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ABSTRACT: Acinetobacter baumannii is a significant opportunistic pathogen responsible for
infections of the lung, blood, skin, urinary tract, and soft tissues, with some strains exhibiting almost
complete resistance to commonly used antibiotics. This multidrug resistance, together with a
dearth of new antibiotic development, mean novel methods of treatment and prevention are
urgently needed. Although many A. baumannii factors required to colonize the host have been
identified, little is known about the specific host molecules recognized by these factors. A.
baumannii produces a trimeric autotransporter adhesin known as Ata that has been previously
demonstrated to bind components of the host cell’s extracellular matrix, which are often heavily
glycosylated. We hypothesized that Ata would exhibit lectin activity which would play a role in
adherence to the host cell surface. Our biophysical analysis using glycan arrays and surface plasmon
resonance demonstrated that Ata binds galactose, N-acetylglucosamine, and galactose (β1−3/4)
N-acetylglucosamine with high-affinity. These structures are present on many of the proteins which
were previously reported to be bound by Ata. We also demonstrated that the recognition of human plasma fibronectin by Ata
requires this ability to bind glycans, as the interaction between Ata and fibronectin does not occur when fibronectin is
deglycosylated. This strongly suggests a key role for Ata lectin activity during host adherence. This information will assist in directing
the development of new and effective treatments to block host interactions using glycans and/or novel compounds in multidrug
resistant A. baumannii infections.
KEYWORDS: Acinetobacter baumannii, adhesin, glycans, fibronectin

Acinetobacter baumannii is a human pathogen responsible for
opportunistic infections of the respiratory tract, skin, blood-
stream, urinary tract, and other soft tissues.1 A. baumannii is of
particular importance in nosocomial settings due to an ability
to survive in harsh environments.2 Many A. baumannii
infections occur in critically ill patients in intensive care units
(ICU)3 and account for up to 20% of all ICU infections
worldwide,4 with the frequency of community-acquired A.
baumannii infections also increasing.2 Multidrug resistant
(MDR) A. baumannii is a major problem in hospitals
worldwide,1 and the recent emergence of highly drug resistant5

and even pandrug resistant strains6 means that the addressing
of A. baumannii infections is vital. A. baumannii is classified by
the World Health Organisation (WHO) and Centres for
Disease Control and prevention (CDC) as a critical top
priority pathogen for which development of new antibiotics
and treatments are required.7−10

Cells, from mammals to bacteria and viruses, are commonly
modified with sugars, or glycans. These glycans serve as a cell
identification mechanism and as intercellular interaction
partners.11 This glycosylation is also utilized by many host-
adapted bacterial pathogens that have evolved to specifically
recognize and bind to distinct host glycans.12 For example,
both bacterial (Streptococcus pneumoniae, and nontypeable

Haemophilus inf luenzae (NTHi) and viral (human influenza
virus) respiratory tract pathogens bind human glycans
specifically found in the human airway.13 Two of the major
adhesins expressed by NTHi, HMW and Hia, are responsible
for binding to host sialyllactosamine (SLN).14,15 A second
host-adapted bacterial pathogen, Neisseria gonorrheae, respon-
sible for the sexually transmitted infection gonorrhea, interacts
with mannosylated glycans (glycans containing the sugar
mannose):16 sugar structures which are found in high
abundance in the human genito-urinary tract. Urinary
pathogenic Escherichia coli (UPEC), the major cause of urinary
tract infections, also binds mannosylated glycans in the
bladder.17 A key family of microbial toxins, the cholesterol
dependent cytolysins (CDCs) have all been shown to bind
host specific glycans as their high-affinity cellular receptors.18

The blocking of microbial adhesins and toxins to prevent
disease represents an attractive target for antimicrobials, and
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several glycan mimics have already been developed as drugs
and treatment options. For example, the first drug to treat viral
influenza, Relenza, is a mimic of the sialic acid N-
acetylneuraminic acid (Neu5Ac), the host cell glycan
recognized by the viral neuraminidase protein.19 UPEC
infections can be blocked with mannose mimics that
specifically bind to the bacterial adhesin FimH which is
responsible for this interaction, and prevent this adhesin
sticking to its natural receptor on bladder cells.20 This is
particularly important for UPEC, as much like A. baumannii,
many UPEC strains are gaining antibiotic resistance at an
alarming rate.21

Many bacterial pathogens express surface proteins that
belong to the autotransporter family. These proteins have a
diverse array of functions such as cell motility and adhesion to
host surfaces.22 Autotransporter proteins are characterized by a
large barrel-like C-terminal domain which inserts into the
outer membrane, forming a pore through which the N-terminal
effector portion passes to reach the extracellular environ-
ment.23,24 A. baumannii expresses the Acinetobacter trimeric
autotransporter, Ata,25 an adhesin shown to be a key virulence
factor,26 involved in biofilm formation, host cell adherence, and
binding to extracellular matrix (ECM) components such as
collagen and laminin.27,28 However, little is known about the
specific ligands Ata interacts with. The prevalence of bacterial
adhesins that recognize host cell glycans with high-affinity led
us to hypothesize that Ata would bind glycans. The work
presented here investigated this hypothesis using a variety of
molecular biology and biophysical techniques and aimed to
determine potential glycan ligands of Ata.

■ RESULTS

Ata: a Lectin That Binds Multiple Glycan Structures.
In order to determine if Ata recognized host cell glycans, we
used a heterologous expression of the full-length protein in E.
coli BL21 in its native context, i.e., expressed in the outer-

membrane (Ata-FULL). Ata expression was confirmed using
Ata antisera which demonstrate a significantly higher reactivity
with E. coli BL21 strains which contain pET15b::Ata-FULL
(+) when compared to strains containing a pET15b negative
control (−) (Figure 1A). Since E. coli BL21 grown at 37 °C
has very little glycan binding activity15 (Table S1), the
heterologous expression of Ata-FULL in E. coli eliminates
background concerns, as compared to analysis using the native
host bacterium. Whole cell ELISA was used to verify the
surface localization of Ata-FULL on the surface of E. coli BL21
(Figure S1). Immobilized BL21 cells expressing pET15b::Ata-
FULL exhibited a substantially higher response using an anti-
Ata antisera compared to BL21 cells which did not contain this
construct (Figure S1). In addition to native Ata-FULL
expressed in E. coli BL21, we overexpressed the receptor
binding domain of Ata (Ata-HEAD) in E. coli BL21 and
purified the protein domain using affinity metal chromatog-
raphy. SDS-PAGE analysis of purified Ata-HEAD protein
shows a single band of the correct size, 74 kDa, which was
confirmed with a Western blot using an antipolyhistidine
antibody (Figure 1B).
As a broad screening approach, we first probed the binding

activity of purified Ata-HEAD and E. coli-associated Ata-FULL
using glycan arrays, using non-Ata expressing E. coli BL21 cells
as an empty vector control. Glycan arrays utilize distinct
carbohydrate structures (n = 396) immobilized onto a glass
slide via an epoxide linkage and are a high-throughput
screening tool for lectin activity.
Overall, glycan array analyses with both Ata-HEAD and Ata-

FULL revealed that Ata exhibits extensive lectin activity
(Figure 2, Table S1). Ata-FULL was found to bind to 61
structures (post background subtraction of the empty vector E.
coli BL21 control) and purified Ata-HEAD to 40 structures. A
total of 9 glycan structures were bound by both Ata-FULL and
Ata-HEAD. The full list of structures on the array and which
structures were bound is listed in Table S1. These structures

Figure 1. Ata expression in cell lysates. (A) Whole cell lysates of E. coli BL21 containing pET15b::Ata-FULL (+) or pET15b as a negative control
(−) were loaded on 4−12% SDS-PAGE gels, as well as associated nitrocellulose blots probed with anti-Ata antisera detected by antirabbit IgG
which demonstrate substantially higher reactivity in BL21 (+) strains. (B) Purified Ata-HEAD protein was assessed using 4−12% SDS-PAGE and
associated nitrocellulose blots were probed using an antipolyhistidine antibody demonstrating expression of the 74 kDa Ata-HEAD domain. (C)
Whole cell lysates of A. baumannii strain 17978 wild-type (WT), an Ata knockout mutant (17978Δata) and the mutant complement (17978 Δata/
ata+) were loaded on a 3−8% SDS-PAGE gel and associated nitrocellulose blots were probed using anti-Ata antisera detected by antirabbit IgG
which demonstrate a high molecular weight smear typical of Ata in 17978 WT and 17978 Δata/ata+ strains.
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encompassed glycans from numerous carbohydrate families
(fucosyl, sialyl, etc.; Figure 2). Many structures bound by both
Ata-HEAD and Ata-FULL contained a galactose (Gal) in a
β1−3 or β1−4 linkage to N-acetylglucosamine (GlcNAc).
Several of these bound structures also contained variations
with glucose (Glc) or N-acetylgalactosamine (GalNAc) in
place of the GlcNAc.
A. baumannii strain 17978 wild-type (WT) exhibited a

similar glycan binding profile to both the purified Ata-HEAD
and overexpressed Ata-FULL. Though the 17978 WT bound
fewer glycans than Ata-HEAD and Ata-FULL, the structures
bound included the Galβ1−3/4GlcNAc moiety and the
Galβ1−3/4 linked to Glc or GalNAc variations that were
observed with Ata (Figure 2, Table S1).
Ata Displays High-Affinity Interactions with Glycan

Moieties Containing a Core Gal-GlcNAc Structure.
Following array analysis, a series of glycans were selected to
determine the specific affinity of Ata for these moieties using
surface plasmon resonance (SPR). SPR analysis allows for the
measurement of the binding affinity (KD) between a ligand
immobilized onto a biosensor chip and various ligands that are

flowed over the chip. Ata-HEAD (Figure S2A-K), E. coli
associated Ata-FULL (Figure S2L-V), A. baumannii 17978 WT
(Figure S2W-AG), 17978Δata (Figure S2AH-AR), and
17978Δata/ata+(Δata Comp, Figure S2AS-BC) were immo-
bilized onto biosensor chips and a panel of glycans chosen
based off the results of the glycan array analysis were flowed
over (Table 1, Figure S2).

Glycan structures were chosen to investigate the core
moieties of Galβ1−3/4GlcNAc bound by both Ata-HEAD and
Ata-FULL on our glycan array screen. Ata demonstrated a
high-affinity interaction (nM range) with the structures Lacto-
N-biose I (Galβ1−3GlcNAc; KD 87.8 nM for Ata-HEAD, 152
nM for Ata-FULL; Table 1) and N-acetylactosamine (Galβ1−
4GlcNAc; KD102 nM for Ata-HEAD, 124 nM for Ata-FULL;
Table 1). The monosaccharide components of these structures,
galactose (Gal) and N-acetylglucosamine (GlcNAc), were also
tested to determine the minimum epitope needed for
recognition by Ata. Both the Gal (KD 89.2−174 nM) and
GlcNAc (KD 97.5−130 nM) monosaccharides showed a
similarly high-affinity interaction with Ata as seen with the
Galβ1−3/4GlcNAc structures (Table 1).
Therefore, to further test the specificity of the interaction

with Galβ1−3/4GlcNAc structures, we carried out SPR
analysis with glycans containing related structures with N-
acetylgalactosamine (GalNAc) in place of the GlcNAc.
GalNAc and moieties containing this residue instead of

Figure 2. Glycan array results for Ata-HEAD, Ata-FULL, and wild-
type A. baumannii strain 17978. Results are presented as yes/no
binding with red indicating positive binding. Of the 396 structures on
the array, the Ata-HEAD domain bound 40 structures and the full-
length Ata protein overexpressed in E. coli BL21, Ata-FULL, bound
61. Both the purified Ata-HEAD domain and Ata-FULL bound
glycans across multiple classes of carbohydrate with these glycans
predominantly containing a Galβ1−3/4GlcNAc motif. Results for the
Ata-FULL have had structures that were bound by the empty vector
E. coli BL21 control subtracted. This ensures that the glycans reported
as bound can be attributed to Ata expression. The wild-type (WT) A.
baumannii strain 17978 bound 13 structures on the glycan array and
also demonstrated binding to structures containing Galβ1−3/
4GlcNAc. All fold change values ± the standard error and the full
list of glycans, grouped into classification of carbohydrate, are
presented in Table S1.

Table 1. Surface Plasmon Resonance Demonstrates the
Glycan Binding Affinity of Ataa

aSPR analysis confirms high-affinity interactions between purified
Ata-HEAD and E. coli-associated Ata-FULL with Galβ1-3/4GlcNAc
as well as the galactose and N-acetylglucosamine monosaccharide
subunits. Several relatively lower affinity interactions were seen with
N-acetylgalactosamine, lactose, lacto-N-neotetraose, and LS-tetrasac-
charide c. These affinities were broadly reflected in the wildtype A.
baumannii strain 17978 (WT), and no concentration dependent
interactions (NCDI) were detected with the Ata knockout derivative
(17978Δata); the Ata glycan binding was restored by complementa-
tion (Δata/ata+). Galactose (Gal; yellow circle), N-acetylgalactos-
amine (GalNAc; yellow square), glucose (Glc; blue circle), N-
acetylgalactosamine (GlcNAc; blue square), N-acetylneuraminic acid
(Neu5Ac; purple diamond).
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GlcNAc exhibited much lower affinity interactions (μM range)
or exhibited no concentration dependent interaction (NCDI)
with either Ata-HEAD or Ata-FULL (Table 1,) compared to
the related GlcNAc structure. Sialylation of the Galβ1−3/
4GlcNAc core structure was explored, but this led to no
difference in affinity to either structure (Table 1). Lactose
(Galβ1−4Glc) was also used to test the specificity of Ata when
there is a glucose (Glc) instead of GlcNAc in the core
structure. Binding was still observed to this structure but with
∼3-fold decrease using purified Ata-HEAD domain protein
(KD197 nM; Table 1), and ∼6-fold with Ata-FULL in E. coli
(KD 338 nM; Table 1).
In order to determine that these interactions occur with Ata

in the full native context, we tested the A. baumannii strain
17978 (17978 WT, Table 1) in SPR against the same panel of
glycans. Interestingly, several of the lower affinity interactions
observed between GalNAc, lactose (Galβ1−4Glc), and LS-
tetrasaccharide c (Neu5Acα2−6Galβ1−4GlcNAcβ1−
3Galβ1−4Glc), and Ata-HEAD and Ata-FULL were no longer
detected when using wild-type A. baumannii 17978. This
shows that the glycan binding by Ata is more specific in its
native context, i.e., full-length protein expressed by A.
baumannii. We also generated an Ata knockout mutant in A.
baumannii strain 17978 (Figure 1C) and compared the
interaction of this knockout mutant with the glycan panel
17978 WT. The Ata knockout strain (17978Δata) exhibited
NCDI to all of the glycans which demonstrated high-affinity
interaction with Ata-FULL, Ata-HEAD or the 17978 WT
strain (Table 1). Glycan binding is restored to similar affinity
values of the 17978 wild-type strain in a complemented ata
mutant strain (17978Δata/ata+; Table 1).
Glycan Binding Plays a Key Role in Ata Recognition

of Host Fibronectin. To ascertain the potential role of Ata
lectin activity in binding to the host extra-cellular matrix
(ECM), a key virulence mechanism of A. baumannii,29,30 a
binding screen was performed using several forms of
fibronectin (native, denatured, and denatured/PNGase F
treated; Figure 3). Deglycosylation of fibronectin by PNGase
F was verified by observing a shift in molecular weight using an
SDS-PAGE (Figure S3).
This interaction was investigated using SPR analysis with

immobilized Ata-HEAD, over which we flowed the various
forms of fibronectin in increasing concentrations. The native
form of fibronectin was bound by the Ata-HEAD domain at
very low concentrations, 1.9 ng/mL to 0.5 μg/mL (Figure 3A).
Denatured fibronectin was then tested to determine if the
interaction between native fibronectin and Ata-HEAD involved
specific protein-glycan interactions using the same protein
concentration range as the native. Ata-HEAD binding to
denatured fibronectin was observed, which illustrates that Ata-
fibronectin interactions are not entirely dependent on intact
fibronectin domain structures (Figure 3B). Instead, this data
suggests that glycan recognition, or protein sequence, may be
involved in the binding of this host ECM protein. To further
test this, PNGase F was used to remove the N-linked glycans of
the denatured fibronectin. Indeed, the deglycosylated
fibronectin exhibited no detectable interaction with the Ata-
HEAD domain (Figure 3C) thus demonstrating that glycan
recognition plays a role in the binding of fibronectin by Ata.

■ DISCUSSION
A. baumannii represents a significant opportunistic pathogen
and a rapidly expanding resistance profile underpins the needs

for the development of novel treatment avenues. In this study,
we have established that a key virulence factor of A. baumannii,
the adhesin Ata, is a glycan binding protein, responsible for
high-affinity interactions with the host glycoprotein fibronec-
tin. To our knowledge, this is the first study to define the
specific interaction partner of any adhesin from A. baumannii
in molecular detail and the first study of a specific lectin from
this organism.
The approach was previously established and has been used

to probe the receptor binding activity of multiple NTHi

Figure 3. SPR sensorgrams demonstrating interactions between
fibronectin and Ata. These sensorgrams represent duplicate data. Ata-
HEAD was immobilized onto a SPR biosensor chip and an increasing
concentration, 1.9 ng/mL to 0.5 μg/mL, of five injections of either
native, denatured, or denatured and PNGase F treated (deglycosy-
lated) fibronectin was flowed over the immobilized Ata-HEAD. (A)
Ata-HEAD demonstrates binding to native fibronectin shown by an
increase in response units (RU) as indicated by arrows. (B) Ata-
HEAD demonstrates binding to denatured fibronectin shown by
increases to RU. (C) Ata-HEAD does not exhibit a detectable change
in RU with deglycosylated fibronectin. This indicates that glycan
binding plays a role in the interaction between Ata and fibronectin.
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adhesins.14,15 A glycan array was initially used as a broad
screen for in vitro glycan binding activity by Ata, following
which a subset of these glycans bound by Ata was then chosen
as potential ligand candidates based on common shared
features. These were confirmed in both wild-type and an Ata
knockout (17978Δata) of the A. baumannii strain ATCC
17978. An array screen also demonstrated that the A.
baumannii strain ATCC 17978 exhibited limited or no
additional glycan binding beyond that conferred by Ata. This
suggests that Ata may be the sole lectin expressed by A.
baumannii ATCC 17978, although further investigation is
needed to determine if this also applies to strains from other
lineages and whether potentially increased lectin activity
contributes to virulence.
A key phenotype conferred by Ata is adherence to human

endothelial and epithelial cells,28 a process which is likely the
result of Ata binding to several components of the ECM.26 The
majority of ECM components are glycoproteins which are
extensively decorated with some form of glycosylation, features
which are frequently exploited during bacterial pathogenesis.12

Here, we have established that the lectin activity of Ata plays
an important role in adherence to the ECM component
fibronectin. Human forms of plasma fibronectin are extensively
decorated with galactose linked to GlcNAc,31,32 which we have
shown to be a high-affinity binding partner of Ata in our
biophysical analysis. While there have been previous reports
that Ata is unable to bind fibronectin, the form of fibronectin
was not specified,26 and differing forms of fibronectin express
alternate glycosylation, some of which may not be bound by
Ata.32 A. baumannii has also been shown to contain several
additional fibronectin binding proteins though it is unknown
whether these additional FBPs are also glycosylation depend-
ent.29 Other ECM components reportedly bound by Ata26 also
contain glycans which are recognized by Ata, such as laminin,
which can contain terminal N-acetylglucosamine residues,33

bound with high-affinity by Ata. The presence of these glycans
on multiple ECM components is likely exploited by A.
baumannii as a method for high-affinity adherence to and
subsequent invasion of host cells. Previous work also
demonstrates binding of several forms of collagen by Ata26

which highlights a significant issue when determining the
molecular interactions with these proteoglycans. Manufacturers
will frequently recommend resuspending lyophilized material
with an acetic acid solution and often supply stocks in weak
acid solutions. Treatment with acids can hydrolyze the glycan
component of these proteoglycans, which could then lead to
the loss of the glycans during subsequent handling. Previous
work by Bentancor et al. 201226 utilized ELISA based methods
for determining Ata binding to these proteoglycans during
which all components would be immobilized to the plate
surface and cleavage of the glycan and protein components
would not appear to impact binding by Ata. This is an
important factor to consider when assessing the molecular role
of host cell glycans in adherence.
In a study which investigated the interaction between A.

baumannii with glycosphingolipids, it was found that A.
baumannii displayed binding activity to a large number of
these glycolipids.34 Neolactotetraosylceramides, lactotetraosyl-
ceramides, and lactotriaosylceramide all exhibited binding by
A. baumannii, and it was the GlcNAc residues which were
identified as the key moiety being recognized. This was
reflected in our detailed analysis which determined that Ata has
a preference for Galβ1−3/4GlcNAc (nM range). It is likely

Ata is responsible for this adherence to a variety of host
components via a common strategy of interacting with host
glycans.
In addition to binding to host ligands, Ata has been shown

to play an important role in biofilm formation, a process
associated with the contamination of medical devices and
surfaces by A. baumannii.26,35 A precursor of biofilm is the
formation of microcolonies by autoaggregating bacteria.36 A.
baumannii produces a polysaccharide made up of poly-β-(1−6)
N-acetylglucosamine (PNAG) which is required for biofilm
formation.37 Recent work has also shown that PNAG is able to
be bound by A. baumannii which was suggested to play a role
in biofilm formation.38 This PNAG polysaccharide could be
bound by Ata due to the affinity for the N-acetylglucosamine
monomers which make up PNAG. There are a limited number
of terminal β 1−6 GlcNAc structures on the glycan array.
These structures were not reliably bound by Ata (Table S1).
However, SPR data shows that there is nM range binding to
the GlcNAc monosaccharide (Table 1) and there is the
potential for Ata to interact with terminal β 1−6 GlcNAc
structures. The expression of Ata by A. baumannii could
effectively increase intercellular adhesion and the tendency for
cells to autoagglutinate, resulting in increased biofilm
formation in an Ata-dependent manner, although this
hypothesis would need to be confirmed experimentally.

■ CONCLUSION

There is increasing evidence that bacterial pathogens utilize
host cell glycan structures as receptors and ligands,14,15,39,40

and furthermore, glycan mimics are becoming an expanding
class of antimicrobials and treatments.19,20 Thus, intimate
knowledge of the interaction partners of key adhesins used by
viral and bacterial pathogens has allowed the development of
highly effective treatment strategies and provides an extra and
much needed method of treating these infections. Defining key
A. baumannii adhesin interaction partners will therefore allow
the development of novel ways to prevent and/or treat
infections by a major antibiotic resistant pathogen. This study
aimed to characterize the lectin activity of the A. baumannii
trimeric autotransporter adhesin Ata with the use of glycan
array and SPR analysis. Our biophysical analysis demonstrated
that Ata bound Gal, GlcNAc, and Galβ1−3/4GlcNAc with
high-affinity. These glycans are present on many of the
proteins reported to be bound by Ata, and our work here
showed that glycan binding by Ata occurs with the ECM
component fibronectin. The blocking of host adherence with
glycans or glycan analogues represents an attractive alternative
strategy to antibiotic therapy, as the blocking of this interaction
would not kill the bacteria but would simply prevent
adherence, allowing natural clearance of the bacteria by the
immune system. This means there is a much lower risk of
developing resistance to these agents.41 Therefore, determi-
nation of the key host ligands bound by the adhesins produced
by A. baumannii will play a key role in the future treatment
strategies of this major multidrug resistant organism.

■ METHODS

Strains and Growth Media. E. coli was grown in Luria−
Bertani media (LB), supplemented with 100 μg/mL ampicillin
where appropriate, at 37 °C with 200 rpm shaking. A.
baumannii ATCC 17978, Δata and 17978Δata/ata+ were
routinely cultured in LB broth or LB agar (1.5%) overnight at
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37 °C, with the latter strain supplemented with 200 μg/mL
ampicillin.
Overnight cultures of A. baumannii ATCC 17978, Δata, and

17978Δata/ata+ were subcultured to an optical density at 600
nM (OD600) of 0.01 in 20 mL of LB broth in an Innova 40R
shaking incubator (Eppendorf) at 230 rpm. Expression of the
plasmid-borne copy of ata was induced by the addition of 0.5
mM IPTG to 17978Δata/ata+ cells. Cells were grown to an
OD600 of 0.25 and harvested by centrifugation at 7000 × g for
10 min. Media was carefully aspirated, and pellets were
resuspended in 4% paraformaldehyde solution. Fixed cells were
stored at 4 °C for a minimum of 24 h prior to SPR analysis.
Cloning and Overexpression of Full-Length Ata (Ata-

FULL) in E. coli BL21. Full length Ata was amplified from the
A. baumannii strain 17978 genomic DNA using KOD
polymerase (EMD Millipore) according to manufacturer’s
instructions using primers Ata-FULL-F and Ata-FULL-R
(Table 2).

These were cloned into the NcoI-XhoI sites of the
expression vector pET15b, including the Ata signal peptide
coding region using standard techniques. This required a
BspHI site on the primer Ata-FULL-F as Ata contains a NcoI
site. This plasmid was confirmed with sequencing and
designated as pET15b::Ata-FULL. Overexpression was carried
out in E. coli BL21 using mid log E. coli induced with 0.5 mM
IPTG for 1 h at 37 °C with 200 rpm shaking. Empty E. coli
BL21 which did not contain a vector was used as a negative
control. Overexpression was confirmed using Western blotting
with anti-Ata antisera28 as detailed below.
Cloning and Overexpression of His-Tagged Ata-

HEAD Domain. The soluble Ata-HEAD domain region (68
kDa) was amplified using KOD polymerase (EMD Millipore)
according to manufacturer’s instructions using primers Ata-
HEAD-F and Ata-HEAD-R (Table 2), based on those used
previously,28 and cloned into the Nde-XhoI sites of vector
pET21a, in order to clone in frame with the C-terminal His-tag
coding sequence of this vector. This plasmid was confirmed
with sequencing and designated as pET21a::Ata-HEAD.
Overexpression was carried out in E. coli BL21 using mid log

E. coli induced with 0.5 mM IPTG for 3 h at 37 °C with 200
rpm shaking. Protein was purified using TALON resin (Takara
bio) using standard methods for His-tagged proteins, and
buffer exchanged into PBS following SDS-PAGE analysis of
purified fractions using Millipore spin filters with a 30 kDa
cutoff. Final concentration of pure protein was assessed using a
nanodrop spectrophotometer using an extinction coefficient of
12.05 mM−1 cm−1 and MW of 60.58 kDa for His-tagged Ata-
HEAD protein. Overexpression and purification were con-
firmed using Western blotting with an antipoly histidine
antibody (Sigma-Aldrich) as detailed below.

Western Blotting. Blots to detect full length Ata (Ata-
FULL) in E. coli were carried out using E. coli BL21 with and
without pET15b::Ata-FULL following 1 h induction with
IPTG. Cultures were normalized to OD = 1.0 (A600) in PBS.
Samples were run on 3−8% Tris-Acetate gels (Novex)
according to manufacturer’s instructions. Proteins was trans-
ferred to nitrocellulose membrane (BioRad) at 15 V for 120
min and blocked in 5% (w/v) skim-milk in 1x TBST at 4 °C
overnight with shaking. Blots were probed with primary anti-
Ata antibody28 at a dilution of 1:2000. Secondary goat
antirabbit-alkaline phosphatase conjugate antibody (Sigma-
Aldrich) was used at 1:5000. Blots to detect Ata in A.
baumannii were carried out using the same conditions but with
4−12% Bis-Tris gels (Novex) according to manufacturer’s
instructions.
Blots to confirm purification of the Ata-HEAD domain

protein were carried out with samples prepared as above.
Samples were run on 4−12% Bis-Tris gels (Novex) according
to manufacturer’s instructions. Protein was transferred to
nitrocellulose membrane (BioRad) at 15 V for 90 min and
blocked in 5% (w/v) skim-milk in 1x TBST at 4 °C overnight
with shaking. Blots were probed with monoclonal antipolyhis-
tidine alkaline phosphatase conjugated antibody (Sigma-
Aldrich) at a dilution of 1:20000.

Whole Cell ELISA. Whole cell enzyme-linked immuno-
sorbant assays (ELISAs) were carried out in order to verify the
expression and cell surface localization of full length Ata in
BL21 cells containing pET15b::Ata-FULL using standard
protocols,42 in 96-well Maxisorb plates (NUNC; Thermo
Scientific). Cells were diluted to an OD600 = 0.2 (2 × 108 cfu/
mL) with 50 μL added per well. All strains were assayed in
triplicate. Primary anti-Ata antibody26 was used at a starting
concentration of 1:500 and serially diluted 2 -fold in 1x PBS
pH 7.9. Secondary antibody (goat antirabbit HRP conjugate;
Sigma-Aldrich) was used at a concentration of 1:10000.
Antibody was detected using TMB single-substrate solution as
recommended by the manufacturer (Sigma-Aldrich).

Generation of Ata Knockout and Complementation
in A. baumannii Strain ATCC 17978. The ata mutant
(Δata) in A. baumannii ATCC 17978 (A1S_1032/
ACX60_RS13220) was generated using the RecET recombi-
nase system as described previously43,44 using primers outlined
in Table 2. The ata gene was replaced with a kanamycin
cassette amplified from pKD4 which was subsequently excised
using the FLP recombinase system as previously described.44

The resulting strain contains the first 74 amino acids of the ata
product.
For genetic complementation of 17978Δata, the pET15-

b::Ata-FULL vector was transformed into 17978Δata by
electroporation resulting in the complementation derivative,
17978Δata/ata+ using methods described previously.45 The
presence of Ata was verified using Western blot as per the

Table 2. Primers Used in This Study

aRestriction sites are displayed in bold-type.
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above method using wild-type (WT) 17978, 17978Δata, and
17978Δata/ata+.
Glycan Array. Glycan array slides were printed as

previously described46 using an ArrayIt Spotbot Extreme 3
contact printer (ArrayIt, Sunnyvale, CA, USA). The Institute
for Glycomics glycan array consists of 396 glycans spotted onto
and covalently linked to an epoxy coated glass slide (ArrayIt).
Glycan array experiments were performed and analyzed as
previously described.15,18,46,47 Briefly, whole cell glycan arrays
were conducted by fixing A. baumannii 17978 WT, E. coli
BL21, overexpressing Ata or no vector control, cells in 4%
paraformaldehyde (A. baumannii) or 4% formaldehyde (E. coli)
for a minimum of 1 h. Fixed cells were centrifuged at 14000 ×
g for 2 min and washed with PBS. Bacteria were then incubated
with BODIPY TR methyl ester (Invitrogen, Mulgrave, VIC,
Australia) for 30 min at room temperature, centrifuged at
12000 × g for 1 min, and washed twice with PBS to remove
excess dye before resuspension to 0.1 (A600) with array PBS
(PBS containing 1 mM CaCl2 and 1 mM MgCl2). 300 μL of
the labeled bacteria was incubated on the array for 15 min and
washed in array PBS. Slides were dried by centrifugation at 900
× g for 5 min before scanning with an InnoScan 1100
microarray scanner (Innopsys) and analysis carried out using
Mapix software (Innopsys) with the values provided in Dataset
S1. Binding was positive if the relative fluorescence unit value
was over one-fold above the mean background (average of
negative control spots plus 3 standard deviations) and was
statistically significant (p < 0.005, Students T-Test) in
duplicate experiments. Glycan array preparation and analysis
was done in accordance with MIRAGE guidelines (outlined in
Table S1).
Glycan arrays with purified Ata-HEAD domain were first

blocked with 0.1% BSA for 5 min. Purified Ata-HEAD domain,
mouse antipolyhistidine antibody (Sigma), Alexa Fluor 647
labeled rabbit antimouse antibody (Invitrogen), and Alexa
Fluor 647 labeled donkey antirabbit antibody (Invitrogen)
were incubated for 5 min before incubation on the array for 15
min. Slides were then processed as above.
Surface Plasmon Resonance. SPR for Ata-HEAD

domain was performed using a Biacore s200 (GE Healthcare
Life Sciences) and a Series S CM5 sensor chip (GE Healthcare
Life Sciences) using a modification of methods previously
described.18,47,48 Purified Ata-HEAD domain was immobilized
to the chip surface following the CM5 NHS/EDC method
template with a contact time of 1200 s at a flow rate of 5 μL/
min in 10 mM sodium acetate pH 4.0. For single cycle analysis,
glycans were diluted in PBS pH 7.4 at concentrations ranging
from 0.04 μM to 5 μM and injected at 20 μL/min with an
association time of 60 s and dissociation time of 180 s (Figure
S1). A blank ethanolamine immobilization was used as a
reference flow cell. A regeneration cycle of 10 mM sodium
acetate pH 4.0 with a flow rate of 20 μL/min and a contact
time of 30 s was used between each sample. Affinity
(dissociation constant; KD) was determined using the Biacore
s200 evaluation software analysis (GE Healthcare Life
Sciences) of double baseline (reference flow cell and buffer
only) subtracted data. Interactions were measured in triplicate
(Figure S2A-K).
Binding affinities of both whole cell E. coli and A. baumannii

were assessed using H1 sensor chips and the Pioneer FE
system (ForteBio). Fixed cells were centrifuged at 14000 × g
for 2 min and washed with PBS. E. coli BL21 no vector control
was immobilized onto flow cell 1 and the E. coli BL21

overexpressing Ata was immobilized on flow cell 3. A.
baumannii 17978Δata was immobilized on flow cell 1, a
blank immobilization was done on flow cell 2, and A.
baumannii 17978 WT was immobilized onto flow cell 3. For
testing the complement strain, A. baumannii 17978Δata/ata+
was immobilized on flow cell 1, a blank immobilization was
done on flow cell 2, and A. baumannii 17978 WT was
immobilized onto flow cell 3. Immobilization was done using
amine coupling using EDC-NHS reactions. Briefly, EDC-NHS
mix was flowed at 10 μL/min for 10 min across flow cells 1 and
2. OneStep assay using 75% of the loop with a regeneration
was used to determine the affinity. Glycans were injected at a
flow rate of 30 μL/min at a concentration of 5 μM except for
galactose, N-acetylglucosamine, Lacto-N-biose I, N-acetyllac-
tosamine which were used at 1 μM. A regeneration cycle of 10
mM glycine pH 3.0 for 30 s at a flow rate of 30 μL/min after
every cycle. Data was collected in duplicate and analyzed with
the Qdat analysis software (ForteBio) (Figure S1L-V for Ata-
FULL, S1W-AG for 17978 WT, S1AH-AR for 17978Δata, and
S1AS-BC for 17978Δata/ata+).

Binding Screen of Fibronectin. A binding screen (yes-no
binding) using the Biacore T200 (GE Healthcare Life
Sciences) was used to determine if glycan binding played a
role in Ata recognition of host cell ECM components. Native,
denatured, and denatured/deglycosylated forms of plasma
fibronectin (Sigma) were flowed over Ata-HEAD immobilized
onto a CM5 chip as outlined above. Fibronectin samples were
initially denatured through heating at 100 °C for 10 min.
PNGase F (New England Biolabs) was then used to
enzymatically remove N-linked glycans from fibronectin as
per manufacturer’s instructions with PNGase F added only to
deglycosylated samples. Samples were then passed through a
100 kDa spin concentrator (Millipore) as per manufacturer’s
instructions and washed twice with PBS. The fibronectin
samples were flowed over at concentrations ranging from 0.5
μg/mL to 1.9 ng/mL at 30 μL/min with a contact time of 60 s
and dissociation of 120 s (Figure S2). A regeneration of 10
mM sodium acetate pH 4.0 with a contact time of 30 s at a
flow rate of 20 μL/min was used between samples. Data was
collected in triplicate and analyzed using Biacore T200 analysis
software (GE Healthcare Life Sciences).
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