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Abstract: Toxin-antitoxin (TA) systems are known to play various roles in physiological processes,
such as gene regulation, growth arrest and survival, in bacteria exposed to environmental stress.
Type II TA systems comprise natural complexes consisting of protein toxins and antitoxins. Each
toxin and antitoxin participates in distinct regulatory mechanisms depending on the type of TA
system. Recently, peptides designed by mimicking the interfaces between TA complexes showed
its potential to activate the activity of toxin by competing its binding counterparts. Type II TA
systems occur more often in pathogenic bacteria than in their nonpathogenic kin. Therefore, they
can be possible drug targets, because of their high abundance in some pathogenic bacteria, such as
Moycobacterium tuberculosis. In addition, recent bioinformatic analyses have shown that type III TA
systems are highly abundant in the intestinal microbiota, and recent clinical studies have shown that
the intestinal microbiota is linked to inflammatory diseases, obesity and even several types of cancer.
We therefore focused on exploring the putative relationship between intestinal microbiota-related
human diseases and type III TA systems. In this paper, we review and discuss the development of
possible druggable materials based on the mechanism of type II and type III TA system.
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1. Introduction

Toxin-antitoxin (TA) systems were originally discovered as plasmid maintenance systems
possessed by almost all free-living bacteria in which only daughter cells harboring the TA operon
can survive. Therefore, the TA genes are transferred vertically to daughter cells, a mechanism by
which virulence and antibiotic resistance in pathogenic bacteria can be passed to new cells [1-5].
Since these discoveries, the importance of TA systems as a type of unit that performs a variety of
alternative functions has been supported by increasing evidence. TA systems are involved in numerous
physiological activities, including antibiotic resistance, postsegregational cell killing, cell dormancy,
cell persistence, biofilm formation, cell division, DNA replication, translation, cell wall synthesis and
the maintenance of membrane integrity [6-11]. Over the last decade, it has become possible to confirm
these functional characteristics and exploit biochemical information to develop a new class of small
molecule or small peptide antibiotics that target bacterial virulence [12,13].

TA systems consist of two components: A stable toxin and a labile antitoxin. In most cases,
the toxins are proteins, while the antitoxins can be protein or RNA [3,14]. Recently, TA systems have
been categorized into six types (I—VI) according to the nature of the antitoxin and the mechanism by
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which it regulates the toxin [15,16]. In type I and III TA systems, RNA antitoxins regulate the active
toxin protein by inhibiting the translation of the toxin mRNA (type I) or by directly inhibiting toxin
protein (type III). In type I and IV TA systems, antitoxins are proteins that directly bind and inhibit
the toxin protein (type II) or indirectly counteract the toxin protein (type IV). The type V TA system
antitoxin protein is an RNase that cleaves the mRNA encoding the toxin protein [17]. In type VI TA
systems, the toxin protein is degraded by a specific protease in a complex with the antitoxin protein [18].

Most toxin genes exist as operons with the cognate antitoxin genes, leading to transcriptional
coupling. The antitoxin acts as a tight-binding inhibitor to block the toxicity of the toxin in type II
and type III TA systems [9,19]. However, unfavorable circumstances, such as nutrient deficiency,
antibiotic treatment, environmental stress, plasmid loss, bacteriophage infection, immune system
attack, oxidative stress, or high temperature, can decrease the antitoxin concentration, leading to
increased levels of free toxin and subsequent growth arrest and eventual cell death [19-25] (Figure 1).
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Figure 1. Schematic overview of type II and III Toxin-antitoxin (TA) system. The transcripts of TA
system were expressed from the promoter of the operon. Toxin and antitoxin are defined as blue and
red colors, respectively. The promoter is represented as a black box in the DNA. In type III system,
antitoxin gene is separated with toxin gene by a Rho-independent terminator (represented as loop
symbol) which regulate the toxin expression. Expressed toxin protein is neutralized by antitoxin protein
(type II) or RNA (type III). When the external stimuli are applied, the toxin proteins are activated and
degrade mRNA resulting in cell death.

Recently, controversy has arisen regarding the link between TA systems and persistence following
exposure to antibiotics. Many TA systems have been implicated in persister formation. Toxins modulate
the number of plasmids by inducing programmed cell death via postsegregational killing, and a lack
of high toxin expression will eventually lead to persister cell formation or dormancy [26-28]. However,
the results of recent studies have suggested that the evidence for postsegregational killing, persistence
and phage inhibition is too weak to support the notion of a connection with TA systems. Persister
formation has the potential to cause chronic infections. It causes antibiotic resistance or induces
bacteria to adopt a quiescent state, which leads to persistence, in response to antibiotic treatment;
therefore, reexamining the relevant functions of TA systems in light of the current controversy is of
paramount importance [29,30].

In this paper, we review the biochemical, structural and functional data regarding type Il and type
III TA systems. In past decades, several structural and physiological studies have been performed to
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explore type II TA systems, while type III TA systems have only recently been studied. Protein toxins
interact with protein (type II) or RNA (type III) antitoxins. Both types of antitoxins sterically block
the active site of the toxin. However, in some cases, protein antitoxins can interact with more than
one toxin to form 1:1 or 1:2 oligomers, whereas RNA antitoxins interact with toxins to form equimolar
cyclic complexes [31-34] (Figure 2).

(a) (b)
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Figure 2. Binding and interaction modes of antitoxins and toxins.; (a,b) Structural views of binding
between protein antitoxins and protein toxins. (a) The antitoxin VapB26 (red) and toxin VapC26 (blue)
from Mycobacterium tuberculosis interact in a 1:1 ratio (PDB code 5X3T).; (b) The antitoxin MazE4 (red)
and toxin MazF4 (blue and light blue) from M. tuberculosis interact in a 1:2 ratio (PDB code 5XE3); (c,d)
Structural views of binding between RNA antitoxins and protein toxins; (c¢) The antitoxin ToxI (red)
and toxin ToxN (blue colors) from Pectobacterium atrosepticum interact in a 1:1 ratio (PDB code 2XDD);
(d) The antitoxin Cptl (red) and toxin CptN (blue colors) from Eubacterium rectal interact in a 1:1 ratio
(PDB code 4RMO).

Recent studies have reported the rational design of peptides based on the binding interfaces of
type II TA complexes. These peptides artificially activate toxins that were originally inactivated by
their cognate antitoxin via competitive binding [31,35-37]. There are also other attractive possibilities,
such as the antimicrobial agents involved in zeta-epsilon systems, which use synthetic peptides
and small compounds. Liberated zeta toxin can block peptidoglycan synthesis followed by cell
wall autolysis [38-40]. In addition, the human intestinal microbiota contains many organisms that
possess type III TA systems, which are currently attracting attention because of their relevance in
various human diseases, such as obesity, inflammatory and metabolic diseases and gastrointestinal and
colon cancer, although type IIl systems do not necessarily cause these diseases [14,41-45]. Currently,
125 type III systems have been identified and categorized into three independent subtypes (foxIN,
cptIN and tenpIN) that are distributed in many bacteria. Among these, 45 type III TA systems are
present in the human microbiota [41,46]. The purpose of this review is to summarize the results of
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mechanistic and bioinformatic analyses of type II and type III TA systems with a focus on the potential
druggability of these systems.

2. Type II TA Systems in Pathogenic Bacteria

Type II TA systems are abundant in almost all prokaryotes, especially pathogenic bacteria.
Additionally, there is ample evidence of correlations between TA systems and bacterial
pathogenicity [25,47-52]. Emerging evidence indicates that TA systems play fundamental roles in
bacterial persistence and biofilm formation. A compound capable of corrupting dormant cells was
shown to be able to kill persisters and eradicate a chronic biofilm infection [53]. Toxin expression
has the potential to induce persister formation. Persistent cells are in a state of dormancy and are
therefore able to survive under unfavorable conditions, including starvation, oxidative stress, and
exposure to most antibiotics [5,54-57]. In exploiting bacterial toxins to induce cell killing, the induction
of persistence should be avoided. Zeta toxins cause cell wall autolysis by substantially perturbing
peptidoglycan synthesis [38-40], and bacterial mRNA endonuclease MazF toxin is suggested to be
involved in programmed cell death. The programmed cell death induced by the toxins in TA systems
is essential for therapeutic strategies [58,59], although controversy persists in the recent literature.
There is the opinion that MazF only induces reversible inhibition of growth [29]. Although the claim of
programmed cell death by MazF has been reported in recent literature [60], the programmed cell death
by MazF is thought to be caused by artificial overproduction of MazF. Thus, in physiological levels for
wild-type, MazF does not cause programmed cell death [61,62]. But other evidence shows that MazF
toxin also causes tumor regression and regulates virulence factors. The anti-mazF peptide nucleic acids
reduced virulence gene level, which demonstrated the association between TA systems and virulence
factor. Also, solid tumors in mice were regressed upon induction of MazF [63,64]. In addition, TA
systems influence environmental stress-induced biofilm formation. Bacterial biofilms are involved in
numerous human chronic inflammatory and infectious diseases as well as in multidrug tolerance and
resistance to the host immune system [24,52,54,65]. Furthermore, TA systems support the survival of
pathogens within their hosts. In Salmonella, the majority of 14 type II TA modules are involved in the
formation of persister cells and the induction of virulence factors [66].

Pathogenic bacteria that possess many TA systems include Staphylococcus aureus, Klebsiella
pneumoniae, Pseudomonas aeruginosa, M. tuberculosis, Streptococcus pneumoniae, and Salmonella
typhimurium. S. aureus, K. pneumoniae and P. aeruginosa are notorious for their antibiotic
resistance, as emphasized by the Infectious Diseases Society of America (IDSA). Moreover, tuberculosis
and pneumonia are severe infectious diseases associated with harmful invasive processes, and
S. typhimurium is a major foodborne pathogen [67-69]. The current statistics regarding the type
II TA systems in the above mentioned pathogens are shown in Table 1. There is one MazEF family
toxin structure in S. aureus [70], and there are four in M. tuberculosis, including MazF3 [71], MazF6,
MazF7 [72] and MazF9. MazEF4 possesses a complex structure that includes MazE4 and MazF4 [32].
Additionally, there are two RelBE family complexes in M. tuberculosis: RelBE2 and RelBE3. There are
two complete VapBC family complex structures, VapBC2 and VapBC26 [31,73], and three complex
structures in which the VapB antitoxin lacks the N-terminus, including VapBC5, VapBC15 and
VapBC30 [36,74,75]. Only two VapC toxin structures, VapC20 and VapC21 [76,77], and only one
VapB antitoxin structure, VapB45, have been reported. Only one HicBA complex structure has been
reported in S. pneumoniae [37]. Regarding three RelBE loci of S. pneumoniae, The RelBE1 is inactive
and has been considered as, probably, a defective system. The RelBE3 is, in fact, the YefM/YoeB
pneumococcal TA. Then there is only one bona fides RelBE [78].
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Table 1. Overview of the type II TA systems in pathogenic bacteria described in this review.

Pathogenic Bacteria TA Pair (Antitoxin/Toxin) Reported Structure PDB Code Ref.
MazE/MazF Toxin MazF AMZM [70]
RelB/RelE (2 distinct loci)

HipB/HipA (2 distinct loci)
MazE /MazF
Klebsiella pneumoniae Phd/Doc
RelB/RelE (3 distinct loci)
VapB/VapC

RelB/RelE
VapB/VapC

HigA /HigB (2 distinct loci)

Staphylococcus aureus

Pseudomonas aeruginosa

Toxin MazF3 5CCA [71]
Complex MazEF4 5XE3 [32]
MazE/MazF (9 distinct loci) Toxin MazF6 5HKC
Toxin MazF7 5WYG [72]
Toxin MazF9 5HJZ
ParD/ParE (2 distinct loci)
Mycobacterium tuberculosis Com
. . plex RelBE2 3G50
RelB/RelE (3 distinct loci) Complex RelBE3 30EI
Complex VapBC2 3H87 [73]
Complex VapBC5 3DBO [74]
Complex VapBC15 4CHG [75]
L. . Toxin VapC20 5WZF [76]
VapB/VapC (51 distinct loci) Toxin VapC21 55V2 (7]
Complex VapBC26 5X3T [31]
Complex VapBC30 4XGQ [36]
Antitoxin VapB45 5AF3
HicB/HicA Complex HicBA 5YRZ [37]
Streptococcus pneumoniae HigA/HigB
P P RelB/RelE (3 related loci) [78]
Phd/Doc
HigA /HigB
. . RelB/RelE (9 distinct loci)
Salmonella typhimurium Phd /Doc
VapB/VapC

* This table contains information obtained from the TADB2, UniProt and Protein Data Bank databases [79-81].

3. Application of Antimicrobial Peptides Based on the Type II TA Interface

Infectious diseases caused by antibiotic-resistant pathogenic bacteria are considered a major
reason for human mortality worldwide. Importantly, TA systems are widely present in most important
bacterial pathogens, but not in eukaryotic cells; they are therefore being evaluated as promising
antibacterial targets [82,83]. Accumulating structural and functional data regarding TA systems
identified in pathogenic bacteria have enabled the “artificial activation of toxins’ as a novel antibiotic
strategy in which specific pathogens are targeted at the interface of a specific TA system. Usually, small
molecule compounds or peptides are selected to increase toxin activity because they act as inhibitors
of TA interactions. Peptides obtained from various sources have already been investigated for their
ability to act as antibacterial agents and to replace existing antibiotics [84,85]. In most cases, toxins do
not exhibit toxicity when they are part of a TA complex because the antitoxin completely blocks the
active site of the toxin. However, when a peptide binds to a TA complex and interacts with its binding
partners, the complex is disrupted by the peptide inhibitor, and the toxin is released from the complex.
Because many of the toxins in type II TA systems are ribonucleases, the inhibitory potency of candidate
peptides can be assessed by comparing the ribonuclease activity of the TA complex before and after
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the addition of the peptide inhibitors [86,87]. Alternatively, drug candidates that bind to the promoter
region of a TA operon and thereby interfere with its transcription may represent another strategy. If a
biomolecule with a high binding affinity for the TA operon binds to the promoter DNA, it will repress
TA gene transcription. This type of nucleic acid inhibitor is constructed based on the DNA-binding
region of an antitoxin and acts to hinder the supply of antitoxin. Because antitoxins neutralize the toxic
effect of toxins in most type II TA systems, the host depends on the continuous cellular expression
of the antitoxin. Although the toxin is thermodynamically stable, the antitoxin is unstable and is
susceptible to cellular proteases. Consequently, the antitoxin has a lower half-life than the toxin.
Therefore, repression of TA gene transcription and antitoxin supply results in free-toxin-induced cell
lethality [3].

There is ample experimental evidence supporting the hypothesis that toxins can be artificially
activated by peptides that mimic the toxin-binding region of an antitoxin. First, two peptides
that mimic the C-terminal toxin-binding region of the antitoxin MoxX, which was obtained from
Bacillus anthracis, exerted an approximately 20% inhibitory effect on the interaction between MoxX and
MoxT. The inhibitory potency was calculated as the % inhibitory effect using the relative ribonuclease
activity, which ranged from ‘toxin in complex” (0) to ‘free toxin” (100). In this type of assay, ribonuclease
activity is measured using RNA probes containing fluorophores that emit fluorescence when cleaved by
the ribonuclease toxin. If an adequate amount of peptidomimetic (corresponding to the concentration
of the complexed protein) is used in the assay and enough time is allowed, the efficacy of the
peptide can be estimated by measuring fluorescence. A ‘toxin in complex” does not generate any
fluorescence, because the toxicity of the toxin is completely inhibited by binding to the cognate
antitoxin. In contrast, the addition of a peptidomimetic can lead to the formation of a ‘free toxin’
as a result of competitive binding, thereby generating fluorescence. First, the original peptides
based on the MoxXT system were designed according to the structural homolog (PDB codes 1UB4)
available for the Escherichia coli system [88]; however, the rationale for the design of these peptides
was subsequently supplemented with biochemical data and data regarding the structure of the
MoxT toxin (PDB code 4HKE) [35,89,90] (Figure 3a—c). Second, on the basis of the VapBC30 crystal
structure (PDB code 4XGQ) from M. tuberculosis, three peptides (one antitoxin VapB30-mimicking
peptide and two toxin VapC30-mimicking peptides) were designed. The inhibitory potency of the
toxin-mimicking peptides was higher (73%) than that of the antitoxin-mimicking derivatives (43%) [36].
The peptides were designed to include key residues that interact with the interface between VapB30
and VapC30 (Figure 3a—g). Similarly, a toxin-mimicking peptide that targeted the VapBC26 complex of
M. tuberculosis (PDB code 5X3T) exhibited an inhibitory potency of approximately 82% [31] (Figure 3h,i).
Finally, in the S. pneumoniae HicBA system (PDB code 5YRZ), the toxin-mimicking peptide exerted a
similar inhibitory potency of approximately 80% [37] (Figure 3j,k).The peptide that had the greatest TA
complex-disrupting effect in the VapBC26 and HicBA systems is introduced in this review and in the
main text of the original research papers. Interestingly, most successful peptide inhibitors mimic the
a-helical region of the binding interface, indicating the importance of the structural nature of these
peptides in the potential strength of their drug-like properties [91,92]. Indeed, the HicBA derivative
peptide mimicking the longest helix among the listed peptides showed a much higher inhibition
activity than other peptides. Although we cannot compare the binding ability of different TA systems,
it is clear that peptide having a helical nature with an appropriate length is very important in peptide
inhibitor potency. Additional information regarding the peptides mentioned in this paragraph is
provided in Table 2.
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Table 2. Overview of peptide inhibitors explored as drug candidates and described in this review.

Region Being Mimicked . o o
Target System (PDB Code) (Residue Range) Peptide Sequence % Inhibition
Putative «2 helix of the toxin MazF
MoxXT (MazEF) from B. anthracis (55-62) KAELVNDI 2
(using structural homolog 1UB4) Putative C-terminal toxin-binding NLHRNIW 20
region of the antitoxin MazE (66-73)
a1 helical region of the antitoxin ELAAIRHR 43

VapB30 (52-59)
a2 helix of the toxin VapC30 (14-30) DEPDAERFEAAVEADHI 53

VapBC30 from M. tuberculosis

(4XGQ)
o4 helical region of the toxin VapC30 REGEPGGRE 73
(48-56)
VapBC26 fr?;;‘@MT) fuberculosis 4 pelix of the toxin VapC26 (54-65)  DAELAVLRELAG 82
HicBA from S. preumoniae (5YRZ) o2 helix of the toxinHicA (53-67)  ELNKYTERGIRKQAG 80

* 4HKE was used to refine the peptidomimetics based on MoxXT.

(a) (b) (0)

O e Vo
T TS

K55-162 N66-W73
s
N
Putative MoxXT Antitoxin MoxX a2 helix Antitoxin MoxX C-terminal region
from B. anthracis ‘KAELVNDI ‘NLHRNIW’
(e) (f)
E52-R59  D14-130
VapBC30 Antitoxin VapB30 al helical region ~ Toxin VapC30 a2 helix ~Toxin VapC30 a4 helical region
from M. tuberculosis ‘ELAAIRHR’ ‘DEPDAERFEAAVEADHI' ‘REGEPGGAE’

VapBC26 Toxin VapC26 a4 helix
from M. tuberculosis ‘DAELAVLRELAG’
(k)
o &
A

HicBA Toxin HicA a2 helix

from S. pneumoniae ‘ELNKYTERGIRKQAG’
Figure 3. Ribbon representations of the structures of type II TA complexes used to design antimicrobial
peptides, showing the target-binding site. Antitoxins (red), toxins (blue), and target-binding sites
(yellow) are presented in different colors. The peptides and their sequences are also shown in the figure.
(a) Putative MoxXT complex of B. anthracis (PDB code 1UB4 and 4HKE); target sites; (b) ‘'KAELVNDI" and
(c) NLHRNIW’; (d) VapBC30 complex of M. tuberculosis (PDB code 4XGQ); target sites; I ‘'ELAAIRHR’;
(f) ' DEPDAERFEAAVEADHI’ and (g) ‘RFGEPGGAE’; (h) VapBC26 complex of M. tuberculosis (PDB code
5X3T); (i) target site ‘DAELAVLRELAG’; (j) HicBA complex of S. pneumoniae (PDB code 5YRZ); and (k)
target site ‘ELNKYTERGIRKQAG'.
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4. Type III TA Systems in the Human Intestinal Microbiota

Type III TA systems have a substantial impact on the survival and physiological activities of the
bacteria that harbor these systems, similar to the type II TA systems described above [14,41]. More
than 90% of type III systems are conserved among three bacterial phyla: Firmicutes, Fusobacteria
and Proteobacteria [41,46]. The functional unit of the type III TA system is characterized by RNA
(antitoxin)-protein (toxin) interactions [9,93]. At the genetic level, the RNA antitoxin genes are located
in the bicistronic operons upstream of the toxin genes and are transcribed along with the toxins by a
single promoter [94,95]. Antitoxins of the type III TA system are composed of several tandem repeats
of short nucleotide sequences and are cleaved by toxins, resulting in the formation of heteromeric
complexes with the toxins [33,96].

Toxins of type III TA systems exhibit endoribonuclease activity and can cut their cognate antitoxin
and other vital cellular mRNAs. These toxins form macromolecular complexes with the cognate
RNA antitoxin in a pseudoknot conformation [33,41,46]. Type III TA systems participate in two
major biological functions in bacteria. Their first function is abortive infection activity, which induces
apoptosis in bacteria as a defensive mechanism against phages [94,97,98]. From an evolutionary
perspective, bacteria reduce their population size by self-poisoning phage-infected cells to prevent
phage propagation. When a bacteriophage invades a bacterium, type III toxins are activated and act as
self-poisoning proteins, thus restricting the dissemination of phage progeny [99,100]. Second, plasmid
stabilization is achieved by a plasmid addiction mechanism. Because of their labile nature, antitoxins
must be continuously synthesized to prevent toxins from exerting their toxic effects. In other words,
to survive under normal conditions, bacteria must be addicted to their own TA system [4,101,102].
Similarly, type III TA systems allow bacteria to adapt to this addiction mechanism and engage in
essential activities, including persistence and biofilm formation [103,104].

The data previously deposited in a bioinformatic database indicates that there are 125 putative
type Il systems [41]. Type II TA systems are found in many pathogenic bacteria, and their relationships
with pathogenicity have been intensively studied [5]. However, type III TA systems are strictly
limited to particular pathogenic bacteria. Interestingly, type III TA systems are present in many
bacteria that reside in the human intestinal microbiota. Therefore, type III TA systems may be
associated with the physiological activity, survival, and essential cellular processes of bacteria in the
intestinal microbiota [41,46]. The genera in the intestinal microbiota that harbor type III TA systems
are Marvinbryantia, Clostridium, Coprobacillus, Eubacterium, Fusobacterium, Lachnospiraceae, Lactobacillus,
Phascolarctobacterium, Roseburia and Ruminococcus. The 45 type Il loci that have been identified in the
intestinal microbiota are believed to account for more than one-third of all type III TA systems [14,41].
In general, the growth of microorganisms is regulated by TA systems, but globally, studies aimed
at exploring the relationships between intestinal microorganisms and TA systems are at an early
stage. The type III TA systems present in the human gastrointestinal microbiota, the lengths of the
protein toxins and nucleotide antitoxins and the number of tandem repeats possessed by each are
listed in Table 3. In type III TA system, toxins are protein, showing endoribonuclease and their cognate
antitoxins are RNA, composed of several tandem repeats of short nucleotide sequences in the upstream
of the toxin gene. In Table 3 for example, length ‘172 / 34 (2.9)" means that protein toxin having
172 amino acids interacts with pseudoknot conformation of RNA antitoxin having 2.9 repeats of
36 nucleotides.

The significance of the association between the microbial environment and human diseases has
been recently reported and has become a major research topic in related fields. The term human
intestinal microbiota’ refers to clusters of various microorganisms, such as bacteria, fungi, and protozoa,
that are present in human intestines. The genes possessed by all members of the microbiota are called
the ‘microbiome’, which is considered the ‘second genome’ of humans [105,106]. There are many
microorganisms in the human intestine, and the intestinal microbiota is associated with the complex
physiological activities of humans [107,108]. The intestinal microbiota affects human health and
diseases by participating in digestion, the maintenance of intestinal homeostasis and the control of the
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metabolic balance via various mechanisms [109-111]. Consequently, the imbalance in the intestinal
microbiota has been associated with inflammatory intestinal diseases, as well as obesity, diabetes,
autoimmune and infectious diseases and even colorectal cancer. Therefore, the composition of an
individual’s microbial taxa could be an important new diagnostic tool in a variety of diseases, and
analyses of the relationships between humans and microbiota may provide breakthrough evidence to
support the development of groundbreaking new therapeutic techniques [112-116].

Table 3. Type III TA systems in members of the human gastrointestinal microbiota.

Strain Family Length T/A (Repeat) Related Functions or Diseases
toxIN 172/34 (2.9)
) . . toxIN 182/38 (2.1) )
Marvinbryantia formatexigens DSM 14469 eptIN 161/47 (2) Acetogenesis [117,118]
cptIN 66/45 (2)
tIN 157/45 (2.2
Clostridium hiranonis DSM 13275 - pIN . 58; s 52.1;
o . Colorectal cancer
1787 12 2.2
Clostridium nexile DSM 178 toxIN 9/38 (2.2) Gastric cancer [121-123,132]
. toxIN 139/46 (2.1)
Clostridium sp. HGF2 eptIN 161/47 (2.2)
Coprobacillus sp. 29_1 toxIN 163/38 (2.2) Irritable bowel syndrome [124]
Coprococcus catus GD/7 cptIN 160/46 (2.2) Irritable bowel syndrome
Coprococcus sp. ART55/1 toxIN 181/37 (3.4) Obesity [124,143,144]
tl 162/45 (2.1
Eubacterium rectale ATCC 33656 EP Hﬁ 128; 42 EZ 2;
P ’ Inflammatory bowel disease
. toxIN 201/38 (2.1) Diabetes
Eubacterium rectale DSM 17629 cptIN 162/45 (2.1) Macular degeneration
Eubacterium rectale M104/1 toxIN 201/38 (2.1) Obesity [125-127,145,146]
Eubacterium ventriosum ATCC 27560 cptIN 162/46 (2.2)
Fusobacterium sp. 2_1_31 cptIN 159/40 (2.9)
. cptIN 158/41 (3)
Fusobacterium sp. 3_1_33 tenpIN 140/41 (3)
Fusobacterium sp. 3_1_36A2 tenpIN 144/53 (2.1)
toxIN 174/39 (2)
Fusobacterium sp. 3_1_5R toxIN 178/38 (3.3) Inflammatory bowel disease
toxIN 189/35 (3.2) Colorectal cancer
) toxIN 179/39 (2) Gastric cancer [128-132]
Fusobacterium sp. 4_1_13 tenpIN 144/53 (2.1)
Fusobacterium sp. 7_1 cptIN 156/40 (3.1)
Fusobacterium sp. D11 cptIN 158/40 (3.1)
Fusobacterium sp. D12 toxIN 173/39 (2)
Fusobacterium ulcerans ATCC 49185 toxIN 166/35 (3.2)
. . toxIN 163/38 (3)
Lachnospiraceae bacterium 2_1_46FAA toxIN 163/38 (3.2)
Lachnospiraceae bacterium 4_1_37FAA toxIN 163/38 (3.2) Colorectal cancer
Lachnospiraceae bacterium 5_1_63FAA cptIN 162/46 (2.2) Crohn’s disease
Obesity [133-137,143,144]
Lachnospiraceae bacterium 8_1_57FAA toxIN 163/38 (3.2)
Lachnospiraceae bacterium 9_1_43BFAA cptIN 54/45 (2.2)
Lactobacillus helveticus DSM 20075 toxIN 124/37 (1.9) [mmune enhancement [44,138-140]

Antitumor

Phascolarctobacterium sp. YIT 12067 cptIN 162/46 (2.1) ATP synthesis [119,120]
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Table 3. Cont.

Strain Family Length T/A (Repeat) Related Functions or Diseases
Roseburia intestinalis M50/ 1 toxIN 146/39 (3.2) Colorectal cancer
Crohn’s disease [133-137,145,146]
Roseburia intestinalis XB6B4 toxIN 166/39 (3.2) Diabetes
Ruminococcus lactaris ATCC 29176 cptIN 162/46 (2.2) Rheumatoid arthritis, Colorectal
Ruminococcus sp. 5_1_39B_FAA toxIN 178/36 (2.1) cancer, Crohn’s disease, obesity
Ruminococcustorques ATCC 27756 toxIN 163/38 (3.2) Macular degeneration

[125-127,133-137,147]
Ruminococcus torques L2-14 cptIN 162/46 (2.2)

* The gastrointestinal microbiota contains 23 toxIN, 18 cptIN and 4 tenpIN loci among the 45 total type III TA systems.
‘Length’ refers to the number of amino acids of toxin and the number of nucleotides of antitoxin.

Among the microorganisms that contain type III TA systems, Marvinbryantia formatexigens boosts
the yield of succinate during acetogenesis. M. formatexigens ferments carbohydrates that cannot be
digested by hosts and uses succinate, thereby assisting in the production of acetate, which is its main
metabolic product [117,118]. Additionally, Phascolarctobacterium species use succinate as a substrate to
produce propionate and synthesize ATP [119,120]. In addition, intestinal species in the genus Clostridium,
including Clostridium hiranonis, use dehydroxylate bile acid to yield secondary bile acids, which are strong
carcinogens associated with colorectal cancer [121-123]. Additionally, the proportions of Coprobacillus
and Coprococcus species differed significantly between the fecal microbiota of subjects with irritable bowel
syndrome and of healthy subjects [124]. Intriguingly, high-abundance therapy with Eubacterium rectal
ameliorated inflammatory bowel disease, and Eubacterium ventriosum and Ruminococcus torgues were
found to be enriched in patients with age-related macular degeneration [125-127]. Fusobacterium is
involved in the migration of myeloid cells, participate in cancer induction and are widely distributed
in tumors. Fusobacterium also induces inflammation and malignant tumor formation and causes
inflammatory bowel diseases, such as appendicitis and colorectal cancer [128-131]. A recent study
suggested that an abundance of Fusobacterium and Clostridium in the microbiota also increased the risk of
gastric oncogenesis [132]. In contrast, butyrate-producing bacterial species in the genera Lachnospiraceae,
Roseburia and Ruminococcus may protect against colorectal cancer and could be used as novel therapeutics
to treat patients with Crohn’s disease [133-137]. Moreover, Lactobacillus helveticus has antitumor
effects and enhances immune system activities [44,138-140]. Lactobacillus modulates pH and forms
an adhesion layer on epithelial cells, making it difficult for pathogenic bacteria, such as Staphylococcus, to
survive [141,142]. In obesity and diabetes, leptin levels were positively correlated with the enrichment of
Lachnospiraceae and Ruminococcus. Additionally, Coprococcus catus and E. ventriosum were considerably
more abundant in an obese group than in a nonobese group [143,144]. Roseburia intestinalis and E. rectale
were present in lower abundance in a group with diabetes [145,146]. Ruminococcus lactaris was enriched
in the gut in a group with rheumatoid arthritis [147]. Correlations between the composition of the
intestinal microbiota and human diseases or functions are described in this section and listed in Table 3.

Although several of the microbiota species that possess type III TA systems are known to be related
to diseases, as shown above, no study has explored drug discovery with the aim of targeting a type I1I
TA system. Therefore, drugs based on type III TA systems could be developed as novel drug candidates
associated with cancer or other adult diseases. In type Il TA system, peptides are mainly considered as
inhibitors for the discovery of therapeutic peptides (Figure 4a). A strategy to develop drugs that target
type III TA systems could be established by exploring the ability to activate protein toxins by using
RNAs or peptides to disrupt the interaction between toxin proteins and antitoxin RNAs (Figure 4b). First,
an RNA inhibitor can be developed for type III TA system. There was an example for an RNA inhibitor
studied for the hok/sok type I TA system by Faridani et al. [148]. An anti-Sok peptide nucleic acid (PNA)
oligomer inhibited hok mRNA:Sok-RNA interactions, resulting in cell killing through the synthesis of
the Hok protein. Based on the available structural information regarding type III TA complexes, a short
nucleic acid oligomer can be constructed to bind to the protein toxin and block the region at which
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the antitoxin RNA binds to the toxin protein. Second, peptide inhibitors can be designed as binding
inhibitors based on the binding interface of type II TA systems. Peptides that mimic the RNA binding
site of a toxin could hinder protein-RNA interactions. Inhibitors derived using the above strategy could
therefore result in toxin activation. The inhibitory potency of an inhibitor can be evaluated using the
endoRNase activity of type III toxins, similar to assays performed for type II toxins. In some pathogenic
microbiota members, if the type III toxin is activated by an inhibitor, it can act as an effective drug
with a new mechanism. Inhibitors targeting cancer-causing microbiota members, such as Clostridium
and Fusobacterium species may be used as drugs or drug conjugates to prevent cancer. Additionally,
as described above, since many diseases are associated with imbalance in the intestinal microbial system,
we may find useful clinical evidence for the pathogenesis of microbial dysbiosis through a cytotoxicity
experiment that targets a specific species in the microbiota. Further studies of inhibitors of type III TA
systems should be conducted to develop effective novel drug candidates [149,150].

(a) (b)

Type Il TA system Type Il TA system
TN o s rew__I1_B
promoter promoter
\ '
mRNA —
1 Peptide 11 RNA 1 1 Peptide
inhibitor inhibitor inhibitor

© © ‘o 2@
J | |

e ~

Figure 4. Drug development strategy targeting type II and III TA system. (a) Type II TA system.
The peptide that binds to toxin inhibits the interaction with antitoxin protein.; (b) Type III TA system.
The RNA oligomer that binds to the RNA antitoxin or peptide that binds to the toxin prohibiting
the interaction with RNA antitoxin inhibits the toxin protein binding to RNA antitoxin. The active
toxin proteins of both TA system bind to the mRNA and cleavage it resulting in cell death. Toxin and
antitoxin are defined as blue and red colors, respectively.

5. Closing Remarks

Recent investigations of TA systems have highlighted the potential of TA systems as new
druggable targets. The accumulated structural and functional data related to type II TA systems
have provided useful insights that support the development of new antibiotics. Antimicrobial peptides
with the ability to hyperactivate toxin activity under normal conditions in order to eradicate bacterial
cells could be potential anti-infection agents. Because multidrug resistance makes infectious diseases
very difficult to treat, the discovery of antibiotics based on TA systems that can disrupt TA complexes
seems to be a promising pipeline for the development of antibacterial agents [82,83,151,152].

Currently, the increasing number of solved structures of type II and III TA systems supports the
design of molecules that disrupt the TA interface. We have introduced several rational explanations
of how to induce the artificial activation of toxins based on the currently available structural and
biochemical information regarding type II and III TA systems. The peptides described in this study
target the binding interface of the TA complex, especially the «-helical region. These peptides mimic
each a-helical region in the binding interface and compete with their binding counterparts to release
the free toxin from the TA complex. For these peptides to become drug candidates, limitations of
peptide therapy should be considered. For examples, low oral bioavailability, short half-life, protease
susceptibility, immunogenic effects, toxicity and high cost [153]. To improve these shortcomings,
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several methods have been tried. The modification of antimicrobial peptide with a conjugate, such as
polymer, antibiotics or fatty acids can be applied to increase the antimicrobial activity of peptides [154].
Attaching antibacterial cell-penetrating peptides to peptide inhibitors of TA interactions may improve
the delivery and permeability of peptide drug candidates [155]. Nanoparticles as potentially useful
drug delivery systems that do not reduce the therapeutic efficacy of drugs also can be used. For
example, antimicrobial peptides tethered to gold nanoparticles exhibited a maintained conformational
flexibility and reduced protease susceptibility [156].

In addition, Tat protein-derived peptides may be another alternative because Tat peptides can
efficiently ferry drug candidates into target tissue cells via chemical crosslinking. Tat-mediated
delivery may allow the uptake of macromolecules into tissues that were previously thought to be
impermeable [157,158].

To ensure toxin activation, antimicrobial peptides should have a strong binding affinity to the TA
interface and be compatible with the toxin or antitoxin. Hence, surface modulation, such as stapling
the peptides using hydrocarbon crosslinking or substituting the main chain hydrogens to constrain
the peptides in an «-helical conformation, could increase the stability and activity of the peptides
and increase their affinity for the target TA complex [159-161]. TA systems are emerging as targets
of new antimicrobial compounds, and drugs based on TA systems are likely to be highly specific
because mammalian hosts lack TA modules. For development as highly effective future therapeutic
alternatives, drug candidates based on TA systems should be systemically validated and carefully
monitored, because these drugs may have deleterious effects on normal commensal organisms or
microbiota that may perform beneficial functions in the human body [3,162,163]. A TA system that
is present in a target pathogenic bacterial species, but not in innocuous bacteria should be selected
when selecting drug targets. If there are similar or identical systems in both the target bacteria and
innocuous bacteria, drug candidates should be carefully designed based on structural information
to avoid causing harm to innocuous bacteria. Additionally, because TA systems are abundant in
many different bacteria, it is necessary to develop lead compounds that can simultaneously target,
crossregulate and activate multiple TA systems and thereby act as broad-spectrum antibiotics [52,87].

Regarding type III TA systems, it is clear that further characterization of the molecular mechanisms
involved in type IIl TA systems will help us understand the functions of the human intestinal
microbiota. The intestinal microbiota supplies nutrients that cannot be produced by host enzymes and
are closely associated with the metabolism and immune responses of the host [164-166]. The diseases
associated with the microbiota are regulated by the equilibrium of the microbiota and imbalances
therein. The microbiota maintains homeostasis in healthy hosts. However, when inflammation is
induced in the body, due to pathogenic infection, nutritional imbalance, or severe stress, host tissue
cells are destroyed, resulting in dysbiosis of the microbiota [115,167]. Microbiota that are modified in
this way can be recovered by appropriate treatment, but in some cases, the modification is irreversible
and can induce chronic disease. To date, the intestinal microbiota has been linked to the development
of obesity and metabolic syndromes, including diabetes, inflammatory bowel disease, autoimmune
disease and cancer [168-170]. However, with regard to the mechanisms underlying the onset of these
diseases and symptoms, we are still in the preliminary stages of understanding whether alterations
in the microbiota are direct causes or consequences of the diseases and identifying the intestinal
microbes responsible for them. For microbiota with known correlations with disease states, a drug
development strategy similar to that used in type II TA systems can also be applied. Because type
III antitoxins are RNAs, it is possible to use either protein-based or RNA-based inhibitors of the TA
complex. For example, Fusobacterium participates in cancer induction, and antimicrobial peptides
or short nucleic acid oligomers based on its type III TA interface could be designed to inactivate
target bacteria. Therefore, identifying the precise role of the microbiota and determining whether a
specific microbe is harmful or beneficial will be indispensable to the study of various diseases. There
may be as-yet-unidentified disease-related microbes that possess type III TA systems. The number of
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disease-related type III TA systems that have been discovered is expected to increase, and the details
of their functions and molecular mechanisms will need to be revealed.

TA systems present in bacteria have biological functions that affect not only postsegregational
killing and abortive infection, but also bacterial persistence [16]. Therefore, with regard to the
druggability of compounds that are developed to activate the toxins in TA systems, we should consider
bacterial persistence, which represents tolerance to antibiotics and exposure to other environmental
stress conditions. One possible drawback is that fluctuations in the level of toxin activation could
induce the formation of persister or dormant cells, leading to chronic infection [163,171].

Overall, TA systems have both industrial and academic value. We can imagine a scenario in
which novel drugs could be based on type II TA systems. Studies that explore the causal relationships
between the evolution of type III TA systems in the intestinal microbiota and human diseases are
crucial to future research in the field of microbiology. In conclusion, the role of TA systems in the
physiology of both pathogenic bacteria and the intestinal microbiota warrants further consideration.

Author Contributions: Conceptualization, S.-M.K. and D.-H.K,; Formal analysis, S.-M.K. and D.-H.K.; Writing:
original draft preparation, S.-M.K. and D.-H.K.; Writing: review and editing, all authors.

Funding: This research was funded by National Research Foundation of Korea (NRF) grants funded by the
Korean government (MEST) (grant number 2018R1A2A19018526, 2018R1A5A2024425) and the 2018 BK21 Plus
Project for Medicine, Dentistry and Pharmacy.

Conflicts of Interest: The authors declare they have no conflict of interest.

References

1.  Page, R.; Peti, W. Toxin-antitoxin systems in bacterial growth arrest and persistence. Nat. Chem. Biol. 2016,
12,208-214. [CrossRef]

2. Yamaguchi, Y,; Park, ].H.; Inouye, M. Toxin-antitoxin systems in bacteria and archaea. Annu. Rev. Genet.
2011, 45, 61-79. [CrossRef] [PubMed]

3. Lee, K.Y, Lee, BJ. Structure, biology, and therapeutic application of toxin-antitoxin systems in pathogenic
bacteria. Toxins 2016, 8, 305. [CrossRef]

4. Ogura, T,; Hiraga, S. Mini-f plasmid genes that couple host cell division to plasmid proliferation. Proc. Natl.
Acad. Sci. USA 1983, 80, 4784-4788. [CrossRef] [PubMed]

5. Jurenaite, M.; Markuckas, A.; Suziedeliene, E. Identification and characterization of type II toxin-antitoxin
systems in the opportunistic pathogen acinetobacter baumannii. J. Bacteriol. 2013, 195, 3165-3172. [CrossRef]
[PubMed]

6. Pandey, D.P,; Gerdes, K. Toxin-antitoxin loci are highly abundant in free-living but lost from host-associated
prokaryotes. Nucleic Acids Res. 2005, 33, 966-976. [CrossRef]

7. Sengupta, M.; Austin, S. Prevalence and significance of plasmid maintenance functions in the virulence
plasmids of pathogenic bacteria. Infect. Immun. 2011, 79, 2502-2509. [CrossRef]

8.  Kwan, B.W,; Valenta, ].A.; Benedik, M.].; Wood, T.K. Arrested protein synthesis increases persister-like cell
formation. Antimicrob. Agents Chemother. 2013, 57, 1468-1473. [CrossRef]

9.  Goeders, N.; Van Melderen, L. Toxin-antitoxin systems as multilevel interaction systems. Toxins 2014, 6,
304-324. [CrossRef]

10. Mutschler, H.; Gebhardt, M.; Shoeman, R.L.; Meinhart, A. A novel mechanism of programmed cell death in
bacteria by toxin-antitoxin systems corrupts peptidoglycan synthesis. PLoS Biol. 2011, 9, €1001033. [CrossRef]

11. Unoson, C.; Wagner, E.G.H. A small sos-induced toxin is targeted against the inner membrane in
escherichia coli. Mol. Microbiol. 2008, 70, 258-270. [CrossRef] [PubMed]

12.  Marra, A. Can virulence factors be viable antibacterial targets? Expert Rev. Anti-Infect. Ther. 2004, 2, 61-72.
[CrossRef] [PubMed]

13. Park, S.; Mann, J.; Li, N. Targeted inhibitor design: Lessons from small molecule drug design, directed
evolution, and vaccine research. Chem. Eng. Process. Technol. 2013, 1, 1004.

14. Goeders, N.; Chai, R.; Chen, B.H.; Day, A.; Salmond, G.P.C. Structure, evolution, and functions of bacterial
type III toxin-antitoxin systems. Toxins 2016, 8, 282. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nchembio.2044
http://dx.doi.org/10.1146/annurev-genet-110410-132412
http://www.ncbi.nlm.nih.gov/pubmed/22060041
http://dx.doi.org/10.3390/toxins8100305
http://dx.doi.org/10.1073/pnas.80.15.4784
http://www.ncbi.nlm.nih.gov/pubmed/6308648
http://dx.doi.org/10.1128/JB.00237-13
http://www.ncbi.nlm.nih.gov/pubmed/23667234
http://dx.doi.org/10.1093/nar/gki201
http://dx.doi.org/10.1128/IAI.00127-11
http://dx.doi.org/10.1128/AAC.02135-12
http://dx.doi.org/10.3390/toxins6010304
http://dx.doi.org/10.1371/journal.pbio.1001033
http://dx.doi.org/10.1111/j.1365-2958.2008.06416.x
http://www.ncbi.nlm.nih.gov/pubmed/18761622
http://dx.doi.org/10.1586/14787210.2.1.61
http://www.ncbi.nlm.nih.gov/pubmed/15482172
http://dx.doi.org/10.3390/toxins8100282
http://www.ncbi.nlm.nih.gov/pubmed/27690100

Toxins 2018, 10, 515 14 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Lobato-Marquez, D.; Diaz-Orejas, R.; Garcia-del Portillo, F. Toxin-antitoxins and bacterial virulence.
FEMS Microbiol. Rev. 2016, 40, 592-609. [CrossRef] [PubMed]

Harms, A.; Brodersen, D.E.; Mitarai, N.; Gerdes, K. Toxins, targets, and triggers: An overview of toxin-
antitoxin biology. Mol. Cell 2018, 70, 768-784. [CrossRef] [PubMed]

Wang, X.X.; Lord, D.M.; Cheng, H.Y.; Osbourne, D.O.; Hong, S.H.; Sanchez-Torres, V.; Quiroga, C.; Zheng, K,;
Herrmann, T.; Peti, W,; et al. A new type v toxin-antitoxin system where mRNA for toxin ghot is cleaved by
antitoxin ghos. Nat. Chem. Biol. 2012, 8, 855-861. [CrossRef]

Aakre, C.D.; Phung, T.N.; Huang, D.; Laub, M.T. A bacterial toxin inhibits DNA replication elongation
through a direct interaction with the beta sliding clamp. Mol. Cell 2013, 52, 617-628. [CrossRef]

Sala, A.; Bordes, P.; Genevaux, P. Multiple toxin-antitoxin systems in mycobacterium tuberculosis. Toxins
2014, 6, 1002-1020. [CrossRef]

Van Melderen, L.; De Bast, M.S. Bacterial toxin-antitoxin systems: More than selfish entities? PLoS Genet.
2009, 5, €1000437. [CrossRef]

Coussens, N.P,; Daines, D.A. Wake me when it’s over—Bacterial toxin-antitoxin proteins and induced
dormancy. Exp. Biol. Med. 2016, 241, 1332-1342. [CrossRef] [PubMed]

Chukwudi, C.U.; Good, L. The role of the hok/sok locus in bacterial response to stressful growth conditions.
Microb. Pathog. 2015, 79, 70-79. [CrossRef] [PubMed]

Wang, X.X.; Kim, Y.; Hong, S.H.; Ma, Q.; Brown, B.L.; Pu, M.M.; Tarone, A.M.; Benedik, M.].; Peti, W,;
Page, R.; et al. Antitoxin mqsa helps mediate the bacterial general stress response. Nat. Chem. Biol. 2011, 7,
359-366. [CrossRef] [PubMed]

Wang, X.X.; Wood, T.K. Toxin-antitoxin systems influence biofilm and persister cell formation and the general
stress response. Appl. Environ. Microbiol. 2011, 77, 5577-5583. [CrossRef] [PubMed]

Ramage, H.R.; Connolly, L.E.; Cox, J.S. Comprehensive functional analysis of mycobacterium tuberculosis
toxin-antitoxin systems: Implications for pathogenesis, stress responses, and evolution. PLoS Genet. 2009, 5,
€1000767. [CrossRef] [PubMed]

Fasani, R.A.; Savageau, M.A. Molecular mechanisms of multiple toxin-antitoxin systems are coordinated to
govern the persister phenotype. Proc. Natl. Acad. Sci. USA 2013, 110, E2528-E2537. [CrossRef]

Chan, W.T.; Espinosa, M.; Yeo, C.C. Keeping the wolves at bay: Antitoxins of prokaryotic type II toxin-
antitoxin systems. Front. Mol. Biosci. 2016, 3, 9. [CrossRef]

Gupta, K; Tripathi, A.; Sahu, A.; Varadarajan, R. Contribution of the chromosomal ccdab operon to bacterial
drug tolerance. J. Bacteriol. 2017, 199, JB.00397-17. [CrossRef]

Song, S.; Wood, T.K. Post-segregational killing and phage inhibition are not mediated by cell death through
toxin/antitoxin systems. Front. Microbiol. 2018, 9, 814. [CrossRef]

Goormaghtigh, F; Fraikin, N.; Putrins, M.; Hallaert, T.; Hauryliuk, V.; Garcia-Pino, A.; Sjodin, A.; Kasvandik, S.;
Udekwu, K.; Tenson, T.; et al. Reassessing the role of type II toxin-antitoxin systems in formation of escherichia
coli type II persister cells. mBio 2018, 9, e00640-18. [CrossRef]

Kang, SM.; Kim, D.H.; Lee, K.Y,; Park, S.J.; Yoon, H.].; Lee, S.J.; Im, H.; Lee, B.J. Functional details of
the mycobacterium tuberculosis vapbc26 toxin-antitoxin system based on a structural study: Insights into
unique binding and antibiotic peptides. Nucleic Acids Res. 2017, 45, 8564-8580. [CrossRef] [PubMed]

Ahn, D.H,; Lee, K.Y,; Lee, S.J.; Park, S.J.; Yoon, H.J.; Kim, S.J.; Lee, B.J. Structural analyses of the mazef4
toxin-antitoxin pair in mycobacterium tuberculosis provide evidence for a unique extracellular death factor.
J. Biol. Chem. 2017, 292, 18832-18847. [CrossRef] [PubMed]

Blower, T.R; Pei, X.Y.; Short, F.L.; Fineran, P.C.; Humphreys, D.P,; Luisi, B.F,; Salmond, G.P.C. A processed
noncoding RNA regulates an altruistic bacterial antiviral system. Nat. Struct. Mol. Biol. 2011, 18, 185-190.
[CrossRef] [PubMed]

Rao, E; Short, EL.; Voss, J.E.; Blower, T.R.; Orme, A.L.; Whittaker, T.E.; Luisi, B.E,; Salmond, G.P.C.
Co-evolution of quaternary organization and novel RNA tertiary interactions revealed in the crystal structure
of a bacterial protein-RNA toxin-antitoxin system. Nucleic Acids Res. 2015, 43, 9529-9540. [CrossRef]
[PubMed]

Verma, S.; Kumar, S.; Gupta, V.P.; Gourinath, S.; Bhatnagar, S.; Bhatnagar, R. Structural basis of bacillus
anthracis moxxt disruption and the modulation of moxt ribonuclease activity by rationally designed peptides.
J. Biomol. Struct. Dyn. 2015, 33, 606—-624. [CrossRef]


http://dx.doi.org/10.1093/femsre/fuw022
http://www.ncbi.nlm.nih.gov/pubmed/27476076
http://dx.doi.org/10.1016/j.molcel.2018.01.003
http://www.ncbi.nlm.nih.gov/pubmed/29398446
http://dx.doi.org/10.1038/nchembio.1062
http://dx.doi.org/10.1016/j.molcel.2013.10.014
http://dx.doi.org/10.3390/toxins6031002
http://dx.doi.org/10.1371/journal.pgen.1000437
http://dx.doi.org/10.1177/1535370216651938
http://www.ncbi.nlm.nih.gov/pubmed/27216598
http://dx.doi.org/10.1016/j.micpath.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25625568
http://dx.doi.org/10.1038/nchembio.560
http://www.ncbi.nlm.nih.gov/pubmed/21516113
http://dx.doi.org/10.1128/AEM.05068-11
http://www.ncbi.nlm.nih.gov/pubmed/21685157
http://dx.doi.org/10.1371/journal.pgen.1000767
http://www.ncbi.nlm.nih.gov/pubmed/20011113
http://dx.doi.org/10.1073/pnas.1301023110
http://dx.doi.org/10.3389/fmolb.2016.00009
http://dx.doi.org/10.1128/JB.00397-17
http://dx.doi.org/10.3389/fmicb.2018.00814
http://dx.doi.org/10.1128/mBio.00640-18
http://dx.doi.org/10.1093/nar/gkx489
http://www.ncbi.nlm.nih.gov/pubmed/28575388
http://dx.doi.org/10.1074/jbc.M117.807974
http://www.ncbi.nlm.nih.gov/pubmed/28972145
http://dx.doi.org/10.1038/nsmb.1981
http://www.ncbi.nlm.nih.gov/pubmed/21240270
http://dx.doi.org/10.1093/nar/gkv868
http://www.ncbi.nlm.nih.gov/pubmed/26350213
http://dx.doi.org/10.1080/07391102.2014.899924

Toxins 2018, 10, 515 15 of 21

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lee, 1.G.; Lee, S.J.; Chae, S.; Lee, KY,; Kim, J.H.; Lee, B.]. Structural and functional studies of the
mycobacterium tuberculosis vapbe30 toxin-antitoxin system. Protein Sci. 2016, 25, 156-157. [CrossRef]
Kim, D.H.; Kang, S.M.; Park, S.J.; Jin, C.; Yoon, H.]J.; Lee, B.J. Functional insights into the streptococcus
pneumoniae hicba toxin-antitoxin system based on a structural study. Nucleic Acids Res. 2018, 46, 6371-6386.
[CrossRef]

Fernandez-Bachiller, M.I.; Brzozowska, I.; Odolczyk, N.; Zielenkiewicz, U.; Zielenkiewicz, P.; Rademann, J.
Mapping protein-protein interactions of the resistance-related bacterial zeta toxin-epsilon antitoxin complex
(e2¢2) with high affinity peptide ligands using fluorescence polarization. Toxins 2016, 8, 222. [CrossRef]
Rocker, A.; Peschke, M.; Kittila, T.; Sakson, R.; Brieke, C.; Meinhart, A. The ng_zeta 1 toxin of the gonococcal
epsilon/zeta toxin/antitoxin system drains precursors for cell wall synthesis. Nat. Commun. 2018, 9. [CrossRef]
Lioy, V.S.; Rey, O.; Balsa, D.; Pellicer, T.; Alonso, J.C. A toxin-antitoxin module as a target for antimicrobial
development. Plasmid 2010, 63, 31-39. [CrossRef]

Blower, T.R.; Short, EL.; Rao, F; Mizuguchi, K.; Pei, X.Y.; Fineran, P.C.; Luisi, B.F; Salmond, G.P.C.
Identification and classification of bacterial type III toxin-antitoxin systems encoded in chromosomal and
plasmid genomes. Nucleic Acids Res. 2012, 40, 6158-6173. [CrossRef] [PubMed]

Ley, R.E.; Turnbaugh, PJ.; Klein, S.; Gordon, J.I. Microbial ecology—Human gut microbes associated with
obesity. Nature 2006, 444, 1022-1023. [PubMed]

Boulange, C.L.; Neves, A.L.; Chilloux, J.; Nicholson, ].K.; Dumas, M.E. Impact of the gut microbiota on
inflammation, obesity, and metabolic disease. Genome Med. 2016, 8, 42. [PubMed]

Oke, S.; Martin, A. Insights into the role of the intestinal microbiota in colon cancer. Ther. Adv. Gastroenter.
2017, 10, 417-428.

Meng, C.T.; Bai, C.M.; Brown, T.D.; Hood, L.E.; Tian, Q. Human gut microbiota and gastrointestinal cancer.
Genom. Proteom. Bioinf. 2018, 16, 33—49. [CrossRef] [PubMed]

Gerdes, K. Prokaryotic Toxin-Antitoxins; Springer: Heidelberg, Germany; New York, NY, USA, 2013; Volume 8,
pp- 1-365.

Albrethsen, J.; Agner, J.; Piersma, S.R.; Hojrup, P.; Pham, T.V.; Weldingh, K.; Jimenez, C.R.; Andersen, P.;
Rosenkrands, I. Proteomic profiling of mycobacterium tuberculosis identifies nutrient-starvation-responsive
toxin-antitoxin systems. Mol. Cell. Proteom. 2013, 12, 1180-1191. [CrossRef]

Miallau, L.; Jain, P.; Arbing, M.A.; Cascio, D.; Phan, T.; Ahn, C.J.; Chan, S.; Chernishof, I.; Maxson, M.;
Chiang, J.; et al. Comparative proteomics identifies the cell-associated lethality of m. Tuberculosis reibe-like
toxin-antitoxin complexes. Structure 2013, 21, 627-637. [CrossRef]

Korch, S.B.; Contreras, H.; Clark-Curtiss, J.E. Three mycobacterium tuberculosis rel toxin-antitoxin modules
inhibit mycobacterial growth and are expressed in infected human macrophages. |. Bacteriol. 2009, 191,
1618-1630.

Korch, S.B.; Malhotra, V.; Contreras, H.; Clark-Curtiss, J.E. The mycobacterium tuberculosis relbe
toxin: Antitoxin genes are stress-responsive modules that regulate growth through translation inhibition.
J. Microbiol. 2015, 53, 875. [CrossRef]

De la Cruz, M.A.; Zhao, W.D.; Farenc, C.; Gimenez, G.; Raoult, D.; Cambillau, C.; Gorvel, J.P.; Meresse, S.
A toxin-antitoxin module of salmonella promotes virulence in mice. PLoS Pathog. 2013, 9, e1003827.
[CrossRef]

Kedzierska, B.; Hayes, F. Emerging roles of toxin-antitoxin modules in bacterial pathogenesis. Molecules
2016, 21, 790. [CrossRef] [PubMed]

Conlon, B.P.,; Nakayasu, E.S.; Fleck, L.E.; LaFleur, M.D.; Isabella, V.M.; Coleman, K.; Leonard, S.N.;
Smith, R.D.; Adkins, ].N.; Lewis, K. Activated clpp kills persisters and eradicates a chronic biofilm infection.
Nature 2013, 503, 365-370. [CrossRef] [PubMed]

Wen, Y.R.; Behiels, E.; Devreese, B. Toxin-antitoxin systems: Their role in persistence, biofilm formation, and
pathogenicity. Pathog. Dis. 2014, 70, 240-249. [CrossRef] [PubMed]

Amato, SM.; Fazen, CH.; Henry, T.C.; Mok, WW.K,; Orman, M.A.; Sandvik, E.L.; Volzing, K.G;
Brynildsen, M.P. The role of metabolism in bacterial persistence. Front. Microbiol. 2014, 5, 70. [CrossRef]
[PubMed]

Maisonneuve, E.; Gerdes, K. Molecular mechanisms underlying bacterial persisters. Cell 2014, 157, 539-548.
[CrossRef] [PubMed]


http://dx.doi.org/10.1107/S2053273316096856
http://dx.doi.org/10.1093/nar/gky469
http://dx.doi.org/10.3390/toxins8070222
http://dx.doi.org/10.1038/s41467-018-03652-8
http://dx.doi.org/10.1016/j.plasmid.2009.09.005
http://dx.doi.org/10.1093/nar/gks231
http://www.ncbi.nlm.nih.gov/pubmed/22434880
http://www.ncbi.nlm.nih.gov/pubmed/17183309
http://www.ncbi.nlm.nih.gov/pubmed/27098727
http://dx.doi.org/10.1016/j.gpb.2017.06.002
http://www.ncbi.nlm.nih.gov/pubmed/29474889
http://dx.doi.org/10.1074/mcp.M112.018846
http://dx.doi.org/10.1016/j.str.2013.02.008
http://dx.doi.org/10.1007/s12275-015-0741-3
http://dx.doi.org/10.1371/journal.ppat.1003827
http://dx.doi.org/10.3390/molecules21060790
http://www.ncbi.nlm.nih.gov/pubmed/27322231
http://dx.doi.org/10.1038/nature12790
http://www.ncbi.nlm.nih.gov/pubmed/24226776
http://dx.doi.org/10.1111/2049-632X.12145
http://www.ncbi.nlm.nih.gov/pubmed/24478112
http://dx.doi.org/10.3389/fmicb.2014.00070
http://www.ncbi.nlm.nih.gov/pubmed/24624123
http://dx.doi.org/10.1016/j.cell.2014.02.050
http://www.ncbi.nlm.nih.gov/pubmed/24766804

Toxins 2018, 10, 515 16 of 21

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Gerdes, K.; Maisonneuve, E. Bacterial persistence and toxin-antitoxin loci. Annu. Rev. Microbiol. 2012, 66,
103-123. [CrossRef] [PubMed]

Engelberg-Kulka, H.; Sat, B.; Reches, M.; Amitai, S.; Hazan, R. Bacterial programmed cell death systems as
targets for antibiotics. Trends Microbiol. 2004, 12, 66-71. [CrossRef] [PubMed]

Mutschler, H.; Reinstein, J.; Meinhart, A. Assembly dynamics and stability of the pneumococcal epsilon
zeta antitoxin toxin (PezAT) system from streptococcus pneumoniae. J. Biol. Chem. 2010, 285, 21797-21806.
[CrossRef]

Kumar, S.; Kolodkin-Gal, I.; Vesper, O.; Alam, N.; Schueler-Furman, O.; Moll, I.; Engelberg-Kulka, H.
Escherichia coli quorum-sensing edf, a peptide generated by novel multiple distinct mechanisms and
regulated by trans-translation. Mbio 2016, 7. [CrossRef]

Lee, B.; Holkenbrink, C.; Treuner-Lange, A.; Higgs, PI. Myxococcus xanthus developmental cell fate
production: Heterogeneous accumulation of developmental regulatory proteins and reexamination of
the role of mazf in developmental lysis. J. Bacteriol. 2012, 194, 3058-3068. [CrossRef]

Boynton, T.O.; McMurry, ].L.; Shimkets, L.J. Characterization of myxococcus xanthus mazf and implications
for a new point of regulation. Mol. Microbiol. 2013, 87, 1267-1276. [CrossRef]

Soheili, S.; Ghafourian, S.; Sekawi, Z.; Neela, V.K.; Sadeghifard, N.; Taherikalani, M.; Khosravi, A.; Ramli, R.;
Hamat, R.A. The mazef toxin-antitoxin system as an attractive target in clinical isolates of enterococcus
faecium and enterococcus faecalis. Drug Des. Dev. Ther. 2015, 9, 2553-2561.

Shimazu, T.; Mirochnitchenko, O.; Phadtare, S.; Inouye, M. Regression of solid tumors by induction of mazf,
a bacterial mRNA endoribonuclease. |. Mol. Microbiol. Biotechnol. 2014, 24, 228-233. [CrossRef] [PubMed]
Martinez, L.C.; Vadyvaloo, V. Mechanisms of post-transcriptional gene regulation in bacterial biofilms.
Front. Cell Infect. Microbiol. 2014, 4, 38. [CrossRef] [PubMed]

Helaine, S.; Cheverton, A.M.; Watson, K.G.; Faure, L.M.; Matthews, S.A.; Holden, D.W. Internalization
of salmonella by macrophages induces formation of nonreplicating persisters. Science 2014, 343, 204-208.
[CrossRef] [PubMed]

Hershkovitz, I.; Donoghue, H.D.; Minnikin, D.E.; May, H.; Lee, O.Y.C.; Feldman, M.; Galili, E.; Spigelman, M.;
Rothschild, B.M.; Bar-Gal, G.K. Tuberculosis origin: The neolithic scenario. Tuberculosis 2015, 95, 5122-S126.
[CrossRef]

Ashu, E.E,; Jarju, S.; Dione, M.; Mackenzie, G.; Ikumapayi, U.N.; Manjang, A.; Azuine, R.; Antonio, M.
Population structure, epidemiology and antibiotic resistance patterns of streptococcus pneumoniae serotype
5: Prior to pcv-13 vaccine introduction in eastern gambia. BMC Infect. Dis. 2016, 16, 33. [CrossRef] [PubMed]
Lobato-Marquez, D.; Moreno-Cordoba, I.; Figueroa, V.; Diaz-Orejas, R.; Garcia-del Portillo, F. Distinct type I
and type II toxin-antitoxin modules control salmonella lifestyle inside eukaryotic cells. Sci. Rep. 2015, 5, 9374.
[CrossRef]

Zorzini, V,; Buts, L.; Sleutel, M.; Garcia-Pino, A.; Talavera, A.; Haesaerts, S.; De Greve, H.; Cheung, A.;
van Nuland, N.A J.; Loris, R. Structural and biophysical characterization of staphylococcus aureus samazf
shows conservation of functional dynamics. Nucleic Acids Res. 2014, 42, 6709-6725. [CrossRef]

Hoffer, E.D.; Miles, S.J.; Dunham, C.M. The structure and function of mycobacterium tuberculosis mazf-mt6
toxin provide insights into conserved features of mazf endonucleases. J. Biol. Chem. 2017, 292, 7718-7726.
[CrossRef]

Chen, R.; Tu, J; Liu, Z.H.; Meng, ER.; Ma, P.Y,; Ding, Z.S.; Yang, C.W.; Chen, L.; Deng, X.Y.; Xie, W. Structure
of the mazf-mt9 toxin, a tRNA-specific endonuclease from mycobacterium tuberculosis. Biochem. Biophys.
Res. Commun. 2017, 486, 804-810. [CrossRef]

Min, A.B.; Miallau, L.; Sawaya, M.R.; Habel, J.; Cascio, D.; Eisenberg, D. The crystal structure of the
rv0301-rv0300 vapbc-3 toxin-antitoxin complex from M. tuberculosis reveals a Mg?* ion in the active site and
a putative RNA-binding site. Protein Sci. 2012, 21, 1754-1767. [CrossRef] [PubMed]

Miallau, L.; Faller, M.; Chiang, J.; Arbing, M.; Guo, F,; Cascio, D.; Eisenberg, D. Structure and proposed
activity of a member of the vapbc family of toxin-antitoxin systems vapbc-5 from mycobacterium tuberculosis.
J. Biol. Chem. 2009, 284, 276-283. [CrossRef]

Das, U.; Pogenberg, V.; Subhramanyam, U.K.T.; Wilmanns, M.; Gourinath, S.; Srinivasan, A. Crystal structure
of the vapbc-15 complex from mycobacterium tuberculosis reveals a two-metal ion dependent pin-domain
ribonuclease and a variable mode of toxin-antitoxin assembly. J. Struct. Biol. 2014, 188, 249-258. [CrossRef]
[PubMed]


http://dx.doi.org/10.1146/annurev-micro-092611-150159
http://www.ncbi.nlm.nih.gov/pubmed/22994490
http://dx.doi.org/10.1016/j.tim.2003.12.008
http://www.ncbi.nlm.nih.gov/pubmed/15036322
http://dx.doi.org/10.1074/jbc.M110.126250
http://dx.doi.org/10.1128/mBio.02034-15
http://dx.doi.org/10.1128/JB.06756-11
http://dx.doi.org/10.1111/mmi.12165
http://dx.doi.org/10.1159/000365509
http://www.ncbi.nlm.nih.gov/pubmed/25196606
http://dx.doi.org/10.3389/fcimb.2014.00038
http://www.ncbi.nlm.nih.gov/pubmed/24724055
http://dx.doi.org/10.1126/science.1244705
http://www.ncbi.nlm.nih.gov/pubmed/24408438
http://dx.doi.org/10.1016/j.tube.2015.02.021
http://dx.doi.org/10.1186/s12879-016-1370-0
http://www.ncbi.nlm.nih.gov/pubmed/26822883
http://dx.doi.org/10.1038/srep09374
http://dx.doi.org/10.1093/nar/gku266
http://dx.doi.org/10.1074/jbc.M117.779306
http://dx.doi.org/10.1016/j.bbrc.2017.03.132
http://dx.doi.org/10.1002/pro.2161
http://www.ncbi.nlm.nih.gov/pubmed/23011806
http://dx.doi.org/10.1074/jbc.M805061200
http://dx.doi.org/10.1016/j.jsb.2014.10.002
http://www.ncbi.nlm.nih.gov/pubmed/25450593

Toxins 2018, 10, 515 17 of 21

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Deep, A.; Kaundal, S.; Agarwal, S.; Singh, R.; Thakur, K.G. Crystal structure of mycobacterium tuberculosis
vapc20 toxin and its interactions with cognate antitoxin, vapb20, suggest a model for toxin-antitoxin assembly.
FEBS J. 2017, 284, 4066—-4082. [CrossRef] [PubMed]

Jardim, P; Santos, I.C.D.; Barbosa, ].A.R.G.; de Freitas, S.M.; Valadares, N.F. Crystal structure of vapc21
from mycobacterium tuberculosis at 1.31 angstrom resolution. Biochem. Biophys. Res. Commun. 2016, 478,
1370-1375. [CrossRef] [PubMed]

Chan, W.; Domenech, M.; Moreno-Cordoba, 1.; Navarro-Martinez, V.; Nieto, C.; Moscoso, M.; Garcia, E.;
Espinosa, M. The streptococcus pneumoniae yefm-yoeb and relbe toxin-antitoxin operons participate in
oxidative stress and biofilm formation. Toxins 2018, 10, 378. [CrossRef]

Xie, Y.Z.; Wei, Y.Q.; Shen, Y.; Li, X.B.; Zhou, H; Tai, C.; Deng, Z.X.; Ou, H.Y. Tadb 2.0: An updated database
of bacterial type II toxin-antitoxin loci. Nucleic Acids Res. 2018, 46, D749-D753. [CrossRef]

UniProt Consortium. Uniprot: The universal protein knowledgebase. Nucleic Acids Res. 2017, 45, D158-D169.
[CrossRef]

Rose, PW.,; Prlic, A.; Altunkaya, A.; Bi, C.; Bradley, A.R.; Christie, C.H.; Costanzo, L.D.; Duarte, ].M.; Dutta, S.;
Feng, Z.; et al. The rcsb protein data bank: Integrative view of protein, gene and 3d structural information.
Nucleic Acids Res. 2017, 45, D271-D281.

Williams, J.J.; Hergenrother, P.J. Artificial activation of toxin-antitoxin systems as an antibacterial strategy.
Trends Microbiol. 2012, 20, 291-298. [CrossRef] [PubMed]

Unterholzner, S.J.; Poppenberger, B.; Rozhon, W. Toxin-antitoxin systems: Biology, identification, and
application. Mob. Genet. Elem. 2013, 3, €26219. [CrossRef] [PubMed]

Gao, X.P; Mu, Z.X,; Qin, B,; Sun, Y.C,; Cui, S. Structure-based prototype peptides targeting the pseudomonas
aeruginosa type VI secretion system effector as a novel antibacterial strategy. Front. Cell. Infect. Microbiol.
2017, 7, 411. [CrossRef] [PubMed]

Khusro, A.; Aarti, C.; Barbabosa-Pliego, A.; Salem, A.Z.M. Neoteric advancement in tb drugs and an
overview on the anti-tubercular role of peptides through computational approaches. Microb. Pathog. 2018,
114, 80-89. [CrossRef] [PubMed]

Cook, G.M.; Robson, J.R,; Frampton, R.A.; McKenzie, J.; Przybilski, R.; Fineran, P.C.; Arcus, V.L.
Ribonucleases in bacterial toxin-antitoxin systems. BBA—Gene Regul. Mech. 2013, 1829, 523-531. [CrossRef]
[PubMed]

Masuda, H.; Inouye, M. Toxins of prokaryotic toxin-antitoxin systems with sequence-specific endoribonuclease
activity. Toxins 2017, 9, 140. [CrossRef] [PubMed]

Kamada, K.; Hanaoka, F,; Burley, S.K. Crystal structure of the maze/mazf complex: Molecular bases of
antidote-toxin recognition. Mol. Cell 2003, 11, 875-884. [CrossRef]

Agarwal, S.; Mishra, N.K.; Bhatnagar, S.; Bhatnagar, R. Pemk toxin of bacillus anthracis is a ribonuclease an
insight into its active site, structure, and function. J. Biol. Chem. 2010, 285, 7254-7270. [CrossRef]

Chopra, N.; Agarwal, S.; Verma, S.; Bhatnagar, S.; Bhatnagar, R. Modeling of the structure and interactions
of the b. Anthracis antitoxin, moxx: Deletion mutant studies highlight its modular structure and repressor
function. J. Comput. Aided Mol. Des. 2011, 25, 275-291. [CrossRef]

Pham, TK.; Kim, D.H.; Lee, B.J.; Kim, Y.W. Truncated and constrained helical analogs of antimicrobial
esculentin-2em. Bioorg. Med. Chem. Lett. 2013, 23, 6717-6720. [CrossRef]

Uggerhoj, L.E.; Poulsen, T.J.; Munk, ] K.; Fredborg, M.; Sondergaard, T.E.; Frimodt-Moller, N.; Hansen, PR.;
Wimmer, R. Rational design of alpha-helical antimicrobial peptides: Do’s and don’ts. ChemBioChem 2015, 16,
242-253. [CrossRef] [PubMed]

Wen, J.; Fozo, EM. Srna antitoxins: More than one way to repress a toxin. Toxins 2014, 6, 2310-2335.
[CrossRef] [PubMed]

Fineran, P.C.; Blower, T.R.; Foulds, 1.].; Humphreys, D.P; Lilley, K.S.; Salmond, G.P. The phage abortive
infection system, toxin, functions as a protein-RNA toxin-antitoxin pair. Proc. Natl. Acad. Sci. USA 2009, 106,
894-899. [CrossRef] [PubMed]

Short, EL.; Pei, X.Y,; Blower, T.R.; Ong, S.L.; Fineran, P.C.; Luisi, B.F; Salmond, G.P. Selectivity and
self-assembly in the control of a bacterial toxin by an antitoxic noncoding RNA pseudoknot. Proc. Natl. Acad.
Sci. USA 2013, 110, E241-249. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/febs.14289
http://www.ncbi.nlm.nih.gov/pubmed/28986943
http://dx.doi.org/10.1016/j.bbrc.2016.08.130
http://www.ncbi.nlm.nih.gov/pubmed/27576202
http://dx.doi.org/10.3390/toxins10090378
http://dx.doi.org/10.1093/nar/gkx1033
http://dx.doi.org/10.1093/nar/gkw1099
http://dx.doi.org/10.1016/j.tim.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22445361
http://dx.doi.org/10.4161/mge.26219
http://www.ncbi.nlm.nih.gov/pubmed/24251069
http://dx.doi.org/10.3389/fcimb.2017.00411
http://www.ncbi.nlm.nih.gov/pubmed/28979890
http://dx.doi.org/10.1016/j.micpath.2017.11.034
http://www.ncbi.nlm.nih.gov/pubmed/29174699
http://dx.doi.org/10.1016/j.bbagrm.2013.02.007
http://www.ncbi.nlm.nih.gov/pubmed/23454553
http://dx.doi.org/10.3390/toxins9040140
http://www.ncbi.nlm.nih.gov/pubmed/28420090
http://dx.doi.org/10.1016/S1097-2765(03)00097-2
http://dx.doi.org/10.1074/jbc.M109.073387
http://dx.doi.org/10.1007/s10822-011-9419-z
http://dx.doi.org/10.1016/j.bmcl.2013.10.031
http://dx.doi.org/10.1002/cbic.201402581
http://www.ncbi.nlm.nih.gov/pubmed/25530580
http://dx.doi.org/10.3390/toxins6082310
http://www.ncbi.nlm.nih.gov/pubmed/25093388
http://dx.doi.org/10.1073/pnas.0808832106
http://www.ncbi.nlm.nih.gov/pubmed/19124776
http://dx.doi.org/10.1073/pnas.1216039110
http://www.ncbi.nlm.nih.gov/pubmed/23267117

Toxins 2018, 10, 515 18 of 21

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Blower, T.R.; Chai, R.; Przybilski, R.; Chindhy, S.; Fang, X.Z.; Kidman, S.E.; Tan, H.; Luisi, B.F; Fineran, P.C;
Salmond, G.P.C. Evolution of pectobacterium bacteriophage ®m1 to escape two bifunctional type III
toxin-antitoxin and abortive infection systems through mutations in a single viral gene. Appl. Environ. Microb.
2017, 83, €03229-16. [CrossRef] [PubMed]

Blower, T.R.; Fineran, P.C.; Johnson, M.].; Toth, LK.; Humphreys, D.P.; Salmond, G.P.C. Mutagenesis
and functional characterization of the RNA and protein components of the toxin abortive infection and
toxin-antitoxin locus of erwinia. J. Bacteriol. 2009, 191, 6029—-6039. [CrossRef] [PubMed]

Dy, R.L.; Przybilski, R.; Semeijn, K.; Salmond, G.P.C.; Fineran, P.C. A widespread bacteriophage abortive
infection system functions through a type IV toxin-antitoxin mechanism. Nucleic Acids Res. 2014, 42,
4590-4605. [CrossRef]

Labrie, S.J.; Samson, J.E.; Moineau, S. Bacteriophage resistance mechanisms. Nat. Rev. Microbiol. 2010, 8,
317-327. [CrossRef]

Koskella, B.; Brockhurst, M. A. Bacteria-phage coevolution as a driver of ecological and evolutionary processes
in microbial communities. FEMS Microbiol. Rev. 2014, 38, 916-931. [CrossRef]

Sengupta, M.; Nielsen, H.].; Youngren, B.; Austin, S. P1 plasmid segregation: Accurate redistribution by
dynamic plasmid pairing and separation. J. Bacteriol. 2010, 192, 1175-1183. [CrossRef]

Samson, J.E.; Spinelli, S.; Cambillau, C.; Moineau, S. Structure and activity of abiq, a lactococcal
endoribonuclease belonging to the type III toxinantitoxin system. Mol. Microbiol. 2013, 87, 756-768.
[CrossRef] [PubMed]

Samson, J.E.; Belanger, M.; Moineau, S. Effect of the abortive infection mechanism and type III toxin/antitoxin
system abiq on the lytic cycle of lactococcus lactis phages. J. Bacteriol. 2013, 195, 3947-3956. [CrossRef]
[PubMed]

Blower, T.R.; Evans, T.J.; Przybilski, R.; Fineran, P.C.; Salmond, G.P.C. Viral evasion of a bacterial suicide
system by RNA-based molecular mimicry enables infectious altruism. PLoS Genet. 2012, 8, e1003023.
[CrossRef] [PubMed]

Ley, R.E.; Peterson, D.A.; Gordon, J.I. Ecological and evolutionary forces shaping microbial diversity in the
human intestine. Cell 2006, 124, 837-848. [CrossRef] [PubMed]

Honda, K.; Littman, D.R. The microbiome in infectious disease and inflammation. Annu. Rev. Immunol. 2012,
30, 759-795. [CrossRef] [PubMed]

Dethlefsen, L.; McFall-Ngai, M.; Relman, D.A. An ecological and evolutionary perspective on human-microbe
mutualism and disease. Nature 2007, 449, 811-818. [CrossRef] [PubMed]

Donaldson, G.P; Lee, S.M.; Mazmanian, S.K. Gut biogeography of the bacterial microbiota. Nat. Rev. Microbiol.
2016, 14, 20-32. [CrossRef] [PubMed]

Fung, T.C.; Olson, C.A.; Hsiao, E.Y. Interactions between the microbiota, immune and nervous systems in
health and disease. Nat. Neurosci. 2017, 20, 145-155. [CrossRef] [PubMed]

Maloy, K.J.; Powrie, F. Intestinal homeostasis and its breakdown in inflammatory bowel disease. Nature 2011,
474,298-306. [CrossRef] [PubMed]

Bevins, C.L.; Salzman, N.H. Paneth cells, antimicrobial peptides and maintenance of intestinal homeostasis.
Nat. Rev. Microbiol. 2011, 9, 356-368. [CrossRef]

Zhou, M.X; He, ].; Shen, Y.J.; Zhang, C.; Wang, ].Z.; Chen, YYW. New frontiers in genetics, gut microbiota,
and immunity: A rosetta stone for the pathogenesis of inflammatory bowel disease. Biomed. Res. Int. 2017,
2017, 8201672. [CrossRef] [PubMed]

Kamada, N.; Seo, S.U.; Chen, G.Y.; Nunez, G. Role of the gut microbiota in immunity and inflammatory
disease. Nat. Rev. Immunol. 2013, 13, 321-335. [CrossRef] [PubMed]

Mazmanian, S.K.; Round, ].L.; Kasper, D.L. A microbial symbiosis factor prevents intestinal inflammatory
disease. Nature 2008, 453, 620-625. [CrossRef] [PubMed]

Zhang, M.; Sun, K.J.; Wu, YJ.; Yang, Y.; Tso, P.; Wu, Z.L. Interactions between intestinal microbiota and host
immune response in inflammatory bowel disease. Front. Immunol. 2017, 8, 942. [CrossRef] [PubMed]

Kau, A.L.; Ahern, PP; Griffin, N.W.; Goodman, A.L.; Gordon, ].I. Human nutrition, the gut microbiome and
the immune system. Nature 2011, 474, 327-336. [CrossRef] [PubMed]

Wolin, M.].; Miller, T.L.; Collins, M.D.; Lawson, P.A. Formate-dependent growth and homoacetogenic
fermentation by a bacterium from human feces: Description of bryantella formatexigens gen. Nov., sp nov.
Appl. Environ. Microbiol. 2003, 69, 6321-6326. [CrossRef] [PubMed]


http://dx.doi.org/10.1128/AEM.03229-16
http://www.ncbi.nlm.nih.gov/pubmed/28159786
http://dx.doi.org/10.1128/JB.00720-09
http://www.ncbi.nlm.nih.gov/pubmed/19633081
http://dx.doi.org/10.1093/nar/gkt1419
http://dx.doi.org/10.1038/nrmicro2315
http://dx.doi.org/10.1111/1574-6976.12072
http://dx.doi.org/10.1128/JB.01245-09
http://dx.doi.org/10.1111/mmi.12129
http://www.ncbi.nlm.nih.gov/pubmed/23279123
http://dx.doi.org/10.1128/JB.00296-13
http://www.ncbi.nlm.nih.gov/pubmed/23813728
http://dx.doi.org/10.1371/journal.pgen.1003023
http://www.ncbi.nlm.nih.gov/pubmed/23109916
http://dx.doi.org/10.1016/j.cell.2006.02.017
http://www.ncbi.nlm.nih.gov/pubmed/16497592
http://dx.doi.org/10.1146/annurev-immunol-020711-074937
http://www.ncbi.nlm.nih.gov/pubmed/22224764
http://dx.doi.org/10.1038/nature06245
http://www.ncbi.nlm.nih.gov/pubmed/17943117
http://dx.doi.org/10.1038/nrmicro3552
http://www.ncbi.nlm.nih.gov/pubmed/26499895
http://dx.doi.org/10.1038/nn.4476
http://www.ncbi.nlm.nih.gov/pubmed/28092661
http://dx.doi.org/10.1038/nature10208
http://www.ncbi.nlm.nih.gov/pubmed/21677746
http://dx.doi.org/10.1038/nrmicro2546
http://dx.doi.org/10.1155/2017/8201672
http://www.ncbi.nlm.nih.gov/pubmed/28831399
http://dx.doi.org/10.1038/nri3430
http://www.ncbi.nlm.nih.gov/pubmed/23618829
http://dx.doi.org/10.1038/nature07008
http://www.ncbi.nlm.nih.gov/pubmed/18509436
http://dx.doi.org/10.3389/fimmu.2017.00942
http://www.ncbi.nlm.nih.gov/pubmed/28855901
http://dx.doi.org/10.1038/nature10213
http://www.ncbi.nlm.nih.gov/pubmed/21677749
http://dx.doi.org/10.1128/AEM.69.10.6321-6326.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532100

Toxins 2018, 10, 515 19 of 21

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Rey, EE.; Faith, ].J.; Bain, J.; Muehlbauer, M.].; Stevens, R.D.; Newgard, C.B.; Gordon, J.I. Dissecting the
in vivo metabolic potential of two human gut acetogens. J. Biol. Chem. 2010, 285, 22082-22090. [CrossRef]
[PubMed]

Watanabe, Y.; Nagai, F.; Morotomi, M. Characterization of phascolarctobacterium succinatutens sp nov.,
an asaccharolytic, succinate-utilizing bacterium isolated from human feces. Appl. Environ. Microbiol. 2012,
78, 511-518. [CrossRef] [PubMed]

Wu, EE; Guo, X.E; Zhang, ].C.; Zhang, M.; Ou, Z.H.; Peng, Y.Z. Phascolarctobacterium faecium abundant
colonization in human gastrointestinal tract. Exp. Ther. Med. 2017, 14, 3122-3126. [CrossRef] [PubMed]
Cheah, P.Y.; Bernstein, H. Modification of DNA by bile acids: A possible factor in the etiology of colon cancer.
Cancer Lett. 1990, 49, 207-210. [CrossRef]

Reddy, B.S.; Simi, B.; Patel, N.; Aliaga, C.; Rao, C.V. Effect of amount and types of dietary fat on intestinal
bacterial 7 alpha-dehydroxylase and phosphatidylinositol-specific phospholipase ¢ and colonic mucosal
diacylglycerol kinase and pkc activities during stages of colon tumor promotion. Cancer Res. 1996, 56,
2314-2320. [PubMed]

Kitahara, M.; Takamine, F; Imamura, T.; Benno, Y. Clostridium hiranonis sp. Nov., a human intestinal
bacterium with bile acid 7alpha-dehydroxylating activity. Int. J. Syst. Evol. Microbiol. 2001, 51, 39-44.
[CrossRef] [PubMed]

Kassinen, A.; Krogius-Kurikka, L.; Makivuokko, H.; Rinttila, T.; Paulin, L.; Corander, J.; Malinen, E.;
Apajalahti, J.; Palva, A. The fecal microbiota of irritable bowel syndrome patients differs significantly from
that of healthy subjects. Gastroenterology 2007, 133, 24-33. [CrossRef] [PubMed]

Huttenhower, C.; Kostic, A.D.; Xavier, R.J. Inflammatory bowel disease as a model for translating the
microbiome. Immunity 2014, 40, 843-854. [CrossRef] [PubMed]

Kolho, K.L.; Korpela, K.; Jaakkola, T.; Pichai, M.V.A.; Zoetendal, E.G.; Salonen, A.; de Vos, WM. Fecal
microbiota in pediatric inflammatory bowel disease and its relation to inflammation. Am. J. Gastroenterol.
2015, 110, 921-930. [CrossRef] [PubMed]

Zinkernagel, M.S.; Zysset-Burri, D.C.; Keller, L.; Berger, L.E.; Leichtle, A.B.; Largiader, C.R.; Fiedler, G.M.;
Wolf, S. Association of the intestinal microbiome with the development of neovascular age-related macular
degeneration. Sci. Rep. 2017, 7, 40826. [CrossRef]

Elson, C.O.; Cong, Y. Host-microbiota interactions in inflammatory bowel disease. Gut Microbes 2012, 3,
332-344. [CrossRef]

Kostic, A.D.; Gevers, D.; Pedamallu, C.S.; Michaud, M.; Duke, E; Earl, A.M.; Ojesina, A.L; Jung, J.; Bass, A.J.;
Tabernero, J.; et al. Genomic analysis identifies association of fusobacterium with colorectal carcinoma.
Genome Res. 2012, 22, 292-298. [CrossRef]

Morgan, X.C.; Tickle, T.L.; Sokol, H.; Gevers, D.; Devaney, K.L.; Ward, D.V.; Reyes, ].A.; Shah, S.A,;
LeLeiko, N.; Snapper, S.B.; et al. Dysfunction of the intestinal microbiome in inflammatory bowel disease
and treatment. Genome Biol. 2012, 13, R79. [CrossRef]

Anmitay, E.L.; Brenner, H. Response to comments on ‘fusobacterium and colorectal cancer: Causal factor or
passenger? Results from a large colorectal cancer screening study’. Carcinogenesis 2018, 39, 85. [CrossRef]
Hsieh, Y.Y.; Tung, S.Y,; Pan, H.Y.; Yen, CW.; Xu, H.W,; Lin, Y.J.; Deng, Y.E; Hsu, W.T.,; Wu, C.S,; Li, C.
Increased abundance of clostridium and fusobacterium in gastric microbiota of patients with gastric cancer
in taiwan. Sci. Rep. 2018, 8, 158. [CrossRef] [PubMed]

Meehan, C.J.; Beiko, R.G. A phylogenomic view of ecological specialization in the lachnospiraceae, a family
of digestive tract-associated bacteria. Genome Biol. Evol. 2014, 6, 703-713. [CrossRef] [PubMed]

Takahashi, K.; Nishida, A.; Fujimoto, T.; Fujii, M.; Shioya, M.; Imaeda, H.; Inatomi, O.; Bamba, S.;
Sugimoto, M.; Andoh, A. Reduced abundance of butyrate-producing bacteria species in the fecal microbial
community in crohn’s disease. Digestion 2016, 93, 59-65. [CrossRef] [PubMed]

Sun, J.; Kato, I. Gut microbiota, inflammation and colorectal cancer. Genes Dis. 2016, 3, 130-143. [CrossRef]
Bultman, S.J.; Jobin, C. Microbial-derived butyrate: An oncometabolite or tumor-suppressive metabolite?
Cell Host Microbe 2014, 16, 143-145. [CrossRef] [PubMed]

Gao, R.; Gao, Z.; Huang, L.; Qin, H. Gut microbiota and colorectal cancer. Eur. J. Clin. Microbiol. 2017, 36,
757-769. [CrossRef] [PubMed]

De LeBlanc, A.D.; Matar, C.; LeBlanc, N.; Perdigon, G. Effects of milk fermented by lactobacillus helveticus
r389 on a murine breast cancer model. Breast Cancer Res. 2005, 7, R477-R486. [CrossRef]


http://dx.doi.org/10.1074/jbc.M110.117713
http://www.ncbi.nlm.nih.gov/pubmed/20444704
http://dx.doi.org/10.1128/AEM.06035-11
http://www.ncbi.nlm.nih.gov/pubmed/22081579
http://dx.doi.org/10.3892/etm.2017.4878
http://www.ncbi.nlm.nih.gov/pubmed/28912861
http://dx.doi.org/10.1016/0304-3835(90)90160-Y
http://www.ncbi.nlm.nih.gov/pubmed/8625306
http://dx.doi.org/10.1099/00207713-51-1-39
http://www.ncbi.nlm.nih.gov/pubmed/11211270
http://dx.doi.org/10.1053/j.gastro.2007.04.005
http://www.ncbi.nlm.nih.gov/pubmed/17631127
http://dx.doi.org/10.1016/j.immuni.2014.05.013
http://www.ncbi.nlm.nih.gov/pubmed/24950204
http://dx.doi.org/10.1038/ajg.2015.149
http://www.ncbi.nlm.nih.gov/pubmed/25986361
http://dx.doi.org/10.1038/srep40826
http://dx.doi.org/10.4161/gmic.20228
http://dx.doi.org/10.1101/gr.126573.111
http://dx.doi.org/10.1186/gb-2012-13-9-r79
http://dx.doi.org/10.1093/carcin/bgx093
http://dx.doi.org/10.1038/s41598-017-18596-0
http://www.ncbi.nlm.nih.gov/pubmed/29317709
http://dx.doi.org/10.1093/gbe/evu050
http://www.ncbi.nlm.nih.gov/pubmed/24625961
http://dx.doi.org/10.1159/000441768
http://www.ncbi.nlm.nih.gov/pubmed/26789999
http://dx.doi.org/10.1016/j.gendis.2016.03.004
http://dx.doi.org/10.1016/j.chom.2014.07.011
http://www.ncbi.nlm.nih.gov/pubmed/25121740
http://dx.doi.org/10.1007/s10096-016-2881-8
http://www.ncbi.nlm.nih.gov/pubmed/28063002
http://dx.doi.org/10.1186/bcr1032

Toxins 2018, 10, 515 20 of 21

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Griffiths, M.W.; Tellez, A.M. Lactobacillus helveticus: The proteolytic system. Front. Microbiol. 2013, 4, 30.
[CrossRef] [PubMed]

Elfahri, K.R.; Vasiljevic, T.; Yeager, T.; Donkor, O.N. Anti-colon cancer and antioxidant activities of bovine
skim milk fermented by selected lactobacillus helveticus strains. J. Dairy Sci. 2016, 99, 31-40. [CrossRef]
[PubMed]

Morotomi, M.; Watanabe, T.; Suegara, N.; Kawai, Y.; Mutai, M. Distribution of indigenous bacteria in the
digestive tract of conventional and gnotobiotic rats. Infect. Immun. 1975, 11, 962-968. [PubMed]

Turovskiy, Y.; Noll, K.S.; Chikindas, M.L. The aetiology of bacterial vaginosis. J. Appl. Microbiol. 2011, 110,
1105-1128. [CrossRef] [PubMed]

Gomez-Arango, L.F,; Barrett, H.L.; McIntyre, H.D.; Callaway, L.K.; Morrison, M.; Nitert, M.D.; Grp, S.T.
Connections between the gut microbiome and metabolic hormones in early pregnancy in overweight and
obese women. Diabetes 2016, 65, 2214-2223. [CrossRef] [PubMed]

Kasai, C.; Sugimoto, K.; Moritani, I.; Tanaka, J.; Oya, Y.; Inoue, H.; Tameda, M.; Shiraki, K.; Ito, M.;
Takei, Y.; et al. Comparison of the gut microbiota composition between obese and non-obese individuals in a
japanese population, as analyzed by terminal restriction fragment length polymorphism and next-generation
sequencing. BMC Gastroenterol. 2015, 15, 100. [CrossRef]

David, L.A.; Maurice, C.F.; Carmody, R.N.; Gootenberg, D.B.; Button, ].E.; Wolfe, B.E.; Ling, A.V.; Devlin, A.S.;
Varma, Y.; Fischbach, M. A ; et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature
2014, 505, 559-563. [CrossRef] [PubMed]

Riviere, A.; Selak, M.; Lantin, D.; Leroy, E.; De Vuyst, L. Bifidobacteria and butyrate-producing colon bacteria:
Importance and strategies for their stimulation in the human gut. Front. Microbiol. 2016, 7, 979. [CrossRef]
[PubMed]

Forbes, J.D.; Van Domselaar, G.; Bernstein, C.N. The gut microbiota in immune-mediated inflammatory
diseases. Front. Microbiol. 2016, 7, 1081. [CrossRef]

Faridani, O.R.; Nikravesh, A.; Pandey, D.P.; Gerdes, K.; Good, L. Competitive inhibition of natural antisense
Sok-RNA interactions activates Hok-mediated cell killing in Escherichia coli. Nucleic Acids Res. 2006, 34,
5915-5922. [CrossRef]

Leung, A.; Tsoi, H.; Yu, J. Fusobacterium and Escherichia: Models of colorectal cancer driven by microbiota
and the utility of microbiota in colorectal cancer screening. Expert. Rev. Gastroentrol. Hepatol. 2015, 9, 651-657.
[CrossRef]

Zuo, T.; Wong, S.H.; Cheung, C.P,; Lam, K.; Lui, R.; Cheung, K.; Zhang, F.,; Tang, W.; Ching, ].Y.L.; Wu, ].C.Y,;
et al. Gut fungal dysbiosis correlates with reduced efficacy of fecal microbiota transplantation in clostridium
difficile infection. Nat. Commun. 2018, 9, 3663. [CrossRef]

Mutschler, H.; Meinhart, A. Epsilon/zeta systems: Their role in resistance, virulence, and their potential for
antibiotic development. J. Mol. Med. 2011, 89, 1183-1194. [CrossRef]

Shapiro, S. Speculative strategies for new antibacterials: All roads should not lead to rome. J. Antibiot. 2013,
66, 371-386. [CrossRef] [PubMed]

Koczulla, A.R; Bals, R. Antimicrobial peptides—Current status and therapeutic potential. Drugs 2003, 63,
389-406. [CrossRef] [PubMed]

Reinhardt, A.; Neundorf, I. Design and application of antimicrobial peptide conjugates. Int. J. Mol. Sci. 2016,
17,701. [CrossRef] [PubMed]

Brezden, A.; Mohamed, M.E.; Nepal, M.; Harwood, ].S.; Kuriakose, J.; Seleem, M.N.; Chmielewski, J. Dual
targeting of intracellular pathogenic bacteria with a cleavable conjugate of kanamycin and an antibacterial
cell-penetrating peptide. J. Am. Chem. Soc. 2016, 138, 10945-10949. [CrossRef] [PubMed]

Wadhwani, P; Heidenreich, N.; Podeyn, B.; Burck, J.; Ulrich, A.S. Antibiotic gold: Tethering of antimicrobial
peptides to gold nanoparticles maintains conformational flexibility of peptides and improves trypsin
susceptibility. Biomater. Sci. 2017, 5, 817-827. [CrossRef]

Fawell, S.; Seery, J.; Daikh, Y.; Moore, C.; Chen, L.L.; Pepinsky, B.; Barsoum, J. Tat-mediated delivery of
heterologous proteins into cells. Proc. Natl. Acad. Sci. USA 1994, 91, 664—668. [CrossRef] [PubMed]

Lewin, M.; Carlesso, N.; Tung, C.H.; Tang, X.W.; Cory, D.; Scadden, D.T.; Weissleder, R. Tat peptide-
derivatized magnetic nanoparticles allow in vivo tracking and recovery of progenitor cells. Nat. Biotechnol.
2000, 18, 410-414. [CrossRef] [PubMed]


http://dx.doi.org/10.3389/fmicb.2013.00030
http://www.ncbi.nlm.nih.gov/pubmed/23467265
http://dx.doi.org/10.3168/jds.2015-10160
http://www.ncbi.nlm.nih.gov/pubmed/26601580
http://www.ncbi.nlm.nih.gov/pubmed/804450
http://dx.doi.org/10.1111/j.1365-2672.2011.04977.x
http://www.ncbi.nlm.nih.gov/pubmed/21332897
http://dx.doi.org/10.2337/db16-0278
http://www.ncbi.nlm.nih.gov/pubmed/27217482
http://dx.doi.org/10.1186/s12876-015-0330-2
http://dx.doi.org/10.1038/nature12820
http://www.ncbi.nlm.nih.gov/pubmed/24336217
http://dx.doi.org/10.3389/fmicb.2016.00979
http://www.ncbi.nlm.nih.gov/pubmed/27446020
http://dx.doi.org/10.3389/fmicb.2016.01081
http://dx.doi.org/10.1093/nar/gkl750
http://dx.doi.org/10.1586/17474124.2015.1001745
http://dx.doi.org/10.1038/s41467-018-06103-6
http://dx.doi.org/10.1007/s00109-011-0797-4
http://dx.doi.org/10.1038/ja.2013.27
http://www.ncbi.nlm.nih.gov/pubmed/23612725
http://dx.doi.org/10.2165/00003495-200363040-00005
http://www.ncbi.nlm.nih.gov/pubmed/12558461
http://dx.doi.org/10.3390/ijms17050701
http://www.ncbi.nlm.nih.gov/pubmed/27187357
http://dx.doi.org/10.1021/jacs.6b04831
http://www.ncbi.nlm.nih.gov/pubmed/27494027
http://dx.doi.org/10.1039/C7BM00069C
http://dx.doi.org/10.1073/pnas.91.2.664
http://www.ncbi.nlm.nih.gov/pubmed/8290579
http://dx.doi.org/10.1038/74464
http://www.ncbi.nlm.nih.gov/pubmed/10748521

Toxins 2018, 10, 515 21 of 21

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Luong, H.X.; Kim, D.H.; Lee, BJ.; Kim, YW. Antimicrobial activity and stability of stapled helices of
polybia-mp1. Arch. Pharm. Res. 2017, 40, 1414-1419. [CrossRef] [PubMed]

Luong, H.X,; Kim, D.H.; Mai, N.T.; Lee, B.J.; Kim, Y.W. Mono-substitution effects on antimicrobial activity of
stapled heptapeptides. Arch. Pharm. Res. 2017, 40, 713-719. [CrossRef] [PubMed]

Patgiri, A.; Jochim, A.L.; Arora, P.S. A hydrogen bond surrogate approach for stabilization of short peptide
sequences in alpha-helical conformation. Acc. Chem. Res. 2008, 41, 1289-1300. [CrossRef]

Perros, M. Infectious disease. A sustainable model for antibiotics. Science 2015, 347, 1062-1064. [CrossRef]
[PubMed]

Fernandez-Garcia, L.; Blasco, L.; Lopez, M.; Bou, G.; Garcia-Contreras, R.; Wood, T.; Tomas, M. Toxin-
antitoxin systems in clinical pathogens. Toxins 2016, 8, 227. [CrossRef] [PubMed]

Schuijt, T.J.; van der Poll, T.; de Vos, W.M.; Wiersinga, W.J. The intestinal microbiota and host immune
interactions in the critically ill. Trends Microbiol. 2013, 21, 221-229. [CrossRef] [PubMed]

Wahlstrom, A.; Sayin, S.I.; Marschall, H.U.; Backhed, F. Intestinal crosstalk between bile acids and microbiota
and its impact on host metabolism. Cell Metab. 2016, 24, 41-50. [CrossRef] [PubMed]

Greenhill, C. Metabolism intestinal microbiota affects host physiology. Nat. Rev. Endocrinol. 2017, 13, 64.
[CrossRef] [PubMed]

Goncalves, P.; Araujo, J.R; Di Santo, J.P. A cross-talk between microbiota-derived short-chain fatty acids
and the host mucosal immune system regulates intestinal homeostasis and inflammatory bowel disease.
Inflamm. Bowel Dis. 2018, 24, 558-572. [CrossRef]

Goldsmith, J.R.; Sartor, R.B. The role of diet on intestinal microbiota metabolism: Downstream impacts on
host immune function and health, and therapeutic implications. J. Gastroenterol. 2014, 49, 785-798. [CrossRef]
Samuelson, D.R.; Welsh, D.A; Shellito, ].E. Regulation of lung immunity and host defense by the intestinal
microbiota. Front. Microbiol. 2015, 6, 1085. [CrossRef]

Djuric, Z. Obesity-associated cancer risk: The role of intestinal microbiota in the etiology of the host
proinflammatory state. Transl. Res. 2017, 179, 155-167. [CrossRef]

Chowdhury, N.; Kwan, B.W.; Wood, T.K. Persistence increases in the absence of the alarmone guanosine
tetraphosphate by reducing cell growth. Sci. Rep. 2016, 6, 20519. [CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s12272-017-0963-5
http://www.ncbi.nlm.nih.gov/pubmed/29075946
http://dx.doi.org/10.1007/s12272-017-0922-1
http://www.ncbi.nlm.nih.gov/pubmed/28547390
http://dx.doi.org/10.1021/ar700264k
http://dx.doi.org/10.1126/science.aaa3048
http://www.ncbi.nlm.nih.gov/pubmed/25745144
http://dx.doi.org/10.3390/toxins8070227
http://www.ncbi.nlm.nih.gov/pubmed/27447671
http://dx.doi.org/10.1016/j.tim.2013.02.001
http://www.ncbi.nlm.nih.gov/pubmed/23454077
http://dx.doi.org/10.1016/j.cmet.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27320064
http://dx.doi.org/10.1038/nrendo.2016.207
http://www.ncbi.nlm.nih.gov/pubmed/27934863
http://dx.doi.org/10.1093/ibd/izx029
http://dx.doi.org/10.1007/s00535-014-0953-z
http://dx.doi.org/10.3389/fmicb.2015.01085
http://dx.doi.org/10.1016/j.trsl.2016.07.017
http://dx.doi.org/10.1038/srep20519
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Type II TA Systems in Pathogenic Bacteria 
	Application of Antimicrobial Peptides Based on the Type II TA Interface 
	Type III TA Systems in the Human Intestinal Microbiota 
	Closing Remarks 
	References

