subsequently cleaved by AP endonucleases,
generating single-strand breaks. Repair of these breaks proceeds via two pathways: short-patch BER,

which replaces a single nucleotide, or long-patch BER, in which a stretch of 21 10 nucleotides is synthesized
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and replaced. NER repairs larger, helix-distorting damage such as thymine dimers. This process involves
recognizing the damage, unwinding the DNA helix, removing a short single-stranded DNA segment, and
synthesizing a replacement strand to maintain genomic stability.

MMR is a crucial DNA repair mechanism that corrects errors introduced during DNA replication,
such as mismatched base pairs and small insertion-deletion loops (lyer et al. 2006). This system
enhances replication fidelity and prevents mutations that could compromise genomic stability. A
crucial aspect of this process is that bacteria can distinguish between the old and newly
synthesized DNA strands: the original strand is methylated, while the new strand has not yet
acquired methyl groups (Pauly, Hughes, and Moschel 1998). The process begins when the MutS
protein scans newly replicated DNA and recognizes mismatches or small insertion-deletion loops
(Kunkel and Erie 2005). Once a mismatch is detected, MutS binds to the site and recruits MutL,
which acts as a mediator between MutS and MutH (Kunkel and Erie 2005; Reyes et al. 2015).
The endonuclease MutH recognizes a nearby methyl group on the old strand and cuts the newly
synthesized strand (Negishi, Loakes, and Schaaper 2002). The helicase UvrD then removes the
incorrect DNA segment, and DNA polymerase | synthesizes the correct sequence. Finally, DNA
ligase seals the strand, restoring its integrity (Fishel 2015; lyer et al. 2006; Reyes et al. 2015)
(Figure 4). Not all bacteria rely on MutH-dependent repair. Some, like Helicobacter pylori, lack

MutH and use an alternative mechanism for strand recognition (Tomb et al. 1997).

Mismatch Repair (MMR)

MutL l MutS

UvrD l MutH

ﬁ'l_l_l_l'_l_

DNA polymerase
& DNA Ligase

Figure 4. MMR in bacteria corrects replication errors by recognizing and repairing mismatched base
pairs and small insertion -deletion loops . The process is primarily carried out by the MutS, MutL, and

MutH proteins. MutS first recognizes and binds to mismatched base pairs, signaling the repair system. MutL
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then interacts with MutS to recruit MutH, which identifies the newly synthesized DNA strand by detecting
methylation patterns, since the older, template strand is methylated while the newly replicated strand is not.
MutH introduces a cut near the mismatch, and an exonuclease removes a section of the newly synthesized
strand, including the incorrect base. DNA polymerase then fills in the gap with the correct nucleotides, and

DNA ligase seals the strand, ensuring genetic stability.

DSBs are among the most dangerous forms of DNA damage because they can destabilize the
entire genome (Dillingham and Kowalczykowski 2008). In bacteria, these breaks are primarily
repaired by HR, a mechanism that requires the spatial proximity of two identical or similar double-
stranded DNA (dsDNA) molecules (Dillingham and Kowalczykowski 2008; Kreuzer 2013;
Chatterjee and Walker 2017). However, the entire strand does not have to be identical, as the
presence of a longer homologous sequence is sufficient. The enzyme complex RecBCD initiates
the repair of potentially lethal double-strand breaks (Dillingham and Kowalczykowski 2008). Both
the RecD and RecB subunits are helicases that unwind DNA. The RecB subunit also has a
nuclease function. This complex can bind to the ends of double-stranded DNA and move along
the DNA while unwinding it through its helicase activity. During this process, the upper strand is
degraded and the lower strand is coated with SSB proteins until the complex encounters a so-
called "crossover hotspot instigator" (Chi) sequence. The resulting single strand is then bound by
RecA proteins, which allow contact with a homologous double strand (Anderson and
Kowalczykowski 1997; Dillingham and Kowalczykowski 2008; Handa et al. 2012). This leads to
the formation of crossovers, the so-called Holliday junctions (HJ). The RuvA-RuvB-RuvC complex
plays a key role in handling HJ during genetic recombination and DNA repair (Lloyd, Benson, and
Shurvinton 1984). The process is driven by the proteins RuvA and RuvB (Shiba et al. 1991). RuvC
acts as an endonuclease that resolves HJ intermediates by cutting cruciform DNA (lwasaki et al.
1991). It introduces single-strand nicks at symmetrical positions across the junction within the
homologous arms, generating a 5'-phosphate and a 3'-hydroxyl group. This activity requires a
central region of sequence homology at the junction (Fogg et al. 1999). Depending on the direction
of the separation, either single-stranded segments are exchanged between the two DNA
molecules or reciprocally linked DNA molecules are formed (Khan and Kuzminov 2012;

Donaldson, Courcelle, and Courcelle 2006) (Figure 5).

In contrast to HR, which uses an exact copy of the damaged strand as a template, NHEJ directly
links the open DNA ends. This mechanism is particularly important when no homologous DNA

sequence is available. The repair system detects the open ends using Ku proteins. The DNA ends
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are then joined by LigD, a specialized ligase. However, because small nucleotide sequences are

often lost or incorrectly inserted, this repair mechanism is error-prone and can lead to mutations.

Despite its inaccuracy, NHEJ serves as a crucial survival strategy. This system is primarily known

from eukaryotic cells. However, this mechanism has also been identified in certain bacterial

species, such as B. subtilis (de Vega 2013) and Mycobacterium tuberculosis (Weller et al. 2002;
Gong et al. 2005) (Figure 5).

Homologous recombination Non-homologous end joining

Ku
RecBCDl RecA
TTr T T
— =y —
l RuvABC l LigD
T —
DNA polymerase
& DNA Ligase

Figure 5. Repair of DSB in bacteria. DSBs are repaired through HR, an error-free process using a

homologous template, or NHEJ, a more error-prone pathway that directly ligates broken DNA ends. In HR,

the RecBCD complex first processes the DNA ends and loads RecA, which facilitates strand invasion into

a homologous DNA template. The RuvABC complex then resolves the Holliday junctions formed during the

repair, ensuring accurate restoration of the DNA. In contrast, NHEJ directly ligates the broken DNA ends

without the need for a template. The Ku protein binds to the DNA ends, and LigD processes and joins them,

sometimes leading to small mutations. NHEJ is typically used when homologous sequences are unavailable

for repair.
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1.2.3. Bacterial DNA damage response (DDR) is a balance between accuracy and

survival

Bacteria have evolved mechanisms to detect and repair DNA damage, ensuring genome integrity
and survival under various conditions. These mechanisms can be broadly categorized into two
main types: error-free and error-prone mechanisms. While error-free mechanisms aim to precisely
restore the original DNA sequence, error-prone mechanisms aim to ensure cell survival at the

cost of increased mutations (Chatterjee and Walker 2017).

Error-free repair mechanisms restore the original DNA sequence with high fidelity, preventing
mutations. Key pathways include BER, which corrects base modifications (Figure 3); NER, which
removes more extensive DNA lesions (Figure 3); MMR, which eliminates replication errors
(Figure 4); and HR, which repairs double-strand breaks using a homologous template (Figure 5)
(Chatterjee and Walker 2017; Kreuzer 2013; Maslowska, Makiela-Dzbenska, and Fijalkowska
2019). In addition to these high-fidelity, error-free repair systems, bacteria also possess error-
prone repair strategies that are primarily activated under extreme stress or when the DNA is
severely damaged. These error-prone processes enable cell survival at the cost of an increased
mutation rate (Simmons et al. 2008; Baharoglu and Mazel 2014). DNA damage upregulates a
variety of DNA repair genes, including translesion synthesis (TLS) polymerases that can
synthesize across damaged templates, albeit with reduced fidelity (Napolitano et al. 2000;
Baharoglu and Mazel 2014). To mitigate the mutagenic risks associated with TLS, its activity is
tightly controlled at both transcriptional and structural levels. The mutation spectrum and
frequency resulting from TLS depend on both the type of polymerase involved and the nature of
the DNA lesion encountered (Fitzgerald, Hastings, and Rosenberg 2017; Fitzgerald and
Rosenberg 2019; Yeiser et al. 2002).

The best-characterized TLS polymerases are those of E. coli and includethree TLS polymerases
(Ohmori et al. 2001; Napolitano et al. 2000). DinB (Pol 1V) of the Y-family is responsible for
processing damage caused by reactive oxygen species and has a moderate error rate (Wagner
et al. 1999; Goodman 2002; Ohmori et al. 2001). UmuD'>C (Pol V) of the Y-family allows
replication over heavily damaged DNA regions, which often leads to mutations (Reuven et al.
1999; Tang et al. 1999; Goodman 2002). PolB (Poal II), a polymerase of the B-family, is more
accurate than DinB and UmuD',C and can serve as a backup polymerase when the main

replicative polymerase, Pol lll, is blocked (Qiu and Goodman 1997). E. coli has long served as
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the model organism for studying TLS. In other bacterial species, TLS mechanisms also exist, and

many utilize DinB and UmuC homologs, which may differ in their details (Ohmori et al. 2001).

B. subtilis employs a distinct set of error-prone polymerases. These include the DnaE polymerase
(Dervyn et al. 2001), as well as YqjH (PolY1) and YqjWw (PolY2), which are specifically implicated
in UV-induced mutagenesis. YgjH also contributes to mutation processes during the stationary
phase and transcription-replication conflicts (Sung et al. 2003; Million-Weaver et al. 2015; Duigou
et al. 2004; Lenhart et al. 2012). YgjH and YqgjW are homologous to E. coli DinB and the UmuC
subunit of UmuD'2C (Sung et al. 2003).

In recent years, researchers have discovered that some bacteria follow entirely different
mechanisms for error-prone repair. Bacteria with GC-rich genomes, such as Mycobacterium
tuberculosis, Pseudomonas aeruginosa, and Caulobacter crescentus, possess two C-family
polymerases. A constitutively expressed high-fidelity DnaE (Pol 1ll), and a damage-inducible TLS
polymerase DnaE2 (sometimes referred to as ImuC) (Boshoff et al. 2003; Galhardo et al. 2005;
Warner et al. 2010). The dnaE2 gene is typically part of an operon that also includes imuA and
imuB (Boshoff et al. 2003; Galhardo et al. 2005; Sanders et al. 2006; Warner et al. 2010; Freudl|
et al. 1987). The expression of the imuA, imuB, and dnaE2 genes is regulated by the LexA
repressor (see below) in nearly all bacterial species (Ippoliti et al. 2012; Erill, Campoy, and Barbe
2007). In Pseudomonas putida, the lexA2-imuA-imuB-imuC operon is transcriptionally regulated
as a single unit by LexA2 (Abella et al. 2007; Abella et al. 2004). Despite this conserved regulatory
mechanism, the imu gene products show significant sequence and functional diversity across
species. For instance, the ImuA proteins of M. tuberculosis and C. crescentus share little
sequence homology, and DnaE2 variants differ markedly in their functions (Erill et al. 2006;
Dulermo et al. 2009).

The mutagenesis cassette, typically composed of the imuA, imuB, and dnaE2 genes, plays
diverse functional roles across bacterial species, primarily in DNA damage tolerance and induced
mutagenesis. In M. tuberculosis, dnaE2 is strongly induced by DNA-damaging agents such as
MMC (Davis, Dullaghan, and Rand 2002), and its expression depends on a functional RecA-LexA
regulatory axis (see beloew) (O'Sullivan et al. 2008; Rand et al. 2003). The dnaE2 gene is
essential for UV-induced mutagenesis, with its mutational signature consistent with translesion
DNA synthesis (Boshoff et al. 2003). In Deinococcus deserti, the cassette is composed of lexA-
imuY-imuC, where imuY replaces the typical imuB and encodes a Y-family polymerase-like
protein (Dulermo et al. 2009). This cassette is transcriptionally regulated by the chromosomal

RecA (RecA:) and not by the two plasmid RecAs (RecApr) and contributes to UV-induced
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mutagenesis (Dulermo et al. 2009). Similarly, in D. ficus, the cassette contributes to UV-induced
mutagenesis (Zeng et al. 2011), but D. radiodurans and D. geothermalis lack both mutagenic and
TLS polymerases (Dulermo et al. 2009). It has been suggested that the absence of these error-
prone polymerases may be beneficial, allowing to achieve their remarkable DNA repair
capabilities (Sale 2007). In C. crescentus, the LexA-regulated imuA-imuB-dnaE2 genes are
required for UV- and MMC-induced mutagenesis (Galhardo et al. 2005). In Streptomyces
coelicolor, ImuC is induced by DNA damage but appears dispensable for UV mutagenesis (Tsai
et al. 2012). Conversely, in Streptococcus uberis, the cassette is UV-inducible and functionally
involved in mutagenesis (Varhimo et al. 2007). In P. putida, ImuC acts as an anti-mutator during
the stationary phase by limiting base substitutions, whereas ImuB promotes mutagenesis by
increasing both base substitutions and frameshifts (Koorits et al. 2007). Interestingly, in P.
aeruginosa, ImuC (also referred to as PolC) acts as a classical mutator in response to
ciprofloxacin (Cirz et al. 2006), despite its high sequence similarity to the anti-mutator ImuC of P.
putida (Koorits et al. 2007; Sidorenko et al. 2011). These findings illustrate the functional plasticity
of the mutagenesis cassette across bacterial taxa, shaped by both genetic context and

environmental pressures.

While TLS polymerases in E. coli are well studied, much remains to be learned about their
regulation and function in other bacterial species. The balance between error-free and error-prone
repair is crucial for bacterial survival. Under normal conditions, high-fidelity repair preserves
genetic integrity. In extreme environments where extensive DNA damage occurs, mutagenic

repair increases genetic variability, enhancing adaptability.
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1.2.4. The SOS response is a key mechanism for DDR in bacteria

The SOS (save our soul) response is a program that allows the affected cell to first repair the
damaged DNA and then continue the cell cycle. It is a transcriptional program triggered by the
accumulation of ssDNA, which arises during replication fork stalling or DNA damage. The key
players in the SOS response are the RecA recombinase and the LexA transcriptional repressor.
Under normal growth conditions, LexA represses several DNA repair and stress response genes.
Upon sensing ssDNA, RecA forms nucleoprotein filaments in an ATP-dependent manner and is
then activated. The activated form of RecA interacts with the LexA repressor protein and promotes
LexA autocleavage, thereby derepressing the expression of SOS genes. These genes encode
diverse functions, including error-prone DNA polymerases, recombination factors, and inhibitors

of cell division, allowing the cell to prioritize genome repair over proliferation.

LexA is a repressor protein that negatively regulates the SOS genes as a dimer. It binds to a 20bp
consensus sequence (SOS box) located in the operator region of regulated genes. Depending on
the affinity of LexA for the SOS box, some genes are expressed at certain levels even in the
repressed state (Butala, Zgur-Bertok, and Busby 2009; Maslowska, Makiela-Dzbenska, and
Fijalkowska 2019) (Figure 6). As the LexA pool decreases, the repression of the SOS genes
decreases according to the level of LexA affinity for the SOS boxes. Promoters with operators
that weakly bind LexA are the first to be fully expressed. This allows LexA to sequentially activate
different repair mechanisms. In E. coli, genes with a weak SOS box (such as lexA, recA, uvrA,
uvrB, and uvrD) are fully induced in response to even weak SOS-inducing treatments. Therefore,
the first SOS repair mechanism induced is NER, which aims to repair DNA damage without
committing to a full-fledged SOS response. However, if NER is not sufficient to repair the damage,
the LexA concentration is further reduced, so that expression of genes with stronger LexA boxes
(like sulA, umuD, umuC; these are expressed late) is induced. Consequently, certain genes may
be partially induced by endogenous levels of DNA damage, while others seem to be activated
only under conditions of high or persistent damage (Bertrand-Burggraf et al. 1987; Butala, Zgur-
Bertok, and Busby 2009; Maslowska, Makiela-Dzbenska, and Fijalkowska 2019; Kreuzer 2013;
Freudl et al. 1987).
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1.2.5. SOS-independent DDR is an alternative repair mechanism in bacteria

In bacteria, the ability to sense and repair DNA damage is essential for maintaining genomic
stability and ensuring survival under genotoxic stress. While the canonical SOS response,
mediated by RecA and the transcriptional repressor LexA, represents the primary inducible DDR
pathway in many bacterial species (see chapter 1.2.4) (Simmons et al. 2008; Maslowska,
Makiela-Dzbenska, and Fijalkowska 2019), alternative systems have been identified that operate

independently of LexA regulation (Kamat and Badrinarayanan 2023).

One such system is the PafBC-mediated response, which has emerged as a central LexA-
independent regulator of gene expression following DNA damage in certain actinobacteria
(Muller, Imkamp, and Weber-Ban 2018), including M. tuberculosis and M. smegmatis (Dos Vultos
et al. 2009; Fudrini Olivencia et al. 2017). PafBC is a heterodimeric transcriptional activator
composed of the proteins PafB and PafC, which together recognize and bind specific promoter
motifs to regulate the expression of DNA repair genes (Fudrini Olivencia et al. 2017; Muller,
Imkamp, and Weber-Ban 2018). PafBC belongs to the recently identified large bacterial family of
WYL domain-containing proteins, which includes a wide range of transcriptional regulators as well
as enzymes such as helicases, highlighting the functional diversity of this protein family
(Makarova et al. 2014; Andis et al. 2018). In contrast to the SOS system, PafBC activation does
not rely on RecA-mediated sensing of ssDNA or the autocleavage of a repressor (Muller, Imkamp,
and Weber-Ban 2018). Instead, it has been hypothesized that the WYL domains of PafBC directly
or indirectly sense the presence of ssDNA as a stress signal during DNA damage, triggering a
conformational change that activates PafBC (Muller et al. 2019; Fudrini Olivencia et al. 2017).
This hypothesis has been supported by several experiments demonstrating an increased
interaction between PafBC and RNA polymerase (RNAP) in the presence of ssSDNA (Muller et al.
2021) (Figure 6B). M. smegmatis has another stress-involved WYL domain transcription factor
called SiwR. It has been shown that SiwR activates genes belonging to the DinB/YfiT-like
superfamily of putative metalloenzymes during DNA damage (Keller, Flattich, and Weber-Ban
2023).

The DriD response also represents an SOS-independent strategy in which DriD acts as a
transcription activator. Identified in C. crescentus, DriD is also a WYL domain-containing protein,
and forms a homodimeric transcriptional activator that responds to DNA damage independently
of the canonical SOS response (Gozzi et al. 2022). Genetic screens aimed at identifying factors

involved in the regulation of cell division under DNA-damaging conditions revealed that DriD is
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essential for the expression of didA, a gene encoding a cell division inhibitor that functions
independently of the SOS system (Modell, Hopkins, and Laub 2011; Modell et al. 2014). The
discovery of didA provided the first evidence for an SOS-independent DNA damage-induced
division inhibitor in C. crescentus (Modell et al. 2014). Unlike sulA in E. coli, which directly binds
to and inhibits the early division protein FtsZ (Schoemaker, Gayda, and Markovitz 1984; Freudl
et al. 1987), DidA targets the late-assembling divisome component FtsN. FtsN forms a complex
with FtsW and Ftsl and is essential for triggering cytokinesis (Modell et al. 2014). Interaction of
DidA with this complex appears to impair its function, thereby blocking cell division in response to
DNA damage. Notably, didA expression is undetectable under normal growth conditions and
becomes activated only upon genotoxic stress. Moreover, overexpression of didA in the absence
of DNA damage is sufficient to inhibit cell division, underscoring its potent regulatory role (Modell
et al. 2014; Gozzi et al. 2022). DriD plays a central role in this regulatory circuit by linking DNA
damage to didA transcription. Similar to other members of the WYL domain-containing protein
family, such as PafBC (Muller et al. 2019), DriD harbors a predicted WYL domain that plays a
central role in sensing genotoxic stress. Structural and biochemical analyses have demonstrated
that the WYL domain of DriD binds ssDNA, with the binding site located between the WYL and
adjacent WCX domains (Makarova et al. 2014; Gozzi et al. 2022). This interaction with ssDNA is
critical for DriD activation, as it facilitates the conformational changes required for DNA binding
and transcriptional activation. Functionally, DriD binds specifically to a 20 bp pseudo-palindromic
DNA sequence to activate transcription of its target genes, including didA (Figure 6C) (Modell et
al. 2014; Gozzi et al. 2022).

In addition to the general responses to DNA damage, many bacterial species have a specific
response to methylation damage, known as the adaptive response (Mielecki and Grzesiuk
2014). First characterized in E. coli, this response enables cells exposed to a sublethal dose of a
methylating agent, such as N-methyl-N Mjtro-N-nitrosoguanidine (MNNG), to survive subsequent
exposure to much higher doses of the same agent (Samson and Cairns 1977). Adapted cells
exhibit significantly increased survival and reduced mutagenesis compared to unprimed cells.
Importantly, this response functions independently of the SOS system and is primarily regulated
by the transcription factor Ada (Jeggo et al. 1977; Nakabeppu and Sekiguchi 1986). Ada (E. coli
Ada: EcAda) is a bifunctional protein composed of an N-terminal domain (N-Ada) and a C-terminal
domain (C-Ada). Under normal conditions, Ada is expressed at extremely low levels and exhibits
minimal binding to the promoters of adaptive response genes (Uphoff et al. 2016). Upon exposure
to methylating agents, Ada becomes activated by accepting aberrant methyl groups from

damaged DNA, particularly via a conserved cysteine residue in the N-terminal domain. This
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met hyl ati on event acts as a mol ecul a-bindisgaifititg h ,

and thereby triggering transcription of a set of genes involved in methylation damage repair
(Figure 6D). Interestingly, Ada also activates its own gene, forming a positive feedback loop that
amplifies the adaptive response (He et al. 2005). The adaptive response is tightly temporally
regulated and distinct from the SOS response, which is typically induced early following DNA
damage. In contrast, the adaptive response is delayed, reflecting its reliance on specific chemical
cues (i.e., methylated DNA) rather than general DNA damage intermediates like ssDNA (Uphoff
2018; Jones and Uphoff 2021). Although both responses target overlapping types of DNA lesions,
they differ markedly in their outcomes: the SOS system promotes mutagenic repair, while the
adaptive response is associated with error-free repair, helping to maintain genome stability under
alkylation stress (Uphoff et al. 2016; Jones and Uphoff 2021). While the adaptive response is
conserved across many bacterial species, there is substantial variability in its genetic organization
and regulatory architecture (Kamat et al. 2024). This includes differences in the domain structure
of the Ada protein itself, as well as in the presence and copy number of downstream effector
genes involved in methylation repair (Morohoshi, Hayashi, and Munakata 1990; Yang et al. 2011).
These variations reflect evolutionary adaptations to distinct ecological niches and types of
methylation stress encountered by different bacteria (Mielecki, Wrzesinski, and Grzesiuk 2015;
Kamat et al. 2024).

D. radiodurans is renowned for its extraordinary resistance to genotoxic stress and desiccation,
displaying the remarkable ability to reassemble its genome from hundreds of DNA fragments
within hours following exposure to high doses of o-radiation (Blasius, Sommer, and Hubscher
2008; Daly 2012; Slade and Radman 2011; Zahradka et al. 2006). This extreme resilience results
from a combination of passive and active mechanisms, including efficient DNA repair pathways,
a compact nucleoid that minimizes the dispersion of fragments, and robust protection of proteins
from oxidative damage (Zahradka et al. 2006; Bouthier de la Tour et al. 2011; Slade et al. 2009;
Xu et al. 2010). Unlike many other bacteria that rely on the canonical SOS response regulated by
LexA (Kreuzer 2013; Daly 2012), D. radiodurans employs a distinct regulatory system centered
on the constitutively expressed metalloprotease IrfE (also called Pprl) (Ludanyi et al. 2014;
Vujicic-Zagar et al. 2009) and the transcriptional repressor DdrO (Devigne et al. 2015; Blanchard
et al. 2017). Together, these proteins orchestrate the Radiation/Desiccation Response (RDR).
DdrO functions as a global repressor of DNA damage-inducible genes under normal conditions.
Upon exposure to DNA-damaging agents or desiccation, IrfE cleaves DdrO at its C-terminal
region, resulting in a loss of DNA-binding activity and thereby derepressing the expression of

stress response genes (Figure 6E) (Ludanyi et al. 2014; de Groot et al. 2019). This proteolytic
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activation is triggered either by direct DNA damage (Narasimha and Basu 2021) or potentially via

a redox signaling pathway involving zinc as a second messenger (Magerand et al. 2021).

DdrO consists of an N-terminal helix-turn-helix (HTH) domain responsible for DNA binding, and a
C-terminal domain essential for dimerization (Lu et al. 2019; de Groot et al. 2019). In vitro studies
have shown that IrrE cleaves DdrO, disrupting its ability to repress target genes (Ludanyi et al.
2014; de Groot et al. 2019). The essential nature of DdrO for cell viability has been demonstrated
in both D. radiodurans and D. deserti (Ludanyi et al. 2014; Devigne et al. 2015). Prolonged
depletion of DdrO leads to DNA degradation, impaired chromosome segregation, and membrane
blebbing, suggesting that the IrrE/DdrO regulatory pair tightly controls the balance between
survival and death following DNA damage (Devigne et al. 2015). The RDR regulon, controlled by
DdrO, includes numerous genes involved in DNA repair and genome maintenance, including
recA, ssb, uvrA, and uvrB, as well as Deinococcus-specific genes like ddrA through ddrD and
pprA (Blanchard et al. 2017). These genes are typically preceded by a conserved 17-bp
palindromic motif known as the RDR motif, which serves as the binding site for DdrO. Mutations
within RDR motif sequences, or transient depletion of DdrO, result in derepression of these genes,
confirming the functional role of this motif (Blanchard et al. 2017; de Groot et al. 2009; Makarova
et al. 2007). Recent genome-wide analyses using ChlP-seq and RNA-seq have expanded the
known DdrO regulon in D. radiodurans, revealing that it is broader than previously assumed
(Eugenie et al. 2021). These findings highlight the complexity of the RDR network and the central

role of DdrO in orchestrating an effective response to extreme stress conditions.
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Figure 6. Regulatory networks of the bacterial DDR. The SOS pathway (SOS-dependent) is regulated
by RecA and LexA and controls the expression of DNA repair genes. The PafBC pathway, the DriD
pathway, the Ada pathway and the DdrO pathway (all SOS-independent) enable the damage response
independent of classical SOS regulation. These alternative mechanisms contribute to DNA repair and
stress management. A) SOS response: In case of DNA damage, RecA binds to ssDNA and promotes the
degradation of the LexA repressor, thereby inducing the expression of DNA repair genes. B) PafBC
response: The PafBC pathway represents an alternative damage response that functions independently of
RecA and LexA. The transcription factor PafBC regulates the expression of genes important for DNA repair
and cell survival. This pathway plays a particularly central role in actinobacteria such as M. tuberculosis,
where it is activated upon certain DNA damage events. C) DriD response: The DriD pathway is another
SOS-independent mechanism identified in Caulobacter sp., which is controlled by the regulator DriD. DriD
forms a homodimer and requires ssDNA for efficient binding to its target promoters. However, the exact
trigger for the activation of this response remains unknown. D) Adaptive response: This pathway specializes
in the repair of methylation damage to DNA and is controlled by the Ada protein. Ada can not only repair
DNA damage directly, but also serves as a transcriptional activator for other repair enzymes. This

mechanism is particularly important for the adaptive response to alkylating substances and helps bacteria
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adapt to chemical stressors. E) DdrO response: The DdrO pathway represents a unique DDR mechanism
in Deinococcus, functioning independently of classical SOS systems. Under normal conditions, the
repressor DdrO binds as a dimer to the palindromic RDRM motif, repressing the expression of DNA repair
genes. Upon exposure to radiation or desiccation, the metalloprotease IrrE cleaves DdrO, preventing dimer
formation and RDRM binding. This allows for the rapid induction of RDR regulon genes, including those

involved in DNA repair and ddrO itself (modified by (Kamat and Badrinarayanan 2023)).

1.2.6. Cell cycle control during the DDR

Bacterial cells are constantly exposed to endogenous and exogenous factors that can damage
their DNA (Giuliodori et al. 2007; Chatterjee and Walker 2017). To counteract these risks, bacteria
have evolved highly coordinated DDR systems that integrate DNA repair with regulation of the
cell cycle (Setlow, Swenson, and Carrier 1963; Hanawalt and Setlow 1960). Crucially, cell division
is temporarily halted during the SOS response. In E. coli, this is mediated by SulA, a direct inhibitor
of FtsZ polymerization, thereby preventing the assembly of the Z-ring required for cytokinesis
(Gayda, Yamamoto, and Markovitz 1976). SulA expression is tightly controlled and reversed by
ATP-dependent proteases such as Lon, ensuring that cell division resumes once the DNA is
repaired (George, Castellazzi, and Buttin 1975). In contrast, many other bacteria lack SulA
homologs but deploy alternative, often membrane-bound, inhibitors such as YneA in B. subtilis
(Kawai, Moriya, and Ogasawara 2003), SosA in S. aureus (Bojer et al. 2019), and SidA in C.
crescentus (Modell, Hopkins, and Laub 2011). These inhibitors are also SOS-induced but act
through diverse mechanisms to block septum formation or interfere with the function of the

divisome.

Beyond SOS-dependent regulation, bacteria utilize additional, SOS-independent mechanisms to
control cell division in response to DNA damage. Nucleoid occlusion (NO) serves as a spatial
checkpoint that prevents septum formation over unsegregated nucleoids (Adams, Wu, and
Errington 2014; Wu and Errington 2011). In E. coli, this function is carried out by SImA, a DNA-
binding protein that acts as a spatial inhibitor of Z-ring assembly in areas occupied by the
chromosome (Wu and Errington 2011; Bernhardt and de Boer 2005). Fluorescence microscopy
studies with GFP-tagged SImA have shown its localization to the nucleoid (Bernhardt and de Boer
2005). Importantly, DNA-bound SImA directly interacts with the C-terminal domain of FtsZ,
promoting disassembly of FtsZ protofilaments and thereby preventing Z-ring formation at
inappropriate intracellular sites (Cho et al. 2011; Schumacher and Zeng 2016). Collectively, SImA-

mediated NO exemplifies a robust, SOS-independent mechanism by which bacteria ensure that
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cell division is delayed until replication and segregation of the chromosome are sufficiently
advanced, thereby preserving genomic integrity under both normal and stress conditions. Unlike
SImA, to directly inhibit FtsZ polymerization, B. subtilis employs Noc (nucleoid occlusion protein)
to prevent division over unsegregated chromosomes through a distinct mechanism (Wu and
Errington 2004). Noc binds specific chromosomal sites and simultaneously anchors to the cell
membrane via an amphipathic helix. This DNA-membrane bridging creates a steric barrier that
blocks Z-ring assembly near the nucleoid (Wu and Errington 2004; Wu et al. 2009; Adams, Wu,

and Errington 2015). Importantly, Noc does not interact directly with FtsZ, making it a passive,

physical inhibitor,c ont r asting with S| mA6s active disassembl

Recent studies have uncovered additional layers of regulation linking DNA replication status
directly to cell division. FtsL serves as a key cell division checkpoint in B. subtilis, linking DNA
replication status to divisome assembly. Upon replication stress, the replication initiator DnaA
represses ftsL transcription, reducing FtsL protein levels (Goranov et al. 2005; Bramkamp et al.
2006). Since FtsL is an unstable divisome component targeted for degradation via regulated
intramembrane proteolysis by RasP, its reduction effectively halts division (Parrell et al. 2017).
The stabilizing partner DiviC normally protects FtsL, but under replication block, decreased FtsL
leads to division delay and cell elongation (Robson et al. 2002; Wadenpohl and Bramkamp 2010).
Thus, FtsL acts as a replication-sensitive checkpoint, ensuring that cell division proceeds only

when DNA replication is complete.

In sum, bacterial cell cycle control during the DDR involves a complex interplay of transcriptional
responses, spatial regulatory systems, and proteolytic mechanisms. While the SOS response
provides a global regulatory switch, a growing body of evidence highlights diverse and organism-
specific strategies to modulate cell division in response to genotoxic stress. These adaptations
reflect the ecological diversity and evolutionary pressure on bacteria to ensure faithful genome

transmission even under challenging conditions.
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1.3. M. xanthus encounters diverse environmental challenges,

including exogenous genotoxic  stress

The Gram-negative, rod-shaped, soil-dwelling bacterium M. xanthus is the model organism for
Myxobacteria and belongs to the phylum Myxococcota. The genome of this aerobic and
mesophilic microorganism is 9.14 Mb in size (Munoz-Dorado et al. 2016). Several social
interactions characterize its life cycle. If sufficient nutrients are present, the cells grow and move
using two different motility systems. In the absence of nutrients, M. xanthus cells form multicellular
spore-filled fruiting bodies. In addition, in the presence of prey, the cells form a cooperatively
acting colony, which preys on other microorganisms (Munoz-Dorado et al. 2016). The formation
of the extracellular matrix and the transmission of intracellular and intercellular signals are

essential for both processes (Konovalova, Petters, and Sogaard-Andersen 2010).

In a newborn cell, the 9.14 Mb M. xanthus genome is arranged around a longitudinal axis with the
origin of replication in one subpolar region close to the old cell pole and the terminus region in the
opposite subpolar region, although a bit more flexible (Harms et al. 2013; Iniesta 2014). The
bidirectional replication of the chromosome starts at the origin of replication (ori) and ends at the
terminus, like in most other bacteria. Replication and segregation occur simultaneously. At the
start of this process, one chromosome remains more or less in place, while the second copy is
asymmetrically and unidirectionally segregated into the other half of the cell (Harms et al. 2013).
Cell division is a fundamental biological process across all domains of life. In most bacteria, cell
division is a fundamental biological process across all domains of life and is orchestrated by the
tubulin-homolog FtsZ, which polymerizes in a GTP-dependent manner to form the Z-ring at the
division site (Cameron and Margolin 2024; Lowe and Amos 1998). This ring acts as a scaffold for
the recruitment of the divisome, a protein complex responsible for cytokinesis. Although divisome
components are evolutionarily conserved, the systems regulating Z-ring positioning vary
significantly and remain incompletely understood (Cameron and Margolin 2024; Lutkenhaus
2012). In M. xanthus, spatial control of Z-ring formation is governed by the PomXYZ system, a
nucleoid-associated, cytoplasmic assembly composed of the PomX, PomY, and PomZ proteins.
These form a large, nonstoichiometric complex that spatiotemporally directs Z-ring assembly
(Schumacher et al. 2017). PomX serves as a structural scaffold, self-assembling into a single
complex per cell. PomY is recruited to this complex through multivalent interactions and
undergoes surface-assisted phase separation, forming a single condensate per cell (Schumacher
et al. 2017; Ramm et al. 2023). The ATPase PomZ binds both the nucleoid and the PomXY

complex, facilitating its nucleoid-associated localization and movement. PomX and PomY
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stimulate PomZ's ATPase activity, driving the PomXYZ complex across the nucleoid until it
localizes at midcell (Schumacher et al. 2017; Treuner-Lange et al. 2013; Schumacher et al. 2021).
There, the PomY condensate enriches FtsZ and promotes its polymerization, triggering Z-ring
formation and subsequent cell division (Schumacher et al. 2017; Ramm et al. 2023). During
cytokinesis, the PomX complex undergoes a fission event, distributing into daughter cells, while
the PomY condensate disassembles (Schumacher et al. 2017; Ramm et al. 2023). In the ensuing
cell cycle, PomX accumulates to reform the complex, and PomY again condenses de novo on
PomX (Schumacher et al. 2017; Ramm et al. 2023).

DNA damage is a critical concern for all organisms, including M. xanthus. In its natural soil habitat,
M. xanthus is exposed to DNA-damaging stressors including desiccation, UV radiation, oxidative
stress, and genotoxic chemicals. M. xanthus encodes proteins for homologous recombination and
error-free DNA repair as well as for error-prone, i.e. mutagenic, repair (Campoy et al. 2003;
Sheng, Wang, Wu, et al. 2021; Sheng, Wang, et al. 2021a; Peng et al. 2017a). M. xanthus
encodes two RecA proteins and a non-essential LexA protein that contains the conserved
residues necessary for autocleavage of E. coli LexA and negatively autoregulates lexA expression
(Campoy et al. 2003) and two RecA proteins (Norioka et al. 1995). It has also been suggested
that RecAl might facilitate LexA self-cleavage (Sheng et al. 2020). Interestingly, transcription-
based analyses previously demonstrated that the DDR in M. xanthus only partially depends on
LexA (Sheng, Wang, Wu, et al. 2021; Campoy et al. 2003), suggesting that other transcription
factors regulate this response independently of LexA (Sheng, Wang, Wu, et al. 2021; Sheng,

Wang, et al. 2021a). However, these transcription factors remain to be identified.
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1.4. Scope of this study

Myxobacteria stand out due to their unique life cycle. M. xanthus, a model organism among
myxobacteria, exhibits complex multicellular behavior (Munoz-Dorado et al. 2016). While much is
known about its developmental cycle, motility, and cell cycle regulation, its response to DNA
damage is poorly understood (Sheng, Wang, Wu, et al. 2021; Campoy et al. 2003; Munoz-Dorado
et al. 2016). This knowledge gap sparked our interest in unraveling how the DDR is regulated in

M. xanthus.

This study aimed to investigate the mechanisms underlying the DDR in M. xanthus, with a
particular focus on identifying components of the LexA-independent DDR pathway. To this end,
we used whole-cell, label-free quantitative (LFQ) proteomics and a gene candidate approach to
characterize the proteomic response to DNA damage and to identify novel regulators involved in
the DDR in M. xanthus.
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2. Results

2.1. Characterization of the proteomic response to MMC  -induced DNA

damage in M. xanthus

2.1.1. The cellular response of M. xanthus to MMC exposure

To study the DDR, we used MMC as a DNA-damaging agent. MMC is widely used to study DDRs
in bacteria, and alkylates DNA, causing interstrand crosslinks and DNA double-strand breaks
(DSBs) (Tomasz 1995). As a first step to understanding how cells respond to MMC-induced DNA
damage, we determined the minimum inhibitory concentration (MIC) of MMC. The MIC defines
the lowest concentration of a compound that effectively inhibits bacterial growth (Andrews 2001).
Therefore, we added MMC in different concentrations to exponentially growing wild-type (WT) M.
xanthus in suspension culture. By following growth, we identified a MIC of 0.5 pg mL* (Figure
7A). We also performed microscopic analyses at multiple time points following the addition of
MMC. As shown in Figure 7B, MMC at concentrations above 0.5 ug mL* caused significant cell
lysis. Although 0.5 pg mL?! was identified as the MIC, we chose to use a slightly lower
concent r atugmnt MECE forBubgequent experiments to more specifically capture the
response of M. xanthus to DNA damage without confounding effects from growth inhibition and

cell death.

After establishing a working concentration, we proceeded with a detailed investigation of the
cellular response of WT cellsto 0 . 4 “Boff MMELWT cells exposed to 0.4ug mL* MMC for
5hrs and 10hrs, corresponding to approximately one and two doubling times, continued to grow,
although at a slightly lower rate than untreated cells (Figure 7C). At both time points, treated cells
were significantly longer than untreated cells, a typical response of DNA-damaged cells in which
cell division is inhibited (Huisman, D'Ari, and Gottesman 1984; Schoemaker, Gayda, and
Markovitz 1984) (Figure 7D). Following 5 hrs of MMC treatment, cells had a significant decrease
in the frequency of visible cell division constrictions (Figure 7E), indicating an inhibition of cell
division. Interestingly, after 10 hrs, the frequency of constrictions had returned to that of untreated

WT cells, suggesting that M. xanthus is capable of resuming cell division after an initial arrest.
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growth effects were due to MMC and not the solvent. Following the 24 hrs treatment, cells were washed
and incubated without MMC for an additional 24 hrs to assess recovery. B) Phase contrast (PH) microscopy
of WT cells in 1% CTT treated with increasing concentrations of MMC. Following the 24 hrs treatment, cells
were washed and incubated without MMC for an additional 24 hrs to assess recovery. The cells were
imaged by microscopy on 1% agarose buffered with TPM and containing 0.2% CTT. Representative cells
of each condition are visible. Scale bar, 5 &em.
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shown in (E). Error bars indicate the mean * standard deviation (STDEV) based on the means of the three
experiments. The number above indicates mean + STDEV in um based on all cells from the three
experiments. Significance tests based on comparison of three mean values, ** P @001 (Unpaired t-test
with Welch's correction). E) Fr equency of <cell di vision ¢ ojpgsmL#
MMC for O hrs (WT), 5 hrs (WTMMC5) and 10 hrs (WTMMC10) n number of analyzed cells. Measurements
from three independent experiments are shown in different triangles. n, number of analyzed cells. Error
bars indicate the mean + STDEV.

2.1.2. Characterization of the proteomic response to mitomycin C treatment

Because protein abundance can be regulated at transcriptional and post-transcriptional levels,
we focused on proteomic changes in response to DNA damage to map the DDR in M. xanthus.
To this end, we used a whole-cell, label-free quantitative (LFQ) proteomics approach. For the
LFQ proteomics analysis, total protein was extracted from four biological replicates of
exponentially growing WT in suspension culture. In total, 4923, 4938, and 4836 proteins were
detected in untreated cells, cells treated with 0.4ug mL™* MMC for 5 hrs and 10 hrs, respectively.
Subsequently, protein abundance was compared between untreated cells and those treated with
MMC for 5 and 10 hrs. Significant changes in protein abundance were defined by a Log: fold
change (FC) of O tha283f o0o6dr dsnpakdi@mBgfoldaecreade),
combined with a -Logi(P-val ue) P@alu® (Or0/060 Q@mteins had significantly
increased abundance in treated cells at 5/10 hrs compared to untreated cells, and 44/196 proteins
had significantly decreased abundance (Figure 8A-C). Among these proteins, 64 and 18

accumulated at increased and decreased levels, respectively, at both time points (Figure 8C-D).
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Non-significant proteins are shown in light grey. Proteins of the COG category L with significantly increased
or decreased abundance are indicated in orange. LexA is marked in black. For all strains, samples were
prepared from four biological replicates of exponentially growing cells in suspension culture. In the top left
corner, the compared conditions and the total number of significantly up- and downregulated proteins are
indicated in black, and the number of COG category L proteins is indicated in orange. C-D) Venn diagrams
show the overlap of significantly upregulated (C) and downregulated (D) proteins in M. xanthus after 5 and
10 hrs of MMC treatment (0.4 ug mL1) compared to untreated WT cells. The total number of significantly
up- and downregulated proteins is indicated in black, and the number of COG category L proteins is
indicated in orange. Shared proteins represent those consistently differentially expressed at both time

points.

Next, we performed bioinformatic analyses to assign all differentially accumulating proteins to
clusters of orthologous groups (COG) categories (Galperin et al. 2021). This classification

provides a functional overview of how M. xanthus responds to MMC-induced DNA damage at the
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proteome level. Notably, the largest group of proteins with a known function at both time points
belonged to COG class L for proteins involved in DNA replication, recombination, and repair
(14/16 at 5/10hrs with an overlap of 13) (Figure 8C-D; Figure 9). By contrast, down-regulated
proteins were distributed across various categories, and only a few (3/9 at 5/10 hrs, respectively,
with an overlap of 2) COG class L proteins showed decreased abundance during MMC treatment
Figure 8C-D; Figure 9).

50
1wt ys Wt
o'i!!i.i-!illii=l |i!-.
-50
T T T 1 T T T 1 T T T T T T T T T T T T T T T T T
A-B C D E F G H I J K L M N OWP QR S T UV W X Z
A - RNA processing and modification N - Cell motility
B - Chromatin structure and dynamics O - Posttranslational modification, protein turnover, chaperones
C - Energy production and conversion P - Inorganic ion transport and metabolism
D - Cell cycle control, cell division, chromosome partitioning Q - Secondary metabolites biosynthesis, transport and catabolism
E - Amino acid transport and metabolism R - General function prediction only
F - Nucleotide transport and metabolism S - Function unknown
G - Carbohydrate transport and metabolism T - Signal transduction mechanisms
H - Coenzyme transport and metabolism U - Intracellular trafficking, secretion, and vesicular transport
| - Lipid transport and metabolism V - Defense mechanisms
J - Translation, ribosomal structure and biogenesis W - Extracellular structures
K - Transcription X - Mobilome: prophages, transposons
L - Replication, recombination and repair Z - Cytoskeleton

M - Cell wall/membrane/envelope biogenesis

Figure 9: Functional classification of proteins with significantly changed abundance in response to
MMC treatment according to COG categories . Color code in the diagram as indicated in the upper left

corner. The definition of the COG category is included below.

Among the upregulated L proteins were several components of key repair pathways. These
proteins are involved in HR and DSB repair (RecAl, RecA2, RecN, RecD, RecQ, RecJ, PriA,
RuvA, Lhr, SbcC1, and SbcD1), NER (UvrA and UvrC), and TLS (DnaE2, ImuB, and DinB) (Table
1), reflecting the activation of error-free as well as error-prone repair pathways in response to
MMC-induced DNA damage. Also, RecX, the negative regulator of RecA that inhibits RecA
recombinase activity and coprotease activity (Baharoglu and Mazel 2014; Stohl et al. 2003), was

more abundant at both time points.
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Table 1. Proteins of COG class L with increased abundance in response to MMC treatment of WT and lack
of LexAt 2.

MXAN Name Protein Description WTMMES [ WT | WTMMCEL0 JWT | cdexA / WT
0958 SbcD1 SbcD subunit of SbcCD nuclease complex 2.1 2.2 ns
_0959 SbcC1l SbcC subunit of SbcCD nuclease complex 1.8 2.0 ns
_0997 Lhr ATP-dependent DNA helicase 2.2 1.7 1.6
1388 RecA2 Recombinase A 2.8 3.4 4.1
1428 PriA Primosomal ATP-dependent helicase 2.0 2.5 ns
1441 RecAl Recombinase A 2.3 2.3 3.4
1651 RuvA  RuvA subunit of RuvABC resolvase 3.0 4.0 3.1
1950 RecQ ATP-dependent DNA helicase ns 1.9 ns
_2546 DinB  Error-prone DNA polymerase IV 1.9 2.8 ns
2609 UvrA  UvrA subunit of UvrABC excinuclease 2.8 2.7 4.7
2633 UvrC  UvrC subunit of UvrABC excinuclease ns 15 ns
3580 RecJ Single-strand-specific DNA exonuclease 5.7 5.6 4.1
3833 ATP-dependent DNA helicase ns ns 2.2
3982 DnaE2 Error-prone DNA polymerase E2 3.8 4.5 ns
~3990 ImuB  ImuB subunit of DnaE2-ImuA-ImuB complex ns 21 -3.6
5350 RecN SMC-like DNA repair protein 7.7 6.5 6.9
5509 RecD RecD subunit of RecBCD helicase/nuclease 1.7 ns 4.8
_6708 RecX Negative regulator of RecA 1.8 2.6 ns

! Numbers indicate Log. (FC) of a sample compared to the indicated control. Criteria for significant difference in abundance: Log, (FC)
O 1. 51l%and-l@g,e(Pvalue) O 1.3; ns, not significant

2 MMC5 and MMC10, MMC treatment for 5 and 10 hrs, respectively.

The COG class L proteins with decreased abundance (Table 2) included SbcD2, RecF, RuvC,
DinG, a RecN-like protein, an AIKC-like protein likely involved in alkylation damage repair, a TatD-
like exonuclease, a MutS-related protein, and a HerA-like helicase. These proteins may be part
of repair pathways that are downregulated or deprioritized under MMC stress, suggesting a
reprogramming of repair strategies toward those most efficient against the specific DNA lesions
caused by MMC. Interestingly, the downregulation of RecF and RuvC, both involved in
recombinational repair, may reflect regulatory shifts within HR sub-pathways or a redistribution of

repair roles among paralogous proteins.
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Table 2. Proteins of COG class L with decreased abundance in response to MMC treatment of WT and
lack of LexA® 2

MXAN Name Protein Description WTMMESWT | WTMMCL0/ WT | cdexA / WT
_0148 RecN-like protein ns -2.1 ns
0149 SbcD2 SbcD subunit of SbcCD nuclease complex ns -4.2 -4.7
0244 AlkC-like protein for DNA alkylation repair ns -2.4 ns
0246 RecF Component of the RecFOR system ns -2.7 ns
1382 TatD-like exonuclease ns -2.3 -2.3
2984 RecJ-like single-strand specific DNA exonuclease -1.6 -4.5 -1.8
3030 MutS-related protein ns -1.7 ns
4539 HerA-like DNA helicase -2.3 ns ns
4973 RuvC RuvC subunit of RuvABC resolvase ns -15 ns
_5795 DIinG  ATP-dependent DNA helicase -2.7 -3.7 ns

! Numbers indicate Log. (FC) of a sample compared to the indicated control. Criteria for significant difference in abundance: Log, (FC)
O 1. 51l%and-l@g,e(Pvalue) O 1.3; ns, not significant

2 MMC5 and MMC10, MMC treatment for 5 and 10 hrs, respectively.

2.2. M. xanthus has a LexA -dependent and a -independent DDR

2.2.1. gdexA cells are significantly longer and have a growth defect compared to
WT cells

LexA is the regulator of the SOS response, and in the absence of DNA damage, represses several
DNA repair genes. Following DNA damage, activated RecA, upon binding of ssDNA, promotes
LexA autoproteolysis, leading to derepression of the SOS regulon. While this mechanism is well
characterized in model organisms such as E. coli, the extent to which LexA controls the DDR in
M. xanthus remains unclear (Sheng, Wang, Wu, et al. 2021; Campoy et al. 2003). Therefore, we
initially examined LexA protein abundance in M. xanthus following MMC treatment. Consistent
with an SOS response, the LexA level was significantly reduced after DNA damage (Logz(FC): -
2.8 (WT vs WTMMC5)/.3 2 (WT vs WTMMCL0)) (Figure 8A-B).

To assess the functional conservation of LexA in M. xanthus, we analyzed its protein sequence
and structure (Figure 10A-B, Figure S1). As for LexA of other species, M. xanthus LexA contains
a conserved N-terminal DNA-binding domain with a HTH motif, as well as a C-terminal domain

responsible for dimer formation and auto-cleavage. Moreover, the auto-cleavage site located

42



2. Results

between the Ala-Gly dipeptide is conserved. Also, the catalytic serine (S) and lysine (K) dyad is

conserved in the C-terminal domain.
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Figure 10. LexA from M. xanthus is structurally similar to the LexA repressors from E. coli and B.
subtilis . A) Sequence alignment of LexA from M. xanthus, E. coli, and B. subtilis. The purple box indicates
the predicted HTH DNA-binding domain. Black boxes indicate fully-conserved amino acid residues, while
gray boxes indicate conserved similar amino acids. B) AlphaFold 3 predicted structure of a LexA Dimer
with DNA (100bp before the start codon of LexA) from M. xanthus, E. coli, and B. subtilis. pLDDT (predicted

local distance difference test) and pAE (predicted alignment error) plots are shown in Figure S1.

Next, we asked which of the proteomic changes in response to MMC treatment are regulated by
LexA. Among the two RecA proteins in M. xanthus, Norioka et al. 1995 reported that RecAl is
not essential, while RecA2 may be essential. Sheng et al. 2020 found that the two recA genes
could be inactivated individually, but a double mutant lacking both RecA proteins could not be
obtained. It was previously reported that LexA is non-essential in M. xanthus (Campoy et al. 2003;
Sheng, Wang, Wu, et al. 2021). Therefore, to map the LexA-dependent proteomic DDR, we
generated an in-frame lexAd el et i o n lexApin vehich the firgb 10 codons of the 223-codon
lexA gene were fused in-frame to the last 10 codons.
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Figure 11 . qdexA cells are significantly longer and have a growth defect compared to WT cells. A)
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locus. MXAN locus tags are included; genes are drawn to scale. +1 indicates the transcriptional start site
(TSS) of lexA (Kuzmich et al. 2021). Numbers indicate the first and last nucleotide in start and stop codons,
respectively, relative to +1. The construct for the ectopic expression of lexA from its native promoter (Piexa)
is shown above. TmoK is a hybrid histidine protein kinase with a C-terminal GGDEF domain, which lacks
residues important for catalytic activity and c-di-GMP binding and is important for type IV pili-dependent

motility (Skotnicka et al. 2016). C) PH microscopy of representative cells of each strain in the exponential
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growth phase. The cells were imaged by microscopy on 1% agarose buffered with TPM and supplemented

with 0.2% CTT. cadeel Ibarengs hend.i stri buti om!MMCfONT cel | s
hrs (WT), 5 hrs (WTMMC5) "and 10 hrs (WTMMC10)  Measurements from three independent experiments are

shown in different coloured dots with the respective means as triangles. n, number of analyzed cells is

shown in (C). Error bars indicate the mean + STDEV based on the means of the three experiments. The

number above indicates mean = STDEV in um based on all cells from the three experiments. Significance

tests based on comparison of three meanvalues,* PO 0. 0BQ O *ahd***P O 0 . @rpdired

t-test with Welch's correction). Freque ncy of cel |l division construgmti ons of
1 MMC for 0 hrs (WT), 5 hrs (WTMMC5) "and 10 hrs (WTMMC10) n number of analyzed cells. Measurements

from three independent experiments are shown in different triangles. n, number of analyzed cells. Error

bars indicate the mean + STDEV. Note that the data for the WT are the same as in Figure 8.

Similar to MMC-treated WT cells, the gqdexA mutant had a growth defect compared to untreated
WT cells (Figure 11A). The gdexA cells were significantly longer than WT cells, though not as
elongated as MMC-treated WT cells (Figure 11C). In contrast to MMC-treated WT cells, which
had a decrease in the frequency of visible cell divisionc o n st r i c¢ tlaxAd musant digplayed o
an increased frequency of constrictions (Figure 11C). These phenotypes were complemented by
the ectopic expression of lexA from its native promoter (Piexa) On a plasmid integrated in a single
copy at the Mx8 attB site (Figure 11B), demonstrating that they are specifically caused by the
deletion of lexA (Figure 11A, C-D).

2.2.2. Characterization of the LexA -dependent proteomic DNA damage response

To identify the LexA-dependent proteomic response to DNA damage, we compared the proteome
of the gdexA mutant to that of WT in the absence and presence of MMC. The LFQ proteomics
analysis detected a t ot dkA nutnt (Figule212Ap Carpaadrnos i n t
untreated WT, 78 proteins were increased and 307 proteins decreased in abundance (Figure 12A,
Table S1). Of the 78 proteins with increased abundance, 37 were also upregulated in one or both
samples of MMC-treated WT cells (Figure 12B). Of the 307 proteins with decreased abundance,

57 were also less abundant in one or both samples of MMC-treated WT cells (Figure 12B).
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Figure 12 . Determination of the proteomic response to MMC treatment and lack of LexA. A) Volcano

pl ot showing different i ladXAmptanocongared tod\ uFordilasiraine, samplest h e @
were prepared from four biological replicates of exponentially growing cells in suspension culture. X-axis,

log2 (FC) of proteins in experimental sample over untreated WT; Y-axis, -Logio (P-value). Data points

represent the means of four biological replicates. Significance thresholds (log2 ( F C) of Odd. 5 (2.8
i ncr e a sleé)2.88fold decrease) in protein abundance and a -Logwo (P-v a | u e )P-vOall. Be (O0. 05) )
are indicated by stippled lines. Proteins of COG class L with significantly increased or decreased

abundance are indicated in orange; Numbers in the upper, left corner indicate the total number of proteins

(black) and the number of COG class L proteins (orange) with significantly altered abundance. All proteins

with differential abundance are listed in Table S1. B) Venn diagrams show the overlap of significantly

upregulated (left) and downregulated (right) proteins in M. xanthus after 5 and 10 hrs of MMC treatment

(0.4 pg mLY) a n d lexAhmautangpcompared to WT cells. The total number of significantly up- and
downregulated proteins is indicated in black, and the number of COG category L proteins is indicated in

orange.
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Among the proteins with increased abundance in the gdexA mutant, the largest group with known
functions falls into COG category L, which includes proteins involved in DNA replication,
recombination, and repair (Figure 13). This enrichment is consistent with the role of LexA as the
regulator of the SOS response. While several differentially abundant proteins remain functionally
uncharacterized, the prominence of category L proteins supports the idea that removing LexA
derepresses the expression of genes encoding components of the DDR, highlighting a central

role of LexA in regulating the DDR in M. xanthus.
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Figure 13 . Functional classification of proteins with significantly changed abundance according to
COG categories. Color code in the diagram as indicated in the upper left corner. The definition of COG

categories is in Figure 9.

Nextt we compared pr ot eilex& muiaptwighghose apteguthted upon MME@
treatment of the WT, focusing on proteins in the COG category L. Strikingly, only about half of the

MMC-i nduced L category proteins i nlexAmatantVindicatieg e

that a substantial portion of the MMC-induced DDR is LexA-independent (Figure 12B). Among
the proteins upregulated both during MMC treatmentof WTa n d i fexA mutant, gee identified
key players in several DNA repair pathways (Table 1). For instance, RecAl, RecA2, RecN, and
RecD are core components of HR and DSB repair. RuvA plays a role in Holliday junction

resolution, a critical step in HR, while RecJ and Lhr are involved in DNA end resection and
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helicase functions, respectively, which help process damaged DNA ends for repair. UvrA is
essential for NER. The DNA repair proteins that were upregulated in response to MMC treatment
of WThutdi d not show i ncr eadeAlmutatt (Nabte d)nnclede $bnC anch e @
SbcD, which function as a complex in the processing of DNA hairpins and stalled replication forks,
PriA, a helicase involved in replication restart at damaged replication forks, RecQ, which is a
helicase that unwinds a variety of DNA structures and promote genome stability, particularly
during recombinational repair, DinB and DnaE2, which are TLS error-prone DNA polymerases,
UvrC, which together with UvrA and UvrB, forms the core of the NER machinery, and RecX, which
is a negative regulator that fine-tunes RecA activity. This highlights the complexity of the DDR
network in M. xanthus, which seems to integrate both a canonical SOS regulation and LexA-

independent control.

Among the four COG class L proteins with decreased abundance in the gdexA mutant (Table 2),

three overlapped with proteins that also had decreased abundance in MMC-treated WT cells, and

t he one protein t hat was texAl mutand evasnimuBgaf Ithe t e d [
DnaE2/ImuA/ImuB translesion DNA polymerase complex (Table 1-2). Among the COG class L

proteins with decreased abundance in MMC-treated WT cells, seven were not downregulated in

the gdexA mutant (Table 2).

Altogether, based on these comparisons, we conclude that LexA regulates the abundance of only
some of the proteins involved in the MMC-induced DDR, while other such proteins are regulated

independently of LexA.

2.2.3. Identification of potential regulators  of the LexA -independent response to
MMC

Since several bacteria utilize LexA-independent transcriptional regulators (e.g., PafB, PafC,
SiwR, DriD, and DdrO) to regulate the DDR, we hypothesized that M. xanthus also relies on

alternative transcription factors to regulate the LexA-independent DDR.

To identify additional regulatory components of the DDR in M. xanthus, we focused on proteins
classified in COG category K (Transcription). In addition to LexA, we identified 10 and 11
transcriptional regulators with increased and decreased abundance, respectively, in MMC-treated
WT (Figure 14A-D; Table 3).
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Figure 14 . Identification of potential transcriptional regulators of the LexA  -independent DDR

response. A-C) Volcano plot showing differential protein abundance in WT cells after 5 (WTMMC5) and 10

(WTMMC10)  hr s of MMC tr eBt menndt ilem@d ndtar) gampared to untreated WT.
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Significantly up- and downregulated proteins (logz ( F C) of @1o.15d (i 2n.cq-3e5a(2.88¥old o r

decrease); -Logio (P-val ue) -Odl. Be (@ indicatpd by stippled lines. Proteins of the COG
category L with significantly altered abundance are indicated in orange. Proteins of the COG category K
with significantly altered abundance are indicated in green. DdiA (MXAN_0633) is indicated in blue. For all
strains, samples were prepared from four biological replicates of exponentially growing cells in suspension
culture. In the top left corner, the compared conditions and the total number of significantly up- and
downregulated proteins are indicated in black, the number of COG category L proteins is indicated in
orange, and the number of COG category K proteins is indicated in green. D) Venn diagrams show the
overlap of significantly upregulated (left) and downregulated (right) proteins after 5 and 10 hrs of MMC
treatment of WT (0.4 ug ml'Y)  a n d lexAmatanggompared to WT. The total number of significantly up-
and downregulated proteins is indicated in black, and the number of COG category K proteins is indicated

in green.

Notably, four of these transcriptional regulators were upregulated and three (including LexA)
downregulated at both time points of MMC treatment of the WT (Figure 14; Table 3). The
consistent regulation of these proteins across early and late time points of MMC treatment
suggests a potential role in co-orchestrating the DDR. Since we aimed to identify components of
the LexA-independent DDR, we next analyzed the abundance of these transcriptional regulators
inthe gdexAmut ant . By compari ng léxA mdtant torthatgruMMELitréatech
WT cells, we sought to distinguish which of these proteins are LexA-independent and thus
potential candidates for LexA-independent regulatory pathways involved in the DDR of M.

xanthus.

Among the three consistently down-regulated proteins under MMC treatment, one is the LexA
repressor itself, which aligns with its expected degradation during an SOS-like response. The two
uncharacterized transcriptional regulators, MXAN_4983, which is a sigma-54-dependent
transcriptional regulator, and MXAN_2794, which belongs to the TetR family of transcriptional
regulators, were also down-regulated at both time points and did not show differential
accumulation in the gdexA mutant (Table 3). This LexA-independent regulation pattern suggests
that these proteins could be involved in an alternative, LexA-independent pathway contributing to
the DDR.

The four transcriptional regulators upregulated at both time points under MMC treatment included
MXAN_1359 and MXAN_1360, which are transcriptional regulators with a wHTH and WYL

domains and are homologs of PafB and PafC that regulate the LexA-independent DDRs in several
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other bacteria (Table 3). Because both proteins were also upregulated in the gdexA mutant, they

are, however, likely part of the LexA-dependent DDR response in M. xanthus. By contrast, two
proteins, MXAN_0633 (Transcriptional regulator, XRE family) and MXAN_6210 (Winged helix
DNA-binding domain-containing protein), were induced by MMC but not up-regulated in the gdexA

mutant (Table 3). This suggests they are LexA-independent and therefore strong candidates for

regulators of the LexA-independent DDR.

Table 3. Transcriptional regulators with increased and decreased abundance in response to MMC

treat ment of WT and tleRfemurantabundance n the o
MXAN Protein Description V\//Tvmﬁ W/deTC ° (?S\)/(TA
0353 Sigma-54 dependent transcriptional regulator ns 1.8 ns
_ 0633 DdIA (Transcriptional regulator, XRE family ) 2.9 3.1 ns
_1359 Transcriptional regulator w/wHTH & WYL domains 1.6 1.7 3.4
1360 Transcriptional regulator w/wHTH & WYL domains 1.5 1.7 34
_1514 ECF-sigma factor ns 5.0 ns
_2869 Transcriptional regulator, TetR family ns 4.2 ns
3418 Sigma-54 dependent transcriptional regulator ns 3.0 ns
_4072 DNA-binding response regulator, LuxR family ns 1.7 ns
_5879 Sigma-54 dependent transcriptional regulator ns 21 ns
_6210 Winged helix DNA -binding domain -containing protein 55 2.9 ns
0943 Transcriptional regulator, MarR family ns -2.4 ns
1137 Transcriptional regulator, AraC family ns -15 ns
_1152 RisR (Transcriptional regulator, IscR family) ns -1.5 ns
_1727 Transcriptional regulator, TetR family -15 ns ns
_2794 Transcriptional regulator, TetR family 2.1 -5.4 ns
3125 Winged helix DNA-binding domain-containing protein ns -1.5 -3.2
_4164 DNA-binding response regulator, OmpR_PhoB family ns -1.9 ns
_4446  LexA (Regulator of SOS response) -2.8 -3.2 -10.6
_ 4535 ECF-sigma factor ns -2.5 ns
_4983 Sigma-54-dependent transcriptional regulator -2.1 -2.2 ns
5492 Transcriptional regulator, LysR family -2.9 ns ns
6646 Transcriptional regulator, MarR family ns -1.7 ns

! Numbers indicate Log, (FC) of a sample compared to the indicated control. Criteria for significant difference in abundance: Log, (FC)
O 1. 515mand-lOgp(Pvalue) O 1. 3; n sBoldand grees, Altgradiabundareeat hoth time points in the WT, but no

altered abunk@kaématant. i n t he

2 MMC5 and MMC10, MMC treatment for 5 and 10 hrs, respectively.
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Thus, we identified four candidate proteins that may function as transcriptional regulators in the
LexA-independent DDR in M. xanthus. Among these, only MXAN_0633 belongs to a transcription
factor family described to be involved in a LexA-independent DDR in other bacteria. Specifically,
MXAN_0633 (from here on, we refer to this protein as DdiA [DNA damage-induced protein Al])
belongs to the XRE (Xenobiotic Response Element) family of transcriptional regulators. Notably,
DdrO of Deinococcus spp., which is the key regulator of the DDR in Deinococcus spp, also
belongs to this family of transcriptional regulators (Ludanyi et al. 2014; Lu et al. 2019).
Consequently, from here on, we focused on the potential function of DdiA in the DDR of M.

xanthus.

2.3. MMC treatment results in increased DdiA abundance

independently of LexA

2.3.1. DdiA is a member of the XRE family of transcriptional regulators

To analyze the potential function of DdiA in the DDR in M. xanthus, we used SMART to analyze
the domains. We identified a 55 amino-acid HTH domain of the XRE type in the N-terminal region
of DdiA. HTH domains are structural domains found in many transcriptional regulators and
char act er i zhelides dbynecteavlry a $hort turn. The second helix, often referred to as
the recognition helix, typically interacts with the major groove of DNA (Steinmetzer et al. 2002;
Aggarwal et al. 1988). The XRE family of transcriptional regulators is commonly associated with
repressors and activators involved in stress responses, phage regulation, or cellular differentiation
(Aggarwal et al. 1988; Lu et al. 2019; Long et al. 2022). The presence of the HTH domain suggests
that DdiA may directly bind DNA to regulate gene expression by acting as a transcriptional
repressor or activator. Signal peptide prediction via SignalP did not identify any signal peptides,
and TMHMM analysis did not detect any transmembrane domains, indicating that DdIA is likely a
cytoplasmic protein (data not shown). Structural modeling performed with AlphaFold 2 supports
that DdiA forms adimer. TheC-t er mi nal r e gi o rhelices, mpch areslikel intolwed

in dimerization (Figure 15A).

We reannotated the ddiA gene (Figure S2A-B). ddiA is located directly upstream of pomY, which
encodes a cell division regulator (Schumacher et al. 2017), but is transcribed in the opposite
direction. Downstream of ddiA, four genes are oriented in the same transcriptional direction

(Figure 15B). Based on the analysis of TSS and gene orientation, ddiA is likely not part of an
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operon. BLASTP analysis identified homologs of DdiA in several species in the suborder
Cystobacterineae, the same taxonomic group in which homologs of the Pom system are detected.

However, these homologs are not consistently located in close proximity to pomY (Figure 15C).

Taken together, these results support the hypothesis that DdiA functions as a cytoplasmic, DNA-

binding transcriptional regulator.
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Figure 15. DdiA is a DNA-binding protein. A) AlphaFold 2-based structural model of DdiA Dimer. pLDDT

(predicted local distance difference test) and pAE (predicted alignment error) plots are shown on the right.
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Model rank 1 (indicated by a green box) was used for further analysis.B) ddiA locus. Genes are indicated
as arrows, and the orientation reflects how the genes are encoded on the genome. The colored numbers
indicate the start and stop codons of each gene (matching colors), while the black numbers represent the
TSS of the respective genes (Kuzmich et al. 2021). C) Conservation of the ddiA locus. Arrows indicate the

orientation of the encoded genes. Homologues of ddiA are shown as blue arrows.

2.3.2. Lack of DdIiA results in cell elongation

To examine the function of DdIA in the DDR, an in-frame deletion mutant of ddiA (gudiA) was
generated. Specifically, the first 10 codons of the 120-codon-long ddiA gene were fused in-frame
to the last 10 codons, effectively removing the central coding region while maintaining the reading

frame. Phenotypic c¢har ac tddArmutar neitherrad & lgrowtheddfect h a t

under standard conditions nor during treatment with 0.4 mg ml* MMC compared to WT cells
(Figure 16A). The gddiA cells were significantly longer than WT cells in the absence of MMC
(Figure 16C).1 n response to MMGA cels pad selilengths similareto tlepse of
MMC-treated WT cells (Figure 16C). To assess the role of DdiA in cell division dynamics during
MMC treatment, we quantified the frequency of visible cell constrictions as a proxy for division
activity (Figure 16D). In WT cells, constriction frequency decreased markedly from 9.5% under
untreated conditions to 3.3% at 5 hrs of MMC treatment, indicating a cell division arrest in
response to DNA damage. At 10 hrs of MMC exposure, the constriction frequency had recovered
to 8.9%, suggesting that WT cells can resume cell division activity during MMC treatment. The
gaddiA mutant had a lower constriction frequency (5.2%) in the absence of MMC, resembling WT
cells at 5 hrs of MMC-induced DNA damage. Following MMC treatment, the constriction frequency
remai ned r e dddid eudanti(3:0% &t brs apd 6.3% at 10 hrs), indicating an impaired
ability to resume division. The position of the cell division constrictions at midcell remained
unchanged across all conditions and strains, indicating that division site positioning is not affected
by the lack of DdiA (Figure 16D). The cell division defect was fully complemented by the ectopic
expression of a ddiA-mCherry fusion construct (ddiA-mCh) driven by the native ddiA promoter
(Paaia) from a plasmid integrated in a single copy at the Mx8 attB site (Figure 16B-D), confirming
that this defect was specifically caused by the loss of DdiA. Furthermore, when ddiA-mCh was
expressed from the ddiA locus, these cells were indistinguishable from WT cells, demonstrating
that the DdiA-mCh fusion is fully active (Figure 16C-D).
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Figure 16. Cells of the oddiA mutant are filamentous . (A) Gr owt h ¢ ur v édsA withfandWT
wi t houtmHFHoMME in@% CTT. (B) Schematic of ddiA locus and the construct for the Pggia ddiA-mCh
fusion +1 indicates the transcription start site of ddiA, +94 and +451 indicate the first nucleotide of the start
codon and the last nucleotide of the last coding codon in ddiA. (C) Cell length distribution of strains of
indicated genotypes. The cells were imaged by microscopy on 1% agarose buffered with TPM and
containing 0.2% CTT. Measurements from three independent experiments are shown in different coloured
dots with the respective means as triangles. n, number of analyzed cells. Error bars indicate the mean *
STDEYV based on the three experiments. The number above indicates mean = STDEV in um based on all
cells from the three experiments. Significance tests based on comparison of three mean values, * P O
0.05,* PO 0. 01 &rOd 0* *Udpaired t-test with Welch's correction). (D) Frequency of cell
division constrictions and the positi onddAqutantfcelle el |
treat ed pymltiMMGO ford hrs, 5 hrs (MMC5), and 10 hrs (MMC10). n, number of analyzed cells.
Measurements from three independent experiments are shown in different triangles. n, number of analyzed

cells. Error bars indicate the mean + STDEV.

2.3.3. DdiA-mCh abundance is increased inresponseto MMC treatment in a LexA -

independent manner

Proteomic analysis revealed that DdiA abundance was strongly upregulated in response to MMC
treatment of the WT, while DdiA abundance was unchanged in the gdexA mutant (Figure 14A-C;
Table 3). To corroborate that MMC treatment increases DdiA abundance independently of LexA,

we took advantage of the DdiA-mCh fusion expressed from the ddiA locus. In immunoblots, DdiA-
mCh was barely det ect eleA celtls bul was strengly wwrkguleWdd atsbottd
5 and 10hrs of MMC treatment in both strains (Figure 17A). Importantly, DdiA-mCh abundance
was si mil ar ilexAnwiant a both uritréaged apd MMC-treated cells (Figure 17A).
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Figure 1 7. ddiA expression and DdiA abundance are induced by MMC treatment independently of

LexA and DdiA. (A) Immunoblot analysis of DdiA-mCh abundance. Cells were harvested from
exponentially growing cells in suspension culture, and protein from 7x105 cells per sample was loaded; the

PilC blot served as a loading control. Samples marked MMC5 and MMC10 are from cells grown in the
presence of MMC for 5 and 10 hrs, respectively. For quantification, DdiA-mCh signals were corrected
relative to the PilC loading control and normalized relative to the WT MMC5 sample, which was set to 1.0.
Numbers below indicate intensity of the DdiA-mCh signal as mean = STDEV based on three biological
replicates; NA, not applicable. * PO 0. OP3), 0~ *0RQ G .*GO01, ns bDrpareds-tegwithf i cant
Welch's correction). Samples marked with an asterisk in blue were compared to the WT MMC5 sample, an
asteri sk mar k elexA mutantriM&@5 sanmple,tadén blgrk to the sample from the same time

point. The replicates are provided in the Supplementary part. (B) RT-gPCR analysis of ddiA transcript
levels. Total RNA was isolated from exponentially growing cells in suspension culture and in the presence

of MMC as indicated. Data are shown as log2 of transcript in a strain relative to that of the untreated WT.
Individual data points represent three biological replicates, each with two technical replicates, and are
colored according to the strain analyzed. Error bars indicate mean + STDEV.* PO 0. 0RO ©®* 901
(Unpaired t-test with Welch's correction). (C) Immunoblot analysis of Pgydia €xpression. Pqygia Was fused to a
promoterless mCh (see panel D). Cells were grown, treated, and analyzed as in panel (A). For
guantification, the mCh signals were corrected relative to the PilC loading control and normalized relative

to the WT MMC5 sample, which was set to 1.0. Numbers below indicate intensity of the mCh signal as

mean + STDEV based on three biological replicates; * PO 0. 05, ns nUnpaired t-tgshwithh i c ant
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Welch's correction) . Sampl es marked in blue were comparaedd to t he
mutant MMC5 sample, and in black to the sample from the same time point. The replicates are provided in
the Supplementary part. (D) Schematic of the construct for the Pqygsia-DdiA-mCh protein fusion (upper) and
the PddiA-mCh promoter fusion (lower). +1 indicates the transcription start site of ddiA, +94 and +451
indicate the first nucleotide of the start codon and the last nucleotide of the last coding codon in ddiA,

respectively.

To determine whether the increase in DdIA levels upon DNA damage occurs at the transcriptional
level, we performed reverse transcriptase quantitative polymerase chain reaction (QRT-PCR) to
measure ddiA transcript levels in response to MMC (Schmittgen and Livak 2008). In WT cells,
ddiA expression was significantly upregulated following MMC treatment, indicating transcriptional
activation as part of the DDR. I n lexAmeitangpddiA transcript levels were also significantly
increased upon MMC treatment, although the induction was markedly lower compared to MMC-
treated WT cells (Figure 17B). These results show that ddiA transcription is induced upon MMC
treatment. Moreover, even though the ddiA transcript level (Figure 17B) was slightly but
significant | lgxAmutagpttcanparead to urttréaed WY, DdiA abundance (Table 3) as
well as DdiA-mCh abundance (Figure 17A) were similar in the&exAuntreat
mutant. Thus, while LexA may slightly inhibit ddiA transcription, DdiA accumulates independently
of LexA.

Some transcription factors, such as LexA, autoregulate their own expression (Campoy et al. 2003;
Bertrand-Burggraf et al. 1987; Butala, Zgur-Bertok, and Busby 2009). To investigate whether DdiA
autoregulates its own promoter, we constructed a transcriptional reporter by fusing the native ddiA
promoter (Pagin), previously used for complementation, to mCh (Figure 17D). First, the Pggia-mCh
promoter fusion was integrated in a single copy on a plasmid integrated at the Mx8 attB site in
the WT. Immunoblot analysis (Figure 17C) confirmed that mCh expression from the Pggia mCh
construct was induced by MMC treatment in a manner comparable to the ddiA-mCh fusion,
indicating that the promoter fragment is functional and responsive to DNA damage. To test for
potential autoregulation, the sdifimutantoTmeitduciiont wa s
pattern of mCh upon MMC treatment at 5 and 10 hrs was similar to that in the WT background

(Figure 17C). This result demonstrates that DdiA does not autoregulate its expression.
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2.4. DdIA represses transcription of  recX and activates transcription

of dnaE2 in responseto MMC

2.4.1. Proteomic profiling suggests a role for DdIiA in a LexA -independent DDR
pathway

To investigate the function of DdiA and determine its potential functional position within the DDR

net wor k, we performed compar at iddida myantstramoweiec anal )
analyzed under untreated conditions and after exposure to 0.4 ug ml-*t MMC for 5 and 10 hrs.

This experimental setup aimed to identify DdiA-dependent changes in protein abundance and

uncover potential downstream targets that may be part of a DdiA-regulated pathway within the

DDR.

IntheLFQpr ot eomi ¢ s e x p e ddiAmatant, atotal of 4315 (intreatedip4311 (5hrs
MMC), and 4318 (10hrs MMC) proteins were detected (Figure 18A-C; Figure 19). In comparison
to untreated WA cellshad anenaréased abgndance of 33 proteins, including
three COG class L proteins (RecN, RecX, RecQ), and a decreased abundance of 33 proteins,
none of which belonged to COG class L (Figure 18A; Table 4-5). At 5hrs of MMC treatment, the
abundance of 33 proteins, including two COG class L proteins (RecX, RecQ), was significantly
increased, and 32 proteins, including one COG class L protein (DnaE2), were significantly
decreased compared to WT treated with MMC for 5 hrs (Figure 18B,D-E; Table 4-5). At 10 hrs of
MMC treatment, the abundance of 36 proteins, including one COG class L protein (RecX), was
significantly increased, and 49 proteins, including one COG L class protein (DnaE2), were
significantly decreased compared to WT treated with MMC for 10 hrs (Figure 18C,D-E; Table 4-
5). In addition, as illustrated by the COG category distribution, many affected proteins in the gqddiA

mutant fell into category S (function unknown) (Figure 19).
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marked by the stippled lines. Proteins of the COG category L with significantly increased or decreased
abundance are indicated in orange. For all strains, samples were prepared from four biological replicates
of exponentially growing cells in suspension culture. In the top left corner, the compared conditions and the
total number of significantly up- and downregulated proteins are indicated in black, and the number of COG
category L proteins in orange. D-E) Venn diagrams show the overlap of significantly upregulated (E) and
downregulated (F) proteins in M. xanthus at 5 and 10 hrs of MMC treatment (0.4 ug mL1) o f ddithe o
mutant compared to WT cells. The total number of significantly up- and downregulated proteins is indicated

in black, and the number of COG category L proteins in orange.
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Figure 19. Functional classification of proteins with significantly changed abundance
according to COG categories. Color code in the diagram as indicated in the upper left
corner. The definition of COG categories is in Figure 9.

Among the four COG class L proteins (RecN, RecQ, RecX, and DnaE?2) affected by the lack of
DdiA, only RecN is regulated by LexA (Table 1). The increased RecN abundance in untreated
gddiA cells suggests that DdiA may inhibit RecN accumulation in these cells. However, the
increased RecN abundance in response to MMC treatment in WT can be explained by LexA
regulation, and during MMC treatment, DdiA does not significantly regulate RecN abundance
(Table 4-5).

These protein accumulation patterns suggest that DdiA functions as an inhibitor of RecX as well

as of RecQ accumulation and as an activator of DnaE2 accumulation. The consistent upregulation
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of RecX and downregulation of DnaE2 during MMC treatment of the qudiA mutant suggests that
DdiA may play a critical role in balancing accurate versus mutagenic DNA repair pathways,
potentially suppressing anti-recombination factors while promoting TLS. This supports a model in
which DdiA contributes to a LexA-independent arm of the DDR by fine-tuning the abundance of

specific DNA repair proteins.

Table 4. Proteins of COG class L with increased abundance in response to MMC treatment
of WT and lack of LexA and DdiA?®: 2

MXAN Name Protein Description WT\;J}M / W/T\:AVMTC * C?S\;('TA c?j\/c\‘/i-ﬁ\/\'\hﬂ/\'\::ZS mﬁmﬂcﬁg B
0958 ShcD1 ShcD subunit of SbcCD nuclease complex 2.1 2.2 ns ns ns ns
0959 ShcC1l ShcC subunit of SbcCD nuclease complex 1.8 2.0 ns ns ns ns
0997 Lhr ATP-dependent DNA helicase 2.2 1.7 1.6 ns ns ns
1388 RecA2 Recombinase A 2.8 3.4 4.1 ns ns ns
1428 PriA Primosomal ATP-dependent helicase 2.0 25 ns ns ns ns
_1441 RecAl Recombinase A 2.3 2.3 3.4 ns ns ns
1651 RuvA RuvA subunit of RuvABC resolvase 3.0 4.0 3.1 ns ns ns
1950 RecQ ATP-dependent DNA helicase ns 1.9 ns 1.6 1.7 ns
_2546 DinB Error-prone DNA polymerase IV 1.9 2.8 ns ns ns ns
2609 UvrA  UvrA subunit of UvrABC excinuclease 2.8 2.7 4.7 ns ns ns
2633 UvrC  UvrC subunit of UvrABC excinuclease ns 1.5 ns ns ns ns
3580 RecJ Single-strand-specific DNA exonuclease 5.7 5.6 4.1 ns ns ns
3833 ATP-dependent DNA helicase ns ns 2.2 ns ns ns
3982 DnaE2 Error-prone DNA polymerase E2 3.8 4.5 ns ns -3.2 -5.0
3990 ImuB Lg;l?)lset:(bunit of Dnag2-ImuA-imuB ns 2.1 -3.6 ns ns ns
_5350 RecN SMC-like DNA repair protein 7.7 6.5 6.9 2.8 ns ns
_5509 RecD Eee”ccl?isseu/tr)]lljjr;ilteggeRecBCD 1.7 ns 4.8 ns ns ns
_6708 RecX Negative regulator of RecA 1.8 2.6 ns 15 29 2.6

! Numbers indicate Log. (FC) of a sample compared to the indicated control. Criteria for significant difference in abundance: Log, (FC)
O 1. 515and-l@gp(Pvaue) O 1.3; ns, not significant.

2 MMC5 and MMC10, MMC treatment for 5 and 10 hrs, respectively.
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Table 5. Proteins of COG class L with decreased abundance in response to MMC treatment
of WT and lack of LexA and DdiA?: 2.

MXAN Name Protein Description WT\X/P;CS / W/T\:AV“:.C * C'/ds\;(TA quv\(;l-ll)—ar\\/\l\'\jzs K qﬂ\,‘jiﬁMmiol
0148 RecN-like protein ns -2.1 ns ns ns ns
0149 ShcD2 ShcD subunit of SbhcCD nuclease complex ns -4.2 -4.7 ns ns ns
0244 AlkC-like protein for DNA alkylation repair ns -2.4 ns ns ns ns
0246 RecF Component of the RecFOR system ns -2.7 ns ns ns ns
1382 TatD-like exonuclease ns -2.3 -2,3 ns ns ns
2984 eR)?c;:r;]L-jI(i:lreeaséiggIe-strand-specific DNA 16 45 18 ns ns ns
3030 MutS-related protein Ns -1.7 ns ns ns ns
4539 HerA-like DNA helicase -2.3 ns ns ns ns ns
4973 RuvC RuvC subunit of RuvABC resolvase ns -15 ns ns ns ns
_5795 DIinG  ATP-dependent DNA helicase -2.7 -3.7 ns ns ns ns

! Numbers indicate Log, (FC) of a sample compared to the indicated control. Criteria for significant difference in abundance: Log, (FC)
O 1. 51%and-l@g,e(Pvaue) O 1.3; ns, not significant.

2 MMC5 and MMC10, MMC treatment for 5 and 10 hrs, respectively.

2.4.2. dnaEz2 is transcriptionally activated, and  recX is repressed by DdiA

To determine at which level DdiA affects the abundance of RecQ, RecX, and DnaE2, we focused
on RecX and DnaE2 because they accumulated at increased and decreased levels, respectively,
i n tddiemutant at both time points of MMC treatment compared to WT (Tables 4-5). To this
end, we performed RT-qPCR using total RNA f r o m WT ddansglainsqunder untreated

conditonsandat5 hr s and 10 hr s o fexAMdt@Gnt was &sa included to.

assess whether the regulation of these genes is LexA-dependent. Expression of uvrA was
analyzed as a control, as UvrA abundance is strongly increased by MMC treatment in a LexA-

dependent and DdiA-independent manner (Table 1).

TranscriptlevelsofrecXdi d not di f f er ddifestrams under uMiieates oodditigns
(Figure 20A). However, upon MMC treatment, recX expression was significantly increased in the
grddiA mutant compared to WT (Figure 20A), indicating that DdiA represses recX specifically in
response to DNA damage. recX transcript levels were also slightly but significantly elevated in
t h elexApmutant compared to WT (Figure 20A). Conversely, dnaE2 transcript levels were
significant|l yddiAendtantuadde ri naltlhet egst ed condi ti o
and 10 hr s MNQure204)0sspparting that DdIiA is required for the activation of
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dnaE2 expression. A slight but significant increase in dnaE2 expression was also observed in the
gdexA mutant compared to WT (Figure 20A). By contrast, the regulation of uvrA showed a
markedly different pattern. uvrA was strongly induced by MMC treatment of WT cells, but this
induction was dr ama texAcstaln| cpnfirminggHe ¢ exA-dependénbeeof itg
expression (Figure 20A). No significant differences in uvrA expression were observed between
WT a nddiA mutant, validating the specificity of DdiA's regulatory effect on recX and dnaE2
(Figure 20A). These findings reinforce the hypothesis that DdiA participates in a LexA-
independent branch of the DDR, acting as a repressor of recX expression and an activator of

dnaE2 expression to modulate repair pathway choices.
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Figure 20. DdiA activates dnaE2 and represses recX expression. (A) RT-gPCR analysis of recX,
dnaE2, and uvrA transcript levels. Total RNA was isolated from exponentially growing cells in suspension
culture, and the presence of MMC as indicated. g-RT-PCRs were performed following the comparative
threshold cycle method (Schmittgen & Livak, 2008). For each gene, the log?2 ratio of transcripts relative to
the average transcript amount in the untreated WT or WT treated with MMC for 5 or 10 hrs, normalized by
the expression of the reference gene, is presented. Single data points are colored according to the
respective deletion strain and represent three biological replicates, with each two technical replicates. Error
bars indicate mean + STDEV.* PO 0. 0FBQ O .*0RPO ©0*00RQO 6*06601, ns

(Unpaired t-test with Welch's correction). (B-C) Genome loci of recX (B; orange) and dnaE2 (C; yellow).
Genes are shown as arrows, and the orientation reflects how the genes are encoded on the genome. The
colored numbers indicate the start and stop positions of each gene (matching colors), while black numbers
indicate the transcription start sites of the respective genes. All coordinates are relative to the TSS of recX

and dnaE2, respectively.

Given that recX and dnaE2 are regulated by DdiA, the genomic context and transcriptional
organization of both genes were analyzed to investigate whether they are part of operons and
whether DdiA might regulate additional adjacent genes. For recX, a TSS was identified
immediately upstream of recX, and the adjacent downstream gene is transcribed in the opposite

direction (Figure 20B). These features suggest that recX is not part of an operon.

A TSS was also identified immediately upstream of dnaE2 (Figure 20C). The downstream gene
(mxan3981) is transcribed in the same direction as dnaE2, and we did not identify a TSS for this
gene; however, the stop codon of dnaE2 and the start codon of mxan3981 are separated by 200
bp, suggesting that these two genes are not part of the same operon (Figure 20C). The gene
upstream of dnaE2 is transcribed in the opposite direction (Figure 20C). Altogether, these

analyses suggest that dnaE2 is not part of an operon.

2.4.3 ddiA expression is activated heterogeneously in the absence of exogenous

genotoxic stress

Surprisingly, examination by fluorescence microscopy of the localization of the fully active DdiA-
mCh fusion expressed from the native site in untreated cells revealed that a small subpopulation
(13.4%) had a detectable DdiA-mCh signal (Figure 21A). In these cells, DdiA-mCh co-localized
perfectly with the 4,6-diamidino-2-phenylindole (DAPI)-stained nucleoid, strongly supporting that
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DdiA is a DNA-binding protein (Figure 21A). Under the same conditions, the Pygia-mCh promoter
fusion was also heterogeneously expressed in WT and in the qddiA mutant (Figure 21B). The
translational ddiA-mCh fusion expressed from the native site was also heterogeneously

ex pr es s e dexA mutart (Figure@1C).

(@)

A DdiA-mCh B P,-MCh DdiA-mCh
WT AddiA WT i AlexA- _

Untreated
Untreated

Untreated
MMC5
MMC5

MMC10
MMC10

Figure 21. ddiA expression is activated heterogeneously in the absence of exogenous genotoxic
stress. A) Untreated WT cells expressing DdiA-mCh from the native site and stained with DAPI were
visualized by fluorescence microscopy and phase-contrast microscopy. Phase-contrast and fluorescence
images of representative cells were merged. The number in the upper right indicates the fraction of DdiA-
mCh* cells based on three biological replicates. Scale bar, 5 mm. B, C) ddiA expression is activated
population-wide by MMC independently of DdiA and LexA. Cells expressing the P4gia-mCh promoter fusion
(B) and the DdiA-mCh protein fusion (C) in the absence (untreated) and presence of MMC for 5 (MMC5)
and 10 hrs (MMC10) were visualized as in (A). Merged images of representative cells are shown. Numbers
in the upper right corners indicate the fraction of mCh*/DdiA-mCh* cells based on three biological replicates.
Scale bar, 5 mm. Note that the WT samples in panels A and C are the same.

Upon MMC treatment for 5 and 10 hrs, the fraction of mCh* cellsi n  WT a rddiA ntutarg
expressing the Pggia-mCh promoter fusion dramatically increased (Figure 21B). Similarly, the
fraction of DdiA-mCh* cellsi n WT a n texAimutant expessipg the translational ddiA-mCh
fusion from the native locus dramatically increased in response to MMC treatment (Figure 21C).
These findings support that (1) Padia is activated heterogeneously in the absence of exogenous
genotoxic stress, and this activation is independent of DdiA. (2) The low DdiA-mCh levels in the

absence of exogenous genotoxic stress in the population-based immunoblot analyses (Figure
17A&C) mask that ddiA-mCh is activated heterogeneously, with a small fraction of cells
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expressing ddiA-mCh and accumulating DdiA-mCh. (3) MMC treatment induces ddiA
transcription, and DdiA-mCh abundance increases independently of LexA, in agreement with the
population-based immunoblot analyses and RT-gPCR analyses (Figure 20A). (4) The MMC-
induced ddiA-mCht r anscri ption is not r esl$butioecursthdoughaut

the population.

2.3.5 ddiA expression is reversibly induced by DNA damage and not by general stress

To determine whether the increased ddiA expression is a specific response to the DNA damage
caused by MMC, a more general response to DNA damage, or a response to general cellular
stress, we used a ddiA-mCh reporter strain and exposed cells to a range of stressors. Before
testing DdiA-mCh expression, we first established the MICs for each treatment to ensure

physiologically relevant stress conditions (Figure 22).
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Figure 22. MIC determination for DNA damage and general stress conditions. (A) MIC determination
for DNA-damaging agents. WT cells were exposed to increasing concentrations of Ciprofloxacin, Nalidixic
acid, or Phleomycin. Cells were monitored over 24 hrs for growth inhibition. After treatment, stressors were
removed, and cells were observed for an additional 24 hrs to assess recovery. For UV irradiation, WT cells
were exposed to increasing doses of UV at timepoint 0 and then monitored over 24 hrs for growth inhibition.
(B) MIC determination for non-DNA-damaging stressors. WT cells were treated with increasing
concentrations of A22, EDTA, Sucrose, Sorbitol, and CTT medium (as a control for nutrient conditions).

MI Cs were established using the same 24+24 h assay as |

As observed for a sublethal concentration of MMC, sublethal concentrations of ciprofloxacin
(0.1pg mLY) and nalidixic acid (20ug mL™?), both of which inhibit topoisomerase IV and DNA
gyrase (Smith 1986), resulting in protein-linked DNA breaks, DSBs and inhibition of DNA

replication, caused a dramatic increase in the fraction of DdIA-mCh* cells over 24hrs of

permanent exposure (Figure 23A). Similarly, exposure to a sublethal concentration of phleomycin
(0.1ug mL1), which binds DNA and directly induces DNA breaks and DSBs (Sleigh 1976), caused

a dramatic increase in the fraction of DdiA-mCh™ cells over 24 hrs of permanent exposure (Figure
23A). Furthermore, 12-24 hrs after the removal of these DNA-damaging compounds, the fraction
of DdiIA-mCh™ cells had returned to the pre-treatment level (Figure 23A). Similarly, a single
sublethal dose of 254 nm UV light (100,000 pJ), which induces the formation of pyrimidine dimers,

caused a dramatic increase in the fraction of DdiA-mCh™ cells over a period of 5 hrs after the

exposure, and then the fraction of DdiA-mCh™ cells decreased (Figure 23A). By contrast,

exposure to stress conditions such as growth at decreased (27°C) or increased (37°C)
temperatures, low nutrient levels (0.2% casitone), the highest sublethal concentration of EDTA
(100 uM), which disrupts outer membrane integrity, A22 (10 ug mL™?), which interferes with
peptidoglycan biosynthesis (Typas et al. 2012), or hyper-osmotic stress did not lead to an

increase in the fraction of mCh* cells (Figure 23B).

These results demonstrate that ddiA-mCh expression is reversibly activated by DNA damage and

returns to the pre-treatment pattern upon removal of the stressor.
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Figure 2 3. DdiA expression is specifically and reversibly induced by DNA damage. A, B) WT cells

expressing DdiA-mCh from the native site were exposed to the indicated stressors, growth was monitored
over time (upper panels), and the percentage of DdiA-mChd cells was quantified by fluorescence

microscopy (lower panels). For all chemical stressors, cells in the exponential phase were treated at time

Ohrs,and the stressor was removed after 24 hrs, foll owed
experiment, cells were exposed at 0 hrs to a single dose
subsequently incubated in the dark for 10 hrsdor Sampl ¢

microscopy-based analysis. Data represent mean = STDEV from three biological replicates. For each

replicate and time point, >100 cells were analyzed per replicate.
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2.3.4. DdiA contributes to spontaneous mutagenesis, likely through activation of
dnaE2

The proteomic and transcriptional analyses suggested that DdiA activates the expression of
dnaE2, which encodes a specialized DNA polymerase associated with error-prone DNA repair
(Peng et al. 2017a; Sheng, Wang, et al. 2021a). Since such polymerases contribute to DNA
damage-induced mutagenesis (Sidorenko et al. 2011; Chatterjee and Walker 2017; Erill et al.
2006), we hypothesized that the qdddiA mutant would exhibit a reduced frequency of spontaneous

mutations in the absence of exogenous genotoxic stress.

To test this, a rifampicin resistance (Riff) assay was performed. This assay detects point
mutations in the rpoB gene, whi c h esulbunitdod RNA tpblyenerase, conferring
resistance to Rif (Garibyan et al. 2003). WTddiA, amd a complementation strain expressing
ddiA from its native promoter from a plasmid integrated in a single copy at the Mx8 attB site were
grown under standard conditions and subsequently plated onto agar containing Rif ( 2 5 miB)g
The number of RifR colony forming units (CFU) was counted to estimate mutation frequencies.
While the WT and the compl ementati on sddiAmutant
had a 4-5-fold lower mutation frequency (Figure 22). This fold-reduction is similar to those
reported previously for dnaE2, imuA, and imuB mutants in M. xanthus in the absence of
exogenous genotoxic stress (Peng et al. 2017b; Sheng, Wang, et al. 2021b). These findings
support the conclusion that DdiA contributes to spontaneous mutagenesis, likely through

activation, either directly or indirectly, of dnaE2 encoding the error-prone polymerase DnaE2.
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Figure 24. Lack of DdiA results in a reduced mutation frequency in the absence of exogenous

genotoxic stress. Cultures of the indicated exponentially growing strains were plated on standard growth

medi um without (for vi ablmL!RiktddcorecRifRUQKFY. Mytatianrfrdquencies h 25 € ¢
were calculated by dividing the number of RifR CFU by the number of cells analyzed in the experiments.

Numbers above, mutation frequencies based on ten biological replicates. Error bars, mean + STDEV from

ten biological replicates.* PO 0. 05, ns not s ieptrwithfWelchssoarrecio)npai r ed t

2.4.4. Lack of DdiA results in a fithess defect

Il nitial anal y ddéAsstraind in lidild cudturedrevealed no significant difference in
growth rates between the two strains under standard conditions or upon treatment with MMC

(Figure 16A), suggesting that the deletion of ddiA does not lead to an overt growth defect.

To uncover potenti al s uddif inwgatioh,iatmore sessitive tomgetitives o f t
growth assay was peddAfstanamerd mixed/dt a &:hrdtio, @nd the relative
abundance of each strain was determined immediately after mixing using gPCR. The mixed
culture was then maintained in exponential growth phase for five days through daily dilution,
allowing competitive fitness differences to accumulate over time. Throughout the five-day
experiment, the WT strain consistently outcompeted th e ddid mutant, indicating a fithess
disadvantage associated with the deletion of ddiA (Figure 25A). To confirm that this effect was
specifically due to the qudiA mutation, the same competition assay was repeated using the WT
and a complementation strain expressing ddiA from its native promoter. In this case, no
competitive disadvantage was observed, demonstrating that the fitness defect was fully rescued

by complementation (Figure 25B).
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These results suggest that while ddiA is not essential for normal growth under standard or DNA-

damaging conditions, it contributes to cellular fitness in a manner that becomes evident under

competitive conditions.
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Figure 25. Lack of DdIA results in a fithess defect in the absence of exogenous genotoxic stress.

(A) WT

a nddiA rutast (blpe) or (B )

WT ddidV@qiacddiA complementation strain (green) were

mixed in suspension culture at a 1:1 ratio, and the growth of the mixed culture was followed by measuring

ODsso. Cells were kept in the exponential growth phase in suspension culture by repeated dilution. The ratio

of the two strains was determined using a qPCR approach. Error bars, mean + STDEV based on five

biological replicates, indicated in different colors. * P 00.05, ** P O 0 .n® rbt, significant (Unpaired t-test

with Welch's correction).

74



3. Discussion

3. Discussion

3.1. M. xanthus has a LexA -dependent and LexA -independent DNA

damage r esponses

Using a proteomic approach, we confirm that M. xanthus has a DDR. The most prominently
upregulated proteins during the MMC-induced DDR were the two RecA homologs, which play a
central role in HR and the activation of the SOS response (Sheng et al. 2020; Anderson and
Kowalczykowski 1997; Norioka et al. 1995; Courcelle et al. 2001). In addition, we observed
increased abundance of several proteins associated with DSB repair and NER, including SbcCD,
UvrA, and UvrC (Maslowska, Makiela-Dzbenska, and Fijalkowska 2019; Chatterjee and Walker
2017). Further, helicases and other DNA-processing enzymes were also strongly upregulated,
including Lhr, PriA, RuvA, and RecQ, all of which are known to facilitate DNA unwinding and
branch migration during repair (Maslowska, Makiela-Dzbenska, and Fijalkowska 2019; Kreuzer
2013). The translesion DNA polymerase DinB, as well as RecJ and RecD, both exonucleases
involved in DNA end processing, were also found in higher abundance under DNA-damaging
conditions (Yang and Gao 2018; Napolitano et al. 2000; Hoeijmakers 2009). Notably, we detected
increased levels of DnaE2 and ImuB that are components of the error-prone DnaE2/ImuA/ImuB
TLS DNA polymerase complex. The expression of the imuA, imuB, and dnaE2 genes is regulated
by the LexA repressor in nearly all bacterial species (Goodman 2002; Zeng et al. 2011; Warner
et al. 2010). Interestingly, DnaE2 in M. xanthus is independent of LexA, while ImuB is LexA-
dependent. However, ImuB is downregulated in the lexA deletion strain, which is unusual for a
gene directly controlled by a repressor (Table 1). Typically, LexA-regulated proteins are
upregulated when LexA is missing. This suggests that LexA may regulate ImuB indirectly in M.
xanthus, though this still needs to be investigated further. RecN and RecX, both implicated in the
stabilization and regulation of RecA filaments during DNA repair, were also upregulated (Stohl et
al. 2003; Kreuzer 2013). Together, these results indicate a broad and coordinated activation of
DNA repair systems in M. xanthus in response to MMC-induced DNA damage, involving proteins
from HR, NER, and TLS pathways.

In addition to the induction of canonical DNA repair proteins upon MMC treatment, our proteomic
analysis revealed a set of DNA repair-associated proteins that were downregulated during the
DDR. Notably, this downregulation occurred in a time-dependent manner, with most proteins

showing decreased abundance only after 10 hrs of MMC exposure. However, two proteins,
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MXAN_2984 and MXAN_4539, were already significantly downregulated at the 5 hrs time point,
suggesting an earlier regulatory shift for these specific factors. mxan2984 encodes a RecJ-like
single-strand specific exonuclease, while mxan4539 encodes a HerA-like DNA helicase. Both
proteins are typically associated with DNA end-processing and repair of DSBs. Their early
downregulation may indicate a tightly controlled mechanism that limits certain types of nuclease
or helicase activity shortly after damage induction, possibly to prevent excessive or unscheduled
processing of DNA ends during initial stages of repair. The other downregulated proteins,
including a RecN-like protein (MXAN_0148), SbcD2, MXAN_0244 (an AlkC-like protein involved
in alkylation repair), RecF, a TatD-like exonuclease (MXAN_1382), a MutS-related protein
(MXAN_3030), and the Holliday junction resolvase RuvC, showed decreased levels only after 10
hrs (Donaldson, Courcelle, and Courcelle 2006; Khan and Kuzminov 2012; lyer et al. 2006;
Mielecki and Grzesiuk 2014). This late downregulation suggests a shift in the DDR over time,
potentially marking a transition from an early, broad repair phase to a more specialized or

downscaled response once initial damage processing has occurred.

In E. coli, the SOS response is a prototypical LexA-dependent DNA damage response tightly
coordinated by the interaction between the RecA and LexA proteins. Upon DNA damage, the
accumulation of ssDNA leads to the formation of RecA nucleoprotein filaments, which promote
LexAselfcl eavage. This inactivates LexAds repr
over 50 genes involved in NER, HR, TLS, and cell division arrest (Schoemaker, Gayda, and
Markovitz 1984; Van Houten and McCullough 1994; Shiba et al. 1991; Maslowska, Makiela-
Dzbenska, and Fijalkowska 2019). Importantly, the system is tightly regulated: gene induction
follows a precise temporal order, and LexA itself is a member of the regulon, ensuring negative
feedback and timely reestablishment of repression once DNA repair is complete. In contrast, M.
xanthus exhibits a divergent LexA regulatory scheme. While LexA in M. xanthus retains a role as
a transcriptional repressor, it is non-essential and only partially controls the DDR. A significant
subset of DNA repair genes, including those involved in error-prone repair, is regulated
independently of LexA, pointing to a distributed regulatory logic. In E. coli, the core SOS genes
are almost universally LexA-controlled and rely on the canonical SOS box motif (Maslowska,
Makiela-Dzbenska, and Fijalkowska 2019; Simmons et al. 2008). However, in M. xanthus, this
tight coupling appears relaxed or absent for many targets. Furthermore, the DDR in M. xanthus
incorporates regulators like DdiA, which activate or repress specific targets in response to DNA
damage independently of LexA. This distributed control likely confers greater flexibility and

modularity, allowing M. xanthus to fine-tune its response depending on the nature of the stress.
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This might be particularly beneficial in a soil-dwelling organism with a multicellular life cycle and

frequent exposure to fluctuating conditions.

In summary, while LexA-mediated autorepression and RecA-triggered derepression are central
to the E. coli SOS system, M. xanthus employs a multi-tiered regulatory strategy. LexA
participates but does not dominate the DDR. The presence of LexA-independent regulation,

coupled with additional transcriptional activators like DdiA, demonstrates an evolutionary

divergence that likelyr ef | ect s the organi smdés e Sl tengporallya |

resolved regulation may reflect an adaptive strategy of M. xanthus to balance DNA repair under

prolonged genotoxic stress.

3.2. LexA-independent DDR in M. xanthus

As described for various bacterial species (see Chapter 1.2.5), DDRs are not exclusively
regulated by LexA-dependent mechanisms. Several bacteria utilize LexA-independent
transcriptional regulator systems (Kamat and Badrinarayanan 2023). For instance, DdrO, a
transcriptional repressor like LexA, is inactivated through proteolysis following DNA damage,
thereby derepressing its target genes (Lu et al. 2019; Blanchard et al. 2017; Ludanyi et al. 2014).
In addition, certain bacteria employ transcriptional activators such as PafBC, SiwR, and DriD,
which contain WYL-domains and are activated posttranslationally by ssDNA (Kamat and
Badrinarayanan 2023; Muller et al. 2019; Gozzi et al. 2022). The Ada protein represents another
mode of LexA-independent regulation, becoming activated through DNA methylation and exerting
autoregulatory control over its expression (Mielecki and Grzesiuk 2014; Jeggo et al. 1977). Given
that several DNA damage-inducible genes in M. xanthus are not under LexA control (see chapter
2.2.2 and (Campoy et al. 2003)), we hypothesize the presence of a LexA-independent DDR. Upon
exposure to MMC, M. xanthus activates a broad range of proteins involved in HR, DSB, NER,
error-prone DNA repair, and RecX-mediated regulation. Notably, a subset of these genes, such
as dnaE2, imuB, dinB, and recX, are induced independently of LexA, suggesting alternative

regulatory pathways.

To identify potential LexA-independent regulators, we employed a candidate approach, focusing
on both transcriptional activators and repressors. This strategy led to the identification of a novel
transcription factor, DdiA, which shares structural similarities with DdrO, a known LexA-
independent regulator in Deinococcus species (Blanchard and de Groot 2021; Devigne et al.

2015). DdiA belongs to the XRE family of transcription factors, a widespread group in bacteria
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that includes both activators and repressors (Lu et al. 2019; Long et al. 2022; Aggarwal et al.
1988). Loss of DdiA function in M. xanthus results in altered abundance of 154 proteins, including
several with roles in the DDR. Importantly, ddiA expression is specifically induced by DNA
damage, but not by general stress, indicating a dedicated role in the DDR. Our data suggest that
DdiA influences the transcription of key components involved in the DDR, most notably by
activating dnaE2 and repressing recX, either directly or indirectly. While DdiA expression is
heterogeneous under basal conditions, it becomes homogeneously upregulated across the
population in response to DNA damage. This induction is LexA-independent, further supporting

the existence of an alternative regulatory mechanism.

Despite the involvement of LexA and DdiA, a subset of DDR-related genes appears to be
regulated independently of both regulators. For instance, the levels of ImuB, and likely ImuA,
increase in the WT strain following MMC treatment, regardless of the presence or absence of
LexA or DdiA. Similarly, the expression of the error-prone DNA polymerase DinB is upregulated
in response to MMC in a LexA- and DdiA-independent manner. These observations suggest the
existence of additional, as yet unidentified regulatory elements involved in modulating the
expression of DDR-associated genes in M. xanthus. Future work will be required to identify these

factors and clarify their roles in coordinating the cellular response to genotoxic stress.

3.3. DdiA as a non -canonical DNA damage r egulator

DdiA does not appear to be autoregulatory, nor are there indications of proteolytic inactivation or
posttranslational activation. Instead, both transcript and protein levels of DdiA increase upon DNA
damage, suggesting a transcriptionally regulated, LexA-independent activation mechanism.
These findings support the presence of a previously uncharacterized LexA-independent DNA
damage response pathway in M. xanthus, mediated by DdiA. In our study, deletion of ddiA
resulted in significant changes in the abundance of 154 proteins under untreated and/or MMC-
treated conditions (Figure 18). Expression of ddiA is induced specifically by DNA-damaging
agents, but not by general stress conditions (Figure 23). This positions DdiA as a specific regulator
of genotoxic stress. DdiA abundance is independent of LexA under both normal and DNA-damage
conditions, and DdiA accumulates heterogeneously in a subpopulation of untreated cells. Upon
DNA damage, however, ddiA is reversibly induced and DdiA accumulates throughout the
population, still independent of both LexA and DdiA itself (Figures 21 & 23). Thus, DdiA neither

positively nor negatively regulates its transcription.
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LexA and DdrO both function as transcriptional repressors that are cleaved upon DNA damage:
LexA via RecA-mediated self-cleavage following interaction with ssDNA, and DdrO via the IrrE
protease, which is similarly activated by ssDNA (Baharoglu and Mazel 2014; Ludanyi et al. 2014,
Blanchard and de Groot 2021; Gozzi et al. 2022; Lu et al. 2024). Interestingly, despite their
inactivation by proteolysis, the transcript levels of both lexA and ddrO increase during the DDR.
For lexA, this is due to its negative autoregulation: inactivation of LexA relieves repression of its
promoter, leading to increased transcription (Erill, Campoy, and Barbe 2007; Maslowska, Makiela-
Dzbenska, and Fijalkowska 2019). In contrast, the regulatory mechanism driving increased ddrO
expression remains unidentified (Ludanyi et al. 2014; Lu et al. 2024). In contrast to these
repressor-based systems, other known SOS-independent transcriptional activators, including
PafBC, SiwR, and DriD, function through post-translational activation mechanisms (Kamat and
Badrinarayanan 2023). These proteins, often containing WYL domains, are not transcriptionally
upregulated during DNA damage but are instead activated by direct binding of ssDNA. This
mechanism enables a rapid but tightly controlled activation of target genes without the need for
new protein synthesis (Modell et al. 2014; Muller et al. 2019; Keller, Flattich, and Weber-Ban
2023; Gozzi et al. 2022; Muller et al. 2021; Schilling et al. 2025; Kamat and Badrinarayanan 2023).
Similarly, Ada-like regulators, which respond specifically to DNA alkylation damage, are activated
through covalent DNA modifications and positively autoregulate their expression (Kamat et al.
2024; Mielecki and Grzesiuk 2014; Kamat and Badrinarayanan 2023). DdiA does not conform
exactly to either of these regulatory systems. Its expression appears to increase in response to
DNA damage, and yet this induction is not controlled by LexA, nor is there evidence for post-
translational activation via DNA binding or chemical modification, as seen in other DDR
regulators. Moreover, DdiA regulates genes not targeted by LexA, and it is itself not under LexA
control. These features suggest that DdiA may represent a distinct class of DDR regulators that
integrate alternative signals or pathways, potentially functioning as part of a stress-sensing

system that has not yet been characterized.

3.4. DdiA -dependent regulation of DnaE2, RecX , and RecQ suggests a

role in balancing DNA repair pathways

Our data suggest that DdiA influences the transcription of key components involved in the DDR,
most notably by activating dnaE2 and repressing recX, either directly or indirectly. dnaE2 encodes

an error-prone DNA polymerase of the Y-family, which forms a complex with the ImuA and ImuB
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to perform TLS (Warner et al. 2010; Sheng, Wang, et al. 2021a; Boshoff et al. 2003; Ohmori et
al. 2001). While ImuB was detected under all conditions and increased upon MMC treatment
independently of DdiA, ImuA was not detected in our proteomic data (Table S1). Given that imuA
and imuB are co-transcribed in an operon, we suggest ImuA is also expressed independently of
DdiA (Sheng, Wang, et al. 2021a). The regulation of dnaE2 by DdiA may point to a function of
DdiA in enabling TLS under genotoxic stress, while ensuring the availability of error-prone repair
only when needed. This is consistent with a protective mechanism that limits mutagenesis by
tightly controlling the expression of such polymerases. Mo r e o vddiA mutagis exhibit lower
mutation frequencies even in the absence of genotoxic stress (Figure 24), indicating that DdiA
not only functions under induced DNA damage conditions but also contributes to background
mutagenesis during normal growth. This suggests that DnaE2, together with ImuA and ImuB,

promotes mutagenesis even in the absence of external DNA damage.

In contrast, RecX, which in E. coli inhibits RecA activity, contributing to the shutdown of the SOS
response (Stohl et al. 2003; De Mot, Schoofs, and Vanderleyden 1994), is also upregulated in M.
xanthus following MMC treatment, but in a LexA-independent manner (Table 1). Our data indicate
that DdIA represses recX, directly or indirectly. This repression may serve to maintain RecA
activity and thereby promote DNA repair progression in the early or active phase of the DDR.
However, in untreated cells, we observed that recX mRNA levels remain unchanged (Figure 20A),
whereas RecX protein levels increase in the absence of DdiA. We hypothesize that DdiA may
also repress recX transcription in untreated cells. Still, this effect is not detectable by RT-qPCR

since ddiA is likely expressed only in a minority of the cell population.

Additionally, increased RecQ levels in untreated and 5 hrs MMC-treated qudiA cells suggest that
DdiA might also repress recQ, encoding a helicase involved in HR and genome stability (Irino,
Nakayama, and Nakayama 1986). This observation further supports the idea that DdiA modulates
multiple repair pathways, possibly coordinating the balance between high-fidelity and error-prone

repair strategies.

Taken together, our findings position DdiA as a key factor in balancing a trade-off between genetic
stability and adaptability. By selectively activating dnaE2 and potentially repressing recX and
recQ, DdiA may help fine-tune the cellular response to both spontaneous and damage-induced
replication stress. These findings place DdiA as a central regulator of DNA repair gene
expression, fine-tuning the activity of pathways such as TLS and recombination in a manner
distinct from the canonical LexA-dependent system. Future work should aim to clarify whether

these regulatory effects are direct or mediated through additional transcriptional regulators.
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3.5. The logic of a LexA -independent and DdiA -dependent r egulation

in response to replication s tress

Our data suggest that M. xanthus employs a DdiA-dependent and LexA-independent regulatory
mechanism that enables a targeted cellular response to replication stress, particularly when
triggered spontaneously in the absence of exogenous DNA damage. Central to this model is the
notion that DdIA acts as a specialized responder to replication stress, a condition that threatens
genome integrity when replicative DNA polymerases stall at lesions or secondary structures. In
this context, ddiA expression is induced in a subset of the population, presumably those
experiencing spontaneous replication fork stalling due to endogenous factors such as reactive

oxygen species, metabolic byproducts, or intrinsic sequence features.

One key function of DdiA is the activation of dnaE2, encoding an error-prone TLS polymerase.
By upregulating dnaE2, DdiA promotes lesion bypass directly at the stalled replication fork,
allowing replication to resume without engaging broader repair or checkpoint systems. This
targeted induction of TLS likely represents a low-cost, damage-tolerant strategy to maintain
replication continuity under mild or localized stress conditions. In parallel, DdiA represses recX
transcription, thereby reducing RecX protein levels. Since RecX inhibits RecA activity (Stohl et al.
2003), this repression could sensitize RecA to any ssDNA that might accumulate if TLS by DnaE2
fails to resolve the replication block. This dual role of DdiA, activating TLS and fine-tuning RecA
availability, suggests a layered response: TLS is attempted first, and if unsuccessful, RecA-driven

processes such as homologous recombination or DDR activation may follow.

Moreover, we hypothesize that this DdiA-mediated regulation is not stochastic but rather
deterministic, triggered specifically in cells that encounter replication stress. Here, the stress itself
appears to induce the response, reinforcing the idea that DdiA forms part of a dedicated
replication stress surveillance system. When exogenous genotoxic stress is present, ddiA is
induced more broadly, leading to population-wide activation of dnaEz2. In this situation, the DdiA-
dependent pathway complements the LexA-regulated SOS response. Notably, the contribution of
Ddi A  to mutagenesi s b e c ddifensutantspredeicedadmgEa expressian
correlates with lower mutation frequencies, both under normal growth and following DNA damage.
Consistent with its role in promoting TLS, the deletion of ddiA results in a measurable fitness
defect, even in the absence of exogenous DNA damage, suggesting that DdiA-mediated

replication stress resolution is critical for maintaining cellular viability under basal conditions. This
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supports the idea that DdiA mediates a trade-off between genome stability and adaptability,

particularly through controlled activation of mutagenic polymerases.

Importantly, the regulatory design of DdiA differs markedly from other known DNA damage
regulators. DdIA is not a proteolytically inactivated repressor like LexA or DdrO, nor is it a WYL
domain transcription factor post-translationally activated by ssDNA binding. Instead, its
expression is induced at the transcriptional level in response to DNA damage, and it does not
appear to autoregulate. The signal and mechanism by which ddiA expression is induced remain
unknown, but future work should clarify whether this regulation is directly linked to replication fork

stalling.

In summary, DdiA appears to define a novel, replication stress-responsive regulatory layer that
operates independently of the SOS system. It provides a minimal, flexible response tailored to
the needs of individual cells within the population. These cells face endogenous replication stress
but do not warrant the energetic burden of full DDR activation. Through this mechanism, DdiA
promotes replication continuity and population-level fithess while enabling a level of mutagenesis
that may support adaptation to fluctuating environments. Thus, we hypothesize that DdiA serves
as a key integrator of replication stress signaling, TLS activation, and genome plasticity in M.

xanthus.
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4. Outlook

Our findings demonstrate that M. xanthus possesses a DDR system that includes a LexA-
dependent regulatory module. A major challenge lies in elucidating the full regulatory network that
governs the DDR. While several DDR-related proteins are under the control of LexA, our data
reveal that this regulation is only partial. In addition to LexA, we identified DdiA as a novel co-
regulator within a LexA-independent pathway. This discovery highlights the presence of an
alternative, SOS-independent regulatory mechanism contributing to the DNA damage response
in M. xanthus. The role of replication stress as a distinct physiological trigger of the DDR also
warrants further investigation. Future work should aim to determine the regulatory circuits that
control these time-dependent expression patterns and to clarify the functional consequences of
early versus late up- and downregulation of specific DNA repair components. Altogether, the DDR
in M. xanthus emerges as a modular, multi-layered, and patrtially distributed system. Continued
investigation will not only clarify how this system operates but may also uncover general principles

of stress regulation and genome plasticity in bacteria with complex lifestyles.

In many bacteria, DNA damage leads to a transient arrest of cell division or inhibition of motility
as a protective response (Freudl et al. 1987; Kamat and Badrinarayanan 2023). However, in M.
xanthus, such regulatory mechanisms during DNA damage remain poorly understood. Notably,
none of the known proteins involved in cell division (COG category D: Cell cycle control, cell
division, chromosome partitioning) or motility (COG category N: Cell motility) under unstressed
conditions were differentially expressed in the proteomic data after MMC treatment (Figure 9).
This suggests that either M. xanthus employs different, perhaps novel systems for coordinating
cellular behavior under genotoxic stress, or that such regulation occurs through other

mechanisms not captured in this experiment.

The discovery of DdiA as a co-regulator in a LexA-independent DNA damage response pathway
opens new avenues for understanding the complex regulatory networks underlying genotoxic
stress adaptation in M. xanthus. However, our findings also point to the involvement of additional
regulatory factors beyond LexA and DdiA. This suggests the existence of a broader, multi-layered
regulatory architecture that remains to be fully elucidated. Future studies could build on our
candidate approach to further explore the regulatory landscape of the M. xanthus DDR. In this
context, several transcriptional regulators emerged as promising candidates that are
independently regulated from both LexA and DdiA. Among them, MXAN_2794, a TetR-family
transcriptional regulator, and MXAN_4983, a sigma-54-dependent transcriptional regulator, are

of particular interest (Table S1). These factors may represent components of a previously
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unrecognized regulatory circuit that governs specific subsets of DDR-related genes, including

TLS components.

Elucidating the roles of these candidate regulators and their interactions with known DDR
pathways will be essential for a more comprehensive understanding of how M. xanthus
coordinates its response to DNA damage. Such insights could also inform broader models of

bacterial stress response regulation and its evolutionary diversification.

Taken together, our results argue that DdiA acts as a LexA-independent regulator of the DNA
damage response, potentially operating through a novel mechanism of activation. Whether DdiA
is subject to regulation via protein-protein interactions, small molecule binding, or an as-yet-
undiscovered signal transduction cascade remains an open question. Understanding how DdiA
senses DNA damage and integrates into the broader DDR network will be essential for completing
the picture of stress regulation in M. xanthus. This insight may also contribute to a more general
understanding of how diverse bacterial species evolve parallel and redundant mechanisms to
ensure genomic integrity under genotoxic stress. How ddiA expression is induced in response to
DNA damage remains to be determined. How ddiA expression is induced in response to DNA
damage remains to be determined. In the future, it will be important to identify the signal and the
mechanism for the induction of ddiA expression. Similarly, it will be important to determine

whether DdiA directly activates dnaE2 and directly represses recX and recQ expression.

To further explore Ddi A6s function, proteomic ana
regulated proteins upon MMC treatment at 5 and 10 hrs. These proteins were categorized into
COG categories to assess functional trends. Particular attention was given to categories L and K.
Interestingly, many proteins falling into categories S (Function unknown) and R (General function
prediction only) were also significantly affected by MMC treatment. Specifically, 25 proteins whose
expression changes depend on both MMC and the presence of DdiA fall into these less-
characterized categories (Figure 19). This raises the possibility that DdiA may be involved in

regulating unknown or poorly understood systems during the DDR.

Our model proposes that spontaneous replication stress activates DdiA in a subpopulation of
cells, but the molecular nature of this stress and how it is sensed at the cellular level are still
unclear. Addressing this will require high-resolution, single-cell studies to map replication
dynamics, stress markers, and DdiA activity in vivo. In addition, while we demonstrate that DdiA
affects the expression of dnaE2 and recX, it remains to be determined whether this regulation is

direct or mediated through other factors. Identifying the DdiA binding sites or interaction partners
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and integrating this with genome-wide expression data will provide insights into its regulatory

mechanism.

5. Material & Methods

5.1 Chemicals, software & materials

In this work, chemicals, antibiotics and other substances were used by Roth in Karlsruhe,

Invitrogen in Darmstadt and Qiagen in Hilden - with the exception of a few deviations given in the

appropriate place. All reagents, enzymes, antibiotics and kits used for this work are listed here

together with the manufacturers.

Table 6: Reagents, Antibiotics, Enzymes, Kits

used in this study

Reagents Supplier
Carl Roth GmbH u. Co KG (Karlsruhe)
Chemicals Millipore Merck Chemicals GmbH (Schwalbach)

Sigma-Aldrich (Taufkirchen)

Media components, agar

Carl Roth GmbH u. Co KG (Karlsruhe)
Millipore Merck Chemicals GmbH (Schwalbach)
BD Difco (Heidelberg)

InvitrogenE life technologies (Karlsruhe)

Oligonucleotides

Eurofins MWG Operon (Ebersberg)
InvitrogenE life technologies (Karlsruhe)

Sterile filters (0.22 um / 0,45 pum)

Millipore Merck Chemicals GmbH (Schwalbach)

Luminata Western HRP Substrate

Millipore Merck Chemicals GmbH (Schwalbach)

SDS gel electrophoresis size standards

PagerulerE Plus Prestained Protein Ladder

PierceE Thermo ScientificE (Darmstadt)

Agarose gel electrophoresis size standards
2nd-log DNA Ladder

New England Biolabs (Frankfurt a. M.)

Antibiotics

Supplier

Kanamycin sulfate

Carl Roth GmbH u. Co KG (Karlsruhe)

Gentamycin sulfate

Carl Roth GmbH u. Co KG (Karlsruhe)

Oxytetracycline dehydrate

Carl Roth GmbH u. Co KG (Karlsruhe)

Tetracycline hydrochloride

Carl Roth GmbH u. Co KG (Karlsruhe)
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Mitomycin C

Sigma-Aldrich (Taufkirchen)

Phleomycin

Sigma-Aldrich (Taufkirchen)

Ciprofloxacin

Sigma-Aldrich (Taufkirchen)

Nalidixic Acid Sigma-Aldrich (Taufkirchen)
A22 Sigma-Aldrich (Taufkirchen)
Enzymes Supplier

Antarctic Phosphatase

New England Biolabs (Frankfurt a. M.)

Phusion High-Fidelity DNA Polymerase

Thermo Scientific (Dreieich)

Q5 Polymerase

New England Biolabs (Frankfurt a. M.)

Red Taq 2x Master Mix

VWR International GmbH (Darmstadt)

T4 DNA Ligase

Fermentas (St. Leon-Rot)

Restriktionsenzyme

New England Biolabs (Frankfurt a. M.)
Fermentas (St. Leon-Rot)

Turbo DNase

Thermo Scientific

LunaScript Reverse Transcriptase

New England Biolabs (Frankfurt a. M.)

Kits

Supplier

NucleoSpin Gel und PCR Clean-up

MACHEREY-NAGEL GmbH & Co. KG (Duren)

NucleoSpin Plasmid DNA purification

MACHEREY-NAGEL GmbH & Co. KG (Duren)

Monarch Genomic DNA Purification Kit

New England Biolabs (Frankfurt a. M.)

Luna® Universal g°PCR Master Mix

New England Biolabs (Frankfurt, Germany)

LunaScript® RT SuperMix Kit

New England Biolabs (Frankfurt, Germany)

Monarch® RNA Cleanup Kit

New England Biolabs (Frankfurt, Germany)

Monarch® Total RNA Miniprep Kit

New England Biolabs (Frankfurt, Germany)

Application Equipment

Manufacturer

Analysis of agarose gel

E-BOX VX2/20MX

Peqglab (Erlangen) Herolab

UVT-20LE UV Table (Wiesloch)

Nanodrop ND-1000 UV-Vis Nanodrop Technologies
Measure DNA content L

spectrophotometer (Wilmington)

lllumination of DNA in

agarose gels

GelStick IMAGER

GmbH (Géttingen)

Intas Science Imaging Instruments

Electroporation GenePulser Xcell BioRad (Munchen)
Gel electrophoresis E 835 Consort (Ottawa, CN)
Microscopy DM IRE2 Inverted Mikroskop Leica (Wetzlar)
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Optical density

Ultrospec 2100 pro

GE Helthcare (Little Chalfont, GB)

MasterCycler Personal MasterCycler

PCR ) Eppendorf (Hamburg)
Epgradient
] EPSON Perfection V700 Photo SEIKO Epson Corporation (Suwa,
Scanning
scanner Japan)
) RAI NI N Pipetl1Q@0® ec| Mettler-Toledo GmbH (Giel3en)
Pipettes

Pipetboy acu 2

Integra Bioscience GmbH (Biebertal)

Thermomixer

Termomixer compact Thermomixer

comfort

Eppendorf (Hamburg)

Chemiluminescence

detection

LAS-4000

Fujifilm (Dusseldorf)

Western blot transfer

Trans-Blot® TurboE Transfersystem

BioRad

Centrifugation
1. of small volumes

2. of larger volumes

1. Centrifuge 5424 R
2. Multifuge 1-SR

1. Eppendorf (Hamburg)

2. Thermo Scientific (Dreieich)

gRT-PCR

7500 Real-Time PCR system

Applied Biosystems (Darmstadt,

Germany)

Cell disruption

UP200St Sonicator

Hielscher Ultrasonics (Teltow,

Germany)

Application Software / bioiformatical tool Reference / supplier

1. KEGG 1. (Kanehisa and Goto, 2000)
Protein annotation. 2. SMART 2. (Ponting et al., 1999)
sequences, domains, BLAST 3. Inte-erro 3. (Blu.m et al. 2025?

4. UniProt 4. (UniProt Consortium, 2025)

5. NCBI 5. (Sayers, Eric W et al., 2022)
Protein structural modeling AlphaFold2 via ColabFold (Jumper et al., 2021)
Visualisation of proteins PyMol v 2.4.1. Schrddinger, Inc. (New York, USA)
Sequence alignment BioEdit v 7.0.5.3. (Hall, 1999)
Sequencial homologs HHPred (Gabler et al., 2020)
Structural homologs Foldseek (van Kempen et al., 2023)
Open reading frames FramePlot (Ishikawa and Hotta, 1999)
Microscopy image acquisition LAS X Leica Microsystems (Wetzlar)
Data analysis MATLAB R2020a MathWorks (Natick, US)
Image processing Metamorph® 7.5 Molecular Devices (Union City, US)
Graphical visualisation GraphPad Prism 10.1.0 (316) GraphPad (Boston, USA)
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5.2 Media & Growth conditions

5.2.1. Nutrient medium for E. coli

To culture E. coli, the LB medium is used.

Table7: LuriaBertani (LB) medium

Material Amount per liter Final concentration
NacCl 109 1% (m/v), 171 mM
Trypton 109 1% (m/v)
Hefeextrakt 5¢g 5% (m/v)

Before using the medium, it is autoclaved to exclude possible contamination. To prepare LB agar
plates, 15 g / L agar is added to the LB medium. Both in the medium and in the LB agar,
individually required selection factors, such as antibiotics, can be added sterile after autoclaving.

5.2.2. Nutrient medium for M. xanthus

For cultivation of M. xanthus, 1% CTT liquid medium and CTT agar plates are used.

Table8: CTT medium

Material Amount per liter Final concentration
Bacto-Casitone 10g 1% (m/v)

1.0 M Tris-HCI (pH:8) 10 ml 10 mM

KPO4 (pH:7.6) 1ml 1mM

0.8 M MgS0O4 10 ml 8 mM

For the CTT agar plates, 15 g/l agar is added to the CTT liquid medium and autoclaved. To the
medium then still possible sterile selection factors, such as antibiotics or 2.5 % galactose can be
added.

The galactose medium is used for the loop-out of M. xanthus transformants. Galactose is added
to the CTT broth. The final concentration is 2.5 %. A galactose stock solution was prepared and
this is sterile filtered after dissolving the sugar by heat. Thereafter, it can be added in proportion

to the autoclaved CTT agar.

5.2.3. Medium for microscopy

To pretreat a microcopy slide, a mixture of CTT and TPM is used. To this mixture is added 1%

agarose.
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Table9: Medium for microscopy

Material Concentration
Tris-HCI pH7.6 10mM
KH2PO4 ImM

MgSO4 8mM

SeaKem LE agerose (Cambrex) 1% (wiv)

CTT 0,25%

This approach is used for microscopy and time-lapse microscopy of bacterial cells. Enables cells

to grow and divide without creating much background fluorescence.

5.2.4. Additives

For some media, various additives are used. All media additives are listed for E. coli and M.

xanthus.

Tablel0: Additives used in this study

Additive Final concentration Dissolved in

E. coli

Kanamycin sulfate 100 ¢ / ml H.O

Tetracyclin 15 ¢l / ml 99.99% ethanol
M. xanthus

Gentamycin sulfate 10 ¢l / ml H.O

Kanamycin sulfate 50 ¢!l / ml H.O
Oxytetracyclin 10 €l / ml 0.1 M HCI
Galaktose 25% H.O

5.3 Microbial methods

5.3.1 Bacterial cultivation & storage

The E. coli strains used were incubated aerobically at 37 ° C. on LB agar plates or in LB liquid
medium on the horizontal shaker at 220 rpm. When necessary, various antibiotics were added as
selection factors to both the LB agar plates and the LB liquid medium. For storage of strains they
were streaked on LB agar plates and stored at 4 ° C. For measuring the cell density, the

photometer can be used, so you can measure the optical density at a wavelength of 600 nm.
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M. xanthus can be cultured in a liquid culture or on an agar plate. To prepare a liquid culture, an
M. xanthus colony is removed from a CTT agar plate and resuspended in approximately one
milliliter of CTT. This small volume is then transferred to the desired amount of CTT liquid medium
and, depending on the experiment, an antibiotic can be added. The liquid culture is incubated in
the dark shaking at 220 rpm and 32 ° C incubated. To determine the optical density, a photometer
at a wavelength of 550 nm can be used. In addition, M. xanthus can also grow in the dark at 32 °

Con a CTT agar plate.

5.3.2. E. coli & M. xanthus strains

Tablell: E. coliand M. xanthusstrainsused in this study

Strain Genotype Reference

E. coli

NEB F-proA+B+ | acl q“q:)I aepoMB) 5 / f hu A New England Biolabs
Turbo ?T:r;/B)gSale galE15 R(zgh-210::Tn10)TetS endAl thi-1  o( k (Frankfurt a. M.)
M. xanthus

DK1622 Wildtype (Kaiser 1979)
SA9405 oqumxan0633 ( duiA) (pJJ34) This study
SA9406 aamxan0633 ( duiA) attB::pJJ35 (Pnat mxan0633 (ddiA)) This study
SA9409 amx a n 0 6 8dd\) aftBppJJ37 (Pnat mxan0633(ddiA)-mCh) This study
SA9430 aamglA mxan0633(ddiA)::mxan0633(ddiA)-mCherry (pJJ38) This study
SA9433 mxan0633(ddiA)::mxan0633(ddiA)-mCherry (pJJ38) This study
SA9439 adexA (pJJ47) mxan0633::mxan0633-mCherry (pJJ38) This study
SA9440 adexA (pJJar) This study
SA9441 adexA (pJJ47) attB::pJJI51 (Pnat lexA) This study

5.3.3 Determining minimal inhibitory concentrations of antibiotics

To test the induction of proteins involved in the stress response, the MIC of various antibiotics
was determined in growing liquid cultures at different concentration of the drug. M. xanthus WT
cells were inoculated from a single colony in 5 ml CTT medium and grown for 48 hrs in an
exponential growth phase. To maintain exponential growth, cultures were diluted twice a day to
an ODsso of 0.2. After 48 hrs cells were treated with different drugs in different concentrations and

the ODsso was measured after 3, 6, 12 and 24 hrs. To determine if the cells are merely inhibited
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in their growth, they ware washed and subsequently allowed to grow under normal conditions for
24 hrs. The MIC is defined as the lowest concentration that inhibits growth in vitro. The MICs for

M. xanthus determined in this study are listed in the table 12.

Table 12: MIC of various chemicals for M. xanthus cells.

Chemical MIC Reference
Mitomycin C 0.5 pg/ml (in DMSO) This study
Nalidixic Acid 20 pg/ml (in ethanol) This study
Ciprofloxacin 0.1 pg/ml (in H20) This study
Phleomycin 0.1 pg/ml (in H20) This study
A22 10 pg/ml (in DMSO) This study
EDTA 0.1M This study
Sorbitol 05M This study
Sucrose 0.25 M This study

5.4 Molecular biology methods
5.4.1 Plasmids & oligonucleotides

Eurofins Genomics Germany GmbH (Ebersberg) synthesized all oligonucleotides.

Table 13: Oligonucleotides used in this study. The restriction sites and the corresponding
restriction enzymes are highlighted in grey.

Name Sequence (5" to 3" prime ) Purpose
JJ13 DdiA_A _Hindlll GCGAAGCTTCTCCAGCTCCGCGACCTCACGGCGC
JJ14 DdiA_B CGCCACCTGCCCTCCAATGAGGGTTGCCAGTC
JJ15 DdiA_C CCCTCATTGGAGGGCAGGTGGCGAACGCGCT
JJ16 DdiA_D_Xbal GCGTCTAGATGCCAGACCTGGCCCAGCGTCTCG In-frame deletion
JJ53 DdiA_E GGATGCGCCCCACGTCCAGCAG (pd d)i A
JJ54 DdiA_F CAGCGCGGGCTTCCACACGATG
JJ55 DdiA G CGCGGTCCGCGCGGCGCG
JJ56 DdiA H GGCGAAGACGCGGTGCGTCC
JJ45 LexA_A_Hindlll GCGAAGCTTGCTCCTTGTCCTTGCGCAGCTGCG
JJ46 LexA_B TGCGGCCGCCGCTCTTCCATGCGCTCCCTC
In-frame deletion
JJ47 LexA_C ATGGAAGAGCGGCGGCCGCACCCCGTAGTC | e)x A
JJ48 LexA_D_Xbal GCGTCTAGACCACACCGCGGACGTGCTCG @
JJ49 LexA E GGACGAAGAGCGCCTCCACG
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JJ50 LexA F CCTCGAAGCAGCGCTACCCGG
JJ51 LexA G GCGCGAGATTCTCAGCTTCATCG
JJ52 LexA_H CATCGACTGCCCCTTCACGC

Name Sequence (5" to 3" prime) Purpose
JJ17  EcoRI_up_633_fwd GCGGAATTCCTGCAGGAAGCGCTGCGCCTCACGCGCC complementation
JJ18  Hindlll_633_rev GCGAAGCTTCTACGTCTCGAGCGCGTTCGCCACCTGC (ddiA)
JJ59  LexA_A_EcoRlI GCGGAATTCGCTCCTTGTCCTTGCGCAGCTGCG complementation
JJ60  LexA_rev_Hindlll CGCAAGCTTCTACGGGGTGCGGCCGCCCTGGAGC (lexA)
JJ20  633_Linker_rev GGCGGCGGATCTGGCGGACGTCTCGAGCGCGTTCGCCACCTGC
JJ21  Linker_mCh_fwd TCCGCCAGATCCGCCGCCGGCTCCGGCATGGTGAGCAAGGGCG

— Padia ddiA-mCherry

JJ22  Hindlll_mCh_rev GCGAAGCTTITACTTGTACAGCTCGTCCATGCC
JJ26  Xbal 633 GCGTCTAGAATGGAACAACGACTGGCAACCCTCATTGG
JJ23  Hindlll_up_633_fwd GCGAAGCTTCCGCGCAGGCCGAATTTTCGGCTTCCGCGC
JJ24  down_0633 mCh_rev | CCGCTGTATCTTACTTGTACAGCTCGTCC replacement
JJ25 mCh_down_0633_fwd | GTACAAGTAAGATACAGCGGAGACCCGGCC (ddiA::ddiA-mCherry)
JJ26  DdiA_D_Xbal GCGTCTAGATGCCAGACCTGGCCCAGCGTCTCG
JJ17  EcoRI_up_633_ fwd GCGGAATTCCTGCAGGAAGCGCTGCGCCTCACGCGCC
JJ57  PddiA_mCh_fwd CCGCACGCCATGGTGAGCAAGGGCGAGGA promotorfusion
JJ58 mCh_PddiA_rev GCTCACCATGGCGTGCGGAAAACCTGTCG Padia mCherry
JJ59  Hindlll_stop_mCh GCGAAGCTTITACTTGTACAGCTCGTCCATGCC
Name Sequence (5 to 3" prime ) Purpose
KA-231 GGATGTGCTGCAAGGCGATTAAGTTGG sequencing
KA-232 GCTTTACACTTTATGCTTCCGGCTCG sequencing
KA-254 GTGCGCACCTGGGTTGGCATGCG sequencing
pSW105 PpilA fwd GCCGAACGACCGAGCGCAGCGAGTC sequencing
pBJ114 J rev CGCCATTCAGGCTGC sequencing
pBJ114 J fwd GCGCCCAATACGCAAACCGC sequencing
mcCh int fwd JJ GGTGAAGCTGCGCGGCACC sequencing
mCh int rev JJ CGGGCTTCTTGGCCTTGTAGG sequencing
mCh fwd JJ GTGAGCAAGGGCGAGGAGG sequencing
P633 fwd end CGACAGGTTTTCCGCACGCC sequencing
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633 fwd ATGGAACAACGACTGGCAACCC sequencing

633 rev CGTCTCGAGCGCGTTCGCC sequencing

M13 rev CAGGAAACAGCTATGAC check for plasmid integration

M13 fwd CTGGCCGTCGTTTTAC check for plasmid integration

attB left CGGCACACTGAGGCCACATC check for Mx8 attB integration

attB right GGAATGATCGGACCAGCTGAA check for Mx8 attB integration

attP left GGGAAGCTCTGGGTGACGAA check for Mx8 attB integration

attP right GCTTTCGCGACATGGAGGA check for Mx8 attB integration
18-19 int p75 fwd TTACTCTAGCTTCCCGGC check for mxan0018-19 integration
18-19int p75 rev GTCTGACGCTCAGTGGAAC check for mxan0018-19 integration
18-19 C fwd CCCACGGAGAGCTGCGTGAC check for mxan0018-19 integration
18-19 C rev GAGAAGGGTGCCGTCACGTC check for mxan0018-19 integration

Table 14: Oligonucleotides used for gPCR.
efficiency and which were used for qPCR.

In red are the oligos with the best primer

Name Sequence (5" to 3" prime ) Purpose
73 TrpA_fwd_1 ATGGACCTGATTCCCCTGTG
74 TrpA_rev_1 GCACCAAATCCAATCGCTG
75  TrpA_fwd_2 TGGCCGTGGCTTTGTCTATT gPCR for trpA
76 TrpA_rev_2 CCTTGCGCACCAAATCCAAT (control)
77  TrpA fwd_ 3 GATTGGCGTGGCGTTCAG
78  TrpA_rev_3 GGGGACATCGCTTGCGTA
79  UvrA_fwd_1 TCCTTCTCCTTCAACAACCC
80 UvrA_ rev_ 1 GTACATCAGCGTGTCCTTC
81  UvrA_fwd_2 ACAGATGGAGAAGCCGAAG gPCR for uvrA
82 UvrA_rev_2 ATAAAGCACCCGCAGGTAG (LexA-dependent control)
83  UvrA fwd 3 ACTTCAAGACGACCACCTCC
84  UvrA rev_3 TGCGAATCTCCTTCAGCAGC
85 DdiA fwd_1 GAACAACGACTGGCAACCC
86 DdiA_rev_1 CATACACCTCGGTGGCGA
87 DdiA_fwd_2 GGCAACCCTCATTGGAAACG
gPCR for ddiA
88 DdiA_rev_2 CGTCCGACGAGCAGTTGA
89 DdiA fwd_3 CTGGCAACCCTCATTGGAAA
90 DdiA_rev_3 TACACCTCGGTGGCGATG
91 DnaE2_fwd_1 CGCCTCATTGGATGACTTG
92 DnaE2 rev_1 GCTCAATCTGCTTCACCAC gPCR for dnaE2
93 DnaE2 fwd 2 GAAGCAGATTGAGCACGAG
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94  DnaE2_rev_2 TCGTAGACGTACTGGAGGAC
95 DnaE2_fwd_3 ATCCATGCTGCTGCAATAC
96 DnaE2 rev_3 GGACGCATACGCAATCAAC

97 RecX fwd 1

AGGACCCGACAAGAAGAAGGAG

98 RecX_ rev_ 1

AACTTGATGGAGCGGTCCAC

99 RecX_fwd_2

CTGCACTACCTGAAGCGTTAC

100 RecX _rev_2 AGTGAGTGCGCCTTCATCTG
101 RecX_fwd_3 ACCCGACAAGAAGAAGGAGC
102 RecX_rev_3 AGTGAGTGCGCCTTCATCTG

Table 15: Plasmids used in this study.

gPCR for recX

Vector Description Integration Reference

pSW105 Ppiia; KmR Mx8 attB site S. Weiss (MPI Marburg)

pSWuU30 R Mx8 attB site (Wu et al., 1997)

pMS48 R mxan18-19 site M. Seidel (MPI Marburg)

pBJ114 galK gene; KmR native site of genes | (Julien et al., 2000)

pDS150 mxan18-19 site D. Schumacher (MPI Marburg)

pSW105, Pratpomz mCh- .
pPAHS53 Mx8 attB site A. Harms (MPI Marburg)
pomX, KmR

Plasmid | Description Vector Reference

pJJ34 for generation of an in-frame deletion of mxan0633(ddiA) pBJ114 This study
complementation construct for Mxan0633(DdiA) expressed from .

pJJ35 ] This study
the native promoter
complementation construct for Mxan0633(DdiA)-mCh expressed .

pJJ37 ] This study
from the native promoter

pJJ38 for integration of mxan0633(ddiA)-mCh at the native site pBJ114 This study

pJJa7 for generation of an in-frame deletion of mxan4447(lexA) pBJ114 This study
for integration of mCherry expressed from the mxan0633(ddiA) _

pJJ50 pSW105 | This study
promotor
complementation construct for Mxan4447(LexA) expressed from _

pJJ51 ) This study
the native promoter
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5.4.2 Construction of plasmids

5.4.2.1 Generation of in-frame deletion and insertion strains

One strategy to generate an in-frame deletion mutant is to construct a plasmid containing the
flanking regions of the gene and to delete the gene by two homologous recombination processes
(Figure 26A).

By performing a PCR with genomic DNA and the A-B and C-D primers, the two regions AB,
upstream of the gene, and CD, downstream of the gene, are obtained. Primers A and D both have
restriction sites so that they can be cloned into the vector. The kanamycin resistance of pBJ114
makes it possible to dissect E. coli and M. xanthus. In addition, the plasmid pBJ114 has a multiple
cloning site (MCS) to add DNA fragments and the galactokinase (galK) gene for further selection.

The plasmids used in this study is shown in Figure 26B.

The extracted AD bands and the plasmid are digested using the same restriction enzymes on the
insert and the vector so that the cleavage sites have the same ends. The AD fragment can be
integrated into the plasmid during ligation. After ligation, the plasmids are transformed into

chemically competent E. coli NEB turbo.

The plasmid is transformed into M. xanthus. The recombination of the plasmid and integration
into a genome can occur either at the upstream or downstream flanking region, which can be
tested by PCR. This is tested by using primers E and F, which bind outside the gene, and M13-
rev and M13-fwd, which bind inside the plasmid. If an upstream recombination occurred, the piece
from E to M13-fwd will be smaller than the piece from M13-rev to F, because this is where the
gene is located. But if it is the other way around, the recombination is downstream. The third PCR
uses primers E and F, which lie outside the flanking regions. There should only be one band there
in the WT, because this piece is too large in the mutants with the integrated plasmid to be

produced in the PCR process.

A second recombination process is needed to remove the plasmid with the desired gene from the
genome. The cells are plated on CTT + Gm + 2.5% galactose. The galK gene is on the plasmid.
GalK converts the galactose to galactose-1-phosphate. This product is harmful to the cell, which
is why cells that have already removed the plasmid from their genome grow and multiply better
(Shi et al. 2008). Each colony that has grown is then plated in parallel on CTT + Gm and CTT +
Km to find out which colonies still have a plasmid and are therefore kanamycin resistant and which

are not. The colonies that have grown on CTT+Gm but not on CTT+Km are examined in a PCR
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to determine whether a mutant or the wild type has been created through recombination. To do

this, primers G and H are used, which bind inside the gene, and primers E and F, which bind

outside the gene (Figure 26A) (Shi et al. 2008).

A) Generation of in-frame deletion

E M13 fwd

—E up Idown j—gaiK—ka

F M13 rev

—E down - up

i

— up Idown— — up -down—

B) Plasmids
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Figure 26: A) Schematic representation of the production of an in-frame deletion mutant
modified from (Shi et al. 2008). A plasmid is produced that contains the upstream and
downstream (light red) flanking regions of the gene (red) of interest. The plasmid has a
kanamycin resistance and the sequence of the galK gene. With the help of homologous
recombination, the plasmid is integrated into the genome and with a second homologous
recombination it is removed from the genome. The result can be an in-frame mutant without
the gene or the WT. B) lllustration of plasmids constructed to create in-frame deletions of
ddiA (pJJ34) and lexA (pJJ47) and to replace ddiA for ddiA-mCherry (pJJ38).

pJJ34 (for generation of in-frame deletion of mxan0633(ddiA)): up- and downstream fragments

were amplified from genomic DNA of DK1622 using the primer pairs JJ13(DdiA_A) &
JJ14(DdiA_B) and JJ15(DdiA_C) & JJ16(DdiA_D). Subsequently, the AB and CD fragments were
used as templates for overlapping PCR with the primer pair JJ13(DdiA_A) & JJ16(DdiA D) to
generate the AD fragment. The AD fragment was digested with Hindlll + Xbal, cloned in pBJ114

and sequenced.

pJJ47 (for generation of in-frame deletion of lexA): up- and downstream fragments were amplified
from genomic DNA of DK1622 using the primer pairs JJ45(LexA_A) & JJ46(LexA_B) and
JJ47(LexA C) & JJ48(LexA_D). Subsequently, the AB and CD fragments were used as templates
for overlapping PCR with the primer pair JJ45(LexA_A) & JJ48(LexA D) to generate the AD
fragment. The AD fragment was digested with Hindlll & Xbal, cloned in pBJ114 and sequenced.

pJJ38 (replacement of mxan0633(ddiA) with mxan0633(ddiA)-mCh in the native site): up- and
downstream fragments were amplified using pJJ37 as DNA template and the primers JJ23 & JJ24

and JJ25 & JJ16, respectively. To generate the full length insert, an overlapping PCR using the
two fragments as DNA templates and the primer JJ23 & JJ16 was performed. The fragment was

digested with Xbal and Hindlll, cloned into pBJ114 and sequenced.
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5.4.2.2 Expression from Mx8 attB site and mxan0018/19 site

A) Mx8 att site integration
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Figure 27: A) Schematic representation of the integration of the plasmid with Mx8 att site
into the Mx8 att site of the M. xanthus genome. B) Schematic representation of the
integration of the plasmid with Mx8 att site into the Mx8 att site of the M. xanthus genome.
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C) Illlustration of plasmids constructed for this study integrated into the Mx8 attB site or
mxan0018 - 19 site.

pJJ35 (expression of Pnar Mxan0633(ddiA) from the Mx8 attB site): Pna mxan0633(ddiA) was
amplified with the primer combination JJ17 & JJ18 and genomic DNA from M. xanthus DK1622

as a template. The fragment was digested with EcoRI and Hindlll, cloned into and

sequenced.

pJJ36 (expression of Ppia mxan0633(ddiA) from the Mx8 attB site): the mxan0633(ddiA) fragment
was amplified with the primer pair JJ19 & JJ18 from genomic DNA from M. xanthus DK1622,

digested with Xbal+ Hindlll, cloned into pSW105 and sequenced.

pJJ37 (expression of Pna mxan0633(ddiA)-mCh from the Mx8 attB site): the mxan0633(ddiA)
fragment was amplified with the primer pair JJ17 & JJ20 from genomic DNA from M. xanthus
DK1622, and the mCherry fragment was amplified with the primer pair JJ21 & JJ22 from pAH53.

Next, and overlapping PCR was performed using the previous PCR products and the primer pair
JJ17 & JJ22. The product was digested with EcoRI & Hindlll, cloned into and

sequenced.

pJJ41 (expression of Ppia_mxan0633(ddiA)-mCh from the Mx8 attB site): the mxan0633(ddiA)
fragment was amplified with the primer pair JJ19 & JJ20 from genomic DNA of M. xanthus
DK1622, and the mCh fragment was amplified with the primer pair JJ21 & JJ22 from pJJ37. Next,

and overlapping PCR was performed using the previous PCR products and the primer pair JJ19
& JJ22. The product was digested with Xbal+ Hindlll, cloned into pSW105 and sequenced.

pJJ51 (expression of Pna lexXA from the Mx8 attB site): Pna leXA was amplified with the primer
combination JJ59 & JJ60 and genomic DNA from M. xanthus DK1622 as a template. The

fragment was digested with EcoRI and Hindlll, cloned into and sequenced.

pJJ50 (expression of Pmxanosss@diay MCh from the Mx8 attB site): the Pmxanosssdia) fragment was
amplified with the primer pair JJ17 & JJ58 from genomic DNA of M. xanthus DK1622, and the

mCh fragment was amplified with the primer pair JJ57 & JJ32 from pJJ37. Next, and overlapping
PCR was performed using the previous PCR products and the primer pair JJ17 & JJ32. The
product was digested with EcoRI and Hindlll, cloned into pSW105 and sequenced.

To check if the plasmid has integrated into the attachment site or mxanl18 - 19 site, a colony PCR

is performed (Table 18). For the Mx8 att site integration, three primer pairs are used: attB left &
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attB right, attB left & attP right and attB right & attP left. If the plasmid is not integrated into the
genome, only the piece can be amplified with the primer pair attB left & attB right. If the plasmid
is integrated, the piece to be synthesized would be too large for successful amplification.
However, the other two pieces are to be amplified with the other two primer pairs. Thus, one can
check whether the plasmid is integrated or not. For the mxan0018 - 19 site integration, the three
primer pairs are used: Cd & Crev, Ciwd & Prev and Crev & Prwd.

5.4.3 PCR

The PCR is used to amplify genomic DNA fragments and the touchdown program is used. The
polymerase used is the "Phusion High Fidelity Polymerase” from New England BioLabs (Frankfurt
am Main) or the "Q5 High-Fidelity DNA Polymerase" from New England BioLabs (Frankfurt am

Main). The primers used were dissolved in H,O at a concentration of 100 pmol / I.

Table 16: PCR approach

Material Amount
H20 20 ¢l
Enhancer 10 ¢l

Puffer GC 10 ¢l
DMSO 5e¢l

Primer forward 1.25¢l
Primer reverse 1.25¢l
dNTP 1 ¢l
Genomische DNA 1 el
Polymerase (Phusion/Q5) 0.5 ¢l

Table 17: PCR program

Step Temperature Time Repeat
Initial denaturation | 95°C 3 min

Denaturation 95°C 30 sec

Annealing 5°C below melting temperature (mostly 55-60°C) | 30 sec 35x
Elongation 72°C 30 sec /1000 bp

Final elongation 72°C 10 min
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Colony PCR is a PCR using a completed master mix and the PCR program. To perform colony
PCR of E. coli, a colony is picked from an LB agar plate and rubbed into the neck. For M. xanthus,
a colony is picked anQThisapproashpsdailedat®8 °iChor fisedninatés

and then centrifuged to obtain the desired DNA in the supernatant.

Table 18: Colony PCR approach

Material Amount

2x Master Mix 10 ¢l
Primer forward 1 ¢l
Primer reverse 1 ¢l
DMSO 2 el
H20 4.5 ¢l
DNA 1. e |

5.4.4 DNA restriction digestion and ligation

Digestion is performed to cut DNA using restriction enzymes. To carry out a digestion, the
substances are mixed together in the amounts listed in Table 19. This mixture is incubated for
two hrs at 37°C.

Table 19: Digest approach

Material Amount
CutSmart (buffer) 2ul
restriction enzyme 1 1u
restriction enzyme 2 1u

DNA 150 ng
H20 Add 20 ul

In a ligation, DNA fragments are linked together. For this purpose, the substances are mixed in
the amounts listed in Table 20. How much of the vector and the insert in 1:3 Ratio is added, you
can determine wusing the "Ligation Calculator® of the University of Dusseldorf
(http://www.insilico.uni-duesseldorf.de/Lig_Input.html). The ligation mixture incubates at room

temperature for 1 hour.
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Table 20: Ligation approach

Material Amount
T4 DNA Ligase 2 ul

T4 DNA Ligase buffer 2 pl
Vektor Xng
Insert Xng

H20 Add 20 pl

5.4.5 Agarose gel electrophoresis

The DNA fragments were mixed with an SDS loading buffer, applied to a 1% (w / v) agarose gel
containing 0.01% (v / v) ethidium bromide consisting of 1x TBE buffer with 10 g / | agarose and
electrophoretically separated according to their size. The ethidium bromide intercalates into the
DNA and this allows the fragments to be visualized under UV light. If necessary, the PCR
fragments were purified with the "PCR Clean up kit" from Machery & Nagel. New England's 2-Log

DNA Ladder BioLabs would be used as a marker.

Mass (ng) Kilobases

40 100-— 2 og DNA Ladder

40 80— visuahzed by

Y eiidium bromide

32 407 skining ona 1.0%
120 3.0— TEE agarose gel

Mass values are for

40 20— 1 ug/ne.

57 5=

45 12 -
122 1.0-

34 09—

31 08~

27 07—

23 06— Suggested Load:
124 0.5— 10 ul/gel lane

49 04—

37 03—

32 02—

61 1=

Figure 28: 2-Log DNA Ladder from New England BioLabs for size determination of
fragments.
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5.4.6 Preparation of chemically competent  E. coli cells and transformation

200 ml of LB liquid medium are inoculated with a 5 ml LB liquid culture so that an OD of 0.5 to 0.7
is reached after an incubation period. The culture is centrifuged for 10 min at 4 ° C and 4700 rpm.
The pellet is resuspended with 20 ml of 50 mM CacCl 2 + 15% glycerol and the suspension is
incubated on ice for 10 mi ntBO%Cs. 100 ¢l aliquots

The frozen competentE.colicel | s are to be thawed on iad#te Under
ligation is added. After 2 minutes incubation of the cells with the ligation on ice, a heat shock is
performed. For this, the cells are left for 1 minute and 40 seconds at 42 ° C and then incubated
for 5 minutes on ice. After adding 1 ml of LB, incubate the cells shaking at 37 ° C for one hour.
The batch is centrifuged (1 min / 11000 rpm / RT) and then the pellet is resuspended in 40 ul LB

and plated out on an LB agar plate with the appropriate antibiotic.

5.4.7 DNA isolation from M. xanthus

To prepare M. xanthus chromosomal DNA, a culture of 5 ml of the wildtype is first set up. This is
centrifuged at room temperature for 10 minutes at
solution of 2 ¢l 50 mg [/ ml proteinaseengonisn 600
incubated at 65 ° C for 15 minutes and is properly mixed every five minutes. After the sample has

been on ice for 5 minutes, 2 ¢l of the 5 mg [/ ml
then incubated at 37 ° C for 30 minutes and then stored for 5 minutes on ice. To precipitate the

tot al DNA, add 360 ¢l of MPC Protein Precipitatic
mi xed well, centrifuged (10 min / 10000 rcf [/ 4 A
the supernatant. After inverting the sample 30-40 times, it must first be centrifuged (10,000 rpm /

10 min / 4 ° C) and then the pellet is rinsed twice with 2 ml of 75% ethanol. The ethanol must be

removed after further centrifugation, and thenthe DNAisre suspended in 35 to 100

5.4.8 Transformation of M. xanthus

The transformation is performed to integrate a plasmid into M. xanthus cells. To do this, centrifuge

2 ml of a M. xanthus culture (5 min / 8000 rpm / RT) and wash the pellet twice with sterile and

distiled H,O. Af ter the |l ast washing step, it is again ¢
HO to which 1 g of pl amkathdcells temporardy@emeablersotlat der t o
the plasmid can be introduced, this approach is
constant & 9 ms). The 40 el are then taken up in 2
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period of 1-2 generation times, the culture is plated out on a CTT agar plate with the appropriate

antibiotic.

5.4.9 RNA isolation, complementary DNA synthesis and RT  -gPCR

To investigate gene expression during DNA damage, gRT-PCR was performed with and without
MMC. M. xanthus cells (in triplicate) were inoculated from one single colony in 20 mI CTT medium
with corresponding antibiotics and grown for 48 hrs in an exponential growth phase. To allow cells
to grow exponentially cultures were diluted twice a day to an ODsso of 0.2. After 48 hrs cells were
resuspended at an ODsso 0f 0.5-0.7i n 200 eL of | ysi-BCl|[ph7.6],& mg
mL"! lysozyme), and incubated at 25 °C for 5 min. Total RNA from M. xanthus cells was extracted
using the Monarch Total RNA Miniprep Kit. RNA purification was performed according to the
manufacturer's protocol. DNA was removed using Turbo DNase, and DNase was removed using
the Monarch RNA Purification Kit. Samples were adjusted to the same total RNA concentration.
TrpA was used as a normalization gene because its expression is not affected by DNA damage
(Courcelle et al. 2001; Campoy et al. 2002; Campoy et al. 2003).

(100 m

A LunaScript RT Supermix Kit was us eAtbditomaly,ggener at e

negative control was used with the No-RT Control Mix. gPCRs were performed on an Applied
Biosystems 7500 real-time PCR system using the Luna Universal gPCR Master Mix. Data were

analyzed using the Comparative Threshold Cycle (CT) method (Schmittgen and Livak 2008).

For this purpose, PCR mixtures (in triplicates) were prepared using the selected primer pairs on
a 1:10 dilution series of chromosomal DNA (
Ct values were determined from the triplicates, and a best-fit line was generated for the mean
values of the individual dilutions. Based on the slope of this best-fit line, primer efficiency was
calculated using the formula ( -1 + 10¢¥slope) ) * 100. If the efficiency is between 90 and 110 %, it

can be used.

Tabelle 21: gPCR approach

20

Material Amount
MasterMix 10.00 pl
PrimerMix (10uL FP + 10uL RP + 80uL Water) 0.40 ul
gDNA 5.00 pl
Water 4.60 pl
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5.4.10 Whole -cell proteomics

To investigate the regulation of proteins during DNA damage, whole-cell proteomics was
performed with and without MMC. M. xanthus cells (in quadruplicates) were inoculated from one
single colony in 10 ml CTT medium with corresponding antibiotics and grown for 48 hrs in an
exponential growth phase. To allow cells to grow exponentially cultures were diluted twice a day
to an ODssp of 0.2.

After 48 hrs at an ODsso of 0.5 - 0.7, proteins from whole cells were extracted and alkylated. In
collaboration with the core facility for MS & proteomics at the MPITM headed by Dr. Timo Glatter,
the proteins were digested using trypsin and then solid-phase extraction (Cis purification) of the

peptides was performed and analyzed via LC-MS as described in (Schwabe et al. 2022).

Imputed values were used to represent protein intensities in the volcano plot. Proteins with a log.-

fold enrichmenlt. 50fi nO slanplers @ompared to the cont
(7T lpodPg value O 1. 3), we r eAll praveins werk elassifibd imtce Qustéradf e d .
Orthologous Genes (COG) categories according to the definition (Tatusov, Koonin, and Lipman

1997).

5.4.11 Competition experiment

To find out whether a deletion has a fithess advantage or disadvantage, a competition experiment
was carried out. M. xanthus cells from WT and the deletion of interest were inoculated from a
single colony into 10 ml CTT medium and grown for 48 hrs in an exponential growth phase. The
two strains were then mixed 1:1 at an ODsso 0of 0.2 and grown for 5 days (with continuous dilution).
A sample was taken every 24 hrs, then a PCR was performed with primers E & F (Figure 29),

then the intensities of the bands were determined, and the ratio was calculated.
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24 48 72 96 120

Figure 29: Schematic representation of the experimental setup of the competition
experiment.

5.5 Biochemical methods

5.5.1 SDS polyacrylamide gel electrophoresis (SDS -PAGE)

M. xanthus overnight cultures were each spun down and taken up in as much 1xSDS loading
buffer that the samples had a calculated cell density of 7x109 cells / ml. The samples were boiled
for 5 min at 95 ° C and the same amount of samples loaded onto a 10-14% polyacrylamide gel.
The samples receive a negative charge by binding with the SDS and thus they can be
electrophoretically separated according to their molecular mass. The markers used were Page

Ruler from Thermo Scientific.

Table 22: 1x SDS charging buffer

Material Amount
Glycerol 10% (v/v)
Tris-HCI (pH:6.8) 60 mM
SDS 2% (wiv)
DTT 100 mM
EDTA 3mM
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Bromophenol Blue 0.005% (w/v)

Table 23: Composition separating gel (10%)

Material Amount
1.5M Tris-HCI 5 ml

30% Acrylamid 6.6 ml

H20 5.4 ml
TEMED 8 ¢l
APS 200 ¢

Table 24: Composition collection gel

Material Amount
1.5M Tris-HCI 12.5 ml
30% Acrylamid 6.5 ml For 50 ml
H20 31 mil
TEMED 3ul

For 1 ml
APS 6ul

Table 25: Composition of the buffers used

Buffer Composition per liter
39 mM Glycin
Transferbuffer 48 mM Tris

0.0375% (w/v) SDS
20 mM Tris (pH 7.6)
137 mM NacCl

TBS Puffer

0.05% (v/v) Tween

TBS Buffer

TBST

5.5.2 Immunoblot analysis

A Western Blot is performed to detect proteins or other antigens and to label them specifically
using appropriate antibodies. After electrophoretic separation of the sample in the SDS gel, the

molecules were transferred from the gel to a 0.2 nitrocellulose membrane with the aid of Bio-
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Rad's "TransBlot® Turbo E Transfer System" (2.5 A, 25V, 10 min) and with transfer buffer (Table
25). By this step, the proteins, which have a negative charge, were pulled from the gel to the

anode and attached to the 0.2 e€m thick nitr

After protein transfer, the nitrocellulose membrane was first blocked in 5% (m/v) low-fat milk in 1x
TBST buffer for one hour at room temperature and then incubated overnight in the first antibody
in an appropriate dilution in 2% (m/v) low-fat milk in 1x TBST at 4°C. The next day, the membrane
was washed three times for 15 min in 1x TBST and then incubated for one hour with the second
antibody in 2% (m/v) low-fat milk in 1x TBST at 4°C. After repeating the washing step and adding
the Luminata Western HRP substrate from Merck Millipore, it was possible to analyze for

chemiluminescence using the Fuijifilm LAS-4000.

Table 26: Antibodies used for immunoblot analyses.

Antibody Manufacturer Dilution

U-mCherry BioVision (Waltham, USA) 1:2500

U-GFP Sigma-Aldrich (Taufkirchen) 1:2000

U-PilC 1:2000

G o a trabhit IgG Sigma-Aldrich (Taufkirchen) 1:10,000

S h e e-moukk IgG GE Healthcare Europe GmbH | 1:5000
(Freiburg)

5.6 Microscopy

5.6.1 Fluorophores and filter sets for fluorescence microscopy

In Table 27, the fluorophores that were used in this study are listed. To activate and follow the
localization of fluorescently tagged proteins, the filter systems listed in Table 28 were used in this

study.

Table 27: Fluorophores for fluorescence microscopy used in this study

Fluorophore Specification

mCherry Monomeric fluorophore
Excitation maximum: 578 nm

Emission maximum: 610 nm

GFP Codon optimized sequence for high GC content
Excitation maximum: 395 nm

Emission maximum: 509 nm
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Table 28: Filtersets used for the DMI 6000 B microscope (Leica)

Filter Excitations Emission

A4 (DAPI) 360/40 nm 470/40 nm
L5 (GFP) 480/40 nm 527/30 nm
TX2 (mCherry) 560/40 nm 645/75 nm

5.6.2 Live cell imaging

M. xanthus cells were inoculated from one single colony in 5 ml CTT medium with corresponding
antibiotics and grown for 48 hrs in an exponential growth phase. To allow cells to grow
exponentially cultures were diluted twice a day to an ODsso of 0.2. After 48 hrs cells were imaged
atan ODssp 0of 0.5-0. 7 on TPM agarose slides. 6 ¢l of cul't
agarose patch and incubated for 5 min at RT in the dark to let the cells attach to the surface. Cells

were covered with a 0.17 mm coverslip before microscopy.

DAPI stain: 390 pl culture was pre-mixed with 10 ul of 40 pg/ml DAPI and incubated for 5 min at
32 °C shaking in the dark before 10 ul were applied to the TPM agarose patch.

5.6.4 Measuring cell length

To determine if a strain has a cell length phenotype, the cell length in a population of cells must
be determined in biological triplicates and compared to the WT strain. Using the program Oufti,
which automatically recognizes the cells, and a custom-made Matlab R2020a (MathWorks) script,

the cell length of all microscopically examined cells is determined.

5.7 Bioinformatic analyses

M. xanthus genes and protein sequences were obtained from KEGG
(https:/lwww.genome.jp/kegg/). Protein sequences were further analyzed using the SMART
algorithm (http://smart.embl-heidelberg.de/). To search for homologous protein sequences,
Blastp and Blastx searches were performed (NCBI) using a protein query or a nucleotide query,
respectively (http://blast.ncbi.nim.nih.gov/Blast.cgi), and protein sequences were aligned using
MAFFT (Multiple Alignment using Fast Fourier Transform)

(http://www.ebi.ac.uk/Tools/msa/mafft/). Figures were created in lllustrator. Some elements (such
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as DNA or replication stress symbols) were exported from Bio render and then modified in

Illustrator.
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Figure S1. LexA from M. xanthus is structurally similar to the LexA repressors from E. coli and B.
subtilis . AlphaFold-modeling of a LexA Dimer with DNA (100bp before the start codon of LexA) from M.
xanthus (A), E. coli (B), and B. subtilis (C). pLDDT (predicted local distance difference test) and pAE
(predicted alignment error) plots predicted by AlphaFold 3. Model O of these proteins (indicated by a green

box) was used for further analysis.
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Figure S2. The newly annotated transcription regulator DdiA is structurally similar to DdrO. A)
Frameplot analysis of DdiA showing re-annotation of the start codon to better align with the predicted open
reading frame (ORF). B-C) Conservation of DdiIA in Cytobacterineae (B) and sequence alignment of DdiA
from M. xanthus and DdrO from D. deserti (C). The blue box indicates the predicted HTH_XRE DNA-binding
domain. Black boxes highlight identical amino acid residues, while gray boxes indicate conserved

substitutions (similar amino acids).
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