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Iron uptake systems were identified by global expression profiling of Magnetospirillum magneticum AMB-1.
feo, tpd, and fir, which encode ferrous iron transporters, were up-regulated under iron-rich conditions. The
concomitant rapid iron uptake and magnetite formation suggest that these uptake systems serve as iron supply

lines for magnetosome synthesis.

Iron is crucial in microbial metabolism. It exists in two redox
states: the reduced Fe?" soluble ferrous state and the oxidized
Fe3™ ferric form, which is extremely insoluble (1). In magne-
totactic bacteria, the formation of highly organized membrane-
bound intracellular magnetites (Fe;O,) or greigites (Fe;S,)
requires the acquisition of a large amount of iron several or-
ders of magnitude greater than that required by Escherichia
coli (5). Because of the large amount of iron to be transported,
complex iron uptake systems that differ from known transport
mechanisms in other microorganisms are expected to be op-
erating in magnetotactic bacteria. Exceptional progress has
been made in the isolation and characterization of functional
genes and proteins involved in magnetosome synthesis (2, 11,
13, 21, 24), but at present, specific iron transport systems re-
main unidentified in magnetotactic bacteria.

Here we report the identification of iron uptake systems by
global expression profiling of the magnetotactic bacterium
Magnetospirillum magneticum AMB-1 grown under iron-rich
and iron-deficient conditions. Our results indicate that despite
the unusual high-iron requirement of M. magneticum AMB-1,
it utilizes robust but simple iron uptake systems similar to
those of other gram-negative bacteria. This robust ferrous iron
uptake suggests a significant contribution to magnetite synthe-
sis. This study is the first to identify specific iron uptake systems
in the complex iron metabolism of magnetotactic bacteria. The
data presented here may facilitate future studies on the mech-
anism of magnetosome formation.

To monitor iron uptake and magnetite formation, M. mag-
neticum AMB-1 (ATCC 700264) was grown at 25°C under
microaerobic conditions by sparging argon gas for 10 min into
500 ml of MSGM medium as previously described (5), with
various iron concentrations of 0.1 to 300 wM. All iron mea-
surements were performed by atomic absorbance spectropho-
tometry. Extracellular iron concentrations were measured at
different time points in cell-free culture supernatants. For in-
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tracellular iron measurements, cells were disrupted by lysozyme
treatment (20) and ultracentrifuged at 100,000 X g to separate
the insoluble (magnetites) and soluble iron fractions.

Iron was rapidly taken up in iron-rich cultures, and a corre-
sponding increase of intracellular iron was observed within 10
min (Fig. 1A). Up to 70% of the initial iron concentration of
the medium was taken up, and intracellular iron increased to
5,000 nmol/10° cells after 60 min. Insoluble iron in the cyto-
plasm, which mostly included magnetites, also increased within
10 min (Fig. 1B). These data indicate that the external iron was
rapidly assimilated and formed into magnetite. Such rapid
magnetite formation has also been observed in M. gryphiswal-
dense (26). Transmission electron microscopy confirmed the
absence of magnetosomes in cells grown in 0.1 wM iron.

To relate the robust iron uptake to the corresponding gene
expressions of M. magneticum AMB-1 cultured under different
iron conditions, transcription profiles were obtained by stan-
dard DNA microarray (8, 18, 19). The sequence of each of the
4,492 genes obtained from M. magneticun AMB-1 (15), rep-
resenting ~99% of the total protein-coding capacity of the
whole genome sequence, was determined and synthesized from
the 60-mer region of minimal homology to other open reading
frames analyzed with the BLAST program. The amino-acti-
vated oligonucleotides (40 pmol) were imprinted onto glass
slides (TaKaRa-Hubble Slide Glass; TaKaRa Bio Inc., Shiga,
Japan). Total RNA was extracted by the hot phenol acid
method (10) and purified with an RNeasy Mini kit (QIAGEN,
Hilden, Germany). The threshold value was determined by
using RNA extracted from the strain AMB-1 cultures with
various iron concentrations. Five micrograms of purified RNA
was reverse transcribed with an RNA fluorescence labeling kit
(TaKaRa Bio Inc.) by using random 6-mer primers and the
fluorochromes Cy3 dUTP (for mRNA of cells grown with 20 to
300 uM iron) and Cy5 dUTP (for mRNA of cells grown with
0.1 uM iron). Cy3- and Cy5-labeled cDNAs were hybridized
with oligonucleotides onto glass slides. The signal value of each
spot was determined by the following formula: (signal of each
spot — background)/sum of all the signal values from the 4,492
AMB-1 genes. The Cy3/Cy5 fluorescence ratio was plotted,



TABLE 1. Expression of genes involved in ferrous and ferric ion transport and nitrogen respiration in M. magneticurn AMB-1 at various

initial iron concentrations

Fold change at iron concn (uM)* of:

cene ide“?igg:‘ion 20 4 80 100 150 200 250 300 C0G seore”
Fe?* transporter

firl amb0937 oS W EE 16 119 110 123 122 3e-39

firl amb1681 230 184 195 180 194 194 196 6e—43

ipd amb0939 B0 WSO B oo7 09 107 109 110 3e—40

ind amb0940 i B8 Bl 103 105 098 095 097 2¢-35

i v (S 6 10 1R S N N

feoA amb1022 374 375 310 225 226 223 223 224

feoB amb1024 232 321 252 248 152 212 208 206 le-131

feoA amb2730 148 227 172 177 181 159 161 159

feoB amb2731 1.06 - - - - - - - 0

Fe?* transporter

cird amb0540 133 [ BN BeE B B > 10 2e-21

cirA amb0846 55 248 255 S0 Wss Ees 121 123 2e-21

fepC amb4338 118 148 177 172 176 210 242 210 238

tonB amb3212 022 054 048 059 057 013 011 013 Se—18
amb3546 052 051 052 055 053 064 062 0.64

fepA amb3547 068 072 066 061 060 060 062 0.63 le—103

exbB amb3548 057 070 065 063 065 062 069 061 2e—21

tonB amb3549 039 035 033 050 051 015 015 0.6 2e-21

10lQ amb3550 037 038 002 054 058 062 068 056 2e—21

exbD amb3551 014 011 041 040 043 063 060 059 3e—31

exbD amb3552 056 028 067 060 058 078 075 0.77 4e—25

napA amb2690 274 279 299 276 275 289 285 286 0e+00

napB amb2687 - - - - - - - - 6e+21

napC amb2686 220 230 230 263 264 231 230 231 2e—69
amb3335 110 166 175 175 179 207 211 209 4e—79

“ Red, up-regulated; green, down-regulated.

® COG score indicates the result of homology search by BLAST performed against COG database.
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FIG. 2. Transcription profiles of genes by microarray of the whole-genome sequence of M. magneticurn AMB-1. Red indicates positive, and
green indicates negative, as shown in the scale bars (log, ratio). The genes were categorized into five groups based on their expression at different
iron concentrations (20 to 300 pM). Type A shows genes that were up-regulated above a 20 uM initial iron concentration. Type B genes were
down-regulated above a 20 pM initial iron concentration. Type C genes were down-regulated above a 100 wM initial iron concentration. Type D
genes were up-regulated above a 100 to 150 uM initial iron concentrations. Type E genes were not affected at any initial iron concentration.
Microarray experiments were demonstrated with three biological replicates and used duplicate microarray slides (different lot number). The
remaining genes which did not fall into any category showed a very inconsistent expression profile. The genes did not show distinct down- or
up-regulation at any specific iron concentration. Slides were scanned with a ScanArray Lite apparatus (model 900-3011538000; PerkinElmer Japan
Co., Ltd.). Visualization of expression pattern data was done with Vector Xpression Software (InforMax Inc., Frederick, Md.).

FIG. 1. Time course of the iron concentration in growth medium (MSGM) with initial iron concentrations of 0.1 (@), 40 (A), 80 (w), and 100
(O) nM. The amounts of total iron (A) and insoluble iron (magnetites) (B) from whole-cell extracts from three biological replicates were measured.
Solid lines in panel A indicate the time course of iron concentrations in the culture medium. The total amount of iron is indicated by dotted lines.
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and the distribution was determined. Most genes exhibited
signals with ratios ranging from 0.7 to 1.5; hence, up-regulated
genes were defined by a signal ratio of greater than 1.5 and
down-regulated genes were defined by a signal ratio of less
than 0.7. Relative gene expression is presented as the n-fold
change in the fluorescence intensity of cDNA synthesized from
total RNA derived from cells grown under several iron condi-
tions (magnetosome-forming condition: cultures with a 20 to
300 wM initial iron concentration) compared to that of the
reference condition (non-magnetosome-forming condition:
culture with a 0.1 wM initial iron concentration).

Global gene expression profiling of M. magneticuin AMB-1
yielded five gene expression profile patterns (genes which have
no uniform ratio were not categorized). Figure 2 shows the
patterns categorized as types A, B, C, D, and E. Type A (384
genes) shows a pattern of genes consistently up-regulated in
cells grown at initial iron concentrations of 20 to 300 wM with
signal ratios 1.7-fold higher than genes from the iron-limiting
condition (0.1 wM iron). Type B (230 genes) genes were con-
sistently down-regulated in cells grown at iron concentrations
of 20 to 300 wM with signal ratios less than 0.7-fold lower than
genes in the cells grown at the low iron concentration. Type C
genes (33 genes) were down-regulated above a 100 uM initial
iron concentration, while type D genes (80 genes) were up-
regulated above a 100 to 150 M initial iron concentration.
Type E genes (357 genes) were neither up-regulated nor down-
regulated by any initial iron concentration, indicating that
these genes are not responsive to the iron concentration. Fig-
ure 2 shows a partial list of genes.

Interestingly, two distinct patterns were observed in relation
to iron uptake and magnetosome synthesis. High-affinity fer-
rous iron transport genes were up-regulated in magnetosome-
forming cells grown under iron-rich conditions, and ferric iron
transport genes were down-regulated under these conditions
(Table 1). The fir, tpd, and feo genes are known to be expressed
under low-oxygen conditions when ferrous iron remains stable
and predominates over ferric iron (1, 7,9, 12, 14). In this study,
these gene expressions are consistent with the microaerobic
culture conditions in which the cells were grown. This code-
pendence of high iron assimilation and microaerobic condi-
tions for magnetosome synthesis to occur is in agreement with
earlier findings on M. magnetotacticum (5) and M. gryphiswal-
dense (26, 27). On the other hand, ferric iron transport genes,
which include fepA, tonB, exbB, and exbD (1), were down-
regulated under iron-rich conditions. This trend is consistent
with the mode of ferric iron uptake in other bacteria. Two
copies, cirA, encoding a ferric-siderophore outer membrane
receptor, and fepC, encoding an inner membrane ferric-
siderophore transporter (1), however, were up-regulated un-
der high-iron conditions. In M. magnetotacticumm MS-1, more
siderophores were produced under iron-rich conditions than
under iron-limited conditions (25). In M. magneticum AMB-1,
we have shown that the initial high concentration of iron is
rapidly assimilated from the medium within only 4 h after
inoculation, reaching levels comparable to those of iron-defi-
cient cultures, thereby triggering siderophore excretion (6).
Microorganisms require a minimum effective iron concentra-
tion of ~0.01 wM for growth but ~1.0 wM for optimal growth
(22). This range is much higher in magnetotactic bacteria, at
least 6 pM (6), because of their high iron requirement for
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magnetosome synthesis. Ferric siderophores may not be di-
rectly involved in magnetosome synthesis but may contribute in
ensuring that the high iron supply demanded by magnetotactic
bacteria is acquired.

Additionally, higher transcript levels of nitrate reductase (amb
2686, amb2687, amb2690) and ferric reductase (amb3335) genes
were obtained under iron-rich, magnetosome-forming conditions.
In M. magnetotacticum, ferric reductase was apparently required
for magnetite production (23). We have previously reported that
when M. magneticum AMB-1 utilizes nitrate as its sole nitrogen
source, magnetites are produced, with ferric iron serving as the
terminal electron acceptor (16, 17). Iron reduction and magneto-
some formation with respiratory nitrate reduction were inhibited
by dicumarol, an inhibitor of quinone (17), indicating that iron
reduction is coupled with respiratory nitrate reduction during
magnetosome synthesis.

In order for magnetosome production to proceed in magne-
totactic bacteria, two main precise physiological conditions are
required: (i) a narrow range of low oxygen concentrations and
(i) an extraordinary amount of iron to be assimilated. Although
these have been clearly demonstrated by several groups (3-5,
26), these findings must be augmented with specific iron trans-
port systems to further elucidate the unique process of mag-
netosome synthesis.

Nucleotide sequence accession number. The microarray data
and nucleotide sequence information obtained in this study were
submitted to the National Center for Biotechnology Information
GEO database and assigned accession no. GSE3914.
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