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l. Zusammenfassung

Bakterien sind haufig Umweltstressoren ausgesetzt, welche ihr Uberleben bedrohen. Dies fiihrt
zur Aktivierung von Stressreaktionssystemen, welche die Genexpression anpassen, um die zellu-
lare Integritat aufrechtzuerhalten. Sollten diese Systeme jedoch unzureichend sein, kénnen Bakte-
rien Persisterzellen bilden. Hierbei handelt es sich um eine ruhende Subpopulationen mit reduzier-
ter Stoffwechselaktivitat und erhéhter Antibiotikatoleranz. Im Gegensatz zu anderen Formen der
bakteriellen Dormanz, wie beispielsweise Endosporen, weisen Persisterzellen morphologische
Ahnlichkeiten mit aktiven Zellen auf, befinden sich jedoch in einem vorilbergehenden Zustand
reduzierter Aktivitat. Diese Uberlebensstrategie erméglicht es Bakterien, widrigen Bedingungen
standzuhalten, was zu Infektionsriickfallen und der Ausbreitung von Antibiotikaresistenzen flihren
kann.

Diese Arbeit befasst sich mit der Funktionalitat von TisB, einem Toxin des Typ-I Toxin-Antitoxin-
Systems tisB/istR-1 in Escherichia coli (E. coli), sowie dessen Rolle bei der Aufrechterhaltung
der Dormanz durch spezifische physiologische Mechanismen. Die Forschungsergebnisse legen
nahe, dass die Insertion von TisB in die innere Membran zu einer Depolarisierung der Membran
und einem ATP-Mangel fUhrt, welche als wesentliche Ausléser fiir den mit der Antibiotikatoleranz
verbundenen Ruhezustand betrachtet werden kénnen. Die dargelegten Ergebnisse verdeutlichen
den Einfluss von TisB auf die Physiologie von Persisterzellen und seine Rolle fiir das Uberleben
von Bakterien unter Antibiotikastress. Ein wesentlicher Aspekt dieser Arbeit ist die Anwendung
eines moderaten Expressionssystems flir TisB, welches eine kontrollierte Untersuchung seiner
Auswirkungen ermdéglicht, ohne dass dabei eine Ubermafige Toxizitat auftritt. Das System ermég-
licht eine Untersuchung des Zusammenhangs zwischen der durch TisB induzierten Dormanz und
der Proteinaggregation. Die Ergebnisse zeigen, dass die TisB-abh&ngige Proteinaggregation die
Dauer des Ruhezustandes wahrend der Antibiotikaexposition beeinflusst. Des Weiteren konnten
Aminoséauren identifiziert werden, die fur die Funktionalitat von TisB von entscheidender Bedeu-
tung sind. Dadurch konnten Erkenntnisse Uber die Strukturelemente gewonnen werden, die fir
dessen Aktivitat unerlasslich sind. Diese Erkenntnisse tragen zu einem besseren Verstandnis von
TisB bei und unterstreichen die Bedeutung spezifischer Aminoséuren flr die Aufrechterhaltung
seiner Funktionalitat innerhalb der Membran.

Zusammenfassend kann festgehalten werden, dass die erzielten Ergebnisse unser Verstandnis
des tisB/istR-1 Systems sowie dessen Rolle bei der Persistenz von Bakterien vertieft. Durch die
Aufklarung der Mechanismen, durch die TisB die Persistenz, die Proteinaggregation und den
Energiegehalt beeinflusst, liefert diese Studie eine Wissensgrundlage, die als Ausgangspunkt fir
die Entwicklung von Strategien zur Einddmmung bakterieller Persistenz, sowie zur Verbesserung
der Wirksamkeit von Antibiotika dienen kann.



Il. Summary

Bacteria are frequently exposed to environmental stressors that threaten their survival. This leads
to the activation of stress response systems that adjust gene expression to maintain cellular in-
tegrity. However, if these systems are inadequate, bacteria can form persister cells. These are a
dormant subpopulation with reduced metabolic activity and increased antibiotic tolerance. Unlike
other forms of bacterial dormancy, such as endospores, persister cells are morphologically similar
to active cells but are in a transient state of reduced activity. This survival strategy allows bacteria
to withstand adverse conditions that can lead to relapse of infection and the spread of antibiotic
resistance.

This work examines the functionality of TisB, a toxin of the type | toxin-antitoxin system tisB/istR-1
in Escherichia coli (E. coli), and its role in maintaining dormancy through specific physiological
mechanisms. The research suggests that insertion of TisB into the inner membrane leads to
membrane depolarization and ATP depletion, which can be considered as key triggers for the
dormant state associated with antibiotic tolerance. The results presented illustrate the influence
of TisB on persister cell physiology and its role in bacterial survival under antibiotic stress. An
important aspect of this work is the use of a moderate expression system for TisB, which allows
a controlled investigation of its effects without causing excessive toxicity. This allows for an exam-
ination of the relationship between TisB-induced dormancy and protein aggregation. The results
show that TisB-dependent protein aggregation influences the duration of dormancy during antibi-
otic exposure. In addition, amino acids critical for TisB functionality were identified. This provided
insight into the structural elements that are essential for its activity. These findings contribute to a
deeper understanding of TisB and highlight the importance of specific amino acids in maintaining
its functionality within the membrane.

In summary, the results presented here deepen our understanding of the tisB/istR-1 system and its
role in bacterial persistence. By elucidating the mechanisms by which TisB influences persistence,
protein aggregation and energy content, this study provides a foundation of knowledge that can
serve as a starting point for developing strategies to curb bacterial persistence and improve the
efficacy of antibiotics.
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1. Toxin-antitoxin systems in bacteria: An introduction
and summary of new insights into TisB functionality

Toxin-antitoxin (TA) systems are genetic modules widely distributed across bacterial species. They
consist of two closely linked genes: one encoding a toxin that disrupts cellular processes and
another encoding an antitoxin that neutralizes the toxin’s harmful effects. These systems were
first identified in the 1980s as part of research efforts to understand plasmid stability in bacteria. It
was initially hypothesized that TA systems contribute to the post-segregational stability of plasmids
by eliminating cells that lost the plasmid, thereby promoting the plasmid’s retention within bacterial
populations (Gerdes et al.|[1986, Ogura & Hiragal{1983).

The discovery of TA systems constituted a substantial advancement in the comprehension of bac-
terial genetics and physiology. It was subsequently demonstrated that these systems not only
maintain plasmid stability but are also encoded within chromosomal DNA, participating in a variety
of cellular functions (Christensen et al.| 2001}, 2003). This realization has enhanced our under-
standing of the complex mechanisms by which bacteria respond to stress and ensure their sur-
vival. Despite their ubiquitous presence and recognized importance, the full scope of TA systems’
roles in bacterial physiology remains elusive, making the study of these systems an active and
evolving area of research.

1.1 Localization of toxin-antitoxin systems

TA systems in bacteria are encoded on plasmids and in the chromosome. The specific functional
properties and regulatory mechanisms exhibited by these systems are contingent upon their lo-
calization. A comparative analysis of these two forms of TA systems reveals both differences and
similarities that are crucial for understanding their biological roles (Wagner & Unoson|[2012, Lee &
Lee|[2016).

Plasmid-encoded TA systems are widely recognized for their role in maintaining the stability of
plasmids. These systems function as a "post-segregational killing" mechanism, whereby the less
stable antitoxin is degraded at a faster rate when a bacterial cell loses the plasmid, while the
more long-lived toxin Kills the cell (Kawano et al.|2002, Weaver et al.|2003). These mechanisms
guarantee that only cells that retain the plasmid survive, thereby contributing to the stability of
the plasmid within the bacterial population (Gerdes & Rasmussen||1986|, Ogura & Hiragal[1983).In
terms of regulation, plasmid-encoded TA systems are often relatively straightforward to regulate,
as their primary function is directly linked to the presence or absence of the plasmid. These sys-
tems frequently regulate themselves using the difference in stability of toxin and antitoxin (Wagner
& Unoson|2012). Furthermore, certain systems, such as ccdB/ccdA, have been observed to func-
tion as transcriptional repressors when a protein complex is formed between the toxin and the
antitoxin (Fraikin et al.|[2020).



In contrast, chromosomally encoded TA systems are frequently associated with the regulation
of a more diverse range of cellular processes. These systems can be triggered in response to
a variety of environmental factors, including stressors such as nutrient deficiency or antibiotic
stress (Dorr et al. 2010, Michaux et al.[2014). A notable difference between plasmid-encoded
and chromosomally encoded TA systems is their role in the formation of persister cells. These
cells exist in a dormant, non-dividing state, which makes them tolerant to many environmental
influences, including antibiotics (Berghoff et al. 2017, |Dorr et al.[ 2010, [Edelmann et al. [2021,
Lewis 2010). The regulation of chromosomal TA systems is frequently more complex and can be
modulated by various global regulatory networks that respond to environmental signals. Therefore,
these systems are not only involved in the stress response but may also play a role in the long-term
adaptation and evolution of bacteria (Fozo et al.[|2010, Jurenas et al.[[2022).

Nevertheless, there are notable similarities between the two systems. Both forms are composed
of genes that are in close proximity to one another and encode a toxin and an antitoxin. They also
share identical molecular mechanisms for neutralizing the toxin through the antitoxin. Moreover,
both plasmid- and chromosomally encoded systems are capable of contributing to cellular home-
ostasis under specific conditions. They achieve this primarily through the controlled inhibition of
cellular functions, such as translation or DNA replication, under stress conditions (Fozo et al.[2010,
Hayes|[2003, |Jurénas et al.|2022).

1.2 Biological functions of toxin-antitoxin systems

TA systems affect a variety of bacterial cellular processes and play crucial roles in various biologi-
cal functions that enhance bacterial survival and adaptability. TA systems are involved
in the stabilization of mobile genetic elements, including plasmids and prophages (Peltier et al.
2020), defense against bacteriophages (LeRoux & Laub| [2022), and the formation of persister
cells, which contribute to bacterial survival in hostile environments (Lewis|2010).

1.2.1 Stabilization of mobile genetic elements

TA systems are of crucial importance in the maintenance of plasmids and prophages within bac-
terial cells. This is achieved through a mechanism known as "plasmid addiction" (Gerdes & Ras-
mussen||1986) and “prophage stabilization” (Lehnherr et al.|1993). In these systems, the toxin is
relatively stable, whereas the antitoxin is more labile and degraded rapidly when the plasmid or
prophage is lost. As long as the plasmid or prophage is retained, the antitoxin is continuously pro-
duced, thereby neutralizing the toxin. However, in the event of plasmid or prophage loss, antitoxin
production is no longer possible, resulting in its rapid degradation. The more stable toxin than ex-
erts its lethal effect, resulting in growth inhibition or cell death (Figure 1). This selective pressure
ensures that only cells that retain the plasmid or prophage can proliferate, thereby stabilizing these
genetic elements within the bacterial population (Gerdes et al.[1990). The process designated as
"anti-addiction" represents the only method by which the bacteria can overcome this system. This
is achieved by incorporating the antitoxin gene into their own genome, enabling bacteria to survive



even in the absence of the plasmid or prophage (Gerdes et al.|[1986| |[Ramisetty & Santhosh|2015,
Van Melderen & De Bast|2009).

1.2.2 Phage defense

TA systems represent a crucial line of defense against phage infections in bacterial populations
(LeRoux & Laub|2022). Each of these systems serves to protect individual cells by degrading
phage genomes and transcripts through a variety of mechanisms (Figure 1). Some of the earliest
systems to be recognized as phage defense were restriction-modification (R-M) systems, which
are to some extent analogous to TA systems (Mruk & Kobayashi|[2014). In these systems, a re-
striction enzyme (analogous to the toxin) recognizes and cleaves specific sequences in DNA, such
as those from a phage. To prevent self-damage, the bacterial DNA is protected by a modification
enzyme (analogous to an antitoxin) that methylates the host DNA at the same recognition sites,
thereby ensuring that the restriction enzyme does not attack it (Guo et al.[|2014). Other systems
for individual protection are the CRISPR-Cas systems, which are also capable of discriminating
between the host genome and the invading genome, and only attack the phage genome (Barran-
gou et al.|2007, [Hampton et al.|[2020). In addition to providing individual protection, TA systems
contribute to population-wide defense through a process known as abortive infection (Figure 7).
In this scenario, an infected cell undergoes self-poisoning by activating the toxin, which results in
cell death or growth inhibition. This sacrificial action prevents the replication and spread of the
phage to neighboring cells, thereby protecting the bacterial community as a whole (Gerdes 2024/,
LeRoux & Laub2022).
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Figure 1: Biological functions of toxin-antitoxin systems

Top left: Prophage stabilization. Prophages (red) are either integrated or episomal. If the
prophage and its TA system are not inherited by a progeny cell, the unstable antitoxin (green)
is degraded, and the stable toxin (black) leads to growth inhibition or cell death. If the prophage
is retained, the antitoxin prevents toxicity. Bottom left: Plasmid addiction. Same principle as
for prophage stabilization. Unstable antitoxin (blue) and stable toxin (red). Top right: Phage
defense. Like CRISPR-Cas and restriction-modification (R-M) systems, TA systems provide indi-
vidual protection. While CRISPR-Cas and R-M systems degrade the phage genome, toxins from
TA systems degrade phage transcripts. Alternatively, TA systems provide population protection by
self-poisoning of infected cells (abortive infection, Abi). Bottom right: Persistence. Type | toxins
form pores in the inner membrane. The proton motive force (PMF) is dissipated, which leads to
ATP depletion and persister formation. Type Il toxins modify or cleave tRNAs, rRNAs and mRNAs.
The translation inhibition may lead to persister formation.



1.2.3 Persistence

TA systems are of significant importance in the process of bacterial persistence, a survival strategy
whereby a subpopulation of bacteria enters a dormant state, thereby becoming highly tolerant to
antibiotics. Persistence is a phenomenon distinct from genetic resistance (Lewis||2010).

Bacteria that have developed resistance to a particular antibiotic possess genetic alterations that
allow them to continue to grow and reproduce even in the presence of the antibiotic. In contrast,
susceptible bacteria lack the relevant mutations and are effectively killed by antibiotics
(Alekshun & Levy|2007). It is important to distinguish between the reversible physiological state
of a subpopulation that persister cells represent and the concept of a permanent genetic change.
Persister cells are not genetically resistant; rather, they survive antibiotic exposure by entering
a dormant state in which their metabolic activity is reduced, thereby limiting the efficacy of the

antibiotics (Figure 2) (Balaban et al.[2019).
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Figure 2: Antibiotic resistance, persistence, and bacterial survival

lllustration of antibiotic killing kinetics (left) and corresponding bacterial populations (right). Sus-
ceptible cells are rapidly killed (grey), while resistant cells continue growing (blue) in the pres-
ence of drugs (e.g. bactericidal antibiotics). If persister cells are present, a biphasic killing curve
emerges due to long-term antibiotic tolerance of the persister subpopulation (red).

(Shore et al.|2024)

In contrast to type Il TA systems, which typically induce persistence by inhibiting translation
through the modification or cleavage of tRNAs, rRNAs, or mRNAs (Jurenas & Van Melderen|2020),
type | TA systems achieve persistence by interfering with the bacterial inner membrane and deplet-
ing cellular ATP levels (Wilmaerts et al.[2018, Gurnev et al.|2012, Verstraeten et al. 2015, Cheng
et al.|[2014, Dorr et al.[2010). For example, the type | TA system tisB/istR-1 of E. coli involves
the integration of the TisB toxin into the bacterial inner membrane, which results in disruption of
the proton motive force. This disruption impairs ATP synthesis, resulting in depletion of cellular
energy. The subsequent reduction in metabolic activity induces a dormant-like state that provides
protection from the lethal effects of antibiotics (Wagner & Unoson|2012, \lUnoson & Wagner,2008).

In contrast to other biological functions of TA systems, such as plasmid addiction or phage de-
fense, which can result in cell death, the induction of persistence by these systems is not intended
to cause cell death. This mechanism enables the bacteria to survive extended periods of environ-



mental stress, such as antibiotic exposure, without fatal consequences. The capacity to induce
persistence is crucial for the long-term survival of bacterial populations, particularly during antibi-
otic exposure. Consequently, TA systems represent a significant research focus, with the objective
of developing strategies to disrupt these pathways and thereby enhance the efficacy of antibiotic
treatments against persistent bacterial infections (Lewis|2010).

1.2.3.1 The spiderweb hypothesis as multifactorial model of bacterial persistence

Persistence in bacterial cells is a complex phenomenon that can be influenced not only by TA
systems but also by a range of other factors, including starvation, oxidative stress, protein ag-
gregation, low energy and inhibition of core processes (Ayrapetyan et al. 2015, 2018, |Pu et al.
2019).

In this work, we would like to suggest a hypothesis regarding the induction of persistence by TA
systems and other factors, denoted the "spiderweb hypothesis". The hypothesis suggests that
the number and strength of several factors influence the process of persistence. In the absence
of these factors, the bacterial cell displays normal growth and metabolic activity (Figure 3). The
presence of a single factor is sufficient to induce persistence, given that the strength of the factor
is high enough (Balaban et al. 2004, Lewis|2010). However, persistence can also be triggered
when multiple factors are only partially present, collectively leading to a reduction in metabolic
activity sufficient to induce dormancy (Figure 3). An extreme scenario occurs when all factors
are present at full strength, resulting in a state known as "viable but non-culturable" (VBNC). In
this state, the bacterial cells are still alive but unable to grow or reproduce in standard laboratory
culture conditions, representing an even deeper level of dormancy (Ayrapetyan et al.
2018).



Normal growth Persistence
by one factor

Low energy %—,’c Low energy '

(PMF, ATP) (PMF, ATP)

VBNC Persistence
by three factors

Low energy
(PMF, ATP)

Low energy
(PMF, ATP)

Figure 3: Spiderweb hypothesis of persistence

Top left: Normal growth; no active factor for persister induction. Top right: Persistence by one
factor; only one factor is fully active and sufficient to induce persistence. Bottom right: Persis-
tence by three factors; multiple factors are partially active and sufficient to induce persistence.
Bottom left: Viable but non-culturable (VBNC); all factors are fully active and induce an even
deeper dormancy.

1.3 Categorization of toxin-antitoxin systems

TA systems in bacteria are categorized based on the type of antitoxin and its mechanism of action.
Currently, eight different types of TA systems have been identified, each with unique structural and
functional characteristics. These systems play critical roles in bacterial physiology, including stress
response, plasmid maintenance, and regulation of cellular processes (Harms et al.[2018, Jurénas
et al.[2022).

1.3.1 Overview of the eight types of toxin-antitoxin systems

The eight types of TA systems are classified primarily by the nature of the antitoxin and the mech-
anism through which it neutralizes the corresponding toxin (Figure 4).
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Figure 4: Toxin-antitoxin systems overview

Overview of the different types of toxin-antitoxin systems and classification based on toxin-antitoxin
interaction. The toxin is represented in red and the antitoxin in blue.

(Shore et al.[[2024)

Type | TA systems: involve an RNA antitoxin that is complementary to the toxin mRNA. By
binding to the toxin mRNA, the translation of the toxin protein is inhibited, thereby preventing its
effect (Gerdes et al.|1986).

In Type Il TA systems, both the toxin and antitoxin are proteins, which are translated from a
polycistronic mMRNA. Antitoxins neutralize toxins by binding to them. Under stress, antitoxins may
be degraded, releasing the toxin, which disrupts cellular processes like replication or translation
(Singh et al.|2021). The ccdB/ccdA system was the first discovered and has a role in stabilizing
plasmids (Ogura & Hiraga 1983).

Type Il TA systems feature RNA antitoxins that bind directly to protein toxins, preventing toxicity.
The first discovered type lll system, toxN/toxl, functions as a phage abortive infection system
(Fineran et al.|[2009). Toxins are usually sequence-specific endoribonucleases that can cleave the
antitoxin precursor RNA into individual repeats, which it then binds to form a stable, catalytically
inactive complex (Manikandan et al.|[2022).

In Type IV TA systems, antitoxins do not bind directly to toxins but to their targets, preventing
toxin-induced damage. The cbtA/cbeA system was the first described, where CbeA counteracts
CbtA’s inhibition of cytoskeletal polymerization (Masuda et al.[2012).

In Type V TA systems, the antitoxin is an enzyme that cleaves the toxin mRNA, thereby preventing
the translation of the toxin. One example is the ghoT/ghoS pair, wherein the GhoT toxin forms
pores in the cell membrane, ultimately leading to cell death. The GhoS antitoxin is an RNase that
degrades ghoT mRNA, thereby preventing toxin production (Wang et al.|2012).



Type VI TA systems involve an antitoxin protein that binds to the toxin protein, thereby forming a
complex that is targeted for degradation. The socB/socA system is such a type VI system. SocB
inhibits DNA replication by interacting with the g sliding clamp, and SocA serves as a proteolytic
adaptor that triggers degradation of the SocB toxin (Aakre et al.|2013).

Type VII TA systems are characterized by antitoxins neutralizing toxins via post-translational mod-
ifications, such as phosphorylation or oxidation. The hha/tomB system exemplifies this, with TomB
promoting the oxidation of the Hha toxin, reducing its toxicity (Marimon et al.|2016).

In Type VIl TA systems, the toxin and the antitoxin are both RNAs. But instead of regulating
the toxin directly, these systems may involve complex regulatory networks where the antitoxin
modulates toxin activity indirectly. As example, the creT/creA system in Haloarcula hispanica
is linked with CRISPR-Cas, where CreT toxin halts growth by sequestering tRNA, while CreA
suppresses creT transcription through CRISPR-Cas (Li et al.|2021).

1.3.2 Type I toxin-antitoxin systems

Type | TA systems were first discovered through the study of plasmid stability in E. coli, where the
hok/sok module was found to mediate post-segregational killing of plasmid-free cells (Gerdes &
Rasmussen||1986). This system was crucial in maintaining plasmids in bacterial populations by
ensuring that cells without the plasmid would undergo cell death. Since the discovery of hok/sok,
numerous other type | TA systems have been identified, such as symE/symR (Kawano et al.[2007)),
tisB/istR-1 (Vogel et al. 2004), bsrE/SR5 (Meif3ner et al. 2016) sprA2/sprA2AS (Germain-Amiot
et al.2019), and zorO/orzO (Wen et al.2014).

Type | TA systems are based on the interaction between the toxin mMRNA and an antisense RNA
antitoxin. The toxin gene is typically transcribed in one direction, while the antitoxin RNA is tran-
scribed in the opposite direction, forming a divergent gene pair (Brantl 2009, 2012). These an-
tisense RNAs regulate toxin production by creating a double-stranded RNA duplex with the toxin
mRNA, which either prevents its translation or promotes its degradation. Antitoxins prevent the
translation of toxins by various mechanisms. For example, in the SymE/SymR system of E. coli,
the antitoxin binds to the ribosome binding site (RBS) of the toxin mRNA, directly blocking ri-
bosome access (Kawano et al.[[2007). In other systems, such as Hok/Sok and LdrD/RdID, the
antitoxin binds to the Shine-Dalgarno (SD) sequence of the toxin leader peptide, indirectly inhibit-
ing translation (Gerdes & Wagner 2007, Thisted & Gerdes||1992). In some cases, such as the
TxpA/RatA system of Bacillus subtilis, the antitoxin forms a duplex with the toxin mRNA, which is
then cleaved by RNase lll, resulting in degradation of both RNAs (Durand et al.|2012).

The small hydrophobic toxin proteins from type | TA systems typically affect normal membrane
function, eventually even by disrupting the bacterial membrane. Overexpression of toxin genes,
such as hok, srnB, pndA, fst, ibsC, shoB, tisB and dinQ results in membrane depolarization or
permeabilization, leading to the collapse of membrane potential, loss of ATP, and ultimately growth
inhibition or cell death (Fozo et al.| 2008, Gerdes et al.|1986, Weel-Sneve et al.| 2013, Weaver &
Tritle| 1994, Unoson & Wagner 2008, Nielsen et al.[1991). Membrane disintegration often leads
to the formation of "ghost" cells, which are cells with damaged membranes (Ono et al.||1986).



However, type | toxins can also be cytosolic toxins that act by cleaving DNA or RNA, as seen with
SymE and RalR, which are RNA and DNA endonucleases, respectively (Guo et al.|2014}, [Kawano
et al.[2007).

1.3.3 Mechanisms of action and cellular impact of type | toxins

TA systems affect essential cellular processes, with type | toxins exerting their effects primarily on
the bacterial membrane (Unoson & Wagner|2008) and others targeting nucleic acids (Guo et al.
2014, Thompson et al.|2022). This results in substantial alterations of cellular processes, including
the stabilization of mobile genetic elements such as plasmids (Gerdes & Rasmussen|1986) and
prophages (Peltier et al. |2020), as well as morphological changes such as the transformation
from spiral to coccoid form in Helicobacter pylori (EI Mortaji et al.[[2020). Additionally, there are
instances where cell death may occur for the benefit of the surrounding cells, a phenomenon
known as altruistic cell death (Germain-Amiot et al.|2019, Sayed et al.[2012) (Figure 5).
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Figure 5: Cellular effects and biological functions of type | toxins

(A) Plasmid stabilization. If the plasmid (blue) and its type | TA system is not inherited by a progeny
cell, the unstable antitoxin RNA is degraded and the toxin (red) is produced. Most type | toxins
are small membrane proteins that cause growth inhibition (and probably cell death). If the plasmid
is retained, the antitoxin prevents toxin production and the cell is able to propagate. (B Prophage
stabilization follows the same principle as described for plasmid stabilization. The type | toxin (red)
inhibits growth upon loss of the prophage (blue). (C) Morphological changes. If the type | toxin
(red) is produced, it causes morphological changes, such as the transition from spiral-shaped to
coccoid cells or cell division defects that are concomitant with membrane invaginations. (D) Cell
death. If the type | toxin (red) is produced in sufficiently high amounts, it may induce cell lysis
via membrane permeabilization. Cell death by lysis presumably represent an altruistic behavior
of individual cells that benefits the remaining population. (E) Nucleoid condensation. Expression
of the type | toxin (red) leads to compaction of chromosomal DNA. (F) Nucleic acid degradation.
Some type | toxins (red) are cytosolic proteins that function as endonucleases and degrade either
DNA or RNA. (Shore et al.[[2024)
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1.3.4 Membrane-targeting toxins and persistence

Membrane-targeting toxins represent one of the most well-characterized components of type |
TA systems. These toxins integrate into the bacterial membrane, resulting in depolarization and
disruption of the membrane’s integrity (Unoson & Wagner|2008). In a healthy bacterial cell, the
membrane remains polarized, which is essential for maintaining cellular homeostasis, including
nutrient uptake and ATP production via the proton motive force (Panta & Doerrler|2021).

One of the earliest consequences of membrane depolarization is a reduced capability of the cell
to take up drugs and other molecules that rely on active transport mechanisms. This reduction in
drug uptake is of significant importance in the context of antibiotic persistence, as it can result in
an overall decline in antibiotic efficacy (Su et al. [ 2022). Furthermore, membrane depolarization
may result in ATP efflux, whereby the loss of membrane integrity causes the uncontrolled release
of ATP from the cell. The massive loss of ATP from the cell results in a dormant state, which
eventually promotes a persister state. As an example, in E. coli, the HokB toxin creates pores in
the bacterial membrane, resulting in ATP efflux and triggering a persistent state without immediate
cell death (Wilmaerts et al.|[2018). Membrane-targeting toxins can also induce persistence through
ATP depletion, as observed with the TisB toxin. By disrupting the proton motive force, TisB impairs
ATP synthesis, further reducing the cell’'s metabolic activity. This state of low energy and reduced
metabolic function allows the cell to survive in the presence of antibiotics, which typically target
actively growing cells (Berghoff & Wagner2019) (Figure 6).
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Figure 6: Mechanisms of membrane-targeting toxins

Induction of persistence by type | toxins. An active cell has a polarized membrane (as indicated by
protons at the outside of its cytoplasmic membrane). The proton gradient is used by ATPases to
produce ATP (top middle). Active cells are susceptible and rapidly killed when exposed to drugs
(top-left). Some type | toxins are pore-forming membrane toxins (red) with the potential to promote
a drug-tolerant persister state. Type | toxins may impede drug uptake due to depolarization of the
cytoplasmic membrane (upper-right). In addition, depolarization inhibits ATP production and leads
to ATP depletion (bottom-right). Alternatively, type | toxins form pores that are capable of promoting
ATP efflux (bottom-left). Decreasing ATP levels cause cellular inactivity, which prevents killing by
drugs. (Shore et al.|2024)

11



1.3.5 Nucleic acid-targeting type | toxins

In addition to membrane-targeting toxins (Unoson & Wagner [2008), some type | TA systems pro-
duce toxins that target nucleic acids, leading to nucleoid condensation (Thompson et al.|2022) and
degradation of RNA (Kawano et al.|[2007) or DNA (Guo et al.2014). Such nucleic acid-targeting
toxins have the potential to cause significant disruption of essential cellular processes, including
replication, transcription, and translation. Nucleoid condensation is the process by which chromo-
somal DNA becomes highly compacted, thereby limiting access to the transcriptional machinery
and effectively halting gene expression. This is frequently a stress response that can result from
the indirect effects of toxin activity, such as when the cell’s translational machinery is disrupted,
leading to a secondary response that includes nucleoid condensation (Thompson et al.|2022).
Moreover, nucleic acid-targeting toxins can directly degrade RNA or DNA, leading to a disruption
of cellular functions and, in many cases, cell death (Unoson & Wagner 2008).

1.3.6 Regulation of the tisB/istR-1 toxin-antitoxin system

The tisB/istR-1 system represents a well-studied example of a type | TA system in E. coli. While the
antitoxin gene istR-1 is constitutively transcribed by the housekeeping sigma factor ¢’° (Huerta &
Collado-Vides 2003, Vogel et al.|2004), transcription of tisB is repressed by LexA, a DNA-binding
transcriptional repressor that plays a role in the cellular response to DNA damage (D’Ari 1985,
McKenzie et al.|2022, Henestrosa et al.|2000).

The tisB gene is only be transcribed when its repressor, LexA, undergoes self-cleavage. This
self-cleavage is triggered when the RecA co-protease binds to single-stranded DNA at sites of
DNA damage to form a filament (Chen et al.||2008, |Cox/2007). The interaction between RecA, the
damaged DNA, and LexA initiates the self-cleavage process, leading to the dissociation of LexA
from its DNA targets and allowing the transcription of tisB. This regulation upon DNA damage is
known as the SOS response and is mainly responsible for the induction of genes with a function
in DNA repair (Giese et al. 2008, |Little/[1991).

However, the tisB primary transcript (+1 mRNA) is not translationally active, as it forms a sec-
ondary structure that obstructs ribosome binding. It is only after undergoing processing, whereby
the first 41 nucleotides of the 5’UTR are removed, that the active +42 mRNA becomes available
for translation or inhibition through the antitoxin IstR-1 (Figure 7). The processing event results in
the exposure of a single-stranded region upstream of the RBS. This region may serve as a ribo-
some standby site (RSS) for translation or alternatively, as a translation inhibition site for the IstR-1
antitoxin (Darfeuille et al.[2007). The regulatory outcome likely depends on the ratio of +42 mRNA
to IstR-1 in individual cells. In the event of a greater quantity of antitoxin relative to +42 mRNA,
the translation process is impeded. IstR-1 effectively prevents the 30S subunit from binding by
forming extensive and perfect base pairing with the single-stranded RSS. This inhibition is further
reinforced by RNase lll-mediated cleavage of the RNA duplex, which results in the generation of
the translationally inactive +106 mRNA (Darfeuille et al.[2007,|Unoson & Wagner|2008, Vogel et al.
2004).

In the event of a smaller quantity of antitoxin relative to +42 mRNA, the translation process is
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initiated. The 30S ribosomal subunit is capable of binding to the single-stranded RSS and inter-
acts with a structure at the 5’ end in a sequence-unspecific manner, independent of the initiator
tRNA (tRNA™et) - This binding event is crucial for the translation process and is mediated by the
ribosomal protein S1, which anchors the 30S subunit to the designated RSS. S1 is essential for
directional unfolding of the mRNA, allowing the ribosome to access the sequestered RBS and ini-
tiate translation (De Smit & Van Duin/|2003, Duval et al.[2013, |Marzi et al.|2007, |Sterk et al.|2018|,
Studer & Joseph|2006).
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Figure 7: Regulation of tisB/istR-1 toxin-antitoxin system in E. coli

Schematic secondary structure of the +42 mRNA: 5" and 3’ UTR (gray), ORF (black), standby site
(blue), SD and AUG (green).

(Romilly et al.[2019)
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1.4 Protein aggregation in bacteria

The aggregation of proteins in bacteria is a well-documented response to a variety of environ-
mental stresses, including temperature (Kitagawa et al.[2000, Kuczyn et al.[2002), oxidative stress
(Dahl et al.[[2015), energy deprivation (Pu et al.|[2019), and exposure to antibiotics (Bollen et al.
2021, [Ling et al.|[2012). In the absence of stress, proteins are correctly folded and functional,
with the assistance of molecular chaperones such as DnaK/Dnad and GroEL/GroES (Markos-
sian & Kurganov|2004). In the event that this process is unsuccessful, the proteins are degraded
by proteases such as ClpP. These quality control systems are responsible for maintaining pro-
tein homeostasis by either refolding misfolded proteins or degrading those that are beyond repair
(Kress et al.|)2009). However, during periods of cellular stress, these protective mechanisms may
become insufficient, resulting in the accumulation of misfolded proteins. In such instances, the
misfolded proteins, due to their exposed hydrophobic regions, tend to aggregate into larger, in-
soluble complexes (Dougan et al.|2002). While protein aggregation can disrupt normal cellular
functions, it also serves as a passive survival mechanism, particularly under extreme stress con-
ditions (Ventura & Villaverde 2006).

When bacteria are exposed to environmental stressors, depletion of ATP is often observed, which
subsequently restricts the energy available to maintain protein quality control. As the capacity of
molecular chaperones and proteases to manage misfolded proteins is reduced, these proteins
undergo aggregation (Pu et al. [2019). The formation of aggregates has the potential to disrupt
a number of cellular functions, including transcription, translation, and DNA replication. This can
occur by obstructing the machinery involved in these processes. The disruption of these functions
results in the cell entering a dormant state, with reduced metabolic activity (Pu et al.|[2019). This
makes them less susceptible to antibiotics that target processes in actively dividing cells (Lewis
2010). The formation of protein aggregates may prolong the dormant state, thereby enabling cells
to withstand hostile conditions. Once the aggregates have been dissolved, the cells are able to
resume their normal cellular functions when the conditions have improved (Bollen et al. 2021).

1.4.1 Protein aggregation as a result of tisB expression

This chapter will mainly be an overview of the major insights of the study presented in chapter
2 “Protein aggregation is a consequence of the dormancy-inducing membrane toxin TisB in Es-
cherichia coli” by |Leinberger et al.| (2024).

1.4.1.1 Moderate tisB expression as a model for studying dormancy and bacterial survival

One of the important advancements of this study is the development of a moderate expression
system for the tisB gene. The system avoids the high levels of TisB toxicity, typically associated
with overexpression, while still inducing dormancy. This contrasts with previous studies, such
as \Unoson & Wagner| (2008), where overexpression of tisB from the active +42 mRNA led to
excessive membrane disruption and cell death. By moderating expression levels, we achieve a
more physiologically relevant model, allowing us to study the role of TisB in dormancy without
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inducing high toxicity. This moderation is achieved by introducing an artificial 5 UTR that lacks a
SD sequence.

Despite of the lacking SD sequence, TisB is still produced in sufficient amounts to cause de-
polarization, ATP depletion, growth inhibition, and persister formation, effects that were already
described earlier (Berghoff et al. 2017, Dorr et al. 2010, Gurnev et al. 2012, [Unoson & Wag-
ner 2008). The disruption of the proton motive force and depletion of cellular energy underlie
TisB-induced dormancy, reinforcing the toxin’s role in promoting bacterial survival under stressful
conditions such as antibiotic treatment.

1.4.1.2 TisB-dependent protein aggregation and its impact on dormancy duration

In response to TisB-induced stress, RNA-sequencing revealed the upregulation of several chaper-
one genes, including ibpAB and spy, confirming previous observations (Fozo et al. 2008, |Spanka
et al. 2019). These chaperones play an essential role in stabilizing misfolded proteins, which
suggests that protein aggregation is a consequence of tisB expression.

A key novel contribution of our study is the demonstration that tisB expression indeed leads to
protein aggregation in the cytoplasm. Using a fluorescent reporter system in which the small heat
shock protein IbpA is fused to a monomeric superfolder green fluorescent protein (IbpA-msfGFP)
constructed by |Govers et al.| (2018), we validate that cytoplasmic protein aggregation occurs in
TisB-producing cells. This result builds upon previous work by Govers et al. (2018),who demon-
strated that protein aggregates could serve as epigenetic markers of past stressful encounters
in E. coli. Our findings confirm that TisB-induced aggregation is a functional response to severe
intracellular stress.

Furthermore, we explore the interaction between the DNA-damaging antibiotic ciprofloxacin and
TisB. It is already known that antibiotics like ciprofloxacin promote the formation of protein aggre-
gates (Butler et al.|2023). We have now identified the TisB toxin as a molecular factor involved in
this aggregation process.

It was established that the presence of protein aggregates correlates with an extended dormancy
duration, supporting the idea that protein aggregates are integral to the maintenance of the TisB-
dependent persister state. This finding is consistent with the work of |Pu et al.| (2019), who demon-
strated that ATP-dependent protein aggregation regulates the depth of bacterial dormancy, which
is crucial for antibiotic tolerance (Figure 8). Our study further highlights the functional importance
of protein aggregates in controlling the duration of dormancy and their contribution to long-term
bacterial survival. This is further validated by chaperone overexpression that leads to a reduced
duration of dormancy and earlier recovery. These findings support the spiderweb hypothesis,
suggesting that TisB-induced protein aggregation is one of several factors that together promote

bacterial persistence
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Figure 8: Bacterial dormancy depth affects antibiotic tolerance and regrowth

Active cells (green) are killed during antibiotic treatment, indicated by red dots. Dormant cells
(grey) with different dormancy depth survive the treatment. Depending on the dormancy depth
cells can regrow (light grey) or stay viable but non-culturable (VBNC) (dark grey).

(Pu et al.[|2019)

1.4.1.3 Proteome analysis of TisB-dependent aggregates

To determine whether the protein aggregates in question were composed of specific proteins, a
proteomic analysis was performed. We identified several proteins that were enriched in TisB-
dependent protein aggregates, including chaperones IbpA and IbpB, which confirms a success-
ful protein aggregation enrichment method. Moreover, a group of seven proteins from cryptic
prophages was identified. It is currently unclear whether this has a biological function or if it is
merely a random occurrence.

Aside from these findings, no unique characteristics of the aggregated proteins were detected that
could provide further insights into the mechanisms of aggregate formation or their biological roles.

1.4.1.4 Recovery from TisB-induced dormancy

Our study offers crucial insights into the mechanisms through which TisB induces dormancy and
persistence in E. coli, particularly through the induction of protein aggregation. These findings
contribute to a broader understanding of the mechanisms by which bacterial cells survive during
prolonged stress and highlight the multifaceted role of TisB in the persistence phenotype. But how
do cells recover from TisB-induced dormancy? It is suggested that the recovery process is driven
by a coordinated stress response, with chaperones playing a central role. This is supported by the
reduced duration of dormancy when chaperons are overexpressed prior to the antibiotic treatment
in this study. The significance of small heat shock proteins is further validated by the findings of
Zwirowski et al. (2017). The authors demonstrated that ATP-independent chaperones form as-
semblies with misfolded proteins, preventing the formation of larger aggregates and marking the
misfolded proteins for subsequent action by ATP-dependent chaperones for solubilization and re-
folding. This is consistent with the observation of ATP depletion upon TisB expression (Unoson &
Wagner|2008), which limits the activity of ATP-dependent chaperones and could delay the disag-
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gregation of protein aggregates. Only ATP-independent chaperones, such as Spy, IbpA, and IbpB,
would be able to function under these conditions and mark misfolded proteins for subsequent ac-
tion. After membrane repolarization, a crucial step in the awakening of persister cells (Wilmaerts
et al.[2019), ATP-dependent chaperones could resume their role in solubilizing and refolding these
marked aggregates, facilitating the awakening of persister cells.

1.5 Functional features of type | toxins

Given that toxins of type | TA systems typically integrate into the inner membrane, a transmem-
brane domain represents a crucial functional component. The domain is primarily composed of
multiple hydrophobic amino acids. The hydrophobic nature of the amino acids in question com-
pels the protein to exit the cytoplasm and enter the lipid bilayer. In the case of TisB, the amino
acids that are predominantly present are leucine (L), alanine (A), valine (V), and isoleucine (I)
ure 9A). It is postulated that the toxin initiates pore formation by binding to the negatively charged
inner membrane via its positively charged C-terminus, thereby establishing an initial electrostatic
interaction. Subsequently, hydrophobic interactions facilitate membrane integration as a result of
the initial attachment (Scheglmann et al. 2002, (Cao et al. 2023). Afterwards, oligomerization can
occur. It seems reasonable to assume that amino acids with opposing properties form salt bridges
or hydrogen bonds, and that this process is essential for oligomerization. During the process of
oligomerization, the toxin forms a pore in the inner membrane (Geny & Popoff 2006). In the case
of the toxin HokB a dimer is stabilized by a disulfide bridge which is catalyzed by a periplasmic
oxidoreductase DsbA between two periplasmic cysteine (C46) residues (Wilmaerts et al.|2019).

1.5.1 Essential amino acids for cellular effects caused by TisB

This chapter will mainly be an overview of the major insights of the study presented in chapter 3
“Relevance of charged and polar amino acids for functionality of membrane toxin TisB” by [Lein-
berger & Berghoff| (2024).

1.5.1.1 Role of lysine 12 and glutamine 19

The study highlights the importance of lysine 12 (K12) and glutamine 19 (Q19) for the functionality
of TisB. Both amino acids are integral to the transmembrane domain of TisB (Figure 9B). Sub-
stitution of either of these amino acids with leucine results in the complete loss of the ability of
TisB to inhibit cell growth, deplete ATP, and cause protein aggregation. Lysine 12, in particular,
is essential for maintaining TisB’s activity across several functional assays, including persistence
after ciprofloxacin treatment. The importance of these amino acids is consistent with the “charge-
zipper” model (Figure 9A) postulated by [Schneider et al.| (2019) and [Steinbrecher et al| (2012),
in which Q19 of two antiparallel TisB form a hydrogen bond and each K12 forms a salt bridge
with D22. In this charged-zipper model, formation of a TisB tetramer, or more specifically a dimer
of dimers, which would allow protons to pass across the inner membrane along a wire of water

molecules within the pore, is postulated (Figure 9B).

However, the study also presents evidence that calls the above model into question. For example,

17



the substitution of K12D and D22K should have permitted the formation of compensatory salt
bridges. Nevertheless, this TisB variant has lost all of its functional capabilities. Furthermore,
the substitution of K12 with arginine, which possesses analogous amino acid properties, should
have been capable of forming salt bridges. However, this TisB variant was also found to be non-
functional.

The significance of K12 for the functionality of TisB is further highlighted when examining persister
levels. The chromosomal substitution of this amino acid with leucine has the same effect as the
complete deletion of tisB. The formation of persister cells is significantly decreased. Furthermore,
the few persister cells that do form have a significant reduced appearance time after an antibiotic
treatment, which indicates a reduced duration of dormancy.
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Figure 9: Parallel and antiparallel (charge-zipper) conformation of TisB

(A) Helical wheel projection of TisB. Amino acid color code: nonpolar (yellow), polar (purple),
acidic (red), and basic (blue). (Leinberger et al.|2024) (B) Models of TisB pore formation. Same
color code as in (a). The initial attachment of TisB to the inner membrane is followed by its
insertion and oligomerization within the inner membrane, which ultimately leads to pore formation.
In the context of the charge-zipper model (right), the formation of a tetramer (dimer of dimers) is
proposed. The antiparallel orientation of the dimers is stabilized by salt bridges between opposing
charges (dotted lines) and a Q19 hydrogen bond (H). The alternative model (left) postulates the
oligomerization of an as yet unidentified number of monomers that are parallel to one another. This
is caused by the C-terminal amino acids K26 and K29, which form an anker to the cytoplasm. In
both models, protons from the periplasm can enter the cytoplasm along a wire of water molecules
(light blue).

1.5.1.2 C-terminal lysines and their influence on TisB toxicity

In addition to K12 and Q19, the C-terminal lysins 26 and 29 (K26 and K29) appear to play a sig-
nificant role in TisB functionality. A single substitution of one of these lysins has a minimal impact
on TisB functionality. However, when both residues are substituted with leucine, TisB is rendered
non-functional. This may reinforce the charge-zipper model, in which aspartic acid 5 (D5) can form
a salt bridge with either of those amino acids. Furthermore, the substitution of both lysines with
aspartic acid leads to a compromised protein that is not fully functional or even non-functional,
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probably because the formation of D5-K26 and D5-K29 salt bridges is disrupted. However, muta-
tion of D5 does not compromise TisB functionality, arguing against a major importance of D5-K26
and D5-K29 salt bridges.

Alternatively, the C-terminal lysines may play a key role in the initial contact of TisB with the
negatively charged inner membrane. Similarly, substitution of the positively charged K29 of ZorO
with a negatively charged glutamate has been observed to result in a loss of function (Bogati
et al.[[2022). This suggests that the C-terminus has potential to assist in membrane orientation
(Scheglmann et al.[2002, Seppala et al.|2010, |Soutourinal2019), as has been suggested for other
bacterial toxins, like Fst (Nonin-Lecomte et al.[2021). Furthermore, the positive inside rule could be
interpreted as supporting the presented alternative TisB orientation (Figure 9). This rule is based
on the observation that the majority of proteins have their positively charged residues located
within the cytoplasm and that positive residues that are in closer proximity to the transmembrane
domain have a more pronounced effect on the orientation of the protein (Fontaine et al. 2011).
Given that TisB contains positively charged K26 and K29 residues within its C-terminal domain,
the resulting Ci, Noyt orientation would be in accordance with the positive inside rule (Figure 9).

The conservation of specific amino acids across species provides preliminary evidence that some
are more crucial for functionality than others. This study confirms the importance of the individual
conserved amino acids mentioned above, specifically K12, Q19, K26, and K29. Additionally, our
findings support and also challenge the charge-zipper model. Further investigation is required to
ascertain the model’s viability.
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1.6 Conclusion

This thesis has established fundamental insights into the functionality of TisB in E. coli, specifically
its role in stabilizing dormancy through promotion of protein aggregation. By utilizing a moderate
expression system, this study enabled an in-depth exploration of TisB’s physiological role while
minimizing excessive toxicity. This approach uncovered how TisB influences the cellular stress
response and enhances survival under antibiotic pressure.

Building upon these findings, future research should further investigate whether the proteins iden-
tified in TisB-dependent aggregates share common characteristics. In particular, it would be ben-
eficial to determine if DNA-binding proteins play a role in forming protective aggregates around
DNA to prevent further damage. This hypothesis provides a basis for investigating whether protein
aggregation functions as an active adaptive mechanism to safeguard cellular structures or merely
represents a passive strategy for stabilizing persistence.

Furthermore, additional investigation is required to elucidate the role of chaperones in response
to TisB-induced stress. The observed upregulation of chaperone genes, such as ibpAB and spy,
and the reduction in recovery time when these chaperones are overexpressed suggest that chap-
erones may play a role in the recovery from ciprofloxacin-induced stress. Chaperones such as
IbpAB and Spy are likely to play an essential role in reducing the effects of TisB-dependent aggre-
gation by assisting in the refolding or clearance of misfolded proteins, which ultimately promotes a
faster exit from dormancy. Further investigation into the precise mechanisms by which other chap-
erones facilitate the management of TisB-induced stress could provide a deeper understanding of
the cellular processes that support bacterial persistence and recovery. Moreover, an understand-
ing of the potential interaction partners of TisB could provide crucial insights into its integration
and stabilization within the inner membrane. For example, the identification of helper proteins that
facilitate TisB’s membrane assembly, stabilize its presence, or assist in pore disassembly could
lead to significant advances in our understanding of regulation of toxin activity. An investigation
of whether these interactions necessitate the specific amino acids identified as crucial for TisB
functionality could clarify whether TisB operates independently or relies on other cellular factors.

A key task for future research is to verify or refute the charge-zipper model, which postulates salt
bridges and hydrogen bonds as stabilizing forces within the TisB oligomer. In case that the model
is disproven: What are the alternatives? A parallel orientation of TisB monomers is conceivable,
and it would be important to investigate the stabilization mechanisms, such as potential unknown
interaction partners that may be responsible for maintaining the oligomeric structure. The identi-
fication of any necessary amino acids for such interactions would provide further insight into the
functional architecture of TisB within the membrane. By exploring these questions, future work
can build on the findings of this thesis to uncover broader implications of TisB'’s role in bacte-
rial dormancy and persistence, potentially informing new strategies to combat chronic bacterial
infections.
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ABSTRACT Bacterial dormancy is a valuable strategy to survive stressful conditions.
Toxins from chromosomal toxin-antitoxin systems have the potential to halt cell growth,
induce dormancy, and eventually promote a stress-tolerant persister state. Due to their
potential toxicity when overexpressed, sophisticated expression systems are needed
when studying toxin genes. Here, we present a moderate expression system for toxin
genes based on an artificial 5" untranslated region. We applied the system to induce
expression of the toxin gene tisB from the chromosomal type | toxin-antitoxin system
tisB/istR-1 in Escherichia coli. TisB is a small hydrophobic protein that targets the inner
membrane, resulting in depolarization and ATP depletion. We analyzed TisB-producing
cells by RNA-sequencing and revealed several genes with a role in recovery from
TisB-induced dormancy, including the chaperone genes ibpAB and spy. The importance
of chaperone genes suggested that TisB-producing cells are prone to protein aggrega-
tion, which was validated by an in vivo fluorescent reporter system. We moved on to
show that TisB is an essential factor for protein aggregation upon DNA damage mediated
by the fluoroquinolone antibiotic ciprofloxacin in E. coli wild-type cells. The occurrence of
protein aggregates correlates with an extended dormancy duration, which underscores
their importance for the life cycle of TisB-dependent persister cells.

IMPORTANCE Protein aggregates occur in all living cells due to misfolding of proteins.
In bacteria, protein aggregation is associated with cellular inactivity, which is related
to dormancy and tolerance to stressful conditions, including exposure to antibiotics.
In Escherichia coli, the membrane toxin TisB is an important factor for dormancy and
antibiotic tolerance upon DNA damage mediated by the fluoroquinolone antibiotic
ciprofloxacin. Here, we show that TisB provokes protein aggregation, which, in turn,
promotes an extended state of cellular dormancy. Our study suggests that protein
aggregation is a consequence of membrane toxins with the potential to affect the
duration of dormancy and the outcome of antibiotic therapy.

KEYWORDS toxin-antitoxin systems, type | toxins, protein aggregation, dormancy,
antibiotics

B acteria constantly encounter stressful conditions due to sudden changes in their
environments. They can tolerate these stress conditions to some extent and can
maintain cellular integrity by switching on designated response systems, which sense
these conditions and adjust the expression of specific genes to counteract the harmful
situation. Under extreme hostile conditions, however, regular stress response systems
may fail to protect cells from lethal damages, a situation that is unpredictable and
demands alternative survival strategies. One possibility is the formation of dormant cells,
which are characterized by reduced cellular activity, growth arrest, and the ability to
withstand even extreme stress conditions (1, 2). Dormancy typically occurs only in a
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fraction of cells and, therefore, represents an example of phenotypic heterogeneity that
is considered a bet-hedging strategy for survival in unpredictable environments:
some bacteria sacrifice their own propagation to ensure continuity of the genotype in
case of extreme hostile conditions (3).

Bacterial dormancy occurs in different shapes and degrees and may therefore be
defined as a “multidimensional trait space” (4). In its broadest definition, dormancy
is “any rest period or reversible interruption of the phenotypic development of an
organism” (5), which also includes myxospores within fruiting bodies of myxobacteria
or endospores of some gram-positive bacteria, which may reside in dormant state for
many years (6, 7). In contrast to these extreme morphotypes, bacterial populations
almost constantly generate cells that are morphologically similar to their siblings but
have entered a transient state of reduced activity from which they can rapidly recover.
A prominent example are so-called persister cells, which are well known for their ability
to survive antibiotic treatments (8-10). They have gained increasing attention as they
may cause infection relapse or serve as a reservoir for antibiotic resistance development
(11-13). As it stands right now, there are many ways into the persister state, includ-
ing spontaneous events (14, 15), nutrient limitation and starvation (16, 17), metabolic
perturbations (18), oxidative stress (19, 20), and low energy levels (21, 22). However, it is
not entirely clear whether a combination of these events is necessary to reduce cellular
activity to such an extent that persister formation is promoted. In this respect, not every
dormant cell is a persister cell, but dormancy increases the likelihood of reaching the
persister state (23).

Another possibility to induce dormancy is toxin-antitoxin (TA) systems, which are
ubiquitously found in bacteria and contribute to stress responses or stabilization of
mobile genetic elements (24, 25). Different TA system types have been identified, but
they all have in common that the antitoxin inhibits toxin activity or prevents toxin
production, which likely restricts toxin-dependent effects to specific (stress) conditions
(24-28). Whether or not toxins from TA systems induce a persister state is subject
to current debate (29, 30), but the contribution of toxins to bacterial dormancy and
condition-dependent persister formation seems plausible (26, 31-33). One well-studied
toxin with a potential influence on dormancy and persistence is TisB from the type
| TA system tisB/istR-1 in Escherichia coli (34-36). TisB is a small hydrophobic protein
that targets the inner membrane and leads to membrane depolarization, ATP deple-
tion, and further secondary effects, such as reactive oxygen species formation and
inhibition of translation (31, 37-40). The reduced energy level in TisB-producing cells is
expected to support persister formation, especially under conditions of DNA damage,
when the corresponding tisB toxin gene is strongly induced upon auto-cleavage of
the LexA repressor as part of the SOS response (33, 39, 41, 42). However, transcription
of tisB is not sufficient to produce the TisB protein because the primary tisB mRNA
(+1 mRNA) is translationally inactive due to an inhibitory secondary structure in its
5’ part. The +1 mRNA needs to undergo processing into the active +42 mRNA to be
translated (43). Translation of the +42 mRNA depends on a non-canonical translation
initiation mechanism that involves a single-stranded ribosome standby site (RSS), a
5’ pseudoknot structure, and ribosomal protein S1 (44, 45). However, the translation
of +42 mRNA is efficiently inhibited by the RNA antitoxin IstR-1 (42, 43). Hence, two
regulatory RNA elements (secondary structure in the +1 mRNA and antitoxin IstR-1) limit
tisB expression to SOS conditions and set a threshold for TisB production in individual
cells, thereby causing phenotypic heterogeneity (39, 46).

An early transcriptome study demonstrated that the heterologous production of TisB
and other membrane toxins led to the induction of several stress response genes (47),
indicating that these toxins cause stress due to primary and secondary effects (31, 40).
However, heterologous toxin expression systems tend to produce excessive effects. In
the current study, we aimed to construct a moderate expression system to study the
TisB-dependent stress response. We observed that moderate tisB expression elicits a
stress response that contributes to recovery from TisB-induced dormancy. Upregulation
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of several chaperone genes suggested that TisB provokes protein aggregation, which
was validated using a fluorescent reporter system. Intriguingly, we found that the
DNA-damaging antibiotic ciprofloxacin causes protein aggregation in a TisB-dependent
manner and that protein aggregates affect the dormancy duration of persister cells. Our
study supports the view that TisB—and probably other type | toxins—affect dormancy
and persistence through a variety of downstream effects, including protein aggregation.

RESULTS
A moderate expression system for investigation of TisB-induced dormancy

Production of the membrane toxin TisB from the type | TA system tisB/istR-1 inflicts
a stressful situation, including perturbation of membrane functioning, energy deple-
tion, and further secondary effects (31, 48). Recent work on TisB has highlighted
the importance of particular stress-related proteins in the context of TisB-dependent
persistence, such as superoxide dismutases and alkyl hydroperoxide reductase (40, 49).
To grasp the global response to TisB-mediated stress, we aimed to construct an inducible
expression system that provokes TisB-dependent effects but avoids high TisB levels and
concomitant TisB toxicity (37, 50). In E. coli, pBAD plasmids are applied for controllable
gene expression from the Pgap promoter using L-arabinose (L-ara) as an inducer. When
using the pBAD derivative p+42-tisB (37), transcription from the Pgap promoter produces
the native tisB +42 mRNA, which is translationally active due to its accessible RSS and
the existence of a Shine-Dalgarno (SD) sequence (Fig. 1A). However, tisB induction
from p+42-tisB reduces the number of colony forming units (CFU) by at least 10-fold,
indicating TisB toxicity and probably cell death (37). Since tisB expression from its
chromosomal gene copy is not expected to cause cell death (37), but rather supports
stabilization of a growth-arrested state (31), p+42-tisB does probably not represent a
suitable expression system to study authentic TisB effects.

Expression strength can be modulated by plasmid copy number and promoter
strength (51). Alternatively, the efficiency of translation can be modulated. We followed
the latter strategy and tested an artificial 5" UTR with a length of 20 bp that lacks an SD
sequence (52) (Fig. 1A). The artificial 5" UTR was fused to the syfp2 open reading frame to
analyze single-cell syfp2 expression levels by flow cytometry. The SD-free 5 UTR
decreased the sYFP2 fluorescence by approximately 180-fold in comparison to an SD-
containing 5 UTR (Fig. S1). Importantly, the SD-free 5" UTR did not introduce an expres-
sion heterogeneity among the population (Fig. S1). To test its suitability for moderate tisB
expression, the native tisB 5° UTR was replaced by the SD-free 5" UTR to yield plasmid
pOSD-tisB. Using 3XFLAG fusions and western blot analysis, we compared the p+42-tisB
and pOSD-tisB systems by assessing 3XFLAG-TisB protein levels in E. coli wild-type (WT)
MG1655 (Fig. 1B). 3XFLAG-TisB levels were reduced by ~10-fold using the pOSD-tisB
system, which was presumably due to lower efficiency of translation initiation but might
also be partly attributable to lower steady-state levels of the 0SD-3xFLAG-tisB mRNA (Fig.
S1). Optical density (ODgpg) measurements demonstrated that TisB induction from
plasmid p0OSD-tisB by L-ara was sufficient to halt cell growth during the exponential
phase, while an empty pBAD control showed normal growth (Fig. 1C). There was,
however, a short delay for growth inhibition with pOSD-tisB when compared to p+42-tisB.
The primary effect of TisB is depolarization of the inner membrane (38, 39). We assessed
depolarization by the potential-sensitive probe DiBAC4(3) after 1 hour of L-ara treatment
during the exponential phase. Expression from both p+42-tisB and p0SD-tisB caused an
increase in intracellular DiBAC4(3) fluorescence in comparison to the empty pBAD control
as assessed by flow cytometry (Fig. 1D). While the main population was similarly shifted
with both expression systems, a second population with an increased DiBAC4(3)
fluorescence occurred, which was especially prominent with the p+42-tisB system.
Whether this subpopulation represents extremely damaged or even dead cells remains
unknown. Importantly, after 1 hour of L-ara treatment, 66% of cells were able to form
colonies with the p0SD-tisB system, while this value dropped to 1% with p+42-tisB (Fig.
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FIG 1 Characterization of a moderate tisB expression system. (A) Schematic representation of different tisB expression systems. The p+42-tisB plasmid contains
the native tisB 5" UTR, including a RSS and a SD sequence. Transcription from the Pgap promoter starts at the tisB +42 position. The pOSD-tisB plasmid contains
the tisB coding sequence preceded by an artificial 20 bp 5" UTR. Lollipop structures indicate Rho-independent terminators. (B) Detection of 3XFLAG-TisB.
Wild-type MG1655 harboring 3xFLAG-tag variants of p+42-tisB and pOSD-tisB were grown to an ODggg of ~0.4 (exponential phase) and treated with L-ara
(0.2%). Samples were collected at the indicated time points. Total protein was separated using Tricine-SDS-PAGE and transferred to PVDF membranes by
electro-blotting. 3xFLAG-TisB was detected using an HRP-conjugated monoclonal a-FLAG antibody. As a negative control, p+42-tisB was used. Two TisB-specific
bands are visible, one at ~10 kDa and one above 25 kDa. The asterisk indicates an unspecific band. Ponceau staining is shown as loading control. (C) Growth
inhibition by TisB. Wild-type MG1655, harboring p0SD-tisB, p+42-tisB or an empty pBAD plasmid, was treated with the inducer L-ara (0.2%) at an ODgqg of ~0.4
(exponential phase; arrow). The ODgog Was measured over time. Data points indicate the mean of three biological replicates. (D) TisB-dependent membrane
depolarization. Wild-type MG1655 cells, harboring p0SD-tisB, p+42-tisB or an empty pBAD plasmid, were treated with the inducer L-ara (0.2%) for 1 hour
when an ODggg of ~0.4 was reached (exponential phase). Staining with the potential-sensitive probe DiBAC4(3) was applied to assess depolarization. DiBAC4(3)
fluorescence was measured using flow cytometry and the FL1-H detector. 10,000 events are displayed for each strain. (E) TisB toxicity with different expression
systems. Wild-type MG1655, harboring p0SD-tisB or p+42-tisB was treated with L-ara (0.2%) during the exponential phase (ODgpg ~0.4) for 1 hour. Pre- and
post-treatment samples were used to determine relative CFU (%). Bars represent the mean of three biological replicates and error bars indicate the standard
deviation. Dots show individual data points. ANOVA with post-hoc Tukey HSD test was performed (**P < 0.01).

1E). These findings indicate that pOSD-tisB largely avoids TisB toxicity and, therefore,
represents a suitable expression system to study TisB-induced dormancy.

Dynamic phenotypic features upon moderate tisB expression

Elevated toxin levels were shown to increase phenotypic heterogeneity with respect
to growth-arrest duration and persistence time (39, 53). The duration of toxin-induced
growth arrest is reflected by the time that is needed by single cells to form colonies on
agar plates, which can be quantified using the ScanLag method (54, 55). When E. coli
wild-type MG1655, containing p0SD-tisB, was grown to an ODggg of ~0.4 (exponential
phase) and plated on regular LB agar plates without L-ara (TO; Fig. 2A), the median
colony appearance time was 820 min (Fig. 2B). The narrow appearance-time distribution
indicated homogeneous lag times, as expected from exponentially growing populations.
By contrast, when cultures were treated with L-ara for 30 min to induce TisB-dependent
growth arrest before cells were spread on agar plates (T30; Fig. 2A), the median colony
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FIG 2 Dynamic phenotypic features upon moderate tisB expression. (A) Schematic representation of the performed experiment. Wild-type MG1655, harboring

the p0OSD-tisB plasmid, was treated with L-ara (0.2%) in the exponential phase (ODgog ~0.4). At the indicated time points (T30, T60, and T120), cells were plated

on LB agar without L-ara and colony growth was analyzed using the ScanLag method (see Material and Methods). As a control, cells were analyzed before L-ara

was added (T0). (B) ScanLag analysis was applied to determine the colony appearance time after tisB expression. For each time point, colony appearance times

are illustrated as violin box plots. Colonies from three biological replicates were combined (T0: n = 154; T30: n = 59; T60: n = 103; T120: n = 124). The white

dot indicates the mean. The respective median appearance time (white bar) is shown on top of each plot. L-ara-treated samples were compared to the control

(TO) using a pairwise Wilcoxon rank-sum test (**P < 0.0001). (C) Colony counts increase upon progressing tisB expression. LB agar plates from panel B were used

to determine colony counts. Pre-treatment (T0) and post-treatment (T30, T60, and T120) samples were used to determine relative CFU (%). Bars represent the

mean of three biological replicates and error bars indicate the standard deviation. Dots show individual data points. ANOVA with post hoc Tukey HSD test was

performed (**P < 0.01; ns: not significant).

appearance time shifted to 1,120 min. In other words, cells needed on average 5 hours
longer to form colonies. Furthermore, heterogeneity of colony appearance was clearly
increased (Fig. 2B). Since the speed of colony growth could not account for the 5-hour
shift (Fig. S2), we concluded that TisB production from the p0OSD-tisB system generated
populations with very heterogeneous growth-arrest durations. While results for a 60 min
L-ara treatment (T60) were comparable to the 30-min time point, the median colony
appearance time was only 960 min after 120 min of L-ara treatment (T120), which was
also accompanied by a more homogeneous distribution (Fig. 2B). Intriguingly, relative
CFU counts stayed at ~50% during the first 60 min of L-ara treatment but increased to
more than 90% after 120 min (Fig. 2C). Hence, cells regained their ability to form colonies
at later stages of the experiment. Even though the p0SD-tisB plasmid was stable over the
whole duration of the experiment (Fig. S1), we observed changes in 3XFLAG-TisB levels,
with a peak at 60 min and a decline at 120 min (Fig. 1B), which was mirrored at the mRNA
level (Fig. S1). This might represent an inconsistent expression strength introduced by
the pOSD-tisB system itself. Alternatively, the decline in TisB protein levels and the
improved ability to form colonies at the 120 min time point indicate an adaptation,
probably through activation of a stress response that limits further TisB production.

A global transcriptome analysis reveals TisB-dependent upregulation of
stress-related genes

It has already been observed that type | toxins cause upregulation of several stress-rela-
ted genes (47), and we have shown that tisB expression provokes superoxide formation
and upregulation of soxS and the SoxRS regulon (40). To reveal the response to TisB
on a global scale, transcriptome analysis of MG1655 p0SD-tisB was performed. Cultures
were grown to an ODggg of ~0.4 (exponential phase) and treated with L-ara for 30 min.
Samples before and after L-ara treatment were collected and analyzed by RNA-seq,
which identified 67 upregulated and 66 downregulated genes (log; fold change > 2 and
< —2, P-value < 0.01; Data Set S1). We specifically focused on upregulated genes, as
they might represent an active response to TisB. As expected, tisB and soxS were among
the genes with the strongest upregulation (Fig. 3A). To select candidates for further
analysis, we compared the set of upregulated genes from our RNA-seq analysis to (i)
microarray data of heterologous tisB expression (47), (ii) proteome data of a de-regulated
tisB strain (49), and (iii) transcriptional regulation data from the RegulonDB database
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FIG 3 Identification of TisB-responsive genes by RNA-seq. (A) Global response to tisB expression. Wild-type MG1655, harboring the p0SD-tisB plasmid, was
treated with L-ara (0.2%) during the exponential phase (ODggg ~0.4) for 30 min. RNA samples extracted before (Exp) and after treatment (T30) were analyzed
using RNA-seq. The volcano plot illustrates the log; fold change on the x-axis and the —logqo(P-value) on the y-axis. Differentially expressed genes (log, fold
change > 2 or < =2, P-value < 0.01) are shown in pink. Selected candidates are highlighted in blue, while genes affected by L-ara are shown in orange (araBAD,
arak, araFGH), and tisB and soxS are shown in black. (B) Confirmation of RNA-seq using qRT-PCR. Wild-type MG1655, harboring p0SD-tisB (blue bars) or an empty
pBAD plasmid (orange bars), was treated with L-ara (0.2%) during exponential phase (ODggg ~0.4) for 30 min. Relative transcript levels (RTL; log,) were assessed
by qRT-PCR (qRT). Log; fold changes from the RNA-seq analysis are shown for comparison (gray bars). Bars represent the mean of three biological replicates, with
two technical replicates each, and error bars indicate the standard deviation. (C, D) Confirmation of RNA-seq using northern blot analysis. Wild-type MG1655,
harboring p0SD-tisB or an empty pBAD plasmid, was treated with L-ara (0.2%) during the exponential phase (ODggg ~0.4) for 30 min. Total RNA was separated
using urea-polyacrylamide gels and blotted onto nylon membranes. Radioactive probes binding to the coding region of (C) bhsA or (D) yhcN were applied for the
detection of transcripts. Corresponding deletion mutants (AbhsA or AyhcN) were used to show the specificity of the probes. A tisB probe was applied to verify tisB

induction from p0SD-tisB, and 5S rRNA was probed as loading control.

(56). The regulon analysis highlighted genes that are transcriptionally regulated by
CpxR, the response regulator from the CpxAR two-component system (Fig. S3). The
Cpx system belongs to the envelope stress response and is mainly involved in sensing
misfolded proteins in the inner membrane and periplasm (57). In total, we selected four
CpxR-dependent genes: cpxP, spy, yebE, and yqaE (Fig. 3A). Importantly, cpxP, spy, and
yebE were found in the transcriptome study by Fozo et al. (47), and spy and yebE were
also found in the proteome study by Spanka et al. (49). CpxP and Spy are located in the
periplasm and have chaperone functions; YebE and YgaE are poorly characterized inner
membrane proteins. In addition, we selected ydjM (Fig. 3A), encoding another poorly
characterized inner membrane protein. Like tisB, ydjM belongs to the LexA regulon and
might have an important function during the SOS response. The transcriptome study by
Fozo et al. showed that the ibpAB operon is upregulated upon type | toxin expression
(47). Both ibpA and ibpB encode small heat-shock proteins (sHSPs) with chaperone
functions in the cytoplasm. Since ibpB showed stronger induction than ibpA in our
RNA-seq data (Data Set S1), we selected ibpB for further analysis (Fig. 3A). We applied
quantitative reverse transcription PCR (qQRT-PCR) to verify TisB-dependent induction of
the selected genes. soxS and tisB were used as positive controls (Fig. 3B). To exclude that
upregulation of stress-related genes was due to the L-ara treatment, wild-type MG1655
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containing an empty pBAD plasmid was analyzed by qRT-PCR, clearly showing that L-ara
alone was not sufficient to cause induction of the stress-related genes (Fig. 3B). Finally,
bhsA and yhcN were selected because they were among the genes with the strongest
upregulation (Fig. 3A). Both genes encode DUF1471 domain-containing proteins that are
located in the cell envelope and have a putative role in stress responses and/or biofilm
formation (58-60). Since qRT-PCR analysis did not produce reliable results for bhsA
and yhcN, northern blot analysis was performed, which confirmed their TisB-dependent
induction (Fig. 3C and D). We note, however, that tisB expression caused accumulation
of several mRNA degradation products, which was particularly evident for yhcN (Fig. 3D).
Strong tisB expression causes rRNA degradation in less than 1 hour (37, 40, 50), but this
was not observed when using the pOSD-tisB system (Fig. S1), suggesting that global RNA
decay cannot account for bhsA and yhcN degradation. Degradation of bhsA and yhcN
might have a biological function, such as the generation of regulatory RNAs, but this
needs further investigation.

Stress-related genes support recovery from TisB-induced dormancy

To evaluate the function of the selected candidates with respect to TisB-induced
dormancy, we deleted the corresponding genes and transferred the p0SD-tisB plasmid to
the resulting mutants. As expected, all mutants showed L-ara-induced and TisB-depend-
ent growth inhibition (Fig. S4). In a subsequent experiment, mutants were grown to an
ODggp of ~0.4 (exponential phase) and tested for their ability to form colonies after 1
hour of L-ara treatment. The relative CFU counts for the mutants ranged between 43%
and 111%, which was not strikingly different when compared to the wild type (70%;
Fig. 4A). We concluded that each gene only had a minor influence on the ability of
TisB-producing cells to form colonies on LB agar plates. We reasoned that the stress-rela-
ted genes might rather influence the growth-arrest duration by supporting the recovery
from TisB-mediated stress (40, 49). Indeed, when using ScanlLag, seven out of eight
mutants showed a delayed recovery and significantly increased growth-arrest duration
in comparison to the wild type, with AbhsA being the only exception (Fig. 4B). The
growth-arrest duration, as measured by the colony appearance time, was prolonged by
at least 80 min (AibpB) and up to 220 min (AyebE and AcpxP). To exclude that the gene
deletion itself and/or the L-ara treatment would affect the colony appearance time, an
empty pBAD plasmid was transferred to the mutants. The resulting strains were grown
to the exponential phase, treated with L-ara for 1 hour, and analyzed by ScanLag. In
this control experiment, none of the mutants showed a delayed colony appearance in
comparison to the wild type (Fig. S5), clearly indicating that the stress-related genes
have a particular function upon TisB-mediated stress and probably support the recovery
process. Since four of the eight candidates belong to the CpxR regulon (Fig. 4A), we
constructed a cpxR deletion mutant, transferred the p0SD-tisB plasmid, and induced tisB
expression by L-ara. However, neither CFU counts nor colony appearance were signifi-
cantly different in the ¢cpxR mutant when compared to the wild type (Fig. S6), probably
due to the dual regulatory function of CpxR and the complex features found within the
CpxR regulon (61).

TisB causes intracellular ATP depletion and protein aggregation

The importance of proteins with chaperone activity during recovery from TisB-induced
growth arrest (Fig. 4) suggested that unfolded proteins and protein aggregates impose
a challenge for TisB-producing cells. It was previously demonstrated that due to ATP
depletion, protein aggregates form and affect the dormancy of bacterial cells (62, 63).
Since TisB is expected to decrease the intracellular ATP concentration due to depola-
rization of the inner membrane and breakdown of the proton motive force (33, 35,
37), intracellular ATP concentrations were measured before and after L-ara treatment
in wild-type MG1655 containing either pOSD-tisB or an empty pBAD plasmid. In the
TisB-producing strain, a 60-min treatment with L-ara caused a ~32-fold ATP reduction,
while the ATP concentration remained unchanged in the control strain (Fig. 5A). To assess
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FIG 4 TisB-responsive genes mainly affect the recovery after tisB expression. (A) TisB toxicity in selected deletion mutants. WT MG1655 and deletion mutants,
harboring the p0SD-tisB plasmid, were treated with L-ara (0.2%) during the exponential phase (ODgpg ~0.4) for 1 hour. Pre- and post-treatment samples were
used to determine relative CFU (%). Bars represent the mean of at least three biological replicates and error bars indicate the standard deviation. Dots show
individual data points (WT: n = 102; AydjM: n = 9; AyebE: n = 6; AygaE: n = 12; AcpxP: n = 3; Aspy: n = 9; AibpB: n = 9; AbhsA: n = 3; AyhcN: n = 3). ANOVA
with post hoc Tukey HSD was performed (no significant difference between deletion mutants and the wild type was detected). It is indicated whether the
genes are CpxR-dependent or have a chaperone activity. Their proposed cellular localization is given (C: cytoplasm, IM: inner membrane, P: periplasm, OM:
outer membrane). (B) ScanLag analysis of selected deletion mutants. WT MG1655 and deletion mutants, harboring the pOSD-tisB plasmid, were treated with
L-ara (0.2%) during the exponential phase (Opggg ~0.4) for 1 hour. ScanLag was applied to determine the colony appearance time after tisB expression. For each
deletion mutant, colony appearance times are illustrated as violin box plots and compared to a corresponding wild type. Colonies from at least three biological
replicates were combined (WT: n = 192; AydjM: n = 452; AyebE: n = 383; AyqaE: n = 393; AcpxP: n = 252; Aspy: n = 356; AibpB: n = 682; AbhsA: n = 365; AyhcN: n
=192). The white dot indicates the mean. The respective median appearance time (white bar) is shown on top of each plot. Deletion mutants were compared to
wild-type MG1655 using a pairwise Wilcoxon rank-sum test (*P < 0.001, **P < 0.0001, ns: not significant). It should be noted that ScanLag results vary between
individual runs. For every mutant, statistical testing refers to the corresponding control strain (WT) from the same experimental run.

cytosolic protein aggregation as a likely consequence of ATP depletion, we applied a
reporter strain that chromosomally expresses a monomeric superfolder green fluores-
cent protein (msfGFP) fused to the C-terminus of the sHSP IbpA (64). As expected,
cytosolic msfGFP fluorescence changed from a diffuse to a punctuated pattern (i.e.,
formation of foci) after 15 min of heat shock at 47°C (Fig. S7). Since IbpA localizes to
protein aggregates, the msfGFP foci clearly indicated the formation of protein aggre-
gates in the cytoplasm due to elevated temperature (63, 64). We performed a U-Net
analysis (65) to count msfGFP foci in individual cells (Fig. S7). Expression of tisB from
pOSD-tisB in the ibpA-msfGFP reporter background (60-min L-ara treatment) led to the
formation of foci, with ~48% of cells having three foci and ~20% having two or four
foci (Fig. 5B). As a control, the empty pBAD plasmid was transferred to the ibpA-msfGFP
reporter background, and the resulting strain was treated with L-ara. However, L-ara
alone was not sufficient to cause foci formation (Fig. 5B). To demonstrate that functional
TisB was needed for ATP depletion and foci formation, plasmid pOSD-tisB-K12L was
applied for production of the TisB-K12L variant. TisB-K12L has central lysine 12 replaced
with leucine, leading to attenuated TisB activity without affecting membrane localization
(40). As expected, TisB-K12L did not cause major ATP depletion (Fig. 5A). More intrigu-
ingly, a reporter strain containing p0SD-tisB-K12L displayed mainly cells without foci
(~83%) after 60 min of L-ara treatment (Fig. 5B). This control experiment demonstrated
that production of a small membrane protein (TisB-K12L) is not sufficient to cause
cytosolic protein aggregation, but rather that functional TisB toxin triggers the formation
of protein aggregates, probably due to strong intracellular ATP depletion.
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FIG 5 Expression of tisB causes cytoplasmic protein aggregation. (A) TisB-dependent ATP depletion. Wild-type MG1655, harboring either an empty pBAD

plasmid, the pOSD-tisB plasmid, or the pOSD-tisB-K12L variant, was treated with L-ara (0.2%) during the exponential phase (ODgpg ~0.4) for 60 min. A

luciferase-based assay was applied to measure cellular ATP levels (nM per ODggg) before (T0) and after L-ara treatment (T60). Bars represent the mean of at least

six biological replicates and error bars indicate the standard deviation. Dots show individual data points (pBAD: n = 8; pOSD-tisB: n = 8; pOSD-tisB-K12L: n = 6).

ANOVA with post hoc Tukey HSD test was performed (**P < 0.01; ns: not significant). (B) TisB-dependent protein aggregation in the cytoplasm. Strain MG1655

ibpA-msfGFP, harboring an empty pBAD plasmid, the pOSD-tisB plasmid, or the pOSD-tisB-K12L variant, was treated with L-ara (0.2%) during exponential phase

(TO; ODggg ~0.4) for 60 min (T60). Phase contrast images are displayed together with corresponding fluorescence images (GFP). White bars represent a length

scale of 2 um. Representative images from three biological replicates are shown. In the lower panel, msfGFP foci were quantified from three biological replicates.

All images were evaluated using a U-Net neural network analysis and in-house image processing tools to automatically count msfGFP foci per cell. At least 507
cells were analyzed for each condition (pBAD T0: n = 507; pBAD T60: n = 3,019; p0SD-tisB TO: n = 730; pOSD-tisB T60: n = 1,474; p0SD-tisB-K12L TO: n = 1,405;

pOSD-tisB-K12L T60: n = 1,896).

Ciprofloxacin provokes TisB-dependent protein aggregation

So far, we have shown that tisB expression from plasmid p0SD-tisB induces several
stress-related genes, encoding—among others—the chaperones CpxP, Spy, and IbpB.
Deletion of these genes delays the recovery of cells following TisB-mediated stress.
Furthermore, we have observed strong ATP depletion and protein aggregation upon tisB
expression from plasmid p0SD-tisB. While these experiments are helpful in appreciating
the cellular consequences of tisB expression, they do not provide direct evidence for the
consequences of tisB expression in wild-type cells. In wild-type cells, tisB transcription
is strongly induced upon DNA damage through UV light or DNA-damaging agents,
such as mitomycin C or ciprofloxacin (39, 41, 42, 66). When using the gyrase inhibitor
ciprofloxacin (CIP), most TisB-dependent effects are observed only after approximately
3 hours of a high-dose treatment (31). We, therefore, treated wild-type MG1655 and
a corresponding tisB deletion mutant with CIP at a high concentration (10 pg/mL),
which was 1,000x higher than the minimum inhibitory concentration (MIC). Intracellular
ATP concentrations were determined over 6 hours. In wild-type cultures, a ~1.7-fold
drop of ATP was only observed after four hours of CIP, while ATP concentrations even
significantly increased in the tisB deletion mutant (Fig. 6A). It should be noted that the
drop of ATP in CIP-treated wild-type cultures was not comparable to the drastic ATP
depletion observed upon tisB expression from plasmid p0SD-tisB (Fig. 5A). However,
~66% of wild-type cells displayed one or two IbpA-msfGFP foci after 6 hours of CIP,
indicating protein aggregation, which was not observed in the tisB deletion background
(Fig. 6B). This led us to conclude (i) that TisB-dependent protein aggregation occurs in
wild-type cells after prolonged DNA-damage stress and (ii) that ATP depletion is likely
not the determining factor for TisB-dependent protein aggregation upon CIP treatment.
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white dot indicates the mean. The respective median appearance time (white bar) is shown on top of each plot. The chaperone overexpression strains were
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Since single deletions of the chaperone genes cpxP, ibpB, and spy extended the
recovery time following plasmid-based tisB expression (Fig. 4B), we tested whether the
corresponding gene deletions would also affect the recovery time of E. coli MG1655
following treatment with CIP. However, neither single nor double gene deletions affected
recovery (data not shown). However, when expression of the ibpAB operon or the spy
gene was induced from a plasmid 30 min prior to CIP treatment, the appearance time in
ScanlLag experiments was reduced by 160-180 min (Fig. 6C), indicating that increased
IbpAB and Spy levels supported the recovery after CIP-induced stress.

Proteome analysis of aggregates

To further analyze TisB-dependent protein aggregates, wild-type cultures were treated
with CIP, and aggregate-containing pellet fractions (PF) were separated from super-
natants (SN) according to an established procedure (63) (Fig. 7A). The tisB deletion
mutant was analyzed in parallel as a control for TisB-independent effects. The approach
was initially validated by western blot analysis using the ibpA-msfGFP reporter back-
ground and detection of |bpA-msfGFP, confirming that the procedure was suitable
to specifically enrich protein aggregates in wild-type PF samples (Fig. 7B). We then
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FIG 7 Proteome analysis of aggregates. (A) Schematic representation of the protein aggregate purification procedure. WT MG1655 and a tisB deletion mutant

(AtisB) were treated with CIP (10 pug/mL; 1,000x MIC) during the exponential phase (ODggg ~0.4) for 6 hours. After cell lysis and centrifugation, SNs were collected

for LC-MS analysis. The pellet fractions were washed three times and solubilized (Sol.) to receive pellet fractions (PF) for LC-MS analysis. (B) Western blot validation
of protein aggregate purification. WT MG1655 ibpA-msfGFP and AtisB ibpA-msfGFP were treated with CIP (10 pug/mL; 1,000x MIC) during exponential phase

(ODggg of ~0.4) and samples were collected at the indicated time points as described in Materials and Methods. A western blot was performed to detect

IbpA-msfGFP using an a-GFP antibody. (C) Euler diagram of proteins identified by LC-MS. All proteins that were identified in at least two biological replicates of

either wild-type or AtisB supernatant samples were combined (combined supernatant; cSN) and used as a reference data set. All proteins that were exclusively

present or enriched in wild-type pellet fractions in comparison to AtisB were defined as TisB-dependent protein aggregates (TdPA). (D) Protein localization was

predicted using LocTree3. The relative fractions of different protein localizations are shown for the combined supernatant (cSN) and TisB-dependent protein

aggregates (TdPA). (E) 1D annotation enrichment results of differentially abundant proteins in the SNy versus SNagisg (number of enriched terms in brackets;

Benjamini-Hochberg FDR provided on top).

performed the experiment in wild-type MG1655 and the corresponding tisB deletion
mutant and analyzed SN and PF samples by liquid chromatography-mass spectrometry
(LC-MS). The combined supernatant (cSN) of wild-type and AtisB cultures comprised
1,956 proteins in total, which was used as a reference data set (Fig. 7C). Analysis of
the PF samples identified 29 proteins that were significantly enriched in wild-type PF
samples in comparison to AtisB (log; fold change > 1 and Welch's t-test with Benjamini-
Hochberg FDR < 0.05; Data Set S2). The sHSPs IbpA (log; fold change of 5.6) and
IbpB (log, fold change of 3.2) were among the proteins with the highest enrichment
factor, which confirmed a successful purification of protein aggregates in wild-type PF
samples. Furthermore, we identified 102 proteins that were only present in wild-type
PF samples but absent from AtisB PF samples (Data Set S2). The combination of both
groups (131 proteins in total) was defined as “TisB-dependent protein aggregates” (TdPA;
Fig. 7C). There was no intriguing difference between TdPA and cSN proteins concerning
molecular weight or isoelectric point (Fig. S8). We speculated that TisB interferes with
the export of outer membrane proteins (OMPs) and/or membrane insertion of inner
membrane proteins (IMPs) (67). However, there was no enrichment of OMPs or IMPs in
the TdPA data set (Fig. 7D). In support of this finding, in vitro experiments showed that
inner membrane vesicles from CIP-treated wild-type cultures were not compromised in
the transport of the outer membrane protein OmpA (Fig. S8). Finally, a STRING database
search (68) revealed that no specific functional protein groups were enriched within
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the TdPA data set, despite the occurrence of seven proteins that are encoded in the E.
coli K-12 cryptic prophages, including integrases IntA, IntF, and IntE, excisionase XisE,
repressor YmfK, cell division inhibitor YmfM, and transcriptional regulator YmfT (Fig. S8).
In summary, we were not able to identify striking features of the TdPA proteins.

To learn more about the CIP-induced and TisB-dependent stress response, we
compared SN samples by label-free quantification, revealing four functional categories
that showed either increased or decreased protein abundance in the wild type as
compared to the AtisB mutant (Fig. 7E). Among the category with increased protein
abundance (“regulation of gene expression”), we found several cold-shock proteins
(CspA, CspC, CspD, and CspE). The remaining categories contained proteins with
decreased abundance, including 130 P-loop NTPases, 49 proteins with a potential role in
response to antibiotic, and 52 ribosomal subunit proteins (“cytoplasmic translation”). The
decreased abundance of ATP-utilizing NTPases and ribosomal subunit proteins suggests
that TisB-producing cells reduce energy-consuming core processes, such as replication
and translation, upon CIP-induced stress.

Protein aggregates determine the dormancy duration of persister cells after
ciprofloxacin treatment

We asked the question of whether protein aggregation affects the state of persister cells
upon treatment with CIP. Since the tisB deletion mutant does not form protein aggre-
gates at the regular incubation temperature of 37°C, we applied heat stress at 46°C to
induce aggregation (Fig. 8A). After 6 hours of CIP treatment at 37°C, survival was reduced
by ~20-fold in AtisB as compared to the wild type (Fig. 8B). This is in agreement with
previous results showing that TisB is an important factor for persister cell survival upon
CIP treatment (33, 39). At 46°C, however, survival was comparable between both strains
(Fig. 8B). A transcriptional ibpB-syfp2 fusion confirmed that both strains showed similar
induction of the heat shock response (Fig. S9). When applying the ScanLag method
for cultures that were treated with CIP at 37°C, we observed that colonies of the AtisB
mutant appeared on average 300 min earlier than wild-type colonies (Fig. 8C), indicating
a reduced dormancy duration of AtisB cells, probably because aggregates were absent.
(Continued on next page)
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FIG 8 Heat-induced protein aggregates affect recovery from CIP. (A) Strain MG1655 ibpA-msfGFP and AtisB ibpA-msfGFP were treated with CIP (10 pg/mL; 1,000x
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(**P < 0.0001, ns: not significant).
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When CIP was applied at 46°C, colony appearance times were comparable, suggesting
that heat-induced protein aggregation has the potential to delay the recovery of AtisB
persisters.

DISCUSSION

Dormancy is an efficient strategy to survive harmful situations. It is, therefore, not
surprising that microorganisms have evolved different mechanisms to induce dormancy.
A hallmark of toxins from chromosomal TA systems is their ability to halt cell growth,
induce dormancy, and eventually promote persistence, especially when toxins are
expressed from plasmids (32, 33, 39, 69-72). However, strong toxin expression from
plasmids does not necessarily reflect the natural situation, potentially limiting the
validity of the obtained effects. Here, we introduce an inducible system for moderate tisB
expression that avoids toxic effects but retains the dormancy-promoting feature. Instead
of manipulating transcription initiation (38, 51), we manipulated translation initiation
by introducing an artificial SD-free 5" UTR to the tisB gene on the pBAD expression
plasmid. In E. coli, native transcripts without canonical SD sequences are not necessarily
compromised in translation efficiency, suggesting that an SD sequence is not mandatory
for efficient translation initiation (73). Here, we observed that the artificial SD-free 5
UTR reduced TisB protein levels by ~10-fold in comparison to the native tisB 5 UTR.
We suggest that the SD-free 5" UTR used in this study is a valuable genetic element
that enables moderate expression of toxic genes, which may be especially useful when
the resulting proteins have the potential to cause cell lysis or DNA damage (74-76).
However, in the case of tisB, we observed inconsistent expression levels after extended
cultivation, which might limit the use of the system to short-term experiments. Whether
this represents a gene-specific feature requires further investigation.

The moderate tisB expression system was applied to reveal the response to TisB-medi-
ated stress in E. coli. Our RNA-seq data are in good agreement with an earlier transcrip-
tome study of a tisB overexpression strain (47). When comparing both analyses, the
most prominent upregulated features are (i) the oxidative stress regulator gene soxS,
(ii) the ibpAB operon, and (iii) CpxR-dependent genes, such as the chaperone genes spy
and cpxP. It has been demonstrated that TisB provokes the formation of the reactive
oxygen species superoxide, leading to strong soxS induction (40). The ability to detoxify
superoxide by the superoxide dismutases SodA and SodB is important for recovery
from TisB-induced dormancy (40). Here, we observed a similar pattern: the absence of
stress-related proteins (e.g., chaperones IbpB, CpxP, or Spy) delayed the recovery from
TisB-induced dormancy. We conclude that the TisB-dependent stress response mainly
promotes the recovery process by repairing damages and restoring cellular integrity, as
we have already speculated earlier (49). Recovery from TisB-induced dormancy would
not only demand factors that cope with the cellular stress but also mechanistic means
to remove the toxin and repolarize the inner membrane. In the case of membrane toxin
HokB in E. coli, it has been observed that HokB pores are disassembled and targeted
for degradation by DegQ protease, followed by membrane repolarization mediated by
the electron transport chain (77). Whether similar mechanisms initiate the recovery from
TisB-induced dormancy is currently unknown.

Chaperones are universal to all living cells and play important roles in protein
quality control and disaggregation of protein aggregates (78, 79). The sHSPs IbpA
and IbpB are chaperones that initiate the disaggregation process in the cytoplasm.
Further components with a pivotal role in disaggregation and ATP-dependent protein
re-folding are the DnaK-DnaJ-GrpE chaperone system, the ClpB disaggregase, chapero-
nins GroES and GroEL, and the ATP-dependent protease HslUV. Besides ibpAB, both
our RNA-seq approach and proteome analysis revealed TisB-dependent upregulation
of clpB, groL, and hslU, albeit they did not match our cutoff criteria. The prevalence of
chaperone genes led to the hypothesis that tisB expression provokes protein aggrega-
tion, and indeed, cytosolic aggregates were observed upon tisB expression using an
established fluorescent reporter system. Besides cytosolic chaperones, our data highlight
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the functional importance of the periplasmic chaperones Spy and CpxP, both belonging
to the CpxR regulon. While Spy is an ATP-independent chaperone that protects OMPs
from folding stress (80, 81), CpxP might have a dual function by both regulating the Cpx
response and acting as a chaperone (57, 82). Although not further investigated here, we
suggest that tisB expression leads to protein folding stress in the cell envelope, thereby
activating the Cpx response.

The membrane toxin TisB is well studied with regard to its inducing condition (i.e.,
SOS response following DNA damage) (33, 39, 42). TisB-dependent effects can, therefore,
be revealed upon treatment with the DNA-damaging antibiotic CIP (31). Antibiotics
have already been associated with an increased abundance of heat shock proteins
and chaperones, as, for example, observed in Pseudomonas aeruginosa treated with the
aminoglycoside tobramycin (83), Streptococcus pneumoniae treated with the B-lactam
penicillin (84), or Acinetobacter baumannii treated with different classes of antibiotics
(85). In E. coli, the deletion of heat shock proteins and chaperones resulted in reduced
survival upon treatment with levofloxacin (86), a fluoroquinolone (FQ) antibiotic that is
functionally related to CIP. The authors assumed that FQ antibiotics induce the formation
of cytosolic protein aggregates, which need to be disassembled by heat shock proteins
and chaperones (86). Intriguingly, we can demonstrate that protein aggregation occurs
upon treatment with CIP and that this process depends on TisB, suggesting that TisB
is the foremost factor for protein aggregation in response to FQ-induced DNA damage.
The question remains how a membrane toxin provokes aggregation. Hypothetically, TisB
accumulates in the cytoplasm and initiates a nucleation process that leads to aggregate
formation (87). However, cellular fractionation experiments combined with western blot
analysis indicate that TisB does not accumulate in the cytoplasm but rather completely
localizes to the membrane (our unpublished results). Furthermore, we show here that the
production of the attenuated toxin TisB-K12L does not trigger aggregation. We conclude
that aggregation is a downstream effect of TisB and its function as a pore-forming toxin.
Strong ATP depletion might be the crucial factor that drives TisB-dependent protein
aggregation when tisB is expressed from the p0SD-tisB systems (62, 63). However, strong
ATP depletion was not observed in CIP-treated wild-type cells and therefore fails to
convincingly explain the CIP-induced protein aggregation. The primary action of TisB
is the breakdown of the proton motive force (39), which is similar to the action of
protonophores and leads to disturbance of pH homeostasis and acidification of the
cytoplasm (88-90). Potentially, the drop in intracellular pH initiates the aggregation
process (91), but this needs further investigation. Interestingly, it was observed only
recently that TisB is the major factor for cytoplasmic condensation upon treatment
with the DNA-damaging antibiotic ofloxacin (90). Whether cytoplasmic condensation
and protein aggregation are intertwined processes remains an exciting issue for future
studies.

Analysis of TisB-dependent protein aggregates revealed the enrichment of proteins
from cryptic prophages, and it remains an open question whether this is coincidental
or has a biological meaning. E. coli K-12 harbors nine cryptic prophages, and—albeit
their functions remain largely unknown—it has been observed that they contribute to
survival under antibiotic stress, including the DNA-damaging quinolone nalidixic acid
(92). Potentially, the prophage proteins contribute to the aggregation process, which, in
turn, affects antibiotic tolerance, but this needs further investigation.

Our data indicate that the occurrence of protein aggregates correlates well with an
increased dormancy duration, which is in accordance with previous observations (62,
63). The dormancy duration might also ultimately affect persister levels. The wild-type
had ~20-fold more persister cells than the tisB deletion mutant when treated with CIP at
37°C, corroborating former results (33, 39), but persister levels were comparable at 46°C.
This apparent discrepancy can be solved when persister levels are seen as a dynamic
measure that is mainly determined by the dormancy duration or, in other words, by
the “kinetics of awakening” (93). At 37°C, the tisB deletion strain does not form protein
aggregates, wakes up early, is killed by CIP and, hence, has a reduced persister level as
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compared to the wild type. At 46°C, however, both strains form aggregates and wake
up with the same kinetics, resulting in comparable persister levels. These considerations
may also help to solve a recurrent discrepancy in the literature regarding TisB-dependent
persistence. When E. coli is treated with CIP while growing in complex media, such as LB
or Mueller-Hinton broth, a tisB deletion strain scores fewer persister cells than a wild type
(33, 39). By contrast, when a MOPS-based minimal medium and ofloxacin are applied,
a tisB deletion strain and a wild type have similar persister levels (90, 94). We assume
that in MOPS medium wake-up kinetics are comparable between both strains, resulting
in similar killing kinetics and, hence, persister levels. However, we cannot exclude that
the antibiotic of choice (CIP versus ofloxacin) may have contributed to the conflicting
results obtained in different laboratories. In conclusion, we propose that the primary
function of the membrane toxin TisB is the establishment of a dormant state through
energy depletion, but that secondary effects and environmental conditions determine
the dormancy duration, which, in turn, affects long-term survival.

MATERIALS AND METHODS
Growth conditions

E. coli strains were grown in lysogeny broth (LB) medium at 37°C and 180 rpm. If
temperature-sensitive plasmids were present, strains were grown at 30°C and 180 rpm.
Pre-cultures were cultivated in the presence of antibiotics if applicable (50 pg/mL
kanamycin, 15 pg/mL chloramphenicol, 200 pg/mL ampicillin, and 6 pg/mL tetracycline).
Pre-cultures were diluted 100-fold into fresh LB medium and grown until the exponential
phase was reached. Growth curves were recorded in 30-min time intervals with a cell
density meter model 40 (Fisher Scientific).

Construction of strains and plasmids

E. coli strains used in this study are derivatives of K-12 wild-type MG1655 and are listed
in Table S1. Chromosomal deletion or transcriptional fusion mutants were constructed
using the A red methodology (95). A selection marker (cat or kan gene) was amplified
via PCR using primers with specific 40 bp overhangs, matching the desired deletion
locus. An E. coli MG1655 strain, that provides the heat-inducible A red genes on plasmid
pSIM5-tet (96), was grown at 30°C in the presence of tetracycline (3 pg/mL) until an
ODggp of ~0.4 was reached. After a 15-min heat shock at 42°C, electrocompetent cells
were prepared and PCR products were transformed via electroporation. Clones were
selected on LB agar plates containing the appropriate antibiotic (12.5 pg/mL chloram-
phenicol or 50 pg/pL kanamycin), and gene deletions were subsequently verified by
colony PCR. After two incubations at 42°C, loss of the heat-sensitive plasmid pSIM5-tet
was verified by tetracycline sensitivity. If necessary, deletion constructs were transduced
into new strain backgrounds using P1 phages according to standard protocols.
Expression plasmid p0SD-tisB was generated by AQUA cloning (97). The tisB insert
was amplified by PCR using primer pair AQ-OATG-2-f/NES-rev and plasmid p+42-tisB
as a template. Primer AQ-OATG-2-f provides both a 20 bp artificial 5° UTR (lacking
a Shine-Dalgarno sequence) and a 20 bp overhang for AQUA cloning. The pBAD
backbone was amplified by PCR using primer pair AQ-topo-f/AQ-topo-rev to generate
matching overhangs for the tisB insert. Purified amplification products were mixed
in a final volume of 10 pL, applying a molecular ratio of 7:1 (insert to backbone;
100 ng backbone). Mixtures were incubated at 25°C for 1 hour. Afterward, mixtures
were transformed into chemically competent MG1655 cells and clones were selected on
LB agar containing ampicillin (200 pg/mL). In a similar way, plasmid p0SD-3xFLAG-tisB
was generated with primer pair AQ-OATG-3x-f/NES-rev using plasmid p+42-3xFLAG-tisB
as a template for amplification of the 3xFLAG-tisB insert. Plasmid pOSD-tisB-K12L was
generated by site-directed mutagenesis PCR using primer pair K12L-for/K12L-rev and
plasmid pOSD-tisB as template. After PCR, parental plasmids were digested with Dpnl
(Thermo Fisher Scientific), and the linear PCR product was transformed into chemically
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competent MG1655 cells. Clones were selected on LB agar containing ampicillin (200 pg/
mL). For the generation of cpxP, ibpAB, and spy overexpression plasmids, the correspond-
ing genes were amplified via PCR using primers containing Bbsl recognition sites for
the generation of specific overhangs. PCR products were cloned into plasmid pSL0002
using Golen Gate cloning as described elsewhere (98). For the generation of plasmid
p0OSD-syfp2, the pBAD backbone (37) and the syfp2 open reading frame were amplified
via PCR with primers introducing recognition sites for EcoRl and Hindlll, followed by
restriction and ligation. The forward primer for syfp2 contained a sequence for the 20 bp
artificial 5° UTR. The ligation product was transformed into electrocompetent E. coli
MG1655 cells. Clones were selected on LB agar containing ampicillin (200 pg/mL). All
plasmids were verified by Sanger sequencing (Microsynth SeqlLab, Gottingen, Germany)
and are listed in Table S2. Primers used for cloning procedures are listed in Table S3.

Determination of relative colony counts and persister levels

Exponential-phase cultures (ODggp ~ 0.4) were treated with L-ara (0.2%) for 1 hour or
with CIP (10 pg/uL; 1,000x MIC) for 6 hours at 37°C and 180 rpm. Pre- and post-treatment
samples were serially diluted and plated on LB agar plates. In the case of L-ara treatment,
cells were diluted with NaCl (0.9%). In the case of CIP treatment, cells were washed two
times and diluted with 20 mM MgSOg4. Colonies were counted after ~20 hours (pre-treat-
ment) or ~40 hours (post-treatment). Colony counts were used to determine CFU per
milliliter. The ratio between treated and untreated samples represents either the relative
CFU count (L-ara) or persister level (CIP). P-values were calculated using an ANOVA with a
post hoc Tukey HSD test in R statistical language (https://www.r-project.org/).

Analysis of colony growth

Colony growth was analyzed using the ScanLag method (55). Agar plates from L-ara or
CIP treatments (see “Determination of relative CFU counts and persister levels”) were
covered with black felt, placed on scanners, and incubated at 37°C. Epson Perfection
V39 scanners were used to record a time series of images controlled by the Scanning-
Manager application. Images (TIFF files) were taken every 20 min for a total period of
40 hours. Image processing was performed using MatLab (MathWorks) with functions
PreparePictures, setMaskApp, TimeLapse, and ScanLagApp (54). After image processing,
the appearance and growth times were extracted. The appearance time is defined by a
colony size of 10 pixels, whereas the growth time is defined as the time that is needed to
cause a colony size increase from 80 to 160 pixels. Growth data were used to create violin
box plots with Power Bl Desktop (Microsoft). P-values were calculated using a pairwise
Wilcoxon rank-sum test in R statistical language (https://www.r-project.org/).

Membrane depolarization measurements

Exponential-phase cultures (ODggg ~0.4) were treated with 0.2% L-ara for 1 hour at
37°C and 180 rpm. Samples were withdrawn before and after the addition of L-ara and
adjusted to an ODggg of 0.5. DiBAC4(3) (Sigma-Aldrich) was added at a final concentra-
tion of 1 pg/mL, followed by incubation for 20 min in the dark at room temperature.
DiBAC4(3) fluorescence was measured via flow cytometry using a FACSCalibur (BD) and
the FL1-H detector (ex: 488 = 10 nm, em: 530 + 30 nm). CellQuest Pro 4.0.2 (BD) was
applied as an operating system. Data were analyzed with FlowJo v.10 (FlowJo LLC). Cell
counts were normalized to ~10,000 events by application of the DownSample plugin.

ATP measurements

Cultures were grown to exponential phase (ODgpg ~0.4) and treated with L-ara (0.2%)
for 1 hour or with CIP (10 pg/uL; 1,000x MIC) for up to 6 hours. Samples (1 mL) were
withdrawn before and after treatment. Cell pellets were collected by centrifugation
(13,000 rpm, 3 min) and supernatants were discarded. Cells were washed with 1 mL
NaCl (0.9%) and resuspended in 1 mL LB medium. 100 uL of samples was mixed
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with 100 pL BacTiter-Glo reagent (Promega) and incubated for 5 min in the dark. The
luminescence was measured using an Infinite M Nano* microplate reader (Tecan). Values
were transformed to nM, using the slope formula of an ATP calibration curve, and
normalized to the ODggg. P-values were calculated using an ANOVA with a post-hoc
Tukey HSD test in R statistical language (https://www.r-project.org/).

Fluorescence microscopy

Cultures were grown to exponential phase (ODggg ~0.4) and treated with L-ara (0.2%) for
1 hour or with CIP (10 pg/uL; 1,000x MIC) for 6 hours at 37°C or 46°C. Samples before
and after treatment were transferred onto agarose pads (1% agarose in 1x PBS) on top
of a microscopy slide with a cover slip on top of the cells. Images were recorded with a
Leica DMI 6000 B inverse microscope (Leica Camera AG) using an HCX PL APO 100x/1.4
phase contrast objective, a pco.edge sCMOS camera (PCO AG), and software VisiView
version 4.3.0 (Visitron Systems GmbH). For fluorescence images (GFP), a custom filter set
(T495lpxr, EX470/40 m; EM525/50; Chroma Technology) was used. The exposure time
was set to 50 ms with a binning of 2 and an offset of 0.0. Images were saved as TIFF and
further processed with the open-source software ImageJ version 1.53 k.

Automated focus analysis

For U-Net training and segmentation, phase contrast images of E. coli cells were used.
The software used was the U-Net plugin for ImageJ, available from the website of the
Computer Vision Group at the University of Freiburg (65). For training, 906 cells in eight
images were annotated. To enhance segmentation quality and facilitate the separation
of cell aggregates into individual cells, one label was used for the circumference of
the cells and one for their inside. A training with 2,000 iterations and a learning rate
of 1E-4 yielded segmentations that were very close to the training annotation. With
post-processing using a custom Wolfram Mathematica script, the segmentations were
further refined and crooked, very small, very large features or cells at the image border
were excluded. Visual inspection of all segmentations confirmed that the vast majority of
cells were properly identified. The extracted cell shapes were used as masks for the GFP
image channel. Spatial filtering, peak finding, and thresholding yielded the foci.

Preparation of RNA-sequencing samples

Exponential-phase cultures (ODggg ~ 0.4) of strain MG1655 p0SD-tisB were treated with
0,2% L-ara to induce tisB expression for 30 min. Samples from biological triplicates
were withdrawn before (samples “Exp”) and after L-ara treatment (samples “T30") and
immediately inactivated by adding 200 pL stop solution (95% ethanol, 5% phenol)
to 1T mL cell culture on ice. Total RNA was isolated according to the hot acid-phenol
method as described (41). DNA was removed using the TURBO DNA-free kit (Invitrogen)
according to the “rigorous treatment” instructions. The final clean-up was performed
using phenol/chloroform/isoamyl alcohol (25:24:1) mixed with the sample in a 1:1 ratio,
followed by chloroform treatment and precipitation as before. RNA quality was assessed
on an 8% polyacrylamide gel containing 1x TBE and 7 M urea. Aliquots of approximately
3.5 pg of total RNA were prepared and stored at —80°C until further analysis.

RNA-sequencing and data analysis

RNA-sequencing was performed by vertis Biotechnologie AG. For cDNA synthesis, all
RNA samples were first fragmented using ultrasound (4 pulses of 30 seconds, each at
4°C). Then, an oligonucleotide adapter was ligated to the 3’ end of the RNA molecules.
First-strand cDNA synthesis was performed using M-MLV reverse transcriptase and the
3’ adapter as a primer. The first-strand ¢cDNA was purified and the 5’ lllumina TruSeq
sequencing adapter was ligated to the 3’ end of the antisense ¢cDNA. The resulting
cDNA was PCR-amplified to about 10-20 ng/uL using a high-fidelity DNA polymerase
for 12 cycles. The TruSeq barcode sequences, which are part of the 5" and 3’ TruSeq
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sequencing adapters, were used. The cDNA was purified using the Agencourt AMPure XP
kit (Beckman Coulter Genomics) and analyzed by capillary electrophoresis. For Illumina
NextSeq sequencing, the samples were pooled in approximately equimolar amounts.
The cDNA pool in the size range of 200-550 bp was eluted from a preparative agarose
gel. An aliquot of the size-fractionated pool was analyzed by capillary electrophoresis.
The cDNA pool was single-read sequenced on an Illumina NextSeq 500 system using
75 bp read length.

Quality and adapter trimming was performed with Trim Galore (Version 0.6.5) (https://
github.com/FelixKrueger/TrimGalore) with Cutadapt Version 2.7 (http://dx.doi.org/
10.14806/€j.17.1.200) using the parameters “--quality 20 --length 20" and default adapter
detection and trimming. MultiQC (Version 1.8) (99) and FastQC (Version 0.11.8) (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc/) were used for quality control. The
preprocessed reads were aligned with Bowtie2 (Version 2.3.5) (100) using the ‘--mm”
and “--very-sensitive” settings and GCF_000005845.2 (NCBI; downloaded 25.11.2019) as
a reference genome. For post-processing of the alignments, gene counting and data
analysis, Samtools (Version 1.9) (101), featureCounts (Version 1.6.4) (102), and DESeq2
(Version 1.26) (103) were applied, respectively. All bioinformatic calculations were
performed using Curare (Version 0.1.1) (https://github.com/pblumenkamp/Curare) and
R statistical language (https://www.r-project.org/). Processed RNA-seq data are available
as Data Set S1 and have been deposited together with raw data files on the NCBI Gene
Expression Omnibus (GEO) under the accession number GSE255764.

Northern blot analysis

Cultures were grown to exponential phase (ODgpg ~0.4) and treated with L-ara (0.2%)
for 30 min. Total RNA for northern blot analysis was isolated using the hot acid-phenol
method as described (41). Northern blot analysis was performed with 5-10 ug of total
RNA. The RNA was separated using 10% polyacrylamide gels containing 1x TBE and 7
M urea at 300 V for approximately 3 hours. The RNA was transferred to a RotiNylon plus
membrane (Roth) by semi-dry electroblotting at 250 mA for 3 hours. After UV-crosslink-
ing, the membrane was pre-hybridized using Church buffer (0.5 M phosphate buffer
[pH 7.2], 1% [wt/vol] bovine serum albumin, 1 mM EDTA, 7% [wt/vol] SDS) at 42°C
for 1 hour. Hybridization with probes for detection was performed overnight. Specific
probes were generated by end-labeling of oligodeoxyribonucleotides (Table S3) using
T4 Polynucleotide Kinase (New England Biolabs) and [y-**P]ATP (Hartmann Analytic).
Membranes were washed (5x SSC, 0.01% SDS) and exposed to phosphorimaging screens
(Bio-Rad). Screens were analyzed using a Molecular Imager FX and the Quantity One 1-D
Analysis Software (Bio-Rad).

Quantitative reverse transcription-PCR

Cultures were grown to exponential phase (ODgpg ~0.4) and treated with L-ara (0.2%)
30 min. Total RNA for quantitative reverse transcription PCR (qRT-PCR) was isolated using
the NucleoSpin RNA Kit (Macherey-Nagel), including DNA digestion. RNA concentrations
were measured using a spectrophotometer (NanoDrop 1000) and subsequently adjusted
to a concentration of 5 ng/uL. For reverse transcription and amplification of gene-specific
fragments, 10 L of reaction mixtures was prepared with the Brilliant Ill Ultra-Fast SYBR
Green gRT-PCR Master Mix (Agilent) in technical duplicates for each sample. Reaction
mixtures contained 1 ng/uL of total RNA and 0.5 pM of each primer (Table S3). Reverse
transcription and amplification were performed on a CFX Connect Real-Time System
(Bio-Rad). Reverse transcription was carried out at 50°C for 10 min followed by 95°C for
3 min. For amplification, 45 cycles were applied at 95°C for 5 seconds, 56°C for 10 seconds
and 72°C for 10 seconds (tisB gene), or at 95°C for 5 seconds and 60°C for 10 seconds
(all remaining genes). Amplification curves were recorded with the CFX Maestro software
(Bio-Rad). Cq values were used to calculate fold changes according to Pfaffl (104). The
hcaT gene was used as a reference for normalization (41).
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Western blot analysis

For the detection of 3XFLAG-TisB, strains were grown to the exponential phase. Samples
were withdrawn in a defined volume (equivalent to an ODggg of 10) and centrifuged
at 10,000 rpm and 4°C for 10 min. Cell pellets were resuspended in 50 pL SDS sample
buffer (12% SDS, 6% p-mercaptoethanol, 30% glycerol, 0.05% Coomassie blue, 150 mM
Tris/HCl, pH 7.0). For protein separation, a Tricine-SDS-PAGE was applied with 16%
polyacrylamide (105). Samples were incubated at 95°C for 10 min before loading onto
the gel. An initial voltage of 60 V was applied until samples entered the separation gel.
Afterward, electrophoresis was carried out at 100 V for about 3 hours. Proteins were
transferred onto a PVDF membrane by semi-dry electroblotting overnight at 0.4 mA/cm’.
Membranes were stained with Ponceau S and documented before blocking with 5%
milk powder in 1x PBST (PBS + 0.1% Tween20) for 1 hour. For detection of 3xXFLAG-TisB,
membranes were incubated with an HRP-conjugated monoclonal IgG a-FLAG antibody
(Sigma-Aldrich) in 3% BSA in PBST at room temperature for 90 min. Using the Lumi-Light
Western Blotting Substrate (Roche), 3xXFLAG-TisB was visualized and documented in
a chemiluminescence imager (PeqlLab) with the FusionCapt Advance software (Vilber
Lourmat).

Purification of protein aggregates

Protein aggregates were purified according to a published protocol (63) with minor
modifications. Strains were grown to the exponential phase (ODgpg ~0.4) and treated
with CIP (10 pg/mL; 1,000x MIC) for 6 hours. Cells (38 mL culture volume) were harvested
and centrifuged at 4,000 x g and 4°C for 30 min. Cells were resuspended in 10 mL
washing buffer | (300 mM NaCl, 5 mM B-mercaptoethanol, T mM EDTA, 50 mM HEPES, pH
7.5) and centrifuged as before. The cell pellet was dissolved in 10 mL lysis buffer [washing
buffer | containing 1 pg/mL leupeptin and 0.1 mg/mL 4-(2-aminoethyl)benzenesulfonyl
fluoride hydrochloride (AEBSF)]. Cells were lysed in three cycles with a cell homogenizer
at 1,380 to 1,725 bar, followed by centrifugation at 11,000 x g and 4°C for 30 min to clear
the lysates. SNs were stored at —80°C until LC-MS analysis. Pellets were resuspended in
2 mL washing buffer Il (washing buffer | containing 0.8% Triton X-100 and 0.1% sodium
deoxycholate) and centrifuged as before. The washing step was repeated two more
times. After the final washing step, pellets were resuspended in 1 mL solubilization buffer
(1% SDS, 1x SigmaFast Protease Inhibitor [Sigma-Aldrich], 50 mM HEPES, pH 8.0). Pellet
fractions (PF) were stored at —80°C until LC-MS analysis.

LC-MS-based proteome analysis

Samples generated via the purification of protein aggregates, that is, lysate supernatants
and the protein aggregate pellets, were processed following the SP3 protocol (106). For
the lysate supernatants and protein aggregate samples, 50 ug of each was analyzed.
Briefly, all samples (in triplicate) were resuspended in 75 pL of 100 mM ammonium
bicarbonate (ABC) buffer (pH 7.4). Samples were reduced in the presence of tris(2-carbox-
yethyl)phosphine (5 mM) (1 hour, 56°C), before alkylation was performed with chloroa-
cetamide (50 mM) (room temperature [RT] in the dark, 30 min). Beads (SpeedBeads
Magnetic Carboxylate) were washed twice with Milli-Q water, and 100 pg of beads in
250 mM ABC buffer were added to each sample (final volume of 100 uL per sample).
Precipitation of the proteins onto the beads was initiated via the addition of 100 pL
of ethanol, the samples were gently shaken (5 min, 800 rpm) before a further 300
uL of ethanol was added and the samples were gently shaken (800 rpm) for an addi-
tional 20 min (final concentration of ca. 80% ethanol). The bead-associated precipitated
proteins were pelleted by centrifugation (21,100 X g, 5 min, RT) with magnet-assisted
isolation to assist aspiration of the solution. The beads were then washed twice with
80% ethanol, with centrifugation (21,1700 x g, 5 min, RT) and magnet-assisted aspiration
to remove all liquid. The samples were briefly sonicated in a sonication bath between
washes to aid in the re-solubilization of the protein-associated beads. Following the
final wash, the beads were suspended in 100 pL of 100 mM ABC buffer containing
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trypsin (0.4 ug in total per sample, enzyme to protein ratio of 1:125), the samples were
briefly sonicated to ensure no aggregation of the beads, then incubated overnight
(37°C, shaking at 1,300 rpm). Following overnight digestion, the samples were centri-
fuged (21,100 x g, 5 min), before magnet-assisted collection of the peptide-containing
supernatant was performed. The peptides were cleaned up via solid phase extraction
(SPE) using Pierce C18 Tips 100 pL (as per the manufacturer’s protocol). Following
cleanup, the supernatants were dried down via vacuum centrifugation and stored at
—20°C. On the day of MS analysis, peptides were resuspended in 20 pL of HPLC loading
buffer (3% acetonitrile and 0.1% trifluoroacetic acid).

Chromatographic separation was performed on a Dionex U3000 Nano-HPLC system
equipped with an Acclaim PepMap 100 C18 column (2 um particle size, 75 um x 500 mm)
coupled online to a mass spectrometer. The eluents used were as follows: eluent A
(0.05% formic acid) and eluent B (80% acetonitrile and 0.04% formic acid). The separation
was performed over a programmed 120 min run. Initial chromatographic conditions
were 4% eluent B for 4 min followed by linear gradients from 4% to 50% eluent B
over 90 min, then 50% to 95% over 8 min, and 8 min at 95% eluent B. Following this,
an inter-run equilibration of the column was performed (20 min at 4% eluent B). A
300 nL/min flow rate and 1 pL of sample were injected per run. Two wash runs (loading
buffer injections) were performed between each sample. Data acquisition following
separation was performed on a Q Exactive Plus mass spectrometer (Thermo Fisher
Scientific). A full scan MS acquisition was performed (350-1,000 m/z, resolution 70,000)
with the subsequent data-dependent MS/MS acquisition for the top 15 most intense
ions via HCD activation at NCE 26 (resolution 17,500); an isolation window of 3 m/z was
employed with apex trigger (3-15 s) and dynamic exclusion (30 s duration) enabled.

Bottom-up proteomic data analysis was performed using Proteome Discoverer (Ver.
3.0.1.27) (Thermo Fisher Scientific), and the Chimerys search algorithm. In addition,
the Minora node was included to enable label-free quantification. Raw data files were
searched against a protein FASTA database containing the complete UniProt E. coli (K-12
substrain MG1655) protein FASTA (accessed from UniProt 2023.04.11) plus the list of
common laboratory contaminants (CRAP47). The searches were conducted with trypsin
specificity, allowing a maximum of two missed cleavages. Strict parsimony criteria were
applied with high stringency at both the protein and peptide levels (protein level false
discovery rate [FDR] < 1%), and at least one high unique confidence peptide (PSM level
FDR < 1%). Statistical assessment of the data was performed using the Perseus software
package (Ver. 2.0.10.0). The Welch’s t-test was performed with a minimum of two valid
quantification values required for each protein in both groups, and Benjamini-Hochberg
FDR calculation was performed at both medium (FDR < 5%) and high (FDR < 1%) cut-off
levels. In addition, an abundance fold change of greater than 2 (i.e, log, difference
< =1 or > 1) was required. Further assessment of potentially enriched protein catego-
ries was performed via 1D annotation enrichment (Benjamini-Hochberg FDR < 0.1) for
the SN samples. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium (107) via the PRIDE partner repository with the data set
identifier PXD049478.

Bioinformatics data analysis

For bioinformatics data analysis of protein aggregates, two different data sets were
defined. All proteins, that were identified in at least two biological replicates of
either wild-type or AtisB supernatant samples, were used as reference and referred
to as combined supernatant. All proteins, that were exclusively present or enriched
in wild-type pellet fractions in comparison to AtisB pellet fractions, were defined as
TisB-dependent protein aggregates (TdPA). For the prediction of protein localization,
LocTree3 was used (108). The file 83333_Escherichia_coli.bact.Ic3 was retrieved from
Bacteria.zip and used to assign the localization to each identified protein. For protein-
protein association networks and functional enrichment analyses, a multi-protein search
in the STRING database was performed (68).
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Figure S1. Evaluation of the pOSD-tisB expression system.

(A) Translational efficiency of the SD-free 5' UTR (0SD). Wild type MG1655, harboring either an empty pBAD plasmid,
pOSD-syfp2 or pBAD-syfp2, was treated with L-ara (0.2%) during the exponential phase (OD,,, ~ 0.4) for 1 hour.
Samples were resuspended in 100 pl paraformaldehyde (2% in 1x PBS) and incubated in the dark at room temperature
for 10 minutes. Samples were washed two times with 200 pl 1x PBS before resuspended in 250 ul 1x PBS. The sYFP2
fluorescence was measured using flow cytometry and detecteor FL1-H. (B) Same samples as in (A). sYFP2
fluorescence was measured using flow cytometry at various detector intensities to ensure that the data is centered:
empty pBAD plasmid (grey | 999), pOSD-syfp2 (blue | 774) and pBAD-syfp2 (orange | 412). (C) Plasmid stability. Wild
type MG1655, harboring either pOSD-tisB or an empty pBAD plasmid, was treated with L-ara (0.2%) during the
exponential phase (OD,,, ~ 0.4). Samples were collected at specified time points and plated on LB agar plates, both
with and without 200 ug/ml ampicillin. Cell counts were used to calculate the relative plasmid retention. Bars represent
the mean of three biological replicates and error bars indicate the standard deviation. Dots show individual data points.
(D) Northern blot analysis of different tisB expression systems. Wild type MG1655, harboring pBAD derivatives with
different tisB fragments with and without 3xFLAG sequence, was grown to an ODg of ~0.4 (exponential phase) and
treated with L-arabinose (L-ara; 0.2 %) as inducer. Samples were collected at the indicated time points for total RNA
isolation and subsequent northern blot analysis. A radioactively labelled probe, targeted against the tisB open reading
frame, was used for detection of tisB transcripts. 5S rRNA was probed as loading control. (E) Integrity of abundant
RNAs. Wild type MG1655, harboring an empty pBAD plasmid or pOSD-tisB, were grown to an ODgy of ~0.4
(exponential phase) and treated with L-ara (0.2 %). Samples were collected at the indicated time points for total RNA
isolation and subsequent quality analysis on 1% agarose gels, containing 1x TBE and 25 mM guanidinium thiocyanate.
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Figure S2. Colony growth time analysis by ScanLag.

ScanlLag analysis was applied to determine the colony growth time after tisB expression. For each
time point, colony growth times are illustrated as violin box plots. Colonies from three biological
replicates were combined (T0: n=154; T30: n=59; T60: n=103; T120: n=124). The white dot indicates

T60 T120

the mean. The corresponding median appearance time (white bar) is shown on top of each plot.
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Figure S3. Regulon analysis of TisB-responsive genes.

RNA-seq identified 67 genes that were up-regulated upon tisB expression using the pOSD-tisB system
(log, fold change >2 and p-value <0.01). These genes were subjected to a regulon analysis using
Bioconductor package regutools (R package for data extraction from RegulonDB). (A) Top-5 regulons
according to total numer of up-regulated genes. (B) Top-5 regulons according to the numer of up-

regulated genes in relation to the regulon size.
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MG1655 wild type (WT) and isogenic deletion mutants, containing either an empty pBAD plasmid (dashed curves)
or pO0SD-tisB (solid curves), were grown in LB medium at 37°C. The ODg, was monitored over time. At the indicated

time point during exponential phase, cultures were treated with L-arabinose (L-ara; 0.2%) as inducer.
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Figure S5. ScanLag analysis of selected deletion mutants.

Wild type (WT) MG1655 and deletion mutants, harboring the empty pBAD plasmid, were treated with
L-ara (0.2%) during exponential phase (OD,, ~0.25) for 1 hour. ScanLag was applied to determine the
colony appearance time after L-ara treatment. For each deletion mutant, colony appearance times are
illustrated as violin box plots and compared to a corresponding wild type. Colonies from at least three
biological replicates were combined (WT: n291; AydjM: n=332; AyebE: n=265; AyqaE: n=75; AcpxP: n=84;
Aspy: n=263; AibpB: n=197; AbhsA: n=180; AyhcN: n=293). The white dot indicates the mean. The
respective median appearance time (white bar) is shown on top of each plot.
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Figure S6. Analysis of the cpxR deletion mutant.

Wild type (WT) MG1655 and the AcpxR mutant, harboring plasmid pOSD-tisB, were treated with L-ara
(0.2%) during exponential phase (OD,,, ~0.4) for 1 hour. (A) Pre- and post-treatment samples were used
to determine relative CFU (%). Bars represent the mean of at least three biological replicates and error
bars indicate the standard deviation. Dots show individual data points. (B) ScanLag was applied to
determine the colony appearance time after L-ara treatment. Colony appearance times are illustrated as
violin box plots (WT: n=235; AcpxR: n=185). The white dot indicates the mean. The respective median
appearance time (white bar) is shown on top of each plot.
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Figure S7. Validation of the ibpA-msfGFP reporter and U-Net analysis of msGFP foci.

(A) Wild type MG1655 and reporter strain ibpA-msfGFP were grown to exponential phase (TO; OD
shifted to 47°C for 15 minutes (T15). Phase contrast images are displayed together with corresponding
fluorescence images (GFP). (B) Exemplary representation of msfGFP foci counting using U-Net. Upper panel: Raw
images from phase contrast and fluorescence images (GFP) are applied to post-processing using the U-Net model
output for cell segmentation. Lower panel: According to cell shapes, GFP images of single cells are extracted and

msfGFP foci are determined.
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Figure S8
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Figure S8. Analysis of protein aggregates and inner membrane vesicles.

(A) Distribution plot of the molecular weight (kDa). The relative fractions are shown for the combined supernatant (cSN)
and TisB-dependent protein aggregates (TdPA). Means are displayed in the legend. (B) Distribution plot of the calculated
isoelectric point. The relative fractions are shown for the combined supernatant (cSN) and TisB-dependent protein
aggregates (TdPA).Means are displayed in the legend. (C) Cell-free OmpA synthesis was performed in a coupled
transcription/translation system using T7 RNA polymerase and CTF extract with purified ribosomes. Reactions were
prepared on ice and translation was carried out in the presence of radioactive 3*S-methionine/**S-cysteine labelling mix
(Perkin EImer Wiesbaden, Germany). Radioactively labelled OmpA was used in in-vitro translocation reaction with two
different inner membrane vesicles (INVs). In one case E. coli K-12 wild type MG1655 cells were harvested for membrane
preparation at an OD,, of 1.2-1.6 (0 h), while in the other case E. coli K-12 wild type MG1655 cells were treated with
1,000x MIC of ciprofloxacin (CIP) for six hours (6 h), starting at an OD_ of 0,4. In order to asses the translocation of
OmpA across the inner membrane, after synthesis it was incubated with INVs (0,1 ug protein) for 25 minutes at 37°C
and treated with Proteinase K (PK) (0.2 mg/ml PK for 30 minutes at 25°C). INVs were not added to the control reactions
in order to show complete digestion of OmpA with PK in the absence of INVs. All samples were precipitated with 5%
TCA for at least 30 minutes, separated on SDS-PAGE and analyzed by autoradiography. Indicated are pre-OmpA and
mature OmpA, which occurs after signal sequence cleavage. (D) Protein-protein association network of prophage
proteins in TisB-dependent protein aggregates (TdPA). The network was revealed by a multi-protein search using the
STRING database (https://string-db.org/), indicating the enrichment of the corresponding proteins within the category

‘viral process and bacteriophage tail fiber assembly’. The thickness of connecting lines indicates the confidence of the
respective interaction.

63



Figure S9
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Figure S9. Induction of the heat shock response.

(A) Wild type (WT) ibpB-syfp2 and AtisB ibpB-syfp2 were grown to an OD,, of ~0.4 at 30°C and subsequently
shifted to 37°C and 46°C. Samples were collected before (0 h) and after (1 h) the temperature shift and analyzed
by microscopy. Phase contrast images are displayed together with corresponding fluorescence image (YFP).
White bars represent a length scale of 2 ym. (B) Wild type (WT) ibpB-syfp2 and AtisB ibpB-syfp2 were grown to
an OD,, of ~0.4 at 30°C and subsequently shifted to 37°C and 46°C. Samples were collected before (0 h) and
after (1 h, 2 h, 4 h) the temperature shift. Fluorescence was measured using a plate reader, and the relative sYFP2
fluorescence was calculated in comparison to the fluorescence at 37°C. Bars represent the mean of three
biological replicates and error bars indicate the standard deviation. Dots show individual data points.

64



SCIENTIFIC REPORTS

Relevance of charged and polar amino acids for
functionality of membrane toxin TisB

Florian H. Leinberger & Bork A. Berghoff

65



www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Relevance of charged and polar
amino acids for functionality of
membrane toxin TisB

Florian H. Leinberger* & Bork A. Berghoff%2**

Bacterial dormancy is marked by reduced cellular activity and the suspension of growth. It represents
a valuable strategy to survive stressful conditions, as exemplified by the long-term tolerance towards
antibiotics that is attributable to a fraction of dormant cells, so-called persisters. Here, we investigate
the membrane toxin TisB (29 amino acids) from the chromosomal toxin-antitoxin system tisB/istR-1 in
Escherichia coli. TisB depolarizes the inner membrane in response to DNA damage, which eventually
promotes a stress-tolerant state of dormancy within a small fraction of the population. Using a
plasmid-based system for moderate tisB expression and single amino acid substitutions, we dissect
the importance of charged and polar amino acids. We observe that the central amino acids lysine 12
and glutamine 19 are of major importance for TisB functionality, which is further validated for lysine
12 in the native context upon treatment with the DNA-damaging antibiotic ciprofloxacin. Finally, we
apply a library-based approach to test additional TisB variants in higher throughput, revealing that

at least one positive charge at the C-terminus (either lysine 26 or 29) is mandatory for TisB-mediated
dormancy. Our study provides insights into the molecular basis for TisB functionality and extends our
understanding of bacterial membrane toxins.

Keywords Type I toxin-antitoxin systems, Pore formation, Membrane depolarization, ATP depletion,
Antibiotic persistence

Toxin-antitoxin (TA) systems are widely distributed among prokaryotes. They are classified into different types
according to the nature of the antitoxin (protein or RNA) and the mode of toxin inhibition. Under non-stress
conditions, activity or synthesis of the toxin is prevented by the antitoxin. However, certain events may release
inhibition of the toxin, which promotes toxicity by interference with essential cellular functions, resulting in
growth inhibition or even cell death!. TA systems are regularly found on mobile genetic elements (MGEs), such
as plasmids and prophages, and contribute to the stable inheritance of these MGEs in expanding populations!.
TA systems are also present in chromosomes, sometimes in fairly high numbers*. Even though the biological
functions of many chromosomal TA systems are less well understood, it has been observed that they contribute
to the defense against bacteriophages or support survival in stressful environments™®.

Type I TA systems are ubiquitous and defined by an RNA antitoxin that translationally represses the toxin
messenger RNA (mRNA) by antisense-mediated binding. Under certain stress conditions the toxin mRNA
either out-titrates the RNA antitoxin or the RNA antitoxin is depleted. Either way, toxin translation is enabled
and toxicity occurs’. Type I toxins are usually small hydrophobic proteins with sizes below 50 amino acids
(AAs), containing a central transmembrane helix (TMH) as well as short N- and C-terminal extensions. Upon
targeting of the inner membrane, they disturb membrane functioning or even modulate cell morphology”?.
One well-characterized type I toxin is HokB from the hokB/sokB TA system in Escherichia coli. HokB has a
total size of 49 AAs and a TMH consisting of 23 AAs (positions 7-29). The C-terminal extension is localized
in the periplasm and contains a cysteine residue (C46) that is essential for dimerization and pore formation via
intermolecular disulfide bridges®. While intermediate HokB pores are probably narrow and cause breakdown
of the proton motive force (PMF) by allowing protons to traverse the inner membrane, mature pores have an
effective radius of ~0.6 nm and promote ATP efflux'’, and potentially the movement of several other small
molecules and ions. The resulting energy deprivation is expected to induce antibiotic tolerance via formation of
dormant cells (i.e., persisters)!®!1.

Another well-characterized type I toxin is TisB from the tisB/istR-1 TA system in E. coli. The tisB gene is
under LexA control and strongly transcribed under DNA damage (SOS) conditions'>!3. The RNA antitoxin
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2present address: Institute of Molecular Biology and Biotechnology of Prokaryotes, University of Ulm, 89069 Ulm,
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IstR-1 and structural features within the tisB mRNA represent a threshold for TisB production, contributing
to phenotypic heterogeneity due to uneven TisB levels among individual cells'*. TisB has a total size of 29 AAs
and a TMH consisting of 20 AAs (positions 6-25). Unlike HokB, the TisB toxin does not contain cysteine
residues that might promote dimerization via intermolecular disulfide bridges. However, TisB also forms pores
and causes PMF dissipation, which is accompanied by ATP depletion and further downstream effects, such as
reactive oxygen species (ROS) formation, protein aggregation and cytosolic condensation'>~"”. The concomitant
dormancy favors the establishment of a small fraction of antibiotic-tolerant persister cells!*!8,

TisB contains three positively charged lysines (K12, K26 and K29) and two negatively charged aspartates
(D5 and D22), resulting in a net charge of + 1. Different models were suggested to explain the molecular basis
for TisB functionality. The ‘anion-selective pore’ model is based on in vitro experiments with planar lipid
membranes. The model predicts that TisB forms pores with a relatively small diameter of ~0,15 nm and that the
net charge of + 1 favors anionic selectivity, likely causing collapse of the PMF because hydroxyl anions migrate
from the cytoplasm to the periplasm'®. The ‘charge-zipper’ model is based on molecular dynamics simulations
and predicts that TisB forms an antiparallel dimer-of-dimers that is stabilized by a multitude of salt bridges and
hydrogen bonds, involving the two positively charged AAs K12 and K26, the two negatively charged AAs D5
and D22, and the polar AA glutamine Q19?%?!. The resulting TisB pore is predicted to discharge the PMF via
direct passage of protons from the periplasm to the cytoplasm. Even though the two models are not necessarily
mutually exclusive, they have not been substantiated by analyses in living E. coli cells. Here, we apply a plasmid-
based system for moderate tisB expression and amino acid substitutions to reveal the importance of charged
and polar amino acids for TisB functionality. The results are discussed with regard to the two prevailing models.

Results

Lysine 12 and glutamine 19 are essential for TisB-mediated cellular effects

Toxin TisB is not widely distributed among bacteria and only found within the family of Enterobacteriaceae
within the class of Gammaproteobacteria®’. A multiple alignment revealed that the five charged AAs (D5, K12,
D22, K26 and K29) and the polar glutamine (Q19) are well conserved among species that are closely related
to the E. coli wild-type strain MG1655, including Salmonella enterica, Shigella flexneri, Citrobacter freundii,
Citrobacter koseri, and Klebsiella pneumoniae (Fig. 1a). The polar asparagine (N2) was not conserved in the
investigated TisB homologs and, therefore, not further considered for investigation. As visualized by a helical
wheel projection, the charged AAs and Q19 constitute a hydrophilic face, which is opposed to the hydrophobic
face formed by the majority of AAs with a hydrophobic side chain (Fig. 1b). Hence, TisB can be considered as an
amphipathic protein. It is intuitive to assume that the hydrophilic faces of several TisB monomers are directed
towards each other to form a water-filled pore, whereas the hydrophobic faces are aligned with the lipid bilayer
of the inner membrane. Hence, the charged and polar AAs may significantly contribute to TisB functionality, as
also suggested by the ‘anion-selective pore’ and ‘charge-zipper’ models!*~2!. To test the significance of individual
AAs, we made use of a recently established plasmid-based tisB expression system using a Shine-Dalgarno-free
upstream region (denoted p0SD-tisB), which allows moderate production of TisB by the addition of L-arabinose
(L-ara) without causing cell death of E. coli MG1655'¢. Even though the expression system does not produce
lethal TisB levels, we cannot exclude that it may lead to unwanted side effects due to saturation of the membrane
and potential (off-) targets. However, the system is suitable to bypass regulation by the antitoxin IstR-1 and is
expected to be sensitive to even subtle changes in TisB activity. The charged and polar AAs were individually
substituted with the hydrophobic AA leucine (L) by mutagenesis PCR of the plasmid. Leucine was chosen
because it has a molecular weight of ~ 131 Dalton, which is comparable to the substituted amino acids. All TisB
variants had a higher grand average of hydropathy (GRAVY) value than native TisB (Supplementary Fig. S1)
and were hence expected to localize to the membrane. To confirm membrane localization of the TisB variants,
we first constructed the corresponding mutations on plasmid p0SD-3xFLAG-tisB for western blot detection
of 3xFLAG-TisB in cytoplasmic and membrane fractions. All 3xFLAG-TisB variants were exclusively detected
in the membrane fraction, as supported by detection of control proteins YchF (cytoplasmic) and YidC (inner
membrane; Fig. 1¢). Hence, the AA substitutions had no effect on integration of TisB into the membrane. We
noticed that the 3xFLAG-TisB variants differed slightly in their gel migration (Fig. 1c), which was however not
reproducible and varied between individual western blot replicates (Supplementary Fig. S2). We also confirmed
that tisB expression levels were comparable between the different constructs and that no major mRNA
degradation occurred (Supplementary Fig. S3). Since the 3xFLAG-tag attenuates TisB functionality (data not
shown), we used the p0SD-tisB plasmid for all subsequent physiological experiments.

It is known that cell growth is inhibited upon induction of tisB expression from plasmids!>!®23. Growth
curve analysis demonstrated that wild-type TisB stopped cell growth within 30 min after its induction during
exponential phase (Fig. 1d). While the K29L variant still caused full growth inhibition, the D5L, D22L and
K26L variants were functionally attenuated, as displayed by an incomplete growth inhibition. In contrast, growth
inhibition did not occur with the K12L and QI9L variants; growth was comparable to the empty vector control
(Fig. 1d). In order to determine whether growth inhibition was accompanied by ATP depletion, intracellular
ATP levels were quantified. A one-hour induction of wild-type TisB with L-ara led to a~ 30-fold decrease of
intracellular ATP levels, whereas the empty vector control was unaffected by the L-ara treatment (Fig. le). ATP
measurements of strains producing TisB variants largely conformed to the growth inhibition data, with D5L
being the only exception. While the D22L and K26L variants showed intermediate ATP depletion of ~ 5-fold,
the D5L and K29L variants caused ATP depletion comparable to wild-type TisB. In contrast, the K12L and Q19L
variants only caused minor ATP depletion of less than 2-fold (Fig. 1e). From these experiments we conclude that
K12 and Q19 are mandatory for full growth inhibition, which is concomitant with substantial ATP depletion.

It has been shown that ATP depletion is a major driving force for protein aggregation in bacteria, which in
turn impacts the duration of the dormant state??°, and we have recently observed that TisB is able to cause
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Fig. 1. Importance of single amino acids for TisB functionality. (a) Conservation analysis of TisB.
Conservation levels of TisB were determined via BLAST. Amino acids with 95% conservation are in bold. E.
coli K-12 (Ec), Salmonella enterica serovar Typhimurium (Se), Shigella flexneri (Sf), Citrobacter freundii (Cf),
Citrobacter koseri (Ck), and Klebsiella pneumoniae (Kp). Amino acids color code: nonpolar (yellow), polar
(purple), acidic (red), and basic (blue). (b) Helical wheel projection of TisB. Same color code as in (a). (c)
Western blot analysis of TisB localization. Wild type MG1655, harboring p0SD-3xFLAG-tisB (3xFLAG-TisB)
and variants with different amino acid substitutions, were treated with L-ara (0.2%) during exponential phase
for one hour. p0SD-tisB (TisB) and an empty pBAD plasmid (CTR) were used as controls. Cytoplasmic (C)
and membrane (M) fractions were isolated from total protein samples using ultracentrifugation, followed by
Tricine-SDS-PAGE and western blot detection. An anti-3xFLAG antibody was used for detection of 3XxFLAG-
TisB. Anti-YidC (membrane) and anti-YchF (cytoplasm) antibodies were used as fractionation controls. For
unedited western blot images, see Supplementary Fig. S2. (d) Growth inhibition by TisB. Wild type MG1655,
harboring p0SD-tisB (TisB) and variants with different amino acid substitutions, were treated with L-ara
(0.2%) during exponential phase (arrow). An empty pBAD plasmid (CTR) was used as control. Data points of
0D, measurements represent the mean of at least three biological replicates (TisB: n=9; CTR: n=9; D5L:
n=23; K12L: n=3; Q19L: n=3; D22L: n=6; K26L: n=3; K29L: n=3). (e) TisB-dependent ATP depletion.
Wild type MG1655, harboring p0SD-tisB (TisB) and variants with different amino acid substitutions, were
treated with L-ara (0.2%) during exponential phase for one hour. An empty pBAD plasmid (CTR) was used as
control. Pre- and post-treatment samples were analyzed using a luciferase-based assay to measure cellular ATP
levels (nM per ODy ). Bars represent the mean of at least three biological replicates (TisB: n=7; CTR: n=9;
D5L: n=4; K12L: n=9; Q19L: n=4; D22L: n=6; K26L: n=4; K29L: n=3). Error bars indicate the standard
deviation. ANOVA with post-hoc Tukey HSD test was performed (*** p <0.001; ** p <0.01).

protein aggregation in E. coli MG1655'. To further validate functionality of the TisB variants, we tested their
ability to cause protein aggregation by applying an established reporter strain that produces a monomeric
superfolder GFP (msfGFP) fused to the small heat shock protein IbpA2S. If protein aggregates occur, the IbpA-
msfGFP fluorescence changes from a dispersed pattern to the occurrence of distinct cytoplasmic foci. Expression
of wild-type tisB and its mutant alleles was induced by L-ara for one hour and the formation of IbpA-msfGFP
foci was monitored by fluorescence microscopy. Before induction, E. coli cells displayed a dispersed fluorescence
pattern (Fig. 2). In contrast, induction of wild-type TisB and most TisB variants led to foci formation, which was
indicative of protein aggregation. However, foci were absent in the case of K12L and Q19L variants (Fig. 2). These
results agree with the growth analysis data and ATP measurements, and further underscore the importance of
K12 and Q19 for full TisB functionality.

TisB-mediated protection against antibiotics is abrogated in lysine 12 and glutamine
19 mutants

TisB-mediated persistence is a well-established phenomenon, and it has been shown that tisB expression
increases the number of persister cells after treatment with different antibiotics, such as the gyrase inhibitor
ciprofloxacin, the cell wall synthesis inhibitor ampicillin, and the protein synthesis inhibitor streptomycin'®.
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Fig. 2. TisB-dependent protein aggregation. Reporter strain MG1655 ibpA-msfGFP, harboring p0SD-tisB
(TisB) and variants with different amino acid substitutions, were treated with L-ara (0.2%) during exponential
phase for one hour. An empty pBAD plasmid (CTR) was used as control. Pre- and post-treatment samples
were analyzed by microscopy. Phase contrast (phase) images are displayed together with corresponding
fluorescence images (GFP). White bars represent a length scale of 2 um. The area surrounding a single cell
observed in the GFP image (white dashed line) is magnified and shown below the original images for closer
inspection.

Transcription of the native tisB gene is strongly induced as part of the SOS response upon treatment with UV
light or DNA-damaging drugs, such as ciprofloxacin (CIP)'?14. Here, we tested whether transcription of tisB
is inducible by the ROS hydrogen peroxide (H,0,) or the protein synthesis inhibitor kanamycin (KAN) in E.
coli MG1655. H,0, was chosen because it is known to induce the SOS response?” but has a different mode of
action as compared to CIP. KAN was chosen because it is not able to induce the SOS response at sub-inhibitory
concentrations in E. coli*®, and we were curious whether a high-dose KAN treatment would lead to induction
of tisB. Indeed, both H,0, and KAN increased the steady-state levels of tisB mRNA after one hour of treatment.
However, while H,0, caused a strong induction that was almost comparable to the CIP treatment, KAN only
caused a very slight increase in tisB mRNA levels (Fig. 3a). We subsequently tested whether heterologous tisB
expression from p0SD-tisB was able to provide protection against the three different agents. Cultures were first
treated with L-ara for 30 min to induce tisB, and subsequently treated with one of the agents for 240 min (CIP
and KAN) or 120 min (H,0O,). Induction of tisB itself led to a slight decrease in colony forming units (CFU),
indicating growth stasis and moderate toxicity (Fig. 3b). However, after treatment with the two antibiotics
CIP and KAN, an enhanced survival was observed in comparison to the empty vector control (Fig. 3b and
Supplementary Fig. S4). Interestingly, TisB did not protect against H,0,. On the contrary, while the empty vector
control was almost unaffected by H,O,, survival of the tisB expression strain showed a 20-fold reduction (Fig. 3b
and Supplementary Fig. S4). We conclude that TisB protects against bactericidal antibiotics by promoting a state
of cellular inactivity?®, but that the combination of TisB toxicity and H,O, represents a lethal situation, from
which it is difficult to recover!®.

Since wild-type TisB provided almost full protection against CIP (Fig. 3b), we applied this antibiotic to
elucidate functionality of the TisB variants. In agreement with the previous experiments, the D5L and K29L
variants were fully functional, whereas the K12L and QI9L variants were non-functional. The D22L and
K26L variants showed intermediate protection against CIP (Fig. 3c). The results mainly mirrored the ATP
measurements (Fig. le), suggesting that ATP depletion is one of the main drivers of TisB-mediated inactivity
and antibiotic tolerance*-*L.
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Fig. 3. TisB-induced stress tolerance. (a) Northern blot analysis of tisB induction. Wild type MG1655 (WT)
and a tisB deletion strain were treated with either 10 pg/mL CIP, 10 mM H,0O,, or 200 pg/mL KAN during
exponential phase for one hour. Total RNA was separated using urea-polyacrylamide gels and blotted onto
nylon membranes. A radioactive probe was applied for specific tisB mRNA detection. Numbers refer to tisB
primary (4 1) and processed mRNAs (442 and +106). 5S rRNA was probed as loading control. For unedited
northern blot images, see Supplementary Fig. S3. (b) Stress tolerance after TisB induction. Wild type MG1655,
harboring either TisB-tisB (TisB) or an empty pBAD plasmid (CTR), were treated with L-ara (0.2%) during
exponential phase for 30 min to induce tisB expression. Cells were subsequently treated with either 10 ug/

mL CIP for four hours, 10 mM H,0, for two hours, or 200 pg/mL KAN for four hours. Cells before (0 min),
after L-ara (30 min), and after treatment with stress agents (120-240 min) were plated on LB agar plates to
determine colony counts (CFU/mL). Bars represent the mean of at least two biological replicates (CIP: TisB:
n=3; CTR:n=3 | H,O,: TisB: n=3; CTR: n=3 | KAN: TisB: n=3; CTR: n=2). Error bars indicate the
standard deviation. ANOVA with post-hoc Tukey HSD test was performed independently for each treatment,
and a compact letter display was applied to present significant groups. (c) Persistence induced by TisB. Wild
type MG1655, harboring TisB-tisB (TisB) and variants with different amino acid substitutions, were treated
with L-ara (0.2%) during exponential phase for 30 min to induce tisB expression. An empty pBAD plasmid
(CTR) was used as control. Cells were subsequently treated with 10 pg/mL CIP for four hours. Cells before
L-ara and after CIP were plated on LB agar plates to determine relative persister levels. Bars represent the mean
of at least three biological replicates (TisB: n=10; CTR: n=9; D5L: n=6; K12L: n=3; Q19L: n=3; D22L: n=3;
K26L: n=3; K29L: n=3). Error bars represent the standard deviation. ANOVA with post-hoc Tukey HSD test
was performed, and a compact letter display was applied to present significant groups.

Lysine 12 is essential for TisB functionality and persister formation in the native
context
To transfer our observations to the native tisB context, we constructed two different tisB mutant alleles in the
E. coli MG1655 chromosome by recombineering techniques: the aspartate at position 5 was replaced with an
asparagine (D5N), and the lysine at position 12 was replaced with a leucine (K12L). Based on the previous results,
we expected the D5N allele to be fully functional and the K12L allele to be non-functional. Both mutant alleles
were compared to wild type MG1655 and a tisB deletion strain. To induce tisB expression from the chromosomal
locus, cultures were subjected to a high-dose CIP treatment (10 ug/mL) for six hours. This condition is known
to reveal TisB-dependent effects!® and was used here to observe physiological consequences of the chromosomal
manipulations.

First, we quantified the ATP levels. In the CIP-treated wild type and D5N strain, ATP levels dropped by
2 to 3-fold, whereas ATP levels even slightly increased in the tisB deletion and K12L strain (Fig. 4a). These
observations indicate a CIP-induced ATP decline that is based on TisB activity. Next, we determined the
persister frequency (Fig. 4b) and the duration of dormancy (Fig. 4c), as measured by the colony appearance time
after CIP treatment®>3. In both measurements, the D5N strain was comparable to the wild type with a persister
frequency of ~0.1% and a colony appearance time of ~ 1,250 min. The K12L strain, on the other hand, had a
significantly reduced persister frequency of ~0.01%, which was comparable to the tisB deletion strain (Fig. 4b).
Likewise, the colony appearance time was reduced to ~850 min (Fig. 4c), demonstrating that functional TisB is
needed to increase both the persister frequency and the duration of dormancy. In conclusion, the chromosomal
manipulations confirmed our expectations and further strengthened the essentiality of K12.

A library approach reveals further determinants of TisB functionality

So far, we were able to demonstrate that replacing some of the charged or polar AAs with the hydrophobic AA
leucine led to reduced (D22L and K26L) or abolished TisB functionality (K12L and Q19L). To further reveal the
importance of charged AA residues and their positions within the TisB peptide chain, we constructed a small
library of expression plasmids containing 12 mutated tisB sequences. The wild-type tisB sequence was included
as a positive control. The single-stranded library (oligo pool) was converted into a double-stranded DNA library
and subsequently cloned into plasmid pSL0002 for arabinose-inducible tisB expression from the P, , promoter
(Fig. 5a)**. The resulting plasmid library was transformed into E. coli MG1655, and individual colonies were
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Fig. 4. Lysine 12 is essential for TisB-dependent antibiotic persistence. Wild type MG1655 (WT), a tisB
deletion strain, and two chromosomal amino acid substitutions (D5N and K12L) were treated with CIP (10 pg/
mL) during exponential phase for six hours. (a) TisB-dependent ATP depletion. Pre- and post-treatment
samples were analyzed using a luciferase-based assay to measure cellular ATP levels (nM per OD,). Bars
represent the mean of three biological replicates. Error bars indicate the standard deviation. ANOVA with
post-hoc Tukey HSD test was performed (*** p <0.001; ** p <0.01; n.s.: not significant). (b) Persister cell
survival. Cells before and after treatment were plated on LB agar plates to determine relative persister levels.
Bars represent the mean of at least four biological replicates (WT: n=_8; D5N: n=4; K12L: n="5; AtisB: n=4).
Error bars represent the standard deviation. ANOVA with post-hoc Tukey HSD test was performed, and

a compact letter display was applied to present significant groups. (c) Persister cell recovery. The ScanLag
method was applied to determine the colony appearance time after CIP treatment. Colony appearance times
are illustrated as violin box plots. Colonies from at least two biological replicates were combined (WT: n="741;
D5N: n=930; K12L: n=165; AtisB: n=375). The white dot indicates the mean. The respective median
appearance time (white bar) is shown on top of each plot. Strains were compared using a pairwise Wilcoxon
rank sum test (*** p <0.0001; n.s.: not significant).

transferred into a 96-well plate together with empty vector and pOSD-tisB controls. The experimental layout was
expected to result in a> 6-fold coverage of the library, and sequencing of the plate revealed that each variant
was represented by at least two individual clones. After overnight cultivation in regular LB medium, cells were
transferred into a new 96-well plate containing LB medium with the inducer L-ara. Growth of individual clones
was monitored in a plate reader to assess functionality of the TisB variants (Fig. 5a).

Only the Q19D variant was able to fully inhibit growth, demonstrating that Q19 can be functionally replaced
by a negatively charged aspartate. In contrast, replacing Q19 with a positively charged lysine (Q19K) led to
a non-functional TisB variant (Fig. 5b). Neither Q19D nor Q19K were able to compensate for the loss of
functionality of the K12L substitution. Furthermore, we were not able to obtain functionality when replacing
K12 with either an aspartate (K12D) or arginine (K12R), demonstrating that TisB has a strict requirement for a
lysine at position 12 (Fig. 5b). In contrast to the D22L substitution, which still showed intermediate functionality
(cf. Fig. 1d), a D22K variant was non-functional and was also not able to compensate the K12D substitution
(Fig. 5b). Finally, replacing the positively charged residues at the C-terminus by negatively charged aspartates
either attenuated (K26D and K29D single substitutions) or completely abolished functionality (K26D K29D
double substitution), indicating the importance of positive charges at the C-terminus. In line with this, a K26L
K29L double substitution was non-functional as well (Fig. 5b). According to the ‘anion-selective pore’ model, a
net charge of + 1 favors anion selectivity and, hence, TisB functionalitylg. However, we were not able to correlate
the net charge of the tested TisB variants with their functionality (Supplementary Fig. S5).

Discussion

Most type I toxins are membrane proteins with a small size and high hydrophobicity, features that have
complicated their direct investigation in living cells. To bypass this limitation, and to learn more about the mode
of action, type I toxins have been studied in model lipid bilayers (in vitro) or by molecular dynamics simulations
(in silico)'*1?-235, These analyses have pushed forward models of how these toxins organize themselves in the
inner membrane to fulfill their functions. In this study, we aimed at substantiating the prevailing in vitro and in
silico models for TisB by physiological experiments with E. coli.

Both in vitro and in silico models predict that charged and polar AAs are important for TisB functionality.
By replacing individual AAs with leucine, we demonstrate that K12 and Q19 are most important for a variety
of TisB-dependent phenotypes, including growth inhibition, ATP depletion, protein aggregation, and antibiotic
tolerance'®1823, Interestingly, moderate tisB expression almost fully protects against the DNA-damaging
antibiotic CIP, whereas tisB expression is a disadvantage when cells are challenged with oxidative stress by H,O,.
We have shown before that TisB itself provokes generation of ROS, such as superoxide, and that a failure in ROS
detoxification may delay or even prevent recovery'®. We conclude that TisB-dependent dormancy is an efficient
means to avoid CIP-induced DNA damage'®36, but that the combined effect of endogenous ROS production
and H,O, administration cannot be efficiently tolerated by TisB-producing cells. Alternatively, TisB might
compromise the ability to efficiently detoxify H,0,, but this needs further investigation.
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Fig. 5. Screening of a tisB expression library. (a) Schematic representation of generation and screening of the
tisB expression library. A single-stranded DNA library, representing various tisB variants, was converted into a
double-stranded DNA library via PCR and cloned into expression plasmids. Plasmids were transformed into
wild type MG1655 and screened with respect to growth inhibition in the presence of L-ara (0.2%) in a 96-well
format. TisB variants were categorized as non-functional (blue), intermediate (green), and functional (yellow).
(b) Screening of the tisB expression library. After growth analysis, results for each TisB variant were combined
to generate mean growth curves (native TisB: n=7; K12D: n=2; K12R: n=>5; Q19D: n=6; Q19K: n=7; D22K:
n=4; K12D D22K: n=2; K12L Q19D: n=7; K12L Q19K: n=5; K26D: n=4; K29D: n=3; K26D K29D: n=4;
K26L K29L: n=2). Three biological replicates of p0SD-tisB (black) and an empty pBAD plasmid (grey) were
included as controls. The individual net charge of each TisB variant (as calculated with the Prot pi Protein
Tool) is represented on the top right of each plot.

But how can we accommodate our physiological data with the current TisB models? Gurnev and colleagues
applied synthetic TisB for conductance measurements in planar membranes consisting of the model lipid
diphytanoyl-phosphatidylcholine'’. These experiments indicated that TisB forms narrow pores, which maintain
cooperativity in honeycomb-like clusters. Based on their experiments with K26A and D5A variants, it was
further suggested that a positive net charge promotes anionic selectivity of the TisB pore. According to this
in vitro model, hydroxyl anions traverse the inner membrane and discharge the PMF by neutralizing protons
in the periplasm. However, our experiments do not support anionic selectivity, since the net charge shows no
correlation with TisB functionality in living E. coli cells. We conclude that selectivity in the complex environment
of a natural membrane may be different than in model membranes. Using pH-sensitive fluorescent proteins it
has been demonstrated in E. coli that the DNA-damaging antibiotics nalidixic acid and ofloxacin cause loss of
pH homeostasis and acidification of the cytoplasm!”¥’. In case of ofloxacin, cytoplasmic acidification could
be linked to TisB!7, and we therefore suggest that TisB acts as a protonophore, which enables discharge of the
proton gradient and cytoplasmic acidification. Whether the TisB pore has a rather broad specificity and allows
the opposing transition of protons and hydroxyl anions remains an unexplored possibility.

Another intriguing question concerns the oligomeric state of TisB within the inner membrane. In silico
analyses by molecular dynamics simulations predict that the basic unit of TisB oligomers is an antiparallel dimer
thatis stabilized via aladder of salt bridges, a so called ‘charge-zipper’?2. Subsequent refinements of the simulations
suggested that TisB assembles into a tetramer that is best described as an antiparallel dimer-of-dimers?!. Based on
proximity estimations, the model makes the prediction that the basic dimer is mainly stabilized by two K12-D22
salt bridges and one Q19-Q19 hydrogen bond. In support of the ‘charge-zipper’ model, we observed here that
both K12D and D22K single substitutions abolished TisB functionality, likely because the mandatory salt bridges
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were not formed. However, TisB still showed intermediate functionality when D22 was replaced with a leucine.
Furthermore, we expected that a D22K substitution should be able to compensate for the functionality loss of a
K12D substitution due to establishment of alternative D12-K22 salt bridges. However, the K12D D22K double
substitution was not functional, which contradicts the ‘charge-zipper’ model. The Q19 residues were assumed to
coordinate both the basic dimer and the dimer-of-dimers through a variety of Q19-Q19 and K12-Q19 hydrogen
bonds?!. Interestingly, we observed that a Q19D substitution was still fully functional, suggesting that K12-D19
salt bridges may compensate for the loss of Q19-mediated hydrogen bonds. In summary, our data supports an
essential role of the positively charged K12 residue, since it could not be functionally replaced by any of the
tested AAs, not even by the positively charged arginine. We further suggest that K12-Q19 interactions may be
more important for TisB oligomerization than K12-D22 interactions but cannot exclude alternative explanations
for the observed effects. We conclude that further analyses of native TisB are needed to reveal the oligomeric
state of TisB and the particular influence of the charged and polar amino acids.

Replacement of K26 or K29 with a negatively charged aspartate impaired TisB functionality. Similarly, in the
case of the type I toxin ZorO (29 AAs) in E. coli O157:H7 EDL933, replacement of the C-terminal lysine K29
with a negatively charged glutamate prevented growth inhibition and ATP depletion by ZorO%. We further
show that TisB has a requirement for at least one positively charged AA (either K26 or K29) at its C-terminus,
since substitution of both lysines completely abolished functionality. Similar observations were made for the
type I toxin AapAl in Helicobacter pylori (30 AAs). In H. pylori, the two C-terminal lysines, K29 and K30,
could not be truncated without losing toxicity®. Similarly, in Staphylococcus aureus, the toxic peptide SprG1,,
(31 AAs) needs two C-terminal lysines, K30 and K31, for full toxicity. Interestingly, the two lysines could not
be swapped to the N-terminus to retain toxicity®®. These observations raise the question of how the C-terminal
positive charges, which are not integral to the TMH, contribute to toxicity. One possibility is that the positively
charged C-terminus is important to establish an initial attachment of the toxins to the negatively charged
inner membrane, which is followed by hydrophobic interactions and membrane integration?®*!. The positively
charged residues may also provide orientation of the toxins within the membrane due to electrostatic repulsion
by protons in the periplasm, which is the foundation of the so-called ‘positive-inside rule’*2. In case of TisB,
the positive charges may accommodate the C-terminus in the cytoplasm, while the N-terminus extends into
the periplasm, a so-called Nout—Cin orientation*3. However, a strict Nout-Cin orientation is not consistent with
an antiparallel TisB orientation predicted by the ‘charge-zipper’ model. It also raises the questions whether
TisB affects its own orientation as soon as the electrostatic repulsion is alleviated by discharge of the PMF and
neutralization of the periplasm. Hypothetically, TisB adopts different PMF-sensitive configurations within the
inner membrane, similar to what has been described for phage holins*.

Finally, the importance of charged AA residues may differ between different type I toxins. In case of the Fst
toxin (33 AAs) in Enterococcus faecalis, the charged residues at the N-terminus (K2 and D3) seem to be more
important for toxicity than the highly charged C-terminus®, albeit progressive truncation of the C-terminus
reduced toxicity*®. The IbsC toxin in E. coli is comparably short (19 AAs) and only has one charged residue at its
N-terminus (R3), which is dispensable for toxicity?’. It, therefore, remains challenging to define common rules
for type I toxin functionality based on charged AAs. We suggest that high-throughput screens of synthetic toxin
libraries, including chimeras of natural toxins and engineered toxins, may help to further dissect the importance
of certain amino acids and their positioning within the peptide chain.

Methods

Growth conditions

E. coli strains (Supplementary Table S1) were grown in Lysogeny Broth (LB) under conditions of 37 °C and
a rotational speed of 180 rpm. When temperature-sensitive plasmids were used, the cultivation temperature
was adjusted to 30 °C while maintaining the same rotational speed. Antibiotics were added to pre-cultures
as required, with concentrations of 50 pg/mL for kanamycin, 15 pg/mL for chloramphenicol, 200 pg/mL for
ampicillin, and 6 ug/mL for tetracycline. Pre-cultures were obtained from single colonies, grown overnight, and
subsequently diluted at a ratio of 1:100 into fresh LB medium to start experimental cultures. The growth curves
were monitored in 30-min intervals at 600 nm using a Fisher Scientific cell density meter (model 40).

Construction of plasmids

Plasmids p0SD-tisB and p0SD-3xFLAG-tisB'® were used as templates for site-directed mutagenesis PCR
to generate amino acid substitutions. Primers are listed in Supplementary Table S3. After PCR, the template
DNA was digested using Dpnl (Thermo Fisher Scientific). The PCR product was transformed into chemically
competent MG1655 cells, and clones were selected on LB agar plates containing ampicillin (200 pg/mL). All
plasmids were verified by Sanger sequencing (Microsynth SeqLab) and are listed in Supplementary Table S2.

Chromosomal manipulations

Lambda red recombineering was applied to generate gene deletions and point mutations in the MG1655
chromosome*®. For expression of A red genes, the temperature-sensitive plasmid pSIM5 was used®. Gene
deletions were constructed by insertion of resistance cassettes via homologous recombination according to
standard protocols*®. Point mutations were introduced via a scarless, two-step A red protocol using sacB as
counter-selection marker'*. The resulting strains (Supplementary Table S1) were verified by diagnostic PCR and
Sanger sequencing (Microsynth SeqLab). Primers for A red recombineering are listed in Supplementary Table S3.

Determination of colony counts and persister levels
Exponential-phase cultures (OD, ~0.4) were treated with L-ara (0.2%) for 60 min to induce tisB expression. In
case cultures were subsequently treated with CIP (10 pg/mL), H,0, (10 mM), or KAN (200 pg/mL), the L-ara
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treatment was reduced to 30 min. If cultures were treated with CIP (10 pg/mL) alone, the treatment duration
was adjusted to six hours. Samples were collected before and after treatments, washed and serially diluted with
20 mM MgSO,, and then plated on LB agar plates. The colonies were counted after approximately 20 h (pre-
treatment samples) or 40 h (post-treatment samples). The colony counts were used to calculate the colony
forming units per milliliter (CFU/mL). The survival upon CIP treatment (i.e., persister level) was determined by
calculating the ratio of treated and untreated samples. P-values were calculated using an ANOVA followed by a
post-hoc Tukey’s HSD test, implemented in R statistical language (https://www.r-project.org/).

Analysis of colony growth

The ScanLag method was used to analyze colony growth®2 LB agar plates from CIP experiments were covered
with black felt, positioned on scanners, and incubated at a temperature of 37 °C. Time series of images were
captured using Epson Perfection V39 scanners under the control of the ScanningManager application®.
TIFF files were generated every 20 min over a total duration of 40 h. Image processing was performed using
MatLab (MathWorks), using functions PreparePictures, setMaskApp, TimeLapse, and ScanLagApp. After image
processing, the appearance and growth times were extracted. The time of appearance is characterized by a colony
size of 10 pixels, while the growth time is defined as the duration required for a colony size to increase from 80
to 160 pixels. The data was used to construct violin box plots via Power BI Desktop (Microsoft). P-values were
calculated using a pairwise Wilcoxon rank sum test in R statistical language (https://www.r-project.org/).

ATP measurements

Exponential-phase cultures (OD,, ~ 0.4) were treated with L-ara (0.2%) for one hour or with CIP (10 pg/uL) for
six hours. Pre- and post-treatment samples (1 mL) were extracted. Cell pellets were harvested via centrifugation
(13,000 rpm, 3 min), and the supernatants were discarded. The cells were rinsed with 1 mL of NaCl (0.9%) and
resuspended in 1 mL of LB medium. A mixture was prepared by combining 100 uL of the samples with 100
uL of BacTiter-Glo reagent (Promega). Mixtures were incubated for 5 min in the dark. The luminescence was
quantified using an Infinite M Nano + microplate reader (Tecan). The values obtained were converted to nM,
using the slope formula of an ATP calibration curve, and normalized to the OD, . P-values were calculated
using an ANOVA followed by a post-hoc Tukey’s HSD test, implemented in R statistical language (https://
www.r-project.org/).

Fluorescence microscopy

Exponential-phase cultures (OD, ~0.4) were treated with L-ara (0.2%) for 60 min. Samples were collected
both prior to and post-treatment. Samples were then placed on 1% agarose pads in 1x phosphate-buffered
saline (PBS). The agarose pads were positioned on a microscopy slide, and the cells were covered with a cover
slip. Imaging was performed using a Leica DMI6000 B inverted microscope, equipped with an HCX PL APO
100x/1.4 differential interference contrast (DIC) objective. The images were captured using a pco.edge sCMOS
camera and processed with VisiView software (version 4.3.0, Visitron Systems GmbH). For fluorescence images
(GFP), a custom filter set was used (T495lpxr, EX470/40m; EM525/50, Chroma Technology). The exposure time
was set to 50 ms, with a binning factor of 2 and an offset of 0.0. The captured images were saved in the TIFF
format and subsequently processed using the open-source software Image] (version 1.53k).

Northern blot analysis

Exponential-phase cultures (OD,, ~0.4) were treated with CIP (10 pg/mL), H,0, (10 mM), or KAN (200 pg/
mL) for one hour. Total RNA of pre- and post-treatment samples was isolated using the acid-phenol method
as described!®. Northern blot analysis was performed with 5 pg of total RNA. The RNA was separated using a
10% polyacrylamide gel, containing 1x TBE and 7 M urea. Separation was done at 300 V for an approximate
duration of three hours. The separated RNA was transferred onto a Roti Nylon plus membrane (Roth) via semi-
dry electroblotting at 250 mA for three hours, followed by UV-crosslinking. The membrane was pre-hybridized
using Church buffer [0.5 M phosphate buffer (pH 7.2), 1% (w/v) bovine serum albumin, 1 mM EDTA, 7% (w/v)
SDS] at a temperature of 42 °C for one hour. Hybridization with radioactively labelled probes was performed
overnight at the same temperature. Specific probes were generated by end-labeling of oligodeoxyribonucleotides
(Supplementary Table S3) using T4 Polynucleotide Kinase (New England Biolabs) and [y-**P]-ATP (Hartmann
Analytic). After hybridization, membranes were washed (5x SSC, 0.01% SDS) and exposed to phosphorimaging
screens (Bio-Rad). Screens were analyzed using a Molecular Imager FX and the Quantity One 1-D Analysis
Software (Bio-Rad).

Sample generation for western blot analysis

For detection of 3xFLAG-TisB, exponential-phase cultures (OD,, ~0.4) were treated with L-ara (0.2%) for one
hour. Pre- and post-treatment samples (40 mL) were collected, pelleted at 10,000 rpm and 4 °C for 10 min,
washed with 2 mL NaCl (0,9%), and centrifuged at 13,000 rpm and 4 °C for 3 min. Cells were washed with cold
phosphate buffer (50 mM), centrifuged as before, and subsequently resuspended in 4 mL cold phosphate buffer
(50 mM). Cells were lysed by sonication (330 s, 7 cycles, 70%) using a Bandelin Sonopuls and the ultrasonic
immersion probe MS 73. Lysates were centrifuged at 600 rpm for 10 min to remove cell debris. Cytoplasmic and
membrane fractions were separated using ultracentrifugation of the supernatants at 105,000 x g for 45 min at
4 °C. Supernatants were transferred to new tubes, while the pellets were dissolved in 3 mL 50 mM phosphate
buffer containing 0.2% sodium lauroyl sarcosinate. Samples were incubated up to 2 h at room temperature
to solubilize membrane proteins. Protein concentrations were determined using the Bradford assay. Proteins
were precipitated overnight using four times the sample volume of cold acetone. Samples were centrifuged at
13,000 rpm and 4 °C for 10 min and washed two times with 500 pL cold acetone. Afterwards, acetone was
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removed by allowing evaporation at room temperature for 15 min. Proteins were adjusted to a concentration
of 5 pg/uL in phosphate buffer (50 mM). Finally, SDS sample buffer (12% SDS, 6% (B-mercaptoethanol, 30%
glycerol, 0.05% Coomassie blue, 150 mM Tris/HCI at pH 7.0) was added for a final concentration of 2.5 ug/uL.

Western blot analysis

Protein separation was performed using Tricine-SDS-PAGE with a 16% separation polyacrylamide gel and
6% collection polyacrylamide gel. Prior loading, samples with SDS buffer were incubated at 37 °C for 15 min
(boiling of samples was avoided because it may cause aggregation of membrane proteins). An initial voltage of
100 V was applied until samples entered the separation gel, after which electrophoresis was conducted at 300 V
for approximately three hours. Proteins were transferred onto a PVDF membrane via semi-dry electroblotting
overnight at 0.4 mA/cm? Membranes were subsequently stained with Ponceau S solution and documented.
Membranes were blocked with 5% milk powder in 1x PBST (PBS+ 0.1% Tween20) for one hour. For detection
of 3xFLAG-TisB, membranes were incubated with an HRP-conjugated monoclonal IgG a-FLAG antibody
(Sigma-Aldrich) in 1x PBST with 3% BSA at room temperature for 90 min, followed by visualization using the
Lumi-Light Western Blotting Substrate (Roche). For detection of YidC and YchE, membranes were incubated
with a rabbit a-YidC and a rabbit a-YchF antibody, respectively, in 1x PBST with 3% BSA at room temperature
for 90 min. Subsequently, membranes were incubated with an alkaline phosphatase-conjugated goat a-rabbit
antibody in 1x PBST with 3% BSA at room temperature for 90 min. For visualization, CDP-Star (Roche) and AP-
buffer (0.1 M Tris/HCI, 0.1 M NaCl, pH 9.5) were used. All signals were documented using a chemiluminescence
imager (PeqLab) with the FusionCapt Advance software (Vilber Lourmat). For sequential detection of proteins,
membranes were stripped using stripping buffer (0.1 M glycine, 0,37% HCI) at room temperature for one hour.
After stripping, membranes were blocked once again with 5% milk powder in 1x PBST for 90 min.

Construction and analysis of a tisB expression library

The tisB library was ordered as an oligo pool from IDT (Integrated DNA Technologies). All tisB sequences
contained the alternative 5’ untranslated region (UTR) from plasmid p0SD-tisB for moderate fisB expression'®.
In addition, each sequence was extended by universal 5" and 3’ adapter sequences containing BbsI recognition
and primer binding sites (Supplementary Table S4). The single-stranded oligo pool was converted into a double-
stranded DNA library by PCR using primers targeted towards the adapter sequences (Supplementary Table
S3). The DNA library was subsequently cloned into plasmid pSL0002 using Golden Gate cloning as described
elsewhere®!. The resulting plasmid library was transformed into electrocompetent E. coli MG1655 cells. Ninety
individual colonies were transferred into a transparent 96-well plate containing 150 pL LB medium per well.
Strains containing either an empty vector or pOSD-tisB were loaded in triplicates and used as controls. The
plate was incubated overnight at 37 °C and 180 rpm, and subsequently used for Sanger sequencing (Microsynth
SeqLab). In addition, the overnight plate was used to inoculate two new 96-well plates; the first containing LB
medium (growth control plate) and the second containing LB medium with L-ara (0.2%) for induction of tisB
expression. Growth was monitored at 600 nm in an Infinite M Nano + microplate reader (Tecan) adjusted to
37 °C and orbital shaking (amplitude 3.5 mm). Data was evaluated using the growthcurver package in R Studio.

Data availability

Datasets are available from the corresponding author upon reasonable request.
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Figure S1

Name Sequence GRAVY Net Charge
TisB N D K Q D K K 1.62 +0.3
D5L N K QLLD KYLK 1.87 +1.3
K12L N D Q D K K 1.88 -0.7
Q19L NLVD K D KYLK 1.87 +0.3
D22L N D K Q K K 1.87 +1.3
K26L N D K Q D K 1.88 -0.7
K29L N D K Q D K 1.88 -0.7
K12D N D D Q D K K 1.63 -1.7
K12R N D R Q D K K 1.60 +0.3
Q19D N D K D D K K 1.62 -0.7
Q19K N D K K D K K 1.60 +1.3
D22K NLVD K QLLK KYLK 1.60 +2.3
K12D D22K MN D D Q K K K 1.62 +0.3
K12L Q19D MN D D D K K 1.88 -1.7
K12L Q19K MN D K D K K 1.87 +0.3
K26D N D K Q D D K 1.63 -1.7
K29D N D K Q D K D 1.63 -1.7
K26D K29D MN D K Q D D D 1.64 -3.7
K26L K29L MN D K Q D 2.15 -1.7

Figure S1. Sequences of TisB variants.

Sequences of the tested TisB variants are shown. Nonpolar amino acids (yellow), polar
amino acids (purple), acidic amino acids (red), and basic amino acids (blue). The grand
average of hydropathy (GRAVY) value was calculated with the GRAVY CALCULATOR
(https://www.gravy-calculator.de/). The net charge was calculated with the Prot pi Protein
Tool (https://www.protpi.ch/Calculator/ProteinTool).
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Figure S2
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Figure S2. Raw images of western blots.

Unedited western blot and Ponceau staining images shown in Figure 1. Wild type MG1655, harboring
pOSD-3xFLAG-tisB (3xFLAG-TisB) with different amino acid substitutions, was treated with L-ara (0.2%) during
exponential phase. p0SD-tisB (TisB) and an empty pBAD plasmid (CTR) were used as controls. Cytoplasmic
(C) and membrane (M) fractions were isolated from total protein samples using ultracentrifugation, followed by
Tricine-SDS-PAGE. Proteins were blotted onto PVDF membranes. Anti-YidC (membrane) and anti-YchF
(cytoplasm) antibodies were used for detection of control proteins. An anti-3xFLAG antibody was used for

detection of 3xFLAG-TisB.
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Figure S3. Raw images of northern blots.

(a) Expression analysis of tisB. Wild type MG1655, harboring either pOSD-tisB or pOSD-3xFLAG-tisB with
different amino acid substitutions, was treated with L-ara (0.2%) during exponential phase for one hour. An
empty pBAD plasmid (CTR) was used as control. Total RNA was separated on urea-polyacrylamide gels and
blotted onto nylon membranes. Radioactive probes were applied for detection of tisB mRNA and 5S rRNA.

(b) Unedited northern blot images shown in Figure 3a. Wild type MG1655 (WT) and a tisB deletion strain were
treated with either 10 ug/mL CIP, 10 mM H,0,, or 200 ug/mL KAN during exponential phase (OD,,, ~0.4) for
one hour. Total RNA was separated on urea-polyacrylamide gels and blotted onto nylon membranes.
Radioactive probes were applied for detection of tisB mRNA and 5S rRNA.
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Figure S4
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Figure S4. TisB-induced stress tolerance.

Stress tolerance after TisB induction. Wild type MG1655, harboring either p0SD-tisB (TisB)
or an empty pBAD plasmid (CTR), was treated with L-ara (0.2%) during exponential phase
for 30 minutes to induce tisB expression. Cells were subsequently treated with either 10
pg/ml CIP for four hours, 10 mM H,0, for two hours, or 200 ug/mL KAN for four hours. After
treatment with stress agents, cells were plated on LB agar plates to determine colony counts
(CFU/ml). Bars represent the mean of at least two biological replicates (CIP: TisB: n=3; CTR:
n=3 | H,0,: TisB: n=3; CTR: n=3 | KAN: TisB: n=3; CTR: n=2). Error bars indicate the
standard deviation. ANOVA with post-hoc Tukey HSD test was performed, and a compact
letter display was applied to present significant groups.
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Figure S5. Correlation between net charge and growth inhibition.

Growth curves from Figures 5b were used to determine the area under the curve (AUC) for
each TisB variant using the growthcurver package in R Studio. An empty pBAD plasmid was
used as control to determine AAUC values, which were plotted against the net charge of the
corresponding TisB variant. The Pearson correlation coefficient (r = -0.056, p = 0.843) was
calculated using R statistical language (https://www.r-project.org/).
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