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Acinetobacter baumannii has recently emerged as a highly troublesome nosocomial pathogen, especially in patients in intensive
care units and in those undergoing mechanical ventilation. We have identified a surface protein adhesin of A. baumannii, desig-
nated the Acinetobacter trimeric autotransporter (Ata), that contains all of the typical features of trimeric autotransporters (TA),
including a long signal peptide followed by an N-terminal, surface-exposed passenger domain and a C-terminal domain encod-
ing 4 3-strands. To demonstrate that Ata encoded a TA, we created a fusion protein in which we replaced the entire passenger
domain of Ata with the epitope tag V5, which can be tracked with specific monoclonal antibodies, and demonstrated that the
C-terminal 101 amino acids of Ata were capable of exporting the heterologous V5 tag to the surface of A. baumannii in a trimeric
form. We found that Ata played a role in biofilm formation and bound to various extracellular matrix/basal membrane (ECM/
BM) components, including collagen types I, III, IV, and V and laminin. Moreover, Ata mediated the adhesion of whole A. bau-
mannii cells to immobilized collagen type IV and played a role in the survival of A. baumannii in a lethal model of systemic in-
fection in immunocompetent mice. Taken together, these results reveal that Ata is a TA of A. baumannii involved in virulence,
including biofilm formation, binding to ECM/BM proteins, mediating the adhesion of A. baumannii cells to collagen type IV,
and contributing to the survival of A. baumannii in a mouse model of lethal infection.

Acinetobacter baumannii is a Gram-negative opportunistic patho-
gen that has recently emerged as a significant cause of nosocomial
infections worldwide (54). Multidrug-resistant (MDR) A. baumannii
infections tend to occur in debilitated patients, especially those in
intensive care units (ICUs) and/or in the context of serious underly-
ing disease, in patients subjected to invasive procedures, such as me-
chanical ventilation, or those undergoing long hospitalizations or be-
ing treated with broad-spectrum antibiotics (25, 39). The most
common clinical manifestations of A. baumannii infections in the
ICUs are ventilator-associated pneumonia (VAP) and bacteremia,
which are associated with morbidity and mortality rates as high as
52% (12, 64). Other hospital-acquired A. baumannii infections in-
clude urinary tract infections, wound infections, and meningitis (55).
In addition, A. baumannii infections have been a recurrent problem
during wars and natural disasters (53, 76), and recently MDR A. bau-
mannii has become a major pathogen found in combat-associated
wounds in military personnel deployed to Iraq or Afghanistan (18,
29). Problematically, 89% of Acinetobacter strains isolated from pa-
tients injured in Iraq and Afghanistan were resistant to at least two
major classes of antibiotics (72). The lack of new antibiotics to treat
MDR A. baumannii infections has led the Infectious Disease Society
of America (IDSA) to describe A. baumannii as “an emblematic case
of the mismatch between unmet medical needs and the current anti-
microbial research and development pipeline” (48).

Although A. baumannii is a pathogen of considerable health
care interest, surprisingly little is known about this organism’s
virulence determinants, bacterial regulatory networks, and host
defense mechanisms. Recent DNA genome sequencing revealed
that this organism harbors an extraordinary number of putative
virulence-associated genes and elements homologous to the Le-
gionella/ Coxiella type IV secretion apparatus (66). Several viru-
lence determinants involved in biofilm formation (24, 41), iron
acquisition (79), lipopolysaccharide (LPS) synthesis (62), resis-
tance to the bactericidal activity of human serum (33), adherence,
host cell invasion (11, 42), and death (9, 10, 35) have been re-
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ported in previous studies. While these presumably encompass
just a minor fraction of elements involved in A. baumannii viru-
lence, new approaches are needed to expand our understanding of
the basic features of this organism which will ultimately be essential to
control the spread of A. baumannii infections and to develop effective
means to prevent and/or treat this harmful pathogen.

To gain greater insight into A. baumannii virulence factors, we
identified an ORF in A. baumannii ATCC 17978, A1S_1032, that
codes for a protein belonging to the trimeric autotransporter (TA)
family, which was termed the Acinetobacter trimeric autotrans-
porter, or Ata. TAs encompass a large family of proteins produced
by many Gram-negative bacteria that contain a C-terminal do-
main that is believed to form the trimeric B-barrel that allows for
the transport of the N-terminal passenger domain to the bacterial
cell surface. These proteins form lollipop-shaped surface projec-
tions on the bacterial surface and have been extensively studied as
vaccine candidates against multiple pathogens (52). Two relevant
examples of TAs as vaccine components include the Neisseria
meningitidis NadA autotransporter (AT) which is undergoing
phase III clinical evaluation against serogroup B meningococcal
disease (65), and the conventional AT pertactin, produced by Bor-
detella pertussis strains (30), that is a component of four out of the
five pertussis vaccines currently licensed for use in the United
States (1).

In this report, we conducted an in silico structural analysis of
the Ata protein and investigated its role in biofilm formation,
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TABLE 1 Bacterial strains and plasmids used in this work

Acinetobacter baumannii Trimeric Autotransporter

Strains and plasmids Description

Source or reference

A. baumannii strains

ATCC 17978 Reference sequenced strain, susceptible to antibiotics ATCC
ATCC 17978 Aata ATCC 17978 derivative with an in-frame deletion of ata This work
ATCC 17978 Aata-c ATCC 17978 Aata complemented with pBAD-Ata This work
ATCC 17978 Aata-pLVB-Ata ATCC 17978 Aata complemented with pLVB-Ata This work
ATCC 17978 Aata-pBAD18kan-Ori ATCC 17978 Aata complemented with pBAD18kan-Ori This work
E. coli strains
DH5a N\pir Apir lysogen of DH5a Laboratory strain
LMG194 F~ AlacX74 galE thi rpsL AphoA (Pvull) Aara714 leu::Tn10 Invitrogen
Topl0 Used as host for gene cloning Invitrogen
Plasmids
pSSK10 Derived from pDS132 (R6K ori mobRP4 cat sacB), Km" 66
pCR-XL-TOPO PCR cloning plasmid, Km" Invitrogen
pAata pSSK10 carrying an ~3.4-kb fragment of the 5" and 3’ flanking regions of ata This work
pBAD18kan-Ori E. coli-Acinetobacter shuttle vector 8
pBAD-Ata A. baumannii ATCC 17978 promoterless ata gene (5,682 bp) cloned in pBAD18Kan-Ori This work
pBAD-TOPO-TA Protein expression vector carrying C-terminal V5-6 X His tag; Ap" This work
pBAD-SP Promoter and signal peptide of ata cloned in pPBAD-TOPO-TA This work
pBAD-TD Translocator domain of ata cloned in pBAD18Kan-Ori This work
pAta-V5-6XHis SP-V5-6XHis fragment cloned in pBAD-TD This work
pAta pBAD-TOPO derivative carrying 5,274-bp coding sequence coding for the passenger This work
domain of ata
pTOPO-XL-Ata A. baumannii ATCC 17978 ata gene with its own promoter (5,789 bp) cloned in This work
pCR-XL-TOPO
pLVB-Ata ata from pTOPO-XL-Ata cloned in pBAD18kan-Ori This work

binding to extracellular matrix/basal membrane (ECM/BM) pro-
teins, and adhesion of whole A. baumannii cells to collagen type
1V, as well as in virulence in a mouse model of lethal infection in
immunocompetent mice.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. All strains were routinely
grown in lysogeny broth (LB) with the exception of Escherichia coli
LMG194, which was grown in M9 minimal medium supplemented with
0.25% Casamino Acids. Carbenicillin and kanamycin were added to the
growth medium at 50 pg/ml each.

Bioinformatics. The signal peptide and secondary structure features
of Ata were predicted using the SignalP 3.0 program, available at http:
/Iwww.cbs.dtu.dk/services/SignalP/ (2), and the PSIPRED software (38),
respectively.

A model of the three-dimensional (3D) structure of the C-terminal
101 Ata residues was built by the combined use of homology modeling
and molecular mechanics. A homology model of the Ata membrane an-
chor was built in CPH-models (51) using the crystal structure of the mem-
brane anchor of Haemophilus influenzae Hia protein as a template. Deep-
View software (27) was used for construction of the homology model and
for manipulation of torsion angles.

Construction of strains. We constructed a vector to generate an in-
frame deletion of ata in A. baumannii ATCC 17978 in the following man-
ner. An approximately 3.4-kb fragment of the 5’ and 3’ regions of ata were
amplified by PCR using the primer pairs Ndel-Ata-3.4-F/Mlul-Ata-R and
Mlul-Ata-F/Xhol-Ata-3.4-R, respectively (Table 2). The fragments were
then digested with Ndel/Mlul and Mlul/Xhol and ligated between the
Ndel and Xhol sites of pSSK10 (68). The resulting plasmid, pAata, con-
tained approximately 3.4 kb of DNA flanking regions on both sides of ata.
ATCC 17978 Aata, harboring an in-frame deletion of ata, was made by
first transforming pAata into A. baumannii strain ATCC 17978 by elec-
troporation. Clones in which the plasmid was integrated into the chro-
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mosome were selected on LB agar plates supplemented with kanamycin.
A. baumannii ATCC 17978 merodiploids were grown for 2 days in LB
without antibiotic selection, plated on LB agar supplemented with 10%
sucrose, and grown at 25°C for 48 h to select for cells that had lost the
plasmid after homologous recombination. Kanamycin-sensitive, sucrose-
resistant colonies were screened by PCR using primers Ata-F-out/Ata-R-
out to confirm deletion of ata. In-frame deletion of the ata gene was
confirmed by sequencing using primers Ata-F-out/Ata-R-out. The result-
ing strain contains the first 13 and last 3 amino acids (aa) of the ata
product in frame.

Complementation plasmid pBAD-Ata was constructed as follows. The
ata gene was amplified by PCR with the KAPA HiFi DNA polymerase
(Kapa Biosystems) from the chromosomal DNA of A. baumannii ATCC
17978 using primers Xbal-Ata-C-F and SphI-Ata-C-R. The resulting
5,682-bp DNA fragment was then digested with Xbal/Sphl ligated be-
tween the Xbal and Sphl sites of pPBAD18kan-Ori to produce the plasmid
pBAD-Ata, which was then transformed into A. baumannii ATCC 17978
Aata by electroporation, generating strain ATCC 17978 Aata-c.

To construct the complementation plasmid pLVB-Ata containing ata
with its own promoter, the ata gene was amplified by PCR with the KAPA
HiFi DNA polymerase (Kapa Biosystems) from the chromosomal DNA of
A. baumannii ATCC 17978 using primers Ata-C2-F and Ata-C2-R. Fol-
lowing amplification, the resulting 5,789-bp PCR product was mixed with
2.5 U of Tag DNA polymerase (Invitrogen) and 2 mM dATP in 1X Tagq
buffer and incubated at 72°C for 10 min to allow addition of 3" A-over-
hangs before ata was subcloned into the pCR-XL-TOPO vector to gener-
ate pTOPO-XL-Ata. Ligation of DNA into pCR-XL-TOPO and subse-
quent transformation into E. coli TOP10 cells were performed according
to the manufacturer’s protocol. The ata gene was then isolated from
pTOPO-XL-Ata after digestion with EcoRI and cloned into the EcoRI-
digested shuttle vector pPBAD18kan-Ori to generate the complementation
vector pLVB-Ata. Finally, the pLVB-Ata plasmid was introduced in E. coli
TOP10 cells by electroporation. Primers pBAD-R and Ata-C2-R were
then used to deliberately select a clone where the orientation of ata in
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TABLE 2 Oligonucleotide primers used in this study

Primer name Sequence (5" to 3")*

Purpose

Ndel-Ata-3.4-F

Mlul-Ata-R GGGCCCACGCGTAATCGAAGCATTCCAAATGACCTTGTAAAC
Mlul-Ata-F GGGCCCACGCGTATTAATTAAGAAACTGGTTGGGAGGGCAAT
Xhol-Ata-3.4-R GGGCCCCTCGAGAGAGCTTCGGCTGATTGAACAAACTTTTAGG
Ata-F-out ATTTATTCAATTAGGATGCCGCCTCTTTTTTTGG

Ata-R-out CTAAGACTAAGCTTTGGATTGTTTTGTTCATCTC

Xbal-Ata-C-F GGGCCCTCTAGATTGGTCGTTGAGTTCG

Sphl-Ata-C-R GGGCCCGCATGCTTAATTAATCACACCACTAATACCA

Ata-SP-F TATTTGTCTGAGAAGTTTTATGAATAAAGTTTACAAGG

Ata-SP-R AGCAAAAGCATTTGGAGCAAAACAAATTACACCC

KpnlI-TD-F GGGCCCGGTACCAACAAAATTACCAATCTGGGTGATCAGTTACAA
SphI-TD-R GGGCCCGCATGCTTAATTAATCACACCACTAATACCAACGCGGAC

SacI-SP-V5-6 X His-F
KpnlI-SP-V5-6XHis-R

Ndel-Ata-PD-F

Xhol-Ata-PD-R GGGCCCCTCGAGTTCTAAGGCCATGGCAGCG

Ata-C2-F ATTTATTCAATTAGGATGCCGCCTCTTTTTTTGG
Ata-C2-R CTAAGACTAAGCTTTGGATTGTTTTGTTCATCTC
pBAD-R CCGCCAGGCAAATTCTGTTTTATCAG

GGGCCCCATATGGGGCATAAAAAACGCAGTCCAAAAAACGGTG

GGGCCCGAGCTCTATTTGTCTGAGAAGTTTTATGAATAAAGTTTACAAG
GGGCCCGGTACCATGGTGATGGTGATGATGACCGGTAC

GGGCCCCATATGGGGACAAATACCGAAGGGGGAATAG

Clone 5’ upstream region of ata

Clone 5’ upstream region of ata

Clone 3" downstream region of ata

Clone 3’ downstream region of ata

Confirm in-frame deletion of ata

Confirm in-frame deletion of ata

Complementation of ata

Complementation of ata

Amplification of promoter and signal peptide of ata

Amplification of promoter and signal peptide of ata

Amplification of ata translocator domain

Amplification of ata translocator domain

Amplification of ata promoter-signal
peptide-V5-6 X His

Amplification of ata promoter-signal
peptide-V5-6 X His

Cloning passenger domain of ata

Cloning passenger domain of ata

Complementation of ata with its native promoter

Complementation of ata with its native promoter

Confirm orientation of ata in pLVB-Ata vector

@ Restriction sites are underlined.

pBAD18kan-Ori was in the opposite direction of the pBAD promoter and
therefore where the expression of ata was controlled by its own native
promoter rather than by the pBAD promoter. pBAD18kan-Ori was cho-
sen to construct the complementation plasmid pLVB-Ata mainly for its
ability to replicate in E. coli-A. baumannii and its stability in vivo rather
than for its arabinose-inducible pBAD promoter. The pLVB-Ata plasmid
was finally electroporated into A. baumannii Aata cells to generate the
complemented strain A. baumannii Aata-pLVB-Ata.

The control strain A. baumannii Aata-pBAD18kan-Ori was prepared
by electroporating the empty vector pBAD18kan-Ori into the mutant
strain A. baumannii ATCC 17978 Aata.

Replacement of the Ata passenger domain with the V5-6xHis
epitope tags. The V5-6 X His peptide was fused to the C-terminal region of
Ata according to the following steps. First, a fragment containing the
promoter and signal sequence of ata was amplified by PCR, with primers
Ata-SP-F and Ata-SP-R, and ligated upstream of the V5-6 X His sequence
contained in the plasmid pBAD-TOPO-TA to generate the plasmid
pBAD-SP. A second PCR amplicon containing the predicted translocator
domain of ata was amplified with primers SphI-TD-R/KpnI-TD-F di-
gested with Sphl and Kpnl and cloned into Sphl/Kpnl digested
pBAD18Kan-Ori to generate pBAD-TD. The entire ata promoter-SP-V5-
6XHis fragment then was amplified from pBAD-SP with primers Sacl-
SP-V5-6 X His-F and Kpnl-SP-V5-6 XHis-R, cloned in the Sacl/KpnlI-di-
gested pPBAD-TD to generate fusion plasmid pAta-V5-6XHis, and
introduced into E. coli LMG194 by electroporation. All constructs were
examined by nucleotide sequencing to ensure that the inserts were in
frame and that all PCR products were free of mutations.

Immunoblotting. E. coli LMG194 pAta-V5-6XHis cells were grown
in M9 plus 0.25% Casamino Acids and induced with either 0.2% arabi-
nose or 0.2% glucose for 4 h. Outer membrane fractions of whole-cell
bacterial sonicates were prepared on the basis of Sarkosyl insolubility as
described previously (19). The samples were resuspended in SDS-PAGE
loading buffer, boiled for 5 min, and separated on a 10% Bis-Tris gel
(Invitrogen) using morpholineethanesulfonic acid (MES) running buffer.
Proteins were transferred to Invitrolon polyvinylidene difluoride (PVDF)
membranes (Invitrogen) and blocked with phosphate-buffered saline
(PBS)-5% nonfat dry milk for 1 h at room temperature. Blocked mem-
branes were incubated for 1 h with mouse IgG1 anti-V5 monoclonal an-
tibody (MADb) (Santa Cruz Biotechnology) diluted 1:1,000 in PBS plus
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0.05% Tween 20 (PBST)-2% nonfat dry milk. V5 epitopes were detected
with goat anti-mouse IgG (Southern Biotech) (1:1,000 dilution in
PBST-2% nonfat dry milk) by enhanced chemiluminescence (Western
blotting reagent; Santa Cruz Biotechnology). Some arabinose-induced
pAta-V5-6XHis outer membrane protein (OMP) samples were also sub-
jected to depolymerization by overnight treatment with 70% formic acid
at room temperature as described elsewhere (69) and then analyzed by
Western blotting as described before.

To investigate the levels of Ata expression among clinical isolates by
Western blotting, cultures of eight A. baumannii clinical strains (ATCC
17978, S19, 130, N10, 142, 125, 131, and 128) as well as the ata-negative
strain ATCC 17978 Aata were grown in LB to an optical density at 650 nm
(ODygs,) of 0.025, and OMPs were extracted and processed as described
above for the strain E. coli LMG194 pAta-V5-6 XHis. Purified OMPs (2.5
jg) were resolved on a 4 to 12% Bis-Tris gel using morpholinepropane-
sulfonic acid (MOPS) running buffer, transferred to PVDF membranes,
and analyzed by Western blotting as before but using rabbit sera raised to
Ata (1:1,000 dilution) as the primary antibody and a secondary goat anti-
rabbit IgG (Southern Biotech) diluted 1:1,000.

Purification of recombinant Ata. The passenger domain of Ata was
PCR amplified from the genomic DNA of A. baumannii strain ATCC
17978 with primers Ndel-Ata-PD-F/Xhol-Ata-PD-R, digested with Ndel
and Xhol, and cloned into Ndel/Xhol-digested pBAD-TOPO-TA (Invit-
rogen) to generate pAta. Recombinant protein expression from pAta was
induced in E. coli TOP10 cultured to an ODy;, of 0.4 in LB containing
carbenicillin by addition of 2% L-arabinose and further incubation for 4 h.
Soluble His-tagged Ata was purified by affinity chromatography on a
nickel column according to the protocols of the manufacturer (Novagen).
The purity was checked by SDS-PAGE stained with Coomassie blue, and
protein content was quantified with the Bradford assay (3).

Biofilm formation. A. baumannii overnight cultures were diluted
1:100 in 2 ml of either fresh LB (ATCC 17978 and Aata strains) or LB plus
2% arabinose or 0.2% glucose (Aata-c strain), and biofilms were allowed
to form in polystyrene plastic tubes under static conditions for 24 h. At
this point, the cultures were monitored for planktonic growth by measur-
ing the ODg5,. Once the medium and planktonic cells were removed,
biofilms were gently washed with PBS to remove loosely attached cells,
dried, and stained with a 0.2% crystal violet solution. After biofilms were
rinsed with deionized water, the biomass was quantified by adding 2 ml of
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100% ethanol and vortexing until the stained biomass was completely
removed from the tube surface, and the OD., was determined (8). Bio-
film formation was expressed as a normalized value: OD 5 divided by the
planktonic cell density (ODg5,) of each tube.

Flow-cytometric analysis of bacterial production of Ata. Flow cy-
tometry was used to examine the production of Ata by A. baumannii
ATCC 17978 at various phases of growth, from early exponential to sta-
tionary phase, to optimize the induction/repression conditions from the
complementation vector pBAD-Ata as well as to compare Ata production
in wild-type A. baumannii ATCC 17978 to that in Aata, Aata-pLVB-Ata,
and Aata-pBAD18kan-Ori strains and among A. baumannii clinical iso-
lates.

To investigate the production of Ata during all phases of growth, wild-
type A. baumannii ATCC 17978 was grown to an ODg5, 0f 0.025, 0.1, 0.4,
0.8, and 1.2, whereas for the optimizing of Ata production from pBAD-
Ata, Aata-c cells were grown to an ODg;, of 0.4 and induced for 2 h with
arabinose or glucose at concentrations ranging from 0.2 to 2%. After cells
were washed with PBS, the OD;, of all samples was adjusted to 0.4, and
then they were incubated for 1 h at room temperature with rabbit sera
raised to recombinant Ata (1:1,000 dilution in PBS) that had been previ-
ously absorbed with the A. baumannii ATCC 17978 Aata strain to remove
any reactivity to antigens other than Ata. Following three washes with
PBST, cells were incubated for 30 min with Alexa 488-conjugated goat
antibody to rabbit IgG (Invitrogen) diluted 1:250 in PBS. Bacterial cells
were washed three times with PBST and then analyzed by a FACSCalibur
flow cytometer (Becton, Dickinson). We found that the induction of A.
baumannii ATCC 17978 Aata-c with 2% arabinose for 2 h resulted in high
levels of surface Ata, comparable to those seen in the wild-type strain
grown to an ODg5, of 0.025, whereas growth with 0.2% glucose was op-
timal for maximum repression of ata expression from the recombinant
plasmid. Therefore, these concentrations of arabinose and glucose were
used as our standard induction/repression conditions for the comple-
mentation vector pBAD-Ata throughout this study (data not shown).

Finally, for testing the levels of Ata in A. baumannii ATCC 17978,
Aata, Aata-pLVB-Ata, and Aata-pBAD18kan-Ori and among A. bau-
mannii clinical isolates, bacteria were grown to an OD,, of 0.025 and
washed with PBS. After the OD5, was adjusted to 0.4, samples were pro-
cessed as described above for analysis by fluorescence-activated cell sort-
ing (FACS).

Quantitative real-time PCR (qQRT-PCR). A. baumannii ATCC 17978
cells grown to early log (ODgs, of 0.1) and mid-log (ODj5, of 0.4) phase
were harvested with RNA Protect (Qiagen), and total RNA was isolated
using the RNeasy kit (Qiagen) according to the manufacturer’s recom-
mendations. Genomic DNA was removed by incubating the samples twice
with Turbo DNase at 37°C for 30 min according to the manufacturer’s
instructions (Ambion). One microgram of RNA was used to synthesize
cDNA using the SuperScript III first-strand synthesis system (Invitrogen),
and quantitative analysis of cDNAs was performed with a Light Cycler 480
system instrument using SYBR green I master mix (Applied Biosystems)
to detect PCR products. Primers for PCR were designed to amplify a
product of approximately 200 bp with the primer3 software. Reactions
were set up according to the manufacturer’s instructions, and three rep-
licates for each sample were included. The amplification conditions were
95°C for 5 min (ramp rate of 4.5°C/s), followed by 45 cycles of 95°C for
10 s (ramp rate of 4.5°C/s), 55°C for 20 s (ramp rate of 2.5°C/s), and 72°C
for 30 s (ramp rate of 4.5°C/s). The specificity of the reaction was con-
firmed by obtaining a melting curve from 95 to 55°C. The threshold cycle
(Cr) value was defined as the cycle in which the fluorescence value was
above the background level. Relative gene expression was quantified using
the 27 22¢T method (44) with the 16S rRNA gene as a control for normal-
ization.

CLSM. Confocal laser-scanning microscopy (CLSM) was used to eval-
uate the surface localization of the Ata-V5-His fusion protein on E. coli
pAta-V5-6XHis as well as the production of Ata in A. baumannii ATCC
17978, Aata, and Aata-c strains. E. coli pAta-V5-6 XHis cells were grown
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to an ODg, 0f 0.4 and induced for 4 h with either 0.2% arabinose or 0.2%
glucose. For A. baumannii strains, cells were grown to an OD, of 0.025
(ATCC 17978 and Aata) or 0.4 and then induced for 2 h with either 2%
arabinose or 0.2% glucose (ATCC 17978 Aata-c). Bacteria were washed
with PBS, and the OD;, of all samples was adjusted to 0.4. Cells were then
incubated for 15 min in blocking buffer (PBS-5% bovine serum albumin
[BSA]) and then with a 1:100 dilution of anti-V5 MAb or 1:50 dilution of
polyclonal rabbit antiserum raised against Ata. Finally, cells were incu-
bated with a 1:200 dilution of a secondary antibody coupled to Alexa 488
along with 1 pg/ml of 4’,6-diamidino-2-phenylindole (DAPI) in PBS.
Following three washes with PBS, bacteria were analyzed by CLSM as
described elsewhere (8).

Binding of Ata to ECM/BM proteins. Microtiter plates were coated
overnight at 4°°C with 5 g of fibronectin, laminin, heparan, collagen types
L IL IIL, IV, and V (all from Sigma), vitronectin (R&D Systems), or BSA
(Sigma) per well in 100 mM phosphate buffer, pH 7. Wells were washed
three times with PBST and then treated with blocking solution (PBST-2%
nonfat dry milk) for 2 h at 37°C. After three washes with PBST, 50 pl of
purified recombinant Ata (0.02 to 2.5 pg/ml) diluted in PBS plus 0.1%
blocking solution was added to the plate wells and incubated at 37°C for
2 h. After three washes with PBST, wells were incubated at 37°C for 1 h
with rabbit antiserum diluted 1:1,000 in 0.1% blocking solution. Follow-
ing three washes in PBST, wells were incubated with a secondary anti-
rabbit antibody (alkaline phosphatase conjugated and diluted 1:1,000) in
0.1% blocking solution at 37°C for 1 h. Once wells were washed three
times with PBST, the binding of Ata was detected with p-nitrophenyl
phosphate (pNPP) substrate by measuring the absorbance at 405 nm.

Binding of A. baumannii to collagen type IV. Microtiter tissue cul-
ture plates were coated with collagen type IV, blocked, and washed as
described before. A. baumannii ATCC 17978, Aata, and Aata-c strains
induced with arabinose or glucose were grown as described above and
resuspended in phosphate-buffered saline (PBS) to an ODyg5, of 0.4. One
hundred p.l containing 5 X 10° CFU was added to each well and incubated
for 1 h at 37°C. Wells were rinsed four times with PBS and treated with
trypsin-EDTA to release the bound bacteria. The number of adherent A.
baumannii cells was determined by serial dilution and plating.

Rabbit antibodies to Ata and enzyme-linked immunoabsorbent as-
say (ELISA). Antibodies to recombinant Ata were raised in rabbits after
immunization with 10-jg doses of recombinant Ata by following proto-
cols described elsewhere (47).

A. baumannii virulence studies. The role of Ata in A. baumannii
virulence was investigated in a recently developed lethal model of systemic
infection (4). In this model, wild-type A. baumannii ATCC 17978, Aata,
Aata-pLVB-Ata, or Aata-pBADI18kan-Ori were grown to an ODys, of
0.025, washed once with PBS, and used to infect groups of immunocom-
petent mice (C57BL/6; female; n = 8; 3 to 5 weeks of age) intraperitoneally
(i.p.) with a dose of approximately 107 CFU per animal. Mortality was
scored for a 5-day period.

Statistical analysis. All statistical analyses were performed using
Prism 4.0 (GraphPad Software). Results from comparisons of biofilm
formation and binding to collagen IV for A. baumannii strains were ana-
lyzed by one-way analysis of variance (ANOVA) with Tukey’s correction.
Survival data for the different mouse groups were analyzed by using Ka-
plan-Meier survival curves and the log-rank test. A P value of <0.05 was
considered significant

Accession numbers. The complete genome sequence and annotation
of A. baumannii ATCC 17978 has been deposited in the GenBank/EMBL/
DDBJ database under accession no. CP000521. The nucleotide and pre-
dicted amino acid sequence accession numbers of the ata gene and protein
are CP000521 and ABO11464, respectively.

RESULTS

In silico predicted structure of Ata. The 5,622-bp ata gene, ORF
A1S_1032, from A. baumannii ATCC 17978 is predicted to encode
a protein that shares many structural features with the other AT
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proteins, including YadA from Yersinia enterocolitica, NhhA from
N. meningitidis, or Uspal from Moraxella catarrhalis TA proteins,
among others.

Signal peptide and secondary structure prediction analysis of
Ata revealed that this protein contains a long putative signal se-
quence with a signal peptidase cleavage site predicted to be be-
tween amino acids 53 and 54 that was followed by a large N-ter-
minal passenger domain (amino acids 54 to 1772) containing four
pentameric collagen binding consensus sequences (SVAIG) and
one Arg-Gly-Asp (RGD) motif. The 101-amino-acid C-terminal
sequence of Ata is predicted to contain a translocator domain that
can be separated into an initial 39-amino-acid a-helix and a
9-amino-acid hairpin loop that connects the a-helix to the B-bar-
rel domain. The B-barrel domain is predicted to contain four
transmembrane antiparallel B-sheets (B1 to B4) of 9, 10, 10, and
11 amino acids connected by short turns (see Fig. S1A in the sup-
plemental material). By analogy to other members of the TA fam-
ily, the trimerization of this region in the outer membrane may
form 12-stranded pore-forming (3-barrels containing four strands
from each of three subunits to mediate the exposure of the N-ter-
minal part of the protein at the cell surface.

Based on results from secondary structure predictions and the
strong amino acid sequence similarity of Ata to other TAs, we
generated a computer model of the putative 3D structure of the
last 101 amino acids of Ata with the Chimera computer modeling
tool (16, 56) using the crystal structure of Hia (Protein Data Bank
identification no. 2GR?7) as a template. Figure S1B in the supple-
mental material represents an overview of the modeled structures
of monomeric and trimeric Ata. The three individual a-domains
for each Ata monomer are predicted to be exposed at the surface of
the structure, looping out of the 12-stranded B-barrel pore
formed with four antiparallel B-sheets from each of the mono-
mers of Ata.

The C-terminal 101-amino-acid region of Ata contains func-
tional translocator activity. Results from the in silico analysis of
Ata suggested that the C-terminal region of Ata contains the trans-
locator activity of the protein. To test this hypothesis, we investi-
gated if the C-terminal 101 amino acid residues of Ata, predicted
to contain the translocator function, were capable of presenting a
heterologous passenger domain on the bacterial surface using a
fusion protein, Ata-V5-His. After induction of E. coli pAta-V5-
6XHis cells with either 2% arabinose or 0.2% glucose, extraction
of the OMPs, and analysis by Western blotting with anti-V5
MADbs, we found that OMP extracts from arabinose-induced E.
coli cells had an anti-V5 reactive band that ran between 38 and 49
kDa (Fig. 1A, lane 2). No bands were visible when E. coli was
grown under the repressing conditions containing glucose (Fig.
1A, lane 1). As the predicted size of the mature monomeric Ata-
V5-His fusion protein is approximately 13.8 kDa, it appears that
the V5 band observed was a trimer of the Ata-V5-His fusion pro-
tein. Previous accounts indicated that C termini of other AT pro-
teins, such as Hia and YadA, formed heat-resistant, sodium dode-
cyl sulfate-resistant trimers in the outer membrane, and that Hia
requires formic acid denaturation for dissociation (61, 70). After
treatment of our samples with 70% formic acid overnight at room
temperature, we found that OMP samples from arabinose-grown
E. coli pAta-V5-6X had an altered migration of the V5 reactive
band that ran at approximately 14 kDa, a size consistent with a
monomer of the Ata-V5-His protein (Fig. 1A, lane 3). Similar

3954 jb.asm.org

results were obtained when Western blottings were probed with
anti-His MAbs (data not shown).

We next used CLSM to confirm the surface location of the
Ata-V5-His chimeric protein in arabinose- or glucose-induced E.
coli pAta-V5-6XHis cells. As shown in Fig. 1B, high levels of la-
beling were observed in arabinose-induced E. coli pAta-V5-6 X His
(Fig. 1B, panel a) but not when the E. coli cells were grown under
repressing effects of glucose (Fig. 1B, panel b). Control DAPI-
stained E. coli pAta-V5-6XHis cells induced with arabinose or
glucose are shown in panels ¢ and d, respectively.

The surface localization of Ata in A. baumannii cells was fur-
ther confirmed by CLSM studies using wild-type A. baumannii
ATCC 17978, Aata, and Aata-c strains grown in the presence of
arabinose or glucose. Results presented in Fig. 1C demonstrated
high levels of surface Ata production in both wild-type A. bau-
mannii ATCC 17978 (Fig. 1C, panel a) and arabinose-induced
Aata-c (Fig. 1C, panel d) but not in the Aata strain (Fig. 1C, panel
b) or the glucose-induced Aata-c strain (Fig. 1C, panel c).

All CLSM studies with E. coli pAta-V5-6XHis and A. bauman-
nii ATCC 17978, Aata, and Aata-c were carried out with intact,
nonpermeabilized cells.

In summary, the Western blot analysis of OMP extracts from
the Ata-V5-His fusion protein demonstrated that ORF A1S_1032
encodes a TA protein, and CLSM confirmed its surface localiza-
tion.

Production of Ata is growth phase dependent. We investi-
gated the production of Ata in A. baumannii ATCC 17978 at var-
ious growth phases in LB (ODgs, of 0.025, 0.1, 0.4, 0.8, or 1.2) by
measuring surface Ata production by flow cytometry. Results pre-
sented in Fig. 2 showed growth phase-dependent Ata production,
with the highest levels found at very early exponential phase
(mean fluorescence intensity [MFI], 574 at an ODgs, of 0.025),
followed by a continuous decline throughout the logarithmic and
stationary phases. In contrast, the MFI levels of ata-negative strain
ATCC 17978 Aata grown to an ODgs, of 0.025, which was in-
cluded as a control in these experiments, was only 7.6. Since A.
baumannii ATCC 17978 and Aata differ only in the production of
Ata, the differences in MFI levels observed (574 for A. baumannii
ATCC 17978 and 7.6 for the ata mutant) validate the specificity of
the primary antibodies used in these studies to the Ata protein.

In addition to FACS analysis, we investigated ata expression by
quantitative real-time PCR (qRT-PCR) studies on A. baumannii
ATCC 17978 cells grown to early log (ODg5, of 0.1) and mid-log
(ODgs5 of 0.4) phases in LB. Our results showed that the level of
Ata mRNA was approximately 3-fold higher at an ODgs, of 0.1
that at an ODgs, of 0.4 (means = standard deviations, 2.98 * 0.1;
n = 3 independent experiments). This pattern of ata transcription
is consistent with our previous FACS results showing higher levels
of Ata production in the early logarithmic phase and a continuous
decline throughout the logarithmic and stationary phases.

Ata is critical for biofilm development of A. baumannii. The
ability of bacteria to form biofilms is a trait closely associated with
bacterial persistence and virulence (15, 21). We therefore investi-
gated the role of ata in biofilm formation by A. baumannii. Results
presented in Fig. 3 show that A. baumannii ATCC 17978 formed
biofilms of adherent cells, while biofilm production was signifi-
cantly lower in the ATCC 17978 Aata cultures (P < 0.05 by one-
way ANOVA). Complementation of the biofilm-negative ATCC
17978 Aata strain with the ata gene in trans restored the biofilm-
positive phenotype of the A. baumannii ATCC 17978 strain only
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FIG1 (A) Immunoblot of Ata-V5-His fusion protein expressed in E. coli. Outer membrane proteins (OMPs) of E. coli LMG194 harboring pAta-V5-6 X His were
prepared after induction with either 0.2% glucose (lane 1) or 0.2% arabinose (lane 2) and then tested by Western blotting with a monoclonal antibody (MAb)
directed against the V5 peptide. Samples from arabinose-induced OMPs were treated with 70% formic acid and detected as before (lane 3). The predicted
monomeric mass of Ata-V5-His fusion proteins is 13.8 kDa. Migration distances of molecular mass markers (in kDa) are indicated on the right. (B) Detection
of Ata-V5-His fusion protein in E. coli pAta-V5-6XHis by CLSM. E. coli pAta-V5-6XHis cultures were grown in M9 plus 0.25% Casamino Acids and induced
with 0.2% arabinose or 0.2% glucose. The V5 epitope was labeled with a mouse anti-V5 MAb and a secondary goat anti-mouse Alexa 488 fluorescent antibody
(green channel), and cell nucleic acids were stained with DAPI (blue channel). (a) E. coli pAta-V5-6 X His induced with arabinose (green channel) or (b) glucose
(green channel). Also shown are DAPI-stained nuclei of E. coli cells (blue channel) after induction with arabinose (c) or glucose (d). (C) CLSM detection of Ata
in A. baumannii ATCC 17978, Aata, and Aata-c strains. A. baumannii ATCC 17978, Aata, and Aata-c induced with arabinose or glucose were labeled with rabbit
anti-Ata antisera and a secondary goat anti-rabbit Alexa 488 fluorescent antibody. Nucleic acids were stained with DAPI. Merged images of Alexa 488- and

DAPI-stained A. baumannii ATCC 17978 (a) and Aata (b), Aata-c induced with glucose (c), and Aata-c induced with arabinose (d) are shown.

when cells were grown under arabinose-inducing conditions (for
Aataversus Aata-c arabinose, P < 0.001 by one-way ANOVA) but
not when they were incubated in the presence of the repressing
effects of glucose (for Aata versus Aata-c glucose, not significant
according to one-way ANOVA).

Ata binds multiple extracellular/basal matrix proteins and
mediates the binding of A. baumannii to collagen type IV. As
one of the main roles of TAs is to act as adhesins, facilitating the
binding of bacteria to host tissues (43), we evaluated the ability of
purified recombinant Ata to bind various ECM/BM proteins, in-
cluding purified collagen types I, II, I1I, IV, and V, laminin, hepa-
ran, fibronectin, and vitronectin. As presented in Fig. 4A, there
was a clear dose-dependent binding of recombinant Ata to colla-
gen types I, III, IV, and V and laminin. There was no binding of
Ata to collagen type II, fibronectin, vitronectin, or heparan, which
was comparable to binding to the negative control, BSA.
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We then investigated if, in addition to binding multiple ECM/
BMs, Ata could promote the adhesion of whole A. baumannii cells
to ECM/BMs. For this, we compared the binding of the wild-type
A. baumannii ATCC 17978, Aata, and Aata-c strains grown in
arabinose or glucose to immobilized collagen type IV, which was
used as a prototype ECM/BM protein. Results presented in Fig. 4B
demonstrate that the deletion of ata results in a significant de-
crease in the binding of A. baumannii ATCC 17978 cells to colla-
gen IV-coated plates (for A. baumannii ATCC 17978 versus Aata,
P < 0.001 by one-way ANOVA), and that this binding was re-
stored when the Aafa-c strain was grown under arabinose-induc-
ing conditions (for Aata versus Aata-c-arabinose, P < 0.01 by
one-way ANOVA) but not in the presence of repressive effects of
glucose (for Aata versus Aata-c-glucose, not significant according
to one-way ANOVA).

In conclusion, our results demonstrate that Ata not only binds
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FIG 2 Quantification of Ata expression in A. baumannii ATCC 17978 by flow
cytometry during various growth phases. A. baumannii was grown in LB to
early exponential (OD;, 0f 0.025 or 0.1), mid-exponential (ODg;5, of 0.4), late
exponential (ODgs, of 0.8), or stationary phase (ODg;, of 1.2), labeled with
rabbit antibody to Ata and secondary goat antibody to rabbit IgG conjugated
to Alexa 488 fluorescent dye, and analyzed by flow cytometry. Results repre-
sent the mean fluorescent intensity (MFI) of 500,000 cells, and bars indicate
the averages from three independent experiments * standard errors of the
means (SEM).

multiple ECM/BMs proteins but also mediates the adhesion of A.
baumannii cells to immobilized collagen type IV.

Ata promotes the survival of A. baumannii in vivo. We in-
vestigated the contribution of Ata to the virulence of A. baumannii
in vivo by comparing the survival of wild-type A. baumannii
ATCC 17978, Aata, Aata-pLVB-Ata (ata complemented in trans
and expressed from its own promoter), and Aata-pBAD18kan-
Ori (complemented with the empty plasmid) strains in a lethal
model of systemic infection based on that recently described by
Breslow et al. (4).

In this study, groups of eight immunocompetent mice were
infected i.p. with approximately 10" CFU of A. baumannii strains,
and survival was monitored for a period of 5 days. As shown in Fig.
5, infection of mice with the wild-type A. baumannii ATCC 17978
strain expressing Ata resulted in high levels of mortality (87.5%)
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FIG 3 Quantitative biofilm formation by A. baumannii ATCC 17978, Aata,
and Aata-c on polystyrene surfaces. A. baumannii 17978 and Aata were grown
in LB and ATCC 17978 Aata-c in LB plus 2% arabinose or 0.2% glucose under
static conditions for 24 h at 37°C. Total biofilm formation (ODs4s) was nor-
malized by bacterial growth (ODys5,). The bars indicate the means of 15 tubes
from five independent experiments = SEM. P values were determined by
one-way ANOVA with Tukey’s post hoc analysis. ns, not significant.
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FIG 4 Adhesive properties of Ata. (A) Dose-dependent binding of Ata to
selected ECM/BM components. ECM/BM proteins, including collagen types I,
1L, 11, IV, and V, heparan, fibronectin, vitronectin, and laminin, and BSA (as a
control) were used at 5 pg/well, and binding of Ata was quantified by ELISA.
Data points represent the means from four independent experiments = SEM.
(B) Binding of A. baumannii ATCC 17978, Aata, and Aata-c induced with 2%
arabinose or 0.2% glucose to immobilized collagen type IV. The bars indicate
the means from three independent experiments = SEM. P values were deter-
mined by one-way ANOVA with Tukey’s post hoc analysis. ns, not significant.

compared to mice infected with the ata-negative strains, Aata or
Aata-pBAD18kan-Ori, complemented with the empty vector,
which all survived until day 5 postinfection (0% mortality; for
wild-type ATCC 17978 versus Aata and ATCC 17978 versus Aata-
pBAD18kan-Ori, P = 0.0005 by log-rank test). Surprisingly, mice
infected with A. baumannii Aata-pLVB-Ata showed little lethality
(12.5%) in this animal model.

To investigate if the reduced lethality of the trans-comple-
mented strain A. baumannii Aata-pLVB-Ata was due to problems
of stability of the complementation plasmid pLVB-Ata in vivo, we
conducted a pilot study to assess the potential loss of pLVB-Ata
from A. baumannii pLVB-Ata in our mouse model of lethal infec-
tion. C57BL/6 mice were infected i.p. with A. baumannii pLVB-
Ata (2.5 X 107 CFU). Two to 3 days later animals were sacrificed,
the peritoneum washed with 0.5 ml of PBS, the peritoneal lavage
was plated in tryptic soy agar (TSA), and TSA plates were supple-
mented with kanamycin 50 pg/ml (TSA-kan). Our results re-
vealed no significant differences in bacterial counts after growth in
the presence or absence of kanamycin (480 CFU/ml TSA-kan/440
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FIG 5 Survival curves of mice (n = 8; C57BL/6) following intraperitoneal
infection with A. baumannii ATCC 17978 (1.6 X 107 CFU/mouse), Aata
(1.6 X 10’ CFU/mouse), Aata-pLVB-Ata (ata gene with its native promoter
cloned into pBAD18Kan-Ori; 1.4 X 10” CFU/mouse), and Aata-pBAD18Kan-
Ori (empty vector pPBAD18Kan-Ori; 1.2 X 107 CFU/mouse). P = 0.0005 by
log-rank test in a Kaplan-Meier analysis of wild-type ATCC 17978 versus Aata
and ATCC 17978 versus Aata-pBAD18kan-Ori.
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FIG 6 Analysis of Ata expression among A. baumannii clinical isolates. (A) Flow-cytometric analysis of Ata production among A. baumannii clinical isolates
positive for the ata gene by PCR. A. baumannii strains were grown in LB and probed with rabbit anti-Ata antibodies and a secondary goat anti-rabbit Alexa 488
fluorescent antibody. Approximately 500,000 cells were then analyzed by flow cytometry, and antibody binding was expressed as mean fluorescent intensity
(MFTI). Bars represent the fold ratio (in MFI) of each A. baumannii clinical isolate to the MFI of the ATCC 17978 Aata strain. (B) Western blot (WB) analysis of
Ata levels in 4 strains producing high levels of Ata (ATCC 17978, S19, 130, and N10) and in 4 strains producing low levels of Ata (142, 125, 131, and 128) as
determined by FACS and the Ata-negative strain ATCC 17978 Aata, which was used as a control. Migration distances of molecular mass markers (in kDa) are
indicated on the left. (Strains used for WB analysis are highlighted with arrows in panel A). Outer membrane proteins were extracted, resolved by SDS-PAGE, and
transferred to a PVDF membrane, and Ata was detected by WB with anti-Ata rabbit antibodies and a secondary goat anti-rabbit IgG.

CFU/ml TSA by 48 h postinfection and 30 CFU/ml TSA-kan/10
CFU/ml TSA by 72 h postinfection), indicating no plasmid loss in
vivo.

To determine if a marginal complementation of Ata produc-
tion in the A. baumannii Aata-pLVB-Ata strain could explain the
partial in vivo complementation of the virulence properties, FACS
analysis of Ata production among A. baumannii ATCC 17978,
Aata, Aata-pLVB-Ata, and Aata-pBAD18kan-Ori strains was car-
ried out. As shown in Fig. S2 in the supplemental material, the
levels of Ata produced by strain A. baumannii Aata-pLVB-Ata
were 4.4-fold lower (MFI of 16.7) than those measured in the
wild-type A. baumannii ATCC 17978 strain (MFI of 73.8). Con-
versely, the A. baumannii Aata and Aata-pBAD18kan-Ori (empty
vector) strains that do not express ata had very low MFI values, 3.3
and 7.3, respectively. Thus, it appears that trans-complementation
of ata from its own promoter does not fully restore protein syn-
thesis.

Ata production among clinical isolates. We determined the
prevalence of the ata gene among A. baumannii strains from var-
ious geographic locations as well as clinical disease sources (lung,
blood, and skin isolates). Our A. baumannii strain collection en-
compasses a total of 75 isolates obtained from American soldiers
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wounded in the Iraqi war (supplied by Murray Clinton), the Sin-
gapore General Hospital, (provided by Tse Hsien Koh), and se-
rum-resistant isolates from various U.S. institutions, including
the Centers for Disease Control and Prevention (CDC), the
ATCC, and the University of Nebraska Medical Center (supplied
to us by Paul M. Dunman). Our results showed that 44/75 (58.6%)
of A. baumannii strains tested by PCR yielded an amplification
product with an approximate size of 5.6 kb.

In addition to PCR analysis, all 44 A. baumannii clinical isolates
positive for the ata gene by PCR were also tested for surface Ata
production by FACS. Included in each assay as a specificity control
was the ATCC 17978 Aata strain, and results were expressed as the
ratio of the MFI of each strain to that of the ata-negative strain.

Results presented in Fig. 6A show that 43/44 A. baumannii
strains that were positive for the ata gene by PCR also produced
detectable surface Ata protein. The levels of Ata were high overall
but varied among the A. baumannii clinical strains.

Although it was not surprising to find variability in the levels of
Ata production among our A. baumannii clinical strains obtained
from various geographical locations and types of infections, we
decided to further investigate these findings by evaluating Ata pro-
duction in outer membrane extracts of cells using Western blot
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analysis. Comparing levels of Ata production by FACS and West-
ern blotting would help to rule out some explanations for the
variability observed in the levels of surface Ata, including the non-
specific binding of anti-Ata antibodies to A. baumannii surface
components other than Ata or differences in the levels of surface
exposure of the Ata protein.

We evaluated eight clinical strains of A. baumannii that were
selected based on their FACS profiles, including four strains pro-
ducing high levels of Ata (ATCC 17978, S19, 130 and N10) and
four strains producing low levels of Ata (142, 125, 131, and 128),
and we included A. baumannii ATCC 17978 Aata as a negative
control. After OMPs were extracted and Western blots were
probed with anti-Ata rabbit antibodies, we found that all four
strains producing high levels of Ata also had a very-high-molecu-
lar-weight reactive band, which was consistent in size with a
trimer of the Ata protein (Fig. 6B). On the other hand, the four
strains producing low levels of Ata as determined by FACS had low
to nondetectable levels of Ata by Western blotting, and no Ata was
detected in the ata-negative strain Aata. In addition, these immu-
noblot studies suggested the presence of various Ata alleles among
the A. baumannii strains, resulting in proteins with slightly differ-
ent molecular weights.

DISCUSSION

In this study, we report the identification of Ata as a TA of A.
baumannii. Ata is surface exposed on the A. baumannii outer
membrane, plays a role in the virulence of A. baumannii in mice,
mediates adherence to ECM/BM proteins, and contributes to bio-
film formation. Ata has all the typical features of TAs, including a
long signal peptide followed by a surface-exposed passenger do-
main and C-terminal translocator domain encoding 4 3-strands.
With a size of 1,873 amino acids per monomer, the A. baumannii
Ata is significantly larger than other well-described TAs, such as
YadA (455 aa), UspAl (863 aa), Nhha (590 aa), and NadA (364
aa). The passenger domain of Ata encodes an RGD domain and
four SVAIG, collagen-binding domains. This SVAIG motif or its
derivatives are widespread among other TAs, including, for
example, YadA of Y. enterocolitica, EmaA of Aggregatibacter
actinomycetemcomitans, BpaA of Burkholderia pseudomallei,
variably expressed outer membrane proteins (Vomps) of Bar-
tonella quintana, and BadA of Bartonella henselae (43, 71, 78),
among others. While the presence of SVAIG motifs is consistent
with the ability of recombinant Ata to bind various types of colla-
gens, including types I, III, IV, and V, the direct involvement of
these Ata motifs in binding to collagen has not been confirmed.
The RGD motif, on the other hand, is found in many adhesive
proteins, including various autotransporters (22, 23, 31), and is
associated with attachment to mammalian cells via binding to
integrin molecules on the plasma membrane (32). The signifi-
cance of this motif in adhesion and pathogenesis of A. baumannii
has yet to be determined.

Computer predictions indicate that the -barrel translocator
of Ata forms a trimeric 12-stranded B-barrel embedded into the
outer membrane with three hairpin loops, one from each Ata
monomer, passing through the pore and pointing toward the ex-
tracellular space, while the a-helix fragments protrude outside.
These a-helices form a neck between the membrane-inserted an-
chor and the surface-exposed passenger domains. Similar models
have been proposed for the YadA and NhhA membrane anchor
regions (63, 77).
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A. baumannii frequently causes biofilm infections associated
with medical devices, such as vascular catheters, cerebrospinal
fluid shunts, or Foley catheters (58, 59). A number of A. bauman-
nii components have been identified to be important for biofilm
formation on abiotic surfaces, including the pili synthesized by the
csuA/BABCDE chaperone-usher secretion system (73), a biofilm-
associated protein (Bap) (45), and the widely distributed surface
polysaccharide, poly-N-acetylglucosamine (PNAG) (8). We have
now identified Ata as another surface component that contributes
to biofilm formation in A. baumannii, since the deletion of this
protein from the wild-type ATCC 17978 strain significantly de-
creases biofilm formation in vitro. Moreover, complementation of
Atain the Aata-c strain restored biofilm formation only when cells
were grown in arabinose-inducible conditions but not in the pres-
ence of the repressible effects of glucose.

Microbial pathogens use adhesins to bind to ECM/BM macro-
molecules and subsequently may use them as a stronghold for
propagating and spreading to other parts of the body (28). We
have shown that purified recombinant Ata binds to the ECM pro-
teins, including collagen types I, III, IV, and V and the basement
protein laminin. Furthermore, this study also demonstrated that
in addition to binding ECM/BM proteins, Ata mediated the adhe-
sion of A. baumannii cells to immobilized collagen type IV. Col-
lagens are the most common ECM proteins in the body, with
collagen type I being the most abundant type in the human lung,
and it is also prominent in the peripheral lung tissue and pulmo-
nary vascular tissue (13). Thus, it is thought that ECM/BM com-
ponents serve as docking sites for microbial pathogen invasion.
We speculate that in the case of A. baumannii infections,
ECM/BM proteins become exposed in instances where there is
tissue damage, and, following adherence to ECM/BM proteins, A.
baumannii can grow as a biofilm at these sites, making the treat-
ment of these infections very difficult.

When we investigated the prevalence of Ata among clinical
isolates of A. baumannii, we found that 44 of the 75 strains tested
by PCR were positive for the ata gene (58.6%), 43 of which syn-
thesized surface-exposed Ata by flow cytometry (56.3%).

Moreover, Western blot analysis of eight A. baumannii clinical
isolates (four strains producing high levels of Ata and four pro-
ducing low levels of Ata) demonstrated an overall good correla-
tion between levels of Ata measured by FACS and Western blot
analysis and suggested the presence of various alleles of the Ata
trimers that migrated at slightly different molecular weights. Al-
lelic variation is not uncommon in the AT family. Some examples
of ATs that display allelic diversity include Ag43 in E. coli (74),
UspA in M. catarrhalis (5), NadA in N. meningitidis (14), and
VacA (17), BabA, and BabB (57) in Helicobacter pylori, among
others. Studies are now under way to investigate if the lack of
amplification of ata in a subset of A. baumannii strains using a
primer set designed based on sequenced strain ATCC 17978 is due
to sequence divergence, gene localization in the chromosome, or
the true absence of the ata gene.

This work also presents clear evidence of the surface exposure
of Ata in A. baumannii, as the CLSM and FACS studies were car-
ried out using intact, unpermeabilized bacterial cells. Moreover,
the role of Ata in biofilm formation, adhesion to collagen type IV,
and mouse virulence provide additional indications of its surface
exposure.

Due to the overall low virulence of most A. baumannii strains
in rodent models of infection, investigators have used various
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methods to enhance virulence, including mixing bacterial inocula
with porcine mucin (49, 60) or the use of neutropenic mouse
models of A. baumannii infections (36, 67, 75). However, neutro-
penia is a rare clinical risk factor for patients with A. baumannii
infections (1a, 6, 7, 20, 26, 34, 40, 50), and therefore an alternative
model of A. baumannii infection in immunocompetent animals is
desirable to more accurately mimic the types of infections caused by
this organism. For these reasons, we chose an immunocompetent
mouse model of infection based on that recently developed by
Breslow et al. (4) to evaluate the role of Ata in A. baumannii virulence.
In this animal model, infections are induced via i.p. injection and A.
baumannii virulence assessed by mortality during a 5-day period.

Using this lethal model of systemic infection, we could dem-
onstrate the role of Ata in A. baumannii virulence. As shown, the
deletion of ata from wild-type A. baumannii ATCC 17978 signif-
icantly decreased the virulence of this strain in the murine model
of lethal infection. However, trans-complementation of Ata in the
plasmid pLVB-Ata only marginally restored the virulence of the
wild-type strain.

Considerable effort has been focused on the construction of a
complementation plasmid suitable for in vivo studies aimed at
investigating the role of Ata in A. baumannii virulence. After test-
ing various vectors for complementation, we constructed the plas-
mid pLVB-Ata, carrying the ata gene, with its native promoter in
the shuttle vector pBAD18kan-Ori. The pLVB-Ata plasmid was
highly stable in vivo in the strain A. baumannii Aata-pLVB-Ata,
even in the absence of antibiotic selection in our mouse model of
lethal infection. Despite these encouraging results, FACS levels of
Ata production in vitro in A. baumannii Aata-pLVB-Ata were 4.4-
fold lower than those seen in the wild-type A. baumannii ATCC
17978 strain. Although the nature of this reduced complementa-
tion remains unclear, we speculate that an undetermined cis-reg-
ulatory element is required for the regulation of Ata, which would
explain the limited trans-complementation of virulence seen in
the A. baumannii Aata-pLVB-Ata strain, where ata is expressed
from its native promoter in the stable plasmid pBAD18kan-Ori.

Therefore, our findings are consistent overall with the conclusion
that Ata plays a role in A. baumannii virulence as determined in a
murine lethal model of infection, promoting biofilm formation and
ECM/BM protein binding and mediating the adhesion of A. bauman-
nii cells to immobilized collagen type IV. These findings may help
promote the development of novel therapeutic strategies to limit A.
baumannii-associated morbidity and mortality.
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