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Abstract Nitrosomonas europaea, as an ammonia-
oxidizing bacterium, has a high Fe requirement and has
90 genes dedicated to Fe acquisition. Under Fe-limit-
ing conditions (0.2 uM Fe), N. europaea was able to
assimilate up to 70% of the available Fe in the medium
even though it is unable to produce siderophores.
Addition of exogenous siderophores to Fe-limited
medium increased growth (final cell mass). Fe-limited
cells had lower heme and cellular Fe contents, reduced
membrane layers, and lower NHs- and NH,OH-
dependent O, consumption activities than Fe-replete
cells. Fe acquisition-related proteins, such as a number
of TonB-dependent Fe-siderophore receptors for
ferrichrome and enterobactin and diffusion protein
OmpC, were expressed to higher levels under Fe lim-
itation, providing biochemical evidence for adaptation
of N. europaea to Fe-limited conditions.
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Introduction

Ammonia-oxidizing bacteria, such as Nitrosomonas
europaea, are important participants in the global N
cycle because they transform ammonia (NH;3) to
nitrite (NO3), the first step in nitrification. As litho-
trophs, these bacteria derive all their energy and
reductant necessary for growth from the oxidation of
NH;. As autotrophs, these bacteria can meet their C
requirements solely using carbon dioxide (CO,).
N. europaea is a member of the fS-proteobacteria and
has a single circular chromosome of 2,812,094 base
pairs with 2,460 protein-encoding genes (Chain et al.
2003). In N. europaea, the genes encoding transporters
of inorganic ions are plentiful, but those encoding
transporters of organic compounds are scant, consis-
tent with the life style of this bacterium.

Iron (Fe) is an essential cofactor for the transfer of
electrons in many enzymes participating in energy-
generating pathways. However, biological availability
of Fe is typically low because in nature Fe exists mostly
in the form of insoluble oxy-hydroxide complexes, and
in the cell Fe is present mostly in iron-binding proteins
(Andrews et al. 2003). To cope with the low biological
Fe supply, bacteria have evolved high-affinity Fe
transport systems for scavenging Fe from the envi-
ronment, ways to store Fe intracellularly, and mecha-
nisms to down-regulate certain high Fe-containing
proteins to economize Fe needs (Andrews et al. 2003).
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In bacteria there are two common mechanisms for
efficient Fe acquisition (Kammler et al. 1993): (a) di-
rect uptake through ferrous (Fe®") uptake systems or
through heme and hemoprotein uptake systems, and
(b) a more prevalent mechanism, the production and
excretion of siderophores that bind free ferric iron
(Fe**) or sequester Fe** from other Fe**-binding pro-
teins (Braun and Killmann 1999; Clarke et al. 2001;
Faraldo-Gomez and Sansom 2003). The uptake of
Fe**-loaded siderophores in Gram-negative bacteria
requires a sophisticated transport system. Outer
membrane (OM) receptors capture Fe>*-loaded sid-
erophores and translocate them into the periplasmic
space. This process requires energy (proton-motive
force) that is mediated by the TonB/ExbBD complex
located in the cytoplasmic membrane. Fe-loaded sid-
erophores are then transported across the periplasm by
periplasmic-binding proteins, and finally into the
cytoplasm by ATP-dependent membrane transporters
(Clarke et al. 2001; Faraldo-Gomez and Sansom 2003).

With the exception of genes for the synthesis of
citrate, N. europaea notably lacks genes for sidero-
phore production (Chain et al. 2003). In contrast, up
to 4% of the N. europaea genes code for Fe-related
transport systems, including the uptake of Fe**-loaded
siderophores. Congruent with the high number of
genes related to Fe acquisition, over 2% of the genes
code for heme synthesis and heme-containing proteins
and for proteins with Fe-S centers, reflecting
the importance of Fe to the energy metabolism of
N. europaea (Whittaker et al. 2000). How N. europaea
acquires sufficient Fe for its metabolism without the
production and excretion of siderophores is intriguing.
We hypothesize that N. europaea has multiple avenues
for Fe acquisition, including ferric and possibly ferrous
uptake systems and the uptake of siderophores pro-
duced by other organisms. Despite the importance of
Fe to ammonia-oxidizing bacteria, Fe nutrition has not
been studied in this group of bacteria. In this work we
determined the Fe requirements for N. europaea and
its physiological response to Fe stress.

Materials and methods
Bacterial culture

Nitrosomonas europaea (ATCC 19178) was cultured as
described (Ensign et al. 1993; Stein and Arp 1998) and
harvested in mid to late exponential phase. The stan-
dard (Fe-replete) medium contained 10 pM Fe®*
complexed with EDTA. Medium made from reagent
grade chemicals without any addition of Fe salts still
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contained about 0.2 pM Fe (Fe-limited medium). The
Fe-free medium was made by treatment with the metal
chelator Chelex (Sigma, St. Louis, MO, USA) followed
by the addition of MgSO,, CaCl, and CuSOy to the
concentrations of untreated medium. Cells grew nor-
mally when Fe (10 uM) was added to the Fe-free
medium. All glassware was soaked in 1.0% HNO;
overnight and rinsed thoroughly with double deionized
water. Because medium containing 0.1 uM Fe could
not provide sufficient cell material for analyses, med-
ium containing 0.2 uM Fe was adopted for all Fe-lim-
iting experiments. Nitrite (NO3) concentration was
determined colorimetrically with the Griess reagent
(sulfanilamide = and  N-naphthylethylenediamine)
(Hageman and Hucklesby 1971). The accumulation of
NO:3 is consistently proportional to the increase in cell
mass during growth.

Determination of Fe, siderophore and citrate
concentrations

Fe content was determined by the ferrozine assay fol-
lowing digestion of cells or cellular fractions in 5%
HNOj; overnight at 100°C (Carter 1971). Concentra-
tions lower than 10 uM Fe were determined by
Inductively Coupled Plasma Mass Spectrometry (ICP-
MS) as described (Houk 1994). The quantification of
total siderophore content in culture supernatants was
done by the universal siderophore assay as described
(Schwyn and Neilands 1987; Payne 1994). Citrate was
determined using the Citric Acid Bioanalysis Kit
(R-Biopharm, Darmstadt, Germany).

Electron microscopy

Washed N. europaea cells were fixed in glutaraldehyde
and formaldehyde, and post-fixed in OsO,. After the
bacterial cells were embedded and sectioned, the grids
were stained with uranyl acetate and Pb citrate or as
previously described (Murray and Watson 1965). The
thin sections of cells were examined on a Philips CM-
12 STEM transmission electron microscope, operated
at 60 kV.

Enzyme activity determinations

Whole cell NHj-dependent and hydroxylamine-
dependent O, uptake activities were measured as de-
scribed (Shiemke et al. 2004). HAO in vitro activity
was determined by the hydroxylamine-dependent
2,6-dichlorophenol-indophenol (dcPIP; the electron
acceptor) reduction assay (Hooper 1969). Malate
dehydrogenase activity in membrane-free extracts was
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determined by monitoring NADH oxidation in the
presence of oxaloacetic acid. NADH concentration
changes were monitored on a Beckman DU640 Spec-
trophotometer using the kinetics mode at 340 nm
and the extinction coefficient 6.22 1 mmol™ cm™
(Thompson et al. 1998).

Cell fractionation, membrane preparation,
and heme and protein quantification

Cell membranes were prepared by breaking cells via
sonication at 30% energy output for 10 s on Ultrasonic
Processor XL.202 sonicator (Heat Systems-Ultrasonics,
Inc., Farmingdale, NY, USA), followed by ultracen-
trifugation at 40,000 rpm (rotor SW50-1) for 1 h on a
Beckman L8-70 Ultracentrifuge (Beckman Instrument,
Inc., Fullerton, CA, USA). Crude membrane prepa-
rations were washed by thorough homogenization in
Tris buffer (0.1 M; pH 7.8) containing 1 M KCl, col-
lected again by ultracentrifugation and resuspended in
Tris buffer (50 mM; pH 7.8). Simultaneously with the
membrane preparation, soluble fractions were col-
lected for heme content determination, and for protein
content and peptide composition analysis. Heme con-
tent was quantified after extraction with pyridine as
described (Berry and Trumpower 1987). Protein con-
tent was estimated by the Micro BCA Protein Assay
Kit (Pierce, Rockford, IL, USA).

Protein gel electrophoresis and mass spectrometry
analysis

Peptide composition was analyzed using polyacryl-
amide gel electrophoresis (PAGE) as described (Hy-
man and Arp 1993). For protein identification by
tandem mass spectrometry (MS/MS), selected peptide
bands (stained with Coomassie Brilliant Blue R 250)
were excised and destained in water followed by 50%
acetonitrile-50 mM  bicarbonate. Gel slices were
dehydrated with 100% acetonitrile and dried under
vacuum. Gel slices were rehydrated with trypsin solu-
tion (Promega, Madison, WI, USA) and digested at
37°C for 16 h. After digestion, peptides were extracted
three times with 250 pl 0.1% trifluoroacetic acid-60%
acetonitrile. The extracts were pooled for mass spec-
trometric analysis. The data were acquired using data-
dependent HPLC-MS/MS. Peptide extracts were run
on a Waters Q-TOF (Time of Flight) Ultima Global
(Milford, MA, USA). The peptides were eluted from a
PicoFrit column (New Objective Inc., Cambridge, MA,
USA) with a slow increase in concentration of aceto-
nitrile in 0.1% formic acid. As the peptides eluted from
the column, the mass and charge state was determined

by the data system, and instrument conditions were
adjusted to fragment the peptide ‘“parent’” ion. The
data in the MS/MS spectra were searched using Mascot
(Matrix Science, London, UK) against a general pro-
tein database and the N. europaea sequence database
(Chain et al. 2003), and the theoretical MS/MS spectra
were compared to the experimental spectra (signifi-
cance threshold was 0.03 and Mascot score of 25).

Results

Fe requirements and physiological responses
to Fe limitation

Nitrosomonas europaea was grown in media containing
a wide range of Fe concentrations to define its Fe
requirements. The maximum cell mass attained at 0.1
and 0.2 uM Fe was about 30 and 60%, respectively, of
the cell mass attained in standard medium containing
10 uM Fe (Fig. 1a). N. europaea acquires Fe at these
low Fe concentration, even though it does not have the
genes necessary for siderophore synthesis. An Fe
concentration below 1 uM is generally considered a
low Fe condition, and Fe at 0.1 uM, an Fe-deficient
condition (Neilands 1981). Concentrations ranging
from 10 to 250 uM Fe resulted in normal growth of
N. europaea as judged by culture optical densities.
Growth was inhibited with 1,200 uM Fe, probably due
to Fe toxicity and consequent oxidative damage to the
cells (Keyer et al. 1995).

The growth rates and maximum cell masses ob-
tained for N. europaea in media initially made with
10 uM non-complexed ferric iron (FeCls, Fe3+), or
Fe**-EDTA, or ferrous iron (FeSO,4, Fe?*), were sim-
ilar. Addition of up to 40 uM «, o’-dipyridyl (Sigma), a
strong Fe?" chelator commonly used to create Fe
deficient conditions (Chart et al. 1986), did not inhibit
N. europaea growth in medium containing 0.2 uM Fe.
This result indicates that N. europaea can use Fe>*, the
predominant form of Fe in the medium under aerobic
condition at near neutral pH, rather than rely on trace
amounts of Fe?" for growth. However, this result does
not rule out the possibility of N. europaea taking up
Fe?*.

Fe concentrations below 1.0 uM often trigger sid-
erophore synthesis in other bacteria (Neilands 1995).
Early stationary phase culture supernatants were col-
lected from N. europaea and analyzed for siderophore
content. As expected, no siderophores were detected in
the media under Fe-limiting or Fe-replete conditions.
As a positive control, the same method was success-
fully applied to the detection and quantification of
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Fig. 1 Nitrosomonas europaea growth as affected by various Fe
concentrations and by the siderophore desferal. a Growth
(optical density) in media containing 10 (open circle), 0.2 (filled
circle), 0.1 (open inverted triangle), and < 0.01 (filled inverted
triangle) uM Fe (Chelex treated medium). The 10 uM Fe culture
was inoculated with Fe-replete cells, the three other cultures
were inoculated with cells grown in Fe-limited medium. b Effect
of desferal on the growth of N. europaea in Fe-limited medium.
Growth curves shown are in Fe-limited (0.2 uM) medium
without desferal (filled circle) and Fe-limited medium containing
5.0 uM desferal (open circle). The data presented are the average
of duplicates with < 10%variation

siderophores in an Azotobacter vinelandii Fe-limiting
culture (data not shown).

Since N. europaea has the necessary genes to pro-
duce citrate, we considered citrate a candidate Fe sid-
erophore. Citrate was detected in culture filtrates from
both Fe-limited and Fe-replete cultures. Culture fil-
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trates from Fe-sufficient cultures had a higher con-
centration of citrate (~5 pM) than those from low-Fe
cultures (=3 pM). Citrate concentrations were
approximately proportional to the cell densities of the
two cultures.

Promotion of N. europaea growth by exogenous
siderophores

Addition of the siderophore desferal (desferrioxamine
mesylate; Sigma) to the Fe-limited medium led initially
to a slower growth rate (Fig. 1b). However, after
3 days, the growth rate increased, and by the fifth day
cell densities in the desferal-containing medium ex-
ceeded those in the medium without desferal (Fig. 1b).
Addition of 20 uM desferal had a similar effect as
5 uM. Siderophore ferrichrome (10 pM) (Sigma) in-
creased N. europaea growth (final cell mass) in Fe-
limited medium to a similar extent as desferal but
without a long lag phase (data not shown). Growth was
also observed in Fe-limited medium containing 10 uM
enterobactin, a catechol-type siderophore (data not
shown). Addition of citric acid to either Fe-limited or
Fe-replete media did not lead to significant increases in
growth (data not shown). The increases in cell densities
in the presence of desferal, ferrichrome and enterob-
actin suggest that N. europaea has the potential to
utilize external siderophores for Fe uptake under Fe
limitation.

Physiological and ultrastructural changes
of N. europaea upon Fe limitation

Medium with 0.2 uM Fe yielded about 60% cell mass
of the Fe-replete medium and affected cell appearance
and physiology. The color of cells harvested from Fe-
limited media was lighter and the heme content of the
Fe-limited cells was over threefold lower than that of
Fe-replete cells (Table 1). Furthermore, Fe-limited
cells had nearly ten-fold less Fe than Fe-replete cells
(Table 1). About 70% of the Fe initially in the medium
was taken up and incorporated into Fe-limited cells
during growth (Table 1). Analyses of the spent media
and cellular Fe contents by ICP-MS confirmed this
result. Heme-bound Fe accounted for about 85% of Fe
in the soluble fraction of Fe-limited cells and 59% in
Fe-replete cells (Table 1). Fe limitation influenced
both the amount of soluble cytochromes produced and
the proportion of Fe distributed to cytochromes.

As indicators of the overall cell activity, NH3- and
NH,OH-dependent O, uptake rates and in vitro HAO
and malate dehydrogenase activities were measured.
The NHj- and NH,OH-dependent O, uptake (AMO
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Table 1 Heme C and Fe content in the cells’ soluble
(membrane-free) fraction, and the total cell Fe content in N.
europaea grown in Fe-limited (0.2 uM) and Fe-replete (10 uM)
media

Heme and Fe content in Cell cultured in medium

with

0.2 uM Fe 10 uM Fe
Soluble fraction
Heme C (nmol/mg protein) 29 +£0.7 8.8 £2.1
Heme C (nmol/unit ODggy, ml) 0.42 £ 0.1 0.91 = 0.21
Fe (nmol/mg protein) 34+04 15+ 3.0
Whole cell
Fe (nmol/mg protein) 13.6 + 2.2 136 + 9.8
Fe (nmol/ml culture, or pM)? 0.14 £ 0.2 1.95 £ 0.1
Cellular Fe concentration (mM)® 1.88 + 0.3 163 +1.2

Fe was extracted with 5% HNOj; (digesting the soluble fraction
or cells) at 100°C overnight, extraction was repeated once

#The amount of Fe taken up by cells divided by the culture
medium volume for comparison with the Fe concentrations in
the original growth medium

Fe concentration within the cells. According to Schmidt et al.
(2004), 6 x 10® molecules per cell equals 1 M in one N. europaea
cell volume (i.e. 1 pm®). With the cell density in the Fe-replete
culture of ~1.2 x 10%/ml, cellular Fe concentration is 1.95 x 107
(moles/ml) x 6.023 x 10*>  (molecules/mole)/[1.2 x 108  (cells/
ml) x 6 x 10® (molecules/cell)] = 16.3 x 10> M = 16.3 mM. Cell
density of Fe-limited culture is ~0.72 x 10%ml, resulting in a
cellular [Fe] of 1.88 mM

and HAO) activities in whole cells were about twofold
lower in Fe-limited cells than in Fe-replete cells (Ta-
ble 2). HAO activity in cell-free extracts was also
lower in cells from Fe-limited medium than cells from
normal medium. Malate dehydrogenase was chosen as
a representative of non Fe-containing enzymes. In
contrast to the decrease of NH;- and NH,OH-depen-
dent O, uptake activities, specific malate dehydroge-

Table 2 Enzyme-catalyzed activities of N. europaea grown
under Fe-limited (0.2 uM) and Fe-replete (10 M) conditions

Activity® Cell cultured in medium with
0.2 uM Fe 10 uM Fe

NHj;-dependent O, consumption (AMO)

Whole cell 670 + 52 1151 + 112

NH,OH-dependent O, consumption (HAO)

Whole cell 282 + 20 607 + 47

HAO"

Cell-free extract 173+ 9 518 + 35

Malate dehydrogenase

Membrane-free extract 708 + 66 168 + 10

All activities are in units of nmoles (min mg protein)™

"HAO activity in membrane-free extracts was determined as
hydroxylamine-dependent  dichlorophenolindophenol  dcPIP
reduction

nase activity of Fe-limited cells was about fourfold
higher than that of Fe-replete cells (Table 2).

Nitrosomonas cells are characterized by extensive
membrane invaginations (Hooper et al. 1972). AMO is
located in the cell’s inner membranes (Arp et al. 2002).
Many other Fe-containing proteins such as cyto-
chromes and electron transport enzymes are also
localized in the membranes. We hypothesized that Fe
would be an important factor affecting N. europaea
membrane content and structure. To test this, Fe-lim-
ited and Fe-replete cells were fixed, stained, and sec-
tioned for electron microscopic examination. The
internalized membranes of the cells from Fe-limited
medium had fewer layers and were less regularly
stacked than cells cultured in Fe-replete medium
(Fig. 2). Many of the Fe-limited cells were irregular in
shape (images not shown).

Genomic analysis of N. europaea Fe acquisition
genes

Nitrosomonas europaea has 90 genes (~4% of the total
genes) related to Fe uptake. Of these, 42 encode OM
siderophore receptors (Table 3), a relatively large
number compared to 11 genes in the chemolithoauto-
troph Acidithiobacillus ferroxidans (Quatrini et al.
2005), or six in the heterotroph E. coli and 35 genes in
the heterotroph Pseudomonas aeruginosa (Andrews
et al. 2003). There are 22 sets of genes with the orga-
nization similar to the Fe regulatory and uptake system,
i.e. fecl/fecR/fecA (o factor/anti ¢ factor/TonB-depen-
dent OM receptor gene) (Table 3). All genes in this
group, with the exception of NE1086/85/87, exist in the
order fecl/fecR/fecA. Some have intervening, unrelated
genes in between the Fe uptake genes. This gene
organization is similar to the fecIR and fecABCDE
(Fe-dicitrate) systems in E. coli (Visca et al. 2002), and
to the fpvIR and fpvA/pvd (pyoverdin) system in
P. aeruginosa (Ravel and Cornelis 2003). Unlike the fec
system in E. coli, there are no Fe ABC transporter
genes in these N. europaea operons. Twenty additional
Fe-siderophore OM receptor genes are not immedi-
ately adjacent to o-factor/anti o-factor genes, although
several of these genes (e.g. NE1088, NE1089, Table 3)
are in proximity to other OM receptor genes that are
adjacent to o- and anti o-factor genes. Of the 42 puta-
tive OM receptor genes, 13 are either truncated,
interrupted by IS elements, or are pseudogenes due to
frameshifts (Table 3). Surprisingly, N. europaea lacks
genes with high similarity to the E. coli fecA (OM ferric
dicitrate receptor); the closest one, NE2433, has only
24% similarity, but this gene is more similar to ferri-
chrome or catechol receptor gene fiuA. A wide plethora
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Fig. 2 Transmission electron microscopic images of sections of
N. europaea cells grown in a 10 pM Fe medium and b 0.2 uM Fe
medium. Note the internalized membranes or invaginations.
Transmission electron microscope images were taken at x72,500
magnification. Images shown are representative of dozens
examined. The line in the picture represents a length of 0.1 pm
(micron)

of putative siderophore receptors are encoded in N.
europaea: some are receptors for siderophores such as
ferrichrome, ferrioxamine, coprogen, pyoverdin, and
many others for catechol/catecholate-type siderophores
(for siderophore types, see Matzanke 1991). Similar to
other Gram-negative bacteria (Andrews et al. 2003),
genes for Fe ABC transporter and the energy-trans-
ducing TonB-ExbBD complex are present in the gen-
ome. Other genes related to Fe nutrition include those
encoding Fe-storage protein bacterioferritin, bacte-
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rioferritin comigratory protein, and ferric uptake reg-
ulators (Fur). N. europaea appears to have genes to
encode the many components necessary for efficient Fe
uptake and storage.

Expression of membrane receptor proteins under
Fe-limiting condition

To study whether the Fe acquisition genes are ex-
pressed under Fe starvation condition, membrane
fractions of cells grown in Fe-limited and Fe-replete
media were isolated and their protein compositions
compared by SDS-PAGE. Several proteins were ex-
pressed about tenfold higher in cells grown in Fe-lim-
ited than in Fe-replete media (gels not shown). The
comparison was also made between the proteins of the
soluble fractions of the Fe-replete cells and Fe-limited
cells, but no major differences were observed. The
membrane proteins differentially expressed were ex-
cised from the gels and subjected to HPLC/MS/MS
analysis. Of the top 12 proteins identified by tandem
MS, seven are clearly related to Fe acquisition (Ta-
ble 4). Six of the proteins that were highly up-regulated
under the Fe-limiting condition are OM siderophore
receptors. Three are putative receptors for catechol-
type siderophores, one is for ferrichrome (NE1089),
one similar to heme receptor, and one is for unidenti-
fied siderophores. The expression of the ferrichrome
receptor in absence of any siderophore can explain
why there was no lag phase for N. europaea grown in
medium containing ferrichrome. In addition, an OM
protein OmpC (a general diffusion Gram-negative
porin), a multicopper oxidase, and a type II secretion
pathway protein were also identified among the highly
expressed proteins in Fe-limited cells (Table 4). Only
one siderophore receptor, encoded by NE1532, was
detected uniquely in Fe-replete cells, albeit a much
larger amount of total membrane protein was required
for isolating enough samples for the MS/MS detection.

Discussion

Despite its lack of siderophore production, N. europaea
can grow moderately well at low Fe concentrations
(0.2 uM) (Fig. 1a). In order to grow at 0.2 uM Fe, many
other microorganisms rely on siderophores for Fe
uptake. For instance, in E. coli (Neilands 1995) and
Fusarium venenatum (Wiebe 2002) siderophore syn-
thesis was turned on when Fe was below 1 uM. In some
species that require high Fe availability, siderophore
synthesis is turned on even when Fe was well
above 1 uM. For example, when Fe level was around
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Table 3 Organization of genes related to Fe acquisition in N. europaea: the ¢ factor-anti ¢ factor-outer membrane receptor systems,
and OM Fe-siderophore receptor genes not adjacent to ¢ factor-anti ¢ factor genes

g-factor anti ¢ factor Receptor (fecA-type)®
(feck-type) (fecR-type) Gene number BLAST e value Homologue, putative siderophore®
NEO0128 NEO0127 NEO0126/5/4 o (Ferrichrome; 2 frame shifts)
NEO0533 NEO0534 NEO0535 e fhuA, ferrichrome
NE0541 NE0542 // ® NE0546 e107 fhuA, ferrichrome
NE0547 NE0548 NE0549 e 1 fhuA, ferrichrome
NE0554 NEO0555 NEO0556 e 104 fhuA, ferrichrome
NE0557 NEO0558 NE0559 e fhuA, ferrichrome
NEO0818 NEO0817 NEO0816 e’zo fepA, catechol/catecholate
NE0980 NEO0979 NE0978 e Ferrichrome
NE1041 NE1039/40 NE1038/1037 (u; frame shift)
NE1071 NE1070 // NE1063/62/60 (u; frame shift, IS)
NE1079 NE1078 // NE1072 e 112 fepA, catechol
NE1086 NE1085 NE1087 e'® fhuE, coprogen, or, fpvA, pyoverdin
NE1096 NE1095 NE1094/1092 (fhuE; 1S)
NE1099 NE1098 NE1097 e ¥ foxA, ferrioxamine
NE1101 NE1102 // NE1105/1108 (u; IS)
NE1192 NE1191 NE1190 e 13 fiu, catechol/alcaligin,
or fpvA, pyoverdin, or fhuE coprogen
NE1217 NE1218 NE1220 (u; IS and truncated)
NE1617 NE1618/9 NE1620/1621 (u; frame shift)
NE1992// NE1989 NE1988/1987 (u; frame shift)
NE2138 NE2139 NE2140 e 126 fiu, catechol
NE2435 NE2434 NE2433 123 hydroxamate
NE2486 NE2485 NE2484/2482 (fhuE, hydroxamate; IS)
Fe-siderophore receptor genes not adjacent to ¢ factor-anti ¢ factor genes
NE0321 e 172 u, or possibly catecholate
NE0617 e 17 fepA, enterobactin (catecholate),
NE06T (130 . or oprC (porin)
NE0636 e 170 btuB, cobalamin (Vitamin B12)
NEO0731 e 157 fiu, catecholate
NEO0743 (u, IS and truncated)
NEO0754 (u, truncated)
NEO0758 e 8 cirA, colicin I; or fepA, catecholate
NE0936 (u, truncated)
NE1088 (T) e foxA, (tri)hydroxamate/ferrioxamine
NE1089 e 18 fhuA, hydroxamate/ferrichrome
NE12050 . fepA, catecholate/enterobactin
NE1531 e u
NE1532 e 2 u
NE1536 e u
NE1540 e hugA, heme
NE1721 e u
NE2124 e u, or possibly catechol
NE2165 (T) e 122 feuA, hydroxamate/ferrichrome
NE2502/2503 (u; frame shift )

4//, with intervening genes in between

PFor simplicity, the term “receptor” is used in this report to include OM “transducers” unless pointed out where necessary. OM
transducers are those receptors that have an N-terminal extension that interacts with anti ¢ factors (Schalk et al. 2004). All FecA-type
OM proteins encoded by fecA-type genes adjacent to fecIR are tranducers (top part); (T), OM siderophore transducer encoded by
standalone fecA-type genes (NE1088/2165), the rest of the standalone fecA-type genes code for OM receptors lacking an N-extension

‘Listed are the closest homologues identified by BLAST, and possible siderophores are derived from BLAST information only; u
unidentified siderophores, and parentheses indicate that the ORF is truncated, interrupted by an IS element, or it is a pseudogene due
to reading frame shift(s)

5 uM, A. vinelandii and Magnetospirillum magneticum ~ become Fe-deficient at 1-2 pM (Hofte et al. 1993;
AMB-1 started to produce siderophores (Tindale et al.  Mossialos et al. 2000), even though most of them can
2000; Calugay et al. 2003). Pseudomonas species usually ~ produce siderophores.
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Table 4 Major membrane proteins identified by LC tandem mass spectrometry that are differentially expressed in cells grown in Fe-

replete and Fe-limited media

Gene Putative function and homologue (BLAST E value)
NEO0731 OM Fe siderophore receptor (possibly for catechol) (P. aeruginosa, ¢ >7)
NE2124 OM Fe siderophore receptor (possibly catechol) (Dechloromonas aromatica,
0; Ralstonia eutropha, 3e’83)
NE1540 OM heme receptor, HugA (Plesiomonas shigelloides, 5¢™''%)
NE1089* Similar to Bordetella parapertussis BftB (0); OM ferrichrome receptor, FhuA (e7''%)
NE1531 OM receptor proteins mostly for Fe transport (Azotobacter vinelandii, 2¢™°)
NE1532° OM receptor proteins mostly for Fe transport (A. vinelandii, 4¢715%)
NE1205 OM receptor for ferrienterobactin-like (catechol) siderophore, FepA (0)
NE2563* OM protein, general diffusion Gram-negative porins, OmpC (6¢'%)
NEO0315* Multicopper oxidase type 2, MnxG (Bacillus sp. strain SG-1, 3¢™%)
NE1604* Bacterial general (type II) secretion pathway protein D (secretin) (¢7'19)
NE1548* Acyl-CoA dehydrogenases, CaiA (5e™°)
NE2206 PpiC-type peptidyl-prolyl cis-trans isomerase, ppiD (¢™''%); also annotated as SurA,

parvulin-like peptidyl-prolyl isomerase

#Uniquely identified in membranes of Fe-limited cells

®Uniquely identified in membranes of Fe-replete cells. Others are found in the protein bands of both Fe-limited and Fe-replete cell

membranes but are at least ten-fold higher in Fe-limited cells

Nitrosomonas europaea has a high cellular Fe and
heme content (Table 1) relative to E. coli. This is
consistent with N. europaea’s many heme proteins that
include HAO, heme/copper type cytochrome oxidase,
cytochrome peroxidase, and other cytochromes (e.g.
c554, ¢,552, p460) (Whittaker et al. 2000; Upadhyay
et al. 2003). N. europaea cultured in Fe-limited medium
had a cellular Fe concentration 19-fold higher
(1.88 mM) than the level reported for E. coli (0.1 mM)
cultured in minimal medium (~0.1 pM Fe) (Outten and
O’Halloran 2001). N. europaea grown in Fe-replete
medium had a cellular Fe concentration 80-fold higher
(16.3 mM) than that for E. coli cells (0.2 mM) grown in
LB medium (~2.0 uyM Fe) (Outten and O’Halloran
2001). The heme C content (0.9 nmol/unit ODgyy ml)
in the soluble fraction of N. europaea from Fe-replete
medium (Table 1) was much greater than ~0.1 (nmol/
unit ODggo ml) detected in E. coli grown in full Fe
medium (Verderber et al. 1997). This high heme con-
tent is evident in the distinct reddish-brown color of
N. europaea cells, compared to the pale yellowish color
of E. coli cells.

Differences in internal membrane content and
structure were apparent between Fe-limited and Fe-
replete cells. An early study showed that Nitrosomonas
cell membranes contain a large proportion of Fe-con-
taining proteins (A-type cytochromes and electron
transport enzymes) (Hooper et al. 1972). Cellular Fe
content of Fe-limited cells was much lower than that of
Fe-replete cells (Table 1). This lower Fe content
probably reflects lower Fe storage in addition to the
lower heme content. However, the cell density in Fe-
limited medium was not affected to the same degree as
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the Fe and heme contents. These results suggest that
when Fe supply is limited, N. europaea allocates a
greater proportion of total Fe to the most critical
molecules such as hemes. The lower specific activities
of AMO and HAO in Fe-limited cells than in Fe-re-
plete cells (Table 2) might be due to the lowered
available heme in Fe-limited cells (Table 1) because
HAO requires 24 hemes per enzyme for function
(Arciero and Hooper 1993). The reason for the ele-
vated malate dehydrogenase activity in Fe-limited cells
is not clear at present, but this result indicated that not
all metabolic activities were down-regulated under Fe
limitation.

Other studies have showed the increased production
of certain OM proteins upon Fe deficiency in other
bacteria (see e.g. Page and von Tigerstrom 1982; Poole
et al. 1991), but the availability of the genome se-
quence and HPLC/MS/MS enabled us to reliably
determine the identities of the proteins differentially
expressed under Fe-limited and Fe-replete conditions.
HPLC/MS/MS can identify multiple proteins in one
sample and distinguish proteins with similar molecular
mass and pl. N. europaea appears to respond to Fe
limitation by making more proteins that can potentially
participate in Fe-uptake (Table 4). The six membrane
proteins include OM receptors for several different
types of siderophores. This result provides biochemical
evidence for the possible role of the genes and their
protein products in Fe acquisition and hence in the
growth and survival of N. europaea under Fe-limiting
conditions. In addition the siderophore feeding exper-
iments (Fig. 1b) indicate the functionality of the sid-
erophore receptor genes in N. europaea. One of the
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membrane proteins is similar to a heme receptor,
though heme, an Fe source for animal pathogenic mi-
crobes, seems an unlikely Fe source for N. europaea, a
chemoautotrophic soil and wastewater species.

Negative regulation of the expression of Fe uptake
systems by ferric uptake regulator (Fur), Fur box, and
Fe levels is well characterized in other species such as
E. coli and P. aeruginosa (Escolar et al. 1999; Visca
et al. 2002; Ravel and Cornelis 2003). In E. coli, Fecl
is an extracytoplasmic function (ECF) family o-factor;
FecR is an anti ¢ factor (Mahren and Braun 2003).
The ferric uptake regulator is at the top of the regu-
latory hierarchy in the Fe acquisition system. These
components together regulate the expression of the
ferric citrate uptake system in E. coli (Braun et al.
2003). Three putative fur genes are identified in the
N. europaea genome using BLAST (Chain et al. 2003).
Of the 29 intact OM siderophore receptor/transducer
genes in the genome, three genes (NE1089/1205/1540)
are preceded by sequences similar to the consensus
Fur box. These three genes were among those highly
induced in Fe-limited cells (Table 4). A putative Fur
box is also present upstream of NE2563 (porin
OmpC). Based on the MS/MS results and the genome
information, a negative regulatory mechanism involv-
ing Fur is likely the reason for the elevated expression
of the siderophore receptors under Fe limitation. The
HPLC/MS/MS results are also interesting in that only
six OM siderophore receptors were highly expressed
in cells grown in siderophore-free, Fe-limited medium
(Table 4). All of them are encoded by genes that
do not have cognate o-factor/anti og-factor genes
(Table 3) and none belongs to the OM siderophore
transducer family which has an N-terminal extension
that interacts with the anti o-factor to effect the reg-
ulatory pathways (Schalk et al. 2004). This result
suggests that the expression of the majority of the 29
genes is likely dependent on the induction by their
respective siderophores.

The increased production of the OM siderophore
receptors upon lack of Fe and the ability of N. europaea
to use common siderophores desferal, ferrichrome and
enterobactin for its Fe acquisition supports our
hypothesis that N. europaea can obtain Fe in its natural
habitats by competing for Fe**-loaded siderophores
made by other organisms. The prolonged lag phase of
N. europaea when grown in the presence of desferal
suggests that the expression of the ferrioxamine uptake
system needs to be induced. In contrast, at least one
ferrichrome receptor (NE1089) was expressed consti-
tutively (in absence of ferrichrome, Table 4), consistent
with the observation that no induction was needed
when N. europaea was grown in medium containing

ferrichrome. The growth of N. europaea in medium
where Fe was bound by enterobactin, a polycatechol
siderophore, also indicates that the catechol sidero-
phore receptor genes (Table 3) are functional.

Nitrosomonas europaea carries out aerobic oxida-
tion of NH; most efficiently at neutral to slightly
alkaline pH. Natural environments with these proper-
ties are often Fe-limited owing to the extremely low
solubility of ferric iron (10'®* M at pH 7), the pre-
dominant form of Fe in the presence of O, at neutral to
alkaline pH; hence, siderophores are necessary for Fe
acquisition. The genome makeup of N. europaea sug-
gests an Fe acquisition strategy that is adapted to both
low energy yield and high Fe demand associated with
NH; oxidation. Siderophore biosyntheses may require
as many as a dozen genes (see e.g. Ravel and Cornelis
2003) and can be a significant draw on the carbon and
energy budget of a bacterium. In N. europaea, limited
resources are not invested in the synthesis of sidero-
phores but in many siderophore receptors whose pro-
duction is negatively regulated by Fe levels. This
strategy is effective, provided that there are sidero-
phores in the environment. In the natural growth
environments of N. europaea, other common soil
microorganisms produce siderophores, possibly
including ferrioxamine and other hydroxamate sid-
erophores, pyoverdine, azotobactin, and catecholate-
type siderophores (Meyer 2000; Page and Huyer 1984;
Yang and Leong 1982; Frederick et al. 1981; Powell
et al. 1983; Loper and Henkels 1999). Some studies
suggest that soil pore water might contain siderophores
at concentrations up to 240 uM (Hersman et al. 1995),
and there is evidence that these siderophores are uti-
lized by other bacteria (Winkelmann 1991) some of
which are non-siderophore-producers (Champomier-
Verges et al. 1996).

In the experiments without added siderophores, it
seems unlikely that the highly expressed siderophore
receptors are involved in Fe uptake in pure cultures
since no siderophore was detected except low levels of
citrate (3-5 uM). It should be pointed out that these
citrate concentrations are at the lower limit level of
detection for the method used. However, given that the
N. europaea genome has no genes with high similarity
to the known fecA, and that the addition of citrate to
Fe-limited cultures did not increase growth signifi-
cantly, the role, if any, of citrate in Fe acquisition for
N. europaea seems limited. Nonetheless, cultures grew
moderately well in Fe-limited medium. This observa-
tion raises the possibility of a siderophore-independent
Fe uptake pathway in N. europaea. One possibility, the
uptake of Fe®*, seems unlikely under oxic and neu-
tral pH conditions where Fe®" contributions would
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be negligible. Furthermore, dipyridyl, an Fe** chela-
tor, did not inhibit N. europaea growth. However,
N. europaea has most of the genes for potential sider-
ophore-independent Fe®* uptake. In yeast, membrane
surface-localized reductases first generate Fe** from
Fe**; multicopper oxidases then convert Fe** to Fe’*
which is immediately transported by Ftrl into the
cytoplasm (Stearman et al. 1996; Hassett et al. 1998).
While N. europaea genome only has genes with low
similarity to the characterized ferric reductase genes, it
has a gene (NE0294) that matches well to the genes for
a high affinity Fe>* transporter and has at least seven
putative multicopper oxidase genes (Chain et al. 2003).
The product of NE0294 is a cytochrome C type protein
that is similar to the yeast high-affinity Fe** transporter
Ftr1l. NE0926, one of the multicopper oxidase genes, is
similar to the yeast FETS5 necessary for Fe uptake
(Spizzo et al. 1997). Multicopper oxidases are essential
for Fe acquisition in P. aeruginosa when the source is
Fe”* (Huston et al. 2002), and for Fe>*/Fe** uptake in
Chlamydomonas reinhardtii (Herbik et al. 2002).
Another Fe®" uptake pathway was proposed in Heli-
cobacter pylori (Velayudhan et al. 2000). In this sys-
tem, flavins reduce Fe®" to Fe®* which is taken up
through OM porin into periplasm, and finally by FeoB
(inner membrane ferrous transporter) into cytoplasm.
However, N. europaea genome has only one gene
(NE1286) with low similarity to the known feoB.
Nonetheless, a porin (OmpC, encoded by NE2563) and
a multicopper oxidase (MnxG, by NEO0315) were
among the highly-expressed proteins under Fe-limited
conditions (Table 4). Further studies are needed on the
potential siderophore-independent Fe uptake systems
in N. europaea, especially on OmpC, FeoB, and mul-
ticopper oxidases.

In summary, this study showed that N. europaea was
able to grow in medium with relatively low Fe by
adjusting its physiology, and it responded to Fe limi-
tation by elevated production of OM siderophore
receptors potentially useful for Fe uptake. In addition,
growth of N. europaea was increased by the addition of
siderophores to Fe-limited medium, which demon-
strates that N. europaea can use heterologous sidero-
phores for Fe acquisition. Recently it was shown that
N. europaea mutants defective in ferrioxamine recep-
tors failed to grow in media where Fe was chelated by
Desferal (unpublished data). These results demon-
strate the functionality of some of the siderophore
receptor genes in N. europaea. The ability to respond
to the changing Fe availability would enable N. euro-
paea to compete successfully for limited Fe supply in
its habitats. Further genetic and functional studies on
N. europaea Fe uptake systems are warranted.
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