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Abstract

The antibiotics are gradually losing their ability to inhibit bacterial pathogens and
drug resistance is spreading at an alarming degree. The early antibiotics are no longer that
efficient, as bacteria have a set of strategies to escape the antibiotic killing. Taking into
account that antibiotics are no longer developed as widely as before, increasing drug
resistance of pathogens will inevitably lead to a point of crisis. The exaserabating menace
of antibiotic resistance poses an urgent threat for humanity as well as a challenge for the
development of new antibiotics.

Shortly after the introduction of penicillin into a widespread clinical practice, it
was found to be uncapable to kill all cells in bacterial populations that were sensitive to
antibiotic action. The efficency turned out to be low even when the concentrations of
antibiotics were significantly increased. The reason of this problem was “persisters”- a
small fraction of phenotypically different cells present in the population. However, this
phenomenon was not studied until the very end of the 20" century, when the crucial role
of persister cells in antibiotic resistance of biofilms was discovered. It became clear that
the function of persisters is strongly connected with chronic and recurrent bacterial
infections. Persistence is a risk-reducing strategy as it stops some part of population from
proliferation and thus secures a fraction of cells providing a reservoir for future growth in
case of adverse conditions. Persistence is a widely acknowledged mechanism allowing
the bacterial population to protect itself from various stresses, including antibiotic
treatment and nutrient-deficient conditions.

In case of stress, i.e. nutrient or oxygen depletion, the group of antimicrobial
peptides called microcins is synthetized by ribosomal translation. Microcins have potent
antibacterial activity against the closely related bacteria at minimum inhibitory
concentrations in the nanomolar range. One of the microcins subclass is microcin C-like
compounds, that are encoded by the gene clusters found in diverse gram-negative, gram-
positive bacteria, and even cyanobacteria.

Microcin C-like compounds are natural peptide-nucleotide antibiotics that target
aspartyl-tRNA synthetase leading to protein synthesis halt and subsequent cessation of
cellular division. We show that sublethal concentration of microcin C induces the

bacterial persistence with a mechanism similar to that of well-studied intracellular
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proteinaceous toxin HipA. We demonstrate that the microcin C-producing cells induce
persistence in sensitive cells during co-cultivation. In this work we reveal that the
bacterial cell may exploit an additional mechanism to protect itself from being poisoned
during microcin C synthesis. We make it evident that the maturation of microcin C from
Y. pseudotuberculosis TP 32953 requires the leader peptide to be removed immediately
prior its export from the producer cell in order to generate bioactive antibiotic. Our
findings underscore complex interactions in bacterial communities where an antagonistic
compound produced by one community member can benefit other members by increasing

their ability to withstand various stresses.
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ROS - reactive oxygen species

RRE - RiPP precursor peptide recognition element

SAM - S-adenosyl methionine

TA system - toxin-antitoxin system
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Review of Literature

Microcins

Microcins are gene-encoded antimicrobial peptides synthetized by ribosomal
translation, and most of them are post-translationally modified. Microcins are usually
produced under conditions of stress, such as nutrient or oxygen depletion and are highly
tolerant to heat, extreme pH and protease treatments. Most of them exhibit potent
antibacterial activity against the closely related bacteria, with minimum inhibitory
concentrations (MICs) within the nanomolar range. The microcin family includes a
highly diverse group of antimicrobial peptides. At least 14 types of microcins are now
known, but only some of them have been purified and characterized. Class I microcins
are encoded by the genes carried on plasmids. The most mature class I microcins are
charachetrised by molecular masses of less than 5 kDa. Microcin B, microcin C (McC)
and microcin J25 belong to this class. Class II microcins have molecular masses from 5
to 10 kDa, and are divided into 2 subclasses. Most microcins in class Ila do not undergo
post-translational modifications, but may have 1-2 disulfide bridges; genes of microcin
ITa synthesis are also located on plasmids. Class Ila includes microcin L, microcin V and
microcin V. The representatives of class IIb are located in chromosomal DNA including
microcin E492, microcin M and microcin H47, linear peptides with C-terminal
modifications; genes of [Ib microcins.

The genetic organization of microcin clusters is very similar between classes
(Figure 1). Microcins are usually synthesized as a peptide precursor that consists of the
N-terminal leader (signal) part and C-terminal core part. It has been shown that in some
cases the leader part of the peptide is required for the introduction of post-translational
modifications and the formation of a mature microcin [1, 2]. In most cases the N-terminal
part of the precursor molecule is not present in the mature microcin molecule, being
removed during the maturation process or during the export of the molecule from the cell.
ABC-transporters are usually responsible for exporting the microcins. These protein
transport systems use ATP energy and are typically encoded in microcin clusters [3].
Genes from the microcin cluster are located on one or two operons. Some specific genes
present in every microcinogenic cluster include: a structural gene encoding the peptide

precursor molecule, genes encoding proteins related to self-immunity/resistance to
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microcin produced, and genes encoding the microcin export system. Additionally, the
microcin clusters have genes that encode enzymes of post-translational modifications of

precursor peptide (Figure 1).
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Fig.1. Schemes of genetic organization of microcin gene clusters. Genes are marked with
arrows, the direction of which indicates the gene transcription. Genes encoding the
precursor peptides are coloured with yellow. Genes required for self-immunity, microcin
export and post-translational modifications are shown in red, blue, and green colours
respectively. Genes required for both immunity and export are shown in purple. Genes
encoding proteins of unknown function are indicated in grey. Promoters, where they are
known, are indicated by flags. Class I, IIa and IIb microcins are shown in (A), (B) and

(C), respectively [4].
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Microcin C

Genetic organization of microcin C cluster

There are 6 genes that are responsible for the synthesis of E. coli microcin C [5].
All genes are located on a conjugation plasmid [6, 7]. They are organized in a cluster and
five of them are transcribed from one common promoter [8] (Figure 7). The mccA gene is
the smallest peptide-encoding gene known, with the length of 21 bp; it encodes a
ribosomally synthetized McC precursor peptide MRTGNAN [9]. The genes mccB, mccD,
and mccE encode proteins that are responsible for post-translational modifications. The
product of the mccC gene is responsible for exporting a mature McC. MccE and MccF
contribute to the self-immunity of microcin-producing cells [9]. Interestingly, the genes
of the microcin C cluster are located between 44 bp direct repeats, which may serve as
evidence for their horizontal gene transfer. The G+C DNA content of mcc genes cluster is
different from the G+C content of E. coli chromosomal DNA, which may also point at

horizontal gene transfer [10].

Structure and post-translational modifications of McC

Microcin C is a peptide-nucleotide antibiotic active against Enterobacteria. After
the ribosomal synthesis of MccA (MRTGNAN) it is post-translationally modified by the
action of MccB, MccE and MccD [11, 12], after that mature McC is formed (Figure 2).

The MccB protein is responsible for the first reaction of the post-translational
modification of MccA. Using 2 molecules of ATP it adenylates MccA with the
production of MRTGNAD-AMP [11]. MccE is a two-domain protein involved in post-
translational modifications of MccA and in self-immunity to McC. The C-terminal
domain of MccE is a GNAT family acetyltransferase. It acetylates the a-aminogroup of
the processed McC using acetyl-CoA as a donor of the acetyl group. The MccE
acetyltransferase protects cells not only against McC, but also against its synthetic
analogs and various toxic aminoacyl adenylates [13, 14]. MccD and the N-terminal
domain of MccE working together introduce an aminopropyl group during the microcin
C maturation process [12]. Aminopropylation is a two-step process. Firstly, MccD
transfers 3-amino-3-carboxypropyl from SAM (S-adenosyl methionine) to the oxygen
from phosphoric acid of adenylated MccA. This process is not efficient and there is an

additional protein, Mtn (5'-methylthioadenosine/S-adenosyl homocysteine nucleosidase),

12



which catalyzes the reaction. Secondly, the aminopropylation process starts, 3-amino-3-
carboxypropyled peptide adenylate is decarboxylated by the N-terminal domain of MccE
leading to the production of a mature McC [15]. The major function of MccC is to
transport the McC molecules across the plasmatic membrane thus providing for self-
immunity [10]. The protein MccC is similar to proteins from the MFS-superfamily. MFS
is a wide-ranging family (from bacteria to human) of 12 trans-membrane domains
transporters. The proteins of this family transport the substrates across different
membranes and take part in various cell processes [17]. MccF is an unusual serine
peptidase that ensures immunity of a McC-producing cells through cutting the
carboxyamide (N-C) bond, that connencts the peptide and nucleotide parts of McC [18].
MccF recognizes full McC and synthetic analogs of McC with a modification of

phosphoric acid to sulfuric acid [16, 18].

Regulation of microcin C biosynthesis

Genes that are responsible for McC biosynthesis are located in one gene cluster,
mccABCDEF, and genes mccABCDE are transcribed from one common promoter, Pmcc,
which is located prior to the mccA gene [10, 19, 20]. The mccF gene is transcribed from
its own promoter [10]. The synthesis of McC is not activated during SOS response, but
occurs at the stationary phase of cell growth. Besides RpoS (the stationary phase
mediator) some global regulators of gene expression have impact on mcc transcription.
The absence of glucose in media activates McC synthesis at the level of transcription [20,
21]. This occurs because the Pmcc promoter has a binding site for CRP (cAMP receptor
protein) or CAP (catabolite activator protein). CRP in conjunction with cAMP (the level
of the latter is increased when the glucose concentration is low) activates transcription of
the mccABCDE operon [19].

Another transcriptional regulator that influences McC synthesis is H-NS, a small
histone-like protein. H-NS binds AT-rich DNA sequences, and inhibits mccABCDE
operon transcription during the exponential growing phase [19, 20]. Another global E.
coli transcriptional regulator, the Lrp protein (Leucine-responsive regulatory protein),
also inhibits mccABCDE operon transcription [19].

To regulate the protein synthesis of mccABCDE operon, a special mechanism,
based on formation of RNA secondary structures, is applied. It acts at both transcriptional

and translational levels. Extensive non-coding region between mccA and mccB contains
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an inverted repeat that functions as a Rho-independent transcription terminator [10]. Due
to the function of this terminator, two transcripts of different lengths are synthesized from
the Pmcc promotoer: a short terminated mccA transcript and the second full-length
transcript of the entire operon [22]. The abundance of the short transcript is at least 20
times higher than that of the long one. Deletion of the terminator hairpin leads to the
disappearance of the short transcript and triggers a 30-fold decrease in McC production
[22]. This structure of the mcc operon, with a hairpin separating the precursor gene and
genes that encode post-translational modification and self-immunity enzymes, appears to
be an evolutionarily conserved feature of mcc operons found in diverse bacteria. For
effective microcin synthesis the cells need to synthesize a large amount of the precursor
peptide and have a relatively small amount of post-translational machinery. The short
transcript has a much greater stability than the long one, it causes preferential the short
transcript accumulation. The increased stability accounts for the ribosome binding to

mccA transcript, which protects it from degradation [22].

Immunity of microcin C producer strains
MccC, MccE and MccF are jointly responsible for immunity of McC producer
cells [10, 13]. Mature McC is exported from the cell by MccC. The C-end of MccE
modifies the processed McC. The presence of mccC and mccE is sufficient for full cell
immunity, but individually these genes provide only partial resistance (about 10 times
less than cells with both genes) [5]. MccF makes a microcin C-producing cell immune to

microcin C by a degradation connection between the peptide and nucleotide parts of McC

[18].

Mechanism of microcin C action

Microcin C (McC) is a peptide-nucleotide antibiotic that acts by means of a
Trojan-horse mechanism: it penetrates the cell under the guise of a nutrient substrate and
is further cleaved by cytoplasmic proteases to produce a toxin that inhibits cell growth.
McC penetrates from the environment across the inner membrane of E. coli into the
periplasm via OmpC and OmpF porins [23]. McC is transported from the periplasm
through the plasma membrane by the YejABEF-transporter. YeJABEF is an ATP-
dependent oligopeptide permease related to the ABC-transporter superfamily. Deletion of
one of the yejABEF genes makes E. coli resistant to McC action [24]. In both sensitive
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and McC-producing cells, aminopeptidases PepA, PepB and PepN then progressively
degrade the McC peptide to produce toxic processed McC — non-hydrolysable
aminoacyl-adenylate (Figure 2). Cells with deletions of all these peptidases are resistant

to McC, because McC is not processed and no toxin is formed [16].
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Fig. 2. The structure of mature McC and its processing product [13].

The processed McC is a translation inhibitor [25]. Processed McC is an aspartate
whose backbone carboxyl is connected to AMP via a phosphoramidate bond. The
molecule looks like the activated aspartyl-adenylate, an intermediate of reaction
catalyzed by aspartyl-tRNA synthetase. Processed McC interacts with aspartyl-tRNA
synthetase active center and prevents its normal function [26] (Figure 3). Microcin C acts
in nanomolar concentrations [27]. It possesses bacteriostatic action against E. coli and

phylogenetically close strains [25].
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Fig. 3. Mechanism of microcin C synthesis, export, import, and action.

mcc-like gene clusters

The first hypotheses about the existence of potential homologues of mcc genes
were put forward for the organism Helicobacter pylori [28, 29]. Now it was shown that
there are numerous mcc-like operons in diverse gram-negative, gram-positive bacteria
and even cyanobacteria [30]. mccB gene was used for bioinformatics search of these
operons as the main and the major player in the McC maturation process. Most of the
validated mcc-like gene clusters contain only three genes, mccABC, which are sufficient
for producing a toxic adenylated peptide and exporting it outside the producing cells [31].
The mceD, mccE, and mccF gene homologs are present in only some of non-E. coli mcc
clusters. On the other hand, some of them contain additional genes in comparison to the

E. coli operon [31].
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Fig. 4. mcc-like gene clusters encoded by E. coli and other bacteria. Arrows indicate
individual genes: mccA - red; mccB - yellow; mccC - green; mccD - pink; mccE - purple;
mccF — blue, genes of ABC-type transporters — cyan, methyltransferase domain of mccB

—brown [31].

A group of mecc-like clusters from Bacillus amyloliquefaciens DSM7,
Streptococcus bovis JB1, and various strains of Yersinia sp. and Serratia sp. encode
MccB homologues extended with a C-terminal methyltransferase domain and also
contain an additional gene mccS. The N-terminal part of B. amyloliquefaciens MccB was
shown to perform cytidylation instead of adenylation of the terminal Asn residue of
cognate MccA from B. amyloliquefaciens [32]. MccS from B. amyloliquefaciens is a
carboxy-S-adenosyl-L-methionine synthetase. The carboxy-S-adenosyl-L-methionine is
used by the C-terminal methyltransferase domain of B. amyloliquefaciens MccB as a
donor of carboxymethyl group for additional modification of MccA from B.
amyloliquefaciens. The McC from B. amyloliquefaciens inhibits aspartyl-tRNA
synthetase as McC from E. coli, but the presence of carboxymethyl modification
increases the toxicity and inactivates the self-immunity and resistance mechanisms

mediated in E. coli by MccE [32].
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mcc-like gene cluster from Yersinia pseudotuberclosis 1P 32953
There is a predicted mcc-like gene cluster in Yersinia pseudotuberculosis 1P
32953, it brings together characteristics of both well-characterised E. coli and B.

amyloliquefaciens clusters (Figure 5).

Escherichia coli

[E < F 1+

Bacillus amyloliquefaciens DSM7
—Bl (5 HLC —
Yersinia pseudotuberculosis IP 32953

C MBI {S (X ){D {E1 (E2—

M precursor peptide [0 decarboxylase

RRE domain [ acetyltransferase

O nucleotidyltransferase O peptidase

OO MFS transporter [0 cxSAM synthetase

O SAM-dependent O protein of unknown
enzyme function

Fig. 5. Comparison of mcc gene clusters from E. coli, B. amyloliquefaciens DSM7, and
Y. pseudotuberculosis 1P 32953. Genes are indicated by arrows, positions of transcription
terminators are schematically shown as hairpins. Known (E£. coli and B.
amyloliquefaciens DSMT7) or predicted (Y. pseudotuberculosis 1P 32953) mcc genes

products functions are listed at the bottom.

Gene mccA"™ encodes 42 amino acid precursor molecule that is a 6 time longer
peptide in comparison with 7 amino acid MccA™°. MccA*™, as most validated MccA
peptides, contains a terminal asparagine. The mccA"™ gene is located upstream of
meccC™, which encodes a predicted export pump of the Major Facilitator Superfamily
(YPTB1884). The next gene is mccB™™ (YPTB1885) encoding protein that adenylates
MccAY™ in vitro [31]. Similar to MccB®™™ and unlike MccB"°, MccBY™ contains
additional C-terminal SAM-dependent methyltransferase domain. There is mccS™™ gene
SBam

(YPTB1886) after mccB™ gene; it is a homologue of mcc
meeX ™, encodes a protein of unknown function (YPTB1887). MccD™ (YPTB1888) is

. The following gene,
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homologous to MccD"™°. Y. pseudotuberculosis MccE homolog is split into two separate
polypeptides encoded by the adjacent genes. MccE1™™ (YPTB1889), the homolog of
MccE-NTD™°, most probably is a decarboxylase that removes the carboxyl from the
carboxylated propylamine transferred by MccD [15]. MccE2Y™ (YPTB1890) is a GNAT-
type acetyltransferase expected to be involved in self-immunity.

It was previously shown that the microcin encoded by Y. pseudotuberculosis mcc
operon (McC"™) is an interesting case of a hybrid molecule: it contains both the terminal
carboxymethylated cytosine as previously observed in B. amyloliquefaciens microcin C-
like compound and propylamine at the phosphate group, one of the features of E. coli
McC. Uniquely for peptide-nucleotide antibiotics, McC"™™ undergoes an additional
modification in the production host that is strictly required for biological activity. The 42-
aminoacid long MccA™™ peptide part is proteolytically processed inside the producing
cell releasing mature McC "™ whose peptide part is only 11 amino acids long.

Upon processing, the compound leaves the producing cell, presumably due to the
action of the MccC "™ export pump, and is actively taken up by the YejABEF transporter
in sensitive cells as characteristic for E. coli McC. The peptide parts of both McC*™ and
McC" seem to be processed inside sensitive cells by aminopeptidases A, B, and N, with
release of toxic warheads that inhibit aspartyl-tRNA synthetase. Aminopropylated
aspartamidyl-carboxymethylcytidylate that is produced after processing of McC'"
appears to be a less potent inhibitor of aspartyl-tRNA synthetase than aminopropylated
aspartamidyl-adenylate released after processing of McC"°. McC"™ is active against
both E. coli and Y. pseudotuberculosis.

Irrespective of the antimicrobial activity of McC"*® and McC*™ with the MICs in
the nanomolar range, there are still certain problems challenging the application of the

majorioty of widely used antibiotics. One of them is the resistance to antibiotic action.
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General mechanisms of antibiotic resistance

We are living in a “post-antibiotic era”, when we are exposed to a global
“antibiotic resistance crisis” [33-36]. The bacterial infections, especially nosocomial
infections, continue to spread and account for a significant share of worldwide mortality
and morbidity [37, 38]. Antibiotics usually influence essential parts of the bacteria
physiology, leading to bacterial cell death or the growth interruption. There are five
major antibiotic targets: DNA and RNA synthesis, protein synthesis, the bacterial cell
wall, the cell membrane and folic acid metabolism. The antibiotic targets are either
absent or are reasonably different for eukaryotic cells, so that antibiotics have little or no
effect against eukaryotic cells. For example, the bacterial ribosome that is the target of
aminoglycoside and macrolide has structural differences from the eukaryotic ribosome,
due to which antibacterial drugs cannot influence eukaryotic cells. Resistance to
antibiotics is now being extensively studied. It occurs through general mechanisms:
increasing efflux or decreasing influx of antibiotics, modifying the cell or increasing the
amount of the target, repairing of the damaged target, protecting the target, inactivating
of antibiotics by enzymes, acquiring alternative metabolic pathways, and forming the
persister state or biofilm [39-43] (Figure 6). The most specific pathway of antibiotic
resistance is the development of special enzymes for recognizing antibiotics and
modifying them, making them unable to interact with their targets: for example, B-
lactamases split up the B-lactam ring that is essential to antibiotic action. The example of
bacterial resistance through altering a metabolic process is the expansion of the vanA
gene, which renders bacteria resistant to both vancomycin and teicoplanin via alteration
of the peptidoglycan synthesis pathway; it is strongly related to chronic infection by
vancomycin-resistant Enterococci and vancomycin-resistant Staphylococcus aureus [44,
45]. The mechanisms of resistance are usually spread by horizontal gene transfer and
phage-mediated transfer from bacteria that had originally developed resistance by means

of spontaneous mutations or adaptive mutagenesis [46-48].
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Bacterial persistence

The major role of persistent cells in antibiotic resistance is a recent discovery and
it goes a long way towards explaining chronic bacterial infections [49-51]. Persistence is
associated with a population’s phenotypic heterogeneity [52]. Populations of isogenic
bacteria always include a small portion of antibiotic-tolerant phenotypic variants, called
“persistent cells”, that can restore the initial population [53, 54]. 1944 saw Bigger to
show for the first time that an actively growing bacterial population of S. aureus includes
dormant non-dividing cells. Bigger’s paper revealed that the number of persistent cells is
increased after cold shock action, removing nutrients from media or boric acid treatment
with bacteriostatic concentrations, these actions inhibit bacteria cell growth [55]. Since
most antibiotics target the cellular processes being active, they have no effect on dormant
cells such as persisters. The experimental evidence of bacterial persistence is a biphasic
killing curve experiment (Figure 7), the data for curve are obtained when bacterial culture
is treated by a lethal concentration of a bactericidal antibiotic and the number of
surviving cells is measured in time-points during the experiment. During the first step of
the experiment, the major part of bacterial culture is eliminated, and the number of
surviving cells decreases speedily. During the second step, the number of surviving cells
does not change significantly, because most remaining cells are highly antibiotic-tolerant

persister cells.

bacterial counts (log scale)

Persister cells

time
Fig. 7. Biphasic killing kinetics of bactericidal antibiotic treatment [56].
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Surviving persister cells are genetically indiscernible from the rest of the bacterial
culture. Their re-growth after removal of antibiotic provides a new bacterial culture that
is antibiotic-sensitive and has the same level of persister cells as the original culture. The
phenomenon of persistence has been observed in every microbial species tested to date,
for example: Pseudomonas aeruginosa, S. aureus and Mycobacterium tuberculosis [57-
59].

Persistence is different from resistance: persistent cells are unable to divide during
the antibiotic treatment; their antibiotic-tolerant phenotype is not heritable. When the
antibiotic treatment is stopped, persister cells lose their antibiotic tolerance and switch to
a dividision stage. There are many different mechanisms of antibiotic resistance, but most
of them are based on excluding antibiotic-target interaction. By contrast, the antibiotic
tolerance of persister cells is especially based on their cellular physiology, which lends
protection against antibiotic action [60, 61]. Single-cell observations of persistent cells
showed that they are non-growing, which is to say that they are in a dormant state [54,
61]. Analysis of the transcriptome of persisters showed down-regulation of genes that are
involved in energy production or some active cellular processes such as flagella
synthesis, suggesting that persisters have reduced metabolic activity [57, 58, 62, 63].
Growth inhibition appears to stimulate increased levels of persistence in a population.
Some toxin-antitoxin systems were shown to be related to the formation of persistent
cells: translation-inhibiting toxins cause cell dormancy and persistence during the
inhibition of antitoxin expression [64-66]. The same effect was demonstrated when cells
were exposed to rifampicin (transcription inhibitor), tetracycline (translation inhibitor) or
carbonyl cyanide m-chlorophenyl hydrazine (ATP synthesis blocking agent) [67].
Persistent cells are resistant to multiple antibiotics and even prophage induction [60, 68-
70]. Recent studies focus on heterogeneity of persistent cells in a population: that cells
have some differences among themselves that give a varying tolerance to different
antibiotics [71-73].

A new hypothesis has recently been elaborated that persistence is due not only to
dormant cells [67, 74-77]. The scientific debates are focused on the cases when a
population’s survival is provided by effective efflux pumps or the catalase-peroxidase

enzyme KatG that is activated by an antibiotic. [74, 77]. There are active and passive
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mechanisms of persisters formation. The high level of activity of some cellular processes
might lead to depletion of energy, to arrest of cell growth, and persister cell formation. So
persisters have two strategies at their disposal to survive during antibiotic treatment:
passive through formation of persister cells and active through reduction of antibiotics

concentrations in cells by intensive efflux work [78].

Factors responsible for spontaneous and induced persistence

The first important study of persistence induction in E. coli cells demonstrated that
non-growing persister cells form spontaneously before antibiotic exposure and even
without any environmental stress [54]. It was therefore concluded that persisters
constitute drug-independent and pre-existing variants in a population, so they represent a
strategy that provides a competitive advantage during unanticipated changes in the
environment [79, 80]. All processes in bacteria cells are naturally noisy and individual
cells of a population have fluctuations in macromolecule concentrations [81]. This
stochastic noise may generate phenotypic heterogeneity in molecular processes [82].
HipA, one of the well-studied persistence-related protein, induces the persister cell
formation as soon as its concentration in cell surpasses a certain threshold level [61, 64,
83-85]. In bacterial population, the concentration levels of HipA fluctuate near the
threshold resulting in combined occurrence of growing and persister cells. HipA is a
toxin encoded in a toxin-antitoxin (TA) locus. Another toxin, TacT from Salmonella,
acetylates charged tRNA molecules and therefore inhibits translation and induces
persister cell formation [86]. The TA loci have stochastic expression and play a role in
induction of bacterial persistence [62, 83]. Resumption of active growth by a population

from surviving persisters is also known to occur stochastically [87, 88].

Environmental factors
Spontaneous appearance of persister cells in un-stressed cultures can not explain
all cases of persister cells formation. It was shown that persister level depends on several
environmental factors. Formation of persister cells is strongly dependent on the phase of
growing: the level of persister cells in population is low in the lag- and early-exponential
phase, but is increased dramatically from the mid-exponential to stationary phase [58]. It
is probably related to nutrient availability. Nutrient starvation has been identified as an

important trigger of persister formation [58, 72, 75, 89-92]. Other environmental stimuli,
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apart from starvation, can also boost persister levels. Such stimuli include: heat stress,
hyperosmotic stress, acid stress, and oxidative stress [93-96]. Treatment by sub-inhibitory
levels of antibiotics also increases persistence [67, 97, 98].

Furthermore, chemical signaling is related to the level of persistence. Some
quorum sensing molecules increase the level of persisters in P. aeruginosa, Streptococcus
spp., and A. baumannii [99-101]. For example, indole, the stationary phase signaling
molecule, is also involved in persister cells formation [102]. Thus, persistence is like a
social signaling event: it can arise from the expression of some cooperative molecule,
promote the utilization of antibiotic-degrading enzymes, and can be modeled as a
bacterial social phenomenon [102-104].

Another environmental factor that stimulates the dormant state is the formation of
biofilms. Bacterial biofilms are surface-associated multicellular communities that
develop into a thick extracellular matrix and are prevalent in the environment as well as
during infections [105, 106]. The physical structure of biofilms protects the bacterial
community from aggressive conditions, including immune responses. Many antibiotics
do not penetrate into biofilms [106, 107]. Biofilms usually have higher rates of persister
cells than planktonic cultures (100- to 1000-fold more) [106-108]. These high rates of
persister formation depend on (p)ppGpp as well as on other signaling molecules and
processes, including diverse stress responses such as SOS induction and hypoxia [62, 75,
107, 109]. The insensitivity of biofilms to antibiotic treatment is at least partially
explained by large numbers of persisters in the biofilm structure [106-109].

There are also some conditions inducing the decrease of persister levels, so the
environmental influence on persistence level is bidirectional. For example, alkaline
conditions, hypo-ionic environments and the addition of amino acids or glycolytic
nutrients reduce the level of persister cells in the presence of aminoglycoside antibiotics
[71, 110-112]. Switching from persisters to actively growing cells is increased under
environmental conditions that are convenient for active bacterial growth, for example:

addition nutrients to the media [113, 114].
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Drug efflux pumps
A recent study has shown that there are higher levels of drug efflux pumps in E.
coli persister cells than in the rest part of the population [78]. This leads to an increased
tolerance to antibiotics (B-lactams and quinolones) by reducing their intracellular
concentrations [78]. The role of efflux pumps as elements of bacterial tolerance to
antibiotics was also shown for Mycobacteria upon infection of host cells and for the

system of indole-stimulated persistence induction in E. coli [78, 115].

Stress responses

Many genes have been identified as related to persistence [57-63, 116-124]. Most
of them are related to stress responses and TA modules, but the exact molecular
mechanisms have been identified only for a few cases. Up-regulation of many stress
response genes, that involved in SOS or phage-shock response, oxidative stress response,
heat- or cold-shock response, stringent responce) was found by transcriptome analysis of
samples that were enriched in persister cells [57, 102]. E. coli mutants lacking genes
related to stress response demonstrated dramatic reduction in persistence level [125].
There is evidence for the relation between cell energy processes and formation of
persister cells. Mutations in genes that code protein related to the electron transport chain,
the tri-carboxylic acid (TCA) cycle and even glycerol-3-phosphate dehydrogenase
increase the level of persistence [63, 120, 124-126]. It has been recently shown that the
survival of persister cells in biofilms of P. aeruginosa is dependent on ROS (reactive
oxygen species) detoxification enzymes controlled by the (p)ppGpp signaling, and the
same mechanism may exist in E. coli populations [75]. Therefore, these results provide
the ground for the important role of stress response in induction of persister cells

formation.

(P)ppGpp
Guanosine tetraphosphate (ppGpp) and guanosine pentaphosphate (pppGpp) act as
the second messengers or “alarmones” in the stringent response. (p)ppGpp is produced in
response to stress signals, it changes metabolic homeostasis for purposes of cell survival
[62]. In E. coli, (p)ppGpp synthetase RelA is activated by amino acid starvation and heat
shock, whereas carbon, nitrogen, phosphate, iron or fatty acid starvations activate the

(p)ppGpp synthetase activity of the bi-functional synthetase-hydrolase enzyme SpoT. In
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various organisms, mutants that are unable to produce (p)ppGpp show reduced number of
persister cells in cultures. For example, reld-spoT mutants of E. coli and P. aeruginosa
are defective in persister formation during all steps of growing: exponential growth,
stationary phase, and biofilm formation [62, 75, 89, 127]. Bacterial persister cells
formation can be induced by stochastic activation of (p)ppGpp signaling pathway in
some cells during exponential growing phase and by some environmental stress factors
[62].

The ppGpp-mediated stringent response requires DksA, an RNA polymerase
binding protein that inhibits transcription of ribosomal RNA genes [128]. DksA plays a
role in many cellular processes: cell division, stringent response, quorum sensing in E.
coli, P. aeruginosa, Salmonella and Shigella flexneri [129-133]. DksA acts as a co-
regulator of ppGpp-dependent gene regulation in E. coli, and the effect of dksA deletion
on induction of rpoS, the gene that encodes RNA-polymerase sigma factor S (c°), is
similar to that caused by the absence of ppGpp [129, 134]. Furthermore, DksA was
shown to enhance the effect of ppGpp on some negatively and positively regulated genes

[135, 136].

Toxin-antitoxin modules

Toxin-antitoxin loci contain two genes, one of which encodes a metabolically
stable toxin and the other - an metabolically unstable antitoxin. Bacterial toxin-antitoxin
(TA) modules are genetic elements that encode a toxin protein and an antitoxin. Usually
toxins inhibit some of essential cellular processes and, therefore, stop bacterial growth;
antitoxins prevent or interfere to the functionality of the toxin, antitoxin activity is related
to cellular signaling [88, 137]. TA loci were first discovered in bacterial plasmids,
because TA loci influence on plasmid maintenance. Toxin and antitoxin have different
stability in bacterial cell, therefore, if some cells lose the plasmid, the concentration of
antitoxin will rapidly decreased and toxin will inhibit growth of this cell. Then it was
shown that TA loci are widespread in bacterial genomes [138]. Presently, all TA loci are
split into 6 types based on TA genetic organization and mechanism of action [138]

(Figure 8).
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Fig. 8. Mode of action of the six classes of toxin—antitoxin systems. Type I: the toxin
translation is prevented by the formation of an duplex between toxin mRNA and
antisense RNA antitoxin, which may be degraded by RNAse. Type II: toxin and antitoxin
are proteins, which form a complex that inhibits activity of toxin. Type III: a non-coding
RNA antitoxin inhibits the function of the toxin by interaction with it. Type IV: antitoxin
and toxin are proteins that do not interact directly, but is in competition for the same
binding target. Type V: toxin mRNA is degraded by an RNAse antitoxin. Type VI:
antitoxin molecules act as a proteolytic adapter, that promotes the degradation of the
toxin protein. SD = Shine-Dalgarno ribosome binding site. Toxins are shown in blue, and

antitoxins - in yellow [139].
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TA modules, especially type I and type II, have been well studied as effectors in
persister formation. Type I TA loci usually encode a protein-toxin and a non-coding
RNA -antitoxin, that antitoxin interacts with the toxin mRNA and therefore inhibits its
translation. Most of the toxins from type I TA loci are small hydrophobic peptides that
associate with membranes, as a result, the membrane potential decreases and the cell
growth stops. Overexpression of the type I toxins TisB and HokB causes increased
persistence [137, 140]. The type Il modules are the best studied. Type II antitoxins and
toxins are proteins; usually antitoxin binds to toxin and inhibits it. Some of those toxins
inhibit translation or replication; the majority of type II toxins have endoribonuclease
activity, but a group of them inhibits translation by inactivating glutamyl-tRNA
synthetase (GluRS), inactivating translation elongation factors or acetylating charged
tRNAs [39, 137]. The first discovered persistence and TA-related gene, hipA, is a part of
the hipBA type Il TA operon that belongs to this group [110, 141].

Transcriptome studies showed up-regulation of multiple type II toxins genes in
persister cells, especially those coding RNases such as RelE, MazF, DinJ, and MqsR [57,
142]. Moreover, the overexpression of type II toxins induces persister cell formation, but
the expression of type Il antitoxins reduces the level of persister cells in bacterial
cultures, as was shown with hipBA, relBE, and mazEF TA systems [64, 65]. However,
the absence of toxin gene in a single TA locus is insufficient to have a detectable
difference in the level of persistence; by contrast, deletion of several type II mRNase
toxins in E. coli causes a reduction in the level of persisters [90]. So, these systems are

probably the functional analogs of each other and jointly contribute to persistence.
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Persistence formation pathways

The first molecular pathway of persistence induction that has been described
consists of the following steps: DNA damage caused by ciprofloxacin initiates the SOS
response, activates RecA and enables LexA-mediated transcription inhibition of the
tisB/istR type I TA module. In E. coli, the tisB/istR, symE/symR and hokB/sokB type I TA
modules are activated by the SOS response and (p)ppGpp signaling [60, 127, 143]. TisB
is a small hydrophobic peptide that interacts with membrane, breaking the proton motive
force and therefore halting production of ATP [144]. Together, this blocks the action of
most cellular enzymes, so that multidrug tolerance develops [140]. Endogenously
expressed TisB contributes only fluoroquinolones resistance, whereas overexpression of

TisB causes multidrug tolerance [60] (Figure 9).

inhibition of DNA replication
{ transcription / translation

Fig. 9. Influence of toxin-antitoxin modules on persister cell formation in E. coli [56].
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The stringent response is also related with the persister cells formation. It was
demonstrated that induction of persistence in growing E. coli cultures is dependent on
stochastic expression of type II toxins, and that it is related to high levels of (p)ppGpp
[62]. It was found that there is a relation between the (p)ppGpp level and TA induction,
and that the main roles in this interaction are played by inorganic polyphosphate
accumulation, Lon protease activation, and degradation of type II antitoxins. The
resulting increased level of type II toxins (mRNases) induces translation inhibition [62].

The HipA toxin belongs to type II, but unlike other members of this type is not an
RNase. It has been shown that persistence induction for cells that have mutant HipA
depends on the key elements of stringent response, and that HipA induces persistence
induction by affecting the RNase toxins [145] (Figure 9). HipA phosphorylates a
conserved serine residue near active site of glutamyl-tRNA synthetase and, therefore,
HipA inactivates it [84, 85]. By doing so, it prevents glutamyl-tRNA aminoacylation and
generates ‘hungry’ codons at the ribosomal A site, which is the major trigger for stringent
response activation. These bacterial cells increase their (p)ppGpp-mediate persistence
level due to activation of other type II toxins. (p)ppGpp is a competitive inhibitor of
polyphosphate hydrolase PPX. Inhibition of PPX leads to increased production of
polyphosphate by polyphosphate kinase PPK. The increased level of polyphosphate
induces Lon protease that degrades type II antitoxins. The activation of 10 cellular
RNases from E. coli genomic TA modules leads to inhibition of cellular translation and
hence induces formation of persister cells [90]. Moreover, Lon also degrades the HipB
antitoxin, so the HipA toxin inactivates GItX. This causes RelA-dependent (p)ppGpp
synthesis to be activated, probably inducing a positive-feedback loop that leads to
activation of the 10 mRNA endonucleases and HipA [56] (Figure 10). On the other hand,
type II toxins prevent the entrance of uncharged tRNA into the ribosome by mRNA
degradation, so there is control of the (p)ppGpp synthesis via a negative feedback loop
[146]. Furthermore, (p)ppGpp itself is a component of a TA module that includes

(p)ppGpp and SpoT [92].
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mediated persistence induction in E. coli [84].

There is another mechanism leading to stringent response mediation of persistence
induction in E. coli (without Lon and type II TA-modules). The Obg, conserved GTPase,
induces persistence by transcription activation of the type I toxin gene hokB [127] (Figure
9). HokB is a toxic membrane protein that is a part of plasmid-associated hok/sok
modules. It is involved in post-segregational killing of plasmid-free cells [147]. HokB
induces depolarization of the membrane, formation of the dormancy state and therefore
multidrug tolerance, as with the TisB-mediated persistence pathway [127]. (p)ppGpp
may interact with Obg, but the mechanism of 4okB transcriptional activation is not fully

established [148].
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Clinical implications
For many years the phenomenon of persistence and its clinical significance was
overlooked. Yet, the problem of bacterial infection relapse was well recognized. For
example, 10% of individuals who was infected with M. tuberculosis will have relapse
infections [149]. Typhoid fever and urinary tract infection (UTI) caused by uro-
pathogenic E. coli (UPEC) occur again in 15% of patients after antibiotic treatment [150-
152]. In recent years, more evidence about the role of bacterial persisters in the relapse of
infections has been accumulated. Monitoring SNPs in bacteria genomes in patients with
invasive non-typhoidal salmonellosis showed that 78% of recurrent fever were caused by
the same genovar as in the original infection, the same was shown for UPEC strains from
patients with UTIs and S. pyogenes [153-155]. These facts indicate that bacteria inducing
these infections were never fully exterminated during antibiotic treatment. Currently, the
relapse is associated with bacterial ability to form persisters and to grow in biofilms.
When bacteria live in biofilms, they become imbedded in a extracellular protective
polymeric substance. While immune system usually efficiently eradicates non-growing
bacteria cells in biofilms are not accessible. As shown in Figure 11, relapsing biofilm-
related infections are largely caused by the antibiotic recalcitrance of persisters residing
in biofilms [108, 142]: they survive both the antibiotic treatments and the action of
immune system and become the founding population that re-establishes infection [107,

114].
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Fig. 11. Bacterial infection relapse model mediated by persister cells. Antibiotic
treatment eliminates only planktonic non-persister bacteria, after that the immune system
wipes out planktonic persister cells. Persister biofilm-located bacteria are non-sensitive to
the action of both the antibiotic and the immune response. Upon termination of antibiotic

therapy, that cells are able to resume their growth and cause relapse of infection [156].

There are known high-persistence (hip) mutations in bacteria [116]. The hip
mutants of E. coli and S. aureus cells can be isolated after treatment with antibiotics in
vitro [114, 116, 156]. Clinical isolates of P. aeruginosa from patients with cystic fibrosis,
E. coli from patients with UTIs are mostly 4ip mutants of isolates obtained earlier in
infection [157, 158]. It was shown that phenomenon of persistence may also be an
important factor in the relapse of fungal infections since Candida albicans isolates after
amphotericin B treatment are enriched by Aip mutants [159].

Persister cell formation may be an important defense mechanism against
antibiotics action before bona fide resistance is evolved or acquired. Mathematical
modeling can be used to demonstrate that increased resistance can develop through
persistence [160]. During the presence of antibiotics, persisters serve as a source of viable
cells. Although persisters are non-growing and non-dividing cells, they are stressed and

accumulate mutations through stationary-phase, stress-induced, and/or adaptive mutation
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mechanisms [161, 162]. Moreover, there is a link between horizontal gene transfer and
bacterial stress response. For example, it was shown that SOS response accelerates the
horizontal gene transfer of antibiotic resistance genes in E. coli and V. cholerae [163].
Interestingly, the biofilm environment also increases both mutation rates and horizontal
gene transfer [164, 165].

Persistent infections were demonstrated to be associated with about half of all
nosocomial infections [152]. Treatment of acute M. tuberculosis infection may take
several months. Lung infections, which are caused by P. aeruginosa and B. cepacia
become more difficult to treat over time [149, 166]. The long treatment or repetitive
usage of antibiotics (because of relapsing infections) have negative effects on patient
health (side effects, depletion of the resident microbiota), but also select antibiotic-
resistant strains. Therefore, there is an evident need for more effective strategies to treat

persistent infections and to understand the persistence phenomenon itself [167, 168].
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Project Objectives

Despite enormous advances in developing new antibiotics in the last few
decades, many of them become gradually less effective due to antibiotic resistance and
bacterial persistence phenomena. One approach overcome the global antibiotic crisis is to
investigate the phenomenon of persistence as well as to search for and develop new
antibacterial drugs that have a broad spectrum of antimicrobial action without inducing
the persistent state.

Microcin C from E.coli (McC™) is the natural peptide-nucleotide antibiotic that
targets an aminoacyl-tRNA synthetase through a unique Trojan-horse mechanism. Many
studies have focused on McC"™°: mechanism of biosynthesis, cellular target, and
mechanism of action. McC homologs are encoded by gene clusters found in diverse
gram-negative, gram-positive bacteria and even cyanobacteria [30]. McC from Y.
pseudotuberculosis TP 32953 (McC ™) is unique among this group of compounds since
its peptide part needs to be processed inside the producing cell to generate mature
McC"™. In this work the cellular proteases responsible for activation of McC from Y.
pseudotuberculosis TP 32953 were identified.

Microcin C targets an aminoacyl-tRNA synthetase, and protein HipA, the part of
the cellular toxin-antitoxin system and well-studied inducer of bacterial persistence, also
targets an aminoacyl-tRNA synthetase. And based on the above-mentioned assumptions,

microcin C from E.coli was examined as a potent inducer of persistence.

The following tasks were set:
1. Identifying the cellular endoprotease(s) responsible for removal of N-
terminal peptide from pro-McC""".
2. Experimentally validating the theoretical expectations that microcin C is
persistence-inducing agent and determinating of mechanism(s) involved.
3. Characterising the persistence potential of microcin C producing cells, cells

sensitive to microcin C, and cells in mixed cultures.
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Materials and Methods

Growth media and biological materials
Cells were grown in LB media, MOPS glucose medium supplemented with all
amino acids or in M9 minimal medium supplemented with the appropriate carbon source
at 37 °C with shaking. Terrific Broth medium is used for protein expression. When
required, the medium was supplemented with 10 ug/ml tetracycline, 50 ug/ml ampicillin

or kanamicine, 0.3 mM IPTG. Bacterial strains and plasmids are provided in Table 1.

Table 1. Bacterial Strains and Plasmids

Genotype/Plasmid Source/Referen
Strains/Plasmids
properties ce
. Laboratory
MG1655 Wild-type E. coli K-12 .
collection
Laboratory
B strain Wild-type E. coli B .
collection
fhuA2 [lon] ompT gal (A
DE3) [dem] AhsdS 4 DE3 = A
Laboratory
BL21 (DE3) sBamHIo AEcoRI-B .
collection
int::(lacl::PlacUV5::T7 genel)
i21 Anin$
F endAl ginV44 thi-1
recAl relAl gyrA96 deoR nupG Laboratory
DH5a
$80d/lacZ AM15 A(lacZYA- collection
argF)U169 hsdR17(r mg') A~
A(araD-araB)
Laboratory
BW25113 AlacZ4787(::rtnB-3) A rph-1 .
collection

A(rhaD-rhaB)568 hsdR514
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F-, A(araD-

TW1950-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AhchA743: :kan, rph- (20006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW1818-2 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AhtpX754: :kan, rph- (20006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW2903-5 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AygeG784: kan, rph- (20006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW0909-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AycbK743: :kan, rph- (2006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW1489-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, ApqqL787: :kan, rph- (2006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW2789-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AptrA746: :kan, rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW2066-5 araB)567, AlacZ4787(::rrnB- Baba et al.
3), 4, AyegQ780: :kan, rph- (2006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW3127-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AyhbU771: :kan, rph- (2006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW1590-1 araB)567, AlacZ4787(::rrnB- Baba ez al.
3), A, AydgD746: :kan, rph- (20006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW0157-1 araB)567, AdegP775::kan, AlacZ Baba et al.
4787(::rrnB-3), 4, rph- (20006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW3203-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A", 4degQ760: :kan, rph- (2006)

1, A(rhaD-rhaB)568, hsdR514
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F-, A(araD-

araB)567, AlacZ4787(::rrnB- Baba et al.
JW3903-5 3), A, rph-1, A(rhaD- (2006)
rhaB)568, AhslV720::kan, hsdR5
14
F-, A(araD-
TW3465-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A", AprlC754: kan, rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW2266-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AyfbL753: :kan, rph- (20006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW0892-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, Adycal.733: :kan, rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW0429-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), Alon-725::kan, A", rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW0427-1 araB)567, AlacZ4787(::rrB- Baba et al.
3), AclpP723::kan, A", rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW5687-1 araB)567, AlacZ4787(::rrnB- Baba ez al.
3), 4, AglpG757: :kan, rph- (2006)
1, A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW2479-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AyfgC742: :kan, rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW0938-1 araB)567, AlacZ4787(::rrnB- Baba ez al.
3), A, AdycbZ770: :kan, rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW3495-5 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AyhjJ782: :kan, rph- (20006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
araB)567, AlacZ4787(::rrnB- Baba et al.
JW4194-1 3), A, rph-1, A(rhaD- (2006)

rhaB)568, ApmbA782::kan, hsdR

514
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F-, A(araD-

TW3213-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AtldD769: :kan, rph- (20006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
araB)567, AlacZ4787(::rrnB- Baba et al.
JW3738-1 3), A, rph-
1, AyifB787: :kan,A(rhaD- (2006)
rhaB)568, hsdR514
F-, A(araD-
TW5840-1 araB)567, AlacZ4787(::rrnB- Baba ez al.
i 3), A, delaD751: :kan, rph- (2006)
1,A(rhaD-rhaB)568, hsdR514
F-, A(araD-
TW5529-1 araB)567, AlacZ4787(::rrnB- Baba et al.
3), A, AyhbO766: :kan, rph- (20006)
1, A(rhaD-rhaB)568, hsdR514
Y. ' Laboratory
Wild-type Y. .
pseudotuberculosis collection
pseudotuberculosis #3526
#3526
MG1655 AmazF *AchpB
MGJ5987 ArelBE A (dinJ-yafQ) A (yefM- Maisonneuve et
(A10TA) yoeB) A higBA A (priF-yhaV) A al. (2011)
yafNO AmgsRA A hicAB
Winther and
MG1655 Alon MG1655 Alon: :tet
Gerdes. (2009)
CF5802 Kuroda and
MG1655 Appk ppx::kan
(AppKppX) Kornberg. (1997)
CF1693 MG1655 Areld251::kan Xiao et al.
(ArelAspoT) AspoT207::cat (1991)
P1 CF1698 x
ArelA MG1655 ArelA251::kan
MG1655
Germain et al.
MG1655 AdksA MG1655 AdksA::kan
(2015)
BW25113 Ahns BW25113 Ahns AtldD A Tsibulskaya D et
AtldD AtldE tidE al. (2017)
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Baba ez al.

BW25113 AtldD BW25113 AtldD: :kan
(2006)
Baba et al.
BW25113 AtldE BW25113 AtldE: :kan
(2006)
Novikova et al.
BW25113 AyejA BW25113 AyejA::kan
(2007)
Laboratory
MG1655 AyejA MG1655 AyejA '
collection
AT984 zde264::Tn10 Moyed and
HM21
dapA6 Bertrand. (1983)
MG1655 zde264::Tnl0 P1 HM21 x
MG1655 zde
dapA6 MG1655
MG1655 RpoS- MG1655 rpoS- Maisonneuve et
Mcherry mCherry::frt al. (2013)
mec™™ cluster under Tsibulskaya D et
pDT1-Ymcc R
natural promoter, Kan al. (2017)
R Life
pBad30 Ara promoter, Amp .
Technologies
pBad30-derived, mcc™®
Zukher et al.
pp70 cluster under natural promoter,
(2014)
AmpR
pBad30-derived, mcc™®
Tikhonov A. et
pp70-F cluster under natural promoter,
al. (2010)
mccFS118A, AmpR
pBad30-derived, mcc™*° .
Novikova et al.
pp70-E cluster under natural promoter,
R (2010)
MccE S553A and E572A, Amp
R Thermo Fisher
pET28 T7 promoter, Kan o
Scientific
T7 promoter, tldD"™,
This work

pET28 Yer tldD

KanR
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KanR

Preparation and purification of McC"*°

The E. coli K-12 strain BW25113 Ayej4 harboring McC-producing plasmid pp70
was grown for 18 h at 37 °C in M63 minimum medium containing 1% glycerol, 1 ug/ml
thiamine and 100 ug/ml ampicillin. The cells were removed by centrifugation and the
cultured medium was loaded onto Sep-Pak C8 cartridge (Waters). The cartridge was
washed with water followed by a 0.1% aqueous trifluoroacetic acid wash, and bound
material was eluted stepwise with 5, 10, and 20% acetonitrile in 0.1% trifluoroacetic acid.
The 10% acetonitrile fraction was concentrated by lyophilization, dissolved in water, and
subjected to reverse phase-HPLC (1 ml/min) on a ReproSil-Pur 300 ODS-3 column (5
um, 250 x 4 mm) using a 0-20% linear gradient of acetonitrile in 0.1% trifluoroacetic
acid. The total gradient volume was 50 ml. Pure McC eluted as a single peak; it was
lyophilized, dissolved in water, and stored at —20 °C. The yield of chromatographically

and mass spectrometrically pure McC ranged from 5 to 10 ug/ml of the cultured medium.

Preparation and purification of pro-McC"" or McC"™

E. coli BW25113 Ahns transformed with pDT1-Ymcc were used to produce
McC"™. The same plasmid as the one transformed into E. coli BW25113 Ahns AtldD
AtldE was applied to purify pro-McC ™. The cells were grown in M9 medium
supplemented with kanamycin at 37 °C until OD600 reached 0.6 then the culture was
shifted to 20 °C for 48h. McC "™ was purified from the conditioned medium. Cell culture
was centrifuged at 5.000 g for 30 min, the supernatant was filtered through 0.45 um
Millipore filter, supplemented with trifluoroacetic acid (TFA) to 0.1% and loaded on HF
Mega Bond Elut-C18 10 g column (Agilent Technologies). McC"™ was eluted with 10%
acetonitrile in 0.1% TFA. Dried fraction was re-dissolved in 0.1% TFA and loaded on
Eclipse Plus C18 column (4.6 x 250 mm, particle size 5 pum, Agilent Technologies). To
extract McC"™ from E. coli BW25113 Ahns culture medium a 20-min linear gradient
(from 5 to 15% acetonitrile in 0.1% TFA) was used. To monitore the elution of

substances absorption at 280 nm was applied as well as checking the fractions for
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antibacterial activity.

Pro-McC"" was purified from the cells cultured as described above. The cells
were harvested, washed with a buffer containing 150 mM NaCl in 10 mM Tris-HCI pH
7.5 and resuspended in 50% acetonitrile in 0.1% TFA. The cell suspension was sonicated
then incubated at 95 °C for 10 min. The precipitate was removed by centrifugation. The
soluble fraction was diluted with 2 volumes of 0.1% TFA and loaded on HF Mega Bond
Elut-C18 10 g column (Agilent Technologies). Pro-McC"™ was eluted with 40%
acetonitrile in 0.1% TFA, dried and re-dissolved in 10% acetonitrile in 0.1% TFA for
HPLC chromatography as described above except that from 15 to 50% acetonitrile in
0.1% TFA linear gradient was applied. The fractions were checked for the presence of

pro-McC"™ with MALDI-TOF mass-spectrometry.

McC" production test
E. coli BW25113 strain Ahns and E. coli BW25113 Ahns AtldE AtldD harboring

P*_containing derivatives were grown in 10 mL of LB medium

pDT1 plasmid and its mcc”
at 37 °C until OD600 reached 0.6. After that, the temperature was changed to 20 °C and
the cultures were grown for 20 h. The cells were pelleted, then washed with M9 medium
and resuspended in 200 pL of M9 medium. Aliquots (15 puL) of cell suspensions were

deposited on freshly prepared lawn of E. coli B cells harboring pDT1 plasmid.

Cloning and gene knockouts, protein expression and purification

Coding sequences of Y. pseudotuberculosis tldD and tldE genes were amplified
using Yer tldD Nhe F/Y tldD Sal R
(ATAATTGCTAGCATGAGCCTCTCATTTGTCAGTGAG/ATTATAGTCGACTTAC
GCTGTGCCGCCCACGGTTAAATTATC) and Yer tldE Nhe F/Yer tldE Sal R
(ATAATTGCTAGCATGAAAGTAGTCACTCAAGTTGCAG/ATTATAGTCGACTTA
TTCGCCCGCGATTTTCATAACGGGC) primer pairs and resulting PCR products were
cloned into pET28 vector between the Nhe I and Sal I restriction sites.

All PCR were performed with Phusion DNA polymerase from New England
Biolabs according to the manufacturer’s instructions. All restriction digest enzymes were
provided by Thermo Fisher Scientific. The extraction of DNA fragments from agarose

gel was performed using the GeneJET Gel Extraction Kit (Thermo Fisher scientific) The
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ligations were carried out at 22°C, for 30 minutes using Rapid Ligation kit from Thermo
Fisher Scientific as suggested by the manufacturer.

The knockout of Ans and tldD genes in E. coli BW25113 AtldE (pmbA) strain
was performed according to Datsenko and Wanner [176] using primers hns F and hns R
(TGAATTTAAGGCTCTATTATTACCTCAACAAACCACCCCAATATAAGTTTTGT
GTAGGCTGGAGCTGCTTCGAA and
CTGGCGGGATTTTAAGCAAGTGCAATCTACAAAAGATTATTGCTTGATCAAT
GAATATCCTCCTTAGTTCCT), tldD_F and tldD_R
(AATCCTCTACTGCAGTAACTAACGAGTAGCAAAAACGGTGTAGGCTGGAGC
TGCTTC and
CGTTCGTGCACGTAGAAAGATTAATTATCCTTCTGAAAATAGTGAAATTAAT
GGGAATTAGCCATGGTCC).

Bacterial cells transformation
A 50-mL tube containing 10 mL of LB media was inoculated with a single bacterial
colony from a fresh plate. The tube was placed in a shaking incubator set at 37 °C, and
left overnight.
The next day, 0.5 mL of the overnight culture was used to inoculate 50 mL of LB media
into a 250-mL flask. The flasks were incubated at 37 °C with vigorous agitation. The
OD600 was measured every twenty minutes. Once the OD600 of the culture reached 0.6,
the flasks were cooled in ice-water bath for 15-30 minutes.
The cultures were transferred to ice-cold centrifuge tubes. The cells were harvested by
centrifugation at 3 000 rcf for 15 minutes at 4 oC. The supernatant was decanted and the
cell pellet was resuspended in 50 mL of ice-cold 10% glycerol. The washing step was
repeated three times then the cells were re-suspended in 1 mL of ice-cold 10% glycerol,
aliquoted and stored at -80 °C.

MicroPulser electroporator (Bio-Rad Laboratories) was used for cell
transformation. DNA samples were pipetted to the electrocompetent cells and transferred
to a cold Imm wide electroporation cuvette. After the 1.8 kV was pulsed, 0.9 mL of
warm SOC medium was added and cells were incubated for 1h at 37 C. The cells were

cultivated on plates containing appropriate antibiotics.
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Protein expression and purification

The BL21 (DE3) cells transformed with pET28 Yer tldD or pET28 Yer tldE
were grown at 37°C on 200 ml Terrific Broth medium supplemented with necessary
antibiotics until the ODgg reached 0.6. Then the medium was supplemented by 0.3 mM
IPTG. The cells were grown for 20 h at 18°C with vigorous agitation. The cells were
harvested and resuspended in 8 ml of loading buffer (20 mM Tris-HCI [pH 8.0], 500 mM
NaCl, 10 mM MgCl,) and disrupted by sonication. The lysates were cleared by
centrifugation at 30,000 x g for 30 min at +4°C. To the supernatants, 300 ul of His Bind
resin (Novagen) equilibrated in the same buffer was added, and proteins were allowed to
bind for 4 h at 4°C with gentle agitation. The resin was settled by gravity, washed with
15 ml of wash buffer (20 mM Tris-HCI [pH 8.0], 500 mM NaCl, 10 mM MgCl,, 50 mM
imidazole), and bound proteins were eluted with 0.5 ml of elution buffer (20 mM Tris-
HCI [pH 8.0], 500 mM NaCl, 10 mM MgCl,, 200 mM imidazole). Four consecutive
elutions were performed with each resin sample. Proteins were at least 90% pure as
judged by visual inspection of overloaded Coomassie-stained SDS gels. Then proteins

were purified by Mono Q ion-exchange chromatography.

Biochemical reaction
For TIdD/E digestion, 100 uM MccA"™-CMP was incubated in 10 mM Tris-HCI
pH 7.5 buffer containing 20 mM NaCl, and 2 pM of TIdD*™, TIdE*™, both T1dD"* and

TIdE™, or T1dD"** and TIdE™° subunits) at room temperature for 10 min.

tRNA** aminoacylatio reaction

E. coli BL21 cells were grown in 50 mL of LB medium at 37°C until OD600
reached 0.8. The cells were pelleted by centrifugation, washed with 20 mM Tris-HCI, pH
8.0, 10 mM MgCl2, 100 mM KCIl and resuspended in 1 mL of the same buffer
supplemented with 1 mM DTT. To prepare S30 cell lysate, the bacterial cells were
disrupted by sonication and fractionated by centrifugation at 30 000 g. 10 pL of 250 uM
inhibitor solution was combined with 30 pL of S30 cell lysate (3 mg/mL final protein
concentration) and reactions were incubated at 25 °C to allow processing of peptide parts
of microcins. At various times, 4 pl of S30 extract-inhibitor mixture aliquots were
combined with 16 pL of the aminoacylation mixture (30 mM Tris-HCI, pH 8.0, 30 mM
KCl, 8 mM MgCl2, 1 mM DTT, 3 mM ATP, 5 mg/mL bulk E. coli tRNA, 23 uM 14C-
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Asp). Reactions were incubated at 25 °C to allow tRNAAsp aminoacylation. The
reactions were terminated by applying on Whatman 3MM paper filters and drying. After
washing with ice-cold 10% trichloroacetic acid, the filters were additionally washed with
acetone and dried. Incorporation of radioactivity into insoluble fraction was determined

by Cherenkov counting.

Bacterial growth experiments
Overnight cultures of MG1655 were diluted 100-fold in 50 ml of fresh LB
medium and incubated for 2 h at 37 °C with shaking. 5-ml aliquots were transferred to 50
ml Falcon tubes and McC was added in different concentrations (0-5 puM). The cultures

were allowed to continue growth and optical density at ODgy, was monitored.

Persistence assay

The level of persister cells in bacterial culture was determined by measuring the
number of colony forming units (CFUs) per 1 ml upon treatment by 1 ug/ml
ciprofloxacin. For that purpose, the overnight cultures were diluted 100-fold in 10 ml of
fresh LB medium and incubated for 2 h (otherwise indicated) at 37°C with shaking. Then
aliquots of 5 ml were transferred to Falcon 50ml tubes and ciprofloxacin was added. The
tubes were incubated with shaking at 37 °C for 4 hours. For determination of CFUs, 1 ml
aliquots were removed every hour during the experiment, the cells harvested, then
resuspended in 1 ml of fresh LB medium, then serially diluted and plated on LB plates
without antibiotics (otherwise indicated). The level of persister cells in bacterial culture
was calculated by dividing the number of CFU/ml in the culture after 4 h of incubation

with ciprofloxacin by the number of CFU/ml in the culture before adding the antibiotic.

McC and persistence
To determine the level of persister cells in bacterial culture that was experiencing
pretreatment with McC, overnight cultures were diluted 100-fold in 10 ml of fresh LB
medium and then were grown for 1.5 h (ODg ~ 0.3), then various concentrations of
McC were added and the cells were grown for additional 30 min. Then aliquots were
exposed to 1 ug/ml ciprofloxacin and the level of persister cells in bacterial culture was

determined as described above.
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In vivo (p)ppGpp measurements

To determine the (p)ppGpp content level formed by cells after McC treatment,
overnight cultures were diluted 100-fold in 10 ml of MOPS glucose minimal medium
supplemented with all amino acids as previously described [168] and incubated at 37 °C
with shaking. At ODjg~0.05, cells were labeled with Hy**PO, (100 pCi/ml). After 2-3
generations (ODgg~0.2-0.3), 3 uM McC were added. Samples were withdrawn 0, 10, 30
and 60 min after the addition of McC. Reactions were stopped by the addition of 10 ul of
2 M formic acid. Aliquots (10 ul) of each reaction were separated on PEI Cellulose TLC
plates (GE Healthcare) at room temperature for 1 hour. 1.5 M KH,PO, (pH 3.4) was used
as the chromatographic solvent. The chromatographic products were revealed by

Phospholmaging (GE Healthcare).

Microscopy
For fluorescence and phase microscopy, cells were grown in LB to mid-
exponential phase at 37 °C, centrifuged, resuspended in fresh LB, diluted 10-times in M9
medium, and mounted on pre-warmed microscope slides covered with a thin film of 1.2%
agarose (in a 10-times diluted LB in M9 medium). Images were obtained using a Zyla 5.5
CMOS camera attached to a Nikon Eclipse Ti-E microscope. The images were acquired

and analyzed using NIS-ELEMENTS.

Co-cultivation assay

Cells transformed with pp70 (or empty vector) and cells marked with a
chromosomal tetracycline resistance gene with empty vector (i.e McC sensitive strains)
were co-cultured. The overnight cultures were mixed in a 1:1 ratio and diluted 200-fold
in 10 ml of fresh LB medium and incubated for 6 h at 37 °C with shaking. At select time
points ODgyy and CFUs were measured on solid LB medium to enumerate the total CFU
number of the co-culture or on LB medium with tetracycline to enumerate the number of
CFUs from the McC-sensitive cells population. The persistence assay for co-cultivated
cultures was slightly modified: the co-cultures were cultivated for 3 hours before the

addition of ciprofloxacin (Cfx).
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MALDI-MS and MS-MS analyses

MALDI-TOF MS analysis was performed on UltrafleXetreme MALDI-
TOF/TOF mass spectrometer (Bruker Daltonik, Germany) equipped with Nd laser.
Samples for the analysis were prepared as described earlier2. The MH+ molecular ions of
crude cell lysates were measured in linear mode; the accuracy of average mass peak
measurement was within 1 Da. The MH+ molecular ions of HPLC fractions were
measured in reflector mode; the accuracy of monoisotopic mass peak measurement was
within 30 ppm. Spectra of fragmentation were obtained in LIFT mode, the accuracy of
daughter ions measurement was within 1 Da range. Mass-spectra were processed with the
use of FlexAnalysis 3.2 software (Bruker Daltonik, Germany) and analyzed manually.

High-resolution mass spectra were recorded on a Fourier Transform Ion
Cyclotron Resonance Mass Spectrometer (Varian 902-MS) equipped with a 9.4 T magnet
(FTMS) in positive MALDI mode. Calibration was performed using a ProteoMass
Peptide MALDI-MS Calibration Kit (Sigma-Aldrich).

Determination of antibiotic activity of McC variants
E. coli B strain were grown in LB medium. The overnight culture was diluted
1000-fold with soft agar containing M9 medium supplemented. 5-uL drops of microcins
with tested concentration were deposited on the surface of the solidified agar and allowed

to dry. Plates were incubated for 16 h at 30 °C to form a lawn.
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Results and Discussion

Part 1: Antibacterial activity of McC " depends on proteolytic cleavage
of N-terminal leader peptide from pro-McCYps by the TIdD/E protease action

As it was previously demonstrated, McC "™ undergoes an additional modification
in the production host that is strictly required for biological activity. In course of this
modification, the 42-amino acid long MccA™™ peptide part is proteolytically processed
inside the producing cell releasing mature McC"™ with a peptide part of only 11 amino
acids long. It is not typical event for peptide-nucleotide antibiotics, but it is common for
RiPPs. Most RiPP-related precursor peptides contain specific leader peptide, that is
responsible for peptide recognition by post-translational machinery, and after completing
all modifications the leader peptide is cut by a protease. For most of the RiPPs, some
cellular protease is responsible for the leader peptide cleavage. We decided to find out
which protease is responsible for McC'™ maturation. In the following section, this

question is addressed.
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The accumulation of N-terminal peptide of pro-McC ™ inside the producing
cells

The finding that active McC " is different from the compound that accumulates
in the producing cells raises a question about the mechanism by which the active
compound with shorter peptide part is generated. Inspection of mass spectra of wild-type
E. coli cells carrying pDT1-Ymcc, containing the entire mcc-cluster from Y.
pseudotuberculosis under the control of native promoters, revealed a prominent peak
with an average m/z 3777 that corresponded to N-terminal 31-amino acid fragment of
MccA'™ (Figure 12). This fragment is the most likely to result from a proteolytic event
that generates mature McC"™. The same was shown for Ahns E. coli cells, in these cells
the level of McC"™ production is higher than in E. coli BW25113 cells or Y.
pseudotuberculosis 3526.
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Fig. 12. MALDI-TOF analysis of E. coli BW25113 cells harboring the pDT1 vector (A)

or the pDT1-Ymcc plasmid (B) carrying Y. pseudotuberculosis 1P 32953 mcc cluster. The
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m/z values of different peaks present in the panel B spectrum and absent from the
spectrum in panel A are highlighted by red color font; they correspond to full-length
MccAY™ peptide (m/z 4656) and its N-terminal proteolytic fragment (MccA ™1-31, m/z
3777). Mass-peaks of E. coli proteins that are present in both control and experimental
cells can correspond to ribosomal proteins RL36 (m/z .. 4364), RS22 (m/z.q. 5097),
RL34 (m/z.q. 5381), RL33 (m/z¢q 6254), RL32 (m/Zy 6315), and RL30 (m/z.4. 6410).

The TIdD/E protease is responsible for endoproteolytic processing of pro-
McC"™ inside producing cells
To identify a protease(s) involved in MccA ™ cleavage, a set of mutants in the
known and putative E. coli protease genes present in the Keio collection of single-gene E.
coli mutants [176] was transformed with the pDT1-based plasmid harboring the mccACB
genes from Y. pseudotuberculosis and screened for the presence of m/z 3777 mass-ion

(N-terminal proteolytic fragment (MccA"1-31)).

Table 2. Bacterial Strains from the Keio collection and Data about E.coli cellular

proteases
Gene of known or Information about
Strains putative E.coli known or putative
protease E.coli protease
TW1950-1 heid Cysteine-type protease
peptidase family
Zinc-dependent
endoprotease, member
JW1818-2 htpX of the membrane-
localized proteolytic
system in E. coli
Low osmolarity
JW2903-5 vgeG induced
metalloprotease
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JW0909-1

ycbK

M15A protease-related
family, periplasmic

conserved protein

JW1489-1

pqqL

M16 peptidase family,
putative periplasmic
zinc-dependent

metalloendopeptidase

JW2789-1

ptrd

M16 peptidase family,
endopeptidase, may
have preference for

small peptides

JW2066-5

yvegQ

U32 peptidase family,
uncharacterized

protease

JW3127-1

yhbU

U32 peptidase family,

predicted protease

JW1590-1

ydgD

S2B peptidase family,
putative precursor

protease

JWO0157-1

degP

S2C peptidase family,
serine protease,
required at high

temperature, virulence

factor, involved in
degradation of

damaged proteins

JW3203-1

degQ

S2C peptidase family,
periplasmic pH —
dependent serine

protease
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JW3903-5

hslV

T1B peptidase family,
the heat shock Thr-

Protease

JW3465-1

priC

M3 peptidase family,
oligopeptidase,
may play a specific
role in the degradation
of signal peptides after
they are released from
precursor forms of

secreted proteins

JW2266-1

yfbL

M28A peptidase
family,

aminopeptidase

JW0892-1

ycalL

M48 peptidase family,
homolog of YggG of
E. coli,
putative Zn-

dependent protease

JW0429-1

lon

S16 peptidase family,
ATP-dependent Ser-
protease, broad

substrate specificity

JW0427-1

clpP

S14 Peptidase family,
ATP-dependent
protease,
chymotrypsin-like
activity, major role in
the degradation of

misfolded proteins
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JW5687-1

glpG

S54 peptidase family,
putative membrane
rhomboid-type
serine protease that
catalyzes
intramembrane

proteolysis

JW2479-1

fgC

Beta-barrel assembly-
enhancing
metalloprotease,
maintains the integrity
of the outer membrane
by promoting either
the assembly or the
elimination of outer

membrane proteins

JW0938-1

yebZ

S16 peptidase family,
putative ATP-
dependent Lon

protease homolog

JW3495-5

yhiJ

M16 peptidase family,
zinc-dependent

protease

JW4194-1

pmbA

Zinc-
dependent protease
required for the
production of the
antibiotic peptide
MccB17
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Zinc-
dependent protease
required for the
JW3213-1 tldD .
production of the
antibiotic peptide
MccB17

ATP-

JW3738-1 yifB
dependent protease

SUMO/Ulpl C
JW5840-1 elaD peptidase family,

cysteine-type protease

C40 peptidase family,

conserved stress-
JW5529-1 yhbO _
related putative

cysteine-type protease

Since only the cells lacking either #/dD or tIdE genes coding the subunits of
TIdD/E protease [177] did not contain the N-terminal MccA "™ fragment, TIdD/E may be

propsed to be involved in McC "™ maturation.

55



9] N~
8 2
< Ty}
J‘—“’» P _JL.—J__
N~
~
~
™
N~
()}
© B
o (o] O
™ N~
& g S
L5 ¥
r D Rt A JL s ¢ W R S
O
et
o
wn
>
o
o
& 0 O
P! [(o)
(ep]
Jl <t
............... lr",&—"‘—,‘ﬂ“’t—,—”‘
3750 4000 4250 4500 4750 5000 5250 m/z

Fig. 13. MALDI-MS spectra of E. coli Ahns cells harboring empty pDT1 vector (top) or
the pDTI1-Ymcc plasmid (middle), and Ahns E. coli AtldDtIdE harboring pDT1-Ymcc
(bottom). The peaks of full-length MccA'™ modified peptide (m/z 5076) and its N-
terminal proteolytic fragments 1-31(m/z 3777) and 1-32 (m/z 3880) are marked with red-
color font. Mass-peaks present in control and experimental cells match E. coli ribosomal

proteins RL36 (m/zcalc 4364) and RS22 (m/zcalc 5097).

Mass spectrometric analysis of intracellular contents of AtldD AtldE Ahns triple
mutant transformed with pDT1-Ymcc revealed, compared to Ahns mutant cells, m/z 5076
signal was strongly increased. It corresponds to full-sized MccA*™ with C-terminal
modifications. The m/z 3777 peak corresponding to N-terminal product of cleavage that
generates bioactive McC'™ was absent from the spectra of AtldD AtldE Ahns triple

mutant cells (Figure 13).
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To test whether the cells carrying deletions of A#ldD AtldE produce active
McC™™, the cells carrying deletions of #Id genes and hns were transformed with pDT]1-
Ymcc and tested for bioactivity by depositing aliquots (15 pL) of the cell suspensions
under scrutiny on the freshly prepared lawn of E. coli B cells harboring pDT1 plasmid.

E.coli
strain

vector pDT1 pDT1 -Ymcc

Fig. 14. The tld genes are required for active McC"™ production. Growth inhibition

Tid+ Tld-

zones on the lawn of E. coli B cells were formed around patches of Tld+ (E. coli Ahns)
and TId- (E. coli Ahns AtldE AtldE) strains harboring pDTI1-control or pDT1-Ymcc
plasmids. The cells were pelleted, then washed with M9 medium and resuspended in 200
uL of M9 medium. Aliquots (15 pL) of the cell suspensions were deposited on the freshly
prepared lawn of E. coli B cells harboring pDT1 plasmid.

Therefore, we conclude that the TIdD/E protease is an essential component of
McC™ production. A minor m/z 3880 peak was seen in Ahns cells with or without #/d
mutations. This peak corresponds to the N-terminal leader fragment of MccA*™ cleaved
at position 32 (Figure 13). The intensity of this peak is increased in t/d mutants
suggesting that there are additional proteases capable of off-target cleavage that does not

result in the biologically active compound.

The TIdD/E protease is sufficient for endoproteolytic processing of pro-
McC*?*
The TIdD/E proteins are highly conserved in eubacteria and Y.
pseudotuberculosis TIdD and TIdE are 85 and 83% identical to E. coli counterparts.
Taking this into account, we decided to check if Y. pseudotuberculosis TIdD and TIdE

are responsible for the endoproteolytic processing of pro-McC ™.
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Recombinant Y. pseudotuberculosis TIdD and TIdE were purified by Ni-NTA
chromatography and MonoQ chromatography, after that in vitro reactions with MccA'™-
CMP were performed. Reactions with recombinant E. coli TIdD/E were used as a control.

Recombinant Y. pseudotuberculosis TIdD and TIdE when present together and
combined with MccAY™-CMP cause accumulation of a m/z 3777 mass-ion. This
corresponds to N-terminal leader fragment present in E. coli cells with intact t/d genes.
No corresponding C-terminal peptide-nucleotide fragment was detected suggesting that it

was rapidly degraded. A similar result was obtained by the recombinant E. coli TIdD/E.
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Fig. 15. MALDI-MS analysis of the products of in vitro proteolysis by TIdD/E.

Cytidylated MccA"”* (m/z 4961) was treated with recombinant TIdD"™ (B), TIdE"™(C), a
mixture of TIdD™ and TIdE™™ (D), or E. coli TIdD/E enzyme (E). The m/z 3777 mass-
peak that appears in the presence of TIdD™ and TIdE"™ (D), or E. coli TIdD/E (marked
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by red-color font m/z value) corresponds to the major MccA™™ proteolytic peptide
accumulated in E. coli cells expressing the mcc*™ gene cluster.

The results may imply that in vivo McC*™ is removed from the producing cells
immediately after processing to prevent further degradation. Consequently, the TIdD/E
protease is responsible for proteolytic maturation of pro-McC"™ in the natural host Y.

pseudotuberculosis.

Antibacterial activity of McC"™ depends on proteolytic cleavage of N-
terminal leader peptide from pro-McC""*

Accumulation of unprocessed microcin C-like compound in E. coli Ahns AtldD
AtldE strain harboring pDT1-Ymcc allowed us to purify pro-McC™™ and full length
modified MccA ™™, as well as to test its activity against E. coli B cells. For that 5 ul drops
with equal concentrations of McC from FE.coli and Y. pseudotuberculosis were deposited
on freshly prepared lawns of E. coli B strain. After an overnight culturing at 30 °C, the
inhibition zones on lawns of tester cells were visible. The compound was found to be

inactive at concentrations when McC"™ produced robust growth inhibition zones on

lawns of wild-type E. coli.

Gm  McCYPS pro-McCYPs

Fig. 16. Comparison of inhibitory activity of pro-McC "™ and McC " against E. coli.

5-uL drops of 40 uM solutions of McC "™ and pro-McC*™ purified from 1ld- E. coli were
deposited on a fresh lawn of E. coli B cells. Growth inhibition zones appearing after 16 h
incubation at 30 °C are shown. A 5-uL drop of 0.5 mg/ml gentamycin (Gm) was used as

a positive control.
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Summary 1
1. The TIdD/E protease is responsible for the endoproteolytic processing of
pro-McC"™ inside producing cells.
2. Antibacterialy active form of McC"™ does not contain N-terminal leader

peptide.

Overall, our data demonstrate that the conservative cellular proteases TIdD/E
play a crucial role in McC"" maturation process. The processing of modified
MccA?* inside the producing cell is carried out by TIAD/E. The exact function of
this highly evolutionary conservative endoprotease remains obscure. Recent
structural works indicate that it may be a general-purpose enzyme capable of
degrading unstructured polypeptides [169, 170]. In E. coli, TIdD/E is essential to
produce microcin B, a thiazole-oxazole containing gyrase inhibitor that is unrelated
to McC. During the microcin B synthesis, TIdD/E removes the leader part of pro-
microcin B molecule after post-translational modifications required for the activity
to be introduced by the microcin B synthase [170, 171]. There is evidence that
TIdD/E cleavage of pro-microcin B is associated with its export outside the
producing cell [170, 171]. The situation may be similar to the case of McC*™ for two
reasons because we fail to detect mature McC"™ inside the producing cells. Solely
the N-terminal MccA"™ fragment is detected during in vitro digestion while the
McCY™ is degraded. The existence of long N-terminal peptide in pro-McC'"
preventing antibacterial activity of that molecule may allow producing cells to avoid
self-intoxication. The presence of stable N-terminal 31-amino acid MccA*"* TIdD/E
cleavage fragment inside the producing cells suggests that this peptide is structured

. . . . ¥ps .
and may have a function of its own, for example in regulating the mcc”* expression.
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Part 2: Study of microcin C-induced persistence
As it was previously shown, one of the ways to induce persistence involves HipA,
a serine-threonine kinase that inhibits cell growth. It phosphorylates serine residue near
the active center of glutamyl-tRNA synthetase leading to inhibition of tRNA™
aminoacylation [84, 85]. The absence of glutamyl-tRNA®"™ stimulates generation of
"hungry" codons at the ribosomal A site, which in turn triggers the synthesis of (p)ppGpp
and, therefore, induces persistence. McC from E.coli and Y. pseudotuberculosis is known

A . .
Pin vitro

to interact with aspartyl-tRNA synthetase and prevent aminoacylation of tRNA
[26]. Since McC from E.coli and Y. pseudotuberculosis target an enzyme of the same
class as HipA, a question most naturally raises: can McC from E.coli and Y.
pseudotuberculosis induce persistent cells formation as well. In the following section,

this question is addressed.
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McC from E.coli and Y. pseudotuberculosis target aspartyl-tRNA
synthetase

Both McC from E.coli and Y. pseudotuberculosis have antimicrobial activity
against E.coli B cells. In order to determine that aspartyl-tRNA synthetase is a cellular
target of McC from Y. pseudotuberculosis as McC", 12.5 uM of McC"* or McC"™ was
added to E. coli S30 extracts and, after incubation for various times, aminoacylation
reactions of tRNA™P were carried out (Figure 17). Aminoacylation levels remained
unchanged after the first 5 minutes of incubation compared to control extracts (no
microcin added), then decreased from 5 to 10 minutes of incubation and remained stable
afterwards. The kinetics of inhibition suggest that processing of peptide parts of both
microcins proceeds at similar rates. While the reactions containing McC™ retained only
5% of aminoacylation activity after processing was complete, the reactions containing
McC ™ were inhibited by 50%. Thus, as expected, the McC"Ps warhead, an aspartamide
attached to aminopropylated carboxymethyl CMP, is a worse mimic of aspartyl adenylate
compared to aminopropylated aspartamidyl-AMP produced after processing of McC".
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Fig. 17. In vitro inhibition of aminoacylation of tRNA™* by McC"™ and McC".
S30 extracts prepared from wild-type E. coli B cells were supplied with HPLC-purified
compounds to final concentration 12.5 uM. After indicated times of incubation at 37°C,

and tRNA™P aminoacylation was measured by determining incorporation of ['*C]
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aspartate into the acid-insoluble fraction. Water was used as a blank control. Error bars

show standard deviations calculated from three independent measurements.

Despite McC from E.coli and Y. pseudotuberculosis have similar activity against
aspartyl-tRNA synthetase, McC from E.coli is produced and purified with better yield in

our system As a result, we decided to concentrate our experiments on McC from E.coli.

Antimicrobial activity of McC from E.coli in liquid medium
The growth of McC"*-sensitive wild-type E. coli liquid cultures supplemented
with various concentrations of McC™ was measured. Growth was significantly inhibited

by McC"* when present at concentrations of 5 uM or higher (Figure 18A and B).
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Fig. 18. Growth curves and CFU analysis of cells after McC"™ treatment. (A) Growth

curves of MG1655 (wt) strain after McC™ treatment. The overnight culture was diluted
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100-fold in LB and growth was allowed to continue at 37 °C. When ODyg reached 0.5,
the indicated concentrations of McC"*® were added to culture aliquots and further growth
was monitored by following ODgq at indicated time points. (B) As in (A), but showing
the number of colony forming units present in cultures as assayed on LB agar plates at

various time points after the McC"* addition.

Microcin C from E.coli dramatically increases persistence

In order to determine whether McC" is able to induce persister cells formation,
cultures that had been supplemented with McC"® (and untreated control cultures) were
treated with lethal concentrations of ciprofloxacin. At various times after adding CfXx,
culture aliquots were removed; the cells were washed and plated on LB agar plates
without antibiotics to determine the number of surviving colonies (CFUs). In the absence
of McC", the frequency of cells that survived the Cfx treatment was ~10™ (0.01%
surviving cells, Figure 19A and B). The addition of McC"° increased survival in a
concentration-dependent manner. At the highest tested concentration of 5 uM, when
McC™ strongly inhibited cell growth, 10% of cells in the culture survived the Cfx
treatment. In the presence of 1.5 uM McC™°, when its effect on culture growth was
hardly perceptible, up to 1% of the cells survived the Cfx treatment, which is a 100-fold
increase compared to control cultures without McC"*. Therefore, McC" induces

persister cell formation when added to a growing culture of E. coli cells.
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Fig. 19. Microcin C from E.coli induces persistence in growing E. coli cultures. (A) An
example of killing curves obtained after ciprofloxacin treatment of MG1655 (wt) culture
with or without McC"* (1.5 uM). The overnight culture was diluted 100-fold in LB and
growth was allowed to continue at 37°C. When ODg reached 0.5, the indicated
concentrations of McC"* were added to culture aliquots. After 30 min incubation with
McC", 1 ug/ml Cfx was added. The incubation was continued and culture aliquots were
removed at various time points followed by CFU determination. Mean values and
standard deviation obtained from three independent experiments are shown. (B) For each
killing curve obtained with or without McC™°, the percentage of surviving cells was
calculated after 4-hour incubation in the presence of Cfx. Error bars indicate the standard
deviations of averages of at least 3 independent experiments, p-value < 0,001 (two-tailed

Student’s t-test) compared with wild-type.
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McC"*° induces stringent response

Since McC" inhibits aspartyl-tRNA synthetase, it should cause accumulation of
uncharged tRNA™?, which in turn should lead to production of (p)ppGpp and stringent
response. To test this hypothesis, two cultures: a wild-type and a strain with deletion of
reld, a gene that encodes ribosome-dependent (p)ppGpp synthetase, were subjected to
McC™ treatment. The overnight cultures were diluted 100-fold in MOPS glucose
minimal medium supplemented with all amino acids and incubated at 37 °C with
shaking. At ODgy0~0.05, cells were supplemented with H;*PO,. After 2-3 generations, 3
uM McC were added to the growing cultures. Samples were collected 0, 10, 30 and 60
min after the addition of McC" and aliquots of cell extracts were separated by PEI
Cellulose TLC. As can be seen from Figure 20A, McC"* induced strong accumulation of
ppGpp. The (p)ppGpp synthesis was dependent on the presence of RelA (Figure 20A).
To determine if McC™°-induced persistence is mediated by (p)ppGpp accumulation, the
persistence assay was performed with mutant cells lacking the re/d gene. Cells lacking
both reld and spoT were also tested. Mutant cells lacking dks4 were tested in a
persistence assay along with (p)ppGpp synthetase-deficient cells. The results, shown in
Figure 20B, demonstrate that the fraction of cells surviving the Cfx treatment in the
absence of McC"° decreased in the order wt > Areld > AreldspoT, as reported
previously for HipA [62, 84, 172]. In the presence of McC"*, survival of reld and
relAspoT mutants was increased 10-fold, whereas the survival of wild-type cells
increased 100-fold in these conditions. By contrast, deletion of dks4 had no such effect
(Figure 20B), suggesting that McC"*-mediated persistence does not require DKsA.
Therefore, McC"*°-mediated persistence has a clear (p)ppGpp-dependent component with

the contribution of other mechanisms.
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Fig. 20. McC"™® treatment leads to (p)ppGpp production, which contributes to persister
formation. (A) Accumulation of (p)ppGpp following McC"*° addition. MG1655 and the
Arel4 isogenic deletion strain were grown exponentially in a low-phosphate MOPS
minimal medium. At ODg~0.05, they were labeled with Hy**PO,. After 2—3 generations,
3 uM McC™° were added. Samples were collected before and 10, 30 and 60 minutes after
McC™® addition (3 uM), separated by thin-layer chromatography (TLC), and (p)ppGpp
was identified using chemically synthesized standards. A representative autoradiograph
of a thin-layer chromatography plate is shown. (B) Exponentially growing cells of
MG1655 and isogenic Areld, ArelAspoT and AdksA deletion strains, untreated (white
bars) or pretreated with 1.5 uM McC™® (grey bars), were treated to 1 ug/ml of
ciprofloxacin. The percentage of survival after 4 h of antibiotic treatment is shown (log
scale). Error bars indicate the standard deviations of averages of at least 3 independent
experiments, p-value < 0,05 (two-tailed Student’s t-test) compared with and without

McCEee,
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McC* induced persistence depends on TA modules, Lon and
polyphosphate

Previous analysis showed that the high (p)ppGpp level caused by HipA expression
trans-activated the Toxin-Antitoxin(TA)-encoded RNases, which in turn led to high
persistence [62, 84, 172]. In addition, HipA-mediated trans-activation of RNases
depended hierarchically on (p)ppGpp, polyphosphate (Poly(P)) and Lon protease [84,
173]. (p)ppGpp being an important component for McC"“-dependent persistence
increase, predicted that such increase should also depend on Poly(P), Lon and TAs.
Consistently, when cultures of E. coli cells lacking all 10 Type II TA systems encoding
RNases were treated with McC™°, a more than 10-fold drop in the percentage of
surviving cells compared to the wild-type control was observed (Figure 21). Moreover,
deletion of ppk-ppx, encoding the poly(P) synthesis/degradation system, had a similar
effect. Finally, deletion of lon abolished McC"*°-dependent increase in persisters. Similar

trends were observed in cells overproducing HipA [84, 173].

1 %

_I_

= 0.1
2
o
>
S
< 0.01
g -I_ * *
= ]L qL
o
0.001

am L

- + - + - +
wt Alon Appkppx AI0TA

Fig. 21. Persistence induction by McC"® depends on Lon protease, inorganic
polyphosphate and toxin-antitoxin modules. Exponentially growing cells MG1655 and
isogenic deletion strains Alon, A(ppkppx) and A10TA cultures, untreated (white bars) or
pretreated with 1.5 pM McC"° (grey bars), were treated to 1 pg/ml of ciprofloxacin.

Percentage of survival after 4 h of antibiotic treatment is shown (log scale). Error bars
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indicate the standard deviations of averages at least 3 independent experiments, where *

indicates p-value < 0,05 (two-tailed Student’s t-test) compared with and without McC".

McC"°-producing cells have increased levels of persistence

While McC™°-producing cultures are growing, they themselves could be affected
by the McC" they produce in the medium and thus have an increased fraction of
persister cells. The previously described MG1655 rpoS::mCherry E. coli strain was used
to directly test this hypothesis and visualize persisters at the single cell level by
fluorescence microscopy. The level of rpoS.::mCherry translational fusion (based on the
activation of stationary-phase RNA polymerase o> factor) is related to the (p)ppGpp level
and thus allows to identify individual persister cells [62]. MG1655 rpoS::mCherry cells
transformed with the pp70 plasmid, which carries the entire mcc™-cluster under the
control of native promoters [22], or control empty vector were grown until the late
logarithmic phase, when McC"* production begins, and examined microscopically.
Statistical analysis of more than 120,000 cells indicated that in cells carrying pp70 the
frequency of mCherry-positive cells was increased almost 30-fold compared to control

cells (Figures 22A and B).

69



A MG1655 rpoS::mcherry control plasmid
) if)

B MG1655 rpoS::mcherry pp70 plasmid
) i)

C 1
E
= 0.1
|
Eig I
o |
g 0.01
=
<P}
© T
[<P]
= 0.001 ] F
1
- + — + —_ +
wt ArelA ArelAspoT

Fig. 22. McC"-producing cells have increased frequency of (p)ppGpp “ON” cells and
persister cells. (A) Snap-shot of exponentially growing cells of MG1655 (top panel), and
MG1655 harboring the pp70 plasmid (carries the entire McC"° cluster mccABCDEF
under a natural promoter) (bottom panel), carrying an rpoS:.:mcherry translational fusion.
(i) Phase contrast, (ii)) RpoS-mCherry fluorescence, (iii) overlay of (i) and (ii). (B)
Exponentially growing cells of MG1655 and isogenic deletion strains Areld and
ArelAspoT with (grey bars) the pp70 plasmid were treated by 1 ug/ml of ciprofloxacin.
The percentage of survival after 4 h of antibiotic treatment was compared to that of the
control strains carrying the empty vector plasmid (white bars) (log scale). Error bars
indicate the standard deviation of averages of at least 3 independent experiments, p-value

< 0,05 (two-tailed Student’s t-test) compared with and without McC".
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In agreement with microscopic observations, at least 10-times more colonies
surviving the Cfx treatment were observed in E. coli MG1655 cultures transformed with
pp70 than in control culture transformed with empty vector (Figure 22C). Importantly,
cultures of reld and spoT mutants harboring pp70 produced McC"* normally but did not
show increased levels of persisters compared to isogenic non-producing controls (Figure
22C and 23). Thus, cells in McC™° producing wild-type cultures must have elevated
levels of (p)ppGpp that lead to increased levels of persisters.

Areld ArelA

wt ArelAspoT wi ArelAspoT

Fig. 23. Antibacterial activity of McC"* produced by wild-type (wt) or isogenic Areld or
ArelAspoT strains. Aliquots of the cultured media after 2 (A) or 4 (B) hours of growth of
indicated strains carrying the mcc cluster plasmid were placed over a growing lawn of
McC" -sensitive E. coli tester cells. Growth inhibition zones are seen as clear circles on

the turbid surface of the cell lawn.

To determine whether increased persistence in McC™° producers is due to
endogenously produced or imported McC", persister levels were determined in cultures
of McC"-resistant yejd mutants (McC"° transport inside these cells is abolished)
transformed with pp70. Though the mutant cultures produced the same amounts of
McC"® as the wild-type cultures, the frequency of persisters decreased by more than
tenfold (Figure 24). Thus, import of previously produced McC" from the outside
followed by processing clearly contributes to increased persistence levels of McC"™®
producing cultures. However, the percentage of yej4 cells surviving the Cfx treatment in

cultures transformed with pp70 was still ~10 times higher than in cultures transformed
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with control vector plasmid (Figure 24). Thus, endogenous McC"* that accumulates in
producing cells must also contribute to increased persistence levels.

The mcc™ operon encodes, in addition to the MccC"* export pump, two proteins

that contribute to autoimmunity of producing cells. The C-terminal domain of MccE"*°

Eco

acetylates and inactivates processed McC"® [13]. MccF™ is a hydrolase that cleaves the

nucleotide moiety from either intact or processed McC"* [18]. Both proteins can lead to

McC" resistance when overexpressed. However, their contribution to auto-immunity of

Eco

producing cells is not known. The cells that harbored pp70 derivatives encoding MccE

with inactivated acetyltransferase or non-functional MccF"*°

levels. Both kinds of cells produced McC™° normally. The cells lacking the MccE"™®

were tested for persistence

acetyltransferase had the same levels of persisters as the cells harboring parental pp70

Eco

(Figure 24). By contrast, the cells lacking functional MccF ™ showed ~10-fold increase

“ i{s a more active contributor to

in persistence levels. It therefore follows that MccF
McC"™® detoxification in producing cells. The same result was obtained in Ayejd
producers (Figure 24), indicating that MccF™, but not MccE™® detoxify endogenous

McC" that enters producing cells from the cultured medium.
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Fig. 24. Persister levels in wild-type and McC"*-resistant yej4 mutant cells producing
McC"™® from complete plasmid-borne mcc operon or mcc operons with disrupted
autoimmunity genes. Exponentially growing cells of MG1655 (A) or the isogenic
deletion strains AyejA4 (B) harboring either the pp70 or pp70AmccF (same as pp70 but
lacking functional mccF™° due to S118A mutation) or pp70AmccE (same as pp70 but
carries mecE™ with inactivated acetyltransferase due to S553A and E572A mutations)
were treated by 1 ug/ml of ciprofloxacin. The percentage of surviving cells after 4 h of
antibiotic treatment was compared with that of the control strains carrying the empty
vector plasmid (white bars) (log scale). Error bars indicate the standard deviations of the

averages of at least 3 independent experiments, where * indicates p-value < 0.05 (two-
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tailed Student’s t-test) compared with control strains, and ** indicates p-value < 0.05

(two-tailed Student’s t-test) compared with McC"*°-producing strains.

McC"*° producing cells induce persistence during co-culturing

Since microcinogenic cells show increased persistence levels caused by the
combined effect of internal and external McC™, the ability of McC"* produced in the
culture to induce persistence in non-microcinogenic cells were tested. To this end, cells
transformed with pp70 (or control vector) with McC"*-sensitive “recipient” cells marked
with a chromosomal tetracycline resistance gene were co-cultured. The co-culturing
experiment was initiated by introducing equal amounts of both kinds of cells into a fresh
medium containing ampicillin to maintain the McC"® producing plasmid or control
vector. The overall CFU numbers in co-cultures with pp70 or control vector cells were
identical during the course of the experiment (Figure 25A). When the amounts of
tetracycline-resistant non-microcinogenic cells were monitored, no difference between
co-cultures with or without the pp70 plasmid was observed during logarithmic stage of
growth. However, when the cultures reached the stationary phase, the amount of
tetracycline-resistant cells in co-cultures with pp70-transformed cells was found to be ~5-
fold lower (Figure 25B). Since inhibitory concentrations of McC" were present when
the co-culture reached the stationary phase, McC"* exported into the medium by the
producing cells must have caused the decrease in tetracycline-resistant cells. To get
support for this notion, the level of persistence in McC"**-sensitive recipient cells was
determined. As can be seen (Figure 25C), recipient cells co-cultured with McC"®
producers exhibited 100-fold higher persistence levels than the same cells co-cultured
with control non-producing cells or when grown in monoculture. Therefore, McC"
producers not only inhibit the growth of sensitive cells but also induce their persistence

state.
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Fig. 25. McC"°-producing cells induce persistence in McC"*°-non-producing cells during
co-cultivation. (A and B). Growth curves of co-cultures of recipient tetracycline-resistant
cells with McC"*-producing cells or non-producing control cells are shown. Total
(recipient and McC"-producing/non-producing (control)) cell counts are shown in (A).
Amounts of recipient cells grown with McC™® producing or non-producing control
cultures are shown in (B). (C) Persister levels in recipient cells grown alone (white bar)
or co-cultivated with McC"*°-producing (dark grey bar) or non-producing control cells
(grey bar). Error bars indicate the standard deviations of averages of at least 3
independent experiments, where * indicates p-value < 0,005 (two-tailed Student’s t-test)

compared with the control strain.
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Summary 2

1. Microcin C from E. coli is a potent inducer of persisters in E. coli
populations.
2. McC"® increases persistence in a concentration-dependent way.

3. McC"*°-dependent persistence is dependent on ppGpp, Lon protease,
inorganic polyphosphate and genomic Type II toxin-antitoxin modules.

4. McC"*°-producing bacteria have increased levels of persistence than
it is potentiated by the MccF auto-immunity protein.

5. McC"*-producing cells induce persistence in sensitive cells during

co-cultivation.

Overall, our data demonstrate that McC"* action is similar to that of HipA,
which targets a different aminoacyl-tRNA synthetase. Persistence induced by
McC"™® is mediated by (p)ppGpp and requires chromosomally encoded toxin-
antitoxin modules. McC"**-producing cells have increased persistence levels due to
the combined effect of McC"® imported from the cultured medium and
intracellularly synthesized antibiotic. However, unlike HipA, a cell-autonomous
persistence inducing agent, McC"° acts on sensitive cells from without and is
therefore a non-autonomous persistence-inducing agent. Presumably, any agent
targeting an aminoacyl-tRNA synthetase will also act in the same way.

However, our results indicate that the interaction between McC producers
and non-microcinogenic sensitive cells may be more complex since McC production
also increases persistence in the recipient cells population. The observed increase is
stronger than in the producing cells as recipient cells lack the McC export pump
and dedicated detoxifying enzymes. Thus, taking persistence into account, there is
an underscoring complex interaction in bacterial communities where an
antagonistic compound produced by one community member can be beneficial for
other members by increasing their ability to withstand antibiotics.

Although McC"® has high antimicrobial activity levels, it strongly induces
persistent cell formation in sensitive bacteria, which will limit its practical use,

especially when combined with bactericidal antibiotics.
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Conclusion

The world population currently faces a global antibiotic crisis, as the most
effective early antibiotics now are losing their ability to act powerfully against bacterial
pathogens. The main reason for this is increased bacterial resistance to drugs. Growing
resistance of pathogenic strains makes the discovery of new antimicrobial agents very
important, and the modification of natural antimicrobial peptides, including microcins, is
a highly promising direction for such research.

In this work was shown that microcin C from E. coli induces persistence in E. coli.
Analogously to HipA, which inhibits glutamyl-tRNA synthetase, McC"*°, an inhibitor of
aspartyl-tRNA synthetase, causes production of (p)ppGpp, which activates the (p)ppGpp-
dependent persistence formation pathway that is responsible for about 90% of the
observed increase in persisters. Formation of the remaining, (p)ppGpp-independent
persisters depends on the toxin-antitoxin systems encoded in the E. coli genome.

While the levels of persistence caused by McC"™ are dependent on its
concentration, the persistence increases obtained in the presence of concentrations that
inhibit cell growth are the highest ever reported. Differences in persistence levels caused
by agents inhibiting different aminoacyl-tRNA synthetases could be due to the
involvement of specific mechanisms activated by the inhibition of a particular aminoacyl-
tRNA synthetase or may have to do with the frequency of use of a particular aminoacyl-
tRNA or the extent of (p)ppGpp synthesis activation by specific uncharged tRNAs.

The increase in persistence is observed at sub-inhibitory concentrations of McC".
This finding led us to hypothesize that growing McC"*°-producing cultures may also have
increased persistence levels. The producing cells should maintain a steady-state level of
internal McC"® determined by the balance between the synthesis rate and the export rate
by the MccC™ pump and detoxification by MccE™® and MccF™° enzymes. When the
concentration of McC"® in the medium is high, additional McC may be imported into the
producing cells by the YejABEF transporter, further increasing the concentration of
intracellular McC"®°. McC"® from the intracellular pool could be processed by proteases
leading to accumulation of toxic processed McC"® and stimulating persistence. Indeed,
persister cells in McC™° producing cultures were directly observed and it was
demonstrated that import of McC"® produced earlier accounts for about 50% of the
overall increase in persistence levels seen in producing cultures. The remaining increase
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must be due to processing of internally generated McC" molecules that have not been
exported. So the autoimmunity enzymes MccE"™® and MccF™° are not able to fully
counter accumulation of processed McC™° in producing cells. Analysis of cells harboring

mcc mutant plasmids shows that MccF™*°

is the primary contributor to detoxification of
intracellular McC"® in the producing cells, since inactivation of this enzyme, but not of
MccE"®, leads to additional increase in persistence levels.

The additional proteolytic processing step undertaken during the biosynthesis of
the active compound encoded by the Y. pseudotuberculosis mcc operon was studied. The
importance of TIdD/E protease for this step was shown. The additional step immediately
after processing and right before the compound export may help solve the problem of
self-intoxication of producing cells that inevitably arises due to processing by
aminopeptidases of peptide-nucleotides accumulating inside the producing cells. Relying
on a much longer, possibly structured MccA peptide should increase the intracellular
stability of post-translationally modified MccA ™™ and prevent the accumulation of toxic
aspartamidyl-cytidylate that will inhibit protein synthesis in the producer. Though
nothing is known about the regulation of TIdD/E activity, one can speculate that its
activation under specific conditions may allow Y. pseudotuberculosis carrying the mcc
operon to produce massive amounts of McC"™ from a depot of previously synthesized
inactive pro-McC"™. That role of TIdD/E protease is a one of the possible explanation of
the widespread presence of #/d genes. It was shown that they fulfill an important function
in bacterial physiology like a role in protein quality control and in the activation and
degradation of different natural products (for example, microcin B17) or toxin-antitoxin
modules (for example, CcdA) [170, 171, 174].

The levels of McC produced by cells carrying the mcc cluster are sufficient to
inhibit growth of neighboring sensitive cells, which is thought to be beneficial for
microcinogenic cells in conditions when nutrient availability is limited [6, 11]. Our
results show, however, that the interaction between McC"™ producers and non-
microcinogenic sensitive cells may be more complex, since McC"® production also
increases persistence in the population of recipient cells. The observed increase is
stronger than in the producing cells since recipient cells lack the McC™® export pump and

dedicated detoxifying enzymes.
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All of knowledge about McC"* as persistence inductor agent we may generalize
on all McC"-like peptide-nucleotide compounds that target an aminoacyl-tRNA
synthetase, for example, McC"™ on the grounds of all the evidence about importance of
an aminoacyl-tRNA synthetase inhibition for bacterial persistence induction.

Thus, at least from the point of view of persistence, McC-like compounds
producing cells seem to contribute to the “public good” of the community, ensuring their
own survival and that of others. This property may contribute to the wide distribution of

microcinogenicity in phylogenetically diverse bacteria.
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