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Identification and Characterization of Type II Toxin-Antitoxin
Systems in the Opportunistic Pathogen Acinetobacter baumannii
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Acinetobacter baumannii is an opportunistic pathogen that causes nosocomial infections. Due to the ability to persist in the clin-
ical environment and rapidly acquire antibiotic resistance, multidrug-resistant A. baumannii clones have spread in medical
units in many countries in the last decade. The molecular basis of the emergence and spread of the successful multidrug-resistant
A. baumannii clones is not understood. Bacterial toxin-antitoxin (TA) systems are abundant genetic loci harbored in low-copy-
number plasmids and chromosomes and have been proposed to fulfill numerous functions, from plasmid stabilization to regula-
tion of growth and death under stress conditions. In this study, we have performed a thorough bioinformatic search for type IT
TA systems in genomes of A. baumannii strains and estimated at least 15 possible TA gene pairs, 5 of which have been shown to
be functional TA systems. Three of them were orthologs of bacterial and archaeal RelB/RelE, HicA/HicB, and HigB/HigA sys-
tems, and others were the unique SplT/SplA and CheT/CheA TA modules. The toxins of all five TA systems, when expressed in
Escherichia coli, inhibited translation, causing RNA degradation. The HigB/HigA and SplT/SplA TA pairs of plasmid origin were
highly prevalent in clinical multidrug-resistant A. baumannii isolates from Lithuanian hospitals belonging to the international

clonal lineages known as European clone I (ECI) and ECII.

Toxin—antitoxin (TA) systems, widespread in bacteria and archaea,
consist of a stable “toxin” component and an unstable “antitoxin”
(1,2). Both components usually form a complex where the activity of
the toxin is inhibited by the antitoxin. Under some conditions, a labile
antitoxin is degraded and a more stable toxin comes into action by
inhibiting essential cellular processes such as translation, replication,
and biosynthesis of ATP and cell wall (2—4). TAs are encoded by
plasmids or reside in bacterial chromosomes (5). Toxins of plasmid-
borne TAs mediate postsegregational killing of cells that have lost
plasmids, and such TAs have been proposed to function as plasmid
stabilization elements (6). The role of TAs encoded by bacterial chro-
mosomes is far less understood (7). Similarly to plasmid-encoded
TAs, they have been suggested to stabilize various genetic elements
(pathogenicity islands and prophages) or function as stress-respon-
sive elements by modulating bacterial growth and death (8-10).
Bioinformatic searches have demonstrated a tremendous abundance
of TAs in bacterial and archaeal genomes (1, 5). TA systems are cur-
rently grouped into five types (types I to V) according to the nature of
the antitoxin and the mode of interaction of the toxin and antitoxin
(11, 12). In all cases, toxins are proteins, while an antitoxin is either
RNA (types I and III) or a protein (types I, IV, and V). In type [ TAs,
an antitoxin suppresses the toxicity of a toxin protein by binding to its
mRNA. In type II and III TAs, a toxin is neutralized by the direct
binding of an antitoxin protein and antitoxic RNA, respectively. In
type IV TAs, an antitoxin modifies and protects the target of the toxin,
while in type V TAs, an antitoxin is an RNase, which specifically
cleaves mRNA of the toxin (11, 12).

The role of TA systems in the life of bacterial pathogens is not
yet understood. It was shown that free-living bacteria and patho-
gens existing under variable conditions have numerous TA sys-
tems (13, 14). TAs have been suggested to mediate bacterial per-
sistence by generating slowly growing cells tolerant to antibiotics
and environmental changes (15). Moreover, TAs were shown to
promote biofilm formation through programmed cell death (16).

Multidrug-resistant A. baumannii is an emerging Gram-negative
nosocomial pathogen worldwide (17). It is characterized by the ca-
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pacity to withstand harsh environmental conditions such as dryness
and heat, the ability to form biofilms on abiotic surfaces (18), and the
ability to acquire foreign DNA via mobile genetic elements and re-
combination mechanisms (19, 20). These features place A. bauman-
nii among the most important nosocomial infection agents (17, 18).
Of special concern is the dramatic increase in the resistance of A.
baumannii to broad-spectrum antibiotics such as carbapenems in
recent years (21). The successful A. baumannii clonal lineages associ-
ated with carbapenem resistance, known as European clone I (ECI)
and ECII, have been disseminated globally (17).

Data on the presence, diversity, and role of TA systems in A.
baumannii physiology and pathogenicity are lacking. In this study,
we have undertaken a bioinformatic search for putative A. bau-
mannii TA loci and found at least five functional TA systems. The
toxins of these systems all inhibited translation and caused RNA
degradation to different levels. Three of the newly described A.
baumannii TAs were homologous to the well-known RelBE and
HicAB TA families and the less-well-described HigBA family
(GP49/Cro domain proteins), while the two others represented
the so-far-unique SpITA (DUF497/COG3514 domain proteins)
and CheTA (HTH/GNAT domain proteins) TAs. We have also
shown that the plasmid-borne HigBA and SpITA systems were
prevalent among multidrug-resistant A. baumannii isolates from
Lithuanian hospitals, belonging to ECI and ECII clones.
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TABLE 1 Strains and plasmids

Strain or plasmid Genotype or description Reference
Strain
E. coli BW25113 F’ BW25113/F' proA™ B* lacl%A(lacZ)M15 zzf:mini-Tn10 (Kan") 25
Plasmids
pBAD30 Expression plasmid; Amp" 36
pUHE25-2 Expression plasmid; Amp" 37
pUHEcat Expression plasmid; Cml'; originally named pUHE25-2(cat) 25
pUHEcat-“antitoxin” series plasmids
pUHEcat-RelB ,;, A. baumannii RelB ,;, gene cloned into pUHEcat through Pael and HindIII sites This work
pUHEcat-HicB,, A. baumannii HicB ,, gene cloned into pUHEcat through Pael and HindIII sites This work
pUHEcat-Cro A. baumannii Cro 4, gene cloned into pUHEcat through Pael and HindIII sites This work
pUHEcat-COG3514 4, A. baumannii COG3514 4, gene cloned into pUHE25cat through Pael and HindIII sites This work
pUHEcat-GNAT,, A. baumannii GNAT ,;, gene cloned into pUHEcat through Pael and HindIII sites This work
pUHEcat-X,,, A. baumannii X 5, gene cloned into pUHE2cat through Pael and HindIII sites This work
pBAD-“toxin” series plasmids
pBAD-RelE,, A. baumannii RelE ,;, gene cloned into pBAD30 through EcoRI and HindIII sites This work
pBAD-HicA,, A. baumannii HicA ,;, gene cloned into pBAD30 through EcoRI and HindIII sites This work
pBAD-GP49,,, A. baumannii GP49 4, gene cloned into pBAD30 through EcoRI and HindIII sites This work
pBAD-DUF497,, A. baumannii DUF497 ,,, gene cloned into pBAD30 through EcoRI and HindIII sites This work
pBAD-HTH,, A. baumannii HTH ,;, gene cloned into pBAD30 through EcoRI and HindIII sites This work
pBAD-Zeta,, A. baumannii Zeta,,, gene cloned into pBAD30 through Xbal and HindIII sites This work

MATERIALS AND METHODS

Bacterial strains, plasmids, and reagents. The Escherichia coli strain and
plasmids used in this work are listed in Table 1. The strains were grown in
liquid or solid Luria-Bertani (LB) medium at 37°C if not mentioned oth-
erwise. Antibiotics were added at the following concentrations: ampicillin
at 100 pg/ml, kanamycin at 60 pg/ml, and chloramphenicol at 33 pg/ml.
For protein overexpression, LB medium was supplemented with arabi-
nose and/or isopropyl-B-p-thiogalactopyranoside (IPTG) at different
concentrations, as indicated below.

PCR reagents, DNA-modifying enzymes, and kits for molecular biol-
ogy experiments were obtained from Thermo Scientific. All the enzymes
were used as recommended by the supplier. The oligonucleotide primers
used in this study were obtained from Metabion and are listed in Table S1
in the supplemental material.

Bioinformatic search for TA pairs. The sequences of currently known
experimentally validated TA proteins (see Table S2 in the supplemental
material) were used as an input for the PSI-BLAST and TBLASTN pro-
grams. The searches were performed against the accessible A. baumannii
genomes and plasmids and Acinetobacter phages (listed in Table S3 in the
supplemental material), with the following parameters: BLOSUM62 ma-
trix, a word size of 3, and an E value of >0.01. PSI-BLAST was executed
with 3 iterations. Extensive analyses were performed by using the RASTA-
Bacteria tool (22), and the resulting gene pairs were manually searched for
homology by using PSI-BLAST against the microbial genomes. The
TADB online tool was also consulted for possible TA components (23).
Protein similarity and identity were evaluated by global alignment using
the Needleman-Wunsch alignment algorithm with the Needle (EMBOSS)
tool. The results of the bioinformatic search were last updated in Novem-
ber 2012.

Detection and screening of TA system genes in clinical A. bauman-
nii isolates. DNAs of A. baumannii isolates (n = 476), recovered from
various clinical specimens of patients hospitalized in Lithuanian regional
medical centers during the years 2010 and 2011 and genotyped as de-
scribed previously (24), were used for detection and screening of TA sys-
tems. A. baumannii cell lysates were prepared by boiling in water for 10
min. Putative TA genes were detected by PCR using the DNAs of the
selected A. baumannii isolates, corresponding to all the genotype groups
(24). The screening of validated A. baumannii TAs in the whole collection
of clinical A. baumannii isolates was undertaken by PCR using the Tecan
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Freedom EVO robotic system. The primers for PCR (see Table S1 in the
supplemental material) were designed to match the conserved gene se-
quences using the primer BLAST tool (NCBI).

Cloning of putative A. baumannii TA genes. The primers used for
cloning of the putative TA systems (see Table S1 in the supplemental
material) were designed based on the A. baumannii TCDC-AB0715 ge-
nome (GI:385235550). The DNA of a representative clinical A. baumannii
isolate (number 35 [ECII]) containing all five putative TA pairs was used
as a matrix for cloning. All the genes were first cloned into pUHE25-2
series vectors to generate equal Shine-Dalgarno (SD) sites. Subsequently,
the genes coding for the putative toxins were recloned into pBAD series
vectors. To obtain E. coli strains with A. baumannii toxin-antitoxin gene
pairs, E. coli strain BW25113 F’ was transformed first with pUHEcat-
“antitoxin” plasmids and then with pBAD-“toxin” plasmids (Table 1).

Assays for DNA, RNA, and protein synthesis rates in vivo. The E. coli
BW25113 F’ pUHEcat-“antitoxin” pBAD-“toxin” strains were grown in
M9 minimal medium, and replication, transcription, and translation rates
were measured by the incorporation of [2-'*C]thymidine (1 wCi/ml, final
concentration), [2-'*CJuridine (1 wCi/ml), and L-[**S]methionine (3
wCi/ml), respectively, as previously described (25). For the control exper-
iments, effects of the replication inhibitor ciprofloxacin (10 pg/ml), the
transcription inhibitor rifampin (100 pg/ml), and the translation inhibi-
tor gentamicin (100 pg/ml) were measured.

Kill-rescue assay. The E. coli BW25113 F' pUHEcat-“antitoxin”
pBAD-“toxin” strains were grown in LB medium until the stationary
phase, diluted 1:500 into fresh medium containing 0.2% glucose (for full
repression of the pBAD system), and grown until the early logarithmic
phase (optical density at 600 nm [OD,] = 0.1). The culture was then
pelleted and resuspended in fresh medium with the respective inducers
for toxins and antitoxins, arabinose (pBAD plasmids) and/or IPTG
(pUHE plasmids), or water (control). The cultures were then inoculated
onto a microplate and incubated in a Tecan Infinite M200 Pro plate reader
at 37°C with shaking. The OD, was measured every 15 min.

Northern analysis. The E. coli BW25113 F' pUHEcat-“antitoxin”
pBAD-“toxin” strains were grown in LB medium at 37°C until an ODy,,
of 0.1 was reached, and arabinose was then added to a final concentration
of 0.2% for toxin induction. The samples were collected before and after
different times of induction and subjected to RNA extraction with hot
phenol, as described previously (26). Fifteen micrograms of RNA per
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TA system Clin. Is.* Funct. Chromosome/plasmid Arrangement Distance (bp)
RelB/RelE + + ACICU, MDR-ZJ06, | — -38

TCDC-AB0715, TYTH1

PACICU1 I 11
HicA/HicB + + 1656-2, ATCC17978, ) 53

MDR-ZJ06

ACICU, TCDC-AB0715 ] 55

MDR-TJ = 64

pABIR | 184
GP49/Cro + + pAB1, pAB120, pMAC ./ I -8, -8

ABKp1, p2ABTCDCO0715 =

p3ABAYE ] > 40, -8

p3ABAYE [ ] -8
DUF497/ + + ABKp2, pIABTCDCO0715, I -8
COG3514 p2ABAYE, pAB0057,

pAB120, pAB2, pABIR,

pABVAO1, pMMA2,

pMMCU3
HTH/GNAT ok & 1656-2, AB0057, E— 97

AB307-0294, ACICU,

ATCC17978, AYE, MDR-TJ,

SDF, TCDC-ABO715, TYTH1

MDR-ZJ06 S » 97, -44
X/Zeta + = ABKp1, p2ABTCDCO0715, R Sy SRR -14

pAbSK-OXA-82

pABTJ1 e -11, -68

pACICU2 2 -14, -25
(RelB/RelE), - p3ABAYE, pAB2 ) -1
Phd/YoeB - p1ABAYE [ -14
RelB/YafQ = p2ABSDF ] -8
(HicA/HicB), nt SDF = 7
HipA/HipB nt ATCC17978 iy -4

SDF s -4
(HipB/HipA), nt p3ABAYE I -1, 191
DUF1044/RelB nt pABIR D -8
GP49/HTH nt p3ABAYE . -14
(HTH/GNAT),, nt 1656-2, AB0057, . -4

AB307-0294, ACICU, AYE,

MDR-TJ, MDR-ZJ06, SDF,

TCDC-ABO715, TYTH1

ATCC17978 ] 137
* Detected in clinical A. baumannii isolates —

100 bp

FIG 1 Putative TA systems encoded by A. baumannii chromosomes and plasmids. Names for the putative TA pairs were assigned according to their similarity
to the validated toxins and antitoxins or conserved domains. X represents a protein that exhibited no homology or conserved domain. TA variations from
different chromosomes or plasmids were grouped under the same TA system if both components shared at least 50% similarity and 30% identity with other pairs
in this group. The arrangement of genes coding for the putative TAs is represented by gray and light gray arrows for the putative toxins and antitoxins,
respectively. The overlaps between ORFs coding for the truncated versions of toxins or antitoxins and ORFs coding for the rest of these proteins are indicated by
darker shading. Additional ORFs that overlap the putative TA genes are shown as transparent arrows. The sizes of the arrows and gaps or overlaps are drawn to
scale. The presence and absence of the putative TA pairs in the clinical A. baumannii isolates are indicated by “+” and “—,” respectively, under a separate column
named “Clin. Is.” Similarly, the functionality of TAs is indicated under the column “Funct.” The gene pairs that were not tested are denoted “nt.” GI numbers

of the candidate TAs are given in Table $4 in the supplemental material.

sample was loaded onto a 2% agarose gel. After electrophoresis, the gel
was visualized, transferred onto a SensiBlot Plus (Thermo) nylon mem-
brane, hybridized with Ipp- or ssrA-specific DNA probes, labeled with the
Biotin DecaLabel DNA labeling kit (Thermo), and visualized with the
Biotin Chromogenic Detection kit (Thermo). The primers used for PCR
amplification of DNA probes are listed in Table S1 in the supplemental
material.

Statistical analysis. For the comparison of categorical variables, Fish-
er’s exact test was used (GraphPad Software, San Diego, CA, USA). A P
value of <0.05 was considered to be statistically significant.

RESULTS

Bioinformatic search for candidate A. baumannii TA pairs. We
have applied two different approaches to evaluate possible TA
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systems encoded in currently available complete sequences of 11
chromosomes and 25 plasmids of A. baumannii and 8 Acinetobac-
ter phages (see Table S3 in the supplemental material). The search
based on homology with the currently known validated TA pairs
(see Table S2 in the supplemental material) using BLAST and
TBALSTN tools resulted in a conspicuous variety of RelE super-
family toxins, accompanied mostly by RelB family antitoxins and
a few HipAB and HicAB modules (Fig. 1). The BLAST tools also
suggested candidate Zeta toxins, which were notably larger (360
amino acids) than their currently known functional orthologs
(~270 amino acids). A. baumannii putative Zeta toxins fell into
the group of longer Zeta-like proteins, which had not been tested
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for their functionality (27). Open reading frames (ORFs) preced-
ing the possible Zeta toxins had no conserved structural domains
(Fig. 1).

BLASTing against the recently widely expanded list of func-
tional TA pairs (5) suggested the A. baumannii GP49-like protein
as a candidate toxin to form a TA pair with a Cro-like regulator
protein as an antitoxin. This pair was among the most prevalent in
the A. baumannii plasmids found in the databases. It was some-
times followed by a third open reading frame, coding for a puta-
tive protein (Fig. 1). Another significantly different pair, which
also contained a GP49 domain protein and an HTH domain pro-
tein, was much less abundant (Fig. 1). The pairs consisting of
GP49 domain proteins and HTH domain proteins of the Xre/Cro
family were previously described and named the Tad-Ata TA sys-
tem (1, 28). It was suggested that these loci might be considered a
distinct subclass of the higBA family (28), which is characterized
by a modest toxin similarity to RelE superfamily proteins and by
the inverted gene order, with the toxin gene being the first gene in
the TA operon (29). In agreement with such a description, we refer
to the pair consisting of a GP49 domain protein and a Cro or HTH
protein as HigB ,,/HigA .

Next, we used the RASTA tool to evaluate all ORFs according
to their size and pairing with other ORFs (22). By using this ap-
proach, we identified additional putative A. baumannii TA pairs,
DUF497/COG3514 and two variants of HTH/GNAT and
DUF1044/RelB, which have never been shown to be functional.
The DUF497/COG3514 pair was widespread among small,
~10-kb plasmids (Fig. 1), and its protein and nucleotide se-
quences were absolutely conserved. Additionally, pairs consisting
of an HTH domain protein and N-acetyltransferases of the
GCN5-related (GNAT) superfamily were observed in almost all A.
baumannii chromosomes analyzed (Fig. 1). Another novel pair
consisted of the DUF1044 protein and RelB antitoxin. In the Pfam
collection of protein families, the DUF1044 protein belonged to
the “plasmid toxin clan” together with GP49, Txe, and other tox-
ins. In the bioinformatic search, this pair was found only once
(Fig. 1) and was not chosen for further investigation.

Opverall, both searches suggested 15 candidate A. baumannii
TA pairs: 9 of them encoded solely by plasmids and 4 encoded
solely by chromosomes. The remaining two TA pairs were en-
coded mainly by chromosomes, but each TA also had a version in
the plasmid (Fig. 1). No candidate TA pairs were found on Acin-
etobacter phages.

Cloning and expression of A. baumannii TA systems in E.
coli. To confirm the functionality of TA systems found in A. bau-
mannii, we chose six putative TA modules: several homologs of
characterized TAs (RelBE,,, HicAB,,, HigBA,,, and X ,,/Zeta,,;)
as well as the newly found candidate TA pairs DUF497,,/
COG3514,,and HTH ,;,/GNAT,,,. They were all found to be pres-
ent in clinical A. baumannii isolate number 35 from our collec-
tion, the DNA of which was used for cloning. The putative toxin
and putative antitoxin genes were individually cloned into the
compatible E. coli plasmids pBAD30 and pUHEcat (Table 1). No-
tably, we were unable to clone the toxin genes alone: DNA se-
quencing of the transformants revealed single-nucleotide dele-
tions that caused a shift of the reading frame and truncation of the
product due to the emerged stop codon. To overcome this, E. coli
strain BW25113 F’ was transformed first with the plasmid harbor-
ing an A. baumannii candidate antitoxin and subsequently with
the plasmid harboring the respective toxin. We obtained

3168 jb.asm.org

BW25113 F' pUHEcat-“antitoxin” pBAD-“toxin” strains for all
six candidate TA pairs.

A. baumannii codes for at least four functional TA pairs. Six
cloned TA pairs were subjected to the “kill-rescue” assay in E. coli
cells. The strains harboring TA pairs encoded on two independent
plasmids were grown until the early logarithmic phase (ODy,, =
0.1) in LB medium with 0.2% glucose. The culture was then pel-
leted and resuspended in fresh medium with the respective induc-
ers for toxins and antitoxins. For most of the putative toxins,
except for Zeta,,, induction with 0.02% arabinose was sufficient
to inhibit the growth of E. coli (Fig. 2A to E). Meanwhile, some
antitoxins required induction with up to 10 mM IPTG to take over
the toxins’ effect. Increasing the concentration of arabinose or
decreasing the concentration of IPTG caused an incomplete res-
toration of E. coli growth (Fig. 2A, C, and E).

Surprisingly, the HTH,,/GNAT ,, TA pair appeared to func-
tion oppositely than expected: the A. baumannii HTH domain
protein arrested bacterial growth when induced, whereas the
GNAT domain protein was able to abolish this effect. To fit the
general scheme, the HTH,,-encoding gene was recloned into
the pBAD plasmid, and the GNAT ,;-encoding gene was recloned
into the pUHEcat plasmid. Such manipulations did not change
the mode of action of these proteins (Fig. 2E). Therefore, based on
our results, we consider HTH 4, to be a toxin and GNAT 4, to be its
antitoxin, and we named this pair CheTA (for switched-element
toxin-antitoxin system). We also propose that the DUF497,,/
COG3514,;, pair be renamed SpITA (for small-plasmid toxin-
antitoxin) according to its prevalence in small, ~10-kb plasmids
of A. baumannii. Neither the Zeta,, gene nor the neighboring
putative gene, the X, gene, was toxic to E. coli at any concentra-
tion of inducer tested (Fig. 2F).

A. baumannii TA system toxins inhibit translation in E. coli.
Next, we asked what the mode of action of toxins of the functional
A. baumannii TA systems is. For this, we measured the incorpo-
ration of radiolabeled precursors of replication, transcription, and
translation after the induction of toxins with 0.2% arabinose in E.
coli cells. As can be seen in Fig. 3A, the overexpression of all five
toxins caused a significant reduction in the incorporation of
[**S]methionine. The incorporation of the precursor of RNA bio-
synthesis, [2-"C]uridine, was much less affected, whereas the in-
corporation of the DNA precursor [2-'*C]thymidine remained
almost unaltered (Fig. 3A). The toxins SplT and CheT did not
cause immediate inhibition of translation compared to RelE,,,
HicA ,;, and HigB,,, (Fig. 3B). While all five A. baumannii toxins
mostly inhibited protein synthesis, the effect on RNA synthesis
was also evident (Fig. 3A).

A. baumannii TA system toxins cause RNA degradation in E.
coli. Most of the translation inhibitors from currently known TA
pairs inhibit translation due to the degradation of mRNA (10). We
have performed Northern analysis of total RNA isolated after the
induction of A. baumannii toxins in E. coli cells (see Materials and
Methods). Ipp mRNA and transfer-messenger RNA (tmRNA),
also known as ssrA (30), which are abundant and relatively stable
E. coli RNAs, were chosen for analysis. The induction of A. bau-
mannii RelE, HicA, and HigB toxins caused rapid degradation of
Ipp mRNA (Fig. 4). The effect of the induction of SpIT and CheT
toxins on Ipp mRNA was less pronounced. The induction of
RelE,,, HicA,;,, and HigB,, not only caused tmRNA cleavage
(Fig. 4, white arrow) but also impaired its processing, as can be
seen from the accumulation of the precursor ssrtA RNA (Fig. 4,
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FIG 2 Growth of E. coli BW25113 F' harboring the putative TA components of A. baumannii. The E. coli strains harboring the pUHE25-2cat-“antitoxin” and
pBAD30-“toxin” plasmids were grown until the early logarithmic phase (ODy, = 0.1) with 0.2% glucose, pelleted, and resuspended in fresh medium with the
inducers. The data represent averages of data from at least three independent experiments with three replicates each time; the error bars show the standard

deviations.

black arrow). Similarly to the effect on Ipp mRNA, induction of
SpIT and CheT toxins did not cause immediate degradation of
tmRNA; however, after 1 h of induction, cleavage was evident
(Fig. 4).

Noncanonical HigBA, CheTA, and SplTA toxin-antitoxin
pairs are abundant in clinical A. baumannii isolates. We have
performed a PCR-based search for TA systems, validated in this
work, with a collection of clinical A. baumannii isolates (n = 476)
from Lithuanian hospitals. Most of these isolates belonged to the
multidrug-resistant clonal lineages known as European clone I
(ECI) and ECII; others were sporadic or nontypeable isolates
(N/S) according to a previous pulsed-field gel electrophoresis
(PFGE) analysis (24).

Despite the variety of RelBE, HicAB, and other currently
known TA family homologs found by a bioinformatic search (Fig.
1), the actual RelBE,;, and HicAB,;, TA systems were least abun-
dant (Fig. 5). The RelBE ,, system was found in 7 to 11% of isolates
in all groups. HicAB,; was almost limited to the ECII group
(69.2% prevalence in ECII isolates, compared to 1 to 11% preva-
lence in other groups). Interestingly, the most frequently found
TAs were the TAs that did not belong to currently described TA
families (Fig. 5). Except for HigBA,,, the SpITA and CheTA sys-
tems are so far unique: none of their homologs have previously
been shown to be functional. Chromosome-borne CheTA was the
most prevalent TA system and was found in 76.5% of isolates,
showing a high prevalence in all groups. However, within the A.
baumannii isolates belonging to the ECI and ECII lineages, the
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most prevalent were the plasmid-borne SplTA and HigBA,, TA
systems (88.6% and 89.6% frequencies, respectively) (Fig. 5).

DISCUSSION

At first glance, the bioinformatic search showed a rather limited
variety of A. baumannii type II TA systems. However, a more
thorough analysis using the RASTA tool (22) revealed a larger
repertoire. Our search was limited to the currently assembled ge-
nomes (see Table S3 in the supplemental material), but a peek into
scaffolds of the newly sequenced genomes revealed at least a few
more A. baumannii TA families. These families included a pair con-
sisting of the putative MazE antitoxin and the putative PIN domain
toxin in the A. baumannii Naval-82 chromosome (GI:421789021 and
GI:421789037, respectively) and also the Doc family toxin, overlap-
ping hypothetical proteins in at least three A. baumannii chromo-
somes: ABNIH1 (GI:417872276 and GI:417872275, respectively),
Naval-82 (GI:421788562 and GI:421788565, respectively), and
6013150 (GI:332852538 and GI:332852537, respectively). We also
found a number of orphan antitoxins and presumed antitoxin-anti-
toxin pairs. Some pairs, not included in the list of A. baumannii TAs,
consisted of toxin or antitoxin homologs and unrelated proteins, for
example, a pair consisting of the MazF toxin and a DedA family pro-
tein in the 1656-2 chromosome (GI:384129960:128964—-129218) or a
very abundant pair consisting of a Phd antitoxin and a permease of
the DMT family (GI:323518892 and GI:323518893, respectively).
One of the most outstanding properties of A. baumannii TA
systems, predicted and validated in this study, was their “reverse
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FIG 3 Effect of the overexpression of A. baumannii toxins on protein,
DNA, and RNA syntheses in E. coli. The E. coli BW25113 F' pBAD-“toxin”
pUHEcat-“antitoxin” series strains were grown in M9 medium at 37°C and
induced as described in Materials and Methods. (A) The incorporation of
[2-'*C]thymidine, [2-'*C]uracil, and [**S]methionine was measured after
2 h of toxin induction. The RNA synthesis inhibitor rifampin, the DNA
synthesis inhibitor ciprofloxacin, or the protein synthesis inhibitor genta-
micin served as a positive control. Toxin induction and controls were
normalized to the measurements of the same strain without induction
(taken as 100%). (B) Dynamics of the incorporation of [**S]methionine in
the absence (indicated by white symbols) or in the presence (indicated by
black symbols) of 0.2% of arabinose.

organization.” While the TA operons, with some exceptions, code
for the antitoxin gene located upstream of the toxin gene (2), most
of the A. baumannii TAs did not obey this rule (Fig. 1). Moreover,
A. baumannii TA genes were separated by distances greater than
the typical distance in the range of a few base pairs (10). Other TA
genes overlapped by as much as 38 bp (Fig. 1). Also, the distance
between genes coding for the TA components was largely variable
in A. baumannii TAs. This is most evident for the HicA ,,/HicB,,

pBAD30 RelE,,
0 15 30 60| O 15 30 60

HicA,,
0 15 30 60

TA prevalence, %

relBEab 9.0

hicABa * 30.9
*%

higBAab 69.8

SpITA * 75.2

cheTA * 76.5

EC2, n=201 'N/S, n=47

FIG 5 Occurrence of the validated TA systems in clinical A. baumannii iso-
lates. PCR-based screening of the validated TA systems in clinical A. bauman-
nii isolates was undertaken as described in Materials and Methods. The isolates
tested (n = 476) comprised genotype groups belonging to the ECI and ECII
lineages and to a group of nontypeable or sporadic (N/S) isolates (represented
by different-shaded bars). Statistically significant (P < 0.05) differences in the
prevalence of TA systems in all three groups (pairwise comparison) are marked
with an asterisk; a statistically significant difference between the ECII group
and other groups, but not between the ECI and N/S groups, is marked with a
double asterisk. The percentage given on the right represents the prevalence of
TAs in all the A. baumannii strains tested.

group: EC1, n=228

and HigB ,,/HigA ,, pairs, where the distance varies from overlap
to separation (Fig. 1).

We have observed that, in some cases, the genes coding for A.
baumannii TA components were truncated and restored by over-
lapping ORFs coding for the rest of the protein (Fig. 1). An inter-
esting example is a gene coding for the putative A. baumannii Zeta
toxin, which is truncated and restored at different places in plas-
mids pABTJ1 and pACICU2. The largest overlap (191 bp) was
observed in a toxin gene of the (HipB ,,/HipA,,;), pair (where the
subscript 2 indicates the second of two homologous modules),
which resulted in a large repetition of a protein fragment (Fig. 1).
Whether such TA components are functional is questionable.
Such breaking could be thought as an example of the evolution of
three-component TA systems, where an additional third ORF
codes for a regulator of the system. The homologs of such three-
component systems are known to exist in the form of two-com-
ponent TA systems (31-33).

We have shown that A. baumannii possesses functional TAs,
the toxins of which, when expressed ectopically, inhibited trans-
lation by degrading RNA in E. coli. Toxins of the HicA,,/HicB ,,
and RelB ,;/RelE ,;, modules caused rapid degradation of RNA, as
expected from their homology to the well-documented TA sys-

SpIT
0 1 30 60

CheT
0 15 30 60 min

—Ipp

— SSrA

FIG 4 Effect of overexpression of A. baumannii toxins on E. coli Ipp mRNA and tmRNA. The E. coli BW25113 F’ pBAD-“toxin” pUHEcat-“antitoxin” series
strains were grown as described in Materials and Methods. The samples were taken before (time zero) and at different times after the induction of the toxin with
0.2% arabinose. Total RNA was isolated, and 15 g of RNA per sample was subjected to Northern analysis. The membranes were probed with Ipp- or ssrA-specific
probes labeled with biotin. Black and white arrows indicate ssrA transcript before maturation (precursor of tmRNA) and the cleavage product of ssrA, caused by
the induction of toxins, respectively.
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tems. Overexpression of the HigB,, toxin had a similar effect on
translation (Fig. 3B) and RNA degradation (Fig. 4). Such obser-
vations are consistent with the proposal that Tad homologs (GP49
domain proteins) belong to the RelE superfamily and should be
classified as HigBs. The newly confirmed SplT/SplA and CheT/
CheA systems revealed some notable differences in their impact
on the growth of E. coli and also in the different degrees of mRNA
and tmRNA degradation. This raised the question about the pos-
sible different modes of action of the respective toxins of the SplT/
SplA and CheT/CheA modules.

Based on the conserved motifs, it was suggested that DUF497
(or COG2929) and COG3514 (or COG5304) proteins might actas
a toxin and an antitoxin, respectively (1). We have shown that
DUF497,,/COG3514,, (renamed SpITA) is a functional TA sys-
tem and that its toxin, SplT, inhibits translation. However, both
translation inhibition and RNA degradation were less pro-
nounced than those of other toxins tested in our study. The de-
tailed mechanism of this toxin as well as other newly identified
toxins remains to be investigated.

The ability of GNAT proteins to form TA pairs with DNA-
binding proteins containing an HTH or RHH domain was con-
sidered controversial (1); however, some of them were annotated
TAs. Indeed, we have shown in this study that HTH,,/GNAT,,
(renamed CheTA) did act as a TA module but oppositely than
expected: the HTH domain protein acted as a toxin, while the
GNAT domain protein neutralized its effect. However, the de-
layed action of the CheT toxin could suggest a different mode of its
activity or a different interaction with the antitoxin. Despite the
fact that CheA clearly abolished the toxicity of CheT, according to
the sequence analysis, it is a putative N-acetyltransferase of the
GCN5-related (GNAT) superfamily. Some GNAT proteins are
known to regulate translation by acetylation of ribosomal proteins
(34). GNAT proteins also contribute to bacterial antibiotic resis-
tance (35) and are annotated mostly as putative antibiotic resis-
tance genes in A. baumannii. Whether an antitoxin could possibly
use an acetylation activity remains to be elucidated.

A. baumannii TAs differed in their localization and abundance
and showed clear association with plasmids. Approximately two-
thirds of the candidate TAs were solely plasmid borne according to
the bioinformatic search. The most TA-rich plasmid, the A. bau-
mannii 94-kb plasmid p3ABAYE (GI:169147050), possibly carries
five TAs. Three of them [(RelB,;/RelE,;), and two versions of
HigB ,,/HigA ,;, in opposite directions] form a single cluster,
whereas another different HigB ,,/HigA ,, (GP49,,/HTH,,,) pair
and the (HipB,,/HipA,;), pair are located further upstream.

In the collection of clinical A. baumannii isolates, two of the
most abundant TA systems were the HigB,,/HigA ,, and SpITA
TA systems, which are solely plasmid borne according to the
bioinformatic analysis. These noncanonical TA systems were the
most prevalent in the clinical A. baumannii isolates belonging to
the ECI and ECII lineages, which are spread worldwide. Further-
more, according to our recent observations, these TA modules are
harbored by the newly observed ~11-kb plasmid pAB120. This
small plasmid is prevalent in carbapenem-resistant clinical A. bau-
mannii ECIl isolates and carries two copies of the gene for OXA-72
B-lactamase, conferring resistance to carbapenems (24). These
observations suggest a probable role of plasmid-borne A. bau-
mannii TAs as plasmid stabilization systems contributing to the
evolution of antibiotic resistance in this opportunistic pathogen.
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