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The Periplasmic Nitrate Reductase Nap Is Required for Anaerobic
Growth and Involved in Redox Control of Magnetite
Biomineralization in Magnetospirillum gryphiswaldense

Yingjie Li, Emanuel Katzmann, Sarah Borg, and Dirk Schiiler

Ludwig-Maximilians-Universitdt Minchen, Department Biologie I, Mikrobiologie, Planegg-Martinsried, Germany

The magnetosomes of many magnetotactic bacteria consist of membrane-enveloped magnetite crystals, whose synthesis is fa-
vored by a low redox potential. However, the cellular redox processes governing the biomineralization of the mixed-valence iron
oxide have remained unknown. Here, we show that in the alphaproteobacterium Magnetospirillum gryphiswaldense, magnetite
biomineralization is linked to dissimilatory nitrate reduction. A complete denitrification pathway, including gene functions for
nitrate (nap), nitrite (nir), nitric oxide (nor), and nitrous oxide reduction (nos), was identified. Transcriptional gusA fusions as
reporters revealed that except for nap, the highest expression of the denitrification genes coincided with conditions permitting
maximum magnetite synthesis. Whereas microaerobic denitrification overlapped with oxygen respiration, nitrate was the only
electron acceptor supporting growth in the entire absence of oxygen, and only the deletion of nap genes, encoding a periplasmic
nitrate reductase, and not deletion of nor or nos genes, abolished anaerobic growth and also delayed aerobic growth in both ni-
trate and ammonium media. While loss of nosZ or norCB had no or relatively weak effects on magnetosome synthesis, deletion
of nap severely impaired magnetite biomineralization and resulted in fewer, smaller, and irregular crystals during denitrifica-
tion and also microaerobic respiration, probably by disturbing the proper redox balance required for magnetite synthesis. In
contrast to the case for the wild type, biomineralization in Anap cells was independent of the oxidation state of carbon sub-
strates. Altogether, our data demonstrate that in addition to its essential role in anaerobic respiration, the periplasmic nitrate
reductase Nap has a further key function by participating in redox reactions required for magnetite biomineralization.

,VI agnetosomes are bacterial organelles synthesized by magne-
totactic bacteria (MTB) for orientation in the Earth’s mag-
netic field to facilitate the search for growth-favoring suboxic
zones of stratified aquatic habitats (22). In the alphaproteobacte-
rium Magnetospirillum gryphiswaldense MSR-1 (in the following
referred to as MSR-1) and many other MTB, magnetosomes are
membrane-enveloped magnetic crystals of magnetite (Fe;O,)
which are aligned in chains along cytoskeletal structures (23, 24,
48). The intracellular biomineralization of magnetite is of sub-
stantial interdisciplinary interest not only for microbiology and
cell biology but also for geobiology, biotechnology, and even as-
trobiology (22, 28, 48, 63).

Recent studies have shown that the biomineralization of mag-
netite crystals is under the control of a number of essential and
accessory genes which have been speculated to all be encoded
within a single genomic magnetosome island (31, 37, 45, 59). The
synthesis of magnetosome crystals proceeds in several steps, which
include the invagination of magnetosome membrane vesicles (24,
27) and the uptake of iron and its crystallization as magnetite
within these vesicles (12, 44). Although the mechanism of biomin-
eralization has not been fully elucidated, it has been suggested that
the synthesis of the mixed-valence iron oxide magnetite (Fe;O,)
occurs by coprecipitation from ferrous and ferric iron in super-
saturating concentrations, which is favored by a low redox poten-
tial (11, 12, 33). It was observed early that Magnetospirillum
(“Aquaspirillum”) magnetotacticurn MS-1 (MS-1) is capable of
microaerobic dissimilatory nitrate reduction and produces N,O
or N, as the final products (2), and in Magnetospirillum magneti-
cum strain AMB-1 (AMB-1) nitrate also supported magnetosome
formation at low oxygen concentrations (35, 36, 66). Oxystat ex-
periments further demonstrated that magnetite synthesis was in-
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duced only when the oxygen concentration was below a threshold
value of 2,000 Pa in MSR-1 and other magnetospirilla (19). Al-
though molecular oxygen was initially assumed to be required for
Fe;O, biomineralization (6), it was later shown by isotope exper-
iments that the oxygen bound in bacterially synthesized Fe;0, is
derived from water (32). In fact, in the marine vibrio strain MV-1
(“Magnetovibrio blakemorii”) magnetosomes can be biomineral-
ized in the entire absence of oxygen during anaerobic respiration
with N,O as an electron acceptor (3), and in Desulfovibrio magne-
ticus RS-1 this can occur using either sulfate or fumarate as an
electron acceptor (42). Although previous studies failed to dem-
onstrate oxygen-independent growth and magnetosome synthesis
in microaerophilic magnetospirilla MS-1 and MSR-1, earlier ob-
servations that magnetite synthesis is stimulated by nitrate sug-
gested a potential link to denitrification also in these organisms
(6,19).

Bacterial denitrification is a respiratory process to reduce ni-
trate stepwise to nitrogen gas (NO;~ —NO,” - NO —N,0 —
N,) (67). In many Gram-negative bacteria reduction of nitrate is
catalyzed by a membrane-bound nitrate reductase (Nar), whereas
in several other bacteria this reaction is instead performed by a
periplasmic nitrate reductase (Nap) (30). Two isofunctional
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periplasmic enzymes may catalyze the subsequent reduction of
nitrite to nitric oxide: a homodimeric cytochrome cd, nitrite re-
ductase, NirS, and a monotrimeric copper-containing enzyme,
NirK (30). The further reduction of nitrite to nitric oxide is then
catalyzed by an integral membrane protein complex (67). Its
catalytic subunit NorB is structurally homologous to oxygen-re-
ducing heme-copper oxidases, whereas NorC is a membrane-an-
chored protein with a heme domain in the periplasmic face (62).
The last step of the denitrification pathway is the reduction of
nitrous oxide to dinitrogen gas, which is catalyzed by the periplas-
mic multicopper enzyme nitrous oxide reductase (Nos) (30).

Despite their potential importance for magnetite biomineral-
ization, the genetics and biochemistry of denitrification processes
have not been well studied in MTB. A cytochrome cd, -type nitrite
reductase (NirS) was purified from MS-1 and shown to accelerate
the oxidization of ferrous iron in the presence of nitrite under
anaerobic conditions in vitro (65). Later, a soluble periplasmic
nitrate reductase implicated in magnetite synthesis was purified
from MS-1 (56). Wang et al. recently interrupted a gene (norB) for
nitric oxide reductase in AMB-1 by transposon insertion and
found that shorter magnetosome chains were produced under
anaerobic conditions (61). However, except for this single study,
no genetic evidence has been available for these possible functions
in vivo so far, and the exact interrelation of these two pathways as
well as the redox process governing magnetite biomineralization
has largely remained unclear.

Here we started to explore the function of dissimilatory nitrate
reduction in MSR-1 by expression analysis and mutagenesis of the
periplasmic nitrate reductase Nap and comparison to the roles of
downstream denitrification enzymes Nor and Nos. We found that
Nap is important for biomineralization of fully functional mag-
netosomes in MSR-1 during both denitrification and microaero-
bic respiration. We demonstrate that in addition to its role in
anaerobic respiration, Nap has a further key function by partici-
pating in redox reactions required for magnetite biomineraliza-
tion.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains and plas-
mids used in this study are shown in Tables S1 and S2 in the supplemental
material. Escherichia coli strains were grown in lysogeny broth (LB) at
37°C. MSR-1 strains were grown at 30°C in modified flask standard me-
dium (FSM) (19), which here was defined as nitrate medium if not spec-
ified otherwise. In ammonium medium, nitrate was replaced by 4 mM
ammonium chloride. When necessary, antibiotics were added to the me-
dium as follows: for E. coli, tetracycline (Tc) at 12 pg/ml, kanamycin (Km)
at 25 pg/ml, ampicillin (Amp) at 50 pwg/ml, and gentamicin (Gm) at 15
pg/ml, and for MSR-1, Tcat 5 pg/ml, Kmat 5 pg/ml, and Gm at 30 pug/ml.
When E. coli strain BW29427 was used as the donor in conjugation, 300
M diaminopimelic acid (DAP) was added.

Growth experiments were carried out under microaerobic and anaer-
obic conditions in Hungate tubes containing 10 ml medium. For mi-
croaerobic conditions, Hungate tubes were sealed with butyl rubber stop-
pers under a microoxic gas mixture containing 2% O, and 98% N, before
autoclaving. Anaerobic conditions were achieved by omitting O, from the
gas mixture, where some trace oxygen initially being potentially present
did not support any detectable growth in the absence of nitrate. For aer-
obic conditions, cells were incubated in free gas exchange with air in
300-ml flasks containing 20 ml medium agitated at 200 rpm. Optical
density (OD) and magnetic response (C,,,,,) were measured photometri-
cally at 565 nm as previously described (47). For gas production assay,
cells were inoculated and mixed with FSM medium with 0.3% agar in
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oxygen gradient tubes and incubated for 48 h exposed to the air. If not
specified otherwise, inocula were prepared under aerobic conditions with
a C,,, value of zero.

Genetic and molecular biology techniques. Standard molecular bio-
logical techniques were performed for DNA isolation, digestion, ligation,
and transformation (43). DNA products were sequenced using BigDye
Terminator version 3.1 chemistry on an ABI 3700 capillary sequencer
(Applied Biosystems, Darmstadt, Germany). Sequence data were ana-
lyzed with the software Vector NTI Advance 11.5.1 (Invitrogen, Darm-
stadt, Germany). All oligonucleotide sequences used in this work are
available if required.

Construction of mutant strains. All PCRs were performed using Phu-
sion polymerase (NEB). Enzymes, including restriction enzymes and T4
DNA ligase, were purchased from Fermentas. For the interruption of
napA, an internal fragment of napA was digested with Apal and Sacl and
then ligated into pCM184 to yield pLYJ27. pLYJ27 was then inserted into
MSR-1 by conjugation as described previously (49) to obtain a napA::
kanR mutant strain. To generate the unmarked deletion mutant of the
entire nap operon, a modified cre-lox method for large deletions was used
(60). A 2-kb upstream PCR fragment of the nap operon was generated and
cloned into EcoRI/NotI-digested pALO1 to obtain pLYJ85, the plasmid
pLYJ85 was conjugationally integrated into the chromosome of MSR-1,
and colonies screened positive by PCR for the presence of the kanamycin
marker were designated Anap-up. Subsequently, the plasmid pLYJ92 con-
taining a 2-kb downstream fragment of the nap operon was integrated
into the chromosome of Anap-up by conjugation. After the presence of
kanamycin and gentamicin markers was verified by screening PCR, the
strain was designated Anap-up-down. The lox-mediated excision of the
nap operon was initiated by conjugational transformation of pCM157
(34). Precise excision was further confirmed by PCR amplification and
sequencing. The plasmid pCM 157 was lost by passaging cells several times
in fresh nitrate medium. Finally, this strain was designated the Anap mu-
tant.

A two-step, cre-lox-based method (58) was used to generate unmarked
deletions of norCB and nosZ. For norCB deletion, the 2-kb upstream PCR
product was cloned into pCM 184 between Acc651 and Notl sites, gener-
ating pLYJ31. A 2-kb downstream fragment of norCB was then ligated into
Mlul/SacI-digested pLYJ31 to obtain pLYJ34. For the deletion of nosZ, the
upstream PCR product of the nosZ gene was cloned into Ndel/NotI-di-
gested pCM184 to yield pLYJ32. The 2-kb downstream fragment of nosZ
was digested with Mlul and SacI and then ligated into pLYJ32 to obtain
pLYJ35. Allelic exchange vectors pLYJ34 and pLYJ35 were then trans-
formed into MSR-1 by conjugation. Deletion mutants were first screened
on replica plates with kanamycin and tetracycline. Screening PCR was
further performed for colonies which did not grow on tetracycline plates.
To generate unmarked deletion mutants, pCM157 was conjugated into
each mutant and subsequently cured from each mutant by several trans-
fers in nitrate medium. Finally, the unmarked mutants were designated
the AnorCB and AnosZ mutants, respectively.

Complementation experiments. For genetic complementation of
Anap, AnorCB, and AnosZ, a series of pPBBRIMCS-2-based plasmids were
generated. Plasmid pLYJ80, which contains the nap cluster, including its
own promoter region, was constructed in three steps as illustrated in Fig.
S1 in the supplemental material. For complementation of norCB and
nosZ, pLYJ75 and pLY]J76, respectively, were used, in which the norCB and
nosZ gene sequences with their own promoter regions were ligated into
Apal/Sacl-digested pPBBRIMCS-2.

Construction and analysis of transcriptional gusA fusions. To gen-
erate the transcriptional nap-gusA, nirS-gusA, nor-gusA, and nosZ-gusA
fusion plasmids, the gusA gene from pK19mobGII was amplified and
cloned between the HindIII and Smal sites of pBBRIMCS-2 to obtain
pLYJ97. Then nap, nirS, norCBQD, and nosZ promoter regions were
cloned into Acc651/HindIII-digested pLYJ97, designated pLYJ98, pLY]94,
pLYJ99, and pLYJ100, respectively. Plasmids were then introduced into
wild-type (WT) MSR-1 by conjugation.
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Cells in post-exponential phase were centrifuged, broken, and sus-
pended in phosphate-buffered saline (PBS) for enzyme assay at 4°C. The
protein concentration was determined by the method of Bradford (7).
B-Glucuronidase activity was determined at 37°C as described by Wilson
etal. (64). Units were expressed as nanomoles product formed per minute
per milligram protein. Triplicate assays were performed, and the values
reported were averaged by using at least two independent cultures.

Chemical analysis. For nitrate and nitrite analysis, MSR-1 cells were
grown under anaerobic conditions for 20 h. Nitrate was detected using
Szechrome reagents (Polysciences, Inc.). Diluted 20-fold samples of cul-
tures were prepared, and Szechrome reagents were then added. After half
an hour, the absorbance at 570 nm was recorded. When nitrate was no
longer detectable, cultures without dilution were used to confirm the ab-
sence of nitrate. A nitrate standard curve (0 to 350 wM) was obtained to
convert absorbance values to concentrations.

Nitrite was measured with the modified Griess reagent (Sigma). One
hundred microliters of 20-fold-diluted samples of cultures were mixed
with equal modified Griess reagent and the absorbance recorded at 540
nm after 15 min. When no nitrite was detected, cultures without dilution
were used to confirm the absence of nitrite. A nitrite standard curve (0 to
70 M) was generated to calculate final nitrite concentration.

Transmission electron microscopy (TEM). WT MSR-1 and mutants
were grown at 25°C under anaerobic or microaerobic conditions up to an
OD at 565 nm (OD.s) of 0.1 and then were concentrated and adsorbed
onto carbon-coated copper grids. Samples were viewed and recorded with
a TECNAI FEI20 microscope (FEI, Eindhoven, Netherlands) at 200 kV or
with a Morgagni 268 microscope (FEI, Eindhoven, Netherlands) at 80 kV
as previously described (25). For magnetosome analysis, more than 200
crystals and 100 cells were detected for each strain.

Bioinformatic analysis. Denitrification genes were identified by
BLASTP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) homology searches in
the genomes of MSR-1 (GenBank accession no. CU459003.1), AMB-1
(GenBank accession no. AP007255.1), MS-1 (NCBI reference sequence
NZ_AAAP00000000.1), and Magnetococcus marinus MC-1 (MC-1) (Gen-
Bank accession no. CP000471.1) with an expectation value E of <le—06
and an amino acid similarity of >50%.

RESULTS

MSR-1 is capable of anaerobic growth by a complete denitrifi-
cation pathway. Various nitrogen sources were tested for their
ability to support anaerobic growth and magnetite synthesis in
MSR-1. As expected, no growth was observed in the presence of
only NH, " (see Table S3 in the supplemental material). Only very
poor growth (OD of 0.01 or less) was observed with the denitrifi-
cation intermediate nitrite at concentrations of =<1 mM (Table 1),
as well as with N,O (see Table S3 in the supplemental material).
However, significant anaerobic growth and magnetite formation
was found in the presence of nitrate. Growth was concentration
dependent up to 8 mM, and approximately 6 mM nitrate was
utilized after 20 hours of incubation (Table 1). Excess nitrate (>10
mM) gradually decreased growth yields to zero at 20 mM. Growth
at 4 mM nitrate led to transient accumulation of 0.1 mM nitrite,
which was consumed as growth proceeded (see Fig. S2 in the sup-
plemental material). Compared to anaerobic growth, MSR-1 in-
cubated under microaerobic conditions and in the presence of 4
mM nitrate reached higher densities (see Table S3 in the supple-
mental material) while larger amounts of nitrite (about 1 mM)
accumulated, likely due to repression of nitrite reduction by oxy-
gen (described below). If nitrate was replaced by an equal amount
of ammonium (4 mM), under microaerobic conditions the final
cell yield was slightly reduced (see Table S3 in the supplemental
material), whereas highest yields were reached under fully aerobic
conditions in both nitrate and ammonium media. This suggested
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TABLE 1 Effects of different nitrate and nitrite concentrations on
growth and magnetic response after a 20-hour anaerobic incubation”

Added nitrogen
source and Growth Nitrate left Nitrite left
concn (mM) (AOD4,)" Cinag (mM) (mM)
Nitrate
0 0.00 1.7x0.1 0 0
1 0.06 = 0.00 1.8 = 0.1 0 0
2 0.12 = 0.00 19200 0 0
4 0.20 = 0.00 1.8+0.1 0 0
6 0.25 £ 0.01 1.7 £ 0.1 0.36 = 0.07 0
8 0.32 = 0.02 1.8 £0.0 2.23=*0.25 0
10 0.29 = 0.01 1.8 0.1 3.89 £ 0.66 0
11 0.14 = 0.02 1.9+0.0 542 *0.44 0
12 0.09 = 0.04 1.8 £0.1 6.53*0.12 0
15 0.08 = 0.00 1.8 0.1 7.83 £0.62 0
20 —0.03 £0.01 1.3 0.1 19.88 £0.52 0
Nitrite
0 0.00 1.7 £ 0.1 0 0
0.5 0.01 = 0.00 1.7x00 0 0
1.0 0.01 = 0.00 1.7x=0.1 0 0
1.5 —0.01 £0.00 04=*=00 O 1.3 0.1
2.0 —0.02 £0.00 0 0 1.9 £ 0.0
2.5 —0.02£0.00 0 0 2.4+ 0.0

“ Values are means and standard deviations for experiments with triplicate cultures and
repeated three times.

b Negative values represent a decrease in cell density compared to the initial value on
inoculation of 0.04.

that denitrification and aerobic respiration cooccurred simultane-
ously under microaerobic conditions.

Anaerobic magnetosome formation was independent of ni-
trate concentrations up to 15 mM (Table 1). However, although
the C,,,,, value was slightly lower in anaerobically grown cells than
in microaerobically grown cells (see Table S3 in the supplemental
material), probably due to subtle effects on cell length (anaerobic,
4.4 * 0.2 wm; microaerobic, 4.2 * 0.2 wm) that are known to
affect C,,,, readings (26), anaerobically grown cells had higher
magnetosome numbers (29, versus 25 in microaerobically grown
cells), larger crystals (49.9 = 5.0 nm, versus 41.1 = 2.5 nm for
microaerobically grown cells), and more regular crystal morphol-
ogies and chain alignment (Fig. 1). In microaerobic ammonium
medium, cells biomineralized similar amounts of magnetite (23
crystals, 41.9 & 2.0 nm) (Fig. 1; see Table S3 in the supplemental
material), confirming that nitrate reduction is not essential for
magnetosome formation under microaerobic conditions. Under
aerobic conditions, cells were nonmagnetic (C,,,, = 0) in both
nitrate and ammonium media, similar to earlier findings (19).

Identification of denitrification genes in MSR-1 and other
MTB. Using the respective protein sequences from Pseudomonas
stutzeri as queries in BLASTP analysis, we reconstructed a com-
plete pathway of denitrification from the genome of MSR-1. A
putative nap operon containing napFDAGHBC genes for a
periplasmic nitrate reductase was identified (Fig. 2; see Table S4 in
the supplemental material), whereas we failed to detect nar genes
encoding a membrane-bound nitrate reductase complex. nap
operons but no nar genes are also present in other MTB, including
the magnetospirilla AMB-1 and MS-1 as well as MC-1 (see Table
S4 in the supplemental material). The organization of the
napFDAGHBC operon resembles those of nap genes from E. coli
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FIG 1 Effect of oxygen and nitrogen sources on magnetosome formation. (A) TEM micrographs of whole cells of the WT under the indicated conditions. Scale
bars, 500 nm. (B) Close-up views of the magnetosome crystals shown in panel A. Scale bars, 100 nm.

(21), Haemophilus influenzae (17), and Rhodobacter sphaeroides
2.4.3 (18), in which this type of clusters has been designated nap-3
(53). In many bacteria, this Nap cluster is used for anaerobic
growth via nitrate respiration (17).

A nirS gene, encoding a homodimeric cytochrome cd,; nitrite
reductase, was found in MSR-1 next to several other nir genes of
partially unknown functions located on a short contig of the in-
complete genome assembly of MSR-1 (data not shown). norCand
norB, encoding nitric oxide reductase subunits, are part of an
operon also comprising norQ and norD in MSR-1, AMB-1, and
MC-1, whereas we failed to detect nor genes in strain MS-1, pos-
sibly due to the incompleteness of its genome assembly. A singular
nosZ gene was identified in MSR-1 and AMB-1 but not in MC-1,
whereas no other nos genes that are usually colocated with nosZ in
the same operon (5, 8, 20) were found in magnetospirilla. In MS-1
two complementary nosZ fragments were detected on two differ-
ent contigs of the incomplete genome assembly.

Expression of nir, nor, and nos but not nap is upregulated by
nitrate and downregulated by oxygen. Since maximum magne-
tite synthesis in MSR-1 occurs at low oxygen tensions and in the
presence of nitrate (Table 1; see Table S3 in the supplemental
material), we tested whether the expression of denitrification
genes is correlated with magnetosome formation. To this end,
transcriptional gene fusions of napFDAGHBC, nirS, norCBQD,
and nosZ with gusA, encoding 3-glucuronidase, were constructed
and transferred into WT MSR-1 by conjugation. As shown in
Table 2, cells containing the transcriptional nap-gusA reporter

nap

napF napD

gene fusion exhibited an approximately 2-fold increase of B-gluc-
uronidase activity under aerobic compared to microaerobic con-
ditions, whereas nitrate had no obvious effect on nap-gusA expres-
sion. In contrast, about a 6-fold-higher level of B-glucuronidase
activity was observed under microaerobic conditions with nitrate
than without nitrate, whereas increased oxygen concentrations
resulted in decreased B-glucuronidase activity. WT MSR-1 carry-
ing nor-gusA showed the same pattern as for nirS-gusA, i.e., a
higher level of norCBQD expression under microaerobic condi-
tions in the presence of nitrate (762.7 = 37.0 U) than in the ab-
sence of nitrate (221.5 = 52.4 U), whereas 3-glucuronidase activ-
ity was lowered by increasing oxygen concentrations. nosZ-gusA
also exhibited an approximately 5-fold-higher B-glucuronidase
activity under microaerobic conditions in the presence of nitrate
than in its absence, and it was downregulated by oxygen.

Notably, the finding that the expression of nap was different
from that of other denitrification genes suggested that Nap might
have a distinct function. In addition, whereas nirS and nosZ are
absent from the genome of nondenitrifying strain MC-1 (46), nap
and nor genes are more widely conserved within alphaproteobac-
terial MTB. Therefore, further genetic analysis was focused mostly
on these genes.

NosZ and NorCB are required for complete denitrification
but have only minor roles in magnetite synthesis. A norCB dele-
tion strain was constructed as described in Materials and Meth-
ods. When AnorCB cells were incubated microaerobically in am-
monium medium or aerobically in either nitrate or ammonium

FIG 2 Molecular organization of identified denitrification genes in MSR-1. Dashed lines indicate the extent of deletions in mutant strains.
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TABLE 2 Effects of oxygen and nitrate on transcriptional expression of
denitrification genes nap, nirS, nor, and nos fused with gusA

B-Glucuronidase activity (U)*

Microaerobic conditions Aerobic conditions

Without Without
Promoter ~ With NO;~ NO;~ With NO; ™~ NO;~
nap 16.2 = 1.4 159 0.8 30.8 = 2.6 28.6 = 2.8
nirS 124.0 £5.5 212+ 9.6 142 *+79 183+ 7.8
norCBQD  762.8 £37.0 221.5 %524 204.4 £ 41.1 151.1 £ 10.5
nosZ 519.0 = 43.4 118.3 = 33.3 146.6 = 34.7 152.5 £ 21.9

“Values are averages and standard deviations for at least replicate cultures.

medium, no significant effect on growth was observed (Fig. 3A, B,
and C). However, no growth occurred in the presence of nitrate
under anaerobic and microaerobic conditions, probably due to
the toxicity of accumulated nitric oxide, as demonstrated for
AMB-1 (61). In the presence of ammonium under microaerobic
conditions, the average C,,,,, of the AnorCB mutant was slightly
lower than that of the WT (Fig. 3C). AnorCB cells were slightly
shorter (3.7 = 0.2 pm, versus 4.1 = 0.3 pm for the WT) and
contained fewer magnetosomes (14 crystals per cell, versus 23 in
the WT) (Fig. 4A and B), whereas crystal size and morphology
were unaffected. Complementation of AnorCB mutants with plas-
mid pLYJ75 harboring a WT norCB allele restored growth and
magnetosome formation back to the WT levels (Fig. 4C; see Fig.
S3A in the supplemental material). For comparison, a nosZ dele-
tion mutant was constructed. As shown in Fig. S3B in the supple-
mental material, in the AnosZ mutant no bubble was detected in
semisolid agar due to the high solubility of N,O, and AnosZ was
complemented with plasmid pLY]J76, which restored the activity
of nitrous oxide reduction to dinitrogen gas. The deletion of nosZ
did not affect magnetosome formation under any tested condition
(Fig. 3A, B, C, D, and E), and cells contained magnetosomes vir-
tually identical to those of the WT with respect to crystal morphol-
ogy, size, and number (Fig. 4A and B). However, loss of nosZ
resulted in a slightly reduced growth under anaerobic conditions
compared to that of the WT, which may result from reduced en-
ergy yields obtained by incomplete denitrification (Fig. 3E).

Nap functions as a nitrate reductase during anaerobic
growth. To abolish its function, we first attempted to interrupt the
nap operon by insertion of a kanR cassette into napA (napA::
kanR) in MSR-1 (details are shown in Fig. S4 in the supplemental
material). However, this napA::kanR mutant still showed a WT-
like phenotype for nitrate reduction and magnetite formation,
probably due to some residual activity (data not shown). There-
fore, a further deletion mutant (Anap) was constructed by un-
marked excision of the entire nap operon. Compared to the WT,
the Anap mutant displayed a markedly delayed growth (it took
more than 50 h to reach stationary phase, compared to about 24 h
for the WT) when cells were cultured aerobically in either nitrate
or ammonium medium (Fig. 3A and B). Hardly any difference in
growth was found in ammonium medium between the WT and
the Anap mutant under microaerobic conditions (Fig. 3C). How-
ever, in microaerobic nitrate medium Anap cells did not consume
and reduce nitrate and reached lower cell densities than the WT,
probably due to reduced energy yields (Fig. 3D). No growth or
nitrate utilization was observed for the Anap mutant in nitrate
medium under anaerobic conditions, confirming that Nap func-
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tions as the primary nitrate reductase for anaerobic respiration in
MSR-1.

Deletion of nap severely affects microaerobic magnetite
biomineralization. Under microaerobic conditions, the loss of
nap genes resulted in significantly decreased C,,,,, values (<1.0)
(Fig. 3C and D) not only in ammonium medium but also nitrate
medium, in which mutant cells grew only by aerobic respiration
due to the absence of Nap. As shown in Fig. 4A and B, compared to
AnosZ and AnorCB, deletion of nap had a much stronger effect on
magnetosomes, which were significantly smaller (24.8 * 4.5 nm,
versus 41.1 £ 2.5 nm for WT crystals under microaerobic condi-
tions in nitrate medium), present in lower numbers (9 crystals per
cell, versus 25 crystals per cell in the WT), and appearing as irreg-
ularly shaped, misaligned particles. To ensure that the observed
phenotypes in fact were caused by the introduced mutation, the
Anap mutant was complemented with plasmid pLYJ80, which
restored the activity of nitrate reduction (data not shown), as well
as WT-like growth and magnetosome formation (Fig. 4D; see Fig.
S3A in the supplemental material).

Nap functions in maintaining proper redox balance for mag-
netosome formation. Although nitrate was no longer utilized in
Anap cells, redundant nitrate at levels as high as 8 mM did not
affect magnetite synthesis (Table 1). Furthermore, Anap cells
growing microaerobically in ammonium medium (in the absence
of nitrate) also produced fewer and irregular magnetosomes, re-
sembling those in the presence of nitrate. This indicated that be-
sides being required for nitrate reduction, Nap might have an
additional function for magnetosome formation.

On the other hand, it had been hypothesized previously by
Taoka and colleagues that nitrate reduction was not essential for
Fe;O, synthesis (56), whereas reduction of nitrite was implicated
in the oxidation of ferrous iron to produce the mixed-valence
Fe;O, (65). Therefore, we asked whether the observed effect of
nap deletion on magnetosomes might result indirectly from a reg-
ulatory effect on nitrite reduction, which might be suppressed in
the Anap mutant. To test this possibility, aerobically grown non-
magnetic Anap and WT cells were precultured as described in
Materials and Methods. Growth experiments were then per-
formed under microaerobic and anaerobic conditions, in which
500 wM nitrite, the product of nitrate reduction catalyzed by Nap
in the WT, was added to ammonium medium. As shown in Fig. 5,
under microaerobic conditions in the absence of nap, nitrite was
still utilized. However, again the C,,,,, value was much lower than
that of the WT. When Anap cells were incubated anaerobically in
the absence of nitrate but in the presence of 500 .M nitrite, nitrite
was completely consumed after 20 h, although neither the WT nor
the Anap mutant obviously grew under these conditions. The
Cinag Was only about 0.6 in the Anap mutant, while a C,,,,, value of
1.6 was found in the WT. Taken together, these results precluded
effects of deregulated nitrite reduction in the Anap mutant.

Alternatively, it has been shown previously that in other deni-
trifying bacteria, such as Paracoccus pantotrophus and R. spha-
eroides, the periplasmic Nap enzyme is regulated by the oxidation
state of carbon substrates, and it is thought to play a role in main-
taining redox homeostasis by dissipating excess reductant during
aerobic growth (10, 16, 50, 55). Furthermore, it was observed by
us that there was a significant growth lag in the Anap mutant of
MSR-1 under aerobic conditions (Fig. 3A and B), which would be
consistent with the suggestion by Richardson et al. (41) that excess
reductant causes lower growth rates because NADH has to be
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reoxidized by cell maintenance reactions, as also observed in P.
pantotrophus and Rhodobacter capsulatus growing on carbon
sources which are more reduced than the biomass (10, 40). There-
fore, we hypothesized that in MSR-1 the Nap system also might be
involved in the maintenance of the intracellular redox balance,
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which consequently may affect the species of iron within the
periplasm and magnetosome vesicles. Transcription from the nap
promoter was tested in both the WT and the Anap mutant in the
presence of carbon substrates with different oxidation states (Ta-
ble 3). No difference in the B-glucuronidase activity with different
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carbon substrates under microaerobic conditions and under aer-
obic conditions was found for the WT (Table 3). Only a slight
increase in nap-gusA expression was observed in the WT under
aerobic conditions compared to that under microaerobic condi-
tions, which is in agreement with the observed upregulation of
nap expression by oxygen (Table 2). In the Anap mutant, no effect
on expression on different carbon sources was found under mi-
croaerobic conditions, and a similar level of B-glucuronidase ac-
tivity was detectable under aerobic conditions. However, when we
shifted nonmagnetic cells from 21% to 0% oxygen, WT cells de-
veloped much lower C,,,, values on the more reduced carbon
substrate acetate than on the more oxidized substrates pyruvate
and succinate (Table 3). TEM showed that magnetite biomineral-
ization in acetate-grown cells was affected: in addition to cells with
regular magnetosome chains, a variable proportion (>50%) of
cells with irregular and shorter chains and with fewer (Fig. 4E and
F) and smaller crystals (36.2 = 1.3 nm, versus 42.7 = 1.2 nm with
pyruvate), as well as cells entirely devoid of magnetite crystals, was
present. In contrast, C,,,,, values in the Anap mutant were equally
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TABLE 3 Effects of different carbon sources on magnetic response and transcriptional expression of nap-gusA

Cinag B-Glucuronidase activity (U)*
WT A tant
Avg oxidation Anap mutant, nap mutan
Carbon substrate (concn, mM) no. of carbons WT, anaerobic anaerobic Microaerobic Aerobic Microaerobic Aerobic
Pyruvate (27) +0.66 1.7 = 0.1 0.6 = 0.1 31.7 % 1.0 499 =44 723 *79 77.3 £ 0.1
Succinate (27) +0.50 1.6 = 0.1 0.5+ 0.0 334 * 1.0 542 £2.2 77.5 £ 4.0 83.7 £6.3
Acetate (27) +0.00 0.8 = 0.0 0.5 * 0.0 312 £ 7.7 42,7 = 1.0 753 £6.8 78.5 £ 0.2

“Values are averages and standard deviations for at least replicate cultures.

low with different carbon substrates (Table 3). Therefore, in ace-
tate-grown cells of the WT, impaired magnetosome formation
could be due to regulation of Nap activity rather than nap expres-
sion by the oxidation state of carbon sources, similar to what has
been described for Nap of R. sphaeroides DSM158, in which ex-
pression of a napA-lacZ gene fusion was similar in cells grown with
carbon substrates of different oxidation states, whereas Nap activ-
ity was higher on reduced carbon sources (16).

DISCUSSION

Except for nap, the maximum expression of all identified denitri-
fication genes (nir, nor, and nos) coincided with conditions of
highest magnetite synthesis, i.e., the presence of nitrate and low
concentrations or absence of oxygen. This pattern is similar to that
for other nonmagnetic bacteria, such as P. stutzeri (29), R. spha-
eroides 2.4.3 (1, 57), and Bradyrhizobium japonicum (5). However,
under microaerobic conditions in the absence of nitrate, where
expression of denitrification genes nirS, nor, and nosZ was re-
duced, magnetite biomineralization of WT cells was independent
of the presence of nitrate, suggesting that denitrification and oxy-
gen respiration may have overlapping functions under microaero-
bic conditions. Whereas deletion of nosZ only had a weak effect on
anaerobic growth and biomineralization, we were unable to detect
any growth in our AnorCB mutant of MSR-1 under anaerobic and
microaerobic conditions in the presence of nitrate, probably due
to the toxicity of the accumulated intermediate nitric oxide, since
growth could be rescued by additional deletion of nirS in the
AnorCB background (Y. Li and D. Schiiler, unpublished data). In
contrast, in a previous study Wang and colleagues reported some
growth for an AMB-1 AnorB mutant under anaerobic conditions
(61). The discrepancy between nor mutants of MSR-1 (no growth)
and AMB-1 (poor growth) might be due to different genotypes,
since in the AMB-1 mutant only norB (located downstream of
norC) was interrupted by transposon insertion, thereby possibly
retaining some residual activity of the nitric oxide reductase en-
zyme. The slightly reduced magnetosome number of the MSR-1
AnorCB mutant is unlikely to result from limited energy yields
during denitrification as speculated by Wang et al. (61), since
oxygen respiration in ammonium medium is unlikely to be af-
fected by loss of denitrification proteins. On the other hand, the
comparatively high expression levels of our norCB-gusA fusion
suggest that in the absence of nitrate under microaerobic and aer-
obic conditions, NorCB may be involved in further, yet-unknown
functions directly or indirectly linked to magnetosome formation.
For example, it has been shown that Nor from Paracoccus denitri-
ficans is capable of reducing oxygen to water in vitro (13, 15),
which also might be a possible function for Nor in MSR-1 during
microaerobic respiration and magnetite biomineralization.

Since only the loss of nap genes and not that of other denitri-
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fication genes directly abolished growth and since intermediates
such as nitrite supported only very weak anaerobic growth of the
WT and Anap strains, the reduction of nitrate to nitrite catalyzed
by the periplasmic Nap enzyme, and not the subsequent reduction
steps, is the primary energy-generating process of denitrification.
Deletion of the entire nap cluster not only abolished anaerobic
growth but also severely impaired magnetite synthesis under mi-
croaerobic conditions in the presence of either nitrate or ammo-
nium, resulting in fewer, smaller, and misshapen magnetosome
crystals. This is in agreement with the finding that the abolishment
of nitrate reductase activity by deprivation of molybdenum, an
essential cofactor of the periplasmic nitrate reductase, resulted in
an approximately 60% decrease of iron content of cells from strain
MS-1 (56). Unlike growth, magnetite synthesis in the WT showed
no dependency on the electron acceptor (i.e., nitrate) concentra-
tion, suggesting that this effect was not primarily due to energy
limitation of cells. The Nap enzymes of other nonmagnetic bacte-
ria were implicated in redox balancing using nitrate as an ancillary
oxidant to dissipate excess reductant (40). Consistent with the
suggestion that lower growth rates may be caused by excess reduc-
tant (41), we observed a significant lag of growth in Anap cells
under aerobic conditions. In addition, although the oxidation
state of carbon sources did not affect transcription of nap, WT
cells contained shorter and irregular crystal chains on the more
reduced substrate acetate than on more oxidized substrate pyru-
vate, while in the Anap mutant magnetite synthesis was equally
low on different carbon sources. Similar to the case for Nap in
other bacteria, such as P. pantotrophus Pd1222 (50) and various
strains of R. sphaeroides (16, 18, 55), our data are consistent with a
role of Nap of MSR-1 in the maintenance of the intracellular redox
balance, thus posing an optimum redox potential for magnetite
synthesis. The lower C,,,, in acetate-grown cells of even the WT
might indicate that Nap activity is still insufficient to dispel all
excess reductant originating from reduced carbon substrates.
Moreover, the lack of a difference in magnetosome biomineral-
ization in Anap cells grown on different carbon sources might be
explained by excess reductant in vivo even in medium with the
oxidized substrate pyruvate.

Unlike that of other denitrification genes, transcription of the
nap operon was induced by oxygen but unaffected by nitrate. This
regulation pattern is different from that in E. coli, in which nap
gene expression is induced by anaerobiosis and nitrate limitation
(9,54), and in P. pantotrophus, where nap genes are expressed only
during aerobiosis (51). However, nap regulation in MSR-1 resem-
bles that in Ralstonia eutropha and R. sphaeroides DSM158, in
which nap systems show a higher expression level under aerobic
conditions and are not induced by nitrate (16, 52). Furthermore, a
consensus Fnr (fumarate and nitrate reduction regulatory pro-
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tein) box (TTGANTCAA) (39) is located about 80 bp upstream
of the putative translation start of napF of MSR-1, which is also
consistent with nap regulation by oxygen. Taken together, these
data indicate that Nap likely functions also during aerobic respi-
ration, which is in agreement with its speculated role in dissipa-
tion of intracellular reductant.

Overall, we demonstrated that magnetite biomineralization in
MSR-1 in fact is closely linked to nitrate reduction catalyzed by
periplasmic nitrate reductase Nap, which participates in redox
reactions required for magnetite biomineralization in addition to
its role in anaerobic respiration. While the absence of nir and nosZ
genes in other MTB such as MC-1 is consistent with their reported
inability to grow and respire by denitrification (14, 46), this indi-
cates that a complete denitrification pathway is not absolutely
required for magnetosome formation. Interestingly, the presence
of a nap cluster and nor genes even in the MC-1 genome (46)
agrees with our observation that these genes are important for
magnetosome formation also during aerobic respiration, suggest-
ing that they may have functions in magnetite biomineralization
which are distinct from their roles as merely respiratory enzymes.
Denitrification genes absent in other MTB might be replaced by
genes for other redox enzymes. For example, in the magnetotactic
marine vibrio strain MV-1, which can respire anaerobically with
N,O as an electron acceptor, the N-terminal sequence determined
from a purified periplasmic, copper-containing Fe(II) oxidase dis-
plays homology to the putative N,O reductase from MS-1 (4),
which indicates that magnetosome formation may be linked to
respiration by other, unknown functions. Recently, Nishida and
Silver have shown that synthesis of magnetic mineral particles is
also possible in nonmagnetotactic yeast Saccharomyces cerevisiae,
which confirms that intracellular redox control through carbon
metabolism and iron supply is an important factor for magnetite
biomineralization (38). Finally, our study provides evidence that
in MSR-1 genes located outside the genomic magnetosome island
are also required for synthesis of magnetosomes that are fully
functional with respect to their numbers, sizes, and shapes to serve
properly as navigational devices.
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