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ABSTRACT 
 

Iron acquisition in Acinetobacter baumannii 
 

by William Frank Penwell 
 

Acinetobacter baumannii is a clinically important Gram-negative opportunistic 

nosocomial pathogen partly because of the advent of pan-drug resistant clinical isolates.  This 

pathogen persists and grows under harsh conditions including iron limitation imposed by the 

environment and the human host.  The ability of A. baumannii ATCC 19606T to grow under 

iron-limiting conditions requires the production of the siderophore, acinetobactin, which was 

also demonstrated to be essential for this strain to cause a successful infection.  Initial studies 

have examined components involved in synthesis and uptake of acinetobactin; however, other 

components of this siderophore-mediated system have yet to be identified or characterized.  The 

acinetobactin chromosomal gene cluster harbors all the traits needed for biosynthesis, export, and 

transport of this siderophore with the exception of an entA ortholog, which is needed for the 

production of acinetobactin precursor, 2,3-dihydroxybenzoic acid.  Accordingly, the entA 

ortholog in ATCC 19606T was identified using genetic complementation and found located in a 

different genomic region next to genes coding for iron acquisition functions.  Analysis of the 

nucleotide sequence of this ortholog with other A. baumannii sequenced genomes revealed that 

while most of the strains code for an active entA gene, the clinical isolate AYE has a natural entA 

mutation and does not produce acinetobactin.  Despite not being able to produce acinetobactin, 

AYE is still able to grow under iron-limiting conditions, a phenotype that is in accordance with 

the fact that this strain produces an uncharacterized hydroxamate siderophore, which we called 

baumannoferrin.  Comparison of the siderophore-mediated system between ATCC 19606T and 

AYE underline the ability of different A. baumannii isolates to acquire iron using different 

systems.  The ATCC 19606T acinetobactin gene cluster also includes two genes coding for ABC-

type efflux transport functions predicted to be involved in acinetobactin secretion.  Accordingly, 

we demonstrated that A. baumannii requires BarA and BarB for efficient secretion of 

acinetobactin although additional transport systems could be involved in the secretion of this 

siderophore.  Taken together, the results from this study furthered our understanding of the 

acinetobactin-mediated siderophore system while concurrently demonstrating the diversity of 

 
 



iron-acquisition functions this pathogen expresses to persist and cause infection under restricted 

conditions, such as those found in medical settings and the human host.  
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Chapter 1 
Introduction 

Taxonomy and characteristics of Acinetobacter species  

Acinetobacter species are bacteria that belong to the family Moraxellaceae and are 

strictly aerobic, gram-negative, glucose non-fermenting, catalase-producing, non-spore forming 

coccobacilli.  To date, the genus contains 27 named species and 9 DNA-DNA hybridization 

groups (1).  Members of this species are considered to be metabolically versatile and  ubiquitous 

in the environment (2).  They have been isolated from many diverse environmental niches 

including meat products, cheese, milk, vegetables, fruits, soil, drinking water, human normal 

flora, and health care settings (3-6).   

 Some Acinetobacter species have the capability of being opportunistic human pathogens, 

usually causing infections in individuals with serious underlying conditions (2, 7, 8).  The 

species that have been implicated in human infections are A. lwoffii, A. johnsonii,                        

A. calcoaceticus, A. radioresistens, A. haemolyticus, A. junii, A. pittii, A. nosocomialis, and             

A. baumannii (1, 2).  A. baumannii is the most clinically important species with numerous 

reports of hospital outbreaks, particularly in the intensive care unit (ICU).  Multidrug resistance 

by A. baumannii is also a growing problem, with reports of clinical isolates being resistant to 

many different classes of antibiotics (1, 2, 9). 

 

Clinical importance of A. baumannii 

In the last decade, A. baumannii has emerged globally as an important pathogen that is 

associated with hospital and community-acquired infections (10-12).  This nosocomial pathogen 

typically affects immunocompromised patients and causes a multitude of diseases including 

pneumonia, bacteremia, urinary tract infections (UTI), meningitis, and wound-associated 

infections (1, 2, 7, 8).  Ventilator-associated pneumonia (VAP) is the most frequently reported 

condition associated with infections by A. baumannii (5-10% of cases in ICU), and the mortality 

rate of VAP ranges from 25% to 75% (2, 13-15).  One case study observed that multidrug 

resistant (MDR) A. baumannii was isolated with the highest frequency (80.05%) of all MDR 

pathogens associated with VAP, which could correlate with the poor prognosis that is seen with 

A. baumannii VAP infections (16).  Bacteremia is another clinical manifestation of A. baumannii 

that causes high mortality among infected individuals (2).  A. baumannii ranks tenth among the 
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most frequently isolated organisms from bloodstream infections in U.S. hospitals (2).  

Respiratory infections, burns and trauma are all predisposing factors that can lead to bacteremia  

(8).  The mortality rate of bloodstream infections caused by A. baumannii seems to depend on 

the condition of the patient: those in general wards have a mortality rate of 5% compared to the 

50% mortality rate of those located in the intensive care units (ICUs) (8, 17).  

UTI are regularly seen in patients with permanent indwelling catheters and elderly 

patients (8).  A. baumannii infrequently causes secondary meningitis in patients who have 

undergone neurosurgical procedures (8, 18).  One case study has shown that A. baumannii is 

only responsible for 4.5% of meningitis in post-surgical patients, with mortality rates ranging 

from 15% to 34% (18).  Another recently reported, rare infection associated with this pathogen is 

necrotizing fasciitis (19, 20).  Most patients who develop necrotizing fasciitis have underlying 

conditions such as systemic lupus, Human Immunodeficiency Virus (HIV) infections, diabetes, 

and wounds associated with war trauma (19-21).   

One of the chief reasons for the emergent interest in A. baumannii is the significant 

increase in the incidence of wound infections over the past decade due to military personnel 

sustaining traumatic injuries during Operation Enduring Freedom in Afghanistan and Operation 

Iraqi Freedom in Iraq (22, 23).  From January 2002 to August 2004, 102 U.S. soldiers injured 

during conflict were diagnosed with bloodstream A. baumannii infections.  Almost all (97%) of 

these soldiers sustained combat-related traumatic injuries before infection (23).  Numerous 

investigations have been undertaken to try to identify the source of A. baumannii infections in 

the military setting.  One hypothesis was that soldiers were coming into contact with                  

A. baumannii found in the soil after being injured; however, no clinically relevant A. baumannii 

strain has been isolated from the soil (24).  Several case studies have found a strong correlation 

between A. baumannii infections in wounded soldiers and the census of “host-nation” patients 

who are also being treated in the same medical facility where US soldiers were treated after 

sustaining combat-related injuries (25, 26).  Griffith et al. (25) reported that prolonged 

hospitalization in combat healthcare systems increased the chances of A. baumannii infections 

and that decreasing either the number of “host-nation” patients or length of time spent in the 

hospital had correlated positively with the incidence of A. baumannii infections in wounded 

soldiers.  
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Several risk factors have been linked to the transmission of A. baumannii throughout the 

hospital setting (8).  Colonized healthcare workers are a major source of transmission (6, 27-29).  

Reports have shown that the hand carriage rate among hospital staff members for A. baumannii 

ranges from 3% to 23% (6, 8).  Transmission of bacteria through healthcare worker hands was 

linked to an outbreak of bacteremia in a neonatal ICU. (6, 28).  Another risk factor is extended 

ICU care, where patients require prolonged respiratory treatment and the possible aid of a 

ventilator, which could lead to ventilator-associated pneumonia (8, 30).   

A. baumannii has become a successful nosocomial pathogen largely due to its ability to 

persist in the hospital environment (7, 8).  Major factors contributing to this persistence are its 

ability to tolerate desiccation and to resist disinfectants and many antibiotics (7, 10, 31).  The 

ability of A. baumannii to resist disinfectants allows for spread of the pathogen from 

contaminated surfaces and increased person-to-person contact (32).  Experimental data have 

demonstrated that A. baumannii can survive desiccation better than other Acinetobacter spp. 

(33).  This ability was linked to an outbreak of A. baumannii infections throughout an ICU, 

where bed rails functioned as the reservoir source (33, 34).  The ability to develop resistance to 

all currently available antibiotics is paramount to the success of this species as a pathogen, 

making it one of the most difficult microorganisms to treat and control (35, 36). 

The ability of A. baumannii to acquire antimicrobial resistance genes at a rapid rate and 

the resistance of clinical strains to all known antibiotics have led to this pathogen being deemed a 

“red alert” pathogen that needs to be targeted for the development of new antibiotics by 2020 (7, 

10, 37).  Antimicrobial resistance by A. baumannii is mediated by all major resistance 

mechanisms, which include active efflux pumps, enzymatic inactivation, and modification of 

target sites (31).  Some resistance mechanisms have been found in several isolates and these 

mechanisms may have been acquired by horizontal gene transfer from unrelated sources (31).  

Many A. baumannii outbreaks caused by MDR strains can be traced to international clones I, II 

or III (10, 38).  A study performed by Higgins et al. (39) determined that out of 492 imipenem-

resistant A. baumannii isolates from around the world, nearly half of them clustered with isolates 

from international clone II.  This study also observed that some A. baumannii isolates recovered 

from wounded American soldiers fighting in Iraq were related to international clones I and II 

(39).  Treatment with antibiotics has led to selective pressure favoring the persistence of certain 

isolates in the hospital environment and allowing these isolates to become more prevalent in 
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causing nosocomial outbreaks (10, 38).  Since A. baumannii is highly resistant to many different 

classes of antibiotics, this pathogen has become a serious burden on the healthcare system (10).   

Antibiotic resistance is the most widely studied virulence factor associated with              

A. baumannii pathogenesis, but less is known about other factors linked to the virulence of this 

organism.  One such factor is the ability of A. baumannii to form biofilms, allowing this 

pathogen to prosper in the medical setting by attaching to inanimate surfaces found throughout 

the hospital like linens, bed rails, and plastics such as polystyrene (34, 40-43).  The 

csuA/BABCDE operon, which encodes a chaperone-usher pili assembly system, is necessary for 

A. baumannii ATCC 19606T to form biofilms on plastic surfaces like polystyrene (41, 44).  A 

CsuE deficient strain, which does not form CsuA/BABCDE pili, does not adhere to plastic as 

strongly as the parental strain; however, this mutant still adheres to biotic surfaces, such as 

Candida albicans and human bronchial epithelial cells (44, 45).  Furthermore, microscopic 

examination of a CsuE mutant grown on a blood agar plate exhibited thinner pili on the cell 

surface, which were CsuA/BABCDE-independent (45).  These results indicate that other 

uncharacterized pili can be produced by A. baumannii, and they are involved in adherence to 

biotic surfaces such as human epithelial cells.  

The ability of A. baumannii to form biofilm on polystyrene correlates positively with its 

ability to adhere to a human bronchial epithelial cell line (46).  Outer membrane protein A 

(OmpA) is one protein that has been found not only to play a role in biofilm formation on 

plastics but also to be important for A. baumannii adherence and invasion of bronchial and 

laryngeal epithelial cells (44, 47).  As compared with the parental strain, an OmpA-deficient 

strain was attenuated for virulence in a murine pneumonia model (47).  OmpA has also been 

linked to the induction of apoptosis in host cells, and is important in bacterial resistance to host 

complement (48, 49).  Proteins involved in K1 capsule production, which were recently 

identified, are also an important virulence factor for A. baumannii in causing successful 

infections (50).  It was demonstrated that capsule-negative mutants could not survive in a rat soft 

tissue model and that clearance of the capsule-negative mutants occurs within 24 h of inoculation 

(50).  The capsule is also important for resistance of A. baumannii to complement when grown in 

human serum (50).  

Another virulence factor that has been studied in detail is the ability of A. baumannii to 

survive in an iron-limited environment, like the human host.  In response to low iron,                  
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A. baumannii produces the siderophore acinetobactin to acquire this essential micronutrient (51-

53).  A better understanding of the acinetobactin system could lead to the development of new 

antimicrobial drugs to help treat infections caused by MDR A. baumannii infections.   

 

Importance of iron  

Iron is the fourth most abundant transition metal in the Earth’s crust and is an important 

growth factor for almost all bacteria, with the exception of the causative agent of Lyme disease, 

Borrelia burgdorferi, and lactic acid bacteria, such as Lactobacillus acidophilus (54-56).  This 

essential nutrient is involved in numerous biological processes including electron transport, 

photosynthesis, tricarboxylic acid cycle-mediated metabolic process, deoxynucleotide 

biosynthesis, and protection from free radicals (57-59).  Iron exists in one of two interconvertible 

states, a reduced ferrous (Fe2+) form and an oxidized ferric (Fe3+) form.  The chemical properties 

of iron make it an extremely versatile prosthetic component for use in biological processes.  

Even though this micronutrient is abundant, its bioavailability is limited.  In aerobic 

environments at neutral pH, iron occurs in the insoluble, oxidized, ferric form, which limits the 

availability of iron to approximately 10-18 M, well below the 10-6 M required by bacteria for 

optimal growth (55, 59-62).   

Similar constraints are present in the human host, where iron is sequestered by high-

affinity iron-binding proteins, making it unavailable for pathogens to utilize (63-66).  Controlling 

the amount of free iron prevents reactive oxygen species from forming by the Fenton reaction 

[Fe+2 + H2O2 Fe+3 + OH. + OH-], limiting the damage to host macromolecules (57, 67). 

Sequestering of iron by the host is known as nutritional immunity and is considered one of the 

first lines of defense against bacterial infections (66).  Proteins involved in iron sequestration 

include transferrin, lactoferrin, and the intracellular storage protein ferritin (57, 63, 66, 68).  

Another innate immune host protein involved in limiting the amount of available iron is 

hepcidin, a peptide hormone which controls extracellular iron concentrations.  Expression of 

hepcidin is activated by inflammatory cytokine interleukin-6 (63, 68-71).  Hepcidin controls 

extracellular iron concentrations by binding to the transport protein ferroportin.  This binding 

causes ferroportin to be degraded, preventing the release of iron from cellular stores (69, 70).  To 

overcome host nutritional immunity, bacteria have adapted high-affinity iron acquisition systems 

to obtain this essential micronutrient, which are depicted in Fig. 1. 
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Figure 1.  Iron acquisition systems used by bacteria.  A. Receptor-mediated uptake of transferrin.  

B. Receptor-mediated uptake of lactoferrin.  C. Receptor-mediated uptake of hemoproteins.  D. 

Hemophore-mediated uptake of heme from host proteins like hemoglobin and hemopexin.  E. 

Siderophore-mediated uptake of ferric iron from host proteins like transferrin, lactoferrin and 

ferritin. 
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One iron acquisition system that bacteria employ involves a direct interaction of iron-

binding proteins, such as transferrin and lactoferrin, with specific outer membrane receptors.  

After these iron-bound host proteins bind to the specific receptor, iron is stripped from the host 

proteins, which are then released from the receptors and the iron is transported into the cell (57, 

64, 66).  This type of system has been described in pathogens such as Neisseria gonorrhoeae 

(72),  Neisseria meningitidis (73) , and Haemophilus influenzae (74).  

 A second high-affinity system utilized by bacteria is the uptake of heme, an abundant 

iron source in vertebrate hosts.  Heme acquisition systems involve either surface receptors that 

recognize hemoproteins or the use of a secreted hemophore (66, 75).  Hemoproteins, like 

hemoglobin or hemopexin, are recognized by specific outer membrane receptors that bind these 

proteins (76).  Once binding occurs, heme is removed from hemoproteins and transported into 

the cell (76).  Some bacterial pathogens can also use a hemophore to remove heme from host 

proteins (66, 75, 76).  After the hemophore has bound heme, it enters the cell through a specific 

outer membrane receptor, and once inside the bacteria, iron is released from heme by either a 

heme oxygenase or reverse ferrochelatase activity (76, 77).  Examples of pathogens that use 

heme as an iron source include H. influenzae (78), Vibrio cholerae (79), Serratia marcescens 

(80), and Yersinia pestis (81).  

Low molecular weight ferric chelators, known as siderophores, constitute another high-

affinity system used by bacteria to acquire iron (66, 68, 82).  Siderophores sequester iron from 

host proteins and once a ferric-siderophore complex has formed, it is transported back into the 

cell by a specific receptor.  The iron is released from the siderophore, transported into the cytosol 

and then used for cellular processes.  Because this dissertation focuses on siderophore-dependent 

iron acquisition by A. baumannii, the next section will detail the biosynthesis, secretion and 

uptake of siderophores.  

 

Siderophore-mediated iron acquisition  

General  

Siderophores are produced by a variety of bacteria, fungi and plants to help overcome 

iron limitations in the environment (58, 68).  Siderophores are defined as low-molecular weight 

compounds that have high affinity and specificity for ferric iron.  The affinity constant with 

which siderophores bind ferric iron lies between 1012 M-1 to 1052 M-1; ferrous iron binds with a 

8 
 



lower affinity (58, 66, 83, 84).  The difference in siderophore affinity between ferric and ferrous 

iron is directly related to the difference in their Lewis acid characteristics (84, 85).  Ferrous iron 

is considered to have a “soft” metal center that has a higher affinity towards nitrogen donor 

groups and differs from the “hard” metal center of ferric iron, which, as a strong Lewis acid, 

prefers to bind to “hard” donor groups like oxygen (84, 85).  Even though siderophores are 

structurally diverse, they all have an oxygen atom as the donor group (58).  This “hard” donor 

group allows a stable ligand to form due to the interactions between the negatively charged 

oxygen atom and the positively charged iron center (58).  

 More than 500 siderophores have been identified, all differing in their structure. 

Nonetheless, they can be grouped into three main classes based on the moiety that provides the 

oxygen ligand for ferric iron binding (58, 68, 84, 85).  The three classes of siderophores are 

catecholates (phenolates), hydroxamates, and hydroxycarboxylates.  Some siderophores are 

described as having a mixed catechol-hydroxamate structure, including anguibactin and 

acinetobactin, which are produced by Vibrio anguillarum 775 and A. baumannii ATCC 19606T, 

respectively (51).  All siderophores must be first synthesized, then secreted from the cell, and 

finally brought back into the cell by a specific outer membrane receptor.   

 

Siderophore Biosynthesis 

 When in an iron-limited environment, bacteria up-regulate genes involved in 

siderophore-dependent iron acquisition, which includes genes needed for biosynthesis of the 

siderophore.  Interest in siderophore biosynthesis has grown over the past decade largely due to 

the role of siderophores as virulence factors for pathogens and as potential targets for 

antimicrobial therapies (55, 86).  Although siderophores can be classified into the three main 

structural classes described above, they can also be broadly classified into two groups based on 

the enzymatic machinery involved in biosynthesis: those that depend on non-ribosomal peptide 

synthetase (NRPS) multimodular enzymes for synthesis, and those that are produced by an 

NRPS-independent pathway (82, 86, 87).    

The NRPS pathway is used for the synthesis of secondary metabolites, including 

antibiotics, toxins, pigments and siderophores (82, 88).  This pathway is comprised of 

multimodular enzymes that assemble amino acids into peptides by forming peptide bonds 

without requiring RNA as a template for assembly (82).  Since no RNA template is needed, the 
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sequence in which amino acids are added to the peptide is determined by the order of NRPS 

domains (82).  Three types of functional domains are required for peptide growth.  These 

domains are the adenylation (A), peptidyl carrier protein (PCP), and condensation (C) domains 

(58, 82).  These domains are physically tethered to each other in repeats to form a module of A-

PCP-C domains and each module is responsible for the incorporation of one amino acid into the 

growing peptide (Fig. 2) (58).  These modules are responsible for carrying out four kinds of 

catalytic operations (82).  

The A domain selects and activates amino acids that will be incorporated into the peptide (Fig. 

2A) (58, 82).  The A domain activates amino acids as aminoacyl adenylates in an ATP-

dependent manner and this activation forms an aminoacyl-AMP that is then transferred to the 

peptidyl-carrier domain (or aryl-carrier domain when using aryl acids) (58, 82).  Before this 

transfer occurs, the PCP domain must first be converted from the apo form to the holo form, 

which has a phosphopantetheinyl arm (82).  This post-translational modification of the PCP 

domain is carried out by phosphopantetheinyl transferase (PPTase) enzymes, which are normally 

encoded by a gene in the siderophore biosynthetic gene cluster (82, 89).  The 

phosphopantetheinyl arm covalently binds the aminoacyl-AMP and acts as a tether for 

elongation (58, 82).  The C domain catalyzes peptide bond formation between activated amino 

acids, which results in transfer of the growing peptide to the PCP domain of the downstream 

module (Fig. 2B) (58).  The final step is chain termination and release of the siderophore.  The 

siderophore is still covalently linked to the most downstream PCP domain in the assembly line 

and must be chemically cleaved from the phosphopantetheinyl arm (58, 82).  The final module of 

the assembly line has a thioesterase (TE) domain in place of the C domain (58, 82).  This domain 

will transfer the fully grown peptide or siderophore to a water molecule, releasing it from the 

PCP domain (Fig. 2C) (58, 82).  There are also examples in which a nucleophile from the peptide 

itself is used instead of water, with a cyclic product being released (58).  

Diversity of siderophores that are assembled by the NRPS pathway can be attributed to 

auxiliary domains in a module that allow for modification of an amino acid in a particular way. 

The auxiliary domains include methyltransferase (MT), epimerase (E), cyclization (Cy) and 

reductase (Red) domains.  The MT domain methylates the amino acids using S-

adenosylmethionine as a methyl donor (58).  The E domain converts L-amino acids into D-
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amino acids (58).  The Cy domain forms five-member heterocyclic rings (58).  The Red domain 

changes the redox state of an amino acid (58).  

 Siderophores that are assembled by the NRPS-independent biosynthetic pathways have 

not been as intensively studied as those produced by NRPS pathways, and a more comprehensive 

understanding of the molecular mechanism by which these siderophores are assembled is needed 

(87).  Siderophores that are produced by this pathway are not polypeptides but are assembled 

using alternating dicarboxylic acids and diamine or amino alcohol moieties as building blocks 

for siderophore biosynthesis (86, 87).  These building blocks are linked together by amide or 

ester bonds (86, 87).  Aerobactin, a hydroxamate siderophore produced by Escherichia coli, is 

the best studied siderophore assembled by the NRPS-independent biosynthetic pathways.  

Aerobactin production utilizes two siderophore synthetase enzymes, IucA and IucC, which are 

used to catalyze the formation of key amide bonds that link dicarboxylic acids and diamine units 

together to form the siderophore (87) 
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Figure 2.  NRPS modules used in siderophore synthesis.  (A) An amino acid is activated by the 

adenylation (A) domain with ATP and then transferred to the phosphopantetheine (wavy line) on 

the peptidyl carrier protein (PCP) domain.  (B) The condensation (C) domain catalyzes the 

formation of the peptide bond between two activated amino acids, which results in a growing 

peptide chain. (C) The fully grown peptide is transferred off the final PCP domain by the 

thioesterase (TE) domain, which releases the peptide through hydrolysis.  Modified from Crosa 

et al., 2004 (58).  
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Siderophore secretion  

 Once biosynthesis of the siderophore has occurred, it must be secreted from the cell into 

the extracellular milieu.  Since siderophores are charged hydrophobic molecules and therefore 

cannot passively diffuse across the membrane, an active secretion mechanism is necessary.  Only 

a few siderophore secretion systems have been identified thus far.  The exporters that have been 

investigated or suggested to be involved in secretion are efflux pumps from the major facilitator 

superfamily (MFS) or ATP-binding cassette (ABC) superfamily proteins.   

  The MFS is the largest group of membrane transporters and has been shown to transport 

a variety of compounds, including antibiotics, primary metabolites, and sugars (90, 91).  MFS 

pumps possess 12, 14, or 24 transmembrane domains and all identified pumps can be classified 

into one of 58 distinct families based on the solute that is transported (92).  Even though 

numerous MFS exporters have been studied, only a few have been identified in export of 

siderophores.  A few examples of MFS exporters involved in siderophore secretion include EntS 

in E. coli, CsbX in Azotobacter vinelandii and PvsC in V. parahaemolyticus (93-95).   

 Enterobactin in E. coli is secreted by the Fur-regulated EntS protein.  The entS gene is 

found within the ent-fep cluster, which contains the genes needed for enterobactin utilization 

(93).  A mutation in entS resulted in a reduction in the amount of secreted enterobactin and an 

increase in the amount of enterobactin breakdown products (93).  The breakdown products can 

be attributed to ester cleavage of enterobactin by the Fes protein (96).  Enterobactin secretion is 

not exclusively mediated by EntS due to the fact that a mutation in the TolC protein of E. coli 

completely abolished secretion of enterobactin (97).  This led to the hypothesis that multiple 

exporters are involved in the secretion of enterobactin, with EntS involved in export across the 

cytoplasmic membrane but another exporter being responsible for secretion from the periplasmic 

space as part of a two-step secretion process (97).  

The other proteins involved in siderophore secretion belong to the ABC transport family, 

which consists of both uptake and efflux transport systems (98).  ABC transporters are 

comprised of a transmembrane domain (TMD) and a cytoplasmic nucleotide binding domain 

(NBD) (98).  Two TMDs and two NBDs make up the typical structure of  an ABC transporter 

(98).  ABC importers achieve this architecture with a total of four individual polypeptides (two 

TMD and two NBD) that combine to form the functional transporter as seen with the BtuCD and 

Nik systems both from E. coli (98-101).  ABC exporters are generally less complex than ABC 
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importers (98).  In general the functional complex is either a homodimer or a heterodimer of a 

TMD fused with NBD as seen with two E. coli exporters, CydCD and MsbA (98, 102-104).  

Only a few ABC exporters have been identified as being involved in siderophore secretion.  A 

few examples include PvdE from Pseudomonas aeruginosa, IroC from Salmonella enterica 

serovar Typhimurium, ORF14 and ORF15 from V. anguillarum, and ExiT from Mycobacterium 

smegmatis (105-108). 

 One of the more recently described siderophore efflux systems is PvdE, an ABC exporter 

involved in secreting pyoverdine in P. aeruginosa (105, 109).  Yeterian et al. (105) demonstrated 

that a mutation in pvdE prevented the pyoverdine precursor (pyoverdine without the fluorescent 

chromophore) from being secreted from the inner membrane to the periplasmic space.  The fact 

that PvdE secretes the pyoverdine precursor only to the periplasmic space strengthens to the 

hypothesis that multiple export systems are involved in secreting certain siderophores from the 

cytoplasm to the extracellular milieu in a two-step process.  The secretion system comprised of 

PvdRT-OmpQ has been proposed to be involved in the secretion of pyoverdine from the 

periplasmic space, and a mutation in any of the PvdRT-OmpQ components leads to the 

accumulation of pyoverdine in the periplasmic space (110).  The involvement of PvdRT-OmpQ 

in efflux from the periplasmic space has been debated (111).  

 

Ferric-siderophore uptake  

 Despite the advances that have occurred in the last decade, the understanding of 

siderophore secretion is lagging as compared with the understanding of siderophore biosynthesis 

and the import of the ferric-siderophore complex.  Once secreted into the extracellular milieu, the 

siderophore acquires ferric iron to form a ferric-siderophore complex that must be transported 

into the cell.  The process by which ferric-siderophore complexes are transported into the cell has 

been intensely studied and characterized (88).  Ferric-siderophore complexes exceed the 

molecular weight limit of porins and therefore require their own dedicated outer membrane 

receptor for import into the cell (57, 68).  Numerous such receptors have been identified and 

several x-ray crystal structures have been elucidated (57).  The crystal structures have been 

determined for the FhuA aerobactin (112) and the FepA enterobactin (113) receptors from E. coli 

and for the FpvA pyoverdine (114) and the FptA pyochelin (115) receptors from P. aeruginosa.  
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 All outer membrane receptors that are involved in siderophore import have an overall 

similar three-dimensional structure, with a transmembrane domain and a plug domain.  The 

transmembrane domain, which is formed by residues of the C-terminal region, consists of 22 β-

barrel strands that extend into the periplasmic space and through the outer membrane (57, 68, 88, 

116).  The residues of the N-terminal region form a plug domain that folds inside the barrel, 

blocking the opening and preventing the ferric-siderophore complex from directly entering the 

periplasmic space (57, 68, 88, 116).  Both domains are involved in binding of ferric-siderophore 

complexes to the receptor (88, 114).  

 The binding site for the ferric-siderophore complex is located within the cavity formed by 

the extracellular loops of the β-barrel and the plug domain (58, 88, 116).  Details of how the 

ferric-siderophore interacts with the extracellular loops and plug domain have been determined 

for FhuA, FepA and FecA (Fig. 3) (116-118).  Binding of the ferric-siderophore complex causes 

two separate conformational changes to occur in the plug domain (88, 118).  The first 

conformational change that occurs is unwinding of a specific region on the plug domain known 

as the switch domain, and this change allows for the interaction between TonB and the TonB-

box located in the plug domain of the receptor (57, 119, 120).  TonB is a membrane anchored, 

periplasmic spanning protein that interacts with the outer membrane receptor through the C-

terminal domain (120).  The N-terminal domain of TonB interacts with two other membrane 

embedded proteins, ExbB and ExbD, which together transduce energy from the cytoplasmic 

membrane to the outer membrane receptor to allow for the second conformational change to 

occur (57, 58, 120).  The second conformational change allows the formation of a transient 

channel through which the ferric-siderophore complex passes to enter the periplasmic space (57).  

How this transient channel forms is still unknown (120).  The channel is formed either by the 

removal of the plug domain from the β-barrel or by conformational changes within the plug 

domain itself (57, 58, 120). 

 Once inside the periplasmic space, a periplasmic siderophore-binding protein binds the 

ferric-siderophore complex and delivers it to a cognate ABC transporter for import into the 

cytoplasm (57, 68, 121).  Once the ferric-siderophore complex enters the cytoplasm, the ferric 

iron molecule has to be dissociated from the siderophore for use by the bacterium for cellular 

processes.  Iron dissociation can occur by one of two mechanisms (88).  One mechanism is 

through the use of a reductase that reduces ferric iron to ferrous iron, which in turn triggers the 
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release of the ferrous iron molecule from the siderophore (88).  The reductases that are involved 

have broad substrate specificity are not considered to be specialized enzymes, unlike those which 

mediate the second mechanism for the release of ferric iron (122).  This mechanism employs 

specialized enzymes to remove the ferric iron molecule by ester cleavage of the ferric-

siderophore complex. This mechanism results in degradation of the siderophore, preventing it 

from being recycled (88).  This is in contrast to the first mechanism, in which the siderophore 

can be reused after reduction of the ferric iron molecule (96).  Only a few esterases that are 

involved in the release of iron from ferric-siderophore complexes have been identified.  The first 

esterase that was studied was Fes from E. coli, which is responsible for the ester cleavage of 

ferric-enterobactin (96).  Additional esterases include IroD and IroE which are found in both 

Salmonella species and uropathogenic E. coli, and release ferric iron by ester cleavage of ferric-

salmochelin (123, 124).  In Bacillus spp. the esterase BesA is responsible for ester cleavage of 

the enterobactin-like siderophore bacillibactin (125). 
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Figure 3.  Crystal structures of siderophore outer membrane receptors.  (A) The crystal structures 

of FpvA with bound pyoverdine. The β-barrel and the plug domains are colored green and red, 

respectively.  Pyoverdine is shown as a space-fill model.  (B) The crystal structure of FecA with 

bound ferric-citrate.  The β-barrel domain is colored blue. The plug domain is colored green, 

orange, purple and yellow.  Ferric citrate is shown as a bond model and is interacting with β-

barrel loop 7 and 8, colored red, and the switch helix in the plug domain, colored orange.  Panel 

A was adapted from Cobessi et al., 2005 (114) and Panel B from Ferguson et al., 2002 (116). 
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Regulation of siderophore-dependent iron acquisition  

 Siderophore biosynthesis, secretion, and uptake are all tightly controlled by bacteria not 

only to conserve energy and precursors but also to prevent an excess of iron, which can lead to 

damage of macromolecules through its involvement in the Fenton reaction.  Bacteria have 

evolved mechanisms to regulate expression of iron acquisition genes.  The regulatory 

mechanisms that have been identified include extracytoplasmic function (ECF) sigma factors 

like FecI (126, 127), AraC-type regulators (128, 129), and post-transcriptional regulation by 

antisense RNA like RyhB (126-130).   

 Fur is another important regulator of gene expression in bacteria that responds to 

intracellular iron concentrations (131-134).  During iron-replete conditions, ferrous iron is a 

cofactor of Fur, which binds a specific sequence located in promoters known as a Fur box (135, 

136).  Once bound to the Fur box, this 17-kDa protein prevents transcription of iron-regulated 

genes, including those involved in the acquisition of this metal (131, 132).  Two Fur dimers 

recognize and bind the Fur box in order to act as a transcriptional repressor (137).  In iron-

depleted conditions, the concentration of ferrous iron drops in the cell, causing the Fur protein to 

dissociate from the Fur box, allowing expression of iron-regulated genes, including those coding 

for iron uptake functions (137, 138).  

 Fur and the consensus sequence of the Fur box have been best characterized in E. coli, in 

which this regulator has been shown to control about 90 genes at the transcriptional level (139).  

It has also been demonstrated over the past decade that Fur controls transcription of genes 

involved not only in iron acquisition but also in oxidative stress, iron storage,  metabolism, 

virulence, and acid tolerance (132, 140).   

 

Siderophores and antimicrobial compounds 

 Over the past decade, a need for new antimicrobial compounds has arisen with the advent   

of MDR bacteria, such as A. baumannii, plaguing our healthcare systems.  Since iron is essential 

for pathogenic bacteria to cause a successful infection, siderophore-mediated iron acquisition 

systems have been exploited as potential therapeutic targets.  One strategy utilizes the 

siderophore uptake machinery to deliver an antibiotic conjugated to the siderophore, whereas the 

other strategy uses drugs designed to inhibit siderophore biosynthesis activities to block 

production of the siderophore.  
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 The first strategy, known as the “Trojan Horse strategy”, uses synthetically designed 

siderophores conjugated to an antibiotic molecule to grant the antibiotic entry into the cell 

through an active transport through bacterial outer membrane siderophore receptors (141).  This 

strategy tricks the bacteria into utilizing the biomimetic siderophore to bypass the permeability 

barrier that is presented by the outer membrane, an important resistance factor of pathogenic 

bacteria (83, 141).  This approach has been adapted from naturally occurring antibiotic 

conjugated siderophores, known as sideromycins (83).  These biomimetic siderophores have 

been shown to be active against M. tuberculosis and P. aeruginosa (141-143). 

 The second strategy uses inhibitor drugs that block siderophore synthesis enzymes, 

preventing the production of siderophores by pathogens.  This strategy is of interest since these 

enzymes have little homology to mammalian enzymes, allowing bacterial processes to be 

selectively targeted.  In the 1970s, it was reported that the small compound, p-aminosalicylate 

(PAS), could inhibit production of mycobactin in M. smegmatis and M. bovis (144).  With the 

improved understanding of the NRPS siderophore biosynthesis pathway, new drugs have been 

developed against biosynthesis enzymes that have similar activity in a plethora of bacteria (88).  

One such example is the aryl acid-adenylating enzymes that are responsible for the incorporation 

of an aryl-capping group in catecholic siderophore (88, 145, 146).  Reports have shown that by 

using an aryl acid adenylate analogue, the growth of M. tuberculosis and Y. pestis can be 

inhibited in an iron-dependent manner (147).  The major caveat of this second strategy is that 

drug development thus far is only for enzymes that are part of the NRPS-dependent pathway.  

Siderophores produced by the NRPS-independent pathway will not be inhibited by drugs 

targeting the enzymes in this biosynthesis pathway.  Therefore, treating pathogenic bacteria that 

produce siderophores synthesized by NRPS-independent pathway could become problematic.  

With more research on siderophore biosynthesis, it may possible to develop inhibitors against 

siderophores produced by both pathways. 
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Iron acquisition in A. baumannii 

 Expression of siderophore-mediated iron acquisition systems in different A. baumannii clinical 
isolates 

To successfully infect and persist in the host, pathogenic bacteria such as A. baumannii 

require iron for cellular processes.  One virulence factor that has been examined in A. baumannii 

is its ability to acquire iron from the host.  Dorsey et al. (148) tested a collection of clinical 

isolates to determine if they could grow in M9 minimal medium that was supplemented with the 

synthetic  iron chelator ethylenediamine-di-(o-hydroxyphenyl) acetic acid (EDDHA).  The 

results indicated that all clinical isolates examined survive under iron-limiting conditions, but 

there were also variations in the expression of elements involved in iron acquisition among these 

clinical isolates, including both siderophore receptors and the ability to secrete the precursor 

histamine (148).  These variations among different clinical isolates showed that different A. 

baumannii strains can express unrelated iron uptake systems to survive iron-limiting conditions.  

To date, four different siderophore uptake systems in A. baumannii have been described (Fig. 4) 

(51-53, 149-151).  

One siderophore cluster that has been characterized is found in the clinical isolate 8399 

(Fig. 4A) (149).  Described by Dorsey et al. in 2003(149), this isolate seems to produce and 

secrete 2,3-dihydroxybenzoic acid (DHBA) in addition to a high-affinity catechol siderophore.  

This cluster contains genes coding for proteins involved in synthesis of DHBA (DhbBCA) as 

well as proteins involved in siderophore assembly (DhbF and DhbE) (149).  This cluster also 

contains genes encoding putative proteins involved in siderophore utilization (OM73 and Fes) 

and proteins that could be involved in siderophore secretion (P45 and P114) (149).  

 Another siderophore system that has been described is found in the A. baumannii clinical 

isolate 17978, which was isolated from a fatal case of meningitis (152).  This clinical isolate was 

source of the first sequenced genome to be reported for A. baumannii (153).  Genome analysis of 

A. baumannii 17978 revealed a 26-kbp cluster that contains genes coding for biosynthesis, 

secretion and utilization of fimsbactin, which is a catechol-hydroxamate siderophore (Fig. 4B) 

(53, 154).  This cluster is flanked by 14-base pair repeats and contains two putative transposase 

genes, which suggests that this cluster was obtained by horizontal gene transfer (53, 154).  This 

is supported by a bioinformatics examination of genomes from 50 clinical isolates by Antunes et 

al. (151), who found that this siderophore cluster is unique to 17978.   
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The research by Antunes et al. (151) also described a third siderophore cluster present in 

all examined 50 clinical isolates, with the exception of A. baumannii SDF, which does not 

contain any siderophore systems (Fig. 4C).  This third cluster contains eight genes that have a 

putative function in the biosynthesis of an uncharacterized hydroxamate siderophore (150, 151).  

This cluster also contains genes coding for the secretion and utilization of this hydroxamate 

siderophore (150, 151).  Microarray analysis of A. baumannii 17978 showed that several genes 

from this cluster exhibited more than a 100-fold increase in expression under iron-limiting 

conditions, demonstrating the relevance of this cluster for iron acquisition in A. baumannii 

isolates (150).   

Like the hydroxamate cluster, the acinetobactin cluster, the fourth group of genes 

associated with siderophore-mediated iron acquisition, is also present in the majority of clinical 

isolates examined by Antunes et al. (151).  Of all the siderophore clusters identified in                

A. baumannii, the acinetobactin cluster is the most extensively studied, with the majority of the 

research being performed on the type strain ATCC 19606T (Fig. 4D).   
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Figure 4.  Schematic representation of siderophore gene clusters found in A. baumannii.  (A) The 

catechol siderophore gene cluster found in the A. baumannii clinical isolate 8399 was adapted 

from Dorsey et al., 2003 (149).  (B) The fimsbactin gene cluster coding for a siderophore found 

in A. baumannii clinical isolate, ATCC 17978 (154).  (C) The uncharacterized hydroxamate 

siderophore gene cluster identified by Antunes et al. (151, 155).  (D) The acinetobactin gene 

cluster (52).  The arrows and their direction indicate the location and direction of transcription of 

the predicted genes.  The numbers underneath the arrows correspond to the predicted protein 

functions, which are indicated in the table below each gene cluster.  Those genes predicted to be 

involved in biosynthesis, uptake and export of siderophores are colored blue, red, and orange, 

respectively.  Hypothetical genes are represented by black arrows.  Panel A  was adapted from 

Dorsey et al., 2003 (149); panel B was adapted from Proschak et al., 2013 (156); panel C was 

adapted from Antunes et al., 2011 (151); panel D was adapted from Mihara et al., 2004 (52). 
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The acinetobactin cluster in A. baumannii ATCC 19606T 

 Under iron-limiting conditions, the A. baumannii ATCC 19606T type strain produces the 

siderophore acinetobactin, which contains both a catechol and a hydroxamate functional group. 

Yamamoto et al. (157) showed that acinetobactin is composed of N-hydroxyhistamine, L-

threonine, and 2,3-dihydroxybenzoic acid (DHBA).  Structurally, acinetobactin is related to 

anguibactin, a plasmid-encoded siderophore produced by the fish pathogen V. anguillarum (158), 

the only difference being that acinetobactin possesses an oxazoline ring instead of a thiazoline 

ring (51, 52).  The fact that both organisms can use either siderophore strengthens the argument 

that the two siderophores are structurally and functionally related (51).   

 Dorsey et al. (51) and Mihara et al. (52) independently identified the acinetobactin locus, 

which contains 18 genes involved in the production, secretion and utilization of this siderophore.  

Ten of these genes, basABCDEFGHIJ, are involved in the biosynthesis of acinetobactin in a process 

that resembles an NRPS pathway (52).  The basF and basJ genes are homologous to E. coli entB 

and entC, respectively, which are used for the biosynthesis of the precursor moiety DHBA from 

chorismic acid (52, 159).  Another gene, basC, might be used to produce the other precursor 

moiety, N-hydroxyhistamine, by oxidizing histamine (52).  Sequence analysis performed by 

Mihara et al. (52) showed that the predicted proteins coded for by the basE, basF, basH and basI 

genes are similar to other proteins involved in early stages of siderophore biosynthesis in other 

bacteria.  Therefore, these genes could all play roles in early stages of acinetobactin biosynthesis 

(52).   

The amino acid sequences of BasA, BasB, and BasD can all be aligned to various parts of 

VibF, a well-characterized NRPS protein that has multi-catalytic domains (52, 88, 160).  The 

adenylation (A) domain, the condensation (C) domain, the peptidyl carrier protein (PCP) domain 

and the cyclization (Cy) domain are present within BasA, BasB and BasD; together, they 

assemble acinetobactin from three precursors; DHBA, L-threonine, and N-hydroxyhistamine 

(52).  The role of basD in acinetobactin biosynthesis was tested by Dorsey et al. (51), who found 

that a basD mutant failed to grow under iron-limiting conditions.  Biochemical analysis also 

showed that this mutant was negative for the presence of a siderophore, indicating that this 

mutant was unable to produce a fully functional siderophore (51).  These results showed that 

acinetobactin is the only high-affinity siderophore produced by the ATCC 19606T strain (51).  

All genes need to produce fully functional acinetobactin are present in this locus, except for a 
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homolog of the entA gene, which is needed for the production of the essential DHBA moiety 

(52).  This gene could be located in a second genetic cluster that may contain other genes 

involved in siderophore-mediated iron acquisition.  

Random transposition mutagenesis performed by Dorsey et al. (51) also identified 

mutants that failed to grow in iron-limiting conditions, despite producing acinetobactin.  DNA 

sequence investigation of these mutants identified a five-gene polycistronic locus, bauDCEBA, 

involved in ferric acinetobactin uptake (51).  The first two genes of this operon are bauD and 

bauC, which code for predicted inner membrane proteins that are related to permeases (51, 52).  

The bauE product has sequence similarity with cytoplasmic ferric-siderophore transport ATP-

binding proteins (52).  Together these three proteins could comprise an ABC importer that is 

responsible for transporting the ferric-acinetobactin from the periplasmic space into the 

cytoplasm.  Sequence analysis of bauB, the fourth gene in the locus, shows similarities with 

FatB, an anguibactin transporter that is a lipoprotein anchored in the inner membrane, with the 

iron transport active site exposed to the periplasmic space (51).  The last gene of the locus, bauA, 

codes for a protein that is related to FatA, the ferric-anguibactin outer membrane receptor in       

V. anguillarum 775 (51, 52).  Phenotypic analysis of an A. baumannii ATCC 19606T BauA 

deficient isogenic derivative confirmed that BauA is the ferric-acinetobactin outer membrane 

receptor (51, 52).  

BauA is essential for uptake of acinetobactin, but it is not the only siderophore receptor 

that has been identified in A. baumannii ATCC 19606T. Recent proteomic research done on       

A. baumannii ATCC 19606T by Nwugo et al. (161) showed that several proteins were up-

regulated in iron-limiting conditions that represented potential ferric-siderophore receptors other 

than BauA.  This finding leads to the possibility that A. baumannii can use xenosiderophores, 

which are exogenously produced by other bacteria and could be used to compete with other 

microorganisms for available iron in the environment or in the host when co-existing as a 

member of the human microbiota (161, 162).  Funahasi et al. (163) also identified the FhuE 

protein, as an outer membrane receptor that could utilize xenosiderophores.  They demonstrated 

that in iron-limiting conditions, the growth of an acinetobactin-deficient ATCC 19606T isogenic 

mutant could be recovered with the addition of xenosiderophores like desferrioxamine B and 

desferricoprogen, and that a disruption in FhuE abolished the utilization of these 

xenosiderophores (163).  
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Mihara et al. (52) also described three other genes that are involved in iron acquisition.  

These genes are bauF, barA and barB.  The gene coding for BauF is predicted to be an esterase 

and has sequence similarity to ViuB, which is an esterase that releases iron from vibriobactin 

(52, 164).  The other two genes, barA and barB, possibly encode ABC transporters involved in 

siderophore secretion (52).   

 The necessity of the acinetobactin-mediated iron acquisition system for A. baumannii 

ATCC 19606T in causing a successful infection in the host was determined with various 

infection models (165).  Using an ex vivo model, Gaddy et al. (165) showed that mutants 

deficient in acinetobactin production or utilization failed to persist within A549 human alveolar 

epithelial cells.  Similar results were obtained with an in vivo infection assay using the greater 

wax moth Galleria mellonella, which were also confirmed with a mouse sepsis model (165).  

The results showed that acinetobactin production or utilization mutants failed to kill as 

efficiently as the wild-type, but this impairment could be restored to wild-type level if iron was 

added to the infection inocula (165).  In conclusion, the results show that the acinetobactin-

mediated iron acquisition system is crucial for A. baumannii ATCC 19606T to cause a successful 

infection in vivo and that antibacterial drugs targeting this system might provide future treatment 

options against this pathogen.   
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Project summary  

 The objective of this project is the characterization of components of the acinetobactin-

mediated siderophore system that have not yet been examined or identified in A. baumannii.  

Through this effort, we describe the role of barA and barB, which code for ABC transporters and 

are needed for efficient secretion of acinetobactin.  Characterization of these two genes not only 

expands information on the acinetobactin system but also further our knowledge concerning the 

export machinery involved in siderophore secretion.  Using genetic complementation, we 

identified the location of the entA ortholog, which, though found outside the acinetobactin 

genetic cluster, is nonetheless essential for siderophore production and virulence in ex vivo and 

in vivo models.  Furthermore, to determine if the acinetobactin-mediated siderophore system is 

essential in other A. baumannii clinical isolates, we examined the capability of the clinical isolate 

AYE to acquire iron in an acinetobactin-independent manner through the use of an 

uncharacterized hydroxamate siderophore.  Taken together, the results from this study not only 

further our understanding of the acinetobactin-mediated siderophore system, but also 

demonstrate how different A. baumannii clinical isolates acquire iron using different 

siderophore-mediated systems that are required for the virulence of this pathogen.    
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The role of BarA and BarB in acinetobactin secretion and virulence in Acinetobacter 
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Abstract 

 Acinetobacter baumannii is a human pathogen that must overcome iron-limiting conditions 

imposed by the human host to cause a successful infection. To acquire this essential 

micronutrient, A. baumannii expresses the high-affinity acinetobactin-mediated iron acquisition 

system.  The genome of the type strain ATCC 19606T harbors a cluster of genes coding for 

acinetobactin biosynthesis and uptake of ferric-acinetobactin complexes. This cluster also 

includes two genes, barA and barB, which code for a putative metal ABC transporter that 

potentially could be involved in the secretion of acinetobactin.  To test this hypothesis, the 

ATCC 19606T barA/B region was disrupted by allelic exchange to generate the barA/B::GmR 

derivative, 3213.  In iron-chelated conditions, the barA/B mutant showed a reduced growth 

phenotype when compared to the parental strain, which could be restored with the addition of 

iron.  HPLC analysis revealed that the BarA/B deficient strain secreted a reduced level of 

acinetobactin after 24 h of growth in M9 minimal medium.  BarA/B played a role not only in 

siderophore secretion but also in virulence of A. baumannii ATCC 19606T.  Experimental 

infections using ex vivo and in vivo models provided evidence supporting the role of BarA/B in 

virulence, although to a greater degree than in an acinetobactin-deficient strain.  Taken together, 

these results show that inactivation of the barA/B genes reduced but did not abolish acinetobactin 

secretion, leading to the possibility that an alternative secretion pathway exists for acinetobactin 

secretion in A. baumannii. 
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Introduction 

  Over the last decade Acinetobacter baumannii has been recognized as an important 

pathogen that causes severe infections in immunocompromised patients (7, 166).  A. baumannii 

has been linked to a wide range of infections including pneumonia, urinary tract infections, 

septicemia, and more recently necrotizing fasciitis (20, 167).  This pathogen has also been 

reported as the etiological agent in a significant number of severe infections in wounded military 

personnel injured during Operation Enduring Freedom in Afghanistan and Operation Iraqi 

Freedom in Iraq (23).  A. baumannii has also become a major concern in the healthcare setting 

(7, 10).  This is due in part, to the ability of this pathogen to persist in the hospital environment 

and to resist a wide range of antibiotics, making treatment of infected individuals problematic. 

Despite the fact that A. baumannii is a successful nosocomial pathogen, very little is known 

about the virulence factors that allow this bacterium to be an effective pathogen.  Virulence 

phenotypes that have been examined in A. baumannii include the ability to form biofilms on 

plastic surfaces, to adhere to human epithelial cells, and to thrive under iron-limiting conditions 

such as those found in the host. 

In the human host, iron is sequestered by host glycoproteins such as transferrin and 

lactoferrin, making iron unavailable to bacteria (55, 64, 168).  However, iron is an essential 

micronutrient for almost all bacteria and is needed as a cofactor or as a prosthetic group for 

enzymes that are required for cellular functions and metabolic pathways (55).  To overcome this 

host nutritional immunity, bacteria produce and secrete low-molecular weight compounds, 

termed siderophores, which sequester iron from host proteins by forming ferric-siderophore 

complexes, and are transported back into the cell by specific outer membrane receptors (55, 64).  

The mechanisms by which siderophores are secreted from the cell have been less thoroughly 

investigated than the proteins involved in biosynthesis and ferric-siderophore uptake.  

Investigations conducted on the proteins involved in siderophore secretion have identified export 

machinery belonging to two types of transporters, the major facilitator superfamily (MFS) and 

the ATP-binding cassette (ABC) transporter family.  The ABC transporter family includes the 

proteins ExiT in Mycobacterium smegmatis (108), IroC in Salmonella enterica serovar 

Typhimurium (106), IrtA in M. tuberculosis (169), PvdE in Pseudomonas aeruginosa (105) and 

ORF14 and ORF15 in Vibrio anguillarum (107, 170), which are used for the secretion of 

exochelin, salmochelin, carboxymycobactin, pyoverdine, and anguibactin, respectively.  
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  In iron-limiting conditions, A. baumannii produces acinetobactin to sequester iron from host 

iron-binding proteins (51).  This catechol-hydroxamate siderophore is a non-cyclic derivative of 

2,3-dihydroxybenzoic acid (DHBA) linked to threonine and N-hydroxyhistamine (171).  Dorsey 

et al. (51) and Mihara et al. (52) independently identified the acinetobactin cluster in the             

A. baumannii type strain ATCC 19606T, which was experimentally demonstrated to be the only 

functional siderophore produced by this strain (51).  Almost all genes needed for the biosynthesis 

of this siderophore are located within this 26.5-kb cluster (51, 52), with the exception of the entA 

gene (see Chapter 2).  The acinetobactin cluster also contains the genes coding for the uptake of 

ferric-acinetobactin complexes, which include the acinetobactin outer membrane receptor, BauA 

(51).  Previous research has described genes involved in production and uptake of this 

siderophore and revealed that mutants in both acinetobactin biosynthesis and uptake not only 

have a decreased growth phenotype under in vitro iron-limiting conditions, but also display a 

decreased virulence phenotype as compared to the parental strain (51, 165).    

 Also located within the acinetobactin cluster are two genes, barA and barB, which code for 

proteins that have sequence similarity to putative ABC export systems that are involved in 

siderophore secretion, most notably ORF14 and ORF15 from V. anguillarum 775.  Since these 

two genes reside within the acinetobactin cluster and code for an ABC transport system, it was 

hypothesized that barA and barB are involved in acinetobactin secretion.  In this study, we 

present experimental evidence demonstrating that BarA and BarB (BarA/BarB) are needed by    

A. baumannii ATCC 19606T for optimal growth under iron-chelated conditions and also for 

efficient secretion of acinetobactin.  BarA/B was also determined to be needed for full virulence 

of ATCC 19606T when tested in ex vivo and in vivo models.  However, a BarA/B deficient strain 

showed only reduction in the amount of acinetobactin secreted, not a complete abrogation of 

acinetobactin secretion, suggesting that other export systems may also play roles in acinetobactin 

secretion.   

 

Materials and Methods 

Bacterial strains, plasmids, and culture conditions 

 Bacterial strains and plasmids used in this work are shown in Table 1.  Strains were 

routinely cultured in Luria Bertani (LB) broth or agar (172) at 37ºC in the presence of  
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Table 1.  Bacterial strains and plasmids used in this study 

 

Strain/plasmid Relevant characteristicsa Source/reference 

Strains   

A. baumannii    

ATCC 19606T Nosocomial isolate ATCC 

ATCC 19606T s1 ATCC 19606T basD mutant, KmR  (51) 

ATCC 19606T 3213 ATCC 19606T barA/barB mutant, GmR This work 

E. coli   

Top10 Used for recombinant DNA methods Invitrogen 

DH5α Used for recombinant DNA methods Gibco-BRL 

   

Plasmids   

pCR-Blunt-II-Topo PCR cloning vector, KmR, ZeoR Invitrogen 

pEX100T Mobilizable suicide plasmid in ATCC 

19606T, AmpR 

ATCC 

pPS856 Source of FRT-GmR-FRT cassette AmpR, 

GmR 

(173) 

pRK2073 Used as helper in plasmid conjugation TpR (174) 

pMU671 pCR-Blunt-II-Topo harboring the ATCC 

19606T barA and barB genes, KmR, ZeoR 

This work 

pMU981 pMU671 derivative with ATCC 19606T 

barA/barB::gent insertion, KmR, ZeoR and 

GmR 

This work 

pMU984 3.4 kb PvuII fragment from pMU981 cloned 

into pEX100T 

This work 

   
aAmp, ampicillin; Km, kanamycin; Tet, tetracycline; Gm, gentamicin; Zeo, zeocin; Tp, 

trimethoprim; R, resistance/resistant.   
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appropriate antibiotics.  M9 minimal medium was used for growth under chemically defined 
conditions (175).  Iron-rich and iron-limiting conditions were achieved by the addition of FeCl3 

dissolved in 0.01M HCl and 2,2’ dipyridyl (DIP), respectively, to LB or M9 minimal medium. 

 

General DNA procedures 

 Total DNA was isolated either by ultracentrifugation in CsCl density gradients (176) or by 

using a mini-scale method (177).  Plasmid DNA was isolated using commercial kits (Qiagen). 

Restriction endonucleases were purchased from New England Biolabs and used according to the 

manufacturer’s specifications.  DNA was size-fractionated by agarose gel electrophoresis (172).  

 

In silico analyses of BarA/B 

The HHMTOP serve (http://www.enzim.hu/hmmtop/) along with the TMHMM program 

(www.cbs.dtu.dk/services/TMHMM-2.0/) were used for predicting transmembrane domains and 

topology of the proteins (178, 179).  Transmembrane data was visualized using the TMRPres2D 

program (http://biophysics.biol.uoa.gr/) (180).  ScanProsite, Pfam, and the Conserved Domain 

Database were used for motif and domain scans (181-183).  NCBI BLASTP was used for 

comparative genome analyses (184). 

 

Site-directed insertional mutagenesis of barA/B 

  The barA and barB genes were PCR-amplified using Pfu DNA polymerase (Stratagene) 

from A. baumannii ATCC 19606T total DNA using primers 2979                                               

(5’-TTATCTGGCAACCTGTGG-3’) and 2984 (5’-GGGTGTGTCTGAGTAAGC-3’) (Fig. 5A).  

The 3.8-kb amplicon was cloned into pCR-Blunt-II-Topo (Invitrogen) to generate plasmid 

pMU671.  An internal 1751-bp fragment, located 667 bp upstream of the 3’end of barA and 1084 

bp downstream of the 5’ end of barB, was deleted by ScaI digestion (Fig. 5A).  The 1.3-kb GmR-

Flp recombinase target (FRT) cassette from pPS856 was excised using SmaI and then ligated 

into the ScaI-digested pMU671 to form pMU981.  To facilitate the allelic exchange of the 

disrupted barA and barB genes into A. baumannii ATCC 19606T chromosome, the entire 3.4-kbp 

barA/B::gent was excised from pMU981 using a PvuII digestion and then subcloned into the 

SmaI site of pEX100T to form pMU984.  
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Figure 5.  The genetic and domain organization of barA and barB.  (A) The basE-basI 

polycistronic operon, from the A. baumannii ATCC 19606T acinetobactin gene cluster that 

contains the barA and barB genes.  The horizontal arrows and their direction indicate the 

predicted location of coding regions and their direction of transcription, respectively.  The Gent-

FRT cassette, which codes for gentamicin resistance, was inserted into the fragment deleted by 

ScaI (S) digestion.  Numbers on top of the horizontal line indicate DNA sizes in bp.  Primers 

used to amplify barA/B are shown in red.  The horizontal lines indicate the chromosomal regions 

either cloned or used to confirm recombinant derivatives by PCR. Primer numbers used for 

amplification are shown in red.  The numbers next to each bar indicate the location of primers 

used in PCR amplification.  Membrane topology and domains present in BarA (B) and BarB (C).  

The underlined sequences for both proteins indicate transmembrane-spanning segments with the 

cytoplasmic and periplasmic regions of the TMD colored green and blue, respectively.  The 

Walker A and Walker B motifs and the signature sequence motif are colored orange, red, and 

purple, respectively. 
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 E. coli Top10 cells harboring pMU984, E. coli DH5α cells harboring pRK2073, and            

A. baumannii ATCC 19606T cells were used as the donor, helper, and recipient strains, 

respectively, in a triparental mating.  Transconjugants were selected on LB agar plates 

containing 100 µg/ml of gentamicin and confirmed to be A. baumannii by growth on Simmons’ 

citrate agar plates.  Disruption of the barA/B genes in A. baumannii ATCC 19606T-3213 

derivative was confirmed by PCR using primers 2986 (5’-ATTGCGATTTTTGCTGTA-3’) and 

2897 (5’-TTCACCACCAGACAATGC-3’) (Fig. 5A) and observing a molecular mass shift 

consistent with deletion of the ScaI fragment and insertion of the GmR-FRT cassette.  

 

Determination of barA/B mutant growth phenotype and acinetobactin secretion 

 The minimal inhibitory concentration of the iron chelator DIP was determined in LB 

broth or M9 minimal medium containing increasing concentrations of this chelator.  Cell growth 

was determined spectrophotometrically at 600 nm after overnight incubation at 37°C in a 

shaking incubator set at 200 rpm. 

 Triplicate bacterial cultures for each strain were grown in 1 ml of M9 minimal medium 

for 24 h and then cultures were combined and adjusted to the equivalent OD600. Cell-free culture 

supernatants were collected by centrifugation at 10,000 rpm for 3 min. The amount of 

acinetobactin secretion was assessed by Arnow’s test (185) and high-performance liquid 

chromatography (HPLC).  For the Arnow’s test, 1 volume of reagent A (0.5 N HCl), reagent B 

(10% NaNO3, NaMoO4) and reagent C (1 N NaOH) were successively added to 1 volume of 

culture supernatant.  The amount of catechol present was measured by determining the OD510 

after 10 min incubation at room temperature.  HPLC analysis was performed with an Agilent 

1100 LC instrument as previously described (186).  Briefly, M9 minimal medium culture 

supernatants were filtered through 0.45 µm cellulose acetate filter units (Spin-x centrifuge filter 

units, Costar, Cambridge, MA).  Supernatants were then fractionated over a Vydac C-8, 5 µm, 

250 mm x 4.6 mm reversed-phase column (Grace Davison Discovery Science, Deerfield, IL).  

Water and acetonitrile were used as mobile phases and detection was at 317 nm with a flow rate 

of 0.5 ml/min.  

 The amount of acinetobactin and DHBA secreted was determined using the values 

obtained from the HPLC profiles for each set of pooled samples (n=3).  The percent reduction in 

the amount of secreted acinetobactin and DHBA was determined by using the formula (A-
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B)/A)*100, where A is the HPLC values for ATCC 19606T and B is the HPLC value for the 

3213 barA/B mutant.  

  

Siderophore utilization assay  

 The production of acinetobactin was tested with a siderophore utilization assay in which 

the A. baumannii ATCC 19606T acinetobactin-deficient s1 strain was used as a reporter strain 

(51).  FeCl3, distilled water, or M9 culture supernatants from ATCC 19606T or the 3213 barA/B 

mutant were spotted onto 7-mm filter disks and deposited on L agar plates containing 225 uM 

DIP.  Growth halos were measured after 30 h incubation at 37oC.  

 

A549 infection assays 

A549 human alveolar epithelial cells (187), which were provided by Dr. E. Lafontaine 

(College of Veterinary Medicine, University of Georgia, USA), were cultured and maintained in 

DMEM supplemented with 10% heat-inactivated fetal bovine serum at 37°C in the presence of 

5% CO2 as previously described (44).  A549 monolayers maintained in modified Hanks balanced 

salt solution (mHBSS, same as HBSS but without glucose) for 24 h at 37°C in 5% CO2 without 

infection remained viable as determined by trypan blue exclusion assays.  Twenty-four-well 

tissue culture plates were seeded with approximately 104 epithelial cells per well and then 

incubated for 16 h at 37°C in 5% CO2.  Bacterial cells were grown 24 h in LB broth at 37ºC with 

shaking at 200 rpm, collected by centrifugation at 15,000 rpm for 10 min, washed, resuspended, 

and diluted in mHBSS.  The A549 monolayers were singly infected with 103 cells of the ATCC 

19606T parental strain, the S1 (basD-) or 3213 (barA/B-) isogenic derivative.  Inocula were 

estimated spectrophotometrically at OD600 and confirmed by plate count.  Infected monolayers 

were incubated 24 h in mHBSS at 37°C in 5% CO2.  Incubation of ATCC 19606T in mHBSS for 

24 h at 37oC does not result in significant bacterial growth (188).  The tissue culture supernatants 

were collected, the A549 monolayers were lysed with sterile, distilled H2O, and lysates were 

added to the cognate tissue culture supernatants.  Bacteria were collected from the resulting 

suspensions by centrifugation, resuspended in 1 ml sterile, distilled H2O, serially diluted, and 

then plated on nutrient agar.  After overnight incubation at 37ºC, the colony forming units 

(CFUs) were counted and CFU/ml values for each sample were calculated and recorded.  Counts 

were compared using the Mann-Whitney U test; P values ≤ 0.05 were considered significant.  
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Experiments were done three times in triplicate using fresh biological samples each time.  To 

determine bacterial relative fitness, the recovered CFUs were divided by the CFUs of the 

inoculum used to infect monolayers. 

 

Galleria mellonella killing assays 

Bacteria grown in LB broth were collected by centrifugation and suspended in sterile 

phosphate-buffered saline solution (PBS).  The number of bacteria was estimated 

spectrophotometrically at OD600 and diluted in PBS to appropriate concentrations.  All bacterial 

inocula were confirmed by plating serial dilutions on LB agar and determining colony counts 

after overnight incubation at 37°C.  Ten freshly received final-instar G. mellonella larvae 

(Grubco, Fairfield, OH) weighing 250-350 mg were randomly selected and used in killing assays 

as described previously (189).  Briefly, the hemocoel at the last left proleg was injected with 5-µl 

inocula containing 1 x 104 bacteria ± 0.25 log of each tested strain using a syringe pump (New 

Era Pump Systems, Inc., Wantagh, NY) with a 26 G½ needle.  Each test series included control 

groups of non-injected larvae or larvae injected with sterile PBS.  The test groups included larvae 

infected with the parental strain ATCC 19606T, the s1 basD mutant, or the 3213 barA/B insertion 

derivative.  Injected larvae were incubated at 37°C in darkness, assessing death at 24 h intervals 

over 6 d.  Larvae were considered dead and were removed if they did not respond to probing.  

Results were not considered if more than two deaths occurred in the control groups.  

Experiments were repeated three times using 10 larvae per experimental group and the survival 

curves were plotted using the Kaplan-Meier method (190).  P values ≤ 0.05 were considered 

statistically significant for the log-rank test of survival curves (SAS Institute Inc., Cary, NC). 
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Results 

In silico analyses of BarA/B 

 The acinetobactin cluster contains two genes, barA and barB, that have been proposed to 

be involved in acinetobactin secretion from the cell into the extracellular milieu (52).  The barA 

and barB genes encode proteins of 536 and 531 amino acids, respectively, and are located within 

a polycistronic operon with the siderophore assembly genes basE, basF, basH, and basI (Fig. 

5A) (52).  The promoter that for this operon was determined to be located upstream of the basE 

gene and that this sequence includes a putative Fur box, which was experimentally proven to be 

up-regulated under iron-limiting conditions (52).  A sequence homology search performed with 

BLASTP revealed that BarA and BarB are related to ORF14 (46.8% identity, 65.3% similarity) 

and ORF15 (49.6 % identity, 67.4% similarity), respectively, from V. anguillarum 775.  Located 

within the anguibactin cluster on the plasmid pJM1, ORF14 and ORF15 code for putative 

proteins that are related to ABC transporters (107).  A disruption in ORF14, the BarA homolog, 

not only abolished growth under iron-chelated conditions but also abolished anguibactin 

production in V. anguillarum 775 (107, 170).  

The predicted domain architecture of the proteins coded by barA/B suggests an ABC 

transporter with a fused ATPase and permease components, which are typical of bacterial ABC 

exporters (191).  Both BarA/B have N-terminal sequences that include transmembrane-spanning 

domains (TMD) and a nucleotide-binding domain (NBD) located in the C-terminal regions.  The 

HMMTOP transmembrane topology prediction server determined that both proteins contain six 

transmembrane-spanning segments (Fig. 5B and 5C) with the NBD located in the cytoplasm 

(178).  Motif scanning of both NBD showed characteristic motifs shared by proteins of the ABC 

transport family, which include Walker A (WA) boxes, Walker B (WB) boxes, and the ABC 

signature motif (SM) (181-183, 191, 192).  BarA has conserved sequences of WA 
361GPSGVGKT368, WB 475ILLDEPTSALD485 and SM 454LSGGEKQ460 whereas BarB has WA 
354GPSGSGKS361, WB 478ILILDEATSALD489 and SM 458LSGGERQ464 sequences (Fig. 5B and 

5C) (192).  Taken together, the in silico analyses are consistent with BarA and BarB being a 

heterodimer that constitutes a fully functional ABC exporter involved in siderophore secretion; 

however, the exact interaction that these proteins have with each other remains to be determined.   
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BarA/B are required for growth in iron-limited conditions  

To confirm the role of BarA/B in acinetobactin secretion, the isogenic derivative 3213 

was generated by allelic exchange using the construct pMU984 (Table 1).  This construct was 

produced by the deletion of 1751 bp from the 3’end of barA and the 5’end of barB and then 

inserting the gentamicin resistance cassette within barA and barB.   PCR was used to confirm the 

correct genetic arrangements of the wild-type and the isogenic derivative (data not shown). 

The 3213 barA/B mutant displayed no growth defects and reached a similar cell density to that of 

ATCC 19606T after 24 h incubation in M9 minimal medium (Fig. 6A), as well as LB (data not 

shown), without the addition of antibiotics.  

ATCC 19606T, 3213, and the ATCC 19606T s1 mutant, which is impaired in BasD-

mediated acinetobactin biosynthesis, were grown in M9 minimal medium with increasing 

concentrations of DIP to examine the ability of the isogenic derivatives to grow under iron-

limiting conditions.  Fig. 6B shows that the 3213 barA/B isogenic derivative had a significant 

growth defect at 100 µM DIP (P = 0.002).  The growth defect of barA/B mutant was not as 

pronounced as the ATCC 19606T s1 mutant (P = 0.0003), which was used as a control; however, 

at 150 µM DIP both mutants had almost no growth.  The iron utilization deficient phenotype of 

the 3213 and s1 mutants was corrected to wild type levels when the M9 cultures containing 100 

µM or 150 µM DIP were each supplemented with 50 µM FeCl3 (Fig. 6C).  These results indicate 

that BarA/B are needed but not essential by A. baumannii ATCC 19606T for growth under iron-

limiting conditions and function in iron acquisition.  

 

 

 

 

 

 

 

 

 

 

42 
 



Figure 6.  The iron acquisition phenotype of the barA/barB mutant under iron-chelated 

conditions.  (A) Growth curves of the ATCC 19606T parental strain (blue circles) and the 3213 

isogenic barA/B mutant (red triangles) in M9 minimal medium.  (B) Growth of the ATCC 

19606T parental strain (blue), the barA/B 3213 isogenic derivative (red) and the s1 mutant 

(yellow) in M9 minimal medium with increasing concentrations of DIP.  (C) Growth of ATCC 

19606T (blue), the barA/B isogenic derivative (red) and the s1 mutant (yellow) in M9 minimal 

medium with and without the addition or supplemented with 50 µM FeCl3 plus either 100 µM or 

150 µM DIP.   
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BarA/B involvement in acinetobactin export 

The production and utilization of acinetobactin is required by A. baumannii ATCC 

19606T for optimal growth under iron-limiting conditions.  Since the barA/B isogenic derivative 

displayed a decreased growth phenotype under iron-liming conditions, it was hypothesized that 

barA and barB might be required for efficient secretion of acinetobactin.  In order to confirm that 

BarA/B are involved in secretion, the strains ATCC 19606T and 3213 were cultured for 24 h in 

M9 minimal medium and normalized to the lowest OD600, and secretion of acinetobactin into 

cell-free culture supernatants was examined by the Arnow’s colorimetric assay (185), which 

detects the presence of catechols, like the DHBA moiety present in acinetobactin, and also 

quantitatively by HPLC.  

The 3213 derivative showed a 35% decrease (P = 0.0011) in the amount of catechol 

present in the culture supernatant when compared to the wild-type ATCC 19606T (Fig. 7A).  

Since this assay only detects the total amount of catechol present in the supernatant and cannot 

distinguish acinetobactin from its catechol precursor, HPLC was used for quantitative assessment 

of the release of acinetobactin from these two strains.  HPLC analysis of culture supernatants of 

bacteria grown in M9 minimal medium indicated the presence of two peaks with elution times of 

~9.0 and ~10.5 min, corresponding to acinetobactin and the DHBA precursor, respectively (Fig. 

7B, Table 2).  The 3213 isogenic derivative had a 40% reduction in the amount of acinetobactin 

secreted when compared to the wild-type (P = 0.0003) after 24 h of growth in M9 minimal 

medium (Fig. 7B, Table 2).  However, there was not a significant reduction (P = 0.07) in the 

amount of secreted DHBA in the culture supernatant of the 3213 derivative when compared to 

the wild-type (Fig. 7B, Table 2).  These results collectively suggest that BarA/B are involved in 

acinetobactin secretion but the BarA/B-deficient strain has a reduction in, rather than a complete 

loss of acinetobactin secretion.  

  As previously stated, barA/B are two genes located in a seven-gene polycistronic operon, 

in which the other five genes code for proteins involved in acinetobactin biosynthesis (Fig. 5A).  

The deletion/insertion method used to generate the isogenic derivative 3213 could have caused 

polar effects on the two downstream genes, basH and basI, which encode a putative thioesterase 

and a phosphopantetheinyl transferase, respectively (52).  To assess whether downstream polar 

effects occurred, a siderophore utilization assay was employed using the ATCC 19606T s1 

derivative, which does not produce acinetobactin but expresses all functions needed for its  
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Figure 7.  The role of BarA/B in acinetobactin secretion.  (A) Arnow’s reaction of M9 cultures 

supernatants of ATCC 19606T (blue) or the 3213 barA/B isogenic derivative (red).  (B) HPLC 

profiles of sterile M9 medium or culture supernatants from ATCC 19606T or barA/B mutant 

3213.  Acinetobactin (Ab) and DHBA peaks are labeled in the chromatogram of the 3213 barA/B 

mutant. The values corresponding to the amount (mAU) of the detected peaks from each sample 

are shown in Table 2.  
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Table 2.  The amount (mAU) of acinetobactin and DHBA detected in the chromatograms of 

ATCC 19606T and the 3213 barA/B mutant. This table also indicates the percent reduction in the 

secretion by the 3213 isogenic derivative compared to the wild-type.  

 

Samples Acinetobactin (mAU) DHBA (mAU) 

19606T 6.18±.24 2.36±.03 

3213 3.71±.02 2.0±.12 

Reduction 40.0% 14.9% 
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utilization, as an indicator strain (51).  The data from the bioassay (Table 3) indicated that culture 

supernatants from the ATCC 19606T and the 3213 isogenic derivative were able to recover the 

growth of the ATCC 19606T s1 derivative, demonstrating that the parental strain and the isogenic 

mutant both secrete fully functional acinetobactin that can be utilized by the s1 derivative.  

Therefore the method used to generate the isogenic derivative 3213 does not cause a downstream 

polar effect, and the reduction in the amount of acinetobactin present in the culture supernatant 

of this mutant is due to a decrease in siderophore secretion and not a decrease in production. 
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Table 3.  Siderophore utilization assay 

 

Compounds tested A. baumannii s1 indicator 

strain 

(growth halo in mm)* 

FeCl3 16.38±0.75 

H2O 0 

19606 culture supernatant† 13±0.84 

3213 culture supernatant† 11.58±0.68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*Bacterial growth around 7-mm filter disk on LB agar plates containing 225 µM 

DIP was determined after 34 h incubation at 37oC. 

† Culture supernatants of A. baumannii strains incubated in M9 minimal 

medium. 
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The role of BarA/B in virulence 

The role of BarA/BarB in the virulence of A. baumannii ATCC 19606T was determined 

using A549 human alveolar epithelial cells and G. mellonella caterpillars as ex vivo and in vivo 

experimental models, respectively.  The tissue culture assay showed a significant reduction in the 

number of bacteria recovered from A549 human alveolar epithelial cells with the 3213 barA/B 

mutant (P= 0.0039)  when compared with the number of bacteria recovered from A549 cells 

infected with the parental strain (Fig. 8A).  However, the decrease in persistence of the 3213 

isogenic derivative was not as great as that of the ATCC 19606 s1 mutant (P=0.0001), which 

showed a 2-log decrease in the number of bacteria recovered from the infected A549 monolayer.  

The results of the ex vivo model indicate that the 3213 mutant is able to persist better than the s1 

mutant but not as well as the parental strain.  

The G. mellonella infection model showed that 60% of caterpillars died after 6 d 

following infection with the parental strain, a value that is significantly different from those 

injected with sterile PBS (P = 0.001) (Fig. 8B).  Both the 3213 and the s1 isogenic derivatives, 

which killed 33% (P= 0.1638) and 27% (P= 0.4052) of the caterpillars, respectively, were 

statistically indistinguishable from the PBS control group.  Fig 8B shows that both mutants were 

less virulent than the parental strain, with s1 killing significantly fewer worms (P = 0.0097) than 

the parental strain, but killing by 3213 barA/B mutant was at an intermediate and almost 

significant difference (P = 0.057) when compared to ATCC 19606T.  In both models, the 3213 

barA/B mutant is able to persist better in the ex vivo model and kill more caterpillars in the in 

vivo models than the s1 isogenic derivative.  This could be because the 3213 isogenic derivative 

still secretes some acinetobactin, which allows this mutant to acquire iron and exhibit an elevated 

virulence phenotype when compared to the s1 acinetobactin-deficient mutant.  However, the 

reduction in the amount of siderophore secreted by the 3213 barA/B mutant does not allow for 

this derivative to persist in an A549 monolayer or kill caterpillars as well as the wild-type does.  

Taken together, the results of both the ex vivo and in vivo assays indicate that BarA/B plays a 

role in the virulence of A. baumannii ATCC 19606T and that efficient secretion of acinetobactin 

is needed for persistence in the presence of human epithelial cells and killing of G. mellonella 

caterpillars.  

 

 

51 
 



Figure 8.  The role of BarA/B in virulence.  (A) Persistence of A. baumannii in the presence of 

A549 monolayers.  Bacteria (103) were added to 95% confluent monolayer maintained in 

mHBSS.  The bacterial counts are represented as the ratio between the CFU/ml of recovered 

bacteria and the CFU/ml of infecting bacteria after 24 h of incubation at 37°C in 5% CO2.  (B)   

G. mellonella killing assays.  Caterpillars were infected with 1 x 104 bacteria of the ATCC 

19606T parental strain (blue), 3213 barA/B mutant (red) or the s1 mutant (yellow) iron-deficient 

isogenic derivatives.  Moth death was determined daily over 6 d.  Caterpillars injected with 

comparable volumes of PBS (black) were used as negative controls. 
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Discussion 

Under iron-limiting conditions, A. baumannii produces the siderophore acinetobactin, 

which is not only important for acquiring this essential nutrient but is also needed for successful 

infection (51, 165).  Proteins that are important in the production and uptake of acinetobactin 

have been examined; however, little is known about its export from the cell.  Identification of 

two genes within the acinetobactin cluster coding for proteins with homology to ABC exporters, 

barA and barB, suggests that their products function in acinetobactin secretion.  The barA/B 

isogenic derivative 3213 exhibited 60% less growth than the parental strain in M9 minimal 

medium supplemented with 100 µM DIP.  The diminished growth seen in the barA/B mutant is 

not as pronounced as in the s1 mutant, whose growth was reduced by 97%.  The severe growth 

defect of the s1 mutant in iron-chelated conditions could be attributed to the lack of acinetobactin 

production by this mutant, whereas the growth reduction of the 3213 isogenic derivative could be 

linked to reduced acinetobactin secretion (51).  HPLC analysis of the culture supernatant from 

the 3213 barA/B mutant resulted in a 40% reduction of acinetobactin secreted below that of wild-

type after 24 h of growth in M9 minimal medium.  

The reduction in siderophore secretion by the BarA/B deficient strain could lead to an 

intracellular accumulation of newly synthesized acinetobactin, which has the ability to sequester 

iron from its own cofactors, causing deleterious effects for the cell.  To prevent detrimental 

levels of intracellular siderophore, acinetobactin could be degraded by the cells to either an 

intermediate product or to precursors, such as DHBA.  Interestingly, HPLC analyses did not 

detect increased level of acinetobactin breakdown products or precursors in the culture 

supernatant of the 3213 isogenic derivative.  This contrasts with other mutants deficient in 

siderophore secretion.  For example, a mutation in the MFS pump EntS from E. coli leads to the 

increased secretion of enterobactin breakdown products when grown under iron-limiting 

conditions (93).  Perhaps an accumulation of breakdown products is not seen because non-

specific export systems may pump out excess acinetobactin, thus limiting harmful effects 

associated with an increased intracellular concentration of siderophore.  However, we cannot rule 

out the possibility that feedback inhibition prevents the accumulation of intracellular 

acinetobactin to detrimental levels, which has also been speculated with other siderophore 

secretion mutants.  

54 
 



The discovery of a reduction in as opposed to a complete lack of acinetobactin secretion 

was unanticipated, as previous reports have indicated that mutations in other ABC exporters 

involving siderophore secretion resulted in either a severe reduction in or a complete loss of 

siderophore secretion.  Previous reports demonstrated that a mutation in the pyoverdine export 

protein PvdE in P. aeruginosa resulted in a severe decrease in efflux of pyoverdine from the 

cytoplasm to the periplasmic space (105).  A complete absence of salmochelin was observed in 

IroC-deficient S. enterica serovar Typhimurium isogenic derivative (106).  Tolmasky et al. (170) 

also demonstrated that a disruption in ORF14, a BarA homolog, in V. anguillarum 775 strain 

resulted in a severe iron acquisition deficiency due to the lack of anguibactin production.  

Conceivably, the difference in phenotypes between the A. baumannii BarA/B mutant and 

the V. anguillarum ORF14 mutant could be attributed to secretion of some acinetobactin by non-

specific export systems, such as those associated with antibiotic resistance.  These systems are 

more prevalent in A. baumannii, possibly helping this nosocomial pathogen persist in a hospital 

setting, which is in contrast to the susceptible fish pathogen, V. anguillarum (7, 193, 194).   

Genomes from several different isolates indicate that A. baumannii has a large number of efflux 

genes.  Strains differ in their content of efflux proteins from different classes of exporters, which 

include 30 MFS family, 8 ABC family, 7 resistance-nodulation-division (RND) family, and 26 

multidrug and toxic compound extrusion (MATE) protein families (195, 196).  The high 

abundance of efflux pumps might contribute to the resistance to a broad range of antibiotics, a 

virulence factor which has allowed A. baumannii to become a highly prevalent pathogen.  The 

RND exporters, AdeABC, AdeFGH and AdeJKL, have been experimentally proven to secrete a 

broad range of antibiotics, dyes, and detergents (197-200).  All three systems are present in 

ATCC 19606T, and further investigation is needed to determine if any of the above mentioned 

export systems are involved in acinetobactin secretion (197).  Another possible explanation for a 

reduction in but not a loss of acinetobactin secretion is that acinetobactin might be secreted by 

another exporter.  One candidate is the MFS efflux protein AedD, which belongs to the drug: H+ 

antiporter 2 (DHA2) family of exporters (201).  In A. baylyi ADP1 and A. baumannii, AedD is 

found within a genetic cluster that encodes proteins involved in the biosynthesis and utilization 

of an uncharacterized hydroxamate siderophore, and AedD is annotated as a MFS protein 

involved in secretion of this siderophore (see chapter 3) (150, 151, 201),  and has similarity to 

the YhcA export protein from Erwinia chrysanthemi, which is an MFS pump experimentally 
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demonstrated to be involved in the secretion of achromobactin  (201, 202).  Genes coding for this 

uncharacterized hydroxamate siderophore are present in the ATCC 19606T strain but the growth 

defect of the s1 derivative confirms that acinetobactin is the only siderophore produced (51).   

 The inability of the A. baumannii 3213 barA/B mutant to achieve a virulence phenotype 

that is statistically distinguishable from that of the wild-type in the complex hemolymph of        

G. mellonella contrasts with the statistical difference seen with the A549 persistence assay.  This 

difference could be explained in part by the presence of a greater pool of extracellular host iron-

binding proteins in the hemolymph of the caterpillar, which could lead to more efficient loading 

of apo-acinetobactin prior to dilution in the extracellular milieu.  This would allow for a higher 

concentration of ferric-acinetobactin complexes in proximity to the bacterium and a greater 

likelihood of binding to the BauA acinetobactin receptor.  Despite the potential of iron reserves 

like transferrin found in the hemolymph (203), the 3213 barA/B isogenic derivative still killed 

50% less caterpillars than the wild-type and G. mellonella death after injection with the barA/B 

mutant is also statistically indistinguishable from G. mellonella killing after injection with PBS. 

These results suggest that the BarA/B complex is needed for efficient export of acinetobactin 

within the caterpillar.  It is important to note that in this in vivo model, the s1 derivative was 

significantly different in the killing of injected caterpillars compared to the parental strain, which 

contradicts previous reports that show this derivative is approaching significance (165).  

Nevertheless, both reports confirm the fact that ATCC 19606T needs a fully functioning 

acinetobactin-mediated system to cause a successful infection, as has been demonstrated with 

both G. mellonella and mouse sepsis models (165). 

Taken together, these results demonstrate that the BarA/B proteins are needed for 

efficient secretion of acinetobactin.  BarA/B also may require additional components to secrete 

acinetobactin from the cytoplasm to the extracellular milieu. ABC transporters interact with a 

periplasmic linker protein, known as membrane fusion protein (MFP), which connects the 

cytoplasmic membrane proteins to an outer membrane channel (204).  These genes are not 

proximal to the acinetobactin cluster and are located in a different chromosomal region.  It is also 

possible that acinetobactin is secreted from the cell in a two-step process, in which BarA/B is 

needed for secretion into the periplasmic space and another export system is responsible for 

efflux from the periplasmic space to the extracellular milieu.  A similar two-step siderophore 

secretion process has been demonstrated for the P. aeruginosa efflux pump PvdE (105), which is 
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needed for secretion of pyoverdine to the periplasmic space.  The PvdRT-OpmQ export system, 

which has similarities to an ABC transporter system, is needed for secretion from the periplasmic 

space to the extracellular milieu (105, 110).  It is possible that one of the many efflux pumps 

encoded in the A. baumannii genome could have a similar function and work in combination 

with BarA/B to secrete acinetobactin from the cell.   

In conclusion, our findings provide evidence that BarA and BarB are involved in the 

secretion of acinetobactin from A. baumannii ATCC 19606T.  These results not only provide 

additional information about the acinetobactin-mediated siderophore system, but also indicate 

that alternative secretion pathways may exist for acinetobactin secretion in A. baumannii.  

Further research is needed to identify these other acinetobactin efflux pumps, which would 

broaden our current understanding on the mechanisms involved in siderophore secretion.  

Understanding all mechanisms involved in acinetobactin secretion may lead to new therapeutic 

targets to help treat infections caused by multidrug-resistant A. baumannii. 
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The Acinetobacter baumannii entA gene located outside the acinetobactin cluster is critical 

for siderophore production, iron acquisition and virulence 

 

William F. Penwell, Brock A. Arivett and Luis A. Actis 

 

 PlosOne 2012. Vol. 7 (5): e36493 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

58 
 



Abstract 

 Acinetobacter baumannii causes severe infections in compromised patients, who present 

an iron-limited environment that controls bacterial growth.  This pathogen has responded to this 

restriction by expressing high-affinity iron acquisition systems including that mediated by the 

siderophore acinetobactin.  Gene cloning, functional assays and biochemical tests showed that 

the A. baumannii genome contains a single functional copy of an entA ortholog.  This gene, 

which is essential for the biosynthesis of the acinetobactin precursor 2,3-dihydroxybenzoic acid 

(DHBA), locates outside of the acinetobactin gene cluster, which otherwise harbors all genes 

needed for acinetobactin biosynthesis, export and transport.  In silico analyses and genetic 

complementation tests showed that entA locates next to an entB ortholog, which codes for a 

putative protein that contains the isochorismatase lyase domain, which is needed for DHBA 

biosynthesis from isochorismic acid, but lacks the aryl carrier protein domain, which is needed 

for tethering activated DHBA and completion of siderophore biosynthesis.  Thus, basF, which 

locates within the acinetobactin gene cluster, is the only fully functional entB ortholog present in 

ATCC 19606T.  The differences in amino acid length and sequences between these two EntB 

orthologs and the differences in the genetic context within which the entA and entB genes are 

found in different A. baumannii isolates indicate that they were acquired from different sources 

by horizontal transfer.  Interestingly, the AYE strain proved to be a natural entA mutant capable 

of acquiring iron through an uncharacterized siderophore-mediated system, an observation that 

underlines the ability of different A. baumannii isolates to acquire iron using different systems.  

Finally, experimental infections using in vivo and ex vivo models demonstrate the role of DHBA 

and acinetobactin intermediates in the virulence of the ATCC 19606T cells, although to a lesser 

extent when compared to the responses obtained with bacteria producing and using fully matured 

acinetobactin to acquire iron. 
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Introduction 

Acinetobacter baumannii is being increasingly recognized as an important pathogen that 

causes severe infections in hospitalized patients as well as deadly cases of community-acquired 

pneumonia (7, 8, 205, 206).  More recently, it has been described as the etiological agent of 

severe wound infections in military personnel injured in the Middle East (22, 207) and cases of 

necrotizing fasciitis (20).  A serious concern with this pathogen is its remarkable ability to 

acquire genes and express resistance to a wide range of antibiotics as well as to evade the human 

defense responses (7).  Among the latter is the capacity of A. baumannii to prosper under the 

iron-limited conditions imposed by the human host’s high-affinity chelators lactoferrin and 

transferrin (208, 209).  Although some progress has been made in recent years, not much is 

known about the pathobiology of this bacterium and the nature of its virulence factors involved 

in the serious diseases it causes in humans. 

 Bacterial pathogens respond to iron limitation imposed by the human host by expressing 

different high-affinity uptake systems including siderophore-dependent and siderophore-

independent systems, as well as systems that remove iron from host compounds, such as hemin, 

by either direct contact or by producing scavengers known as hemophores (58, 210).  In the case 

of A. baumannii, experimental data (51, 148, 149, 211) and in silico analyses of fully sequenced 

and annotated genomes (150, 212) show that different A. baumannii clinical isolates could 

express different iron uptake systems.  Currently, the best-characterized system is that expressed 

by the ATCC 19606T type strain, which is based on the production and utilization of 

acinetobactin (51, 52, 171).  This catechol-hydroxamate siderophore is a non-cyclic derivative of 

2,3-dihydroxybenzoic acid (DHBA) linked to threonine and N-hydroxyhistamine (171).  Genetic 

and functional analyses indicate that the acinetobactin-mediated system is the only high-affinity 

iron acquisition system expressed by the ATCC 19606T type strain (51).  The bas, bau and bar 

genes needed for the production, transport and secretion of acinetobactin, respectively, are 

located in a 26.5-kb chromosomal region harboring seven operons (51, 52).  However, this locus 

does not include an entA ortholog coding for a 2,3-dihydro-2,3-dihydroxy-benzoate 

dehydrogenase.  This enzyme is involved in the last step of the conversion of chorismate into 

DHBA, which is essential for the biosynthesis of the catechol moiety of siderophores such as 

enterobactin (213, 214).  This observation indicates that at least two chromosomal regions are 

involved in the biosynthesis of acinetobactin in the ATCC 19606T strain; one containing the bas, 

60 
 



bau and bar genes and another harboring at least the entA gene.  In this report, we present 

experimental and genomic evidence supporting this hypothesis as well as showing that there are 

variations not only in nucleotide sequence but also in genetic arrangements among the               

A. baumannii loci harboring the entA genetic determinant.  In addition, we demonstrate that the 

expression of an active entA gene is needed for the full virulence of the ATCC 19606T strain 

when tested using A549 human alveolar epithelial cells and Galleria mellonella caterpillars as 

experimental infection models.  We also report the observation that the A. baumannii AYE strain 

is a natural entA mutant that acquires iron through a siderophore-mediated system that remains to 

be characterized. 

 

Materials and Methods 

Bacterial strains, plasmids, and culture conditions 

  Bacterial strains and plasmids used in this work are shown in Table 4.  Strains were 

routinely cultured in Luria Bertani (LB) broth or agar (172) at 37ºC in the presence of 

appropriate antibiotics.  Iron-rich and iron-limiting conditions were achieved by the addition of 

FeCl3 dissolved in 0.01M HCl and 2,2’ dipyridyl (DIP), respectively, to liquid or solid media. 

 

Recombinant DNA techniques   

Chromosomal and plasmid DNA were isolated by ultracentrifugation in CsCl density 

gradients (172, 176) or using commercial kits (Qiagen).  DNA restriction and Southern blot 

analyses were conducted using standard protocols and [32P]a-dCTP-labelled probes prepared as 

described before (172, 215). 

 

Construction of a gene library and cloning of the entA gene 

 An A. baumannii ATCC 19606T genomic library was prepared using Escherichia coli 

LE392 and the cosmid vector pVK100 as described before (149).  Cosmid DNA was isolated en 

masse from E. coli LE392 clones and used to transform E. coli AN193 by electroporation as 

described before (149).  Transformants harboring the ATCC 19606T entA genes were selected on 

LB agar containing 20 µg/ml tetracycline (Tet) and 250 µM DIP.  Cosmid DNA was isolated 

from one of the E. coli AN193 complemented clones, which was named 2631, digested with  
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Table 4.  Bacterial strains and plasmids used in this work. 

 

Strain/plasmid Relevant characteristicsa Source/reference 
 
Strains 

  

A. baumannii    
ATCC 19606T Nosocomial isolate ATCC 
ATCC 19606T s1 ATCC 19606T basD mutant, KmR  (51) 
ATCC 19606T 3069 ATCC 19606T entA mutant, KmR  This work 
ATCC 19606T 3069.C ATCC 19606T 3069 harboring pMU951 This work 
ATCC 19606T 3069.E ATCC 19606T 3069 harboring pWH1266 This work 
ATCC 17978 Nosocomial isolate ATCC 
AYE Nosocomial isolate (216) 
E. coli   
LE392 Used for in vitro DNA packaging (217) 
DH5α Used for recombinant DNA methods Gibco-BRL 
AB1515 purE42, proC14, leu-6, trpE38, thi-1, fhuA23, 

lacYl, mtl-l, xyl-5, rpsL109, azi-6, tsx-67 
CGSCb 

AN192 entB mutant of AB1515 (218) 
AN192-3170 AN192 harboring pMU964 This work 
AN192-3171 AN192 harboring pMU925 This work 
AN193 entA mutant C. Earhart 
AN193-2631 AN193 harboring pMU711 This work 
AN193-2942 AN193 harboring pMU748 This work 
AN193-2943 AN193 harboring pMU804 This work 
AN193-2944 AN193 harboring pMU807 This work 
AN193-3101 AN193 harboring pMU858 This work 
AN193-3172 AN193 harboring pMU925 This work 
AN193-3179 AN193 harboring pMU968 This work 
S. typhimurium    
enb-7 Uses DHBA to produce enterobactin and 

grow under iron-chelated conditions 
(219) 

Plasmids   
pVK100 Cosmid cloning vector, TetR, KmR (220) 
pUC118 Cloning vector, HindIII/BAP, AmpR Takara 
pUC4K Source of KmR DNA cassette, AmpR, KmR Pharmacia 
PCR-Blunt PCR cloning vector, KmR, ZeoR Invitrogen 
PCR8/GW/TOPO PCR cloning vector, SpR Invitrogen 
pEX100T Mobilizable suicide plasmid in ATCC 

19606T, AmpR 
ATCC 

pWH1266 E. coli-A. baumannii shuttle cloning vector, 
AmpR, TetR 

(221) 

pMU711 pVK100 harboring the 19606T entA gene,  
TetR, KmR  

This work 
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pMU748 pUC118 with a 2.7-kb HindIII fragment from 
pMU711 harboring entA, modB, modC and 
the 3’end of modA, AmpR 

This work 

pMU804 PCR8/GW/TOPO harboring the ATCC 17978 
entA and entB genes, SpR 

This work 

pMU807 entA::EZ-Tn5<KAN-2> derivative of 
pMU804, SpR, KmR 

This work 

pMU858 pMU748 derivative with ATCC 19606T 
entA::aph insertion, AmpR, KmR 

This work 

pMU902 pEX100T with a 1.2 kb amplicon harboring 
entA::aph, AmpR, KmR 

This work 

pMU925 PCR-Blunt derivative harboring the ATCC 
19606T entA and entB genes, KmR 

This work 

pMU951 pWH1266 harboring the ATCC 19606T entA 
allele, AmpR 

This work 

pMU964 PCR-Blunt  derivative harboring the ATCC 
19606T basF gene, KmR 

This work 

pMU968 PCR-Blunt  derivative harboring the AYE 
chromosomal region encompassing the 
predicted entA-entB orthologs, KmR 

This work 

aAmp, ampicillin; Km, kanamycin; Sp, spectinomycin; Tet, tetracycline; Zeo, zeocin; R, 

resistance/resistant.  bCGSC, Coli Genetic Stock Center, Yale University, New Haven, Conn 
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Figure 9.  Genetic organization of A. baumannii chromosomal regions harboring genes coding 

for siderophore production and utilization.  (A) Genetic map of the ATCC 19606T gene cluster 

containing the entA and entB orthologs.  H, HindIII; E, EcoRI.  (B) Genetic map of the ATCC 

17978 gene cluster that includes the predicted entA and entB orthologs.  The horizontal arrows 

and their direction indicate the location and direction of transcription of predicted genes, 

respectively.  The horizontal lines indicate the chromosomal regions either cloned or used to 

confirm recombinant derivatives by PCR or Southern blotting.  The numbers next to each bar 

indicate the location of primers used in PCR amplification.  The vertical arrows indicate the 

insertion of the DNA cassette harboring the aph gene, which code for kanamycin resistance, or 

the EZ-Tn5<KAN-2> transposon (Tn).  Numbers under ORFs shown in panel B correspond to 

those listed in Table 6.  Numbers on top of short vertical bars indicate DNA size in kb.  
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HindIII and subcloned into pUC118 to generate pMU748 (Fig. 9A).  Plasmid DNA was isolated 

from E. coli DH5α recombinant subclones and sequenced with standard automated DNA 

sequencing methods using M13 forward and reverse (222) and custom-designed primers.  

Sequences were assembled using Sequencher 4.2 (Gene Codes Corp.).  Nucleotide and amino 

acid sequences were analyzed with DNASTAR, BLAST (223), and the software available 

through the ExPASy Molecular Biology Server (http://www.expasy.ch).  

 

Construction of an ATCC 19606T entA::aph isogenic derivative 

 To generate the ATCC 19606T entA::aph insertion mutant 3069, a 2.5-kb pMU858 fragment, 

which encompasses the pUC4K DNA cassette inserted into an EcoRV site located within entA, 

was PCR amplified with primers 3504 (5’-CCAACAAGAACGTCACTT-3’) and 3505                   

(5’-ATTCCTGTTCGGTACTGG-3’) (Fig. 9A) and Phusion DNA polymerase (NEB).  The 

amplicon was cloned into the SmaI site of the pEX100T and E. coli DH5α transformants were 

selected on LB agar containing 40 mg/ml kanamycin (Km) and 150 mg/ml ampicillin (Amp).  

Plasmid DNA (pMU902) was isolated from one of these derivatives and the appropriate cloning 

was confirmed by automated sequencing using primers 3187 (5’-AGGCTGCGCAACTGTTGG-

3’) and 3188 (5’-TTAGCTCACTCATTAGGC-3’), which anneal close to the pEX100T SmaI 

site.  ATCC 19606T cells were electroporated with pMU902 as described before (224) 

recovering the cells in SOC medium (172) for 6 h in a shaking incubator at 37°C.  Transformants 

were selected on LB agar containing 40 mg/ml Km.  The generation of the appropriate ATCC 

19606T entA::aph derivative was confirmed by PCR using primers 3504 and 3580 (5’-

CCATGCTTGGATTACTTG-3’) (Fig. 9A) as well as Southern blotting (172) using as a probe 

the amplicon obtained with primers 3504 and 3580 (Fig. 9A) and parental DNA as a template.  

The ATCC 19606T 3069 derivative was genetically complemented with pMU951 (Fig. 9A), a 

derivative of the shuttle vector pWH1266 harboring an amplicon encompassing the parental entA 

allele that was obtained with Phusion DNA polymerase using primers 3631                               

(5’-GGATCCGGGAATATTAGACTGGCG-3’) and 3632                                                         

(5’-GGATCCCCAACAAGAACGTCACTT-3’), both of which included BamHI restriction sites. 
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Production and utilization of catechol and siderophore compounds and expression of EntA 

and EntB activity by cloned genes 

  A. baumannii cells were cultured in a chemically defined medium containing sodium 

succinate as a carbon source (171).  Production of extracellular compounds with siderophore 

activity was investigated with the Chrome Azurol S (CAS) reagent (225).  The presence of 

catechol compounds in cell-free succinate culture supernatants (171) was detected with the 

Arnow test (185).  Briefly, 1 volume of reagent A (0.5 N HCl), reagent B (10% NaNO3, 

NaMoO4), and reagent C (1 N NaOH) were successively added to 1 volume of culture 

supernatant cleared by centrifugation at 16,000 x g.  The reaction was measure by determining 

OD510 after 10 min incubation at room temperature.  DHBA (Sigma-Aldrich) was used as a 

standard in chemical and biological assays.  Production of DHBA was biologically examined 

with cross-feeding assays using the Salmonella typhimurium enb-7 enterobactin mutant as 

previously described (211).  Minimal inhibitory concentrations (MICs) of DIP, which were 

repeated at least three times in duplicate each time, were determined using M9 minimal medium 

(175) containing increasing concentrations of DIP.  OD600 was used to monitor cell growth after 

overnight incubation at 37ºC.  Expression of EntA and EntB activity of cloned DNA was tested 

by transforming the E. coli AN193 and E. coli AN192 mutants with pMU925, which was 

obtained by PCR amplification and cloning of the ATCC 19606T genomic region encompassing 

the predicted entA and entB genes with primers 3606 (5’-GAACTGAACCATATGGCG-3’) and 

3607 (5’-CGCAGTGGTTTCATCGTT-3’) (Fig 9A).  The same set of primers were used to PCR 

clone the cognate chromosomal region from the AYE clinical isolate to generate the derivative 

pMU968.  Primers 3206 (5’-CGCAGGCATCGTAAAGGG-3’) and 3211                                 

(5’-TCTGCACAGCATCAACCG-3’) were used to PCR amplify and clone the ATCC 17978 

entA and entB orthologs (pMU804) (Fig. 9B). 

 The genetic nature of the entB deficient phenotype of E. coli AN192 was examined by 

automated DNA sequencing of amplicons obtained using the primers 3783                                   

(5’-CGTGAACAGGGTATTGCC- 3’) and 3785 (5’-CAGCTAACAGTCGCTGAC-3’) and 

chromosomal DNA obtained from this mutant and the parental strain AB1515 (218) as 

templates.  PCR sequencing reactions were done using primers 3783, 3785, 3784                     

(5’-CCTTTGAACCGCAACGTG-3’), 3786 (5’-CGATATCACCATGCACTT), 3792              

(5’-CACATTGGCTGTATGACC-3’), and 3793 (5’-CTCCAGCGGAGAACGATG-3’). 
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 Production of DHBA and acinetobactin was examined by HPLC analysis with an Agilent 

1100 LC instrument using succinate culture supernatants filtered with 0.45 µm cellulose acetate 

filter units (Spin-x centrifuge filter units, Costar, Cambridge, MA).  Supernatants were 

fractionated with a Vydac C-8, 5 mm, 250 mm x 4.6 mm reversed-phase column (Grace Davison 

Discovery Sciences, Deerfield, IL).  Water and acetonitrile containing 0.13% and 0.1% 

trifluoroacetic acid, respectively, were used as mobile phases.  The gradient was as follows: 17% 

acetonitrile for 5 min and then from 17% to 30% within 30 min, and thereafter held for 15 min.  

Detection was at 317 nm with a flow rate of 0.5 ml/min. 

 

A549 infection assays 

A549 human alveolar epithelial cells (187), which were provided by Dr. E. Lafontaine 

(College of Veterinary Medicine, University of Georgia, USA) were cultured and maintained in 

DMEM supplemented with 10% heat-inactivated fetal bovine serum at 37°C in the presence of 

5% CO2 as previously described (44).  A549 monolayers maintained in modified Hank’s 

balanced salt solution (mHBSS, same as HBSS but without glucose) for 24 h at 37°C in 5% CO2 

without infection remained viable as determined by trypan blue exclusion assays.  24-well tissue 

culture plates were seeded with approximately 104 epithelial cells per well and then incubated for 

16 h.  Bacterial cells were grown 24 hr in LB broth at 37ºC with shaking at 200 rpm, collected by 

centrifugation at 15,000 rpm for 10 min, washed, resuspended, and diluted in mHBSS.  The 

A549 monolayers were singly infected with 103 cells of the ATCC 19606T parental strain, the S1 

(basD) or 3069 (entA) isogenic derivatives.  Inocula were estimated spectrophotometrically at 

OD600 and confirmed by plate count.  Infected monolayers were incubated 24 h in mHBSS at 

37°C in 5% CO2.  The tissue culture supernatants were collected, the A549 monolayers were 

lysed with sterile distilled H2O and lysates were added to the cognate tissue culture supernatants.  

Bacteria were collected from the resulting suspensions by centrifugation, resuspended in 1 ml 

sterile distilled H2O, serially diluted and then plated on nutrient agar.  After overnight incubation 

at 37ºC, the colony forming units (CFUs) were counted and CFU/ml values for each sample were 

calculated and recorded.  Counts were compared using the Student’s t-test; P values < 0.05 were 

considered significant.  Experiments were done four times in triplicate using fresh biological 

samples each time.  To determine bacterial relative fitness, the recovered CFUs were divided by 

the CFUs of the inoculum used to infect monolayers. 
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G. mellonella killing assays   

 Bacteria grown in LB broth were collected by centrifugation and suspended in phosphate-

buffered saline solution (PBS).  The number of bacteria was estimated spectrophotometrically at 

OD600 and diluted in PBS to appropriate concentrations.  All bacterial inocula were confirmed by 

plating serial dilutions on LB agar and determining colony counts after overnight incubation at 

37°C.  Ten freshly-received final-instar G. mellonella larvae (Grubco, Fairfield, OH) weighing 

250-350 mg were randomly selected and used in killing assays as described previously (189).  

Briefly, the hemocoel at the last left proleg was injected with 5-µl inocula containing 1 x 105 

bacteria ± 0.25 log of each tested strain using a syringe pump (New Era Pump Systems, Inc., 

Wantagh, NY) with a 26 G½ needle.  Each test series included control groups of non-injected 

larvae or larvae injected with sterile PBS or PBS containing 100 µM FeCl3.  The test groups 

included larvae infected with the parental strain ATCC 19606T, the s1 basD mutant or the 3069 

entA insertion derivative, which were injected in the absence or presence of 100 µM FeCl3.  

Injected larvae were incubated at 37°C in darkness, assessing death at 24-h intervals over six 

days.  Larvae were considered dead and removed if they did not respond to probing.  Results 

were not considered if more than two deaths occurred in the control groups.  Experiments were 

repeated three times using 10 larvae per experimental group and the survival curves were plotted 

using the Kaplan-Meier method (190).  P values < 0.05 were considered statistically significant 

for the log-rank test of survival curves (SAS Institute Inc., Cary, NC). 
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Results and Discussion 

The acinetobactin locus in different A. baumannii strains 

   Previous reports described a 26.5-kb A. baumannii ATCC 19606T chromosomal gene 

cluster involved in acinetobactin production and utilization (51, 52).  Table 5 shows that the 

same bas-bau-bar 18-gene cluster, recently referred to as the acinetobactin gene cluster (150), is 

also found in A. baumannii AYE (216).  In contrast, the cognate clusters in strains AB0057 and 

ACICU include the additional putative genes AB57_2807 and AB57_2818 (226), and 

ACICU_02575 and ACICU_02586 (227), respectively.  Furthermore, the A. baumannii AB307-

294 bas-bau-bar gene cluster has three additional predicted genes; ABBFA_001054, 

ABBFA_001053, and ABBFA_001065 (226).  It is not clear whether these additional coding 

units are the result of sequencing and/or annotation artifacts and their potential role in 

siderophore production and utilization remains to be tested considering that most of them 

(AB57_2807, AB57_2818, ACICU_02575, ACICU_02586, ABBFA_001054 and 

ABBFA_001065) code for polypeptides containing 43 to 51 amino acid residues.  Similarly, the 

annotation of the ATCC 17978 bas-bau-bar gene cluster (153) encompasses 21 rather than 18 

predicted genes because of potential nucleotide sequencing errors (Table 5).  The products of 

coding regions A1S_2382 and A1S_2383 are highly related to the BasD predicted protein, while 

the products of the A1S_2376-A1S_2378 coding regions highly match that of the barA gene 

originally described in the ATCC 19606T type strain (52).  Unfortunately, these errors were also 

included in a recent report analyzing potential iron acquisition functions expressed by                

A. baumannii using bioinformatics (150). 

 In spite of all these differences, a common feature of the bas-bau-bar gene cluster present in 

all these strains is the absence of an entA gene coding for a 2,3-dihydro-2,3-dihydroxybenzoate 

dehydrogenase needed for the biosynthesis of DHBA, which is a precursor needed for the 

production of catechol siderophores, such as enterobactin (214).  This observation indicates that 

a second locus must contain the entA ortholog, a possibility that is supported by our initial 

finding that the genome of the A. baumannii ATCC 17978 strain has an additional gene cluster 

(Table 6) potentially involved in siderophore biosynthesis and utilization (53).  The coding 

region A1S_2579 of this cluster, which was identified as cluster 2 (150), was annotated as a 

putative entA ortholog (153).  However, initial BLAST searches using A1S_2579 as a query did.  
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Table 5.  Components of the bas-bau-bar gene cluster in different A. baumannii genomes. 
 
Strain Annotated coding regions Additional coding regionsa Accession # 

19606T BAC87896-BAC87913 NAb AB101202 

AYE ABAYE1087-ABAYE1104 None NC_010410 

AB0057 AB57_2802-AB57_2822 2807/2818 NC_011586.1 

ACICU ACICU_02570-ACICU_02589 02575/02586 NC_010611.1 

AB307-294  ABBFA_001050-ABBFA_001070 001054-001053/001065 NC_011595.1 

17978 A1S_2372-A1S_2392 2382-2383c/2376-2378d NC_009085.1 
aAdditional coding regions compared to the ATCC 19606 bas-bau-bar gene cluster.  Numbers 

should be preceded by the cognate letters and underscore symbols.  bNot applicable.  cbasD-

related coding sequences.  dbarA-related coding sequences. 
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Table 6.  Revised annotation of the A. baumannii ATCC 17978 A1S_2562-A1S_2581 gene 
cluster. 
 
Coding region #a  Annotated coding regionb Predicted functionc 

1 A1S_2562 MDR efflux pump protein 

2 A1S_2563/ A1S_2564 Siderophore interacting protein 

3 A1S_2565 MFS family transport protein 

4 A1S_2566 Ferric siderophore receptor protein 

5 A1S_2567 Thioesterase 

6 A1S_2568 Phosphopantetheinyl transferase 

7 Omitted Transposase fragment 

8 A1S_2569 Transposase fragment 

9 A1S_2570 Acetyltransferase 

10 A1S_2571 Ornithine decarboxylase 

11 A1S_2572 Lysine/ornithine monooxygenese 

12 A1S_2573/A1S_2574 2,3 DHB-AMP ligase 

13 A1S_2575 Nonribosomal peptide synthetase 

14 A1S_2576/A1S_2577 Nonribosomal peptide synthetase 

15 A1S_2578 Nonribosomal peptide synthetase 

16 A1S_2579 2,3 DHB-2,3-dehydrogenase 

17 A1S_2580 Isochorismatase 

18 A1S_2581 Isochorismate synthetase 
aNumbers correspond to coding regions shown in Fig 9B.  bCoding regions reported by Smith et 

al. (153) and deposited in GenBank under accession number NC_009085.1.  cMDR, Multidrug 

Resistance; MFS, Major Facilitator Superfamily; DHB, dihydroxybenzoate. 
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not identified entA orthologs as top matches in any of the fully sequenced and annotated              

A baumannii genomes and the ATCC 19606T partial genomic data (GenBank accession number 

NZ_ACQB00000000.1) deposited in GenBank by the Broad Institute as part of the Human 

Microbiome Project (http://www.broadinstitute.org/).  Furthermore, attempts to identify the 

ATCC 19606T entA gene by PCR amplification or Southern blotting, using ATCC 17978 

genomic information to design appropriate primers and probes, failed to produce positive results 

(data not shown).  Taken together, all these observations indicate that there are variations in the 

nucleotide sequence and chromosomal arrangements among the entA genes present in different 

A. baumannii strains. 
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Cloning and testing of the ATCC 19606T entA gene 

 Since the in silico approach failed to locate the ATCC 19606T entA gene, a functional 

complementation approach was applied using E. coli AN193, an entA mutant that does not 

produce enterobactin because of its inability to make the DHBA precursor.  Transformation of 

this mutant with plasmid DNA isolated en masse from an ATCC 19606T genomic library made 

in E. coli LE392, using the cloning cosmid vector pVK100, resulted in the isolation of the 

AN193-2631 derivative capable of growing in the presence of significantly higher DIP 

concentrations when compared with AN193 transformed with empty cloning vector.  

Transformation of E. coli AN193 with plasmid pMU711 isolated from the AN193-2631 

derivative confirmed the ability of this cosmid clone to restore the iron uptake capacity of E. coli 

AN193 (data not shown).  Restriction analysis of pMU711 digested with HindIII showed that it 

has an insert larger than 20 kb (data not shown).  Subcloning into HindIII-digested pUC118 and 

nucleotide sequencing resulted in the identification of pMU748, which has a 2.7-kb HindIII 

insert (Fig. 9A).  This restriction fragment harbors a 771-nucleotide gene, the nucleotide 

sequence of which is identical to the ATCC 19606T HMPREF0010_00620.1 locus found in the 

scaffold supercont 1.1 of the whole genome sequence uploaded to GenBank by the Broad 

Institute under accession number NZ_GG704572.  This gene codes for a 28-kDa predicted 

protein highly related (E values lower than 1xe-5) to the EntA protein found in a wide range of 

bacteria, showing the top BLASTx scores with products of the cognate A. baumannii AB0057 

(AB57_1983), AB307-294 (ABBFA_001741), and ACICU (ACICU_01790) genes (Table 7).  

Transformation of the E. coli AN193 entA mutant with either pMU748 (data not shown) or the 

PCR derivative pMU925, which includes a downstream entB ortholog (Fig. 9A), restored iron 

uptake proficiency to this derivative (Fig. 10A).  The function of the ATCC 19606T entA 

ortholog was confirmed by the observation that the AN193-3101 transformant harboring 

pMU858, a pUC118 HindIII subclone in which entA was inactivated by inserting a DNA cassette 

coding for Km resistance into a unique EcoRV site (Fig. 9A), showed a growth similar to that of 

untransformed E. coli AN193 cells when cultured in the presence of 250 µM DIP (Fig. 10A). 

 The role of the ATCC 19606T entA ortholog in the acinetobactin-mediated iron acquisition 

process was confirmed further with the isogenic derivative 3069, which was generated by allelic 

exchange using pMU902 (Fig. 9A).  This is a derivative of pEX100T, which does not replicate in 

ATCC 19606T, harboring the entA::aph construct.  Compared with the ATCC 19606T parental 
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Figure 10.  Iron acquisition phenotype of E. coli enterobactin deficient mutants.  (A) Growth of 

the E. coli AN193 entA mutant harboring no plasmid or transformed with pMU925, pMU858, 

pMU968, pMU804 or pMU807 in LB broth in the absence or the presence of 250 µM DIP.  (B) 

Growth of the E. coli AN192 entB mutant harboring no plasmid or transformed with pMU925 or 

pMU964 in LB broth in the absence or the presence of 250 µM DIP.  The plasmids pMU925, 

pMU968 and pMU804 harbor the entA/entB orthologs cloned from ATCC 19606T, AYE, and 

ATCC 17978, respectively.  Plasmid pMU858 harbors an insertionally inactivated ATCC 19606T 

entA derivative.  Plasmid pMU964 harbors the ATCC 19606T basF gene. 
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strain, the 3069 derivative, which showed the predicted genetic arrangement by PCR and 

Southern blotting (data not shown), displayed a drastic growth defect (P = 0.0001) when cultured 

in M9 minimal medium containing increasing DIP concentrations (Fig. 11A).  This response is 

similar to that displayed by the ATCC 19606T s1 mutant impaired in BasD-mediated 

acinetobactin biosynthesis activity (51), which was used as a control.  The CAS colorimetric 

assay showed that while the ATCC 19606T succinate culture supernatants tested positive, no 

reaction could be detected with culture supernatants of the ATCC 19606T 3069 and s1 mutants 

(data not shown).  Furthermore, Arnow colorimetric assays showed that 3069 cells produced 

drastically reduced amounts of DHBA (P = 0.002), which were within the detection limit of the 

Arnow test (Fig. 11B).  This finding was supported by the lack of crossfeeding of the                 

S. typhimurium enb-7 reporter mutant (Fig. 11C), which uses DHBA as a precursor to produce 

enterobactin and grow under iron-chelated conditions.  Finally, HPLC analysis of culture 

supernatants of cells grown in succinate medium showed the presence of two peaks with elution 

times of 8.925 and 10.272 min (Fig. 11D).  Although these two peaks were absent in the sterile 

medium as well as in the supernatant of the ATCC 19606T 3069 mutant, they could be detected 

in the ATCC 19606T 3069 sample only when it was spiked with either pure DHBA or purified 

acinetobactin before HPLC analysis (Fig. 11D).  These observations showed that the two peaks 

detected in ATCC 19606T culture supernatants indeed correspond to DHBA and mature 

acinetobactin.  Interestingly, the chromatograms shown in Fig. 11D and Fig. 12 indicate that 

ATCC 19606T cells produce and secrete a significant amount of DHBA in addition to fully 

matured acinetobactin.  A similar analysis of s1 succinate culture supernatants showed the 

presence of DHBA but not fully matured acinetobactin (data not shown), a result that is in 

accordance with the colorimetric data shown in Fig. 11B. 

 Finally, the role of the ATCC 19606T entA ortholog was confirmed with genetic 

complementation assays, which proved that electroporation of pMU951, a derivative of the 

shuttle vector pWH1266 harboring the entA wild-type allele expressed under the promoter 

controlling the expression of tetracycline resistance, was enough to restore the parental iron 

utilization phenotype in the ATCC 19606T 3069.C derivative (Fig. 11A) as well as its capacity to 

produce DHBA (Fig. 11, panels B and C).  This complementation was not observed with the 

ATCC 19606T 3069.E derivative harboring the empty cloning vector pWH1266.  Although not 

shown, there were no significant growth differences among the parental strain, the mutants and  
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Figure 11.  Iron acquisition phenotype of A. baumannii derivatives and their capacity to produce 

catechol, DHBA and acinetobactin.  (A) The ATCC 19606T parental strain (19606), the s1 BasD 

acinetobactin synthesis mutant (s1) and the 3069 entA isogenic derivative harboring no plasmid 

(3069) or transformed with empty pWH1266 vector (3069.E) or pMU951 harboring (3069.C) 

were cultured in M9 minimal medium in the absence or the presence of increasing concentrations 

of DIP.  pMU951 is a pWH1266 derivative harboring the ATCC 19606T entA allele.  (B) 

Arnow’s reaction of succinate culture supernatants obtained from the strains shown in panel A.  

(C) Crossfeeding of the S. typhimurium enb-7 enterobactin deficient derivative by FeCl3, distilled 

water or succinate culture supernatants from the ATCC 19606T parental strain (19606) or the 

3069 entA isogenic derivative harboring either no plasmid (3069) or pMU951 (3069.C) under 

iron-chelated conditions.  (D) HPLC profiles of sterile succinate medium (medium) or culture 

supernatants from the ATCC 19606T parental strain (19606) or the 3069 entA mutant (3069).  

Succinate culture supernatants cleared by high-speed centrifugation and filtration trough 0.45 µm 

cartridges were spiked with either DHBA (3069+DHBA) or purified acinetobactin (3069+Ab) 

immediately before HPLC analysis.  The elution time for DHBA and acinetobactin are indicated 

on top of the cognate peaks. 
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the complemented strains used in these experiments when they were cultured in LB broth 

without any selection pressure.  Furthermore, the plasmid pMU951 was stably maintained in the 

ATCC 19606T 3069.C strain as an independent replicon without detectable rearrangements. 

 Taken together, all these results strongly indicate that the entA ortholog shown in Fig. 9A 

is essential for the production of DHBA, which is used by A. baumannii ATCC 19606T cells as a 

key precursor for acinetobactin biosynthesis.  The location of the entA gene outside the main 

locus involved in the biosynthesis, transport and secretion of acinetobactin resembles the 

arrangement of genes needed for the biosynthesis of anguibactin in the fish pathogen                  

V. anguillarum 775 (228).  The pJM1 plasmid present in this strain contains most of the genes 

coding for anguibactin biosynthesis and transport functions, including an angA ortholog that is 

inactive because of a frameshift mutation (107).  Further analysis showed that the 2,3-dihydro-

2,3-dihydroxy-benzoate dehydrogenase activity needed for anguibactin biosynthesis is indeed 

encoded by the chromosomal ortholog vabA, which is located within a 11-gene cluster that 

contains all the genetic determinants needed for the production and utilization of vanchrobactin 

(229).  Although this system is fully active in V. anguillarum RV22, an O2 serotype isolate that 

lacks pJM1, vanchrobactin is not produced in the serotype O1 V. anguillarum 775 (pJM1) strain 

because of an RS1 transposon insertion within vabF.  Furthermore, in silico analysis of the 

predicted product of vabA and angA loci, after virtual correction of the frameshift present in the 

later gene, showed that they are only 32% identical (228).  These observations and the fact that 

the angA pJM1 plasmid copy is near transposable elements led to the hypothesis that 

transposition events resulted in the acquisition by horizontal transfer of two genes potentially 

coding for the same function that may have evolved independently (228).  A mechanism similar 

to this one could also explain the location of the ATCC 19606T entA gene outside the 

acinetobactin cluster (150), a possibility that is supported by the recent observation that              

A. baumannii has an underappreciated capacity to rearrange its genome by swapping, acquiring 

or deleting genes coding for a wide range of functions, including those involved in iron 

acquisition (230).  

Our results also provide strong support to our previous report that acinetobactin is the 

only high-affinity siderophore produced by this strain (51), when cultured under iron-chelated 

laboratory conditions, although it contains genetic determinants that could code for additional 

iron acquisition functions as deduced from recent comparative genomic analyses (150, 212).  
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Considering these reports and the experimental data presented here, it is possible to speculate 

that the additional iron acquisition related genes present in A. baumannii ATCC 19606T are 

either not expressed or do not code for complete functional iron acquisition systems and 

represent remnants of DNA fragments acquired from other sources by horizontal gene transfer.  

Such outcomes, which are currently being explored, could be due to a situation similar to that 

reported for the fish pathogen V. anguillarum, where a vanchrobactin-producing ancestor 

acquired the pJM1 plasmid coding for the production and utilization of anguibactin (229).  Since 

anguibactin is potentially a better iron chelator than vanchrobactin, evolution and adaptation 

processes favored the emergence of V. anguillarum O1 serotype strains harboring the pJM1 

plasmid and producing only anguibactin because of mutations in the vanchrobactin coding genes, 

but capable of using both anguibactin and vanchrobactin as it is the case with the 775 (pMJ1) 

strain (231). 
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Analysis of the ATCC 19606T chromosomal region harboring entA and entB orthologs 

   Sequence analysis of flanking DNA regions showed that a modE-modA-modB-modC gene 

cluster, which could code for an uncharacterized molybdenum transport system, locates upstream 

of ATCC 19606T entA gene (Fig. 9A).  Downstream, entA is separated by a 72-nt intergenic 

region from a predicted gene coding for an isochorismatase (EntB) ortholog, which is followed 

by a 524-nt intergenic region preceding a fur iron-dependent regulatory gene.  The nucleotide 

sequence and genetic arrangement is the same as that reported for this strain by the Broad 

Institute Human Microbiome Project.  Table 7 shows that the same gene cluster is also found in 

the genome of A. baumannii AB0057, AB307-294 and ACICU. 

 The predicted product of the ATCC 19606T entB gene depicted in Fig. 9A showed 

significant amino acid sequence similarity and the same length when compared with the products 

of the cognate AB0057 (AB57_1984), AB307-294 (ABBFA_001740), ACICU (ACICU_01791), 

and AYE (ABAYE1888) genes.  The product of the ATCC 19606T entB ortholog is also related 

to that of basF, which is located within the acinetobactin gene cluster originally described in this 

strain (52).  The product of basF is a 289-amino acid protein that contains the N-terminal 

isochorismatase lyase (ICL) domain, which is needed for DHBA biosynthesis from isochorismic 

acid, and the C-terminal aryl carrier (ArCP) protein domain, which is needed for tethering 

activated DHBA and chain elongation in the biosynthesis of siderophores such as enterobactin 

(232) and anguibactin (233).  In contrast, in silico analysis showed that the entB ortholog shown 

in Fig 9A codes for a 213-amino acid residue protein that includes the N-terminal ICL domain 

but lacks the C-terminal ArCP protein domain.  Based on this predicted protein structure, it is 

possible to speculate that this shorter EntB ortholog should code for the isochorismatase lyase 

activity.  This possibility was examined by testing the iron-uptake proficiency of the E. coli 

AN192 entB mutant harboring either no plasmid or the derivatives AN192-3171 and AN192-

3170 transformed with pMU925, which harbors the entA and entB genes shown in Fig. 9A, or 

pMU964, which harbors a copy of the basF gene present in the acinetobactin cluster, 

respectively.  Fig. 10B shows that AN192-3171 (pMU925) and AN192-3170 (pMU964) grew 

significantly better (P < 0.0001 and P = 0.0013, respectively) than the non-transformed AN192 

strain when cultured in LB broth containing 250 µM DIP.  This response indicates that both 

ATCC 19606T entB orthologs complement the E. coli AN1932 entB mutant, allowing it to 

produce enterobactin and grow under iron-chelated conditions.  The complementation by the  
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Table 7.  Components of the gene cluster containing the entA-entB genes in different                 

A. baumannii genomes. 

 
Strain Annotated coding regions Additional coding regionsa Accession # 
19606T 00624.1-00618.1b NAc NZ_GG704572 

AB0057 AB57_1980-AB57_1985 None NC_011586.1 

AB307-294  ABBFA_001744-ABBFA_001739 None NC_011595.1 

ACICU ACICU_01787-ACICU_01792 None NC_010611.1 

AYE AABAYE1887-ABAYE1894 ABAYE1890 NC_010410 
aAdditional coding regions compared to the ATCC 19606T gene cluster shown in Fig. 9A.  
bNumbers should be preceded by the annotation HMPREF0010_ according to the information 

presented in the A. baumannii Broad Institute genome site.  cNot applicable. 
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BasF ortholog is straightforward since this protein contains the ICL and ArCP protein domains 

needed for enterobactin biosynthesis.  On the other hand, the complementation by the shorter 

ATCC 19606T EntB ortholog can be explained by the previous observation that the mutation in 

E. coli AN192 affects only the functionality of the ICL domain of the protein produced by this 

derivative that was obtained by chemical mutagenesis (218).  This functional observation is 

further supported by our DNA sequencing data showing that the AN192 entB ortholog has two 

point mutations when compared with the parental AB1515 allele.  One is a silent mutation that 

resulted in a G-to-A base transition at position 801 of the gene, which maps within the ArCP 

protein domain and produced no change in amino acid sequence.  In contrast, the other mutation, 

which locates at position 593 and is also a G-to-A base transition, produced a Gly-to-Asp amino 

acid change at position 198 that maps within the ICL domain.  This amino acid change, which is 

one residue away from Arg196 that is predicted to play a role in the interaction of the ICL 

domains in the functional EntB dimer protein (234), could be responsible for the lack of 

isochorismatase lyase in the AN192 mutant.  Taken together, these results indicate that basF, 

which locates within the acinetobactin gene cluster, is the only fully functional entB ortholog 

present in the genome of the A. baumannii strains fully sequenced and annotated. 

 Considering the different genetic context in which basF and the entB ortholog shown in 

Fig. 9A are found in different A. baumannii genomes and the differences in length (289 vs. 213 

amino acid residues) and amino acid composition (52.4% similarity and 40.1% identity to one 

another) of their predicted products, it is possible to speculate that these two genes were 

transferred from unrelated sources by at least two independent horizontal mechanisms, one of 

which may have been driven by the need of acquiring the entA trait required for acinetobactin 

biosynthesis.  These observations are in agreement with the recently described capacity of         

A. baumannii to rearrange its genome content (230), as proposed above for the presence of the 

entA ortholog in a genomic region outside the acinetobactin cluster. 
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Analysis of the A. baumannii AYE entA ortholog 

 The comparative genomic analysis of the ATCC 19606T entA ortholog with other                

A. baumannii sequenced genomes showed that the clinical isolate AYE also harbors the gene 

cluster shown in Fig. 9A, which was annotated as ABAYE1887-ABAYE1894 (216).  However, 

this cluster contains an additional 210-nucleotide gene (ABAYE1890) (Table 7), which was not 

included in any of the other fully sequenced A. baumannii genomes.  ABAYE1890 codes for a 

hypothetical 69-amino acid protein and overlaps by 35 nucleotides with ABAYE1889, which 

codes for a predicted 229-amino acid protein.  Both genes were recently recognized by 

comparative genomic analysis as components of the siderophore biosynthesis gene cluster 5 

(150).  However, it is important to note that the predicted product of ABAYE1889 is 26 amino 

acids shorter than the putative ACICU, AB0057 and AB307-0294 EntA orthologs.  This 

observation suggests that the A. baumannii AYE ABAYE1889 entA gene may not code for a 

functional product needed for the biosynthesis of DHBA and acinetobactin.  This possibility was 

supported by the HPLC analysis of AYE succinate culture supernatants, which showed an 

elution profile that does not include peaks corresponding to DHBA and acinetobactin that were 

detected in the ATCC 19606T culture supernatant (Fig. 12).  Interestingly, AYE succinate culture 

supernatants promoted the growth of S. typhimurium enb-7 in the presence of DIP in spite of the 

fact that it does not produce DHBA (data not shown).  This observation indicates that                

A. baumannii AYE produces an uncharacterized non-catechol-based siderophore(s) capable of 

promoting growth under iron-chelated conditions. 

 The failure of the ABAYE1889-ABAYE1890 genetic region to code for EntA activity 

was further confirmed by the fact that AN193-3179, a derivative transformed with pMU968 

harboring the 2.8-kb AYE chromosomal region encompassing these predicted genes, grew as 

poorly as the non-complemented AN193 mutant when cultured in the presence of 250 µM DIP 

(Fig. 10A).  All these results indicate that the AYE isolate is a natural A. baumannii entA mutant 

that does not make acinetobactin because of the lack of DHBA production.  HPLC analysis of 

AYE culture supernatants of cells grown in succinate medium supplemented with 100 µM 

DHBA confirmed this possibility since a peak with a retention time corresponding to 

acinetobactin could be detected only under this experimental condition (Fig. 12). 

 Cloning, DNA sequencing and bioinformatic analysis of the 2.8-kb AYE chromosomal 

region encompassing the ABAYE1889 and ABAYE1890 genes confirmed the original genome  
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Figure12.  HPLC profiles of sterile succinate medium (medium) or culture supernatants from the 

ATCC 19606T parental strain (19606) or the AYE clinical isolate cultured in the absence (AYE) 

or the presence of 100 µM DHBA (AYE+DHBA). 
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sequence report (216) and showed that the only difference between this region and the cognate 

regions of other A. baumannii chromosomes is the presence of an extra T at position 1,946,969 

in the AYE genome.  This single-base insertion, which could be due to DNA slippage, results in 

the two predicted annotated genes, neither of which code for a full-length EntA ortholog.  

Accordingly, in silico deletion of the extra T from the AYE genomic region results in a single 

predicted coding region, the product of which is an ortholog displaying the same number of 

amino acid residues predicted for the product of the ATCC 19606T entA gene shown in Fig. 9A.  

All these results indicate that the AYE clinical isolate is a natural entA mutant incapable of 

producing acinetobactin, although this isolate tests positive with the CAS reagent.  This situation 

could be similar to that of V. anguillarum 775 (pJM1) that only produces anguibactin but uses 

this siderophore as well as externally provided vanchrobactin to acquire iron under chelated 

conditions (229).  This is due to the inactivation of the vabF vanchrobactin chromosomal gene 

and the possibility that anguibactin is an iron chelator stronger than vanchrobactin, a condition 

that does not justify the production of two siderophores.  Accordingly, the production and 

utilization of the AYE uncharacterized siderophore, which may have a higher affinity for iron 

than acinetobactin, could be mediated by genes located in cluster 1 identified by in silico 

genomic analysis (150) that remain to be characterized genetically and functionally.  

Furthermore, preliminary siderophore utilization bioassays showed that AYE cell-free succinate 

culture supernatants crossfeed the ATCC 19606T s1 (basD) and 3069 (entA) acinetobactin 

production deficient mutants as well as the t6 (bauA) acinetobactin uptake mutant.  These 

findings indicate that A. baumannii AYE acquires iron through an uncharacterized siderophore, 

which is different from acinetobactin but can be used by ATCC 19606T cells through 

acinetobactin-independent mechanisms.  All these results provide evidence supporting the ability 

of the ATCC 19606T strain to use xenosiderophores produced by related and unrelated bacterial 

pathogens. 
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Analysis of the ATCC 17978 chromosomal region harboring the entA ortholog 

 The ATCC 17978 A1S_2562-A1S_2581 cluster (Table 6), cluster 2 according to Eijkelkamp 

et al. (150),  includes the A1S_2579 gene coding for a putative EntA ortholog (153).  The role of 

this gene in DHBA production was confirmed by the observation that the AN193-2943 

transformant harboring pMU804 (Fig. 9B) displays an iron-restricted response similar to that 

detected with AN193-3172 harboring pMU925, a response that was not detected with AN193-

2944 harboring pMU807 (Fig. 10A).  The latter plasmid is a derivative of pMU804 with a 

transposon insertion within the annotated entA (A1S_2579) coding region (Fig. 9B). 

 Detailed analysis of the nucleotide sequence and annotation of the A1S_2562-A1S_2581 

cluster (GenBank accession number NC_009085.1) showed that because of potential DNA 

sequencing errors, this cluster is most likely composed of 18 predicted coding regions rather than 

the 20 genes originally reported (153).  Fig. 9B and Table 6 show that A1S_2563 and A1S_2564 

could be a single genetic unit coding for a predicted siderophore interacting protein that belongs 

to the ferrodoxin reductase protein family.  Our DNA sequencing data, which confirmed the 

DNA sequence originally reported (153), and in silico analysis showed that there are two 

potential coding regions between A1S_2568 and A1S_2570 (Fig. 9B and Table 6), with one of 

them annotated as the A1S_2569 coding region and the other omitted in the original report.  Our 

analysis showed that the predicted products of these two genes are truncated transposases found 

in a wide range of bacterial genomes including members of the Acinetobacter genus.  We also 

observed that A1S_2573 and A1S_2574 most likely correspond to a single genetic unit coding 

for a predicted 2,3 dihydroxybenzoate-AMP ligase (EntE) (Fig. 9B and Table 6), which is 

needed for the activation of DHBA and further biosynthesis of DHBA-containing siderophores 

such as enterobactin and anguibactin (58).  Nucleotide and amino acid comparative analyses also 

showed that the products of A1S_2573/A1S_2574, A1S_2580 and A1S_2581 are significantly 

related to that of the basE, basF and basJ genes, respectively.  The products of these three genes, 

which work together with EntA, are needed for the biosynthesis and activation of DHBA using 

chorismate as a precursor.  Taken together, all these observations indicate that there is a potential 

redundancy in the A. baumannii ATCC 17978 functions needed for the biosynthesis and 

utilization of DHBA as a siderophore precursor.  In contrast, and as it was observed with the 

other A. baumannii genomes, the ATCC 17978 entA ortholog, which is represented by the 
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coding region A1S_2579 (Fig. 9B and Table 6), is a unique coding region that locates outside the 

bas-bau-bar gene cluster.  Furthermore, the genetic arrangement and content of this ATCC 

17978 gene cluster containing the entA ortholog is different from that shown in Fig. 9A and 

described in the genome of other A. baumannii strains.  This observation resulted in the 

classification of this cluster as cluster 2 (150), which at the time that report was published was 

found only in the ATCC 17978 genome.  However, genomic data recently uploaded into the 

BaumannoScope web site 

(https://www.genoscope.cns.fr/agc/microscope/about/collabprojects.php?P_id=8) indicate that 

the same gene cluster is also present in the genome of the A. baumannii strains 6013113 

(GenBank accession number ACYR02000000.2) and 6013150 (GenBank accession number 

ACYQ00000000.2). 

Interestingly, the ATCC 17978 A1S_2562-A1S_2581 gene cluster has the same genetic 

content and organization as that of the A. baylyi ADP1 ACIAD2761-ACIAD2776 gene cluster 

(GenBank accession number NC_005966.1) with the exception of the presence of the 

transposase coding regions.  A gene potentially coding for a transposase fragment is located 

outside the A. baylyi ADP1 ACIAD2761-ACIAD2776 gene cluster, downstream of ACIAD2761 

(235).  In contrast, the ATCC 17978 cluster 2 includes two putative genes coding for 

transposase-related proteins located between the A1S_2568 and A1S_2570 annotated coding 

regions (Fig. 9B and Table 6), one of which was not included in the original report (153).  

Furthermore, our previous analysis showed that cluster 2 includes perfect inverted repeats 

located at the ends of the cluster (53).  Taken together, these observations suggest that this 

particular cluster was mobilized by horizontal gene transfer among environmental and clinical 

Acinetobacter strains, which must acquire iron in different free-iron restricted ecological niches. 
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Role of the ATCC 19606T entA gene in virulence  

 The role of the entA gene in the virulence of A. baumannii ATCC 19606T was tested using 

A549 human alveolar epithelial cells and G. mellonella caterpillars as ex vivo and in vivo 

experimental models.  The tissue culture assays showed that the number of ATCC 19606T 

bacteria recovered after 24 h incubation was significantly greater than the s1 (P = 0.0048) and 

3069 (P = 0.000045) derivatives (Fig. 13A), affected in acinetobactin biosynthesis at 

intermediate (basD) and early (entA) biosynthetic stages, respectively.  It was also noted that the 

persistence of 3069 was significantly lower than that of the s1 mutant (P = 0.0024) (Fig. 13A).  It  

is important to mention that incubation of A. baumannii ATCC 19606T in mHBSS at 37°C for 24 

h did not result in significant bacterial growth. 

 Infection of G. mellonella larvae showed that more than 40% of them died six days after 

injected with the parental ATCC 19606T strain, a value that is significantly different (P = 0.0014) 

from that obtained with animals injected with sterile PBS (Fig. 13B).  Infection of caterpillars 

with the 3069 entA mutant showed that the killing rate of this derivative is not statistically 

different from that of the PBS negative control (P = 0.6705) but significantly different from the 

killing rate of the parental strain (P = 0.0005).  On the other hand, the s1 derivative is 

significantly more virulent than the 3069 mutant (P = 0.043) and almost significantly different 

from the parental strain (P = 0.0820).  The killing rates of the s1 and 3069 mutants were 

corrected to values statistically indistinguishable from the parental strain when the inocula used 

to infect the larvae were supplemented with 100 µM FeCl3 (Fig. 13C).  This response shows that 

the virulence defect of the s1 and 3069 isogenic mutants is due to their inability to acquire iron 

when injected into G. mellonella. 

 Taken together, these results demonstrate that inactivation of entA produces a more 

drastic reduction in the capacity of A. baumannii ATCC 19606T cells to persist in the presence of 

A549 cells, which represent a target affected during the respiratory infections this pathogen 

causes in humans, or infect and kill G. mellonella larvae, an invertebrate host capable of 

mounting a complex innate immune response similar to that of vertebrate animals (236), when 

compared to the response obtained with the basD mutant.  This response could be due to the fact 

that the 3069 derivative does not produce DHBA and acinetobactin intermediates, which are 

secreted by the s1 mutant and could have some functions in iron acquisition and virulence as it 

was shown with Brucella abortus (237, 238).  Thus, these acinetobactin precursors together with 
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DHBA could bind iron, although less efficiently than acinetobactin, and provide s1 cells with 

enough iron to persist and cause host injury, although to a much reduced extent when compared 

with the response obtained with ATCC 19606T cells. 
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Figure 13.  Virulence of A. baumannii ATCC 19606T parental and isogenic derivatives.  (A) 

Persistence of bacteria in the presence of A549 monolayers.  Bacteria (103) we added to 95% 

confluent monolayer maintained in mHBSS.  The resulting CFUs were quantified after 24 h 

incubation at 37°C in 5% CO2.  (B and C) G. mellonella killing assays.  Caterpillars were 

infected with 1 x 105 bacteria of the ATCC 19606T parental strain (19606), or the s1 or 3069 

iron-deficient isogenic derivatives in the absence (panel B) or the presence (panel C) of 100 µM 

Fe3Cl and incubated at 37°C in darkness.  Moth death was determined daily for six days.  

Caterpillars injected with comparable volumes of PBS or PBS plus 100 µM Fe3Cl were used as 

negative controls. 
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Conclusions 

 The work described in this report shows that a single A. baumannii entA functional ortholog, 

which is essential for the biosynthesis of the acinetobactin precursor DHBA, is located outside 

the acinetobactin gene cluster, which otherwise codes for all biosynthesis, secretion and transport 

functions related to iron acquisition mediated by this high-affinity siderophore.  Although the 

same genetic arrangement is found in all fully sequenced and annotated A. baumannii genomes, 

the genetic context within which the entA ortholog is found varies among different clinical 

isolates.  In one group of strains this gene is next to genes coding for putative molybdenum 

transport, as in ATCC 19606T.  In another group, entA is located within a large gene cluster, 

which could code for an alternative uncharacterized siderophore-mediated system, as in ATCC 

17978.  Interestingly, this cluster also includes genes coding for potential DNA mobility 

functions and is flanked by perfect inverted repeats, a feature that may explain its transfer by 

lateral processes.  Nevertheless, in all cases examined the entA ortholog is always next to an entB 

ortholog, which codes for a protein that is able to catalyze the production of DHBA from 

isochorismic acid but cannot promote the completion of the acinetobactin biosynthesis process 

because of the lack of the C-terminal aryl carrier (ArCP) protein domain.  This is in contrast to 

the presence of basF within the acinetobactin cluster that codes for a fully functional EntB 

ortholog.  All these findings indicate that all genetic components needed for iron acquisition by 

the acinetobactin-mediated system involved horizontal transfer as well as complex chromosomal 

rearrangement processes.  All these observations are in agreement with the recent observation 

that A. baumannii has the capacity to acquire, lose and/or shuffle genes, a number of which could 

code for virulence factors involved in the pathogenesis of the infections this bacterium causes in 

humans (230).  Our study also shows that the presence of all genetic determinants needed for the 

biosynthesis and utilization of acinetobactin does not warrant its active expression and may not 

reflect a virulence advantage when compared to other strains; the AYE clinical isolate is a 

natural entA mutant incapable of producing DHBA and acinetobactin.  However, AYE is an iron-

uptake proficient strain that seems to acquire this essential metal due to the expression of a 

siderophore-mediated system that remains to be functionally characterized.  This finding 

reinforces our initial observation that different A. baumannii clinical isolates can express 

different iron acquisition systems (148).  Finally, we show that acinetobactin intermediates and 

DHBA, which are produced in addition to acinetobactin in the ATCC 19606T strain, play a role 
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in the virulence of A. baumannii when tested using ex vivo and in vivo infection experimental 

models, although to a lesser extent when compared to the role of the fully matured acinetobactin-

mediated system. 
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Abstract 

Acinetobacter baumannii produces the siderophore acinetobactin under iron-limiting 

conditions; however, we recently determined that the clinical isolate AYE does not make 

acinetobactin due to a point mutation in the entA ortholog yet still displays siderophore activity, 

indicating the production of an uncharacterized siderophore.  Here we determined the chemical 

nature of this siderophore that was purified from culture supernatants of AYE.  In silico analysis 

of the gene cluster identified by comparative genomics to be involved in the production of this 

siderophore revealed that protein products coded for by genes from this cluster have similarity to 

proteins involved in production of acinetoferrin and achromobactin.  Based on in silico analysis 

of the predicted protein involved in siderophore production, we proposed a structure and 

pathway for the synthesis of the siderophore we called baumannoferrin.  Furthermore, the type 

strain ATCC 19606T contains the baumannoferrin gene cluster and can use this siderophore to 

grow under iron-chelated conditions but does not produce baumannoferrin, possibly due to a 

change in critical amino acids needed for activity of enzymes involved in synthesis.  This is the 

first report examining the chemical nature of the previously uncharacterized siderophore.  
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Introduction 

Iron is an essential element for the growth of nearly all microorganisms.  However, 

despite being the fourth most abundant element in the Earth’s crust, in the presence of oxygen 

and at physiological pH, iron is only found in insoluble ferric oxyhydroxide complexes (55, 59).  

Iron is also limited in the host largely due to sequestration by host iron-binding proteins like 

transferrin and lactoferrin (57, 63).  These restrictions on the availability of iron leave the 

concentration well below the 10-6 M needed for proper metabolism and cellular functions in 

microorganisms (55, 59).  Bacteria have developed several mechanisms to acquire this essential 

metal, including the use of low molecular weight iron-chelating compounds called siderophores 

(58, 68).  Siderophores are secreted from the cell, sequester ferric iron by forming ferric-

siderophore complexes, and are then transported back into the cell through specific outer 

membrane receptors (58, 88).  Siderophores are important virulence factors for many pathogenic 

bacteria, and siderophore-deficient strains are attenuated in their virulence phenotype as 

compared with siderophore producing strains (106, 165, 186, 239, 240).  This fact has made 

components of the siderophore-mediated iron acquisition systems, like those involved in 

transport or biosynthesis, attractive targets for drug design to treat pathogenic bacteria, especially 

against those that are multi-drug resistant, such as Acinetobacter baumannii.  

A. baumannii is the cause of a significant number of nosocomial infections in 

immunocompromised patients over the last few decades (1, 2).  Pneumonia and bacteremia are 

two diseases that are most often linked with this pathogen but other diseases, such as necrotizing 

fasciitis and urinary tract infections, are also associated with A. baumannii (1, 7).  Many clinical 

isolates of A. baumannii exhibit a multiple- or pan-drug resistant phenotype, which has not only 

limited the number of treatment options but has also led to the global emergence of this pathogen 

(7, 241, 242).  A. baumannii uses multiple, extensively studied mechanisms to resist a broad 

spectrum of antibiotics, which are considered to play major roles in its virulence (7, 35, 242-

244). 

Another virulence factor that has been studied in A. baumannii is the acinetobactin-

mediated iron uptake system expressed under iron-limiting conditions.  The acinetobactin-

mediated system is the only high-affinity siderophore system to be comprehensively studied in     

A. baumannii (51, 186).  All genes needed for the biosynthesis, export, and uptake of this 

siderophore are present within the 26.5-kb acinetobactin cluster, with the exception of the entA 
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ortholog (52, 171, 186).  Furthermore, this siderophore is essential for the type strain ATCC 

19606T to grow under iron-limiting conditions and cause a successful infection in an in vivo 

virulence model (165, 171, 186).      

Recent comparative genomic analysis of sequenced genomes from fifty different clinical 

isolates has indicated that the acinetobactin cluster is highly conserved in A. baumannii (151).   

However, this bioinformatic study also identified an uncharacterized siderophore-mediated 

system, found ubiquitously among the clinical A. baumannii isolates examined (151, 245).  In a 

study that investigated A. baumannii ATCC 17978 under iron-limiting conditions, Eijkelkamp et 

al. (150) determined that components of this uncharacterized siderophore system were up-

regulated, suggesting that this siderophore system could play a role in iron acquisition.  This 

uncharacterized siderophore gene cluster was also found in the genome of ATCC 19606T, but 

acinetobactin-deficient mutants generated in this strain were found to be negative for siderophore 

activity when tested with the Chrome Azurol S reagent (CAS), indicating that the type strain is 

solely dependent upon acinetobactin for iron acquisition (51, 186).  Despite these in silico 

studies, no experimental data have been reported demonstrating production of this 

uncharacterized siderophore by any A. baumannii strain.  

The A. baumannii clinical isolate AYE possesses a natural mutation in the entA ortholog 

and cannot synthesize the DHBA precursor needed for the production of acinetobactin (186).  

Interestingly, AYE can grow under iron-limiting conditions and culture supernatants from this 

strain are still positive for siderophore activity when tested with the CAS reagent, indicating that 

this clinical isolate still produces a siderophore (186).  The comparative genomic studies by 

Antunes et al. (151) demonstrated that AYE possesses genes coding for the aforementioned 

uncharacterized siderophore-mediated system, which this strain might use to acquire iron.   

The objectives of this study were to characterize the unidentified siderophore produced 

by the A. baumannii AYE clinical isolate and to examine the putative proteins encoded by the 

genes present in this uncharacterized siderophore cluster.  To accomplish this goal, we used 

biochemical analyses on M9 culture supernatant or purified siderophore isolated from AYE iron-

restricted culture supernatant to determine the chemical nature of this siderophore.  Homology 

searches of the predicted protein products from this uncharacterized siderophore gene cluster 

indicated that some components of this system are similar to proteins located in the acinetoferrin 

cluster found in A. haemolyticus ATCC 17906T, whereas other components are related to 
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proteins involved in the biosynthesis and export of the siderophore achromobactin, which is 

produced by different Pseudomonas species.  The results from this study indicate that the AYE 

clinical isolate produces a hydroxamate siderophore, which can be utilized by ATCC 19606T to 

grow under iron limitation.  Even though we could not determine the actual structure, we 

predicted the structure of this siderophore using in silico examination of the proteins potentially 

involved in its biosynthesis.  The results of this study emphasize the ability of different                 

A. baumannii isolates to acquire iron using different siderophore-mediated systems. 

 
Materials and Methods 

Bacterial strains, plasmids, and culture conditions 

 Bacterial strains used in this work are described in Table 8.  Strains were routinely cultured 

in Luria Bertani (LB) broth or agar (172) at 37ºC in the presence of appropriate antibiotics.  M9 

minimal medium was used for growth under chemically defined conditions (175).  Iron-limiting 

conditions were achieved by the addition of 2,2’ dipyridyl (DIP) to LB broth.  

 

XAD-7 purification of hydroxamate siderophore from AYE  

The uncharacterized siderophore was isolated from A. baumannii AYE iron-restricted 

culture supernatants by adsorption onto XAD-7 resin.  Briefly, AYE was grown in 9 L of 

succinate medium (246), and the supernatant was recovered by centrifugation at 10,000 x g for 

10 min.  Clear supernatant was added to the XAD-7 resin (20 g) and the suspension was shaken 

slowly in an incubator for 3.5 h at 37oC to adsorb the siderophore.  The suspension was filtered 

over a glass filter funnel and the resin was washed with 500 ml of distilled water three times. The 

resin was then washed with 300 ml of methanol to elute the siderophore from the resin and the 

samples were dried by rotary evaporation and then resuspended in 3 ml of methanol.   

 

Chrome azurol sulfonate assay 

 The CAS assay (225, 247) was used to detect the presence of siderophore in the 

supernatants.  Cell-free culture supernatant (0.5 ml) was mixed with an equal volume of CAS 

solution and 10 µl of shuttling solution.  After 20 min of incubation at room temperature the 

absorbance of the resultant solution was measured at 630 nm.  M9 minimal medium was used as 

a blank and when combined with the CAS and shuttle solution was used as a reference solution.  
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Siderophore concentrations were determined as [(Aref –Astd)/Aref]*100 = % siderophore 

concentration.  
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Table 8.  Bacterial strains and plasmids used in this work. 

 
A. baumannii strains Relevant characteristicsa Source/reference 

A. baumannii    

ATCC 19606T Nosocomial isolate ATCC 

ATCC 19606T s1 ATCC 19606T basD mutant, KmR  (51) 

ATCC 19606T t6 ATCC 19606T bauA::Ez::TN<R6Kγori/KAN-

2> derivative, KmR 

(51) 

ATCC 19606T 3069 ATCC 19606T entA mutant, KmR (186) 

AYE Nosocomial isolate (216) 
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Arnow’s colorimetric assay   

 The Arnow’s colorimetric assay (14) was used to detect catechol compounds. One 

volume of culture supernatant was successively mixed with 1 volume of reagent A (0.5 N HCl), 

reagent B (10% NaNO3, NaMoO4) and reagent C (1 N NaOH). The reaction was measured by 

determining the OD510 after 10 min incubation at room temperature.   

 

Ferric perchlorate hydroxamate assay 

 Ferric perchlorate (248) was used to detect hydroxamate compounds. Methanolic 

solutions of the purified siderophore from AYE were evaporated to dryness under a stream of 

nitrogen gas and resuspended in 0.5 ml of deionized water and then 0.5 ml of 5 mM Fe(ClO4)3 in 

0.1 M HClO4 was added.  The OD450 of the sample was measured against a blank reference of 

water and Fe(ClO4)3-HClO4 reagent (1:1).   

 

Siderophore utilization assay 

 The ability of A. baumannii ATCC 19606T to utilize the siderophore produced by AYE 

was determined by the size of growth halos around 7-mm filter disks that were spotted with cell-

free culture supernatant from AYE.  The A. baumannii acinetobactin production deficient 3069 

(entA) and s1 (basD) and the acinetobactin receptor deficient t6 (bauA) isogenic derivatives were 

used as indicator strains (51, 186).  The 3069 and s1 mutants were grown in LB agar 

supplemented with 225 µM DIP and the t6 mutant was grown in 200 µM DIP.  Growth halos 

were measured after incubation for 30 h at 37oC.  

 

HPLC analysis of catechol and siderophore compounds 

Production of DHBA and acinetobactin was examined by HPLC analysis with an Agilent 

1100 LC instrument using M9 culture supernatants filtered through 0.45-mm cellulose acetate 

filter units (Spin-x centrifuge filter units, Costar, Cambridge, MA).  For analysis of acinetobactin 

and DHBA, M9 culture supernatants were fractionated with an Acclaim C-8, 5 µm, 250 mm x 

4.6 mm reversed-phase column (Thermo Fisher Scientific, Sunnydale, CA).  Water and 

acetonitrile containing 0.13% and 0.1% trifluoroacetic acid (TFA), respectively, were used as 

mobile phases.  The gradient was as follows: 17% acetonitrile for 5 min and then from 17% to 
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30% within 30 min, and thereafter held for 15 min.  Detection was at 317 nm with a flow rate of 

0.5 ml/min. 

XAD-7 purified siderophore from AYE was fractionated using a Vydax C-18, 5 µM, 250 

mm x 4.6 mm reversed-phase column (Grace Davison Discovery Sciences, Deerfield, IL).  

Water and acetonitrile both containing 0.1% TFA were used as mobile phases.  The gradient was 

as follows: 0% acetonitrile for 2 min and then from 0% to 100% within 25 min, and thereafter 

held for 2 min.  Detection was at 254 nm with a flow rate of 1 ml/min.  Siderophore activity from 

collected fractions was assessed with the CAS reagent and also tested for biological activity 

using siderophore utilization bioassays as described above. 

 

Spectroscopy 

 UV and visible (UV/Vis) spectra of the XAD-7 purified siderophore from AYE dissolved in 

distilled water were recorded on a Nanodrop 2000 spectrometer (Thermo Fisher Scientific, 

Sunnydale, CA).  

 

In silico analyses  

NCBI BLASTP was used for comparative genome analyses (184).  ScanProsite was used 

for motif and domain scans of predicted proteins (249). 

 

RNA isolation and transcriptional analysis of gene expression  

A. baumannii ATCC 19606T was grown in 1 ml LB broth supplemented with 100 µM 

DIP.  Cells were grown in triplicate at 37oC and then pooled together after 24 h of incubation.  

The pooled samples were mixed with 2 ml lysis buffer (0.3 M C2H3NaO2, 30 mM EDTA, and 

3% SDS) in a boiling water bath.  Two acid phenol extractions were performed at 65oC and was 

followed by one extraction with chloroform at room temperature.  RNA was precipitated in 

100% ethanol at -20oC overnight and then washed with 70% ethanol.  RNA pellets were 

vacuum-dried and resuspended in diethyl pyrocarbonate (DEPC)-treated with distilled water.  An 

RNeasy column (Qiagen) was used to remove contaminating DNA and further purified the RNA 

samples.  To determine if the genes from the uncharacterized siderophore gene cluster were 

transcribed in ATCC 19606T, total RNA samples were used as a template for reverse 

transcriptase-PCR (RT-PCR) with primers that are listed in Table 9 and shown in Fig. 17A.  A 
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commercial RT-PCR kit (Qiagen) was used as suggested by the manufacturer.  Samples were 

amplified under the following cycle conditions: 50oC for 30 min, 95oC for 15 min, and 25 cycles 

of 1 min denaturation at 94oC, 1 min annealing at 55oC, and 1 min extension at 72oC.  The 

amplicons were analyzed following ethidium bromide agarose gel electrophoresis (172). 
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Table 9.  Primers used in this study 
 
Number Nucleotide sequence   

3726 5’- GGAGCAACTGGCTATATC -3’ 

3727 5’- CGATGACACTCTTTTGCC -3’ 

3728 5’- GTTGTGCAACTGAGCAGC -3’ 

3729 5’- GGCAATTGCATACCAGCA -3’ 

3730 5’- GGTACGCCTGATTTAGGC -3’ 

3731 5’- GTCAGAAGTACGTAGCGT -3’ 

3732 5’-GTCAGGTTCAGTATCCTC -3’ 

3733 5’- GGCATAACCCACGTCTTG -3’ 

3734 5’- GAGCTTTGGTGCCCAGTA -3’ 

3735 5’- CTGCATAAGCCTGCTGTG -3’ 

3731 5’- CTGGAGATCTGATTGTAG -3’ 

3722           5’- CTGATTGAGACTGGTTACAGAAG -3’ 

2531           5’- ATTGAAGCTGATTTCCACC -3’  
2532           5’- TCCGCAATCACAGAAAGG -3’  
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Results and Discussion 

Characterization of A. baumannii AYE under iron-limiting conditions  

In Chapter 2, we determined that the entA ortholog of A. baumannii ATCC 19606T was 

located outside the acinetobactin cluster and is essential for the production of the acinetobactin 

precursor 2,3-dihydroxybenzoic acid (DHBA) (186).  The entA gene was also confirmed to be 

necessary for ATCC 19606T to cause a successful infection in A549 persistent assays and          

G. mellonella killing assays.  Analysis of the nucleotide sequence of this ortholog with other           

A. baumannii sequenced genomes revealed that the clinical isolate AYE encodes an EntA protein 

that is 29 amino acids shorter than other predicted EntA proteins (186).  Genetic 

complementation experiments showed that entA from AYE was not able to complement the 

growth phenotype of the E. coli entA-deficient strain, AN193, demonstrating that AYE was a 

natural entA mutant (186).  This was confirmed by HPLC analysis of AYE culture supernatant 

(Fig. 14A).  This analysis showed that the supernatant of both AYE and ATCC 19606T entA-

deficient strain 3069 were missing the peaks that correspond to acinetobactin (~19 min) and 

DHBA (~25 min), which were detected in the ATCC 19606T culture supernatant (Fig. 14A).   

 To test whether the natural mutation in the entA gene of AYE caused a growth defect 

phenotype consistent with a disruption in acinetobactin production, both AYE and ATCC 19606T 

cells were grown in LB broth supplemented with increasing concentrations of DIP.  

Interestingly, AYE was able to grow at a much higher concentration of DIP than the type strain 

ATCC 19606T (Fig. 14B ), suggesting that this clinical isolate is able to grow under iron-limiting 

conditions independently of acinetobactin and might use an uncharacterized siderophore to 

acquire iron.  Furthermore, the siderophore produced by AYE might have a higher affinity for 

iron compared to acinetobactin, which could explain why AYE is able to grow at a higher 

concentration of DIP than ATCC 19606T. 

To test the possibility that AYE produces an uncharacterized siderophore, a CAS assay 

was performed using M9 culture supernatant obtained from AYE and was compared to the 

supernatant obtained from ATCC 19606T and the ATCC 19606T 3069 entA mutant.  The results 

of this assay demonstrated that culture supernatant from AYE produces a molecule that can 

chelate iron from the ferric-CAS complex (Fig. 14C).  As expected, ATCC 19606T was also 

positive for siderophore activity, but no significant iron chelation of the CAS reagent was  
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Figure 14.  Detection of DHBA and acinetobactin in the culture supernatant of A. baumannii 

AYE.  (A) HPLC analysis of culture supernatant of sterile M9 minimal medium (M9) or culture 

supernatant from ATCC 19606T (19606), the 3069 acinetobactin-deficient strain (3069) or the 

AYE clinical isolate.  (B) ATCC 19606T (blue) and AYE (purple) were cultured in LB broth in 

the presence of increasing concentrations of DIP.  (C) Iron-chelating activity of ATCC 19606T 

(blue), 3069 (orange) and AYE (purple) detected by CAS assay.  (D) Arnow’s colorimetric assay 

of M9 culture supernatant obtained from strains shown in panel C.  
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observed with the ATCC 19606T entA mutant, which is consistent with previous data showing 

that acinetobactin is the only high-affinity siderophore produced by ATCC 19606T (51, 186).  

Because AYE has a natural entA mutation and does not produce DHBA, this uncharacterized 

siderophore might be a non-catechol based siderophore.  This was confirmed by the failure to 

detect a catechol by the Arnow’s colorimetric assay (Fig. 14D).   

 To determine whether the uncharacterized siderophore produced by AYE could be 

utilized by ATCC 19606T, a siderophore utilization bioassay was performed using ATCC 19606T 

3069 (entA) and s1 (basD) acinetobactin production-deficient mutants and the t6 (bauA) 

acinetobactin uptake mutant as indicator strains.  Both 3069 and s1 were able to grow under iron-

limiting conditions around filter disks containing cell-free supernatants from AYE and ATCC 

19606T (Fig. 15).  However, the t6 isogenic derivative grew only around a filter disk containing 

cell-free culture supernatant from AYE and not around a filter disk containing the supernatant 

from ATCC 19606T (Fig. 15C).  These results indicate that ATCC 19606T can utilize this 

uncharacterized siderophore for growth in iron-limiting conditions and that the uptake of this 

siderophore is mediated by an acinetobactin-independent transport mechanism.   

Data presented here correlate with recent research, which demonstrated that the culture 

supernatant from A. baumannii AYE was positive for siderophore activity as determined by the 

CAS assay (151, 155).  The detection of the chemical moiety present in the supernatant revealed 

low levels of catechol but high levels of hydroxamate as determined by Arnow’s colorimetric 

assay and the Csàky reaction, respectively (151, 155).  Despite these correlations, the authors 

suggest that different A. baumannii strains may produce more than one type of siderophore but 

failed to recognize that AYE does not produce acinetobactin.  It is worth noting that if provided 

with exogenous DHBA, AYE can produce acinetobactin, which was demonstrated in Chapter 2.  

Antunes et al. (151) also demonstrated that AYE successfully kills G. mellonella caterpillars at a 

similar rate as other A. baumannii clinical strains.  Therefore, AYE is not dependent upon 

acinetobactin for virulence, unlike ATCC 19606T, which needs a fully functioning acinetobactin 

system to cause killing of infected caterpillars (155, 165, 186).  

Taken together, the results show that A. baumannii AYE is able to acquire iron using an 

uncharacterized siderophore that is not structurally related to acinetobactin.  AYE displayed an 

increased growth phenotype compared to ATCC 19606T when both were grown in iron-chelated 

conditions, which might be attributable to the physicochemical properties of this uncharacterized 
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siderophore.  The results of the bioassay show that ATCC 19606T can use this uncharacterized 

siderophore by a mechanism that is independent of acinetobactin uptake.   
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Figure 15.  Siderophore utilization assay with culture supernatant from A. baumannii AYE. 

Growth of A. baumannii ATCC 19606T 3069 (A), s1 (B) and t6 (C) mutants under iron-chelated 

conditions around filter disks spotted with FeCl3 (green), H2O (grey), or cell-free culture 

supernatant from ATCC 19606T (blue) or AYE (purple).  
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Purification of the hydroxamate siderophore from A. baumannii AYE 
 
 To further characterize the chemical nature of this siderophore and possibly elucidate its 

structure, we purified it from cell-free supernatants of A. baumannii AYE using XAD-7 resin.  

The retained siderophore was washed with deionized water and then eluted from the resin with 

methanol.  To assess for siderophore activity, the XAD-7-purified material was tested with the 

CAS reagents and also for the ability to cross-feed the ATCC 19606T t6 (bauA) acinetobactin 

receptor-deficient mutant.  The XAD-7-purified material was positive for both the CAS reaction 

(Fig. 16A) and for the ability to cross-feed the ATCC 19606T t6 mutant (Fig. 16B), indicating 

that a siderophore was present in the collected material.  

We then examined the chemical characteristics of this siderophore by using Arnow’s 

colorimetric assay and the ferric perchlorate assay to detect the presence of catechol and 

hydroxamate moieties, respectively.  No catechol group was detected in the purified siderophore 

but hydroxamate was detected (Fig. 16C).  This indicates that this siderophore is a hydroxamate 

siderophore and does not contain a catechol moiety, presumably due to the natural mutation in 

entA in the AYE strain.  The UV/Vis spectrum of the purified siderophore displayed a maximum 

absorption at 250 nm.  Upon addition of FeCl3, a shoulder appeared at 250 nm and a broad 

absorption band at 450 nm, which corresponds to the characteristic charge-transfer band of 

ligand from the siderophore binding to metal (Fig. 16D).  The addition of FeCl3 caused the 

purified siderophore solution to turn from colorless to reddish brown, which suggests that the 

siderophore was isolated predominantly in the iron-free form and formed a ferric-siderophore 

complex upon the addition of FeCl3. 

Since the hydroxamate siderophore from AYE was present in the purified material, the 

XAD-7-associated siderophore preparation was further purified by using a reverse-phase HPLC 

C-18 column to fractionate and collect the samples.  HPLC analysis of the purified siderophore 

revealed six peaks with an absorbance over 200 mAU, with the major peak eluting off the 

column at 14.4 min (Fig. 16E).  We tested these six peaks for siderophore activity using both the 

CAS reagent and a siderophore utilization bioassay.  The CAS assay identified one eluted 

fraction, which corresponds to the absorption peak at 14.4 min that was positive for siderophore 

activity (Fig. 16A).  This fraction and another, which corresponds to the peak at 12.4 min, were 

able to cross-feed the ATCC 19606T BauA-deficient strain (data not shown).  Thus, two different 

fractions had siderophore activity.  
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Figure 16.  Chemical characterization of XAD-7 purified siderophore from AYE.  (A) CAS 

assay to detect siderophore activity of sterile succinate medium (1), XAD-7 purified siderophore 

(2) and the HPLC collected fraction at 14.4 min (3) using the CAS reagent.  (B) Cross-feeding of 

the A. baumannii ATCC 19606T t6 BauA mutant by FeCl3 (green), H2O (grey) and purified 

siderophore from AYE (purple).  (C) Arnow’s colorimetric assay (purple) and ferric perchlorate 

(pink) performed on a 1:4 dilution of purified siderophore.  (D) Absorption spectrum of XAD-7 

purified siderophore (blue) and the ferric-siderophore (red).  (E) HPLC profile of the purified 

siderophore.  
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It is possible that the smaller absorption peak at 12.4 min is either an intermediate in 

siderophore biosynthesis or a breakdown product of the 14.4 min peak that retains siderophore 

activity.  This is similar to E. coli, in which enterobactin intermediate and breakdown products 

have siderophore activity and are able to cross-feed enterobactin-deficient strains (93).  It is also 

important to note that there are two peaks present in the fraction at 14.4 min and further HPLC 

analysis is needed to determine if this could be a shift in the siderophore molecule due to the 

binding of iron or an artifact of the HPLC procedure.  It is also possible that these two peaks are 

two closely related products that elute off the column at similar times.   

 Taken together, these results strongly support the identification and isolation of a novel 

siderophore in A. baumannii.  Efforts to elucidate the structure of this uncharacterized 

siderophore are ongoing.  Pending identification of this siderophore with one that was previously 

identified from another organism, we name this siderophore baumannoferrin.  
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In silico analysis of baumannoferrin gene cluster from A. baumannii AYE  

In silico genomic analysis performed by Antunes et al. (150) and Eijkelkamp et al. (151) 

identified the baumannoferrin gene cluster, which was found to be present in almost all 

sequenced A. baumannii genomes.  This gene cluster (Fig. 17A) is comprised of twelve ORFs, 

which encode six proteins related to siderophore biosynthesis, two involved in siderophore 

utilization, one involved in siderophore export and three proteins  of unknown function (Table 

10) (151).  Sequence similarity searches determined that components of the AYE 

baumannoferrin cluster have homology to proteins from the acinetoferrin system from               

A. haemolyticus ATCC 17906T (Fig. 17B).  This finding is in agreement with a recent 

comparative genomic study between species of the Acinetobacter genus performed by Sahl et al. 

(245).  Acinetoferrin is a citrate-based dihydroxamate siderophore that was first described by 

Okujo et al. (246).  The gene cluster responsible for the production of this siderophore in            

A. haemolyticus ATCC 17906T was recently described by Funahashi et al. (250), who 

determined that this cluster contains four genes, AcbABCD, that are involved in the production 

of acinetoferrin and four genes, ActBCAD, that code for putative proteins involved in the 

secretion and uptake of this siderophore (Fig. 17B).  However, not all genes present in the AYE 

baumannoferrin gene cluster code for putative proteins related to products from the acinetoferrin 

cluster of A. haemolyticus ATCC 17906T.  Some putative proteins are similar to products of the 

achromobactin gene clusters found in Pseudomonas species and other siderophore clusters found 

in unrelated bacteria (Table 10). 

Homology searches of the proteins encoded by the AYE baumannoferrin gene cluster 

revealed that ORF1, ORF2, and ORF12 have 77%, 50%, and 75% identity (87%, 70%, and 87% 

similarity) to the proteins AcbA, AcbB, and AcbD, which are involved in the production of 

acinetoferrin (Fig. 17B and Table 10).  ORF4, ORF5, and ORF7 have 49%, 38%, and 40% 

identity (67%, 56%, and 61% similarity) to proteins involved in the synthesis of achromobactin 

from Pseudomonas chlororaphis and Pseudomonas savastanoi, respectively (Fig. 17A, Table 

10).  The products of ORF4 and ORF5 are related to AcsC and AcsA, which belong to the 

nonribosomal peptide synthetase-independent (NIS) class of siderophore synthetases, and ORF7 

encodes a protein similar to a dimethylmenaquinone methyltransferase, whose function in 

achromobactin production is still unknown (251).   
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Figure 17.  Genetic organization of chromosomal regions harboring genes coding for the 

production and utilization of siderophores from Acinetobacter species.  (A) Genetic map of the 

baumannoferrin gene cluster found in A. baumannii.  (B) Genetic map of the acinetoferrin gene 

cluster found in A. haemolyticus ATCC 17906T.  The horizontal arrows and their direction 

indicate the location and direction of transcription of predicted genes, respectively.  The 

horizontal lines indicate the region of the baumannoferrin cluster used for RT-PCR.  The 

numbers next to each bar indicates the location of the primers used for RT-PCR.  Numbers of 

ORFs shown in panel A correspond to those listed in Table 10.  Those genes predicted to be 

involved in the biosynthesis, export and uptake of siderophores are colored blue, orange and red 

respectively.  Genes that code for hypothetical proteins are shown in black.  Numbers on top of 

short vertical bars indicate DNA size in kb.  Fig. 17A was adapted from Antunes et al. (151), and 

Fig. 17B Funahashi et al. (250).   
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Table 10.  Proposed genes and encoded proteins of the baumannoferrin gen locus of                   

A. baumannii AYE and comparisons with similar proteins from NCBI database.  

 
ORF Length 

(aa) 
Homologous protein Organism Identity, 

similarity 
(%) 

 

Accession No. 

1 595 AcbA  acinetoferrin biosynthesis 

protein 

A.  haemolyticus 

ATCC 17906T 

77, 87 

 

BAM09326 

 

2 477 AcbB  acinetoferrin biosynthesis 

protein 

A.  haemolyticus 

ATCC 17906T 

56, 70 

 

BAM09327 

 

3 481 YhcA  achromobactin exporter Pseudomonas 

syringae 

43, 64 ZP_06460555 

4 613 AcsC  achromobactin biosynthesis 

protein 

Pseudomonas 

chlororaphis 

49, 67 ZP_10175683 

5 636 AcsA  achromobactin biosynthesis 

protein 

P.  chlororaphis 38, 56 ZP_10175790 

6 256 Ferric reductase protein Bacillus 

pseudofirmus 

24, 43 YP_003427160 

7 204 Achromobactin biosynthesis-

associated methyltransferase 

P. syringae 40, 61 ZP_21127699 

8 772 ActA acinetoferrin receptor A.  haemolyticus 

ATCC 17906T 

57, 71 BAM09332 

9 97 Hypothetical protein Pseudomonas 

fluorescens 

25, 52 YP_002870703 

10 507 PepSY-associated TM helix domain Shewanella 

baltica 

32, 52 YP_001048513 

11 112 ABC transporter permease protein Oribacterium sp. 31, 54 ZP_06599419 

12 206 AcbD  acinetoferrin biosynthesis 

protein 

A.  haemolyticus 

ATCC 17906T 

77, 87 

 

BAM09329 
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The baumannoferrin cluster contains several genes whose products are involved in the 

secretion, uptake, and utilization of this siderophore.  ORF3 codes for a protein product that has 

43% identity (64 % similarity) to YhcA from Pseudomonas syringae, which is a major facilitator 

superfamily (MFS) efflux protein experimentally demonstrated to export achromobactin in 

Dickeya dadantii (formly Erwinia chrysanthemi) (202).  ORF8 could be the receptor needed for 

the uptake of baumannoferrin in AYE since it has 57% identity (71% similarity) to ActA, which 

is the putative acinetoferrin receptor (Fig. 17 B and Table 10).  ORF6 codes for a ferric reductase 

protein that has 24% identity (43% similarity) to a protein from Bacillus pseudofirmus (Table 

10).  The C-terminal end of ORF6 contains the FhuF domain, which has been demonstrated in  

E. coli to be needed for the reduction of iron from ferrioxamine B (252).  This suggests that 

ORF6 could be involved in the reduction and release of iron from ferric-hydroxamate complexes, 

pending experimental verification. 

 The protein products of ORF10 and ORF11 have 32% identity and 31% identity (52% 

and 54% similarity) to the pepsy-associated transmembrane helix from Shewanella baltica and 

an ABC transporter permease from Orinbacterium spp., respectively.  These two proteins might 

be involved in either the secretion or uptake of baumannoferrin, but further work is needed to 

determine their function. ORF9 codes for a protein product that has 25% identity (52% 

similarity) to a hypothetical protein from P. fluorescens with unknown function. 

While these results demonstrated similarities between the baumannoferrin gene cluster of 

AYE and the acinetoferrin locus of A. haemolyticus ATCC 17906T, there are major differences 

between these two siderophore clusters.  One difference is that the baumannoferrin gene cluster 

contains eight genes that code for proteins that are not homologous to proteins located within the 

acinetoferrin cluster but are similar to proteins encoded within other siderophore clusters, 

particularly those involved in the production and secretion of achromobactin (Fig. 17 and Table 

10).  Another difference between these two siderophore clusters is that the baumannoferrin locus 

contains three genes, ORF1, ORF4, and ORF5, which encode putative siderophore synthetases, 

whereas the acinetoferrin cluster contains only two genes, acbA and acbC, which code for 

synthetases (Fig. 17).  The difference in the number of synthetases between the two clusters 

could allow for variation in the structure of the siderophores.  Since the hydroxamate cluster 

contains proteins involved in siderophore synthesis that are similar to both acinetoferrin and 
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achromobactin, we speculate that the structure of this siderophore could contain structural 

components of both of these siderophores.   
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Proposed model and structure of baumannoferrin 

Sequence similarity searches of putative baumannoferrin biosynthesis proteins revealed 

that these proteins are homologous to enzymes that comprise the NIS pathway.  Enzymes from 

the NIS pathway assemble hydroxamate or carboxylate siderophores using alternating 

dicarboxylic acid and amino acid derivatives, like diamines or amino alcohols, as precursors, 

which are linked together by amide or ester bonds (87).  Examples of siderophores that are 

assembled by this pathway include aerobactin (253, 254), acinetoferrin (250), rhizobactin 

1021(255), vibrioferrin (256) and achromobactin (257, 258).   

Based on the homologies with other proteins involved in siderophore biosynthesis and the 

protein products of the five genes located in the baumannoferrin cluster (ORF1, ORF2, ORF4, 

ORF5, and ORF12) that are involved in siderophore production (17A), we propose a 

hypothetical pathway for the synthesis of this siderophore and also speculate on the structure of 

baumannoferrin.  Since in silico examination of ORF2 showed that it has similarities to AcbB, 

which is related to 1,3-diaminopropane monooxygenase, this protein might be involved in the 

hydroxylation of 1,3-diaminopropane (1,3-DAP) to N3-hydroxy-1,3-diaminopropane (Fig. 18, 

reaction [1]).  This molecule could then be acetylated by ORF12, which has similarity to AcbD, 

and subsequently transfer a molecule of 2-(E)-octenoic acid to N3-hydroxy-1,3-diaminopropane 

forming N3-2-octenoyl-N3-hydroxy-1,3-diaminopropane (reaction [2]).  The genes encoding the 

proteins involved in forming 1,3-DAP are not found within the acinetoferrin cluster of                   

A. haemolyticus ATCC 17906T but are found in a different genome region, which is also the case 

for the A. baumannii baumannoferrin locus.  Two separate reports identified two genes that 

encode proteins needed for the production of this compound in A. baumannii ATCC 19606T 

(259, 260), in which it is important for surface-associated motility and virulence in (261).  

The rest of the proteins involved in production of baumannoferrin belong to the 

superfamily of NIS synthetases.  These proteins are needed to catalyze the formation of amide 

bonds to link citrate and the hydroxamate moiety to form a functional siderophore (87, 262).  

The synthetase superfamily can be divided into 3 subfamilies, type A, type B, and type C, based 

on sequence analysis between the proteins involved in the assembly of siderophores by the NIS 

pathway.  Type A is responsible for the formation of amide or ester bonds between polyamines 

or amino alcohols and the prochiral carboxyl group of citrate (87, 263).  Type B is needed for the  
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Figure 18.  The proposed structure and pathway for the biosynthesis of the siderophore 

baumannoferrin.  
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formation of amide or ester bonds between the amino or hydroxyl group of a variety of substrates 

with the C5 carboxyl group of α–ketoglutarate (87, 263).  Type C catalyzes the formation of 

amine or ester bonds between a variety of substrates and the other prochiral carboxyl group of 

citrate (87, 263).  The baumannoferrin gene cluster from AYE encodes three such NIS 

synthetases, ORF1, ORF4, and ORF5 (Fig. 17A), which are classified as type A, type C, and 

type B siderophore synthetases, respectively.   

ORF1, which has similarity to a type A synthetase that is related to AcbA of the 

acinetoferrin cluster, could transfer N3-2-octenoyl-N3-hydroxy-1,3-diaminopropane to the 

carboxyl end of citrate forming N1-citryl-N3-octenoyl-N3-1,3-diaminopropane (reaction [3]).  

ORF4 has similarity to the type C synthetase AcsC which transfers ethanolamine to the carboxyl 

end of citrate in the assembly of achromobactin.  Therefore, we speculate that ORF4 has a 

similar function in the assembly of baumannoferrin, catalyzing the formation of the intermediate 

N5-ethanolamine-N1-citryl-N3-octenoyl-N3-hydroxy-1,3-diaminopropane (reaction [4]).  ORF5, 

which has homology to the type B achromobactin synthetase, AcsA, could be responsible for 

condensing the C5 carboxyl portion of α-ketoglutarate with either an amino or hydroxyl group of 

the substrate, that has been linked to citrate by the type A and type C synthetases.  Therefore, in 

baumannoferrin assembly, ORF5 could transfer α-ketoglutarate to the amino end of 

ethanolamine (reaction [5]).  However, ORF5 could not link a molecule of α-ketoglutarate to 1,3-

DAP because the carboxyl group on 1,3-DAP would act as a steric obstacle.  Steric hindrance by 

the carboxyl group has been proposed for other siderophores, like staphyloferrin B, which has a 

derivative of diaminopropane as a precursor (264).  

This mechanism for the production of the baumannoferrin siderophore proposes that this 

siderophore could be assembled from one molecule of citrate, 1,3-diaminopropane, ethanolamine 

and α-ketoglutarate (Fig. 18).  The predicted general structure of baumannoferrin shares 

similarities with acinetoferrin (Fig. 19) and could use some of the same precursors for the 

synthesis of this hydroxamate siderophore.  However, this model differs from the synthesis of 

acinetoferrin in that the baumannoferrin cluster contains three siderophore synthetases instead of 

two.  The third siderophore synthetase is predicted to be responsible for the addition of α-

ketoglutarate to the ethanolamine group on baumannoferrin.  One explanation for why a type B 

synthetase is not needed for the production of acinetoferrin is because this siderophore contains 

128 
 



two 1,3-DAP molecules linked to citrate, and the carboxyl groups on this precursor would hinder 

the addition of α-ketoglutarate by the synthetase. 

 Once baumannoferrin is synthesized it could be secreted to the extracellular milieu by the 

protein coded for by ORF3 (Fig. 17A), which has similarity to the MFS pump YhcA (Table 10), 

which is responsible for the export of achromobactin in D. dadantii (258).  Once secreted into 

the extracellular milieu, baumannoferrin binds iron and then could be transported back into the 

cell through the outer membrane receptor coded for by ORF8 (Fig. 17A).  A ScanProsite (249) 

search on putative receptor proteins coded by ORF8 revealed that a plug domain is formed by 

residues of the N-terminal region, while residues of the C-terminal regions form channel and 

TonB-interacting domains, similar to other membrane receptors involved in siderophore import 

(88).  Furthermore, this receptor coded by ORF8 is similar to the acinetoferrin receptor, ActA, 

from    A. haemolyticus ATCC 17906T (Table 10) and was demonstrated by Funahashi et al. 

(250) to be needed for the growth under iron-chelated conditions.  Once inside the cell, iron 

might be removed from the ferric-baumannoferrin complex by the product of ORF6 (Fig. 17A), 

which contains an FhuF domain, which is needed to bind the iron-sulfur clusters that are needed 

for removal of iron from siderophores by a redox reaction (252).   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

129 
 



Figure 19. The structure of baumannoferrin and acinetoferrin. The structure of acinetoferrin was 
modified from (246) 
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Transcriptional analysis of the baumannoferrin gene cluster in A. baumannii ATCC 19606T 
 

Comparative genome analysis identified the baumannoferrin gene cluster in the 

sequenced genome of fifty A. baumannii clinical isolates, including ATCC 19606T (151).  

However, previous research demonstrated that this hydroxamate siderophore is not produced by 

the type strain (51, 186).  One potential reason that baumannoferrin could not be produced is that 

the genes from this cluster are not expressed.  To investigate the expression of this hydroxamate 

cluster in the ATCC 19606T type strain, RT-PCR analysis (Fig. 20) was performed on total RNA 

isolated from cells grown under iron-limiting conditions, using primers described in Fig. 17A.  

PCR products for 3727-3728 (334 bp), 3726-3729 (385 bp), 3730-3731 (352 bp), 3735-3736 

(376 bp), and 3722-3734 (301 bp) were detected in ATCC 19606T cDNA and corresponded to 

amplicon sizes that were obtained with control PCR reactions using ATCC 19606T genomic 

DNA as a template (data not shown).  Furthermore, without the addition of reverse transcriptase, 

no products were amplified from the RNA template (Fig. 20, lane 9), indicating that the RT-PCR 

products detected were attributable to the mRNA present in the template sample.  These results 

indicate that genes from the baumannoferrin cluster in ATCC 19606T are transcribed under iron-

limiting conditions.  The putative receptor protein (ORF8) that is located within the siderophore 

gene cluster (Fig. 17A) was also expressed under iron-limiting conditions (Fig. 20, lane 5) and 

could be responsible for the uptake of this siderophore, explaining the ability of ATCC 19606T to 

utilize baumannoferrin.  However, further research is needed to characterize this receptor and to 

determine its role in uptake.  Transcriptional analysis of the baumannoferrin gene cluster 

revealed that the failure of ATCC 19606T to produce this siderophore might not be due to lack of 

transcription, although not all genes involved in the biosynthesis, secretion, and uptake of this 

siderophore were examined.  Bioinformatics prediction suggests that ORF4 and ORF5, whose 

gene expression was not investigated, are part of a polycistronic operon (from ORF1 to ORF7) 

and that a lack of or disruption to their transcription would be evidenced by the absence of a 

cDNA amplicon with the primers 3735 and 3736.   

It is possible that the cause of the lack of production of this hydroxamate siderophore lies 

in the activity of proteins involved in synthesis of baumannoferrin.  A comparison of the 

predicted amino acid sequences of enzymes involved in baumannoferrin production from AYE 

and ATCC 19606T revealed a small number of differences in the amino acid residues between 

the proteins needed for siderophore synthesis.  However, the identity of the critical amino acids  
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Figure 20.  Transcriptional analysis of the baumannoferrin cluster in A. baumannii ATCC 

19606T.  RT-PCR was performed on RNA samples isolated from ATCC 19606T grown under 

iron-limiting conditions.  Agarose gel electrophoresis was used to analyze the RT-PCR products 

of 3727-3728 (lane 1), 3726-3729 (lane 2), 3730-3731 (lane 3), 3733-3736 (lane 4), 3722-3734 

(lane 5) and 3732-3733 (lane 6).  Transcription of recA (2531-2532) was employed as a control 

(lane 7).  RT-PCR reactions with recA were also spiked with DNA (lane 8) or contained no RT-

enzymes (lane 9).  Lambda HindIII (λ) was used as a size marker. 
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needed for activity of these proteins is unknown.  Similarly, in Yersinia pseudotuberculosis, the 

inability to produce aerobactin is most likely due to a mutation in an amino acid of a conserved 

domain of an enzyme involved in its synthesis (265).  In silico examination of the amino acid 

sequence of ORF7 revealed that the protein product from ATCC 19606T was one amino acid 

(205 aa) longer than the putative protein product of AYE (204 aa).  However, we cannot rule out 

the possibility that this amino acid addition is due to a sequencing error in one of the two 

genomes; further research is needed to determine not only if this difference is genuine but also 

what role this protein plays in siderophore biosynthesis.  

 Another possibility is that ATCC 19606T does not produce baumannoferrin because it 

lacks the necessary precursor for the production of the hydroxamate siderophore.  The gene(s) 

needed for the synthesis of this precursor could be located in another region of the genome.  This 

situation resembles what is seen with the entA gene in A. baumannii and the ornithine 

decarboxylase gene that is needed for the production of alcaligin in Bordetella spp. (186, 266).  

Alternatively, this precursor may not be produced because either ATCC 19606T does not possess 

the gene(s) or, these gene(s) are not functional due to a mutation.  This latter scenario is similar 

to AYE and its inability to produce DHBA due to a point mutation in entA (186).   
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Conclusions 

In this chapter, we presented biochemical and functional evidence that demonstrates the 

acinetobactin-deficient A. baumannii AYE strain grows under iron-limiting conditions by 

producing an uncharacterized hydroxamate siderophore to acquire iron.  This work is the first to 

show directly the production of a siderophore, which we have named baumannoferrin.  

Comparative genomic analysis identified the putative siderophore cluster that is responsible for 

the production of baumannoferrin and is present in the genome of fifty A. baumannii clinical 

isolates, including the type strain ATCC 19606T (150, 151).  This baumannoferrin gene cluster 

has a total of twelve ORFs, which include genes that encode proteins involved in synthesis, 

secretion and uptake of this siderophore.  Sequence similarity searches revealed that proteins 

from this cluster have homology to proteins from the recently identified acinetoferrin cluster in 

A. haemolyticus ATCC 17906T and the achromobactin gene cluster that is found in different 

Pseudomonas species.  Because the baumannoferrin cluster contains proteins that are part of the 

NIS siderophore assembly pathway, we were able to use the similarities of the synthetases 

involved in production of this uncharacterized hydroxamate siderophore to propose a structure 

for baumannoferrin, which could be synthesized from citrate, 1,3-diaminopropane, ethanolamine 

and α-ketoglutarate (Fig. 18).  The structure of this hydroxamate siderophore remains to be 

experimentally confirmed to validate our proposed model and the proteins that comprise the 

components of the baumannoferrin-mediate systems need to be functionally characterized.   

 Results from the in silico studies indicated that the A. baumannii type strain ATCC 

19606T also contains the baumannoferrin gene cluster, but previous reports have demonstrated 

that this strain is solely dependent upon acinetobactin for acquisition of iron (51, 186).  We were 

unsuccessful in determining the reason why ATCC 19606T does not produce baumannoferrin but 

we speculate that it could be due to a change in amino acids that comprise critical residues 

needed for the activity of enzymes involved in the synthesis of the siderophore.  A more 

comprehensive study of the A. baumannii strains that actually produce baumannoferrin could 

allow for in silico identification of important residues needed for activity.  We also cannot rule 

out the possibility that the additional amino acid found in ORF7 in ATCC 19606T could result in 

an inactive protein that would not allow for the production of baumannoferrin.  However, even 

though the type strain does not produce this siderophore, the putative receptor proteins encoded 

by ORF8 could still be functional, as data from the siderophore utilization assay indicate that 
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ATCC 19606T can utilize baumannoferrin under iron-limiting conditions by a BauA-independent 

mechanism.  

A comparison of the siderophore-mediated iron acquisition capability of AYE and ATCC 

19606T reinforce initial observations that were proposed by Dorsey et al. (148) who 

demonstrated that different A. baumannii clinical isolates express different iron acquisition 

systems.  Additional research is needed to determine whether other A. baumannii isolates have 

the ability to produce the siderophore from both the acinetobactin and baumannoferrin systems 

or if strains select the siderophore that is best adaptive to their environment.  Examination of a 

strain that produces both siderophores would allow for the determination of the role these 

siderophores play in virulence and whether one siderophore is preferentially employed at 

different stages of infection.  It is also possible that one siderophore is more important for growth 

in vitro under iron limitation than in vivo,  as observed for enterobactin and yersiniabactin in 

Klebsiella pneumoniae (267). 
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Chapter 5 
Summary 

A. baumannii has emerged as a global pathogen that is responsible for a wide range of 

nosocomial infections.  Diseases associated with this opportunistic pathogen normally occur in 

immunocompromised patients in the form of pneumonia, bacteremia, urinary tract infections, 

and necrotizing fasciitis (1, 8, 20).  Infections are not limited to hospital settings, as evident by 

the significant number of infections in military personnel who sustained traumatic injuries during 

war conflicts (23).  The ability of this pathogen to adapt to the hospital environment and express 

resistance to a broad range of antimicrobials has led to A. baumannii outbreaks and therapeutic 

challenges in treating infected individuals.  With the advent of pan-drug resistant clinical 

isolates, the number of available antibiotics to use for treatment has decreased and because of 

this, research into the discovery of new therapeutic targets is needed.  A comprehensive 

understanding of the virulence factors used by this pathogen to cause infection could help in the 

discovery of these potential targets.  One such factor that has been experimentally proven to be 

necessary for the pathogenesis of A. baumannii in multiple virulence models is the production 

and utilization of the iron-chelating siderophore acinetobactin.   

Acinetobactin enables A. baumannii to circumvent iron limitation in the host caused by 

innate immune proteins, like transferrin and lactoferrin, resulting in “nutritional immunity” (68). 

Acinetobactin was first reported in 1994 by Yamamoto et al. (171), who elucidated the structure 

of this siderophore, which is synthesized from N-hydroxyhistamine, L-threonine, and 2,3-

dihydroxybenzoic acid (DHBA).  Its structure is closely related to the structure of anguibactin, 

which is produced by the fish pathogen V. anguillarum (51).  The acinetobactin gene cluster was 

identified and described in the type strain ATCC 19606T by Dorsey et al. (51) and Mihara et al. 

(52).  Nucleotide sequence analysis of this gene cluster determined that it is comprised of 18 

genes that are involved in the production, secretion and utilization of this siderophore.  However, 

the acinetobactin gene cluster lacks the gene coding for an EntA-like protein, which is needed for 

the production of the acinetobactin precursor DHBA.   

 

The characterization of the entA ortholog in ATCC 19606T 

A main objective of this work was to locate the entA ortholog of A. baumannii ATCC 

19606T and determine its role in siderophore production and virulence.  We located this gene in a 
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non-contiguous genomic region, and further in silico analysis of this region indicated that entA is 

flanked by genes coding for a possible uncharacterized molybdenum transporter system and a 

putative entB gene coding for an isochorismatase.  To characterize the involvement of the entA 

ortholog in acinetobactin production, we generated the isogenic derivative 3069.  The 3069 entA 

deficient mutant was unable to grow under iron-restricted conditions imposed by the presence of 

the synthetic iron chelator, DIP.  Biochemical and HPLC analyses also indicated that this 

isogenic derivative did not produce the DHBA moiety that is needed for synthesis of 

acinetobactin.   

This non-contiguous cluster also contains an entB ortholog that is related to the basF 

gene found within the acinetobactin gene cluster.  In silico analysis of the protein products coded 

for by these two genes showed that both proteins have the isochorismatase lyase (ICL) domain 

needed to convert isochorismate to 2,3-dihydroxy-2,3-dihydrobenzoic acid but only BasF 

contains the aryl carrier protein (ArCP) domain that is needed for the tethering of an activated 

DHBA molecule that allows for chain elongation in siderophore biosynthesis (268).  To confirm 

that EntB possessed a functional ICL domain, we performed genetic complementation 

experiments on an E. coli entB-deficient AN192 strain and determined that the ATCC 19606T 

EntB could restore the production of enterobactin.  Interestingly, in this study, we determined the 

location of a point mutation that affected the activity of the ICL domain of EntB in the E. coli 

AN192 isogenic derivative, which was generated over 40 years ago by chemical mutagenesis 

(269).  Even though the EntB of ATCC 19606T is missing the domain needed for tethering 

DHBA, it was able to complement the AN192 strain because this point mutation disturbed the 

activity of ICL domain but not the ArCP domain of EntB in the AN192 strain.  

The fact that both the entA and the entB orthologs are found outside the acinetobactin 

cluster in A. baumannii ATCC 19606T and other A. baumannii strains that were investigated in 

this study could indicate that this non-contiguous locus may have arisen through horizontal gene 

transfer or chromosomal rearrangement.  This claim is supported by the observation that             

A. baumannii has the ability to rearrange its genome by swapping, acquiring, or deleting genes 

that code for a wide range of functions and that this ability has led to genomic diversity among 

clinical isolates (270, 271).   For example, A. baumannii ATCC 17978 contains a gene cluster 

that codes for the fimsbactin siderophore, which was most likely acquired by horizontal gene 

transfer, as evidenced by fact that this cluster is flanked by inverted repeats and has an open 
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reading frame coding for putative transposition function (53, 154, 156).  Interestingly, entA is 

found within the fimsbactin gene cluster and is not located in the non-contiguous locus that was 

described in ATCC 19606T, and it shares low sequence similarity with entA from ATCC 17978. 

ATCC 17978 does not contain the non-contiguous locus that is present in ATCC 19606T and 

other strains, which strengths the argument of genome diversity among A. baumannii strains.  

Another reason that entA is located outside the acinetobactin cluster might be that it is a 

remnant of an ancestral DHBA-based siderophore system that was used for iron acquisition prior 

to the procurement of the acinetobactin gene cluster.  This ancestral siderophore system might 

have consisted of DHBA as in Brucella abortus (272).  However, Chipperfield and Ratledge 

(273)proposed that DHBA can act as a low-affinity siderophore when ferric iron is readily 

soluble but cannot act as a siderophore when iron is complexed with iron-binding proteins such 

as transferrin or lactoferrin.  This suggests a selective advantage for A. baumannii acquiring and 

retaining the acinetobactin-mediated system, which can act as a high-affinity siderophore system 

to sequester iron from host proteins to obtain this essential micronutrient and mount a successful 

infection in the human host.  

In this study, we also demonstrated that the entA ortholog was essential for ATCC 

19606T to cause a successful infection in both A549 human alveolar epithelial cells and              

G. mellonella virulence assays.  In both models, the 3069 entA mutant displayed a decreased 

virulence phenotype when compared to the parental strain and also to the s1 basD mutant.  This 

could be explained by the fact that the s1 mutant retains the ability to produce acinetobactin 

intermediates and the DHBA moiety, which could act as low-affinity siderophores.   

Taken together, the results show that DHBA is essential for the pathogenesis of ATCC 

19606T, making EntA a potential target for new antimicrobial drugs.  Drugs that inhibit the 

function of EntA will block the production of DHBA and consequently prevent the synthesis of 

siderophores that use the catechol moiety as a precursor.  However, EntA may not be a good 

potential target if bacteria produce a catechol-based siderophore and a hydroxamate or 

carboxylate siderophore, which do not use DHBA as a precursor.  To effectively inhibit the 

productions of two different siderophores from two different structural classes one would have to 

either find a common target needed for the synthesis of both siderophore-mediated systems or 

use different inhibitors in combination.  
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Iron acquisition by the baumannoferrin-mediated system in A. baumannii AYE 

We also examined the components of the ATCC 19606T gene cluster containing the entA 

ortholog with four other A. baumannii genomes (AB0057, AB307-294, ACICU, and AYE) and 

observed that the predicted EntA protein from the AYE clinical isolate is 29 amino acids shorter 

than the predicted protein of ATCC 19606T (186).  Biochemical and HPLC analyses of AYE 

revealed that this clinical isolate does not produce DHBA or acinetobactin.  Our initial 

expectation was that AYE would have a growth phenotype that mirrors the ATCC 19606T 3069 

entA isogenic derivative when grown in iron-chelated conditions.  Surprisingly, this clinical 

isolate actually grew better than ATCC 19606T in LB broth supplemented with increasing 

concentrations of DIP.  The fact that this natural entA mutant is able to grow under iron-limiting 

conditions suggests that AYE might produce an uncharacterized siderophore to acquire iron.  

The production of this siderophore could be mediated by the gene cluster that was identified by 

Antunes et al. (151) and Eijkelkamp et al. (150) using in silico approaches.  Interestingly, 

Antunes et al. (155) also demonstrated that the acinetobactin-deficient AYE strain can 

successfully kill G. mellonella caterpillars at a similar rate as other A. baumannii clinical strains, 

indicating that this clinical isolate can utilize this uncharacterized siderophore to acquire the iron 

needed for pathogenesis.  Taken together, these results indicate that this strain is not dependent 

upon acinetobactin to cause an infection, thus demonstrating that entA is not essential for all               

A. baumannii strains.  

Since we found that AYE does not make acinetobactin due to a mutation in entA but 

produces a siderophore, we wanted to determine the chemical nature of this uncharacterized 

siderophore produced by AYE and possibly elucidate the structure.  Chemical analysis 

performed on XAD-7 purified siderophore revealed that it contained a hydroxamate moiety but 

did not possess a catechol group, which is consistent with the fact that this strain is a natural entA 

mutant.  To further purify the XAD-7 preparation, we ran the purified material over a C-18 

HPLC column and collected the resulting fractions.  Analysis of the collected fractions using the 

CAS reagent and siderophore utilization assays revealed that we obtained two fractions that were 

positive for siderophore activity.  The results from the CAS assay and other biochemical assays 

performed throughout this study strongly support the fact that we have isolated a hydroxamate 

siderophore, which the structure still needed to be determined.  Until the structure has been 

elucidated, we gave this uncharacterized siderophore the tentative name of baumannoferrin.  
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To establish a possible structure for baumannoferrin, we examined the gene cluster that 

was identified by Antunes et al. (151), which contains genes coding for protein products 

involved in the production, synthesis, and utilization of this siderophore.  The results from 

similarity searches revealed that proteins coded for by ORFs involved in siderophore production 

from the baumannoferrin locus belong to the NRPS-independent siderophore (NIS) biosynthesis 

pathway class of synthetases.  The NIS pathway, which is responsible for the production of 

hydroxamate and carboxylate siderophores, has only recently began to be studied, and how 

siderophores are assembled by enzymes from this pathway is not understood as well as how 

catechol siderophores are produced by non-ribosomal peptide synthetases (NRPS) (87, 274).  

This NIS pathway uses nucleotide triphosphate-dependent synthetase to condense substrates to 

either citrate or succinate and these enzymes only contain one active site, which is in contrast to 

the NRPS, which are multimodular enzymes responsible for the production of siderophores, like 

acinetobactin (87, 263, 274).  The first NIS biosynthetic pathway described was for the 

production of aerobactin, which is produced in enteric bacteria, like E. coli (88, 254).  The 

aerobactin pathway possesses two synthetases, IucA and IucC, that are needed to condense 

lysine moieties to a molecule of citrate (262).  Every NIS pathway that has been identified to 

date contains at least one synthetase that has sequence similarity to a synthetase in the aerobactin 

pathway, and this has become the hallmark of the NIS pathway (87).  Analysis of the proteins 

encoded by the genes involved in baumannoferrin synthesis revealed three enzymes, ORF1, 

ORF4, and ORF5, which are NIS synthetases and could be used to assemble this siderophore 

from one molecule each of citrate, 1,3-diaminopropane, ethanolamine, and α-ketoglutarate.  The 

elucidation of the structure of baumannoferrin is needed to validate our proposed model (Fig. 18) 

for the synthesis of this siderophore.  The structure is also required for further investigations into 

the physicochemical properties of baumannoferrin.    

RT-PCR data from this study showed that genes from the ATCC 19606T baumannoferrin 

locus are transcribed, and that failure to produce this siderophore in this particular strain could be 

due to the lack of activity of proteins produced by these ORFs.  In silico analysis revealed 

differences in the amino acid sequence of the proteins potentially involved in synthesis of 

baumannoferrin between ATCC 19606T and AYE.  We speculate that ATCC 19606T does not 

produce this hydroxamate siderophore because of changes in the amino acid sequence in one 

protein involved in production of baumannoferrin.  The fact that ATCC 19606T contains the gene 
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clusters needed for the synthesis of acinetobactin and baumannoferrin but only produces 

acinetobactin resembles a situation reported in V. anguillarum.  This fish pathogen has the ability 

to produce the chromosome-encoded vanchrobactin.  Additionally, strains of the O1 serotype 

contain the pJM1 plasmid for the production of anguibactin (275-277); however, they only 

produce anguibactin.  It was determined that vanchrobactin is not produced by these strains 

because the gene that encodes the NRPS enzyme VabF is inactivated by the RS1 insertion 

sequence (278).  Interestingly, this insertion sequence was originally described in the pJM1 

plasmid, which contains the anguibactin gene cluster and removal of RS1 from vabF reactivates 

vanchrobactin production (107, 278).  It has been proposed that vabF could have been 

inactivated because anguibactin is a better iron chelator than vanchrobactin and natural selection 

consequently forced the loss of the vanchrobactin (228, 275).  One possible explanation as to 

why only strains from the O1 serotype contain the pJM plasmid is because the LPS O side-chain 

present in this serotype is needed for the stability of anguibactin outer membrane receptor FatA 

and that strains from other serotype do not possess LPS that can stabilize FatA (279).  

Despite not being able to produce baumannoferrin, ATCC 19606T can utilize this 

siderophore to grow under iron-limiting conditions.  Uptake of baumannoferrin could be 

attributed to the putative siderophore receptor that is coded for by ORF8, which is supported by 

the RT-PCR data that indicated that the coding sequence is transcribed in ATCC 19606T.  This 

resembles observation regarding the O1 serotype of V. anguillarum.  Despite not being able to 

produce vanchrobactin, V. anguillarum 775 was experimentally proven to be able to utilize this 

siderophore for growth under iron-chelated conditions (280-282).  The uptake of this siderophore 

was mediated by the outer membrane receptor, FtvA, which is encoded by a gene located within 

the vanchrobactin cluster (277, 281).   

In contrast to V. anguillarum, there are numerous reports of pathogens that produce more 

than one siderophore, including E. coli, P. aeruginosa, Staphylococcus aureus, and Bacillus 

anthracis (58).  As previously stated, both the acinetobactin and the baumannoferrin gene 

clusters were identified in the genomes of almost fifty different A. baumannii clinical isolates 

that were examined, suggesting that these siderophore clusters could be found ubiquitously in 

this pathogen (151).  The fact that both of these siderophore-mediated iron acquisition systems 

can be found in the majority of isolates has led to a working model (Fig. 21), which depicts an          

A. baumannii strain that produces both acinetobactin and baumannoferrin to acquire iron.  In this 
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model, baumannoferrin is secreted from the cytoplasm by the MFS efflux pump encoded by 

ORF3 and then transported back into the cell by the predicted product from ORF8, which 

encodes an outer membrane receptor.  Figure 21 also illustrates that some components needed 

for utilization and secretion of this siderophore have not been identified within the 

baumannoferrin gene cluster, and might be carried out by hypothetical proteins encoded within 

this locus.  ORF10 and ORF11, which have similarity to a transmembrane helix and an ABC 

transporter permease, respectively, which might be components of a cognate transport system 

needed to transport ferric-baumannoferrin from the periplasmic space to the cytoplasm.  There 

also could be other components, like a membrane fusion protein (MFP) and an outer membrane 

channel (OMC), that are needed to facilitate the secretion of baumannoferrin from the cytoplasm 

to the extracellular milieu.  These components could interact with the product of ORF3, 

constituting a one-step secretion pathway, or the ORF3 product could secrete baumannoferrin 

into the periplasm in a two-step secretion pathway.  Future experiments are needed to identify 

and characterize these other components. 

Future studies are needed to survey which A. baumannii strains produce the hydroxamate 

siderophore and whether there are strains which can produce both acinetobactin and 

baumannoferrin.  The identification of a strain that produces both siderophores would allow for 

examination of the role each siderophore has in the virulence of this nosocomial pathogen.  One 

siderophore could be employed at a different growth stage or at different times during the 

infection process.  An example of siderophore being produced at different growth phases is seen 

with achromobactin and chrysobactin.  When grown under iron-limiting conditions, Dickeya 

dadantii will first produce achromobactin before chrysobactin, and as time progresses, this 

bacterium increases production of chrysobactin and decreases achromobactin synthesis (258).  It 

was speculated that achromobactin was produced first as a preventive system to help cells cope 

with the transient loss of iron until chrysobactin could be produced (258).   

Siderophores have been implicated in allowing pathogens to cause infection in certain 

tissues in the human host, as in K. pneumoniae.  Normally this pathogen produces enterobactin, 

but it can also produce other siderophores, such aerobactin and yersiniabactin (267, 283).  Those 

strains that produce both enterobactin and yersiniabactin are isolated at a greater frequency in  
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Figure 21.  Proposed model for acinetobactin- and baumannoferrin-mediated iron acquisition in 

A. baumannii.  This model depicts an A. baumannii strain that produces both siderophores as 

indicated by the grey and brown triangles, which represent acinetobactin and baumannoferrin, 

respectively.  In this model, acinetobactin is secreted by BarA/B, but other secretion systems 

could be involved in export (red arrow).  BarA/B can transport acinetobactin by either a one-step 

(blue arrow) or a two-step (orange arrow) secretion pathway.  Baumannoferrin is secreted by 

ORF3 and can also be secreted by either a one-step (purple arrow) or a two-step (pink arrow) 

pathway.  Ferric-acinetobactin and ferric-baumannoferrin are transported back into the cell by 

the outer membrane receptors, BauA and ORF8.  Both siderophores are transported from the 

periplasmic space into the cell by their cognate ABC transport system, which in the case of 

baumannoferrin has yet to be determined.   
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lung infections than those that only produce enterobactin (267).  Yersiniabactin is an important 

virulence factor in pulmonary infections because of the high concentration of the innate immune 

protein lipocalin-2 (Lcn2) (267, 283).  Lcn2 sequesters enterobactin preventing it from binding 

iron, but yersiniabactin is not sequestered by this host protein, allowing for acquisition of iron, 

which promotes respiratory tract infections (267, 283).  

 

The role of BarA and BarB in acinetobactin secretion 

This dissertation also examined how acinetobactin is secreted.  Knowledge of how apo-

siderophores are secreted from the cells is still lacking, which is surprising considering how 

much work has been involved in understanding the components of siderophore-mediated iron 

acquisition.  Research from these studies has led to a greater understanding of the biosynthesis 

and uptake of siderophores but has done very little to describe the cell machinery involved in the 

secretion of siderophores from the cytoplasm.  The known machinery involved in the export of 

siderophores represents members of both the major facilitator superfamily (MFS) and the ATP-

binding cassette (ABC) transporter family.  To both characterize how acinetobactin is secreted 

and to expand the knowledge of the export machinery involved in siderophore secretion, we 

examined the two genes, barA and barB, which are located within the acinetobactin locus and 

code for putative ABC transporters.  

In silico analysis of BarA/B from ATCC 19606T revealed that both of these proteins 

contain a permease domain that is tethered to an ABC domain, which has the hallmark Walker 

motifs present in ABC transporters, as well as the characteristic domain architecture of bacterial 

ABC exporters with fused ATPase and permease components (191).  Disruption of the barA/B 

genes of ATCC 19606T resulted in a decreased growth phenotype under iron-chelated conditions 

and contributed to a 40% reduction in the amount of acinetobactin secreted by this mutant.  The 

inability of the 3213 barA/B mutant to export this siderophore efficiently also contributed to a 

reduced virulence phenotype in ex vivo and in vivo models.  However, the fact that this mutant 

secretes some acinetobactin makes it more virulent than the s1 isogenic derivative, which does 

not secrete mature acinetobactin.  

Since acinetobactin and anguibactin are structurally related to one another and there is 

high similarity between BarA and ORF14 (46.8% identity) and BarB and ORF15 (49.6 % 

identity), we did not anticipate the results obtained by HPLC analysis, which showed that the 
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3213 barA/B mutant had a reduction and not a complete abrogation of secreted acinetobactin.  

We expected the barA/barB mutant to have a similar phenotype to what was seen with the 

disruption of ORF14 in the anguibactin system of V. anguillarum 775, in which the ORF14 

isogenic derivative showed a complete abolishment of anguibactin production (170).  This 

reduction in the amount of acinetobactin secretion was also in contrast to previous research 

described by other investigators, who demonstrated that mutations in the ABC transporters 

needed for the secretion of pyoverdine (105) and salmochelin (106) led to a sharp decrease or 

complete loss of siderophore secretion.  Acinetobactin might be exported by an alternative 

secretion system that involves one of the many efflux pumps that are present in this pathogen 

(195, 196).  A. baumannii contains numerous exporters that belong to the ABC, MFS, RND, and 

MATE superfamilies (195).  Some of these transporters are responsible for the efflux of 

antibiotics from the cell, which contributes to the lack of success of many therapeutic agents in 

treating A. baumannii infections (195).  Because efflux systems are highly prevalent in               

A. baumannii, it is possible that acinetobactin is being secreted by non-specific export systems, 

such as those associated with antibiotic resistance.  

Participation of multidrug efflux pumps as alternative transport systems for siderophore 

secretion has also been suggested as an explanation for the reduction in the amount of 

enterobactin and vibrioferrin secreted by the EntS-deficient E. coli strain and the PvsC-deficient 

V. parahaemolyticus (93, 95).  The investigators who examined these siderophore exporters 

suggested that proteins from the RND superfamily might be responsible for the secretion of these 

siderophores to prevent deleterious effects caused by an intracellular accumulation of 

enterobactin or vibrioferrin (93, 95).  Because A. baumannii contains a large number of RND 

transporters involved in export (195, 227), these transporters could be responsible for the efflux 

of acinetobactin into the extracellular milieu by the BarA/B deficient ATCC 19606T 3213 strain.  

RND exporters have been shown to transport a very broad range of substrates including 

antibiotics, detergents, dyes, and siderophores (197, 284, 285).  RND transporters that could be 

involved in the secretion of acinetobactin are AdeABC, AdeFGH, and AdeIJK efflux pumps, 

which are present in ATCC 19606T and provide intrinsic antibiotic resistance (195, 197).  

Our results showed a reduction in and not a loss of secreted acinetobactin in the absence 

of barA/B, leading us to propose that an alternative transport system is involved in secretion of 

this siderophore.  This alternative secretion system, depicted in Fig. 21 in blue, could be one of 
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the many exporters that A. baumannii possesses, such as the RND exporters mentioned 

previously.  To give credence to this claim, preliminary analysis of random insertion mutants 

generated by Emily Ohneck using the EZ::TN <R6Kγori/KAN-2> tnp transposome system on 

the A. baumannii M2 strain revealed that an AdeK mutant had a growth defect on LB agar 

supplemented with increasing concentration of DIP.  AdeK is the outer membrane factor of the 

AdeIJK RND efflux pump (200).  Future studies are needed to determine whether a mutation in 

AdeK results in a similar phenotype in ATCC 19606T.   

The secretion of acinetobactin might depend upon BarA/B interacting with an MFP and 

an OMC to form a complex that traverses the cell envelope.  These proteins are not encoded by 

genes located within the acinetobactin gene cluster.  This complex could be involved in a one-

step secretion pathway that directly exports acinetobactin from the cytoplasm to the extracellular 

milieu, as illustrated in Fig. 21.  This figure also illustrates the possibility that BarA/B does not 

form a secretion system complex and that efflux occurs by a two-step secretion pathway, in 

which acinetobactin is exported to the periplasmic space by BarA/B, and then another transport 

system secretes acinetobactin into the extracellular milieu.  A two-step secretion pathway has 

been experimentally demonstrated for the transport of pyoverdine in P. aeruginosa PAO1, in 

which the ABC transporter PvdE is needed for the secretion of pyoverdine to the periplasmic 

space, which is then exported from the cell by the efflux pump, PvdRT-OpmQ (105, 110).  In 

our study, multiple attempts to generate an antibody against both BarA/B to be used to determine 

if these ABC transporters interact with other proteins failed because overexpression of these two 

proteins could not be achieved and consequently the interactions among these two ABC 

transporters with other proteins could not be determined.  One possible reason that we could 

never overexpress these proteins is that overexpression of integral membrane proteins can be 

toxic to the cell, thus resulting in low yields of target proteins (286).  Future attempts might 

employ a cell-free system (287) to produce high yields of BarA/B for generation of antibodies to 

determine if these two ABC transporters interact with other proteins to form a one-step secretion 

pathway.  

In this work, we characterized components of the acinetobactin-mediated system that 

were not yet studied or identified and determined their roles not only in iron acquisition but also 

in virulence.  We also determined the chemical nature of the uncharacterized siderophore 

produced by the AYE clinical isolate, which we called baumannoferrin, and proposed a structure 

149 
 



for this siderophore based on in silico examination of genes predicted to be involved in synthesis 

of this siderophore.  The gene cluster responsible for the production of baumannoferrin, which 

was identified by comparative genomic studies, marks the fourth siderophore-mediated system 

found in this nosocomial pathogen.  Two of these gene clusters, the DHBA-based siderophore 

found in 8399 and fimsbactin found in ATCC 17978, have been infrequently reported in the 

sequenced genomes of A. baumannii.  In contrast, the acinetobactin- and baumannoferrin-

mediated systems are found in almost all examined clinical isolates (151).  The fact that both 

these siderophore-mediated iron acquisition systems are found in the majority of isolates led to 

the working model shown in Fig. 21, which proposes a mechanism for A. baumannii strains to 

use both acinetobactin and baumannoferrin to acquire the iron that they need not only for cellular 

processes but also to cause a successful infection in the human host.  This model also indicates 

multiple transporters that might be involved in acinetobactin secretion.  The results obtained 

throughout the course of this work have provided data needed for a number of future 

experiments to further expand our understanding of how acinetobactin is secreted and to 

characterize components of the baumannoferrin-mediated system.  A more comprehensive 

understanding of how this pathogen acquires iron using these siderophore-mediated systems has 

the potential to yield new targets for the development of therapeutic agents to combat                

A. baumannii. 
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