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Abstract

Iron is an essential nutrient for bacteria but the reactivity of Fe2+ and the insolubility of Fe3+ 

present significant challenges to bacterial cells. Iron storage proteins contribute to ameliorating 

these challenges by oxidizing Fe2+ using O2 and H2O2 as electron acceptors, and by 

compartmentalizing Fe3+. Two types of iron-storage proteins coexist in bacteria, the ferritins (Ftn) 

and the heme-containing bacterioferritins (Bfr), but the reasons for their coexistence are largely 

unknown. P. aeruginosa cells harbor two iron storage proteins (FtnA and BfrB), but nothing is 

known about their relative contributions to iron homeostasis. Prior studies in vitro have shown that 

iron mobilization from BfrB requires specific interactions with a ferredoxin (Bfd), but the 

relevance of the BfrB:Bfd interaction to iron homeostasis in P. aeruginosa is unknown. In this 

work we explore the repercussions of (i) deleting the bfrB gene, and (ii) perturbing the BfrB:Bfd 

interaction in P. aeruginosa cells by either deleting the bfd gene or by replacing the wild type bfrB 
gene with a L68A/E81A double mutant allele in the P. aeruginosa chromosome. The effects of the 

mutations were evaluated by following the accumulation of iron in BfrB, analyzing levels of free 

and total intracellular iron, and by characterizing the ensuing iron homeostasis dysregulation 

phenotypes. The results reveal that P. aeruginosa accumulate iron mainly in BfrB, and that the 

nutrient does not accumulate in FtnA to detectable levels, even after deletion of the bfrB gene. 

Perturbing the BfrB:Bfd interaction causes irreversible flow of iron into BfrB, which leads to the 

accumulation of unusable intracellular iron while severely depleting the levels of free intracellular 

iron, which drives the cells to an acute iron starvation response despite harboring “normal” levels 

of total intracellular iron. These results are discussed in the context of a dynamic equilibrium 

between free cytosolic Fe2+ and Fe3+ compartmentalized in BfrB, which functions as a buffer to 

oppose rapid changes of free cytosolic iron. Finally, we also show that P. aeruginosa cells utilize 

iron stored in BfrB for growth in iron-limiting conditions, and that the utilization of BfrB-iron 

requires a functional BfrB:Bfd interaction.

mrivera@ku.edu; Tel: 785-550-0402.
cThese authors contributed equally.

Supplementary Information (ESI) available: [details of supplementary information available should be included here].

HHS Public Access
Author manuscript
Metallomics. Author manuscript; available in PMC 2018 June 21.

Published in final edited form as:
Metallomics. 2017 June 21; 9(6): 646–659. doi:10.1039/c7mt00042a.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Graphical Abstract

Introduction

Iron is essential for all forms of life. In bacteria iron is involved in multiple metabolic 

processes, including respiration (heme-containing cytochromes, [Fe-S]-containing 

cytochromes), and in key enzymatic reactions, such as those carried out in the TCA cycle by 

the [Fe-S]-containing aconitase and fumarase enzymes. Despite the essentiality of iron, the 

chemical properties of its most common oxidation states (Fe2+ and Fe3+) can present 

significant challenges to living cells. Fe2+ is soluble in aqueous solution (~0.1 M at pH 7.0) 

but is readily oxidized by O2 to the extremely insoluble Fe3+ form (~10−18 M at pH 7.0), 

drastically reducing the nutrient’s bioavailability. In addition, the reactivity of Fe2+ with O2 

and H2O2, which forms reactive oxygen species such as superoxide and the highly reactive 

hydroxyl radical, can be conducive to iron-induced toxicity.1,2 Consequently, bacteria rely 

on a complex iron homeostatic machinery to ensure iron sufficiency for metabolic needs 

while preventing iron- induced toxicity. Because iron is essential for bacterial growth and 

survival, mammals maintain extremely low concentrations of free iron, which are further 

reduced during infections.3 To overcome the iron starvation caused by the limited 

bioavailability of iron in the environment, or imposed by the immune system of a 

mammalian host, bacteria employ redundant iron procuring strategies. These include the 

production of siderophores (iron chelators capable of binding Fe3+ with association 

constants that can exceed 1030), heme acquisition systems aimed at utilizing host-heme as an 

iron source, transferrin and lactoferrin receptors, and Fe2+ importers.4–7 Efficient 

deployment of these iron uptake strategies depends on intact iron homeostasis machinery, 

which endows the bacterial cell with the ability to sense intracellular and environmental iron 

levels, and to coordinate responses to procure iron, or to defend from potential iron-induced 

toxicity. To maintain iron homeostasis bacteria must balance the synthesis and secretion of 

iron scavenging systems, the capture and import of iron-scavenger complexes, the 

incorporation of the nutrient into iron-utilizing proteins, and the storage of iron in iron 

storage proteins, which can also provide a source of iron when external supplies are limited.

Bacteria store iron in two types of cytosolic ferritin-like molecules, the bacterial ferritins 

(Ftns) and the bacterioferrins (Bfrs); the latter are found exclusively in bacteria.2 The Ftns 

and Bfrs are spherical, hollow proteins (~120 Å external diameter and ~80 Å internal 

diameter) assembled from 24 identical subunits (Figure 1a). Despite their nearly identical 

subunit fold and quaternary structure, the eukaryotic Ftns, bacterial Ftns and Bfrs share 
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<20% sequence similarity, which strongly influences the charge distribution, packing and 

function of the 24-mer assemblies.8,9 Eukaryotic Ftns assemble from two types of subunits, 

H and L, with only the H subunits harboring ferroxidase catalytic centers for oxidizing Fe2+ 

prior to storage as Fe3+.10,11 Bacterial Ftns and Bfrs are assembled from a single type of 

subunit and with a ferroxidase catalytic center in each subunit. Only Bfrs bind heme at 2-

fold intersubunit sites, where a conserved Met residue from each subunit coordinates the 

heme-iron (Figure 1b).12

We have focused on understanding the function of iron storage proteins in Pseudomonas 
aeruginosa,8 a Gram-negative opportunistic pathogen that causes serious infections in 

immune-compromised individuals, burn victims, and cystic fibrosis patients.13 P. aeruginosa 
encodes an Ftn-like gene originally termed bfrA, and a Bfr-like gene termed bfrB.14 

Structural characterization of the proteins showed that the products of bfrA and bfrB 
assemble into independent 24-mer proteins with similar subunit fold and quaternary 

structures. One important difference however, is the fact that the protein coded by bfrB binds 

heme, whereas that coded by bfrA does not. The structures also revealed that the ferroxidase 

centers in the protein coded by bfrB are identical to those seen in bacterioferritins, whereas 

the ferroxidase centers of the protein coded by bfrA are reminiscent of those present in 

bacterial Ftns. These observations established that the protein coded by bfrA is a bacterial 

ferritin (the gene has accordingly been re-named ftnA), and indicated the coexistence of two 

distinct 24-mer iron storage proteins in P. aeruginosa, a bacterial ferritin (FtnA) and a 

bacterioferritin (BfrB).14

In P. aeruginosa the ftnA gene is adjacent to the katA gene, which codes for a heme catalase 

(KatA). It is interesting that a ftnA-null mutant of P. aeruginosa exhibits 50% the catalase 

activity of the wild type cells, an observation that led to the speculation that iron from FtnA 

(formerly BfrA) is incorporated into protoporphyrin IX to make the heme cofactor for 

KatA.15 The bfrB gene is adjacent to the bfd gene, which codes for Bfd, a [2Fe-2S] 

ferredoxin (bacterioferritin-associated ferredoxin). Early in vitro investigations showed that 

recombinant E. coli Bfd binds to E. coli Bfr, an observation that was interpreted to suggest 

that Bfd may function either as electron donor to the Fe3+ stored in Bfr for the mobilization 

of Fe2+, or as electron acceptor to facilitate oxidation of Fe2+ for storage in Bfr.16–18 While 

mining the genetic response of P. aeruginosa to high and low iron conditions, we noticed that 

of the ~120 genes up-regulated by low iron conditions, the expression of bfd is stimulated 

~200-fold, and that of a gene coding for a ferredoxin reductase (fpr) is increased 3-fold.20, 21 

The strong up-regulation of bfd in response to low iron led us to propose a model where Bfd 

accepts electrons from the ferredoxin reductase (Fpr) and transfers these to the Fe3+ mineral 

stored in BfrB, enabling the mobilization of Fe2+ from BfrB to the cytosol (Figure 1c).19 We 

cloned the genes, characterized the BfrB, Bfd and Fpr proteins biochemically and 

structurally,20–22 and showed that Bfd, Fpr and NADPH are necessary and sufficient to 

mobilize iron from BfrB in vitro.19,23,24 The X-ray crystal structure of the BfrB:Bfd 

complex23 showed a biological assembly where 12 Bfd molecules bind a 24-mer BfrB; each 

Bfd occupies an identical site on BfrB, at the interface of a subunit dimer, above a heme 

molecule (Figure 1d). Additional characterization of the BfrB:Bfd complex in solution 

showed that the 12 Bfd-binding sites on BfrB are equivalent and independent, and that the 

BfrB:Bfd interaction is characterized by a dissociation constant (Kd) of approximately 3 

Eshelman et al. Page 3

Metallomics. Author manuscript; available in PMC 2018 June 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



μM.24 Analysis of the interface showed that L68 and E81 in BfrB form a continuous set of 

interactions with M1, Y2 and L5 in Bfd (Figure 1e). The Kd values for the association 

between Bfd and the E81A and L68A mutants of BfrB are ~100-fold higher than wt BfrB, 

and the affinity of Bfd for the L68A/E81A double mutant of BfrB is undetectable.24 In 

agreement, iron mobilization from the L68A/E81A BfrB mutant is completely inhibited in 
vitro, which indicates that the L68A/E81A mutation in BfrB blocks the BfrB:Bfd interaction 

and inhibits iron mobilization from BfrB.24

In this study we capitalized from the insights obtained from our previous investigations in 
vitro to study the contributions of BfrB and the BfrB:Bfd interaction to iron homeostasis in 

P. aeruginosa cells. This was carried out by examining the consequences of deleting the bfrB 
gene or by inhibiting the BfrB:Bfd interaction in P. aeruginosa cells by two methods: (i) 
deleting the bfd gene or (ii) replacing the wild type bfrB gene with a L68A/E81A double 

mutant bfrB allele at the native site in the P. aeruginosa chromosome. The results show that 

P. aeruginosa deposits iron reserves in BfrB, but not in FtnA, and that these reserves are 

mobilized in late exponential and early stationary growth phases, when iron concentrations 

in the environment are depleted. Iron stored in BfrB provides a source of iron for P. 
aeruginosa growth in iron limiting conditions but utilization of the stored nutrient requires a 

functional BfrB:Bfd interaction. The data also shows that inhibition of the BfrB:Bfd 

interaction in P. aeruginosa causes the irreversible accumulation of iron in BfrB and severely 

depletes free intracellular iron levels, which triggers an acute iron starvation response. We 

interpret the findings to suggest a model whereby the function of BfrB in P. aeruginosa is not 

simply iron storage; rather, BfrB and its interactions with Bfd function to establish a 

dynamic equilibrium between Fe3+ compartmentalized in BfrB and cytosolic free iron 

(Fe2+) that acts as a buffer to regulate cytosolic levels of Fe2+.

Experimental

Media and growth conditions

Chemicals were obtained from Fisher Scientific unless otherwise stated. All strains were 

kept on Pseudomonas Isolation Agar (PIA) (BD Biosciences). Pseudomonas Isolation (PI) 

media (20 g/L peptone, 2.99 g/L MgCl2•6H2O, 10 g/L K2SO4, 25 mg/L irgasan (Sigma-

Aldrich), and 20 mL/L glycerol, pH 7.0) was used for normal growth conditions. 

Colorimetric analysis26 showed that PI media contains 1.15 mM phosphate, which originates 

from the peptone. Unless otherwise indicated PI media was supplemented with iron by 

addition of a small volume of 20 mM (NH4)2Fe(SO4)2 (pH ~2.0) stock solution to give a 

final concentration of 10 μM in Fe. Cultures (50 mL PI media in 250 mL Erlenmeyer flasks) 

were inoculated with a 5 mL overnight culture grown in PI media to an optical density at 

600 nm (OD600) of 0.001 and incubated with shaking at 230 rpm and 37 °C. For cultures in 

low iron conditions, glassware was rinsed with 1% TraceSelect nitric acid (Sigma) and then 

rinsed 5 times with nanopure water. Media for low iron conditions (1L) was prepared using 

24 g HEPES, 0.93 g (NH4)2SO4, 3.245 g succinic acid, 615 mL of 2 mM K2HPO4 (Sigma-

Aldrich) and 385 mL of 2 mM KH2PO4 (Sigma-Aldrich) at pH 7.0. The following trace 

metals were added: 2 mL of 1 M MgSO4, 100 μL of 4 M CaCl2, 10 μL 15 mM ammonium 
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molybdate, 1 mL of 17 mM EDTA, 300 μL of 10 mM CuSO4, 100 μL of 20 mM Co(NO3)2, 

100 μL of 94 mM Na2B4O7, and 100 μL of 76 mM ZnSO4.

Strains

Bacterial strains and plasmids used in this study are listed in Table 1 and Table S1, 

respectively, and primers in Table S2. Pseudomonas aeruginosa PAO1-UW25 was purchased 

from the University of Washington Genome Center. PAO1-derived strains with unmarked, 

in-frame deletions of bfrB or bfd or a variant bfrB allele encoding BfrB(L68A/E81A) were 

made using methods described previously.27 Briefly, the plasmid pEXG228 was used to 

deliver each of the alleles to the P. aeruginosa chromosome. The pEXG2 plasmids used to 

construct the bfrB and bfd deletion strains were made using PCR-amplified DNA products 

flanking each gene. The pEXG2 plasmid used to introduce the gene coding BfrB(L68A/

E81A) was made using a synthetic DNA fragment (Genescript) identical to bfrB except with 

three base substitutions; C202G and T203C to create the L68A mutation and A242C to 

create the E81A mutation. The pEXG2 derivatives were transformed into E. coli RHO29 and 

then crossed into PAO1 by mating. Transconjugants were selected on Pseudomonas isolation 

agar containing gentamicin, and deletion mutants were selected using no-salt LB agar 

containing 10% (wt/vol) sucrose. To complement the bfrB and bfd mutations, we introduced 

an IPTG-inducible bfrB or bfd gene to the neutral att site using the pUC18-miniTn7-LAC 

plasmid as described previously30 and then removed the gentamicin resistance marker using 

plasmid pFLP2 as described previously.31

Growth curves

Cells were cultured in 250 mL PI media supplemented with 10 μM Fe as described in Media 

and Growth Conditions. Samples (100 μL) from 250 mL PI cultures were removed every 2 

h, serially diluted in phosphate buffer saline (PBS pH 7.4), and plated on PIA plates. Plates 

were incubated for 18 h at 37 °C and colony forming units per mL enumerated. Growth 

curves in low iron media were obtained as follows: Pre-cultures (5 mL) were grown at 37 °C 

in PI media supplemented with 10, 20, or 30 μM Fe for 24 h, shaking at 230 rpm. Cells were 

then washed twice by centrifugation (13,000 rpm, 10 min) in ice-cold low iron media. 

Washed cells were resuspended in 1 mL ice-cold, low iron media, diluted to an OD600 = 

0.01 and transferred to 96 well plates (200 μL/well). Cultures were then grown at 37 °C in a 

BioTek EPOCH2 microplate reader, shaking at 205 cpm and reading OD600 every 15 min.

Imaging iron stored in BfrB

P. aeruginosa cells were cultured in 250 mL PI media supplemented with 10 μM as 

described in Media and Growth Conditions. Samples (15 mL) were collected at 6, 8, 10, 12, 

24, 36, and 48 h post inoculation and centrifuged for 15 min at 4,000 rpm and 4 °C. Cells 

were resuspended in 1 mL PI media, transferred to 1.7 mL microcentrifuge tubes and 

centrifuged for 10 min at 13,300 rpm and 4 °C; the cell pellets were then frozen at −80 °C. 

Frozen cell pellets were thawed at room temperature and lysed by addition of 300 μL of 

lysis buffer (Tris-base buffer (50 mM, pH 8.0) containing 10% glycerol, lysozyme (20 mg/

mL), DNAse (0.2 mg/mL) (Gold Bio), NaCl (0.1 M), 1 mM MgSO4 and 1% Triton-X100 

(Sigma)) and incubation at 25 °C (90 min), and then at 37 °C (30 min). The resultant lysates 

were centrifuged for 10 min at 13,300 rpm, the supernatant filtered through 0.45 μm 
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filtration membrane, and the filtrate (100 μL) mixed with 10 μL of loading dye (5.9 mL 

water, 0.5 mL glycerol, 0.4 mL β-mercaptoethanol, 0.4 mL 1% bromophenol blue, and 0.5 

mL 1 M Tris-HCl pH 6.8). The resultant solutions (100 μL) were loaded onto 2 mm-thick 

native PAGE gels (4% stacking gel and 8% resolving gel) for separation. Electrophoresis 

was carried out at 60 V for 9 h in a cold room (4 °C), and the gels were stained with Ferene 

S32 in the dark by immersion (10 min) in a solution containing 0.049 g Ferene-S, 250 μL 

thioglycolic acid, 2.4 mL acetic acid and 100 mL water.

Analysis of secreted pyoverdin

The release of pyoverdin from P. aeruginosa strains was studied in plates and in liquid 

culture. In the case of plates, single colonies were grown overnight (14 h) in 5 mL LB broth. 

100 μL of the culture was serially diluted in PBS and ten drops (10 μL each) of the 106 

dilution were plated on PIA plates, dried at room temperature and incubated in the dark at 

37 °C for 24 h. Pyoverdin secreted by the cells was imaged by photographing the yellow-

green fluorescence of pyoverdin stimulated in a UV trans-illuminator. To measure the 

release of pyoverdin in liquid culture, cells were incubated in 250 mL PI media 

supplemented with 10 μM Fe. At 12, 24, 36, and 48 h, 1 mL of culture was removed and 

centrifuged for 3 min at 13,300 rpm and 4 °C. The supernatant was treated with 1 mL of 

chloroform to extract pyocyanin from the culture supernatants, the aqueous phase was 

recovered, diluted 1000-fold in 200 mM Tris buffer (pH 7.4) containing 5 mM EDTA, and 

the fluorescence of pyoverdin was measured with excitation at 400 nm. To account for small 

differences in cell density among the different strains, fluorescence intensity (FI) at 460 nm 

was normalized to cell count CFU/mL (FI/CFU/mL).

Cellular iron levels

Total levels of cellular iron were measured at 12 and 18 h post-inoculation using a published 

method33 with small modifications: Cultures (50 mL PI media supplemented with 10 μM Fe 

in 250 mL Erlenmeyer flasks) were grown as described in Media and Growth Conditions. 

The cultures were centrifuged for 45 min at 4,000 rpm and 4 °C. The cell pellets were 

washed by resuspension and centrifugation, once in 4.5 mL ice-cold PI media containing 10 

mM diethylenetriaminepentaacetic acid (DTPA) (Sigma-Aldrich), once in 5 mL ice-cold 

PBS buffer, and once in 5 mL ice-cold nanopure water, prior to overnight storage at −20 °C. 

The cell pellets were thawed at ambient temperature, resuspended in 1.0 mL lysis buffer (10 

mg/mL lysozyme, 50 mM Tris-base (pH=8.0), 100 mM NaCl, 1 mM EDTA and 1% Triton-

X100), and incubated at 37 °C for 1 h. The lysed cells were then treated with 1.0 mL of 

freshly prepared digestion reagent (5% concentrated HCl and 2.25% w/v KMnO4 in water), 

thoroughly mixed by vortexing, and then incubated at 65 °C for 6 h. The resultant solutions 

were cooled to room temperature, treated with 300 μL of iron detection reagent (6.5 mM 

ferrozine, 15.4 mM neocuproine, 2 M ascorbic acid, and 5 M ammonium acetate (Sigma-

Aldrich)), incubated for 20–30 min at room temperature, and centrifuged for 15 min at 4,000 

rpm. The iron concentration of the resultant solution was measured from the absorbance of 

the Fe2+- ferrozine complex at 564 nm (ε564 = 27.9 mM−1cm−1) using a Varian-Cary 50 Bio 

UV-vis spectrophotometer, normalized by cell population and reported as Fe atoms/CFU. 

The colorimetric determination of total intracellular iron using ferrozine offers a sensitive, 
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accurate and low cost analytical technique,33,34 which has been shown to produce results 

similar to those obtained by atomic absorption spectrometry.35

Levels of free intracellular iron were measured at 12 and 18 h post-inoculation using a 

previously reported whole-cell electron paramagnetic resonance (EPR) spectroscopy 

method,36–38 with some modifications in sample preparation: Cultures (50 mL PI media 

supplemented with 10 μM Fe in 250 mL Erlenmeyer flasks) were grown as described in 

Media and Growth Conditions. The cultures were centrifuged for 45 min at 4,000 rpm and 

4 °C. The cell pellets were suspended in 5 mL ice-cold PI media (not reconstituted with Fe) 

containing 10 mM DTPA and 20 mM of the intracellular iron chelator desferroxamine 

mesylate (DFO) and incubated with shaking for 10 min at 37 °C and 230 rpm. The cells 

were then centrifuged and washed twice with 10 mL ice-cold PBS buffer (pH 7.4), 

suspended in 200 μL of ice-cold PBS containing 10% glycerol, loaded onto 4 mm quartz 

EPR tubes, and immediately frozen by immersion in a dry-ice/acetone bath. EPR spectra of 

whole cells were acquired at 5 K in a Bruker EMXplus spectrometer equipped with an 

Oxford cryostat using the following parameters: field center, 1610 G; field sweep, 400 G; 

modulation frequency, 100 kHz; modulation amplitude, 8 G; time constant, 20.48 ms; 

receiver gain, 60 dB; power, 2.000 mW. A standard curve was generated using identical 

parameters and solutions containing 0, 5, 10, 20, and 30 μM Fe3+ (from Fe2(SO4)3·7H2O) 

and 2 mM DFO in 20 mM Tris buffer (pH 7.4) and 10% (v/v) glycerol.

Iron in spent media

To determine the concentration of iron in spent media, cultures were grown in PI media 

supplemented with 10 μM Fe, as described in Media and Growth Conditions. Samples (3 

mL) obtained at different times (0 h, 12 h, 18 h, 24 h, 30 h, and 35 h) were centrifuged at 

4,000 rpm for 45 min. The cell-free media was freeze-dried (~16 h) using a Savant Speed 

Vac SC110, treated with 500 μL digestion reagent (see above), and incubated for 6 h at 

65 °C. The samples were cooled to room temperature, treated with 100 μL of iron detection 

reagent (see above), incubated for 30 min, and centrifuged for 5 min at 13,000 rpm. The iron 

concentration of the resultant solution was measured from the absorbance of the Fe2+-

ferrozine complex at 564 nm (ε564 = 27.9 mM−1cm− 1) using a Varian-Cary 50 Bio UV-vis 

spectrophotometer.39

Results and discussion

BfrB is the main iron storage protein in P. aeruginosa

Our studies in vitro indicated that Bfd is required to mobilize iron stored in BfrB (see Figure 

1).19 Additional structural investigations defined the crucial interface of the BfrB:Bfd 

complex23 and analysis of this interface allowed us to demonstrate that mutation of two hot-

spot residues in BfrB (L68A/E81A) is sufficient to block the BfrB:Bfd interaction and 

inhibit iron mobilization from BfrB.24 To test these ideas in P. aeruginosa cells, and to 

investigate the consequences of removing BfrB, Bfd or the BfrB:Bfd interaction on iron 

homeostasis, we constructed mutant P. aeruginosa strains with unmarked, in-frame deletions 

of the bfrB (ΔbfrB) or bfd (Δbfd) genes, and a strain with the bfrB gene encoding the L68A/

E181A mutations (bfrB(L68A/E81A)) (see Experimental). When wild type P. aeruginosa or 
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mutant strains are cultured in iron sufficient media (PI media supplemented with 10 μM Fe), 

all the strains show nearly identical growth (Figure 2), although, as will be shown below, all 

three of the mutants grow significantly more slowly than wild type in iron-deplete 

conditions.

The genomes of many bacteria harbor genes coding for at least two types of 24-mer ferritin-

like proteins, the bacterial ferritinis (Ftn) and the bacterioferritins (Bfr). Biochemical and 

structural characterization has shown that the subunits of Ftns and Bfrs share an identical 

fold (see Figure 1A) and assemble into very similar quaternary structures consisting of 24 

subunits, which are also shared with the eukaryotic ferritins. This shared quaternary 

structure has contributed to the widespread notion that in bacteria Ftns and Bfrs function as 

iron storage proteins; this notion has been reinforced by in vitro observations showing that 

both Ftns and Bfrs can oxidize Fe2+ and deposit a Fe3+-mineral in their interior cavity. 

Although the reasons why bacteria would require two types of 24-mer iron storage proteins 

remain enigmatic, attempts to address the issue have led to the suggestion that the specific 

physiological roles played by Ftns and Bfrs are distinct in different bacteria.40 For example, 

whereas FtnA is the main iron accumulator in E. coli cells,35 the same role has been 

attributed to Bfr in Salmonella enterica typhimurium.41

There are two 24-mer ferritin-like molecules in P. aeruginosa, FtnA and BfrB.14 To 

investigate their relative contributions to iron storage in the cell, we followed the 

incorporation of iron into FtnA and BfrB by culturing the wild type and each of the three 

mutant strains in iron sufficient media (PI media supplemented with 10 μM Fe), harvesting 

and lysing cells at different time points, loading clarified supernatant onto a native PAGE 

gels for separation, and staining with Ferene S, which stains iron in ferritin but does not stain 

heme-iron.32 Recombinant FtnA and BfrB, each mineralized with an iron core of 

approximately 400 iron ions were used as standards to show that the electrophoretic mobility 

of the two proteins is clearly discernible in the native PAGE gels (Figure 3). Lanes loaded 

with wild type cell lysate solutions show iron-stained bands migrating with the 

electrophoretic mobility of BfrB; the bands become clearly detectable in mid-exponential 

growth phase (> 6 h). Surprisingly, bands corresponding to the electrophoretic mobility of 

FtnA are not detectable in the P. aeruginosa cell lysates, even if the cells are cultured in iron 

rich (30 μM Fe) media (Figure S1 in supplementary material). These findings indicate that 

despite the presence of two potential iron accumulators in P. aeruginosa cells (BfrB and 

FtnA), the function of iron storage, at least under our laboratory conditions, rests mainly on 

BfrB. In agreement with the idea that FtnA does not contribute significantly to iron storage, 

there is no detectable iron accumulation in the ΔbfrB mutant cells, regardless of whether the 

cells are cultured in iron sufficient (10 μM) (Figure 3) or in iron rich (30 μM) media (Figure 

S1). We had anticipated that in cultures of the ΔbfrB mutant, the other presumed iron storage 

protein in P. aeruginosa, FtnA, would compensate for the absence of BfrB and accumulate 

detectable levels of iron, especially when the cells were cultured in iron rich media. 

Surprisingly, the native PAGE gels revealed that even when BfrB is absent, P. aeruginosa 
cells do not accumulate iron in FtnA, or in other ferritin-like molecule, to levels that are 

detectable by the Ferene-S stain. Consequently, we conclude that BfrB functions as the main 

iron storage protein in P. aeruginosa, a conclusion that is in agreement with previous 

observations indicating that whereas the bfrB gene is upregulated in response to high iron 
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levels in the environment, expression of the ftnA gene does not respond to external iron 

stimuli.42,43 The function of FtnA in P. aeruginosa remains unknown; the only report 

addressing its possible function suggests that FtnA is somehow important in enabling 

function of the heme catalase (KatA),15 but the details of how this is accomplished remain to 

be explored in detail.

E. coli Bfr and P. aeruginosa BfrB are the best characterized bacterioferritins.8,12,40,44 In 

contrast to our findings with P. aeruginosa, FtnA is the main iron accumulator in E. coli, 
while the function of Bfr remains unknown.35 The distinct physiological roles played by P. 
aeruginosa BfrB and E. coli Bfr are fascinating in the context that structural and biochemical 

characterization of these proteins have revealed important differences, despite very similar 

quaternary structures. In E. coli Bfr the ferroxidase centers are stable once formed and 

function as a catalytic site for O2 reduction.40,45,46 In comparison, the seemingly structurally 

identical ferroxidase centers in BfrB are not stable and function in a dual role of O2 

reduction and transit pore for the passage of Fe3+ ions into the interior structural 

cavity.8,12,20 Additional structural and dynamic characterization of BfrB revealed long-range 

dynamic communication between pores in the BfrB structure and ferroxidase centers. These 

concerted motions appear to be crucial to impart the ferroxidase centers in BfrB with the 

flexibility necessary to capture and oxidize Fe2+, and subsequently allow passage of Fe3+ 

into the central cavity.8,47,48 It is therefore possible that seemingly subtle amino acid 

sequence differences between E. coli Bfr and P. aeruginosa BfrB impart the 24-mer proteins 

with different dynamic properties, which provide the corresponding ferroxidase centers with 

their distinct chemical properties. These unique properties in turn may be important 

determinants of the physiological role of the corresponding bacterioferritins. Although these 

ideas require the structural, biochemical and functional (in cell) characterization of 

additional systems, comparison of the dynamic properties of eukaryotic and bacterial Ftns 

and Bfrs has already suggested that amino acid sequence indeed exerts important dynamic 

and potentially functional properties to 24-mer ferritins.9 Hence, future efforts aimed at the 

detailed characterization of Ftns and Bfrs from other organisms may prove important to 

understand how the structure and dynamics of these complicated proteins contribute to fine-

tuning their physiological function in bacterial cells.

Bfd is required for the mobilization of iron from BfrB in P. aeruginosa cells

This aspect of the work builds from our previous biochemical and structural work, which 

showed in vitro that Bfd and Fpr are sufficient to mobilize iron from BfrB, in a process that 

requires specific interactions between BfrB and Bfd to enable electron transfer from the 

[2Fe-2S] cluster in Bfd to the Fe3+ mineral stored in the central cavity of BfrB (see Figure 

1c).19,23 In addition, the BfrB:Bfd association, which occurs with a Kd of 3 μM in vitro, is 

completely inhibited when residues L68 and E81 in BfrB are mutated to alanine.24 

Consequently, to interrogate the consequences of perturbing the BfrB:Bfd interaction in P. 
aeruginosa cells we followed two strategies: (i) deleting the bfd gene (Δbfd) and (ii) 
inhibiting the BfrB:Bfd interaction by introducing a bfrB variant allele encoding the the 

L68A and E81A mutations to the P. aeruginosa chromosome (bfrB (L68A/E81A)).
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To evaluate how iron is mobilized from BfrB in P. aeruginosa we resorted to native PAGE 

gels stained with Ferene S to examine the accumulation of iron in BfrB in the wild type and 

in each of the mutant cells harvested at different times post inoculation. The results show 

that in the wild type cells the amount of iron accumulated in BfrB reaches a maximum ca. 

12 h post inoculation (early stationary phase). Beyond this point, the accumulated iron 

disappears from the cell lysates (Figure 4a). We presume this is because iron is mobilized 

from BfrB when the nutrient becomes scarce in the medium. Similar experiments carried out 

with the Δbfd and bfrB(L68A/E81A) strains also show that iron is stored only in BfrB 

(Figures 4b and 4c). In contrast to the observations made with the wild type cells, however, 

the iron accumulated in BfrB is not mobilized from BfrB. Therefore, in addition to 

corroborating the ideas inferred from the in vitro studies regarding the function of Bfd and 

the BfrB:Bfd interaction in the mobilization of iron reserves from BfrB, the findings also 

demonstrate that the BfrB:Bfd interaction is the only mechanism that enables P. aeruginosa 
cells to mobilize iron reserves from BfrB.

We were able to restore the phenotypes of the ΔbfrB and Δbfd mutants by expressing the 

missing gene from an IPTG-inducible lac promoter at another site in the P. aeruginosa 
chromosome (att). In the absence of IPTG, there was no iron accumulation in the ΔbfrB 
mutant with the lac-promoter-driven bfrB gene (Figure 4d). However, adding IPTG (1 mM 

final concentration) to induce BfrB expression resulted in iron accumulation during 

exponential and early stationary phases, which is later mobilized (Figure 4e), similar to that 

of wild type cells. The timing of maximum accumulation is not identical to that in the wild 

type cells, presumably because the IPTG was present from the start of the culture and this 

might have altered the normal pattern of BfrB expression. Similarly, inducing the expression 

of a lac-promoter-driven bfd gene in the Δbfd mutant by adding IPTG (1 mM final 

concentration) to cultures at the 12 h time point (indicated by the red arrow) induces the 

mobilization of iron stored in BfrB, similar to wild type (Figures 4e and 4g).

Inhibiting the BfrB:Bfd interaction in P. aeruginosa causes bacterial iron deficiency

The results so far support the conclusion that Bfd and the Bfd interaction with BfrB are 

required to mobilize iron from BfrB. We surmised that the mobilization of iron from BfrB 

might be critical to maintain iron homeostasis in the cell, and therefore predicted that 

mutants that fail to mobilize iron from BfrB would have low levels of free iron in the 

cytosol, which in turn would stimulate the synthesis and secretion of iron scavenging 

molecules, such as pyoverdin (Pvd) and pyochelin (PCH), the main siderophores secreted by 

P. aeruginosa to scavenge Fe3+ from the environment.49 Pvd exhibits significantly higher 

affinity for Fe3+ than PCH,50 which is produced at much lower levels than Pvd, even by 

strains growing in the lungs of cystic fibrosis patients.51 A striking phenotypic characteristic 

of P. aeruginosa cells challenged with low iron conditions is the secretion of Pvd, which 

exhibits a characteristic green-yellow color with absorbance at 400 nm and fluorescence at 

460 nm. Therefore, we chose to follow the time-dependent secretion of Pvd as a reporter of 

the relative levels of iron starvation sensed by the wild type and mutant cells. To initiate 

testing of these ideas, we compared the relative amounts of Pvd secreted by the wild type 

and each of the three mutants by spotting cells on PIA plates, culturing for 22 h at 37 °C, 

and visualizing the fluorescent emission by illuminating the plates from the bottom with UV 
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light. Results from these experiments (Figure S2) show that both the Δbfd and the 

bfrB(L68A/E81A) strains secrete Pvd more abundantly than wild type P. aeruginosa, 

observations that are in agreement with the idea that disrupting Bfd or the BfrB:Bfd 

interaction traps iron irreversibly in BfrB and causes the cells to sense low iron conditions 

and upregulate the synthesis of siderophores. It is also interesting to note that the ΔbfrB cells 

secrete less Pvd than the wild type cells, an observation that is addressed below.

To corroborate that similar observations can be made in liquid media, we cultured cells in PI 

media supplemented with 10 μM Fe and monitored the secreted Pvd using fluorescence 

spectrophotometry. As indicated above, when cultured under these conditions wild type and 

mutant cells grow similarly and reach stationary phase in approximately 12 h with 

comparable cell densities (Figure 2). Plotting the time-dependent secretion of Pvd 

normalized to cell density (Figure 5a) shows that none of the strains secrete detectable levels 

of Pvd during exponential growth (<12 h). Differences in the levels of secreted Pvd become 

evident at 24 h post inoculation and become largely exacerbated at longer culture times, with 

the Δbfd mutant and the bfrB(L68A/E81A) variant secreting 3- to 4-fold larger amounts of 

Pvd relative to wild type. These observations suggest that in these mutants iron starvation is 

sensed more acutely than in identically grown wild type. To understand the relationship 

between the timing of Pvd release and the availability of iron in the media, we analyzed the 

concentration of iron in the spent media as a function of time. The results (Figure 5b) show 

that wild type, the Δbfd, or the bfrB(L68A/E81A) cells all deplete iron in the growth 

medium at similar rates, reducing the concentration of the nutrient in the growth medium to 

<1 μM in nearly 20 h, which is approximately the time when Pvd becomes detectable in 

spent media (Figure 5a). In comparison, ΔbfrB cells deplete iron in the growth medium at a 

slower rate, such that the concentration of the nutrient is reduced to <1 μM in approximately 

30 h, which also corresponds to the approximate time when Pvd becomes detectable in spent 

media of ΔbfrB cultures. From these observations, it is evident that P. aeruginosa cells sense 

the need to secrete Pvd for scavenging iron when the concentration of the nutrient in the 

growth media is ~1 μM.

Our findings that both the Δbfd and bfrB(L68A/E81A) strains sense iron deprivation more 

acutely than wild type is probably a consequence of the unidirectional flux of iron into BfrB 

when Bfd is absent or when the BfrB:Bfd interaction is disrupted. Unidirectional iron flux 

into BfrB causes irreversible accumulation of iron in BfrB (Figures 4b and 4c), and is 

expected to depress the concentration of free iron in the cytosol. To establish a direct 

correlation between cellular iron levels and the observed phenotype of acute iron 

deprivation, we measured the levels of free and total intracellular iron in the wild type and 

mutant cells cultured in PI media supplemented with 10 μM iron. Free intracellular iron is 

conceived as iron not stably incorporated into proteins, enzymes or iron storage proteins 

(free iron pool),52 whereas total iron measures all iron in the cell, free and stably 

incorporated into macromolecules. Cells were harvested at 12 h (early stationary phase), 

when there is significant iron accumulated in BfrB in both, the wild type and in the mutant 

cells, and at 18 h (late stationary phase) when most of the iron has been mobilized from 

BfrB in the wild type cells (see Figure 4a). Levels of intracellular total iron were measured 

using UV-vis spectrophotometry, as indicated in Methods. The levels of intracellular free 

iron were measured using whole-cell electron paramagnetic resonance (EPR) spectroscopy, 
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as described in Experimental, using previously reported methodology36–38 which utilizes the 

cell permeable iron chelator desferroxamine mesylate (DFO). Because DFO binds Fe3+ 

more strongly than Fe2+, it facilitates the quantitative oxidation of free intracellular Fe2+ to a 

Fe3+- DFO chelate, which exhibits a sharp first derivative EPR signal with a g-value of 4.3 

(Figure S3). The iron content can be quantified from the amplitude of this signal and a 

standard curve prepared from Fe-DFO standards, and normalized to cell population (CFU).

The results show that cells with bfd deleted or with the bfrB(L68A/E81A) allele have similar 

levels of total iron relative to the wild type cells at 12 and 24 h, which in Figure 5c are 

expressed as iron atoms/CFU. In this context, it is noteworthy that the relatively common 

practice of only analyzing total iron levels would seem to indicate nothing abnormal in the 

iron metabolism of the Δbfd and bfrB(L68A/E81A) strains. Analysis of free iron levels, 

however, revealed important differences (Figure 5d): Free iron levels in both the Δbfd and 

the bfrB(L68A/E81A) cells are ~60% (12 h) and ~25% (18 h) that of wild type cells. It is 

illustrative to present these results as the ratio of total-Fe/free-Fe (Figure 5e) because 

comparison of the corresponding ratios makes it evident that wild type cells maintain the 

total-Fe/free-Fe ratio at ~20, during early and late stationary phases. In contrast, the 

corresponding ratios in the Δbfd and the bfrB(L68A/E81A) cells are much higher; ~40 at 12 

h and ~75 at 18 h, which is a clear indication that irreversible accumulation of iron in BfrB 

causes iron dyshomeostasis by severely depleting free iron levels in the cytosol. In fact, the 

“nearly normal” levels of total iron observed in the Δbfd and the bfrB(L68A/E81A) strains 

are probably due to unusable iron irreversibly trapped in BfrB.

The above-described experimental findings are in excellent agreement with the idea that 

disrupting Bfd or the BfrB:Bfd interaction results in unidirectional iron flux into BfrB, 

which causes iron to irreversibly accumulate in BfrB, while simultaneously depressing the 

levels of free iron in the cytosol. The abnormally low levels of free iron in the cytosol of the 

Δbfd and the bfrB(L68A/E81A) cells, in turn, are expected to lead to the dissociation of the 

Fe-Fur complex, with concomitant de-repression of iron acquisition genes, as manifested in 

the very high levels of Pvd secreted by the Δbfd and the bfrB(L68A/E81A) cells. In this 

context, it is interesting to note that at 12 h, when the growth medium still contains ~5 μM 

iron (Figure 5b), the free iron levels in the Δbfd and the bfrB(L68A/E81A) cells are less 

severely compromised (total-Fe/free-Fe ~40) than at 18 h, because the nutrient can still be 

readily procured from the medium. As the concentration of iron in the medium decreases to 

< 1 μM (~18 h), the unidirectional flux of iron into BfrB aggravates the depletion of free 

iron levels in the cytosol (total-Fe/free-Fe ~75), which prompts the cells to respond by 

aggressively secreting Pvd (Figure 5a). Consequently, an important outcome of inhibiting 

the BfrB:Bfd interaction is the irreversible compartmentalization of iron in BfrB, which for 

all practical purposes renders the nutrient inaccessible to cell metabolism, leading to a 

paradoxical iron deficiency phenotype despite “nearly normal” levels of total iron the cells.

It is also interesting to consider that the BfrB:Bfd interaction functions to enable a dynamic 

equilibrium between free Fe2+ in the cytosol and Fe3+ stored in BfrB. As suggested in 

Figure 6a, this dynamic equilibrium probably functions as a buffer that regulates levels of 

cytosolic free Fe2+, which in turn are sensed via a dynamic equilibrium between the apo-

form of the master iron uptake regulator (Fur) and its Fe2+ complex. Hence, when cytosolic 
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Fe2+ concentrations are similar (or above) the Kd for the dissociation of the Fe2+-Fur 

complex, iron sufficiency is sensed, enabling (i) iron incorporation into iron-utilizing 

proteins, (ii) iron accumulation in BfrB, and (iii) repression of genes encoding iron 

acquisition systems. In this context, it is important to appreciate that the buffering capacity 

of the equilibrium between Fe2+ in the cytosol and Fe3+ compartmentalized in BfrB opposes 

large changes in the levels of cytosolic Fe2+, and enables a regulated deployment of iron 

acquisition systems by Fur. Perturbing the equilibrium between free Fe2+ in the cytosol and 

Fe3+ in BfrB by inhibiting iron flow out of BfrB (Figure 6b) eliminates the Fe2+-buffer 

capacity of the system and allows drastic lowering of cytosolic Fe2+ levels (see Figure 5), 

which in turn lead to complete dissociation of the Fe2+-Fur complex and the concomitant 

unregulated de-repression of iron acquisition systems. The latter is evident in the aggressive 

secretion of Pvd from the Δbfd and the bfrB(L68A/E81A) cells, which is several-fold larger 

that of wild type cells.

P. aeruginosa cells appear to compensate for the absence of BfrB by depleting iron from 
the growth media more slowly than wild type cells

The observations made with the ΔbfrB mutant cells are also noteworthy. Total iron levels in 

ΔbfrB cells are significantly lower at 12 and 18 h post inoculation relative to wild type cells 

(Figure 5c). The lower levels of total iron observed in ΔbfrB cells is consistent with reports 

indicating that bacterial strains with null mutations that eliminate a dominant iron storage 

protein accumulate less iron than the corresponding parental strains.35,41 Surprisingly, 

analysis of free iron revealed that free iron levels in ΔbfrB cells are similar to wild type at 12 

h and somewhat smaller (~75%) at 18 h, and interestingly, the total-Fe/free-Fe ratio in the 

ΔbfrB cells is similar to that in wild type cells, at 12 and 18h (Figure 5e). These observations 

suggest that in the absence of a depository (BfrB) where to place iron not immediately 

utilized in metabolism, P. aeruginosa cells employ yet unidentified mechanisms to prevent 

accumulation of toxic levels of free iron in the cytosol. The time-dependent depletion of iron 

from the growth medium (Figure 5b) of ΔbfrB cultures may provide some initial clues 

regarding this issue: The significantly slow rate of iron depletion from the media compared 

to wild type cells grown under identical conditions suggests that one mechanism enabling 

the ΔbfrB cells to fend potential iron-induced toxicity is a slower rate of iron internalization, 

which could result from slower iron uptake and/or accelerated iron efflux. Regardless, the 

slower rate at which ΔbfrB cells deplete iron from the growth medium appears to enable the 

ΔbfrB cells to maintain nearly optimal levels of free intracellular iron, which in turn permit 

the Fur-Fe2+ complex to maintain iron acquisition genes repressed. In fact, it is important to 

notice that de-repression of iron acquisition genes in the ΔbfrB mutant, like in wild type 

cells, also occurs when the concentration of iron in the growth medium reaches ~1 μM, 

except that in ΔbfrB cultures this value is reached at ~30 h post inoculation (Figure 5b). 

Beyond this point, Pvd becomes detectable and at 48 h the levels of Pvd secreted by ΔbfrB 
cells are similar to those seen in cultures of wild type cells. It is therefore possible to 

conclude that P. aeruginosa cells can compensate for the absence of the main iron storage 

protein, and it is evident that the compensatory mechanism does not involve iron 

accumulation in FtnA, which is indicated by the absence of bands in the Ferene S-stained 

gels of lysates from ΔbfrB cells cultured in the presence of iron sufficient (10 μM) or iron 

rich (30 μM) growth media (Figures 3 and S1). It is tempting to speculate that the 
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compensatory mechanism involves a slower rate of iron uptake and/or an increased rate of 

iron efflux. Although iron exporter genes have not yet been identified in P. aeruginosa, its 

genome encodes several proteins identified as belonging to P-type ATPase and cation 

diffusion facilitator (CDF) proteins, which exhibit some sequence similarity to 

corresponding proteins known to function in the transport and tolerance of Fe2+ and Zn2+ in 

other bacteria.53–55 Investigations directed at probing these questions are currently underway 

in our laboratory.

Mobilization of iron stored in BfrB promotes the growth of cells challenged with iron 
limiting conditions

As shown in Figure 7a, wild type P. aeruginosa cells cultured in PI media supplemented with 

10 μM iron deposit iron reserves in BfrB, and later mobilize it when environmental iron 

becomes scarce, such that at 24 h iron stored in BfrB is undetectable in PAGE gels stained 

with Ferene-S. In comparison, when wild type cells are cultured in PI media supplemented 

with 20 or 30 μM Fe, the nutrient accumulates in BfrB until ca. 24 h post-inoculation, and 

although BfrB-iron is gradually mobilized beyond 24 h, it remains readily detectable in 

PAGE gels at 48 h. The comparison clearly illustrates that whereas P. aeruginosa cells 

cultured in media supplemented with 10 μM Fe have only small (non-detectable) amounts of 

iron reserves in BfrB at 24 h, cells cultured in media supplemented with 20 or 30 μM Fe 

have significant iron reserves at 24 h. We capitalized from these insights to probe whether P. 
aeruginosa cells utilize iron stored in BfrB to grow when passaged into iron-limiting 

medium. To this end, we grew pre-cultures of wild type cells in PI media supplemented with 

10, 20, or 30 μM iron for 24 h. Cells were washed and then diluted in iron deficient media (< 

0.1 μM Fe), transferred to 96-well plates and cultured as indicated in Methods. The growth 

curves (Figure 7b) show that cultures inoculated with pre cultures grown in 30 μM Fe grow 

faster and to a higher cell density than cultures inoculated with pre cultures grown in 20 μM 

Fe, and that cultures inoculated with pre cultures grown in 10 μM Fe grow at the slowest rate 

and to the lowest cell density. These observations are in excellent agreement with the idea 

that wild type P. aeruginosa cells utilize iron reserves stored in BfrB to grow when 

challenged by an iron-limiting environment. The idea is also supported by similar 

experiments conducted with Δbfd and bfrB(L68A/E81A) cells. As illustrated in Figures 7c, 

and 7e, these mutants irreversibly accumulate iron in BfrB when cultured in PI media 

supplemented with 10, 20, or 30 μM Fe. Since iron in BfrB cannot be mobilized for 

incorporation into metabolism, the growth of Δbfd and bfrB(L68A/E81A) strains is expected 

to be significantly impaired when challenged with iron deficient conditions. In agreement 

with these expectations, the corresponding growth curves (Figures 7d and 7f) show that the 

growth rate of the Δbfd and bfrB(L68A/E81A) cells is significantly slower than that of wild 

type cells and independent of the concentration of iron used to grow the inoculum. Similar 

experiments carried out with ΔbfrB cells also show that the growth of the mutant in iron 

deficient media is significantly slower than that of wild type cells and independent of the 

concentration of iron used to grow the pre cultures (Figure 8), observations that are in 

agreement with the above-described findings showing that in absence of BfrB, P. aeruginosa 
cells do not accumulate iron (Figure 3). Taken together, the findings clearly demonstrate that 

an important function of BfrB in P. aeruginosa fits within the classical view of iron storage 

proteins, which accumulate iron for subsequent utilization when the cells are challenged 
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with low iron conditions. Utilization of iron reserves as a source of the nutrient requires Bfd 

and the BfrB:Bfd interaction, which are necessary to deliver electrons to the ferric mineral 

stored in BfrB and enable mobilization of Fe2+ into the bacterial cytosol.

Conclusions

Significant progress has been made since Stiefel and Watt first revealed the existence of iron 

storage proteins in bacteria.56 Despite these advancements, important questions regarding 

the roles played by iron storage proteins in the bacterial cell remain unknown. Insights from 

studying iron storage proteins from a select number of organisms in vitro and in bacterial 

cells indicate that distinct bacteria employ either Ftn or Bfr as the main iron accumulator 

protein. Importantly, in all cases where the function of iron storage has been experimentally 

attributed to either Bfr or Ftn, the function of the other Ftn-like molecule remains enigmatic. 

The work summarized here shows that BfrB is the main iron storage protein in P. 
aeruginosa, and that the mobilization of iron reserves from BfrB is important to buffer levels 

of intracellular free iron, and when appropriate, to provide a source of iron to overcome iron 

limitation in the environment. In the genomes of many bacteria, like in the genome of P. 
aeruginosa, the bfd and bfr genes are adjacent, which would suggest that the BfrB:Bfd 

interaction is of widespread importance to bacterial iron homeostasis.23,24 It is not yet 

known, however, whether in these organisms Bfr is also the main iron accumulator, an issue 

that underscores the need to investigate several organisms in similar detail. It is also 

important to stress that nothing is known regarding the mechanism of iron mobilization from 

bacterial Ftns, an issue that is clearly of importance to understanding iron homeostasis in 

bacteria where iron is stored in Ftn. Finally, it is interesting to consider that the iron core of 

Bfr has a high phosphate content (Fe:P ~1:1), which has led to the suggestion that phosphate 

may be stored in Bfr.57 Hence, it will be interesting to investigate whether inhibition of the 

BfrB:Bfd interaction also affects phosphate homeostasis in P. aeruginosa.
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Significance to Metallomics

Bacteria depend on iron homeostasis to satisfy their nutritional iron requirement while 

preventing iron-induced toxicity. Iron homeostasis requires iron storage proteins, where 

Fe3+ can be deposited, and when necessary, mobilized as Fe2+ for incorporation in 

metabolism. This study demonstrates that P. aeruginosa accumulates iron in 

bacterioferritin (BfrB) and that upon passage to iron-limiting conditions the cells must 

mobilize iron from BfrB to sustain growth, a process that requires binding of BfrB to a 

ferredoxin (Bfd). Finally, our results also suggest that the role of iron storage proteins in 

bacteria is more sophisticated than simply iron storage: BfrB and the BfrB-Bfd 

interaction enable an equilibrium between iron stored in BfrB and free iron in the cytosol, 

which assists in the maintenance of optimal free iron levels in the cytosol, which in turn 

enable a regulated cellular response to environmental changes in iron availability.
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Fig. 1. 
Structural organization of P. aeruginosa BfrB and the BfrB:Bfd complex. (a) BfrB is 

assembled from 24 identical subunits and 12 heme molecules (red) into a nearly spherical 

molecule with a hollow cavity ~80 Å in diameter where iron is stored in the form of a Fe3+ 

mineral. (b) Each of the 12 heme molecules (red sticks) binds between two subunits, 

forming a subunit dimer where the heme-iron is coordinated by a conserved Met residue 

from each of the subunits. (c) Schematic representation of the reactions delivering electrons 

originating in NADPH to the core mineral in BfrB. (d) View of a Bfd molecule (cyan) 

binding BfrB at the interface of two subunits, above each heme, showing schematically how 

electrons flow from the [2Fe-2S] cluster in Bfd (orange and yellow spheres) to the Fe3+ 

mineral in the interior cavity of BfrB (orange spheres), which promotes the mobilization of 

Fe2+ (green spheres). (e) Close-up view of the BfrB:Bfd interface depicting Bfd in cyan 

sticks and the BfrB surface in green (subunit 1) and gray (subunit 2). The view illustrates the 

cleft on the BfrB surface formed by residues L68 and E81 where Y2 and L5 from Bfd 

anchor; the [2Fe-2S] cluster of Bfd is depicted in orange and yellow sticks.
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Fig. 2. 
The wild type and mutant cells grow at the same rate and to similar cell density in iron 

sufficient growth media (PI media supplemented with 10 μM iron). Error bars represent the 

standard deviation of three independent measurements.
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Fig. 3. 
Visualizing iron stored in ferritin-like molecules with the aid of native PAGE gels stained 

with Ferene-S. Left: Recombinant FtnA (Rec. FtnA) and recombinant BfrB (Rec. BfrB) 

exhibit different electrophoretic mobility and can be resolved in native PAGE gels. The iron-

chelating agent Ferene-S stains iron stored in the central cavity of both recombinant proteins 

blue. Center: Lanes loaded with lysates of wild type P. aeruginosa cultured in PI media 

supplemented with 10 μM Fe and harvested at different times post inoculation only show 

iron-stained bands migrating with the electrophoretic mobility of BfrB. Right: Lanes loaded 

with lysates of ΔbfrB cells cultured in PI media supplemented with 10 μM Fe and harvested 

at different times post inoculation show that iron is not accumulated in FtnA, or in any other 

protein.
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Fig. 4. 
Monitoring the deposition and subsequent mobilization of iron in BfrB using native PAGE 

and Ferene-S staining. Wild type and mutant cells were cultured in PI media supplemented 

with 10 μM Fe. (a) Wild type cells deposit iron in BfrB during late exponential and early 

stationary growth phases, which are subsequently mobilized in late stationary phase. In 

contrast, the deposition of iron in BfrB in cultures of (b) Δbfd and (c) bfrB(L68A/E81A) 

cells is irreversible. (d) ΔbfrB cells do not accumulate iron, but (e) complementing ΔbfrB 
cells by expressing BfrB from an IPTG-inducible bfrB gene inserted into neutral site in the 

genome restores iron accumulation in BfrB followed by its mobilization in late stationary 

phase. (f) Δbfd cells accumulate iron irreversibly in BfrB, but (g) addition of IPTG at 12 h 

post inoculation (red arrow) induces the expression of Bfd from an IPTG-inducible bfd gene 

inserted into a neutral site of the genome and promotes iron mobilization from BfrB).
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Fig. 5. 
Phenotypic manifestations of iron dysregulation in P. aeruginosa strains with deletions in 

Bfd or BfrB, or a variant with amino acid mutations in BfrB that abolish Bfd binding 

(bfrB(L68A/E81A)). In (c – e) the bfrB(L68A/E81A) variant is abbreviated BfrB* for 

simplicity. Wild type and mutant cells were cultured in PI media supplemented with 10 μM 

Fe. (a) Disrupting the BfrB:Bfd interaction in the Δbfd or bfrB(L68A/E81A) strains elicits 

secretion of Pvd at levels 3 to 4-fold larger than wild type cells. (b) Analysis of the time-

dependent concentration of iron in the culture media show that Δbfd and bfrB(L68A/E81A) 

cells deplete iron from the media at the same rate as wild type cells, whereas ΔbfrB cells 

deplete iron from the media at a significantly slower rate. (c) Total iron and (d) free iron 

levels in wild type and mutant cells harvested in early (12 h) and late (18 h) stationary 

growth phase. (e) Ratio of total-Fe/free-Fe in cells harvested in early (12 h) and late (18 h) 

stationary growth phase. Error bars represent the standard deviation of three independent 

experiments.
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Fig. 6. 
Schematic depiction of iron metabolism in P. aeruginosa. (a) Under conditions of iron 

sufficiency internalized iron is directed toward the synthesis/repair of iron utilizing proteins 

and into BfrB. The dynamic equilibrium between free iron (Fe2+) in the cytosol and Fe3+ 

compartmentalized in BfrB functions as a buffer that maintains the cytosolic Fe2+ 

concentrations near (above) the value of the dissociation constant (Kd) of the equilibrium 

between apo-Fur and its Fe-bound form (Fe2+-Fur), thus allowing regulated repression of 

genes involved in iron scavenging. Under conditions of iron limitation, the upregulation of 

Bfd synthesis enhances the rate of iron mobilization from BfrB, which contributes to a less 

precipitous depletion of Fe2+ in the cytosol and to a “measured” de-repression of iron 

scavenging genes. (b) When the mobilization of iron from BfrB is inhibited, iron that flows 

into BfrB is irreversibly trapped. Although under conditions of iron sufficiency the cells 

appear to partially compensate the irreversible trapping of iron in BfrB, under iron limiting 

conditions, Fe2+ concentrations are rapidly depleted, eliciting an unregulated de-repression 

of iron scavenging genes. A significant consequence of irreversible iron accumulation in 

BfrB is loss of the buffering action of the dynamic equilibrium, which causes acute iron 

deprivation in the cytosol, and non-regulated derepression of iron acquisition genes.
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Fig. 7. 
Iron stored in BfrB promotes the growth of P. aeruginosa cells in iron deficient media. (a) 

Ferene-stained native PAGE gels of lysates from wild type cells cultured in media 

supplemented with 10 μM Fe show iron accumulation in BfrB at 12 h and undetectable iron 

in BfrB at 24 h and beyond, whereas cells cultured in 20 and 30 show significant 

accumulation of iron in BfrB at 24 h and beyond. (b) The relative growth rates of wild type 

cells in iron deficient media inoculated with pre cultures grown for 24 h in media 

supplemented with 10 μM (red), 20 μM (green) and 30 μM (blue) Fe indicate that iron stored 

in BfrB promotes growth under iron limiting conditions. (c and e) Ferene-stained native 

PAGE gels of lysates from Δbfd and bfrB(L68A/E81A) cells cultured in media 

supplemented with 10, 20 or 30 μM Fe show that iron is irreversibly accumulated in BfrB. 

(d and f) The growth rates of Δbfd and bfrB(L68A/E81A) cells in iron deficient media are 

significantly slower than those of wild type cells and independent of the iron concentration 

in the media used to grow the pre cultures. Error bars represent the standard deviation of 

three independent experimets; in d and f error bars are omitted for simplicity.
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Fig. 8. 
The growth rates of ΔbfrB cells in iron deficient media are significantly slower than those of 

wild type cells and independent of the iron concentration in the media used to grow the pre 

cultures; 10 μM (red), 20 μM (green), 30 μM (blue). For comparison the growth rate of wild 

type cells in iron deficient media inoculated with pre cultures grown in 30 μM Fe is shown 

in black. Error bars represent the standard deviation of three independent experiments.
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Table 1

P. aeruginosa Strains

Strains Description Reference

PAO1 Wild type strain (25)

PAO1 ΔbfrB PAO1 containing an unmarked, in-frame bfrB deletion This study

PAO1 Δbfd PAO1 containing an unmarked, in-frame bfd deletion This study

PAO1 bfrB(L68A/E81A) PAO1 harboring a gene encoding the BfrB L68A/E81A allele at the native bfrB locus This study

PAO1ΔbfrB attn7::PlacbfrB Made by introducing pUC18-miniTn7T-LAC bfrB to PAO1 ΔbfrB and removing the GentR marker This study

PAO1 Δbfd attn7::Placbfd Made by introducing pUC18-miniTn7T-LAC bfd to PAO1 Δbfd and removing the GentR marker This study

Metallomics. Author manuscript; available in PMC 2018 June 21.


	Abstract
	Graphical Abstract
	Introduction
	Experimental
	Media and growth conditions
	Strains
	Growth curves
	Imaging iron stored in BfrB
	Analysis of secreted pyoverdin
	Cellular iron levels
	Iron in spent media

	Results and discussion
	BfrB is the main iron storage protein in P. aeruginosa
	Bfd is required for the mobilization of iron from BfrB in P. aeruginosa cells
	Inhibiting the BfrB:Bfd interaction in P. aeruginosa causes bacterial iron deficiency
	P. aeruginosa cells appear to compensate for the absence of BfrB by depleting iron from the growth media more slowly than wild type cells
	Mobilization of iron stored in BfrB promotes the growth of cells challenged with iron limiting conditions

	Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Table 1

