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Iron Response Regulator Protein IrrB in Magnetospirillum
gryphiswaldense MSR-1 Helps Control the Iron/Oxygen Balance,
Oxidative Stress Tolerance, and Magnetosome Formation
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Magnetotactic bacteria are capable of forming nanosized, membrane-enclosed magnetosomes under iron-rich and oxygen-lim-
ited conditions. The complete genomic sequence of Magnetospirillum gryphiswaldense strain MSR-1 has been analyzed and
found to contain five fur homologue genes whose protein products are predicted to be involved in iron homeostasis and the re-
sponse to oxidative stress. Of these, only the MGMSRv2_3149 gene (irrB) was significantly downregulated under high-iron and
low-oxygen conditions, during the transition of cell growth from the logarithmic to the stationary phase. The encoded protein,
IrrB, containing the conserved HHH motif, was identified as an iron response regulator (Irr) protein belonging to the Fur super-
family. To investigate the function of IrrB, we constructed an irrB deletion mutant (AirrB). The levels of cell growth and magne-
tosome formation were lower in the AirrB strain than in the wild type (WT) under both high-iron and low-iron conditions. The
AirrB strain also showed lower levels of iron uptake and H,0, tolerance than the WT. Quantitative real-time reverse transcrip-
tion-PCR analysis indicated that the irrB mutation reduced the expression of numerous genes involved in iron transport, iron
storage, heme biosynthesis, and Fe-S cluster assembly. Transcription studies of the other fur homologue genes in the AirrB
strain indicated complementary functions of the Fur proteins in MSR-1. IrrB appears to be directly responsible for iron metabo-
lism and homeostasis and to be indirectly involved in magnetosome formation. We propose two IrrB-regulated networks (under
high- and low-iron conditions) in MSR-1 cells that control the balance of iron and oxygen metabolism and account for the coex-

istence of five Fur homologues.

Iron is an essential nutrient for most organisms. It is involved in
crucial biological processes such as nitrogen fixation, oxygen
transport, central metabolism, respiration, gene regulation, and
DNA biosynthesis (1). Under aerobic conditions at a neutral pH,
iron is metabolically unavailable because of its insoluble state (2,
3). In cells, ferrous iron (Fe*") and ferric iron (Fe’*) function,
respectively, as the electron donor and electron acceptor, main-
taining a compatible redox potential for many biochemical reac-
tions (3). Excess ferrous iron catalyzes the formation of reactive
oxygen species (ROS) via the Fenton reaction, resulting in cell
damage or death (4). Bacteria and other microorganisms have
developed various systems to maintain iron homeostasis, the most
studied of which is the ferric uptake regulator (Fur) system. In
Escherichia coli and Pseudomonas aeruginosa, iron binds Fur so as
to occupy its promoter and inhibit the expression of Fur-con-
trolled genes (5, 6).

Magnetospirillum gryphiswaldense MSR-1, a Gram-negative al-
phaproteobacterium, is capable of synthesizing unique intracellular
magnetic nanoparticles composed of Fe;O,, termed magneto-
somes (7). The biosynthesis of magnetosomes, whose membrane-
bound magnetite nanocrystals are aligned in chain-like structures
within the cell, requires the cell to assimilate a large amount of
iron from the environment (8) while avoiding the potential toxic
effects of surplus intracellular iron. Our de novo sequencing of the
MSR-1 genome revealed the presence of five Fur homologues dif-
fering from those of E. coli and other nonmagnetotactic bacteria
(9). The five candidate Fur proteins are assignable to three differ-
ent subfamilies of the Fur superfamily (10). Only one of the pro-
teins (MGMSRv2_3137) is considered to be the real Fur protein;
we have shown that Fur in M. gryphiswaldense directly regulates
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the expression of several key genes involved in iron transport and
oxygen metabolism and also functions in magnetosome forma-
tion (11). Another of the five proteins (MGMSRv2_2136) belongs
to the zinc uptake regulator (Zur) family (responsive to zinc). The
other three proteins (MGMSRv2_1721 [IrrA], MGMSRv2_3149
[IrrB], and MGMSRv2_3660 [IrrC]) are most closely related to
the iron response regulator (Irr) family (responsive to heme). The
physiological functions of the five homologues and the relation-
ships among the five Fur proteins remain poorly understood.
We recently generated magnetosome-forming and non-
magnetosome-forming variants of MSR-1 cells by modulating
the iron concentration in the medium and performed complete
transcriptome analysis of the two variants. The expression of the
MGMSRv2_3149 gene (irrB) was significantly downregulated under
iron-rich and oxygen-poor (hypoxic) conditions. In the present
study, to clarify the role of irrB in iron regulation and magnetite
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TABLE 1 Strains and plasmids used in this study

IrrB Regulates Iron/Oxygen Balance

Strain or plasmid Description Source or reference
Strains
M. gryphiswaldense
MSR-1 WT; Nx* DSM 6361
AirrB mutant irrB-defective mutant; Nx" Gm" This study
CF3149 Complemented strain of the AirrB mutant; Nx" Gm" Tc" This study
Afur mutant fur-defective mutant; Nx" Gm" 11
E. coli
DH5« endAl hsdR17(ry~ my ") supE44 thi-1 recAl gyrA (Nal") recAl A(lacZYA-argF)U169 deoR[b80dlacZAM15] 41
S17-1 thi endA recA hsdR with RP4-2-Tc:Mu-Km::Tn7 integrated into the chromosome; Sm" 42
Plasmids
pMD 18 T-simple Cloning vector; Amp" TaKaRa
pUCGm pUCI1918 carrying the aacCI gene, Gm" 43
pUX19 Suicide vector for M. gryphiswaldense MSR-1; Km* 44
pUXF pUX19 containing Gm cassette, irrB upstream and downstream regions; Km" Gm" This study
pRK415 Broad-host-range cloning vector; Tc" 45
pRK415F pRK415 containing irrB from M. gryphiswaldense MSR-1 This study

biomineralization in MSR-1, we successfully constructed its null
strain and complemented strain. The mutant showed reduced mag-
netosome formation, a phenotype similar to that of the MGM-
SRv2_3137 gene (a fur-like gene) deletion mutant. In contrast to Fur,
IrrB may indirectly regulate genes involved in heme biosynthesis,
iron storage, or yet unknown pathways under high-iron conditions.
We also performed quantitative real-time reverse transcription-PCR
(RT-qPCR) in order to assess and compare the transcription levels of
other fur-like genes in the mutant and wild-type (WT) cells. The
findings indicate that IrrB in MSR-1 helps control both cell growth
and magnetosome formation with varying iron concentrations. Co-
ordination among the Fur proteins maintains the balance of iron and
oxygen levels required for magnetosome formation.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are listed in Table 1. M. gryphiswaldense strain
MSR-1 was cultured in sodium lactate medium (SLM) at 30°C with shak-
ing at 100 rpm (12). Sterile ferric citrate was added as an iron source after
autoclaving. E. coli strains were cultured in Luria broth (LB) at 37°C. The
antibiotics used were as follows: for E. coli, 100 pg/ml ampicillin (Amp),
50 pg/ml kanamycin (Km), and 20 pg/ml gentamicin (Gm); for M. gry-
phiswaldense, Km, Gm, tetracycline (Tc), and nalidixic acid (Nx), each at
5 wg/ml. The growth (expressed as the optical density at 565 nm [ODxs])
and magnetic response (Cmag) of MSR-1 cells were measured as de-
scribed previously (13).

Construction of the irrB deletion mutant and its complemented
strain. For the construction of the irrB deletion mutant (AirrB), frag-
ments 1,110 bp upstream and 1,114 bp downstream of irrB were amplified
using primer sets F3149uF/F3149uR and F3149dF/F3149dR. The ampli-
fied upstream fragment digested by BamHI and Sacl, the amplified down-
stream fragment digested by Sacl and KpnlI, and the gentamicin resistance
cassette from pUCGm were ligated into the suicide vector pUX19 to form
pUXF. By using E. coli S17-1 as the donor strain, pUXF was introduced
into WT MSR-1 by biparental conjugation. Colonies were screened and
were selected by Gm" and Nx', and double crossover was confirmed by
PCR (14, 15). To construct the complemented strain, irrB was amplified
by primer set £3149-F/f3149-R and was then ligated into the HindIII and
Kpnl sites of pRK415. The resulting plasmid, pRKF, was introduced into
the AirrB strain by biparental conjugation as described above. The Gm"
Tc" Nx" colonies were confirmed by PCR, and the complemented strain
was termed CF3149.
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TEM. Cells were cultured in SLM for 15 h, applied to copper grids,
washed twice with double-distilled H,O, and observed directly by trans-
mission electron microscopy (TEM) (model JEM-1230; JEOL; Tokyo,
Japan). The numbers and diameters of magnetosomes were analyzed sta-
tistically using ImageJ (National Institutes of Health, Bethesda, MD,
USA), a Java-based image-processing program (13).

Iron content. The WT MSR-1, AirrB, and CF3149 strains were grown
in SLM supplemented with 20, 40, or 60 wM ferric citrate at 30°C for 24 h
and were harvested by centrifugation (8,000 X g, 5 min). The precipitate
was digested by nitric acid (13, 14), and the total cellular iron content was
measured by inductively coupled plasma—optical emission spectrometry
(ICP-OES) (Optima 5300 DV system; Perkin-Elmer, Waltham, MA,
USA).

H,O0, tolerance. The three strains were cultured in SLM without ferric
citrate, inoculated into 50 ml SLM containing 200, 300, 400, or 500 M
H,0,, and cultured for 24 h at 30°C with shaking. The ODs;, reflecting
cell density, was measured using a spectrophotometer. The experiments
were performed in triplicate.

RNA extraction and RT-qPCR. The WT and AirrB strains were grown
in SLM without ferric citrate to an OD5 of ~0.7. The culture was split; 30
M 2,2-dipyridyl (DIPy) was added to one half and 60 uM ferric citrate to
the other. Growth was continued for 2 h at 30°C, and the cells were har-
vested by centrifugation (12,000 X g, 1 min, 4°C). Total RNA was isolated
using TRIzol reagent (Tiangen Biotech, Beijing, China) and was reverse
transcribed into cDNA using Moloney murine leukemia virus (M-MLV)
reverse transcriptase (Promega, Madison, W1, USA) as described previously
(13). mRNA transcripts were quantified by quantitative real-time RT-PCR
(RT-qPCR), with the rpoC gene (which encodes RNA polymerase subunit 3')
as an internal control. RT-qPCR was performed with a LightCycler 480 RT-
PCR system and a LightCycler 480 SYBR green I Master kit (Roche, Mann-
heim, Germany) according to the manufacturer’s instructions. Gene names
and numbers, encoded proteins, and primer names and sequences are listed
in Tables S1 and S2 in the supplemental material. The transcription levels of
selected genes were determined by the 2™ AAG method, where C‘l7 is the cross-
ing point, the point at which the fluorescense rises appreciably above the
background fluorescence (13, 16).

RESULTS

Comparison of amino acid sequences of Fur proteins from var-
ious bacterial species. We focused on irrB because transcriptome
data analysis identified it as the gene with the most striking differ-
ential expression under high-iron versus low-iron conditions. The
irrB gene in MSR-1 has 420 bp and encodes 139 amino acid resi-
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IxrxrB3j
Fur3660
Fuxr3149
Fuxrl721
FurPa
Fuxr3137

IrrR1
IxrxrAtT
IxrxrB3j
Fur3660
Fur3149
Furli721
FurPa
Fur3137

IxrxrR1
IrrAt
IxrxBj
Fur3660
Fuxr3149
Fuxrli721
FurPa
Fuxr3137

IrrR1
IxrxrAt
IrrBj
Fur3660
Fur3149
Furi721
FurPa
Fuxr3137

IxrrR1
IrrAtC
IrxrB3j
Fur3660
Fur3149
Furl721
FurPa
Fuxr3137

FIG 1 Primary sequence alignment of Fur and Irr proteins by the ClustalW program. Four Fur homologues were from M. gryphiswaldense MSR-1:
MGMSRv2_3137 (Fur; GenBank accession no. YP_008939008), MGMSRv2_1721 (IrrA; GenBank accession no. YP_008937596), MGMSRv2_3149 (IrrB;
GenBank accession no. YP_008939020), and MGMSRv2_3660 (IrrC; GenBank accession no. YP_008939529). One related Fur sequence was from P. aeruginosa:
Fur-Pa (GenBank accession no. NP_253452). Three related Irr sequences were from B. japonicum (Irr-Bj; accession no. YP_005605653), R. leguminosarum
(Irr-Rl; accession no. WP_017962725), and A. tumefaciens (Irr-At; accession no. WP_003493135). Black, pink, or blue shading indicates that eight, six, or fewer
than five proteins, respectively, share the same amino acids at a given site. The conserved histidine residue motif (HHH) is boxed in red. The heme regulatory
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motif is boxed in black. The second heme-binding site is indicated by red asterisks.

dues. It is not located in the “magnetosome island” (MAI). In the
MSR-1 genome, the neighbors of the IrrB protein are trimeth-
ylamine N-oxide (TMAO) reductase I (MGMSRv2_3148) and a
conserved protein (MGMSRv2_3150) with unknown function. The
bacterial localization prediction tool PSORTb (www.psort.org
/psortb/) indicates that IrrB is located in the cytoplasm. Sequence
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alignment of Fur-like proteins using the MicroScope platform
(www.genoscope.cns.fr/agc/microscope) showed 61.4%, 40.2%,
26.8%, and 15.0% sequence identity of IrrB with IrrA, IrrC, Fur,

The amino acid sequences of Fur proteins from M. gryphiswal-
dense MSR-1 (including IrrA, IrrB, IrrC, and Fur) and P. aerugi-
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nosa (Fur-Pa) and Irr proteins from Bradyrhizobium japonicum
(Irr-Bj), Rhizobium leguminosarum (Irr-Rl), and Agrobacterium
tumefaciens (Irr-At) were aligned using the ClustalX software pro-
gram (Conway Institute, University College Dublin, Dublin, Ire-
land). BLASTP analysis revealed high identities of the IrrB amino
acid sequence with those of Irr-Rl and Irr-At (48%) and moderate
identities with those of Irr-Bj (41%) and Fur-Pa (30%). Fur and
Fur-Pa contain the characteristic Fe-binding motif His-His-Asp-
His (Fig. 1), which is conserved in all Fur/Mur orthologues in
alphaproteobacteria (17). IrrA, IrrB, and IrrC contain the histi-
dine residue motif (HHH) (outlined in red in Fig. 1) that binds
ferrous heme in Irr-Bj, Irr-At, and Irr-Rl, but not the heme regu-
latory motif (HRM) (amino acid residues GCPWHD; outlined in
black in Fig. 1) that binds ferric heme in Irr-RI (18). The HHH
motif is conserved in most Irr proteins, indicating that IrrA, IrrB,
and IrrC may belong to this group. Both Irr-Rl and Irr-At have a
second heme-binding site that consists of H48 and H68 in R. le-
guminosarum and H45 and H65 in A. tumefaciens. H48 and H68
are involved in the oligomerization of Irr-Rl, whereas H45 and
H65 are involved in the repression function of Irr-At (18, 19). IrrC
retains the two histidine sites, but IrrA and IrrB have only H41 and
H45, respectively, in the second heme-binding site (Fig. 1, red
asterisks).

Reductions in the growth rate and the level of magnetosome
formation in an irrB-deficient strain. To examine the role of IrrB
in cell growth and magnetosome formation, we constructed an
irrB-deficient strain (AirrB) and a complemented strain with irrB
(CF3149). The WT, AirrB, and CF3149 strains were cultured in a
medium supplemented with 60 wM ferric citrate (high-iron con-
dition) or 30 M 2,2-dipyridyl (DIPy) (low-iron condition). Un-
der low-iron conditions, the growth rate of the AirrB strain was
roughly half that of the WT and CF3149 (Fig. 2A). After 36 h of
incubation, the ODs5 of the AirrB strain (0.685 * 0.156) was
roughly half those of the WT and CF3149. Under high-iron con-
ditions, the growth rate of the AirrB strain was 1.46-fold lower
than those of the WT and CF3149, and the highest OD55 value of
the AirrB strain (0.934 *+ 0.094) was somewhat lower than those
of the WT (1.459 = 0.019) and CF3149 (1.157 = 0.017) (Fig. 2B).
These findings indicate that irrB deletion results in a reduced
growth rate, particularly under low-iron conditions. Iron may
function as a signal to activate IrrB. The growth rate was inhibited
by low iron concentrations and IrrB deficiency.

Under low-iron conditions, magnetic response (Cmag) values
were zero for all three strains. Under high-iron conditions, the
WT absorbed a large amount of iron, which was used for magne-
tosome synthesis; the maximal Cmag in these cells was ~1.2. In
contrast, the maximal Cmag of the AirrB strain was 0.516 = 0.140
at 18 h, and this strain first produced magnetism at 12 h, much
later than the WT and CF3149 (Fig. 2C). These findings indicate
that irrB deletion inhibited magnetosome formation as well as the
growth rate.

Magnetosome phenotype of the AirrB strain. TEM observa-
tions showed that the mean number of magnetosomes (5.95 *=
2.27) was significantly (P < 0.05) lower, and their mean diameter
(17.70 = 5.97 nm) was significantly smaller, in the AirrB strain
than in the WT and CF3149 (Fig. 3A to F; Table 2). The number
and size of magnetosomes in the fur deletion mutant (Afur) were
also smaller than those in the WT and CF3149 (11). The diameter
of magnetosomes of the Afur strain (14.69 = 5.39 nm) was smaller

December 2015 Volume 81 Number 23

Applied and Environmental Microbiology

IrrB Regulates Iron/Oxygen Balance

A 18

1.6 1
1.4 -
1.2

—a-WT

== AirrB
—&—CF3149

0.8
0.6
0.4
0.2

OD:s6s

0 6 9 12 15 18 22 26 30 34 36 38

B 1.6

14 - —a-WT

=O=AirrB
—&—CF3149

1.2 A1

[

ODsss

o
o

0.4 A

0.2

0+ T T T T T T T T T T

0 6 9 12 15 18 22 26 30 34 36 38
Time (h)

- WT
==AirrB
—4&—CF3149

0 6 9 12 15 18 22 26 30 34 36 38

Time (h)

FIG 2 (A and B) Growth rates of the MSR-1 WT, AirrB (irrB-deficient mu-
tant), and CF3149 strains in culture with 30 wM DIPy (low-iron conditions)
(A) or 60 pM ferric citrate (high-iron conditions) (B). (C) Magnetic responses
(Cmag) under high-iron conditions. The AirrB strain showed clear reductions
in the levels of growth and magnetosome formation under low-iron condi-
tions.

than that for the AirrB strain, but the Afur strain had more mag-
netosomes (8.74 * 4.34) (P < 0.05) (Table 2).

These TEM observations were confirmed by culturing the
three strains with 20, 40, and 60 uM ferric citrate and measuring
the intracellular iron content by ICP-OES. With the three ferric
citrate concentrations, the iron content in the AirrB strain was
reduced by 15%, 24%, and 16%, respectively, from that in the WT,
whereas the iron content in CF3149 was similar to that in the WT
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FIG 3 TEM images, intracellular iron contents, and H,O, tolerances of the three MSR-1 strains. (A to C) WT, AirrB, and CF3149 cells, respectively, viewed by
conventional TEM. Bars, 500 nm. (D to F) WT, AirrB, and CF3149 cells, respectively, at a higher magnification. Bars, 200 nm. Arrows indicate magnetosomes.
The level of magnetosome formation was notably reduced in the AirrB strain. (G) Cells were grown in SLM supplemented with 20, 40, or 60 uM ferric citrate,
and the intracellular iron content was determined by ICP-OES. (H) Cells were grown in SLM supplemented with four different concentrations of H,0,, as
shown, and the OD;; was measured by spectrophotometry. Growth in 200 uM H,O, was normal for the WT, greatly reduced (13% of the WT value) for
the AirrB strain, and partially restored for the complemented strain CF3149. In 300 uM H,0,, growth was close to normal for the WT (ODs¢5, 0.7) but

greatly reduced for the AirrB strain and CF3149. The growth of all three strains was completely inhibited in 500 wM H,O,. The experiments were
performed in triplicate.

(Fig. 3G). The iron content in the Afur mutant was reduced by Hypersensitivity of the AirrB strain to oxidative stress. Fur
~37% from that in the WT. The ratio of the iron content in the  proteins are typically involved in the regulation of iron metabo-
AirrB strain to that in the WT was slightly less. These findings lism and responses to oxidative stress (6). To clarify the role of IrrB
indicate that intracellular iron content was reduced in the AirrB  in oxygen metabolism, we evaluated the effects of four H,O, con-
and Afur strains. The large reduction in the Afur strain may be due  centrations on the growth of the WT, AirrB, and CF3149 strains.
to disrupted transcription of the ferrous uptake system (feoAB) Ina culture with 200 uM H,0,, WT growth was normal, whereas
involved in magnetosome formation (11, 12, 14). the growth of the AirrB strain was greatly reduced (ODs45 value,

8048 aem.asm.org Applied and Environmental Microbiology December 2015 Volume 81 Number 23


http://aem.asm.org

TABLE 2 Diameters and numbers of magnetosomes in four MSR-1
strains”

Mean magnetosome Mean no. of
Strain diam (nm) magnetosomes
WT 24.69 * 6.49 14.03 = 2.12
AirrB mutant 17.70 = 5.97 5.95 *2.27
CF3149 24.60 * 6.97 10.90 = 3.31
Afur mutant 14.69 £ 5.39 8.74 * 4.34

“ Magnetite crystals were visualized by TEM in 45 to 60 cells per strain, and the sizes
and numbers of magnetosomes were determined by using the Image] program. Both
parameters differed significantly (P < 0.05) between the WT and the AirrB mutant.

~13% that of the WT) (Fig. 3H). The WT phenotype was partially
complemented in CF3149. In a culture with 300 uM H,0,, the
WT reached an ODs45 of 0.7, whereas the growth of the AirrB
strain and CF3149 was inhibited. In cultures with 500 wM H,0,,
the growth of all three strains was completely inhibited. These
findings indicate that irrB deletion results in hypersensitivity to
oxidative stress, a phenotype similar to the Afur phenotype. Sen-
sitivity to H,O, may result from the intensity of the Fenton reac-
tion through the loss of fur genes. H,0, promotes Irr degradation
in the presence of iron, and Irr degradation in response to H,0, is
heme dependent (20). irrB deficiency may lead to a loss of cellular
response to oxidative stress through the regulation of heme bio-
synthesis, which would account for the greatly reduced growth of
the AirrB strain.

Transcription levels of irrA, irrC, and fur in the AirrB strain.
The irrB deletion did not eliminate magnetosome formation. To
evaluate the effects of irrB deletion on other fur genes, we mea-
sured the transcription levels of irrA, irrC, and fur in the WT and
AirrB strains under high- and low-iron conditions. The zur gene
was excluded from this analysis because it showed low amino acid
sequence identity to the other proteins, and its protein, Zur, had a
different function (zinc homeostasis). The primers used for RT-
qPCR are listed in Table S1 in the supplemental material.

Under high-iron conditions, the transcription level of irrA in
the AirrB strain was 5.5-fold higher (P < 0.05) than thatin the WT
(Fig. 4A). The transcription level of irrC was slightly higher, and
that of fur was slightly lower, in the AirrB strain than in the WT
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(Fig. 4A). Under low-iron conditions, the transcription level of
irrA was 2-fold higher in the AirrB strain than in the WT, whereas
those of irrC and fur were lower in the AirrB strain (Fig. 4B). irrA
is highly expressed in the AirrB strain and may be complementary
to irrB deletion regardless of high- or low-iron conditions. An-
other possibility is that IrrB inhibits irrA expression. irrC showed
increased expression only under high-iron conditions, and this
expression was weaker than that of irrA. However, fur did not
show any striking change in expression. A recent report indicates
that Fur functions as a real Fur protein, like Fur-Pa, and differs
from Irr proteins (21).

Regulation of IrrB. Iron response regulator (Irr) proteins bind
conserved promoter sequences in the absence of iron and can
activate or repress the expression of target genes (22). The con-
served DNA in the promoter of target genes has 17 bp and is
termed the iron control element (ICE) (23). Scanning of the entire
MSR-1 genome did not reveal a gene promoter with an ICE box,
suggesting that Irr proteins may recognize different ICE motifs in
MSR-1. Comparison with Irr-regulated gene sequences in non-
magnetotactic bacteria (24, 25) revealed eight homologous genes
in the MSR-1 genome. mRNAs transcribed from these genes were
quantified by RT-qPCR. Under high-iron conditions, the AirrB
strain showed 3.5-, 9.5-, and 17.6-fold-lower expression of three
hem genes (related to heme biosynthesis), and slightly higher ex-
pression of the nifU gene (which encodes Fe-S cluster assembly
scaffold protein NifU), than the WT (Fig. 5A, filled bars). Under
low-iron conditions, the AirrB strain showed lower expression of
genes involved in iron transport (bhuA), iron-sulfur assembly
(sufA), and nitrogen fixation (nifS, encoding cysteine desulfurase)
than the WT (Fig. 5A, open bars); in particular, the expression of
bhuA (a putative TonB-dependent receptor gene) was ~42-fold
lower. These findings suggest that IrrB activates heme biosynthesis
under high-iron conditions and iron transport under low-iron
conditions. The expression levels of hemB and nifU were >2-fold
lower in the AirrB strain than in the WT regardless of the presence
or absence of iron, suggesting that these genes are not direct tar-
gets of IrrB and are more strongly induced in the absence of Irr
proteins.
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FIG 4 Transcription levels of fur and two fur-like genes in the WT and AirrB strains under high-iron (A) and low-iron (B) conditions. Means were compared
using Student’s ¢ test; differences with P values of <0.05 were considered significant. Under high-iron conditions, the irrA transcription level was 5.5-fold higher
in the AirrB strain than in the WT (P < 0.05). Under low-iron conditions, the irrA level in the AirrB strain was 2-fold higher than that in the WT, but the irrC

and fur levels were lower.
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FIG 5 Transcription patterns and predicted interactions among IrrB and related proteins. (A) Expression of eight genes in the WT relative to that in the AirrB
strain (fold change) under high-iron (filled bars) and low-iron (open bars) conditions, as evaluated by RT-qPCR. (B) Interactions among IrrB and related
proteins, predicted using the online tool STRING 9.1. The network nodes represent proteins encoded by the MGMSRv2_3149 (irrB; red), MGMSRv2_2122,
MGMSRv2_3112, MGMSRv2_3313, MGMSRv2_3702, and MGMSRv2_3703 genes. Lines between nodes indicate predicted associations between the corre-
sponding proteins. (C) Expression of bfrA, bfrB, and a gene with unknown function in the WT relative to that in the AirrB strain (fold change) under high-iron

and low-iron conditions, as determined by RT-qPCR.

DISCUSSION

IrrB coordinates iron homeostasis and resistance to oxidative
stress in MSR-1. Irr proteins are the major transcriptional regu-
lators of iron response reactions in rhizobia and accumulate in
cells under low-iron conditions (25). In the MSR-1 genome, three
proteins, encoded by the MGMSRv2_1721, MGMSRv2_3149,
and MGMSRv2_3660 genes, were annotated as Irr homologues.
To functionally characterize an Irr homologue, we constructed an
irrB deletion mutant (AirrB) and its complemented strain CF3149.

Under low-iron conditions, the growth of the AirrB strain was
significantly reduced and the bhuA gene was downregulated, find-
ings similar to those for A. tumefaciens and Brucella abortus (26,
27). In MSR-1, bhuA is annotated as a putative TonB-dependent
receptor that is located in the outer membranes and facilitates the
acquisition of scarce resources in an energy-dependent manner
(28). These findings suggest that IrrB is required for the induction
of bhuA transcription in response to low-iron conditions and that
irrB deletion disrupts iron uptake.

In nonmagnetotactic bacteria, under high-iron conditions,
heme binds the HHH motif to promote the degradation of Irr and
prevent the accumulation of a porphyrin precursor, whereas un-
der low-iron conditions, the Irr protein activates the expression of
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genes involved in iron transport (23). The normal response to iron
limitation presumably does not occur in the AirrB strain, resulting
in a further reduction in the intracellular iron pool, similar to the
decrease in total-iron content observed in B. japonicum (29), and
striking growth inhibition. Thus, IrrB is responsible directly for
iron homeostasis and indirectly for magnetosome formation.

Aside from the iron utilized for magnetosome formation (8)
and redox reactions (30), the residual iron in the AirrB strain was
sufficient to trigger the Fenton reaction under H,O, toxicity
stress. The increased H,0, sensitivity observed in the AirrB strain
may be related to disruption of heme biosynthesis. Lower expres-
sion of three hem genes showed that Fur activated heme biosyn-
thesis. nifU and nifS are required for the formation of Fe-S clusters
for the nitrogenase enzyme complex; NifU, in particular, provides
Fe-S clusters to a variety of proteins (31). In the suf system, SufA
carries Fe-S clusters and transfers them to target Fe-S apoproteins
(32). Fe-S cluster assembly mediated by the suf system occurs un-
der conditions of oxidative stress and iron limitation (33). Ex-
posed Fe-S clusters are easily converted to unstable forms by ox-
ygen species and disintegrate (34). Indirect regulation of IrrB by
nifU, nifS, and sufA may therefore be involved in the sensing of the
redox state and/or oxidative stress by cells.
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FIG 6 Proposed IrrB-regulated networks in MSR-1 cells. Under high-iron conditions, IrrB indirectly regulates genes for heme biosynthesis (hemA, hemB,
hemC), iron storage (bfrA, bfrB), and an unknown pathway. Under low-iron conditions, IrrB regulates genes for iron transport (bhuA), Fe-S cluster assembly

(sufA), and nitrogenase metallocluster biosynthesis (nifS, nifU).

Application of the online tool STRING 9.1 (http://string-db
.org) predicted interactions between IrrB and five other proteins
(Fig. 5B; see also Table S3 in the supplemental material). Accord-
ing to the predicted network scheme, IrrB has direct intrinsic
interactions with bacterioferritin (MGMSRv2_3702 [BfrA],
MGMSRv2_3703 [BfrB]) and a protein with unknown function
(MGMSRv2_2122) and indirect interactions with a uroporphy-
rinogen decarboxylase (MGMSRv2_3313 [HemE]) related to
heme biosynthesis (35) and a predicted DNA polymerase I
(MGMSRv2_3112). Two bfr genes involved in iron storage and an
unknown gene showed higher expression in the WT than in the
AirrB strain in the presence of iron, but RT-qPCR did not reveal
striking expression changes in the absence of iron (Fig. 5C). The
two bfr genes encode Bfr subunits similar to those in E. coli and
Magnetospirillum magnetotacticum MS-1, which contain heme-
binding sites and display ferroxidase activity related to intracellu-
lar iron accumulation in bacterioferritin (36). The activation of bfr
genes by IrrB under high-iron conditions facilitates the storage of
surplus iron and helps maintain iron homeostasis.

The iron level is closely associated with oxidative stress, be-
cause iron, as part of the Fenton reaction, potentiates oxygen tox-
icity (37). The IrrB-regulated networks proposed to function in
MSR-1 cells under high-iron and low-iron conditions, based on
results of the present and previous studies, are presented schemat-
ically in Fig. 6. Under high-iron conditions, IrrB indirectly regu-
lates genes involved in iron storage (bfr), heme biosynthesis
(hem), and an unknown pathway to increase gene expression,
thereby reducing oxidative stress from surplus iron. In addition,
ROS promote heme production for the degradation of IrrB, so as
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to reduce oxidative stress, through an unknown pathway. Under
low-iron conditions, transcriptional activation by IrrB of the
TonB-dependent receptor bhuA allows cells to take up scarce re-
sources from the medium and avoid iron starvation. Upregulated
expression of sufA (for Fe-S cluster assembly) may help cells main-
tain normal metabolism and avoid oxidative stress. nifS and nifU,
two genes associated with the biosynthesis of nitrogenase metal-
loclusters, are also upregulated by IrrB.

We attempted to identify the gene-binding sequences of IrrB in
MSR-1 on the basis of related information from nonmagnetotac-
tic bacteria. Electrophoretic mobility shift assay (EMSA) results
indicate that IrrB affects the expression of the genes shown in Fig.
6 in an indirect manner. It is possible that the regulon of IrrB
differs from the ICE box in nonmagnetotactic bacteria and that
the recognition sequence in the promoter is polytropic.

Proposed complementary roles of Fur homologues. Mem-
bers of the Fur protein family are abundant and widespread in
Gram-negative bacteria; they include Fur and Fur-like proteins,
such as Irr, Zur, Mur, and PerR (38). Nonmagnetotactic bacteria
typically have two or three Fur homologues, e.g., Fur and Zur in E.
coli and Fur, Zur, and PerR in Bacillus subtilis (6, 39). In striking
contrast, the MSR-1 genome includes five coexisting Fur homo-
logues. We considered possible explanations for this high number.
Fur (encoded by the MGMSRv2_3137 gene) is a real Fur protein
and regulates the expression of genes involved in iron and oxygen
metabolism (11). It has a unique sulfur-rich center that contains
Cys9, Met14, and Met16 and is oxygen sensitive (21). IrrB has Irr
characteristics and may be stable under conditions of iron defi-
ciency. Transcriptome analysis showed that irrB was notably
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downregulated in the stationary phase of cell growth. Recent stud-
ies showed that expression levels of the catalase gene katG and the
thiol peroxidase gene tpx at 18 h were higher in the presence of 20
WM ferric citrate than in its absence and were strikingly higher in
the log phase of magnetosome formation (13). Reduced expres-
sion of IrrB may lead to the synthesis of heme proteins such as
catalases and peroxidases (which detoxify H,0, and peroxides,
respectively), and IrrB degradation may be related to oxidative
stress (20). BLAST analysis showed a partial similarity of IrrC to
the peroxide-responsive repressor (PerR) in Staphylococcus epi-
dermidis, and IrrC has been implicated in the peroxide stress re-
sponse (40). In the present study, irrA expression was upregulated
under low-oxygen (0.5% dissolved oxygen) and iron-rich condi-
tions. These findings, taken together, indicate that IrrA and IrrC
play important roles in the regulation of oxygen balance.

The Fur and Fur-like proteins in MSR-1 presumably display a
division of labor and cooperativity under various iron and oxygen
concentrations, as suggested by RT-qPCR analysis of fur and fur-
like gene transcription levels. Fur primarily regulates iron trans-
port and catalase and superoxide dismutase activities during the
oxidative stress response, whereas IrrB regulates heme biosynthe-
sis, iron uptake, and iron storage. Ferrous iron (Fe*™), which is
required for Fur activity, serves as a corepressor of Fur, whereas
IrrB degradation may depend on iron. When one of the other Fur
proteins is deleted, IrrA and IrrC may perform complementary
functions in iron uptake and biomineralization. This proposed
scenario would account for the coexistence of multiple Fur homo-
logues in MSR-1.
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