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Abstract

Iron is an essential nutrient that plays a role in bacterial differential gene expression and protein
production. Accordingly, the comparative analysis of total lysate and outer membrane fractions
isolated from A. baumannii ATCC 196067 cells cultured under iron-rich and -chelated conditions
using 2-D gel electrophoresis-mass spectrometry resulted in the identification of 58 protein spots
differentially produced. While 19 and 35 of them represent iron-repressed and iron-induced
protein spots, respectively, four other spots represent a metal chelation response unrelated to iron.
Most of the iron-repressed protein spots represent outer membrane siderophore receptors, some of
which could be involved in the utilization of siderophores produced by other bacteria. The iron-
induced protein spots represent a wide range of proteins including those involved in iron storage,
such as Bfr, metabolic and energy processes, such as AcnA, AcnB, GlyA, SdhA, and SodB, as
well as lipid biosynthesis. The detection of an iron-regulated Hfg ortholog indicates that iron
regulation in this bacterium could be mediated by Fur and small RNAs as described in other
bacteria. The iron-induced production of OmpA suggests this protein plays a role in iron
metabolism as shown by the diminished ability of an OmpA isogenic deficient derivative to grow
under iron-chelated conditions.
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1. Introduction

Acinetobacter baumannii is a Gram-negative aerobic coccobacillus recognized for its ability
to cause severe nosocomial infections including pneumonia, urinary tract and burn
infections, secondary meningitis and systemic infections [1,2]. More recently, this pathogen
has emerged as a threat to soldiers wounded during military operations in Irag and
Afghanistan [3,4]. The high adaptability of this opportunistic pathogen coupled with its
ability to resist a wide range of antibiotics and persist in medical environments underscores
the clinical threat posed by this pathogen to critically ill hospitalized patients, including
those suffering from heavy trauma such as military victims or victims of natural disasters
[2,5].
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When colonizing a host, bacterial pathogens including A. baumannii, must compete with the
host for essential nutrients. One of the most coveted nutrients in biological systems is iron,
due to its essentiality to almost all living organisms and limited availability under
physiological conditions [6]. This micronutrient plays an essential role in a diverse number
of cellular processes including electron transport, nucleic acid biosynthesis, and protection
from free radicals [7-10]. The iron concentration is tightly regulated within living systems
because excess Fe can induce oxidative damage. Thus, in host tissues, the availability of free
Fe is minimal, as most Fe is sequestered by high-affinity iron-binding proteins such as
transferrin and lactoferrin [7-10]. Although low free-Fe concentration portends a non-
specific host defense mechanism against infection, most successful pathogens use it as a
stimulus to express not only active iron-acquisition systems, as it was described for A.
baumannii [11], but also the expression of genes coding for virulence factors such as
hemolysins, toxins, and proteases [12]. Iron is therefore considered to be not only an
essential nutrient, but also an important signal for global regulation of gene expression in
prokaryotes [13].

In Gram-negative bacteria, iron-regulated gene expression is generally under the control of
the Fur (ferric uptake regulator) protein first described in Escherichia coli [14] and produced
by a wide range of bacteria. This protein operates as a classical repressor when bound to Fe
by inhibiting transcription from iron-regulated gene promoters in response to increase in Fe
concentration [15]. Fur has also been shown to indirectly induce gene expression [16-18]. In
E. coli, the positive regulatory effect of Fur on gene expression involves the Fur-mediated
repression of the small RNA (sRNA) RhyB [19,20]. A similar mechanism involving the
PrrF1 and PrrF2 sRNA molecules was reported in Pseudomonas aeruginosa [21]. Although
there is a large body of information related to iron acquisition and gene regulation in Gram-
negative bacteria [13], little is known on the effect of this metal on differential gene
expression in A. baumannii. This pathogen expresses active siderophore-mediated iron
acquisition systems [11] and produces a Fur protein [22,23], which is highly related to a
large number of orthologs described in several other bacterial species. This iron repressor
controls A. baumannii differential gene expression in response to changes in free-iron
concentrations in the extracellular environment [23].

The field of proteomics is gaining recognition as a reliable and reproducible high-throughput
approach to examine biological processes at the molecular level that in the case of A.
baumannii has already provided important information on its metabolic versatility [24], the
composition of outer membrane vesicles [25] and the effect of antibiotics and salts in
differential protein production [26-28]. In this study, we employed a global proteomic
approach based on 2-D gel electrophoresis (2-DE) and mass spectrometry to examine the
differential production of proteins by the A. baumannii ATCC 196067 type strain when
cultured under Fe-replete or Fe-chelated conditions. Our results show that free-iron
availability affects the production of proteins involved in siderophore-mediated iron
acquisition and storage functions, as well as proteins involved in metabolic processes. Our
data also suggest that the expression of iron-regulated genes in this bacterium could be
controlled by the iron repressor Fur and potential SRNA regulators.

2. Materials and Methods

2.1. Bacterial strains and culture conditions

The A. baumannii ATCC 19606 strain was routinely cultured in Luria-Bertani (LB) broth
or agar [29] at 37 °C. Iron-rich and -chelated conditions were achieved by adding 100 uM
FeCl3 dissolved in 0.1 M HCI and 100 uM 2,2'-dipyridyl (DIP), respectively. For proteomic
experiments, cells were cultured with agitation (200 rpm) for 7 h at 37 °C in 1 ml of
unsupplemented ("Fe/~DIP) LB broth or broth supplemented with 100 uM FeCl3
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(*Fe/~DIP), 100 uM DIP ("Fe/*DIP), or 100 uM DIP plus 100 uM FeCls (*Fe/*DIP). The
last three culture conditions were used to detect the production of iron-induced and iron-
repressed proteins and determine whether protein changes observed in the presence of DIP
were due to iron chelation, respectively. Each 1-ml culture was used to inoculate 100-ml LB
broth samples of the corresponding composition that were incubated with shaking (200 rpm)
at 37 °C for 14 h, at which time cultures reached stationary phase as determined by
monitoring cell growth spectrophotometrically at ODggonm. Five culture replicates were
used for each treatment condition and the entire culture procedure was repeated three times
using fresh biological samples each time. Replicate samples cultured under the same
conditions were pooled together and the cells were collected by centrifugation at 7,000g for
10 min at 4 °C. The cell pellets were suspended in 10 ml Tris-buffered saline (TBS) [30] and
stored at —80 °C as the sample stock for each treatment.

2.2. Protein extraction

Total cell (TC) protein samples were prepared by collecting cells from 1 ml of each sample
stock by centrifugation at 7,000g for 10 min at 4 °C. Cell pellets were suspended in 0.5 ml
lysis buffer [5 mM B-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM
EDTA, 0.5% Tween-20, 25 mM Tris-HCI pH 7.0] and lysed by sonication while keeping
samples on ice. Cell debris and unlysed cells were collected by centrifugation as described
above and the supernatants, representing the TC protein samples, were carefully decanted
into clean tubes and stored at —80 °C. Outer membrane (OM) enriched fractions were
prepared by collecting cells from 9-ml sample stocks as described above. Cell pellets were
rinsed with 25 ml ice-cold HEPES buffer (5 mM MgSQy4, 1 mM PMSF, 2 mM EDTA, 50
mM HEPES potassium, pH 7.4) and then suspended in 10 ml ice-cold HEPES buffer and
lysed by sonication on ice. After removing cell debris and unlysed cells as described above,
the supernatants were centrifuged at 200,000g for 1 h at 4 °C. The pellets were washed
unperturbed three times with 5 ml ice-cold HEPES buffer, suspended in 10 ml ice-cold
HEPES buffer containing 2% Triton X-100 and incubated on ice for 1 h. The suspension
was centrifuged again at 200,000g for 1 h at 4 °C and the pellet representing the OM
fraction was suspended in 5 ml ice-cold HEPES buffer and stored at —80 °C until further
analysis.

To precipitate proteins, one volume of ice-cold acetone was added to TC and OM fractions
followed by a 30-min incubation on ice and centrifugation at 10,0009 for 10 min at 4 °C.
The pellet was solubilized in 0.5 ml of rehydration/isoelectric focusing (IEF) buffer [8M
urea, 50 mM DTT, 4% (w/v) CHAPS, 0.2% (v/v) 3/10 ampholytes and 0.002% (w/v)
bromophenol blue]. Insoluble material was removed by centrifugation at 10,000g for 10 min
at RT and the protein content of the supernatant was determined with the bicinchoninic acid
(BCA) protein quantification assay following the manufacturer’s instructions (Pierce,
Rockford, IL, USA).

2.3. 2-DE fractionation and image analysis

For first dimension electrophoresis, 11-cm long pH 4-7 ReadyStrip IPG strips (Bio-Rad,
Hercules, CA, USA) were passively rehydrated overnight at RT with 200 pg of protein
extract suspended in IEF buffer. IEF was done using a PROTEAN IEF cell (Bio-Rad) at a
current limit of 50 pA/strip at 10 °C with the following steps: active rehydration at 250 V for
11 h; 250 V (linear) for 15 min; 8 kV (linear) for 3 h; and 10 kV (rapid) until a total 80 kVVh
for a combined total of approximately 92 kVh. Each focused IPG strip was equilibrated by
soaking, with mild stirring, in 4 ml of equilibration base buffer 1 (EBB1) [8M urea, 2% (w/
v) sodium dodecyl sulfate (SDS), 50 mM Tris-HCI (pH 8.8), 20% (v/v) glycerol, 1% (w/v)
DTT] for 10 min, followed by soaking in 4 ml of EBB2 [same content as EBB1 except DTT
was replaced with 2.5% (w/v) iodoacetamide (IAA)]. Second dimension electrophoresis
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(SDS-PAGE) was performed in 8-16% gradient SDS-polyacrylamide Tris-HCI gels
(Criterion precast gels, Bio-Rad) in a twelve-gel cell system (Criterion Dodeca Cell, Bio-
Rad). Protein spots were visualized by staining with Coomassie Brilliant Blue using the
method developed by Wang et al. [31]. Stained gels were scanned using the Bio-Rad
VersaDoc Imaging System and gel images were analyzed using the PDQuest software
package (version 7.3.0, Bio-Rad). Gels were preserved in 5% acetic acid at 4 °C until further
analysis. All 2-DE experiments were carried out in triplicate.

Spots from TC or OM protein gels were matched so that a given spot had the same number
across all gels. A master gel image containing matched spots across all gels was auto-
generated for TC or OM gels. Spot volumes were normalized according to the total gel
image density as suggested by the PDQuest software package. The gels from all four
treatments ("Fe/"DIP, *Fe/"DIP, “Fe/*DIP and *Fe/*DIP) were compared by constructing
four different replicate groups (each replicate group contained the gel images corresponding
to a specific treatment). In each group, the average quantity for each spot was determined
and pair-wise quantitative and statistical analysis sets were generated by comparing the
same spot across each of the other groups. Pair-wise comparisons to determine significant
differences in spot volumes between treatments were performed on standardized logyg
values of protein spot volumes using the Student’s t-test analysis at a > 95% confidence
interval (P < 0.05) as provided by the PDQuest software. Spots that showed at least two-fold
change in volume (P < 0.05) compared to at least one other treatment were further analyzed.

2.4. Protein digestion and identification via mass spectrometry

Protein identification was achieved by peptide mass fingerprinting (PMF) of trypsin digested
protein spots. Briefly, protein spots were manually excised, reduced with DTT, alkylated
with IAA and then digested with sequence grade trypsin in the presence of ProteaseMAX ™
Surfactant according to the manufacturer’s protocol (Promega, Madison, WI). Tryptic-
digests were then analyzed by Matrix Assisted Laser Desorption/lonization Time-of-Flight
Mass Spectrometry (Bruker Ultraflex 111 MALDI-TOF/TOF Mass Spectrometer, Bruker,
Billerica, MA, USA). The target plate was spotted with 0.02 ml of a 1:1 (v/v) mixture of
tryptic-digest and matrix solution [10 mg/ml a-cyano-4-hydroxycinnamic acid (CHCA) in
50% ACN/0.1% TFA]. Spectra were acquired in positive reflectron mode with an
accelerating voltage of 21 kV. Samples were analyzed within the 700-3,000 m/z range using
as a standard a mixture of adrenocorticotropic hormone and angiotensin (Sigma, St. Louis,
MO, USA). Monoisotopic peaks with S/N >3 were selected as the PMFs and common
contaminants were eliminated using the PeakErazor software (v 2.01, Lighthouse data,
Odense M, Denmark).

The MASCOT search engine (Matrix Science, London, UK) was used to match PMFs
against all bacterial entries available at the NCBI nonreduntant database. Fixed and variable
modifications (Cys carbamidomethylation and Met oxidization, respectively), one missed
cleavage, and a mass tolerance of 50 ppm were considered during decoyed searches. Peptide
mixtures matching Acinetobacter spp. products with the highest statistically significant
search scores (P < 0.05) and accounting for the majority of the mass spectra peaks were
assumed to be positively identified proteins.

2.5. Detection of OmpA by western blotting and testing of its role in iron acquisition

Proteins present in total cell membrane fractions were size fractionated by SDS-PAGE,
transferred to nitrocellulose and probed with anti-OmpA polyclonal antibodies as described
before [32]. The immunocomplexes were detected by chemiluminescence using horseradish
peroxidase-labeled protein A. The intensity of the signals produced by each sample was
determined by densitometry using an Alphalmager detection and quantification system
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(Alpha Innotech Corp., San Leandro, CA, USA) as described before [33]. The iron
acquisition phenotype of the ATCC 19606 " parental strain and the isogenic ompA insertion
derivative 3:233 [32] was tested by culturing these strains in LB broth or agar containing
increasing concentrations of DIP overnight at 37 °C as previously described [11].
Experiments were done twice in duplicate.

3.1. Validation of the experimental approach

3.1.1. Culture conditions—To study the iron response in A. baumannii using a global
proteomics approach, ATCC 19606 cells were grown in unsupplemented LB broth or in
LB broth supplemented with 100 uM FeCl3 and/or 100 uM DIP. We used these conditions
because preliminary work showed that growth of A. baumannii in LB broth supplemented
with 100 uM DIP or 100 uM FeCl3 was sufficient to simulate free-iron-restricted and -rich
conditions under which the production of BauA, the iron-regulated acinetobactin receptor
[34], was induced and repressed, respectively, as determined by immunoblot analysis (data
not shown). Accordingly, these conditions resulted in the identification of BauA (Table 1,
spot 31 and 47) only in the TC and OM fractions isolated from cells cultured under iron-
chelated conditions. Inspection of the gels displayed in Fig. 1 shows that there is an overall
qualitative and quantitative similarity in the protein spot patterns generated for each type of
subcellular fraction obtained from cells cultured under different iron conditions. This
observation indicates that the iron-chelated and -rich conditions used in this study did not
result in detectable cell toxicity, an outcome that could invalidate the data collected with the
experimental approach used in this work. Additional variations in protein spots due to
growth rate differences because of the iron content of the media were minimized by using
stationary phase cells.

Bacterial growth in the presence of 100 uM DIP plus 100 uM FeCl3 was used as a condition
to determine whether changes in protein production were due to the chelation of iron or
other metals present in the medium that could interact with DIP. The observation that the
qualitative and quantitative spot patterns of cells cultured in LB broth supplemented with
100 pM FeCl3z and DIP were similar to those obtained with cells cultured in LB broth
supplemented only with 100 uM FeCl3 indicate that the differential protein responses
detected in this study are mostly due to DIP-mediated iron chelation. Proteins listed in Table
3 represent exceptions to this behavior as discussed below. It is important to mention that in
certain instances more than one spot matched to a given protein, e.g., FepA (Table 1, spots
22, 37, 49, and 54). This could be due to several factors including multimerism, maturation
state, and/or post-translational modifications.

3.1.2. Cell fractionation—The data reported in Tables 1 and 2 indicate that the selective
detergent solubilization and ultracentrifugation method used to isolate outer membranes
resulted in a significant and selective enrichment in this particular subcellular fraction. Most
of the proteins detected in outer membrane samples are either bona fide or predicted proteins
located in this component of the bacterial cell wall. Detection of the cytoplasmic Bfr and
inner membrane AtpA proteins in the outer membrane fractions is because of the large
complexes these proteins form as well as the ability of Bfr to aggregate and bind to cell
membranes [35], which were recovered by ultracentrifugation.

3.2. 2-DE detection of A. baumannii differentially produced in response to free iron

Fig. 1 shows representative 2-DE gel images of A. baumannii ATCC 196067 TC (upper
panels) and OM (bottom panels) protein samples isolated from cells grown in LB broth
without supplementation (panels A and E) or in LB broth supplemented with 100 uM FeCl3

J Proteomics. Author manuscript; available in PMC 2012 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nwugo et al.

Page 6

(panels B and F), 100 uM DIP (panels C and G) or 100 uM FeCls3 plus 100 uM DIP (panels
D and H). PDQuest analysis of these gels resulted in the reproducible identification of more
than 600 and 400 spots in TC and OM protein gels, respectively. Quantitative analysis
followed by PMF and database searching using BLASTp identified a total of 58 protein
spots, 31 spots in TC protein extracts (Fig. 2) and 27 spots in OM protein fractions (Fig. 3),
which were differentially produced in A. baumannii ATCC 19606 cells in response to
inorganic Fe availability. A closeup view of the profiles of some selected spots from
representative gels obtained with protein samples isolated from cells cultured under different
conditions, which highlights variations in spot volumes, is shown in panels A-V of Fig. 4. A
collated list of all proteins identified in this study is shown in supplemental Table S1. These
proteins were mainly grouped into the following categories: (i) iron acquisition/virulence-
related proteins, (ii) porins, (iii) adaptation/stress tolerance-related proteins, (iv) tri-
carboxylic cycle (TCA)-related proteins, (v) proteins involved in lipid metabolism, (vi)
regulatory proteins, (vii) proteins involved in energy production and general metabolisms
and (viii) proteins with unknown functions (Fig. 5). The largest functional category was
proteins involved in iron acquisition/virulence (25.9%) followed by adaptation/stress
tolerance-related proteins (15.5%).

3.3. Iron-repressed proteins

Our study identified 19 protein spots that were repressed by Fe (Table 1). Proteins belonging
to the family of siderophore outer membrane receptors, some of which were detected in TC
and OM protein fractions, were the most prevalently produced proteins in cells cultured in
the presence of DIP. As expected from previous observations [34], the acinetobactin BauA
receptor (Table 1, spots 31, 47 and 57) was in this group, which also includes proteins
related to the enterobactin receptor protein FepA (Table 1, spots 22, 37, 49, and 54), a
protein related to the ferric aerobactin receptor (Table 1, spots 27, 33, 53, and 55), a FhuE-
like ferric rhodotorulic acid receptor (Table 1, spots 45 and 46), a BtuB-like vitamin B12
receptor (Table 1, spot 39), and a protein annotated as an outer membrane siderophore
receptor (Table 1, spot 48). Iron chelation also induced the production of the outer
membrane protein CarO (Table 1, spot 35), which plays a role in antibiotic resistance and
ornithine transport [36], the predicted cytoplasmic proteins FumC (Table 1, spot 26) and the
serine hydroxymethyltransferase (SHMT) GlyA (Table 1, spot 4), proteins that play a role in
the TCA cycle and general metabolism, respectively. The increased production of the AtpA
FOF1 ATP synthetase a subunit (Table 1, spot 36), a cytoplasmic membrane protein that was
enriched with the OM fraction, could reflect the energy-intensive nature of the iron
acquisition process [37,38].

3.4. Iron-induced proteins

Our study identified 35 protein spots that were induced by Fe (Table 2), which represented
the largest category of proteins differentially produced under the experimental conditions
used in this study. As predicted from observations made previously [39], free-iron rich-
conditions induced the overproduction of Bfr, an iron storage protein that was detected in
the TC and OM-enriched fractions (Table 2, spots 9, 38, 41 and 42). Proteins associated with
adaptation/stress responses, such as GroEL (Table 2, spot 5) and SodB (Table 2, spots 8, 10,
and 24), were among those that were induced under iron-rich conditions. Proteins associated
with the TCA cycle, such as Sdh (Table 2, spot 14 and 30), AcnB (Table 2, spot 15 and 20),
AcnA (Table 2, spot 21) and FumA (Table 2, spot 19), as well as proteins associated with
lipid metabolism, such as PcaF (Table 2, spot 3), an acyl-CoA dehydrogenase (Table 2, spot
18), a 2-ketocyclohexanecarboxyl-CoA hydrolase (Table 2, spot 25) and FabG (Table 2,
spot 29), were also induced under Fe-repletion. General metabolism proteins, the production
of which were enhanced in cells cultured in LB broth supplemented with free inorganic iron,
include PaaB (Table 2, spots 1 and 28), PaaK (Table 2, spot 12), a putative
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flavohemoprotein (Table 2, spot 11) and a benzoate 1,2-dioxygenase small subunit (Table 2,
spot 16). Synthesis of the RNA chaperone protein Hfg (Table 2, spot 2) and the ribosomal
protein L3 RpIC (Table 2, spot 51) is also increased when cells are cultured under iron-rich
conditions. This category also includes five proteins with unknown cellular functions (Table
2, spot 6, 7, 13, 23 and 40). Table 2 also shows that the production of the outer membrane
proteins OmpW (spot 32 and 43), OmpA (spot 44) and Omp38 (spot 56 and 58), an
alternative name used to refer to the A. baumannii OmpA protein [40], were also induced
under Fe-repletion.

While the differential production of OmpW in response to iron is in agreement with
previous reports describing a similar behavior in other bacteria [41-45], the response
displayed by OmpA seems to be novel. The proteomics data obtained with 2-DE was
confirmed by western blotting using anti-OmpA. Fig. 6 shows that the production of OmpA
decreases 2-fold in cells cultured in LB broth containing 100 uM DIP when compared with
the amount of protein detected in the total membrane fraction isolated from cells grown in
LB broth containing 100 uM FeCls either in the presence or absence of this synthetic iron
chelator. The same trend was observed when this experiment was repeated with fresh
biological samples using the same experimental conditions. These observations suggest that
OmpA could play a role in iron acquisition in A. baumannii, a possibility that was tested
using the ATCC 19606" 3:233 ompA isogenic insertion derivative we used to examine the
interaction of this strain with eukaryotic cells [32]. Fig. 7 shows that, when compared with
the response of the ATCC 196067 parental strain, the ability of the 3:233 ompA mutant to
grow was significantly affected as the DIP concentration in the broth increased from 0 uM
to 250 uM. A similar outcome was observed when cells were plated on LB agar containing
increasing amounts of DIP. There were no noticeable differences in the growth of the ATCC
196067 parental strain on plates containing up to 200 uM DIP, while a noticeable growth
reduction was observed on plates containing 250 uM DIP. The same analysis of the 3:233
ompA derivative showed that its growth was mildly and severely affected when the plates
contained 150 uM and 200 uM DIP, respectively, and abolished by the presence of 250 uM
DIP (data not shown).

3.5. Protein spots that were differentially expressed due to treatment with DIP but were
non-responsive to Fe supplementation

Our study identified four protein spots that were differentially expressed due to treatment
with DIP but were non-responsive to supplementation with Fe (Table 3). These proteins
include a putative outer membrane protein (spot 34) that could play a virulence role, the 30S
ribosomal protein S6 RpsF (spot 50), the predicted periplasmic protein peptidyl-prolyl cis-
trans isomerase SurA (spot 52), and a short chain dehydrogenase (spot 17) of unknown
function.

4. Discussion

This study resulted in the identification of outer membrane proteins, particularly those
involved in iron acquisition, as the largest group of proteins that are preferentially produced
when A. baumannii ATCC 19606 cells are cultured under iron-chelated conditions. The
fact that some of the iron-acquisition proteins are different from the BauA acinetobactin
receptor protein suggests that this pathogen could acquire iron using different siderophore
utilization pathways in addition to the acinetobactin-mediated system [34,46] when co-
existing as a component of the human microbiota. Similarly, the positive effect of DIP on
the production of CarO, a protein involved in ornithine uptake [36], supports the possibility
of the expression of alternative siderophore-mediated utilization systems, such as that
mediated by pyoverdin in P. aeruginosa [47]. However, the modest reduction in CarO
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production observed when chelated LB broth was supplemented with FeCl3 suggests that
other metals chelated by DIP could also play a role in its differential production.

The increased production of the serine hydroxymethyltransferase (SHMT) GlyA, which
catalyses the formation of serine and tetrahydrofolate (THF), under iron-chelated conditions
could be due to changes in glutamate abundance in response to changes in the free-iron
content of the medium as proposed for B. pertussis [48]. Alternatively, the Fe-restricted
induction of SHMT in A. baumannii could be part of a global cellular response based on the
ability of this enzyme to bind mMRNA and control gene expression as previously reported
[49].

The coordinated differential production of FumA and FumC, enzymes that have similar
fumarase activity but differ in structure and regulation [50-52], reflects the positive and
negative regulatory roles iron plays in the A. baumannii physiology. FUmA is an iron-
dependent hydrolase that contains a 4Fe-4S active center that is highly produced under iron-
rich conditions, while FumcC is an iron-independent enzyme that is optimally produced
under iron limitation. Based on these differential responses, it was proposed that FumC
replaces FumA under iron-limiting conditions to ensure the operation of central metabolic
pathways independently of changes in extracellular iron concentration [50]. Our data
provide initial evidence in support of this hypothesis since the production of the A.
baumannii FumA and FumC proteins was upregulated in cells cultured under iron-rich and
iron-chelated conditions, respectively.

Iron-rich conditions promote the expression of genes coding for proteins involved in iron
sequestration as well as iron-containing proteins that are part of the intracellular iron pool
and play key metabolic functions [53]. Accordingly, our analysis shows that the production
of proteins that sequester intracellular iron, such as Bfr, AcnA, AcnB, FumA, Sdh and
SodB, is significantly enhanced when A. baumannii ATCC 19606 cells are cultured in Fe-
rich medium. The transcriptional activation of the genes coding for these proteins is an iron-
dependent process mediated by the Fur repressor via an indirect regulatory mechanism,
which involves the production of RyhB in E. coli [19,20,53] and the PrrF1 and PrrF2 SRNAS
in P. aeruginosa [21]. These observations together with the fact that A. baumannii also
produces an iron-induced ortholog of Hfq, a protein that plays post-transcriptional functions
particularly in bacterial iron metabolism [54,55], is a strong indication for a similar
transcriptional control of iron-regulated genes expressed by this pathogen.

The observation that OmpW, which could function as an iron user or exporter protein,
belongs to the A. baumannii iron regulon is similar to that made in other bacteria such as E.
coli [42,43], Pasteurella multocida [44], Actinobacillus pleuropneumoniae [41] and
Shewanella oneidensis [45]. In contrast, our experimental observation that the production of
OmpA is also enhanced under iron-rich conditions is novel and suggest its potential role in
iron metabolism. This possibility is supported by the finding that the A. baumannii ATCC
196067 3:233 OmpA mutant, which we used to study the interaction of this strain with C.
albicans filaments [32], has a defect in iron utilization under chelated conditions. Currently,
we are investigating whether OmpA plays a role in the secretion of acinetobactin and/or the
import of acinetobactin-iron complexes across the bacterial cell wall. The reduced
production of OmpA and OmpW under iron-chelation could also be expected since this
response would limit the influx of antimicrobial compounds mediated by these non-
specialized porins [56] during the infection of the human host, which presents an iron-
restricted environment to microbial pathogens.
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5. Conclusion

A. baumannii responds to changes in extracellular iron concentrations by differentially
producing proteins involved in a wide range of cellular functions. Iron-acquisition outer
membrane proteins comprise the largest group of iron-repressed proteins while iron-induced
proteins involved in a wide range of cellular and metabolic functions are the largest group of
proteins identified in this study. While some of these observations agree with data obtained
with other bacterial systems, the finding of several outer membrane siderophore receptors
different from the BauA acinetobactin receptor reflects the unexplored possibility that
members of the human microbiota interact with A. baumannii by sharing functionally
compatible iron acquisition systems. Equally interesting is the observation that the A.
baumannii iron stimulon includes proteins unknown to be iron regulated, the production of
which could be controlled by a Fur regulon that could include SRNA regulators and the Hfq
chaperone. Also significant is the novel observation of a potential role of OmpA in iron
metabolism. Taken together, these findings open new avenues to explore and better
understand the role of iron in the pathophysiology of A. baumannii. These avenues should
combine proteomics with transcriptomic analysis, such as that recently described for the
study of A. baumannii differential gene response induced by ethanol using RNA-sequencing
[57]. This combined approach should provide information on the transcriptional and
posttranscriptional processes controlling the expression of A. baumannii genes and gene
products that play a role in the virulence of this human pathogen.
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Fig. 1.

2-DE gel images of TC and OM-enriched protein fractions of A. baumannii ATCC 19606,
Panels A, B, C, and D represent TC fractions obtained from cells grown

under “Fe/"DIP, *Fe/"DIP, “Fe/*DIP or *Fe/*DIP conditions, respectively. Panels E, F, G,
and H represent OM fractions obtained from cells grown

under “Fe/"DIP, *Fe/"DIP, “Fe/*DIP or *Fe/*DIP conditions, respectively. My, relative
molecular weight; pl, isoelectric point.
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Fig. 2.

PDQuest-generated master gel image showing the general spot pattern of matched spots
from TC fractions obtained from A. baumannii ATCC 196067 cells grown

under “Fe/"DIP, *Fe/~DIP, “Fe/*DIP or *Fe/*DIP conditions. Differentially expressed spots
are numbered. M, relative molecular weight; pl, isoelectric point.
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Fig. 3.

PDQuest-generated master gel image showing the general spot pattern of matched spots
from OM-enriched fractions obtained from A. baumannii ATCC 196067 cells grown

under “Fe/"DIP, *Fe/"DIP, “Fe/*DIP or *Fe/*DIP conditions. Differentially expressed spots
are numbered. M, relative molecular weight; pl, isoelectric point.
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Fig. 4.

Close up view of some differentially expressed protein spots in representative 2-DE gels
from TC (A-K) and OM (L-V) protein fractions obtained from A. baumannii ATCC 196067
cells grown under “Fe/~DIP, *Fe/"DIP, “Fe/*DIP or *Fe/*DIP conditions.
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Functional category distribution of A. baumannii ATCC 19606 proteins differentially
produced in response to free-iron changes in the culture medium.
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Fig. 6.

Differential production of OmpA. A. Proteins (2 pg/lane) from total cell membrane fractions
isolated from A. baumannii ATCC 196067 cells grown under *Fe/"DIP, “Fe/*DIP

or *Fe/*DIP conditions were sized fractionated by SDS-PAGE, electrotransferred to
nitrocellulose and probed with polyclonal anti-OmpA antibodies. The immune complexes
were detected with horseradish peroxidase-labeled protein A and chemiluminescence on an
X-ray film. B. Densitometry of the signals shown in panel A. IDV, integrated density value
=X (each pixel value - background).
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Fig. 7.

Effects of iron chelation on bacterial growth. The A. baumannii ATCC 19606 " parental
strain (white bars) and the 196067 3:233 OmpA mutant (black bars) were cultured in LB
broth containing increasing amounts of DIP. Cell growth was recorded after overnight
incubation at 37 °C. Error bars, 1 standard deviation (SD).
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