6158-6173
doi:10.1093/nar/gks231

Nucleic Acids Research, 2012, Vol. 40, No. 13

Published online 19 March 2012

Identification and classification of bacterial Type lli
toxin—-antitoxin systems encoded in chromosomal

and plasmid genomes

Tim R. Blower', Francesca L. Short', Feng Rao', Kenji Mizuguchi?, Xue Y. Pei’,
Peter C. Fineran®, Ben F. Luisi' and George P. C. Salmond'*

"Department of Biochemistry, University of Cambridge, Cambridge CB2 1QW, UK, ?National Institute
of Biomedical Innovation, 6-8-7, Saito-Asagi, Ibaraki City, Osaka 567-0085, Japan and ®Department
of Microbiology and Immunology, University of Otago, PO Box 56, Dunedin 9054, New Zealand

Received November 29, 2011; Revised February 10, 2012; Accepted February 26, 2012

ABSTRACT

Toxin-antitoxin systems are widespread in bacteria
and archaea. They perform diverse functional roles,
including the generation of persistence, mainten-
ance of genetic loci and resistance to bacterio-
phages through abortive infection. Toxin-antitoxin
systems have been divided into three types,
depending on the nature of the interacting macro-
molecules. The recently discovered Type lll toxin—
antitoxin systems encode protein toxins that are
inhibited by pseudoknots of antitoxic RNA,
encoded by short tandem repeats upstream of the
toxin gene. Recent studies have identified the
range of Type | and Type Il systems within current
sequence databases. Here, structure-based
homology searches were combined with iterative
protein sequence comparisons to obtain a current
picture of the prevalence of Type lll systems. Three
independent Type lll families were identified, ac-
cording to toxin sequence similarity. The three
families were found to be far more abundant and
widespread than previously known, with examples
throughout the Firmicutes, Fusobacteria and
Proteobacteria. Functional assays confirmed that
representatives from all three families act as toxin-
antitoxin loci within Escherichia coli and at least two
of the families confer resistance to bacteriophages.
This study shows that active Type lll toxin-antitoxin
systems are far more diverse than previously
known, and suggests that more remain to be
identified.

INTRODUCTION

Bacteria are constantly faced with environmental stresses
and the threats of viral predation. Through adaptive
evolution they have developed multiple systems to
ensure survival, including the toxin—antitoxin (TA)
systems (1-4). TA systems are near-ubiquitous throughout
the plasmids and chromosomes of bacteria and archaea
and usually comprise bicistronic operons encoding two
small genes; one for a toxic component and a second for
a cognate antitoxin (1,2,5). Though originally identified in
1983 as plasmid maintenance systems (6), TA systems
have been attributed to many physiological roles,
including formation of persister cells (7), stress resistance
(8), protection from bacteriophages (phages) (9) and regu-
lation of biofilm formation (10), among others (11).

TA systems have been divided into three Types, depend-
ing on the nature of the interacting toxin and antitoxin
macromolecules (4). Within Type I systems, an RNA anti-
toxin interacts with the toxin transcript and inhibits trans-
lation of the toxic protein (12). The toxins and antitoxins
of Type II systems interact as proteins (5). Both Type 1
and Type II systems were originally identified through
their role in plasmid maintenance (5,12). The recently dis-
covered Type III systems, first identified by an ability to
abort phage infections (9), rely upon the direct interaction
of an RNA antitoxin with the toxin protein (13).

Recent studies have identified an ever-increasing
number of experimentally defined, or putative, Type I
and Type II TA systems (5,12,14-16). Type 1 toxins are
generally small proteins of <60 amino acids. Type I anti-
toxins are usually encoded as an antisense RNA product,
but they can be transcribed divergently from the toxin
(12). By combining iterative psi-BLAST searches with
Type I-specific parameters (such as the presence of
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tandem copies of the full loci, the free-energy minima
of the antitoxin and the presence of transmembrane
domains), the authors were able to detect multiple copies
of known Type I loci within new hosts across 774 bacterial
genomes (12). The authors were also able to identify and
experimentally validate novel Type I TA systems (12). In
some cases, many Type I TA system families, and multiple
members thereof, were identified in the same host; in the
extreme case, Escherichia coli O157:H7 str. Sakai con-
tained 26 Type I loci (12). By comparing the phylogenetic
tree of these identified Type I loci with the host taxonomy,
it appeared that Type I loci have not been freely
disseminated by horizontal gene transfer but may have a
common ancient ancestor (12).

Global identifications of Type II systems have often
relied on identifying putative toxin and antitoxin genes
by distant sequence similarity, followed by ‘guilt-by-
association’, where the homologue pairs must cluster
into a putative bicistron (5,16). Type I systems previously
have been grouped according to the toxin genes present in
the locus (2), though they could be re-classified at the level
of toxin structure (4), which correlates well with distant
sequence similarity (3,5). The most recent global bioinfor-
matic search identified 12 toxin and 20 antitoxin
super-families within 2181 prokaryotic genomes (5). This
recent study also highlighted the mosaic nature of Type II
systems; whereas, previously, specific toxin genes were
thought to be associated with specific antitoxin genes,
there is clear heterogeneity and interchangeability within
Type II systems (5). Type II loci were observed in even
greater numbers than Type I loci, with the maximum
peaking at 97 Type II loci within a single genome (5).
Unlike Type I systems, there appears to have been signifi-
cant horizontal gene transfer of Type 11 systems (5). Type
IT systems are also highly abundant in mobile genetic
elements, which may relate to their ‘addictive’ nature
and ability to maintain these replicons (17). Web-based
tools, such as the search engine RASTA (18) and the
database TADB (19), have been developed to assist in
identification and cataloguing of the Type II systems.

The recently identified Type III TA loci were originally
isolated and defined as abortive infection systems, protect-
ing bacterial populations from bacteriophage (phage)
assault (9,20,21). Within each Type III locus, a toxin
gene is preceded by a short palindromic repeat, which is
itself preceded by a tandem array of nucleotide repeats
(Figure 1A). The short palindromic repeat acts as a tran-
scriptional terminator, regulating the relative levels of
antitoxic RNA and toxin transcript (9,21). The first
Type III TA system, ToxIN, was encoded on plasmid
pECA1039 of the Gram-negative phytopathogen,
Pectobacterium  atrosepticum. This locus encodes a
19.7-kDa toxic protein, ToxN, and upstream there is a
repetitive array containing 5.5 tandem repeats of a 36 nt
sequence, collectively known as the ToxI antitoxin.
Through genetic studies, it was predicted that each 36 nt
ToxI RNA repeat was able to inhibit the activity of ToxN
(9). The crystal structure of the ToxIN complex revealed
a heterohexameric triangular assembly of three ToxN
proteins interspersed by three, 36nt, ToxI RNA
pseudoknots (4,13) (Figure 1B and C). ToxN was
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demonstrated to be an endoribonuclease, related in struc-
ture to the endoribonucleases Kid and MazF (13).

Following characterization of ToxIN, simple BLAST
(22) searches using the ToxN amino acid sequence-
identified multiple homologues (9). These were found on
the plasmids and chromosomes of both Gram-negative
and Gram-positive species, within human and animal
pathogens, oceanic and soil bacteria and extremophiles.
Though these were identified by shared identity with
ToxN, the cognate ToxI varied greatly in terms of the
number of repeats, the length of repeats and the underlying
sequence of repeats (9). These related ToxN proteins are
therefore likely to bind to very different RNA sequences,
thereby providing a whole new subset of complexes upon
which to study protein-RNA interactions. Judging from
the macromolecular structure of ToxIN and the offset
nature of the ToxI pseudoknot sequence (13), the specific
RNA sequence that will physically bind to each ToxN
cannot be trivially deduced from the pattern of DNA
repeats; it is more likely that each pseudoknot RNA is
generated across the DNA repeat boundaries.

Just as the number and diversity of identified Type I and
Type II loci continues to increase (5,12,16), it follows that
the current list of Type III TA loci must be hugely
under-representative. When the structure of ToxN was
first obtained, a comparative search of entries within the
PDB identified Type II toxin proteins Kid, MazF, CcdB
and YdcE as high-scoring structural homologues of ToxN
(4,13). The structures of members of this Kid/MazF/CcdB
superfamily overlay well with the core regions of ToxN,
though ToxN has specific additional folds that appear
to allow binding of the antitoxic RNA pseudoknot
(4,13). While these comparisons relied upon known struc-
tures, it was also possible to perform structure-based
homology searches to identify novel Type III systems,
de novo. Initial searches using FUGUE (23) generated a
list of 880 putative ToxN homologues. Due to the com-
plexity of the Type III locus, an algorithm was not avail-
able with which to sort these putative hits. Each hit was
therefore assessed on a case-by-case basis, identifying
those hits that match the criteria of a Type III TA locus.
Having identified putative loci, iterative BLAST searches
were performed to expand the list of potential homo-
logues. In this manner, 125 putative Type III TA loci
were identified. These hits were further divided into
three families, according to protein sequence homology.
Phylogenetic analyses were performed to assess the distri-
bution of these Type III loci in relation to the taxonomy of
their hosts. For the first time, we were able to identify
putative Type III loci in both an archaeal species and a
bacteriophage. The findings were validated experimentally
by taking exemplars of each family and testing for toxic
and antitoxic effects within a reconstructed E. coli
over-expression model. Each locus tested was confirmed
as an active TA system. Furthermore, these loci were
tested for their ability to protect from infection by
coliphages. One of the newly identified loci conferred
phage resistance. This global analysis using structure-
based homology models has greatly increased our know-
ledge of the prevalence and diversity of Type III TA
systems within sequenced prokaryotic genomes.
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Figure 1. Overview of Type Il toxin—antitoxin loci. (A) Schematic of a Type III toxin-antitoxin locus. The paradigmatic Type III system, ToxIN
from P. atrosepticum, is depicted. The toxin gene, ToxN, is preceded by a stem—loop structure formed from a palindromic repeat. This is itself
preceded by a set of tandem nucleotide repeats which act as antitoxic RNA pseudoknots. In the case of ToxIN, the antitoxin, ToxI, is encoded by
5.5, 36 nt tandem repeats (yellow arrows for a full repeat, grey arrow for the half repeat). The locus is transcribed from a constitutive promoter, with
the —35 and —10 elements shown as black boxes and the transcriptional start site shown by a black arrow. (B) ToxIN trimer (PDB: 2XDD), with
ToxI monomers shown as cartoons and ToxN monomers shown with electrostatic surfaces, where red represents electronegative potential and blue is
electropositive. Three monomers of ToxN are held at respective corners of a heterohexameric triangular assembly, formed entirely through protein—
RNA interactions with the interspersed pseudoknots of 36 nt ToxI RNAs. (C) ToxIN trimer (PDB: 2XDD) with ToxI shown as yellow sticks and
ToxN as cyan cartoons. Figure and legend adapted with the author’s permission from Ref. (4).

MATERIALS AND METHODS
Bioinformatic approach

Homology-based searches

Based on the crystal structure of ToxIN (PDB: 2XDD), an
environment-specific substitution profile was created by
using JOY (24) and FUGUE (23), with additional hom-
ologous sequences collected from the NCBI nr database.
Sequences of bacterial and archaeal proteomes were
downloaded from integr8 (25) (http://www.ebi.ac.uk/
integr8/), using a custom script. The fugueprf programme
in the FUGUE suite was used to perform structure-based
homology searches against these sequences with the ToxN
profile as a query. All the hits with Z-scores >3.5 were
collected. FUGUE has been widely used for detecting
remote homologues and previous benchmark results
suggest that Z-scores > 6.0, >4.0 and > 3.5 would corres-
pond to confidence levels of 99, 95 and 90%, respectively.

Manual searches

The first 270 FUGUE hits, with Z-scores ranging from
27.4 to 4.0, were analysed. For each protein sequence,
the coding sequence and 1kb up- and downstream were
extracted from the NCBI database. This extracted locus
sequence was then analysed using Tandem Repeat Finder
(26); default settings were used for the initial searches
(match, mismatch, indels =2,7, 7; min score = 50),
followed by less stringent searches for those homologues
with more variable antitoxin sequences (match, mismatch,
indels = 2, 3, 5; min score = 50). If repeats were identified,

the locus sequence was then examined for a palindromic
repeat and an E. coli consensus promoter sequence. Toxin
amino acid sequences from the resulting positive hits were
then aligned against each other using BLASTp (22), in
order to group them by families of related sequences.
Examples from each family were then used in iterative
rounds of BLASTp searches until all homologues had
been identified from the NCBI database (current as of
July 2011). Information about each identified hit,
including sequence information, is stored within a search-
able spreadsheet, as Supplementary Table S1. Full details
of the 880 FUGUE hits, their analysis and the subsequent
BLAST searches are stored within a second spreadsheet,
as Supplementary Table S2.

Phylogenetics

Phylogenetic analysis was performed on 69 toxin se-
quences which were part of putative Type III TA loci un-
ambiguously containing all the required sequence
elements, (as outlined in the ‘Results’ section), together
with sequences of the Type II toxins Kid, MazF, YdcE,
CcdB and RelE. The alignment of these 74 protein se-
quences was performed using Clustal Omega (27).
Additionally, 16S rDNA sequences were retrieved from
the Ribosomal Database Project for the strains encoding
the corresponding putative Type III TA loci (28).
Maximum Likelihood phylogenetic analysis was per-
formed using TREEFINDER (http://www.treefinder.de)
(29). TREEFINDER was first used to select an appropri-
ate model to analyse the aligned datasets. Following the
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Akaike information criterion, the VT substitution model
was chosen for the ToxN sequences, while the GTR model
was used for the 16S sequences. Phylogenies were recon-
structed using the default settings of TREEFINDER.
LR-ELW (Local Rearrangement-Expected-Likelihood
Weights) edge support (using 1000 replicates) was
enabled to provide approximate bootstrap analysis.

Alignment of ToxI

Single repeat consensus sequences of ToxI homologues
were manually aligned with ToxI from P. atrosepticum,
according to sequence and on the length and spacing of
potential base-pairing regions. Nested base-pairing
regions in each ToxI sequence were identified using
pknotsRG (30). The start and end of each predicted
ToxI pseudoknot was assigned from the relative position
of structural features and is not anchored to the ToxI
DNA repeat.

Bacterial strains, bacteriophages and media

Bacterial strains

All functional assays were performed within E. coli strain
DH5a (Gibco/BRL). Genomic DNA was extracted from
10ml overnight cultures of Photorhabdus I[uminescens
subsp. laumondii TTO01 (31). For further details about
each strain, see Supplementary Table S3.

Bacteriophages

All bacteriophages used were isolated from treated sewage
effluent, collected from a river Cam outlet at Milton, near
Cambridge, UK (Supplementary Table S3).

Media

E. coli strains were grown at 37°C and P. luminescens was
grown at 30°C, in Luria broth (LB) at 250 rpm or on
LB-agar (LBA) containing 1.5% w v~' or 0.35% w v!
agar, to make LBA plates or top-LBA, respectively.
Growth (ODgg9) was measured using a Helios o spectro-
photometer set to 600 nm. When required, media was sup-
plemented with ampicillin  (Ap) at 10pgml™ ",
spectinomycin (Sp) at 50pugml~', Dp-glucose (glu) at
0.2% w v~', L-arabinose (L-ara) at 0.1% w v~ ' and
isopropyl-pB-p-thiogalactopyranoside (IPTG) at 1 mM.
Bacteriophages were stored over chloroform in phage
buffer; 10mM Tris-HCI, pH 7.4, 10mM MgSO, and
0.01% w v~ gelatin.

Cloning of Type III toxin—antitoxin loci

Molecular biology techniques were performed as
described previously (32). All primers were obtained
from Sigma-Genosys and are listed in Supplementary
Table S4. All plasmids constructed and/or used in this
study are listed in Supplementary Table S5. The molecular
nature of each recombinant plasmid was verified by
DNA sequencing. Genomic DNA was obtained from
P. [luminescens using an extraction kit (Qiagen). The
genomic DNA from other strains was kindly provided
to us from other researchers (see ‘Acknowledgements’
section).
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Toxin cloning

Each toxin sequence was amplified by PCR using genomic
DNA as a template and cloned into pBAD30 (33), using
the designated primers and restriction enzymes
(Supplementary Tables S4 and S5). Each toxin was
cloned such that the protein was translated using the
native ribosome binding site. Transformants of
pBAD30-based vectors were selected on LBA supple-
mented with ampicillin and glucose.

Antitoxin cloning

An expression vector carrying a single repeat of the
P. luminescens tenpl antitoxin was generated by first amp-
lifying the required insert using primers TRB214 and
PF185, with pQE-80L as a template. The resulting
amplicon was then cloned into pTA100, using Pstl and
Xhol. For all other antitoxins, the sequence was amplified
by PCR using genomic DNA as a template and cloned
into pTA100 (9), using the designated primers and restric-
tion enzymes (Supplementary Tables S4 and S5).

Type III toxin—antitoxin locus cloning

Each Type III toxin—antitoxin locus was cloned into
pBR322 (34), using amplicons generated by PCR amplifi-
cation from genomic DNA, with the designated primers
and restriction enzymes (Supplementary Tables S4 and
S5). The region cloned for each locus includes up to
500 bp upstream of the toxin start codon and <100 bp
downstream of the toxin stop codon.

Bacteriophage isolation

A 10ml sample of treated sewage effluent was shaken vig-
orously with 500 ul of chloroform for Imin. A 200-pl
aliquot of this treated sample was mixed with 200 ul of a
DHS5a overnight culture and 3 ml of top-LBA, and then
poured as an overlay on an LBA plate. These plates were
incubated overnight at 37°C and the resulting phage
plaques were picked with sterile toothpicks into 50 ul of
phage buffer, which was then treated with 20ul of
chloroform.

Protection assays

Strains of E. coli, containing both antitoxin and toxin
(or control) expression plasmids, were obtained by either
sequential or co-transformation. Single colonies of the re-
sulting strains were grown as 10 ml overnight cultures and
these were used to inoculate 25ml of LB, Ap and glu in
250ml flasks, then grown at 37°C and 250rpm in an
orbital shaker, from a starting ODggy of ~0.04, until
exponential phase [~1 x 10® colony forming units (cfu)
ml~']. At this end point, samples were removed, washed
with phosphate buffered saline, serially diluted and plated
for viable counts at 37°C on LBA, Ap, Sp plates contain-
ing either (i) glu, so neither toxin or antitoxin is expressed;
(ii) glu and IPTG, to express the antitoxin; (iii) L-ara, to
express the toxin; or (iv) L-ara and IPTG to express both
the toxin and antitoxin. The data presented are the mean
viable counts from triplicate data, with error bars repre-
senting the standard deviation.
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Efficiency of Plating assays

Isolated phage plaques were repeatedly re-plated until
plaque pure and homogeneous plaque morphologies
were reproducibly obtained. Lysates of the phage were
then made by scraping the top-LBA from a plate with a
confluent lawn of phage plaques into a glass universal,
adding 3ml of phage buffer and vortexing vigorously
with 500 pl of chloroform for 1min. After standing at
room temperature for 30min, the agar mix was
centrifuged at 2200g for 20 min at 4°C. The supernatant
was decanted into a glass bijou for phage lysate storage at
4°C, over 100pul chloroform. Phage lysates were then
titrated on the E. coli pBR322 control strain, and test
strains. The resulting Efficiency of Plating (EOP) was
calculated as (number of plaque-forming units on test
strain/number of plaque-forming units on control
strain). Each EOP value was calculated as the mean
value from triplicate data.

RESULTS

Structure-based homology searches and identification
of Type III toxin—antitoxin loci

To date, there has been only one Type III TA locus
characterized in detail; the ToxIN system, isolated from
plasmid pECA1039 of P. atrosepticum SCRI1039 (9). This
publication also reported, as proof-of-principle, that a
homologous ToxIN system from Bacillus thuringiensis
also acted as a Type III TA system in E. coli (9). A cata-
logue of 19 other homologues of ToxN was identified
from the NCBI database using BLASTp searches (9,22).
The current study has attempted to significantly extend
this minimal list of Type III TA systems.

The structure of ToxIN was solved by crystallographic
analysis (13), and so it was possible to use the program
FUGUE (23) to perform structure-based homology
searches with ToxN as the search model. FUGUE
searches were performed in June 2010, against 1852
bacterial and archaeal proteomes taken from integr8 (25)
(http://www.ebi.ac.uk/integr8/). The total number of
sequences scanned was >6 million. This generated an initial
list of 880 putative ToxN homologues, with Z-scores
ranging from 27.4 to 3.5 (Supplementary Table S2).

To identify the subset of putative ToxN homologues
which are likely to come from true Type III TA loci, a
list of criteria was set, based on the required features of a
Type III TA locus as determined experimentally (9,13,21).
Namely, the putative foxN homologue should be preceded
by a short palindromic repeat to act as a transcriptional
terminator, which should, in turn, be preceded by a
tandem array of nucleotide repeats to act as the antitoxic
toxI. Preferentially, this locus should then be preceded by
—35 and —10 promoter elements, with the position defined
by the start of foxI. As it became more difficult to predict
a promoter in bacteria more distantly related from E. coli,
the presence of an obvious promoter was excluded as a
strict requirement. No algorithm was immediately avail-
able to allow rapid processing of the FUGUE hits, so the
analysis was undertaken on a case-by-case basis. Each

nucleotide sequence of the identified ToxN homologues
was taken together with 500bp upstream and down-
stream, and attempts were made to identify the cognate
toxI using Tandem Repeat Finder (26). The default
settings of Tandem Repeat Finder proved adequate to
accurately predict the ToxI for each of the previously
identified homologues (9), so these settings were used for
all initial searches. Where a suitable roxI-like sequence
was identified, the sequence was then screened for a
putative transcriptional terminator and promoter by
visual inspection. If a tox/-like sequence was not
identified, the sequence was not examined any further
and these negative hits are recorded within Supplementary
Table S2. In this manner, we examined the first 270
FUGUE hits. At this point, the Z-score had reached 4.0
and was slowly decreasing towards 3.5 (Supplementary
Figure S1). There were rapidly diminishing returns in
identifying Type III loci from the FUGUE hits as we pro-
gressed to Z-scores <5.0 (Supplementary Figure S1).
Analysis of the raw FUGUE hits was therefore ended
after the first 270 hits. At this point, 37 putative Type
IIT loci were identified.

Three families of Type III toxin—antitoxin loci were
identified

A BLASTp matrix was formed to compare the amino acid
sequences of the 37 ToxN structural homologues with
every other sequence; it became immediately clear from
the returned E values that the 37 hits could be divided
into three families (Supplementary Figure S2). Though
all the hits by definition share the same overall tertiary
structure, members of the second and third family toxins
had low detectable amino acid sequence identity shared
with either ToxN or between each other (Supplementary
Figure S2), which supports the decision to classify them
into three independent families. The first family contained
ToxIN from P. atrosepticum, B. thuringiensis and all
homologues thereof. When naming the families, it was
decided to maintain the ‘IN’ nomenclature, wherein
every antitoxin has the suffix ‘I’ for inhibitor and each
toxin is denoted ‘N’, as for the roxIN family. This
standardization, if used universally, would ensure that
when Type III TA systems are identified in future,
the reader should be able to conclude readily which
component is the antitoxin and which component is the
toxin. The second family contained a locus from
Coprococcus catus GD/7, so the family was named cptIN
(CoPrococcus Type 111 Inhibitor/toxiN; suggested pronun-
ciation, ‘cap-tin’). The third family contained a locus from
P. luminescens subsp. laumondii TTO01, so this family was
named tenpIN (Type III ENdogenous to Photorhabdus
Inhibitor/toxiN).

Having divided the 37 hits into three families, we took
examples from each family and performed exhaustive
BLASTYp searches. The results from these searches were
again assessed for hits that represented putative Type II1
TA systems, following the same criteria as described pre-
viously for the FUGUE hits (Supplementary Table S2).
Negative hits were then re-visited using less stringent
settings of tandem repeat finder to identify Type III loci
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with greater variability between their antitoxin repeat
sequences. A final list of 125 putative Type III TA
systems was generated. A consolidated version of this
list is presented in Table 1. A more comprehensive, search-
able, spreadsheet of these hits, including all the nucleotide
and protein sequences, is available as Supplementary
Table S1.

Dividing the 125 hits back into families, we had 67
examples of toxIN loci, 33 of ¢ptIN and 25 of tenpIN.
We found, for the first time, that multiple copies of the
same family can exist within one host, such as within
Eubacterium rectale ATCC 33656, Fusobacterium sp.
3 1 5R, Lactobacillus jensenii 208-1 and Peptoniphilus
duerdenii ATCC BAA-1640 (Table 1). Furthermore,
multiple families may be represented within a single
host, such as is the case for Bryantella formatexigens
DSM 14469, two clostridia, E. rectale DSM 17629, three
fusobacteria, Haemophilus somnus 2336, Leptotrichia
hofstadii F0254 and Leptotrichia goodfellowii F0264.
Leptotrichia goodfellowii F0264 contained the highest
number of Type III TA loci, six in total, with at least
one representative from each of the three families
(Table 1).

The majority of hits were found on bacterial chromo-
somes and plasmids, though this analysis identified a
toxIN locus encoded on a plasmid prophage; Clostridium
phage D-783. This converting phage carries the neuro-
toxin cluster encoding a major pathogenicity determinant
of Clostridium botulinum. Type I and Type II loci also
have been identified on phages, such as the Hok/Gef
Type I system of the enterobacterial phage 933W (12)
and the Type II phd/doc locus of P1 (35).

Each of the hits contained in Table 1 is unique, in that
the individual locus is contained within a unique host.
However, there are cases where exact copies of the same
Type III TA locus have been detected in multiple host
strains. This was seen with the toxIN locus of
Ruminococcus torques ATCC 27756 and Lachnospiraceae
bacterium 8 1 57FAA. Similarly, Lactobacillus jensenii
208-1 contains two foxIN loci; one is found duplicated
in Lactobacillus jensenii 27-2-CHN, while the other is
duplicated in both Lactobacillus jensenii 269-3 and
Lactobacillus jensenii 1153. The tenpIN locus identified
within the two Vibrio species, 0593 and MZO-3, is also
identical except for one, silent, base substitution in the
toxin-coding sequence.

The criteria for identification of each putative Type III
TA locus required a toxin gene to be preceded by a ter-
minator and, further upstream, a set of tandem repeats.
While the majority of hits have a relatively small distance
between the repeats, the terminator and the toxin gene
(around 1-50bp between each component), there were
some examples with larger intervening distances. The
toxIN locus of Actinobacillus ureae ATCC 25976 has a
gap of 340 bp between roxI and toxN. The toxIN loci of
Roseburia intestinalis M50/1 and Roseburia intestinalis
XB6B4 have similar such gaps, of 232 and 292 bp, respect-
ively. There were no ORFs or other features of note
detected within these gaps.

Whereas many Type II TA loci have been identified in
Archaea (5), previous studies have not identified any
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examples of either Type I or Type III TA loci in this
third superkingdom (9,12). Our new analysis has identified
one putative c¢ptIN locus within the Archaeon,
Methanococcus vannielii SB. This system also has a
larger than expected gap of 242 bp separating the antitoxic
repeats and toxin gene. These hits were retained within the
consolidated list of putative systems (Table 1 and
Supplementary Table S1), as items of interest for further
study and validation.

The toxIN locus of Lactobacillus jensenii SJ-7A-US
follows the Type II higBA TA locus (36), in that the ca-
nonical arrangement of toxin to antitoxin genes is
swapped. It was observed that the antitoxic fox/ repeats
and terminator appear to be downstream of the foxN
gene. Though there is a predicted promoter down-
stream of this foxN homologue potentially driving tran-
scription of the cognate foxI, using the current model, it is
unclear how this locus might successfully regulate the
levels of the two species. This will be a focus of future
study.

There are several hits within our analysis that have
toxin sequences representing partial sequences of other,
longer, toxins. These smaller toxins have full sets of anti-
toxic repeats and terminators, though only shorter
versions of the toxin genes. It is unclear whether these
partial proteins are still toxic or possess a different
cellular activity. Two of the three c¢ptIN loci of
Bryantella formatexigens DSM 14469 encode toxins of
66 and 45 amino acids, respectively, and the singular
cptIN  locus of the Lachnospiraceae  bacterium
9_1 43BFAA (54 amino acids), Methanococcus vannielii
SB (101 amino acids) and Pyramidobacter piscolens
W5455 (81 amino acids) also encode shorter toxins, all
of which share sequence similarity with the 162 amino
acids EUBREC _0659 protein from E. rectale ATCC
33656. The toxin from the singular tenpIN locus of
Leptotrichia hofstadii F0254 (70 amino acids) is a
shortened version of the TenpN toxin from P. luminescens
(143 amino acids). These short proteins could represent
non-toxic forms of the longer homologues, or, they
could have also arisen through sequencing errors within
draft genomes that would result in premature termination
of the predicted proteins.

Analysis of the three Type III toxin—antitoxin families

Selected features of the sequences within each of the three
families of Type III TA loci are summarized in Table 2.
The summary shows that, although the two original foxIN
loci (from P. atrosepticum and B. thuringiensis), were
found on plasmids (9), the majority of the Type III TA
loci are encoded in the host chromosome. This may be a
reflection of sequencing projects focusing on chromo-
somes rather than extrachromosomal genomes. In the
case of ¢ptIN, however, there were no examples on any
other replicon but the chromosome.

Comparing antitoxin sequences of the toxIN family
with those of ¢ptIN and tenpIN, it seems there is a
general shift to progressively fewer copies, but longer
lengths, of antitoxic repeats. The toxin size, however,
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Table 1. Distribution of three identified Type 111 toxin—antitoxin families

Strain Plasmid

Abbreviation

Taxonomy (Phylum, Class,
Order)

Abiotrophia defectiva ATCC 49176
Acetivibrio cellulolyticus CD?2

Acidobacterium sp. MP5SACTX9 pACIX905

Actinobacillus ureae ATCC 25976

Alkaliphilus oremlandii OhILAs

Anoxybacillus flavithermus WK1

Bacillus cereus Rock1-15

Bacillus thuringiensis serovar
konkukian str. 97-27

Bacillus thuringiensis serovar kurstaki
PAWG63

Bacillus thuringiensis serovar
pondicheriensis BGSC 4BA1

Bacillus weihenstephanensis KBAB4

Bryantella formatexigens DSM 14469

pBT9727

PAW63

pBWB402

Caldicellulosiruptor bescii DSM 6725
Caldicellulosiruptor kristjanssonii
177R1B
Caldicellulosiruptor lactoaceticus 6A
Clostridium botulinum BKT015925 pIBKTO015925
Clostridium cellulovorans 743B
Clostridium hiranonis DSM 13275
Clostridium nexile DSM 1787
Clostridium phage D-1873
Clostridium sp. HGF2
Coprobacillus sp. 29 _1
Coprococcus catus GD/7
Coprococcus sp. ARTS5/1
Eubacterium rectale ATCC 33656
Eubacterium rectale DSM 17629
Eubacterium rectale M104/1
Eubacterium saburreum DSM 3986
Eubacterium saphenum ATCC 49989
Eubacterium ventriosum ATCC 27560
Eubacterium yurii subsp. margaretiae
ATCC 43715
Fibrobacter succinogenes subsp.
succinogenes S85
Finegoldia magna BVS033A4
Fusobacterium nucleatum subsp.
nucleatum ATCC 23726

Fusobacterium nucleatum subsp.
polymorphum ATCC 10953

Ade

Aor
Afl
Bcee
Bthsk
Bthsp

Bwe
Bfo

Cbe

Ckr

Cbo
Cce

Chi

Clo®D

Clh

Ere33656

Erel7629

Esab
Esap
Eve
Eyu
Fsu
Fma
Fnun

Fnup

Firmicutes, Bacilli, Lactobacillales

Firmicutes, Clostridia,
Clostridiales

Acidobacteria, Acidobacteria,
Acidobacteriales

Proteobacteria,
Gammaproteobacteria,
Pasteurellales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Bacilli, Bacillales

Firmicutes, Bacilli, Bacillales

Firmicutes, Bacilli, Bacillales

Firmicutes, Bacilli, Bacillales
Firmicutes, Bacilli, Bacillales

Firmicutes, Bacilli, Bacillales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Thermoanaerobacterales

Firmicutes, Clostridia,
Thermoanaerobacterales

Firmicutes, Clostridia,
Thermoanaerobacterales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Erysipelotrichi,
Erysipelotrichales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Firmicutes, Clostridia,
Clostridiales

Fibrobacteres, Fibrobacteres,
Fibrobacterales

Firmicutes, Clostridia,
Clostridiales

Fusobacteria, Fusobacteria,
Fusobacteriales

Fusobacteria, Fusobacteria,
Fusobacteriales




Table 1. Continued
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Strain Plasmid Abbreviation Taxonomy (Phylum, Class,
Order)
Fusobacterium nucleatum subsp. Fusobacteria, Fusobacteria,
vincentii ATCC 49256 Fusobacteriales
Fusobacterium periodonticum ATCC Fpe Fusobacteria, Fusobacteria,
33693 Fusobacteriales
Fusobacterium sp. 2_1_31 Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium sp. 3_1_33 Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium sp. 3_1_36A2 Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium sp. 3_1_SR Fus Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium sp. 4_1_13 Fus4 Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium sp. 7_1 Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium sp. D11 Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium sp. D12 FusD12 Fusobacteria, Fusobacteria,
Fusobacteriales
Fusobacterium ulcerans ATCC 49185 Ful Fusobacteria, Fusobacteria,
Fusobacteriales
Gemella moribillum M424 Firmicutes, Bacilli, Bacillales
Geobacillus thermoglucosidasius Firmicutes, Bacilli, Bacillales
C56-YS93
Haemophilus influenzae biotype pF1947 Hin Proteobacteria,
aegyptius Gammaproteobacteria,
Pasteurellales
Haemophilus influenzae biotype pF3028 Proteobacteria,
aegyptius BPF Gammaproteobacteria,
Pasteurellales
Haemophilus parasuis pHPS5839 Hpa Proteobacteria,
Gammaproteobacteria,
Pasteurellales
Haemophilus parasuis SHO165 Hpa0165 Proteobacteria,
Gammaproteobacteria,
Pasteurellales
Haemophilus somnus 2336 Hso Proteobacteria,
Gammaproteobacteria,
Pasteurellales
Lachnospiraceae bacterium Firmicutes, Clostridia,
2_1_46FAA Clostridiales
Lachnospiraceae bacterium Lba Firmicutes, Clostridia,
3_1_46FAA Clostridiales
Lachnospiraceae bacterium Firmicutes, Clostridia,
4 1 37FAA Clostridiales
Lachnospiraceae bacterium Firmicutes, Clostridia,
5_1_63FAA Clostridiales
Lachnospiraceae bacterium Firmicutes, Clostridia,
8 1 _STFAA Clostridiales
Lachnospiraceae bacterium Firmicutes, Clostridia,
9_1_43BFAA Clostridiales
Lachnospiraceae oral taxon 107 str. Firmicutes, Clostridia,
Fo0167 Clostridiales
Lactobacillus gasseri JV-V03 Lga Firmicutes, Bacilli, Lactobacillales 1
Lactobacillus helveticus DSM 20075 Firmicutes, Bacilli, Lactobacillales 1
Lactobacillus helveticus MTCC 5463 Firmicutes, Bacilli, Lactobacillales 1
Lactobacillus jensenii 1153 Ljell53 Firmicutes, Bacilli, Lactobacillales 1
Lactobacillus jensenii 208-1 Lje208 Firmicutes, Bacilli, Lactobacillales 2
Lactobacillus jensenii 269-3 Lje269 Firmicutes, Bacilli, Lactobacillales 1
Lactobacillus jensenii 27-2-CHN LjeCHN Firmicutes, Bacilli, Lactobacillales 1
Lactobacillus jensenii SJ-TA-US LjeUS Firmicutes, Bacilli, Lactobacillales 1
Lactobacillus kefiranofaciens ZW3 Lke Firmicutes, Bacilli, Lactobacillales 1
Lactococcus lactis subsp. lactis CV56  pCV56A Lla Firmicutes, Bacilli, Lactobacillales 1
Lactococcus lactis W-37, protein pSRQY00 LlaW37 Firmicutes, Bacilli, Lactobacillales 1
‘AbiQ’
Leptotrichia goodfellowii F0264 Lgo Fusobacteria, Fusobacteria, 4

Fusobacteriales
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Table 1. Continued

Strain Plasmid Abbreviation Taxonomy (Phylum, Class, toxIN loci  ¢ptIN loci  tenpIN loci
Order)
Leptotrichia hofstadii F0254 Lho Fusobacteria, Fusobacteria, 2 1
Fusobacteriales
Mabhella australiensis 50-1 BON Mau Firmicutes, Clostridia, 1
Thermoanaerobacterales
Methanococcus vannielii SB Euryarchaeota, Methanococci, 1
Methanococcales
Pectobacterium atrosepticum pECA1039 Pba Proteobacteria, 1
SCRI1039 Gammaproteobacteria,
Enterobacteriales
Peptoniphilus duerdenii ATCC Pdu Firmicutes, Clostridia, 2
BAA-1640 Clostridiales
Peptoniphilus harei ACS-146-V-Sch2b Firmicutes, Clostridia, 1
Clostridiales
Phascolarctobacterium sp. YIT 12067 Pha Firmicutes, Negativicutes, 1
Selenomonadales
Photorhabdus luminescens subsp. Plu Proteobacteria, 1
laumondii TTO1 Gammaproteobacteria,
Enterobacteriales
Pyramidobacter piscolens W5455 Synergistetes, Synergistia, 1
Synergistales
Roseburia intestinalis M50/1 Rin Firmicutes, Clostridia, 1
Clostridiales
Roseburia intestinalis XB6B4 Firmicutes, Clostridia, 1
Clostridiales
Ruminococcus lactaris ATCC 29176 Rla Firmicutes, Clostridia, 1
Clostridiales
Ruminococcus sp. 5_1_39B_FAA Rum Firmicutes, Clostridia, 1
Clostridiales
Ruminococcus torques ATCC 27756 Rto Firmicutes, Clostridia, 1
Clostridiales
Ruminococcus torques 1.2-14 Rtol4 Firmicutes, Clostridia, 1
Clostridiales
Shewanella putrefaciens 200 Proteobacteria, 1
Gammaproteobacteria,
Alteromonadales
Staphylococcus aureus HUNSC491 pPR9 Firmicutes, Bacilli, Bacillales 1
Staphylococcus aureus A9754 Sau Firmicutes, Bacilli, Bacillales 1
Staphylococcus aureus subsp. aureus pVRSA Firmicutes, Bacilli, Bacillales 1
Mu50
Streptococcus sanguinis SK72 Ssa Firmicutes, Bacilli, Lactobacillales 1
Taylorella equigenitalis MCE9 Teq Proteobacteria, 1
Betaproteobacteria,
Burkholderiales
Thermosinus carboxydivorans Norl Tca Firmicutes, Negativicutes, 1
Selenomonadales
Treponema succinifaciens DSM 2489 Tsu Spirochaetes, Spirocahetes, 1
Spirochaetales
Treponema vincentii ATCC 35580 Spirochaetes, Spirocahetes, 1
Spirochaetales
Veillonella atypica ACS-134-V-Col7a Vat Firmicutes, Negativicutes, 1
Selenomonadales
Veillonella parvula ACS-068-V-Sch12 Vpa Firmicutes, Negativicutes, 1
Selenomonadales
Vibrio cholerae MZO-3 Proteobacteria, 1
Gammaproteobacteria,
Vibrionales
Vibrio cholerae 0395 Vch Proteobacteria, 1
Gammaproteobacteria,
Vibrionales
Xenorhabdus bovienii SS-2004 Xbo Proteobacteria, 1
Gammaproteobacteria,
Enterobacteriales
Yersinia pseudotuberculosis 1P 31758 pl53kb Yps Proteobacteria, 1
Gammaproteobacteria,

Enterobacteriales




Table 2. Overview of Type III toxin—antitoxin families
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Family Total members Replicon Antitoxin repeat Number of tandem Toxin length
name of family length (nucleotides) antitoxic repeats (amino acids)
Chromosome Plasmid Phage Mean Range Mean Range Mean Range
toxIN 67 57 9 1 38.1 31-62 2.8 1.9-5.6 168.0 70-288
cptIN 33 33 0 0 44.8 40-48 2.4 1.9-34 148.6 45-213
tenpIN 25 20 5 0 50.9 39-57 22 1.9-3.0 164.2 70-259
cptIN Xenorhabdus and Yersinia, along with loci in the

Phyla Orders B Enterobacteriales
[ Firmicutes Bl Bacillales [l Pasteurellales

Fusobacteria B Lactobacillales Alteromonadales
[ Proteobacteria M Clostridiales [ Vibrionales

Spirochaetes [l Erysipelotrichiales [ Spirochaetales
Synergistetes [l Selenomonadales Synergistales
[ Euryarchaeota [ Thermoanaerobacterales [l Methanococcales
[ Acidobacteria [l Fusobacteriales B Acidobacteriales
M Fibrobacteres [ Burkholderiales B Fibrobacterales

Figure 2. Taxonomy of Type III toxin—antitoxin loci. The taxonomic
distribution of the identified members from each Type Il toxin—-anti-
toxin family is shown as a pie chart, with the outer ring representing
the different Phyla and the inner portion representing the respective
subdivisions of each Phylum into Orders. Class has been omitted for
clarity. Colours are as indicated in the inset key.

stays approximately the same. The smaller value for mean
toxin size in ¢ptIN is skewed by the presence of multiple
small putative toxins, as discussed above.

Phylogeny of ToxN proteins

A recent global analysis of Type I TA systems indicated
that there was little horizontal gene transfer contributing
to dissemination of these loci (12). In contrast, Type II loci
have been more freely distributed among evolutionarily
unrelated species (5). Table 1 lists the taxonomy of each
host organism. This distribution can also be viewed in
Figure 2. It appears that the vast majority of Type III
TA loci are found within either the Firmicutes, (mainly
Orders Bacillales, Lactobacillales and Clostridiales), or the
fusobacteria (Figure 2). In the case of the tox/N and
tenpIN families, a substantial proportion of these loci
are found in the Proteobacteria, while none of the c¢ptIN
loci were found in this Phylum. Though the original toxIN
locus was found in the enterobacterium, Pectobacterium,
the other toxIN loci within the Proteobacteria were
found in either Pasteurellales or (as for one example)
within Burkholderiales. In contrast, the tenpIN loci
identified within the Proteobacteria included examples
from several enteric bacteria, such as Photorhabdus,

Pasteurellales, Alteromonadales and Vibrionales.

To assess the impact of horizontal gene transfer on the
spread of Type III TA loci, 69 of the 125 toxin sequences
were aligned and then analysed to construct a phylogen-
etic tree using Maximum Likelihood (Figure 3). Previous
results identified the Type II toxins MazF (E. coli), Kid
(E. coli plasmid R1), YdcE (Bacillus subtilis) and CcdB
(E. coli F plasmid) as structural homologues of ToxN
(13). These were therefore also included in the analysis,
as well as RelE (E.coli), the principal member of a Type I1
toxin family that has not been identified as similar in
structure to ToxN or Kid/MazF. The resulting dendro-
gram shows clear separation between toxins of the three
predicted Type III TA families (Figure 3). Furthermore, it
shows that the Type III toxins CptN and TenpN share a
common route of divergence away from ToxN (Figure 3).
The Type II endoribonucleases Kid, MazF and YdcE
formed a clade independent of the three Type III
families. It is interesting to note, however, that within
this analysis CcdB, a topoisomerase inhibitor, and RelE
were grouped with the ToxN family of proteins, albeit
with large evolutionary distances.

When a second phylogenetic tree was constructed using
the 16S rRNA sequences from 44 of the host bacteria, we
saw that these were now not tightly grouped, suggesting
horizontal movement of similar Type III TA loci between
unrelated bacteria (Supplementary Figure S3).

Alignment of ToxI sequences

The ToxI antitoxin of P. atrosepticum folds as a compact,
hairpin-type pseudoknot with two single-stranded tails,
which binds and inhibits two ToxN monomers at
distinct surfaces, such that three molecules of the protein
are held in a self-closing, inactive complex by three
pseudoknots of ToxI (13). The pseudoknot core comprises
two base-paired stems, stabilized by three base triplexes
and interdigitation of a guanine between bases of the
opposite strand (Figure 4A). To determine whether this
structure is conserved within the new foxIN-family anti-
toxins, which mostly show only limited sequence similar-
ity, attempts were made to align the new ToxI sequences
to the structural template of ToxI from P. atrosepticum
(Figure 4B). The alignment was performed manually,
based on the placement of base-pairing regions and
lengths of the interspersing loops. The precise sequence
corresponding to one antitoxic RNA repeat is not
known for the new homologues, so each consensus


http://nar.oxfordjournals.org/cgi/content/full/gks231/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks231/DC1

6168 Nucleic Acids Research, 2012, Vol. 40, No. 13

.. ¢80

S,
7
8%% 7/
®

8o
Pba/p)
L@o\ 2.
Lgo\ §

Fus ..

Erel7629 56 ..

Cce

CcdB

o 14

w® v‘

697211

dswpg

Figure 3. Phylogeny of selected toxin sequences. Sixty-nine toxin sequences from loci unambiguously containing all features of a Type III system
(presence of putative antitoxic repeats, promoter, terminator) were aligned, together with five Type II toxins, and then analysed with TREEFINDER
(29). In the case where a certain species has more than one Type III TA system selected in this manner, the number following the underscore
(e.g. Lgo_14) refers to the reference number for that system (Table 1 and Supplementary Table SI). A ‘P’ in parentheses implies that the source TA
system is encoded upon a plasmid, rather than within the chromosome. Entries from the tox/N family are coloured green, cp?IN are blue and tenpIN
are red, while Type II toxins are in black. The scale bar represents the approximate number of changes per amino acid position as the tree expands

radially.

DNA repeat sequence was offset to maximize the align-
ment to ToxI from P. atrosepticum. In this way, 39 unique
ToxI sequences, corresponding to entries for 52 toxIN
loci, could be aligned to the ToxI structural template.
Examination of the alignment (Figure 4B) shows that
the pseudoknot structure is predicted to be conserved
within this family; each ToxI contains two nested
base-pairing regions, typically 3-4nt in length. The
spacing of these elements is also conserved, with a
general pattern of a medium-length (3-4nt) ‘Loop la—
2a’, a short (1-2nt) ‘Loop 2a—1b’, and a longer, variable
length ‘Loop 1b-2b’ separating the base pairing sequences
(Figure 4A and B). A short Loop 2a-1b is a common
feature in RNA pseudoknots because it allows coaxial
stacking of the two stem-loops in order to form a
compact helical core (37). The length of Loop 1b-2b was
used to divide the ToxI homologues into two groups; this

was defined as <7nt for Group I and >7nt for Group II,
with the exception of entry 70 from Clostridium sp. HGF2,
which contains a 12 nt hairpin insertion in this loop. It was
not possible to determine whether the triplex base inter-
actions in the ToxI P. atrosepticum pseudoknot are
conserved due to the sequence variability of the loop
regions, however, over half of the aligned ToxI sequences
retained the interdigitated guanine preceding stem
region 2b.

Nine of the ToxI antitoxins could not be aligned
because the spacing between their predicted pseudoknot
base-pairing regions did not match the overall pattern in
the alignment. These putative ToxI sequences may have
different pseudoknot structures, or they may not encode
functional antitoxins. Another three antitoxins could not
be aligned because they are ~60 nt in length, in contrast to
the 3146 nt of the aligned ToxI sequences.
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A
Triplex bases Interdigitated G
5' — 3
AUUCAIGGUGAUUUGAUACCJUUUAAGUIGCAGCUAGAA
Stem 1a Stem 2a| Stem 1b Stem 2b
Loop 1la-2a Loop 2a-1b Loop 1b-2b
B
REF # Abbreviation Length (nt) Aligned Repeat
111 Pba 36 A-UUCKGGUGAUU--UIGCU-ACCUUU-~ARGUGCAHGCURGAA
43 Bthsk 34 A- AAUUGSLIGUA——MU—EASEGU————AGU;AQQHGCUAAA
16 (54, 59) Hso 31 AU--CRGGCHECA--—AGCU-GCCAU-~--AAGUGCUACUUA
61 Hpa 32 AU--ULGGURUA---GGCU AQLGUAU——AGUGLLGCUUA
47 Fnup 35 AAAAAQQQQAAA——AQQQMGCCGHU———AAGEQGGAGUUA
52 Fus 35 ARARAGCGGAAA--BCCCUGCLCGUC---AAGUGGGAGUUA
60 Ful 35 AAAAGGGQQGUA———;QX;U .ACLAUC——AAGU‘,GQQAGUUAA
50 Pdu 35 AAAAGGGGUGUA--—=CGCA-GCCAUA--AAAUGCGAACUAA
9 Hpa0165 34 AUAUGL]GGIIGAA———:CQQU :AQEAUUA AAGUGCGAUGU
63 Cce 37 AUUC-BGGUGAG--GUCC-UACCAUAC--AGUGGACAAURAAA
66 Lga 37 AAAGACQQQGU———uuQQpAQQQAC———AAGEQAGBAUCGAAU
42 Lla 36 A--AG GAA--UCUCC ,AC:AUCA——AGU.GAGEAAUCAAAA
8 (64) Lje208 35 AAAGAGQAQUGUA MGMA————AGUQAGQAUUA
53 Llaw37 35 AAA- AumGUA U.C&AAG.CLAU ————— AGUUGGAAUUGAU
18 Bce 36 AAA-UUUGGAGAGU-CCAUGCCGUA----AGUUGGEACCGAU I
6 Bwe 34 AAA-AULCGUGUA-GCCUT-ACCHEU---~AGUAGGLACAAR
3 Bfo 34 A———AGMGA——G;mU—,ACLLGUA———AGU,GQA;ACCGAUAA
1 Tca 37 AAAGCHGGGEAAR-CCUCG- cccg:UAA——ACU.GAQﬁAUGAAA
122 Tsu 34 AAARA- MUGA——GMUAMA———-AGUMUCCUU
12 (13,62) Lje208 38 A- —GUQAQQUGA——GMGGMUAUA——AGUQAGLGUUAUAAA
14 Bfo 38 ACUC-JGGABA--GLUCCCUGCCAUAU- - -AGUGGGAAGUUUUAA
48 Eyu 38 AAGAGUAGGAGAA-CCCGAGCCUUAUA--AGUGGGAGUUAR
56 (57) Ere17629 38 AAUAUUCGGAGA- GUCACUACCGUUA---AGUGUGAGAUGAA
71(72) Rin 39 UGUUGC‘ GUGCU——U'CG(‘C—.A(‘UUUUUG -AGAGCGAAUUAUAA
4 (37, 38,40, 41) Rto 38 A——GCAGQQQAG——M ~ACCAUAA--AGAGAGAACCUAAAAR
51 Vpa 36 AGAGC= GL%HRA——ALICGCC—:ACLAUA———AGAGEBAACAAAA
7 Clo®D 38 AAAGUQAGJLGAG——QCLKJC—MUAU AAGCGAGEAGCUAA
46 Cbo 39 ARAGUG GU[‘AA——("CUCC—- CUGUAU-AAGCGAGGAGCUARA
70 Clh 46 A- AAGCMUA———QLQU—AEE AAAGUGAGAGCUAAA
UGGAGARAUCUA
119 Fma 40 ARAGEAGGU&-UCCCACU-+ACCUAUAUCAAA- -+
124 Lke 34 UAUAGAGGCE--——AC EA-GCCUAUCAARA----CUGIUUUA
44 Fus 39 A- UUCAGQQG——LH.EEACC AMUUAAAUQAAGCAQLUAUAA
45 FusD12 39 AAUUGAGL}HG——LHECLACC MUAAAAUGAAGCAQEUAUA
117 Fus4 39 AUU- C:AGL}HG-—MACC ACQLCAAAAUGAAGCAGU,UUUAA
5(19) Lgo 39 AAA-GAGGUE---UUCCACU CCUUARRRUGAA--GGACAGAUAA H
2 Lgo 39 AUU- GGQQHG———UHCQACGAQCHUUAAGUGAAGJGQApUAUAA
20 Aor 40 AUUCAAGQQA——UUIE&LA {ACCUUCURRAAAU--GCGACUUGUA
65 Esab 42 AAAGAAQQHG——UGUQALU AQQHAUAUCCCAAAGQHQQAGCAUU
49 Fus 38 AAGAGCE{&GA——ME: GAQLACAAAGCGA——~GQAAGUGAA
68 LjeUS 40 AAAAGUCAGAAGARGCAICGLUGUAUARAGG- - —=GUGLAUUUU
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Figure 4. Alignment of putative pseudoknot elements with roxIN antitoxins. (A). Structure of a single pseudoknot repeat of P. atrosepticum ToxI
(left, PDB: 2XDD), and schematic of secondary and tertiary interactions within each ToxI unit (right). (B) Alignment of consensus repeat sequences
of the ToxIN family antitoxins. Stem loops 1 and 2 are shown in red and teal, respectively; additional potential base pairing regions are underlined.
The intercalated G19 of ToxI is shown in purple. The reference numbers in brackets indicate entries with identical ToxI consensus repeat sequences,
as listed in Supplementary Table S1. Entries 10, 11 and 30 could not be aligned because of overall length (~60nt). Entries 15 (69), 17 (39), 55, 58, 67,
118, 120 (121), 123 and 125 all contained two nested base pairing regions of >3 nt each, but could not be aligned, because the loop lengths between
base pairing regions did not match the pattern of either group I or II. Strain abbreviations can be related back to entries in Table 1 and
Supplementary Table S1.
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The cptIN and tenpIN antitoxin sequences are generally
longer than the ToxI sequences (Table 2). The Cptl and
Tenpl antitoxins could not be readily aligned with the
structural template of ToxI due to their length and
sequence divergence from the canonical ToxI antitoxin
family. Alignment within the Cptl and Tenpl families
was also not possible as these longer sequences generally
contained multiple possible pseudoknot base-pairing
regions, and because the offset of the processed antitoxic
RNA relative to the DNA repeat is not known for any
members of these families.

Functional analysis of putative Type III
toxin—antitoxin loci

To determine whether the putative systems function as
Type III TA loci, we assessed the toxicity of the
proposed toxin gene and the ability of the cognate anti-
toxic repeats to inhibit the lethal effects. The toxin genes
from the tenpIN family P. luminescens TTO1 locus, and
eptIN family C. catus GD/7, R. torques 12-14 and
E. rectale DSM 17629 loci were cloned under the
control of the rL-arabinose inducible promoter in
pBAD30 (33), including the native ribosome binding
site. The respective antitoxic repeats, either as single
repeats or as the full tandem array, were cloned into a
spectinomycin-resistant derivative of pQE-80L, pTA100
(9), where they could be over-expressed by addition of
IPTG. By co-transforming E. coli DH5a with both toxin
and antitoxin plasmids, we were able to assess the toxicity
and antitoxicity of each component (Figure 5). In the case
of P. luminescens, a single Tenpl repeat did not provide
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Figure 5. Protection of E. coli DH5a from Type III toxins by cognate
antitoxins. Protection assays were performed as described in Materials
and Methods. Results for the roxIN system of P. atrosepticum have
been published previously (9); data from a single roxIN experiment is
included for illustrative purposes. Of the four new loci tested, all toxin
genes reduced viability of the host E. coli, which could then be restored
by the full cognate antitoxin. Data shown are the mean values from
triplicate experiments, with standard deviations represented by error
bars.

antitoxicity, over and above the empty vector
control (Figure 5). However, the full Tenpl locus of
P. [luminescens, acted to inhibit the cognate toxin
(Figure 5). This implies that the active pseudoknot from
this locus is encoded over the DNA repeat boundary, so at
least two DNA repeats are required to form at least one
active inhibitory pseudoknot. Following the results from
P. [luminescens, the full antitoxins were cloned from
C. catus, R. torques and E. rectale. These loci acted as
expected, with the toxin inhibited by the cognate antitoxic
RNA. The cloned antitoxin sequences do not encode any
predicted, translatable, open reading frames, supporting
the model that the repeats encode antitoxic pseudoknots
of RNA, rather than any antitoxic peptide.

ToxIN was first identified as an abortive infection
system and is known to be active in multiple host back-
grounds, providing protection against a range of bacterio-
phages (9,21). To assess whether the newly identified Type
IIT TA families might also cause abortive infection,
attempts were made to clone the full fenpIN locus of
P. luminescens and the cptIN loci of C. catus, E. rectale
and R. torques into pBR322. No recombinants were
obtained from the C. catus cloning, and while the other
three plasmids were made successfully, on a qualitative
level the strain containing pTRB265, encoding the c¢ptIN
locus from R. torques, formed smaller colonies than the
other recombinant strains.

Strains of E. coli DH5a containing the test plasmids,
alongside a vector control, were infected with new envir-
onmental coliphages. These coliphages were isolated from
treated sewage effluent taken on three independent visits
to a sewage treatment plant. Following isolation, individ-
ual phages were re-tested against all the cloned Type III
TA systems, in order to obtain Efficiency of Plating (EOP)
data, as a measure of phage resistance (Table 3). As
expected, the toxIN system from P. atrosepticum dramat-
ically reduced the EOP of three phages (Table 3). The
tenpIN locus from P. luminescens also reduced the EOP
of the same three phages. The c¢ptIN loci from E. rectale
and R. torques did not affect the EOPs of any of the six
phages tested. This confirms that at least one of the two,
new, tenpIN and cptIN Type III TA families has abortive
infection capacity and can provide high levels of resistance
to bacteriophage infection.

DISCUSSION

Previous global studies have used and developed auto-
mated methods to consolidate and extend lists of Type I
and Type II TA loci, while also validating selected new
entries (5,12,16). Type III TA loci are a recent discovery
and to date only a limited list, containing 19 homologues
of one family, has been published (9). The aim of the
current study was to search for, catalogue, define and
characterize new Type III systems and families.

Identification of Type III toxin—antitoxin systems

Due to the complexity and specific features required of the
nucleotide sequences defining a Type III TA locus, there
was no readily available method for fully automated
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Table 3. Bacteriophage resistance provided by Type III toxin—antitoxin systems

Phage EOP on test DH5a strain (plasmid carried, Type III toxin—antitoxin family encoded, source organism)
pTA46 pFR2 pFLSI112 pTRB265
toxIN tenpIN cptIN cptIN
Pectobacterium atrosepticum Photorhabdus luminescens Eubacterium rectale Ruminococcus torques
®F6 2.6x1077 1.8x107* 0.9 0.8
DF8 0.6 0.5 0.9 1.0
®TB23 1.1 1.2 1.0 1.1
®TB27 <6.0x 107° <6.0x107° 0.7 0.9
STB28 <4.3x107° <43x107° 1.1 0.9
dTB29 0.9 0.9 0.8 0.7

screening of the collected sequence databases. Having
recently solved the macromolecular structure of ToxIN
by crystallography (4), it became possible to begin
screening for Type IIT TA systems using the ToxN struc-
ture for structure-based homology searches. Analysis of
the resulting structure-based search hits identified 37
putative Type III TA systems, which were divided into
three families. Exhaustive sequence homology searches
then further increased the numbers included within each
of these families, producing a final list of 125 putative
Type III TA loci. This marks the first identification of
Type III TA loci encoding toxins bearing no significant
amino acid sequence similarity with the initial Type III TA
locus toxin, ToxN. This confirms the prediction that the
‘Type IIT" descriptor extends to many more families and is
not an isolated case for ToxN and homologues thereof.
This list also greatly extends the known and predicted
homologues within the foxIN family. As the results of
this study were driven from an initial structure-based
homology search, there is clear bias towards a subset of
database entries. It is highly likely that there are many
more Type III TA families that remain to be identified.
An automated system, combining searches for tandem
repeats or pseudoknot sequences coupled to palindromic
repeats and an ORF, would be a very powerful tool to
further expand our understanding of the numbers and
spread of Type III TA loci.

Distribution and abundance of Type III toxin—antitoxin
systems

The Type III families identified in this study are domina-
ted by entries from the Firmicutes and Fusobacteria
(Figure 2). In the cases of toxIN and tenpIN, this also
extends, in part, to the Proteobacteria. The distribution
of Type III systems within each of these Phyla does not
appear biased by the relative levels of sequenced strains
from each Phylum; as of September 2011, considering the
total number of bacterial genome projects in the NCBI,
28% of entries were for the Firmicutes, 44% were for
the Proteobacteria and <1% were for the Fusobacteria.
Both Type I and Type II TA systems also appear over-
represented within the Firmicutes and Proteobacteria
(5,12).

Type III loci were identified in bacteria with a wide-
range of lifestyles (Table 1 and Supplementary Table
S1). The most pertinent category may be that of the

human pathogens. Bacillus cereus Rockl-15 can cause
food poisoning, while several clinical isolates were also
identified; Yersinia pseudotuberculosis 1P 31758, the two
Vibrio strains and the Staphylococcus aureus strains.
Perhaps of greatest clinical relevance is the presence of
tenpIN loci on conjugative multi-resistance plasmids
from S. aureus. Though only plasmid pVRSA (38) is
listed in Table 1, many other S. aureus plasmids contain
these systems, including pGOIl, which is associated
with aminoglycoside resistance (39) and the related
plasmid pSK41, a member of the B-lactamase-heavy-
metal-resistance plasmid family (40).

It is of note that 70 of the 125 hits come from strains
that have been sequenced as part of the Human
Microbiome Project (HMP) (http://www.hmpdacc.org/)
(41). A further eight hits are from strains in the
metaHIT  project  (http://www.metahit.eu/).  While
metaHIT focuses solely on the Human Intestinal Tract,
the HMP samples from many sites around the healthy
human body. As of October 2011, the HMP had deposited
~800 of the ~12 500 bacterial genome project sequences in
the NCBI database. As this small proportion of HMP
sequences, ~6% of the database, contains over half of
the putative Type III TA systems, it appears these loci
are well represented within human commensals.

The relative numbers of Type III loci present within a
strain (maximum of six thus far) are currently low in com-
parison to the large numbers of Type II systems (up to 97)
or medium numbers of Type I systems (up to 26) identified
in other strains (5,12). These values for Type I and Type I1
systems have been steadily increasing since initial discov-
ery of TA systems; further global searches for Type III
systems will probably increase these numbers in a similar
fashion.

Functional roles of Type III toxin—antitoxin systems

Using co-over-expression assays, members of both the
¢ptIN and tenpIN families were confirmed as active TA
systems, in an E. coli model (Figure 5). While ToxIN
from P. atrosepticum also acts as an abortive infection
system in the endogenous and other host enteric strains
(9,21), and it was shown that TenpIN from P. luminescens
can abort infection by coliphages in E. coli (Table 3), it
cannot be concluded that this is the natural ‘role’ of Type
III TA loci. Furthermore, the ¢ptIN loci tested were not
able to provide phage resistance against this small subset


http://nar.oxfordjournals.org/cgi/content/full/gks231/DC1
http://nar.oxfordjournals.org/cgi/content/full/gks231/DC1
http://www.hmpdacc.org/
http://www.metahit.eu/

6172 Nucleic Acids Research, 2012, Vol. 40, No. 13

of phages and in an E. coli model. It is of note that both
the toxIN and tenpIN systems were identified in enteric
bacteria, so phage resistance may be a specific attribute
of Type III TA systems from this host taxon. We also used
an enteric model of phage infection; the ¢ptIN loci came
from Firmicutes, so the coliphages used may be too dis-
tantly related from the phages targeting E. rectale and
R. torques to be recognized and aborted, or the cptIN
systems may not be correctly expressed in E. coli.
Transferred back to their natural hosts, these ¢ptIN loci
may be active against cognate phages, though they may
also fulfil an entirely different requirement. Further inves-
tigations are required to identify cellular roles for cptIN.
The original biological role of Type III TA systems is
likely to remain under debate. It will be interesting to
study the activities of other Type III TA systems, both
in model systems and within their endogenous hosts, to
investigate their full physiological capabilities and evolu-
tionary significance.

CONCLUSION

The numbers of known Type I and Type II TA systems
has greatly increased as methods of identification have
been streamlined and the sequence databases swell with
entries. In comparison, though this study identifies new
Type III TA systems for the first time, the numbers of
families and examples within each family are compara-
tively few in regard to the Type I and II systems.
Performing further studies of the full sequence databases
in an automated and unbiased fashion is highly likely to
prove useful and instructive. It is predicted that there are
many more undiscovered Type III TA systems ready to be
examined. Doing so will provide greater understanding of
their diversity, abundance and biological roles and will
provide a useful range of molecular ‘reagents’ with
which to study protein—RNA interactions.
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