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for Pseudomonas aeruginosa

Carolyn Dehner - Nydia Morales-Soto - Rabindra K. Behera -

Joshua Shrout - Elizabeth C. Theil - Patricia A. Maurice *

Jennifer L. Dubois

Received: 27 November 2012/ Accepted: 28 January 2013 /Published online: 16 February 2013

© SBIC 2013

Abstract Metabolism of iron derived from insoluble and/
or scarce sources is essential for pathogenic and environ-
mental microbes. The ability of Pseudomonas aeruginosa
to acquire iron from exogenous ferritin was assessed; fer-
ritin is an iron-concentrating and antioxidant protein
complex composed of a catalytic protein and caged fer-
rihydrite nanomineral synthesized from Fe(Il) and O, or
H,0,. Ferritin and free ferrihydrite supported growth of
P. aeruginosa with indistinguishable kinetics and final
culture densities. The P. aeruginosa PAOl mutant
(ApvdDApchEF), which is incapable of siderophore pro-
duction, grew as well as the wild type when ferritin was the
iron source. Such data suggest that P. aeruginosa can
acquire iron by siderophore-independent mechanisms,
including secretion of small-molecule reductant(s). Prote-
ase inhibitors abolished the growth of the siderophore-free
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strain on ferritins, with only a small effect on growth of the
wild type; predictably, protease inhibitors had no effect on
growth with free ferrihydrite as the iron source. Proteolytic
activity was higher with the siderophore-free strain, sug-
gesting that the role of proteases in the degradation of
ferritin is particularly important for iron acquisition in the
absence of siderophores. The combined results demonstrate
the importance of both free ferrihydrite, a natural envi-
ronmental form of iron and a model for an insoluble form
of partly denatured ferritin called hemosiderin, and caged
ferritin iron minerals as bacterial iron sources. Ferritin is
also revealed as a growth promoter of opportunistic,
pathogenic bacteria such a P. aeruginosa in diseased tis-
sues such as the cystic fibrotic lung, where ferritin con-
centrations are abnormally high.
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Introduction

Tron s essential for nearly all microbes but is poorly accessible
and therefore growth-limiting in many environments. In the
extracellular fluids of the human body, iron is tightly
sequestered in heme-containing proteins and transporters such
as transferrin and lactoferrin. The importance of acquisition of
iron from these sources to pathogen survival is well estab-
lished [1-6]. In contrast to transferrin and heme, the iron
storage protein ferritin has received little attention as a
potential microbial iron source. Ferritin protein cages syn-
thesize internal nanominerals from Fe(II) and O, or H,O, with
aferrihydrite structure. Whereas only approximately 0.1 % of
iron in humans circulates in the plasma protein transferrin,
nearly 25 % is concentrated inside cytoplasmic ferritin; each
ferritin nanomineral contains up to 4,000 iron atoms, making it
a potentially rich iron source for pathogens. However, because
of the low solubility of ferrihydrite, the primarily intracellular
location of ferritin, and the apparent lack of direct receptor-
mediated mechanisms for ferritin uptake by most bacteria [7],
iron from ferritin has been assumed to be unavailable to
extracellular pathogens. Moreover, under normal conditions,
ferritin is present in low concentrations in the extracellular
milieu. Plasma concentrations of ferritin are only 1.5-30 ng/
ml, compared with 200-320 pg/ml for transferrin [8, 9].
Extracellular ferritin concentrations in other body fluids
such as sputum and bronchoalveolar lavage (BAL) fluid
range from similar to modestly higher compared with those
in serum in normal, healthy individuals (about 200 ng/ml
in sputum and about 9 ng/ml in BAL fluid) [10, 11].
However, just as in serum, extracellular concentrations of
ferritin in these lung fluids increase in disease states, in
some cases dramatically. For example, in one study an
approximately 70-fold increase in extracellular ferritin
concentration in BAL fluid from the lungs of cystic fibrosis
(CF) patients, compared with healthy controls, was repor-
ted [11]; other studies have shown an approximately
20-fold increase extracellular ferritin concentration in
sputum [10, 12—14]. This suggests that ferritin iron could
be an important iron source for opportunistic pathogens of
CF patients, exemplified by clinically important strains of
Pseudomonas aeruginosa. Whether extracellular ferritin is
enriched in diseases other than CF (measured in sputum) or
in cases of iron overload/inflammation (measured in
serum) is not yet known. In addition, abiotic ferrihydrites
and ferritins in some plant seeds and bacteria are present in
a wide variety of natural environments [15-18]. Since the
potential availability of ferritin iron and ferrihydrite iron
has both biomedical and environmental implications, we
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investigated whether and by what mechanism(s) ferrihydrite
iron and ferritin iron can be used as iron sources by the well-
described environmental and clinical pathogen P. aeruginosa.
P. aeruginosa strains have several mechanisms that
could contribute to acquisition of iron from ferritin or
ferrihydrite. In one mechanism, based on chelation, two
high-affinity siderophores are synthesized and secreted to
competitively bind and move Fe(Ill) through the outer
membrane via TonB-mediated transport [4]. Siderophores
also enhance ferrihydrite dissolution rates to facilitate
metabolism of iron (hydr)oxide minerals. In a second
mechanism, low-affinity iron chelators and exogenous
reductants such as pyocyanin are synthesized and secreted
[19]. Pyocyanin can mediate acquisition of iron from
transferrin by reduction of Fe(Ill) to Fe(Il), facilitating
transport of hexaquoiron(Il) through outer-membrane por-
ins [20]. If ferritin minerals are an iron source for bacteria,
bacterial proteases may also play a role in iron acquisition.
Some strains of P. aeruginosa isolated from cystic fibrotic
lungs, an essentially aerobic environment where free iron
exists predominantly as Fe(Ill), survive without sidero-
phores, [21, 22], suggesting another, possibly ferritin-
dependent mechanism of iron acquisition in such strains.
The caged ferritin ferrihydrite is nanoparticulate iron
oxyhydroxide: approximately 20 % FeO, and 80 % FeOgq
polyhedra in addition to water and water-derived hydrox-
ides [15, 17, 23]. Eukaryotic ferritins consist of 24 protein
subunits assembled into the protein cage, have a molecular
mass of approximately 450 kDa and an interior cavity
7 nm in diameter, and synthesize the caged iron miner-
als through combining protein-based catalysis and, in
eukaryotes, protein-based mineral nucleation; mineral
growth occurs in the nanocavity [23, 24]. The two struc-
tural forms of free ferrihydrite often studied are the smal-
ler, less-ordered two-line (2L) ferrihydrite and the larger,
more-ordered six-line (6L) ferrihydrite, where the number
of lines refers to the number of X-ray diffraction maxima
[25, 26]. When the iron content per ferritin protein cage is
lower, the ferritin mineral resembles 2L ferrihydrite; as the
iron content per cage increases, the mineral resembles 6L
ferrihydrite [27, 28]. We compared free 2L and 6L fer-
rihydrite with 2L and 6L ferrihydrite inside ferritin cages
for three reasons: (1) structurally distinct, microscale to
macroscale iron (oxyhydr)oxide minerals have in the past
influenced bacterial iron bioavailability [17, 29-31] and
dissolution rates in the presence of siderophores [32]; (2)
aggregation of free ferrihydrite [15-17] is faster with 2L
ferrihydrite than with 6L ferrihydrite (unpublished obser-
vations); (3) ferritin protein cages, which control both
mineral synthesis and dissolution [23, 24, 33], may be
degraded in diseased tissue [34, 35], exposing the fer-
rihydrite core (hemosiderin). We compared effects of fer-
ritin and free ferrihydrite on growth, and expression of
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Table 1 Bacterial strains, plasmids, and primers used in this study

Strains, plasmids, or primers Description References
Strains

Pseudomonas aeruginosa PAO1? Wild-type strain [23]

PAOI1 ApvdDApchEF Siderophore (pyoverdine and pyochelin) mutant strain [3]

P. aeruginosa PAO1::P,,,4s-lacZ

PAOL ApvdDApchEF::P,, s-lacZ
Plasmids

pUC18-mini-Tn7T-lacZ-Gm

pTNS2 Helper plasmid for pUC18

Mini-Tn7T-P,,44-lacZ-Gm integrated into P. aeruginosa wild-type strain

Mini-Tn7T-P,,44-lacZ-Gm integrated into P. aeruginosa siderophore mutant strain

This study, [10]
This study, [10]

Plasmid backbone for promoter-lacZ fusion strains [6]

[6]

* P. aeruginosa PAO1 wild-type strain was obtained from Joshua Shrout of the Department of Civil and Environmental Engineering and Earth

Sciences, University of Notre Dame

selected genes, in wild-type and high-affinity siderophore-
free, mutant strains.

Materials and methods
Bacterial strains and growth conditions

The strains and plasmids used in this study are listed in
Table 1. P. aeruginosa strains, all derivatives of P. aeru-
ginosa PAOI, were cultivated in lysogeny broth to an
absorbance at 600 nm (Agy) of 0.8 (mid-logarithmic
growth). Cells were collected by centrifugation, resus-
pended in sterile iron-deficient medium (FeDM), and
introduced 1:100 into 50-ml acid-washed flasks containing
20 ml of FeDM as described previously [36]. Chemostats
were not used because of the potential for trace iron con-
tamination. For iron-depleted conditions, the medium was
used as prepared, with the trace iron present supporting
minimal culture growth.

For cultures grown with ferrihydrite or ferritin, the
added iron source is expressed in terms of total iron
content (5 or 50 uM Fe as indicated). Cultures were
incubated at 37 °C at 100 rpm for 48 h. Three hundred
microliters of each culture was removed every 6 h to
measure the absorbance (Agp0) and promoter activity (see
later); an additional aliquot was removed at 24 h for other
assays as needed. Controls containing either ferrihydrite
or ferritin, but lacking cells, were also measured to per-
form normalization for interference with absorbance
readings and to determine whether particle dissolution
was occurring in the absence of bacteria. For the latter, a
microcentrifuge tube filter with a membrane of 10-kDa
pore size was used to remove the ferritin/ferrihydrite from
the growth medium. The flow-through was acidified in
2 % HNOj; and analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES) (see later). All
cultures were grown in triplicate in the dark to prevent

photocatalyzed reductive dissolution, and the results were
averaged. The pH of the culture medium at the end of
experiments had typically risen from an initial value of
7.2 to approximately 8.3.

To determine the dependence on proteases for acquisi-
tion of iron from ferritin, a water-soluble protease inhibitor
cocktail (PIC) from Sigma was added to provide 0.2 mM
4-(2-aminoethyl)benzenesulfonyl fluoride, 0.03 pM apro-
tinin, 13 uM bestatin HCI, 1.4 uM E64, 100 uM EDTA,
and 0.1 pM leupeptin. The PIC is intended to inhibit pro-
teases of different types, but its specific inhibitory prop-
erties against particular proteases have not been measured.
To evaluate the effect of the EDTA present in the PIC on
ferrihydrite dissolution, bioavailability, and acquisition of
iron from ferritin, EDTA alone was added instead of the
PIC, at a final concentration of 100 uM. Protease detection
assays were performed by supplementing 100 ml of FeDM
(0.6 % Noble agar) with 8 ml of sterile nonfat dry milk
(1 g/10 ml Nanopure H,O). Protease assay medium was
spotted with P. aeruginosa PAO1 wild-type and sidero-
phore-free cultures collected at 18 h of growth on 5 pM
iron (from 1,500Fe ferritin, where 1,500 refers to the
approximate number of iron atoms per protein cage), and
diluted to A6OO of 0.8.

Ferrihydrite and ferritin biomineral synthesis

Samples of 2L and 6L ferrihydrite were synthesized
according to methods described by Schwertmann and
Cornell [37]. The 6L ferrihydrite was prepared by rapid
hydrolysis of an acidic Fe(NO3)3-9 H,O solution through
brief heating to 75 °C and subsequent cooling, followed by
extensive dialysis. The 2L ferrihydrite was prepared by
precipitation through rapid addition of base to reach a
neutral pH, followed by several washes with double-dis-
tilled H,O. For samples that were freeze-dried, X-ray dif-
fraction (using Cu Ko radiation) confirmed the samples as
2L or 6L ferrihydrite. Brunauer-Emmett-Teller adsorption
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isotherm analysis (B20 Micromeritics ASAP 2020 accel-
erated surface area and porosimetry system) yielded a
specific surface area of 284.9 m*/g for 2L ferrihydrite and
222.8 m%/g for 6L ferrihydrite.

Ferrihydrite aggregates over time in neutral aqueous
solution, decreasing the overall surface area and possibly
the reactivity of the nanoparticles [29]. We visually
observed that previously freeze-dried ferrihydrite main-
tained in solution at neutral pH and room temperature
formed particle aggregates over the course of several days.
Occasionally, mineral aggregates forming from freeze-
dried ferrihydrite settled to the bottom of the growth flasks.
In these experiments, cultures of wild-type P. aeruginosa
grew dramatically less (data not shown) on the aggregated
ferrihydrite. Ferrihydrite was therefore prepared fresh for
use within 3 days in these experiments, and extensive
aggregation was not observed.

Recombinant frog M-ferritin was expressed in Esche-
richia coli, purified as described previously [24], and
stored in a buffer of 0.1 M 3-(N-morpholino)propanesul-
fonic acid, 0.1 M NaCl, pH 7.0. Ferritin mineralization
was achieved by the addition of freshly prepared solutions
of FeSO, (in dilute HCI) in the same buffer. To make
ferritin containing a mineral equivalent to either 2L or 6L
ferrihydrite, a stock solution of FeSO, was added to a
final molar ratio of 500Fe ferritin (low-iron-loaded ferri-
tin) and 1,500Fe ferritin (high-iron-loaded ferritin).
Immediately before use, the protein samples were frac-
tionated on a gel filtration column (Sephacryl-S200, GE
Healthcare) to remove any denatured protein or iron not
associated with the ferritin, and were then analyzed by
native polyacrylamide gel electrophoresis. The iron con-
tent of the ferritin used was confirmed by measuring the
protein (Bradford assay) and iron (ICP-OES; see later)
concentrations after gel filtration.

Transmission electron microscopy

Ferritin samples were diluted in growth medium and air-
dried on copper grids. These were either left unstained
(to image the mineral core) or stained with uranyl ace-
tate (to image the protein cage). Images were collected
with a Titan 80-300 with an accelerating voltage of
80 kV. Ferrihydrite samples were prepared in a similar
fashion.

Measurement of iron via ICP-OES

Samples were diluted in 2 % HNOj;. Iron concentrations
were measured with a PerkinElmer spectrophotometer
equipped with an autosampler. Standard curves (more than
10 pg/l) were generated using single element iron stan-
dards (CPI International).

@ Springer

B-Galactosidase assay

Promoter—lacZ fusions were constructed in P. aeruginosa
PAOI1 wild-type and siderophore-free strains as described
previously [29, 38]. The P,,,4 promoter regulates down-
stream production of messenger RNA in proportion to
sensed iron levels, via the iron-binding ferric uptake reg-
ulator (Fur) protein [4]. The measured amount of -
galactosidase activity correlates with the degree of iron
deprivation, as expected for a Fur-regulated gene. pB-
Galactosidase expressed under P44 control was quantified
by the assay previously described by Miller and Hersh-
berger [39]. Briefly, 100-pl aliquots of cells (or a dilution
thereof) were added to 1 ml of Z buffer (60 mM Na,H-
PO, 7H,0, 40 mM NaH,PO,-H,0, 10 mM KCI, 1 mM
MgS0,-7H,0, 50 mM B-mercaptoethanol), 20 pl of fresh
0.1 % sodium dodecyl sulfate, and 40 pl of chloroform.
After the chloroform had settled, 100-pl samples of per-
meabilized cells were removed into 20 pl of o-nitrophenyl-
B-p-galactopyranoside (4 mg/ml) and incubated at room
temperature for 20 min before the reaction was quenched with
50 upl of 1 M Na,COs;. The absorbance at 420 nm (A450) was
measured with a Varian Cary 50 spectrophotometer, and
Miller units were determined as 1,000 x (A420)/(TVAgno),
where T is the reaction time in minutes and V' is volume of
culture used in the assay in milliliters.

Ferrozine assay for Fe(Il)

Reduction of Fe(Ill) to Fe(II) was measured on the basis of
the method of Stookey [40]. Briefly, cultures were grown
with ferritin, ferrihydrite, or without added iron for 24 h
and 1-ml aliquots were used for the assay. For supernatant
samples, cells were gently sedimented and the supernatant
was filter-sterilized with a 0.2-um filter. Ferrozine
(0.5 mM) and ferric nitrilotriacetic acid (0.2 mM) were
added to whole-cell or supernatant samples and the mix-
tures were incubated at 30 °C with mild shaking (75 rpm).
Cofactors were excluded to determine if iron reduction
could occur without their addition in the supernatant or at
the cell surface. The characteristic absorbance of the
Fe(Il)-ferrozine complex (Ass;) was monitored after
30 min, and the value from a medium control (containing
the appropriate iron source) was subtracted as the back-
ground. The concentration of Fe(Il)-ferrozine was calcu-
lated using & = 27.9 mM/cm and referenced per cell
(1.8 x 10° cells was equivalent to an absorbance reading
of 1.0 at 600 nm).

Pyocyanin assay

Aliquots were removed from cultures at late-log phase,
cells were sedimented, and the supernatant was filtered-
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sterilized. Pyocyanin was then quantified on the basis of the
method of Essar et al. [41]. Briefly, 500 pl of this super-
natant was extracted with 300 pl of chloroform, and was
then re-extracted into 100 pl of 0.2 N HCI to give a pink
color typical of pyocyanin in acidic solution. This was
diluted 1:2 with double-distilled H,O, and the absorbance
was read at 520 nm. Pyocyanin concentration was calcu-
lated and reported in micrograms per milliliter [35, 42].

Results
Characterization of ferritin prior to growth experiments

Unstained transmission electron microscopy (TEM) images
clearly show the different sizes of the ferrihydrite mineral
core for 500Fe ferritin (Fig. la) versus 1,500Fe ferritin
(Fig. 1b) samples. Images of samples stained with uranyl
acetate reveal the protein cage surrounding the core
(Fig. 1c). The ferrihydrite samples proved unsuitable for
detailed characterization by TEM owing to extensive
aggregation that occurred upon drying.

Fig. 1 Integrity of the
ferrihydrite mineral cores of
iron-loaded ferritin samples.
Transmission electron
microscopy images show the
iron-containing cores of a low-
iron-loaded ferritin (500Fe
ferritin) and b high-iron-loaded
ferritin (1,500Fe ferritin). ¢ The
1,500Fe ferritin stained with
uranyl acetate shows the ferritin
protein cage surrounding the
core. Scale bars represent 50 nm
in length

To ensure that acquisition or iron from these sources
was not due to dissolution of the nanominerals by the
medium alone, the ferritin and ferrihydrite samples were
incubated in growth medium without added bacteria for the
duration of a typical experiment. In all samples tested, iron
concentrations were below the ICP-OES detection limit
(below 10 pg/l).

Availability of iron from ferrihydrites and ferritins
to wild-type P. aeruginosa

The siderophore-producing wild-type strain of P. aeru-
ginosa exhibited robust and identical growth on 2L and 6L
ferrihydrite (50 pM Fe), entering log phase quickly and
reaching a maximum (Aggy = 2.2) by 18 h (Fig. 2a). At
tenfold lower equivalent iron concentrations (5 pM Fe),
growth was delayed and the maxima were less, but growth
trends were similar on the two forms of ferrihydrite.
Similar results were observed for growth on ferritin
(Fig. 2b). When provided with 1,500Fe ferritin or

500Fe ferritin equivalent to 50 pM iron, the cultures
quickly entered log phase, and a culture maximum

@ Springer
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Fig. 2 Two-line (2L) and four-line (4L) ferrihydrites and their
protein-coated ferritin counterparts act as equivalent iron sources for
Pseudomonas aeruginosa. Comparison of a ferrihydrite and b ferritin
as iron sources for wild-type P. aeruginosa. The iron sources were
initially present at a concentration of either 50 or 5 pM iron.
Triangles represent 6L ferrihydrite or 1,500Fe ferritin, which
encloses a structurally similar nanoparticle. Squares represent 2L
ferrihydrite or 500Fe ferritin. A control with no added iron is shown
for comparison in b

(Agoo = 2.0) was observed by 18 h. When the cultures
were provided with these ferritins at 5 pM iron, the growth
patterns were again nearly identical to each other. Given
the similarity between growth on ferritin and ferrihydrite,
the ferritin protein coat does not appear to restrict acqui-
sition of iron from the ferrihydrite-core iron by wild-type
P. aeruginosa.

Availability of iron from ferrihydrites and ferritins
to the siderophore-free mutant

The siderophore-free mutant was able to acquire iron from
ferrihydrites (50 uM Fe), although with a lag before
entering log phase and a lower maximum culture density
(Agoo = 1.7) compared with the wild-type strain (Fig. 3a).
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When tenfold less ferrihydrite was added (5 uM Fe),
growth was more noticeably slowed. The 2L and 6L fer-
rihydrites were equally available iron sources for this
strain.

The siderophore-free strain exhibited the same growth
kinetics as the wild-type strain when ferritin was provided
at equivalent iron concentrations of either 50 or 5 pM
(Fig. 3b). In contrast to the experimental results for the
wild type, growth kinetics suggested that iron was more
readily acquired by the mutant from ferritins than from
ferrihydrites. A biosensor assay was used to assess the
cellular iron status via the promoter activity of pvdA, which
is strongly upregulated under iron starvation [4, 29, 38].
The results of this assay (Fig. 3b) confirm that iron is more
readily accessed from ferritin than from ferrihydrite. Pro-
moter activity is lowest in the cultures with 50 pM iron
from ferritin (Fig. 3d), and highest with 5 uM iron from
ferrihydrite (Fig. 3c). Overall, the experimental results for
the mutant demonstrate that the high-affinity siderophores
(pyochelin and pyoverdine) of P. aeruginosa are not
required for efficient acquisition of iron from ferritin.

Role of proteases in acquisition of iron from ferritin

P. aeruginosa is known to secrete several potent proteases
that might be involved in acquisition of iron from ferritin
through effects on the protein coat. Two experiments
addressed the potential role of proteases: (1) growth of
P. aeruginosa wild-type and siderophore-free strains in
5 uM iron from 1,500Fe ferritin or uncoated 6L ferrihy-
drite, in the presence of protease inhibitors (PIC); and (2) a
petri-plate-based protease activity assay using cultures
grown for 18 h under these conditions. Interference of the
PIC/EDTA with the Miller assay precluded analysis of
changes in promoter activity.

When ferritin was the iron source, growth of the sider-
ophore-free strain was completely abolished in the pres-
ence of the PIC (Fig. 4a), but growth was decreased only
moderately for the wild-type strain (Fig. 4c). On plates,
casein proteolysis was much more extensive for the sid-
erophore-free strain than for the wild-type strain (Fig. 4d),
indicating that the siderophore-free strain secretes more
protease, presumably in response to iron deprivation. These
observations suggest that siderophores are capable of
acquiring iron from the ferritin core without the need for
proteases to open a pathway through the protein coat. They
further suggest that proteases are important for acquisition
of iron from ferritin by non-siderophore-related means.

EDTA, which is a component of the PIC, is a strong iron
chelator that could potentially directly increase dissolution
rates of the ferrihydrite-structured ferritin core. Growth of
the wild-type strain on ferritin was unaffected or at most
slightly enhanced in the presence of EDTA alone (Fig. 4c).
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Fig. 3 The presence or absence of siderophores does not affect
growth kinetics and has little effect on sensed iron deficiencies in
P. aeruginosa grown on ferrihydrites or ferritins. Comparison of
a ferrihydrite and b ferritin as iron sources for siderophore-free
(ApvdDApchEF) P. aeruginosa. The iron sources were initially
present at a concentration of either 50 or 5 uM iron. Triangles

Growth of the siderophore-free mutant on ferritin was
decreased in the presence of EDTA alone (Fig. 4a), but not
to the extent observed in the presence of the full PIC. To
further test whether EDTA might be enhancing dissolution
of the ferrihydrite-structured ferritin core, growth in the
presence of ferrihydrite was monitored with the addition of
EDTA at a concentration equivalent to that in the PIC. The
presence of EDTA did not affect growth of the mutant on
ferrihydrite (Fig. 4b). This confirmed that although EDTA
likely affects the integrity of ferritin in the presence of
P. aeruginosa, it does not directly dissolve ferrihydrite to
the extent needed to substantially increase growth.

Examination of other possible siderophore-independent
pathways

Three types of measurements were made to examine
whether other small molecules secreted by P. aeruginosa

Ferritin
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—no I"c_u
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0.0 T T T
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D —
1000+ erritin
" 8004 5uM Fe
‘=
= 6004
-
2
E 4004
50 uM Fe
2004
0
1500 500 1500 500

Fe:ferritin Cage

represent 6L ferrihydrite or 1,500Fe ferritin, which encloses a
structurally similar nanoparticle. Squares represent 2L ferrihydrite
or 500Fe ferritin. A control with no added iron is shown for
comparison in b. P,,, ;4 promoter activity from the cultures in a and b,
reporting on the level of iron starvation in the cells after 18 h of
growth, is plotted in ¢ and d, respectively

could assist in the solubilization and delivery of iron to the
cell: (1) measurement of dissolved iron concentrations in
culture supernatants following growth on ferritin; (2)
measurement of the iron-reducing capability of the super-
natant and cells following culturing of the siderophore-free
mutant; and (3) measurement of total pyocyanin concen-
tration in the supernatant follwing culturing of the sidero-
phore-free mutant.

Dissolved iron was measured via ICP-OES in the
smaller than 10 kDa fraction of the siderophore-free cul-
ture supernatant following growth on 1,500Fe ferritin for
24 h. There was no detectable dissolved iron (i.e., less than
10 pg/l) in this fraction (Table 2), indicating no buildup of
a small molecule—iron complex (such as a siderophore—iron
complex) in the medium surrounding the cells.

Reduction of Fe(IIl) to Fe(Il) renders iron much more
soluble, and eliminates the need for a chelating ligand
for iron transit across the outer membrane. We therefore
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Fig. 4 In the absence of siderophores, growth of P. aeruginosa on
ferritins depends on proteases. Siderophore-free cultures were grown
on 5 uM iron from a 1,500Fe ferritin or b 6L ferrihydrite, and
supplemented with a protease inhibitor cocktail (PIC) or EDTA
(a component of the PIC), as indicated. Growth of wild-type
P. aeruginosa on 1,500Fe ferritin is illustrated in c¢. Proteolytic

activity from cultures grown on 1,500Fe ferritin for 18 h is illustrated
in d. A wide zone of casein depletion is observed for the siderophore-
free mutant relative to the wild type. This indicates that the mutant
strain grown on ferritin has stimulated protease activity relative to the
wild type. wt wild type

Table 2 Iron reduction activity of siderophore-free (ApvdDApchEF) P. aeruginosa cultures after 24 h growth

Iron source Iron reduction activity

[pmol Fe(Il) cell/min x 107 '°1*®

Total iron reduced in
supernatant (uM)*

Total pyocyanin in
supernatant (M)

No iron 3.9 (0.2) (whole cells)
2.8 (0.08) (supernatant)
3.0 (0.2) (whole cells)

0.98 (0.1) (supernatant)

1,500Fe¢ ferritin®

2.92 (0.08) 5.90 (0.01)

6.18 (0.65) 14.28 (0.76)

For all measurements, average values for three replicates are reported with standard deviations in parentheses
 Ferrozine assay measures the absorbance of the Fe(Il)-ferrozine complex at 562 nm

° The concentration of solubilized iron in the culture supernatants was below the detection limit of inductively coupled plasma optical emission

spectroscopy (below 10 pg/l)
¢ Ferritin was added to a final concentration of 5 pM iron

examined the iron-reducing capability of the siderophore-
free bacterial cultures. Supernatant aliquots were taken
from cultures grown with 1,500Fe ferritin or no added iron
at 24 h (late-log phase for the 1,500Fe ferritin cultures, to
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avoid contamination from dead cells). The aliquots were
subjected to the ferrozine assay for Fe(Il) as is or sedi-
mented so that the sterile-filtered supernatant could also be
assayed (see “Materials and methods”). The measured
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Fe(Ill)-reducing activity was strongest in the cell-contain-
ing samples, although the supernatant alone was observed
to have substantial iron-reducing activity, indicating the
likely presence of a secreted reductant (Table 2). P. aeru-
ginosa is known to produce and secrete large amounts of
redox-active phenazine compounds, such as the blue-green
pyocyanin, which are important for virulence and are
overproduced under iron stress [43]. The supernatants for
the ferritin-grown cultures bearing reducing activities had a
noticeably blue-green color.

Pyocyanin and its precursor phenazine-1-carboxylic
acid have both been shown to be capable of Fe(IIl)
reduction [20, 44]. Apparent pyocyanin concentrations
were measured via the characteristic UV/vis absorbance
Amax Of the molecule in the supernatant of the mutant
cultures (Table 2). Although this assay is not definitive, if
the absorbance were indeed due to pyocyanin, its concen-
tration exceeded the amount of iron reduced in the ferro-
zine assay (twofold higher under both conditions). This
suggests that this compound could be contributing to iron
reduction and acquisition by the siderophore-free mutant
and wild-type P. aeruginosa.

The results obtained using the siderophore-free mutant
illustrate a siderophore-independent mechanism for
acquiring iron. There was no accumulation of iron in the
supernatant at 24 h, even though the supernatant exhibited
iron-reducing ability and contained substantial concentra-
tions of a blue-green compound that is potentially pyocy-
anin. The siderophore-independent mechanism(s) for
acquisition of iron from ferritin appear to depend, at least
in part, on proteases.

Discussion

Although siderophores are generally important for iron
acquisition in pathogens such as P. aeruginosa, they are
not required when ferritin is the iron source. Here we have
shown facile acquisition of iron from the widely abundant
soil mineral ferrihydrite and from the caged ferrihydrite
biomineral in ferritin, with no dependence on mineral order
(i.e., 2L ferrihydrite vs 6L ferrihydrite, and 500Fe ferritin
vs 1,500Fe ferritin). And we have observed that secreted
proteases are not needed for iron acquisition when sid-
erophores are present, but make critical contributions to
siderophore-independent iron acquisition.

The nearly identical kinetics and final culture densities
when ferritin was the iron source (Fig. 3b) in the sidero-
phore-free mutant and wild-type P. aeruginosa indicates
that iron is released from extracellular ferritin and trans-
ported into the cells, completely independently of the high-
iron-affinity siderophores. The siderophore-independent
pathway of acquisition of iron from ferritin appears to

depend on exposing the nanomineral surface to solution by
means of proteases. Given that Fe(Il) is transported readily
through the bacterial cell wall, a reducing mechanism is
likely. P. aeruginosa is known to secrete several reduc-
tants, including the blue-green pyocyanin and its metabolic
precursor phenazine [19], and their production has been
associated with iron deprivation [44, 45]. Iron-reducing
activity increased with the extent of iron deprivation and,
although not conclusively characterized, could be due to
pyocyanin. Notably, pyocyanin and its precursor phena-
zine-1-carboxylic acid have been shown to reduce iron
from ferrihydrite with kinetics sufficient to support
P. aeruginosa biofilm growth [44]. The Fe(Il)-specific
permease FeoB was likewise shown to be necessary for
transporting the reduced iron across the outer membrane
[44]; this is most likely the case in the present study as
well, although dependence on FeoB was not directly tested
here. The observed lag in the growth curve and lower final
culture densities for the siderophore-free mutant relative to
the wild type could indicate that the reductant takes longer
than siderophores to accrue and become effective in iron
acquisition [46].

What role does the ferritin protein cage play in acqui-
sition of iron by P. aeruginosa? Ferrihydrite aggregation,
observed previously for freeze-dried, free-ferrihydrite
samples, which decreases the surface-to-volume ratio, is
inhibited by the protein cage. In this sense, the ferritin
protein affords “site isolation” for the enclosed iron.
However, unless proteases are also present, the protein
cage diminishes the availability of iron as indicated by the
critical role of proteases for acquisition of iron from ferritin
by the lung pathogen Burkholderia cenocepacia [47] and
here by the increase in protease activity. Consistent with
such results is the ferritin-specific effects of a PIC on
attenuation of growth of P. aeruginosa on ferritins, con-
trasting with the protease resistance of growth on ferrihy-
drites. This strongly suggests a role for proteases in
acquisition of iron from ferritin through protease interac-
tions with the protein coating. Likewise, a recent study of
the intracellular pathogen Burkholderia pseudomallei
demonstrated the robust growth of a siderophore-deficient
strain when ferritin was provided as the iron source;
although the role of proteases was not tested, this was
suggested as a possible mechanism [48].

Ferritin protein cages are relatively stable to the action
of general proteases, suggesting that bacteria have specific
proteases. Notably, two of the four known proteases
secreted by P. aeruginosa during infection are regulated by
iron and upregulated during iron deficiency [49, 50]. One
of these, alkaline protease, is a metalloprotease (AprA); the
other, protease IV (PrpL), is a serine protease that has been
shown to cleave mammalian transferrin and lactoferrin
[49, 51]. PrpL synthesis is regulated via the alternate sigma
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factor PvdS, which, interestingly, is activated by the py-
overdine/receptor complex during iron deficiency [50].
Although protease inhibitors moderately impair growth of
the siderophore-producing wild type on ferritins, the effect
is greatly enhanced in the siderophore-free mutant, where
growth is completely abolished. We propose that the vir-
ulence-associated AprA functions in the uninhibited sid-
erophore-free cultures, because PrpL is produced
specifically in response to the presence of pyoverdine.
Whether or not other proteases such as elastase may have
an effect on ferritin integrity is a question for the future.

Broader implications

Both clinical and environmental bioinorganic chemistry/
metallomics will be affected by the new results reported in
this study. Clinically, the abnormally high ferritin con-
centrations in the fluids bathing the lungs of CF patients
[11], possibly from cell damage and lysis, could be a
growth-promoting source of iron for P. aeruginosa, based
on the results in this study. The siderophore-independent
iron acquisition pathways observed here provide an
explanation for the existence of siderophore-free P. aeru-
ginosa strains isolated in CF clinical isolates [21, 22] and
how siderophore-free bacteria are able to grow and survive
in the presence of siderophore-producing strains: the sid-
erophore-free bacterial strains may be competitive at
acquiring ferritin iron via a reductive mechanism. Envi-
ronmentally, bacteria in low-O, regions of biofilms should
also thrive under the ferritin-rich conditions for the same
reasons. These results suggest that strategies for over-
coming infections in CF patients need to take into account
the full variety of mechanisms, including those pertaining
to extracellular ferritin, by which iron can be acquired from
human hosts. Similarly, efforts to control microbial bio-
films in the environment need to reflect the multiple
mechanisms by which bacteria can acquire iron in this
setting, including plant ferritin from senescent leaves and
seeds. Iron oxyhydroxide nanoparticles, including ferrihy-
drite and plant- and bacteria-derived ferritins, are broadly
abundant in the environment. Most work on aerobic bac-
teria has focused on the role of siderophores in iron
acquisition, but the efficiency of siderophores may be
limited by processes such as advection, diffusion, and
sorption to clays. These data as well as our previous data
on the congener bacterium Pseudomonas mendocina
[29, 36], which relied on the use of siderophore-free
mutants to explore siderophore-related and siderophore-
independent iron acquisition mechanisms need to be
complemented by more investigation of the complemen-
tary exogenous reductants and direct cell-mineral contact
[29]. The emerging picture of aerobic microbial iron

@ Springer

acquisition is a suite of iron acquisition pathways that must
now include, in addition to exogenous organic ligands and
reductants [36], the selective behavior, beyond the genus,
of microbial species and local mineralogy.
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